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Staphylococcus aureus and Salmonella enterica serovar Dublin invade osteoblasts and are causative agents of
human bone disease. In the present study, we examined the ability of S. aureus and Salmonella serovar Dublin
to induce the production of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) by normal
osteoblasts. Normal mouse and human osteoblasts were cocultured with S. aureus or Salmonella serovar Dublin
at different multiplicities of infection. Following initial incubation and examination of TRAIL expression,
extracellular bacteria were killed by the addition of media containing the antibiotic gentamicin. Lysates and
conditioned media from osteoblast cultures were then collected at various times following invasion and
analyzed. The results demonstrated that S. aureus and Salmonella serovar Dublin are potent inducers of TRAIL
expression by osteoblasts. Mouse and human TRAIL mRNA expression was induced by bacterial infection and
demonstrated a dose-dependent response. Analysis of kinetics suggested that TRAIL mRNA was induced
within 30 min after exposure to bacteria and that its level of expression remained relatively constant over the
time period examined. mRNA molecules encoding TRAIL receptors were constitutively expressed by osteo-
blasts. Furthermore, TRAIL protein was detected as early as 45 min and up to 24 h following infection. The
quantity of TRAIL protein produced also increased in a dose-dependent manner. Collectively, these findings
suggest a mechanism whereby bacterial pathogens mediate bone destruction via osteoblast apoptosis.

Staphylococcus aureus is a common cause of bone and joint
infections in humans. Infections can be a complication of sep-
ticemia or can follow local trauma to the implicated tissue. The
pathogenesis of staphylococcal bone and joint infection is cur-
rently poorly understood but is likely to be multifactorial. Bac-
terial virulence determinants are important in infection, as are
host factors, such as immune status and the presence of un-
derlying disease.

S. aureus is a capable bone pathogen in part because it
possesses several cell surface adhesion molecules that facilitate
its binding to the bone matrix. Binding involves a family of
adhesins that interact with extracellular matrix components,
and these adhesins have been termed microbial surface com-
ponents recognizing adhesive matrix molecules (MSCRAMMs)
(26). Specific MSCRAMMs are responsible for the localization
of S. aureus to bone tissue (14). Once the bacteria adhere to
and colonize the bone matrix, they elaborate several virulence
factors, such as proteases, which can break down matrix com-
ponents. The resultant bone destruction facilitates bacterial
invasiveness.

S. aureus is generally not considered a significant intracellu-
lar pathogen compared to species of genera such as Listeria
and Shigella; however, there is growing evidence that S. aureus
has the ability to invade epithelial and endothelial cells (1, 2, 3,
22, 34). Regarding infection of bone, S. aureus has the ability to
invade mouse and human osteoblast cell lines (7, 16). Exper-

iments with these cell lines indicated that actin microfilaments,
microtubules, and receptor-mediated endocytosis are used in
the internalization of S. aureus into osteoblasts; however, mi-
crofilaments seem to play the most significant role in the in-
vasion process. S. aureus also has the ability to invade normal
human osteoblasts. Human osteoblasts infected with S. aureus
express high levels of interleukin 6 (IL-6) and IL-12 p75, as
indicated by complementary investigations demonstrating S.
aureus-induced up-regulation of IL-6, IL-12 p40 mRNA ex-
pression, and IL-6 and IL-12 p75 secretion by these cells (6). In
addition, a quantitative bioassay demonstrated that IL-12 p75
secreted following infection was biologically active (6). These
studies were the first to demonstrate induced IL-12 p75 ex-
pression by osteoblasts and suggest a previously unrecognized
role for osteoblasts in initiating immune responses following S.
aureus infection.

Finally, S. aureus has been shown to invade normal chicken
osteoblasts both in vitro and in vivo (15, 29). S. aureus cells
were found in approximately 14% of calvarial osteoblasts after
subcutaneous injection of chicken embryos and in 11% of
calvarial and tibial osteoblasts after intra-allantoic injection.
As in in vitro studies, most intracellular bacteria are eventually
free in the osteoblast cytoplasm in vivo. S. aureus cells in
calvariae and tibiae were also observed in the cytoplasm of
approximately 4% of the osteocytes in the mineralized bone
matrix. Therefore, osteoblasts containing internalized S. aureus
cells continue differentiating into osteocytes.

Observations that S. aureus invades osteoblasts, persists in-
tracellularly, and induces proinflammatory cytokine secretion
indicate that the intracellular survival of the bacterium may be
involved in bone infection. Evidence that invasion occurs in
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vivo further justifies this presumption. S. aureus sequestered
from the host immune system in the osteoblast intracellular
environment may provide a reservoir of bacteria for recurring
osteomyelitis and may be more relevant to chronic disease than
bacteria associated with the bone matrix.

It has been reported that S. aureus surface-associated pro-
teins are potent stimulators of bone resorption (24) and that
stimulation of osteoclast formation by the proteins plays a role
in bone destruction (21). Induction of the apoptotic pathway in
osteoblasts following internalization (31) likely exacerbates the
bone destruction characteristic of infection. In the present
study, we examined one potential mechanism of apoptosis in-
duction in normal mouse and human osteoblasts. We report
that the bone pathogens S. aureus and Salmonella enterica
serovar Dublin are surprisingly potent inducers of tumor ne-
crosis factor-related apoptosis-inducing ligand (TRAIL). These
results suggest a pathway for bacterium-induced osteoblast
apoptosis which has not previously been considered.

MATERIALS AND METHODS

Normal mouse osteoblast cell culture. Normal osteoblast cell cultures were
prepared from mouse neonates according to a method previously described for
chicken embryos (28). Bone-forming cells were isolated from mouse neonate
calvariae by sequential collagenase and protease digestions. The periostea were
removed, the frontal bones were harvested free of the suture regions, and the
bones were incubated for 10 min at 37°C in 10 ml of digestion medium, contain-
ing collagenase (375 U/ml, type VII; Sigma Chemical Company, St. Louis, Mo.)
and protease (7.5 U/ml; Sigma). The digestion medium and released cells were
removed and discarded. Ten milliliters of fresh digestion medium was added, and
incubation was continued for 20 min. Cells were harvested by centrifugation and
rinsed three times in 25 mM HEPES-buffered Hanks’ balanced salt solution (pH
7.4; HBSS). The digestion step was repeated twice, and the three cell isolates
were pooled in mouse osteoblast growth medium (OBGM), consisting of Dul-
becco’s modified Eagle’s medium containing 25 mM HEPES, 10% fetal bovine
serum (Sigma), 2 g of sodium bicarbonate per liter, 75 mg of glycine/ml, 100 mg
of ascorbic acid/ml, 40 ng of vitamin B12/ml, 2 mg of p-aminobenzoic acid/ml, 200
ng of biotin/ml, and penicillin (100 U/ml)-streptomycin (100 mg/ml)-amphoteri-
cin B (Fungizone; 0.25 mg) (pH 7.4) (27). Cells were seeded in six-well cluster
plates and incubated at 37°C in a 5% CO2 atmosphere until they reached
confluence (6 to 7 days).

Characterization of normal mouse osteoblasts. Mouse osteoblasts were grown
on glass coverslips in 24-well plates until they were confluent; they were then
fixed and permeabilized using CytoFix/CytoPerm according to the methods rec-
ommended by the manufacturer (PharMingen, San Diego, Calif.). Rabbit anti-
bodies specific for osteocalcin (1:100 dilution; Peninsula Laboratories, Belmont,
Calif.), type I collagen (1:40 dilution; Chemicon, Temecula, Calif.), alkaline
phosphatase (1:40 dilution; Sigma), or keyhole limpet hemocyanin (1:40 dilu-
tion) were incubated on cell preparations for 45 min at 4°C. After unbound
antibody was washed off, a phycoerythrin-conjugated goat anti-rabbit immuno-
globulin G antibody (1:50 dilution; Sigma) was added for 45 min at 4°C. After the
samples were washed, at least 500 cells were scored for positive fluorescence
using an Olympus BX60 fluorescence microscope. Osteocalcin, type I collagen,
and alkaline phosphatase were selected for analysis, since the expression of these
proteins has been used to define osteoblasts as such (9, 20, 30).

Normal human osteoblast cultures. Normal human osteoblasts (Clonetics, San
Diego, Calif.) were propagated according to the guidelines provided by the
vendor. Cells were seeded in 25-cm2 flasks and incubated at 37°C in a 5% CO2

atmosphere in medium supplied by the manufacturer; this medium contains 10%
fetal bovine serum, ascorbic acid, and gentamicin. After the cells reached ap-
proximately 80% confluence (5 to 9 days), they were removed from flasks with
0.025% trypsin–0.01% EDTA, washed in medium, and seeded into six-well
plates. Cells were used as described below once they reached approximately 80%
confluence (6 to 7 days). These commercially available cells have been exten-
sively characterized as osteoblasts (9, 13).

Bacterial strains and growth conditions. S. aureus strain UAMS-1 (ATCC
49230) (osteomyelitis clinical isolate) and Salmonella serovar Dublin strain 1363
were grown separately overnight in 5 ml of tryptic soy broth at 37°C with
aeration. Bacteria were harvested by centrifugation for 10 min at 4,300 3 g and

4°C and washed in 5 ml of HBSS. Bacteria were then resuspended in either
mouse or human OBGM.

Infection and invasion assay. Following resuspension of bacteria in OBGM,
bacterial cell density was determined via spectrophotometric analysis. Cells were
then diluted in OBGM to obtain the desired multiplicity of infection (MOI).
Osteoblasts were infected with S. aureus at an MOI of 25:1, 75:1, or 250:1 or with
Salmonella serovar Dublin at an MOI of 1:1, 3:1, or 10:1. The highest MOIs used
for each organism resulted in approximately one internalized bacterium per
osteoblast in cultures (data not shown). Following either 30 or 45 min of infec-
tion, osteoblasts were either lysed by the addition of 0.1% Triton X-100 with
incubation for 5 min at 37°C or washed three times with HBSS and incubated in
medium containing 25 mg of gentamicin per ml to kill extracellular bacteria. At
various times following bacterial invasion, osteoblasts were lysed, and osteoblast
RNA or protein was isolated for further analysis.

RNA isolation, RT, and semiquantitative PCR. At 30 min as well as 6 h
following bacterial infection, RNA was extracted from either normal mouse or
normal human osteoblasts, reverse transcribed, and subjected to semiquantita-
tive reverse transcription (RT)-PCR as previously described (4, 5). Briefly, total
RNA was isolated using TRIZOL reagent (Gibco-BRL, Gaithersburg, Md.), and
2 mg of total RNA was reverse transcribed in the presence of random hexamers
using 200 U of RNase H-negative Moloney murine leukemia virus reverse tran-
scriptase (Superscript II; Gibco-BRL) in the buffer supplied by the manufac-
turer. PCR was performed on 5% of the total cDNA to quantify the expression
of the mRNAs encoding TRAIL, TRAIL receptors, and glyceraldehyde-3-phos-
phate dehydrogenase (G3PDH). Cycles consisted of 95°C denaturation, 60°C
annealing, and 72°C extension (Robocycler 40; Stratagene, La Jolla, Calif.), with
the first 3 of 27 total cycles having extended denaturation and annealing times.

PCR primers were derived from published sequences and were designed for
optimal amplifications using Oligo 4.0 primer analysis software (National Bio-
sciences, Inc., Plymouth, Minn.). Primers were also selected based on their utility
for the amplification of a minimum of 250 bp from the cDNA, their identity with
different exons of the genomic sequence for each gene, and the lack of significant
homology with other sequences. Positive- and negative-strand primers were as
follows: G3PDH, GGAGCCAAACGGGTCATCATCTC and ATGCCTGCTT
CACCACCTTCTTG; mouse TRAIL, CAAAGACGGATGAGGATTTCTGG
GACT and TGAATGCCCTTTCCGAGAGGACTCC; mouse TRAIL receptor,
GGTTCCAGTAGTGCTGCTGATTGGA and CGACCATTCGGATTTGATT
GTCTG; human TRAIL, CCAATGACGAAGAGAGTATGAACAGCC and
GTTGCTCAGGAATGAATGCCCACTC; human TRAIL receptor 1 (R1),
GGGATGGTCAAGGTCAAGGATTGTAC and CTGCTCAGAGACGAAA
GTGGACAGC; and human TRAIL receptor 2 (R2), TATAGCACTCACTGG
AATGACCTCCTTT and ACCACCACCTGAGCAGATGCCTTTC.

Following PCR, 15% of each amplified sample was electrophoresed in
ethidium bromide-stained agarose gels and visualized by UV illumination. PCR
amplification of the housekeeping gene, the G3PDH gene, was performed on
cDNA from each sample to ensure equal input of RNA and similar efficiencies
of RT.

Protein isolation, SDS-PAGE, and Western immunoblot analysis. At 45 min as
well as 6, 12, and 24 h following infection, normal human osteoblasts were lysed
using 23 sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) denaturing buffer; proteins were separated via electrophoresis as de-
scribed previously (18). Supernatants were also collected from some infected
osteoblast cultures and concentrated using Centricon YM-30 centrifugal filter
devices (Millipore Corporation, Bedford, Mass.). The concentrated supernatant
samples were mixed with 23 SDS-PAGE denaturing buffer; proteins were sep-
arated via electrophoresis. S. aureus suspensions devoid of osteoblasts and pu-
rified TRAIL protein (amino-terminal histidine-tagged recombinant human
TRAIL [21 kDa]; R & D Systems, Inc., Minneapolis, Minn.) were also treated as
described above, followed by electrophoresis. Proteins were then electrotrans-
ferred to polyvinylidene difluoride membranes and incubated with either anti-
TRAIL polyclonal antibodies (StressGen, Victoria, British Columbia, Canada)
or anti-phosphorylated MKK3 or MKK6 polyclonal antibodies (New England
Biolabs, Inc., Beverly, Mass.). A secondary, anti-rabbit horseradish peroxidase-
conjugated antibody (New England Biolabs) was used to visualize reactive proteins.
All antibodies were diluted prior to use according to company recommendations.

RESULTS
TRAIL and TRAIL receptor mRNA expression. The mech-

anisms which function to induce apoptosis of osteoblasts dur-
ing bone infections have not been defined. For this reason, we
began an investigation to identify apoptosis-related genes ex-
pressed during infection of osteoblasts with bacterial patho-
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gens. Using RT-PCR detection kits (CytoXpress multiplex
human apoptosis sets 2 and 3; BioSource International, Cam-
arillo, Calif.), we first screened cultured human osteoblasts for
the expression of a variety of apoptosis-related genes which
were candidates for induction following infection. Results from
these studies (Fig. 1) suggested that TRAIL and perhaps
caspase 8 were induced following S. aureus infection of osteo-
blasts. A detailed analysis of TRAIL and TRAIL receptor
expression by infected osteoblasts was then undertaken.

Mouse osteoblasts were exposed to S. aureus at an MOI of
25:1, 75:1, or 250:1. Following a 30-min infection period, os-
teoblasts were either lysed or incubated in medium containing
gentamicin to kill extracellular bacteria prior to osteoblast
lysis. At 30 min and at 6 h following bacterial infection, osteo-
blast RNA was isolated and semiquantitative RT-PCR analysis
was performed to detect the expression of TRAIL, TRAIL
receptor, or G3PDH mRNA. Surprisingly, the mRNA encod-
ing TRAIL was rapidly and dramatically up-regulated follow-
ing exposure of mouse osteoblasts to S. aureus (Fig. 2). This

increase in TRAIL mRNA expression occurred whether viable
or UV-killed bacteria were used (Fig. 2), suggesting that active
S. aureus gene expression was not required for induction.
TRAIL mRNA expression was absent in uninfected cultures
and showed a dose-dependent response to S. aureus at 30 min
following infection. In contrast to the inducible nature of TRAIL
mRNA, the message encoding the TRAIL receptor was con-
stitutively expressed (Fig. 2). Differences noted in TRAIL
mRNA expression could not be attributed to significant differ-
ences in input RNA or efficiencies of RT between samples, as
indicated by amplification of the G3PDH housekeeping gene
from the same cDNA samples.

While S. aureus is the primary causative agent of bacterially
induced bone and joint diseases, Salmonella species can also be
responsible for such infections. We questioned whether these
two very different bacterial pathogens could induce similar os-
teoblast responses. As shown in Fig. 3, the gram-negative bacte-
rium Salmonella serovar Dublin was also able to rapidly up-
regulate TRAIL mRNA expression in mouse osteoblasts. As
with S. aureus, UV-killed bacteria were capable inducers of
TRAIL mRNA expression. Taken together, the results present-
ed in Fig. 2 and 3 demonstrate that both S. aureus and Salmo-
nella serovar Dublin can induce the rapid up-regulation of
TRAIL mRNA expression and that mouse osteoblasts consti-
tutively express mRNA encoding the single known TRAIL
receptor.

To address whether the TRAIL induction response to infec-
tious agents was conserved in humans, RT-PCR analysis was
also performed with normal human osteoblast cultures follow-
ing exposure to S. aureus or Salmonella serovar Dublin. The
results presented in Fig. 4 are qualitatively similar to those ob-
tained using cultured mouse osteoblasts. Specifically, TRAIL
mRNA expression was up-regulated in cultured human osteo-
blasts exposed to viable S. aureus or Salmonella serovar Dublin,
whereas the mRNAs encoding TRAIL R1 and R2 were con-
stitutively expressed. Thus, the results from mRNA analyses
were clear regarding S. aureus- or Salmonella serovar Dublin-
induced TRAIL expression by cultured mouse or human os-
teoblasts.

TRAIL protein synthesis and secretion. To complement the
mRNA analyses, Western blot analyses were performed to
examine the up-regulation of TRAIL following infection. These
analyses were limited to human osteoblasts, since the antibod-

FIG. 1. RT-PCR analysis of apoptosis-related genes in normal hu-
man osteoblasts infected with S. aureus at an MOI of 250:1 (S. aureus
organisms to osteoblasts). PCR amplification was performed as rec-
ommended by BioSource International. Gene expression was moni-
tored at 6 h following the addition of viable bacteria. Bcl-xL, B-cell
lymphoma gene 3 Long; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associ-
ated 3 protein; Fas, CD95; Fas-L, Fas ligand.

FIG. 2. RT-RCR analysis of TRAIL and TRAIL receptor (TRAIL/
R) expression in normal mouse osteoblasts infected with S. aureus or
UV-killed S. aureus at different MOIs (25:1, 75:1, or 250:1 [S. aureus
organisms to osteoblasts]). PCR amplification of G3PDH was per-
formed to ensure equal input of RNA and similar efficiencies of RT.
Gene expression was monitored at 0.5 and 6 h following the addition
of viable or UV-killed bacteria.

FIG. 3. RT-RCR analysis of TRAIL and TRAIL receptor (TRAIL/
R) expression in normal mouse osteoblasts infected with Salmonella
serovar Dublin or UV-killed Salmonella serovar Dublin at different
MOIs (10:1, 3:1, or 1:1 [Salmonella serovar Dublin organisms to osteo-
blasts]). PCR amplification of G3PDH was performed to ensure equal
input of RNA and similar efficiencies of RT. Gene expression was
monitored at 0.5 and 6 h following the addition of viable or UV-killed
bacteria.
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ies which are commercially available recognize the human pro-
tein. An osteoblast protein reacted with polyclonal anti-
TRAIL antibody in S. aureus-infected cultures but was absent
in uninfected osteoblasts and in preparations from S. aureus
cultures devoid of osteoblasts (Fig. 5). The reactive protein
present in infected cultures has a mass of approximately 33
kDa, which is the predicted size of at least one isoform of the
human TRAIL protein (19). A rabbit polyclonal antibody
preparation specific for human phosphorylated MKK3 or
MKK6 did not react with proteins from infected osteoblast
cultures. This antibody was used as a control, since we have
recently demonstrated that osteoblast MKK3 and MKK6 are
not phosphorylated in response to S. aureus infection (J. K.
Ellington, A. Elhofy, and M. C. Hudson, submitted for publi-
cation). Figure 5 demonstrates that the polyclonal anti-TRAIL
antibody reacts with recombinant human TRAIL and there-
fore suggests that the reactive protein present in infected os-
teoblast cultures is indeed TRAIL.

Cell-associated TRAIL protein was detected as early as 45
min and up to 24 h following infection of normal human

osteoblasts with S. aureus (Fig. 6). In addition, S. aureus-in-
duced TRAIL expression increased in a dose-dependent man-
ner. Cell-associated TRAIL protein was also detected in nor-
mal human osteoblasts within 45 min following exposure to
Salmonella serovar Dublin (Fig. 7). As with S. aureus infection,
the production of TRAIL by Salmonella serovar Dublin-in-
fected normal human osteoblasts also increased in a dose-
dependent manner and was sustained for at least 24 h. Con-
sistent with the results of the RT-PCR analyses, uninfected
human osteoblasts did not express significant amounts of
TRAIL protein. Finally, UV-killed bacteria induced the ex-
pression of TRAIL protein at levels similar to those induced by
live bacteria (Fig. 6 and 7).

Infected osteoblast cultures are also capable of secreting
significant quantities of TRAIL protein. Secreted TRAIL pro-
tein was detected as early as 45 min and up to 24 h following
infection of normal human osteoblasts with S. aureus (Fig. 8).
As with cell-associated TRAIL, S. aureus-induced secretion of
TRAIL increased in a dose-dependent manner. Secreted
TRAIL protein was also detected within 45 min following
exposure to Salmonella serovar Dublin (Fig. 9). Secretion of
TRAIL by Salmonella serovar Dublin-infected normal human
osteoblasts also increased in a dose-dependent manner and
was sustained for at least 24 h. Uninfected human osteoblasts
did not secrete significant amounts of TRAIL protein. Finally,
UV-killed bacteria induced the secretion of TRAIL protein at
levels similar to those induced by live bacteria (Fig. 8 and 9).

FIG. 4. RT-RCR analysis of TRAIL, TRAIL R1, and TRAIL R2
expression in normal human osteoblasts infected with S. aureus or
Salmonella serovar Dublin at different MOIs (25:1, 75:1, or 250:1 [S.
aureus organisms to osteoblasts]; 1:1, 3:1, or 10:1 [Salmonella serovar
Dublin organisms to osteoblasts]). PCR amplification of G3PDH was
performed to ensure equal input of RNA and similar efficiencies of
RT. Gene expression was monitored at 6 h following the addition of
viable bacteria.

FIG. 5. Western immunoblot analysis of cell-associated TRAIL ex-
pression by normal human osteoblasts infected with S. aureus. Lanes
contained S. aureus devoid of osteoblasts; uninfected osteoblasts 12 h
after mock infection; osteoblasts infected with S. aureus at an MOI of
75:1, 12 h after the addition of bacteria; and recombinant human
TRAIL (hTRAIL). The first four lanes were probed with polyclonal
anti-TRAIL antibody, and the fifth and sixth lanes were probed with
polyclonal anti-phosphorylated MKK3 or MKK6 antibody, prior to
reaction with the secondary antibody. Two micrograms of total protein
was loaded for the first three lanes and the fifth lane; 1 mg of recom-
binant hTRAIL was loaded for the fourth and sixth lanes.

FIG. 6. Western immunoblot analysis of cell-associated TRAIL ex-
pression by normal human osteoblasts infected with S. aureus or UV-
killed S. aureus at different MOIs (25:1, 75:1, or 250:1 [S. aureus
organisms to osteoblasts]). TRAIL expression was monitored at 45 min
following the addition of viable or UV-killed bacteria and at 6, 12, and
24 h following infection with viable S. aureus cells. Two micrograms of
total protein was loaded for each lane.

FIG. 7. Western immunoblot analysis of cell-associated TRAIL ex-
pression by normal human osteoblasts infected with Salmonella sero-
var Dublin or UV-killed Salmonella serovar Dublin at different MOIs
(1:1, 3:1, or 10:1 [Salmonella serovar Dublin organisms to osteo-
blasts]). TRAIL expression was monitored at 45 min following the
addition of viable or UV-killed bacteria and at 6, 12, and 24 h following
infection with viable Salmonella serovar Dublin cells. Two micrograms
of total protein was loaded for each lane.
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DISCUSSION

TRAIL is believed to induce apoptosis in tumorigenic or
transformed cells but not in normal cells (35). mRNA encod-
ing TRAIL has been detected in many tissues, including
spleen, prostate, ovary, and colon, and in peripheral blood
lymphocytes. The expression of TRAIL in many tissues there-
fore has suggested that the regulation of TRAIL-induced ap-
optosis is mediated through the regulation of TRAIL receptor
expression. A recent report was the first to demonstrate the
induction of TRAIL by an infectious agent (32). Measles virus
was shown to induce TRAIL production by human dendritic
cells, although the expression of TRAIL receptors was not
examined.

The current study demonstrates that bacterial bone patho-
gens strongly induce TRAIL expression by both normal mouse
and normal human osteoblasts, while there is constitutive ex-
pression of TRAIL receptors in the same cells. Surprisingly,
qualitatively similar results were obtained following interac-
tions of gram-positive and gram-negative bone pathogens with
normal osteoblasts from two different mammalian species. Vi-
able and UV-killed S. aureus and Salmonella serovar Dublin
caused a rapid and sustained up-regulation of TRAIL mRNA
and TRAIL protein expression. This up-regulation of TRAIL
mRNA by normal mouse osteoblasts in response to bacterial
infection is coupled with the constitutive expression of the

single known mouse TRAIL receptor (Fig. 2 and 3). Several
human TRAIL receptors are known, including R1, R2, R3, R4,
and osteoprotegerin (OPG) (8, 12); however, R1 and R2 are
the only TRAIL receptors known to contain complete death
domains. Studies with human osteoblasts indicated that the
up-regulation of TRAIL mRNA expression is coupled with the
constitutive expression of R1 and R2 mRNAs (Fig. 4). The
rapid and dose-dependent nature of TRAIL induction in in-
fected normal mouse and human osteoblasts suggests that
TRAIL may be a significant factor in osteoblast apoptosis. The
observation that UV-killed bacteria induced TRAIL clearly
indicates that active bacterial gene expression is not required
to induce the osteoblast response.

The present study, the first to demonstrate that bacterial
pathogens induce TRAIL expression in any normal cell, sug-
gests that intracellular bacteria mediate the response and that
TRAIL likely initiates the apoptosis observed following bacte-
rial infection of osteoblasts (31). TRAIL clearly mediates cell
death in other tissues through the activation of specific
caspases (11). Caspase 8 activation is observed within minutes
of TRAIL addition to human melanoma cells, suggesting that
caspase 8 is one of the proximal components of the TRAIL-
induced cell death pathway (10). Other reports indicate that
caspase 10 is the initial mediator in TRAIL-induced apoptosis
(25). Caspase 3 is a substrate for both caspase 8 and caspase 10.
The results presented in Fig. 1 suggest that S. aureus infection
of osteoblasts might actually result in the up-regulation of
caspase 8 expression, while caspase 3 expression remains un-
changed. Wesson et al. have recently demonstrated that S.
aureus induces apoptosis in epithelial cells via a mechanism
involving caspase 8 and caspase 3 (33), although the inducer of
caspase activation was not reported. It is currently unclear if
TRAIL is the mediator of S. aureus-induced caspase activation
in epithelial cells or if TRAIL induces caspase 8 or caspase 10
activation in infected osteoblasts.

Collectively, the findings reported here suggest a mechanism
whereby bone pathogens mediate bone destruction via the induc-
tion of osteoblast apoptosis. Extracts from Actinobacillus acti-
nomycetemcomitans have recently been demonstrated to in-
duce osteoblast apoptosis (23, 36), but intracellular bacteria
also appear to be capable of such destruction (31). The pres-
ence of intracellular bacterial cells in osteoblast cultures is
most likely required for apoptosis induction by S. aureus and
Salmonella serovar Dublin. Normal osteoblasts are evident in
infected cultures even at 24 h after the addition of gentamicin
(data not shown), so induction of apoptosis by extracellular
bacterial products is unlikely. In addition, the presence of
gentamicin in the culture medium after 45 min of infection
makes it unlikely that any bacteria potentially released from
osteoblasts after that time would be responsible for inducing
apoptosis. It is unclear if all intracellularly infected osteoblasts
express TRAIL or whether the induction of expression is de-
pendent on the numbers of bacteria present inside individual
cells.

In addition to potentially inducing osteoblast apoptosis,
TRAIL expression likely plays another role in bone pathology.
TRAIL binding to the soluble OPG receptor can derepress the
OPG inhibition of osteoclastogenesis, thereby increasing bone
destruction (8). The induction of TRAIL in osteoblasts follow-
ing bacterial infection could therefore have a positive oste-

FIG. 8. Western immunoblot analysis of TRAIL secretion by nor-
mal human osteoblasts infected with S. aureus or UV-killed S. aureus
at different MOIs. Lanes, from left to right, contained protein reactive
with anti-TRAIL antibody in culture supernatants 45 min following
infection with S. aureus at an MOI of 0, 25:1, 75:1, or 250:1; protein
reactive with anti-TRAIL antibody in culture supernatants 45 min
following the addition of UV-killed S. aureus at an MOI of 75:1 or
250:1; and protein reactive with anti-TRAIL antibody in culture su-
pernatants at 6, 12, and 24 h following infection with S. aureus at an
MOI of 250:1. Ten micrograms of total protein from serum-containing
medium was loaded for each lane.

FIG. 9. Western immunoblot analysis of TRAIL secretion by nor-
mal human osteoblasts infected with Salmonella serovar Dublin or
UV-killed Salmonella serovar Dublin at different MOIs. Lanes, from
left to right, contained protein reactive with anti-TRAIL antibody in
culture supernatants 45 min following infection with Salmonella sero-
var Dublin at an MOI of 0, 1:1, 3:1, or 10:1; protein reactive with
anti-TRAIL antibody in culture supernatants 45 min following the
addition of UV-killed Salmonella serovar Dublin at an MOI of 3:1 or
10:1; and protein reactive with anti-TRAIL antibody in culture super-
natants at 6, 12, and 24 h following infection with Salmonella serovar
Dublin at an MOI of 10:1. Ten micrograms of total protein from
serum-containing medium was loaded for each lane.
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oclastogenic impact on the bone microenvironment. Further,
the demonstration that TRAIL is secreted by infected osteo-
blasts (Fig. 8 and 9) suggests that TRAIL could influence cells
outside the environment of a localized bacterial infection.

In summary, the data indicate that S. aureus and Salmonella
serovar Dublin induce TRAIL expression in infected normal
osteoblasts. This result indicates that TRAIL-induced cell
death may exacerbate bone loss already attributed to the os-
teoclast-mediated bone resorption characteristic of osteomy-
elitis. Osteoblasts have been demonstrated to undergo apopto-
sis in vitro and in vivo, and it has been suggested that the
process can be modulated by growth factors and cytokines
produced in the bone microenvironment (17). The mechanism
of S. aureus and Salmonella serovar Dublin-induced TRAIL
expression is currently unclear; however, the S. aureus agr locus
influences apoptosis induction in bovine mammary epithelial
cells (34). We are currently investigating whether such global
regulatory loci control the initiation of osteoblast apoptosis
following invasion of osteoblasts by S. aureus and Salmonella
species.
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