y Follow us @Bone)ointRes

OPEN 8A(CESS

BONE BIOLOGY

Interleukin-19 promotes bone resorption
by suppressing osteoprotegerin
expression in BMSCs in a
lipopolysaccharide-induced bone loss
mouse model

From Shanghai General
Hospital, Shanghai Jiao
Tong University School
of Medicine, Shanghai,
China

Correspondence should be sent to
Qinghua Zhao; email:
ginghua.zhao@shgh.cn

doi: 10.1302/2046-3758.1211.BJR-
2023-0101.R1

Bone Joint Res 2023;12(11):691—
701.

Aims

Osteoporosis is characterized by decreased trabecular bone volume, and microarchitectural
deterioration in the medullary cavity. Interleukin-19 (IL-19), a member of the IL-10 family, is
an anti-inflammatory cytokine produced primarily by macrophages. The aim of our study
was to investigate the effect of /I[-19 on osteoporosis.

Methods

Blood and femoral bone marrow suspension IL-19 levels were first measured in the lipopol-
ysaccharide (LPS)-induced bone loss model. Small interfering RNA (siRNA) was applied to
knock down IL-19 for further validation. Thereafter, osteoclast production was stimulated
with IL-19 in combination with mouse macrophage colony-stimulating factor (M-CSF) and
receptor activator of nuclear factor-kB ligand (RANKL). The effect of IL-19 was subsequently
evaluated using tartrate-resistant acid phosphatase (TRAP) staining and quantitative real-
time polymerase chain reaction (RT-qPCR). The effect of /IL-19 on osteoprotegerin (OPG) was
then assessed using in vitro recombinant /L-19 treatment of primary osteoblasts and MLO-Y4
osteoblast cell line. Finally, transient transfection experiments and chromatin immunopre-
cipitation (ChIP) experiments were used to examine the exact mechanism of action.

Results

In the LPS-induced bone loss mouse model, the levels of IL-19 in peripheral blood serum and
femoral bone marrow suspension were significantly increased. The in vivo results indicated
that global IL-19 deletion had no significant effect on RANKL content in the serum and bone
marrow, but could increase the content of OPG in serum and femoral bone marrow, suggest-
ing that /L-19 inhibits OPG expression in bone marrow mesenchymal stem cells (BMSCs) and
thus increases bone resorption.

Conclusion

IL-19 promotes bone resorption by suppressing OPG expression in BMSCs in a LPS-induced
bone loss mouse model, which highlights the potential benefits and side effects of IL-19 for
future clinical applications.
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Article focus In doing so, we aimed to further improve

This study aimed to validate the lipo-
polysaccharide (LPS)-induced bone loss
model.

We explored the role of interleukin-19 (IL-
19) in a model of LPS-induced bone loss.

the current understanding of the mech-
anisms of bone loss by inflammatory
factors, and to orientate the targeting of
IL-19 for targeted regulation of bone loss-
related diseases.
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Key messages
ILl-19 promotes bone resorption via suppressing
osteoprotegerin (OPG) expression in bone mesen-
chymal stem cells (BMSCs) in a LPS-induced bone loss
mouse model.
IL-19 suppresses OPG expression via Bcl6 in BMSCs.

Strengths and limitations
For the first time, this study revealed that [L-19
promotes bone resorption by inhibiting OPG.
Further investigations regarding the detailed molec-
ular mechanisms are required.

Introduction

Osteoporosis is a common skeletal disease characterized
by altered bone metabolism, microarchitectural dete-
rioration, decreased bone mass, and increased fragility
fracture risk.”? Bone metabolic homeostasis requires a
delicate balance between osteoblast-mediated bone
formation and osteoclast-mediated bone resorption. The
disruption of this balance underlies the pathogenesis of
osteoporosis.? Clinically, bone loss isacommon complica-
tion in patients with inflammatory conditions, and severe
bone loss due to excessive bone resorption by osteoclasts
is observed in inflammatory osteolytic diseases, such as
osteomyelitis, septic arthritis, infection of orthopaedic
implants, and traumatic bacterial infection."? The infiltra-
tion of inflammatory mediators into the inflamed region
helps to increase osteoclast differentiation and activity,
thus increasing bone resorption.*¢ As a key pathogen,
lipopolysaccharide (LPS), a major constituent of Gram-
negative bacteria, can induce bone loss, leading to
increased fragility fracture risk.? It has been shown that
LPS-induced tumour necrosis factor-a (TNF-a) secretion
regulates osteoclast differentiation independently by
possibly activating TNFR-2, which is consistent with the
mechanism of action of Gram-positive cocci Staphyloc-
cocus aureus targeting osteoblasts.”® LPS-induced exces-
sive osteoclast differentiation is the main cause of bone
loss. Osteoclasts are multinucleated bone-resorbing cells
that differentiate from bone marrow monocytes (BMMs),
in the presence of two indispensable cytokines: macro-
phage colony-stimulating factor (M-CSF) and receptor
activator of nuclear factor (NF)-kB ligand (RANKL).'®™ LPS
induces the production of pro-inflammatory cytokines
such as TNF-q, interleukin-18 (IL-18), IL-6, and prosta-
glandin E2 (PGE2) to directly stimulate osteoclastogen-
esis by increasing the expression of RANKL.? It has been
shown that RANKL inhibits the decrease of Connexin 43
protein during osteoclast-induced differentiation, while
LPS promotes the expression of receptor activator of
NF-kB (RANK) protein, suggesting that LPS may promote
osteoclast proliferation and differentiation by interacting
with Connexin 43 protein molecules through the RANKL/
RANK/osteoprotegerin (OPG) signalling pathway.'? LPS
affects not only osteoclasts but also osteoblasts. The
action of LPS on osteoblasts causes them to release RANK,
and Toll-like receptor 4 (TLR4) binds to RANK, causing

NF-kB to be upregulated and thus regulating the activity
of osteoblasts.” Effective therapies against LPS-induced
bone loss models that are not models of osteoporosis
are limited to antibiotics and surgery. It is important to
elucidate the mechanisms of bone destruction induced
by LPS to find new strategies to treat inflammatory osteo-
Iytic diseases.

IL-19 is primarily produced by various immune cells,
keratinocytes, fibroblasts, and epithelial cells.” As a
member of the IL-10 family of cytokines, /L-19 mediates
its function by binding to the /[-20 receptor complex.™
Studies have highlighted the important role of /L-19 in
immunological and inflammatory diseases.’>'® Increased
plasma concentration of /[-19 is associated with the
pathogenesis of both helper T cell 1 (Th1) and helper
T cell 2 (Th2) dominant diseases, such as psoriasis and
asthma. In addition, studies have shown that its expres-
sion can be induced by LPS." /L-19 is upregulated in
macrophages after infection and lessens inflammation
by suppressing the production of TNF-a, IL-6, and IL-12.
IL-19 is a potential therapeutic in immunological and
inflammatory diseases.'” However, the contribution of
IL-19 in LPS-induced bone loss is largely unknown.

The RANKL/OPG axis is critical for regulating bone
resorption. RANKL is expressed largely in bone, and
bone mesenchymal stem cells (BMSCs), osteoblasts, and
osteocytes are major sources of RANKL for osteoclasto-
genesis.”?" RANKL was required to induce osteoclast
formation in the presence of M-CSF. OPG was identified
as a secreted glycoprotein synthesized by several kinds
of cells including BMSCs, osteoblasts, osteocytes, B
lymphocytes, and articular chondrocytes.?>?' Addition-
ally, studies have revealed that OPG could inhibit osteo-
clast differentiation as a soluble decoy receptor of RANKL
to antagonize the effects of RANKL."-2' BMSCs can modu-
late osteoclastogenesis by producing RANKL and OPG.?
Therefore, preventing osteoclast activation, especially
regulating the RANKL/OPG axis, is one effective way to
treat LPS-induced bone loss in clinics.

In this study, we investigated the effects of /[-19 on the
skeletal system in a mouse model of LPS-induced bone
loss, to reveal its potential benefits and side effects for
future clinical applications.

Methods

Animals. A total of 48, ten-week-old male C57BL/6 mice
were housed in a specific pathogen-free (SPF) environ-
ment, and all mice were provided with sterile food and
water. Since female mice undergo changes with the
growth and development of oestrogen in the body, and
there is a state of oestrogen mutation, and oestrogen
has been proven to have a correlation with osteoporosis,
which may interfere with the experimental results, male
mice were selected for the experiments. We determined
the experimental sample size (n = 8) based on previous
experience and literature. After that, we used the exper-
imental LPS induction model data and /L-19 level data to
calculate the minimum sample size (n = 6) using PASS
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2021 software (Number Cruncher Statistical System
(NCSS), USA) under the two-sided condition of power
calculation of 0.9 (8 = 0.1) and a of 0.05. Considering
the uncertainty of the experiment and the possibility
of animal failure and death, we chose n = 8 as the ex-
perimental sample size. The animal experiments were
performed in accordance with the approved guidelines
by the Institutional Animal Care and Use Committee af-
filiated with Shanghai General Hospital, Shanghai Jiao
Tong University School of Medicine. Animal experiments
were conducted according to the 3Rs and adhered to the
ARRIVE guidelines; an ARRIVE checklist is included in the
Supplementary Material.

LPS-induced bone loss mouse model. Male C57BL/6 mice
were intraperitoneally (i.p.) treated with 5 mg/kg LPS.
‘Day 0’ was defined as the first time when LPS was ad-
ministrated, and the second time when LPS was adminis-
trated is referred to as ‘Day 3’. The mice i.p. treated with
phosphate-buffered saline (PBS) were used as negative
controls. Peripheral blood was harvested on Days 0, 3,
6, and 9. Lumbar (L) #1 vertebrae and femora were col-
lected on Day 9. Due to the very small calibre of the mu-
rine tail veins, i.p. injection of LBS/PBS was used for our
experiments.

IL-19 knockout mouse model. F1 embryonic stem cells
that carried the /L-719-deficient construct were injected
into C57BL/6 blastocytes. The derived heterozygous
mice were backcrossed onto the C57BL/6 genetic back-
ground for at least 12 generations. Mice with and with-
out /L-19 were inter-crossed to generate mutant and
control mice. /L-197 mice were identified by genotyp-
ing of tail DNA by polymerase chain reaction (PCR) us-
ing specific primer.

Cell cultures. Primary BMMs were isolated from mice.
Briefly, the bone marrow cells were flushed out from
femur and tibia bones with a-Minimum Essential
Medium (MEM) (HyClone; Danaher Corporation,
USA). Cell suspensions were filtered through a 100
pm cell strainer (Falcon; Corning, USA) and cultured
in a-MEM supplemented with 10% fetal bovine serum
(FBS) (MilliporeSigma, USA), 1% penicillin/streptomy-
cin (Invitrogen; Thermo Fisher Scientific, USA), and 1%
GlutaMAX Supplement (Thermo Fisher Scientific) for
24 hours. The supernatant was collected and cell pre-
cipitation was obtained by centrifugation, then BMMs
were cultured in a-MEM medium supplemented with
10% FBS, 1% GlutaMAX Supplement, and 30 ng/ml
M-CSF (PeproTech, Thermo Fisher Scientific) in a hu-
midified atmosphere at 37°C and 5% CO,. BMMs were
harvested at Day 2 after M-CSF stimuli. For osteoclast
differentiation, harvested BMMs were seeded into 12-
well plates at a concentration of 1 x 10° cells per well
for differentiation experiments. Cells were stimulated
with 50 ng/ml RANKL (462-TEC-010; R&D Systems,
USA) and 30 ng/ml M-CSF (315-02-50; PeproTech) for
seven days, and the medium was replaced every two
days. Osteoclasts were fixed and stained using the
tartrate-resistant acid phosphatase (TRAP) staining kit

Table 1. Primer sequences used for real-time polymerase chain reaction.

Product

Gene Primer sequence (5’-3’) length, bp

OPG CCTAAAGCGTTAACCCCGGA (F) 120
AACAGGAAGTATGCCCTGCC (R)

Cathepsin K~ CTGCGGCATTACCAACATGG (F) 192
ACTGGAAGCACCAACGAGAG (R)

B3-integrin GGACAACTCTGGGCCGCTC (F) 181
CCTTCAGGTTACATCGGGGTG (R)

DC-STAMP CCGTGAAGGTAGGAACGCTT (F) 207
AGATTCAGCGGAGTGGCAAG (R)

ATP6v0d2 GGGCCAGTGTTCAGTTGCTA (F) 213
AGTCCGTGGTCTGGAGATGA (R)

a-tubulin TGTGGATTCTGTGGAAGGCG (F) 149

AGCACACATTGCCACATACAAA (R)

F, forward; OPG, osteoprotegerin; R, reverse.

(387A-1KT; MilliporeSigma). TRAP+ cells with more
than three nuclei were considered as mature osteo-
clasts. TRAP+ cells with more than five nuclei were con-
sidered as large osteoclasts.

Briefly, femur and tibia bones were obtained and
rinsed while stripping muscle tissue, and then soft-tissue
was removed and transferred to the culture medium. The
bone tissue was minced with forceps and washed with
a 1 ml syringe to obtain bone marrow cells, which were
seeded and cultured. After two days, the medium was
changed and sub-cultured. Cells at passage 6 were used
for cell function experiments.

Primary osteocytes were isolated from mice. Briefly,
long bones were obtained and processed for digestion
with a-MEM medium containing 300 U/ml collage-
nase type la (MilliporeSigma). The digestion step was
performed in six-well dishes on a rotary shaker set to
200 rpm in a humidified incubator at 37°C and 5% CO,,.
After digestion, the solution was removed from the bone
fragments and stored. The bone fragments were rinsed
with Hank’s Balanced Salt Solution (HBSS), then added to
the digestive fluid. The cell suspension was centrifuged
at 200 g for five minutes, the supernatant removed, and
the cells resuspended in medium. Cell suspensions from
the primary isolation procedure were grown on type |
collagen-coated six-well plates. Cells were maintained
for seven days in a humidified incubator at 37°C and 5%
Co,.

Mouse osteocyte cell lines (MLO-Y4) were obtained
from American Type Culture Collection (ATCC, USA). They
were cultured in DMEM with 10% FBS (MilliporeSigma)
and incubated in a humidified atmosphere at 37°C and
5% CO,.

Randomization. A total of 48 mice were randomly divid-
ed into six groups of eight mice each (Supplementary
Table i). All animals were divided into four different body
weight groups (12 animals per group). One cage was
randomly selected from all cages (12 in total), and one
animal from each body weight range group was placed
in the cage separately. This was repeated until all animals
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Lipopolysaccharide (LPS)-induced trabecular bone loss and bone resorption improvement in mice. a) Schematic diagram of mice intraperitoneally (i.p.)
treated with 5 mg/kg LPS. The mice i.p. treated with phosphate-buffered saline (PBS) were used as negative controls. The day when LPS was administrated
for the first time was referred to as ‘Day 0’. Second LPS was administrated on Day 3. Peripheral blood serum was harvested on Days 0, 3, 6, and 9. Lumbar

(L) #1 vertebrae and femora were collected on Day 9. b) Representative 3D reconstruction images of L1 vertebrae trabecular bone in LPS-induced bone loss
of mice, determined by micro-CT. Scale bar: 400 um. c) Trabecular bone volume fraction (BV/TV), trabecular number (Tb.N), and trabecular separation (Tb.
Sp) of L1 vertebrae in LPS-induced bone loss of mice (n = 8). d) Representative 3D reconstruction images of distal femur trabecular bone in LPS-induced bone
loss of mice, determined by micro-CT. Scale bar: 400 um. e) BV/TV, Tb.N, and Tb.Sp of distal femur in LPS-induced bone loss of mice (n = 8). f) Haematoxylin
and eosin (H&E) staining of femur trabecular bone in LPS-induced bone loss of mice (n = 8). Scale bar: 40 ym. g) Tartrate-resistant acid phosphatase (TRAP)
staining of femur bone in LPS-induced bone loss of mice (n = 8). Scale bar: 40 um. Data are representative of three independent experiments, and values are
shown as means and standard deviations. P-values were determined by independent-samples t-test (c, e). *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 2

The involvement of interleukin (IL)-19 accumulation in serum and bone marrow in trabecular bone loss. a) /L-19 levels in peripheral blood serum in
lipopolysaccharide (LPS)-induced bone loss of mice on Day 0, 3, 6, and 9, determined by enzyme-linked immunosorbent assay (ELISA) (n = 8). b) IL-19 levels
in femur bone marrow aspirates in LPS-induced bone loss of mice on Day 0, 3, 6, and 9, determined by ELISA (n = 8). c) and d) The correlation of /L-19 levels
in serum with bone volume fraction (BV/TV) of c) L1 vertebrae and d) femur. e) The correlation of /L-19 levels in bone marrow aspirates with BV/TV of femur.
Data are representative of three independent experiments. Data are shown as means and standard deviations. P-values were determined by two-way analysis
of variance (ANOVA) followed by Tukey’s test (a, b) and Spearman correlation analyses (c, d, e). *p < 0.05, **p < 0.01, ***p < 0.001.

were separated into cages. Each cage was given a num-
ber that randomized the position of the cages, and the
numbers were randomly grouped into six groups. The
random grouping was performed using a computer-
based random order generator (Visual Studio; Microsoft,
USA).

Blinding/masking. For each animal, three different opera-
tors (ZD, YC, WG) were involved as follows: the first oper-
ator administered the treatment according to a random-
ization table (this operator was the only one who knew
the grouping); the second operator was responsible for
the experimental manipulation; and the third operator
performed the data recording. Finally, data analysis was
performed jointly by the second and third operators.
Micro-CT analysis. Quantitative tomography of L1 vertebrae
and distal femora was performed using an X-ray micro-CT
(Skyscan 1076; Bruker, Belgium). The standardized regions
of femur were scanned at 9 um resolutions. Trabecular bone

mass and microarchitecture were defined, including tra-
becular bone volume fraction (BV/TV), trabecular number
(Tb.N), and trabecular separation (Tb.Sp).

ELISA. The blood collected from mice was centrifuged
for 30 minutes at 2,000 xg, and the serum was har-
vested and stored at -80°C for subsequent assays. /L-19,
RANKL, and OPG concentrations in the serum were all
measured according to the manufacturer’s instructions.
The kits used in our enzyme-linked immunosorbent as-
say (ELISA) method were /L-19 ELISA kits (NBP3-06800;
Novus Biologicals; Bio-Techne, USA), RANKL ELISA kits
(MTROO; R&D Systems), and OPG ELISA kits (MOPOQO;
R&D Systems).

Bone histomorphometry analysis. After 4% formaldehyde
fixation, decalcification with 10% EDTA (pH 7.4) for one
week, and paraffin-embedded (formalin-fixed, paraffin-
embedded (FFPE)) specimen processing,?? bone sections
(5 to 7 pm) were stained with haematoxylin and eosin
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Global deletion of interleukin (IL)-19 counteracts lipopolysaccharide (LPS)-induced trabecular bone loss and bone resorption improvement in mice. a)

and b) /L-19 levels in a) peripheral blood serum and b) bone marrow aspirates in LPS-induced bone loss of /L-197- mice, determined by enzyme-linked
immunosorbent assay (ELISA) (n = 8). c) Representative 3D reconstruction images of lumbar (L) #1 vertebrae trabecular bone in LPS-induced bone loss

of IL-7197- mice, determined by micro-CT. Scale bar: 400 pm. d) Bone volume fraction (BV/TV), trabecular number (Tb.N), and trabecular separation (Tb.

Sp) of L1 vertebrae in LPS-induced bone loss of mice (n = 8). e) Representative 3D reconstruction images of distal femur trabecular bone in LPS-induced

bone loss of 1L-197- mice, determined by micro-CT. Scale bar = 400 pm. f) BV/TV, Tb.N, and Tb.Sp of distal femur in LPS-induced bone loss of /L-197- mice (n

= 8). g) Haematoxylin and eosin (H&E) staining of femur trabecular bone in LPS-induced bone loss of mice (n = 8). Scale bar: 40 um. h) Tartrate-resistant

acid phosphatase (TRAP) staining of femur bone in LPS-induced bone loss of mice (n = 8). Scale bar: 40 um. Data are representative of three independent
experiments, and shown as means and standard deviations. P-values were determined by one-way analysis of variance (ANOVA) followed by Tukey’s test (a, b,
d, f). *p < 0.05, **p < 0.01, ***p < 0.001. ns, no significance; PBS, phosphate-buffered saline; WT, wild-type.

(H&E) and TRAP for histological evaluation of osteoblasts
and osteoclasts in mice.

Western blot analysis. Cells were lysed in sodium dode-
cyl sulphate (SDS)-lysis buffer. The protein samples were
loaded into the SDS polyacrylamide gel electrophoresis
(SDS-PAGE) gels and then transferred onto nitrocellulose
membranes (Axygen, USA). Membranes were blocked
with 5% skimmed milk at room temperature for one hour
and incubated with primary antibodies at 4°C overnight,
following by incubation with horseradish peroxidase
(HRP)-conjugated secondary antibodies at room tempera-
ture for one hour. Finally, the membranes were visualized
with an Enhanced Chemiluminescence (ECL) Detection Kit
(MilliporeSigma, USA) and by using ImageQuant LAS 4000
Mini (GE Healthcare Bio-Sciences AB, Sweden). The west-
ern blot used was 12% SDS-PAGE with a loading volume
of 10 pg per well, and the antibody stock numbers were
as follows: IL-20R1: PA5-87796 (Thermo Fisher Scientific);

a-tubulin: #2125 (Cell Signaling Technology, USA); and Bcl-
6: #5650 (Cell Signaling Technology).

Quantitative RT-PCR. Total RNA was extracted from cells
by Trizol reagent (Invitrogen) and was reverse-transcribed
into complementary DNA (cDNA) with AMV Reverse
Transcriptase XL (Takara, Japan). Quantitative real-time PCR
was performed using SYBR Green PCR Master Mix (Applied
Biosystems; Thermo Fisher Scientific, USA) and on the ABI
7300 PCR system (Applied Biosystems). The reaction system
was as follows: 4.5 ul double-distilled water (ddH,0) + 0.1
pl 20 mM positive primer + 0.1 pl 20 mM antisense primer
+ 0.1 pl cDNA + 0.2 pl Roxll + 5 pl SYBR Premix. The pro-
cedure of real-time PCR were as follows: 40 cycles at 94°C
for ten seconds, 60°C for 30 seconds. Dissociation stage was
added to the end of the amplification procedure. There is
no non-specific amplification determined by dissolve curve.
a-tubulin was used as reference gene. The primer crossed
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the intron/exon boundary. The primer sequences used are
shown in Table I.

RNAi. Small interfering RNAs (siRNAs) were purchased from
GeneCopoeia (USA). After cells were grown up to 40% to
60% confluence in a-MEM, the appropriate siRNAs were
transfected into cells using Lipofectamine 3000 (Invitrogen),
according to the manufacturer’s instructions. After 24 hours,
western blot was conducted to evaluate the silencing effect
of the siRNA on target gene expression.

Luciferase reporter assay. Cells were cultured in 24-well
plates. All plasmids were prepared using QIAGEN plasmid
purification kit (Qiagen, Germany). Transient transfection
was performed using Lipofectamine 3000 (Invitrogen)
and phRL-SV40 vector (Promega, USA) was used as trans-
fection efficiency control. Then, 48 hours after transfec-
tion, the cells were lysed, and both firefly and renilla lu-
ciferase activities were evaluated using Dual-Luciferase
Reporter Assay System (Promega).

Chromatin immunoprecipitation. Enrichment of Bcl6
and RNA polymerase Il (RNAP 1) on the OPG promoter
region was predicted using Cistrome Data Browser de-
veloped by Tongji University, China. Chromatin immu-
noprecipitation (ChIP) analysis was performed using
the Millipore ChIP Assay Kit (MilliporeSigma) accord-
ing to the manufacturer’s instructions. Briefly, ChIP was
performed with 5 x 10° cells per reaction. Cells were
crosslinked with formaldehyde for ten minutes at room
temperature and then sonicated. Isotype immunoglob-
ulin G (IgG) was used as a control. The primer sequenc-
es used were 5'-TTTTCTTCTTCCTTCCCCCT-3' (F) and
5'-GCTAGGTGCGTCTCTGCAGC-3" (R), with a product
length of 270 bp.

Statistical analysis. SPSS v21.0 (IBM, USA) was used to per-
form the statistical analysis. Independent-samples t-test was
used for two-sample comparisons. One-way analysis of var-
iance (ANOVA) and two-way ANOVA were used for multiple
comparisons, and Tukey’s test was used to find significant
differences in ANOVA. Spearman correlation analyses were
also applied in this study to investigate the correlation be-
tween variables. Statistical significance was set at p < 0.05.
All data are presented as means and standard deviations un-
less otherwise specified.

Results

LPS-induced trabecular bone loss and bone resorption
improvement in mice. To investigate inflammatory bone
loss in vivo, we generated a LPS-induced trabecular bone
loss mouse model (Figure 1a). The micro-CT analysis of
L1 vertebrae and distal femur showed that the mice i.p.
treated with LPS exhibited markedly reduced bone mass
(Figures 1b and 1d), characterized with decreased BV/
TV, trabecular bone number (Tb.N), bone surface/bone
volume (BS/BV), and bone mineral density (BMD), and
increased trabecular separation (Tb.Sp) (Figures 1c and
1e, Supplementary Figures aa and ab, Supplementary
Table ii). These results suggest that LPS significantly pro-
motes bone loss in mice. To examine whether LPS dis-
rupted the dynamic balance between bone formation

Z. DA, Y. CHEN, E. HE, H. WANG, W. GUO, Z. WU, K. HUANG, Q. ZHAO

A B c
g 120 ns § 30 '—E‘1500 g 250 Fokk
2 : . 5 2 § 200 o
2%100 ggzg 51000 %%150 .
- lo 2 2
£ 80irf [ £%10 £ 500 £ =100
z - g g %0
60— g = S ol
PBS LPS PBS LPS
E F G H
c g a0 ns £ 1500 N 52007
3 5 > — £
5 £ . & . g 150
e TR L T =
=) 23 K 3 s [ 25100
£ £=10]| ° c 5001 [« . <
z < 5 © 50
< = i a
= g o ° ° ol
WT_IL-19™ WT_IL-19™ WT_IL-197
LPS LPS LPS
Fig. 4

Interleukin (IL)-19 suppresses osteoprotegerin (OPG) production in
lipopolysaccharide (LPS)-induced bone loss of mice. Receptor activator of
nuclear factor-kB ligand (RANKL) levels in a) peripheral blood serum and

b) bone marrow aspirates in LPS-induced bone loss of mice, determined

by enzyme-linked immunosorbent assay (ELISA) (n = 8). OPG levels in c)
peripheral blood serum and d) bone marrow aspirates in LPS-induced bone
loss of mice, determined by ELISA (n = 8). RANKL levels in e) peripheral blood
serum and f) bone marrow aspirates in LPS-induced bone loss of /L-197 mice,
determined by ELISA (n = 8). OPG levels in g) peripheral blood serum and h)
bone marrow aspirates in LPS-induced bone loss of /L-197- mice, determined
by ELISA (n = 8). Data are representative of three independent experiments,
and shown as means and standard deviations. P-values were determined by
independent-samples t-test (c, d, g, h). *p < 0.05, **p < 0.01, ***p < 0.001.
ns, no significance.

and resorption, we measured the number of osteoblasts
and osteoclasts on the surface of femur trabecular bone.
There were no differences in the number of osteoblasts
on the relative bone surface (Ob.N/B.Pm) and the per-
centage of bone surface occupied by osteoblasts (Ob.S/
BS) between LPS- and PBS-treated mice (Figure 1f).
However, the number of osteoclasts on the relative bone
surface (Oc.N/B.Pm) and the percentage of bone surface
occupied by osteoclasts (Oc.S/BS) were increased signif-
icantly in LPS-treated mice compared with PBS-treated
mice (Figure 1g), suggesting an enhancement of bone
resorption in LPS-treated mice.

IL-19 accumulation in serum and bone marrow in mice
with LPS-induced trabecular bone loss. In the LPS-
induced bone loss mouse model, the levels of /L-19 in
peripheral blood serum (Figure 2a) and femoral bone
marrow suspension (Figure 2b) were significantly in-
creased (Supplementary Table iii). Correlation analysis
confirmed that the level of /[-79 in serum was negative-
ly correlated with BV/TV of L1 vertebrae (Figure 2¢) and
distal femur (Figure 2d) trabecular bone. /L-19 content
in the bone marrow suspension was also negatively
correlated with BV/TV of distal femur trabecular bone
in mice (Figure 2e).

Global deletion of IL-19 counteracts LPS-induced trabecular
bone loss and bone resorption improvement. Since /[-19 is
involved in LPS-induced bone loss in mice, we generated the
IL-19 knockout (/L-1977) mice. In IL-197- mice, the volume of /L-
19 in peripheral blood (Figure 3a) and femoral bone marrow
cavity (Figure 3b) was significantly decreased, regardless of
whether LPS treatment was applied or not (Supplementary
Table iv). WT and /L-197 mice were treated with LPS or PBS.
As revealed by micro-CT analysis of L1 vertebrae (Figure 3c)
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Fig. 5

Interleukin (IL)-19 suppresses osteoprotegerin (OPG) expression in bone mesenchymal stem cells (BMSCs). a) OPG messenger RNA (mRNA) expression of
BMSCs in lipopolysaccharide (LPS)-induced bone loss of mice, determined by quantitative real-time polymerase chain reaction (RT-gPCR) (n = 8). b) OPG mRNA
expression of BMSCs in LPS-induced bone loss of /L-197- mice, determined by RT-gPCR (n = 8). ¢) OPG mRNA expression in in vitro primary BMSCs culture in
response to 100 ng/ml recombinant /L-19 treatment for 48 hours, determined by RT-gPCR (n = 8). d) Lentivirus-mediated stable knockdown of IL-20R1 in in
vitro BMSCs culture, determined by western blot. e) OPG mRNA expression in in vitro primary BMSCs culture in response to IL-20R1 knockdown and/or 100 ng/
ml recombinant /[-79 treatment for 48 hours, determined by RT-gPCR (n = 8). a-tubulin was used as loading control in RT-qPCR and western blot. Data are
representative of three independent experiments, and shown as means and standard deviations. P-values were determined by independent-samples t-test (a,
b, ¢, d) and one-way analysis of variance (ANOVA) followed by Tukey’s test (e). **p < 0.01, ***p < 0.001. Ctrl, control; ns, no significance; r/L-19, recombinant
IL-19; RNAI, RNA interference; siRNA, small interfering RNA; WT, wild-type.
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Fig. 6

Interleukin (IL)-19 suppresses osteoprotegerin (OPG) expression via Bcl6 in bone mesenchymal stem cells (BMSCs). a) Diagram of mouse OPG proximal
promoter. Analysis of transcription factor binding sites in OPG promoter revealed a Bcl6 binding site close to the transcription start site. b) Luciferase activity
of OPG promoter deletion mutant-driven luciferase reporter gene vectors, including Luc (empty vector as negative control), OPG promoter containing
putative Bcl6 binding site, and OPG promoter with deletion of putative Bcl6 binding site in BMSCs when treated with 100 ng/ml recombinant /-19 for

48 hours (n = 8). ¢) Luciferase activity of OPG promoter deletion mutant-driven luciferase reporter gene vectors with or without pcDNA3.1-Bcl6 vector co-
transfection in BMSCs when treated with recombinant /L-79 for 48 hours (n = 8). d) Bcl6 and RNA polymerase Il (RNAP II) binding on OPG promoter in BMSCs
in response to 100 ng/ml recombinant /L-79 treatment for 24 hours, determined by chromatin immunoprecipitation (ChIP). e) Bcl6 and RNAP Il binding on
OPG promoter in BMSCs in response to IL.-20R1 knockdown and/or 100 ng/ml recombinant /L-79 treatment for 24 hours, determined by ChIP. f) Lentivirus-
mediated stable knockdown of Bcl6 in in vitro BMSC culture, determined by western blot. g) OPG messenger RNA (mRNA) expression in in vitro primary
BMSC culture in response to Bcl6 knockdown and/or 100 ng/ml recombinant /L-19 treatment for 48 hours, determined by quantitative real-time polymerase
chain reaction (RT-gqPCR) (n = 8). Renilla luciferase vector was used as control for transfection efficiency. Isotype immunoglobulin G (IgG) was used as
negative control in ChIP assay. a-tubulin was used as loading control in RT-qPCR and western blot. Data are representative of three independent experiments,
and shown as means and standard deviations. P-values were determined by independent-samples t-test (d, f) and one-way analysis of variance (ANOVA)
followed by Tukey’s test (b, c, e, g). *p < 0.05, **p < 0.01, ***p < 0.001. Ctrl, control; F, forward; ns, no significance; R, reverse; r/l-19, recombinant /L-19; RNAI,
RNA interference; siRNA, small interfering RNA.

and distal femur (Figure 3e), global /[-19 deletion prevent-
ed LPS-induced trabecular bone loss, characterized by
increased BV/TV, Th.N, BS/BV, and BMD, and decreased
Tb.Sp (Figures 3d and 3f, Supplementary Figures ac and ad,
Supplementary Table v). Moreover, global /L-79 deletion had
no effect on bone formation (Figure 3g), but suppressed os-
teoclastogenesis (Figure 3h) in the LPS-treated mice group.
IL-19 suppresses OPG expression in BMSCs. To further verify
whether /L-79 directly regulates osteoclast differentiation,

BMMs were isolated from mice and treated with /L-19
combined with murine M-CSF and RANKL stimulation
to generate osteoclasts. TRAP staining showed that /L-
19 had no obvious effect on osteoclast differentiation,
as characterized by the similar number of TRAP-positive
osteoclasts (Supplementary Figure ba). Consistently, the
expression of osteoclastogenesis marker genes Cathepsin
K, B3-integrin, DC-STAMP, and ATP6v0d2 remained un-
changed between the groups with and without /L-19
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Diagram for the involvement of interleukin (IL)-19 in lipopolysaccharide (LPS)-
induced bone loss. LPS induces trabecular bone loss, in which /L-19 levels are
elevated significantly in response to LPS in peripheral blood serum and bone
marrow. In bone marrow, /L-19 binds to receptor on the cell membrane of
bone mesenchymal stem cells (BMSCs) to suppress osteoprotegerin (OPG)
transcription through Bcl6. OPG hypoproduction from BMSCs facilitates
receptor activator of nuclear factor-kB ligand (RANKL)-induced osteoclastic
differentiation of bone marrow monocytes, which results in bone resorption
activity enhancement and trabecular bone loss.

treatment (Supplementary Figure bb), suggesting that
the promotion of osteoclast differentiation by IL-19 is not
achieved through direct effects.

The RANKL/OPG axis is critical for regulating bone
resorption.? We examined the content of RANKL, OPG,
and osteocalcin in peripheral blood and bone marrow
from mice with LPS-induced bone loss (Supplemen-
tary Table iv). In the LPS-induced bone loss model, the
content of RANKL and osteocalcin in serum (Figure 4a,
Supplementary Figure ca) and the content of RANKL in
femoral bone marrow suspension (Figure 4b) did not
change significantly, but the content of OPG was signifi-
cantly reduced compared with control mice (Figures 4c
and 4d). Furthermore, global /[-19 deletion had no signif-
icant effect on RANKL content in the serum (Figure 4e)
and bone marrow (Figure 4f), but could increase the
content of OPG in serum (Figure 4g) and femoral bone
marrow (Figure 4h).

BMSCs and osteocytes were isolated from the bone
marrow. Quantitative real-time polymerase chain reac-
tion (RT-gPCR) results showed that the OPG mRNA
of BMSCs in the LPS-treated group was decreased
(Figure 5a), while OPG mRNA level of BMSCs in IL-19
' mice was increased (Figure 5b). However, OPG mRNA
level in osteocytes of the LPS-treated mice was slightly
increased, and there was no significant change in OPG
mMRNA levels in osteocytes of /L-197- mice (Supplemen-
tary Figures cb and cc). To further verify whether /L-19
directly regulates OPG production, primary BMSCs were
treated with recombinant /[-19 in vitro and the content

of OPG mRNA was significantly decreased (Figure 5c).
However, recombinant /L-19 treatment of primary
osteocytes and MLO-Y4 osteocyte cell line showed no
significant effect on OPG mRNA and protein secretion
levels (Supplementary Figures cd and ce). Since /L-19
mediates its function mainly by binding to the IL-20
receptor complex,?* the membrane receptor IL-20R1
was downregulated by siRNA (Figure 5d). The results
show that recombinant /L-19 can significantly suppress
OPG expression in BMSCs, but receptor IL-20R1 inhibi-
tion can reverse the function of /L-19 (Figure 5e). The
above results indicate that the inhibitory effect on OPG
production in BMSCs by /L-19 occurs via the IL-20R1
receptor to a large extent, if not completely.

IL-19 suppresses OPG expression via Bcl6 in BMSCs. To
investigate the molecular mechanisms by which /L-79
suppresses OPG expression in a LPS-induced bone loss
mouse model, the proximal promoter of the mouse
OPG gene was analyzed and revealed a transcription-
al repressor Bcl6 binding site close to the transcrip-
tion start site (Figure 6a). A luciferase reporter gene
vector driven by the proximal promoter of OPG was
constructed. The results of transient transfection exper-
iments showed that deletion of the Bcl6 binding site
can significantly increase luciferase activity (Figure 6b).
Overexpression of Bcl6 by plasmid can significantly re-
duce the activity of the luciferase vector driven by the
OPG promoter (Figure 6c), which proves that the Bcl6
binding site plays a negative role in the transcription
of OPG. To further identify molecules binding on OPG
promoter in BMSCs in response to recombinant /L-19
treatment, ChIP experiments were performed, and the
results demonstrated that /L-19 promotes the binding
of Bcl6 to the proximal promoter of OPG, and reduces
the binding of RNAP Il to this region. Furthermore, /L-
19 enhances the binding of Bcl6 to the OPG promot-
er and weakens the binding of RNAP Il to this region,
through interaction with the cell membrane receptor
IL-20R1 (Figures 6d and 6e). When Bcl6 was downreg-
ulated by siRNA (Figure 6f), the experiments showed
that Bcl6 mediated the inhibitory effect of /I[-19 on OPG

(Figure 69).

Discussion

As a common bone metabolic disease, primary osteopo-
rosis is a systemic and metabolic disease characterized by
progressive bone loss, degeneration of bone microstructure,
and increased fragility fractures. Immune system malfunc-
tion has an important role in the development of primary
osteoporosis, while inflammation is a direct contributor to
osteoporosis. Various inflammatory markers, such as IL-1,
IL-6, IL-17, and TNF-a, may upregulate RANKL expression in
joints of patients with rheumatoid arthritis,>*” which in turn
induces osteoclastogenesis. Combined deficiency of IL-1/IL-6
has been reported to markedly ameliorate TNF-mediated
arthritis and bilateral sacroiliitis.?® In the elderly, circulating
levels of IL-6 have been positively correlated with CRP and
negatively correlated with BMD.?’ Previous studies have
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shown that administration of moderate amounts of LPS by
injection or nebulized inhalation to mice induces significant
bone loss in a short period of time. The mechanism of bone
loss is that LPS activates the RANKL pathway and promotes
osteoclast proliferation and differentiation,* and also stim-
ulates granulocyte colony-stimulating factor (G-CSF),*32
which induces bone resorption. It also decreases the expres-
sion of Connexin 43 protein in osteoblasts and increases it in
osteoclasts, and Connexin 43 gene deficiency reduces bone
mass and inhibits bone formation in mice.**** Some studies
suggest that treatment for chronic inflammation may be an
adjunctive therapy for osteoporosis and ankylosing spondy-
litis.3>3¢ The relationship between /L-19, also an inflamma-
tory factor, and osteoporosis has been less studied. In our
present study, we focused on investigating the relationship
between /L-19 and bone mass, and investigated the poten-
tial mechanisms.

We demonstrated that /L-19 levels were significantly
elevated in peripheral blood serum and femoral bone
marrow suspension in a LPS-induced bone loss mouse
model, and level of /L-19 in serum was negatively correlated
with L1 vertebral body,**® and distal femoral BV/TV.*
Previous research has shown that some cytokines, such
as chemokine (C-C matrix) ligand 2 (CCL2), CCL3, CCL4,
TNF-a, and IL-12p70, were significantly decreased in LPS-
treated BALB/c IL-197, suggesting that /L-19 may enhance the
LPS response in BALB/c mice.*® However, there are currently
no results of similar experiments using C57BL/6 mice.*
We used LPS to treat /L-197 and WT C57BL/6 mice in this
experiment, which led to increased BV/TV and Tb.N, and
decreased Th.Sp.*¢

Moreover, global /I-19 deletion had no effect on bone
formation, but suppressed osteoclastogenesis in the LPS-
treated mice group. Nevertheless, we did not detect the
cytokines associated with C57BL/6 mice,* and it remains to
be further explored whether there is a decrease in cytokines
such as CCL3, TNF-a, and CCL4 similar to that in BALB/c mice.

Several studies have shown that inflammatory factors
including TNF-q, IL-1, IL-6, IL-17, and IL-22 are closely asso-
ciated with bone remodelling, and that these activate
BMSCs.#>#6 BMSCs are multipotent stromal cells that differ-
entiate into osteoblasts, which can secrete M-CSF, RANKL,
and OPG to regulate osteoclast differentiation.*” Osteoclasts
and osteoblasts play an important role in bone remodelling,
but the balance between them is disrupted during the devel-
opment of osteoporosis. In our study, BMSCs were isolated
from C57BL/6 mice,*® and cultured with /[-19 combined
with M-CSF, as well as RANKL, to generate osteoclasts. TRAP
staining showed no significant effect of /L-19 on osteoclast
differentiation, indicating that /L-79 does not directly regu-
late this. In vitro experiments have shown that /L-19 inhibits
osteoblast differentiation by suppressing NF-kB and 38 kD
mitogen-activated protein kinases (p38MAPK) activation, as
well as c-Fos expression, in the mouse macrophage-like cell
line RAW264.7.414° We examined the levels of RANKL and
OPG in peripheral blood and bone marrow of two groups of
mice. In the LPS-induced bone loss mouse model, there was
no significantchange in RANKL contentin serum and femoral

bone marrow suspension, but OPG content was significantly
reduced. /L-19 deficiency had no significant effect on RANKL
content but increased OPG content in serum and femoral
bone marrow, indicating that /L-19 mainly affects OPG
expression. To verify whether /L-19 directly regulates OPG
production, we treated primary BMSCs with recombinant
IL-19 in vitro to significantly decrease OPG mRNA content,
while recombinant /L-79 treatment of primary osteocytes
and MLO-Y4 osteocyte, OPG mRNA, and protein secretion
levels were not significantly affected, showing that the main
target of /[-19 in BMSCs was OPG, while recombinant /[-19
significantly inhibited OPG expression in BMSCs. To further
pursue the molecular mechanisms of /L-19 inhibition of OPG
expression in the LPS-induced bone loss mouse model, we
identified a transcriptional repressor Bcl6 binding site near
the transcriptional start site and constructed a luciferase
reporter gene vector driven by the OPG proximal promoter.
The results of transient transfection experiments showed
that the Bcl6 binding site plays a negative role in the tran-
scriptional regulation of the OPG gene. When Bcl6 was
downregulated, Bcl6 mediated the repressive effect of /L-19
on OPG (Figure 7).

Although our work suggests that /L-79 can increase bone
resorption, its role in the pathogenesis of osteoporosis is
not fully understood. Its local and systemic actions are
intricate and depend on a variety of complex factors, such
as the involvement otsf differential receptors, the cell types
involved, and their interactions. Therefore, targeting these
endogenous mediators in osteoporosis remains challenging.
The present research mainly clarifies that /L-19 promotes
bone resorption in the LPS-induced bone loss model in
mice by inhibiting OPG expression, and that this inhibition
may be related to the presence of a transcriptional repressor
Bcl6 binding site near the OPG transcriptional start site.
The results of this study should help to improve the current
understanding of the mechanisms of inflammatory factors
on bone loss and enable targeting of /L-19 as a direction for
targeted regulation of bone loss-related diseases. Since age
is an important factor contributing to the activation of the
inflammatory response and is strongly associated with oste-
oporosis, future studies are needed to determine whether
ageing-induced osteoporosis is associated with changes in
IL-19 expression.

Supplementary material

Tables detailing the numerical data of the experi-

mental results, and supplementary figures illus-

trating the response of bone marrow-derived
monocytes to interleukin-19 (IL-19) treatment during os-
teoclast differentiation in vitro, as well as the effects of IL-
19 on osteocalcin levels and osteoprotegerin expression
in osteocytes. An ARRIVE checklist is also included to
show that the ARRIVE guidelines were adhered to in this
study.
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