T Cells Mediate the Effects of PTH in Bone

Roberto Pacifici

1 Introduction

Parathyroid hormone (PTH) causes bone loss when produced in a continuous fashion.
However, PTH induces a potent bone anabolic effect when injected intermittently.
The mechanism of action of PTH remains largely unknown. This article reviews the
evidence in favor of the hypothesis that T cells play an unexpected critical role in
the mechanism of action of PTH in bone.

2 Effects of PTH on Bone

Primary hyperparathyroidism is a common bone disease caused by continuous
overproduction of PTH. This disorder causes cortical bone loss [1] and leads to a
loss or gain of trabecular bone, depending on its severity, duration, and age of the
patient [1-3]. Primary hyperparathyroidism is modeled by continuous PTH (cPTH)
infusion, which, like hyperparathyroidism, stimulates bone resorption and causes
cortical bone loss [4—6]. cPTH treatment may lead to modest gain or loss of cancellous
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bone depending on the age of the mouse and the dose and duration of the cPTH
treatment [4—6]. By contrast, intermittent PTH (iPTH) treatment markedly increases
bone volume and strength in the cortical and trabecular compartments.

Both ¢cPTH and iPTH increase bone turnover [6-9]. The stimulation of bone
formation induced by iPTH far exceeds bone resorption, leading to a net bone ana-
bolic effect in the cortical and trabecular compartments [10]. By contrast, the stim-
ulation of bone formation induced by cPTH is not sufficient to offset the increase
in resorption, leading to a net cortical bone loss, which, in some conditions, is
associated to trabecular bone loss [10]. PTH stimulates bone resorption by enhanc-
ing the production of RANKL, and M-CSF, and decreasing the production of OPG
by stromal cells (SCs) and osteoblasts (OBs) [11, 12]. Recently, we have shown
that another critical mechanism is the capacity of PTH to increase the production
of TNF by T cells [5]. Enhanced bone resorption is accompanied by a stimulation
of bone formation driven by an increase in the number of OBs [13—15] achieved
through activation of quiescent lining cells [ 16], increased OB proliferation [17, 18]
and differentiation [17, 19, 20], attenuation of OB apoptosis [21-24], and signaling
in osteocytes [25]. However, the specific contribution of each of these effects of
PTH remains controversial. The expansion of the osteoblastic pool induced by
PTH is initiated by the release from the matrix undergoing resorption of TGFf,
IGF-1 and other growth factors that recruit SCs to remodeling areas [26-29].
Subsequent events are driven primarily by the activation of Wnt signaling in osteo-
blastic cells [30]. Activation of Wnt signaling induces OB proliferation [31] and
differentiation [30, 32], prevents OB apoptosis [23, 24, 33], and augments OB
production of OPG [34]. Wnt proteins initiate a canonical signaling cascade by
binding to receptors of the Frizzled family together with the coreceptors LRP4-5-
6, which results in the stabilization of cytosolic B-catenin. A nuclear complex of
beta-catenin and the T cell factor/lymphoid enhancer factor (TCF/LEF) family of
transcription factors then interacts with DNA to regulate the transcription of Wnt
target genes [35]. Wnt proteins also signal through noncanonical pathways which
involve the Src/ERK and Pi3K/Akt cascades [23].

PTH is a canonical Wnt signaling agonist which increases B catenin levels in
osteoblastic cells [36, 37], an effect which occurs through modulation of both the
protein kinase A and protein kinase C pathways [36]. PTH, once bound to PPR, is
also capable of forming a complex with LRP6 which results in LRP6 signaling and
[ catenin activation [38]. Thus, PTH activates Wnt signaling in osteoblastic cells
through both Wnt ligands-dependent and Wnt ligands-independent mechanisms.
Moreover, PTH down regulates the production of sclerostin, an osteocyte-derived
Whnt antagonist which blocks Wnt signaling by binding to LRP5 and LRP6 [39, 40].
Recently, convincing evidence has emerged that PTH receptor signaling in osteo-
cytes and the resulting direct regulation of sclerostin production play a particularly
relevant role in the anabolic activity of PTH (O’Brien, 2008 #11387). PTH also
regulates Dickkopf-1, a soluble LRPS and LRP6 signaling inhibitor [37], and Sfrp-4,
a factor which binds Wnt proteins thus antagonizing both canonical and noncanonical
Wht signaling [41]. Uncertainty remains with regard to the identity and the source
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of Wnt ligands which activate Wnt signaling in response to PTH treatment are not
completely understood.

3 Role of T Cells in the Anabolic Activity of Intermittent
PTH Treatment

T cells express functional the PTH receptor PPR [42, 43] and respond to PTH. This
prompted us to investigate whether T cells contribute to the anabolic response to iPTH.
Studies were conducted in four strains of T cell-deficient mice (TCRB—/—, RAG2—/—,
class I and I MHC double KO mice, and nude mice). Analysis by DEXA and uCT
revealed that in mice lacking T cells, iPTH induced a ~ 50 % smaller increase in bone
density and bone volume as compared to T cell-replete controls [43]. Furthermore,
adoptive transfer of T cells into T cell-deficient mice restored a normal response to
iPTH. T cells were found to augment the capacity of iPTH to improve architecture in
trabecular but not in cortical bone. Although the reason of this selectivity is unknown,
alack of access of T cells to cortical surfaces is not a likely explanation, as T cells reach
endosteal and periosteal bone surface through blood vessels and recirculate in and out
of the BM. In addition, direct measurements of bone strength by 4-point bending
revealed that the capacity of iPTH to improve bone strength was abolished in T cell-
deficient mice. Although the reason for this discrepancy is unknown, it is possible that
T cells might be required to improve the material property of bone.

With regard of the mechanism by which T cells potentiate the bone anabolic
activity of iPTH, studies have disclosed that in the absence of T cells iPTH is unable
to increase the commitment of SCs to the osteoblastic lineage, induce OB prolifera-
tion and differentiation, and mitigate OB apoptosis. All of these actions of PTH
were found to hinge on the capacity of T cells to activate Wnt signaling in osteo-
blastic cells [43]. Although it is well established that Wnt activation is a key mecha-
nism by which iPTH expands the osteoblastic pool, little information is available on
the nature and the source of the Wnt ligand required to activate Wnt signaling in
OBs. We have found that PTH stimulates BM CD8+ T cells to produce large
amounts of Wnt10b [43], a Wnt protein which activates Wnt signaling in SCs and
OBs, thus increasing OB proliferation, differentiation, and life span Treatment with
iPTH also caused a small increase in the production of Wnt10b by BM CD4+ cells
which was associated with a slightly diminished anabolic response in class II
MHC-/- mice, suggesting that production of Wnt10b by CD4+ cells contributes, in
small part, to the anabolic activity of iPTH. The relevance of CD8+ cells was dem-
onstrated by the inability of iPTH to promote bone anabolism in class I MHC—/—
mice, a strain that lacks CD8+ cells [43]. Additional studies revealed that iPTH does
not improve bone architecture in T cell-deficient mice reconstituted with CD4+
cells, while it does so in mice adoptively transferred with CD8+ cells [43]. The
pivotal role of T cell-produced Wnt10b was revealed by the hampered effect of
iPTH on bone volume in TCR—/— mice reconstituted with T cells from Wnt10b—/—
mice. It is likely that iPTH directly targets CD8+ T cells and stimulates their
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Fig. 1 Schematic representation of the role of T cells in the mechanism by which intermittent
PTH treatment stimulates bone formation. PTH stimulates T cells to secrete Wnt10b, a Wnt ligand
required to activate Wnt signaling in SCs and OBs. In the presence of T cell-produced Wnt10b,
stimulation of osteoblastic cells by PTH result in the activation of the Wnt signaling pathway. This
event leads to increased commitment of mesenchimal stem cells to the osteoblastic lineage,
increased osteoblast proliferation and differentiation, and decreased osteoblast apoptosis

production of Wntl0b as in vitro PTH treatment potently stimulates Wnt10b
production by T cells.

While in vitro PTH treatment increased Wnt10b production by all T cells, iPTH
upregulated WntlOb production only by BM T cells. This diversity might be
explained by the different dose and time of exposure to PTH. However, since adop-
tive transfer of spleen T cells into TCR—/— mice was followed by a restoration of
a full responsiveness to iPTH, the data suggest that the capacity of T cells to upregu-
late their production of Wnt10b in response to iPTH is not an intrinsic feature of T
cells, but rather is induced by environmental cues.

Together the data indicate that CD8+ T cells potentiate the anabolic activity of
PTH by providing Wnt10b, which is a critical Wnt ligand required for activating
Wht signaling in osteoblastic cells Therefore in the absence of CD8+ cells, stimula-
tion of osteoblastic cells by PTH is not sufficient to elicit maximal Wnt activation
due to the lack of a critical Wnt ligand (Fig. 1). The residual bone anabolic activity
of PTH observed in T cell-deficient mice is presumably due to ligand-independent
activation of LRP6 [38], and suppressed production of sclerostin [39, 40, 44].

The anabolic activity of iPTH is not identical in all strains of T cell-deficient
mice. In fact, while some strains had no increase in bone volume in response to
PTH, other exhibited a blunted but not a completely absent response. Osteoblastic
cells produce several bone anabolic Wnt ligands including Wnt10b, Wnt7a and
Wnt3b [45, 46]. These factors are likely to contribute to the T cell-independent
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anabolic activity of iPTH, and quantitative differences in their production may
account, in part, to the strain-dependent variability in the response to iPTH observed
herein. Furthermore, the magnitude of the anabolic response to iPTH in T cell null
mice may be related to a strain- and age-dependent capacity of iPTH to inhibit the
bone cells production of Wnt inhibitors such as sclerostin, [39, 40], Dickkopf-1 [37]
and Sfrp-4 [41]. These factors have been shown to contribute to the anabolic activity
of iPTH through T cell-independent mechanisms. Since B cells are regulated by
PTH [47], the response of RAG2—/— mice to iPTH might also have been determined
by the lack of B cells which is a feature of RAG2—/— mice.

The enhancement of bone formation induced by iPTH is accompanied by a
stimulation of bone resorption which is driven by increased production of RANKL
and decreased release of OPG in the bone microenvironment [48]. The direct
effects of PTH on RANKL/OPG production are mitigated, in part, by the iPTH-
induced activation of  catenin in OBs, as this transcriptional regulator stimulates
their production of OPG [49] and represses that of RANKL [50]. The latter is one
of the mechanisms that prevent bone resorption from offsetting the anabolic activ-
ity of iPTH.

Osteoblastic cells from WT mice treated with iPTH in vivo exhibited increased
commitment to the osteoblastic lineage, proliferation, differentiation, and life span
in vitro, as compared to the corresponding cells from T cell-deficient mice. Thus, T
cells, like PTH, affect all aspects of OB life cycle. Remarkably, these differences
were demonstrated in OBs purified from BM cultured for 7 days without the addi-
tion of PTH, suggesting that in vivo the hormone regulates early commitment steps
of SCs and their osteoblastic progeny through T cell-produced Wnt10b, and that
these steps are not reversed by the absence of PTH and T cells in vitro. This model
is consistent with the capacity of Wnt signaling to guide cell fate determination
[51]. A similar paradigm has been described in ovariectomized mice, a model where
estrogen withdrawal in vivo leads to the formation of SCs which exhibit an increased
osteoclastogenic activity which persists in vitro for 4 weeks [52].

4 T Cells and PTH-Induced Bone Loss

Studies designed to investigate the role of T cells in the bone catabolic activity of
cPTH revealed that an infusion of cPTH that mimics hyperparathyroidism fails to
induce OC formation, bone resorption, and cortical bone loss in mice lacking
T cells [35]. A second study conducted in older mice, a model in which cPTH
causes cortical and cancellous bone loss, revealed that T cell-deficient mice are also
protected against trabecular bone loss [5].

An important finding of these studies was that cPTH equally stimulated bone
formation in T cell-replete and T cell-deficient mice [35] [5]. It should be noted that
while the stimulation of bone formation induced by cPTH was completely T cell
independent, the lack of T cells blocked the increase in bone formation induced by
iPTH. The reason for this critical difference remains to be determined.
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Fig. 2 Schematic representation of the role of T cells in the mechanism by which continuous
PTH stimulates OC formation. Continuous PPR signaling in T cells induced by continuous PTH
(cPTH) treatment stimulates the production of TNF. This cytokine increases CD40 expression by
SCs. Binding to CD40 of T cell expressed CD40L increases SC sensitivity to PTH resulting in
enhanced SC production of RANKL and diminished secretion of OPG in response to PTH. T
cell-produced TNF further stimulates OC formation through its direct effects on maturing OC

precursors. The red arrows represent the main modifications induced by activation of PPR
signaling in T cells

These studies further revealed the existence of a cross-talk between T cells and
SCs mediated by the CD40L/CD40 signaling system. T cells provide proliferative
and survival cues to SCs and sensitize SCs to PTH through CD40L, a surface mol-
ecule of activated T cells that induces CD40 signaling in SCs. An important element
of this regulatory loop is the capacity of PTH to upregulate the expression of CD40
in SC from T cell-replete mice but not from T cell-deficient mice [35]. Thus T cells
contribute to the CD40L/CD40-mediated exchange of information between T cells
and SCs in two ways: first, by providing CD40L and secondly, by upregulating the
expression of CD40 on SCs. As a result, mice lacking T cells or T cell-expressed
CD40L have lower number of SCs. Furthermore, these SCs produce lower amount
of RANKL and have an even smaller suppression of OPG secretion in response to
PTH. Therefore, SCs from T cell-deficient mice have a lower capacity to support
OC formation in vivo and in vitro. The alteration in SC function is the ultimate
reason why deletion of T cells or T cell-expressed CD40L blunts the bone catabolic
activity of PTH [35].

Studies have also shown that cPTH increases the T cell production of TNF. This
cytokine not only increases OC formation directly, but also TNF upregulates the



9 T Cells Mediate the Effects of PTH in Bone 87

expression of CD40 in SCs, thus increasing their response to T cell expressed
CD40L. Attesting to the relevance TNF, cPTH fails to induce bone loss and stimu-
late bone resorption in mice lacking T cell TNF production [5].

To determine whether PTH targets T cells directly, we have conditionally silenced
the PTH receptor PPR in T cells. We found that removal of PPR signaling in T cells
blunts the stimulation of bone resorption induced by cPTH without affecting bone
formation. As a result, silencing of PPR signaling in T cells prevents the loss of corti-
cal bone induced by cPTH. Strikingly, the disruption of PPR signaling in T cells
converts the effects of cPTH in trabecular bone from catabolic to anabolic [5].

Collectively, our data reveal that the effects of cPTH on bone are the result of a
mechanism that involves PPR activation and TNF production in T cells (Fig. 2). T
cell-produced TNF stimulates bone resorption directly by potentiating the sensitiv-
ity of maturing OCs to RANKL. In addition, TNF enhances CD40L/CD40 signal-
ing from T cells to SCs by upregulating CD40 expression, an effect resulting in the
increased capacity of SCs to support OC formation. Thus, a complex cross-talk
between T cells and the osteoclastogenic machinery of the BM is central for the
bone catabolic activity of cPTH.
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