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Introduction

Bone consists of cells and extracellular matrices composed of an inorganic compo-
nent such as calcium phosphate and an organic substance such as collagen. Bone
matrix formation is mainly regulated by coordinated action of three kinds of cells,
osteoblasts, osteoclasts, and osteocytes. Osteoblasts are derived from mesenchy-
mal stem cells, regulate osteogenesis, and ultimately transform into osteocytes.
Osteoclasts are formed by differentiation and fusion of bone marrow-derived
monocyte/macrophage progenitor cells.

Bone marrow (BM) is composed of hematopoietic stem cells (HSCs) and
marrow stromal cells. HSCs are defined as cells which possess the ability of
self-renewal and of differentiation into all blood cell lineages including leuko-
cytes, erythrocytes, and platelets (Table 1) [1]. A specific microenvironment con-
sisting of HSCs and surrounding supportive tissues is called HSCs niche, in which
crosstalk among HSCs and other numerous cells is involved in normal hemato-
poiesis [2]. Marrow stromal cells, also called mesenchymal stem cells, are non-
hematopoietic stem cells, and can differentiate into osteoblasts, chondrocytes,
adipocytes, or skeletal muscle cells.

It has been reported that PTH not only regulates bone metabolism but also
affects blood cell production and function. Hyperparathyroidism (HPT) suppresses
normal hematopoiesis via myelofibrosis, while PTH has been shown to have
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Table 1 Cells in bone marrow

Precursors Mature cells

Hematopoietic stem cells

Mpyeloid lineage
BFU-C, CFU-C, Erythroblasts Erythrocytes
Megakaryocytes Platelets
CFU-M Monocytes, Macrophages
CFU-G Polymorphonuclear leukocytes
Lymphoid lineage
Pre-pro-B, Pro-B, Pre-B B cells
Pro-T, Pre-T T cells
Pre-NK NK cells
Mesenchymal stem cells
Preosteoblasts Osteoblasts, osteocytes
Preadipocytes Adipocytes
Prechondrocytes Chondrocytes
Skeletal myoblasts Skeletal myocytes

a potential to improve survival of HSCs by acting directly or indirectly on these
cells. Furthermore, recent studies focused on the interaction between osteoblasts
and HSCs, revealing that HSCs niche lines selectively on the surface of the endos-
teum similarly to osteoblasts [3] and that PTH influences the interaction between
HSCs and osteoblastic lineage. In this chapter, we summarize the pathologi-
cal effects of PTH on the proliferation and viability of erythrocytes, leukocytes,
and platelets, and also outline recent reports on the physiological roles of PTH in
hematopoiesis.

PTH and Erythropoiesis

Immature erythroid progenitor cells in the BM are stimulated by erythropoietin
(EPO), differentiate into mature erythrocytes, and are released into peripheral cir-
culation. Normal mature erythrocytes have a lifespan of approximately 120 days
[4], and old erythrocytes are destroyed in the liver and spleen. Decreased pro-
duction or increased breakdown of normal erythrocytes could result in decreased
hemoglobin concentrations and insufficient oxygen supply. This condition is
called anemia.

End stage renal disease (ESRD) is associated with a high incidence of anemia
and secondary HPT (SHPT). Renal anemia is mainly caused by an impaired pro-
duction of EPO in the kidney for maintaining normal hemoglobin levels. Besides,
many other factors could be involved in the pathogenesis of anemia, including iron
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deficiency, inflammation, bleeding, and malnutrition. In addition, several studies
have suggested that SHPT may also play a role in the pathogenesis renal anemia.

Pathogenesis of Anemia Associated with Hyperparathyroidism
Myelofibrosis

Myelofibrosis is characterized by extensive fibrosis of the BM, resulting in ane-
mia, hepatosplenomegaly, and extramedullary hematopoiesis [5]. Primary mye-
lofibrosis is observed in patients with myeloproliferative diseases due to gene
mutations in HSCs, whereas secondary myelofibrosis develops in patients suffer-
ing from solid tumors. SHPT is also known as a possible cause of such second-
ary myelofibrosis [6]. Recent studies investigated the pathogenetic mechanisms of
myelofibrosis due to persistently high serum levels of PTH.

Lotinun et al. performed a microarray analysis on 5531 genes using mRNA
extracted from the bone of rats receiving continuous administration of 1-34
PTH and found an increased expression of platelet-derived growth factor-A
(PDGF-A) [7]. The investigators also confirmed that triazolopyrimidine
(Trapidil), a PDGF-A inhibitor, suppresses myelofibrosis. Immunohistochemical
staining revealed that PDGF-A is localized to mast cells, which suggests the
interaction between myelofibrosis and mast cells. The follow-up study by Lowry
et al., the same research group, showed that both the receptor tyrosine kinase
inhibitor Gleevec and the phosphoinositide 3 (IP3)-kinase inhibitor wortman-
nin attenuated myelofiborosis in rats induced by continuous 1-34 PTH infusion.
These results indicate that PDGF-A accelerates PTH-induced myelofibrosis
through IP3 signaling pathways [8]. This study also demonstrated that mast
cells redistribute from BM to the bone surface after PTH infusion, support-
ing the possibility that mature mast cells play crucial roles in the pathogenesis of
myelofibrosis.

In line with these experimental studies, several clinical studies suggested that
persistently high serum PTH levels are associated with myelofibrosis. Zingraff
et al. performed bone biopsy before and after parathyroidectomy (PTx) in patients
with SHPT and compared the extent of myelofibrosis [9]. They showed that
hematocrit levels increased in patients who experienced improved myelofibro-
sis, suggesting that the severity of SHPT is related to the extent of myelofibro-
sis, that myelofibrosis is a reversible disorder, and that improvement of fibrosis
might improve anemia. Rao et al. performed bone biopsy in hemodialysis patients
receiving recombinant human EPO (thEPO) and revealed that patients with EPO
hyporesponsiveness had higher intact PTH levels, higher osteoclast number and
eroded surface, and greater extent of myelofibrosis compared to good responders
to thEPO [10]. Taken together, these data suggest that SHPT may cause myelofi-
brosis and impair normal erythropoiesis, resulting in worsening of anemia and
EPO hyporesponsiveness.
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Inhibited Production of Erythroid Progenitor

Burst-forming unit-erythroid (BFU-E) and colony-forming unit-erythroid (CFU-E)
are erythroid progenitors and are shown to express PTH/PTH-related protein
receptor (PPR). This fact supports the possibility that PTH directly acts on these
cells. Meytes et al. cultured BFU-E collected from human peripheral blood and
showed that bovine 1-84 PTH inhibits BFU-E colony formation and that inacti-
vation of PTH abolishes this effect [11]. However, these results were not repro-
duced when they used 1-34 bovine PTH, and the reasons for the discrepant results
have not been elucidated so far. Taniguchi et al. found that the density of BFU-E
and CFU-E in BM of dialysis patients were lower than healthy volunteers [12].
The researchers also obtained CFU-E from BM of healthy volunteers and showed
that addition of uremic sera to culture medium inhibited CFU-E colony formation.
This effect was more pronounced with higher PTH levels in the uremic sera. They
further showed that treatment with 1-34 human PTH suppressed CFU-E colony
formation in a dose-dependent manner. These results indicate that PTH suppresses
proliferation of early erythroid progenitor CFU-E in vitro.

However, several subsequent studies have produced conflicting results. Dunn
et al. showed that addition of 1-84 bovine PTH at concentrations 10 to 100 times
normal levels failed to inhibit erythropoiesis or synthesis of heme in cultured fetal
mouse liver cells [13]. Komatsuda et al. examined the effect of 1-34 human PTH
(maximum concentrations of 300 ng/mL) or 1-84 human PTH (maximum concen-
trations of 5000 pg/mL) on CFU-E or BFU-E collected from healthy volunteers
and found that neither erythropoiesis nor granulomonopoiesis were suppressed by
human PTH [14]. The findings of these two studies do not support the hypothesis
that PTH inhibits erythropoiesis. Thus, taken together, it remains unclear whether
PTH acts on erythroid progenitor and exert inhibitory effects on erythropoiesis.

Inhibition of Erythropoietin Synthesis

EPO is mainly secreted from the kidney and plays crucial roles in differentiation
of HSCs into erythroid lineage [15, 16]. EPO production is strongly related to
hypoxia inducible factor (HIF) [17]. Under normoxic conditions, hydroxylation
by prolyl hydroxylases (PHD) and ubiquitination by E3 ubiquitin ligase, such as
von Hippel-Lindau protein, triggers proteasome-dependent degradation of HIF
and thereby suppresses transcriptional activity of HIF. By contrast, under hypoxic
conditions, suppression of PHD activity inhibits HIF degradation and enhances
translocation of HIF into nucleus, wherein HIF forms dimers and initiates gene
expression by binding at consensus sequence, hypoxia responsive element (HRE).
HIF is known to regulate the expression of more than 800 genes, including EPO,
vascular endothelial growth factor (VEFG), and platelet-derived growth factor
beta polypeptide (PDFGB) [18]. Binding with HRE in the FOXD-1 expressing
stroma-derived cells including peritubular interstitial fibroblast-like cells, renin
producing cells, or vascular smooth muscle cells leads EPO secretion [19, 20].
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These hypoxic reactions are impaired in CKD patients, leading to insufficient EPO
secretion and renal anemia. Administration of erythropoiesis stimulating agents
(ESAs) is required to compensate for relative or absolute endogenous EPO defi-
ciency, but hemoglobin levels do not elevate sufficiently in some dialysis patients,
which is called ESA hyporesponsiveness. This condition is caused by multiple fac-
tors, including iron deficiency, inflammation, malnutrition, and SHPT.

Several studies assessed the effect of PTx on endogenous EPO concentrations.
One observational study of patients with primary HPT (PHPT) demonstrated that
PTx did not alter the levels of endogenous EPO [21]. However, several studies
of ESRD with SHPT demonstrated significant increases in circulating EPO lev-
els after PTx [21, 22]. Thus, elevated PTH levels might contribute to decreased
endogenous EPO production in ESRD patients, although it is unclear whether this
is a direct effect on EPO-producing cells. Nonetheless, in a cross-sectional study
of dialysis patients by Borawski et al., serum intact PTH levels were not associ-
ated with hemoglobin or circulating EPO levels [23]. Similarly, McGonigle et al.
reported that there was no association between serum intact PTH levels and hema-
tocrit in ESRD patients receiving hemodialysis or continuous ambulatory perito-
neal dialysis and that PTx did not affect serum EPO concentrations or hematocrit
[24]. Collectively, it remains unclear whether PTH causes decreased EPO produc-
tion or ESA hyporesponsiveness in ESRD patients.

Interestingly, a recent experimental study by Wong et al. demonstrated that
in UMR106.01 mature osteoblasts, human 1-34 PTH reduced the expression
of HIF-1a levels and HIF signaling under normoxic conditions [25]. This result
raises the hypothesis that PTH may also inhibit HIF signaling in EPO-producing
cells in the kidney and thereby suppress EPO production, and further research
would be needed to test this possibility.

Shortened Erythrocyte Survival

The lifetime of human erythrocytes is approximately 120 days [4]. ATP plays
crucial roles in maintenance of erythrocyte morphology. Hyperosmolarity, oxida-
tive stress, energy depletion, hyperthermia, and a wide variety of xenobiotics and
endogenous substances can trigger influx of calcium into erythrocytes and thereby
decrease intracellular ATP, which causes eryptosis [26-29]. In uremic patients,
PTH has been considered to shorten the lifetime of erythrocytes and several stud-
ies have examined this possibility.

Bogin etal. cultured erythrocytes collected from healthy volunteers and
showed that both 1-84 bovine PTH and 1-34 bovine PTH accelerated influx of
calcium into erythrocytes and increased osmotic fragility of erythrocytes [30]. In
another study, Akmal et al. harvested >'Cr-labelled erythrocytes from 5/6 nephrec-
tomized dogs, those with 5/6 nephrectomy and thyroparathyroidectomy, and con-
trol animals, and compared lifetime of erythrocytes among three groups in vitro
[31]. While the lifetime of erythrocytes from 5/6 nephrectomized dogs was sig-
nificantly shorter than control group, the dogs undergoing 5/6 nephrectomy and
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thyroparathyroidectomy showed comparable lifetime of erythrocytes to control
animals, thus suggesting that PTH shortens the lifetime of erythrocytes in uremic
animals.

Treatment for Hyperparathyroidism and Anemia

Treatment options for SHPT include vitamin D receptor activator (VDRA), cal-
cimimetics, percutaneous ethanol injection therapy, and PTx, whereas PTx is the
standard and definitive treatment of PHPT. The major purpose of lowering PTH
levels in PHPT and SHPT is amelioration of disturbed bone and mineral metab-
olism, but several studies have suggested that PTH-lowering therapy may also
improve anemia.

Parathyroidectomy

PTx is the definitive therapy for PHPT and SHPT. Several previous studies have
shown that hemoglobin levels decrease transiently after PTx but then increase in
the long term. A seminal early study by Zingraff et al. showed that mean hema-
tocrit levels increased from 24.4% to 30.9% after PTx in dialysis patients with
SHPT. Furthermore, they performed bone biopsy 6 to 9 months after PTx and
revealed that the rise in hematocrit was more prominent among patients showing
improvement of myelofibrosis [9]. Another group also reported that improvement
of anemia after PTx for SHPT was more marked among patient with more severe
myelofibrosis and lower hematocrit levels at baseline [32]. These data suggest
that myelofibrosis associated with severe HPT contributes to anemia and that PTx
could partially reverse the myelofibrosis and resultant anemia.

However, myelofibrosis is not always associated with renal anemia in ESRD
patients. Mandolfo et al. performed bone biopsy in patients with severe SHPT and
found that there was no association between the extent of myelofibrosis and sever-
ity of anemia [33]. Nonetheless, they found that patients receiving ESA admin-
istrations showed significant increases in hematocrit levels and reductions in the
dose of ESA after PTx, indicating improved ESA responsiveness. Similarly, Coen
et al. showed that hemoglobin levels increased after PTx in 45 dialysis patients
with SHPT, and this increase was consistent across different surgical procedures
(i.e., subtotal PTx, and total PTx with or without autotransplantation) [34]. This
study included 16 patients receiving ESA and the researchers found that hemoglo-
bin levels increased even though the mean ESA doses were decreased. Yasunaga
et al. also demonstrated a rise in hemoglobin levels 1 year after PTx in patients
with SHPT. Interestingly, they also found an increase in endogenous EPO levels
from 22.6£6.3 mU/mL to 143.8£170.1 mU/mL and serum albumin levels from
3.9£0.3 g/dL to 4.2£0.4 g/dL after PTx, which may explain the improved ane-
mia after surgery [35]. Finally, Trunzo et al. demonstrated that in dialysis patients
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with SHPT, PTx led to elevations in hemoglobin levels and reductions in the dose
of rthEPO [36]. Taken together, PTx for SHPT may improve renal anemia, and
this effect may be mediated not only by amelioration of myelofibrosis but also by
increased renal or extra-renal production of EPO and improved nutritional status.

Several studies have also examined the effect of PTx on anemia in PHPT.
Bhadada et al. reported that approximately half of PHPT patients were compli-
cated with anemia and 75% of these anemic patients showed myelofibrosis on
bone biopsy. The investigators observed an improvement of anemia after PTx
among those with preexisting myelofibrosis [37]. Thus, PTx may improve anemia
in patients with severe HPT, regardless of either primary or secondary.

Calcimimetics

PTH secretion is mainly regulated by the calcium-sensing receptor (CaSR)
expressed in chief cells of the parathyroid gland, which senses the change of ion-
ized calcium concentration. Calcimimetics bind to the CaSR and allosterically
inhibit the secretion of PTH. Cinacalcet was clinically applied for PHPT and
SHPT, whereas newly developed etelcalcetide and evocalcet can be used exclu-
sively for uremic patients with SHPT at present [38—40]. Cinacalcet has been used
clinically for a long time and has been suggested to decrease the risk of mortality
and cardiovascular disease [41, 42]. In addition, several recent reports suggest an
improvement of anemia after cinacalcet prescription.

A retrospective study of 40 dialysis patients demonstrated that the doses of dar-
bepoetin significantly decreased 1 year after the initiation of cinacalcet prescrip-
tion, while hemoglobin levels remained unchanged [43]. Among responders who
achieved more than 30% reduction in intact PTH levels, the changes in intact PTH
levels were associated with the dose reduction of darbepoetin. Tanaka et al. per-
formed a secondary analysis of a 3-year, multicenter, prospective cohort study on
3,201 dialysis patients with SHPT to assess whether cinacalcet use is associated
with improvement of anemia. The investigators showed that cinacalcet was asso-
ciated with 1.1-fold increase in the odds of achieving the target hemoglobin levels
after adjustment with potential confoundings [44]. These studies suggest that cina-
calcet can increase the response to ESA and thereby improve renal anemia.

Vitamin D Receptor Activator and Nutritional Vitamin D

The vitamin D receptors are expressed in chief cells of the parathyroid gland and
play a role in the regulation of PTH secretion. VDRA administration and supple-
mentation of nutritional vitamin D are thus therapeutic options for SHPT espe-
cially among patients with vitamin D deficiency. Several studies have examined
whether the use of VDRA or nutritional vitamin D is associated with improvement
of anemia or ESA hyporesponsiveness in dialysis patients.
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Albitar et al. demostrated that in dialysis patients with SHPT, administration of
alfacalcidol led to elevations in hemoglobin concentrations and reticulocyte count
together with reductions in intact PTH levels [45]. Another study showed that dial-
ysis patients receiving intravenous calcitriol showed increased hemoglobin levels
along with decreased PTH levels regardless of ESA use [46]. Of note, the asso-
ciation of calcitriol administration with increased hemoglobin levels was found
only in patients who achieved significant suppression of PTH levels. Thus, it is
suggested that the improvement of anemia after VDRA administration is mediated
through the reduction in PTH levels.

As for vitamin D status, it is reported that vitamin D insufficiency, defined as
serum levels of 25-hydroxyvitamin D (25(OH)D) lower than 30 ng/mL, is present
in more than half of dialysis patients [47]. Vitamin D deficiency has been shown to
be associated with anemia [48], and several studies have examined whether sup-
plementation of nutritional vitamin D improves ESA hyporesponsiveness.

In a small randomized study by Rianthavorn et al. comparing ergocalciferol and
placebo in children with CKD and vitamin D deficiency, the ergocalciferol group
showed a significant improvement of ESA hyporesponsiveness without changes
in PTH levels [49]. Miskulin et al. performed a double-blind, placebo-controlled,
randomized clinical trial to examine the effect of ergocalciferol on ESA respon-
siveness [50]. The primary outcome was the change in thEPO dose over 6 months.
The study population included 276 dialysis patients with vitamin D insufficiency,
and 80% or more were concomitantly treated with VDRAs. The researchers
demonstrated that intact PTH levels were comparable between ergocalciferol and
placebo arms and there were no significant changes in rhEPO doses in both arms.
The lack of response in intact PTH levels to ergocalciferol is consistent with the
results of another randomized, placebo-controlled study showing that cholecal-
ciferol supplementation decreased intact PTH levels in non-hemodialysis patients
but not in hemodialysis patients [51]. Therefore, nutritional vitamin D supplemen-
tation has little or no effect on intact PTH levels in ESRD patients, which may
explain the lack of improvement of anemia in this population.

Taken together, VDRA may improve anemia or ESA hyporesponsiveness
by decreasing PTH levels, but the effect of nutritional vitamin D is much less
marked in ESRD patients. The expression of vitamin D receptor is detectable in
non-classical target organs including immune system (T and B cells, macrophages,
and monocytes), reproductive system (uterus, testis, ovary, prostate, placenta, and
mammary glands), endocrine system (pancreas, pituitary, thyroid, and adrenal
cortex), muscles, brain, skin, and liver, suggesting the pleiotropic effects of vita-
min D or VDRA [52]. Furthermore, a recent study demonstrated the presence of
vitamin D receptor in HSCs [53]. These data support the possibility of the direct
effect of vitamin D or VDRA on hematopoiesis. However, current clinical evi-
dence in ESRD patients does not support this possibility and suggest that vitamin
D or VDRA could provide improvement of anemia only when PTH levels were
lowered.
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Stimulatory Action of PTH for Hematopoiesis

Osteoblasts are bone-forming cells derived from mesenchymal stem cells. These
cells line the endosteal surfaces and regulate calcification by producing collagen,
non-collagenous protein such as osteocalcin and osteopontin, and proteoglycan
such as decorin. The PPR that expresses in osteoblasts is an important mediator
of bone formation and bone resorption, which is evidenced by the fact that overex-
pression of constitutively active PPR in transgenic mice leads to increase of both
osteoblasts and osteoclasts in trabecular bone [54].

Importantly, HSCs are not distributed randomly in the BM but are more abun-
dant near endosteal surfaces [55], and the interaction between HSCs and osteo-
blasts has been investigated. G-CSF and hepatocyte growth factor secreted
from osteoblasts have been shown to play an important role in differentiation of
HSCs [3, 56]. Furthermore, recent studies revealed that Jagged1/Notch signaling
is involved in the interaction of osteoblasts and HSCs, and that PTH affects the
interaction.

Notch is a transmembrane receptor that plays an essential role in cell differenti-
ation and function and regulates the cell-fate specification by binding of its ligand
Jaggedl. Osteoblasts are one of the cells that produces Jaggedl whose expression
is increased by PTH [57, 58]. Jaggedl produced by osteoblasts not only regu-
lates cell-fate determination by activating Notch 1 in an autocrine manner but also
affects HSCs proliferation by activating Notch 1 in these cells (Fig. 1) [57, 58].
Furthermore, in mices undergoing allogenic BM transplantation, 1-34 rat PTH
administration, given 5 times a week for four weeks followed by lethal irradiation,
was beneficial for survival of grafted HSCs [57].

In addition to the Jagged1/Notch signaling, cadherin-11 is also shown to be
involved in the interaction of osteoblasts and HSCs regulated by PTH (Fig. 1).
Cadherin-11 is an adhesion molecule that is selectively expressed by stromal
cell-derived cells, especially fibroblasts, and is thought to be one of the important
inflammatory mediators [59]. Yao et al. isolated and expanded marrow stromal
cells obtained from healthy volunteers and performed coculture of these cells and
isolated CD34" HSCs to investigate the effect of PTH on proliferation of CD34*
HSCs [60]. The ability of culture-expanded human marrow stromal cells to expand
cocultured CD34* HSCs was enhanced when cocultured with PTH, but their abil-
ity was totally eliminated when cocultured with Transwell system, suggesting
that direct interaction via adhesion molecules between HSCs and marrow stromal
cells are necessary for the enhancement. The researchers also demonstrated that
PTH increased the expression of cadherin-11 in marrow stromal cells and that
depletion of cadherin-11 expression in marrow stromal cells by small interfering
RNA abolished the enhancement of HSC expansion by PTH-treated marrow stro-
mal cells. This study suggests that cadherin-11 is an important molecule for the
adhesion of marrow stromal cells to HSCs and that PTH supports proliferation of
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PTH

Stromal cell PPR

Cadherin-11

Hematopoietic
stem cell # + Self-renewal
¢ Mobilization into
peripheral blood
PTH Notch1
KlePR
PPR
Osteoblast Jagged1

Bone

Fig.1 Schematic of PTH-involved signaling leading to self-renewal and efflux into periph-
eral circulation of HSCs. HSC, hematopoietic stem cell; PTH, parathyroid hormone; PPR,
PTH/PTH-related protein receptor 1

HSCs through increased expressions of cadherin-11. Furthermore, they assessed
the effect of 1-34 human PTH treatment following allogenic BM transplant in
lethally irradiated mice and demonstrated that PTH administration increased the
expression of cadherin-11 on marrow stromal cells and improved survival rate of
the mice. Collectively, these experiment data support the possibility that PTH pro-
motes the proliferation of HSCs.

Recent studies also suggested that PTH accelerates mobilization of HSCs into
peripheral circulation. One clinical study of PHPT patients showed that the HSC
count in peripheral blood was significantly higher in PHPT patients than healthy
volunteers and that PTx lead to reductions in the peripheral HSCs [61]. In this
study population, the levels of cytokines such as vascular endothelial growth fac-
tor, which enhance mobilization of BM cells into peripheral blood, were compa-
rable to those of healthy volunteers, suggesting that the effect of PTH to promote
HSC mobilization was independent of these cytokines. Another study by Yu et al.
evaluated the effect of teriparatide (1-34 human PTH) for up to 24 months on
peripheral HSCs and other hematologic markers in patients with postmenopau-
sal osteoporosis [62]. Only HSC count was significantly increased as early as
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3 months, while the number of leukocytes, T cells, B cells, erythrocytes, and plate-
lets did not change significantly throughout the study period. Thus, teriparatide
may enhance the mobilization of HSCs into peripheral blood, although the mecha-
nism remains largely unknown. The mobilization of HSCs into peripheral blood is
known to play a role in cancer cell growth and post-infarction cardiac remodeling
but is also suggested to support autologous stem cell collection.

The putative effects of PTH to increase HSCs and enhance their mobilization
into peripheral circulation raise the possibility that PTH may support the engraft-
ment after BM transplantation with a complete recovery of donor-derived hemato-
poiesis in leukocytes, erythrocytes, and thrombocytes. Based on these possibilities,
accumulating studies have investigated the effect of PTH pretreatment on hema-
tologic systems after BM transplantation. Ballen et al. performed phase I trial to
assess the safety and efficacy of teriparatide administration for mobilization of
HSCs into peripheral blood. A total of 20 patients who had 1 or 2 unsuccessful
peripheral blood stem cell collections received escalating doses of 40 to 100 pg
teriparatide for 14 days and 10 pg/kg filgrastim, a recombinant G-CSF agent, after
myeloablative therapy [63]. Teriparatide administration was well-tolerated and
successfully mobilized HSCs into peripheral blood in 40% and 47% of patients
who failed 1 and 2 prior mobilization attempts, respectively. The success rate of
achieving engraftment increases as more HSCs are harvested from peripheral
blood. These data suggest that teriparatide is a promising agent for supporting
hematopoiesis in BM transplantation.

It is known that the number of HSCs collected from umbilical cord blood
(UCB) is limited, and even with the use of 2 UCB units, engraftment and immune
reconstitution are often slow, leading to an elevated risk of infection and sec-
ond malignancy [64, 65]. Thus, several clinical trials have been performed in an
attempt to achieve early engraftment with the use of HSCs of UCB. However, pre-
vious studies have shown that ex vivo expansion of HSCs harvested from UCB
did not the improve the survival of these cells after transfer to recipients [66, 67].
On the basis of accumulating evidence that PTH supports hematopoiesis and the
results of the phase I trial showing that PTH pretreatment successfully mobilized
HSCs into peripheral blood, phase II trial was conducted to examine the efficacy
of PTH pretreatment for UCB transplantation [68]. This trial assessed whether
100 pg/day subcutaneous teriparatide administrations after a myeloablative or
a reduced-intensity double UCB transplantation improves the rate of engraft-
ment in patients indicated for UCB transplantation. All 13 patients achieved
engraftment of neutrophil and platelet, but 4 patients died before day 100 due to
transplant-associated complications, which led to early study closure although
these deaths were not considered to be caused by teriparatide-related adverse
effects. The researchers concluded that there was no evidence that PTH influenced
blood count recovery. Although this study does not preclude the possibility that
PTH supports engraftment after HSC transplantation, no additional trials have
been performed until now and it remains unclear whether systemic administration
of teriparatide after HSC transplantation is clinically beneficial.
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Because teriparatide strongly induces bone formation, many clinical trials have
assessed the efficacy of intermittent administration of teriparatide for postmeno-
pausal osteoporosis. When we look into these results more closely, hematology-as-
sociated side effects were rarely reported; we found leukocytosis just in one study
conducted in Japan, but the incidence rate was less than 1% [62, 69, 70]. These
results suggest that the impact of teriparatide administration on mature blood
cells in peripheral circulation is limited at least in postmenopausal women with
0Steoporosis.

Collectively, PTH administration may augment the production of HSCs and
exert favorable effects on survival of HSCs. Moreover, teriparatide could induce
mobilization of HSCs into peripheral blood. However, the effect of teriparatide
on hematologic status in humans has not been well documented and the reason
for the discrepant findings remains unknown. Further studies are needed to assess
whether PTH administration increases proliferation of HSCs after transplantation
and could be a novel strategy to support engraftment in this setting.

PTH and Immunity

In mammals, the immune system comprises two branches; innate immunity and
acquired immunity. Both humoral and cellular factors are considered important in
the immunity process. Humoral factors of innate immunity include inflammation
and complement, and cellular factors include neutrophils, eosinophils, basophils,
mast cells, macrophages, NK cells, and dendritic cells. As for acquired immunity,
B cells engage in humoral immunity and T cells in cellular immunity.

ESRD patients are known to be immune-compromised, and it is reported that
the annual mortality rate due to infectious diseases is 100 times or higher in
dialysis patients than the general population [71]. Higher age, diabetes mellitus,
lower albumin levels, catheter insertion, reuse of dialyzer, hyperphosphatemia,
and elevated alkaline phosphatase (ALP) levels have been shown to be asso-
ciated with higher infection-related mortality risk [72-74]. In addition, higher
PTH levels are also shown to be associated with infectious death in dialysis
patients [75]. Basic researches have shown that PTH adversely affects the func-
tion of leukocytes, which suggests that HPT has a negative impact on human
immunity.

PTH and Polymorphonuclear Leukocytes

Innate immunity is the first line of defense against the invasion of foreign body
or microbes into the body, wherein neutrophils, eosinophils, and basophils play
essential roles. Several studies compared the function of polymorphonuclear
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leukocytes (PMNLSs) in dialysis patients to that in healthy volunteers to estimate
the effect of PTH on immune-related cell function. Massry et al. showed that
elastase release from PMNLs was significantly decreased in dialysis patients [76].
Dobherty et al. demonstrated that the migration of PMNLSs was decreased in dialysis
patients, particularly in those with higher PTH levels [77]. The same group also
reported that patients with SHPT had higher resting levels of calcium and lower
ATP contents in the cytosol of PMNLSs. They also showed that phagocytic function
was suppressed in these patients and this suppression was recovered by the cal-
cium channel blocker verapamil [78-80]. These results raised the possibility that
PTH disturbs phagocytosis or random migration of PMNLs, which could lead to
impaired innate immunity. However, it should be stressed that the above studies
compared PMNLSs collected from patients with SHPT to those from healthy vol-
unteers, which cannot dissociate the effect of PTH from that of other uremic toxins
and thus cannot confirm the effect of PTH on the immune system. Future stud-
ies should compare the function of PMNLs among dialysis patients with different
PTH levels.

PTH and Macrophages

Macrophages are mononuclear cells of the myeloid lineage and are originally
derived from HSCs. Macrophages are not only circulating in the peripheral blood
but also reside as Kupffer cells in the liver, as Langerhans cells in the lung, and
as microglia in the brain. For decades, osteoclasts have been considered as mac-
rophages that reside in bone. However, osteoclasts do not express F4/80 antigen
that can be detected in almost all the other local resident macrophages. Indeed,
osteoclasts were not diminished in macrophage Fas-induced apoptosis (MAFIA)
transgenic mice, which allow for conditional depletion of macrophages, indicat-
ing that osteoclasts originate from myeloid progenitor that are different from other
resident macrophages [81, 82]. Of note, several researchers confirmed the exist-
ence of F4/80 positive cells in BM that are distinct from osteoclasts [83]. These
cells are called osteal macrophages and have been shown to control the function of
osteoblasts in the vicinity of those cells.

Chang et al. demonstrated that the MAFIA transgenic mice do not have mature
osteoblasts and show alterations in bone mineralization [83]. The researchers
further performed coculture of osteoblasts and osteal macrophages and demon-
strated that osteoblasts induce calcification only when cocultured with osteal
macrophages, suggesting that osteal macrophages play an important role in min-
eralization induced by osteoblasts. Cho et al. also showed that intermittent PTH
injection to mice increased osteal macrophages in endosteum and periosteum areas
[81]. They also demonstrated that the MAFIA mice showed decreased cortical and
trabecular bone volume and that PTH injection did not stimulate bone formation.
These data suggest that osteal macrophages play a crucial role in the PTH-induced
acceleration of bone formation.
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Taken together, it can be considered that osteal macrophages play a key role
in the regulation of bone metabolisms through crosstalk with osteoblasts. Much
remains to be known about the nature and the mechanism of osteoclast differ-
entiation, and further researches are needed to determine the role of PTH in this
process.

PTH and B Cells

B cells are central mediators in humoral immunity and recognize bacteria and
viruses and assist in the immune process through synthesis and release of antibod-
ies. Human and bovine lymphocytes are known to express the PPR, and PTH has
been shown to affect the function of B cells by activating adenylate cyclase [84].

Alexiewicz et al. obtained peripheral blood from healthy volunteers and
dialysis patients and assessed the effects of PTH on the functions of isolated
B cells [85]. The researchers confirmed the expression of the PPR in B cells
and demonstrated that PTH acts on B cells directly and inhibits their differen-
tiation by increasing intracellular production of cAMP. Gaciong et al. showed
that bovine 1-84 PTH and synthetic bovine 1-34 PTH inhibited Staphylococcus
aureus-stimulated production of immunoglobulin by cultured monocytes that
were obtained either from dialysis patients or normal subjects [86]. They also
showed that in 5/6 nephrectomized rats, PTx led to reductions in the amount
of anti-Staphylococcus aureus antibody [87]. These findings suggest that PTH
inhibits the differentiation and function of B cells at least in the setting of
SHPT.

Kotzmann et al. examined 12 PHPT patients before and 6 months after PTx and
9 sex- and age-matched control subjects to determine the impact of PTH on serum
immunoglobulin levels and immunophenotype of peripheral blood lymphocytes
[88]. They found that immunoglobulin levels in PHPT patients did not change
after PTx and were comparable to control subjects. Similarly, levels of T lympho-
cytes (CD3), B lymphocytes (CD19), NK cells (CD16/56) and monocytes (CD16)
also did not change after PTx. Thus, the impact of high PTH on immune systems
is relatively small in PHPT patients compared to that in SHPT patients.

The effect of PTH on B cells has not been explored in previous clinical trials of
teriparatide for osteoporotic patients. It remains thus unknown whether intermit-
tent administration of 1-34 PTH affects B cell differentiation and function.

PTH and T Cells

T cells are another class of lymphocytes and play an important role in immunity.
T cells undergo an instructional process of positive and negative selection in the
thymus. Mature T cells can be divided into different subgroups, namely CD4* T
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cells which produce cytokines and interact with B cells, CD8* T cells which exert
cytotoxic effects on infected cells or cancer cells, and regulatory T cells which are
considered to protect against autoimmune diseases [89]. In experimental studies,
researchers often use phytohemagglutinin (PHA), which is one of the plant lec-
tins and stimulates T cell blastoid transformation, differentiation, and proliferation
through T cell receptors. It is well accepted that the extent of PHA-induced lym-
phocyte proliferation is an indicator of T cell-mediated immunity.

Interleukin 2 (IL2) produced by T cells plays crucial roles in proliferation
and differentiation of T and B lymphocytes. The expression of IL2 depends on
cytosolic calcium concentrations of T cells. PTH induces influx of calcium into
variety of cells and, for that reason, may affect the synthesis of IL2 by T cells.
Klinger et al. isolated lymphocytes from healthy subjects and examined whether
addition of 1-34 bovine PTH or 1-84 bovine PTH affects IL2 production and
PHA-induced T cell proliferation [90]. The investigators found that both 1-34
PTH and 1-84 PTH accelerated PHA-induced T cell proliferation dose-de-
pendently, while inactivated 1-84 PTH did not produce a similar effect. Of note,
PTH is known to increase intracellular cAMP through the PPR, but in this study,
forskolin, a stimulator of intracellular cAMP levels, did not induce T cell prolifer-
ation, suggesting that PTH stimulates T cell proliferation through the cAMP-inde-
pendent pathways. They also demonstrated that PHA-induced IL2 production was
enhanced with 1-84 PTH treatment. These results indicate that PTH stimulates
both T cell proliferation and IL2 production.

However, these experimental results were not confirmed in clinical studies.
Tzanno-Martins et al. examined T cell function in patients with severe SHPT
(average intact PTH 1,425+ 623 pg/mL) who underwent PTx [91]. The investiga-
tors showed that lymphoproliferative response to PHA was significantly increased
4 months after PTx, but there were no significant changes in IL2.

Kotzmann et al. examined PHPT patients and showed increased proportion of
CD4* T cells and decreased proportion of CD8* T cells compared to normal sub-
jects [88]. However, PTx for these patients did not change the number of CD4* T
cells and CD8* T cells, suggesting the impact of PTH on CD4/CDS ratio was lim-
ited. Taken together, it remains unclear whether PTH affects T cell function and
cellular immunity, and additional research is needed to confirm this interaction.

PTH and Bone Cell-Immune Cell Crosstalk

HSCs form specific microenvironment in BM, called as niche, and crosstalk
between HSCs and adjacent cells is quite important for differentiation and prolif-
eration of HSCs. Immune cells are derived from HSCs and released into peripheral
circulation after differentiation from HSCs. Increasing evidence suggests that PTH
plays an important role in crosstalk between HSCs and adjacent cells for differen-
tiation of immune-related cells, especially B cells and T cells.
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Tokoyoda et al. first demonstrated the importance of BM niche in B cell devel-
opment by showing that early B cell progenitors directly contact marrow stromal
cells expressing C-X-C motif chemokine 12 (CXCL12) and IL-7 [92]. Several
studies subsequently revealed that marrow stromal cells in the BM niche are
important for B cell differentiation and that osteoblast lineage supports hemato-
poiesis. Furthermore, the PPR signaling, which is essential for differentiation of
osteoblast lineage, has been shown to accelerate differentiation and maturation of
lymphocytes.

Zhu et al. demonstrated that B cell differentiation require their attachment to
osteoblasts, which is mediated via osteoblast-expressed vascular cell adhesion
molecule 1 (VCAMI1), stromal-cell-derived factor 1 (SDF1), and IL-7 signalling
induced by PTH [93]. The researchers also revealed that addition of c-Kit ligand,
IL-6, and IL-3 produced by nonosteoblastic stromal cells induce myelopoiesis.
Furthermore, transgenic mice with selective elimination of osteoblasts showed
severely depleted pre-pro-B and pro-B cells from BM. These results reinforced
the importance of osteoblasts in B cell commitment and maturation. Based on
the fact that the G protein o subunit, Gsa, is one of the downstream mediators
of PPR signaling, Wu et al. generated mice with osteoblast lineage-specific dele-
tion of Gsa using Osx1-Cre to examine the effect of Gsa on B cell differenti-
ation and explore chemokines involved in this process [94]. As expected, the
osteoblast-specific Gsa-KO mice showed marked reductions in B cell precursors
both in the BM and in the peripheral blood. These mice also showed decreased
serum IL-7 levels, and subcutaneous injection of IL-7 partially restored the num-
ber of pro-B cells and pre-B cells. These data suggest that Gsa-dependent signa-
ling pathways in osteoblast lineage cells regulate differentiation and proliferation
of B cells, at least partially in an IL-7-dependent manner.

Panaroni et al. examined the differences in B lymphopoiesis between mice
with Osx1-Cre-mediated deletion of PPR in osteoblast lineage cells, those
with osteocalcin-Cre-mediated deletion in mature osteoblasts, and those with
Dmpl-Cre-mediated deletion in osteocytes [95]. Compared to control mice, the
transgenic mice with PPR deletion in osteoblast lineage cells showed a decreased
number of B cells, comparable expression of CXCL12, and reduced expression
of IL-7 in BM. By contrast, B cell precursors were increased in BM in mice with
either mature osteoblast- or osteocyte-specific deletion of the PPR. These results
suggest that PTH acts on immature osteoblast lineage cells and stimulates IL-7
production, which in turn induces differentiation of B cell precursors, but such
effects do not occur in more mature osteoblasts or osteocytes. Collectively, it
can be concluded that direct contact with osteoblast lineage cells in BM niche is
important for B cell differentiation and proliferation, and this effect is mediated
through PTH-induced IL-7 production by osteoblast lineage cells.

While studies have shown the roles of osteoblast lineage cells in B cell differ-
entiation and proliferation, T cells have been shown to play a role in differentia-
tion and proliferation of osteoblast lineage cells.
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Gao etal. investigated the effects of continuous injection of 1-34 human
PTH on bone metabolism using mice lacking T cells generated by injection of
anti-CD4/CD8 antibodies [96]. Bone histomorphometry revealed that two weeks
of PTH injection increased the number of osteoclasts and induced bone absorp-
tion in control mice, but not in T cell-depleted mice. The investigators further
demonstrated that PTH treatment failed to increase osteoclast formation in BM
derived from T cell-depleted mice, whereas the addition of CD4* or CD8* cells
to T cell-depleted BM dose dependently increased the osteoclastogenic activity of
PTH, suggesting that both CD4* or CD8" cells could promote osteoclast forma-
tion induced by PTH. The researchers also demonstrated that deletion of T cell-ex-
pressed CD40 ligand blunts the bone catabolic activity of PTH by decreasing
bone marrow stromal cell number, the RANKL/OPG ratio, and osteoclastogenic
activity. These data indicate that T cells play an essential role in increased bone
resorption associated with HPT by regulating stromal cell proliferation and func-
tion through CD40L.

T cells play important roles not only in bone resorption but also in bone for-
mation. Terauchi et al. intermittently administered 1-34 human PTH to T cell
deficient mice and control mice and demonstrated that T cell null mice showed
attenuation of bone formation compared to control mice [97]. The researchers also
revealed that PTH increases the production of Wnt10b by CD8* T cells in BM and
thereby induces these lymphocytes to activate canonical Wnt signaling in preoste-
oblasts. Furthermore, intermittent PTH administration decreased apoptosis of pre-
osteoblasts, which was less evident in T cell null mice compared to control mice.
These effects could explain the decreased differentiation and proliferation of oste-
oblasts and reduced bone formation in the T cell null mice. These studies indicate
that PTH and T cells play important roles in the differentiation from osteoblastic
progenitors to mature osteoblast lineage cells. The close interaction between bone
cells and immune cells in BM suggests that a full understanding of this crosstalk
provide novel pharmacological targets for osteoporosis and other bone diseases.

PTH and Hemostasis

Platelets and coagulation factors are two major players in hemostasis. Primary
hemostasis in the setting of bleeding due to vascular injury is achieved by con-
traction of blood vessels and aggregation of platelets. Arachidonic acid (AA) and
adenosine diphosphate (ADP) are engaged in platelet aggregation. Circulating
coagulation factors are inactive under normal circumstances, but could be sequen-
tially activated in secondary hemostasis that occurs simultaneously with the pri-
mary hemostasis.

Thrombosis is a pathological process in which the hemostatic system is
excessively activated and causes the development of platelet-aggregates that
prevent normal blood circulation. This process contributes to the development
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of cardiovascular diseases (CVD), which is the major cause of death in ESRD
patients. Many observational studies have shown associations between high
PTH and elevated risk of CVD in predialysis and dialysis patients (see Chap. 9).
Vascular calcification and endothelial dysfunction have been shown to mediate this
association, and recent studies also suggest the involvement of platelet aggregation
and coagulation in this process.

PTH and Platelets

Several clinical and experimental data suggest that PTH affects both the number
and function of platelets. In one case report of a patient with PHPT, PTx led to
improvement of anemia and thrombocytopenia along with improved myelofibrosis
[98]. As such, the association between high PTH and myelofibrosis has been well
documented, and it can be argued that elevated PTH may decrease the number of
platelets through the development of myelofibrosis and thereby cause abnormal
bleeding.

As for the association between PTH and the function of platelet, Ortega et al.
confirmed that platelets express the PPR and showed that 1-36 PTHrP induces
platelet aggregation by increasing the intracellular calcium concentration via
MAP kinase pathway [99]. Because PTHrP and PTH share the same receptor
(PPR), similar phenomenon can be expected with PTH. Verdoia et al. collected
peripheral blood from 362 patients who received dual antiplatelet therapy of
aspirin plus ADP antagonist (clopidogrel or ticagrelor) for acute coronary syn-
drome or after percutaneous coronary intervention for stable CVD, and examined
AA-mediated and ADP-mediated platelet aggregation by measuring high residu-
al-on-treatment platelet reactivity (HRPR) [100]. The researchers found that high
intact PTH levels were associated with increased ADP-mediated platelet aggre-
gation in patients with clopidogrel but not those with ticagrelor. These findings
may suggest that PTH modulates the effect of ADP antagonist, but the reason
for the discrepancy between clopidogrel and ticagrelor is unknown. Collectively,
PTH may induce abnormal platelet aggregation, but it remains unclear whether
the effect of PTH on platelet aggregation mediates the association between HPT
and CVD.

PTH and Coagulopathy

While excessive platelet aggregation can cause thrombosis in artery, activation of
coagulation factors can lead to venous thrombosis, such as deep vein thrombosis
and pulmonary thromboembolism. Hepatocytes, which produce coagulation fac-
tors, are known to express the PPR [101], raising the possibility that PTH affects
the production of coagulation factors.
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Several case reports have demonstrated the occurrence of venous thrombus
in PHPT patients. Pringle et al. reported two cases of renal venous thrombo-
sis associated with PHPT [102]. Manosroi et al. reported a case of subclavian
venous thrombosis and pulmonary embolisms associated with parathyroid
carcinoma [103]. However, it should be mentioned that hypercalcemia asso-
ciated with PHPT can cause renal diabetes insipidus, and the resultant hemo-
concentration might have led to thrombus formation in these patients. Thus,
it remains unknown whether PTH directly affects coagulation or thrombus
formation.

Several researchers examined the association between PTH levels and coag-
ulation factors in patients with PHPT or SHPT. Erem et al. showed that PHPT
patients had higher tissue plasminogen activator (t-PA) and plasminogen activa-
tor inhibitor (PAI)-1 and lower tissue factor pathway inhibitor (TFPI) compared
to healthy volunteer, suggesting a hypercoagulability and hypofibrinolytic state in
these patients [104]. However, another research group performed a case-control
study and revealed that PTx did not change plasma coagulation factors such as
PAI-1 in PHPT patients [105]. Another cohort study demonstrated that in patients
with HPT secondary to vitamin D deficiency, vitamin D supplementation did not
change coagulation factors, such as prothrombin time, activated partial thrombo-
plastin time, factors VII, VIII, and X, even though these patients showed a signif-
icant reduction in PTH levels [106]. Thus, it is unclear whether PTH affects the
production of coagulation factors.

Conclusion

Over the past decades, many studies have focused on the adverse effects of PTH,
which can cause myelofibrosis, anemia, and immunosuppression particularly
in patients with PHPT and SHPT. However, recent investigations have also uncov-
ered that PTH mediates crosstalk between HSCs and marrow stromal cells includ-
ing osteoblasts, osteoclasts, and osteal macrophages, and represents an important
player in differentiation and proliferation of these cells. Despite the accumulation
of basic research showing the potential abilities of PTH to support hematopoiesis,
there are only a few evidences supporting the clinical benefit of PTH in terms of
hematopoiesis. Future research should examine whether PTH administration sup-
ports hematopoiesis and improves the outcome of BM transplantation.
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