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IL-18BP is decreased in 
osteoporotic women: Prevents 
Inflammasome mediated IL-18 
activation and reduces Th17 
differentiation
Mohd Nizam Mansoori1, Priyanka Shukla1, Manisha Kakaji2, Abdul M Tyagi1, 
Kamini Srivastava1, Manoj Shukla2, Manisha Dixit1, Jyoti Kureel1, Sushil Gupta2 & 
Divya Singh1

IL-18BP is a natural antagonist of pro-inflammatory IL-18 cytokine linked to autoimmune disorders 
like rheumatoid arthritis. However, its role in post menopausal osteoporosis is still unknown. In this 
study, we investigated the role of IL-18BP on murine osteoblasts, its effect on osteoblasts-CD4+ T cells 
and osteoblasts-CD11b+ macrophage co-culture. mIL-18BPd enhances osteoblast differentiation and 
inhibits the activation of NLRP3 inflammasome and caspase-1 which process IL-18 to its active form. 
Using estrogen deficient mice, we also determined the effect of mIL-18BP on various immune and 
skeletal parameters. Ovariectomized mice treated with mIL-18BPd exhibited decrease in Th17/Treg 
ratio and pro-inflammatory cytokines. mIL-18BPd treatment restored trabecular microarchitecture, 
preserved cortical bone parameters likely attributed to an increased number of bone lining cells and 
reduced osteoclastogenesis. Importantly, these results were corroborated in female osteoporotic 
subjects where decreased serum IL-18BP levels and enhanced serum IL-18 levels were observed. Our 
study forms a strong basis for using humanized IL-18BP towards the treatment of postmenopausal 
osteoporosis.

Osteoporosis is a disease characterized by low bone strength leading to increased risk of fractures1,2. It is mainly 
caused by uncoupling of bone formation and resorption in the bone remodelling3,4. Bone remodelling is a coor-
dinated process between the formation and degradation of bone, maintained by osteoblasts and osteoclasts and 
ensures bone homeostasis5,6. While osteoblasts are the bone forming cells, osteoclasts are the bone resorbing cells. 
Activation of functional osteoclast requires macrophage colony-stimulating factor (M-CSF) and receptor activa-
tor factor of nuclear factor kB ligand (RANKL) secreted by osteoblasts7. However, a number of other cytokines 
and growth factors play important role directly or indirectly in the process of osteoclastogenesis including TNF-α​,  
IFN-γ​, IL-17 and IL-1β​8. Studies have shown that IL-1 receptor antagonist and tumour necrosis factor binding 
protein decrease osteoclast formation and bone resorption in ovariectomized mice9. In fact functional block of 
pro-inflammatory cytokines like TNF-α​ and IL-17 prevents bone loss in ovariectomized (Ovx) mice10,11.

Studies have shown that inflammasome derived IL-1 and IL-18 cytokines promote IL-17 secreting Th17 cell 
differentiation12,13. IL-18, also known as IFNγ​- inducing factor is an important regulator of both innate and adap-
tive immune responses, as well as of non-immune mechanisms of host defence and inflammation14,15. IL-18 is 
related to IL-1 family, especially IL-1β​ and similar to it, IL-18 is synthesized as an inactive precursor15,16. The IL-18 
precursor is cleaved by caspase-1 into active IL-1815,16. Macrophages and dendritic cells are the primary source 
of active IL-18, whereas the primary precursor remains in the intracellular compartment of mesenchymal stem 
cells15,16. IL-18 is a pro-inflammatory cytokine which is implicated in pathophysiology of several autoimmune 
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disorders like inflammatory arthritis15,16. Recent reports have shown that IL-18 up regulates the production of key 
osteoclastogenic regulators from fibroblast-like synoviocytes in rheumatoid arthritis (RA)17. High levels of IL-18 
mRNA and protein have been found in RA synovial tissues. There is a report which states that IL-18-deficient 
mice evade collagen-induced arthritis (CIA) in a mice RA model18. Studies show that the incidence and severity 
of CIA in mice is worsened by IL-18 administration19.

The effects of endogenous IL-18 are regulated by a specific antagonist, the IL-18 binding protein (IL-18BP), 
a 40-kDa molecule encoded by a separate mRNA that exhibits limited homology to the ligand-binding α​-chain 
of the IL-18R. IL-18BP binds to IL-18 and functions as a competitive inhibitor of receptor binding of IL-1820. 
Studies have shown that murine IL-18 BP treatment reduces the severity of CIA in mice15. There are four human 
and two murine isoforms of IL-18BP which have been identified. The human isoform IL-18BPa and IL-18BPc 
neutralize IL-18 activity sufficiently at an equimolar ratio while mice IL-18BPc and IL-18BPd isoform neutralize 
the biological activity of mice IL-18 at an equimolar ratio21. IL-18BP is currently in clinical trials for treatment of 
RA and severe psoriasis22,23. Though IL-18BP has been used safely in humans and clinical trials of neutralizing 
anti-IL-18 antibodies as well as IL-18BP are in progress in various diseases16, there has been no study on the role 
of IL-18 in estrogen deficiency induced bone loss. There are reports that patients with endogenous Cushing’s 
syndrome (CS) who have decreased bone mass and enhanced risk for osteoporotic fractures have raised levels 
of serum IL-1824. Enhanced serum levels of IL-18 are also reported in RA25. However, there is no direct study in 
post menopausal osteoporosis. Moreover, IL-18BP which is an antagonist of IL-18 has never been measured in 
osteoporotic subjects.

In this study, we investigated whether IL-18 plays a role in pathogenesis of post menopausal osteoporosis and 
if the exogenous administration of murine IL-18BPd isoform has a protective role in estrogen deficiency induced 
bone loss. We have determined the (i) effect of mIL-18BP treatment on mice osteoblast cells, (ii) how it affects the 
T and B cells in estrogen deficient mouse model and finally (iii) how these effects are translated to various skeletal 
parameters. Importantly, we have measured the levels of serum IL-18BP and serum IL-18 in healthy, osteopenic 
and osteoporotic post menopausal women to determine if their level co-relate with bone mineral density data.

Results
Decreased expression of IL-18BP in mice and human PBMCs.  IL-18 plays an important role in the 
pathophysiology of inflammatory arthritis and the effects of endogenous IL-18 are regulated by IL-18BP15. Hence, 
mRNA transcript levels of IL-18 BPd were evaluated in mouse PBMCs (peripheral blood mononuclear cells) after 
one month of ovarieoctomy (Ovx). IL-18BP transcript levels were significantly reduced in Ovx animals com-
pared to sham operated (sham) animals (Fig. 1a). Corroborating these data was the expression levels of IL-18BPa 
observed in PBMCs of osteoporotic patients which was significantly lower than the control subjects (Fig. 1b).

IL-18BPd administration increases BMP-2 expression in osteoblasts.  As IL-18 promotes IL17 pro-
duction, which inhibits osteoblast differentiation and mineralization, we assessed the effect of IL-18 and IL-18BP 
on BMP-2 transcript level which is an important osteoblast differentiation marker. To determine the effect of 
exogenous mIL-18BP treatment on osteoblasts, cells were treated with mIL-18BP at concentrations of 100 ng/ml 
and 200 ng/ml for 48 h. Cells were harvested for RNA isolation and gene expression levels of BMP-2 were deter-
mined. It was observed that mIL-18BP treatment at 100 ng/ml significantly elevated the BMP-2 mRNA transcript 
levels (Fig. 2a). In contrast, in osteoblast cells treated with IL-18 at 100 ng/ml, gene expression level of BMP-2 was 
significantly down regulated. However, the expression level of BMP-2 was restored back to control levels when 
cells were treated with IL-18 BP along with IL- 18 (Fig. 2b).

Figure 1.  IL-18BPd and IL-18BPa mRNA expression in PBMCs isolated from Ovx mice and osteoporotic 
human subjects. (a) mRNA expression of IL-18BPd were determined in PBMCs of Ovx and Sham animals 
post one month of Ovx. n =​ 10 mice/group; data are presented as mean ±​ SE; **p <​ 0.01 compared with sham 
group. (b) mRNA expression of IL-18BPa in PBMCs isolated from Normal and Osteoporotic group in Post 
Menopausal women based on BMD. n =​ 6 subjects/group; Data represent three independent experiments and 
expressed as mean ±​ SE with 95% confidence interval. Student’s t- test was used to compare between two means 
using Prism version 3.0 software. **P <​ 0.01 compared with Normal group.
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IL-18BPd inhibits the effect of Ovx-CD4+ T cells and Ovx-CD11b+ macrophages on osteoblasts 
and decreases IL-18 production.  PBMCs isolated from Ovx mice exhibited low IL-18BP mRNA levels. 
Thus, it was decided to study the effect of IL-18BPd on osteoblasts co-culture with CD4+​ T cells and CD11b+​ 
macrophages isolated from Ovx mice. It was observed that expression levels of WNT-10b, Runx-2 and BMP-2 
were decreased in osteoblast cells co-cultured with CD4+​ T cells isolated from Ovx mice. However, treatment of 
IL-18BPd to the co-culture resulted in increased mRNA expression of the WNT-10b, BMP-2 and Runx-2, thus 
abolishing the inhibitory effect of CD4+​ T cells isolated from Ovx mice (Fig. 2c–e). IL-18BPd treatment to the 

Figure 2.  Effect of IL-18BPd on murine osteoblasts alone and in co-culture with CD4+ T cells and 
CD11b+ cells. (a) Calvarial osteoblast cells treated with mIL-18BP (100 ng/ml) for 48h exhibited increased 
expression of BMP-2. (b) Calvarial osteoblasts treated with IL-18 (100 ng/ml) for 48h show reduced BMP-2 
expression in contrast to increased expression of BMP-2 when both IL-18 and mIL-18BP are given together. 
(c) Co-culture of CD4+​ T cells isolated from Ovx mice and osteoblasts show reduced expression of wnt10b, 
(d) BMP-2, (e) Runx-2). This effect is reversed by mIL-18BPd treatment. (f) IL-18 ELISA in conditioned media 
of the co-culture. (g) Co-culture of CD11b+​ from Ovx mice and osteoblasts show increased expression of 
NLRP3 inflammasome and (h) caspase-1. This effect is reversed by mIL-18BPd treatment. (i) IL-18 ELISA in 
conditioned media of the co-culture. (j) Increased NLRP3 and caspase-1 (k) gene expression in PBMCs isolated 
from Ovx mice compared to sham. (l) IL-18 ELISA in conditioned media of CD11b+​ macrophages harvested 
from Ovx and sham group mice and treated with E2 (m) IL-18 ELISA in conditioned media of osteoblast cells 
treated with or without E2. (n) IL-18 mRNA expression in osteoblast cells treated with or without E2. Data 
represent three independent experiments and expressed as mean ±​ SE with 95% confidence interval. Statistical 
analysis was performed by ANOVA method followed by the Newman–Keuls test of significance using Prism 
version 3.0 software. **p <​ 0.01 compared with sham (control OB group); bp <​ 0.01 compared between IL-18 
vs IL-18 +​ mIL-18BP treatments. ***p <​ 0.001 compared with sham-CD11b +​ group; cp <​ 0.001 compared with 
sham CD11b +​ treated with E2 group. rp <​ 0.001 compared with Ovx-CD11b +​ .
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co-culture also led to decreased IL-18 production in the conditioned media, which was otherwise increased in 
osteoblasts incubated with CD4+​ T cells derived from Ovx mice (Fig. 2f).

Co-culture of mice osteoblasts with Ovx-CD11b+​ cells also enhanced the level of NLRP3 inflammasome and 
Caspase-1 which are involved in IL-18 activation (Fig. 2g,h). However, treatment with IL-18BPd abolished this 
effect (Fig. 2g,h). As NLRP3 and caspase-1 mediate the processing of precursor IL-18 to its mature form, IL-18 
production was assessed in these co-cultures. IL-18BPd treatment to the co-culture also led to decreased IL-18 
production in the conditioned media which was otherwise increased in osteoblasts incubated with CD11b+​ 
macrophages derived from Ovx mice (Fig. 2i). Transcript levels of NLRP3 and caspase-1 were also determined 
in PBMCs harvested from Ovx and sham animals. Increased expression of NLRP3 and caspase-1 were found in 
Ovx animals compared to sham group (Fig. 2j,k). Expression of cleaved caspase-1 was also analyzed by FACS 
in macrophages isolated from sham and Ovx groups. Caspase-1 expression was significantly enhanced in Ovx 
macrophages while IL-18BPd treatment led to significant decrease in caspase-1 expression in Ovx macrophages 
(Supplementary Fig. 2a,b). Sham macrophages treated with mL-18BPd has no significant difference in caspase-1 
expression when compared with sham untreated group (Supplementary Fig. 2a,b).

IL-18 production was also determined in CD11b+​ macrophages derived from the sham and Ovx mice in the 
presence or absence of estrogen. In CD11b+​ macrophages derived from Ovx mice, IL-18 levels were significantly 
higher. However treatment with estrogen led to significant down regulation in IL-18 levels (Fig. 2l). A similar 
effect was seen in osteoblast cells where estrogen treatment to osteoblasts led to decrease in IL-18 production in 
the conditioned media (Fig. 2m). IL-18 gene expression was also determined in osteoblast cells. Treatment with 
estrogen led to significant decrease in IL-18 mRNA expression compared to untreated osteoblast cells (Fig. 2n). 
Effect of estrogen on IL-18BPd gene expression was determined in mouse osteoblasts and it was observed that 
treatment with estrogen has increased IL-18BPd expression in mouse osteoblasts when compared with control 
group (Supplementary Fig. S4b).

IL-18BPd inhibits immunosenecence and B-lymphopoesis in Ovx mice.  Above results demon-
strated that co-culture of CD11b+​ cells isolated from Ovx mice with mice osteoblasts exhibited an enhanced 
level of NLRP3 inflammasome. NLRP3 inflammasome is known to promote immunosenescence26. Also, stud-
ies in our lab have shown that Ovx leads to premature T cell senescence due to loss of CD28 expression, an 
immunosenescence marker27. Hence, the effect of exogenous mIL-18BP treatment was studied on Ovx induced 
CD28 loss on CD4+​ T cells. Prior to that, serum levels of IL-18 were determined in various groups in order 
to confirm that exogenous supplementation of mIL-18BPd satisfactorily neutralized circulatory IL-18. Ovx 
induced high serum IL-18 levels were significantly reduced in mIL-18BPd treated Ovx mice (Supplementary 
Fig. S1). Sham treated with mIL-18BPd also exhibited significant reduction of IL-18 when compared with the 
sham group (Supplementary Fig. S1). On evaluation of CD4+​CD28+​ T cell population in various groups, it was 
observed that CD4+​CD28+​ T cell population in BM of the Ovx group was dramatically reduced compared with 
the sham group. CD4+​CD28+​ T cell population in BM of the sham and sham +​ mIL-18BP groups were not 
different (Fig. 3a,b). CD4+​CD28+​ T cell population in BM of the sham and Ovx+​mIL-18BP was also compa-
rable (Fig. 3a,b). In order to see if increased IL-18 levels are responsible for less CD4+​CD28+​ cells in Ovx mice, 
IL-18 mRNA levels were determined in CD4+​ T cells isolated from Ovx and sham group. It was observed that 
IL-18 mRNA levels were significantly higher in CD4+​ T cells isolated from Ovx mice compared to sham group 
(Fig. 3c).

There is also a report where NLRP3 inflammasome has been shown to be critical for B cell activation28. 
Besides, Ovx is known to increase the proliferation of B220+​ cells in BM while estrogen treatment completely 
reverses this change29. Hence, effect of mIL-18BPd was also studied on B220+​ cell proliferation. Mice Ovx for 4 
weeks had a higher number of B220+​ cells in BM compared with the sham group. Treatment of Ovx mice with 
mIL-18BP diminished the Ovx-induced increase in B220+​ population. (Fig. 3d,e). Interestingly; sham group 
treated with IL-18BPd resulted in a decrease in no. of B220+​ cells (Fig. 3d,e). IL-18 mRNA levels were also deter-
mined in B220+​ cells isolated from the sham and Ovx mice and increased expression of IL-18 was observed in 
B220+​ cells harvested from Ovx mice (Fig. 3f).

Effect of mIL-18BP on Th17/Treg balance.  IL-18 is cleaved into its activated form by caspase-1 and 
inflammasome which drives Th17 responses. Hence the percentage of Th17 cells were determined in sham, 
sham +​ IL-18BPd, Ovx and Ovx+​ IL-18BPd groups. Ovx leads to an up regulation of IL-17 secreting Th17 cells10. 
As expected, the Ovx group had higher population of IL-17A+ cells (P <​ 0.01) in the Spleenocytes compared to 
the sham (Fig. 4a,b). mIL-18BP treatment to Ovx mice presented with decreased IL-17+ cells (P <​ 0.01) and was 
comparable to sham group (Fig. 4a,b). No difference was observed between sham and sham treated with mIL-
18BPd groups.

There exist a molecular antagonism between Th17 and T regulatory cells30, hence percentage of CD4+​CD25+​ 
FoxP3 cells was also determined in various groups. For determining the percentage of CD4+​CD25+​ and CD25+​
FoxP3+​, PBMCs were isolated and intracellular staining of FoxP3 was carried out. Percentage of CD4+​CD25+​ 
cells and CD25+​FOXP3+​ cells was measured by FACS. The results showed that percentage of CD4+​CD25+​ cells 
were significantly lower in Ovx group animals compared to sham group animals (P <​ 0.001). Treatment of Ovx 
mice with mIL-18BP led to significant increase in CD4+​CD25+​ Treg cells (P <​ 0.001), albeit less than the sham 
group (Fig. 4c,d). FoxP3 is the major transcription factor regulating Treg cell development10,30. On examining 
the FoxP3 expression on CD4+​CD25+​ cells, a significant decrease was observed in Ovx animals compared to 
sham (P <​ 0.001). mIL-18 BP treatment of Ovx animals reverted the loss in Foxp3 expression (P <​ 0.01) though 
significantly less than the sham group (Fig. 4e,f). FoxP3 expression between sham and sham +​ mIL-18BPd group 
was not changed.
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Effect of IL-18BPd on transcription factors regulating Th17 and Treg development.  Transcription 
factors like RORγ​t and RORα​ play a vital role in Th17 cell development31. Likewise, Foxp3 is important for Treg 
cell differentiation31. Hence, effect of mIL-18BP treatment was determined on the transcription factors governing 
Th17 and Treg development. It was observed that while FoxP3 mRNA levels in CD4+​ T cells were significantly 
lower in Ovx mice (P <​ 0.001), RORγ​t (P <​ 0.001) and RORα​ (P <​ 0.01) (transcription factors controlling Th17 
development)10,30 were significantly higher in Ovx animals compared to sham (Fig. 5b–d). However, exogenous 
supplementation of mIL-18BP to Ovx mice led to increased FoxP3 transcript levels (P <​ 0.001) and decrease in 
RORα​ (P <​ 0.01) and RORγ​t (P <​ 0.001) mRNA levels (Fig. 5b–d). Additionally, pro-inflammatory osteoclasto-
genic cytokines like TNF-α​ (P <​ 0.01) was also elevated in Ovx mice compared to sham but treatment with mIL-
18BP reduced the levels of these cytokines in Ovx animals (Fig. 5a). No difference was observed between sham 
and sham group treated with mIL-18BPd.

Effect of IL-18BPd on CD11b+ Macrophages and pro-inflammatory/anti-inflammatory 
cytokine production.  IL-18 is one of the most important innate cytokines produced from macrophages in 
the early stages of the inflammatory immune response32. IL-18 is also known to induce the production of chemok-
ines like MCP-1 (Monocyte chemoattractant protein-1) and RANTES32. Production of MCP-1 and RANTES 
from CD11b+​ macrophages was assessed in estrogen deficient conditions. In Ovx mice levels of RANTES 
and MCP-1 were significantly higher compared to sham group animals (P <​ 0.001 and P <​ 0.01, respectively) 
(Fig. 5e,f). However, supplementation of mIL-18BP to Ovx animals mitigated this effect (Fig. 5e,f). Interestingly, 
transcript levels of RANTES and MCP-1 were significantly reduced in sham group treated with mIL-18BPd and 
were even comparable to Ovx +​ mIL-18BPd treated groups.

Aberrant immune response contributes to the pathogenesis of postmenopausal osteoporosis via an altered pro 
inflammatory-to-anti inflammatory cytokine balance33. Therefore, we examined the effect of mIL-18BP treatment 

Figure 3.  Effect of mIL-18BP on Ovx‐induced increases in CD4+CD28+ T cells and B cells. (a,b) The 
CD4+​CD28+​ T‐cell population was decreased in the BM of Ovx mice and mIL-18BP treated group reversed 
this loss of CD28. No difference was observed in sham and sham group treated with mIL-18BPd (c) IL-18 
transcript levels in CD4+​ T cells isolated from Ovx and sham group mice. (d,e) The population of B220+​ cells 
was increased in BM of Ovx mice and mIL-18BP significantly decreased the percentage of B220+​ cells. (f) IL-18 
transcript levels in B220+​ cells isolated from Ovx and sham group mice. Statistical analysis was performed by 
ANOVA method followed by the Newman–Keuls test of significance using Prism version 3.0 software. n =​ 10 
mice/group; data are presented as mean ±​ SE; ***p <​ 0.001 compared with Ovx; cp <​ 0.001 compared with 
Sham group; rp <​ 0.001 compared with Sham +​ mIL-18BPd. Data represent three independent experiments and 
expressed as mean ±​ SE with 95% confidence interval. Two tailed student’s t- test was used to compare between 
two means using Prism version 3.0 software.*P <​ 0.05 compared with sham-CD4+​ group.**P <​ 0.01 compared 
with sham- B220+​ group.
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on the levels of major pro-inflammatory and anti-inflammatory cytokines. In the Ovx group, there was a sig-
nificant increase in the levels of IL-2, IL-6, IL-17, IFN-γ​ and TNFα​ and decrease in IL-10 over the sham group 
(Supplementary Table 1). However, treatment of Ovx animals with mIL-18BP significantly reduced the levels 
of these pro-inflammatory cytokines and brought it back to sham level and even better than sham in case of 
TNF-α​ and IFN-γ​ (Supplementary Table 1). The levels of pro-inflammatory cytokines were not different between 
sham and sham +​ mIL-18BPd except TNF-α​ and IFN-γ​ which were significantly reduced in sham +​ mIL-18BPd 
(Supplementary Table 1).

Effect of exogenous mIL-18BP supplementation on trabecular microarchitecture of Ovx mice.  
In gross observation by 3D-μ​CT, deterioration of the micro architecture due to destruction of trabeculae of femur 
bone was readily observed in Ovx group compared with sham group (Fig. 6). Femoral response to various treat-
ments was quantified. Representative 3D image of trabecular bone shows Ovx induced loss of trabecular bone and 
treatment of IL-18BPd prevented this loss (Fig. 6a). The Ovx group had reduced trabecular bone volume (BV/TV) 
(P <​ 0.001) (Fig. 6b), trabecular number (Tb.N) (P <​ 0.001) (Fig. 6c) and trabecular thickness (Tb.Th) (P <​ 0.001) 
(Fig. 6d); and increased trabecular separation (Tb.Sp) (P <​ 0.001) (Fig. 6e), trabecular pattern factor (Tb.Pf) 
(P <​ 0.001) (Fig. 6f) and structure model index (SMI) (P <​ 0.001) (Fig. 6g) compared to sham group. Ovx also 
led to decreased connective density (conn. Dn) (P <​ 0.001) (Fig. 6h) compared to sham group. Treatment of Ovx 
animals with mIL-18BP led to significant restoration of trabecular parameters as evident by increased BV/TV 
(P <​ 0.001) (Fig. 6b), Tb.N (P <​ 0.001) (Fig. 6c) and Tb.Th (P <​ 0.001) (Fig. 6d); and decreased Tb.Sp (P <​ 0.001) 
(Fig. 6e), Tb.Pf (P <​ 0.001) (Fig. 6f) and SMI (P <​ 0.01) (Fig. 6g). mIL-18BP treatment also led to increased Conn. 
Dn. Compared to Ovx control (P <​ 0.01) (Fig. 6h). Interestingly, treatment of mIL18BPd to sham group also led 
to significant enhancement in BV/TV (P <​ 0.01), Tb.N. (P <​ 0.001), Tb.Th (P <​ 0.001), Conn. Density (P <​ 0.001) 
and a reduction in SMI (P <​ 0.001) and Tb.Pf (P <​ 0.001) compared to sham group. (Fig. 6b–d,f–h). Similar 
results were obtained in trabeculae of tibia bone of different groups (Supplementary Fig. S6).

Effect of exogenous mIL-18BP supplementation on cortical bone, osteoblasts and osteoclasts 
functions.  2D-μ​CT measurements at the site of femur mid-diaphysis showed that relative to sham group, Ovx 
group had decreased cortical thickness (Cs.Th) (P <​ 0.01) and cortical bone area (B.Ar) (P <​ 0.01) (Fig. 7a–c). 
Compared to Ovx group, mIL-18BP treated group showed greater Cs.Th (P <​ 0.01) and B. Ar (P <​ 0.05)  
(Fig. 7a–c). Cortical thickness and cortical bone area were not different between sham and sham group treated 
with mIL-18BPd (Fig. 7a–c).

Figure 4.  Effect of mIL-18BP on Th17/Treg balance studied using PBMCs. (a) Ovx induces the proliferation 
of Th17 cells while administration of mIL-18BP reduces the number of Th-17 cells. (b) Quantification of the 
FACS data. Percentage of Th17 cells was higher in Ovx animals and treatment with mIL-18BPd inhibited 
this increase. (c,d) Percentage of CD4+​CD25+​ cells and (e,f) CD25+​FOXP3+​ cells was measured by FACS. 
Percentage of CD4+​CD25+​ cells and CD25+​FoxP3+​ cells were significantly lower in Ovx group animals. 
Treatment of Ovx mice with mIL-18BP led to significant increase in CD4+​CD25+​ and CD25+​FoxP3+​ Treg 
cells. n =​ 10 mice/group; data are presented as mean ±​ SE; ***p <​ 0.001 compared with Ovx group; **p <​ 0.01 
compared with Ovx group; ap <​ 0.05 compared with Ovx+​mIL-18BPd group.
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In the 3-point bending test of femur, Ovx group exhibited decreased stiffness (P <​ 0.001) (Supplementary Fig. S6a),  
energy (P <​ 0.001) (Supplementary Fig. S6b) and power (P <​ 0.001) (Supplementary Fig. S6c) parameters com-
pared to sham group. mIL-18BP treatment to Ovx mice led to increased stiffness (P <​ 0.01), power (P <​ 0.01) and 
energy (P <​ 0.05) compared to Ovx control group (Supplementary Fig. S6a–c). No difference was observed in 
sham and sham group treated with mIL-18BPd.

As reactivation of quiescent osteoblasts constitutes a major osteogenic response34 we quantified lining 
cell number in various groups. Lining cells were significantly reduced in Ovx mice compared to sham group 
(P <​ 0.001). Treatment of Ovx mice with mIL-18BP led to significant increase in number of lining cells (P <​ 0.001) 
(Fig. 7d). Number of lining cells was not different between sham and sham +​ mIL-18BPd treated groups. Also, 
serum P1NP (total procollagen type 1 N-terminal propeptide) levels, an accepted osteogenic marker35, were 
significantly reduced in Ovx mice compared to the sham (Fig. 7e). P1NP levels were significantly increased in 
mIL-18BP treated Ovx animals; in fact the increase observed was more than the sham and sham group treated 
with mIL-18BPd (Fig. 7e).

Histomorphometric analysis of decalcified femurs stained with TRAP (Tartarate resistant acid phosphatase), 
an osteoclast marker, showed increased TRAP staining in Ovx mice which was indicative of enhanced osteoclast 
numbers compared to sham group. However, in Ovx animals treated with mIL-18BP, reduced TRAP staining 
was observed suggesting decreased osteoclast activity (Fig. 7f). Osteoclast number and osteoclast surface area 
was increased in Ovx group while treatment with mIL-18BPd reduced osteoclast no. and osteoclast surface area 
(P <​ 0.001) (Fig. 7g,h). The decrease observed was in fact more than that observed with sham and sham treated 
with mIL-18BPd (Fig. 7g,h).

Apart from IL-18, IL-18 BP is also known to bind to IL-37 cytokine in humans36. Though the mouse isoform of 
IL-37 has not been discovered36, it was still ascertained that effects observed on skeletal and immune parameters 

Figure 5.  Relative mRNA expression of (a) TNF-α​, (b) FoxP3, (c) ROR-α​, and (d) ROR-γ​t, in isolated CD4+ 
cells was measured in all the groups. Relative mRNA expression of (e) RANTES and (f) MCP-1 in isolated 
CD11b+​ cells was measured from all the groups. Data represent three independent experiments and expressed 
as mean ±​ SE with 95% confidence interval. Statistical analysis was performed by ANOVA method followed 
by the Newman–Keuls test of significance using Prism version 3.0 software. ***p <​ 0.001 compared with Ovx 
group; **p <​ 0.01 compared with Ovx +​ sham; *p <​ 0.05 compared with Ovx group.
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were due to inhibition of IL-18 by IL-18BP and not due to binding of IL-37 to IL-18BP. For this sham and Ovx mice 
were treated with IL-18 neutralizing antibody. Following this, immune parameters like percentage of TH17 and 
Treg cells and osteogenic gene expression in bone tissue and osteoblast-Ovx T cell co-culture were determined. 
It was observed that percentage of IL-17A+​ve cells were significantly higher in Ovx animals, however, treatment 
with neutralizing antibody against IL-18 reduced the percentage of IL-17+​ve cells (Supplementary Fig. S5a,b).  
On the contrary, FoxP3+​ve cells were lower in Ovx animals while its percentage significantly increased in Ovx 
animals treated with neutralizing IL-18 antibody (Supplementary Fig. S5c,d). Bone tissue isolated from Ovx 

Figure 6.  Effect of mIL-18BP on Ovx induced bone loss and deterioration of trabecular microarchitecture 
in femur bone. (a) Representative images of femoral bones of different groups (b) BV/TV, (c) Tb.N., (d) Tb.Th, 
(e) Tb.Sp, (f) Tb.Pf, (g) SMI and (h) Conn. D. Administration of mIL-18BP restores Ovx induced alterations 
in femur trabecular region. Statistical analysis was performed by ANOVA method followed by the Newman–
Keuls test of significance using Prism version 3.0 software. n =​ 10 mice/group; data are presented as mean ±​ SE; 
***p <​ 0.001 compared with Ovx group; **p <​ 0.01 compared with Ovx group; *p <​ 0.05 compared with Ovx 
group; cp <​ 0.001 compared with sham+​mIL-18BPd group; bp <​ 0.01 compared with sham +​ mIL-18BPd; 
ap <​ 0.05 compared with sham+​mIL-18BPd group; pP <​ 0.05 compared with sham and; qP <​ 0.01 compared 
with sham.
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animals exhibited low transcript levels of Runx-2 and BMP-2, however, treatment of Ovx animals with neutraliz-
ing IL-18 antibody up regulated Runx-2 and BMP-2 mRNA expression (Supplementary Fig. S5e,f). Similarly gene 
expression of Runx-2 and BMP2 in co-cultures of osteoblasts and T cells isolated from Ovx mice was significantly 
low. On the contrary, osteoblasts co-cultured with T cells isolated from Ovx animals and treated with IL-18 neu-
tralizing antibody presented with increased expression of Runx-2 and BMP-2 (Supplementary Fig. S5g,h). Thus, 
these experiments prove that effects observed by treatment of Ovx animals with IL-18BP are due to its binding 
and inhibition of IL-18 cytokine.

Serum level of IL-18, IL-18BPa in osteoporotic patients and correlation of IL-18BPa with BMD 
in Post-menopausal women.  Raised levels of serum IL-18 are found in patients of RA and Cushing syn-
drome which have decreased bone mass and increased risk of osteoporotic fractures24. Hence, it was deemed rea-
sonable to detect the levels of IL-18BP which is an IL-18 antagonist in osteoporotic subjects. This would further 
validate our observations obtained in the mice model. Moreover, as per our knowledge, serum IL-18BP levels 
have never been measured in human osteoporotic subjects. For this study, human blood was obtained from 45 
post menopausal women. Bone mineral density (BMD) of post –menopausal women was analyzed using DXA 
and based on T-score value they were divided in three groups viz. normal, osteopenic and osteoporotic with 15 
subjects in each group. The mean age was 63.86 ±​ 2.68, 61.46 ±​ 1.99 and 64.23 ±​ 1.23 years of normal, osteopenic 
and osteoporotic subjects respectively. Serum levels of IL-18 and IL-18BPa were measured in all the three groups. 
It was found that serum level of IL-18 was significantly increased in osteoporotic group compared to the normal 
group (Fig. 8a). On the contrary, IL-18BPa was decreased significantly in osteoporotic group in comparison 
with normal group (Fig. 8b). Also, serum levels of IL-18BPa in 45 post menopausal women showed a positive 
correlation with BMD (Fig. 8c). Thus high serum IL-18BP levels are associated with lower risk of osteoporosis in 
postmenopausal women.

Discussion
IL18 is a cytokine that belongs to the IL-1 super family and is mainly produced by macrophages and dendritic 
cells32. IL-18 is able to induce severe inflammatory reactions and plays role in the pathogenesis of various 

Figure 7.  Effect of mIL-18BPd on cortical bone parameters, osteoblast and osteoclast functions.  
(a) Representative 3D microCT images of cortical bone at the femoral diaphysis. (b) Measurement of Cs.Th and 
(c) B.Ar. Cortical parameters were decreased in Ovx and mIL-18BP administration to Ovx animals abolished 
these effects. (d) mIL-18BPd treatment to Ovx animals maximally stimulated the production of lining cells on 
femoral surface compared to control Ovx group and was equivalent to sham and sham treated groups. (e) mIL-
18BP reversed Ovx induced decrease in serum P1NP and this effect was better than sham and sham treated 
with mIL-18BPd. Histomorphometric analysis of femoral epiphysis (f) TRAP staining (g) increased number of 
osteoclasts (OC)/bone perimeter (N.Oc/B.Pm)and (h) osteoclast surface/bone surface (%) in the Ovx group over 
sham. mIL-18BPd treatment significantly reversed the Ovx-induced changes on osteoclasts. n =​ 10 mice/group; 
data are presented as mean ±​ SE; ***p <​ 0.001 compared with Ovx group; **p <​ 0.01 compared with Ovx group; 
*p <​ 0.05 compared with Ovx; ap <​ 0.05 compared with sham group; pp <​ 0.05 compared with sham +​ mIL-
18BPd; qp <​ 0.01 compared with sham +​ mIL-18BPd and rp <​ 0.001 compared with sham +​ mIL-18BPd.
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inflammatory disorders like CIA15 and acute and chronic DSS-induced colitis37. There are indirect studies which 
suggest that IL-18 levels are increased in osteoporosis, for instance in Cushing’s syndrome (CS) where patients 
have decreased bone mass and enhanced risk for osteoporotic fractures, high IL18 serum levels are found to 
be prevalent24. However, there are no direct studies on the role of IL-18 in pathogenesis of post menopausal 
osteoporosis and if inhibiting this inflammatory cytokine may lead to any osteoprotective effects. IL-18BP is a 
naturally occurring protein that binds to and neutralizes IL-1820. IL-18BP have protective role in various diseases 
like CIA15, acute and chronic DSS-induced colitis37 and atherosclerosis in apolipoprotein E–deficient mice38. 
However, its role has not been studied in post menopausal osteoporosis. In this study, we report for the first time 
the immunoprotective and osteoprotective effects of mIL-18BP administration in estrogen deficient Ovx mouse 
model. We have also analyzed the serum level of hIL-18BP and IL-18 in human subjects to validate our hypothe-
sis. Furthermore, serum level of hIL-18BP shows positive correlation with BMD data of post menopausal women.

To validate our target we first analyzed mRNA expression level of mIL-18BP in PBMCs isolated from one 
month old Ovx mice. We found that expression level of mIL-18BP was decreased in comparison with sham 
group. We also found decreased expression level of hIL-18BPa in PBMCs isolated from osteoporotic subjects 
when compared with normal post menopausal subjects. Previous studies by our group have shown that estrogen 
deficiency enhanced Th17 differentiation which produces IL-17 cytokine which in turn has an inhibitory effect 
on osteoblasts differentiation and mineralization10. Thus, we decided to study the role of IL-18 and its binding 
protein IL-18BP on murine osteoblasts. It was found that IL-18BP treatment to osteoblast cells led to enhanced 
transcript levels of BMP-2, an important osteoblast differentiation marker. On the other hand, IL-18 treatment 
led to a reduction in BMP-2 mRNA expression, an effect that was abolished on co-treatment of mIL-18BP. Thus, 
IL-18 exerts a negative effect on osteoblast differentiation. Our results are in contradiction with reports where 
IL-18 is shown to up regulate OPG production in osteoblast cells39 and also mediate a major part of Endothelin-1 
induced osteoblasts proliferation40. Additionally reports are there which have shown that IL-18 acts via GM-CSF 
to inhibit osteoclast formation41. However, there is also a study by Dai et al. who have shown that IL18 stimulates 
osteoclast formation through synovial cells in RA42.

Further, in order to understand the mechanism through which IL-18BP exerts positive effect on osteoblast 
differentiation, co-culture of osteoblasts with CD4+​ T cells isolated from Ovx mice was carried out. In this case 
low expression of Wnt10b, Runx-2 and BMP-2 which enhance osteoblast differentiation was observed. However, 
this effect was reversed by pre-treatment of co-cultures with IL-18BP. Co-culture of osteoblasts with CD4+​ T cells 
isolated from Ovx mice also enhanced IL-18 production from osteoblasts. This increase was mitigated on addi-
tion of IL-18BP in the co-cultures. Additionally, co-culture with CD11b+​ macrophages isolated from Ovx mice 
also leads to a surge in IL-18 production from osteoblasts, an effect that was mitigated when IL-18BP was added 
in the co-cultures. Treatment of IL-18BP to the co-cultures antagonizes IL-18 and thus protects the osteoblasts 
from its detrimental effects.

There are reports that constitutively activated inflammasome leads to abnormal skeletal development in 
mice43. NLRP3 inflammasome is expressed by osteoblasts and in fact treatment with LPS or TNF-α​ increases its 
expression43. NLRP3 inflammasome and caspase-1 are involved in activation of cytokines like IL-1β​ and IL-1843. 

Figure 8.  Levels of hIL-18, hIL-18BPa in healthy, osteopenic and osteoporotic subjects and its correlation 
with BMD data. (a) hIL-18 levels in normal, osteopenic and osteoporotic post menopausal women. (b) hIL-
18BPa levels in normal, osteopenic and osteoporotic post menopausal women. (c) Correlation with hIL-18BPa 
serum levels and BMD values. Kruskal-Wallis test was used for statistical analysis followed by Dunn’s Multiple 
comparison test. Data analysis was done using Graph Pad prism version 5.0 software. Correlation between 
variables was performed using Pearsons’ correlation test. Values of p <​ 0.05 and were considered significant. 
(a) Comparison between normal and osteoporotic group shows p =​ 0.002. (b) Comparison between normal 
and osteoporotic group shows p =​ 0.0076. Correlation test between BMD and serum level of IL-18BPa in post 
menopausal women shows r =​ 0.4312 and P =​ 0.01.
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It was observed that expression of NLRP3 and caspase-1 was higher in co-cultures of osteoblasts with CD11b+​ 
cells isolated from Ovx mice. However, pre-treatment of co-cultures with IL-18BP led to significant reduction 
in NLRP3 and caspase-1 expression. This data was also corroborated by increased NLRP-3 and caspase-1 gene 
expression in PBMCs harvested from Ovx animals compared to sham. Protein expression of cleaved caspase-1 
was also analyzed in macrophages isolated from sham and Ovx mice groups. Macrophages isolated from Ovx 
groups have shown an increased expression of caspase-1 while treatment with IL-18BPd has siginificantly reduced 
this effect. Thus, we speculate that in Ovx conditions inflammasome activation stimulates caspase-1 to process 
precursor IL-18 to its mature form thus causing deleterious effects on bone. IL-18BP might inhibit this phenom-
enon by preventing inflammasome mediated IL-18 activation. Altogether, these results support the protective 
effect of IL-18BP on osteoblasts and its inhibitory role in inflammasome mediated activation of IL-18 cytokine.

In order to study the effect of estrogen on IL-18 levels, CD11b+​ macrophages from Ovx and sham mice or 
osteoblasts were treated with estrogen and IL-18 production was estimated. We observed that estrogen treated 
macrophages and osteoblasts produced significantly less levels of IL-18 compared to untreated cells. Estrogen 
treatment also reduced IL-18 mRNA expression in osteoblast cells. Thus, E2 definitely down regulates IL-18 
production. Further, to see if IL-18 expression is altered in other tissues as well in Ovx conditions, its transcript 
levels were checked in uterine tissue from Ovx and sham mice. Expression of IL-18 was found to be enhanced in 
uterine tissue of Ovx mice compared to sham (Supplementary Fig. S4). In fact, a study by Murakami et al.44 has 
shown that estrogen inhibits IL-18 production in the mouse uterus. Also another report by Xu et al.45 has shown 
that ovariectomy increased the levels of cytokines like IL-1β​ and IL-18, NLRP3 expression and active caspase-1 
in hippocampus of female mice. Estrogen treatment has also increased mRNA expression of IL-18BPd in mouse 
osteoblasts compared with control group.

Our data suggested that IL-18BP prevents inflammasome activation and there are studies which propose that 
NLRP3 inflammasome are involved in age relate immunosenescence and B cell activation26,28. Thus, we decided 
to study the impact of exogenous supplementation of IL-18BP on T cell senescence, which increases the pro-
duction of pro-inflammatory cytokines and B cells which are an important source of RANKL, the main osteo-
clastogenic cytokine. Ovx animals and sham groups were treated with or without mIL-18BPd and CD4+​ T cells 
were isolated. We evaluated the loss of CD28, the major marker of immunosenescence on these T cells. It was 
observed that T cells from Ovx mice presented with increased number of CD28 null cells while treatment with 
IL-18BPd reversed this effect. Senescent T cells produce large amounts of TNF-α​. One of the TNF-α​ inducing 
factor is IL-1846. Hence mRNA transcript levels of IL-18 were checked in CD4+​ T cells from Ovx and sham 
mice. Increased IL-18 expression was found in CD4+​ T cells from Ovx mice. Thus, IL-18 may be increasing TNF 
production from senescent T cells in estrogen deficient conditions. In case of B cells harvested from Ovx mice 
also increased transcript levels of IL-18 were found. However, treatment with mIL-18BPd led to reduction in Ovx 
induced increase in B cells. Interestingly, sham treated with mIL-18BPd showed significant reduction in B cells 
compared to sham.

The next important aspect was to study the role of IL-18BP on TH17/Treg ratio. Ovx leads to an increase in 
TH17 cells and a decrease in Treg cells. NLRP3 inflammasome and caspase-1 which produce an active form of 
IL-18 drive TH17 responses47. IL-18 itself promotes Th17 production. We observed that TH17 producing IL-17 
cells were significantly higher in Ovx mice while mIL-18BPd treatment inhibited this effect. Again, sham treated 
with mIL-18BPd presented with reduced percentage of IL17A+​ cells compared to sham. This suggested the 
immunoprotective potential of IL-18BP in normal conditions also. Contrary to IL-17, FoxP3+​ cells were reduced 
post ovx; however, mIL-18BPd significantly restored the FoxP3 positive cell population. The effect though was not 
as robust compared to sham. These observations suggest that IL-18BP primarily acts by inhibiting IL-18 mediated 
Th17 production. In agreement with these observations, transcription factors governing TH17 differentiation 
were up regulated in CD4+​ T cells isolated from Ovx mice while mIL-18BPd treatment diminished these effects. 
mIL-18BPd treatment also reduced the expression levels of chemokines like RANTES and MCP-1 from CD11b+​ 
cells whose production is driven by IL-18. Additionally, mIL-18BPd treatment to Ovx mice led to a reduction in 
the milieu of pro-inflammatory cytokines and an induction of anti-inflammatory cytokine like IL-10.

We next studied the skeletal effects of mIL-18BPd treatment. It was observed that Ovx induced micro archi-
tectural deterioration was significantly restored by mIL-18BPd treatment. More importantly, sham group treated 
with mIL-18BPd presented with a better bone micro architectural parameters compared to sham group which 
strengthens the osteoprotective potential of IL-18BP. Anabolic agents like PTH lead to increase in periosteal 
apposition48. We observed increased cortical thickness and cortical bone area in Ovx mice treated with mIL-
18BPd. In agreement with this data, femur biomechanical parameters showed that mIL-18BPd treatment con-
ferred a greater energy required for breaking force compared to Ovx untreated mice. Effect of IL-18BP was also 
studied on various osteoclasts and osteoblasts functional parameters. Treatment of Ovx mice with mIL-18BPd led 
to significant reduction in osteoclasts number and surface supporting the anti-osteoclastogenic role of IL-18BP. 
Moreover, an increase in the number of bone lining cells and serum P1NP, an established bone anabolic marker 
was observed with mIL-18BPd treatment which might be the reason which led to the increased cortical bone dep-
osition in treated animals compared to untreated ones. IL-18BP also binds to IL-37 cytokine apart from IL-1836. 
Despite the failure to identify an IL-37 isoform in mouse till date36, it was important to ascertain that the skeletal 
and immune effects observed with IL-18BP were due to its inhibition of IL-18. Reduced percentage of IL-17A+​ve 
cells and increased percentage of FoxP3+​ve cells in Ovx animals treated with neutralizing antibody against IL-18 
supported our observations that IL-18BP is exerting its immunoprotective and osteoprotective effects by binding 
to IL-18 and preventing its interaction with IL-18 receptor. This data was corroborated with increased mRNA 
transcripts of osteogenic markers like Runx-2 and BMP-2 in bone tissue and co-culture model of Ovx animals 
treated with neutralizing IL-18 antibody.

We also evaluated serum IL-18BP and IL-18 levels in post menopausal women. To the best of our knowledge, 
IL-18BP levels have not been correlated with BMD in postmenopausal women. There are indirect studies where 
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it is reported that Cushing Syndrome patients, which have a high risk of osteoporotic fractures have high IL-18 
serum levels24. Our results show a significant increase in serum IL-18 levels in osteoporotic post menopausal 
women while serum hIL-18BPa levels were decreased. Importantly, this decrease in serum hIL-18BPd levels 
correlated with BMD at lumbar spine (L1–L4) where patients with low BMD also exhibited decreased hIL-18BPd 
serum levels. Thus, low IL-18BPd levels may be indicative of increased risk of osteoporosis.

In conclusion, IL-18BP inhibits inflammasome mediated IL-18 processing and activation which leads to less 
IL-18 secretion and decreased TH17 differentiation (Fig. 9). This ultimately leads to an increase in Treg/Th17 
ratio and an inhibition of osteoclastogenesis and reduced bone loss. This study forms a strong basis for using 
humanized IL-18BP towards the treatment of postmenopausal osteoporosis.

Materials and Method
Reagents and chemicals.  Details are given in Supplementary information for material and methods.

PBMC Isolation.  PBMCs were isolated as per the standard protocol. Details are given in Supplementary 
information for material and methods.

Flow Cytometry.  PBMC cells were labelled with anti CD3, CD4, CD28 and B220 antibodies (APC conju-
gated anti-mouse CD3, PE-conjugated anti-mouse CD4, FITC conjugated anti-mouse CD28 and APC conjugated 
anti B220 antibodies) to assess the percentage of CD4+​, CD4+​CD28+​ in CD3+​ cells and B220+​ cells as per 
previously published protocol. Details are given in Supplementary information for material and methods.

Intracellular staining.  Intracellular staining was performed as per manufacturer’s instructions for IL-17A 
cytokine and Treg transcription factor Foxp3. Details are given in Supplementary information for material and 
methods.

Cytometric Bead Array flex.  Cytometric Bead Array (CBA) (BD biosciences, San Diego, CA, USA) was 
used for the measurement of various cytokines in different in vivo groups. Details are given in Supplementary 
information for material and methods.

Total RNA isolation and Quantitative Real time PCR.  Total RNA was isolated from PBMCs, 
Osteoblasts, CD4+​, CD11b+​ and B220+​ cells in all in vitro and in vivo groups using Trizol (Invitrogen Carlsband 
CA,USA). Details are given in Supplementary information for material and methods. Primer sequences are given 
in Supplementary Table 2.

Figure 9.  A proposed model depicting role of mIL-18BP in suppressing Ovx induced immunological 
alterations and bone loss. As a result of Ovx there is increased production of pro-inflammatory cytokine 
IL-18 which promotes TH17 responses leading to an increase in IL-17 production. IL-17 would then induce 
osteoclastogenesis and bone loss. This effect is inhibited by IL-18BP which antagonizes IL-18 and reduces 
TH17 cells thereby promoting Treg cells development which are known to suppress osteoclastogenesis. 
Simultaneously, mIL-18BP also induces osteoblasts to inhibit NLRP3 inflammasome and Caspase-1 activation 
which are involved in processing of IL-18 into its active form. The net result is decreased Th17 production, less 
of IL-17 secretion, inhibition of osteoclastogenesis and thus reduced bone loss.
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In vivo studies.  For animal study 8–9 weeks balb/c mice were used for in vivo experiments. The study was 
conducted in accordance with current legislation on animal experiments and was approved by institutional eth-
ics committee, Central Drug Research Institute (CPSCEA registration no. 34/1999, dated November 3, 1999, 
extended to 2015, approval reference no. IAEC/2013/93/renew01, dated December 03, 2014). All methods 
involving humans were performed in accordance with the relevant guidelines and regulations and was approved 
by Institutional Ethics Committee, CSIR-CDRI (approval no. CDRI/IEC/2015/A9) and Sanjay Gandhi Post 
Graduate Institute of Medical Sciences, Lucknow (IEC Code 2014-21-EMP-74 Dated 16th July 2015). All the 
subjects were informed of details of the experiment prior to obtaining a sample of peripheral venous blood. A 
written informed consent document was obtained from each participant. Details are given in Supplementary 
information for material and methods.

Co-Culture of osteoblast with T cells and Macrophages.  Adult mice 8–10 weeks were ovariectomized 
and left for one month. After one month time period CD4+​ T cells and CD11b+​ macrophages were isolated by 
using micro beads and columns with MACS cells isolator from Miltenyi-biotech. On previous day mouse calvarial 
osteoblasts were cultured.

Mouse calvarial osteoblasts were seeded for 12 hours in T-25. After attachment of osteoblasts, cells were co 
cultured with Ovx T cells or CD11b+​ macrophages in the ratio of 1:1. One set of co-culture was treated with 
IL-18BPd (100 ng/ml) for 48 hours. After 48 hours media was discarded and flask were washed with PBS. After 
this 1 ml of Trizol was added to the flasks and mouse osteoblast cells were harvested for RNA collection. RNA was 
isolated and cDNA was synthesized for checking the expression of various genes by RT-PCR.

μCT Scanning, bone strength testing and Histomorphometric analysis.  Microcomputed tomo-
graphic (μ​CT) determination of excised bones was carried out using previously published protocol10,27,29,49. Bone 
mechanical strength was examined by 3 point bending strength of femur mid-diaphysis as reported earlier49,50. 
Histomorphometric analyses were conducted as reported earlier49. Details are given in Supplementary informa-
tion for material and methods.

BMD analysis by DXA.  BMD of post menopausal women (age 50 years and above) was measured by Dual 
Energy X-Ray Absorptiometry (DXA, Hologic QDR Discovery, Bedford, USA). Subjects with intake of glucocor-
ticoids, strontium renelate, bisphosphonates, teriparatide, pharamacologic dose of vitamin D, vitamin D analogs, 
prolonged immobility, malignancy, chronic renal or hepatic faliure, untreated hypo- or hyperthyroidism, and 
primary hyperparathyroidism were excluded. Informed consent was obtained from all subjects. Based on WHO 
criteria of densitometric definition of osteoporosis, postmenopausal women were categorized into three groups; 
normal, osteopenic and osteoporotic. Osteoporosis was defined as T score ≤​−​2.5, subjects with T score between 
−​2.5 to −​1 were defined as osteopenic and those with T score above −​1 were considered as normal group.

Serum ELISAs.  Mice serum levels of Type I collagen N-terminal pro-peptide (P1NP) and IL-18 were deter-
mined by ELISA kits purchased from Immunodiagnostic Systems Inc. UK and Ray Biotech (Norcross, GA, USA) 
respectively by following the manufacturer’s protocols. Levels of IL-18BPa and IL18 in human serum sample were 
analyzed in normal, osteopenic and osteoporotic subjects by Elisa kits from Ray Biotech (Norcross, GA, USA).

Determination of Bone lining cells.  Details are given in Supplementary information for material and 
methods.

Statistical Analysis.  Data are expressed as mean ±​ SE. The data obtained in the experiment were subjected 
to one way ANOVA followed by Newman–Keuls test of significance using Prism version 3.0 software. Qualitative 
observations have been represented following assessment made by three individuals blinded to the experimen-
tal design. For human subjects Kruskal-Wallis test was used for statistical analysis followed by Dunn’s Multiple 
comparison test. Data analysis was done using Graph Pad prism version 5.0 software. Student’s t- test was used 
to compare between two means. Correlation between variables was performed using Pearsons’ correlation test. 
Values of p <​ 0.05 were considered significant.
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