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Abstract Chemokines are important mediators of che-
motaxis, cell adherence, and proliferation and exert
specific functions in bone remodeling. Despite the
potential intriguing role of chemokines in the regulation
of osteoclast (OC) functions, little is known about the
expression of chemokines and their receptors in human
OCs at different stages of differentiation. Therefore, we
analyzed the expression of CXC chemokine receptors
(CXCR1, CXCR2, CXCR3, CXCR4 and CXCR5) and
ligands (CXCL8, CXCL10, CXCL12 and CXCL13) both
at molecular and protein levels, in human OCs grown on
plastic or calcium phosphate-coated slides at different
stages of differentiation. Real-time PCR showed that
CXCR1, CXCR2, CXCR3, CXCR4, CXCR5 and CXCL8
were expressed in undifferentiated cells and significantly
decreased during OC differentiation. By contrast,
CXCL10 and CXCL12 were strongly upregulated from
day 0 to day 8 in cells grown on calcium phosphate-
coated slides. Immunocytochemistry showed that OCs
grown on plastic expressed CXCR3, CXCR4, CXCR5,
CXCL8 and CXCL12, while they were negative for
CXCR1, CXCR2 and CXCL10. Interestingly, both at
molecular and protein levels CXCL10 and CXCL12
significantly increased only when cells were differentiat-
ed on calcium phosphate-coated slides. These data
suggest that the selection of a substrate that better mimics
the tridimensional structure of bone tissue, thus favoring

OC maturation and differentiation, may be necessary
when studying osteoclastogenesis in vitro.

Keywords Osteoclasts · Chemokine · CXCL10 ·
CXCL12

Introduction

Bone is a highly metabolically active tissue where the
remodeling process is an active coupling of bone
formation and resorption, mainly due to two different
cell types: osteoblasts, also called bone-forming cells
(Ducy et al. 2000), and osteoclasts (OCs) (Teitelbaum
2000), or bone-resorbing cells. These cells are responsible
for the maintenance of bone tissue homeostasis through
cell–cell contact or production of soluble factors. OCs are
multinucleated cells formed by the fusion of mononuclear
progenitors of the monocyte–macrophage cell lineage.
Osteoclastogenesis is promoted by two molecules: the
macrophage–colony-stimulating factor (M-CSF) and the
receptor for activation of nuclear factor kappa B ligand
(RANKL), which is expressed by osteoblastic and bone
marrow stromal cells and is essential for macrophage
maturation (Takahashi et al. 2002). Bone resorption is a
multistep process initiated by the proliferation of imma-
ture OC precursors, the commitment of these cells to the
OC phenotype, and, finally, the degradation of bone by
mature OCs (V��n�nen and Zhao 2002).

Some reports (Delima et al. 2002; Graves et al. 2002;
Volejnikova et al. 2002) and our recent findings (Lisig-
noli et al. 1999, 2000, 2002) have demonstrated high
levels of cytokines and chemokines in inflamed bone
tissue suggesting a specific role in the pathophysiology of
bone tissue remodeling. Moreover, it has been reported
that some chemokines, such as CCL3a, are capable of
inducing an increase in osteoclastogenesis so favoring the
progression of bone erosion (Scheven et al. 1999; Han et
al. 2001; Lean et al. 2002). Chemokines are a family of
small peptides that regulate differentiation, proliferation,
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morphology, and cell movement as well as other activ-
ities. Based on the position of the first two cysteine
residues and the chromosomal location of the correspond-
ing gene, two main chemokine families have been
identified: CXC and CC (Baggiolini 2001; Zlotnik and
Yoshie 2001). Chemokines act on different cell types
interacting with seven transmembrane-domain glycopro-
tein receptors coupled to G protein signaling pathway
(Baggiolini 2001; Mackay 2001; Zlotnik and Yoshie
2001). CXC chemokines mainly studied are: CXCL8
(also called IL8), CXCL10 (also called IFNg-inducible
protein 10, IP-10), CXCL12 (also called stromal-derived
factor 1, SDF-1), and CXCL13 (also called B cell
attracting, BCA-1). CXCL8 binds two different receptors
CXCR1 and CXCR2, while CXCL10, CXCL12, and
CXCL13 bind only one receptor: CXCR3, CXCR4 and
CXCR5, respectively. The CXC chemokines are a unique
family of cytokines that regulate angiogenesis (Belperio
et al. 2000) since the NH2 terminus of the majority of
CXC chemokines contains a three amino acid motif (Glu-
Leu-Arg: the ELR motif) that is a potent promoter of
angiogenesis. Moreover, CXC chemokines are character-
istically heparin-binding proteins.

Despite OCs exerting specific functions in the bone
tissue remodeling, little is known about the expression of
chemokines and their receptors on human OCs at different
stages of differentiation, probably due to the difficulty of
obtaining in vitro a sufficiently pure population. More-
over, it is well known that the nature of the substrate on
which cells are grown can modulate the expression of
different factors (Fuller and Chambers 1989; Hentunen et
al. 1994; Fuller et al. 2000). OC differentiation differs at
least quantitatively on bone versus plastic cultures and
also a recent report showed that mice OCs on calcium
phosphate-coated slides express high levels of chemo-
kines and their receptors (Lean et al. 2002). Therefore, we
analyzed the expression of some CXC receptors/ligands
(CXCR1, CXCR2, CXCR3, CXCR4, CXCR5, CXCL8,
CXCL10, CXCL12 and CXCL13) in human OCs at
different stages of differentiation. Human OCs were
grown both on plastic and calcium phosphate-coated
slides and we found a significant upregulation, both at
molecular and protein levels, of CXCL10 and CXCL12
only when OCs were differentiated on calcium phosphate-
coated slides.

Materials and methods

Osteoclast culture

Human OCs were isolated from buffy coats obtained from healthy
donors (total ten: seven male, three female; mean age: 44 years).
Peripheral blood mononuclear cells were separated by gradient
centrifugation on Histopaque 1077 (Sigma, St. Louis, MO, USA).
Cells were recovered, washed twice, and CD11b-positive cells were
then purified by immunomagnetic labeling using the Midi MACS
cell separation system (Miltenyi Biothec, Bergisch Gladbach,
Germany).

Cells were resuspended in minimum essential medium alpha
(Invitrogen, San Giuliano Milanese, Italy) supplemented with 10%

FBS (Invitrogen), l-glutamine, penicillin/streptomycin (Sigma;
complete medium) and were seeded in six-well plates. Cells were
left to adhere for 1 h at 37�C, and then the supernatant was removed
and complete medium with RANKL (100 ng/ml; Peprothec, Rocky
Hill, NJ, USA) and M-CSF(10 ng/ml; R&D, Minneapolis, MN,
USA) was added. Every 3 days medium was changed.

Osteoclast phenotypical characterization

Cells, 4�105/cm2, were seeded both on 24-well plastic plates and on
calcium phosphate-coated slides (BD Biosciences, Bedford, MA,
USA). After 8 days the cells were fixed in ethanol/acetone (1:1) and
stained for tartrate-resistant acid phosphatase (TRAP) using a
commercial kit (Sigma).

For F-actin ring analysis, cells were fixed with 3.7% parafor-
maldehyde (PFA) in PBS, pH 7.4, containing 3% sucrose for
10 min at room temperature. OCs were then washed three times
with PBS, permeabilized with 1% Triton X-100 for 5 min, and
incubated with FITC-phalloidin for 30 min. OCs were analyzed
using an inverted brightfield microscope for TRAP or a fluores-
cence microscope for F-actin ring analysis.

Assessment of bone resorption

Cells, 4�105/cm2, were seeded on calcium phosphate-coated slides
and after 4 and 8 days of culture washed twice with PBS and
immersed in 6% sodium hypochlorite for 5 min. After air-drying
the pits of the calcium phosphate-coated slides were examined by
reflected light microscopy.

RNA extraction and real-time PCR

Purified CD11b-positive cells (4�105/cm2) were seeded either on
plastic wells (in 24-well plates) or on calcium phosphate-coated
slides (in 24-well plates). Total cellular RNA was isolated both
from CD11b-positive cell suspensions (day 0) and from cell
cultures (day 4 and day 8) using the RNeasy Mini kit (Qiagen,
Milan, Italy) according to the manufacturer’s instructions, and
treated with DNase I (DNA-free kit; Ambion, Austin, TX, USA) to
prevent amplification of genomic DNA. Total RNA (1 mg) was
reverse transcribed in a 50-ml reaction using MMLV reverse
transcriptase and random hexamers, following the manufacturer’s
protocol (Perkin Elmer, Norwalk, CT, USA). One microliter of
cDNA (corresponding to 20 ng total RNA) was used for real-time
PCR. Primers for PCR amplification were those described in the
literature [glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
and CXCR4; Blanco et al. 1995; Aiuti et al. 1999] or generated
from GenBank sequences using Primer 3 software (Rozen and
Skaletsky 2000) or the LightCycler Probe Design software (Roche
Molecular Biochemicals, Mannheim, Germany; Table 1). BLASTN
searches were conducted on all primer nucleotide sequences to
ensure gene specificity. The housekeeping gene GAPDH was used
as an endogenous control to normalize for intersample variations in
the amount of total RNA.

Real-time PCR was run in a LightCycler instrument (Roche
Molecular Biochemicals) using the QuantiTect SYBR Green PCR
kit (Qiagen, Hilden, Germany) with the following protocol: initial
activation of HotStar Taq DNA polymerase at 95�C for 15 min,
40 cycles of 94�C for 15 s, 58�C for 20 s, and 72�C for 12 s. The
increase in PCR product was monitored for each amplification
cycle by measuring the increase in fluorescence caused by the
binding of SYBR Green I dye to dsDNA. The crossing point values
(i.e., the cycle number at which the detected fluorescence exceeds
the threshold value) were determined for each sample and
specificity of the amplicons was confirmed by melting curve
analysis and agarose gel electrophoresis. For each target gene,
mRNA levels were normalized to GAPDH and expressed as fold
change values relative to undifferentiated CD11b-positive cells.
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Immunocytochemistry for chemokines and their receptors

Cells were plated in eight-well chamber slides at a density of
4�105/cm2. After 8 days, the chamber slides were washed twice
with PBS and fixed in 4% PFA for 30 min. Slides were incubated
with 3% hydrogen peroxide solution at room temperature for
30 min followed by 30 min with normal goat serum and human
immunoglobulin (3 mg/ml) to block both endogenous peroxidase
and non-specific staining.

Cells were then incubated at room temperature for 1 h with
10 mg/ml of the following MoAb: anti-human-CXCR1, -CXCR2,
-CXCR4, -CXCL8, -CXCL10 (all from Pharmingen, San Diego,
CA, USA), -CXCR3, -CXCR5, -CXCL12, and -CXCL13 (all from
R&D Systems, Minneapolis, MN, USA). Slides were washed twice
with TRIS-buffered saline (TBS) pH 7.2 and then incubated with
undiluted affinity-purified goat anti-mouse immunoglobulins con-
jugated with peroxide-labeled polymer (Envision kit; Dako,
Glostrup, Denmark) at room temperature for 30 min. A peroxide
reaction using diaminobenzidine (Sigma) as a substrate was
performed. Negative staining control experiments were performed
either by omitting the primary antibody or by using a control
isotype-matched antibody. Slides were counterstained with hema-
toxylin, dehydrated, mounted with Permount, and evaluated in a
brightfield microscope (Axiophot; Zeiss, Milan, Italy). For intra-
cellular chemokine detection, 0.1% saponin was added to the
washing buffer. For immunodetection of CXCL10 and CXCL12 we
used as secondary antibody the affinity-purified goat anti-mouse
immunoglobulins conjugated with alkaline phosphatase-labeled
polymer (Envision kit; Dako) and we developed the immune
reaction using new fuchsin as substrate.

Immunocytochemistry of CXCL10 and CXCL12 of OCs grown
on calcium phosphate-coated slides

Since real-time PCR showed that CXCL10 and CXCL12 mRNA
were differently expressed by OCs when grown on plastic or
calcium phosphate-coated slides, we performed immunocytochem-
istry for these two chemokines also on calcium phosphate-coated
slides. In particular, 4�105 cells/cm2 were seeded on calcium
phosphate-coated slides and immunocytochemistry was performed
after 8 days as described above.

Immunochemical analysis of CXCL10 and CXCL12 on OCs
in bone biopsies

To confirm in an “ex vivo” model that OCs in bone resorbing
lacunae were positive to CXCL10 and CXCL12, we analyzed
trabecular bone tissue biopsies from three rheumatoid arthritis
patients. Biopsies were immediately fixed in a freshly prepared 9:1
mixture of B5 solution (mercuric chloride-containing fixative)/
40%formaldehyde at room temperature for 2 h and decalcified, as
previously reported (Lisignoli et al. 2000). Briefly, slides were
incubated with monoclonal anti-human CXCL10 (1:25; BD Bio-
sciences Pharmingen) or anti-CXCL12 (R&D Systems) diluted in
TBS containing 0.25% BSA, 0.1% NaN3, and 1.5% normal rabbit
serum at room temperature for 1 h. Then, slides were washed twice
with TBS 0.04 M pH 7.6 containing 0.1% saponin, incubated with
undiluted affinity-purified goat anti-mouse immunoglobulins con-
jugated with peroxide-labeled polymer (Envision kit; Dako) at
room temperature for 30 min, and developed as described above.

Statistical analysis

The Mann-Whitney test was used to compare chemokine receptors
and ligands expression at day 0 versus day 4 and day 8 of OCs
grown on plastic or calcium phosphate-coated slides. Moreover, we
compared at day 4 or day 8, OCs grown on plastic versus calcium
phosphate-coated slides.

Results

Osteoclast characterization

Osteoclasts grown both on plastic and calcium phosphate-
coated slides were analyzed for TRAP staining and actin
ring. As shown in Fig. 1a, b, mature OCs were highly
positive to TRAP when grown both on plastic and
calcium phosphate-coated slides. Interestingly, after
8 days, OCs grown on calcium phosphate-coated slides
showed an increased number of nuclei compared to OCs

Table 1 Oligonucleotide pri-
mers used for real-time PCR

Target gene Primers Product size GenBank accession
number(forward and reverse) (bp)

CXCL8 CCA AAC CTT TCC ACC C 153 NM_000584
ACT TCT CCA CAA CCC T

CXCL10 TGA GCC TAC AGC AGA GGA A 102 NM_001565
TAC TCC TTG AAT GCC ACT TAG A

CXCL12 ATG AAC GCC AAG GTC G 184 NM_000609
GGG CTA CAA TCT GAA GGG

CXCL13 CAG TCC AAG GTG TTC TGG 90 NM_006419
CAA TGA AGC GTC TAG GGA TAA AG

CXCR-1 CCT CAA CCC CAT CAT CTA C 148 NM_000634
TGG AAG AGA CAT TGA CAG AC

CXCR-2 CAT GGA GAG TGA CAG CTT TGA A 131 NM_001557
CTT GTT GAT TTC CAG GGA TTC TG

CXCR-3 GGT CCT TGA GGT GAG TGA C 119 NM_001504
GGG AGG TAC AGC ACG AGT

CXCR-4 GCC AAC GTC AGT GAG GCA GAT G 209 NM_003467
GAG GAT GAC TGT GGT CTT GAG G

CXCR-5 CTT CGC CAA AGT CAG CCA AG 111 NM_001716
TGG TAG AGG AAT CGG GAG GT

GAPDH TGG TAT CGT GGA AGG ACT CAT GAC 190 NM_002046
ATG CCA GTG AGC TTC CCG TTC AGC
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Fig. 1a–f Phenotypical characterization at day 8 of osteoclasts
(OCs) grown on plastic (a, c) and calcium phosphate-coated slides
(b, d) by TRAP staining (a, b) and actin labeling by FITC-

phalloidin (c, d). Magnification �250. Pit resorption assay of OCs
differentiated on calcium phosphate-coated slides at day 4 (e) and
day 8 (f). Magnification �125
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Fig. 2 Real-time PCR analysis of CXCR1, CXCR2, CXCR3,
CXCR4 and CXCR5 mRNA expression in differentiating OCs
cultured for 4 and 8 days on plastic and calcium phosphate-coated
slides (Bone slides) on day 4 and day 8. Data were normalized to
GAPDH and expressed as fold difference values relative to
undifferentiated CD11b-positive cells (day 0). Asterisks P<0.01
day 0 versus day 4 or day 8 of OCs grown on plastic or calcium
phosphate-coated slides; solid diamonds P<0.01 day 4 or day 8 of
OCs grown on plastic versus calcium phosphate-coated slides

Fig. 3 Real-time PCR analysis of CXCL8, CXCL10 and CXCL12
mRNA expression in differentiating OCs cultured for 4 and 8 days
on plastic and calcium phosphate-coated slides (Bone slides) on
day 4 and day 8. Data were normalized to GAPDH and expressed
as fold difference values relative to undifferentiated CD11b-
positive cells (day 0). Asterisks P<0.01, solid squares P<0.001
day 0 versus day 4 or day 8 of OCs grown on plastic or calcium
phosphate-coated slides; solid diamonds P<0.01 day 4 or day 8 of
OCs grown on plastic versus calcium phosphate-coated slides
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grown on plastic. OCs grown on plastic or calcium
phosphate-coated slides formed F-actin rings, a specific
OC structure involved in sealing the OCs to mineralized
matrix, in both culture conditions tested (Fig. 1c, d). Pit

resorption assay clearly demonstrated that isolated OCs
were functionally active. In particular, as shown in
Fig. 1e, f, the number of pits formed by mature OCs
significantly increased from day 4 to day 8.

Fig. 4 Immunocytochemical
analysis of CXCR1, CXCR2,
CXCR3, CXCR4, CXCR5,
CXCL8 and CXCL13 on OCs
grown on plastic for 8 days.
Magnification �125. Negative
control (�Control). Short ar-
rows were use to indicate less
differentiated OCs (with at least
three nuclei), long arrows were
used for mature OCs (with more
than five nuclei)
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CXC chemokine ligand/receptor expression

mRNA expression

The modulation of the gene expression of four CXC
chemokines and five CXC receptors was monitored
during osteoclastic differentiation of CD11b-positive cells
obtained from five different donors and cultured on
plastic wells or calcium phosphate-coated slides. Real-
time PCR was used to determine the relative mRNA
expression in cultured cells compared with undifferenti-
ated CD11b-positive cells and to evaluate differences
between the two culture conditions.

For CXC receptors we found a general decrease in
transcript abundance from starting CD11b-positive cells
(day 0) to day 4 and day 8 cultured cells (Fig. 2). CXCR1,
after the initial drop from day 0 values (P<0.01), did not
show significant differences between day 4 and day 8
mRNA expression. For CXCR2, CXCR3, and CXCR5 the
lowest mRNA expression was found on day 8 both for
cells grown on plastic and for cells grown on calcium
phosphate-coated slides. An opposite trend was observed
for CXCR4 mRNA, with the lowest values on day 4 and
higher values on day 8 in both conditions tested. For CXC
receptor mRNAs no significant differences were found
between plastic and calcium phosphate-cultured cells,

Fig. 5 Immunocytochemical analysis of CXCL10 and CXCL12 on
OCs grown on plastic or on calcium phosphate-coated slides for
8 days. Magnification �250. Short arrows were use to indicate less

differentiated OCs (with at least three nuclei), long arrows were
used for mature OCs (with more than five nuclei)
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except for CXCR5 on day 4 that was higher for plastic
than for calcium phosphate (P<0.01).

CXC chemokine mRNAs were also significantly
modulated during differentiation (Fig. 3). For CXCL8
mRNA we found a significant decrease, both in plastic
and calcium phosphate-cultured cells (P<0.01), from
day 0 to day 8. On the contrary, CXCL10 and CXCL12
transcripts were strongly upregulated from day 0 to day 4
(approximately 1.5-fold and fourfold increase, respec-
tively) and day 8 (approximately fourfold and sevenfold
increase, respectively). Interestingly, this positive trend
was found only in cells grown on calcium phosphate-
coated slides (P<0.01 at day 4 and P<0.001 at day 8),
while mRNA from plastic cultures was either strongly
decreased (CXCL10) or unvaried (CXCL12). CXCL13

mRNA was detected only at trace levels in a few samples
(data not shown).

Immunocytochemical analysis

The data obtained by real-time PCR prompted us to
investigate the CXC chemokine ligands and receptors at
the protein level. As shown in Figs. 4 and 5, cells grown
for 8 days on plastic were negative for CXCR1, CXCR2,
CXCL10, and CXCL13 and positive for CXCR3,
CXCR4, CXCR5, CXCL8, and CXCL12. We observed
that less differentiated OCs (with at least three nuclei) or
mature OCs (with more than five nuclei) were both
positive to these chemokine receptors or ligands. Since
CXCL10 and CXCL12 expression was significantly
different between plastic and calcium phosphate-coated
slides at the molecular level, we also performed the
immunocytochemical analysis for these two chemokines
on calcium phosphate-differentiated OCs. As shown in
Fig. 5, CXCL12 was more highly expressed at the protein
level in OCs grown on calcium phosphate-coated slides
compared to plastic. Interestingly, CXCL10 immuno-
staining that was negative when the cells were grown on
plastic, was positive on mature OCs grown on calcium
phosphate-coated slides (Fig. 5).

CXCL10 expression on OCs in bone tissue biopsies

To confirm the relevance of CXCL10 and CXCL12
positivity in OCs grown on calcium phosphate-coated
slides, we analyzed OCs in bone tissue biopsies of
rheumatoid arthritis patients. As shown in Fig. 6, mature
OCs present in resorbing bone lacunae were highly
positive to CXCL10 and CXCL12, as found in OCs
grown on calcium phosphate-coated slides.

Discussion

Chemokines are important inflammatory mediators that
regulate different cell activities (Baggiolini 2001; Mackay
2001; Zlotnik and Yoshie 2001). In inflamed bone tissue
chemokines are highly expressed by different cell types
and exert specific functions on bone tissue remodeling
(Lisignoli et al. 1999, 2000, 2002; Delima et al. 2002;
Graves et al. 2002; Volejnikova et al. 2002). OCs are cells
derived from the monocytic cell lineage that resorb the
bone tissue when it reaches maturation. Chemokines are
implicated in different activities, like chemotaxis, cell
adhesion, and expression of proteolytic enzymes, that are
important for OCs to exert their functions. In fact, some
reports already demonstrated a direct role for some
chemokines, like CCL3 in inducing osteoclastogenesis
(Scheven et al. 1999; Han et al. 2001) or CCL9 in
stimulating cytoplasmic motility and polarization (Lean et
al. 2002). Despite the potential intriguing role of
chemokines in the regulation of OC function, few data

Fig. 6 Immunohistochemical analysis of CXCL10 and CXCL12 in
bone tissue biopsies from a representative rheumatoid arthritis
patient. Magnification �250 and �1,000 (inset). TB Trabecular
bone, BM bone marrow. Arrows were used to indicate OCs
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are available on chemokine expression by human OCs at
different stages of differentiation.

In this study we investigated in vitro the expression of
chemokines and receptors of the CXC family in human
OCs obtained by CD11b-positive cells, a subpopulation of
human peripheral blood mononuclear cells which is
specifically upregulated under some pathological condi-
tions involving an increased OC function (i.e., rheumatoid
arthritis; Nielsen et al. 1999). Furthermore, OCs were
grown onto two different substrates, plastic and calcium
phosphate-coated slides, since studies from different
authors have revealed different patterns of protein
expression under these conditions (Fuller et al. 2000;
Lean et al. 2002). Our study demonstrates that human
OCs express different CXC chemokine receptors and
ligands, during differentiation, when grown on plastic or
calcium phosphate-coated slides. In particular, at the
mRNA level we found that undifferentiated CD11b-
positive cells express CXCR1, CXCR2, CXCR3, CXCR4
and CXCR5 and these receptors are downregulated during
OC differentiation from day 0 to day 8. The same trend
was also observed for CXCL8, while CXCL10 and
CXCL12 significantly increased from day 0 to day 8 only
when CD11b-positive cells were differentiated on calci-
um phosphate-coated slides. Analysis performed at the
protein level on OCs grown on plastic demonstrated a
positive expression only for CXCR3, CXCR4, CXCR5,
CXCL8 and CXCL12. An upregulated expression of
CXCL10 and CXCL12 was found by immunocytochem-
istry when cells where differentiated on calcium phos-
phate-coated slides.

We are the first to demonstrate a distinct chemokine
receptor/ligand expression pattern on human OCs, thus
confirming that in vitro analysis of OCs requires the right
selection of the substrate for growing cells. Calcium
phosphate synthetic material seems to be the better
substrate for OC in vitro analysis, since the mechanism
responsible for bone turnover is better mimicked. Immu-
nostaining of CXCL10 and CXCL12 performed in our
study confirms that this pattern of expression is closer to
the in vivo expression by OCs. In fact, immunostaining of
specimens obtained from rheumatoid arthritis patients
revealed high expression levels for both CXCL10 and
CXCL12 in multinucleated OCs present in areas of bone
resorption.

These differences in chemokine receptors/ligands by
OCs grown on plastic or calcium phosphate synthetic
material, may be explained, according to findings
obtained by others (Leeuwenburgh et al. 2001; Heymann
et al. 2001; Monchau et al. 2002), by the following
evidence: (1) a better adherence of OCs to calcium
phosphate-coated slides than to plastic, (2) a number of
OCs formed on bone substantially greater than on plastic,
(3) a better development of typical bone OC features,
such as polarized dome shape and a ruffled border, in the
presence of calcium phosphate, and (4) the ability of OCs
to simultaneously resorb and phagocytose the synthetic
calcium phosphate matrix. Mature OCs need these
conditions to perform their natural functions in the bone.

The demonstration that the expression of CXCL10 and
CXCL12 by mature human OCs is dependent on the
growing substrate chosen clearly suggests that for study-
ing in vitro OC generation and function it is important to
establish culture conditions (such as the use of mineral-
ized substrate) that mimic the bone microenvironment.
The different expression of chemokine receptors and
ligands between undifferentiated and mature OCs sug-
gests a specific response of the cells to the same
chemokine stimulation and contributes to better define
the true phenotypic features of human OCs. Analysis of
chemokine expression might be included in the pheno-
typic characterization of mature OCs and, among them,
CXCL10 and CXCL12 should be clearly expressed by
true OCs, along with the typical markers of differentiation
(TRAP, calcitonin receptor, F-actin ring). Moreover, our
data on chemokine production by OCs suggests that these
cells not only represent a target for chemokine stimula-
tion, but may actively take part in the process of
recruitment and activation of immune cells in the bone
microenvironment.

During OC differentiation, undifferentiated CD11b-
positive cells lose the expression of different CXC
receptors, leading to a reduced repertoire of responsive-
ness by mature OCs to inflammatory chemokines. Loss of
expression of chemokine receptors is consistent with the
observation (Sauty et al. 2001) that they are often
downregulated after mononuclear cells have passed
through the endothelial cells and have been committed
to a more differentiated phenotype in the inflamed tissue.
Mature OCs expressed CXCL8 but not its receptors
CXCR1 and CXCR2, while only few samples expressed
traces of CXCL13 but were highly positive to its receptor
CXCR5. By contrast, the differentiation process leads to a
significant increase of expression of CXCL10 and
CXCL12, two chemokines that exert a specific role
during inflammation, as well as of their specific receptors
CXCR3 and CXCR4 suggesting a differential autocrine/
paracrine mechanism of action of these factors during the
process of differentiation. In fact, recent findings from our
group (Grassi et al. 2003) and others (Yu et al. 2003)
demonstrate a role for the chemokine CXCL12 in
recruitment of OC precursors, stimulation of MMP-9
production by these cells, and increasing OC ability to
resorb the bone matrix. Moreover, the expression of
CXCL10 in bone tissue biopsies and its important
biological function on human osteoblasts (Lisignoli et
al. 2003a) and on the recruitment and proliferation of
T lymphocytes has been described (Lisignoli et al.
2003b).

In conclusion, our findings demonstrate a differential
expression of CXC chemokine receptors and ligands
during OC maturation. Our data provide new insight into
the understanding of OC development and homing, as
well as the methods used to differentiate in vitro OCs
from precursor cells, and support the hypothesis of a role
for chemokines in the regulation of OC function.
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