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Murine osteoblasts express Toll-like receptor 5 (TLRS), and this expression is upregulated following
exposure to bacteria or to the TLRS5 agonist, flagellin. Importantly, flagellin activates transcriptional regula-
tors and elicits proinflammatory cytokine production, suggesting TLRS functionality. TLRS may represent an
important mechanism underlying the recognition of bacterial pathogens by osteoblasts during bone infections.

While the primary roles of osteoblasts are to synthesize the
components of bone matrix and to regulate the activity of
bone-resorbing osteoclasts, recent studies have revealed an
additional function during bone diseases—namely, the initia-
tion and maintenance of inflammatory immune responses. Pre-
vious studies by our laboratory have shown that bacterially
exposed osteoblasts are a significant source of an array of
soluble inflammatory mediators that include the cytokines in-
terleukin 12 (IL-12) and IL-6 (3), growth factors such as gran-
ulocyte-macrophage colony-stimulating factor (1), and the che-
mokines inducible protein 10 and monocyte chemoattractant
protein 1 (2, 6). Furthermore, the surprising ability of osteo-
blasts exposed to bacteria to activate T lymphocytes by pre-
sentation of antigen in the context of major histocompatibility
complex class II molecules (18) and the ability to express the
key costimulatory molecule CD40 (19) were recently de-
scribed. Such a pattern of immune-molecule expression is one
that can promote the recruitment of leukocytes to sites of
bacterial infection and could serve to initiate and sustain in-
flammatory responses in bone tissue. To date, the mechanisms
by which osteoblasts perceive and respond to bacteria are
poorly understood.

The discovery of a family of pattern recognition receptors
with a high degree of homology to the Toll family of proteins
in Drosophila has shed light on the possible mechanisms by
which host cells recognize a wide range of pathogens without
the need for prior exposure (16, 22). To date, 10 homologues
of these Toll-like receptors (TLR) have been identified in
humans and mice, and bacterially derived ligands have been
reported for TLR2, TLR4, TLRS5, and TLR9 (5, 7, 9, 10, 13, 17,
21, 23). Importantly, several recent studies have provided ev-
idence for the presence of a number of these TLR homologues
on osteoblasts. Kikuchi and coworkers (12) reported the pres-
ence of message encoding TLR2 and TLR4 in murine osteo-
blasts. A study from our laboratory confirmed the functional
expression of TLR4 on murine osteoblasts by demonstrating
the ability of the specific TLR4 ligand, lipopolysaccharide
(LPS), to initiate chemokine production by these cells (6).
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Such induction was abolished following the addition of block-
ing antibodies directed against TLR4 (6). Interestingly, while
mRNA encoding TLR2 was found in murine osteoblasts, the
TLR2-specific ligand, peptidoglycan, failed to elicit cellular
activation in this study, which argued against a role for this
receptor in bacterial recognition in this cell type (6). The pres-
ence of TLRY on osteoblasts has recently been inferred by the
ability of activating oligonucleotides to initiate production of
proinflammatory molecules (24). Such a finding is supported
by the detection of mRNA encoding TLRY in this cell type by
our laboratory (unpublished data). However, the involvement
of TLR4 and TLR9Y does not preclude a role for other TLR
homologues in the recognition of bacteria by this cell type.
Recently, antigens of various bacterial flagella have been
shown to signal via TLRS5 (8). To date, the functional expres-
sion of such receptors has not been investigated in osteoblasts.

To begin to determine whether bacterial components may
be recognized via TLRS in these cells, we investigated the
expression of mRNA encoding TLRS in both resting cultures
of murine osteoblasts and in cells after exposure to bacterial
pathogens. Primary osteoblast cell cultures were prepared
from BALB/c mouse neonate calvaria by sequential collage-
nase-protease digestion and cultured as previously described
by our laboratory (1-3, 6, 18, 19). Cells were cultured in the
absence of bacteria or in the presence of various numbers of
Staphylococcus aureus strain UAMS-1 (ATCC 49230; Ameri-
can Type Culture Collection, Manassas, Va.), Salmonella en-
terica (serovar Dublin strain SL 1363), or Pseudomonas aerugi-
nosa (ATCC 27853) bacteria for 45 min, followed by
elimination of viable extracellular bacteria as previously de-
scribed (1-3, 6, 18, 19). At 7 h postinfection, RNA was isolated
and semiquantitative reverse transcription-PCR (RT-PCR)
was performed for the presence of mRNA encoding TLRS as
previously described (1-4, 6, 14, 15, 18, 19). Positive- and
negative-strand PCR primers used, respectively, were CCAG
AACATCAGAGATCCTGA and CCAATGGCCTTAAGAG
CATTG to amplify mRNA encoding murine TLRS (365-bp
fragment). PCR primers were designed, using Oligo 4.0 primer
analysis software (National Biosciences, Plymouth, Mass.),
from the published sequence of TLRS (20), as previously de-
scribed (1-4, 6, 14, 15, 18, 19). PCR amplification of the house-
keeping gene, G3PDH, was performed on cDNA from each
sample to ensure similar input of RNA and efficiencies of
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FIG. 1. Expression of mRNA encoding Toll-like receptor 5 (TLRS5) in resting osteoblasts and cells exposed to bacterial species and the specific
TLRS ligand, flagellin. (A) Cells were unexposed (0) or exposed to Staphylococcus aureus, Salmonella, or P. aeruginosa at the indicated number
of bacteria to osteoblasts. (B) Cells were unexposed (0) or exposed to purified flagellin (0.1, 1, 10, and 100 ng/ml). At 7 h, RNA was isolated and
RT-PCR was performed for the presence of TLR5 mRNA. The migration of DNA fragments of known sizes is indicated on the right. These studies

were performed three times with similar results.

reverse transcription. The identity of the PCR-amplified frag-
ments was verified by size comparison with DNA standards
(Promega). As shown in Fig. 1A, resting osteoblasts constitu-
tively express low levels of mRNA encoding TLRS. Exposure
of osteoblasts to flagellated bacterial species, i.e., Salmonella
and P. aeruginosa, elicited maximal 8.4- and 4.9-fold increases
in TLR5S mRNA expression, respectively, as determined by
densitometric analyses normalized to G3PDH expression. In-
terestingly, exposure of cells to nonflagellated Staphylococcus
aureus elicited only a 2.5-fold maximal increase in TLRS
mRNA expression.

Furthermore, we have characterized the ability of the spe-
cific TLRS ligand, flagellin, to elicit increases in the level of
expression of mRNA encoding TLRS in osteoblasts. Flagellin
protein preparations were isolated from Salmonella enterica
serovar Typhimurium serotype 12023 as previously described
by our laboratory (4). This isolation procedure has been dem-
onstrated to yield a single protein product with a molecular
mass of approximately 48 kDa (4), a size that is within the
previously described size range for flagellin from Salmonella
serotypes (11). Endotoxin was removed from flagellin prepa-
rations using a Detoxi-Gel endotoxin-removing gel column
(Pierce, Rockford, Ill.) according to the manufacturer’s in-
structions. Residual endotoxin content was determined to be
below detectable levels for the Pyrogent Limulus amoebocyte
lysate assay (BioWhittaker, Inc., Walkersville, Md.) (<0.05 pg
of LPS/ng of flagellin). Cells were unexposed or exposed to
purified flagellin (0.1, 1, 10, and 100 ng/ml) for 7 h prior to
RNA isolation and RT-PCR. As indicated by the representa-
tive experimental results shown in Fig. 1B, 1 ng of flagellin per
ml induces a maximal 5.2-fold increase in TLR5 mRNA ex-
pression, as determined by densitometric analysis normalized
to G3PDH expression, over that seen in resting osteoblasts.
Importantly, concentrations of LPS of up to 100 ng/ml failed to
elicit detectable elevations in mRNA encoding TLRS5 (data not
shown). Taken together, these data suggest that osteoblasts
express mRNA encoding TLRS and that this expression is
elevated following bacterial challenge or exposure to the spe-
cific TLRS ligand, flagellin.

To begin to determine whether the expression of mRNA
encoding TLRS in osteoblasts translates into expression of
functional receptor molecules on these cells, we investigated
the ability of flagellin, a specific ligand for TLRS, to elicit
cellular responses that result in the production of proinflam-
matory mediators by osteoblasts. Cells were unexposed or ex-

posed to purified flagellin (10 and 100 ng/ml) for 90 min.
Following treatment, protein samples were obtained from os-
teoblasts as previously described by our laboratory (4, 14),
electrophoresed on a 10% sodium dodecyl sulfate-polyacryl-
amide gel, and transferred to Immobilon-P Transfer Mem-
branes (Millipore, Bedford, Mass.). The level of activation of
the important inflammatory transcription factor JNK1/2 was
determined by Western blot analysis using an anti-Phospho-
SAPK/INK (THR183/Tyr185) antibody purchased from Cell
Signaling Technology (Beverly, Mass.). As shown in Fig. 2A,
flagellin treatment results in increases in the level of phosphor-
ylated—and hence activated—JNK1/2 in cultured osteoblasts.
Differences in expression could not be attributed to unequal
protein loading due to the presence of similar levels of B-actin
on reprobed membranes (Fig. 2A).

To determine whether this increase in transcription factor
activation results in enhanced inflammatory mediator produc-
tion, we investigated the ability of flagellin to induce expression
of mRNA encoding the proinflammatory cytokine IL-6. Os-
teoblasts were unexposed or exposed to purified flagellin (0.1,
1, 10, and 100 ng/ml) for 7 h prior to RNA isolation and
RT-PCR for mRNA encoding IL-6 as previously described (3).
As indicated by the representative experimental results shown
in Fig. 2B, 100 ng of flagellin per ml induces a maximal 3.5-fold
increase in IL-6 mRNA expression, as determined by densito-
metric analysis normalized to G3PDH expression, over that
seen in resting osteoblasts. To address whether the elevations
in mRNA encoding IL-6 following flagellin treatment result in
secretion of this cytokine, specific capture enzyme-linked im-
munosorbent assays were performed as described previously
(3), using a capture antibody against IL-6 (clone MP5-20F3;
BD PharMingen, San Diego, Calif.) and a biotinylated anti-
mouse IL-6 detection antibody (clone MP5-32C11; BD
PharMingen). Culture supernatants of untreated osteoblasts or
cells exposed to purified flagellin (0.1, 1, 10, and 100 ng/ml)
were taken after 24 h and assayed for the presence of IL-6.
Figure 2C shows that flagellin elicits dose-dependent increases
in IL-6 secretion that mirror the mRNA increases shown in
Fig. 2B. Taken together, these data demonstrate the ability of
a specific TLRS ligand to activate transcription factors that
lead to upregulation of mRNA levels and protein secretion of
an important proinflammatory cytokine.

The ability of a specific TLRS ligand to elicit transcription
factor activation and subsequent IL-6 secretion in osteoblasts
suggests the presence of functional TLRS molecules on murine
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FIG. 2. The TLRS ligand flagellin elicits transcriptional factor ac-
tivation and inflammatory cytokine production in murine osteoblasts.
(A) Cells were unexposed or exposed to purified flagellin (10 and 100
ng/ml) for 90 min. Whole-cell lysates were analyzed by Western blot-
ting for the presence of phosphorylated JNK1/2. (B) Cells were unex-
posed or exposed to purified flagellin (0.1, 1, 10, and 100 ng/ml) for 7 h
prior to RNA isolation and RT-PCR for mRNA encoding IL-6. These
studies were performed three times with similar results. (C) Cells were
unexposed or exposed to purified flagellin (1, 10, and 100 ng/ml) for
24 h. Culture supernates were analyzed for the presence of IL-6 pro-
tein by specific capture ELISA. Results shown are the means *+ stan-
dard errors of the means of replicate measurements in four separate
preparations. *, significantly different from untreated cells (P < 0.05)
when tested by Student’s paired ¢ test.

osteoblasts. In addition, the ability of flagellin to upregulate
the level of expression of mRNA encoding this receptor fur-
ther supports this notion. The recent commercial availability of
polyclonal antibodies directed against TLRS5 has enabled us to
perform experiments to confirm the presence of this receptor
in murine osteoblasts. Cells were either untreated or treated
with flagellin (1, 10, and 100 ng/ml). After 12 h, protein sam-
ples were obtained from osteoblasts as previously described by
our laboratory (4, 14) and were probed for the presence of
TLRS protein using an anti-TLRS polyclonal antibody pur-
chased from Santa Cruz Biotechnology (Santa Cruz, Calif.). As
shown in Fig. 3, Western blot analysis revealed a single prom-
inent band with a molecular mass of 92 kDa, which is in
agreement with previous work that used this antibody to study
TLRS expression in other cell types (7). Resting osteoblasts
expressed low levels of TLRS constitutively (Fig. 3), consistent
with the low-level expression of mRNA encoding this protein
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FIG. 3. Expression of TLRS protein in murine osteoblasts. Cells
were unexposed or exposed to purified flagellin (1, 10, and 100 ng/ml)
for 12 h. Whole-cell lysates were prepared and analyzed by Western
blotting for the presence of TLRS. Below, densitometric analysis of
this representative experiment is shown as arbitrary densitometric
units corrected for background intensity for each lane. These studies
were performed three times with similar results.

(Fig. 1). Importantly, flagellin, a specific ligand for TLRS,
elicited an almost twofold maximal increase in the expression
of TLRS as determined by densitometric analysis of protein
bands (Fig. 3). These increases conform to the pattern of
induction in TLRS mRNA expression seen following flagellin
treatment (Fig. 1B).

The present demonstration that osteoblasts recognize bac-
terial flagellins via TLRS represents a potentially important
means by which this bone cell type can respond to bacterial
pathogens. While the reasons that both flagellated and non-
flagellated bacterial species can upregulate TLRS expression in
osteoblasts are unclear, it may be that other bacterial products
act via their specific TLR homologues to secondarily promote
TLRS expression. Such a phenomenon in central nervous sys-
tem astrocytes was recently described in a report from our
laboratory (4). As such, these data suggest that exposure of
osteoblasts to bacteria or their components may serve to sen-
sitize these cells to subsequent bacterial challenge. Taken to-
gether, these results indicate that the presence of TLRS on
osteoblasts may represent an important mechanism whereby
these cells can perceive bacterial challenges and contribute to
inflammatory immune responses during the progression of
bone disease.

This work was supported by grants AR47585 and AR48842 to I.M.
from the National Institutes of Health.
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