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Abstract

IL-35 is known as a regulatory cytokine produced by regulatory T cells. It has also been reported 
that IL-35 suppresses the proliferation of Th17 cells, which is involved in the pathogenesis of many 
autoimmune diseases. However, in rheumatoid arthritis patients, the role of IL-35 is controversial, 
and the role of IL-35 in bone metabolism has not been clarified. We investigated the effect of IL-35 
on human osteoclast differentiation and activation. We first evaluated the effect of rhIL-35 on human 
osteoclastogenesis from monocytes cultured alone, induced by soluble-RANKL. We also examined the 
role of IL-35 on the bone-resorption function of mature osteoclasts. Furthermore, we analysed the 
molecular mechanism of IL-35 function in monocytes or pre-osteoclasts using RT-PCR. rhIL-35 sig-
nificantly inhibited human osteoclastogenesis in a dose-dependent manner. In addition, rhIL-35 also 
significantly decreased the area of pit formation by mature osteoclasts. rhIL-35 significantly decreased 
mRNA expression of RANK in monocytes and RANK and FOS in pre-osteoclasts. Our current findings 
suggest that IL-35 inhibits osteoclastogenesis and osteoclast activation by inhibiting both RANK and 
FOS. IL-35 also has an inhibitory effect on osteoclastic-bone resorption, suggesting that IL-35 may 
have a therapeutic potential for RA. 
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Introduction
IL-35 is a recently identified cytokine belonging to the 

IL-12 family, which consists of an α chain (p35/IL-12α) 
and β chain (EBI3/IL-27β). The IL-35 receptor consists 
of IL-12Rβ2 (IL-12 component) and gp130 (IL-27 com-
ponent), and activates the STAT1 and STAT4 signalling 
pathways [1]. The IL-35 α chain (p35) is ubiquitously 
expressed. In contrast, expression of the β chain (EBI3) 
is selective and highly inducible [2, 3]. IL-35 is a potent 
inhibitory cytokine produced by mouse and human regu-
latory T (Treg)-cell populations [4, 5]. In addition, many 
reports have demonstrated the regulatory effect of IL-35. 
IL-35 is involved in the suppressive function of a subgroup 
of Treg cells, known as iTr35 cells. IL-35 is also known to 
suppress Th17 cells and inhibit the proliferation of effector 
T cells [4, 6-11].

The role of IL-35 in human diseases has also been re-
ported. Serum IL-35 levels were lower in multiple sclero-
sis (MS) patients, and treatment with interferon β, methyl
prednisolone (mPSL), or a combination of both showed  

beneficial effects via the upregulation of IL-35 production 
[12]. In addition, it was also found that IL-35 expression 
protects animals from autoimmune diabetes by decreasing 
T-cell infiltration and proliferation (via G1 arrest) [13].

However, in arthritis models, the role of IL-35 is contro-
versial. Some studies have shown that IL-35 exacerbates ar-
thritis [14, 15]. In contrast, Niedbala et al. demonstrated that 
intraperitoneal injection of rIL-35 significantly reduced the 
incidence and intensity of collagen-induced arthritis (CIA) 
[16]. Similar to mouse models, the effect of IL-35 in rheu-
matoid arthritis (RA) patients is also controversial. Filkova 
et al. reported that IL-35 dose-dependently induced release 
of IL-1β, IL-6, and MCP-1 from peripheral blood mononu-
clear cells, and that IL-35 was increased in the synovial tis-
sue in RA patients [17]. Furthermore, the same group found 
that IL-35 levels were significantly elevated in the serum 
and synovial fluid of RA patients compared with osteoar-
thritis (OA) patients [18]. In contrast, serum IL-35 levels 
are significantly decreased in active RA patients, and IL-35 
suppresses T-cell activation during the peripheral immune 
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response of RA [19]. More recently, it has been reported that 
IL-35 suppresses RANKL expression and up-regulates OPG 
expression in fibroblast-like cells in mice [20]. However, the 
function of IL-35 in human osteoclastogenesis from mono-
cytes cultured alone remains unclear. In the present study, 
we demonstrated that rhIL-35 inhibited human osteoclast 
differentiation and activation. Moreover, we also investigat-
ed the inhibitory effect of IL-35 on osteoclastogenesis. 

Material and methods

Reagents

Recombinant human M-CSF (Leukoprol) was obtained 
from Yoshitomi Pharmaceutical (Osaka, Japan). Recombinant 
human soluble-receptor activator of NF-κB ligand (sRANKL) 
and recombinant human IL-35 (rhIL-35) were purchased from 
PeproTech EC Ltd. (London, United Kingdom). Microbeads 
for immunopurification were obtained from Miltenyi Biotec 
(Auburn, CA). Anti-human CD51/61 mAb was purchased 
from BD Bioscience Pharmingen (San Diego, CA).

Culture system for osteoclastogenesis in the 
absence of osteoblasts

Human peripheral blood was obtained from healthy vol-
unteers. This study was approved by the Institutional Review 
Board. PBMC were isolated by Ficoll-Hypaque gradient cen-
trifugation and resuspended in α-MEM (Gibco BRL, Gaith-
ersburg, MD) supplemented with 10% foetal bovine serum 
(FBS) (JRH Biosciences, Lenexa, KS). CD14-positive cells, 
as monocytes, were separated from the PBMC by MACS 
and cultured for three days in 96-well plates (2.5 × 104 cells/ 
0.2 ml/well; Corning, NY) with M-CSF (100 ng/ml). Next, 
the culture medium was completely replaced, and the adher-
ent CD14-positive cells were further cultured in the pres-
ence of M-CSF and sRANKL (30 ng/ml) and with various 
concentrations of rhIL-35 for 10 days. The culture medium 
was replaced every 3 days, with fresh medium supplemented 
with the agents described above. As a negative control, hu-
man CD14-positive cells were cultured with only M-CSF for  
14 days. As a positive control, human CD14-positive cells 
were cultured for the first three days in the presence of 
M-CSF, and the adherent CD14-positive cells were further 
cultured with M-CSF and sRANKL for 10 days.

Determination of osteoclast characteristics

Osteoclasts were immunohistochemically stained using 
antibodies against vitronectin receptor αvβ3 (CD51/61), 
as described previously [21]. We previously demonstrat-
ed that the multinuclear cells formed in the presence of 
M-CSF and sRANKL showed vitronectin receptor expres-
sion, tartrate-resistant acid phosphatase (TRAP) activity, 
and the ability to form resorption pits on Osteologic® plates 
(BD Biosciences, San Jose, CA) [22], therefore exhibiting 
the functions and properties of osteoclasts.

Mature osteoclast culture on Osteoassay™

CD14-positive cells, as monocytes, were separated from 
the PBMC by MACS and cultured for three days in six-well 
plates (7.0 × 105 cells/3ml/well; Corning, NY) with M-CSF 
(100 ng/ml). Next, the culture medium was completely re-
placed, and the adherent CD14-positive cells were further 
cultured in the presence of M-CSF and sRANKL (30 ng/ml) 
for 10 days. The culture medium was replaced every three 
days with fresh medium supplemented with the agents de-
scribed above. As a negative control, human CD14-positive 
cells were cultured with only M-CSF for 14 days. Adher-
ent mature osteoclasts were then washed with PBS. Cells 
were treated with trypsin (0.05%, Invitrogen) and EDTA  
(0.53 mM, Invitrogen) and separated from the culture plate 
after pipetting several times. Cell scrapers were not used. 
Mature osteoclasts were then cultured on Osteoassay™ discs 
(Corning, NY) with M-CSF (100 ng/ml) and sRANKL (30 ng/ 
ml) in a CO

2
 incubator at 37°C. After three days, the cells 

were removed, and the areas of pit formation were evaluated.

RT-PCR

Monocytes 

CD14-positive human monocytes were cultured in the 
presence of M-CSF (100 ng/ml) for three days and grown for 
an additional 24 hours with or without rhIL-35 (100 ng/ml). 
Total RNA was purified from these cells using the Nucle-
oSpin® RNA kit (Takara Bio, Shiga, Japan). cDNA was ob-
tained using the ReverTra Ace® qPCR RT Kit (Toyobo Life 
Science, Osaka, Japan). The amount of mRNA of NFATc1 
(TaqManR Gene Expression Assay: Hs00542678_m1, Ap-
plied Biosystems), TNFRSF11A (RANK) (Hs00187189_
m1), FOS (Hs99999140_m1), JUN (Hs99999141_s1), and 
GAPDH was measured using the Viia7 Real-Time PCR sys-
tem (Applied Biosystems, Foster City, USA).

Pre-osteoclasts

CD14-positive human monocytes were cultured in the 
presence of M-CSF (100 ng/ml) for three days. Next, after cul-
turing the cells in the presence of sRANKL (30 ng/ml) with 
or without rhIL-35 (100 ng/ml) for 24 hrs, total RNA was 
prepared from these pre-osteoclasts using the NucleoSpin® 
RNA kit (Takara Bio, Shiga, Japan). cDNA was obtained us-
ing the ReverTra Ace® qPCR RT Kit (Toyobo Life Science, 
Osaka, Japan). The amount of mRNA of NFATc1 (TaqManR 
Gene Expression Assay: Hs00542678_m1, Applied Bio-
systems), TNFRSF11A (RANK) (Hs00187189_m1), FOS 
(Hs99999140_m1), JUN (Hs99999141_s1), and GAPDH was 
measured using the Viia7 Real-Time PCR system (Applied 
Biosystems, Foster City, USA).

Statistical analysis

Data were analysed using the Mann-Whitney U test (Stat 
View®; Abacus Concepts, Berkeley, CA). P values less than 
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0.05 were considered significant. All values are represented 
as the mean ±SEM.

Results

rhIL-35 significantly inhibited human 
osteoclastogenesis

To investigate the effect of IL-35 on human osteoclas-
togenesis, we cultured cells in the presence of rhIL-35 and 
sRANKL. Compared with the negative (Fig. 1A) and pos-
itive controls (Fig. 1B), rhIL-35 dose-dependently inhibit-
ed the number of CD51/61-positive osteoclasts induced by 
sRANKL, as shown in Figures 1C-1E. Figure 1F shows that 
even at 10 ng/ml, rhIL-35 significantly decreased the num-
ber of osteoclasts. 

rhIL-35 significantly inhibited the activation of 
mature osteoclasts

To elucidate whether rhIL-35 prevents osteoclast acti-
vation, we evaluated the area of pit formation after addition 
of rhIL-35 to mature osteoclasts by Osteoassay™. rhIL-35 
significantly decreased the area of pit formation by mature 
osteoclasts, as shown in Figure 2, suggesting that IL-35 also 
has mature osteoclast activation inhibiting activity. 

Addition of rhIL-35 reduced mRNA expression 
of RANK in monocytes and RANK and FOS in 
pre-osteoclasts 

To clarify the mechanism of the inhibitory effect of  
IL-35 on osteoclastogenesis, we measured the mRNA expres

Fig. 1. rhIL-35 significantly inhibited human osteoclastogenesis. As negative and positive controls, human CD14-positive 
monocytes were cultured with M-CSF alone during the first three days, and the adherent cells were then cultured with 
either M-CSF alone (A – negative control) or M-CSF and sRANKL (30 ng/ml) (B – positive control) for the last 10 days. 
The osteoclasts were then stained for the vitronectin receptor. In the test conditions, rhIL-35 (10, 30, 100 ng/ml) (C, D, E) 
was added to the culture medium at the same time of sRANKL addition for the last 10 days. Original magnification, 
100×. F) rhIL-35 dose-dependently inhibited the number of osteoclasts. Data are expressed as mean ±SEM for triplicate 
cultures (*p < 0.05 vs. positive control) 
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sion of various proteins in monocytes and pre-osteoclasts af-
ter stimulation with rhIL-35. As shown in Figure 3, rhIL-35 
significantly decreased mRNA expression of RANK in 
monocytes. In pre-osteoclasts, rhIL-35 significantly de-
creased the mRNA expression of RANK and FOS (Fig. 4). 
Interestingly, rhIL-35 did not decrease NFATc1 expression 
at the mRNA level in either monocytes or pre-osteoclasts. 

Discussion
This is the first report to demonstrate the inhibitory 

effect of IL-35 on human osteoclastogenesis. First, we 
demonstrated that rhIL-35 significantly decreased osteo-
clast differentiation induced by sRANKL in a dose-de-
pendent manner. We have reported that pro-inflammatory 
cytokines, including TNFα and IL-17, induce human os-
teoclastogenesis [23, 24]. IL-35 is composed of an α chain 
(p35; IL-12 component) and β chain (EBI3; IL-27 compo-
nent), and some studies have shown that IL-12 and IL-27 
are involved in osteoclast differentiation. In light of our 
observation of the inhibitory effect of IL-35 on monocytes 
as osteoclast precursors, it is necessary to clarify wheth-
er the IL-12 component or IL-27 component is the main 
contributor to the abrogation of osteoclast differentiation. 
It has been reported that IL-27 directly inhibits human os-
teoclastogenesis from CD14-positive cells by suppressing 
NFATc1 or RANK expression [25]. On the other hand, 
IL-12 does not directly inhibit osteoclastogenesis in mouse 
monocytes cultured alone [26]. From these studies, it has 
been speculated that the inhibitory effect of rhIL-35 on 
human osteoclastogenesis may be due to the IL-27 subunit 
(EBI3) rather than the IL-12 subunit (p35).

In addition to IL-35 itself, the function of its recep-
tors and their downstream signals must also be discussed. 
IL-35 receptor consists of IL-12Rβ2 (IL-12 component) 
and gp130 (IL-27 component), subsequently activating the 
STAT4 and STAT1 signalling pathways, respectively [1]. 
Furukawa et al. found that IL-27-induced inhibition of hu-
man osteoclast differentiation is mediated by STAT1 [27]. 
On the other hand, the direct role of STAT4 on monocyt-
ic osteoclastogenesis has not been reported. We are now 
investigating the contribution of STAT1 signalling to the 
inhibition of osteoclastogenesis in the presence of rhIL-35. 

We found that rhIL-35 decreased the area of pit formation 
by mature osteoclasts. In the present study, it is notable that 
rhIL-35 inhibited osteoclast activation even after the mono-
cytes differentiated into mature osteoclasts. We have also pre-
viously reported that IL-17 induces mature osteoclast activa-
tion by measuring actin ring formation [23]. We hypothesise 
that IL-35 also affects the cytoskeleton of mature osteoclasts.

Our analysis of the effect of rhIL-35 at the molecular 
level using RT-PCR demonstrated that the addition of rhIL-
35 significantly decreased RANK expression in osteoclast 
precursors, including monocytes and pre-osteoclasts. Fur-
thermore, in pre-osteoclasts, rhIL-35 significantly reduced 

FOS expression; however, the degree of reduction by rhIL-
35 was greater in RANK than in FOS. Interestingly, rhIL-35 
did not significantly reduce expression of NFATc1 in the 
current study. Kalliolias et al. reported that IL-27-induced 
inhibition of osteoclastogenesis is due to suppression of 
NFATc1 induction [25]. Thus, taken together, our findings 
suggest that IL-35 plays a direct role in the function of os-
teoclast precursors and activation of mature osteoclasts by 
preventing RANK-RANKL signalling. 

Unfortunately, we could not substantiate our laboratory 
findings in vivo, because the clinical phenotype of IL-35 
deficient or transgenic mice has not been reported so far. 
Further investigation will be needed to clarify the role of 
IL-35 on whole bone by using mouse models. In addition, 
future investigation of IL-35 using a co-culture system 
with osteoblasts and osteoclast precursors is also required. 
As an example, IL-6 has been reported to induce osteoclast 
differentiation with osteoblasts via inducing expression of 
RANKL in osteoblasts [28], whereas IL-6 inhibits osteo-
clastogenesis in monocytes cultured alone [29]. In addi-
tion, there is a possibility that IL-35 has different effects on 
osteoclastogenesis between humans and mice [30]. 

Whether IL-35 induces inflammatory bone loss in RA 
patients remains unclear. As mentioned in the Introduction, 
the role of IL-35 in arthritis is now being investigated. Some 
groups found that IL-35 plays an inflammatory role in ar-
thritis [14, 15], while other groups suggested that IL-35 may 
potentially have an anti-inflammatory effect [16, 20, 31].  

Fig. 2. rhIL-35 decreased the area of pit formation by ma-
ture osteoclasts. Osteoclasts formed from human mono-
cytes in the presence of M-CSF (100 ng/ml) and sRANKL 
(30 ng/ml) over 14 days. Mature osteoclasts were re-plat-
ed onto an OsteologicTM plate, and M-CSF, sRANKL, 
and rhIL-35 (100 ng/ml) were added. After four days, the 
area of pit formation was evaluated. Data are expressed as 
mean ±SEM for triplicate cultures (*p < 0.05 vs. positive 
control)
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Recently, Li et al. showed that IL-35 increases the expres-
sion of RANKL and decreases the expression of OPG in 
both synoviocytes in CIA and cultured fibroblast like-cells 
[20]. Although they did not examine osteoclast differentia-
tion, IL-35 may have inhibited osteoclastogenesis in their 
co-culture system of osteoblasts and monocytes. Consider-
ing the effect of IL-35 on monocytes as osteoclast precur-
sors, our findings demonstrate, at least in part, that IL-35 
plays a role as an anti-osteoclastogenic cytokine. 

The role of IL-35 in RA patients is also controversial. 
Senolt’s group showed that IL-35 levels were increased in 
the synovial tissue, serum, and synovial fluid in RA patients 
compared with patients with other types of arthritis, includ-
ing osteoarthritis [17, 18], and they speculated that IL-35 
has a pro-inflammatory effect. In contrast, Nakano’s group 

demonstrated that serum IL-35 levels were decreased in 
RA patients compared with normal controls, and they con-
cluded that IL-35 may be a negative regulator of immune 
responses in RA [19]. The reason for this discrepancy in the 
role of IL-35 level in RA remains unclear, but it may have 
been due to the patient population analysed or the methods 
used. Thus, further investigation is warranted to conclude 
the function of IL-35 in RA patients. 

Conclusions
We found that rhIL-35 inhibited the sRANKL-in-

duced differentiation and activation of human osteoclasts 
in monocytes cultured alone. Moreover, our findings also 
demonstrated that, at least in part, the inhibitory effect of 

Fig. 3. rhIL-35 significantly decreased mRNA expression of RANK in monocytes. Effect of rhIL-35 on CD14-positive 
monocytes. Isolated human CD14-positive monocytes from four different donors were cultured with M-CSF (100 ng/ml) 
for three days. rhIL-35 (100 ng/ml) was then added for 24 hours. As a control, CD14-positive monocytes were cultured 
alone for 24 hours. The mRNA expression of various proteins was evaluated by RT-PCR. Percentages of mRNA ex-
pression are shown. In each panel, the right bar represents monocytes treated with rhIL-35, and the left bar represents 
monocytes alone (*p < 0.05). The SEM of the left bar (without rhIL-35) is zero because we normalised the values of the 
monocytes treated with rhIL-35 to monocytes alone
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IL-35 on osteoclast function was induced by decreasing 
RANK expression. These findings suggest that IL-35 is 
an anti-osteoclastogenic cytokine and that IL-35 may be 
a therapeutic target for prevention of joint destruction in 
RA patients. 
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