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Staphylococcus aureus is a major pathogen of bone that has been shown to be internalized by osteoblasts via
a receptor-mediated pathway. Here we report that there are strain-dependent differences in the uptake of S.
aureus by osteoblasts. An S. aureus septic arthritis isolate, LS-1, was internalized some 10-fold more than the
laboratory strain 8325-4. Disruption of the genes for the fibronectin binding proteins in these two strains of S.
aureus blocked their ability to be internalized by osteoblasts, thereby demonstrating the essentiality of these
genes in this process. However, there were no differences in the capacity of these two strains to bind to
fibronectin or osteoblasts. Analysis of the kinetics of internalization of the two strains by osteoblasts revealed
that strain 8325-4 was internalized only over a short period of time (2 h) and to low numbers, while LS-1 was
taken up by osteoblasts in large numbers for over 3 h. These differences in the Kkinetics of uptake explain the
fact that the two strains of S. aureus are internalized by osteoblasts to different extents and suggest that in
addition to the fibronectin binding proteins there are other, as yet undetermined virulence factors that play a

role in the internalization process.

Staphylococcus aureus is a major human pathogen that has a
propensity for causing bone infections. Bone infections with
this organism are responsible for causing orthopedic implant
failure (27), osteomyelitis (17), and septic arthritis (15) (re-
viewed in reference 22). These infections are extremely diffi-
cult to treat and usually require prolonged antibiotic treatment
and surgical intervention.

How (and why) S. aureus targets bone has not been deter-
mined but may relate to its ability to adhere to bone by ex-
pressing receptors (adhesins) for components of bone matrix
such as fibronectin (14), collagen (24), and bone sialoprotein
(28). The fibronectin binding proteins FnBPA and FnBPB
have been found to be expressed by most clinical isolates of S.
aureus, and it has been suggested that these proteins may be
important in the adherence of this bacterium to implants that
have been coated in plasma proteins (22). Ninety percent of
the organic matrix of bone is composed of collagen; thus, it was
supposed that expression of the collagen binding adhesin, Cna,
by S. aureus would be essential for its tropism to bone. How-
ever, only about 38 to 56% of S. aureus isolates associated with
bone infection express Cna (30, 32). On the other hand, the
bone sialoprotein binding protein of S. aureus has been shown
to be preferentially expressed by isolates from patients with
osteomyelitis and/or septic arthritis (28, 29, 33). Thus, it is not
clear which, if any, of these staphylococcal proteins are respon-
sible for targeting S. aureus to bone.

There is increasing evidence that S. aureus is internalized by
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a variety of cell types including epithelial (3) and endothelial
(20) cells. We and others have shown that S. aureus is inter-
nalized by osteoblasts (12, 16, 18, 26). It has been proposed
that this internalization may provide a means by which the
bacteria can escape from the host immune system and/or an-
tibiotic therapy. This may help to explain the recurrent nature
of bone diseases such as osteomyelitis.

We have previously shown that internalization of S. aureus
by osteoblasts is via a receptor-mediated pathway that requires
cytoskeletal elements (18). Neither the osteoblast receptor nor
the S. aureus ligand involved in this process has been identified.
However, it is well established that a number of bacteria utilize
proteins that bind to fibronectin to gain entry to host cells (10,
21, 31). Indeed, S. aureus fibronectin binding proteins have
been shown to be required for adhesion and invasion of epi-
thelial cells (19) and endothelial cells (25).

The aims of this study were to determine whether internal-
ization of S. aureus by osteoblasts was mediated by the fi-
bronectin binding proteins of this organism and whether these
proteins were also responsible for any strain variations in the
capacity to become internalized. We examined four S. aureus
strains for the ability to be internalized by osteoblasts. Strain
LS-1 was internalized to the highest degree and was used in
comparison to strain 8325-4 and isogenic mutants of both of
these strains, disrupted in the genes for the fibronectin binding
proteins, to determine the role of the fibronectin binding pro-
teins in this process.

MATERIALS AND METHODS

Osteoblast cell culture. The osteoblast cell line MG63 was routinely cultured
in growth medium consisting of Dulbecco’s modified Eagle’s medium (DMEM),
containing 25 mM HEPES and supplemented with 10% fetal calf serum (FCS)
(Pierce & Warriner, Chester, United Kingdom), 2 mM glutamine, 100 U of
penicillin/ml and 100 pg of streptomycin/ml (Sigma-Aldrich Ltd., Poole, United
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FIG. 1. Abilities of four strains of S. aureus to become internalized
by osteoblasts. Strains NCTC6571, 8325-4, LS-1, and FRI326 were
cocultured with osteoblasts at an MOI of 300:1. The results are from
one representative experiment of at least three; data are the means
and standard deviations of three replicate cultures. The abilities of S.
aureus strains to become internalized by osteoblasts were compared to
that of strain 8325-4 using Student’s ¢ test. *, P < 0.05; s, P < 0.001.

Kingdom). The assay medium was the same as the growth medium but without
antibiotics.

Bacterial strains and growth media. The laboratory strains of S. aureus used
in this study were NCTC6571 and 8325-4 (NCTC8325 cured of prophages [23]).
The other strains used were FRI326, a food isolate (6), and LS-1, a strain isolated
from a swollen joint of a spontaneously arthritic NZB/W mouse (7, 8). Also used
in this study was strain DU5883 (a kind gift from Timothy Foster, Microbiology
Department, Moyne Institute of Preventive Medicine, Trinity College, Dublin,
Ireland), an isogenic mutant of strain 8325-4 disrupted in the fnbA (fnbA::Tc)
and fubB (fnbB::Em) genes. The fnbA::Tc and fnbB::Em mutations were cotrans-
duced from DUSS883 into strain LS-1 by phage 85-mediated transduction (4).
Transductants resistant to 2 pg of tetracycline and 10 pg of erythromycin ml~!
were selected, and the disruptions were confirmed by Southern blotting. The
isogenic mutants were also assessed in the fibronectin binding assay to confirm
loss of this phenotype.

Prior to assays, bacteria were grown overnight in 10 ml of brain heart infusion
broth (Oxoid, Basingstoke, United Kingdom) aerobically in a 37°C shaking
incubator. Bacterial cell numbers were estimated spectrophotometrically at 650
nm. Bacteria were harvested by centrifugation and resuspended in assay medium
to give 1.5 X 107 CFU per 100 pl.

S. aureus associated with osteoblasts. The assay determined the total number
of bacteria associated with osteoblasts, i.e., adherent and internalized S. aureus.
MG63 cells were seeded at 50,000 cells per well into 24-well tissue cultures plates
(Sarstedt Ltd., Leicester, United Kingdom) in 1 ml of growth medium. MG63
cells were cultured for 2 days; at the end of the first day, the cells were washed
twice with 1 ml of DMEM and then incubated with 1 ml of assay medium.
Bacteria (100 pl) were added to the MG63 cells and incubated for 2 h at 37°C in
a 5% CO, incubator. The cultures were then washed three times with 1 ml of
DMEM, and the bacteria were harvested by adding 1 ml of 0.1% Triton X-100
to each well. Enumeration was performed by serial dilution and plate counting
on 5% blood agar plates containing Wilkins-Chalgren agar (Oxoid).

S. aureus internalization by osteoblasts. The assay was a modification of the
above procedure for determining the numbers of bacteria associated with osteo-
blasts. After 2 h of coculture of bacteria (multiplicity of infection [MOI] of 300:1)
and MGO63 cells, cultures were washed twice with 1 ml of DMEM. To each well,
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1 ml of fresh assay medium containing gentamicin (100 p.g ml~'; Gibco, Paisley,
United Kingdom) was added, and the cultures were incubated for a further 2 h.
The bacteria were harvested and enumerated by the same procedure as used for
the association assay. To determine the kinetics of S. aureus uptake by osteo-
blasts, the above procedure was modified so that cocultures were incubated for
between 30 min and 3 h before the cultures were washed and then incubated with
gentamicin for a further 2 h. To examine survival of S. aureus inside osteoblasts,
MG63 cells were incubated in the presence of S. aureus for 2 h, washed, and then
incubated with assay medium containing gentamicin for between 2 and 6 h.

Fibronectin binding assay. This assay was essentially a modification of that
used by Hartford et al. (13) to determine fibrinogen binding. Nunc MaxiSorp
96-well plates (Gibco) were coated with 100 wl of 0.02% sodium carbonate (pH
9.6) containing fibronectin (10 g ml~'; Sigma) overnight at 4°C. The plates were
washed three times with phosphate-buffered saline (PBS; Sigma) and then
blocked with 100 pl of a 2% bovine serum albumin solution for 1 h at 37°C. The
wells were washed four times with 100 wl of PBS; 100 pl of bacteria (correspond-
ing to 10°, 107, or 10° cells) was added, in quadruplicate, to the appropriate wells
and incubated for 2 h at 37°C. The wells were washed four times with 100 pl of
PBS. Bacteria were fixed with 100 pl of 25% formaldehyde (Sigma) for 10 min.
Then 100 pl of 0.5% crystal violet (Sigma) was added to each well for 1 min, cells
were washed four times with PBS, and the absorbance was measured at 570 nm
using a Multiskan plate reader.

Statistics. All data are shown as means = the standard deviations. Data were
compared using Student’s ¢ test.

RESULTS

Internalization of S. aureus strains by osteoblasts. We ex-
amined the abilities of four strains of S. aureus to become
internalized by osteoblasts. Strains NCTC6571 and 8325-4 are
commonly used laboratory strains, while FRI326 was a food
isolate and LS-1 was a septic arthritis isolate. Figure 1 shows
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FIG. 2. Numbers of bacteria associated (adherent and internal-
ized) with osteoblasts for strains 8325-4 and LS-1 at an MOI of 300:1.
The results are from one representative experiment of at least three;
data are the means and standard deviations of three replicate cultures.
Comparison of the data using Student’s ¢ test revealed no significant
difference between the two strains.
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FIG. 3. Abilities of S. aureus strains 8325-4 and LS-1 to bind to
fibronectin. The results shown are for 107 bacteria and are represen-
tative of one of at least three experiments; data are the means and
standard deviations of four replicate wells. Comparison of the data
using Student’s ¢ test revealed no significant difference between the two
strains.

that NCTC6571 and 8325-4 were internalized by osteoblasts to
similar levels, while FRI326 was internalized to a slightly
higher degree. LS-1 was internalized by osteoblasts to a far
higher level than any of the other strains tested (about 10-fold
higher than 8325-4). S. aureus 8325-4 and LS-1 were chosen for
further study as being representative of weakly invasive and
highly invasive strains, respectively.

S. aureus associated with osteoblasts. The total numbers of
bacteria associated (adherent and internalized) with osteo-
blasts for strains 8325-4 and LS-1 are shown in Fig. 2. There
were slightly more 8325-4 than LS-1 bacteria associated with
osteoblasts, though the difference was not statistically signifi-
cant. There were approximately 100-fold more S. aureus strain
8325-4 bacteria associated with the osteoblasts than internal-
ized (Fig. 1 and 2). In the case of LS-1, there were approxi-
mately 10-fold more bacteria associated with the osteoblasts
than internalized (Fig. 1 and 2). These data demonstrated that
binding of S. aureus to osteoblasts did not correlate with the
levels of internalization.

S. aureus binding to fibronectin. The ability of S. aureus
strains 8325-4 and LS-1 to bind to fibronectin was determined
using a microtiter plate adherence assay. Figure 3 shows the
binding of S. aureus strains (107 bacteria) to fibronectin. Both
strains bound to fibronectin, with strain 8325-4 binding slightly
more than LS-1. When 10° bacteria were used, similar results
were obtained (data not shown). Once again the capacity to
bind to fibronectin (Fig. 3) did not correlate with the ability of
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the strains to become internalized by osteoblasts (Fig. 1). How-
ever, the capacity of the two strains to bind fibronectin did
mirror their ability to bind to osteoblasts (Fig. 2 and 3).

Role of S. aureus fibronectin binding proteins in adhesion
and internalization. To determine the role of FnBPA and
FnBPB in the ability of strains 8325-4 and LS-1 to bind to, and
become internalized by, osteoblasts, isogenic mutants dis-
rupted in the genes for these proteins were compared to the
parental strains. Disruption of the genes for FnBPA and Fn-
BPB in either strain 8325-4 or strain LS-1 resulted in a 10-fold
reduction in the numbers bacteria associated with osteoblasts
(Fig. 4). The isogenic mutants of 8325-4 and LS-1, disrupted in
the fnbA and fnbB genes, were not internalized by osteoblasts,
as shown in Fig. 5. These data taken together demonstrate that
the fibronectin binding proteins of S. aureus are the major
adhesins for osteoblasts and are essential for bacterial inter-
nalization. These results are somewhat contradictory when one
considers that the weakly invasive strain of S. aureus 8325-4
was marginally better at binding to osteoblasts and fibronectin
than the highly invasive strain and suggest that other factors
may be involved in the process of internalization.

Kinetics of S. aureus internalization by osteoblasts. The
kinetics of S. aureus internalization were examined by incubat-
ing bacteria with osteoblasts for time intervals of between 30
min and 3 h. Figure 6 shows that internalization of S. aureus
strain 8325-4 reached a maximum at 2 h, while internalization
of strain LS-1 had not reached a maximum by 3 h. The num-
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FIG. 4. Numbers of bacteria associated with osteoblasts for strains
8325-4 and LS-1 and their respective isogenic mutants DU5883 and
LS-1(FnBP-). Cocultures were performed at an MOI of 300:1. The
results are from one representative experiment of at least three; data
are the means and standard deviations of three replicate cultures.
Student’s ¢ test was used to compare differences between the isogenic
mutant and its wild-type strain. s, P < 0.001.
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FIG. 5. Abilities of S. aureus strains 8325-4, and LS-1 and their
respective isogenic mutants DUS5883 and LS-1(FnBP-) to become in-
ternalized by osteoblasts. Cocultures were performed at an MOI of
300:1. The results are from one representative experiment of at least
three; data are the means and standard deviations of three replicate
cultures. Student’s ¢ test was used to compare differences between the
isogenic mutant and its wild-type strain. #x, P < 0.01, ##%, P < 0.001.

bers of strain 8325-4 internalized were significantly lower than
those of LS-1 at all time points examined. Since the internal-
ization assay is based on the recovery of viable intracellular
bacteria, the differences seen for the two strains in this kinetic
assay could have been due to variations in the ability of these
bacteria to grow and/or survive in the intracellular environ-
ment of the osteoblast. To examine this possibility, recovery of
viable bacteria from inside osteoblasts was monitored over
time. Figure 7 shows that there were no significant differences
in the levels of either 8325-4 or LS-1 recovered from within
osteoblasts over a time period of 6 h, thus demonstrating that
survival and/or growth within the intracellular environment
was not affecting the results obtained from internalization as-
says.

DISCUSSION

S. aureus was once considered to exist exclusively as an
extracellular pathogen. However, there is now a growing body
of evidence indicating that this organism can be taken up by a
range of nonphagocytic cells such as epithelial cells (3), endo-
thelial cells (5, 25), and osteoblasts (16, 18, 26).

In this study, we have found that there are strain differences
in the ability of S. aureus to become internalized by osteoblasts.
Thus, two laboratory strains (8325-4 and NCTC6571) were
internalized to a lower degree than a food isolate (FRI326),
and all of these strains were internalized about 10-fold less
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than a septic arthritis isolate (LS-1). S. aureus strain LS-1 is
commonly used in animal models of septic arthritis (1, 2, 7, 9)
because of its highly virulent character, and thus it is tempting
to speculate that this may be related to its ability to become
internalized by osteoblasts. However, while the results pre-
sented herein do show that there are strain differences in the
capacity to become internalized by osteoblasts, no conclusion
can be drawn as to whether the source from which the S. aureus
strain was isolated had any influence on this ability because of
the limited number of strains examined. Having established
differences in the ability of S. aureus strains to become inter-
nalized by osteoblasts, we selected a strain that was internal-
ized to a low degree (8325-4) and one that was internalized to
a high degree (LS-1) for further study. When we examined the
numbers of bacteria from each of these strains associated with
osteoblasts, we discovered that there was no significant differ-
ence between 8325-4 and LS-1, although the numbers of
8325-4 were consistently higher. This finding demonstrated
that adherence of S. aureus to osteoblasts was not alone suffi-
cient to cause internalization.

Recently S. aureus FnBPA and FnBPB have been shown to
be required for internalization of this organism by epithelial
(11) and endothelial (25) cells. We examined the capacity of S.
aureus 8325-4 and LS-1 to bind to fibronectin in order to
determine if differences in binding could account for the vari-
ation in internalization of the two strains. Although 8325-4
bound slightly more to fibronectin than LS-1 the difference was
not significant, suggesting that the ability to bind to fibronectin
was not related to the number of recovered organisms.

To determine the role of FnBPA and FnBPB in adhesion to,
and internalization by, osteoblasts, we used isogenic mutants of
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FIG. 6. Kinetics of S. aureus internalization by osteoblasts. S. au-
reus strains 8325-4 and LS-1, at an MOI of 300:1, were cocultured in
the presence of osteoblasts for between 30 min and 3 h. The results are
from one representative experiment of at least three.
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FIG. 7. Abilities of S. aureus strains 8325-4 and LS-1 to grow and/or
survive in the intracellular environment of the osteoblast, determined
by the numbers of bacteria recovered over a 6-h time period. The
results are from one representative experiment of at least three; data
are the means and standard deviations of three replicate cultures.
Comparison of the data for each bacterial strain using Student’s ¢ test
revealed no significant difference between the numbers of bacteria
recovered at the different time points.

S. aureus strain 8325-4 and LS-1 with disruptions of the genes
for these two proteins. The isogenic mutants were 10-fold less
adherent to osteoblasts than the parental strains, demonstrat-
ing that the fibronectin binding proteins of S. aureus were the
predominant adhesins for osteoblasts. However, this does not
rule out a role for other adhesins. Similar reductions in the
levels of adherence of isogenic mutants, defective in the fi-
bronectin binding proteins, to endothelial cells have been re-
ported (25). However, Dziewanowska et al. (11) recently re-
ported that similar isogenic mutants of S. aureus were reduced
in the ability to adhere to epithelial cells by only 40% com-
pared to the parental strain. The differences in adhesion to
different mammalian cell types are likely to be due to differ-
ences in matrix molecules expressed by these cells. Isogenic
mutants of 8325-4 and LS-1 were not internalized in significant
numbers by osteoblasts, demonstrating the essential role of the
fibronectin binding proteins in this process. This finding was in
agreement with those reported for epithelial (11) and endo-
thelial (25) cells.

These findings raised the question of why S. aureus strain
LS-1 was apparently more capable of being internalized by
osteoblasts than 8325-4, when it bound to neither osteoblasts
nor fibronectin to a greater degree than 8325-4. One possible
answer was that since the internalization assay relies on the
recovery of viable bacteria from within the osteoblasts, the
results obtained may have been influenced by the ability of
bacteria to grow and/or survive within this intracellular envi-
ronment. However, we found no differences in the abilities of
8325-4 and LS-1 to grow and/or survive within osteoblasts over
a 6-h time period, demonstrating that this was not responsible
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for the variation in the capacity of these strains to become
internalized by osteoblasts. The kinetics of uptake by osteo-
blasts of the two strains showed dramatic differences. The
levels of internalization of S. aureus 8325-4 by osteoblasts
reached a plateau by 2 h, while internalization of LS-1 had not
leveled out at 3 h. Thus, the kinetics of internalization, at least
in part, account for the higher levels of S. aureus LS-1 found in
osteoblasts. These findings establish that while the fibronectin
binding proteins of S. aureus are essential in the process of
internalization by osteoblasts, there are other strain-dependent
factors that influence the kinetics of internalization. Similar
findings were reported by Dziewanowska et al. (11) for inter-
nalization of S. aureus by epithelial cells. Two possible ways in
which the kinetics of internalization by osteoblasts could be
controlled by the bacterium are (i) if S. aureus strain LS-1 was
producing virulence factors that caused an up-regulation in the
number of mammalian cell surface receptors (or the rate of
receptor cycling) responsible for internalizing this bacterium
and (ii) if S. aureus strain 8325-4 was producing a virulence
factor that inhibited its internalization by osteoblasts. Some
evidence in favor of this second theory was recently provided
by Yao et al. (34), who reported that S. aureus produces a
lipoprotein that apparently inhibits internalization by endothe-
lial cells. Whether the increased uptake of certain strains of S.
aureus by osteoblasts involves the production of stimulatory or
inhibitory factors by this organism remains to be defined; how-
ever, these factors are potential additional therapeutic targets
for the prevention and/or treatment of persistent bone infec-
tions.
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