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R E S EARCH ART I C L E
BONE D I S EASE
T Cell Costimulation Molecules CD80/86 Inhibit
Osteoclast Differentiation by Inducing the
IDO/Tryptophan Pathway
Aline Bozec,1* Mario M. Zaiss,1,2* Rosebeth Kagwiria,1 Reinhard Voll,3 Manfred Rauh,4

Zhu Chen,1 Sandra Mueller-Schmucker,1 Richard A. Kroczek,5 Lucie Heinzerling,6 Muriel Moser,7

Andrew L. Mellor,8 Jean-Pierre David,9 Georg Schett1†
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Bone resorption is seminal for the physiological remodeling of bone during life. However, this process needs to
be strictly controlled; excessive bone resorption results in pathologic bone loss, osteoporosis, and fracture. We
describe a control mechanism of bone resorption by the adaptive immune system. CD80/86, a pair of molecules
expressed by antigen-presenting cells and involved in T cell costimulation, act as negative regulator for the
generation of bone-resorbing osteoclasts. CD80/86-deficient mice were osteopenic because of increased oste-
oclast differentiation. CD80/86-deficient osteoclasts escaped physiological inhibition by CTLA-4 or regulatory T cells.
Mechanistically, engagement of CD80/86 by CTLA-4 induced activation of the enzyme indoleamine 2,3-dioxygenase
(IDO) in osteoclast precursors, which degraded tryptophan and promoted apoptosis. Concordantly, IDO-deficient
mice also showed an osteopenic bone phenotype with higher numbers of osteoclast precursors and osteoclasts.
Also, IDO-deficient mononuclear cells escaped the anti-osteoclastogenic effect of CTLA-4. This molecular mechanism
was also present in humans because targeting CD80/86 by abatacept, a CTLA-4–immunoglobulin fusion protein,
reduced, whereas blockade of CTLA-4 by ipilimumab antibody enhanced, the frequency of peripheral osteoclast
precursors and osteoclastogenesis. In summary, these data show an important role of the adaptive immune system,
in particular T cell CD80/86 costimulation molecules, in the physiological regulation of bone resorption and pres-
ervation of bone mass, as well as affect the understanding of the function of current and future drugs fostering or
blocking the effects of CTLA-4 in humans.
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INTRODUCTION

Bone is continuously remodeled during life. This process controls
skeletal growth during adolescence, adaptation of bone to physical
demands in adulthood, and bone loss during aging. Bone remodel-
ing is influenced by the number and activity of bone-degrading os-
teoclasts, which mobilize calcium and cleave the bone matrix (1, 2).
Although physiologically indispensible, osteoclast activity needs to
be tightly controlled under physiological circumstances; increased
bone resorption is a hallmark of pathological bone loss in humans,
such as postmenopausal osteoporosis and bone loss during inflam-
matory disease.

One of the central concepts of immune-bone interactions, also
termed osteoimmunology, is the interaction between T cells and oste-
oclast lineage cells. The immune system is one of the key factors in-
fluencing osteoclast activity in the body. Some of the most potent
triggers for osteoclast differentiation, such as RANKL [receptor ac-
1Department of Internal Medicine 3, Rheumatology and Immunology, University of
Erlangen-Nuremberg, Erlangen 91054, Germany. 2Global Health Institute, Ecole Poly-
technique Fédérale de Lausanne, Lausanne 1015, Switzerland. 3Department of Rheu-
matology and Clinical Immunology, University of Freiburg, Freiburg 79085, Germany.
4Department of Paediatrics, University of Erlangen-Nuremberg, Erlangen 91054, Germany.
5Molecular Immunology, Robert Koch Institute, Berlin 13353, Germany. 6Department of
Dermatology, University of Erlangen-Nuremberg, Erlangen 91054, Germany. 7Depart-
ment of Molecular Biology, Université Libre de Bruxelles, Gosselies 6041, Belgium.
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tivator of nuclear factor kB (NF-kB) ligand], are expressed by T lym-
phocytes, thereby linking the adaptive immune system to bone resorption
(3–5). Furthermore, certain mediators synthesized by T lymphocytes,
like interleukin-17 (IL-17) and interferon-g (IFN-g), are among the
most potent cytokine modulators for osteoclast differentiation (6, 7).
Current concepts thus suggest that immune activation and inflamma-
tion induce the differentiation of bone-resorbing osteoclasts, which is
well in accordance with the observation of rapid bone loss and the
development of premature osteoporosis during inflammatory dis-
ease (8). Additional observations showed that osteoclast function is
governed by antibodies, Fc receptors, and related molecules, which
further underlines the tight link between the adaptive immune system
and bone resorption in mammals (9–11). Therefore, it can be hy-
pothesized that the crosstalk between osteoclasts and T cells shares
the principles of the interaction of antigen-presenting cells (APCs)
and T lymphocytes—a pivotal checkpoint determining immune acti-
vation or immune regulation. Notably, professional APCs, such as
dendritic cells and macrophages, share a common cell lineage with
osteoclasts (12, 13). APCs provide two essential signals for T cell ac-
tivation: (i) the complex of the antigen and major histocompatibility
complex (MHC) molecules, which is recognized by the T cell receptor,
and (ii) the binding of costimulation molecules to respective receptors
on the surface of the T cells. Only the combination of both signals
triggers the activation of T cells. One of the most potent costimulation
molecule complexes on the surface of APCs is CD80 and CD86, which
binds to CD28 expressed on T lymphocytes (14, 15). This process
needs a tight regulation because continuous costimulation of T cells
is deleterious. Thus, surface molecules on T cells, such as CTLA-4,
ienceTranslationalMedicine.org 7 May 2014 Vol 6 Issue 235 235ra60 1
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effectively block T cell costimulation by interrupting CD80/86-CD28
interactions (16). Furthermore CTLA-4–mediated blockade of costi-
mulation also appears to provide a feedback signal to the APC, mod-
ulating their function (17).

It is as yet unknown how osteoclast lineage cells may be affected
by the costimulation system in a similar manner to professional APCs.
That costimulation molecules influence the activation state of not only
T cells but also APCs (17) suggests that the crosstalk between T cells and
osteoclasts may go beyond the expression of pro- and anti-osteoclastogenic
cytokines (5, 7, 18, 19). Most importantly, the engagement of CD80/86
expressed on the surface of osteoclast lineage cells may constitute a mech-
anism by which the differentiation state of osteoclast linage cells could
be regulated in a physiological manner by the immune system.

We therefore investigated the role of CD80/86 and other molecules
involved in T cell costimulation for osteoclast differentiation and bone
composition by characterizing the skeletal phenotype of costimulation
mutants, defining the mechanism by which costimulation molecules
influence osteoclast differentiation and translating these findings into
human diseases, where therapeutic modulation of costimulation block-
ade is currently used.
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RESULTS

Bone mass is decreased and osteoclast numbers are
increased in CD80/86−/− mice
Hypothesizing that molecules involved in T cell costimulation affect
osteoclast differentiation and bone composition, we first searched
for a bone phenotype in various genetic mutants for essential costimu-
lation molecules. Micro–computed tomography (mCT) analysis of the
tibial bones of costimulation mutants showed profound osteopenia in
CD80/86−/− mice compared to littermate controls reflected by a signif-
icantly lower bone volume and lower trabecular number (Fig. 1A).
The finding of substantial bone loss in CD80/86−/− mice was surpris-
ing considering that these animals are highly protected from chronic
inflammatory disease because of defective costimulation. Further his-
tological analysis showed that the bone phenotype of CD80/86−/−mice
was based on an increased osteoclast number and osteoclast-covered
bone surface (Fig. 1B), suggesting enhanced osteoclastogenesis and bone
resorption as the reason for the osteopenic phenotype of CD80/86−/−

mice. In contrast, osteoblast counts were normal (fig. S1). To define
whether bone changes are specific to CD80/86 expression, we additional-
ly analyzed the bone phenotype of several other mutants for costimula-
tion molecules. Thus, mice deficient for CD28 (CD28−/−), the receptor
for CD80/86, as well as the costimulation molecules ICOSL and ICOS
(ICOSL−/− and ICOS−/−) (Fig. 1C) did not show a specific bone pheno-
type and also did not display any alterations in osteoclast numbers (fig.
S2) compared to respective wild-type littermate control mice.

Engagement of CD80/86 inhibits osteoclast differentiation
Because histomorphometry of bones of CD80/86−/− mice showed a
hyperresorptive phenotype, we suspected alterations in osteoclast dif-
ferentiation associated with costimulation signals. We therefore isolated
monocytes from the bone marrow of CD80/86−/− mice and respective
wild-type controls and differentiated them into osteoclasts. Further-
more, we also isolated monocytes from all other costimulation molecule
mutant mice shown in Fig. 1C. Monocytes from CD80/86−/− mice
showed normal differentiation into osteoclasts, if cells were cultured
www.Sc
in the presence of M-CSF (macrophage colony-stimulating factor)
and RANKL (Fig. 2A). However, CD80/86−/− monocytes were com-
pletely resistant to dose-dependent inhibition of osteoclastogenesis by
either soluble CTLA-4 or coculture with Foxp3-positive regulatory T
cells (Tregs), constituting a cellular membrane-bound source of CTLA-4
(Fig. 2, A to C). These data suggest that engagement of CD80/86 by T
cells and CTLA-4 is an important negative regulatory signal for osteoclast
differentiation.

Furthermore, negative regulation of osteoclast differentiation was
specifically dependent on CD80/86 because the absence of other mol-
ecules expressed on osteoclast precursors and involved in T cell
Fig. 1. Low bone mass in CD80/86-deficient mice. (A) Three-dimensional
reconstructions of mCT scans of the proximal tibia of CD80/86−/− mice

and wild-type (WT) littermate controls. Quantification of bone volume
per tissue volume (BV/TV) and trabecular number (n = 10 mice per group).
(B) Tartrate-resistant acid phosphatase (TRAP) stainings of tibial sections of
CD80/86−/− mice and WT littermate controls (left: original magnification
×10, right: original magnification ×40). Quantification of osteoclast num-
bers (Oc.N) and osteoclast-covered surface per bone surface (Oc.S/BS)
(n = 10). (C) Results from mCT of the tibial bone showing bone volume
per tissue volume (BV/TV), trabecular number (Tb.N), trabecular thick-
ness (Tb.Th), and connectivity density (Conn.D) in the different costimu-
lation mutants (n = 10).
ienceTranslationalMedicine.org 7 May 2014 Vol 6 Issue 235 235ra60 2
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costimulation, such as ICOSL, did not affect CTLA-4– or Treg-mediated
inhibition of osteoclastogenesis (Fig. 2, D to F). Also, cells derived from
CD28 or ICOS mutants did not show an overt differences in osteoclast
differentiation compared to wild-type controls (Fig. 2, D to F).

Indoleamine 2,3-dioxygenase expression is induced in
osteoclast precursors upon challenge with CTLA-4
We next aimed to define the molecular mechanism by which engage-
ment of CD80/86 by CTLA-4 suppresses osteoclastogenesis. CTLA-4
has been previously described to induce indoleamine 2,3-dioxygenase
(IDO) expression in dendritic cells upon binding to CD80/86 (17).
IDO plays a role in mediating the immune-suppressive effects of Tregs
by catalyzing the metabolism of tryptophan to kynurenine and induc-
ing apoptosis (20, 21). In our experiments, IDO mRNA expression was
significantly induced in osteoclast precursors upon coculture with Treg
or upon challenge with CTLA-4 (Fig. 3A). In contrast, IDO mRNA ex-
pression was not induced by CTLA-4 in CD80/86-deficient cells
www.Sc
(Fig. 3B). Furthermore, IDO protein expression robustly increased in
osteoclast precursors after challenge with CTLA-4, whereas only very
moderate effect was observed in CD80/86-deficient cells (Fig. 3B), sug-
gesting that CD80/86 engagement by CTLA-4 leads to induction of
IDO mRNA and protein expression in osteoclast precursor cells.

CTLA-4 induces tryptophan degradation and apoptosis
of osteoclast precursor cells
To address whether alterations in IDO expression by CTLA-4 are also
linked to metabolic changes in osteoclast lineage cells, we made use of
the enzymatic activity of IDO, which degrades the amino acid trypto-
phan, leading to increased levels of its metabolite kynurenine and
thereby altering the ratio between kynurenine and tryptophan (22, 23).
Indeed, mass spectrometry–based measurement of kynurenine and
tryptophan in the cell culture supernatants showed an increase of the
kynurenine/tryptophan ratio after challenge of osteoclast precursors
with either Tregs or CTLA-4 (Fig. 3C). Furthermore, induction of IDO
activity and tryptophan catabolism was associated with enhanced
apoptosis in osteoclast precursors as shown by enhanced staining with
annexin V as well as increased expression of cleaved caspase-3 (Fig.
3D and fig. S3). CTLA-4–mediated induction of IDO activity and
increased apoptosis were not observed in CD80/86-deficient osteoclast
precursors (Fig. 3D). In contrast, no significant changes in osteoclast
precursor proliferation of wild-type and CD80/86-deficient mice were
observed (fig. S4). Thus, these findings suggest that engagement of
CD80/86 controls the pool of osteoclast lineage cells and thereby
serves as checkpoint for osteoclast numbers.

CTLA-4–CD80/86–mediated IDO activation is NF-kB–dependent
We also performed specific knockdown experiments to show that
CTLA-4–CD80/86–mediated apoptosis of osteoclast lineage cells
indeed depends on IDO. When osteoclast precursors were transfected
with small interfering RNAs (siRNAs) that efficiently suppressed
CTLA-4–induced IDO expression (Fig. 3E), the suppressive effect of
Tregs and CTLA-4 on osteoclastogenesis was neutralized as shown by
complete rescue of osteoclast differentiation in the presence of CTLA-
4 and partial rescue in the presence of Tregs (Fig. 3F). Considering the
functional importance of IDO in this process, we further investigated
the mechanism of its induction upon engagement of CD80/86 by
CTLA-4. Previous data suggested that IDO could be activated by
the noncanonical NF-kB pathway (17). Furthermore, we could show
that CTLA-4 induces the expression of both IKKa [IkB (inhibitor of
NF-kB) kinase a] and NIK (NF-kB–inducing kinase) in osteoclast
precursor cells (Fig. 3G). We therefore attempted to inhibit CTLA-
4–mediated IDO activation by blocking the noncanonical NF-kB
pathway. Whereas IKKa-targeted siRNA did not significantly inhibit
CTLA-4–induced IDO protein expression, inhibition of NIK showed
a robust decrease in IDO protein expression associated with a signif-
icant reduction of IDO activity in osteoclast precursors as measured
by the decrease in kynurenine/tryptophan ratio resembling tryptophan
degradation (Fig. 3, H and I).

IDO-deficient (IDO−/−) mice are osteopenic with high number
of osteoclast precursor cells
To further support the role of IDO in controlling osteoclast numbers
in vivo, we analyzed the bone phenotype of IDO−/− mice. mCT analy-
ses revealed significant reduction of trabecular bone volume, trabecu-
lar number, and connectivity in IDO−/− mice compared to littermate
Fig. 2. Resistance of CD80/86-deficient osteoclasts to inhibition by
T and CTLA-4. (A) TRAP staining of osteoclast cultures from WT
regs

controls and CD80/86−/− mice cultures in the absence (control) or pres-
ence of Tregs (Treg/osteoclast precursor ratio = 1:5). (B) Quantification of
osteoclastogenesis in cocultures of osteoclast precursors (OCP) and var-
ious numbers of Tregs; control indicates coculture with activated CD4+ T
cells. (C) Quantification of osteoclastogenesis after addition of various
concentrations of CTLA-4. (D) Cocultures of WT osteoclast precursors
with Tregs from CD28−/− mice. (E) Cocultures of ICOSL-deficient osteo-
clast precursors with Tregs from WT mice. (F) Cocultures of WT osteoclast
precursors with Tregs from ICOS−/− mice (n = 5). *P < 0.05; **P < 0.01.
ienceTranslationalMedicine.org 7 May 2014 Vol 6 Issue 235 235ra60 3
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controls (Fig. 4, A and B). When analyzing the number
of osteoclast precursor cells in the spleen and the bone
marrow, we found them significantly increased in IDO−/−

mice compared to controls (Fig. 4C). Very similar results
were obtained when analyzing frequencies of osteoclast
precursor cells in the spleen and bone marrow of CD80/
86−/− mice (fig. S5). Osteoclast precursor cells from IDO−/−

mice had no higher intrinsic osteoclastogenic poten-
tial compared to cells from wild-type controls on the in-
dividual cell level (Fig. 4D). However, on the basis of
the higher frequency of osteoclast precursors, the mono-
nuclear cell fraction from the spleen of IDO−/− mice
showed significantly higher osteoclastogenic potential
than those from wild-type controls (Fig. 4E). Further-
more, when mononuclear cells from wild-type controls
and IDO−/− mice were cultured under osteoclastogenic
conditions, coculture with Tregs or addition of CTLA-4
led to a dose-dependent inhibition of osteoclast differ-
entiation only in wild-type but not in IDO-deficient cells
(Fig. 4F).

CTLA-4 treatment leads to reduced osteoclast
precursor cell frequency and osteoclastogenesis
in humans
To translate these findings into the human situation, we
considered that the frequency of osteoclast precursors
in the peripheral blood and, in consequence, also os-
teoclastogenesis may be impaired after exposure of
humans to CTLA-4. Abatacept, a CTLA-4–Fc fusion
protein, is approved for the treatment of rheumatoid
arthritis (24). We therefore investigated osteoclast pre-
cursor frequency in the peripheral blood of rheumatoid
arthritis patients treated with abatacept and compared it
to untreated, methotrexate-treated, and tumor necrosis
factor (TNF) blocker–treated rheumatoid arthritis pa-
tients as well as healthy controls. The frequency of osteo-
clast precursors was significantly higher in rheumatoid
arthritis patients than in healthy controls (Fig. 5A). Where-
as methotrexate treatment and TNF inhibition led to a
slight reduction of osteoclast precursors, we found the
most pronounced reduction in abatacept-treated rheu-
matoid arthritis patients, in whom osteoclast precursor fre-
quency was indistinguishable from the one observed in
healthy controls (Fig. 5A). Furthermore, culture of mono-
nuclear cells from these patients under osteoclastogenic
conditions revealed similar results: Rheumatoid arthritis
patients showed significantly (P < 0.01) higher osteoclas-
togenic potential than healthy controls, which was slightly
lower in methotrexate- and TNFi-treated rheumatoid ar-
thritis patients and fully reversed by abatacept treatment
(Fig. 5, A to C). In vitro, exposure of human osteoclast pre-
cursors to abatacept was followed by rapid down-regulated
expression of osteoclast marker genes such as c-Fos after
30 min, NFATc1 and C-Fms (CD115) after 1 hour, and
RANK after 3 hours (Fig. 5D). Finally, we also had the
opportunity to analyze some patients before exposure
and 4 weeks after exposure to abatacept: Analysis of
osteoclast precursor frequency in the peripheral blood
Fig. 3. CD80/86-mediated IDO induction mediates apopto-
sis of osteoclast precursors. (A) Reverse transcription polymer-
ase chain reaction (RT-PCR) for IDO in WT osteoclast precursors
stimulated with Tregs (1:5 ratio) or CTLA-4 (10 mg/ml) (n = 5).
(B) RT-PCR for IDO in CD80/86−/− osteoclast precursors (n = 5)
and representative Western blot for IDO expression in WT
and CD80/86−/− osteoclast precursors stimulated with CTLA-4
(10 mg/ml) (n = 5). (C) Mass spectrometry for tryptophan and
kynurenine in WT osteoclast precursors stimulated with Tregs
(1:5 ratio) or CTLA-4 (10 mg/ml) (n = 5). (D) Fluorescence-activated cell sorting (FACS)
analysis for apoptotic annexin V–positive osteoclast precursors after stimulating WT
and CD80/86−/− osteoclast precursors stimulated with Treg (1:5 ratio) or CTLA-4 (10 mg/ml)
(n = 5). (E) Representative Western blot for IDO expression in WT osteoclast precursors
stimulated with CTLA-4 (10 mg/ml) and exposed to three different siRNAs for IDO (siRNA
1-3). (F) Numbers of osteoclasts in cultures of WT osteoclast precursors stimulated with either
Tregs (1:5 ratio) or CTLA-4 (10 mg/ml) together with control and IDO-specific siRNA (siRNA 1-3)
(n = 5). (G) RT-PCR for IKKa (left) and NIK (right) in WT osteoclast precursors stimulated
with CTLA-4 (10 mg/ml) (n = 5). (H) Western blot for IDO expression in WT osteoclast precur-
sors stimulated with CTLA-4 (10 mg/ml) and exposed to control siRNA or siRNA for IKKa or
NIK (siRNA 1-3). (I) Mass spectrometry for tryptophan and kynurenine in WT osteoclast
precursors stimulated with CTLA-4 (10 mg/ml) and control siRNA or siRNA for IKKa, NIK,
or IDO (siRNA 1-3) (n = 5).
nalMedicine.org 7 May 2014 Vol 6 Issue 235 235ra60 4
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revealed a significant decrease 4 weeks after abatacept exposure, and
similar results were obtained for osteoclast differentiation potential af-
ter culturing cells under osteoclastogenic conditions (Fig. 5E).

Blockade of CTLA-4 increases osteoclast precursors and
osteoclastogenesis in humans
Having shown that CTLA-4 treatment reduces osteoclast precursor
frequency and the osteoclastogenic potential of PBMCs in humans, we
questioned whether blockade of CTLA-4 might yield the opposite result.
We made use of the opportunity that aside from administration of
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Fig. 4. IDO−/−mice are osteopenic with high numbers of osteoclast pre-
cursors and osteoclasts. (A) Two- and three-dimensional reconstructions

of mCT scans of the proximal tibia of IDO−/− mice and WT littermate controls.
(B) Quantification of bone volume per tissue volume (BV/TV), trabecular
number (Tb.N), trabecular thickness (Tb.Th), and connectivity density
(Conn.D) (n = 10). (C) FACS analysis of osteoclast precursor frequency in
the spleens (left panel) and the bone marrow (right panel) from IDO−/−

mice and WT littermate controls (n = 5). (D) Osteoclast differentiation
assay from whole spleen cells of IDO−/− mice and WT littermate controls
showing the number of TRAP-positive multinucleated osteoclasts (n = 5).
(E) Osteoclast differentiation assay from the same number of CD11b+CD115+

monocytes from the spleens of IDO−/−mice andWT littermate controls (n = 5).
(F) Numbers of osteoclasts in cultures of IDO−/− and WT osteoclast precursors
stimulated with either Tregs or CTLA-4 (n = 5).
Fig. 5. CTLA-4 regulates human osteoclast precursor numbers and
osteoclastogenesis. (A) Frequency of circulating CD14+/CD115+ osteoclast

precursors (left) and circulating CD11b+/CD115+ osteoclast precursors (right)
among peripheral monocytes in healthy individuals (black; n = 10) and un-
treated (red; n = 15), methotrexate-treated (green; n = 17), TNF inhibitor
(TNFi)–treated (blue; n = 17), and abatacept-treated (CTLA-4, purple; n = 17)
rheumatoid arthritis (RA) patients. (B) Number of TRAP-positive multi-
nucleated osteoclasts after culture of peripheral blood mononuclear cells
(PBMCs) from healthy individuals (black; n = 10) and untreated (red; n = 15),
methotrexate-treated (green; n = 17), TNFi-treated (blue; n = 17), and
abatacept-treated (CTLA-4, purple; n = 17) rheumatoid arthritis patients
with M-CSF and RANKL for 2 weeks. (C) Real-time PCR of osteoclast pre-
cursors stimulated with M-CSF and RANKL in the absence (white) or presence
(black) of abatacept (CTLA-4). BL, baseline (n = 3). (D) Left: Representative
TRAP stainings of osteoclasts from rheumatoid arthritis patients before and
after treatment with abatacept (CTLA-4). Right: Quantification of osteoclast
precursor cell frequency and osteoclast numbers before and after abatacept
(CTLA-4) (n = 7).
ienceTranslationalMedicine.org 7 May 2014 Vol 6 Issue 235 235ra60 5
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CTLA-4, also inhibition of CTLA-4 is in clinical use. Thus, ipilimumab,
a neutralizing antibody against CTLA-4, fosters the immune response
and is used for the treatment of advanced stages of melanoma-type skin
cancer (25). Ipilimumab-treated patients had significantly higher fre-
quency of osteoclast precursors than controls, contrasting the effects
of abatacept (Fig. 6A). In osteoclast differentiation cultures, no increase
in osteoclastogenesis was found in ipilimumab- treated patients when
adjusting for the numbers of osteoclast precursors (Fig. 6B). How-
ever, when assessing the overall osteoclast differentiation potential of
PBMCs, ipilimumab-treated patients showed an almost twofold in-
crease in osteoclastogenesis, reflecting the higher number of circulat-
ing osteoclast precursors in these patients (Fig. 6B). Furthermore,
when assessing osteoclast precursor frequency and osteoclastogenesis
before and after exposure to ipilimumab in the same patients, we found
both parameters significantly increased, suggesting that blockade of
CTLA-4 leads to increased osteoclastogenic potential in humans in vivo
(Fig. 6C).
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DISCUSSION

Here, we show that classical immune costimulation pathway regulates
osteoclast differentiation in mouse and human. CD80/86, a pair of
costimulation molecules, mediating binding of APCs to CD28 on T
cells, also represents a strong inhibitory signal for osteoclast differen-
tiation and thereby protects the body from uncontrolled bone resorp-
tion. Engagement of CD80/86 by the regulatory molecule CTLA-4
induces the expression of the enzyme IDO in osteoclast lineage cells,
which is the rate-limiting enzyme of tryptophan catabolism and in-
volved in cell apoptosis. Physiological control of osteoclast differentia-
tion by CD80/86 thereby appears to have direct relevance in medicine
because intervention strategies blocking and fostering CTLA-4–CD80/86
interactions are currently used for the treatment of inflammatory dis-
eases, transplant rejection, and cancer (24, 25).

The crosstalk between monocyte lineage cells, such as macrophages
and dendritic cells, and T cells is one of the central principles of im-
mune activation and regulation. During this process, monocyte lineage
cells provide essential signals to activate T cells: (i) the antigen in com-
plex with MHC molecules for T cell receptor recognition and (ii) cost-
imulatory signals, which are recognized by specific surface receptors
on T lymphocytes. This process is not unidirectional because signals
derived from the T cell lineage, like CTLA-4, provide a negative feedback
loop stopping stimulation of T cells by APC. Whether osteoclas-
togenesis and bone resorption are affected by this costimulation cross-
talk, however, has not been recognized to date. Nonetheless, several lines
of evidence support that osteoclasts share intensive communication with
T lymphocytes like professional APCs. Thus, osteoclasts express MHC
molecules and can serve as APCs (26). Furthermore, osteoclasts share
surface receptors and receptor-ligand interactions with other monocytic
lineages, particularly with dendritic cells, which share common ancestry
with osteoclasts (12, 13). One example is RANK, which is expressed on
both dendritic cells and osteoclasts and allows respective cell responses,
namely, IL-12 expression and osteoclast differentiation, upon engage-
ment of T cell–derived RANKL (19). Finally, the basic principle of os-
teoimmunology is built upon the observation that T cells influence
osteoclast differentiation and activation not only by RANKL but also
by T cell–derived cytokines such as IL-17 acting as activation signal
and IFN-g as suppressive signal (6, 7).
www.Sc
We and others have previously shown that Tregs are potent suppres-
sor of osteoclast differentiation, suggesting that, in addition to IFN-g,
other T cell–derived signals inhibit osteoclast differentiation (27–30).
Fig. 6. Blockade of CTLA-4 in humans increases human osteoclast pre-
cursor number and osteoclastogenesis. (A) Frequency of circulating

CD11b+CD115+ osteoclast precursors (left) and circulating CD14+CD115+

osteoclast precursors (right) among peripheral monocytes in melanoma
patients without ipilimumab (IPI) treatment (white; n = 10) and those re-
ceiving ipilimumab treatment (anti–CTLA-4; n = 10). (B) Number of TRAP-
positive multinucleated osteoclasts after culture of PBMCs from melanoma
patients without ipilimumab treatment (white; n = 10) and those receiv-
ing ipilimumab treatment (n = 10). (C) Osteoclast precursor cell frequency
and osteoclast numbers before and after ipilimumab treatment (anti–
CTLA-4) (n = 8).
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The observation that cell-cell contact is important for suppression of
osteoclastogenesis by Tregs further substantiates the concept that cell-
bound signals involved in monocyte–T cell interaction modulate oste-
oclast differentiation and bone resorption (29). In addition, CTLA-4,
which is preferentially expressed on Tregs and a potent negative regula-
tor of costimulation, has shown to bind to osteoclast precursors, block
their differentiation into osteoclasts, and mitigate inflammatory bone
loss (31). The mechanism, however, by which Tregs and CTLA-4 affect
bone resorption and thereby protect from pathological bone loss re-
mains unclear. Our observation that both genetic and pharmacological
neutralization of CD80/86 completely restored osteoclast differen-
tiation despite the presence of Tregs and CTLA-4 clearly pointed to an
essential regulatory role of this costimulation molecule in osteoclast for-
mation. The physiological importance of this interaction is underlined
by the osteoporotic phenotype of CD80/86−/− mice, which lack the in-
hibitory effect of Tregs on the osteoclast lineage. Therefore, enhanced
osteoclast formation and bone resorption are observed in vivo. This ef-
fect is not redundant, but specific for CD80/86, because the deletion of
other costimulation molecules such as ICOS, ICOSL, and CD28 did not
affect the suppressive effect of Tregs on osteoclasts and did not lead to
any bone phenotype.

The central regulatory role of CD80/86 in osteoclast formation ap-
pears to be linked to the immunomodulatory enzyme IDO, which is
the key enzyme degrading tryptophan. Activation of IDO and trypto-
phan degradation induce T cell tolerance and lead to apoptosis of T
cells as well as monocytes (20–23, 32–35). These effects are regulated
by IDO expression in APCs such as dendritic cells (32). Previous
data have shown not only an association between CD80/86 and
IDO expression in dendritic cells but also up-regulation of IDO by
CTLA-4 (17). We observed that exposure of osteoclasts to either Tregs
or CTLA-4 induced not only expression but also activation of IDO,
represented by the increased level of kynurenine, the major product
of tryptophan catabolism. Induction of IDO in osteoclast progenitors
enhanced osteoclast precursor cell apoptosis. Thereby, IDO induc-
tion and apoptosis elicited by either CTLA-4 or Tregs were strictly
dependent on the expression of CD80/CD86 because no such effects
were observed in CD80/86-deficient osteoclast precursors. Even more
importantly, normal osteoclastogenesis in the presence of CTLA-4 or
Tregs could be restored when IDO was down-regulated by specific in-
hibitory RNAs.

Signaling between CD80/86 and IDO appears to involve the non-
canonical NF-kB pathway. NIK has been shown to play an important
role in the induction of IDO expression in dendritic cells (17). CTLA-
4 led to a robust increase in IKKa and NIK expression in osteoclast
precursors. Down-regulation of NIK abolished the induction of IDO
expression by CTLA-4. These data point to a more regulatory function
of NIK in osteoclastogenesis, particularly in T cell–osteoclast interac-
tions, which does not necessarily contradict previous findings that os-
teoclast differentiation is impaired when NIK is genetically depleted
(36). It is rather conceivable that transient activation of NIK is re-
quired to mediate CD80/86-triggered induction of IDO, which then
modulates tryptophan metabolism and triggers a proapoptotic state
in the osteoclast precursors. Our in vivo data from IDO−/− mice and in
vitro data from IDO-deficient cells support such concept. Thus, IDO−/−

mice show an osteopenic bone phenotype associated high numbers
of peripheral osteoclast precursors and enhanced osteoclast differenti-
ation potential. Neither Tregs nor CTLA-4 was capable of modulating
osteoclastogenesis in IDO-deficient cells, suggesting that the regulatory
www.Sc
effect of CD80/86 on osteoclasts is exclusively mediated by IDO. Thus,
IDO not only affects the communication between cells of the innate im-
mune system and T cells but also regulates bone homeostasis.

Direct clinical implications from these findings arise because mod-
ulators of the CTLA-4–CD80/86 axis are among the most potent im-
munomodulatory and anticancer drugs. Both CTLA-4 agonists and
antagonists are currently used for the treatment of autoimmune dis-
ease and cancer (24, 25). Abatacept, a fusion protein of CTLA-4 and
immunoglobulin G (IgG), is a potent drug for the treatment of rheu-
matoid arthritis, in which it also exerts bone-protective effects (24). In
investigating patients with rheumatoid arthritis, we and others have dem-
onstrated an enhanced frequency of peripheral osteoclast precursors as-
sociated with increased osteoclastogenic potential of PBMCs (37, 38).
Abatacept completely abrogated this increase in osteoclast precursor
frequency in patients with rheumatoid arthritis as well as the pro-
osteoclastogenic state of PBMCs. These findings indicate that CD80/86
also controls human osteoclastogenesis. In accordance with this concept,
the bone-protective effect of abatacept in patients with rheumatoid arthritis
is well documented. On the other hand, ipilimumab, a neutralizing anti-
body against CTLA-4, is successfully used for the treatment of malignant
melanoma. Ipilimumab fosters autoimmunity and, in consequence, anti-
cancer immunity (25). The effect of ipilimumab on osteoclasts was ex-
actly the opposite of that of abatacept, further supporting the role of the
CTLA-4–CD80/86 axis in human bone homeostasis in vivo.

There are a few limitations of this study: Data on bone architecture
in patients treated with abatacept and ipilimumab were not available.
Because of the fact that the target diseases for abatacept and ipilimu-
mab, rheumatoid arthritis and malignant melanoma, respectively, are
associated with bone loss, such studies are important but require rig-
orous control of confounding factors and cutting-edge bone imaging
techniques. Furthermore, bone-protective effects of abatacept in vivo
may not be solely based on regulating osteoclast precursor frequency
but are likely to be additionally enhanced by its blocking effect on T
cell activation and T cell–mediated cytokine production, which have
not been studied here, but have been characterized previously (39).

In summary, our data show a mechanism by which the immune
system protects the bone. CD80/86 and IDO regulate the number and
survival of peripheral osteoclast precursors and the osteoclastogenic
potential of mononuclear cells in both mice and humans. This finding
extends the role of the T cell costimulation system to bone. Thus, im-
mune regulatory processes, which determine the functional state of
dendritic cells as well as T cells, also control the delicate balance of
bone homeostasis by mitigating the process of osteoclast differentia-
tion. On the basis of our data, bone homeostasis becomes even more
closely related to immune homeostasis. These interactions have direct
clinical consequences with respect to bone homeostasis in humans be-
cause modulators of the costimulation system are already used in the
pharmacotherapy of autoimmune disease and cancer.
MATERIALS AND METHODS

Study design
All murine and human samples were analyzed in blinded fashion. The
person investigating the samples was unaware of the genotype of mice
or, in case of human samples, of the patient identity and treatment
status. At least three independent experiments were performed for
all laboratory analyses in this study. For analyzing mouse phenotypes,
ienceTranslationalMedicine.org 7 May 2014 Vol 6 Issue 235 235ra60 7

http://stm.sciencemag.org/


R E S EARCH ART I C L E

 o
n 

M
ay

 9
, 2

01
4

st
m

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

littermate controls were used. For analyzing human phenotypes, con-
secutive patients were enrolled.

Animals
CD80/86−/−, IDO−/−, CD28−/−, ICOS−/−, and ICOSL−/− were main-
tained in C57BL/6 background in a specific pathogen–free facility.
Twelve-week-old female mice were used in all the analyses. All animal
experiments were performed with the agreement of the ethic local
authorities. All experiments were performed using sex-matched mu-
tant and wild-type control littermates.

Micro–computed tomography
The right tibia was prepared and stored in 70% ethanol for mCT anal-
ysis. mCT analyses were done with a commercially available desktop
mCT (mCT35, Scanco Medical AG). The following acquisition param-
eters were used: voltage, 40 kV; x-ray current, 250 mA; exposure time,
5000 ms per projection (720 projections); matrix, 1024 × 1024; voxel
size in reconstructed image, 9 mm. Images were analyzed using a plug-
in programmed for Amira 4.1.2 (Mercury) with the following histo-
morphometric parameters at the metaphyses of the proximal tibiae:
bone volume/total volume, trabecular thickness, trabecular number,
and connectivity density (40).

Bone histology
Mice were treated as described above, and the left tibia was used for
histology. Bones were fixed overnight in 4% formalin and decalci-
fied in EDTA (Sigma) until they were pliable. Serial paraffin sections
(2 mm) were stained for TRAP (Sigma) for the detection of osteoclasts.
All analyses were performed using a microscope (Nikon) equipped
with a digital camera and an image analysis system for performing
histomorphometry (OsteoMeasure, OsteoMetrics).

Isolation and culture of osteoclasts
For osteoclast assays, bone marrow was isolated from CD80/86−/−,
CD28−/−, ICOS−/−, ICOSL−/−, and wild-type mice by flushing femoral
bones with complete a-DMEM (Dulbecco’s modified Eagle’s medi-
um). Osteoclast precursors were then isolated from bone marrow–
derived cell suspensions using CD11b microbeads (Miltenyi Biotec)
according to the manufacturer’s instructions. The purity of isolated
monocytes was assessed by flow cytometric analysis using CD11b-
FITC (fluorescein isothiocyanate)–labeled antibodies (Miltenyi Biotec).
CD11b+ cells were plated in flat-bottomed 96-well plates (2.5 × 105 per
well) or 48-well plates (5 × 105 per well) in a-MEM (minimum essential
medium) supplemented with 10% fetal calf serum, M-CSF (30 ng/ml),
and RANKL (50 ng/ml) (all R&D Systems). TRAP staining was per-
formed after 5 days, osteoclasts were identified by purple color and
the presence of three or more nuclei, and osteoclast precursors were
identified by purple color and the presence of one or two nuclei. To
assess the effect of CTLA-4 and Tregs on osteoclast differentiation,
cultures were performed in the presence of different doses of CTLA-4
(0.1 to 100 mg/ml) (Bristol-Myers Squibb) or various numbers of acti-
vated CD4+CD25+Foxp3+ Tregs (5 × 104 to 5 × 103 per well correspond-
ing to a T cell/APC ratio of 1:5 to 1:50). Tregs were isolated from the
spleens of sex- and age-matched wild-type mice by microbead-based
Regulatory T Cell Isolation Kit (Miltenyi Biotec) according to the man-
ufacturer’s instructions. The purity and functionality of the purified cells
were analyzed as previously described (29).
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Immunoblotting
Cells from above-mentioned osteoclast cultures were lysed in Laemmli
buffer (Bio-Rad), and proteins were separated by electrophoresis in
10% SDS–polyacrylamide gels and blotted onto polyvinylidene di-
fluoride membranes (Millipore). After being blocked with 5% dry milk
prepared in phosphate-buffered saline (PBS) containing 0.1% Tween
20, the membranes were incubated with monoclonal antibody against
IDO (Millipore). Detection was done with peroxidase-conjugated anti-
bodies (all Promega) and chemiluminescence reagent (ECL) (Thermo
Scientific).

Real-time PCR
RNA was isolated from nonsilencing and knockdown cells using RNeasy
Kit (Qiagen) according to the manufacturer’s protocol. Then, comple-
mentary DNA (cDNA) was synthesized from 1 mg of RNA using iScript
cDNA Synthesis RT-PCR kit (Bio-Rad) according to the user manual.
The resulting cDNA was then amplified by quantitative real-time PCR
using iQ SYBR Green PCR Supermix (Bio-Rad) and iCycler iQ Real-
Time PCR Detection System (Bio-Rad). cDNA levels were normalized
to actin. The following primers were used: ido, 5′-CGGACTGAGAGGA-
CACAGGTTAC-3′ and 5′-ACACATACGCCATGGTGATGTAC-3′;
nik , 5′-TGCGGAAAGTGGGAGATCCTGAAT-3′ and 5′-
TGTACTGTTTGGACCCAGCGATGA-3′; IKKa, 5′-GACCGTGAACA-
TCCTCTGACATGTG-3′ and 5′-GCTCTGGTCCTCATTTGCTTCACG-3′;
actin, 5′-TAAAACGCAGCTCAGTAACAGTCCG-3′ and 5′-TGGAATCC-
TGTGGCATCCATGAAAC-3′.

Tryptophan/kynurenine measurement
Tryptophan and kynurenine were determined simultaneously using
liquid chromatography–tandem mass spectrometry, with atmospheric
pressure chemical ionization in the positive ion mode (API 4000 Q
Trap, Applied Biosystems, MDS Sciex). Ten microliters of the samples
and calibrators was deproteinized with sulfosalicylic acid (10%). Liq-
uid chromatography was performed using a Chromolith column (RP-
18e, 100 × 3.0 mm) (Merck) at a flow rate of 1 ml/min with 2 mM
ammonium acetate/methanol (78:22, v/v; pH 2.0). The total run time
was 2.5 min. Sample analysis was performed in the multiple reaction
monitoring mode with a dwell time of 100 ms per channel using
the following transitions for quantification (qualifier transition):
mass/charge ratio (m/z) 205.2/187.8 (205.2/146.0) tryptophan, m/z
209.2/191.7 (209.2/146.0) kynurenine, m/z 210.2/192.8 tryptophan-
d5 (internal standard).

Transfection with siRNA
Osteoclast precursors were transfected in Opti-MEM I Reduced Serum
Medium (Invitrogen) with IDO-, NIK-, or IKKa-specific siRNA (Stealth
Select RNAi, Invitrogen) or a negative control siRNA (Stealth RNAi
Negative Control Duplexes) using Lipofectamine RNAiMAX (Invitrogen)
for 6 hours according to the manufacturer’s instructions. Transfection
efficiency was assessed by BLOCK-iT Alexa Fluor Oligo (Invitrogen)
positive control.

Flow cytometry
Isolated murine spleen cells (1 × 106) were washed with 1 ml of PBS
containing 0.1% bovine serum albumin and incubated with saturating
amounts of FITC- or phycoerythrin-labeled antibodies against CD11b
(BD Biosciences) and CD115 (c-Fms, M-CSF receptor) (BioLegend).
ienceTranslationalMedicine.org 7 May 2014 Vol 6 Issue 235 235ra60 8

http://stm.sciencemag.org/


R E S EARCH ART I C L E

 o
n 

M
ay

 9
, 2

01
4

st
m

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

Cells were also stained with isotype control antibodies and analyzed by
FACSCanto flow cytometer (BD Biosciences).

Human osteoclast cultures
PBMCs were isolated from 10 ml of EDTA blood of healthy donors,
rheumatoid arthritis patients, and melanoma patients using a Ficoll
gradient (Lymphoflot, Bio-Rad) and incubated in 48-well plates (7.5 ×
105 cells per well) in a-MEM (Gibco) with 1% penicillin-streptomycin
(Gibco). After 3 hours, the cells were washed for monocyte enrichment
and cultivated for 14 days in a-MEM supplemented with 10% heat-
inactivated fetal bovine serum (BiochromAG), 1% penicillin/streptomycin
(Gibco), M-CSF (10 ng/ml), and submaximal concentrations of RANKL
(1 ng/ml) (both PeproTech). Every 3 days, the medium was replaced with
fresh medium. Osteoclast differentiation was evaluated by staining cells for
TRAP using an Acid Phosphatase, Leukocyte Kit (Sigma-Aldrich) accord-
ing to the manufacturer’s instructions.

Human osteoclast precursors
Blood samples (20 ml) from healthy control subjects and patients with
rheumatoid arthritis or malignant melanoma were collected in EDTA-
containing Vaccutubes. Ficoll density gradient centrifugation was used
to isolate mononuclear cells. Osteoclast precursor numbers were as-
sessed with FACS by applying antibodies against CD11b or CD14
and the M-CSF receptor. The cells were also stained with isotype con-
trol antibodies and analyzed with a FACSCanto flow cytometer (BD
Biosciences). Double-positive cells were quantified.

Human RNA expression analysis
PBMCs were isolated from patients with rheumatoid arthritis (treated
with methotrexate) and stimulated with IgG (blue bars) or abatacept
(red bars) for 30 min, 1 hour, 3 hours, or 12 hours. Gene expression was
measured by quantitative real-time PCR using the following primers:
nfatc1, 5′-GTCCTGTCTGGCCACAAC-3′ and 5′-GGTCAGTTTT-
CGCTTCCATC-3′; c-fos, 5′-CACTCCAAGCGGAGACAGAC-3′
and 5′-AGGTCATCAGGGATCTTGCAG-3′; rank, 5′-TCCTCCACGG-
ACAAATGCAG-3′ and 5′-CAAACCGCATCGGATTTCTCT-3′; csfr1,
5′-CTCTGCAGGAGCCCACACGC-3′ and 5′-AGCGGACCTGG-
TACTTGGGCT-3′; b-2-microglobulin, 5′-GATGAGTATGCCTG-
CCGTGTG-3′ and 5′-CAATCCAAATGCGGCATCT-3′.

Statistical analysis
All statistical analyses were performed with Student’s t test or one-way
analysis of variance (ANOVA) followed by Tukey’s test and are repre-
sented as means ± SEM unless otherwise stated. *P < 0.05; **P < 0.01;
***P < 0.001.
SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/6/235/235ra60/DC1
Fig. S1. No difference in osteoblast-related bone parameters between wild-type mice and
CD80/86−/− mice.
Fig. S2. No difference in osteoclast-related bone parameters between wild-type mice and cost-
imulation mutants.
Fig. S3. Effects of CTLA-4 on osteoclast precursor apoptosis.
Fig. S4. Proliferation of osteoclast precursors.
Fig. S5. Osteoclast precursor numbers in CD80/86−/− mice.
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