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ABSTRACT 

 

TNFα and IL-17 secreted by proinflammatory T-cells (TEFF) promote bone erosion by activating 

osteoclasts.  We previously demonstrated that in addition to bone resorption, osteoclasts act as 

antigen presenting cells to induce FoxP3 in CD8 T-cells (TcREG).  The osteoclast-induced 

regulatory CD8 T-cells limit bone resorption in ovariectomized mice (a murine model of 

postmenopausal osteoporosis).  Here we show that while low-dose RANKL maximally induces 

TcREG, via Notch signaling pathway, to limit bone resorption high-dose RANKL promotes bone 

resorption.  In vitro, both TNFα and IL-17, cytokines that are abundant in ovariectomized 

animals, suppress TcREG induction by osteoclasts by repressing Notch ligand expression in 

osteoclasts but this effect can be counteracted by addition of RANKL.  Ovariectomized mice 

treated with low-dose RANKL induced TcREG that suppressed bone resorption, decreased TEFF 

levels and increased bone formation.  High dose RANKL had the expected osteolytic effect. Low 

dose RANKL administration in ovariectomized mice lacking CD8 T-cells was also osteolytic, 

confirming that TcREG mediate this bone anabolic effect.  Our results show that while RANKL 

directly stimulates osteoclasts to resorb bone, it also controls the osteoclasts’ ability to induce 

regulatory T-cells, engaging an important negative feedback loop.  In addition to the conceivable 

clinical relevance to treatment of osteoporosis, these observations have potential relevance to 

induction of tolerance and autoimmune diseases. This article is protected by copyright. All rights 

reserved 
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INTRODUCTION 

Osteoimmunology is an emerging study of the crosstalk between the immune and skeletal 

systems.  Osteoimmunology arose from the recognition that cytokines produced by lymphocytes 

can affect bone homeostasis (1).  While much is known about the cytokines and mechanisms that 

lead to bone erosion by the proinflammatory cytokines (2-5), much less is known about the 

mechanisms that maintain or restore homeostasis (i.e. the healthy state).  It is anticipated that 

there must be feedback loops in both the immune and skeletal systems that maintain and restore 

homeostasis after perturbations or changes to the system that arise due to pathologic (e.g. 

infections) and normal physiological processes (e.g. pregnancy).   

The current study builds on previous work where we have identified a novel regulatory 

feedback loop between CD8
 
T-cells and osteoclasts (6-10).  Specifically, osteoclasts induced the 

transcription factor Forkhead box protein 3 (FoxP3) in CD8 T-cells.  FoxP3 is a master regulator 

of regulatory T-cells (11).  While regulatory CD8
+
 T-cells, called TcREG, have been documented 

in humans and mice (11-21) they have not been studied extensively, in part due to their low 

abundance (0.2 to 2% of CD8
+
 T-cells) in lymphoid organs.  In comparison, the well-studied 

CD4
+
 regulatory T-cells, TREG, comprise 5-12% of CD4

+
 T-cell in the spleen.  TcREG and TREG 

have overlapping and distinct functions.  Both cells express CD25 and the transcription factor 

FoxP3, a marker of regulatory T-cells (22-24).  TREG are critical for suppressing the aberrant 

activation of self-reactive T-cells (17) as depletion of TREG or genetic ablation of FoxP3 in CD4 

T-cells leads to multi-organ autoimmune syndrome (25-27).  TcREG, in contrast, ostensibly do not 

maintain global suppression of self-reactive T-cells (28), but have immune-suppressive activity 

(29).  The two regulatory T-cells are activated differently: thymically and peripherally produced 

TREG require restimulation through their T-cell receptor (TCR) by MHC class II to express their 

suppressive effector functions (30). The maturation of antigen presenting cells (APC) that 

express MHC class II needed for restimulation is tightly regulated (31,32). In contrast, TcREG do 

not require restimulation (8).  In any case, as all cells (except red blood cells) constitutively 

express MHC class I, any cell could potentially stimulate TcREG, and therefore an overabundance 

of TcREG may lead to immune suppression.  A number of studies (33-35), including ours (8), 

have shown that TcREG are rapidly induced (24 to 48 hours) locally in tissue from naïve CD8 T-

cells; hence their steady state abundance is low in lymphoid tissue.   

In particular, we have shown in vitro that osteoclasts, in addition to having a bone 

resorbing activity, also have an antigen presenting activity.  Osteoclasts crosspresent 
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(extracellular) antigens and activate CD8 T-cells to induce FoxP3, CD25, interleukin (IL)-2, IL-

6, IL-10 and interferon (IFN)-γ in the CD8 T-cells.  The osteoclast-induced TcREG (OC-iTcREG) 

suppress bone resorption by osteoclasts to form a negative feedback loop.  The suppression of 

bone resorption activity has been demonstrated in vitro (8) and in two different models of bone 

loss in vivo (10).  Unlike the bone marrow TcREG, thymically produced TcREG do not efficiently 

suppress osteoclast activity (Buchwald and Aurora, unpublished observations).  TcREG may also 

be induced in the tonsils (36,37) and elsewhere.  Both the endogenous bone marrow TcREG and ex 

vivo generated OC-iTcREG suppressed bone resorption in mice in response to 1 mg/ml RANKL 

administration (10).  Adoptively transferred OC-iTcREG also suppressed bone resorption by 

reducing the numbers of osteoclasts in ovariectomized mice (10).  We have also shown that 

transfer of ex vivo generated OC-iTcREG are immunosuppressive in vivo because they decrease 

the levels of proinflammatory effector T-cells (TEFF) in the bone marrow, which increase in 

ovariectomized animals, to levels found in sham operated mice (10). These results established 

that OC-iTcREG negatively regulate osteoclast activity and the immune system.  

Homeostasis, the ability to maintain a stable set point in response to physiologic or 

environmental changes, is achieved through a number of regulatory motifs (38-41).  One of these 

motifs, referred to as the reactive negative regulator ensures that responses to stimuli are of the 

appropriate intensity, duration and are subsequently terminated or resolved (9,42).  For example, 

acute inflammation is an appropriate and healthy response to an infection or trauma that clears or 

dilutes the offending agent and activates repair mechanisms. Acute inflammation is a healthy 

response, as long as it is brief and intense enough to clear the infection and then resolves with 

minimal collateral damage.  The failure of activation of the reactive regulatory motif can often 

lead to pathology.  As TcREG represent an example of a reactive negative regulator, we believe a 

better understanding of this system can provide insights into how such regulation is lost during 

pathogenesis and/or used to maintain or restore homeostasis.  

Here, we initiated our study to test the ability of osteoclasts to induce TcREG in vivo.  We 

found that activation of osteoclasts is needed to induce TcREG, consistent with our expectation 

that TcREG are reactive negative regulators. However, these results beg the question: what 

defect(s) in the osteoclast—TcREG feedback system allows excess bone resorption in 

ovariectomized mice (and by inference in postmenopausal osteoporosis)?  Our studies provide a 

surprising result that could not have been anticipated in the absence of knowledge of the 

feedback loop: that under some conditions RANKL leads to an increase in bone density.    
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MATERIALS AND METHODS: 

Mice: C57BL/6J mice (model 000664) were purchased from Jackson Laboratory or used from 

in-house breeding colonies.  Breeders of FoxP3
eGFP

 reporter (model 006772) and β2M
-/-

 (model 

002087) mice were purchased from Jackson Laboratory, and bred in-house for these 

experiments.  OT-I Rag
-/-

 mice were purchased from Taconic.  Breeders of OT-I Thy1.1 Rag
-/- 

mice were a gift of Dr. Ryan Teague (St. Louis University School of Medicine).  All animals 

were maintained in the Department of Comparative Medicine, Saint Louis University School of 

Medicine in accordance with institutional and Public Health Service Guidelines.  Saint Louis 

University School of Medicine Institutional Animal Care and Use Committee approved all 

procedures performed on mice (protocol numbers 2072 and 2184).   

Ovariectomy: Bilateral ovariectomy was performed on 12-14 week old mice.  Mice were 

anesthetized using 2.5% isoflurane to initiate anesthesia, and 1% for maintenance.  The ovaries 

were accessed through a single incision in the skin, and exteriorized through muscle wall on each 

side.  Each ovary was clamped using hemostat and removed by a single cut. Skin staples (3M) 

were used to close the skin incision.  To minimize discomfort post-surgery, 0.025 mg/kg 

Buprenorphine was administered subcutaneously.  Zoledronate (Selleck Chemicals) was 

administered at 30 μg/kg via tail vein.   

Adoptive transfer of T-cells:  All T-cells were transferred via tail vein.  For injections mice were 

restrained and 20x10
6
 T-cells, suspended in 100-150 μl PBS were injected into the lateral vein.  

Generation of OC:  OC precursors were isolated as previously described (7,8).  Briefly, the mice 

were sacrificed by CO2 asphyxiation and the long bones harvested.  One end cap of the bone was 

removed and the long bones were placed in a 0.7 ml microcentrifuge tube, pierced with a 22G 

needle at the bottom of the tube. The 0.7 ml tube was fitted inside a 1.5 ml microcentrifuge tube.  

The assembly was spun for 30 seconds at 16,000xg.  The bone marrow cells were resuspended in 

α-minimum essential medium (αMEM, Invitrogen), and filtered through a 40-μ cell strainer.  The 

cells were pelleted, resuspended and maintained in αMEM growth medium (αMEM 

supplemented with 10% heat-inactivated fetal bovine serum [Invitrogen]), penicillin-

streptomycin-glutamine (Invitrogen) and recombinant murine M-CSF (Peprotech) at 20 ng/ml).  

OC were generated by addition of recombinant murine GST-RANKL (a gift of Prof. Steven 

Teitelbaum, Washington University in St. Louis) to a final concentration of 50 ng/ml.  M-CSF 

and GST-RANKL were added every 48 to 72 h.  
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Isolation of T-cells: Single cell suspensions of spleens were prepared in PBS + 1% FBS by 

grinding with a sterile syringe plunger and dispersed by pipetting, then filtering through a 40 μ 

cell strainer.  For co-culture experiments, splenic OT-I or WT CD8 T-cells were prepared by first 

enriching for T-cells using Pan-T-cell beads and further purified by negative selection using 

appropriate magnetic beads (Miltenyi).  All bone marrow and splenic T-cells purified by positive 

selection were incubated for 30 m at 37º C to allow cells to allow dissociation or uptake of bound 

beads from cell surface. The resulting T-cells were routinely > 97% pure when stained with anti-

CD3, anti-CD4 and anti-CD8 antibody. 

Generation of OC-iTcREG: Day 4 OC cultured in 20 ng/ml M-CSF and 50 ng/ml GST-RANKL, 

were seeded at 5×10
5
 cells/well in the presence of 5 μM OVA (A-5503; Sigma-Aldrich) in 24-

well tissue culture-treated plates (Corning).  After 14–16 h of incubation, medium was removed 

and (adherent) cells were washed with pre-warmed medium.  2.5×10
5
 freshly harvested splenic 

OT-I transgenic T cells purified by negative selection were added in 2 ml of complete T-cell 

media (RPMI, 10% ΔFBS, penicillin-streptomycin-glutamine, non-essential amino acids, sodium 

pyruvate, HEPES, and 55 μM β-mercaptoethanol).  Following 48 h co-culture, T-cell aliquots 

were removed and intracellular staining was performed to assess FoxP3 expression. The TcREG 

were then further expanded, in the absence of OC, by splitting cells 1:2 and culturing in 100 

U/ml IL-2 containing T-cell media for an additional 48 h.  For polyclonal TcREG generation, T-

cells were purified from spleens of C57BL/6 mice and incubated with day 4 OC in the presence 

of 1μg/ml anti-CD3.   Control T-cells were activated with plate bound anti-CD3 (1 μg/ml) and 

anti-CD28 (2μg/ml; both from eBiosciences) for 48 hours; the activated T-cells were expanded 

further by splitting 1:2 and culturing for additional 48 hours in IL-2 (100 U/ml).   20x10
6
 TcREG 

(in 200 μl) were then injected by tail vein into 8-week-old OT-I mice. 

PCR assessment of expression of CD200 and Notch ligands:  Osteoclasts seeded on day 4 at 

1.5x10
6
 cells/ml were used in all experiments. RNA was isolated at time point described in 

Figure legends.  10 to 50 ng of RNA was used for first-strand cDNA synthesis in 50μL reaction 

per kit instructions (Superscript III cDNA synthesis system; Invitrogen).  In all cases ~10% of 

the cDNA product was used in a 50μL PCR reaction that contained 2 μM each forward and 

reverse primers.  For quantitative PCR (qPCR) SYBR green system (Invitrogen) was used. 

Otherwise, cDNA was amplified (25 cycles) and the products resolved on 1.2 % agarose gel and 

visualized by ethidium bromide staining. 
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Antibodies and Fluorescence activated cells sorting (FACS): Anti-mouse antibodies for FACS 

were: PE-conjugated anti-mouse CD8a (clone 53-6.7; BD Pharmingen), AF700-conjugated anti-

mouse CD44 (IM7; BD Pharmingen), e450-conjugated anti-mouse FoxP3 (FJK-16s, 

eBioscience), anti-CD3e (500A2; Biolegend), anti-CD8a (5H10; Caltag), anti-CD4 (RM4-5; BD 

Pharmingen), V450-conjugated CD45.1 (A20; BD Biosciences), PE-Cy7 conjugated anti-

CD45.2 (104; BD Biosciences) and anti-CD25 (Clone PC61; BD Pharmingen).  Functional grade 

anti-CD3 (17A2) and anti-CD28 (37.51) were purchased from eBioscience.  For FACS cells 

were blocked with anti-mouse FcgRIII/IIR (BD Pharmingen) for 10 m and then stained for 45 m 

on ice with fluorophore-conjugated antibody.  Stained cells were washed, fixed with 3% 

paraformaldehyde and analyzed on LSRII instrument with CellQuest (BD Biosciences) software.  

Data analyses were performed with FlowJo software (version 8.73; Tree Star).  

Serum CTX measurements:  Food was withdrawn 6 to 10 h prior to bleeding. Peripheral blood 

(100 to 200 μl), obtained via sub-mandibular vein, was allowed to clot for one hour at room 

temperature and serum collected by spinning down the cell pellet (1000xg for 10 m).  Serum was 

flash frozen and stored at -80°C.  Serum C-terminal telopeptide of type 1 collagen (serum CTX) 

was measured using ELISA according to the manufacturer’s instructions (Immunodiagnostic 

Systems, Plc.) 

Matrix dissolution assays:  CD8 T-cells were isolated from the bone marrow cells (isolated as 

described in OC generation section above) using magnetic beads.  The TcREG were further 

purified in some experiments by cell sorting and co-cultured with OC (5 × 10
5
) that were 

previously seeded on 24-well hydroxyapatite coated plates (Corning).  M-CSF and GST-RANKL 

were added every 48 h. On day 5, cells were removed with 10% bleach and pit area was 

photographed and quantified using NIH ImageJ.  

μCT data collection and analysis: The bones were scanned in μCT40 (Scanco Medical) at 55 kV, 

145 µA, and resolution of 16 µm. Gauss sigma of 1.2, Gauss support of 2, lower threshold of 

Gene  Forward primer Reverse primer Annealing 

temp. (°C)  

Product 

size (bp) 

DLL1 ACCTTCTTTCGCGTATGCCTCAAG AGAGTCTGTATGGAGGGCTTC 58 222  

DLL4 CGAGAGCAGGGAAGCCATGA CCTGCCTTATACCTCTGT 58 379 

JAG1 ATTCGATCTACATAGCCTGTGAG CTATACGATGTATTCCATCCGGT 50 671 

JAG2 TGTCAGCCACGGAGCAGTCATT TCTCACGTTCTTTCCTGCGCTT 50 469 

CD200 TGGTCGTCTCTTCCTCCACA CTCCTGAATACCAGACTGCCC 50 196 
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237, and upper threshold of 1000 were used for all the analysis. Regions of interest were selected 

50 slices below the growth plate of the proximal tibia to evaluate the trabecular compartment. 

Bone mineral density was obtained by quantitative μCT using Scanco Phantoms for calibration 

(43).  All μCT data and bone histomorphometry data was collected and analyzed by C.Y. who 

was blinded to the treatment performed on the mouse samples. 

Statistical Analysis: Statistical significance was assessed in all cases using paired two-tailed 

Mann-Whitney U test in GraphPad Prism 5.0f.  One-way and two-way ANOVA was performed 

in GraphPad Prism 5.0f.  
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RESULTS:  

Low dose of RANKL activates osteoclasts to induce TcREG: We first determined the dose-

response of TcREG production by RANKL in the bone marrow.  RANKL was administered into 

FoxP3
eGFP

 reporter mice (44) at various doses for two consecutive days. Fifty hours after first 

dose, the mice were sacrificed and the numbers of CD8 T-cells that were GFP positive cells in 

the bone marrow were measured.  This time was chosen because in vitro TcREG require 48 to 50 

h for maximal induction (7).  The lowest dose of RANKL (0.125 mg/kg) induced the largest 

proportion of FoxP3
+ 

CD8 T cells (Fig. 1A).  No change in TcREG levels was observed in the 

spleen (Fig. 1A), strongly suggesting that RANKL mediates on TcREG its effect via osteoclasts.  

To assess that RANKL activated osteoclasts, we also measured serum CTX levels.  These results 

(Fig. 1B) are consistent with our previous study where we demonstrated in mice that CD8 T-cells 

were bone protective and adoptive transfer of CD8 T-cells from Scurfy mice (i.e. FoxP3
-/-

) did 

not protect against the osteolytic effects of RANKL (10).  The increased levels of FoxP3 in 

response to RANKL in the bone marrow could either be due to recruitment of TcREG to the bone 

marrow or induction of FoxP3 expression in cells that were FoxP3 negative.   

To distinguish between recruitment and induction we FACS sorted a naïve GFP negative 

population of CD8 T-cells (Thy1.2
+
 and CD44 negative) from the spleens and bone marrow of 

FoxP3
eGFP

 reporter mice (44) to high purity (Fig. 1D first panel) and adoptively transferred them 

into congenically marked (Thy 1.1) OT-I Rag
-/-

 mice.  The OT-I Rag
-/-

 mice were used as 

recipients because they are not lymphopenic and because they lack endogenous TcREG, which 

avoids issues with homeostatic proliferation and competition with endogenous TcREG, 

respectively, and hence increases the sensitivity of the assay.  In the absence of RANKL 

administration very low levels GFP
+
 CD8 T-cell were detected, but RANKL administration 

(0.125 mg/kg) yielded ~1% GFP
+
 Thy1.2 T-cells (Fig. 1C and 1D third panel).  The conversion 

from GFP
–
 to GFP

+
 by low dose RANKL is a clear indication of TcREG induction. To determine 

whether osteoclasts were responsible for TcREG induction, we pretreated the OT-I Thy1.1 Rag
-/-

 

mice with the bisphosphonate, Zoledronic acid (ZA), two weeks prior to transferring GFP
–
 cells.  

As the half life of ZA in plasma is ~20 minutes (45) but ~ 60 days in the bone (46), we expect no 

direct effect of ZA 14 days post-treatment on the transferred T-cells.  In mice treated with ZA 

(Fig. 1C), no conversion of CD8 T-cells to GFP
+
 was observed indicating that actively resorbing 



A
cc

ep
te

d 
A

rt
ic

le
 

This article is protected by copyright. All rights reserved 
 

osteoclasts are required for TcREG induction. These results show that RANKL leads to induction 

of endogenous TcREG in the reporter mice and in adoptive transfer T-cell model.   

We had concerns that the GST-RANKL fusion protein used in these experiments, which 

can form dimers or higher order oligomers through the GST moiety (47), could be activating 

osteoclasts to induce TcREG non-physiologically.  To allay this concern, commercially purchased 

recombinant mouse RANKL (i.e. non-fused) was used for assessing changes in TcREG levels in 

the bone marrow and spleen.  Murine-RANKL lacking the GST moiety gave identical results as 

shown in Fig. 1A (data not shown).  Taken together with our in vitro results that osteoclasts 

induce TcREG, this experiment establishes that activation of resorption by osteoclasts by low-dose 

RANKL induces TcREG.    

 

Equivalent levels of TcREG in ovariectomized and sham-operated mice:  Based on the finding that 

activation of osteoclast induces TcREG we reasoned that TcREG should be induced by 

ovariectomy, as estrogen-depletion activates osteoclasts leading to osteoporosis. Therefore, we 

compared levels of TcREG in the bone marrow of sham-operated and ovariectomized mice.  As 

shown in Fig. 2A, TcREG were present in ovariectomized mice, but no increase in levels of TcREG 

was observed between the sham-operated and ovariectomized mice (24 days post-ovariectomy).  

At this time point, we also observed no significant difference either in the number or percent 

(relative to CD3
+
 cells) of CD8 T-cells in the bone marrow between sham-operated and 

ovariectomized mice.   

We next assessed the endogenous TcREG for their ability to suppress osteoclasts from both 

sham-operated and ovariectomized mice.  To this end we isolated the GFP
+
 CD8 T-cells from the 

bone marrow space of ovariectomized and sham operated mice by cell sorting.  Equivalent 

numbers of T-cells (5x10
4
 cells/well) and osteoclasts (1x10

5
) were tested in a bone matrix 

dissolution assay.  The results show that TcREG from both the ovariectomized and sham operated 

mice were effective in suppressing osteoclast bone resorbing activity in vitro (Fig. 2B).  

Osteoclast abundance increases in estrogen-depleted animal through a Fas ligand-dependent 

mechanism (48,49).  The simplest interpretation of these results is that while the TcREG present in 

ovariectomized mice are functional, but their abundance relative to the number of osteoclasts is 

insufficient to limit bone resorption leading to osteoporosis.  Further, increasing the number of 

TcREG in ovariectomized mice either by adoptive transfer or by induction should ameliorate 
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osteoporosis. What remains unclear is why are TcREG not induced in estrogen-depleted animals 

despite increased osteoclast activity?   

 

IL-17 and TNFα suppresses TcREG induction by osteoclasts:  It has been reported that menopause 

leads to a low level persistent production of effector T-cells [TEFF; (50)].  We hypothesized that 

in the presence of pro-inflammatory cytokines, osteoclasts fail to induce TcREG.  To test this 

hypothesis, we measured OC-iTcREG induction in the presence of IL-17 and TNFα.  Antigen-

pulsed osteoclasts were co-cultured with OT-I CD8 T-cells in the presence of RANKL and 

TNFα or IL-17.  Indeed, in the presence of 10 ng/ml IL-17 (Fig. 3A) or increasing TNFα 

concentrations (Fig. 3B), the induction of TcREG by osteoclasts was greatly impaired.  Equal 

levels of suppression in TcREG induction was observed at doses of 2 to 50 ng/ml IL-17A, 

therefore only the effect of only one dose is shown.  Effect of similar dose of IL-17A has been 

observed in alveolar cells (51). We tested two different concentrations of RANKL to ascertain if 

the ratio of RANKL to TNFα acts as determinant of TcREG induction.  Our data (Fig. 3B) did not 

support the notion that the ratio of TNFα to RANKL is important for TcREG induction.   To 

understand the underlying mechanism of how TNFα affects osteoclasts’ ability to induce TcREG, 

we investigated the signals provided by osteoclasts to induce FoxP3 in the CD8 T-cells.  

Concurrently we assessed if these signals were affected by TNFα or IL-17.   

 

Osteoclasts use CD200 as costimulatory signal to induce TcREG: Antigen presenting cells 

typically activate CD8 T-cells through three signals: antigen presented in the context of MHC 

class-I, a co-stimulatory signal, and finally a polarization signal that determines the effector 

phenotype of the T-cell.  We have previously shown that osteoclasts cross-present antigens, and 

antigen presentation is required for TcREG induction (7,8). Here we wanted to identify the co-

stimulatory signal provided by osteoclasts and to test if pro-inflammatory cytokines would 

regulate the expression of this molecule(s).   

The most common and well-studied costimulatory signals on antigen-presenting cells are 

CD80 and CD86.  As CD80/CD86 double knockout mice are commercially available, we 

generated osteoclasts from these mice.  The CD80/CD86 null osteoclasts (as well as wild-type 

controls) were then used to prime OT-I T-cells in the presence and absence of antigen.  We 

found that the osteoclasts derived from CD80/CD86
-/-

 mice were able to induce TcREG as 

effectively as wild-type controls (Fig. 4A).  OT-I CD8 T-cells activated by CD80/CD86 null 
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osteoclasts produced IL-6, IL-2 and IFN-γ to levels indistinguishable from wild-type mice (Fig. 

4B).  Having ruled out CD80/CD86 as the costimulatory molecules, we queried our osteoclast 

microarray dataset (6) for other costimulatory molecules expressed by osteoclasts.  We found 

that osteoclasts express CD200 (up regulated 8.2 ± 1.2 fold relative to pre-osteoclasts; P ≤ 10
-4

) 

and c-Mer (upregulated 4.4 ± 0.9 fold; P ≤ 0.008).  We chose to test the role of CD200 based on 

the phenotype of CD200
-/-

 mice and the reported role for CD200 in regulating TREG (52-54). 

Treatment of OT-I CD8 T-cells with (soluble) CD200-Fc prior to co-culturing with osteoclasts 

impaired FoxP3 induction (Fig. 4C).  In contrast, treatment of the OT-I CD8 T-cells with a 

control IgG1-Fc had no effect on FoxP3 induction (Fig. 4C).  Consistent with a previous study 

(55), quantitative real-time PCR (qPCR) shows that CD200 is not expressed in osteoclast 

precursors but is expressed in mature osteoclasts (i.e. was induced by RANKL in the precursors; 

Fig. 4D).  CD200 mRNA expression was not affected by treatment of osteoclasts with TNFα or 

IL-17 (Fig. 4D).  These results show that osteoclasts use CD200, which is expressed in mature 

osteoclasts, as a costimulation signal for FoxP3 induction.  

 

Osteoclasts induce TcREG using the Notch ligand DLL4: The most well characterized inducer 

(i.e. polarizing signal) of FoxP3 in T-cells is TGFβ.  We have previously shown that 

neutralization or addition of TGFβ has no effect on the induction of TcREG (8).  We therefore 

sought to identify other pathways that can regulate the FoxP3 promoter in T-cells.  A number of 

previous studies have identified that Notch signaling contributes to FoxP3 induction (56-59).  To 

test if Notch signaling is important for TcREG induction by osteoclasts, we initially used the γ-

Secretase inhibitor DAPT.  Ligation of the Notch receptor by its ligand leads to cleavage of 

Notch by γ-secretase to release Notch intra-cellular domain (60). Inclusion of 10 μM DAPT in 

co-cultures of osteoclasts and OT-I CD8 T-cells completely abrogated FoxP3 induction (Fig. 

5A).  Next, we identified the Notch ligands expressed in osteoclasts using reverse-transcription 

followed by PCR.  We found that of the five Notch ligands encoded in the mouse genome, 

mature osteoclasts express: Jagged (Jag)1, Jag2, Delta-like (DLL)1 and DLL4 (Fig. 5B).  Of the 

four, the osteoclast-precursors (bone marrow cells treated with M-CSF but not RANKL) express 

all of the ligands except DLL4 (data not shown and Fig. 5C).  Surprisingly, DLL4 transcription 

was significantly repressed in mature osteoclasts after culturing overnight in 20 ng/ml TNFα or 

10 ng/ml IL-17 (Fig. 5C).  To assess the role of DLL4 in TcREG induction we added (soluble) 

DLL4-Fc to OT-I CD8 T-cells prior to co-culturing with osteoclasts.  DLL4-Fc effectively 
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abrogated TcREG induction by osteoclasts (data not shown). To assess the role of DLL4 in vivo 

we performed the in vivo induction experiment as described in Fig. 1: (polyclonal) GFP
-
 CD8 T-

cells from FoxP3
eGFP

 reporter mice (44) were purified by cell sorting and transferred into OT-II 

Rag
-/-

 mice.  Two hours prior to RANKL treatment, DLL4-Fc (30 mg/kg given intravenously) or 

a control IgG1-Fc, were injected intravenously into the recipient mice. Low-dose RANKL (0.125 

mg/kg) was then administered on two consecutive days.  No induction of TcREG was observed in 

mice receiving DLL4-Fc (Fig 5D).  These results demonstrate that osteoclasts use Notch ligand 

DLL4 to signal into CD8 T-cells to induce the expression of FoxP3.  

 

DLL-4 expression is repressed in the presence of TNFα and IL-17 but can be de-repressed by 

RANKL: Having identified that DLL4 was required for osteoclasts to induce Foxp3 expression 

in CD8
+
 T cells we next tested if DLL-4 expression was affected by the pro-inflammatory 

cytokines. As RANKL induced DLL4 in osteoclast precursors, we hypothesized that adding 

additional RANKL may overcome the repression of DLL4 by TNFα.  To assess the reversibility 

of DLL4 expression, mature osteoclasts were cultured overnight in 50 ng/ml RANKL and 20 

ng/ml TNFα, and then additional RANKL was added to the culture media (while maintaining 20 

ng/ml TNFα).  Indeed, addition of RANKL overcomes (Fig. 5E; within 24 hours) the repression 

of DLL4 by TNFα as assessed by qPCR.  Based on this result, we tested the ability of RANKL to 

restore induction of TcREG by osteoclasts. The experiment was performed as above, but in this 

case FoxP3 induction in OT-I CD8 T-cells in the presence of OVA was measured at either 10 

ng/ml or 20 ng/ml TNFα (Fig. 5F).  Consistent with restored expression of DLL4 on osteoclasts 

by RANKL the induction of TcREG was also restored in the presence of TNFα.  Our results 

indicate that TNFα repressed DLL4 expression and that addition of RANKL could de-repress the 

effect of TNFα leading to increased DLL4 expression and to increased TcREG induction by 

osteoclasts.  

 

Low dose RANKL induces functional TcREG in ovariectomized mice: Next we tested the ability 

of RANKL to induce TcREG in ovariectomized mice as proof of principle for de-repression by 

increased levels of RANKL, in pro-inflammatory environment.  Here again, the dose of RANKL 

that induced the highest levels of TcREG in vivo was used (Fig. 1A).  Low dose RANKL (ldRL = 

0.125 mg/kg) was administered two weeks after ovariectomy.  After 10 days of RANKL 

administration TcREG levels increased by an average of 3.6-fold relative to untreated mice (Fig. 
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6A).  We administered low-dose RANKL two weeks post-ovariectomy because peak bone loss 

occurs in the tibia in rodents at this time (61,62).  Additionally, effector T-cell levels also peak 

two-weeks post-ovariectomy (63,64).  To determine if the induced TcREG are functional, bone 

resorption and bone formation rates in these (low-dose) RANKL-treated mice was assessed.  As 

we have previously established that ex vivo generated OC-iTcREG limit bone resorption, increase 

bone mass, decrease activated effector T-cells, and increase bone formation and mineral 

apposition rates (10), we used this treatment as a benchmark in these experiments.   Obtaining 

the same effect by low-dose RANKL and TcREG also indicates that the effect on bone parameters 

is, in fact, due to the effect of TcREG.  

Ovariectomized mice treated with low-dose RANKL had lower levels of serum CTX 

compared to mice treated with OC-iTcREG (Fig. 6B left panel).  We also observed fewer 

osteoclasts per unit area of bone surface (Fig. 6B center panel) and less bone surface was 

occupied by osteoclasts (Fig. 6B right panel).  The low-dose RANKL treated mice also had 

increased bone volume (BV/TV), increased bone mineral density (Fig. 6C) and improved 

trabecular bone parameters (Fig. S1) relative to the adoptively transferred OC-iTcREG and ZA 

treated mice.  Finally, the low-dose RANKL treated mice also had increased bone formation and 

mineral apposition rates over the adoptively transferred OC-iTcREG treated mice (Fig. 6D). 

Ovariectomy increases proinflammatory effector T-cells (TEFF; CD3
+
 CD44

+
) in the bone 

marrow (Fig. 6E).   In contrast to ZA treatment, low-dose RANKL decreased the levels of TEFF 

in the bone marrow (Fig 6E).  The suppression of TEFF production is consistent with the 

regulatory T-cell activity of osteoclast-induced TcREG (7).   Together, these results indicate that 

TcREG induced by low-dose RANKL was a more effective treatment than adoptive transfer of 

OC-iTcREG and than the bisphosphonate ZA. 

 

The effect of low-dose RANKL is mediated through TcREG:  As adoptive transfer of TcREG and 

low-dose RANKL give the same phenotype viz. decrease in bone resorption, increase bone 

formation, and decrease in TEFF in the bone marrow, these results support our hypothesis that 

ovariectomy leads to a deficit in TcREG numbers.  Nonetheless, to directly confirm that low-dose 

RANKL mediates its effect in ovariectomized mice through TcREG we used mice that lack CD8 

T-cells (β2M
-/-

).  In the absence of CD8 T-cells, TcREG cannot be generated and therefore we 

anticipated that low-dose RANKL would have no effect on bone resorption, (CD44
+
) effector T-

cells, or bone formation as observed in wild-type mice.  Our results show that relative to sham-
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operated mice ovariectomized β2M
-/-

 mice treated with low-dose RANKL administration had 

increased levels of effector T-cells (Fig. 7A) and bone resorption (Fig. 7B).  The increased bone 

loss in ovariectomized mice and mice treated with low-dose RANKL were corroborated by μCT 

(Fig. 7C and D).  Furthermore, as β2M
-/-

 mice have an intact CD4 T-cell compartment, our 

results show that (FoxP3
+
 CD4) TREG

 
are not able to substitute for the loss of TcREG, indicating a 

unique role for TcREG.  

 Finally, as all doses of RANKL induce TcREG (Fig. 1A), we tested if high dose of 

RANKL (e.g. 1 mg/kg) provides a bone anabolic effect in ovariectomized mice.   Our data shows 

that high doses of RANKL promote bone resorption in both estrogen replete and deficient mice 

and in CD8 deficient mice relative to low-dose RANKL (Fig. 7E).  In this comparison, it is 

noteworthy that β2M
-/-

 mice lost significant levels of bone by ovariectomy alone (75% in β2M
-/-

 

mice versus 28% in WT mice), indicating that endogenous TcREG (i.e. not induced by low-dose 

RANKL treatment) are partially successful in limiting bone loss.  This result is consistent with 

our hypothesis that the abundance of endogenous TcREG is insufficient relative to the abundance 

of osteoclasts in estrogen-depleted animals.  Low-dose RANKL was only effective in limiting 

bone loss through TcREG because this effect is only observed in CD8 T-cell-sufficient mice.  

High-dose RANKL activates osteoclasts and induces TcREG in wild-type mice, but the TcREG 

induction is apparently insufficient to limit bone loss and counter the effect of RANKL on the 

osteoclasts.  These results show that RANKL has a biphasic effect: it activates osteoclasts to 

induce TcREG at low doses, but at high doses RANKL overrides the limiting effect of the TcREG. 

Our results indicate that TcREG act as homeostatic buffering system to “smooth out” variations in 

RANKL levels to limit bone loss.  Increasing the levels of TcREG by RANKL pulse can 

compensate and restore balance from bone loss to bone formation.           
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DISCUSSION:    

All organisms need to maintain physiological stability to survive changes in their 

environment.  A number of mechanisms have evolved to achieve this physiological stability, 

chiefly positive and negative feedback loops. Our studies have revealed such a negative feedback 

loop between osteoclasts and CD8 T-cells that appears to be important for bone and immune 

homeostasis (9).  Our study demonstrates that TcREG induction, while not critical for globally 

regulating the aberrant activation of self-reactive T-cells, are important in local immune 

suppression.  

Here we used a low-dose of RANKL, which induces the highest proportion of TcREG in 

bone marrow (Fig. 1) to induce TcREG in ovariectomized mice.  We show that the low-dose 

RANKL-induced TcREG are functional: they limit bone loss in the estrogen-depleted mice.  As ex 

vivo generated TcREG (produced under a non-inflammatory environment) also limit bone loss, are 

immunosuppressive and increase bone formation, our results indicate that the overall loss of 

TcREG induction contributes to the observed osteoporosis.  Furthermore, as TcREG adoptive 

transfer recapitulates the same effect as the induced TcREG on bone and the immune system 

indicates that other cell types contribute minimally, if at all.   

To understand the reason for the lack of TcREG induction, we examined the effect of 

TNFα and IL-17 on TcREG induction by osteoclasts in vitro.  IL-17, expressed by TH17 has been 

previously shown to increase bone loss (65).  Inhibition of IL-17 signaling has also been shown 

to ameliorate bone loss in ovariectomized mice (66,67).  Similarly, TNFα increases in 

ovariectomized mice (63,64,68) and disruption of TNFα signaling protects against bone loss 

post-ovariectomy(69).  Consistent with lack of increase of TcREG in ovariectomized mice, TcREG 

induction by osteoclasts was inhibited in the presence of TNFα or IL-17 in culture.  These results 

indicate that the proinflammatory cytokines increase bone resorption, but repress TcREG 

induction by osteoclasts.  To understand the mechanism for the loss of TcREG induction, we 

examined the signals that osteoclasts provide to CD8 T-cells. We have previously demonstrated 

that antigen presentation is required for TcREG induction (7,8). Here we identified CD200 as a 

costimulatory molecule used by osteoclasts to induce TcREG (Fig. 4).  While CD200 is induced 

by RANKL, the expression levels of CD200 were not affected by TNFα or IL-17.  CD200 has 

been shown to decrease bone mass via its effect on osteoclasts (55).  Moreover, and consistent 

with our results with TcREG induction, CD200 knockout mice are also more susceptible to bone 

loss in the collagen-induced arthritis model (70).   
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Notch signaling has been previously been identified in impacting FoxP3 expression in T-

cells (57,58,71).  Therefore, we tested for the role of Notch signaling in TcREG induction.  We 

identified that DLL4, expressed on mature osteoclasts but not in osteoclast precursors, was 

required for FoxP3 expression in CD8 T-cells.  As Notch signaling plays an important role in 

osteoclast (72,73) and osteoblast differentiation (74) these results will be important for correctly 

interpreting the role of Notch ligand-receptor interactions in bone remodeling (75).  Blockade of 

DLL4 abrogated TcREG induction in vivo, and DLL4 expression was repressed in the presence of 

IL-17 and TNFα, which concomitantly suppressed TcREG induction by osteoclasts.  Further, 

adding back RANKL reversed DLL-4 repression and restored TcREG induction by osteoclasts 

(Fig 7F).  Thus, TH17 could limit the ability of osteoclasts to induce TcREG by reducing the 

expression of DLL4, an effect moderated by the addition of RANKL.  A genetic test for the 

requirement of DLL4 in inducing TcREG will require generation of osteoclast-specific DLL4 

deletion. 

It is remarkable that administering low-dose RANKL leads to reduced bone loss and 

increased bone formation because RANKL is exclusively believed to be a pro-resorptive.  This 

result could not be predicted or understood in the absence of the knowledge of the osteoclast-

TcREG feedback loop elucidated here.  Low-dose RANKL is anabolic because it maximally 

induces TcREG and engages the feedback loop, but also because TcREG reduce the 

proinflammatory TEFF.  Thus, low-dose RANKL induction of TcREG not only decreases the 

number of osteoclasts but also reduces, or eliminates, the production of the cytokines that drive 

osteoclast activity (Fig. 7F).   

RANKL is produced by osteoblasts and osteocytes in both a membrane-bound and 

soluble form (76,77).  To regulate osteoclast activity and numbers these cells also secrete 

osteoprotegrin (OPG), which binds to RANKL and competes to prevent RANK (receptor) 

activation.  Assessing the levels of biologically active RANKL in vivo therefore is challenging 

because it is neither accurate nor precise.  The situation in osteoporosis is further complicated by 

presence of pro-resorptive cytokines that directly affect both the osteoclasts activities: bone 

resorption and activation of CD8 T-cells.  Nonetheless, it has been shown that reducing RANKL 

levels is beneficial by anti-RANKL therapies: Prolia (Denosumab) (78), and by OPG (79) for 

postmenopausal osteoporosis. However, this raises the question: if there are significant level of 

endogenous RANKL already produced postmenopause, how is a small change in RANKL level 

sensed by osteoclasts to induce DLL4 expression?  One possible explanation is that the system is 
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finely balanced in osteoporosis, such that low-dose RANKL can mediate its affect on osteoclasts. 

Alternatively, delivering RANKL as a pulse is important.  For example, parathyroid hormone 

(PTH) demonstrates differences in how it is delivered: whereas, intermittent doses of PTH are 

anabolic, continuous exposure lead to bone loss (80).  Additional studies are needed to 

understand this phenomenon.   

While RANKL, TNFα and IL-17 all promote bone resorption, RANKL induces TcREG 

induction to limit bone loss (Fig. 7F). In contrast, TNFα and IL-17 suppress (at the 

transcriptional level) the expression of DLL4 in osteoclasts, one of the signals required for TcREG 

induction.  Therefore, DLL4 unexpectedly acts as a switch for TcREG induction in osteoclasts in 

response to TNFα or RANKL.  Consistent with the in vitro observations we observed an increase 

in TcREG levels in ovariectomized mice treated with low dose RANKL. Nonetheless, at doses 

above 0.5 mg/kg (Fig. 1A and 7E) or prolonged (> 5 days) dosing RANKL promotes bone 

resorption in estrogen-replete (81) and ovariectomized mice (Fig. 7E). Indeed, whereas low dose 

RANKL may be in the physiological range, high doses (i.e. 1 mg/kg) used to promote bone 

resorption are super-physiological (in the sense that this dose exceeds RANKL levels 

experienced by an animal during life).  This work is the first demonstration of RANKL having a 

biphasic response.  There are a number of demonstrated examples in biology (82) of mediators 

that produce a biphasic response.   

Regulatory T-cells (TREG) are a subset of CD4
+
 T cells that play a critical role in 

negatively regulating self-reactive T-cells and in resolving inflammatory responses.   It is well 

documented that a reduction in the number and/or function of TREG causes the breakdown of 

immunological tolerance leading to lymphoproliferation and autoimmune diseases (11,17,26). 

However, it is not clear why TREG fail to control inflammation in some individuals that develop 

autoimmune diseases.  One reason suggested for this loss of tolerance is due to TREG instability 

(or more explicitly conversion of ex-TREG to TH17 cells (83)) when exposed to an inflammatory 

environment (84).  Our inquiry of why TcREG fail to suppress osteoclast activity and allow 

osteoporosis to develop followed a similar line of investigation.  Our results indicate that 

inflammatory cytokines do not lead to defects in TcREG, but suppress induction of TcREG by 

osteoclasts (i.e. the antigen-presenting cells) through regulating DLL4 expression.  By extension, 

our results are consistent with the emerging paradigm that inflammatory cytokines (i.e. induced 

by adjuvant or PAMPS) affect the antigen-presenting cells, and not the TREG, to tip the balance 
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from induction of tolerance towards immunity (85,86).  Further studies are needed to determine 

the mechanisms underlying the effect on antigen-presenting cells for TREG activation.  

Our laboratory was first to establish that murine osteoclasts have an antigen presentation 

activity and prime CD8 T-cells (7).  Li et al. have shown that human peripheral blood-derived 

osteoclasts can also prime T-cells (87).  This study is the first in vivo demonstration that 

osteoclasts can induce FoxP3
+
 CD8 T-cells and to verify these TcREG, although induced under 

inflammatory conditions are functional in that they are immunosuppressive and anti-resorptive.  

These studies also, therefore establish a proof-of-concept that induction of TcREG can be used for 

the treatment of osteoporosis in a well-accepted murine model of human postmenopausal 

osteoporosis (88).   

Summarizing, we have shown that low doses of RANKL activate osteoclasts to induce 

TcREG. We show that in the presence of TNFα and IL-17, TcREG induction is suppressed.  We 

have identified CD200 and DLL4 as costimulatory and differentiation signals respectively, used 

by osteoclasts to induce TcREG.  Furthermore, we demonstrate that TNFα and IL-17 suppress 

DLL4 expression, and thus providing a plausible mechanism for why despite increased activity 

of the osteoclasts in ovariectomized mice, TcREG levels are not increased.  Thus, in vitro DLL4 

acts as a switch that responds to TNFα and IL-17 to turn off TcREG induction.  RANKL turns on 

DLL4 expression and concomitantly TcREG induction.  Finally, we demonstrate that low dose 

RANKL induces functional TcREG in ovariectomized mice leading to lower bone resorption, 

increased bone mass and density and increased formation of new bone.  Thus, low dose RANKL 

has the potential to be a novel therapy to treat postmenopausal osteoporosis and perhaps other 

inflammatory bone erosion diseases.  Induction of TcREG offers an advantage over anti-RANKL 

and bisphosphonate therapy because it not only inhibits bone resorption and promotes new bone 

formation, but because as we show TcREG also decrease the levels of pro-inflammatory effector 

T-cells in ovariectomized mice [this study and (10)] and have the potential to restore immune 

homeostasis as well.     
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FIGURE LEGENDS: 

 

Figure 1: TcREG are induced by activated osteoclasts: A. RANKL treatment increases 

TcREG levels in bone marrow in FoxP3
eGFP

 reporter mice: The numbers of FoxP3
+
 CD8 T-

cells (TcREG) that are found in the bone marrow and spleen are plotted (y-axis) as a function of 

RANKL dose (x-axis), 50 h after first dose. The cells were gated on the lymphocytes (by forward 

and side-scatter), then on double positive CD45 and CD3 T-cells and finally on CD8, GFP 

double positive cells for quantitation.   B. RANKL treatment activates osteoclasts: Serum 

CTX levels increase in response to low-dose (0.125 mg/kg) and high-dose (1 mg/kg) RANKL.  

C. TcREG are induced in the bone marrow: To test for TcREG induction by RANKL activated 

osteoclasts, congenically marked (Thy 1.2) GFP negative CD8 T-cells (see panel D for FACS 

plots) were adoptively transferred into Thy 1.1 OT-I Rag
-/-

 mice. In the absence of RANKL 

treatment very low level of conversion was observed after three days.  Low-dose (0.125 mg/kg) 

RANKL robustly induced TcREG; TcREG induction was measured 50 h after RANKL treatment 

and 3 days after T-cell transfer.  Cells were isolated from tibia and femurs (bone marrow) for 

FACS analysis.  The induction required active osteoclasts as no induction of TcREG was observed 

in mice pre-treated (two-weeks prior to T-cell transfer) with Zoledronic acid (ZA). D. 

Representative FACS plots are shown for panel C.  The results represent mean ± standard 

deviation (error bars) from 4 experiments (n = 4 mice/group/experiment).  P values were 

calculated using Mann-Whitney test; * = P < 0.05; ** = P < 0.01; **** = P < 1x10
4
; and NS = 

not statistically significant.     

 

Figure 2: TcREG levels are not changed in ovariectomized mice but the TcREG can suppress 

osteoclast activity in vitro:  A.  No change in TcREG levels despite increased osteoclast 

activity: The abundance of TcREG in sham-operated mice was similar to the levels found in 

ovariectomized (OVX) mice.  B. TcREG from ovariectomized mice can suppress bone 

resorption: TcREG purified by magnetic beads from the bone marrow of sham-operated (Sham), 

ovariectomized (OVX) and WT (C57BL/6J) mice treated with low-dose RANKL (WT+ldRL; 

0.125 mg/kg) were tested in a matrix dissolution assay.  To assess the levels of repression, the 

results are expressed as normalized area resorbed relative to wells with osteoclasts with no TcREG 

added (None).  All TcREG suppressed bone resorption by osteoclasts indicating that the TcREG are 
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functional.  The results represent mean ± standard deviation (error bars) from 2 experiments (n = 

3 mice/group/experiment).  P values were calculated using Mann-Whitney test; * = P < 0.05 and 

NS = not statistically significant. 

 

Figure 3: The pro-inflammatory cytokines IL-17A and TNFα suppress TcREG induction by 

osteoclasts:  A. TcREG induction by osteoclasts in the presence of IL-17: TcREG were induced 

in vitro using OT-I CD8 T-cells co-cultured with bone marrow cells-derived osteoclasts, pulsed 

with SIINFEKL ovalbumin peptide.  TcREG induction was observed in OT-I T-cells in the 

absence of (0 ng/ml) but significantly reduced in the presence of 10 ng/ml IL-17A.  B.  TcREG 

induction by osteoclasts in the presence of TNFα: TNFα also reduced TcREG induction in a 

dose dependent manner. Similar levels of suppression of TcREG induction was observed at 50 or 

100 ng/ml RANKL each dose of TNFα indicating that the ratio of RANKL to TNFα is not 

critical.  ANOVA analysis to determine the variation due to TNFα and RANKL concentration 

indicates that TNFα accounted for 85.5% of the total variance (P < 0.0001) and RANKL 

accounted for 0.65% of the total variance (P < 0.001).  The interaction term accounted for 

remaining 9.3% of the total variance indicating that TNFα had a strong effect at each 

concentration of RANKL tested.  The results represent mean ± standard deviation (error bars) 

from 4 experiments (n = 4 wells / group / experiment).  P values were calculated using Mann-

Whitney test; **** = P < 1x10
4
 and ** = P < 0.01 relative to no (0 ng/ml of) TNFα. 

 

Figure 4:  CD200 but not CD80/CD86 are used by osteoclasts as costimulatory signal to T-

cells:  A. Osteoclasts from CD80/CD86
-/-

 can induce TcREG: Osteoclasts derived from bone 

marrow cells of CD80/CD86 double knockout mice were capable of inducing TcREG to a similar 

extent to wild-type (WT) derived osteoclasts.  B. TcREG produce similar levels of cytokines 

when primed by WT or double-knockout osteoclasts: The levels of cytokines produced by 

TcREG induced by WT osteoclast and CD80/CD86 double knockouts were indistinguishable.  

Taken together, these results indicate that CD80/CD86 are not used for costimulation of CD8 T-

cells by osteoclasts.  C.  Blockade by CD200 decreases TcREG induction: Soluble CD200-Fc 

added to OT-I CD8 T-cells prior to coculturing with osteoclasts blocked FoxP3 induction.  D. 

CD200 expression is not altered by TNFα or IL-17: CD200 expression is not detected in 

osteoclast precursors but is expressed in mature osteoclast.  Recombinant murine TNFα (20 

ng/ml) or IL-17A (10 ng/ml) had no effect on CD200 expression in mature osteoclasts.  The 
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results represent mean ± standard deviation (error bars) from 4 experiments (n = 4 

mice/group/experiment).  P values were calculated using Mann-Whitney test; **** = P < 1x10
4
 

and ** P < 0.01.  

 

Figure 5: Notch signaling by ligand DLL4, expressed on osteoclasts, induces TcREG in vitro:  

A. Inhibition of γ-secretase blocks TcREG induction by osteoclasts: DAPT, a γ-secretase 

inhibitor, dissolved in DMSO was used to test the role of Notch signaling in the induction of 

TcREG.  10 μM DAPT completely inhibited TcREG induction. Data represents four independent 

experiments with four wells/group/experiment.  B. Notch ligands expressed in mature 

osteoclasts: RT-PCR was used to determine which Notch ligands are expressed on osteoclasts 

and CD8 T-cells. Of the six Notch ligands encoded in the mouse genome, mature osteoclasts 

express Jagged (Jag)-1, Jag-2, Delta-like (DLL)-1 and DLL4.  The CD8 T-cells also express 

Jag2 and DLL-1. C.  RANKL induces DLL4 expression while IL-17 and TNFα represses it: 

Of these four Notch ligands expressed in mature osteoclasts, only DLL4 was absent in the 

osteoclast precursors by qPCR.  DLL4 expression was repressed in mature osteoclasts in the 

presence of recombinant murine 20 ng/ml TNFα and 10 ng/ml IL-17A.  D. Blockade of DLL4 

inhibits TcREG induction in vivo:  Soluble DLL4-Fc, but not a control IgG1-Fc, administered 2 

hours prior to RANKL administration blocked TcREG induction in vivo.  The design of this in 

vivo induction experiment was identical to that used in Fig. 1B and 1C.  E. DLL4 acts as switch 

in response to RANKL levels: Addition of RANKL increased the expression of DLL4 even in 

the presence of 20 ng/ml TNFα. F. RANKL addition in presence of TNFα restores TcREG 

induction by osteoclasts: Concomitant with the expression of DLL4, addition of RANKL also 

restores induction of TcREG in the presence of 10 (solid line) or 20 ng/ml (dashed line) TNFα.  

Statistical comparisons (P values) are relative to 25 ng/ml RANKL and 20 ng/ml TNFα 

treatment.  ANOVA indicates that 90.7% of the variance was accounted for by RANKL 

treatment (P < 0.0001), and 1.83% of the variance by TNFα treatment (P = 0.0002).  The 

interaction term accounted for 1.6% of the variance (P = 0.0147) indicating that the effect of 

RANKL was dominant at both concentrations of TNFα tested. The results represent mean ± 

standard deviation (error bars) from three independent experiments with 4 wells / group / 

experiment.  P values were calculated using Mann-Whitney test; **** = P < 1x10
4
; *** = P < 

0.001; ** P < 0.01 and NS = not statistically significant. 
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Figure 6: Low-dose RANKL induces functional TcREG in ovariectomized mice:  A.  

Induction of TcREG in the bone marrow of ovariectomized mice in response to low-dose 

RANKL: Intraperitoneal administration of low dose RANKL (RL; 0.125 mg/kg) induced TcREG 

in the bone marrow of ovariectomized mice. Representative FACS contour plots are shown on 

the first and second panel and the distribution (N= 8 mice per group) is shown in the third panel.  

B. TcREG induction in ovariectomized mice suppresses bone resorption by lowering 

osteoclast numbers in ovariectomized mice: Relative to sham-operated (S) mice the serum 

CTX levels increased in ovariectomized mice, but decreased in groups of ovariectomized mice 

treated with low-dose RANKL (RL), Zoledronate (ZA) or treated by adoptive-transfer of ex vivo 

generated TcREG (TcREG).  The decrease in serum CTX by TcREG is mediated by decreasing 

numbers of osteoclasts per area of bone surface (N.OC/BS; center panel) and is reflected in the 

decrease of bone surface occupied by osteoclast surface (OC.S/BS; right panel). Representative 

images are shown below.    C. TcREG induction in ovariectomized mice increases bone 

volume and bone density: The tibias of groups of mice were evaluated by μCT to determine 

ratio of bone volume to total volume (BV/TV; left panel) and bone mineral density (BMD; right 

panel).  Representative images from proximal tibia are shown.  D. TcREG induction in 

ovariectomized mice increases bone formation rate: Low-dose RANKL treatment also 

increased mineral apposition rate (left panel) and bone formation rate (right panel) to a greater 

extent than Zoledronate and ex vivo generated TcREG. Representative images from the double-

labeled femur (calcein green and alizarin red) from each group are shown. Arrows are shown to 

emphasize the distance between dyes.  E. TcREG induced by low-dose RANKL treated mice 

have immunosuppressive function: Low-dose RANKL and adoptive transfer of ex vivo 

generated TcREG decreased proinflammatory TEFF (gated on lymphocyte side-scatter/forward-

scatter, then CD3 and CD45 double positive, and CD3 and CD44 double positive) cells in the 

bone marrow. The results represent mean ± standard deviation (error bars) from 4 experiments (n 

= 4 mice/group/experiment).  P values were calculated using Mann-Whitney test; **** = P < 

1x10
-4

; *** = P < 1x10
-3

, ** = P < 0.01 * = P < 0.05 and NS = not statistically significant. 

 

Figure 7: The anabolic effect of low-dose RANKL treatment in ovariectomized mice is 

mediated through CD8 T-cells: To confirm that decrease in bone erosion and effector T-cell 

levels is mediated via TcREG, β2M
-/-

 mice lacking CD8 T-cells, were sham-operated (S; n=6), 

ovariectomized (OVX; n=6) and ovariectomized then treated with low-dose RANKL (ldRL = 
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0.125 mg/kg; n=6).  In some experiments mice are also treated with high-dose RANKL (hdRL = 

1 mg/kg).  A.  Low-dose RANKL treatment of ovariectomized mice lacking CD8 T-cells 

does not decrease TEFF: Ovariectomy of β2M
-/-

 mice increased effector T-cells (CD3
+
 and 

CD44
+
) relative to sham-operated (indicated by S). However, unlike treatment of CD8 T-cell-

replete mice, no decrease in levels of effector T-cells was observed due to low-dose RANKL 

(ldRL) treatment in β2M
-/-

 mice. B.  Low-dose RANKL treatment of ovariectomized mice 

lacking CD8 T-cells does not decrease bone resorption: Bone resorption levels, as assayed by 

serum CTX, increase in CD8 T-cell (β2M
-/-

) deficient ovariectomized mice relative to sham-

operated mice.  A modest increase in serum CTX is observed in ovariectomized β2M
-/-

 mice 

treated with low-dose RANKL.  C.  Low-dose RANKL treatment of ovariectomized mice 

lacking CD8 T-cells does not increase bone volume or bone density: Ovariectomy leads to 

significant levels of bone loss relative in β2M
-/-

 mice.  Low-dose RANKL leads to further 

decrease in bone volume (BV/TV) and bone mineral density (BMD) in β2M
-/-

 mice, indicating 

that CD8 T-cells in WT mice protect against bone loss.  D.  Representative μCT renderings for 

panels C and E.  E. Low-dose RANKL treatment of ovariectomized mice is bone anabolic 

but not in mice lacking CD8 T-cells: In WT mice low-dose RANKL is anti-resorptive in 

ovariectomized mice but promotes bone loss in estrogen-replete mice.  Treatment with high-dose 

RANKL (1mg/kg; n= 6 mice per group) leads to bone resorption in both estrogen-deficient and 

replete mice.  In CD8 T-cell-deficient mice low dose RANKL leads to bone loss in both 

estrogen-replete (Sham) and ovariectomized (OVX) mice.  Percentage of bone volume lost (or 

gained; BV/TV) relative to reference state (untreated sham surgery or ovariectomy - indicated by 

horizontal dashed line) is also given.  The results represent mean ± standard deviation (error 

bars).  P values were calculated using Mann-Whitney test; *** = P < 0.001 and * = P < 0.05.  E. 

A model of the negative feedback loop between osteoclast-induced TcREG:  In ovariectomized 

mice increased levels of proinflammatory cytokines TNFα and IL-17 suppress DLL4 expression 

needed for TcREG induction (left panel).  In the absence of TcREG and in the presence of the 

proinflammatory cytokine the activated osteoclasts have increased bone resorption leading to 

osteoporosis.  Treatment with low-dose RANKL (right panel) reverses the repression of DLL4 in 

ovariectomized mice leading to induction of TcREG by osteoclasts to engage the negative 

feedback loop.  Induction of TcREG not only limits osteoclastogenesis but also reduced the 

proinflammatory effector T-cells. The reduction in TEFF leads to increased bone formation rate.     
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