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Abstract: Osteolysis is a serious complication of several chronic inflammatory diseases and is closely associated
with a local chronic inflammatory reaction with a variety of causes. Inflammatory factors and osteoclastogenesis
can enhance bone erosion. Interleukin-27 (IL-27) is speculated to play an important role in the physiological immune
response. However, there are few studies on its effects on osteoclastogenesis. In this study, IL-27 was shown to
inhibit receptor activator nuclear factor-kB ligand (RANKL)-induced osteoclastogenesis. The gene expression levels
of osteoclast (OC)-specific genes, such as nuclear factor of activated T-cells cytoplasmic 1 (NFATc1) and C-FOS,
which are essential for OC differentiation and bone resorption, were significantly reduced. Further investigating the
underlying mechanism, we found that IL-27 significantly reduced RANKL-induced osteoclastogenesis by inhibiting
the phosphorylation of IkB and phosphorylation of nuclear factor kB (NF-kB) p65. Furthermore, IL-27 was shown to
inhibit lipopolysaccharide (LPS)-induced osteolysis in vivo. Collectively, these results indicate that IL-27 may be a
potential candidate for the treatment of osteolytic diseases.
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Introduction

Osteolysis is a key pathological process in a
variety of devastating skeletal disorders that
can induce bone erosion, such as osteoporo-
sis, arthritis, bone tumors, Paget's disease,
aseptic loosening and so on. The main causes
of these conditions are inflammation and trau-
ma [1]. These conditions have similarities in the
mechanisms of bone lysis, which are related to
the release of pro-inflammatory cytokines and
the activation of osteoclasts (OCs). In addition,
OC formation can be stimulated by proinflam-
matory cytokines, such as interleukin-1p (IL-
1B), interleukin-6 (IL-6) and tumor necrosis
factor-a (TNF-&) [2]. The common factors of
these inflammatory responses include local
levels of inflammatory mediators that promote
OC differentiation and bone resorption, leading
to the loss of bone mass [3]. These proinflam-

matory factors activate two signaling pathways
that are essential for OC differentiation, the
NF-kB signaling pathway and OPG/RANKL/
RANK signaling pathway. These two signaling
pathways induce and activate NFATc1, which is
the key factor of OC differentiation that pro-
motes the formation of OC and upregulates OC
bone resorption activity, leading to localized
osteolysis in bone lysis diseases [4].

OCs belong to the monocyte/macrophage lin-
eage, which are mainly differentiated from
hematopoietic stem cells [5, 6]. After the hema-
topoietic stem cells divide into precursors of
pluripotent mononuclear/macrophage lineage
cells, they are stimulated directly or indirectly
by various gene regulatory cytokines and devel-
op into mature OCs with multiple nuclei through
proliferation, differentiation, survival, and fu-
sion [7]. OCs are the only biological multinucle-
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ated giant cells that have the ability to absorb
and reshape bone [8]. They play a key role in
bone development, bone formation, bone
resorption, and bone mass regulation. Oste-
oclastogenesis is effectively induced by the
major osteoclastogenic cytokine RANKL and
macrophage colony-stimulating factor (M-CSF).
Binding of RANKL to its receptor (RANK) acti-
vates a broad range of signaling cascades,
including canonical and noncanonical NF-kB
pathways [9]. A series of molecular signals lead
to the translocation of NF-kB p65 to the nucle-
us, followed by activation of the OC differentia-
tion transcription factors C-FOS and NFATc1 to
coordinate the transcription of OC-related
genes, including tartrate-resistant acid phos-
phatase-5 (Acp5), matrix metallopeptidase-9
(MMP-9), and cathepsin K (CTSK), which even-
tually leads to the formation of OCs [10].

Drugs that inhibit the function of OCs are widely
used to treat bone lysis diseases, but all have
various side effects [11]. For example, long-
term use of bisphosphonates is associated
with atypical long bone fracture, mandibular
osteonecrosis and potential esophageal can-
cer [12]. Therefore, it is very important to devel-
op new specific and effective drugs for the
treatment of osteolytic diseases.

IL-27 is a member of the IL-12 family. Numerous
studies have confirmed that IL-27 mainly func-
tions as an anti-inflammatory cytokine [13].
IL-27 is a heterodimeric cytokine composed of
subunits p28 and EBI3 that binds to the WSX1/
gp130 receptor and is mainly secreted by anti-
gen-presenting cells [14]. The mechanism of
IL-27 activity in bone includes its ability to com-
pete with the common receptor subunit gp130
and naturally antagonize IL-6, which is mediat-
ed by reducing the receptor activator expressed
by RANKL in OCs [15]. In addition, IL-27 has
anti-inflammatory effects on bone marrow cells
[16, 17] and inhibits the secretion of a variety of
pro-inflammatory factors, including IL-6, TNF-«,
IL-13, MMPs and GM-CSF [18].

In this study, we investigated the effect of IL-27
on OC differentiation and bone resorption func-
tion by observing changes in OC morphology,
analyzing the expression of specific genes and
exploring the role of the NF-kB signaling path-
way in this process. Furthermore, a mouse
model of skull inflammation was established
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to investigate whether IL-27 has a protective
effect against osteolytic diseases in an inflam-
matory environment through micro-CT and his-
tological analysis. We speculate that IL-27 has
great potential for the treatment and preven-
tion of osteolytic diseases.

Materials and methods
Materials and reagents

Recombinant mouse IL-27 protein (purity >
95%), recombinant mouse M-CSF and recombi-
nant mouse RANKL were purchased from R&D
Systems (Minneapolis, MN). Cell Counting Kit-8
(CCK8) was purchased from Solarbio (Beijing,
China). A Tartrate-resistant acid phosphatase
(TRAP) staining kit and LPS were purchased
from Sigma-Aldrich (NY, USA). Actin cytoskele-
ton and focal adhesion (FAK) staining Kits
were purchased from Millipore (Darmstadt,
Germany). Dulbecco’s-modified Eagle’s medi-
um (DMEM) and fetal bovine serum (FBS) were
purchased from Gibco (Life Technologies, USA).
An Osteo Assay Stripwell Plate for bone resorp-
tion was purchased from Corning, Inc. (NY,
USA). Antibodies against NFATc1 and C-FOS
were purchased from Abcam (Cambridge, USA).
Antibodies against phospho-NF-kB p65, NF-kB
p65, phospho-IkBx, and IkBa were purchased
from Cell Signaling Technologies (MA, USA).
B-Actin polyclonal antibodies were purchased
from Bioworld Technology, Inc. (MN, USA).
Mouse IL-13, IL-6, and TNF-a ELISA kits were
purchased from Novus Biologicals (CO, USA).

Cell culture

The macrophage lineage cell line RAW264.7
was obtained from American Type Culture
Collection (Manassas, VA, USA) and cultured in
DMEM medium containing 10% FBS and antibi-
otics (1% penicillin and streptomycin) in an
incubator with 5% CO, at 37°C. The culture
medium was replaced every other day and sub-
cultured every three days.

Cytotoxicity assay

RAW264.7 cells (4x10°2 cells) were seeded in a
96-well plate for the cell viability assay in tripli-
cate plates and cultured overnight at 37°C with
5% COz. On the following day, the cells were
treated with different concentrations of IL-27
(0, 50, 100, 200 ng/ml) for 24 h, 48 h and 72
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Table 1. Primer sequences for gqRT-PCR

Genes Forward Reverse

NFATc1 5’-GACCCGGAGTTCGACTTCG-3’ 5’-TGACACTAGGGGACACATAACTG-3’
C-FOS 5-CGGGTTTCAACGCCGACTA-3’ 5’-TTGGCACTAGAGACGGACAGA-3’
CTSK 5’-GAAGAAGACTCACCAGAAGCAG-3’ 5’-TCCAGGTTATGGGCAGAGATT-3’
TRAP 5’-CACTCCCACCCTGAGATTTGT-3’ 5’-CATCGTCTGCACGGTTCTG-3’
DC-STAMP 5’-CTAGCTGGCTGGACTTCATCC-3’ 5’-TCATGCTGTCTAGGAGACCTC-3’
OC-STAMP 5-GGGCTACTGGCATTGCTCTTAGT-3’ 5’-CCAGAACCTTATATGAGGCGTCA-3’
CTR 5’-CGCATCCGCTTGAATGTG-3’ 5’-TC TGTCTTTCCCCAGGAAATGA-3’
MMP9 5’-CTGGACAGCCAGACACTAAAG-3’ 5’-CTCGCGGCAAGTCTTCAGAG-3’
ATPGV0d2 5-GATGGAGAAGCTGATGGCTTGG-3’ 5-TTCTTCACCTCGCCTGTCTTGC-3’
IL-1B 5’-CTCAACTGTGAAATGCCACC-3’ 5’-TGTCCTCATCCTGGAAGGT-Z’

IL-6 5-TGGGAAATCGTGGAAATGAGA-3’ 5-ACTCTGGCTTTGTCTTTCTTGT-3’
TNF-a 5-AGGCGGTGCTTGTTCCTCA-3’ 5’-AGGCGAGAAGATGATCTGACTGC-3’
GAPDH 5-AAATGGTGAAGGTCGGTGTG-3’ 5-TGAAGGGGTCGTTGATGG-3’

Note. NFATc1: nuclear factor of activated T cells; CTSK: cathepsin K; TRAP: tartrate-resistant acid phosphatase; DC-STAMP:
dendritic cell-specific transmembrane protein; CTR: calcitonin receptor; MMP9: matrix metalloproteinase-9; IL-1[: interleukin-
1B; IL-6: interleukin-6; TNF-a, tumor necrosis factor-o; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; qRT-PCR, quantita-

tive real-time polymerase chain reaction.

h. Cell viability was assessed using the CCK-8
assay according to the manufacturer’s instruc-
tions. After the specified amount of time, the
medium was removed. Then, fresh medium
containing 1/10 CCK-8 reagent was added to
each well and incubated for an additional 2 h at
37°C. The absorbance of all wells was mea-
sured at a wavelength of 450 nm using a
96-well plate reader (Bio Tek, Synergy, USA).

In vitro osteoclastogenesis assay

RAW264.7 cells (4x102 cells) were seeded in a
96-well plate. After 24 h of culture, RANKL (50
ng/ml), M-CSF (25 ng/ml) and different con-
centrations of IL-27 (0, 50, 100, 200 ng/ml)
were added and further cultured for 72 h to
generate multinucleated OCs. The medium was
changed every three days. After the specified
amount of time, the cells were washed twice
with PBS, fixed with 4% paraformaldehyde for
15 min, and stained with TRAP staining solu-
tion according to the manufacturer’s directions.
TRAP-positive multinucleated cells containing
three or more nuclei were considered OCs and
were counted under an optical microscope
(Leica, DMI 6000b, Germany).

The formation of OCs from RAW264.7 cells was
induced as described previously. FAK staining
was performed on OCs induced by RANKL
according to the instructions of the FAK Kkit.
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To investigate the effects of IL-27 on OC differ-
entiation under LPS-induced inflammatory con-
ditions, RAW264.7 cells were seeded in a
96-well plate at a density of 4x10° cells per
well and pretreated with RANKL (50 ng/ml) and
M-CSF (25 ng/ml) for 24 h. Then, the medium
was replaced with fresh medium containing
LPS (100 ng/ml) either with or without different
concentrations of IL-27 (0, 50, 100, 200 ng/ml)
for an additional 48 h for differentiation into
0OCs. The medium was changed every three
days. After 72 h, the cells were stained for TRAP
as previously described. TRAP-positive multi-
nucleated cells containing three or more nuclei
were considered OCs and were counted under
an optical microscope.

Pit formation assay

RAW264.7 cells (4x103 cells) were seeded in
an Osteo Assay Surface Plate (Corning Osteo
Assay Surface) and cultured with RANKL (50
ng/ml), M-CSF (25 ng/ml) and different con-
centrations of IL-27 (0O, 50, 100, 200 ng/ml) for
7 days to generate multinucleated OCs. On day
7, the cells were lysed with sodium hypochlorite
for 5 min at room temperature, followed by
washing twice with distilled water. Individual
pits or multiple pit clusters were observed
using a microscope at 40x magnification, and
the absorption area was analyzed by Imagel
(NIH, Bethesda, MD, USA).
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RNA extraction and analysis by real-time quan-
titative PCR (qRT-PCR)

RAW264.7 cells (4x103 cells) were seeded in a
12-well plate and induced with M-CSF (25 ng/
ml), RANKL (50 ng/ml) and different concentra-
tions of IL-27 (O, 100, 200 ng/ml) for 72 h.
RAW264.7 cells were also seeded in a 12-well
plate and pretreated with RANKL (50 ng/ml)
and M-CSF (25 ng/ml) for 24 h. Then, the cells
were stimulated with LPS (100 ng/ml) and dif-
ferent concentrations of IL-27 (0, 100, 200 ng/
ml) for an additional 48 h.

Total RNA was isolated with TRIzol (Life
Technologies) and used to synthesize cDNA
using a reverse transcription kit (TaKaRa Bio,
Inc., Japan). qRT-PCR was conducted to analyze
the indicated gene expression using SYBR
Premix Ex Taq Il (TakaRa Bio, Inc., Japan) and a
PCR detection system (Bio-Rad, Hercules, CA,
USA), and GAPDH was used as an internal con-
trol. The primer sequences are shown in Table
1.

Western blot analysis

RAW264.7 cells were seeded in 6-well plates
and treated with RANKL (50 ng/ml) and M-CSF
(25 ng/ml) to generate OCs with or without
IL-27 (200 ng/ml) for 72 h. By contrast,
RAW264.7 cells were seeded in 6-well plates
and pretreated with or without IL-27 (200 ng/
ml) for 2 h in the presence of M-CSF (25 ng/ml)
before RANKL (100 ng/ml) stimulation for O,
15, 30 and 60 min. Subsequently, the cells
were washed twice with PBS and lysed in lysis
buffer (10 mM Tris, pH 7.2, 150 mM NaCl, 5
mM EDTA, 0.1% SDS, 1% Triton X-100 and 1%
deoxycholic acid) supplemented with a prote-
ase inhibitors or phosphatase inhibitors. Final
protein concentrations were determined using
a BCA protein assay kit. Protein samples (30
pg) were run on 8-10% SDS-PAGE gels and
transferred by electroblotting onto polyvinyli-
dene difluoride membranes. Then, the mem-
branes were blocked with 5% nonfat dry milk
for 2 h and incubated with rabbit primary anti-
bodies (C-FOS 1:1000, NFATc1 1:1000, NF-«kB
p65 1:1000, p-NF-kB p65 1:1000, IkBa 1:000,
p-IkBa 1:1000, and B-actin 1:5000) overnight
at 4°C. Next, the membranes were washed
with TBST for 10 min and incubated with sec-
ondary antibodies (1:2000) at room tempera-
ture for 1.5 h. Antibody reactivity was analyzed
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by exposure to a ChemiDoc XRS+ imaging sys-
tem (Bio-Rad, Hercules, USA). B-actin was used
as an internal control.

LPS-induced skull osteolysis mouse model

Twenty healthy 6-week-old C57/BL6 female
mouse were obtained from the animal center of
the Army Medical University. The study followed
the guidelines of the Army Medical University
animal care and use committee. The mice were
divided evenly into four groups as follows (5
mice in each group): sham group (PBS, control),
LPS group (LPS, 5 mg/kg body weight), low-
dose IL-27 group (LPS, 5 mg/kg with IL-27, 10
pg/kg) and high-dose IL-27 group (LPS, 5 mg/
kg with IL-27, 20 ug/kg). The mice received sub-
cutaneous injections over the sagittal midline
suture of the skull under light anesthesia every
other day over a 14-day period. Finally, micro-
CT analysis (QuantumFX CT, Perkin Elmer) of
the mice was performed under light anesthe-
sia. Subsequently, mouse blood was obtained
by excising the eyeball under deep anesthesia
for ELISA analysis. Next, all mice were sacri-
ficed, and the skulls were separated for histo-
logical analysis. The skull samples were fixed
with 4% paraformaldehyde and decalcified with
10% EDTA for 2 weeks. Then, all skull samples
were cut into 5-um-thick sections for H&E stain-
ing. The obtained results were used to describe
inflammatory osteolysis in vivo.

Enzyme-linked immunosorbent assay (ELISA)

Serum IL-1B, IL-6, and TNF-« levels were ana-
lyzed using mouse IL-13, IL-6, and TNF-a ELISA
kits according to the manufacturer’s protocol.
Serum was obtained from blood after 30 min at
room temperature and centrifugation at 3000
g for 10 min at 4°C. The absorbance of each
standard and sample was measured at a wave-
length of 450 nm. A standard concentration
gradient was used as a standard curve.

Statistics

All data are expressed as the mean + SEM.
Each experiment was repeated at least three
times separately, and the results were analyzed
with Prism 7 (GraphPad Software, La Jolla, CA,
USA). A two-tailed, unpaired Student’s T-test
was used for comparisons between two groups.
One-way analysis of variance was used to
analyze differences in multiple comparisons.
P-values of *(P < 0.05), **(P < 0.01), and ***(P

Am J Transl Res 2019;11(3):1154-1169
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Figure 1. IL-27 concentrations
less than 200 ng/ml did not af-
fect cell proliferation after 24 h,
48 h and 72 h. RAW264.7 cells
were treated with different con-
centrations of IL-27 (0, 50, 100,
200 ng/ml) for 24 h, 48 hand 72
h. Cell viability was assessed us-
ing a Cell Counting Kit-8 (CCK-8)
assay. (*P < 0.05, **P < 0.01).

FAK staining was used to ana-
lyze the formation of the
F-actin ring structure in OCs,
which is essential for bone
resorption. The results show-
ed that at an IL-27 concentra-
tion of 200 ng/ml, the size of
the F-actin ring structure
decreased significantly (Figure
2C-E). These data suggested
that IL-27 effectively inhibited
OC differentiation and for-
mation.

IL-27 attenuates bone resorp-
tion area in vitro

RAW264.7 cells were seeded
in a 96-well plate (Corning
Osteo Assay Surface) and
treated with RANKL (100 ng/

concentration IL-27(ng/ml)

< 0.001) were considered statistically sig-
nificant.

Results
The effect of IL-27 on RAW264.7 cell viability

RAW264.7 cells were treated with IL-27 at dif-
ferent concentrations (0, 50, 100, 200 ng/ml)
for 24 h to 72 h, followed by analysis using
CCK-8 assays. The results showed that IL-27
concentrations of less than 200 ng/ml did not
affect cell proliferation after 24 h to 72 h
(Figure 1A-C). Therefore, IL-27 concentrations
of 100 ng/ml and 200 ng/ml were used for
subsequent studies.

IL-27 inhibits RANKL-induced osteoclast differ-
entiation and formation

RAW264.7 cells were induced with RANKL (50
ng/ml), M-CSF (25 ng/ml) and IL-27 (O, 100,
200 ng/ml) to generate OCs. The effect of IL-27
on the differentiation of OCs induced by RANKL
was analyzed by TRAP staining. TRAP-positive
OCs (nuclei > 3) in each well (96-well plate)
were quantitatively analyzed. We observed
that IL-27 significantly inhibited RANKL-indu-
ced osteoclastogenesis in a concentration-
dependent manner and that IL-27 markedly
suppressed the number of TRAP-positive multi-
nucleated cells (Figure 2A, 2B). Furthermore,
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ml), M-CSF (25 ng/ml) and dif-

ferent concentrations of IL-27

(0, 100, 200 ng/ml) for 7
days. RAW264.7 cells were also seeded in
another 96-well plate (Corning Osteo Assay
Surface) and induced into OCs as describe for
3 days. Next, IL-27 was added in different con-
centrations (0, 100, 200 ng/ml) for another 4
days. According to the result, we can conclude
that IL-27 doesn’t affect bone resorption activ-
ity of OC but reduced the bone resorption area
by inhibiting the OC differentiation (Figure
3A-D).

IL-27 suppresses osteoclast differentiation by
inhibiting the phosphorylation of the NF-kB
signaling pathway

RANKL-induced NF-kB signaling pathway acti-
vation is necessary for OC differentiation and
function. To investigate the mechanism of IL-27
in osteoclastogenesis, RAW264.7 cells were
treated with RANKL (50 ng/ml) and M-CSF (25
ng/ml) in the presence or absence of IL-27
(200 ng/ml) for O, 15, 30 and 60 min and ana-
lyzed by Western blot. We found that the activa-
tion of the NF-kB signaling pathway was inhib-
ited in the presence of IL-27. The phosphoryla-
tion of NF-kB p65 was downregulated by IL-27
treatment. We further observed that the phos-
phorylation and degradation of IkB-a were also
significantly inhibited by IL-27 (Figure 4A).
Overall, these results indicated that IL-27 inhib-
ited RANKL-induced OC differentiation and

Am J Transl Res 2019;11(3):1154-1169
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Figure 2. IL-27 inhibits RANKL-induced osteoclast differentiation and formation. A. The effect of IL-27 on the differ-
entiation of OCs induced by RANKL was analyzed by TRAP staining. B. TRAP-positive osteoclasts (nuclei > 3) in each
well (96-well plate) were quantitatively analyzed. C. FAK staining was used to analyze the formation of the F-actin
ring structure in OCs. D. The number of OCs in each well was quantitatively analyzed. E. The average nuclei number
of OCs in each well was quantitatively analyzed. (*P < 0.05, **P < 0.01).
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Figure 3. IL-:27 attenuates bone resorption arear. A. RAW264.7 cells were plated on the Osteo Assay Surface and
cultured with RANKL (50 ng/ml) and M-CSF (25 ng/ml) for 7 days in the presence or absence of IL-27 (200 ng/ml).
B. Quantification of the bone resorption area on the Osteo Assay Surface. C. RAW264.7 cells were seeded in 96-well
plate (Corning Osteo Assay Surface) and induced into OCs for 3 days and IL-27 was added for another 4 days. D.
Quantification of the bone resorption area on the Osteo Assay Surface. (*P < 0.05, **P < 0.01).

function by attenuating the activities of the
NF-kB signaling pathway.

IL-27 downregulates the expression of osteo-
clast marker genes

To further clarify the effect of IL-27 on OC dif-
ferentiation, the protein expression of NFATc1
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and C-FOS, key factors of OC differentiation
that are generally upregulated during the pro-
cess of osteoclastogenesis, were analyzed by
Western blot. The results indicated that the
expression levels of these two proteins were
significantly upregulated by RANKL and sup-
pressed by IL-27 in a concentration-dependent

Am J Transl Res 2019;11(3):1154-1169
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Figure 4. IL.-27 suppresses osteoclast differentiation and marker gene expression by inhibiting the NF-«kB signaling
pathway. A. RAW264.7 cells were pretreated with or without IL-27 for 2 h in the presence of M-CSF (25 ng/ml) before
RANKL (100 ng/ml) stimulation for the indicated time. B. Cells were lysed for Western blot analyses using antibodies
against NFATc1, C-FOS, and B-actin. C-K. The expression of genes associated with osteoclast differentiation, fusion,
and function were detected by qRT-PCR. (*P < 0.05, **P < 0.01).

manner (Figure 4B). Furthermore, the expres-
sion of messenger RNA (mRNA) levels of
OC-specific genes, which are generally upregu-
lated during the process of osteoclastogenesis,
was analyzed by gRT-PCR. The results showed
that the mRNA expression levels of OC-specific
genes, including NFATc1, C-FOS, CTSK, TRAP,
OC-STAMP, and DC-STAMP, were all dramati-
cally upregulated by RANKL during the OC dif-
ferentiation process. However, IL-27 inhibited
the elevated mRNA expression levels of these
genes in a concentration-dependent manner
(Figure 4C-K). This result was consistent with
the results obtained by Western blot. In sum-
mary, these data demonstrated that IL-27
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inhibited RANKL-induced OC-related gene
expression in vitro.

To investigate the effects of IL-27 on osteoclas-
togenesis under LPS-induced inflammatory
conditions, RAW264.7 cells were pretreated
with RANKL (50 ng/ml) and M-CSF (25 ng/ml)
for 24 h. Then, the cells were incubated with
LPS (100 ng/ml) and IL-27 (O, 100, 200 ng/ml)
for an additional 48 h to generate multinucle-
ated OCs, and TRAP staining was used to ana-
lyze LPS-induced OC differentiation. We ob-
served that TRAP-positive multinucleated OCs
were significantly reduced in a concentration-
dependent manner (Figure 5A, 5B). To further

Am J Transl Res 2019;11(3):1154-1169
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Figure 5. IL.-27 downregulates LPS-induced osteoclastogenesis and reduces the expression of osteoclast marker genes by reducing pro-inflammatory cytokines. A.
TRAP staining was used to analyze LPS-induced osteoclast differentiation. B. TRAP-positive osteoclasts (nuclei > 3) in each well were quantitatively analyzed. C-K.
The expression of genes associated with osteoclast differentiation, fusion, and function was detected by qRT-PCR. L. Cells were lysed for Western blot analyses using
antibodies against NFATc1, C-FOS, and B-actin. M-0. The mRNA expression of TNF-«, IL-13, and IL-6 was detected by qRT-PCR. (*P < 0.05, **P < 0.01).
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Figure 6. IL-27 prevents LPS-induced inflammatory osteolysis in vivo. A-C. The expression levels of TNF-q, IL-13, and
IL-6 in mouse serum were analyzed using an ELISA kit. D. Three-dimensional images of whole skulls were recon-
structed using a micro-CT scanner. E, F. Quantitative analysis of bone volume/total volume (BV/TV) and percentage
of resorption area (%). G. H&E staining of sections of skull samples from 6-week-old C57BL/6 mice treated with
PBS, LPS, and LPS + IL-27. (*P < 0.05, **P < 0.01).

study the effect of IL-27 on LPS-induced OC dif- these marker genes, consistent with the TRAP
ferentiation, a variety of OC marker genes were staining results (Figure 5C-K). Similarly, We-
analyzed by qRT-PCR. As shown in Figure 5, stern blot was used to analyze the protein
IL-27 clearly downregulated the expression of expression of NFATc1 and C-FOS induced by
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Figure 7. Schematic diagram of inhibition of osteoclast differentiation and

formation by IL-27.

LPS. Similar results were obtained, and the pro-
tein expression of NFATc1 and C-FOS was effec-
tively reduced (Figure 5L). These results indi-
cated that IL-27 has a negative effect on osteo-
clastogenesis under LPS-induced inflammatory
conditions.

Because IL-27 inhibits LPS-induced OC forma-
tion, the expression of pro-inflammatory cyto-
kines, including TNF-«, IL-1, and IL-6, was ana-
lyzed under LPS stimulation, which was deter-
mined to promote OC formation and ultimately
lead to destructive bone loss. qRT-PCR was
used to analyze the expression of these genes
at the mRNA level. The results showed that
IL-27 significantly inhibited the expression of
these genes stimulated by LPS (Figure 5M-0).
In summary, IL-27 can indirectly negatively
regulate the formation of OCs induced by LPS
by reducing the levels of pro-inflammatory
cytokines.

IL-27 prevents LPS-induced inflammatory oste-
olysis in vivo

Since IL-27 inhibited the differentiation of OCs
in vitro, we further investigated whether poten-
tial protective effects could be observed in an
LPS-induced skull inflammation mouse model.
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LPS (5 mg/kg) was injected
into a sagittal suture in the
mouse skull every 2 days in
the presence or absence of
IL-27. The expression levels of
TNF-a, IL-1B, and IL-6 in mou-
se serum were quantitatively
analyzed using an ELISA Kkit.
The results showed that IL-27

IxBa
clearly inhibited the produc-
tion of these pro-inflamma-
T tory cytokines (Figure 6A-C).
' Micro-CT scanning and 3D

»

\
I
I
I
I
|
I
) degradation :
|
I
I
i
! reconstruction showed that

NF-kB signaling pathways /,/ bone reSOI’ption in the LPS

treatment group significantly
increased compared with that
in the sham group (PBS injec-
tion). However, the IL-27 treat-
ment group (10 ug/kg group
and 20 ug/kg group) showed
substantial inhibition of LPS-
induced inflammatory osteoly-
sis in a concentration-depen-
dent manner. Quantitative an-
alysis of bone parameters further indicated
that compared with the LPS group, the IL-27
treatment group exhibited significantly incre-
ased bone volume/total volume (BV/TV) and
percentage of resorption area (%) in a concen-
tration-dependent manner (Figure 6D-F). Fur-
thermore, histological analysis (H&E staining)
confirmed that IL-27 prevented LPS-induced
osteolysis (Figure 6G), which is consistent with
the imaged bone parameters. In conclusion,
our data showed that IL-27 inhibits LPS-induced
bone loss in vivo.

Discussion

Bone remodeling is characterized by succes-
sive bone resorption and bone formation at the
same site, and the cells involved in bone remod-
eling are strictly coordinated with respect to
time, site and functional activities. Therefore,
bone reconstruction is an ordered and coupled
process of bone resorption and bone formation
that can be divided into initiation, transition
and termination stages [19]. Recruitment, dif-
ferentiation, activation and bone resorption of
OC precursors occur at the initiation stage. At
the transition stage, bone resorption activities
are gradually inhibited, and OCs form new bone
by feedback through the cell death regulator/
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cysteine aspartate protease-3 axis or through
Fas/FasL-regulated programmed cell death.
Finally, bone resorption is completely repaired
at the termination stage, and local bone recon-
struction activities enter the static stage, while
excessive OC formation and bone resorption
are the main mechanisms of many osteolytic
bone diseases [20]. In the complex microe-
nvironment of bone repair, the relationship
between immune cells and bone-related cells
is crucial for bone repair and reconstruction
[24]. Studies have confirmed that products of
staphylococcus aureus, such as staphylococ-
cal protein A and staphylococcal lipoteichoic
acid, can affect the differentiation of OCs and
change the normal process of bone repair [22,
23]. Moreover, bacteria cause osteolysis not
only by directly killing osteoblasts but also by
influencing OC formation and bone resorption
through pathogen-induced inflammatory res-
ponses [24]. Bone infection is a response of
inflammatory cells to repair damaged tissue.
After bone infection, macrophages secrete vari-
ous cytokines and chemokines to recruit inflam-
matory cells, promote neovascularization, regu-
late the migration and differentiation of mesen-
chymal stem cells (MSCs), and mediate bone
remodeling [25]. Among the many cytokines
secreted, the most typical include IL-1[, IL-6,
and TNF-a. These cytokines promote bone
resorption by enhancing OC differentiation and
activity [26].

The NF-kB signaling pathway is a representa-
tive transcription factor that regulates the
inflammatory response. In the skeletal system,
the NF-kB signaling pathway directly partici-
pates in the regulation of OC differentiation and
bone resorption [27]. Inflammatory factors
including IL-1B, IL-6, and TNF-a cooperate with
the RANKL signaling pathway to activate the
NF-kB signaling pathway, thereby promoting OC
differentiation [28]. Since the NF-kB signaling
pathway is involved in both inflammation and
osteoclastogenesis, we believe that it may be a
potential therapeutic target for inflammatory
osteolysis.

Interleukin-27 (IL-27) is a multifunctional cyto-
Kine an isomer of the IL-12 family. It is produced
by monocytes and dendritic cells in respond to
bacterial antigens, participates in the immune
response of the body, and plays an anti-inflam-
matory and protective role in local inflammato-
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ry regions [29, 30]. Accordingly, we hypothe-
sized that IL-27’s inhibitory effect on inflam-
mation helps protect against inflammatory
osteolysis.

In the process of promoting the differentiation
and function of OCs, RANKL is a key factor that
promotes osteoclastogenesis. RANKL induces
0OCs from the mononuclear macrophage lineag-
es and plays a unique role in hematopoietic cell
differentiation [31]. The terminal differentiation
of cells to OCs induced by RANKL involves the
following steps: (1) activation of TRAP, which
participates in the expression of markers of
bone resorption and OCs; (2) the formation of
multinucleated OCs by TRAP-positive cells with
actin rings [32]. Furthermore, as noted in many
studies, RANKL binds to RANK in OC precur-
sors, which triggers the cascading activation of
a series of downstream signaling pathways,
including the RANKL-mediated NF-kB signhaling
pathway. Typically, NF-kB is retained in the cyto-
plasm in an inactive form coupled with IkB-c,
an inhibitory subunit [33]. When RANKL binds
to RANK through ubiquitin-dependent phos-
phorylation and degradation of IkB-«, this bind-
ing leads to the translocation of p65 into the
nucleus from the cytosol, which activates tran-
scription of the target genes NFATc1 and C-FOS
and triggers transcriptional activation of sever-
al osteoblast-related genes, which is necessary
for OC differentiation and function [33, 34].
However, IL-27 attenuates these changes.
Therefore, inhibition of the nuclear transloca-
tion of p65, which is an indispensable step in
the activation of NF-kB, could be considered an
essential mechanism for IL-27 participation in
the inhibition of OC differentiation (Figure 7).

Another indispensable transcription factor,
NFATc1, which is a regulator of OC formation
and a common target gene for the essential
transcription factors NF-kB and C-FOS, also
plays an important role in regulating the expres-
sion of OC-specific genes in the RANKL signal-
ing pathway [35]. In the early stage of OC dif-
ferentiation, NFATc1 expression is enhanced by
binding with transcription factors [36, 37].
Therefore, TRAP, CTSK, MMP-9 and other
OC-related genes regulated by NFATc1 are high-
ly expressed at the final differentiation stage
induced by RANKL, thereby promoting bone
resorption [38, 39]. Our data suggest that
RANKL-induced NFATc1 expression is effective-
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ly inhibited by IL-27 in a concentration-depen-
dent manner. IL-27 also reduces the expression
levels of most OC-related marker genes.
Although it is not clear whether IL-27 directly or
indirectly inhibits the expression of NFATcl
through the NF-kB signaling pathway or wheth-
er NF-kB signaling pathway plays a direct role in
the regulation of NFATc1 expression, our results
suggest that IL-27 inhibition of the expression
of NFATc1 and inhibition of the activity of NF-kB
signaling pathway might play crucial roles in
inhibiting OC differentiation and bone resorp-
tion function.

LPS is an amphiphilic molecule that is present
in the outer membrane of Gram-negative bac-
teria and can activate the immune system,
recruit immune cells, including monocytes and
macrophages, and stimulate immune cells to
produce pro-OC cytokines and promote the for-
mation and activation of OCs, thus leading to
bone resorption. Various studies have shown
that TNF-a, IL-1B and IL-6 function as pro-
inflammatory cytokines and change the nature
of leukocyte infiltration to eventually transform
acute inflammation to chronic inflammation
[40]. Therefore, chronic inflammatory disea-
ses and LPS-induced mouse models show
decreased bone density, increased bone fragil-
ity and pro-inflammatory cytokine activity.
Therefore, we investigated the use of IL-27 to
prevent LPS-induced bone loss. As evidenced
by the in vivo results, IL-27 reduces OC activity
and bone resorption induced by LPS, prevents
inflammatory osteolysis and effectively reduc-
es pro-inflammatory cytokines, such as TNF-q,
IL-1B, and IL-6. These results are consistent
with the in vitro results. However, we cannot
rule out the possibility that IL-27 may affect the
formation of osteoblasts; therefore, further
studies are needed to investigate the effect of
IL-27 on the function of osteoblasts.

Conclusions

We demonstrated that IL-27 can effectively
inhibit OC differentiation and bone resorption
area by inhibiting the NF-kB signaling pathway.
Specifically, IL-27 was shown to significantly
reduce the expression levels of various genes
and proteins that play an important role in OC
differentiation, including NFATc1 and C-FOS.
We also found that IL-27 inhibited the activity of
the NF-kB signaling pathway through the inhibi-
tion of the phosphorylation of NF-kB P65 and
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phosphorylation of IkB-&, which is believed to
be the mechanism by which IL-27 participates
in the inhibition of OC differentiation. Fur-
thermore, IL-27 has been shown to be effective
in inhibiting LPS-induced OC differentiation and
reducing proinflammatory cytokine levels while
preventing inflammatory osteolysis in mice.
Therefore, our results suggest that IL-27 may
be a therapeutic candidate for osteolytic-relat-
ed diseases.
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