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ABSTRACT 

Nowadays, it is commonly accepted that phenotypically different osteoclasts 
are present at different skeletal locations. These different osteoclasts arise 
likely due to a differential local priming or a skewed distribution of the 
diverse osteoclast progenitors. We recently showed that interleukin-1β (IL-
1β) has diverse stimulatory effects on different murine long bone marrow 
osteoclast precursors in vitro. Whether deregulated IL-1 signaling such as 
present in interleukin 1 receptor antagonist (IL-1RA) knock-out mice affects 
the composition of osteoclast precursors and osteoclastogenesis in different 
bones is unknown. Here we use IL-1RA knockout mice to investigate how 
IL-1 signaling affects the osteoclast precursor composition and subsequent 
osteoclastogenesis by marrow cells from long bone, calvaria, vertebra and 
jaw. Bone marrow from these bones of 15-week-old male BALB/c IL-1RA 
knockout and control mice were isolated and labeled with anti-CD31 and 
-Ly-6C. Percentage of early blasts (CD31hi Ly-6C-), myeloid blasts (CD31+ 
Ly-6C+) and monocytes (CD31- Ly-6Chi) were assessed by FACS analysis. To 
analyze their capacity to differentiate into osteoclasts and to assess resorptive 
activity, bone marrow cells from these four skeletal sites were cultured with 
M-CSF and RANKL on bone or on hydroxyapatite-coated-plates. We found a 
higher percentage of myeloid blasts and monocytes in long bone marrow and 
a higher percentage of monocytes in jaw marrow in IL-1RA deficient mice. 
Deletion of IL-1RA resulted in the formation of larger osteoclasts by marrow 
cells from long bone, calvaria and jaw, but not by those from vertebrae. All 
osteoclasts derived from the four skeletal sites from IL-1RA knockout mice 
showed an increased mineral-dissolving capacity. These findings suggest 
distinct stimulatory routes at different skeletal sites in IL-1RA knockout mice. 
Firstly, in long bones and jaws, IL-1RA deficiency increases the percentage of 
monocytes which may contribute to an increased osteoclastogenesis. Secondly, 
in calvaria, IL-1RA deficiency may alter the activity of the precursors leading 
to increased osteoclast differentiation and bone resorption. 

Key words: Osteoclast precursors, interleukin 1 receptor antagonist, bone 
marrow, skeletal sites. 
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INTRODUCTION

Osteoclasts, the multinucleated bone-resorbing cells, are essential for the 
homeostasis of bone. If the balance between bone resorption and bone 
formation is disrupted, bone diseases occur for example in patients suffering 
from rheumatoid arthritis or periodontitis. These diseases are associated 
with inflammation where high levels of inflammatory cytokines such as 
interleukin 1 (IL-1), interleukin 6 (IL-6), and tumor necrosis factor α (TNF-α) 
are present. As a driving inflammatory cytokine, IL-1 was shown to stimulate 
osteoclastogenesis and bone resorption [1–3].

IL-1 can bind to two receptors, type I IL-1 receptor (IL-1RI) and type II 
IL-1 receptor (IL-1RII). The IL-1 signaling pathway is transmitted by IL-
1RI whereas IL-1RII functions as a decoy without any signaling induction 
[4]. Importantly, another protein, interleukin-1 receptor antagonist (IL-1RA), 
also binds to IL-1RI, thereby inhibiting the IL-1 signal and as such it is 
recognized as a competitive inhibitor of IL-1. It has been reported that IL-
1RA decreases osteoclastogenesis as well as bone resorption [5]. Thus, the 
IL-1RA knockout (IL-1RA KO) mice were established as a model to study 
osteoclastogenesis in the context of bone inflammatory diseases. These mice 
were shown to spontaneously develop arthritis [6–9]. Previous studies showed 
that Aggregatibacter actinomycetemcomitans infected IL-1RA KO mice had 
an increased expression of inflammatory cytokines such as TNF-α and IL-6, 
concomitant with enhanced alveolar bone resorption [10]. Infected IL-1RA 
KO mice showed a stimulated osteoclastogenesis as well as gene expression 
of RANK, prostanoid receptor Ep4 (EP4) and cyclooxygenase-2 (Cox2) [11]. 
The importance of IL-1RA in orthodontic tooth movement has been studied 
by Salla et al. who showed that IL-1RA treated mice had a decreased number 
of osteoclasts and a reduced orthodontic tooth movement [12].

Osteoclasts are derived from cells of the myeloid lineage, and the origin of 
these cells is the bone marrow. Many studies found that osteoclasts isolated 
or formed from different skeletal bone marrows are not always identical 
[13–16]. For instance, osteoclasts from long bone and calvaria use different 
proteinases to resorb bone matrix [14], and jaw and long bone marrow 
have a different osteoclastogenesis capacity [16]. The bone marrow of each 
skeletal site contains different subsets of osteoclast precursors based on their 
surface markers, recognized as early blasts (CD31hi Ly-6C-), myeloid blasts 
(CD31+ Ly-6C+) and monocytes (CD31- Ly-6Chi) [17]. These three subsets 
from bone marrow have the capacity to differentiate into osteoclasts [18], but 
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they respond differently to M-CSF and RANKL [18] and to IL-1β [3]. In a 
previous study we showed that IL-1β stimulates proliferation of early blasts, 
while it induces multinucleation by all the subsets, being most pronounced 
in myeloid blast cultures [3]. However how IL-1RA deficiency affects these 
osteoclast precursors, both in terms of bone marrow cell composition and 
osteoclastogenic potential at different skeletal sites is unknown. In the present 
study, we investigated the composition of bone marrow osteoclast precursors 
from four different skeletal sites: long bone, calvaria, vertebra and jaw. In 
addition, the formation of osteoclasts by these different precursors and their 
resorption activity was analyzed. 
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METHODS AND MATERIALS

IL-1RA knockout mice 

IL-1RA KO mice on BALB/c background were kindly supplied by Dr. M. 
Nicklin (Sheffield, UK) and generated as previously described [19]. The 
mice were housed in conventional filter-top cages, and food and water were 
provided ad libitum. Age- and sex-matched BALB/c mice were used for all 
experiments. All animal studies were approved by the Institutional animal 
ethics committees from the Vrije Universiteit Amsterdam, and the Radboud 
University Nijmegen.

Bone marrow isolation

The IL-1RA KO mice and BALB/c wild type 15-week-old male mice 
were sacrificed and four skeletal parts of each mouse were isolated: long 
bone, calvaria, vertebra and jaw. Soft tissue was removed from the bones 
followed by hard mashing in a mortar with 5 ml α-MEM (Gibco; Thermo 
Fisher Scientific, Paisley, Scotland) supplemented with 5% fetal calf serum 
(HyClone; GE Healthcare Life Sciences, Logan, UT) and 1% penicillin-
streptomycin-fungizone (Sigma-Aldrich, St. Louis, MO). The released cells 
were aspirated through a 21-gauge needle and the suspended bone marrow 
cells were filtered through a 40 μm filter. The number of cells were counted 
using a MUSETM cell analyzer (Merck, Germany). 

Immunofluorescence labeling and FACS analysis

5×105 cells were used, and first incubated in 100 μl PE-labeled anti-CD31 
antibody per sample (AbD Serotec, Kidlington, United Kingdom) diluted 
1:100 in FACS buffer (1% albumin from BSA [Sigma-Aldrich]). After 30 
min incubation on ice, samples were diluted to 200 μl with FACS buffer 
and centrifuged at 1250 rpm, 4°C for 5 min and supernatant was discarded. 
Subsequently, each sample was incubated in 100 μl Alexa 488 labeled anti-
Ly-6C antibody (AbD Serotec, Kidlington, United Kingdom). After 30 min 
incubation on ice, cells were washed with FACS buffer before FACS analysis. 
Early blasts (CD31hi Ly-6C-), myeloid blasts (CD31+ Ly-6C+), and monocytes 
(CD31- Ly-6Chi) were measured by CyAn Flow Cytometer, and analyzed by 
KaluzaAnalysis software 1.3 (Beckman Coulter, Brea, CA).

Cell culturing

Bone marrow cells isolated from four skeletal sites were seeded in 96-well 
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plates (Cellstar; Greiner Bio-One, Monroe, NC) at a density of 1.95×105 
cells/well. Cells were cultured in 150 μl culture media per well, containing 
30 ng/ml M-CSF (R&D Systems, Minneapolis, MN) and 20 ng/ml RANKL 
(RANKL-TEC, R&D systems), on 650-μm-thick bone slices. Culture media 
were refreshed after 3 days, and cultures were stopped at 6 days and fixed in 
4% formaldehyde for TRAcP staining, or lysed in RNA lysis buffer (Qiagen, 
Hilden, Germany) for RT-PCR. 

Tartrate-resistant acid phosphatase analysis 

Fixed cells were stained for TRAcP using a commercially available leukocyte 
acid phosphatase kit (Sigma-Aldrich). The staining procedure was performed 
following the manufacturer’s instructions and has been described previously 
[3]. Nuclei were counterstained by 4’6-diamidino-2-phenylindole (DAPI), 
and the number of TRAcP+ cells with three or more nuclei was assessed and 
categorized into four groups: 3-5, 6-10, 11-20 and >20 nuclei. The number 
of each category was counted using a combination of light and fluorescence 
microscopy (Leica DFC320; Leica Microsystems, Wetzlar, Germany). Counts 
were expressed as osteoclast number per cm2.

Hydroxyapatite coating and analysis of lysis areas

Preparation of hydroxyapatite coating on 96-well plates was as previously 
described [20]. This coating resembles the mineral part of bone tissue [21]. 
The coated 96-well plates were sterilized by UV light exposure. The cultures 
were fixed after 8 days and the lysed coating area was visualized by light 
microscopy (Leica DFC320), and quantified using Image Pro Plus (Media 
Cybernetics, Silver Spring, MD).

Quantitative RT-PCR

mRNA expression was measured by RT-PCR, and the procedure was 
previously described in detail [3]. Tested genes were IL-1RA, IL-1β, IL-1RI, 
IL-1RII, TRAcP, NFATc1, DC-STAMP, Cathepsin K as well as housekeeping 
gene Beta 2 Microglobulin. Primers are shown in Table 1. Samples were 
normalized by calculating the ΔCt (Ctgene of interest - Ctβ2), and relative mRNA 
expression was calculated as 2-(ΔCt). 

Statistical analysis

All data were analyzed from 6 mice. Data are expressed as mean ± SD. 
Comparison between wild type and knockout mice were tested by t-test using 
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GraphPad Prism (version 6.00; GraphPad Software, LaJolla, CA). One-way 
ANOVA followed by Tukey-Kramer’s multiple comparison test was used for 
three or more comparisons. P<0.05 was considered as a significant difference.

Table 1. Primers used for qPCR

Gene Sequence ((5'->3') Accesion Number
β2 Microglobulin Fw: TGCTATCCAGAAAACCCCTCAA ENSMUSG00000060802

Rv: GCGGGTGGAACTGTGTTACG
TRAcP Fw: GACAAGAGGTTCCAGGAGACC ENSMUSG00000001348

Rv: GGGCTGGGGAAGTTCCAG
Cathepsin K Fw: ACAGCAGGATGTGGGTGTTCA ENSMUSG00000028111

Rv: GCCGAGAGATTTCATCCACCT
DC-STAMP Fw: TGTATCGGCTCATCTCCTCCAT ENSMUSG00000022303

Rv: GACTCCTTGGGTTCCTTGCTT
IL-1β Fw: GGACCCATATGAGCTGAAAGCT ENSMUSG00000027398

Rv: TGTCGTTGCTTGGTTCTCCTT
IL-1RA Fw: TGTGCCAAGTCTGGAGATGATATC ENSMUST00000114487

Rv: TTGTTCTTGCTCAGATCAGTGATG
NFATc1 Fw: GAGTTGTGCAATGGCAATTCTG ENSMUSG00000025746

Rv: TGGTAGCATCCATCATTTCTTTGT
IL-1RI Fw: AGTTACCCGAGGTCCAGTGGTA ENSMUSG00000026072

Rv: AGCCACATTCCTCACCAACAG
IL-1RII Fw: GAGCCAAGGATGTGGGTGAA ENSMUSG00000026073

Rv: CAGTGGGATGCGTTTCTGAA
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RESULTS

Increased total cell number in vertebra of IL-1RA deficient mice

The number of bone marrow cells from long bone, calvaria and jaw were 
comparable between wild type and knockout mice (Fig.1). However, IL-1RA 
deficiency significantly increased the bone marrow cell number in vertebra 
(Fig.1). In IL-1RA KO mice almost two times more cells were isolated from 
vertebra than from wild type mice. 

Figure 1. Increased number of bone marrow cells in vertebra in IL-1RA KO mice. 
Number of bone marrow cells / ml was counted. The cells were collected from left tibia, 
left half of calvaria, left half of lower jaw and the lower part of the half vertebral cord and 
suspended in 5ml media for each sample. Average cell number was shown for each bone 
type; 6 mice were analyzed (n=6, ***P<0.001). 

Increased percentage of myeloid lineage cells in IL-1RA KO long bone 
and jaw bone marrow

To assess whether deletion of IL-1RA affected the bone marrow cell 
composition, we analyzed the bone marrow cells after labeling with anti-
CD31 and -Ly-6C by FACS (Fig. 2). According to the expression of CD31 
and Ly-6C, 6 populations of cells can be recognized: early blasts (CD31hiLy-
6C-), myeloid blasts (CD31+Ly6C+), monocytes (CD31-Ly-6Chi), lymphocytes 
(Gating A), erythroid blasts (Gating B) and granulocytes (Gating C). Among 
these subsets, only early blasts, myeloid blasts and monocytes have the 
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capacity to differentiate into osteoclasts, and therefore these subsets have 
been analyzed further (Fig. 2 and Fig. 3). 
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Figure 2. Bone marrow cell composition from long bone, calvaria, vertebra and jaw 
in WT and IL-1RA KO mice. Cells were labeled by anti-CD31 and -Ly-6C and osteoclast 
precursor subsets were gated as: early blasts (CD31hi Ly-6C-), myeloid blasts (CD31+ Ly-
6C+), and monocytes (CD31- Ly-6Chi) as circled in each profile. Other populations mainly 
contained lymphocytes (Labeled A), erythroid blasts (Labeled B) and granulocytes (Labeled 
C).

In long bone, deletion of IL-1RA significantly increased the percentage of 
myeloid blasts and monocytes: myeloid blasts increased from an average of 
0.7% (WT) to 1.2% (KO) and monocytes from 2.0% (WT) to 4.4% (KO) (Fig. 
3A). Monocytes were the most dominant myeloid lineage population both in 
wild type and in IL-1RA KO mice. In jaw, IL-1RA KO mice also showed 
a significant increase in the percentage of monocytes: from 0.4% in WT to 
0.8% in KO (Fig. 3D). However, in the other two skeletal sites, calvaria (Fig. 
3B) and vertebra (Fig. 3C), such increases were not found. Notably, long 
bone and vertebra contained a higher percentage of myeloid lineage cells than 
calvaria and jaw (Fig. S2). For both calvaria and jaw, each myeloid subset 
was less than 1% of the total bone marrow (Fig. S2). 

When comparing further the composition of bone marrow among these four 
skeletal sites, two clear sub-populations of lymphocytes (Gating A) were 
found in calvaria both in WT and KO mice (Fig. 2). These were not present in 
long bone, vertebra and jaw. Regarding the composition of myeloid cells, the 
percentage of monocytes was increased in calvaria, vertebra and jaw in IL-
1RA KO mice (Fig. S1B-D), whereas the total percentage of these myeloid 
cells (the sum of early blasts, myeloid blasts and monocytes) was increased 
only in long bone (Fig. S1E). 

Enhanced osteoclast formation and multinucleation from long bone, 
calvaria and jaw marrow of IL-1RA KO mice

The whole population of bone marrow cells from the four skeletal sites was 
seeded on bone slices and cultured for 6 days for osteoclast differentiation. 
The number of multinucleated TRAcP+ cells was counted (Fig. 4). Bone 
marrow cells from all four skeletal sites obtained from both mouse 
phenotypes were able to differentiate into osteoclasts (Fig. 4A). The results 
showed that IL-1RA null bone marrow from long bone, calvaria and jaw 
gave rise to a significantly increased number of osteoclasts with a high 
number of nuclei (Fig. 4B,C,E). Next to this, cells from calvaria and jaw 
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of IL-1RA KO mice gave rise to an increased number of osteoclasts. For 
vertebra comparable numbers were counted from WT and KO mice (Fig. 4D).  
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Figure 3. IL-1RA deficiency increased the percentage of myeloid blasts in long bone, 
and the percentage of monocytes in long bone and jaw. Percentage of early blasts, myeloid 
blasts and monocytes from long bone (A), calvaria (B), vertebra (C) and jaw (D) were 
quantified, and compared between WT (black column) and IL-1RA KO (white column) mice 
(n=6, *P<0.05, ***P<0.001).

Increased mineral-dissolution activity of osteoclasts derived from IL-
1RA KO mice

In an attempt to analyze whether the TRAcP+ multinucleated cells were 
functional osteoclasts, we seeded the bone marrow cells from the four 
skeletal sites on hydroxyapatite coated plates and cultured them for 8 days. 
The lysed area was analyzed in relation to the total coating area (Fig. 5). In all 
samples from KO mice, larger areas devoid of mineral were found compared 
to WT mice (Fig. 5A). The surface area of dissolved coating indicated that 
IL-1RA KO derived osteoclasts were more active; a phenomenon found for 
cells generated from the four skeletal sites (Fig. 5 B-E). No differences in 
resorption were found among the cells derived from the different skeletal 
sites.  

Gene expression

qPCR was performed in an attempt to explain the signaling mechanism in the 
IL-1RA KO model. First, gene expression of IL-1RA was measured (Fig. 6A). 
All WT osteoclast cultures expressed IL-1RA, suggesting that osteoclasts are 
able to self-regulate IL-1 activity. No expression of IL-1RA could be detected 
in osteoclasts derived from IL-1RA KO mice, in any of the four skeletal sites, 
which confirmed the efficiency of the gene deletion. The effect of deleting 
IL-1RA on possible induction of IL-1β gene expression was also tested (Fig. 
6B). Only long bone and vertebra showed a significantly increased expression 
of IL-1β in the IL-1RA KO derived osteoclasts (Fig. 6B). Expression of the 
two receptors of IL-1, IL-1RI and IL-1RII, proved to be similar for all four 
skeletal sites (data not shown).

Expression of osteoclast-related genes was tested in an attempt to explain the 
stimulated osteoclastogenesis by cells obtained from IL-1RA KO mice (Fig. 
6C-F). These genes included: tartrate-resistant acid phosphatase (TRAcP), 
nuclear factor of activated T-cells, cytoplasmic 1 (NFATc1), dendritic cell-
specific transmembrane protein (DC-STAMP) and cathepsin K. TRAcP 
expression was significantly increased in osteoclasts derived from long bones 
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of IL-1RA KO mice, while the other skeletal sites showed comparable levels 
of expression (Fig. 6C). The mRNA levels of NFATc1 (Fig. 6D) and cathepsin 
K (Fig. 6F), were higher in osteoclasts derived from jaw bone marrow of IL-
1RA KO mice. The expression of DC-STAMP, which is important in cell-cell 
fusion, was found significantly higher in both long bone and jaw derived 
osteoclasts from IL-1RA KO mice (Fig. 6E).

Figure 4. Bone marrow cells from IL-1RA KO mice showed increased osteoclastogenic 
capacity in long bone, calvaria and jaw. A. Micrographs of TRAcP+ multinucleated cells 
formed on bone slices. Bone marrow cells from long bone, calvaria, vertebra and jaw were 
cultured with 30 ng/ml M-CSF and 20 ng/ml RANKL on bone slices for 6 days. Osteoclasts 
were stained by TRAcP and can be visualized as color purple, and nuclei were counterstained 
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by DAPI (blue). B-E. Number of osteoclasts (>2 nuclei) was counted for long bone (B), 
calvaria (C), vertebra (D) and jaw (E) and compared between WT and IL-1RA KO mice. 
Osteoclasts were counted in the following categories: 3-5 nuclei, 6-10 nuclei, 11-20 nuclei, 
and >20 nuclei. The total number are shown as multinucleated cells (MNC). Scale bar= 100 
µm. (n=6, *P<0.05, **P<0.01, ***P<0.001). 

Figure 5. Cells derived from all skeletal sites of IL-1RA KO mice showed an enhanced 
mineral-solving capacity. A. Examples of hydroxyapatite coated plates of which part is 
dissolved by osteoclasts derived from different skeletal sites in both WT and IL-1RA KO 
mice. Bone marrow cells from long bone, calvaria, vertebra and jaw were cultured with 30 
ng/ml M-CSF and 20 ng/ml RANKL on hydroxyapatite coated plates for 8 days. Osteoclasts 
were stained by TRAcP and can be visualized as color purple and nuclei were stained by 
DAPI (blue). The dissolved area was labeled by asterisks. Scale bar= 100 µm. B-E. The 
dissolved area was quantified and compared between WT and IL-1RA KO mice for long 
bone (B), calvaria (C), vertebra (D) and jaw (E) (n=6, *P<0.05, **P<0.01, ***P<0.001).
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DISCUSSION

The present study showed that in the absence of IL-1RA the myeloid lineage 
pools were differently affected at different skeletal sites, including long bone, 
calvaria, vertebra and jaw. The differences in composition of myeloid lineage 
cells as well as the differences in their osteoclastogenic capacity in long bone, 
calvaria, vertebra and jaw suggest that due to the absence of IL-1RA, these 
four skeletal sites might follow different osteoclastogenesis mechanisms (Fig. 
7). 

Figure 6. Gene expression. Relative mRNA expression of IL-1RA (A), IL-1β (B), TRAcP 
(C), NFATc1 (D), DC-STAMP (E) and cathepsin K (F). Bone marrow cells from long bone, 
calvaria, vertebra and jaw were cultured with 30 ng/ml M-CSF and 20 ng/ml RANKL on 
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bone slices for 6 days. Expression was normalized for β2-microglobulin. (n=6, *P<0.05, 
**P<0.01, ***P<0.001).

IL-1RA deficiency resulted in a higher percentage of myeloid blasts and 
monocytes in long bones (Fig. 7Ba). This higher percentage of myeloid 
lineages resulted in an enhanced number of nuclei per osteoclast generated 
from marrow of IL-1RA KO mice. In a previous study we showed that 
myeloid blast is the population being the most pronounced in forming large 
osteoclasts when stimulated by IL-1β [3]. Therefore the increased percentage 
of myeloid blasts and monocytes in conjunction with un-counteracted IL-
1β activity, could have contributed to the higher degree of multinucleation 
and the higher number of osteoclasts generated by long bone precursors. 
Similar results were seen for jaw bone marrow (Fig. 7Bb), where especially 
monocyte numbers were increased in IL-1RA KO mice. Different from the 
two locations mentioned above, the increase in number and size of osteoclasts 
generated from calvaria (Fig. 7Bc) could not be explained by an altered 
osteoclast precursor pool. We therefore propose that the comparable number 
of osteoclast precursors in calvaria are somehow more primed in IL-1RA KO 
mice, likely by non-inhibited IL-1β signaling. Regarding the vertebra (Fig. 
7Bd), neither the osteoclast precursor composition nor the osteoclastogenesis 
ability were affected in IL-1RA KO marrow. This indicates that vertebral bone 
marrow osteoclast differentiation would be non-responsive to IL-1 induction 
compared to other skeletal sites. However, the number of bone marrow cells 
was enhanced by deleting IL-1RA (Fig.1). Therefore, instead of stimulating 
osteoclast precursors, deleting IL-1RA affected vertebra in the number of 
whole bone marrow cells. 

IL-1RA KO mice were reported to induce higher mRNA levels of IL-1α 
in osteoblasts derived from calvaria [10]. The present study showed that 
mRNA expression of IL-1β was increased in long bone and vertebra derived 
osteoclasts. This, together with an absence of IL-1RA, suggests an increased 
IL-1 signaling in all skeletal bone marrows. It is known that inflammatory 
cytokines can expand the osteoclast precursor pool in inflammatory arthritis 
models; a phenomenon particularly  found with TNF-α [22,23]. However 
no evidence showed that the osteoclast precursor pool can be expanded 
by IL-1 in situ. This study shows an increased osteoclast precursor pool in 
IL-1RA KO mice in marrows of long bone and jaw bone, and we assume 
this to be caused by an enhanced IL-1 level. This indicates that IL-1, 
though commonly believed to activate the precursors via activating the 
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osteoclastogenic signaling pathway [2], it also site-specifically expands the 
osteoclast precursor pool (especially the monocytes). Since monocytes are 
known to be recruited during inflammation [24], the increased percentage of 
monocytes may suggest a sterile “inflammatory” stage induced by deleting 
IL-1RA. In line with our findings, inflammatory arthritis was shown to 
increase the percentage of CD11b-/loLy6Chi mouse bone marrow cells. These 
cells resemble monocytes based on their CD31 and Ly6C expression levels 
[25]. Our study further showed an increased percentage of monocytes in IL-
1RA KO marrows from calvaria, vertebra and jaw (Fig. S1B-D). The altered 
compositions seem to indicate that the myeloid lineage had matured in the 
direction of macrophages in these skeletal sites [17,26]. We assume this is due 
to a continuous IL-1 signaling. As suggested in one of our previous studies, 
IL-1β stimulates all three myeloid cell subsets’ osteoclastogenesis and bone 
resorption in vitro, and monocyte-derived osteoclasts have the longest life 
span [3]. The recruitment of monocytes in IL-1RA KO mice model may lead 
to an increased number of osteoclasts with long life span. These osteoclasts 
with prolonged life spans could contribute to an ongoing bone resorption, 
which finally results in destructive arthritis, thus explaining the arthritis bone 
phenotype of the IL-1RA knock-out mouse [8]. 

Notably, a strong stimulation of osteoclastogenesis was found with cells from 
calvaria bone marrow of IL-1RA KO mice, whereas the deletion had no effect 
on the number of early blasts, myeloid blasts and monocytes. We should realize, 
however, that formation of osteoclasts was analyzed using the whole population 
of marrow cells. The higher number of osteoclasts found with calvaria marrow 
suggest that an interaction between the different cell populations stimulated 
osteoclast formation. It is of interest to note that differences were found with 
respect to the lymphocytes. The marrow of calvaria proved to harbor two 
subsets of lymphocytes (Fig. 2); a phenomenon not seen in the other bones. 
Certain T lymphocytes have the capacity to stimulate osteoclastogenesis and 
bone metabolism by triggering RANKL signaling as suggested by Kong and 
co-authors [27]. Therefore, apart from an intrinsic difference of the osteoclast 
precursors, it is also feasible that the different lymphocyte distribution of 
calvaria contributed to an altered osteoclastogenesis. This may eventually 
result in the generation of osteoclasts that phenotypically differ from those 
at other bone sites. It was previously shown that calvaria osteoclasts are 
different from long bone osteoclasts [14,28]. Calvaria osteoclasts were 
shown to have higher TRAcP activity than those present in long bones 
[29]. They use different proteolytic enzymes to digest the bone matrix [30], 
and make use of another ion transporter to dissolve bone mineral [28].  
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Figure 7. Scheme summarizing the effect of IL-1RA KO on osteoclast precursor 
composition  and osteoclast formation by marrow of different skeletal sites. A. Standard 
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scheme of osteoclast precursors (early blasts, myeloid blasts and monocytes) and osteoclast 
formation in wild type mice. B. In IL-1RA KO mice, different skeletal sites respond 
differently: In long bone, percentage of myeloid blasts and monocytes were increased, 
contributing to higher numbers of large osteoclasts. In jaw, percentage of monocytes was 
increased; an increased number and larger osteoclasts was found. In calvaria, the percentage 
of osteoclast precursors was not affected while multinucleation and osteoclastogenesis were 
stimulated. In vertebra, neither the myeloid pool nor osteoclast differentiation was affected. 

Therefore, we propose that phenotypically different osteoclasts at different 
locations possibly originate from distinct progenitors. 

Regarding the strong stimulation on calvaria osteoclast differentiation in IL-
1RA KO mice, one can speculate that an altered precursor cell phenotype is 
induced in IL-RA KO animals: it seems that those precursor cells in IL-1RA 
KO mice contain more M-CSF and RANKL responding cells. It was reported 
that osteoclast formation was highly induced by IL-1 in an in vivo mouse 
model [31]. Therefore it is possible that the precursor cells in calvaria are 
more IL-1- sensitive cells. 

This study provides new insight into osteoclast differentiation of the marrow 
cells from different skeletal sites induced by deletion of IL-1RA. Here 
we hypothesize that the different skeletal locations might follow different 
osteoclastogenesis mechanisms in an excessive IL-1 signaling environment: 
the stimulated osteoclastogenic capacity of the marrow cells from long bone 
and jaw is likely due to the expanded precursor pool induced in the knockout 
animals, while for calvaria and vertebra, the sustained IL-1 signaling activates 
the precursors cells to more IL-1 sensitive cells instead of affecting the 
precursor pool. It shows that disruption of IL-1RA leads to a skeletal site-
dependent response in bone marrow composition. This altered composition in 
combination with sustained IL-1 signaling results in an increased, but skeletal 
site specific osteoclastogenesis.
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Supplementary Figures

Figure S1. Compositional changes in myeloid precursor cells induced by IL-1RA 
deficiency. A-D. Within the myeloid cells (early blast, myeloid blasts and monocytes), 
proportion of monocytes was changed in calvaria (B), vertebra (C) and jaw (D) induced 
by IL-1RA deficiency. E-H. Percentage of total number of early blasts, myeloid blasts and 
monocytes were compared between WT and IL-1RA KO mice and total osteoclast precursors 
was only increased in long bone (n=6, *P<0.05, **P<0.01, ***P<0.001).
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Figure S2. Comparison of percentage of early blasts, myeloid blasts and monocytes 
among different skeletal sites. A-B. Percentage of early blasts from four skeletal sites 
in WT mice (A) and IL-1RA KO mice (B). C-D. Percentage of myeloid blasts from four 
skeletal sites in WT mice (C) and IL-1RA KO mice (D). E-F. Percentage of monocytes 
from four skeletal sites in WT mice (E) and IL-1RA KO mice (F) (n=6, *P<0.05, **P<0.01, 
***P<0.001).



107

Osteoclast precursors at different skeletal sites

4

REFERENCES

[1] E. Jimi, I. Nakamura, L.T. Duong, T. Ikebe, N. Takahashi, G.A. Rodan, 
et al., Interleukin 1 induces multinucleation and bone-resorbing activity 
of osteoclasts in the absence of osteoblasts/stromal cells, Exp. Cell 
Res. 247 (1999) 84–93. 

[2] J.H. Kim, H.M. Jin, K. Kim, I. Song, B.U. Youn, K. Matsuo, et al., The 
mechanism of osteoclast differentiation induced by IL-1, J. Immunol. 
183 (2009) 1862–1870. 

[3] Y. Cao, I.D.C. Jansen, S. Sprangers, J. Stap, P.J.M. Leenen, V. Everts, 
et al., IL-1β differently stimulates proliferation and multinucleation of 
distinct mouse bone marrow osteoclast precursor subsets, J. Leukoc. 
Biol. 100 (2016) 513–523. 

[4] K. Kuno, K. Matsushima, The IL-1 receptor signaling pathway, J. 
Leukoc. Biol. 56 (1994) 542–547.

[5] R. Kitazawa, R.B. Kimble, J.L. Vannice, V.T. Kung, R. Pacifici, 
Interleukin-1 receptor antagonist and tumor necrosis factor binding 
protein decrease osteoclast formation and bone resorption in 
ovariectomized mice, J. Clin. Invest. 94 (1994) 2397–2406. 

[6] C.H. Alves, E. Farrell, M. Vis, E.M. Colin, E. Lubberts, Animal Models 
of Bone Loss in Inflammatory Arthritis: from Cytokines in the Bench 
to Novel Treatments for Bone Loss in the Bedside-a Comprehensive 
Review, Clin. Rev. Allergy Immunol. 51 (2016) 27–47. 

[7] J.H. Ju, M.-L. Cho, Y.-M. Moon, H.-J. Oh, J.-S. Park, J.-Y. Jhun, et 
al., IL-23 induces receptor activator of NF-kappaB ligand expression 
on CD4+ T cells and promotes osteoclastogenesis in an autoimmune 
arthritis model., J. Immunol. 181 (2008) 1507–1518. 

[8] R. Horai, S. Saijo, H. Tanioka, S. Nakae, K. Sudo, A. Okahara, et 
al., Development of chronic inflammatory arthropathy resembling 
rheumatoid arthritis in interleukin 1 receptor antagonist-deficient mice, 
J. Exp. Med. 191 (2000) 313–320. 

[9] S.B. Abramson, A. Amin, Blocking the effects of IL-1 in rheumatoid 
arthritis protects bone and cartilage, Rheumatology (Oxford). 41 
(2002) 972–980. 

[10] A. Izawa, Y. Ishihara, H. Mizutani, S. Kobayashi, H. Goto, E. Okabe, 
et al., Inflammatory bone loss in experimental periodontitis induced 
by aggregatibacter actinomycetemcomitans in interleukin-1 receptor 
antagonist knockout mice, Infect. Immun. 82 (2014) 1904–1913. 

[11] H. Mizutani, Y. Ishihara, A. Izawa, Y. Fujihara, S. Kobayashi, H. Gotou, 



108

Chapter 4

et al., Lipopolysaccharide of Aggregatibacter actinomycetemcomitans 
up-regulates inflammatory cytokines, prostaglandin E2 synthesis and 
osteoclast formation in interleukin-1 receptor antagonist-deficient 
mice, J. Periodontal Res. 48 (2013) 748–756. 

[12] J.T. Salla, S.R.D.A. Taddei, C.M. Queiroz-Junior, I. Andrade Junior, 
M.M. Teixeira, T.A. Silva, The effect of IL-1 receptor antagonist on 
orthodontic tooth movement in mice, Arch. Oral Biol. 57 (2012) 519–
524. 

[13] V. Everts, T.J. de Vries, M.H. Helfrich, Osteoclast heterogeneity: 
Lessons from osteopetrosis and inflammatory conditions, Biochim. 
Biophys. Acta - Mol. Basis Dis. 1792 (2009) 757–765. 

[14] V. Everts, W. Korper, K.A. Hoeben, I.D.C. Jansen, D. Bromme, 
K.B.J.M. Cleutjens, et al., Osteoclastic bone degradation and the 
role of different cysteine proteinases and matrix metalloproteinases: 
differences between calvaria and long bone, J. Bone Miner. Res. 21 
(2006) 1399–1408. 

[15] S. Shorey, J.N.M. Heersche, M.F. Manolson, The relative contribution 
of cysteine proteinases and matrix metalloproteinases to the resorption 
process in osteoclasts derived from long bone and scapula, Bone. 35 
(2004) 909–917. 

[16] A.P. De Souza Faloni, T. Schoenmaker, A. Azari, E. Katchburian, P.S. 
Cerri, T.J. De Vries, et al., Jaw and long bone marrows have a different 
osteoclastogenic potential, Calcif. Tissue Int. 88 (2011) 63–74. 

[17] T. Nikolic, M.F.T.R. de Bruijn, M.B. Lutz, P.J.M. Leenen, Developmental 
stages of myeloid dendritic cells in mouse bone marrow, Int. Immunol. 
15 (2003) 515–524. 

[18] T.J. de Vries, T. Schoenmaker, B. Hooibrink, P.J.M. Leenen, V. Everts, 
Myeloid blasts are the mouse bone marrow cells prone to differentiate 
into osteoclasts, J. Leukoc. Biol. 85 (2009) 919–927. 

[19] M.J. Nicklin, D.E. Hughes, J.L. Barton, J.M. Ure, G.W. Duff, Arterial 
inflammation in mice lacking the interleukin 1 receptor antagonist 
gene, J. Exp. Med. 191 (2000) 303–312. 

[20] B. ten Harkel, T. Schoenmaker, D.I. Picavet, N.L. Davison, T.J. de 
Vries, V. Everts, The Foreign Body Giant Cell Cannot Resorb Bone, 
But Dissolves Hydroxyapatite Like Osteoclasts, PLoS One. 10 (2015) 
e0139564. 

[21] L. Yang, S. Perez-Amodio, F.Y.F. Barrère-de Groot, V. Everts, C.A. 
van Blitterswijk, P. Habibovic, The effects of inorganic additives to 



109

Osteoclast precursors at different skeletal sites

4

calcium phosphate on in vitro behavior of osteoblasts and osteoclasts, 
Biomaterials. 31 (2010) 2976–2989. 

[22] B.F. Boyce, E.M. Schwarz, L. Xing, Osteoclast precursors: cytokine-
stimulated immunomodulators of inflammatory bone disease, Curr. 
Opin. Rheumatol. 18 (2006) 427–432. 

[23] E. Nevius, A.C. Gomes, J.P. Pereira, Inflammatory Cell Migration in 
Rheumatoid Arthritis: A Comprehensive Review, Clin. Rev. Allergy 
Immunol. 51 (2016) 59–78. 

[24] C. Shi, E.G. Pamer, Monocyte Recruitment During Infection and 
Inflammation, Nat Rev Immunol. 11 (2011) 762–774. 

[25] J.F. Charles, L.Y. Hsu, E.C. Niemi, A. Weiss, A.O. Aliprantis, 
M.C. Nakamura, Inflammatory arthritis increases mouse osteoclast 
precursors with myeloid suppressor function, J. Clin. Invest. 122 
(2012) 4592–4605. 

[26] M.F.T.R. De Bruijn, W.A.T. Slieker, J.C.M. Van Der Loo, J.S.A. 
Voerman, W. Van Ewijk, P.J.M. Leenen, Distinct mouse bone marrow 
macrophage precursors identified by differential expression of ER-
MP12 and ER-MP20 antigens, Eur. J. Immunol. 24 (1994) 2279–2284. 

[27] Y.Y. Kong, U. Feige, I. Sarosi, B. Bolon, A. Tafuri, S. Morony, et al., 
Activated T cells regulate bone loss and joint destruction in adjuvant 
arthritis through osteoprotegerin ligand, Nature. 402 (1999) 304–309. 

[28] I.D.C. Jansen, P. Mardones, F. Lecanda, T.J. de Vries, S. Recalde, K.A. 
Hoeben, et al., Ae2(a,b)-deficient mice exhibit osteopetrosis of long 
bones but not of calvaria, FASEB J. 23 (2009) 3470–3481. 

[29] S. Perez-Amodio, I.D.C. Jansen, T. Schoenmaker, I.M.C. Vogels, T. 
Reinheckel, A.R. Hayman, et al., Calvarial osteoclasts express a higher 
level of tartrate-resistant acid phosphatase than long bone osteoclasts 
and activation does not depend on cathepsin K or L activity, Calcif. 
Tissue Int. 79 (2006) 245–254. 

[30] V. Everts, W. Korper, D.C. Jansen, J. Steinfort, I. Lammerse, S. Heera, et 
al., Functional heterogeneity of osteoclasts: matrix metalloproteinases 
participate in osteoclastic resorption of calvarial bone but not in 
resorption of long bone, FASEB J. 13 (1999) 1219–1230.

[31] S. Wei, H. Kitaura, P. Zhou, F.P. Ross, S.L. Teitelbaum, IL-1 mediates 
TNF-induced osteoclastogenesis, J. Clin. Invest. 115 (2005) 282–290. 



110


