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The vast majority of urinary tract infections are caused by strains of uropathogenic Escherichia coli that
encode filamentous adhesive organelles called type 1 pili. These structures mediate both bacterial attachment
to and invasion of bladder epithelial cells. However, the mechanism by which type 1 pilus-mediated bacterial
invasion contributes to the pathogenesis of a urinary tract infection is unknown. Here we show that type
1-piliated uropathogens can invade the superficial epithelial cells that line the lumenal surface of the bladder
and subsequently replicate, forming massive foci of intracellular E. coli termed bacterial factories. In response
to infection, superficial bladder cells exfoliate and are removed with the flow of urine. To avoid clearance by
exfoliation, intracellular uropathogens can reemerge and eventually establish a persistent, quiescent bacterial
reservoir within the bladder mucosa that may serve as a source for recurrent acute infections. These obser-
vations suggest that urinary tract infections are more chronic and invasive than generally assumed.

Uropathogenic Escherichia coli (UPEC), the primary cause
of urinary tract infections (UTIs) (16, 35), is not generally
regarded as an invasive pathogen. Infections caused by UPEC
are typically self-limiting and UPEC rarely spreads beyond the
urinary tract (17, 35). Adherence of UPEC to host epithelial
cells within the bladder and other tissues within the urinary
tract is considered critical to the ability of UPEC to cause
disease (2, 12, 33). Filamentous adhesive organelles called type
1 pili, which are encoded by virtually all UPEC isolates (25),
can mediate bacterial attachment to host bladder cells and
have been shown to be significant virulence factors associated
with UTIs (6, 24, 25, 29, 37). These structures contain an
adhesin molecule, FimH, that binds mannose-containing gly-
coprotein receptors expressed on the lumenal surface of the
bladder (23, 38). In addition to mediating bacterial attach-
ment, recent work has shown that the FimH adhesin can also
directly stimulate host cell signaling cascades that lead to the
induction of cytoskeletal rearrangements and the envelopment
and internalization of adherent UPEC (27). These findings
have suggested that the invasion of bladder epithelial cells by
type 1-piliated UPEC may have an as-yet-appreciated role in
the pathogenesis of UTIs.

Data from various experimental systems indicate that inva-
sion of eukaryotic cells can provide bacterial pathogens refuge
from both innate and adaptive host defenses and may also
facilitate the dissemination of microbes within and across tis-
sue barriers (8). Within the urinary tract, the bladder epithe-
lium functions as a formidable physical barrier, preventing the
diffusion of urine and other substances from within the bladder
lumen (15, 26). The bladder epithelium, which is composed of

a single layer of large, highly differentiated superficial cells
overlying two or three layers of small, relatively undifferenti-
ated basal and intermediate epithelial cells, also serves as an
active component of the innate immune system. Interactions
between type 1-piliated UPEC and bladder epithelial cells can
stimulate cytokine and chemokine production and can also
trigger the exfoliation and clearance of superficial epithelial
cells (29, 34, 36). Exfoliation of infected bladder cells occurs
via an apoptosis-like mechanism and appears to be an effective
host defense strategy (29). To colonize the bladder success-
fully, UPEC must have a means of counteracting or circum-
venting bladder cell exfoliation and other innate host defenses
within the urinary tract.

Here we report that following invasion of superficial bladder
epithelial cells, UPEC can replicate intracellularly and even-
tually reemerge from the infected host cells in a manner rem-
iniscent of a lytic virus cycle. Upon exiting the superficial cells,
UPEC can interact with and invade surrounding and underly-
ing epithelial cells, leading to the establishment of a quiescent
bacterial reservoir within the bladder tissue. These findings
suggest a means by which invasion, rather than promoting
bacterial spread across mucosal layers and into other tissues,
can facilitate the localized persistence of a bacterial pathogen.

MATERIALS AND METHODS

Bacterial strains. The clinical cystitis isolate NU14 has been described previ-

ously (19, 25). Other cystitis isolates, including UTI89, were kindly provided by

S. Langermann. The K-12 strains MG1655 and AAEC185 (D type 1 gene clus-

ter), the latter of which was complemented with plasmid pSH2 (31), which

encodes the type 1 pilus gene cluster, have been described previously (3, 4, 29).

All bacterial strains were grown in static Luria-Bertani (LB) broth at 37°C for

48 h to induce expression of type 1 pili. Expression was verified by mannose-

sensitive agglutination of a 3% solution of guinea pig erythrocytes (A640 of '1.9)

or a 1% solution of baker’s yeast in phosphate-buffered saline (PBS).

Inoculations of mice and microscopy. Eight- to ten-week-old female C57BL/6

mice (Jackson Laboratories) were anesthetized with methoxyflurane and inocu-

lated via transurethral catheterization with 50 ml of a bacterial suspension ('108

CFU) in PBS as previously described (29). At the indicated times, mice were

killed by cervical dislocation under anesthesia and their bladders were aseptically

removed, weighed, and homogenized in 1 ml of 0.025% Triton X-100–PBS. For
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the results of the experiment shown in Fig. 1B, when possible, urine released at

the time of death was collected from infected mice in Eppendorf tubes. Bacterial

titers were determined by plating serial dilutions of homogenates or urine on LB

agar plates.

Hematoxylin and eosin staining and immunofluorescence microscopy were

performed as described previously (34). Electron and confocal microscopy anal-

yses of mouse bladders have been previously described (27, 29).

Intracellular growth assays. The 5637 bladder epithelial cells (ATCC HTB-9)

were seeded into 24-well plates and grown to confluency in RPMI 1640 medium

supplemented with 10% fetal bovine serum (Sigma), 2 g of sodium bicarbonate

per liter, and 0.3 g of L-glutamine per liter. In two sets of triplicate wells, bladder

cells were infected with a multiplicity of infection of 5 to10 bacteria per host cell

(20 ml of a bacterial solution diluted in LB broth [A600 of ;0.5]). Bacterial

contact with host cells was expedited by centrifugation of plates at 600 3 g for 5

min. After 2 h of incubation at 37°C, medium was replaced with 1.5 ml of fresh

medium containing 100 mg of gentamicin (Sigma)/ml to kill any extracellular

bacteria. In duplicate sets of wells, medium containing gentamicin and tri-

methoprim-sulfamethoxazole (TMP-SMZ) (54 and 270 mg/ml, respectively) was

added to the host cells to inhibit intracellular bacterial growth and to kill any

extracellular bacteria. After an additional 2-hour incubation, cells were washed

once with PBS (with Mg21/Ca21) and fresh medium containing 15 mg of genta-

micin/ml (with or without TMP-SMZ) was added to the cells. This submaximal

concentration of gentamicin prevented extracellular bacterial growth and re-

duced the chances of gentamicin leaching into the host cells during longer

incubation times. At the indicated times, host cells were washed three times in

PBS and lysed in 1 ml of 0.1% Triton X-100–double-distilled H2O (ddH2O).

Lysates were plated on LB agar plates to determine numbers of surviving intra-

cellular bacteria.

Bacterial fluxing assays. The 5637 cells in 24-well plates were infected and

incubated in the presence of gentamicin as described for the intracellular growth

assays. At 24 h after the addition of gentamicin, host cells were washed five times

with PBS (with Mg21/Ca21). One set of triplicate wells was lysed to determine

the number of intracellular bacteria surviving the 24-hour incubation in the

presence of gentamicin. Fresh medium (980 ml) with or without 15 mg of gen-

tamicin/ml was added to the remaining triplicate sets of wells, and these mixtures

were incubated for an additional 7 h at 37°C. Twenty microliters of 5% Triton

X-100–ddH2O was added directly to the wells lacking gentamicin, and lysates

were plated to determine the total number of intra- and extracellular bacteria.

Wells containing gentamicin were washed three times with PBS prior to lysis in

1 ml of 0.1% Triton X-100–ddH2O.

RESULTS

Establishment and persistence of a UTI. A mouse cystitis
model was used to examine the capacity of UPEC to resist
clearance and to persist within the bladder. Female C57BL/6
mice were inoculated via transurethral catheterization with the
type 1-piliated clinical cystitis isolate, UTI89, and bacterial
titers were determined at various times. Between 2 and 12 h
after inoculation, the number of bacteria within the bladder
decreased substantially (an average of 3 log units) (Fig. 1A).
The reduction of titers during the first 12 h of infection corre-
lates with massive exfoliation of the superficial cells in
C57BL/6 mice and with the influx of neutrophils into the blad-
der tissue in response to infection (29, 30). Despite these and
other innate host defenses, however, considerable numbers of
bacteria were able to avoid rapid clearance from the bladder
during the first 2 days of the infection. From 2 to 7 days after
infection, bacteria persisted within the bladder at fairly con-
stant levels (Fig. 1A), and bacterial titers often remained sub-
stantially high and stable for at least 6 weeks (Fig. 1B). Inter-
estingly, after 2 days of infection, bacteria were undetectable in
58% of the urine samples collected at the time of death from
infected mice, even though bacteria persisted in the bladder
tissue. These data are in agreement with those of a previous
study suggesting that urine titers do not necessarily reflect the
bacteriologic status of the bladder tissue (18). Similar infec-
tions comparing the cystitis strain NU14 with the fimH isogenic
mutant strain, NU14-1, were also performed. At 14 days after
infection, 75% of the bladders from NU14-infected mice re-
mained colonized (mean titer, 160 CFU/bladder), whereas the
bladders of all four mice infected with NU14-1 remained sterile.

Invasion of the bladder epithelium. The ability of UPEC to
resist rapid clearance from the bladder is potentially linked to
the capacity of UPEC to invade the bladder epithelium. Within

FIG. 1. Kinetics of bacterial clearance from the bladder following infection with type 1-piliated UPEC. (A) The majority of bacteria were
cleared within the first 48 h after infection of C57BL/6 mice with UTI89. (B) Significant numbers of bacteria, however, persist within the bladder
tissue up to 6 weeks after infection. In addition, the bacteriologic status of urine samples collected from each mouse at the time of death is also
indicated in panel B. E, urine titer of .103 CFU/ml; F, urine titer of ,103 CFU/ml; L, no urine collected. Horizontal lines indicate the median
titer at each time (n 5 5 or 6).
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48 h after infection with UPEC, the majority of bacteria that
persist within infected mouse bladders are protected from the
bactericidal effects of gentamicin treatment ex vivo (29). Fur-
thermore, the in vivo treatment of infected mice with genta-
micin, cefuroxime, or the bacteriostatic drug combination
TMP-SMZ fails to substantially reduce bacterial titers within
the bladder tissue, although these antibiotics are able to effec-
tively sterilize the urine (20, 30). Such observations are consis-
tent with the possibility that UPEC might enter a protective
niche within the bladder tissue during a UTI.

Histological examination of C57BL/6 mouse bladders recov-
ered 2 h after inoculation with UTI89 demonstrated that
UPEC could penetrate the superficial epithelial cells lining the
lumenal surface of the bladder (Fig. 2A and B). Multiple
bacteria could invade a single superficial cell, although the
bacteria did not enter the host cells en masse. No large groups
of intracellular bacteria were observed at this time, and bac-
teria were not detected within the small, underlying interme-
diate and basal epithelial cells. These observations support
previous transmission and scanning electron microscopy stud-
ies which found that UPEC can enter superficial bladder cells
in vivo (11, 28, 29).

By 6 h after inoculation of C57BL/6 mice with UTI89, most
of the superficial cells had exfoliated in response to the infec-
tion (11). Within many of the remaining superficial cells, how-
ever, large inclusions of intracellular bacteria were present
(Fig. 2C and D). Immunohistological staining confirmed that
the intracellular organisms were E. coli (Fig. 2E). Bacteria
were not detected in bladder sections from mock-infected

mice. No large accumulations of bacteria were seen within the
underlying intermediate and basal epithelial cells, although
individual bacteria were occasionally observed within these
bladder cells at this and later times. These observations suggest
that UTI89 can replicate effectively within the superficial cells
but may have a diminished capacity to multiply within the less
differentiated underlying bladder epithelium. In contrast to
UTI89 and several other clinical UTI E. coli isolates examined,
the laboratory K-12 strains AAEC185/pSH2 and MG1655,
which express type 1 pili and are able to invade superficial cells
in vivo (11; M. A. Mulvey, J. D. Schilling, and S. J. Hultgren,
unpublished observations), did not appear to replicate within
the host cells and did not form large intracellular inclusions.
These data indicate that UPEC strains may encode specific
virulence factors, which are missing in laboratory K-12 strains
such as AAEC185/pSH2 and MG1655, that enable UPEC to
multiply within host superficial bladder cells, essentially con-
verting the host cells into bacterial factories.

Evasion of the exfoliation response. The exfoliation and
clearance of infected superficial cells pose a significant chal-
lenge to the persistence of UPEC within the bladder (1, 7, 11,
29). Without the ability of UPEC to escape from dying and
exfoliating host epithelial cells, UPEC invasion of the superfi-
cial bladder cells could be considered a dead-end process as far
as bacterial survival within the bladder is concerned. To un-
derstand how UPEC might resist clearance by exfoliation, we
used scanning electron microscopy to examine C57BL/6 mouse
bladders recovered 6 h after inoculation with UTI89 and other
type 1-piliated UPEC isolates. At this time, exfoliation of the

FIG. 2. Replication of UPEC within superficial bladder cells. (A and B).Two hours after infection of C57BL/6 mice with UTI89, bacteria were
detected in hematoxylin-and-eosin-stained sections entering or already within the superficial epithelial cells lining the lumenal surface of the
bladder (arrowheads). (C to E) By 6 h after inoculation, large foci of intracellular E. coli were apparent within many of the superficial bladder cells.
(E) Bacteria (red) were stained using an anti-E. coli primary antibody and Cy3-labeled secondary antibody. Host cell nuclei were visualized using
Hoechst dye. Bars, 10 mm.
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superficial cells was apparent and many of the underlying,
smaller and less differentiated intermediate epithelial cells
were exposed. The superficial cells remaining had lost their
normal, distinctive pentagonal and hexagonal outlines, ap-
peared shrunken, and frequently displayed membrane bleb-
bing characteristic of apoptotic cells (Fig. 3A to C). Virtually

all of the remnants of the superficial cells had at least a few
surface-localized bacteria. Occasionally, the host superficial
cells appeared bloated in regions, possibly as a result of large
inclusions of intracellular E. coli as can be observed in Fig. 2C
to E. Large numbers of UPEC organisms were often observed
on the surfaces of the dying superficial cells and, in many cases,

FIG. 3. Efflux of UPEC from superficial bladder epithelial cells. (A and B) Six hours after infection with type 1-piliated UPEC, the superficial
bladder cell layer was in the process of undergoing exfoliation. The remaining superficial cells often appeared swollen with evidence of membrane
blebbing. (B) Bacteria frequently appeared to be spilling out from within the superficial cells. (C to G) Elongated forms of bacteria, along with
their normal-sized counterparts, were observed seemingly emerging from within superficial cells and spilling onto underlying and surrounding
epithelial cells. (E) Filamentous bacteria were sometimes seen bridging ss host cell sutures and interacting with two adjoining superficial cells
simultaneously. (Inset) The elongated bacteria contained at least partial septa at variable distances along their lengths. (G) Examination of
hematoxylin-and-eosin-stained bladder sections indicated that the filamentous forms of bacteria could extend a significant distance through the
interior of the superficial bladder cells. Bars, 5 mm (A to F) and 10 mm (G).
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appeared to be erupting from within the host cells (Fig. 3B and
C).

The bacteria associated with the dying superficial cells at 6 h
after inoculations were frequently elongated, sometimes reach-
ing lengths of greater than 50 mm (Fig. 3C to G). The elon-
gated bacteria possessed partial septa at variable distances
along their lengths (Fig. 3E, inset). In many instances, bacteria
appeared to be spilling out of infected superficial cells and
colonizing adjacent and underlying host cells (Fig. 3C and D).
The filamentous bacteria were observed exiting, and/or enter-
ing, superficial cells through tight openings in the host cell
membrane (Fig. 3E and F) and were occasionally seen looping
within and between adjacent superficial cells (Fig. 3E and F).
Histological examination of bladder sections from infected
mice also revealed filamentous bacteria protruding into the
lumen from within superficial cells (Fig. 3G). These various
observations suggest that UPEC has the capacity to replicate
within superficial bladder cells and subsequently to escape
before the host cells completely exfoliate and are cleared from
the urinary tract by micturition.

Intracellular persistence and reemergence of UPEC. The
ability of UPEC to persist within and reemerge from infected
bladder epithelial cells was confirmed by in vitro assays. Pre-
vious work demonstrated that E. coli strains expressing type 1
pili can invade 5637 cells and other bladder epithelial cell lines
(27). In a modified gentamicin protection assay, in which ex-
tracellular bacteria are selectively killed, the intracellular titers
of the cystitis isolates UTI89 and NU14 remained fairly con-
stant within 5637 cells over the course of a 48-hour infection
(Fig. 4A). In contrast, the intracellular titers of the laboratory
K-12 strains AAEC185/pSH2 (which expresses type 1 pili en-
coded by the pSH2 plasmid) and MG1655 (which expresses
type 1 pili encoded on the chromosome) decreased continu-
ously throughout the assay (Fig. 4A). The coaddition of the
membrane-permeating, bacteriostatic antibiotic TMP-SMZ
blocked bacterial survival of the clinical strains but had no
effect on the K-12 strains, suggesting that intracellular persis-
tence is in fact a dynamic process that requires intracellular
replication (Fig. 4A).

The in vivo images of UPEC during an acute infection sug-
gest that the ability of E. coli to reemerge from infected cells
may be a critical event in UTI pathogenesis. To examine the
capacity of UTI89 and other type 1-piliated strains to exit host
bladder epithelial cells, bacteria were allowed to invade 5637
bladder cells and the cells were then incubated in the presence
of gentamicin for 24 h. Next, the cell culture medium was
replaced with fresh medium with and without gentamicin, and
bacterial titers were determined after an additional 7 h of
incubation. During this latter incubation in the absence of
gentamicin, total UTI89 titers increased significantly, while
little increase was observed in the continued presence of gen-
tamicin (Fig. 4B). NU14 behaved similarly (Mulvey et al., un-
published observations). These data indicate that intracellular
UPEC can emerge from host bladder cells and subsequently
multiply in the cell culture medium when gentamicin is re-
moved. In contrast, MG1655 titers remained nearly constant
during the 7-hour incubation with and without gentamicin (Fig.
4B), despite the fact that these bacteria can multiply as effi-
ciently as UTI89 when delivered into cell culture medium
lacking antibiotics. Thus, relative to the UPEC strains, the

intracellular type 1-piliated K-12 strains have a decreased ca-
pacity to exit host bladder epithelial cells.

Microscopic examination of 5637 cells maintained in gen-
tamicin-containing medium for 1 to 3 days after infection with
either UTI89 or NU14 (Fig. 5) showed that these pathogens
could form large intracellular inclusions similar to the bacterial
factories seen in in vivo studies (Fig. 2C to E). The intracellular
bacteria observed within 5637 cells by transmission electron
microscopy (Fig. 5A) or by confocal microscopy (Fig. 5B and
C) crowded the host cell cytoplasm, and some bacteria were
filamentous, reminiscent of the elongated microbes observed
in infected mouse bladders (Fig. 3). The addition of TMP-
SMZ blocked the formation of these intracellular bacterial
factories (Mulvey et al., unpublished observations). Most of
the infected 5637 bladder cells within a monolayer, rather than
being inundated with E. coli, harbored only one or a few
bacteria, suggesting that intracellular environmental factors
may influence whether UPEC begins to multiply within an
individual host cell. In contrast to the UPEC strains, the K-12
strains did not form large intracellular inclusions, consistent
with in vitro growth assays (Fig. 4A) and in vivo microscopic
data indicating that these organisms do not multiply efficiently
within bladder epithelial cells.

DISCUSSION

According to prevailing assumptions, UPEC strains are
strictly extracellular pathogens. In this study, however, we pro-
vide evidence that host cell invasion enhances the ability of
UPEC to successfully infect the bladder epithelium. Upon
making contact with superficial epithelial cells in the bladder
lumen, type 1-piliated UPEC induces a cascade of signaling
events leading to bacterial internalization (27, 29). Following
internalization UPEC is able to replicate, resulting in the for-
mation of large collections of intracellular bacteria, which due
to their appearance we have termed bacterial factories. UPEC
strains were also shown to have the capacity to flux out of
bladder epithelial cells, a process that may allow bacteria to
escape from host superficial cells that are induced to exfoliate
in response to infection. Bacteria exiting dying host cells are
often filamentous, enabling them to maintain contact with the
bladder epithelium as they leave one host cell and interact with
neighboring and underlying epithelial cells. In comparison with
the UPEC isolates, type 1-piliated K-12 E. coli strains MG1655
and AAEC185/pSH2, although able to invade bladder epithe-
lial cells, were unable to persist, multiply intracellularly, or
effectively exit the host cells. Furthermore, relative to UPEC,
the K-12 strains are cleared more rapidly from the bladder
during an acute infection (Mulvey et al., unpublished observa-
tions), suggesting that intracellular replication and the fluxing
activity of UPEC enhance bacterial survival in vivo.

These observations illustrate the dynamic complexity of
host-pathogen interactions during the acute phase of an infec-
tion. While exfoliation of superficial bladder cells is an effective
host defense (1, 7, 11, 29), the shedding of infected host cells
with the flow of urine may also facilitate the spread of UPEC
in the environment. In addition, the exfoliation of infected
superficial cells provides an opportunity for UPEC to interact
with and invade the underlying bladder epithelium. Thus, it
appears that UPEC can utilize invasion at two distinct steps in
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the establishment of an infection. Initially, invasion of bladder
superficial cells provides UPEC with a protective, but tran-
sient, environment in which the bacteria can replicate. Subse-
quently, bacteria that manage to avoid rapid clearance from
the urinary tract can invade the underlying epithelium, where
they can establish a more stable bacterial reservoir. This res-
ervoir can persist for several weeks in a quiescent state, seem-
ingly undetected by immune surveillance mechanisms and pro-
tected from antibiotics (20, 29, 30), possibly by virtue of the

permeability barrier maintained by the bladder epithelium (15,
26). Potentially, signals from differentiating bladder epithelial
cells or other environmental cues may trigger intracellular bac-
terial replication and the reemergence of the bacterial reser-
voir, leading to a recurrent acute infection.

Type 1 pili were shown to be critical for bacterial persistence
in the bladder as strain NU14 establishes persistent long-last-
ing infections while the fimH mutant strain NU14-1 is rapidly
cleared from the bladders of infected mice. In contrast, it has

FIG. 4. In vitro intracellular persistence and reemergence of UPEC. 5637 bladder epithelial cells were infected with uropathogenic isolates
(UTI 89 or NU14) or with a laboratory K-12 strain (AAEC185/pSH2 or MG1655) that expresses type 1 pili, and intracellular growth assays were
performed in the presence of gentamicin. (A) Intracellular levels of UTI89 and NU14 remained constant for 48 h in the presence of gentamicin
alone. In contrast, intracellular titers of the K-12 strains decreased significantly during the same time interval. Inhibition of bacterial replication
using the bacteriostatic antibiotics TMP-SMZ greatly reduced the ability of the clinical isolates to survive intracellularly. TMP-SMZ had no effect
on the persistence profile of the K-12 strains. (B) Bacterial fluxing assays indicate that intracellular UPEC isolates can exit host 5637 bladder cells.
Following a 24-hour incubation of infected host cells in the presence of gentamicin, the cell culture medium was replaced with fresh medium with
and without gentamicin. Within 7 h after removal of gentamicin (to allow extracellular bacterial growth), the titers of total extra- and intracellular
UTI89 cells greatly increased. In contrast, the titers of MG1655 remained nearly unchanged regardless of the absence or continued presence of
gentamicin.
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been shown that type 1 pili do not contribute to bacterial
persistence in a mouse model of pyelonephritis (14). There-
fore, the effect of type 1 pili appears to be localized to the
bladder, whereas other adhesive factors such as Dr adhesins
and P pili have been shown to be critical for establishing
persistent kidney infections (13, 32). Epidemiologic studies
have also correlated Dr family adhesins and class III PapG
with chronic or recurrent UTIs (9); however, the importance of
type 1 pili in bacterial persistence has likely been underappre-
ciated in these clinical studies due to the ubiquitous nature of
the fim gene cluster in all strains of E. coli.

UTIs, which affect at least 25% of women, have a strong
propensity to recur (16). Within 6 months after an initial UTI,
about one-fourth of women will experience a second infection
and many individuals will endure multiple, recurrent UTIs
throughout their lives (10, 16). Recurrent UTIs are usually
attributed to the reinoculation of the urinary tract with uro-
pathogens arising from intestinal or other environmental res-
ervoirs. Intriguingly, the bacteria associated with a recurrent
UTI often appear to be phenotypically or genotypically iden-
tical to the bacterial strain that caused the initial infection (5,
10, 21, 22). Based on such observations, it is feasible that many
recurrent UTIs occur due to a resurgence of UPEC from
quiescent reservoirs established within the bladder mucosa fol-

lowing an initial acute infection. Therefore, in many instances,
the tendency of UTIs to recur may be directly linked to the
ability of UPEC to replicate intracellularly and eventually re-
emerge from infected bladder epithelial cells. Other bacterial
pathogens that have been traditionally considered to be non-
invasive may use strategies similar to that of UPEC to establish
long-term, quiescent bacterial reservoirs in other tissues. The
existence of such reservoirs may help explain the recurrent
nature of many infectious diseases.
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