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Staphylococcus aureus is an important bone pathogen, and evidence shows that this organism is internalized
by chick osteoblasts. Here we report that S. aureus is internalized by human osteoblasts. Internalization was
inhibited by monodansylcadaverine and cytochalasin D and to a lesser extent by ouabain, monensin, colchicine,
and nocodazole. We propose that internalization occurs via a receptor-mediated pathway, requiring the
participation of cytoskeletal elements, principally actin.

Staphylococcus aureus, a gram-positive facultatively anaero-
bic bacterium, is an important pathogen in bone disease. It is
responsible for about 70% of cases of osteomyelitis (15, 17)
and 80% of cases of joint infections in patients with rheuma-
toid arthritis (15) and is a common factor in several other bone
diseases (6, 11, 28). S. aureus infection of bone is associated
with rapid, localized destruction of the tissue (11). The mech-
anism(s) responsible for osteolysis are not established, but
exported proteins which associate with the cell surface of this
organism are potent stimulators of bone resorption (22). These
proteins appear to directly stimulate osteoclast activity (2),
although isolates of S. aureus vary in the osteolytic activity of
these proteins (23). Additionally, cellular extracts of S. aureus
have been demonstrated to inhibit, in a dose-dependent man-
ner, both osteocalcin and type I collagen biosynthesis (19).
Localization of S. aureus to bone seems to result from its ability
to bind several extracellular matrix proteins, including colla-
gen, fibronectin, and bone sialoprotein (29).

There is growing evidence that bacteria can invade host cells
(13, 16, 24-27, 30, 34), with several studies reporting the in-
ternalization of S. aureus by both epithelial and endothelial
cells (1, 4, 5, 21, 33, 35). Recently, it has also demonstrated that
this organism is internalized by embryonic chick osteoblasts in
vitro (16), and a preliminary report has suggested that such
internalization occurs in vivo (27). It is probable that internal-
ization of S. aureus by bone cells facilitates the progression of
disease, by protecting the organism from extracellular host
defenses and/or antibiotic therapy. This behavior could help
explain the recurrent nature of diseases such as osteomyelitis.
The present study was designed to investigate the internaliza-
tion of S. aureus by human osteoblasts.

Human and bacterial cells. Normal human osteoblasts, nor-
mal human gingival fibroblasts (HGFs), and the human osteo-
blastic cell line MG-63 were routinely cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) and 2 mM L-glutamine and contain-
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ing 25 mM HEPES, 100 U/ml penicillin (Gibco, Paisley,
United Kingdom), streptomycin (100 pg/ml; Gibco), and, for
primary osteoblast cultures, amphotericin B (0.25 pg/ml;
Sigma, Poole, United Kingdom).

Primary human osteoblasts and HGFs were cultured from
patient samples obtained during routine oral surgery. Tissue
samples were collected on the day of operation in phosphate-
buffered saline (PBS); for bone samples, PBS contained pen-
icillin (100 U/ml; Gibco), streptomycin (100 pg/ml; Gibco).
The samples were then either processed the same day or stored
overnight at 4°C and then processed. Excess blood was re-
moved by rinsing in PBS several times, and soft tissue was
removed from bone samples with a scalpel, aided by rinsing
with PBS. Gingival tissue samples were cut into pieces of ~1
mm? and cultured in 75-cm? tissue culture flasks (Sarstedt Ltd.,
Leicester, United Kingdom) in DMEM supplemented with
10% FBS, 50 pg of r-ascorbic acid per ml, and 2 mM L-
glutamine and containing penicillin (100 U/ml; Gibco) and
streptomycin (100 wg/ml; Gibco). Bone samples were cut into
fragments of ~1 to 2 mm? and cultured in 80-cm® Nunc tissue
culture flasks (Gibco) in DMEM, as for routine culture. Once
confluent, bone cells were characterized by alkaline phospha-
tase staining using a leukocyte alkaline phosphatase kit (Sig-
ma) according to the manufacturer’s instructions. The propor-
tion of positively stained cells in each population was estimated
by counting a random sample of 100 cells. Cell populations
with at least 80% positive cells were further cultured for use in
assays. All incubations were carried out at 37°C in a humidified
atmosphere containing 5% CO,.

S. aureus NCTC 6571, S. carnosus TM300, the clinical iso-
lates strains 15 and 16 (7), and the type strain S. aureus SMH
were maintained on Wilkins-Chalgren agar (Oxoid, Basing-
stoke, United Kingdom) containing 5% horse blood (Oxoid),
incubated aerobically at 37°C overnight.

Internalization of S. aureus by human osteoblasts. Internal-
ization of S. aureus was investigated by using a modification of
the method described by Oelschlaeger and Tall (25). Confluent
monolayers of normal human osteoblasts, HGFs, or MG-63
cells were washed twice with PBS (containing antibiotics),
seeded at 50,000 cells per well onto 24-well tissue culture plates
in 1 ml of growth medium, and cultured for 1 to 2 days, until
~70 to 80% confluent. Two to three hours before the addition
of bacteria, the cells were washed twice with 1 ml of PBS and
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FIG. 1. Comparison of the length of the period of coculture on the uptake of
S. aureus NCTC 6571 by normal human osteoblasts. Data represent a single
experiment performed in triplicate and are shown as the means and standard
deviations of the means.

then incubated with 1 ml of assay medium (growth medium
without antibiotics).

Prior to internalization assays, bacteria were grown aerobi-
cally overnight at 37°C in brain heart infusion broth (Oxoid),
adjusted to an Ags, of 0.01 with fresh brain heart infusion
broth, and further incubated aerobically at 37°C for ~3 h.
Bacterial numbers were estimated spectrophotometrically at
650 nm, and bacteria were collected by centrifugation at 200 X
g for 10 min. After centrifugation, bacteria were resuspended
in assay medium and added to tissue culture wells at a ratio of
~30:1 (bacteria:osteoblasts); to minimize clumping of the bac-
teria, suspensions were mixed thoroughly. Reported studies
investigating bacterial uptake by eukaryotic cells have com-
monly cocultured cells for periods of up to 2 h (4, 5, 16, 24-26,
30, 33, 35).

The kinetics of uptake of S. aureus into osteoblasts over this
period was investigated, and maximal internalization was ob-
served at 2 h (Fig. 1). Osteoblast-S. aureus cocultures were
incubated for 2 h at 37°C in a humidified atmosphere contain-
ing 5% CO,. Following internalization, cells were washed twice
with 1 ml of PBS and incubated for a further 2 h in 1 ml of fresh
medium containing gentamicin (100 wg/ml). Finally, cells were
washed twice with 1 ml of PBS and lysed with 0.1% Triton
X-100, and intracellular bacteria were enumerated by serial
dilution and plate counting.

Initially normal human osteoblasts (=4th passage) were
used in internalization assays. However, although internaliza-
tion could be shown, the number of internalized bacteria per
osteoblast was not consistent between experiments. The fre-
quency of internalization was between 0.3 (£0.03) and 3.0
(=0.1) bacteria per osteoblast. The reason for this substantial
experimental variation is not known, although it may relate to
the stage of differentiation of the osteoblasts or to differences
in the source of these cells. To keep the possible effects of cell
source consistent, the osteoblast cell line MG-63 was used in
subsequent assays. The frequency of internalization into
MG-63 was found to be higher than that observed for normal
human osteoblasts and more reproducible, with ~6.8 (*2.1)
internalized bacteria per osteoblast. The difference in the num-
ber of internalized S. aureus seen in Fig. 1, showing the kinetics
of uptake, compared with Fig. 2 was attributed to the use of
these different cell types (normal human osteoblasts and MG-
63, respectively).

It was considered that clinical isolates of S. aureus might
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FIG. 2. Comparison of internalization of S. aureus NCTC 6571, 15, 16, and
SMH and S. carnosus TM300 by MG-63. Data are from a representative exper-
iment performed at least three times in triplicate and are given as the means and
standard deviations of the means.

have a greater propensity to be internalized by osteoblasts than
NCTC 6571. This organism is a laboratory reference strain
originally isolated more than half a century ago, and in conse-
quence it may have lost some of its virulence. To address this
question, MG-63 cells were cocultured with a nonpathogenic
organism of the same genus, namely, S. carnosus TM300 (an
organism used in the meat industry for fermenting meat prod-
ucts) (Fig. 2), two clinical isolates of S. aureus, strains 15 and 16
(7), and the prototypic bone pathogen SMH. S. carnosus was
not internalized, but S. aureus strains 15, 16, and SMH, along
with 6571, were (Fig. 2). This finding suggests that the simple
interaction of human and bacterial cells is not sufficient for
bacterial internalization. However, although it was anticipated
that strains 15, 16, and SMH would show greater internaliza-
tion than NCTC 6571, it was observed that strains 15 and 16
were actually internalized two- to threefold less than NCTC
6571. There was no difference in internalization between
strains SMH and NCTC 6571 (Fig. 2).

Internalization of S. aureus by HGFs was also investigated.
S. aureus exhibited a lower propensity for internalization by
HGFs than MG-63, with 1.8 (*1.0) internalized bacteria per
cell. It is of interest, however, that Hudson et al. (16) reported
no significant difference between S. aureus internalization of
osteoblasts and fibroblasts isolated from 16- to 18-day-old
chick embryos.

Internalization was confirmed by transmission electron mi-
croscopy (Fig. 3). Normal human osteoblasts were seeded at
50,000 cells per well onto Nunc eight-well chamber slides
(Gibco) in a 500-pl volume of growth medium and cultured
overnight. Internalization was tested by the standard assay
except that all washes and changes of media were in 500-ul
volumes. Following internalization, cells were fixed in situ with
3% glutaraldehyde in 0.1 M sodium cacodylate buffer at 4°C
for 3 h and postfixed in 1% osmium tetroxide at 4°C for 2 h.
Slides were then fractured for further processing. Finally, sam-
ples were dehydrated in a graded series of alcohol (20 to 90%)
washes, infiltrated with L.R. White resin, and then embedded
in L.R. White at 0°C. Prior to viewing, slides were removed
from resin blocks and sections were taken at 90 to 100 nm. The
sections were stained with uranyl acetate and lead citrate and
viewed in a JEOL 100CX transmission electron microscope.
Figure 3a shows S. aureus interacting with the osteoblast cell
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FIG. 3. Transmission electron micrographs of normal human osteoblasts infected with S. aureus NCTC 6571. Bars represent 1 pm. (a) S. aureus interacting with
the osteoblast cell surface are arrowed. (b) Internalized S. aureus and S. aureus associated with filopodia (f) are arrowed.

surface, and Fig. 3b demonstrates the internalization of S.
aureus by osteoblasts.

Internalization in the presence of inhibitors. Internalization
assays were performed as described above in the presence of
either 10 wM colchicine, 20 uM nocodazole, 250 puM mono-
dansylcadaverine, 250 uM ouabain, 71 wM cycloheximide, 2
M cytochalasin D, 40 uM monensin (each added 1 h prior to
the addition of bacteria), or 31 or 310 pM chloramphenicol
(added together with bacteria). All inhibitors were obtained
from Sigma, and the concentrations used were based on pre-
vious reports of similar studies investigating bacterial internal-
ization by cultured epithelial cells (24-26). Osteoblast viability
following incubation with these inhibitors, for the maximum
period used in internalization assays, was confirmed by staining
with 0.2% (wt/vol) trypan blue. Viability was estimated by
counting approximately 100 cells and calculating the percent-
age of cells excluding the stain. In both control (no inhibitor)
and test samples, ~95% osteoblast viability was observed.

The effect of inhibitors on S. aureus uptake was tested for
significance by the two-tailed ¢ test. Data from three separate
experiments were collated (n = 18, df = 16), and control and
test samples compared in SPSS for Windows version 7.5.1
(SPSS Inc., Chicago, Ill.). A P value of <0.05 was taken as
significant.

Inhibition of protein synthesis suggested a requirement for
eukaryotic, but not bacterial, de novo protein synthesis for
efficient staphylococcal internalization. Preincubation of osteo-
blasts with 71 wM cycloheximide reduced S. aureus internal-
ization by ~35% (Fig. 4), an effect greater than that seen with
uptake of Proteus mirabilis strains by different epithelial cell
lines (25), although this did not prove statistically significant
(P = 0.081). In contrast, internalization of S. aureus appeared
to be inhibited by >99% upon the addition of 310 uwM chlor-
amphenicol to the medium (Fig. 4), suggesting that de novo
bacterial protein synthesis is critical for efficient internalization
by osteoblasts. However, in separate experiments S. aureus was
incubated at ~3 X 10° cells per ml in assay medium with and
without 31, 155, or 310 wM chloramphenicol. At 31 uM, >80%
of the initial inoculum was recovered, but at 155 and 310 uM,
viability was reduced by >90 and >95%, respectively. Chlor-
amphenicol had no inhibitory effect on internalization at 31
M (Fig. 4). In previous studies, internalization of P. mirabilis
and Klebsiella pneumoniae was greatly reduced in the presence

of chloramphenicol (25, 26). These data suggest that the S.
aureus internalization pathway mainly exploits preexisting cel-
lular components. However, it is possible that at 31 wM, chlor-
amphenicol had no apparent effect on protein synthesis in S.
aureus. Indeed, reported studies of bacterial internalization
used 310 wM chloramphenicol (25, 26), a concentration that
was not found to be toxic to the organisms.

Coated pit formation was inhibited with the addition of
either 250 wuM monodansylcadaverine or 250 uM ouabain to S.
aureus-MG-63 cocultures, resulting in ~95 and ~35% (P =
0.023) reductions in uptake, respectively (Fig. 4). The former
compound inhibits transglutaminase, which interferes with re-
ceptor recycling (8, 32), while the latter blocks Na*/K™*-
ATPase, causing the arrest of coated pit formation by inhibi-
tion of the interaction of clathrin and adapter proteins (14, 18).
If coated pits per se were critical for internalization, one might
expect to see similar inhibitory effects with both of these com-

Relative internalisation %

Inhibitor

FIG. 4. Relative internalization of S. aureus NCTC 6571 into the human
osteoblast cell line MG-63 either in the absence of any inhibitor (NI; defined as
100%) or in the presence of 10 wM colchicine (Co), 20 uM nocodazole (No), 250
1M monodansylcadaverine (MD), 250 wM ouabain (Ou), 2 pM cytochalasin D
(CD), 40 pM monensin (Mo), 71 pM cycloheximide (Cy), or 31 or 310 uM
chloramphenicol (Chi or Ch*, respectively). Data are representative of experi-
ments repeated at least three times in triplicate and are given as the means and
standard deviations of the means. Note that inhibitors were assayed in various
combinations, not all simultaneously.
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pounds. The observed difference in the ability of monodan-
sylcadaverine and ouabain to inhibit internalization suggests
that transglutaminase inhibition might have some other effect
on osteoblast function which is responsible for S. aureus inter-
nalization.

Primary amines and ionophores inhibit endosome acidifica-
tion (9, 20) and can affect receptor recycling (3, 31). Inclusion
of monensin, which has an inhibitory effect on low-density
lipoprotein receptor recycling (3), at a concentration of 40 wM
in the assay medium reduced S. aureus internalization by
~65% (Fig. 4; P < 0.001). It can be inferred from the above
data that receptor recycling is of major import for efficient
staphylococcal internalization by osteoblasts and that the pro-
cess is not totally dependent on clathrin-coated vesicles. That
internalization of osteoblasts by S. aureus likely involves recep-
tor-mediated endocytosis is also supported by the observation
of filopodia under electron microscopic examination (Fig. 3b).

Microfilament dependence is a characteristic of many sys-
tems of bacterial internalization (1, 4, 5, 21, 25, 26) but not all
(24). To assess whether microfilaments are required for osteo-
blasts internalization of S. aureus, internalization assays were
performed in the presence of the microfilament-depolymeriz-
ing agent cytochalasin D (2 uM), which reproducibly inhibited
the internalization of S. aureus by ~95% (Fig. 4). Similar
results have been reported for S. aureus uptake by epithelial
and endothelial cells (1, 4, 21). It is interesting that while
depolymerization of microfilaments drastically reduces staph-
ylococcal internalization, there appears to be less dependence
on the formation of clathrin-coated vesicles in the light of
recent reports which suggest a role for microfilaments in clath-
rin-dependent endocytosis (10, 12), a process which can be
inhibited by cytochalasin D.

Depolymerization of microtubules by 10 wM colchicine re-
duced uptake of S. aureus by ~40% (Fig. 4; P = 0.002). No-
codazole (20 M) was marginally more effective at blocking
internalization, reducing uptake by ~55% (Fig. 4; P = 0.001).
Although a significant reduction in internalization, the mech-
anism of uptake of S. aureus would appear to be more depen-
dent on intact microfilaments.

We do not understand how S. aureus causes the destruction
of the skeleton when it infects bone. However, it has been
shown that this organism is internalized by chick osteoblasts
both in vitro (16) and, apparently, in vivo (27), which suggests
a possible pathogenic mechanism. The data presented here
support these findings and indicate that internalization of S.
aureus by human osteoblasts occurs via a receptor-mediated
pathway. This process appears to be heavily dependent on the
presence of intact actin filaments but less dependent on either
clathrin-coated vesicles or microtubules. There also seems to
be some requirement for osteoblast protein synthesis in this
process. Further characterization of the mechanisms involved
in this process will be useful in understanding staphylococcal
bone disease and should enable the development of novel
therapeutic strategies. It is possible that internalization of S.
aureus by osteoblasts protects the organism from antibiotic
therapy. Additionally, intracellular S. aureus induce apoptosis
in epithelial and endothelial cells (4, 21, 33), and there is the
possibility that intracellular S. aureus can also lead to osteo-
blast cell death. Investigations are now under way to determine
the fate of osteoblasts following internalization of S. aureus.
Induction of osteoblast death in vivo might lead to a reduction
in the formation of bone matrix and a disruption of the ho-
meostatic balance between osteoblasts and osteoclasts. Such a
phenomenon could help explain the bone loss observed during
S. aureus infection.
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