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Abstract
Enterobacter sakazakii (ES) causes neonatal meningitis and necrotizing enterocolitis with case-
fatality rates among infected infants ranging from 40 to 80%. Very little is known about the
mechanisms by which these organisms cause disease. Here, we demonstrate that ES invades human
brain microvascular endothelial cells (HBMEC) with higher frequency when compared with
epithelial cells and endothelial cells from different origins. The entry of ES into HBMEC requires
the expression of outer membrane protein A (OmpA), as the OmpA-deletion mutant was sevenfold
less invasive than the wild type ES and the bacterium does not multiply inside HBMEC. Anti-OmpA
antibodies generated against the OmpA of Escherichia coli K1, which also recognize the OmpA of
ES, did not prevent the invasion of ES in HBMEC. ES invasion depends on microtubule condensation
in HBMEC and is independent of actin filament reorganization. Both PI3-kinase and PKC-α were
activated during ES entry into HBMEC between 15 min and 30 min of infection. Concomitantly,
overexpression of dominant negative forms of PI3-kinase and PKC-α significantly inhibited the
invasion of ES into HBMEC. In summary, ES invasion of HBMEC is dependent on the expression
of OmpA similar to that of E. coli K1; however, the epitopes involved in the interaction with HBMEC
appears to be different.
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1. Introduction
Enterobacter sakazakii (ES) is a gram-negative rod-shaped bacterium within the family
Enterobacteriaceae. ES is a food borne pathogen that can cause severe illness and death in
newborns [1–4]. The majority of cases of ES infection occurs in neonates, and may result in
sepsis, meningitis, and necrotizing enterocolitis. The case-fatality rates among infected infants
have been reported to be as high as 40–80% [4]. In addition to neonatal infection, ES has been
associated with adult bacteremia and osteomyelitis [5]. Premature infants and those with
underlying medical conditions may be at highest risk for developing ES infection. A growing
number of outbreaks of infection among neonates have provided compelling evidence that
milk-based powdered infant formula are the source of infection [1]. Gram-negative bacterial
meningitis is typically treated with third generation cephalosporins. Unfortunately, ES
commonly contains chromosomally mediated, depressed type 1 β-lactamases, which renders
cephalosporins ineffective [6,7]. Therefore, improved understanding of the pathogenesis of ES
infection is crucial to the development of innovative and effective therapeutic strategies.

Several pathogenic bacteria that cause central nervous system infections such as Escherichia
coli K1, Citrobacter freundii, Listeria monocytogenes and Group B streptococcus invade
human brain microvascular endothelial cells (HBMEC), an in vitro model of the blood–brain
barrier [8–11]. E. coli K1 has also been shown to traverse across the blood–brain barrier in the
experimental newborn rat model of hematogenous meningitis [12]. Interestingly, these bacteria
invade HBMEC with lower frequency (0.05–1%) when compared to the invasion frequency
of other bacteria such as Salmonella serovar Typhimurium in epithelial cells. However, entry
of very few bacteria is sufficient to induce meningitis in animal model. In addition, the
meningitis causing pathogens also use contrasting mechanisms to invade HBMEC. To assess
the role of ES in human disease, evaluation of potential virulence factors is required. However,
at this time very little is known about the mechanisms of ES pathogenicity in meningitis. It is
a common trait of microbial pathogens to express adherence factors responsible for recognizing
and binding to specific receptor moieties of cells, thereby enabling the bacteria to resist host
strategies that would impede colonization. Recently, two distinctive adherence patterns
including a diffuse adhesion pattern and the formation of localized clusters of bacteria on the
cell surface could be distinguished on epithelial cells and brain endothelial cells [13].
Adherence was maximal during late exponential phase, and increased with higher inoculum
sizes. Mannose, hemagglutination, trypsin digestion experiments and transmission electron
microscopy suggest that the adhesion of ES to the epithelial and endothelial cells is
predominantly non-fimbrial based. Invasion of ES in Caco-2 cells has been shown to require
microtubules and induced the disruption of tight junctions [14].

Venkitanarayanan et al. reported that the outer membrane protein A (OmpA) of ES is 88%
similar at the protein level to that of E. coli K1 and plays a critical role in invasion of human
intestinal epithelial cells, which has been shown to depend on both microfilaments and
microtubules [15,16]. Of note, our studies with E. coli K1, another meningitis causing gram-
negative bacterium, also require OmpA for its invasion in HBMEC [8]. E. coli K1 interacts
with a receptor on HBMEC and induces actin condensation at the sites of bacterial entry [17].
The entry of E. coli is specific to only HBMEC but not of other non-brain endothelial or
epithelial cells [12]. We further demonstrated that activation of protein kinase C-α, PI3-kinase,
and caveolin-1 is required for the condensation of actin filaments during E. coli invasion
[18–20]. However, mechanisms involved in the entry of ES into HBMEC are not clearly
known. In an effort to understand the pathogenesis of meningitis caused by ES, we have used
HBMEC to study the interaction between ES and HBMEC. Here we report that ES efficiently
invades HBMEC in vitro, when compared to other cell types and that the OmpA expression
in ES is required for invasion of HBMEC. Additionally, we attempt to elucidate the eukaryotic
mechanisms triggered by ES invasion through the use of different inhibitors, and by
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overexpressing dominant negative forms of PKC-α and PI3-kinase. The data obtained in this
study were compared throughout with the mechanisms utilized by E. coli K1. A better
understanding of the molecular underpinnings of ES pathogenesis will allow the development
of targeted and novel therapeutic strategies.

2. Results
2.1. ES invades HBMEC in a dose- and time-dependent manner

The ability of ES to enter HBMEC was assessed via cell culture invasion assays (gentamicin
protection assay) as previously described [8]. E. coli K1 and HB101 strains were used as
positive and negative controls, respectively. Initially, we examined the effect of inoculum size
(104–107 cfu/well) on bacterial adhesion and invasion of HBMEC. Approximately 9% (8.5 ±
1.5 ×104 cfu/well) of ES added to the monolayers bound at inoculum size of 106 cfu/well and
further increase in the inoculum resulted in a small increase in binding (9.5 ± 1.3 ×104 cfu/
well) after 2 h incubation (Fig. 1A). E. coli K1 showed increased binding as the inoculum size
increases (7% at inoculum size 106), whereas only 1% of HB101 bound to HBMEC. The
invasion of ES was found to be approximately 0.5% (8450 ± 2500 cfu/well) at a multiplicity
of infection of 10 (bacteria-to-cell ratio 10:1, i.e. 106 cfu/well) whereas lower inoculum sizes
show negligible invasion. Of note, greater number of bacteria entered the cells at an inoculum
size of 107 cfu/well compared to inoculum size of 106 cfu/well although the percent of invasion
was dropped to 0.05–0.09 (5. 1 ± 0.9 × 103 cfu/well) (Fig. 1B). E. coli K1 invaded HBMEC
at a frequency of 0.35% at an MOI of 10. In contrast, very small number of HB101 invaded
the cells. Next, we examined whether increasing incubation times had any effect on the bacterial
invasion with an inoculum size of 106. The binding and invasion frequency increased by
twofold at 4 h post-incubation when compared to the frequency at 2 h (Fig. 1C and D). However,
the invasion frequency in HBMEC at any given point appears to be between 0.5 and 1.0% after
considering the growth of the bacteria in the medium. Similarly, both binding and invasion of
E. coli K1 in HBMEC increased over time. Neither binding nor invasion of HB101 changed
significantly with increased incubation time. These results suggest that both ES and E. coli K1
invade HBMEC with a similar frequency. Hereafter, the invasion experiments are performed
by incubating ES at an MOI of 10 for 4 h unless otherwise stated.

2.2. ES exhibits greater invasion frequency in HBMEC compared to human umbilical vein
endothelial cells or epithelial cells

Our previous studies have shown that BMEC differ from other endothelial cells in their cell-
to-cell “tightness” and expression of certain receptors [21,22]. In addition, E. coli K1
specifically invades HBMEC compared to other non-brain endothelial cells and epithelial cells
[12]. Therefore, we examined the ability of ES to enter various cells or cell lines such as human
umbilical vein endothelial cells (HUVEC), rat intestinal epithelial cells (IEC-6), conjunctival
epithelial cells (CEC) or Chinese hamster ovary cells (CHO) using gentamicin protection
assays. ES was found to be non-invasive in CEC and IEC cell lines (0.03% and 0.04%) and
invades with lower frequency into CHO cells and HUVEC (0.2% and 0.3%, respectively) as
compared to 0.7% in HBMEC (Fig. 1E). Of note, the total cell associated bacteria to these cells
were similar, suggesting that HBMEC are more susceptible to ES invasion. A longer time
period of incubation of these cells with ES showed further increase in the invasion, however,
the percent of invasion remains same when considered the growth of the bacteria in the medium
(data not shown).

2.3. ES does not multiply inside HBMEC
To ascertain whether ES survives and replicates within HBMEC, invasion assays were
performed as previously described except with a prolonged gentamicin treatment time. The
number of intracellular bacteria remained constant event after 8 h post-infection when the
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inoculum size used was 106 cfu/well, suggesting that the invaded bacteria did not multiply
inside HBMEC (Fig. 2A). To confirm that ES is still surviving inside HBMEC, GFP labeled
ES was added to the endothelial cell monolayers at an MOI of 10 and incubated for 4 h. The
monolayers were washed and further incubated in the presence of gentamicin for additional 4
h. The fixed monolayers were observed under confocal laser microscope and optical sectioning
was performed from top of the cell to the bottom. As shown in Fig. 2B, several ES were attached
as clusters to HBMEC (Fig. 2Ba). z-Stack sectioning at the middle of the cell revealed that the
bacteria were still intact (round shape, Fig. 2Be and f). Transmission electron microscopy
(TEM) was performed to further confirm this phenomenon and also characterize the interaction
of ES with HBMEC. TEM photographs revealed various stages of ES entry into HBMEC,
including an initial attachment followed by an intimate interaction between the bacteria and
the cell surface (Fig. 2Ca and b). Visible condensation of electron-dense particles accumulating
within the vicinity of contact was observed. ES was found to penetrate HBMEC by inducing
HBMEC pseudopods during this time. After extended incubation for a total of 4 h, ES was
observed in single membrane vacuole-like structures (Fig. 2Bc). However, after 8 h, several
bacteria invaded HBMEC still remained in the vacuoles without any significant multiplication.
Rarely were bacteria found to be multiplying in a single phagosome or in between two
endothelial cells. These results suggest that ES enters through the cell membrane but not via
the tight junctions, and does not efficiently multiply in HBMEC.

2.4. OmpA expression is required for ES invasion of HBMEC
Studies from our lab have demonstrated that OmpA contributes to E. coli K1 invasion of
HBMEC by interacting with an HBMEC specific receptor, Ecgp [23]. The OmpA–Ecgp
interaction was blocked by the anti-OmpA antibodies, which mainly recognizes external loops
of E. coli OmpA that was generated in our lab, and thereby the invasion of E. coli K1. Since
the OmpA of ES has 88% sequence similarity to that of OmpA of E. coli K1 at the protein
level, we examined whether the anti-OmpA antibody recognizes the OmpA of ES by dot-blot
analysis. As shown in Fig. 3A, both ES and E. coli K1 were reacted to the anti-OmpA antibodies
but not OmpA – E. coli. However, neither adhesion nor invasion was significantly affected by
prior treatment of ES with anti-OmpA antibodies (8.5 × 103 ± 1.0 × 103 cfu/well invaded in
controls versus 7.9 × 103 ± 1.8 × 103 cfu/well invaded in anti-OmpA treated cells, Fig. 3B).
To examine whether OmpA expression is required for the invasion of ES into HBMEC, an
OmpA deletion mutant was generated. Three independently isolated OmpA− ES colonies were
examined by PCR with ompA specific primers for the deletion of ompA in ES51R, which data
showed no amplification of 1.7 kb ompA gene in all the mutants (data not shown). The
expression of OmpA by Western blotting with anti-OmpA antibodies revealed that the wild
type ES and E. coli K1 reacted to a 35 kDa protein, whereas the OmpA−ES showed no reactivity
(Fig. 3C), suggesting that the OmpA− ES strains are devoid of OmpA. These strains when used
in the invasion assays have shown significantly lower invasion in HBMEC than the wild type
ES despite binding to the cells similar to that of OmpA+ ES (Fig. 3D), indicating that OmpA
was required for the invasion. Taken together these results suggest that the other epitopes of
OmpA distinct than those involved in E. coli K1 interaction are required for interaction with
HBMEC surface structures for invasion of ES.

2.5. Microtubules, PKC-α and PI3-kinase are required for ES invasion of HBMEC
To determine whether cytoskeleton and/or signaling molecules of HBMEC are necessary for
ES invasion, the effects of various eukaryotic inhibitors on the invasion process were assessed.
The role of actin-based cytoskeleton in ES invasion was examined by using cytochalasin D
(CD), an agent that causes microfilament depolymerization in eukaryotic cells. HBMEC were
pretreated with various concentrations of CD for 30 min prior to invasion assays. As shown in
Fig. 4A, CD did not show any profound effect on the ability of ES to invade HBMEC even at
a concentration of 10 μg. In contrast, pretreatment of HBMEC with nocodazole, which is a
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microtubule-depolymerizing agent, led to inhibition of ES invasion of HBMEC (Fig. 4B). Cells
pretreated with 1.0 μM nocodazole demonstrated 50% decrease in invasion, whereas 10 μM
concentration showed ~80% inhibition. In addition, inhibitors to other signaling molecules
such as PKC (GFx), PI3-kinase (wortmannin), and filipin (caveolae formation) were also used.
The data suggested that PI3-kinase inhibitor wortmannin at a concentration of 400 nM
significantly reduced the ES invasion (Fig. 4C). The general PKC inhibitor GFx showed only
marginal inhibition of ES invasion, whereas filipin had no effect. Of note, none of these
inhibitors significantly affected the total cell associated ES to HBMEC. These results suggest
that microtubule polymerization, PKC-α, and PI3-kinase play an important role in the invasion
process, but not microfilaments and caveolae formation.

2.6. Microtubule aggregation is associated with ES invasion of HBMEC
To further examine the role of microtubules or actin filaments in ES invasion of HBMEC, we
examined by fluorescence microscopy whether there were changes in the microtubule or actin
network. HBMEC monolayers were infected with either GFP-OmpA+ ES or GFP-OmpA− ES
for varying periods, fixed and stained with either rhodamine phalloidin or anti-α tubulin
antibody. Staining of non-infected HBMEC showed uniform distribution of actin filaments
throughout the cell with occasional stress fibers, whereas no significant background green
fluorescence (for GFP) was observed (Fig. 4A and B). The OmpA+ ES infected cells showed
that the bacteria attached in cluster to the cells surface (represents both adhered and invaded)
at 60 min and no actin condensation underneath or away from the bacteria was observed,
providing further evidence that actin filament reorganization is not involved in the entry of ES
into HBMEC. On the other hand, microtubule condensation beneath the bacterial attachment
site was prominently observed with OmpA+ ES infected cells (Fig. 5G). Overlay of green and
red fluorescence images suggested clear co-localization of ES and microtubules (note the
yellow color) (Fig. 5I). In contrast, OmpA− ES despite binding to the cells in good numbers
did not show microtubule condensation (Fig. 5J–L) suggesting that OmpA mediated
microtubule reorganization is required for ES invasion of HBMEC.

2.7. Activation of PI3-kinase and PKC-α during ES invasion of HBMEC
As shown, the general PKC inhibitor (GFx) marginally blocked ES invasion into HBMEC,
whereas PI3-kinase inhibitor significantly abrogated the invasion. Our previous studies showed
that E. coli K1 invasion of HBMEC requires activation of both PI3-kinase and PKC-α [18,
19]. Therefore, we examined the activation of these molecules in HBMEC following infection
with ES. Confluent monolayers of HBMEC were treated with ES for 0–90 min and the total
cell lysates were examined for the activation of PI3-kinase and PKC-α. Since Akt is the effector
protein of PI3-kinase, we examined the phosphorylation of Akt to evaluate the PI3-kinase
activation. As shown in Fig. 6A, the phosphorylation of Akt was increased by 15 min post-
infection, which was gradually reduced by 90 min when compared to control cells. The blot
was stripped and reprobed with an antibody to non-phosphorylated form of Akt to verify equal
loading of the proteins. Similarly, the total cell lysates were probed with anti-phospho-PKC-
α antibody, which demonstrated activation between 15 min and 30 min post-infection, when
compared to untreated control cells (Fig. 6B). Differences in PKC-α phosphorylation level are
not due to unequal loading of the proteins, since the antibodies to the non-phosphorylated form
of PKC-α showed similar protein levels. Together, these results suggest that the entry of ES
into HBMEC induces both PI3-kinase and PKC-α activation.

2.8. Overexpression of dominant negative forms of PKC-α and PI3-kinase subunit p85
prevents the invasion of ES into HBMEC

To further confirm the role of PKC-α in ES invasion, HBMEC were transfected with
mammalian expression vectors containing hemagglutinin tagged PKC-CAT/KR. The resulting
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cell lines were designated as PKC-CAT/KR/HBMEC, which confer G418 resistance. The
PKC-CAT/KR construct encodes a truncated protein in which the catalytic domain (CAT)
containing amino acids 326–672 of PKC is preserved, with a point mutation that abolishes
ATP binding ability, while the regulatory N-terminal domain is deleted [24]. The PKC-CAT/
KR construct has been shown to dominantly inhibit PKC-α activation. HBMEC transfected
with pcDNA3 vector alone were used as a control. We have previously demonstrated that the
cell lysates from PKC-CAT/KR/HBMEC show greater levels of PKC-α protein when
compared with either non-transfected or pcDNA3-transfected HBMEC [18]. Invasion assays
using these transfectants reveal that ES entry was significantly inhibited into PKC-CAT/KR/
HBMEC when compared to pcDNA3/HBMEC (1275 ± 275 cfu/well in DN transfected cells
versus 7525 ± 480 cfu/well in pcDNA3-transfected cells, p < 0.001) (Fig. 6C), suggesting that
PKC-α is required for ES entry into HBMEC.

In addition to PKC-α, PI3-kinase appears important in ES invasion, as wortmannin
significantly inhibited the entry. To further demonstrate the role of PI3-kinase, HBMEC were
transfected with dominant negative mutants (DNs) of either p85 (p85), or p110 (p110K)
subunits of PI3-kinase. The cDNAs of both mutants were cloned under the control of
cytomegalovirus promoter with an amino-terminal FLAG epitope tag in the eukaryotic
expression vector pcDNA3, which also confers G418 resistance [19]. The DN/p85 mutant
contains a defective iSH2 region, fails to bind to PI3-kinase catalytic subunit p110, and
dominantly inhibits the activation of PI3-kinase by titrating out the signaling molecules that
interact with PI3-kinase. Whereas, DN/p110K is a kinase inactive mutant, has a CAAX motif,
and is constitutively translocated to the membrane. HBMEC colonies resistant to G418 were
pooled and used in further experiments. Previous studies from our lab revealed that both DN/
p110 and DN/p85 were overexpressed only in HBMEC transfected with appropriate vector but
not in cells transfected with pcDNA3 [19]. HBMEC transfected with pcDNA3 or PI3-kinase
mutants when used in ES invasion assays revealed that ES invasion of HBMEC was blocked
by 85% and 50%, respectively, in cells expressing DN/p85 and DN/p110K (7525 ± 489 cfu/
well with pcDNA3 versus 1860 ± 468 cfu/well and 3570 ± 251 cfu/well in HBMEC transfected
with DN/p85 and DN/p110K, respectively, p < 0.002) (Fig. 6C). However, the total cell
associated bacteria was not significantly different between these two transfectants when
compared to control cells. These results clearly support that both PKC-α and PI3-kinase are
crucial for ES entry into HBMEC.

2.9. Overexpression of dominant negative forms of PKC-α and PI3-kinase subunit p85
prevents the microtubule condensation beneath the ES attachment site

To examine whether the activation of PKC-α and PI3-kinase is upstream or downstream of
microtubule condensation immuno-cytochemistry was performed using GFP-ES and HBMEC
transfectants. Either PKC-CAT/KR/HBMEC or DN/p85/HBMEC were infected with GFP-ES
for 2 h, fixed, and examined under a confocal laser microscope. As shown in Fig. 6D, the
uninfected pcDNA3/HBMEC showed no green fluorescence (for ES) or very diffused red
fluorescence for microtubules (a–d). In contrast, infected pcDNA3/HBMEC showed attached
ES under which microtubule condensation was visible. Overlay of both green and red images
show that the condensation of microtubules was directly underneath the ES attachment site.
Of note, ES infected PKC-CAT/KR/HBMEC despite showing the attachment of bacteria did
not reveal the condensation of microtubules (I–l). Similar results were also observed with DN/
p85/HBMEC (data not shown). These data suggest that activation of both PKC-α and PI3-
kinase could be upstream of microtubule condensation.
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3. Discussion
E. sakazakii is an opportunistic pathogen associated with contaminated powdered infant
formula and a rare cause of gram-negative sepsis that can develop into meningitis and brain
abscess formation in neonates. The pathogenesis of ES meningitis and brain abscess formation
is not clearly understood. However, it is widely believed that like other meningitis causing
bacteria, ES must also penetrate the blood–brain barrier, an intricate structure that consists of
the brain capillary endothelium, to cause disease. Several genotypically distinct ES strains were
shown to invade rat capillary endothelial brain cells in vitro [25], however, the mechanisms
involved in the invasion process remain unknown. In this report, we have utilized HBMEC to
gain insights into the pathogenic mechanisms utilized by ES during the invasion.

Our data suggest that ES invades HBMEC with higher frequency than that of IEC-6, CEC and
CHO cells. These results are similar to the invasion characteristics of E. coli K1, which
specifically invades HBMEC with a 10-fold higher frequency than HUVEC [12]. In contrast,
ES showed the capability of invading HUVEC, although at 50% reduced frequency. We also
demonstrated that E. coli K1 invasion requires the interaction of OmpA with its receptor, Ecgp,
a gp96 homologue and that the anti-OmpA antibodies significantly inhibited the invasion
[22]. Interestingly, the invasion of ES into HBMEC also depends on the expression of OmpA
although the antibodies to OmpA did not block the invasion, indicating that the interaction of
ES may be different from that of E. coli K1 interaction with HBMEC. It is possible that different
epitopes of OmpA are involved in the interaction of ES when compared to E. coli K1 with
HBMEC. Our studies on the interaction of E. coli K1 OmpA with GlcNAc1–4GlcNAc epitopes
by computer simulation revealed that OmpA is highly mobile structure and needs to be
stabilized by other structures such as IbeA on the bacterial surface to acquire a special three
dimensional conformation [26]. Thus, the OmpA of ES is probably acquiring an entirely
different orientation to interact with its cognate receptors on HBMEC to invade the cells. In
support of this notion, ES invasion was dependent on microtubule reorganization whereas E.
coli invasion has been shown to depend on microfilament condensation [17]. Similar to these
studies ES invasion of INT407 cells has also been shown to be dependent on OmpA expression
in ES, however, requires both microfilaments and microtubules for invasion [16]. This
observation is in contrast to our study that intestinal epithelial cells (IEC-6) are not susceptible
for invasion by ES [27]. This discrepancy could be due to the methods used for invasion assays.
During the interaction of ES with INT407 cells, the authors centrifuged the bacteria against
the cells to increase the chances of binding to the cells, while we just performed stand-alone
experiments. Kim and Loessner also demonstrated that ES ATCC 29544 invades Caco-2 cells
with a frequency of 0.5–1.0% and requires microtubules for invasion, although cytochalasin
D treatment increased the invasion [14]. These experimental discrepancies from different
studies could be due to the use of different cell types and/or ES strains. For example, studies
using the same cells demonstrated that the entry of C. freundii is similar to that of ES in
HBMEC, as it depends on the microtubule reorganization. The microtubule aggregation is
directly beneath the ES attachment site whereas C. freundii induces the condensation away
from the attachment site [9]. Microtubules have been previously shown to be required for
invasion of many pathogens (e.g., Neisserria gonorrhoeae, Haemophilus influenzae,
Klebsiella pneumoniae, enteropathogenic and enterohemorrhagic E. coli, and Campylobacter
jejuni) [28–32].

Cytoskeletal rearrangements during the invasion of bacteria require cross-talk between
varieties of host-signaling molecules. Our previous studies demonstrated that HBMEC
invasion by E. coli requires PKC-α and PI3-kinase for actin rearrangements [18,19]. ES
invasion showed the involvement of both PKC-α and PI3-kinase, but was dependent upon
microtubules. Overexpression of DN-PKC-α significantly prevented the entry of ES into
HBMEC although a general inhibitor of PKC showed a marginal effect. Of note, since filipin
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could not block the invasion, caveolae formation is not required for ES entry, which contrasts
with the mechanisms of E. coli invasion. Upon activation of PI3-kinase, the catalytic subunit
p110 catalyzes the formation of phosphatidyl 3,4,5-trisphosphate [33]. Binding of phosphatidyl
3,4,5-trisphosphate to pleckstrin homology domains of cellular and cytoskeletal proteins
mediates membrane recruitment of several kinases, including PDK1 [34]. PDK1 has been
reported to form a complex with PKC, which subsequently phosphorylates the activation loop
of most members of the PKC family. Activation of PKC has also been shown in EPEC infection
[35,36]. It has been shown that both PKC-α and PI3-kinase stabilize the microtubules during
human herpes virus entry of dermal microvascular endothelial cells [35]. Therefore it is
possible that microtubule stabilization underneath the ES attachment site 6 may be provided
by these two molecules for subsequent movement of bacteria containing endosomes along the
microtubules. Taken together, we have shown that OmpA expression in ES is critical for
invasion of HBMEC and requires microtubule condensation, PI3-kinase and PKC-α activation.
Identification of ES structures that interact with HBMEC for invasion would provide novel
strategies in the prevention of infection by this emerging pathogen. Currently, we are
investigating whether OmpA receptor of E. coli is also responsible for binding to and entry of
ES into HBMEC.

4. Materials and methods
4.1. Bacterial strains and cell lines

ES 51329 was obtained from ATCC and was grown in LB or Tryptic Soy Broth medium
without any antibiotics. ES was transformed with the plasmid pUC13 containing the gfp gene.
Transformants were selected by ampicillin (100 μg/ml), and assessed for GFP expression by
viewing under ultraviolet light. The ompA deletion mutant of ES was constructed by replacing
ompA with a kanamycin (Km) cassette. Briefly, a spontaneous rifampicin-resistant mutant was
isolated and named ES51R. A 1.77-kb DNA containing ompA was amplified from ES with
primers: 5′-GTGAG CTCCGGGCTAAAAATTCACTCAA (containing a SacI site), and 5′-
CA GGTACCATCGTGCAGCTGATTGA (containing a KpnI site). The DNA was cloned into
pEP185.2 [37] at the same sites, and the internal 876-bp NruI–BglII fragment was replaced
with a 1.2-kb Km cassette from pUC-4K (Pharmacia). The recombinant plasmid was
transferred from E. coli to ES51R by conjugation, and double-crossover mutants were selected.
Chinese hamster ovary cells (CHO), intestinal epithelial cells (IEC-6), and conjunctival
epithelial cells (CEC) were obtained from ATCC. CEC and IEC-6 were maintained at 37 °C
in a humidified atmosphere of 5% CO2 in medium containing M-199/Ham F-12 (1:1)
supplemented with 10% fetal bovine serum, 1 mM sodium pyruvate, and 2 mM glutamine.
CHO cells were maintained as above described, but with modified DMEM as the growth
medium. Human umbilical vein endothelial cells (HUVEC) were kindly provided by Dr. Scott
Filler, Harbor-UCLA Medical Center, Torrance, CA.

4.2. HBMEC culture and transfections
HBMEC were isolated and cultured as described earlier [38,39]. HBMEC cultures were
maintained in RPMI 1640 containing 10% heat inactivated fetal bovine serum, 2 mM
glutamine,1 mM sodium pyruvate, streptomycin (100 μg/ml), penicillin (100 units/ml).
Dominant negative (DN) constructs of p85 and PKC-α have been described previously [18,
19]. HBMEC were transfected with mammalian expression vectors using LipofectAMINE-
plus (Invitrogen, Carlsbad, CA). Briefly, DNA-LipofectAMINE-plus in RPMI 1640 was added
to 50% confluent HBMEC monolayers. After 6 h of incubation at 37 °C, the cells were washed
with RPMI 1640, and complete medium was added. After 48 h, the complete medium was
replaced with medium containing G418 (400 μg/ml) and maintained at least for 4 weeks before
performing invasion assays.
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4.3. Bacterial binding and invasion assays
The cells grown in 24-well cell culture plates to 95% confluence were infected with 106 cfu
of ES in experimental medium (1:1 mixture of Hams F-12 and M-199 containing 5% heat
inactivated fetal bovine serum) and incubated for various time points at 37 °C in an atmosphere
containing 5% CO2. The monolayers were then washed 3 times with RPMI 1640, medium
containing gentamicin (100 μg/ml) was added to the wells, and further incubated for 1 h at 37
°C. Subsequently, the cells were washed 3 times with RPMI 1640 and lysed with 0.5% of
Triton X-100. The released bacteria were diluted with saline and enumerated by plating on
blood agar. In duplicate experiments, the total cell associated bacteria were determined as
described for invasion, except that the gentamicin step was omitted. Results were expressed
as an average of bacterial colony forming units recovered per well from three or more
independent determinations ± SD of the means. For inhibition studies, cytochalasin D (CD),
nocodazole, colchicine, filipin, wort-mannin, GFx or dimethyl sulfoxide (DMSO as a control)
were incubated with the cells for 30–60 min before the monolayers were infected with bacteria.
The chemicals were added at different concentrations and were present throughout the
experiment.

4.4. Immunofluorescence staining
HBMEC were grown in eight-well chamber slides coated with collagen and infected with ES
at an MOI of 10, as described above. The monolayers were washed 4 times with RPMI and
fixed with 2% paraformaldehyde for 15 min. The monolayers were then permeabilized by
incubating with 0.1% Triton X-100 in 3% normal goat serum in phosphate-buffered saline
(NGS-PBST) for 1 h followed by incubation with primary antibody in NGS-PBST or
rhodamine phalloidin for 30 min at room temperature. The primary antibody was probed with
Cy2-conjugated secondary antibody. The cells were washed again, the chambers removed, and
the slides were mounted in an antifade solution containing DAPI. The cells were viewed with
a Leica (Wetzlar, Germany) DMRA microscope with Plan-Apochromat 40×/1.25 NA and
100×/1.40 NA oil immersion objective lenses. Images were acquired with a SkyVision-2/VDS
digital charge-coupled device camera (12-bit; 1280 × 1024 pixels) in unbinned or 2 × 2 binned
models into the EasyFISH software, saved as 16-bit monochrome images, and merged as 24-
bit RGB TIFF images (Applied Spectral Imaging, Inc., Carlsbad, CA). The images were
assembled and labeled by Adobe Photoshop Version 6.0. z-Stacks of confocal images were
acquired using a Leica TCS SP confocal laser-scanning microscope with Leica confocal
software. A 63× oil lens (NA 1.4) was used and the Pinhole was set at Airy1. The gain and
offset were adjusted with the brightest position of the z-stack to avoid over saturation. The start
and end points for each z-stack were set with adjustment of z position manually. The total
numbers of image in each z-stack were automatically set with the program in order to reach
the optimal resolution. Each acquired image was averaged 4 times to reduce noise. After
acquisition, z-stack images were processed with the Leica confocal program for projection.

4.5. Transmission electron microscopy (TEM)
ES was allowed to invade HBMEC as described above for varying periods (1 h, 2 h, 6 h, and
8 h), the cells were washed 4 times with pre warmed RPMI, and fixed with 2% glutaraldehyde
in 0.1 M phosphate-buffered saline (pH 7.4) for 1 h. After rinsing 4 times with phosphate-
buffered saline, the cells were then stained with methylene blue for 15 min. The cells were
rinsed, post-fixed with 2% OsO4 for 1 h, rinsed again, dehydrated with graded ethanol
solutions, and embedded in polypropylene oxide. Ultrathin sections were cut at right angles to
the culture cell layer, mounted on collodion one-hole grids, stained with uranyl acetate and
lead citrate, and examined with a Phillips CM12 transmission electron microscope.

Singamsetty et al. Page 9

Microb Pathog. Author manuscript; available in PMC 2009 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



4.6. Reagents
Fluorescein isothiocyanate (FITC)-conjugated secondary antibodies, anti-α tubulin antibodies,
and rhodamine phalloidin were obtained from Molecular Probes (San Diego, CA). Cy3-
conjugated secondary antibody was obtained from Zymed Laboratories (San Francisco, CA).
Normal goat serum and the Vectashield mounting medium with 4′,6′-diamidino-2-phenyindole
(DAPI) were obtained from Vector Laboratories, Inc. (Burlingame, CA). Polyclonal anti-
OmpA antibodies were described previously [7]. IgG purification kit was obtained from Pierce
Co. (Milford, IL). All other chemicals were obtained from Sigma Chemical Co. (St. Louis,
MO).

4.7. Western blotting and dot-blot analysis
Bacterial lysates were prepared by sonicating equal number of cfu in PBS containing 0.5%
Triton X-100 and centrifuged to remove cell debris at 3000 rpm in a microfuge. For Western
blots, equal amounts of bacterial total proteins were transferred onto a polyvinylidene
difluoride nitrocellulose sheet with a Bio-Rad semi-dry transblot apparatus. After transfer, the
blots were washed with PBS 2 times and blocked with 5% nonfat dry milk in PBS for 1 h at
room temperature. Then, the blots were incubated with anti-OmpA antibody (1:3000) for 2 h,
washed 4 times with PBS, and incubated with peroxidase-labeled goat anti-rabbit
immunoglobulin G at a dilution of 1:2000 in milk for 2 h at room temperature. The blots were
washed with PBS containing 0.05% Tween 20 for 15 min with five changes of buffer, and the
bands were developed with ECL reagent (Pierce Co.). Control blotting was carried out by
omitting anti-OmpA antibodies. For dot-blots, equal number of bacteria were spotted on a
nitrocellulose sheet and dried under vacuum. The nitrocellulose sheet was subjected to
immunoblotting similar to that of Western blotting except that diaminobenzidine and 0.01%
hydrogen peroxide (substrate) was used to develop the color.
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Fig. 1.
Invasion of ES in HBMEC is dose- and time-dependent and significantly higher than entry
into epithelial cells and non-brain endothelial cells. (A and B) Confluent monolayers of
HBMEC were infected with different concentrations of ES, E. coli K1 or HB101 for 2 h or (C
and D) with 106 cfu/well for different time points, followed by gentamicin treatment (100 μg/
ml) for 60 min. The cells were then treated with 0.5% Triton X-100 to release the intracellular
bacteria and enumerated by plating the dilutions on blood agar (B and D). Total cell associated
bacteria were determined as described for invasion except that the gentamicin step was omitted
(A and C). The data represent the number of bacteria bound or invaded per well in 24 well
plates. The error bars represent means ± SD from three independent experiments performed in
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triplicate. (E) Human umbilical vein endothelial cells (HUVEC), rat intestinal epithelial cells
(IEC-6), human conjunctival epithelial cells (CEC), Chinese hamster ovary cells (CHO) or
HBMEC were grown in 24-well cell culture plates to 95% confluence and were incubated with
106 cfu/well of ES for 4 h. Total cell associated (binding) and intracellular bacteria (invasion)
were determined. The data represent relative values considering the binding to and invasion
of HBMEC as 100%. The error bars indicate standard deviations for means of four separate
experiments performed in triplicate. The invasion of ES was significantly lower in epithelial
cells or HUVEC compared to the invasion of HBMEC (*p < 0.001 and **p < 0.05 by Student’s
t test).
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Fig. 2.
Internalized ES does not multiply inside HBMEC. (A) HBMEC were infected with ES for 4
h followed incubation with gentamicin containing medium for additional 4 h and 8 h. The
number of intracellular bacteria was determined as described in Fig. 1. The data represent
means ± SD from three independent experiments performed in triplicate. (B) HBMEC
monolayers were infected with GFP+ ES for 4 h, washed, and fixed with 2% paraformaldehyde.
z-Stacks of confocal images were acquired using a Leica confocal laser-scanning microscope
and Leica confocal software equipped with 63× oil lens. (C) In separate experiments, HBMEC
monolayers were infected with 106 cfu/well for varying periods. Samples were taken at 1 h
(a), 2 h (b), and 8 h (c) post-infection and were processed for transmission electron microscopy
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as described in Section 4. Arrows indicate the vacuoles containing ES. Magnification for the
included photographs: (a, b) 12,000; (c) 13,000 and (d) 8500.
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Fig. 3.
OmpA expression in ES is required for the invasion of HBMEC. (A) Approximately 103 cfu
of ES were loaded onto nitrocellulose along with OmpA+ and OmpA− E. coli (as positive and
negative controls) and immunoblotted with anti-OmpA antibodies or control isotype matched
antibodies followed by horseradish peroxidase conjugated secondary antibodies. The color was
developed using diaminobenzidine and hydrogen peroxide. (B) Various concentrations (25
μg, 50 μg, and 100 μg) of purified anti-OmpA antibodies or control antibodies (cAb) were
incubated with ES (106 cfu) for 1 h on ice, then added to confluent monolayers of HBMEC
and incubated for 4 h. Both total cell associated and intracellular bacteria were determined and
the results expressed as relative binding to or invasion being taken the parameters for untreated
HBMEC as 100%. The data represent means ± SD of three separate experiments performed in
triplicate. (C) Total lysates of OmpA+ E. coli, ES resistant to rifampicin (ES51R), or
OmpA− ES strains were subjected to immunoblotting with anti-OmpA antibody. (D) HBMEC
monolayers were infected with either ES resistant to rifampicin or various OmpA− ES strains
at an MOI of 10 for 4 h. Total cell associated or intracellular bacteria were determined as
described in Section 4. The data represent means ± SD from at least three different experiments
performed in triplicate and expressed as relative binding or invasion being taken the total cell
associated and intracellular bacteria of HBMEC as 100%. The invasion of OmpA− ES was
significantly lower than that of wild type ES, p < 0.001 by Student’s t test.
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Fig. 4.
Effect of various inhibitors on ES invasion of HBMEC. Different concentrations of
cytochalasin D (A), nocodazole (B) or wortmannin, GFx and filipin (C) were added to confluent
monolayers of HBMEC for 30 min at 37 °C prior to the addition of ES. Total cell associated
and intracellular ES was determined as described earlier. The experiments were performed at
least 3 times in triplicate and are expressed as means ± SD. *p < 0.001 and **p < 0.05 by
Student’s t test.
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Fig. 5.
Microtubule aggregation is associated with ES invasion of HBMEC. Confluent monolayers of
HBMEC in eight-well chamber slides were either uninfected (A–C) or infected with ES (D–
I) or OmpA− ES for 60 min. The cells were then washed, fixed with 2% paraformaldehyde for
15 min, and stained with rhodamine phalloidin (A–F) or anti-α-tubulin antibody followed by
incubation with Cy3-conjugated secondary antibody (G–L). Overlay images of red, green, and
blue (for nucleus) were also shown (C, F, I, and L). Magnification: 100×.
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Fig. 6.
ES incubation of HBMEC activates PI3-kinase and PKC-α. Confluent monolayers of HBMEC
were infected with ES (106 cfu/well) for 0–90 min, total cell lysates prepared, and subjected
to Western blotting with anti-phospho-Akt or anti-Akt antibodies (A). Similar blot was also
subjected to Western blotting with anti-phospho-PKC-α or anti-PKC-α antibody (B). In
addition, HBMEC were transfected with dominant negative mutants of either p85 subunit of
PI3-kinase or PKC-α. Total cell associated (binding) and intracellular bacteria (invasion) were
determined relative to the binding and invasion of HBMEC being taken as 100%. The
experiments were performed at least 3 times in triplicate and the data are expressed as means
± SD (C). The invasion of ES into HBMEC transfectants was significantly lower than into
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HBMEC transfected with pcDNA3, *p < 0.001 by Student’s t test. (D) HBMEC, non-
transfected (a–d), transfected with plasmid alone (e–h) or with DN-PKC-α were either non-
infected (a–d) or infected with GFP+ ES for 90 min (e–l). The cells were washed, fixed, and
stained with anti-phospho-PKC-α antibody (c, g, and k). The bright light images were taken
to show the morphology and boundaries of the cells (a, e, and i). The overlay images showed
that ES entry induced the accumulation of phospho-PKC-α (yellow color) in HBMEC.
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