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Escherichia coli is the most common Gram-negative organism causing neonatal meningitis. Previous studies
demonstrated that E. coli K1 invasion of brain microvascular endothelial cells (BMEC) is required for
penetration into the central nervous system, but the microbe-host interactions that are involved in this process
remain incompletely understood. Here we report the involvement of vascular endothelial growth factor receptor
1 (VEGFR1) expressed on human brain microvascular endothelial cells (HBMEC) in E. coli K1 invasion of
HBMEC. Our results showed that treatment of confluent HBMEC with pan-VEGFR inhibitors significantly
inhibited E. coli K1 invasion of HBMEC. Immunofluorescence results indicated the colocalization of VEGFR1
with E. coli K1 during bacterial invasion of HBMEC. The E. coli-induced actin cytoskeleton rearrangements in
HBMEC were blocked by VEGFR inhibitors but not by VEGFR2-specific inhibitors. The small interfering RNA
(siRNA) knockdown of VEGFR1 in HBMEC significantly attenuated E. coli invasion and the concomitant actin
filament rearrangement. Furthermore, we found an increased association of VEGFR1 with the p85 subunit of
phosphatidylinositol 3-kinase (PI3K) in HBMEC infected with E. coli K1 and that E. coli K1-triggered Akt
activation in HBMEC was blocked by VEGFR1 siRNA and VEGFR inhibitors. Taken together, our results
demonstrate that VEGFR1 contributes to E. coli K1 invasion of HBMEC via recruitment of the PI3K/Akt
signaling pathway.

Escherichia coli is the most common Gram-negative organ-
ism causing meningitis during the neonatal period (27). Neo-
natal E. coli meningitis is associated with significant mortality
and morbidity (27). E. coli strains with the K1 capsular poly-
saccharide are the predominant isolates (about 80%) from
neonatal E. coli meningitis (19, 30). Most cases of E. coli K1
meningitis result from hematogenous spread (8). Entry of
circulating E. coli K1 into the central nervous system re-
quires penetration across the blood-brain barrier (BBB),
which is composed mainly of brain microvascular endothe-
lial cells (BMEC) (15). The molecular mechanisms underlying
E. coli K1 binding to and internalization into BMEC remain
incompletely understood.

Many invasive pathogens exploit host cell signaling pathways
to facilitate their entry into host cells. E. coli K1 also initiates
host cell signaling cascades, leading to its subsequent uptake
into mammalian cells (17). Encapsulated E. coli K1 interacts
with host cells in a multistep process. At first, E. coli K1 binds
to the surface of human brain microvascular endothelial cells

(HBMEC) through specific bacterial structures, such as type 1
fimbriae. Then the rearrangements of the actin cytoskeleton
occur, leading to the internalization of E. coli into HBMEC,
a process called “invasion.” These events imply a complex
interaction between bacterial virulence-related factors and
the involved signaling molecules in HBMEC (17). Several E.
coli K1 determinants contributing to HBMEC invasion, such
as cnf1, fimH, ompA, ibeA, ibeB, and ibeC, have been iden-
tified (17). Previous studies have shown that activation of
cellular signaling molecules, such as focal adhesion kinase
(FAK), paxillin, phosphatidylinositol 3-kinase (PI3K), Src
kinase, and Rho GTPases, is involved in E. coli K1 invasion of
HBMEC (17, 20), but how those signaling molecules contribute
to E. coli K1 invasion of HBMEC remains incompletely un-
derstood.

Vascular endothelial growth factor receptor (VEGFR) is
a transmembrane tyrosine kinase receptor that is expressed
mainly on vascular endothelial cells. VEGFR can partici-
pate in various biological functions, including cell survival,
migration, and differentiation as well as vascular sprouting,
stabilization, and permeability (34). Members of the VEGFR
family that are expressed mainly on endothelial cells include
VEGFR1 and VEGFR2, also known as Fms-like tyrosine ki-
nase 1 (Flt-1) and fetal liver kinase 1 (Flk-1)/kinase insert
domain receptor (KDR), respectively (25). In this study, we
showed that VEGFR1, a member of the VEGFR family, con-
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tributes to E. coli K1 invasion of HBMEC via recruitment of
the PI3K/Akt signaling pathway.

MATERIALS AND METHODS

Bacterial strains and media. E. coli RS218 (O18:K1:H7) is a clinical isolate
from the cerebrospinal fluid of a newborn infant with meningitis (14), and E44
is a spontaneous rifampin-resistant mutant of RS218. E44 was grown at 37°C in
brain heart infusion broth (BD Biosciences, Sparks, MD) with rifampin (100
�g/ml).

Cell culture. HBMEC (36) were cultured in RPMI 1640 medium, supple-
mented with 10% fetal bovine serum (HyClone, Logan, UT), 10% Nu-serum
(BD Biosciences), 2 mM glutamine, 1 mM sodium pyruvate, 1� nonessential
amino acid, and 1� minimal essential medium (MEM) vitamin. Cells were
incubated at 37°C in a 5% CO2, 95% air humidified atmosphere.

Bacterial invasion and adhesion assays with HBMEC. E. coli K1 invasion of
HBMEC was performed as described previously (20). Briefly, bacteria (107

CFU/well) were added to confluent monolayers of HBMEC in 24-well plates at
a multiplicity of infection of 100. The monolayers were incubated at 37°C for
1.5 h to allow invasion to occur. The number of intracellular bacteria was
determined after the extracellular bacteria were killed by incubation of the
monolayers with experimental medium (RPMI 1640, 5% fetal bovine serum, and
1 mM sodium pyruvate) containing gentamicin (100 �g/ml) for 1 h at 37°C. The
monolayers were washed and lysed with 0.5% Triton X-100. The released intra-
cellular bacteria were enumerated by plating on LB agar plates. For inhibitor
studies, HBMEC were incubated with SU5416, KRN633, 3-(3-thienyl)-6-(4-
methoxyphenyl)pyrazolo[1,5a]pyrimidine (TMPPP), or SU1498 (Calbiochem, La
Jolla, CA) for 30 min before addition of bacteria. The inhibitors were reconsti-
tuted in dimethyl sulfoxide (DMSO) and diluted in experimental medium ac-
cording to the manufacturer’s instructions. HBMEC treated with the same vol-
ume of DMSO without inhibitors were used as a vehicle control. DMSO alone
did not have any effect on bacterial adhesion to and invasion of HBMEC (data
not shown). A bacterial adhesion assay to determine the number of total cell-
associated bacteria was done as described above except that the gentamicin step
was omitted.

Real-time reverse transcription (RT)-PCR. The total RNA isolated with
TRIzol reagent (Invitrogen, Carlsbad, CA) was reverse transcribed using Molo-
ney murine leukemia virus (M-MLV) reverse transcriptase (Promega, Madison,
WI). Real-time PCR was performed on an ABI 7500 real-time PCR system
(Applied BioSystems) with a SYBR premix Ex Taq kit (Takara Biotechnology,
Dalian, China), according to the manufacturer’s instructions. The primer se-
quences for human vascular endothelial growth factor receptor 1 (VEGFR1)
were TTTAAAAGGCACCCAGCACAT (forward) and TTACTCACCATTTC
AGGCAAAGAC (reverse); primer sequences for human VEGFR2 were GGC
CCAATAATCAGAGTGGCA (forward) and TGTCATTTCCGATCACTTT
TGGA (reverse). Primers for human GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) were described previously (21). The amplification conditions
were as follows: 95°C for 30 s and 40 cycles of 95°C for 5 s and 60°C for 34 s. The
comparative cycle threshold (CT) method was used to calculate the relative
gene expression level, with GAPDH as the internal control. Real-time PCR
products were analyzed on agarose gel electrophoresis and were verified by
DNA sequencing.

RNA interference. The small interfering RNA (siRNA) sequence targeting
human VEGFR1 corresponding to the coding region, GCCGGAAGTTGTAT
GGTTAAA (nucleotides 1092 to 1112), was built by GenScript’s siRNA design
center (GenScript, Piscataway, NJ). A nonsilencing siRNA sequence (TTCTCC
GAACGTGTCACGT) (21) was used as a control. The siRNA sequences were
inserted into pRNA-U6.1/Neo vector (GenScript, Piscataway, NJ). Recombinant
siRNA plasmids were transfected into HBMEC by using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions. At 24 h after trans-
fection, the cells were passaged at a 1:10 dilution into fresh growth medium, and
selection was performed with 300 �g/ml G418 (Invitrogen). The expression of
VEGFR1 in the stable transfectants was examined by Western blot analysis.

Western blotting. Cells were washed twice with ice-cold phosphate-buffered
saline (PBS) and prepared with radioimmunoprecipitation assay (RIPA) buffer
(50 mM Tris-HCl, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1%
sodium dodecyl sulfate) containing protease inhibitor cocktail (Roche, Indianap-
olis, IN). The samples were separated by SDS-PAGE and then transferred to
polyvinylidene difluoride (PVDF) membrane (Millipore, Bedford, MA) by using
a semidry transfer cell (Bio-Rad, Hercules, CA). The PVDF membrane was
blocked with 5% nonfat milk and incubated with the primary antibody at 4°C
overnight. Then the blots were incubated with a horseradish peroxidase (HRP)-
conjugated secondary antibody (Santa Cruz Biotech, Santa Cruz, CA) for 1 h at

room temperature. Immunoreactive bands were visualized by Super Signal West
Pico chemiluminescent substrate (Pierce, Rockford, IL) by using an LAS-3000
mini (Fuji Film, Tokyo, Japan). The antibodies against VEGFR1, VEGFR2,
Akt, phosphorylated Ser473 of Akt (p-Akt), and GAPDH were from Santa Cruz
Biotech. Anti-p85 and anti-p110 antibodies were obtained from Millipore. For
quantitative analysis, the mean density of each band was measured by Multi
Gauge V3.1 software, and the band density of the activated form of the protein
was divided by the density of the corresponding total protein band to obtain the
normalized band density. Data are plotted as percentages of the control.

Immunoprecipitation. Cells were washed with ice-cold PBS and lysed with lysis
buffer (50 mM Tris, 150 mM NaCl, 2 mM EDTA, 2 mM EGTA, 1% Triton
X-100, 1 mM sodium orthovanadate, 25 mM �-glycerophosphate, 1 mM phen-
ylmethylsulfonyl fluoride) containing a protease inhibitor cocktail. The cell ly-
sates were centrifuged, and the supernatant was collected. The protein content
was determined by the Bradford method. A total of 1 mg of protein was incu-
bated with appropriate antibody overnight at 4°C and incubated for 2 h with
protein A/G-agarose (Santa Cruz Biotech). The proteins from immune com-
plexes were eluted in SDS sample buffer for Western blot analysis.

Immunofluorescence. HBMEC grown on coverslips were incubated with E.
coli K1 for 15 min at 37°C. The cells were washed with PBS and fixed with 4%
paraformaldehyde. Fixed cells were permeabilized with 0.2% Triton X-100 and
then blocked with 5% bovine serum albumin (BSA) in PBS. Tetramethyl rho-
damine isocyanate (TRITC)-labeled phalloidin (Sigma-Aldrich, St. Louis, MO)
was used to stain the actin filaments. The cells were washed again, and the
coverslips were mounted and analyzed using an immunofluorescence microscope
(Olympus BX51, Tokyo, Japan). When indicated, HBMEC were incubated with
SU5416 (20 �M), KRN633 (25 �M), TMPPP (20 �M), or SU1498 (20 �M)
before bacterial infection. For analysis using a confocal laser scanning micro-
scope (Olympus FluoView FV1000, Tokyo, Japan), the samples were prepared in
the same way except that the cells were stained with VEGFR1 or p85 antibody
and incubated with secondary antibody conjugated to Alexa 594 or Alexa 488
(Molecular Probes, Eugene, OR), respectively. When indicated, the bacteria
were stained with fluorescein isothiocyanate (FITC)-conjugated E. coli-specific
antibody (Abcam, HKSTP, Hong Kong).

Statistical analysis. Statistical significance between two groups was analyzed
by Student’s t test. One-way analysis of variance (ANOVA) was used to compare
multiple groups. A P value of �0.05 was considered significant.

RESULTS

VEGFR1 plays a role in E. coli K1 invasion of HBMEC. We
examined the mRNA expression of VEGFR1 and VEGFR2 in
HBMEC by real-time RT-PCR. The results showed that the
transcripts of VEGFR1 and VEGFR2 are present in HBMEC
(Fig. 1A), and the expression level of VEGFR1 is significantly
higher (3.9-fold) than that of VEGFR2 (Fig. 1B). Western blot
analysis illustrated that the protein level of VEGFR1 is 3.2-
fold higher than that of VEGFR2 in HBMEC (Fig. 1C). In an
attempt to analyze whether VEGFR is involved in E. coli K1
invasion of HBMEC, bacterial invasion and adhesion assays
were performed in the presence of VEGFR inhibitors. SU5416
(11, 31) and KRN633 (23), which have been identified as pan-
VEGFR tyrosine kinase inhibitors, were used to inhibit the
activity of VEGFR in HBMEC. As shown in Fig. 1D, either
SU5416 or KRN633 treatment significantly inhibited the ability
of E. coli K1 strain E44 to invade HBMEC in a dose-depen-
dent manner, while there was no effect on E. coli adhesion to
HBMEC (Fig. 1E). In contrast, the specific VEGFR2 kinase
inhibitors TMPPP (12) and SU1498 (37) did not exhibit any
effect on E. coli K1 adhesion to and invasion of HBMEC (Fig.
1D and E). These results suggested that VEGFR1, but not
VEGFR2, is likely to be involved in E. coli K1 invasion of
HBMEC.

Knockdown of VEGFR1 in HBMEC blocked E. coli K1 in-
vasion. To further investigate the role of VEGFR1 in E. coli
K1 invasion of HBMEC, siRNA was used to knock down
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VEGFR1 expression. Specific siRNA targeting VEGFR1 was
designed, and the double-stranded siRNA was inserted into
the pRNA-U6.1/Neo siRNA vector, with nonsilencing siRNA
as a control. The siRNA constructs were stably transfected into
HBMEC, and the silencing effect was examined by Western
blot analysis. The results showed that the VEGFR1 siRNA con-
struct was efficient in suppressing the expression of VEGFR1
in HBMEC, whereas the nonsilencing siRNA construct had no
effect on VEGFR1 expression (Fig. 2A). The siRNA-trans-
fected HBMEC were subjected to bacterial adhesion and in-
vasion assays. VEGFR1 specific siRNA significantly reduced
E. coli K1 adhesion to HBMEC compared to the nonsilencing
siRNA control (Fig. 2B), and also the internalization of E. coli
K1 was significantly decreased in HBMEC transfected with
VEGFR1 siRNA compared with the control (Fig. 2C). These
results suggested that knockdown of VEGFR1 in HBMEC
prevents E. coli K1 adhesion to and invasion of HBMEC. To
analyze whether E. coli K1 is associated with VEGFR1 in
HBMEC during the infection process, the cellular localizations
of E. coli and VEGFR1 were examined in infected HBMEC by
immunofluorescence using confocal laser scanning microscopy.
As shown in Fig. 3, a clear colocalization (yellow, indicated by
arrows) of E. coli with VEGFR1 at the cell edge was observed
with HBMEC infected with E. coli K1 strain E44. In contrast,
the colocalization of E. coli with VEGFR1 was hardly discern-
ible in HBMEC transfected with VEGFR1 siRNA (data not
shown). These data indicated that VEGFR1, which is present
in HBMEC, is involved in E. coli K1 internalization into
HBMEC.

VEGFR1 is required for E. coli K1-induced actin cytoskele-
ton rearrangements. Previous studies showed that E. coli K1
internalization into HBMEC required the rearrangement of
the actin cytoskeleton in host cells (17). To further evaluate the
role of VEGFR1 in E. coli K1 invasion of HBMEC, HBMEC
were treated with VEGFR inhibitors prior to bacterial infec-
tion, and the actin filaments were stained with TRITC-labeled
phalloidin. As shown in Fig. 4A, normal HBMEC exhibited
actin stress fibers extending across the cells, while the HBMEC
infected with E. coli E44 exhibited prominent cytoskeleton
rearrangements, with the actin filaments being accumulated at
multiple sites along the cell periphery. We found that VEGFR
inhibitors SU5416 and KRN633 markedly blocked E. coli-in-
duced rearrangement of the actin cytoskeleton, whereas
VEGFR2-specific inhibitors TMPPP and SU1498 had no such
effect. Moreover, our results showed that E44 failed to induce

FIG. 1. E. coli K1 invasion of HBMEC was abolished by VEGFR
inhibitors, but not by VEGFR2-specific inhibitors. (A) Total RNA of
HBMEC was isolated, and the expression of VEGFR1 and VEGFR2
was examined by RT-PCR. (B) Real-time RT-PCR was done to com-
pare the relative expression levels of VEGFR1 and VEGFR2 in
HBMEC. (C) HBMEC was lysed with RIPA buffer, and the expres-
sion of VEGFR1 and VEGFR2 was analyzed by Western blotting,
with GAPDH as an internal control (n � 3). (D and E) Confluent
HBMEC monolayers in a 24-well plate were treated with the indicated
concentrations of SU5416, KRN633, TMPPP, or SU1498 for 30 min
before addition of the bacteria. Then, bacterial invasion (D) and adhesion
(E) assays were performed as described in Materials and Methods. Re-
sults are presented as relative percent invasion or adhesion of the parent
E. coli K1 strain E44, which is defined as 100%. Values are means �
standard deviations (SD) of three independent experiments done in trip-
licate. “Ctrl” represents the vehicle control. *, P � 0.05; **, P � 0.01.

FIG. 2. Knockdown of VEGFR1 blocked E. coli K1 adhesion to and invasion of HBMEC. (A) HBMEC were stably transfected with VEGFR1
siRNA plasmid or nonsilencing siRNA plasmid, and the expression of VEGFR1 in the cells was detected by Western blotting. To check for equal
protein loadings, the blot was probed with a GAPDH-specific antibody. The stably transfected HBMEC were subjected to bacterial adhesion
(B) and invasion (C) assays. Values are means � SD of three independent experiments done in triplicate. *, P � 0.05; **, P � 0.01.
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actin filament changes in HBMEC transfected with VEGFR1
siRNA (Fig. 4B). These results demonstrated that VEGFR1 is
involved in E. coli K1-induced actin cytoskeleton rearrange-
ments in HBMEC.

VEGFR1 interacts with PI3K in HBMEC infected with E.
coli K1. PI3K is involved in the regulation of actin cytoskeleton
dynamics in eukaryotic cells (18). Previous studies revealed
that PI3K in host cells plays an important role in the internal-
ization of pathogens into host cells, including E. coli K1 inva-
sion of HBMEC (1, 29, 32). Since it has been reported that the
p85 subunits of PI3K and VEGFR1 are associated when over-
expressed in Saccharomyces cerevisiae (yeast) cells (7), we next
determined whether this interaction occurs in HBMEC in-
fected with E. coli K1. E44-treated HBMEC were subjected to
an immunoprecipitation assay with anti-p85 or anti-VEGFR1
antibody and to Western blotting with anti-VEGFR1 or anti-
p85 antibody, as described for Fig. 5A and B. The results
showed that VEGFR1 was associated with p85 in HBMEC in
response to E44 treatment in a time-dependent manner, with
a peak association at 15 min. Moreover, the expression of
VEGFR1 and p85 in E44-infected HBMEC and noninfected
HBMEC (control) was studied by confocal microscopy. We
found that the colocalization of VEGFR1 and p85 was in-
creased in HBMEC infected with E. coli E44 (Fig. 5C).
These results suggested that the interaction of VEGFR1 with
the p85 subunit of PI3K is enhanced in response to E. coli K1
in HBMEC.

VEGFR1 is required for E. coli K1-induced Akt activation in
HBMEC. Previous studies demonstrated that Akt, a serine/
threonine kinase, is a downstream effector of PI3K in E. coli
K1-induced signaling in HBMEC (29). Also, Akt is required
for PI3K-induced remodeling of actin filaments (18). Here, the
levels of Akt activation, as measured by a phosphorylation-

specific antibody, p-Akt, were determined to assess the activa-
tion of PI3K in HBMEC after bacterial infection. E. coli-
induced Akt phosphorylation was abolished by transfection
with VEGFR1 siRNA in HBMEC (Fig. 6A). Moreover, treat-
ment with VEGFR inhibitors SU5416 and KRN633 prevented
the increased Akt phosphorylation in HBMEC challenged with
E44. In contrast, treatment with VEGFR2-specific inhibitors
TMPPP and SU1498 had no effect on the phosphorylation
level of Akt (Fig. 6B). These data indicated that VEGFR1 is
required for E. coli K1-induced PI3K/Akt activation in
HBMEC.

DISCUSSION

E. coli meningitis develops following a complex and multi-
factorial pathogen-host interaction. Isolated human brain mi-
crovascular endothelial cells (HBMEC) have been used as an
in vitro model to explore the mechanisms of microbial traversal
across the BBB (15, 17), a key step in the pathogenesis of
meningitis. E. coli K1 invades HBMEC through a zipper-like
mechanism (16), but the underlying mechanisms remain in-
completely understood. In the present study, we found for the
first time that vascular endothelial growth factor receptor 1
(VEGFR1), expressed on HBMEC, contributes to E. coli K1
invasion of HBMEC via recruitment of PI3K/Akt signaling.

The function of VEGFR family proteins was largely re-
stricted to angiogenesis and regulation of vasculogenesis (25).
Although it has been reported that activation of VEGFR2 is
associated with the Tat protein of human immunodeficiency
virus (2, 13), whether VEGFR is involved in bacterial infection
of host cells remains unknown. In this study, the expression of
VEGFR1 and VEGFR2 was demonstrated with HBMEC. We
found that pan-VEGFR tyrosine kinase inhibitors SU5416 and
KRN633 prevented E. coli K1 invasion of HBMEC without
affecting E. coli adhesion to HBMEC. In contrast, VEGFR2-
specific kinase inhibitors TMPPP and SU1498 did not affect E.
coli K1 adhesion to and invasion of HBMEC. It has been
reported that SU5416 and KRN633 could inhibit several ty-
rosine and serine/threonine kinases in addition to VEGFR (22,
23). To exclude the potential nonspecific effects of the phar-
macological inhibitor, HBMEC with stable transfection of
VEGFR1 siRNA was established. We found that knockdown
of VEGFR1 in HBMEC effectively blocked E. coli K1 adhe-
sion to and invasion of HBMEC, as well as the E. coli K1-
induced rearrangements of actin filament in HBMEC. These
findings indicated that VEGFR1 is necessary for E. coli K1
internalization into HBMEC. It should be noted that there is a
discrepancy regarding the effect of VEGFR1 knockdown and
pan-VEGFR inhibitors (SU5416 and KRN633) on bacterial
adhesion to HBMEC. We consider that this difference is due
to the different expression levels of VEGFR1 in the
HBMEC affecting bacterial adhesion assay. Our immunofluores-
cence results revealed that VEGFR1 is colocalized with E. coli
K1 in infected HBMEC, suggesting the binding of E. coli K1
with VEGFR1 on HBMEC. Therefore, when the expression of
VEGFR1 was downregulated by VEGFR1-specific siRNA, E.
coli K1 could not effectively bind to VEGFR1 on HBMEC,
leading to the decreased bacterial adhesion to HBMEC. On
the contrary, SU5416 and KRN633 are small molecular chem-
ical compounds targeting VEGFR kinase activation (11, 23,

FIG. 3. Colocalization of E. coli K1 with VEGFR1 in HBMEC.
HBMEC cultured on coverslips were left untreated (top) or incubated
with E44 for 15 min (bottom), and then the cells were fixed, perme-
abilized, subsequently stained with rabbit anti-VEGFR1 antibody, and
incubated with Alexa Fluor 594-conjugated anti-rabbit IgG. The
bacteria were stained with FITC-conjugated E. coli-specific anti-
body. Samples were analyzed using confocal laser scanning micros-
copy. The arrows indicate colocalization (yellow) of VEGFR1 and
E. coli. Scale bar � 20 �m.
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31), with no effect on VEGFR1 expression in HBMEC (see
Fig. S1 in the supplemental material). Hence, E. coli adhesion
to HBMEC is not affected by treatment with pan-VEGFR
inhibitors.

It has been identified that PI3K/Akt signaling results in
activation of cofilin, which promotes reorganization of the ac-
tin cytoskeleton for E. coli K1 entry into HBMEC (5, 29). PI3K
is a heterodimer consisting of an 85-kDa regulatory subunit
(p85) and a 110-kDa catalytic subunit (p110). The p85 reg-
ulatory subunit is crucial in mediating the activation of PI3K
by receptor tyrosine kinases (RTKs) (9). The SH2 domains
of p85 bind to phosphotyrosine residues in the sequence
context pYXXM on RTKs (38, 35). This binding both relieves
the basal inhibition of p110 by p85 and recruits the p85-p110
heterodimers to its substrate (phosphatidylinositol-4,5-
bisphosphate) at the plasma membrane (43, 44). Activation of
PI3K/Akt by VEGFR-1 has been reported previously (3, 40),
but the involved mechanism remains unclear. Studies have
shown that VEGFR1 interacts with p85 in yeast cells (7), and
p85 is associated with VEGFR1 in the human multiple my-
eloma cell line (26) and bovine retinal pericytes (39). In our

study, the physical association between VEGFR1 and p85 in
HBMEC was identified by coimmunoprecipitation, and this
VEGFR1-p85 complex is significantly increased upon E. coli
K1 infection. We found that the expression and phosphoryla-
tion of VEGFR1 in HBMEC were weakly affected by E. coli
K1 (data not shown), and this may be due to the low level of
VEGFR1 phosphorylation in response to stimulation (33,
41). Furthermore, VEGFR1 knockdown in HBMEC and
treatment of HBMEC with pan-VEGFR inhibitors prevented
the PI3K/Akt activation induced by E. coli K1. These results
suggested that E. coli K1 induces significant molecular inter-
action between VEGFR1 and p85 without obvious effect on
VEGFR1 phosphorylation, which results in the activation of
PI3K/Akt signaling in HBMEC. Taken together, our find-
ings indicated that E. coli K1 adheres to HBMEC through
VEGFR1, leading to increased interaction of VEGFR1 with
p85 and activation of PI3K/Akt accompanied by actin cytoskel-
eton rearrangements, ultimately contributing to E. coli K1 in-
vasion into HBMEC.

In HBMEC transfected with VEGFR1 siRNA, the adhesion
and invasion were reduced to �50%, whereas the E. coli K1-

FIG. 4. E. coli K1-induced actin cytoskeleton rearrangements in HBMEC require VEGFR1. (A) HBMEC cultured on coverslips were treated
with SU5416, KRN633, TMPPP, or SU1498 for 30 min, followed by incubation with E44 for 30 min. The actin filaments in HBMEC were stained
with TRITC-phalloidin and visualized by immunofluorescence microscopy. (B) HBMEC stably transfected with VEGFR1 siRNA or nonsilencing
siRNA were incubated with E44 for 30 min or left untreated, and the actin filaments were analyzed by immunofluorescence. Scale bar � 20 �m.

VOL. 78, 2010 E. COLI K1 EXPLOITS VEGFR1 TO INVADE ENDOTHELIAL CELLS 4813



induced actin cytoskeletal rearrangements and Akt phosphor-
ylation in HBMEC were markedly blocked (Fig. 4 and 6). We
consider that this discrepancy may be due to the complex
mechanism underlying E. coli K1 invasion of host cells. Studies

showed that the host cell cytoskeleton plays a key role during
bacterial invasion into eukaryotic cells. As for E. coli K1 inva-
sion of HBMEC, although the important role of the actin
cytoskeleton during bacterial invasion has been documented, it

FIG. 5. E. coli K1 stimulation increased the association between VEGFR1 and p85 in HBMEC. Cell lysates of HBMEC treated with E44 at
the indicated times were prepared, and 1 mg total proteins was immunoprecipitated (IP) with anti-p85 antibody (A) or anti-VEGFR1 antibody
(B); the precipitated proteins were then analyzed by Western blotting (WB) using antibodies against VEGFR1 and p85 (n � 3). **, P � 0.01.
(C) HBMEC cultured on coverslips were left untreated (Control) or incubated with E44 for 15 min; the cells were then stained with rabbit
anti-VEGFR1 antibody and mouse anti-p85 antibody and incubated with Alexa Fluor 594-conjugated anti-rabbit IgG and Alexa Fluor 488-
conjugated anti-mouse IgG. The coverslips were analyzed by confocal laser scanning microscopy. Yellow color indicates colocalization between
VEGFR1 and p85 (scale bar, 40 �m).

FIG. 6. VEGFR1 is required for E. coli K1-induced Akt phosphorylation. (A) HBMEC stably transfected with VEGFR1 siRNA or nonsi-
lencing siRNA were incubated with E44 for indicated periods of time. The cell lysates were prepared, separated by SDS-PAGE, and immuno-
blotted with either p-Akt or Akt antibody as described in Materials and Methods (n � 3). **, P � 0.01. (B) Confluent HBMEC were treated with
SU5416, KRN633, TMPPP, or SU1498 for 30 min and then incubated with E44 for 15 min. The level of Akt phosphorylation in HBMEC was
examined by Western blotting (n � 3). *, P � 0.05.
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was observed that microtubule assembly inhibitors nocodazole,
colchicine, vincristine and vinblastine and the microtubule-
stabilizing agent taxol could also inhibit E. coli K1 invasion of
bovine brain microvascular endothelial cells (28). Therefore, it
is likely that the invasion of E. coli into BMEC involves not
only the actin cytoskeleton but also microtubules. Moreover, it
has been demonstrated that E. coli K1 invasion of HBMEC
occurs as the result of bacterial interactions with receptors on
HBMEC (CD48, gp96, and a 67-kDa laminin receptor) and
involves many signaling molecules, such as FAK, PI3K/Akt, Src
kinase, Rho GTPases, paxillin, cytosolic phospholipase A2�,
and 5-lipoxygenase (17). In our present study, although the E.
coli-induced Akt phosphorylation and actin cytoskeletal rear-
rangements in HBMEC were effectively blocked by VEGFR1
siRNA, additional signaling pathways contributing to bacterial
invasion may remain unaffected. As a result, VEGFR1 siRNA
transfection could result in moderately reduced (�50%) E. coli
K1 adhesion to and invasion of HBMEC.

We examined the effect of E. coli K1 on phosphorylation of
VEGFR1 and found that phosphorylation of VEGFR1 in
HBMEC was weakly affected by E. coli K1 (see Fig. S2 in the
supplemental material). It has been reported that even the
specific ligands of VEGFR1 (such as VEGF-B and placental
growth factor) are less able to induce a strong VEGFR1
phosphorylation in endothelial cells, although these ligands
can still regulate specific cellular processes, such as endothelial
P-selectin translocation (24, 42). Hence, phosphorylation of
VEGFR1 may not be clearly discernible in connection with
VEGFR1 kinase activity. The specific role of VEGFR1 in bac-
terial adhesion, invasion, and subsequent events was clearly
demonstrated by our results from VEGFR1 siRNA studies.
Although E. coli K1 has a weak effect on VEGFR1 phosphor-
ylation, we found that E. coli K1 infection significantly pro-
moted the physical association between VEGFR1 and p85 in
HBMEC (Fig. 5). These findings suggest the possibility that E.
coli K1 infection could induce a distinct conformation of the
intracellular domain in VEGFR1 that may facilitate the cou-
pling of VEGFR1 to intracellular effector PI3K.

VEGFR1 is a 180-kDa transmembrane glycoprotein and
belongs to the VEGFR receptor tyrosine protein family that is
involved in the development and growth of the vascular endo-
thelial system (10, 25). To date, VEGFR1 remains the elusive
member of the VEGFR family. Although the signaling poten-
tial of VEGFR1 remains controversial, it has seemed that
VEGFR1 plays a role in inducing signaling responses, espe-
cially in the cell types that do not express or express low levels
of VEGFR2 (4, 6). We found that PI3K/Akt signaling medi-
ated by VEGFR1, but not VEGFR2, is involved in E. coli K1
invasion of HBMEC, and our results showed that the expres-
sion level of VEGFR1 is higher than that of VEGFR2 in
HBMEC. Therefore, it is tempting to speculate that VEGFR1
is more predominant than VEGFR2 and involved in initiating
signal transduction cascades in response to E. coli K1 in
HBMEC.

In summary, our findings indicated the involvement of
VEGFR1 in E. coli K1 invasion of HBMEC. Bacterial stimu-
lation promotes the physical association between VEGFR1
and p85 subunit of PI3K. VEGFR1 is necessary for PI3K/Akt
activation and actin cytoskeleton rearrangements induced by
E. coli K1. Further studies are needed to determine the struc-

ture(s) of E. coli K1 that uses VEGFR1 for binding to and
invasion of HBMEC.
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W. Risau. 1996. The vascular endothelial growth factor receptor Flt-1 me-
diates biological activities. J. Biol. Chem. 271:17629–17634.

7. Cunningham, S. A., M. N. Waxham, P. M. Arrate, and T. A. Brock. 1995.
Interaction of the Flt-1 tyrosine kinase receptor with the p85 subunit of
phosphatidylinositol 3-kinase. J. Biol. Chem. 270:20254–20257.

8. Dietzman, D. E., G. W. Fischer, and F. D. Schoenknecht. 1974. Neonatal
Escherichia coli septicemia-bacterial counts in blood. J. Pediatr. 85:128–130.

9. Engelman, J. A., L. Ji, and L. C. Cantley. 2006. The evolution of phospha-
tidylinositol 3-kinases as regulators of growth and metabolism. Nat. Rev.
Genet. 7:606–619.

10. Fischer, C., M. Mazzone, B. Jonckx, and P. Carmeliet. 2008. FLT1 and its
ligands VEGFB and PlGF: drug targets for anti-angiogenic therapy? Nat.
Rev. Cancer 8:942–956.

11. Fong, T. A. T., L. K. Shawver, L. Sun, C. Tang, H. App, T. J. Powell, Y. H.
Kim, R. Schreck, X. Wang, W. Risau, A. Ullrich, K. P. Hirth, and G.
McMahon. 1999. SU5416 is a potent and selective inhibitor of the vascular
endothelial growth factor receptor (Flk-1/KDR) that inhibits tyrosine kinase
catalysis, tumor vascularization, and growth of multiple tumor types. Cancer
Res. 59:99–106.

12. Fraley, M. E., W. F. Hoffman, R. S. Rubino, R. W. Hungate, A. J. Tebben,
R. Z. Rutledge, R. C. McFall, W. R. Huckle, R. L. Kendall, K. E. Coll, and
K. A. Thomas. 2002. Synthesis and initial SAR studies of 3,6-disubstituted
pyrazolo[1,5-a]pyrimidines: a new class of KDR kinase inhibitors. Bioorg.
Med. Chem. Lett. 12:2767–2770.

13. Ganju, R. K., N. Munshi, B. C. Nair, Z.-Y. Liu, P. Gill, and J. E. Groopman.
1998. Human immunodeficiency virus Tat modulates the Flk-1/KDR recep-
tor, mitogen-activated protein kinases, and components of focal adhesion in
Kaposi’s sarcoma cells. J. Virol. 72:6131–6137.

14. Huang, S.-H., Y.-H. Chen, Q. Fu, M. Stins, Y. Wang, C. Wass, and K. S. Kim.
1999. Identification and characterization of an Escherichia coli invasion gene
locus, ibeB, required for penetration of brain microvascular endothelial cells.
Infect. Immun. 67:2103–2109.

15. Huang, S.-H., M. F. Stins, and K. S. Kim. 2000. Bacterial penetration across
the blood-brain barrier during the development of neonatal meningitis. Mi-
crob. Infect. 2:1237–1244.

16. Kim, B. Y., J. Kang, and K. S. Kim. 2005. Invasion processes of pathogenic
Escherichia coli. Int. J. Med. Microbiol. 295:463–470.

17. Kim, K. S. 2008. Mechanisms of microbial traversal of the blood-brain
barrier. Nat. Rev. Microbiol. 6:625–634.
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