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ABSTRACT: Both human and murine osteoclasts can be derived in vitro from hematopoietic cells or monocytes that are co-
cultured with osteoblasts or marrow-derived stromal cells. The osteoclastogenic stimulus provided by murine osteoblasts and
marrow-derived stromal cells is now known to be mediated by osteoclast differentiation factor (ODF), a membrane-bound tumor
necrosis factor-related ligand. This study demonstrates that mouse spleen cells and monocytes form osteoclasts when cultured
in the presence of macrophage-colony stimulating factor (M-CSF) and a soluble form of murine ODF (sODF). Numerous
multinucleated osteoclasts expressing tartrate resistant acid phosphatase (TRAP) and calcitonin receptor (CTR) formed within 7
days of culture and engaged in extensive lacunar bone resorption. Osteoclast number and bone resorption area was dependent on
SODF concentration. Long-term cultured human monocytes also formed bone resorbing osteoclasts in response to co-stimulation
by sODF and M-CSF, although this required more than 11 days in culture. This human osteoclast differentiation was strongly
inhibited by granulocyte-macrophage colony stimulating factor. This study further characterises murine osteoclast differentiation
caused by sODF and M-CSF co-stimulation in vitro, and shows that the same co-stimulation causes human osteoclast

differentiation to occur. We propose that this methodology can be employed to investigate the direct effects of cytokines and

other factors on human osteoclast differentiation.

Osteoclasts are multinucleated cells responsible for bone
resorption. They form by fusion of precursors that are derived
from the pluripotential hematopoietic stem cell [1] and
circulate in the monocyte fraction [2,3]. Both human and
mouse hematopoietic cells (or monocytes) form osteoclasts
when co-cultured with osteoblastic or bone marrow derived
stromal cells in the presence of an appropriate hormonal or
cytokine stimulus. Macrophage colony stimulating factor (M-
CSF) is essential for this process but not sufficient [3,4].
Recently, a second essential stimulatory factor provided by
murine stromal cells has been identified and named ODF [5].
Here, we demonstrate that a combination of M-CSF and a
soluble form of ODF stimulates human monocytes and mouse
spleen cells to form osteoclasts in vitro, and show that these
culture systems can be employed as a useful model for
studying osteoclast differentiation.

Materials and Methods

Preparation and culture of mouse monocytes and spleen cells:
Spleens from freshly killed 3 month old mice (strain
¢57BL/6J, Monash University, Clayton, Australia) were
processed as previously described [6] to produce a suspension
of spleen cells in alpha minimal essential medium (Life
Technologies, Grand Island, NY) containing 10% fetal calf
serum (CSL Biosciences, Parkville, Australia) (MEM/FCS).
10° spleen cells were added to 10mm diameter cell culture
wells (Becton Dickinson, NJ). These wells contained
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either 6mm diameter glass covershps (Lomb  Scientific,
Taren Point, Australia) or 10mm’slices of bovine cortical bone
[7]. To prepare monocyte cultures, peripheral blood
mononuclear cells (PBMCs) were first prepared from diluted
mouse blood (1:4 in Hanks Balanced Salt Solution (HBSS;
Life Technologles Grand Island, NY) which was layered
over Ficoll-Paque® solution (Pharmacia Biotech, Uppsala
Sweden), centrlﬁlged (693g), then washed and resuspended in
MEM/FCS. 10° PBMCs were added to 6mm wells containing
bone slices or coverslips and allowed to settle in MEM/FCS
for 1 hour; coverslips and bone slices were then vigorously
rinsed to remove non-adherent cells and placed in 10mm
diameter culture wells. Spleen cells and monocytes were
maintained (at 37°C, in a 5% CO, gassed incubator) in 10mm
diameter culture wells in 0.4m! MEM/FCS for up to 11 days,
both in the presence and absence of recombinant human M-
CSF (25ng/ml) (a kind gift of Genetics Institute,
Cambridge, MA, USA) and 0, 1, 3, 10 or 30 ng/mi
recombinant murine sODF  (a kind gift of Snow Brand Milk
Products Co. Ltd, Tochigi, Japan) [5]. In all cultures,
medium and added factors were entirely replaced every three
days. After 0, 3, 7 and 11 days, bone slices and coverslips
were removed for analysis as described below.

Preparation and culture of human monocytes: Monocytes
were isolated from the peripheral blood of normal healthy
subjects. Human PBMCs were prepared from diluted blood
(1:1 in HBSS) by discontinuous gradient centrifugation as
above, and then washed by centrifugation and resuspended i in
MEM/FCS. Monocyte cultures were prepared by adding 10°
PBMCs to 6mm diameter culture wells containing bovine
cortical bone slices or glass coverslips in MEM/FCS; after 1
hour, coverslips and bone slices were removed, vigorously
rinsed to remove non-adherent cells, and placed in 10mm
diameter culture wells. Monocyte cultures were maintained in
these culture wells in 0.4ml MEM/FCS for up to 18 days,
either in the presence or absence of recombinant human M-
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CSF  (25ng/ml) and 0, 1, 3, 10 or 30 ng/m! recombinant
murine SODF. In some experiments, SODF was withheld for
the first 7 days. Where indicated, 100ng/ml human
recombinant granulocyte-macrophage colony stimulating factor
(GM-CSF; R&D Systems, Minneapolis, MN) was also
added. In all cultures, medium and added factors were entirely
replaced every 3 days.

Determination of cell phenotypes: Following incubation for
the appropriate period, cultures on coverslips were fixed and
stained histochemically for the osteoclast-associated enzyme
TRAP [6]. Using an indirect immunoperoxidase technique [8]
human monocyte cultures were also immunostained for the
osteoclast-associated vitronectin receptor (VNR), and the
macrophage-associated antigens CD11b, CD14, and CD68
using monoclonal antibodies 23C6 (a kind gift of Dr M,
Horton), ICRF44 (Serotec, Kidlington, UK), TUK4 and
EBM11 (both Dako Pty Ltd, Botany, Australia), respectively
[8]. Numbers of mononuclear and multinucleated cells (>2
nuclei) were determined. The presence of CTR, a specific
marker for osteoclasts, was investigated by autoradiography
using **I-labelled salmon calcitonin ligand binding [9]; in all
experiments, the presence of 100ng/ml unlabelled calcitonin
abolished all autoradiograph signal.

Analysis of bone resorption: Bone resorption on cortical bone
slices was assessed by scanning electron microscopy (SEM)
as previously described [7], on a Jeol JSM.5300. Data was
obtained from five or more experiments, and is expressed as
mean * standard error.

Results

Mouse Monocyte and Spleen Cell Cultures: Spleen cells and
monocytes were initially negative for TRAP. When spleen
cells were cultured for up to 11 days either in the presence or
absence of M-CSF (25ng/ml), cells expressing TRAP and/or
CTR were not found and no bone resorption was evident.
Spleen cells incubated for three days in the presence of
30ng/ml sODF and 25ng/ml M-CSF resulted in small
numbers of CTR and TRAP positive mononuclear cells, but
no bone resorption was found. After 7 and 11 days of
incubation in the presence of sODF and M-CSF, many CTR/
TRAP positive mono- and multinucleated cells were observed,
as well as extensive bone resorption (Fig 1). The amount of
resorption and number of CTR positive cells increased dose-
dependently with sODF concentration (Fig 2). In cultures
maintained for 7 and 11 days, numerous TRAP positive/CTR
negative mononuclear cells were noted, but <1% of
multinucleated cells were negative for CTR. Spleen cells
stimulated by sODF alone formed a few CTR positive cells
but did not resorb bone; however, the number of cells
surviving to 11 days was often less than 10% of those in
cultures in which M-CSF was present.

Mouse monocytes (approximately 3x10* per coverslip after
removal of non-adherent cells) treated for 11 days by M-CSF
and sODF also formed CTR/TRAP positive multi-
nucleated osteoclasts (25.3£8.0 per coverslip, 0.56% of cells
present at 11 days), which resorbed up to 100% of the bone
slice surface.
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Figure 1. Osteoclastic differentiation of mouse spleen cells,
after 11 days incubation, in response to increasing
concentrations of SODF (shown in ng/ml), and the presence
(+) or absence (-) of M-CSF (25ng/ml). A) CTR positive cell
formation. Black columns indicates mononuclear cells, white
columns indicate multinucleated cells. ‘0’ indicates no CTR
cells found (meantstandard error). B) proportion of bone slice
surface area resorbed (meantstandard error). ‘0’ indicates no
resorption.
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Human Monocyte Cultures: 6mm  diameter coverslips

initially contained approximately 5x10* adherent human
monocytes of which >95% expressed CD68, CD11b and
CDI14 macrophage-associated antigens. They were also
entirely negative for TRAP, VNR and CTR. After human
monocytes were cultured for 14 days in the presence of M-CSF
alone, numerous mono- and multinucleated cells expressing
TRAP were present on coverslips; indeed, frequently all cells
were positive for TRAP in the presence of M-CSF alone.
Numerous mono- and multinucleated cells expressing VNR
and CD14 were found and all cells expressed CD11b (see
Table 1) and CD68. However, no CTR positive cells or
resorption pits were found after 14 days of culture. When
30ng/ml sODF was present in addition to M-CSF for 14 days,
multinucleated cells positivefor CTR  (6.22+0.76 per
coverslip)(Fig. 3A), as well as VNR and CD14 were noted;
many CD11b negative cells were also found (see Table 1).
Extensive bone resorption was found after 18 days
incubation with sODF and M-CSF (Fig. 3B). This was a
dose-dependent response (Fig. 4). Much larger resorption pits
were observed than in mouse spleen or monocyte cultures.
Osteoclast differentiation from human monocytes occurred
relatively late compared to mouse spleen cultures, with no
CTR positive cells in cultures maintained for 11 days; one
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Figure 2. Osteoclastic differentiation of mouse spleen cells at
3, 7 and 10 days incubation in the presence of sODF (30
ng/ml) and M-CSF (25ng/ml). A) CTR positive cell
formation (meantstandard error). Black columns indicates
mononuclear cells, white columns indicate multinucleated cell
numbers. ‘0’ indicates no positive cells. B) proportion of
bone slice surface area resorbed (meantstandard error). ‘0°
indicates no resorption

CTR positive cells in cultures maintained for 11 days; one
bone slice out of 15 showed evidence of resorption (11
pits,<0.1% of surface area) at 11 days, and none at 7 or 3 days.
When sODF was omitted for the first 7 days, bone resorption
at 18 days was variable and much reduced (3.7%%3.4 of bone
surface area). No resorption or CTR positive cells were found
in sODF-stimulated cultures in the absence of M-CSF.

Human monocytes treated with a combination of sODF
(30ng/ml), M-CSF (25ng/ml) and GM-CSF (100ng/ml)
formed no CTR positive cells (after 14 days) and formed very
few resorption pits (<10 per bone slice) on 2 out of 15 bone
slices (<0.1% of bone surface) after 18 days (Fig. 4).

Discussion

Mouse spleen cells and monocytes form osteoclasts when
stimulated by long term co-culture with osteoblastic or pre-
adipocytic cell lines in the presence of 1,25 dihydroxy
vitamin D;[1,2]. It is now known that M-CSF and a stromal
cell membrane-associated tumor necrosis factor-related

.molecule named ODF, TRANCE or RANKL [5,10,11] is

required for osteoclast formation. A soluble form of ODF has
been shown to promote osteoclast formation in spleen cells
treated also with M-CSF [5]. This is confirmed in the present
work, in which we also show that ODF treatment of mouse
spleen cells (in the presence of M-CSF) results in a dose-
dependent formation of TRAP and CTR positive cells and o
bone resorption; the number of osteoclasts formed is similar
to that formed in spleen cell/ osteoblast co-cultures [6]. We
have also shown that osteoclasts form from mouse monocytes
under these conditions.

Human monocytes also formed bone resorbing osteoclasts in
long-term culture when stimulated with sODF and M-CSF.
This is consistent with our previous findings that human

M-CSF Alone M-CSF + sODF
Mono- MNCs Mono- MNCs
nuclear nuclear

ICD11b |100% 100% 179.1%+4.3  91.3%+1.0
ICD14 [8.2%+3.3 37.5%%7.8 33.2%+9.6 17.6%%7.1
[VNR _ [26.7%+7.1 7.0%£1.1 [59.9%+4.9 15.1%+3.4

Table 1. Immunohistochemical staining for CD11b, CD14
and VNR: proportion of mononuclear cells and
multinucleated cells (MINCs) positive for these antigens at 14
days incubation. Coverslips incubated with M-CSF alone
contained 279+63 MNCs and 15,560+1,494 mononucleated
cells. Coverslips incubated with M-CSF and sODF contained
248+49 MNCs and 14,184%1,012 mononucleated cells.
Results are from 4 experiments, 2 coverslips per experiment.

Figure 3. Cultured human monocytes stimulated by 30ng/ml
sODF and 25ng/ml M-CSF. A) CTR positive multinucleated
cell formed after 14 days incubation on a glass coverslip.
Magnification: x213. B) Resorption pits on bovine cortical
bone slice after 18 days. Arrow indicates unresorbed bone.
Magnification: x200.
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Figure 4. Osteoclastic differentiation of human monocytes:
after 18 days incubation, in response to increasing
concentrations of sODF (shown in ng/ml), the presence (+) or
absence (—) of M-CSF (25ng/ml), and presence and absence of
GM-CSF (100ng/ml): proportion of bone slice surface area
resorbed (meantstandard error). ‘0’ indicates no resorption.
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monocytes form osteoclasts in long-term co-culture with 1,25
dihydroxyvitamin Ds-stimulated rodent  osteoblastic cells
when human M-CSF is added [3]. Relevant to this is the data
on expression of CD11b, the alpha chain of the integrin o,3,,
which, like CD14, is expressed by human macrophages but
not osteoclasts [8]. Monocytes treated with M-CSF alone
resulted in only CD11b positive cells, but co-treatment with
sODF resulted in numerous CD11b negative cells, consistent
with the presence of osteoclasts. CD11b and CDI14
immunostaining also indicates that substantial numbers of
monocyte-derived macrophages persist in these cultures.
When human monocytes were cultured for 14 days with M-
CSF but without sODF, CTR expression and bone resorption
were absent, but multinucleated cells expressing VNR and
TRAP were found. Human monocytes respond to culture
conditions by increased expression of TRAP; in addition,
long term cultured monocytes have been shown to express
VNR, which plays a role in the recognition and phagocytosis
of apoptotic bodies [12,13]. It seems likely that many TRAP-
and VNR- positive cells in these cultures are monocyte-
derived macrophages, not osteoclasts. Therefore, in human
monocyte cultured under these conditions, TRAP and VNR
must be regarded as unreliable markers for mature or
terminally differentiated osteoclasts.

It was notable that human in vitro osteoclastogenesis required
longer stimulation by sODF than mouse osteoclastogenesis,
and yielded fewer CTR positive cells. The reason for this
difference is unclear; it may be due to the murine sODF
employed, or perhaps to lower proliferation rates in cultured
human osteoclast progenitors compared to cultured mouse
progenitors. Also, fewer human osteoclasts were formed
(6.22+0.76/coverslip) than in human monocyte/stromal cell
co-cultures (39.314.6/coverslip, unpublished data; method of
Fujikawa et al [3]). Further work is required to investigate
differences in osteoclast yield in these culture systems.

We looked for a possible effect of GM-CSF on sODF/M-CSF
induced human osteoclast formation because we have
previously obtained evidence in studies of murine osteoclast
formation that GM-CSF mediates the inhibitory effects of
stromal-cell derived interleukin-18 on osteoclastogenesis [6].
GM-CSF appeared to do this through a direct action on the
osteoclast progenitors, and the inhibitory effect of GM-CSF on
human osteoclast formation seen in these experiments is
consistent with such a direct action. We therefore suggest that
the culture method described here, together with co-culture
methodologies we have previously described [3] could be used
to determine whether particular factors that affect bone
resorption act directly on osteoclast progenitors or act through
an effect on stromal cell elements. In this way, greater
understanding could be obtained of the complex cellular and
hormonal interactions that control osteoclast generation and
bone resorption in health and disease.
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