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Bacterially induced bone infections often result in significant local inflammatory responses which are
coupled with loss of bone. However, the mechanisms necessary for the protective host response, or those
responsible for pathogen-induced bone loss, are not clear. Recent evidence demonstrates that bacterially
infected osteoblasts secrete chemokines and cytokines, suggesting that these cells may have an unappreciated
role in supporting localized inflammation. In this study, mouse and human osteoblasts were investigated for
their ability to express functional CD40 upon exposure to two important pathogens of bone, Staphylococcus
aureus and Salmonella enterica serovar Dublin. Bacterial infection of cultured mouse or human osteoblasts
resulted in increased CD40 mRNA and CD40 protein expression induced by either pathogen. Importantly,
CD40 expression by osteoblasts was functional, as assessed by ligation of this molecule with recombinant,
soluble CD154. CD40 activity was assessed by induction of interleukin-6 and granulocyte-macrophage colony-
stimulating factor in osteoblasts following ligation. Cocultures of activated CD4™ T lymphocytes and osteo-
blasts could interact via CD40 and CD154, since an antibody against CD40 could block macrophage inflam-
matory protein-la secretion. Taken together, these studies conclusively demonstrate that infected osteoblasts
can upregulate expression of functional CD40 molecules which mediate cytokine secretion. This surprising
result further supports the notion that bone-forming osteoblasts can directly interact with CD154-expressing

cells (i.e., T lymphocytes) and can contribute to the host response during bone infection.

Interactions between CD40 and CD40 ligand (CD154) have
been implicated as being critical for the initiation of T-lym-
phocyte-dependent humoral and cell-mediated immune re-
sponses (44). In particular, much attention has been given to
the ability of CD154-expressing T lymphocytes to ligate CD40
on B lymphocytes (8), macrophages (51, 52), and dendritic
cells (10). Such interactions provide strong activation signals
for these professional antigen-presenting cells and, in effect,
allow T lymphocytes to significantly influence the activity of
CDA40-positive cells. In the absence of such interactions, hu-
moral (8) and cell-mediated (17, 44, 62) immune responses are
significantly impaired.

Recent studies have demonstrated that a variety of cell types
can express functional CD40 molecules. Endothelial cells (40),
smooth muscle cells (40), epithelial cells (61), and even some
fibroblasts (21, 48, 67) have been shown to be CD40 positive,
suggesting that this molecule has a more ubiquitous role in
cellular activation beyond that documented for professional
antigen-presenting cells. The ability of a diverse population of
cell types to express CD40 also raises the important possibility
that CD154-expressing T lymphocytes might interact with
CDA40 on these cells, initiating cellular activation and focusing
the T-lymphocyte response to a particular site.

During diseases of bone and joints, infiltrating T lympho-
cytes and macrophages are observed (55, 58) and are thought
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to contribute to the protective immune response and also to
the destruction of host tissues (7, 34, 37). The infiltration of
antigen-presenting cells into sites of bone disease would seem
important, since the cellular components of bone (i.e., oste-
oclasts and osteoblasts) are not thought to provide efficient
antigen presentation or costimulation for infiltrating T lym-
phocytes. Osteoclasts are derived from myeloid precursors (47,
56) and are, therefore, of a lineage that might function to
directly interact with T lymphocytes. Conversely, osteoblasts
are derived from a mesenchymal bone marrow precursor (3)
and have been described as a sophisticated fibroblast (18). As
such, the potential of osteoblasts for interacting with T lym-
phocytes to initiate an immune response against pathogens of
bone, such as Staphylococcus and Salmonella, would seem to be
limited. If true, the inability to interact with T lymphocytes
poses a significant problem for the protective host response
against bacterial pathogens during bone diseases, unless other
antigen-presenting cells are functional in bone. In addition to
tight associations with bone matrices (13, 15), it is likely that
bacteria can survive within osteoblasts (32). If osteoblasts can-
not effectively interact with T lymphocytes, this limitation
might explain why bone infections are difficult to resolve and
often recur.

Recent studies have suggested, however, that this view may
not be completely accurate. Following interaction with bacteria
or bacterial products, bone-forming osteoblasts have been
shown to possess a surprising ability to upregulate expression
of cytokines (6, 12, 33, 53, 59) and chemokines (5, 25), which
could augment T-lymphocyte-mediated inflammatory re-
sponses. This recent realization is somewhat surprising, since
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the major function of osteoblasts is to synthesize the compo-
nents of the bone matrix (mainly type I collagen), to catalyze
the calcification of this matrix, and to control the activity of
osteoclasts (18).

In the present study, we demonstrate the expression of func-
tional CD40 on mouse and human osteoblasts following inter-
action with Staphylococcus aureus or Salmonella enterica sero-
var Dublin. This surprising result further supports the notion
that these bone-forming cells can directly interact with T lym-
phocytes during bone infection.

MATERIALS AND METHODS

Isolation and culture of mouse osteoblasts. Two-day-old BALB/c or C57BL/6
neonates were euthanized and calvaria were removed. Primary osteoblasts were
isolated from calvaria by sequential collagenase-protease digestion as previously
described by our laboratory (4, 5). Using immunofluorimetric analysis, osteoblast
cultures were considered to be >99% pure as determined by cells staining
positive for type I collagen, osteocalcin, and alkaline phosphatase.

Normal human osteoblast cultures. Normal human osteoblast cultures (Clo-
netics, San Diego, Calif.) were purchased and propagated as described by the
manufacturer. Cells were seeded in 25-cm? flasks and incubated at 37°C in 5%
CO, with osteoblast growth medium (Clonetics) containing 10% fetal bovine
serum, ascorbic acid, gentamicin, and amphotericin B. When approximately 80%
confluent, cells were trypsinized (0.025% trypsin-0.01% EDTA), washed in me-
dium, and seeded into 6-well or 24-well plates. These commercially available cells
have previously been characterized as being authentic osteoblasts (26).

Exposure of cultured mouse and human osteoblasts to bacteria, LPS, or
peptidoglycan. S. aureus strain UAMS-1 (ATCC 49230; American Type Culture
Collection, Rockville, Md.) is an osteomyelitis clinical isolate. S. enterica serovar
Dublin (strain SL 1363) is a wild-type pathogenic strain. Both bacterial strains
were grown overnight in tryptic soy broth at 37°C with shaking. Bacteria were
harvested by centrifugation at 4,300 X g for 10 min, and bacterial pellets were
washed once with Hank’s balanced salt solution (HBSS). The final pellet was
suspended in osteoblast growth medium without antibiotics. Osteoblast cultures
were briefly exposed (45 min) to various numbers of bacteria, followed by
washing three times with HBSS and then addition of medium containing genta-
micin (25 pg/ml), to eliminate any viable extracellular bacteria. At various times
postinfection, cells or culture supernates were taken for the indicated analyses.
The ratios of Staphylococcus or Salmonella cells to osteoblasts used for exposure
in these studies were 250:1, 75:1, and 25:1, or 30:1, 10:1, and 3:1, respectively.
These ratios were empirically determined to result in a limited intracellular
infection (i.e., less than 1%) and in limited cell death (i.e., less than 5%) during
the indicated times in culture. In some experiments, osteoblasts were exposed to
purified peptidoglycan or lipopolysaccharide (LPS; Sigma, St. Louis, Mo.), and
RNA was harvested 6 h after exposure.

RNA isolation, reverse transcription, and semiquantitative PCR for CD40. At
various times following exposure to bacteria, RNA was extracted from cultured
mouse or human osteoblasts, and reverse transcriptase-PCR (RT-PCR) was
performed to detect the presence of CD40 mRNA using methodologies similar
to those previously reported by our laboratories (4, 5). After PCR, amplified
products were electrophoresed on 1% agarose gels containing ethidium bromide
and visualized under UV illumination. Densitometric analyses were performed
following import of each gel image (Adobe Photoshop; Adobe Systems, San Jose,
Calif.) into NIH Image (http://rsb.info.nih.gov/nih-image). A gel-plotting macro
was used to outline the bands, and the intensity was calculated on the uncali-
brated OD setting. The housekeeping gene glyceraldehyde-3-phosphate dehy-
drogenase (G3PDH) was used to normalize PCR products to verify equal input
of RNA and similar efficiencies of reverse transcription. Results reported here
were always in the linear range of amplification for this message (data not
shown). Positive and negative PCR primers used in this study included the
following: G3PDH, CCATCACCATCTTCCAGGAGCGAG and CACAGTCT
TCTGGGTGGCAGTGAT, respectively; mouse CD40, CACTGACAAACAG
TACCTCCACGATGG and TGGGCAGGGATGACAGACGGTATC; and hu-
man CD40, AGCTCGGAATATCTAGCATCCC and TTACTTTGGCTACGA
ATGGCTGATG.

Immunocytochemical staining of cultured osteoblasts to detect CD40 protein
following infection. Mouse or human osteoblasts were cultured onto glass cov-
erslips in 24-well plates. Twenty-four hours after exposure to various numbers of
bacteria, osteoblasts were fixed with 4% paraformaldehyde for 20 min at —20°C
and washed with phosphate-buffered saline. Nonspecific and Fc receptor binding
was blocked with bovine immunoglobulin G (IgG; 1 mg/ml; Sigma) and 1%
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bovine serum albumin (Atlanta Biologicals, Norcross, Ga.) for 15 min at room
temperature. Rat anti-mouse CD40 (1:100; clone 3/23; PharMingen, San Diego,
Calif.) or mouse anti-human CD40 (1:100; clone 5C3; PharMingen) was added to
the appropriate coverslips for 2 h at room temperature. Duplicate coverslips
were also stained using identical concentrations of isotype-matched control an-
tibodies, including rat IgG2a (1:100; clone R35-95; PharMingen) or mouse IgG1
(1:100, clone A112-2; PharMingen), respectively. Following incubation with the
primary antibodies, cells were washed twice with phosphate-buffered saline—
0.1% bovine serum albumin and incubated with a biotin-conjugated anti-rat
antibody or biotin-conjugated anti-mouse antibody (1:500; PharMingen), respec-
tively, for 2 h at room temperature. Coverslips were washed and incubated with
streptavidin-horseradish peroxidase (1:200) for 20 min at room temperature.
Diaminobenzidine with nickel substrate reagent (Vector Laboratories, Burlin-
game, Calif.) was added for 20 min, followed by washing and counterstaining
with hematoxylin (Fischer Scientific, Pittsburgh, Pa.). Cells were dehydrated, and
coverslips were mounted on slides with Permount (Fischer Scientific) for micros-
copy.

Quantification of the percentage of cultured osteoblasts expressing CD40 by
using FACS analysis. Immunofluorescence analyses were performed to deter-
mine the percentage of mouse or human osteoblasts expressing CD40. Cultured
osteoblasts were uninfected or exposed to Staphylococcus (ratio of 75:1 bacteria
to cells) or Salmonella (ratio of 3:1 bacteria to cells) for 45 min, followed by
removal of extracellular bacteria. At 24 h postinfection cells were removed from
flasks by brief exposure to 0.025% trypsin-0.01% EDTA and fixed using 4%
paraformaldehyde for 10 min at 4°C. Mouse or human osteoblasts were then
incubated with fluorescein isothiocyanate (FITC)-conjugated anti-mouse CD40
(clone HM40-3; PharMingen) or FITC-conjugated anti-human CD40 (clone
5C3; PharMingen) for 1 h at 4°C, respectively. Duplicate cell preparations were
also stained using identical concentrations of isotype-matched control antibod-
ies, including FITC-conjugated hamster IgM (clone G235-1; PharMingen) or
FITC-conjugated mouse IgG1 (clone A112-2; PharMingen), respectively. After
washing off unbound antibody, 10,000 cells per sample were analyzed by using a
fluorescence-activated cell sorter (FACS; FACSCalibur; Becton Dickinson, San
Jose, Calif.).

Cytokine secretion following ligation of CD40 on mouse or human osteoblasts.
To demonstrate that ligation of CD40 on mouse or human osteoblasts could
result in a functional response, cytokine secretion by these cells was quantified.
For these studies, mouse or human osteoblasts were uninfected, or infected by
exposing cells to Staphylococcus or Salmonella to upregulate CD40 expression.
Following infection, mouse or human osteoblasts were treated with the agonists,
soluble trimeric murine CD154 (26 pg/ml; Immunex, Seattle, Wash.) or soluble
human CD154/TRAP fusion protein (2 wg/ml; Chemicon International, Te-
mecula Calif.), respectively. Supernates were collected 24 h later, and capture
enzyme-linked immunosorbent assays (ELISAs) were performed to quantify
mouse interleukin-6 (IL-6; PharMingen), or human IL-6 and human granulo-
cyte-macrophage colony-stimulating factor (GM-CSF; Research Diagnostics,
Inc., Flanders, N.J.), respectively, using methodologies previously described (5).
Cytokine concentrations in culture supernates were determined by extrapolation
from standard curves.

MIP-1a secretion in mixed cultures of osteoblasts and mitogen-activated
CD4" T lymphocytes. Cocultures of mouse osteoblasts and mitogen-activated
CD4™" T lymphocytes were established in the presence of an antagonistic anti-
body against CD40 or an isotype-matched control antibody. For these cultures,
BALB/c splenic leukocytes were isolated (19) and stimulated for 24 h in the
presence of concanavalin A (1 pg/ml; Sigma Chemical Co.). Following activa-
tion, CD4™" T lymphocytes were purified by magnetic-activated cell sorting, using
ferritin-conjugated anti-CD4 beads (Miltenyi Biotech, Auburn, Calif.) as previ-
ously described (19). These activated CD4" T lymphocytes were added to cul-
tured BALB/c osteoblasts in the presence of anti-CD40 (10 pg/ml; clone
HM40-3; PharMingen), which has been shown to be an antagonist of CD40-
CD154 interactions, or in the presence of an isotype-matched control antibody
(10 pg/ml; clone G235-1; PharMingen). Supernates were collected 24 h later for
quantification of macrophage inflammatory protein-la (MIP-1a) secretion using
an ELISA (PharMingen).

RESULTS

CD40 mRNA expression is upregulated in cultured mouse
and human osteoblasts following infection with Staphylococcus
or Salmonella. Since the T-lymphocyte response during bone
infection is not clear, and since bone cells are not recognized as
being capable of providing significant costimulation, this study
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focused on the ability of bone-forming osteoblasts to express
functional CD40. After primary mouse osteoblasts were ex-
posed to S. aureus or S. enterica serovar Dublin, colony counts
were performed to quantify the numbers of intracellular bac-
teria at 24 h postinfection. Less than 1% of the input bacteria
used to infect osteoblasts remained viable at this time point,
demonstrating that the intracellular bacterial burden in these
cultures was modest (data not shown). In addition, greater
than 95% of the osteoblasts remained viable throughout the
culture period regardless of the level of bacterial exposure, as
previously reported (4).

Having defined the pathogen burden in these cultures, we
began studies to define the potential of these cells to regulate
expression of CD40 following infection. For these studies,
RNA was isolated from osteoblasts exposed to various num-
bers of Staphylococcus or Salmonella organisms and semiquan-
titative RT-PCR was performed for CD40 mRNA expression.
As shown in one representative study (Fig. 1A), constitutive
levels of CD40 mRNA expression were detected in uninfected
mouse osteoblasts. However, exposure to either Staphylococ-
cus or Salmonella significantly increased expression of this
message. From three separate RT-PCR analyses, fold in-
creases * standard deviations in CD40 mRNA expression
were 4.2 £ 1.6 and 5.9 = 1.7 for Staphylococcus- (250:1) and
Salmonella- (10:1) infected osteoblasts, respectively, compared
to CD40 message expression in uninfected cultures. Differ-
ences in CD40 mRNA expression in Fig. 1A could not be
ascribed to differences in input RNA, or to differences in the
efficiency of reverse transcription as evidenced by RT-PCR
amplification of the housekeeping gene G3PDH for each sam-
ple. Kinetic analyses demonstrated that as early as 4 h after
exposure to Staphylococcus (Fig. 1B) or Salmonella (Fig. 1C),
significant increases in CD40 mRNA expression were ob-
served. Therefore, despite the limited bacterial infection of
these cultured osteoblasts, CD40 mRNA expression was rap-
idly induced in these cells. Salmonella-derived LPS, but not
peptidoglycan, could stimulate cultured mouse osteoblasts to
express CD40 mRNA (Fig. 1D). Thus, it was not necessary to
have intact, viable Salmonella to stimulate osteoblasts to ex-
press CDA40.

The surprising ability of these bacterial pathogens to up-
regulate CD40 mRNA expression was also observed in primary
cultures of human osteoblasts (Fig. 2). Following bacterial
infection, RNA was isolated and semiquantitative RT-PCR
was performed for CD40 mRNA expression. Figure 2 shows
one representative study demonstrating constitutive CD40
mRNA expression that was upregulated following bacterial
infection. These results were strikingly similar to those ob-
tained for mouse osteoblasts and together demonstrate the
conserved nature of the response. Additional studies were also
performed on NIH 3T3 mouse fibroblasts. NIH 3T3 cells were
exposed to either Staphylococcus or Salmonella as described
above and monitored for CD40 mRNA expression. Unlike
osteoblasts, these conventional fibroblasts did not express
CD40 mRNA either constitutively or upon exposure to bacte-
ria (data not shown).

Immunocytochemical staining of cultured osteoblasts to de-
tect CD40 protein following infection. To determine if in-
creased mRNA expression translated into CD40 protein ex-
pression, immunocytochemical analyses were performed. The
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FIG. 1. CD40 mRNA expression is upregulated in cultured mouse
osteoblasts following infection with Salmonella, S. aureus, or LPS, but
not peptidoglycan. (A) Mouse osteoblast cultures were exposed to
various numbers of bacteria. The ratios of Salmonella or S. aureus cells
to osteoblasts used for exposure in these studies were 30:1, 10:1, and
3:1 or 250:1, 75:1, and 25:1, respectively. At 6 h postinfection, RT-PCR
analysis was performed to detect expression of CD40 mRNA. These
studies were performed three times with similar results. (B) To inves-
tigate the kinetics of the response, RNA was isolated at the indicated
times after exposure (0, 2, 4, and 6 h) to S. aureus (75:1) and RT-PCR
was performed. This study was performed twice with similar results.
(C) Similarly, RNA was isolated at the indicated times after exposure
(0,2, 4, and 6 h) to Salmonella (3:1) and RT-PCR was performed. This
study was performed twice with similar results. (D) Mouse osteoblasts
were exposed to either LPS or peptidoglycan (PGN) (1,000, 100, or 10
ng/ml) for 6 h and RT-PCR was performed to detect CD40 mRNA
expression. All results are presented as amplified PCR fragments elec-
trophoresed on ethidium bromide-stained agarose gels. RT-PCR am-
plification of the housekeeping gene, G3PDH, was performed for
normalization.

representative micrographs for mouse osteoblasts (Fig. 3, top
panels) clearly demonstrate an increase in CD40 immunostain-
ing in Salmonella-infected (panel B) and Staphylococcus-in-
fected (panel C) mouse osteoblasts, compared to uninfected
osteoblasts (panel A). Importantly, immunocytochemical
staining of duplicate cultures using an isotype-matched control
monoclonal antibody showed no such reactivity (panels D, E,
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FIG. 2. CD40 mRNA expression is upregulated in cultured human
osteoblasts following infection with Salmonella or S. aureus. Human
osteoblast cultures were exposed to various numbers of bacteria. The
ratios of Salmonella or S. aureus cells to osteoblasts used for exposure
in these studies were 10:1 and 3:1 or 250:1 and 75:1, respectively. At 6 h
postinfection, RT-PCR analysis was performed to detect expression of
CD40 mRNA. Results are presented as amplified PCR fragments
electrophoresed on ethidium bromide-stained agarose gels. RT-PCR
amplification of the housekeeping gene, G3PDH, was performed.
These studies were performed three times with similar results.

and F). Similar results were obtained when immunocytochem-
ical analyses were performed on cultures of uninfected and
bacterially infected human osteoblasts (bottom panels). West-
ern blot analysis also showed an increase in CD40 protein
expression in mouse osteoblasts exposed to either Staphylococ-
cus or Salmonella (data not shown).

Quantification of the percentage of cultured osteoblasts ex-
pressing CD40 by using FACS analyses. To determine the
percentage of osteoblasts that expressed CD40, FACS analyses
were performed using mouse and human osteoblasts exposed
to bacteria. FACS analysis (Fig. 4A) showed an increase in the
percentage of CD40-positive mouse osteoblasts following ex-
posure to Staphylococcus (52% positive cells) or to Salmonella
(66% positive cells) compared to the uninfected osteoblasts
(19% positive cells).

Similar results were obtained when FACS analyses were
performed on human osteoblasts exposed to bacteria. An in-
crease in the percentage of CD40-positive human osteoblasts
was observed (Fig. 4B) following exposure to Staphylococcus
(20% positive cells) or to Salmonella (30% positive cells) com-
pared to uninfected osteoblasts (12%) (Fig. 4B).

Cytokine secretion following ligation of CD40 on mouse or
human osteoblasts. Increased CD40 expression suggested that
this molecule might be capable of signaling osteoblast respons-
es; therefore, studies were performed to demonstrate the func-
tionality of CD40 present on these cells. Mouse osteoblasts
were exposed to Staphylococcus or Salmonella, with the intent
of increasing expression of CD40 in the cultures exposed to
these bacteria. As expected (6), bacterial infection by itself was
a potent stimulus for inducing IL-6 secretion by these cells
(Fig. 5A). Importantly, however, ligation of CD40 by soluble
trimeric CD154 significantly enhanced IL-6 secretion by bac-
terially infected osteoblasts (Fig. SA). These results clearly
demonstrate CD40-mediated augmentation of the osteoblast
response to these bacterial pathogens. Interestingly, soluble
trimeric CD154 had little effect on the ability of uninfected
osteoblasts to induce IL-6 secretion (Fig. 5A), suggesting that
bacterial infection contributed in some manner to CD40-me-
diated responsiveness.

Ligation of CD40 also resulted in increased cytokine secre-
tion from bacterially infected human osteoblasts (Fig. 5B and
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C). In the presence of the CD40 agonist, CD154/TRAP, Sal-
monella-infected osteoblasts had increased levels of IL-6 that
were significantly above that of infected osteoblasts alone (Fig.
5B). Furthermore, in the presence of CD154/TRAP, GM-CSF
secretion was significantly increased over that observed in Sal-
monella-infected cultures alone (Fig. 5C). Together, these re-
sults clearly demonstrate that mouse and human osteoblasts
can express functional CD40 molecules.

Anti-CD40 antibody limits MIP-1a secretion in mixed cul-
tures of osteoblasts and mitogen-activated CD4™ T lympho-
cytes. When mitogen-activated CD4* T lymphocytes are cocul-
tured with mouse osteoblasts, a variety of cytokines and
chemokines are secreted (our unpublished observations). The
interactions between osteoblasts and T lymphocytes responsi-
ble for this observation are not clear. However, since osteo-
blasts can express functional CD40, interaction with CD154 on
activated T lymphocytes might represent one such mechanism.
To begin to address this possibility, cocultures of mouse osteo-
blasts and mitogen-activated CD4" T lymphocytes were estab-
lished in the presence of an antagonistic antibody against
CD40. Figure 6 shows one representative experiment demon-
strating a limited secretion of MIP-1a by activated CD4* T
lymphocytes alone or by osteoblasts alone. However, when
cocultures of these two cell populations were established, sig-
nificant levels of MIP-1a were present in supernates. Impor-
tantly, addition of an anti-CD40 antibody, which is known to
antagonize CD40-CD154 interactions, blocked a significant
portion of MIP-1a secretion. An isotype-matched control an-
tibody was unable to block secretion. However, it should be
noted that although CD40 antagonistic antibody significantly
blocked MIP-la secretion, secretion was not completely
blocked. This suggests that the addition of the CD40 antago-
nistic resulted in an incomplete block or only partial antago-
nistic activity, or that some other soluble factors or interactions
may be involved in the initiation of the immune response in
infected osteoblasts. These results are consistent with the no-
tion that osteoblasts and activated T lymphocytes can interact
via CD40 and CD154 to augment MIP-1a secretion.

DISCUSSION

Strong support for the importance of CD40-CD154 interac-
tions in the immune response against bacterial infections
comes from clinical observations and from studies using exper-
imental animal models. Patients with hyper-IgM syndrome do
not express functional CD154, and they not only develop in-
fections to encapsulated bacteria due to ineffective antibody
production but are also susceptible to the intracellular patho-
gens Pneumocystis carinii (45) and Cryptosporidium parvum
(27). In support of these clinical observations, mice genetically
deficient in CD154 expression have limited T-lymphocyte-de-
pendent macrophage-mediated immune responses (52), and in
particular have limited cellular immune responses to the intra-
cellular pathogens Leishmania major (9) and Leishmania ama-
zonensis (49). Furthermore, genetic disruption of CD40 or
CD154 expression in mice results in the inability of these
animals to clear C. parvum (14). Studies have demonstrated a
protective role for ligation of CD40 during mycobacterial in-
fections (30). In addition, CD40 interactions were required for
an antibody response against gram-positive Streptococcus (66).
Further, our laboratory has provided evidence for a significant
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FIG. 3. Immunocytochemical staining of cultured osteoblasts to detect CD40 protein following infection. Twenty-four hours after exposure of
mouse (top panel) or human (bottom panel) osteoblasts to media (none), to Salmonella (10:1), or to S. aureus (250:1), osteoblasts were fixed and
incubated with the primary antibodies anti-mouse or anti-human CD40 or an isotype-matched control IgG, respectively. Results are presented as

representative micrographs from three separate experiments.

role for CD40-CD154 interactions in mounting a successful
cellular immune response against gram-negative Salmonella
(41). Not only was survival augmented in mice treated with
exogenous soluble trimeric recombinant CD154, but also ani-
mals were found to be more susceptible to this intracellular

pathogen when interactions between CD40 and endogenous
CD154 were antagonized using an anti-mouse CD154 mono-
clonal antibody. Taken together, these findings provide strong
support for CD40-CD154 interactions in the protective im-
mune responses against diverse bacterial pathogens.
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FIG. 4. Quantification of the percentage of cultured osteoblasts
expressing CD40 by using FACS analysis. Cultured mouse (A) or
human (B) osteoblasts were uninfected or exposed to S. aureus (75:1)
or Salmonella (3:1). At 24 h postinfection, cells were removed from
flasks and stained with FITC-conjugated anti-mouse CD40 or with
FITC-conjugated anti-human CD40, respectively. Duplicate cell prep-
arations were also stained using identical concentrations of isotype-
matched control antibodies. Cells (10,000/sample) were analyzed by
FACS analysis. Histographs show the percentage of CD40-positive
osteoblasts determined by comparison to cells stained in an identical
manner with the appropriate control antibody. These studies were
performed twice with similar results.

The results presented here show clearly that bacterial infec-
tion can induce primary cultured osteoblasts to express func-
tional CD40 molecules. To demonstrate the functionality of
CD40 ligation, we focused on the secretion of two cytokines,
IL-6 and GM-CSF, that are know to be secreted by osteoblasts
(4) and that are known to be induced in other cell populations
following ligation of CD40 (28). It should be noted that these
two cytokines were not the only ones induced by CD40 ligation
(data not shown), but they serve to demonstrate the function-
ality of CD40 expression in these studies. However, the fact
that CD40-mediated signaling in osteoblasts resulted in cyto-
kine secretion may have important implications for the protec-
tive host response, as well as bone resorption that often ac-
companies bone infections. IL-6 (2, 29, 35) and GM-CSF (20)
are important mediators of the protective immune response
against bacterial pathogens. Therefore, if osteoblasts can be
activated to secrete such mediators during bone infections, this
could be a significant source of cytokine production to drive
the local inflammatory response. Conversely, IL-6 (16, 33) and
GM-CSF (43) can also contribute to osteoclastogenesis, which
ultimately leads to bone resorption. Since bone infections are
often accompanied by loss of bone at the site of infection (24,
64), it is possible that osteoblast-derived cytokines might exac-
erbate activation of surrounding osteoclasts. The fact that
functional CD40 molecules are present on infected osteoblasts
suggests a likely mechanism for osteoblast-induced cytokine
secretion.

T lymphocytes infiltrate sites of bone infection (7, 50), and it
is tempting to speculate that ligation of induced CD40 on
osteoblasts by infiltrating T lymphocytes can contribute to the
host response against bacterial pathogens. Additional studies
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FIG. 5. Cytokine secretion following ligation of CD40 on osteo-
blasts. Mouse osteoblasts (A) were uninfected or infected by exposing
cells to Salmonella or S. aureus to upregulate CD40 expression. Fol-
lowing infection, cells were treated with soluble trimeric murine
CD154 and supernates were collected 24 h later. Capture ELISAs were
performed to quantify mouse IL-6. Human osteoblasts (B and C) were
uninfected or infected by exposing cells to Salmonella to upregulate
CD40 expression. Following infection, cells were treated with soluble
CD154/TRAP fusion protein, and supernates were collected 24 h later.
Capture ELISAs were performed to quantify human IL-6 (B) and
human GM-CSF (C) secretion. Results are represented as the mean of
triplicate determinations = standard deviations. Asterisks indicate sta-
tistically significant differences (P < 0.02) compared to uninfected
cultures.
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FIG. 6. Anti-CD40 antibody limits MIP-1a secretion in mixed cul-
tures of osteoblasts and mitogen-activated CD4* T lymphocytes.
Splenic leukocytes were stimulated for 24 h in the presence of con-
canavalin A, followed by isolation of CD4* T lymphocytes. These
activated CD4™ T lymphocytes were cocultured with osteoblasts in the
presence of anti-CD40, or in the presence of an isotype-matched con-
trol antibody. Supernates were collected 24 h later for quantification of
MIP-1a secretion using an ELISA. Results are represented as the
mean of triplicate determinations * standard deviations. Asterisks
indicate statistically significant differences (P < 0.05) compared to
uninfected cultures.

using models of bone infection will be required to make a more
definitive association between T lymphocytes and osteoblasts.
In addition, it will be important in future studies to distinguish
between a protective host response versus destructive inflam-
mation. Recent studies have focused on the positive contribu-
tion that T lymphocytes can have on bone resorption (39, 54,
57, 60) and in stimulating osteoclastogenesis (55). Conversely,
some studies have suggested that activated T lymphocytes can
stimulate bone formation (31). In view of the results presented
here, T-lymphocyte-mediated ligation of CD40 expressed by
osteoblasts is one additional mechanism that should be ex-
plored as a possible cause for bone gain or loss during infection
with bacterial pathogens.

While much attention has been given to CD154 expression
by T lymphocytes, it is now clear that cells from other lineages
express, or can be induced to express, this molecule. In partic-
ular, a variety of leukocytes, including cells of myeloid lineage
(1, 22), can express CD154. Since osteoclasts are derived from
myeloid precursors (47, 56), it would be important to deter-
mine if these cells could express CD154 during bone disease. If
so, such osteoclasts would be in close proximity to ligate CD40
expressed by osteoblasts.

The recent realization that osteoblasts can express a variety
of molecules capable of modulating the immune response sug-
gests that these cells may have an unappreciated role in the
host response, especially during infections of bone. Reports in
the literature have demonstrated that osteoblasts have the
potential to secrete certain cytokines and chemokines. A re-
view of the literature includes the secretion of the proinflam-
matory cytokines IL-1 (38), IL-6 (6, 33, 38), tumor necrosis
factor alpha (23), IL-12 (6), and IL-18 (59). Osteoblasts can
also secrete the colony-stimulating factors GM-CSF (4, 42),
G-CSF (4, 53), and M-CSF (4, 63), as well as the chemokines
monocyte chemoattractant protein-1 (5, 65), MIP (36), and
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IL-8 (11). Interestingly, these cells have also been shown to
secrete transforming growth factor B1 (46), which can be an-
tiinflammatory. The present study demonstrates that osteo-
blasts can also be induced to express CD40 in response to a
bacterial infection. Taken together, these studies suggest that
activated osteoblasts are not passive participants in the host
response to infection, but rather have the potential to respond
to such pathogens. In particular, the abilities of osteoblasts to
express cytokines like IL-12 and IL-18 and to express CD40
suggest that these cells may be able to provide signals for
T-lymphocyte activation or to receive stimulation from infil-
trating T lymphocytes.
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