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Most strains of uropathogenic Escherichia coli
(UPEC) encode filamentous adhesive organelles called
type 1 pili. We have determined that the type 1 pilus
adhesin, FimH, mediates not only bacterial adherence,
but also invasion of human bladder epithelial cells. In
contrast, adherence mediated by another pilus adhe-
sin, PapG, did not initiate bacterial internalization.
FimH-mediated invasion required localized host actin
reorganization, phosphoinositide 3-kinase (PI 3-kinase)
activation and host protein tyrosine phosphorylation,
but not activation of Src-family tyrosine Kkinases.
Phosphorylation of focal adhesin kinase (FAK) at
Tyr397 and the formation of complexes between FAK
and PI 3-kinase and between o-actinin and vinculin
were found to correlate with type 1 pilus-mediated
bacterial invasion. Inhibitors that prevented bacterial
invasion also blocked the formation of these com-
plexes. Our results demonstrate that UPEC strains
are not strictly extracellular pathogens and that the
type 1 pilus adhesin FimH can directly trigger host
cell signaling cascades that lead to bacterial internal-
ization.
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Introduction

Urinary tract infections (UTIs) account for an estimated
6-7 X 10° out-patient hospital visits per year and are
associated with considerable morbidity (Barnett and
Stevens, 1997; Hooton and Stamm, 1997). Escherichia
coli is the etiological agent in >80% of all UTIs. The vast
majority of E.coli UTI isolates encode 1-2 pum long
filamentous surface-adhesive organelles called type 1 pili
(Langermann et al., 1997). These organelles are composite
fibers consisting of a 7 nm thick helical rod made up of
repeating FimA subunits joined to a 3 nm wide distal tip
fibrillum structure containing two adaptor proteins, FimF
and FimG, and the adhesin, FimH (Russell and Orndorff,
1992; Jones et al., 1995). FimH binds mannose-containing
glycoprotein receptors and can mediate bacterial attach-
ment to a variety of different host cell types (Tewari et al.,
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1993; Baorto et al., 1997; Malaviya and Abraham, 1998;
Mulvey et al., 1998). Interactions between FimH and
receptors expressed on the lumenal surface of the bladder
epithelium appear to be critical to the ability of many
uropathogenic E.coli (UPEC) strains to colonize the
bladder and cause disease (Connell et al., 1996;
Langermann et al., 1997; Thankavel et al., 1997,
Mulvey et al., 1998).

Subsequent to attachment, it is generally considered that
UPEC strains exist as extracellular pathogens within the
urinary tract. More than a decade ago, however, trans-
mission electron microscopy (TEM) studies of infected rat
and mouse bladders indicated that bladder epithelial cells
could internalize UPEC in vivo (Fukushi et al., 1979;
McTaggart et al., 1990). Bacteria were observed within
membrane-bound vacuoles and free within the cytoplasm
of the superficial epithelial cells that line the lumenal
surface of the bladder. It was proposed that the bladder
epithelial cells internalized bacteria as part of an innate
host defense mechanism. A more recent study, however,
suggested that bacterial internalization by bladder epithe-
lial cells could benefit the pathogens (Mulvey et al., 1998).
Using a murine cystitis model, it was shown that a
subpopulation of type 1-piliated E.coli inoculated into the
bladder could invade the epithelium and that these bacteria
appeared to have a distinct survival advantage over their
extracellular counterparts.

In general, invasion of host cells by pathogenic bacteria
can allow pathogens to evade host defenses and facilitate
their dissemination both within and across cellular barriers
(Sansonetti, 1991; Falkow et al., 1992; Menard et al.,
1996). Invasion of bladder epithelial cells by UPEC may
allow these bacteria to avoid the bulk flow of urine through
the bladder and may give them access to a more nutrient-
rich environment. Intracellular uropathogens may also be
better able to avoid the diverse array of antimicrobial
substances and immune cells present within the urine and
the bladder tissue. In addition, studies using murine
cystitis models have suggested that intracellular UPEC
strains can persist within mouse bladders virtually
undeterred in the face of antibiotic treatments that
effectively reduce bacterial titers within the urine
(Mulvey et al., 1998, 2000; Hvidberg et al., 2000).
Recently, we have found that UPEC strains can persist at
steady-state levels for multiple days within host bladder
epithelial cells, but the bacteria also have the capacity to
proliferate to high levels intracellularly (M.A.Mulvey,
J.D.Schilling and S.J.Hultgren, in preparation). These data
argue that the ability of UPEC to invade bladder epithelial
cells has a critical role in the pathogenesis of UTIs.

A mechanism by which UPEC can invade bladder
epithelial cells has not been described. Scanning EM
(SEM) studies of infected mouse bladders have revealed
that type 1-piliated E.coli strains, but not isogenic mutants
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Fig. 1. Invasion of bladder epithelial cells by type 1-piliated E.coli. 5637 bladder cells were examined by (A) SEM or (B and C) TEM 1-2 h after
infection with NU14. Adherent bacteria were often observed being enveloped by bladder epithelial cells by SEM and could be detected within

membrane-bound vacuoles by TEM. The scale bars indicate 1 pm.

lacking the FimH adhesin, are able to induce localized
changes in the host cell surface at points of contact with
murine bladder epithelial cells (Mulvey et al., 1998). In
addition, high-resolution EM has suggested that mouse
bladder epithelial cells can envelop adherent bacteria,
seemingly through contacts with the adhesive, FimH-
containing tips of type 1 pili. These observations suggested
that type 1 pilus-mediated attachment might have a role in
the invasion of bladder cells by UPEC.

Various studies have demonstrated that bacterial attach-
ment can lead to the activation of host signal transduction
cascades, sometimes inducing dramatic rearrangements
of the eukaryotic cytoskeleton that can result in the
internalization of adherent bacteria (Finlay and Falkow,
1997). Following attachment, some invasive bacteria can
introduce effector molecules into their target host cells,
triggering intense ruffling of the host cell membrane that
results in bacterial uptake (Finlay and Cossart, 1997). In
other cases, the host cell membrane can zipper around and
envelope adherent bacteria in response to direct, sequential
interactions between host cell membrane receptors and
specific bacterial adhesins, which are sometimes referred
to as invasins. The invasin protein encoded by Yersinia
pseudotuberculosis (Isberg et al., 1987) and internalin A
expressed by Listeria monocytogenes (Mengaud et al.,
1996) are two prototypic invasins. Here, we present data
indicating that the type 1 pilus adhesin FimH can function
as an invasin, directly mediating bacterial invasion of
bladder epithelial cells by inducing localized rearrange-
ments of the host cell cytoskeleton. We also show that
FimH-mediated bacterial invasion requires the activation
of distinct host cell signaling events.

Results

Type 1 pili mediate invasion into bladder epithelial
cells

The ability of type 1-piliated E.coli strains to invade
cultured human bladder epithelial cells (5637 cells) was
examined by EM techniques. SEM of 5637 cells fixed 1 h
after infection with a type l-piliated clinical cystitis
isolate, NU14, revealed that the host cell membrane could
zipper around attached bacteria (Figure 1A). Like NU14,
the recombinant laboratory K-12 strain AAEC185/pSH2
(type 1%) also adhered to 5637 cells and could be
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enveloped similarly by the host cell membrane (data not
shown). The envelopment of NU14 and AAEC185/pSH2
by 5637 cells in vitro was morphologically similar to the
envelopment of type 1-piliated E.coli by murine bladder
cells in in vivo experiments (Mulvey et al., 1998). The
uptake of NUI14 and AAECI85/pSH2 by 5637 cells
was confirmed by TEM studies (Figure 1B and C).
Internalized bacteria were found predominantly within
membrane-bound vacuoles. In contrast to NUI4
and AAECI185/pSH2, the fimH- isogenic mutants,
NU14-1 and AAEC185/pUT2002 (type 1*, FimH") did
not bind to, and were not enveloped by, 5637 cells
as determined by EM and adherence assays (Figure 2C;
data not shown).

The role of type 1 pili, and specifically the FimH
adhesin, in mediating bacterial internalization by 5637
cells was investigated further using standard gentamicin
protection assays (Elsinghorst, 1994; see Materials and
methods). NU14 was found to invade 5637 cells via a
mannose-inhibitable mechanism, while the isogenic fimH-
negative mutant of NU14, NU14-1, was non-invasive
(Figure 2A). Expression of fimH in trans within NU14-1
from plasmid pHJ20 restored the invasive phenotype. In
contrast, the plasmid pHJ19, having fimH cloned in the
incorrect orientation, was unable to complement the
invasion defect of NU14-1. Several other type 1-piliated
clinical E.coli cystitis isolates and the recombinant K-12
strain AAEC185/pSH2 (type 1*) were also tested for their
ability to invade 5637 bladder cells. Like NU14, all type 1-
piliated E.coli strains tested were able to invade 5637 cells
(Figure 2B and data not shown). In contrast, the fimH-
negative mutant AAEC185/pUT2002 (type 1%, fimH~) was
non-invasive, as was the parent strain AAEC185, which
has a complete deletion in the type 1 pilus gene cluster
(Figure 2B and data not shown) (Blomfield, 1991).
Invasion of 5637 cells by NU14 and other type 1-piliated
strains occurred at levels that are comparable to the
internalization frequencies of established invasive patho-
gens such as Listeria and Shigella (Braun et al., 1998;
Mecsas et al., 1998). NU14 and AAECI185/pSH2 were
also able to invade effectively other cultured human
bladder epithelial cells, including T24, RT4 and J82 cells
(data not shown).

To test whether or not the observed internalization of
type 1-piliated bacteria was the result of simply adhering
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Fig. 2. Type 1 pili mediate bacterial invasion of bladder cells.

(A) Gentamicin protection assays indicate that NU14 can invade
5637 cells, while the isogenic fimH~ mutant, NU14-1, was non-
invasive. Addition of 2.5% D-mannose to the cell culture medium
inhibited NU14 invasion. The plasmid pHJ20 (encoding FimH), but
not pHJ19 (encoding FimH in the incorrect orientation), complements
the invasion defect of NU14-1. (B) The non-invasive K-12 strain
AAECI18S5 (type 1), when transformed with the plasmid pSH2

(type 1*, FimH*), could also invade 5637 cells. AAEC185 strains
transformed with pUT2002 (type 1*, FimH") or pPIL110-35 (P pili*,
with or without the PapG adhesin) were non-invasive. (C) Adherence
assays indicate that AAEC185 expressing either wild-type type 1 pili
(fimH*) or wild-type P pili (papG*) are able to adhere well to 5637
cells (46.2 £ 5.9% versus 16.5 = 0.6%, respectively) in comparison
with strains expressing type 1 or P pili lacking the FimH and PapG
adhesins, respectively. (D) Calculated invasion indices (c.f.u. invaded/
c.f.u. adherent) demonstrate that AAEC185 type 1 pili (FimH*) are
~98% more efficient at mediating bacterial invasion than bacteria
expressing P pili (PapG*). All data are representative of three or
more independent assays, each performed in triplicate. Between
experiments, the invasion frequencies of the type 1-piliated E.coli
strains varied from 0.5 to 10%. This variability appears to be related
to the passage number and status of the host cells and to the degree
of bacterial piliation on the day of the experiment.

to the host cells, we examined the ability of E.coli
expressing P pili to adhere to and invade 5637 cells. P pili
are encoded by the Pap (pyelonephritis-associated pili)
gene cluster and mediate bacterial adhesion to Galo(1-
4)Gal-containing host receptors through the P pilus-
associated adhesin PapG (Leffler and Svanborg-Eden,
1980). AAECI185 was transformed with pPIL110-35
plasmids encoding the Pap gene cluster with or without
papG (Stromberg et al., 1990). As shown in Figure 2B,
AAEC185/pPIL110-35 (PapG*) was non-invasive even
though the strain is able to adhere well to 5637 cells
(Figure 2C). The papG~ isogenic mutant was non-adherent
and non-invasive. Comparison of the invasion indices (no.
of c.f.u. invaded/no. of c.f.u. adhered) for type 1-piliated
versus P-piliated AAECI185 indicated that adherence to
5637 cells in the absence of the FimH adhesin is not
sufficient to trigger bacterial internalization into bladder
epithelial cells (Figure 2D).

FimH is sufficient to mediate bacterial
internalization

The ability of FimH to mediate directly internalization into
bladder epithelial cells was tested using adhesin-coated
polystyrene latex beads. Similar amounts of purified
FimC-FimH chaperone—adhesin complexes, FimC alone
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or bovine serum albumin (BSA) were covalently attached
to latex beads (~1.17 wm in diameter). FimH, when bound
to the FimC chaperone, can be purified easily in a native
state that is able to bind mannose-containing host receptors
(Choudhury et al., 1999). The ability of the protein-coated
beads to be internalized by 5637 cells was examined by
SEM and TEM. Following a 1 h incubation with FimCH-
coated beads, SEM revealed numerous beads just beneath
the bladder cell surface and in the process of internaliza-
tion (Figure 3A and B). TEM indicated that the bladder
cell membrane could ‘zipper’ around and eventually
internalize attached FimCH-coated beads (Figure 3D-G).
This zippering process appeared to be morphologically
identical to that leading to the internalization of type 1-
piliated E.coli (see Figure 1A; Mulvey et al., 1998). In
contrast, BSA-coated beads and FimC-coated beads rarely
adhered to the 5637 bladder cells and did not induce any
apparent changes in the host cell membrane (Figure 3C
and data not shown).

The ability of FimCH-coated beads to be internalized by
5637 cells was quantified using an immunofluorescence-
based assay (see Materials and methods). As shown in
Figure 4, significant numbers of adherent FimCH-coated
beads were internalized into 5637 cells within 60 min after
addition to the cell culture wells. In contrast, the few BSA-
and FimC-coated beads that occasionally adhered to 5637
cells were rarely internalized (Figure 4A). Like type 1-
piliated bacteria, internalization of the FimCH-coated
beads was inhibited by soluble D-mannose. However,
D-mannose had no effect on the number of BSA- or FimC-
coated beads that were internalized (Figure 4A). These
results indicate that the type 1 pilus adhesin, FimH, cannot
only mediate adherence to host cells, but is also sufficient
to trigger internalization into human bladder cells in the
absence of other bacterial factors.

FimH-mediated invasion is dependent upon host
actin polymerization

The envelopment of type 1-piliated bacteria and FimCH-
coated beads by 5637 cells appeared to involve substantial
host cytoskeletal alterations, probably requiring actin
rearrangements at sites of FimH-mediated contact with
host cells. The role of actin in the invasion process was
investigated using a specific inhibitor of F-actin polymer-
ization, cytochalasin D. 5637 bladder cells were incubated
with increasing concentrations of cytochalasin D for
30 min prior to infection with either NUI4 or
AAEC185/pSH2 (type 1%, fimH"). Cytochalasin D dra-
matically reduced FimH-mediated invasion (>99% inhib-
ition; Figure 5A) but had no effect on bacterial adherence
to the bladder cells (data not shown). Removal of the drug
prior to infection made the host cells susceptible once
again to type 1 pilus-mediated bacterial invasion, indicat-
ing that the effects of cytochalasin D were reversible
(Figure S5A). The treatment of 5637 cells with
cytochalasin D also inhibited the internalization of
FimCH-coated beads (~90% reduction; Figure 5B).

The effects of FimH-mediated adherence on the host
cell actin cytoskeletal network were visualized using 5637
cells that were infected with green fluorescent protein
(GFP)-expressing AAEC185/pSH2 or NU14. Following
infection, 5637 cells were stained with Texas red-labeled
phalloidin, a toxin that specifically binds to host F-actin.

2805



J.J.Martinez et al.

Fig. 3. Internalization of FimCH-coated beads. 5637 cells were incubated with FimCH- or BSA-coated beads for 30-60 min and then processed for
SEM (A-C) or TEM (D-G). (A and B) FimCH-coated beads were internalized efficiently by 5637 cells, while the few adherent BSA-coated beads (C)
did not induce any appreciable alterations in the 5637 cell membrane. (D-G) The host cell membrane appears to zipper around and eventually
envelope FimCH-coated beads during the internalization process. Scale bars represent 5.0 um (A and E), 0.5 pm (B-D) and 1.0 um (F and G).

Confocal microscopy revealed that type 1-piliated bacteria
(green) induced localized rearrangement of actin (red) at
points of bacterial attachment (arrows, Figure 6B). Such
localized alterations of the actin cytoskeleton were not
observed in uninfected cells (Figure 6A). Like type 1-
piliated E.coli, FimCH-coated beads, but not control BSA-
coated beads, also induced localized changes of the actin
cytoskeleton (data not shown). No large-scale, global
changes, such as the formation of large actin stress fibers,
were induced by FimH-mediated bacterial or bead attach-
ment. In addition, type l-piliated bacteria lacking the
FimH adhesin did not bind 5637 cells and failed to induce
any cytoskeletal changes (data not shown). These data
suggest that FimH-mediated attachment is sufficient to
induce localized actin polymerization.

Invasion requires host protein tyrosine
phosphorylation and Pl 3-kinase activation
Modification of the host actin cytoskeletal network can be
influenced directly by the induction of specific host
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signaling events, including protein tyrosine phosphoryl-
ation and the activation of phosphoinositide 3-kinase
(PT 3-kinase) (Guinebault er al., 1995; Hartwig et al.,
1995; Carpenter and Cantley, 1996; Parsons, 1996). The
involvement of host protein tyrosine phosphorylation in
FimH-mediated bacterial invasion was tested using a
potent general tyrosine kinase inhibitor, genistein, and a
specific inhibitor of Src-family tyrosine kinases, PPl
(Gerwien et al., 1999). Treatment with genistein greatly
inhibited the ability of both NU14 (Figure 7A) and
AAECI185/pSH2 (data not shown) to invade 5637 bladder
cells in a concentration-dependent fashion. In contrast, the
inhibition of Src-family tyrosine kinases using PP1 had no
effect on the ability of type 1-piliated E.coli to bind to and
subsequently invade 5637 cells (Figure 7B). These data
indicate that tyrosine kinases, other than members of the
Src-family of kinases, are involved in FimH-mediated
bacterial invasion.

The role of PI 3-kinase in FimH-mediated bacterial
invasion was investigated using two structurally unrelated
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compounds, wortmannin and LY294002, both of which
inhibit PI 3-kinase activity (Vlahos et al., 1994).
Treatment of 5637 cells with either 100 nM wortmannin
or 50 uM LY294002 reduced FimH-mediated invasion of
5637 cells by ~90% when compared with the control cells
treated with solvent (dimethylsulfoxide; DMSO) alone
(Figure 7C and D). Wortmannin also greatly inhibited the
internalization of FimCH-coated beads by 5637 cells
(Figure 7E). Neither wortmannin nor LY294002 had any
effect on FimH-mediated bacterial adherence (data not
shown).

Induced formation of signaling and cytoskeletal
complexes

Previous work has shown that the p850. subunit of
PI 3-kinase can interact with activated protein tyrosine
kinases (Carpenter et al., 1990), including focal adhesin
kinase (FAK) (Chen and Guan, 1994; Parsons, 1996).
These interactions can lead eventually to local changes in
the host actin cytoskeleton. Interactions between
PI 3-kinase and FAK are facilitated by the phosphorylation
of FAK at Tyr397 (Chen and Guan, 1996; Chen et al.,
1996). Kinetic studies using a phospho-specific polyclonal
anti-FAK antibody demonstrated that FAK becomes
phosphorylated at Y397 within 5637 bladder cells shortly
after infection with AAEC185/pSH2 (type 1*) (Figure 8A).
Phosphorylation of FAK at Y397 correlated with the
transient formation of complexes between FAK and
PI 3-kinase, seen within 15 min after infection with
AAEC185/pSH2 (Figure 8B). Induced phosphorylation of
FAK at Y397 and the formation of complexes between
FAK and PI 3-kinase were not detected in host cells after
infection with the FimH- mutant AAEC185/pUT2002
(Figure 8A and B). Inhibitors that block FimH-mediated

Fig. 6. Actin rearrangements leading to internalization of type 1-
piliated E.coli. (A) Texas red—phalloidin staining of uninfected 5637
cells highlighting cortical actin (red). (B) Localized actin polymer-
ization is induced at points of contact (arrows) with AAEC185/pSH2/
pcomGEFP (type 1%, GFP*). (C and D) Images from (B) (arrows) and
(E) are enlarged to show detail. The scale bar represents 2 pm.
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PI 3-kinase activation diminishes invasion. (A) Gentamicin protection
assays show that genistein prevents FimH-mediated bacterial
internalization into 5637 cells in a concentration-dependent manner
(>90% inhibition at 250 uM). (B) PP1, a Src-family tyrosine kinase
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kinase activity effectively (Gerwein et al., 1999). (C and D) Wort-
mannin and LY294002, two compounds that inhibit PI 3-kinase
activity, can block FimH-mediated bacterial invasion of 5637 cells
(~90% inhibition at 100 nM and 50 uM, respectively). (E) Internal-
ization of FimCH-coated beads into 5637 cells is also inhibited by
wortmannin (~80% inhibition at 100 nM).

A FimH* FimH"
time(min) 0 &5 15 30 5 15 30
FAKPY397 == b Bem i = o 00
FAK — — T — —
IP: FAK
B FimH* FimH"~

5 45 30 60 5 15 30 &0
[N 17 "
» !

FAK = e mmma

time(min) 0

pB5a

IP: FAK
c piel e 7
p85a T
rak BB L -
I1P: FAK

bacterial invasion (cytochalasin D, genistein, wortmannin
and LY294002; Figure 7) were also found to inhibit the
formation of complexes between FAK and PI 3-kinase
(Figure 8C). The Src-family kinase inhibitor, PP1, which
had no effect on FimH-mediated bacterial invasion, also
had no effect on complex formation. These results indicate
that phosphorylation of FAK at Y397, and the subsequent
formation of complexes between FAK and PI 3-kinase,
may be critical events in the signal transduction cascades
that result in localized host actin cytoskeletal rearrange-
ments and internalization of type 1-piliated E.coli.

PI 3-kinase and FAK can potentially modulate, directly
or indirectly, a number of other molecules, including
vinculin, tensin, talin and o-actinin, which can function in
the reorganization and stabilization of the host actin
cytoskeletal network (Parsons, 1996; Dekker and Segal,
2000). Earlier work has shown that o-actinin can function
as a link between cross-linked actin filaments (Kuhlman
et al., 1992) and vinculin (Kroemker et al., 1994), and it
has been proposed that these interactions may serve to
stabilize the cytoskeletal network. Co-immunoprecipita-
tion experiments demonstrated that infection of 5637 cells
with AAEC185/pSH2, but not with AAEC185/pUT2002,
could stimulate the formation of transient complexes
between vinculin and o-actinin (Figure 8D). However,
infection with AAEC185/pSH2 did not appear to induce
complex formation between o-actinin and either tensin or
talin. Compounds that inhibit FimH-mediated bacterial
invasion and the formation of complexes between FAK
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Fig. 8. Type 1-piliated E.coli induce complex formation between FAK and PI 3-kinase and between vinculin and o-actinin. (A) Shortly after infection
of 5637 cells with AAEC185/pSH2 (FimH™"), blots probed with a phospho-specific anti-FAK antibody show that FAK becomes phosphorylated at
Y397. Infection with AAEC185/pUT2002 (FimH-) did not induce phosphorylation of FAK Y397. (B) PI 3-kinase (the p850. subunit) co-precipitates
with FAK within 15 min after infection with AAEC185/pSH2, but not after infection with AAEC185/pUT2002. (D) o-actinin, but not tensin or talin,
transiently co-precipitates with vinculin beginning within 15 min after infection with AAEC185/pSH2, but not after infection with AAEC185/
pUT2002. Control lysates containing tensin, talin and o-actinin were used to ensure that the different antibodies were functional in these assays.

(C and E) Inhibitors of type 1 pilus-mediated bacterial invasion block complex formation between FAK and PI 3-kinase and between vinculin and
a-actinin. The Src-family kinase inhibitor, PP1, had no effect on complex formation.
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and PI 3-kinase (Figures 7 and 8C) also inhibited complex
formation between vinculin and o-actinin, while PP1 had
no effect (Figure 8E). These correlative data indicate that
the formation of transient complexes between vinculin and
o-actinin, like the formation of FAK-PI 3-kinase com-
plexes, may be critical events leading to the internalization
of type 1-piliated bacteria.

Discussion

Emerging data indicate that the ability of type 1-piliated
UPEC strains to invade bladder epithelial cells is a key
event in the establishment and persistence of a UTI
(Mulvey et al., 1998; M.A.Mulvey, J.D.Schilling,
S.Langermann and S.J.Hultgren, in preparation). Here
we have described the ability of the type 1 pilus-associated
adhesin, FimH, to mediate the invasion of bladder
epithelial cells by E.coli. FimH was necessary and
sufficient to induce internalization of both bacteria and
protein-coated latex beads, suggesting that FimH can
function like an archetypal invasin. SEM and TEM studies
indicated that FimH-mediated invasion proceeded via a
zipper-like mechanism involving localized alterations of
the host cell membrane. Invasion required reorganization
of the actin cytoskeleton and was inhibited by the soluble
FimH receptor analog, D-mannose. Non-specific adher-
ence to bladder epithelial cells, or adherence mediated by
the P pilus adhesin, PapG, did not result in bead or bacteria
internalization. These data strongly implicate the type 1
pilus FimH adhesin as the critical factor involved in the
uptake of UPEC by bladder epithelial cells. It has been
reported that other adhesive pili may have accessory
functions in the internalization of some bacterial patho-
gens (Weinberg et al., 1997; Comolli et al., 1999; Dibb-
Fuller et al., 1999; Griffiss et al., 1999). However, this is
the first demonstration that a pilus-associated adhesin,
namely FimH, can directly mediate bacterial invasion of
host cells.

To gain entry into host cells, most invasive bacterial
pathogens exploit pre-existing host signal transduction
cascades (Finlay et al., 1991; Falkow et al., 1992; Bliska
et al., 1993; Finlay and Falkow, 1997). In many instances,
signaling pathways involving tyrosine phosphorylation of
host proteins appear to have key roles in the internalization
of bacterial pathogens (Bliska et al., 1993; Palmer et al.,
1997). A role for tyrosine phosphorylation in FimH-
mediated bacterial invasion of bladder epithelial cells was
indicated by our observation that invasion could be
blocked by a general inhibitor of protein tyrosine kinases,
genistein. One host protein potentially affected by
genistein is FAK. This tyrosine kinase is an important
modulator of host cytoskeletal components and has been
shown to be involved in the invasion of non-phagocytic
cells by Y.pseudotuberculosis (Alrutz and Isberg, 1998).
Following infection of 5637 bladder epithelial cells by
type 1-piliated E.coli, we have found that FAK is
transiently phosphorylated at Y397, the major autophos-
phorylation site of FAK. Phosphorylation of FAK at Y397
creates a binding site for other proteins, including Src and
PI 3-kinase (Cobb et al., 1994; Chen and Guan, 1996;
Chen et al., 1996).

Both Src and PI 3-kinase have been implicated in the
regulation of events involved in the alteration of the actin
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cytoskeleton (Hartwig et al., 1995; Carpenter and Cantley,
1996) and roles for both kinases in bacterial invasion of
host cells have been reported (Ireton et al., 1996, 1999;
Alrutz and Isberg, 1998; Dumenil et al., 1998; Evans et al.,
1998;Schulte et al., 1998). We have found, however, that
Src kinases do not appear to be involved in FimH-
mediated E.coli invasion of 5637 bladder epithelial cells
since PP1, an inhibitor of Src-family tyrosine kinases, had
no effect on this process. In contrast, two structurally
unrelated PI 3-kinase inhibitors, wortmannin and
LY294002, significantly reduced the uptake of type 1-
piliated E.coli by 5637 cells without affecting bacterial
binding to the host cells. These data indicate that
PI 3-kinase activity, but not the activity of Src-family
kinases, can modulate FimH-mediated invasion.

PI 3-kinases catalyze the generation of the 3-phospho-
inositides PI(3)P, PI(3,4)P, and PI(3,4,5)P; (PIP;)
(Leevers et al., 1999). These lipids are important second
messengers that can affect host cytoskeletal changes by
binding to and altering the cellular localization, conform-
ation and activity of a number of different eukaryotic
proteins, including structural proteins, kinases, phospho-
lipases, nucleotide exchange factors and adaptor proteins
(Fukami et al., 1994; Vanhaesebroeck and Waterfield,
1999; Dekker and Segal, 2000). In addition, PI(3,4)P, and
PIP; generated by PI 3-kinases can directly alter the actin
cytoskeleton by uncapping barbed actin filaments
(Hartwig et al., 1995).

Interactions with tyrosine-phosphorylated peptides and
proteins, including FAK, can apparently stimulate
PI 3-kinase activity (Shoelson et al., 1993). In response
to infection by type l-piliated, FimH* E.coli, transient
complexes between PI 3-kinase and FAK were detected
within 5637 cells. The appearance of these complexes
after infection paralleled the induced phosphorylation of
FAK at Y397, suggesting that FAK phosphorylation was
linked to PI 3-kinase-FAK complex formation in this
situation. Complex formation between PI 3-kinase and
FAK was blocked by inhibitors that prevented FimH-
mediated bacterial invasion, arguing that this complex is
an important signaling intermediate during the invasion
process. It is conceivable that interactions between
Y397-phosphorylated FAK and PI 3-kinase serve to
boost PI 3-kinase activity, stimulating the generation of
3-phosphoinositide second messengers that could modu-
late the actin cytoskeletal rearrangements involved in
FimH-mediated bacterial invasion.

The recruitment of cytoskeletal components, such as
vinculin, o-actinin, tensin and talin, may help stabilize the
actin rearrangements induced during bacterial invasion
mediated by FimH. Concurrent with the induced phos-
phorylation of FAK and the formation of FAK-PI 3-kinase
complexes following the infection of bladder epithelial
cells with type 1-piliated E.coli, we detected transient
interactions between vinculin and a-actinin. However,
vinculin interactions with talin or tensin, two proteins that
can link vinculin with cell membrane receptors such as
integrin (Gilmore et al., 1992), were not detected. Inhibitor
studies suggest that complexes between vinculin and
a-actinin form downstream of protein tyrosine kinase and
PI 3-kinase activation, but independently of Src-family
kinase activities. These data suggest a model in which
interactions between actin, vinculin, o-actinin and
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possibly other host components modulate and stabilize
localized cytoskeletal changes that can lead to the
envelopment and internalization of E.coli subsequent to
FimH-mediated bacterial attachment. This work demon-
strates that interactions between type l-piliated UPEC
strains and host bladder epithelial cells are more dynamic
than previously thought, and may provide insight into the
development of more efficacious therapies for the
treatment and prevention of UTIs.

Materials and methods

Bacteria and cell lines

The E.coli cystitis isolate NU14 and the isogenic fimH~ mutant NU14-1
have been described (Langermann et al., 1997). The plasmids pHJ19 or
pHJ20 (Jones et al., 1995) were transformed into NU14-1 by
electroporation. AAECI185, having a complete deletion of the type 1
pilus gene cluster (Blomfield et al., 1991), was transformed with pSH2
(type 1 gene cluster), pUT2002 (type 1*, fimH~) (Orndorff and Falkow,
1984; Minion et al., 1986), or with pPIL110-35 plasmids encoding the
Pap gene cluster with or without papG (Stromberg et al., 1990).
pcomGFP, which is comprised of the GFPmut3 gene in pcoml00
(Cormack et al., 1996) and which constitutively expresses GFP, was
kindly provided by J.St Geme. To induce expression of type 1 pili,
bacterial strains were grown in 20 ml of static Luria—Bertani (LB) broth
with appropriate antibiotics at 37°C for 48 h prior to use in experiments.
Type 1 pilus expression was confirmed by mannose-sensitive agglutina-
tion of 1% baker’s yeast or of guinea pig erythrocytes (Agso ~1.9)
(Colorado Serum Company) suspended in phosphate-buffered saline
(PBS). P-pilus expression was induced by growing bacteria on tryptic soy
agar plates (TSA) + 15 pg/ml tetracycline 24 h prior to use.

The human bladder epithelial cell lines 5637 (ATCC HTB-9) and J82
(ATCC HTB-1) were grown in RPMI 1640 (Sigma, St Louis, MO)
supplemented with 10% fetal bovine serum (FBS; Sigma), 2.0 g/l sodium
bicarbonate (Sigma) and 0.3 g/l L-glutamine. T24 cells (ATCC HTB-4)
were grown in McCoy’s medium supplemented with 10% FBS and
20 mM L-glutamine. RT4 cells (ATCC HTB-2) were grown in RPMI
1640:Dulbecco’s modified Eagle’s medium (DMEM) (1:1) supplemented
with 5% FBS. All cell lines were grown at 37°C with 5% CO, and utilized
between passages 10 and 24.

Adherence and gentamicin protection (invasion) assays
Adherence and invasion assays were performed essentially as described
(Elsinghorst, 1994). Briefly, host epithelial cells were seeded into 24-well
plates and grown to confluence. Just before infection, the cell culture
medium in each well was replaced with 960 pl of fresh, pre-warmed
medium. In three sets of triplicate wells, bladder cells were infected with
a multiplicity of infection (m.o.i.) of 5-10 bacteria per host cell (20 pul of
bacteria diluted in LB broth, Agyo ~0.5). Bacterial contact with host cells
was expedited by centrifugation of plates at 600 g for 5 min. After 2 h of
incubation at 37°C, one set of triplicate wells was lysed by the addition of
20 pl of 5% Triton X-100. Bacteria present in these lysates, representing
the total number of bacteria present both intra- and extracellularly, were
titered. For adherence assays, a second set of wells was washed five times
in PBS (containing Mg?*/Ca?*), lysed in 0.1% Triton X-100 in ddH,0,
and then plated on LB-agar plates. Adherence frequencies were
calculated as the number of bacteria recovered after PBS washes divided
by the total number of bacteria present in each well. To determine
invasion frequencies, after the initial 2 h incubation, an additional set of
wells was washed twice with PBS (with Mg?*/Ca?*) and then incubated
for another 2 h in medium containing 100 plg/ml membrane-impermeable
bactericidal antibiotic gentamicin (Sigma) to kill any extracellular
bacteria. Cells were then washed three times with PBS, lysed in 1 ml
of 0.1% Triton X-100 in ddH,O0, and plated on LB-agar plates. Invasion
frequencies were calculated as the number of bacteria surviving
incubation with gentamicin divided by the total number of bacteria
present just before addition of gentamicin.

To test the effects of specific inhibitors on bacterial invasion, genistein
(100 mM stock in DMSO) was added 15 min prior to addition of bacteria,
while LY294002 (100 mM stock) and wortmannin (0.1 mM stock
in DMSO) were added 10 min before infection. Cytochalasin D (0.1 or
1 pug/ml) was added 30 min prior to infection. As a control, DMSO was
added to cells to a final concentration of 0.1%. None of the inhibitors or
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DMSO alone had any effect on bacterial attachment or host cell viability
during the course of the experiments (data not shown).

Immunoprecipitations

Subconfluent monolayers of 5637 cells, grown in six-well plates, were
infected with 100 ul of a bacterial suspension in PBS (ODgq ~1.0). Plates
were centrifuged for 5 min at 600 g and then incubated at 37°C for 0, 5,
15, 30 and 60 min. Bacteria and inhibitors were added directly to the
conditioned medium in which the host cells had been grown. At the end of
each time point, cells were washed three times with ice-cold PBS, lysed
with 1% NP-40 lysis buffer [20 mM Tris pH 8.0, 137 mM NaCl, 1%
NP-40, 10% glycerol and 1X complete protease inhibitor cocktail
(Boehringer Mannheim, Germany)] and then centrifuged at 12 000 g.
Cleared lysates were adjusted for equal protein content using the BCA
reagent system (Pierce) and immunoprecipitated overnight at 4°C with
anti-FAK antiserum (1:100 rabbit polyclonal; Santa Cruz Biotech. Inc.) or
anti-vinculin antiserum (2 pug/ml, clone V284 Upstate Biotechnology
Inc.). Immune complexes were captured with 50 ul of 50% protein A—
Sepharose for 1 h at 4°C, washed three times with ice-cold lysis buffer
and then boiled for 8 min in SDS sample buffer. Proteins were resolved by
SDS-PAGE using 7.5% polyacrylamide gels, transferred to nitrocellulose
and immunoblotted with anti-PI 3-kinase antiserum (1 pg/ml rabbit
polyclonal; UBI), rabbit phospho-specific anti-FAKPY397 (0.5 pg/ml;
Biosource Inc.), anti-o-actinin (2 pg/ml, clone AT6/172; UBI), anti-
tensin (2 pg/ml, clone 5B9; UBI) or anti-talin (4 pug/ml; UBI). Proteins
were visualized with the Super Signal WestDura enhanced chemilumi-
nescence system (Pierce) and analyzed using the Fluor-S Multilmager
system equipped with Quantity One analysis software (Bio-Rad). In some
cases, blots were stripped with IgG elution buffer (Pierce) according to
the manufacturer’s instructions and re-probed with the appropriate
antisera to demonstrate that similar amounts of proteins were present in
each lane.

Protein-coated bead preparation and internalization assays
Carboxylate-modified non-fluorescent beads (1.17 um diameter; IDC
Microspheres, Portland, OR) were incubated with ~250 pg of purified
FimCH complex, FimC or BSA (Sigma) as described (Braun et al., 1998).
The presence of FimC in the FimCH complex is solely to stabilize
the FimH adhesin in a mannose-binding-competent conformation
(Choudhury et al., 1999). Equal numbers of FimC-, FimCH- and BSA-
coated beads (£2.5% D-mannose) were added to 5637 cells grown on
12 mm sterile glass coverslips in 24-well plates. Plates were then
centrifuged for 5 min at 600 g and incubated for 30—-60 min at 37°C. Cells
were then washed three times with PBS = 2.5% D-mannose and fixed for
20 min at room temperature in fresh 2.5% paraformaldehyde in PBS.

To stain extracellular beads, cells were blocked with RPMI/10% FBS
for 10 min at room temperature, washed with RPMI and then incubated
for 1 h at room temperature with a 1:500 dilution of either mouse anti-
FimCH antiserum (MedImmune Inc., Gaithersburg, MD) or rabbit anti-
BSA antiserum (Sigma) in RPMI/1% FBS. Cells were washed in PBS and
incubated with either anti-mouse IgG—Cy3 or anti-rabbit IgG-Cy3
conjugate (1:500) (Amersham) for 45 min at room temperature. After
additional washes, coverslips were mounted in anti-fade mounting
medium (kind gift of R.Rosqvist, Umea, Sweden). Samples were
examined with an Olympus BX60 fluorescent microscope using an
80X objective. Images were captured using IP LabSpectrum software.
Random fields of cells were viewed in phase contrast and fluorescent
modes and the images were superimposed using Adobe Photoshop. Beads
that were inaccessible to the staining procedure were scored as
intracellular. Data are presented as the number of beads internalized
divided by the number of adherent beads. Data shown are representative
of at least four separate assays.

Examination of the actin cytoskeleton

5637 cells, seeded onto 12 mm sterile glass coverslips, were infected with
GFP-expressing bacteria or incubated with FimCH-, FimC- or BSA-
coated beads as described above. After 30-60 min, cells were washed,
fixed with 2.5% paraformaldehyde/PBS and blocked with RPMI/10%
FBS. Cells were then permeabilized using 0.2% Triton X-100 in RPMI/
1% FBS and incubated for 20 min at room temperature with Texas red-
labeled phalloidin (Molecular Probes, Eugene, OR). FimCH-coated beads
were stained with mouse anti-FimCH antiserum followed by anti-mouse
IgG-Cy3 conjugate (Amersham) prior to host cell permeabilization.
Samples were examined using a Bio-Rad MRC 1024 dual laser scanning
confocal microscope system equipped with a Zeiss Axioplan fluorescent
microscope, and images were analyzed using the LaserSharp (Bio-Rad)
and Confocal Assistant software packages.



Scanning and transmission EM

For SEM, 5637 cells grown on glass coverslips and infected with type 1-
piliated bacteria or incubated with beads for 30-60 min were washed and
fixed in 2% glutaraldehyde in NHC buffer (100 mM NaCl, 30 mM
HEPES pH 7.4 and 2 mM CaCl,). Samples were then post-fixed with 1%
0sO4/NHC, rinsed, dehydrated in ascending concentrations of ethyl
alcohol, critical point dried from liquid CO,, coated with ~150 A gold and
examined using a Hitachi S-4500 FEG scanning electron microscope at
15 kV accelerating voltage.

For TEM, 5637 cells grown in 10 mm tissue culture dishes were
incubated with E.coli or FimCH- or BSA-coated beads, washed, fixed in
1% glutaraldehyde in 0.1 M cacodylate buffer and post-fixed with 1.25%
0Os0,. Samples were stained en bloc for 30 min at room temperature with
4% aqueous uranyl acetate and then dehydrated in increasing concentra-
tions of ethanol. Cells were embedded in gelatin capsules containing
Poly/Bed 812 (Electron Microscopy Sciences, Fort Washington, PA)
overnight at 60°C, thin sectioned (1 wm) using a Reichert-Jung Ultra Cut
device and then post-stained in 4% uranyl acetate and lead citrate.
Samples were viewed on a Zeiss 902 electron microscope.
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