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Two common pathogens known to cause bone infection, Salmonella and Staphylococcus aureus, were investi-
gated to determine their abilities to induce chemokine expression in cultured mouse and human osteoblasts.
While these cells are responsible for bone formation, we were surprised to find that they could respond to
bacterial infection by upregulating expression of the chemokine CXCL10 (IP-10). However, there were signif-
icant differences in the abilities of the gram-negative bacterium Salmonella and the gram-positive bacterium S.
aureus to induce expression of CXCL10. Reverse transcription-PCR and enzyme-linked immunosorbent assay
analyses showed high levels of Salmonella-induced CXCL10 mRNA and protein expression, respectively,
whereas the osteoblast response to S. aureus was significantly less. Consistent with these findings, Salmonella-
derived lipopolysaccharide (LPS), but not S. aureus-derived peptidoglycan, could induce expression of
CXCL10. An antibody against toll-like receptor 4 (TLR4) could block the LPS-induced CXCL10 production,
demonstrating the functional expression of TLR4 by osteoblasts. Despite the inducible nature of TLR2 mRNA
expression by bacterium-infected osteoblasts, peptidoglycan failed to stimulate CXCL10 secretion. Immuno-
fluorescent staining of bacterium-infected calvaria (i.e., skull bone) demonstrated the presence of CXCL10 in
osteoblasts. The fact that osteoblasts did not express CXCR3 mRNA, whereas T lymphocytes can express high
levels of this receptor, suggests that osteoblast-derived CXCL10 may recruit T lymphocytes to the sites of bone
infections.

T lymphocytes readily migrate to the sites of bone and joint
diseases (12, 13, 54, 55, 58, 61). While these cells can contrib-
ute to the protective host response, they may also contribute to
the destructive inflammatory response in these tissues (5, 7, 28,
32, 35, 56, 60, 63). The chemokines elaborated during bone and
joint disease are not well defined, nor is it clear which cell
populations contribute to the secretion of particular chemo-
kines. This statement is especially true for bone and joint
diseases caused by bacterial pathogens.

Surprisingly, bone-forming osteoblasts (6, 15) have the po-
tential to secrete certain chemokines following their activation
(10, 20, 25, 43). Recent studies suggest that stimulated osteo-
blasts may be responsible for recruitment of mononuclear leu-
kocytes into damaged or diseased bone. Unfortunately, a com-
prehensive evaluation of osteoblast-derived chemokine
production following interaction with bacterial pathogens has
not been performed. In particular, it is not clear if infected
osteoblasts can secrete select chemokines that preferentially
recruit and activate T lymphocytes.

In the present study, we focused on the ability of osteoblasts
to secrete CXCL10 (IP-10) following exposure of these cells to
bacteria, bacterial products, or T-lymphocyte-derived cyto-
kines. Traditionally, this chemokine can be induced in multiple
cell types (36), especially macrophages (40), following expo-
sure to gamma interferon (IFN-�). However, bacterial prod-
ucts, such as lipopolysaccharide (LPS), can also induce mac-
rophage-derived CXCL10 (40). The receptor for CXCL10,

CXCR3, is expressed at high levels on T lymphocytes and has
been reported to preferentially support TH1-type responses (8,
19, 44, 51). If osteoblasts elaborate CXCL10 following inter-
action with bacterial pathogens, this may help explain the pres-
ence of inflammatory T lymphocytes at the sites of bone infec-
tions.

Staphylococcus aureus and Salmonella are two common caus-
ative agents of bone and joint diseases (14, 34, 39, 42, 65) and
were chosen for use in this investigation based on this fact.
While these pathogens are both causes of bone diseases, they
have very dissimilar characteristics and modes of invasion. S.
aureus is an extracellular, gram-positive pathogen, and adher-
ence to bone is an important component of the infectivity of
this bacterium (18). Peptidoglycan, a component of the cell
wall of S. aureus, can interact with toll-like receptor 2 (TLR2)
expressed on cells such as macrophages to initiate a host re-
sponse (1, 2). Conversely, Salmonella is an intracellular, gram-
negative bacterium (3, 17), and Salmonella-derived LPS-CD14
complexes can bind to TLR4 to initiate host responses (1, 2).
One recent report suggests that osteoblasts can express the
mRNA encoding TLR2 and TLR4 (29).

Here we demonstrate for the first time the potential for
differential regulation of CXCL10 secretion in response to S.
aureus, Salmonella, bacterium-derived products, or certain cy-
tokines. Surprisingly, Salmonella and LPS were potent induc-
ers of CXCL10 in mouse and human osteoblast cultures,
whereas S. aureus and peptidoglycan induced much less of this
chemokine. Salmonella- or LPS-induced CXCL10 production
could be reduced in the presence of an antibody against TLR4.
Taken together, these results suggest that osteoblast-mediated
chemokine production may augment TH1 lymphocyte recruit-
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ment and activation, especially during infection by intracellular
bacterial pathogens.

MATERIALS AND METHODS

Isolation and culture of mouse calvaria and osteoblasts. Two-day-old BALB/c
or C57BL/6 mouse neonates (Charles River Laboratories, Wilmington, Mass.)
were sacrificed, and calvaria (i.e., skull bones) were removed. Whole calvaria
were used to isolate primary osteoblasts by sequential collagenase-protease di-
gestion as previously described (9–11). Briefly, cell isolates were pooled in os-
teoblast growth medium consisting of Dulbecco modified Eagle medium con-
taining 10% fetal bovine serum (Atlanta Biologicals, Atlanta, Ga.), 25 mM
HEPES, 2 g of sodium bicarbonate per liter, 75 �g of glycine per ml, 100 �g of
ascorbic acid per ml, 40 ng of vitamin B12 per ml, and 2 �g of p-aminobenzoic
acid per ml (pH 7.4). Fourth-passage cells were seeded at a density of 106 cells
per well in six-well plates or at a density of 2.5 � 105 cells per well in 24-well
plates and incubated at 37°C in a 6% CO2 atmosphere until the cells reached
confluence. More than 99% of these cells expressed markers of osteoblasts,
including type I collagen, osteocalcin, and alkaline phosphatase, as determined
by immunofluorimetric analyses performed as previously described (9–11).

Normal human osteoblast cultures. Normal human osteoblasts (Clonetics, San
Diego, Calif.) were purchased and propagated according to the guidelines pro-
vided by the vendor and as previously described by workers in our laboratory
(9–11). Osteoblast growth medium (Clonetics) containing 10% fetal bovine se-
rum, ascorbic acid, gentamicin, and amphotericin B was used to seed cells in
25-cm2 flasks, and this was followed by incubation at 37°C in the presence of 6%
CO2. When the cultures reached confluence, cells were removed and seeded into
the appropriate culture plates. These commercially available cells have been
extensively characterized as authentic osteoblasts (21).

Exposure of cultured mouse and human osteoblasts to bacteria, LPS, or
peptidoglycan. S. aureus strain UAMS-1 (ATCC 49230) is a clinical osteomyelitis
isolate and was grown overnight in 5 ml of Luria broth in a shaking water bath
at 37°C. Salmonella enterica serovar Dublin strain SL 1363 is a wild-type, patho-
genic strain and was also grown overnight in 5 ml of Luria broth at 37°C. Bacteria
were then harvested by centrifugation for 10 min at 4,300 � g and washed with
5 ml of Hanks balanced salt solution. The pellet was resuspended in medium
without antibiotics. Confluent layers of osteoblasts were infected with S. aureus
or Salmonella suspensions at different ratios of bacteria to osteoblasts by incu-
bation in medium without antibiotics for 45 min at 37°C. The ratios of Staphy-
lococcus cells to osteoblasts used for exposure in these studies were 250:1 and
75:1, and the ratios of Salmonella cells to osteoblasts used were 30:1 and 10:1.
These ratios were empirically determined to result in limited, but similar, intra-
cellular infections (less than 2%) for each pathogen. Furthermore, these levels of
exposure resulted in limited osteoblast cell death (less than 5%) during the times
in culture used.

In some experiments, S. aureus and Salmonella cells were exposed to short-
wavelength (250-nm) UV light for 5 and 3 min, respectively, prior to addition to
cultured osteoblasts. The times used for UV inactivation were empirically de-
termined to reduce the percentage of viable bacteria to less than 0.005%, as
determined by colony counting (16). It should be noted that this low level of
viable S. aureus or Salmonella cells in UV-inactivated preparations was not
sufficient to induce osteoblasts to secrete any detectable CXCL10 (data not
shown).

Following the brief exposure to bacteria, osteoblasts were washed three times
with Hanks balanced salt solution to remove any extracellular bacteria, and
cultures were incubated with medium supplemented with gentamicin (25 �g/ml)
to kill any remaining extracellular bacteria. Supernatant collection, RNA isola-
tion, and enumeration of intracellular bacteria occurred at the times indicated
below as previously described (9–11).

In some experiments, osteoblasts were exposed to purified peptidoglycan or
LPS (Sigma, St. Louis, Mo.) and incubated for different times before supernatant
collection or RNA isolation.

Salmonella- and S. aureus-induced chemokine mRNA expression analyses per-
formed by using macroarrays and reverse transcription (RT)-PCR. To define
chemokine expression following exposure of mouse osteoblasts to S. aureus or
Salmonella, we began by using gene macroarrays. Poly(A)� mRNA was isolated
by using magnetic oligo(dT) beads (DYNAL, Olso, Norway) from uninfected, S.
aureus-infected, or Salmonella-infected mouse osteoblast cultures 6 h postinfec-
tion. cDNA labeled with 32P (New England Nuclear, Boston, Mass.) was made
from each mRNA preparation by using 200 U of RNase H�, Moloney leukemia
virus reverse transcriptase (Superscript II; Gibco-BRL, Gaithersburg, Md.), and
the primer mixture supplied by the manufacturer (CLONTECH, Palo Alto,
Calif.). The labeled cDNAs were then hybridized to identical gene macroarrays

(Atlas 1.2 mouse cancer array; CLONTECH) overnight at 65°C by using the
hybridization buffer supplied by the manufacturer. The macroarrays each con-
tained 1,176 mouse genes, including the CXCL10 gene and many of the known
chemokine genes (CLONTECH). After unbound radiolabel was washed off, the
blots were exposed to phosphorimaging screens, and hybridization was detected
by using a TYPHOON 8600 image analyzer (Molecular Dynamics, Sunnyvale,
Calif.). Differences in hybridization between blots were quantified by using Im-
ageQuant software (Molecular Dynamics). These experiments were performed
twice to demonstrate reproducibility and to allow comparison of results.

Results from the Atlas 1.2 mouse cancer arrays were used to direct more
focused gene expression analyses performed with mouse chemokine GEArrays
(SuperArray, Bethesda, Md.). Poly(A)� RNA was isolated from uninfected, S.
aureus-infected, or Salmonella-infected mouse osteoblast cultures, and 32P-la-
beled cDNA was made as described above by using the primer mixture supplied
by the manufacturer (SuperArray). The labeled cDNAs were then hybridized to
identical chemokine GEArrays (SuperArray) overnight at 65°C by using the
hybridization buffer supplied by the manufacturer. After unbound radiolabel was
washed off, the blots were exposed to phosphorimaging screens, and hybridiza-
tion was detected and quantified as described above.

To confirm differences in CXCL10 mRNA expression that were detected in
the macroarray analyses, semiquantitative RT-PCR was performed as previously
described (9–11). Briefly, total RNA was extracted from uninfected, infected, or
treated mouse or human osteoblasts (TRIZOL reagent; Gibco-BRL) and re-
verse transcribed. The PCR was performed with cDNA by using a denaturation
temperature of 95°C, an annealing temperature of 59°C, and an extension tem-
perature of 72°C (Robocycler 40; Stratagene, La Jolla, Calif.) with the first 3 of
27 cycles having extended denaturation and annealing times. The positive- and
negative-strand PCR primers were derived from the previously published se-
quences of mouse (64) and human (37) CXCL10 and included GAAATCATC
CCTGCGAGCCTATCC and GCAATTAGGACTAGCCATCCACTGGG (de-
rived from the mouse CXCL10 sequence) and GCGATTCTGATTTGCTGCC
TTATC and AGACATTTCCTTGCTAACTGCTTTCAG (derived from the
human CXCL10 sequence).

RT-PCR were also performed to detect the mRNAs encoding mouse CD14
(38), CXCR3 (57), TLR2 (22), and TLR4 (45) by using the following positive-
and negative-strand PCR primers pairs: CCTAGTCGGATTCTATTCGGA
GCC and AACTTGGAGGGTCGGGAACTTG to amplify CD14; AACCA
CAAGCACCAAAGCAG and TGATGTTGAAGAGGGCACCT to amplify
CXCR3; GCAGAATCAATACAATAGAGGGAGACGC and AAGTGAAGA
GTCAGGTGATGGATGTCG to amplify TLR2; and TTATCCAGGTGTGA
AATCCAGACAATT and TGAAAGGCTTGGTCTTGAATGAAGTCA to
amplify TLR4. By using a portion of cDNA from each sample, a housekeeping
gene, the glyceraldehyde-3-phosphate dehydrogenase (G3PDH) gene, (62), was
also amplified to ensure equal RNA inputs and similar efficiencies of RT. The
PCR primers used to amplify the G3PDH gene were CCATCACCATCTTCC
AGGAGCGAG and CACAGTCTTCTGGGTGGCAGTGAT. Following PCR,
15% of each amplified sample was electrophoresed on ethidium bromide-stained
agarose gels and visualized with UV illumination. In addition, DNA standards
(PGC Scientific, Fredrick, Mass.) electrophoresed on each gel were used to verify
the sizes of the amplified PCR fragments. Densitometric analysis of the amplified
fragments was performed by using NIH Image (obtained from the National
Institutes of Health website [http://rsb.info.nih.gov/nih-image]). A gel-plotting
macro was used to outline the bands, and the intensity was calculated by using
the Uncalibrated OD setting.

Quantification of CXCL10 secretion in culture supernatants by ELISA. Cap-
ture enzyme-linked immunosorbent assays (ELISAs) were performed to quantify
mouse and human CXCL10 secretion by using methods described previously
(9–11). The capture and detection antibodies used to quantify mouse CXCL10
were monoclonal rat anti-mouse CXCL10 (clone A102-6) and biotinylated poly-
clonal rabbit anti-mouse CXCL10 (PharMingen, San Diego, Calif.), respectively.
The capture and detection antibodies used to quantify human CXCL10 were
monoclonal mouse anti-human CXCL10 (clone 4D5) and biotinylated monoclo-
nal mouse anti-human CXCL10 (clone 6D4/D6/G2; PharMingen), respectively.
Purified rat immunoglobulin G (10 �g/ml) was included in wash and incubation
buffers to limit nonspecific binding. To detect the presence of bound antibody,
strepavidin-horseradish peroxidase (PharMingen) was added. After a 45-min
incubation at room temperature, wells were washed, and tetramethylbenzidine
(BioFx Laboratories, Owings Mills, Md.) was added. Colorimetric reactions were
subsequently stopped by addition of 0.5 M H2SO4, and A450 was measured
(model 550 microplate reader; Bio-Rad, Hercules, Calif.). Standard curves were
generated by determining absorbance values by using limiting dilutions of re-
combinant murine CXCL10 (PharMingen). Results are presented as means �
standard deviations based on triplicate determinations. ELISA sensitivity was
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0.05 ng/ml as indicated in the respective figures (�0.05). Statistically significant
differences in CXCL10 secretion were determined by using the Student t test.

Blocking of LPS-mediated or UV-killed Salmonella-mediated CXCL10 secre-
tion by using an antibody against TLR4. The ability of osteoblasts to respond to
LPS through a TLR4-mediated mechanism was determined by using mouse
osteoblasts cultured in the presence of an anti-mouse TLR4 antibody (clone
MTS510; eBioscience, San Diego, Calif.), an isotype-matched control rat immu-
noglobulin G2a antibody (PharMingen). Briefly, mouse osteoblasts were cul-
tured as described above, and antibodies (30 �g/ml) were added 30 min prior to
the addition of LPS or UV-killed Salmonella. Supernatants were used 24 h later
for quantification of CXCL10 secretion by ELISA as described above.

RESULTS

Salmonella and S. aureus induce CXCL10 mRNA expression
by mouse osteoblasts. Despite a limited number of studies
which have shown that stimulated osteoblasts can secrete se-
lected chemokines (10, 20, 25, 43), no comprehensive analysis
of chemokine expression by osteoblasts following bacterial in-
fection has been performed. Initially, we used macroarray
analyses to define chemokine mRNAs which were differentially
modulated following in vitro exposure of osteoblasts to S. au-
reus and following in vitro exposure of osteoblasts to Salmo-
nella. Since these two bacteria can cause bone and joint dis-
eases (14, 34, 39, 42, 65) but have very different properties and
modes of invasion, we anticipated that the osteoblast responses
to these bacteria might be different. As determined with two
different macroarrays (see Materials and Methods), it was
clear that Salmonella could induce rapid and substantial
CXCL10 mRNA expression in cultured mouse osteoblasts,
whereas the osteoblast response to S. aureus was modest (data
not shown).

To confirm that differential mRNA induction occurred,
semiquantitative RT-PCR was performed with RNAs isolated
from S. aureus- and Salmonella-infected osteoblasts to detect
CXCL10 mRNA expression. As shown in Fig. 1, constitutive
expression of CXCL10 mRNA was absent in uninfected mouse
osteoblasts. However, within 4 h after infection with Salmo-
nella, CXCL10 mRNA expression was upregulated, and
CXCL10 mRNA continued to be expressed at 6 and 8 h postin-
fection (Fig. 1A). In four separate RT-PCR analyses, the in-
creases in CXCL10 mRNA expression were 11.3 (�2.2)-fold
and 4.9 (�1.1)-fold (mean � standard deviation) for Salmo-
nella-to-osteoblast ratios of 30:1 and 10:1, respectively, at 6 h
postinfection compared to the CXCL10 mRNA expression in
uninfected cultures. A dose response was also observed; the
higher ratio of Salmonella to osteoblasts (30:1) induced more
CXCL10 mRNA expression than the lower ratio (10:1). This
result was not observed when mouse osteoblasts were exposed
to S. aureus (Fig. 1B). CXCL10 mRNA could be induced by
exposure to S. aureus, but clear increases could not be detected
until 6 to 8 h postinfection. These results confirmed what was
observed when macroarray analyses were used and indicated
that the CXCL10 response by mouse osteoblasts differed de-
pending on the bacterial pathogen.

CXCL10 secretion following infection of mouse osteoblasts
with S. aureus or Salmonella. To quantify CXCL10 secretion
following infection of mouse and human osteoblasts with Sal-
monella and S. aureus, capture ELISAs were performed. Fig-
ure 2A shows one representative dose response of mouse os-
teoblasts exposed to these two bacterial pathogens. Consistent
with the different abilities of the organisms to induce mRNA

expression, Salmonella was a potent stimulator of CXCL10
secretion when the stimulation was compared to that induced
by S. aureus (Fig. 2A). Kinetic analysis showed that Salmonella
could induce CXCL10 secretion as early as 8 h postinfection
(Fig. 2B), indicating rapid induction of this chemokine by this
pathogen.

Of particular interest was the ability of UV-killed Salmonella
to induce CXCL10 secretion (Fig. 2A). Nonviable Salmonella
cannot invade osteoblasts, and these bone-forming cells have a
limited ability to take up bacteria (16, 24, 47). Therefore, the
finding that killed Salmonella could stimulate CXCL10 secre-
tion, albeit at a lower level than the level stimulated by viable
bacteria, suggested that osteoblasts might express cell surface
molecules which have the ability to sense the presence of
gram-negative bacteria or their products.

Salmonella and S. aureus induce CXCL10 mRNA expression
and secretion by human osteoblasts. Similar results were ob-
served when human osteoblasts were infected with Salmonella
or S. aureus. At 6 h postinfection, Salmonella was a potent
inducer of CXCL10 mRNA expression compared to the mes-
sage expression in S. aureus-infected human osteoblasts (Fig.
3A). Consistent with the mRNA results, Salmonella induced
high levels of CXCL10 secretion following infection of human
osteoblasts compared with the levels of S. aureus-induced che-

FIG. 1. CXCL10 mRNA expression following infection of mouse
osteoblasts with Salmonella or S. aureus. Cultured murine osteoblasts
were not infected (lanes 0) or were exposed to viable Salmonella (A) or
S. aureus (B) at bacterium-to-osteoblast ratios of 30:1 (lanes 30), 10:1
(lanes 10), 250:1 (lanes 250), or 75:1 (lanes 75) for 45 min; this was
followed by removal of extracellular bacteria. RNA was isolated at
different times following exposure to bacteria, and semiquantitative
RT-PCR was performed to detect CXCL10 mRNA. The results are
presented as amplified products electrophoresed on ethidium bro-
mide-stained agarose gels. RT-PCR amplification of the G3PDH
housekeeping gene was performed to ensure that similar amounts of
input RNA and similar efficiencies of RT were being compared. The
experiments were performed four times with similar results.
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mokine secretion (Fig. 3B). Together, these results demon-
strate that the human and mouse osteoblast responses to a
gram-negative intracellular pathogen and a gram-positive ex-
tracellular pathogen are quantitatively different. Furthermore,
these results support the conserved nature of the response in
human and mouse osteoblasts.

Blocking of LPS-mediated CXCL10 secretion with an anti-
body against TLR4. The finding that killed, noninvasive Sal-
monella could stimulate some CXCL10 secretion suggested
that osteoblasts might express cell surface molecules which
have the ability to sense the presence of gram-negative bacteria
or their products. As shown in Fig. 4A, Salmonella-derived
LPS, but not peptidoglycan, could stimulate cultured mouse
osteoblasts to express the mRNA encoding CXCL10 and could
induce secretion of this chemokine in a dose-dependent man-

ner (Fig. 4B). Thus, it was not necessary to have intact, viable
Salmonella cells to stimulate osteoblasts to express CXCL10.
Furthermore, this result was consistent with the results of a
limited number of previous publications (23, 25, 29, 31, 48, 49,
53) demonstrating that bacterial LPS can stimulate osteoblast
secretion of select chemokines, cytokines, or nitric oxide. In-
terestingly, the TH1- and TH2-derived cytokines IFN-� and
IL-4 could also induce CXCL10 secretion (Fig. 4C).

Bacterially derived LPS can complex with CD14 and bind to
TLR4 to initiate a cellular response (1, 2). However, it is not
altogether clear at present what the signaling mechanism for
LPS-induced chemokine responses in osteoblasts is. There are
conflicting reports concerning the ability of osteoblasts to ex-
press CD14 (31, 48), and there is only one recent publication
which suggests that these cells express functional TLR4 (29).
Therefore, we addressed the potential for CD14 and toll-like
receptor mRNA expression during Salmonella infection of os-
teoblasts using RT-PCR. Mouse osteoblasts were not infected
or were exposed to Salmonella or S. aureus, and then RNA was

FIG. 2. CXCL10 secretion following infection of cultured mouse
osteoblasts with Salmonella or S. aureus. (A) Cultured mouse osteo-
blasts were not infected (Media) or were exposed to viable Salmonella
(Sal) or UV-killed Salmonella (UV-Sal) at a bacterium-to-osteoblast
ratio of 30:1 or 10:1 or to viable S. aureus (Staph) or UV-killed S.
aureus (UV Staph) at a bacterium-to-osteoblast ratio of 250:1 or 75:1
for 45 min; this was followed by removal of extracellular bacteria.
Culture supernatants were taken 24 h postinfection, and specific cap-
ture ELISAs were performed to quantify CXCL10 secretion. (B) To
investigate the kinetics of the response, mouse osteoblasts were in-
fected with Salmonella (ratio of bacteria to osteoblasts, 10:1), and
culture supernatants were removed 8, 12, and 24 h postinfection.
ELISAs were performed to quantify CXCL10 secretion. The results
are presented as means � standard deviations based on triplicate
determinations. The experiments were performed four times with sim-
ilar results.

FIG. 3. CXCL10 mRNA expression and secretion following infec-
tion of human osteoblasts with Salmonella or S. aureus. (A) Cultured
human osteoblasts were not infected (Media) or were exposed to
viable S. aureus at a bacterium-to-osteoblast ratio of 75:1 (Staph 75) or
250:1 (Staph 250) or to Salmonella at a bacterium-to-osteoblast ratio of
10:1 (Sal 10) or 30:1 (Sal 30) for 45 min; this was followed by removal
of extracellular bacteria. RNA was isolated at 8 h after exposure to
bacteria, and semiquantitative RT-PCR was performed to detect hu-
man CXCL10 mRNA expression. The results are presented as ampli-
fied products electrophoresed on ethidium bromide-stained agarose
gels. RT-PCR amplification of the G3PDH housekeeping gene was
performed to ensure that similar amounts of input RNA and similar
efficiencies of RT were being compared. (B) To quantify human
CXCL10 secretion, osteoblasts were not infected (Media) or were
exposed to viable Salmonella (Sal) or UV-killed Salmonella (UV-Sal)
at a bacterium-to-osteoblast ratio of 30:1 or 10:1 or to viable S. aureus
(Staph) at a bacterium-to-osteoblast ratio of 250:1 or 75:1. Superna-
tants were taken 24 h postinfection, and specific ELISAs were per-
formed. The experiments were performed twice with similar results.
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extracted and used for RT-PCR to detect expression of the
mRNAs encoding TLR2, TLR4, CD14, and G3PDH. In mouse
osteoblasts (Fig. 5), there was some constitutive mRNA for
each of these mRNA species. The levels of mRNA encoding
CD14 and TLR4 did not vary significantly following infection;
however, the mRNA encoding TLR2 was induced by interac-
tion with either bacterium (Fig. 5).

To investigate the functional expression of TLR4, mouse
osteoblasts were treated with LPS in the presence of an anti-
body against TLR4 or an isotype-matched control antibody.
Figure 6 demonstrates the ability of the TLR4 antibody to
effectively block LPS-induced CXCL10 secretion. Taken to-
gether, the results suggest that gram-negative pathogens, like
Salmonella, can stimulate CXCL10 production during infec-
tion by interacting with toll-like receptors on osteoblasts.

Lack of CXCR3 mRNA expression by infected osteoblasts.
The receptor for CXCL10 is CXCR3; therefore, we questioned
whether infected osteoblasts have the potential to express the
mRNA encoding this protein. Mouse osteoblasts were in-
fected, and RT-PCR was performed to detect CXCR3 mRNA.
As shown in Fig. 7, no CXCR3 mRNA was observed in in-
fected osteoblasts, despite the presence of CXCR3 mRNA in
activated CD4� T lymphocytes and G3PDH mRNA expres-
sion by all cells. Therefore, it is unlikely that CXCL10 pro-

FIG. 4. Salmonella-derived LPS, IFN-�, and IL-4, but not S. au-
reus-derived peptidoglycan or IL-10, can induce expression of CXCL10
by cultured mouse osteoblasts. (A) Mouse osteoblasts were not in-
fected (Media) or were exposed to 1.0 �g of LPS per ml (LPS 1.0), 0.1
�g of LPS per ml (LPS 0.1), 10 �g of peptidoglycan per ml (PGN 10),
or 0.1 �g of IFN-� per ml (IFN 0.1) for 6 h, and RNA was isolated and
used for RT-PCR to detect CXCL10 mRNA expression. The results
are presented as amplified products electrophoresed on ethidium bro-
mide-stained agarose gels. RT-PCR amplification of the G3PDH
housekeeping gene was performed to ensure that similar amounts of
input RNA and similar efficiencies of RT were being compared. The
experiments were performed twice with similar results. (B) Similar
studies were performed to quantify LPS and peptidoglycan (PGN)-
induced CXCL10 secretion with an ELISA. The results are presented
as the means � standard deviations based on triplicate determinations.
The experiments were performed twice with similar results. (C) Mouse
osteoblasts were exposed to IFN-� (IFN), IL-4, or IL-10 for 24 h, and
culture supernatants were used for quantification of CXCL10 secre-
tion by an ELISA. The results are presented as the means � standard
deviations based on triplicate determinations. The experiments were
performed twice with similar results.

FIG. 5. Infected osteoblasts express the mRNAs encoding CD14,
TLR2, and TLR4. Mouse osteoblasts were not infected (Media) or
were exposed to viable Salmonella at a bacterium-to-osteoblast ratio of
30:1 (Sal 30) or 10:1 (Sal 10) or to S. aureus at a bacterium-to-
osteoblast ratio of 250:1 (Staph 250) or 75:1 (Staph 75) for 45 min; this
was followed by removal of extracellular bacteria. RNA was isolated
following exposure to the bacteria, and a semiquantitative RT-PCR
was performed to detect CD14, TLR2, and TLR4 mRNAs. The results
are presented as amplified products electrophoresed on ethidium bro-
mide-stained agarose gels. RT-PCR amplification of the G3PDH
housekeeping gene was performed to ensure that similar amounts of
input RNA and similar efficiencies of RT were being compared. The
experiments were performed twice with similar results.

FIG. 6. Blocking of LPS-mediated CXCL10 secretion with an an-
tibody against TLR4. Mouse osteoblasts were not treated (Media) or
were treated with an isotype-matched control antibody (Cont Ab) or
an antibody against TLR4 (Anti-TLR4) for 30 min prior to addition of
LPS. Twenty-four hours later, culture supernatants were taken, and
CXCL10 secretion was quantified by an ELISA. The results are pre-
sented as means � standard deviations based on triplicate determina-
tions. The asterisk indicates that the value is statistically significantly
different (P � 0.05) from the control value. The experiments were
performed twice with similar results.
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duced by osteoblasts interacted with these bone cells in an
autocrine or paracrine manner.

DISCUSSION

Bone and joint diseases often involve excessive inflammatory
responses with T-lymphocytic infiltrates (12, 13, 54, 55, 58, 61);
however, it is not altogether clear which chemokines call these
cells to the site of inflammation. The receptor for CXCL10 is
CXCR3, which is found predominately on TH1 lymphocytes
(8, 19, 44, 51). Surprisingly, we found that osteoblasts have the
potential to be a significant source of CXCL10 following in-
teraction with bacteria. Therefore, this result may help explain
the recruitment of CXCR3-positive TH1 lymphocytes to the
sites of bone infections via osteoblast-derived CXCL10.

Quantitative differences in the abilities of Salmonella and S.
aureus to induce CXCL10 production may indicate fundamen-
tal differences in the host responses to these two very different
bacterial pathogens. While S. aureus is the most frequent caus-
ative agent of bone infections (14, 34, 39), Salmonella spp. are
also significant pathogens (4, 30, 34, 42, 65). In particular,
Salmonella infection is one of the most frequent serious infec-
tions of the bone in sickle cell patients and can also be a
significant cause of inflammatory joint diseases. Immunosup-
pressed patients are especially susceptible to Salmonella-in-
duced bone diseases, and it has been known for some time that
antibiotic therapy is becoming less effective in eliminating this
bacterial pathogen (65). Salmonella spp. are intracellular
pathogens (17, 26, 41), and TH1-driven cell-mediated immune
responses are required to clear the pathogen (26, 27, 33).
Therefore, successful resolution of Salmonella-mediated bone
or joint infections would require recruitment of T lymphocytes
capable of secreting IFN-�. Salmonella-induced CXCL10 se-
cretion by osteoblasts would be consistent with recruitment of
TH1 lymphocytes to the site of bone infection, presumably to
initiate cell-mediated immune responses to clear this intracel-
lular pathogen. The fact that infected osteoblasts do not ex-
press CXCR3 mRNA (Fig. 7) further suggests that cells other

than osteoblasts are the intended targets for this secreted che-
mokine. Therefore, the results presented here suggest that
osteoblasts are capable of contributing to the initiation of cell-
mediated immune responses that, if successful, would result in
removal of the intracellular pathogen.

While S. aureus could induce some CXCL10 secretion (Fig.
2 and 3), an optimal host response may not require the same
level of recruitment of TH1 lymphocytes for this extracellular
pathogen. Interestingly, bacterial peptidoglycan from S. aureus
was unable to induce detectable CXCL10 secretion (Fig. 4),
despite expression of the mRNA encoding a potential receptor
for this bacterial product. Peptidoglycan is a ligand for TLR2
(2, 52, 66), and we detected inducible TLR2 mRNA expression
in infected osteoblasts (Fig. 5). However, if functional TLR2 is
expressed by these cells, CXCL10 secretion is not one of the
chemokines which are induced via this toll-like receptor. This
result is consistent with the results of a recent report in which
CXCL10 production could not be detected following stimula-
tion through TLR2 in dendritic cells (46).

The fact that viable (i.e., invasive) Salmonella was a more
potent stimulator of CXCL10 secretion than UV-killed Salmo-
nella (Fig. 2A) or LPS (Fig. 4B) suggests that signaling through
TLR4 is not the only mechanism responsible for chemokine
induction during infection by this pathogen. This result was
similar to the results observed for Salmonella-induced IL-6
(11), IL-12 (11), colony-stimulating factor (9), and CCL2 (10)
secretion. In each case, UV-killed bacteria were not as potent
an inducer of cytokine secretion as viable Salmonella, which is
capable of invading and surviving intracellularly. The ability of
Salmonella to invade osteoblasts is not surprising, since osteo-
blasts have been described as sophisticated fibroblasts (15) and
since invasion of epithelial cells by Salmonella is well docu-
mented (26, 41, 50). Thus, the ability of Salmonella to interact
with osteoblasts at the cell surface and intracellular interac-
tions following invasion make investigating the signals mediat-
ing the osteoblast response somewhat complex. Future studies
with Salmonella mutants that lack key genes involved in inva-
sion and intracellular survival should provide insight into the
mechanisms underlying the signals induced upon interaction of
this pathogen with these sophisticated fibroblasts.

Perhaps the most important implication of the present study
is the possibility that osteoblasts may represent an important
contributor to T-lymphocyte recruitment and activation during
bone infections. Formation and remodeling of bone are driven
by bone-forming osteoblasts (15) and bone-resorbing oste-
oclasts (59). Osteoclasts are derived from a myeloid precursor
and release various lysosomal enzymes to break down the
organic matrix of bone. Conversely, osteoblasts are responsible
for laying down new bone matrices of type 1 collagen and other
proteins and also for directing the activity of osteoclasts. How-
ever, it is becoming apparent that leukocytes, especially T
lymphocytes, can significantly modulate the activity of both
osteoblasts and osteoclasts and their ability to remodel bone
(5, 32, 35, 56, 58, 60). If osteoblasts can recruit T cells to the
site of bone infection and activate these lymphocytes, such
mechanisms would have important implications for the host
response against the pathogen and for bone formation. The
results presented here demonstrate the potential for osteo-
blasts to secrete high levels of CXCL10 in response to bacterial
infection. This surprising result suggests that osteoblasts may

FIG. 7. Mouse osteoblasts do not express CXCR3 mRNA. Cul-
tured murine osteoblasts were not infected (Media) or were exposed to
viable Salmonella at a bacterium-to-osteoblast ratio of 30:1 (Sal 30) or
10:1 (Sal 10) or to S. aureus at a bacterium-to-osteoblast ratio of 250:1
(Staph 250) or 75:1 (Staph 75) for 45 min; this was followed by removal
of extracellular bacteria. RNA was isolated following exposure to the
bacteria, and a semiquantitative RT-PCR was performed to detect
CXCR3 mRNA. The results are presented as amplified products elec-
trophoresed on ethidium bromide-stained agarose gels. RT-PCR am-
plification of the G3PDH housekeeping gene was performed to ensure
that similar amounts of input RNA and similar efficiencies of RT were
being compared. The experiments were performed twice with similar
results.
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have a new function beyond that of bone formation and may,
in fact, be responsible for recruitment and activation of T
lymphocytes at sites of bone disease.
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