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Meningitis-causing Escherichia coli K1 internalization of the blood-brain barrier is required for penetration into the brain, but
the host-microbial interactions involved in E. coli entry of the blood-brain barrier remain incompletely understood. We show
here that a meningitis-causing E. coli K1 strain RS218 activates Rac1 (GTP-Rac1) of human brain microvascular endothelial cells
(HBMEC) in a time-dependent manner. Both activation and bacterial invasion were significantly inhibited in the presence of a
Rac1 inhibitor. We further showed that the guanine nucleotide exchange factor Vav2, not �-Pix, was involved in E. coli K1-me-
diated Rac1 activation. Since activated STAT3 is known to bind GTP-Rac1, the relationship between STAT3 and Rac1 was exam-
ined in E. coli K1 invasion of HBMEC. Downregulation of STAT3 resulted in significantly decreased E. coli invasion compared to
control HBMEC, as well as a corresponding decrease in GTP-Rac1, suggesting that Rac1 activation in response to E. coli is under
the control of STAT3. More importantly, two E. coli determinants contributing to HBMEC invasion, IbeA and OmpA, were
shown to affect both Rac1 activation and their association with STAT3. These findings demonstrate for the first time that specific
E. coli determinants regulate a novel mechanism of STAT3 cross talk with Rac1 in E. coli K1 invasion of HBMEC.

Gram-negative bacillary meningitis continues to be an impor-
tant cause of mortality and morbidity in neonates (4, 8, 14–

16, 28, 29). A major contributing factor to such mortality and
morbidity is our limited understanding of the pathogenesis of this
disease (14, 15).

Escherichia coli is the most common Gram-negative bacteria
causing neonatal meningitis (14, 15). The disease develops follow-
ing bacterial adhesion to and invasion of the blood-brain barrier
that is composed of human brain microvascular endothelial cells
(HBMEC). A number of E. coli virulence factors such as FimH,
outer membrane protein A (OmpA), IbeA, and cytotoxic necro-
tizing factor (CNF1) have been identified to contribute to
HBMEC adhesion and invasion (9–15, 31, 32) and their contribu-
tions to E. coli meningitis have been described in a recent review
(15).

The adhesion of E. coli virulence factors to membrane recep-
tors of host cells triggers a cascade of host cell signal transduction
pathways that result in host cell actin cytoskeleton rearrangements
required for bacterial invasion of HBMEC (15). Regulation of the
rearrangement of host actin cytoskeleton by E. coli K1 has been
shown to be a complex multifactorial process, involving host actin
binding proteins and signaling molecules, as well as specific mi-
crobial determinants (15). However, the underlying host-micro-
bial interactions in the bacterial invasion of HBMEC remain in-
completely understood.

The Rho family GTPases, including RhoA, Rac1, and Cdc42,
have been identified as molecular switches that regulate actin cy-
toskeleton organization (7, 22–24). We have previously shown
that RhoA and Rac1 contribute to type III group B streptococcus
(GBS) invasion of HBMEC (25). Since GBS and E. coli represent
the two most common bacteria causing neonatal meningitis (15),
we examined whether E. coli exploits RhoA and Rac1 for invasion
of HBMEC. Our previous studies showed that FimH and CNF1 of
E. coli K1 activate RhoA (10, 12). However, there is no informa-
tion on the role played by host Rac1 or its activation by specific
virulence factors of meningitis-causing E. coli K1 for the invasion
of HBMEC.

The signal transducers and activators of transcription (STATs)
are identified as latent cytoplasmic transcription factors that are
activated by cytokines and growth factors (34). The STAT family
consists of seven members in mammals, with STAT3 being the
most pleiotropic in mediating biological functions (5). STAT3 has
been shown to bind GTP-Rac1 (27), as well as play a role in E. coli
K1 invasion of HBMEC (19). The present study provides evidence
for the role of Rac1 in E. coli K1 invasion of HBMEC, the bacterial
virulence factors contributing to activation of Rac1, as well as the
involvement of STAT3 in Rac1 activation in HBMEC.

MATERIALS AND METHODS
Reagents. Rac1 inhibitor (NSC23766) was provided by Yi Zheng at Chil-
dren’s Hospital Medical Center in Cincinnati, OH, and 17-allylamino
demethoxygeldanamycin (17-AAG) and G418 were from Sigma (St.
Louis, MO). Antibodies to Rac1, STAT3, and pSTAT3 were obtained from
Cell Signaling Technologies (Danvers, MA). Fugene-6 transfection re-
agent was from Roche Applied Sciences (Indianapolis, IN). Glutathione
beads were acquired from Pierce (Rockford, IL).

Bacterial strains and plasmids. E. coli K1 strain RS218 was the cere-
brospinal fluid isolate from a neonate with meningitis. Mutants of strain
RS218 with either cnf1, fimH, ibeA, or ompA deleted were constructed as
described previously (9–13, 31, 32). The bacteria were cultured overnight
at 37°C in the presence of antibiotics and then used for HBMEC adhesion
and invasion, as well as for host cell signaling studies. N17Rac1 (the plas-
mid downregulating Rac1) was kindly provided by Alan Hall (University
College of London, London, United Kingdom) (23), STAT3� plasmids
(3) were obtained from Hua Yu (City of Hope, CA), the PAK1 plasmid
encoding the PBD domain capable of binding activated Rac1 (1) was from
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Keith Burridge (University of North Carolina, Chapel Hill, NC), while
downregulating plasmids of either �-Pix (26) and Vav2 (17) were from L.
Romer (Johns Hopkins University, Baltimore, MD) and Y. Takai (Uni-
versity of Osaka, Osaka, Japan), respectively.

Treatment of HBMEC with inhibitors. HBMEC were isolated and
characterized from small fragments of cerebral cortex from individuals
who have undergone surgical resections for treatment of seizure disor-
ders, as previously described (30). For treatment with 17-AAG, HBMEC
monolayer was treated with either 1 �M 17-AAG or the vehicle control
(dimethyl sulfoxide) 1 day prior to the experiments. Initial pilot experi-
ments showed that an 18-h treatment of HBMEC with 1 �M 17-AAG did
not affect cell morphology (as observed by microscopy, as well as using
Live/Dead cell stain [Molecular Probes]). After overnight treatment with
17-AAG, HBMEC were used for bacterial adhesion and invasion assays, as
well as cell signaling studies. For the treatment of HBMEC with Rac1
inhibitor, NSC23766 was solubilized in water and used at a concentration
of 100 �M.

Transfection of HBMEC with plasmids. Transfection with plasmids
was done using Fugene-6 (Roche) according to the manufacturer’s in-
structions. Briefly, cells were grown to a 50% confluence in 100-mm
dishes 1 day prior to transfection. A reagent to plasmid ratio of 3:1 was
mixed in serum-free medium, and the complexes interacted with the cells.
Two days later, the cells were analyzed by fluorescence microscopy for
expression of green fluorescent protein (GFP) present in STAT3� plas-
mids. Transfection with N17Rac1 plasmid was analyzed by the inability to
activate Rac1. �-Pix and Vav2 transfectants (cultured in G418 and neo-
mycin, respectively) were analyzed by Western blot analysis using either
Flag or c-myc antibodies, respectively. Transfected cells were used for
bacterial adhesion and invasion assays, as well as for cell signaling analysis.

E. coli adhesion and invasion assays in HBMEC. HBMEC were cul-
tured as a monolayer either in 24-well tissue culture plates or 100-mm
dishes at 37°C in 5% CO2 in RPMI with 20% fetal bovine serum, along
with minimal essential vitamins, glutamine, sodium pyruvate, penicillin,
and streptomycin. Bacterial invasion assays were performed in accor-
dance with the well-established gentamicin protection assay (10, 11, 31,
32). Briefly, HBMEC were incubated with either wild-type RS218 or its
mutants at a multiplicity of infection of 1:100 for 90 min, after which the
cells were washed with RPMI 1640. The cells were further incubated with
medium containing gentamicin (100 �g/ml) for 60 min to kill extracellu-
lar bacteria, after which the cells were lysed, and the internalized bacteria
were enumerated on blood agar plates. The results were calculated as the
percent invasion [i.e., (the number of intracellular bacteria recovered/the
number of bacteria inoculated) � 100] and were expressed as the relative
invasion (invasion as a percentage of E. coli K1 strain RS218 in HBMEC
transfected with vector control or in the presence of vehicle control). For
the HBMEC adhesion assays, the gentamicin step was omitted, and the
total cell-associated bacteria was analyzed after the cells were lysed. The
results were calculated as the percent adhesion [i.e., (the number of bac-
teria recovered/the number of bacteria inoculated) � 100] and were ex-
pressed as the relative adhesion (adhesion as a percentage of E. coli in
HBMEC transfected with vector control or in the presence of vehicle
control). Each set was run in triplicates.

Analysis of Rac1 activation. HBMEC monolayers that were incubated
with E. coli for various time points were washed quickly with ice-cold
phosphate-buffered saline and then immediately lysed in assay buffer (50
mM Tris [pH 7.6], 150 mM NaCl, 1% Triton X-100, 0.5 mM MgCl2,
protease inhibitor cocktail containing bestatin and pepstatin A [Sigma,
MO], and 0.5 mM sodium vanadate) and briefly sonicated on ice. The
lysates were centrifuged for 10 min at 4°C, and 400 �g of protein was
incubated with 30 �g of glutathione-PBD (i.e., the Rac1-binding domain
of P21-activated kinase) beads for 30 min to specifically pull down active
Rac1 (GTP-Rac1). The PBD beads were quickly washed with the lysis
buffer, boiled in SDS-PAGE sample buffer, and subjected to Western blot
assay with anti-Rac1 antibody. The lysates were also examined for the total
amount of Rac1, as described previously (25).

Analysis of interacting molecules by immunoprecipitation and
Western blots. Monolayers of HBMEC cultured in 100-mm dishes were
incubated with bacteria for different time points and lysed in assay buffer
as described above. Lysates were then analyzed for molecules of interest by
immunoprecipitation, followed by Western blot assays with specific anti-
bodies. Bands obtained were analyzed by ImageJ software (available at the
National Institutes of Health [http://rsb.info.nih.gov/ij]) and graphically
plotted in terms of fold change compared to controls.

Statistical analysis. Differences in bacterial adhesion to and invasion
of HBMEC were determined by using the Student t test. Standard devia-
tions were calculated and are expressed as standard errors of means. A P
value of �0.05 was considered significant.

RESULTS
Meningitis-causing E. coli K1 regulates host cell Rac1 activation
for invasion of HBMEC. Although earlier studies illustrate that
host cell actin cytoskeletal rearrangements are required for men-
ingitis-causing E. coli K1 entry into HBMEC (14, 15), the under-
lying mechanisms remain incompletely understood. Whereas
RhoA, a member of the Rho family GTPases, has been shown to be
involved in E. coli K1 invasion of HBMEC (10–13), the role of
Rac1 in E. coli K1 entry of HBMEC is not known. To investigate
the role of Rac1 in E. coli K1 invasion of HBMEC, the HBMEC
monolayers were treated with various concentrations of the Rac1
inhibitor (NSC23766) and then examined for bacterial adhesion
and invasion. While adhesion of E. coli to HBMEC was not af-
fected by NSC23766, a dose-dependent inhibition of E. coli inva-
sion was observed with a significant inhibition at 100 �M the
inhibitor (Fig. 1A).

Since NSC23766 significantly inhibited E. coli invasion of
HBMEC, the ability of the bacteria to activate Rac1 in HBMEC
was examined. Briefly, HBMEC were treated with either
NSC23766 or vehicle control, incubated with E. coli for various
time points, and then lysed. Lysates were then mixed GST-PBD
beads since PBD (PAK binding domain) specifically binds acti-
vated or GTP-Rac1 (see Materials and Methods). The beads were
boiled and analyzed for Rac1 using Western blotting with Rac1
antibody. In addition, the lysates were examined for total Rac1 by
Western blotting. As shown in Fig. 1B, a time-dependent activa-
tion of Rac1 occurred in response to E. coli K1 in control HBMEC,
whereas HBMEC treated with NSC23766 (100 �M) exhibited
minimal activation, corresponding to reduced bacterial invasion.
Densitometric analysis, represented as a ratio of GTP-Rac1 to total
Rac1, showed that the levels of GTP-Rac1 increase approximately
4- to 5-fold in control HBMEC compared to inhibitor-treated
cells (Fig. 1C).

E. coli K1-dependent Rac1 activation requires the guanine
exchange factor Vav2. Since specific guanine nucleotide exchange
factors (GEFs) involve Rac1 activation (GTP-Rac1) by promoting
GDP to GTP exchange, we examined the two common GEFs,
�-Pix and Vav2, for their involvement in Rac1 activation in re-
sponse to E. coli in HBMEC. In brief, HBMEC were downregu-
lated for either �-Pix or Vav2 by transfecting the host cells with
either the wild-type plasmids or those expressing the nonfunc-
tional molecule. Lysates were checked for expression of FLAG (tag
present on �-Pix plasmids [Fig. 2A]) or c-myc (for Vav2[Fig. 2B])
by Western blot analysis. The transfected HBMEC were subse-
quently examined for E. coli adhesion and invasion, as well as Rac1
activation.

Although neither GEF affected E. coli adhesion to HBMEC, a
significant decrease in bacterial invasion was observed in Vav2
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downregulated cells compared to those transfected with wild-type
Vav2 (Fig. 2D). Western blot analysis of GTP-Rac1 showed a cor-
responding decrease in GTP-Rac1 in Vav2-downregulated cells
compared to the wild-type cells (Fig. 2F). In contrast, neither E.
coli invasion nor Rac1 activation were affected by downregulation
of �-Pix (Fig. 2C and E). These findings demonstrate that Rac1
activation in response to E. coli is dependent on Vav2.

STAT3 interaction with Rac1 in E. coli K1 invasion of
HBMEC. Earlier studies showed GTP-Rac1 to bind to phospho-
STAT3 during the structural remodeling of actin cytoskeleton
(27). Hence, the role of STAT3 and its association with GTP-Rac1
in E. coli K1 invasion of HBMEC was examined. Briefly, HBMEC
were transfected and overexpressed for GFP-tagged STAT3� (a
variant of STAT3 wherein a C-terminal truncation affects normal
function) (21). The transfected cells (�70% transfection fre-
quency, as monitored for GFP by fluorescence microscopy) were
examined for E. coli adhesion and invasion, as well as STAT3 phos-
phorylation and Rac1 activation.

Although no significant differences in E. coli adhesion were
observed, E. coli invasion decreased significantly in HBMEC over-
expressing STAT3� (Fig. 3A). Similar results were obtained when
the HBMEC were transfected with STAT3 shRNA compared to
control shRNA-transfected cells (data not shown).

An examination of STAT3 phosphorylation by Western blot-
ting showed a time-dependent increase in STAT3 activation in
response to E. coli in HBMEC that were transfected with control
vector. However, no such activation could be determined in cells
expressing STAT� (Fig. 3Bi). Similarly, levels of GTP-Rac1 were
increased when control HBMEC were incubated with E. coli for 15
or 30 min, but such increases in GTP-Rac1 were not observed in
STAT3�-transfected cells (Fig. 3Bii). Total lysates contained sim-
ilar amounts of either total Rac1 or total STAT3�, whereas strong
expression of STAT3� was seen in HBMEC transfected with the
dominant-negative plasmid (Fig. 3Bi). These findings suggest that
the downregulation of STAT3 resulted in decreased E. coli inva-
sion and decreased Rac1 activation in HBMEC.

17-AAG reduced E. coli K1 invasion of HBMEC and inhib-
ited activation of STAT3 and Rac1. 17-AAG, an inhibitor of heat
shock protein 90 (HSP90), has been shown to disrupt STAT3 ac-
tivation and function (18). The inhibitor was also previously
shown to inhibit E. coli invasion of HBMEC (20). To examine the
effect of the inhibitor on STAT3 activation and association with
Rac1-GTP in response to E coli K1, HBMEC with or without 17-
AAG treatment were assessed for activation of STAT3 and Rac1 by
Western blotting. As observed earlier (20), the inhibitor exhibited
a significant decrease in E. coli invasion of HBMEC in comparison
to vehicle control (Fig. 4A). While time-dependent increases in
activation of STAT3 and GTP-Rac1 were observed in control cells
(Fig. 4B), their activations were minimally affected in HBMEC
that were pretreated with 17-AAG. Densitometric measurements
revealed an �5-fold increase in STAT3 and Rac1 activation in
control HBMEC compared to inhibitor-treated cells (Fig. 4C).
Thus, the inhibition of STAT3 by 17-AAG, a molecule that prob-
ably affects HSP90 (a homolog of the OmpA receptor gp96, 11),
resulted in decreased Rac1 activation and decreased E. coli inva-
sion in HBMEC.

Taken together, these findings demonstrate that E. coli K1 trig-
gers the activation of STAT3 and Rac1 to promote its invasion in
HBMEC. Disruption of either STAT3 or Rac1 activation would
adversely affect the ability of E. coli K1 to invade HBMEC.

Determination of specific virulence factors of E. coli K1
strain RS218 in activation of Rac1 and its association with
STAT3. Earlier studies showed that activated STAT3 bound to
GTP-Rac1. We next incubated HBMEC with E. coli K1 for 30 min,
and the lysates were examined for GTP-Rac1 by the PBD-GST
pulldown assay. The PBD-GST beads were further examined for
GTP-Rac1-bound STAT3. As observed earlier, incubation of
HBMEC with E. coli K1 strain RS218 resulted in significant Rac1
activation and its association with STAT3 (Fig. 5A).

Our previous studies demonstrated the involvement of FimH
and CNF1 in RhoA activation in HBMEC (10–13). We next ex-
amined the virulence factors that contribute to HBMEC adhesion
and invasion for Rac1 activation. Briefly, HBMEC were incubated
with either wild-type RS218 or its FimH, CNF1, IbeA, or OmpA
mutants for up to 30 min. HBMEC lysates were then analyzed for
GTP-Rac1.

Western blot analysis showed levels of GTP-Rac1 to be negli-
gible in the lysates of HBMEC that were incubated with either

FIG 1 Examination of Rac1 activation in HBMEC incubated with E. coli K1
strain RS218. (A) To analyze the role of GTP-Rac1 in E. coli adhesion to and
invasion of HBMEC, host cells were pretreated with either the Rac1 inhibitor
(NSC23766) or vehicle control, incubated with the bacteria, and examined for
bacterial adhesion and invasion. Values were graphically represented, with the
results from control cells being taken as 100%. *, P � 0.05 compared to no
inhibitor. (B) HBMEC treated with NSC23766 (100 �M) or vehicle control
were incubated with E. coli for various time points and then lysed. Lysates were
incubated with PBD-GST beads, boiled in SDS-PAGE buffer, and analyzed for
activated Rac1 (GTP-Rac1) by Western blotting. Lysates were also examined
for total Rac1. (C) Band intensities were estimated densitometrically by ImageJ
software and expressed graphically as the ratio of GTP-Rac1 to total Rac1. The
fold change was estimated with respect to time zero.
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IbeA or OmpA mutants compared to a time-dependent activation
of Rac1 with wild-type bacteria (Fig. 5B). However, activation of
Rac1 could be observed in HBMEC that were incubated with ei-
ther FimH or CNF1 mutants.

Activated STAT3 has been shown to bind GTP-Rac1 and serves
as a measure of the activated levels of the two molecules in
HBMEC. Hence, the amount of STAT3 associated with GTP-Rac1
was further examined in the samples prepared above. HBMEC
lysates that were incubated with wild-type RS218 showed higher
amounts of GTP-Rac1 associated STAT3 (Fig. 5B). In line with
Rac1 activation, the amounts of associated STAT3 were higher
(1.3- to 1.8-fold increases) in the lysates of HBMEC incubated
with either CNF1 or FimH mutants. However, the amounts of
associated STAT3 were considerably less or negligible in HBMEC
incubated with either IbeA or OmpA mutants. Taken together,
these findings indicate that E. coli K1 exploits the STAT3-Rac1
pathway for successful entry into HBMEC by the aid of IbeA and
OmpA.

DISCUSSION

The penetration of meningitis-causing pathogens into the brain is
an essential step in the development of meningitis and has been
the subject of intense study in recent years (15). Studies on E. coli
K1 invasion of the blood-brain barrier, a prerequisite for penetra-
tion into the brain, have been rendered feasible due to the devel-
opment of the in vitro blood-brain barrier model with HBMEC
(14, 15, 30). Previous studies identified several microbial and host
factors that contributed to E. coli binding to and invasion of
HBMEC (14, 15), but the underlying host-microbial interactions
remain incompletely understood.

FIG 2 Role of GEFs on Rac1 activation in response to E. coli K1 invasion. To identify the role of guanine nucleotide exchange factors (GEFs) in E. coli-dependent
Rac1 activation, HBMEC were transfected with downregulating (DN) plasmids of the Rac1 GEFs �-Pix (A) and Vav2 (B) and analyzed for expression of either
FLAG (�-Pix) or c-myc (Vav2) present in the constructs. Arrows denote the expression of either the wild-type or downregulating molecules. Next, HBMEC
transfected with either �-Pix (C) or Vav2 (D) were examined for E. coli adhesion and invasion in comparison to control cells. Bacterial adhesion and invasion
were graphically represented as the relative frequency (%), with values from control cells taken as 100%. *, P � 0.05 compared to wild-type transfected HBMEC.
Cells transfected with either with �-Pix (E) or Vav2 (F) were grown in monolayers and incubated with E. coli for various time periods. Lysates were analyzed for
either activated Rac1 (GTP-Rac1) using GST-PBD beads or total Rac1 by Western blot assays.

FIG 3 STAT3 regulation of GTP-Rac1 in E. coli invasion of HBMEC. (A) To
examine the effect of STAT3 on E. coli adhesion and invasion of HBMEC, the
host cells were transfected with STAT3� or the control vector and examined
for E. coli adhesion and invasion. *, P � 0.05 compared to vector control. (B)
To analyze the effect of STAT3 downregulation on the activation of Rac1,
HBMEC transfected with either STAT3� or control vector were incubated
with E. coli for various time periods. Cell lysates were then examined for either
pSTAT3 (i) or Rac1 activation (ii) by Western blot analysis.
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We have shown that meningitis-causing E. coli K1 invasion of
HBMEC requires the host actin cytoskeleton rearrangements.
This is shown by the demonstration that cellular protrusions sur-
round internalizing E. coli and internalized E. coli is found within
membrane-bound vacuole (14, 15). The Rho family of small
GTPases such as, RhoA, Rac1, and CDC42 have been shown to
regulate host cytoskeleton organization (22–24), and various
pathogens have been shown to exploit the Rho GTPases to aid
their entry into the host cells (2, 6, 25). We have previously shown
that RhoA activation occurs in response to meningitis-causing E.
coli K1, and FimH and CNF1 contribute to RhoA-mediated E. coli
invasion of HBMEC (11–13). Rac1 has also been shown to pro-
mote protrusions of the host cell membrane (7, 23, 24) and con-
tribute to type III GBS invasion of HBMEC (25), but its role in E.
coli K1 invasion of HBMEC is unclear. In the present study, the
contribution of Rac1 to E. coli K1 invasion of HBMEC was dem-
onstrated by our findings that Rac1 activation occurred in re-
sponse to E. coli K1, as well as bacterial invasion, was significantly
decreased by pharmacological inhibition and downmodulation of
Rac1. Interestingly, however, Rac1 activation was observed in
HBMEC that were incubated with either FimH or CNF1 mutants
(though some decrease was observed with CNF1 mutant at 30
min, likely due to degradation of activated Rac1), but Rac1 acti-
vation was negligible with IbeA and OmpA mutants, suggesting

the involvement of IbeA and OmpA in activating Rac1 in
HBMEC. Taken together, FimH and CNF1 are likely to contribute
to HBMEC invasion via RhoA activation, whereas IbeA and
OmpA contribute to HBMEC invasion via Rac1 activation.

The role of STAT3 as a transcriptional factor on activation and
homodimerization is well understood, but very little is known
about its cytoplasmic functions. STAT3 has been shown to het-
erodimerize with other molecules. Simon et al. (27) showed that
activated STAT3 binds GTP-Rac1. Our demonstrations of STAT3
association with GTP-Rac1 during E. coli K1 invasion of HBMEC,
as well as reduced STAT3 interaction with GTP-Rac1 on incuba-
tion with IbeA and OmpA mutants defective in HBMEC invasion,
clearly defines a specific role for STAT3-Rac1 interaction in E. coli
K1 invasion of HBMEC.

The regulation of Rac1 by STAT3 was shown in mouse embry-
onic fibroblasts to involve the GEF �-Pix (33). Our present find-
ings, however, did not implicate the role of �-Pix in either E. coli
K1 invasion of HBMEC or E. coli K1-induced activation of Rac1.
Rather, the activation of Rac1 in response to E. coli K1 was ob-
served to involve the GEF Vav2. This is the first demonstration of
implicating Vav2, not �-Pix, in E. coli K1 invasion of HBMEC.
The regulation of Rac1 activation by STAT3 via Vav2 in E. coli K1
invasion of HBMEC, however, remains unclear and requires fur-
ther investigation.

Although a number of bacterial virulence factors have been
shown to contribute to E. coli adhesion to and invasion of
HBMEC, it was interesting that only mutants deleted of either
IbeA or OmpA were defective in Rac1 activation, as well as its
association with STAT3. The data with 17-AAG (an inhibitor of
HSP90 of which the OmpA receptor gp96 is a homolog [11]) led

FIG 4 Effect of 17-AAG on STAT and Rac1 activation, as well as E. coli inva-
sion of HBMEC. (A) To examine the effect of 17-AAG (a geldanomycin and
HSP90/STAT3 inhibitor) on E. coli adhesion to and invasion of HBMEC,
HBMEC were treated with the inhibitor or vehicle control and then examined
for E. coli adhesion and invasion. *, P � 0.05 compared to vehicle control. (B
and C) HBMEC treated with 17-AAG or vehicle control were incubated with E.
coli for various time points, and the lysates were analyzed for either p-STAT3
(Bi) or Rac1 (Bii) activation by Western blotting. Band intensities were esti-
mated densitometrically and are expressed as the fold increase in the pSTAT3/
STAT3 (Ci) or GTP-Rac1/total Rac1 (Cii) ratio.

FIG 5 Specific virulence factors of E. coli RS218 activate host cell Rac1. (A) To
examine the association of STAT3 with Rac1 in response to RS218, HBMEC
were incubated with the bacteria for 30 min, and lysates were examined for
GTP-Rac1 using PBD-PAK1 beads. The beads were also examined for STAT3
in a Western blot assay. (B) To assess the contribution of the microbial factors
to Rac1 activation, HBMEC were incubated with either wild-type RS218 or its
mutants. Lysates were mixed with PBD-GST beads and examined for activated
Rac1 (GTP-Rac1) and GTP-Rac1-associated STAT3. Total amounts of Rac1 in
the lysates were also determined by Western blot analysis. The band intensities
of Rac1, GTP-Rac1, and Rac1-bound STAT3 were measured by ImageJ soft-
ware, and the results expressed as ratios of GTP-Rac1/total Rac1 or GTP-Rac1
bound STAT3/total Rac1 with the values of time zero as 1.
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us to speculate that the OmpA-gp96 interaction is involved in
activating Rac1 and STAT3. We hypothesize that both IbeA and
OmpA act in tandem to activate the host cell molecules for effi-
cient E. coli K1 invasion of HBMEC. We have previously shown
that FimH and CNF1 are involved in RhoA activation (10–13), but
our present studies showed the role of IbeA and OmpA in Rac1
activation of HBMEC. Our previous studies using single- and
double-deletion mutants revealed that FimH and OmpA, as well
as CNF1 and OmpA, double-deletion mutants exhibited signifi-
cantly greater reduction in HBMEC invasion compared to single-
deletion mutants (11, 32). On the other hand, HBMEC invasion
by IbeA and OmpA double-deletion mutants was similar to that of
single-deletion mutants (13). Based on these findings, we specu-
late that the contributions of IbeA and OmpA to activation of
STA3-Rac1 are likely to be redundant and that deletion of both
factors does not lead to additional decrease in HBMEC invasion.
In contrast, FimH and CNF1 differ in host signaling mechanisms
compared to those of OmpA, and deletions of either FimH or
CNF1 and OmpA exhibited additional decreases in HBMEC in-
vasion compared to single deletion mutants. These findings,
therefore, lend further support the evidence demonstrated pre-
sented here that Rac1 activation contributes to E. coli K1 invasion
of HBMEC and that its contribution is independent from that of
RhoA. Our hypothesis on the involvement of IbeA and OmpA in
activation of STAT3 and Rac1 of HBMEC, in addition to the ac-
tivation of RhoA by FimH and CNF1, to aid in E. coli internaliza-
tion is depicted in Fig. 6. Additional studies are needed to eluci-
date how the different bacterial factors regulate RhoA and Rac1 to
aid in E. coli K1 invasion of HBMEC.

In summary, we demonstrated here for the first time how men-
ingitis-causing E. coli K1 regulates STAT3 cross talk with Rac1 for
efficient invasion of HBMEC. In addition, our findings reveal the
novel contribution of the bacterial determinants of IbeA and
OmpA to activation of host cell molecules Rac1 and STAT3 in E.
coli K1 invasion of HBMEC.
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