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Internalization of Staphylococcus aureus in bovine endothelial cells (BEC) is increased by tumor necrosis
factor alpha stimulation and NF-kB activation. Because the phosphoinositide-3-kinase (PI3K)-Akt signaling
pathway also modulates NF-kB activity, we considered whether the internalization of S. aureus by BEC is
associated with the activity of PI3K and Akt. We found a time- and multiplicity of infection-dependent
phosphorylation of Akt on Ser473 in BEC infected with S. aureus. This phosphorylation was inhibited by
LY294002 (LY), indicating the participation of PI3K. Inhibition of either PI3K with LY or wortmannin, or Akt
with SH-5, strongly reduced the internalization of S. aureus. Transfection of BEC with a dominant-negative
form of the Akt gene significantly decreased S. aureus internalization, whereas transfection with the constitu-
tively active mutant increased the number of internalized bacterium. Inhibition of PDKI1 activity with OSU-
03012 did not affect the level of S. aureus internalization, demonstrating that phosphorylation of Akt on Thr308
is not important for this process. Compared to the untreated control, the adherence of S. aureus to the surface
of BEC was unaltered when cells were transfected or incubated with the pharmacological inhibitors. Further-
more, Akt activation by internalized S. aureus triggered a time-dependent phosphorylation of glycogen synthase
kinase-3a (GSK-3a) on Ser21 and GSK-3f3 on Ser9 that was partially inhibited with SH-5. Finally, treatment
of BEC with LY prior to S. aureus infection inhibited the NF-kB p65 subunit phosphorylation on Ser536,
indicating the involvement of PI3K. These results suggest that PI3K-Akt activity is important for the inter-

nalization of S. aureus and phosphorylation of GSK-3a, GSK-3f3, and NF-kB.

Staphylococcus aureus is a Gram-positive bacterium widely
distributed among humans and animals. In humans, S. aureus
causes a variety of illnesses ranging from minor skin and soft
tissue infections to life-threatening diseases such as endovas-
cular infections, pneumonia, septic arthritis, endocarditis, os-
teomyelitis, and sepsis (21). This bacterium can also infect
animals that serve as reservoirs with zoonotic implications
(34). In bovine cattle, S. aureus is the main pathogenic bacte-
rium causing mastitis, a disease characterized by mammary
gland inflammation (45, 46) that causes important economic
losses to dairy producers and represents a risk to the consum-
ers because of contaminated milk.

S. aureus has been traditionally considered an extracellular
bacterium, but different reports have demonstrated its ability
to invade an array of nonprofessional phagocytic cells such as
bovine epithelial cells (5), human and bovine endothelial cells
(27, 42, 47), and human osteoblasts (9). This intracellular lo-
cation potentially contributes to bacterial persistence in differ-
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ent diseases, evasion of the immune response, and protection
from antibiotics activity. Efforts have been made to elucidate
the molecular mechanisms that S. aureus uses to be internal-
ized by its host cells. Different reports have pointed out that
binding of the S. aureus fibronectin-binding protein to the
integrin dimer o581 plays an important role in the internaliza-
tion process (40, 49, 57). The data obtained with kidney epi-
thelial cells and fibroblasts showed that S. aureus internaliza-
tion requires polymerization of the actin cytoskeleton and the
activation of the enzymes focal adhesion kinase (FAK) and Src
(1, 2, 24). Moreover, internalized S. aureus has been shown to
cause the recruitment of Rab5 in a cyclic and alternating man-
ner, as well as the participation of tensin (54). Although the
signaling pathway downstream of FAK activation has not been
studied in detail, autophosphorylation of FAK on Y397 in-
duced by S. aureus is the binding site for phosphoinositide-3-
kinase (PI3K) and Src enzymes through their Src-homology 2
(SH2) domain (16).

The PI3K-Akt is a signaling pathway that is important in
phagocytosis, regulation of the inflammatory response, and
other activities, including vesicle trafficking and cytoskeletal
reorganization (22, 63). PI3K is a heterodimeric protein with
lipid kinase activity constituted by a catalytic subunit of 110
kDa (p110) and a regulatory subunit of 85 kDa (p85). When a
ligand (i.e., growth factors or a bacterial molecular structure)
binds to the cognate plasma membrane receptor, the SH2
domain of p85 recognizes the phosphorylated tyrosines on the
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cytosolic domain of the receptor. This causes an allosteric
activation of p110 and the production of phosphatidylinositol-
3,4,5-trisphosphate (PIP) that is recognized by the enzymes
Akt and the constitutively active 3'-phosphoinositide-depen-
dent kinase 1 (PDKI1) through their plekstrin homology do-
mains (25). The interaction of Akt with PIP; causes a change
in the Akt conformation and phosphorylation of the residues
Thr308 and Ser473 by PDKI1 (4) and rictor-mTOR complex
(53), respectively. Phosphorylation of these two residues
causes the activation of Akt which in turn phosphorylates,
among other substrates, the enzyme glycogen synthase ki-
nase-3 (GSK-3). This enzyme is present in two constitutively
active isoforms GSK-3a and GSK-3p that are structurally re-
lated but functionally nonredundant (17). Inactivation of
GSK-3 is observed when the residues Ser21 in GSK-3a or Ser9
in GSK-3B, located in their regulatory N-terminal domains, are
phosphorylated by Akt and other kinases (6, 7). Inhibition of
GSK-3 by phosphorylation is important for the modulation of
the inflammation and phagocytosis processes (13, 39).
Although several studies using different bacteria or bacterial
virulence factors have documented the activation of the PI3K-
Akt signaling pathway (3, 7, 20, 30, 33, 38, 50, 60), NF-kB (18,
20, 30, 38), and more recently GSK-3 (11, 18, 43, 44), none of
them has reported the participation of the PI3K-Akt signaling
pathway in the internalization of S. aureus. We have recently
demonstrated that internalization of S. aureus by bovine endo-
thelial cells (BEC) was increased by the soluble proinflamma-
tory cytokines tumor necrosis factor alpha (TNF-a) and inter-
leukin-1B (IL-1B) through a process associated with the NF-«B
activity state (47). However, the signaling pathway activated
during the internalization of S. aureus was not elucidated. We
show here that the number of S. aureus internalized by BEC
decreased when cells were pretreated with specific inhibitors of
PI3K and Akt, implying that activation of both enzymes is
required for S. aureus internalization without affecting its ad-
herence to the cell surface. In addition, confirmation of the
results observed with the pharmacological inhibitors was ob-
tained in BEC expressing a dominant-negative form of the Akt
gene. Interestingly, activation of the PI3K-Akt signaling path-
way by S. aureus produced a time-dependent phosphorylation
of GSK-30/GSK-3B and NF-«kB p65 subunit that was blocked
by specific inhibitors of Akt and PI3K, respectively. The data
presented in this study indicate that internalization of S. aureus
by BEC is a process associated with the activation of the
PI3K-Akt signaling pathway, as well as with the PI3K-Akt-
dependent phosphorylation of GSK-3a, GSK-3p, and NF-«B.

MATERIALS AND METHODS

Media and chemicals. Ham F-12 (HF-12), Dulbecco modified Eagle medium,
trypsin-EDTA, wortmannin (W), LY294002 (LY), Bradford reagent, bovine
serum albumin (BSA), and lysostaphin were purchased from Sigma-Aldrich, Inc.
(St. Louis, MO). Fetal calf serum (FCS) was acquired from Equitech-Bio, Inc.
(Kerrville, TX). Penicillin G, streptomycin, and reduced serum Opti-MEM I
medium were purchased from Gibco-BRL (Gaithersburg, MD). SH-5 was ac-
quired from Enzo Life Sciences (Plymouth, PA), and OSU-03012 (OSU) was
purchased from Cedarlane Labs (Burlington, NC). FuGENE transfection re-
agent and the 50X EDTA-free protease inhibitor cocktail were purchased from
Roche Applied Science (Manheim, Germany).

Antibodies and plasmids. Rabbit monoclonal antibodies against phospho-Akt
(Ser473 and Thr308), phospho-GSK-3a (Ser21), and GSK-3p, as well as the
polyclonal antibodies against phospho-GSK-3B (Ser9), NF-kB p65, and phos-
pho-p65 (Ser536) were purchased from Cell Signaling Technology (Boston,
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MA). Antibodies against hemagglutinin (HA) tag (rat) and calnexin (rabbit)
were acquired from Roche and Sigma, respectively. pCMV5 and plasmids con-
taining the constitutively active (pCMVS5-Akt-CA) and dominant-negative
(pCMV5-Akt-DN) forms of the Akt gene were purchased from Addgene (Cam-
bridge, MA).

Bacterial strain, cell line, and culture conditions. The strain of S. aureus,
isolated from a clinical case of bovine mastitis, was obtained from the American
Type Culture Collection (ATCC 27543). Bacteria were cultured overnight in 3 ml
of Luria-Bertani (LB) medium at 37°C with continuous agitation. The inoculum
for infection assays was prepared by adding 1 ml of this preculture to 49 ml of LB
medium and grown at 37°C until the culture reached the initial-middle log phase
(optical density at 600 nm of 0.3).

The endothelial cell line used was obtained from bovine umbilical veins and
immortalized by transfection with an expression vector containing the E6E7
oncogenes of human papillomavirus 16 (BVE-E6E7) (14). This immortalized
bovine endothelial cell line, referred to as BEC here, was grown and maintained
in HF-12 supplemented with 10% FCS unless otherwise noted.

Bacterial internalization and attachment assays. Quantitative analysis of in-
tracellular S. aureus was done essentially as described by Oviedo-Boyso et al. (47)
with minor modifications. In brief, 0.5 X 10° cells per well were seeded in 24-well
plates (Corning-Costar, Inc., Corning, NY) in a medium containing 2 ml of
HF-12 supplemented with 10% FCS, 100 U of penicillin G/ml, and 100 pg of
streptomycin/ml and then cultured at 37°C in 5% CO, and 95% air up to a
confluence of 90 to 100%. For internalization assays, BEC were washed three
times with phosphate-buffered saline (PBS) to remove FCS and antibiotics and
then infected with 107 CFU of S. aureus/ml, which gives a multiplicity of infection
(MOI) of 20. Then, infected cells were immediately centrifuged at 130 X g for 5
min, followed by incubation at 37°C for 40 min. After infection, extracellular
noninternalized S. aureus was killed by incubation of BEC with 5 pg of lyso-
staphin/ml for 20 min, and the cells were washed three times with PBS, lifted with
250 wl of 0.25% trypsin-0.5 mM EDTA, and recovered by centrifugation at 3,500
rpm for 12 min in an Eppendorf centrifuge. The supernatant was discarded, and
BEC were lysed by hypotonic shock in 250 pl of sterile deionized water contain-
ing 0.1% Triton X-100. Intracellular bacteria were cultured in LB agar at 37°C
for 19 to 24 h, and the number of S. aureus CFU/ml was calculated by the
counting plate technique. For the adherence assays, the procedure was identical
except that the incubation of BEC with lysostaphin was omitted. Because in this
case the number of CFU represented internalized and adherent S. aureus, we
calculated the number of adherent bacteria by subtracting the number of intra-
cellular ones to the total CFU counted for each condition tested. To test the
effect of inhibitors on the internalization and adherence of S. aureus, BEC were
preincubated for 30 min with L'Y294002 (LY), W, and SH-5 and for 15 min with
OSU and then infected with bacteria in the presence of the inhibitors. The
intracellular and adherent bacteria were recovered, cultured, and calculated
according to the procedure described. The viability of BEC, evaluated by the
trypan blue technique, was >95% in the presence of 50 pM LY, 100 nM W, 10
uM SH-5, or 2 uM OSU.

Transient transfection of BEC. Cells were grown in 24-well plates to 60 to 70%
confluence, and the culture medium was changed to HF-12 plus 10% FCS. Then,
in order to have a similar protein expression 5 ng of pCMV5-Akt-CA or 200 ng
of pCMV5-Akt-DN in 1.2 pl of FuGENE transfection reagent (ratio, 4:1
[FuGENE-plasmid]) were added to BEC in reduced serum Opti-MEM I me-
dium according to the manufacturer’s instructions. As a control, BEC were
transfected with 300 ng of pCMV5. To maintain a constant amount of DNA in
transfection assays, pPCMV5 was added to pCMV5-Akt-CA or pCMV5-Akt-DN
transfection mixtures to have a final amount of 300 ng of total DNA. After 24 h
of incubation at 37°C in 5% CO,, we performed the internalization and the
Western blot assays to quantitate the number of intracellular S. aureus and the
level of expression of the two Akt mutants, respectively.

Protein extraction and Western blot analysis. To test for the relative abun-
dance of phosphorylated and nonphosphorylated proteins, BEC were grown in
six-well culture plates to ca. 90% confluence before serum starvation for at least
4 h. In control and treated cells, the total protein (cytosolic plus nuclear) was
obtained by washing the cells twice with cold PBS and lysing them with 80 pl of
a cold lysis buffer containing 20 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1% Igepal
CA-930, 10 mM sodium pyrophosphate, and 50 mM NaF, supplemented with 1
mM sodium orthovanadate and 1X protease inhibitor cocktail added immedi-
ately before lysing the cells. The lysates were centrifuged at 13,000 X g for 20 to
30 min at 4°C, and the supernatant was transferred to ice-cold Eppendorf tubes.
The protein concentration was measured by the Bradford method (10) using
BSA as standard. Then, 40 to 60 ug of protein was separated by electrophoresis
in 10% sodium dodecyl sulfate-polyacrylamide gels and electroblotted to a 0.45-
pm-pore-size nitrocellulose membrane (Bio-Rad) in a wet chamber at 250 to 300
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FIG. 1. S. aureus activates the phosphorylation of Akt on Ser473 in
BEC. (A) Cells were left uninfected (U) or infected with S. aureus at
an MOI of 20 for 10 to 120 min. (B) Cells were left uninfected (U) or
infected with S. aureus at MOIs of 2 to 40 for 40 min. After infection,
the phosphorylation of Akt was analyzed by Western blotting. Detec-
tion of Akt isoforms 1 to 3 in each sample was performed to ensure
equal protein loading. Blots are representative of three (A) and two
(B) independent experiments. The numbers at the bottom of panel B
indicate the relative band intensities obtained by densitometric analy-
sis of each assay compared to the uninfected control.
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mA for 1 h. The membranes were then probed with the indicated antibody, and
the abundance of the phosphorylated forms of Akt, GSK-3a, or GSK-3p, and the
NF-kB p65 subunit was detected with the Immobilon western chemiluminescent
HRP substrate kit from Millipore (Billerica, MA). Membranes were exposed to
an X-ray film (Kodak) with two intensifying screens (DuPont) at room temper-
ature.

Statistical analysis. For internalization and adherence, the data were normal-
ized by calculating the ratio of S. aureus CFU/ml to the number of BEC/ml for
each condition tested. In each experiment, the ratio obtained for each condition
was referenced to the control condition that was arbitrarily assigned a value of
100%. For each condition, the error standard of the mean (n = 3) was calculated.
The statistical significance was evaluated with the ¢ test paired analysis by using
the SigmaStat program (version 3.0; SPSS, Inc., Chicago, IL). Densitometric
analysis of the bands was performed with the Image Processing and Analysis in
Java Program ImagelJ (http://rsbweb. nih.gov/ij).

RESULTS

Internalization of S. aureus by BEC involves the PI3K-de-
pendent phosphorylation of Akt. To investigate the host-cell
signaling events involved in the internalization of S. aureus by
BEC, we explored the role of the PI3K-Akt signaling pathway
because of its well-known function in diverse cellular pro-
cesses, including inflammation and cytoskeleton rearrange-
ment. Since we have previously reported that S. aureus inter-
nalization by BEC is strongly inhibited by cytochalasin D (47),
we determined whether S. aureus internalization in these cells
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FIG. 2. Inhibition of PI3K activity abolishes phosphorylation of Akt and reduces S. aureus internalization by BEC. (A) Cells were left untreated
and uninfected (U), were untreated (—), or were treated with 10, 25, or 50 pM LY294002 (LY) for 30 min and then infected with S. aureus at an
MOI of 20 for 40 min. A control in which cells were only treated with 50 uM LY for 30 min was also included. After infection, the phosphorylation
of Akt was analyzed by Western blotting. Detection of the Akt isoforms 1 to 3 in each sample was performed to ensure equal protein loading. The
blot is representative of three independent experiments. (B and D) The number of internalized S. aureus was determined in untreated cells (U) or
in cells treated with the indicated concentrations of LY and wortmannin (W). Extracellular S. aureus was killed by lysostaphin treatment. (C and
E) The number of adherent S. aureus was analyzed in untreated cells (U) or in cells treated with the indicated concentrations of LY and W. In
this case, the cells were washed three times with PBS to eliminate nonadherent bacteria. Untreated controls contained 0.1% dimethyl sulfoxide
(DMSO). Bacteria were recovered from hypotonically lysed cells, cultured on LB agar for 19 to 24 h at 37°C, and counted. The data represent
means * the standard error of the mean (SEM; n = 3). %, P < 0.05; **, P < 0.001 (compared to the untreated control value).
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causes the activation of PI3K and the subsequent phosphory-
lation of Akt. The data shown in Fig. 1A indicated that S.
aureus was able to induce a time-dependent Akt phosphoryla-
tion on Ser473 with a maximum at 40 min postinfection, fol-
lowed by a gradual decrease with longer infection times of 60
and 120 min. A gradual increase in Akt phosphorylation was
also observed when BEC were infected with different MOI
values reaching the maximum activation at an MOI of 20 (Fig.
1B). These results allowed us to establish the conditions (MOI
of 20 and infection time of 40 min) to evaluate the involvement
of the PI3K-Akt signaling pathway in the internalization of S.
aureus by BEC.

To determine whether S. aureus mediates Akt phosphoryla-
tion via PI3K activity, we incubated BEC with increasing con-
centrations of LY, a specific inhibitor of PI3K. We observed
that LY completely abolished the phosphorylation of Akt in-
duced by infection of BEC with S. aureus (Fig. 2A). We next
sought to determine whether the inhibition of PI3K with LY or
W affected the internalization and adherence of S. aureus to
BEC. Inhibition of PI3K with increasing concentrations of
both chemicals caused a concentration-dependent reduction of
S. aureus internalization with maximal decreases of 90 and
95% observed in the presence of 50 wM and 100 nM LY and
W, respectively (Fig. 2B and D). Although internalization of S.
aureus by BEC was significantly reduced in the presence of LY
and W, the adherence was not affected even at the highest
concentrations used for both inhibitors (Fig. 2C and E). These
data suggest that S. aureus is able to induce the PI3K-depen-
dent phosphorylation of Akt on Ser473 and that PI3K activity
is involved in the internalization of this bacterium.

The Akt activity is important for S. aureus internalization by
BEC. To explore if the activity of Akt is involved in S. aureus
internalization, we incubated BEC with SH-5, a specific inhib-
itor of Akt, and evaluated both the phosphorylation level of
Ser473 and the number of intracellular bacteria. Our results
indicated that 5 wM SH-5 inhibited the phosphorylation of Akt
by 35%, whereas 10 wM caused a reduction of 86% with
respect to the untreated control (—) (Fig. 3A). No effect on
Akt phosphorylation was observed when BEC were incubated
with 10 wM SH-5 alone (Fig. 3A). S. aureus internalization was
95% inhibited compared to the untreated control when BEC
were incubated with SH-5 (Fig. 3B). In contrast, the adherence
of S. aureus to BEC was unaffected in the presence of this
inhibitor (Fig. 3C), as was the case when LY or W was added
to inhibit the activity of PI3K.

It is known that Akt becomes fully activated when the resi-
dues Thr308 and Ser473 are phosphorylated by PDK1 and
rictor-mTOR complex, respectively (4, 53). To determine
whether phosphorylation of Thr308 is important for S. aureus
internalization, we incubated BEC with 0.5 or 2 wuM OSU, an
inhibitor of PDK1 that specifically inhibits the phosphorylation
of Akt on Thr308 (66), prior to infection with S. aureus. As
expected, OSU did not inhibit the phosphorylation of Ser473
induced by S. aureus even at the highest concentration used,
whereas it completely abolished the phosphorylation of Thr308
(Fig. 4A and B). Interestingly, neither internalization nor ad-
herence of S. aureus was affected in BEC pretreated with OSU
(Fig. 4C and D).

To confirm that Akt plays a central role in the S. aureus
internalization, we expressed the constitutively active (CA)
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FIG. 3. Inhibition of Akt phosphorylation on Ser473 reduces the S.
aureus internalization by BEC. (A) Cells were left untreated and un-
infected (U), were left untreated (—), or were treated with 5 or 10 pM
SH-5 for 30 min and then infected with S. aureus at an MOI of 20 for
40 min. A control in which cells were only treated with 10 uM SH-5 for
30 min was also included. After infection, the phosphorylation of Akt
was analyzed by Western blotting. Detection of the Akt isoforms 1 to
3 in each sample was performed to ensure equal protein loading. The
blot is representative of three independent experiments. (B) The num-
ber of internalized S. aureus was analyzed in untreated cells (column 0)
or in cells treated with the indicated concentrations of SH-5. Extra-
cellular S. aureus was killed by lysostaphin treatment. (C) The number
of adherent S. aureus was analyzed in nontreated cells (column 0) or in
cells treated with the indicated concentrations of SH-5. In this case the
cells were washed three times with PBS in order to eliminate nonad-
herent bacteria. Untreated controls contained 0.1% DMSO. Bacteria
were recovered from hypotonically lysed cells, cultured on LB agar for
19 to 24 h at 37°C, and counted. The data represent means = the SEM
(n = 3). =%, P < 0.001 (compared to the untreated control value).

and dominant-negative (DN) forms of the Akt gene in BEC.
Cells were transfected with pCMVS5 plasmids containing the
Akt-CA or Akt-DN mutants tagged with HA and after 24 h of
incubation, the presence of the corresponding proteins was
detected by Western blotting with antibodies that recognize
the HA tag. We observed similar expression levels for the CA
and DN mutants, while no signal was detected when BEC were
left untransfected (U) or transfected with the vector alone
(pCMV) (Fig. 5A). Internalization of S. aureus was signifi-
cantly reduced (~46%) or increased (~65%) in BEC express-
ing the Akt-DN or Akt-CA, respectively (Fig. 5B). The adher-
ence of S. aureus to the BEC surface remained unaltered in
transfected cells compared to the values of the untreated and
pCMYV controls (Fig. 5C). Altogether, these results demon-
strated that Akt activity is associated with S. aureus internal-
ization and that phosphorylation of Akt on Ser473, but not on
Thr308, appears to be essential for this process.



VoL. 79, 2011 PI3K-Akt ACTIVATION BY STAPHYLOCOCCUS INTERNALIZATION 4573

A B

Staphylococcus aureus S. aureus
U - 0.5 2 2 0OSU(uM) Y - 0.5 2 2 OSU (uM)
" . — w— pAkt (Ser 473) — — pAkt (Thr 308)

e S — — — Kt

S — o g sz

0 1.0 0.9 1.1 0.2
C 120 - D 120 -
=
< 100 A — 100 4
K. =
£ 80 £ 807
© [
2 3
E 60 & 60 1
T 40 A S 40 -
§ 5
E 20 5 2
0 0
0.5 2 ; 2
oSU (uM) oSU (uM)

FIG. 4. Inhibition of Akt phosphorylation on Thr308 does not reduce the S. aureus internalization or adherence by BEC. (A and B) Detection
of Akt phosphorylated on Ser473 or Thr308 in cells left untreated and uninfected (U), in untreated cells (=), or in cells treated with 0.5 or 2 pM
OSU-03012 (OSU) for 15 min and then infected with S. aureus at an MOI of 20 for 40 min. A control in which cells were only treated with 2 uM
OSU for 15 min was also included. After infection, the phosphorylation of Akt was analyzed by Western blotting. Detection of the Akt isoforms
1 to 3 in each sample was performed to ensure equal protein loading. The blots are representative of three independent experiments. (C) The
number of internalized S. aureus was evaluated in untreated cells (column —) or in cells treated with the indicated concentrations of OSU.
Extracellular S. aureus was killed by lysostaphin treatment. (D) The number of adherent S. aureus was evaluated in untreated cells (column —) or
in cells treated with the indicated concentrations of OSU. In this case, the cells were washed three times with PBS in order to eliminate

nonadherent bacteria. Bacteria were recovered from hypotonically lysed cells, cultured on LB agar for 19 to 24 h at 37°C, and counted. The data
represent means *= the SEM (n = 3). The numbers at the bottom of panel A indicate the relative band intensities obtained by densitometric

analysis of each assay compared to the uninfected control.

Phosphorylation of GSK-3a and GSK-3§ in BEC infected
with S. aureus depends on the Akt activity. Akt phosphorylates
many substrates that modulate diverse cellular functions such
as proliferation, differentiation, and apoptosis (37). One of
those substrates is GSK-3 that, among its multiple functions, is
involved in the regulation of the inflammatory process caused
by whole bacteria or bacterial virulence factors (7). Because
GSK-3 is a constitutively active enzyme present in two isoforms
whose activities are inhibited by Akt phosphorylation (32), we
sought to determine whether the activation of Akt by S. aureus
leads to the phosphorylation of GSK-3a and GSK-33. When
BEC were infected with S. aureus at various times, we observed
the phosphorylation of GSK-3a and GSK-3p3 (Fig. 6A and C)
with maxima at 40 to 60 min for GSK-3a and 40 min for
GSK-3B, a finding that is in agreement with the time for max-
imal phosphorylation of Akt (see Fig. 1A). S. aureus-induced
phosphorylation of GSK-3a and GSK-3( was strongly reduced
by treatment of BEC with SH-5 prior to S. aureus infection
(Fig. 6B and D). Compared to the uninfected and untreated
(U) control, a slight decrease in the phosphorylation of both
isoforms were observed when BEC were treated with SH-5
alone, suggesting an inhibition of basal Akt activity. These data
indicate that phosphorylation of the isoforms GSK-3a and
GSK-3p3 induced by S. aureus proceeds via Akt.

Phosphorylation of the NF-kB p65 subunit in BEC infected
with S. aureus depends on the PI3K activity. Full transactiva-
tion potential of NF-kB, one of the main transcription factors
involved in the inflammation process, is the result of its phos-
phorylation and subsequent translocation from the cytoplasm
to the nucleus. Moreover, in certain cell types the activation of
the PI3K-Akt—GSK-3 signaling pathway leads to the regula-

tion of NF-kB activity (39). To explore whether the activation
of PI3K and Akt induced by S. aureus causes the phosphory-
lation of NF-kB, BEC were infected with S. aureus for 10 to
120 min and phosphorylation of p65 on Ser536 was detected by
Western blotting. The phosphorylation of Ser536 reached the
maximum level at 40 min postinfection, followed by a marked
decrease at 120 min (Fig. 7A). Phosphorylation of p65 on
Ser536 was dependent on the PI3K activity because incubation
of BEC with LY for 30 min prior to infection with S. aureus
caused a significant reduction of phosphorylation (Fig. 7B).
However, no effect on the nuclear translocation of p65 was
observed when BEC were infected with S. aureus (data not
shown). These results suggest that S. aureus caused a PI3K-
dependent NF-kB p65 subunit phosphorylation on Ser536
without affecting its nuclear translocation.

DISCUSSION

The PI3K-Akt signaling pathway integrates a variety of ex-
tracellular signals for the control of diverse cellular responses
such as cell growth and proliferation, glucose homeostasis,
survival, and apoptosis. Immune responses in cancer are also
regulated by the PI3K-Akt signaling (65). Regulation of actin
cytoskeleton rearrangement by PI3K has also been shown to
play an essential role in the phagocytosis of pathogenic micro-
organisms by macrophages (63), formation of pseudopods, and
phagosome maturation (59, 64). Furthermore, a correlation of
PI3K-Akt signaling pathway activity with the cellular internal-
ization of Chlamydia pneumonia, Listeria monocytogenes, Pseu-
domonas aeruginosa, Helicobacter pylori, Legionella pneumo-
phila, Salmonella spp., and Streptococcus pyogenes has been
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FIG. 5. The number of internalized but not adherent S. aureus was
altered in BEC transfected with mutants of Akt. (A) Cells were left
untransfected (U), were transfected with pCMVS5 vector (300 ng) only
(pCMYV), or were transfected with pCMV5 containing the constitu-
tively active (CA) Akt (5 ng) or the dominant-negative (DN) Akt (200
ng) gene forms. The amount of total DNA transfected was kept con-
stant at 300 ng by the addition of 295 ng of pCMVS5 to the Akt-CA or
100 ng of pCMVS5 to the Akt-DN. Expression of Akt-CA and Akt-DN
(Akt) was analyzed 24 h after transfection by Western blotting with an
antibody against the HA tag. Evidence of equal protein loading was
obtained by detection of calnexin (Cal). (B) The number of internal-
ized S. aureus was quantitated in untransfected cells (U) or in cells
after 24 h of transfection as described in panel A. Extracellular S.
aureus was killed by lysostaphin treatment. (C) The number of adher-
ent S. aureus was quantitated in untransfected cells (U) or in cells after
24 h of transfection as described in panel A. In this case, the cells were
washed three times with PBS in order to eliminate nonadherent bac-
teria. Bacteria were recovered from hypotonically lysed cells, cultured
on LB agar for 19 to 24 h at 37°C, and counted. The data represent
means * the SEM (n = 3). %, P < 0.05 (compared to the untransfected
control value).

established (3, 19, 33, 43, 50, 56, 60). We propose the addition
of S. aureus to this list because we have obtained evidence
indicating that internalization of this bacterium by endothelial
cells activates the PI3K-Akt signaling pathway, which in turn
leads to the phosphorylation of GSK-3 and NF-«B.

Several reports have demonstrated that S. aureus is able to
invade nonprofessional phagocytic cells such as epithelium and
endothelium (5, 9, 27, 42, 47). The data in the present study
indicated that internalization of S. aureus was associated with
a time- and MOI-dependent Akt phosphorylation on Ser473

INFECT. IMMUN.

(Fig. 1A and B) that was mediated by the activity of PI3K
because treatment of endothelial cells with LY abolished Akt
phosphorylation (Fig. 2A). We also observed that treatment of
BEC with LY and W caused a significant reduction of S. aureus
internalization by BEC without altering its adherence to the
cell surface (Fig. 2). These results demonstrate that the activity
of PI3K-Akt pathway in BEC is only involved in the internal-
ization but not the adherence of S. aureus to the cell surface.
Similar data have been obtained with Cronobacter sakazakii, an
opportunistic pathogenic bacterium that causes neonatal sepsis
and meningitis. The infection of human brain microvascular
endothelial cells (HBMEC) with this bacterium causes an in-
crease in Akt phosphorylation and its invasion is blocked by
treatment of HBMEC with PI3K inhibitors (36). The molecu-
lar mechanism of internalization used by S. aureus is also
similar to that used by C. pneumonia, an intracellular patho-
gen. The invasion but not the binding to the surface of HEp2
epithelial cells by C. pneumoniae requires Akt phosphoryla-
tion, which reaches a maximum level at 40 min postinfection
and is mediated by the activity of PI3K (19). Likewise, PI3K
activity is essential for Campylobacter jejuni invasion of the
human embryonic intestinal cell line INT407 (29) and for L.
pneumophila invasion of macrophages (60).

Evidence of Akt participation in the S. aureus internalization
by BEC was obtained by incubating the endothelial cells with
SH-5, a specific inhibitor of the Akt activity. We found that
SH-5 caused a significant reduction of Akt phosphorylation on
Ser473 induced by S. aureus, and this reduction correlated with
a strong decrease in the internalization of S. aureus, without
altering its adherence to the cell surface (Fig. 3). To confirm
the results obtained with SH-5, we genetically modified BEC
by overexpressing the CA and DN forms of Akt. The expres-
sion of the Akt-DN caused a marked reduction of S. aureus
internalization, while expression of Akt-CA significantly in-
creased it without affecting the adherence (Fig. 5). Similarly,
the internalization, but not the adherence, of P. aeruginosa was
reduced when MDCK cells were pretreated with SH-5 or
HeLa cells were transfected with small interfering RNAs spe-
cific to silence the Akt gene (33). Taken together, these results
indicate that PI3K-Akt is one of the main signaling pathways
involved in the internalization of several pathogenic bacteria in
phagocytic and nonphagocytic cells.

Full activation of Akt is achieved when both Ser473 and
Thr308 are phosphorylated (22). We have demonstrated that
S. aureus is able to induce Akt phosphorylation on these resi-
dues (Fig. 4A and B) and that treatment of BEC with OSU
effectively blocks the phosphorylation of Thr308 without af-
fecting the phosphorylation of Ser473. More importantly, in-
hibition of Thr308 phosphorylation does not affect the inter-
nalization or adherence of S. aureus (Fig. 4C and D), indicating
that internalization of this bacterium is associated with phos-
phorylation of Akt on Ser473 but not on Thr308. Although
differential phosphorylation of these Akt residues has been
observed in acute myeloid leukemia (26), this is the first report
in which the phosphorylation of only one Akt residue is im-
portant for the internalization of a pathogenic bacterium. In-
terestingly, Jacinto et al. (31) have proposed that dual Akt
phosphorylation is not necessarily required for all Akt func-
tions. Further studies are necessary to precisely define the
physiological importance of each Akt phosphorylation site and
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FIG. 6. S. aureus activates the phosphorylation of GSK-3a and GSK-33 in BEC through the activation of Akt. (A and C) Cells were left
uninfected (U) or were infected with S. aureus at an MOI of 20 for 10 to 120 min. (B and D) Cells were left untreated and uninfected (U), were
untreated (—), or were treated with 10 wuM SH-5 for 30 min and then infected with S. aureus at an MOI of 20 for 40 min. A control in which cells
were only treated with 10 wM SH-5 for 30 min was also included. After infection, the phosphorylation of GSK-3a on Ser-21 or GSK-38 on Ser-9
was analyzed by Western blotting. Detection of total GSK-3B in each sample was performed to ensure equal protein loading. The blots are
representative of two (A and C) or three (B and D) independent experiments. Numbers at the bottom of panels A and C indicate the relative band
intensities obtained by densitometric analysis of each assay compared to the uninfected control.

in particular the participation of phosphorylated Thr308 in
different cellular processes.

The Akt activated by phosphorylation gives rise to down-
stream phosphorylation and inactivation of GSK-3, a constitu-
tively active kinase involved in diverse cellular functions such
as metabolism and regulation of the innate immune response
(7, 12, 35). In the present study we found that S. aureus caused
a time-dependent phosphorylation of GSK-3a and GSK-3p3
(Fig. 6A and C) with time peaks similar to the time for max-
imal Akt phosphorylation (Fig. 1). Moreover, treatment of
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FIG. 7. Inhibition of PI3K activity reduces the level of phosphory-
lation of NF-kB p65 on Ser536 in BEC infected with S. aureus.
(A) Cells were left uninfected (U) or were infected with S. aureus at an
MOI of 20 for 10 to 120 min. (B) Cells were left untreated and
uninfected (U), were untreated (—), or were treated with 10, 25, or 50
wM LY294002 (LY) for 30 min, and then infected with S. aureus at an
MOI of 20 for 40 min. A control in which cells were only treated with
50 puM LY for 30 min was also included. After infection, the phos-
phorylation of NF-«kB p65 on Ser536 was analyzed by Western blotting.
Detection of total NF-«kB p65 in each sample was performed to ensure
equal protein loading. The blots are representative of three indepen-
dent experiments. Numbers at the bottom of A indicate the relative
band intensity obtained by densitometric analysis of each assay com-
pared to the uninfected control.

BEC with SH-5 revealed that phosphorylation of both GSK-3
isoforms was dependent on Akt activity (Fig. 6B and D). Phos-
phorylation of paxillin by ERK/GSK-3 and rearrangement of
actin cytoskeleton has already been observed (13, 41). It is
likely that when S. aureus is internalized by BEC, the Akt-
dependent phosphorylation of GSK-3 may lead to phosphor-
ylation of paxillin and reorganization of the actin cytoskeleton,
which favors the entry of bacteria. GSK-3 has also been asso-
ciated with the regulation of pro- and anti-inflammatory cyto-
kines production through TLR signaling (39). Interestingly,
phosphorylation of GSK-3 by Akt turns off its catalytic activity,
resulting in the activation of pathways that are normally re-
pressed by GSK-3 (15). In this context, Cheng et al. (18)
reported that inhibition of GSK-33 blocks NF-«kB activation,
TNF-a production, and iNOS/NO biosynthesis but increases
IL-10 production when the microglia is stimulated with heat-
inactivated S. aureus.

NF-kB is one of the major transcriptional factors that reg-
ulate the inflammatory response (8), and its activity is modu-
lated by microbial pathogens (51). The transactivation poten-
tial of this factor could be enhanced by phosphorylation of p65
(48, 52, 55). We found here that S. aureus caused the phos-
phorylation of p65 on Ser536 as early as 10 min postinfection
and that this phosphorylation was partially inhibited by LY,
indicating a dependency on PI3K (Fig. 7A and B). Several
bacteria interfere with the activation of NF-kB as one of the
strategies to evade the immune response and guarantee their
intracellular survival (62). Phosphorylation of p65 on Ser536
has also been observed in gastric epithelial cells infected with
H. pylori (61), and it has recently been shown that inhibition of
NF-«B activity is associated with a reduction of P. aeruginosa
internalization into human respiratory epithelial cell lines and
HeLa cervical cancer cells (23). Taking into consideration that
inhibition of the Akt activity also diminishes P. aeruginosa
internalization (33), it is likely that a link between the PI3K-
Akt signaling pathway and NF-kB activation may exist and that
they coordinately function during bacteria internalization. A
role of GSK-3pB in NF-kB function was demonstrated during
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mammalian development by disrupting the GSK-3B gene in
murine embryonic stem cells (28). However, Steinbrecher et al.
(58) did not observe any TNF-a-induced change in nuclear
localization of p65 associated with a GSK-3p activity loss in
GSK-3-null mouse embryonic fibroblasts. In the present study
we observed that, although S. aureus internalization activated
the PI3K-dependent phosphorylation of p65, it did not appar-
ently affect cytoplasmic and nuclear distribution of this NF-kB
subunit (data not shown). Thus, it is likely that nuclear trans-
location of the NF-kB p65 subunit in BEC is not a process
directly related to the phosphorylation inactivation of GSK-3
caused by S. aureus.

Based on the results presented here and data published
elsewhere (47), we propose that the PI3K-Akt signaling path-
way activated by S. aureus and the NF-kB nuclear translocation
induced by TNF-a are important for S. aureus internalization
by BEC. In the diagram shown in Fig. 8, positive symbols
indicate activation of S. aureus internalization, whereas ques-
tion marks indicate an as-yet-undefined role on S. aureus in-
ternalization of the PI3K- and Akt-dependent phosphorylation
of the NF-«kB p65 subunit and GSK-3 isoforms. The role of the
NF-kB p65 subunit and GSK-3a/GSK-33 phosphorylation in
the internalization of this bacterium was not determined here.
Future experiments will be designed to clarify this point.
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