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Research article

IFN-y stimulates osteoclast formation
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T cell-produced cytokines play a pivotal role in the bone loss caused by inflammation, infection, and estrogen
deficiency. IFN-y is a major product of activated T helper cells that can function as a pro- or antiresorptive
cytokine, but the reason why IFN-y has variable effects in bone is unknown. Here we show that IFN-y blunts
osteoclast formation through direct targeting of osteoclast precursors but indirectly stimulates osteoclast for-
mation and promotes bone resorption by stimulating antigen-dependent T cell activation and T cell secretion
of the osteoclastogenic factors RANKL and TNF-a. Analysis of the in vivo effects of IFN-y in 3 mouse models of
bone loss — ovariectomy, LPS injection, and inflammation via silencing of TGF-f3 signaling in T cells — reveals
that the net effect of IFN-y in these conditions is that of stimulating bone resorption and bone loss. In sum-
mary, IFN-y has both direct anti-osteoclastogenic and indirect pro-osteoclastogenic properties in vivo. Under
conditions of estrogen deficiency, infection, and inflammation, the net balance of these 2 opposing forces is
biased toward bone resorption. Inhibition of IFN-y signaling may thus represent a novel strategy to simultane-

ously reduce inflammation and bone loss in common forms of osteoporosis.

Introduction

Physiological osteoclast renewal is regulated by the key osteo-
clastogenic cytokines M-CSF and receptor activator of NF-kB
ligand (RANKL). However, under pathological conditions, such
as those occurring during inflammation, infection, and estrogen
deficiency, bone resorption is significantly stimulated due to dys-
regulated production of additional pro- and anti-osteoclastogenic
factors, including IFN-y, a central mediator of adaptive immunity.
Estrogen deficiency, infection by LPS-producing bacteria such as
occurs in periodontitis, and inflammatory diseases like RA are all
characterized by a state of immune activation, leading to elevated
production of IFN-y by Th1 cells (1-5).

Substantial evidence demonstrates that IFN-y strongly sup-
presses osteoclastogenesis in vitro (6, 7). However, other studies
have shown that IFN-y enhances osteoclast generation in cultures
of peripheral blood from osteopetrotic patients, in part by nor-
malizing superoxide production (8). Additional studies revealed
that preexposure of osteoclast precursors to RANKL renders them
resistant to the inhibitory effects of IFN-y by inducing terminal
differentiation (9). Furthermore, IFN-y-producing human Th1
cells, but not IFN-y-negative T cells, were found to directly induce
the differentiation of human macrophages into osteoclasts via
expression of RANKL (10).

The effects of IFN-y in vivo are equally controversial. Silencing
of IFN-y receptor (IFN-yR) signaling led to a more rapid onset of
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NF-kB ligand; rIFN-y, recombinant IFN-y; TRAF6, TNF receptor-associated factor 6;
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collagen-induced arthritis and bone resorption (11). Furthermore,
IFN-y was found to decrease serum calcium and osteoclastic bone
resorption in vivo in nude mice (12, 13), suggesting that IFN-yisa
bone-sparing cytokine in vivo. In contrast, observations in humans
and rodents suggest that IFN-y promotes bone resorption and
causes bone loss in a variety of pathological conditions. For exam-
ple, IFN-y has been reported to be efficacious in the treatment of
osteopetrosis through restoration of osteoclast formation and
bone resorption, in both humans (14) and rodents (15). Addition
of recombinant IFN-y (rIFN-y) rescues the defect in osteoclasto-
genesis in peripheral white blood cells from malignant osteopetro-
sis patients in vitro (8). Systemic administration of rIFN-y causes
loss of bone volume in rats (16, 17). Moreover, mice lacking IFN-y
production are protected against infection-induced alveolar bone
loss (18), and IFN-y receptor”- (IFN-yR7-) mice fail to undergo
ovariectomy-induced (ovx-induced) bone loss (2). Furthermore,
IFN-y production correlates positively with tissue destruction
in erosive tuberculoid leprosy, and bone resorption in psoriatic
arthritis (19, 20) increases in parallel with bacterial LPS-induced
bone resorption in mice (21) and positively modulates actinobacil-
lus actinomycetemcomitans-specific RANKL" CD4" Th cell-medi-
ated alveolar bone destruction in vivo (22). Further support for the
hypothesis that IFN-y does not inhibit bone resorption in vivo was
provided by the outcome of randomized controlled trials which
have shown that IFN-y does not prevent bone loss in patients with
RA (23, 24) or the bone-wasting effect of cyclosporin A (16).
IFN-y has been shown to directly block osteoclast formation
by inducing the rapid degradation of the RANK adapter protein
TNF receptor-associated factor 6 (TRAFG6), resulting in strong
inhibition of the RANKL-induced activation of NF-kB and c-Jun
N-terminal kinase (25). IFN-y also downregulates the RANKL sig-
naling pathway by antagonizing RANKL-stimulated cathepsin K
(7,26, 27) and by upregulating cathepsin S and cathepsin L gene
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expression in preosteoclastic cells (26). Furthermore, IFN-y induc-
es superoxide production in osteoclasts, inducing apoptosis of
osteoclast progenitors and suppressing osteoclast activity (28, 29).
However, IFN-y is the physiologic inducer of MHC class II expres-
sion and thus of antigen presentation (30-32). As a result, IFN-y
leads to T cell activation and T cell secretion of the osteoclasto-
genic factors RANKL and TNF-a (2). Together, these data suggest
that IFN-y inhibits osteoclast formation through direct targeting
of maturing osteoclasts, while it promotes osteoclastogenesis indi-
rectly, by stimulating T cell activation.

In this study, we investigated the hypothesis that the net effect
of IFN-y on bone resorption in vivo represents the balance of its
direct and indirect activities. We report that IFN-y promotes osteo-
clast formation through stimulation of antigen-dependent T cell
activation and show that under conditions of estrogen deficiency,
infection, and direct T cell activation by suppression of TGF-f3 sig-
naling, the net effect of IFN-y is that of inducing bone resorption
and bone loss.

Results

IEN-y blocks osteoclastogenesis via direct targeting of maturing osteoclast
precursors but stimulates osteoclast formation through upregulation of anti-
gen presentation. To investigate the direct effects of IFN-y on osteo-
clast formation, macrophages were purified by positive immuno-
magnetic selection from either the BM or the spleen of intact WT
mice and cultured with optimal amounts of RANKL and M-CSF
and increasing doses of rIFN-y. RANKL equally stimulated the dif-
ferentiation of BM and splenic macrophages into osteoclasts, and
IFN-y dose-dependently inhibited osteoclastogenesis, with signifi-
cant suppression occurring at 1 ng/ml and complete suppression
at 100 ng/ml of rIFN-y (Figure 1A). These findings confirm ear-
lier reports that IFN-y has direct anti-osteoclastogenic effects on
RANKL-induced osteoclastogenesis in vitro (7, 25-27).

Since IFN-y is a potent inducer of MHC class II expression and
antigen presentation in macrophages, IFN-y may induce T cell
secretion of osteoclastogenic factors by promoting antigen-depen-
dent T cell activation. To test this hypothesis, BM macrophages
(BMMs) were used as APCs (herein designated as APC-BMM:s)
and were purified from WT mice and pretreated with rIFN-y for
72 hours to upregulate MHC class II expression. After removal of
rIFN-y by washing, these cells were cocultured for 72 hours with
the avian antigen OVA and T cells from OT-II mice, a strain with
T cells that harbor a transgenic T cell receptor responsive exclu-
sively to OVA. In this model, OVA-derived peptides presented by
APCs to T cells induce T cell activation and T cell cytokine secre-
tion. Measurements of cytokine levels in the conditioned medium
(CM) revealed that pretreatment of APC-BMMs with rIFN-y led to
asignificant increase in TNF-o, RANKL, and IFN-y production, as
compared with pretreatment of APC-BMMs with vehicle (Figure
1B). To demonstrate that T cells were a major source of the secret-
ed cytokines, T cells were purified by positive immunomagnetic
selection at the end of the coculture and analyzed by real-time
RT-PCR. The data show that pretreatment of APC-BMMs with
rIFN-y significantly increased the T cell expression of TNF-a,
IFN-y, and RANKL mRNA (Figure 1C).

In order to investigate the indirect pro-osteoclastogenic effect
of IFN-y in the absence of its direct anti-osteoclastogenic activity,
we utilized early osteoclast precursors (macrophages) that were
derived from IFN-yR”/~ mice. The preosteoclasts and osteoclasts
formed from these cells are consequently insensitive to IFN-y and
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thus resistant to the direct anti-osteoclastogenic effect of IFN-y.
Osteoclastogenesis was initiated by addition to osteoclast precur-
sors from IFN-YR7/~ mice of CM derived from T cells that had been
activated in vitro by WT APCs, in the presence or absence of IFN-y.
Under these conditions, osteoclast formation reflects the capac-
ity of IFN-y to stimulate antigen-induced cytokine production
by T cells. We found that the number of osteoclasts produced in
response to CM from T cells that had been activated in vitro by WT
APCs, in the presence of IFN-y, was 2-fold higher than thatinduced
by CM generated in the absence of IFN-y. When the same experi-
ment was repeated using osteoclast precursors from WT mice,
tIFN-y-pretreated APCs and unstimulated APCs induced equal
osteoclast formation (Figure 1D). These findings suggest that
under these conditions, the indirect pro-osteoclastogenic effect
of IFN-y is neutralized by the direct anti-osteoclastogenic activ-
ity of the IFN-y secreted by activated T cells. Together, these data
demonstrate that IFN-y represses osteoclastogenesis by directly
repressing the differentiation of macrophages into osteoclasts but
indirectly stimulates osteoclast formation through stimulation of
antigen presentation.

We have previously reported that ovx increases MHC class II
expression in macrophages and monocyte APC activity (2). We took
advantage of this phenomenon to further investigate the indirect
effects of IFN-y on osteoclast formation. Thus, APC-BMMs from
WT sham-operated and ovx mice were cocultured with OVA and
T cells from OT-II mice. T cell CM was then collected 72 hours
after culture, added to a new batch of osteoclast precursors from
intact WT mice, and cultured for 7 days with M-CSF and RANKL
in the presence or absence of neutralizing anti-IFN-y Ab (IFN-y Ab).
Osteoclast formation in the samples treated with IFN-y Ab reflect-
ed the impact of stimulated IFN-y-driven antigen presentation by
macrophages without the direct inhibitory effect of the cytokine.
Under these conditions, osteoclast formation was approximately
3-fold higher in samples containing APC-BMM CM from ovx mice
compared with those with APC-BMM CM from sham-operated
mice (Figure 1E). In the absence of IFN-y Ab, osteoclast formation
was only 2-fold higher in samples with APC-BMMs from ovx mice
than those with APC-BMMs from sham-operated mice, reflecting
the direct inhibitory effect of IFN-y. These data confirm that IFN-y
directly suppresses osteoclast formation. However, under conditions
of estrogen deficiency, the overall balance between the stimulatory
effect of antigen presentation on T cell activation and the direct sup-
pressive effect of IFN-y is a net increase in osteoclast formation.

To further investigate the mechanism by which IFN-y regulates
osteoclast formation, T cells were activated in vitro with PMA and
ionomycin and cultured for 3 days. T cell CM was added to BMMs
along with optimal amounts of RANKL and M-CSF, and the mix-
ture cultured for an additional 3-day period with and without Abs
against IFN-y, TNF-a, and RANKL to induce the differentiation
of BMMs into TRAP* mononuclear osteoclast precursors in the
absence of the direct effects of the neutralized cytokines. At the end
of the culture period, the proliferation of the nascent osteoclasts
was measured by thymidine incorporation; their rate of apoptosis
by intracellular caspase-3 activity; and their expression of TRAP
mRNA, a marker of osteoclast differentiation, by real-time PCR.

These experiments revealed that in conditions in which the
direct effect of IFN-y is neutralized, cytokines released by acti-
vated T cells increase both the proliferation (Figure 1F) and the
survival of osteoclast precursors (Figure 1G), while they have no
effect on the rate of their differentiation (data not shown). Acti-
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Figure 1

IFN-y directly suppresses and indirectly stimulates osteoclastogenesis in vitro. (A) rIFN-y suppresses osteoclastogenesis induced by RANKL
(50 ng/ml) and M-CSF (10 ng/ml) in macrophages purified from BM and spleen. #P < 0.01 compared with vehicle-treated controls. (B) Cytokine
levels in CM derived from cocultures of IFN-y—pretreated WT macrophages and OT-II T cells were measured using ELISA. *P < 0.05 compared
with vehicle-treated controls. (C) The expression of T cell cytokine mRNA was measured by real-time RT-PCR in T cells cocultured with rIFN-y—
pretreated macrophages. *P < 0.01 compared with vehicle-pretreated controls. (D) The ability of CM from cocultures of rIFN-y—pretreated
macrophages and OT-II T cells to enhance M-CSF- and RANKL-stimulated osteoclastogenesis was examined in macrophages from WT and
IFN-yR~- mice. *P < 0.05 compared with vehicle-treated controls. (E) The ability of CM from coculture of macrophages from sham-operated or
ovx WT mice and OT-II T cells to induce osteoclastogenesis was examined in macrophages from WT mice in the presence of M-CSF and RANKL
with or without neutralizing IFN-y Ab (10 ug/ml ). *P < 0.05 compared with vehicle-treated controls. The proliferation (F) and rate of apoptosis
(G) of maturing osteoclasts were determined by [3H]thymidine incorporation and intracellular caspase-3 activity in 3-day cultures of RANKL- and
M-CSF-stimulated BMMs cultured in the presence of activated T cell CM and Abs directed against IFN-y, TNF, and RANKL. *P < 0.05 compared

with irrelevant IgG-treated controls. All data are expressed as mean + SD.

vated T cells stimulate the proliferation of osteoclast precursors
by secreting TNF and RANK, as the stimulatory effect of T cell
CM was abolished by the neutralization of these cytokines. The
capacity of IFN-y-neutralized T cell CM to blunt the apoptosis
of maturing osteoclasts was further enhanced by anti-TNF-o. Ab
and reversed by neutralization of RANKL, demonstrating that
IFN-y and TNF-a increase preosteoclast apoptosis while RANKL
suppresses it. Taken together, the data demonstrate that activated
T cells stimulate the proliferation and survival of maturing osteo-
clasts through TNF and RANKL, while inhibiting these processes
through the direct activity of IFN-y.

IFEN-y causes bone loss in T cell-replete but not T cell-deficient mice.
Having established the direct and indirect effects of IFN-y in
vitro, we verified our findings in vivo by examining the effects of
treatment with rIFN-y in nude mice, a strain in which the indirect
effects of IFN-y are abrogated by the lack of T cells. Thus, 16-week-
old WT nude mice and nude mice subjected to adoptive transfer
of WT T cells 2 weeks earlier were injected i.p. twice a week for 3
weeks with rIFN-y (10° IU/kg). Bone mineral density (BMD) was
124
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measured by dual x-ray absorptiometry (DXA), a technique that
provided a combined assessment of cortical and trabecular bone,
at baseline and at 3 weeks after initial rIFN-y injection. rIFN-y
treatment led to a significant decrease in spine BMD in WT and T
cell-replete nude mice, but not in T cell-deficient nude mice (Fig-
ure 2A). Consistent with the BMD data, treatment with rIFN-y
also caused a significant increase in the serum level of C-terminal
telopeptides (CTXs), a marker of bone resorption, in WT mice
and T cell-reconstituted nude mice, but not in T cell-deficient
nude mice (Figure 2B). The serum level of osteocalcin, a marker
of bone formation, did not change in response to in vivo rIFN-y
treatment in any of the groups of mice, indicating that the chang-
es in BMD induced by IFN-y were not due to blunted bone forma-
tion (Figure 2C). T cell production of TNF-o, RANKL, and IFN-y
was increased by rIFN-y in the T cell-replete groups (Figures 2,
D-F). Due to the absence of T cells in nude mice, cytokine levels
fell below detection in this group. These findings demonstrate
that T cells are critical to the mechanism by which IFN-y stimu-
lates bone resorption in vivo.
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Figure 2

Systemic administration of rIFN-y stimulates bone resorption in WT mice and nude mice reconstituted with WT T cells (Nude + T), but not in
T cell-deficient nude mice. rIFN-y (1 x 108 IU/kg body weight) was injected subcutaneously twice a week into 16-week-old WT mice, T cell-defi-
cient nude mice, and nude mice reconstituted with WT T cells, and spine BMD (A); serum CTX (B) and serum osteocalcin levels (C); and T cell
production of TNF (D), RANKL (E), and IFN-y (F) were measured 3 weeks after initial IFN-y injection. The percentages in A represent the change
compared with baseline. All data are expressed as mean = SD. *P < 0.05 compared with vehicle-treated controls. ND, not detectable.

Effects of IFN-y in ovx mice. Since the pattern of T cell activation
varies in different pathological conditions, we next compared
the effects of IFN-y on bone homeostasis in estrogen deficiency
and LPS-induced inflammation, 2 conditions that cause bone
loss through T cell-dependent mechanisms (3, 4, 33, 34). We also
examined an experimental model of autoimmune disease induced
by specifically ablating TGF-f signaling in T cells (35).

To investigate the role of IFN-y in the bone loss induced by
estrogen deficiency, WT and IFN-y~7~ mice were sham operated
or subjected to ovx at the age of 16 weeks and sacrificed 4 weeks
later. In vivo measurements of spine BMD at baseline and 4 weeks
after surgery by DXA revealed that ovx caused a significant bone
loss in WT but not in IFN-y7~ mice (Figure 3A), suggesting that
IFN-y~~ mice are protected against the overall loss of cortical and
trabecular bone induced by ovx. uCT analysis of femurs obtained
at sacrifice revealed that ovx caused a loss of trabecular bone
volume (BV/TV) in both WT mice and IFN-y7~ mice (Figure 3B).
However, the difference between sham-operated and ovx mice
was larger in WT mice (21%) than in IFN-y~~ mice (14%) and only
reached statistical significance in WT mice. Together, these find-
ings indicate that IFN-y~~ mice are partially protected against the
loss of trabecular bone induced by ovx. At 4 weeks from surgery,
the levels of serum CTX and osteocalcin were higher in WT ovx
mice than in WT sham-operated controls (Figure 3, C and D). In
contrast, [IFN-y7~ sham-operated and ovx mice had similar levels
of both CTX and osteocalcin. Flow cytometric analysis revealed
that ovx increases the percentage of CD4" T cells expressing the
early activation marker CD69 in WT but failed to stimulated T
cell activation in IFN-y~7~ mice (Figure 3E). This data are consis-
tent with previous reports demonstrating that ovx leads to sig-
nificant activation and expansion of TNF-producing T cell popu-
lations (34, 36) and that IFN-y plays a causal role in the bone loss
induced by estrogen deficiency (2).

Effects of IFN-y in LPS-induced bone loss. To investigate the contri-
bution of IFN-y to LPS-induced bone resorption in vivo, WT and
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IEN-y~~ mice of 10 weeks of age were injected subcutaneously with
LPS (25 mg/kg once a week for 3 weeks) and BMD measured at
baseline and weekly thereafter. LPS injection led to a significant
reduction in spine BMD in both WT and IFN-y/~ mice (Figure 4A),
although in IFN-y7~ mice, bone loss plateaued at 2 weeks, while in
WT mice there was a progressive bone loss for the 3 weeks of follow-
up. As a result, the bone loss at 3 weeks was significantly greater in
WT (~16.5%) than in IFN-y7~ mice (~10.5%). uCT analysis of femur
trabecular bone in samples harvested at 3 weeks showed (Figure
4B) that LPS caused a decrease in BV/TV in both WT (~30%) and
IFN-y~~ mice (~23%). Although there was a trend toward less bone
loss in IFN-y7~ mice, the difference between the 2 groups was not
significant. In contrast to the effects on bone volume, LPS caused
alarger increase in CTX levels in WT than in IFN-y7~ mice (Figure
4C). However, in all groups of mice, LPS had no significant effects
on serum osteocalcin (Figure 4D).

As expected IFN-y~~ mice had lower basal APC activity and a neg-
ligible response to LPS. In contrast, WT mice had a higher APC
activity at baseline, and LPS caused a further 2-fold increase in
APC activity (Figure 4E). LPS treatment also resulted in an approxi-
mately 3-fold and approximately 1.5-fold increase in the percentage
of activated (CD69*) CD4" T cells in WT mice and IFN-y”~ mice,
respectively (Figure 4F). Taken together, these data suggest that LPS
induces bone loss primarily via IFN-y-independent mechanisms,
although an IFN-y-dependent mechanism plays a contributory
role. The IFN-y-dependent bone loss results from LPS stimulation
of antigen presentation and the resulting T cell activation.

Silencing IFEN-y production reduces the bone loss induced by the disruption
of TGF-f signalingin T cells. To further investigate the contribution of
the indirect stimulatory effects of IFN-y on bone resorption in vivo,
we made use of a conditional transgenic mouse that overexpresses a
dominant-negative form of TGF-f type II receptor (CD4dnTGFBIIR
mouse) exclusively in T cells. TGF-f signaling in T cells markedly
represses T cell activation. In the absence of the repressive effect
of TGF-f, the T cells of this transgenic secrete increased amounts
Volume 117 125
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Figure 3

Effects of ovx in WT and /FN-y~- mice. Sixteen-week-old WT or /IFN-y~- mice were subjected to sham operation or ovx, and BMD (A); BV/TV (by
uCT analysis) (B); serum CTX (C) and serum osteocalcin levels (D); and T cell activation (by cytometric detection) (E) were examined 4 weeks
after surgery. The percentages in A represent the change compared with baseline. All data are expressed as mean + SD. *P < 0.05 compared

with WT sham controls.

of IFN-y, RANKL, and TNF-a (37). IFN-y further stimulates T cell
activation and cytokine secretion by promoting antigen presenta-
tion. As a result, CD4dnTGFBIIR mice have a lower bone density and
increased bone turnover compared with WT controls (37). In order
to assess the role of IFN-y in the impaired bone modeling induced
by the silencing of TGF-f} signaling in T cells, CD4dnTGFBIIR mice
were crossed with IFN-y7~ mice to generate mice (CD4dnTGFBIIR/
IEN-y~-) with T cells lacking both IFN-y production and TGF-§
signaling. Spine BMD was measured in WT, CD4dnTGFBIIR,
CD4dnTGFPRIIR/IFN-y~/-, and IFN-y~7~ mice at 8, 12, and 16 weeks
of age (Figure 5A). At the latter time point, WT mice achieve their
peak BMD, and bone remodeling ensues (38-41).

All groups of genetic mutants were found to have progressively
lower BMD values relative to WT mice, consistent with a modeling
defect. However, silencing of IFN-y production decreased significant-
ly the modeling defect caused by the lack of TGF-f3 signaling in T cells,
as shown by the finding of higher BMD values in CD4dnTGFBIIR/
IEN-y~~ mice as compared with CD4dnTGFBIIR mice.

These findings were confirmed by uCT analysis of trabecular
bone in the epiphyses of distal femurs harvested at 16 weeks of
age. Specifically, CD4dnTGFBIIR/IFN-y~~ mice had BV/TV val-
ues lower than those in WT controls but higher than those in
CD4dnTGFBIIR mice. Thus, the decrease in BV/TV induced by
the lack of TGF-f signaling in T cells was partly rescued by the
silencing of IFN-y production (Figure 5B). Similarly, the increas-
es in CTX levels (Figure 5C) and in the number of CD69* T cells
(Figure 5D) characteristic of CD4dnTGFBIIR mice were less severe
in CD4dnTGFBIIR/IFN-y~~ mice, while serum osteocalcin was not
affected by the silencing of TGF-f signaling and/or IFN-y produc-
tion (Figure SE). Antigen presentation by macrophages (Figure 6A)
126
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and the macrophage mRNA levels of class II transactivator (CIITA)
(Figure 6B), a key inducer of MHC class II gene expression, were
higher in CD4dnTGFBIIR mice than in WT and CD4dnTGFBIIR/
IFN-y7~ mice. This is consistent with a high production of IFN-y
by activated T cells in CD4dnTGFBIIR mice.

As activated T cells induce bone destruction through enhanced
production of osteoclastogenic cytokines by T cells, we measured
TNF-o and RANKL production in T cell CM from all groups of
mice following a 72-hour culture in the presence of PMA and
ionomycin. Compared with that in T cells from WT mice, TNF-o
and RANKL production was 4- to 6-fold higher in CD4dnTGFBIIR
T cells and 2- to 4-fold higher in CD4dnTGFBIIR/IFN-y~~ T cells
(Figure 6, C and D). Together, these findings confirm that silenc-
ing of TGF-f signaling in T cells causes bone loss in part by direct-
ly promoting the T cell production of TNF-a and RANKL and in
part by promoting the secretion of IFN-y, which further stimulates
T cell activation through increased antigen presentation.

To quantify the relevance of IFN-y in the bone loss induced by
silencing of TGF-f signaling in T cells, we adoptively transferred
T cells from WT, CD4dnTGFBIIR, and CD4dnTGFBIIR/IFN-y~/~
mice into T cell-deficient nude mice. The transfer of T cells from
CD4dnTGFBIIR mice caused an approximately 2-fold larger decrease
in spine BMD (Figure 7A) and femur BV/TV (Figure 7B) and a great-
er increase in CTX levels (Figure 7C) than the transfer of both WT
T cells and CD4dnTGFBIIR/IFN-y~~ T cells. In contrast, transfer of
T cells from CD4dnTGFBIIR or CD4dnTGFBIIR/IFN-y~~ mice to nude
mice failed to change serum levels of osteocalcin when compared
with the transfer of T cells from WT mice (Figure 7D). Thus, the
IFN-y-mediated pathway accounted for approximately 50% of the
bone loss induced by the silencing of TGF-f3 signaling in T cells.
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Effects of LPS treatment for 3 weeks in WT and /FN-y7- mice. LPS (25 mg/kg body weight) was injected once a week in 16-week-old mice. All
mice were sacrificed at the end of the LPS treatment and bone, BM, and serum samples analyzed. (A) In vivo BMD measurements by DXA were
obtained at baseline and weekly thereafter. (B) Analysis of BV/TV by uCT. (C) Serum CTX. (D) Serum osteocalcin. (E) Antigen presentation assay.
(F) Measurement of CD4 and CD69 expression by flow cytometric analysis. The percentages in A represent the change compared with baseline.
All data are expressed as mean + SD. *P < 0.05 compared with vehicle-treated controls. #P < 0.05 compared with LPS-treated WT mice.

Discussion

IFN-y has complex and apparently contradictory actions on osteo-
clastogenesis and bone resorption, depending on the system and
model employed. In this study, we have examined the balance
between the direct anti-osteoclastogenic effects of IFN-y and the
indirect proresorptive activities of IFN-y in vivo, using 3 different
murine models of pathological bone turnover. Our data demon-
strates that in experimental models of postmenopausal osteopo-
rosis, bacteria-induced infection, and inflammation, the net bal-
ance between the direct antiresorptive activities of IFN-y and its
proresorptive effects is biased in favor of osteoclastogenesis and
bone resorption. Our data confirms previous studies demonstrat-
ing direct anti-osteoclastogenic activities of IFN-y on the process of
osteoclast differentiation in vitro. However, we further demonstrate
that in vivo, the net effect of IFN-y is to potently stimulate osteoclas-
togenesis, a consequence of its capacity to upregulate antigen pre-
sentation. This process leads to T cell activation and proliferation,
with a consequent upregulation in the production of the key osteo-
clastogenic cytokines RANKL and TNF-a.. In vivo, this indirect pro-
osteoclastogenic activity overcomes the direct suppressive activities
of IFN-y on osteoclast precursors, leading to a net bone loss.

It is reported that preexposure of osteoclast precursors to
RANKL renders them resistant to the inhibitory effect of IFN-y
(9). It is thus likely that in vivo, as RANKL concentrations begin
to rise — a consequence of IFN-y-driven antigen-dependent T cell
activation — the direct anti-osteoclastogenic activity of IFN-y may
become progressively muted. Furthermore, as the dominant source
of IFN-y is activated T cells, a potent amplificatory loop is likely
established that further drives up and sustains antigen presenta-
tion and T cell activation, thus perpetuating an inflammatory and
proresorptive environment.

Our experimental disease models highlight the central role
of T cells in the process of IFN-y-driven bone resorption. This is

The Journal of Clinical Investigation

htep://www.jci.org

underscored by experiments showing that T cell-deficient nude
mice fail to undergo bone loss following rIFN-y administration.
IFN-y-induced bone loss was reversed by T cell reconstitution and
is consistent with the fact that IFN-y has been shown to stimulate
bone resorption only in humans or experimental models possess-
ing a normal T cell lineage (14-16, 42), while the vast majority of
previous studies concluding that IFN-y is a bone-sparing cytokine
made use of the nude mouse model and/or T cell-depleted in vitro
cultures (12, 13). Interestingly, Takayanagi et al. reported that IFN-y
represses bone resorption in a T cell-replete model, but the only in
vivo data presented in the report were derived from calvariae from
prepubertal mice (7). Thus, the significance of these observations in
mature bone and long bones remains unknown. Our studies failed
to identify a significant repressive effect of IFN-y on bone resorp-
tion in nude mice, an unexpected finding in view of the absence of
the T cell-driven proresorptive activity. However, it is conceivable
that alonger IFN-y treatment period may have allowed for the direct
inhibitory effect of IFN-y to predominate. Alternatively, it is possible
that a relatively higher concentration of IFN-y might be required to
decrease bone resorption in this strain. This hypothesis is suggested
by the presence of an increased number of osteoclasts and a higher
rate of bone resorption in nude mice than WT controls (43, 44).

Of additional interest was the finding of a lower baseline bone
density in IFN-y7~ mice than in WT mice. This was not unex-
pected, since the indirect proresorptive activity of IFN-y over-
rides its direct anti-osteoclastogenic activity only in conditions
ofincreased T cell activation. In contrast, in unstimulated condi-
tions, IFN-y exerts only its direct anti-osteoclastogenic activity. As
aresult, bone density is lower in adult IFN-y7~ than congenic WT
mice, because of the long-term impact of the absence of the direct
anti-resorptive activity of IFN-y.

Combined measurements of cortical and trabecular bone by
DXA revealed that ovx caused a significant bone loss in WT but not
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Silencing of IFN-y production reduces the increase in bone loss and T cell activation induced by the disruption of TGF-f signaling in T cells. In
vivo BMD measurements by DXA (A), uCT analysis of trabecular bone (B), serum CTX (C) and T cell activation assays (D), and serum osteocal-
cin measurements (E) were carried out in 16-week-old intact WT, CD4dnTGFpIIR, CD4dnTGFpIIR/IFN-y~-, and IFN-y~- mice. The percentages in
A represent the change compared with age-matched WT controls. All data are expressed as mean + SD. *P < 0.05 compared with age-matched

WT control mice. #P < 0.05 compared with CD4dnTGFpIIR mice.

in IFN-y7~ mice. These data are consistent with a previous report
from our laboratory showing that IFN-yR~~ mice fail to undergo
bone loss following ovx (2). Selective measurements of trabecular
bone by uCT showed that silencing of IFN-y affords significant
protection against the bone loss induced by ovx, although it did
not completely prevent bone loss. These findings may suggest a
more relevant role of IFN-y in the loss of cortical bone than in the
loss of trabecular bone following ovx. Although the finding that
silencing of IFN-y protects, in part, against ovx-induced bone loss
does not establish a cause-effect relationship, the data strongly
suggest that under in vivo conditions of estrogen deficiency, IFN-y
possesses pro-osteoclastogenic and bone-wasting effects that pre-
vail over the direct anti-osteoclastogenic activity that is dominant
in vitro. The results of the current investigation are consistent with
an earlier report demonstrating that ovx expands the size of the
T cell pool via an IL-7-dependent increase in both the peripheral
expansion of T cells and the output of recently produced naive T
cells from the thymus (45). Attesting to the relevance of these phe-
nomena, ovx-induced bone loss is decreased by thymectomy and
completely prevented by IL-7 neutralization (45). IL-7 stimulates
the production of IFN-y, while TGF-f, a cytokine directly regu-
lated by estrogen, blocks the production of both IL-7 and IFN-y.
It is thus likely that the increase in the levels of both IL-7 and
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IFN-y characteristic of ovx mice results from the blunted produc-
tion of TGF-f induced by ovx. Because IL-7 and IFN-y are under
reciprocal control, silencing of either factor affords significant
protection against ovx-induced bone loss. The finding that IFN-y
is implicated in the mechanism of ovx-induced bone loss provides
furcher support for our hypothesis that an increased production
of osteoclastogenic cytokines by activated T cells plays a pivotal
role in the bone loss that follows estrogen withdrawal (1). Evidence
in favor of this hypothesis includes the reported failure of ovx to
induce trabecular and cortical bone loss in nude mice (33, 34, 37).
While an independent confirmation was provided by a preliminary
report by Watanabe et al. (46), a more recent study by Lee et al. (44)
showed that nude mice lose trabecular bone after ovx, although
they are protected against the loss of cortical bone. The partially
negative outcome of this study is most likely explained by experi-
mental design differences. Our uCT analysis of the effects of ovx in
nude mice was conducted in mature, 16-week-old animals (37). In
the same investigation, prospective in vivo measurements of BMD
were obtained by DXA (37). Lee et al. (44) conducted their uCT
analysis in 5- to 6-week-old mice, an age when in most strains ovx
blunts trabecular bone formation (38-41). Accordingly, they found
ovx to decrease osteoblast surface per bone surface (ObS/BS)
(a static histomorphometric index of bone formation) in nude
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Silencing IFN-y production reduces the increase in antigen presentation and T cell cytokine production induced by the disruption of TGF- sig-
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measured by ELISA in CM of T cells cultured for 3 days in the presence of 100 ng/ml PMA and 100 ng/ml ionomycin. All data are expressed as
mean + SD. *P < 0.01 compared with WT mice; #P < 0.05 compared with CD4dnTGFpIIR mice.

mice and to increase it in WT controls (44). They also found ovx
not to increase osteoclast surface per bone surface (OcS/BS) and
the number of osteoclasts per unit of bone perimeter (NOcBpm)
(2 sensitive indices of bone resorption) in both WT and nude mice
(44). These findings raise the possibility that the main effect of
ovx in very young T cell-deficient mice is that of blunting bone
formation rather than increasing bone resorption, leading ovx to
cause an arrest in skeletal growth, rather than bone loss. Prospec-
tive in vivo measurements of bone density and analysis of dynamic
histomorphometric indices of bone formation in mature mice will
be required to reconcile our studies with those of Lee et al.

The mechanisms of LPS-induced bone loss are poorly under-
stood. Our data demonstrate that LPS treatment led to a signifi-
cant increase in antigen presentation and T cell activation in WT
mice, while IFN-y~~ mice displayed low basal antigen presentation
and failed to undergo a significant upregulation in antigen pre-
sentation following LPS administration. T cell activation was also
blunted in IFN-y7~ mice. Nonetheless, LPS elicited similar trabecu-
lar bone loss in IFN-y7~and WT mice, although LPS-induced osteo-
clastic bone resorption and BMD decrements were modestly, but
significantly, reduced in the IFN-y~7~ mice. These data suggest that
the direct and indirect effects of IFN-y on trabecular bone mass
cancel each other out, thus resulting in an apparent similar tra-
becular bone-wasting effects of LPS in IFN-y7~ and WT mice. The
data further suggest that LPS mediates bone resorption by both
IFN-y-dependent and IFN-y-independent pathways, although the
independent pathway appears to be dominant. This interpretation
is consistent with studies reporting that LPS induces osteoclast
formation by multiple mechanisms, including direct stimulation
of RANKL expression in osteoblasts (47); production of TNF-a,
IL-1, and IL-6 by macrophages; and stimulation of osteoclast sur-
vival (48). Our data suggest that these proresorptive effects are
further amplified by IFN-y-mediated pathways.
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TGF- is a potent antiinflammatory cytokine that prevents
T cell activation via 2 distinct mechanisms, direct signaling in
T cells and inhibition of antigen presentation secondary to blunt-
ed T cell production of IFN-y (49). The loss of TGF-B-mediated
repression of T cell activation results in inflammation, autoim-
munity (35, 50), and increased T cell production of IFN-y, TNF,
and RANKL (37). IFN-y further stimulates T cell production of
osteoclastogenic cytokines by promoting antigen presentation
and antigen-dependent T cell activation. In our model whereby
T cell activation is potentiated through selective silencing of
TGF-p signaling in T cells, silencing of IFN-y was observed to
completely suppress antigen presentation. By contrast, T cell
activation and T cell production of TNF-a. and RANKL were
only 50% lower in mice lacking both TGF-f signaling and IFN-y
production compared with those lacking TGF-f} signaling only,
leading to a 50% reduction in bone loss. These data suggest that
IFN-y-driven antigen-dependent T cell activation is responsible
for approximately 50% of T cell TNF-oe and RANKL production
in this model. The remaining 50% of TNF and RANKL produc-
tion is driven by the blockade of the direct repressive effects of
TGF-f on T cell activation (50).

In conclusion, our data reveal that IFN-y has complex effects
that explain the apparent conflicting reports regarding the effects
of this cytokine in bone. In common conditions such as estrogen
deficiency, infection, and inflammation, inhibition of IFN-y sig-
naling may represent a novel target for the concomitant preven-
tion of both inflammation and bone loss.

Methods

Animal protocol. All animal procedures were approved by the Institutional
Animal Care and Use Committee of Emory University. Mice were main-
tained under sterile conditions. Homozygous (nu#/nu) athymic nude mice,
WT mice, OT-II mice, IFN-yR/~ mice, and IFN-y7/~ mice were on a C57BL/6
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Silencing IFN-y production reduces the increase in bone resorption induced by the disruption of TGF-f signaling in T cells. T cells from 16-week-old
WT (WT-T), CD4dnTGFBIIR (CD4dnTGFBIIR-T), and CD4dnTGFBIIR/IFN-y~- (CD4dnTGFBIIR/IFN-y*——T) mice were transferred into 16-week-old
T cell-deficient nude mice. Spine BMD measurement (A), uCT analysis (B), serum CTX measurement (C), and serum osteocalcin measurement
(D) were performed 4 weeks after transplantation. The percentages in A represent the change compared with baseline. All data are expressed
as mean + SD. *P < 0.05 compared with nude mice transplanted with T cells from WT mice; #P < 0.05 compared with nude mice transferred with

T cells from CD4dnTGFpIIR mice.

background and purchased from The Jackson Laboratory. CD4dnTGFBIIR
mice on a C57BL/6 background were kindly provided by R. Flavell (Yale
University School of Medicine, New Haven, Connecticut, USA). The mice
(CD4dnTGFBIIR/IFN-y~~) lacking both TGF-f signaling in T cells and
IFN-y production were established by cross-mating male CD4dnTGFBIIR
mice with female IFN-y~~ mice. Female mice were either subjected to sham
operation or ovx at 16 weeks of age and killed at 20 weeks of age. At sacri-
fice, 1 tibia was excised for histology and 1 femur for uCT analysis and BM
harvested from the remaining bones for ex vivo analysis. Uterine weight
was determined at death to verify successful ovx.

BMMs and T cell purification. BMMs and T cells were purified from BM
and spleens, respectively, by positive immunoselection using MACS Micro-
Beads (Miltenyi Biotec) coupled to anti-CD11b Ab and anti-CD90 Ab
(Thy1.2) for macrophages and T cells, respectively, as described previously
(2,37). Cell purity was verified to be greater than 90% by FACS.

T cell adoptive transfer. T cells were purified from the spleens of 16-week-
old WT, CD4dnTGFBIIR, and CD4dnTGFBIIR/IFN-y~~ mice and injected
(2 x 107 cell per mouse) i.p. into 16-week-old T cell-deficient nude recipient
mice as previously described (34, 37, 43, 51). Successful T cell engraftment
was confirmed by flow cytometry of the spleen and BM of recipient mice
4 weeks after the adoptive transfer.

IFN-y pretreatment and in vitro osteoclastogenesis. BMMs were harvested
from 6-week-old WT mice; treated for 72 hours with 10 ng/ml of rIFN-y in
a-MEM medium containing 10% FBS, washed twice with cold PBS (Media-
tech Inc.); and cocultured with T cells from OT-II mice in the presence of’
0.5 mg/ml OVA for an additional 72 hours. CM was collected at the end of
culture, and the levels of TNF-a, RANKL, and IFN-y were measured using
ELISA (R&D Systems). The ability of CM to induce osteoclast formation
was examined in BMMs from WT or IFN-yR”/~ mice in the presence of 10
ng/ml RANKL (provided by X. Feng, University of Alabama, Birmingham,
Alabama, USA) and 10 ng/ml M-CSF. Tartrate-resistant acid phosphatase
130
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(TRAP) staining was performed 7 days after culture, and TRAP* cells with
more than 3 nuclei were scored as osteoclasts (52, 53).

In a separate experiment, BMMs were harvested from sham-operated
or ovx WT mice and cultured for 72 hours with T cells from OT-II mice
in the presence of 0.5 mg/ml OVA. CM was collected and used to induce
osteoclastogenesis in WT BMMs in the presence of 10 ng/ml RANKL and
10 ng/ml M-CSF with or without 10 ug/ml IFN-y Ab.

Measurement of preosteoclast proliferation and survival. The proliferation of
osteoclast precursors at 3 days was quantitated by thymidine incorpora-
tion. TRAP* mononucleated preosteoclasts were pulsed with [*H]thymidine
(0.5 uCi/well), for 18 hours of culture. Cells were harvested by using a Cell
Harvester (Skatron) and thymidine incorporation determined on a Pack-
ard Tri-Carb 4640 Liquid Scintillation Counter (United Technologies).
The rate of apoptosis of maturing osteoclasts was determined by measur-
ing intracellular caspase-3 activity, a marker of apoptosis, by the CaspACE
Assay System (Promega).

Systemic administration of rIFN-y. To investigate the effects of IFN-y on bone
turnover in healthy mice and the role of T cells, 16-week-old WT mice, nude
mice, and nude mice reconstituted with WT T cells were injected i.p. twice a
week for 3 weeks with rIFN-y (1 x 10° IU/kg), as previously described (12).

Systemic administration of LPS in vivo. To investigate the contribution of
IFN-y to LPS-induced bone resorption in vivo, 10-week-old WT and IFN-y~/~
mice were injected subcutaneously with LPS (Sigma-Aldrich) (25 mg/kg,
once a week for 3 weeks), as described previously (7).

Real-time RT-PCR. CIITA, TNF, RANKL, and IFN-y mRNA were quanti-
tated by real-time PCR using a GeneAmp 7000 system (Applied Biosystems)
as previously described (2, 37). All primers for real-time PCR were designed
using Primer Express Software version 2.0 (PE Biosystems). The primers
used for CIITA were 5'-CCTATGCCAACATTGCGG A-3' (forward) and
5'-GCTGGGTATCCTGGAACACG-3' (reverse); for TNF, 5'-AACTCCAG-
GCGGTGCCTAT-3' (forward) and 5" TGCCACAAGCAGGAATGAGA-3'
Number 1
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(reverse); for RANKL, 5'-CACAGCGCTTCTCAGGAGCT-3' (forward)
and 5'-CATCCAACCATGAGCCTTCC-3' (reverse); for IFN-y, 5'-CACTG-
CATCTTGGCTTTGCA-3' (forward) and 5'-GTAACAGCCAGAAACAGC-
CATG-3' (reverse). mRNA was normalized against 3-tubulin using the
primers 5'-GGAGAGCTGTGATTGCCTGC (forward) and 5'-CCACCCAGT-
GAGTGGGTCAG-3' (reverse). Amplification reactions were performed in
50-ul volume using SYBR Green PCR Master Mix (Applied Biosystems).
Dissociation curves revealed a single product in all cases. Fold change in
cDNA concentration was calculated using the 224" method (2, 37, 54) with
normalization of input using -tubulin.

Determination of BMD. Spine BMD was measured in vivo using a PIXI-
mus2 bone densitometer (GE Medical System, Lunar) as previously
described (2, 37). The short-term reproducibility of this technique is 1.7%
(55). Data were expressed as percent change from baseline.

WCT analysis. wCT analysis was performed as reported previously with
modification (37, 56). Briefly, after removing soft tissues, femurs were fixed
overnight in 10% neutral buffered formalin, washed twice in PBS, and stored
in 70% ethanol at 4°C until analysis. uCT scanning and analysis were per-
formed by a technician blinded to the grouping of animals using a Scanco
uCT-40 (SCANCO Medical). The primary spongiosa (0.5 mm from the
growth plate and extending 0.8 mm proximally) and secondary spongiosa
(0.5 mm from the growth plate and extending 0.5 mm distally) within the
endosteal borders of distal femurs were selected for trabecular analysis.
Bones were scanned at a resolution of 12 um; tomographic images were
obtained at conditions of 70 KV and 114 pA by collecting 500 projections
each rotation at 200-ms integration time; and reconstruction of 3D images
was performed using standard convolution back-projection algorithms with
Shepp and Logan filtering and rendered within a 12.3-mm field of view at a
discrete density of 578,704 voxels/mm?. BV/TV was calculated by measuring
3D distances directly in the trabecular network. One high-resolution (6 um)
3D image was generated for 1 representative sample from each group cluster-
ing closest to the average indices in the histomorphometric analysis.

Serum CTXs and osteocalcin measurements. Serum CTX levels, a specific mark-
er of bone resorption, were determined using a mouse-specific ELISA assay
according to the manufacturer’s protocols (Nordic Bioscience Diagnostics).
Serum osteocalcin levels, a specific marker for bone formation, were measured
using a Rat-MID Osteocalcin ELISA kit (Nordic Bioscience Diagnostics).

Flow cytometry. Flow cytometry was performed as described previously
(45), using whole spleen cells triple-labeled with anti-RANKL-conjugated
PE (BioLegend) or anti-TNF-a-conjugated PE, anti-CD4-conjugated APC,
and anti-CD8-conjugated peridinin-chlorophyll-protein (PerCP) Abs (BD
Biosciences — Pharmingen). Spleen cells were also triple labeled with anti-
CD69-conjugated FITC, anti-CD4-conjugated APC, and anti-CD8-con-
jugated PerCP (BD Biosciences — Pharmingen). Nonspecific staining was
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assessed using FITC-, APC-, PerCP-, or PE-conjugated isotype-matched
normal IgG Abs (BD Biosciences — Pharmingen). Cells were analyzed on a
FACScan flow cytometer (BD).

Antigen presentation activity assay. Antigen presentation was measured as
described previously (2, 37). Briefly, T cells from OT-II mice on a C57BL/6
background were purified and cultured for 10 days in RPMI-1640 contain-
ing 10% FBS, 40 U/ml IL-2 (R&D Systems), and 0.5 mg/ml OVA. BMMs
(5 x 10*/well) were purified from the BM and y-irradiated (20 Gy) and
cocultured in a 96-well plate for 72 hours with T cells at a ratio of 1:10 in
RPMI-1640 medium containing 10% FBS and 0.5 mg/ml OVA. T cell pro-
liferation induced by macrophage antigen presentation was quantitated by
[*H]thymidine (0.5 uCi/well; Amersham Biosciences) incorporation, added
during the last 18 hours of culture. Cells were harvested using a Cell Har-
vester (Skatron), and thymidine incorporation determined on a Packard
Tri-Carb 4640 Liquid Scintillation Counter.

Cytokine assays. T cells were harvested using MACS MicroBeads coupled
to anti-CD90 (Thy1.2) Abs, as described previously (2), and cultured for 72
hours in the presence of 100 ng/ml PMA (Sigma-Aldrich) and 100 ng/ml
ionomycin (Sigma-Aldrich). The levels of TNF-a, IFN-y, and RANKL in the
culture media were determined by ELISA (R&D Systems).

Statistics. All cross-sectional data were analyzed by ANOVA, as well as
Kruskal-Wallis test for data not normally distributed. Prospective data
were analyzed by ANOVA for repeated measures. Multiple comparisons
tests were performed by Fisher’s protected least-significant-difference test
and Tukey’s honestly significant difference tests. Simple comparisons were
made using unpaired 2-tailed Student’s ¢ test. P values less than or equal to
0.05 were considered significant.
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