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Abstract
Strains of uropathogenic E. coli (UPEC) are the primary cause of urinary tract infections, including
both cystitis and pyelonephritis. These bacteria have evolved a multitude of virulence factors and
strategies that facilitate bacterial growth and persistence within the adverse settings of the host urinary
tract. Expression of adhesive organelles like type 1 and P pili allow UPEC to bind and invade host
cells and tissues within the urinary tract while expression of iron chelating factors (siderophores)
enable UPEC to pilfer host iron stores. Deployment of an array of toxins, including hemolysin and
cytotoxic necrotizing factor 1, provide UPEC with the means to inflict extensive tissue damage,
facilitating bacterial dissemination as well as releasing host nutrients and disabling immune effector
cells. These toxins also have the capacity to modulate, in more subtle ways, host signaling pathways
affecting myriad processes, including inflammatory responses, host cell survival, and cytoskeletal
dynamics. Here, we discuss the mechanisms by which these and other virulence factors promote
UPEC survival and growth within the urinary tract. Comparisons are also made between UPEC and
other strains of extraintestinal pathogenic E. coli that, although closely related to UPEC, are distinct
in their abilities to colonize the host and cause disease.
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Introduction
Escherichia coli is an incredibly diverse bacterial species with the ability to colonize and persist
in numerous niches both in the environment and within animal hosts. E. coli and other
commensal intestinal flora of mammals often form a beneficial symbiotic relationship with
their host, providing nutrients, key signals for developmental and immune regulation, and
protection against foreign pathogens (Yan and Polk, 2004). Some strains of E. coli can diverge
from their commensal cohorts, taking on a more pathogenic nature and the ability to cause
serious disease both within the intestinal tract and elsewhere within the host. These pathogenic
strains are broadly categorized as either diarrheagenic E. coli or extraintesinal pathogenic E.
coli (ExPEC) (Kaper et al., 2004; Russo and Johnson, 2000). Within each of these broad groups
are sets of strains known as pathotypes that share common virulence factors and elicit similar
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pathogenic outcomes (Marrs et al., 2005). Several pathotypes of diarrheagenic E. coli give rise
to gastroenteritis, but rarely cause disease outside of the intestinal tract. ExPEC, on the other
hand, have maintained the ability to exist in the gut without consequence, but have the capacity
to disseminate and colonize other host niches including the blood, central nervous system, and
urinary tract, resulting in disease.

Among ExPEC, strains of uropathogenic E. coli (UPEC) are most commonly associated with
human disease. These bacteria are the primary cause of community-acquired urinary tract
infections (UTI) (70–95%) and a large portion of nosocomial UTIs (50%), accounting for
substantial medical costs and morbidity worldwide (Foxman, 2003). Recurrent, or relapsing,
UTIs are especially problematic in many individuals. UPEC strains act as opportunistic
intracellular pathogens, taking advantage of host behavior and susceptibility by employing a
diverse repertoire of virulence factors to colonize the urinary tract. It is believed that a primary
reservoir of UPEC isolates is within the human intestinal tract, as the isolate responsible for a
UTI in a given individual often matches rectal isolates from that same person (Russo et al.,
1995). In some cases, dissemination of a single clonal group of UPEC isolates may occur within
a community via contaminated food or other consumables (Manges et al., 2001). Additionally,
UPEC strains isolated from sexually active patients often match fecal isolates from their
partners, indicating that UTIs can be sexually transmitted (Foxman et al., 2002; Johnson and
Delavari, 2002).

Once inside the urinary tract, UPEC preferentially colonizes the bladder and causes cystitis,
but can also ascend through the ureters into the kidneys, causing pyelonephritis. In response
to the breach by UPEC into the normally sterile urinary tract, host inflammatory responses are
triggered leading to cytokine production, neutrophil influx, the exfoliation of infected bladder
epithelial cells, and the generation of reactive nitrogen and oxygen species along with other
antimicrobial compounds (Bower et al., 2005; Mulvey et al., 2000). UPEC have evolved a
number of strategies to evade these innate immune responses, enabling the pathogens to more
effectively colonize the urinary tract and persist. The ability of UPEC to bind host tissues is
one of the paramount factors that facilitate UPEC colonization of the urinary tract, allowing
the bacteria to withstand the bulk flow of urine and promoting UPEC invasion of urothelial
cells. Within bladder epithelial cells, UPEC are trafficked into membrane-bound, acidic
compartments with features similar to late endosome or lysosomes (Eto et al., 2007). In the
large, terminally differentiated superficial umbrella cells that line the lumen of the bladder
UPEC are able to break into the host cell cytosol and rapidly multiply, forming large
intracellular biofilm-like communities that can contain several thousand bacteria. This
phenomenon is observed in both mouse UTI model systems and in human patients with UTI
(Anderson et al., 2003; Eto et al., 2007; Mulvey et al., 2001; Rosen et al., 2007). Bladder cells
containing large numbers of UPEC are primed to exfoliate, providing a mechanism by which
the host can rapidly clear many bacteria from the urinary tract with the flow of urine (Mulvey
et al., 1998; Mulvey et al., 2001). This process, however, leaves the underlying layers of
immature bladder epithelial cells exposed and more susceptible to infection. In mouse models,
UPEC have been observed to invade the underlying immature urothelial cells, entering late
endosome-like compartments that are often enmeshed within a network of actin filaments (Eto
et al., 2006; Mulvey et al., 2001). Replication of these actin-bound bacteria is restricted, making
them less susceptible to many antibiotics and perhaps less immunogenic. These quiescent
bacteria may serve as reservoirs for recurrent (or relapsing) UTIs. The rearrangement of actin
filaments during terminal differentiation of the infected immature cells may act as a trigger for
increased intracellular multiplication of UPEC and the recrudescence of clinical symptoms.
Figure 1 provides an overview of many of the key events taking place during the course of a
bladder infection. It is anticipated that a greater understanding of these events and other factors
that promote UPEC colonization of the urinary tract, as well as the gut, will lead to the
identification of novel vaccine targets and the development of more efficacious therapies.

Wiles et al. Page 2

Exp Mol Pathol. Author manuscript; available in PMC 2009 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In 2002 the genomic sequence of the pyelonephritis isolate CFT073 (O6:K2:H1) was published
and more recently, in 2006, genomic sequencing of another pyelonephritis isolate, 536
(O6:K15:H31), and the cystitis isolate UTI89 (O18:K1:H7) were completed. Despite many
similarities among UPEC isolates, genomic features that are specifically unique to UPEC have
not yet been identified. Compared to K12 lab strains and commensal E. coli isolates, UPEC
harbor more genes encoding virulent capsule antigens, iron acquisition systems, adhesins, and
secreted toxins. These genes are often encoded within regions, referred to as pathogenicity
islands (PAIs), with GC nucleotide content distinct from the rest of the genome (Gal-Mor and
Finlay, 2006; Hacker and Kaper, 2000; Lloyd et al., 2007). Using recent epidemiological
findings and genomic comparisons, this review describes the repertoire of key UPEC virulence
factors and their prevalence among UPEC isolates. We also briefly discuss two other ExPEC
pathotypes, avian pathogenic E. coli (APEC) and asymptomatic bacteriuria E. coli (ABU), and
their usefulness in understanding UPEC virulence.

The armamentarium of UPEC
ExPEC genomes are generally larger than those of K12 or commensal E. coli isolates,
presumably because they contain more genes required for survival outside the intestinal tract.
The genomes of the UPEC isolates CFT073, 536, and UTI89 contain 8–22% more open reading
frames and are 6–13% larger than the genome of the K-12 reference strain MG1655
(Brzuszkiewicz et al., 2006; Chen et al., 2006; Welch et al., 2002). PAIs acquired through
horizontal gene transfer are partly responsible for the inflated size of UPEC genomes (Hacker
et al., 1997). Diarrheagenic E. coli pathotypes also encode numerous virulence factors within
PAIs, but the variety of virulence factors that they express can differ markedly from UPEC
(Kaper et al., 2004). For example, UPEC typically express an array of adhesins and iron
acquisition systems to facilitate extraintesinal survival, and generally lack the notorious type
III secretion system used by many diarrheagenic E. coli isolates to inject virulence factors into
target host cells. Even among UPEC strains there are considerable differences in the repertoire
and expression levels of virulence factors that can affect bacterial growth and persistence within
the urinary tract. Table 1 lists some of the major virulence factors associated with sequenced
UPEC and related ExPEC strains.

UPEC serotypes
Traditional classification of E. coli strains is based on the presence of certain O (somatic), K
(capsular polysaccharide), and H (flagellar) antigens. An association between the expression
of specific capsular antigens and E. coli pathotypes has been well documented, but the extent
to which these antigens impact pathogenesis is not completely understood. The O antigen,
which defines >176 serogroups, is a polysaccharide consisting of ~10–25 repeating sugar
subunits anchored in the outer core of the lipopolysaccharide component of the bacterial
membrane (Stenutz et al., 2006). There is a high frequency of the antigens O1, O2, O4, O6,
O7, O8, O16, O18, O25, and O75 among UPEC, while specific K and H antigens have a less
defined pattern (Bidet et al., 2007; Lloyd et al., 2007). This O antigen trend is reiterated with
the sequenced UPEC isolates CFT073 (O6), 536 (O6), UTI89 (O18), as well as with two other
often used UPEC strains, J96 (O4) and F11 (O6).

The K1 capsular antigen is typically associated with ExPEC strains that cause neonatal
meningitis. Expression of the K1 capsule by so-called neonatal meningitis E. coli (NMEC) has
been shown to protect these pathogens from both complement-mediated killing and
bacteriophages, while also enhancing bacterial survival within brain microvascular endothelial
cells and facilitating bacterial evasion of phagocytosis by professional phagocytes (Allen et
al., 1987; Kim et al., 2003; Pluschke et al., 1983; Scholl et al., 2005; Van Dijk et al., 1979).
Although there is no clear evidence for the involvement of specific K antigens in UPEC
pathogenesis, it has been noted that UPEC isolates bearing the K1 or O18 antigens often encode
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more virulence-associated factors than other ExPEC isolates (Ewers et al., 2007). Interestingly,
the well-studied human cystitis isolate UTI89 displays the prototypic NMEC O18:K1:H7
serotype, which in turn may contribute to the virulent nature of this particular strain.

Despite the higher prevalence of specific somatic antigens among certain ExPEC pathotypes
like UPEC, expression of some O antigen types is much less biased. For example, the O45
antigen is similarly expressed in both UPEC and NMEC pathotypes, where it appears to provide
a survival advantage for both types of pathogens (Bidet et al., 2007; Ewers et al., 2007). It has
been suggested that ExPEC expressing the O45 antigen are evolutionarily young compared to
O4-, O6-, or O18-expressing ExPEC isolates, and not yet settled into a particular niche
requiring a more specific O antigen. While it is known that certain O and K antigens provide
a survival advantage for some ExPEC strains, how these antigens specifically impact UPEC
virulence requires further investigation. On the other hand, flagella (giving rise to H antigens)
now have a more defined role in UPEC pathogenesis, having recently been shown to facilitate
the ascension of UPEC from the bladder into the kidneys (Lane et al., 2007; Lane et al.,
2005; Wright et al., 2005).

Iron acquisition systems - virulence factors that pull their weight
A longstanding battle wages between pathogenic bacteria and their hosts for iron, an essential
factor for many prokaryotic and eukaryotic cellular processes (Andrews et al., 2003). In the
mammalian host, free iron concentrations are incredibly low, being approximately 10−25 M in
the blood and often lower at other sites (Barasch and Mori, 2004; Fischbach et al., 2006a). For
growth, bacteria require a cytoplasmic iron concentration of ~10−6 M (Andrews et al., 2003).
Consequently, pathogenic bacteria, including ExPEC and more specifically UPEC, have
evolved multiple strategies for swiping iron from the host (Table 1). These include the
expression of iron acquisition systems that utilize siderophores to scavenge iron from the
environment and subsequently concentrate it in the bacterial cytosol. Siderophores are secreted
low molecular weight molecules that have a high affinity for ferric (Fe+3) iron, which is
insoluble as a free cation. Bacteria retrieve iron-bound siderophores through receptors that
facilitate the transport of siderophore-iron complexes through the bacterial membrane and into
the cytosol where the iron is released.

Limiting iron availability is an important host defense against invading bacterial pathogens.
Just as bacteria use siderophores to bind and transport iron, eukaryotic organisms use iron-
chelating proteins to sequester and shuttle iron into and out of host cells. Transferrin, an iron
carrier protein that is conserved among mammals, birds, fish, and amphibians, has a strong
affinity for iron (Kd = ~10−20) (Fischbach et al., 2006a). However, a common siderophore
known as enterobactin, which is expressed by both pathogenic and K12 E. coli strains, binds
iron with an even lower Kd of ~10−49, allowing enterobactin to out compete transferrin for iron
binding. Employment of enterobactin may afford bacteria like UPEC the ability to colonize
iron poor niches, such as the urinary tract. The host, however, is not defenseless against
siderophores like enterobactin. For example, the host protein lipocalin 2 (also known as
neutrophil gelatinase-associated lipocalin, siderocalin, 24p3, or uterocalin) was recently
identified as an effective countermeasure for combating enterobactin-mediated iron
scavenging by pathogens. Goetz and colleagues found that lipocalin 2 functions as a
bacteriostatic agent by specifically binding and sequestering enterobactin (Goetz et al.,
2002). In addition, Flo et al. showed that bacteria expressing only the enterobactin siderophore
system were efficiently cleared in wild type mice after intraperitoneal injection, whereas
lipocalin 2 knockout mice were severely impaired in their ability to eliminate the same bacteria
(Flo et al., 2004). Lipocalin 2 is constitutively expressed and released by activated neutrophils,
the major immune effector cells recruited to sites of infection within the urinary tract.
Expression of lipocalin 2 is also upregulated in vivo within urothelial cells harboring
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intracellular bacterial communities of UTI89 (Reigstad et al., 2007). These data indicate that
lipocalin 2 is likely employed by the host during a UTI, prompting the question: does UPEC
have the means to circumvent this host countermeasure?

In contrast to K12 E. coli strains, ExPEC pathotypes typically encode multiple iron acquisition
systems aside from enterobactin. UPEC, in particular, express a wealth of seemingly redundant
iron acquisition systems, including the siderophores salmochelin, yersiniabactin, and
aerobactin. Interestingly, salmochelins are variants of enterobactin that have been modified by
glucosylation via the action of a glucosyltransferase encoded within the iroA gene cluster
(Bister et al., 2004; Smith, 2007). This modification to enterobactin prevents its recognition
and sequestration by lipocalin 2, giving iroA-positive bacteria a distinct advantage within the
host (Figure 2) (Fischbach et al., 2006b). Many UPEC isolates carry the iroA gene cluster
within PAIs. Importantly, iron-bound salmochelin is also not recognized by the normal
enterobactin receptor, FepA. However, the iroA gene cluster encodes another receptor, iroN,
which does recognize iron-bound salmochelin and transports it into the bacterial cytosol
(Hantke et al., 2003). These observations highlight the selective pressures on UPEC and other
bacterial pathogens that drive the evolution of multiple iron acquisition systems and the
challenges faced by the host in keeping its iron stores secure and out of reach.

Home is where your pili stick
UPEC colonization of the urinary tract hinges on its ability to bind host cells and tissues.
Adherence also stimulates UPEC entry into host epithelial cells, a process that appears to
promote UPEC survival within the urinary tract (Bower et al., 2005). The primary adherence
factors encoded by UPEC, and many other microbes, are supramolecular, filamentous adhesive
organelles known as pili or fimbriae. Common adhesive organelles elaborated by UPEC are
type 1, P, S, and F1C pili encoded by the fim, pap, sfa, and foc operons, respectively. Individual
UPEC genomes can carry >10 fimbrial gene clusters, the majority of which have been
characterized in only cursory detail, making the contribution of each pilus type to UPEC
virulence difficult to discern (Miyazaki et al., 2002; Snyder et al., 2005; Snyder et al., 2006).
Cross-talk among pilus operons within a bacterial cell, likely triggered by environmental cues,
can result in a switch in expression from one pilus type to another, a process known as phase
variation (Holden et al., 2007; Holden et al., 2006; Lindberg et al., 2007; Xia et al., 2000).
Phase variable expression of pilus genes within a single strain of UPEC can give rise to
subpopulations expressing functionally distinct pili, increasing the probability of adherence to
or invasion of host tissues and possibly broadening host specificity (Holden and Gally,
2004).

Two of the most studied adhesive organelles are type 1 and P pili, which are encoded by many
UPEC strains. The expression of P pili is often associated with pyelonephritic UPEC isolates
(Lane and Mobley, 2007). The genomes of 536 and UTI89 each contain one copy of the pap
(pyelonephritis-associated pili) operon encoding P pili, while the CFT073 genome has two
copies within separate PAIs. A specific adhesin protein, called PapG, which is localized at the
distal tip of the P pilus, mediates bacterial adhesion to host cells. Three types of the PapG
adhesin have been identified (designated as PapG I, II, and III) that recognize
globotriasylceramide variants on the surface of target cells, particularly in the kidney. The
human pyelonephritis isolate CFT073 encodes two copies of the PapGII variant known to bind
the globotetraosylceramide GbO4, a glycolipid that is abundantly expressed on the surface of
human urothelium. PapGIII, on the other hand, is more common among cystitis isolates and
is encoded by both 536 and UTI89. The PapGIII adhesin binds the globopentaosylceramide
GbO5, which is predominantly found in the canine and not the human urinary tract, although
alternate human receptors for PapGIII have been reported (Karr et al., 1990; Lindstedt et al.,
1989; Stapleton et al., 1998; Stromberg et al., 1990). Despite its epidemiological association
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with UPEC strains that cause acute pyelonephritis, the exact role of P pili during the course of
a UTI has remained elusive.

Type 1 pili are highly conserved and extremely common among both UPEC and commensal
isolates and have come to be considered one of the most important virulence factors involved
in the establishment of a UTI. Targeted knockout of the type 1 pilus adhesin FimH greatly
diminishes the ability of UPEC to colonize the urinary tract in studies using both human
volunteers and mice, in contrast to results from analogous studies with P pili (Bahrani-Mougeot
et al., 2002; Connell et al., 1996; Langermann et al., 1997; Mulvey et al., 1998). FimH contains
a binding pocket that recognizes mannose-containing host glycoprotein receptors (Hung et al.,
2002). Interestingly, the FimH adhesin mediates both bacterial adherence to and invasion of
host cells, and contributes to the formation of intracellular bacterial biofilms by UPEC
(Martinez et al., 2000; Wright et al., 2007). The integral membrane glycoprotein uroplakin 1a,
which is abundantly expressed on the apical surface of the bladder, appears to be a key receptor
for the FimH adhesin, although FimH can also bind many other host proteins (Eto et al.,
2007; Mulvey et al., 1998; Zhou et al., 2001). In particular, our laboratory recently showed
that α3β1 integrin subunits expressed by many host cell types, including bladder epithelial
cells, are bound by FimH and mediate uptake of type 1 piliated E. coli (Eto et al., 2007).
Integrins are surface adhesion molecules that link extracellular matrix proteins with the actin
cytoskeleton, providing signaling conduits between the intra- and extracellular environments.
Manipulation of integrins and downstream signaling cascades is a common mechanism by
which pathogens gain entry into host cells (Scibelli et al., 2007).

We found that the treatment of cultured bladder epithelial cells with blocking antibodies
specific for either α3 or β1 integrin abrogated type 1 pilus-mediated bacterial invasion of host
bladder cells without decreasing bacterial adherence (Eto et al., 2007). In addition, mutation
of several phosphorylation sites within the cytoplasmic tail of β1 integrin (specifically,
mutation of threonines 788 and 789 to alanines, and tyrosines 783 and 795 to phenylalanines)
effectively attenuated FimH-mediated invasion. These cytosolic residues can affect the
conformation of β1 integrin as well as the recruitment and activation of various adaptor and
signaling factors. Intriguingly, mutation of serine 785 within the tail of β1 integrin to alanine
enhanced bacterial invasion about 4-fold for reasons not yet fully understood. FimH-mediated
bacterial invasion of host cells requires dynamic rearrangement of the host actin cytoskeleton,
and a number of integrin-associated signaling factors and adaptor proteins known to regulate
actin dynamics have been implicated in the invasion process (Figure 3) (Eto et al., 2007;
Martinez et al., 2000). These include Rho GTPases, focal adhesion kinase (FAK), Src kinase,
and PI 3-kinase as well as the adaptor proteins α-actinin and vinculin. Recent work has indicated
that elevated host cAMP levels linked with stimulation of the pattern recognition receptor
TLR4 may also modulate the invasion process (Song et al., 2007). It is likely that other host
receptors, in addition to α3 or β1 integrin, are also involved in FimH-mediated bacterial
invasion. Identifying these putative receptors and defining their role(s) during UTI may aid the
development of new treatment protocols. In addition, it is feasible that polymorphic variations
in α3β1 integrins or other receptors may help explain why some individuals are more prone to
recurrent and chronic UTIs.

UPEC ordnance - secreted toxins
The utilization of secreted toxins by pathogenic bacteria is well recognized. For the most part,
UPEC lack the type III secretion system that some other pathogens use to inject effector
molecules into host cells and instead often use so-called type I and type V secretion systems
(see (Henderson et al., 2004) for a recent review). Figure 4 highlights some of the more
thoroughly studied toxins commonly associated with UPEC. The prototypical type 1 secreted
toxin, α-hemolysin (HlyA), is encoded by ~50% of UPEC isolates and its expression is
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associated with increased clinical severity in UTI patients (Johnson, 1991; Marrs et al.,
2005). The UPEC isolates CFT073 and UTI89 each contain one copy of the hemolysin operon,
hlyCABD, while the 536 strain encodes two copies. HlyA is a calcium-dependent toxin of 110
kDa that forms 2 nm-wide pores in host cells, leading to cell lysis when high levels of HlyA
are reached (Bhakdi et al., 1988; Boehm et al., 1990a; Boehm et al., 1990b; Ostolaza and Goni,
1995). The host environments encountered by ExPEC are extremely nutrient poor and the
function of HlyA has generally been thought to primarily be the destruction of host cells,
thereby facilitating the release of nutrients and other factors, like iron, that are critical for
bacterial growth. However, it is not clear how often HlyA reaches levels that are high enough
to lyse target host cells during the course of an actual infection. Rather, sublytic concentrations
of HlyA may be more physiologically relevant. Indeed, recent studies have demonstrated that
sublytic concentrations of a number of pore-forming toxins can modulate a variety of host
signaling pathways, including transient stimulation of calcium oscillations, the activation of
MAP kinase signaling, and the alteration of histone phosphorylation and acetylation patterns
(Hamon et al., 2007; Ratner et al., 2006). In addition, we have recently found that sublytic
concentrations of HlyA potently stimulates inactivation of the serine/threonine kinase Akt,
which plays a central role in host cell cycle progression, metabolism, vesicular trafficking,
survival, and inflammatory signaling pathways (Wiles et al., 2008). These findings may help
explain previously published results implicating sublytic concentrations of HlyA in the
inhibition of chemotaxis and bacterial killing by phagocytes, as well as HlyA-mediated
stimulation of host apoptotic and inflammatory pathways (Cavalieri and Snyder, 1982;
Koschinski et al., 2006; Mansson et al., 2007; TranVan Nhieu et al., 2004; Uhlen et al.,
2000).

ExPEC also encode several type V secreted toxins known collectively as autotransporters
(Henderson et al., 2004). Two of these, vacuolating autotransporter toxin (Vat) and secreted
autotransporter toxin (Sat), are often expressed by UPEC isolates (Ewers et al., 2007; Restieri
et al., 2007). Among the reference UPEC strains listed in Table 1, CFT073 encodes both Vat
and Sat, while 536 and UTI89 expresses only the former. Vat and Sat were initially
characterized by their ability to induce a variety of cytopathic effects in target host cells,
including vacuolation and swelling. Although the role of Vat in UTI pathogenesis has not been
thoroughly studied, this toxin has been shown to enhance APEC virulence in respiratory and
cellulitis infection models using broiler chickens (Parreira and Gyles, 2003). Sat expression
by CFT073, on the other hand, has been shown to induce dramatic kidney damage in a mouse
UTI model system, causing dissolution of the glomelular membrane, loss of tubular epithelial
cells, and vacuolation of kidney tissue (Guyer et al., 2002; Maroncle et al., 2006).
Paradoxically, Sat did not appear to influence the ability of CFT073 to colonize the murine
urinary tract. The role(s) of several other autotransporter toxins encoded by UPEC awaits
further investigation.

The toxins expressed by UPEC are not necessarily secreted as naked proteins, but instead may
be associated with outer membrane vesicles (OMVs) that bleb from the bacterial surface.
OMVs are utilized by many bacterial species to facilitate intra- and interspecies
communication, the exchange of genetic material, bacterial adherence to and invasion of host
cells, and the delivery of toxins (Kuehn and Kesty, 2005; Mashburn-Warren and Whiteley,
2006). The release of OMVs by pathogenic bacteria is thought to protect toxic cargos in transit
to target host cells, while also providing an effective way of delivering concentrated bursts of
effector molecules that can modulate host activities. HlyA and cytotoxic necrotizing factor 1
(CNF1) are two UPEC-associated toxins that appear to be delivered to target host cells
primarily via OMVs (Balsalobre et al., 2006; Davis et al., 2006; Kouokam et al., 2006).

Approximately one third of UPEC isolates encode CNF1, including the reference cystitis
isolate UTI89 (Table 1). The toxicity of this 113 kDa protein is attributed to its ability to
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constitutively activate the Rho family GTPases RhoA, Rac, and/or Cdc42 (Lemonnier et al.,
2007). Activation of Rho GTPases affects numerous eukaryotic cellular functions, including
the formation of actin stress fibers, lamellapodia, filopodia, the induction of membrane ruffling,
and the modulation of inflammatory signaling pathways (Etienne-Manneville and Hall,
2002). To exert its effects, CNF1 must gain access to the host cytosol by binding to the laminin
receptor precursor on the surface of target cells, triggering uptake and subsequent trafficking
of the toxin into a late endosomal compartment. Acidic conditions within this compartment
induce the translocation of the CNF1 catalytic domain across the vesicular membrane and into
the host cytosol where it stimulates Rho family GTPases (Lemonnier et al., 2007). Prolonged
activation of Rho GTPases leads to their ubiquitination and subsequent proteosomal
degradation. CNF1-mediated Rho GTPase activation is therefore a temporary phenomenon,
and the cytotoxicity associated with CNF1 is due to both aberrant Rho activation and
subsequent Rho degradation. The mechanism by which CNF1 is incorporated into OMVs, and
the specific role that OMVs have in CNF1 delivery to target host cells is currently not known.

Under some experimental conditions using mouse UTI model systems, CNF1 provides UPEC
with a notable advantage within the bladder and kidneys (Bower et al., 2005; Rippere-Lampe
et al., 2001). CNF1 expression by UPEC may impact UTI pathogenesis in multiple ways.
Specifically, CNF1 can promote apoptosis of bladder epithelial cells, possibly stimulating their
exfoliation and enhancing bacterial access to underlying tissue (Mills et al., 2000). In addition,
proteasome-mediated degradation of the CNF1-activated Rho GTPase Rac was shown to
stimulate plasma membrane ruffling and filopodia formation, resulting in increased host cell
motility and bacterial uptake (Doye et al., 2002). Finally, Davis et al. have recently reported
that the secretion of CNF1-containing OMVs by the UPEC isolate CP9 inhibits the phagocytic
and chemotactic activities of neutrophils (Davis et al., 2006; Davis et al., 2005). In total, these
CNF1-mediated effects may facilitate the dissemination and persistence of UPEC within the
urinary tract.

APEC, ABU and the rise and fall of UPEC
Despite the identification and characterization of numerous virulence factors and colonization
strategies utilized by UPEC isolates, no single feature accurately defines an ExPEC isolate as
UPEC. A better understanding of UPEC-associated virulence factors and the coordination of
their activities during the course of a UTI might significantly enhance our ability to both predict
and rationally redirect disease outcome. In recent years, work with the ExPEC pathotypes
asymptomatic bacteriuria E. coli (ABU) and avian pathogenic E. coli (APEC) has provided
greater insight into the evolution of UPEC strains, giving us a clearer picture of what makes
UPEC pathogenic.

ABU, housebroken UPEC
ABU E. coli strains have evolved to persist for many months to years within the urinary tract
without eliciting overt clinical symptoms. These bacteria exist in a commensal-like relationship
with the host, and in some cases appear to protect the urinary tract from colonization by more
pathogenic UPEC strains. The ABU strain 83972, in particular, can grow to very high titers
within the bladder of human patients and can effectively out compete prototypic UPEC isolates
during growth in human urine as well as in a mouse UTI model (Roos et al., 2006c). For these
reasons, the 83972 strain has been used prophylactically to reduce the occurrence of
symptomatic UTIs in human volunteers and is currently under investigation in clinical trials
in both the USA and Europe (Hull et al., 2000).

The genome of the 83972 ABU strain harbors many UPEC-associated genes encoding
virulence-related determinants like type 1, P, S, and F1C pili, α-hemolysin, and multiple iron
acquisition systems (see Table 1). Except for the latter, the genes encoding all of these putative
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virulence determinants were found to be nonfunctional and in various states of genomic decay
(Hull et al., 1999;Klemm et al., 2006;Roos et al., 2006b). These observations suggest that ABU
strains are descended from more toxic and inflammatory UPEC isolates (Klemm et al.,
2007). After growth in the human or mouse urinary tract, ABU 83972 shows significant
transcriptional upregulation of iron acquisition systems (enterobactin, aerobactin, salmochelin,
chu, and sit) and notable downregulation of fimbrial gene clusters, the α-hemolysin operon,
and rfaH, a global regulator of UPEC virulence (Nagy et al., 2002;Roos and Klemm,
2006;Roos et al., 2006c). ABU strains are also more adept at biofilm formation relative to
several reference UPEC isolates (Hancock et al., 2007). These genomic and behavioral
modifications likely help 83972 and other ABU strains grow to high titers within iron-poor
environments like urine without provoking significant immune responses (Roos et al.,
2006a;Roos et al., 2006c;Zdziarski et al., 2007). A better understanding of how ABU strains
manage to proliferate and persist within the urinary tract without irritating the host may not
only aid the development of ABU isolates as prophylactic agents, but may also help elucidate
important virulence factors utilized by UPEC when causing disease.

APEC - how UPEC got its wings
APEC causes respiratory tract infections and septicemia in domesticated birds, and
consequently can have a severe economic impact (Ewers et al., 2003). Sequencing of the
prototypic APEC strain APEC-01, coupled with the genomic analysis of other APEC isolates,
has revealed a significant amount of genomic overlap with UPEC. The majority of open reading
frames identified in APEC-01 are highly similar to those within the reference UPEC strains
UTI89 (93%), CFT073 (90%), and 536 (87%) (Johnson et al., 2007; Moulin-Schouleur et al.,
2007). Genomic variations among UPEC and APEC isolates presumably account for their
varying specificity for different niches and different animal hosts. Although a loose virulence
gene profile exists for both UPEC and APEC, no single profile is unique to either pathotype,
emphasizing the potential for both to be zoonotic risks (Kariyawasam et al., 2007; Moulin-
Schouleur et al., 2007; Ron, 2006). Interestingly, the human UPEC isolate CFT073 was shown
to be virulent in an avian respiratory infection model, but APEC isolates have not yet been
shown to cause disease in humans (Moulin-Schouleur et al., 2007).

The primary reservoir for UPEC is believed to be within the human intestinal tract, but how
this pathotype comes to inhabit the gut is not clear. It has been proposed that APEC ingested
from contaminated retail poultry serves as a source of UPEC-like strains and virulence factors
(Rodriguez-Siek et al., 2005a; Ron, 2006). APEC isolates express numerous UPEC-like
virulence factors that are often encoded on plasmids, and although UPEC does not typically
carry plasmids, some of the PAIs contained on the UPEC chromosome are remarkably similar
to the PAIs on APEC plasmids (Rodriguez-Siek et al., 2005b). Further support for a link
between APEC and UPEC virulence factors comes from a recent study showing that the
introduction of APEC virulence plasmids into a non-pathogenic avian commensal isolate
increased its virulence in both chick embryo lethality assays and in a mouse UTI model system
(Skyberg et al., 2006). These observations suggest that APEC strains being maintained in
domestic bird populations are the ultimate reservoir for UPEC-like strains. However, APEC
isolates very rarely express archetypal UPEC-associated toxins, including Sat, α-hemolysin,
and CNF1 (Ewers et al., 2007), indicating that additional reservoirs for UPEC-like strains and
virulence factors likely exist.

Concluding remarks
The diversity of known and putative UPEC-associated virulence genes, coupled with high
levels of genetic overlap seen among both pathogenic and nonpathogenic extraintestinal E.
coli isolates, makes it difficult to attribute UPEC virulence to any one set of factors. Rather, it
is likely that UPEC and other ExPEC strains have evolved multiple and redundant mechanisms
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to overcome the many challenges encountered within the host environment. Consequently,
targeting multiple virulence factors simultaneously by use of combinatorial vaccines or
pharmacological cocktails may be the best approach in combating UPEC and related
pathogens. In addition, as we gain a clearer understanding of the ways in which ExPEC colonize
and persist within the host, it may become possible to customize treatments based on the
specific virulence traits of the infecting strain found within an individual patient.
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Figure 1.
Dynamic interplay between invading UPEC and the host during a UTI. Shown are key events
taking place during bladder infection by UPEC. Type 1 pili-expressing UPEC (1, green) secrete
toxins and other virulence factors, alone or in association with outer membrane vesicles (2).
Siderophores like enterobactin and salmochelin (3, blue structures) released by UPEC scavenge
iron, in competition with host iron chelating molecules and lipocalin 2 (white discs). Type 1
pili mediate bacterial attachment to and invasion of the bladder epithelial cells (4). Large
terminally differentiated superficial epithelial cells, which are often binucleate and have
distinctive hexagonal or pentagonal shapes, line the lumenal surface of the bladder and are the
primary targets of UPEC invasion. UPEC can rapidly multiply within the superficial cells,
forming large biofilm-like communities. Exfoliation of infected bladder cells facilitates
bacterial clearance from the host, but leaves the smaller underlying immature cells more
susceptible to infection (5). The release, or efflux, of UPEC from infected host cells before
they complete exfoliation likely promotes bacterial dissemination and persistence within the
urinary tract. During efflux, UPEC often become filamentous, probably due in part to mounting
stress arising from increased activation of host defenses. These include the influx of neutrophils
(6), as well as the generation of reactive oxygen and nitrogen species and antimicrobial
peptides.
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Figure 2.
Iron acquisition. Both host and pathogen compete for iron and have evolved multiple strategies
to outdo the other. The bacterial siderophore enterobactin sequesters iron with high affinity,
while host lipochalin 2 binds enterobactin and prevents its uptake by UPEC. Bacteria carrying
the iroA gene cluster can modify enterobactin by glucosylation, creating salmochelin, which
effectively binds iron but is not recognized by lipochalin 2.
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Figure 3.
Host cell invasion by UPEC. The FimH adhesin localized at the distal tips of type 1 pili engages
α3β1 integrin receptors, and possibly other receptors, which likely cluster within cholesterol-
rich lipid rafts. Receptor binding triggers signaling cascades involving FAK, Src, PI 3-kinase,
Rho GTPases like Rac1, phosphoinositides (PIPs), and transient complex formation between
the cytoskeleton stabilizing and scaffolding proteins α-actinin and vinculin. These events
stimulate actin rearrangements, causing the host plasma membrane to zipper around and
envelope bound bacteria. Once internalized, UPEC can be trafficked to late endosome-like
compartments that are often localized within a meshwork of actin filaments. Bacteria exist
quiescently within these actin-bound compartments and may serve as reservoirs for recurrent
UTIs. Liberation of UPEC into the host cytosol stimulates rapid bacterial growth and the
formation of intracellular biofilm-like communities.
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Figure 4.
UPEC-associated toxins. α-hemolysin (HlyA), Vat, Sat, and cytotoxic necrotizing factor 1
(CNF1) are encoded by many UPEC isolates. (left) At high concentrations, HlyA inserts into
the membrane of target host cells and promotes their lysis, whereas at sublytic concentrations
HlyA can modulate signaling cascades affecting host cell survival and inflammatory responses.
(middle) Intoxication of host cells by Vat or Sat induces vacuolation and other cytopathic
effects, leading to host tissue damage. (right) Endocytosis of CNF1 occurs through the laminin
receptor precursor, or via alternative delivery mechanisms in association with outer membrane
vesicles. Conditions within the endosomal compartment stimulate translocation of the CNF1
catalytic domain into the host cytosol where it activates Rho GTPases, inducing their eventual
degradation subsequent membrane ruffling.
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