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ABSTRACT Staphylococcus aureus contains a certain subclass of lipoproteins, the so-
called lipoprotein-like lipoproteins (Lpl’s), that not only represent Toll-like receptor 2
(TLR2) ligands but are also involved in host cell invasion. Here we addressed the
question of which factors contribute to Lpl-mediated invasion of epithelial cells and
keratinocytes. For this purpose, we compared the invasiveness of USA300 and its
Δlpl mutant under different conditions. In the presence of the matrix proteins IgG, fi-
brinogen (Fg), and fibronectin (Fn), and of fetal bovine serum (FBS), the invasion ra-
tio was increased in both strains, and always more in USA300 than in its Δlpl mu-
tant. Interestingly, when we compared the invasion of HEK-0 and HEK-TLR2 cells, the
cells expressing TLR2 showed a 9-times-higher invasion frequency. When HEK-TLR2
cells were additionally stimulated with a synthetic lipopeptide, Pam3CSK4 (P3C), the
invasion frequency was further increased. A potential reason for the positive effect
of TLR2 on invasion could be that TLR2 activation by P3C also activates F-actin for-
mation. Here we show that S. aureus invasion depends on a number of factors, on
the host side as well as on the bacterial side.
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Staphylococcus aureus is an opportunistic Gram-positive human-pathogenic bacterial
species that causes serious community-acquired and nosocomial infections (1). S.

aureus possesses an arsenal of virulence factors (i.e., adhesins, invasins, enzymes, toxins)
that contribute to the pathogenesis of infection, promoting colonization, dissemina-
tion, and transmission (2–5). Previous studies have shown that S. aureus has the ability
to invade and persist within nonprofessional phagocytic cells (NPPCs), such as epithelial
cells (6, 7), endothelial cells (8, 9), osteoblasts (10), and fibroblasts (11, 12). Major
invasion factors of S. aureus include the fibronectin binding proteins (FnBPs), which
trigger invasion by bridging S. aureus with the host cell receptor integrin �5�1 (6, 13).
FnBPs also bind to human Hsp60, thereby contributing to efficient S. aureus internal-
ization by epithelial cells (14). Another invasion factor is the staphylococcal autolysin
(Atl) (15), which binds to heat shock cognate protein 70 (Hsc70) and triggers invasion
(3). The interaction of extracellular adherence protein (Eap) with an unidentified cellular
receptor also prompts S. aureus internalization (5). It is assumed that the basic mech-
anism for S. aureus internalization by NPPCs is based on the adhesion of the pathogen
to the host cell, resulting in signal transduction, tyrosine kinase activity, cytoskeletal
rearrangement (16), and, finally, internalization of the bacteria into the host cells.

Recently, the lpl gene cluster has been shown to trigger the invasion of NPPCs, such
as keratinocytes and cancer cells, by S. aureus (17, 18). Lpl’s (lipoprotein-like lipopro-
teins) are lipoproteins (Lpp) encoded on a pathogenicity island named �Sa� (19). This
island is present in most S. aureus strains. However, highly epidemic strains carry a
larger number of tandem lpl genes (as many as 10) than other strains (17, 20). The Lpl’s
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are homologous, sharing about 60% similarity. Since the Lpl’s are lipoproteins, they also
trigger Toll-like receptor 2 (TLR2) signaling (17). The lipidation and maturation of the
Lpp is important for TLR2 activation, as evidenced by the fact that the Δlgt mutant (with
the gene encoding the diacylglyceryl transferase enzyme deleted), lacking lipidation of
pre-Lpp, does not activate TLR2 (21, 22). Among the TLRs, TLR2 has been shown to play
a crucial role in host signaling to S. aureus (21, 23). Previous reports have shown that
TLR2 activation contributed to bacterial uptake by phagocytic cells through the acti-
vation of scavenger receptors (24, 25). However, it remains unclear whether TLR2 affects
the invasion of NPPCs by S. aureus and whether Lpl’s are involved in the invasion
mechanism.

Here we show that the Lpl’s play a crucial role in host cell invasion and that
activation of the TLR2 receptor enhances the invasion of NPPCs by S. aureus about
10-fold.

RESULTS
S. aureus invades HaCaT cells more frequently at the stationary-growth phase

than at the log phase. S. aureus USA300, its Δlpl mutant, and the complemented
mutant USA300Δlpl(pTX30::lpl) were collected at early-log phase (4 h) or stationary
phase (16 h) for invasion assays in HaCaT cells. All the strains showed similar generation
times (Fig. 1A). Before infection, the bacterial cells were always adjusted to a multiplicity
of infection (MOI) of 30. Interestingly, we observed that the frequency of invasion by
stationary-phase cells (16 h) was generally higher than that by log-phase cells (4 h) (Fig.
1B). In both cases, the invasion frequency of the Δlpl mutant was lower than that of the
parent (3 times lower for the 4-h culture and 2.4 times lower for the 16-h culture).
Because of the higher invasion frequency of stationary-phase cells, we used 16-h
cultures of S. aureus in all subsequent experiments. In general, it can be said that the
lpl cluster increased the invasion frequency in HaCaT cells about 3-fold. Although
reports that TLR2 is expressed in HaCaT cells have been published (26, 27), we do not
think that TLR2 is functional in this cell line, since we observed no response when these
cells were stimulated with Pam3CSK4 (P3C), a synthetic tripalmitoylated lipopeptide
that mimics the acylated amino terminus of bacterial lipoproteins, or with whole S.
aureus USA300 cells at an MOI of 30 (see Fig. S2 in the supplemental material).

FIG 1 Effects of bacterial growth phases on invasion. (A) Growth curves of wild-type S. aureus USA300,
the Δlpl mutant, and the complemented mutant USA300 Δlpl(pTX30::lpl). The bacteria were precultivated
aerobically in TSB overnight at 37°C, inoculated into fresh TSB at an OD578 of 0.1, and cultivated at 37°C
for 24 h under constant shaking at 160 rpm. The OD578 of the cultures was monitored over time and was
measured every hour during the first 8 h and after 24 h. (B) Effect of the S. aureus growth phase on the
invasion of HaCaT cells. A total of 106 HaCaT cells were infected with USA300, its Δlpl mutant, or the
complemented mutant USA300Δlpl(pTX30::lpl) at an MOI of 30. The host cells were infected for 1.5 h,
followed by lysostaphin treatment for another 1.5 h to kill adherent S. aureus cells. All experiments were
performed at least in triplicate in three independent replications. Error bars indicate standard deviations.
Statistical significance was calculated by using Student’s t test (ns, no statistical difference; *, P � 0.05;
**, P � 0.01; ***, P � 0.001; ****, P � 0.0001).
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Matrix proteins enhance S. aureus invasion. We hypothesized that the Lpl
interacts directly or indirectly with a receptor of the host cell and that this receptor
triggers the invasion. Relative to that with the control, the frequency of invasion was
increased �3-fold in the presence of immunoglobulin G (IgG), �50-fold with fibrinogen
(Fg), and �100-fold with fibronectin (Fn), but not with laminin (LMN) (Fig. 2A). Among
these proteins, the invasion frequency was highest with Fn, which was not unexpected,
since Fn is one of the major bridging proteins involved in invasion (6). Slightly higher
invasion was achieved with fetal bovine serum (FBS), which caused 203-fold-higher
invasion with the parent strain and 124-fold-higher invasion with the Δlpl mutant. In
all invasion assays, the parent strain, USA300, was 2- to 10-fold more invasive than its
Δlpl mutant, indicating that Lpl’s contribute significantly to invasion (Fig. 2A). The
results also show that Fg, Fn, and FBS, in particular, generally increased invasion,
independently of the presence or absence of Lpl’s.

Next, we investigated whether Lpl’s can bind to one of the typical matrix proteins.
For this purpose, we performed binding studies, using far-Western blotting, with
isolated Lpl1 as a representative Lpl. It turned out that Lpl1 bound to Fg, IgG, and LMN,
but not to bovine serum albumin (BSA), Fn, or vitronectin (Vn) (Fig. 2B). Interestingly,
Lpl1 did not bind to Fn, although Fn generally increased the frequency of invasion. We
also carried out far-Western blotting with matrix proteins and the SitC lipoprotein as a
control. Although SitC is one of the most abundant lipoproteins in S. aureus (28), it
showed no interaction (see Fig. S3 in the supplemental material). The results suggest
that Lpl1 might need a bridging molecule present in FBS in order to interact with one
as-yet-unknown host receptor.

TLR2 enhances bacterial invasion. To study the potential role of TLR2 in Lpl-
dependent invasion, we used the human embryonic kidney cell line HEK293. HEK293
cells do not express TLR2 and are referred to here as HEK-0 cells. In order to investigate
the impact of TLR2 on invasion, we transfected this cell line with a plasmid expressing
TLR2; the transfected cells are referred to as HEK-TLR2 cells. The infection frequency

FIG 2 Enhancement of bacterial invasion by IgG, fibrinogen, fibronectin, and fetal bovine serum. (A) The effects of
matrix proteins laminin (LMN), IgG, fibrinogen (Fg), and fibronectin (Fn), and of fetal bovine serum (FBS), on the
invasion of HaCaT cells by S. aureus were investigated. A total of 106 HaCaT cells were stimulated either with 10%
FBS or with 10 �g/ml of IgG, Fg, or Fn and were then infected with USA300 or its Δlpl mutant at an MOI of 30. The
controls (C) were infected with bacteria only. The host cells were infected for 1.5 h, followed by lysostaphin
treatment for another 1.5 h to kill adherent S. aureus cells. All experiments were performed at least in triplicate in
three independent replications. Error bars indicate standard deviations. Statistical significance was calculated by
using 2-way ANOVA (ns, no statistical difference; *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001). (B)
Far-Western blotting was performed with different matrix proteins to determine the possible binding partners. A
polyacrylamide gel was loaded with 10 �g of BSA, Fg, Fn, IgG, LMN, PLG, or Vn. Proteins were blotted onto a
nitrocellulose blotting membrane and were subsequently probed with 100 �g Lpl1. For immunoblotting, an
anti-Lpl1 antibody was used as the first antibody, and goat-anti-rabbit IgG was used as the secondary antibody.
Detection was performed with a BCIP/NBT solution.
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with HEK-0 cells was roughly 550 bacteria/105 host cells for USA300 and roughly 100
bacteria/105 host cells for its Δlpl mutant (Fig. 3A). With HEK-TLR2 cells, the situation
was completely changed. The frequency of invasion with USA300 was almost 5,000
bacteria/105 host cells, about 9-fold higher than that with HEK-0 cells. Furthermore,
there was no difference between the parent and its Δlpl mutant (Fig. 3A). To rule out

FIG 3 TLR2 enhances S. aureus invasion independently of Lpl’s. (A) A total of 106 HEK293 cells either
untransfected (HEK-0) or transfected with the human TLR2 gene (HEK-TLR2) or the FLAG tag gene
(HEK-FLAG) were infected with USA300 or its Δlpl mutant at an MOI of 30. (B) Additionally, 105 cells were
blocked with 10 �g/ml anti-TLR2 antibody (�TLR2 AB). The host cells were infected for 1.5 h, followed
by lysostaphin treatment for another 1.5 h to kill adherent S. aureus cells. (C) Detection of IL-8 levels in
HEK-TLR2 cells after incubation with anti-TLR2 antibodies. Before the addition of 100 ng P3C, 105

HEK-TLR2 cells were incubated for 1 h at 37°C with function-blocking antibodies (2.5 �g, 5.0 �g, and 10.0
�g) directed against TLR2. IL-8 levels were detected after 18 h of stimulation. All experiments were
performed at least in triplicate in three independent replications. Error bars indicate standard deviations.
Statistical significance was calculated by using Student’s t test (ns, no statistical difference; *, P � 0.05;
**, P � 0.01; ***, P � 0.001; ****, P � 0.0001).
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the possibility that the transfection in HEK-TLR2 cells affects invasion, we also tested
HEK cells with a Flag tag vector as a control (HEK-FLAG cells). There was no significant
difference in S. aureus invasion frequency between HEK-0 and HEK-FLAG cells (Fig. 3A).

This means that in the absence of TLR2 (HEK-0 cells), Lpl’s contribute significantly to
host cell invasion, while in HEK-TLR2 cells, invasion is generally considerably increased
and the effect of Lpl’s is abrogated. Since there was no difference in invasion between
USA300 and its Δlpl mutant in HEK-TLR2 cells, it is unlikely that TLR2 is the receptor
for Lpl’s.

To further investigate the role of TLR2 in cellular invasion, we blocked TLR2 function
by preincubating the cells with 10 �g anti-TLR2 antibody. Indeed, invasiveness was
roughly 9-fold decreased in the presence of the antibody (Fig. 3B). To avoid any effect
of the interaction of the antibody with protein A, we used a mutant in which the gene
encoding staphylococcal protein A (SpA) was deleted (USA300Δspa) and the corre-
sponding double mutant (USA300ΔspaΔlpl) for this experiment. The anti-TLR2 antibody
was used at a concentration of 10 �g, because at this concentration, the P3C-triggered
production of human interleukin 8 (hIL-8) was significantly inhibited (Fig. 3C); P3C, a
TLR2 ligand, is a synthetic lipopeptide that mimics the acylated amino terminus of
bacterial lipoproteins. In the spa knockout background, both USA300 and USA300Δlpl
showed 9-fold-reduced invasion frequencies in HEK-TLR2 cells, suggesting that SpA
also plays a role in S. aureus invasion (Fig. 3B and C).

Activation of TLR2 with P3C enhanced bacterial invasion. Next, we investigated
whether 10 ng IL-8, a proinflammatory cytokine and product of TLR2 stimulation, can
influence bacterial invasion. As shown in Fig. 4A, IL-8 had no impact on the bacterial
invasion of HEK-0 cells. However, when we stimulated HEK-TLR2 cells with the TLR2
agonist P3C, the frequency of invasion by USA300 was about 2-fold increased, while
invasion by USA300Δlpl was not triggered by P3C (Fig. 4B). This result indicates that
Lpl-mediated invasion is triggered by activation of TLR2.

Since USA300 contains 67 lipoproteins containing the lipid moiety, which is the TLR2
ligand, we next carried out invasion assays with USA300Δlgt in HEK-TLR2 cells to
investigate the effect of P3C. As demonstrated previously, the Δlgt mutant is unable
to lipidate prolipoproteins and therefore is not responsive to TLR2 (21, 29). As shown
in Fig. 4C, P3C enhanced the invasion of HEK-TLR2 cells, but not HEK-0 cells, by
USA300Δlgt. However, USA300Δlgt showed an invasion frequency approximately 10-
fold higher than that of wild-type USA300 (Fig. 4B and C).

Activation of TLR2 by P3C enhanced F-actin formation. The question is how
P3C-triggered TLR2 activation could enhance S. aureus invasion. One possibility is that
actin polymerization was involved. Therefore, we investigated the effect of TLR2
activation on actin polymerization or filaments (F-actin). HEK-0 and HEK-TLR2 cells were
stimulated with P3C or IL-8 for 2 h prior to determination of the amount of F-actin
formation. Indeed, P3C significantly induced F-actin formation in HEK-TLR2 cells, but
not in HEK-0 cells (Fig. 5A and B), suggesting that TLR2 activation by P3C also activates
F-actin formation. IL-8 showed no effect. According to this result, F-actin activation may
benefit USA300 with respect to invasion.

DISCUSSION

S. aureus contains around 55 to 70 Lpp, depending on the strain (20). Approximately
40% of the Lpp are involved in the transport of ions and other nutrients as part of ABC
transporters. However, there is a small class of Lpp, the so-called lipoprotein-like
lipoproteins (Lpl’s), that are encoded in tandem on the �SA� pathogenicity island (19).
Previous results have shown that Lpl’s contribute to the invasion of keratinocytes and
cancer cells by S. aureus (17, 18). Lpl’s also act as cell cycle modulins by delaying the
G2/M phase transition in HeLa cells (18). It appears that the G2 phase delay is used by
S. aureus for invasion and propagation within the host (30).

Host cell invasion is considered one of the most critical factors in the development
of chronic infections and long-term persistence, because intracellular bacteria can
escape antibiotic treatment as well as host immune clearance (31). Therefore, it is
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important to analyze the factors that play important roles in bacterial invasion. To
understand which factors contribute to Lpl-mediated invasion of epithelial cells and
keratinocytes, our model strains were the community-acquired methicillin-resistant S.
aureus (CA-MRSA) strain USA300, its Δlpl mutant, in which the entire lpl operon was

FIG 4 TLR2 activation by triacylated synthetic peptides (P3C) enhanced S. aureus invasion. (A) Rate of
invasion of HEK-0 cells by S. aureus with IL-8 stimulation. A total of 106 HEK-0 cells were stimulated with
10 ng IL-8 for 45 min before infection with USA300 or its Δlpl mutant at an MOI of 30 and the
performance of the bacterial invasion assay. (B) Rate of invasion of HEK-TLR2 cells by S. aureus with P3C
stimulation. Before infection with USA300 or its Δlpl mutant, 106 HEK-TLR2 cells were stimulated with 100 ng
P3C. (C) Rate of invasion of HEK-0 and HEK-TLR2 cells by the S. aureus Δlgt mutant. A total of 106 HEK-0 or
HEK-TLR2 cells were infected with USA300Δlgt at an MOI of 30 with or without supplementation with 100 ng
of P3C. The host cells were infected for 1.5 h, followed by lysostaphin treatment for another 1.5 h to kill
adherent S. aureus cells. All experiments were performed at least in triplicate in three independent replica-
tions. Error bars indicate standard deviations. Statistical significance was calculated by using Student’s t test
(ns, no statistical difference; *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001).
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deleted, and the complemented mutant USAΔlpl(pTX30-lpl) (17). In HaCaT cells, we
always observed a significantly lower invasion frequency for the Δlpl mutant than for
the parent strain, USA300. Our results also show that different growth phases of S.
aureus influence the invasion ratio. These findings can be explained by the diverse
expression levels of surface-associated or secreted proteins at different stages, such as
log phase or stationary phase (32). We observed a 100-fold-higher S. aureus invasion
frequency at stationary phase than at the early-exponential phase, suggesting that
more adhesion and invasion factors were expressed in the later growth phase. Indeed,
some excreted cytoplasmic proteins (ECP), such as glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) and adolase (FbaA), which enhance bacterial adhesion to epithelial
cells, are released at higher levels in the stationary phase (33, 34). More recently, it was
found that staphylococcal lipases enhanced S. aureus invasion of keratinocytes and that
the lipases were expressed at higher levels in the late-stationary phase (35). The
invasion rate of 4-h-cultured S. aureus cells was extremely low (around 10 bacteria per
105 HaCaT cells). We think it is interesting that the bacterial growth phase affects the
invasion rate. There are reports of studies in which S. aureus was grown to early-
exponential phase (optical density at 600 nm [OD600], 0.3); however, in those publica-
tions, a much higher MOI of 100 was used (36). We thought that the use of an MOI of
only 30 reflected in vivo conditions more accurately.

In order to investigate the contribution of TLR2 to host cell invasion, we compared
the invasion of HEK-0 cells with that of HEK-TLR2 cells (Fig. 3A). Surprisingly, in
HEK-TLR2 cells, the rate of invasion was roughly 10-fold higher, indicating that TLR2
contributes to invasion. To confirm this result, we blocked TLR2 with specific anti-TLR2
antibodies. To rule out any interaction of staphylococcal protein A (SpA), an IgG binding
protein, with the antibody, we used a spa deletion mutant (USA300Δspa) as the
parental strain and the double mutant USA300�spa�lpl. Indeed, in the presence of
the blocking antibody, the invasion rate was significantly decreased, suggesting
that TLR2 really contributes to invasion (Fig. 3B). However, we also observed that
the invasion rate of the spa mutant, USA300Δspa, was roughly 4 times lower than
that of USA300 (Fig. 3A and B). This result suggests that SpA also contributes to
invasion, in accordance with the earlier observation that SpA mediates invasion
across airway epithelial cells through the activation of RhoA GTPase signaling and
proteolytic activity (37).

Another question that we addressed was whether the stimulation of TLR2 by P3C
increased the invasion rate in HEK-TLR2 cells. Indeed, we saw an increased invasion rate
for USA300 but not for USA300Δlpl (Fig. 4B). Then we carried out the same experiment
with USA300Δlgt. The lgt mutant is unable to lipidate prolipoproteins and therefore
cannot activate TLR2 (21). In HEK-0 cells, the presence or absence of P3C made no

FIG 5 TLR2 activation by triacylated synthetic peptides (P3C) caused F-actin formation. A 384-well black
microtiter plate was seeded with HEK-0 cells (A) or HEK-TLR2 cells (B) for 24 h prior to incubation with
10 ng of IL-8 or P3C for 2 h. F-actin was stained with ActinGreen 488 ReadyProbes reagent (Thermo
Fisher). The amount of F-actin formation in treated cells was determined by measurement at 495 nm for
excitation and 518 nm for emission, with measurements normalized to those for the untreated control
(C). The experiments we carried out in triplicate in two independent replications. Statistical significance
was calculated by using Student’s t test (*, P � 0.05; ns, no significance).
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difference in invasion. However, in HEK-TLR2 cells, we saw two effects: (i) the invasion
rate was generally roughly 8 times higher than that in HEK-0 cells, and (ii) in the
presence of P3C, the invasion rate was boosted another 3 times (Fig. 4B). Another
observation was that USA300Δlgt was almost 10 times more invasive in HEK-0 cells than
was the parent, USA300 (Fig. 4A and C). We had already observed this effect earlier (21).
An explanation is that in the lgt mutant, the lipoproteins are not tightly anchored in the
membrane and are easily released into the supernatant, probably together with other
microbe-associated molecular patterns (MAMPs), such as DNA and RNA. Although
the lgt mutant cannot stimulate TLR2, it may stimulate DNA and RNA receptors.
Nevertheless, the increased invasion rate for HEK-TLR2 cells indicates that TLR2
plays a crucial role in invasion, which is further boosted by TLR2 activation. It has
been shown previously that diacylated lipopeptides, such as FSL-1 or P2C, enhance
phagocytosis through TLR2 activation in macrophages (25, 38). While it was shown
that TLR2 contributes to the invasion of macrophages, nothing is known about the
nonprofessional phagocytes. Here we demonstrate that TLR2 also enhances the inva-
sion of epithelial cell lines and that the triacylated synthetic lipopeptide P3C boosts
uptake.

There are some reports that TLR2 is an important factor for the progress of
phagocytosis in macrophages, microglia, and neutrophils (39–41). TLR2 was expressed
at higher levels in mast cells infected with S. aureus than in uninfected cells (42).
Furthermore, activation of murine keratinocytes by the lipoprotein SitC triggered
massive intracellular accumulation of TLR2 (43). The question is how TLR2 contributes
to host cell invasion. It could be that TLR2 activates the Rac pathway, which subse-
quently stimulates actin polymerization (44, 45). It is known that F-actin polymerization
plays an active role in bacterial entry into host cells. If host cells are treated with
cytochalasins, inhibitors of F-actin formation, invasion by Salmonella is inhibited (46).
The invasion-associated Salmonella protein SipA forms a complex with T-plastin that
requires the presence of F-actin to induce membrane ruffling and bacterial internal-
ization (47). Fibronectin also activates F-actin polymerization to form fibronectin fibrils,
suggesting that Fn-mediated invasion depends on cytoskeleton rearrangement (48, 49).
Therefore, we investigated whether the stimulation of TLR2 by P3C affects F-actin
formation (Fig. 5). Indeed, we found that P3C slightly stimulated F-actin formation in
HEK-TLR2 cells, suggesting that the positive effect of TLR2 on invasion is, at least in part,
based on F-actin formation.

We observed that TLR2 boosts invasion by S. aureus USA300 but that at the same
time, IL-8 is produced by HEK-TLR2 cells. IL-8 is the major cytokine, besides IL-6 and
tumor necrosis factor alpha (TNF-�), that is produced in the HEK-TLR2 cell line; IL-2,
IL-4, IL-10, IL-12(p70), gamma interferon, granulocyte colony-stimulating factor, and
granulocyte-macrophage colony-stimulating factor are not secreted above baseline
levels (50–52). Therefore, we tested whether IL-8 alone has an impact on invasion. We
found that IL-8 alone has no effect, supporting the finding that it is the activation of
TLR2 and downstream effects that contribute to invasion. It has been shown that IL-8
can induce neutrophil adhesion (53); however, in murine macrophages, phagocytosis of
Listeria monocytogenes was induced through activation of phosphatidylinositol 3-kinase
(PI3K) and Rac1, not by cytokine release (54). It was also observed that the invasiveness
of S. aureus strongly depends on the type of host cells, such as epithelial and
endothelial cells, keratinocytes, fibroblasts, or osteoblasts (55), since Fn and TLR2 are
expressed differently in different host cell types.

Conclusion. In this study, we show that bacterial invasion depends on both the host
cells and the bacterial strains used. Fibronectin is still a major factor that can boost S.
aureus invasion almost 100-fold. However, the other factor is TLR2 activation, which also
boosts invasion by S. aureus, most likely by activation of F-actin polymerization. Lpl’s
also play a crucial role in invasion by S. aureus, besides well-known factors such as
Fn, Alt, Spa, and Eap. With this study, we shed some light on the complex system of
bacterial invasion of host cells.
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MATERIALS AND METHODS
Bacterial strains and human cell lines. The bacterial strains used in this study are listed in Table S1

in the supplemental material. Bacteria were aerobically grown at 37°C in tryptic soy broth (TSB). When
appropriate, the media were supplemented with tetracycline (25 �g/ml; Carl Roth, Karlsruhe, Germany).
The deletion of the tandem lipoprotein cluster (comprising 10 lpl genes) by allelic replacement in S.
aureus USA300 and the construction of the complementing plasmid pTX30::lpl, expressing all 10 lpl genes
under the control of the xylose-inducible promoter, have been described previously (17). HaCaT cells (a
human keratinocyte line) were obtained from the Department of Dermatology at the University of
Tübingen and were cultured in Dulbecco’s modified Eagle medium (DMEM) (Thermo Fisher, Waltham,
MA, USA) supplemented with 10% fetal bovine serum (FBS) (Biochrom AG, Berlin, Germany) and 1%
penicillin-streptomycin (Thermo Fisher, Waltham, MA, USA). HEK293, a human embryonic kidney cell line,
is referred to here as HEK-0 when cultured in DMEM supplemented with 10% FBS and 1% penicillin and
streptomycin. HEK293 cells with the transfected human TLR2 gene are referred to here as HEK-TLR2 cells
and were cultured in DMEM supplemented with 10% FBS, 10 �g/ml Normocin (InvivoGen, San Diego, CA,
USA), and 10 �g/ml blasticidin (InvivoGen, San Diego, CA, USA). As a control, we used HEK293 cells with
the transfected FLAG tag (HEK-FLAG cells); they were cultured in DMEM supplemented with 10% FBS
(Biochrom AG, Berlin, Germany), 1% penicillin-streptomycin (Thermo Fisher, Waltham, MA, USA), and
0.8% G418-BC (Biochrom AG, Berlin, Germany). The cells were cultured at 37°C with 5% CO2 supple-
mentation.

Growth curves. S. aureus USA300, its Δlpl mutant, and the complemented mutant USA300Δlpl
(pTX30::lpl) were first precultivated aerobically in TSB overnight at 37°C; this culture was used to inoculate
fresh TSB (optical density at 578 nm [OD578], 0.1), which was cultivated at 37°C for 24 h under constant
shaking at 160 rpm. The OD578 of the cultures was monitored over time and was measured every hour
during the first 8 h and after 24 h.

Invasion assay. For bacterial infection, 2.5 � 105 HaCaT cells were seeded into 24-well plates and
were incubated at 37°C under 5% CO2 for 48 h. For HEK, HEK-FLAG, and HEK-TLR2 cells, 5 � 105 cells were
incubated for 24 h. The human cells were washed twice with DMEM without any supplements prior to
incubation with USA300, its Δlpl mutant, or the complemented mutant USA300Δlpl(pTX30::lpl) at an MOI
of 30. For bacterial preparation, the bacterial cells were cultured aerobically for 4 h (exponential phase)
or 16 h (stationary phase) in TSB and were washed twice with phosphate-buffered saline (PBS). For
stimulation, bacterial pellets were resuspended in DMEM–F-12 medium and were incubated with host
cells for 1.5 h. In some specific cases, invasion was accompanied by other substrates as indicated in
Results and in the figure legends. For the detection of invading bacteria, cells were treated with 2.5
�g/ml lysostaphin (Sigma-Aldrich, Taufkirchen, Germany) for an additional 1.5 h to remove extracellular
bacteria. The host cells were lysed with 0.1% Triton X-100, 0.5% trypsin, and 0.3 mg/ml DNase in PBS.
Portions (10 �l) of several dilutions were dropped onto agar plates and were incubated overnight at
37°C. The numbers of internalized bacteria were determined based on the calculation of bacterial
colonies grown on the agar plates.

Purification of Lpl1(�sp)-His. Lpl1(�sp)-His, a lipoprotein without the lipid moiety, was isolated
from the cytoplasmic fractions of SA113Δlgt(pTX30::lpl1-his) as described previously (17, 18). Briefly, the
clone was first cultivated aerobically at 37°C in the absence of xylose and glucose (BO-medium) until an
OD578 of �0.5 was reached; then 0.5% xylose was added to induce protein expression, and cultivation
was continued for 4 h. The bacterial cells were harvested by centrifugation at 4,000 � g and 4°C. The cell
pellets were washed twice with Tris buffer (20 mM Tris, 100 mM HCl [pH 8.0]) and were resuspended in
Tris buffer containing a protease inhibitor tablet (Merck, Darmstadt, Germany) and lysostaphin (30 �g/ml;
Sigma-Aldrich, Taufkirchen, Germany), followed by 2 h of incubation at 37°C to disrupt the cell wall. After
ultracentrifugation (at 235,000 � g for 45 min at 4°C), the cytoplasmic fractions were harvested. For
purification, Lpl1-His was incubated with Ni-nitrilotriacetic acid (NTA) Superflow beads (Qiagen, Ger-
many) overnight at 6°C under mild rotation at 20 rpm. One volume of Ni-NTA beads was washed twice
with 5 volumes of extraction buffer (Tris buffer containing 0.25% Triton X-100 and 20 mM imidazole);
subsequently, the beads were washed four times with 5 volumes of the same buffer containing 40 mM
imidazole, and finally, the protein with the His tag was eluted with the same buffer containing 250 mM
imidazole. The purified proteins were concentrated by a centrifugal ultrafilter unit with a molecular mass
cutoff of 10 kDa (Sartorius AG, Göttingen, Germany). Finally, Lpl1(�sp)-His purification was checked by
SDS-PAGE (see Fig. S1 in the supplemental material). SitC-His was purified as described previously (28).

Far-Western blotting studies of the binding of Lpl1 with matrix proteins. The binding of Lpl1
with different matrix proteins was studied by far-Western blotting as described previously (33). Briefly, a
polyacrylamide gel was loaded with 10 �g of each of the following proteins: bovine serum albumin
(BSA), fibrinogen (Fg), fibronectin (Fn), immunoglobulin G (IgG), laminin (LMN), plasminogen (PLG), and
vitronectin (Vn) (all from Sigma, Taufkirchen, Germany). Proteins were transferred to a nitrocellulose
blotting membrane (Bio-Rad, USA) and were incubated with 100 �g purified Lpl1-His. For immuno-
blotting, an anti-Lpl1 antibody (29) was used as the first antibody, and goat-anti-rabbit IgG (Sigma,
Taufkirchen, Germany) was used as the secondary antibody. The reaction was detected with a
5-bromo-4-chloro-3-indolylphosphate (BCIP)/nitroblue tetrazolium (NBT) solution (Sigma, Taufkirchen,
Germany) according to the manufacturer=s instructions.

Blocking of HEK-TLR2 cells by a TLR2 antibody. HEK-TLR2 cells were preincubated with 2.5 �g, 5.0
�g, or 10.0 �g anti-TLR2 antibody (clone TL2.1; eBioscience, Frankfurt, Germany) for 1 h, followed by
stimulation with 100 ng/ml P3C (EMC, Tübingen, Germany). After 18 h of incubation, the supernatant was
harvested, and human IL-8 was measured using a BD OptEIA enzyme-linked immunosorbent assay
(ELISA) kit (BD Biosciences, CA, USA) according to the manufacturer’s instructions.
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F-actin measurement. A total of 5 � 104 HEK-0 or HEK-TLR2 cells in 50 �l were seeded into a
384-well black cell culture microplate (Greiner, Germany) for 24 h prior to incubation with 10 ng of the
cytokine IL-8 or the synthetic P3C peptide for 2 h. F-actin levels were measured using the ActinGreen 488
ReadyProbes reagent (Thermo Fisher). The treated cells were washed with Dulbecco’s PBS (DPBS),
permeabilized with 0.25% (vol/vol) Triton X-100, stained with dye for 30 min, and washed twice again
with DPBS, and fluorescence was measured at 495 nm for excitation and at 518 nm for emission using
a Tecan reader.

Statistical analysis. Student t tests or analysis of variance (ANOVA) was employed when appropriate
to compare the differences between means. All the statistical analysis was performed with GraphPad
Prism. The significance level was set as follows: a P value of �0.05 was considered not significant. In
figures, significant differences are indicated as described in the legends.
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