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Abstract
T cells are required for continuous PTH (cPTH) treatment to induce bone loss as they sensitize
SCs to PTH through CD40 Ligand (CD40L), a surface molecule of activated T cells. Since
CD40L expression is a feature of activated T cells, we investigated whether antigen (Ag) mediated
T cell activation is required for PTH to exert its catabolic activity. We report that inhibition of Ag
presentation through silencing of either class I or class II MHC-T cell receptor (TCR) interaction
prevents the cortical bone loss induced by in vivo cPTH treatment. We also show that the bone
loss and the stimulation of bone resorption induced by cPTH treatment are prevented by CTLA4-
Ig, an inhibitor of T cell costimulation approved for the treatment of Rheumatoid Arthritis. Since
inhibition of antigen driven T cell activation by blockade of either TCR signaling or T cell
costimulation is sufficient to silence the catabolic activity of cPTH, antigen presenting cells and T
lymphocyte interactions therefore play a critical role in the mechanism of action of PTH.
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INTRODUCTION
Parathyroid hormone (PTH) is a major regulator of calcium metabolism, which defends
against hypocalcemia, in part by stimulating bone resorption and thereby the release of
calcium from the skeleton. Chronic excessive PTH production is a cause of skeletal and
extraskeletal disease. Secondary hyperparathyroidism has been implicated in the
pathogenesis of senile osteoporosis (1), while primary hyperparathyroidism (PHP), is
associated with accelerated bone loss (2), osteopenia (3), and increased bone turnover (4), an
independent risk factor for fractures. Furthermore, PHP is a cause of extra-skeletal
manifestations stemming from increased bone resorption such as hypercalcemia, recurrent
nephrolithiasis, renal failure, peptic ulcers and mental changes (3).

PHP is modeled by continuous PTH (cPTH) treatment, which leads to cortical bone loss due
to an excess of bone resorption over formation (4). The main effect of PHP and cPTH
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treatment on cortical bone is that of stimulating resorption through an increase in osteoclast
(OC) formation and activity (5). The effects on trabecular bone are more complex, as PHP
and cPTH administration stimulate both trabecular bone resorption and formation.
Depending on PTH levels, the net effect is a modest anabolic effect, or a catabolic activity
(6–10).

Both the catabolic and the anabolic activities of PTH result from its binding to the PTH/
PTH-related protein (PTHrP) receptor (PPR or PTH-1R), expressed on bone marrow (BM)
SCs and their osteoblastic progeny (11,12). The catabolic effect of PTH has been shown to
be mediated, in part, by enhanced production of RANKL and decreased production of OPG
by SCs and osteoblasts (OBs) (13–15). Others have suggested a role for SC/OB produced
IL-6 (16,17), although more recent investigations concluded that IL-6 is not required for the
OC formation and bone loss that accompanies continuous elevation of PTH (18). PTH has
also been shown to stimulate the production of TNFα by cells of the osteoblastic lineage
(19), but the role of this cytokine as mediator of the catabolic effect of PTH in vivo remains
to be determined.

The notion that PTH stimulates OC formation and bone resorption by modulating the
osteoblastic production of pro- and anti-osteoclastogenic factors derives primarily from
studies showing that PTH increases bone resorption when isolated osteoblasts are placed in
close proximity to purified OC precursors or mature OCs (17,20–22). However, additional
cell lineages contribute to the catabolic activity of PTH in vivo. Among them are T
lymphocytes, a lineage now known to regulate bone homeostasis through secretion of pro-
and anti-osteoclastogenic factors (23–25). T cells also express ligands for costimulatory
molecules found on the surface of cells of the osteoblastic lineage (26). Furthermore, T cells
express PPR (27,28,29), and PTH is known to activate T cell intracellular signaling (30) and
T cell proliferation (31).

We have recently reported that cPTH treatment at doses which elevate serum PTH to levels
typical of patients with PHP, stimulates OC formation and induces cortical bone loss only in
the presence of T cells (32). We have also show that T cells increase the capacity of SCs to
support PTH induced osteoclastogenesis through the CD40L/CD40 signaling system (32).

Our previous studies have disclosed that PTH does not increase antigen (Ag) presentation
and T cell activation. However, since the expression of CD40L is a feature of activated T
cells, it is likely that baseline Ag presentation, which leads to spontaneous activation of T
cells in the bone marrow (BM), may be required for PTH to induce its catabolic effect.
Indeed the BM contains a relative large number of memory T cells which have increased
reactivity to self peptides and foreign Ag (33). T cell activation takes place in the presence
of several signals. The first is the presentation to the T cell receptor (TCR) of Ag derived
peptides bound to MHC molecules which are expressed on the surface of Ag presenting
cells (APCs). A second set of signals is provided by the interaction of the costimulatory
molecules on APCs with the T cell expressed counter receptors such as CD28 and CD40L.

In the present study we investigated the role of Ag presentation in cPTH induced bone loss.
We report that cPTH failed to induce bone loss in mice lacking Ag presentation due to
impaired MHC - TCR interaction, and in mice treated with the inhibitor of co-stimulation
Abatacept (CTLA4-Ig).
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RESULTS
1. Silencing of antigen presentation prevents PTH induced bone loss

We have found (data not shown) that cPTH does not increase Ag presentation, but we
hypothesize that activated T cells which physiologically reside in the BM are required for
PTH to exert its catabolic activity. Thus, neutralization of baseline antigen dependent T cell
activation should prevent PTH induced bone loss.

To determine whether PTH requires APC-T cell interactions in order to cause bone loss,
cPTH was infused for 2 weeks as previously described (32) into OT-I/RAG1, OT-II/RAG1
and WT mice. At sacrifice femurs were harvested and analyzed by μCT. OT-I/RAG1 and
OT-II/RAG1 mice are characterized by impaired by MHC class I - TCR interaction and
MHC class II-TCR interaction, respectively. We found that infusion of cPTH for 2 weeks
induced significant loss of femoral cortical thickness and cortical volume in WT control
mice. In contrast, both OT-I/RAG1, OT-II/RAG1 mice were completely protected against
PTH induced bone loss (fig 1). These findings indicate that silencing of Ag presentation to
either CD4+ cells or CD8+ cells is sufficient to completely block the capacity of cPTH to
induce cortical bone loss.

2. Treatment with CTLA-4 Ig prevents the bone loss and the increase in bone resorption
induced by PTH

In the context of Ag recognition, the interaction of the surface costimulatory molecules
CD80 and CD86 on Ag presenting cells with the costimulatory receptor CD28 expressed by
T cells is required for T cell activation. Abatacept (CTLA-4 Ig) is a human fusion protein
combining the extracellular portion of cytotoxic T lymphocyte Ag 4 (CTLA-4) with the
constant-region of human IgG1 (34). CTLA-4 Ig binds to human and murine CD80 and
CD86 blocking their interaction with CD28, promoting anergy and T cell apoptosis (35).
Abatacept also blunts the expression of CD40L in T cells. Therefore, CTLA-4 Ig is a potent
suppressor of T cell activation in vivo (34). WT mice were injected with either CTLA-4 Ig
(100 μg IP 3 times a week) or irrelevant Ig for one week. Mice were also treated for 2 weeks
with either PTH (80μg/kg/day) or vehicle, staring 3 days after the first CTLA-4 Ig injection.
Femurs were harvested at sacrifice and analyzed by μCT. These studies showed that
CTLA-4 Ig treatment prevented the decrease in femur cortical bone thickness and volume
(fig 2) induced by PTH infusion. Furthermore, whereas in vivo CTLA-4 Ig treatment
prevented PTH induced increase in serum levels of CTX, a marker of bone resorption, it did
not inhibit PTH induced increase in serum levels of osteocalcin, a marker of bone formation
(fig 2). These findings indicate that the presence of activated T cells is required for cPTH to
stimulate bone resorption and cause cortical bone loss.

DISCUSSION
This study was designed to determine whether Ag driven T cell activation is required for
cPTH treatment to induce cortical bone loss. The results demonstrate that arrest of Ag
presentation through silencing of class I and class II MHC-TCR interactions, or blockade of
costimulation, prevents the capacity of cPTH to induce cortical bone loss. These findings
provide further evidence of a novel regulatory link between the immune system and the
mechanism of action of PTH.

The presentation of antigenic peptides to the TCR was prevented using a genetic approach.
The T cells of both the OT-I/RAG1 mouse and the OT-II/RAG1 mouse express exclusively
a TCR specific for ovalbumin, an antigen not present in mammals. In fact, the OT-I/RAG1
mouse is homozygous for a transgene that encodes a T-cell receptor specific for chicken
ovalbumin 257–264 presented by the MHC class I molecule H-2Kb. It is also deficient in
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the RAG1 gene and therefore does not develop mature T or B cells expressing endogenous
receptors. OT-I/RAG1 mice lack CD4+ cells and virtually all peripheral CD8+ cells exhibit
a single TCR specificity toward the foreign Ag chicken albumin (ovalbumin) (36). The OT-
II2/RAG1 line is homozygous for a transgene that encodes a T-cell receptor specific for
chicken ovalbumin 323–339 presented by the MHC class II molecule I-Ab. It is also
deficient in the Rag1 gene and therefore does not develop endogenous mature T or B cells.
Importantly, OT-II/RAG1 mice lack CD8+ cells and all peripheral CD4+ cells exhibit a
single TCR specificity toward ovalbumin (37).

T cell costimulation was instead blocked using a pharmacological approach. Abatacept is an
agent approved for the treatment of Rheumatoid Arthritis which has also been shown to
block the bone loss induced by ovariectomy (38). The finding that PTH induced bone loss
may be prevented using an inhibitor of costimulation may lay the foundation for a new
pharmacological approach to the management of hyperparathyroidism.

Our investigation was limited to an analysis of cortical bone because continuous delivery of
PTH into young mice does not cause trabecular bone loss. However, cortical bone represents
about 80 % of the entire skeletal mass (39) and cortical volume and thickness are major
predictors of bone strength and fracture risk (40). Thus, the T cell dependent bone effects of
PTH are relevant for the risk of long bone fractures associated with primary and secondary
hyperparathyroidism (1–4)

Previous studies have shown that T cells play a pivotal role in stimulating OC formation and
inducing bone loss in autoimmune diseases (41), periodontal bone disease (42) estrogen
deficiency (23) and cPTH treatment (32). The current investigation demonstrates the key
role of Ag presentation in a model of hyperparathyroidism, reinforcing the evidence that that
T cells may be central for stimulating OC formation above baseline both in inflammatory
and hormone mediated bone loss. However, T cells mediate PTH induced bone loss by
regulating SC function through a membrane bound signaling molecule, while they cause
other forms of bone loss by secreting osteoclastogenic cytokines.

The BM has long been recognized as a primary lymphoid organ, but it is now clear that the
BM is also a secondary lymphoid organ that plays a key role in the immune response by
hosting and regulating adaptive immunity. Many T cell clones present in lymphatic organs
including the BM are reactive to self Ag. These clones survive negative selection in the
thymus because the self Ag to which they respond is not expressed in the thymus (43–46). In
the BM and other lymphoid organs self Ag can be presented to T cells, and induce low grade
T cell activation, typically without causing any autoimmune pathology (47). Thus, a low
number of activated T cells is physiologically present in healthy humans and rodents due to
presentation by MHCII and MHCI molecules of both self and foreign peptides to CD4+ and
CD8+ cells (48). This autoreactive response may be beneficial, and could promote immune
cell survival and renewal (49) as well as enhance the sensitivity of mature T cells to foreign
Ag (50,51).

The demonstration that the process of co-stimulation is required for the catabolic activity of
PTH extends our previous finding regarding the relevance of the CD40L/CD40, which is
another pair of costimulatory molecules involved in the mechanism of action of PTH.
Indeed one feature of activated T cells is the expression of CD40L, a ligand for the
costimulatory molecule CD40, which is expressed on APCs and cells of the osteoblastic
lineage (26). CD40L provides proliferative and survival cues to stromal cells (SCs) and
sensitize SCs to PTH.

In summary, our findings demonstrate that Ag presentation is required for cPTH to induce
bone loss. Inhibition of Ag presentation by blockade of either MHC/TCR interactions or
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costimulatory molecules may thus represent novel therapeutic targets for
hyperparathyroidism.

METHODS
Animals

All animal procedures were approved by the Institutional Animal Care and Use Committee
of Emory University. Female WT mice were purchased from the Jackson Laboratory (Bar
Harbor, Maine) and maintained under sterile conditions. OT-I/RAG1 (C57BL/6-Tg(OT-I)-
RAG1tm1Mom) mice and OT-II/RAG1 (C57BL/6-TgN(OT-II.2a)-RAG1tm1Mom) were
purchased from Taconic Farms.

In vivo PTH infusion
ALZET osmotic pump model-1002 (DURECT Corporation, Cupertino, CA) were implanted
subcutaneously in female mice of 10 weeks of age. The pumps contained either hPTH1–34
(Bachem California Inc., Torrance, CA) or vehicle. PTH was delivered at a dose of 80 μg/
kg/day for 2 weeks by implanting a single pump with a delivery rate of 0.25 μl/hr,
containing 16.2 pM of hPTH1–34.

CTLA4-Ig treatment
WT mice were injected IP with CTLA4-Ig (kindly provided by Dr. Robert Mittler, Emory
University) or irrelevant Ig, at a dose of 100 μg per mouse, three times a week for one week,
starting 3 days before PTH or vehicle infusion.

μCT measurements of cortical bone
μCT scanning and analysis was performed as reported previously (52) by a technician blind
to grouping of animals, using a Scanco μCT-40 scanner (Scanco Medical, Bassersdorf,
Switzerland). Bones were scanned at a resolution of 12 μm, tomographic images were
obtained at conditions of 70 KV and 114 μA by collecting 500 projections. Cortical bone
volume and cortical thickness were determined by analyzing 80 slices at the mid –diaphysis
of the femurs.

Measurement of serum markers of bone turnover
Serum C-terminal telopeptide of collagen (CTX), a marker of bone resorption, was
measured by a rodent specific ELISA assay (Immunodiagnostic Systems Inc. Fountain Hills
AZ). Serum osteocalcin, a specific marker for bone formation, was measured using Rat-
MID™ Osteocalcin ELISA kit ((Immunodiagnostic Systems Inc. Fountain Hills AZ).
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Figure 1.
Effect (Mean ± SEM) of in vivo treatment with cPTH infusion (80 μg/kg/day) for 2 weeks in
WT, OT-I/RAG1 and OT-II/RAG1 mice. Figure shows femoral cortical thickness and
cortical volume. (n = 10 mice per group). * = p <0.05 compared to the corresponding
vehicle treated group.
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Figure 2.
Effect (Mean ± SEM) of in vivo treatment with cPTH infusion (80 μg/kg/day) for 2 weeks in
WT mice treated with CTLA-4 Ig or irrelevant Ig for 1 week. Figure shows femoral cortical
thickness, cortical volume, serum CTX and serum osteocalcin. (n = 10 mice per group). * =
p <0.05 as compared to vehicle treated groups and to PTH/CTLA-4 Ig group

Bedi et al. Page 10

Ann N Y Acad Sci. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


