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clasts are derived from hematopoietic progenitor cells
We have reported that osteoclast differentiation factor (1-3). We have established a co-culture system of mouse

(ODF) expressed on the plasma membrane of osteo- hematopoietic cells and osteoblasts/stromal cells, in
blasts/stromal cells is a ligand for osteoclastogenesis in- which osteoclast-like multinucleated cells (OCLs) were
hibitory factor (OCIF). A genetically engineered soluble formed in response to several bone-resorbing factorsform of ODF (sODF) induced osteoclast-like multinucle-

such as 1a,25-dihydroxyvitamin D3 [1a,25(OH)2D3],ated cells (OCLs) in the presence of M-CSF in mouse
parathyroid hormone (PTH) and interleukin-11 (IL-11)spleen cell cultures. Osteoblasts/stromal cells were not
(1,2). Using this co-culture system, it has been shownrequired in this process. To elucidate the mechanism
that osteoblasts/stromal cells play a crucial role in os-of human osteoclastogenesis, human peripheral blood
teoclast formation through a mechanism of cell-to-cellmononuclear cells (PBMCs) were cultured for 7 days
interaction with osteoclast progenitors (1-5). We alsowith sODF and human M-CSF in the presence or absence
reported that osteoclasts can be formed not only fromof dexamethasone. Treatment of human PBMCs with
mouse spleen or bone marrow cells but also from somesODF together with M-CSF induced OCLs, which ex-
mature macrophages or peripheral blood monocytes inpressed tartrate-resistant acid phosphatase and vitro-

nectin receptors, produced cAMP in response to calci- co-cultures with osteoblasts/stromal cells (6). We hy-
tonin, and formed resorption pits on dentine slices. pothesized that a membrane bound factor designated
OCLs were also formed from the adherent cell popula- ‘‘osteoclast differentiation factor (ODF)’’ is expressed
tion of human PBMCs. Dexamethasone was required on osteoblasts/stromal cells in response to bone-re-
for human OCL formation in culture of whole PBMCs sorbing factors, and that it induces osteoclastogenesis
but not in culture of the adherent cell population. OCL by signaling to osteoclast progenitors (1,2).
formation was strongly inhibited by OCIF simultane- Recently, we cloned cDNA of osteoclastogenesis-in-
ously added. These results clearly indicate that like in hibitory factor (OCIF) (7-9), which was found to be
mouse osteoclastogenesis, ODF is a critical factor for identical to osteoprotegerin (OPG) (10). OCIF was a
human osteoclastogenesis. The present study also in- secretory member of the tumor necrosis factor (TNF)dicates that OCIF acts as a naturally occurring decoy

receptor family and inhibited osteoclastogenesis by in-receptor for ODF in inhibiting signal transduction in
terrupting the cell-to-cell interaction between osteo-human osteoclast formation. q 1998 Academic Press
blasts/stromal cells and osteoclast progenitors (7-9).
More recently, we succeeded in the molecular cloning
of a ligand for OCIF, which was a member of the mem-

Osteoclasts are multinucleated cells responsible for brane-associated TNF ligand family (11). We showed
bone resorption (1-3). It is well recognized that osteo- that this molecule was indeed ODF, the long-sought

ligand mediating an essential signal to osteoclast pro-
genitors for their differentiation into osteoclasts (11).1 Correspondence address: Tatsuo Suda, Department of Biochemis-
The cloned molecule was also identical to TRANCE (12)try, School of Dentistry, Showa University, 1-5-8 Hatanodai, Shina-

gawa-ku, Tokyo 142-8555, Japan. Fax: (813) 3784-5555. and RANKL (13), which were independently cloned
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Human peripheral blood mononuclear cell cultures. Human pe-from mouse T cell hybridomas and mouse thymoma
ripheral blood was collected from healthy normal donors in syringescells, respectively. Expression of ODF mRNA by osteo-
containing 1,000 U/ml of preservative-free heparin. Informed consentblasts/stromal cells was up-regulated by osteotropic was obtained in all cases before blood aspiration. PBMCs were iso-

factors such as 1a,25(OH)2D3, PTH and IL-11. Macro- lated by centrifugation over Histopaque 1077 (Sigma Chemicals Co.,
St. Louis, MO) density gradients, washed, and resuspended at 1.3phage colony stimulating factor (M-CSF) produced by
1 106 cells/ml in a-Minimal Essential Medium (aMEM) supple-osteoblasts/stromal cells has been shown to be also an
mented with 10% fetal bovine serum (JRH Biosciences, Lenexa, KS).essential factor in mouse osteoclast formation (14-16).
PBMCs were then cultured for 7 days in 48-well plates (4 1 105 cells/

A genetically engineered soluble form of ODF (sODF) 0.3 ml/well) in the presence or absence of various concentrations of
together with M-CSF induced OCLs from mouse spleen mouse sODF, human M-CSF, human OCIF and dexamethasone. In

some experiments, nonadherent cells were removed by pipettingcells in the absence of osteoblasts/stromal cells (11).
after culture for 1 hr, and the remaining adherent cells were furtherThe generation of human osteoclasts in vitro, as as-
cultured for 7 days. Culture medium was replaced every three dayssessed by bone resorption, has been shown to be diffi- with fresh medium supplemented with agents described above.

cult to achieve (17). Fujikawa et al. (18) first reported
Determination of characteristics of osteoclasts. After culture forthat the rat osteosarcoma cell line UMR 106 and the

7 days, cells were fixed and stained for tartrate-resistant acid phos-mouse bone marrow-derived stromal cell line ST2 sup- phatase (TRAP). TRAP-positive cells containing more than 3 nuclei
ported human OCL formation in co-culture with hu- were counted as OCLs as described previously (24). For immunohis-
man peripheral blood mononuclear cells (PBMCs) in tochemical detection of vitronectin receptors, cells were fixed and

incubated with monoclonal antibody against vitronectin receptorsthe presence of 1a,25(OH)2D3 and dexamethasone. In
(23C6) (25), and the bound antibodies were visualized as describedtheir experiments, addition of human M-CSF to the co-
(26). To determine calcitonin-dependent cAMP production, humanculture was essential to induce human OCLs, because PBMCs were cultured in 48-well plates as described above. After

UMR 106 and ST2 cells produce rat and mouse M- culture for 7 days, cells were washed with aMEM and incubated
with eel calcitonin (1008 M) for 10 min in the presence of 1 mMCSF, respectively, which do not act on human M-CSF
isobutylmethylxanthine. Intracellular cAMP was then extractedreceptor. Furthermore, Sarma et al. (19 ,20) reported
with 65% ethanol, and the amount of cAMP was determined usingthat addition of M-CSF to human bone marrow cul-
a cAMP assay kit (Yamasa Shoyu Co., Chiba, Japan). For a pit forma-

tures stimulated human osteoclast formation. These tion assay, human PBMCs were cultured in the presence or absence
results indicate that both M-CSF and osteoblasts/stro- of sODF (100 ng/ml), human M-CSF (200 ng/ml) and dexamethasone

(1007 M) in 48-well plates (4 1 105 cells/0.3 ml/well), in which amal cells are involved in human osteoclast formation
dentine slice (diameter : 4 mm) had been placed in each well. OCIFas well. However, there are several reports that human
(100 ng/ml) was added to some cultures. After culture for 12 days,hematopoietic progenitors differentiate into mature os- the resorption pits on dentine slices were visualized by staining with

teoclasts in cultures in the absence of M-CSF and osteo- Mayer’s hematoxylin as described (24).
blasts/stromal cells (21-23). Thus, the regulation of hu-
man osteoclast formation is still controversial with re-

RESULTSgard to the requirement of M-CSF and osteoblasts/
stromal cells.

To elucidate the mechanism of human osteoclast for- Addition of mouse sODF to human PBMC cultures
stimulated TRAP-positive OCL formation in a dose-mation, human PBMCs were cultured with sODF and/

or human M-CSF. We report here that human OCLs dependent manner in the presence of human M-CSF
and dexamethasone (Figs. 1A and 1B). Without dexa-are formed exactly in the same way as mouse OCLs in

response to sODF in the presence of human M-CSF methasone, TRAP-positive OCLs were scarcely formed
in the PBMC cultures treated with sODF and M-CSF.without any help of other osteotropic factors and osteo-

blasts/stromal cells. Without M-CSF, most of the PBMCs disappeared dur-
ing the 7 day-culture even in the presence of sODF
and/or dexamethasone. Addition of human OCIF (10-MATERIALS AND METHODS
100 ng/ml) to the culture dose-dependently inhibited
TRAP-positive OCL formation induced by a mixture of

Materials. Recombinant mouse sODF was prepared by fusing the
M-CSF (200 ng/ml), sODF (100 ng/ml) and dexametha-extracellular domain of ODF (Asp76-Asp316) to the C-terminal end
sone (1007 M) (data not shown), and the complete inhi-of His-Patch thioredoxin (Invitrogen) using His-Patch ThioFusion

Expression System (Invitrogen). A DNA fragment encoding the ex- bition was observed at 100 ng/ml of OCIF (Fig. 1A). A
tracellular domain of ODF on pTrx-ODF (11) was inserted between time course study revealed that TRAP-positive OCLs
Kpnl and SaII sites of pThioHisB to generate pHP-Trx-ODF. sODF first appeared on day 4 in the culture treated withwas purified from the soluble cytoplasmic fraction of DH5a harboring

sODF (100 ng/ml), M-CSF (200 ng/ml) and dexametha-pHP-Trx-ODF by ProBond (Invitrogen) column chromatography, af-
sone (1007 M). The number of OCLs attained a maxi-finity chromatography on an OCIF-immobilized column and gel fil-

tration chromatography. Recombinant human OCIF was prepared mum on days 6 - 8 and decreased thereafter (data not
as described previously (8). Recombinant human M-CSF (Leukoprol) shown).
was obtained from Green Cross Co. Ltd. (Osaka, Japan). Dexametha- Multinucleated cells formed in human PBMC cul-sone was purchased from Wako Pure Chemicals Co. (Osaka). Eel

tures treated simultaneously with the three factorscalcitonin (Elcatonin) was kindly provided by Asahi Chemical Indus-
try Co. (Tokyo, Japan). (sODF, M-CSF and dexamethasone) were positively
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FIG. 1. Effects of sODF, M-CSF, OCIF and dexamethasone on TRAP-positive OCL formation in human PBMC cultures. (A) Human
PBMCs were cultured in 48-well plates (4 1 105 cells/0.3 ml/well) in the presence or absence of human M-CSF (200 ng/ml), mouse sODF
(100 ng/ml), human OCIF (100 ng/ml) and dexamethasone (Dex) (1007 M). (B) Human PBMCs were cultured in 48-well plates (4 1 105

cells/0.3 ml/well) with various concentrations of mouse sODF in the presence of human M-CSF (200 ng/ml) and dexamethasone (1007 M).
After culture for 7 days, cells were stained for TRAP. TRAP-positive multinucleated cells containing 3 or more nuclei were counted as
OCLs. Results are expressed as the mean { SD of six cultures. Similar results were obtained in three additional independent experiments.

stained for TRAP and anti-vitronectin receptor anti- from the adherent cells expressed vitronectin receptors
(positive for 23C6 antibody) and formed resorption pitsbody (23C6) (Fig. 2A). 23C6-positive multinucleated

cells were scarcely detected on day 7 in the PBMC cul- on dentine slices (data not shown). Treatment of the
adherent cells with OCIF (100 ng/ml) strongly inhib-ture treated without sODF even in the presence of M-

CSF and dexamethasone. Addition of OCIF at 100 ng/ ited TRAP-positive OCL formation induced by sODF
and M-CSF (Fig. 4B).ml to the culture strongly inhibited the formation of

TRAP-, and 23C6-positive OCLs induced by a mixture
of sODF, M-CSF and dexamethasone (Fig. 2A). Calcito- DISCUSSION
nin-induced cAMP production was also detected in the
PBMC cultures treated simultaneously with sODF, M- The present study clearly demonstrates that sODF

stimulates OCL formation in the presence of humanCSF and dexamethasone (Fig. 2B). Treatment of
PBMCs with OCIF (100 ng/ml) also inhibited the in- M-CSF in human PBMC cultures. The multinucleated

cells induced by sODF expressed TRAP and vitronectincrease in the calcitonin-dependent cAMP accumulation
(Fig. 2B). receptors, produced cAMP in response to calcitonin,

and formed resorption pits on dentine slices. Thus,Numerous resorption pits were formed on dentine
slices, on which human PBMCs were cultured with sODF-induced multinucleated cells derived from hu-

man PBMCs satisfy major criteria of osteoclasts (1,2).sODF, M-CSF and dexamethasone (Fig. 3). No resorp-
tion pits were formed on the slices, when PBMCs were This study also indicates that sODF not only stimu-

lates differentiation of human osteoclast progenitorscultured in the absence of sODF. OCIF added to the
PBMC cultures markedly inhibited the formation of but also activates human osteoclasts to resorb dentine

slices. OCIF inhibited human OCL formation inducedresorption pits on dentine slices (Fig. 3).
PBMCs consist of the heterogeneous cell population by sODF from PBMCs. This suggests that OCIF acts

as a naturally occurring decoy receptor for ODF in in-including monocytes, granulocytes, platelets and lym-
phocytes. It was shown that OCLs are derived from the hibiting signal transduction in osteoclastogenesis in

humans as well as in mice (8,11).adherent cell population of mouse PBMCs (3,6). When
nonadherent cells were removed from the human We have established a subclone (SaOS-4/3) of the

human osteosarcoma cell line SaOS-2 by transfectionPBMC cultures, TRAP-positive OCLs were formed
from the remaining adherent cells in response to sODF with an expression vector of the human PTH/PTH-

related protein receptor (27). Human OCLs wereand M-CSF. Dexamethasone was not required for in-
ducing OCLs from the adherent cell population of formed in response to PTH but not other bone re-

sorbing factors such as 1a,25(OH)2D3 , and IL-11 inPBMCs (Fig. 4A). The multinucleated cells derived
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FIG. 2. Osteoclast characteristics of multinucleated cells induced by a combination of sODF and M-CSF. Human PBMCs were cultured
in 48-well plates (4 1 105 cells/0.3 ml/well) in the presence of human M-CSF (200 ng/ml) and dexamethasone (1007 M). Some cultures were
treated with mouse sODF (100 ng/ml) together with or without human OCIF (100 ng/ml). (A) After culture for 7 days, cells were stained
for TRAP and vitronectin receptors (23C6). TRAP-positive cells appeared as red cells, and 23C6-positive cells as brown cells. Bar Å 200
mm. (B) After culture for 7 days, cells were incubated for 10 min with eel calcitonin (CT) (1008 M) in the presence of 1 mM isobutylmethylxan-
thine, and the amount of cAMP accumulated in the PBMC culture was determined. Results are expressed as the mean { SD of quadruplicate
cultures. Similar results were obtained in an additional independent experiment.
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co-culture of SaOS-4/3 cells and human PBMCs (Mat-
suzaki, K., et al., submitted for publication). In our
preliminary experiments, expression of ODF mRNA
by SaOS 4/3 cells was markedly increased by the
treatment with PTH but not with 1a,25(OH)2D3 or
IL-11 (Matsuzaki, K., unpublished observation).
These results suggest that expression of ODF by os-
teoblasts/stromal cells is the key step for inducing
osteoclasts in humans as well as in mice (11).

Dexamethasone was required for human OCL forma-
tion in cultures of whole PBMCs but not in cultures of
the adherent cell population. It is generally believed
that addition of glucocorticoids such as dexamethasone
or hydrocortisone to human culture systems is neces-
sary for inducing human OCLs (3, 18-20). In contrast,
glucocorticoids are not necessarily required for mouse
OCL formation (24). This suggests that human but not

FIG. 4. Effect of the removal of nonadherent cells from humanmouse nonadherent cells produce an inhibitory fac-
PBMC cultures on TRAP-positive OCL formation induced by sODFtor(s) against human osteoclastogenesis, production of
and M-CSF. Human PBMCs were cultured in 48-well plates (4 1which appears to be down-regulated by dexametha- 105 cells/0.3 ml/well). Nonadherent cells were removed by pipetting

sone. Further studies are necessary to identify the in- after culture for 1 hr, and adherent cells were further cultured in
the presence of human M-CSF (200 ng/ml). Cultures were treatedhibitory factor(s) produced by nonadherent cells of hu-
with or without mouse sODF (100 ng/ml), dexamethasone (Dex) (1007man PBMCs.
M) and human OCIF (100 ng/ml). After culture for 7 days, cells wereM-CSF is shown to be a crucial factor in mouse osteo-
stained for TRAP, and TRAP-positive OCLs were counted. Results

clast development (14-16). Here, we showed that that are expressed as the mean { SD of quadruplicate cultures. Similar
M-CSF was also essential for inducing OCLs from hu- results were obtained in two additional independent experiments.
man PBMCs. Without M-CSF, most of the PBMCs dis-
appeared even in the presence of sODF during the 7
day-culture, suggesting that M-CSF is involved in the teoclastogenesis in mice (1,2,11) is also applicable to
proliferation and survival of osteoclast progenitors. humans. Although both ODF and M-CSF are indis-
These findings are also consistent with the previous pensable for OCL formation, ODF, expression of which
reports which showed that M-CSF is a critical factor is up-regulated by bone-resorbing factors (11), should
in human OCL formation in vitro (18-20). be the most critical factor for osteoclastogenesis. The

The present study shows that ODF and M-CSF are culture system of human PBMCs will provide a new
the two important factors required for inducing human tool to investigate human osteoclast formation and
osteoclastogenesis. This indicates that a model for os- function. The present study also raises a possibility

that ODF and OCIF may be useful for the treatment
of human bone diseases such as osteopetrosis and os-
teoporosis, respectively.
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