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Bacterial-Epithelial Cell Cross-Talk
Molecular mechanisms in pathogenesis

An emerging theme in molecular and cellular microbiology has been the abil-
ity of many pathogens to usurp the host cell and eventually colonize the host.
Microbial pathogens have evolved different ways of interacting with their
hosts and possess virulence factors that interfere with or stimulate a variety
of host-cell physiological responses. This interaction between bacteria and
host is not unidirectional — both pathogens and host cells engage in a sig-
naling cross-talk. Research focused on this cross-talk reveals not only novel
aspects of bacterial pathogenesis but also key information about epithelial
biology, with broader implications in the prevention and treatment of infec-
tious diseases. Written by leading researchers in the field, this book provides
a valuable overview for graduate students and researchers. It details these
remarkable host—pathogen interactions, uniquely providing a comprehen-
sive understanding of the host-bacterial interactions that occur at mucosal
surfaces, including the gastrointestinal, respiratory, and urogenital tracts.

Beth A. McCormick is Associate Professor of Pediatrics and Microbiology
at Harvard Medical School and Associate Professor in the Department of
Pediatric Gastroenterology and Nutrition at Massachusetts General Hospital.
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enced most of all. Our understanding of microbial diversity and evolutionary
biology, and of how pathogenic bacteria and viruses interact with their ani-
mal and plant hosts at the molecular level, for example, has been revolution-
ized. Perhaps the most exciting recent advance in microbiology has been the
development of the interface discipline of cellular microbiology, a fusion of
classic microbiology, microbial molecular biology, and eukaryotic cellular and
molecular biology. Cellular microbiology is revealing how pathogenic bacte-
ria interact with host cells in what is turning out to be a complex evolutionary
battle of competing gene products. Molecular and cellular biology are no
longer discrete subject areas but vital tools and an integrated part of current
microbiological research. As part of this revolution in molecular biology, the
genomes of a growing number of pathogenic and model bacteria have been
fully sequenced, with immense implications for our future understanding of
microorganisms at the molecular level.

Advances in Molecular and Cellular Microbiology is a series edited by
researchers active in these exciting and rapidly expanding fields. Each vol-
ume focuses on a particular aspect of cellular or molecular microbiology
and provides an overview of the area, as well as examines current research.
This series will enable graduate students and researchers to keep up with the
rapidly diversifying literature in current microbiological research.

Series Editors

Professor Brian Henderson
University College London

Professor Michael Wilson
University College London

Professor Sir Anthony Coates
St George’s Hospital Medical School, London

Professor Michael Curtis
St Bartholomew’s and Royal London Hospital, London



Published titles

1. Bacterial Adhesion to Host Tissues. Edited by Michael Wilson 0-521-80107-9
2. Bacterial Evasion of Host Immune Responses. Edited by Brian
Henderson & Petra Oyston 0-521-80173-7
3. Dormancy in Microbial Diseases. Edited by Anthony
Coates 0-521-80940-1
4. Susceptibility to Infectious Diseases. Edited by Richard Bellamy
0-521-81525-8
5. Bacterial Invasion of Host Cells. Edited by Richard Lamont 0-521-80954-1
6. Mammalian Host Defense Peptides. Edited by Deirdre Devine & Robert
Hancock 0-521-82220-3
7. Bacterial Protein Toxins. Edited by Alistair Lax 0-521-82091-X
8. The Dynamic Bacterial Genome. Edited by Peter Mullany 0-521-82157-6
9. Salmonella Infections. Edited by Pietro Mastroeni & Duncan Maskell
0-521-83504-6
10. The Influence of Cooperative Bacteria on Animal Host Biology. Edited by
Margaret J. McFall-Ngai, Brian Henderson & Edward G. Ruby
0-521-83465-1
11. Bacterial Cell-to-Cell Communication. Edited by Donald R. Demuth &
Richard Lamont 0-521-84638-7

Forthcoming titles

12. Phagocytosis of Bacteria and Bacterial Pathogenicity. Edited by Joel Ernst &
Olle Stendahl 0-521-84569-6



Advances in Molecular and Cellular Microbiology 13

Bacterial-Epithelial Cell
Cross-Talk

Molecular Mechanisms in Pathogenesis

EDITED BY
BETH A. McCORMICK

Massachusetts General Hospital and Harvard Medical School

" CAMBRIDGE
J UNIVERSITY PRESS




cambridge university press
Cambridge, New York, Melbourne, Madrid, Cape Town, Singapore, Sao Paulo

Cambridge University Press
The Edinburgh Building, Cambridge cb2 2ru, UK
Published in the United States of America by Cambridge University Press, New York

www.cambridge.org
Information on this title: www.cambridge.org/9780521852449

© Cambridge University Press 2006

This publication is in copyright. Subject to statutory exception and to the provision of
relevant collective licensing agreements, no reproduction of any part may take place
without the written permission of Cambridge University Press.

First published in print format 2006

isbn-13  978-0-511-24527-5 eBook (EBL)
isbn-10  0-511-24527-0 eBook (EBL)

isbn-13  978-0-521-85244-9 hardback
isbn-10  0-521-85244-7 hardback

Cambridge University Press has no responsibility for the persistence or accuracy of urls
for external or third-party internet websites referred to in this publication, and does not
guarantee that any content on such websites is, or will remain, accurate or appropriate.


http://www.cambridge.org
http://www.cambridge.org/9780521852449

Contents

List of contributors page ix

Part 1 Introduction to the host and bacterial pathogens

1 Overview of the epithelial cell 3
W. Vallen Graham and Jerrold R. Turner

2 Evolution of bacterial pathogens 30
Anthony T. Maurelli

Part Il Bacterial cell biology and pathogenesis

3 Bacterial secretion systems 59
Helen J. Betts, Christopher M. Bailey, Mark |. Pallen, and
Ian R. Henderson

4 Microbial molecular patterns and host defense 99
Matam Vijay-Kumar and Andrew T. Gewirtz

5 Roles of flagella in pathogenic bacteria and bacterial-host
interactions 131
Glenn M. Young

6 The role of bacterial adhesion to epithelial cells in
pathogenesis 158
Christof R. Hauck

7 Bacterial toxins that modify the epithelial cell barrier 184
Joseph T. Barbieri



CONTENTS

Part 1I1 Host cell signaling by bacteria

8 Host-mediated invasion: the Salmonella Typhimurium trigger
Brit Winnen and Wolf-Dietrich Hardt

9 NF-kB-dependent responses activated by bacterial-epithelial
interactions
Bobby J. Cherayil

10 NF-kB-independent responses activated by bacterial—
epithelial interactions: the role of arachidonic acid
metabolites
Beth A. McCormick and Randall J. Mrsny

Part IV Exploitation of host niches by pathogenic bacteria:
mechanisms and consequences

11 Lung infections
Marisa 1. Gémez and Alice S. Prince

12 Interaction of Helicobacter pylori with the gastric mucosa
D. Scott Merrell

13 Interactions of enteric bacteria with the intestinal mucosa
Samuel Tesfay, Donnie Edward Shifflett, and Gail A. Hecht

14 Uropathogenic bacteria
Luce Landraud, René Clément, and Patrice Boquet

Index

Color plates appear between pages 56 and 57.

213

244

269

301

327

356

400

423



Contributors

Christopher M. Bailey

Bacterial Pathogenesis and
Genomics Unit

Division of Immunity and
Infection

The Institute for Biomedical
Research

University of Birmingham

Edgbaston

UK

Joseph T. Barbieri

Medical College of Wisconsin
Milwaukee WI 53226

USA

Helen J. Betts

Bacterial Pathogenesis and
Genomics Unit

Division of Immunity and
Infection

The Institute for Biomedical
Research

University of Birmingham

Edgbaston

UK

Patrice Boquet

Laboratoire de Bactériologie

Centre Hospitalier Universitaire de
Nice

Hopital de I’Archet

Nice

France

Bobby J. Cherayil

Massachusetts General Hospital and
Harvard Medical School

Boston, MA

USA

René Clément
Unité INSERM
Faculté de Médecin
Nice

France

Andrew T. Gewirtz

Epithelial Pathobiology
Division

Department of Pathology and
Laboratory Medicine

Emory University

Atlanta GA

USA



©

LIST OF CONTRIBUTORS

Marisa I. Gomez

Departments of Pediatrics

College of Physicians and
Surgeons

Columbia University

New York

USA

W. Vallen Graham
Department of Pathology
University of Chicago
Chicago IL 60637

USA

Wolf-Dietrich Hardt
Institute of Microbiology
ETH Zurich

Zurich

Switzerland

Christof R. Hauck
Department of Cell Biology
University of Konstanz
Konstanz

Germany

Gail A. Hecht

Department of Medicine, Section of
Digestive Diseases and Nutrition

University of Illinois at Chicago

Chicago IL 60612-7323

USA

Ian R. Henderson

Bacterial Pathogenesis and
Genomics Unit

Division of Immunity and
Infection

The Institute for Biomedical
Research

University of Birmingham

Edgbaston

UK

Luce Landraud

Laboratoire de Bactériologie

Centre Hospitalier Universitaire de
Nice

Hopital de I’Archet

Nice

France

Anthony T. Maurelli

Department of Microbiology and
Immunology

F. Hébert School of Medicine

Uniformed Services University of
the Health Sciences

Bethesda MD 20814-4799

USA

Beth A. McCormick

Pediatric Gastroenterology Unit

Massachusetts General Hospital and
Harvard Medical School

Charlestown MA 021291

USA

D. Scott Merrell

Department of Microbiology and
Immunology

Uniformed Services University of
the Health Sciences

Bethesda MD 20814-4799

USA

Randall J. Mrsny

Welsh School of Pharmacy
Cardiff University

Cardiff

UK

Mark J. Pallen

Bacterial Pathogenesis and
Genomics Unit

Division of Immunity and Infection



The Institute for Biomedical
Research

University of Birmingham

Edgbaston

UK

Alice S. Prince

College of Physicians and Surgeons

Columbia University

New York

USA

Donnie Edward Shifflett

Department of Medicine, Section
of Digestive Diseases and
Nutrition

University of Illinois at Chicago

Chicago IL 60612-7323

USA

Samuel Tesfay

Department of Medicine, Section of
Digestive Diseases and Nutrition

University of Illinois at Chicago

Chicago IL 60612-7323

USA

Jerrold R. Turner
Department of Pathology
University of Chicago
Chicago IL 60637

USA

Matam Vijay-Kumar
Epithelial Pathobiology
Division

Department of Pathology and

Laboratory Medicine
Emory University
Atlanta GA
USA

Brit Winnen

Institute of Microbiology
ETH Zurich

Zurich

Switzerland

Glenn M. Young
University of California
Davis, CA 95616

USA

®

SYOLNIIYINOD 10 ISIT






Partl Introduction to the host and
bacterial pathogens






CHAPTER 1
Overview of the epithelial cell

W. Vallen Graham and Jerrold R. Turner

Bacteria must overcome multiple obstacles in order to achieve successful
pathogenesis. In many cases, this requires bypassing the first line of host
defense: the barrier provided by epithelial surfaces of the integument and the
gastrointestinal, respiratory, and urinary tracts. To overcome these barriers,
pathogenic organisms frequently initiate mechanisms that exploit essential
cellular processes of the epithelium. These cellular processes are therefore
critical to our understanding of bacterial pathogenesis. Their description is
the goal of this chapter.

GASTROINTESTINAL TRACT

The gastrointestinal epithelium forms a critical interface between the
internal milieu and the lumen. The latter should be considered the external
environment, since the gut is essentially a tube running through the body
that communicates with the external environment at each end. Thus, like
the skin, the barrier formed by the gastrointestinal epithelium is critical in
preventing noxious luminal contents from accessing the internal tissues.
In contrast to the skin, the gastrointestinal tract must also support passive
paracellular and active transcellular transport of nutrients, electrolytes, and
water. The barrier formed by the gastrointestinal epithelium must therefore
be highly regulated and selectively permeable. Consistent with this, barrier
permeability and epithelial transport function vary at individual sites within
the gastrointestinal tract according to regional differences in the specific
nutrients and ions transported.

Bacterial-Epithelial Cell Cross-Talk: Molecular Mechanisms in Pathogenesis, ed. Beth A. McCormick.
Published by Cambridge University Press. © Cambridge University Press, 2006.
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BACTERIAL-EPITHELIAL CELL CROSS-TALK

Figure 1.1 The human respiratory and gastrointestinal tracts. Selected histological
sections are displayed. Counterclockwise from the top right are sections including
epithelium from lung alveolus, gastric fundus, colon, ileum, esophagus, and bronchus.
See text for detailed descriptions.

The oral cavity and esophagus are lined by stratified squamous epithe-
lium (Figure 1.1), much like the skin. Keratinization, a normal feature of the
skin, is abnormal in the esophagus and typically occurs only as a response to
injury or in association with neoplasia. The esophageal squamous epithelium
can be divided into three layers. The basal layer houses the stem cells and their
progeny, which, in the normal state, extend up to three cell layers above the
basement membrane. Normally this represents 10-15% of overall epithelial
height, but it can increase dramatically during active inflammation, as often
accompanies esophageal infection. Above the basal layer are the post-mitotic



prickle and functional layers. Squamous cells become progressively more
glycogenated and flattened as they pass through these layers on their way to
the luminal surface. A variety of specialized cell types, including Langerhans
cells, which process and present antigens, and endocrine cells, are intermixed
with the squamous epithelium. Modified salivary glands are present within
the esophageal submucosa. These salivary glands secrete mucus for lubrica-
tion, growth factors to augment epithelial cell growth and to aid in repair, and,
in the distal esophagus, bicarbonate to neutralize gastric acid. The esophageal
squamous mucosa ends at a sharply demarcated site, the Z-line, which marks
the transition to the columnar epithelium of the stomach.

The stomach is a distensible saccular portion of the gastrointestinal tract
in which food is mixed with gastric acid and digestive enzymes. This mix-
ture, termed chyme, exits the gastric antrum through the pylorus at a con-
trolled rate. The cardia is the small section of the stomach just distal to the
Z-line. Like the cardia, the mucosae of the antrum and pylorus, which are
the distal portions of the stomach, have long gastric pits and relatively short
glands lined by foveolar, or mucus-producing epithelium. This epithelium
is preferentially colonized by Helicobacter pylori. Thus, the antrum is most
frequently affected and the optimal site of diagnostic biopsy for H. pyloriinfec-
tion. The fundus, which is a dome-shaped region projecting upward and to
the left of the gastroesophageal junction, and the body of the stomach are
lined by acid-producing, or oxyntic, mucosa with short pits and an expanded
glandular compartment (Figure 1.1). The superficial areas of oxyntic mucosa
are lined by foveolar cells that secrete neutral mucins, but the deep pits and
glands contain parietal, chief, and endocrine cells. Parietal cells secrete acid
as well as intrinsic factor, which is necessary for the absorption of vitamin
B12 in the terminal ileum, while chief cells secrete pepsinogen. These areas
are typically colonized by H. pylori only after loss of parietal cells and resultant
increases in gastric pH. Chronic gastritis involving any portion of the stom-
ach can also lead to metaplasia, with the appearance of small intestinal-like
mucin-secreting goblet cells. Unlike gastric foveolar mucus cells, these cells
express acid mucins, have a well-developed brush border, and are not readily
colonized by H. pylori.

Despite its name, the small intestine is the longest portion of the gas-
trointestinal tract, extending for a length of approximately 6 m in adults. The
small intestine is divided into three functionally distinct sections: duode-
num, jejunum, and ileum. The primary function of each of these sections is
to absorb luminal contents, although the specific molecules absorbed differ
by region. For example, although 90% of absorption occurs within the first
100 cm of the small intestine, the jejunum is the principal site of absorption
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BACTERIAL-EPITHELIAL CELL CROSS-TALK

for Na™ cotransported monosaccharides and amino acids. The ileum is essen-
tial to the enterohepatic recirculation of bile salts and the absorption of cer-
tain vitamins, including B12. Moreover, the terminal ileum contains abun-
dant lymphoid tissue, termed Peyer’s patches. These lymphoid follicles are
a favored site of Yersina infection. Since the Peyer’s patches actively sample
luminal antigens, including those provided by bacteria, the terminal ileum
is an effective location for this function; luminal bacterial load averages
1000000 bacteria per 1ml in the distal ileum as opposed to 100 bacterial
organisms per 1 ml in the duodenum and jejunum.

Small-intestinal nutrient absorption is facilitated by tissue architecture
(Figure 1.1). The surface area of the small intestine is increased greatly by
grossly visible mucosal folds, smaller finger-like protrusions, or villi, and a
dense microvillus brush border. These combine to provide an overall lumi-
nal surface area that is approximately 600-fold greater than the corresponding
serosal surface area. Thus, the loss of villi and mucosal flattening that accom-
pany some infections and generalized bacterial overgrowth syndromes can
result in significant malabsorption due simply to loss of absorptive surface
area.

In addition to regional specialization along the length of the small intes-
tine, there is significant specialization from the regenerative basally located
crypt to the tip of the villus. The epithelial stem cells reside in the crypt,
where they proliferate and give rise to specialized enteroendocrine cells and
Paneth cells, which remain in the crypt. The stem cells also differentiate
into goblet cells, M-cells, and undifferentiated crypt cells. The goblet cell is
named for its large mucin vacuole, which compresses the cytoplasm into a
shape reminiscent of a wine goblet. Goblet cells are present throughout the
crypt—villus axis (Figure 1.1). M-cells, or follicle-associated epithelial cells,
are most prominent in the distal ileum overlying Peyer’s patches, but they
can be found throughout the intestines. M-cells are specialized for the bulk
endocytic sampling of luminal contents and are found in the flattened dome
epithelium overlying lymphoid follicles. The most prominent feature of the
M-cell is its shape, described as having microfolds, from which the ‘M’ is
derived. The basal membrane of the M-cell is retracted from the basement
membrane to form a cleft into which lymphocytes and macrophages migrate.
Apically derived endocytic vesicles are rapidly released into this cleft by exo-
cytosis, with some luminal particles arriving in the cleft space within 10 min
of apical endocytosis. This highly efficient transport pathway is exploited as
a route into and across the epithelium by some infectious organisms.

The undifferentiated crypt cells remain mitotically active while they are
in the crypt and, thus, are somewhat intermediate between stem cells and
terminally differentiated cells. Despite their name, undifferentiated crypt



cells possess significant functional differentiation and effectively transport
Cl™ into the intestinal lumen. This creates an osmotic gradient that draws
water into the lumen. The latter is essential for normal homeostasis and is
presentin an exaggerated form in many diarrheal diseases, including cholera.
As these undifferentiated crypt cells migrate towards the villus, they lose
their ability to divide and modify their gene-expression profile to become
specialized for absorption. This includes expression of absorptive nutrient
and ion transporters, brush-border digestive enzymes, and kinases unique
to villus epithelium (Clayburgh, Rosen et al., 2004; Llor et al., 1999). Ulti-
mately, these absorptive cells become senescent and are shed from the villus
tip. This occurs via an orderly process that allows the epithelium to main-
tain barrier function despite cell shedding (Madara 1990; Rosenblatt et al.,
2001).

The colon, which begins at the ileocecal valve and continues to the rec-
tum, is approximately 1 m long in adults. The main functions of the colon are
absorption of water and electrolytes and storage of waste products. Transport
is accomplished by crypt and surface epithelial cells, which are functionally
similar to those in the small-intestinal crypt and villus, although villi are not
present (Figure 1.1). Bacterial load in the colonic lumen can be quite high,
with typical yields of 10! organisms per 1 ml. These commensal organisms
typically coexist peacefully with the host and may serve beneficial roles (Abreu
et al., 2005; Fukata et al., 2005; Neish et al., 2000; Rakoff-Nahoum et al., 2004).
The presence of these commensal organisms may also prevent overgrowth
of pathogenic organisms. For example, incomplete sterilization of the lumen
by antibiotic treatment may allow overgrowth of Clostridium difficile, which
release toxins that glucosylate and inactivate rho (Just et al., 1995). This results
in a severe and sometimes fatal colitis characterized by dense adherent pseu-
domembranes composed of purulent material.

RESPIRATORY TRACT

The proximal larynx s lined by stratified squamous epithelium. Although
this is similar to that present in the esophagus, glycogenation is less promi-
nentin the laryngeal epithelium. This gives way to pseudostratified columnar
epithelium, although patches of squamous epithelium continue to be present
distally. The columnar epithelium can vary in thickness from only a few cells
to many cells. Small round reserve cells characterize the basal layer, while
the most superficial layers are covered by ciliated epithelial cells and variable
numbers of mucin-producing goblet cells. Together, these surface cells pro-
vide an important line of defense, as the cilia beat continually and propel a
thin layer of mucin with entrapped foreign material upward and out of the
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airway. This mucociliary clearance is critical, as demonstrated by patients
with Kartagener syndrome, in whom ciliary immotility results in recurrent
infection (Eliasson et al., 1977).

The larynx leads to the trachea and bronchi. These large-bore airways are
encircled by cartilaginous rings, which prevent their collapse. The trachea and
bronchi are lined by ciliated columnar epithelium similar to that seen in the
distal larynx. Corynebacterium diphtheriae can colonize these sites and release
a toxin that adenosine diphosphate (ADP)-ribosylates elongation factor 2,
resulting in epithelial cell death. The mucosal necrosis and sloughing that
follow result in accumulation of mucus, cellular debris, and inflammatory
cells that obstruct the airways and kill by asphyxiation.

As the bronchi branch into smaller bronchioles, the pseudostratified
epithelium becomes simpler, assuming a single-layer cuboidal morphology
lined by ciliated and non-ciliated epithelial cells. The latter, termed Clara cells,
secrete surfactant and serve as progenitor cells in repair after injury. The
bronchioles terminate in the functional unit of the lung, the alveolus, where
gas exchange takes place. Alveoli are lined by a thin layer of type 1 squamous
and type 2 cuboidal pneumocytes (Figure 1.1). The terminally differentiated
type 1 cells cover over 90% of the alveolar surface and provide a thin separation
between the airspace and blood that allows for efficient gas exchange. Type 2
cells synthesize and secrete surfactant and also serve as alveolar stem cells,
giving rise to additional type 2 cells as well as type 1 cells. In the presence
of infection, for example with Streptococcus pneumoniae, the most common
cause of community-acquired acute pneumonia, the alveoli may become filled
with fluid and inflammatory cells, including neutrophils and macrophages.
Infection spreads rapidly within contiguous alveoli, leading to consolidation
of large areas of lung parenchyma and loss of the surface area necessary for
gas exchange.

URINARY TRACT

The renal collecting ducts empty into the renal pelvis. The latter is lined
by urothelium, which is histologically similar in the renal pelvis, ureters,
and bladder. This epithelium is also termed transitional, as its appearance
is intermediate between that of non-keratinizing stratified squamous epithe-
lium, as seen in the esophagus, and pseudostratified columnar epithelium,
like that of the bronchi. The thickness of the urothelium varies significantly,
from only two to three cells thick in the renal pelvis to seven or more cells
in the contracted bladder. As the bladder distends, the urothelium thins to
two to three cells that are elongated parallel to the basement membrane.



Like other stratified epithelia, proliferation occurs in the basal zone, which
is populated by small cuboidal cells. The surface is comprised of terminally
differentiated cells. In the bladder, these surface cells are termed umbrella
cells due to their large ellipsoid shape. Like deeper cells, the umbrella cells
become flattened and difficult to appreciate in the distended bladder. They
are often absent in urothelial carcinoma, making their presence a somewhat
reassuring, although non-diagnostic, feature in bladder biopsies. Bacterial
infections of the bladder and urethra include Escherichia, Proteus, Klebsiella,
and Enterobacter and are more common in women than men due to the shorter
length of the female urethra. Such infections can extend in a retrograde
fashion to involve ureters, renal pelvis, and renal parenchyma in ascending
pyelonephritis.

VECTORIAL TRANSPORT

Despite the differences in specialized cellular functions and morphology,
all of these tissues are lined by a polarized epithelium that provides protection
from the environment. Therefore, for the purpose of understanding cellular
architecture, the structure of these polarized epithelia can be generalized.
At the cellular level, polarization allows for asymmetric morphology as well
as distinct molecular composition and function of membrane domains. The
free surface, which faces the lumen, is referred to as apical, while the surfaces
in contact with the basement membrane and adjacent cells are referred to
as basal and lateral, respectively. The basal and lateral membrane domains
typically function as a single unit, termed the basolateral domain. Specific pro-
teins and lipids can be targeted to apical and basolateral membrane domains.
For example, Na™ nutrient cotransporters are recruited to the apical mem-
brane in transporting epithelia (Harris et al., 1992). Similarly, the GM1 gan-
glioside used as a receptor for cholera toxin is also primarily apical (Lencer
et al., 1995; Wolf et al., 1998). Other proteins, such as B1 integrins and inter-
feron gamma (IFNvy) and tumor necrosis factor alpha (TNFa) receptors,
predominantly localize to the basolateral surface in polarized epithelia (Boll
et al., 1991; Madara and Stafford, 1989; Moller et al., 1994). Finally, some
proteins, such as the polymeric immunoglobulin receptor, have more com-
plex trafficking patterns. The polymeric immunoglobulin receptor is traf-
ficked to the basolateral membrane first, where it picks up immunoglobulin
cargo; then the receptor is endocytosed and moved to the apical membrane,
where it releases the cargo (Casanova et al., 1990, 1991; Mostov et al., 1986).

In each case, the appropriately polarized distribution of proteins and
lipids is necessary for proper epithelial function. For example, as noted above,
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Nat nutrient cotransporter proteins are apically targeted in intestinal and
renal tubular epithelium (Harris et al., 1992; Turner et al., 1996; Wright
et al., 1997). In the case of glucose absorption, glucose is transported into
the cell against its concentration gradient by SGLT1, the apical intestinal
Nat/glucose cotransporter by Na't cotransport using the Na* gradient, from
high outside the cell to low inside the cell, as the driving force (Hediger et al.,
1987). This Na* gradient is maintained by the Na* /K* ATPase. The Na* /K"
ATPase is localized to the basolateral membrane along with the facilitated
glucose transporter GLUT2 (Dominguez et al., 1992; Miyamoto et al., 1992).
Thus, after SGLT1 transports Na* and glucose across the apical membrane,
glucose and Na' exit the cytoplasm by crossing the basolateral membrane.
This allows for directional net absorption and generates an ionic gradient that
draws in water from the lumen. Similar mechanisms move water and solutes
across the alveoli (Nielson and Lewis, 1990). Clearly, none of this would be
possible in the absence of polarized membrane domains.

Membrane polarization is also essential for secretion. The cystic fibrosis
transmembrane conductance regulator (CFTR) is a transporter responsible
for apical cyclic adenosine monophosphate (CAMP)-activated anion conduc-
tance (Anderson et al., 1991; Kartner et al., 1991; Tabcharani et al., 1991).
Cystic fibrosis is linked to mutations in CFTR, and these mutations are
responsible for the poorly hydrated viscous luminal accumulations that cause
intestinal, pancreatic, and airway obstruction (Gregory et al., 1990; Riordan
et al., 1989). In normal subjects without CFTR mutations, cholera toxin acti-
vates CFTR by elevating intracellular cAMP levels (Breuer et al., 1992). This
results in net transport of Cl~ ions into the intestinal lumen, followed by
massive fluid accumulation (Field, 2003). Thus, cholera takes advantage of
normal cellular processes to cause massive diarrhea, which spreads infection
in areas with poor sanitation.

MEMBRANE TRAFFIC

In addition to transporters that allow solutes to cross apical and baso-
lateral membrane domains, epithelia also utilize vesicular routes in order to
traffic materials and to respond to extracellular stimuli. The trafficking of
immunoglobulin A (IgA) from basolateral to apical surfaces by polymeric
immunoglobulin receptor is a particularly well characterized example of
such transport. As noted above, the polymeric immunoglobulin receptor
is initially trafficked to the basolateral membrane. Here, it binds polymeric
immunoglobulin, most prominently IgA (Casanova et al., 1990, 1991; Mostov
et al., 1986). The binding of IgA triggers internalization of the complex and



trafficking of the endocytic cargo to the apical surface. A proteolytic cleavage
event at this surface results in release of IgA at the apical, or luminal, surface
along with a portion of the receptor, termed the secretory component (Aroeti
et al., 1993; Casanova et al., 1991; Song et al., 1994). Although this finely
tuned process plays an important role in mucosal immune protection, it has
apparently not been able to escape the attention of Streptococcus pneumoniae.
These bacteria exploit the presence of uncleaved polymeric immunoglobulin
receptor at the apical membrane to bind to the secretory component portion
of the receptor and invade host cells (Zhang et al., 2000). The binding of
S. pneumoniae to polymeric immunoglobulin receptor drives transcytosis in
reverse, from apical to basolateral, thereby effectively transporting bacteria
across the epithelium (Brock et al., 2002). This pathway is clinically relevant,
as the pattern of polymeric immunoglobulin receptor expression, greater in
nasopharyngeal than distal respiratory epithelium, likely also explains the
more frequent colonization of upper airways by S. pneumoniae (Zhang et al.,
2000).

In general, endocytosis in epithelial and other cells occurs by two main
pathways, which are mediated by clathrin and caveolin. Clathrin-mediated
endocytosis is best characterized in processes of macromolecule and integral
membrane protein internalization. In this pathway, surface receptors bind
cargo and initiate a signaling cascade. Receptor-mediated endocytosis of low-
density lipoprotein (LDL) and transferrin are classic examples of endocytosis
by clathrin-coated vesicles (Anderson et al., 1978; Hewlett et al., 1994). The
clathrin coat is readily recognized by electron microscopy as a regular lattice
of clathrin molecules that covers the cytoplasmic face of the membrane at
sites of internalization (Pearse, 1976). Like other cellular processes, bacterial
pathogens have evolved means of using clathrin-mediated endocytosis to
their own advantage. For example, Shiga and Shiga-like toxins enter the cell
through clathrin-mediated endocytosis (Sandvig and van Deurs, 1996, 2000).
These toxins ultimately cross intracellular membranes to block ribosomal
activity, resulting in inhibition of protein synthesis and cell death (Obrig
et al., 1987; Reisbig et al., 1981).

The second major endocytic pathway occurs through caveolae, literally lit-
tle caves, which were initially described morphologically (Palade and Bruns,
1968). Extensive work has defined cholesterol- and glycosphingolipid-rich
microenvironments at these sites that often also contain proteins of the caveo-
lin family (Dupree et al., 1993; Lisanti et al., 1993; Sargiacomo et al., 1993).
Although the biophysical structure of these lipid domains remains controver-
sial, data do show that a variety of receptors and signaling molecules are con-
centrated in caveolae (Penela et al., 2003). Thus, in addition to internalization
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of macromolecules such as micronutrients, chemokines, and hormones,
caveolae have been proposed to be platforms for signal transduction (Penela
et al., 2003). Like clathrin-mediated endocytosis, bacterial pathogens have
developed means of co-opting caveolin-mediated endocytosis. For example,
cholera toxin binds to ganglioside GM1, which is concentrated in caveolae.
This allows the toxin to enter the cell through caveolin-mediated endocyto-
sis (Duncan et al., 2002; Lencer et al., 1995). Similarly, entry of Chlamydia
trachomatis is associated with caveolin-mediated endocytosis (Duncan et al.,
2002; Norkin et al., 2001).

CYTOSKELETON

The cytoskeleton serves as a structural framework for epithelial shape,
supports membrane traffic, and plays an essential role in development and
maintenance of polarity (Figure 1.2). In addition to actin, tubulin, and inter-
mediate filaments, the epithelial cytoskeleton is composed of a complex array
of accessory proteins that regulate filament assembly and movement. The
intermediate filaments form a stable fiber system that surrounds the nucleus
and extends to the plasma membrane (Brown et al., 1983). In polarized
epithelial cells, microtubules provide an important scaffold for cell shape.
The microtubule organizing center, located near the nucleus, coordinates
nucleation of microtubule polymerization in a defined polarized fashion
(Murphy and Stearns, 1996). This polarity allows for directional transport
of vesicles to and from specific membranes. In addition to roles in regulating
placement of organelles and vesicular targeting, microtubules can also be
used to enhance bacterial invasion. For example, Campylobacter jejuni have
been shown to invade intestinal epithelial cells in a microtubule-dependent,
actin-independent manner (Kopecko et al., 2001; Oelschlaeger et al., 1993).
In ciliated respiratory epithelial cells, the core of each cilium is a precisely
organized ring of microtubules. Dynein, a microtubule-based motor protein,
causes the cilia to flex, resulting in the ciliary beating that is necessary for
mucociliary clearance (Camner et al., 1975). Patients with primary ciliary
dyskinesia, including many with Kartagener syndrome, have mutations that
shorten dynein arms, resulting in immotile cilia (Camner et al., 1975). As
discussed above, these patients are at increased risk for respiratory infection.
Affected males also tend to be sterile, due to inefficiencies of sperm motility,
another microtubule and dynein-dependent process.

In contrast to microtubules, actin filaments or microfilaments are found
in close association with the plasma membrane of polarized epithelial cells.
These filaments are present at apical, lateral, and basal membranes, but they



Figure 1.2 Three-dimensional reconstruction of human jejunal epithelium stained for

tubulin (red), f-actin (green), and nuclei (blue). Note the prominent actin ring (green)
concentrated at the level of the apical junctional complex. Actin is also present within the
microvilli and along basolateral membranes but cannot be appreciated in this image due
to the high concentration of actin at the perijunctional ring. Microtubules (red) extend
throughout the cell and play a significant role in vesicular trafficking. Bar = 5 pm. See
also Color plate 1.

are particularly concentrated at sites of cell-cell or cell-substrate contact. In
intestinal epithelia, actin cores also form the substructure of microvilli. More-
over, a contractile circumferential actin belt encircles each epithelial cell at
the level of the tight and adherens junctions. Contraction of this actomyosin
belt can be regulated during normal tissue function and can be disrupted
in disease. Microfilaments also play important roles in endocytosis, and the
small GTPases of the rho family that regulate actin are frequent targets of bac-
terial pathogens. For example, Salmonella use the type I1I secretion system to
inject a toxin that serves as a guanine exchange factor for cdc42 and rac (Hardt
et al., 1998; Lu and Walker, 2001; Parrello et al., 2000). This induces actin-
dependent membrane ruffling, leading ultimately to bacterial internalization.
As discussed above, Clostridium difficile toxins glucosylate and inactivate rho
(Hippenstiel et al., 1997; Just et al., 1994, 1995). This key regulator of actin
structure is also targeted by Clostridium botulinum C3 toxin, which inactivates
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rho via ribosylation (Aktories et al., 1992; Narumiya et al., 1990; Wilde et al.,
2000).

INTERCELLULAR JUNCTIONS

Many cells function effectively as individual units. Examples include red
blood cells, immune cells, and fibroblasts, which at most make occasional
transient junctions with other cells. In contrast, epithelia are ineffectual as
independent cells. Their function requires that they form an intact surface
with a sustained network of junctions joining each cell to its neighbors and,
for the basal cell layer, the matrix of the basement membrane. In the absence
of these junctions, epithelia would be unable to form a barrier. Thus, efforts
to achieve vectorial transport would be unsuccessful, as any transport could
easily be negated by diffusion in the reverse direction. Additionally, the mere
presence of a barrier is an essential component of epithelial structure. These
barriers provide protection from external hazards, including airborne toxins,
luminal bacteria, and noxious chemicals. Thus, as one might guess, bacteria
have evolved to exploit, evade, and disrupt intercellular junctions.

Interactions between individual cells and the basement membrane are
typically mediated by integrins. This family of proteins can interact with
many matrix proteins, including laminin and collagen, as well as other cell
types by generating a diverse array of molecules with differing alpha- and
beta-chain compositions (Albelda et al., 1994; Fuchs et al., 1997; Giancotti
and Ruoslahti 1999; Humphries 1990; Luscinskas and Lawler 1994). B1 inte-
grins link the extracellular matrix to the intracellular actin cytoskeleton and
can also serve as receptors for Yersinia enterocolitica and Yersinia pseudotu-
berculosis invasion (Isberg and Leong, 1990). In this case, since B1 integrins
are localized to basolateral membrane domains, some disruption of the api-
cal junctional complex must occur before Yersinia can access B1 integrins.
Adjacent cells are also bound to one another by desmosomes, which are
linked to intermediate filaments, thus providing a semi-rigid framework,
and, in many cases, by gap junctions, which facilitate intercellular signal-
ing by allowing diffusion of small molecules between the cytosol of adjacent
cells.

Despite the importance of these structures to epithelial function, the
components of the apical junctional complex may well be the most critical.
This has not escaped the attention of pathogens, such as Porphyromonas
gingivalis and Bacteroides fragilis, that attack the apical junctional complex by
secreting proteases that degrade critical components of the complex (Katz
et al., 2000; Koshy et al., 1996; Wu et al., 1998).



Assembly and placement of the apical junctional complex are linked
closely to the establishment of epithelial polarity. As implied by the name,
the apical junctional complex is located at the most apical region of the lat-
eral membrane. The complex consists of the tight junctions, which define
the border between apical and basolateral membrane domains, and the
adherens junctions, which are located just basal to the tight junctions. The
principal proteins of the adherens junction mediate Ca*2-dependent homo-
typic intercellular adhesions and are termed cadherins (Hatta and Take-
ichi, 1986). Several distinct cadherins can be expressed, and this differential
expression forms the basis of self-recognition by different embryonic cell
types (Takeichi, 1988). Epithelia express E-cadherin. The cytoplasmic tail of
E-cadherin interacts directly with cytoplasmic scaffolding and signaling pro-
teins, including B-catenin, and indirectly with the actin cytoskeleton (Itoh
et al., 1997; McCrea et al., 1991; Ozawa et al., 1990; Yonemura et al., 1995).
Thus, adherens junctions perform essential roles in signal transduction in
addition to their function in maintenance of intercellular contact. Cadherins
can also be used as landmarks by bacteria. For example, Listeria monocytogenes
use E-cadherin to specifically target human epithelial cells (Mengaud, Lecuit
et al., 1996; Mengaud, Ohayon et al., 1996). The bacterial protein internalin
binds a specific sequence in E-cadherin that differs in other species (Lecuit
et al., 1999). This binding triggers lipid raft-mediated internalization of the
E-cadherin-Listeria complex, thus facilitating bacterial invasion (Seveau et al.,
2004).

Although adherens junctions are thought to provide much of the strength
that supports intercellular junctions, they are quite porous and do not form a
significant barrier to paracellular diffusion. Thus, sealing of the paracellular
space falls to the tight junction. This intercellular seal of variable permeability
has been described as a “gate,” allowing differential passage of water, ions,
and other molecules (Diamond, 1977; Gumbiner, 1987). As noted above,
tight junctions also physically separate apical and basolateral membranes,
forming a “fence” that prevents diffusion of protein and lipid components of
the plasma membrane, thereby maintaining distinct apical and basolateral
membrane domains (Diamond, 1977; Gumbiner, 1987).

Although many tight-junction proteins have now been identified, their
precise roles in assembly and maintenance of tight-junction structure are
poorly understood. At least three classes of transmembrane proteins have
been described (Furuse et al., 1998). These include the claudin family, whose
members appear to define the charge-selective permeability of tight junctions
in different tissues, as demonstrated elegantly by in vitro (Van Itallie et al.,
2003) and in vivo (Simon et al., 1999) studies. Specific claudin isoforms are
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targeted by Clostridium perfringens enterotoxin, which binds to and targets
claudins 3 and 4 for degradation, resulting in loss of barrier function in
epithelia that express these claudin isoforms (Sonoda et al., 1999).

In contrast to claudins, the role of another tetramembrane-spanning pro-
tein, occludin, is less well defined. Numerous in vitro studies have suggested
that occludin plays an important role in tight-junction function, including
the observation that peptides derived from the second extracellular loop can
disrupt epithelial barrier function (Nusrat et al., 2005; Wong and Gumbiner,
1997). However, this and other in vitro observations suggesting the functional
importance of occludin are challenged by the report that occludin knock-
out mice do not have readily apparent barrier defects (Saitou et al., 2000).
Nonetheless, several in vivo analyses suggest that occludin internalization is
areliable marker of tight junction disruption by enteropathogenic Escherichia
coli (EPEC) and other inflammatory stimuli (Clayburgh et al., 2005; Shifflett
et al., 2005). The precise function of occludin remains to be determined.

The third major family of described transmembrane tight junction pro-
teins, junctional adhesion molecules, can localize to tight junctions as well
as desmosomes. At these sites they appear to play a host of roles, including
mediating transepithelial inflammatory cell migration (Zen et al., 2004) and
resealing of tight junctions after injury (Liu et al., 2000). Finally, a long list of
peripheral membrane proteins, including ZO-1, ZO-2, Z0O-3, MUPP-1, and
cingulin, have been described (Citi et al., 1988; Haskins et al., 1998; Jesaitis
and Goodenough 1994; Stevenson et al., 1986). These are able to maintain
numerous binding interactions with one another and other proteins, leading
to the assembly of a protein complex at the tight junction.

BARRIER REGULATION

The structure of the tight junction is critically dependent on an intact ring
of actin and myosin, the perijunctional actomyosin ring, at the site of the api-
cal junctional complex. Mere depolymerization of this actomyosin ring, as
induced by toxin-mediated rho inactivation, is sufficient to cause massive
disruption of barrier function (Hecht et al., 1988; Nusrat et al., 1995). Less
massive regulation of tight-junction permeability also occurs in response to
physiological stimuli. For example, activation of Na*t-nutrient cotransporters
causes increases in paracellular permeability that allow paracellular ampli-
fication of transcellular nutrient and water absorption at appropriate times,
e.g. after a nutrient-rich meal (Madara and Pappenheimer, 1987). In vivo
and in vitro studies have shown that initiation of Na™/glucose cotransport
results in activation of a signaling cascade that leads to myosin light chain



kinase (MLCK)-mediated myosin II regulatory light chain (MLC) phosphory-
lation, perijunctional actomyosin ring contraction, and increased paracellular
permeability (Berglund et al., 2001; Turner et al., 1997). The distal portion
of this pathway, that following MLCK activation, is also used by EPEC and
enterohemorrhagic Escherichia coli (EHEC) (Philpott et al., 1998; Spitz et al.,
1995; Yuhan et al., 1997). Like initiation of Na*/glucose cotransport (Turner
et al., 1997), EPEC infection results in MLC phosphorylation and increased
paracellular permeability. In each case, MLCK inhibitors are able to partially
or completely prevent increases in paracellular permeability, suggesting an
essential role for MLCK in this process (Turner et al., 1997; Yuhan et al., 1997;
Zolotarevsky et al., 2002). Although the specific bacterial effectors responsi-
ble for EPEC-induced MLC phosphorylation have not been defined, it is clear
that the presence of an intact type III secretion system is required, raising
the possibility that the effector is injected directly into the epithelial cyto-
plasm (Simonovic et al., 2000). In the case of EPEC, it also appears likely that
upstream activation of protein kinase C zeta (PKC-{) contributes to MLCK
activation (Tomson et al., 2004).

Advances in our understanding of the biology of and, potentially, develop-
ing therapy for these barrier defects have been limited by the lack of effective
and specific inhibitors of MLCK. This deficiency has now been overcome
by the development of stable peptide analogs of a highly specific membrane-
permeant MLCK inhibitor, termed PIK (Owens et al., 2005; Zolotarevsky et al.,
2002). This inhibitor has been used to specifically probe the role of MLCK
in intestinal epithelial barrier dysfunction. As noted above, epithelial bar-
rier dysfunction is seen in a variety of infectious diseases of the intestines. As
expected, PIK prevents much of the loss of barrier function that accompanies
EPEC infection in vitro (Zolotarevsky et al., 2002).

Epithelial barrier function is also compromised in inflammatory dis-
eases such as Crohn’s disease (Clayburgh, Shen et al., 2004). In this case, itis
thought that barrier disruption is mediated by local release of T helper type 1
(Th1) cytokines, including IFNy and TNFa. Indeed, mucosal levels of these
cytokines are elevated during the active phase of inflammatory bowel dis-
ease. Consistent with a role in barrier dysfunction, these cytokines are able to
disrupt barrier function in cultured epithelial monolayers, and in vivo antag-
onism of IFNy or TNFa can diminish disease severity and restore barrier
function (Brown et al., 1999; Ferrier et al., 2003; Musch et al., 2002; Suenaert
et al., 2002). To define the mechanisms of this cytokine-dependent barrier
dysfunction, MLC phosphorylation was assessed in cultured monolayers after
treatment with IFNy and TNFa. Marked increases in MLC phosphorylation
accompanied functional barrier loss (Zolotarevsky et al., 2002). The MLCK
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Figure 1.3 Model for epithelial barrier dysfunction secondary to myosin light chain
kinase (MLCK) upregulation. Extracellular stimuli trigger a signaling pathway that
activates activating protein 1 (AP-1) and/or nuclear factor kappa B (NFkB) transcription
factors. These increase transcription of MLCK mRNA, thereby increasing the cytoplasmic
pool of MLCK protein. MLCK induces myosin II regulatory light chain (MLC)
phosphorylation and a conformational change in myosin. This activates myosin, which
leads to contraction of the actomyosin ring and decreased tight-junction barrier function.
Although the involvement of this pathway in cytokine-induced barrier dysfunction has
been demonstrated, the role of MLCK transcriptional activation in bacterial pathogenesis
has not been reported.

inhibitor PIK reduced MLC phosphorylation and normalized barrier function
(Zolotarevsky et al., 2002). Thus, MLC phosphorylation is necessary for this
in vitro cytokine-dependent barrier dysfunction. Other studies suggest that
this may also be the mechanism of acute in vivo cytokine-dependent barrier
loss (Clayburgh et al., 2005).



To better understand the mechanisms by which IFNy and TNFa cause
increases in MLC phosphorylation, expression of MLCK, the responsible
kinase, was assessed following cytokine treatment. The data show that in
cultured epithelial monolayers, MLCK protein expression is upregulated by
cytokine treatment and that this correlates with elevated MLC phosphoryla-
tion and barrier dysfunction (Ma et al., 2005; Wang et al., 2005). Both IFNvy
and TNFa are required for this upregulation of MLCK expression, but the
role of IFNy seems to be in priming the cells to respond to TNFoa (Wang et al.,
2005). In the absence of IFNy priming, TNFa is unable to induce changes
in barrier function, MLC phosphorylation, or MLCK expression (Wang et al.,
2005). Some authors have suggested that these effects might be mediated by
nuclear factor kappa B (NFkB), a canonical signaling pathway activated by
TNF-a (Ma et al., 2004, 2005). However, other data demonstrate that inhibi-
tion of NFkB does not reduce cytokine-dependent barrier dysfunction, MLC
phosphorylation, or MLCK upregulation (Wang et al., 2005). The latter obser-
vations are consistent with in vitro and in vivo studies suggesting a protective
role for epithelial NFkB following cytokine exposure (Chen et al., 2003; Soler
et al., 1999).

To better define the mechanisms by which these cytokines and other
stimuli, including pathogens, regulate MLCK expression, 4 kilobases of
DNA sequence upstream of the MLCK transcriptional start site was cloned
(Graham et al., 2004). When fused to a reporter gene and transfected into
intestinal epithelial cells, this construct responded to IFNy and TNFa like
endogenous MLCK (Graham et al., 2004). In silico sequence analysis iden-
tified numerous possible transcription factor binding sites, including four
putative activating protein 1 (AP-1) binding sites and two putative NF«kB
binding sites. Several of these sites were confirmed to be functional protein
binding sites based on electrophoretic mobility shift assay (Graham et al.,
2005). Cotransfection with constitutively active AP-1 and NF«kB showed that
activation of either transcription factor pathway was able to upregulate MLCK
transcription (Graham et al., 2005). Mutational analysis confirmed that these
AP-1 and NF«B sites were indeed necessary for MLCK transcriptional acti-
vation (Figure 1.3). Further analysis showed clearly that in these differenti-
ated epithelial monolayers, AP-1 activation is responsible for the observed
increase in MLCK transcription after cytokine exposure (Graham et al.,
2005). Together, these data indicate that AP-1 induces MLCK upregulation in
response to IFNy and TNFa, but they also suggest that other stimuli, includ-
ing infection by H. pylori or EPEC, may upregulate MLCK expression via
NFkB activation (Graham et al., 2005; Keates et al., 1997; Munzenmaier et al.,
1997; Savkovicetal., 1997; Sharma et al., 1998). Thus, although this has not yet
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been demonstrated, it may be another example of bacterial exploitation of host
regulatory mechanisms.

CONCLUSIONS

Epithelia perform many specialized functions that are essential to
homeostasis as well as host defense. In many cases, these are exploited
effectively by bacteria in their efforts to achieve infection and overcome the
epithelial barrier.
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CHAPTER 2
Evolution of bacterial pathogens

Anthony T. Maurelli

INTRODUCTION

The evolution of bacterial pathogens is essentially the story of how all
life evolves. It is a story of mutation and selection, of adaptation and survival,
of incremental genetic changes and quantum leaps in genome content. All
organisms evolve, but the evolution of microbes is the best studied. The short
generation times of microbes and the ability to grow individual populations to
large numbers allow researchers to study rare events over many generations —
something that is next to impossible with larger, more complex organisms
such as fruit flies, mice, and humans.

This chapter begins with a brief overview of the principles of muta-
tion and selection in bacteria. This background will prepare the reader for
the subsequent sections that will discuss the various forms of horizontal
gene transfer (HGT) and how they each contribute to bacterial evolution.
Specific examples are presented to give the reader insight into the enor-
mous power of genetic selection as well as the great diversity of pathways
that bacteria take in adapting to their environment. We also highlight some
recurrent themes in bacterial pathogenesis. The chapter concludes with a
discussion of a new paradigm of bacterial pathogen evolution that involves
the loss of gene function as an adaptation to colonization of the host. The
concept of pathoadaptation is introduced and expanded to include selec-
tion for gene loss as the pathogen improves its fitness within the host
niche.

Bacterial—Epithelial Cell Cross-Talk: Molecular Mechanisms in Pathogenesis, ed. Beth A. McCormick.
Published by Cambridge University Press. © Cambridge University Press, 2006.



BASIC BACTERIAL GENETICS
Principles of mutation and selection

No biological system is perfect, and mistakes happen during growth
and in the reproductive process. Errors are made during replication of bact-
erial genomes. Some errors are corrected and some escape proofreading
and repair. This error rate is the basis for spontaneous mutation in bact-
eria. In addition, environmental influences can increase this rate of sponta-
neous mutation. lonizing radiation (ultraviolet, X-rays), chemical mutagens,
and other biological entities can increase the rate of spontaneous mutation
in a population of bacteria. Alterations at the nucleic-acid level (genotypic
changes) may be silent or may be manifested as a visible, measurable change
in the organism (phenotypic changes). Thus, mutations may change the DNA
sequence of a gene without altering the amino-acid sequence of the protein
it encodes (silent mutation) or may result in an altered codon, but one that
has no detectable effect on protein function (neutral mutation).

We tend to think of mutations as leading to loss of function, and in
the majority of cases they do. Single base-pair changes, insertions, deletions,
and rearrangements can all potentially alter the structure of a gene and cause
loss of gene function. It is also true that these same types of mutation can
result in gain of function. Thus, mutations can revert to restore original gene
function, e.g. a base-pair change back to the wild-type base or precise excision
of an insertion from a gene. Mutations can also create novel functions for
an existing protein, e.g. an alteration that extends the substrate range of an
enzyme. Gene duplication also allows flexibility in the evolutionary process,
as changes can arise in the duplicated gene and be selected for without loss of
the original function, which is maintained in the first gene copy. Regardless
of whether a genetic alteration creates a loss of function or gain of function,
in the final analysis successful mutations are those that impart some selective
advantage to the organism, e.g. better fitness in a particular environmental
niche. These mutations tend to be maintained within and spread through the
population. Mutations that result in a selective disadvantage to the bacterium
will be outcompeted by strains expressing the wild-type gene and lost. Neutral
mutations will arise and persist, but in the absence of selection the mutant
genotype will be restricted to a subset of the population.

Horizontal gene transfer in bacteria

Evolution via spontaneous mutation is a slow process that proceeds by
trial and error. Small changes are made and, if favorable to the bacterium,
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the mutation is maintained in the genome. Clearly the number of mutational
events that result in favorable changes is much smaller than the number of
events that are not favored, e.g. 1:40 000 in the lac system (Roth et al., 2003).
In addition, beneficial mutations are rare; multiple beneficial mutations in
the same organism are even rarer. Clearly, then, spontaneous mutation alone
is not the answer to the question of how bacterial pathogens evolved.

If an organism could acquire new or better genes from another organism,
then the course of evolution would be vastly accelerated. The extraordinary
adaptive capacity of bacteria is due in part to their ability to acquire genes
from other bacteria by means of HGT (Ochman et al., 2000). HGT not only
allows bacteria to obtain novel genes that have themselves already been tested
by selection for providing a benefit to the bacterium, but also allows the
recipient strain to acquire large blocks of DNA in a single transfer event. Thus,
genes for novel multi-gene metabolic pathways or complex surface structures
can be inherited and dramatically alter the ability of the bacteria to colonize
new niches in a single step. In addition to chromosomal DNA, the mobile
genetic elements that are spread by HGT include plasmids, bacteriophages,
and transposable elements, including insertion sequences and transposons.

There are three basic processes of gene transfer in bacteria: transfor-
mation, transduction, and conjugation. Transformation is the direct uptake
of naked DNA (plasmids or fragments of genomic DNA) from the external
medium into a competent recipient. The overall contribution of transforma-
tion to bacterial evolution is limited by several factors. Not all bacteria are
“competent” for transformation, i.e. capable of taking up DNA directly from
the external medium. Although transformation has now achieved wide appli-
cation as a tool for gene transfer in the research laboratory, its prevalence
in nature is restricted to only a few naturally competent bacteria. Further-
more, some of these naturally transformable bacteria only recognize DNA
with specific uptake sequences for transformation. Another limitation of
transformation is the relatively small size of DNA that can be transformed.

Transduction (specialized and generalized) is gene transfer mediated by
bacteriophage. This method of gene transfer is limited by the host range of
the bacteriophage.

Conjugation involves direct cell-to-cell contact between donor and recipi-
ent bacteria and can transfer chromosomal DNA and plasmid DNA. The size
of DNA transferred by conjugation ranges from small 1-2-kilobase pair (kb)
plasmids to the entire bacterial chromosome. Even mega-plasmids of up to
several hundred kilobase pairs can be transferred by conjugation.

In most cases of HGT, stable inheritance of the newly acquired genetic
material requires recombination of the donor DNA into the genome of the



recipient. Recombination can occur at homologous or non-homologous DNA
sequences. Donor chromosomal DNA is generally recombined into the recipi-
ent by the RecA-mediated general recombination machinery at homologous
sites in the recipient chromosome. Stable inheritance of bacteriophage DNA
is achieved by site-specific (e.g. bacteriophage \) or random (e.g. bacterio-
phage ) integration into the bacterial chromosome or by autonomous repli-
cation as a plasmid (e.g. bacteriophage P1). In the case of HGT of plasmids,
recombination is not required for stable inheritance if the plasmid is capable
of autonomous replication in the cytoplasm of the recipient. Some plasmids
are self-transmissible and thus possess greater potential for spread through
a population than do non-conjugative plasmids. Similarly, some transpos-
able elements are conjugative and transmitted more readily through a
population.

CONTRIBUTIONS OF HORIZONTAL GENE TRANSFER TO
PATHOGEN EVOLUTION: QUANTUM LEAPS

This section illustrates some examples of how the various mobile genetic
elements described above have shaped the genomes of bacterial pathogens.

Plasmids

Plasmids are linear or circular DNA molecules that replicate auto-
nomously in the cytoplasm of a host bacterium. All three processes of gene
transfer are capable of transferring plasmids from donor to recipient, but the
real power of plasmids in the arena of evolution lies in their potential for self-
transmission by conjugation. Conjugative plasmids can transfer themselves
to a broad range of recipient bacteria and can even be transferred across
species boundaries. Add to this the ability to combine multiple genes on
a single transferable genetic element and it is clear that plasmids are one of
the most potent drivers of bacterial evolution.

One of the earliest demonstrations of how plasmids contribute to bac-
terial virulence came from the seminal work of H. Willy Smith and his col-
leagues on diarrhea in piglets. They showed that colonization factors, entero-
toxins, and hemolysin production were all encoded on transmissible plasmids
in toxigenic strains of Escherichia coli (Smith and Halls, 1967; Smith and Ling-
good, 1971a,b). Bovine and human isolates of diarrheogenic E. coli were also
shown to carry plasmids that encode these virulence factors. Smith and Ling-
good further showed that toxigenic E. coli strains were more likely to harbor
a plasmid than were E. coli strains isolated from asymptomatic animals, thus
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making the first strong link between plasmid carriage and pathogenicity.
Although colonization factors and toxins were encoded on separate but com-
patible plasmids, isolates were found that carried the gene for heat-stable
enterotoxin alone and others that carried both heat-stable and heat-labile
enterotoxin genes on the same plasmid. So et al. (1979) later showed that
the gene for heat-stable toxin was part of a transposable element, thus link-
ing together two mobile genetic elements (see also Transposable elements,
p- 39). Later studies confirmed that genes for both colonization factors and
enterotoxins could be found on the same plasmid (Echeverria et al., 1986).

Resistance to antibiotics imparts a powerful selective advantage to a bacte-
rial pathogen in the presence of the myriad antibiotics used to treat infectious
diseases. Shortly after the recognition of multiple antibiotic-resistant strains
of Shigella in Japan in the late 1950s, Akiba et al. (1960) suggested that mul-
tiple resistance might be transferred from drug-resistant E. coli to Shigella
in the intestinal tracts of patients. Later experiments by Mitsuhashi et al.
(1960), Watanabe (1963), and Nakaya et al. (1960) confirmed and extended
these initial observations on transmissible drug resistance, and Mitsuhashi
et al. (1960) proposed the term “resistance factor” (R-factor) for the trans-
missible plasmids that encode antibiotic resistance (Watanabe, 1963). Thus,
plasmids were shown to contribute to the adaptation of bacterial pathogens
to the new antibiotic era by imparting on their hosts the ability to resist the
drugs that were increasingly being used to treat the diseases these bacteria
caused.

Smith and Linggood concluded their paper on the specific role of entero-
toxins and colonization factors in the pathogenesis of diarrhea with the pre-
scient remark that since the transfer factors found on plasmids that encode
toxins, colonization factors, and antibiotic resistance determinants can be
common to all these plasmids, “it is interesting to speculate whether ‘new’
enteropathogenic strains of E. coli will emerge at a more rapid rate in the
present antibiotic era than hitherto” (Smith and Linggood, 1971a).

There are many other examples of plasmids that encode virulence deter-
minants that allow pathogenic bacteria to colonize new niches and cause
damage to the host. Genes for invasion of colonic epithelial cells and cell-to-
cell spread of Shigella spp. are found on a large 220-kb plasmid (Sansonetti,
1993; Sansonetti et al., 1982). A 70-kb virulence plasmid enables Yersinia spp.
to resist phagocytosis by macrophages and to inhibit the respiratory burst
(Cornelis et al., 1998). One of the plasmids associated with virulence in Bacil-
lus anthracis encodes the biosynthetic genes for the poly-y-p-glutamic acid
capsule that protects the bacillus from phagocytosis (Makino et al., 1989). A
plasmid in Agrobacterium tumifaciens endows this organism with the ability



to colonize and promote crown gall tumor formation in plants (Van et al.,
1974). Interestingly, Agrobacterium pathogenesis is mediated by transfer of
the bacteria’s Ti plasmid to the plant cell, a process that has been exploited
widely to introduce recombinant DNA into plants.

Other plasmid genes encode proteins that mediate host damage, includ-
ing toxins, membrane lytic enzymes (e.g. hemolysins), and signal transduc-
tion molecules (e.g. for induction of cellular apoptosis). A partial list of
bacterial toxins encoded by plasmids would include tetanus toxin; E. coli
hemolysins, enterotoxins, and cytotoxic necrotizing factor; Staphylococcus
aureus exfoliative toxin; the lethal factor and edema factor of B. anthracis;
and the insecticidal parasporal crystal toxins of many subspecies of Bacil-
lus thuringiensis. The virulence plasmids of Shigella and Yersinia mentioned
above also enable these pathogens to induce apoptosis in macrophages and
thus to escape this arm of the host defense. The purpose here is not to provide
an exhaustive list of plasmids that have contributed to the evolution of bac-
terial pathogens but rather to illustrate the broad range of virulence factors
that can be encoded on plasmids.

In summary, plasmid acquisition by HGT provides the quantum leap that
propels the evolution of bacterial pathogens from a non-pathogenic progeni-
tor. Plasmids provide a genetic platform on which nature can build “virulence
cassettes” through the sequential addition of genes that, as a group, con-
tribute to a pathogenic phenotype. Once these plasmids have evolved, their
spread can be facilitated by conjugation, whether through self-transmission
or mobilization. But the unanswered question is where did these plasmids
come from? One can speculate that over the course of evolution, mobile
genetic elements are randomly assorted. Linkages (combinations) of genes
whose coexpression favors survival in a particular niche are selected. These
persist and serve as the building blocks for acquisition of new genes that
add to and improve the fitness of the organism. When those genes are inte-
grated, selection of fitness locks them into the evolving plasmid platform,
and a virulence plasmid is born.

Bacteriophages

Bacteriophages (phages or bacterial viruses) are ultimate parasites. They
depend absolutely on their bacterial host for growth and are incapable of
growth independent of their host. There are two classes of phages: virulent
and temperate. Virulent phages infect a susceptible bacterium, replicate, and
lyse the host cell, liberating progeny phages. Temperate or lysogenic phages
can follow the lytic pathway or can persist quietly in the host bacterium in the
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prophage or lysogenic state. In this quiescent state, the genes of the phage
lytic pathway are repressed, and most of the phage genes are not transcribed.
Usually the genome of a lysogenic phage is integrated into the chromosome
of the host bacteria. This assures inheritance of the phage in daughter cells
and maintenance of the phage in the bacterial population as the integrated
phage genome is replicated as part of the bacterial chromosome. This lyso-
genic state may persist indefinitely. A significant consequence of lysogeny for
the bacterium is when expression of genes encoded by the lysogenic phage
contributes to a change in the visible phenotype of the bacterial host. This
condition is known as lysogenic conversion.

Years before the discovery of plasmids, bacteriophages were known to
play an important role in making a bacterium a pathogen. The production of
diphtheria toxin by strains of Corynebacterium diphtheriae was first shown to
be linked to the presence of a lysogenic 3-phage in these strains by Freeman
(1951), Groman (1953), Barksdale and Pappenheimer (1954), and others in
the 1950s. The gene for diphtheria toxin is encoded by the B-phage. Strains
of C. diphtheriae that do not carry this bacteriophage are unable to synthesize
the toxin and are not associated with disease. Other examples of toxins that
are synthesized from phage-encoded genes in bacterial lysogens include the
Shiga toxins of enterohemorrhagic E. coli, cholera toxin of Vibrio cholerae,
enterotoxin A of Staphylococcus aureus, and the botulinum toxins of Clostrid-
ium botulinum (Brussow et al., 2004).

Another example of how lysogenic conversion contributes to bacterial
pathogen evolution is the synthesis or modification of cell-surface structures.
Bacteriophage SfV is a lysogenic phage of Shigella flexneri that encodes a glu-
cosyl transferase that converts serotype Y (3,4) to serotype 5a (V; 3,4) by addi-
tion of glucose to the second rhamnose residue of the O antigen (Huan et al.,
1997). Mutants that are deleted for the phage-encoded glucosyl transferase
show a marked survival defect in ligated rabbit ileal loops. Glucosylation of
the O antigen restores virulence (West et al., 2005). It is well known that O
antigen protects bacteria from innate immune defenses such as bile salts,
complement-mediated lysis, and antimicrobial peptides. However, glucosy-
lation of O antigen serves a more specific function for Shigella. Glucosylation
induces transition of the lipopolysaccharide (LPS) to a more compact struc-
ture, shortening the distance that it extends beyond the outer membrane.
This compact structure optimizes the exposure of the type III secretion sys-
tem (TTSS) needles that extend from the bacterial cytoplasm across the inner
membrane and periplasmic space and through the outer membrane to deliver
effectors required for invasion. Thus, lysogenic conversion of Shigella permits
alteration of the “shield” (O antigen) while maximizing the effectiveness of the



“sword” (TTSS needle) and making the bacterium a more efficient pathogen
(West et al., 2005).

A dramatic example of lysogenic conversion in bacterial pathogenesis
was the discovery of a bacteriophage associated with invasive meningococci
(Bille et al., 2005). Neisseria meningitidis is a common inhabitant of the human
nasopharynx; in a small proportion of people who are colonized, the bacteria
invade the bloodstream and can go on to cause meningitis. A filamentous
phage is present in the chromosome of the disease-causing bacteria. The
precise factors that this phage contributes to the invasive capacity of N. menin-
gitidis are not known, but the observation that the 8-kb phage can excise and
be secreted from the lysogenic host suggests the potential for spread and
conversion of commensal N. meningitidis into invasive pathogens (Bille et al.,
2005).

This example of lysogenic conversion in N. meningitidis illustrates the
potential of virulence gene spread by HGT mediated by bacteriophage. How-
ever, one should keep in mind that the spread of bacteriophage genes is
limited by the host range of the bacteriophage. Thus, although the potential
certainly exists for this filamentous phage to spread within a population of
commensal N. meningitidis, it is unlikely that the phage will spread to other
members of the normal flora in the nasopharynx. Extension of the host range
of a bacteriophage requires either a mutation in the phage attachment pro-
tein in order to allow it to recognize a receptor on a new bacterial host or a
mutation in (or acquisition of) the receptor protein on the surface of the bac-
terium that permits attachment of the phage. A second obstacle that needs to
be overcome is the stable integration of the phage genome into the bacterial
chromosome. Although this step generally takes place at specific sequences in
the bacterial chromosome, phage integration at sites with limited homology
to the normal phage-attachment site does occur.

Other ways in which bacteriophage contribute to bacterial pathogen evo-
lution include enhancing bacterial resistance to serum and phagocytes, trans-
duction of genes for resistance to antibiotics, and promoting transmission,
colonization/adhesion, and sometimes invasion (Wagner and Waldor, 2002).
Table 2.1 lists some of these virulence phenotypes associated with lysogenic
conversion.

Phage integration and excision is an ongoing part of bacterial evolution.
The remnants of genomes for dozens of bacteriophage have been uncovered
in the genome sequences of many bacterial pathogens. In a review of the
published bacterial genome sequences to date, Casjens (2003) found that
51 of the 82 analyzed genomes carry prophages with the prophages consti-
tuting 10-20% of a bacterium’s genome. Even if many of these prophages
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Table 2.1 Virulence-associated phenotypes encoded by bacteriophages

Bacterial host Phage Protein
Corynebacterium diphtheriae ~ B-Phage Diphtheria toxin
Clostridium botulinum Phage C1 Neurotoxin
Enterohemorrhagic H-19B, 933 Shiga toxins
Escherichia coli
Salmonella enterica GIFSY-2, Fels-1  Superoxide dismutase
Fels-1 Neuraminidase

Superoxide dismutase

b 34, P22 Glucosylation
Shigella flexneri SAII, StV, SfX Glucosyl transferase
sfe O-antigen acetylase
Staphylococcus aureus b 13 Staphylokinase enterotoxin A
& ETA Exfoliative toxin A
¢ PVL Leukocidin
Streptococcus pyogenes H4489A Hyaluronidase
T12 Toxin type A
Vibrio cholerae CTXd Cholera toxin

are defective and undergoing mutational decay, they still may express genes
that contribute to the phenotype of the bacterial host. Bacteriophages are also
major contributors to differences between individual strains within a species.
For example, a comparison of enterohemorrhagic E. coli 0157:H7 (5.5 million
base pairs [Mbp]) with the laboratory strain E. coli K-12 (4.6 Mbp) revealed two
highly conserved genomes that share a core backbone of 4.1 Mbp. Much of
the additional genomic content of E. coli O157:H7 is strain-specific sequence
attributable to the presence of a multitude of lambda-like phages (Ohnishi
et al., 2001).

How did bacteriophages acquire the genes that they carry into bacterial
hosts that contribute to pathogen evolution? The origin of a given toxin gene
or virulence factor that is carried on a lysogenic bacteriophage is difficult to
reconstruct. Intact genes may have come from an ancestral bacterial source.
Alternatively, new genes may have formed in the endless mixing of bacterio-
phages with host bacteria. The genomes of today’s prophages are the result of
numerous recombination events that occurred over time, and the dynamics
of phage-host DNA exchanges in bacterial evolution are just beginning to



be explored. What is clear, however, is that lysogenic conversion has had an
enormous impact on the evolution of pathogenic bacteria.

Transposable elements

Transposable elements are discrete segments of DNA that are capable of
moving (transposing) from one replicon to another or to a different position
on the same replicon. For example, a transposable element can move from
a chromosome and insert into a plasmid, and vice versa, or move between a
bacteriophage and a plasmid or a chromosome. The mechanism of transposi-
tion differs depending on the transposable element. Replicative transposition
generates a new copy of the transposable element, which hops into a new site
while leaving a copy of itself inserted in the original location. By contrast, the
“cut-and-paste” or conservative mechanism moves the entire transposable
element intact to a new site without creating another copy. Regardless of the
mechanism involved, a common feature of all transposable elements is that
transposition is independent of the general (i.e. RecA-dependent) homolo-
gous recombination system. The target sites for insertion generally are ran-
dom, but some transposable elements have preferred “hot spots” for insertion
while others are site-specific.

The movement of transposable elements creates a variety of genetic alter-
ations. Insertion into a gene normally inactivates the gene. Precise excision
restores the gene to its original state. Imprecise excision can result in deletion
of DNA sequences adjacent to the original site of insertion and may create
gene fusions. Transposable elements also mediate genomic rearrangements
such as inversions and duplications.

The two classes of transposable elements are insertion sequences and
transposons. Insertion sequences, or IS elements, are small segments of DNA
(< 2kb) that contain no genes other than those required for transposition.
Transposons are larger and more complex and contain genes in addition to
those that mediate transposition. They may also contain IS elements as part
of their genetic structure.

Antibiotic resistance is probably the best example of how transposable
elements have contributed to bacterial pathogen evolution. Hedges and Jacob
(1974) described the first transposon, Tn3, which encodes ampicillin resist-
ance. In the ensuing years, numerous transposons encoding resistance to a
wide range of antibiotics were discovered, including Tn1 and Tn2 (ampicillin
resistance), Tn5 and Tn6 (kanamycin resistance), Tn7 (trimethoprim and
streptomycin/spectinomycin resistance), Tn9 (chloramphenicol resistance),
Tn10 (tetracycline resistance), and Tn917 (erythromycin resistance); see Berg
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etal. (1989) for an excellent summary of transposons and their uses as genetic
tools to modify bacteria. Transposons are found in Gram-positive as well as
Gram-negative bacteria. Some transposons encode multiple drug resistance,
as in the case of Tn1545, a 25-kb transposon that encodes resistance to tetra-
cycline, erythromycin, and kanamycin. An interesting form of transposon
first discovered in a Gram-positive organism is Tn916. This transposon not
only encodes genes for transposition but also is capable of mediating its own
transfer by conjugation. Thus, the class of conjugative transposons combines
the power of HGT with random insertion in the genome of the recipient
organism (for a review, see Salyers et al., 1995).

The ability of antibiotic resistance genes to transpose between DNA repli-
cons independent of general recombination functions explains in large part
the rapid evolution and wide dissemination of multiple antibiotic-resistance
plasmids described earlier. Examination of the gene organization of R-factors
revealed that they are composites of plasmid sequences with cassettes of
antibiotic-resistance genes contained within transposons. For example, R100
(NR1) expresses multiple antibiotic resistance encoded by Tnl10, a Tn9-
related transposon, and a transposable element encoding mercury resistance
(Womble and Rownd, 1988). Indeed the presence of identical resistance genes
in a wide variety of plasmids present in bacteria of diverse phylogenetic ori-
gins clearly underlines the power of transposition coupled with HGT and
strong genetic selection (in the form of global application of antibiotics) in
the modern-day phase of bacterial evolution.

Transposons that encode virulence factors also have contributed to bac-
terial pathogen evolution. The best known example is that of the heat-stable
toxin STa of enterotoxigenic E. coli (ETEC), which is found on a transpo-
son, Tn1681 (So et al., 1979). ETEC strains that infect pigs also synthesize a
heat-stable toxin, which is encoded on a transposon, Tn4521 (Lee et al., 1985)
although this toxin shares no homology with STa from the human ETEC. In
both cases, the transposons can be found on plasmids that carry colonization
factors and antibiotic-resistance genes.

Pathogenicity islands

Pathogenicity islands (PAIs) are a relatively new concept in our under-
standing of bacterial pathogen evolution (Groisman and Ochman, 1996;
Hacker and Kaper, 2000; Schmidt and Hensel, 2004). A PAI is a block
of genes present in a bacterial pathogen that is missing from a related
but non-pathogenic reference strain. The island contains a gene or genes
that are known or suspected to be involved with virulence of the pathogen.



Furthermore, the genes in the island have an atypical base composition rela-
tive to the reference genome, i.e. the G4C content of the DNA in the island is
markedly different from the genomic region surrounding the island. Genes
within the PAI also show a different codon usage compared with genes in the
rest of the genome. PAls are large (10-200kb) and are frequently inserted
within or adjacent to tRNA genes. Some PAIs are contained within plasmids
or bacteriophages. PAIs usually contain markers of genetic mobility. PAls
are often flanked by direct repeats and contain IS elements or parts of IS ele-
ments. They carry cryptic or functional mobility genes such as resolvases and
transposases usually associated with transposable elements, and integrases,
which show similarities to the enzymes of lysogenic bacteriophages. Indeed,
the presence of these genes and other DNA sequences with homology to
bacteriophages underscores the mosaic architecture of PAls and reflects the
multistep evolution of this genetic element.

The presence of mobility genes and DNA structures (e.g. direct repeats)
that favor gene rearrangements accounts for the instability of certain PAls.
Thus, some PAls are intrinsically unstable and undergo excision or deletion
at a rate higher than the normal mutation frequency.

The contribution of PAIs to bacterial pathogen evolution is highlighted in
Table 2.2. This table presents only a small sampling of the many PAIs identi-
fied in Gram-negative and Gram-positive pathogens of humans, animals, and
plants. A more complete listing of PAIs and the virulence properties that they
encode can be found in Hacker and Kaper (2000) and Schmidt and Hensel
(2004). Tt is clear even from this limited list that PAIs have evolved to provide
bacteria with a broad range of properties that permit colonization of their
hosts. Perhaps the most widespread virulence property encoded by PAls is
the dedicated secretion system used to transport pathogenic factors from the
bacterial cytosol to the external medium and even into the target eukaryotic
cell. The most prominent of these systems is the TTSS (Hueck, 1998). In a
typical TTSS, more than 20 genes contribute to synthesis of the needle struc-
ture and the inner and outer membrane channels through which it passes
to translocate proteins out of the bacterium. All of the genes for the proper
functioning of this complex macromolecular structure, including the struc-
tural components of the secretion apparatus, the secreted effector proteins
and their chaperones, and regulatory genes that control proper expression of
the TTSS genes, are contained within the PAI. Thus, PAIs are self-contained
virulence cassettes.

How did PAIs arise? The IS elements and transposon sequences in PAIs
likely played a role in the original formation of PAls and probably continue
to play a role in their evolution. Similarly, the presence of fragmented and
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Table 2.2

Virulence-associated phenotypes encoded by pathogenicity islands

Bacteria Pathogenicity island ~ Virulence properties
Bordetella pertussis ptx-ptl locus Type IV secretion system for
secretion of pertussis toxin
Uropathogenic PAI Is536—PAI I1ls36 Hemolysin, P-fimbriae,
Escherichia coli S-fimbriae
Enteropathogenic LEE Type III secretion system,
E. coli invasion
Enterohemorrhagic LEE Type III secretion system,
E. coli invasion
Helicobacter pylori cag PAI Type IV secretion system,
cag antigen
Legionella pneumophila  icm/dot region Type IV secretion system

Listeria monocytogenes

Salmonella spp.

Shigella spp.

Vibrio cholerae
Yersinia spp.

LIPI-1, LIPI-2

SPI-1-SPI-5

Virulence plasmid

SHI-1-SHI-3

VPI

HPI

Yop regulon

Phospholipase, listeriolysin
O, ActA, internalin,
sphingomyelinase

Type III secretion system
and effectors, invasion,
apoptosis, survival in
monocytes

Type III secretion system
and effectors, invasion,
apoptosis

Enterotoxin, protease,
aerobactin synthesis and
transport

TCP-adhesin, regulator

Yersiniabactin synthesis,
hemin uptake

Type III secretion system
and effectors (Yops)

HPI, high pathogenicity island; LEE, locus of enterocyte effacement; LIPI, Lis-

teria pathogenicity island; PAI, pathogenicity island; SHI, Shigella pathogenicity

island; SPI, Salmonella pathogenicity island; TCP, toxin co-regulated pilus; VPI,

Vibrio pathogenicity island.



intact bacteriophage genes in PAIs argues for their contribution in the for-
mation of PAIs. In fact, the continual exchange of genetic elements between
phages, bacterial genomes, and various other mobile DNAs also explains the
sometimes fuzzy distinction between phages, plasmids, and PAIs and the
chimeric nature of some extant phages. The mobility genes within PAIs sug-
gest the potential for HGT and another means of evolution by quantum leaps.
However, it is clear that although some PAls are inherently unstable due to
the presence of these mobile elements and expression of transposases, other
PAIs are quite stable. This observation reflects the normal process of evolu-
tion wherein once a genetic element has been acquired by an organism, if
expression of the genes within that element is beneficial to the organism then
selection will favor mutations that stabilize the genetic element. Therefore,
although some “young” PAls are unstable, more “mature” PAls have already
deleted or otherwise inactivated the genes that provided the PAI the mobility
that it used to move into a new population (Hacker and Kaper, 2000).

EVOLUTION OF BACTERIAL PATHOGENS FROM COMMENSALS
The challenge of colonizing a new niche

The minimalist view of bacterial evolution is that change is driven by the
need to survive in a competitive and sometimes hostile environment. One
bacterium grows and divides to become two bacteria. The organisms that
can successfully execute this simple equation persist. When variants that are
better fit for a particular environment arise within a population, they will
tend to be selected for and eventually become the dominant species in the
population or even replace the less fit ancestors entirely. Another pathway is
when organisms evolve to occupy a new niche. One can view the evolution
of bacterial pathogens from normally harmless commensals in this context.
One should also keep in mind that we tend to take a host-centric view of host—
pathogen interactions. In our view damage to the host defines the pathogen,
but the damage the pathogen produces may be secondary to the principal
objective of the bacterium: to grow and divide and, in most cases, to do so in
a new host.

The challenge facing the organism that attempts to colonize a new niche
is two-fold: to adapt to the nutrient limitations of the new environment and
to compete successfully with any indigenous microbial populations in the
new niche. If the new niche is a site normally devoid of any microbes then
the absence of competition makes the task simpler. When the new niche
is another biological system, an additional challenge is evading or resisting
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innate and acquired host defenses against colonization. Microbes and their
mammalian hosts have evolved together over many thousands of years and
present a microcosm of coevolution and symbiosis. Thus, mammals pos-
sess normal flora microbial populations that protect the host by outcom-
peting potential pathogens. And yet some bacterial pathogens have evolved
to exploit new niches in the mammalian host where normal flora are not
present. Intracellular pathogens such as Shigella and Salmonella that have
acquired the means of invading host epithelial cells can grow unimpeded
in this normally sterile site. Pathogens that can penetrate into sterile tissue
spaces have no normal flora to compete with but need to avoid the highly
evolved weapons of innate and acquired immunity. Here, too, pathogens
have evolved to cope with these defenses. Thus, Mycobacterium tuberculosis
and Legionella pneumophila infect the lung and survive when ingested by
alveolar macrophages. Encapsulated bacteria such as Bacillus anthracis that
penetrate into the bloodstream resist phagocytosis and can grow to very large
numbers. Some pathogens such as Neisseria gonorrhoeae (Seifert, 1996) and
Borrelia hermsii (Barbour and Restrepo, 2000) have overcome the problem
of the acquired immune response of the host by evolving mechanisms for
continually changing their antigenic profiles while colonizing the host. There
are many more examples of pathogens of humans, animals, and plants and
the mechanisms they employ to grow in the host. However, in the final analy-
sis, these pathogens all represent new clones of pre-existing populations that
have adapted to and successfully competed to colonize new niches within the
host.

Pathoadaptation: making a better pathogen

Although pathogen evolution progresses through mutation and gene
acquisition via HGT, the newly acquired phenotypes continue to undergo
selection once the pathogen has moved to colonize a new niche. This process
is known as pathoadaptation. Pathoadaptive mutations are genetic modifica-
tions that enhance fitness of the pathogen in the novel (host) environment.
One example of pathoadaptation is at the level of virulence gene expression.
In many pathogens, newly acquired virulence genes, whether present on a
plasmid or PAI, appear to have been brought under the control of a regulator
that was already present in the genome of the pathogen’s ancestor. In Shigella
spp., expression of the genes encoding invasion effectors and the TTSS that
exports these effectors is tightly regulated by growth temperature (Dorman
and Porter, 1998). The genes are expressed at 37° C, the temperature of the
human host, and repressed at lower temperatures (Maurelli et al., 1984).



This temperature regulation is controlled by two transcriptional activators,
VirF and VirB, encoded on the virulence plasmid of Shigella. One of these
activators is in turn controlled by a chromosomally encoded repressor, H-NS
(Hromockyj et al., 1992; Maurelli and Sansonetti, 1988). The gene for H-NS is
conserved in nearly all enterobacteriaceae, pathogen and commensal, and is
clearly not specifically a virulence gene (Bertin et al., 1999). The “hard wiring”
of plasmid-encoded virulence genes of Shigella into a pre-existing regulatory
circuit is probably a result of an adaptation to regulate virulence gene expres-
sion, such that it occurs only when the pathogen is inside its host. In this way,
Shigella conserves energy by not synthesizing a complex surface structure for
invading mammalian cells when it is not within the mammalian host. Tem-
perature then serves as an inducing signal to the bacterium to de-repress
expression of these genes so that the pathogen can effectively compete in the
host environment.

A variation on this theme is the global regulation of virulence genes
in enteropathogenic E. coli. A plasmid-encoded activator, Per, is responsible
for upregulation of virulence genes in the LEE locus (locus of enterocyte
effacement) as well as the bfp genes for a bundle-forming pilus that the
organism uses to facilitate attachment to mammalian cells. The LEE locus
is a chromosomal PAI that encodes a TTSS, secreted proteins, and intimin.
The bfp genes are found on the same plasmid as the per gene (Mellies et al.,
1999). Furthermore, a LEE-encoded regulator (Ler) is part of the Per-mediated
regulatory cascade but also regulates expression of virulence genes encoded
outside the LEE (Elliott et al., 2000). Thus, the evolution of regulatory circuits
that allow coordinated control of multiple unlinked virulence genes is an
important part of pathoadaptation and occurs after acquisition of these genes
by the new pathogen.

Genome reduction: the flip side to quantum leaps

Acquisition of virulence genes is not the only mechanism by which
pathogens evolve. Pathogenic bacteria also evolve from commensal bacteria
by loss of gene function. Thus, pathoadaptive mutation via gene loss comple-
ments the pathway of bacterial pathogen evolution by gain-of-function muta-
tion and gene acquisition. This model of evolution starts with the premise that
genes required for fitness in one niche may actually inhibit fitness in another
environment. For example, an organism evolves as a commensal within a
certain niche in the host, and selective pressures result in an organism that
colonizes and makes optimal use of the available nutrients in that niche.
As the organism acquires new genes that allow it to colonize a new niche,
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a new set of selective pressures is brought to bear. These forces will favor
the emergence of variants that have eliminated or downregulated expres-
sion of any gene that is incompatible with growth in the new niche. When
the gene in question affects the pathogenicity of the organism, it is called
an “anti-virulence gene”. Therefore, we define an anti-virulence gene as a
gene whose expression is incompatible with virulence. Each newly evolved
pathogen adapts to its new lifestyle by modifying the anti-virulence genes in
its genome. These alterations consist of any means that eliminate or reduce
expression of the anti-virulence gene, including deletion of the gene, point
mutations within the gene, and suppression of gene expression. The best
example of pathoadaptive mutation by loss of anti-virulence genes is the case
of the cadA gene in Shigella spp., which we discuss below.

Itis important to note that pathoadaptative mutation by loss of genes that
are incompatible with the pathogen’s new lifestyle is distinct from evolution
by reduction. In this process, the commitment to an obligate intracellular
lifestyle for certain pathogens results in loss of genes not essential to life
within the host (Moran and Plague, 2004). Some of the best examples of
genome reduction include Mycobacterium leprae (Cole et al., 2001), Coxiella
burnetii (Seshadri et al., 2003), and the Rickettsiae (Andersson et al., 1998). Not
only have these organisms deleted genes that are no longer required for their
survival, but also many of the superfluous genes that remain are riddled with
mutations that eliminate their function. These “pseudogenes” may ultimately
be removed by deletion. The smaller genomes of these pathogens are also due
in partto the limited opportunities for gene acquisition from other organisms
that is caused by growth restricted to within a host.

Shigella: gene acquisition + gene loss = more efficient pathogen

Bacteria of the genus Shigella are Gram-negative rods that are the
causative agents of bacillary dysentery and shigellosis. The bacteria are highly
host-adapted and cause disease only in humans and primates. Shigella invade
cells of the colonic epithelium, replicate intracellularly, spread from cell to
cell, and cause abscesses and ulcerations of the intestinal lining, leading to
the bloody mucoid stools characteristic of dysentery. Bacterial invasion and
replication also lead to an intense inflammatory response that serves both
the host and the pathogen (see Sansonetti et al., 1999 for model).

The four species of Shigella (S. dysenteriae, S. flexneri, S. boydii, S. sonnei)
are related so closely to E. coli that they should be included in a single species.
The chromosomes of these organisms are largely colinear and the genomes
are more than 90% homologous (Jin et al., 2002). However, studies have



demonstrated that Shigella strains do not form a single subgroup of E. coli, as
would be expected of a distinct genus, but are instead derived from separate
E. coli strains (Pupo et al., 1997, 2000). The majority of Shigella strains fall into
three main clusters within E. coli, and seven different Shigella lineages have
been identified through sequence analysis of a number of chromosomal loci
(Lan and Reeves, 2002). Therefore, the shigellae are a group of pathogenic E.
coli. Acquisition of the large virulence plasmid was the crucial event in the
evolution of Shigella, and this plasmid is what distinguishes Shigella from
the non-pathogenic commensal E. coli. The plasmid is found in all species
of Shigella and encodes genes for expression of the hallmarks of Shigella
virulence: invasion, intracellular replication, intercellular spread, and induc-
tion of an inflammatory response. As explained earlier, the clustering of these
virulence genes and their low G+4-C content also suggest that they constitute a
PAI within the plasmid. Thus, horizontal transfer of the virulence plasmid to
commensal E. coli has occurred multiple times, on each occasion giving rise
to new Shigella clones (Pupo et al., 2000). Further evidence of independent
HGT in the evolution of Shigella comes from the finding of distinct PAls in
the genomes of S. flexneri and S. boydii (Purdy and Payne, 2001).

These findings suggest that traits unique to and shared by Shigella species
are the result of convergent evolution driven by unique selective forces present
within the new host niche (i.e. inside colonocytes) that were encountered by
each newly evolved Shigella clone. These unique Shigella traits arose through
either gain-of-function mutations (horizontal transfer of the virulence plas-
mid) or loss-of-function mutations (deletion of traits expressed by ances-
tral E. coli strains). Thus, the convergent evolution of the seven Shigella
lineages presents a unique opportunity for the identification and study of
anti-virulence genes and pathoadaptive mutations as well as the study of
pathogen evolution.

As outlined above, ancestral traits that interfere with virulence are lost
from the newly evolved pathogen genome early on, as increased fitness
of adapted clones fixes these beneficial mutations in the newly or recently
evolved pathogen population. Therefore, traits absent in all pathogenic clones
of a species but commonly expressed in the closely related commensal ances-
tor species are strong candidates for pathoadaptive mutations that have arisen
by convergent evolution. Evidence in support of this new model of pathogen
evolution was first provided by comparison of Shigella with its commensal
ancestor E. coli. Although Shigella and E. coli share many biochemical traits,
some characteristic markers have proven useful over the years to differentiate
Shigella from E. coli. One of these is lysine decarboxylase (LDC) activity, which
is encoded by the cadA gene in E. coli. LDC is expressed in more than 90% of

SNHDOHLVd TVI4I1DVE 10 NOILNTOAT



BACTERIAL-EPITHELIAL CELL CROSS-TALK

E. coli isolates. In contrast, none of the Shigella clones expresses LDC activity.
Moreover, pathogenic enteroinvasive strains of E. coli that cause a disease
clinically indistinguishable from dysentery caused by Shigella also lack LDC
activity (Silva et al., 1980). Lack of LDC activity in the Shigellae is consis-
tent with the expected pattern of a pathoadaptive mutation and suggests that
cadA may be an anti-virulence gene for Shigella. Experimental evidence for
the anti-virulence nature of the cadA gene was demonstrated by examination
of the virulence phenotypes of a strain of S. flexneri 2a transformed with the
cadA gene from E. coli K-12. The LDC producing Shigella is still invasive, but
it fails to produce the wild-type level of enterotoxic activity in the rabbit ileal
loop and the Ussing chamber assays (Maurelli et al., 1998). Further analy-
sis showed that cadaverine, the product of the decarboxylation of lysine, is
an inhibitor of the virulence plasmid-encoded Shigella enterotoxins. Cadav-
erine is also responsible for the block in the ability of an LDC expressing
S. flexneri to elicit transepithelial migration of polymorphonuclear neu-
trophils in a polarized tissue culture model system for the inflammatory
response (McCormick et al., 1999). This phenotype appears to be due to a
failure of the bacteria to escape the phagolysosome after invasion of the polar-
ized cells (Fernandez et al., 2001). Attenuation of these virulence phenotypes
is linked to expression of LDC and production of cadaverine in the S. flexneri
2a strain transformed with the cadA gene from E. coli K-12. Therefore, cadA
behaves as an anti-virulence gene for Shigella.

Genomic analysis suggested that the chromosomal region to which cadA
maps in E. coli K-12 had undergone a large deletion (a “black hole”) in
S. flexneri 2a (Maurelli et al., 1998). Subsequent sequence analysis of the
cadA region of four Shigellalineages revealed novel genetic arrangements that
were distinct in each strain examined (Day et al., 2001). Insertion sequences,
a phage genome, and/or loci from different positions on the ancestral
E. coli chromosome displaced the cadA locus to form distinct genetic link-
ages unique to each Shigella lineage (Figure 2.1). None of these novel gene
arrangements was observed in representatives of all E. coli phylogenies. It is
interesting to note that in the case of S. boydii, the cadA region is deleted and
replaced with a PAI that encodes an iron-uptake system (Purdy and Payne,
2001). However, it is not possible to determine whether acquisition of the
pathogenicity island occurred before, coincident with, or after deletion of the
cadA anti-virulence gene. Collectively, these observations indicate that inacti-
vation of the cadA anti-virulence gene occurred independently in each Shigella
lineage. The convergent evolution of these pathoadaptive mutations demon-
strates that following evolution from commensal E. coli, strong pressures
in host tissues selected Shigella clones with increased fitness and virulence
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Loss or
inactivation

E. coli ancestor

avl

Virulence plasmV'
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Gain Shigella

Figure 2.2 Evolution of Shigella from a commensal Escherichia coli ancestor. Schematic
representation of evolution by gene acquisition and gene loss. SHI-1 and SHI-2 are
Shigella pathogenicity islands. cadA is the gene for lysine decarboxylase. avl represents any

anti-virulence locus.

through the loss of an ancestral trait (i.e. LDC). These observations strongly
support the role of pathoadaptive mutation as an important pathway in the
evolution of pathogenic organisms.

The ompT gene of E. coli K-12, which encodes an outer-membrane pro-
tease (Grodberg and Dunn, 1988), provides another example of a gene expres-
sed by a non-pathogen that is incompatible with virulence when expressed in
a pathogen. OmpT protease activity destroys the surface-expressed IcsA pro-
tein of Shigella when icsA is cloned and expressed in E. coli K-12 (Nakata et al.,
1993). Introduction and expression of ompT from E. coli K-12 into S. flexneri
abolishes plaque-forming ability and the ability to produce conjunctivitis in
the Sereny test (Nakata et al., 1993). These two phenotypes are dependent on
IcsA expression in the outer membrane. Thus, expression of ompT is incom-
patible with Shigella virulence as it destroys a critical outer-membrane pro-
tein essential for post-invasion virulence phenotypes. Interestingly, the ompT
locus is contained within a 21-kb cryptic prophage in E. coli K-12 (Lindsey
et al., 1989) and the entire prophage is absent in all four species of Shigella
as well as in enteroinvasive E. coli (Nakata et al., 1993). E. coli strains that
represent lineages from which the different groups of Shigella evolved do not
contain this cryptic prophage. This observation suggests that the absence of
the ompT anti-virulence gene from Shigella is not the result of a pathoadaptive
mutation; rather, the presence of ompT may have imposed a limitation on the
potential ancestral strains that were capable of giving rise to the successful
Shigella we see today. Figure 2.2 presents a schematic view of how a pathogen



(in this case, Shigella) arises from a commensal ancestor by gene acquisition
and gene loss.

The evolution of E. coli O157:H7 is another good example of bacterial
pathogen evolution that involves sequential gain and loss of genes. Acqui-
sition of toxin-encoding phages (described above) was followed by loss of
motility and a shift in the type of O antigen expressed. A model detailing
how E. coli 0157:H7 may have evolved from an enteropathogenic E. coli-like
ancestor has been proposed by Whittam and colleagues (Feng et al., 1998;
Wick et al., 2005).

CONCLUSIONS

Although mutation plays an important role in the overall evolution of any
species, the greatest contribution to the evolution of bacterial pathogens from
their commensal ancestors has been the acquisition of virulence genes in the
form of plasmids, bacteriophages, and PAIs. Gene exchange by transduction
and conjugation provides the genetic diversity, and pressures to compete
successfully within a niche or to colonize a novel niche act to select out the
best fit of the new recombinants. The pathogens that we see today are the
winners in the genetic lottery. They have acquired the right combination of
genes to compete within the host and ensure their transmission to a new host.
Once acquired, the process of pathoadaptation acts to “fine tune” the pathogen
to its new lifestyle. This process may involve genome reduction, i.e. removal
of genes that are no longer needed to produce the nutrients that the pathogen
can now obtain from its host. Pathoadaptation also involves the inactivation
or removal of anti-virulence genes, i.e. genes that are incompatible with viru-
lence.

Where did the virulence genes found in plasmids, bacteriophages, trans-
posable elements, and PAIls originate? This question is perhaps the most
interesting but also the most difficult to answer. However, consider that the
number of prokaryotes in the various aquatic and terrestrial ecosystems of
the planet is estimated to exceed 150 000 different species. Only about 4000
have been described thus far. Therefore, an enormous untapped reservoir of
genetic information exists that may provide some answers to this question.
New methods for cultivating previously uncultivable species will contribute
to unlocking this treasure of genetic information. More importantly, perhaps,
will be the ability to use whole-genome shotgun sequencing and computa-
tional genomics in order to sort out the genes of complex microbial popu-
lations without the need for isolation of pure cultures (Venter et al., 2004).
In the future, our abilities to look back at the tracks of bacterial pathogen
evolution will continue to improve and provide answers to these questions.
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Plate 1 Three-dimensional reconstruction of human jejunal epithelium stained for

tubulin (red), f-actin (green), and nuclei (blue). Note the prominent actin ring (green)
concentrated at the level of the apical junctional complex. Actin is also present within the
microvilli and along basolateral membranes but cannot be appreciated in this image due
to the high concentration of actin at the perijunctional ring. Microtubules (red) extend
throughout the cell and play a significant role in vesicular trafficking. Bar = 5 pm.
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Plate 2 Schematic overview of the type I secretion system. The positions of the outer
membrane (OM), periplasm (PP), inner membrane (IM), and the major components of
the type I secretion system are depicted. The effector molecule interacts with the ATP-
binding cassette (ABC) transporter, triggering a conformational change in the major
facilitator protein (MFP), such that it interacts with TolC (OMP) to form a continuous
channel across the cell envelope through which the effector molecule is translocated to the
exterior of the cell. The structure of TolC was solved to 2.1-A resolution; the functional
unit consists of three TolC monomers oligomerized into a regular structure embedded in
the OM and extending into the periplasm. The structures for an MFP and an ABC
transporter of a type I secretion systems are yet to be solved, although their putative
locations in the cell envelope have been predicted from classical biochemical analyses.
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Plate 3 Schematic representation of the multicomponent type II, 111, and IV secretion systems.
The type II secretion system is exemplified by pullulanase secretion in Klebsiella oxytoca, the
type I1I secretion system by Yop secretion in Yersinia, and the type IV system by the VirB/VirD
system of Agrobacterium tumefaciens. The type II and sometimes the type IV secretion systems
utilize the Sec-dependent pathway for translocation of effector molecules across the inner
membrane (IM). The type III secretion systems, and in the majority of cases the type IV
secretion systems, translocate proteins directly across the cell envelope without the need for a
periplasmic intermediate. The major structural components of each system are depicted in
relation to the known or deduced position in the cell envelope. The position of the outer
membrane (OM) and IM are indicated.

Plate 4 Schematic overview of the type V secretion systems. The secretion pathway across the
outer membrane (OM) is depicted for the autotransporter (A), the two-partner (B), and the
oligomeric coiled-coil system (C) secretion systems. After translocation through the inner
membrane, the B-domains form B-barrel pore-like structures in the OM. After formation of the
pore, the effector molecule inserts into the pore and is translocated to the bacterial cell surface,
where it may or may not undergo further processing. The linker regions required for secretion
of the autotransporters and oligomeric coiled-coil proteins are shaded in red and the
autochaperone regions green. Equivalent regions appear to be missing in the two-partner
secretion pathway, where the effector molecule and the B-barrel structure are encoded as
separate proteins.
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Plate 5 The basic steps in the activation of nuclear factor kappa B (NF-kB) are shown in
black. The activating and inhibitory effects of bacterial molecules on this process are
indicated in blue.

IkB, inhibitor kappa B; IKK, inhibitor kappa B kinase; LPS, lipopolysaccharide; Nod,
nucleotide-binding oligomerization domain; SCF, Skp1-culin-F-box; TLR, Toll-like
receptor; TTSS, type 3 secretion system.
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CHAPTER 3
Bacterial secretion systems

Helen J. Betts, Christopher M. Bailey,
Mark J. Pallen, and Ian R. Henderson

To survive in any given niche, bacteria must be capable of sensing, interacting
with, and responding to their environment. The method and extent to which
bacteria interact with their environment are governed to a large degree by the
proteinaceous molecules located on the bacterial cell surface or released into
the extracellular milieu. Due to differences in cell-envelope architecture, this
process of protein secretion is markedly different between Gram-positive and
Gram-negative organisms.

GRAM-POSITIVE VERSUS GRAM-NEGATIVE BACTERIA

Gram-positive bacteria possess a single biological membrane termed
the cytoplasmic membrane, which is surrounded by a thick cell wall. The
majority of proteins targeted for secretion possess an N-terminal amino-
acid signal peptide and utilize the Sec-dependent pathway (Holland, 2004).
The Sec machinery is composed of several membrane-associated proteins,
including an ATPase (SecA), the Sec translocon (SecYEG), which appears to
be the basic unit of cellular life forms, several integral membrane proteins
(e.g. SecD, SecF), and a signal peptidase that removes the signal peptide dur-
ing translocation of the proteins across the cytoplasmic membrane (Dalbey
and Chen, 2004). In addition to the Sec pathway, several alternative protein-
secretion systems have been recognized in Gram-positive organisms, includ-
ing the Tat (twin arginine translocation) and ESAT-6/WXG-100 pathways
(Pallen, 2002; Robinson and Bolhuis, 2004). However, the role of these sys-
tems in protein secretion in Gram-positive bacteria is minor in comparison
with the Sec-dependent pathway. Once translocated across the cytoplasmic
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membrane, the mature protein either can be released into the extracellular
milieu or may remain in contact with the cell wall. In Gram-positive bacteria,
five major types of surface protein are recognized: (i) lipoproteins that are
attached covalently by their N-terminus to long-chain fatty acids of the cyto-
plasmic membrane; (ii) proteins attached to the cell surface by S-layer homol-
ogy domains; (iii) proteins binding to components of the cell wall e.g. choline;
(iv) proteins anchored to the cytoplasmic membrane by hydrophobic trans-
membrane domains; and (v) proteins possessing an LPXTG motif anchored
covalently to the cell wall by the enzyme sortase (Ton-That et al., 2004).

In contrast to Gram-positive bacteria, Gram-negative bacteria encom-
pass two lipidaceous membranes, the cytoplasmic (or inner) and outer mem-
branes, which sandwich the peptidoglycan and periplasmic space between
them. Protein translocation across the cytoplasmic membrane in Gram-
negative bacteria generally follows the same routes as in Gram-positive organ-
isms, and again it relies heavily on the Sec-dependent pathway. However, in
contrast to Gram-positive bacteria, protein translocation across the Gram-
negative cytoplasmic membrane results in release of the protein into the
periplasmic space. Thus, proteins thatare destined for the cell surface or extra-
cellular milieu must also cross the additional barrier to secretion formed by
the outer membrane. To achieve translocation of proteins to the cell surface
and beyond, Gram-negative bacteria have evolved several dedicated secre-
tion systems, some of which bypass the Sec-dependent system and integrate
translocation of proteins across both the cytoplasmic and outer membranes
in a temporally linked fashion. At least five major highly ordered secretion
pathways (types I, II, III, IV and V) have been identified in Gram-negative
bacteria, some of which allow proteins to be targeted directly into host cells
(Henderson et al., 2004).

TYPE | SECRETION

The type I secretion system (T1SS) of Gram-negative bacteria permits
secretion of effector molecules from the cytoplasm to the external milieu
in a coupled process such that the molecule bypasses the periplasmic com-
partment (Delepelaire, 2004). Effectors vary in size (from fewer than 80 to
more than 8000 amino acids) and function. Each T1SS requires the pres-
ence of three cell-envelope molecules to effect secretion of its cognate effec-
tor molecule: a pore-forming outer-membrane protein (OMP), a membrane
fusion protein (MFP) that spans the periplasm, and an inner-membrane ATP-
binding cassette (ABC) transporter (Figure 3.1) (Binetet al., 1997; Delepelaire,
2004).



Effector molecule

Figure 3.1 Schematic overview of the type I secretion system. The positions of the outer
membrane (OM), periplasm (PP), inner membrane (IM), and the major components of
the type I secretion system are depicted. The effector molecule interacts with the ATP-
binding cassette (ABC) transporter, triggering a conformational change in the major
facilitator protein (MFP), such that it interacts with TolC (OMP) to form a continuous
channel across the cell envelope through which the effector molecule is translocated to the
exterior of the cell. The structure of TolC was solved to 2.1-A resolution; the functional
unit consists of three TolC monomers oligomerized into a regular structure embedded in
the OM and extending into the periplasm. The structures for an MFP and an ABC
transporter of a type I secretion systems are yet to be solved, although their putative
locations in the cell envelope have been predicted from classical biochemical analyses. See
also Color plate 2.

The secreted effector molecules often possess a characteristic nine-
amino-acid glycine-rich repeat (GGXGXDXXX), which specifically binds cal-
cium ions (Baumann et al., 1993). However, several proteins known to be
secreted by the T1SS do not possess such motifs, e.g. HasA of Serratia marce-
sens (Ghigo et al., 1997; Letoffe et al., 1994a), and others possess different
types of repeat that also bind calcium, e.g. LapA of Pseudomonas fluorescens
(Hinsa et al., 2003). Nevertheless, several studies have demonstrated that the
repeats are necessary for the function of those molecules that possess them.
The functions of the effector molecules vary considerably, from enzymes to
adhesins and toxins (Delepelaire, 2004). The prototypical effector of the T1SS
family is the Escherichia coli a-hemolysin, HlyA (Gentschev et al., 2002). HlyA
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Table 3.1 Examples of type I secretion systems (T1SS)

Organism T1SS Effector ABC MFP OMP
Bordetella pertussis Cyclolysin CyaA CyaB CyaD CyaE
Caulobacter crescentus ~ S-layer protein ~ RsaA RsaD RsaE RsaF
Erwinia chrysanthemi Metalloproteases PrtA, PrtB, PrtD PrtE PrtF
PrtC, PrtG

Escherichia coli Haemolysin A HlyA HlyB HIlyD TolC
E. coli Colicin V CvaC CvaB CvaA TolC
Pseudomonas fluorescens Adhesin LapA LapB LapC LapE
Serratia marcescens Haemophore HasA HasD HasE HasF
S. marcescens Lipase LipA LipB LipC LipD

ABC, ATP-binding cassette; MFP, membrane fusion protein; OMP, outer-
membrane protein.

is a lipid-modified protein possessing 11 to 17 glycine-rich repeats, which are
thought to interact with the host cell. The interaction stimulates insertion
of HIyA into the plasma membrane of eukaryotic cells, causing pore forma-
tion and the release of cytoplasmic contents. Other functionally characterized
members of this family and the associated elements of their T1SS machinery
are listed in Table 3.1.

The advent of genomics has led to the identification of a large num-
ber of putative T1SSs and associated effector molecules across the breadth
of the Proteobacteria (Delepelaire, 2004). As with other secretion systems,
the functional characterization of these T1SS effector molecules has lagged
behind our understanding of the steps involved in secretion. Thus, the full
contribution of the T1SS to the biology of Gram-negative organisms remains
enigmatic. However, reconstitution of various T1SS in E. coli has revealed that
a common feature of the effector molecules, with only a very limited number
of exceptions, is the presence of a C-terminal secretion signal (Guzzo et al.,
1991; Letofte et al., 1994b; Wandersman et al., 1987).

The location of the signal sequence at the C-terminus implies that the
effector molecule is secreted in a post-translational fashion. The secretion
of the T1SS effector molecule begins when the C-terminal signal sequence
interacts with the ABC transporter protein (Jarchau et al., 1994). The specific
amino acids within the signal sequence that are required for this interac-
tion are poorly understood. It appears that the signal sequences have a high



propensity for a-helical structure. Indeed, in the case of HIyA, an amphiphilic
a-helical region has been shown to be essential for secretion (Delepelaire,
2004). Furthermore, bioinformatic analyses of the C-terminal regions of puta-
tive T1SS effector molecules identified through genome sequencing reveal
that the region is rich in several amino acids (LDAVTSIF) and poor in others
(KHPMWC) (Delepelaire, 2004). Nevertheless, it appears that the signal
sequence is specific and is generally recognized only by its dedicated ABC
transporter (Binet and Wandersman, 1995).

The ABC transporter comprises two domains: a transmembrane domain
consisting of six transmembrane a-helices and a nucleotide-binding domain
extending into the cytoplasm. These molecules function as multimers, which
are presumed to form a pore across the inner membrane. Investigations
of protein—protein interactions indicate that the nucleotide-binding domain
interacts with the C-terminal signal sequence (Benabdelhak et al., 2003).
Although the role of ABC transporters in recognition and specificity of the
substrate has been demonstrated, ATP is not required for the recognition
process itself; indeed, the presence of ATP appears to abrogate the initial
interaction (Benabdelhak et al., 2003; Koronakis et al., 1995; Koronakis et al.,
1991). Rather, it appears that ATP hydrolysis by the ABC transporter provides
the impetus to drive translocation across the cell envelope through the ABC
transporter-MFP-OMP complex.

The role of the MFP in secretion is not very well understood. The MFPs
appear to possess a conserved structure, comprising a short N-terminal
cytoplasmic domain, a transmembrane domain, and a large C-terminal
periplasmic domain. Analyses of the primary structure revealed coiled-coiled
domains, which are presumed to mediate the oligomerization of the MFP
into larger homotrimeric structures that cap the periplasmic domain of the
ABC transporter (Thanabalu et al., 1998). The prevailing theory of secretion
suggests that interaction of the effector molecule with the ABC transporter
triggers a conformational change in the MFP, such that it interacts with the
OMP, allowing secretion of the effector molecule to the external milieu (see
Figure 3.1) (Sharff et al., 2001). However, this model is somewhat contro-
versial, since investigations of some systems indicate that interaction of the
MFP and ABC transporter occur only after the ABC transporter binds the
effector molecule, whereas in other systems it appears that the two compo-
nents interact before substrate binding (Letofte et al., 1996). Whether these
differences correspond to real differences in the mechanisms of secretion
or to differences in the experimental procedures remains to be determined.
Nevertheless, it is clear that in all cases, binding of the substrate molecule
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drives the formation of the translocation channel through specific interac-
tions between the ABC transporter and the MFP and between the MFP and
the OMP.

The crystal structure of TolC, the OMP of the E. coli a-hemolysin secretion
system, has contributed greatly to our understanding of the T1SS (Koronakis
et al., 2000). TolC exists as a trimer anchored in the outer membrane by
a B-barrel structure with a-helices protruding approximately 100 A into the
periplasm. Each monomer contributes four B-strands, to form a 30-35-A-
wide B-barrel structure, and four a-helices, which form a larger super-helix,
such that the molecule tapers to 3.5 A at the end of the periplasmic domain.
As 3.5 A is insufficient to allow passage of folded molecules, it was suggested
that TolC opens at the distal end in an iris-like mechanism to generate a max-
imal opening of 16-20 A; this is wide enough to allow passage of proteins that
have adopted their secondary structure. It has been suggested that the con-
formational change in MFP that occurs after binding of the effector molecule
to the ABC transporter causes each MFP monomer to interact with the a-
helices of a TolC monomer, such that a continuous channel is formed across
the cell envelope at the appropriate time. The interaction of MFP with TolC
is probably responsible for the mechanical force that leads to the opening of
the TolC iris (Andersen et al., 2002; Koronakis et al., 2000).

TYPE Il SECRETION

Secretion via the type II secretion system (T2SS) is exemplified by pul-
lulanase (PulA) secretion from Klebsiella oxytoca (Takizawa and Murooka,
1985). PulA is a starch-hydrolyzing enzyme that forms micelles once it is
secreted into the external environment. Since the discovery of the T2SS in
K. oxytoca, the pathway has been identified in a variety of other bacterial
species exporting a range of proteins with diverse functions, some of which
appear to be important determinants of bacterial virulence (Table 3.2) (Sand-
kvist, 2001a). Furthermore, the striking similarities at the genetic and struc-
tural levels between the type IV fimbrial systems and T2SSs have led to the
suggestion that the fimbrial biogenesis pathway may be considered a T2SS
(Bitter et al., 1998). Indeed, the demonstration that the Vibrio cholerae type
IV fimbrial system was essential for secretion of a soluble colonization factor
(TcpF) demonstrated that these two systems are linked closely at a func-
tional level (Kirn et al., 2003). The type IV fimbriae have also been implicated
as important virulence determinants involved in cell adhesion, biofilm for-
mation, DNA uptake, and a specialized form of motility termed twitching
motility (Mattick, 2002).



Table 3.2 Examples of type II secretion systems

Organism Locus Secreted effector molecules

Aeromonas hydrophila exe Aerolysin, amylase, phospholipase,
protease

Burkholderia pseudomallei gsp Phospholipase C

Erwinia chrysanthemi out Pectinase, cellulase

Escherichia coli H10407 gsp Heat-labile enterotoxin

(ETEC)

E. coli 0157 etp StcE metalloprotease

Klebsiella oxytoca pul Pullulanase

Legionella pneumophila Isp Msp protease, phospholipase A

Pseudomonas aeruginosa xcp Exotoxin A, elastase, phospholipase C

Vibrio cholerae eps Cholera toxin, HAP, chitinase, lipase,
neuraminidase

Xanthomonas campestris xps Polygalacturonate lyase, a-amylase

ETEC, enterotoxigenic Escherichia coli; HAP, hemagglutinin/protease.

Secretion of proteins via the T2SS is a two-step process, whereby the
effector molecules are translocated across the inner membrane and then dock
with the T2SS machinery before secretion across the outer membrane (Figure
3.2). In general, the effector molecules are synthesized with an N-terminal
signal sequence, which targets the proteins to the Sec pathway (Filloux, 2004).
However, evidence has demonstrated that some effector molecules can cross
the inner membrane by another apparatus termed the Tat system (Voulhoux
et al., 2001). It appears in both cases that this two-step process allows the
effector molecules to adopt a folded state before interaction with the T2SS
machinery and translocation across the outer membrane (Filloux, 2004).
Interestingly, recognition of the effector molecule by the T2SS machinery
appears to be a species-specific process. Thus, the K. oxytoca pullulanase is
not recognized by the Pseudomonas aeruginosa T2SS. However, heterologous
secretion has been described for the effector molecules of closely related
species (de Groot et al., 1991; Wong et al., 1990). The basis of this discrim-
ination between effector molecules remains unknown but is presumed to
relate to specific conformation signals within the effector molecule that are
recognized by the cognate T2SS (Filloux, 2004).

To effect secretion across the outer membrane, the T2SS requires 12
to 16 proteins, which are usually encoded in large operons (Filloux, 2004;
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Type II Type IV Type 111

Figure 3.2 Schematic representation of the multicomponent type I, I1I, and IV secretion
systems. The type II secretion system is exemplified by pullulanase secretion in Klebsiella
oxytoca, the type I1I secretion system by Yop secretion in Yersinia, and the type IV system
by the VirB/VirD system of Agrobacterium tumefaciens. The type II and sometimes the type
IV secretion systems utilize the Sec-dependent pathway for translocation of effector
molecules across the inner membrane (IM). The type III secretion systems, and in the
majority of cases the type IV secretion systems, translocate proteins directly across the
cell envelope without the need for a periplasmic intermediate. The major structural
components of each system are depicted in relation to the known or deduced position in
the cell envelope. The position of the outer membrane (OM) and IM are indicated. See
also Color plate 3.

Sandkvist, 2001b). The genes encoding these proteins have been given the
generic designation gsp, and a consensus nomenclature has been established
for the functional homologues defined by the letters A to O and S (the sys-
tems of P. aeruginosa are labeled P to Z). Surprisingly for an outer-membrane
translocation apparatus, only two of these proteins are located in the outer
membrane; the others are variously associated with the inner membrane or
the periplasmic space (Figure 3.2). Based on a variety of biochemical and
genetic investigations, it is possible to divide the apparatus composing the
T2SS into several domains: (i) the inner membrane platform upon which
(ii) the pseudopilus is built, (iii) the connector proteins that mediate inter-
action between the inner-membrane platform, and (iv) the outer-membrane
complex.

The inner-membrane platform is thought to be composed of GspE, GspF,
GspL, and GspM (Filloux, 2004). Evidence suggests that GspE interacts with
the cytoplasmic face of the inner membrane and regulates the secretion
process by supplying energy to promote translocation and assembly of the



pseudopilins (Sandkvist, 2001b). GspL, an integral inner-membrane protein,
is required for the association of GspE with the membrane, and GspM is
thought to stabilize GspL within the inner membrane (Sandkvist, 2001b).
GspF, a polytopic inner-membrane protein, interacts with GspL and GspE
to strengthen the association of GspE with the inner membrane and may
form a pore in the cytoplasmic membrane through which the pseudopilins
are translocated to the periplasmic space (Py et al., 2001).

The pseudopilins are encoded by gspG—K and possess an N-terminal sig-
nal sequence thatis recognized by the prepilin peptidase GspO. After cleavage
of the N-terminal signal, GspO methylates the prepilins before transloca-
tion into the periplasmic space (Bleves et al., 1998; Pepe and Lory, 1998).
Once translocated across the membrane, the pseudopilins are presumed to
assemble into a macromolecular pilus-like structure termed the pseudopilus.
Overexpression of the pseudopilins leads to production of a pilus structure
reminiscent of the type IV pili. However, in the case of the T2SS, a pilus-
like structure cannot be visualized on the cell surface, despite clear evidence
for interaction of the pseudopilins within the periplasmic space (Sauvonnet
et al., 2000). Based on several studies, it has been suggested that the pseu-
dopilus may grow to push the effector molecule through the outer-membrane
complex (Filloux, 2004).

The outer-membrane complex is formed by GspD and GspS. GspD
belongs to a family of proteins termed the secretins, homologs of which are
also required for type III secretion (Bitter, 2003). GspD is an integral outer-
membrane protein predicted to consist largely of transmembrane B-strands.
Twelve to 14 subunits form a larger-order homomeric pore-like structure in
the outer membrane through which effector molecules are secreted to the
external environment (Bitter et al., 1998; Chen et al., 1996; Nouwen et al.,
2000). Biochemical and electron microscopy studies have revealed that GspD
can adopt a ring-shaped structure with a large central cavity of ~95 A, which
is consistent with translocation of folded molecules across the outer mem-
brane (Nouwen et al., 1999). In some cases, insertion of GspD into the outer
membrane depends on a small lipoprotein termed GspS (Hardie et al., 1996;
Nouwen et al., 1999). Although its role has not yet been established, it is likely
that GspS protects GspD from proteolytic degradation.

The functions of GspC and GspN remain unknown. GspN is absent
from many T2SSs but, when present, is thought to play a role similar to
that of GspC. The topology of GspC is reminiscent of TonB and possesses
a C-terminal PDZ domain (Bleves et al., 1996; Pallen and Ponting, 1997).
PDZ domain mediate protein—protein interactions, particularly in the organ-
ization of multimolecular complexes. Interestingly, in some homologs the
PDZ domain from GspC is replaced by coiled-coiled domains, which are also
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implicated in protein—protein interactions. Several observations have led to
the suggestion that GspC connects the inner-membrane platform with the
outer-membrane complex and regulates the secretion of effector molecules
by controlling the opening of the pore formed by GspD and by transducing
energy through the system (Bleves et al., 1999; Gerard-Vincent et al., 2002;
Possot et al., 2000). In addition, GspC may contribute to the species-specific
transport of effector molecules by defining the transport of specific substrates
through the GspD pore (Bouley et al., 2001; Lindeberg et al., 1996; Possot
et al., 2000). In summary, the components of the T2SS interact to form
a multiprotein complex spanning both the inner and outer membranes
and through which effector molecules are translocated to the extracellular
milieu.

TYPE 1l SECRETION

Type III secretion systems (T3SSs) can be divided into two classes on
the basis of function and evolutionary history: the flagellar and non-flagellar
systems (Aizawa, 2001; Galan and Collmer, 1999; Gophna et al., 2003; Mac-
nab, 2004; Pallen et al., 2005a; Plano et al., 2001). The flagellar systems are
widespread among bacteria and are involved in the biosynthesis of the flag-
ellum, the chief organelle of motility in bacteria. However, in this chapter we
will focus almost exclusively on the non-flagellar type III secretion systems
(NE-T3SSs), which are characterized by the possession of a translocation
apparatus that mediates transfer of bacterial proteins into eukaryotic cells.
NF-T3SSs occur in a variety of Gram-negative pathogens of plants, mammals,
and insects (Table 3.3). Intriguingly, such systems have also been identified in
symbiotic and environmental bacteria, where there they are probably involved
in symbiotic or exploitational interactions between bacteria and invertebrate
and even protozoal hosts (Pallen et al., 2005a).

The structural components of the T3SS apparatus span both bacterial
membranes and the periplasm, allowing effector proteins to be exported in a
single step. In non-flagellar systems, the secretion apparatus is supplemented
by a lanceolate structure protruding from the apparatus (the “needle”) and
a distal translocation apparatus (or “translocon”) that mediates delivery of
effectors in the host-cell cytoplasm. Indeed, the NF-T3SS has been referred
to as a “molecular syringe” (Ghosh, 2004; Hueck, 1998; Tampakaki et al.,
2004).

The Ysc-Yop NF-T3SS from Yersinia was the first such system to be
characterized and is often treated as the archetype (Bolin et al., 1985). How-
ever, thanks largely to genome sequencing, NF-T3SSs have been identified



Table 3.3 Examples of type 111 secretion system (T3SS) effectors

Effector System  Function/enzymatic activity
YopH Ysc Phosphotyrosine phosphatase — disrupts focal
adhesions

Downregulates inflammatory response

YopO Ysc Serine threonine kinase

YopT Ysc Cleaves RhoA at the C-terminus

YopP/] Ysc Disrupts MAP kinase pathways

SptP Spi-1 Mimics action of Rho-inactivating proteins

SopB Spi-1 Inositol phosphate phosphatase

SipC Spi-1 Involved in host-cell actin polymerization

SipA Spi-1 Inhibits actin depolymerization

SopE Spi-1 Stimulates Racl and CDC42 to promote membrane
ruffling

SpiC Spi-2 Influences vesicular trafficking

EspB LEE Recruits a-catenin to actin pedestal

MAP LEE Targets mitochondria

EspH, EspF LEE Manipulation of actin cytoskeleton

LEE, locus of enterocyte effacement.

in several dozen bacterial species, including many important pathogens.
Well-studied human pathogens containing one or more NF-T3SSs include
Salmonella enterica, pathogenic E. coli, Shigella, and P. aeruginosa, which
cause diseases ranging from diarrhea and lung infection to septicemia (He
etal., 2004). Commercially important plant pathogens with NF-T3SSs include
Pseudomonas syringae, Xanthomonas, and Ralstonia solanacearum (Genin and
Boucher, 2004; Jin et al., 2003; Weber et al., 2005). Some NF-T3SSs mediate
internalization into eukaryotic cells; for example, T3SS effectors secreted by S.
enterica and Shigella induce engulfment and entry into host cells. However, in
other settings, e.g. E. coli and Yersinia, the bacterial cells remain extracellular
and yet are still able to subvert host cellular processes by injecting effectors.

Some species contain more than one NF-T3SS, each playing a dis-
tinct role in pathogenesis. For example, S. enterica has two such systems,
each encoded by a distinct chromosomal locus: Spi-1 and Spi-2 (Salmonella
pathogenicity islands 1 and 2) (Knodler et al., 2002; Shea et al., 1996). The
Spi-1-encoded system is essential for initial attachment and cell entry, while
the system encoded by Spi-2 is required for intracellular replication and
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proliferation. Furthermore, it is not uncommon for an organism to contain
a functional NF-T3SS and non-functional remnants of a second system. For
instance, enterohemorrhagic E. coli 0157:H7 (EHEC) possesses the locus for
enterocyte effacement (LEE), encoding a fully functional T3SS required for
pathogenesis, and also the E. coli type III secretion system 2 (ETT2) locus,
encoding a degenerate T3SS found in a wide range of E. coli strains, includ-
ing commensals (Pallen et al., 2005a,b; Ren et al., 2004). The identification
of ETT2 genes in non-pathogens demonstrates that the presence of T3SS
genes cannot be considered a bona fide indicator of virulence. Interestingly,
regulators encoded within the ETT2 locus in EHEC are involved in regulatory
cross-talk with the LEE (Zhang et al., 2004).
NEF-T3SSs consist of five general components (Figure 3.2):

® Secretion apparatus and needle (often together termed the needle
complex).

® The translocation apparatus, including proteins that form a pore in the
eukaryotic cell plasma membrane.

® Regulators.

¢ Chaperones.

® Translocated effector proteins.

Each component is discussed briefly here before we provide a more detailed
analysis focused on effectors and their roles in cross-talk between bacteria
and epithelial cells and other host cells. Due to space constraints, discus-
sion will be confined largely to the five best-studied systems from the four
mammalian pathogens Yersinia, S. enterica, Shigella, and E. coli. The reader is
directed elsewhere for information on NF-T3SSs in phytopathogens (Alfano
and Collmer, 2004; Buttner and Bonas, 2002; He, 1998; He and Jin, 2003;
Innes, 2003; Jin and He, 2001; Mudgett, 2005; Puhler et al., 2004).

Secretion apparatus

The T3SS apparatus consists of around two dozen proteins, some of
which are highly conserved, which form multiprotein structures spanning
the inner and outer membranes (Ghosh, 2004; Hueck, 1998). The secretion
machinery is thought to be energized by ATP hydrolysis, as proteins with
proven ATPase activity (YscN, InvC) have been shown to be essential for type
I1I secretion (Eichelberg et al., 1994; Woestyn et al., 1994).

In Yersinia, genes for the T3SS proteins are located on a large virulence
plasmid. Three loci, VirA, VirB, and VirC, encode the structural Ysc pro-
teins, the secreted Yop proteins, regulators, and chaperones (Allaoui et al.,



1995; Bleves and Cornelis, 2000). The inner-membrane complex consists of
YscDFJLNQRSTUV. Many of the inner-membrane proteins contain puta-
tive transmembrane domains (Ghosh, 2004; Hueck, 1998). YscC forms an
oligomeric complex spanning the outer membrane (Burghout et al., 2004).
Homologs of YscC are common to all NF-T3SSs but are absent from flagellar
systems. These proteins belong to the secretin family, which also possess
features of type II secretion.

The needle forms a hollow extracellular appendage, which has been visu-
alized by electron microscopy in Yersinia, Salmonella, and Shigella, attached
to the outer-membrane ring (Cordes et al., 2003; Hoiczyk and Blobel, 2001;
Marlovits et al., 2004). The secretion apparatus and the needle mediate move-
ment of effectors from the bacterial cytosol across the cell wall, in preparation
for their translocation into host cells. Numerous studies have shown that
mutations in genes encoding needle proteins result in an inability to secrete
or translocate effectors and thus cause an attenuation of virulence (Kubori
et al., 2000; Sukhan et al., 2003; Tamano et al.,2000, 2002). The morphology
of the structures distal to the secretion apparatus varies from one system to
another. Electron micrographs of the needles from the Yersinia, Salmonella
Spi-1, and Shigella T3SSs reveals a straight rigid structure that is very shortin
comparison with the flagellum (Cordes et al., 2003; Hoiczyk and Blobel, 2001;
Marlovits et al., 2004). By contrast, pathogenic E. coli strains that harbour the
LEE produce a small needle, capped by a long filamentous appendage, rem-
iniscent of the flagellar filament, which is termed the EspA pilus (Daniell et
al., 2003; Knutton et al., 1998). Phytopathogens also display a long pilus-like
structure, the Hrp pilus, which appears to be thinner and more flexible than
the EspA pilus.

Regulators and chaperones

Regulation of T3SS gene expression is complex, usually involving a hier-
archy of transcriptional regulators, and varies greatly from one system to
the next. The reader is referred to a recent review of this complex subject for
more information (Francis et al., 2002). Molecular chaperones, which interact
with translocator and effector molecules in the bacterial cytosol, play a pivotal
role in T3SS, as evidenced by the fact that mutational ablation of chaperone
genes usually results in decreased substrate secretion and often attenuation
of virulence (Jackson et al., 1998; Neyt and Cornelis, 1999; Tucker and Galan,
2000; Wainwright and Kaper, 1998). Despite their importance, the functions
of T3SS chaperones are often unclear. Proven or suspected roles cover a wide
range of activities:
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Chaperones may prevent degradation of substrate before secretion.

Chaperones may act as anti-aggregation factors, partitioning substrates,

and preventing their premature association.

As the internal channel within the needle has a small diameter, which is
unlikely to permit secretion of fully folded proteins, chaperones may
maintain substrates in a secretion-competent state (Smith and Hultgren,
2001).

Chaperones may escort the effector or translocator to the secretion

apparatus.

As the number of effectors far outweighs the number of chaperones,
some authors have suggested that chaperones determine a hierarchy, so
that substrates with a chaperone may be secreted before those without a
chaperone (Boyd et al., 2000; Feldman and Cornelis, 2003).

Some chaperones influence transcriptional regulation of the T3SS
(Darwin and Miller, 2000; Francis et al., 2002).

All of these models appear plausible, and most chaperones probably perform
a range of functions.

T3SS chaperones are classified according to whether they have a higher
propensity to interact with effector proteins (class I chaperones) or transloca-
tor proteins (class I chaperones) (Parsot et al., 2003). The structures of several
class I chaperones have been elucidated, revealing anti-parallel beta-sheets
wrapped around an alpha-helical binding groove forming a new alpha-beta
fold (Luo et al., 2001; Stebbins and Galan, 2001). No experimentally deter-
mined structure exists for any class II chaperone. However, homology mod-
eling suggests that class II chaperones consist of an array of three tetratri-
copeptide repeats that fold up to form a hydrophobic binding groove (Pallen
et al., 2003). This model has received substantial support from mutagenesis
studies (M. S. Francis, H. . Betts, and M. J. Pallen, unpublished data).

The translocation apparatus

The term “translocator” is reserved for proteins that are required for
effector translocation but dispensable for type III protein secretion into the
external milieu. In the Yersinia Ysc—Yop system, secretion of Yop effectors
requires the translocators YopB, YopD, and LcrV (Pettersson et al., 1999).
Both YopB and LcrV have been shown to be involved in pore formation in
the eukaryotic plasma membrane (Tardy et al., 1999). It has been demon-
strated that LcrV interacts with both YopB and YopD and is required for their
secretion. Experimental evidence suggests that YopB and YopD are secreted



in a complex with each other. YopD may be involved in pore formation via
its putative transmembrane domains (Marenne et al., 2003). However, YopD
also appears to have additional effector functions (Hakansson et al., 1993).

Enteropathogenic E. coli (EPEC) and EHEC along with the mouse
pathogen Citrobacter rodentium, produce a T3SS encoded by the locus for ente-
rocyte effacement or LEE. As noted above, the LEE-encoded system is char-
acterized by a filamentous extension to the needle, the EspA pilus, through
which the translocators EspD and EspB are transported (Chen and Frankel,
2005; Knutton et al., 1998). EspB and EspD work together to produce a pore
in the plasma membrane. However, in parallel with YopD, EspB also appears
to have an effector function.

Unlike Yersinia and E. coli, which remain extracellular, S. enterica utilizes
its two T3SSs to invade and replicate within cells (Galan, 2001). Spi-1 proteins
initiate adherence to and invasion of M-cells, while Spi-2 proteins are involved
in intracellular survival and replication. Spi-1 translocated SipA, SipB, and
SipC act together to form the translocation machinery, with SipB and SipC
forming a pore (Miki et al., 2004).

Effectors

In contrast to the largely conserved nature of the secretion and translo-
cation apparatus, the repertoire of effectors secreted via T3SSs varies not
only from one system to another but also from strain to strain. Furthermore,
genes encoding effector proteins are often encoded outside the locus encod-
ing the structural components (Boyd and Brussow, 2002; Gruenheid et al.,
2004). Genomic data-mining exercises have identified many candidate effec-
tors, and thus the number of suspected effectors far outweighs the number
that have been characterized experimentally. However, a unifying assump-
tion is that all effectors are engaged in bacterial-host cross-talk, subverting
host cellular processes to the advantage of the bacterium.

A variety of enzymatic activities have been observed among effectors
(Barz et al., 2000; Bliska et al., 1991; Kaniga et al., 1996; Knight and Barbieri,
1997; Liu et al., 1997; Norris et al., 1998; Yahr et al., 1998) including the
following:

* Phosphotyrosine phosphatases, e.g. YopH from Yersinia and SptP from
Salmonella.

¢ Serine-threonine kinases, e.g. YopO.

® Inositol phosphate phosphatase, e.g. SopB.

® ADP-ribosyltransferases, e.g. ExoS and ExoT from P. aeruginosa.

* Adenylate cyclase, e.g. ExoY from P. aeruginosa.
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Studies of effector function highlight several recurring themes (Lu and
Walker, 2001; Espinosa and Alfano, 2004): disruption of the cytoskeleton;
disruption of signaling pathways, particularly to evade immune responses;
and modulation of vesicular trafficking.

Cytoskeletal effects

As noted, EHEC and EPEC remain extracellular but are still able to
use the LEE-encoded T3SS in order to induce cytoskeletal changes in the
underlying host cell. The best-characterized effector from this system is the
translocated intimin receptor (Tir), which, after passing through the translo-
cation machinery, embeds itself in the plasma membrane (Kenny et al., 1997).
The extracellular loop from Tir binds to intimin, an outer-membrane pro-
tein expressed on the bacterial cell surface, mediating an intimate bacterial
attachment to the host cell. The intracellular components of Tir trigger the
accumulation of polymerized actin beneath the attached bacterium to form
a pedestal (Campellone and Leong, 2003). The translocator EspB also moon-
lights as an effector, recruiting alpha-catenin to the actin pedestal. Other
LEE-encoded effectors that target the cytoskeleton include MAP, which con-
tributes to filiopodia formation (and also targets mitochondria), EspH, and
EspF (which manipulates the actin cytoskeleton to disrupt tight junctions)
(Dean and Kenny, 2004; Kenny, 2002; Tu et al., 2003).

T3SS in Salmonella leads to actin rearrangements, starting with mem-
brane ruffles and progressing to internalization of the bacterium into
membrane-bound Salmonella-containing vacuoles (SCVs). SipC is essential
for actin polymerization, while SipA potentiates this activity by inhibiting
depolymerization (McGhie et al., 2001).

Small GTPases, such as Rho, Rac, and CDC42, control cytoskeletal organ-
ization and various other activities in human cells, making them ideal targets
for type III effectors (Schwartz, 2004). YopT from Yersinia cleaves RhoA at
the C-terminus (Iriarte and Cornelis, 1998), while S. enterica SopE potentiates
the membrane ruffling initiated by SipA and SipC by stimulating Racl and
CDC42. SptP, ExoS, and YopE modulate Rho functioning by mimicking the
action of Rho-inactivating proteins (Aktories et al., 2000). In this capacity, SptP
is thought to mediate restoration of cytoskeletal architecture after engulfment
of Salmonella cells (Zhou and Galan, 2001).

Subversion of the immune system

YopH is a tyrosine phosphatase that disrupts focal adhesions target-
ing host proteins Fyb and SKAP-HOM (Deleuil et al., 2003). YopH has also



been implicated in downregulation of the inflammatory response, by inhibit-
ing release of cytokines involved in macrophage recruitment (Navarro et al.,
2005). YopP (also termed Yop]) disrupts MAP kinase pathways, inhibiting
IKK-B, the kinase responsible for Ik B phosphorylation (Denecker et al., 2001;
Ruckdeschel et al., 1998). This prevents activation of NF-kB, which in turn
abrogates release of pro-inflammatory cytokines. YopP/] may also trigger
macrophage apoptosis, although it is unclear which pathways predominate
in this effect.

In contrast to Yersinia, Salmonella effectors upregulate the inflammatory
response, activating MAP kinase and NF-«kB and thereby stimulating pro-
duction of pro-inflammatory cytokines. This presumably induces the inflam-
matory diarrhea characteristic of salmonellosis (Hobbie et al., 1997). Several
effectors are implicated in this phenomenon, including SopE, SopE2, and
SopB (Hernandez et al., 2003). The translocator/effector SipB may also con-
tribute to the pro-inflammatory response by inducing macrophage apoptosis.

Vesicular trafficking

Intracellular replication of Salmonella is dependent on effectors secreted
through the Spi-2 T3SS. SpiC is secreted into the macrophage cytosol and
targets at least two different host proteins, TassC and Hook3, presumably
influencing vesicular trafficking (Lee et al., 2002; Shotland et al., 2003; Uchiya
etal., 1999). In the later stages of infection, SCVs elaborate filamentous extru-
sions, termed Salmonella-induced filaments (Sifs) (Garcia-del Portillo et al.,
1993). Although striking in appearance, their function remains unknown.
Several Spi-2 effectors contribute to Sif formation or are associated with them,
e.g. SifA, SseF, SseG, Ssef, and SopD2 (Kuhle et al., 2004; Stein et al., 1996;
Waterman and Holden, 2003). Other Spi-2 effectors interact with cytoskeletal
components such as filamin and profilin. The Spi-2 system also contributes
to intracellular survival by influencing release of reactive oxygen and reactive
nitrogen radicals within the SCV, although the mechanisms remain unclear
(Vazquez-Torres and Fang, 2001a,b).

TYPE IV SECRETION

Type IV secretion systems (T4SSs) show several functional similarities
to non-flagellar T3SSs, such as one-step secretion across the Gram-negative
cell wall and translocation via a needle-like organelle directly into target
cells. Furthermore, they share common components, e.g. secretin domains
and ATPases. However, in overall composition, structure, and function, the
two types of secretion system are clearly distinct, with the T4SS sharing a
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common ancestor with the bacterial conjugation machinery. Furthermore,
in contrast to T3SSs, T4SSs can deliver DNA as well as proteins to a diverse
range of organisms (Christie and Vogel, 2000). Several mammalian and plant
pathogens have been shown to mediate virulence factors in a T4SS-dependent
manner, including Bordetella pertussis, Legionella pneumophila, H. pylori, Bru-
cella spp., Bartonella spp., and the archetype Agrobacterium tumefaciens (Cas-
cales and Christie, 2003; Ding et al., 2003). Curiously, genome sequencing
has revealed putative T4SSs in a number of non-pathogens, e.g. Caulobacter
crescentus and Rhizobium etli (Christie and Vogel, 2000).

Based on ancestral lineage, T4SSs are split into two subclasses: type IVA
secretion systems include the archetype from A. tumefaciens and type IVB
secretion systems encompass systems assembled from Shigella flexneri Incl
ColIb-P9 plasmid Tra homologues (Christie and Vogel, 2000). There are three
known types of substrate:

* DNA conjugation intermediates, where single-stranded (ss) DNA is
exported in complex with one or more proteins, e.g. the A. tumefaciens
T-complex;

* multisubunit proteins such as pertussis toxin (PT);

* monomeric proteins such as CagA from H. pylori (Christie and Vogel,
2000).

We will focus on the four best-characterized systems — VirB/D4 from
A. tumefaciens, Ptl from B. pertussis, the Cag system from H. pylori, and the
Dot/Icm system from L. pneumophila — with an emphasis on secreted sub-
strates and the subversion of host cellular machinery. The A. tumefaciens
T4S machinery is thus far the only system to be structurally characterized,
although closely related organisms, including B. pertussis and Brucella spp.,
are likely to have a similar structure (Burns, 2003) (Figure 3.2). A list of
secreted type IV substrates is given in Table 3.4.

The archetypal Agrobacterium tumefaciens
VirB/D4 system

A. tumefaciens causes crown-gall disease. It utilizes the T4SS to deliver
oncogenes to the chromosomes of a variety of dicotyledonous plants, result-
ing in tumor formation. Tumors produce opines, which are assimilated by
bacteria as a food source (Ziemienowicz, 2001). Tumor formation results
from translocation of transfer DNA (T-DNA), ss DNA derived from the
tumor-inducing plasmid (pTi), into host cells (Van Montagu et al., 1980).



Table 3.4 Some examples of type IV secretion system effectors

Effector System Function/enzymatic activity

T-strand VirB/D4 Integrates into host-cell chromosome

A-subunit of Pertussis toxin ~ Adenylate cyclase activity; interferes with

pertussis toxin host-cell signal-transduction pathways

CagA Cag Cortical actin polymerization and
cytoskeletal rearrangement

DotA Dot/Icm Forms pores in eukaryotic plasma
membrane

LidA Dot/Icm Function undefined; could induce vesicle
recruitment

The VirB/D4 T4SS consists of a secretion apparatus spanning both bacterial
membranes and the periplasm. A long transfer (T-) pilus, reminiscent of the
Hrp pilus from T3S, is formed on the surface of the organism, allowing the
export of substrates into host cells.

The virB locus on the Ti plasmid encodes at least 11 VirB proteins, of
which ten make up the transporter apparatus spanning the membranes and
extending into the extracellular milieu. A core of five proteins, VirB4, VirB7,
VirB9, VirB10, and VirB11, is conserved among type IVA systems. VirB2 is
the major pilin subunit and in conjunction with the minor VirB5 subunit
forms a pilus approximately 3.8 nm in diameter. VirB4 and VirB6 are inte-
gral membrane proteins found in the inner membrane. VirB11 is associated
with the inner side of the inner membrane. VirB7-B10 are predicted to span
the membranes fractionating to both inner and outer regions and forming
a translocation channel (Figure 3.2) (Das and Xie, 1998). VirB4 and VirB11
contain nucleotide-binding sites essential for transport, and it is suggested
that these proteins project into the bacterial cytosol and energize secretion
via ATP hydrolysis. VirB1 is predicted to have glycosidase activity, possibly
involved in peptidoglycan hydrolysis, forming a pore for the other VirB pro-
teins to fill (Burns, 2003). Many T4SSs have one or more coupling proteins
(CP) acting as a chaperone to deliver substrates to the translocon. VirE1 is
required to stabilize VirE2, a protein with ss DNA binding capacity, which
acts to protect the transported T-complex from nucleases (Zhao et al., 2001).

The T-DNA region on pTi is flanked by imperfect 25-base-pair direct
repeats. VirD1 and VirD2 cleave these sites and excise the lower strand,
to yield the single-stranded T-DNA. The VirE2-T-strand-VirD2 complex is
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delivered to the nucleus, a process mediated by nuclear localization signals.
The T-DNA then integrates into the host-cell chromosome by illegitimate
recombination.

Pertussis toxin: an exception to the rule?

PT is the sole secreted effector of the B. pertussis T4SS and is essential
for the pathogenesis of whooping cough. PT is an A-Bs bacterial exotoxin
consisting of five subunits S1-S5, where the S1 subunit is the enzymatically
active A component. Following Sec-dependent export to the periplasm, the
subunits are assembled into the mature toxin before continuing their journey
through the T4SS (Burns, 2003). The toxin is not translocated directly into the
host-cell cytoplasm; rather, it is secreted into the extracellular milieu before
being taken up. The B oligomer mediates binding of the toxin to host-cell-
surface glycoproteins, allowing the active A subunit to be transported into the
cell by receptor-mediated endocytosis. The A subunit has adenylate cyclase
activity and interferes with host-cell signal-transduction pathways by ADP-
ribosylating vy -subunits of G-proteins, including Gi, G,, and Gy. This has var-
ious effects, depending upon the tissue affected, including increased insulin
production, sensitization to histamine, and attenuation of the immune sys-
tem (Cascales and Christie, 2003; Krueger and Barbieri, 1995).

Although T4SSs are usually considered to engage in one-step protein
secretion across the bacterial cell wall, the two-step secretion of PT is not
entirely anomalous; even in the archetypal system, VirE2, VirD2, and VirF
can be exported to the periplasm independently of the VirB apparatus, albeit
in a Sec-independent fashion.

CagA: the Trojan horse

H. pyloriis associated with peptic ulceration and chronic gastritis. Strains
containing the cag pathogenicity island (PAI), encoding a type IVA secretion
system, are linked with increased virulence and are associated with gastric
carcinoma (Blaser et al., 1995). So far, the only known substrate for this
system is CagA, a powerful cytotoxin that interferes with host signal trans-
duction (Nagai and Roy, 2003). The CagA effector contains up to six copies,
dependent on strain, of an EPIYA (glutamine—proline—isoleucine—tyrosine—
alanine) amino-acid repeat motif (Covacci et al., 1993). CagA migrates to the
plasma membrane after phosphorylation of tyrosine residues in the EPIYA
repeats by an unidentified host tyrosine kinase. Activation results in cortical



actin polymerization and cytoskeletal rearrangement, leading to elongation
and spreading of eukaryotic cells, known as the “humming bird phenotype”
(Backert et al., 2001). This resembles closely the morphological changes pre-
sented following activation of the c-Met receptor by hepatocyte growth factor
(HGF) and is characterized by dramatic elongation of the cell and production
of filopodia and lamellipodia (Segal et al., 1999).

CagA acts like a Trojan horse, taking control of the cell while limiting
neutralizing reactions (Censini et al., 2001). Cortical actin polymerization is
a result of the direct association of CagA with N-WASP and Arp2/3, altering
cytoskeletal arrangement. Several other cellular effects, including activation
of Rho-GTPases and induction of NF-kB and activator protein 1 (AP-1) are
CagA-independent but have been linked experimentally to the cag PAI, hint-
ing at other undefined type IV effectors (Nagai and Roy, 2003).

Legionella pneumophila Dot/Icm type IVB system

L. pneumophila is the agent responsible for legionnaires’ disease, a form
of severe pneumonia in which bacteria replicate to high numbers within vac-
uoles in alveolar macrophages while evading endosomal degradation path-
ways (Lammertyn and Anne, 2004). This modulation of vesicular trafficking,
reminiscent of the action of the Spi-2 system of Salmonella, is mediated by
the Dot/Icm (defective for organelle trafficking/intracellular multiplication)
type IVB secretion system.

The Dot/Icm system is encoded by genes from two different regions of
the chromosome, which share homology with the plasmid-encoded ColIb-
P9 plasmid conjugation system. The system is not specific to pathogenesis
and also functions as a classic conjugal system to transfer DNA between
organisms (Cascales and Christie, 2003). The Dot/Icm T4SS is essential for
virulence by creating a nutrient-rich vacuole capable of evading the default
lysosomal degradation pathway. These Legionella-containing phagosomes do
not undergo endocytic maturation, preventing fusion with lysosomes. The
phagosomes also recruit host secretory vesicles from the endoplasmic reticu-
lum (ER), intercepting them before they reach the Golgi. This results in the
remodeling of the phagosomal membrane, making it morphologically iden-
tical to the rough ER (Nagai and Roy, 2003). Other intracellular processes are
also affected, including caspase-3-dependent apoptosis, increased phagocyto-
sis, macropinocytosis, and pore-formation-mediated cytotoxicity (Lammertyn
and Anne, 2004).

It is thought that the T4SS mediates formation of a pore in the host cell
membrane and secretion of effector molecules. However, only a few proteins
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encoded by the Dot/Icm system have been identified and assayed for function.
DotA, the best-characterized of the Legionella type IV effectors, is a polytopic
inner-membrane protein containing eight hydrophobic domains (Roy and
Isberg, 1997). DotA was assumed to be part of the T4SS apparatus. However,
work by Nagai and Roy (2001) demonstrated secretion of DotA into culture
media; thus, it appears that DotA acts as a translocator/effector. In support
of this, other work has shown DotA to be able to form pores in the eukaryotic
plasma membrane, and it is now widely believed to play this role during L.
pneumophila infection (Kirby et al., 1998).

LidA is secreted across the membrane of L. pneumophila-containing
phagosomes in a Dot/Icm-dependent manner. LidA is exported early in the
infection process and remains localized to the vicinity of the phagosome. Its
functions are poorly understood — potential roles include vesicle recruitment
to the replication vacuole, docking of vesicles to the phagosomal membrane,
and the formation of a scaffold on the phagosome, allowing immobilization
of other effectors at appropriate signaling sites (Conover et al., 2003). RalF
functions as a guanine nucleotide exchange factor for the ADP ribosylation
factor (ARF) family of G-proteins. ARF1 acts as a key regulator of vesicle traf-
fic from the ER to the Golgi, and there is evidence to suggest that RalF acts
to recruit ARF1 to the phagosome surface, perhaps enhancing the efficiency
of the replication vacuole (Nagai et al., 2002).

Legionella infection ultimately triggers apoptosis, which, along with the
extracellular activity of degradative bacterial enzymes, causes extensive dam-
age of alveolar tissue. Caspase-3-mediated apoptosis in cultured macrophages
has been shown to be dependent on the Dot/Icm system. Insertion of pores
into the eukaryotic membrane causing osmotic lysis also allows release of
intracellular bacteria. For a more detailed review of the mechanisms of
Legionella infection, see Molmeret et al. (2004).

TYPE V SECRETION

In contrast to the type [-IV secretion systems, the term “type V secretion”
describes three related and comparatively simple protein secretion systems:

® Va, the autotransporters (ATs);
® Vb, the two-partner system (ITPS);
® Vg, the oligomeric coiled-coil (Oca) system, also termed AT-2 (Figure 3.3).

Each of these systems secretes extracellular moieties with a variety of
functional activities, including adhesins, toxins, proteases, and mediators of
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Figure 3.3 Schematic overview of the type V secretion systems. The secretion pathway

across the outer membrane (OM) is depicted for the autotransporter (A), the two-partner
(B), and the oligomeric coiled-coil system (C) secretion systems. After translocation
through the inner membrane, the B-domains form B-barrel pore-like structures in the
OM. After formation of the pore, the effector molecule inserts into the pore and is
translocated to the bacterial cell surface, where it may or may not undergo further
processing. The linker regions required for secretion of the autotransporters and
oligomeric coiled-coil proteins are shaded in red and the autochaperone regions green.
Equivalent regions appear to be missing in the two-partner secretion pathway, where the
effector molecule and the B-barrel structure are encoded as separate proteins. See also
Color plate 4.

motility (Henderson et al., 2004). Some examples of the type V pathway are
listed in Table 3.5.
The three systems have several unifying characteristics, including:

* The molecules targeted for secretion possess an N-terminal signal
sequence, which mediates translocation across the inner membrane via
the Sec translocon.

* In each case, a periplasmic intermediate is formed.

® An outer-membrane B3-barrel pore permits translocation of the effector
molecule to the cell surface.

¢ The effector molecules have been demonstrated, or predicted, to have
B-helix structures.

However, despite these similarities, there remain distinct differences
in each pathway. Notably, in the case of the AT and Oca systems, the
N-terminal signal sequence mediating inner-membrane translocation, the
effector molecule, and the C-terminal B-barrel mediating outer-membrane
translocation of the effector molecule are encoded in a single polypeptide.
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Table 3.5 Examples of type V secretion systems

Transporter Organism Protein Function
Va
Bordetella pertussis BrkA Serum resistance
Chlamydia trachomatis ~ PmpD Adherence
Escherichia coli Antigen 43 Biofilm formation
Helicobacter pylori VacA Cytotoxin
Neisseria meningitidis IgAl protease  Degradation of immunoglobulin
Al (IgAl)
Pasteurella haemolytica ~ NanB Sialidase
Salmonella enterica ShdA Adherence
Shigella flexneri IcsA Mediator of intra- and
intercellular motility
Vb
Bordetella pertussis FhaB/C Adhesin
Erwinia chrysanthemi HecA/B Adhesin
Serratia marcesens ShlA/B Hemolysin
Ve
Halmophilus influenzae  Hia Adhesin
Moraxella catarrhalis UspA2 Serum resistance
Yersinia enterocolitica YadA Adhesin

In contrast, the TPS system effector molecule and B-barrel outer-membrane
translocator are synthesized as two separate molecules (termed TpsA and
TpsB, respectively), each with its own N-terminal signal sequence for inner-
membrane translocation. Furthermore, in contrast to the AT and TPS sys-
tems, following translocation through the inner membrane, the Oca proteins
must form a trimeric structure to direct translocation of the effector molecule
across the outer membrane (Cotter et al., 2005; Henderson et al., 2004; Jacob-
Dubuisson et al., 2004).

As mentioned above, all proteins secreted via the type V pathway pos-
sess N-terminal signal sequences that mediate translocation across the inner
membrane. In most cases, it appears that the molecules targeted for export
possess typical signal sequences targeting the molecule to the Sec translo-
con and, at least in the case of E. coli, demonstrate a dependence on the
SecB cytoplasmic chaperone. However, in some cases, proteins secreted via
the type V pathway possess alternative signal sequences, including those



consistent with lipidation of the mature protein and those that possess an
N-terminal amino-acid extension termed the extended signal peptide region
(ESPR) (Henderson et al., 2004). In at least one case where the lipidation motif
has been described, it has been shown that the mature effector molecule is
a lipoprotein in which the N-terminus interacts with the outer membrane to
tether the molecule to the bacterial cell surface; this interaction is required
to allow the molecule to function correctly (Coutte et al., 2003). In contrast
to the signal sequences with the lipidation motif, the function of the signal
sequences possessing the ESPR remains somewhat enigmatic.

Normal signal sequences directing Sec-dependent translocation across
the cytoplasmic membrane possess:

¢ an N-domain of positively charged amino acids;

¢ an H-domain of hydrophobic amino acids; and

* a C-domain with a consensus signal peptidase recognition domain
(Dalbey and Chen, 2004).

Proteins possessing the ESPR also contain N-, H-, and C-domains remi-
niscent of Sec-dependent translocation (Henderson et al., 2004). The ESPR
region is located N-proximal to these three domains and consists of a highly
conserved charged domain termed N1 and a highly conserved hydrophobic
domain termed H1. Such sequence conservation is highly unusual in signal
sequences; thus, it was speculated that the ESPR might serve to recruit acces-
sory proteins or to direct translocation across the inner membrane via an
alternative pathway such as the Tat or the cotranslational signal-recognition
particle (SRP) pathways (Henderson et al., 1998). In support of this initial
hypothesis, Sijbrandi et al. (2003) reported that a protein possessing the ESPR
(the Hbp protein of E. coli) was translocated across the inner membrane via
the SRP. However, this observation is somewhat controversial, as another pro-
tein (filamentous hemagglutinin) also possessing the ESPR was not found to
use the SRP (Chevalier et al., 2004). Szabady et al. (2005) have demonstrated
that the presence of the ESPR in another protein (EspP) decreased the effi-
ciency of translocation into the periplasm, purportedly transiently tethering
the whole molecule to the inner membrane while the C-terminus of the AT
folded and inserted into the outer membrane.

The process of secretion across the outer membrane distinguishes the
type V subfamilies (Figure 3.3). In the case of the AT and Oca proteins, the
C-termini adopt an outer-membrane B-barrel structure that forms a pore
through which the effector molecule is translocated to the extracellular milieu
(Henderson et al., 2004). Although the exact structure of the AT B-barrel
and the mode of translocation have been the subject of considerable debate,
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it appears from the crystal structure of the B-domain of the NalP AT
that the original hypothesis of the effector polypeptide passing through
the B-barrel pore was correct; the structure of NalP showed clearly a B-
barrel with a polypeptide embedded within the pore (Oomen et al., 2004).
Mutagenesis studies revealed that the N-terminal region of ATs and Oca
effector molecules were not required for secretion, suggesting that the
signals for recognizing the B-barrel pore and effecting secretion were
contained within the C-terminal region of the effector protein (Oliver,
Huang, and Fernandez, 2003; Roggenkamp et al., 2003). Interestingly, the
polypeptide embedded in the NalP pore was revealed to adopt an a-helical
conformation, and mutagenesis studies demonstrated that this o-helical
region was an absolute requirement for secretion of other ATs (Oliver,
Huang, and Fernandez, 2003a). In addition, immediately upstream of the
a-helical region in the ATs is a relatively conserved domain termed the
“autochaperone” (AC) domain ( Oliver, Huang, and Fernandez, 2003; Oliver,
Huang, Nodel et al., 2003). It has been demonstrated that the AC domain is
not required for secretion but is required for folding of the effector molecule
on the bacterial cell surface. It has been proposed that the members of the
Oca family also possess similar domains that are required for secretion and
folding of the effector molecule (Roggenkamp et al., 2003). Thus, it appears
in the case of the ATs and Oca proteins that after insertion of the 3-barrel into
the outer membrane, a linear polypeptide forms a hairpin structure threaded
through the pore of the B-barrel, locating the AC domain on the outside
of the cell. Subsequently, as the effector molecule is extruded through the
pore, the AC domain folds the molecule, such that folding occurs vectorially
from the C- to the N-terminus (Henderson et al., 2004). It is also worth men-
tioning that one investigation has demonstrated the necessity of an essen-
tial outer-membrane protein (Omp85) for the correct secretion of ATs, pre-
sumably by mediating the correct insertion of the B-barrel into the outer
membrane (Voulhoux et al., 2003).

Secretion of the TpsA effector molecules is somewhat different to that
of the ATs and Oca functional moieties. As the TpsA and TpsB proteins are
synthesized as separate molecules, a specific targeting signal must exist that
directs the TpsA protein to the pore formed by TpsB. This motif has been
localized to the extreme N-terminus of the effector molecule and is an abso-
lute requirement for secretion (Jacob-Dubuisson et al., 2004). In contrast
to the ATs and Oca proteins, the C-terminal end of the effector molecule
is not required for secretion or folding. Interestingly, the TpsB is related
evolutionarily to the Omp85 proteins required for AT secretion (Surana
et al., 2004). In some cases, the TpsB B-barrel has also been demonstrated



to possess additional function, where, in addition to mediating secretion, it
is required for the correct maturation of the secreted TpsA effector molecule
(Braun et al., 1993; Walker et al., 2004).

FUTURE DIRECTIONS

The advent of genome sequencing has resulted in an explosion in our
knowledge of the distribution of secretion systems. Unfortunately, our ability
to detect such systems has not been matched by progress in our fundamental
understanding of the mechanisms of protein targeting and secretion. It is
unlikely that we have exhaustively identified all bacterial protein-secretion
systems, and undoubtedly a growing appreciation of the function of genes
classified as “unknown function” will reveal new effector molecules and new
secretion pathways. Furthermore, the presence of multiple similar secre-
tion systems within a single genome raises several questions, the answers to
which will be fundamental to our understanding of how bacteria behave in
a given niche. Are effector molecules targeted to only one system? Is there
redundancy? If not, how do the different systems differentiate between their
cognate effector molecules? Is more than one system active atany given time?
How is expression of the different systems coordinated? As most secretion
systems often encode regulators controlling expression of the system, how is
this regulation integrated into the bacterial cells global regulatory network?
How much cross-talk exists between similar and different secretion systems?
Certainly, one thing is apparent in the post-genome era: the abundance of
unstudied secretion systems and associated questions will keep bacteriolo-
gists busy for years to come.
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CHAPTER 4
Microbial molecular patterns and host defense

Matam Vijay-Kumar and Andrew T. Gewirtz

INTRODUCTION

As an interface with the outside world, epithelial cells play an important
role in host defense against the vast number of microbes within our midst. A
central feature in such microbial-epithelial cell interactions is the use of host
pattern-recognition receptors (PRR) to recognize microbes, thus enabling an
appropriate response. This chapter reviews the PRRs that mediate epithelial
responses, considers the mechanisms by which they function, and discusses
the role of these receptors in host defense and homeostasis. The chapter is
based primarily on the intestinal mucosa in light of the authors’ knowledge in
this area, but many of the concepts should be applicable to other mucosal sur-
faces. Due to the rapid pace of advancement in this area of research, PRRs are
often described and partially characterized well ahead of full determinations
of the tissues and cells that actually express these PRRs; thus, this chapter
proceeds with a general review of PRRs and then discusses direct and indi-
rect PRR activation of epithelial cells and the role of these activation events
in host defense.

PATTERN-RECOGNITION RECEPTORS: MEDIATORS OF
HOST-BACTERIAL INTERACTIONS

The immune system traditionally has been divided into innate and
adaptive components, which are differentiated functionally on the basis of
whether their antimicrobial action requires previous exposure to the microbe
or its components. Innate immunity has long been thought to rely on some
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germline-encoded mechanisms to recognize foreign products. For example,
mannose receptors, which play an important role in activating the com-
plement cascade, have long been known to interact with a wide range of
microorganisms or microbial products, including Candida albicans, Pneumo-
cystis carinii, human immunodeficiency virus (gp120), Mycobacterial lipoara-
binomannan, Leishmania, Streptococcus pneumoniae, and Klebsiella pneumo-
niae (Taylor et al., 2005). The formyl-methionyl-leucyl-phenylyalanyl (f-MLP)
receptor is a multispanning G-protein receptor that is expressed on phago-
cytic cells and plays an important role in chemotaxis during infection (Le
et al., 2001). Other receptors include C-type-lectin-like receptor, Dectin-1,
the major receptor for fungal cell-wall B-glucans and demonstrated to play
a significant role in mediating cytokine secretion by macrophages (Herre
etal., 2004). In addition, moesin (membrane-organizing extension spike pro-
tein), a 78-kDa protein, functions as a lipopolysaccharide receptor on human
monocytes (Tohme et al., 1999), whereas the C-reactive protein and other
members of the pentraxin family have been demonstrated to bind microbes
directly through a lectin-like interaction.

However, two important discoveries since 1996 have accelerated research
in this field of study dramatically. First, in 1996, the Drosophila protein Toll,
formerly known only for its role in ontogenesis was shown to be required
for flies to mount an effective immune response to the fungus Aspergillus
fumigatus (Lemaitre et al., 1996). Shortly thereafter, a mammalian family of
homologous proteins termed Toll-like receptors (TLRs) was identified. Sec-
ond, in 1998, Toll-like receptor 4 (TLR-4) was identified via positional cloning
as the lipopolysaccharide (LPS) receptor, encoded by the Lpslocus and known
to be required for mice to induce effective responses to Gram-negative bacte-
ria in which LPS is a fundamental part of the outer cell membrane (Poltorak
et al., 1998). These findings revealed that the innate immune receptors of
insects and mammals are evolutionarily conserved, suggesting a vital role for
TLRs in the initial recognition of microbial pathogens ranging from protozoa
to bacteria to fungi to viruses (Beutler, 2004).

Since 1998, our understanding of the innate immune system has been
revolutionized by the identification of various classes of PRR that recognize
specific molecular structures on pathogens. Such structures are sometimes
referred to as pathogen-associated molecular patterns (PAMPs) (Kopp and
Medzhitov, 1999); however, this term is somewhat a misnomer as these pat-
terns are in general similar on pathogenic and commensal microbes alike.
Thus, we would suggest that the term microbial patterns (MPs) might be more
appropriate, at least in the context of the intestine. The encounter between
PRRs and MPs can take place on the cell surface or intracellularly or in



soluble form. TLRs are the best-described class of PRRs. Thirteen mam-
malian paralogs have now been identified (10 in humans, 12 in mice) (Beut-
ler et al., 2004; Tabeta et al., 2004). Both forward and reverse genetic tools
have been applied to determine the molecular specificity of most of the TLRs
(Akira et al., 2001). TLRs constitute type I, germline-encoded, evolutionarily
conserved PRRs, which serve as central signal-transducing elements for the
induction of immunoregulatory effector molecules that trigger innate immu-
nity and instruct the development of adaptive immunity (Schnare et al., 2001)
via mechanisms discussed later in this chapter. TLRs contain N-terminal
leucine-rich repeats (LRRs), which are located extracellularly for cell-surface
PRRs. Among different PRRs, such LRRs contain sufficient diversity in order
to provide a versatile structural framework for the formation of protein—
protein or protein—carbohydrate/lipid interactions with the microbial ligands
that PRRs recognize (Kobe and Kajava, 2001). For example, the LRRs of TLR-
4 bind to LPS complexed to LPS binding protein (LBP), whereas flagellin
interacts with the LRRs of TLR-5 (Tschopp et al., 2003). The cytoplasmic por-
tion of TLRs shows high similarity to that of the interleukin 1 (IL-1) receptor
family, specifically known as the Toll/IL-1 receptor (TIR) domain, and shares
similarity to plant resistance (R) proteins (O’Neill et al., 2003).

Intracellular pattern-recognition receptors

While TLR-1, -2, -4, -5, -6, and -10 are expressed on the cell surface, TLR
-7, -8, and -9 form an evolutionary cluster and are targeted to endosomes
based on structural features residing in the cytoplasmic domain (Lee et al.,
2003; Nishiya and DeFranco, 2004; Wagner, 2004). The cellular distribution
of TLR-3 appears to be cell-type-dependent, since this receptor is expressed
on the surface of human fibroblasts as well as in intracellular organelles
such as endosomes in monocyte-derived immature dendritic cells (DCs) and
blood CD11c™ cells (Matsumoto et al., 2003). TLR-3, -7, -8, and -9 together
constitute nucleic-acid-recognizing PRRs and are thus strategically located
intracellularly where replication of most of the viruses occurs, thus generating
either single- or double-stranded RNA or DNA.

A second large class of intracellular PRRs is the family of nucleotide-
binding oligomerization domain (NOD) proteins defined by a NOD domain
that mediates oligomerization (Athman and Philpott, 2004; Inohara and
Nunez, 2003). The NOD proteins, which are soluble and localized intracellu-
larly, have an N-terminal signaling domain in addition to a C-terminal ligand-
binding domain. Interestingly, for most NOD proteins the ligand-binding
domain is an LRR domain and is similar to what has been observed for
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TLRs, suggesting that these proteins are capable of serving as PRRs. NOD1
and NOD?2 (also referred to as caspase-activating and recruitment domain
15 (CARD15) and CARD4, respectively) are well-studied PRRs that sense
intracellular pathogens and activate nuclear factor kappa B (NF-kB). While
NOD2 mediates intracellular recognition of muramyl dipeptide (MDP), a
building block for bacterial cell walls (Girardin, Boneca, Viala et al., 2003;
Inohara et al., 2003), NOD1 specifically detects a unique muropeptide frag-
ment, diaminopimelate-containing N-acetylglucosamine-N-acetylmuramic
acid (GlcNAc-MurNAc). This tripeptide motif is a breakdown product of
Gram-negative bacterial peptidoglycan (Girardin, Boneca, Carneiro et al.,
2003). Therefore, NOD proteins are able to recognize breakdown products
of peptidoglycan mediated by TLR-2, suggesting not only that NOD pro-
teins influence the signaling downstream of TLR-2 but also that there is
a tight interaction between extracellular and intracellular PRRs (Watanabe
et al., 2004). CLAN (caspase-associated recruitment domain, leucine-rich
repeat, and NAIP CIIA HET-E, and TPI-containing protein) is an intra-
cellular PRR. Although CLAN contains spans of LRRs, the characteristic
nucleotide-binding domain appears to function independently of the TLRs
and typically resides within the cytosol of specific cells, where it modu-
lates caspase-1 activation and subsequent interleukin 18 (IL-1B) secretion
in response to LPS, peptidoglycan, and pathogenic bacteria (Damiano et al.,
2004).

Another important intracellular PRR is the interferon (IFN)-inducible
dsRNA-dependent protein kinase R (PKR), a serine/threonine kinase that
has long been known to represent an intracellular receptor for dsRNA and
that is believed to be a major viral signature. PKR also mediates the activation
of signal-transduction pathways by pro-inflammatory stimuli, including LPS,
tumor necrosis factor alpha (TNFa), and IL-1, in addition to its other physio-
logical functions, especially during cellular stress (Barber, 2005; Williams,
2001). Following binding of dsRNA, PKR dimerizes and becomes activated
via autophosphorylation. The main substrate for PKR is the eukaryotic ini-
tiation factor 2, explaining the ability of PKR to inhibit mRNA translation.
Thus, activation of PKR downmodulates protein synthesis in virus-infected
cells and, hence, inhibits viral replication. Furthermore, PKR is capable of
activating other inflammatory signal-transduction pathways (Goh et al., 2000;
Kumar et al., 1994; Kumar et al., 2004; Uetani et al., 2000); as well as play-
ing a role in dsRNA and rotavirus-induced interleukin 8 (IL-8) expression
(Vijay-Kumar et al., 2005) in intestinal epithelial cells.

Research in this area continues to progress rapidly as other PRRs con-
tinue to be discovered. Most recently at the time of writing, RNA helicases



have been identified as a third class of PRRs (Yoneyama et al., 2004). Two
cytoplasmic proteins, retinoic-acid-inducible gene I (RIG- I) and melanoma-
differentiation-associated gene 5 (MDAS), each with two N-terminal signal-
ing domains and a C-terminal helicase domain, were shown to be activated
in response to virus infection and to transduce signals via the signaling
domains. RIG-I and MDAS are DExD/H box RNA helicases that contain
a caspase-recruitment domain as an essential regulator for dsRNA-induced
signaling and a helicase domain that possesses intact ATPase activity, which
is responsible for the dsRNA-mediated signaling. The caspase-recruitment
domain transmits downstream signals, resulting in the activation of NF-kB
and interferon-responsive elements (Heim, 2005). The role of these and other
PRRs in microbial pathogenesis remains under investigation.

Soluble pattern-recognition receptors

PRRs are likely to play a primary role against microbial defense not only
as cell-surface receptors but also as systemic or humoral factors. Indeed, at
least some PRRs are naturally found in serum in a soluble form, which may
have contributory or regulatory effects on the function of cell-surface PRRs.
A classic example is CD14, a 55-kDa glycosylphosphatidylinositol-anchored
membrane protein that is devoid of a cytoplasmic domain (Haziot et al.,
1988; Pugin et al., 1994) and that does not elicit intracellular signaling (Ule-
vitch and Tobias, 1995). Soluble TLRs have also been observed and may play
an important role in host defense. Soluble PRRs such as CD14 are devoid
of transmembrane and intracellular domains and do not initiate signaling;
however, they can bind their respective ligands and thus help in control-
ling the MPs induced pro-inflammatory signaling. Soluble TLR-2 (sTLR-2)
has been described in human plasma and milk. STLR-2 levels were found
to be lower in people with tuberculosis, and it appears that blocking TLR-
2 signaling in response to bacterial lipopeptide is the main function of the
STLR-2 (LeBouder et al., 2003). Presumably, low serum sTLR-2 levels in peo-
ple with acquired immunodeficiency syndrome (AIDS) may be associated
with increased cytokine responses to TLR-2-containing pathogens such as
Mycobacterium species, Gram-positive bacteria, and fungi, all of which con-
tribute to the progression of human immunodeficiency virus (HIV)-related
cachexia (Heggelund et al., 2004). Moreover, in vitro studies suggest that
STLR-2 partially attenuates the insoluble peptidoglycan derived from Staphy-
lococcus aureus-induced NF-kB activation and IL-8 secretion (Iwaki et al.,
2002). An alternatively spliced murine TLR-4 mRNA has been described that
results in the expression of the soluble form of TLR-4 (STLR-4), which inhibits
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LPS-induced NF-kB activation and TNFa release (Iwami et al., 2000). Further,
addition of STLR-4 to the medium attenuates LPS-induced NF-kB activation
and IL-8 secretion in wild-type TLR-4-expressing cells (Hyakushima et al.,
2004). Based on these observations, it may be possible to develop TLR-based
treatment strategies and to use sTLRs to regulate the uncontrolled immune
response in various disease states (Zuany-Amorim et al., 2002).

Defining pattern-recognition receptor ligands

Although sequence homology allows straightforward identification of
additional members to various classes of PRR, defining the various specific
ligands that such PRRs recognize has been a more complex undertaking. In
general, candidate ligands have emerged through a combination of guesses
and biochemical purification of a complex bioactivity, while the verification of
candidates has relied upon genetic gain or loss of function in in vitro or in vivo
models. A major breakthrough, however, came from utilizing the C3H/He]
mouse. This mouse contains a single point mutation in the BB loop of the
TIR domain of TLR-4, a Pro712His that converted this mutant TLR-4 into a
dominant-negative gene (Poltorak et al., 1998) that is hyporesponsive to LPS.
Table 4.1 describes the ligands for various PRRs. TLR-1 is involved in modu-
lating the responses to TLR-2 and TLR-4, but at present no specific ligand has
been identified. It has also been shown that TLR-1 is involved in the recogni-
tion of Mycobacterial lipoprotein and triacylated lipopetides (Takeuchi et al.,
2002). Furthermore, TLRs can form multimeric complexes (homodimers or
heterodimers) to increase the spectrum of molecules that they recognize. For
example, the cytoplasmic domain of TLR-2 can form functional pairs with
TLR-6 and TLR-1, leading to signal transduction and cytokine expression after
ligand activation (Takeuchi et al., 1999). TLR-2 recognizes peptidoglycan and
lipopeptides of Gram-positive bacterial origin. TLR-3 is the receptor for ds-
RNA. TLR-4, the most extensively studied TLR, is a receptor for the LPS of
Gram-negative bacteria. Interestingly, it has been proposed that the shape of
the lipid A component determines the bioactivity of LPS. For instance, LPS
with a conical shape (e.g. from Escherichia coli) induces cytokine production
through TLR-4, whereas LPS with a more cylindrical form (e.g. from Porphy-
romonas gingivalis) induces expression of a different set of cytokines through
TLR-2. Strictly cylindrical shaped LPS molecules (e.g. the lipid A precursor
Ia or from Rhodobacter sphaeroides) have antagonistic properties at the level
of TLRs (Netea et al., 2002).

F-protein from respiratory syncitial virus is also a ligand for TLR-4. More-
over, TLR-4 interacts directly with NAD(P)H oxidase 4 isozyme (Nox4) and



Table 4.1 Pattern-recognition receptor (PRR) ligands

Receptor

Microbial product

TLR-1 (with TLR-2)

TLR-2 (with TLR-1 or TLR-6)

TLR-3

TLR-4

TLR-5

TLR-6 (with TLR-2)
TLR-7 and TLR-8
TLR-9

TLR-10

TLR-11

NOD-1

NOD-2

Protein kinase R
RNA helicases
Dectin-I

Mannose receptor
f-MLP receptor
Moesin

Mycobacterial lipoprotein

Triacylated lipopeptides

Gram-positive bacteria

Peptidoglycan, lipoteichoic acid

Zymosan, liparabinomannan

Bacterial glycolipids, yeast mannan

GPI anchors of Trypanosoma cruzi

LPS from Leptospira interrogans

LPS from Porphyromonas gingivalis (more cylindrical)

Viral dsRNA, synthetic polyinosinic acid: cytidylic acid
(poly (I:C))

Gram-negative bacteria

LPS (conical shape), pneumolysin

Lipid A (strictly cylindrical, antagonist)

LPS from Rhodobacter sphaeroides (strictly cylindrical)

Flavolipin from Flavobacterium meningosepticum

Respiratory syncitial virus protein F

Aspergillus fumigatus hyphae

HSP 60 and 70, hyaluronan

Fibronectin A domain, fibrinogen

Necrotic cells, saturated fatty acids, Taxol*

Flagellin

Mycoplasma lipoproteins, lipoteichoic acid, peptidoglycan

Single-stranded RNA, imidazoquinalones

CpG DNA, hemozoin

Unknown

Uropathogenic bacteria

Profilin-like protein molecules in Toxoplasma gondii*

Muropeptide fragment diaminopimelate-containing
GlcNAc-MurNAc

Muramyl dipeptide

dsRNA

dsRNA

B-Glucans

Liparabinomannan

f-MLP

LPS

*Only in mouse.

C,G, see text; dsRNA, double-stranded RNA; f-MLP, formyl-methionyl-leucyl-phenylalanyl;
GPI, glycophosphatidylinosital; HSP, heat-shock protein; LPS, lipopolysaccharide; NOD,

nucleotide-binding oligomerization domain.
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appears to be involved in LPS-mediated reactive oxygen generation and NF-k B
activation (Park et al., 2004). TLR-5 is a receptor for bacterial flagellin. TLR-6
recognizes mycoplasma lipopeptide. Murine TLR-7 and human TLR-8 medi-
ate species-specific recognition of guanine and uracil (GU)-rich ssRNA (Heil
et al., 2004). Human TLR-7 also recognizes ssSRNA molecules of non-viral
origin (Diebold et al., 2004). TLR-7 and TLR-8 recognize antiviral imidazo-
quinoline compounds (Bowie and Haga, 2005; Jurk et al., 2002). TLR-9 is
a receptor for bacterial DNA, which is enriched with consecutive unmethy-
lated cytosine-guanosine residues, and referred to as CpG DNA. The ligand
for TLR-10 has not been identified. TLR-11 has been discovered in mice
and found to recognize uropathogenic bacteria, whereas in humans TLR-11
appears to be a pseudogene as it contains a series of stop codons and thus
appears not to encode a functional protein (Zhang et al., 2004). Additionally,
it recognizes a novel profilin-like protein of the parasite Toxoplasma gondii
and is essential for murine resistance to this pathogen (Yarovinsky et al.,
2005).

Toll-like receptor coreceptors

Some PRRs appear not to recognize bacterial ligands directly but instead
to recognize microbial products complexed to coreceptors. The best-studied
example is the interaction of TLR-4 with LPS. Lipopolysaccharide-binding
protein (LBP), CD14, MD-2 and 2 integrins are known to act as coreceptors
for TLR-4. LBP is produced in the liver and has the properties of an acute-
phase reactant with opsonic activity. Its importance as a protein involved in
the LPS response lies within its ability to accelerate the binding of LPS to
CD14 (Fitzgerald et al., 2004). For example, studies with LBP knockout mice
have revealed that LBP enhances the sensitivity to LPS by approximately
300-fold (Wurfel and Wright, 1997). The sentinel function of LBP is also
shared by CD14, which was originally discovered as the receptor for LBP-
bound LPS. CD14 is central to mammalian responses to LPS and is present
in two forms: a glycophosphatidylinositol (GPI)-linked form and a soluble
form found in blood. Soluble CD14 functions to enhance LPS responses
in cells that do not ordinarily express CD14. Thus, the presence of CD14
increases the sensitivity of the LPS response by 1000-fold (Fitzgerald et al.,
2004). The ability of B, integrins to enhance responsiveness to endotoxin is
much greater in response to LPS encountered in an insoluble aggregate,
such as a whole bacterium (Moore et al., 2000). The discovery of MD-2
further aided in deciphering the central role of TLR-4 in LPS signaling
(Shimazu et al., 1999). MD-2 is an 18-25-kDa protein; it appears that only



the monomeric form of MD-2 is biologically important for LPS signaling.
Once LPS binds to TLR-4/MD-2, the mechanism by which the receptor
becomes activated is unclear. Several studies, however, suggest that the aggre-
gation of TLR-4, either artificially using monoclonal antibodies or as a result of
LPS binding, is sufficient to activate signal transduction (Latz et al., 2002). For
TLR-5, it appears that gangliosides act as coreceptors for signaling induced
by flagellin, thereby promoting hBD-2 expression via MAP kinase (Ogushi
et al., 2004). The extent of coreceptor usage by other PRRs has not been
investigated.

Pattern-recognition receptor signaling

Although this chapter does not discuss signaling mechanisms of PRRs
in depth, some mention of general PRR signaling paradigms is necessary in
order to get an overall sense of how PRRs function. Each of the aforemen-
tioned classes of PRR uses distinct signaling adapters, and yet they activate
substantially overlapping sets of signaling cascades, consistent with the fact
that there is a substantial amount of overlap in the gene expression activated
by different PRRs. Clearly some differences in effector usage by different
PRRs have been demonstrated to result in differential gene expression — for
example, TLR-4 activates interferons but TLR-2 does not (Toshchakov et al.,
2002) — but such examples at present are more the exception than the rule.
Although this view may ultimately prove crude as research progresses in this
area, at present it may be most generally helpful to view multiple PRRs as
activating the same general sets of downstream signaling pathways.

TLRsignaling is by far the most extensively studied PRR family. An essen-
tial component of nearly all TLR signaling is the effector protein MyD88,
which is necessary for TLR activation of canonical pro-inflammatory sig-
naling pathways, namely the transcription factor NF-kB and the family
of mitogen-activated kinases, particularly p38 (Akira, 2001). TLRs also use
other adapters to activate these same pathways, including a protein referred
to as both Toll interleukin 1 receptor domain-containing adapter protein
(TIRAP) and MyD88-adapter-like (MAL) and a host of downstream kinases,
such as interleukin-1-receptor-associated kinase (IRAK) (Takeda and Akira,
2005). The N-terminal region of NOD proteins mediates the activation of
other kinases (particularly those of the RICK family), resulting in activa-
tion of many of the same downstream effectors as TLRs, notably NF-kB and
p38 (Inohara et al., 2005). These signals are essential and generally rate-
limiting regulators of an extensive panel of genes that are discussed below.
The best-defined example of differential gene expression by different TLRs
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(as described above) is perhaps exhibited by the TLR signaling adapter TRIF
(Toll/IL-1R domain-containing adapter-inducing interferon beta), which has
the ability to activate interferon regulatory factor 3 and subsequently inter-
feron expression (Yamamoto et al., 2002). Nonetheless, this chapter focuses
largely on the downstream results of PRR signaling without distinguishing
one PRR-activated pathway from another, as the knowledge to do so is simply
not yet available.

PATTERN-RECOGNITION RECEPTORS MEDIATE MULTIPLE
MECHANISMS OF HOST DEFENSE

The existence of extensive evolutionarily conserved families of PRRs sug-
gests an importantrole for these molecules. This section considers the experi-
mental evidence to supportand define this role and then broadly considers the
important biologic events that are activated in PRRs, even though the precise
roles of individual PRRs in host defense have only begun to be defined.

Global role and evidence of pattern-recognition receptor
function in immunity

A substantial body of in vitro and in vivo evidence indicates a pre-eminent
role for PRRs in this process. Although other mechanisms may also lead to
activation of these signaling pathways — for example, some bacteria, partic-
ularly those with type III secretion systems, may have the ability to directly
activate host-signaling pathways (Hardt et al., 1998) — it is nonetheless likely
that PRRs represent the major means of activating innate immunity. In vitro,
epithelial cells will respond to a variety of microbial products/extracts with
an extensive array of pro-inflammatory gene expression, including flagellin
(Gewirtz, Simon et al., 2001), MDP (Girardin, Boneca, Carneiro et al., 2003),
unmethylated CpG DNA (Platz et al., 2004), dsRNA (Guillot et al., 2005;
Kumar, 2004), and, under some conditions, LPS and lipopeptide (Abreu
et al., 2002). Cells that are unresponsive to these products often can be made
responsive by engineered expression of a particular PRR. Conversely, the
responses of epithelial cells to whole bacteria can be substantially ablated by
engineered expression of dominant-negative PRRs. All of these approaches
have been used for characterizing epithelial pro-inflammatory gene expres-
sion in response to Salmonella typhimurium and indicate a dominant role for
recognition of flagellin by TLR-5 (Gewirtz, Navas et al., 2001; Hayashi et al.,
2001; Tallant et al., 2004). Given the broad ability of TLR-5 to recognize an
extensive array of flagellins from a variety of bacteria (to date shown to include



Salmonella, E. coli, Pseudomonas, and Listeria), it seems likely that TLR-5 will
play similarly important roles for epithelial responses to a variety of other
motile bacteria. Analogously, NOD1 plays a major role in recognizing the
intracellular non-flagellated pathogen Shigella flexneri, and thus it seems rea-
sonable to speculate a generally important role for this PRR against other
non-motile invasive pathogens (Girardin et al., 2001).

In vivo evidence for the role of particular classes of PRR in mediating
innate immune responses has come largely from genetically modified mice.
For PRRs in which the ligand is well defined, simple deletion of that partic-
ular gene will result in a complete loss of response to systemic application
of that bacterial product. In vivo evidence for the role of PRRs in respond-
ing to whole bacteria has emerged more slowly and often with less clarity but
nonetheless broadly supports the concept that PRRs are a major and essential
component of innate immunity. Mice lacking TLR-4 show substantially ele-
vated susceptibility to Gram-negative pathogens such as Salmonella (Weiss
et al., 2004), while mice lacking TLR-2 and TLR-4 are more susceptible to
Gram-positive bacteria such as Mycobacterium (Reiling et al., 2002). Interest-
ingly, depending on the particular pathogen and the mode of challenge, the
immune deficiency of mice lacking an individual TLR can be quite mild, as
is somewhat the case in the above examples. In contrast, mice lacking TLR
signaling, are in general, due to lack of the broadly used TLR signaling effec-
tor MyD88, highly susceptible to a variety of pathogens (Feng et al., 2003;
Scanga et al., 2004; Villamon et al., 2004). This indicates that although PRR
recognition of individual bacterial products may lack redundancy, there is
likely substantial redundancy in the ability of PRRs in general to recognize
multiple components of most bacteria.

Pattern-recognition receptors regulate key aspects
of host defense

PRRsin the intestinal mucosa play important roles in host defense by sev-
eral mechanisms. Namely, ligation of PRRs by bacterial products can directly
induce expression of soluble antimicrobial mediators, orchestrate recruit-
ment and activation of phagocytes, and promote development of adaptive
immunity. Additionally, studies also indicate a role for PRRs in regulation
of mucosal barrier function, epithelial apoptosis, and intestinal homeostasis.
Although at present the precise roles of individual PRRs in mediating specific
elements of these various responses are not well defined, this section gives
a general overview of the role of the downstream effects of PRR activation,
particularly those mediated by epithelial cells.

®

ISNHIHA ISOH ANV SNYILLVd dVINDITOW TVIHOIDIN



BACTERIAL-EPITHELIAL CELL CROSS-TALK

Pattern-recognition receptors mediate expression
of antimicrobial mediators

An important means by which the intestine controls the growth of and
thus protects the host from the extensive microbial biomass that resides in
the mucosa is by the production of a panel of antimicrobial peptides (Ganz,
2003). Some of these molecules are secreted by enterocytes (i.e. epithelial
cells), while the expression of others is exclusive to or highly enriched in
paneth cells residing in intestinal crypts. Epithelial antimicrobial secretions
include antimicrobial lytic enzymes such as lysozyme, nutrient-binding pro-
teins such as lactoferrin, and proteins that kill microbes via oxidative mech-
anisms, such as lactoperoxidase. Moreover, the epithelium also secretes an
increasingly appreciated panel of smaller antimicrobial peptides with fewer
than 100 amino acids, of which the major class is the defensins. In general,
these peptides interact with the anionic part of the prokaryotic membrane
due to their cationic charge and insert into microbial membranes, creating
pores and resulting in cell lysis (Grandjean et al., 1997). Defensins are a family
of evolutionarily related arginine-rich small cationic peptides of 3.5-4.5 kDa
molecular mass and with 29-35 amino-acid residues. They are abundant in
both hematopoietic cells and non-hematopoietic cells and are presumed to be
involved in host defense such as intestinal epithelial cells (IECs). Concentra-
tion of defensins in intestinal crypts can be quite high, reaching > 10 mg ml~*
(Ayabe et al., 2000). a-Defensins are expressed primarily by neutrophils and
paneth cells, whereas B-defensins are expressed more widely in the intestine
and are expressed particularly prominently in IEC. A dramatic example of the
power of defensins to shape the outcome of host—pathogen interactions is
that mice engineered to constitutively express a human defensin (HD-5) were
markedly resistant to oral challenge with virulent S. typhimurium (Salzman,
Ghosh et al., 2003). Another antimicrobial mediator secreted in substantial
amounts by both leukocytes and epithelial cells is the protein lipocalin 2,
also referred to as neutrophil-gelatinase granule-associated lipocalin (NGAL).
Lipocalin 2 is induced by ligands of TLRs and PKR (Vijay-Kumar et al., 2005)
and has been shown to play a crucial role in host defense against E. coli
infections in mice (Flo et al., 2004).

Although regulation of defensin expression has not yet been well defined,
their expression is rapidly induced in response to bacteria and, with similar
efficiency, to bacterial products, indicating an important role for PRRs in
this process. Paneth cell defensins are stored in secretory granules, which
are secreted rapidly in response to live or dead bacteria. Surface glycolipid
appears to be one of the inducing components of this response, although



the specific molecular determinants have not yet been defined and a role
for TLR-4 has been excluded. B-Defensin expression, especially human beta-
defensin (hBD), is particularly highly induced in the gut and by epithelial
cells in vitro (O’Neil et al., 2000). In vitro studies have demonstrated roles
for TLR-2 and TLR-4 (Vora et al., 2004). Other in vitro studies have reported
bacterial flagellin to be an especially potent inducer of defensin expression
by epithelial cells (Takahashi et al., 2001).

Pattern-recognition receptors coordinate innate immunity

Although the above-described mechanisms play an important role in pre-
venting bacterial overgrowth at mucosal surfaces and in protecting against
large numbers of bacteria, in general they are insufficient to defend against a
number of bacteria, especially pathogens. Thus, the epithelium has evolved
the ability to coordinate immune responses by regulating the “professional”
immune cells of both the innate and the adaptive immune systems. Specif-
ically, via both secretion of soluble molecules and expression of surface
molecules, the epithelium can direct movement and functional responsive-
ness of immune cells. These events appear to be regulated in large part by
PRRs.

Upon activation of their PRRs, epithelial cells secrete an extensive panel
of cytokines that regulate immune cells (Gewirtz et al., 2002), a substantial
portion of which appears to be regulated in large part via direct or indirect
epithelial recognition of microbial patterns (Zeng et al., 2003). The specificlist
has grown primarily due to development of large-scale analytical techniques
such as cDNA microarray and thus has outpaced knowledge regarding func-
tional significance; nonetheless, the list includes cytokines that direct move-
ment and regulate function of innate and adaptive immune cells. Cytokine
secretion by epithelial cells has been observed in a large number of epithe-
lial cell lines and primary cells and in vivo by intracellular cytokine staining
and in situ hybridization (Cromwell et al., 1992; Jung et al., 1995; Mazzuc-
chelli et al., 1994). Epithelial cells secrete a number of chemotactic cytokines
(i.e. chemokines) that direct the movement, thereby controlling mucosal
populations of both innate and adaptive immune cells. Epithelial secreted
chemokines demonstrated to regulate neutrophil movement include IL-8
(McCormick et al., 1993), epithelial neutrophil attractant-78 (ENA-78) (Keates
et al., 1997), Groa and Grop (CXCL8, CXCL5, CXCL1, and CXCL2, respect-
ively) (Dwinell et al., 2003). Epithelial recruitment of monocytes appears to be
driven primarily by monocyte chemotactic protein 1 (MCP-1), macrophage
inflammatory protein lae (MIP1a), and RANTES (CCL2, CCL3, and CCLS5,
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respectively) (Lin et al., 1998). MIP-1a also appears to play a particularly
important role in recruitment of mucosal dendritic cells (Sierro et al., 2001).
Lastly, although less well studied in vitro or in vivo, epithelial cells also secrete
avariety of chemokines that direct the movement of macrophages, mast cells,
basophils, and eosinophils (Dwinell et al., 2003).

Beyond orchestrating the movement of immune cells, the epithelium
also secretes a number of immunoregulatory cytokines, with TNFo and IL-6
being the best examples (Cromwell et al., 1992; Sitaraman et al., 2001).
Although epithelial secretion of these cytokines would certainly seem to affect
the local milieu, they may also exhibit a substantial effect on the overall lev-
els of serum cytokines. These cytokines can have profound effects on both
epithelial cells and immune cells. TNFa strongly promotes expression of
other pro-inflammatoy cytokines and chemokines, thus tending to amplify
these responses. Further, TNFa will prime effector functions of innate
immune cells, for example, causing neutrophils to make more superoxide and
release more granule content when encountering bacterial stimuli. As these
innate immune effector mechanisms can have potent effects on both
microbes and host cells, the levels of these immunomodulating cytokines
would seem to have a profound effect upon the outcome of host-microbial
interactions that occur routinely at mucosal surfaces.

In addition to soluble factors, the epithelium also regulates a number of
adhesion molecules that will affect the interaction of the epithelium with
immune cells. Epithelial cells express basal levels of several ligands for
intraepithelial lymphocytes (IEL), of which aef7 integrin plays a particu-
larly prominent role (Shaw et al., 1994), and upregulate several other T-cell
ligands, e.g. intercellular cell-adhesion molecule 1 (ICAM-1), CD54, lym-
phocyte functional antigen 3 (LFA-3), and CD58 (Cruickshank et al., 1998).
Moreover, epithelial expression of neutrophil ligands is thought to play a
major role in regulating both the adherence and the transepithelial migra-
tion of neutrophils. Particularly, important roles of epithelial CD47 and Sig-
nal regulatory protein 1 alpha (SIRPla) in regulating the transmigration
process have been reported (Liu et al., 2002; Parkos et al., 1996). ICAM-1
is markedly upregulated in inflammatory conditions and likely plays a role
in the increased neutrophil-epithelial adherence associated with inflam-
matory bowel disease (Colgan et al., 1993). Overall, regulation of epithe-
lial expression of immune cell ligands and of chemokines likely work in
concert in coordinating immune responses consistent with observations
that many genes appear to be coregulated in these cells in inflammatory
clusters (Zeng et al., 2003). As we discuss below, there is strong in vitro
and in vivo evidence to indicate a dominant role for PRRs in regulating



expression of the above-described epithelial orchestration of immune
cells.

Pattern-recognition receptors regulate adaptive immunity

In addition to orchestrating innate immune responses, growing evidence
also suggests a role for epithelial cells in regulating adaptive immunity, with
PRRs taking center stage as major regulators in this process. In addition
to the above-described innate immune cell chemokines, the epithelium also
secretes chemokines that direct movement of various populations of T-cells
in the mucosa. Chemokines thought to be important for directing the move-
ment of intraepithelial lymphocytes (IEL) include CXCL10 (i.e. interferon
gamma-inducible protein 10, IP-10) and CXCL9 (i.e. monokine induced by
interferon gamma, Mig) (Shibahara et al., 2001). Consistent with the fact
that IELs, unlike neutrophils, are normally present in the mucosa, these
chemokines are constitutively expressed by epithelial cells; their expression
can, nonetheless, be upregulated significantly by bacterial products (Shaw
et al., 1998; Shibahara et al., 2001). These same chemokines also regulate
movement of CD4 T-cells, although the fact that increased numbers of these
cells are associated with inflammation and that other T-cell chemoattractants
such as MIP1la, and liver and activation-regulated chemokine (LARC) are
among the epithelial genes most upregulated by pro-inflammatory stimuli
suggests a more prominent role for these latter chemokines in being more
dynamic regulators of T-cell movement (Gewirtz et al., 2002; Zeng et al.,
2003). In addition to controlling movement of lymphocytes, PRR-activated
immunomodulating cytokines such as TNFa and IL-6 will also have a sub-
stantial influence on the extent and type of adaptive immune response. Lastly,
an important role of intestinal epithelial cells in regulating adaptive immu-
nity in general is in regulating antigen uptake through the mucosa. It has
been demonstrated that TLR-2 regulates epithelial barrier function, via regu-
lation of tight junctions, indicating that PRRs also play a role in regulating
which antigens are seen by the adaptive immune system (Cario et al., 2004).

Regulating pattern-recognition receptor function in IEC

The above sections of this chapter have attempted to give a broad overview
of the range of PRR detection of microbes and the effector function that PRRs
can activate. However, understanding how PRRs are used to appropriately
regulate epithelial contributions to innate immunity is a considerably com-
plex matter. Specifically, since epithelial cells, especially gut epithelial cells,
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are constantly in close proximity to large numbers of commensal bacteria
whose molecular patterns are not easily distinguishable from pathogens, they
must regulate their PRRs in such a manner so as to respond appropriately to
pathogens but not commensal microbes. In considering the importance of
such regulation, it is instructive to first consider the potential consequences if
some of these functions were regulated inappropriately. Insufficient expres-
sion of basal mediators of epithelial immunity such as hBD-1 would seem
to render the mucosa susceptible to bacterial overgrowth, while overexpres-
sion might be metabolically wasteful or might have a detrimental effect on
the normal mucosal microflora, which may itself lead to metabolic problems
or may render the host more susceptible to attack by pathogens. The con-
sequences of improper regulation of inducible epithelial genes that regulate
immune function seem more acute. For example, the inability to rapidly
recruit immune cells in response to pathogens would make the host more
susceptible to systemic infection. Conversely, recruitment of immune cells,
especially neutrophils, in the absence of a perturbing pathogen is likely to be
detrimental, as it can lead to substantial damage of host tissue, as is thought
to occur in chronic inflammatory diseases. Thus, the epithelium exerts tight
control over its immunomodulating genes, especially those associated with
acute inflammation, such as the neutrophil chemoattractant IL-8. At present,
it appears that some mechanisms by which the epithelium achieves appro-
priate control over PRRs rely on carefully controlling the spatial and temporal
expression of TLRs and by tightly regulating the signaling pathways to which
they have access.

Location, location, location

One epithelial strategy of reducing the potential of activating pro-
inflammatory gene expression in response to bacterial products is to place
PRRs in a locale where they would be activated by invasive pathogens but
not luminal microflora. Perhaps the most dramatic example of this strategy
is the case of TLR-5, the receptor for flagellin. Epithelial cell expression of
TLR-5 is highly polarized to the basolateral surface, so that these cells exhibit
a more than 1000-fold greater response to flagellin added basolaterally than
to an equal amount added apically (Gewirtz, Navas et al., 2001). Thus, on
intestinal epithelial cells, TLR-5 will become activated only when the epithe-
lium has been breached by either a flagellated microbe or its soluble flagellar
component (i.e. flagellin). There has been some indication that this strategy
may also be used by some other TLRs (Abreu et al., 2003), although lack
of quality of reliable anti-serum has greatly stymied in vivo localization of
TLRs in general. Regardless, it is clear that expressing PRRs in locales to be



reached only by invasive pathogens is a broadly used strategy in the intestinal
mucosa. NODs and other intracellular PRRs will be activated only by invasive
microbes and thus should not normally be prone to being activated by com-
mensal microbes. Some microbial components, such as LPS, do not potently
activate intestinal epithelial cells directly but rather are highly potent activa-
tors of immune cells in the lamina propria, i.e. monocytes and macrophages.
As these immune cells will, in response to LPS, secrete cytokines that will
activate the pro-inflammatory functions of epithelial cells, the expression of
TLR-4 in the intestinal mucosa is in effect also spatially controlled, such that
LPS only from invasive bacteria will lead to potent epithelial activation. This
mechanism has been demonstrated in ex vivo studies of human skin (Liu
et al., 2003), but our unpublished results suggest that similar mechanisms
may also be operative in the gut, and thus it may be a widely used mechanism.
This concept is illustrated in Figure 4.1.

Not for ordinary use

Another means of reducing the possibility of unwarranted gut inflam-
mation in response to commensal microbes while retaining the option to use
an extensive array of PRRs in host defense is to limit PRR expression under
ordinary circumstances and to express PRRs only when the risk of infection
may be greatest. For example, under normal (i.e. non-inflammed) condi-
tions, human intestinal epithelial cells appear to express little TLR-4 (Naik
et al., 2001) and most intestinal epithelial cell lines do not exhibit significant
responses to LPS (Eaves-Pyles et al., 1999; Gewirtz, Simon et al., 2001; Eck-
mann et al., 1993; Savkovic et al., 1997). However, epithelial TLR-4 appears to
be upregulated in inflamed mucosa consistent with observations that TLR-4
and its associated signaling apparatus are upregulated by IFNvy in cell culture
(Abreu et al., 2001, 2002). As several PRRs are also known to be induced by
IFN, this mechanism also appears to have fairly broad use. As IFN expression
is elevated in many states when there is known to be a risk of opportunis-
tic infection, it seems reasonable to speculate that IFN-inducible epithelial
PRR expression likely helps to reduce the risk of opportunistic infection.
Thus, expressing some PRRs only under “high-alert” status may be one way
of guarding against inappropriate epithelial expression of immunoactivating
molecules.

Function to match environment

Although it is a relatively widely observed phenomenon that epithe-
lial cells in general, and gut epithelial cells in particular, are not highly
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Figure 4.1 Pattern-recognition receptor (PRR) location can reduce the potential for

activation of intestinal inflammation in response to lumenal commensal microbes. Both

Toll-like receptors (TLRs) and nucleotide-binding oligomerization domain (NODs)

proteins appear to play a key role in host defense. A means to prevent their activation by

commensal bacteria is by placing those PRRs that induce pro-inflammatory signals in

locations that should allow them to distinguish between lumenal and invasive pathogens.
[EC, intestinal epithelial cell.

responsive by classic criteria (i.e. secretion of pro-inflammatory cytokines)
to some bacterial components such as LPS and peptidoglycan, the reasons
for this hyporesponsiveness are not entirely clear. Expression of TLR-2 and
TLR-4 can be described as relatively low in non-inflammatory conditions,
the best-available quantitative indices of PRR expression (using reverse tran-
scriptase polymerase chain reaction, RT-PCR) generally indicate similar lev-
els of TLR-2, -4, and -5 (Zarember and Godowski, 2002). Since all intestinal
epithelial cell lines seem exquisitely responsive to flagellin but are relatively
hyporesponsive to TLR-2 and TLR-4 ligands, simple regulation of TLR



expression may be insufficient to explain relative responsiveness to PRR
ligands. Indeed, for LPS at least one of the other critical components of
TLR-4 signaling, coreceptor MD-2, is also highly regulated and made avail-
able only under pro-inflammatory conditions, as mimicked in vitro by inter-
ferons (Abreu et al., 2002). However, more recent work suggests that some
gut epithelial TLRs, particularly TLR-2, may be present and functional but
have effector functions that are different from those classically described for
PRRs. Specifically, ligation of gut epithelial TLR-2 does not result in robust
chemokine secretion but rather mediates the rapid alteration of intestinal
epithelial tight junctions, resulting in an increased epithelial barrier func-
tion (Cario et al., 2004). Such a change in barrier function can be imagined
to increase protection from microbial toxins, many of which must breach
the epithelium or at least its apical surface in order to exert their effects (e.g.
anthrax toxin acts on basolateral but not apical membrane of IECs). There
is also in vivo evidence of a role for TLR signaling, particularly TLR-4 sig-
naling in maintaining mucosal wellbeing in the absence of any pathogens.
Consistent with such a non-traditional role for PRRs having a level of tonic
activation and playing a role in gut homeostasis, the basal expression of
TLR-2 and TLR-4 has, in contrast to TLR-5, largely been observed to be
on the apical surface of the epithelium (Cario et al., 2002). Although the
signaling mechanisms by which TLR-2 ligands modulate epithelial junc-
tions have not been defined in detail, it is clear that some of the signal-
ing pathways used are distinct from those used centrally by TLR-mediated
pro-inflammatory cascades. For example, TLR-mediated pro-inflammatory
gene expression relies heavily on activation of the transcription factor NF-
kB, but TLR-2-mediated junctional alterations relies on activation of pro-
tein kinase C (PKC) (a and 3). Whether gut epithelial TLR-2 uses differ-
ent signaling effector proteins to mediate such PKC activation has not been
defined.

POLYMORPHISM IN PATTERN-RECOGNITION RECEPTORS:
VULNERABILITY TO INFECTIONS/DISEASES

Knockout mice are the most actively used resource in the efforts to define
the roles of individual PRRs, but an obvious limitation is that these findings
in mice may not always hold true in humans, particularly in the many cases
where murine models do not resemble closely the corresponding human
disease. Thus, it can be most informative to examine the effects of human
PRR polymorphisms in particular disease states. Mounting data suggest that
the ability of certain individuals to respond properly to TLR ligands may
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be impaired by single-nucleotide polymorphisms (SNPs) within TLR genes,
resulting in an altered susceptibility to or course of infectious or inflam-
matory disease. Several studies have focused on two cosegregating SNPs,
Asp299— Gly and Thr399— Ile, within the gene encoding TLR-4; the former
SNP is associated with significantly blunted responses to LPS compared the
latter SNP. These SNPs are present in approximately 10% of white individu-
als and are correlated positively with several infectious diseases. Replacement
of Gly with Asp decreases a-helical content in the extracellular domain of
the TLR-4, attenuates receptor signaling, and diminishes the inflammatory
response to Gram-negative pathogens, increases Gram-negative septic shock,
increases the risk of premature birth, and decreases the risk of atherosclerosis
(Kiechl etal., 2002; Lorenz et al., 2002). A TLR-2 mutation was observed in lep-
romatous leprosy patients (Bochud et al., 2003; Kang and Chae, 2001) and the
TLR-2 polymorphism Arg753Gln is associated with increased Staphylococcal
infection in humans (Lorenz et al., 2000).

A common stop codon polymorphism has been identified in the ligand-
binding domain of TLR-5 (TLR-53%25T9P) This is unable to mediate flagellin
signaling, acts in a dominant fashion, and is associated with susceptibil-
ity to legionnaires’ disease, pneumonia caused by the flagellated bacterium
Legionella pneumophila (Hawn et al., 2003). Interestingly, TLR-4 polymorphic
individuals have been found to be resistant to legionnaires’ disease (Hawn
et al., 2005). This protective association shows that a PRR can mediate either
beneficial or deleterious inflammatory responses and that these outcomes
vary with different pathogens. Another frame-shift mutation that increases
individual susceptibility to Crohn’s disease has been linked to the NOD fam-
ily, in particular NOD2 (Hugot et al., 2001; Ogura et al., 2001). In addition
to Crohn’s disease, NOD2 is also involved in the susceptibility to a gran-
ulomatous disorder, Blau syndrome (Miceli-Richard et al., 2001; van Duist
et al., 2005). These human phenotypes indicate the importance of PRRs to
mammalian host defense.

Evasion of pattern-recognition receptors

Given the seemingly extensive efforts that mammalian hosts have made
at developing an extensive array of PRRs to recognize a broad variety of
microbes, it is perhaps not surprising that some microbes seem to have
evolved strategies to evade PRR signaling. One such mechanism may be
simply not making molecules that are recognized by PRR if they are not abso-
lutely essential. For example, Shigella spp. seem to have the genes necessary



to make flagella but apparently do not express these genes when colonizing
mammalian hosts (Giron, 1995). Whether these genes are ever expressed
by Shigella at some point in its lifecycle or are simply “evolutionary left-
overs” remains unclear. Food-borne listeria are flagellated but rapidly shut
off flagellar expression at 37 °C, which would presumably correspond with
their infection of mammalian hosts (Peel et al., 1988). Although it is possible
that one explanation for shutting off flagellar expression is due to their high
metabolic cost, it seems likely that evading detection by TLR-5 also figures
centrally into this “decision”. Another means of avoiding TLR-5 detection
may be by cloaking flagella in a sheath, as is done by some Helicobacter and
Vibrio species.

Another approach to avoiding detection by PRRs may be to modify the
structures that PRRs are targeting. Microbes are fairly adept at mutating their
way around road blocks, but evasion of PRRs appears generally difficult, as the
targeted motifs are necessary for function. For example, most alterations in
flagellin that eliminate recognition by TLR-5 also ablate the ability of flagellin
to polymerize into a functional flagella (Smith et al., 2003). However, at least
one pathogen, H. pylori (the causative agent of gastric ulcers and other gas-
trointestinal pathologies), expresses functional flagella but does not produce
a flagellin with potent ability to activate TLR-5 (Gewirtz et al., 2004). Interest-
ingly, H. pylori also produces an LPS that is a relatively poor ligand for TLR-4
(Perez-Perez et al., 1995) and, thus, this microbe’s evasion of PRRs in general
may be an important factor in allowing it to persist in the gastrointestinal tract
for the life of the host. Salmonella species use multiple variants of the strate-
gies described above. For example, some results suggest that Salmonella may
shut off flagellar expression once the intestinal mucosa has been breached,
thus seeming to avoid the potent innate and adaptive immune responses
directed towards flagellin (McSorley et al., 2002). Further, Salmonella have
a variety of complex ways of modifying their LPS structures so as to mini-
mize detection by TLR-4 (Miller et al., 2005). In addition, some Salmonella
species have another way of reducing detection by PRRs, namely inducing
downregulation of TLR expression in their hosts (Salzman, Chou et al., 2003).
Interestingly, non-inflammatory Salmonella have evolved a means to attenu-
ate their activation of NF-k B-mediated pro-inflammatory gene expression by
interfering with a key aspect of NF-k B signaling (Neish et al., 2000). Although
the precise consequences and underlying mechanisms of these observations
are not yet fully understood, it seems likely that further study of PRR—microbe
interactions will reveal a complex relationship of induced changes in host and
microbe.

®

ISNHIHA ISOH ANV SNYILLVd dVINDITOW TVIHOIDIN



BACTERIAL-EPITHELIAL CELL CROSS-TALK

CONCLUSIONS

Extensive efforts in the first few years of the twenty-first century have
begun to rapidly identify many of the key molecules of both microbes and
hosts that play a central role in mediating the complex biological interactions
between mammals and the extensive microbiota that inhabit their world.
There is clearly a great deal still to be understood about how these molecules
interact with each other in the complex interplay between microbe and host,
but the great amount that has been learned thus far allows us to imagine
that these complex interactions will become more elucidated in the coming
years. Such understanding ought to enable the development of novel strate-
gies to treat and prevent infectious diseases and to prevent inappropriate
inflammation.
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CHAPTER 5

Roles of flagella in pathogenic bacteria and
bacterial-host interactions

Glenn M. Young

INTRODUCTION

The quintessential event that initiates an infection is defined by the
pathogen encountering a targeted tissue of a host. Mucosal surfaces often
serve as an entry point for pathogens, and the pathogens frequently access
epithelial cells at these sites with the aid of flagellar-mediated motility. Flagella
are common to a diversity of pathogenic bacteria, and their structure is well
conserved (Harshey and Toguchi, 1996). The number of flagella produced by
a bacterium is tightly regulated, ranging from one up to several dozen per
cell depending on the species (Aldridge and Hughes, 2002). Likewise, these
organelles may be localized to a single pole or both poles of a cell or may be
in a peritrichous arrangement. In some cases, flagellar number and cellular
position undergo a regulated change in response to specific environmental
conditions. Directional control of motility, either towards a favorable situa-
tion or away from a stressful circumstance, is achieved by a chemosensory
phosphorelay system, which integrates environmental signals and adjusts
the frequency of motor reversals that cause reorientation of bacterial move-
ment (Sournik, 2004; Wadhams and Armitage, 2004). The cumulative affect
invoked by the chemosensory system in response to chemical, physical, and
physiological cues offers the bacterium a behavioral activity to fine tune its
progression through an environment and consequently enhances the ability
of many bacteria to infect their hosts.

The primary structure of a flagellum is well conserved among the eubac-
teria, consisting of the cell-envelope-bound motor and basal body connected
to the hook and filament extending out from the cell surface. Flagella are
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complex left-handed helical shaped organelles that can extend up to 15 M
from the surface of the bacterium (Macnab, 2003). Its high degree of structural
conservation has marked the flagellum, and in particular the filament sub-
unit flagellin, as a target recognized by the innate immune system through
the activity of Toll-like receptor 5 (TLR-5) present on the surface of host
cells (Ramos et al., 2004). The flagellum is a hollow structure and a conduit
through which flagellar proteins pass during assembly of the organelle (Mac-
nab, 2004). This secretion pathway is functionally and structurally homolo-
gous to bacterial contact-dependent type III secretion (T3S) systems used to
target virulence factors directly into host cells (Aizawa, 2001; Hueck, 1998).
It has been recognized that flagella are bona fide T3S systems that can affect
the outcome of an infection by providing the bacterium with a mechanism
to transport non-flagellar proteins to extracellular sites in order to influence
host-pathogen interactions (Journet et al., 2005; Macnab, 2004).

FLAGELLA CONTRIBUTE TO BACTERIAL PATHOGENESIS

The mucous layer over the epithelium forms an elaborate physical and
chemical barrier for an invading pathogen. Other involuntary cleansing activ-
ities, including peristalsis in the intestine and the constant outward flow
of mucus in the respiratory system, add additional hurdles pathogens must
face when establishing themselves in the host. Flagella provide the bacterium
with the means to transit through the mucosa, and the chemosensory system
ensures progress to an appropriate site (Figure 5.1). Flagella can also enhance
adhesion to and invasion of the epithelium and serve as a conduit through
which virulence factors may be secreted into the extrabacterial milieu. Several
bacterial species have been shown to require motility in order to establish or
maintain colonization in their human or animal hosts. Much of this informa-
tion was gained through numerous efforts to understand the infectious cycles
of a variety of bacteria. The most compelling evidence emanates from stud-
ies that compared the infectious behavior of wild-type bacteria with that of
isogenic non-motile mutants. The following sections will highlight the roles
of flagella in the initial and persistent stages of infections using different
bacteria as examples.

A ROLE FOR FLAGELLA DURING THE INITIAL STAGES
OF HOST COLONIZATION

Motility appears to play a role during the initial phases of infection for
many pathogens, including enteropathogenic Escherischia coli, Salmonella,



Figure 5.1 Functions of flagella that have been proposed to affect bacterial infections in

mucosa. (1) Motility and chemotaxis provide many bacteria with the ability to penetrate
mucus to access favorable sites (Proteus mirabilis, Salmonella, and many others) or to
persist within mucus (Helicobacter, Campylobacter). (2) Flagella directly promote
adherence to epithelial cells or mucus (enteropathogenic Escherichia coli, Pseudomonas
aeruginosa). (3) Flagellar-mediated motility ensures bacterial-epithelial cell contact, which
is needed to promote invasion (Salmonella, Yersinia enterocolitica). (4) Export of factors by
the flagellar type III secretion (T3S) system enhances bacterial survival (Y. enterocolitica).
(5) Specific targeting of virulence factors to the epithelium by the flagellar T3S system
promotes bacterial adherence and invasion (Campylobacter).

and Yersinia, as well as the respiratory pathogens Legionella pneumophila and
Pseudomonas aeruginosa (Deitrich et al., 2001; Feldman et al., 1998; Giron
et al., 2002; Marchetti et al., 2004; Stecher et al., 2004; Young et al., 2000).
Recent examinations of Salmonella, which has peritrichously arranged flag-
ella, provides intriguing insight. A variety of Salmonella cause gastroenteritis
in humans and, in the case of Salmonella enterica serovar Typhi, typhoid fever.
Investigators most often utilize the inbred mouse model to study Salmonella—
host interactions, a model that is best suited for studies of systemic typhoid-
like illness and is not especially well suited to the investigation of gastroen-
teritis. Collectively, investigations with mice have not strongly supported a
role for flagella as a virulence factor (Lockman and Curtis, 1990; Schmitt
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et al., 2001). However, there is strong evidence for flagella as a virulence
factor in other animals that are better suited to investigation of Salmonella
infection of the intestinal mucosa. Colonization of the rabbit appendix by S.
enterica serovar Typhimurium depends on flagella (Marchetti et al., 2004). A
comparison of wild-type S. Typhimurium with an isogenic flagellin mutant
revealed that the non-motile bacterium was not able to adhere to M-cells,
which serve as the predominant portal for invasion. Genetic complementa-
tion of the mutation restored motility to the mutant strain and restored the
ability of the bacteria to adhere to the underlying M-cells. However, when
similar experiments were conducted with appendix explants, flagella did not
affect the ability of S. Typhimurium to adhere to M-cells. One consequence
of these experimental conditions is that appendix explants lack the normal
mucous layer that covers the surface of the appendix in vivo. This reveals the
importance of flagella in allowing bacteria to transit across an intact mucosal
barrier and highlights the challenges of establishing experimental models
to study how flagella influence pathogen interactions with hosts. From this
analysis, we can conclude for Salmonella that flagella do not mediate attach-
ment per se to M-cells but likely promote efficient migration of the bacterium
to the cell surface.

Although M-cells do actively take up and transport bacteria to the underly-
ing tissue, itis important to consider the fact that S. Typhimurium maintains
the ability to actively promote cellular invasion of epithelial cells by a mecha-
nism that involves the Salmonella pathogenicity island 1 (SPI-1) T3S system
(Suarez and Russmann, 1998). Furthermore, expression of flagella and the
SPI-1 T3S system is coregulated by the product of the flagellar gene fliZ
(Lucas et al., 2000). This regulatory connection between flagellar-mediated
motility and the SPI-1 invasion system points out the remarkable coordina-
tion of pathogenic activities by Salmonella. Although fewer comprehensive
studies have been completed, studies of bacterial invasion of cultured epithe-
lial cells similarly point to a requirement for flagella to initiate cell contact
in other bacteria, including the respiratory pathogen L. pneumophila and the
enteropathogen Yersinia enterocolitica (Deitrich et al., 2001; Young et al., 2000).

Colonization of the respiratory system by the opportunistic human
pathogen P. aeruginosa, possessing a single polar flagellum, also points to
other roles for flagella during initial bacterial-host interaction. P. aeruginosa
mutants lacking the ability to produce flagellin, the filament subunit, are
known to display a reduced ability to cause mortality in the newborn mouse
model of acute pneumonia (Feldman et al., 1998). More specifically, however,
flagella provide a means for P. aeruginosa attachment to human respiratory
mucin, which may limit the host’s ability to clear the pathogen (Ramphal and



Arora, 2001). Disruption of fliD, the gene encoding the flagellar cap, reduced
adhesion, suggesting that this protein localized to the tip of the flagellum
acts as a specific adhesin (Arora et al., 1998). Studies aimed at defining the
carbohydrate moieties to which FliD binds indicate that FliD from strain
PAO1, but not from strain PAK, has an affinity for glycoconjugates bear-
ing Lewis* or sialyl-Lewis”* structures (Scharfman et al., 2001). It appears,
therefore, that there is some variability in the affinity of FliD from different
P. aeruginosa isolates. Consistent with the importance of flagella having a role
only during initial colonization of the respiratory system, clinical isolates of
P. aeruginosa from chronically colonized people with cystic fibrosis have a
propensity to be non-motile (Mahenthiralinggam et al., 1994). P. aeruginosa
also causes acute opportunistic infections of the eye and wreaks havoc on
people suffering from burn-induced wounds. Animal and cellular models
of infection implicate flagella as virulence factors in these situations (Arora
et al., 2005; Drake and Monte, 1988; Fleizig et al., 2001). Roles for flagella
in adherence to mucous or epithelial cells have been proposed for other dis-
tantly related bacteria. Crude preparations of flagella from the Gram-positive
opportunistic enteropathogen Clostridium difficile bind to the cecal mucus of
germ-free mice, which correlates with adherence of this bacterium to cecal
tissue (Tasteyre et al., 2001). For some pathogenic strains of E. coli, flagella
appear to promote efficient attachment to intestinal mucosa and to cultured
epithelial cells (Giron et al., 2002). This highlights the possibility that flagellar-
mediated binding to mucosal components is a trait of various bacteria that
may have been independently selected on numerous occasions.

THE CONTRIBUTION OF FLAGELLA TO PERSISTENT
COLONIZATION OF HOSTS

Itis quite clear for some bacteria that flagella play a dominant role in per-
sistent long-term colonization of hosts. Two intriguing examples are Campy-
lobacter jejuni, which is one of the greatest incidental causes of bacterial diar-
rhea, and Helicobacter pylori, which has a high worldwide infection rate among
humans and is associated with gastritis, peptic ulcers, and gastric cancer. For
each of these organisms, flagella are needed for the bacterium to reach a
favorable host niche within the gastrointestinal tract and to avoid removal
by the flow of intestinal contents. In part, each of these species survives by
establishing quarters within the mucosal layer covering the epithelial surface.

Campylobacter spp. are curved or spiral-shaped cells with a single polar
flagellum at one or both ends. C. jejuni, although a causative agent for
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diarrhea in humans, is a commensal intestinal resident of the avian intesti-
nal tract, where its population can reach 10° cfu per 1/g of feces. They are
highly adapted for motility in viscous solutions that restrict the movement of
other types of bacteria, such as E. coli and Salmonella (Ferrero and Lee, 1988;
Szymanski et al., 1995). Using specific pathogen-free mice, the bacterium
was observed to preferentially colonize the cecal portion of the large intes-
tine (Lee et al., 1986). In particular, observations of intestinal scrapings by
phase-contrast microscopy revealed that the mucus-filled crypts were heavily
colonized by C. jejuni and that the bacteria were actively motile. More direct
evidence for a role for the flagellum came from examination of a library
of motility mutants derived by chemical mutagenesis, which demonstrated
that strains lacking the capacity to produce a flagellum, producing a para-
lyzed flagellum, or affected for chemotaxis were impaired in their ability to
colonize the intestine of suckling mice (Morooka et al., 1985). Additional sup-
port for the idea that the flagellum is necessary for host colonization comes
from studies with non-motile phase-variant strains. C. jejuni undergoes a
low-frequency reversible shift from motile to non-motile phases (Caldwell
et al., 1985). The frequency from the non-motile to motile phase is approxi-
mately 1 x 10° per generation. However, there is a near-complete shift to the
motile phase among bacteria recovered following an infection. This shift is
seen when a pure culture of a non-motile variant of C. jejuni or with mix-
tures of motile and non-motile strains of bacteria are used to infect rabbits,
hamsters, and humans volunteers (Aguero-Rosenfeld et al., 1990; Black et al.,
1988; Caldwell et al., 1985). At a minimum, we can conclude that conditions
in vivo strongly select for the motile phenotype. The advent of techniques for
the construction of defined mutations in C. jejuni has led to a more direct
assessment of the role for flagella during an infection. C. jejuni has two
genes, flaA and flaB, that encode the flagellin subunits of the filament. FlaA
is the predominant protein subunit of the flagellum, and FlaB appears to be
synthesized in response to specific specialized growth conditions. Two inde-
pendent studies confirmed that FlaA mutants of C. jejuni are defective for
colonization of 3-day-old chicks (Nachamkim et al., 1993; Wassenaar et al.,
1993). Consistent with these results, a study showed that flagellar and
chemotaxis mutants formed the predominant class of chick colonization-
defective mutants identified by signature-tagged mutagenesis (Hendrixson
and DiRita, 2004). Follow-up analysis demonstrated that these strains were
specifically affected for competitive colonization of the chick intestine. Col-
onization of the intestine by C. jejuni undoubtedly requires multiple factors,
but flagella clearly play a primary role in both commensal and pathogenic
interactions.



H. pylori is strikingly well adapted for survival in the extreme envi-
ronment of the stomach. H. pylori are spiral-shaped bacteria with multi-
ple membrane-sheathed flagella clustered at a single pole that, much like
C. jejuni, retains motility in highly viscous solutions (Worku et al., 1999).
A primary role for motility in gastric colonization was proposed soon after
its discovery, when examination of biopsy specimens revealed that a small
population of H. pylori adhere to the epithelium but the vast majority of
bacteria display active motility and reside within the gastric mucus (Hazell
etal., 1986). One of the first experimental tests of the role played by flagella in
host colonization was completed using spontaneously non-motile phase vari-
ants and, at that time, the newly developed gnotobiotic piglet model (Eaton
et al., 1992). Motile H. pylori colonized gnotobiotic piglets at a frequency
of 90%, compared with only 25% for the non-motile variants. The motile
form survived for 21 days in the infected piglets, but survival was reduced
to 6days for the non-motile variants. Subsequently, an isogenic set of flag-
ellar mutants was tested that carried single or double mutations that inac-
tivated flaA and flaB, genes that encode major and minor components of
the filament. Mutation of either flagellin gene caused a reduction in motility
and decreased the efficiency of colonization by H. pylori (Eaton et al., 1996).
Later studies readdressed the contribution of motility to infection through
the infection of FVB/N mice with a motB mutant, which retains a complete
surface-exposed flagellar structure but lacks a critical component of the rotary
motor (Ottemann and Lowenthal, 2002). The motB mutant failed to efficiently
colonize the mice, providing strong evidence that motility itself, rather than
the flagellar structure, was necessary for infectivity. Consistent with this con-
clusion, mutations that interfere with the chemosensory system controlling
chemotaxis and the rotational direction of the flagellar motor compromise
H. pylori colonization in mice, gerbils, and piglets (Foynes et al., 2000; Guo
and Mekalanos, 2002; McGee et al., 2005; Terry et al., 2005). Clearly, the pre-
ponderance of evidence points towards a significant role for flagella affecting
H. pylori interactions with its hosts.

REV UP THE ENGINES: SWARMING IS AN AGGRESSIVE
FORM OF MOTILITY

Swarming is a widely distributed form of bacterial differentiation that
leads to cells with the ability to rapidly migrate over surfaces (Harshey, 1994).
Bacteria that enter into swarming states are characteristically elongated and
multinucleated, with prolific production of flagella on their surface. Move-
ment by swarming bacteria involves cooperation between individual cells
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that form groups or rafts, which together transit rapidly over surfaces. This
social behavior is displayed prominently by the urinary-tract pathogen Pro-
teus mirabilis (Coker et al., 2000). Infections by this bacterium frequently
occur in hospitalized patients with urinary catheters. The bacteria gain access
by migrating against the flow of urine, to initially colonize the urethra. If
untreated, bacteria progressively move up the urinary tract to the bladder, the
ureter, and, finally, the kidney. Advancement of the infection to the kidney
results in pyelonephritis and renal-stone formation. During the course of an
infection, P. mirabilis grows within the urine and invades the epithelium. One
test of the hypothesis that flagella contribute to ascending urinary-tract infec-
tion was conducted by assessment of the effect that a flaD mutation would
have on bacterial colonization in the mouse model of ascending urinary-
tract infection and invasion of cultured human proximal renal epithelial cells
(Mobley et al., 1996). FlaD (called FliD in Salmonella) forms the cap at the
tip of the flagellar filament responsible for polymerization of flagellin sub-
units. Consequently, FlaD mutants synthesize and secrete flagellin subunits
but lack full-length flagella on their surface. In agreement with a role for
flagella in the infection process, the flaD mutant displayed reduced colo-
nization of CBA mice following transurethral inoculation. After 1week of
infection, the flaD mutant was recovered from urine, bladder, and kidney
samples at levels 100-fold less than fully motile bacteria (Mobley et al., 1996).
Furthering the central role for flagella in P. mirabilis virulence, it turns out
that this bacterium has placed regulation of other virulence determinants
under the control of flhDC, the flagellar master regulatory operon, includ-
ing a hemolysin and the secreted ZapA protease (Fraser et al., 2002). It is
assumed that swarming contributes to the infectious process, but this infer-
ence is actually supported by only a limited number of studies. Swarmer cells
have been observed in fixed specimens from infected mice, but the major-
ity of P. mirabilis seemed to be swimmer cells (Zhao et al., 1998). Genetic
analysis of swarming has led to the isolation of strains that are locked into
the swimmer-cell state, providing the opportunity to tackle the hypothesis
more directly. Swarming mutants clearly display a reduced ability to form
biofilms that block catheters, supporting the idea that swarming predisposes
patients to infection (Jones et al., 2004). The only direct assessment, how-
ever, was completed by injection of bacteria into the bladders of mice with
motile but swarming-defective mutants, which demonstrated that swarming
was necessary for colonization of the bladder and spread of the infection to
the kidneys (Allison et al., 1994). A true assessment of the contribution made
by swarming to bacterial infections ascending from a catheter remains to



be completed, but flagella clearly have an important role during infection by
P. mirabilis.

THE FLAGELLIN SURVEILLANCE SYSTEM OF THE HOST

The interplay between pathogens and their hosts is a symphony of events.
Hosts are equipped to restrict pathogen colonization through numerous
means, such as renewal of epithelial cells, maintenance of tight junctions
between cells, and production of antimicrobial peptides. As these barriers are
compromised, an inducible innate immune response, or pro-inflammatory
response, is stimulated. Epithelial cells, reinforced by macrophages, mono-
cytes, and dendritic cells that infiltrate the epithelium, are all equipped with
pattern-recognition receptors (PRRs) that serve as the forward sentries that
signal a breach of the barrier by detection of pathogen-associated molecu-
lar patterns (PAMPs) (Akira and Takeda, 2004). Surface-localized PRRs of
mammalian cells belong to the Toll-like receptor (TLR) family of proteins.
Each of the TLRs has a central role in the recognition of a particular PAMP,
and each PAMP is a conserved molecule among diverse bacterial pathogens,
some examples of which are lipopolysaccharide, lipopeptides, peptidoglycan,
and unmethylated CpG DNA. Flagellin is a PAMP recognized by TLR-5,
which, like other TLRs, stimulates activation of nuclear factor-xB (NF-«B)
and mitogen-activated protein kinase (MAPK) pathways that regulate tran-
scription of genes encoding immune system mediators that affect the short-
and long-term response of the host (Hayashi et al., 2001). TLR-5 is expressed
by epithelial cells of the intestine and the lung (Gerwitz et al., 2001; Hawn
et al., 2003). The monomeric form of flagellin serves as the ligand, with
binding dependent upon residues of the highly conserved amino and car-
boxyl termini (Eaves-Pyles et al., 2001; Smith et al., 2003). The mechanism
by which flagellin is released into the mucosa by bacteria during coloniza-
tion of the epithelium is crucial to understanding how the innate immune
system is activated. Flagellin could be passively released or actively secreted
by the bacterium. We can imagine that flagella could be released from the
surface of bacteria by extreme changes in pH, as is encountered during pas-
sage through the stomach, by proteases, surfactants, and bile salts. Flagella
may be ejected in response to specific environmental cues, as occurs for the
free-living bacterium Calobacter crecentus (Shapiro and Maizel, 1973). Free
flagellin monomers can also be directly secreted to extracellular surround-
ings by the flagellar T3S system, as is commonly observed when bacteria
are cultured in vitro (Young et al., 1998). Regardless of the mechanism, the
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result of flagellin binding by TLR-5 promotes activation of host immune
responses.

STRUCTURE AND ASSEMBLY OF FLAGELLA

The process of flagellar biogenesis is best understood for bacteria belong-
ing to the family Enterobacteriaceae. The sequence of events and the mech-
anisms of flagellar assembly have been studied extensively in Salmonella,
but the same or similar processes occur in other bacteria (Aizawa, 1996;
Macnab, 1996) (Figure 5.2). Flagellar biogenesis is a highly ordered dynamic
process with a series of stages that requires the coordination of the Sec path-
way and a pathway that is an integral part of the flagellum. The first stage
constitutes assembly of the flagellar secretion apparatus, a bona fide T3S sys-
tem containing ten different proteins that share a high degree of amino-acid
sequence similarity with components that form the secretion machinery of
contact-dependent T3S systems (Figure 5.2). This apparatus is the platform
on which the rest of the flagellum is built and provides a pathway needed
for export of structural subunits. The identity between proteins of the flagel-
lar and contact-dependent T3S systems ranges from 20% to 35%, and their
similarity reaches 50%. The relatedness of these proteins reflects structural
and functional conservation, but it also suggests an evolutionary relation-
ship between the secretion machinery of flagella and contact-dependent T3S
systems. Consistent with this notion, microscopic procedures have revealed
remarkably similar images of the Salmonella flagellar basal body (Aizawa
et al., 1985), the Salmonella SPI-1 TTS system (Kubori et al., 1998), and the
Shigella flexneri mxi/spa-encoded TTS system (Blocker et al., 1999). The wealth
of information about how the flagellum is assembled has provided signifi-
cant insight on how contact-dependent T3S systems are assembled and are
used by many pathogens in order to deliver toxic virulence factors during an
infection.

The first stages of flagellar assembly are marked by insertion of the
integral membrane protein FliF, probably by the Sec pathway, into the cyto-
plasmic membrane, which leads to formation of the MS ring (Kubori et al.,
1992; Lyons et al., 2004). This allows FliG, FliM, and FliN to associate periph-
erally with FIiF, forming the C-ring (Francis et al., 1994). Eight additional
proteins (FIhA, FIhB, FliH, Flil, FliO, FliP, FliQ, FliR) complete the core flag-
ellar T3S apparatus (Minamino and Macnab, 1999). The rod proteins (FlgB,
FlgC, FIgF, FlgG) are transported by and through a central channel of the
T3S apparatus to the periplasm, where they self-assemble (Homma et al.,
1990). Completion of the rod is followed by transport of Flgl and FlgH across
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the cytoplasmic membrane by the Sec pathway, with concomitant cleavage
of their signal peptides, where they then proceed to form the periplasmic P-
ring and the outer-membrane L-ring (Homma et al., 1987; Jones et al., 1990).
Completion of this structural intermediate, called the basal body, marks the
point at which further flagellar segments extend from the surface of the cell
and where subsequent localization of all other subunits depends solely on
the flagellar T3S system. The hook-capping protein FlgD is targeted to the
growing organelle and ensures that secreted FIgE polymerizes to form the
hook (Ohnishi et al., 1994). The hook-filament junction proteins FlgK and
FlgL, along with the filament-capping protein FliD, are exported to the tip of
the hook (Ikeda et al., 1989). Control of substrate specificity by the flagellar
T3S system during rod and hook assembly involves FliK, a protein that is
secreted and released (Minamino et al., 1999). By an ill-defined mechanism,
completion of the hook leads to retention of FliK, which interacts with the T3S
apparatus protein FIhB and serves as a stimulus for substrate switching by
the flagellar T3S apparatus (Minamino et al., 2004). This substrate switching
ensures that the T3S system specifically recognizes the final set of flagel-
lar subunits such as the FliC flagellin. During the final stages of organelle
assembly, the T3S apparatus exports flagellin to the distal end of the growing
filament, where polymerization is mediated by FliD (Yonekura et al., 2000).
Simultaneously, the motor, consisting of MotA and MotB, along with the
chemosensory system are completed, providing the cell with the capacity
for directional control of organelle rotation (Amosti and Chamberlin, 1989;
Blair and Berg, 1988; Kutsukake et al., 1990). Completion of the flagellum
and chemosensory system is required for bacteria to respond behaviorally to
their surroundings and to seek out favorable environmental niches.

REGULATION OF FLAGELLAR GENE EXPRESSION

The production of flagella by bacteria is controlled in response to a num-
ber of environmental cues, such as temperature, pH, and nutrient availability,
and in response to a variety of environmental stresses. For most bacteria, the
mechanisms that control regulation of flagellar gene expression in response
to these external stimuli have not been determined precisely. However, the
accumulating evidence indicates that most or all regulatory cues affecting
flagellar gene expression appear to be integrated through precise modulation
of transcription factors. Although certainly not representative of all bacteria,
the flagellar regulatory cascade of Salmonella and E. coli serve as the paradigm
(Fernandez and Berenguer, 2000; Hughes and Aldridge, 2002).
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Figure 5.3 Coupling of the flagellar transcriptional cascade to flagellar assembly in
Salmonella enterica serovar Typhimurium. More than 50 genes belong to the flagellar
regulon that encodes components of the flagellar organelle and the chemosensory system
that controls the direction of flagellar rotation. The genes are transcribed in operons
expressed during the early (class I), middle (class II), and late (class III) stages of flagellar
assembly. A few genes contain both class II and III promoters, driving their transcription
through the middle and late stages of flagellar assembly. The class I genes form a single
operon, flhDC, encoding proteins that form a heterotetrameric transcription activator
that induces ¢7°-RNA polymerase to initiate transcription of genes with class II
promoters. The class II genes encode structural and accessory proteins required for
assembly of intermediate proteins of the organelle, including the flagellar type III
secretion (T3S) system, basal body, and hook. In addition, the FigM and ¢%® regulatory
proteins are expressed at this stage. The FlgM-0%® complex remains inactive until the
hook is completed, at which time FlgM is exported from the cell by the flagellar T3S
system. Free 6?8 then becomes available to associate with RNA polymerase, thereby
redirecting its promoter specificity. 28-RNA polymerase initiates transcription at

class IIT promoters located upstream of genes needed for late stages of flagellar assembly.
The class IIT genes encode components of the flagellar filament, motor, and
chemosensory system.

Flagellar gene expression corresponds with the major stages of morpho-
logical development of the flagellar structure, which, as would be suggested
by its complexity, involves the coordination of about 50 genes (Kalir et al.,
2001; Kutsukake et al., 1990). The hierarchical regulatory cascade contains
three major flagellar gene classes (Figure 5.3). Class I genes, consisting of
fIhD and flhC, form a single operon that is expressed at the top of the hierarchy
and is required for the expression of all other flagellar genes. Mutations that
inactivate these genes result in a transcriptional block of the entire flagellar
cascade. In S. enterica serovar Typhimurium, the flhDC operon is preceded by
six o7%-dependent transcriptional start sites, reflecting the sophisticated level
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of signal integration imparting regulatory effects on expression (Yanagihara
et al., 1999). Binding sites for the transcription factor CRP have been iden-
tified in the flhDC promoter regions for both E. coli and S. Typhimurium
(Soutourina et al., 1999; Yanagihara et al., 1999). Sites of binding have also
been mapped for several other transcription factors, including H-NS, LrhA,
OmpR, and ResB (Francez-Chalot et al., 2003; Lehnen et al., 2002; Shin and
Park, 1995; Soutourina et al., 1999). Less well characterized are mechanisms
by which other transcription factors exert control, such as HdfR and SirA
(Ko and Park, 2000; Teplitski et al., 2003). Each of these regulators affects
a variety of genes in response to a diverse set of signals, thereby fine tun-
ing decisions to maintain motility with the physiological state of the cell.
Adding another mechanism of modulation, the stability of lhDC mRNA is
affected by the global regulatory RNA encoded by CsrA (Wei et al., 2001).
Control of these class I genes is clearly the fulcrum in the flagellar regulatory
cascade.

The FIhD and FIhC proteins form a heterotetrameric transcription acti-
vator that is required for the expression of ¢7°-dependent class II genes (Liu
and Matsumura, 1994) (Figure 5.3). Most class II genes encode structural and
accessory proteins required for assembly of the basal body and hook compo-
nents of the flagellum, but two genes, flgM and fliA, encode the FigM and o8
regulatory proteins that form a regulatory checkpoint (Gillen and Hughes,
1991; Ohnishi et al., 1990). Expression of class II genes coincides with com-
pletion of the flagellar basal body and hook, at which time the flagellar T3S
system exports FlgM (Hughes et al., 1993). While it is retained within the
cell, FlgM complexes with o2, preventing it from activating class 111 genes.
Upon export of FlgM, 028 associates with RNA polymerase activating class
IT1 genes, each of which contains o?8-dependent promoters (Kutsukake et al.,
1994). Class III genes encode proteins required for maturation of the flagel-
lar filament, motor, and chemosensory system. The flagellar T3S machinery
exports some of these proteins, such as flagellin, to the outer surface of the
cell. Consistent with this regulatory model, mutations in fliA render the cell
with a truncated paralyzed organelle. Conversely, a mutation in flgM results
in unregulated expression of o?8-dependent genes, leading to overproduction
and secretion of flagellin subunits.

CONTROL OF DIRECTIONAL MOVEMENT OF
BACTERIA BY CHEMOTAXIS

Propulsion for motility provided by flagella must be controlled in order
to achieve bacterial progress towards, and maintenance within, favorable



host niches. Bacteria move towards higher concentrations of attractants and
avoid high concentrations of repellents by sensing local fluctuations in the
concentration of chemoeffectors (Sournik, 2004; Wadhams and Armitage,
2004). Chemotactic motility characteristically consists of periods of smooth
forward swimming (runs) interrupted by momentary reorientations (tum-
bles). Runs are generated by the counterclockwise (CCW) rotation of flagella,
and tumbles take place when the rotary motor is temporarily reversed to the
clockwise (CW) direction. The change in swimming direction is random,
with favorable progress of the bacterium accomplished through suppression
of tumbles leading to longer runs. The fundamental mechanisms of chemo-
taxis are shared among diverse bacteria, with the E. coli system being the
best characterized (Figure 5.4). An extensive assortment of sensory cues are
processed by the chemosensory system, allowing precise responses to the
concentration of a variety of small molecules, such as amino acids, sugars,
and short peptides, as well as responses to changes in pH, temperature, and
redox state.

Specific receptors, many of which reside on the cytoplasmic membrane,
modulate the activity of a phosphotransfer relay system in response to lig-
and binding (Figure 5.4). The central enzyme in this relay is the histidine
kinase CheA (Borkovich et al., 1989). Its activity is modulated by the recep-
tor in a complex that also includes CheW. The net effect is that occupation
of the receptor by an attractant inhibits CheA autophosphorylation, while
occupation of a receptor by a repellent stimulates CheA autophosphoryla-
tion (CheA-P). CheA-P transfers phosphate to the response regulator CheY.
Phosphorylated CheY (CheY-P) diffuses to flagellar motors, switching the
rotational direction from CCW to CW, and thus promoting tumbles. CheY-
P is rapidly dephosphorylated by CheZ phosphatase, ensuring that the cell
recovers quickly (Hess et al., 1988). Thus, increases in CheA-P correlate with
increased frequencies of tumbling.

Further control of the chemosensory system is achieved through con-
trolled methylation of four glutamyl residues on receptors (Figure 5.4). Often
called sensory adaptation, this allows the organism to desensitize its signal
transduction system to the original stimulus and to respond to higher con-
centrations of the same chemoeffectors or other types of chemoeffectors. For
receptors that detect an attractant or detect a repellent, the unregulated CheR
methyltransferase modifies the receptor, which overides structural changes
caused by ligand binding (Springer and Koshland, 1977). This returns the
receptor to the baseline state and nullifies the effect of the receptors on CheA
activity. Demethylation of receptors by the CheB methylesterase keeps the
system in balance (Yonekawa et al., 1983). The activity of CheB is modulated

SNOILDVYHINI LSOH—IVIYILOVE ANV VI¥ILOVE DINIDOH.LVd NI VITIDVII 10 STITOA



BACTERIAL-EPITHELIAL CELL CROSS-TALK

Attractant repellent
!

i
£
»

Receptor e

A CH/’ .Che

Che -P
CheR
CheA —P» .-P C .
-CH Che

CheA-P .
>
-
CheB-P
° ’CheB

Figure 5.4 Operation of the chemosensory system. Changes in the concentration of an

attractant or repellent are recognized by specific receptors that are in a complex with the
adaptor proteins CheW and the histidine kinase CheA. Autophosporylation of CheA is
stimulated by repellents and inhibited by attractants. Phosphorylated CheA (CheA-P)
efficiently transfers phosphate to the response regulator CheY, generating CheY-P, which
in turn diffuses to the flagellar motor and switches its direction from counterclockwise to
clockwise, promoting tumbles. CheY-P is rapidly reduced to CheY by the phosphatase
CheZ. Two enzymes, CheR and CheB, mediate adaptation during chemotaxis. The methyl
transferase CheR slowly adds methyl groups to the receptor, desensitizing it to its ligand
and increaseing CheA autophosphorylation. Receptor sensitivity is restored by a feedback
loop through activation of CheB methylesterase activity by CheA-P.

through phosphorylation by the CheA kinase, directly linking adaptation to
the decision to switch the direction of the flagellar motor (Ninfa et al., 1991).
Different bacterial pathogens likely monitor a variety of different chemoat-
tractants during infection through a plethora of ligand receptors, but the
well-integrated Che-type phosphorelay network, and close variations of it,
serve as a powerful signaling network to control bacterial behavior.



NEW ROLES FOR FLAGELLA IN BACTERIAL VIRULENCE: EXPORT
OF NON-FLAGELLAR PROTEINS BY THE FLAGELLAR TYPE 111
SECRETION SYSTEM

The integral protein secretion system of the flagellum was described
many years ago and was then considered to be rather unique (Macnab, 1999).
It was the subsequent revelation that many Gram-negative bacteria utilize a
related secretion pathway, eventually called T3S, to deliver virulence factors
into targeted host cells that spawned the new view that T3S is quite prevalent
among the eubacteria (Hueck, 1998). All T3S apparatus contain a related core
set of components and appear to recognize their substrates by a similar mech-
anism. The extensive similarity between the core components of the flagellar
and contact-dependent T3S systems indicates that these two types of appa-
ratus are evolutionarily related (Hueck, 1998). Delivery of a protein by a T3S
system is completed without modification of the peptide, takes places without
the accumulation of a transport intermediate, and is driven by the hydrolysis
of adenosine triphosphate (ATP). The flagellar T3S apparatus originally was
considered to have an ancillary role in organelle biogenesis, but more recent
studies have revealed a more expansive role that includes the secretion of
non-flagellar proteins (Young et al., 1999). C. jejuni uses the flagellar T3S sys-
tem to secrete the Campylobacter invasion antigen (Cia) proteins and the FlaC
protein (Konkel et al., 2004; Song et al., 2004). The Cia proteins are necessary
for adherence and invasion of eukaryotic cells by C. jejuni. Export of these
proteins by the flagellar T3S system implicates the flagellum in this process,
even if it only provides the conduit though which the Cia proteins pass. How-
ever, YplA of Y. enterocolitica, which was the first documented example of
a secreted non-flagellar protein, remains the most extensively studied non-
flagellar protein secreted by a flagellar T3S system (Schmiel et al., 1998). This
protein is one of a group of secreted proteins called flagellar outer proteins
(Fops), whose secretion depends on the flagellar T3S system (Young et al.,
1999). YplA is a phospholipase implicated in virulence because it is required
for survival of Y. enterocolitica in experimentally infected mice (Schmiel et
al., 1998). YplA also induces lecithin-dependent hemolysis of rabbit erythro-
cytes and cytotoxicity of cultured HeLa epithelial cells (Tsubokura et al., 1979).
YplA secretion by the flagellar system was first observed during a study of the
Y. enterocolitica flagellar master regulatory operon flhDC (Young et al., 1998).
Strikingly, a flhDC mutant not only was blocked for production of the flag-
ellin filament proteins butalso lacked the ability to secrete several extracellular
proteins (Young et al., 1998, 1999). Further analysis revealed that all mutants
incapable of producing flagella were deficient for Fop secretion, implicat-
ing the flagellar T3S system as the responsible export apparatus (Young
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et al., 1999). Furthermore, a mutation in flgM, which encodes a negative
regulator of flagellar genes, caused overproduction of flagellin and increased
secretion of the Fops (Young et al., 1999). Complementation of the flgM
mutation reduced extracellular protein production to wild-type levels. These
results indicate that the expression of flagella and the secretion of Fops are
coupled.

The provocative idea that a flagellum could serve as a bona fide pathway
for protein secretion was not accepted immediately. The proof of principle for
establishing the flagellar T3S system as an export apparatus of non-flagellar
proteins came through further study of Y. enterocolitica YplA (Young and
Young, 2002; Young et al., 1999). However, the situation was complicated by
the fact that yplA expression is coupled to regulation of the flagellar TTS sys-
tem as a class III flagellar gene (Schmiel et al., 2000). To separate regulatory
effects from secretion effects, yplA expression was placed under control of
the Ptac or Pcat promoter, ensuring that transcription of yplA occurred inde-
pendently of factors that control flagellar gene expression (Young and Young,
2002; Young et al., 1999). This provided the opportunity to examine directly
how specific flagellar mutations affect YplA secretion. The results from this
analysis demonstrated that the flagellar T3S system was necessary for YplA
export. Mutations that blocked production of the core components of the
flagellar T3S system prevented YplA secretion. This included strains carrying
mutations in the flagellar master regulator operon, flhDC, or in genes encod-
ing T3S apparatus components (figA, flgB, flgF, flhA, flhB, fliE). Interestingly,
YplA secretion was not affected by mutations in fliA, flgM, fleA, or motA, indi-
cating that the flagellar filament and the torque generating motor complex
are not necessarily required for YplA secretion. These experiments, there-
fore, defined the basal-body—hook complex as the minimal structure capable
of acting as a T3S system for non-flagellar proteins (Young and Young, 2002;
Young et al., 1999).

Unequivocal documentation supporting the hypothesis that YplA is
exported by a type III mechanism came about when it was demonstrated
that YplA could serve as a substrate for two other T3S systems in Y. entero-
colitica (Young and Young, 2002). The Ysa and Ysc T3S systems are contact-
dependent systems that have the capacity to deliver toxic effector proteins into
targeted host cells. Both the Ysa and Ysc T3S systems can also be induced to
export proteins under specific laboratory conditions in the absence of host
cells. When YplA was produced in wild-type Y. enterocolitica under conditions
that induced the Ysc T3S system, it was found that YplA was secreted along
with the Yop proteins (Young and Young, 2002). Similarly, YplA was secreted
by the Ysa T3S system (Young and Young, 2002). Further investigations have



determined that YplA has an amino-terminal secretion signal that is essential
for its recognition by the Ysa, Ysc, and flagellar T3S systems (Warren and
Young, 2005). These data have helped advance the concept that flagellar and
contact-dependent T3S systems are mechanistically very similar and form a
unified family of bacterial protein targeting pathways. Further investigations
of other bacterial flagellar T3S systems will likely reveal other non-flagellar
proteins that are secreted and that affect the outcome of bacterial-host inter-
actions.
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CHAPTER 6

The role of bacterial adhesion to epithelial
cells in pathogenesis

Christof R. Hauck

INTRODUCTION

Colonizing host epithelia represents a formidable challenge to bacter-
ial pathogens. To a large extent, epithelial surfaces are designed to shield
the multicellular organism from the environment and to protect the body
interior from potentially harmful microbes. Where epithelial surfaces per-
mit exchange of molecular components with the external world, a multitude
of innate and acquired host defence mechanisms keep microorganisms in
check. In addition, invading pathogens either have to compete successfully
with resident commensal bacteria for space and nutrients or have to reach
and establish themselves in otherwise sterile parts of the body. As we will
discuss in this chapter, the specific interaction with host surface components
and the tight adhesion to epithelial cells form one of the common ways in
which bacterial pathogens have evolved to successfully accomplish the colo-
nization of their respective host organism. It is important to emphasize that
in many cases, this initial host-microbe encounter at the epithelial barrier
is not only a critical determinant of pathogen—host specificity and range but
also, to a large extent, a decisive point for the infection process as a whole.

Adhesion of pathogenic bacteria to host cells had been observed at the
beginning of the twentieth century in the early days of investigations into the
microbiological origin of infectious diseases (Guyot, 1908). However, the con-
cept that bacterial adhesion to host surfaces often represents an essential step
in the development of infection matured only several decades later (Beachey,
1981; Duguid, 1959; Eden et al., 1976; McNeish et al., 1975; Punsalang and
Sawyer, 1973). Mechanical cleansing processes, ranging from eye-blinking to
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the flushing of the urethra and the constant turnover of the mucous layer will
remove any non-attached particles from the epithelium. Contacting the host
surface and establishing a dependable adhesive connection is, therefore, key
to successful colonization. The elucidation of adhesion components and the
ability to genetically manipulate these components on both the pathogen and
the host side have underscored the critical importance of bacterial adhesion
in infectious diseases. In several models of bacterial infection, the molecular
nature of the adhesin and the respective host receptors is now well docu-
mented. Although other bacterial surface structures, such as lipopolysaccha-
ride, wall teichoic acid, and lipoteichoic acid, can contribute to cell adhesion
(Edwards et al., 2000; Ofek et al., 1975; Paradis et al., 1999; Weidenmaier et al.,
2004), the main bacterial adhesins characterized so far are proteins.

FIMBRIAL ADHESINS

In a broad sense, adhesive bacterial proteins can be classified into fim-
brial and non-fimbrial (or afimbrial) adhesins. As a rule, fimbriae are long
(> 1 um) and usually thin (2-8 nm) protrusions of the bacterial surface that
are sometimes referred to as pili. The term “pilus” was originally used to
describe bacterial organelles involved in the conjugative transfer of DNA,
but it is now also applied regularly to adhesive surface structures. Fimbrial
protrusions are made up of major (with more than 100 copies per pilus) and
minor protein subunits that often, but not always, carry out the structural
and the adhesive functions, respectively, of these microbial organelles. Clas-
sical examples of fimbrial adhesins are found in the Pap and Fim systems
of uropathogenic Escherichia coli (UPEC) and the type IV pili of Pseudomonas
aeruginosa, enteropathogenic E. coli, and pathogenic Neisseriae; the molecular
components and the roles of these fimbriae for epithelial cell adhesion have
been summarized in several reviews (Craig et al., 2004; Jonson et al., 2005;
Kau et al., 2005; Sauer et al., 2004).

It appears that the long surface protrusions are an evolutionarily opti-
mized tool to establish the initial bacterial contact with the epithelial barrier.
Indeed, the thin and bendable fimbriae are ideally suited for the task of long-
range contact, as they help to circumvent the electrostatic repulsion forces
between the two negatively charged surfaces of the eukaryotic cell and the
microbe. Moreover, at least type IV pili also seem to work in a manner sim-
ilar to grappling hooks, as the pilus fiber can be retracted by the bacterium
and thereby exert force (Maier et al., 2002). This fascinating dynamic nature
of the pilus not only can confer motility to single suspended bacteria (Merz
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Table 6.1 Fimbrial adhesins and recognized host cell structures

Species Adhesin Recognized structure
Escherichia coli FimH Mannose
FaeG Gap1-3Gal
GafD N-acetyl-D-glucosamine
PapG GalB1-4Gal
SfaS NeuAcB2-3GalB1-3GalNac
CfaB NeuAc-GM2
G-Fimbrien GlcNAc
Neisseria gonorrhoeae TyplIV pili CD46 (?)
Vibrio cholerae TyplV pili L-Fucose

et al., 2000) but also endows the microbes with a means to actively narrow
the gap between the piliated bacterium and the tissue surface. The result
of pilus retraction in cell-associated bacteria, therefore, is a close apposition
between the two membranes, allowing additional short-reach interactions
to take place. An overview of fimbrial adhesins from different pathogenic
microorganisms and their host receptors is given in Table 6.1.

As can be seen in Table 6.1, fimbrial adhesins most often function as
lectins and recognize carbohydrate moieties found on membrane-embedded
glycoproteins and glycolipids. Accordingly, low-complexity carbohydrates
have the ability to interfere with the adhesion of bacterial pathogens, a
phenomenon recognized well before the molecular characterization of the
respective adhesins (Old, 1972). However, so far it has not been possible to
translate these findings into novel clinical treatment options that prohibit
bacterial attachment to epithelial cells and thereby block bacterial infections
right from the start (Bouckaert et al., 2005).

AFIMBRIAL ADHESINS

In addition to fimbrial adhesins, a large variety of non-fimbrial adhesins
has been characterized. As the name implies, these adhesins are either
embedded into or attached to the outer surface of the microbe and are usu-
ally not localized on surface protrusions. As we will see in the following
examples, this type of adhesin often engages in direct protein—protein inter-
actions with host components. Non-fimbrial adhesins are found in a vari-
ety of Gram-negative bacteria, but they are also common in Gram-positive



bacteria, where few fimbrial adhesins have been described so far (Ton-That
and Schneewind, 2004). Examples of non-fimbrial adhesins from Gram-
positive microbes include internalin A (InlA) and InlB from Listeria monocy-
togenes. Similar to many other adhesins, these two proteins not only mediate
tight binding of the bacteria to host cells but also trigger, via their recognized
cellular receptors, actin cytoskeleton rearrangements, leading to bacterial
internalization (Pizarro-Cerda et al., 2004).

The initial InlA-mediated interaction of L. monocytogenes with intestinal
epithelial cells is a prominent example of the essential role that adhesion to
epithelia often plays in bacterial pathogenesis. Guinea pig and human intesti-
nal epithelial cells allow InlA-dependent attachment of L. monocytogenes; this
is due to the presence of a highly homologous E-cadherin, the cellular recep-
tor for InlA, in these two mammalian species (Mengaud et al., 1996). In
contrast to humans and guinea pigs, mice are very resilient to oral infection,
the normal entry site of food contaminating L. monocytogenes; this resistance
could be attributed by a series of elegant experiments to a single amino-acid
difference in mouse E-cadherin (glutamine at position 16) compared with
human or guinea pig E-cadherin (proline at position 16) (Lecuit et al., 1999).
Moreover, when mice are engineered to express human E-cadherin in their
intestines, these animals now become highly susceptible to oral infection by
L. monocytogenes (Lecuit et al., 2001).

The atomic structure of the adhesin-receptor complex has further
illuminated the intricate handshake-like protein—protein interaction between
InlA and E-cadherin (Schubert et al., 2002). This submolecular view has
also underpinned the critical position of Pro-16 in the center of the InlA-
E-cadherin interface (Schubert et al., 2002). The elucidation of InlA binding
specificity and the molecular details of InlA-E-cadherin interaction have high-
lighted the essential role of this interaction in the establishment of the disease.
Together, these investigations provide us with a marvelous example of how
host specificity can be determined by bacterial adhesin—host receptor pairs.

INTEGRIN-BINDING AFIMBRIAL ADHESINS OF STAPHYLOCOCCI

Other Gram-positive bacteria, such as Staphylococcus aureus and Strep-
tococcus pyogenes, have evolved a number of surface proteins that bind to
serum and matrix components of their host (Foster and Hook, 1998; Patti
et al., 1994). These types of afimbrial adhesin include fibronectin-binding
protein A and B (FnBP-A and -B) of S. aureus and streptococcal fibronectin-
binding protein 1 (Sfb1) (also termed F1) of S. pyogenes. Both, FnBPs and Sfb1l
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attach the plasma component and extracellular matrix protein fibronectin to
the surface of the bacteria by an intriguing tandem beta-zipper mechanism
(Schwarz-Linek et al., 2003).

It is thought that binding to extracellular matrix proteins such as
fibronectin allows the bacteria to colonize matrix-coated surfaces such as
implanted medical devices. Furthermore, the bacterial adhesin does not
only mediate direct binding to fibronectin-covered surfaces but also utilizes
fibronectin as a molecular bridge, indirectly linking the bacterial surface with
the principal host fibronectin receptor, the integrin asp; (Ozeri et al., 1998;
Sinha et al., 1999). Upon bacterial adhesion, integrin ligation can lead to effi-
cient internalization of the bacteria into eukaryotic cells in vitro and in vivo
(Agerer etal., 2003, 2005; Brouillette et al., 2003; Ozeri et al., 1998; Sinha et al.,
1999). Interference with fibronectin binding to the bacteria by either genetic
deletion of FnBP proteins or administration of a recombinant fibronectin
binding domain of FnBP as a competitive inhibitor during infections can
attenuate staphylococcal virulence in several disease models, such as abscess
formation, mastitis, and endocarditis (Brouillette et al., 2003; Kuypers and
Proctor, 1989; Menzies et al., 2002).

However, the role of FnBPs in staphylococcal infections is not clear-cut,
and results from experimental models have been reported where FnBPs did
not contribute to the virulence of this pathogen (for review, see (Menzies,
2003). As staphylococci are associated with a large variety of clinical mani-
festations, often involving secreted toxins, it is very likely that cell adhesion
and, in particular, FnBPs will act as bona fide virulence factors only in some
of these situations. It is also conceivable that such FnBP-mediated adhesion
and invasion processes are not only found in acute disease settings but also
are of importance for the persistence of staphylococci in their host. Together,
current experimental and epidemiologic data support the view that FnBPs
contribute in some settings to the virulence of S. aureus and that cellular
invasion via integrins represents one of the functional properties conferred
by FnBP expression.

STAPHYLOCOCCAL INTERNALIZATION
VIA MATRIX-BINDING INTEGRINS

Interestingly, most integrins usually operate in the context of immo-
bilized matrix proteins and are not considered to mediate endocytosis of
attached ligands. In particular, integrin asB;, the fibronectin receptor, has
been implied in organizing extracellular fibronectin into a fibrillar network by



exerting force on the immobilized matrix protein (Schwarzbauer and Sechler,
1999). Itis interesting to speculate that in contrast to immobilized fibronectin,
the integrin-attached bacteria are pulled into the cell by the same cellular
force-generating machinery that is used to remodel the fibronectin matrix
under physiologic conditions.

In general, extracellular matrix contact and integrin ligation induce the
formation of protein complexes at the cytoplasmic aspect of cell adhesion
sites. These protein complexes have been termed focal adhesions or focal
contacts, as they occur at discrete focal spots along the matrix-facing sur-
face of the adherent eukaryotic cell. Focal complexes have important struc-
tural and signaling functions, as they dynamically link the clustered and
ligand-bound integrins to the intracellular actin network that, together with
myosin, is responsible for force generation (Zaidel-Bar et al., 2004). Due to
their morphologic appearance and their functional connection to fibronectin
fibril assembly, integrin asB31-initiated protein complexes have been termed
fibrillar adhesions (Zamir and Geiger, 2001). A characteristic component of
such adhesive structures is tensin, an actin-binding adaptor molecule (Zamir
et al., 2000). In addition, signaling enzymes, such as the protein tyrosine
kinases Src and focal adhesion kinase (FAK), have been implied in the gen-
eration of fibrillar adhesions and the integrin asB;-mediated assembly of a
fibrillar fibronectin network (Ilic et al., 2004; Volberg et al., 2001).

Work has now started to address the role of these integrin-associated
host cell factors for the FnBP-mediated attachment and invasion of S. aureus.
Engagement of integrin asB; by fibronectin-binding staphylococci indeed
induces the formation of fibrillar adhesion-like protein complexes at the site
of bacterial attachment, as characterized by the recruitment of tensin, FAK,
zyxin, and vinculin (Agerer et al., 2005). Furthermore, interference with Src
or FAK function abrogates the internalization of the bacteria via integrin
asB1 and suppresses the increased tyrosine phosphorylation observed at bac-
terial attachment sites (Agerer et al., 2003, 2005). One of the effectors of
activated FAK and Src kinases during integrin-mediated internalization has
been identified as cortactin, an actin-binding protein that can associate with
the Arp2/3 complex and promote actin polymerization but that can also bind
to dynamin-2, a regulator of membrane endocytosis (McNiven et al., 2000; Sel-
bach and Backert, 2005). Together, these investigations support the view that
fibronectin-coated staphylococci induce fibrillar adhesion-like contact sites
that are regulated by protein tyrosine kinase signaling and link the bacteria-
occupied integrins with the intracellular actin cytoskeleton. It is tempting
to speculate that in this case bacterial internalization is promoted not only
by increased actin polymerization generating membrane protrusions that
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enclose the pathogen but also, at least partially, by the contraction forces
generated by the integrin-connected intracellular actin-myosin network that,
under physiological conditions, promotes fibronectin fibrillogenesis.

INTEGRIN ENGAGEMENT BY ENTEROPATHOGENIC YERSINIAE

In contrast to the indirect way in which staphylococci and streptococci
exploit host integrin asB, the enteropathogenic Yersinia species, Y. ente-
rocolitica and Y. pseudotuberculosis, bind directly to B1-containing integrins
and thereby trigger uptake by host cells. Because of its invasive property,
the bacterial adhesin responsible for integrin binding and cellular internal-
ization has been coined invasin; it serves as the prototype for this class of
proteins (Isberg and Leong, 1990). Latex beads coated with invasin or non-
pathogenic E. coli expressing invasin are taken up efficiently by different cell
types, demonstrating that this protein is sufficient to confer invasiveness
(Dersch and Isberg, 1999; Isberg and Leong, 1990). Since its discovery, sev-
eral seminal contributions have illuminated the structural determinants of
invasin required for integrin binding as well as the host factors required to
allow invasin-initiated uptake (see review in Isberg et al., 2000). It is interest-
ing to note that the C-terminal domains of this bacterial surface protein seem
to mimic fibronectin type III repeats 9 and 10 that are involved in integrin
binding. Indeed, invasin can competitively inhibit fibronectin association
with integrin asB; demonstrating that these two proteins bind to the same
site in integrins (Isberg et al., 2000).

Invasin expression seems to allow the orally ingested Yersinia to over-
come the intestinal barrier. Indeed, invasin-deficient bacteria are impaired
in their ability to transverse the intestinal lining (Marra and Isberg, 1997).
In this case, it is thought that invasin-expressing Yersinia do not attach to
the regular enterocytes, polarized epithelial cells that do not expose integrins
on their apical surface. However, a specialized subset of intestinal epithe-
lial cells, the so-called microfold or M-cells, does expose integrins to the gut
lumen (Clark et al., 1998). In this context, it is also worth mentioning that a
close relative of these pathogens, the plague bacterium Yersinia pestis, does
not express invasin. The respective coding sequence is found in the genome,
and yet it is inactivated by the insertion of an insertion sequence (IS) ele-
ment (Simonet et al., 1996). As Y. pestis is transmitted by an arthropod vector
directly into the bloodstream of the host, these bacteria do not have to over-
come an epithelial barrier and, therefore, invasin expression might not be
required any more.



Table 6.2 Pathogens targeting extracellular matrix (ECM )-binding integrins

Species ECM protein/integrin subunit
Borrelia burgdorferi FN/B1 integrins
Mycobacterium leprae FN, LN/B1, and B4 integrins
Mycobacterium bovis BCG FN/B1 integrins

Neisseria gonorrhoeae and N. meningitidis FN, VN/B1, and B3 integrins
Porphyromonas gingivalis B1 integrins

Shigella flexneri B1 integrins

Staphylococcus aureus FN, LN, Col/B1 integrins
Streptococcus pyogenes and S. dysgalactiae FN/B1 integrins

Yersinia pseudotuberculosis and Y. enterocolitica  Bx1 integrins

Col, collagen; FN, fibronectin; LN, laminin; VN, vitronectin.

Direct or indirect engagement of matrix-binding integrins is also
observed for other pathogenic bacteria (listed in Table 6.2). Although integrins
are exploited by multiple bacterial and viral pathogens as well as parasites, it
is not straightforward to conceive the role of this interaction in the context of
an intact epithelium. In particular, integrins are distributed on the basolat-
eral side of polarized epithelial cells, which would be inaccessible for bacteria
colonizing the throat, intestine, or urogenital tract. Therefore, it has been
speculated that these types of adhesin come into play only after the initial
contact of the microbes with the tissue surface. As shown in several exam-
ples, pathogenic bacteria can influence the integrity of the epithelial barrier
either directly by secreted toxins or indirectly by inducing granulocyte influx
and tissue destruction (McCormick, 2003). Damage to the epithelial lining
might then allow microbes to gain access to basolateral components such as
integrins or cadherins.

COOPERATION BETWEEN FIMBRIAL AND AFIMBRIAL ADHESINS:
THE PARADIGM OF PATHOGENIC NEISSERIAE

Fimbrial and afimbrial adhesins are not mutually exclusive, but often
they are expressed simultaneously on the same microorganism. The
pathogenic Neisseriae are one of the well-characterized examples, where both
types of adhesin seem to act in concert and together coordinate a multi-
step and complex process of cell attachment. The remainder of this chapter
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concentrates on this paradigm in order to highlight some of the features of
bacterial adhesins and receptor targeting. Furthermore, in light of advances,
this overview is extended beyond the direct adhesin-receptor interaction to
cover some of the specific responses of the host epithelial cell following bac-
terial binding.

Both pathogenic neisserial species, N. gonorrhoeae and N. meningitidis
(the gonococcus and the meningococcus, respectively), are highly specialized
colonizers of the human mucosa. Gonococci and meningococci are known
to express fimbriae; the presence of these adhesive surface structures is sub-
ject to phase variation. Fimbriated Neisseriae have a high tendency to stick
together in microcolonies, as the pilus supports bacteria—bacteria adhesion.
Moreover, it is generally accepted that type IV pilus-mediated interactions are
the initial event allowing both unencapsulated N. gonorrhoeae and encapsu-
lated meningococci to colonize the epithelial surface of the urogenital tract
or the nasopharynx, respectively (Kellogg et al., 1963; Punsalang and Sawyer,
1973), although direct in vivo proof for this concept is still lacking (Cohen and
Cannon, 1999). In vitro, piliated Neisseria adhere avidly to polarized human
epithelial cells and form microcolonies on the apical surface (Pujol et al.,
1997). These microcolonies are due to bacterial replication but also seem
to arise from pilus-initiated bacterial aggregates that attach to the cell sur-
face. The PilX protein has been identified as a factor promoting bacterial
aggregation in the presence of pili (Helaine et al., 2005). Deletion of the PilX
encoding gene not only disrupts bacterial aggregates but also dramatically
reduces attachment to host cells (Helaine et al., 2005). These data support
the view that pilus-mediated cell attachment requires prior bacteria—bacteria
binding and suggests that bacterial aggregates allow bacterial adhesion even
in the case of low-affinity interaction between the bacterial adhesin and the
cellular receptor by increasing avidity. This would also be in line with the obvi-
ous difficulty in unequivocally identifying a cellular receptor for the neisserial
pilus, as such a low-affinity interaction might be hard to detect by standard
biochemical approaches.

The main subunit of the gonococcal type IV pilus, pilin encoded by
the pilE gene, is a textbook paradigm for its astounding antigenic vari-
ability. Antigenic variation of pilin is generated by a recombination-based
exchange of coding sequences between promoter-less silent gene loci and
actively expressed PilE loci (Meyer et al., 1990). Although pilin can aggluti-
nate erythrocytes, it has always been questioned whether the variable PilE
can encode the principal adhesin of the neisserial type IV pilus. Work from
several laboratories has suggested that a minor pilus subunit, the PilC pro-
tein encoded by two alleles in the genome, is the adhesive factor (Morand



et al., 2001; Rudel et al., 1995). Indeed, purified gonococcal PilC binds to
human cells and inhibits adhesion of piliated N. gonorrhoeae and N. meningi-
tidis (Scheuerpflug et al., 1999). PilC-deficient bacteria are impaired in their
adhesion to human epithelial cells but also seem to be compromised in their
capacity for natural transformation and motility, both pilus-dependent traits
(Morand et al., 2004; Ryll et al., 1997), suggesting that PilC could have mul-
tiple functions. At least in meningococci it appears that only one of the two
pilC alleles, pilC1, entails adhesive properties (Morand et al., 2001). So far,
no binding partner for the PilC adhesin on human cells has been described
(Kirchner and Meyer, 2005). However, work from the group of Jonsson has
suggested that human CD46 serves as a cellular receptor for pilitated Neisse-
ria on epithelial cell lines (Kallstrom et al., 1997). In other situations, a strict
correlation between CD46 expression and pilus-mediated adhesion of Neis-
seria has not been detected (Tobiason and Seifert, 2001), and CD46-mediated
binding of piliated gonococci has not been observed in other studies (Kirch-
ner et al., 2005). Interestingly, although mice transgenic for human CD46
show a higher mortality rate after intraperitoneal injection of meningococdi,
the virulence of the bacteria in this in vivo model is independent of a piliated
phenotype (Johansson et al., 2003).

Despite the still debated role of CD46 as a cellular receptor for pilus-
dependent interactions, itis clear that pilus-mediated attachment to epithelial
cells evokes a number of host responses, ranging from changes in cytosolic
Ca%* levels to tyrosine phosphorylation of host proteins (Ayala et al., 2001;
Hoffmann et al., 2001; Kallstrom et al., 1998; Lee et al., 2002). These cellular
events are observed within minutes to a few hours after infection, coincid-
ing with the initial local adherence of the microbes, when bacterial micro-
colonies are found on top of the cells. However, several hours after the pilus-
mediated contact, pilus and capsule expression are downregulated in the
case of meningococci (Deghmane et al., 2002), suggesting that the bacteria
sense the presence of, or the attachment to, the eukaryotic cells by a currently
unknown mechanism. As pilus expression ceases, the pattern of adhesion
is altered, indicating that another type of adhesive contact is established. By
scanning electron microscopy, it has been observed that the bacterial micro-
colonies are resolved, and singly attached bacteria are found distributed over
the epithelial cell surface (Pujol et al., 1997). This form of attachment has
been termed “diffuse adherence” and seems to represent a further step in
the microbe-host cell interaction.

It is thought that at this point a second group of neisserial adhesins, the
colony opacity-associated (Opa) proteins, come into play. In both pathogenic
neisserial species, multiple functional copies of opa genes are distributed over
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the entire genome. Transcription of Opa proteins is constitutive; however,
expression undergoes a high rate of phase variation by a translation-based
mechanism (Stern and Meyer, 1987; Stern et al., 1986). Therefore, a natural
population of these pathogens will comprise both non-opaque and opaque
organisms, with some having a single Opa protein but others expressing
multiple Opas at a given time. As there are up to 12 copies of opa genes
in the gonococcal genome, the possibilities for variation are enormous. It
is interesting to note that in human-volunteer challenge experiments, an
initial inoculum of non-opaque gonococci can establish disease at infectious
doses comparable with opaque phenotypes. However, most of the bacteria
that are reisolated from the infected volunteers have switched to an opaque
phenotype (Jerse et al., 1994; Swanson et al., 1988). These results suggest that
Opa proteins, although not essential for the initial contact with the host, play
a beneficial role for the pathogen during colonization and multiplication in
vivo.

In contrast to the bacterial type IV pilus, Opa proteins are embedded
within the outer bacterial membrane and therefore belong to the group
of afimbrial adhesins. Secondary structure predictions suggest that mature
Opa proteins possess eight membrane-spanning domains arranged as anti-
parallel B-strands, giving rise to a membrane-embedded B-barrel with four
extracellular loops (Bhat et al., 1991; de Jonge et al., 2002; Malorny et al.,
1998). Although the crystal structure of Opa proteins is currently unknown,
the structure of the related NspA protein from N. meningitidis has been solved
and suggests that the extracellular loops constitute a conformational binding
interface (Vandeputte-Rutten et al., 2003). On the basis of sequence compari-
son of multiple gonococcal and meningococcal Opa proteins, the amino-acid
sequence of the central two extracellular loops has been found to be hypervari-
able, and they have been termed hypervariable domain 1 (HV-1) and 2 (HV-2)
(Bhat et al., 1991). New Opa protein variants constantly emerge, not only due
to point mutations within HV-1 and HV-2 but also due to modular exchange
of domains between different Opa proteins (Hobbs et al., 1994). Interestingly,
the interaction of Opa proteins with different receptors on human cells has
also been pinned down to the HV-1 and HV-2 regions (see below), posing
the puzzling question of specific receptor recognition in the context of these
sequence alterations.

Work since 1995 has identified the cellular receptors targeted by vari-
ous Opa proteins. Historically, the first cellular receptor characterized was
found to belong to the family of heparansulfate proteoglycans (HSPGs),
highly glycosylated proteins that occur in transmembrane (syndecans)
or glycosylphosphatidylinositol-anchored (glypicans) forms (David, 1993).



Initially, it was observed that heparin addition or heparinase treatment abol-
ishes gonococcal adhesion to different epithelial cells and that hamster cell
lines deficient in heparansulfate biosynthesis were poorly recognized by the
respective opaque gonococcal variants (Chen et al., 1995; van Putten and
Paul, 1995). Additional investigations have revealed that both syndecan-1
and syndecan-4 can support not only the binding but also the internalization
of Opapspc-expressing gonococci (Freissler et al., 2000). So far, only a limited
set of Opa proteins with specificity for HSPGs (Opapspg protein) have been
identified, including OpaA/Opajso of gonococcal strain MS11 and Opayy s of
strain VP1 (Kupsch et al., 1993; van Putten and Paul, 1995). Furthermore, Opa
proteins with this type of specificity have not been described in meningococci.

On the bacterial side, HSPG binding has been mapped to the hyper-
variable extracellular loops of Opa proteins. From mutagenesis studies, it
appears that a series of positively charged amino acids in HV-1 and HV-2
is critical in order to mediate the association with the HSPGs that have a
high negative charge (Bos et al., 2002). Interestingly, HSPG-specific Opa pro-
teins have additional binding capabilities. Depending on the cell line used,
an increased Opapspc protein-triggered invasion has been observed in the
presence of serum (Gomez-Duarte et al., 1997). Further analysis has sug-
gested that Opapspg proteins also bind to the serum proteins vitronectin and
fibronectin and, in a manner similar to the above described staphylococcal
FnBPs, can therefore mediate an indirect engagement of host cell integrins
(Dehio et al., 1998; van Putten et al., 1998). Again, indirect binding and cluster-
ing of integrins allow enhanced internalization by human non-professional
phagocytes. As integrins and also syndecans are found ubiquitously on most
human cells, Opapspg protein-mediated attachment could connect these bac-
teria with numerous cell types during the infection. Whereas a few Opa pro-
teins with binding specificity for HSPGs have been characterized, Opapspg
proteins represent only a minor fraction of the total Opa protein repertoire
of most characterized strains.

In contrast, the majority of the currently characterized meningococcal
and gonococcal Opa proteins display binding specificity for human sur-
face receptors of the carcinoembryonic antigen (CEA)-related cell-adhesion
molecule (CEACAM) family (Opacpa proteins). Prototypes of this group
of Opa proteins comprise, for example, Opas, of gonococcal strain MS11
and Opa;3; of meningococcal strain C751 (for Opa protein nomenclature,
refer to Malorny et al., 1998). As is true for Opayspg proteins, the bind-
ing sites for CEACAMs reside within the hypervariable loops of CEACAM-
specific Opa proteins. So far, no consensus motif has been elucidated that
would predict the capabilities of a given Opa protein to bind to CEACAMs

®

SISHNTIDOHLVd NI STTIID TVITHHLIdH OL NOISTHAV TVIYHIDVL 10 H10¥ HHL



BACTERIAL-EPITHELIAL CELL CROSS-TALK

(Bos et al., 2002). What is more, the combination of hypervariable loops from
two Opacga proteins in one chimeric molecule does not result in a CEACAM-
binding protein (Bos et al., 2002). These results are in line with the idea that
CEACAM recognition is based on a three-dimensional structure created by
the proper combination of two complementary hypervariable loops of Opa
proteins. It is interesting to note that shuffling of hypervariable loops derived
from CEACAM-binding Opa proteins in some cases created chimeric Opa
proteins with a novel specificity for HSPGs (Bos et al., 2002). These striking
observations suggest that HSPG recognition by Opa proteins might be a side
product of the ongoing evolution and optimization of Opacga molecules.

On the host side, all Opacga proteins bind to the N-terminal
immunoglobulin variable-like (Ig,) domain characteristic for CEACAMs.
Although this N-terminal domain is highly conserved among CEACAMs,
opaque Neisseria have been found to recognize only four of the seven CEA-
CAMs expressed by their human host, namely CEACAM1, CEACAM3, CEA
(the product of the ceacam5 gene), and CEACAMG6. Common to these CEA-
CAM family members is the presence of the CD66 epitope in their N-
terminal domain; therefore, these proteins have formerly been designated
CD66a (CEACAM1), CD66¢c (CEACAMG6), CD66d (CEACAM3), and CD66e
(CEA). In contrast, the additional family members CEACAM4, CEACAM?7,
and CEACAMS (CD66b) are not bound by any Opacga protein analyzed so
far (Popp et al., 1999). On the basis of Opacga-binding and non-binding
CEACAM N-terminal domains, a number of receptor chimeras and mutants
have been constructed to delineate the Opacga protein binding site on the
non-glycosylated C'CFG-face of the immunoglobulin domain fold (reviewed
in Billker et al., 2000). The crystal structure of murine CEACAM1, the only
member of this glycoprotein family found in mice, has revealed a charac-
teristic surface-exposed loop coordinated by Tyr-34 within the C'CFG face
(Tan et al., 2002). It is assumed that a similar prominent surface extension
helps to anchor Opacga proteins to human CEACAM N-terminal domains,
as mutagenesis of the corresponding Tyr-34 residue in human CEACAM1
abolishes binding of Opacga-expressing meningococci (Virji et al., 1999).
It is interesting to point out that in mice, CEACAMI serves as the cellu-
lar receptor for mouse hepatitis virus (MHV), and MHV binding also takes
place at the N-terminal Ig,-like domain (Dveksler et al., 1993). Importantly,
the genetic ablation of the murine CEACAM1 N-terminal domain from the
mouse genome has resulted in animals resistant to MHYV infection, pointing
towards the essential role that the pathogen—-CEACAM interaction plays in
this system (Blau et al., 2001).



Although the physiologic function of CEACAMs in vivo is not understood
completely, some family members are known to mediate cell-cell adhesion
in vitro via both homotypic (CEACAM1, CEA, CEACAMG6) and/or heterotypic
(CEA-CEACAMG6 and CEACAM6-CEACAMS) interactions (Benchimol et al.,
1989; Oikawa et al., 1991). CEACAM1 and CEACAMG6 on neutrophils are
also involved in the adherence of activated neutrophils to cytokine-activated
endothelial cells, both directly through their ability to present the sialylated
Lewis” antigen to E-selectin and indirectly by the CEACAMG6-stimulated acti-
vation of CD18 integrins (Kuijpers et al., 1992). Interestingly, CEACAM1 is
also implicated in hepatic uptake of insulin, demonstrating that CEACAMs
could participate in internalization processes under physiological conditions
(Poy, Ruch et al., 2002; Poy, Yang et al., 2002).

An important aspect of CEACAM biology is the fact that several CEA-
CAM family members can be expressed by epithelial cells, where they are
usually located at the apical membrane of the polarized epithelium (Ham-
marstrom, 1999). This has important implications with respect to their role
as bacterial receptors, as they are prominently exposed on mucosal surfaces
and, therefore, accessible for incoming microbes. Furthermore, CEACAMs
have been linked to signal transduction into the cell, and some isoforms seem
to be connected to the intracellular cytoskeleton (Obrink, 1997).

Most work in this regard has focused on CEACAM1, the most widely
expressed CEACAM family member. CEACAM1 is not only abundantly
expressed on epithelia (including stomach, colon, kidney, gall bladder, liver,
urinary bladder, prostate, cervix, and endometrium), sweat and sebaceous
gland cells, and endothelia but also found on leukocytes such as granulocytes
and B- and T-cells (Hammarstrom, 1999). In addition, CEACAM1 homologs
are found in non-primate species such as mouse and rat, enabling better
experimental access. In epithelial cells, CEACAM1 localizes to cell—cell con-
tacts and is associated with the actin cytoskeleton under the control of Rho-
family GTPases (Sadekova et al., 2000). Moreover, the isolated cytoplasmic
domain of CEACAM1 binds to actin and tropomyosin in vitro (Schumann
et al., 2001), supporting the view that CEACAM1 is connected directly to the
cytoskeleton and plays a role in maintaining tissue integrity. Other groups
report a direct association between the cytoplasmic domain of CEACAM1
and B3 integrins, indicating that there could also be an indirect linkage, via
integrins, between CEACAMs and the actin cytoskeleton (Brummer et al.,
2001). However, pharmacological inhibitors of the actin cytoskeleton do not
seem to influence CEACAM1- and CEACAM6-mediated uptake of opaque
bacteria (Billker et al., 2002; McCaw et al., 2004).
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Binding of Opacga proteins to members of the CEACAM family is suffi-
cientto induce the internalization of the bacteria into several cell types in vitro.
Several CEACAMs are expressed on human granulocytes, where in particular
CEACAMS3 promotes an efficient opsonin-independent uptake of CEACAM-
binding bacteria (Schmitter et al., 2004). With regard to epithelial cells, CEA-
CAM1, CEA, and CEACAMBG are often found to be coexpressed. In polarized
T84 epithelial cell monolayers, CEA, CEACAM1, and CEACAMG are trans-
ported apically, where they mediate invasion and subsequent transcytosis of
Opacga-expressing gonococci by an intracellular route (Wang et al., 1998).
In primary human umbilical vein endothelial cells (HUVECs) and in certain
epithelial cells such as cells derived from human ovary, CEACAM1 expression
is low in resting cells. However, CEACAM1 expression can be dramatically
induced by infection with pathogenic Neisseriae, leading in turn to increased
adherence and internalization of Opa-positive variants (Muenzner et al., 2001,
2002).

It is conceivable, therefore, that Opa-mediated binding to CEACAMs
is an important mechanism that allows the pathogens to successfully col-
onize human mucosal surfaces. According to this hypothesis, Opa expres-
sion by the bacteria and presence or upregulation of CEACAMs on epithelia
or endothelia upon contact with the microorganisms would act as a switch
to facilitate bacterial colonization and potentially also to enhance the pas-
sage of pathogenic Neisseriae through epithelial (and endothelial) barriers.
It is important to point out that several other Gram-negative human-specific
pathogens that share the same ecological niche and cause a similar spec-
trum of diseases as gonococci and meningococci have been found to possess
CEACAM-binding adhesins. In an example of convergent evolution, typeable
and non-typeable Haemophilus influenzae, H. influenzae biogroup aegyptius,
and Moraxella catarrhalis have elaborated diverse surface antigens to engage
CEACAMs (Hill and Virji, 2003; Virji et al., 2000). For example, H. influen-
zae contacts CEACAM family members by the outer-membrane protein P5,
whereas M. catarrhalis employs the UspAl antigen (Hill and Virji, 2003; Hill
et al., 2001). These findings imply that there must be some major advantage
for bacteria colonizing the human mucosa to specifically target members of
the CEACAM family.

Novel insight suggests that in addition to providing a tight molecu-
lar anchor on the apical side of human epithelia, CEACAM recognition
might serve an even more elaborate function in support of mucosal col-
onization. More specifically, CEACAM engagement by human pathogens
might be a means to blunt an innate defense mechanism of stratified
and squamous epithelial tissues, namely the exfoliation of superficial cells.
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Figure 6.1 Epithelial cells infected with carcinoembryonic antigen-related cell-adhesion
molecule (CEACAM)-binding Neisseria gonorrhoeae do not detach after prolonged
infection. Confluent monolayers of human cervix epithelial cell line (ME-180) grown on
collagen-coated surfaces were left (a) uninfected, or (b) infected for 14 h with piliated
non-opaque N. gonorrhoeae (NgoP+), or (c) infected with non-piliated Opacga-expressing
N. gonorrhoeae (Ngo Opacga). Cultures were fixed in situ and analyzed by scanning
electron microscopy. Whereas uninfected monolayers display well-spread epithelial cells
with numerous cell—cell contacts (a; arrow), ME-180 cells infected with piliated gonococci
lose cell—cell contacts (B; arrow), round up and detach from the extracellular matrix
surface, consistent with bacteria-induced exfoliation. In contrast, epithelial cells infected
with CEACAM-binding gonococci (an OpaCEA-expressing strain) stay attached to the
matrix, although cell—cell contacts are diminished (c; arrow). Figures courtesy of

M. Rohda, GBF, Braunschweig, Germany.

Importantly, different non-opaque gonococcal variants cause detachment
of epithelial cells after prolonged infection in culture, and such an exfo-
liation of urethral cells has been reported to occur during gonorrhea in
vivo (Apicella et al., 1996; Evans, 1977; Melly et al., 1981; Mosleh et al.,
1997; Ward et al., 1974). In striking contrast, prolonged infection with
CEACAM-binding gonococci does not result in epithelial exfoliation (Muen-
zner et al., 2005). This process can be documented by scanning electron
microscopy, whereupon infection of a confluent monolayer of a human
cervix epithelial cell line with piliated non-opaque gonococci, a reduction
in cell—cell contacts, and the rounding and detachment of infected epithe-
lial cells can be observed clearly (Figure 6.1). However, when these cervix
epithelial cells that endogenously express CEACAM family members are
challenged with Opacga-expressing gonococci, they show loss of cell-cell
contacts but still remain attached to the underlying extracellular matrix (Fig-
ure 6.1). The lack of detachment was attributed to a dramatically increased
adhesive property of cells infected with opaque Neisseria (Muenzner et al.,
2005).
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By microarray-based gene expression analysis and further functional
studies, the enhanced adhesive properties of the infected cells could be pinned
down to the de novo expression of CD105 following CEACAM engagement.
Importantly, upregulation of CD105 occurs in response to a number of
CEACAM-binding human pathogens, including N. gonorrhoeae, N. menin-
gitidis, H. influenzae, and M. catarrhalis, and is sufficient to promote
increased cell adhesion (Muenzner et al., 2005). Therefore, it is conceivable
that pathogen-initiated CEACAM stimulation, the stimulated expression of
CD105, and the ensuing enhanced cell-matrix adhesion are central events
that counteract the exfoliation of infected epithelial cells in vivo and, therefore,
facilitate the colonization of the human mucosa by CEACAM-binding bacte-
ria. In light of these results, it is tempting to speculate that the prevention of
epithelial detachment attained through CEACAM binding is the major evo-
lutionary driving force behind the appearance of distinct CEACAM-directed
adhesins in several bacterial species colonizing the human mucosa.

CONCLUSIONS

Pathogen—epithelial cell recognition and the tight attachment of microor-
ganisms to this host cell type are of fundamental importance in major infec-
tious diseases. Since the initial discoveries of the first fimbrial and afimbrial
adhesins, work by numerous research groups has led to the identification
of numerous adhesin—receptor pairs, and these molecular investigations still
yield exciting and often surprising insight. Fimbrial adhesins have long been
recognized as critical bacterial surface structures mediating the initial con-
tact between the prokaryotic and eukaryotic worlds. In addition, a large vari-
ety of afimbrial adhesins provides pathogens with an additional arsenal to
interact intimately with target cells and to trigger specific responses upon
receptor engagement. The more we learn about the intricate molecular com-
munication taking place at the bacterial-epithelial cell interface, the more it
is becoming evident that receptor targeting by bacterial adhesins has effects
beyond the attachment to the host cell surface. The coming years will witness
an increased appreciation and understanding of such post-adhesion events
that modulate and shape the infection process.
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CHAPTER 7

Bacterial toxins that modify the epithelial
cell barrier

Joseph T. Barbieri

INTRODUCTION

Bacterial pathogens utilize invasive pathways and/or toxins to subvert the
innate and acquired immune systems in order to damage the host epithelium.
The infectious process requires that the pathogen can adhere and proliferate
in the host. The capacity to colonize and cause disease varies among bacterial
pathogens. For example, Clostridium tetani has only a limited ability to bind
and proliferate within the host but is pathogenic due to the production of
a potent neurotoxin, but the streptococcus and staphylococcus have strong
adhesion factors that allow efficient colonization, with virulence due to the
production of a multitude of virulence factors, including superantigens that
simultaneously bind the major histocompatibility complex (MHC) and T-cell
receptor of immune cells to stimulate production of antigen-independent
cytokines.

The basic distinction between a member of our normal flora and a
pathogen lies in the capacity to damage the host. However, this distinction is
grayed by the immune status of the host, where host compromise converts
commensal bacteria or even saprophytic bacteria into potent opportunistic
pathogens. Pseudomonas aeruginosa is an opportunistic pathogen in many
clinical situations but does not elicit disease in healthy individuals despite its
ability to produce both a classical exotoxin and type III cytotoxins. Clostridium
difficile can cause pseudomembrane colitis in patients undergoing antibiotic
therapy. C. difficile pathogenesis is related to the ability to produce the exo-
toxins, toxin A and toxin B. Escherichia coli, a component of our normal
gut flora, becomes a pathogen upon the acquisition of accessory genes that
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can encode several classes of toxins. These opportunistic pathogens contrast
Shigella dysenteriae, which is highly infectious for healthy humans and is toxic
through the action of a potent toxin that inhibits protein synthesis through
the inactivation of rRNA. Host—pathogen interactions play a major role in the
capacity of a bacterium to cause disease.

There are several sites of interaction between the bacterial pathogen and
the epithelium, including the oral cavity, lung, stomach, colon, and vagina.
Each pathogen damages the host through a unique molecular mechanism.
Damage to the epithelium can be direct, as observed through the modification
of actin by C2 toxin of the Clostridia, or indirect, through the modification of
Rho GTPases that regulate the polymerization state of actin as catalyzed by
the cytotoxic necrotizing factor of E. coli. Toxins modulate the epithelial cell
barrier through covalent and non-covalent mechanisms. Covalent modifica-
tions include ADP-ribosylation, glucosylation, deamidation, and proteolysis,
where the substrates modified include actin, G-proteins, adaptor and regu-
latory proteins of G-protein signaling, and RNA. Other toxins modulate
host cell physiology though non-covalent mechanisms, including toxins that
modulate G-protein signaling as mimics of host proteins that regulate the
nucleotide state of the Rho GTPases. These covalent and non-covalent modu-
lations to host physiology can produce subtle changes to cell function or even
cell death. This chapter describes the general features of bacterial toxins that
damage the epithelium.

MOLECULAR ORGANIZATION OF THE HOST TARGET
OF BACTERIAL TOXINS

Bacterial toxins target several signaling pathways and protein complexes
to effectively modulate the physiology of the host epithelium (Table 7.1). Host
targets include heterotrimeric and monomeric G-proteins and actin (Figure
7.1) and proteins of the extracellular tight junctions.

Signal transduction by heterotrimeric G-proteins

Heterotrimeric G-proteins are non-covalently associated trimeric-protein
complexes composed of an a-subunit that undergoes nucleotide exchange
(GDP-GTP) and a Bry-subunit complex that is associated with a GDP-a-
subunit (Gilman, 1995). Inactive GDP-G-protein is bound to a heptahelical
receptor at the plasma membrane. Upon ligand binding to the extracellular
surface of the heptahelical receptor, intracellular loops of receptor undergo
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Figure 7.1 Components of the Rho GTPase cycle in mammalian cells. Rho proteins are

molecular switches. GDP-Rho is inactive and bound to guanine nucleotide dissociation
inhibitors (GDI). GDP-Rho is dissociated from GDI upon binding of activated ezrin,
radixin, and moesin (ERM) proteins. ERM proteins are activated to an open conformation
by phosphorylation. GDP/GTP exchange of Rho is stimulated by guanine nucleotide
exchange factors (GEFs). Activated Rho GTPases, such as GTP-Cdc42, can initiate the site
of actin polymerization by binding downstream effectors such as the Wiskott—Aldrich
syndrome protein (WASP) family of proteins. The Rac GEF, DOCK180, is delivered to the
cell membrane by a CT10 regulator of kinase (Crk) adaptor protein following activation by
the intergin signaling pathway and stimulates cellular phagocytosis by GTP-Rac 1.
GTP-Rho binds several downstream effectors, including kinases, lipases, and adaptor
proteins, which are isoprenylated at their C-terminus, allowing membrane binding.
GTP-Rho inactivation is stimulated by GTPase-activating proteins (GAPs).

FAK, focal adhesion kinase.

conformational change to stimulate nucleotide exchange (GDP — GTP)
of the a-subunit of the G-protein, which dissociates the By-subunit. Both
the a-subunit and Bry-subunit modulate the activity of downstream effec-
tors. The a-subunit possesses intrinsic GTPase activity alone, or with reg-
ulators of G-protein stimulation, it hydrolyzes GTP — GDP, which allows
reassociation of the GDP-a-subunit and the By-subunits. The a-subunits
of the heterotrimer G-protein are targeted by several bacterial toxins for
covalent modification. Cholera toxin ADP-ribosylates the a-subunit of Gs to
reduce intrinsic GTPase activity, resulting in ligand-independent stimulation
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signal transduction and diarrhea; pertussis toxin ADP-ribosylates the a-
subunit of G; to reduce interactions with the G-protein heptahelical receptors,
uncoupling signal transduction, which results in complex modulation of host
cell physiology.

Dynamics of actin polymerization

Actin is a major target of bacterial pathogens. Toxins alter the actin
cytoskeleton through direct covalent modification of actin or indirectly
through modification of actin regulatory proteins, such as the Rho-GTPases,
focal adhesion proteins, CT10 regulator of kinase (Crk), or the ezrin, radixin,
and moesin (ERM) proteins. Toxins can stimulate or inhibit actin polymer-
ization and can have irreversible or reversible effects on the polymerization
state of actin.

The actin cytoskeleton is a dynamic structure involved in numerous cellu-
lar functions, including motility, phagocytosis, and proliferation. Actin poly-
merization is a polar process, whereby the intracellular pools of actin fluctuate
between soluble monomeric G-actin and polymerized F-actin (Castellano
et al., 2001; Fujiwara et al., 2002). F-actin contains slow-growing ends and
fast-growing ends, which differ in their ability to sequester G-actin to facilitate
polymerization. Several actin-binding proteins participate in actin nucleation
and polymerization. A large protein complex that includes the Arp2/3 com-
plex is the nucleation site of actin polymerization. The Arp2/3 complex binds
ATP and is activated by Wiskott—Aldrich syndrome protein (WASP) family of
proteins, which possess an Arp2/3 binding domain and a Cdc42-interactive
binding domain that binds Cdc42 to WASP proteins. Thus, Cdc42 can
directly activate actin nucleation. The Arp2/3 complex assembles and recruits
profilin—ATP-actin. Profilin is a nucleotide exchange factor that binds ADP-
actin to stimulate nucleotide exchange (ADP — ATP). Monomeric ATP-G-
actin binds to the fast-growing ends of actin; this polymerization is respon-
sible for actin protrusions such as filopodia. Over time, ATP-actin within
the growing polymer is converted to ADP-actin, which can be released
from the slow-growing end of actin unless capping proteins stabilize actin.
Rapid actin depolymerization is stimulated by cofilin and other actin-binding
proteins.

Cell signaling by Rho GTPases

There are more than 20 mammalian Rho GTPases, with RhoA, Racl,
and Cdc42 being the best characterized (Etienne-Manneville and Hall, 2002).



RhoA, Racl, and Cdc42 have unique functions in the regulation of the actin
cytoskeleton. RhoA regulates the formation of actin stress fibers. Racl modu-
lates the formation of membrane ruffling or lamellipodia. Cdc42 modulates
the formation of microspikes or filopodia (Bar-Sagi and Hall, 2000). Rho
GTPases are monomeric G-proteins that act as molecular switches of the
actin cytoskeleton. GDP-Rho is cytosolic and bound to guanine nucleotide
dissociation inhibitors (GDI). Intracellular signals, through the direct bind-
ing of ERM proteins or phosphatidylinositol-4,5-biphosphate (PIP2), stimu-
late release of GDP-Rho from the Rho—-GDI complex and allow movement
of Rho to the cell membrane, where guanine nucleotide exchange factors
(GEFs) stimulate nucleotide exchange (GDP — GTP). GTP-Rho binds effec-
tor proteins that modulate the polymerization of the actin cytoskeleton. These
effectors include protein and lipid kinases, phospholipases, and adaptor pro-
teins. GTP-Rho is inactivated through the hydrolysis of the y-phosphate of
GTP, which is stimulated by GTPase-activating proteins (GAPs). GDP-Rho
is then extracted from the plasma membrane by GDI, which completes the
signaling cycle. Bacterial toxins modulate Rho function through both covalent
and non-covalent mechanisms. Examples are the large clostridial cytotoxins
that inactivate Rho via glucosylation and the family of cytotoxic necrotizing
factor (CNF) toxins that activate Rho through deamidation.

Ezrin, radixin, and moesin proteins modulate
the actin cytoskeleton

ERM proteins regulate cell shape, motility, cell adhesion, and the ability
of cells to phagocytose foreign objects. ERM proteins contain two functional
domains. The N-terminus of the ERM proteins contains Rho—GDI and diffuse
B-cell lymphoma (Dbl) (a Rho GEF), where binding to Rho—GDI stimulates
dissociation of the Rho GTPase—Rho—GDI complex and subsequent binding
of the GEF to GDP-Rho (Pearson et al., 2000). The C-terminus of the ERM
proteins binds actin and can serve as a nucleation site for actin polymeriza-
tion. ERM proteins exist in an inactive closed form, where the N-terminus
blocks F-actin binding to the C-terminus, and an active open form, where the
C-terminus can bind F-actin (Mangeat et al., 1999). ERM activation occurs
through the phosphorylation of Thr558 by Rho kinase or protein kinase C
(PKC) (Matsui et al., 1998), which maintains ERM proteins in the open con-
formation. ERM proteins are adaptors for cell-surface receptors and for the
direct binding to the actin cytoskeleton. ERM proteins have been identified
as targets for ADP-ribosylation by Pseudomonas ExoS and for Helicobacter
CagA-dependent dephosphorylation.
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Crk proteins regulate Rac1 signal transduction

Crk I and II are adaptor proteins involved in eukaryotic signaling
transduction (Matsuda et al., 1992). Crk I contains an N-terminal SH2
domain, which recognizes phosphotyrosine, and a C-terminal SH3 domain,
which binds proteins with polyproline motifs, such as DOCK180, a guanine
exchange factor for Racl. Crk II has an additional C-terminal SH3 domain.
Cell mobility and phagocytosis are regulated by the integrin-activated Crk
signaling pathway (Albert et al., 2000). Integrins comprise a large family
of transmembrane adhesion receptors. Upon activation, integrin receptors
recruit focal adhesion protein to the plasma membrane, including focal adhe-
sion kinase (FAK) and Src family kinase, as well as the scaffolding proteins
paxillin and p130Cas. FAK phosphorylates paxillin (Boyd et al., 2000), while
Src kinase phosphorylates p130Cas at multiple tyrosines. Phosphorylation
creates docking sites for Crk proteins (Goldberg et al., 2003). Crk binding
brings SH3 domain-associated proteins such as DOCK180 to the cell mem-
brane in order to activate Rac 1 (Kiyokawa et al., 1998) and stimulate cell
migration and phagocytosis. Crk signaling is modulated by Yersinia YopH,
Pseudomonas ExoT, and Shigella flexneri.

The polarized epithelium

The polarized epithelium is maintained by tight junctions, which are
stabilized by actin through a series of transmembrane proteins, including
occludin, claudins, and other adaptor proteins (Furuse et al., 1994). Cell polar-
ity and tight junctions are regulated by Cdc42. Tight junctions are targeted
directly by a protease of Bacteriodes fragillis, which targets tight junction pro-
teins, and an enterotoxin of Clostridium perfringens, which directly binds the
epithelial tight junction.

PHYSICAL ORGANIZATION OF BACTERIAL TOXINS

Bacterial toxins often possess AB domains that define structure—function
properties. The A domain is the catalytic domain where each toxin possesses
a unique mode of action, e.g. by acting as a hydrolase or by catalyzing a post-
translational modification of a specific amino acid on host proteins. The B
domain has two functional subunits: the receptor-binding (R) domain, which
binds to receptors on the surface of eukaryotic cells, and the translocation
(T) domain, which translocates the A domain across the cell membrane into
the cytosol of eukaryotic cells (Figure 7.2). The site of translocation can be
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Figure 7.2 Structure—function organization of bacterial toxins. Bacterial toxins possess
specific AB structure-function relationships. A is the catalytic domain; each toxin
possesses a unique catalytic activity. B has two functional domains: the receptor-binding
domain, which binds to the cell surface, and the translocation domain, which delivers the
A domain across the cell membrane into the cytosol of eukaryotic cells. In bacterial toxins,
the AB domains can be contained within a single protein, as observed for the large
clostridial toxins (LCT); can be encoded on separate proteins, as observed with C2 toxin or;
can be non-covalently associated, as observed for cholera toxin (CT). Alternatively, the A
domain can be delivered by the type III secretion system, as outlined by ExoS.

the plasma membrane or an intracellular vesicle membrane. Each domain
can be isolated and can perform a specific function independent of the other
domains.

A-B domains may be associated covalently within a single protein,
termed AB, as observed with the large clostridial toxins (LCTs) (Figure 7.2).
LCTs have three functional domains that are physically organized in sequen-
tial linear order (Schirmer and Aktories, 2004). The N-terminus is the gluco-
syltransferase A domain, the internal domain is the translocation T domain,
and the C-terminus is the receptor-binding R domain.

A-B domains may be associated non-covalently within a complex com-
posed of a single A polypeptide and five B polypeptides, termed ABS,
as observed with cholera toxin (Figure 7.3), the heat-labile enterotoxin of
Escherichia coli, pertussis toxin, and Shiga toxin (Sixma et al., 1993). In AB5
toxins, the A polypeptide is organized as a ~190-amino-acid N-terminal cat-
alytic A1 domain that is contiguous with a ~25-amino-acid C-terminal A2
domain. The A2 domain non-covalently links A1 to the B5 subunit. B5S com-
prises five small proteins, which may be identical, as in cholera toxin, or
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Figure 7.3 AB organization of bacterial toxins. The physical organization of an AB
toxin can be represented by the AB5 organization of cholera toxin (CT). CT comprises
an A1 domain, which encodes a catalytic ~190-amino-acid peptide that is the ADP-
ribosyltransferase domain, and a B domain, which are linked non-covalently by the A2
peptide. The A2 linker may contain a KDEL sequence at the C terminus to facilitate
intracellular trafficking in the mammalian cell. The structure 1LTS was downloaded
from the Protein Data Base.

different, as in pertussis toxin. B5 is the receptor-binding domain and contri-
butes to the transport and delivery of A1 into eukaryotic cells. The C-terminus
of the A2 domain of several AB5 toxins possesses KDEL-like sequences that
contribute to intracellular trafficking within the eukaryotic cells.

Some bacterial toxins are organized with the A-B domains synthesized as
separate proteins that are not associated in solution but that associate on the
surface of the eukaryotic cell, termed binary toxins (Barth et al., 2000). Anthrax
toxin of Bacillus anthracis and C2 toxin of Clostridium botulinum (Figure 7.2)
are binary toxins. B monomers bind to cell-surface receptors, are cleaved by
a eukaryotic protease, and are polymerized to a heptamer that forms a plat-
form for A to bind. This AB complex then enters cells via receptor-mediated
endocytosis, where the B domain forms a channel to translocate the A
domain across the early acidified endosomal membrane and into the cytosol.

Certain bacterial toxins lack a B domain. Type III cytotoxins com-
prise N-terminal secretion sequences linked to an A domain that encodes a



catalytic activity. Type III secretion systems of Gram-negative bacteria are
similar and comprise two components, a secretion apparatus and a translo-
cation pore. The prototropic Yersinia type I1I apparatus is composed of about
30 ysc (Yersinia secretion) genes (Cornelis and Van Gijsegem, 2000) and is
derived from gene duplication of the flagellum operon. Studies with high-
resolution microscopy have generated a structure for the secretion appara-
tus of Salmonella (Marlovits et al., 2004). The functions of individual com-
ponents of the type III apparatus are, for the most part, unknown, with
few exceptions. YscC is essential for the secretion of Yops across the outer
membrane of Yersinia and is a member of the family of outer-membrane
secretin proteins that function in macromolecular transport. YscC forms
an oligomeric complex in the outer membrane of Yersinia with an appar-
ent internal pore (Burghout et al., 2004). Secretion of type III cytotoxins
also requires YscN, which possesses an ATP-binding motif (Woestyn et al.,
1994). Mutations within this ATP-binding motif interfere with Yop secre-
tion, implicating a need for energy in the secretion process. Translocation
of type III cytotoxins across the mammalian plasma membrane requires
three bacterial proteins, YopB and Yop D, which function in pore forma-
tion, and LerV, which plays a pleotrophic but essential role in translocation.
The secretion and translocation signals are located within the N-terminal
100 amino acids of type III cytotoxins. In addition to the secretion and
translocation apparatus, efficient type III secretion requires chaperone-like
proteins thatinteract directly with the preformed type ITI cytotoxin in the cyto-
plasm of the bacterium to direct secretion through the type III apparatus. A
novel but controversial model implicates a role for an RNA intermediate of
some type III cytotoxin in the secretion process (Cheng and Schneewind,
2000).

Thus, bacterial toxins possess specific A-B organization and modes of
action. Toxins have evolved to modify eukaryotic proteins that control cellu-
lar function. At equilibrium, the covalent modification of host proteins by
bacterial toxins is an irreversible reaction. This contrasts the ability of some
bacterial toxins to mimic host proteins in order to reversibly modulate the
activity of mammalian physiology.

BACTERIAL TOXINS THAT COVALENTLY MODIFY ACTIN

There are three classes of bacterial toxins that covalently modify actin:
the C2 family of toxins of clostridia and bacillus, Salmonella cytotoxins, and
the actin polymerizing toxin of Vibrio cholerae.
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C2 toxins ADP-ribosylate actin

C2 toxins catalyze the transfer of ADP-ribose from nicotinamide ade-
nine dinucleotide (NAD) to the guanidine group of Arg-177 of actin. This
depolymerizes actin and disrupts the actin cytoskeleton.

NAD" + actin — actin(Arg-177) — ADP-ribose + nicotinamide + H"

ADP-ribosylation of actin correlates with the reorganization of the actin
cytoskeleton, showing that actin is the primary target for C2 toxin (Aktories
et al., 1986; Ohishi and Tsuyama, 1986). C2-like toxins include the C2 toxin
of C. botulinum, iota toxin of Clostridium perfringens, Clostridium spiroforme
toxin, C. difficile ADP-ribosyltransferase, and vegetative insecticidal protein
(VIP) of Bacillus cereus. C2 toxins are binary toxins and consist of an A pro-
tein, which possesses ADP-ribosyltransferase activity, and a B protein, which
includes the receptor-binding and translocation domains. C2 toxins possess
different capacities to ADP-ribosylate actin. C2 toxins ADP-ribosylate all actin
isoforms, except C2 toxin, which ADP-ribosylates 3 /y-actin but not a-actin.
ADP-ribosylated actin does not polymerize into F-actin (Aktories et al., 1986)
and acts as a dominant negative protein to inhibit actin polymerization (Weg-
ner and Aktories, 1988).

Cytotoxins that enhance Salmonella pathogenesis

SpvB is a type III cytotoxin (Lesnick et al., 2001) of Salmonella that ADP-
ribosylates B /y-actin (Lesnick et al., 2001; Tezcan-Merdol et al., 2001). SpvB
enhances Salmonella invasion of epithelial cells and macrophages. ADP-
ribosylation causes actin to depolymerize, which prevents conversion of G-
actin into F-actin. SpvB appears to complement the action of SptP, another
type III effector of Salmonella (Fu and Galan, 1999). SipC, another type III
cytotoxin of Salmonella, has similarities with the pore-forming protein of
IpaC of Shigella and stimulates F-actin nucleation via an undefined mecha-
nism (Chang et al., 2005; Hayward and Koronakis, 1999).

Actin-polymerizing toxin of Vibrio cholerae

RtxA is the actin-polymerizing toxin of Vibrio cholerae. RtxA was originally
identified within a gene cluster linked to the gene encoding cholera toxin in
the El Tor strain of V. cholerae (Fullner and Mekalanos, 2000). RtxA has
limited homology with the repeats in the toxin (Rtx) protein family and was
originally named as a member of this protein family. However, RtxA does



not contain the pore-forming domain that is a component of the RTX toxins
and does not possess hemolytic activity. RtxA is predicted to comprise 4546
amino acids and elicits two phenotypes in clustered cells, cell rounding and
the covalent cross-linking of actin. Actin depolymerization and actin cross-
linking may be located on separate domains of Rtx, but the molecular basis
for either phenotype is not known. RtxA has been implicated as an inducer
of a local intestinal inflammatory response during V. cholerae pathogenesis.

TOXINS THAT INACTIVATE RHO GTPASES

Bacterial toxins utilize several strategies to inactivate the Rho GPTPases,
including covalent modifications (glucosylation) by LCTs, proteolytic cleavage
by Yersinia YopT, and as molecular mimics of the mammalian Rho GAPs by
a family of type III cytotoxins.

Large clostridial toxins glucosylate Rho

Toxins A and B of C. difficile are single polypeptide AB toxins that are the
best-characterized members of the family of glucosylating toxins. Toxin A
is ~308kDa and toxin B is ~270kDa. A and B are organized as single-chain
AB toxins that have ~50% homology at the primary amino-acid level. The N-
terminus encodes the glucosyltransferase domain (A), while the C-terminus
comprises the translocation/receptor-binding domains (B), but cell-surface
receptors for toxin A and toxin B have not been identified. Toxin A and toxin B
appear to enter cells through a pH-dependent vesicle pathway. The glucosylat-
ing toxins catalyze the mono-O-glucosylation of Rho GTPases (Chaves-Olarte
et al., 1996; Just et al., 1995).

Glucose + Rho A — Rho A (Thr37)-glucose + H*

C. difficile is responsible for antibiotic-associated pseudomembrane colitis,
and toxins A and B have been implicated in the development of inflammation
of the colon. Toxin A was originally described as an enterotoxin that stimu-
lated fluid secretion and inflammation in an experimental animal model,
while toxin B gene was reported to be cytotoxic for cultured cells. More recent
studies suggest that toxin A and toxin B have similar actions on cells and do
not possess unique enterotoxic or cytotoxic activities.

Toxins A and B glucosylate Rho A at Thr37 and glucosylate Rac 1 and
Cdc 42 at Thr35. Glucosylation of Rho changes cell morphology and results in
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cell rounding and subsequent cell release from the matrix. Glucosylation has
multiple effects on Rho action, including inhibition of downstream effector
protein binding, GEF-mediated nucleotide exchange, and GTPase activity.
In addition, Rho-GDI does not extract glucosylated Rho from the cell mem-
brane. Although the exact role of toxins A and B in inducing diarrhea and
pseudomembranous colitis are not understood, F-actin depolymerization can
modulate tight-junction function. In addition to eliciting a cytotoxic response
in mammalian cells, toxin A and toxin B generate an inflammatory response
in white blood cells, which leads to the release of numerous cytokines; this
may also contribute to colonic inflammation.

YopT cleaves at the C-terminus of Rho

YopT is a 322-amino-acid type III cytotoxin of Yersinia that is a metal-
loprotease (Shao and Dixon, 2003). YopT cleaves the C-terminal cysteine of
RhoA to disrupt the actin cytoskeleton. The C-terminal cysteine of the Rho
GTPAses is part of the CAAX box that is isoprenylated in eukaryotic cells
to anchor Rho GTPase to the cell membrane. During the native matura-
tion of Rho, the cysteine is isoprenylated, followed by cleavage of AAX and
carboxymethylation of the isoprenylated cysteine. Thus, YopT cleaves Rho
proteins to release carboxymethylated isoprenylated cysteine, which disrupts
binding of GTP-Rho to the cell membrane and interferes with interactions of
GDP-Rho with Rho GDI. In vitro, YopT targets RhoA, Racl, and Cdc42, but
RhoA appears to be the preferred target in cells (Shao et al., 2003). Cleavage
of the post-translated cysteine by YopT contributes to the anti-internalization
activity of Yersinia.

TOXINS THAT ACTIVATE RHO FUNCTION

Rho activation by bacterial toxins is caused by the deamidation of a cata-
lytic glutamine on Rho by a family of cytotoxic necrotizing factor (CNF) toxins
and transglutamidation by dermonecrotizing toxin of Bordetella.

Cytotoxic necrotizing factor deamidates Rho

CNFs are single-chain ~110-kDa AB proteins, where the N-terminus
comprises the receptor-binding/translocation domain and the C-terminus
comprises the deamidase domain. CNF was initially isolated from E. coli,
but CNF homologs have also been isolated in Yersinia. CNF stimulates



multinucleation, actin polymerization, and phagocytosis in cultured cells.
Rho(GIn63) + H,0 — Rho(Glu63) + NH,

CNF stimulates the deamidation of GIn63 of RhoA (Popoff et al., 1996;
Schmidt et al., 1997). GIn63 coordinates a hydrolytic H,O that is involved
in intrinsic and RhoGAP-stimulated hydrolysis of the y-phosphate of GTP.
In this reaction, the amide nitrogen of GIn63 stabilizes a transition state
for GTP hydrolysis, and deamidation of GIn63 gives Rho a dominant active
phenotype. CNF contributes to colonization and tissue damage in mouse
models and to the invasive properties of E. coli. In addition to Rac activation,
an unexpected property of CFEN is the stimulation of proteasome-mediated
degradation of Racl. The physiological significance for the modulation of the
steady state of Racl by CFN is not yet apparent. CNF1 also increases intesti-
nal permeability by decreasing transepithelial electrical resistance, with a
decrease in the function of tight junctions. Thus, CFN can modulate barrier
function of epithelial cells.

Dermonecrotizing toxin transglutamidates Rho

Bordetella dermonecrotizing toxin (DNT) is a ~150-kDa AB protein that
also deamidates GIn63 of Rho to stimulate actin polymerization. DNT has an
N-terminal receptor-binding/translocation domain and a C-terminal deami-
dase domain (Kashimoto et al., 1999; Schmidt et al., 1999). In addition to
catalyzing the deamidase reaction, DNT also catalyzes a transglutamidase
reaction, where polyamines, such as putrescine, are exchanged for the amide
of GIn63.

Rho(GIn63) + putrescine — Rho(Glu63)-putrescine

Transglutamidation blocks hydrolysis of the vy-phosphate from GTP-Rho
and allows GDP-Rho to associate with Rho kinase and stimulate Rho signal
transduction.

TOXINS THAT MODIFY RHO THROUGH NON-COVALENT
MECHANISMS

The modulation of actin cytoskeleton by non-covalent modification pro-
vides a bacterial pathogen temporal regulation of the activation state of the
Rho GTPases. Bacterial toxins can either activate or inactivate Rho proteins
as molecular mimics of GEFs and GAPs, respectively.
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Activation of Rho GTPases by guanine nucleotide exchange
factor mimics

SopE is a type III cytotoxin of Salmonella that mimics eukaryotic GEFs
through a mechanism that is similar to mammalian GEFs (Hardt et al., 1998).
SopE stimulates release of GTP from Racl and Cdc42. Expression of SopE
stimulates the actin cytoskeleton in cultured cells and enhances the invasive
properties of Salmonella. This was the first observation that a bacterial toxin
could modulate host physiology through a non-covalent modification of host
cell function. More recent studies have reported the presence of a SopE2
protein that also functions as a GEF.

Inactivation of Rho GTPases by RhoGTPase-activating
protein mimics

Salmonella SptP, Pseudomonas ExoS and ExoT, and Yersinia YopE are
type III cytotoxins that mimic the action of mammalian Rho GAPs (Fu and
Galan, 1999). Bacterial Rho GAP domains comprise a small ~140-amino-
acid domain that includes nine a-helices (Wurtele et al., 2001). Stimulation
of the inactivation of Rho GTPase by the bacterial Rho GAPs is similar but not
identical to mammalian Rho GAP. Rho GAPs enhance the intrinsic GTPase
activity of Rho GTPases by stabilizing a transition state of the catalytic Gln
of the GTPase. Like mammalian Rho GAPs, bacterial Rho GAPs utilize an
Arg to stimulate the hydrolytic activity of the Rho GTPases, but the catalytic
Arg of bacterial Rho GAPs is a component of a a-helix rather than a flexible
loop, as observed for mammalian Rho GAPs. Bacterial Rho GAPs utilize a
main-chain carbonyl on a glycine to stabilize the active site GIn. The crystal
structure of bacterial Rho GAPs has little homology with mammalian Rho
GAPs, apart from both families of proteins being composed of a-helices,
implicating convergent pathways in their evolution.

SptP is a bifunctional toxin of Salmonella, where the N-terminus com-
prises the Rho GAP domain that targets Rac and Cdc42 and a C-terminus
comprises a tyrosine phosphatase domain (Fu and Galan, 1999). Pseu-
domonas ExoS and ExoT are also bifunctional toxins that comprise an N-
terminal Rho GAP domain for Rho, Rac, and Cdc42 and a C-terminal ADP-
ribosyltransferase domain (Barbieri and Sun, 2004). Yersinia YopE possesses
only a Rho GAP domain (Von Pawel-Rammingen et al., 2000). Although
YopE, ExoS, and ExoT are anti-internalization factors, SptP works in concert
with SopE to contribute to the invasive properties of Salmonella. YopE has



also been reported to interfere with the caspase-1-mediated maturation of
interleukin 1B through the modulation of Racl, where Racl contributed to
autoactivation of caspase-1 through activation of a host cofilin kinase (Yang
et al., 1998). This suggests a new function of Rho GTPases in the regulation
of innate immunity.

TOXINS THAT MODULATE THE CRK SIGNALING PATHWAY

Yersinia YopH, Pseudomonas ExoT, and a Shigella flexneri type I11 related
protein modulate the Crk signalling pathway.

YopH is a phosphatase of focal adhesion proteins

YopH is a 468-amino-acid type III cytotoxin of Yersinia that possesses
tyrosine phosphatase activity (Black et al., 2000). Yersinia invasion protein
binds to the integrin receptor to stimulate recruitment of Src kinase and
FAK to the focal adhesion complex. These kinases phosphorylate the focal
adhesion complex protein, paxillin, and p130CAS. YopH dephosphorylates
these focal adhesion proteins, which blocks interactions between the focal
adhesion protein and Crk proteins (Phan et al., 2003). The crystal structure of
the YopH phosphatase domain complexed with a non-hydrolyzable substrate
suggests that the active site of YopH acts through a similar mechanism as
mammalian phosphatases. Although single yop mutant strains of Yersinia
were not affected for colonization or persistence in a mouse model of infec-
tion (Logsdon and Mecsas, 2003), a strain of Yersinia that was mutated for
yopH and yopE did not colonize intestinal tissues. This suggests that YopH
and YopE have redundant functions. Studies suggest that YopH may also
block early steps in T-cell signaling and inhibit development of an immune
response to infection (Alonso et al., 2004).

ExoT ADP-ribosylates Crk

Pseudomonas ExoT is a 457-amino-acid bifunctional type III cytotoxin
that contains an N-terminal Rho GAP domain and a C-terminal ADP-
ribosylation domain (Barbieri and Sun, 2004). The function of the ExoT ADP-
ribosyltransferase domain has been resolved. Early studies observed that rel-
ative to ExoS, ExoT possessed only limited ADP-ribosyltransferase activity
for Ras and SBTI. Therefore, ExoT was proposed to represent a defective
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ADP-ribosyltransferase. Subsequent studies showed that a Rho GAP defect-
ive ExoT retained some capacity to reorganize the actin cytoskeleton and pos-
sessed antiphagocytic activity (Garrity-Ryan et al., 2004). Furthermore, ExoT
elicited a cytotoxic response independent of Rho GAP activity without ADP-
ribosylating Ras (Sundin et al., 2001). This suggested that ExoT might target
host proteins distinct from ExoS. ExoT was subsequently shown to ADP-
ribosylate Crk-I and Crk-1I with a rate of ADP-ribosylation that is comparable
to that of ExoS for SBTI. This observation linked the antiphagocytic activity
of ExoT to a mechanism that was shown to be distinct from transient modu-
lation of Rho GTPases by Rho GAP activity via Racl-mediated phagocytotic
signalling.

Shigella activates Crk signaling pathway

Shigella is an intracellular pathogen that stimulates a Crk-mediated path-
way to facilitate uptake of the bacterium into mammalian cells (Bougneres
et al., 2004). The Abl family of tyrosine kinases is required for the inter-
nalization of Shigella, and Abl and Arg accumulate at the site of Shigella
entry. These kinases phosphorylate Crk-II, which activates Rac-1, facilitating
Shigella internalization. The bacterial protein responsible for the activation
of the AbI family of tyrosine kinases has not been identified.

TOXINS THAT MODULATE EZRIN, RADIXIN,
AND MOESIN PROTEINS

The ERM proteins are regulators of the actin cytoskeleton and function
as foci for actin nucleation and activators of Rho signal transduction. Pseu-
domonas ExoS and Helicobacter CagA target ERM proteins.

ExoS ADP-ribosylates ezrin, radixin, and eosin proteins

Pseudomonas ExoS is a 453-amino-acid bifunctional type III cytotoxin
that contains an N-terminal Rho GAP domain and a C-terminal ADP-
ribosyltransferase domain (Barbieri and Sun, 2004). ExoS was initially identi-
fied as an ADP-ribosylating protein with broad substrate specificity (Coburn
and Gill, 1991; Iglewski et al., 1978). Subsequent studies showed that ADP-
ribosylation disrupted Ras interactions with its GEF (Ganesan et al., 1999).
Although in vitro studies showed that ExoS ADP-ribosylated numerous sub-
strates, only a few host proteins were early targets for ADP-ribosylation. One



of the earliest targets for ADP-ribosylation were the ERM proteins (Maresso
et al., 2004).

CagA stimulates the dephosphorylation of ezrin

Helicobacter cytotoxin-associated gene A (CagA) is a type-1V secreted
toxin. H. pylori infects many humans, leading to gastritis, gastric ulcera-
tion, and gastric cancer, although molecular association between H. pylori
infection and cancer remains to be resolved. Following type IV deliv-
ery, CagA is phosphorylated and stimulates reorganization of the actin
cytoskeleton. One of the outcomes of CagA internalization is the inhibi-
tion of Src kinases. This inhibition causes the steady-state dephosphory-
lation of several host cell proteins, including ezrin (Selbach et al., 2004).
The role of ERM protein inactivation in H. pylori pathogenesis is still under
investigation.

TOXINS THAT DISRUPT TIGHT JUNCTIONS

Although many toxins elicit indirect effects on the tight junctions of
polarized epithelial cells, the metalloprotease of Bacteroides fragilis has a direct
disruptive effect on tight junction function.

Bacteroides fragilis toxin is a protease of E-cadherin

B. fragilis toxin (BFT) is a ~20-kDa protein that is associated with diar-
rhea in animals and humans (Sears, 2001). BFT stimulates reorganization
of the actin cytoskeleton in cultured cells and reduces barrier function in
polarized epithelial cells. BFT is an extracellular protease that cleaves E cad-
herin. Several distinct BFTs have been identified, which have between 87%
and 96% identity but possess similar biochemical and biological activities
(Wu et al., 2002). The significance of allelic forms of BFT remains to be
determined.

Clostridium perfringens enterotoxin associates
with tight junctions

Clostridium perfringens enterotoxin (CPE) protein is a 35-kDa protein that
directly binds epithelial tight junctions, including claudins and occludin.
This association affects tight junction structure and function, changing the
permeability and contributing to diarrhea.

FIIYEVL 113D TVITIHLIAT FHL AIIAONW LVHL SNIXOL TVI¥i1DVd



BACTERIAL-EPITHELIAL CELL CROSS-TALK

TOXINS THAT MODULATE INTRACELLULAR CAMP
IN MAMMALIAN CELLS

Cyclic adenosine monophosphate (CAMP) is a secondary messenger in
mammalian cell signaling. Cholera toxin (CT) elevates intracellular cAMP
through the ADP-ribosylation of G-proteins, while Pseudomonas ExoY mimics
the action of the host adenylate cyclases to elevate intracellular cAMP to
supraphysiological levels.

Cholera toxin ADP-ribosylates the a-subunit of G

CT is an AB5 protein that is produced by V. cholerae and is responsible for
pandemic cholera (Mekalanos et al., 1983). E. coli produces a closely related
protein toxin, the heat-labile enterotoxin (LT) that causes traveler’s diarrhea
(Moseley and Falkow, 1980). The A domain of CT/LT is a ~22-kDa protein
that ADP-ribosylates the a-subunit of the heterotrimeric G4 protein. ADP-
ribosylation locks the a-subunit of G, in a GTP-bound and constitutively
active form. ADP-ribosylated Gsa activates mammalian adenlyate cyclase,
leading to elevated cAMP and the secretion of electrolytes and H,0 from
epithelial cells. The B5 domain comprises five identical peptides (~11kDa)
that assemble into a stable ring. The B5 domain of CT binds the ganglioside
Gw on the apical surface of polarized epithelial cells (Heyningen, 1974). CT
enters epithelial cells through an endocytic pathway that includes retrograde
trafficking to Golgi/endoplasmic reticulum (ER) (Badizadegan et al., 2004).
In the ER, the A domain unfolds and is translocated from the lumen of the ER
into the cytosol. The C terminus of the A domain possesses an ER-retention
(KDEL motif) sequence that enhances intracellular trafficking of CT but is not
required for trafficking. Lipid rafts appear to contribute to the intracellular
trafficking of the CT-Gy; complex (Fujinaga et al., 2003).

ExoY is a mimic of host adenylate cyclase

Pseudomonas ExoY is a type III cytotoxin (Yahr et al., 1998). ExoY has pri-
mary amino-acid homology with the active sites of the adenylate cyclase toxin
of B. pertussis and the edema factor of B. anthracis. Type-I11-delivered ExoY
elevates CAMP levels about 2000-fold in cultured cells. This has pleotrophic
effects on host cell metabolism, including the reorganization of the actin
cytoskeleton. In vitro ExoY catalyzes only a basal adenylate cyclase and is
stimulated by the addition of a host cell lysate. The identity of the mam-
malian activator of ExoY remains to be determined.



TOXINS THAT INHIBIT PROTEIN SYNTHESIS THROUGH
DISRUPTION OF RNA FUNCTION

Shiga toxin (ST) and the Shiga-like toxins disrupt the host epithelium
through a novel de-adenylation that uncouples the function of rRNA, thereby
inhibiting protein synthesis.

Shiga toxin deadenylates rRNA

ST is an AB5 toxin produced by Shigella dysenteriae (O’Brien et al., 1980).
The A domain catalyzes the deadenylation of RNA, while the B5 domain binds
the glycolipid receptor (Gb3). ST enters mammalian cells though clathrin-
coated pits and clathrin-independent endocytosis (Sandvig and van Deurs,
2005). Preferred trafficking appears to vary among different cell lines. Trans-
port to the Golgi involves a Rab-11-dependent pathway but is independent of
Rab-9, suggesting that ST does not traffic through late endosomes (Iversen
et al., 2001). Transport of ST from endosomes to the Golgi is dependent on
dynamin (Lauvrak et al., 2004). In the ER, the A domain is translocated from
the lumen of the ER to the cytosol. The A domain is an N-glycosidase that
cleaves a specific adenine base from the 28-S rRNA of the 60-S ribosomal
subunit (Endo et al., 1988). De-adenylation inactivates a loop within rRNA
that fails to bind elongation factor. This yields a potent inhibition of protein
synthesis and is responsible for the pathology associated with ST-mediated
disease.

Shiga-toxin-producing Escherichia coli and the hemolytic
uremic syndrome

Several strains of E. coli produce ABS5 toxins (Stx), which are related to the
ST of S. dysenteriae. E. coli that produce Stx are termed Stx-producing E. coli
(STEC). E. coli 0157:H7 is responsible for many outbreaks of hemorrhagic
colitis and diarrhea-associated hemolytic uremic syndrome (HUS) (O’Brien
et al., 1980, 1983). STEC produce either Stx1 or Stx2; the A domain in Stx1
differs from ST by only a single amino acid, and Stx1 and Stx2 have 55%
identity. Like ST, the A domains of Stx1 and Stx2 are N-glycosidases that
cleave 28-S rRNA and inhibit protein synthesis. The B5 domain of Stx binds
glycolipid receptors for entry into cells. Several differences between Stx1 and
Stx2 have been found, including the C-terminus of Stx2 A2 domain forming
a short a-helix while the C-terminus of Stx1 A-subunit is disordered (Fraser
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et al., 2004). This may be one explanation for the differential toxicities of Stx1
and Stx2.

CONCLUSION

Bacteria utilize numerous strategies to subvert the host cell physiology
and damage the epithelium. Advances in our understanding of how bacterial
toxins disrupt host cell functions parallel advances in our understanding of
the molecular and cell biology of mammalian cells and studies on the physical
and biochemical properties of these toxins. Future studies will utilize high-
resolution microscopy, biophysical analysis, and functional biology to better
correlate how the host responds to the insult of toxin action and will continue
to unravel the molecular steps in the intoxication of the specialized cells of
the epithelium.
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CHAPTER 8

Host-mediated invasion: the Salmonella
Typhimurium trigger

Brit Winnen and Wolf-Dietrich Hardt

INTRODUCTION

The epithelial layer of mucosal surfaces in the gastrointestinal tract is
a busy surface for communication between the host and both commensal
and pathogenic bacteria. In the case of invasive pathogens, the epithelium
represents the major barrier that has to be overcome. Important virulence
determinants include those mediating adhesion to and invasion of the epithe-
lium. Different strategies are used to induce the uptake of invasive bacteria
(Figure 8.1). For example, Yersinia spp. and Listeria monocytogenes express
adhesins that bind tightly to host cell-surface proteins. This binding interac-
tion initiates invasion by triggering signaling pathways normally involved in
the regulation of cell adhesion. This invasion mechanism has been termed
“zipper” because the host cell membrane is wrapped tightly around the bac-
teria (Mengaud et al., 1996). For more details on the zipper mechanism; see
Alonso and Garcia-del Portillo (2004). More recently, a variant of this mech-
anism, termed the “tandem B-zipper,” has been identified. As an example of
this entry mechanism, pathogenic bacteria like Staphylococcus aureus express
surface proteins that bind to human fibronectin. This fibronectin coat facil-
itates binding to host cell-surface receptors and mediates invasion (Figure
8.1b) (Schwarz-Linek et al., 2004). A third strategy, termed “trigger mecha-
nism,” is employed by Salmonella and Shigella spp. This involves specialized
protein-transport systems called type III secretion systems (TTSS) to inject
virulence factors (effector proteins) directly into the cytosol of the host cells.
The translocated effector proteins trigger host signaling cascades that medi-
ate a variety of responses, including pathogen uptake (Hueck, 1998). Host
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Figure 8.1 Bacterial pathogens can induce phagocytosis by different mechanisms. (a) The
zipper invasion mechanism. Uptake of Listeria monocytogenes or Yersinia spp. into
epithelial cells is directed by tight ligand-receptor interaction, resulting in uptake of one
bacterium at a time. (b) Several other pathogenic bacteria, including Staphylococcus aureus,
use a tandem B-zipper mechanism to attach to human fibronection (Fn). Fn connects a
bacterial surface protein (Fn-binding protein, FnBP) and the host cell receptor (i.e. asP1-
integrins) (Schwarz-Linek et al., 2004). (c) The trigger invasion mechanism. Salmonella
and Shigella spp. inject a cocktail of effector proteins via a type III secretion system (TTSS)
into the host cell cytosol. These effector proteins induce membrane ruffles, which engulf
fluid phase markers, the pathogen, as well as “bystander bacteria,” leading to their uptake.

cell invasion of Salmonella Typhimurium via the trigger mechanism is the
focus of this chapter.

The basic components of the TTSS and the mechanism of protein translo-
cation itself are conserved among different Gram-negative bacteria. In con-
trast, the effector proteins differ dramatically (see Table 8.1). This likely
reflects the coevolution of bacteria with their specific host and, as a result,
there is no common pathway used to circumvent the host’s defense mech-
anisms. Instead, each species has evolved its own unique tactic to establish
infection, thereby reflecting the great diversity of pathogens encountered by
humans. This is illustrated by the invasion of the intestinal mucosa by differ-
ent pathogenic bacteria harboring TTSS (Figure 8.2). Bacteria can traverse the
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intestinal epithelial barrier in several different ways. Salmonella spp. inject
TTSS effector proteins into and thereby invade enterocytes (Figure 8.2a).
Other bacteria (Salmonella, Shigella, Yersinia) enter via M-cells (Figure 8.2b)
and/or are transported passively across the epithelial barrier by dendritic cells
(Figure 8.2d) (Rescigno et al., 2001). Once bacteria reach the lamina propria,
they encounter phagocytic cells such as macrophages, polymorphonuclear
cells (PMN), and dendritic cells.

Again, this encounter with phagocytes can involve TTSS function, which
can have quite different consequences. Some bacteria (Yersinia spp.) remain
strictly extracellular and inhibit macrophage phagocytosis via TTSS effector
proteins (Table 8.1). Other bacteria are taken up but induce rapid macrophage
apoptosis (Salmonella spp.) Table 8.1 In yet other cases, the bacteria can
survive and even replicate inside macrophages and dendritic cells; this
process is thought to allow dissemination within the host. In contrast to
Salmonella spp., Shigella spp. “hide” from phagocytic cells by invading epithe-
lial cells from the basolateral side and spreading between epithelial cells using
actin-based motility (Figure 8.2e, f). In general, the bacterial insult leads to
the release of pro-inflammatory cytokines and recruitment of phagocytes
(macrophages, PMN) to the site of infection. As a side effect of this inflamma-
tory response, one frequently observes tissue disruption, which may facilitate
tissue entry of further pathogens (Figure 8.2¢).

The molecular interaction of enteropathogenic bacteria with the gut
epithelium has been studied extensively in vitro. For practical reasons, most
studies on host cell invasion have been performed with non-polarized cells
such as fibroblasts and HeLa cells. This has proven useful because the cellu-
lar targets of the invasion factors/effector proteins are present in these cells
and the signaling pathways controlling the cytoskeletal architecture are well
understood. However, polarized epithelial cells (mostly T84 and Caco2 cells)
have the obvious advantage that they can mimic more closely the situation at
the intestinal epithelium. In this respect, a tissue culture assay involving the
transmigration of phagocytic cells (PMN) in response to bacterial infection
of a polarized epithelial monolayer has been of special interest (Hurley and
McCormick, 2003). Nevertheless, most of the available data that are discussed
in this chapter stem from work on non-polarized cells. Future work will have
to establish how far these mechanisms extend to polarized epithelia. Fur-
thermore, animal models are required to learn which mechanisms operate
in vivo when the polarized epithelium is just the outer layer of a complex and
quite dynamic tissue.

In this chapter, we focus on the molecular mechanisms used by
the enteropathogen Salmonella Typhimurium to invade host cells. For



comparison, the entry mechanisms of Shigella flexneri and Yersinia spp. are
also discussed.

MIMICRY OF HOST CELLULAR PROTEINS

Many pathogenic bacteria employ factors that manipulate signal-
transduction cascades within the host cell. Generally, these virulence factors
have been acquired by horizontal gene transfer, some from the host (e.g.
RalF from Legionella) (Nagai et al., 2002) and others from other bacteria.
(For more details on horizontal gene transfer, see Brussow et al. (2004) and
Lawrence (2005)). The latter have often evolved by “convergent evolution.”
These virulence factors often have identical functions but do not resemble
their eukaryotic counterparts in sequence or structure. This has emerged as
a common theme and is referred to as “molecular mimicry” (Stebbins and
Galan, 2001). No matter how they were acquired, these virulence factors allow
the pathogens to actuate signaling cascades that are hard-wired in the host
cells that they infect. Therefore, it is not surprising that the bacteria-induced
responses often resemble a certain facet of the cells normal response reper-
toire. For example, Salmonella and Shigella spp. invade host cells by triggering
actin rearrangements. These resemble membrane ruffles induced by growth
factors, including the recruitment of specific cytoskeletal associated proteins
to the site of bacterial entry (Finlay et al., 1991; Francis et al., 1993; Ginocchio
et al., 1992).

During early steps of invasion, the Salmonella protein SopE functions as
an exchange factor for Rho GTPases (Table 8.1), thereby mimicking host cel-
lular guanine nucleotide exchange factors, despite the lack of sequence sim-
ilarities. Thus, SopE provides an excellent example for molecular mimicry
and has probably emerged in some unknown bacterial species by conver-
gent evolution (Buchwald et al., 2002; Hardt et al., 1998; Schlumberger et al.,
2003). Similarly, the N-terminal domain of the S. Typhimurium TTSS effec-
tor protein SptP has similar function but no sequence similarity to eukaryotic
GTPase-activating proteins (Stebbins and Galan, 2001). In contrast, the C-
terminal domain of SptP shows significant sequence similarity to eukaryotic
tyrosine phosphatases. Thus, this domain of SptP has probably been acquired
by horizontal gene transfer from some unidentified eukaryote (Kaniga et al.,
1996; Stebbins and Galan, 2000). To understand the pathophysiological func-
tions of the bacterial effector proteins triggering invasion, it is important to
understand the signaling cascades of the host cell. Significant progress has
been made during the past several years.
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MODULATION OF THE HOST ACTIN CYTOSKELETON: THE
CYTOSKELETON IS A MAJOR TARGET IN MAMMALIAN CELLS

Salmonella and Shigella spp. invade normally non-phagocytic host cells via
the trigger mechanism. A number of TTSS effectors act in concert to induce
actin rearrangements and engulfment of the bacteria (Garcia-del Portillo and
Finlay, 1994). Inhibitors of microfilament formation (e.g. cytochalasin D)
or inhibition of the appropriate signaling cascades prevents cytoskeletal re-
arrangements and bacterial entry (L. M. Chen et al., 1996; Clerc et al., 1987;
Finlay et al., 1991). Thus, it is helpful to provide a brief overview of the
regulation of actin architecture and dynamics.

Small guanosine-5'-triphosphatases (GTPases) of the Rho subfamily are
central regulators of the eukaryotic actin cytoskeleton. They are molecular
switches thathave a GTP-bound “on” state and a GDP-bound “off” state. In the
eukaryotichostcell, these states are controlled by several families of regulatory
proteins. The GTPase-activating proteins (GAPs) accelerate the intrinsic rate
of GTP hydrolysis, thereby switching off the GTPase. In contrast, the guanine
nucleotide exchange factors (GEFs) switch on the GTPase by increasing the
rate of GDP-to-GTP exchange (Figure 8.3) (Etienne-Manneville and Hall,
2002; Molendijk et al., 2004).

The active Rho GTPases, Racl and Cdc42, bind to and activate nucleation-
promoting factors, i.e. Wiskott—Aldrich syndrome protein (WASP), neuronal
Wiskott-Aldrich syndrome protein (N-WASP), and suppressor of cAMP
receptor (Scar)/WASP-family verprolin-homologous protein (WAVE) (Mach-
esky etal., 1999; Prehoda et al., 2000; Takenawa and Miki, 2001). Once targeted
to the correct subcellular destination, these proteins bind and activate the
Arp2/3 complex (Higgs and Pollard, 2001; Suetsugu et al., 2002). The Arp2/3
complex then facilitates the rapid growth of actin-filaments during dynamic
cellular events such as phagocytosis and chemotaxis (Welch et al., 1997).
Other actin-polymerizing proteins can also be involved, i.e. formins and
vasodilator-stimulated phosphoprotein (VASP) (Sechi and Wehland, 2004;
Zigmond, 2004).

Tight junctions are another important feature of the architecture of the
intestinal epithelium. They are linked tightly to the cytoskeleton, are essen-
tial for polarization of the epithelial cell architecture, and prevent the passage
of molecules and ions through the space between cells. Thereby, tight junc-
tions regulate the permeability through the paracellular pathway. Moreover,
manipulation of tight junctions can provide enteroinvasive pathogens with
an alternative route to enter the gut tissue. However, so far little is known
about manipulation of tight or adherence junctions by Salmonella spp. (Jepson



T cae@. N

on \\
=li \
- o
1
off , )
Cdc42 @
GDI

GDI

Figure 8.3 Rho GTPase signaling triggered by Salmonella Typhimurium. The Rho

GTPases Racl and Cdc42 can be activated directly by host cell G-nucleotide exchange

factors (GEF) (dbl-family) or by the S. Typhimurium effector proteins SopE and SopE2.
GAP, GTPase-activating protein; GDI, guanine nucleotide dissociation inhibitor.

et al., 1995; McCormick et al., 1993). Using human epithelial cells, it has
been shown that Shigella spp. can modulate tight-junction-associated pro-
teins and specifically remove claudin, dephosphorylate occludin, and down-
regulate zonula occludens 1 (ZO-1). This leads to disruption of the intestinal
barrier function and allows paracellular passage of the intestinal epithelial
barrier (Sakaguchi et al., 2002).
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THE SALMONELLA PARADIGM FOR THE TRIGGER MECHANISM
OF HOST CELL INVASION

Mutation analyses have revealed that at least five S. Typhimurium effec-
tor proteins (SopE, SopE2, SipA, SopB, SipC) translocated via the Salmonella
pathogenicity island 1 (SPI-1) TTSS participate in triggering invasion of
non-phagocytic cells. SopE and its homolog SopE2 are involved in host
cell invasion (Bakshi et al., 2000; Hardt et al., 1998; Stender et al., 2000;
Wood et al., 1996) and also in inducing intestinal inflammation in calves and
streptomycin-pretreated mice (Hapfelmeier et al., 2004; Wallis and Galyov,
2000; Zhang et al., 2002). Both effectors act as GEFs for Cdc42 and Racl
(Figures 8.3 and 8.4a; Table 8.1) (Hardt et al., 1998; Stender et al., 2000).
SopE mimics the dbl-like GEFs for Rho GTPases but lacks any sequence
and structural similarity to this eukaryotic protein family (Buchwald et al.,
2002; Schlumberger et al., 2003). Specificity for certain Rho GTPases was
observed, suggesting that SopE activates Cdc42 and Racl whereas SopE2
interacts preferentially with Cdc42 but not Racl (Friebel et al., 2001; Hardt
et al., 1998; Stender et al., 2000). However, it is still a matter of speculation
how specificity for certain Rho GTPases may offer an advantage.

SopB is an inositol phosphatase and involved in stimulation of chlo-
ride secretion and enterocolitis in the Salmonella calf model (Norris et al.,
1998). Inositol metabolism seems to affect many aspects of the bacteria—
host interaction. The inositol phosphatase activity of SopB is essential to
promote actin rearrangements, and this activity depends on Cdc42 function
(Figure 8.4a) (Zhou et al., 2001). Purified SopB has a broad substrate spec-
trum. However, in vitro and in vivo SopB acts as a specific 3-phosphatase
towards inositol 1,3,4,5,6-pentakisphosphate (InsPs), thereby depleting the

Figure 8.4 Host cell invasion by Salmonella Typhimurium and Shigella flexneri. (a) S.
Typhimurium host cell invasion. Cdc42/Racl are activated directly by SopE and SopE2
and indirectly by SopB. This triggers cytoskeletal rearrangements in the host cell. Actin
remodeling is enhanced further by the actin-binding proteins SipC and SipA (see text for
details). (b) Shigella invasion. A complex formed by invasion plasmid antigens (Ipa) B/C
binds to beta-1 integrins and CD44 on the host cell surface. Subsequent injection of
effector proteins triggers the formation of the entry structure. Central are the activities of
virulence protein A (VirA), IpaA, invasion plasmid gene D (IpgD), and Src activation (see
text for details).

ADF, cofilin; InsP3, inositol triphosphate; InsPy, inositol tetrakisphosphate; InsPs,
inositol pentakisphosphate; PIP, phosphatidylinositol-5-monophosphate; PIP2,
phosphatidylinositol-4,5-bisphosphate.

®

IDDIIL WATINWIHIAL VITAINOWIVS HHL .NOISVANI AILVIAIWN-LSOH



BACTERIAL-EPITHELIAL CELL CROSS-TALK

cellular pool of InsPs and leading to an accumulation of inositol 1,4,5,6-
tetrakisphosphate (InsP4) (Zhou et al., 2001). Evidence indicates that SopB
also affects phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P;) and that
hydrolysis of this phosphoinositide occurs at the base of membrane ruffles
(Terebiznik et al., 2002). This might be important for efficient formation of
the Salmonella-containing vacuole (SCV) (Terebiznik et al., 2002).

There seems to be significant functional redundancy between the effec-
tor proteins SopE, SopE2, and SopB: SopE and SopE2 can activate Cdc42
directly, while SopB triggers Cdc42-activating signaling pathways (Zhou
et al., 2001). Furthermore, Salmonella strains lacking SopE, or SopE2, or
SopB can invade host cells with only a minor reduction in invasion efficiency,
whereas a Salmonella strain lacking all three effector proteins is no longer
able to remodel actin and shows an invasion-defective phenotype (Mirold
etal., 2001; Zhou et al., 2001). This functional redundancy of SopE/E2/B may
help to ensure that the bacteria are able to invade host cells even though the
exact wiring of the actin regulatory pathways may differ between different
cell types or hosts. This hypothesis awaits further experimentation.

Downstream of the Rho GTPases Racl and Cdc42, the Arp2/3 complex
exerts its function in signaling and actin polymerization. The Arp2/3 com-
plex localizes to ruffles in Salmonella-infected non-polarized and polarized
cells (Criss and Casanova, 2003; Stender et al., 2000). Interestingly, SopE
seems to be involved in both apical and basolateral invasion of polarized
cells, while only Racl was required for apical invasion, and neither Rac1 nor
Cdc42 was required for basolateral invasion (Criss and Casanova, 2003). The
implications of this observation for the role of SopE (acts efficiently on Cdc42
and Racl) and SopE?2 (acts efficiently on Cdc42 but not on Racl) will be an
interesting topic for further investigation.

ACTIN-BINDING PROTEINS ENHANCE SALMONELLA ENTRY

As well as the signaling cascades regulating de novo actin polymerization
of eukaryotic actin, binding proteins provide a second way to regulate the
highly dynamic actin cytoskeleton (Chen et al., 2000; Winder and Ayscough,
2005). Accordingly, actin remodeling triggered by S. Typhimurium effector
proteins SopE, SopE2, and SopB is enhanced further by the two actin-binding
SPI-1 TTSS effector proteins SipA and SipC (Figure 8.4a) (Hayward and
Koronakis, 1999; Zhou et al., 1999a,b).

SipA contains an F-actin-binding domain at its C-terminus. Binding of
SipA to actin reduces the critical actin concentration required for polymer-
ization at the site of Salmonella entry and inhibits filament depolymerization
in vitro (McGhie et al., 2001; Zhou et al., 1999a). By modulating the



actin-bundling activity of the cellular actin-binding protein (ABP) fimbrin,
SipA increases the stability of F-actin that drives and supports the growth
of membrane ruffles (Jepson et al., 2001; Zhou et al., 1999a). Furthermore,
SipA arrests cellular actin turnover by inhibiting ADF/cofilin- and gelsolin-
directed actin depolymerization (McGhie et al., 2004). Taken together, these
activities ultimately result in increased efficiency of bacterial invasion. In
vitro, SipA potentiates SipC nucleation and bundling of actin (McGhie et al.,
2001). For detailed information on actin binding proteins, see Hayward and
Koronakis (2002).

SipC alone is insufficient to mediate host cell invasion, but it is essen-
tial for the invasion process (Collazo and Galan, 1997; Kaniga et al., 1995;
Mirold et al., 2001; Zhou et al., 2001). This phenomenon can be explained
by the fact that SipC serves two functions in parallel: actin nucleation and
translocation of all effectors (Hayward and Koronakis, 1999; Kaniga et al.,
1995). The latter function effectively shuts down SPI-1 TTSS function and
has hindered the detailed analysis of SipC-mediated actin remodeling. Actin
nucleation and effector translocation functions of SipC have been genetically
separated (Chang et al., 2005). The central region (residues 201-220) of SipC
is essential for this actin nucleation activity, whereas the C-terminal region
(residues 315-409) is essential for effector protein translocation (Chang
et al., 2005; Scherer et al., 2000). In agreement with previous data (Hayward
and Koronakis, 1999; Scherer et al., 2000), SipC actin nucleation activity con-
tributed to robust Salmonella-induced actin cytoskeleton rearrangements and
promoted efficient bacterial invasion. These observations provide the basis
for further elucidation of the SPI-1 TTSS effector protein functions and how
they trigger S. Typhimurium host cell invasion.

THE SHIGELLA PARADIGM

Shigella flexneri is a Gram-negative pathogen related closely to Salmonella
spp. S. flevneri invades the colonic mucosa and tissue culture cells that are
normally non-phagocytic. This process resembles many aspects of Salmonella
host cell invasion. However, the interaction with the polarized epithelia
of the gut differs significantly. S. Typhimurium enters intestinal epithelia
cells directly from the luminal side, but Shigella spp. are thought to breach
the epithelial barrier via M-cells or tight-junction modifications and enter
intestinal epithelial cells only from the basolateral side (Figure 8.2) (Mounier
et al., 1992). Further differences arise from the fact that Shigella spp. lyse the
phagosome, move inside the host cell cytosol, and spread within epithelial
monolayers direcly from one host cell to the next (Figure 8.2f) (Bourdet-Sicard
et al., 2000).
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Most of the genes necessary for bacterial entry (including the TTSS
encoding mxi-spa operon) are encoded on a large virulence plasmid. The
TTSS secretion apparatus, the effector proteins, and the membrane ruffles
induced by the TTSS effector proteins are quite similar to the S. Typhimurium
counterparts. For example, the S. Typhimurium TTSS translocation complex
proteins SipB, SipC, and SipD are similar to the Shigella proteins IpaB, IpaC,
and IpaD, and they are also required for transport of effector proteins into
host cells (Menard et al., 1993; Sasakawa et al., 1989). The Shigella effec-
tor protein IpgD is homologous to the Salmonella effector SopB, has phos-
phatidylinositol (PI)-phosphatase activity, and enhances Shigella invasion
(Figure 8.4b) (Allaoui et al., 1993; Niebuhr et al., 2002). IpgD acts as a inositol-
4-phosphatase that specifically dephosphorylates phosphatidylinositol-4,5-
bisphosphate [PtdIns(4,5)P,] into phosphatidylinositol-5-monophosphate
[PtdIns(5)P] (Niebuhr et al., 2002). In line with these observations, S.
Typhimurium SipB and Shigella IpaB are capable of binding cholesterol with
high affinity, and cholesterol is required for efficient translocation of other
effector proteins (Hayward et al., 2005). The starting signal for effector protein
delivery into the host cell may also be similar between bacterial species. For
Shigella, it has been found that host-cell plasma-membrane domains called
lipid rafts and proteins located in these membrane domains (e.g. CD44)
(Skoudy et al., 2000) are engaged for efficient infection and may provide the
signal for injection of effector proteins into host cells (Garner et al., 2002;
Lafont et al., 2002; van der Goot et al., 2004).

The invasion plasmid antigen C (IpaC) also serves as an essential effector
molecule for epithelial cell invasion. IpaC is homologous to the Salmonella
effector protein SipC, and both proteins possess similar actin-modulating
activities (Hayward and Koronakis, 1999; Tran Van Nhieu et al., 1999). Com-
plementation analysis suggests that the in vivo functions might also be simi-
lar. The ipaC gene was able to complementa Salmonella SipC strain. However,
sipCfailed to complement an ipaC null mutant Shigella strain. Thus, SipC and
IpaC may not have 100% identical functions, and SipC may lack an activity
possessed by IpaC (Osiecki et al., 2001).

GTPases of the Rho family, Cdc42, Rac, and Rho, and tyrosine kinases
are essential for Shigella invasion (Mounier et al., 1999; Nhieu and Sansonetti,
1999). The Shigella TTSS effector IpaC plays a key role in this process and
triggers actin polymerization and the Cdc42-dependent formation of filopo-
dia (Adam et al., 1995; Hall, 1998; Tran Van Nhieu et al., 1999). Shigella
entry also involves RhoA signaling, leading to ezrin recruitment, stress-fiber
formation, and promotion of a structure facilitating bacterial entry (Bourdet-
Sicard et al., 2000; Dumenil et al., 2000; Mounier et al., 1999). In contrast
to S. Typhimurium, Shigella spp. seems to activate Rho GTPases in an



indirect way through the activation of the Src tyrosine kinase (Dehio et al.,
1995). Thereby, Src regulates Rho function via tyrosyl-phosphorylation of
p190RhoGAP (Dumenil et al., 2000). Several other host cell proteins, includ-
ing cortactin, ezrin, and a-actinin, are also phosphorylated (Dumenil et al.,
1998). After bacterial invasion is completed, actin polymerization seems to
be downregulated via a feedback mechanism (Figure 8.4b) (Dumenil et al.,
1998).

Overall, these mechanisms lead to formation of an entry structure,
where actin-associated (e.g. plastin, a-actinin, cortactin) and focal adhesion
components (e.g. vinculin, talin) accumulate (Dumenil et al., 1998; Jockusch
et al., 1995; Nobes and Hall, 1995; Tran Van Nhieu et al., 1997). Salmonella
also triggers marked rearrangements in various cytoskeletal components,
including recruitment of a-actinin, tropomyosin, talin, plastin (interacts with
SipA), and tubulin. However, little accumulation has been observed for vin-
culin, and suppression of cortactin levels by RNA interference has no effect
on Salmonella invasion or intracellular actin assembly (Finlay et al., 1991;
Unsworth et al., 2004; Zhou et al., 1999b).

Another difference relates to the TTSS effector protein IpaA. IpaA asso-
ciates with vinculin during bacterial invasion, and this IpaA-vinculin inter-
action initiates the formation of focal adhesion-like structures required for
efficient invasion (Tran Van Nhieu et al., 1997). As mentioned above, the
Salmonella effector protein SipA is involved in a similar phenotype, although
itappears to exertits function by binding directly to actin (McGhie et al., 2001;
Zhou et al., 1999a). This mechanism is completely independent of vinculin.
Nevertheless, both effector proteins are responsible for the spatial restric-
tion of the cytoskeletal rearrangements that result from the activation of Rho
GTPases during infection.

Despite these subtle differences, the basic mechanisms of Shigella and
Salmonella entry share many similarities. The effector proteins induce pro-
nounced membrane ruffling, and the key effector proteins involved show
significant sequence similarity. It will be interesting to find out whether any
of the differences in the host-cell manipulation via the SPI-1 and the [pa TTSS
may explain the subtle differences observed between the diseases caused by
these two organisms.

LATER STAGES OF SALMONELLA-HOST CELL INTERACTION

One to three hours post-invasion, the actin cytoskeletal rearrangements
induced by S. Typhimurium entry are reversed. The cells regain their normal
architecture despite the large number of intracellular bacteria. The Salmonella
SPI-1 TTSS protein SptP is required to mediate this host cell recovery by
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antagonizing Cdc42 and Racl activity (Fu and Galan, 1999). SptP exerts
its function by acting as a GTPase-activating protein for Racl and Cdc42
(Figure 8.4a) (Fu and Galan, 1999). This may prevent damage to the host cell
once the bacteria are internalized. Two discrete domains are found in SptP:
the N-terminal region is required for GAP activity and the C-terminal region
encodes a tyrosine phosphatase. The tyrosine phosphatase activity of SptP
is involved in reversing the MAP kinase activation. MAP kinase signaling
is thought to mediate nuclear responses and cytokine production (Hobbie
et al., 1997; Murli et al., 2001). Although GAP activity has been analysed
in detail, the in vivo targets of the tyrosine phosphatase remain unknown.
When SopE and SptP are microinjected simultaneously, no actin remodel-
ing has been observed, showing that SopE and SptP can antagonize each
other’s effect on the actin cytoskeleton (Fu and Galan, 1999). Since SopE
and SptP are translocated via the SPI-1 TTSS apparatus at the same time (or
possibly shortly after one another), how can they achieve sequential forma-
tion and reversion of membrane ruffles? This question has been answered
by Kubori and Galan (2003): SopE and SptP are temporally regulated by
proteasome-dependent protein degradation. Both effector proteins differ in
the length of their half-lives: SopE is degraded with a half-life of 30 min
while SptP is more stable, with a half-life of 3 h. This temporal regulation
enables the bacteria to induce transient actin rearrangements (Kubori and
Galan, 2003). In summary, the SPI-1 TTSS allows S. Typhimurium to enter
host cells and also sets the stage for later successful replication inside the
host cell.

SUCCESSFUL ENTRY: WHAT NEXT?

As a consequence of host-cell invasion, pathogenic bacteria such
as Salmonella Typhimurium, Mycobacterium tuberculosis, Legionella pneu-
mophila, and Brucella abortus are found within discrete vacuoles. Mycobac-
terium and Salmonella block and redirect the maturation of their vacuole at
different stages of the endocytic pathway. Legionella and Brucella are found in a
multimembranous vacuole called an autophagosome and replicate within an
endoplasmic reticulum (ER)-like compartment (Comerci et al., 2001; Delrue
etal., 2001; Horwitz, 1983; Joshietal., 2001). In contrast, Shigella spp., L. mono-
cytogenes, Rickettsia spp., Mycobacterium marinum (Stamm et al., 2003), and
Burkholderia pseudomallei (Kespichayawattana et al., 2000) all lyse the vacuolar
membrane after entering host cells, thus gaining access to the cell cytosol.
Once inside the cytosol, the bacteria are often propelled by Arp2/3-mediated
actin polymerization (Cossart, 2000). This also facilitates direct spreading



from cell to cell, allowing the bacteria to avoid host immune responses
(Cossart, 2000; Cossart and Sansonetti, 2004; Goldberg, 2001; Gouin et al.,
2005).

S. Typhimurium remains within a vacuolar compartment. Right after
bacterial entry, the SPI-1 TTSS seems to modulate vesicle maturation and
sets the stage for formation of the proper Salmonella-containing vacuole (SCV)
(Steele-Mortimer et al., 2002). Specifically, the SPI-1 TTSS effector protein
SopB seems to be involved in this process by decorating the SCV membrane
with phosphatidyinositol-3-phosphate (PtdIns(3)P), which contributes to the
enlargement of the SCV by stimulating aggregation with other enveloped
bacteria (Hernandez et al., 2004). Once inside the host cell, expression of
the SPI-1 TTSS is switched off and the SPI-2 TTSS is expressed. The SPI-
2 TTSS effector proteins are required for modifying the membrane-bound
compartment (SCV) in order to establish a replicative niche. Specifically, S.
Typhimurium avoids the late endosome/pre-lysosome. Nevertheless, several
lysosomal membrane proteins (Rab7, LAMP1) but no lysosomal hydrolases
are acquired (Brumell and Grinstein, 2004; Holden, 2002; Steele-Mortimer
et al., 1999). This is essential for replication inside epithelial cells and also
for survival and replication in phagocytic cells during later stages of the sys-
temic infection. Furthermore, the manipulation of vesicular trafficking leads
to formation of spectacular vacuolar structures called Salmonella-induced
filaments (SIF), which are enriched in lysosomal glycoproteins (Garcia-del
Portillo et al., 1993a,b). In conclusion, the fate of the bacteria after host-cell
invasion is determined by two different TTSS.

SALMONELLA PLASMID VIRULENCE

A number of non-typhoid Salmonella strains, including S. Typhimurium,
carry the highly conserved spv (salmonella plasmid virulence) gene cluster
encoded on either a plasmid or a chromosome (Boyd and Hartl, 1998; Guiney
et al., 1995; Gulig and Doyle, 1993). A protein encoded by spv, the intracellu-
lar toxin SpvB, is essential for Salmonella virulence in mice and is associated
with severe systemic infections (Fierer et al., 1992). This protein functions as
a mono (ADP-ribosyl) transferase and transfers an ADP-ribose moiety from
nicotinamide adenine dinucleotide (NAD) to G-actin monomers, thereby
altering actin physiology during infection, and causes disruption of the host
cell cytoskeleton (Browne et al., 2002; Lesnick et al., 2001; Tezcan-Merdol
et al., 2001). SpvB induces actin degradation, such that infected cells even-
tually become completely depleted of F-actin filaments (Browne et al., 2002;
Lesnick et al., 2001; Tezcan-Merdol et al., 2001).
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Transfection of a SpvB-expressing vector into mammalian host cells
led to the complete loss of the cytoskeleton (Lesnick et al., 2001). The
amino-terminal domain of SpvB is homologous to the insecticidal toxin
TcaC from the bacterium Photorhabdus luminescens (Bowen et al., 1998). The
ADP-ribosylating activity is located in the carboxy-terminal domain (Lesnick
et al., 2001; Otto et al., 2000). Interestingly, spvB mutant strains are not
compromised in invasion of epithelial cells. However, it is still a matter of
discussion how SpvB affects survival in macrophages. Nevertheless, expres-
sion is upregulated once the bacteria are intracellular, and it has been shown
that SpvB is important for proliferation in macrophages during the systemic
extraintestinal phase of the disease (Guiney and Lesnick, 2005; Gulig et al.,
1998). Ultimately, the cytotoxicity leads to apoptosis (C.Y. Chen et al., 1996;
Kurita et al., 2003; Libby et al., 2000), which could promote cell-to-cell spread
of Salmonella by phagocytosis of infected apoptotic cells by macrophages.
This model would also explain why aminoglycosides such as gentamicin are
not feasible for therapy: the bacteria are never exposed to the extracellular sur-
rounding during their infection cycle (Fierer et al., 1990; Guiney and Lesnick,
2005).

THE YERSINIA PARADIGM

Yersinia enterocolitica and Yersinia pseudotuberculosis are Gram-negative
enteropathogens that also breach the gut epithelial barrier to reach their
niche. For this purpose, Y. enterocolitica and Y. pseudotuberculosis take advan-
tage of M-cells (Autenrieth and Firsching, 1996; Clark et al., 1998; Marra and
Isberg, 1997) that are found above organized mucosal lymphoid follicles and
deliver microorganisms by transepithelial transport from the lumen to organ-
ized lymphoid tissues within the small and large intestines; for review, see
Neutra et al. (1996, 1999). The adhesion protein invasin plays a critical role in
Yersinia invasion of M-cells via the zipper mechanism. Invasin binds -1 inte-
grins with high affinity, induces intracellular signaling activating Rac1 (Alrutz
et al., 2001), and finally mediates internalization.

After the bacteria reach their replicative niche below the M-cells, no
further localization of the bacteria within host cells is observed (Heesemann
etal., 1993). Invasin expression is switched off. Yersinia replicate extracellulary
and block phagocytosis using four principal TTSS effector proteins, YopH,
YopE, YopT, and YopO/YpkA, which inhibit actin cytoskeleton dynamics.
These proteins along with other virulence factors are encoded on the Yop viru-
lon of the Yersinia virulence plasmid and are translocated via a TTSS. YopH is
homologous to the C-terminal portion of SptP, exploiting the tyrosine phos-
phatase activity (Bliska et al., 1991; Galan, 2001; Kaniga et al., 1996). In vitro,



YopH preferentially dephosphorylates three proteins from the focal adhe-
sion, p130%%, Fyb, and SKAP-HOM (Black and Bliska, 1997; Hamid et al.,
1999). This leads to the reorganization of the cytoskeleton (Black and Bliska,
1997; Persson et al., 1997). YopE is homologous to the N-terminal domain
of SptP and acts as a GAP, switching RhoA, Racl, and Cdc42 to the inactive
state (Black and Bliska, 2000; Rosqvist et al., 1990; Von Pawel-Rammingen
et al., 2000). YopE might, therefore, exert the same negative action as SptP
on membrane ruffling. YopT is a cysteine protease that modifies and inacti-
vates Rho, Rac, and Cdc42 (Iriarte and Cornelis, 1998) through cleavage near
their carboxyl termini, releasing them from the membrane. This leads to the
disruption of the host cellular actin cytoskeleton (Shao et al., 2002). Finally,
YpkA (for Yersinia protein kinase A), the fourth effector important for phago-
cytosis inhibition is an autophosphorylating serine-threonine kinase (Galyov
et al., 1993) with sequence and structural similarity to RhoA-binding kinases
(Dukuzumuremyi et al., 2000). Furthermore, YpKkA is activated by actin bind-
ing (Juris et al., 2000). However, the protein target and the exact mode of action
of YpkA remain unknown (Wong and Isberg, 2005). In conclusion, Yersinia
spp. first employ a surface adhesin to gain access into the host cell followed
by the deployment of an impressive number of TTSS effector proteins, which
inhibit uptake by phagocytic host cells and inflammatory signaling once they
have entered their niche inside the host.

CONCLUSIONS

In the past few years, there has been remarkable progress in the under-
standing of the interaction of pathogenic bacteria and their hosts. Pathogens
have evolved a variety of strategies to manipulate host cell functions for the
benefit of the bacterium. However, there is much more to be learned. Most
insights originated from studies on simplified model systems. For instance,
Salmonella virulence factors have often been studied using non-polarized
cell lines. Therefore, many questions remain pertaining to their function
in polarized cells and in vivo during the course of the real infection. These
questions are pressing because a variety of mechanisms for breaching the
epithelium can be envisaged in the settings of a real intestinal infection
(Figure 8.2). Clearly, the years are going to provide new exciting insights into
microbe-host interaction.
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CHAPTER 9

NF-xB-dependent responses activated by
bacterial-epithelial interactions

Bobby J. Cherayil

INTRODUCTION

The epithelial surfaces of the skin and the intestinal, respiratory, and
reproductive tracts constitute the outer frontiers of the body and are exposed
continuously to the myriad microorganisms present in the external environ-
ment. Like any good frontier guard, the cells of these epithelia must carry
out two important functions — establish barriers against microbial intruders
and raise the alarm if the barriers are breached. The nuclear factor kappa B
(NF-kB) family of transcription factors plays a vital role in these functions
by controlling the expression of a number of genes involved in antimicrobial
defense and in the inflammatory response. Central to this role is the ability
of NF-kB to be regulated by cellular signaling pathways that are activated by
a wide variety of microorganisms. This sensitivity to microbial signals allows
NF-kB function to be modulated appropriately in response to any changes in
the flora that is in contact with the epithelium.

This chapter reviews what is currently known about the major NF-kB-
dependent inflammatory responses elicited in mammalian epithelial cells as
a result of interactions with bacteria. We start with an overview of the NF-
kB family and its basic regulation. In subsequent sections, we discuss the
mechanisms of modulation of NF-kB function by bacteria-derived signals,
the consequent alterations in cell function, and the clinical abnormalities that
can result from genetic defects in NF-kB activation.

Bacterial—Epithelial Cell Cross-Talk: Molecular Mechanisms in Pathogenesis, ed. Beth A. McCormick.
Published by Cambridge University Press. © Cambridge University Press, 2006.



THE NF-xB FAMILY AND ITS REGULATION

The NF-kB family consists of five ubiquitously expressed, structurally
related transcription factors — Rel A (p65), Rel B, c-Rel, p50 (NF-kB1, derived
from constitutive cotranslational proteasome-dependent processing of the
p105 precursor), and p52 (NF-kB2, derived from the inducible proteasome-
mediated processing of the p100 precursor) (Hayden and Ghosh, 2004). These
proteins share a conserved 300-amino-acid Rel homology domain located
near their amino-termini and exist as homo- or heterodimers of each other.
Under resting conditions, the NF-kB dimers are localized predominantly to
the cytosol by virtue of their binding to one of five inhibitor kappa B (IkB)
proteins (IkBa, IkBp, IkBe, IkBy, BCL-3) and therefore are not able to drive
transcription of genes located in the nucleus.

When an appropriate stimulus is delivered, the resulting intracellular
signals lead to the activation of a high-molecular-weight enzymatic complex
known as the IkB kinase (IKK). IKK consists of two catalytic subunits, IKK«
and IKKR, and a regulatory subunit, IKKvy, also known as NF-kB essential
modifier (NEMO) (Ghosh and Karin, 2002). Once activated, IKK phosphor-
ylates IkB at two specific serine residues located near the amino-terminus.
The phosphorylated IkB is recognized and polyubiquitinated by the SCF
(Skp1-culin-F-box) family of ubiquitin ligases, the beta-transducin-repeat-
containing protein (B-TrCP) subunit of which binds directly to the phos-
phorylated recognition sequence (Ben-Neriah, 2002). Polyubiquitinated IxB
is targeted to the proteasome, where it undergoes proteolytic degradation,
thus liberating the NF-kB dimer. The nuclear localization signal on NF-kB
that is unmasked by the degradation of Ik B targets the transcription factor to
the nucleus, where it binds to specific DNA sequences (consensus: GGGRN-
NYYCC, N = any base, R = purine, Y = pyrimidine, G = guanine, C = cyto-
sine) present in the promoters and enhancers of multiple genes involved in
innate and adaptive immunity. DNA binding occurs via the amino-terminal
Rel homology domains. Rel A, Rel B, and c-Rel, but not p50 or p52, contain
transcriptional activation domains (TAD) near their carboxy-termini that are
involved in the recruitment of transcriptional coactivators and the displace-
ment of repressors. Thus, the binding of NF-kB dimers containing these
subunits to the appropriate DNA sites leads to an increase in the rate of
transcription of the target genes, an effect that can be augmented by phos-
phorylation of the TADs (Chen and Greene, 2004). Since homodimers of p50
and p52 lack TADs, they cannot induce transcription, and in fact they can
act as repressors when bound to NF-kB sites. One of the targets of NF-kB
is the gene encoding IkBa. As a result, any signal that activates NF-kB also
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Figure 9.1 The basic steps in the activation of nuclear factor kappa B (NF-kB) are shown
in black. The activating and inhibitory effects of bacterial molecules on this process are
indicated in blue. See also Color plate 5.

IkB, inhibitor kappa B; IKK, inhibitor kappa B kinase; LPS, lipopolysaccharide; Nod,
nucleotide-binding oligomerization domain; SCF, Skp1-culin-F-box; TLR, Toll-like
receptor; TTSS, type 111 secretion system.

leads to the increased expression of this inhibitor. Since IkBa contains a
nuclear export signal, it can bind to NF-kB in the nucleus and take it out of
this organelle and away from target DNA sites, thus terminating the NF-kB-
dependent response (Huang et al., 2000; Johnson et al., 1999). The existence
of this IkBa-mediated negative feedback loop provides a built-in regulatory
mechanism that ensures an appropriate intensity and duration of response.

The events described above and shown in Figure 9.1 constitute the clas-
sical pathway of NF-kB activation. The alternative pathway, in which p100 is
inducibly processed to p52, is activated only by a restricted number of stim-
uli, most of which are related to lymphoid organ development (Patke et al.,
2004; Senftleben et al., 2001), although it should be mentioned that prolonged
treatment with lipopolysaccharide (LPS) has been shown to lead to induction
of p100 processing (Mordmuller et al., 2003). Since this alternative pathway



is not presently known to be involved directly in the epithelial response to
bacteria, it will not be considered further here.

ACTIVATION OF NF-xB BY BACTERIA-DERIVED SIGNALS

Interactions between bacteria and epithelial cells can lead to activation
or, less commonly, inhibition of NF-kB. Such modulation of NF-kB function
can occur via effects on one or more components of the pathway shown in
Figure 9.1. Generally, the first step in this process is the sensing of bacteria
by cellular proteins that recognize microbial molecules, sometimes referred
to as pathogen-associated molecular patterns (PAMPs), a topic that is dealt
with in detail in Chapter 4. The discussion below focuses on the cascade of
molecular events that is triggered by the initial bacterial-cellular interaction
and that ultimately leads to an increase or decrease in NF-kB-dependent
transcription. It should be kept in mind, however, that our understanding of
the intermediate steps in the cascade is incomplete and is still evolving in
many instances.

The Toll-like receptor pathway

The Toll-like receptors (TLRs) constitute a family of transmembrane
proteins that recognize and respond to a variety of microbial components
such as LPS, bacterial lipopeptides, flagellin, and bacterial and viral nucleic
acids (Kopp and Medzhitov, 2003). Since the ligand-sensing domains of these
receptors are located on the outside of cellular membranes, the TLRs respond
to microorganisms that are located either in the extracellular environment
or within a membrane-bound intracellular compartment. Upon activation by
the corresponding ligands, the cytoplasmic domains of all the TLRs studied to
date bind to an adaptor protein known as MyD88, leading to activation of sig-
nals that are responsible for early robust stimulation of the IKK complex and
NF-«kB (Kawai et al., 1999). MyD88 also functions in signals activated by the
interleukin 1 (IL-1) receptor. Some TLRs interact with additional cytoplasmic
adaptors: Mal (also known as Toll interleukin receptor domain-containing
adaptor protein, TIRAP) functions with MyD88 downstream of TLR-2 and
TLR-4 (Yamamoto et al., 2002); Toll interleukin receptor domain-containing
adaptor-inducing interferon (TRIF) associates with the cytoplasmic domains
of TLR-3 and TLR-4 to mediate delayed NF-kB activation independently of
MyD88 (Yamamoto et al., 2003a); and TRIF-related adaptor molecule (TRAM)
acts with TRIF downstream of TLR-4 (Yamamoto et al., 2003b).

Subsequent steps in the MyD88-dependent pathway of NF-kB activation
involve the recruitment of additional signaling proteins, including members
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of the interleukin 1 receptor-associated kinase (IRAK) family of serine-
threonine kinases (Janssens and Beyaert, 2003) and tumor necrosis factor
receptor-associated factor 6 (TRAF6), a ubiquitin ligase (Chung et al., 2002).
Interestingly, although IRAK4 has been shown to be essential for both TLR
and IL-1 receptor signaling, its kinase activity is dispensable (Suzuki et al.,
2002). Presumably, IRAK functions simply as an adaptor to bring TRAF6
into the signaling complex. TRAF6 has been shown to be essential for both
IL-1 receptor and TLR signaling, but the exact role that it plays is still unclear
(Lomaga et al., 1999). It has been suggested that the serine-threonine kinase
transforming growth factor-beta-activated kinase 1 (TAK1) and adaptor pro-
teins TAK-binding protein (TAB) 1 and TAB2 link TRAF6 to activation of IKK,
perhaps by ubiquitination-mediated events (Kanayama et al., 2004; Sun et al.,
2004). A TRAF-binding protein, TRAF-interacting protein with a forkhead-
associated domain (TIFA), has also been implicated in this process (Ea et al.,
2004). There is considerable evidence implicating ubiquitination in the regu-
lation of IKK activity by TRAF proteins (Brummelkamp et al., 2003; Kovalenko
et al., 2003; Zhou et al., 2004). However, the roles of TRAF6-dependent ubi-
quitination and the proposed intermediaries between TRAF6 and IKK in this
process are yet to be substantiated. In fact, knockout of the TAB1 and TAB2
genes does not indicate essential roles in TLR signaling (Komatsu et al.,
2002; Sanjo et al., 2003). Another TRAF6-interacting protein, evolutionar-
ily conserved signaling intermediate in Toll pathway (ECSIT), has also been
implicated in TLR signaling to NF-kB (Kopp et al., 1999), possibly by modulat-
ing the function of the kinase mitogen-activated protein kinase extracellular
growth factor-regulated kinase kinase kinase 3 (MEKK3) (Huang, Yang et al.,
2004), but again the physiological importance of these molecules is yet to be
established. Thus, the events downstream of TRAF6 that lead to activation of
IKK and NF-«kB remain an enigma.

The details of the MyD88-independent pathway activated by TLR-3 and
TLR-4 that leads to delayed activation of NF-kB are also unclear. Receptor-
interacting protein 1 (RIP1), a kinase that binds to TRIF, has been implicated
in this pathway (Meylan et al., 2004), but its precise role remains undeter-
mined. RIP1 may function as an adaptor or scaffolding protein, since its
kinase activity does not appear to be required for activation of IKK (Lee et al.,
2004).

The Nod pathway

The Nod family of proteins serves a function complementary to the TLRs
by sensing bacterial molecules present in the cytosol of cells (Chamaillard



et al., 2003). Nod1 is expressed in the intestinal epithelium under basal con-
ditions. Nod2, which is often considered to be restricted to myeloid cells, can
also be induced in epithelial cells that are exposed to inflammatory medi-
ators (Gutierrez et al., 2002; Rosenstiel et al., 2003). Both Nodl and Nod2
contain leucine-rich repeat domains that are involved in sensing compo-
nents of bacterial peptidoglycan — the Gram-negative specific y-p-glutamyl-
mesodiaminopimelic acid in the case of Nod1 and muramyl dipeptide (MDP),
a structure present in both Gram-negative and Gram-positive peptidoglycan,
in the case of Nod2. The interaction with the corresponding ligand results
in the recruitment of the serine-threonine kinase RIP2, which appears to
function, much like RIP1 in TLR signaling, in a kinase-independent fashion
to link Nodl and Nod2 to IKK (Inohara et al., 2000). Studies indicate that
the mechanism by which RIP2 activates IKK involves polyubiquitination of
the regulatory IKKry subunit without inducing its degradation (Abbott et al.,
2004).

Because of their cytosolic location, the Nod proteins are likely to be par-
ticularly important in responding to organisms such as Listeria and Shigella,
which escape into the cytosol from the membrane-bound compartment in
which they initially reside. However, extracellular bacteria, or bacteria located
within phagosomes, may also activate the Nods, since exogenously added
muropeptides can find their way into the cytosol by an unknown mecha-
nism. In addition, a study of Helicobacter pylori infection of gastric epithelial
cells suggests that Nod1 agonists may be delivered into the cytosol via the
bacterial type IV secretion system (Viala et al., 2004). There is a great deal
of interest in trying to understand precisely how the Nod proteins sense
and respond to bacterial infection because of the demonstration that muta-
tions in Nod2 in humans are associated with an increased risk of Crohn’s
disease.

Bacterial toxins

Several enteric bacterial pathogens secrete toxins that influence epithe-
lial cell function by mechanisms that, in general, do not directly involve
NF-kB activation (Fasano, 2002). However, there are some instances where
NF-kB activation in epithelial cells has been implicated in toxin action. For
example, the toxin A of Clostridium difficile has been shown to activate NF-kB
by a process involving mitochondrial damage and the generation of react-
ive oxygen intermediates (ROIs) (He et al., 2002). ROIs have been shown
to activate casein kinase 2, which then directly phosphorylates IkBe, induc-
ing its degradation (Hayden and Ghosh, 2004). Similarly, the enterotoxin of
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Bacteroides fragilis has been shown to activate NF-kB in epithelial cells by a
mechanism thatis yet to be worked out (Kim et al., 2002). In addition, many of
the intestinal abnormalities caused by bacterial toxins result from effects on
cell types other than enterocytes, including macrophages and enteric nerves
(Pothoulakis and Lamont, 2001), and some of these effects involve NF-kB
(Jefferson et al., 1999; Sakiri et al., 1998).

Some bacteria, such as Salmonella, Shigella, and Yersinia, produce pro-
teins that are not classified as toxins but are secreted and introduced into
the cytosol of epithelial cells via a specialized secretory apparatus, the type
II1 secretion system (TTSS). Many of these proteins, sometimes referred to
as effector proteins, induce cytoskeletal changes that are involved in entry of
the bacteria into the host cell (Brumell et al., 1999), but some have also been
shown to activate pro-inflammatory signals, including the NF-kB pathway
(Hobbie et al., 1997; Huang, Werne et al., 2004; Viboud et al., 2003). In the
case of the Salmonella effectors SopE and SopE2, activation of mammalian
Rho GTPases appears to be the first step in a signaling cascade that may ulti-
mately influence NF-«kB function downstream of Ik Ba degradation (Hobbie
et al., 1997; Huang, Werne et al., 2004).

Other modes of NF-«B activation by bacteria

The outer surfaces of bacteria contain a number of molecules that are
involved in interactions with host cells. Some of these are PAMPs, such as
LPS, that are sensed directly by the TLRs, as discussed in detail earlier in
this chapter. In addition, proteins such as pilin, a component of adhesive
pili, and porin, a major constituent of the outer membrane of Gram-negative
bacteria, have been shown to activate intracellular signaling cascades. The
porin of Neisseria gonorrhoeae activates NF-kB in uroepithelial cells in a TLR-
2-dependent fashion, but it is not clear whether this process involves sensing
directly by the TLR or via an intermediary receptor (Massari et al., 2003).
Porins of Salmonella and Shigella have also been shown to activate NF-kB,
although not in epithelial cells (Galdiero et al., 2002; Ray and Biswas, 2005).
The pilins of Pseudomonas aeruginosa and Staphylococcus aureus activate NF-
kB in respiratory epithelial cells via binding to their receptor, asialoGM1;
interestingly, TLRs have been implicated in this process (Adamo et al., 2004;
DiMango et al., 1998). Other bacterial surface molecules that have been shown
to activate NF-kB include the filamentous hemagglutinin of Bordetella pertus-
sis and invasin of Yersinia enterocolitica, both of which bind to mammalian
integrins, heterodimeric cell-surface proteins that are involved in cell-cell and
cell-matrix interactions (Grassl et al., 2003; Ishibashi and Nishikawa, 2003).



The Yersinia adhesin YadA may use a similar mode of cell activation (Schmid
et al., 2004). The exact mechanism linking bacteria—integrin interactions to
activation of NF-kB remains to be elucidated, but it is likely to involve the
Racl GTPase and the p21-activated kinase (Grassl et al., 2003; Juliano et al.,
2004).

FUNCTIONS ACTIVATED BY NF-kB IN EPITHELIAL CELLS

The activation of NF-kB in epithelial cells results in multiple functional
responses. The deployment of mechanisms with direct bacteriostatic or bac-
teriocidal effects and the production of inflammatory mediators that recruit
cells of the immune system are two important means of eliminating microbial
invaders. Clearly included in the first category is the induction of antimicro-
bial peptides, such as the defensins and cathelicidins (Lehrer, 2004; Yang
et al., 2001), which inhibit the growth of several kinds of bacteria. The pro-
duction of toxic free radicals secondary to increased expression of inducible
nitric oxide (NO) synthase (iNOS) has antimicrobial effects in phagocytic
cells (Fang, 1997), and it may play a similar role in epithelial cells. In addition
to these mechanisms that act directly on bacteria, epithelial expression of a
variety of secreted mediators such as interleukin 8 (IL-8) and other chemoat-
tractants results in the recruitment of neutrophils, macrophages, dendritic
cells, and lymphocytes, all of which contribute to bacterial killing or the gen-
eration of an adaptive immune response. Paradoxically, there is evidence to
indicate that NF-«k B activation may lead to inhibition of inflammation in some
situations. Finally, an inevitable side effect of many of the pro-inflammatory
NF-kB-dependent responses is the generation, either by the epithelial cells
themselves or by the recruited leukocytes, of molecules that promote tissue
damage. NF-kB, activated by contact with bacteria or by the inflammatory
mediators induced by bacteria, has a role in limiting this damage by turning
on expression of genes that prevent epithelial cell apoptosis (Kucharczak et al.,
2003). We will discuss these different types of NF-kB-dependent response in
greater detail below.

Epithelial production of antibacterial molecules

One of the most evolutionarily ancient functions of NF-kB in innate
immune defense is the induction of antimicrobial peptides (Hoffmann,
2003). This function has been shown to be activated by bacteria in both respir-
atory and intestinal epithelial cells. The function manifests as the increased
production of B-defensin 2 (hBD-2), a secreted cationic peptide with activity
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against several pulmonary and enteric pathogens (Harder et al., 2000; O’Neil
et al., 1999). NF-kB-dependent induction of hBD-2 in epithelial cells has
been shown to occur in response to various bacterial components, including
flagellin, lipoproteins, and DNA, and is mediated by the corresponding TLRs
(Birchleretal., 2001; Ogushiet al., 2001; Platz et al., 2004). hBD-2 has also been
shown to be upregulated by a secreted protease of Porphyromonas gingivalis
via a protease-activated G-protein-coupled receptor on gingival epithelial cells
(Chung et al., 2004). Cathelicidins constitute another class of broad-spectrum
antimicrobial peptide that can be induced in epithelial cells by bacteria (Bals
et al., 1998), but whether NF-«B is involved in this process remains to be
determined.

Paneth cells, one of the major epithelial cell lineages of the intestine, are
found in close apposition to the crypts of the small bowel and are an important
source of molecules that have direct antibacterial action (Ayabe et al., 2004).
They express a number of a-defensins (cryptdins) that are secreted rapidly
into the lumen of the crypt in response to contact with whole bacteria or
bacterial products such as LPS, lipoteichoic acid, and muramyl dipeptide
(MDP) (Ayabe et al., 2000). This response appears to be regulated largely
at the level of secretion, since preformed cryptdins are present as abundant
constituents of Paneth cell secretory granules in the basal state. However, NF-
kB may play an indirect role in production of cryptdins, since the proteolytic
processing of cryptdin precursors to the mature functional forms requires
the enzyme matrilysin, which can be induced in epithelial cells by bacteria
via an NF-kB-dependent mechanism (Wilson et al., 1999; Wroblewski et al.,
2003). In addition to their direct antibacterial effects, some cryptdins may also
contribute to the induction of the local inflammatory response by acting on
enterocytes in a paracrine manner to increase IL-8 expression (Lin et al., 2004).
This response involves NF-« B activation and is dependent on the ability of the
cryptdin to form pores in the cellular membrane. A similar phenomenon has
been observed in bronchial epithelial cells (Sakamoto et al., 2005). Besides
the cryptdins, Paneth cells express the antibacterial enzyme lysozyme, which
degrades cell-wall peptidoglycan (Ouellette, 1997). Although there is very little
information on the regulation of lysozyme expression in Paneth cells, studies
on the gene in chickens indicate that it is upregulated by bacterial signals in
an NF-kB-dependent fashion (Regenhard et al., 2001; van Phi, 1996).

iNOS has been shown to be upregulated via NF-kB activation in intesti-
nal epithelial cells in response to non-pathogenic bacteria and several
enteropathogens, including Salmonella, Shigella, and H. pylori (Islam et al.,
1997; Obonyo etal., 2002; Resta-Lenertand Barrett, 2002; Witthoftetal., 1998).
Although iNOS-dependent generation of reactive nitrogen intermediates has
several direct toxic effects on microorganisms in phagocytic cells (Fang, 1997),



it is not clear whether these effects are also relevant to epithelial function.
iNOS was found to be appreciably upregulated in the colonic epithelium fol-
lowing infection with the murine enteropathogen Citrobacter rodentium, but
lack of the enzyme had only a minor effect on the growth of the bacteria (Val-
lance et al., 2002). Increased iNOS expression does have some clear effects on
epithelial cell function, including enhanced chloride secretion (Resta-Lenert
and Barrett, 2002) and disruption of cytoskeletal integrity and mucosal barrier
properties (Banan et al., 2004). iNOS has also been implicated in the regu-
lation of programmed cell death, with both pro- and anti-apoptotic effects
being shown in different studies (Kim et al., 2003; Miyazawa et al., 2003).
Despite the apparently detrimental consequences, there is evidence to indi-
cate that production of NO has protective value in some types of intestinal
inflammation and that the beneficial effects of some types of probiotics may
be related to their ability to increase levels of this molecule (Lamine et al.,
2004; Vallance et al., 2004).

Epithelial production of pro-inflammatory mediators

A number of cytokines and chemokines have been shown to be produced
by epithelial cells in response to bacterial infection, both in tissue culture
studies and in vivo (Strober, 1998). A partial list is given in Table 9.1, but this
should be viewed as an illustrative spectrum, rather than a comprehensive
compilation, of the responses that are elicited. Most of these studies utilized
representative epithelial cell lines, although confirmatory evidence from pri-
mary epithelial cells has been provided in some cases. The involvement of
NF-kB in the response has been shown in many instances by use of pharma-
cological or genetic inhibitors. Epithelial production of these cytokines and
chemokines results in the recruitment of cells of the immune system from
the circulation to the site of infection. Cells such as neutrophils and mono-
cytes that are recruited by IL-8 and monocyte chemotactic protein 1 (MCP-1),
respectively, aid in clearing the infection by phagocytosing and killing the
bacteria. At the same time, the recruitment of dendritic cells and lympho-
cytes by the chemokines CCL20 and RANTES facilitates the activation of
bacteria-specific adaptive immune responses.

Anti-inflammatory effects of NF-xB

Although NF-kB is generally considered to be a major activator of
pro-inflammatory genes, it may also have some anti-inflammatory effects.
Homozygous knockout of the gene encoding NF-«kB p50 results in enhance-
ment of the colitis induced by Helicobacter hepaticus infection in mice,
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Table 9.1 Sampling of cytokine/chemokine responses elicited by bacteria in

various epithelial cell types*

Epithelial cell type Bacteria Cytokine/chemokine
Intestinal
Primary human gingival ~ Porphyromonas IL-8, MCP-1
T84, Caco-2, HT-29, Salmonella, Shigella, I1L-8, MCP-1, TNFq,
Int407, primary human Listeria, Yersinia, Vibrio, =~ GROa, GROvy,

colonic

KATO-3, ST42, AGS

Respiratory
A-549

Primary human bronchial

Clostridium difficile
toxin

Helicobacter pylori

Pseudomonas, Legionella,
group B Streptococcus
Haemophilus influenzae

ENA78, RANTES,
CCL20
IL-8, IL-18

1L-6, IL-8, IL-10,
TNFa
1L-6, IL-8, TNFa

Urinary

A-498, 182 Escherichia coli IL-1e, IL-6, IL-8
Reproductive

Hela Salmonella, Listeria 1L-8

* Information compiled from Agace et al. (1993); Chang et al. (2004); Crabtree
et al. (1994); Day et al. (2004); Eckmann et al. (1993); Jung et al. (1995); Khair
et al. (1994); Kusumoto et al. (2004); Mahida et al. (1996); McCormick et al. (1993);
Mikamo et al. (2004); Palfreyman et al. (1997); Sarkar and Chaudhuri (2004);
Sierro et al. (2001); Yang et al. (1997).

particularly when the mutation is combined with loss of one of the NF-kB
p65 genes (Erdman et al., 2001). This observation suggests that at least some
of the NF-kB genes are involved in turning off inflammation. The mecha-
nism of this anti-inflammatory effect is not clear, but it may be related to the
fact that p50 homodimers, which lack the ability to activate transcription, can
block expression of some genes and have been implicated in the development
of a state of non-responsiveness to bacterial products (Cherayil, 2003).

NF-xB and epithelial cell apoptosis

One of the side effects of the inflammatory response is cell death and con-
sequent tissue damage. Since NF-k B regulates the expression of several genes
involved in controlling apoptosis, its activation during inflammation may help



to limit cell injury and death (Kucharczak et al., 2003). In states of chronic
inflammation, this anti-apoptotic effect of NF-kB may promote the develop-
ment of tumors, an idea that may help to explain the increased risk of intesti-
nal malignancy in people with inflammatory bowel disease (IBD) (Itzkowitz
and Yio, 2004). The key role played by NF-kB in inflammation-associated
tumorigenesis has been highlighted by the observation that knockout of the
IKKP gene selectively in intestinal epithelial cells significantly reduced the
incidence of tumors in a mouse model of colitis-related neoplasia (Greten
et al., 2004). The same study showed that knockout of this gene selectively in
myeloid cells decreased the size, but not the incidence, of tumors, suggest-
ing that inflammatory mediators released by these cells may promote tumor
growth.

INHIBITION OF NF-xB BY BACTERIA

Since NF-kB turns on the expression of a number of genes that are ulti-
mately detrimental to microbial survival and multiplication, it should come
as no surprise that bacteria have evolved mechanisms to inhibit NF-kB func-
tion. These mechanisms constitute an important strategy by which pathogens
establish and propagate themselves in host tissues. They may also be rele-
vant to the state of detente that exists between the host and the commensal
microbial flora. Inhibition of pro-inflammatory responses has been linked
to the beneficial effects of probiotic organisms, sparking a lot of interest
in detailed elucidation of the process in order to harness it for therapeutic
purposes.

One of the first instances of NF-kB repression mediated by a bacterial
product was provided by Yop], an effector protein of the enteropathogen
Yersinia pseudotuberculosis that is introduced into host cells via a TTSS
(Schesser et al., 1998). The mechanism of this effect involves a cysteine pro-
tease activity of Yop] that cleaves ubiquitin-like molecules and interrupts sig-
nals leading to mitogen-activated protein kinase and NF-kB activation (Orth
et al., 1999, 2000). AvrA, a Salmonella homolog of Yop], also inhibits NF-kB
activation, but the mechanism appears to be quite distinct since AvrA does
not have protease activity (Collier-Hyams et al., 2002). Salmonella may also use
other means to inhibit NF-«kB. Inhibition of the signaling pathway between
the steps of IkBa phosphorylation and ubiquitination by an uncharacterized
Salmonella molecule has been described (Neish et al., 2000). In addition, a
leucine-rich repeat effector protein, SspH1, has been shown to inhibit NF-
kB activation in the nucleus by an unknown mechanism (Haraga and Miller,
2003). A homolog in Shigella flexneri, IpaH9.8, may act similarly.
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Itis not clear whether the commensal microflora actively inhibits inflam-
matory responses. The lack of apparent reactivity to these organisms may
simply reflect the fact that they can be restricted to their normal habitat by
protective mechanisms that do not depend on inciting inflammation. Nev-
ertheless, the commensal flora does have numerous effects on epithelial
function (Hooper and Gordon, 2001), and it is possible that dampening of
inflammatory responses may be one of the outcomes. Probiotic organisms,
many of which are components of the normal intestinal microflora, have been
shown to ameliorate some types of inflammatory conditions, but whether this
is related to direct inhibition of pro-inflammatory signals is open to debate.
Studies have suggested that the beneficial effects of probiotics may derive
from interactions between their DNA and TLR-9 (Jijon et al., 2004; Rach-
milewitz et al., 2004). TLR-9, like other TLRs, usually activates NF-kB and
can induce an inflammatory response. If it has the opposite effect in relation
to probiotics, there may be something unique about either probiotic DNA
or the function of TLR-9 in the intestine. Indeed, there is evidence to indi-
cate that TLR signals activated by the commensal flora promote reparative
and healing functions in the intestinal epithelium (Rakoff-Nahoum et al.,
2004), and work has demonstrated that TLR-9-induced interferon B (IFN)
protects against intestinal inflammation (Katakura et al, 2005). Finally, one
additional anti-inflammatory effect of probiotics may be related to inhibition
of the proteasome, with consequent stabilization of IkB (Petrof et al., 2004).

CLINICAL IMPLICATIONS OF ABNORMAL NF-kB ACTIVATION
DURING BACTERIAL-EPITHELIAL INTERACTIONS

Knockout studies in mice have demonstrated quite clearly that disruption
of the pathways that lead to NF-kB activation results in abnormalities in the
response to infection. Rare immunodeficiency disorders in humans involv-
ing genetic defects in NEMO (IKKy), IkBa, and IRAK4 also lend support to
this idea (Ku et al., 2005). In addition, one relatively common clinical problem
that is particularly pertinent to bacterial-epithelial interactions is the chronic
intestinal inflammation associated with Crohn’s disease and ulcerative coli-
tis. Although the precise pathogenesis of these conditions is unclear, there is
considerable evidence to indicate that they are caused by abnormal inflamma-
tory and immune responses to the commensal gut flora (Bouma and Strober,
2003). The idea that an abnormality in responding to enteric bacteria may be a
basic predisposing factor in the development of chronic intestinal inflamma-
tion has received additional support from the discovery that Nod2 mutations



are associated with susceptibility to Crohn’s disease (Bouma and Strober,
2003). Interestingly, at least some of the Nod2 mutations identified in this
disease have been shown to interfere with the ability of the protein to acti-
vate NF-kB in transfection-based tissue-culture studies (Ogura et al., 2001).
Although this result may seem difficult to reconcile with the evidence of
activated NF-kB-dependent inflammatory responses in the diseased tissues,
it has been explained on the basis of defective NF-kB-dependent antimicro-
bial defense mechanisms. According to this idea, the inability to adequately
control the growth of normally innocuous intestinal bacteria leads to the
state of chronic inflammation associated with the disease. The demonstra-
tion of abnormally low expression of Paneth cell defensins in both humans
and mice with mutations in Nod2 is consistent with this model of pathogen-
esis (Kobayashi et al., 2005; Wehkamp et al., 2004). Indeed, the detection
of decreased levels of enterocyte-expressed B-defensins in forms of Crohn’s
disease that are not linked to Nod2 mutations, as well as in ulcerative col-
itis, suggests that impaired defensin production may be a common under-
lying mechanism in IBD (Wehkamp et al., 2005). On the other hand, there
is some evidence to suggest that the pathogenesis of Crohn’s disease may
be related to hyperactivation of NF-kB-dependent inflammatory responses
by at least certain types of Nod2 mutations (Maeda et al., 2005). Clearly,
much additional work will be required to clarify the exact role of Nod2 in
the pathogenesis of chronic intestinal inflammation, but its association with
Crohn’s disease emphasizes the importance of maintaining an appropriate
level of NF-kB activation in response to contact with bacteria at epithelial
surfaces.

Recognition of the key role played by NF-kB in initiating and perpetu-
ating the chronic inflammatory state of conditions such as Crohn’s dis-
ease and ulcerative colitis has prompted evaluation of NF-kB inhibitors as
approaches to treating these problems. Indeed, salicylates, including well-
established medications for IBD such as sulfasalazine and mesalamine, have
been shown to inhibit NF-kB (Egan et al., 1999; Kopp and Ghosh, 1994; Wahl
et al., 1998). A more specific inhibitor, anti-sense oligonucleotides against
P65, has been shown to decrease inflammation in an animal model of colitis,
but its use in humans is yet to be studied (Neurath et al., 1996). The bene-
ficial effects of probiotics in some types of IBD may also involve direct or
indirect modulation of NF-kB-dependent responses (Sartor, 2004). With any
new therapeutic approach to NF-kB inhibition, it would be prudent to pro-
ceed cautiously given the importance of this transcription factor in protective
antibacterial mechanisms.
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CONCLUSION

The well-known sentiment that “good fences make good neighbors”
(Frost, 1979) could be considered to be as true of bacterial-epithelial inter-
actions as it is of human relationships. Mammals live surrounded by an
immense number of bacteria. In general, these microorganisms do not pose
a threat, and indeed they can provide some benefits as long as they remain
on the “right” side of the epithelial surfaces of the body. In the absence
of a completely impervious surface, peaceful coexistence with the bacteria
depends on the deployment of defense mechanisms that are finely tuned to
the microbial milieu. Under normal circumstances, these mechanisms are
designed to deal with organisms with very low potential for pathogenicity.
On occasion, however, when the epithelium is threatened by more dangerous
invaders, additional defensive measures must be called into play quickly. The
operation of such a dynamic functional barrier requires constant sensing of
microorganisms at epithelial surfaces and the generation of the most appro-
priate response. By its ability to be regulated in different ways by a diverse set
of microbial stimuli, and by its central role in controlling a variety of protective
mechanisms, NF-kB functions as the perfect mediator of the host—bacterial
equilibrium. Further elucidation of the function of this transcription factor,
particularly with respect to interactions with commensal and pathogenic bac-
teria, will undoubtedly provide new insights into a variety of diseases that are
caused by either too weak or too vigorous a response to these organisms and
may suggest new approaches to treating the abnormalities.
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CHAPTER 10

NF-kB-independent responses activated by
bacterial-epithelial interactions: the role of
arachidonic acid metabolites

Beth A. McCormick and Randall J. Mrsny

INTRODUCTION

Lipid membranes and the individual lipids that comprise them were ini-
tially considered to solely provide eukaryotic cells with organized hydropho-
bic barriers used to separate cytoplasmic and extracellular environments.
Additional studies demonstrated that these lipid bilayer structures also acted
as boundaries for discrete intracellular structures, e.g. mitochondria, endo-
somes, and endoplasmic reticulum. Although this capacity to separate aque-
ous compartments clearly is an essential feature of normal cell structure
and function, more recent studies have demonstrated that lipid components
in these bilayer membranes also provide cells with substrates to produce a
spectrum of intra- and extracellular messengers. Metabolism of membrane
lipid components has been shown to produce bioactive lipids that participate
in numerous signaling mechanisms. Many of these bioactive lipids, such
as prostaglandins, leukotrienes, hydroperoxy acids, hepoxilins, lipoxins, and
thromboxanes, are derived from the metabolic processing of arachidonic acid.

Arachadonicacid, a 20-carbon fatty acid that contains four carbon—carbon
double bonds, is the precursor substrate used for the production of a large
family of bioactive lipids known as eicosanoids (Fitzpatrick and Soberman,
2001; Lieb, 2001) (Figure 10.1). By itself, arachidonic acid can act as a sec-
ond messenger by its ability to interact with GTP-binding proteins (Abram-
son et al.., 1991), inhibit GTPase-activating protein regulated by RAS (Ras-
GAP) function (Han et al., 1991), cause the release of Ca** ions stored in the
sarcoplasmic reticulum (Dettbarn and Palade, 1993), and modulate protein
kinase C (PKC) activity (Khan et al., 1995). The various arachadonic acid
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Figure 10.1 Major metabolic pathways involved in arachidonic acid metabolism.
Arachidonic acid is stored in the cell membrane of virtually all cells and is released in
response to stimuli such as phospholipase C (PLC), phospholipase D (PLD), and
phospholipase A, (PLA;). The cyclooxygenase (COX) pathway results in the formation of
prostaglandin G, (PGG;) from arachidonic acid through a COX reaction. During a
subsequent peroxidase reaction, PGG; is converted to prostaglandin H, (PGH;) by
undergoing a two-electron reduction. PGH; can then serve as a substrate for cell-specific
isomerases and synthases producing eicosanoids such as prostacyclin (PGI;), throm-
boxane A; (TXA;), and a host of prostaglandins (PGE;, PGF;, PGD,). The lipoxygenase
pathway forms hydroperoxyeicosatetraenoic acids (HPETEs) and dihydroxyeicosatetra-
enoic acid (DEA) by lipoxygenase and subsequently converts these to leukotrienes (LTCs,
LTDg, LTE4, LTB4) by hydrolase glutathione S-transferase (GST), and by lipoxygenases to
form lipoxins. Lipoxins can also be formed directly from 15-lipoxygenase (15-LO) via DEA.
The epoxygenase pathway forms epoxyeicosatrienoic acid (EET) and dihydroxy acids by
cytochrome P450 epoxygenase.

NADPH, nicotinamide adenine dinucleotide phosphate (reduced).

metabolites that are eicosanoids, however, have been shown to be extremely
potent, often initiating cellular responses at nanomolar concentrations. Sub-
tle differences in the nature of the eicosanoid produced from arachidonic
acid can lead to strikingly different cellular outcomes and stability to subse-
quent metabolic breakdown. For example, thromboxane A, (TXA;) is a labile
platelet-aggregating factor (Moncada and Vane, 1978), while prostaglandin
E; (PGE,) inhibits platelet aggregation (Ney et al., 1991), and yet both are pro-
duced from arachidonic acid and by a metabolic pathway that shares several



intermediates (Kirtland, 1988; Sinzinger et al., 1990). Similarly, leukotriene
A4 (LTA4) can stimulate the mobilization of Ca** (Luscinskas et al., 1990),
while lipoxin A4 can block Ca?* mobilization (Grandordy et al., 1990), and
these molecules differ by the conversion of an epoxide moiety to a pair of
hydroxyl groups. Thus, regulation of enzymatic pathways that use arachi-
donic acid and its metabolites can produce bioactive lipids that allow for
highly selective cell functions.

Arachidonic acid does not typically reside at high concentrations in cells
but rather appears to be generated de novo in response to some stimulus via
phospholipase A, (PLA;) activity (Leslie, 2004). PLA; is a (typically) cytoso-
lic hydrolase that adds water across the ester linkage at the sn-2 position of
membrane phospholipids, resulting in the release of a free fatty acid, e.g.
arachidonic acid, and the production of a lysophospholipid. In general, PLA,
can hydrolyze phospholipids at the sn-2 position that have a range of head-
group components, including choline, serine, and ethanolamine (Akiba and
Sato 2004; Bahnson, 2005; Hirabayashi et al., 2004). Alternative regulatory
pathways, such as mitogen-activated protein kinase actions and Ca?* stimula-
tion, can regulate PLA; activity and arachidonic acid release (Gijon and Leslie,
1999), establishing several methods by which to regulate this crucial mech-
anism for eicosanoid production (Fitzpatrick and Soberman, 2001). Thus, a
complex arrangement of functions including PLA,; activity, arachidonic acid,
and enzymes involved in arachidonic acid metabolism producing various
bioactive lipids regulates a variety of cell functions.

Arachadonic acid metabolites have been shown to drive pro-
inflammatory events through their capacity to activate and attract cells associ-
ated with inflammation such as neutrophils and eosinophils and to vasodilate
and increase vascular permeability. Although some bioactive lipids have been
shown to produce opposing actions such as vasoconstriction and thus func-
tion as an anti-inflammatory molecule, in general these pro-inflammatory
bioactive lipids are extremely labile and can act to drive inflammatory out-
comes for only the duration of time that they are being actively produced.
Such a system of potentially counteracting anti-inflammatory bioactive lipids
and the rapid degradation of highly potent pro-inflammatory bioactive lipids
provides one scenario whereby cells can establish a set point that is balanced
between pro-inflammatory and anti-inflammatory outcomes. This dynamic
arrangement should protect tissues from undesirable aspects of inflamma-
tory events but yet be poised to respond rapidly to stimuli that warrant cellu-
lar responses involving inflammation (reviewed by Sansonetti (2004)). Since
epithelial cells are constantly bombarded by a wide range of pathogens, sta-
bilization of this set point can be particularly problematic. Disruption of
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this normal balance, in particular with respect to arachidonic acid metabo-
lites, has been correlated with diseases associated with chronic inflamma-
tion, such as Crohn’s disease (Bouchelouche et al., 1995; Casellas et al., 1994;
Engel et al., 1988; Ikehata et al., 1992). Thus, interactions between bacteria
and epithelial cells define a critical dynamic that modulate this set point of
pro-/anti-inflammatory agents, and this set point could easily involve regu-
latory events involving eicosanoid synthesis achieved through arachidonic
metabolism along with other factors known to affect inflammation, such as
interleukins and cytokines.

PRO-INFLAMMATORY RESPONSES: BACTERIAL-EPITHELIAL
INTERACTIONS

The intestinal epithelium and Salmonella Typhimurium

Salmonella enterica serotype Typhimurium, a Gram-negative bacterium
of the family Enterobacteriaceae, causes a variety of diseases in humans and
other animal hosts. Non-typhoidal serovars of Salmonella Typhimurium pro-
duce an acute gastroenteritis, characterized by intestinal pain and usually
non-bloody diarrhea, and are a serious public-health problem in developing
countries (Hook, 1990). The interaction of S. Typhimurium with the intesti-
nal mucosa results in the classic induction of an early inflammatory response
characterized by infiltration of neutrophils through the intestinal mucosa and
into the intestinal lumen. This event culminates in the formation of an intesti-
nal cryptabscess (Kumar et al., 1982; McGovern and Slavutin, 1979; Routetal.,
1974). The action of these neutrophils on the epithelium and the subsequent
loss of barrier function are thought to play key roles in mediating the clinical
manifestations of S. Typhimurium-induced enteritis. Neutrophil infiltration,
for example, is associated with necrosis of the upper mucosa and large areas
of the terminal ileum and colon. This damage likely occurs as a result of
neutrophils releasing substances that provoke tissue injury, such as pro-
teases, myeloperoxidase, and nicotinamide adenine dinucleotide phosphate
(reduced) (NADPH) oxidase. Impairment of the intestinal epithelium and
resulting loss in barrier function coupled with the ability of neutrophils
to stimulate chloride secretion in the intestinal epithelium contributes to
heightened levels of fluid secretion and, hence, the development of diarrhea.
The role of fluid secretion in host defense remains to be determined defini-
tively. However, the principle involves rapid and increased flow of fluid over
the epithelial surface, which actively flushes organisms from the intestinal
lumen. In the case of S. Typhimurium, such a flushing response by the host



is presumably required to clear the infection and prevent systemic spread of
the pathogen. Circumstantial evidence on which such a concept was built is
based on the observation that infection by enteric bacteria may be prolonged
by antimotility agents (DuPont and Hornick, 1973). The advantage of the
flushing response to the microbe is the increased potential for transmission
to other hosts.

Identification of the mechanisms that govern the induction of this early
inflammatory response have been the subject of intense investigation. To
elucidate some of the key host—pathogen communication networks involved
in recruiting neutrophils across the intestinal epithelium, our prior work
has recognized that the intestinal epithelium is not merely a barrier to neu-
trophil movement but rather, in response to S. Typhimurium, intestinal
epithelial cells direct neutrophil movement via the polarized secretion of
chemoattractants (McCormick, et al., 1993, 1995; Mrsny et al., 2004). Specif-
ically, S. Typhimurium activates the transcription factor nuclear factor kB
(NF-kB), resulting in the epithelial synthesis and basolateral release of a
potent neutrophil chemokine, interleukin-8 (IL-8) (McCormick et al., 1995).
Such basolateral secretion of IL-8 recruits neutrophils through the lamina
propria to the subepithelial space but is not involved in neutrophil migration
across epithelial tight junctions (T7), the final step of crypt abscess formation.
In fact, the absolute insufficiency of basolateral chemokines, such as IL-8,
alone to direct such neutrophil transmigration is illustrated by the many
stimuli, such as purified flagellin, tumor necrosis factor alpha (TNFa), and
carbachol, that potently induce these chemokines but do not result in neu-
trophil movement across the epithelium (Gewirtz et al., 2001). Thus, although
proficient at initially luring neutrophils to the subepithelial region, the baso-
lateral gradient of IL-8 is not necessary or sufficient to guide neutrophils
across the intestinal epithelium into the intestinal lumen.

Based on the above observations, it appears that additional factors might
be necessary for such events to occur. As well as producing chemokines,
intestinal epithelial cells have been found to produce eicosanoids that play
key roles in host defense. Eicosanoids are produced from the release of arachi-
donic acid from the cell membrane and its enzymatic conversion by various
cyclooxygenases and lipoxygenases. Noteworthy in this regard is our work
concerning the neutrophil chemoattractant previously termed pathogen-
elicited epithelial chemoattractant (PEEC) (McCormick, et al., 1998), which
we identified as the eicosinoid hepoxilin A; (HXA3) (Mrsny et al., 2004).
HXA; is generated in response to pathogenic infection when arachidonic
acid is converted into 12-hydroperoxyeicosatetraenoic acid (12-HpETE) by
12-lipoxygenase (12-LO), followed by its transformation into HXAj3 by the
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putative enzyme hepoxilin synthase. 12-LO inhibitors impede the ability of
intestinal epithelial cells to generate HXAj3, thereby suppressing neutrophil
migration across intestinal epithelia (Mrsny et al., 2004). Release of HXA;
has been demonstrated in intestinal epithelial cells infected with Salmonella.
The type III secretion system (TTSS) effector protein SipA is the bacterial
molecule that promotes the response (Lee et al., 2000). HXAj3 is released from
the apical surface of Salmonella-infected intestinal epithelial cells and success-
fully generates a gradient progressing from the mucosal side of the epithe-
lium, strongly attracting neutrophils into the lumen (Mrsny et al., 2004).
Therefore, IL-8 and other neutrophil chemottractants released basolaterally
most likely work in concert with the apically released HXA3 and guide neu-
trophils across the intestinal epithelium.

Although HXAj; has been shown to induce chemotaxis of neutrophils at
concentrations as low as 30-40 nM (Sutherland et al., 2000), our work was the
first to demonstrate that HXAj; can be secreted from epithelial cells, specifi-
cally from the apical surface, and that this secretion is regulated by conditions
that contribute to inflammation. In the intestinal epithelium, HXA; is gener-
ated independent of NF-kB, since inhibitors of this pathway have no effect on
Salmonella-induced neutrophil migration across model intestinal epithelia.
Instead, the regulation of S. Typhimurium neutrophil transmigration is gov-
erned by a novel mechanism involving the GTPase ADP-ribosylation fac-
tor 6 (ARF6) (Criss et al., 2001). In this model, S. Typhimurium contact-
ing the apical surface of polarized epithelial cells elicits a signal through
the S. Typhimurium bacterial effector of the TTSS SipA, which recruits an
ARF6 guanine-exchange factor, such as ARF nucleotide binding site opener
(ARNO), to the apical plasma membrane. ARNO facilitates ARF6 activation
at the apical membrane, which in turn stimulates phospholipase D (PLD)
recruitment to and activity at this site. The PLD product, phosphatidic acid, is
metabolized by a phosphohydrolase into diacylglycerol, which recruits cytoso-
lic protein kinase C alpha (PKC-a) to the apical membrane. Activated PKC-a
phosphorylates downstream targets that are responsible for the production
and apical release of HXAj;, which drives transepithelial movement of neu-
trophils. At present, ARFG6 is the first example of a molecular switch specif-
ically modulating the neutrophil transmigration aspect of S. Typhimurium
pathogenesis independently of bacterial internalization or the release of other
proinflammatory mediators such as IL-8.

ARF6 is a member of the Arf subgroup of GTPases of the Ras super-
family, which were first defined as cofactors necessary for the cholera toxin-
catalyzed ADP ribosylation of the as subunit of the heterotrimeric G-proteins.
ARF6, the only class III ARF, is novel in its localization to the plasma



membrane and endosomal structures in non-polarized cells (D’Souza-Shorey
et al., 1995) and is highly expressed in polarized cells, where it localizes pri-
marily to the apical brush border and apical early endosomes (Altschuler
et al., 1999; Londono et al., 1999). Although ARF6 was initially identified as a
modulator of vesicular traffic and cortical actin cytoarchitecture, more recent
evidence suggests that ARF6 is also a regulator of signal-transduction cas-
cades initiated by a variety of external stimuli, and it appears to be a key signal
transducer downstream of G-protein-coupled receptors (Venkateswarlu and
Cullen, 2000). Even though the identity of the cellular receptor for Salmonella
and/or its effector SipA is not known, these observations suggest that bacter-
ial adherence to the apical membrane of polarized epithelial cells promotes
ARF6 in an analogous manner.

Increased intestinal fluid secretion is an important host innate defense
mechanism and, coupled with intestinal motility, plays an important role
in flushing enteric bacteria from the intestinal tract. Infection of intestinal
epithelial cells with Salmonella spp. results in increased epithelial cell chlor-
ide secretion. One pathway in which this occurs involves the upregulated
expression of cyclooxygenase 2 (COX-2), with the subsequent increase in
production of the prostanoid prostaglandin E, (PGE,). Prostaglandins are
formed from free arachidonic acid through the conversion of arachidonic
acid to prostaglandin H (PGH), which is catalyzed by COX. PGH is there-
after converted by specific synthases to PGE, PGF, thromboxanes, or prosta-
cyclins (Eberhart and DuBois, 1995; Smith and DeWitt, 1996) (Figure 10.1).
Several studies have implicated prostaglandins in Salmonella-induced
enteropathogenic responses that may influence chloride secretory pathways.
One study determined that pretreatment of rabbits with indomethacin, an
inhibitor of prostaglandin biosynthesis, abolishes fluid secretion in ligated
loops (Wallis et al., 1990). Furthermore, PGE; stimulates chloride secre-
tion in polarized cells, and PGE analog were found to induce diarrhea
in vivo. Another study evaluated the role of intestinal epithelium in the
secretory response after infection with Salmonella (Eckmann et al., 1997).
In this investigation, infection of intestinal epithelial cells with Salmonella
resulted in a rapid upregulation in prostaglandin H synthase (PGHS) expres-
sion, which subsequently stimulated the production of PGE; and PGF,,
and consequently led to an increase in chloride secretion (Eckmann et al.,
1997). Therefore, PGE, released by intestinal epithelial cells in response to
Salmonella infection acts in an autocrine/paracrine manner and stimulates
chloride secretion by exploiting the cyclic adenosine monophosphate (cCAMP)-
mediated pathway. Other invasive bacteria, such as Shigella dysenteriae,
Salmonella dublin, Salmonella typhi, Yersinia enterocolitica, and enteroinvasive
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Escherichia coli, but not non-pathogenic bacteria, have also been found to
induce the expression of PGHS-2 and its products PGE, and PGF,,, result-
ing in chloride secretion.

The gastric mucosa and Helicobacter

Helicobacter pylori is a Gram-negative organism that colonizes the gas-
tric mucosa where, without appropriate therapy, it may persist in life with
associated widespread gastric inflammation (Nabwera and Logan, 1999).
Although the majority of infected individuals have asymptomatic chronic
gastritis, a small percentage of individuals will go on to develop peptic ulcer
disease within months or years and gastric cancer over decades (Goldstone
et al., 1996). Current evidence substantiates that Helicobacter species are the
indigenous biota of mammalian stomachs and H. pyloriis the human-specific
inhabitant, having been present for atleast tens of thousands of years. Conse-
quently, the dual hallmarks of the interaction between H. pylori and humans
are (i) its persistence during the life of the host and (ii) the host’s responses
to its continuing presence. Even though this conflict appears paradoxical,
both the host and the microbe have adapted to each other by engaging a
long-standing dynamic equilibrium. As a demonstration of this unique rela-
tionship, the role of prostaglandins in H. pylori infection is highlighted here.

Prostaglandins are found in the stomach of many species, including
humans, and are synthesized by COX from arachidonic acid. Prostaglandins
are not stored within tissues, but with an appropriate stimulus they can
be actively synthesized and released from the mucosal cells into the gas-
tric lumen. COX exists in at least two isoforms: COX-1 is expressed in the
gastrointestinal tract, as well as in most other organs, and is constitutively
expressed to maintain the gastric mucosal integrity, primarily under physio-
logical conditions as a housekeeping enzyme. By contrast, COX-2 is unde-
tectable or expressed at very low levels in most tissues but is significantly
induced at sites of inflammation, such as H. pylori-induced gastric mucosal
inflammation (Fu et al., 1999; Gilroy et al., 1995). Thus, an important param-
eter for increased prostaglandin production in response to H. pylori infection
appears to be the induction of COX-2 expression.

In the stomach, PGE, plays an important role in the maintenance of
gastric mucosal integrity and cytoprotection by modulating diverse cellu-
lar functions, which prevent the gastric mucosa from becoming inflamed
and necrotic (i.e. stimulating mucus secretion and bicarbonate production,
stimulating the synthesis of surface-active phospholipids, enhancing the
mucous gel thickness, and inhibiting acid secretion) (Wallace, 1992). It has



been well documented that gastric mucosal PGE, production is higher in
H. pylori-positive patients than in H. pylori-negative patients (Avunduk et al.,
1991; Jackson, et al., 2000). This presents an interesting challenge to the
organism, since although H. pylori infection is associated with gastric ulcers
and cancers at the same time it can also induce the production of cytopro-
tective PGE,. Such a counterintuitive strategy for H. pylori infection might
actually be a clever mechanism in which the organism enhances the gastric
mucous-layer protective functions for its own fortification, thereby permit-
ting an established colonization to occur that induces severe gastritis, leading
to acute gastric disease and increased risk of gastric cancer.

In 1989, a strain-specific H. pylori gene, cagA, was identified (Cover et al.,
1990). This has been recognized as a marker for strains that confer increased
risk of peptic ulcer disease and gastric cancer (Blaser et al., 1995; Crabtree
et al., 1991). No homologs are known for cagA in other Helicobacter species
or in other bacteria, suggesting that it reflects a human gastric-specific gene.
The cagA gene is harbored within a 40-kilobase region of DNA, which repre-
sents a pathogenicity island (PAI) and encodes 31 genes. Upon contact with
the gastric epithelium, PAI-encoded components contribute in a specialized
type IV machinery that translocates the CagA protein into the eukaryotic tar-
get cell, where it is phosphorylated on tyrosine residues (Odenbreit et al.,
2000). This breakthrough led to the question of whether the increased lev-
els of PGE, could be an initial step in H. pylori CagA™ infection to enhance
the gastric mucous-layer protective functions, favoring colonization of the
gastric mucosa. In the only clinical study so far to address this issue, it was
found that in age- and sex-matched patients without atrophy of the gastric
mucosa, those infected with CagA™ H. pylori had significantly higher levels
of PGE, as compared with either H. pylori-negative patients or CagA~ H.
pylori-infected patients (Al-Marhoon et al., 2004). Moreover, increased levels
of PGE; correlated with increased H. pylori density. Therefore, it is possible
that in the presence of CagA™ H. pylori infection, higher levels of PGE; may
play a role in the establishment of H. pylori colonization, leading to severe
gastric disease.

There are at least two potential mechanisms by which H. pylori could
increase PGE,; production. As discussed above, one mechanism for increased
prostaglandin production in response to H. pylori infection is an induction
of COX-2 expression. Such a mechanism is substantiated by the finding that
H. pylori infection induces the expression of COX-2 in the gastric mucosa,
whereas eradication of H. pylori results in reduced gastric antral mucosal
COX-2 expression (Cryer, 2001). The second model is based on a mechanism
involving interleukin 1 (IL-1). The foundation of this model is centered on the
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observation that H. pylori infection stimulates the release of the chemokine
IL-8 (Sharma et al., 1995). Release of IL-8 promotes the infiltration of neu-
trophils and macrophages within the gastric mucosa, which in turn produces
IL-1, leading to acute gastritis (Crabtree, 1998). Interestingly, IL-1 has been
found to stimulate PGE,, leading to mucin secretion and gastric cytoprotec-
tion against infection (Dinarello, 1986).

A rate-limiting step in the control of prostaglandin production is the
release of arachidonic acid from membrane phospholipids known to occur
by distinct pathways. The predominant avenue involves the activation of phos-
pholipase A, (PLA;), while others involve the action of phospholipase C or
D (Exton, 1994; Leslie, 1997; Nishizuka, 1992). Evidence suggests that col-
onization of epithelial cells by H. pylori induces the release of PGE, and
arachidonic acid by activation of the cytosolic PLA;, (cPLA;) through a mech-
anism involving pertussis toxin-sensitive heterotrimeric G, /G, proteins and
the p38 stress-activated kinase cascade (Pomorski et al., 2001).

Among the various types of mammalian PLA,, the cPLA, isoform plays a
key role in the release of arachidonic acid from cell membranes. Arachidonic
acid can then go on to serve as a substrate for the production of prostaglandins.
cPLA, has high substrate specificity for arachidonic acid at the sn-2 position
of phospholipids and requires both elevated Ca?* intracellular concentration
and a phosphorylation step for activation (Hong and Deykin, 1981; Leslie,
1997). Therefore, release of arachidonic acid for prostaglandin production by
activation of cPLA; could play an important role in mucosal defense to bac-
terial infection, since gastric epithelial cells are the first site of contact with
H. pylori. However, prolonged activation of cPLA; is likely to be damaging
to the gastric epithelia by excessive degradation of membrane phospholipids
releasing arachidonic acid and lysophospholipids. Therefore, the identifica-
tion of H. pylori-specific signaling pathways leading to the induction of puta-
tive anti-inflammatory immune response mediators is of substantial interest
for therapeutic intervention to overcome H. pylori-induced diseases.

H. pyloriinfection is the most important environmental factor implicated
in the etiology of gastric carcinoma. Among the target genes upregulated by
H. pylori, COX-2 also appears to play an important role in the progression to
gastric cancer. Ithas been shown that expression and activity of P-glycoprotein
(P-gp) are modulated by COX-2. This relationship was initially recognized
in breast cancer (Ratnasinghe et al., 2001) and has been subsequently con-
firmed in vivo (Patel et al., 2002). P-gp, the main product of the multi-drug
resistance 1 gene (MDR1) belongs to the superfamily of ATP-binding cassette
transporters and actively effluxes a wide range of toxic agents and structurally
diverse amphipathic drugs from cells. Therefore, P-gp expression represents



one of the most important mechanisms for the failure of chemotherapeutic
treatment of cancer.

In the gastric mucosa, the expression of COX-2 is upregulated by H. pylori
infection, and several reports have documented overexpression of COX-2 in
gastric precancerous lesions and in gastric cancer (Tatsuguchi, et al., 2000;
Wambura et al., 2002). The COX-2 tumor-promoting effect is mediated partly
through the production of PGE,, the product of microsomal prostaglandin
E synthase 1 (mPGES1). mPGES1 is a member of the membrane-associated
proteins in eicosanoid and glutathione metabolism superfamily; it catalyzes
the isomeration of endoperoxide PGH, into the 9-keto and 11-hydroxy groups
of PGE, (Fitzpatrick and Soberman 2001; Thoren and Jakobsson, 2000). A
possible link of mPGES1 with tumorgenesis has been suggested by the find-
ing thatitis constitutively expressed in several tumors that also express COX-2
(Kamei et al., 2003).

The inflammatory response to H. pylori infection is presumably the trig-
ger for the elevated levels of COX-2, mPGES1, and P-gp. Indeed, in one study
none of the patients with H. pylori-negative chronic dyspepsia showed expres-
sion of these proteins. Furthermore, high levels of expression of COX-2 and
mPGES1 were detected in up to 78% of the intestinal type gastric cancer sam-
ples, whereas P-gp, which is generally undetectable in normal gastric mucosa,
is overexpressed in up to 50% of gastric cancers (Nardone et al., 2004). Such
overexpression of P-gp could account for the failure of eradication therapy.
Failure of eradication therapy, which occurs in more than 30% of cases, is an
emerging problem that is not explained completely by bacterial sensitivity to
antibiotic therapy and patient compliance. Thus, intrinsic or acquired cellu-
lar resistance to antimicrobial agents may be involved, presumably through
the expression of the MDR1 gene. In sum, these observations may help to
explain one of the possible molecular pathways by which H. pylori could
be implicated in gastric cancer development. Furthermore, understanding
the mechanism of COX-2 and mPGES1 expression may also provide attract-
ive targets for developing strategies for gastric cancer chemoprevention and
chemotherapy.

Bacterial infections involving the lung epithelium

Cystic fibrosis

Cystic fibrosis (CF) is the most prevalent lethal autosomal recessive disor-
der in the caucasian population, affecting 1 in 2500 newborns. Patients with
CF express a typical phenotype characterized by pancreatic insufficiency,
ileal hypertrophy, and recurrent pulmonary infections that ultimately lead
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to pulmonary failure and death (Lyczak et al., 2002). However, the chronic
pulmonary infection with Pseudomonas aeruginosa allows the basic pathologic
process in CF to be designated an infectious disease. Ultimately, 80-95% of
patients with CF succumb to respiratory failure brought on by chronic bac-
terial infection and concomitant airway inflammation (Lyczak et al., 2002).

In 1989, the gene whose mutation results in CF was identified and
cloned (Kerem et al., 1989; Riordan et al., 1989). The product of the gene,
the cystic fibrosis transmembrane conductance regulator (CFTR), was char-
acterized as an ATP-gated chloride channel regulated by cAMP-dependent
protein kinase phosphorylation (Li et al., 1989). This discovery fostered an
explosion of research efforts that have led to a greater understanding of the
molecular mechanisms underlying the various phenotypic manifestations of
the disease. Yet, despite the significant advances made in CF research in
recent years, the mechanism by which a mutation in the CFTR gene leads
to the presentation of this disease remains unclear. Although a decrease in
the apical membrane CFTR-dependent chloride conductance might explain
some of the pathological manifestations observed in CF, such as viscous
secretions, it explains neither the increased inflammation in the lung nor the
membrane-recycling defects associated with cystic fibrosis.

A number of reports have supported the contention that essential-fatty-
acid abnormalities observed in patients with CF may play a fundamental role
in the symptoms and progression of the disease (Strandvik, 1992). Indeed,
abnormal turnover of essential fatty acids has been reported by several groups,
and increased release of arachidonic acid has been described in different in
vitro and in vivo systems. For instance, among newborn infants with CF and
in prospective studies of infants with CF identified by neonatal screening, low
linoleic acid concentrations are present at birth and are more pronounced in
infants who present with meconium ileus (Li et al., 1989). Furthermore, alter-
ation in levels of certain fatty acids has been shown to affect the lung response
toinfection. As an example, animals placed on diets deficient in essential fatty
acids acquire a bronchitis in which macrophage function in general, but the
ability to mount a specific lymphocytic response to P. aeruginosa is impaired
(Craig-Schmidt et al., 1986; Harper et al., 1982).

Arachidonic acid, an agonist of inflammatory pathways and a stimu-
lant of mucosal secretion, is also elevated in the phospholipid fraction from
bronchial alveolar lavage fluid in people with CF (Gilljam et al., 1986).
Although the increased inflammation and elevated arachidonic acid levels
observed in CF have long been thought as secondary to infection, this con-
clusion has been challenged (Heeckeren et al., 1997). Heeckeren et al. (1997)
demonstrated that instillation of agarose beads coated with P. aeruginosa into



the lungs of ¢ftr~/~ mice resulted in increased inflammation and mortality
compared with that observed in wild-type mice. These findings suggest that
the lungs of ¢ftr/~ mice are primed for inflammation and that the increase
in arachidonic acid and inflammation observed in cfir~/~ mice may be a
primary event and not secondary to infection. This finding and the obser-
vation that mice with a targeted deletion of the cfir gene have an increased
ratio of phospholipid-bound arachidonic acid relative to phospholipid-bound
docosahexaenoic acid (DHA) in the lung, pancreas, and ileum (Freedman
et al., 2002), has led to speculation that abnormalities in the metabolism
of arachidonic acid and DHA may be primary in CF. Furthermore, DHA
may be reversing a specific abnormality related to CFTR dysfunction, since
oral administration of DHA results in a selective decrease in eicosanoids in
cfir~/~ mice that is not observed in wild-type mice (Freedman et al., 2002).
To this end, the elevated levels of phospholipid-bound arachidonic acid may
be responsible for the increased production of eicosanoids. Thus, DHA, by
competing for incorporation at the sn-2 position in the membrane phospho-
lipids, decreases arachidonic acid levels, thereby lowering the production of
eicosanoids (Freedman et al., 2002).

Although the mechanism by which CFTR regulates fatty-acid
metabolism is unknown, it is thought that the low DHA levels may also be
essential for the excessive inflammatory response in CF. DHA is converted to
docosatrienes and 17S series resolvins, which are potent anti-inflammatory
mediators normally generated during the resolution of inflammation (Hong
et al., 2003; Serhan et al., 2002). Therefore, the low DHA levels in people
with CF may explain, at least in part, the inflammatory state associated with
this disease and may have important therapeutic implications. Interestingly,
oral administration of high doses of DHA to cftr~/~ mice was found to cor-
rect the fatty-acid abnormality, reverse the histologic changes in the pancreas
and ileum, and decrease polymorphonuclear cell (PMN) levels in mice with
Pseudomonas lipopolysaccharide (LPS)-induced pneumonia (Freedman et al.,
2002). Other studies have shown that defective secretion of lipoxin A4 into
CF airways may represent another important defect in regulating pulmonary
P. aeruginosa infections in people with CF (Karp et al., 2004).

In CF, the chloride-transport defect in airway epithelium and submucosal
glands is somehow translated into chronic bacterial infection and excessive
inflammation, which are the proximate causes of lung destruction and, ulti-
mately, death of the patient. One of the pathogenic hallmarks of CF is the
accumulation of large numbers of neutrophils (i.e. PMNs) in the lumen
of the lower airway (Mclntosh, 2002; Pizurki et al., 2000; Weiss, 1989).
Neutrophils present in the lumen can aid in eradicating offending bacteria
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via potent killing mechanisms, including release of proteases and reactive
oxygen species. However, these mechanisms are non-specific and can lead
to lung tissue damage, which, if excessive, contributes to the pathology of the
disease (Burns et al., 2003).

In order to reach the airway lumen, neutrophils are required to travel
through several distinct tissue compartments within the alveolar wall (Smart
and Casale, 1994; Wagner and Roth, 2000). This process involves the inte-
grated actions of cytokines and adhesion molecules with specificity for par-
ticular ligands, and highly timed and compartmentalized secretion of various
neutrophil-specific chemokines, such as IL-8 (DiMango et al., 1995; Smart
and Casale, 1994; Wagner and Roth, 2000). Despite significant progress in
this area of study, the specific molecular mechanism governing neutrophil
migration through each compartment to the lumen remains to be defined.
A review by Burns et al. (2003) provides an instructive breakdown of issues
governing the overall neutrophil-recruitment process from the capillaries
to the airway lumen, which involves transendothelial migration, transma-
trix migration, migration through the interstitium adjacent to fibroblasts,
and transepithelial transmigration. Although it is clear that several differ-
ent species relevant to lung inflammation demonstrate the ability to induce
neutrophil transmigration across lung epithelial cells, how this process is
orchestrated mechanistically remains an important unanswered question.

New information is beginning to shed light on this complex process. One
successful approach to study this process has been to construct reductionist
in vitro models for a distinct phase in the neutrophil recruitment process, i.e.
transepithelial migration. Several reports using this tactic have determined
that P. aeruginosa and/or products of P. aeruginosa are capable of initiating
the secretion of the neutrophil chemokine IL-8 (Hutley et al., 2004; Hybiske
et al., 2004; Pizurki et al., 2000; Weiss, 1989). This phenomenon is believed to
be important in the neutrophil-recruitment process, but a report by Hurley
et al. (2004) suggests that although polarized monolayers of lung epithelia
produce IL-8 in response to P. aeruginosa infection, IL-8 does not appear to
be responsible for mediating the transepithelial migration of the neutrophils.
This conclusion is based on two key observations: (i) the majority of IL-8 pro-
duced in response to P. aeruginosa is secreted into the basolateral chamber
of the polarized lung monolayers, which would be counter to the direction of
neutrophil migration; and (ii) neutralizing antibodies to IL-8 have no affect
on P. aeruginosa-induced neutrophil transmigration. This result is consis-
tent with a report of the inability of IL-8-neutralizing antibodies to prevent
Chlamydia pneumoniae-induced neutrophil transmigration across primary
human airway epithelial cells (Jahn et al., 2000). Based on this evidence, it



appears that IL-8 does not contribute to neutrophil migration across infected
lung epithelial monolayers. However, since IL-8 does contribute to overall
neutrophil recruitment during lung infection and inflammation (DiMango
et al., 1995; Smart and Casale, 1994; Wagner and Roth, 2000) it is likely that
the primary role played by IL-8 during neutrophil infiltration of lung tissue
is to guide neutrophils through the interstitium up to the epithelium rather
than to guide neutrophils across the epithelium into the airspace.

How, then, do neutrophils migrate across the lung epithelium during
P. aeruginosa infection? One concept is derived from observations describ-
ing a novel inflammatory pathway first reported for the enteric pathogen S.
typhimurium. In this earlier study, it was demonstrated that the chemoat-
tractant responsible for S. typhimurium-induced neutrophil migration across
intestinal epithelial monolayers is the eicosinoid HXA;. HXAj; is an arachi-
donic acid metabolite produced by the 12-LO pathway, and it has been shown
to stimulate Ca®* release within neutrophils as well to possess neutrophil
chemotactic activity (McCormick et al., 1998; Mrsny et al., 2004). Similar
to the intestinal mucosa, interaction of P. aeruginosa with airway epithelial
cells was shown to activate PKC, resulting in the production and secretion
of HXA; through the action of the 12-LO enzymatic pathway. Consequently,
lung epithelial cells produce HXA; in response to bacterial infection, and
this neutrophil chemoattractant is responsible for guiding neutrophils across
model lung epithelia.

Bacterial pneumonia

Pneumonia is the most common infectious disease leading to death
in industrialized countries (Garibaldi, 1985). Over 40% of cases are due to
infection with Streptococcus pneumoniae. High mortality has been reported
(Finch, 2001). At the same time, antibiotic-resistant strains have emerged
(Heffelfinger et al., 2000). Although some pathogenic factors have been iden-
tified (Tuomanen et al., 1995), little is known about the activation of signaling
cascades in target cells.

Leukotrienes (LT), like the well-known prostaglandins and thrombox-
anes, constitute a family of lipid mediators with potent biological activities.
In the biosynthesis of LTs, the enzyme 5-lipoxygenase (5-LO) converts arachi-
donicacid into the unstable epoxide LTA4, a central intermediate in LT biosyn-
thesis (Figure 10.1) (Ford-Hutchinson et al., 1994) . LTA4 may be hydrolyzed
into LTB,4 by the enzyme LTA4 hydrolase (Ford-Hutchinson et al., 1980) or
conjugated with glutathione to form LTC,, a reaction catalyzed by a specific
LTC, synthase (Nicholson et al., 1993). Therefore, two distinct biochemical
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pathways leading to LTB4 and LTCy4 synthesis compete for LTA4 as a sub-
strate. LTC; is actively transported across the plasma membrane by MRP1;
extracellularly, LTD, and LTE, are formed by the action of gamma-glutamyl-
transpeptidase and dipeptidase, respectfully (Leier et al., 1994). Of note, the
cysteinyl-containing LTs (LTC4, LTDy4, LTE,) have been shown to contract
smooth muscles, particularly in the peripheral airways, and are regarded
as pivotal mediators of bronchial asthma. In the microcirculation, these LTs
have also been reported to increase the permeability in post-capillary venules,
which leads to extravasation of plasma (Byrum et al., 1999). Most recently,
the three cysteinyl LTs have been implicated as mediators of host defense
against bacterial infection, especially in the lung (Schultz et al., 2001).

MRP1 is a member of the ABC transporter superfamily and is best
known for the cellular excretion of anti-cancer drugs. However, glutathione-
S-conjugates of lipophilic xenobiotics and the cysteinyl LTs feature promin-
ently among the physiological substrates of this molecular pump. Therefore,
MRP1 is an important regulator of cysteinyl LT bioavailability (Ishikawa,
1982). Although the importance of MRP1-dependent LT extrusion for host
defense against pulmonary infection remains ill-defined, the generation of
mrp1~/~ mice has helped to characterize the function of this cellular pump
in vivo. For instance, mrp1~/~ mice appear to be hypersensitive to the anti-
cancer drug etoposide and also have an impaired response to arachidonic-
acid-induced inflammatory stimulus (Wijnholds et al., 1997). In addition,
bone-marrow-derived mast cells from mrp1~/~ mice have been reported to
exhibit a marked reduction in the capacity to excrete LTC,, a defect that
has been associated with intracellular accumulation of LTCy, confirming the
essential role of MRP1 in the secretion of cysteinyl LTs. Schultz et al. (2001)
evaluated the pathophysiologic relevance of this defect in a well-established
model of pneumonia induced by S. pneumoniae, the most frequently isolated
pathogen in patients with community-acquired pneumonia. In this study,
it was determined that mice lacking functional MRP1 are less sensitive to
pneumonia caused by S. pneumoniae through a mechanism related to the
function of MRP1 as a cellular pump for LTC, and that involved an increase
in LTB, secretion (Schultz et al., 2001).

The local production of LTs, in particular LTBy, has been considered
important for an effective host defense against invading pathogens in the pul-
monary compartment. The alveolar macrophage is a major source of LTB, in
the lung (Bigby and Holtzman, 1987), where this lipid mediator can stimulate
microbicidal activities of phagocytic cells (Bailie et al., 1996). 5-LO~/~ mice,
which have a general deficiency of all LTs, displayed an enhanced lethality
from Klebsiella pneumonia in association with an increased outgrowth of



bacteria in the lungs (Bailie et al., 1996). However, mrp1~/~ mice behaved in
an opposite manner to 5-LO~/~ mice during pneumonia induced by S. pneu-
moniae. In particular, Schultz et al. (2001) confirmed that by treating mrp1=/~
mice with a 5-LO-activating protein (FLAP) inhibitor, the increase in resis-
tance to S. pneumoniae infection was related to a selective disruption of the
cysteinyl LT pathway. Indeed, administration of the FLAP inhibitor abolished
the survival advantage of mrp1~/~ mice, indicating that the relative protection
of these mice was mediated by a function of MRP1 related to LT metabolism.
Furthermore, mrp1~/~ mice were unable to release significant quantities of
LTC, in bronchoalveolar lavage fluids (BALF) during pneumonia (Schultz
et al., 2001).

High levels of LTB4 have been measured in lung tissue and BALF derived
from animals infected with P. aeruginosa or Klebsiella pneumonia, as well as
BALF from patients with pneumonia. Therefore, somewhat unexpectedly,
LTB, concentrations in BALF were higher in mrp1~/~ mice as compared with
wild-type mice following early induction of pneumonia. Such increased lev-
els of LTB, are apparently essential for the protection of mrp1~/~ mice, since
treatment with the LTB4 receptor antagonist LTB,-dimethyl amide reversed
the survival advantage of mrp1~/~ mice (Schultz et al., 2001). Along the same
lines, an investigation found higher levels of LTB, in colon homogenates
of mrp1~/~ mice than in wild-type mice in a model of 2,4,6-trinitrobenzene
sulfonic acid-induced colitis. Thus, an emerging concept is that the increased
intracellular LTCy levels due to the absence of MRP1 enhance LTB, genera-
tion, which in turn leads to enhanced resistance of pneumoncoccal pneumo-
niae infection. Such an enhancement in LTB,4 synthesis might be explained
by the fact that intracellular LTC, accumulation may give rise to product
inhibition of LTC, synthase, thus removing substrate competition between
LTC, synthase and LTA4 hydrolase (the LTB4-producing enzyme) for LTA,
(the precursor for both LTB, and LTC,), yielding enhanced LTB, synthesis
(Schultz et al., 2001).

ARACHIDONIC ACID METABOLITES

Several classes of bioactive lipids appear to dominate events involving
bacterial-mediated pro-inflammatory events through their effects on epithe-
lial cell and neutrophil cell function; including prostaglandins, leukotrienes,
and hepoxilins (Figure 10.1). Arachidonic acid is an omega-6-fatty acid, since
it contains four double bonds, with the one closest to the CH3 terminus being
six carbons from the end. As has been discussed, actions of such bioactive
lipids can occur through controlling the release of the arachidonic acid by
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PLA,, regulation of metabolic pathway enzymes, and activation of cellular
secretion systems. Since most bioactive lipids are degraded rapidly, control
of their function by regulation of catabolism mechanisms does not appear to
be a dominant aspect of controlling their actions. For example, many of these
bioactive lipids are formed through the enzymatic introduction of an —OOH
function positioned at carbon 5, 12, or 15 by specific lipoxygenase activities
(Figure 10.1). Once positioned at a specific carbon, this —OOH moiety can be
transformed into an epoxide structure that positions a single oxygen atom to
share bonding interactions with two adjacent carbon atoms simultaneously.
Such an epoxide structure is extremely labile not only to non-specific addition
of water (particularly at acidic pH) but also to the actions of epoxide hydro-
lases present within cells. The resulting dialcohol frequently demonstrates
a dramatic decline in biological activity relative to the peroxide-containing
molecule.

Arachidonic acid and the bioactive lipids produced from arachidonic
acid metabolism have chemical characteristics that allow them to partition
between hydrophobic lipid bilayers and aqueous environments. With such
potential for dynamic partitioning, how can cells modulate the production of
these extremely potent and highly unstable molecules? For instance, a bioac-
tive lipid may be inactivated before its ability to generate a biological outcome
if it is synthesized in the wrong part of the cell. To reduce this possibility
and to improve efficiency, cells appear to organize events such as arachi-
donic acid liberation through PLA, activation, arachidonic acid metabolism
by lipoxygenases, etc., and stimulation of cellular efflux pathways. Specifi-
cally, recruitment of PLA, activity from the cytosol to the membrane bilayers
can be regulated through phosphorylation events, interleukins, and intracel-
lular Ca®* signaling events (Balsinde et al., 1999; Leslie, 2004; Pascual et al.,
2003). Localization of substrate-specific enzymes, either in discrete cells or in
tissues, can modulate the actions of arachadonic acid metabolites by regulat-
ing sites of their synthesis (Seeds and Bass, 1999). Some enzymes involved in
arachidonic acid metabolism can be localized to discrete intracellular sites,
such as to the nuclear envelope in the case of 5-lipoxygenase (Chen and
Funk, 2001). Release of nascent bioactive lipids generated from arachidonic
acid metabolites can be regulated through efflux pathways, as in the case of
prostaglandin secretion through MRP4 (Reid et al., 2003). Similarly, LTC,4
secretion appears to occur through MRP1 (Robbiani et al., 2000) or MRP2
(Kawabe et al., 1999).

Bioactive lipids derived from arachidonic acid establish a network of cel-
lular responses that can act in both pro-inflammatory and anti-inflammatory
ways. The production and actions of these bioactive lipids can be complex. For



example, although LTA4 can mobilize Ca?* in neutrophils (Luscinskas et al.,
1990), itis an unstable molecule in cells and acts primarily as an intermediate
in the biosysnthesis of LTB, and LTC,. Subsequent to its formation, LTC,4
can be modified to form LTD,4 and then to LTE, in order to produce potent
actions on a variety of cell types (Arm and Lee, 1994). While the LTA4—LTE,4
synthetic pathway produces a series of molecules that can mobilize cellular
Ca’* levels, LTA4 can also be metabolized to form lipoxin A4, which can
block Ca?* mobilization (Grandordy et al., 1990). Thus, it is critical that spe-
cific pathways of arachidonic acid metabolism are regulated tightly in order
to ensure that the proper response is generated from a particular stimulus.
Some of this regulation can be achieved through cell-specific mechanisms
thatinvolve the discrete expression of receptor response elements, or a partic-
ular complement of synthetic enzymes in specific cells or tissues, or specific
cellular response components, or even some combination of these mecha-
nisms (Turk et al., 1982). Thus, specific responses to any event that results in
the release of arachidonic acid can be regulated by myriad factors (Kurahashi
et al., 2003; Monjazeb et al., 2002), and it is not surprising that a number of
bacterial pathogens have now been shown to produce factors that specifically
disrupt or shift the complex balance of functions established by bioactive
lipids produced by epithelial cells.

BACTERIA THAT POSSESS ARACHIDONIC-ACID-METABOLIZING
ENZYMES

Although polyunsaturated fatty acids such as arachidonic acid are
widespread in mammalian cell membranes, most bacteria are believed to
lack lipoxygenases and their polyunsaturated fatty acid substrates (Moss et al.,
1972; Wilkinson, 1988). However, it has been discovered that the P. aeruginosa
strain PA1169 encodes a bacterial lipoxygenase (LoxA) that converts arachi-
donic acid into 15-hydroxy-eicosatetraenoic acid (15-HETE) (Vance et al.,
2004). Until this report, the secretable LoxA enzyme activity was generally
believed to be absent from bacteria.

As a rule, LOs catalyze the stereospecific abstraction of hydrogen and
insertion of molecular oxygen at a specific fatty-acid carbon—carbon double
bond position to form lipid hydroperoxidases that are reduced rapidly to
alcohols or transformed further to potent mediators. LoxA appears to dif-
fer from mammalian LOs by virtue of an N-terminal signal sequence that
targets LoxA for secretion (Vance et al., 2004). The only other secreted LO
described to date is the manganese-containing LO of the plant pathogen
referred to as “take-all fungus.” Nearly all LoxA activity seems to be secreted,
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atleast to the periplasm, with some activity further secreted to the extracellu-
lar environment in a manner dependent on the Xcp type II secretion appara-
tus. By contrast, the majority of 15-HETE produced is cell-free (Vance et al.,
2004).

Although P. aeruginosa is perhaps best known for the chronic lung infec-
tions that are the most significant cause of morbidity and mortality in people
with CF, P. aeruginosa is also a significant cause of serious infections in
immunocompromised cancer patients, burn patients, catheterized patients,
and other hospitalized individuals. Thus, P. aeruginosa 15-LO seems well-
positioned to act on exogenous human-derived substrates, thereby potentially
modulating the local inflammatory responses during P. aeruginosa infection.
Given that the cytotoxin Exo U (exo enzyme U) secreted by certain P. aerug-
inosa strains has phospholipase activity (Sato et al., 2003), it is tempting to
speculate that the action of ExoU may result in increased availability of arachi-
donic acid at local sites of P. aeruginosa infection. In addition, several other
bacterial PLAs exist (Songer, 1997).

These observations raise the possibility that production of anti-
inflammatory lipid mediators may be a general strategy by which pathogens
regulate the host-pathogen relationship. At present, there are limited
examples to substantiate this notion. Apart from P. aeruginosa, only four
other microorganisms seem to contain LO-like sequences — Nitrosomonas
europaea, an obligate chemolithoautotroph; Anabaena sp. strain PCC 7120,
a cyanobacterium; Sorangium cellulosum, a soil bacterium; and Nostoc punc-
tiforme, a cyanobacterium related closely to Anabaena sp). However, none of
these putative bacterial LOs has been characterized. In addition, the parasite
Toxoplasma gondii has been found to possess a 15-LO; such exogenous 15-LO
was found to be anti-inflammatory in vivo (Bannenberg et al., 2004). It is also
interesting that P. aeruginosa can secrete a 15-LO activity that could act to
modulate host defense and inflammatory events by altering the biosynthesis
of bioactive lipids generated by lung epithelial cells in people with CF (Vance
et al., 2004).

The absence of LO from most bacteria raises the interesting possibility
that LoxA might have been acquired horizontally from eukaryotes, although
the mechanism of such a putative horizontal transfer remains in question.
Nevertheless, the acquisition of eukaryotic-like enzymes by P. aeruginosa is
not unprecedented, because a eukaryotic-like PLD has also been described
in P. aeruginosa (Wilderman et al., 2001). Why some microorganisms are
equipped to synthesize eukaryotic anti-inflammatory chemical mediators is
an important question that awaits further investigation.



CONCLUSION

A variety of factors contribute to the complex course of inflammation.
In the early phase of inflammation, excessive amounts of cytokines and
inflammatory mediators are released. These factors activate, in addition to
other pathways, the lipid-synthesis pathway, which plays a crucial role in the
pathogenesis of many chronic and acute inflammatory illnesses. As exempli-
fied in this chapter, interactions between bacteria and epithelial cells under-
score a critical dynamic that modulates the balance between pro- and anti-
inflammatory events. Understanding how host—pathogen interactions tip the
balance of regulatory events that involve the synthesis of eicosanoids achieved
through arachidonic acid metabolism will shed new light on the topic of dis-
ease pathogenesis, which will be essential for the development of novel drug
strategies aimed at thwarting many inflammatory-based diseases.
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CHAPTER 11
Lung infections

Marisa I. Gomez and Alice S. Prince

INTRODUCTION

The airway epithelium represents a primary site for the introduction and
deposition of potentially pathogenic microorganisms into the body through
inspired air. The ciliated epithelium lining the airways possesses several
mechanisms to prevent colonization by inhaled bacteria and, despite repeated
exposures to a wide variety of organisms, the lower respiratory tract usually
remains sterile. The airway is defined anatomically as the upper respiratory
tract, which includes the nasal sinuses and the nasopharynx, and the lower
respiratory tract, which begins at the larynx and continues to the trachea,
before dividing into the smaller airways until they reach the alveoli. The
luminal surface of the airways is lined by a layer of epithelial cells. In the
conducting airways, these cells are pseudostratified columnar epithelial cells,
which become simple cuboidal epithelium as the branches extend to the
alveoli (Diamond et al., 2000). The respiratory epithelium is an essential
barrier that features tight intercellular apical junctions between the cells, a
superficial liquid layer or film that contains mucous-gland and goblet-cell
secretions, immunoglobulins, and lysozyme, components that are propelled
and cleared by cilia.

INNATE HOST DEFENSES AGAINST BACTERIAL
LUNG PATHOGENS

In the upper airways, the nose functions as a filter by trapping large
particulate matter (>10 wm) in nasal hair or on the surface of the turbinates

Bacterial-Epithelial Cell Cross-Talk: Molecular Mechanisms in Pathogenesis, ed. Beth A. McCormick.
Published by Cambridge University Press. © Cambridge University Press, 2006.



BACTERIAL-EPITHELIAL CELL CROSS-TALK

and septum. Smaller particles, including bacteria ranging in size from 2 pm
to 10 wm, are inhaled and deposited in the lower conducting airways. The
dichotomous branches of the respiratory tree gradually impose resistance in
order to slow down the velocity of air molecules and permit further cleansing.
The airways between the larynx and the respiratory bronchioles are lined with
ciliated columnar epithelium covered by a mucous film 5-100 wm thick. This
mucous film produced by mucous glands and goblet cells entraps microor-
ganisms on the epithelial surface, which are propelled up the airway by ciliary
motion or coughing.

The alveolar space has several mechanisms to engage particles and
microbes that have eluded the complex cleansing mechanisms in the upper
airways and have reached the alveolar surface. Airway cells secrete a large
array of molecules with antimicrobial activity. These molecules include small
cationic antimicrobial peptides such as B-defensins (BD) and LL-37 and larger
antimicrobial proteins such as lysozyme, lactoferrin and leukocyte proteinase
inhibitor (SLPI) (Hiemstra, 2001). The hydrophilic surfactant proteins A (SP-
A) and D (SP-D) play important roles in host defense mechanisms of the lung
(Sano and Kuroki, 2005). These proteins belong to a collectin subgroup in
which lectin domains are associated with collagenous structures. Collectins
include mannose-binding lectin and are considered to function as part of the
innate immune system. SP-A and SP-D interact with various microorgan-
isms and pathogen-derived components. They act as opsonins by binding
and agglutinating pathogens; they also possess direct inhibitory effects on
bacterial growth (Lawson and Reid, 2000). SP-A and SP-D also associate with
immune cells, and their direct interaction with macrophages results in modu-
lation of phagocytosis or the production of reactive oxygen species. Moreover,
by associating with cell-surface pattern-recognition receptors, SP-A and SP-D
regulate inflammatory cellular responses such as the release of lipopolysac-
charides (LPS)-induced pro-inflammatory cytokines (Lawson and Reid, 2000).
Studies with transgenic mice lacking surfactant proteins have showed
that SP-A-null mice have delayed microbial clearance after intratracheal
administration of group B Streptococcus (LeVine et al., 1997), Haemophilus
influenzae (LeVine et al., 2000), and Pseudomonas aeruginosa (LeVine et al.,
1998).

ETIOLOGY AND EPIDEMIOLOGY OF BACTERIAL PNEUMONIA

Bacterial pneumonia occurs when there is a breakdown in the normal
host defenses, particularly disruption of the mucosal barrier, when organ-
isms are extremely virulent or a large inoculum is introduced, or when



key components of the immune system are dysfunctional. There are several
routes of pathogen acquisition involved in the pathophysiology of pneumonia.

Streptococcus pneumoniae is the most common pathogen involved in
community-acquired pneumonia, followed by H. influenzae, Staphylococcus
aureus, and Legionella sp. (Andrews et al., 2003). Ninety percent of community-
acquired pneumonias involve organisms that descend from the orophar-
ynx into the lower respiratory tract. Other less frequent routes of pathogen
acquisition include hematogenous spread (Staphylococcus) and contiguous
spread. Most people aspirate to some degree while sleeping, and oropha-
ryngeal secretions may enter the lower respiratory tract; however, due to the
numerous defense mechanisms that exist in the airways, especially mucocili-
ary clearance, most aspirated material is of no clinical significance. However,
alterations in mucosal barriers, such as impaired ciliary action, mechanical
trauma, and inflammatory changes induced by viral infection, predispose the
lower airways to pneumonia. In addition, impairment of the immune sys-
tem (in either humoral or cell-mediated immunity) or phagocytic function
facilitates colonization at the lower respiratory tract.

The most frequent cause of hospital-acquired pneumonia is mechani-
cal ventilation in hospitalized patients. Ventilator-associated pneumonia is
commonly caused by Gram-negative bacteria, such as P. aeruginosa, Klebsiella
pneumoniae, and Acinetobacter baumannii, and methicillin-resistant S. aureus
(MRSA) (Shaw, 2005). These species have the ability to form biofilms and
adhere to plastic, which facilitates the colonization of the endotracheal tube
and subsequent lung infection. Once the patient is intubated, the natural bar-
rier between the oropharynx and the trachea is bypassed and the epithelium
is damaged as a result of the mechanical injury associated with endotracheal
intubation. These conditions favor attachment and growth of bacteria and
allow for greatly increased bacterial density. Intubation and sedation of the
patient impairs normal cough-mediated clearance and facilitates the entry
of colonizing pathogens through micro- and macro-aspiration of infected
oral and gastric contents (Craven, 2000). Among Gram-positive bacteria, S.
aureus is a major cause of pneumonia in hospitalized patients and is becom-
ing increasingly resistant to antibiotics. Some 40-60% of all hospital S. aureus
isolates are resistant to methicillin, and intermediate to high levels of resis-
tance to vancomycin have also been described (Craven, 2000; Lindsay and
Holden, 2004).

Defective mucociliary clearance also contributes to the development of
pneumonia in cystic fibrosis (CF). In CF, dysfunction of the cystic fibro-
sis transmembrane conductance regulator (CFTR), a chloride channel, in
airway epithelium and submucosal glands leads to dehydrated secretions
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and predisposes the respiratory tract to infection and chronic inflammation.
This is manifested early in life by airway obstruction and recurrent infections
of the lung and paranasal sinuses. The CF lung is particularly susceptible to
P. aeruginosa, and this organism plays a critical role in the development and
progression of pulmonary disease in people with CF. S. aureus and H. influen-
zae also contribute to CF-associated infection in people with CF (Goss and
Rosenfeld, 2004).

BACTERIAL VIRULENCE FACTORS INVOLVED IN THE
PATHOGENESIS OF PNEUMONIA

Bacteria cause pneumonia by eliciting the mobilization and activation
of phagocytes — usually polymorphonuclear cells (PMNs) — into the airways.
Although the PMNs function to eradicate infection, they also impede air
exchange. Thus, the balance between efficient phagocytosis of inspired bac-
teria and efficient air exchange is physiologically critical. Intact bacteria and
shed bacterial components can activate epithelial pro-inflammatory signal-
ing. Components of the professional immune system (T-cells, macrophages,
dendritic cells) express cytokines and chemokines in order to deal with the
inhaled organisms. However, the airway epithelial cell, which is the most
abundant in the lung and the most likely to come into contact with inhaled
organisms, makes a substantial contribution to the recruitment and activa-
tion of phagocytic cells into the airways.

Lung pathogens possess several virulence factors involved in adhe-
sion and colonization of the airway epithelium. The virulence factors of
three major respiratory pathogens are summarized in Table 11.1. Bacterial
adhesins play a key role in colonization because they allow the bacteria to
attach to airway cells. P. aeruginosa pili mediate epithelial adherence and are
importantin the pathogenesis of airway infection, particularly during invasive
infection. Piliated P. aeruginosa, but not pil mutants, can colonize neonatal
mice and cause pulmonary inflammatory responses (Tang et al., 1995). The
secretion of many P. aeruginosa toxins, which act within eukaryotic cells, also
requires pilin-mediated attachment (Feldman et al., 1998; Hauser et al., 1998).
Streptococcal and staphylococcal surface adhesins can bind to host cell-matrix
components and to cellular receptors upregulated during lung inflammation
(Bogaert et al., 2004; Foster and McDevitt, 1994).

For successful colonization, bacteria also need to acquire iron from host
tissues, where it is bound tightly to transferrin or lactoferrin, which is present
in the airways (Xiao and Kisaalita, 1997). Pathogens have developed a com-
plex regulatory system to compete with lactoferrin for iron. P. aeruginosa
siderophores pyochelin and pyoverdin (Vasil and Ochsner, 1999; Xiao and



Table 11.1 Virulence factors in respiratory pathogens

Function Virulence factor Bacteria
Adhesion and Cell-wall-associated adhesins  Streptococcus pneumoniae
colonization Staphylococcus aureus
Pili Pseudomonas aeruginosa
Flagella P. aeruginosa
Biofilm P. aeruginosa
S. aureus
Siderophores P. aeruginosa
S. aureus
Neuraminidase P. aeruginosa
S. pneumoniae
Hyaluronidase S. pneumoniae
Evasion of immune Capsule S. pneumoniae
system S. aureus
Complement inhibition S. aureus
P. aeruginosa
S. pneumoniae
IgA protease S. aureus
S. pneumoniae
Induction of Pneumolysin S. pneumoniae
inflammation Pili P. aeruginosa
Flagella P. aeruginosa
LPS Gram-negative bacteria
Lipoproteins S. aureus
S. pneumoniae
Protein A S. aureus
Lung damage and Type III secretion system P. aeruginosa
invasion (ExoS, ExoT, ExoU, ExoY)
Exotoxin A P. aeruginosa
Coagulase S. aureus
Protease S. aureus
Hemolysin S. aureus
Cell-wall choline S. pneumoniae
Pneumolysin S. pneumoniae

IgA, immunoglobulin A; LPS, lipopolysaccharide.
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Kisaalita, 1997) and the SirABC transporter in S. aureus (Dale et al., 2004) are
examples of these iron-uptake systems.

The pulmonary pathogens P. aeruginosa and S. aureus can live either in
free planktonic form or in biofilms (Parsek and Singh, 2003; Yarwood and
Schlievert, 2003). Biofilms are highly structured communities that coat sur-
faces such as plastic catheters and the mucosal surfaces of the airways. The
coordinated expression of diverse groups of genes within this community of
bacteria is directed by small diffusible molecules called quorum sensors. At
low density, bacteria live in the planktonic form, but as the number of organ-
isms increases, the secreted quorum sensors accumulate. Once a critical
density of these molecules is achieved, they diffuse back into the organisms,
where, along with transcriptional activators, they direct the expression of viru-
lence genes that allow the bacteria to evade the host response and survive as a
community. Biofilm production has an important role in bacterial persistence
in the lung, especially in chronic diseases such as CF. In CF and other chronic
infections, bacterial adaptation to the environment results in the selection of
organisms that are more persistent and less invasive, and the biofilm mode
of growth plays a key role in this adaptation (Costerton et al., 1999; Hoiby
et al., 2001; Singh et al., 2000, 2002). Within the lungs, bacteria proliferate in
both biofilms and the planktonic form of growth.

During colonization of the lung, the airway epithelium senses the pres-
ence of bacteria and initiates the inflammatory response. Lung injury associ-
ated with bacterial infection is usually the result of both the direct destructive
effects of the organism on the lung parenchyma and damage due to exuberant
host inflammatory responses.

AIRWAY EPITHELIAL CELL RESPONSE TO BACTERIA

Airway epithelial cells orchestrate the activation of many signaling cas-
cades in response to bacterial ligands through surface and intracellular recep-
tors (Figure 11.1, Table 11.2). In addition to generating signals for the recruit-
ment of immune cells, airway epithelial cells also synthesize and secrete many
effector proteins themselves.

Bacterial induction of antimicrobial peptides and
chemical defenses

Antimicrobial peptides in the lung are mainly produced and secreted
by epithelial and phagocytic cells. The expression of antimicrobial peptide
genes is regulated tightly. Some peptides are produced constitutively, such as
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Figure 11.1 Airway epithelial responses to bacterial ligands. Bacterial ligands (flagella,
pilus, lipopolysaccharide (LPS), protein A, peptidoglycan (PGN)) are recognized by surface
receptors (asialoGM1, Toll-like receptors (TLRs), tumor necrosis factor receptor 1
(TNFR1)) or intracellular receptors (nucleotide-binding oligomerization domain protein,
Nod). Signaling cascades are initiated through adaptor proteins (MyD88/TIRAP,
TRAM/TRIF, TRADD/RIP, RICK). MAPK- and IKK-dependent translocation of
transcription factors leads to transcription of inflammatory mediators.

G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte/macrophage
colony-stimulating factor; IL-1, interleukin 1; IL-6, interleukin 6; RICK, RIP-like
interacting caspase-like apoptosis-regulatory protein kinase; RIP, receptor-interacting
protein; TGF-B, transforming growth factor, beta; TIRAP, TIR domain-containing adaptor
protein; TRADD, tumor necrosis factor receptor 1-associated death domain protein;
TRAM, TRIF-related adaptor molecule; TRIF, TIR domain-containing adaptor inducing
interferon beta.

human B-defensin 1 (hBD-1), but the expression of others is increased upon
contact of cells with bacterial products or pro-inflammatory mediators. It has
been shown that expression of hBD-2, hBD-3, hBD-4, the cathelicidin-derived
peptide LL-37, and several other antimicrobial peptides are induced in vivo
during inflammatory or infectious diseases, such as pneumonia (Hiratsuka
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Table 11.2 Airway epithelial cell receptors and bacterial ligands

Receptor Bacterial ligand

AsialoGM1 Flagella, pili, Gram-positive and Gram-negative bacteria

TLR-2 Lipoteicoic acid, lipoproteins, flagella, lipoarabinomannan,
phenol soluble modulins

TLR-4 LPS, pneumolysin

TLR-5 Flagella

TNFR1 Protein A

NOD1/2 Peptidoglycan

LPS, lipopolysaccharide; NOD, nucleotide-binding oligomerization domain
protein; TLR, Toll-like receptor; TNFR1, tumor necrosis factor receptor 1.

et al., 1998) and CF (Bals et al., 2001). In vitro studies have shown upregu-
lation of hBD-2 by primary airway epithelial cells in response to P. aerugi-
nosa LPS and inflammatory cytokines such as interleukin (IL)-1f and tumor
necrosis factor alpha (TNF-a) (Becker et al., 2000; Singh et al., 1998). Antimi-
crobial peptides have a broad spectrum of activity against Gram-positive and
Gram-negative bacteria and show synergistic activity with other host defense
molecules, such as lysosyme and lactoferrin (Bals and Hiemstra, 2004).

Other inducible host defense molecules include mucins and reactive
nitrogen species such as nitric oxide (NO) (Rochelle et al., 1998). NO is pro-
duced by inducible nitric oxide synthase (iNOS), which is upregulated in
response to LPS. Mucin concentration in broncheoalveolar lavage (BAL) is
also increased in response to LPS and flagella, and MUC2and MUC5A gene
expression is upregulated by LPS and Gram-positive and Gram-negative bac-
teria (Dohrman et al., 1998).

Inflammation and bacterial clearance

Epithelial cells signal the presence of bacterial components and secrete
pro-inflammatory cytokines and chemokines that recruit immune cells
to the site of infection and activate them. Several bacterial components
are highly immunostimulatory, such as flagella, lipoproteins, and staphy-
lococcal protein A (Table 11.1). In response to bacteria, airway epithe-
lial cells secrete the neutrophil chemokine CXCL-8 and cytokines such as
IL-6, IL-1B, granulocyte—-macrophage colony-stimulating factor (GM-CSF),
granulocyte colony-stimulating factor (G-CSF), transforming growth factor
beta (TGF-B), interferon (IFN)-induced protein of 10 kDa (IP-10), monokine



induced by interferon gamma (INF-y) (MIG), and IFN-inducible T-cell alpha-
chemoattractant (I-TAC). IL-1 is the first cytokine produced in response
to bacteria along with TNF-o, which is produced mainly by alveolar
macrophages in the lung. Although TNF-a has a protective effect in ani-
mal models of P. aeruginosa infection, IL-1 appears to have a deleterious
role during P. aeruginosa pneumonia (Strieter et al., 2003). IL-1-receptor-
null mice inoculated intranasally with P. aeruginosa were found to have
greater bacterial clearance in their lungs and reduced bacteremia, as com-
pared with wild-type mice (Schultz et al., 2002), suggesting that reduction in
IL-1 activity improves host defense against P. aeruginosa pneumonia. Both IL-
1 and TNF-a signaling induce activation of nuclear factor kB (NF-kB), which
promotes pro-inflammatory chemokine expression. Neutrophil chemokines
(CXC), in particular CXCL8, play a critical role in recruitment and mainte-
nance of leukocytes during infection. Animal models of pneumonia have
demonstrated an increase in CXCs in BAL of infected mice; blockade of CXC
receptors results in reduced neutrophil infiltration and clearance of bacteria
in the lung and increased mortality (Mehrad and Standiford, 1999; Strieter
et al., 2002). Transgenic mice engineered for enhanced expression of KC (the
mouse equivalent of CXCL8) and CXCL1 (Groa/MIP-2a) have improved sur-
vival during bacterial pneumonia (Tsai et al., 1998). Epithelial cells also secrete
the CC chemokine monocyte chemottractant protein 1 (CCL2), which plays an
importantrole in orchestrating the polarization of the inflammatory response
during the initiation of the adaptive immune response (Strieter et al., 2003).
The cytokines G-CSF and GM-CSF are also expressed by airway epithelial cells
and are important in activating PMNs at the site of infection and enhancing
their survival by inhibition of apoptosis (Saba et al., 2002). GM-CSF-deficient
mice display significantly increased susceptibility to streptococcal infection
(LeVine et al., 1999). In addition to their role in cell recruitment, epithelial
cytokines can have an autocrine and paracrine inductive effect on the airway
by maintenance of high levels of antimicrobial peptides.

As part of the inflammatory response, airway epithelial cells also express
adhesion molecules, including intercellular adhesion molecule 1 (ICAM-1),
to allow the adhesion of recruited neutrophils. Neutrophils are the main
cells involved in the recognition, phagocytosis, and clearance of bac-
teria. This is accomplished by opsonization through Fc-mediated bind-
ing or antigen recognition using complement receptors. The pathogen is
ingested and killed in the PMN phagosome through the expression of
peptides and reactive oxygen intermediates. Thus, neutrophils are criti-
cally important in the phagocytosis and killing of bacteria. However, their
own lysis and release of elastase is a potent stimulus of epithelial CXCLS,
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which promotes a cycle of continued inflammation (Nakamura et al.,
1992).

HOW DO EPITHELIAL CELLS SENSE THE PRESENCE OF
BACTERIA IN THE AIRWAYS?

Airway epithelial cells are polarized and form tight junctions. Unlike
other mucosal surfaces, the lower airways are sterile and exposure to bac-
terial compounds triggers an immediate response. Intact bacteria are rarely
in direct contact with airway epithelial cells, which are well protected by
mucins. Following epithelial damage, bacteria may gain access to the epithe-
lial surface, or shed bacterial components may stimulate epithelial responses.
The distribution of surface receptors is different than in other cells. Recep-
tors must be exposed apically in order to recognize pathogens, or bacterial
products present in the lumen of the airways. These receptors are less abun-
dant than immune cells, which prevents high inflammatory responses that
impede lung function. However, upon repeated bacterial stimulation, more
receptors are recruited to the apical surface, where they initiate the inflam-
matory response required to clear the infection.

Toll-like receptors

Cells of the innate immune system, including epithelial cells, use
pattern-recognition molecules to bind conserved products that are present on
microorganisms. Pattern-recognition molecules are presentin secretions and
circulate in soluble form, such as mannan-binding lectin (MBL), or they are
transmembrane molecules that mediate direct cellular responses to micro-
bial exposure. The Toll-like receptors (TLR) constitute an intensely studied
family of pattern-recognition receptors. Human TLRs are type I transmem-
brane proteins with an extracellular domain, a transmembrane domain, and
an intracellular domain. The extracellular domains include arrays of leucine-
rich repeats (LRR), and the cytoplasmic portions show high similarity to that
of the IL-1 receptor family, termed Toll/IL-1 receptor (TIR) domain. In the
lungs, TLRs are expressed by professional immune cells, such as resident
alveolar macrophages and newly recruited dendritic and T-cells, as well as by
epithelial and endothelial cells (Takeda et al., 2003).

TLRs sense components of both Gram-positive and Gram-negative bac-
teria. Stimulation of TLRs by microbial components triggers activation of
signaling pathways originating from a cytoplasmic TIR domain. The TIR



domain-containing adaptor MyD88 is essential for induction of inflammatory
cytokines and chemokines. Upon stimulation, MyD88 recruits interleukin 1
receptor-activated kinase 4 (IRAK-4) to TLRs and facilitates IRAK-4-mediated
phosphorylation of interleukin 1 receptor-activated kinase 1 (IRAK-1). Acti-
vated IRAK-1 then associates with tumor necrosis factor receptor-associated
factor 6 (TRAF6), leading to activation of activating protein 1 (AP-1) transcrip-
tion factors through mitogen-activated protein (MAP) kinases and nuclear
translocation of transcription factor NF-«kB (Yamamoto and Akira, 2004).

Although regulation of cytokine and chemokine production is one of the
best-characterized roles of TLR signaling, it is clear that TLRs also regulate
expression of antimicrobial peptides. CD14, a part of the TLR-4 receptor com-
plex, is essential in the LPS-induced expression of hBD-2 on tracheobronchial
epithelial cells (Becker et al., 2000). Similarly, TLR-2 regulates the expression
of hBD-2 in response to bacterial lipoproteins in A549 lung epithelial cells
(Birchler et al., 2001).

Toll-like receptor expression in lung epithelium

Eleven TLRs have been recognized to date (Takeda and Akira, 2004). TLRs
1-10 are expressed in airway epithelial cells (Greene et al., 2005; Muir et al.,
2004). However, not all of these TLRs participate in the response to inhaled
organisms. TLRs play important roles in recognizing specific microbial com-
ponents derived from pathogens, including bacteria, fungi, protozoa, and
viruses. Among the different TLRs, TLR-2, TLR-4, and TLR-5 play a major
role in signaling bacterial components in the lung.

TLR-2 in airway infection

TLR-2 recognizes a variety of microbial components. These include
lipoproteins/lipopeptides from various pathogens, lipoteicoic acid from
Gram-positive bacteria, lipoarabinomannan from mycobacteria, and a
phenol-soluble modulin from Staphylococcus epidermidis. In airway epithe-
lial cells, TLR-2 is also involved in early responses to P. aeruginosa flagella
(Adamo et al., 2004).

In the airways, TLR-2 forms a receptor complex with the asialoganglioside
gangliotetraosylceramide (Galb1,2GalNacb1,4Galb1, 4Gal1Cer) (asialoGM1)
on the apical surface of epithelial cells within the context of lipid rafts (Soong
et al., 2004). This glycolipid has an exposed GalNacbl-4Gal moiety that
serves as a receptor for bacterial pili (DiMango et al., 1998), flagella (Feldman
et al., 1998), and a large number of pulmonary pathogens, including those
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commonly associated with airway infection: S. pneumoniae, S. aureus, and
P. aeruginosa (Krivan et al., 1988). TLR-2 is present on the apical surface
of polarized cells with tight junctions and mobilized into specialized lipid
raft microdomains containing caveolin-1 after bacterial stimulation. The role
of TLR-2 in initiating pro-inflammatory signaling in professional immune
cells and as airway epithelial cells in vitro has been established (Greene et al.,
2005; Muir et al., 2004; Soong et al., 2004; Takeda and Akira, 2004). TLR-2 and
asialoGM1 initiate signaling in response to S. aureus and P. aeruginosa, lead-
ing to the activation of NF-kB and CXCL8 production in a MyD88-dependent
manner. The lipid raft microdomain seems to be essential for signaling, as
suggested by the effects of filipin in inhibiting activation of CXCL8 expression
in response to bacteria.

TLR-2 mRNA expression is upregulated in the lungs during both Gram-
positive and Gram-negative infections (Kajikawa et al., 2005; Knapp et al.,
2004; Power et al., 2004), but its contribution to bacterial clearance during
pneumonia is not completely understood. Initial studies involving systemic
infection in TLR-2-null mice indicated a role for TLR-2 in eradicating Gram-
positive bacteria (Takeuchi et al., 2000). However, the situation in the lung
seems to be different. The response of TLR-2-null mice to intranasally inocu-
lated S. pneumoniae did not differ significantly from that in wild-type mice
(Knapp et al., 2004). Cytokine and chemokine production and inflamma-
tion were modestly reduced in TLR-2-null mice, but there was no differ-
ence in bacterial clearance. TLR-2 expression in macrophages contributes to
inhibition of Legionella pneumophilia growth (Akamine et al., 2005). This is
consistent with previous reports of L. pneumophilia LPS signaling through
TLR-2 and not TLR-4 (Girard et al., 2003). More studies are required in order
to establish whether similar mechanisms are triggered in the lung by L.
pneumophila. A study using aerosolized S. aureus again demonstrated the
involvement of TLR-2 in the production of inflammatory cytokines (TNF-
a, IL-1B) and chemokines (KC, MIP-2) and PMN recruitment. However,
S. aureus clearance was not affected in MyD88-null mice (Skerrett et al.,
2004b). Thus, other signaling pathways in addition to TLR2/ MyD88 signal-
ing clearly are involved in responses to pulmonary pathogens.

TLR-4 in airway infection

TLR-4 is an essential receptor for LPS recognition by professional
immune cells (Hoshino et al., 1999; Poltorak et al., 1998). Although TLR-4
is abundant in airway epithelial cells, it does not appear to function in sig-
naling responses in vitro to P. aeruginosa (Muir et al., 2004; Soong et al.,
2004). Airway epithelial cells, like other mucosal epithelia, are not particularly



responsive to LPS as compared with myeloid cells, even when all of the
required coreceptors and LPS-binding proteins are provided (DiMango et al.,
1995; Guillot et al., 2004). This low responsiveness is likely due to the intracel-
lular localization of TLR-4 in airway epithelial cells, which prevents excessive
inflammation during the course of pulmonary infection (Guillot et al., 2004).
The lack of TLR-4 involvement in epithelial responses to LPS in vitro does
not imply that the lung itself is unresponsive. In one study, nuclear translo-
cation of NF-kB in response to inhaled LPS was observed in the bronchiolar
epithelium of wild-type mice. This response was not observed in transgenic
mice expressing a dominant negative inhibitory protein of nuclear factor
kappa B (IKBa) in airway epithelium (Skerrett et al., 2004a). The pulmonary
response to LPS provided systemically (rather than by inhalation) can be medi-
ated by TLR-4 expressed by pulmonary endothelial cells (Andonegui et al.,
2003).

TLR-4 expression is increased during Gram-negative infection (Kajikawa
et al., 2005; Knapp et al., 2004; Power et al., 2004), and this TLR plays an
important role in the overall defenses of the lung against P. aeruginosa.
TLR-4/MyD88 signaling has been shown to be critical for the induction of
inflammatory cytokines (TNF-a, IL-18) and chemokines (KC, MIP-2), PMN
recruitment to the lungs, and bacterial clearance in mouse models of pneu-
monia (Power et al., 2004; Skerrett et al., 2004b). Although early responses to
P. aeruginosa are TLR-4/MyD88-dependent, a later response mediated by
TLR-2 has been proposed (Power et al., 2004). TLR-4 contributes to a pro-
tective innate immune response to H. influenzae (Wang et al., 2002) and
K. pneumoniae (Branger et al., 2004; Schurr et al., 2005). In addition to recog-
nition of Gram-negative pathogens, TLR-4 can play a modest role in the
protective immune responses to pneumococcal pneumonia (Branger et al.,
2004), and it has been demonstrated that this receptor is involved in pneu-
molysin signaling (Malley et al., 2003). Whether the protective role of TLR-4
during bacterial pneumonia is due to signaling in professional immune cells
or epithelial cells in the lungs remains to be elucidated.

TLR-5 in airway infection

TLR-5 recognizes flagellin, the principal component of flagella, from
both Gram-positive and Gram-negative bacteria (Hayashi et al., 2001; Smith
et al., 2003). The expression of flagella is particularly important for bacter-
ial colonization of the lung, and Fla mutants are less virulent in a mouse
model of pneumonia (Feldman et al., 1998). Flagellin is highly immunogenic
and activates pro-inflammatory responses in immune cells of myeloid origin
and epithelial cells (Wyant et al., 1999). Epithelial responses to flagella have
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been well characterized in the gastrointestinal tract, where flagella interact
with TLR-5 to activate pro-inflammatory gene expression (Eaves-Pyles et al.,
2001). TLR-5 is basolaterally distributed in the gut epithelium and thus is
activated only by invasive pathogens (Gewirtz et al., 2001). In airway epithe-
lial cell lines, flagella induce signaling through the induction of Ca** fluxes
(McNamara et al., 2001), a response not previously associated with TLR-5
but typical of ligands that activate asialoGM1 TLR-2 signaling (Ratner et al.,
2001). TLR-5, although expressed in airway epithelial cells, is not abundant on
the apical surface but can be recruited following exposure to flagella (Adamo
et al., 2004). Direct binding studies and confocal microscopy data indicate
that flagella bind to apically displayed asialoGM1 on the airway cell surface.
This initial interaction activates an epithelial response that results in TLR-5
transcription and mobilization to the apical surface, where it can mediate
further signaling (Adamo et al., 2004). TLR-2, which is available on the api-
cal surface of airway cells, can contribute to the initial signaling of flagella
through asialoGM1.

Multiple signaling pathways involving different TLRs are triggered in
response to bacterial stimulation. Individual TLRs can activate distinct sig-
naling cascades, depending on the adaptor proteins involved. Although most
TLR pro-inflammatory signaling in the lungs is MyD88-dependent, MyD88-
independent signaling through TRAM and TRIF in response to TLR-4 ligands
is also involved in late NF-kB activation (Kawai et al., 1999). This MyD88-
independent/TRIF-dependent cascade regulates production of IFN-y and
IFN-inducible genes (Toshchakov et al., 2002). Studies with knockout mice
have revealed that MyD88-null mice have a more severe phenotype than null
mice for any of the individual TLRs (Feng et al., 2003). This suggests that
multiple TLRs contribute to the host response to certain organisms or that
other receptors not yet described can signal through MyD88 and participate
in bacterial responses.

Signaling through tumor necrosis factor receptor 1

The TNF-a receptor, tunor necrosis receptor 1 (TNFR1), is distributed
widely on the airway epithelia. This is the major signaling pathway for the
induction of inflammation by S. aureus. The central role of staphylococcal pro-
tein A signaling through TNFR1 in the pathogenesis of S. aureus pneumonia
has been recently demonstrated (Gomez et al., 2004). The lack of either pro-
tein A (spa null mutants) or TNFR1 (TNFR1-null mice) expression resulted
in decreased inflammatory responses and reduced bacterial virulence in a



mouse model of pneumonia. The absence of TNFR1-dependent PMN recruit-
ment prevents morbidity due to the pathological consequences of excessive
PMN accumulation into the airways. S. aureus pneumonia is induced only
in mice that express TNFR1, which suggests that, for this pathogen, protein
A-TNFRI signaling is more important than TLR-2 recognition of other cell-
wall components and can explain why studies with TLR-2 knockout mice or
MyD88 knockout mice did not reveal a prominent role for theTLR-2/MyD88
pathway in models of S. aureus pneumonia (Knapp et al., 2004; Skerrett et al.,
2004b).

Other receptors: nucleotide-binding oligomerization
domain proteins

In addition to TLRs that recognize microbial components in extracel-
lular compartments or on the luminal side of intracellular vesicles, mam-
malian cells have other surveillance mechanisms to recognize bacteria and
other infectious microorganisms in the cytosol of infected cells. These cytoso-
lic receptors are the nucleotide-binding oligomerization domain (Nod) pro-
teins (Inohara et al., 2004), which contain amino-terminal alpha-helix-rich
or TIR domains, a central NOD domain, and carboxyl-terminal leucine-rich
repeats (LRRs). It is well established that Nod1 and Nod2 function as pattern-
recognition molecules and induce signaling pathways upon recognition of
bacterial pathogen-associated molecular patterns (PAMPs). Nod1 and Nod2
contain amino-terminal caspase-recruitment domains (CARDs) linked to a
centrally placed NOD domain. Nod2 is expressed primarily by immune cells,
while Nod1 expression is ubiquitous. Nod1 recognizes peptidoglycan con-
taining mesodiaminopimelate acid found mainly in Gram-negative bacteria
(Chamaillard et al., 2003; Girardin et al., 2003a). Nod2 mediates responsive-
ness to the muramyldipeptide MurNac-L-Ala-D-iso-Gln (MDP) conserved in
peptidoglycans of all bacteria (Girardin et al., 2003b; Inohara et al., 2003). The
role of Nod2 in S. pneumoniae signaling has been demonstrated (Opitz et al.,
2004; Schmeck et al., 2004). S. pneumoniae can transiently invade epithelial
and endothelial cells and signal through the Nod receptors. Lung expres-
sion of Nod2 was upregulated during S. pneumoniae infection in mice. In
addition, in vitro experiments showed that NF-kB activation induced by S.
pneumoniae depends on Nod2, and this signaling is mediated by IRAK and
IRAK2. Although more studies are required, these results suggest that signal-
ing through Nod receptors is the major pathway through which S. pneumoniae
induces inflammation in the lungs.
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SIGNALING PATHWAYS INVOLVED IN CHEMOKINE AND
CYTOKINE PRODUCTION BY EPITHELIAL CELLS

The signaling pathways activated through TLRs and TNFR1 in airway
epithelial cells by bacterial pathogens resemble the cascades activated via
these receptors in immune cells (Hehlgans and Pfeffer, 2005; Takeda and
Akira, 2004). TLR signaling is mediated by MyD88, IRAK, and TRAF6, and
all these molecules are recruited to the receptor complex with asialoGM1 in
lipid raft domains (Soong et al., 2004). Activation of this pathway leads to the
nuclear translocation of NF-kB and transcription of pro-inflammatory genes.
Protein A signaling through TNFR1 resembles TNF signaling, with recruit-
ment of tumor necrosis factor receptor 1-associated death domain protein
(TRADD), receptor-interacting protein (RIP), and TRAF2 to the receptor and
activation of p38 and JNK MAPK and activating transcription factor 2 (ATF-2)
phosphorylation and translocation to the nucleus (Gémez et al., 2004).

The pulmonary pathogens S. aureus and P. aeruginosa activate Ca’*
fluxes in epithelial cells upon contact with specific receptors. Recognition
of asialoGM1/TLR-2 on airway cells initiates 100nM Ca?* fluxes, sufficient
to activate NF-«kB and generate CXCL8 and GM-CSF expression (Ratner et al.,
2001; Saba et al., 2002). Several other Ca?*-dependent transcription factors
are also activated by bacterial ligands, leading to local cytokine expression
and mucin production (McNamara et al., 2001). Peptidoglycan activates the
leucine zipper containing transcription factors cyclic adenosine monophos-
phate (cCAMP)-responsive element-binding protein (CREB)/ATF and AP-1
(Gupta et al., 1999). CREB is expected to sense changes in cyclic nucleotides
released at the surface of the airway in response to Ca?* fluxes. In addi-
tion, CREB functions as a coactivator of CCAAT/enhancer binding protein
(C/EBP), which regulates the expression of IL-6 (Kovacs et al., 2003).

REGULATION OF INFLAMMATION BY EPITHELIAL CELLS:
RECEPTOR SHEDDING

Airway epithelial cells regulate pro-inflammatory signaling. The pul-
monary pathogens S. aureus and P. aeruginosa induce transcription, mobil-
ization to the cell surface, and activation of TNF-a converting enzyme (TACE)
in airway epithelial cells (Gomez et al., 2004, 2005). TACE or ADAM 17
is a member of the ADAM (a disintegrin and metalloprotease) family of
proteases and is involved in the release of a number of superficial proteins,
including the TNF, epidermal growth factor (EGF), and IL-6 receptors (Mezyk



et al., 2003). TACE has an important role in the regulation of inflammation.
Following bacterial exposure, TACE cleaves TNFR1 from the surface of air-
way epithelial cells (Gomez et al., 2004); the shed soluble TNFR1 serves
to neutralize free TNF-a (produced mainly by immune cells) and protein
A in the airway lumen and to prevent further epithelial activation through
loss of TNFR1 from the cell. Soluble TNFR1 exerts immunoregulatory func-
tions by induction of apoptosis in monocytes through reverse signaling via
membrane-bound TNF-a (Waetzig et al., 2005).

Bacterial activation of TACE induces shedding of the IL-6 receptor alpha
from epithelial cells (Gomez et al., 2005). Epithelial responsiveness to IL-6
is dependent upon the presence of two receptors, gp130 and IL-6R-a (gp80)
(Bauer et al., 1989; Heinrich et al., 2003). Shed soluble IL-6R-« binds to IL-6,
forming a ligand-receptor complex that interacts with membrane-bound
gp130 in a high-affinity interaction termed “trans-signaling”. This interac-
tion initiates CCL2 expression by epithelial cells, which heralds the shift
from acute inflammation (PMN recruitment) to a resolution phase with
macrophage/monocyte signaling and clearance of apoptotic PMNs (Amano
et al., 2004; Hurst et al., 2001). Shed IL-6R-a induces a decrease in CXCL8
production (Hurst et al., 2001; Marin et al., 2001), probably due to signal
transducer and activator of transcription 5 (STATS5)-dependent inhibition of
NF-kB (Luo and Yu-Lee, 2000).

Bacterial pathogens can induce both pro-inflammatory and anti-
inflammatory signaling in airway epithelial cells, which suggests that
mucosal epithelial cells have a primary role in regulating their own signal-
ing capabilities as well as responding to cytokines from exogenoos sources.
Shed epithelial receptors decrease the pro-inflammatory signaling induced
by immune cells in the lung.

LUNG DAMAGE AND BACTERIAL INVASION OF THE
AIRWAY EPITHELIUM

Under specific circumstances, airway infection can lead to invasion, bac-
teremia, and mortality. P. aeruginosa express a type III secretion system that
is a major determinant of virulence, allowing the bacteria to inject toxins
into host cells. The type III secretion system is associated with acute invasive
infection and requires pilin-mediated bacterial-epithelial cell contact (Feld-
man et al., 1998; Garrity-Ryan et al., 2004; Hauser et al., 1998). This system
consists of three components: the secretion apparatus, the translocation or
targeting apparatus, and the secreted toxins (effector proteins) and cognate
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chaperons (Gauthier et al., 2003). P. aeruginosa secretes four effector pro-
teins, ExoS, ExoT, ExoU, and ExoY. ExoS can induce inflammatory responses
through TLR-2 and TLR-4 (Epelman et al., 2004). ExoU is a potent cytotoxin,
and its injection in mammalian cells causes irreversible damage to cellular
membranes and rapid necrotic death (McMorran et al., 2003; Sato and Frank,
2004). These toxins also interfere with the cytoskeleton and the normal forma-
tion of tight junctions and enable organisms to invade paracellularly (Rajan
et al., 2000).

Several animal models have demonstrated the importance of type III
secretion proteins in acute P. aeruginosa infections. In a mouse model of
pneumonia, intravenous administration of antibodies against PcrV, a pro-
tein involved in translocation of type III secreted toxins, resulted in survival
of the animals (Shime et al., 2001). Anti-PcrV antibodies also significantly
reduced lung injury, bacteremia, and plasma TNF-a levels in a rabbit model
of pneumonia. Type III secretion protein phenotype analysis may help to
distinguish respiratory tract colonization from potentially lethal infection.
Antibodies against type I1I secretory proteins may be useful as adjuvant ther-
apy in people with P. aeruginosa infections that demonstrate the type III
secretory phenotype (Sadikot et al., 2005).

SUMMARY

Bacterial pathogens in the lung interact with airway epithelial cells by
expressing numerous ligands that elicit inflammatory responses through
epithelial surface exposed receptors. Failure of the normal innate clearance
mechanisms, mucociliary clearance, and the antimicrobial activities of the
airway secretions enables organisms to persist in the airway lumen. Both
adherent bacteria and shed products are potent stimuli for epithelial pro-
inflammatory chemokine and cytokine production. This serves to recruit
PMNs from the circulation into the airways. Recruitment of PMNs to the
lung is critical to eradicate respiratory pathogens but is not innocuous to the
host. Inflammation is detrimental to the major function of the airway in main-
taining an open conduit for gas exchange, and much more so than at other
mucosal surfaces. The balance between efficient phagocytosis of inspired
bacteria and airway compromise is physiologically critical and determines
the outcome of lung infections.

REFERENCES

Adamo, R., Sokol, S., Soong, G., Gomez, M. I., and Prince, A. (2004). Pseudomonas
aeruginosa flagella activate airway epithelial cells through asialoGM1 and



toll-like receptor 2 as well as toll-like receptor 5. Am. J. Respir. Cell. Mol. Biol.
30, 627-634.

Akamine, M., Higa, F., Arakaki, N., et al. (2005). Differential roles of Toll-like
receptors 2 and 4 in in vitro responses of macrophages to Legionella pneu-
mophila. Infect. Immun. 73, 352-361.

Amano, H., Morimoto, K., Senba, M., et al. (2004). Essential contribution of
monocyte chemoattractant protein-1/C-C chemokine ligand-2 to resolution
and repair processes in acute bacterial pneumonia. J. Immunol. 172, 398-409.

Andonegui, G., Bonder, C. S., Green, F., et al. (2003). Endothelium-derived Toll-
like receptor-4 is the key molecule in LPS-induced neutrophil sequestration
into lungs. J. Clin. Invest. 111, 1011-1020.

Andrews, J., Nadjm, B., Gant, V., and Shetty, N. (2003). Community-acquired
pneumonia. Curr. Opin. Pulm. Med. 9, 175-180.

Bals, R. and Hiemstra, P. S. (2004). Innate immunity in the lung: how epithelial
cells fight against respiratory pathogens. Eur. Respir. J. 23, 327-333.

Bals, R., Weiner, D. J., Meegalla, R. L., Accurso, F., and Wilson, J. M. (2001). Salt-
independent abnormality of antimicrobial activity in cystic fibrosis airway
surface fluid. Am. J. Respir. Cell. Mol. Biol. 25, 21-25.

Bauer, J., Bauer, T. M., Kalb, T., et al. (1989). Regulation of interleukin 6 recep-
tor expression in human monocytes and monocyte-derived macrophages:
comparison with the expression in human hepatocytes. J. Exp. Med. 170,
1537-1549.

Becker, M. N., Diamond, G., Verghese, M. W., and Randell, S. H. (2000). CD14-
dependent lipopolysaccharide-induced beta-defensin-2 expression in human
tracheobronchial epithelium. J. Biol. Chem. 275, 29731-29 736.

Birchler, T., Seibl, R., Buchner, K., et al. (2001). Human Toll-like receptor 2
mediates induction of the antimicrobial peptide human beta-defensin 2 in
response to bacterial lipoprotein. Eur. J. Immunol. 31, 3131-3137.

Bogaert, D., De Groot, R., and Hermans, P. W. (2004). Streptococcus pneumoniae
colonisation: the key to pneumococcal disease. Lancet Infect. Dis. 4, 144-154.

Branger, J., Knapp, S., Weijer, S., et al. (2004). Role of Toll-like receptor 4 in
Gram-positive and Gram-negative pneumonia in mice. Infect. Immun. 72,
788-794.

Chamaillard, M., Hashimoto, M., Horie, Y., et al. (2003). An essential role
for NOD1 in host recognition of bacterial peptidoglycan containing
diaminopimelic acid. Nat. Immunol. 4, 702-707.

Costerton, J. W., Stewart, P. S., and Greenberg, E. P. (1999). Bacterial biofilms: a
common cause of persistent infections. Science 284, 1318-1322.

Craven, D. E. (2000). Epidemiology of ventilator-associated pneumonia. Chest 117,
186S-187S.

®

SNOILDIANI DNAT



BACTERIAL-EPITHELIAL CELL CROSS-TALK

Dale, S. E., Sebulsky, M. T., and Heinrichs, D. E. (2004). Involvement of SirABC
in iron-siderophore import in Staphylococcus aureus. J. Bacteriol. 186, 8356—
8362.

Diamond, G., Legarda, D., and Ryan, L. K. (2000). The innate immune response
of the respiratory epithelium. Immunol. Rev. 173, 27-38.

DiMango, E., Zar, H. J., Bryan, R., and Prince, A. (1995). Diverse Pseudomonas
aeruginosa gene products stimulate respiratory epithelial cells to produce
interleukin-8. J. Clin. Invest. 96, 2204-2210.

DiMango, E., Ratner, A. ]., Bryan, R., Tabibi, S., and Prince, A. (1998). Activation of
NF-kappaB by adherent Pseudomonas aeruginosa in normal and cystic fibrosis
respiratory epithelial cells. J. Clin. Invest. 101, 2598-2605.

Dohrman, A., Miyata, S., Gallup, M., et al. (1998). Mucin gene (MUC 2 and MUC
5AC) upregulation by Gram-positive and Gram-negative bacteria. Biochim.
Biophys. Acta 1406, 251-259.

Eaves-Pyles, T., Murthy, K., Liaudet, L., et al. (2001). Flagellin, a novel media-
tor of Salmonella-induced epithelial activation and systemic inflammation:
I kappa B alpha degradation, induction of nitric oxide synthase, induction
of proinflammatory mediators, and cardiovascular dysfunction. J. Immunol.
166, 1248-1260.

Epelman, S., Stack, D., Bell, C,, et al. (2004). Different domains of Pseudomonas
aeruginosa exoenzyme S activate distinct TLRs. J. Immunol. 173, 2031-2040.

Feldman, M., Bryan, R., Rajan, S., et al. (1998). Role of flagella in pathogenesis
of Pseudomonas aeruginosa pulmonary infection. Infect. Immun. 66, 43-51.

Feng, C. G., Scanga, C. A., Collazo-Custodio, C. M., et al. (2003). Mice lacking
myeloid differentiation factor 88 display profound defects in host resistance
and immune responses to Mycobacterium avium infection not exhibited by
Toll-like receptor 2 (TLR2)- and TLR4-deficient animals. J. Immunol. 171,
4758-4764.

Foster, T.]. and McDevitt, D. (1994). Surface-associated proteins of Staphylococcus
aureus: their possible roles in virulence. FEMS Microbiol. Lett. 118, 199—
205.

Garrity-Ryan, L., Shafikhani, S., Balachandran, P., et al. (2004). The ADP ribosyl-
transferase domain of Pseudomonas aeruginosa ExoT contributes to its bio-
logical activities. Infect. Immun. 72, 546-558.

Gauthier, A., Thomas, N. A., and Finlay, B. B. (2003). Bacterial injection machines.
J. Biol. Chem. 278, 25 273-25 276.

Gewirtz, A. T., Navas, T. A,, Lyons, S., Godowski, P. ]., and Madara, J. L. (2001).
Cutting edge: bacterial flagellin activates basolaterally expressed TLRS to
induce epithelial proinflammatory gene expression. J. Immunol. 167, 1882—
1885.



Girard, R., Pedron, T., Uematsu, S., et al. (2003). Lipopolysaccharides from
Legionella and Rhizobium stimulate mouse bone marrow granulocytes via
Toll-like receptor 2. J. Cell Sci. 116, 293-302.

Girardin, S. E., Boneca, I. G., Carneiro, L. A,, et al. (2003a). Nod1 detects a unique
muropeptide from Gram-negative bacterial peptidoglycan. Science 300, 1584—
1587.

Girardin, S. E., Boneca, I. G., Viala, J., et al. (2003b). Nod2 is a general sensor of
peptidoglycan through muramyl dipeptide (MDP) detection. . Biol. Chem.
278, 8869-8872.

Goémez, M. L, Lee, A, Reddy, B., et al. (2004). Staphylococcus aureus protein A
induces airway epithelial inflammatory responses by activating TNFR1. Nat.
Med. 10, 842-848.

Goémez, M. L., Sokol, S., Muir, A. B., et al. (2005). Bacterial induction of TNF-alpha
converting enzyme expression and IL-6 receptor alpha shedding regulates
airway inflammatory signaling. J. Immunol. 175, 1930-1936.

Goss, C. H. and Rosenfeld, M. (2004). Update on cystic fibrosis epidemiology.
Curr. Opin. Pulm. Med. 10, 510-514.

Greene, C. M., Carroll, T. P., Smith, S. G., etal. (2005). TLR-induced inflammation
in cystic fibrosis and non-cystic fibrosis airway epithelial cells. J. Immunol.
174, 1638-1646.

Guillot, L., Medjane, S., Le-Barillec, K., et al. (2004). Response of human pul-
monary epithelial cells to lipopolysaccharide involves Toll-like receptor 4
(TLR4)-dependent signaling pathways: evidence for an intracellular com-
partmentalization of TLR4. J. Biol. Chem. 279, 2712-2718.

Gupta, D., Wang, Q., Vinson, C., and Dziarski, R. (1999). Bacterial peptidoglycan
induces CD14-dependent activation of transcription factors CREB/ATF and
AP-1. . Biol. Chem. 274, 1401214 020.

Hauser, A. R,, Fleiszig, S., Kang, P.]., Mostov, K., and Engel, J. N. (1998). Defects
in type III secretion correlate with internalization of Pseudomonas aeruginosa
by epithelial cells. Infect. Immun. 66, 1413-1420.

Hayashi, F., Smith, K. D., Ozinsky, A., et al. (2001). The innate immune response
to bacterial flagellin is mediated by Toll-like receptor 5. Nature 410, 1099—
1103.

Hehlgans, T. and Pfeffer, K. (2005). The intriguing biology of the tumour necrosis
factor/tumour necrosis factor receptor superfamily: players, rules and the
games. Immunology 115, 1-20.

Heinrich, P. C., Behrmann, 1., Haan, S., et al. (2003). Principles of interleukin
(IL)-6-type cytokine signalling and its regulation. Biochem. J. 374, 1-20.
Hiemstra, P. S. (2001). Epithelial antimicrobial peptides and proteins: their role

in host defence and inflammation. Paediatr. Respir. Rev. 2, 306-310.

®

SNOILDIANI DNAT



®

BACTERIAL-EPITHELIAL CELL CROSS-TALK

Hiratsuka, T., Nakazato, M., Date, Y., et al. (1998). Identification of human beta-
defensin-2 in respiratory tract and plasma and its increase in bacterial pneu-
monia. Biochem. Biophys. Res. Commun. 249, 943-947.

Hoiby, N., Krogh Johansen, H., Moser, C., et al. (2001). Pseudomonas aeruginosa
and the in vitro and in vivo biofilm mode of growth. Microbes Infect. 3, 23—
35.

Hoshino, K., Takeuchi, O., Kawai, T, et al. (1999). Cutting edge: Toll-like receptor
4 (TLR4)-deficient mice are hyporesponsive to lipopolysaccharide: evidence
for TLR4 as the Lps gene product. J. Immunol. 162, 3749-3752.

Hurst, S. M., Wilkinson, T. S., McLoughlin, R. M., et al. (2001). I1-6 and its soluble
receptor orchestrate a temporal switch in the pattern of leukocyte recruitment
seen during acute inflammation. Immunity 14, 705-714.

Inohara, N., Ogura, Y., Fontalba, A, et al. (2003). Host recognition of bacterial
muramyl dipeptide mediated through NOD2. Implications for Crohn’s dis-
ease. J. Biol. Chem. 278, 5509-5512.

Inohara, N., Chamaillard, M., McDonald, C., and Nunez, G. (2004). NOD-
LRR proteins: role in host-microbial interactions and inflammatory disease.
Annu. Rev. Biochem. 74, 355-383.

Kajikawa, O., Frevert, C. W., Lin, S. M., et al. (2005). Gene expression of Toll-like
receptor-2, Toll-like receptor-4, and MD2 is differentially regulated in rabbits
with Escherichia coli pneumonia. Gene 344, 193-202.

Kawai, T., Adachi, O., Ogawa, T., Takeda, K., and Akira, S. (1999). Unresponsive-
ness of MyD88-deficient mice to endotoxin. Immunity 11, 115-122.

Knapp, S., Wieland, C. W., van't Veer, C,, et al. (2004). Toll-like receptor 2 plays a
role in the early inflammatory response to murine pneumococcal pneumo-
nia but does not contribute to antibacterial defense. J. Immunol. 172, 3132-
3138.

Kovacs, K. A., Steinmann, M., Magistretti, P. J., Halfon, O., and Cardinaux, J. R.
(2003). CCAAT /enhancer-binding protein family members recruit the coac-
tivator CREB-binding protein and trigger its phosphorylation. . Biol. Chem.
278, 36 959-36 965.

Krivan, H. C., Roberts, D. D., and Ginsburg, V. (1988). Many pulmonary
pathogenic bacteria bind specifically to the carbohydrate sequence GalNAc
beta 1-4Gal found in some glycolipids. Proc. Natl. Acad. Sci. U. S. A. 85,
6157-6161.

Lawson, P. R. and Reid, K. B. (2000). The roles of surfactant proteins A and D in
innate immunity. Immunol. Rev. 173, 66-78.

LeVine, A. M., Bruno, M. D., Huelsman, K. M., et al. (1997). Surfactant protein A-
deficient mice are susceptible to group B streptococcal infection. J. Immunol.
158, 4336—4340.



LeVine, A. M., Kurak, K. E., Bruno, M. D., et al. (1998). Surfactant protein-A-
deficient mice are susceptible to Pseudomonas aeruginosa infection. Am. J.
Respir. Cell. Mol. Biol. 19, 700-708.

LeVine, A. M., Reed, J. A, Kurak, K. E., Cianciolo, E., and Whitsett, J. A. (1999).
GM-CSF-deficient mice are susceptible to pulmonary group B streptococcal
infection. J. Clin. Invest. 103, 563-569.

LeVine, A. M., Whitsett, J. A., Gwozdz, J. A., et al. (2000). Distinct effects of
surfactant protein A or D deficiency during bacterial infection on the lung.
J. Immunol. 165, 3934-3940.

Lindsay, J. A. and Holden, M. T. (2004). Staphylococcus aureus: superbug, super
genome? Trends Microbiol. 12, 378-385.

Luo, G. and Yu-Lee, L. (2000). Stat5b inhibits NFkappaB-mediated signaling. Mol.
Endocrinol. 14, 114-123.

Malley, R., Henneke, P., Morse, S. C., et al. (2003). Recognition of pneumolysin
by Toll-like receptor 4 confers resistance to pneumococcal infection. Proc.
Natl. Acad. Sci. U. S. A. 100, 1966-1971.

Marin, V., Montero-Julian, F. A., Gres, S., etal. (2001). The IL-6-soluble IL-6Ralpha
autocrine loop of endothelial activation as an intermediate between acute
and chronic inflammation: an experimental model involving thrombin. J.
Immunol. 167, 3435-3442.

McMorran, B., Town, L., Costelloe, E., et al. (2003). Effector ExoU from the
type III secretion system is an important modulator of gene expression in
lung epithelial cells in response to Pseudomonas aeruginosa infection. Infect.
Immun. 71, 6035-6044.

McNamara, N., Khong, A., McKemy, D., et al. (2001). ATP transduces signals
from ASGM1, a glycolipid that functions as a bacterial receptor. Proc. Natl.
Acad. Sci. U. S. A. 98, 9086-9091.

Mehrad, B. and Standiford, T. J. (1999). Role of cytokines in pulmonary antimi-
crobial host defense. Immunol. Res. 20, 15-27.

Mezyk, R., Bzowska, M., and Bereta, J. (2003). Structure and functions of tumor
necrosis factor-alpha converting enzyme. Acta Biochim. Pol. 50, 625-645.

Muir, A., Soong, G., Sokol, S., et al. (2004). Toll-like receptors in normal and cystic
fibrosis airway epithelial cells. Am. J. Respir. Cell. Mol. Biol. 30, 777-783.

Nakamura, H., Yoshimura, K., McElvaney, N. G., and Crystal, R. G. (1992). Neu-
trophil elastase in respiratory epithelial lining fluid of individuals with cystic
fibrosis induces interleukin-8 gene expression in a human bronchial epithe-
lial cell line. J. Clin. Invest. 89, 1478-1484.

Opitz, B., Puschel, A., Schmeck, B., et al. (2004). Nucleotide-binding oligomer-
ization domain proteins are innate immune receptors for internalized Strep-
tococcus pneumoniae. J. Biol. Chem. 279, 36 426—36 432.

®

SNOILDIANI DNAT



BACTERIAL-EPITHELIAL CELL CROSS-TALK

Parsek, M. R. and Singh, P. K. (2003). Bacterial biofilms: an emerging link to
disease pathogenesis. Annu. Rev. Microbiol. 57, 677-701.

Poltorak, A., He, X., Smirnova, 1., et al. (1998). Defective LPS signaling in
C3H/HeJ and C57BL/10ScCr mice: mutations in Tlr4 gene. Science 282,
2085-2088.

Power, M. R., Peng, Y., Maydanski, E., Marshall, J. S., and Lin, T. J. (2004). The
development of early host response to Pseudomonas aeruginosa lung infection
is critically dependent on myeloid differentiation factor 88 in mice. J. Biol.
Chem. 279, 49 315-49 322.

Rajan, S., Cacalano, G., Bryan, R., et al. (2000). Pseudomonas aeruginosa induction
of apoptosis in respiratory epithelial cells: analysis of the effects of cystic fibro-
sis transmembrane conductance regulator dysfunction and bacterial viru-
lence factors. Am. J. Respir. Cell. Mol. Biol. 23, 304-312.

Ratner, A. J., Bryan, R., Weber, A., et al. (2001). Cystic fibrosis pathogens acti-
vate Ca’*-dependent mitogen-activated protein kinase signaling pathways in
airway epithelial cells. J. Biol. Chem. 276, 19 267-19 275.

Rochelle, L. G., Fischer, B. M., and Adler, K. B. (1998). Concurrent production of
reactive oxygen and nitrogen species by airway epithelial cells in vitro. Free
Radic. Biol. Med. 24, 863-868.

Saba, S., Soong, G., Greenberg, S., and Prince, A. (2002). Bacterial stimulation
of epithelial G-CSF and GM-CSF expression promotes PMN survival in CF
airways. Am. J. Respir. Cell. Mol. Biol. 27, 561-567.

Sadikot, R. T., Blackwell, T. S., Christman, J. W., and Prince, A. S. (2005).
Pathogen-host interactions in Pseudomonas aeruginosa pneumonia: the state
of the art. Am. J. Respir. Crit. Care Med. 171, 1209-1223.

Sano, H. and Kuroki, Y. (2005). The lung collectins, SP-A and SP-D, modulate
pulmonary innate immunity. Mol. Immunol. 42, 279-287.

Sato, H. and Frank, D. W. (2004). ExoU is a potent intracellular phospholipase.
Mol. Microbiol. 53, 1279-1290.

Schmeck, B., Zahlten, J., Moog, et al. (2004). Streptococcus pneumoniae-induced
p38 MAPK-dependent phosphorylation of RelA at the interleukin-8 promo-
tor. J. Biol. Chem. 279, 53 241-53 247.

Schultz, M. J., Rijneveld, A. W., Florquin, S., et al. (2002). Role of interleukin-1 in
the pulmonary immune response during Pseudomonas aeruginosa pneumo-
nia. Am. J. Physiol. Lung Cell. Mol. Physiol. 282, L285-290.

Schurr, J. R., Young, E., Byrne, P., et al. (2005). Central role of toll-like receptor
4 signaling and host defense in experimental pneumonia caused by Gram-
negative bacteria. Infect. Immun. 73, 532-545.

Shaw, M. J. (2005). Ventilator-associated pneumonia. Curr. Opin. Pulm. Med. 11,
236-241.



Shime, N., Sawa, T., Fujimoto, J., et al. (2001). Therapeutic administration of anti-
PcrV F(ab')(2) in sepsis associated with Pseudomonas aeruginosa. J. Immunol.
167, 5880-5886.

Singh, P. K, Jia, H. P., Wiles, K., et al. (1998). Production of beta-defensins by
human airway epithelia. Proc. Natl. Acad. Sci. U. S. A. 95, 14 961-14 966.
Singh, P. K., Schaefer, A. L., Parsek, M. R., et al. (2000). Quorum-sensing signals
indicate that cystic fibrosis lungs are infected with bacterial biofilms. Nature

407, 762-764.

Singh, P. K., Parsek, M. R, Greenberg, E. P.,and Welsh, M. ]. (2002). A component
of innate immunity prevents bacterial biofilm development. Nature 417, 552—
555.

Skerrett, S. J., Liggitt, H. D., Hajjar, A. M., et al. (2004a). Respiratory epithelial
cells regulate lung inflammation in response to inhaled endotoxin. Am. J.
Physiol. Lung Cell. Mol. Physiol. 287, L143-152.

Skerrett, S.J., Liggitt, H. D., Hajjar, A. M., and Wilson, C. B. (2004D). Cutting edge:
myeloid differentiation factor 88 is essential for pulmonary host defense
against Pseudomonas aeruginosa but not Staphylococcus aureus. J. Immunol.
172, 3377-3381.

Smith, K. D., Andersen-Nissen, E., Hayashi, F., et al. (2003). Toll-like receptor 5
recognizes a conserved site on flagellin required for protofilament formation
and bacterial motility. Nat. Immunol. 4, 1247-1253.

Soong, G., Reddy, B., Sokol, S., Adamo, R., and Prince, A. (2004). TLR2 is mobil-
ized into an apical lipid raft receptor complex to signal infection in airway
epithelial cells. J. Clin. Invest. 113, 1482-1489.

Strieter, R. M., Belperio, J. A., and Keane, M. P. (2002). Cytokines in innate host
defense in the lung. J. Clin. Invest. 109, 699-705.

Strieter, R. M., Belperio, J. A., and Keane, M. P. (2003). Host innate defenses in
the lung: the role of cytokines. Curr. Opin. Infect. Dis. 16, 193-198.

Takeda, K. and Akira, S. (2004). TLR signaling pathways. Semin. Immunol. 16,
3-9.

Takeda, K., Kaisho, T., and Akira, S. (2003). Toll-like receptors. Annu. Rev.
Immunol. 21, 335-376.

Takeuchi, O., Hoshino, K., and Akira, S. (2000). Cutting edge: TLR2-deficient
and MyD88-deficient mice are highly susceptible to Staphylococcus aureus
infection. J. Immunol. 165, 5392-5396.

Tang, H., Kays, M., and Prince, A. (1995). Role of Pseudomonas aeruginosa pili in
acute pulmonary infection. Infect. Immun. 63, 1278-1285.

Toshchakov, V., Jones, B. W., Perera, P. Y., et al. (2002). TLR4, but not TLR2,
mediates I[FN-beta-induced STAT1alpha/beta-dependent gene expression in
macrophages. Nat. Immunol. 3, 392-398.

®

SNOILDIANI DNAT



®

BACTERIAL-EPITHELIAL CELL CROSS-TALK

Tsai, W. C,, Strieter, R. M., Wilkowski, J. M., et al. (1998). Lung-specific transgenic
expression of KC enhances resistance to Klebsiella pneumoniae in mice. J.
Immunol. 161, 2435-2440.

Vasil, M. L. and Ochsner, U. A. (1999). The response of Pseudomonas aeruginosa
to iron: genetics, biochemistry and virulence. Mol. Microbiol. 34, 399-413.

Waetzig, G. H., Rosenstiel, P., Arlt, A., et al. (2005). Soluble tumor necrosis factor
(TNF) receptor-1 induces apoptosis via reverse TNF signaling and autocrine
transforming growth factor-betal. FASEB J. 19, 91-93.

Wang, X., Moser, C., Louboutin, J. P., et al. (2002). Toll-like receptor 4 medi-
ates innate immune responses to Haemophilus influenzae infection in mouse
lung. J. Immunol. 168, 810-815.

Wyant, T. L., Tanner, M. K., and Sztein, M. B. (1999). Salmonella typhi flagella are
potentinducers of proinflammatory cytokine secretion by human monocytes.
Infect. Immun. 67, 3619-3624.

Xiao, R. and Kisaalita, W. S. (1997). Iron acquisition from transferrin and lactofer-
rin by Pseudomonas aeruginosa pyoverdin. Microbiology 143 (Pt7), 2509-2515.

Yamamoto, M. and Akira, S. (2004). [TIR domain-containing adaptors regulate
TLR-mediated signaling pathways.] Nippon Rinsho 62, 2197-2203.

Yarwood, J. M. and Schlievert, P. M. (2003). Quorum sensing in Staphylococcus
infections. J. Clin. Invest. 112, 1620-1625.



CHAPTER 12

Interaction of Helicobacter pylori with the
gastric mucosa

D. Scott Merrell

INTRODUCTION

Microbes populate virtually every square inch of the earth’s surface. This
success is due in large part to the numerous adaptation strategies they have
developed to facilitate survival/persistence. The practical requirement for
microbial resilience is particularly true of pathogenic microorganisms, as
they must cope with host environments that are often actively adversarial.
This is the case with Helicobacter pylori, which colonizes in the unlikely niche
of the human stomach. Once in the stomach, H. pylori establishes a chronic
infection in a manner that shows many similarities to what we typically think
of as behavior of the host-adapted flora — “with an eye towards persistence
rather than towards causing disease” (Merrell and Falkow, 2004). This is
evidenced by the fact that severe disease typically takes decades to develop.
This delayed development of overt pathology suggests that there is a bal-
ance shift that causes colonization to go awry and leads to disease. This
shift is likely due to a combination of physiological and genetic factors for
both participants of the host-pathogen interaction. On the bacterial front,
H. pylori interacts with gastric mucosal cells and expresses a repertoire of
factors that result in alterations in host cell signaling. These changes in host
cell signaling are likely ultimately responsible for H. pylori-induced disease.
Thus, H. pylori represents a model organism in terms of its ability to chron-
ically exploit the gastric niche as well as to manipulate gastric epithelial cells
(Figure 12.1).
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Figure 12.1 Persistent Helicobacter pylori infection involves interplay between bacterial

Submucosa

and host factors. H. pylori binds to a subpopulation of gastric epithelial cells using BabA
and other adhesions. In strains that carry the Cag pathogenicity island (PAI), a type IV
secretion apparatus is used to inject CagA into the host cell. This results in increased
expression of interleukin (IL) 8 (IL-8) and other chemokines that recruit polymor-
phonuclear cells (PMN) to the site of infection. Additionally, CagA associates with tight-
junction proteins and disrupts the epithelial barrier and alters various downstream
signaling pathways. VacA induces apoptosis in epithelial cells by targeting mitochondria.
In the chronic phase of H. pylori infection, T-cells and B-cells infiltrate and are targeted
by VacA to stop proper antigen presentation and T cell proliferation. Reproduced with
permission from D. M. Monack, A. Mueller, and S. Falkow. Nature Reviews Microbiology 2,
747-65. Copyright © 2004 Macmillan Magazines Ltd.

IFN-y, interferon gamma; IgA, immunoglobulin A; IgG, immunoglobulin G; NO,
nitric oxide; TFN-q, tumor necrosis factor alpha.

HELICOBACTER: THE NEW KID ON THE BLOCK

From the perspective of the scientific community, H. pylori is a relatively
new player in the arena of bacterial pathogenesis. Of course, this has less
to do with the emergence of the pathogen than with the fact that we failed
to detect the bacterium until relatively recently. It was not until 1982 that
Marshall and Warren discovered H. pylori in biopsies from people suffer-
ing from antral gastritis. Marshall and Warren (1984) subsequently went on



to propose a causal relationship between H. pylori infection and gastritis.
This suggestion was considered controversial for a number a years. How-
ever, subsequent studies showed that the majority of children suffering from
gastritis also tested positive for H. pylori carriage. Remarkably, this gastritis
was resolved by antibiotic treatment and eradication of H. pylori from the
gastric mucosa (Drumm et al., 1987; Valle et al., 1991; Yeung et al., 1990).
These findings pushed H. pylori to the forefront of the consciousness of the
scientific community and stimulated a flurry of research on the etiology of
gastric disease that continues today.

Since its discovery, H. pylori has been shown to persistently infect
more than 50% of the world’s population (Matysiak-Budnik and Megraud,
1997). Moreover, it is now recognized that H. pylori is a significant cause
of worldwide morbidity and mortality and colonization is associated with
numerous forms of gastric disease. In its mildest form, chronic infection by
H. pylori causes sustained inflammation of the gastric mucosa. This is likely
due to enhanced secretion of interleukin 8 (IL-8) by gastric epithelial cells,
which leads to the influx of polymorphonuclear leukocytes and lymphocytes
(reviewed in Dunn et al., 1997; Ernstand Gold, 2000). In addition, atrophy and
increased gastric epithelial cell turnover often occur. These stages of increased
cellular proliferation are often associated with increased permeability across
the epithelial membrane barrier, and it is perhaps this factor that leads to
increased access of luminal acid and pepsin to the underlying tissue and the
subsequent development of ulcer disease (Borch et al., 1998; Curtis and Gall,
1992; Ernst and Gold, 2000; Rabassa et al., 1996; Vera et al., 1997). H. pylori
infection is associated with duodenal and gastric ulcers, with 90% and 75%
of these disease cases, respectively, attributed to gastric colonization by the
organism (Covacdi et al., 1999).

In addition to its role in the development of peptic ulcers, it is now well
established that H. pyloriinfection is causally associated with two forms of gas-
tric malignancy, mucosa-associated lymphoid tissue (MALT) lymphoma and
adenocarcinoma (Blaser, 1998; Dunn et al., 1997; Parsonnet et al., 1991). With
the high incidence of H. pylori infection, it is perhaps not surprising that gas-
tric cancer is the world’s second most common cause of cancer-related mor-
bidity and mortality (Neugut et al., 1996). The relationship between H. pylori
infection and the development of gastric carcinoma was proposed following
epidemiological, cross-sectional, and prospective studies of H. pylori infec-
tions that showed that infection is associated with a 2.7- to 12-fold increased
risk of developing gastric cancer (Blaser and Parsonnet, 1994; Blaser et al.,
1995). Because of this, H. pylori was classified as a class I carcinogen in 1994
by the World Health Organization, and to date it remains the only bacterium
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to receive such status (IARC Working Group on the Evaluation of Carcino-
genic Risks to Humans, 1994).

Although we lack a thorough understanding of the process of infection
and pathogenesis of H. pylori, progress has been made in elucidating some
key components of these processes. For instance, although we have not iden-
tified an environmental reservoir for the bacterium and do not know the
specifics of bacterial transmission, we do know that the pathogen uses a
repertoire of genes that are necessary for survival and colonization within
the gastric niche. Subsets of these genes play specific roles in survival in the
face of the harsh environmental conditions found within the stomach, while
other subsets are important for proper localization of the bacterium to the
mucous layer overlaying the gastric epithelium.

HELICOBACTER PYLORI AND THE INNATE IMMUNE SYSTEM

Because it requires survival during extreme changes in pH, H. pylori acid
resistance (AR) has been the focus of considerable study and has been shown
to be linked intricately to the bacterium’s ability to produce copious amounts
of the enzyme urease (Mobley et al., 1995). Urease functions by hydrolyzing
urea to carbon dioxide and ammonia. This activity helps maintain a proton-
motive force across the inner membrane of the bacterium (Meyer-Rosberg
etal., 1996; Scott et al., 1998) and is essential for colonization and persistence
in the stomach (Andrutis et al., 1995; Eaton and Krakowka, 1994; Ferrero
et al., 1992; Tsuda et al., 1994). It was previously believed that cell-surface
localized urease created a neutral microenvironment that was conducive to
bacterial survival (Phadnis et al., 1996), but more recent work has indicated
that the intracellular enzyme appears to play a more important role in AR
(Scott et al., 1998). The urea substrate gains access to the cytoplasmically
localized enzyme via the activity of an inner-membrane proton-gated urea-
specific channel formed by Urel (Weeks et al., 2000). The Urel pore opens as
the pH drops below 6.5 and urea moves into the bacterial cytoplasm where
the urease enzyme is active.

Another front-line strategy used by the body to fight bacterial infection
is the production of nitric oxide (NO). Reactive nitrogen intermediates are
effective antimicrobial agents, and H. pylori has been shown to be sensi-
tive to chemical sources of NO (Dykhuizen et al., 1998; Kuwahara et al.,
2000). Additionally, it is known that H. pylori infection induces significant
increases in inducible nitric oxide synthase (iNOS) in macrophages and in
gastric tissues (Fu et al., 1999; Wilson et al., 1996). Despite this, H. pylori
thrives within the gastric mucosa. This suggests strongly that the bacterium



has developed mechanisms to avoid NO-dependent killing. Indeed, this is
the case, and a mechanistic explanation has been provided by the elucidation
that a bacterial-produced enzyme competes with the eukaryotic iNOS for an
essential substrate required for NO production (Gobert et al., 2001). Encoded
by rocF, arginase is associated with the bacterial cell envelope and com-
petes with the host iNOS for L-arginine. L-Arginine is converted to urea and
L-ornithine rather than NO. The importance of this competition for substrate
is evidenced by the fact that a rocF mutant of H. pylori is efficiently killed in a
NO-dependent manner, whereas the wild-type bacteria survive (Gobert et al.,
2001). Moreover, the rocF mutant is mildly attenuated for colonization in a
murine model of infection (McGee et al., 1999), suggesting that the ability to
inhibit NO production via competition for a limiting substrate is important
for survival and persistence in vivo.

An additional mechanism for counteracting the host innate immune sys-
tem involves the apparent lack of immunostimulatory properties of H. pylori
via the Toll-like receptors (TLRs). Bacterial lipopolysaccharide (LPS) is typi-
cally recognized by TLR-4 and causes a robust pro-inflammatory response.
Work has shown that primary stomach epithelial cells and gastric epithelial
cell lines do not react to the LPS from H. pylori (Smith et al., 2003). Addi-
tionally, it has been shown that recognition of H. pylori flagellin via TLR-5 is
markedly different from that observed with other Gram-negative pathogens.
H. pylori flagellins do not signal via TLR-5 to stimulate an innate immune
response (Lee et al., 2003). The lack of stimulation via these traditional path-
ways is interesting in light of the fact that in vivo, H. pylori is reported to cause
a strong inflammatory response via nuclear factor kB (NF-kB) activation, and
this has been suggested to be required for establishment of a chronic infec-
tion (Rhen et al., 2003). Thus, the bacterium has chosen to bypass the innate
TLR system and engages inflammatory mediators of its own choosing.

LOCATION, LOCATION, LOCATION

After entering the stomach lumen, H. pylori penetrates and colonizes
the mucous layer overlaying the gastric epithelium. Studies investigating the
spatial distribution of H. pylori within the gastric mucous layer of Mongolian
gerbils showed that localization of H. pylori was markedly different from that
of the related Helicobacter species, Helicobacter felis (Schreiber et al., 2004).
Whereas H. felis avoids close proximity to the murine tissue surface, the
majority of H. pylori were found swimming in the layer immediately adjacent
to the epithelial cells (less than 5 pm from the cell surface) or adhering to the
cells. This study went on to define the gradients used by Helicobacter within
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the gastric mucus to determine orientation. Analysis of the urea/ammonium
gradient, the bicarbonate/CO, gradient, and the luminal and arterial pH gra-
dient showed that orientation of bacteria in the mucus layer could be altered
by the simultaneous reduction of arterial pH and bicarbonate concentration
(Schreiber et al., 2004). Thus, H. pylori uses the gastric mucus pH gradient in
order to achieve proper orientation in the stomach. This may help to partially
explain the prior observation that a large number of genes involved in motility
are regulated by low pH and that overall motility and swimming velocity are
increased by acidic pH (Merrell et al., 2003).

Not surprisingly, localization to the proper gastric niche requires flagella
and motility. Thus, both factors are required for colonization of H. pylori in
numerous models of infection (Eaton et al., 1992, 1996; McGee et al., 2002;
Ottemann and Lowenthal, 2002). In addition, chemotaxis — the ability of
microorganisms to move in response to chemical cues — seems to play a role
in vivo, as non-chemotactic mutants exhibit various degrees of attenuation
(Andermann et al., 2002; Terry et al., 2005). Interesting new studies suggest
that components of the chemotaxis system also play a novel role in the host
inflammatory response in response to chronic H. pylori colonization (McGee
et al., 2005). Chemoreceptors, also known as methyl-accepting chemotaxis
proteins, affect flagellar rotation via monitoring environmental cues. Upon
receiving a signal, chemoreceptors transmit the ligand-binding information
to a signal transduction cascade that directly controls the direction of flagellar
rotation. H. pyloriis predicted to encode four chemoreceptors, tlpA, tip B, tipC,
and hlyB, and mutational analysis has shown that, of these, tlpA and tlpC are
required for efficient colonization within the murine stomach. In contrast,
a tlpB mutant colonizes at levels that are similar to the wild type (McGee
et al., 2005). However, the tlpB mutant showed a substantial decrease in
gastric inflammation in comparison with wild-type H. pylori. In addition,
the distribution of infiltrating immune cells was skewed in the tlpB mutant
colonization assays. Whereas wild-type bacteria induce inflammation that is
significantly enriched for lymphocytes but contains fewer neutrophils, the
tlpB mutant induced infiltration of approximately equal numbers of both
lymphocytes and neutrophils (McGee et al., 2005). This strongly suggests that
TlpC is involved in the normal immune response, although the mechanistic
nature of this involvement is not immediately evident.

Although the majority of H. pylori remain within the gastric mucus, a
subpopulation of the bacteria bind the surface of the mucus cells. Interac-
tion at the cell surface takes place at several levels. Carbohydrate structures,
such as the fucosylated Lewis b (LeP) histo-blood group antigen and the sialyl
Lewis x (s-LeX) glycosphingolipid serve as receptors for H. pylori. Binding of



these carbohydrate substrates is mediated by the H. pylori adhesions BabA
and SabA, respectively (Ilver et al., 1998; Mahdavi et al., 2002). The BabA and
SabA adhesions belong to a large family of H. pylori outer-membrane proteins
(Hop) that show extensive homology (Alm et al., 2000). BabA has been shown
to be deleted or mutated during chronic colonization of a Rhesus macaque
model of H. pylori infection (Solnick et al., 2004). In some instances, the babA
gene was replaced by babB, an uncharacterized Hop that shows strong homol-
ogy to babA. Similarly, a subset of clinical isolates of H. pylori were shown
to have deleted babA and duplicated babB (Solnick et al., 2004), indicating
that H. pylori regulates Hop gene expression in humans through similar
mechanisms and suggesting that this regulation may facilitate adherence to
the gastric epithelium and promote chronic infection. The importance of the
Hops in chronic infection has been further supported by two additional dis-
coveries. First, some Le® non-binding strains actually carry a silent copy of
the babA gene, and the non-binding phenotype is meta-stable; a portion of
the non-binding population gains the virulence-associated Le® binding phe-
notype (Backstrom et al., 2004). This meta-stability is due to recombination of
the silent babA gene into the babB locus to create an expressed and functional
BabB/A chimeric adhesin. Expression of this chimeric protein is regulated
further via phase variation through slipped-strand mispairing (Backstrom
et al., 2004). Second, binding of the fucosylated blood group antigens via
BabA has been shown to undergo diversification based on population struc-
ture (Aspholm-Hurtig et al., 2004). This was elucidated due to the fact that
more than 95% of the H. pylori strains that are LeP-binders are “generalists,”
i.e. they bind A, B, and O blood-group antigens equally well. On the other
hand, in a South American Amerindian population where there is a unique
predominance of the O blood group, 60% of the adherent strains bind specif-
ically to the O blood group antigen; they have become “specialists.” This
specialization is mediated at the level of diversifying selection in the babA
sequence (Aspholm-Hurtig et al., 2004). Such intricate levels of regulation of
the Le® binding phenotype highlight the importance of this adhesin-receptor
interaction within the context of a natural infection.

Although we typically think of H. pylori as an extracellular pathogen,
work by several groups indicates that a subset of H. pylori cells have the abil-
ity to survive intracellularly (Amieva et al., 2002; Oh et al., 2005; Semino-Mora
et al., 2003). Previous analysis of human biopsy samples revealed H. pylori
cells that appeared to be intracellular (Bode et al., 1988; Foliguet et al., 1989),
but these observations were hindered by an inability to determine whether
these bacteria were viable. However, utilizing a tissue culture model, Amieva
et al. (2002) showed that H. pylori induces the formation of numerous large
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vacuoles within the cell monolayer and that many of these vacuoles con-
tained H. pylori. Time-lapse video microscopy and gentamicin protection
assays proved viability of the intracellular organisms and that they had the
ability to exit the vacuoles and reinfect the tissue culture monolayer (Amieva
et al., 2002). Concurrent studies on human biopsies collected from H. pylori
patients with mild to severe disease symptoms showed that H. pylori could
be visualized within gastric epithelial cells in the areolar connective tissue
and within the cytoplasm of goblet cells (Semino-Mora et al., 2003). These
cells were viable, as in situ hybridization showed coexpression of the virulence
genes cagA (discussed below) and babA2. Patients with the most severe mani-
festations of disease showed significantly higher expression of cagA, pre-
senting the intriguing possibility that intracellular survival and expression
of cagA and other virulence factors might exacerbate disease progression.
Finally, scanning confocal and transmission electron microscopic studies of
H. pylori-infected gnotobiotic transgenic mice revealed intracellular bacterial
collections in a subset of multi- and oligopotential epithelial progenitor cells
(Oh et al., 2005). Taken together, these studies suggest that H. pylori has the
ability to enter a bacterial-induced compartment within the host cell, to reside
intracellularly for a period of time, and then to exit the host cell. Depending
on the duration of this period, this intracellular component of the bacte-
rial lifecycle has important implications for the disease process. As disease
severity appears to correlate with the level of expression of virulence genes,
intracellular persistence may directly facilitate H. pylori-induced carcinogen-
esis. Additionally, intracellular persistence is significant when one considers
that antibiotic therapies that are designed for clearance of bacterial infection
might not be thorough enough to eliminate intracellular organisms, thus
leaving a microbial reservoir that would be capable of reseeding the bacterial
infection to the gastric epithelium.

VIRULENCE FACTORS AND THEIR TARGETS: VACA

The immediate steps following localization to the gastric epithelium
that lead to long-term colonization and disease are poorly understood. With
respect to the latter, presumably the bacteria produce virulence factors that
are crucial to the onset of disease. Although the identity and function of
many of these virulence factors remain a mystery, highly pathogenic strains
are known to produce a powerful vacuolating cytotoxin (VacA) (reviewed in
Cover and Blanke, 2005; Salama et al., 2002). Encoded by the vacA gene, VacA
is a secreted protein that has been purified as an oligomeric toxin that dissoci-
ates into monomers upon exposure to low pH (Cover and Blaser, 1992; Cover,



1996; Lupetti et al., 1996; Yahiro et al., 1997). The secreted toxin is internal-
ized by eukaryotic cells and exerts its action in the cytoplasm (McClain et al.,
2000). Toxic activity of VacA has been shown in vitro to produce vacuolar
degeneration of gastric epithelial cells (Cover and Blaser, 1992; Leunk et al.,
1988). This degeneration results in the accumulation of large non-functional
endosomal-lysosomal hybrids that contain Rab7 and Igp110 (Molinari et al.,
1997; Papini et al., 1994). Among other things, this disruption of vesicular
membranes interferes with antigen processing in immune cells and prevents
lysosomal degradation of surface receptors in epithelial cells (Molinari et al.,
1998). The toxic activity of VacA has been shown to be linked to the forma-
tion of chloride-conducting channels in lipid bilayers (Iwamoto et al., 1999;
Tombola et al., 1999), and more recent work has suggested that VacA pro-
duces transmembrane pores that allow for selective diffusion of urea across
the membrane (Tombola et al., 2001).

The true biological implication of VacA intoxication on the disease pro-
cess remains elusive, but all strains of H. pylori that have been isolated from
humans have been shown to contain vacA (Cover and Blanke, 2005). This
suggests strongly that VacA plays a role in establishment or maintenance of
chronic infection within the human host. Additionally, vacuolization of cells
in human biopsy samples has been observed (Caselli et al., 1989; el-Shoura,
1995), and intragastric administration of purified toxin results in epithelial
damage in a murine model of infection (Telford et al., 1994). Finally, vacA
mutants have an infectious dose (IDs) thatis 100-fold higher than an isogenic
wild-type strain and show a significant colonization defect when coinfected
with a wild-type strain (Salama et al., 2001). Taken together, these data suggest
that VacA plays a role in establishing colonization. Although the nature of this
role is not immediately evident, exciting work has begun to characterize the
molecular targets of VacA, and several lines of evidence now indicate that the
toxin plays a role in persistence due to its ability to affect basic components
of the eukaryotic cell as well as the host immune system.

In addition to overt vacuolar degeneration, for which VacA was first iden-
tified, VacA has been shown to localize to the mitochondria of intoxicated
cells (Galmiche et al., 2000; Willhite and Blanke, 2004). This is significant
due to the fact that in addition to their role in central metabolism, mitochon-
dria function as central sensors and executioners of apoptotic and necrotic
cell death within eukaryotic cells (Blanke, 2005). The consequences of VacA
localization to mitochondria have been shown to include a decrease in mito-
chondrial transmembrane potential, release of cytochrome c, reduced cellular
ATP concentrations, and impaired cell-cycle progression (Kimura et al., 1999;
Willhite et al., 2003). These findings are consistent with a net alteration of
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mitochondrial membrane permeability and are likely to be due to the abil-
ity of VacA to form channels in the mitochondrial membrane (Cover and
Blanke, 2005). Two lines of evidence support this hypothesis. First, mutant
forms of VacA that are defective in their ability to form membrane channels
are also defective for their ability to induce cytochrome c release. Second,
chemicals that block the formation of VacA-induced membrane channels
also block mitochondrial cytochrome c release (Willhite et al., 2003; Willhite
and Blanke, 2004). Directly targeting the mitochondrial membrane could
bypass the mitochondrial apoptotic checkpoints and, therefore, could help
facilitate H. pylori persistence (Blanke, 2005).

In keeping with a role in colonization and a potential role in persistence,
VacA has been shown to modulate immune cell function at several levels.
Specifically, VacA has been shown to contribute to the formation of large
vesicular compartments in H. pylori-infected macrophages (Allen et al., 2000;
Zheng and Jones, 2003). In these phagosomes, VacA promotes recruitment
and retention of the tryptophan-aspartate-containing coat protein (TACO) and
disrupts phagosome maturation (Allen et al., 2000; Zheng and Jones, 2003).
Alteration of phagosome maturation likely has profound implications for
H. pylori persistence by impairing phagocytic killing of the bacterium (Cover
and Blanke, 2005). Additionally, VacA has been reported to interfere with
antigen presentation by B-lymphocytes (Molinari et al., 1998). The molecular
mechanism of interference was shown to be due to incomplete proteolytic
processing and antigen presentation by newly synthesized major histocom-
patibility complex (MHC) class IT molecules (Molinari et al., 1998). Improper
presentation of H. pylori antigens and inhibition of phagosome function
may partially explain the ability of the bacterium to chronically infect in the
face of a robust inflammatory response.

Another line of evidence that suggests that VacA may directly modu-
late immune cell function comes from findings that show that VacA effects
T-lymphocyte function (Boncristiano et al., 2003; Gebert et al., 2003; Sundrud
etal., 2004). In cultured Jurkat T-cells, VacA inhibits production of interleukin
2 (IL-2), which is required for T-cell viability and proliferation. This suppres-
sion of IL-2 expression is linked to VacA-mediated inhibition of activation of
nuclear factor of activated T-cells (NFAT). Typically, activated NFAT translo-
cates to the nuclease, where it acts as a global transcription factor for modula-
tion of immune response genes. In keeping with this, intoxication of Jurkat
T-cells by VacA alters the expression of more than 100 genes (Gebert et al.,
2003). Similar studies conducted on primary T-cells indicate that although
VacA also inhibits T-cell proliferation in these cells, it does so independent
of the affect of VacA on NFAT translocation and IL-2 expression (Sundrud



et al., 2004). Overall, the ability of VacA to both inhibit antigen presentation
by B-cells and T-cell proliferation in response to any H. pylori antigens that
may be presented would likely have profound affects on H. pylori persistence
in vivo.

THE CAG PATHOGENICITY ISLAND AND CAGA

Perhaps the most significant advance in understanding H. pylori patho-
genesis came as a result of the discovery of a pathogenicity island (PAI) that
encodes a type IV secretion apparatus in some strains of H. pylori (Akopyants
et al., 1998; Censini et al., 1996). This PAI is composed of a 40-kilobase locus
that contains at least 27 genes. H. pylori strains carrying the PAI are far more
likely to be associated with serious manifestation of H. pylori infection (Xiang
et al., 1995). However, it should be noted that strains lacking the PAI are still
associated with chronic gastritis and, occasionally, with more severe disease
(Covacci et al., 1999). A number of open reading frames contained on the PAI
show homology to genes that encode secretion machinery in other pathogenic
bacteria (Covacci et al., 1999). Mutations in cagF, cagF, cagG, cagH, cagL, and
cagl were shown early on to abrogate the strong IL-8 induction caused by
H. pylori infection of cultured gastric cancer cells (AGS) (Segal, 1997; Segal
et al., 1997). A more recent systematic study of each of the genes encoded
within the PAI showed that mutations in 14 of the 27 genes resulted in a loss
of IL-8 induction (gene designations: HP0522, HP0523, HP0525, HP0527—
532, HP0537, HP0539, HP0541, HP0544, HP0546) (Fischer et al., 2001).

The origin of the PAI is unknown, but studies have shown that com-
ponents of the island function in the delivery of CagA, which is encoded by
HP0547 and is also part of the island, to the host cell (Fischer et al., 2001).
It has been known for a number of years that most people infected with
PAI strains develop antibodies to CagA. More recently it became evident that
CagA was delivered to the cytoplasm or plasma membrane of the eukaryotic
cell. This was elucidated after the observation that PAI and CAG+ strains
induced tyrosine phosphorylation of a 145-kDA protein within the infected
host cell; strains lacking CAG did not (Asahi et al., 2000; Odenbreit et al.,
2000; Segal et al., 1999; Stein et al., 2000). Mass-spectrometric analysis of this
145-kDa protein revealed that it was CagA, and confocal microscopy showed
that the bacterial CagA protein was inserted into the plasma membrane of
host cells and, in some cases, is phosphorylated (Segal et al., 1999). It has
since been demonstrated that Src-like protein tyrosine kinases are respon-
sible for this phosphorylation event (Selbach et al., 2002; Stein et al., 2002).
Other studies have shown that of the 27 genes encoded on the PAI, 18 are
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absolutely required for the efficient translocation and/or phosphorylation of
CagA into the host cell (Fischer et al., 2001).

Bacterial attachment and subsequent injection of CagA into the host cell
have been shown to induce a striking morphological change in the infected
cell. This so-called “hummingbird phenotype” is marked by elongation and
spreading of cells (Segal et al., 1999). CagA was shown to be necessary and suf-
ficient for these morphological changes, as human cultured gastric adenocar-
cinoma (AGS) cells transfected with cagA expression constructs displayed the
marked elongation and spreading (Higashi et al., 2002b). Tyrosine phosphor-
ylation of CagA is required for this event, as expression of phosphorylation-
deficient CagA results in no apparent changes to cell morphology, although
it localizes properly to the plasma membrane (Higashi et al., 2002b).

In addition to showing the necessary and sufficient nature of CagA in
mediating the morphological changes associated with H. pylori attachment
to host cells, this study also identified one of the first targets of CagA within
the eukaryotic cell. Segal et al. (1999) and Higashi et al. (2002b) both noted
that CagA-mediated morphological changes showed striking similarity to
changes induced by exposure to hepatocyte growth factor (HGF). It had been
shown previously that a cytoplasmic tyrosine phosphatase, SHP-2, played a
major role in the HGF-induced changes (Kodama et al., 2000). Higashi et al.
(2002b) showed conclusively that CagA binds to SH2-domain-containing tyro-
sine phosphatase 2 (SHP-2) within the context of gastric epithelial cells in a
tyrosine-phosphorylation-dependent manner and that immunodepletion of
SHP-2 from AGS cell lysates effectively cleared all phosphorylated CagA from
the lysates, thus suggesting stoichiometric binding of the two components.
SHP-2 activity was also shown to be required for induction of cell elongation,
as phosphatase-defective SHP-2 and inhibition of phosphatase activity with
the inhibitor calpeptin both negated the ability of CagA to induce morpho-
logical cell changes. Finally, Higashi et al. (2002b) demonstrated that even
in the absence of CagA, membrane-targeted SHP-2 resulted in the indistin-
guishable induction of cell elongation, thus suggesting that the true mode
of action of CagA was sequestration of SHP-2 at the plasma membrane and
deregulation of phosphatase activity.

CAGA VARIABILITY

Early observations indicated that different H. pylori isolates showed vari-
ability in the migration of CagA on sodium dodecyl sulfate (SDS) gels, and
it is now understood that a number of distinct cagA alleles exist (reviewed in
Hatakeyama, 2004). Evidence has begun to suggest that this genetic diversity
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Figure 12.2 Geographical sequence variation in the CagA gene of Helicobacter pylori. The
cagA coding sequence shows genetic diversity that is characterized by sequence variations
in the area surrounding the EPIYA motif as well as the number of EPIYA motifs found in
a strain. Four distinct EPIYA sites exist (-A, -B, -C, -D). Western strains are most often
isolated in North America, Europe, and Australia and contain EPIYA-A, EPIYA-B, and
from one to three copies of EPIYA-C. Conversely, East Asian strains are typically isolated
in Japan, Korea, and China and contain EPIYA-A, EPIYA-B, and a single copy of EPIYA-D.
Upon injection into the host cell, CagA in its non-phosphorylated form alters a subset of
host cell-signaling pathways. Based on the number and type of EPIYA motifs found in the
CagA protein, various levels of phosphorylation occur, which then directly affect the
number and intensity of perturbation of additional host cell-signaling pathways.

may have profound affects on H. pylori-induced disease etiology. Variability
in cagA sequence exists primarily in the carboxy-terminal end of the gene in
the region that encodes the site of CagA phosphorylation (Figure 12.2). Phos-
phorylation occurs at conserved tyrosine residues contained within a repeated
five-amino-acid sequence (Glu—Pro-Ile-Tyr—Alu) known as the EPIYA motif
(Higashietal., 2002a, b). The sequence that surrounds the EPIYA motif shows
sequence divergence depending on the H. pylori strain. Based on analysis of
numerous CagA sequences, four distinct EPIYA sites have been identified
and named EPIYA-A, EPIYA-B, EPIYA-C, and EPIYA-D. Strains isolated
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from various areas of the world have been shown to encode distinct combi-
nations of these sites. All CagA-positive strains of H. pylori typically encode
both an -A and a -B site in combination with either a -C or a -D site. Based
on the most common geographic distribution of strains that contain these
particular EPIYA site combinations, CagA alleles are called Western and East
Asian. Western CagA is prevalent in North America, Europe, and Australia
and contains EPIYA-A, -B, and -Cssites (the -C site is repeated up to three times
in some Western isolates). East Asian CagA is prevalent in Japan, Korea, and
China and contains EPIYA-A, -B, and -D sites (Covacci et al., 1993; Higashi
et al., 2002a, b; Stein et al., 2002).

As with CagA and the EPIYA sites, incidence of gastric carcinoma shows
geographic distribution. The highest rates of gastric carcinoma occur in
China, where H. pylori encoding the East Asian CagA are most prevalent.
Likewise, mortality caused by gastric cancer is highest in Japan and then
Korea, two other countries where strains carrying the East Asian CagA allele
are known to predominate (Hatakeyama, 2004). Recognition of the fact that
the geographic distribution of the CagA allele and the incidence of gastric
cancer seem to correlate, combined with the elucidation of SHP-2 as a target
of activated CagA, has led to exciting findings that may partially explain this
fact. The EPIYA-C and -D sites are the primary sites phosphorylated upon
injection of CagA into the host cell (Backert et al., 2001; Higashi et al., 2002a;
Stein et al., 2002), although both EPIYA-A and EPIYA-B can be phosphory-
lated to a lesser degree (Hatakeyama, 2004). Formation of the CagA—SHP-2
complex requires phosphorylation at the EPIYA-C or EPIYA-D site. SHP-2
binding at the EPIYA sites occurs with varying affinity based on the EPIYA
site sequence. EPIYA-D shows stronger binding to SHP-2 and, interestingly,
induces greater morphogenetic activity than EPIYA-C (Higashi et al., 2002a).
Along with this, the grades of inflammation, severity of gastritis, and atro-
phy are significantly higher in people infected with East Asian CagA strains
(Azuma et al., 2004). For people infected with Western isolates, molecular
epidemiological studies have shown that increased disease severity correlates
with increased numbers of EPIYA-C sites contained within CagA (Yamaoka
etal., 1999). The number of EPIYA-C sites, in turn, correlates directly with the
levels of tyrosine phosphorylation, SHP-2 binding, and morphological trans-
formation seen in vitro (Higashi et al., 2002a). Thus, the affinity of SHP-2
binding to CagA based upon the degree of phosphorylation and the specific
sequence of the EPIYA sites may explain partially why some infected indi-
viduals develop gastric cancer and others do not (Argent et al., 2004; Azuma
etal., 2004; Yamaoka et al., 1999). That being said, it remains to be seen which
specific downstream targets of SHP-2 phosphatase activity will be effected



in H. pylori-targeted disruption of cellular activities and what role these will
play in the clinical outcome of infection.

CAGA AND HOST-CELL JUNCTIONS

A number of studies have attempted to expand our knowledge of host-cell
targets of H. pylori using DNA microarrays (reviewed in Merrell and Falkow,
2003). These studies have relied primarily on the human gastric epithelial cell
line AGS to assess host transcriptional changes upon infection with H. pylori.
Although this cell line has been studied extensively, AGS cells do not polarize
to form proper cell junctions and, hence, do not mimic accurately the gas-
tric epithelial surface encountered by H. pylori in the human stomach. This
caveat likely influences previously identified targets of H. pylori, a fact that has
been accentuated by the characterization of H. pylori interaction with polar-
ized Madin-Darby canine kidney (MDCK) monolayers (Amieva et al., 2003).
H. pylori was shown to preferentially attach to and disrupt cellular apical-
junction complexes and to colocalize with the tight-junction scaffolding pro-
tein ZO-1 (Amieva et al., 2003).

To assess host-cell targets of CagA in a polarized monolayer, a novel
study characterized the interaction of H. pylori with the differentiated human
intestinal epithelial cell line T84 (El-Etr et al., 2004). Unlike AGS, T84 cells
polarize on transwells, form a brush border, and assemble tight junctions and
desmosomes. These cells also secrete mucin and can be induced to form a
mucous layer (Madara et al., 1987). Temporal transcriptional profiling using a
panel of wild-type and isogenic H. pylori mutants revealed infection-specific
profiles that show many distinctions from previous AGS cell profiles. Of
note, there was a strong enrichment for components associated with cellular
junctions. These included changes in expression of the syndecan-binding
protein (a component of the adherens junctions that connect the cytoskele-
tal filaments between cells and between cells and the extracellular matrix),
B-catenin, a-catenin, desmoglein (components of the intercellular junction),
the cadherin family members desmoplakin and cadherin 5 and 17, gap junc-
tion binding proteins 2 and 3, and the tight junctional components Par3 and
claudin 3 and 4 (El-Etr et al., 2004).

Deregulation of a- and B-catenin is of special interest since these play
roles in multiple forms of cancer (Jawhari et al., 1997; Pierceall et al., 1995;
Rimmaeetal., 1995). Catenins typically link E-cadherin to the actin cytoskeleton.
B-Catenin binds the cytoplasmic domain of E-cadherin. However, excess non-
structural B-catenin associates with the adenomatous polyposis coli (APC)
multiprotein complex, a tumor suppressor implicated in the development
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of colon cancer (Taipale and Beachy, 2001). Normally, APC and excess B-
catenin are targeted for degradation by phosphorylation by the WNT signal-
ing pathway. However, when WNT is induced, excess B-catenin enters the
nucleus and interacts with T-cell factors (TCFs) or lymphocyte-enhancer fac-
tors (LEFs), which can then act as transcription factors. Target genes of the
B-catenin—-TCF complex include matrix metalloproteinase-7 (Brabletz et al.,
1999), Myc (He et al., 1998), and Jun and its downstream target urokinase-
type plasminogen activator receptor (uPar) (Mann et al., 1999). Of note, all
of these genes were strongly upregulated in the T84 microarray study (El-Etr
et al., 2004). This is the first suggestion that H. pylori infection may affect
WNT signaling and lead to the nuclear accumulation of B-catenin. Subse-
quent research will be needed to determine the significance of this within
the context of H. pylori-induced disease.

HELICOBACTER PYLORI AND APOPTOSIS

An additional interesting feature of the previously mentioned T84 study
was that many genes with predicted roles in apoptosis were differentially
regulated (El-Etr et al., 2004). Different classes of apoptosis genes showed
virulence factor-dependent regulation that could be broken down into three
distinct groups — PAl-independent, CagA phosphorylation-dependent, and
CagA phosphorylation-independent. Analysis of these groups showed that
all of the genes regulated in a PAl-independent manner are predicted to
stimulate apoptosis and are strongly suppressed by H. pylori infection (El-Etr
et al., 2004). Delivery of the non-phosphorylateable form of CagA resulted in
increased expression of the apoptosis inhibitors tumor necrosis factor alpha-
induced protein3 (TNFAIP3) and BIRC2 and BIRC3, suggesting that non-
phosphorylated CagA actively suppresses apoptosis. When phosphorylated
CagA was delivered, there was increased expression of genes that promote
apoptosis. Taken together, these data suggest that H. pylori possess multi-
ple pathways for the regulation of apoptotic pathways and that the balance
between promotion and inhibition of apoptosis is a delicate one. This is in
keeping with the fact that the literature on the effect of H. pylori on apoptosis
is extremely convoluted. Some studies report induction, while others report
suppression (Jones et al., 1997; Le’Negrate et al., 2001; Neu et al., 2005). Part
of these discrepancies may be explained by the following model (Figure 12.3):
H. pylori has the ability to downregulate expression of apoptotic factors in a
PAl-independent manner and to induce the expression of inhibitors of apop-
tosis by delivery of non-phosphorylated CagA. The ultimate phosphorylation
of CagA and subsequent disruption of normal signaling pathways lead to
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Figure 12.3 Model of Helicobacter pylori-dependent affects upon apoptosis. Upon

interaction of H. pylori with epithelial cells, host genes that promote apoptosis are
downregulated independent of the presence of the Cag pathogenicity island (PAI). The
effector protein CagA is subsequently injected into the host cell in a PAI-dependent
manner. In its non-phosphorylated form, CagA induces increased expression of numerous
apoptosis inhibitors. However, subsequent to phosphorylation, CagA causes increased
expression of genes that promote apoptosis. Taken together, the model suggests that H.
pylori contains virulence-factor-dependent and -independent mechanisms by which it can
modulate host-cell apoptosis. Additionally, regulation of the amount of CagA delivered to
the host cell is crucial for maintaining a balance between host-cell survival and apoptosis.
TNFalP, tumor necrosis factor alpha-induced protein.

the increased expression of apoptosis factors. This suggests that the level
of phosphorylated CagA found within a cell or the ability to modulate the
delivery of a non-phosphorylateable form of CagA may play an important
role in the ability of H. pylori to set up a dynamic equilibrium within the
host that allows long-term persistent infection. This is particularly interest-
ing in light of the finding that within a single human host, bacteria are found
that have deleted the cagA gene (Israel et al., 2001) or that have undergone
intragenomic recombination, resulting in deletion of CagA phosphorylation
sites (Aras et al., 2003). Thus, bacteria may use genomic rearrangements as
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a means of controlling the level of apoptosis seen within the human stom-
ach. The importance of this strategy of genetic rearrangement within the
host may explain the identification of RuvC, a Holliday junction resolvase
involved in recombination, as crucial for bacterial persistence (Loughlin et al.,
2003).

CAGA AS A MULTIDOMAIN PROTEIN?

Although it is clear that phosphorylation of CagA is important in terms
of effects on host—cell signaling, an increasing line of evidence is beginning
to accumulate that suggests that the dogma that phosphorylation is essential
to effect host cell signaling pathways is incorrect. This evidence was first sug-
gested in work by Hirata et al. (2002) and Umehara et al. (2003), which showed
that CagA regulation of serum response elements in HelLa cells and regu-
lation of JAK/STAT signaling pathways in B-lymphocytes, respectively, are
independent of the phosphorylation state of CagA. Additionally, Mimuro et al.
(2002) showed that non-phosphorylated CagA interacts with growth factor
receptor-bound protein2 (Grb2) and activates extracellular signal-regulated
kinase (ERK) signaling pathways. An in-depth analysis of the role of non-
phosphorylated CagA on effects in host cell signaling revealed that changes
in expression of more than 30% of the genes modulated by CagA occurred
irregardless of the phosphorylation state of the protein (El-Etr et al., 2004).
Taken together, these data suggest strongly that CagA likely has multiple
distinct functional domains.

In keeping with this, more recent studies have investigated this hypo-
thesis directly and shown that the CagA protein can be broken into distinct
functional domains. In the first study, Higashi et al. (2005) showed that
the EPIYA motif serves as a membrane-targeting signal for CagA. Various
truncations in the CagA protein were constructed and transiently expressed
in AGS cells. Deletion of either the N-terminal or extreme C-terminal region
did not effect the ability of CagA to localize to the host cell membrane or
induce cell elongation. However, deletion of the EPIYA motifs resulted in a
disruption of both activities. CagA did not induce changes in cell morphology
and was found to localize to the cytoplasm. The presence of a single EPIYA
motif was found to be sufficient for CagA localization, as truncations that
deleted various combinations of EPIYA-A, -B, and -C were found to localize
properly as long as a single EPIYA site was maintained. This localization
was not dependent on phosphorylation, as a single EPIYA-A, -B, or -C site,
which are known to be phosphorylated to different degrees, localized properly.
Additionally, substitution of the conserved tyrosine residue within all of the



EPIYA motifs did not affect CagA membrane targeting (Higashi et al., 2005).
These data suggest that a single EPIYA motif is necessary and sufficient for
membrane localization. However, the authors were unable to demonstrate
thatinsertion of an EPIYA motif into an unrelated cytoplasmic protein would
induce membrane localization. This implies that additional regions of CagA
are required for proper membrane localization.

In the second study that directly investigated functional domains of
CagA, Bagnoli et al. (2005) provide data that present conflicting roles for
the N- and C-terminal regions of CagA. Using confluent MDCK monolay-
ers, the authors demonstrate that the N-terminus of CagA is sufficient for
membrane localization. Alternatively, the C-terminal domain showed diffuse
localization when expressed alone. This diffuse expression of the C-terminal
domain was sufficient to induce pseudopodial activity but not sufficient to
induce cell migration. When expressed alone, neither domain was sufficient
to disrupt cell adhesion or cell polarity; interestingly, when coexpressed in
trans, the N-terminus could direct membrane localization of itself as well
as the C-terminus (Bagnoli et al., 2005). The reasons for the discrepancies
between this study and the Higashi et al. study are unclear, but they high-
light the fact that additional research into the different functional domains
of CagA will be required in order to elucidate the role of each within the host
cell.

CONCLUSIONS

H. pyloriis truly proficient in its ability to exploit the host niche. This fact
is particularly well highlighted by the fact that more than 50% of the world’s
population is infected with this bacterium. Research has shown that within
the human stomach, H. pylori utilizes a wide repertoire of factors in order to
establish a lifelong chronic infection. These factors include those designed
to specifically subvert the host innate immune system as well as those that
affect the adaptive branch of immunity. Additionally, H. pylori directly inter-
acts with a subset of the gastric mucosal cells and alters host cell signaling,
a fact that is likely responsible for H. pylori-induced disease. Future research
that is focused on further molecular characterization of the role of VacA and
CagA in H. pylori pathogenesis is certain to shed insight on the biology of
this important pathogen. However, one must not lose sight of the fact that
strains of H. pylori that do not encode CagA still induce significant disease.
This highlights our need to expand our understanding of the etiology of
H. pylori-induced disease to include additional bacterial factors that are
required for exploitation of the human gastric niche.
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CHAPTER 13

Interactions of enteric bacteria with the
intestinal mucosa

Samuel Tesfay, Donnie Edward Shifflett,
and Gail A. Hecht

INTRODUCTION

Bacteria colonize the gastrointestinal tract as early as a few hours after
birth. This relationship that develops at an early stage between humans and
bacteria is shared with other mammals. Gastrointestinal epithelial cells play
a crucial role in maintaining a quiescent environment while being bathed
with normal flora, and yet at the same time they must possess functions that
allow them to participate in immune surveillance. In addition to screening
for and responding to the presence of pathogens in the intestinal lumen,
gastrointestinal epithelial cells provide barrier function and transport of ions
and solutes.

Enteric pathogens, as opposed to normal flora, cause disease by exploit-
ing the host cytoskeleton or signaling pathways, which ultimately alters the
physiologic functions of the intestinal epithelium. For example, pathogens
can induce or suppress inflammatory responses, alter the transport of fluid,
solutes, and ions, perturb the tight-junction barrier, and activate programmed
cell death (apoptosis). This chapter summarizes the cross-talk between bac-
terial pathogens and host cells that leads to gastrointestinal symptoms.

ENTERIC PATHOGENS AND INTESTINAL EPITHELIAL
CELL RECEPTORS

The interaction that occurs between pathogenic or non-pathogenic bac-
teria and intestinal epithelial cells begins with the adherence of bacteria to
the cellular surface. This is a common mechanism by which bacteria cause
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disease, not only in the gastrointestinal tract but also in other systems where
epithelial cells face the external environment, such as the genitourinary and
respiratory systems. Adherence of bacteria to the cellular surface is essen-
tial to reduce the washout effect caused by intestinal secretion and peristal-
sis. Adhesion, however, may serve a purpose for both the bacteria and the
epithelial cells. Direct contact enables epithelial cells to identify and localize
microorganisms to the target site. Adherence also allows bacteria to gain a
point of entry into the host cells or to deliver effector molecules into cells.
Arrays of bacterial and cellular molecules are involved in the execution of
these initial steps of molecular cross-talk.

Adherence factors expressed by the microorganisms, termed adhesins,
bind to specific host-cell receptors. Numerous bacterial adhesins have been
described. In addition, a variety of host-cell receptors for adhesins of several
bacterial pathogens have been identified (see below). Intestinal epithelial cells
(IECs) employ several receptors on their membranes to detect pathogens and
signal a response. Toll-like receptors (TLR) and nucleotide-binding oligomer-
ization domain (Nod) proteins are a family of host-cell receptors that sense the
presence of bacteria and, hence, are termed pathogen-associated molecular
patterns (PAMPs) or microbial-associated molecular patterns (MAMPs),
since these receptors detect both pathogenic and non-pathogenic bacteria
(Akira et al., 2001; Girardin et al., 2003). These external and internal recep-
tors, respectively, are linked to host signaling pathways that initiate a defense
response regardless of the identity of the specific organism. Therefore, enteric
pathogens must evade these receptors or possess a means of shutting down
subsequent signaling responses that summon inflammatory cells (Akira et al.,
2001; Girardin et al., 2003) and employ other cellular surface receptors to
cause gastrointestinal diseases. Bacteria utilize numerous protein, carbo-
hydrate, and/or glycolipid cell-surface receptors to adhere and gain access
into host cells (Hauck, 2002). Some enteric pathogens have been shown to
utilize host-cell receptors, including integrins, E-cadherin, members of the
immunoglobulin superfamily, and selectins in order to interact with intesti-
nal epithelial cells and establish infection (Juliano, 2002).

One of the first-recognized examples of such exploitation of host-cell
receptors regards the enteroinvasive bacteria Yersinia. Yersinia species are
responsible for bubonic plague (Y. pestis), gastroenteritis (Y. enterocolitica,
Y. pseudotuberculosis), and other extragastrointestinal diseases. Invasion of
Y. pseudotuberculosis involves the intimate interaction of its adhesin, called
invasin, encoded by the virulence gene inv, with B1-integrins expressed on
the apical surface of M-cells in the intestinal mucosa (Clark et al., 1998; Isberg
and Leong, 1990; Isberg et al., 1987). Invasin shares molecular homology
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with fibronectin, the endogenous receptor for integrins. Integrins are het-
erodimeric surface glycoproteins that interact with extracellular matrix pro-
teins and are usually localized to basolateral focal adhesion sites of the IECs.
Y. pseudotuberculosis strains harboring inv were able to invade human epi-
dermoid larynx carcinoma (HEp-2) cells, and mutation of inv rendered the
strain non-invasive (Miller and Falkow, 1988). Also, transfer of the wild-
type inv gene, but not mutated inv, into non-invasive Escherichia coli con-
ferred the invasive phenotype to this non-pathogenic organism (Isberg et al.,
1987; Miller and Falkow, 1988). Similar to the features of integrin creating
a transmembrane link between the extracellular matrix and the cytoskele-
ton of the cells (Burridge et al., 1988), Yersinia internalization initiated by
the interaction of invasin with Bl-integrin results in the recruitment of
actin and actin-associated proteins (Young et al., 1992). The recruitment and
reorganization of actin molecules was observed using transmission electron
micrographs of detergent-insoluble cytoskeleton of HEp-2 cells infected with
invasin-expressing E. coli (Young et al., 1992). In addition, invasin-stimulated
uptake of bacteria was abrogated when microtubule organization was per-
turbed through use of microtubule-disrupting drugs, indicating the use of
cytoskeletal proteins for Yersinia internalization (McGee et al., 2003). These
experiments highlight the importance of cellular receptors, such as integrins,
as targets for microorganisms to gain entry into the cells. Furthermore, they
demonstrate the exploitation of host cytoskeletal proteins for pathogen inter-
nalization and the utilization of molecular mimicry as a method deployed by
enteric pathogens to cause several gastrointestinal diseases.

Shigella is another enteroinvasive pathogen that binds to an integrin early
in the infectious process (Watarai et al., 1996). Shigella is responsible for
dysentery (shigellosis), a disease that provokes severe inflammatory diarrhea
in humans and is due to colonization and destruction of the colonic mucosa.
Destruction of the intestinal mucosa is the result of virulence factors pro-
duced by this enteric pathogen. Like other Gram-negative enteric pathogens,
Shigella exerts its pathogenic effects by actively delivering these factors, effec-
tor molecules, directly into host epithelial cells through a type 11 secretion sys-
tem (TTSS), which has been compared to a molecular syringe (Figure 13.1).
This protein-secretion system spans both bacterial and host-cell membranes
with an extracellular filamentous molecular conduit in order to deliver type
II1 effector proteins into the host-cell cytoplasm (Yip et al., 2005). Effector
proteins IpaB, IpaC, and IpaD, encoded by the ipa operon present on a viru-
lence plasmid, play a role in pathogenesis by the binding to a5p81 integrin. In
vitro experiments using Chinese hamster ovary (CHO) cells indicate that the
Ipa proteins interact directly with this integrin, and internalization of Shigella
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Figure 13.1 Type III secretion system (TTSS) spans the inner and outer bacterial
membranes with a needle-like complex formed by EspA protein, which connects with
EspB and EspD proteins that form pores in the intestinal epithelial cell (IEC) membrane.

was more efficient in CHO cell transfectants that overexpressed o581 inte-
grin, suggesting that the interaction between the effector proteins and host
cell-adhesion receptors promotes bacterial entry into cells (Watarai et al.,
1996). Furthermore, experiments utilizing polarized epithelial cells (Caco-2
cells) grown on permeable supports showed that Shigella flexeri invades cells
more efficiently from the basolateral surface where 581 integrin typically
resides (Mounier et al., 1992). In addition to gaining access into the cells, the
interaction between the effector proteins and integrin leads to the phosphory-
lation of tyrosine kinases and the subsequent recruitment and rearrangement
of actin. Actin polymerization at the site of entry appears to be mediated by the
IpaB and IpaC effector proteins and is believed to play a role in the invasive
process of Shigella (Watarai et al., 1996).

In addition to the exploitation of integrins, bacteria such as Listeria
monocytogenes utilize other cellular adhesion molecules (CAMs) to execute
their invasive properties. Listeria monocytogenes is a food-borne pathogen
that causes severe gastroenteritis, meningoencephalitis in elderly people
and immunocompromised patients, and spontaneous abortions in preg-
nant women (Doganay, 2003). L. monocytogenes enters epithelial cells via the
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surface protein internalin encoded by the inlA gene (Gaillard et al., 1991).
Similar to invasin of Yersinia conferring invasiveness to the non-invasive
organisms, transformation of non-invasive Listeria innocua with internalin
demonstrated the role of this protein in internalization into epithelial cells
(Gaillard et al., 1991). The IEC receptor for internalin was identified as E-
cadherin, a basolateral transmembrane cell-adhesion protein that is normally
involved in cell-cell interactions (Mengaud et al., 1996). E-cadherins are mem-
bers of a protein family of calcium-dependent cell-cell-adhesion molecules
that are expressed primarily in epithelial tissues (e.g. digestive tract) and play
an important role in maintenance of the intestinal epithelial structure, differ-
entiation, and regulation of programmed cell death (Hermiston and Gordon,
1995). The extracellular domain of E-cadherin interacts with internalin, and
the intracellular domain associates with actin via a- and B-catenins, which
are recruited to the site of bacterial entry (Lecuit et al., 2000). Like many other
invasive and non-invasive enteric pathogens, L. monocytogenes induces the
recruitment of actin, driving its intra- and intercellular movement (Theriot
et al., 1992).

Tight-junction proteins have also been reported to serve as microbial
receptors. Clostridium perfringens enterotoxin (CPE) binds to the tight-junction
transmembrane proteins claudin-3 and -4 and is believed to elicit diarrhea
by altering the permeability of the intestinal epithelium (Sonoda et al., 1999).
Claudins associate with the cytoskeleton (actin) and function to maintain
cell polarity, regulate paracellular water and solute transport, and serve as
a barrier to luminal contents (Schneeberger and Lynch, 2004). CPE binds
to claudin-3 and -4, triggering a multistep process that leads to the lysis of
susceptible epithelial target cells within 10-20 min (McClane, 1996).

Interestingly, the receptors for bacterial adhesins are not limited to those
expressed by host cells. Two non-invasive and closely related diarrheagenic
pathogens, enteropathogenic E. coli (EPEC) and enterohemorrhagic E. coli
(EHEC), have developed a sophisticated mechanism for intimate attachment
to host cells. Both of these pathogens deliver their own receptors into the
host cell membrane via the TTSS (DeVinney et al., 2001; Kenny, DeVinney
et al., 1997). These receptors, which interact with outer-membrane adhesins
called intimin, are called translocated intimin receptors (Tir). Not surpris-
ingly, Tir was originally thought to be a host-cell-derived protein. Elegant stud-
ies by Kenny, DeVinney et al. (1997) and Diebel et al. (1998) showed simulta-
neously that Tir is actually an EPEC-derived protein. The ligand for EPEC Tir
is the bacterial surface adhesin protein intimin-o, while intimin-y serves this
role for EHEC. Both ligands are encoded by the eae gene and mediate intimate
attachment by binding to their respective receptors (Kenny, DeVinney et al.,
1997; Yu and Kaper, 1992). Tir and intimin are encoded on a pathogenicity



island called the locus of enterocyte effacement (LEE) housed in the chro-
mosome of EPEC and EHEC along with the genes that comprise the TTSS
and effector proteins (McDaniel and Kaper, 1997). Although intimin is struc-
turally homologous to invasin of Yersinia, EPEC and EHEC are not invasive
organisms (Donnenberg et al., 1993; Isberg et al., 1987). Once stabilized in
the host cell membrane, Tir induces the characteristic attaching and effacing
(A/E) lesion in enterocytes (Frankel et al., 1998). A/E lesions are identified
as areas of cytoskeletal (primarily actin) recruitment associated with areas of
intimate bacterial attachment to the cells. Phenotypically, actin-rich pedestals
are formed and effacement of surrounding brush-border microvilli is seen
(Frankel et al., 1998; Hecht, 2001).

Tir is one effector protein that plays an early essential step in EPEC
and EHEC pathogenesis by anchoring these bacteria to IECs, contributing
to the loss of microvilli and formation of actin-rich pedestals. The subse-
quent actin rearrangement that results from EPEC Tir—intimin interactions
at the IEC membrane is initiated by phosphorylation of tyrosine residue
474 (Y474) by a host tyrosine kinase (Ismaili et al., 1995; Kenny, 1999).
Interestingly, this phosphorylation step is absent in EHEC, and yet both
pathogens induce similar cytoskeletal rearrangement (DeVinney, Stein et al.,
1999). Immunofluorescence studies have revealed that the cytoskeletal plaque
associated with induced pedestal formation contains filamentous (F)-actin, o-
actinin, ezrin, neural Wiskott—Aldrich syndrome protein (N-WASP), Arp2/3
complex, and several other cytoskeletal proteins (Freeman et al., 2000; Goos-
ney et al., 2000, 2001; Kalman et al., 1999; Sanger et al., 1996). Even though
EPEC- and EHEC-induced A/E lesions recruit similar cytoskeletal associ-
ated proteins, especially N-WASP and Arp2/3 complex, there are mecha-
nistic differences that mediate pedestal formation by EPEC and EHEC. For
instance, immunofluorescence studies of Hela cells infected with EPEC or
EHEC reveal that pedestals formed by EPEC, but not EHEC, contain the
adapter proteins Grb2 and CrkII, which mediate protein—protein interac-
tions. In addition, EPEC Tir recruits actin by directly binding the adapter
protein Nck at the phosphorylated Y474 site, which then recruits and acti-
vates a member of the Wiskott—Aldrich syndrome (WAS) family of proteins,
N-WASP, aregulator of the Arp2/3 actin-nucleating process (Gruenheid et al.,
2001).

Although EHEC also recruits WASP and Arp2/3 complexes, itdoes soina
Nck-independent manner, as pedestal formation occurs in the absence of Tir
tyrosine phosphorylation. In fact, EHEC Tir does not possess a Y474 residue
or other phosphotyrosines. Complementation experiments using plasmid-
encoded EHEC and EPEC tir have confirmed that the Tir molecule of EHEC
0157:H7is not functionally interchangeable with EPEC Tir (Kenny, 2001) and
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has only 44% structural similarity to EPEC Tir (Perna et al., 1998). Pedestal for-
mation by EHEC, therefore, was determined to require additional bacterial
factors. The Leong laboratory identified the non-LEE-encoded translocated
effector EspF, as the factor substituting for phosphorylated Tir and Nck.
EspF, was shown to interact with both Tir and N-WASP, circumventing
the need for Nck adaptors that are required for pedestal formation in EPEC
(Campellone et al., 2004). In addition, EspFy was shown to contribute to the
disruption of tight junctions by EHEC, resembling a role for the LEE-encoded
EspF of EPEC, a TTSS effector protein (Viswanathan, Koutsouris et al., 2004).
EHEC also secretes an LEE-encoded EspF protein that is functionally equiv-
alent to EPEC EspF when substituted in an EPEC espF deletion strain, as
determined by decreased transepithelial electrical resistance (TER), an elec-
trophysiological measurement of the tight-junction barrier, and the redistri-
bution of the transmembrane tight-junction protein occludin (Viswanathan,
Koutsouris et al., 2004). The magnitude of these molecular differences as
it relates to pedestal function and diarrheal disease is unknown but gives
insight into the degree of cellular exploitation and highlights the mechanis-
tic differences of two closely related enteric pathogens modulating different
signal-transduction pathways to affect the host cytoskeleton proteins.

The similarities of Tir with CAMs as transmembrane proteins and the
recruitment of the cytoskeleton to these receptors have led to the postulate
that Tir may act in a manner similar to that of B-integrins. Solid-phase bind-
ing assays and T-cell adherence assays have demonstrated that the receptor-
binding domain (C-terminus portion) of intimin from EPEC binds to a4- and
asPBi-integrins (Frankel et al., 1996).

Although the intimate contact of EPEC and EHEC with the IEC mem-
brane is mediated via intimin-Tir interaction, adherence of bacteria still
occurs in the absence of Tir, but distinct actin accumulation or pedestal
formation is absent in Tir-deficient mutants (DeVinney, Knoechel et al.,
1999; DeVinney, Stein et al., 1999). The interaction of intimin-a with 1-
integrin has been demonstrated to potentiate a decrease in TER in the late
stages of EPEC infection, a consequence of perturbation of cell polarity and
redistribution of basolateral membrane proteins (integrins) initiated by Tir—
intimin-mediated tight-junction disruption (Muza-Moons et al., 2003). In
addition to the demonstrated physiologic relevance of intimin-o interaction
with a eukaryotic cell receptor (B-integrin), nucleolin has been identified
as a cellular receptor for E. coli O157:H7 intimin-y (Sinclair and O’Brien,
2002). E. coli O157:H7 is a Shiga-toxin-producing EHEC strain respon-
sible for severe hemorrhagic colitis associated with the systemic complication
of hemolytic-uremic syndrome (HUS), which is characterized by hemolytic



anemia, thrombocytopenia, and renal failure (Nataro and Kaper, 1998). Nucle-
olin is a protein expressed at the cell surface that functions in ribosome
biogenesis and cell growth. Bacterial adherence assays using polyclonal anti-
serum against human nucleolin have demonstrated the importance of this
receptor in the early phase of EHEC O157:H7 adherence by partially blocking
this process (Sinclair and O’Brien, 2002). Nucleolin binds the extracellular
matrix protein laminin and is involved in the extension of filopodia, sug-
gesting that the interaction of intimin-y and nucleolin may trigger a similar
response, thus participating in pedestal formation (Nougayrede et al., 2003).

Regardless of whether enteric pathogens insert their own receptors or
utilize existing IEC receptors for adherence, the exploitation of the cellular
cytoskeleton is central and essential to the pathogenesis of both invasive and
non-invasive organisms. The targeting of cellular adhesion molecules enables
pathogens to recruit cytoskeletal proteins in order to gain access to or form
intimate contact with the IECs. Adherence and subsequent recruitment of
intracellular cytoskeletal proteins via CAMs is an essential first stage in dis-
ease processes for many pathogens, including Salmonella, Shigella, Yersinia,
and Listeria. Other enteric pathogens, such as EPEC and EHEC, have devised
methods to imitate CAMs structurally and functionally by inserting their own
receptors, which ultimately leads to reorganization of the host cytoskeleton.

MOLECULAR MANIPULATION OF INTESTINAL EPITHELIAL CELLS
BY SECRETED EFFECTORS OF ENTERIC PATHOGENS AND THEIR
EFFECTS ON THE GUT MUCOSA

Several enteric pathogens have evolved a complex protein-secretion sys-
tem termed type I11 to inject specific proteins (effectors) directly into the host
cytosol, thereby modulating host cell functions. The important role of TTSS
has been established not only for animal pathogenic bacteria but also for plant
pathogens, highlighting evolutionary uniformity. Although the secretion sys-
tem assembly is similar across various pathogens and is related evolutionarily
to flagellar apparatus, the secreted effector proteins vary in their target and
cellular effects. A TTSS has been described for Yersinia, Shigella, Salmonella,
pathogenic E. coli, and other Gram-negative bacterial species, and each has
the capacity to translocate a variety of effector proteins that act on the host
cytoskeleton or intracellular signaling cascades.

The translocated effector proteins have been deemed virulence factors
for many enteric bacterial pathogens and are responsible for the phenotypic
characteristics of their pathogenesis. For instance, two effector proteins from
Shigella species, IpaA and IpaC, promote bacterial entry into non-phagocytic
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cells by acting on the host-cell cytoskeleton (Nhieu and Sansonetti, 1999; Tran
Van Nhieu et al., 1999). Salmonella species effector proteins SipC and SipA
also bind directly to actin and induce its nucleation and stabilize the actin fila-
ments, respectively, allowing the pathogen to gain entry into non-phagocytic
cells (Hayward and Koronakis, 1999; Zhou et al., 1999). Besides the contri-
bution of SipA to Salmonella entry, this effector induces a pro-inflammatory
response in IECs by orchestrating the transepithelial migration of polymor-
phonuclear leukocytes, a process that involves a pathogen-elicited epithelial
chemoattractant (hepoxilin A3) and protein kinase C (PKC)-dependent signal-
ing (McCormick et al., 1998; Mrsny et al., 2004; Silva et al., 2004). In addition,
the Salmonella effector protein SopE stimulates bacterial entry by acting as
an exchange factor for small GTPases belonging to the Rho subfamily of pro-
teins (Rac-1, Cdc42), which are associated with actin polymerization (Hardt
et al., 1998).

Yersinia species also inject effector proteins into host cells that interfere
with the cytoskeleton. YopH, YopE, and YopT effector proteins exert a nega-
tive role on cytoskeletal dynamics by reorganizing and disassembling the
cytoskeleton, which contributes to the resistance of these bacteria to phago-
cytosis by macrophages (Black and Bliska, 1997; Grosdent et al., 2002; Persson
et al., 1997; Zumbihl et al., 1999). In addition to targeting the cytoskeleton,
Yersinia species modulate the host inflammatory response via its effector pro-
teins. YopP and Yop] effector proteins block the release of tumor necrosis
factor alpha (TNF-a) by macrophages and interleukin 8 (IL-8) response by
epithelial cells, resulting in a significant reduction in inflammation (Boland
and Cornelis, 1998; Schesser et al., 1998; Schulte et al., 1996). Suppression of
inflammation by YopP/] is a direct inhibitory effect on the mitogen-activated
protein kinases c-jun-N-terminal kinase (JNK), p38, and extracellular signal-
regulated kinases 1 and 2 (ERK1 and ERK2) (Boland and Cornelis, 1998;
Palmer et al., 1998; Ruckdeschel et al., 1997). These effector proteins also
induce programmed cell death in macrophages, but the suppressive effect on
inflammation is independent of their ability to induce apoptosis (Mills et al.,
1997; Monack et al., 1997; Ruckdeschel et al., 1998). In contrast to the Yersinia
effector proteins, IpaB of Shigella and SipB of Salmonella induce inflamma-
tion by stimulating an interleukin 1 (IL-1) response and cause apoptosis
of macrophages, thus contributing to their invasive and destructive proper-
ties in the intestinal epithelial mucosa (Hersh et al., 1999; Thirumalai et al.,
1997).

The enteroinvasive pathogens mentioned above utilize their effector
proteins to exploit host-cell proteins and signaling pathways, resulting in
cytoskeletal disruption and up- or downregulation of inflammation. The



importance of the TTSS and the effector proteins is particularly evident for
the non-invasive bacteria, as they cause disease by delivering the effector
molecules into the cytoplasm from an extracellular position. Discoveries and
advances gained by studying non-invasive EPEC and EHEC effector proteins
underscore their potency in promoting diarrhea in the host. In the next sec-
tion, we examine closely and compare the effects of the secreted effectors on
the intestinal mucosa as they relate to pathogenesis.

ENTEROPATHOGENIC ESCHERICHIA COLI AND
ENTEROHEMORRHAGIC ESCHERICHIA COLI EFFECTORS
AND EFFECTS

EPEC and EHEC are phylogenetically related Gram-negative enteric
pathogens that pose a significant risk to human health worldwide. EPEC
is a leading cause of diarrhea among infants from developing nations world-
wide and is associated with sporadic cases of diarrhea in the USA and other
developed countries (Nataro and Kaper, 1998). The symptoms of EPEC infec-
tion are profuse watery diarrhea, vomiting, and low-grade fever. EHEC and its
most notorious serotype O157:H7 are responsible for a distinctive gastroin-
testinal illness associated with ingestion of undercooked meat, characterized
by severe cramping, abdominal pain, and watery diarrhea progressing to
bloody diarrhea due to hemorrhagic colitis, with systemic complications of
renal failure, hemolytic anemia, and thrombocytopenia (HUS) (Nataro and
Kaper, 1998).

EHEC 0157:H7 notoriety is attributed to the production of Shiga-toxin
(Stx), a key virulence factor expressed by subtypes of EHEC. Stxis responsible
for hemorrhagic colitis and HUS largely through its propensity for binding
to endothelial cells. EHEC and the non-toxigenic EPEC reside in a group of
pathogenic bacteria that produce the characteristic histopathological feature
in the intestinal mucosa referred to as A/E lesions (Frankel et al., 1998). This
phenotypic feature results from the expression of virulence genes housed in
the LEE pathogenicity island that encodes proteins for the TTSS, intimin,
and the secreted effector proteins (McDaniel and Kaper, 1997).

Diarrhea is the most prominent symptom associated with EPEC and
EHEC infection. Although Stxhas been identified as the cause of hemorrhagic
colitis and HUS, the mechanisms that mediate EPEC- and EHEC-induced
diarrhea are still largely unknown. The effacement of microvilli in the A/E
lesions may diminish the absorptive capacity of the intestinal epithelium,
but it is now clear that the mechanisms underlying diarrhea associated with
infection by these pathogens are complex and multifactorial and include
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Nucleus Apoptosis

Figure 13.2 Locus of enterocyte effacement (LEE) and non-LEE effectors of
enteropathogenic Escherichia coli (EPEC) and their intestinal epithelial cell targets. EPEC
forms pedestals by recruiting actin and associated proteins by inserting the intimin
receptor Tir via a type III secretion system (TTSS). Intimin also interacts with the
host-membrane receptors integrin and nucleolin. The intimin-Tir interaction inhibits
Cdc42-dependent filopodia formation along with EspH, while mitochondria-associated
protein (Map) activates Cdc42 to form filopodia extensions. Map, along with EspF,
participates in disrupting tight junctions but also targets mitochondria, playing a potential
role in apoptosis. Tir and EspF also target the intermediate filament protein CK18. EspG
and Orf3 participate in concert, disrupting microtubules. Modified from Dean et al. (2005).

perturbation of ion transport, stimulation of inflammation, and disruption
of the tight-junction barrier (Figure 13.2).

EPEC- and EHEC-secreted effector proteins clearly play an active role
in the disruption of intestinal epithelial structures and functions. Although
most of the effector proteins appear to target the cytoskeleton of IECs, certain
effectors have been demonstrated to alter inflammation and apoptosis. EPEC
and EHEC TTSS-secreted effector proteins, other than Tir, are referred as E.
coli-secreted proteins (Esps). One of the proposed mechanisms for EPEC-
induced diarrhea is disruption of intestinal epithelial tight-junction barrier



function. This was originally demonstrated in vitro using polarized monolay-
ers of IECs (T84 and Caco-2 cells) infected with EPEC or EHEC. Increased
permeability of these tissues was determined as a decrease in TER and an
increase in the paracellular permeability to solutes (Canil et al., 1993; Philpott
etal., 1998; Spitz et al., 1995). Further studies identified EspF of EPEC (McNa-
mara et al., 2001), and later U-EspF of EHEC (Viswanathan, Koutsouris et al.,
2004), to be responsible for the full impact of these pathogens on intestinal
epithelial tight-junction disruption and decrease in TER.

More recent work with EPEC has demonstrated that other effector
molecules contribute to tight-junction disruption, including mitochondria-
associated protein (Map) (Dean and Kenny, 2004) and Orf3 (Tomson,
Viswanathan et al., 2005). Although EspF disrupts tight-junction integrity,
espF gene-deletion experiments showed no role for EspF in A/E lesion for-
mation (McNamara et al., 2001). Studies have also shown that EPEC disrupts
tight-junction structure and function in a murine model (C57BL/6) of EPEC
infection (Savkovic et al., 2005; Shifflett et al., 2005). As well as reducing the
integrity of tight junctions, EspF has been reported to induce death of host
cells. espF gene-transfection experiments in HeLa and African green mon-
key kidney fibroblast (COS) cells have demonstrated that overexpression of
EspF induces epithelial cell apoptosis/necrosis (Crane et al., 2001). However,
infection of rabbits with the related rabbit strain EPEC (REPEC) showed no
change in the level of apoptosis, or showed even less apoptosis, following
infection as compared with the level seen in uninfected controls (Heczko
et al., 2001).

Additionally, EPEC and EHEC secrete EspA, B, D, G, and H and Map
via the TTSS. The secretion of these proteins in vitro resembles conditions
similar to those in the gastrointestinal tract (Kenny, Abe et al., 1997). Once the
TTSS has spanned the inner and outer membranes of the organism, EspA
serves as a filamentous surface appendage traversing the extracellular space
to form a physical link with the epithelial cells, a process that occurs early
in the course of infection (Knutton et al., 1989). Although the host receptor
for EspA is unknown, its molecular-syringe-like structure provides a conduit
for the translocation of EspB and EspD effectors, which form a pore complex
in the IEC membrane at the tip of the molecular syringe (Fivaz and van der
Goot, 1999; Knutton et al., 1998; Shaw et al., 2001).

Confocal laser scanning microscopy and cellular fractionation studies
have also demonstrated EspB in the cytoplasm of infected HeLa cells (Taylor
et al., 1998). Hemolysis studies indicate that EPEC induces the lysis of red
blood cells (RBCs) by creating a translocation pore formed by EspD alone, a
phenomenon that does notrequire intimate bacteria—RBC membrane contact
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(Shaw et al., 2001). In addition to the contribution of pore formation by
EspB, yeast-two hybrid assays determined that this effector protein binds and
recruits the cytoskeletal associated protein a-catenin, which is essential for
actin accumulation beneath the adherence site of EHEC (Kodama et al., 2002).
The resourcefulness of EPEC in exploiting cellular functions is demonstrated
further by the induction of humoral and cell-mediated immune responses
in [ECs, a virulence role of the translocated EspB effector demonstrated in
experimental human EPEC infections (Tacket et al., 2000).

Map, another LEE-encoded effector that is delivered to the cytoplasm of
epithelial cells, interacts with mitochondria, disrupting membrane potential
and presumably affecting key functions such as cellular energy and regula-
tion of apoptosis (Kenny and Jepson, 2000). In addition to its effect on mito-
chondria, Map independently or in conjunction with EspF decreases TER
by disrupting the tight-junction barrier function (Dean and Kenny, 2004).
Although Map is not involved directly in pedestal formation, overexpression
of this protein appears to have an inhibitory effect on Tir-intimin-mediated
pedestal configuration (Kenny et al., 2002). As well as its regulatory effect on
pedestal formation, Map interacts with actin and the cytoskeleton-associated
host GTPase protein Cdc42 to form filopodia-like extensions, a dynamic and
transient process that is downregulated by the Tir—intimin complex (Kenny
et al., 2002). Although the significance of filopodia formation and Cdc42 acti-
vation in EPEC pathogenesis remains unknown, EspH, has been reported
to repress filopodia formation orchestrated by Map (Tu et al., 2003). EspH, a
cytoskeletal-modulating effector of EPEC and EHEC, localizes to the mem-
brane and interacts with actin to promote pedestal elongation (Tu et al., 2003).
Therefore, deletion of espH enhances filopodia formation and fragments
pedestals in Hela cells (Tu et al., 2003).

In addition to actin, microtubules, another major component of the
cytoskeleton, are also targeted by EPEC and EHEC effectors. EspG and its
homolog Orf3 have been shown to disrupt the microtubular network in
Swiss 3T3 fibroblasts and non-polarized Hela cells directly beneath adher-
ent bacteria (Matsuzawa et al., 2004). Both effectors interact with tubulins
and stimulate microtubule destabilization, causing the release of guanine
nucleotide exchange factor (GEF)-H1, RhoA activation, and an increase in
actin stress fibers in these non-polarized cells (Matsuzawa et al., 2004). Tom-
son, Viswanathan et al. (2005) also demonstrated that EPEC infection of HeLa
cells and polarized IECs (Caco-2 and T84) disrupts microtubule structure and
degrades tubulin subunits, a process that is reversible and dependent on the
TTSS and the secreted protein EspG. This group established further that
EspG, in conjunction with its homolog Orf3, contributes to the disruption of



tight junctions, as evidenced by decreased TER in IEC monolayers infected
with wild-type EPEC (Tomson, Viswanathan et al., 2005a). Although the con-
tribution of these proteins to EPEC pathogenesis remains to be determined
by in vivo studies, microtubule and tight-junction disruption may lead to the
mistargeting or relocalization of membrane proteins, such as those involved
in active transport processes (Tomson, Viswanathan et al., 2005a). Further-
more, the release of GEF-H1 from destabilized microtubules and activation
of RhoA further supports their effect on cell polarity and membrane ruffling
(Ren et al., 1998).

The inflammatory response of IECs to infection was initially described
for invasive bacterial pathogens such as Salmonella and Shigella. Using
EPEC as a prototype, non-invasive pathogens were also shown to activate
the major cellular inflammatory signaling pathways, including extracellu-
lar signal-regulated kinases (ERK-1/2), inhibitory kappa B (IkB), and the
transcription factor nuclear factor kappa B (NF-kB), which in turn trigger
IL-8 secretion (Savkovicetal., 1997,2001). In vitro and in vivo studies have also
shown that EPEC infection induces the transmigration of polymorphonuclear
leukocytes (neutrophils) and increases the number of lamina propria neu-
trophils, with occasional crypt abscesses (Savkovic et al., 1996, 2005). To date,
the only identified stimulator for IL-8 response is flagellin from EPEC and
EHEC (Zhou et al., 2003). Work with EPEC, however, suggests that a TTSS-
independent non-flagellin molecule also contributes to the EPEC-mediated
inflammatory response (Sharma et al., 2005). In addition to triggering IL-8
release, both EPEC and EHEC exert an inhibitory effect on IL-8 response
in a TTSS-dependent manner that may involve LEE and non-LEE effectors
(Dean et al., 2005; Hauf and Chakraborty, 2003; Tomson, Tesfay, et al., 2005.
Continued explorations into the host-cell effects of these secreted molecules
will undoubtedly further enhance our understanding of the pathogenesis of
TTSS-expressing organisms.

ENTERIC PATHOGEN EFFECTS ON INTESTINAL
BARRIER FUNCTION

Tightjunctions are the most apical of the intercellular junctions of epithe-
lial cells and are the primary determinants of intestinal epithelial permeabil-
ity. There are several mechanisms by which tight junctions can be influenced.
One physiological regulator of tight-junction permeability is small-intestinal
Na™ /nutrient cotransport. For example, initiation of Na™/glucose transport
in isolated small intestine induces increases in paracellular flux and dila-
tion of the tight junction (Berglund et al., 2001; Pappenheimer and Reiss,
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1987; Turner et al., 2000). Cytokines, which serve as extracellular signals in
many pathophysiological conditions, also influence intestinal epithelial bar-
rier function. Additionally, bacterial pathogens disrupt tight junctions and
increase intestinal permeability; this topicis the focus of the following section.

TIGHT-JUNCTION STRUCTURE AND FUNCTION

Tight junctions of epithelial cells consist of a belt-like interconnected
series of strands that associate in the intercellular space between apposing
epithelial cells. Tight junctions have two physiological roles. First, they sep-
arate the apical from the basolateral plasma membrane (fence function) and
are, therefore, responsible for maintaining the polarity of epithelial cells.
Polarization of epithelial cells is required for the appropriate movement of
ions, water, and macromolecules between compartments, as each membrane
contains distinct ion channels, enzymes, and transport proteins. For exam-
ple, Na*/K*/ATPase is localized to the basolateral surface and allows for
the development of a net charge across the cell; this is the principal driv-
ing force for cellular transport processes. Second, tight junctions provide
the rate-limiting barrier to paracellular transport (gate function) (Gumbiner,
1987, 1993). The mechanisms by which microbial pathogens alter intestinal
epithelial tight-junction barrier function are discussed in this chapter.

Paracellular transport is a passive process that works in conjunction with
transcellular active transport processes. Thus, the paracellular and transcel-
lular routes of transport work in concert to determine the overall barrier
function and net transport of ions and solutes across the intestinal epithe-
lium. Tightjunctions are dynamic structures (Anderson and Van Itallie, 1995)
regulated by numerous mechanisms, including cytoskeletal tone (Madara,
1988; Madara et al., 1987), signaling cascades, and pathogens (McNamara
et al., 2001; Muza-Moons et al., 2004; Zolotarevsky et al., 2002). Occludin,
claudins, junction-adhesion molecules (JAM), and coxsackievirus and adeno-
virus receptor (CAR) are transmembrane proteins that form the tight junc-
tion sealing the paracellular space (Furuse, Fujita et al., 1998; Furuse, Sasaki
etal., 1998; Saitou et al., 1998) (Figure 13.3). Thus far, more than 20 members
of the claudin family have been identified. Claudins appear to be responsi-
ble for the formation of tight-junction strands (Furuse, Fujita et al., 1998;
Furuse, Sasaki et al., 1998; Heiskala et al., 2001; Tsukita et al., 2001). Although
occludin is also associated with tight junctions, expression of occludin in
MDCK cells does not alter the number of tight-junction strands as assessed
by freeze-fracture analysis, and yet it is capable of regulating paracellular
permeability (Balda et al., 2000). It has been reported that the relationship
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Figure 13.3 Simplified structure of the paracellular space and the tight junction. There
exists a complex interaction of adapter proteins, GTPases, and Zonula occludens (ZO)
proteins with the tight-junction transmembrane proteins occludin and claudins.

CAR, coxsackie virus and adenovirus receptor; JAM, junction-adhesion molecule.

between the number of strands and TER is logarithmic rather than linear
(Claude and Goodenough, 1973). However, no correlation has been found
between strand number and TER in MDCK cells with low TER (~100 £2.cm?)
versus cells with high TER (~1000 Q.cm?) (Stevenson et al., 1988). Thus, the
correlation between tight-junction strand number and TER remains to be
determined.

Structurally, claudins and occludin have two extracellular loops. In
claudins, the first loop is larger and more hydrophobic than the second loop.
Additionally, the first extracellular loop of claudin-2 and claudin-15 creates a
charge-selective channel in the paracellular space (Colegio et al., 2002, 2003;
Furuse, Fujita et al., 1998). Expression of several of the claudins is restricted to
specific cell types. For example, claudin-16 is expressed in the loop of Henle
of the kidney (Simon et al., 1999) and claudin-11 is expressed in the myelin
sheaths of the central nervous system and Sertoli cells in the testis (Morita
et al., 1999). Evidence for claudins regulating barrier function includes stud-
ies in MDCK cells in which overexpression of claudin-1 increased TER and
decreased paracellular flux of 4- and 40-kDa FITC-labeled dextrans (Inai et al.,
1999). Other authors have shown that overexpression of claudin-1 enhances
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TER (McCarthy et al., 2000). Evidence that claudins govern charge selectivity
was demonstrated by work regarding claudin-16 (paracellin-1). As mentioned
previously, expression of claudin-16 is restricted to the ascending loop of
Henle and is required for the paracellular reabsorption of Mg?* in the kid-
ney (Simon et al., 1999). The importance of this protein in human health was
revealed by identifying a defectin the gene encoding for claudin-16 in patients
with Mg?* deficiency. Lack of claudin-16 expression leads to decreased Mg?*
and Ca?* reabsorption by the kidney. The ensuing increase in urinary Ca’*
predisposes to renal-stone formation and often these patients require trans-
plantation. Coinciding with the idea that claudins have a role in regulating
transport functions, different isoforms are expressed in different organs and
may have differential expression patterns within a given organ. For example,
claudin-2 is expressed almost exclusively in the crypts of the small intestine,
while claudin-4 is expressed mainly in villi. These differential expression
patterns are likely to be functionally important (Rahner et al., 2001). As an
example, overexpression of wild-type claudin-4, but not mutant claudin-4, in
MDCK cells resulted in decreased permeability to Na* compared with CI~
(Colegioetal., 2003; Van Itallie et al., 2001). Furthermore, mutation of claudin-
15 created a Cl™-selective pathway compared with Na*t. Conversely, wild-type
claudin-15 exhibited the opposite charge selectivity (Colegio et al., 2002).

Another transmembrane protein of the tight junction is occludin.
Occludin is a "60-kDa tetraspanning membrane protein and was the first
identified tight-junction transmembrane protein (Furuse et al., 1993). A role
for occludin in tight-junction barrier function is supported by studies showing
that overexpression of occludin increased TER (Balda et al., 1996; McCarthy
etal., 1996; Sakakibara et al., 1997). Unlike claudins, however, occludin is not
required for the formation of tight-junction strands (Saitou et al., 1998), and
occludin-deficient mice do not display any obvious structural or functional
tight-junction abnormalities (Saitou et al., 2000). Furthermore, occludin-
deficient mice have no alteration in intestinal barrier function (Schulzke et al.,
2005). It is important to note that occludin is a single-protein component of
the tight junction, and in occludin-deficient mice there could be a compen-
satory shift towards any number of the claudins regulating tight-junction
permeability. Thus, the function of occludin remains unresolved.

Junction adhesion molecule 1 (JAM-1) and CAR, members of the
immunoglobulin G (IgG) superfamily, are also tight-junction transmem-
brane proteins. JAM contains a single transmembrane domain and binds
to the PDZ3 domain of zonula occludens 1 (ZO-1) (Itoh et al., 2001). Inter-
estingly, it has been speculated that JAM-1 has a role in the transepithe-
lial or transendothelial migration of neutrophils during the inflammatory



response (Martin-Padura et al., 1998). CAR also recruits ZO-1 to the mem-
brane, decreases flux rates of the paracellular marker dextran, and enhances
TER (Cohen et al., 2001). As the name indicates, CAR, as well as other tight-
junction proteins, is a target of microbial pathogens.

Tight-junction transmembrane proteins associate with an intracellular
cluster of proteins referred to as the cytoplasmic plaque, the latter being
important for tight-junction assembly. The primary proteins comprising
the cytosolic plaque are ZO-1 (Stevenson et al., 1986), ZO-2 (Gumbiner
et al., 1991; Jesaitis and Goodenough, 1994), ZO-3 (Haskins et al., 1998),
cingulin (Citi et al., 1988), and 7H6 (Zhong et al., 1993). The ZO family
of proteins have been shown to bind to each other (Fanning et al., 1998;
Haskins et al., 1998), the actin cytoskeleton (Fanning et al., 1998), and JAM
(Ebnet et al., 2000). Furthermore, the carboxyl termini of both occludin and
claudins bind ZO-1, -2, and -3 (Fanning et al., 1998; Haskins et al., 1998;
Itoh et al., 1999; Wittchen et al., 1999). Thus, it has been speculated that the
Z0 proteins are important for targeting claudins and occludin to the tight
junction.

Another structural and functional component of the tight junction is
the actin cytoskeleton. Evidence that actin regulates the tight junction was
provided by showing that disruption of actin with cytochalasin decreased
the number and size of tight-junction fibrils (Madara et al., 1986; Nybom
and Magnusson, 1996) and reduced epithelial barrier function. Furthermore,
introduction of a constitutively activated myosin light-chain (MLC) kinase
in MDCK cells caused contraction of the cytoskeleton, decreased TER, and
increased paracellular flux (Hecht et al., 1996).

Regulation of the tight-junction barrier is a growing topic of interest.
Phosphorylation is one means of tight-junction protein regulation. Phosphor-
ylated forms of occludin are associated with the tight junction (Andreeva
et al., 2001; Chen et al., 2002; Farshori and Kachar, 1999; Sakakibara et al.,
1997). Phosphorylation of this protein occurs on serine and weakly on threo-
nine (Tsukamoto and Nigam, 1999). However, another study has shown
that occludin is phosphorylated on threonine and tyrosine residues (Yoo
et al., 2003). Phosphorylation of ZO-1, which occurs on tyrosine and serine
residues, is also important for barrier function (Staddon et al., 1995). ZO-1
phosphorylation is enhanced in MDCK monolayers exhibiting low TER as
compared with MDCK monolayers with high TER (Stevenson et al., 1989).
Additionally, tyrosine phosphorylation of ZO-1 is associated with ZO-1 rear-
rangement to the apical cell borders and colocalization with perijunctional
actin in A431 cells, a human epidermal carcinoma cell (Van Itallie et al.,
1995). Dephosphorylation of the tight-junction proteins has been shown to
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precede a decrease in TER (Staddon et al., 1995). There is less evidence of
phosphorylation of claudins, although threonine phosphorylation of claudin-
5 occurs in a cyclic adenosine monophosphate (cCAMP)- and protein kinase
A(PKA)-dependent manner in endothelial cells (Fujibe et al., 2004; Ishizaki
et al., 2003). Additionally, the protein kinase WNK4 phosphorylates the C-
terminal domain of claudin-4 in MDCK cells (Yamauchi et al., 2004). How-
ever, it is not known whether claudin phosphorylation occurs in the intestinal
epithelium.

MICROBIAL PATHOGEN-INDUCED DISRUPTION OF THE TIGHT
JUNCTION VIA THE ACTIN CYTOSKELETON

Many pathogens, including bacteria and viruses, disrupt tight junctions
and enhance intestinal permeability. Bacterial pathogens have unique mech-
anisms for exploiting the dynamic nature of tight junctions to alter the move-
ment of ions and molecules beween the lumen and the systemic circula-
tion. One way in which EPEC disrupts tight junctions is through its effects
on the actin cytoskeleton. EPEC infection decreases TER (Savkovic et al.,
2001; Spitz et al., 1995), in part through phosphorylation of MLC (Manjarrez-
Hernandez et al., 1991; Yuhan et al., 1997; Zolotarevsky et al., 2002). The
phosphorylation of MLC triggers contraction of the actomyosin ring that
immediately underlies tight junctions and is believed to open the tight junc-
tion via increased tension on the lateral membrane. Further evidence that
EPEC perturbation of tight junctions is due in part to effects on the actin
cytoskeleton has been demonstrated pharmacologically. The EPEC-induced
decrease in TER of intestinal epithelial monolayers is inhibited by addition of
a specific membrane-permeant inhibitor of MLC kinase (Zolotarevsky et al.,
2002). EHEC-induced MLC phosphorylation has also been linked to declining
barrier function, as inhibitors of this pathway attenuate the resultant decline
in TER (Dahan et al., 2003; Philpott et al., 1998).

Another pathogen that disrupts the actin cytoskeleton and alters intesti-
nal permeability is Clostridium difficile. C. difficile, the etiologic agent of
antibiotic-associated colitis (Borriello, 1998), elaborates two toxins, TxA and
TxB, both of which are glucosyltransferases that inactivate members of the
Rho family of small GTPases, regulators of actin-dependent cellular func-
tions. Thus, the effects of TxA and TxB include actin depolymerization
and enhanced intestinal permeability (Hecht et al., 1988, 1992; Liu et al.,
2003; Pothoulakis, 2000). Additionally, TxA- and TxB-induced cytoskeletal re-
arrangement is associated with restructuring of occludin, ZO-1, and ZO-2
away from the region of the tight junction (Nusrat et al., 2001). The signaling



mechanisms responsible for C. difficile TXA effects on tight junctions appear
to be PKC-dependent, because TxA activates PKC, increases dissociation of
Z0-1 from the tight junction, and decreases TER in T84 cells. Furthermore,
these deleterious effects are inhibitable by a PKC-a antagonist (Chen et al.,
2002).

The Clostridium botulinum toxins C2 and C3 also disrupt barrier func-
tion through effects on the actin cytoskeleton. The C2 toxin ADP-ribosylates
G-actin, leading to aloss of actin ATPase activity, thus preventing polymeriza-
tion into F-actin and ultimately leading to disruption of the tight junction. The
C3 toxin ADP-ribosylates RhoA, RhoB, and RhoC and induces disassembly of
actin filaments in a manner similar to the C. difficile toxins. Additionally, ZO-1
is dissociated from tight junctions and correlates with increased intestinal
epithelial permeability (Nusrat et al., 1995).

Bacteroides fragilis toxin (BFT) is another bacterial toxin that alters intesti-
nal epithelial barrier function. BFT is a zinc-dependent metalloprotease that
exerts its effects extracellularly and alters the tight-junction structure through
effects on the ZOs (Chambers et al., 1997; Obiso et al., 1995), E-cadherin (Wu
et al., 1998), and rearrangement of the actin cytoskeleton (Chambers et al.,
1997). Wu et al. (1998) demonstrated that BFT-induced cleavage of the cell-
cell-adhesion molecule E-cadherin is ATP-independent. The ensuing intra-
cellular degradation likely triggers the dissociation of ZO-1 and occludin
from tight junctions. Furthermore, BFT also is not cell-specific, as exposure
of human intestinal epithelial cells (HT-29) and canine kidney epithelium
(MDCK) to BFT decreased TER, highlighting its potential importance in
extraintestinal infections (Obiso et al., 1995).

Another bacterial protease that affects tight-junction function is the
hemagglutinin protease (HA/P) elaborated by Vibrio cholerae. HA/P is a met-
alloprotease that disrupts ZO-1 and the actin cytoskeleton, thus decreasing
TER of intestinal epithelial cell monolayers (Wu et al., 1996). Unable to pro-
vide evidence that HA/P was internalized into cells, Wu et al. (2000) exam-
ined the effects on cell-surface proteins. They discovered that HA/P cleaves
occludin into two fragments in a dose- and time-dependent manner but has
no effects on the structure of ZO-1, despite its reorganization and almost
complete disappearance from cell—cell boundaries. Another V. cholera elab-
orated toxin, zonula occludens toxin (ZOT) (Fasano et al., 1991), enhances
intestinal epithelial permeability via modulation of tight junctions. ZOT sig-
nificantly increases the flux of mannitol across Caco-2 cell monolayers after
a 1-h exposure (Cox et al., 2001) and reversibly increases rabbit intestinal per-
meability to insulin (Fasano and Uzzau, 1997). Furthermore, ZOT regu-
lates the permeability of intestinal tight junctions by binding to microtubules

®

VSODNW TVNILSHINI HHI HLIMA VI¥ILOVE DIYILNT 40 SNOLLDVIILNI



®

BACTERIAL-EPITHELIAL CELL CROSS-TALK

(Wang et al., 2000). This is important, as microtubules are involved in intra-
cellular trafficking and membrane and receptor recycling.

MICROBIAL PATHOGEN-INDUCED DISRUPTION OF THE TIGHT
JUNCTION VIA EFFECTS ON TIGHT-JUNCTION PROTEINS

The effects of EPEC on tight junctions appear to be multifactorial. In addi-
tion to the previously mentioned increase in MLC phosphorylation, EPEC also
has direct effects on tight-junction proteins in intestinal epithelial monolay-
ers. Following infection with EPEC, occludin is dephosphorylated, resulting
in its dissociation from the tight junctions (Simonovic et al., 2000). This is
important, as the phosphorylated forms of occludin associate with tight junc-
tions and enhance the tight-junction epithelial barrier (Wong, 1997). A similar
dissociation has been reported for ZO-1 after EPEC infection (Muza-Moons
et al., 2004; Philpott et al., 1996).

Although the sequence of events of EPEC disruption of the tight junction
has not been elucidated fully, it is clear that EPEC-secreted protein F (EspF)
plays a major role. EspF is delivered into the host cell via the TTSS apparatus
(McNamara and Donnenberg, 1998). Mutation of the espF gene significantly
attenuates the effects of EPEC on barrier disruption (McNamara et al., 2001).
The mechanism by which EspF perturbs tight-junction barrier function is
not understood completely, although it has been speculated that EspF must
be targeted to the host mitochondria for pathogenesis (Nagai et al., 2005;
Nougayrede and Donnenberg, 2004). It is possible, however, that this finding
is a consequence of overexpression of this protein or high multiplicity of
infection (Nougayrede and Donnenberg, 2004). That this phenotype may not
occur in vivo is supported by studies with rabbit EPEC showing that the
degree of apoptosis in the intestine was not altered when compared with
uninfected rabbits. Furthermore, EspF interactions with the intermediate
filament protein CK18, and its resultant increase in solubility by interacting
with 14-3-3 may also be important for EPEC pathogenesis (Viswanathan,
Lukic et al., 2004). It has been reported that a second effector protein, Map,
also contributes to EPEC-induced impairment of barrier function in vitro
(Dean and Kenny, 2004). Additionally, the effector protein Orf3 also disrupts
tight-junction barrier function (Tomson, Viswanathan et al., 2005). Thus, it
appears that multiple EPEC effector proteins contribute to EPEC-induced
impairment of intestinal barrier function.

The EPEC- and EHEC-induced perturbations of intestinal barrier func-
tion, in part through phosphorylation of MLC, was discussed above. In con-
trast to EPEC, EHEC may not be dependent upon EspF for disruption of



barrier function. Instead, the EHEC effector protein U-EspF, which also plays
a significant role in pedestal formation, serves this role (Viswanathan, Kout-
souris et al., 2004).

Yersinia is another enteric pathogen reported to perturb tight-junction
permeability (Gogarten et al., 1994; Tafazoli et al., 2000). Similar to EPEC,
an effort has been made to identify effector molecules responsible for this
functional phenotype. Yersinia outer protein E (YopE) is, in part, responsible
for this physiologic change, as a YopE mutant failed to disrupt actin and
alter the localization of occludin and ZO-1 in MDCK monolayers (Tafazoli
et al., 2000). The mechanism by which YopE disrupts tight-junction barrier
function remains unknown, and the participation of other Yersinia effector
molecules has not been examined.

The ability of bacteria or their toxins to bind directly to tight-junction pro-
teins was discussed earlier in this chapter. With regard to the physiological
effects of Clostridium perfringens enterotoxin (CPE) on intestinal barrier func-
tion, expression of the carboxy-terminal half fragment of this protein resulted
in removal of claudin-4 from the tight junction. Furthermore, tight-junction
strands were disintegrated, TER was decreased, and the flux of paracellular
markers was increased (Sonoda et al., 1999), demonstrating a unique mech-
anism by which bacteria can directly alter the tight-junction structure and
gain access to the basolateral surface.

Shigella is also an intriguing enteric pathogen in that it fails to bind to
the apical surface of intestinal epithelium. Instead, it utilizes M-cells to gain
access to the basolateral compartment, where it invades IECs. The ensuing
response is the transepithelial migration of neutrophils, which disrupts tight
junctions, thus allowing additional access of Shigella organisms to intestinal
epithelial cells (Perdomo et al., 1994). However, a plasmid-cured non-invasive
Shigella strain was found to translocate across the tight junctions of T84 cells,
a human IEC line (Sakaguchi et al., 2002), and cause a shift of claudin-1
and ZO-1 from a Triton-X-insoluble protein fraction to a soluble fraction,
indicative of dissociation of these proteins from the membrane (Sakaguchi
et al., 2002), suggesting that the effects on tight junctions are independent of
invasion.

EFFECTS OF MICROBIAL PATHOGEN-ELICITED INFLAMMATION
ON TIGHT JUNCTIONS

The effects on the intestinal epithelium of the inflammatory response
to microbial infection cannot be ignored. For a more detailed review
of microbial-induced inflammation, the reader is referred to Chapter 9.
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However, infiltration of neutrophils and elaboration of pro-inflammatory
cytokines clearly have detrimental effects on tight-junction barrier func-
tion. For example, TNF-a decreases intestinal epithelial tight-junction bar-
rier function (Ma et al., 2004; Marano et al., 1998; Rodriguez et al., 1995;
Schmitz et al., 1999). Similarly, interferon gamma (IFN-y) perturbs intesti-
nal epithelial tight-junction function (Fish et al., 1999; Madara and Stafford,
1989; Sugi et al., 2001; Youakim and Ahdieh, 1999). The mechanism by
which these cytokines regulate tight-junction permeability has been dis-
covered to be MLCK-dependent (Ma et al., 2005; Wang et al., 2005). This
may be physiologically important for microbial pathogens such as EPEC,
since EPEC-induced alteration of the tight-junction barrier is in part MLCK-
dependent. Furthermore, TNF-a-induced increases in tight-junction perme-
ability of the intestinal epithelial cell line Caco-2 are NF-kB-dependent and
do not involve apoptosis (Ma et al., 2004). Thus, it is evident that microbial-
elicited inflammation regulates tight-junction permeability in a variety of
ways.

OVERVIEW OF EPITHELIAL CELL TRANSPORT

A full understanding of pathogen—epithelial interactions would not
be complete without attention to electrolyte transport processes. Although
research is lacking in this area, it is well documented that pathogens can
alter fluid and electrolyte transport processes of the gastrointestinal epithe-
lium. The alteration of electrolyte transport is often through the activation or
inhibition of ion channels and transporters. The two principal ions involved
in electrolyte transport are Cl~ and Na™ and these will be discussed briefly
here.

Cl~ secretion is regarded as the determinant of luminal hydration. Coin-
ciding with Cl~ secretion is the paracellular movement of Na*. These two pro-
cesses provide the osmotic gradient for movement of water into the lumen.
Cl~ secretion utilizes several transporters. First, the energy source for ion
transport by the cell is mediated by the Nat/K*/ATPase pump located on
the basolateral membrane. The sodium gradient generated by this pump
is utilized by the Na™/K*/2Cl~ (NKCC1) cotransporter, also situated on the
basolateral membrane, to accumulate intracellular C1~ above its electrochem-
ical equilibrium. Potassium recycling is mediated by basolaterally located
K" channels such as KCNQ1 and KCNE3. Additionally, there is an apically
located Ba** inhibitable channel through which a small amount of K* is
able to exit the cell. The majority of accumulated intracellular Cl~ is secreted
from the cell via the cystic fibrosis transmembrane regulator (CFTR) located
on the apical surface. Lesser amounts of Cl~ are transported from the cell



through CIC2 channels. Additionally, there are apically located electroneutral
sodium-hydrogen exchangers (NHE2, NHE3) through which Nat and H*
are exchanged at a 1:1 ratio. NHE3 has been shown to be the predominant
Na*-absorbing isoform in mammalian small intestine (Shull et al., 2000).

INTERFERENCE OF TRANSPORT PROCESSES BY
MICROBIAL PATHOGENS

The primary second messengers responsible for activation of Cl~ secre-
tion are cCAMP/cyclic guanosine monophosphate (cGMP) and calcium. For
information on calcium-mediated transport processes, the reader is referred
to previously published reviews (Barrett and Keely, 2000; Keely and Barrett,
2000). Cl~ secretion mediated by cAMP has been demonstrated for various
pathogens, including E. coli, V. cholera, Salmonella, and Campylobacter jejuni
(Molina and Peterson, 1980; Ruiz-Palacios et al., 1983). Cholera toxin, via
adenylate cyclase, increases intracellular cAMP, activates cAMP-dependent
protein kinase A, and subsequently phosphorylates the CFTR. The end result
of CFTR activation is electrogenic Cl~ secretion. Activation of CFTR by cGMP
has similar effects. Guanylin is a peptide that activates intestinal guanylate
cyclase C and increases cGMP levels. Heat-stable toxins, such as those elab-
orated from enterotoxigenic E. coli, have a 50% homology with guanylin, bind
to intestinal guanylate cyclase C, and result in increased cGMP, phosphoryla-
tion of CFTR, and enhanced Cl~ secretion. The importance of the intestinal
guanylate cyclase C receptor for ST,-mediated Cl~ secretion has been demon-
strated in mice. Although intestinal guanylate cyclase C-null mice were resist-
ant to stable toxin, infection with ST, enterotoxigenic bacteria led to diarrhea
and death in wild-type and heterozygous mice (Mann et al., 1997). ST, inhibits
Na™ absorption by an undefined mechanism (Lucas, 2001).

C. difficile toxins A and B also elicit Cl~ secretion, but it is unknown
whether these toxins act via a cAMP-mediated process. Indirect evidence
suggests that TxA induces cyclooxygenase 2 (COX-2) in lamina propria cells,
with a resultant increase in prostaglandin E2 (PGE,) levels. PGE,, through
its G-protein-coupled receptor, increases cAMP levels and PKA-dependent
activation of CFTR. C. difficile toxins also regulate Na* exchange, as C. difficile
TxB significantly inhibits NHE3 activity and is accompanied by translocation
to an intramembrane compartment (Hayashi et al., 2004).

EPEC infection also alters intestinal epithelial ion transport. EPEC
infection of intestinal epithelial Caco-2 monolayers stimulated a rapid
increase in short-circuit current (Isc), indicative of electrogenic Cl~ secretion
(Collington et al., 1998). In contrast, infection of T84 monolayers yielded
contrasting results, as stimulation of EPEC-infected monolayers with the
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classic cAMP-mediated secretagog forskolin yielded an attenuated response
that was not attributable to altered Cl~ secretion (Hecht and Koutsouris,
1999). In this case, it was determined that the effects were due to perturba-
tion of bicarbonate-dependent transport processes. Furthermore, in T84 cells,
cAMP-mediated Cl~ secretion was diminished by EPEC infection (Philpott
et al., 1996). The variability between transport properties of the different cell
lines and the different models of infection potentially explains the discrepancy
between these studies. However, EPEC infection also affects the transport of
Na™ by the intestinal epithelial cell monolayers Caco-2 and T84 by enhancing
NHE?2 activity and decreasing NHE3 activity (Hecht et al., 2004).

ELECTROLYTE TRANSPORT MODIFICATIONS RESULTING
FROM HOST-DERIVED PRODUCTS STIMULATED BY
BACTERIAL INFECTION

Bacterial infection of the intestinal epithelium can also induce upregula-
tion of host-derived products. These products can, in turn, regulate electrolyte
transport processes. Galanin is one such host-derived product. Galanin is
a 29-amino-acid neuropeptide in enteric nerves lining the gastrointestinal
tract (Bauer et al., 1986). It induces Cl~ secretion through activation of the
galanin-1 receptor in human colonic epithelium (Benya et al., 1999; Katsoulis
et al., 1996). Expression of the galanin-1 receptor is under the regulation of
NF-kB, suggesting that it is a part of the inflammatory response. As such,
NF-kB-dependent expression of the galanin-1 receptor appears to be a com-
mon response to microbial infections, including EPEC, EHEC, Salmonella,
Shigella, and rotavirus. The end result is increased Cl~ secretion and fluid
accumulation in the colon (Hecht et al., 1999; Matkowskyj et al., 2000).

Prostaglandins are host-derived factors of intestinal epithelial cells that
are upregulated in response to bacterial infection. An increase in PGE,
expression and subsequent enhancement of Cl~ secretion occurs following
infection of intestinal epithelium with Salmonella dublin, Salmonella typhi,
Salmonella typhimurium, and Y. enterocolitica (Eckmann et al., 1997). A sim-
ilar pathogen-induced Cl~ secretory response has been observed with Cryp-
tosporidium parvum and Entamoeba histolytica (Gookin et al., 2004; Laurent
et al., 1998; Stenson et al., 2001).

A POSSIBLE LINK BETWEEN TRANSPORT AND INTESTINAL
BARRIER FUNCTION

Diarrhea can be viewed as a means by which pathogens ensure
their transmission to additional hosts. With regard to human disease,



pathogen-induced diarrhea is a means for the host to clear infection of the
pathogen. In this regard, the upregulation of prostanoids may indeed have
a beneficial role. As mentioned previously, prostanoid production is often
increased during infection by microbial pathogens, with a resultant elevation
in intracellular cAMP and induction of PKA-dependent Cl~ secretion. Addi-
tionally, prostaglandins also inhibit Na™ uptake across the apical surface of
the epithelium. Interestingly, inhibition of prostanoid production by the non-
selective cyclooxygenase inhibitor indometacin results in not only a decrease
in CI~ secretion but also a decrease in the recovery of intestinal barrier func-
tion after injury. Furthermore, PGE,-elicited Cl~ secretion improves barrier
function (Blikslager et al., 1997, 1999, 2001; Little et al., 2003; Moeser et al.,
2004; Shifflett, Bottone et al., 2004; Shifflett, Jones et al., 2004). In the case of
Cryptosporidium parvum-infected ileal epithelium, nitric oxide is a proximal
mediator of PGE, synthesis and intestinal barrier function (Gookin et al.,
2004). Thus, there is evidence that electrolyte transport processes mediate
properties of intestinal barrier function.

CONCLUSION

The remarkable and recent advances gained by studying the molecular
cross-talk between enteric pathogens and intestinal epithelial cells provide
specific knowledge regarding molecular mechanisms underlying bacterial
pathogenesis. The common strategies set out by multiple enteric pathogens
and the unique mechanisms used to establish an infection by invasive and
non-invasive pathogenic bacteria have helped us to define the host-cell regu-
latory functions, including ion transport, inflammation, cell polarity, and
permeability. Enteric pathogens have found ways to manipulate these cel-
lular functions by exploiting the host-cell cytoskeleton, tight-junction pro-
teins, and signal-transduction pathways through the employment of molecu-
lar mimicry, protein-secretion machineries, and toxin deployment, which
may or may notrequire invasion. Despite the tremendous amount of progress
made over the past several years, there is still a great deal to learn about the
infectious disease process and the multifaceted interactions between enteric
pathogens and their hosts.
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CHAPTER 14

Uropathogenic bacteria

Luce Landraud, René Clément, and
Patrice Boquet

INTRODUCTION

Urinary tract infections (UTI) are among the most common human bac-
terial infections. The prevalent pathogens are the uropathogenic Escherichia
coli (UPEC) strains. A great deal of information concerning the genetic, viru-
lence, and innate immune host responses against those bacteria have been
obtained. Furthermore, the knowledge of uroepithelium cell biology and
physiology, in particular at the level of the urinary bladder, has made consid-
erable progress since 1995, improving our understanding of the strategies
used by UPEC to colonize and invade this tissue.

UTIs account for significant morbidity and high medical costs. In 1997,
the National Ambulatory Medical Care Survey and the National Hospital
Medical Care Survey Report estimated that UTIs in the USA result in nearly
seven million doctor visits per year, excluding visits to hospital emergency
departments. The overall costs associated with UTIs have been estimated to
reach upwards of two billion US dollars a year (Foxman, 2002). Moreover,
nosocomial acquired urinary tract infections (NAUTIs) account for up to 40%
of all hospital-acquired infections in European countries and represent the
most frequent nosocomial infection (Eriksen et al., 2004; Johansen, 2004;
Zotti et al., 2004). NAUTIs, which are frequently associated with medical
procedures (the most important risk factor being an indwelling catheter),
may result in significant acute morbidity, medical complications, and legal
issues (Johansen, 2004). Moreover, one of the main concerns with UTIs is
that they are frequently sources of recurrent infections.
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The severity of UTIs depends on the spread of the infection. Accordingly,
two classical clinical outcomes are described:

* acute cystitis, in which the clinical symptoms (suprapubic pain, increased
frequency of urination, dysuria without fever) seem to result from a
limited infection of the bladder;

* acute pyelonephritis involving kidney infection together with a systemic
infection (flank pain with fever).

Physicians can distinguish uncomplicated UTI from complicated UTI.
UTIs can be affected by underlying host factors such as immunosuppres-
sion, diabetes, and anatomical defects of the urinary tract, which may com-
plicate these infections. UPEC is the major causative agent of uncomplicated
community-acquired UTIs and is responsible for nearly half of all nosocomial
and complicated UTIs (Russo and Johnson, 2003). Other common pathogens
associated with UTTs are Staphylococcus saprophyticus, Klebsiella spp., Proteus
mirabilis, and Enterococcus faecalis (Ronald, 2003).

Escherichia coli strains involved in UTIs are a selected subset of the fecal
flora, but UPECs differ from commensal E. coli by the presence of specific
virulence factors, such as adhesins, toxins, and capsule- and iron-uptake sys-
tems. These specific factors are often encoded on particular genomic regions
of the bacterial chromosome; such particular DNA stretches that encode
multiple virulence factors have been termed pathogenicity islands (PAls)
(Dobrindt et al., 2004). In this chapter, we focus on the role of adhesive fac-
tors in conjunction with the protein toxins elaborated by UPECs for signaling
cross-talk with their host.

THE UROEPITHELIUM AND ITS DEFENSES AGAINST
INVADING PATHOGENS

The bladder and the upper urinary tract (Figure 14.1a) are typically sterile
environments. However, UPEC strains are able to penetrate into the urethra,
most likely from vaginal and intestinal reservoirs. They subsequently ascend
to the bladder and may affect the kidneys through migration into the ureters
(Warren, 1996).

The uroepithelium (Figure 14.1b) is a specialized stratified transitional
epithelium composed of three cell layers: undifferentiated basal cells, inter-
mediate cells, and large (25-250 pm) differentiated superficial binucleated
umbrella cells (Apodaca, 2004). The primary role of the uroepithelium is to
prevent the entry of pathogens and selectively regulate the passage of water,
ions, solutes, and macromolecules across the mucosal surface. This barrier
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Figure 14.1 Anatomy of the urinary tract and structure of the bladder uroepithelium.
(a) General anatomy of the urinary tract. (b) Schematic representation of the transitional
uroepithelium. (c) Bladder umbrella cells. For details, see text.

TLR-4, Toll-like receptor 4.

role is due mainly to the presence of a structure that makes a seal between
the plasma membrane of adjacent epithelial cells termed the tight junction
(J. M. Anderson et al., 2004). Umbrella cells in the uroepithelium display
tight junctions that denote their apical and basolateral membrane domains
(Figure 14.1c). Once epithelial cells have lost their tight junctions, a pathogen
can easily gain access to the deeper tissues (McCormick, 2003). The apical
membrane of umbrella cells exhibits extended horizontal compact structures
called plaques and hinges (Figure 14.1c). Both plaques and hinges are highly
detergent-insoluble lipid domains and thus assimilated to lipid rafts (Simons
and Tkonen, 1997). In this respect, lipid rafts are used widely by microbial
pathogens and their virulence factors to interact with host epithelial cells
(Lafont et al., 2004). Accordingly, it has been reported that UPEC may pen-
etrate the bladder uroepithelium through lipid rafts (Duncan et al., 2004).
Plaques and hinges completely cover bladder uroepithelium and are required
for its impermeability (Apodaca, 2004). Moreover, plaques and hinges contain
integral membrane proteins called uroplakins (UPIa, UPIb, UPII, UPIIIa/b).
Of note, UPIa is the receptor for an important adhesive appendage of UPEC,
the type 1 pili (Mulvey et al., 2000).

In addition to their exclusion from host tissues by the impermeability
of the uroepithelium, an array of non-specific and specific defenses against



pathogens are displayed by the urinary tract. The continuous flushing with
urine of the lower urinary tract removes non-attached bacteria. Although
umbrella cells are quite long-lived cells, they can be shed from the uroepi-
thelium, thereby removing any attached bacteria. Several compounds act as
anti-adherence factors, competitively inhibiting bacterial attachment to the
bladder surface (Mulvey et al., 2000). In addition, urine represents a poor
medium for bacterial growth. The low pH, osmolarity, and presence of urea,
salts, and organic acids in the urine can be inhibitory to bacterial growth,
reducing bacterial survival in the bladder (Mulvey et al., 2000).

Many epithelial cell types can sense the presence of microbial pathogens
extracellularly by detecting highly conserved bacterial elements such as flag-
ellin, lipopolysaccharide (LPS), and DNA motifs (CpG). Alternatively, inside
the cytosol fragments of the invading bacterium peptidoglycan (such as
muramyl dipeptides) can be detected. These recognized elements have been
called pathogen-associated molecular patterns (PAMPs). Detection of PAMPs
outside epithelial cells is performed by Toll-like receptors (TLRs) (Medzhitov
and Janeway, 2000); in the cytosol the nucleotide oligomerization binding
domain proteins (NODs) are devoted to this task (Philpott and Girardin,
2004). TLRs and NODs both activate the nuclear factor kappa B (NF-kB)
transcription-dependent system for pro-inflammatory and anti-apoptotic fac-
tors synthesis (Akira and Takeda, 2004). Many observations have shown the
importance of innate immunity, particularly through Toll-like receptor 4
(TLR-4)-mediated signaling, in response to the colonization of the bladder
by UPEC (Anderson, Martin et al., 2004). Upon UPEC infection, a rapid
TLR-4-dependent signal occurs, ensuring the production and secretion of
inflammatory mediators such as interleukin (IL) -8 and -6 (Godaly et al., 1997;
Hedges et al. 1992). This leads to a large influx of polymorphonuclear leuko-
cytes (PMNs) into the lumen of the bladder, characteristic of UTIs (Svanborg
et al., 2001; Wullt et al., 2003). In contrast to innate immunity, the role of the
adaptative immunity for the defense of the urinary tract against UPEC is still
largely unknown.

GENETIC SUPPORT FOR UROPATHOGENIC
ESCHERICHIA COLI VIRULENCE

The genome sequence of the UPEC strain CFT073 has brought forth
the definitive evidence that several UPEC PAls constitute a multifactorial
mechanism by which bacteria are able to colonize the unique niche of the
urinary tract (Welch et al., 2002). The PAls of UPEC are among the best-
understood examples of PAIs. These specific chromosomal pieces of DNA
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Figure 14.2 Virulence factors contained within pathogenicity islands (PAIs) of
uropathogenic Escherichia coli (UPEC) J96 and 536 in vicinity to the Hly operon. Position
of the hlyC gene in J96 UPEC was deduced from the cosmid study of Swenson et al. (1996)
and in 536 UPEC from the work of Dobrindt et al. (2002). Genes found in J96 UPEC were
sequenced by R. Clément, L. Landraud, and P. Boquet (unpublished data).

were first described in UPEC and diarrheagenic E. coli (Dobrindt et al., 2004).
PAlsare typically associated with tRNA genes, flanked by repeated sequences,
and differ in guanine and cytosine (G/C) content and in codon usage from
the core genome (Dobrindt et al., 2004). All of these elements might be
remnants of genes acquisitioned by horizontal transfer between different
bacteria species. PAIs are present in pathogenic bacteria but absent in non-
pathogenic strains, and they carry many virulence-associated genes. Encoded
in these PAls are several common genes described between different UPEC
strains, such as adherence factors, toxins, and iron-uptake systems (Dobrindt
et al., 2004). Growing evidence suggests that virulence-associated PAI genes
in UPEC strains confer not only the high capacity of the bacteria to attach
to bladder epithelial cells but also their ability to invade the host cell. Inva-
sion of host cells may indeed be a good protection of uropathogenic bact-
eria against the innate and acquired immune defenses and would also allow
E. colito persistinside host cells, thereby contributing to high recurrence rates
of UTIs (Anderson, Martin et al., 2004; Mulvey et al., 1998). As an example, in



Figure 14.2 we have represented some genes and their organization within
the PAIs of UPEC strains, J96 and 536, in the vicinity of the hemolysin (hly)
operon.

EARLY EVENTS IN UROPATHOGENIC ESCHERICHIA COLI
PATHOGENICITY

Adhesive appendages displayed on the surface of UPECs are pivotal for
the colonization of the uroepithelium and modulate the host-cell responses
towards the infecting pathogen. These adhesive appendages include the afim-
brial adhesins (AfaE), and the fimbrial adhesins S-fimbriae, P-fimbriae, and
type 1-pili.

AfaE adhesins are divided into two subgroups: AFA/Dr* and Afa/Dr~.
Afa receptor AFA/Dr™ recognizes the Dr blood-group antigen, which is the
decay-accelerating factor (DAF; also know as CD55) (Nowicki et al., 1990).
However, DAF is not present in the uroepithelium, therefore indicating that
AFA/Dr" adhesins do not play a role in UTIs. The Afa/Dr~ are the AfaE
adhesins (termed AfaD) most frequently produced by isolates from patients
with pyelonephritis and septicaemia (Garcia et al., 2000). AfaD adhesins do
not bind DAF but instead recognize B1-integrins (Plangon et al., 2003).

S-fimbriae are associated with bladder and kidney infections. They are
borne by E. coli strains predominately infecting newborns during delivery
and causing neonatal meningitis (Bonacorsi et al., 2000). The adhesin SfaS,
localized at the tip of S-fimbriae, recognizes sialosyloligosaccharide residues
and may aid in colonization of the upper urinary tract, particularly in UPEC
devoid of P-fimbriae (see later) (Backhed et al., 2002).

P-fimbriae and type 1 pili are the major UPEC-specific colonizing factors
associated with UTIs (Kau et al., 2005). In particular, type 1 pili are always
present on UPEC. These proteinaceous appendages are encoded by a large
operon of 9-12 genes, which encode three functional regions: regulation,
major and minor subunits, and biogenesis and assembly via a specific secre-
tion system (Hultgren et al., 1996).

P-fimbriae and type 1 pili are fibers consisting of a rod-shaped structure
of 6-7 nm in diameter. They are comprised of over 1000 structural major sub-
units of pilin (PapA for P-fimbriae, FimD for type 1 pili) and a tip fibrillum of
2-3nmin diameter (composed of minor subunits) bearing the adhesin PapG
(for P-fimbriae) or FimH (type 1 pili) (Kau et al., 2005). The PapG adhesin of P-
fimbriae confers tropism to the kidney (“P” indicating pyelonephritis). PapG
binds the a-D-galactopyranosyl-(1-4)-B-D-galactopyranoside moiety present
on glycolipids expressed in the kidney (Hultgren et al., 1996).
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The type 1 pili are the major adhesins implicated in UTIs, particularly
cystitis (Hultgren et al., 1985; Mobley et al., 1987). The FimH adhesin recog-
nizes mannosylated residues located at the surface of the uroplakins UPIa
(Min et al., 2002; Zhou et al., 2001). The FimH is a bilobal molecule with a
carboxy-terminal lobe involved in its incorporation into the type 1 pili and
an amino-terminal adhesin lobe. The adhesin domain has an overall struc-
ture observed frequently in proteins involved in the binding of cell-surface
receptors (Choudhury et al., 1999). Binding of bacteria by type 1 pili prevents
their detachment from the uroepithelium with the shear stress of the urine
flow. The adhesin FimH is a shear-stress sensor that adapts its affinity to
its host receptor by inducing a stronger binding of the bacterium when the
shear-stress intensity increases (urine flushing) (Thomas et al., 2002).

The different proteins required for P-fimbriae and type 1 pili build-
ing are transported and then assembled on the outer membrane. A spe-
cific secretion system called the chaperone/usher pathway is employed,
in which a periplasmic chaperone binds and stabilizes pilus subunits
in the periplasmic space, following membrane cytoplasmic translocation
via the general secretory pathway (Hung and Hultgren, 1998). Assembly
of pilin subunits is accomplished by the process of donor strand com-
plementation (Kau et al., 2005). In the periplasm, a chaperone protects
the pilin subunit from prematurely coupling with other pilin molecules.
The chaperone carries the pilin subunit to the large outer-membrane pore
(the usher), where the pilin subunit is released by the chaperone and becomes
attached to the end of the growing pilus (Choudhury et al., 1999; Sauer et al.,
1999).

Expression of adhesin structures of UPEC are regulated at the transcrip-
tionallevel. The various environmental signals encountered by the bacterium,
including carbon source, temperature, osmolarity, pH, iron, aliphatic amino
acids, and ion concentrations, are cues for molecular sensor and transcrip-
tional regulators. Using an experimental mouse model of ascending UTI,
it was shown that type 1 pili expression was markedly enhanced during the
onset of in vivo infection and could vary during the time course of a urin-
ary infection (Mobley, 2000; Struve and Krogfelt, 1999). More recently, the
transcriptome analysis of the UPEC CFT073 strain during an experimental
UTI in CBA/] mice showed that expression of type 1 pili was largely upregu-
lated, whereas expression of other fimbrial genes such as P-fimbriae and
S-fimbriae was downregulated (Snyder et al., 2004). Variation of virulence
factor expression, although controlled by numerous environmental signals,
may allow pathogens to adapt from intestinal or vaginal niches to the urinary
tract over the course of the UTI.



HOST RESPONSES TO BACTERIAL ADHERENCE

In the initial stages of the UTI, adhesive appendages contribute to the bac-
terial colonization of the urinary tract by interacting with their specific com-
plementary receptors. However, this binding is followed by a host response,
which can be either beneficial or detrimental to the invading pathogen.

P-fimbriated E. coli strains that specifically bind the abundant glycosphin-
golipid (GSL) receptor motif in uroepithelium and kidney tissue were isolated
from symptomatic UTIs and septicemia initiated by UTI (Donnenberg and
Welch, 1996). In the P-fimbria-dependent activation of the host response, a
two-step model has been described. In the first step, bacterial adherence to
the uroepithelium triggers cytokine production. In the second step, recruit-
ment of PMNs and their migration to sites of infection occurs (Wullt et al.,
2003).

In uroepithelial cells, the specific attachment of PapG to GSLs triggers
two independent signaling pathways converging on the activation of the ser-
ine/threonine (Ser/thr) family of protein kinases together with phosphatases
and leading to cytokines production. In one pathway, P-fimbriae interact with
GSLs and thus trigger the intracellular release of ceramides from the plasma
membrane (Hedlund et al., 1998). This mode of signaling mimics roles of
the host immunoregulatory molecules, such as tumor necrosis factor alpha
(INF-a) and IL-1 (Schutze et al., 1992). However, in contrast to these
cytokines, signaling occurs independently of the activation of an endoge-
nous sphingomyelinase activity (Hedlund et al., 1998). Release of ceramides
is thought to occur from P-fimbriae binding to GSL (Hedlund et al., 1998),
although the specific events leading to release is still unclear. In the second
pathway, P-fimbriae induce the release of cytokines by the stimulation of TLR-
4 without the involvement of LPS (Freudeus et al., 2001), since the uroepithe-
lium is void of CD14 (Hedlund et al., 1999). Interestingly, GSL and TLR-4
were found colocalized in the cell membrane, suggesting that P-fimbriae
can directly activate TLR-4 (Freudeus et al., 2001). P-fimbriated strains of
UPEC thus induce a strong symptomatic UTI with an overwhelming mucosal
inflammatory response prevalent in patients with acute pyelonephritis, in
contrast to asymptomatic bacteriuria (Connell et al., 1997).

Binding of the PapG adhesin to GSLs on the uroepithelium also acti-
vates airS gene transcription. AirS (attachment and iron regulator sensor,
also known as barA) protein is a sensor protein that belongs to a two-
component regulatory system implicated in the control of bacterial iron acqui-
sition (Pernestig et al., 2000). This adhesin—receptor coupling can be a subtle
strategy for the acquisition of iron by bacteria in the human host, where free
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iron is particularly low. With regard to this latter mechanism, P-fimbriae
induce cross-talk between the bacterium and host in both directions.

The type 1 piliated E. coli strains have been shown to elicit the release
of more cytokines than non-piliated isogenic bacteria. The adhesin FimH
of type 1 pili not only mediates the attachment of bacteria to the uroepithe-
lium but also provokes their internalization (Martinez et al., 2000). Such
internalization is absolutely required for the production of pro-inflammatory
cytokines (Schilling et al., 2001). FimH adhesin-mediated bacterial cell inva-
sion requires localized host-actin reorganization, phosphoinositide 3 (PI13)
kinase activation, and host-protein tyrosine phosphorylation, but not activa-
tion of Src-family tyrosine kinases (Martinez et al., 2000). Phosphorylation of
the focal adhesin kinase (FAK) at tyrosine 397 and the formation of FAK-PI3
kinase and alpha-actinin—vinculin complexes are also essential for FimH-
induced bacterial internalization (Martinez et al., 2000). More recently, it has
been shown that FAK-PI3 kinase and alpha-actinin—vinculin complex for-
mation requires activation of Cdc42 Rho-GTPase (Martinez and Hultgren,
2002). Interestingly, formation of alpha-actinin-vinculin complex could be
induced independently from the FAK-PI3 kinase complex by activation of
Rac-GTPase (Martinez and Hultgren, 2002; Martinez et al., 2000). This sug-
gests that FimH-mediated bacterial invasion is dependent on Cdc42 and
PI3 kinase activation, upstream of Rac (Martinez and Hultgren, 2002). A
novel macropinocytic pathway dependent on Cdc42, but not on Rac, has been
shown for the internalization of glycosylphosphatidylinasitol (GPI)-anchored
proteins and lipid rafts (Sabharanjak et al., 2002). Taking into account the
fact that Cdc42 (Martinez and Hultgren, 2002) and lipid rafts (Duncan et al.,
2004) seem to be important for FimH-mediated bacterial internalization, a
similar mechanism of bacterial macropinocytosis other than GPI-anchored
proteins (APs) might be operating by type 1 pili. Activation of Racl and
Cdc42 by the bacteria may be responsible for the downstream activation of
the NF-kB pathway and production of pro-inflammatory cytokines through
a mechanism described downstream of TLR-2 signaling (Arbibe et al.,
2000).

Cell invasion by type 1 piliated UPEC induces the normal host-defense
response of shedding of uroepithelial cells by a caspase-mediated apoptosis-
like mechanism (Mulvey et al., 1998). FimH-induced bladder uroepithelium
exfoliation together with robust production of inflammatory mediators is not
sufficient to completely clear UPEC from the urinary tract. Therefore, bact-
eria persist in this niche (Mulvey et al., 2001). One explanation for this bacte-
rial persistence has been attributed to a complex differentiation pathway of
intracellular UPEC (Justice et al., 2004). This includes the formation inside



the umbrella cells of a biofilm by the invading bacteria, followed by their fila-
mentation, which ultimately leads to the formation of so-called filamentous
intracellular bacterial communities (IBCs) (Justice et al., 2004). These IBCs
are thought to facilitate bacterial persistence by being released in the bladder
lumen (Kau et al., 2005).

The afimbrial AfaD adhesin has been shown to promote UPEC internal-
ization in cultured cells at a low level (Plancon et al., 2003). Internalization of
bacteria triggered by AfaD requires the presence of B1-integrins on the cells,
and therefore AfaD qualifies as an invasin (Plangon et al., 2003). Once in the
cytoplasm, phagocytosed AfaD-UPEC stay alive for at least 72 h, suggesting
that they could form bacterial reservoirs for recurrent infections (Plancon
et al., 2003). The Bl-integrins are located on the basolateral domain of the
uroepithelium cells and therefore are not accessible to AfaD-bacteria unless
tight junctions are ruptured.

BACTERIAL TOXINS IN UROPATHOGENIC ESCHERICHIA COLI
PATHOGENESIS

Major toxins

a-Hemolysin

a-Hemolysin (Hlya) is the most common toxin encountered in extrain-
testinal E. coli infections and is associated with more than half of E. coli strains
responsible for pyelonephritis (Donnenberg and Welch, 1996). The gene
(hlyA) encoding Hlya is included in an operon containing four genes (hly-
CABD). The hlyC gene encodes an acyltransferase (HlyC) necessary for HlyA
activation; hlyB and hlyD encode the transporter proteins HlyB and HlyD for
Hlya plasma membrane export by the type I secretion system (Felmlee et al.,
1985). Hlya (molecular weight 109 kDa), released from the periplasm into
the external medium via the outer-membrane protein TolC porin, belongs
to the RTX (repeat in toxin) toxin family produced by several Gram-negative
bacteria. The RTX toxins are characterized by a carboxy-terminal domain com-
posed of several repeated amino-acids motifs (Lally et al., 1999). The repeated
domain contains a motif of nine amino acids rich in glycine and aspartic
acid, which may be required for the binding of calcium and the interaction
with the eukaryotic cell target membrane. Hlya is able to form transmem-
brane pores of 1-2 nm in diameter in lipid bilayers in a calcium-dependent
manner (Bakas et al., 1998). The role of Hlya in UTI pathogenesis was quite
obscure until it was shown that Hlya interacts with the plasma-membrane
L-type calcium channels of kidney epithelial cells, inducing intracellular Ca?*

®

VI¥I1DVd DINIDOHLVAOEN



BACTERIAL-EPITHELIAL CELL CROSS-TALK

oscillations and leading to the release of IL-8 and IL-6 (Séderblom et al., 2003),
thus contributing to host inflammation.

Cytotoxic necrotizing factor type 1

Described first as a dermonecrotic toxin upon injection into the rabbit
skin (Caprioli et al., 1983), cytotoxic necrotizing factor type 1 (CNF1) was
next observed to be the first toxin that induces the formation of a dense F-
actin cytoskeleton in cultured cells (Fiorentini et al., 1988). CNF1 is found in
one-third of all UPEC strains (Landraud et al., 2000) and in some K1 E. coli
strains (Bonacorsi et al., 2000; Johnson et al., 2001). In UPEC, the cnfl gene
is chromosomally encoded by a single 3042-bp gene yielding a 1014-residue
protein (molecular weight 108 kDa) (Falbo et al., 1993). In all UPEC strains
producing CNF1, cnfl is encoded in a PAI (PAI II) and located between the
a-hemolysin operon and genes encoding Pap-related adhesin (prs) (Blum
etal., 1995) (Figure 14.2). A tight association between Hlya-producing UPEC
and the presence of CNF1 has been observed. The production of CNF1 in
E. coli was found to be coregulated with that of proteins of the hlya operon
via the RfaH protein, a factor that allows the progression of RNA polymerase
on long DNA stretches (Landraud et al., 2003). This interesting observation
might be a clue to the long-term enigma concerning the secretion of CNF1
by the bacterium. Indeed, to date there is no mechanism that explains how
CNF1 might be secreted by E. coli (Boquet, 2001). The coupling between
the production of proteins of the hly operon and that of CNF1 might be
required for co-utilization of the Hlya-secretion system for both Hlya and
CNF1. Interestingly, the C-terminus of CNF1 bears some structural homo-
logy with the C-terminal signal sequence of Hlya required for the hemolysin
to recognize its secretory apparatus (L. Landraud and P. Boquet, unpublished
data).

The CNF1 toxin is structurally organized into three functional domains
and belongs to the A-B (activity, binding) type of toxins (Boquet, 2001). The N-
terminal third of the toxin contains the receptor-binding domain (Lemichez
et al., 1997), the middle domain harbors two hydrophobic helices that are
involved in the CNF1 membrane insertion and translocation of acidified
endosomes (Pei et al., 2001), and the C-terminal of the protein contains the
catalytic domain of the toxin (Lemichez et al., 1997). The CNF1 cell-surface
receptor has been proposed to be the laminin-receptor precursor (Chung
et al., 2003; Kim et al., 2005). The CNF1 receptor is localized on the baso-
lateral domain of cells (Hopkins et al., 2002). Therefore, CNF1 cannot inter-
act with an intact uroepithelium with umbrella cells due to the restriction



of tight junctions. CNF1 is endocytosed by both clathrin-dependent and
-independent mechanisms and is not associated with lipid rafts (L. Sisteron
and P. Boquet, unpublished data). CNF1 injects its catalytic domain from
late endosomes into the cytosol by a translocation mechanism similar to that
described for diphtheria toxin (Contamin et al., 2000). CNF1 catalyzes by
deamidation the post-translational modification of the glutamine 63/61 into
glutamic acid of Rho, Rac, and Cdc42 GTPases (Flatau et al., 1997; Lerm
et al., 1999; Schmidt et al., 1997), leading to the permanent activation of the
GTPases.

Rho-GTPases are molecular switches for various signaling pathways
and are expressed ubiquitously in eukaryotic cells (Takai et al., 2001). Rho-
GTPases oscillate between a GTP-bound active form targeted to specific
membrane locations and a GDP-bound inactive form sequestered inside
the cytosol and associated with a Rho-GTPase dissociation inhibitor (GDI)
(Takai et al., 2001). Rho-GTPases are activated by growth factors, where they
bind their cell-surface receptors through their loading with GTP by a guan-
ine exchange factor (GEF) and return to their non-activated form upon
hydrolysis of their GTP into GDP by a GTPase-associated protein (GAP)
(Takai et al., 2001). Active Rho-GTPases can bind multiple effectors, playing
major roles in regulation, including the organization of the actin cytoskele-
ton, differentiation, division, migration, and cell polarity (Moon and Zheng,
2003).

Rho-GTPases are major targets for microbial virulence factors. Thirty
bacterial proteins have been documented to interfere directly or indirectly
with Rho, Rac, and Cdc42 (Boquet and Lemichez, 2003). Activation of Rho-
GTPases by CNF1 is followed by deactivation of these regulatory factors via
their degradation by the ubiquitin-proteasome pathway (Doye et al., 2002;
Lerm et al., 2002). Although it is known that CNF1 induces the internaliza-
tion of bacteria by cells (Falzano et al., 1993), the maximum bacterial phago-
cytosis promoted by the toxin is observed to correlate with the lowest level
of intracellular activated Rho-GTPases due to their proteasomal degradation
(Doye et al., 2002).

Activation of Racl and Cdc42 can stimulate the NF-kB pathway (Arbibe
et al., 2000), resulting in an inflammatory and anti-apoptotic response (Akira
and Takeda, 2004). Accordingly, CNF1 activates NF-kB (Boyer et al., 2004),
induces the formation of pro-inflammatory mediators (Falzano et al., 2003;
Munro et al., 2004), and blocks apoptosis (Fiorentini et al., 1998). Proteolysis
of Racl and Cdc42, following their activation by CNF1, may limit the host
inflammatory response together with the cell resistance to apoptotic signals,
and promote bacterial phagocytosis.
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Minor toxins

Toxins of the serine protease autotransporter of the Enterobacteriaceae
(SPATE) subfamily have been identified in UPEC strains. Autotransporter
proteins, described previously for secretion of the gonococcal immunoglobu-
lin A1 (IgA1) proteases (Pohlner et al., 1987), are an expanding group secreted
via the type V secretion pathway (Henderson et al., 1998) and implicated in
diseases (Henderson and Nataro, 2001). Following the discovery and char-
acterization of the autotransporter toxin Sat (secreted autotransporter toxin)
in UPEC (Guyer et al., 2000), a cytotoxin homologous to the Pic serine pro-
tease autotransporter of Shigella flexneri and enteroaggregative E. coli, termed
PicU (Pic of UPEC), was characterized among ten autotransporter proteins
encoded in the UPEC CFT073 genome (Parham et al., 2004; Welch, et al.,
2002). Isolated in 22% of UPEC strains compared with only 12% of rectal
isolates, PicU acts by degrading mucins and may confer some colonization
advantage to bacteria (Parham et al., 2004).

SUBVERSIONS OF HOST RESPONSES

Similar to FimH and AfaD, the toxin CNF1 may contribute to the viru-
lence of UPEC (Rippere-Lampe et al., 2001) by provoking phagocytosis of
bacteria in host cells (Doye et al., 2002; Falzano et al., 1993). The coregulation
of CNF1 and Hlya expression suggests a synergistic activity of these toxins
in the pathogenesis of UTIs (Landraud et al., 2003). Hlya might play the role
of the listeriolysin O of Listeria monocytogenes for the rupture of the bacterial
phagolysosome and the release of bacteria into the cytosol (Dussurget et al.,
2004), as suggested by Landraud et al. (2003). However, unlike L. monocyto-
genes, E. coli does not multiply in the cell cytosol (Goetz et al., 2001). Therefore,
it seems that there is no advantage for phagocytosed UPEC to be released in
the cytosol and, thus, UPEC may reside in the vacuole. The tight coupling
between Hlya and CNF1 might be required only for the secretion of CNF1.

With regard to the activity of FimH, we can envisage a scenario in which
FimH, by binding to uroplakin Ia on the apical domain of umbrella cells, first
triggers the bacterial invasion of these cells (Figure 14.3). This leads to the
formation of IBCs followed by the shedding of infected umbrella cells and
the release of IBCs. Shedding of umbrella cells will break the permeability
barrier of the bladder uroepithelium, allowing CNF1 (or AfaD-bearing UPEC)
to reach their respective basolateral receptors. CNF1, by stimulating the Rho-
GTPases, will promote phagocytosis of bacteria into the various uroepithe-
lium cells but also may stimulate via NF-kB the release of inflammatory



L o
-
e e % 0% " T """ 0 O® o ©
@ PC V roplakin %@ FimH @CNF1-  laminin kDa receptor @ CNF1 protein

Figure 14.3 Possible cumulative roles of FimH and cytotoxic necrotizing factor type 1
(CNF 1) in uropathogenic Escherichia coli (UPEC) persistence. (a) (1) FimH by binding to
uroplakin Ia will stimulate the phosphoinositide 3 (PI3) kinase, leading to phosphoryla-
tion of focal adhesin kinase (FAK) and activation of Rho-GTPases. (2) This will induce
actin polymerization and bacterial engulfment. (3) Within the umbrella cells, internalized
UPEC form biofilm-like communities and filamentation, leading to the formation of
intracellular bacterial communities (IBCs) (Kau et al., 2005). (4) IBCs can be released in the
bladder lumen. (5) Infected umbrella cells can exfoliate and induce apoptosis. Apoptosis
of umbrella cells can break open the uroepithelium, (6) leaving access to the CNF1 of the
urothelium deep layers and allowing the toxin to bind its receptor. (7) UPEC penetrating
in the deep layers can trigger their internalization via either FimH or CNF1 mechanisms,
or both. (b) (8) Stimulation of Rho-GTPases by CNF1 (9) followed by the degradation of
these regulatory molecules can induce internalization of UPEC (Doye et al., 2002), but also
it may limit the inflammatory process elicited by activation of the nuclear factor kappa B
(NF-kB) pathway by Racl and Cdc42 overstimulation by CNF1 (Munro et al. 2004).

cytokines (Figure 14.3b). Internalized UPEC may constitute bacterial reser-
voirs out of reach of the host innate and acquired immune defenses and
antibiotics, leading to recurrent infections. CNF1 and AfaD may be alter-
native virulence factors to FimH that may intensify UPEC invasion. On the
other hand, during the course of a UTI, CNF1 or AfaD may play an important
role in bacterial cell internalization when type 1 pili are poorly expressed.

CONCLUSIONS

Clearly, innate immunity plays a pivotal role in the development of
UTIs. This host defense system presents specific characteristics in urinary
uroepithelium, namely (i) an absence of CD14 protein, which could avoid
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Figure 14.3 (cont.)

a massive response to LPS, and (ii) the presence of different TLRs, such as
TLR-11 (so far found only in murine kidneys) (Zhang et al., 2004), which
may contribute to a specific response. However, in spite of an extremely
effective innate host defense system, a significant population of UPEC does
persist by bacterial invasion of the uroepithelium cells induced by FimH,
CNF1, or AfaD. These bacterial reservoirs, together with the release of IBCs,
might explain the high propency of UTI recurrences. Indeed, after an initial
episode of UTI, one in five women will experience an early recurrence of
the infection (Foxman, 2002; Hooton et al., 1997; Madersbacher et al., 2000).
This represents a major public-health issue, leading to a high consumption of
antibiotics and perhaps contributing to the occurence of bacterial resistance.
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cadA anti-virulence gene, inactivation in
Shigella spp. 47-49, 50
cadherins 15
use by bacteria 15
CagA Helicobacter pylori virulence
factor 337-338
effects on epithelial cell apoptosis 343
effects on host cell 338
effects on host cell junctions 341
geographic distribution of genetic
variability 338-339, 341
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role of arachidonic acid and fatty acid
metabolism 280-283
cystitis due to urinary tract infection 401
cytokine production
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drug resistance
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E. coli see Escherichia coli
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E-cadherin
action of Bacteroides fragilis toxin (BFT) 201
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pathogenesis 184-185
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genome reduction
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glucose absorption 9
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Haemophilus influenzae
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immune system modulation by
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infection in the stomach 5
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PRR evasion strategies 118-119
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world infection rates 328-330
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hepoxilins 270, 273-274, 285-287
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transduction 185-188
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HIV infection 103-104
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chromosomal DNA transfer 32-33
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evolution of 46-51
plasmid transfer 32-33
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transduction process 32-33
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transposable elements 32-33
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PRRs 99-108
host-cell invasion
fate of bacteria after invasion 228-229
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interaction 223, 227-228
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mechanism 214-215, 221, 223,
224
Shigella flexneri paradigm 217, 223,
225-227
Yersinia paradigm 230-231
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pathogens 301-302
host gastric cells, effects of Helicobacter pylori
CagA 338, 341
host-pathogen interactions 184-185
bacterial enzymes metabolize arachidonic
acid 287-288
host recognition of flagellin 139-141

host responses
induced by bacteria 214-215, 219
to pilus-mediated attachment 167
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host specificity, bacterial adhesin-host
receptor pairs 161
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CEACAM-binding adhesins 169-173,
174
HUS see hemolytic uremic syndrome and
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IBD see inflammatory bowel disease

IgA trafficking 10-11
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NF-kB activation 256-257
immunoregulatory cytokines, secretion by
epithelial cells 112
infectious diseases, importance of bacterial
adhesion 158-159
inflammation, actions of arachidonic acid
metabolites 271-272
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up-regulation 17-18, 20
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374-377
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processes 380-381
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Salmonella Typhimurium 270,
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intestinal inflammation, chronic 256-257
intracellular pathogens 44
invasin 164-165
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junctional adhesion molecules 16

Kartagener’s syndrome 7-8, 12

Klebsiella oxytoca, type 11 secretion
system 64-65, 66

Klebsiella pneumoniae, pneumonia

pathogen 303

Klebsiella spp.
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infections of bladder and urethra 9
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Legionella pneumophila
Dot/Icm system 66, 75-76, 77, 79-80
immune response avoidance 44
infection susceptibility 117-118
role of motility in initial infection 132-135
type II secretion system 65
virulence factors encoded by PAls 42
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inflammatory response and bacterial
clearance 308-310
Nod receptors 315
pro-inflammatory signaling pathways 316
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transcription factors 18-20
upregulation of MLCK protein
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Moraxella catarrhalis, type V secretion
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MRSA (methicillin resistant Staphylococcus
aureus) 303
mucociliary clearance 7-8, 12
mutation and selection in bacteria 31
Mycobacterium leprae, genome reduction 46
Mycobacterium tuberculosis, immune response
avoidance 44

NaT-nutrient cotransporters 9
Neisseria gonorrhoeae
fimbrial adhesins 159, 160
immune response avoidance 44
use of fimbrial and afimbrial
adhesins 165-173, 174

Neisseria meningitidis
lysogenic conversion 37
type V secretion system 82
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adhesins 165-173, 174
NF-«kB
family of transcription factors 245
role in antimicrobial defense 244
NF-kB activation
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immunodeficiency disorders 256-257
inflammatory bowel disease 256-257
anti-apoptotic effect 254-255
anti-inflammatory effects 253-254
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by bacterial surface molecules
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Nod pathway 248
pro-inflammatory effects 253, 254
TLR pathway 247-248
tumor growth 254-255
NF-kB-dependent transcription,
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NF-kB inhibitors 255-256, 257
NF-T3SSs see non-flagellar type III secretion
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mutation by gene loss 45-46
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community acquired 303
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ventilator associated 303
see also bacterial pneumonia
polarized epithelium
functions of microtubules 12,13
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prostaglandins 270, 275-279, 285-287
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toxins 203-204
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401
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mediation 110-111
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response 113-115, 116
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PRR signaling 107-108
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response 114-115, 116
TLR coreceptors 106-107
TLRs (Toll-like receptors) 100-101
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actions in cystic fibrosis 279-285, 287-288
fimbrial adhesins 159, 160
NF-T3SS 68-70, 73-75
opportunistic pathogen 184-185
role of motility in initial infection 132-135
type II secretion system 64-65
type III secretion system 317-318
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enzyme to metabolize arachidonic
acid 287-288
Pseudomonas fluorescens, type I secretion
system 60-63
Pseudomonas syringae, NF-T3SS 68-70
pyelonephritis 9, 401

Racl signal transduction by Crk proteins 190
Ralstonia solanacearum, NF-T3SS 68-70
respiratory tract 4, 7-8

alveoli 4, 8
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Clostridium diphtheria infection 8
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mucociliary clearance 7-8
respiratory epithelium 301
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(CNF) 196-197
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toxins 195-196
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phage-encoded virulence factor 38
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intracellular pathogens 44
motility in initial infection 132-135
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virulence factors encoded by PAls 42
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later stages of host-cell interaction 223,
227-228
plasmid virulence gene cluster 229-230
regulation of flagellar gene
expression 142-143, 144
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use of clathrin-meditated endocytosis 11
Shiga-toxin-producing Escherichia coli and
hemolytic uremic syndrome 203-204
Shigella boydii 46-51
Shigella dysenteriae 46-51
toxin 184-185, 203
Shigella flexneri 46-51
lysogenic conversion 36-37
paradigm of host cell invasion 217, 223,
225-227
phage-encoded virulence factors 38
type IV secretion systems 75-76
type V secretion system 82
Shigella sonnei 4651
Shigella spp.
cadA anti-virulence gene
inactivation 47-49, 50
close relationship to Escherichia coli 46-51
convergent evolution among
lineages 47-49, 50

Crk signaling pathway activation 200
epithelial tight junction disruption 377
evidence of horizontal gene transfer (HGT)
evolution 46-51
host receptor cell exploitation 358-359
intracellular pathogens 44
NF-kB inhibition 255-256
NF-T3SS 68-71
ompT anti-virulence gene not
present 50-51
pathogenic evolution from
commensals 4649, 50, 51
pathogenicity islands (PAls) 42, 46-47
plasmid transmission of drug resistance 34
plasmid virulence factors 34-35
PRR evasion strategy 118-119
virulence factors encoded by PAI 42
virulence genes regulation 44-45
virulence plasmid 46—47
shigellosis 46-51
see also Shigella spp.
signal transduction
heterotrimeric G-proteins 185-188
role of cadherins 15
small intestine 4, 5-7
duodenum 5-6
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jejunum 5-6
luminal bacterial load 5-6
M-cells 4, 6-7
Peyer’s patches 5-7
specialized epithelial cell types 4, 6-7
tissue architecture 4, 6
undifferentiated crypt cells 4, 6-7
villi 4, 6-7
sperm motility 12
Staphylococcus aureus
integrin-binding afimbrial
adhesins 161-162
internalization via matrix-binding
integrins 162-164
phage-encoded genes for toxins 36, 38
plasmid-encoded toxin 35
pneumonia pathogen 302-305, 306
Staphylococcus saprophyticus, urinary tract
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susceptibility 117-118
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oxyntic (acid-producing) mucosa 4, 5
pylorus 5
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Streptococcus pneumoniae
exploitation of immune system 10-11
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283-285
pneumonia pathogen 8, 302-305, 306
Streptococcus pyogenes
integrin-binding afimbrial
adhesins 161-162
phage-encoded virulence factors 38
swarming by bacteria 137-139

T1SSs see type I secretion systems
T2SSs see type II secretion systems
T3SSs see type III secretion systems
TA4SSs see type IV secretion systems
T5SSs see type V secretion systems
tetanus toxin 35
tight junctions see epithelial tight junctions
TLRs (Toll-like receptors) 100-101, 310-311
coreceptors 106-107
defining TLR ligands 104-105, 106
epithelial barrier modulation 115-117
expression in lung epithelium 311-314
in the uroepithelium 403, 407, 413-414
intracellular 101
mediation of immune responses 108-109
pathway of NF-kB activation 247-248
soluble 103-104
TLR signaling 106
TLR2 in airway infection 311-312
TLR4 in airway infection 312-313
TLRS in airway infection 313-314
TLRS5 recognition of flagellin 139-141
TNFR1 signaling, airway epithelial
cells 314-315
Toll-like receptors see TLRs
Toll protein (Drosophila) 100-101

trachea, epithelial cells 8
transduction process of horizontal gene
transfer (HGT) 32-33
transformation process of horizontal gene
transfer (HGT) 32-33
transposable elements
in bacterial pathogenesis 39-40
in horizontal gene transfer (HGT) 32-33
transposons 39-40
tubulin filaments 12, 13
tumor growth
inflammation-associated 254-255
NF-kB activation 254-255
tumor necrosis factor alpha, role in MLCK
upregulation 17-18, 20
type I secretion systems (T1SSs)
(Gram-negative bacteria) 60-61, 62, 64
ABC (ATP-binding cassette)
transporter 60, 61, 62, 62—-64
effector molecules 60-61, 62, 63
MFP (membrane fusion protein) 60, 61,
62, 62-64
OMP (outer membrane protein) 60, 61, 62,
62-64
type II secretion systems (T2SSs)
(Gram-negative bacteria) 64-66, 68
effector molecules 64—65
gsp-encoded proteins 65-66, 68
release of flagellin 139-141
type III secretion systems (T3SSs)
(Gram-negative bacteria)
association with acute invasive
infection 317-318
molecular manipulation of host epithelial
cells 363-365
non-flagellar 66, 68-75
Shigella 358-359
type III secretion system in flagella 66, 68,
69, 131-132
export of non-flagellar proteins 147-149
role in flagellar biogenesis 140, 141-142
type IV secretion systems (T4SSs)
(Gram-negative bacteria) 66, 75-80
Agrobacterium tumefaciens VirB/D4
system 606, 75-78
Bordetella pertussis PT system 66, 75-76,
77,78
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fimbrial adhesins 159, 160
genetic evidence for virulence 403-404,
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412-413
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persistence of urinary tract
infections 408-409, 412-414
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subversion of host responses 412—413
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urinary tract 8-9
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infection 9
acute cystitis 401
acute pyelonephritis 401
bacterial persistence 408-409, 412-414
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412-413
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pathogenicity 405-406

a-hemolysin toxin production 409-411,
413
high rate in humans 400
levels of spread and severity of
infection 401
nosocomial acquired infections 400
prevalence of UPECs 400, 401
risk from catheterization 400
risk of recurrence 400
swarming in Proteus mirabilis 137-139
toxins associated with UPEC
pathogenesis 409-413
uroepithelium /urothelium
attachment of UPECs 405-406
barrier role 401-402, 403
cell types 8-9
defenses against pathogens 401-402,
403
detection of PAMPs 403, 407-409
host responses to UPEC
attachment 407-409
inflammatory response to pathogens 403,
407-409
invasion by UPECs 408-409, 413
Nod proteins 403
structure and functions 401-402, 403
TLRs 403, 407, 413-414
UPEC subversion of host
responses 412—413
urothelial carcinoma 8-9
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pylori 334-337
vesicular traffic across epithelia 10-12
Vibrio cholerae
action of cholera toxin 202
disruption of epithelial tight
junctions 375-376
fimbrial adhesins 160
phage-encoded toxin genes 36, 38
RtxA actin polymerizing toxin 194-195
type II secretion system 64-65
virulence factors encoded by pathogenicity
islands (PAls) 42
virulence genes, regulation 44-45
virulence plasmid in Shigella spp. 46—47
vitamin B12 absorption, intrinsic factor 4, 5



whooping cough

see Bordetella pertussis

Xanthomonas, NF-T3SS 68-70
Xanthomonas campestris, type 11 secretion
system 65

Yersinia enterocolitica

flagellar export of non-flagellar

proteins 147-149

integrin engagement 14, 164-165

type V secretion system 82
Yersinia pestis, non-expression of invasin 164
Yersinia pseudotuberculosis

inhibition of NF-kB 255-256

integrin engagement 14, 164-165

Yersinia spp.

disruption of intestinal barrier
function 377

host receptor cell exploitation 357-358

infection of the ileum 5-6

NF-T3SS 66, 68-71, 72-75

paradigm of host cell invasion
230-231

plasmid virulence factors 34-35

role of motility in initial infection
132-135

virulence factors encoded by pathogenicity
islands (PAIs) 42

YopE cytotoxin 198-199

YopH cytotoxin 199

YopT cytotoxin 196
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