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Inflammatory cytokines such as tumor necrosis factor-alpha (TNFα) are potent stimulators of osteoclast for-
mation and bone resorption and are frequently associated with pathologic bone metabolism. The cytokine
exerts specific effects on its target cells and constitutes a part of the cellular microenvironment. Previously,
TNFα was demonstrated to inhibit the development of osteoclasts in vitro via an osteoblast-mediated path-
way. In the present study, the molecular mechanisms of the inhibition of osteoclastogenesis were investigat-
ed in co-cultures of osteoblasts and bone marrow cells (BMC) and in cultures of macrophage-colony
stimulating factor (M-CSF) dependent, non-adherent osteoclast progenitor cells (OPC) grown with M-CSF
and receptor activator of NF-κB ligand (RANKL). Granulocyte-macrophage colony stimulating factor (GM-
CSF), a known inhibitor of osteoclastogenesis was found to be induced in osteoblasts treated with TNFα
and the secreted protein accumulated in the supernatant. Dexamethasone (Dex), an anti-inflammatory ste-
roid, caused a decrease in GM-CSF expression, leading to partial recovery of osteoclast formation. Flow cyto-
metry analysis revealed that in cultures of OPC, supplemented with 10% conditioned medium (CM) from
osteoblasts treated with TNFα/1,25(OH)2D3, expression of RANK and CD11c was suppressed. The decrease
in RANK expression may be explained by the finding, that GM-CSF and the CM from wt osteoblasts were
found to suppress the expression of c-Fos, Fra-1, and Nfatc-1. The failure of OPC to develop into CD11c+ den-
dritic cells suggests that cell development is not deviated to an alternative differentiation pathway, but rath-
er, that the monocytes are maintained in an undifferentiated, F4/80+, state. The data further implies possible
interactions among inflammatory cytokines. GM-CSF induced by TNFα acts on early hematopoietic precur-
sors, inhibiting osteoclastogenesis while acting as the growth factor for M-CSF independent inflammatory
macrophages. These in turn may condition a microenvironment enhancing osteoclast differentiation and
bone resorption upon migration of the OPC from circulation to the bone/bone marrow compartment.
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Introduction

Differentiation and activation of bone cells is regulated by their re-
spective microenvironment, which is composed of cells, cytokines and
growth factors, and of the extracellular matrix. A shift in this fine-
tuned equilibrium may lead to qualitative and quantitative changes
that constitute the base for the onset of pathological conditions [1–3].
The close functional and anatomical relationship between bone and
the cells of the immune system was demonstrated in the recent past,
when increasing evidence has been gathered supporting a role for im-
mune cells in defining the bone microenvironment through a network
of regulatory molecules. Furthermore, immune cells develop within
the bone marrow, and as a consequence, bone and bone cells form
part of their specific microenvironment [4].
The inflammatory response is a vital component of the immune
system's defense against infectious agents. An abnormally prolonged
activation may be followed by skeletal pathologies, including focal
bone erosions and cartilage degeneration. Rheumatoid arthritis (RA)
is an example of a disease in which activation of the immune system
leads to an increase in bone resorption [4–6]. Elevated levels of inter-
leukins (IL) such as IL-1, IL-6, IL-15, IL-17 and of TNFα secreted by ac-
tivated T-lymphocytes and monocyte/macrophage lineage cells have
been associated with bone loss in RA through their stimulatory effects
on osteoclast development and activation [7–9]. The efficiency of
therapeutic protocols [10,11], employing antibodies against IL-17,
IL-1AR, IL-6R [12,13] and TNFα [10,14–16], in preventing bone ero-
sions, confirms the interdependence of the cell lineages of bone and
of the immune system.

Osteoclasts are multinucleated cells of hematopoietic origin that
degrade bone [17]. Two essential growth factors required for the de-
velopment of osteoclast lineage cells are M-CSF, belonging to a group
of lineage-specific hematopoietic growth factors [17–19], and RANKL,
a member of the TNF-superfamily of proteins [20–22]. RANKL is
expressed, apart from osteoblasts, by many cell types, including
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monocytes, neutrophils [23], fibroblasts [6,24,25], and by B- [26–28]
and T-lymphocytes. M-CSF is widely expressed and inflammatory cy-
tokines increase its synthesis by mesenchymal and endothelial cells.
By this mechanism, cells of the immune system can actively modulate
the differentiation and activation of osteoclasts, and, as a conse-
quence, of bone resorption. Furthermore, additional cytokines origi-
nating in the immune system, such as IL-3, and IL-15, sustain
osteoclast differentiation and mediate bone loss either by increasing
the pool of osteoclast precursors, as does IL-3, or by inducing the ex-
pression of RANKL by NK cells, which is stimulated by IL-15 [29]. IL-4,
IL-5, IL-12, GM-CSF and interferon-gamma (IFN-γ), on the other
hand, are known inhibitors of osteoclastogenesis [30].

TNFα is released during inflammation by monocyte/macrophage
lineage cells and is a potent, multifunctionalmodulator of inflammatory
and osteolytic processes. The cytokine has been reported to support dif-
ferentiation and activation of osteoclasts [31–34] while inhibiting the
activity of osteoblast lineage cells, thus causing bone loss [35]. While
not essential for osteoclastogenesis, TNFα potently modulates bone re-
sorption by acting in synergy with RANKL [33]. The cytokine enhances
osteoclastogenesis through direct and indirect mechanisms, by stimu-
lating accessory cells to produce an osteoclastogenic environment, by
mobilizing osteoclast precursors from bone marrow and by prolong-
ing the survival of mature osteoclasts. Exposure to TNFα was found to
result in increased levels of RANKL in several cell types, including oste-
oblasts, synoviocytes, stromal cells, and T- and B-cells. The long estab-
lished concept that TNFα is solely an activator of osteoclastogenesis is
changing and studies have shown that, while the cytokine enhances
osteoclastogenesis by acting directly on osteoclast progenitors, it can in-
hibit the same process indirectly by inducing the expression of inhibi-
tors by different cell types such as fibroblasts and osteoblasts.
Expression levels of osteoprotegerin (OPG) a decoy receptor for
RANKL were upregulated in human synovial fibroblasts treated with
TNFα [36,37]. Along a similar line, previous studies in our group have
shown that TNFα in vitro does exert an inhibitory effect on the develop-
ment of osteoclasts through osteoblasts, which, however, seemed not to
depend on OPG [38].

In the present study, we investigated the molecular mechanisms
that mediate the inhibitory activity of TNFα on osteoclastogenesis in
vitro. The data demonstrates that the inhibition of osteoclastogenesis
by TNFα is partially mediated by GM-CSF, which is released by oste-
oblast lineage cells in response to TNFα. Furthermore, it is demon-
strated that the mechanism of inhibition of osteoclastogenesis
includes the downregulation of RANK, probably as a consequence of
a downregulation of c-Fos and Fra-1, on osteoclast progenitors during
the early phase of osteoclast differentiation.

Methods

Animals

Animals used in this study include C57Bl/6J wt, GM-CSF−/− and
p55TNFR−/−/p75TNFR−/− mice. Animals were bred in the Central Ani-
mal Facility of the Medical Faculty of the University of Bern, complying
with the Swiss Guidelines for care and use of experimental animals. The
experiments of the studywere approved by the State Committee for the
Control of Animal Experimentation (permit number 13/07 to WH).

Isolation of osteoblasts and production of conditioned media

Primary murine osteoblasts were isolated by sequential collagenase
digestion of calvariae from 1 and 2 day oldmice as described previously
[38]. Briefly, 25 calvariae were digested for 5×20 min in Hank's bal-
anced salt solution (Sigma, Buchs, CH) containing 3 mg/ml collagenase
II (Worthington, NJ, USA). Fractions 3 to 5 were pooled, 106 cells were
seeded into 75 cm2 culture flasks and grown in culture medium
[αMEM containing 10% FBS (Inotech AG, Dottikon, CH) and pen/strep
(100 U/ml and 100 μg/ml; respectively; GIBCO BRL Life Technologies,
Basle, CH)]. After 4 days in culture, the cells were aliquoted and stored
in liquid nitrogen. Before the experiments, the cells were thawed,
grown in culture medium for 4 days and subsequently used according
to the experimental protocols.

To investigate the inhibitory activity of osteoblasts on osteoclast
formation, 5×104 osteoblasts were seeded in 6-well plates in 2.5 ml
of cell culture medium supplemented with 10−8 M 1,25(OH)2D3

and TNFα (1 and 5 ng/ml) for 72 h. The resulting conditioned media
(CM) were centrifuged and stored at 4 °C for later use.

Quantification of GM-CSF

GM-CSF protein levels were quantified in CM of primary osteo-
blasts from C57Bl/6J wt, GM-CSF−/− and p55TNFR−/−/p75TNFR−/−

mice treated with TNFα and 1,25(OH)2D3 (specific conditions are in-
dicated in the Results section) using a sandwich ELISA Kit as recom-
mended by the manufacturer (BD OptEIA™ Set Mouse GM-CSF
ELISA kit, BD Bioscience, San Diego, CA, USA).

PCR analysis

Levels of transcripts were assessed by quantitative real-time PCR. For
this purpose, cells were cultured according to specified protocols and
total RNA was isolated using the RNeasy Mini Kit (Qiagen, Basle, CH)
according to the recommendation of the manufacturer. After reverse
transcription with MMuLV RT (Roche Diagnostics, Rotkreuz, CH), PCR
was performed using an ABI PRISM 7500 System (Applied Biosystems,
Rotkreuz, CH). The CT values were normalized against 18S rRNA. The re-
actions were performed using TaqMan Fast Universal PCR Master Mix
(Applied Biosystems, Rotkreuz, CH), the respective Assays-on-Demand
(ABI, Rotkreuz, CH) and 5 ng to 10 ng cDNA. The reaction mixes were
preincubated for 2 min at 50 °C, followed by 10 min at 95 °C. Thereafter,
45 cycles of 5 sec at 95 °C and 15 sec at 60 °C each were performed. The
reactions were analyzed using the ABI PRISM sequence detection soft-
ware 7500 Fast System v1.4.0. For quantitative PCR the following
Assays-on-Demand were used: GM-CSF Mm00434162_m1; RANKL/
Tnfsf11 Mm00441908_m1; RANK/TNFRSF-11A Mm00437135_m1; c-
Fms Mm01266652_m1: IL-6 Mm00446190_m1; IL-11 Mm00434162_
m1; c-Fos Mm00487425_m1; Fra-1 Mm00487429_m1; Nfatc-1
Mm00479445_m1; NAH-2 Mm00724785_m1.

Alkaline phosphatase assay

Osteoblasts (4×103 cells per well) were grown in 96-well tissue
culture plates. At the end of the culture, the cells were washed with
PBS and lysed in 20 μl of 0.1% Triton-X-100 in water by freezing and
thawing three times. After incubation with 0.1 ml of 3 mM p-nitro-
phenylphosphate in 1 M ethanolamine, pH 9.5, for 1 h, the reaction
was stopped with 50 μl of 0.1 M EDTA, pH 8.0 and the absorption
was measured at 405 nm with a multi-well spectrophotometer
(Tecan Infinite 200, Maennedorf, CH).

Cell viability (XTT) assay

Osteoblasts (4×103 per well) were grown in 96-well tissue culture
plates. Cell proliferation was determined using the Cell Proliferation Kit
II (XTT) (Roche Diagnostics, Rotkreuz, CH), on days 3 and 6 of the cul-
ture according to the recommendation of the manufacturer. Briefly, at
the end of the culture period, the medium was discarded, and cells
were incubated (37 °C and 5% CO2) with 100 μl of freshly prepared cul-
ture medium and 50 μl of the XTT labeling mixture (5 ml XTT labeling
reagent and 0.1 ml of electron-coupling reagent) for 3 h. At the end of
the incubation period, the absorption was measured at 472 nm with a
multi-well spectrophotometer (Tecan Infinite 200, Maennedorf, CH).
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Cultures of osteoclast precursor cells

To assess the development of osteoclasts in vitro, M-CSF-dependent
non-adherent osteoclast precursor cells (OPC) were grown in the pres-
ence of M-CSF and RANKL and, depending on the experimental proto-
col, with additional growth factors and CM. For the preparation of
OPC, bone marrow cells (BMC) were flushed in αMEM/4 mM NaHCO3

from femora of 6 week old C57/Bl6J mice and 6×107 cells were grown
in 15ml of culture medium containing M-CSF (30 ng/ml) for 24 h.
Thereafter, the non-adherent cells were used for further experiments
in cultures supplemented with M-CSF (Cetus Corporation, CA, USA),
RANKL (5 and 20 ng/ml) (Preprotech, Lucerne, CH) and CM. The culture
period lasted 5 days with a renewal of media after 3 days.

Osteoclast development was also investigated in co-cultures of total
BMC and primary osteoblasts. 6×104 BMC and 4×103 osteoblasts were
seeded into 48-well plates in 0.2 ml of cell culturemediumsupplemented
with 10−8 M 1,25(OH)2D3 and TNFα (0, 0.3, 1, 3, 10, and 30 ng/ml). Cul-
tures were kept for up to 5 days and media were replaced after 3 days.

Tartrate resistant acid phosphatase (TRAP) staining

In vitro osteoclast formationwas assayed by staining the cultures for
the marker enzyme TRAP. Briefly, the cells were fixed with 4% parafor-
maldehyde (Merck, Darmstadt, Germany) in PBS for 10 min at room
temperature. After washing with deionized water, the cells were
stained by adding TRAP solution [0.3 mg/ml diazotized fast garnet
GBC, 2.5 M acetate solution, 0.67 M tartrate and 12.5 mg/ml naphthol;
(Leukocyte acid phosphatase kit, Sigma Aldrich, Buchs, CH)] for 5 min.
After washing to remove the staining solution, TRAP positive cells
with 3 and more nuclei were counted as multinucleated osteoclast-
like cells.

Flow cytometry

Osteoclast lineage cells were analyzed for the expression of cell sur-
face markers after 4 days in culture. The culture media were supple-
mented with cytokines (M-CSF, RANKL, rGM-CSF (recombinant
murine GM-CSF), and IL-4) or with 10% CM from C57Bl/6J wt and
GM-CSF−/− osteoblasts treated with TNFα (5 ng/ml)/±1,25(OH)2D3

(10−8 M) as described above. The cells were harvested using a cell
scraper (Greiner Bio-One GmbH, Frickhausen, D) and washed twice
with FACS buffer (PBS, 0.5% FBS and 0.2% sodium azide). Cell suspen-
sions (1×105 cells) were incubated with a cocktail of antibodies, con-
taining FITC-conjugated anti-mouse CD11c, APC-conjugated anti-
mouse CD115, APC-Cy7 conjugated anti-mouse F4/80, PB-conjugated
anti-mouse c-Kit and PE-conjugated anti-mouse RANK (Biolegend, San
Diego, CA, USA) on ice for 20 min. Isotype-matched monoclonal
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Fig. 1. Osteoblasts release GM-CSF upon treatment with TNFα and 1,25(OH)2D3. Primary o
(OH)2D3 (10 nM). After 24 h, 48 h and 72 h, transcripts encoding GM-CSF were determined
pernatants by ELISA (B). Levels of transcript increased in dependence of the dose of TNFα, re
Induction of GM-CSF was higher in cultures treated with TNFα in combination with 1,25(OH
represent the average±SD of 4 wells from one representative experiment. (a) pb0.0001 a
antibodies were used as negative controls (Biolegend, San Diego, CA,
USA). After the final wash, a total of 2×104 cells was analyzed using a
FACS Calibur (Becton Dickinson, Franklin Lakes, NJ, USA) and FLOWJO
analysis software version 7.6.1 (FLOWJO, Ashland, OR, USA).

Statistical analysis

Differences in osteoclast numbers, release of GM-CSF, and cell via-
bility were evaluated by one-way ANOVA, with Bonferroni's post tests
using GraphPad Prism version 5.04 for Windows (GraphPad Software,
San Diego, CA, USA).

Results

Primary murine osteoblasts release GM-CSF upon treatment with TNFα
and 1,25(OH)2D3

In separate experiments analyzing the cellular transcriptome, tran-
scripts encoding GM-CSF, a known inhibitor of osteoclastogenesis,
were found to be upregulated within 24 h in primary osteoblasts
upon treatment with TNFα (1 ng/ml) and 1,25(OH)2D3 (10−8 M).
This was confirmed by real-time PCR, treating the cells for 24 h, 48 h,
and 72 h with TNFα/1,25(OH)2D3. Levels of transcripts encoding GM-
CSF were found to be increased within 24 h, reaching a maximum
around 48 h, and decreasing thereafter (Fig. 1A). GM-CSF protein, as de-
termined by ELISA, accumulated and increased during the whole cul-
ture period (Fig. 1B). No GM-CSF was detected in CM in the absence
of TNFα. Osteoblasts from GM-CSF−/− and p55TNFR−/−/p75TNFR−/−

animals did not release GM-CSF at detectable levels (not shown).

Osteoblasts from GM-CSF−/− mice are less efficient in the inhibition of
osteoclast development as compared to cells from wt animals

To further confirm the role of GM-CSF in the TNFα/1,25(OH)2D3-
mediated inhibition of osteoclastogenesis, co-cultures with osteoblasts
from C57Bl/6J wt and GM-CSF−/− mice and BMC from wt and
p55TNFR−/−/p75TNFR−/− animals, respectively, were performed
(Fig. 2). In co-cultures with wt osteoblasts, TNFα blocked the devel-
opment of osteoclasts in a dose-dependent manner, with a complete
inhibition of osteoclast formation at a concentration of ≥3 ng/ml
(Figs. 2A, B). In co-cultures of GM-CSF−/− osteoblasts and wt BMC,
grown in media supplemented with 1,25(OH)2D3, the number of
osteoclasts was reduced by max. 60% with TNFα concentrations of
up to 30 ng/ml (Figs. 2C, D). In co-cultures of GM-CSF−/− osteoblasts
and p55TNFR−/−/p75TNFR−/−BMC, TNFα at 10 ng/ml reduced thenum-
ber of osteoclasts by ca. 90%. In cultures grownwithout 1,25(OH)2D3, no
osteoclasts developed at low concentrations of TNFα, independently of
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the origin of osteoblasts and BMC. At 30 ng/ml TNFα, osteoclastogenesis
was restored to ca. 30% in cultures with wt osteoblasts and to ca. 65% in
cultures with osteoblasts derived from GM-CSF−/− mice.

CM from wt and from GM-CSF−/− osteoblasts both mediated an
inhibition of osteoclastogenesis in wt OPC cultured with M-CSF
(30 ng/ml) and RANKL (5 ng/ml). As shown in Fig. 3, 10% of CM,
obtained from osteoblasts after a 72 h culture period in medium sup-
plemented with 1,25(OH)2D3 (10−8 M) and TNFα (5 ng/ml), inhib-
ited osteoclast development by 100% in the case of wt osteoblasts,
and by approx. 50% in the case of GM-CSF−/− osteoblasts. No inhibi-
tion in the number of osteoclasts was found in CM from control
cells or from cells treated with either 1,25(OH)2D3 or TNFα alone.
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Dexamethasone reversed the TNFα/1,25(OH)2D3-dependent induction of
GM-CSF and the inhibition of osteoclastogenesis

Previously it was observed that Dex restored osteoclastogenesis in
co-cultures treated with TNFα/1,25(OH)2D3 [38]. Therefore, the ex-
pression levels of GM-CSF transcripts and protein were assessed in
primary osteoblasts grown in medium supplemented with 1,25
(OH)2D3 (10−8 M) and TNFα (3 ng/ml) in the presence or absence
of Dex (10−8 M). At this concentration, Dex was found to greatly re-
duce (Fig. 4) levels of transcripts encoding GM-CSF (N80% after 72 h)
as well as of GM-CSF protein (N90% after 72 h). The inhibitory effects
of CM on the development of osteoclasts mirrored these changes in
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levels of GM-CSF, osteoclastogenesis being partially restored in media
supplemented with Dex (Supplementary Fig. 1).

TNFα enhances the expression of stimulators of bone resorption, but not
of RANKL, by osteoblasts

Given the osteoblast-mediated inhibition of osteoclastogenesis by
TNFα, the expression of cytokines known to support the development
of osteoclasts was investigated (Fig. 5). For this purpose, primary oste-
oblasts were cultured for 48 h with 1,25(OH)2D3 (10−8 M) and TNFα
(1 ng/ml and 10 ng/ml). Total RNA was prepared and levels of tran-
scripts encoding GM-CSF (Fig. 5A), RANKL (Fig. 5B), IL-6 (Fig. 5C), and
IL-11 (Fig. 5D) were determined. GM-CSF mRNA levels were highly in-
creased by TNFα in C57Bl/6J wt osteoblasts. No transcripts encoding
GM-CSF were detected in total RNA from p55TNFR−/−/p75TNFR−/−and
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Fig. 5. The expression of osteoclastogenic factors is enhanced by TNFα. To assess whether
p55TNFR−/−/p75TNFR−/− and GM-CSF−/− osteoblasts, the cells were treated with increasi
(OH)2D3 (10 nM) for 48 h. Transcripts encoding GM-CSF (A), RANKL (B), IL-6 (C) and IL-
and IL-11 were increased with increasing doses of TNFα in cultures with TNFα/1,25(OH)2D3

no further enhanced by TNFα at low concentration of TNFα (0, 1 ng/ml) but were decreased a
GM-CSF−/− osteoblasts, respectively. Levels of transcripts encoding
RANKL were induced upon treatment with 1,25(OH)2D3, no further
stimulation by TNFα was attained. To the contrary, at 10 ng/ml, TNFα
caused a decrease in RANKLmRNA (Fig. 5B). Levels of transcripts encod-
ing IL-6 (Fig. 5C) and IL-11 (Fig. 5D)were highly dependent on the pres-
ence of TNFα and 1,25(OH)2D3, which act synergistically. 1,25(OH)2D3

alone did not cause any increase in transcript levels, while the effects
of TNFα alone were modest only.

GM-CSF suppresses RANK expression in OPC

To characterize the effects of GM-CSF on OPC, levels of transcripts
encoding RANKwere quantified. OPC grownwith CM from TNFα/1,25
(OH)2D3 treated C57Bl/6J wt osteoblasts showed a decrease in RANK
mRNA levels during the 6 day culture period (Fig. 6A). When OPC
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Fig. 6. Levels of transcripts encoding RANK are suppressed in OPC cultures with wt CM. To verify the effect of CM on the expression of RANK mRNA in OPC, CM from wt and GM-
CSF−/− osteoblasts treated with TNFα (5 ng/ml) and 1,25(OH)2D3 (10 nM) was added to cultures of wt OPC supplemented with RANKL (5 ng/ml) and M-CSF (30 ng/ml). RANK
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with CM from GM-CSF−/− cells (B).
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were grownwith CM from TNFα/1,25(OH)2D3 treated GM-CSF−/− os-
teoblasts, the detected decrease in RANKmRNA levels was reduced as
compared to wt CM (Fig. 6B). Using these experimental protocols,
levels of transcripts encoding c-Fms remained unchanged (Supple-
mentary Fig. 2).

To characterize the expression of RANK protein, OPC were ana-
lyzed by flow cytometry after 4 days of culture (Fig. 7). RANK was
expressed by OPC grown with M-CSF/RANKL (Fig. 7B), and, marginal-
ly in OPC grown in cultures supplemented with M-CSF/RANKL/rGM-
CSF (Fig. 7C), No expression of RANK by OPC was detected in cultures
with M-CSF (Fig. 7A) only and with M-CSF/RANKL/rGM-CSF/IL-4
(Fig. 7D). In cultures supplemented with CM, RANK was induced
when control CM from wt and GM-CSF−/− osteoblasts were added
to OPC (Figs. 7E, G). However, while OPC grown in medium with
CM from GM-CSF−/− osteoblasts treated with TNFα/1,25(OH)2D3
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CM from TNFα treated osteoblasts support maintenance of a
macrophage/monocyte phenotype

To characterize the differentiation of hematopoietic progenitors in
the presence of CM, expression of CD11c (Figs. 8C, D, G, H), c-Kit (not
shown), c-Fms (Supplementary Fig. 3) and F4/80 (Figs. 8A, B, E, F) by
OPC were analyzed by flow cytometry after 4 days of culture. In these
cultures, no cells positive for c-Kit could be observed, the expression
of the antigen being lost within 24 h of the culture period (not
shown). Expression of c-Fms and F4/80 were very similar, a major
portion of the cells staining positive for these markers, independent-
ly, whether the media were supplemented with growth factors
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(Figs. 8A, B) or with CM from wt (Fig. 8E) or GM-CSF−/− (Fig. 8F) os-
teoblasts. The dendritic cell surface marker CD11c was only induced
in cultures treated with M-CSF/RANKL/rGM-CSF/IL-4 (Fig. 8D). No
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GM-CSF and CM from osteoblasts suppress c-Fos and Fra-1 transcripts in
OPC

Previously, the inhibitory effects of GM-CSF on the development of
osteoclasts in vitro were attributed to the suppression of c-Fos and
Fra-1 in OPC upon exposure to the growth factor [39]. Levels of tran-
scripts encoding c-Fos, Fra-1, Nfatc-1, and a sodium/hydrogen exchang-
er highly expressed in mature osteoclasts, NHA-2, were quantified in
OPC after a culture period of 2 days (Fig. 9). Levels of transcripts encod-
ing c-Foswere increased by the treatment of OPCwithM-CSF/RANKL as
compared to M-CSF alone, and further addition of GM-CSF prevented
this increase in transcript levels. CM from wt osteoblasts treated with
TNFα/1,25(OH)2D3 caused a decrease in c-Fos transcripts by ca. 75%,
and a smaller decrease was found in OPC exposed to CM from treated
GM-CSF−/− cells (Fig. 9A). Medium alone or CM from control cells or
p55TNR−/−/p75TNFR−/− osteoblasts did not affect transcript levels.
Similar results were obtained for Fra-1 (Fig. 9B) with the exception
that transcript levels were not dependent on the presence of RANKL
and suppression by GM-CSF was less pronounced. Culture of the cells
in media supplemented with CM from treatedwt and GM-CSF−/− oste-
oblasts, however, caused a similar decrease of approx. 60%. Nfatc-1
mRNA levels paralleled the mRNA levels of c-Fos, the RANKL induced
increase was prevented by GM-CSF and the effects of CM from treated
wt osteoblasts were more pronounced than were those of CM from
GM-CSF−/− cells (Fig. 9C). Lastly, levels of transcripts encoding the oste-
oclast product NHA-2 again followed the levels of transcripts encoding
Nfatc-1, with an efficient decrease by GM-CSF and CM from wt osteo-
blasts and CM from GM-CSF−/− osteoblasts allowing for a partial recov-
ery (Fig. 9D).

TNFα affects osteoblast viability and release of GM-CSF by osteoblasts

Primary murine osteoblasts were cultured in the presence of TNFα
and 1,25(OH)2D3 for up to 6 days. Viable cells were determined using
an XTT assay and the release of GM-CSF was quantified by ELISA. In
the absence of 1,25(OH)2D3, the number of viable cells after 3 days
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3 days, at high concentrations of TNFα (≥10 ng/ml) and in the presence of 1,25(OH)2D3, t
increased with increasing concentrations of TNFα (B). After 6 days, cell proliferation was d
TNFα levels ≥10 ng/ml (C). GM-CSF levels increased in dependence of the dose of TNFα
GM-CSF levels was observed at TNFα≥10 ng/ml (D). Bars represent the average±SD of 6 w
to respective controls without TNFα.
was not affected by TNFα concentrations up to 10 ng/ml and decreased
at 30 ng/ml (Fig. 10A), while at TNFα concentrations of 10 ng/ml and
30 ng/ml a decrease of more than 50% was observed in the presence
of 1,25(OH)2D3. The release of GM-CSF was found to be stimulated by
increasing doses of TNFα with or without 1,25(OH)2D3 (Fig. 10B).
After a culture time of 6 days, increasing doses of TNFα in the presence
of 1,25(OH)2D3 caused a decrease in cell viability (Fig. 10C), but little ef-
fects only were found in the absence of 1,25(OH)2D3. GM-CSF release in
the presence of 1,25(OH)2D3 reached a maximum at TNFα concentra-
tions of 3 ng/ml, and declined with higher doses (Fig. 10D) whereas in
the absence of 1,25(OH)2D3, the release of GM-CSF increased with in-
creasing doses of TNFα.

Discussion

In the present study, we report that osteoblast-derived GM-CSF
functions as a mediator in the previously described [38] TNFα-
dependent inhibition of osteoclast formation. The data indicates that
the GM-CSF suppressed upregulation of c-Fos and Nfatc-1 in OPC in re-
sponse to RANKL leads to a decrease in RANK expression, whichmay be
the mechanism causing the block in osteoclastogenesis. The failure of
OPC to express specific cell lineage markers characteristic for dendritic
cells and osteoclasts suggests that they are maintained as monocytes
in a multipotential precursor state rather than being directed towards
an alternative differentiation pathway. In the previous study, experi-
ments using inactivating antibodies, it was concluded that GM-CSF
might not play a major role in the TNFα/1,25(OH)2D3-mediated inhibi-
tion of osteoclastogenesis. The experiments presented in this study,
employing primary osteoblasts from GM-CSF−/−mice, however, clearly
demonstrate an involvement of GM-CSF in this effect.

Osteoclastogenesis is a multistep process, guided by numerous
growth factors and cytokines. Several lines of evidence support a mal-
regulation of osteoclast development and activity as the underlying
cause for the occurrence of bone erosions in inflammatory diseases
such as rheumatoid arthritis or inflammatory bowel diseases, and in
animal models of arthritis. In these pathologies, the inflammatory
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environments are characterized by increased levels of growth factors
that stimulate osteoclast formation, activity and/or survival [40–45].
These factors, including M-CSF, TNFα, IL-1, and RANKL, act either di-
rectly on osteoclast precursor cells, or on accessory cells, as do IL-1,
TNFα, IL-11, IL-15, IL-17, PTHrP, which in turn increase the expres-
sion of RANKL.

TNFα acts as a link between inflammatory processes and osteo-
clastogenesis. Its pro-osteoclastic effects were found to be mediated
mainly by two mechanisms, namely by an indirect mechanism in
which TNFα induces stromal cells to express RANKL, M-CSF and IL-1
and by a direct mechanism, in which TNFα synergizes with RANKL
to enhance osteoclast formation from progenitor cells, both mecha-
nisms contributing to the formation of bone erosions [46]. In the
past, the induction of inhibitors of osteoclast formation by TNFα,
such as OPG and GM-CSF [47] has been described. The hematopoietic
growth factor GM-CSF was initially characterized for its ability to gen-
erate colonies of granulocytes and macrophages in vitro [48]. Endog-
enous levels of GM-CSF under physiological conditions are
undetectable but higher levels have been registered at sites of inflam-
mation in inflammatory arthritis and in lung tissue of mice following
administration of lipopolysaccharide (LPS).

The role of TNFα as an inducer of GM-CSF had been investigated in
detail in cells and tissues of human origin. Recombinant human TNFα
was found to induce GM-CSF expression in normal lung fibroblasts
and vascular endothelial cells [47,49,50]. Feldmann et al. demonstrated
GM-CSF to be present in cultures of synovial cells from RA and OA pa-
tients. Furthermore, the release of GM-CSFwas suppressed by the treat-
ment of these cell cultures with neutralizing anti-TNFα antibodies
[51,52]. Although human osteosarcoma cell lines MG-63 and SaOS-2
were found to release GM-CSF constitutively [53,54], little had been
reported on the expression of GM-CSF by primary osteoblasts and stro-
mal cells. Here it is shown that GM-CSF is induced in cultures of primary
murine osteoblasts treated with TNFα in vitro and that this induction
was increased by 1,25(OH)2D3. It is also shown that TNFα, at concentra-
tions up to 30 ng/ml, did not affect osteoblast viability and activity in
the absence of 1,25(OH)2D3, while in the presence of the hormone, in-
creasing doses of TNFα caused a decrease in the viability and activity
of osteoblasts, and in their ability to support osteoclastogenesis.

NF-κB binding sites [55,56] and vitamin D responsive elements
(VDRE) [57] have been identified in the GM-CSF promoter region.
The downstream activation of NF-κB by TNFα and its subsequent
binding to the GM-CSF promoter has been shown to be important in
the expression of the protein in activated T-lymphocytes. The down-
regulation of GM-CSF by Dex, which has been reported to inhibit
NF-κB signaling, illustrates the importance of this transcription factor
in GM-CSF expression. VDREs on the GM-CSF promoter were reported
to have a suppressive effect on GM-CSF expression in T-lymphocytes
and peripheral blood mononuclear cells (PBMC). However, in the pre-
sent study, 1,25(OH)2D3 was found to synergize with TNFα in the
upregulation of the release of GM-CSF by osteoblasts. The partial re-
covery of osteoclastogenesis in cultures of OPC grown with CM from
GM-CSF−/− osteoblasts, as compared to CM from wt cells, demon-
strates the contribution of GM-CSF in the inhibition to osteoclast for-
mation. Similar results were obtained in co-culture experiments and
at low concentrations of TNFα (b10 ng/ml). At TNFα concentrations
exceeding 10 ng/ml, osteoclastogenesis was governed by two pro-
cesses. Firstly, the inhibitory effects of TNFα on osteoblast function,
leading not only to a decrease in GM-CSF levels but also in the ability
of the osteoblasts to support osteoclast formation through the syn-
thesis of RANKL and M-CSF and, secondly, the direct stimulation of
the osteoclast precursors by TNFα, which was not observed in cul-
tures with OPC deficient in TNF receptors. Nevertheless, although it
is shown herein that GM-CSF contributes to the inhibition of osteo-
clastogenesis, the data indicates that the growth factor did not ac-
count for the full inhibition. Furthermore, given the low levels of
TNFα present in physiological condition, GM-CSF may not be induced
and its inhibitory effect on osteoclast development may not be rele-
vant in normal bone physiology. At inflammatory sites and in circula-
tion, with elevated levels of TNFα, however, the released of GM-CSF
may cause an increase in the pool of osteoclast progenitor cells and
thus affect the balance between bone formation and bone resorption.

Mechanisms inhibiting osteoclast are numerous and they mainly
affect RANKL–RANK signaling and to a lesser extent M-CSF signaling.
RANKL was found to be a major regulator of osteoclast development
and activity and the biological efficacy of the factor is modulated by
the ratio between RANKL and its decoy receptor OPG [18]. Deficiency
in either RANKL or RANK leads to severe osteopetrosis [58] due to a
failure to form osteoclasts. Pro-inflammatory and pro-osteolytic fac-
tors known to shift the ratio of RANKL:OPG, including IL-1α, IL-6
and IL-11, have been investigated in this study. These factors were
found to be induced by TNFα in osteoblasts. Furthermore, levels of
RANKL were found to be increased in the presence of 1,25(OH)2D3

and were decreased only at high TNFα concentrations. Collectively,
no evidence pointing to a deregulation or limitation of RANKL levels,
or a decrease in other pro-osteoclastogenic growth factors, was found
to be associated with the observed inhibition. However, levels of tran-
scripts encoding RANK were decreased in cultures of OPC grown with
CM from wt osteoblasts during the entire culture period. This down-
regulation was reduced in cultures supplemented with CM from
GM-CSF−/− osteoblasts, suggesting the decrease in RANK expression
as one of the mechanisms by which osteoclast formation is inhibited.
In agreement with the observed downregulation of RANK, osteoclas-
togenesis was inhibited only after the addition of wt CM during the
early phase (0–72 h) of the cultures. Addition of wt CM after 72 h
did no longer affect osteoclast formation. Expression of c-Fms both
at the transcript and the protein levels was not affected by wt CM
and increased continuously during the culture, irrespective of the
treatment protocols. To further elucidate the molecular mechanisms
of the TNFα/1,25(OH)2D3-dependent osteoblast-mediated inhibition
of osteoclastogenesis, the regulation of transcripts encoding proteins
that were previously shown to be critical for the differentiation of
OPC, and were demonstrated to be strongly suppressed by GM-CSF
[39], were investigated. Deficiency in c-Fos [59] was previously dem-
onstrated to lead to osteopetrosis. The phenotype could be overcome
in knock-in mice, expressing Fra-1 in place of c-Fos [60]. Another
transcription factor, whose expression is modulated by RANK/RANKL
signaling [61] and whose deficiency leads to osteopetrosis is Nfatc-1
[62]. In the present study, levels of transcripts encoding c-Fos were
greatly enhanced by the exposure of OPC to RANKL, an upregulation
that was fully blunted by GM-CSF and CM from TNFα/1,25(OH)2D3-
treated wt osteoblasts. If cultured with CM from GM-CSF−/− osteo-
blasts, the reduction in c-Fos mRNA was less pronounced, which
may result in levels of AP-1 permissive for osteoclastogenesis. Fra-1
transcript levels on the other hand were found not to be dependent
on the growth of OPC in the presence of RANKL and only to a small
extent on GM-CSF, and as a consequence, no difference was detected
in transcript levels of OPC cultured with CM from wt and GM-CSF−/−

cells. The residual levels of c-Fos may allow for a partial recovery of
the expression of RANK, which is paralleled by the partial restoration
of the mRNA levels encoding Nfatc-1 and the osteoclastic sodium/
hydrogen transporter NHA2 [63]. Thus, the CM from GM-CSF−/−

may be less efficient in the inhibition of osteoclast development
due to its reduced inhibitory potential on the expression of c-Fos,
while the GM-CSF-independent inhibition of Fra-1 is still maintained,
preventing a full recovery of osteoclastogenesis.

Monocyte/macrophage lineage cells are still multipotential with re-
spect to their differentiation and serve as precursors for osteoclasts,
macrophages and dendritic cells, terminal differentiation being regulat-
ed by the repertoire of factors and cytokines in the local environment.
The differentiation pathway can be characterized by the expression of
cell lineage specific surfacemarkers. In the present study the expression
of marker molecules, including c-Kit (hematopoietic stem cells, early
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precursors), CD11c (dendritic cells), F4/80 (monocytes), c-Fms (mono-
cytes/macrophages), and RANK (macrophages/osteoclasts), was ana-
lyzed in cultures of OPC treated with CM and rGM-CSF by flow
cytometry. c-Kit was lost in the early phase, within 1 day, of the culture,
demonstrating that cell differentiation was not blocked at the level of
early hematopoietic precursors. While monocyte markers including
F4/80 and c-Fms expression increased and remained high during the
whole culture period for all culture conditions, expression of the dendritic
and osteoclast markers CD11c and RANKwas not induced in control cul-
tures with M-CSF only. CD11c was induced in cultures with GM-CSF and
the failure of CM containing equivalent amount of GM-CSF to induce the
expression of CD11c demonstrates the capacity of CM to block GM-CSF
driven dendritic cell differentiation. The increase in RANKprotein expres-
sion, albeit reduced when compared to M-CSF/RANKL cultures, in the
presence of CM from GM-CSF−/− osteoblasts treated with TNFα/1,25
(OH)2D3, again suggests a major role for the growth factor in the preven-
tion of RANK expression.

Levels of GM-CSF were reported to be elevated in synovial fluid
under inflammatory conditions such as rheumatoid arthritis and yet,
osteoclastic activity is severely enhanced, suggesting a contradiction
with the data presented herein. During inflammation, however, numer-
ous pro-osteoclastic cytokines, including TNFα, are highly expressed
and the total effects may drive osteoclast formation and activity and
as a consequence bone destruction. Based on the present results, we
postulate a model in which GM-CSF acts on osteoclast lineage cells in
separate physiological compartments. In circulation, the growth factor
may act as a proliferation factor for monocyte lineage cells, increasing
the pool of potential osteoclast progenitors. Upon migration to the
bone/bonemarrow compartment [64], whichwill be the focus of future
studies, the progenitors are exposed to a local osteoclastogenic environ-
ment, giving rise to osteoclasts leading subsequently to an increase in
bone resorption and the observed osteolytic lesions frequently associat-
ed with inflammatory diseases.

Conclusion

In summary, the present data demonstrates that GM-CSF is playing a
part in the TNFα-dependent inhibition of osteoclastogenesis, which is
mediated by osteoblast lineage cells. The repression of RANK expression
demonstrates that the prevention of RANK–RANKL signaling is respon-
sible for the inhibition of osteoclastogenesis by TNFα in vitro. The fail-
ure in the development of GM-CSF-dependent CD11c+ dendritic cell
with wt CM suggest that these osteoclast precursors are not deviated
to an alternative differentiation pathway but rather are maintained in
a multipotential monocytic state.

Supplementary materials related to this article can be found online
at doi:10.1016/j.bone.2011.08.003.
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