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The problem: recurrent cystitis is
common and antibiotic resistance is
rising among uropathogens

Overview

Abstract

Bladder infections affect millions of people yearly, and recurrent symptomatic
infections (cystitis) are very common. The rapid increase in infections caused
by multidrug-resistant uropathogens threatens to make recurrent cystitis an
increasingly troubling public health concern. Uropathogenic Escherichia coli
(UPEC) cause the vast majority of bladder infections. Upon entry into the
lower urinary tract, UPEC face obstacles to colonization that constitute popula-
tion bottlenecks, reducing diversity, and selecting for fit clones. A critical
mucosal barrier to bladder infection is the epithelium (urothelium). UPEC
bypass this barrier when they invade urothelial cells and form intracellular bac-
terial communities (IBCs), a process which requires type 1 pili. IBCs are tran-
sient in nature, occurring primarily during acute infection. Chronic bladder
infection is common and can be either latent, in the form of the quiescent
intracellular reservoir (QIR), or active, in the form of asymptomatic bacteriuria
(ASB/ABU) or chronic cystitis. In mice, the fate of bladder infection, QIR,
ASB, or chronic cystitis, is determined within the first 24 h of infection and
constitutes a putative host—pathogen mucosal checkpoint that contributes to
susceptibility to recurrent cystitis. Knowledge of these checkpoints and bottle-
necks is critical for our understanding of bladder infection and efforts to devise
novel therapeutic strategies.

and annually over 15 million women suffer from UTI in
the United States with each episode causing serious dete-
rioration in the quality of life (Foxman, 1990, 2002).
Recurrent cystitis is a major concern as 20-30% of
women with an acute infection will have a recurrence
within 3-4 months (Foxman, 2002). The elderly and pre-

Urinary tract infections (UTI) are among the most com-
mon bacterial infectious diseases afflicting humans (Hoo-
ton & Stamm, 1997; Foxman, 2003), resulting in close to
$2.5 billion in healthcare costs in the year 2000 in the
United States alone (Griebling, 2007). Women are at
greatest risk: nearly half will have a UTI in their lifetime
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pubertal children are also particularly susceptible to
recurrent and chronic cystitis (Foxman, 2002; Conway
et al,, 2007), and renal scarring is a potentially serious
complication in infants (Huland & Busch, 1984). Risk
factors for uncomplicated cystitis in premenopausal
adult women include frequent sexual activity, exposure to
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spermicides, a history of childhood UTI, being a nonse-
cretor of ABH blood-group antigens, and a maternal his-
tory of UTI (Sheinfeld et al., 1989; Scholes et al., 2000).
This last risk factor indicates that host genetic factors and
perhaps other vertically transmissible traits such as micro-
biota may play a significant role in susceptibility to UTL
In postmenopausal women, chronically recurrent cystitis
can be particularly troubling, requiring long-term pro-
phylactic antibiotic use and is associated with a history of
premenopausal UTI and bladder voiding abnormalities
(Raz et al., 2000). Additional subpopulations at risk for
what is termed complicated UTI include patients with
spinal cord injury, patients undergoing urethral catheteri-
zation, diabetics, and individuals with underlying urologic
abnormalities (Sedor & Mulholland, 1999; Foxman, 2002;
Mittal & Wing, 2005). Bladder infections are also com-
mon in other mammalian species, including domesticated
animals such as dogs, cattle, horses, and swine (Dowling,
1996). Interestingly, host genetic factors have been impli-
cated in the relative susceptibility of dogs to UTI, as some
breeds are particularly susceptible to recurrent cystitis
(Norris et al., 2000; Ling et al., 2001).

Clinical manifestations of UTI

Clinically, UTI are defined by the presence of bacteria in
the urine, known as bacteriuria. The source of the bacte-
ria cannot be directly determined by noninvasive means,
so clinicians rely on patient symptoms for diagnosis.
Symptoms of lower UTI, that is, affecting the urethra and
urinary bladder, include frequent urination, burning sen-
sation and pain during urination (dysuria), suprapubic
pain and/or lower abdominal discomfort, and cloudy
and/or bloody urine that is often foul smelling. Upper
UTI, that is, affecting the ureters and kidney, are usually
diagnosed by the presence of bacteriuria and pyuria that
is accompanied by flank pain and fever. These symptoms
are, in part, a result of the mucosal inflammatory
response to bacterial colonization of the bladder (cystitis)
and/or the kidney (pyelonephritis). Uncomplicated cysti-
tis accounts for most symptomatic UTI (Hooton &
Stamm, 1997), and this review will focus entirely on blad-
der infections. Pelvic region pain responses leading to
symptomatology in cystitis are complex, and a recent
study of referred pain responses in uropathogenic Escheri-
chia coli (UPEC)-infected mice suggests that lipopolysac-
charide (LPS) plays an important role in inducing or
suppressing pain responses to infection (Rudick et al,
2010). UTI, however, are not always symptomatic.
Patients with asymptomatic bacteriuria (ASB, also abbre-
viated as ABU) have high levels of bacteriuria without the
classical hallmark symptoms of UTI, that is, dysuria and
foul-smelling urine with variable suprapubic pain. ASB
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commonly occurs in the elderly (Nicolle et al., 2005), in
pregnant women (Celen ef al, 2011), in young girls
(Kunin & Paquin, 1967; Lindberg et al., 1975), and in
patients with diabetes (Renko et al., 2011). While there is
no benefit to treatment of ASB in the elderly (Raz, 2003),
in younger women ASB is a strong predictor of future
symptomatic UTI (Hooton et al., 2000), and pregnant
women with ASB are aggressively treated with antibiotics
because of the unique risks that UTI presents for both
the mother and child (Alarcon et al., 2004; Goldenberg
et al., 2005).

Clinical microbiology

UPEC are by far the most common cause of UTI, and
these Gram-negative bacteria, whose primary niche is the
large bowel of vertebrate animals, are responsible for
approximately 80% of community-acquired infections
and 25% of nosocomial infections (Ronald, 2002). Staphy-
lococcus saprophyticus is recovered from 10% to 15% of
community-acquired infections, followed in prevalence by
Klebsiella, Enterobacter, Proteus, and Enterococcus species.
While antibiotics have historically been very successful in
resolving bladder infections, the increasing prevalence of
antibiotic resistance among these uropathogenic strains is a
major concern (Gupta et al., 2001, 2005). In particular,
increasing resistance to first-line empiric therapies such as
trimethoprim-sulfamethoxazole has resulted in more fre-
quent use of fluoroquinolones as the first-line therapy for
cystitis, which in turn has led to increasing resistance
against this class of antibiotics (Schaeffer, 2002; Hooton
et al., 2004). Furthermore, fluoroquinolones have signifi-
cant toxicity, being associated with tendonitis and even
spontaneous tendon rupture, particularly in the elderly and
in those with impaired renal function (Huston, 1994). The
emergence of UTI caused by multidrug-resistant (MDR)
strains (Karlowsky et al., 2006; Aypak et al., 2009; Kallen
et al., 2010) threatens to make chronic and recurrent UTI
an even more common problem. Nosocomial infections
caused by bacteria with very high rates of antibiotic resis-
tance, such as Pseudomonas aeruginosa and Enterococcus
species, have become much more prevalent and can be life-
threatening (Merle et al., 2002). Prior to the widespread
use of antibiotic therapy to cure cystitis, reports of chronic
symptomatic UTI abounded (Nickel, 2005). Placebo-con-
trolled studies have demonstrated that about half of
women remain bacteriuric for weeks after an acute episode
of cystitis if not treated with antibiotics, despite overall
improvement of symptoms (Mabeck, 1972; Ferry et al.,
2004). However, even if antibiotic therapy is successful in
the short-term, many individuals suffer from persistent
problems with chronic, recurrent cystitis, necessitating the
use of long-term prophylactic antibiotics (Raz et al., 2000;
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Foxman, 2002; Conway et al., 2007). Murine studies have
demonstrated and human studies suggest that differences
in the nature of the early innate host responses to UTI
between individuals are significant determinants of disease
outcome and susceptibility to recurrence (Frendeus et al.,
2000; Ragnarsdottir et al., 2007; Fischer et al, 2010;
Hannan et al., 2010). Thus, understanding the mechanisms
contributing to acute cystitis and progression to chronic
and/or recurrent cystitis, using human genomic studies and
robust animal models of disease, is of critical importance
to develop new therapeutic and prophylactic strategies
(Schaeffer et al., 2010; Dielubanza & Schaeffer, 2011). In
this review, we will highlight recent studies that have shed
light on the remarkable complexity of lower UTI pathogen-
esis primarily by the model uropathogen UPEC, paying
particular attention to the roles of intracellular bacteria and
persistent infections, and propose how this understanding
could potentially change the way we treat and prevent
bladder infections.

UPEC: a model organism for studying
host-pathogen interactions in bladder
infection

Host-pathogen interactions and population
bottlenecks

The mammalian urinary tract has developed formidable
innate defenses to infection, which have been reviewed in
detail elsewhere (Schilling et al., 2001a; Song & Abraham,
2008; Ragnarsdottir et al, 2011). To successfully colonize
the urinary tract, pathogens such as UPEC must be
capable of surmounting or evading these mucosal barriers
to infection or they will not be able to persist. These
host—pathogen interactions at each stage of infection
constitute potential transmission bottlenecks that reduce
bacterial diversity, allowing only a fraction of clones to
persist (Fig. 1). While pathogenesis typically selects for
clones that are fit to transit these bottlenecks, the latter
are typically stochastic to some degree and therefore can
have unpredictable impacts upon virulence of evolving
pathogens (Bergstrom et al, 1999). It is critical to
understand these population bottlenecks to devise new
and effective strategies to treat and prevent infectious
disease.

Mucosal barriers of the bladder: normal
urination

In the urinary bladder, evolution has provided mammals
with a means for storing urine so that micturition may
occur intermittently. The cost of this adaptation is that
urine stasis is present in the bladder for long periods of

© 2012 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

T.J. Hannan et al.

time between voiding, making it a weak link in the
anatomical barriers to ascending infection, as increased
susceptibility to recurrent cystitis is seen in patients with
urine voiding defects of the bladder (Raz et al, 2000;
Foxman, 2002). However, prior to colonizing the bladder,
uropathogens such as UPEC must ascend the urethra
against the flow of urine and anatomical or functional
urologic defects that compromise normal urination, such
as urinary incontinence, predispose healthy postmeno-
pausal women to recurrent cystitis (Raz et al., 2000). In
healthy premenopausal women, sexual activity, which can
result in retrograde forces up the urethra, and use of
spermicides, which can alter the vaginal and periurethral
flora, are the most important risk factors for recurrent
cystitis (Scholes et al.,, 2000). As few models of urethral
ascension exist and this stage of pathogenesis is poorly
understood, in this review, we will focus primarily on the
role of bladder colonization in cystitis.

Mucosal barriers of the bladder: the
urothelium

Despite the long periods of urine stasis in the bladder,
adherence to the mucosa is still required for microorgan-
isms to avoid being eliminated during intermittent, but
high shear force micturition (Thomas et al., 2002). The
mucosal epithelium of the lower urinary tract, known as
the urothelium, is a critical barrier to UTIL It extends
from the proximal urethra to the renal pelvis and consists
of a unique pseudostratified epithelial layer comprising a
layer of basal and transitional cells covered by a layer of
superficial umbrella (or facet) cells, which are large, flat,
terminally differentiated epithelial cells (Wu et al., 2009).
The luminal surface of the urothelium is lined by the
asymmetric unit membrane, consisting of a quasi-crystal-
line array of uroplakin integral membrane proteins within
the outer leaflet of the plasma membrane of the superfi-
cial umbrella cells. These uroplakin plaques are composed
of four uroplakin proteins, UPIa, UPIb, UPII, and UP-
IIIa, three of which are highly glycosylated (Wu et al.,
1994). They form a permeability barrier preventing the
resorption of urine solutes across the urothelium and
limiting the availability of receptors for bacterial adher-
ence factors (Sun et al., 1996; Hu et al., 2002). Further-
more, the urothelium is coated by an extracellular
proteoglycan mucin layer that also reduces permeability
and opposes intimate bacterial colonization, in part due
to the high negative charge of the sulfated and carboxyl-
ated glycosaminoglycans (Parsons et al., 1990; Hurst &
Zebrowski, 1994; Nickel & Cornish, 1994). However,
UPEC and other uropathogens that express mannose-
binding type 1 pili are able to subvert these physical
barriers to adherence by binding to the high mannose
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Fig. 1. Hypothetical model for UPEC population bottlenecks in acute and chronic cystitis. This model depicts a hypothetical situation where two
virulent and clonal UPEC populations, the Solids and the Pastels, are introduced into the urinary bladder. Individual bacteria within each clonal
population are identical, but are represented by different Solid and Pastel tones to demonstrate the population bottleneck encountered during
acute cystitis. Successful passage through this acute bottleneck is linked to clonal expansion via the IBC cycle (a—e) during acute cystitis (Schwartz
et al., 2011). If these clones are equally fit to proceed through the IBC cycle, the loss of ‘diversity’ is purely stochastic, affecting both the Solids
and Pastels equally. We postulate that the dominant role of type 1 pili in acute cystitis in naive mice, including a critical role in IBC formation,
explains why few UPEC genes have been demonstrated to contribute to acute virulence using isogenic knockout strains. Indeed, most virulence
genes identified so far in animal models of cystitis directly impact upon type 1 pili production or the ability of the strain to process through the
IBC cycle. Likewise, QIR formation (f) during acute infection results in stochastic loss of diversity and in the latent QIRs that persist in the
urothelium after acute infection resolves, the Solids and Pastels persist equally well (Mysorekar & Hultgren, 2006; Hannan et al., 2010; Schwartz
et al., 2011). However, in chronic cystitis (g), the urothelium is hyperplastic and cannot support IBC formation (Hannan et al., 2010). Therefore,
UPEC transitions to an extracellular niche, and either remains adherent to the urothelium or clustered with host cells in the bladder lumen.
Therefore, loss of diversity is more gradual and will only occur if one clonal population has enhanced fitness for chronic persistence in the
bladder. In this example, the Pastels are more fit than the Solids in competing for limited resources and eventually take over the bladder.

glycoprotein UPIa, in mice and humans, via the type 1 bladder in part by competing for type 1 pili binding
pilus cognate adhesin protein FimH (Zhou et al,, 2001;  (Bates et al., 2004), if UPEC are allowed to adhere to the
Xie et al., 2006). Although soluble factors normally found  urothelium, this initiates the acute pathogenic cycle of
in the urine, such as Tamm-Horsfall protein, protect the  bladder infection.
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Type 1 pili mediate UPEC adherence to
the urothelium

Experimental studies

UPEC are a genetically diverse pathotype of E. coli that
have evolved by pathoadaptive mutation and horizontal
gene transfer to effectively colonize the mammalian uri-
nary tract. UPEC elaborate a number of bacterial factors
that contribute to their ability to colonize the urinary
tract. Foremost among these are adhesive fibers known as
pili (fimbriae), such as type 1 pili, which are formed on
the bacterial outer membrane by an assembly process
called the chaperone/usher pathway (CUP; Sauer et al,
1999; Barnhart et al., 2000; Remaut ef al., 2008; Phan
et al., 2011). These pili contain adhesins at their tips that
are thought to play an important role in host—pathogen
interactions. Each sequenced UPEC strain has been found
to encode a multitude of CUP operons (Welch et al,
2002; Chen et al., 2006; Brzuszkiewicz et al., 2006). Some
CUP adhesins are known to recognize specific receptors
with stereochemical specificity. For example, FimH, the
type 1 pilus tip adhesin, has been shown to bind man-
nosylated UPIa (Zhou et al., 2001), as well as N-linked
oligosaccharides on PB1 and o3 integrins (Eto et al., 2007),
and the pattern recognition receptor Toll-like receptor 4
(TLR4) (Mossman et al., 2008), all of which are expressed
on bladder epithelial cells. Type 1 pili have been shown
by several groups to be critical for infection in a murine
model of cystitis (Hagberg et al, 1983; Abraham et al.,
1985b; Hultgren et al., 1985; Alkan et al, 1986; Connell
et al., 1996; Bahrani-Mougeot et al., 2002; Wright et al,,
2007). The expression of type 1 pili is phase variable,
regulated by an invertible element that overlaps with
the promoter (Abraham et al, 1985a). During UPEC
infection, the type 1 pilus-associated tip adhesin, FimH,
mediates adherence to and invasion of superficial
umbrella cells of the urothelium (Hultgren et al., 1985;
Mulvey et al., 1998). Studies by Sokurenko and colleagues
suggest that type 1 binding to mannose is facilitated by
conditions of high shear force because of an allosteric
catch-bond mechanism (Thomas et al, 2002; Le Trong
et al., 2010). Vaccines directed against type 1 pili and the
tip adhesin, FimH, have been shown to be protective in
both murine and primate models of acute cystitis,
whether delivered mucosally or systemically (Langermann
et al., 1997, 2000; Poggio et al., 2006). Most importantly,
type 1 pili have been shown to be required for binding of
UPEC to human urothelial tissue culture cells, and
FimH", but not FimH™, bacteria have been demonstrated
to adhere to human bladder tissue in situ (Langermann
et al., 1997; Martinez et al., 2000; Hung et al., 2002). The
nonadherent ASB strain 83972 has been used to therapeu-
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tically treat patients with chronically recurrent cystitis
(Wullt ef al., 2001; Bergsten et al., 2005, 2007) and pro-
vided the opportunity to test the role of UPEC adhesins
in the human urinary tract (Bergsten et al., 2007). This
interesting study concluded that the expression of P, but
not type 1, pili was important for colonization of the
human urinary tract, largely based upon the differences
in acute inflammation induced after inoculation of ASB
83972 carrying plasmids encoding either of these pili
(Bergsten et al., 2007). However, as these patients had a
history of complicated UTI with significant bladder dys-
function and long-standing chronic bladder inflamma-
tion, the applicability of these findings to uncomplicated
cystitis is uncertain. Thus, in summary, while the experi-
mental evidence overwhelmingly supports a critical role
for type 1 pili in bladder cell adherence by UPEC, this
role remains to be clearly demonstrated in human
patients with cystitis.

Human clinical studies

While the role of type 1 pili has been clearly demon-
strated in diverse experimental models of acute UPEC
UTI using both mouse and human tissue, evidence from
clinical studies is mostly circumstantial. Several studies of
UTI in women have investigated type 1 pilus expression
by UPEC in an immunostaining analysis of infected urine
sediments. They found that the frequency of type 1 pilus
positive specimens from patients with acute UTI ranged
from 40% to 76% (Pere et al., 1987; Kisielius et al., 1989;
Lichodziejewska et al., 1989), comparable to what was
found in acutely infected mice (Hultgren et al., 1985).
Possible reasons for the relative lack of type 1 pilus
expression in urine include that these bacteria represent
the fim phase OFF nonadherent fraction or that they
originate from the upper urinary tract. Indeed, type 1
piliated bacteria identified in urine collected from either
mice or women with acute UTI were mainly associated
with urothelial cells, and nonpiliated bacteria were mostly
planktonic (Hultgren et al., 1985; Kisielius et al., 1989).
While these early studies suggested that the expression of
type 1 pili during in vivo infection is phase variable and
tightly regulated, they do not preclude a critical role for
type 1 pili in UTI pathogenesis. Although type 1 pilus
genes are found in most E. coli, including nonpathogenic
strains, they are not uniformly expressed. For example,
members of the O157:H7 enterohemorrhagic E. coli path-
otype do not express type 1 pili because of mutation of
the fim switch regulatory region (Roe et al., 2001; Shaikh
et al., 2007). Furthermore, there is strong evidence that
the tip adhesin FimH has undergone pathoadaptive muta-
tion in UPEC clinical isolates (Sokurenko et al., 1994,
1995, 1998; Schembri et al., 2000; Weissman et al., 2006),

FEMS Microbiol Rev 36 (2012) 616-648

20z Iudy 01 uo 1senb Aq Z2ZG€9/919/€/9€/Bl0IE/BISWAY/WO0"dNO"dILSPEOE/:SA]Y WOI) PEPEO|UMO(



Intracellular and persistent UPEC in cystitis

with several amino acid residues found to be under posi-
tive selection (Chen et al., 2009). Mutation of these resi-
dues resulted in reduced virulence in a murine model of
cystitis, strongly suggesting that FimH plays an important
role in vivo during human UTI. In humans, the severity of
UTI was increased and the immunological response was
greater in children with infections caused by type 1 piliat-
ed UPEC strains (Connell et al., 1996). Thus, the clinical
data appear to support a role for type 1 pili in cystitis in
at least a significant subset of patients. Thus, a recent
paper from the Mobley laboratory concluded that ‘molec-
ular Koch’s postulates of microbial pathogenesis have
been satisfied for the type 1 fimbria of UPEC (Snyder
et al., 2006).

Is there an alternate bladder adhesin?

Investigations to unearth a novel bladder adhesin that is
required for cystitis have not borne fruit. A signature-
tagged mutagenesis study was unable to find an adhesin
other than type 1 pili that was required for in vivo infec-
tion in mice when type 1 pili were expressed (Bahrani-
Mougeot et al., 2002). Escherichia coli UTI are common
in many mammalian species that receive routine veteri-
nary care, including dogs, cats, cattle, and pigs. Escherichi-
a coli isolates from dogs with UTI are indistinguishable
from human UPEC isolates (Johnson et al., 2001). In fact,
UPEC strains have been found to transmit between peo-
ple and their pets within a household (Johnson et al.,
2008), supporting the contention that UPEC are not
host-adapted, but can easily pass between biological
niches. Mice are also naturally susceptible to UTI caused
by E. coli, as we have found that laboratory mice some-
times have pre-existing cystitis (T. J. Hannan and S. J.
Hultgren, unpublished data), and experimental UPEC
infection in mice closely mimics human disease (Rosen
et al., 2007; Hung et al., 2009). Furthermore, the geno-
mic data available now for several UPEC strains strongly
indicate that UPEC are a genetically diverse pathotype,
without a common virulence plasmid or pathogenicity-
associated island that is required for infection (Brzusz-
kiewicz et al., 2006; Lloyd et al, 2009b). A leading
research group in the field recently concluded that ‘the
varied virulence profile of E. coli strains causing acute
cystitis suggests that diverse bacterial strains, expressing
type 1 fimbriae trigger a convergent host response,
involving pathways that give rise to the characteristic
symptoms of acute cystitis (Norinder ef al, 2011).
Therefore, the evidence strongly supports a requirement
of these adhesive fibers in initializing uncomplicated cys-
titis in patients with normally differentiated bladder uro-
thelium, regardless of the piliation state of the bacteria
in other urogenital niches or during later stages of infec-
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tion, thus making type 1 pili an attractive target for
anti-infective compounds or vaccines.

UPEC invade bladder urothelial cells

Uroplakin-dependent invasion pathways

UPEC invasion of superficial umbrella cells of the urothe-
lium is a critical event in acute lower urinary tract dis-
ease. Early electron microscopy studies in rodent models
of UPEC UTI observed what appeared to be intracellular
bacteria within the superficial umbrella cells of the blad-
der urothelium during acute infection (Fukushi et al,
1979; McTaggart et al, 1990). Ex vivo treatment of
acutely infected bladders with gentamycin was unable to
sterilize the tissue, further suggesting that UPEC could
reside intracellularly (Mulvey et al., 1998). Subsequent
in vitro studies have significantly expanded our under-
standing of UPEC invasion of urothelial cells. Type 1
pili-mediated binding to urothelial cells initiates signal
transduction cascades that result in activation of Rho-
GTPases and internalization by a zippering mechanism
that involves actin rearrangement (Martinez et al., 2000;
Martinez & Hultgren, 2002). FimH is sufficient for inva-
sion, as FimH-coated beads can also be internalized by
urothelial cells (Martinez et al., 2000). The receptor for
type 1 pili appears to depend upon the differentiation
state of the urothelial cells. Mature superficial umbrella
cells express complexes of uroplakins on their luminal
surface, and FimH has been shown to bind to mannosy-
lated UPIa (Zhou et al., 2001). In vivo, UPIa localizes to
lipid rafts and disruption of lipid rafts abrogates UPEC
invasion (Duncan et al., 2004). Klumpp and colleagues
utilized an immortalized normal human urothelial cell
line with cell surface uroplakin expression to investigate
the role of uroplakin binding on bacterial invasion. They
found that UPIIIa, the only one of the four major uropla-
kins with a potential cytoplasmic signaling domain,
undergoes phosphorylation subsequent to FimH binding
to the uroplakin receptor complex via UPIa, resulting in
an increase in intracellular calcium and enhanced inva-
sion (Thumbikat et al., 2009; Wang et al., 2009).

Uroplakin-independent invasion pathways

In contrast, in urothelial cancer cell lines such as 5637
cells, uroplakins are not typically expressed on the cell
surface. In these poorly differentiated urothelial cell lines,
FimH binds to mannosylated a3B1 integrins (Eto et al.,
2007). Increases in intracellular calcium inhibits UPEC
invasion of 5637 cells (Eto et al, 2008). The specific
mechanism of invasion into immature urothelial cells has
been reported to involve components of clathrin-coated
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pits such as clathrin and the cargo adaptor protein AP-2
(Eto et al., 2008). Caveolae and lipid rafts have also been
reported to be necessary for invasion (Duncan et al,
2004). Involvement of these two, traditionally indepen-
dent, endocytic mechanisms suggests that multiple inva-
sion pathways may occur in UPEC-infected 5637 cells.
However, there is emerging evidence that clathrin locali-
zation in lipid rafts regulates some internalization path-
ways (Stoddart et al., 2002), and disruption of lipid rafts
abrogates UPEC invasion (Duncan et al, 2004). Actin
rearrangement during zippering of endocytic bacteria into
5637 cells involves focal adhesion kinase, phosphotidyli-
nositol-3-kinase, and Racl and Cdc42 members of the
Rho family of GTPases (Martinez et al., 2000; Martinez &
Hultgren, 2002; Song et al., 2007a), as well as the action
of microtubules (Dhakal & Mulvey, 2009).

Urothelial cells can expel invasive UPEC

After internalization, UPEC can reside within Rab27b/
CD63/Caveolin-1 positive fusiform vesicles that resemble
secretory lysosomes and are also involved in regulating the
surface area of the apical plasma membrane, only to be
expelled by a mechanism that requires TLR4, cyclic AMP,
Rab27b, and caveolin-1 (Mulvey et al., 2001; Bishop et al,
2007; Song et al., 2007a; Song et al., 2009). Treatment of
mice 2 h after UPEC infection with the drug forskolin,
which increases cytosolic cyclic AMP, is accompanied by a
reduction in the intracellular bacterial burden in the blad-
der (Bishop et al., 2007). UPEC expulsion is thought to
involve a TLR4-mediated mechanism and TLR4 signaling
incompetent C3H/He] mice have higher intracellular bac-
terial burdens than C3H/HeN mice (Song et al., 2007a).
Taken together, these findings suggest that this exocytic
mechanism occurs in mature superficial umbrella cells
in vivo and may be an important early innate defense
against invasive infection of the bladder.

Intracellular bacterial communities and
acute UTI pathogenesis

UPEC escape the endocytic vesicle

Several research groups have now found that during
experimental infection of the murine bladder, UPEC may
elude expulsion from superficial umbrella cells and escape
into the cytoplasm, where they can replicate rapidly while
aggregating into intracellular bacterial communities
(IBCs; Anderson et al., 2003; Nicholson et al, 2009;
Blango & Mulvey, 2010; Li et al., 2010; Wieser et al.,
2011). The mechanism of escape into the cytoplasm is
unclear. Hindering the investigation of this critical step in
UPEC pathogenesis is the fact that IBC formation does
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not typically occur in undifferentiated urothelial cells. In
these cells, bacterial replication occurs in a limited fash-
ion within a membrane bound vesicle, in some cases
forming bacterial inclusions in structures that resemble
multivesicular bodies (Mulvey et al., 2001). However,
treatment of undifferentiated urothelial cells with either
membrane or actin destabilizing agents allows either bac-
terial escape from or alteration of the phagocytic vesicle
such that robust bacterial proliferation with properties of
IBCs may ensue (Eto et al., 2006; Berry et al., 2009). This
suggests that the actin network, which has been shown to
be much denser in undifferentiated urothelial cells com-
pared with superficial umbrella cells, helps to restrict bac-
terial escape from the vesicle and/or proliferation.
Furthermore, the difference in FimH receptors in undif-
ferentiated (o3Pl integrins) and differentiated (UPla)
urothelial cells may result in different UPEC invasion
pathways and phagocytic trafficking. The classical UPEC
virulence factor and pore-forming toxin, a-hemolysin,
which is highly expressed in IBCs (Reigstad et al., 2007),
does not seem to play a role in vesicular escape in vivo,
as a mutant UPEC strain lacking the o-hemolysin gene
forms IBCs as well as the wild-type strain (Hannan et al.,
2008).

UPEC replicate within the urothelial cytoplasm

Upon escape from the vesicle and access to the urothelial
cell cytoplasm, UPEC are able to replicate quickly with a
doubling time of 30-35 min (Fig. la—e; Justice et al,
2004). As bacterial replication within IBCs occurs in an
intracellular niche that is protected from many of the
innate immune defenses against luminal bladder coloniza-
tion, such as phagocytosis by neutrophils (Justice et al.,
2004), approximately half of bladder bacteria appear to
be intracellular at 12 h postinfection (hpi; Mulvey et al.,
1998). In this niche, they are also protected from anti-
biotics, particularly the first-line drug trimethoprim-
sulfamethoxazole, which has increased efficacy against
UTI because it concentrates in the urine but is relatively
cell impermeant (Blango & Mulvey, 2010; Cusumano
et al., 2011). A recent study demonstrated that 16 antibi-
otics capable of killing the virulent cystitis isolate UTI89,
in vitro, many of which could also eliminate intracellular
UTI89 within bladder epithelial tissue culture cells, are
ineffective in eliminating UTI89 from bladder tissue
during in vivo infection (Blango & Mulvey, 2010). Thus,
harboring antibiotic-tolerant bacteria within IBCs or a
persistent intracellular niche (Eto et al, 2006; Mysorekar
& Hultgren, 2006; Blango & Mulvey, 2010) may provide
a nidus for surviving pathogens to cause a relapse (treat-
ment failure) or recurrent cystitis, respectively, once anti-
biotics are removed.
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UPEC aggregation into IBCs requires type 1 pili
expression and resembles biofilm formation

At 6 hpi, the number of IBCs detected in the murine blad-
der has been reported to range from 3 to 700 (median:
~40) after infection of 7—10-week-old C3H/HeN mice with
107 colony-forming units (CFU) of the UPEC strain
UTI8Y (Justice et al., 2006a; Wright et al., 2007; Rosen
et al., 2008b; Chen et al., 2009; Cusumano et al., 2010;
Schwartz et al, 2011). UPEC aggregation into IBCs
requires continued type 1 pili expression after invasion
(Wright et al., 2007). Amino acid residues in FimH that
are under positive selection in UPEC isolates from human
patients have been found to function in IBC formation,
independent of mannose-binding (Chen et al., 2009).
Directed mutations in two of these residues (A27V/
V163A), which are not located near the mannose-binding
pocket, in a virulent UPEC strain disrupted in vivo urothe-
lial invasion and IBC formation, but did not affect in vitro
binding to mannose or urothelial cells. Subsequent matu-
ration of the IBC is accompanied by production of struc-
tural components otherwise associated with UPEC biofilm
such as antigen 43 and a polysaccharide-rich matrix
(Anderson et al., 2003). In addition to antigen 43, the
secreted amyloid fiber curli and several other UPEC auto-
transporter proteins including UpaC, UpaG, and UpaH
have been implicated in biofilm growth; however, their
role in IBC formation remains to be elucidated (Ulett
et al., 2007; Valle et al., 2008; Cegelski et al., 2009; Allsopp
et al., 2010, 2012). IBC maturation involves a partially
defined differentiation program. Within 12-16 h, rapidly
replicating bacteria first take on a coccoid morphology and
then as the IBC matures, the bacteria become more rod
shaped again and begin to flux away from the IBC and
emerge from the dying urothelial cells, often in filamentous
form, into the lumen to colonize and invade neighboring
cells (Justice et al., 2004). Deletion of the cell division
inhibitor gene, sulA, abolishes the ability of UTI89 to fila-
ment, a property that has been associated with resistance
to neutrophil attack. The sulA mutant is capable of form-
ing early IBCs in the first 6-8 h, but subsequent rounds of
IBC formation no longer occur. As a consequence, bladder
colonization is reduced at 24 h postinfection, suggesting
that UPEC filamentation is necessary for virulence after
the first round of IBC formation in the immunocompetent
host (Justice et al., 2006b). Thus, the IBC pathway resem-
bles biofilm formation in that both aggregation and dis-
persal of UPEC are critical for bacterial persistence.

IBCs are clonal
Microscopy studies using a co-inoculum of green fluores-

cent protein expressing (GFP") UPEC and nonexpressing
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(GFP™) UPEC have demonstrated that IBCs are clonal,
originating from a single invasive bacterium (Schwartz
et al., 2011). IBCs were either entirely GFP" or GFP~,
and when two IBCs occurred in the same superficial
umbrella cell, they did not mix together but were gener-
ally distinct. An exception to this was observed when
polysaccharide capsule-deficient mutants of the K1 UPEC
strain UTI89 were co-inoculated with wild-type UTI89.
In this case, K1 capsule-deficient UTI89 mutants were
markedly deficient in their ability to aggregate and form
IBCs, but could become incorporated into wild-type IBCs
when both a mutant and a wild-type bacterium had
invaded the same superficial umbrella cell (Anderson
et al., 2010). This suggests that K1 capsule contributes to
UPEC aggregation within the superficial umbrella cell
cytoplasm, likely by providing the polysaccharide-rich
matrix of the intracellular biofilm, as the defect can be
complemented in trans. Although the capsule-deficient
mutants were able to replicate within the cytoplasm of
the superficial umbrella cells, the lack of a biofilm-like
organization appeared to leave the bacteria much more
susceptible to neutrophil infiltration and phagocytosis. As
UPEC strains vary in the composition of their capsule, it
is unclear whether disruption of capsule formation in
other UPEC K serotypes also impact upon IBC forma-
tion.

Chaperone/usher pathway and outer
membrane structures in acute pathogenesis

Like other chaperone-usher pili, type 1 pili, which are
necessary for urothelial adherence, invasion, and IBC for-
mation, are anchored at the outer bacterial membrane
(Waksman & Hultgren, 2009). Therefore, secretion of
pilus subunits into the periplasm, proper folding of these
subunits within the periplasm, and translocation of the
subunits across the outer membrane usher, which cata-
lyzes their insertion into the growing pilus, are all pro-
cesses required for proper pilus assembly and UTI
pathogenesis. SurA is a bacterial periplasmic peptidyl-
prolyl isomerase that facilitates insertion of porins such
as OmpA into the outer membrane (Lazar & Kolter,
1996). Studies have shown that SurA is required for nor-
mal insertion of the FimD outer membrane usher (Watts
& Hunstad, 2008). Thus, strains lacking the surA gene are
impaired in urothelial adherence, invasion, and IBC for-
mation (Justice ef al., 2006a). OmpA is necessary for IBC
maturation independent of type 1 pili production, sug-
gesting that it plays a role in intracellular aggregation or
survival (Nicholson et al., 2009). OmpT confers resistance
to antimicrobial peptides in human urine (Hui et al.,
2010). Other periplasmic protein folding catalysts such as
the disulfide bond (Dsb) enzymes are also required for
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full virulence of UPEC and other Gram-negative patho-
gens (Heras et al., 2009). DsbA is a periplasmic oxidore-
ductase involved in the correct folding of important
virulence factors such as P fimbriae and flagella (Dailey &
Berg, 1993; Jacob-Dubuisson et al., 1994). Deletion of the
dsbA gene in UPEC results in attenuation in an acute
mouse bladder infection model (Totsika et al., 2009).
Thus, strategies aimed at inhibiting the function of peri-
plasmic proteins necessary for proper folding and target-
ing of outer membrane proteins may represent novel
approaches to treat UPEC infections.

Central metabolic pathways

Recently, studies have revealed that proper regulation of
central metabolism pathways, such as the tricarboxylic
acid cycle, are essential for acute UPEC virulence and
IBC formation in the urinary tract, but not for planktonic
growth in urine (Alteri et al., 2009a; Kostakioti et al,
2009; Hadjifrangiskou et al., 2011). The QseBC two-com-
ponent system is found in many Gram-negative patho-
gens and appears to play a critical role in regulating
virulence factor expression (Sperandio et al., 2002; Clarke
et al., 2006; Bearson & Bearson, 2008; Rasko et al., 2008;
Bearson et al., 2010; Khajanchi et al., 2011; Wang et al,
2011). Deletion of the sensor kinase QseC in UPEC and
other pathogens interferes with dephosphorylation of the
cognate QseB response regulator unleashing an uncon-
trolled positive feedback loop of excess QseB expression
that causes pleiotropic effects in the bacterial cell, includ-
ing reduced virulence factor expression, such as type 1
pili, and reduced virulence and IBC formation in vivo
(Kostakioti et al., 2009; Hadjifrangiskou et al., 2011).
Gene expression, metabolomic, and directed mutation
analysis surprisingly found that the altered virulence fac-
tor regulation in a gseC deletion mutant was because of
overactivation of QseB leading to pleiotropic defects in
central metabolism (Hadjifrangiskou et al., 2011). In par-
ticular, two different mutants unable to complete the
TCA cycle phenocopied the gseC deletion mutant strain.
Another study found that peptide transport, the TCA
cycle, and gluconeogenesis are each essential for in vivo
virulence of UPEC in the bladder, but not for in vitro
growth in urine (Alteri et al., 2009a). Glycolysis was not
required for in vivo virulence, suggesting that glucose is
not a major carbon source for UPEC in vivo. While glu-
cose is typically absent in the urine and thought to be
readily available in the host cell cytoplasm, it does not
seem to be available to the rapidly replicating UPEC
within the IBC, as the latter readily stain with X-gal at
6 hpi indicating B-galactosidase expression (Justice et al.,
2006a), which only occurs in the presence of lactose when
glucose levels are low (Jacob & Monod, 1961; Wilson
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et al., 2007). Moreover, expression analysis of host cell
mRNA obtained from urothelial cells by laser capture
microdissection found that genes involved in glucose
import, such as hexokinase (Hk2) and glucose transporter
1 (Glutl), were upregulated in urothelial cells that were
in close proximity to an IBC (Reigstad et al., 2007).
Taken together, these studies support the hypothesis that
rapid bacterial replication in the IBC quickly expends
available wurothelial glucose such that other carbon
sources, such as lactose and amino acids, are preferen-
tially utilized by UPEC. It is unclear how lactose is avail-
able to the bacteria, as it is not typically present in the
eukaryotic cell cytoplasm. These findings suggest that the
in vivo defects of the QseC deletion mutant are not solely
because of reduced virulence factor expression, for exam-
ple, type 1 piliation, but also indicate a requirement for
these central metabolic pathways, per se, in IBC forma-
tion.

Iron acquisition

Iron acquisition is another critical requirement for bacte-
rial virulence as bacteria need iron to grow and the host
has many mechanisms for sequestering iron during
infection (Williams & Carbonetti, 1986; Valdebenito
et al., 2005; Skaar, 2010). A number of iron acquisition-
associated genes common to all E. coli are under positive
selection in UPEC strains isolated from the urinary tract
(Chen et al., 2006). UPEC typically have multiple, seem-
ingly redundant iron acquisition systems, and they have
been shown to be highly upregulated in the IBC, when
compared with UPEC grown either under aerobic or
under anaerobic conditions in vitro or during cecal colo-
nization of gnotobiotic mice (Reigstad et al., 2007). Uro-
thelial cells in close proximity to the IBC upregulate
genes for the transferrin receptor and for lipocalin 2,
both of which are involved in preventing bacterial acqui-
sition of iron (Reigstad et al, 2007). However, UPEC
can scavenge iron from heme and a deletion mutant
lacking the heme transporter ChuA, which is highly
expressed in the IBC, but not elsewhere, forms signifi-
cantly smaller IBCs in vivo (Reigstad et al., 2007). Genes
involved with the synthesis of all three siderophores pro-
duced by the UPEC strain UTI89 (enterobactin, salm-
ochelin, and yersiniabactin) are also highly expressed in
the IBC (Reigstad et al, 2007). Metabolomic studies
have revealed that UPEC clinical isolates preferentially
synthesize the siderophores yersiniabactin and salmoch-
elin, but not enterobactin or aerobactin, when grown
under iron-limiting conditions compared with fecal
E. coli strains isolated from the same patient (Henderson
et al., 2009). Both salmochelin and enterobactin
production have been associated with resistance to the
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antibacterial effects of lipocalin 2 (Raffatellu et al., 2009;
Bachman et al, 2011). However, in the pyelonephritis
isolate CFT073, which does not synthesize yersiniabactin,
aerobactin appears to play an important role in bladder
fitness, suggesting that these two siderophores may have
overlapping functions (Garcia et al., 2011). UPEC strains
that cause ASB also produce multiple siderophores, with
the best-characterized ASB strain 83972 known to
produce enterobactin, salmochelin, aerobactin, and yer-
siniabactin (Watts ef al, 2012). Thus, bacterial iron-
acquisition by multiple redundant systems has been
selected for in UTL

IBC formation proceeds through several rounds
during acute infection

Bacterial cycling through IBCs does not typically proceed
indefinitely (Fig. 1). Although several cycles of IBC for-
mation can occur, in mice that spontaneously resolve
infection each successive round is associated with slower
bacterial replication and smaller IBCs, eventually resulting
in small collections of intracellular bacteria (Justice et al.,
2004). This deceleration of the IBC cycle coincides with
the exfoliation response of the superficial umbrella cells
to infection. As mature umbrella cells are lost and imma-
ture underlying cells differentiate to take their place, these
maturing cells, which are smaller, cannot support large
IBCs (Justice et al., 2004). Smaller IBCs have also been
observed in immature umbrella cells when mice are
infected several hours after chemical exfoliation of the
bladder (Mysorekar & Hultgren, 2006). This restriction in
IBC formation in immature umbrella cells may contribute
toward the resolution of infection.

IBCs are commonly produced by numerous
Enterobacteriaceae and are found in human
UTI

The IBC pathway has been observed to occur in all
mouse strains tested and in experimental infections in
C3H/HeN mice with 15 of 18 human UPEC isolates from
a clinical study of UTIL including some without common
putative UPEC virulence factors such as hemolysin (Garo-
falo et al,, 2007). The remaining three strains unable to
form IBCs were also found to be unable to invade the
mouse urothelium. The IBC pathway is not confined to
infection of mice with UPEC. We have found that other
important Gram-negative uropathogens that express type
1 pili, such as Klebsiella pneumonia, Enterobacter spp.,
and Citrobacter freundii, also utilize the IBC pathway in a
FimH-dependent manner (D. A. Rosen and S. J. Hult-
gren, unpublished data; Rosen et al., 2008b, c). Impor-
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tantly, translational studies in women with acute episodes
of recurrent cystitis with UPEC found evidence of IBCs
in 18% of urine sediments (Fig. 2), but never in urines
from healthy controls or when the causative agent of the
UTI was a Gram-positive pathogen (Rosen et al., 2007).
This level of detection of exfoliated IBCs in the urine sed-
iment is similar to the sensitivity of this method in
detecting IBC formation in mice during early acute infec-
tion (T. J. Hannan and S. J. Hultgren, unpublished data).
Together, these findings suggest that the IBC pathway is a
universal mechanism for establishment of UTI in mam-
malian bladders by Gram-negative uropathogens that
express type 1 pili and have the capability to invade the
urothelium.

IBC formation constitutes a stringent
population bottleneck during acute
cystitis

The predominance of the IBC pathway in UPEC patho-
genesis during early acute cystitis (Mulvey et al, 1998)
and the finding that each IBC arises from a single bacte-
rial clone during experimental cystitis (Schwartz et al.,
2011) together raised the hypothesis that the ability to
replicate within superficial umbrella cells and form IBCs
constituted a stringent population bottleneck, restricting
the diversity of persisting bacteria. To test this, Seed and
colleagues generated a set of 40 isogenic mutants of the
cystitis strain UTI89, each of which contain a unique
genetic ‘tag’ that is engineered into the lambda bacterio-
phage attachment site and can be detected by multiplex
PCR (Schwartz et al., 2011). By co-inoculating all 40
tagged strains simultaneously, the relative diversity of the
bacterial population during experimental infection was
assessed in different host niches over time. They found
that bacterial diversity in the urinary bladder as early as
6 hpi roughly correlated with the number of IBCs
formed, suggesting a founder effect where those clones
that form IBCs become the dominant clones within the
overall bacterial population later in infection. In agree-
ment with this, by 24 hpi bacterial diversity was signifi-
cantly reduced in both the bladder and kidneys and the
largest percentage of tags found in the urine, bladder
lumen, and kidneys were also found in the gentamycin-
protected (intracellular) bladder niche at both 24 hpi and
7 dpi, but not at 6 hpi, suggesting that the dominant
clones during acute and subacute UTI originated from
first-generation IBCs. As these tagged clones were isogenic
and equally fit, this population bottleneck is at least par-
tially stochastic (Fig. 1) and likely represents a weak link
in UPEC pathogenesis that can be targeted by novel anti-
infective drugs that prevent IBC formation.
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Fig. 2. IBC-like biofilms were found in the urines of women suffering from an episode of acute uncomplicated cystitis with UPEC (Rosen et al.,
2007). (a-d) An E. coli strain was isolated from a human patient with recurrent cystitis. Urine cytology from this patient was positive for the
presence of IBC-like structures and bacterial filaments, which are a hallmark of bacterial emergence from the IBC. (a, b) this strain was
inoculated into the bladders of C3H/HeN mice where it progressed through the IBC pathogenic cycle. Several IBCs were observed by Hematoxylin
& Eosin staining in the mouse bladder at 30 hpi (a, arrow). IBCs could also be seen exfoliated into the bladder lumen (b, arrowhead). (c, d) urine
collected from mice at this time point was positive for IBCs (c). These IBCs were similar in morphology and size to those formed by the same
E. coli isolate in the original human urine specimen (d). (e, f) scanning Electron Microscopy analysis of cystitis urines deemed positive for IBCs and
filaments captured large bacterial biofilm-like collections (e, inset shown in f) composed of bacteria with a smaller, more coccoid morphology
than typical E. coli. Scale bars: 50 um (a—d) and 5 pum (e, f). Figure modified from Rosen et al., 2007.
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Diabetes and UTI

The acute population bottleneck likely exists because
UPEC colonization is counteracted by robust innate
mucosal immune responses to infection. For example,
people with diabetes are at particular risk for ASB and
symptomatic upper UTI (Patterson & Andriole, 1997).
While the reasons for this association are unclear, the pro-
pensity toward ASB suggests that the bladder environment
is altered in these individuals. In experimental UTI studies
in mice with streptozocin-induced diabetes, UPEC IDs,
values are over 200-fold lower than in nondiabetic mice,
and these diabetic mice are exquisitely sensitive to persis-
tent high titer bladder and kidney infections at inocula
well below those needed to consistently establish infection
and form IBCs in nondiabetic mice (Rosen et al., 2008a).
Thus, the diabetic state in mice appears to alter the host
population bottleneck during acute infection, potentially
lessening the requirement for IBC formation and favoring
an ASB-like colonization of the urinary bladder. Impor-
tantly, these differences are much less dramatic in C3H/
HeJ] mice, which lack TLR4 signaling and have muted
inflammatory responses, suggesting that defects in the
innate inflammatory response contribute to the increased
susceptibility of streptozocin-treated mice to UTL

Mucosal immune responses to lower
urinary tract infection

Bladder innate immune defense

Innate immune signaling has long been known to play a
significant role in host defense against Gram-negative
pathogens and has been reviewed extensively elsewhere
(Ragnarsdottir et al., 2011). For example, inducible factors
such as complement (Springall ef al., 2001) and the anti-
microbial peptides such as cathelicidins (Chromek et al.,
2006) are secreted by the host into the urine and can have
antimicrobial effects. Foremost among the innate
responses to UPEC is the signaling of the LPS-sensing pat-
tern recognition receptor, TLR4. The requirement for
TLR4 signaling in controlling bladder infection is complex
(Hagberg et al., 1984; Hopkins et al., 1996, 1998; Hannan
et al., 2010). Mice deficient in TLR4 signaling are generally
considered susceptible to an ASB-like persistent bladder
colonization that is not directly harmful to the host (Svan-
borg et al,, 2006). However, these mice also uniformly
develop severe ascending infection to the kidneys and are
very susceptible to urosepsis and death (Hagberg et al.,
1984; Haraoka et al., 1999; Fischer et al., 2006, 2010; Han-
nan et al., 2010). Svanborg and colleagues have demon-
strated that children with ASB, which does not typically
result in severe ascending infection, are more likely to have
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certain TIlr4 promoter polymorphisms that are associated
with reduced TLR4 expression while maintaining normal
TLR4 signaling (Ragnarsdottir et al., 2007, 2010).

Bladder TLR4 signaling in bladder host defense

Studies utilizing murine bone marrow chimeras found that
the TLR4-dependent innate immune responses have both
stromal (radioresistant) and hematopoietic (radiosensitive)
components (Schilling et al., 2003), suggesting that uro-
thelial cells and/or other radioresistant cells play an impor-
tant role in initiating inflammation. Although urothelial
cells express TLR4, the adaptor protein CD14 is also
required for mounting responses to LPS and is not thought
to be expressed in normal, uninfected and untransformed
urothelial cells (Samuelsson et al., 2004; Smith et al.,
2011). However, both FimH and the ceramide linkage of
the P pilus globoside receptors have been shown to induce
TLR4 signaling, independent of LPS (Fischer et al., 2006).
Nevertheless, the picture that is emerging is that the nor-
mal, uninflamed urinary bladder is a fairly tolerant (privi-
leged) mucosal site, relying on physical defenses to clear
transient colonization by less virulent bacteria while main-
taining the integrity of the mucosal barrier.

UPEC invasion of urothelial cells enhances the
innate immune response

Some UPEC strains are more invasive and gain entry into
host niches that are not privileged: the urothelial endo-
some and cytoplasm. UPEC invasion of a bladder cancer
cell line greatly enhances urothelial interleukin 6 (IL-6)
production in an LPS-dependent manner (Schilling et al.,
2001b). CD14 gene expression is robustly induced at
2 hpi in the mouse bladder (Duell ef al., 2012), and it
may be that invasion of normal urothelial cells induces
CD14 expression, thereby potentiating the TLR4
responses to infection. TLR4 can signal through two dif-
ferent downstream pathways: via MyD88 or TRIF. The
former is generally considered to predominate in TLR4
signaling initiated at the cell surface, whereas the latter is
typically associated with intracellular endosomal TLR4
signaling (Casanova et al., 2011). However, a recent study
using nonpiliated E. coli expressing either type 1 or P
(pyelonephritis-associated) pili with a plasmid system
found that type 1 piliated bacteria favored MyD88-depen-
dent signaling, whereas P piliated bacteria also induced
TRIF-dependent signaling (Fischer et al., 2006). MyD88-
dependent TLR4 signaling in response to UPEC infection
of bladder epithelial cancer cell lines that express CD14
primarily results in activation and nuclear localization of
the transcription factor NF-kB and proinflammatory
cytokine production (Song & Abraham, 2008).
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TLR5-mediated signaling is also MyD88-dependent and
contributes to the acute inflammatory response to UPEC
infection (Andersen-Nissen et al, 2007). As a result,
C57BL/6 mice lacking TLR5 are more susceptible to cys-
titis and pyelonephritis. The TLR5 ligand, flagellin, is
expressed by most UPEC and is associated with motility,
which contributes to ascension of the urinary tract (Lane
et al., 2005; Wright et al., 2005). Recently, one group
reported that normal human ureter cells grown in tissue
culture respond to flagellin, but not LPS, suggesting that
TLR5 may play a critical role in early urothelial inflam-
matory responses to UPEC infection (Smith et al., 2011).

Early effector responses in the urinary tract

An additional MyD88- and TRIF-independent TLR4
response pathway involving the second messengers Ca*"
and cAMP has been discovered in urothelial cells (Song
et al., 2007b). This pathway leads to a more immediate
IL-6 response from the urothelium and also mediates
expulsion of endosomal UPEC (Song et al., 2007a). The
urothelium not only produces IL-6, but also IL-8 in
response to UPEC infection (de Man et al., 1989; Hedges
et al., 1991; Ko et al., 1993; Godaly et al., 2000). IL-6 is a
cytokine that initiates broad proinflammatory effects
within the urinary tract, and IL-8 is a chemotactic cyto-
kine, which attracts granulocytes to the urothelium. Gran-
ulocytes play a critical role in controlling UPEC infection
as depletion of neutrophils in TLR4-competent C3H/HeN
mice results in very severe UTI that is worse than that
seen in TLR4-incompetent C3H/HeJ mice, where neutro-
phil responses are present but muted (Haraoka et al.,
1999). Mast cells also play a critical role in early effector
responses, producing large amounts of histamine, eicosa-
noids, and TNFa within the first hour of infection with
FimH" UPEC (Malaviya et al., 1999; Malaviya & Abra-
ham, 2000; Malaviya et al., 2004). Importantly, mast-cell-
deficient mice have muted granulocyte recruitment and
are compromised in their ability to clear acute infection
(Malaviya et al., 2004). Dendritic cells and macrophages
are also present in the uninfected mouse bladder and
increase in number and become activated consequent to
UTI (Hirose ef al, 1992; Schilling et al., 2003). While
these mononuclear cells are thought to play an important
role in host defense against UTIL, experimental studies have
failed to demonstrate a specific role for these cells during
infection (Engel et al., 2006). TRIF-dependent TLR4 sig-
naling, which activates the IRF3/IRF7 complex and
induces type 1 interferon production, has recently been
demonstrated in response to UPEC. FimH directly induces
type 1 interferon production in the vaginal mucosa (Ash-
kar et al., 2008), and others have found that TLR4-depen-
dent type 1 interferon production plays a role in
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controlling experimental pyelonephritis by UPEC (Fischer
et al., 2010). Currently, it is unclear how these early innate
responses interact to affect bladder mucosal immunity.

UPEC actively dampens the innate immune
response

While the urothelial inflammatory response is augmented
by E. coli invasion of urothelial cells (Schilling et al.,
2001b), UPEC have adapted to an intracellular pathway by
actively blocking TLR4 signaling, NF-kB activity, and pro-
inflammatory cytokine production in urothelial cells com-
pared with K-12 strains (Hunstad et al, 2005; Billips
et al., 2007, 2008; Lloyd et al., 2009a; Yadav et al., 2010).
This NF-kB blockade also results in exfoliation of the
superficial umbrella cells of the urothelium by a mecha-
nism that resembles apoptosis, thereby removing infected
urothelial cells (Mulvey et al., 1998, 2000). Exfoliation is
dependent upon type 1 pili production and blockade with
a pan-caspase inhibitor increased the bacterial burden dur-
ing acute infection (Mulvey et al., 1998). However, exfolia-
tion comes with a significant cost, unveiling deeper layers
of the urothelium and whether this works to the advantage
of the host or the bacteria is probably a function of timing
and mouse strain. Host cell exfoliation prior to IBC matu-
ration, as commonly happens in C57BL/6] mice, removes
infected cells before the bacteria have emerged, but loss of
urothelial integrity after or coincident with UPEC emer-
gence from IBCs could facilitate bacterial colonization of
deeper layers of the urothelium.

Adaptive immune cell responses

While the critical roles of innate immune cells in control-
ling UPEC UTI is well established, the role of adaptive
immune cells and the mechanisms by which UPEC are
eliminated by the host if the innate responses fail to con-
trol acute infection are less well understood. The fact that
recurrent cystitis is such a troublesome problem suggests
that at least some fraction of the susceptible human popu-
lation does not develop long-lasting protective adaptive
immunity consequent to natural UPEC infection of the
urinary bladder (Kantele et al., 1994). The reasons for this
are unknown. Yet, 75% of women with a prior cystitis epi-
sode do not have a recurrence within 6 months of the ini-
tial UPEC UTI (Foxman et al., 2000). Furthermore,
several studies suggest that adaptive responses may play a
role in limiting acute infection upon re-exposure to UPEC,
at least in some genetic backgrounds (Hopkins et al., 1993;
Langermann ef al., 1997; Thumbikat et al., 2006). The T
helper (CD4") cell adaptive responses to UPEC infection
are unknown, although CD8" T cells are reportedly
recruited to UPEC-infected bladders 24 hpi (Sivick &
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Mobley, 2010). In BALB/c mice, CD4" and CD8" T cells
and IgA+ B cells only infiltrate the bladder upon infection
and may play an important role in directing the immune
response and providing humoral and cellular immunity
(Hirose et al., 1992). These host responses typically polar-
ize toward either a type 1 (Tyl), a type 2 (Ty2), or an IL-
17-mediated (Tyxl7) T helper lymphocyte response that
are classically thought to target intracellular pathogens,
eukaryotic parasites, and extracellular bacterial infections,
respectively. A number of other T helper cell and innate
lymphoid cell populations have been described in mucosal
tissue, with pro- and anti-inflammatory properties (Cella
et al., 2009; Monticelli et al., 2011). In a C57BL/6] model
of UTI, both y-interferon signaling and yd-T cells, but not
aB-T cells, were shown to contribute to clearance of UTI,
suggesting that a helper T-cell-independent type 1 host
response to UPEC infection mediates clearance (Hopkins
et al., 1993; Jones-Carson et al, 1999). v8-T cells have
been found to produce IL-17 during acute infection, con-
tributing to bacterial clearance in C57BL/6] mice (Ingersoll
et al., 2008; Sivick et al., 2010). The presence of y3-T cells
has also been reported in the uninfected bladder of BALB/
¢ mice, and they accumulate in both the bladder and kid-
ney in response to experimental UTI (Matsukawa et al.,
1994). Further work is needed to understand the role of
lymphoid cells in innate and adaptive immunity of the
urinary bladder.

UPEC infection and urothelial renewal

UPEC binding and invasion also elicit rapid and robust
innate responses by the host urothelium, such that UPEC
infection may have significant implications for normal
epithelial renewal and the course of UTI (Mysorekar et al.,
2002). Gene expression analysis of C57BL/6] mouse blad-
ders early in UPEC infection identified a key regulator of
urothelial proliferation and differentiation, bone morpho-
genetic protein 4 (Bmp4), which is a member of the TGF
superfamily of secreted signaling molecules (Mysorekar
et al., 2002). Bmp4 is antiproliferative and promotes dif-
ferentiation of epithelial cells. In the unperturbed bladder,
it is made constitutively by stromal cells in the lamina
propria, and normal urothelial turnover is slow, taking
many months (Mysorekar et al, 2009). However, in
response to UPEC infection, Bmp4 expression is sharply
downregulated, resulting in activation of the urothelial
stem cell niche, which rapidly replenishes urothelial cells
lost to exfoliation. Activation of the stem cell niche and
eventual restoration of the umbrella cell layer after UPEC
infection was disrupted upon ablation of the Bmp4 recep-
tor and did not occur after chemical exfoliation with prot-
amine sulfate. Urothelial stem cells also initiate feedback
signals that affect their proliferation as they secrete Sonic
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hedgehog (Shh) in response to UPEC infection, which in
turn activates the urothelial stem cell niche by inducing
stromal cells to secrete Wnt signals (Shin et al., 2011).
This suggests that innate immune signaling in response to
UPEC infection of the bladder modulates Bmp4, Shh, and
Wnt signaling and activates the urothelial stem cell niche.

Models of UPEC persistence in the
urinary bladder

Latent persistence

UPEC invasion of urothelial cells is critical not only for
the establishment of acute infection through IBC forma-
tion, but also for chronic persistence within an intracellu-
lar reservoir (Mulvey et al, 1998, 2001; Schilling et al.,
2002; Fig. 1f). Upon resolution of active infection and
elimination of bacteriuria in C57BL/6] mice, UPEC
remain within the murine urothelium inside LAMP1-
positive vesicles (Eto et al., 2006; Mysorekar & Hultgren,
2006). These rosettes of typically 4-10 nonreplicating bac-
teria can remain viable for months in the murine host
without eliciting a measurable inflammatory response.
Therefore, these rosettes have been termed the quiescent
intracellular reservoir (QIR). Upon epithelial turnover,
these bacteria are capable of emerging to seed a new acute
infection (Mysorekar & Hultgren, 2006) and may repre-
sent a nidus for recurrence months after the acute infec-
tion. While a low titer infection suggestive of a bacterial
reservoir is found in many mouse strains, BALB/c mice
have persistent titers that can be tenfold higher than
those seen in C57BL/6] mice, while maintaining sterile
urines (Hannan et al., 2010). We have found that BALB/c
mice have increased number of QIRs, as well as small col-
lections of what appear to be extracellular bacteria within
the urothelium surrounded by granulocytic inflammation
(T. J. Hannan and S. J. Hultgren, unpublished data). It is
possible that these apparent microabscesses result from
bacterial emergence from QIRs in deeper layers of the
urothelium, raising the hypothesis that bacterial emer-
gence from intracellular reservoirs may participate not
only in chronic, recurrent UTI (rUTI) but also in the eti-
ology of other chronic bladder diseases, such as overactive
bladder (OAB) and interstitial cystitis (IC).

Intramacrophage survival

Recently, it was demonstrated that some UPEC strains are
able to survive within primary mouse bone marrow-
derived macrophages (BMM) up to 24 h postinfection
(Bokil et al., 2011). In this study, UPEC strain UTI89 was
localized to a Lampl® vesicular compartment within
BMMs. Intracellular survival was also demonstrated in
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human monocyte-derived macrophages, suggesting that
UPEC may subvert macrophage antimicrobial pathways.
Interestingly, the Crohn’s disease-associated adherent and
invasive E. coli (AIEC) strain LF82, which is closely related
to UPEC and can invade intestinal epithelial cells by a type
1 pili-dependent mechanism, can also survive within the
macrophage phagolysosome (Bringer et al., 2006). It is
possible that intramacrophage survival could contribute to
the pathology and/or chronicity of UPEC UTI, and
perhaps also dissemination from the bladder to distal sites.

Chronic cystitis

Mouse models of chronic UTI have been described (Hop-
kins et al., 1996, 1998), but until recently these were poorly
understood. A comparative approach, screening several
mouse strains for chronic bladder infection (chronic cysti-
tis), found that all TLR4-responsive C3H background
strains screened as well as the closely related strains, CBA/J
and DBA/2], were susceptible to chronic cystitis in an
infectious dose-dependent manner with the human cystitis
isolate UTI89 (Hannan et al., 2010). Chronic cystitis was
defined by the presence of high titer (> 10* CFU mL™")
persistent bacteriuria and high titer (> 10* CFU per organ)
bladder colonization at 4 wpi. Chronic cystitis was typi-
cally accompanied by urothelial hyperplasia with loss of
terminal urothelial differentiation as indicated by a lack of
uroplakin surface expression, and chronic inflammation,
including the presence of lymphoid aggregates and isolated
lymphoid follicles. These lesions closely resemble follicular
cystitis in human patients with persistent bacteriuria or
rUTI (Hansson et al., 1990; Schlager et al., 2011). Biomar-
kers of chronic cystitis in mice were identified at 24 hpi,
including elevated serum IL-5, serum and urine IL-6, G-
CSF (Csf2) and KC (CXCL1), weight loss, and severe
pyuria. The presence of these biomarkers correlated with
the development of severe bladder inflammation with uro-
thelial necrosis at 24 hpi, suggesting that acute immunopa-
thology predisposed to chronic bacterial infection. This
appeared to be the case, as C3H/HeN mice immunosup-
pressed with high-dose dexamethasone therapy were dra-
matically protected against chronic cystitis, despite having
similar levels of bacterial infection at 24 hpi. Immunodefi-
cient C3H strains lacking lymphocytes (severe com-
bined immunodeficient, or SCID, mice) or TLR4 signaling
(C3H/He]J) also had reduced incidences of chronic cystitis.

Recurrent cystitis

The consequences of chronic cystitis can be serious even
after clearance of infection with antibiotic therapy (Han-
nan ef al, 2010). We found that the development of
chronic cystitis lasting 14 or 28 days, but not 1 day
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(grouping mice by serum KC as a biomarker of chronic
cystitis) prior to antibiotic therapy to clear the infection
dramatically sensitized these individuals to recurrent
chronic cystitis with severe acute symptomatology upon
challenge with a differently marked UPEC strain. Those
mice that had spontaneously resolved infection were pro-
tected from challenge. Thus, these studies have identified
an early host—pathogen checkpoint that not only deter-
mines the outcome of acute infection, but also dictates
susceptibility to recurrent cystitis (Fig. 3). The mecha-
nism of this acute checkpoint and whether similar bio-
markers can be identified in women with recurrent
cystitis is unclear. However, this is the first model of
recurrent cystitis that mimics two important aspects of
the clinical problem: the lack of protective immunity and
the presence of exacerbated symptoms. Recently, it was
found that a TLR4 polymorphism, which is associated
with decreased TLR4 signaling and cytokine production
in vitro, significantly decreased the risk of recurrent cysti-
tis in premenopausal women (Hawn et al., 2009). Thus,
understanding the mechanisms of chronic and recurrent
cystitis in C3H mice may elucidate important bladder
mucosal immune responses to bacterial infection and aid
in the development of vaccines targeting UPEC.

IBC formation occurs primarily during acute
cystitis

In TLR4-responsive mice with chronic cystitis, neither
IBCs nor QIRs are observed at 4 wpi. The reasons for the
cessation of IBC formation during subacute and chronic
infection are unknown, but may be due to the lack of ter-
minally differentiated superficial umbrella cells as a result
of the urothelial hyperplasia that accompanies chronic
cystitis. A number of findings suggest that this may be
the case. First, as we have discussed, undifferentiated uro-
thelial cells do not appear to support IBC formation
in vitro because of actin-gating of the phagocytic vesicle
and perhaps also because of different invasion pathways.
Second, complete chemical exfoliation of the umbrella
cells by infusion of a high dose of protamine sulfate into
the urinary bladder prior to infection abrogates IBC
formation (Mysorekar & Hultgren, 2006). However, low-
dose protamine sulfate treatment, which only partially
exfoliates the umbrella cells, results in increased numbers
of IBCs within the remaining umbrella cells, likely indi-
cating the antiadherent properties of the proteoglycan
layer, which is also removed by this treatment (Mysorekar
& Hultgren, 2006). Finally, TLR4 signaling-defective
C3H/HeJ mice can develop a form of chronic bladder
infection that is accompanied by biofilm-like colonization
of the urothelium and continued IBC formation as late as
4 weeks postinfection (Hannan et al., 2010). As these
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Fig. 3. Model of host-pathogen checkpoints in chronic and recurrent cystitis. We hypothesize that an acute host-pathogen mucosal checkpoint
exists early in UPEC infection of the bladder that determines the outcome of infection. ‘Inputs’ into this checkpoint (blue boxes) include bacterial
virulence and host innate immune signaling, such as pattern recognition receptor (PRR) signaling (e.g. TLR4 signaling). The bladder mucosa
integrates these signals (green box), which include the intensity and invasiveness of UPEC infection and the character of PRR signaling, and
responds. These responses or ‘outputs’ in naive mice (green arrows) include the biomarkers of chronic infection, the severity of bladder
inflammation, and the character and extent of urothelial cell death and exfoliation. These outputs correlate with disease outcome (brown boxes).
Severe or weak mucosal responses can each lead to persistent bladder infection with (chronic cystitis in TLR4-responsive C3H mice) or without
(‘asymptomatic’ bladder infection in C3H/HeJ mice) inflammation, respectively. In turn, the adaptive mucosal response that accompanies the
development of chronic cystitis in C3H mice increases the sensitivity of the acute host-pathogen checkpoint, even after clearance of the infection
with antibiotics, predisposing to severe recurrent and chronic cystitis after challenge infection (red arrows). QIRs; ASB/ABU.

mice have muted bladder inflammatory responses, the  sively extracellular as ex wvivo assays indicate that

urothelium is only mildly hyperplastic, and it is in the
few remaining terminally differentiated, strongly uropla-
kin-positive superficial umbrella cells that IBCs are found.
As C3H/HeJ mice have been proposed to be a model for
ASB in humans, this raises the interesting question of
whether this condition is caused in part by low-level
persistent cycling of bacteria through IBCs.

During chronic cystitis, UPEC selection is driven
by competition for limited resources

Although IBCs or QIRs are not observed in TLR4 compe-
tent mice with chronic cystitis, the bacteria are not exclu-
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approximately 10-20% of bladder bacteria are in a genta-
mycin-protected niche, likely intracellular within urotheli-
al cells, macrophages, and/or neutrophils (Hannan et al.,
2010; Schwartz et al., 2011). Therefore, the selection pres-
sure within the host during chronic cystitis is very differ-
ent from that seen during acute infection, where bacteria
cycle through IBCs. As researchers have struggled to iden-
tify functions for many classical UPEC virulence factors,
we hypothesize that perhaps many of these genes are con-
served because they confer a fitness advantage during
polymicrobial inoculations into the bladder and chronic
persistence while vying for limited resources in a
restricted host niche (Fig. 1g). To test this, we have
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performed 2—4 week in vivo competitive infection experi-
ments where urines are collected longitudinally through-
out the course of infection and plated with antibiotic
selection to identify the kinetics of competitive advantage.
As a proof of principle, we tested the fitness of a UTI89
mutant in which a large UPEC genomic island, PAI
IyT1s9, that encodes several adhesins (P and F17-like pili,
Hek) and toxins (CNF1, a-hemolysin, CdiA) was deleted
while leaving the flanking LeuX tRNA intact (APAI
Hytise). In a previous study, this mutant was able to
invade the urothelium and form IBCs similar to wild type
(Hannan et al., 2008) and it is capable of causing chronic
cystitis in single infection studies (T. ]J. Hannan and S. J.
Hultgren, unpublished data). Consistent with our hypoth-
esis, we found that the APAI Ilypge deletion strain
dropped out completely by day 14 postinfection when co-
inoculated with wt UTI89, suggesting that this island con-
fers a fitness advantage for long-term persistence (T. J.
Hannan and S. J. Hultgren, unpublished data). These
results suggest that the chronic cystitis model has particu-
lar relevance for understanding bacterial virulence and
immune evasion strategies in the context of long-term
persistence in the face of an active inflammatory
response. Furthermore, they provide evidence for the
presence of a more gradual population bottleneck during
chronic cystitis, which limits bacterial diversity by select-
ing those clones most fit to compete for limited resources
in a hostile host environment.

Asymptomatic bacteriuria

ASB appears to be multifactorial, as both host and patho-
gen factors appear to play an important role in its devel-
opment (Mabbett et al., 2009; Ragnarsdottir et al., 2011).
On the one hand, bacterial studies suggest that ASB iso-
lates are often functionally different from symptomatic
UTI isolates (Klemm et al., 2006, 2007). Specifically, they
lack the ability to express UPEC virulence factors such as
pili. Indeed, many ASB isolates fit this model, where the
adhesin and other putative virulence genes present in
these strains have been found to have undergone decay
(Zdziarski et al., 2008). Without adhesins or flagella, they
are unable to invade the urothelium or ascend the ure-
ters, events that lead to enhanced inflammation (Schilling
et al., 2001a, b; Lane et al., 2007). Recent data suggest
that ASB isolates are able to persist in the bladder in the
absence of canonical adherence mechanisms because of
their enhanced ability to grow in urine and form biofilms
(Roos et al., 2006; Ferrieres et al., 2007). The ability to
acquire iron via the production of siderophores also con-
tributes to growth in urine and bladder colonization by
ASB isolates (Roos et al., 2006; Watts et al., 2012). On
the other hand, clinical studies discovered that ASB in
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children is associated with decreased expression of TLR4
on neutrophils and thus hyporesponsiveness of these and
possibly other cells to bacterial LPS (Hagberg et al., 1984;
Ragnarsdottir et al., 2007). Concordant with these stud-
ies, it was recently demonstrated in mice that bladder
instillation of LPS into the urinary bladder is sufficient to
either increase or decrease, depending on the source of
the LPS, pelvic area pain sensitivity in a TLR4 dependent
manner (Rudick et al., 2010). LPS from a virulent cystitis
strain, NU14, increased sensitivity, whereas LPS from the
ASB strain, 83972, which lacks type 1 and P pilj
decreased pain sensitivity. In mouse models of UPEC
infection, TLR4 nonresponsive C3H/HeJ mice are exqui-
sitely sensitive to pyelonephritis, but relatively resistant to
cystitis (Hagberg et al, 1984; Hannan et al., 2010).
Although chronic bladder infection can occur in C3H/
HeJ] mice, it only occurs in a fraction of mice with
chronic pyelonephritis and is accompanied by very mild
bladder inflammation (Hopkins et al., 1996, 1998; Han-
nan et al., 2010). Surprisingly, at lower infectious doses,
these immunosuppressed mice were significantly more
efficient at clearing bladder infection than the closely
related C3H/HeOuJ strain, which exhibits a robust
inflammatory response to UPEC (Hannan et al., 2010).
These findings provide further evidence for a necessary
role for severe acute inflammation in the development of
chronic cystitis.

Some urinary tract diseases
traditionally considered ‘noninfectious’
may be associated with persistent
bacteria

Overactive bladder

‘Noninfectious” diseases of the bladder are also common.
These include bladder cancer (Brandau & Bohle, 2001),
OAB disorder (Milsom et al., 2001), and the debilitating
bladder pain condition known as IC/painful bladder syn-
drome, which is estimated to possibly affect as many as
one in every five women and one in 20 men during their
lifetimes (Parsons et al., 2007). Traditionally, the underly-
ing pathophysiology of OAB, a condition that affects 17%
of people over 40 (Milsom et al., 2001), is thought to be
increased contractility of the detrusor muscle, although
the etiology is uncertain. However, recent advances have
led to an awareness of the role of the urothelium, which
releases ATP and other neuromodulators, in the patho-
genesis of the OAB syndrome (Birder et al., 2010). The
main therapy for OAB syndrome is anticholinergic
medications, which reduce detrusor contractility and
ameliorate the urgency/urge incontinence. Unfortunately,
long-term studies show that only 17% of patients achieve
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‘cure’ (Morris et al., 2008) from these medications; symp-
toms tend to wax and wane over the years in the remain-
der. A history of childhood bedwetting or a family
history of OAB symptoms are poor prognostic factors,
leading to the suspicion that a subset of these patients
have a genetic component to their condition (Morris
et al., 2004). Patients not responding to therapy are
termed ‘refractory’ (Nitti et al., 2010).

Overactive bladder and low-count bacteriuria
with UPEC

Classic teaching has been that UTI should be excluded to
make a diagnosis of OAB. In patients with symptomatic
cystitis, the symptoms of dysuria and bacteriuria are often
accompanied by increased frequency of micturition,
urgency, nocturia, and episodic urge incontinence during
an acute UTL. On the other hand, patients presenting
with the main complaints of frequency/urgency/nocturia/
urge incontinence without dysuria and bacteriuria
(>10° CFU mL™!) are considered to have the OAB syn-
drome (Walsh & Moore, 2011). However, recent evidence
has demonstrated pyuria (Horsley et al., 2011) and low-
count (> 10> CFU mL™') bacteriuria on catheter speci-
mens in patients diagnosed with OAB (Walsh et al.,
2011a; Walsh & Moore, 2011). Furthermore, recent evi-
dence indicates that a portion of women with refractory
OAB experience recurrent episodes of bacterial cystitis
that manifest as acute exacerbations of the frequency/
urgency/nocturia/urge incontinence symptoms, without
the classical dysuria or foul-smelling urine usually associ-
ated with bacteriuria. Previously, successful anticholiner-
gic medicines often fail in efficacy during an episode of
bacterial cystitis. Preliminary studies have suggested that
combining the anticholinergic agents with antibiotics
could lead to improved outcomes (Gill et al., 2011). Blad-
der biopsies in such patients reveal histological evidence
of ‘chronic cystitis’ (Lunawat et al., 2009). A study of
midstream urine specimens from 50 refractory OAB
women and 50 controls obtained positive urine cultures
(> 10° CFU mL™ ") from 39% of those with urge incon-
tinence compared with 6% of controls (P < 0.0001), with
the majority of these UTI caused by E. coli, and associ-
ated pyuria (Walsh et al., 2011b). A later study of cathe-
terized urine specimens from patients with newly
diagnosed OAB revealed bacteriuria in 13%, the majority
culturing E. coli with pyuria, vs. 6% of controls
(P = 0.07; Walsh et al., 2011a). Thus, it appears that in
this subset of refractory OAB, up to one-third of patients
may exhibit bacterial cystitis, albeit without expression of
the dysuria or foul-smelling urine symptoms that have
been considered the classic hallmarks of UTI.
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Interstitial cystitis/painful bladder syndrome

A further clinical problem known as ‘Painful Bladder
Syndrome’ includes patients that also present with the
symptoms of frequency, urgency, nocturia and more
importantly suprapubic pain, which is often relieved by
micturition. Urge incontinence rarely occurs, because
patients void so frequently, driven by pain. This syn-
drome encompasses a wide clinical spectrum of severity;
on the severe end of the spectrum patients are found to
have typical ‘Hunner’s ulcers’ at cystoscopy with petechial
hemorrhages and raised mast cell counts upon biopsy —
these patients are considered to have ‘IC’. On the lesser
end of the spectrum, patients have a small bladder capac-
ity but rarely demonstrate the above cystoscopic features;
such patients are defined by the International Continence
Society as having ‘Bladder Oversensitivity’. While patients
with classic IC must by definition have sterile urine, those
with bladder oversensitivity are found to have bacterial
cystitis on catheter specimens in up to 32% of cases
(Walsh et al., 2011b). Thus, evidence is now emerging
that classically ‘noninfectious’ lower urinary tract condi-
tions may exhibit bacterial cystitis in a substantial pro-
portion of cases.

The emergence of antibiotic-resistant
strains

Overview

The emergence of MDR Gram-negative bacterial patho-
gens represents a major threat to human health. Not only
is the increase in resistance of Gram-negative bacteria
occurring at an unprecedented rate, but there are also few
new antibiotics active against Gram-negative bacteria in
the drug development pipeline (Livermore, 2009). The
increased resistance of Gram-negative bacteria is primarily
because of antibiotic resistance genes carried on plasmids
that can spread efficiently within bacterial populations.
Bacterial strains and plasmids can also be transported
rapidly across the globe as a result of increased human
travel and migration. To a great extent, this dissemination
remains undetected, with resistant strains carried in the
normal human flora and only becoming evident when
they are the source of endogenous infections such as UTL

The spread of antibiotic and MDR UPEC strains
worldwide

MDR UPEC are extremely common, with many strains
now recognized as belonging to specific clones (Stamm,
2001). For example, the trimethoprim-sulfamethoxazole
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(TMP-SMZ) resistant E. coli ‘clonal group A’ was identi-
fied a decade ago and shown to be widespread across the
United States (Manges et al., 2001). Physician concerns
about resistance to TMP-SMZ resulted in more frequent
use of fluoroquinolones and nitrofurantoin as empirical
treatment for cystitis (Hooton, 2003), which in turn led
to a consistent stepwise increase in resistance rates to cip-
rofloxacin among E. coli isolates causing UTI (Karlowsky
et al., 2006). Over the last 5 years, E. coli clone O25:H4-
ST131 (E. coli ST131) has emerged globally as an impor-
tant MDR extraintestinal pathogen. Escherichia coli ST131
is a major cause of urinary tract and bloodstream infec-
tions within the community as well as in hospitals and
long-term care facilities in Europe, Asia, Africa, North
America, and Australia (Cagnacci et al., 2008; Nicolas-
Chanoine et al., 2008; Johnson et al., 2009b; Pitout et al.,
2009; Platell et al., 2010; Sidjabat et al., 2010). Escherichia
coli ST131 are also major contributors to ‘the CTX-M
pandemic’; a recent worldwide increase in E. coli uro-
pathogens that produce CTX-M type (‘active on Cefo-
TaXime, first isolated in Munich’) extended spectrum
B-lactamases (ESBLs; Canton & Coque, 2006). Escherichia
coli ST131 are commonly identified among E. coli
producing CTX-M-15; currently the most widespread
CTX-M ESBL enzyme worldwide (Coque et al., 2008; Nic-
olas-Chanoine et al., 2008). Escherichia coli ST131 strains
are commonly resistant to multiple classes of antibio-
tics, including oxyimino-cephalosporins (i.e. cefotaxime
and ceftazidime), monobactams, and fluoroquinolones
(i.e. ciprofloxacin; Simner et al., 2011; Johnson et al.,
2009a, b, 2010a). Thus, infections caused by this clone are
generally associated with limited treatment options.

UPEC ST131 strains are a significant cause of
UTI and are virulent in a murine model of UTI

The virulence capacity of E. coli strains within the ST131
clonal group remains to be properly examined. Two clini-
cal studies have reported transmission of E. coli ST131
strains causing pyelonephritis and septic shock between
family members (Ender et al, 2009; Johnson et al,
2010c). Infection with E. coli ST131 has also been associ-
ated with poor prognosis in renal transplant patients
(Johnson et al., 2010b) and pyomyositis in patients with
hematologic malignancies (Vigil et al,, 2010). Addition-
ally, several studies have reported the carriage of E. coli
ST131 by companion animals (Platell et al, 2010; John-
son et al, 2009a; Ewers et al., 2010). In a single study
that examined E. coli ST131 virulence in a mouse sepsis
infection model, four (out of four) strains caused rapid
death (Nicolas-Chanoine ef al., 2008). The same study
also demonstrated strong biofilm formation by two (out
of two) strains using a microfermentor assay. Most E. coli
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ST131 strains belong to the B2 phylogenetic group,
with only a few virulence genes uniformly present in all
strains — that is, the fimH adhesin of type 1 fimbriae, the
secreted autotransporter toxin (sat), the aerobactin recep-
tor (iutA), the uropathogenic-specific protein (usp), and
the pathogenicity island marker (malX; Nicolas-Chanoine
et al., 2008; Johnson et al, 2009a, b, 2010a, b; Coelho
et al., 2011). Recently, the genome sequence of the E. coli
ST131 strain EC958 was reported (Totsika et al., 2011).
EC958 is a member of the pulse field gel electrophoresis
(PFGE) defined UK epidemic strain A, which represents
one of the major pathogenic lineages (PFGE strains A-E)
causing UTI across the UK (Lau et al., 2008). EC958 is
resistant to eight antibiotic classes, including oxyimino-
cephalosporins, fluoroquinolones, and sulfonamides and
contains many virulence genes commonly associated with
UPEC. Interestingly, EC958 contained a transposon inser-
tion in the fimB gene, which encodes the recombinase
responsible for the ‘on’ switching of the fim promoter and
thus expression of type 1 fimbriae. This insertion was also
identified in the majority of other ST131 strains examined
from the United Kingdom and Australia, indicating that
the mutation is common among E. coli ST131 strains
(Totsika et al., 2011). EC958 was still able to mediate
phase switching of the fim promoter, suggesting that the
regulation of type 1 fimbriae gene expression is altered in
this strain as well as in the majority of other E. coli ST131
strains. The induction of type 1 fimbriae expression by
EC958 resulted in enhanced adherence, invasion and intra-
cellular survival to/within T24 bladder epithelial cells, and
also led to increased colonization of the mouse bladder
during acute infection. We are currently investigating the
molecular mechanisms that coordinate the expression of
type 1 fimbriae in EC958 and the contribution of intracel-
lular survival to infections caused by this globally dissemi-
nated MDR E. coli clone.

The rise of carbapenemase-expressing UPEC
strains

In 2008, a new type of carbapenemase referred to as New
Delhi metallo-p-lactamase-1 (NDM-1) was identified in a
strain of K. pneumoniae that caused a UTI in a 59-year-
old Swedish man of Indian origin (Yong et al, 2009).
Since then, NDM-1 has been identified in a range of
Enterobacteriaceae (and other Dbacteria) isolated from
patients in multiple countries including India, Pakistan,
Bangladesh, the United Kingdom, the United States, the
Netherlands, Australia, Kenya, and Canada (Hsueh,
2010). The gene encoding the NDM-1 (blaypy.1) is
located on plasmids of varying sizes that carry additional
antibiotic resistance determinants and can transfer to
other bacteria, directly conferring multi- or even extreme-
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drug-resistant phenotypes (Kumarasamy et al., 2010;
Walsh, 2010; Nordmann et al, 2011). Recently, there
have been several reports demonstrating the acquisition
of the blaypm.; gene by E. coli ST131 strains (Poirel
et al., 2010; Peirano et al., 2011). Carbapenem antibiotics
are considered as a ‘last-line’ of therapy against MDR
Gram-negative pathogens, and thus the presence of the
blanpm.1 gene in an E. coli clone that has already demon-
strated its capacity to rapidly disseminate across the globe
highlights the need for the development of alternative
anti-infective strategies.

Novel UPEC vaccines and antibacterial/
antivirulence therapies

FimH: a promising target for therapies to
prevent and treat UPEC cystitis

The alarming rise in MDR strains highlights the urgent
need to design novel, clinically applicable therapeutics
and vaccines to improve the lives of women suffering
from recurrent and chronic cystitis. As discussed previ-
ously, during acute infection, UPEC face an immediate
population bottleneck caused by extensive host extracellu-
lar clearance mechanisms that is counteracted by bacterial
adherence to and invasion of the urothelium and IBC
formation within urothelial cells in order for the bacteria
to survive and become founders of an acute infection
and/or to successfully persist (Schwartz et al., 2011). Fur-
thermore, the ability to form many IBCs correlates with
the triggering of an innate host—pathogen checkpoint that
predisposes to chronic and severe recurrent cystitis. Thus,
the ability to transition from planktonic growth in the
urine to intimate colonization and intracellular replica-
tion constitutes a population bottleneck and thus an
opportunity for therapeutic and prophylactic intervention
(Mecsas, 2002). It has been shown that FimH is critical
to the ability of virulent strains of UPEC to survive this
bottleneck (Wright et al., 2007). Furthermore, IBCs are
present in the urine of women with UTI, but only by
uropathogens that express FimH (Rosen et al., 2007), and
FimH is under positive selection in clinical isolates of
UPEC consistent with its critical role in human UTI
(Ronald et al., 2008; Chen et al., 2009). For these reasons,
vaccines and therapeutic agents have been developed that
target FimH.

Overview of UTI vaccines

Numerous UTI vaccines have been proposed over the past
20 plus years. These include systemic and mucosal vac-
cines, using heat-killed UPEC or recombinant proteins,
including fimbrial adhesins and outer membrane proteins
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(Uehling et al., 1994; Langermann et al., 1997, 2000; Sch-
midhammer et al., 2002; Poggio et al., 2006; Durant et al.,
2007; Hopkins et al., 2007; Alteri et al., 2009b; Wieser
et al., 2010; Wieser et al., 2012). Despite these efforts, so
far only two vaccines targeting a broad array of UPEC
strains, one using a mixture of 10 heat-killed UPEC strains
and the other recombinant FimH, have been demon-
strated to significantly protect naive animals against cysti-
tis, which accounts for approximately 90% of UTI, after
UPEC challenge (Uehling et al., 1994; Langermann et al.,
1997, 2000; Hopkins et al, 2007). While the heat-killed
vaccine showed promise in reducing the frequency of
rUTI in sexually active women aged 20-50 years in Phase
IT clinical trials when applied vaginally (Hopkins et al.,
2007) to the best of our knowledge it has not been
licensed. Recently, Mobley and colleagues proposed a
strategy to use iron acquisition receptors found in the
outer membrane of UPEC as the antigens for a mucosal
vaccine (Alteri et al., 2009b). One such antigen, the aero-
bactin receptor IutA, induced protection against bladder
infection, but the iutA gene is only found in some UPEC
clonal groups. Thus, a vaccine including multiple iron
acquisition receptors may impart broader protection.

Immunoactive therapy

Although not a vaccine in the traditional sense, Uro-Va-
xom, which is approved for use in a small number of
countries, has been shown in numerous placebo-con-
trolled double-blind studies to be effective in preventing
rUTI in human patients with a history of chronic rUTI,
similar to prophylactic antibiotic therapy (Tammen, 1990;
Bauer et al.,, 2002; Naber et al., 2009). Uro-Vaxom is
composed of bacterial extracts from 18 E. coli strains and
is taken orally once daily for 3 months and then needs to
be ‘boosted’ by additional regimens every 6—12 month
thereafter (Cruz). It is considered to work as an immuno-
active agent. A recent study demonstrated that oral treat-
ment of mice with Uro-Vaxom for 10 days resulted in
increased IL-6 and gamma interferon in the urinary blad-
der, but upon LPS stimulation the bladders displayed
markedly reduced inflammation (Lee et al., 2006). As the
timing of this study suggests that this anti-inflammatory
effect is not mediated by the adaptive immune system, it
raises the interesting hypothesis that Uro-Vaxom is induc-
ing LPS tolerance as a mechanism for protecting patients
against rUTI (Fig. 3; Beeson, 1946; Hawn et al., 2009).

Vaccines targeting FimH

Two groups have published studies investigating the
efficacy of vaccines targeting FimH. The recombinant
FimCH vaccine is comprised of full-length FimH stably
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bound to its periplasmic chaperone FimC. Studies in
naive mice and primates after systemic vaccination with
FimCH showed dramatic protection against experimen-
tally induced cystitis (Langermann et al, 1997, 2000). A
similar vaccine using a truncated form of recombinant
FimH resulted in similar protection whether administered
systemically or intranasally, despite the fact that the
mucosal route induced higher vaginal wash FimH-specific
IgA levels (Poggio et al, 2006). The lack of correlation
between degree of protection and urogenital IgA levels
suggest that either IgA is not important for protection or
that systemic vaccination induces IgA levels that are suffi-
cient for protection. Recently, structural data and in vitro
mannose-binding studies have suggested that certain
monoclonal FimH antibodies, and to a lesser extent poly-
clonal sera, lock FimH in a ‘high-affinity’ binding confor-
mation (Le Trong et al., 2010; Tchesnokova et al., 2011).
The authors suggest that this makes FimH a poor vaccine
candidate, because antibody binding could theoretically
increase the adherence of the bacteria to the urothelium.
However, in vivo studies in both mice and primates con-
ducted by two separate groups clearly demonstrate that
FimH vaccination confers protection against UPEC cysti-
tis. One possible explanation for this discrepancy is that
antibody coating of FimH in vivo interferes with UPEC
type 1 pilus adherence to UPIa, as the pilus tip appears
to be ‘buried’ in the central cavity of the hexagonal uro-
plakin complex (Mulvey et al., 1998). Alternatively, opso-
nization may interfere with UPEC invasion of urothelial
cells and/or IBC formation. Furthermore, independent of
these effects on urothelial interactions, opsonization of
bacteria activates bactericidal complement pathways and
promotes phagocytosis by innate immune cells. An inter-
esting question yet to be addressed is whether vaccination
of C3H/HeN mice sensitized to chronic and recurrent
cystitis are similarly protected, as potentially these mice
more closely resemble the patient population that would
be targeted to prevent recurrent cystitis.

The development of biarylmannose-derivative
FimH antagonists

The mannose-binding pocket of FimH is comprised of
amino acid residues that are invariant in all strains of
UPEC (Hung et al., 2002). Mutations in these residues dis-
rupt mannose binding and attenuate virulence (Sokurenko
et al, 1998; Hung et al., 2002; Chen et al, 2009). The
X-ray crystal structures of FimH bound to o-p-mannose
and mannose derivatives called mannosides (Hung et al.,
2002; Bouckaert et al., 2005; Wellens et al., 2008; Han
et al., 2010) were used to rationally design biarylmannose-
derivative FimH binding inhibitors with excellent cellular
potency and low molecular weight (Han ef al., 2010).
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Surprisingly, although heptyl mannose bound within a so-
called ‘tyrosine gate’ outside of the mannose-binding
pocket the biarylmannose derivatives docked to one side of
this gate, making n-m stacking interactions with one of the
tyrosines. Using a reiterative process of structure-based
design, combinatorial chemistry, and in vitro cell-based
screening of hundreds of compounds, we have developed
highly potent mannosides (Han et al., 2010). By structure
and ligand-based lead optimization, pharmacokinetic prop-
erties including oral bioavailability were improved and after
evaluation of efficacy in treating established experimental
UTI, we further developed lead candidate mannoside com-
pounds for use in experimental and preclinical translational
studies (Cusumano et al., 2011). These advances have led
to the first demonstration of the capacity of our mannoside
derivatives to treat an established UTI when delivered
orally (Fig. 4; Cusumano et al., 2011). Mice with estab-
lished chronic cystitis of 2 weeks duration were treated
with a single dose of mannoside by oral gavage and bladder
titers were reduced approximately 100- (50 mg kg~ ' dose)
and 1000- (100 mg kg™") fold within 6 h of treatment,
whereas treatment with trimethoprim-sulfamethoxazole
(TMP-SMZ) in the drinking water only reduced titers
50-fold during this time. This demonstrates that manno-
sides are not only fast acting, but they also have efficacy
against an established chronic infection.

Independently, Ernst and colleagues have developed
similar biarylmannose-derivative FimH antagonists (Klein
et al, 2010; Schwardt et al, 2011). These compounds
have nanomolar affinity and the biaryl moieties of these
compounds dock outside of the tyrosine gate similar to
those compounds described earlier. Treatment of C3H/
HeN mice with their lead compound prior to UPEC
infection dramatically protected them from acute cystitis,
as bladder titers at 3 hpi were 10 000-fold lower with
treatment (Klein et al., 2010). They then endeavored to
develop mannosyl-triazoles to enhance the flexibility of
the compounds to enable binding within the tyrosine gate
in hopes of attaining a higher binding affinity. While
these mannosyl-triazole compounds did dock within the
tyrosine gate and mostly had higher affinities for
FimH, the cellular potency was decreased. Thus, further
optimization of the mannoside compounds from both
groups is necessary, not only to improve potency, but
also to improve pharmacokinetics before moving into
human preclinical trials.

Mannosides prevent acute cystitis caused by
divergent and antibiotic-resistant strains

In addition to treating an established UTI, we have also
shown that our lead mannoside compound has a potent
efficacy in preventing acute UTI caused by divergent
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Fig. 4. Mannosides successfully treat existing chronic infections.

strains, including the TMP-SMZ resistant strain PBC-1
(Cusumano et al., 2011). This likely is due to the fact that
all FimH variants have an invariant binding pocket to
which mannosides bind in a conformation that represents
neither the canonical low- or high-affinity conformation
identified by Sokurenko and colleagues (Han et al., 2010;
Le Trong ef al, 2010) In this study, bladder titers in
C3H/HeN mice were reduced approximately 100-fold at
6 hpi and the intracellular niche was eliminated, as UPEC
were unable to invade the urothelium and form IBCs.
The lead mannoside compound also acted synergistically
with TMP-SMZ, which concentrates in the urine. This
synergy appears to be a result of preventing UPEC inva-
sion of urothelial cells and compartmentalization of
UPEC to the bladder lumen, thus exposing bacteria to
TMP-SMZ concentrations well above the minimal inhibi-
tory concentration (MIC) of even a clinically resistant
strain, resulting in bacterial cell death (TMP reached
9 mg mL™" in the urine, well above the 256 pg mL ™'
MIC of the resistant strain, PBC-1). It is likely that dur-
ing current standard treatment, TMP-SMZ reaches tissue
concentrations above the MIC needed for killing of sensi-
tive strains but fails to reach tissue levels needed for kill-
ing PBC-1. Thus, in the absence of mannoside, residence
of PBC-1 in an intracellular niche, such as in IBCs during
acute infection, likely protects it from antibiotic killing.
Currently, treatment of UTI typically requires a 3—10 day

FEMS Microbiol Rev 36 (2012) 616-648

!! %/ Mannosides

ud 3t % Bladder

epithelial
cells

e g @
@ @ J@® @ e jO o

el e e e ¢ o e

Bladder
lamina propria

course of antibiotics or, in the case of chronic, recurrent
cystitis, daily prophylaxis. Thus, our mannoside com-
pounds have the potential to shorten this course and/or
increase the efficacy of TMP-SMZ resulting in fewer treat-
ment failures, if clinically translatable. Translated to
clinical practice, mannosides could be a cost-effective
treatment that lowers the clinical antibiotic resistance
rate, which is currently as high as 30% in some studies
(van der Starre et al., 2010) and may also reduce the use
of fluoroquinolones, thus decreasing resistance. In addi-
tion, the unique mechanism of mannoside action, that is,
inhibiting the function of the extracellular FimH pilus tip
adhesin, negates the need for the compound to cross the
bacterial outer membrane for efficacy, which thus would
circumvent the development of resistance because of
porin mutations or efflux.

Conclusions

UTI and associated bladder diseases are a major problem,
particularly when the consequences are chronic and debili-
tating in nature. Previously thought to be an exclusively
extracellular disease, bladder infections caused by UPEC
are now recognized to be complex pathogenic events with
distinct acute and chronic phases of infection, each of
which have intracellular and extracellular niche compo-
nents. Yet in spite of this knowledge, molecular details
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regarding UPEC persistence and the complex range of
syndromes associated with UTT are sorely lacking. Increas-
ing antibiotic and multidrug-resistance is compounding
the clinical problem, making it even more imperative that
we gain a complete understanding of UPEC pathogenesis
including molecular details of the host—pathogen factors
that influence disease outcomes and sequelae. In tackling
this problem, we propose to consider UPEC pathogenesis
as a series of host—pathogen checkpoints and population
bottlenecks. We hypothesize that an acute host—pathogen
checkpoint exists early in acute infection that determines
disease outcome. In this model, an initial severe and
chronic infection with a highly virulent UPEC strain has
the potential to sensitize individuals to recurrent infection,
such that much less virulent UPEC strains are now capa-
ble of causing symptomatic rUTL. Such a model could
explain, in part, the large degree of heterogeneity among
UPEC isolates. Understanding the molecular mechanisms
of this putative checkpoint will be critical for developing
new therapeutic strategies to prevent rUTI. Likewise, we
hypothesize that UPEC population bottlenecks not only
offer an opportunity for therapeutic intervention, such as
with the mannoside compounds, but also help us to
understand bacterial survival strategies and host defense
mechanisms that are in play during acute infection and
chronic persistence.
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