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Abstract

Entry into host cells is required for many bacterial pathogens to effectively disseminate within a host,
avoid immune detection and cause disease. In recent years, many ostensibly extracellular bacteria
have been shown to act as opportunistic intracellular pathogens. Among these are strains of
uropathogenic Escherichia coli (UPEC), the primary causative agents of urinary tract infections
(UTIs). UPEC are able to transiently invade, survive and multiply within the host cells and tissues
constituting the urinary tract. Invasion of host cells by UPEC is promoted independently by distinct
virulence factors, including cytotoxic necrotizing factor, Afa/Dr adhesins, and type 1 pili. Here we
review the diverse mechanisms and consequences of host cell invasion by UPEC, focusing also on
the impact of these processes on the persistence and recurrence of UTIs.
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The world of bacterial pathogens is often categorically divided into pathogens that can and
those that cannot invade and survive within host eukaryotic cells (e.g. (1)). In recent years this
division has become increasingly blurred as more and more so-called extracellular pathogens
are found to have alternative intracellular lifestyles. Bacteria previously supposed to be strictly
extracellular pathogens include, but are not limited to, group A streptococcus (2,3),
Burkholderia cepacia (4), Helicobacter pylori (5), Haemophilus influenzae (6), and
uropathogenic Escherichia coli (UPEC) (7). These bacteria are causative agents of,
respectively, tonsillitis, pulmonary infections, gastric and duodenal ulcers, ear infections, and
urinary tract infections (UTIs). Ongoing research indicates that these diverse bacteria can not
only invade host cells, but may in many instances also establish long-lived intracellular
reservoirs that resist clearance by both host immune defenses and antibiotic treatments (4,5,
8-12). Such persistent intracellular reservoirs may contribute to the chronic and recurrent
nature of a number of bacterial infections. In the case of UPEC, host cell invasion and
intracellular bacterial replication are proposed to contribute to the ability of these pathogens
to effectively colonize, disseminate and persist long-term within the urinary tract. Here we
review recent findings regarding the mechanisms by which UPEC can bind and invade host
cells, focusing also on the consequences of these events for the pathogenesis of UTIs.
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A Blight upon the Bladder, a Curse upon the Kidney

The human urinary tract is normally a sterile environment, protected from pathogens by the
shear flow of urine, secreted and tissue-associated antibacterial factors, and the bactericidal
activities of effector immune cells. However, even in populations with these natural defenses
seemingly intact, and despite the increasing use of antibiotics, bacterial infection of the urinary
tract is an exceedingly common problem. About 60% of women in the United States will have
at least one UTI during their lifetime, and 11% experience at least one per year (13,14). Close
to 8 million physician visits per year are attributed to these often-chronic infections, making
UTIs a problem of real economic and medical significance. Symptoms of an uncomplicated
bladder infection (cystitis) can be relatively mild, including frequent or urgent voiding and
suprapubic pain, but infection of the kidney (pyelonephritis) can also result, leading to fever,
nausea, vomiting, and, in about 30% of cases, bacteremia and the potential for sepsis. Indeed,
the most common source of bacteremia and sepsis are microbes that enter the bloodstream
from sites within the urinary tract (15,16). The strong propensity of UTIs to recur, often within
a few weeks or months after an initial acute infection, may contribute to additional problems,
including renal scarring and an increased risk for developing bladder cancer (14,17-19).

The vast majority of UTIs are caused by UPEC, a surprisingly heterogeneous group of
pathogens. It is believed that most UPEC are found initially in the gut, and are later introduced
through the urethra to the bladder and kidneys. Recently, the first UPEC genome sequence,
that of the human pyelonephritis isolate CFT073, was completed. Comparison of the CFT073
genome with that of the enterohemorrhagic E. coli (EHEC) isolate EDL933 and the K12
reference laboratory strain MG1655 has highlighted the profound diversity among E. coli
strains (20). Notably, the genomes of the two pathogens, which share only 39.2% of their
protein coding sequences, were found to be as different from each other as they are from the
K12 genome. Further comparisons among CFT073 and the partially completed genomes of
two additional UPEC isolates, J96 and 536, were also made, and indicate that present day UPEC
and other extraintestinal pathogenic E. coli (EXPEC) strains probably arose from multiple
clonal lineages. Many of the noted genomic differences among UPEC and other E. coli isolates
likely reflect evolutionary adaptations; changes that have enabled UPEC isolates to better
colonize the unique and varied environmental niches found within the urinary tract. These
niches include the stratified epithelia lining the lumenal walls of the urethra, bladder, and
ureters, as well as the renal pelvis and the adjoining tubules and collecting ducts of the kidneys.

UPEC isolates encode a variety of virulence factors that facilitate colonization of the urinary
tract. To date, however, no single virulence factor has been shown to be specifically unique
to, or definitive of, UPEC. The type 111 secretion systems often elaborated by enteric E. coli
pathogens such as EHEC as a means of delivering bacterial products into target host cells are,
for the most part, missing from UPEC strains, as are many of the toxins encoded by
enteropathogenic strains (20,21). UPEC does, however, express a number of virulence factors
that enteric pathogens often lack — including several secreted toxins, numerous adhesive
molecules (adhesins), iron-acquisition systems, capsule-forming polysaccharides for immune
evasion, and phase-switch recombinases. The search for additional virulence factors in UPEC
is far from over: there are reports that up to half of all UPEC strains still have no or only one
of the known virulence factors (22). Genomic subtraction, microarray analyses, genetic screens
and other strategies are proving useful for the identification of additional contributors to UPEC
pathogenicity, and we can anticipate more discoveries in coming years.

Of the known virulence factors associated with UPEC, the toxin cytotoxic necrotizing factor
1 (CNF1) and two adhesins (Afa/Dr and the type 1 pilus-associated adhesin FimH) have been
shown to independently mediate bacterial entry into host epithelial cells. The ability of UPEC
to invade host cells and to persist may help explain the enigmatic nature of the recurrent and
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chronic UTIs that plague many individuals throughout their lives. Current dogma dictates that
recurrent UTIs arise from re-inoculation of the urinary tract by UPEC maintained within the
intestinal flora or elsewhere in the environment. It is often argued that individuals prone to
recurrent UTIs have defects in their immune defense mechanisms, making them more
susceptible to UPEC colonization. Such arguments are buoyed by recent data showing that
polymorphonucleocytes (PMNs) from individuals prone to recurrent UTIs have impaired
bactericidal activity relative to PMNs from healthy individuals (23). Epidemiologic studies
showing that up to 68% of recurrent UTIs are caused by bacterial strains identical to the strain
responsible for the initial infection also purportedly support the notion that recurrent UTIs arise
from re-inoculation of the urinary tract (24-28). However, these latter observations also mesh
with the possibility that recurrent UTIs may represent, in some instances, the recrudescence of
infections that are not entirely cleared from the urinary tract after overt clinical symptoms of
the UTI subside. Studies using mouse UTI model systems demonstrate that intracellular UPEC
have a marked survival advantage over their extracellular counterparts during infections lasting
from days to months, with or without antibiotic treatments (7,11,12,29,30). The enhanced
resistance of intracellular UPEC to clearance from the urinary tract implies that host cell
invasion is a critical aspect of the pathogenesis of both acute and chronic UTIs. The
mechanisms by which UPEC enter host epithelial cells, persist, multiply, and eventually re-
emerge are now coming to light, revealing novel virulence strategies and hinting at a high
degree of host—pathogen crosstalk during the course of a UTI.

CNF1-Mediated Bacterial Invasion

CNF1, a 113-kDa single chain toxin, was identified in E. coli close to 20 years ago on the basis
of its necrotizing effects on rabbit skin and the promotion of multinucleation in cultured cells
(31). Subsequent studies have shown that the secreted toxin, which is encoded by about one-
third of UPEC strains, stimulates formation of actin stress fibers, lamellipodia, filopodia, and
membrane ruffling (32-35). How CNF1, which is fairly hydrophilic and lacks a distinguishable
signal sequence, is secreted from E. coli is incompletely understood. Once released, however,
CNF1 is able to enter host cells via a low pH-mediated endocytic pathway by binding the
laminin receptor precursor, a host membrane protein that also functions as a receptor for several
viruses in addition to a cellular prion protein (36). Within host cells, CNF1 functions as a
deamidase, converting specific glutamine residues on the Rho GTPases RhoA, Rac, or Cdc42
to glutamic acid. This amino acid change inhibits both the target proteins’ intrinsic GTP
hydrolytic activity and GTP hydrolysis induced by GTPase-activating proteins (GAPs), thus
rendering Rho GTPases constitutively active. These GTPases are key signaling molecules in
a variety of cellular processes, including reorganization of the actin cytoskeleton.

Many of the observed effects of CNF-1 (such as formation of stress fibers and membrane
protrusions) are certainly consistent with the toxins’ mechanism of action on Rho GTPases,
but whether and how these effects play into UTI pathogenesis is not entirely clear. Rippere-
Lampe and colleagues have argued that mutation of cnfl has an attenuating effect on UPEC
virulence (37). These authors performed single-strain and competition assays using isogenic
cnfl* and cnfl™ pairs in a mouse model of ascending UTI. Their data vary in significance
depending on the mouse and bacterial strains used and time points examined, but there is
evidence that, at least in some cases, cnfl™ UPEC are less able to colonize the bladder and
kidneys than isogenic cnfl* bacteria. These data are in contrast to the findings of a similar
study by the Donnenberg group (38) but, as noted by Rippere-Lampe and colleagues,
differences in strains and infection times may account for the discrepancies.

In non-UT] studies, results regarding the role of CNF1 as a virulence factor have also been
mixed. In a study of porcine colibacillosis using colostrum-deprived germfree piglets that were
orally infected with a pig enteritis E. coli isolate, Fournout et al. (39) concluded that CNF1 has
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no effect on cytokine responses or bacterial titers in the intestine, lungs, liver, spleen or kidneys.
In contrast, Khan and colleagues (40) found that CNF1 has a notable influence on the
pathogenicity of E. coli K1, an important agent of meningitis in humans. These researchers
found that a cnfl deletion mutant, relative to the wild-type K1 strain, is significantly impaired
in its ability to invade cultured brain endothelial cells and is less efficient at crossing the blood-
brain barrier in an experimental hematogenous meningitis animal model. E. coli that cause
meningitis appear to be phylogenetically linked and share several virulence factors with those
that cause acute cystitis (41), and so it is possible that this meningitis study is relevant to UTI
pathogenesis as well.

In spite of contrasting evidence for a role of CNF1 in pathogenesis, there are attractive models
for how CNF1 may be able to promote bacterial colonization and virulence within the urinary
tract. Mills and colleagues used TUNEL staining to show that CNF1 induces apoptosis in a
bladder epithelial cell line, and suggested that in vivo this may lead to bladder cell exfoliation
and enhanced bacterial access to underlying tissue (35). CNF1 may also promote UPEC
pathogenesis via more subversive mechanisms. Two recent papers presented data showing that
the effects of CNF1 on activation of Rac are in fact only transient; a few hours after being
constitutively activated by CNF1, the modified Rho GTPases are ubiquitinated and
subsequently degraded by the host proteasome (42,43). This delayed degradation is arguably
a safety mechanism for the host cells, in which continual Rac activation could be deleterious.
However, Doye and colleagues (42) took their experiments further, demonstrating that
proteasome depletion of CNF1-activated Rac in a bladder epithelial cell line promoted plasma
membrane ruffling and filopodia formation, stimulated host cell motility and substantially
increased bacterial internalization (Figure 1). Internalization, as noted above, can promote
UPEC survival within the urinary tract and enhanced host cell motility may facilitate the
dissemination of UPEC within the infected tissue. It thus seems that CNF1 provides UPEC
with a means of hijacking the host proteasome degradation machinery, positively affecting
bacterial invasion along with the redistribution and accessibility of target host cells.

Adhesin-Mediated Invasion

More direct routes of entry into host cells are afforded by some of the adhesins expressed by
UPEC and other bacterial strains. Typically, adhesins are presented on bacterial surfaces as
components of supramolecular proteinaceous filamentous organelles called pili (also known
as fimbriae) or as afimbrial monomeric or multimeric molecules anchored within the bacterial
outer membrane (44). UPEC encodes a number of adhesins that target a variety of different
host receptors, including extracellular and cell surface protein structures in addition to complex
and simple sugars linked to host glycoproteins or glycolipids. Adhesins commonly associated
with UPEC strains include the Afa/Dr family of fimbrial and afimbrial adhesins, S/F1C, Pap
(P), and type 1 pili, M hemagglutinin, and nonfimbrial adhesins 1-6. To date, only the Afa/Dr
adhesins and type 1 pili have been conclusively shown to promote host cell invasion as well
as bacterial attachment.

Host cell entry via Afa/Dr adhesins

The Afa/Dr family consists of the fimbrial adhesive organelles F1845, Dr and Dr-11 along with
other so-called afimbrial adhesins, including Afa-1 and Afa-3 (reviewed in (45)). Afa-3 and
other Afa/Dr family members were initially characterized as ‘afimbrial’ based on electron
microscopic analyses, but recent high-resolution structural studies and modeling indicate that
at least Afa-3 may comprise fine filaments that collapse under the rigors of fixation for electron
microscopy (46). The Afa/Dr adhesins are each encoded by at least five genes (A through E),
with gene E typically coding for the actual adhesin (45). All Afa/Dr adhesins bind to the Dr?
blood group antigen present on the glycophosphatidylinositol (GPI)-anchored complement
regulatory molecule CD55 (also known as decay-accelerating factor, DAF). A subclass of Afa/
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Dr adhesins, including F1845, Dr and Afa-3, also bind three members of the carcinoembryonic
antigen-related adhesion molecules (CEACAM) family: CEA, CEACAML1, and CEACAM6
(47). In addition, Dr fimbriae, which comprise DrakE and DraD subunits, bind type IV collagen
and both Dr and Afa-3 adhesins recognize a5p1 integrin (48-50).

Afa/Dr adhesins are expressed by both UPEC strains and intestinal pathogens defined as
diffusely adherent E. coli (DAEC) (45). Most work with the Afa/Dr adhesins has focused on
their role in the pathogenesis of infections caused by DAEC. Growing evidence, however,
indicates that these adhesins can contribute significantly to UPEC colonization of the urinary
tract. For example, a recent study has shown that the type 1V collagen-binding activity of Dr
fimbriae facilitates UPEC persistence within the interstitial compartments of the kidneys in a
mouse model of pyelonephritis (51). Other work implicates Afa/Dr-positive UPEC strains as
major culprits in the development of gestational pyelonephritis (52,53). Up-regulation of
CD55, which occurs normally in humans during pregnancy, appears to enhance colonization
of the urinary tract by Afa/Dr-positive UPEC. Cell culture studies confirm that the extent of
host cell colonization by Afa/Dr-positive E. coli is proportional to the level of CD55 expression
(54). It has been reasoned that the host might have evolved mechanisms to down-regulate CD55
expression, in some situations, as a means of hindering bacterial colonization (55). In support
of this hypothesis, it was found that nitric oxide, which is often generated in copious amounts
by host nitric oxide synthases (NOS) in response to infection, inhibits CD55 mRNA and protein
synthesis in endometrial cells and diminishes bacterial colonization. Nitric oxide is abundantly
produced within the urinary tract in response to UPEC infection (56,57) and may interfere with
CD55 expression and Afa/Dr-positive UPEC colonization in a mechanistically similar fashion.

Several recent in vitro studies, although not focused on E. coli interactions with host cells that
are particularly relevant to UTIs, suggest that Afa/Dr adhesins may contribute to the
pathogenesis of UTIs in additional ways. Research using intestinal and cervical epithelial cell
lines demonstrate that Dr-mediated bacterial adherence to CD55 can activate
phosphatidylinositol-3 (P1-3) and mitogen-activated protein kinases, eliciting downstream pro-
inflammatory responses, including expression of the chemokine IL-8 and stimulation of PMN
migration (58,59). It is feasible that Afa/Dr-positive UPEC strains trigger similar host
responses within the urinary tract. Other recent work shows that Afa/Dr adhesin interactions
with CEA can activate the Rho GTPase Cdc42 (47). This, in turn, appears to stimulate
phosphorylation of the actin binding proteins ezrin/radixin/eosin (ERM), resulting in the
formation of microvilli-like extensions that bind and enwrap adherent bacteria and contribute
to characteristic host cytopathic effects elicited by Afa/Dr-positive DAEC and UPEC. Bacterial
engagement of CEACAM receptor molecules may also simultaneously interfere with host T-
cell responses. For example, Neisseria gonorrhoeae colony opacity-associated (Opa) proteins
bind CEACAML1 similarly to some Afa/Dr adhesins and inhibit the activation and proliferation
of CD4* T lymphocytes that are a normal constituent of submucosal (subepithelial)
compartments throughout the body (60). Similar effects elicited by CEA-CAM1-binding Afa/
Dr-positive UPEC would presumably dampen host immune responses within the urinary tract
while facilitating bacterial colonization and persistence.

The Afa/Dr-associated proteins AfaD, DraE, and DraD have been implicated as invasins,
molecules capable of stimulating the internalization of bacteria by target host cells (48,61,
62). Recognition of CD55 and/or a5B1 integrin by these Afa/Dr adhesins promotes the
progressive envelopment of adherent microbes or invasin-coated beads by the host cell
membrane via what has become known as a zipper-like mechanism (49,54,63). Whether
CEACAM family members (some of which can mediate internalization of Opa-expressing N.
gonorrhoeae (64)) promote host cell invasion by Afa/Dr-positive E. coli is unclear. The
signaling and trafficking events involved in host cell invasion by AfaD- or Dr-positive E.
coli are currently known in only cursory detail. Inhibitor studies coupled with microscopy
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indicate that internalization of Afa/Dr-positive E. coli is not especially reliant upon host F-
actin rearrangements (49,62). Rather, internalization of these bacteria occurs via a process
requiring dynamically unstable microtubules and, possibly, a microtubule-associated motor
such as dynein. Only a few other bacterial pathogens, including Chlamydia trachomatis (65)
and Campylobacter jejuni (66), have been shown to enter host cells via such a microtubule-
dependent, microfilament-independent pathway. This mode of entry for Afa/Dr-positive E.
coli is even more surprising when contrasted with Yersinia, a pathogen that also employs
a5B1 integrin for host cell invasion via a zipper-like mechanism, but does so by a process that
is fully dependent on actin filaments (67).

Microscopic analyses indicate that CD55 and a5B1 integrin cluster beneath adherent Afa/Dr-
positive microbes prior to internalization (48,49,54). Lipid raft components, including GM1
ganglioside and the integral membrane protein caveolin-1, have also been shown to aggregate
in association with bound Afa/Dr-positive E. coli. The makeup and potential functions of lipid
rafts have been extensively studied and reviewed. In brief, lipid rafts are defined empirically
as microdomains of the plasma membrane that are (i) resistant to solubilization by nonionic
detergents at 4 °C and (ii) enriched in cholesterol, sphingolipids, and GPl-anchored proteins.
Lipid rafts that contain caveolin-1 constitute a subclass of rafts known as caveolae that, in some
cell types, form flask-shaped invaginations at the cell surface. One proposed function of lipid
rafts is to serve as scaffolds for the assembly of signaling complexes. In accordance with this
proposed function, it has been noted that the efficiency of Afa/Dr-mediated bacterial entry into
epithelial cells depends upon the GPI anchor of the CD55 receptor, suggesting that the anchor
serves to relay signals into the host cell via an apparent lipid raft-dependent process (54). Drugs
such as methyl-B-cyclodextrin and filipin, which deplete or sequester host cell cholesterol and
thereby disrupt raft domains, effectively inhibit Afa/Dr-mediated bacterial invasion, further
supporting a role for lipid rafts in the entry process (49,63). Interestingly, cholesterol depletion
does not prevent the mobilization of a5B1 integrin, CD55, GM1, or caveolin-1 around adherent
Afa/Dr-positive bacteria. This observation suggests that cholesterol depletion interferes with
signaling processes downstream of Afa/Dr-mediated receptor binding and clustering.

Type 1 pilus-mediated invasion

Type 1 pili are fairly ubiquitous, being encoded by the vast majority of UPEC isolates and
many other pathogenic and commensal species (68,69). These peritrichous adhesive organelles
are made up of a 7-nm wide rod comprising repeating FimA subunits linked to a short 3-nm-
wide distal tip fibrillum structure composed of two adapter subunits, FimF and FimG, and the
mannose-binding adhesin FimH (70,71). FimH consists of a C-terminal pilin domain, involved
in the incorporation of FimH into the tip fibrillum, connected via a short linker peptide to an
N-terminal adhesin domain with a carbohydrate-binding pocket (72). UPEC isolates commonly
express FimH variants that effectively bind both monomannose and trimannose-containing
glycoprotein receptors (73). In contrast, commensal E. coli isolates typically show high affinity
binding to only trimannose residues. The high affinity monomannose-binding phenotype is
likely selected for within the urinary tract by facilitating UPEC interactions with uroepithelial
cells and allowing them to better resist clearance by the bulk flow of urine and possibly other
host defenses (74). Several studies have demonstrated that type 1 pili are preeminent virulence
factors within the urinary tract (7,75-78). Neutralization of FimH with antibodies or disruption
of the fimH adhesin gene greatly impairs the ability of UPEC to colonize the urinary tract,
particularly the bladder.

The predominant receptor for monomannose-binding FimH within the urinary tract is believed
to be uroplakin 1a (UP1a) (79). In complex with UP2, UP1a forms hexameric complexes that
associate with other hexamers comprising at least three additional uroplakin proteins (UP1b,
UPIlla, or UPIIIb) (80). These integral membrane protein complexes further assemble into
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plaques of approximately 0.5 um in diameter that cover almost the entire lumenal surface of
the bladder epithelium. Assembly of the uroplakin plaques occurs at the trans-Golgi network
within large (often >150 um in diameter), terminally differentiated superficial epithelial cells
that line the bladder surface. These superficial cells overlay much smaller immature
intermediate and basal epithelial cells. Together, the immature and superficial cells of the
bladder epithelium create a formidable permeability barrier, keeping the unwanted constituents
of urine from leaching into the host tissue and circulation. In vitro binding assays along with
high-resolution microscopy have verified that FimH can bind uroplakin complexes and, more
specifically, UP1a (7,79). FimH, however, can also mediate bacterial adherence to a number
of other glycosylated and nonglycosylated host receptors, including the matrix-associated
proteins type I and type IV collagens, laminin, and fibronectin, components of the glycocalyx
that partly covers the bladder surface, the GPI-anchored protein CD48, CEACAM family
members, and the highly glycosylated Tamm-Horsfall protein (THP) (81-85).

THP is constitutively released by kidney cells into human urine at high levels (~50 mg/day)
where it can act as a soluble FimH receptor, obstructing bacterial-host cell interactions and
limiting the ability of UPEC to colonize the urinary tract (83,86,87). Recent research indicates
that the inhibitory effects of soluble THP may be countered by the dynamic physics of FimH
receptor binding (88). Using computer-intensive steered molecular dynamic simulations
coupled with mutational analyses and binding assays, Sokurenko and coworkers found that
shear stress, such as might be generated as urine flows past adherent UPEC within the bladder,
can actually enhance FimH-mediated bacterial adhesion (88). It was revealed that rapid shear
force induces the extension of the FimH interdomain linker, which in turn is predicted to
structurally alter the adhesin domain, resulting in increased binding (decreased off-rates)
between FimH and mannosylated host receptors. As a consequence of this binding
characteristic, FimH should dissociate more readily from soluble receptors that move with the
bulk flow of urine and therefore contribute less to the generation of shear stress than would
tissue-bound receptors. Within the urinary tract, this phenomenon would presumably favor
FimH-mediated UPEC interactions with integral membrane receptors such as UP1a over
soluble receptors like THP.

Like Afa/Dr-associated proteins, FimH can also act as an invasin, promoting bacterial entry
into bladder epithelial cells as well as mast cells and macrophages (89-91). FimH-mediated
bacterial internalization by mast cells and macrophages occurs via interactions with CD48, a
GPl-anchored protein expressed primarily by cells of hematopoietic lineage (89,90,92). In
contrast, the receptor involved in FimH-mediated bacterial invasion of bladder epithelial cells
is currently unknown, although circumstantial evidence suggests that UP1a is a good candidate.
High-resolution electron microscopy shows that the apical membrane of mouse bladder
superficial cells can zipper around invading UPEC in vivo, apparently via interactions between
hexameric uroplakin complexes and the FimH-containing tips of type 1 pili (7). UP1a, being
the only uroplakin protein capable of binding FimH in vitro, is arguably responsible for these
interactions and for mediating the ‘zipper-like” invasion process. No study, however, has
rigorously proven that UP1a facilitates FimH-mediated bacterial invasion. Indeed, FimH is
capable of effectively promoting bacterial entry into a number of epithelial cell lines that do
not express UP1a (unpublished observations and (91)). Given the mannose-binding specificity
of FimH, it is likely that the adhesin can bind multiple glycoprotein receptors, in addition to
UP1a, on host cells throughout the bladder epithelium with varying results. One intriguing
possibility is that alternate FimH host receptors can direct invading UPEC into different
endocytic pathways, some of which may be more or less beneficial to the intracellular survival
and persistence of the microbe.

In contrast to Afa/Dr-mediated bacterial invasion of host cells, FimH-mediated invasion of
bladder epithelial cells absolutely requires localized rearrangement of the host actin
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cytoskeleton (91). Cytochalasin D, a specific inhibitor of F-actin polymerization, blocks FimH-
mediated bacterial invasion, but does not affect bacterial adherence. The signal transduction
cascade that triggers localized actin cytoskeletal rearrangements during FimH-mediated
invasion has been partially determined using pharmacological inhibitors and various dominant-
negative mutants of known host cell signaling components (Figure 2). These studies show that
FimH-mediated bacterial invasion of cultured bladder cells is dependent upon the activation
of protein tyrosine kinases and phosphoinositide-3-kinases (PI-3-kinases) (91,93). PI-3-
kinases catalyze the synthesis of the 3-phosphoinositides PI(3)P, PI(3,4)P,, and P1(3,4,5)P3.
These lipids are important second messengers that affect host cytoskeletal changes by
uncapping barbed actin filaments and by altering either directly or indirectly the cellular
localization, conformation and activity of a number of different eukaryotic proteins, including
the Rho GTPase Racl. PI-3-kinase can be stimulated by interactions with both activated Racl
and focal adhesin kinase (FAK), an important modulator of host cytoskeletal components. The
phosphorylation of FAK at tyrosine 397 creates a binding site for other proteins, including Src
and PI-3-kinase. In UPEC-infected bladder epithelial cells, phosphorylation of FAK correlates
with the formation of transient complexes between FAK and PI1-3-kinase and may help boost
P1-3-kinase activity. These various processes likely work upstream of complex formation
between a-actinin and vinculin, two cytoskeletal components that may help stabilize actin
filaments surrounding invading UPEC. Additional Rho-GTPases, including Cdc42 and RhoA,
may also facilitate UPEC invasion of bladder cells.

As with Afa/Dr-mediated bacterial invasion of host cells, lipid rafts appear to have an important
role in FimH-mediated entry. Abraham and coworkers have presented data showing that lipid
raft components, including cholesterol and caveolin-1, cluster around type 1-piliated E. coli as
they enter bladder epithelial cells, mast cells or macrophages (89,94,95). In addition, the FimH
receptors CD48 and UP1a both appear to localize within lipid raft domains. Depletion or
sequestration of cholesterol in these cell types, again using either methyl-p-cyclodextrin or
filipin, also interferes with FimH-mediated bacterial entry (89,94,95). While the inhibitory
effects of disturbing host cell cholesterol distribution with drugs on bacterial entry are often
cited as evidence of lipid raft involvement, recent work suggests that these types of data should
be interpreted with caution. For example, cholesterol depletion, in addition to disrupting lipid
rafts, can alter the localization of phosphoinositides and thereby interfere with actin dynamics
at the host cell surface (96,97). This effect could conceivably inhibit bacterial invasion
regardless of lipid raft involvement.

Beyond the contribution of cholesterol and lipid rafts, it is not yet clear if the putative signaling
pathway depicted in Figure 2 is also relevant to FimH-mediated CD48-dependent bacterial
internalization by mast cells or macrophages. Even within the bladder epithelium, the signaling
processes that promote FimH-mediated UPEC invasion may differ substantially between
bladder epithelial cell types just as the relevant host receptors for FimH may vary. For example,
FimH binding to uroplakin plaques that are apically expressed by terminally differentiated
superficial bladder cells may trigger an internalization process that is distinct from that
associated with less differentiated bladder cells, which often synthesize few, if any, uroplakin
complexes. The uroplakin plaques that are elaborated by bladder superficial cells are dynamic
structures and may provide a unique vehicle for internalizing bound UPEC. When the bladder
fills with urine, it is proposed that uroplakin plaques are deposited in greater numbers on the
apical surface of the superficial cells as a means of increasing the available lumenal surface
area (80). As the bladder empties, plaques are endocytosed via an ATP-dependent process and
subsequently trafficked into late endosomes called multivesicular bodies (MVBSs). From the
MVBs, most plaques appear to be targeted to lysosomes for degradation, although a few may
be recycled back to the cell surface. UPEC, by virtue of FimH-UP1a interactions, may be able
to hitchhike along this endocytic pathway. Alternate receptors and entry pathways, and
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probably alternate bacterial adhesins, may be utilized as the infection progresses and new host
cell types are encountered.

Consequences of UPEC Invasion

Intracellular

Host cell invasion may provide UPEC with enhanced protection from both innate and adaptive
host defenses, while also facilitating UPEC dissemination and access to nutrients within host
tissues. However, evidence supporting the beneficial aspects (or pathogenic aspects from the
human perspective) of host cell invasion by UPEC is limited in most cases. Both the Afa/Dr
and FimH invasins direct E. coli into membrane-bound vacuoles, none of which has been
characterized in much detail (48,54,61,89,91). It is hypothesized, however, that Afa/Dr- and
type 1 pili-expressing UPEC strains, by entering host cells through caveolae-like lipid raft
domains, may avoid immediate fusion with lysosomes (95). This alone should theoretically
prolong intracellular survival of UPEC. Indeed, cell culture-based studies indicate that
pathogenic E. coli strains that enter host epithelial cells via an Afa/Dr-dependent pathway can
remain viable, sometimes as part of small bacterial clusters, for several days (48,54). Likewise,
FimH-mediated entry of UPEC into macrophages can prolong UPEC intracellular survival for
at least a few hours, relative to bacteria that are internalized and rapidly killed via an antibody-
mediated opsonization route (89). In contrast to these examples, the consequences of FimH-
mediated invasion of bladder epithelial cells by UPEC have thus far proven to be more dramatic
and less hypothetical.

replication and efflux of UPEC

Upon entry into host bladder epithelial cells, culture-based and in vivo studies indicate that
UPEC isolates can both multiply and eventually exit the host cells, or they can enter a more
quiescent, latent state (see Figure 2) (11,30). Examination of infected, undifferentiated cultured
bladder cells using transmission electron microscopy has revealed that UPEC is trafficked into
membrane-bound vacuoles where the bacteria can initiate replication and persist for days
(11,91). These UPEC-containing vacuoles (which are apparently distinct from
autophagosomes) are often morphologically similar to enlarged MVBs, having numerous
internal membrane blebs (Figure 3). As seen with many intracellular bacterial pathogens, the
UPEC-containing vacuoles are also frequently in close (sometimes intimate) association with
mitochondria proximal to the host nucleus. Whether this is the consequence of a default
localization pattern for large compartments and organelles within bladder epithelial cells or
whether the association with mitochondria is purposeful remains to be determined.

Bacterial replication assays using bladder cell lines indicate that intracellular growth of UPEC
is closely coupled with bacterial efflux — the re-emergence of UPEC from infected host cells
(see Figure 2) (11). A similar situation is observed in vivo using mouse UTI model systems
(11,30). Within the terminally differentiated epithelial cells of the mouse bladder, UPEC is
able to rapidly multiply, forming large inclusions having some biofilm-like characteristics
(11,98). Scanning electron microscopy coupled with histologic analyses of infected mouse
bladders suggested that UPEC can emerge from within infected superficial cells, as observed
in vitro using bladder cell lines (11). The emerging bacteria are often partially septated and
impressively long, reaching lengths of greater than 50 um (Figure 4).

Recently, Justice et al. (30) verified and extended these observations using time-lapse
fluorescence videomicroscopy of infected mouse bladder explants. The authors observed that
UPEC undergoes morphologically and dynamically distinct developmental stages after
entering host superficial bladder cells. Upon invading a superficial cell, it was noted that UPEC
begins to rapidly multiply, forming large, loosely associated bacterial inclusions that the
authors refer to as intracellular bacterial communities (IBCs). At this stage, UPEC within the
IBCs are nonmotile, rod-shaped, and reportedly free within the host cytoplasm. Several hours
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later, much-enlarged IBCs containing slower growing, predominantly coccoid-shaped UPEC
were observed, often consuming most of the host cell volume. After an additional 4-6 h, these
coccoid-shaped bacteria reverted en masse to their prototypical rod shape and became
increasingly motile as they began to stream from the infected host cells. Around this time a
subpopulation of filamentous, partially septated UPEC also began to emerge. These
filamentous bacteria are resistant to attack by PMNs and may facilitate UPEC dissemination
within the bladder by allowing the bacteria to bridge host cells without being released into the
flow of urine (11,30). Ironically, these filamentous, PMN-resistant UPEC may arise as a
consequence of free radicals and/or the expression of antibacterial peptides that are stimulated
as part of the host innate defenses (30,99). While the developmental stages described by Justice
et al. (30) were noted at distinct times post infection, the specific timing and extent of these
stages likely varies, and probably overlap, depending on inoculum size, the host and bacterial
strains used, and perhaps other less defined parameters.

Balancing acts

UPEC replication and dissemination within the bladder epithelium is held in check by a number
of innate and adaptive host defense mechanisms. Prominent among these defenses is the
activation of Toll-like receptors (TLRs) that are expressed by epithelial and hematopoietic cells
within the urinary tract (100). TLRs constitute a family of integral plasma membrane proteins
that recognize conserved pathogen-associated molecular patterns, including
lipopolysaccharide, peptidoglycan, and flagellin. TLR stimulation triggers downstream
signaling events that result in, among other things, acute pro-inflammatory responses via
activation of NF-kB and MAP kinases. Among the 11 known TLRs, TLR4 and the recently
identified TLR11 have been implicated as important players in the defense of the host against
UTIs. In mouse studies, TLR11 has been shown to provide specific protection against UPEC
within the kidneys (101). However, the UPEC-associated molecule recognized by TLR11 is
currently unknown and the functional relevance of TLR11 in humans, where the tlrll gene
appears to be nonfunctional, is questionable.

The effects of TLR4 activation, in contrast to TLR11, are apparent throughout the urinary tract.
TLR4 responds to bacterial lipopolysaccharide and TLR4-deficient mice are exceptionally
prone to bladder and kidney infections, being unable to effectively mount a full inflammatory
response during the acute phase of infection by UPEC (100,102-104). In the absence of
functional TLR4 within the bladder, cytokines are poorly expressed and PMNs, which can
normally target UPEC-infected superficial cells with exquisite accuracy, fail to infiltrate into
the bladder epithelium (29,100,104). The FimH adhesin, by mediating intimate association
between UPEC and its associated LPS with host bladder cells, potently accentuates host
inflammatory responses to UPEC (77,105). Part of the heightened inflammatory response to
FimH-positive UPEC can be attributed to the ability of these bacteria to invade bladder
epithelial cells (104). If FimH-mediated bacterial invasion of bladder cells is prevented by the
use of cytochalasin D, host cytokine responses are significantly attenuated. Such observations
suggest that FimH-mediated bacterial invasion augments TLR4 signaling and subsequent
inflammatory responses, possibly as a result of TLR4 internalization and/or clustering in
association with invading type 1 piliated E. coli. In addition, internalized UPEC may amplify
pro-inflammatory responses by triggering activation of intracellular host pathogen pattern
recognition receptors such as the Nod proteins (106). This situation raises an interesting
conundrum: how do UPEC balance the benefits of invading host bladder epithelial cells with
the risk of jump-starting host inflammatory responses?

The host, of course, has its own balancing acts to contend with during a UTI, one of which is
to maintain the permeability barrier function of the bladder epithelium while fighting off UPEC.
Normally, the bladder epithelium has an exceptionally slow turnover rate of many weeks in
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both humans and mice (107). However, high numbers of exfoliated bladder cells are frequently
observed in urine from human UT]I patients and from rodents with experimentally induced
cystitis (108-111). Mouse studies have demonstrated that superficial bladder cells, when
infected with sufficiently large numbers of UPEC, will exfoliate via a rapid apoptosis-like
mechanism (7). This exfoliation process functions, at least in part, as a defense mechanism by
working to clear infected bladder cells from the host with the flow of urine. The trigger that
initiates the exfoliation process is not clear, although lipopolysaccharide has been implicated
as an instigator of splotchy bladder cell exfoliation under some experimental conditions
(112,113). The down-regulation of NF-kB and MAP kinase pathways in response to UPEC
infection may also promote the exfoliation process (114). Independent from, but often
concurrent with, bladder cell exfoliation, large numbers of PMNs infiltrate the bladder
epithelium within the first several hours after initiation of a UTI (29,104). While both bladder
cell exfoliation and the recruitment of PMNs are important innate host defenses, they do have
their downsides. The influx of PMNs can compromise the integrity of the urothelium, possibly
allowing UPEC to penetrate deeper tissues. Likewise, bladder cell exfoliation can leave
underlying tissue exposed and more susceptible to infection by any bacteria that remain within
the bladder or that escape from infected host cells prior to completion of the exfoliation process.
Indeed, microscopic examination of infected mouse bladders indicates that UPEC can
effectively invade the underlying immature cells of the bladder epithelium, although they fail
to multiply appreciably within these host cells (unpublished data and (11,30,98)).

To counter the tissue-disrupting effects of bladder cell exfoliation and PMN infiltration, the
bladder epithelium rapidly regenerates (7,77). Global gene expression analysis of mouse
bladders indicates that shortly after infection with type 1 piliated UPEC, several wound-
healing, proliferation and differentiation-associated programs kick in within the bladder
epithelium, even before overt tissue damage is apparent (77). This almost preemptive up-
regulation of proliferation and differentiation pathways likely ensures that the barrier function
of the bladder epithelium is down for only a limited time. A potential consequence of this rapid
regeneration process is that UPEC, when it does manage to penetrate deeper cell layers of the
bladder epithelium, may find itself concealed within a permeability barrier. This situation may
provide UPEC with a degree of protection from both antibiotic treatments and host defenses.
In addition, the inability of UPEC to multiply within the immature cells of the bladder may
provide further protection, since commonly used antibiotics are often only effective against
replicating microbes. It is feasible that UPEC within immature bladder cells are also able to
differentiate from a merely nonreplicating state to an even more quiescent status referred to as
viable but non-culturable (VBNC). Such VBNC bacteria appear to be living, but fail to grow
under standard conditions where they normally would. The existence of VBNC bacteria is
controversial, but evidence of their presence within the urinary tract is mounting (115).

It is probable that the intracellular environment and differentiation status of the host bladder
cells are primary determinants of whether UPEC can multiply following FimH-mediated
internalization (see Figure 2). However, the specific factors that permit UPEC to grow within
terminally differentiated bladder epithelial cells but not within their immature counterparts are
not yet defined. Emerging data from our lab suggest that one potentially important regulator
of UPEC intracellular replication is the host actin cytoskeleton, which differs greatly between
the superficial and immature cells of the bladder (unpublished observations and (116)).
Regardless of what the inhibitory signals are, the attenuation of UPEC replication within
immature bladder cells is likely not permanent. Rather, these nonreplicating microbes may
constitute a persistent intracellular reservoir previously speculated to be a hidden source for
recurrent and chronic UTIs (11). Differentiation of infected immature bladder cells into
superficial cells, as a result of either normal tissue turnover or injury or super-infecting
microbes, may stimulate the resurgence of UPEC — triggering their transition out of a
nonreplicating or VBNC state.
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Conclusions

The data reviewed here highlight three means by which UPEC can enter host cells — via CNF1-,
Afa/Dr adhesin- or type 1 pili-mediated processes. However, growing evidence suggests that
UPEC strains may utilize additional strategies for host cell invasion. For example, Springall
and colleagues (117) recently showed that UPEC could high-jack the host complement system
as a means of gaining entry into renal cells, a process that appears to enhance UPEC virulence
within the kidneys. The fact that UPEC has evolved multiple mechanisms for invading host
cells supports the idea that UPEC are truly opportunistic intracellular pathogens and that an
intracellular lifestyle is beneficial to the persistence and eventual dissemination of these
microbes. How UPEC takes advantage of the host from within an intracellular niche, however,
is poorly understood and major questions continue to arise. Answering these questions will not
only shed light on UPEC virulence mechanisms, but will also provide useful insight for
combating and preventing chronic and recurrent UTIs.
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Figure 1. CNF1 effects on bladder cell motility and bacterial entry

In normal uninfected bladder epithelial cells, Rho GTPases like Rac cycle between active GTP-
bound and inactive GDP-bound states, regulated by GAPs and GEFs (guanine nucleotide
exchange factors). CNF1 renders Rho GTPases constitutively active by catalyzing deamidation
of glutamine 63 in RhoA (or glutamine 61 in Rac and Cdc42). CNF1-modified constitutively
active Rac, in this example, is shown as a black oval. Activation of Rac and other Rho GTPases
leads to cytoskeletal rearrangements resulting in increased cell spreading and membrane
ruffling (1-4 h post-CNF1 intoxication). By 4 h postintoxication, constitutively activated Rho
GTPases are ubiquitinated and targeted for proteasomal degradation. The resulting depletion
of Rho GTPases promotes host cytoskeletal rearrangements, resulting in enhanced filopodia
formation and stimulating bacterial uptake. Bacterial internalization continues to increase up
to 24 h post-CNF1 intoxication. Rho depletion also stimulates bladder cell migration.
Theoretically, this could result in redistribution of host cells within a stratified three-
dimensional tissue such as the bladder epithelium, allowing UPEC to more efficiently
disseminate and colonize underlying cells. The model shows the migration of host cells in the
upper (yellow) and lower (blue) layers of an idealized tissue bilayer as a consequence of CNF1-
stimulated Rac depletion.
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Figure 2. Pathway and consequences of FimH-mediated invasion

FimH, localized at the distal tips of type 1 pili, bind and cluster unspecified host receptors,
possibly concentrated within lipid raft domains (green regions). This triggers a signaling
cascade leading to localized rearrangements of F-actin (red), which in turn results in the
envelopment and uptake of adherent UPEC. Once internalized, UPEC is trafficked into
membrane-bound compartments. From here, undefined signals derived from the host
environment (and possibly associated with the host cell differentiation state) trigger UPEC
replication, resulting in the formation of intracellular bacterial communities (IBCs) and the
eventual efflux of UPEC. Alternatively, UPEC enters a nonreplicating or viable but
nonculturable (VBNC) state that can persist for days or weeks, possibly serving as a reservoir
for subsequent recurrent acute infections. PIPs phosphoinositides.
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Figure 3. Localization of UPEC within bladder epithelial cells
Transmission electron microscopy reveals that the human UPEC cystitis isolate UTI89 is

trafficked into compartments with morphologic characteristics of MVBs (arrowheads). Images
were taken 24 h postinfection of immortalized human bladder cells designated 5637. After an
initial 2-h incubation, the host cell impermeable antibiotic gentamicin was added to the cell
culture media to prevent extracellular bacterial growth. Scale bars, 5 um. n, nucleus.
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Figure 4. Efflux of filamentous UPEC from a bladder superficial epithelial cell

(Aand B) Scanning electron microscopy shows filamentous UPEC (a cystitis isolate designated
UTI189) emerging from and binding to mouse bladder superficial cells. Scale bars, (A) 5 um
and (B) 3 um.
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