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Abstract

Bone loss is a typical pathological feature of chronic inflammatory bone diseases including
rheumatoid arthritis, in which CD4 effector T cells play critical roles. We found that activated mouse
Th2 and not Th1 cells produced the parathyroid hormone (PTH). Unlike in the parathyroid cells,
PTH expression in Th2 cells was not regulated by the fluctuation of calcium level, but rather it
required the full activation of the T cells. Although PTH was expressed in immature Th2 cells, and
its receptor was transiently expressed during Thl and Th2 cell differentiation, PTH did not
significantly affect the outcome of the differentiation. In primary osteoblasts cultured in Th2 cell
condition medium, the alkaline phosphatase (ALP) activity was maintained at a basal level. However,
antagonizing PTH in the condition medium resulted in a significant reduction of the ALP activity.
These results demonstrated an important role of the Th2 cell-derived PTH in maintaining the bone-
forming activity of the osteoblasts under inflammatory conditions. In osteoblasts cultured in the Thl
cell condition medium, the ALP activity was significantly suppressed. Neutralizing IFN-y alleviated
the suppression. Conversely, treatment of osteoblasts with IFN-y suppressed the ALP activity. Unlike
ALP, expression of the major bone matrix proteins by the osteoblasts was only minimally affected
by either Thl or Th2 cytokine environment. In addition, the Th2 cytokine environment also regulated
to expression of receptor activator of NF-x B ligand and osteoprotegerin through both PTH-dependent
and -independent mechanisms. Our study therefore identified new regulatory events in bone
remodeling under inflammatory conditions.

In a healthy individual, bone mass and structure are maintained by a balance between bone
formation and resorption. This balance can be disrupted by local inflammation to cause
dysregulated bone remodeling that often leads to bone erosion in inflammatory bone diseases
such as arthritis and chronic osteomyelitis (1-3). Bone formation and resorption are mediated
by osteoblasts and osteoclasts, respectively. To form new bone, osteoblasts produce bone
matrix proteins (4) and alkaline phosphatase (ALP)4 important for bone mineralization (5).
Paradoxical to their bone-forming activities, osteoblasts not only express receptor activator of
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NF-x B ligand (RANKL) to induce osteoclastogenesis but also enhance the attachment of
osteoclasts to bone surface to promote bone resorption (6-9). Thus, osteoblasts and their
derivatives are the pivotal players and regulators of bone remodeling. Under non-inflammatory
conditions, they can respond to systemic hormones such as the parathyroid hormone (PTH)
and mechanical stress to regulate Ca2* homeostasis and bone mass (10,11).

Under inflammatory conditions, intimate interactions are established between bone cells and
inflammatory cells, particularly activated T cells (3,12-14). For example, activated T cells not
only express RANKL themselves (13), but also secrete IL-17 to up-regulate RANKL
expression on osteoblasts (6) to induce osteoclastogenesis. Much work has also been devoted
to the roles of CD4 effector subsets, the type 1 and type 2 Th (Th1 and Th2) cells in
inflammatory arthritis (2). Thl and Th2 cells are characterized by their mutually exclusive
cytokine profiles, with Thl cells producing IFN-y, whereas Th2 cells produce IL-4, -5, and -13
(15). In the human autoimmune disease rheumatoid arthritis, CD4 T cells derived from the
arthritic joints predominantly show a Th1 phenotype (16,17). However, Th2 cells are also found
particularly in the early phase of the disease (17,18). Thus, both Thl and Th2 cells are closely
involved in the disease process.

Studies with animal models largely confirmed a pathogenic role of Thl cells in inflammatory
arthritis (2). However, when the roles of individual cytokines were examined, the results were
often conflicting. A paradoxical role of IFN-y to suppress collagen-induced arthritis was
revealed by genetic deletion of IFN-y or its receptor gene (19-22). However, in proteoglycan-
induced arthritis, IFN-y promotes the disease (23). On the Th2 side, opposing effects of IL-4
have also been documented. Studies of IL-4 gene deletion and enhanced IL-4 signaling
demonstrated a role of IL-4 in accelerating the onset and severity of arthritis (21,24), whereas
others found that IL-4 was protective against arthritis (25,26). These findings underscored the
complex nature of inflammatory arthritis as a heterogeneous group of diseases with different
underlying mechanisms subject to influences by genetic backgrounds and stages of disease.

The mechanisms by which Th cells regulate the progression of inflammatory arthritis are not
fully understood. It is believed that autoantigen-activated T cells may cause an influx of other
inflammatory cells to the joints, and/or induce autoantibody formation and Ab complex
deposition (23,27-30). Importantly, Th1 and Th2 cells can also modulate bone cell activities
and therefore contribute to bone erosion. Previous studies have mostly focused on the
regulation of osteoclastogenesis. For instance, consistent with their pathogenic role, activated
Th1 cells express surface RANKL, and therefore can directly stimulate osteoclast
differentiation (31). However, the Th1 cytokine IFN-y paradoxically attenuates RANK
signaling (32). In contrast, IL-4 and -13 inhibit RANKL expression in osteoblasts by
suppressing PGE synthesis (33,34). Compared with osteoclastogenesis or bone resorption,
much less is known about the regulation of bone formation by Thl and Th2 cells.

Insummary, the regulatory network that controls an inflammatory bone disease such as arthritis
is complex. Not only multiple cells and factors are involved, the same cells or factors could
perform multiple functions. A complete understanding of the disease process may require
knowledge of all potential interactions among these cells and factors, and ultimately computer
modeling of such interactions. In the present study, we found that Th2 cells produced PTH,
which acted as a cytokine for local cell communication instead of as a hormone to regulate
systemic calcium homeostasis. This finding led us to investigate the effects of the cytokine
milieu created by Th2 or Thl cells on osteoblasts, the central component of bone remodeling.
Our studies found that the Th2 cell-derived PTH and the cytokine environment of Thl or Th2
cells regulate the expression of genes responsible for the anabolic and catabolic activities of
the osteoblasts.
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Materials and Methods

Preparation of CD4 T cells and APC

Total CD4 T cells of C57BL/6 or BALB/c mice (National Institutes of Health, Bethesda, MD)
were isolated by negative selection with magnetic beads as previously described (35,36). To
isolate naive CD4 T cells, total CD4 T cells were first incubated with biotinylated anti-CD62L
Abs (BD Pharmingen) at a suboptimal concentration, and then with avidin-coated magnetic
microbeads. CD62LN9" cells were isolated by MACS (Miltenyi Biotec). APC were prepared
by depleting T cells in total spleen and lymph node cells with Abs against T cells plus rabbit
complements (Invitrogen Life Technologies). APC were irradiated with 3000 rad before use.
All animals used in this study were handled in accordance with procedures approved by the
University of Rochester committee for animal research.

In vitro Th cell differentiation

Naive CD4 T cells from nontransgenic mice were stimulated with APC and 2.5 mg/ml Con A
(Roche) plus 50 U/ml human IL-2 (Chiron). For Th1 cell differentiation, cultures were
supplemented with 5 ng/ml IL-12 (Genetic Institute) and anti-1L4 mAb (11B11), whereas for
Th2 cell differentiation, with 10 ng/ml IL-4 (BD Pharmingen) and anti-IFN-y mAb (XMG1.2).
When applicable, PTH agonist rat PTH;_34 or antagonist bovine PTH7_34 (Bachem) was
included in the cultures at concentrations indicated in the experiments. For Th cell
differentiation under suboptimal polarizing conditions, no neutralizing Abs were used.
Different concentrations of 1L-4 with or without PTHq_34 or bovine PTH7_34 were included
in the cultures as indicated in each experiment. In all cases, cells were cultured for 4 days. After
differentiation, cells were rested in fresh medium plus 100 U/ml IL-2 for 1-1.5 days for
restimulation. Spleen cells of DO11.10Ca~'~ mice (gift from Dr. D. Metz, University of
Rochester, Rochester, NY) were stimulated with 0.5 mg/ml OV A3p3_339 peptide. The same
polarizing cytokines and neutralizing Abs were used for Th1 and Th2 cell differentiation as
for the nontransgenic CD4 T cells. The cells were cultured for 7 days, and then rested for 1—
1.5 days for restimulation. Resting cells were activated for harvesting supernatants for ELISA,
RNA for RT-PCR, or intracellular cytokine staining as previously described (36).

Flow cytometry

For intracellular cytokine staining, resting CD4 T cells were stimulated with PMA (50 ng/ml)
and ionomycin (1.0 uM). Cells were fixed and stained for CD4, IFN-y, and 1L-4 as previously
described (36). For PTHRL1 staining, day 3 immature Th1 and Th2 cells were first incubated
with Fc block (BD Pharmingen). The cells were then incubated with either normal rabbit 1gG
or rabbit anti-mouse PTHR1 IgG (Covance), and subsequently with FITC-conjugated goat
anti-rabbit 1gG (Rockland Immunochemicals) and allophycocyanin-conjugated anti-CD4 Abs
(BD Pharmingen). The stained cells were analyzed on a FACSCalibur.

Regular and real-time RT-PCR analysis of gene expression

Total RNA were isolated using Ultraspec-11 RNA isolation system (Biotecx), and reverse
transcribed with SuperScript |1 reverse transcriptase (Invitrogen Life Technologies) according
to the manufacturer’s instructions. The amount of cDNA in each sample was semiquantified
using a competitive PCR assay for the housekeeping gene HPRT as previously described
(37). Similar amounts of cDNA were used for PCR analysis of gene expression of PTH and
cytokines. Primer sequences for HPRT and cytokine genes were described previously (38).
Primers for PTH were PTH 5'(ATG ATG TCT GCA AAC ACC GTG G) and PTH 3' (CTC
CCT CACCAAGACTTT TTG G). Primers for PTHR1 were PTHR 5’ (CTT CGG TGT CCA
CTA CAC CGT C), and PTHR 3’ (CTA AGG GGA AGG CTG AGT CCT GCA C).

J Immunol. Author manuscript; available in PMC 2009 February 25.
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For real-time analysis of bone matrix protein gene expression, PCR mixtures were
supplemented with SYBR Green (Invitrogen Life Technologies) and 10 nM fluorescein (Bio-
Rad Laboratories). The PCR is performed on Bio-Rad Icycler, and data were analyzed with
the MyiQ software (Bio-Rad Laboratories). The transcript of each gene relative to that of -
actin was determined by the 2ACt method (39). Changes of gene expression were represented
as fold of induction compared with the untreated osteoblasts. The following primers were used
in the real-time PCR: ggt gtg act cgt gca gcc gt and cgc tat cca get gac ctt cct for type | collagen,
tat gta cat ctt ccc tgt cca ct and gtt gat gtc ctg ctc ctt gat for osteonectin, gag tct gac aaa gcc ttc
atgt and gct tta ggg cag cac agg tcc ta for osteocalcin, tgg gta tgg aat cct gtg gca and aat gat ctt
gat ctt cat ggt gct a for S-actin, atc cca tcg ggt tcc cat aaag and cat aca cca tca gct gaa gat ag
for RANKL, gat cat cca aga cat tga cctc and ctt caa ggt gtc ttg gtc acca for osteoprotegerin
(OPG). Differences between experimental and control values were analyzed for statistical
significance by Student’s t test.

ELISA detection of PTH

Differentiated Th cells were activated at 3 x 10%/ml for 24 h. PTH concentration in the
supernatants and standards were analyzed with the mouse intact PTH ELISA kit (Immutopics)
according to the manufacturer’s instructions. The optical absorbances were read on a Kinetic
Microplate Reader, and results were analyzed with the SOFTmax software (Molecular
Devices).

Isolation and culture of mouse osteoblasts

ALP assay

Primary osteoblasts were isolated following a procedure similar to the one described by Bost
et al. (40). Calvarial bones free of suture regions were harvested from newborn or 3- to 4-day-
old mice. The bones were digested in 2 ml of HBSS containing 200 mg/ml collagenase (Sigma-
Aldrich) for 20 min at 37°C with rotation. After discarding the first digestion, the cell
suspension from five subsequent digestions was transferred and combined in a tube containing
2 ml of FBS. After centrifuge, the cells were resuspended in 5 ml of a-MEM (Invitrogen Life
Technologies) plus 10% FBS and plated in a 60-mm tissue culture dish. The cells were split
and expanded three times before storage in liquid nitrogen for future use. For experimental
treatments, primary osteoblasts were seeded in 48-well plate or 12-well plate at 5 x 104 and 2
x 10° cells/well, respectively. One day later, the culture medium was replaced with fresh
medium containing T cell culture condition medium and/or PTH1_34, PTH7_34 (Bachem), IFN-
y (Pharmingene), or anti-IFN-y Ab (XMG1.2). After 24 h of culture, the cells were lysed for
RNA extraction or ALP assay.

Primary osteoblasts seeded in a 48-well plate and treated with different experimental conditions
were lysed with 100 ul of 0.05% Triton X-100, followed by three times of freeze-and-thaw.
After spinning down the debris, the protein contents in the lysates were determined using Bio-
Rad Protein Assay Dye reagent according to the manufacturer’s instruction. Typically, 30 ul
of lysate or standard ALP solution was mixed with 100 ul of FAST p-nitrophenyl phosphate
substrate (Sigma-Aldrich) in a 96-well plate, and incubated at room temperature for 15-30
min. The optical absorbances were read at 405 nm. The ALP activities were normalized to
protein contents, and the relative changes compared with the untreated osteoplast sample were
determined as fold of induction. Differences between experimental and control groups were
analyzed for statistical significance by Student’s t test.
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Results

Specific expression of PTH by Th2 cells

The differentiation of Th2 cells from naive CD4 T cells is driven by the transcription factor
GATA-3 (35,41-43). In previous studies, we have identified genes specifically expressed in
Th1 or Th2 cells (35). Unexpectedly, one of the Th2 cell-specific genes was the PTH gene.
More recently, it has been shown that mutations in GATA-3 cause hypoparathyroidism in the
hypoparathyroidism, deafness, and renal dysplasia syndrome in humans (44—46). The common
connection of Th2 cell differentiation and hypoparathyroidism, deafness, and renal dysplasia
to GATA-3 revived our interest to investigate the expression of PTH in Th2 cells.

RT-PCR analysis was performed to analyze PTH mRNA expression in Th1l and Th2 cells. In
the first set of experiments, cDNA were derived from restimulated Th1 and Th2 cells
differentiated with Con A stimulation. The amounts of cDNA were quantitated using a
competitive PCR assay of the housekeeping gene HPRT, and normalized for RT-PCR detection
of PTH (37). As shown in Fig. 1A, PTH message was detected in Th2 cells but not in Th1 cells.
During Th2 cell differentiation, the onset of PTH gene expression occurred 2 days after initial
T cell activation (Fig. 1B), concurrent with the commitment to Th2 lineage and the induction
of IL-4 gene expression (35,47). We further investigated whether Th cells generated with
specific Ag stimulation could also express PTH gene. Thl and Th2 cells were derived from
the DO11.10Ca 7~ mice transgenic for TCR specific for the OVA peptide OVA3z03 339 (48).
Like the Con A-stimulated CD4 T cells, PTH message was specifically present in the Ag-
stimulated Th2 but notin Th1 cells. Similarly, the long-term Th2 clone D10 cells also expressed
the PTH gene, whereas the Th1 clone AE7 did not (Fig. 1A). Consistent with mRNA expression,
PTH was detected by ELISA in the supernatants of activated Th2 cells (Fig. 1C).

PTH expression by Th2 cells is activation dependent

Our studies thus far had identified Th2 cells as an unconventional producer of PTH outside the
parathyroid glands. A fundamental question was whether the expression of PTH by Th2 cells
was controlled similarly to Th2 cytokines, or instead was regulated as in the parathyroid cells.
To answer this question, we first determined whether the expression of PTH by Th2 cells
required TCR activation. Differentiated DO11.10Ca/~Th2 cells were allowed to become fully
resting in culture. The resting state of the cells was verified by the lack of cell growth (data not
shown) and the decrease of cell sizes, as shown by the relatively low values of the forward
scatters in flow cytometry (Fig. 2A). The resting cells were either activated by Ag or left
unstimulated. RNA was isolated for RT-PCR analysis of PTH mRNA levels, and culture
supernatants were harvested for detection of secreted PTH. PTH mRNA and proteins were
detected in the activated cells. In contrast, neither mRNA nor secreted PTH could be detected
in the resting cells (Fig. 2A). Because TCR stimulation can be mimicked by treatment with the
pharmacological agents PMA and ionomycin, we tested the requirements of these two agents
for PTH gene expression in Th2 cells. PTH gene expression was induced by the combination
of PMA and ionomycin, but not by either agent alone (Fig. 2B). Therefore, like cytokine
expression, PTH expression in Th2 cells is dependent on the full activation of the T cells.

PTH gene expression in Th2 cells is not induced by low calcium level

In parathyroid cells, PTH expression is up-regulated at the transcriptional level by low
concentration of extracellular calcium (49). It seemed to be possible that low calcium
concentrations might induce PTH expression in Th2 cells. To test this possibility, resting cells
were incubated in culture medium containing either low or normal concentrations of calcium
with or without Ag stimulation (Fig. 3). PTH gene expression levels were analyzed by
semiquantitative RT-PCR. Consistent with the results in Fig. 2A, no significant expression of
PTH was observed in resting cells without Ag stimulation at either low or normal calcium
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concentration. With Ag stimulation, PTH gene expression was induced at either concentration
of calcium.

PTH does not play a significant role in Th cell differentiation

The differentiation of Th1 or Th2 cellsis a self-reinforcing process in which cytokines produced
by immature Th1 or Th2 cells enhance the differentiation of their own producers and antagonize
the differentiation of the opposite subset. Because PTH was expressed by immature Th2 cells
(Fig. 1B), we wished to determine whether PTH might modulate the ratio of Th1 and Th2 cells
in an autocrine and/or paracrine manner. We first analyzed the expression of the primary
receptor for PTH, the PTHRL, during Th1 and Th2 cell differentiation. RT-PCR analysis
showed weak expression of PTHR1 message at day 3 in both immature Th1 and Th2 cells,
which was lost in cells of later time points (Fig. 4A). The transient expression of the receptor
was also detected on the surface of the immature Th1 and Th2 cells at day 3, but not at day 2,
by flow cytometry (Fig. 4B).

Initial study with the PTH agonist peptide PTH;_34 and antagonist peptide PTH7_34 under
extreme polarizing conditions showed no effects of PTH on Th1 or Th2 cell differentiation
(Fig. 5A). Because the extreme polarizing conditions for Th1 and Th2 cell differentiation could
mask the effect of less dominant factors, we further studied the effect of PTH on Th cell
differentiation under suboptimal conditions. Naive CD4 T cells were stimulated for Th cell
differentiation at different concentrations of IL-4 in the absence of any neutralizing Abs. PTH
agonist peptide PTH4_34 was added to the cultures at different concentrations. After
differentiation, the cells were analyzed by intracellular cytokine staining of IFN-y and IL-4 to
determine the percentages of Thl and Th2 cells. Under each condition, the percentage of Th2
cells increased with the I1L-4 concentration, whereas that of Thl cells decreased. Compared
with cultures without PTH1_34, small decreases in the percentages of Th1l cells were observed
at high concentrations of PTH1_34, essentially no differences were observed in the percentages
of Th2 cells (Fig. 5B).

Th2 cell-derived PTH regulates ALP activity of osteoblasts

The fact that the Th2 cells produce PTH in an activation-dependent and calcium concentration-
independent manner suggested that the Th2 cell-derived PTH might function as a cytokine in
the local environment. Given the fact that Thl and Th2 cells play important roles in the
pathogenesis of rheumatoid arthritis (2), and osteoblasts are the primary targets of PTH in the
bone, we examined the effect of PTH and Th2 cytokine milieu on osteoblast activities. Primary
calvarial osteoblasts were cultured with condition medium of resting or activated Th2 cells.
ALP activities of the osteoblasts were measured 24 h after the treatment. As shown in Fig.
6A (left), no significant difference in ALP activity was observed between osteoblasts cultured
with and without Th2 condition medium. However, when PTH action in the activated Th2 cell
condition medium was antagonized with the PTH7_34 peptide, ALP activity was markedly
decreased. The effect of PTH7_34 was specific for osteoblasts treated with the activated Th2
cell condition medium, because showed no effect on the untreated osteoblasts PTH7_34 (Fig.
6A, right). Likewise, PTH7_34 showed no effect on osteoblasts treated with resting Th2 cell
condition medium. The same results were obtained with the long-term Th2 clone D10 (Fig.
6A, center). Therefore, in this culture system of primary osteoblasts, the basal level of ALP
activity was independent of PTH. However, the osteoblasts were responsive to PTH, as shown
by the increase of ALP activity of the osteoblasts induced by the agonist peptide PTH1_34 (Fig.
6A), which was consistent with a role of PTH in increasing bone density (50). Therefore, it
appeared that PTH produced by Th2 cells contributed to maintaining a basal level of ALP
activity of the osteoblasts. In the absence of PTH function, the Th2 cytokine milieu inhibited
the ALP activity of the osteoblasts.

J Immunol. Author manuscript; available in PMC 2009 February 25.
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Th1 cell-derived IFN-y inhibits osteoblast ALP activity

Unlike the Th2 cell condition medium, activated Th1 cell condition medium significantly
suppressed the ALP activity of the osteoblasts (Fig. 6B). Because the major cytokine produced
by Th1 cells is IFN-y, we investigated the role of IFN-y in suppressing osteoblast ALP activity.
First, we used anti-IFN-y Abs to neutralize IFN-y in the Th1 cell condition medium. As shown
in Fig. 6B, the anti-1IFN-y neutralizing Abs effectively blocked the inhibition of the ALP activity
of the osteoblasts. We then determined whether rIFN-y could inhibit osteoblast ALP activity.
Although to a lesser extent, rIFN-y significantly inhibited ALP activity of the osteoblasts. We
conclude that the inhibition of ALP activity by Thl condition medium was at least in part due
to IFN-y secreted by the Th1 cells. This finding is consistent with an earlier study that found
inflammatory cytokines including IFN-y inhibit osteoblast activities (51). Our study
specifically showed that IFN-y could inhibit ALP activity of osteoblasts in the Thl cytokine
environment.

Thl and/or Th2 cytokine environment has only minimal effects on bone matrix protein gene
expression in osteoblasts

Bone formation involves both bone matrix protein synthesis and mineral deposition. Our
studies have indicated that Th cell-derived PTH and IFN-y exert opposite effects on bone
mineralization through the regulation of the ALP activity of the osteablasts. To further
determine whether Th1 and/or Th2 cytokine milieu can also influence the bone matrix protein
expression in osteoblasts, real-time PCR experiments were performed to analyze the gene
expression levels of the three major bone matrix proteins, the type I collagen, osteonectin, and
osteocalcin (4). Of these three genes, no significant expression of osteocalcin was detected in
any of the experimental conditions (data not shown), indicating that the osteoblasts used in our
studies were at a relatively early stage of ontogeny (52). In contrast, type | collagen and
osteonectin genes were well expressed. Although consistent with an earlier study (53),
PTH;_34 treatment alone appeared to moderately inhibit the expression of type I collagen, and
Th2 cell condition medium did not exert a strong effect on type | collagen gene expression
whether or not PTH was antagonized by PTHy_34 (Fig. 7A). It is possible that the relatively
weak inhibition by PTH might be compensated by actions of other factors in the Th2 cell
condition medium. Like the type I collagen, osteonectin expression level was not significantly
altered by Th2 condition medium either (Fig. 7A). Similarly, the Th1 cytokine milieu did not
show a significant effect on either type I collagen or osteonectin gene expression whether or
not IFN-y was neutralized (Fig. 7A).

Effects of Th2 cytokine environment on RANKL and OPG expression

In addition to an anabolic effect, osteoblasts also exert a catabolic effect on bone. PTH plays
important roles in the catabolic activity of osteoblasts through up- and down-regulation of
RANKL and OPG, respectively (54,55). We therefore examined the effect of Th2 cell condition
medium on RANKL and OPG expression (Fig. 7B). We first tested the response of primary
osteoblasts to PTHq_34 and PTH7_34. Consistent with previous reports, PTH;_34 modestly
elevated RANKL expression, whereas PTH7_34 slightly decreased RANKL expression (Fig.
7B), perhaps by antagonizing the trace amount of PTH in the culture medium. In contrast, OPG
expression was not significantly affected by the PTH-derived peptides (Fig. 7B). The lack of
down-regulation of OPG expression by PTH;_34 was perhaps due to the relatively short time
of treatment (24 h), because it was previously shown that down-regulation of OPG expression
in osteoblasts requires continuous treatment with PTHq_34 over 48 h (56). When the osteoblasts
were cultured in activated Th2 cell condition medium, up-regulation of both RANKL and OPG
was observed (Fig. 7B). The up-regulation of RANKL was partially attenuated by PTH7_34,
demonstrating that it was in part due to PTH expression by the activated Th2 cells. In contrast,
up-regulation of OPG expression was not blocked by PTH7_34 (Fig. 7B), indicating a PTH-
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independent mechanism for OPG up-regulation by the Th2 cell condition medium. A slightly
enhanced expression of RANKL was also observed in osteoblasts cultured in resting Th2 cell
condition medium, which was not affected by PTH;_s34, whereas little change was observed in
OPG expression (Fig. 7B). The up-regulation of OPG by activated Th2 cell condition medium
outweighed the up-regulation of RANKL, so that the ratio of RANKL/OPG was decreased in
these cells. Therefore, the overall effect of Th2 cell cytokine environment might favor the
anabolic activity of the osteoblasts.

Discussion

Bone loss caused by dysregulated bone remodeling is a major pathological feature of
rheumatoid arthritis and its animal models of inflammatory arthritis. Ample evidence has
demonstrated critical roles of Th1l and Th2 cells in both the initiation and progression of the
diseases, and previous work has identified regulatory functions of Th1 and Th2 cells in
osteoclastogenesis and bone resorption. However, little is known about the regulation of bone
formation by Thl and Th2 cells. In the present study, we found that Th2 cells produced PTH
upon Ag stimulation. We showed that the Th2 cell-derived PTH contributed to maintaining
the ALP activity of primary osteoblasts. In the absence of PTH function, Th2 cytokine milieu
inhibited osteoblast ALP activity. Thl cytokine milieu also inhibited osteoblast ALP activity,
which was at least partially mediated by IFN-y. In contrast, the expression of bone matrix
proteins by osteoblasts was not significantly influenced by either Th1 or Th2 cytokine
environment. In addition, we found that Th2 cytokine environment enhanced the expression
of RANKL and OPG, but shifted the balance of RANKL and OPG to a lower ratio of RANKL/
OPG. Our study thus identified important regulatory events of bone remodeling under
inflammatory conditions.

It should be pointed out that the effects of PTH on bone remodeling are complex. Osteoblasts
are the main cells in the bone that expresses the PTH receptor. Early studies found that
intermittent and continuous administration of PTH had different effects on net bone formation
and resorption (57). Although intermittent injection of PTH caused net gain of bone mass,
continuous infusion caused net bone loss. It is suggested that intermittent treatment with PTH
induces PTHR1 signaling and enhances bone-forming activity of osteoblasts, whereas
continuous infusion of PTH desensitizes the PTHR (58). This model provides an explanation
for the disparity of the results of these two treatments and indicates a positive role of PTH in
bone formation. Our data showing induction of ALP activity of osteoblasts by PTH are in
agreement with this view. Another complicating factor is that osteoblasts may exist at different
stages of ontogeny, ranging from newly differentiated osteoblasts to osteocytes (4,52).
Osteoblasts of different maturation status may respond differently to PTH. The primary
osteoblasts used in our study did not express significant levels of osteocalcin, indicating a
relatively early stage of maturation (52). Furthermore, PTH can also promote
osteoclastogenesis through both osteoblast-dependent and -independent mechanisms (58,59),
so that the net effect of PTH on bone remodeling must take into consideration its effects on
both bone formation and resorption. Therefore, Th2 cell-derived PTH could potentially
stimulate overactive bone remodeling and play a pathologic role in bone erosion in arthritis.

The primary effect of PTH on the bone-catabolic activity of osteoblasts is enhancement. In

many studies, it has been demonstrated that continuous treatment of osteoblasts with PTH up-
regulates RANKL and down-regulates OPG expression (54-56,60,61). In this study we found
that whereas PTH contributed to the up-regulation of RANKL expression in osteoblasts treated
with Th2 cell condition medium, PTH-independent mechanism(s) also existed to up-regulate
RANKUL expression. Interestingly, the Th2 cytokines IL-4 and IL-13 have been shown to inhibit
RANKL expression in osteoblasts (33,34). Therefore, some unknown factors produced by Th2
cells must be responsible for the PTH-independent up-regulation of RANKL. Importantly, the
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Th2 cytokine environment also enhanced OPG expression in osteoblasts in a PTH-independent
manner and lowered the overall ratio of RANKL/OPG. These results suggest that the overall
effect of the Th2 cytokine environment favors the anabolic activity of the osteoblasts.

The regulation of PTH expression in Th2 cells is consistent with the notion that it functions
locally as a cytokine, and does not significantly contribute to the regulation of Ca2* homeostasis
at the systemic level. In fact, our study showed that PTH expression in Th2 cells was not
regulated by extracellular Ca* concentrations. Instead, its regulation is similar to that of
cytokine genes and requires full stimulation via TCR. In would be interesting to investigate in
future studies how regulation of PTH gene expression in Th2 cells is different from that in
parathyroid cells. However, the regulation of PTH gene expression in these two types of cells
must also share common components that are linked to GATA-3. The hypoparathyroidism in
the human HDR is caused by mutations in the GATA-3 gene that lead to abnormality in
parathyroid gland development (46,62). For Th2 cells, GATA-3 is an essential transcription
factor for their differentiation from naive precursors. Therefore, GATA-3 may directly or
through downstream targets regulate PTH gene expression in Th2 and/or parathyroid cells.

In contrast to the Th2 cell-derived PTH, we found that IFN-y produced by activated Th1 cells
inhibited the ALP activity of primary osteoblasts. IFN-y is known to inhibit osteoclast
differentiation through degradation of TNFR-associated factor 6, a signaling molecule for
RANK-RANKL interaction (32). Such an inhibitory effect of IFN-y on osteoclastogenesis is
at odds with the pathogenic role of Th1 cells in inflammatory arthritis. Therefore, other aspects
of Thl cells such as RANKL expression (31) may contribute to the bone erosion in arthritis.
Our finding of the action of IFN-y to inhibit the ALP activity of osteoblasts provides an
explanation why Th1 response may shift the balance of bone remodeling toward bone loss.
The effect of IFN-y on osteoblast activity is subject to influence by other cytokines or factors.
Although IFN-y was found to synergize with IL-14 and TNF-« to inhibit ALP activity (51), it
could enhance ALP activity in a different cytokine environment (63). In this regard, our data
specifically showed that, in the Th1 cytokine environment, IFN-y could inhibit ALP activity
of the primary osteoblasts. In summary, our studies found that the cytokine environment created
by Th1 or Th2 cells directly regulates activity of primary osteoblasts. Our studies emphasize
the direct effects of Th1 and Th2 cells on target cells outside the immune system. Because it
has become increasingly clear that much of the suspected roles of Thl or Th2 cells in various
autoimmune diseases cannot be fully explained by their conventional immune regulatory
functions, study of their actions on different cell populations in the affected tissues other than
immune cells may provide new information to help answer the unsolved questions.
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FIGURE 1.

Expression of PTH by Th2 cells. A, Naive CD4 T cells from C57BL/6 (B6) mice were
stimulated with Con A under Th1- or Th2-polarizing conditions. After 4 days of differentiation,
cells were rested in the presence of IL-2 (50 U/ml) for 1 day, and then restimulated with APC
plus Con A. Similarly, spleen cells from DO11.10Ca "~ mice were stimulated with

OVA23 239 under Thl- or Th2-polarizing conditions for 7 days. After resting, the cells were
restimulated with BALB/c APC plus OV A3,3 339 for 24 h. The Th1 clone AE7 was stimulated
with AKR APC plus moth cytochrome c peptide, and the Th2 clone D10 was stimulated with
AKR APC plus conalbumin. RNA was isolated from the cells for RT-PCR analysis. The
amounts of cDNA were semiquantified using competitive PCR for hypoxanthine
phosphoribosyltransferase (HPRT). Similar amounts of input cDNA between Th1 and Th2
cells were used for PCR analysis of PTH gene expression. B, C57BL/6 naive CD4 T cells were
stimulated for Th1 or Th2 cell differentiation as in A. RNA samples were isolated at different
time points during the differentiation and analyzed for the expression of PTH. C, Cells were
generated and restimulated as in A. Supernatants of the restimulated cells were harvested for
ELISA detection of PTH. N.d., Not detected.
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FIGURE 2.

Requirements of T cell activation for PTH gene expression in Th2 cells. A, Fully differentiated
Th2 cells from DO11.10Ca '~ mice were allowed to rest after Ag stimulation. In the upper
panel, cell sizes of the resting (thin line) and activated (thick line) cells were compared by
histograms of forward scatters. The resting cells were activated by APC plus OVAy23_p39 for
24 h or incubated with APC alone. RNAs and supernatants were analyzed for PTH expression
by semiquantitative RT-PCR and ELISA, respectively. B, Resting DO11.10Ca '~ Th2 cells
were stimulated with PMA alone, ionomycin (lon) alone, or PMA and ionomycin. Expression
of PTH by the treated cells was analyzed by semiquantitative RT-PCR and compared with that
of untreated resting cells. N.d., Not detected.
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FIGURE 3.

Effect of low calcium concentration on PTH gene expression in Th2 cells. Resting
DO11.10Ca '~ Th2 cells and APC were incubated with or without Ag stimulation in medium
containing either normal (1.8 mM) or low (0.9 mM) concentration of calcium as indicated.
After 24 h, RNAs were extracted from the cells and analyzed for PTH gene expression by
semiquantitative RT-PCR.
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FIGURE 4.

Transient expression of PTHR1 in immature Th1 and Th2 cells. A, Naive CD4 T cells from
C57BL/6 mice were stimulated for Th1 or Th2 cell differentiation as in Fig. 1B. RNA were
isolated at indicated time points and analyzed for PTHR1 gene expression by semiquantitative
RT-PCR. B, Cells from day 2 and 3 culture of Th1 or Th2 differentiation were first incubated
with Fc block, and then incubated with either rabbit anti-mouse PTHR1 IgG Abs (solid lines)
or control rabbit IgG (dotted lines). The cells were then stained with FITC-conjugated goat
anti-rabbit 1gG Abs and allophycocyanin-conjugated anti-CD4 Abs. Histograms of gated CD4
T cells are shown.
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FIGURE 5.

Effects of PTH on Thl and Th2 differentiation. A, Effects of PTH on Th cell differentiation
under extreme polarizing condition. C57BL/6 naive CD4 T cells were stimulated for either
Thlor Th2 cell differentiation in the presence of optimal concentrations of polarizing cytokines
(5 ng/ml IL-12 for Th1; 10 ng/ml IL4 for Th2) and neutralizing Abs. PTH agonist peptide (0.5
#M) or antagonist peptide PTH1_34 PTH7_34 (5 uM) was added to the culture on days 2 and 3.
After 4 days of culture, the cells were washed and rested for 1 day. The cells were then
stimulated with PMA and ionomycin and stained for CD4, 1L-4, and IFN-y. Dot plots of IL-4
and IFN-y staining on gated CD4 T cells are shown. Similar results were obtained using
different concentrations of PTH peptides. B, C57BL/6 naive CD4 T cells were stimulated for
differentiation at various low concentrations of exogenous IL-4 without neutralizing Abs
against IFN-y and IL-12. PTHy_34 was added to the cultures at the indicated concentrations as
in A. The differentiated cells were restimulated with PMA and ionomycin for intracellular
staining of IL-4 and IFN-y. Percentages of Th1 cells (left) or Th2 cells (right) are plotted against
concentrations of exogenous IL-4. Representatives of multiple experiments are shown.
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FIGURE 6.

Effects of Th2 (A) or Thl (B) cytokine environment on ALP activity of primary osteoblasts.
Condition media were culture supernatants of differentiated Th1 or Th2 cells (3 x 105/ml) of
DO011.10Ca '~ cultured with APC with (activated) or without (resting) OVA peptide for 24 h.
The condition medium was mixed with fresh culture medium (2:1) for culture of osteoblasts.
Calvarial osteoblasts derived from newborn BALB/c mice were seeded at 5 x 10% cells/well
in a 48-well plate 1 day before treatment with different experimental conditions as indicated.
After 24 h of treatment, the osteoblasts were lysed, and cell lysates were assayed for ALP
activities. Fold of induction relative to the untreated control samples (medium only) are shown.
PTH7_34 (10~"M) was used to antagonize PTH in Th2 (10 cell condition medium, and anti-
IFN-y (XMG1.2; 30 g/ml) was used to neutralize IFN-y in the Th1 cell condition medium. As
indicated, cells were also treated in the absence of condition medium with PTH;_34 (1078 M),
PTH7_34 (10~'M), or rIFN-y (50 ng/ml). Representatives of three independent experiments are
shown. Error bars represent SDs. Values of statistically significant differences compared with
controls are marked by asterisks (*, p < 0.05;**, p < 0.01). Statistical significances between
two values other than the control are directly shown in the graphs.
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FIGURE 7.
Effects of Th2 or Thl cytokine environment on the expression of bone matrix protein genes

(A), RANKL and OPG genes (B) by osteoblasts. Osteoblasts were plated in a 24-well plate (2
x 10° cells/well) and treated as in Fig. 6 with conditions as indicated. RNA was extracted for
real-time PCR analysis of gene expression levels of type I collagen or osteonectin. The level
of gene expression was determined as transcripts relative to the housekeeping gene g-actin.
Fold of induction relative to the control samples is shown. In addition, ratios of RANKL and
OPG messages are shown in B. Error bars represent SDs. Values of statistically significant
differences compared with controls are marked by asterisks (*, p < 0.05; **, p < 0.01).
Statistical significances between two values other than the control are directly shown in the
graphs.
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