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Abstract
Osteoimmunology is the crosstalk between the skeletal and immune system. We have previously
shown in vitro that osteoclasts (OC) crosspresent antigens to induce FoxP3 in CD8 T-cells
(OCiTcREG), which then suppress osteoclast activity. Here we assessed the ability of OC-iTcREG
to limit bone resorption in vivo. Mice lacking CD8 T-cells lose more bone in response to RANKL
(Tnfsf11) administration. Using adoptive transfer experiments we demonstrate that FoxP3+ CD8
T-cells limit bone loss by RANKL administration. In ovariectomized mice, a murine model of
postmenopausal osteoporosis, OC-iTcREG limited bone loss and increased bone density as
assessed by serum markers, micro computed tomography (μCT) and histomorphometry. Indeed,
OC-iTcREG—treated ovariectomized mice had decreased levels of effector T-cells in the bone
marrow compared to untreated mice, and increased bone formation rates relative to
bisphosphonate-treated mice. Our results provide the first in vivo evidence that OC-iTcREG have
anti-resorptive activity and repress the immune system, thus extending the purview of
osteoimmunology.
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Introduction
Bone is remodeled throughout the life of an organism. Bone homeostasis is regulated by a
number of regulatory feedback loops that respond to changes occurring all over the body,
including mechanical loading (Wolfe’s law). As the bone is a major store for the minerals
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calcium and phosphate, calcitonin and parathyroid hormone (PTH) regulate the balance
between formation and resorption, respectively [1]. Osteoclasts (OC) are the body’s major,
if not sole, bone resorbing cells [2] and osteoblasts are the primary bone forming cells. Bone
is also a major storage site for growth factors, notably TGFβ and the action of OC on the
bone releases the active form of the cytokine [3]. More recently, it has been recognized that
cells in the bone not only respond to signals (like PTH), but also release growth factors like
osteocalcin that alter the fat and energy metabolism in the body [4].

Bone turnover is also regulated by the immune system. The crosstalk between the bone and
immune system has been termed osteoimmunology [5]. Osteoimmunology arose from the
recognition that cytokines produced by activated pro-inflammatory effector T-cells (TEFF)
promote bone erosion in chronic pathologies like rheumatoid arthritis [6] and osteoporosis
[7]. The generation of TEFF is needed to clear pathogens, but their activation must be
regulated. Additionally, the random nature by which the B-cell and T-cell repertoire is
generated, and because of the limits of central tolerance, there is a constant risk of anti-self
responses by cells of the adaptive immune system. Therefore, generation of TEFF to
pathogens must be measured and regulated because of the potential damage to the host. One
of the negative regulatory mechanisms used by the immune system are regulatory T-cells
(TREG). The transcription factor FoxP3 and CD25, the α chain of the IL-2 receptor are
markers of TREG. TREG suppress the aberrant activation of self-reactive T-cells [8]. TREG
also produce cytokine- and cell-surface mediators that are anti-inflammatory [9]. The
balance between effector and regulatory T-cells is central to immune homeostasis: dominant
TREG activity may compromise the immune response to pathogens and must be exquisitely
regulated. In contrast, overactive effector T-cells (TEFF) may initiate autoimmunity and are
kept in check by TREG. While the pro-resorptive effects of TEFF-produced proinflammatory
cytokines is well documented in the field of osteoimmunology, the anti-resorptive effects
mediated by T-cells has just begun to emerge [10, 11].

We discovered using time course microarray data that differentiating osteoclasts
coordinately upregulate expression of genes for a number of pro-angiogenic factors,
chemokines and the antigen cross-presentation pathway [12]. We showed that the secreted
chemokines recruit CD8 T-cells. We have also demonstrated that mature OC present
antigens on MHC class I from exogenous proteins. This activity, called cross-presentation
was unexpected as it is typically associated with professional antigen presenting cells.
Cross-presentation by OC activated CD8 T-cells. Upon analyzing the phenotype of
osteoclast-induced CD8 T-cells we found that they express FoxP3 and CD25[13]. Cross-
presentation of antigens by OC uniquely induces a regulatory T-cell phenotype in the CD8
T-cells[13]. In contrast, antigen cross-presentation by dendritic cells to CD8 T-cells results
in cytolytic phenotype[13]. As expected, TcREG can suppress the activation and proliferation
of CD4 (this work) and CD8 T-cells by dendritic cells in culture[13]. More recently, based
on the cytokines produced by TcREG we found that, in vitro, the OC-induced CD8
regulatory T-cells (OC-iTcREG) negatively regulate OC differentiation and resorption
activity, to form a negative feedback loop [11]. In the current work we assessed the ability
of the OC-iTcREG to negatively regulate bone resorption and the immune system in vivo.

Results
At the same time as the discovery that pro-inflammatory TEFF promote bone erosion,
experiments showed that T-cells, CD8 T-cells in particular, were protective against bone
loss [14, 15]. For instance, it was noted that when bone marrow cells from TCRα−/− mice,
that lack CD4 and CD8 T-cells, were cultured in the presence of 1,25(OH)2 vitamin D3
osteoclastogenesis was enhanced indicating that T-cells suppress osteoclastogenesis[16].
Conversely, while immunocompromised or T-cell deficient mice have not been reported to
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have overt gross skeletal abnormalities, it has been noted that athymic mice have lower
baseline bone mass [17, 18]. As noted above, many regulatory layers control skeletal
homeostasis, therefore defects may be subtle and only detected upon perturbation or
stressing the system.

Mice lacking CD8 T-cells have increased bone resorption in response to RANKL
To investigate whether T-cell deficient mice have a defect in maintaining skeletal
homeostasis, we perturbed the skeletal system with RANKL because it directly activates
osteoclast activity and because RANKL administration has been previously characterized in
mice[19]. To determine the role of T-cells, we performed a RANKL dose titration on T-cell
sufficient (WT), or mice deficient in CD4 (CD4−/−), CD8 (β2m−/−) or both CD4 and CD8 T-
cells (TCRα−/−). Since RANKL activates osteoclasts globally, we initially measured serum
carboxyl-terminal collagen telopeptide crosslinks (CTX) to assess the level of overall bone
resorption. CD8 T-cell-deficient mice had elevated bone resorption as measured by serum
CTX levels at higher (> 0.5 mg/kg) RANKL doses than the CD8 T-cell sufficient mice (Fig.
1A). To confirm the results of the serum CTX we also performed μCT of β2M−/− (deficient
in CD8 T-cells), TCRα−/− (deficient in both CD4 and CD8 T-cells) and wildtype (C57BL/6)
mice treated with 1 mg/kg RANKL. β2M−/− mice lost more bone in response to 1 mg/kg
RANKL relative to TCRα−/− mice. Surprisingly, β2M−/− mice had significantly more bone
at baseline (Fig. 1B and Fig. S1). Mice deficient in CD8 T-cell (β2M−/−) or both CD4 and
CD8 T-cells (TCRα−/−) lost more bone volume (in the tibia) in response to 1 mg/kg RANKL
relative to wildtype mice, confirming the results of serum CTX (Fig. 1B and Fig S1). Our
results indicate that mice with CD8 T-cells are able to regulate bone resorption and thus
maintain skeletal homeostasis better than CD8 deficient mice. One concern with this
experiment is that the different mouse strains may respond differently to RANKL due, for
instance to compensatory changes or due to alteration in their microbiomes [20].

To allay such concerns and to perform a direct comparison of the T-cells in the same strain,
we reconstituted TCRα−/− mice with CD8, CD4, or both CD4 and CD8 T-cells. After a 10-
day incubation period to allow the transferred cells to achieve steady state levels in the
lymphopenic mice (i.e. homeostatic proliferation[21]), the mice were injected with RANKL.
Recipients of CD8 T-cell had lower bone resorption than mice receiving CD4 alone (Fig.
1C). These results conclusively show that CD8 T-cells limit bone resorption. To evaluate the
need for FoxP3 expression in the CD8 T-cells for limiting bone resorption we used CD8 T-
cells from Scurfy mice. Scurfy mice have a frame shift mutation that results in a non-
functional (inability to bind DNA) FoxP3 protein that is encoded on the X chromosome [22,
23]. Absence of FoxP3 in hemizygous males is lethal due to multi-organ autoimmune
disease by four weeks of age. We rescued these mice from autoimmune disease in two
different ways to isolate CD8 T-cells from a non-inflamed environment (see Method for
details). We observed that OC-induced CD8 T-cells, generated from purified CD8 T-cells
from the rescued Scurfy mice could not suppress OC pitting in vitro (Fig 1D). To test the
CD8 T-cells from Scurfy mice for their activity in vivo, we reconstituted TCRα−/− mice with
CD8 T-cells from either normal littermates (CD8nlc) or rescued FoxP3 null CD8 T-cells
(CD8Sf). CD8 T-cells that could not express functional FoxP3 had higher levels of bone
resorption equivalent to un-reconstituted mice (Fig. 1C), indicting that FoxP3+ CD8 T-cells
limit bone resorption in response to RANKL administration.

OC-iTcREG suppress bone resorption
We have previously characterized in detail, the mechanism by which OC-iTcREG suppress
osteoclast activity[11]. Furthermore, as osteoclasts induce TcREG which then suppress bone
resorption to form a negative feedback loop, we sought to linearize the loop by using ex vivo
generated OC-iTcREG. Therefore, based on the results of Fig. 1 we activated osteoclasts
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using 1 mg/kg dose of RANKL in the presence or absence of preformed OC-iTcREG to test
their ability to repress bone resorption in vivo. OC-iTcREG (donors) were generated from
ovalbumin-specific OT-I transgenic T-cells and adoptively transferred into recipient OT-I
Rag1−/− mouse. The OT-I CD8 T-cells were chosen as donors to test the need for TcREG
restimulation (binding of the TCR to it’s cognate antigen) to suppress OC activity. All Tcells
produced in OT-I Rag−/− mice express the transgenic T-cell receptor (TCR) that recognizes
an ovalbumin peptide (OVA259-263: SIINFEKL) in the context of MHC class I H-2KB.
Since mice do not express ovalbumin they cannot present this peptide and restimulate the
OC-iTcREG. The OT-I mice were also chosen as recipients because transferring TREG or
TcREG into a lymphopenic mouse leads to loss of FoxP3 expression[24] and because they
lack endogenous TcREG, and because OT-I mice are not lymphopenic, thus eliminating two
potentially confounding experimental conditions. RANKL (1 mg/kg) was injected
intraperitoneally twice, 24 hours apart to assess if the OC-iTcREG suppress bone turnover.
The mice were sacrificed at 50 h. Bone suppression was assayed by measuring serum CTX.
As a control, we used OT-I (CD8) T-cells nonspecifically activated by anti-CD3 and anti-
CD28 antibody; T-cells activated in this manner produce significant levels of interferon
(IFN)-γ, a known inhibitor of osteoclastogenesis. In contrast to OC-iTcREG—treated mice
which showed limited bone turnover, untreated and control IFN-γ producing CD8 T-cell
treated mice showed a robust increase in bone resorption in response to RANKL (Fig. 2A).
Our results indicate, that unlike CD4 TREG which need to be restimulated through their TCR
to mediate suppression[11], TcREG once activated do not require restimulation. In these
experiment, the number of adoptively transferred OC-iTcREG was found to be in the
physiologically range. As shown in Fig. 2B, the fraction of transferred TcREG (top right) in
the bone marrow space was comparable to levels found in a FoxP3eGFP reporter mouse.

To evaluate whether the observed effect was unique to the transgenic OT-I OC-iTcREG, we
co-cultured polyclonal CD8 T-cells with mature osteoclasts in the presence of anti-CD3 to
ligate the TCR of the T-cells. Co-culturing CD8 T-cells under these conditions induced
FoxP3 and CD25 (Fig. 2C). These polyclonal OC-iTcREG were then adoptively transferred
into OT-I Rag1−/− recipients. After RANKL administration, OC-iTcREG treated mice
retained 40% more bone mass (BV/TV) and had higher bone mineral density than untreated
controls (Fig. 2D, E and S2). These results indicate that OC-iTcREG protect against bone
loss.

Polyclonal OC-iTcREG limit bone loss in ovariectomized mice
We next investigated whether the OC-iTcREG could reduce bone turnover under a
pathological condition. To this end, we used bilaterally ovariectomized (OVX) mice. OVX
mimics post-menopausal osteoporosis in mice, a common human disease, by decreasing
estrogen levels. We then transferred OC-iTcREG into mice two weeks post-OVX (see
methods for details). We waited two weeks post-OVX because increased bone turnover is
observed at this time point [25, 26]. Bone resorption was evaluated by serum-CTX ELISA
every 5 days. While, untreated OVX mice or those treated with control nonspecifically
activated CD8 T-cells showed an increase in bone resorption from day 5 to day 10 post T-
cell transfer, mice treated with OC-iTcREG showed no change in bone resorption during the
same interval (Fig. 3A). At 19 days post transfer, however, CTX in the OC-iTcREG treated
mice had increased to control levels (Fig. 3A) and the OC-iTREG were not detected in the
bone marrow (data not shown). We repeated the experiment and harvested tibias for μCT
analysis 10 days post transfer to evaluate bone loss. In these latter experiments, we included
as a control, the bisphosphonate Zoledronate, which also serves as a comparator for the
extent of suppression of bone loss. Our results show that at day 10 post transfer, OC-iTcREG
treated mice had an increased bone volume (BV/TV) relative to controls and to a similar
extent as Zoledronate (Fig. 3B and S3). Furthermore, the OC-iTcREG were readily detected
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in the bone marrow of recipient animals (Fig. 3C). Consistent with this result, other
experiments indicate that adoptively transferred OC-iTcREG have a half-life of 5 days. To
confirm, first that the increase in bone resorption at day 19 was due to decay of the TcREG,
and second, if we could maintain decreased bone resorption, we administered a second
round of OC-iTcREG. Indeed, with a second treatment, mice showed a sustained decrease in
levels of bone resorption (Fig. 3D). These results confirm that OC-iTREG limit bone
resorption in ovariectomized mice.

In the next set of experiments we examined the numbers of osteoclasts, levels of activated
effector T-cells, and the bone formation in mice treated with OC-iTcREG to determine to
mechanism by which the OC-iTcREG limit bone loss.

OC-iTcREG-treated ovariectomized mice have fewer osteoclasts
Estrogen deficiency leads to an increase in the numbers of osteoclasts via a Fas ligand-
dependent pathway[27]. We have previously shown in vitro that OC-iTcREG inhibit
osteoclastogenesis[11]. Therefore, we performed bone histomorphometry to test if OC-
iTcREG mice also decrease numbers of osteoclasts in vivo in OC-iTcREG treated mice
relative to the untreated controls. Consistent with our previous in vitro studies we find fewer
osteoclasts (TRAP positive cells) in OC-iTcREG-treated mice relative to untreated mice and
to Zoledronate treated mice (Fig. 4A and B). The percent of bone surface occupied by OC
(OC.S/BS) in the tibia (Fig. 4C) also decreased in OC-iTcREG treated mice. These results
indicate that OC-iTcREG reduce osteoclast numbers in vivo.

OC-iTcREG-treated ovariectomized mice have decreased levels of effector T-cells
Although controversial [29], it has been suggested proinflammatory cytokines produced by
effector T-cells (TEFF) contribute to bone loss in estrogen-depleted animals[7, 25, 30]. Since
OC-iTcREG produce the immuno-suppressors IL-10 and CTLA-4, and since we have
previously shown that they suppress the activation of naïve CD8 T-cells[13], here we
assessed suppression of CD4 T-cells activation by dendritic cells. Responder OT-II CD4 T-
cells were labeled with the dye CFSE (to measure proliferation) and co-cultured with
purified splenic dendritic cells (DC) in the presence of graded number of OC-iTcREG
(details in Methods). To activate the OT-II responder cells, all DC were pulsed with OT-II
peptide. To test if suppression by the OC-iTcREG is antigen-specific, in some wells the DC
were also pulsed with OT-I peptide. The results show that OC-iTcREG do indeed suppress
the proliferation of CD4 T-cells in a dose dependent and antigen-dependent manner because
OT-I OC-iTcREG could only suppress in the presence of OT-I peptide (SIINFEKL) (Fig.
5A). Based on these results, we anticipated that since we are adoptively transferring
polyclonal T-cells, there should be decreased numbers of activated (CD44+) T-cells (CD3+)
in treated relative to untreated mice. Therefore, we measured the relative levels of CD44+

(“antigen experienced”) T-cells in the bone marrow space of sham, OVX and TcREG-treated
OVX mice. Our results (Fig. 5B) show that OVX increased levels of TEFF in the bone
marrow relative to sham surgery. Indeed, OC-iTcREG treated OVX mice had lowered TEFF
levels, as expected (Fig. 5B), indicating that OC-iTcREG have regulatory T-cell activity in
vivo.

OC-iTcREG treatment of ovariectomized mice increases bone formation rate
Serum CTX measurements indicate that OC-iTcREG limited bone resorption in OVX mice.
Bone parameter measurements by μCT indicate that OC-iTcREG treated OVX mice had
higher bone mass and density than untreated mice. To assess the effect of TcREG treatment
on bone formation, we injected two dyes that are incorporated into the bone, 10 days apart.
The distance between the dyes and the surface area labeled provides the mineral apposition
and bone formation rate, respectively. As a control, mice were treated with the
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bisphosphonate Zoledronate (ZA) to block OC activity[31]. Our results show that OC-
iTcREG treatment increased mineral apposition and bone formation rates in OVX mice (Fig.
6). This effect was not observed in ZA treated OVX mice.

Discussion
We have previously shown that osteoclast-induced TcREG can suppress osteoclast activity in
pitting assays performed in culture, to form a negative feedback loop[11]. To assess the
ability of T-cells to limit bone turnover, a RANKL dose titration was performed in wildtype
mice, and strains that lacked CD4, CD8 T-cells or both CD4 and CD8. Mice deficient in
CD8 T-cells had a much higher bone resorption when treated with RANKL at doses > 0.5
mg/kg (Fig. 1A). Reconstitution of mice lacking αβ T-cells with CD8 T-cells that could
express FoxP3 was sufficient to limit bone loss and resorption in response to 1 mg/kg
RANKL (Fig. 1B and C). The results also demonstrate that CD4 helper functions are not
required as TcREG function was observed in CD4−/− and TCRα−/− mice reconstituted with
only CD8 T-cells. The results also show that CD4 TREG cannot compensate for loss of
TcREG as β2m−/− and TCRα−/− mice reconstituted with complete CD4 T-cells were unable
to limit bone resorption. To test for the requirement for functional FoxP3 expression,
TCRα−/− mice were reconstituted with CD8 T-cells from Scurfy mice that have genetic
lesion in the FoxP3 gene. In contrast to CD8 T-cells from normal littermate controls, CD8
T-cells from Scurfy mice did not limit bone resorption (Fig 1C) in accord with the in vitro
matrix dissolution assay (Fig 1D). Our results demonstrate that in vivo the FoxP3+ CD8 T-
cells are responsible for the protective bone resorption activity previously described[14–16].

Demonstrating a cause-and-effect relationship for a loop presents a challenge; therefore we
sought to linearize the loop: to dissociate the activation and induction of regulatory CD8 T-
cells by osteoclasts from the physiological activity of the OC-iTcREG in vivo. In the current
study we have demonstrated that ex vivo generated osteoclast-induced TcREG can suppress
bone resorption in vivo using two different models. We have previously shown in vitro that
OC-iTcREG can block osteoclast precursors from differentiating and cytoskeletal
reorganization in mature osteoclasts (see figures 3A and 4 in reference [11]). Here, we
attribute suppression of bone resorption in the short-term RANKL administration 50-hour
assay, in large part, on suppression of mature osteoclasts by OC-iTcREG. In contrast, in
OVX experiments we measured the effect of OC-iTcREG over 10 days. In these longer-term
experiments we observe fewer osteoclasts by histomorphometry (Fig. 4), which we attribute
to the ability of OC-iTcREG to suppress differentiation. Furthermore, our results indicate that
the OC-iTcREG not only limit bone turnover, but also decreased the number of TEFF in
ovariectomized mice (Fig. 5) consistent with the regulatory T-cell phenotype observed with
TcREG in the in vitro assay[13]. Unexpectedly, the mineral apposition rate (MAR) and bone
formation rate (BFR) were increased in the TcREG treated group compared to both the
untreated and Zoledronate treated mice (Fig. 6). Since bone resorption and formation are
linked, the anabolic and catabolic rates are balanced to maintain bone homeostasis[2]. The
decrease in estrogen at menopause increases osteoclast numbers and hence the catabolic rate
which tips the balance towards net bone loss. One explanation for this observation of
increased bone formation rate is that increasing the pool of OC-iTcREG by adoptive transfer
slows down osteoclast activity and allows the osteoblasts to catch up and fill in the
previously excavated bone. Unlike Zoledronate, which irreversibly inhibits resorption,
OCiTcREG must allow for low-level osteoclast activity and therefore tip the anabolic-
catabolic balance back towards homeostasis. The increase in MAR and BFR suggests that
OVX not only increases resorption, but also leads to a deficit in bone formation as well.
Therefore, another interpretation, that we favor, is that TEFF-produced cytokines repress
bone formation. Reduction of TEFF by OC-iTcREG could concurrently reduce bone
resorption and derepress bone formation [32, 33]. Zoledronate does not affect the TEFF

Buchwald et al. Page 6

Bone. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



numbers and therefore does not alter bone formation rate. Additional studies are needed to
understand this intriguing observation.

Adoptive transfer of ex vivo generated TREG is being used in clinical trials as
immunotherapy, for example in preventing graft vs. host disease for transplantation
patients[34]. Adoptive transfer of ex vivo generated OC-iTcREG to treat osteoporosis in a
mouse model parallels the immunotherapy experimental design. However, our primary goal
was to understand the physiological function of TcREG in the context of osteoimmunology.
Compared to the CD4+ TREG which are present at 5 to 12% of CD4 T-cells, TcREG have not
been studied in great detail, in part due to their low abundance (0.2 to 1% of CD8 T-cells) in
lymphoid tissue. The two regulatory T-cells are controlled differently: thymically and
peripherally produced TREG require restimulation through their T-cell receptor (TCR) by
MHC class II to express their suppressive effector functions[35]. The maturation of antigen
presenting cells that express MHC class II needed for restimulation is stringently
regulated[36]. In contrast, TcREG do not require restimulation[11]. In any case, as all cells
(except RBC) constitutively express MHC class I, any cell could potentially stimulate
TcREG. Our previous studies[11] and others[37–39] have shown that TcREG are regulated by
induction locally (e.g. in the bone marrow) from naïve CD8 T-cells; hence their steady state
abundance would be low in lymphoid tissue. Numerically, 0.25% (Fig. 2) of CD8 T-cells (~
4%) in the mouse femur (~ 25 million cells) represents roughly 2,500 OC-iTcREG per femur.
Bone remodeling is carried out in spatially discrete foci by a set of cells that form a basic
multicellular unit (BMU) or a bone-remodeling compartment (BRC) for cancellous bone.
The total numbers of active BMU in the mouse bone marrow is difficult to estimate because
of the dynamic nature of the BMUs[40, 41]. Nonetheless, based on in vitro titration data we
estimate 2,500 TcREG in the bone marrow space could regulate ~ 500 to 750 actively
remodeling foci, given that OC-iTcREG regulate osteoclast activity by diffusible
cytokines[11] whose local concentration would be high[13]. Furthermore, the low
abundance of a regulator does not belie its importance. Indeed, most regulators are present
in low abundance. For instance, transcription factors are present at < 0.1% of cellular
proteins[42] are critical regulators of gene expression [43].

Together, our studies establish a novel and unique physiological function for OC-iTcREG:
that the negative feedback loop buffers against large changes in bone resorption. For the
purposes of this work, it is noteworthy that bone marrow is also the primary site of
hematopoiesis and early differentiation of immune cells postnatally in mammals. Large
changes in osteoclast activity may be regulated by the immune system to buffer the egress of
the hematopoetic precursor cells from the bone marrow[44], which then mature to form cells
of the immune system. OC remove bone by secreting acid and proteases into sealed
compartments (lacunae) between the OC and the bone. The protein and mineral products of
the excavated bone are transcytosed from the lacunae and released through the secretory
domain at the apical surface of the OC [45]. Proteomics of the bone matrix shows that nearly
90% of the protein is type I collagen; the remaining 10% consists of type II collagen and
over twenty other proteins[46]. Administering collagen (with adjuvant) initiates arthritis
(CiA)[47] by activating T-cells[48], indicating that anti-collagen T-cells exist in the normal
repertoire of rodents (and humans[49]). On the basis of these observations we suggest that a
second physiological role of cross-presentation by OC is to convert autoreactive T-cells into
regulatory T-cells so as to prevent autoimmunity in response to neo-antigens released by
action of OC on the bone. Importantly, OC-iTcREG are not only anti-resorptive but we also
demonstrate that TcREG modulate the immune system by decreasing TEFF number in OVX
mice. Our results extend the purview of osteoimmunology by demonstrating bidirectional
regulation: OC induce a novel regulatory CD8 T-cell that negatively regulates both the
skeletal and the immune systems.
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Methods and Materials
Mice

Five-week-old male C57BL/6 mice were purchased from Jackson Labs or used from in-
house breeding colonies. Breeders of FoxP3eGFP reporter (model 006769), β2M−/− (model
002807), CD4−/− (model 00263), TCRα−/− (model 00216) mice on a C57BL/6 background
were purchased from Jackson Labs, and bred in-house for these experiments. OT-I/Rag−/−

mice were purchased from Taconic. 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 T-cells,
suspended in 100-150 μl PBS were injected into the lateral vein.

Rescue of Scurfy mice
Heterozygote females were purchased from Jackson Laboratory (model 04088) and crossed
to a wild-type male. Male pups hemizygous for mutated FoxP3 develop inflammation and
multifocal autoimmune disease and die by 25 days of age. To avoid transferring CD8 T-cells
from an inflammatory environment and to obtain sufficient cells two approaches were used.
In the first approach, all male pups were injected with GFP+ CD4 T-cells (sorted from
FoxP3eGFP reporter mice) intraperitoneally at 3 and 20 days of age [50]. After genotyping,
the CD8 T-cells were purified (by cell sorting on CD3+, CD4- and CD8+ cells) from the
Scurfy positive mice. In the second approach we generated bone marrow chimeras. Bone
marrow cells from the 5 to 6 day old (CD45.2+) Scurfy positive mice were mixed with bone
marrow from congenically marked CD45.1 mice (at a ratio 5:1 to 8:1 Scurfy to CD45.1).
The cells were transferred via tail-vein into ten-week-old sub-lethally irradiated (700 cGy)
TCRα−/− mice (3×106 cells/recipient). The CD45.2+ CD8 T-cells were purified by cell
sorting 8 to 10 weeks post transfer form spleen and bone marrow.

Generation of OC
OC precursors were isolated as previously described [11, 13]. Briefly, the mice were
sacrificed by CO2 asphyxiation and the long bones harvested. The caps of the bones were
removed and bone marrow cells were flushed with 0.05% collagenase (Worthington) in α-
minimum essential medium (αMEM, Invitrogen). The cell population was filtered through a
40 μ cell strainer, 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.
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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.

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, OT-II CD4 or OT-I CD8 T-cells were prepared by first
enriching for T-cells using Pan-T-cell beads then purified by negative selection using
appropriate magnetic beads (Miltenyi). All bone marrow and splenic polyclonal T-cells were
purified by positive selection and incubated for 30 m at 37° 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 5×105

cells/ml/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. 2.5×105 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 stained intracellularly 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 (in lieu of ovalbumin). 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). 20×106 TcREG (in 200 μL) were then injected by tail
vein into 8-week-old OT-I mice.

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 and TRACP5B measurements
Food was withdrawn for 6 to 10 h prior to bleeding. Blood (100 to 200 μL) obtained via sub-
mandibular vein, was allowed to clot for 2 hours at room temperature and serum collected
by spinning down the cell pellet. Serum C-terminal telopeptide of type 1 collagen (serum
CTX), and TRACP-5b were measured using ELISA according to the manufacturer’s
instructions (Immunodiagnostic Systems, Plc.)
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Matrix dissolution assays
For in-situ differentiated TcREG, on day 0 mature OC (5 × 105) were seeded on 24-well
hydroxyapatite coated plates (Corning). M-CSF and GST-RANKL were added every 48 h.
OC were washed and then CD8NLC or CD8Sf T-cells previously cultured with anti-CD3 and
OC for 48 h were added at a 1:1 OC to T-cell ratio. On day 5, cells were removed with 10%
bleach and pit area was photographed and area quantified using NIH ImageJ. The data is
presented as normalized area resorbed: pitted area in treated wells divided by pitted area in
untreated well. Two to three experiments for each treatment or condition were performed,
where each experiment consisted of triplicate wells.

μCT data collection and analysis
The bones were scanned in μCT40 (Scanco Medical) at 55 kVp, 145 μA, and resolution of
16 μm. Gauss sigma of 1.2, Gauss support of 2, lower threshold of 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 [51].

In vitro immune suppression assay
Dendritic cells (DC) were isolated from freshly harvested spleen by positive selection using
anti-CD11c magnetic microbeads per manufacturer’s directions (Miltenyi). In triplicate
wells: 5×104 OT-II CD4+ responder T-cells that were CFSE labeled were incubated with
5×104 DC per well in the presence of 5×104, 2.5×104, 1.25×104 and 0.625×104 OC-iTcREG.
All DC were pulsed with OT-II ovalbumin peptide (OVA323-339:
ISQAVHAAHAEINEAGR). Some wells were also pulsed with OT-I ovalbumin peptide
(OVA257-264: SIINFEKL). The number of proliferation cycles of the responders were
obtained using FlowJo proliferation platform.

Statistical Analysis
Statistical significance was assessed in all cases using paired two-tailed Mann-Whitney U
test in GraphPad Prism 5.0d.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Transfer of CD8 T-cells with functional FoxP3 into T-cell-deficient mice
limited bone loss in response to RANKL administration.

• Transfer of OC-iTcREG into ovariectomized mice limited bone loss by
decreasing osteoclast numbers and increased bone formation.

• OC-iTcREG were also immunosuppressive in vitro and in vivo.

• These studies establish a new physiological role for osteoclast-induced
regulatory CD8 T-cells.

• Together, our results indicate that osteoclasts regulate both the skeletal and
immune system through inducing regulatory CD8 T-cells.
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Figure 1. FoxP3+ CD8 T-cells limit bone loss
a) RANKL dose titration into CD8 T-cell sufficient (wt C57BL/6 and CD4−/−) and CD8 T-
cell deficient (β2M−/− and TCRα−/−) mice. Mice (n= 4 to 7 mice/group) that had CD8 T-
cells have a lower bone resorption relative to those mice that lack CD8 T-cells at dose > 0.5
mg/kg. b) CD8 deficient mice (β2m−/− and TCRα−/−) mice lost more trabecular bone
relative to wild-type mice in response to 1 mg/kg RANKL as measured by μCT (n = 6 mice/
group). CD8 T-cell deficient β2M−/− mice have significantly increased BV/TV relative to
WT and TCRα-−/− (both P = 0.0007) mice. Fig. S1 provides additional analysis of trabecular
parameters. A two-way ANOVA was performed using WT and each targeted knockout
strain. The analysis indicates that RANKL treatment accounts for 80.0 % of the total
variance (P < 0.0001) and strain differences account for 9.5% of the variance (P < 0.0001);
the interaction term accounts for the remaining 10.5% (P < 0.0001) of the variance. c)
Reconstitution of TCRα−/− mice with CD8 T-cells but not CD4 T-cells limited bone loss in
response to 1 mg/kg RANKL. The CD8 T-cells from rescued Scurfy[50] (CD8Sf) mice into
TCRα−/− mice did not limit bone loss in response to RANKL, as compared to T-cells from
the normal littermate controls (CD8nlc). P values were obtained by comparing CTX values
of reconstituted to un-reconstituted TCRα−/− mice. d) In contrast to OC-TcREG generated
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using purified CD8 T-cells from normal littermate controls, the OC-iTcREG generated from
Scurfy mice cannot suppress osteoclast-pitting activity. * = P ≤ 0.05, ** = P ≤ 0.01 and NS
= not statistically significant, determined using Mann-Whitney two-sided U-test.
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Figure 2. Osteoclast-induced TcREG suppress bone resorption in response to RANKL
a) OC-iTcREG generated from ovalbumin-specific OT-I T-cells could suppress bone
turnover in response to RANKL administration (twice at 1 mg/kg, 24 hours apart) as
assessed by serum collagen cross-linked telopeptide (CTX) in OT-I mice (n=8 mice/group).
b) The levels of OCiTcREG found in the bone marrow after adoptive transfer (top right) are
similar to levels found in wildtype mice (bottom). c) Polyclonal TcREG were generated by
co-culturing osteoclasts with wild-type splenic CD8 T-cells in the absence (left panel) or
presence (right panel) of anti-CD3 antibody. Forty-eight hours after culturing, the cells were
stained with flour-conjugated antibodies directed against FoxP3 and CD25 antibody. d) OC-
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iTcREG generated from polyclonal T-cells using anti-CD3 plus osteoclasts could also
suppress bone loss as assessed by μCT of distal femora. The bones (n = 8 mice/group) were
harvested 50 h after first dose of RANKL, fixed overnight in 70% ethanol and the tibias
subject to μCT. e) Representative images from μCT of distal femora quantitated in panel D
are shown.
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Figure 3. Osteoclast-induced TcREG can limit bone resorption in ovariectomized mice
a) A single infusion of OC-iTcREG into ovariectomized mice (day 0 indicated by arrowhead
is 14 days post-OVX; n = 7 to 8 mice/group) could limit bone resorption (serum CTX) for
10 days. As a control, activated CD8 T-cells that secrete IFN-γ were adoptively transferred
(γ). Control T-cells were activated using plate-bound anti-CD3+anti-CD28 antibodies. b)
The experiment shown in figure 3a was repeated with mice receiving a single treatment of
either no TcREG, OCiTcREG, control non-specifically activated CD8 T-cells, or Zoledronate
as a comparator (n= 8 to 9 mice/group). Ovariectomized mice treated with OC-iTcREG had
higher BV/TV, comparable to levels achieved by Zoledronate (Za), as assayed by µCT of
proximal tibia after 10 days. c) Polyclonal TcREG were generated from CD45.1 marked mice
and adoptively transferred into 14-week-old CD45.2 ovariectomized mice. Bone marrow
cells from untreated (left; shown for assessment of background) and TcREG-treated mice
were harvested on day 10 post-transfer. d) Ovariectomized mice were infused with OC-
iTcREG twice (indicated by arrowheads), at day 0 (14 days post-OVX) and day 11 to test the
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ability of TcREG to sustain decreased bone resorption. * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤
0.001 and NS = not statistically significant determined using Mann-Whitney two-sided U-
test.

Buchwald et al. Page 20

Bone. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Osteoclast-induced TcREG decrease number of osteoclasts
a) Ovariectomy increased the number of OC consistent with previous studies[27, 52]. OC-
iTcREG treated mice had decreased number of osteoclasts as measured by TRAP staining.
The decrease in osteoclasts (in reddish-brown indicated by arrowheads) was confirmed by
bone histomorphometry. A representative TRAP staining from each group is shown in panel
a. Quantitation of osteoclast surface on bone in tibia in response to TcREG treatment is
shown in panel b. A decrease in numbers of osteoclast (panel c) on bone was observed in
tibia of mice treated with OC-iTcREG. * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001 and NS
= not statistically significant determined using Mann-Whitney two-sided U-test.
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Figure 5. Treatment of ovariectomized mice with OC-induced TcREG decreased effector T-cells
A) OC-iTcREG suppress proliferation of CD4 T-cells in an antigen dependent manner. The
indicated numbers (50K, 25K, 12.5K, or 6.25K) of osteoclast-induced ovalbumin-specific
OT-I TcREG were added with 50,000 CFSE-labeled naïve OT-II CD4 responder T-cells to
50,000 dendritic cells that had been pulsed with ovalbumin peptide (OVA323-339). In
addition, some dendritic cells were also pulsed with either OVA257-264 (+ SIINFEKL) or no
additional peptide (–SIINFEKL). The amount of proliferation (CFSE-dilution) of responder
T-cells was measured by flow-cytometry after 72 hours. B) Ovariectomized mice had
increased fraction of effector T-cells (CD3+ and CD44+) relative to sham-operated mice.
Treatment of ovariectomized mice with OC-iTcREG decreased the fraction of effector T-
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cells. No change in the fraction of effector T-cells was observed in ovariectomized mice
treated with nonspecifically activated CD8 T-cells (γ). Cells were obtained from femora of
mice in Fig. 3B. Representatives FACS plots from each group (as indicated) are shown in
the panels below. * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001 and NS = not statistically
significant determined using Mann-Whitney two-sided U-test.
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Figure 6. Osteoclast-induced TcREG treated mice have higher bone formation rate relative to
bisphosphonate-treated mice
An increase in mineral apposition rate (MAR; panel b) and bone formation rate (BFR;
panel c) is observed in OC-iTcREG treated mice relative to untreated mice and to
Zoledronate (ZA) treated mice (n = 6 to 11 mice/group). Representative image of double
labeled (calcein green and alizarin red) from each group (as indicated) is shown above in
panel a. Arrow heads are shown to accent distance between dyes. * P ≤ 0.05, ** = P ≤ 0.01,
*** = P ≤ 0.001 and NS = not statistically significant, determined using Mann-Whitney two-
sided U-test.

Buchwald et al. Page 24

Bone. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


