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Abstract

We examined the femora of 8-week-old male, 1L-6 deficient (IL-67) mice and their wild-type
littermates by micro-CT analysis, immunohistochemistry, and real-time PCR to clarify the biological
function of interleukin 6 (IL-6) in long bones. 1L-67 femora showed an increased bone
volumef/tissue volume (BV/TV) but a reduced bone mineral density (BMD). Compared with the
wild-type littermates, the tissue-nonspecific alkaline phosphatase (TNALPase) positive area/TV ratio
and the gene expressions of Runx2 and Osterix were elevated; in addition, in the 1L-67" mice, the
number of tartrate-resistant acid phosphatase (TRAP)-positive osteoclasts and the expression of
Rankl (but not Rank and Opg) were increased. A considerable amount of unmineralized areas of
bone matrix was observed using von Kossa staining in IL-67- femoral metaphyases but not in the
wild-type counterparts. Thus, osteoblastic activities appeared to be facilitated by accelerated bone
remodeling; however, bone mineralization seemed to be less active with abundant sclerostin-reactive
osteocytes. Interestingly, in IL-67"femora, the gene expressions of Cd206 were elevated, and many
F4/80-positive macrophages/monocytes, as well as CD206 immunoreactive macrophages in the
primary trabeculae, had migrated closer to the growth plate, where intense RANKL immunoreactivity
was seen. Therefore, it is possible that, in an IL-6 deficient state, CD206-positive macrophages may
differentiate into osteoclasts when in contact with RANKL-reactive osteoblastic cells. Taken
together, these findings indicate that IL-6 deficiency causes accelerated bone remodeling and reduced
bone mineralization induced by abundant sclerostin synthesis, indicating impaired bone remodeling

and mineralization.
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Introduction

Interleukin-6 (IL-6) is a member of the gp130 family, which is composed of IL-6, IL-11, oncostatin
M, leukemia inhibitory factor, cardiotrophin-1, and novel neurotrophin-1/B-cell stimulatory factor-3;
as a multifunctional protein, it is involved in the regulation of various normal biological functions in
many tissues and organs (Heinrich et al., 1998; Senaldi et al. 1999). In bone, IL-6 is mainly
expressed in osteoblastic cells but not in osteoclasts (Holt et al. 1996; Frost et al., 1998; Kozawa et
al. 1998; Girasole et al. 1992; Miyaura et al., 1990). Both osteoblasts and osteoclasts are influenced
by IL-6 family cytokines via signaling of glycoprotein 130 (gpl130), a transmembrane signal
transducer (Sims and Walsh 2010). For osteoclastogenesis and subsequent bone resorption, IL-6
reportedly affects osteoclasts and preosteoclasts, stimulating bone resorption of neonatal mouse
calvaria in association with soluble receptor IL-6 (sIL-6R) (Palmqvist et al., 2002) and facilitates
osteoclastogenesis in co-culture systems with mouse bone marrow cells and osteoblastic or stromal
cells (Tamura et al., 1993). Thus, IL-6 seems to stimulate osteoclasts, and the biological function
of IL-6 on osteoclastogenesis must be indirectly mediated by the receptor activator of nuclear factor
kappa B ligand (RANKL) synthesis by osteoblasts (Yasuda et al., 1998). However, Gao et al.
reported that gp130 and IL-6R are expressed in tartrate-resistant acid phosphatase (TRAP)-positive
osteoclasts (Gao et al., 1998). They stated that IL-6 directly affected the enhancement of the
resorbing activity in a dose-dependent manner, indicating the involvement of IL-6 in the formation
and activation of osteoclasts. Nevertheless, other researchers have reported different results,
pointing out that IL-6 down-regulates RANKL-induced osteoclastogenesis by diverting cells to the
macrophage lineage (Duplomb et al., 2008; Yoshitake et al., 2008).

In addition to the participation of IL-6 in osteoclastogenesis, IL-6 affects osteoblasts by
cooperating with sIL-6R (Ernst et al.,, 2004.); IL-6 binds to sIL-6R, promoting osteoblast
differentiation by increasing the levels of alkaline phosphatase and osteocalcin through the mediation
of gp130-linked signaling (Nishimura et al. 1998; Heymann and Rousselle 2000; Erices et al. 2002;
Franchimont et al. 2005). Unlikely, others have documented that IL-6 negatively regulates
osteoblast differentiation in vitro through the SHP2/MEK2 and SHP2/Akt2 pathways (Kaneshiro et

al., 2014). Taken together, these reports imply that the true function of IL-6 on osteoblasts and



osteoclasts remains unclear (Heymann and Rousselle 2000; Franchimont et al. 2005).

The role of IL-6 in bone in vivo has been studied using various transgenic and gene-deficient
mouse models; indeed, in vitro data have not been consistent and are often in conflict with those of
in vivo experiments. Despite many reports of IL-6 functioning in vitro (Palmqvist et al., 2002,
Tamura et al., 1993, Duplomb et al., 2008; Yoshitake et al., 2008, Nishimura et al. 1998; Heymann
and Rousselle 2000; Erices et al. 2002; Franchimont et al. 2005, Kaneshiro et al., 2014), IL-6 deficient
(IL-67") mice seem healthy and feature no specific bone phenotype (Kopf et al., 1994; Poli et al.,
1994). Poli et al. reported that IL-67" female mice possess a normal amount of trabecular bone with
no changes in osteoblast and osteoclast cell numbers, but the mice have a higher bone turnover rate
than wild-type littermates (Poli et al., 1994). Interestingly, estrogen deficiency did not induce any
change in bone mass or bone remodeling rates in the IL-67 mice. They stated that IL-6 plays an
important role in the local regulation of bone turnover and therefore appears to be necessary for bone
loss caused by estrogen deficiency. Although the biological function of IL-6 has been widely
believed to mediate gp130 signaling when combined with sIL-6R, the number of osteoclasts in the
gp1307 fetuses of IL-67mice were unexpectedly increased, in contrast to other findings (Kawasaki
et al., 1997). In addition, de Benedetti et al. noted the retarded individual growth of mice and an
osteopenic phenotype in IL-6 transgenic mice at 10 days after birth (de Benedetti et al., 2006);
histological alterations in the cortical and trabecular bone, as well as uncoupling of bone formation
from resorption, with decreased osteoblast and increased osteoclast numbers and activities, were
observed. They also described that increased osteoclastogenesis and reduced osteoblast activity,
secondary to reduced precursor proliferation and osteoblast function, were present. The mineral
apposition rates were markedly affected, indicating the presence of defective ossification. It is
interesting that the findings from gp1307 fetuses and IL-6 transgenic mice are not consistent with the
interpretation of 1L-6 function gleaned from the histological findings in IL-6" mice, which seemingly
presented with a normal amount of trabecular bone and with no changes in osteoblast and osteoclast
cell numbers. Recently, we histologically examined bone remodeling influenced by IL-6 deficiency
using a middle-aged (8-12 months) mouse model. IL-6 deficiency resulted in an abundance of
TRAP-positive osteoclasts but delayed bone remodeling by significantly inhibiting the bone

resorption activity of osteoclasts.



Because of the inconsistent and contradictory data of previous studies, the function of IL-6

on osteoblasts and osteoclasts remains unclear. It is, therefore, worthwhile to examine the bone
histology in IL-67 mice. This study has aimed to evaluate the histological activities of osteoblasts

and osteoclasts in the femora of young adult IL-6" mice.



Materials and methods

Animals and tissue preparation

Eight-week-old male 1L-67" mice and wild-type littermates (n = 6 each, Jakson Laboratories, Bar
Harbor, ME) were used in this study. The principles for care and research use of animals set by
Hokkaido University were followed (research proposal approved under No. 20-0024). The mice
were anesthetized with an intraperitoneal injection of a combination of anesthetic agents (0.3 mg/kg
of medetomidine, 4.0 mg/kg of midazolam, and 5.0 mg/kg of butorphanol) and perfused with 4%
paraformaldehyde diluted in 0.1 M cacodylate buffer (pH 7.4) through the left cardiac ventricle.
The femora and tibiae were immediately removed and immersed with the same fixative for 18 hrs at
4 °C. Before decalcification, the left femora were soaked in 0.1 M cacodylate buffer prior to micro-
CT analyses. The left femora and tibiae were decalcified with 10% ethylenediaminetetraacetic
disodium salt (EDTA-Naz) solution and 5% EDTA-Naz solution for light microscopic and electron
microscopic observation, respectively (Hasegawa et al., 2013). The right femora were used for real-
time PCR analysis, while the right tibiae were processed for epoxy resin embedding without
decalcification. For light microscopy, the decalcified left femora were dehydrated in ascending
alcohol solutions prior to paraffin embedding and sectioning. For transmission electron microscopy
(TEM) observations, the decalcified left tibiae or undecalcified right tibiae were post-fixed with 1%
osmium tetroxide with a 0.1 M cacodylate buffer for 4 hr at 4 °C, dehydrated in ascending acetone
solutions, and embedded in epoxy resin (Epon 812, TAAB, Berkshire, UK). Ultrathin sections were
prepared with an ultramicrotome and stained with uranyl acetate and lead citrate or left unstained for

TEM examination (Hitachi H-7100 Hitachi Co. Ltd, Tokyo, Japan) at 80 kV (Hasegawa et al., 2011).

Micro-CT analysis

Micro-CT images were obtained from the femora of the wild-type and IL-67-mice with a micro-CT
unit (tube voltage 90 kV, CosmoScan FX, Rigaku Corporation, Tokyo, Japan). CT analyzer software
(CosmoScan Viewer, Rigaku Corporation, Tokyo, Japan) was used for image reconstruction per the
guidelines described by Bouxsein et al. For the analysis of bone mineral density (BMD, mg/mm?)

and bone volumef/tissue volume (BV/TV, %), the ROIs were defined as the articular surface of the



distal femoral epiphysis and a diaphyseal area 8 mm away from the articular surface with inclusion
of the cortical plates. The BMD and BV/TV in the femora of the wild-type and IL-6" mice were
analyzed using BMD Analysis software (Rigaku Corporation, Tokyo, Japan).

Immunohistochemistry for tissue-nonspecific alkaline phosphatase (TNALPase), osteopontin, type
I collagen, sclerostin, cathepsin K, vacuolar-type ATPase (V-ATPase d 3 subunit), PKR, RANK,
RANKL, F4/80, and CD206

For immunodetection using horseradish peroxidase (HRP)-conjugated secondary antibodies, all
dewaxed paraffin sections were subjected to inhibition of the endogenous peroxidase activity by
soaking in methanol containing 0.3% hydrogen peroxidase for 30 min and pretreatment with 1%
bovine serum albumin (BSA; Serologicals Proteins Inc., Kankakee, IL) in PBS (1% BSA-PBS) for
30 min.

The subsequent incubation with the primary antibodies is described elsewhere (Hasegawa et al.,
2019). In brief, for detection of tissue-nonspecific alkaline phosphatase (TNALPase), osteopontin,
vacuolar-type ATPase (V-ATPase), PKR, and CD206, the dewaxed sections treated above were
incubated with rabbit polyclonal antisera against TNALPase (Oda et al., 1999) diluted 1:300 with 1%
BSA-PBS for 2 hr at room temperature (RT), rabbit anti-osteopontin antisera (Cosmo Bio, Co., Ltd.,
Tokyo, Japan) diluted 1:2000 for 2 hr at RT, rabbit polyclonal antisera against d3 subunits of vacuolar-
type proton pump ATPase (Immuno-Biological Laboratories. Co., Ltd, Fujioka, Japan; kindly
provided by Daiichi-Sankyo Co. Ltd., Tokyo Japan) diluted 1:100 with 1% BSA-PBS for 2 hr at RT,
rabbit anti-PKR antibody (Abcam. plc., Cambridge, UK), and rabbit anti-CD206 antibody (Abcam.
plc., Cambridge, UK), respectively. The sections thusly reacted with the primary antibodies were
incubated with (HRP)-conjugated goat anti-rabbit IgG (DakoCytomation, Glostrup, Denmark)
diluted 1:100 for 1 hr at RT. For the immunodetection of sclerostin, RANKL, and RANK, the
dewaxed paraffin sections treated with hydrogen peroxidase and 1% BSA-PBS were incubated with
goat anti-mouse sclerostin antibody (R&D Systems, Inc., Minneapolis, MN) diluted 1:100, goat anti-
mouse RANKL antibody (R&D Systems, Inc.) diluted 1:100, and goat anti-mouse RANK antibody
(R&D Systems, Inc.) diluted 1:100, respectively. Those treated sections were reacted with HRP-
conjugated anti-goat 1gG (American Qualex, San Clemente, CA) diluted 1:100 for 1 h at RT. For



cathepsin K immunohistochemistry, the sections were incubated with mouse anti-human cathepsin K
(Daiichi Fine Chemical Co., Ltd., Takaoka, Japan) diluted 1:200 overnight and then incubated with
HRP-conjugated anti-mouse 1gG (Chemicon International Inc., Temecula, CA) diluted 1:100. For
detection of F4/80, the dewaxed paraffin sections treated with hydrogen peroxidase and 1% BSA-
PBS were incubated with rat anti-mouse F4/80 (Novus Biologicals, LLC., Centennial, CO) diluted
1:100 at RT for 2 hr and then reacted with HRP-conjugated anti-rat 1IgG (Zymed Laboratories Inc.,
South San Francisco, CA) diluted 1:100.

For visualizations of all immunoreactions using HRP-conjugated secondary antibodies, 3,3’-
diaminobenzidine tetrahydrochloride (Dojindo Laboratories, Kumamoto, Japan) was employed as a
substrate. All sections were counterstained with methyl green and observed under a light
microscope (Eclipse E800, Nikon Instruments Inc., Tokyo, Japan).

As with the immunofluorescent detection of CD206, the sections were incubated with rabbit anti-
CD206 antibody (Abcam. plc.) and then with Alexa488-conjugated donkey anti-goat IgG (Abcam.
plc.) diluted 1:100 with 1% BSA-PBS. The sections were embedded using VECTASHIELD hard-set
mounting medium with DAPI (Vector Laboratories, Inc. Burlingame, CA) and observed using a

fluorescence microscope.

Enzyme histochemistry for tartrate-resistant acid phosphatase (TRAP)

Tartrate-resistant acid phosphatase (TRAP) was detected as previously described (Hasegawa et al.,
2019); in short, slides were rinsed with PBS and incubated in a mixture of 2.5 mg of naphthol AS-BI
phosphate (Sigma-Aldrich Co. LLC, St. Louis, MS), 18 mg of red-violet LB (Sigma) salt, and
100 mM L (+) tartaric acid (0.76 g, Nacalai Tesque, Inc., Kyoto, Japan) diluted in 30 mL of 0.1 M
sodium acetate buffer (pH 5.0) for 15 min at 37 °C. Following immunostaining, TRAP detection

was conducted as described above.

Von Kossa staining
Epoxy resin sections of the undecalcified specimens were incubated with an aqueous silver nitrate
solution until black staining of the bone tissue was discernible under light microscopy (Hasegawa et

al., 2019).



Quantification of TNALPase(+) area/TV and the numbers of TRAP-positive osteoclasts
An assumed boxed area (ROI: region of interest) with dimensions 800 um (width) X 1000 um (length)

located directly below the femoral growth plate was used to assess the TNALPase-reactive area/TV
ratio and the number of TRAP-positive osteoclasts. These indices were determined using Image-Pro

Plus 6.2 (Media Cybernetics, Inc., Bethesda MD).

Real-time PCR for the expression of Runx2, Osterix, Sost, Rankl, Rank, Opg, Cd11c, Cd206, Tnfe,
and Gapdh in the femora of the wild-type and IL-67" littermates

To evaluate the mRNAs encoding Runx2, Osterix, Sost, Rankl, Rank, Opg, Cd11c, Cd206, Tnfe, and
Gapdh, total RNA was extracted from the right femora of the wild-type mice and IL-67" littermates
as previously reported (Hasegawa et al., 2013). In brief, the femora were immediately frozen in
liquid nitrogen and cracked into small pieces. The cracked femora were homogenized in 10 mL of
TRIzol reagent (Life Technologies Co., Carlsbad, CA) per 1 g of tissue to extract the total RNA.
The obtained RNA pellet was washed with 1 mL of 75% ethanol, air-dried briefly, and dissolved in
DEPC-treated water. First-strand cDNA was synthesized from 2 pg of total RNA using a
SuperScript VILO cDNA Synthesis Kit (Life Technologies).

Real-time PCR assays were performed using Tagman probes (Applied Biosystems) to determine
the gene expressions of Runx2 (Mm00501584 m1), Osterix (Mm04209856 m1), Sost
(MmO00470479_m1), Rankl (MmO00441906_m1), Rank  (MmO00437132_m1), Opg
(Mm00435454_m1), Cd1lc (Mm00498701_m1), Cd206 (Mm01329362_m1), and Tnfa
(MmO00443258 m1). Gene expression was measured using the StepOne Real-Time PCR System
(Applied Biosystems), and the expression levels were normalized to Gapdh (Mm99999915 g1) using
the 2AACt method.

Statistical analysis
Statistical analyses for the indices of the gene expression (Runx2, Osterix, Sost, Rankl, Rank, Opg,
Cd11c, Cd206, and Tnfe; standardized by Gapdh expression), BMD, BV/TV, TNALPase(+) area/TV,

and the numbers of TRAP-positive osteoclasts were assessed using Student’s t-test. All values are



presented as mean = standard deviation. Values of p < 0.05 were considered significant.
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Results

Reduced bone mineral density but increased bone volume in IL-67- femoral metaphyses

Micro CT analysis revealed the similar structure of femoral metaphyses of IL-67 mice and wild-type
littermates (Fig. 1A, B). However, when compared with the wild-type femora, IL-67 femora
showed a reduced BMD (1422.2 + 10.8 mg/mm? wild-type vs. 1220.4 + 23.1 mg/mm?® IL-67", p<0.01)
but an increased BV/TV (66.8 + 0.9 % wild-type vs. 71.7 + 0.6 % IL-6", p<0.05) (Fig. 1C, D).
Histologically, there seemed to be increased metaphyseal trabeculae in IL-67" femora, compared with
the wild-type femora (Fig. 1E, F). When examined using von Kossa staining to visualize
mineralized bone matrix (Fig. 2A-D), the IL-67 metaphyseal trabeculae showed thick layers of
unmineralized bone matrix (Fig. 2B, D), compared with wild-type trabeculae (Fig. 2A, C). This
indicates that, despite the increased bone volume, the attenuated BMD seems to be, at least in part,
due to a huge area of unmineralized bone matrix in the IL-67" metaphyseal trabeculae. TEM
observation revealed the similar ultrastructure of mature osteoblasts in the metaphyses of the wild-

type and IL-67 femora (Fig. 2E, F).

Increased TNALPase(+) area/TV and elevated expression of Runx2, Osterix, and Sost in 1L-67
femoral metaphyses

Intense TNALPase immunoreactivity was broadly localized in the metaphyses of IL-67 femora,
rather than the wild-type femora (Fig. 3A, B). Consistently, the index of TNALPase(+) area/TV
was markedly increased in the ROI of the 1L-67 femora, compared with the wild-type specimens (Fig.
3C). In addition, real-time PCR revealed elevated expression of Runx2 and Osterix in the 1L-67
femora when compared with the wild-type specimens (Fig. 3D, E). The statistical analyses
supported the significantly elevated indices of Runx2 and Osterix: 0.97 + 0.17 in wild-type mice vs.
2.93 +0.25 in IL-6" mice (p<0.01) and 1.05 + 0.17 in wild-type mice vs. 2.36 + 0.21 in IL-6""mice
(p<0.05), respectively (Fig. 3C-E). Despite the increased expression of Runx2 and Osterix in IL-6
" femora, sclerostin immunoreactive osteocytes were abundant in the IL-67 metaphysis relative to
the wild-type counterparts (Fig. 4A-F). Consistent with sclerostin immunolocalization, real-time

PCR showed markedly increased expression of the Sost gene encoding sclerostin in IL-67- mice, when
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compared with the wild-type (2.69 + 1.72 wild-type vs. 13.70 + 3.20 IL-67", p<0.05) (Fig. 4G).

Increased numbers of TRAP-positive osteoclasts and enhanced expression of cathepsin K and
RANKL in IL-67-femoral metaphyses
TRAP-positive osteoclasts were abundantly localized in IL-67 femoral metaphyses, unlike those in
the wild-type metaphyses (Fig. 5A, B). Consistently, cathepsin K-reactive osteoclasts were
increased in IL-67 metaphyses compared with the wild-type specimens (Fig. 5C, D). There were
many osteopontin-positive lines on and inside the IL-67- metaphyseal trabeculae, while an even
distribution of osteopontin could be seen throughout the wild-type trabeculae (Fig. 5E, G). In
contrast, type I collagen was uniformly localized in the metaphyseal trabeculae of both the wild-type
and IL-67 femora (Fig. 5F-H). The numbers of TRAP-positive osteoclasts in the ROl was
significantly increased in 1L-67 femoral metaphyses (66.20 + 2.52) compared with the wild-type
counterpart (35.33 + 0.62, p<0.001) (Fig. 51). Additionally, real-time PCR revealed a slightly but
not significantly increased expression of Cathepsin K in IL-67- femora compared with the wild-type
counterparts (Fig. 5J).

Moreover, we examined the immunolocalization of the d3 subunits of V-ATPase, PKR,
RANK, and RANKL. The immunoreactivities of V-ATPase, PKR, and RANK were observed in
osteoclasts in both the wild-type and 1L-67 femoral metaphyses without any apparent differences
between the two groups (Fig. 6A-F). In contrast, there was relatively intense RANKL
immunoreactivity in IL-67 osteoblastic cells compared with the wild-type osteoblasts (See Fig. 6G,
H). Consistent with the immunodetection of these molecules, real-time PCR showed an increased
expression of Rankl (but not Rank or Opg) in the IL-67 femora relative to the wild-type femora (Fig.

61-K).

Immunolocalization of F4/80 monocytes/macrophages and elevated gene expression of CD11c,
CD206, and Tnfein IL-67- femora

Although the number of F4/80-positive cells were not significantly different between the wild-type
femora and 1L-67" specimens, F4/80-positive cells in the primary metaphyseal trabeculae migrated

closer to the chondro-osseous junction of the growth plate cartilage when compared with those in the

12



wild-type counterparts (Fig. 7A-D). Likewise, many CD206-immunoreactive cells were observed
in the intertrabecular region of the primary trabeculae in the IL-67 femora but not the wild-type

specimens (Fig. 7E, F). Real-time PCR revealed enhanced gene expressions of Cdl1c, Cd206, and
Tnfa in the I1L-67 femora when compared with the wild-type specimens (Fig. 7G-1); the ratios of
Cd11lc, Cd206, and Tnfea standardized with the gene expression of Gapdh were as follows: 0.84 +
0.16 control vs. 2.26 + 0.19 IL-6"" for Cd11c (p<0.01), 0.86 + 0.14 control vs. 5.88 + 0.12 IL-6 for
Cd206 (p<0.01), and 0.58 + 0.21 control vs. 5.42 + 0.35 IL-6 for Tnfa(p<0.01).
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Discussion

Here, we have shown that in IL-67" femora, 1) despite the increased BV/TV ratio, the BMD was
significantly reduced; 2) using von Kossa staining, a considerable amount of unmineralized areas
were present in the bone matrix with an abundance of sclerostin-reactive osteocytes; 3) the
TNALPase(+) area/TV ratio and the gene expressions of Runx2 and Osterix were elevated; 4) the
numbers of TRAP-positive osteoclasts and the expression of Rankl were increased with no change of
Rank and Opg; and 5) the gene expressions of Cdl1lc and Cd206 were elevated, and many F4/80-
positive macrophages/monocytes and CD206 immunoreactive macrophages were localized in the
primary trabeculae close to the growth plate.
These findings may suggest that bone remodeling is promoted by cell coupling between
osteoblasts and osteoclasts, which can be histologically evidenced by the many osteopontin-
immunopositive lines indicative of cement lines (the boundary between new and old bone in the
metaphyseal trabeculae of IL-67- femoral metaphyses). BMD and von Kossa staining may reflect
the amount of unmineralized bone matrix, while decalcified paraffin sections reveal the histological
appearance of bone even though they were not well mineralized. Previous reports have been
inconsistent and contradictory in the elucidation of IL-6 function (Palmqvist et al., 2002, Tamura et
al., 1993, Duplomb et al., 2008; Yoshitake et al., 2008, Nishimura et al. 1998; Heymann and Rousselle
2000; Erices et al. 2002; Franchimont et al. 2005, Kaneshiro et al., 2014); however, our study has
shown that the observed IL-67 bone volume can vary when examined using different observation
methods, such as light microscopy of decalcified sections or micro-CT analysis of undecalcified bone.
It is interesting that even though osteoblastic activities were facilitated, as indicated by
TNALPase(+) area/TV and expressions of Runx2 and Osterix, the expression of the Sost gene
encoding sclerostin (Winkler et al., 2003) was elevated 5.1 times higher than that of the wild-type
counterpart when examined by real-time PCR. Consistent with our observation, Yang et al. have
reported that callus mineralization was delayed during fracture healing in interleukin-6 knockout mice
(Yangetal., 2007). There might be a direct influence of IL-6 in blocking the synthesis of sclerostin.
However, it has been reported that TNFa also mediates the stimulation of sclerostin expression under

an estrogen-deficient condition (Kim et al., 2012). Thus, it is likely that IL-6 deficiency or the
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combined effect of IL-6 deficiency and elevated TNFo would stimulate sclerostin synthesis in
femoral metaphyses. A mutation of the Sost gene encoding sclerostin was discovered in patients
with osteosclerosis who did not have increases in bone volume (Kim et al., 2008; Piters et al., 2010).
Therefore, it seems reasonable that an increased sclerostin immunoreactivity and elevated Sost
expression would result in the lack of mineralized bone matrix of the IL-67 femora, as shown in
Figure 2. Taken together, it seems likely that, in an IL-6 deficient state, bone mineralization would
be attenuated because of increased sclerostin, even though osteoblastic activities were facilitated by
coupling with an increased population of TRAP-positive osteoclasts.

It is interesting that not only were the osteoclasts changed, but subpopulations of
macrophages were as well, as shown in Figure 7. Many reports have indicated that CD206 is a
hallmark of M2 macrophages (Kambara et al., 2017), while CD11c is a maker of M1 macrophages
(Lumeng et al., 2007; Fujisaka et al., 2009). Classical activated or “M1” macrophages secrete high
amounts of inflammatory mediators while the alternatively activated “M2” macrophages are low
cytokine producers (Fuentes et al., 2010). A recent report documented that, in bone, M2
macrophages could differentiate into osteoclasts in the presence of RANKL without pretreatment of
estrogen (Dou et al., 2018). In our observation, CD206-positive M2 macrophages were abundant in
the IL-67- metaphyses, consistent with the elevated expression of CD206. In addition, CD206-
positive macrophages and F4/80-immunoreactive monocytes/macrophages in the primary trabeculae
were observed close to the growth plate cartilage, where osteoblasts displayed an intense RANKL
immunoreactivity in the IL-67 femora, as shown in Figure 6. Taken together, it seems possible that,
in an IL-6 deficient state, M1/M2 macrophages would increase their numbers, and CD206-positive
M2 macrophages may differentiate into osteoclasts when in contact with RANKL-reactive

osteoblastic cells.
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Conclusion

This study revealed the presence of increased trabecular volume, reduced bone mineralization,
accelerated bone remodeling by osteoclasts and osteoblasts, and increased macrophage
subpopulations in the IL-67 femora. It is of interest that even though osteoblastic activities appeared
to be facilitated because of accelerated bone remodeling, sclerostin-reactive osteocytes were abundant.
Taken together, these findings indicate that IL-6 deficiency causes accelerated bone remodeling and

reduced bone mineralization, presumably induced by abundant sclerostin synthesis.
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Figure legends

Figure 1

Micro CT and histological analyses of the distal extremities of femora of of IL-67- mice and
wild-type littermates

Micro CT shows less bone volume in the I1L-67 femoral metaphysis (B) compared to the wild-type
metaphysis (A). Statistical analysis reveals significantly reduced bone mineral density (BMD), but
an increased BV/TV in the IL-67 femoral metaphysis, compared to the wild-type littermates (See C
and D). IL-67 femoral metaphysis histologically demonstrates more metaphyseal trabeculae (F),
than the wild-type metaphysis (E). ob: osteoblast, th: trabecula

Bars, A, B: 500 um, E, F: 100 um

Figure 2

Von Kossa Staining of trabeculae and TEM observation of osteoblasts in the metaphyses of
wild-type and IL-67-femora

Von Kossa staining demonstrates borad mineralized bone matrix (brown color) in the wild-type (A)
and 1L-67" metaphyseal trabeculae (B). However, the IL-6"- metaphyseal trabeculae show thick
layers of unmineralized bone matrix (blued-colored area, arrows in D), while the wild-type trabeculae
seem to be completely mineralized (C). TEM observation displays the similar ultrastructure of
mature osteoblasts in the metaphyses of the wild-type (E) and I1L-67 femora (F). ob: osteoblast,
tb: trabecula

Bars, A, B:100um, C,D: 20 um, E, F: 3 um

Figure 3

TNALPase(+) area/TV and gene expression of Runx2, Osterix, and Sost in wild-type and 1L-6
I-femoral metaphyses

TNALPase immunoreactivity can be seen relatively broad in the metaphyses of IL-67" femora (B),
when compared to the wild-type femora (A). Statistical analysis exhibits the increased index of
TNALPase(+) area/TV in the IL-67 femora, compared with the wild-type counterpart (C). Real-

time PCR shows the elevated expression of Runx2 and Osterix in the IL-67 femora when compared
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with the wild-type specimens (D, E). ob: osteoblast, tb: trabecula

Bars, A, B: 100 um

Figure 4

Immunolocalization and geen expression of sclerosrin in the wild-type and IL-67- femoral
metaphyses

The distribution of sclerostin at low magnified images are not different between wild-type (A) and
IL-6" (B) femora. However, when observed at highly-magnified images, sclerostin
immunoreactive osteocytes seem to abundant metaphysis (C, D) and epiphyses (E, F) in the IL-67
femora (D, F) relative to the wild-type counterparts (C, E). Real-time PCR displays markedly
increased expression of the Sost gene in IL-67 femora, when compared with the wild-type femora
(G)

Bars, A, B: 500 um, C-F: 100 um

Figure 5

The distribution of TRAP-positive/cathepsin K-reactive osteoclasts and bone matrix
immunopositive for osteopontin and type | collagen in wild-type and I1L-67- femoral metaphyses
TRAP-positive (A, B) / cathepsinK-reactive (C, D) osteoclasts can be seen abundant in 1L-67- femoral
metaphysis (B, D), rather than in the wild-type metaphysis (A, C). There are many osteopontin-
positive lines in the IL-67- metaphyseal trabeculae (arrows in G), though an even but weak
immunoreactivity of osteopontin can be seen throughout the wild-type trabeculae (E). Unlikely,
type I collagen immunoreactivity seems to be uniform in the metaphyseal trabeculae of both the wild-
type (F) and IL-6"7" metaphyses (H). Statistical analysis exhibits the significant increase of the
numbers of TRAP-positive osteoclasts in IL-67"femoral metaphyses, compared with the wild-type
counterpart (I). Real-time PCR demonstrates a slightly but not significantly increased expression
of Cathepsin K in IL-67" femora compared with the wild-type counterparts (J). meta: metaphysis

Bars, A, B: 100 um, E-H: 20 um
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Figure 6

Immunolocalization of the d3 subunits of V-ATPase, PKR, RANK and RANKL in the wild-type
and IL-67- metaphyses

Immunoreactivities (brown color) of V-ATPase (A, B), PKR (C, D) and RANK (E, F) can be
observed in osteoclasts in both the wild-type (A, C, E) and IL-6" femoral metaphyses (B, D, F).
However, RANKL immunoreactivity (brown color) is seen intense in osteoblasts of IL-67- metaphysis
(H) compared with the wild-type counterpart (G). Real-time PCR reveals an increased expression
of Rankl in the 1L-67 femora relative to the wild-type femora (1). In contrast, there is no significant
difference in the expression of Rank nor Opg between the wild-type and IL-67 femora (J, K).

Bars A-H: 20 um

Figure 7

Immunolocalization of F4/80-positive monocytes/macrophages and CD206-reactive cells in the
wild-type and I1L-67femoral metaphyses

F4/80-positive monocyte/macrophage are localized close to the chondro-osseous junction of the
growth plate cartilage (GP) of the IL-67" femora (arrows in B), when compared with those in the wild-
type counterparts (A). See the many F4/80-positive brown colored cells (arrows in D) close to the
growth plate of the IL-6-/- femora (D), while F4/80-reactive cells are seen in the region of bone
marrow in the wild-type femora (C). CD206-immunoreactive cells can be observed in the
intertrabecular region of the 1L-6"" metaphysis (arrows in F) but not the wild-type specimen (E).
Real-time PCR demonstrates significantly-enhanced gene expressions of Cd11c (G), Cd206 (H) and
Tnfe (1) in the IL-67- femora when compared with the wild-type specimens.

Bars A, B: 100 um, C-F: 50 um
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