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The role of bone cells in immune regulation
during the course of infection
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Abstract
Bone homeostasis depends on a balance between osteoclastic bone resorption and osteoblastic bone formation. Bone cells are
regulated by a variety of biochemical factors, such as hormones and cytokines, as well as various types of physical stress. The
immune system affects bone, since such factors are dysregulated under pathologic conditions, including infection. The bone
marrow, one of the primary lymphoid organs, provides a special microenvironment that supports the function and differentiation
of immune cells and hematopoietic stem cells (HSCs). Thus, bone cells contribute to immune regulation by modulating immune
cell differentiation and/or function through the maintenance of the bone marrow microenvironment. Although osteoblasts were
first reported as the population that supports HSCs, the role of osteoblast-lineage cells in hematopoiesis has been shown to be
more limited than previously expected. Osteoblasts are specifically involved in the differentiation of lymphoid cells under
physiological and pathological conditions. It is of critical importance how bone cells are modified during inflammation and/or
infection and how such modification affects the immune system.
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Bone as osteoimmunological tissue

The bone belongs to the skeletal system which supports the
body and enables the locomotion. However, bone contains the
bone marrow, in which HSCs or common progenitors are
maintained. Therefore, the bone also functions as the hemato-
poietic or immune organ [1].

Bone homeostasis is maintained by three types of bone-
constituting cells: osteoclasts, osteoblasts, and osteocytes [1,
2]. The bone tissue is constantly renewed by a dynamic

remodeling process, in which bone is resorbed by osteoclasts
and formed by osteoblasts. Osteocytes control both osteo-
clasts and osteoblasts in response to external stimuli. Since
bone cells are regulated by immune regulators such as cyto-
kines, aberrant or prolonged immune responses often affect
bone metabolism.

A number of reports on the bone phenotypes of immuno-
compromised mice indicate that the immune and skeletal sys-
tems share a variety of molecules, including transcription fac-
tors, signaling molecules, and membrane receptors, implying
an interplay between the two systems [1–4]. In this article, we
discuss the changes that occur in bone cells and the bone
marrowmicroenvironment during the course of infection from
the point of osteoimmunology, including the emerging role of
osteoblasts in the maintenance of early immune cell
progenitors.

Hematopoietic stem cells and bone tissue

A specialized bone marrow microenvironment called a hema-
topoietic stem cell niche is important for both the function and
maintenance of hematopoietic stem cells. Since the concept of
the hematopoietic stem cell niche put forward in the late
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1970s, intensive research has been carried out in an effort to
elucidate the details of the bone marrow microenvironment
[5].

Osteoblasts form the bone, the structural container of the
space that harbors HSCs. However, do osteoblasts directly
and actively support HSCs maintenance? It was initially pro-
posed that the endosteal surface contains certain key compo-
nents for supporting HSCs [6–8]. An increase in the hemato-
poietic stem cell pool was observed in genetically modified
mice in which the osteoblast number was increased, raising
the possibility that osteoblasts constitute the HSC niche. The
in vivo importance of osteoblasts in HSC regulation was re-
ported by two independent groups in 2003 [9, 10]. The oste-
oblast number correlated with the HSC number in parathyroid
hormone (PTH)/PTH-related protein receptor (PPR) transgen-
ic mice as well as bone morphogenetic protein IA (BMPRIA)
conditional knockout mice. In addition, it was reported that
endochondral ossification is required for ectopic hematopoi-
etic niche formation [11]. CD105+ Thy1− skeletal progenitors
isolated from fetal limb bones were shown to reconstitute
ectopic HSC niche formation [12]. These observations sug-
gested a relationship between osteoblasts and the HSCs in the
bonemarrow. Furthermore, osteoblasts were shown to express
molecules important for the regulation of HSCs, including N-
cadherin, anigipoietin-1, thrombopoietin, and osteopontin
[10, 13–16].

In contrast, in the subsequent reports, it was found that the
number of osteoblasts did not always correlate with the num-
ber of hematopoietic stem cells. Biglycan-deficient mice were
shown to have a low osteoblast number with an osteoporotic
phenotype but to nevertheless contain a normal HSC number
[17, 18]. Furthermore, an increase in osteoblasts by strontium
chloride administration did not affect the HSC number in the
bone marrow [16]. Moreover, it has been shown that neither
Ang-1 nor N-cadherin on osteoblasts was required for the
maintenance of HSCs [17, 19].

Certain studies have reported that mature bone cells are
not required for the maintenance of HSCs. Stem cell fac-
tor (Scf) and chemokine (CXC motif) ligand 12 (Cxcl12)
are considered to be fundamental for HSC maintenance.
Cell-type-specific conditional knockout mice lacking
these factors indicated that HSCs were maintained even
when Scf and Cxcl12 were deleted specifically in osteo-
blasts. LepR-expressing perivascular stromal cells were
shown to be a major source of SCF in the bone marrow
and to support HSCs. In addition, deletion of CXCL12
using Prx1-cre induced a decrease in the number of
HSCs and immune cell progenitors in vivo [20–23].
Therefore, LepR-positive cells and CAR cells are
regarded as the cells that mainly benefit the HSC niche.
However, CAR cells have the ability to differentiate into
osteoblasts, suggesting that at least osteoprogenitors par-
ticipate in HSC maintenance [24].

The contribution of osteoblasts to the maintenance of HSCs
may be less than predicted by the earlier studies, but there are
reports that osteoblasts are involved in the modulation of im-
mune cell differentiation. The depletion of CXCL12 in
osterix-expressing cells, which are mostly osteoblasts, result-
ed exclusively in a loss of B-lymphoid progenitors [22]. It was
also reported that acute inflammation suppresses osteoblastic
bone formation, which results in T and B lymphopenia
through reduced interleukin-7 (IL-7) production, suggesting
that osteoblasts play a role in the regulation of common lym-
phoid progenitors by providing IL-7 (see below) [25, 26]. One
study has shown that the Delta-like 4 (DLL4) expressed on
osteoblasts supports T-lineage competent cells [27].
Osteoblasts also regulate erythropoiesis by producing eryth-
ropoietin (Epo) in a hypoxia-inducible factor (HIF)-dependent
manner [28]. Notably, alterations of osteoblast function induce
a perturbation of HSCs. Disruption of Dicer in murine osteo-
blasts, which is an RNase III endonuclease essential for
microRNA synthesis and processing, resulted in HSC malig-
nancy with concomitant osteoporosis [29]. The constitutive
activation of β-catenin in osteoblasts was shown to increase
Jagged1 expression and induce malignant changes [30, 31].
These findings demonstrate that osteoblasts are able to pro-
duce signals that keep the HSCs from a transition into malig-
nancy (Fig. 1).

Osteoclasts and immune cell progenitors

Osteoclasts are large, multinucleated cells derived from
monocyte/macrophage progenitor cells of hematopoietic ori-
gin. They are essential in the first place for the formation of the
bone marrow cavity. Since osteoclast-deficient mice do not
have sufficient space to maintain immune cell progenitors or
support their differentiation within the bone marrow,
extramedullary hematopoiesis occurs in the spleen and liver
in osteopetrotic mice [32–34]. During extramedullary hema-
topoiesis, immature, deformed, or enlarged hematopoietic
cells are typically found in the blood. In fact, it is reported that
osteopetrotic patients develop anemia and are prone to severe
infection due to such abnormal hematopoiesis [35, 36]. In

Fig. 1 Osteoblasts regulate the immune cell differentiation.
Osteoprogenitors support the HSC maintenance. Osteoblasts produce
IL-7 and DLL4 to support lymphopoiesis and T cell differentiation, re-
spectively. Overexpression of β-catenin in osteoblasts induces Jagged1
expression, leading to hematopoietic malignancy
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addition, an inhibition of osteoclast function by bisphospho-
nate administration also induces a decrease in the HSC num-
ber and impaired engraftment [37]. It has also been shown that
suppression of osteoclasts by zoledronic acid administration
reduces the number of HSCs. Furthermore, HSC dysfunction
is found in certain mice that have defects in osteoclast func-
tion. The frequency and absolute number of Lineage−Sca-1+c-
kit+ (LSK) cells that contain HSCs are decreased in an oc/oc
mouse strain bearing the mutated Tcirg1 gene, a proton pump
subunit essential for bone resorption [38]. Osteoclasts may
regulate HSC quiescence through degradation of the bone
matrix, which results in the release of calcium ions and certain
cytokines such as TGF-β [39, 40].

Mobilized peripheral blood stem cells are often used for
autologous or allogeneic transplantation after myeloablative
therapy in patients with myeloid malignancies. Granulocyte
colony-stimulating factor (G-CSF) is the most widely used
treatment for HSC mobilization in the clinic. HSC mobiliza-
tion is dependent on an interaction between HSCs and bone
marrow niche cells. CXCL12, which is expressed on niche
cells and is an important factor for maintaining HSCs, is a
ligand for CXC chemokine receptor 4 (CXCR4) on HSCs. It
has been reported that receptor activator of nuclear factor κ B
ligand (RANKL)-stimulated osteoclasts degrade the niche
component by secreting matrix metalloproteinase (MMP) 9,
resulting in impaired CXCR4–CXCL12 binding. As a result,
the HSCs are unable to remain in the altered bone marrow
microenvironment [41]. On the other hand, osteoclast-
deficient mice, such as op/op, c-fos−/−, and Tnfsf11−/− mice,
do not exhibit any defects upon G-CSF-induced HSC mobili-
zation [42]. Subsequent studies showed that G-CSF adminis-
tration does not affect the number of osteoclasts on the end-
osteal surface. Furthermore, G-CSF-induced HSC mobiliza-
tion was observed in mice in which the osteoclast number had
been decreased by zoledronate treatment.

Osteoblasts and osteocytes also contribute to the HSC mo-
bilization in addition to osteoclasts. Osteal tissuemacrophages
(osteomac), which have been shown to support osteoblast ac-
tivity, are depleted by G-CSF administration. The ablation of
osteomac induced disruption of both the endosteal niche and
HSC mobilization [43]. Moreover, it is reported that osteo-
blasts and osteocytes are essential for the mobilization of
HSCs in response to G-CSF [44, 45]. G-CSF administration
leads to marked suppression of osteoblasts in the endosteum.
A subsequent study showed that the cellular connection be-
tween the endosteal osteoblasts and bone-embedded osteo-
cytes was disrupted after G-CSF treatment. Thus, G-CSF in-
duces HSC mobilization through an induced alteration of the
bone marrow microenvironment.

When osteoclasts degrade the bone matrix, certain factors
stored in the bone matrix are released. It is possible that some
of them are involved in maintaining HSCs. The local concen-
tration of calcium ions near bone resorption sites could be

considerably higher than that in the serum. HSCs lacking a
calcium-sensing receptor failed to lodge at the endosteal sites
near resorbing osteoclasts [39]. In addition, transforming
growth factor-β (TGF-β) is deposited in bone matrix in an
inactive form. During bone resorption, TGF-β is released and
activated by proteolytic enzymes secreted from osteoclasts.
TGF-β plays an important role in regulating HSC quiescence
and self-renewal [40]. These studies raise the possibility that
osteoclasts contribute to HSC regulation by releasing certain
matrix-embedded factors that are able to control HSCs.

Immune regulation by bone cells
during the course of infection

Sepsis is an acute host inflammatory response to severe infec-
tion associated with a high incidence of mortality. In 1989, the
concept of “sepsis syndrome” was proposed. Sepsis was then
described as a “systemic inflammatory response syndrome
(SIRS) due to infection” in 1991 [46, 47]. However, sepsis
induces not only an excessive inflammatory reaction but also
an anti-inflammatory reaction. Since this definition reflects
only a part of the complex condition of sepsis, the definition
of sepsis was revised in 2001 [48]. Sepsis was subsequently
defined as “systemic symptoms attributable to infection” and
using SIRS alone as a diagnostic criterion was stopped. The
definition of sepsis was further revised in 2016, almost a quar-
ter of a century since the first definition [49]. Sepsis is a con-
dition presenting with multiple organ failure due to a failure of
the host biological response to infection with a high rate of
mortality due to circulatory failure, cellular dysfunction, and
metabolic abnormalities. Unfortunately, numerous therapeutic
clinical trials have failed, and an effective strategy for sepsis
remains elusive. Although considerable advances in antimi-
crobial agents have led to a marked improvement in the rela-
tive survival, long-term mortality rates in sepsis remain at just
20 to 50%. It is of critical importance to obtain a complete
picture of sepsis for the development of effective treatments.

In addition to the multiple organ failure that occurs after a
severe inflammatory response infection, complications
resulting from the sepsis-related immunosuppression contrib-
ute to the morbidity and mortality that commonly occur.
Although a vigorous and uncontrollably sustained inflamma-
tory response to infection is indeed observed in patients in the
early phase of sepsis, it is the immunosuppression that leads to
life-threatening secondary infection and delay recovery that is
the hallmark of severe sepsis. A key feature of resulting im-
munosuppression is the loss of immune cells associated with
apoptosis, including CD4+ and CD8+ Tand B cells [50, 51]. It
is reported that circulating levels of lymphocytes decrease and
remain depressed for up to 28 days [52]. Since HSCs in the
bone marrow should continuously supply new immune cells
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to the body, it is unclear how the lymphopenia persists for a
long time.

Host pathogen recognition and the subsequent initiation of
the proinflammatory response are important events in the in-
nate immune system reaction to the pathogen. The reaction
leads the production of inflammatory cytokines including IL-
1β, TNF-α, and G-CSF [53]. G-CSF can significantly delay
neutrophil apoptosis and improve the unusual prognosis of
neutropenia with severe infectious complications. However,
meta-analyses of human studies using G-CSF administration
for sepsis have shown no remarkable advantage in terms of the
impact on mortality [54, 55].

Although it appears that the lymphopenia that occurs in the
late phase of sepsis is unrelated to the failure of sepsis therapy
using G-CSF administration, a better understanding of osteo-
blast function may provide an explanation for the two reports
that suggest such a linkage.

Sepsis induces rapid and marked bone loss through the
impaired osteoblastic bone formation and reduces the number
of common lymphoid progenitors (CLPs) in the bone marrow,
as well as the number of peripheral T and B cells. Meanwhile,
the frequency and number of common myeloid progenitors
(CMPs), neutrophils, and macrophages are increased during
sepsis. These results suggest that osteoblasts support
lymphopoiesis and suppress myeloid differentiation.

Sepsis-induced bone loss and lymphopenia are indepen-
dent of the MyD88/TRIF pathway which mediates anti-
bacterial defense. On the other hand, the reduced osteoblast
and lymphocyte number during sepsis is recovered by treat-
ment with a G-CSF antibody. Similar to sepsis, transient os-
teoblast ablation leads to a marked decrease in the CLP num-
ber and lymphopenia in the periphery, suggesting a role for
osteoblasts in the regulation of lymphopoiesis. As mentioned
above, it has been reported that G-CSF administration leads to
the suppression of osteoblasts. These results indicate that the
suppression of osteoblasts through G-CSF production causes
the lymphopenia that occurs during sepsis.

Furthermore, specific deletion of IL-7 in osteoblasts reca-
pitulates the lymphopenic phenotype together with a lower
CLP number, indicating that the osteoblast-derived IL-7main-
tains CLPs in the bone marrow. In the study in which this was
demonstrated, a reciprocal interaction between the immune
and bone systems was evident, as acute inflammation induced
a defect in bone cells resulting in immunosuppression. In ad-
dition, osteoblast activation by PTH administration provided
an amelioration of sepsis-related lymphopenia. These findings
suggest that osteoblasts are a potential treatment target in in-
fectious diseases [26] (Fig. 2).

The immune regulation effected by osteoblasts is important
not only for bacterial but also parasitic infection. Malaria is a
life-threatening disease with serious complications, but most
patients present with relatively weak symptoms. However,
incomplete recovery from infection can result in chronic

symptoms. It has been reported that products derived from
the malaria parasite induce bone loss and growth retardation.
Both resorption and formation are reduced in early-stage ma-
laria infection. After eliminating the malaria parasite, the ma-
laria parasite–derived product remains and accumulates in the
bone marrow, resulting in chronic inflammation dependent on
MyD88. It is shown that this response not only promotes
inflammatory cytokine expression and osteoclastogenesis
but also stimulates RANKL expression in osteoblasts. The
administration of a vitamin D3 analog suppresses the bone
loss and inflammation that occur in mice infected with malaria
parasites [56]. These results highlight the risk of bone loss in
malaria-infected patients and suggest the potential benefit of
bone loss treatment in malaria.

Infection and bone tissue

There are other infectious diseases that are also involved in the
defects of bone metabolism. It has been reported that osteo-
clastogenesis is affected by the proinflammatory cytokines
and chemokines produced during immune responses.
Therefore, immunological responses against a bacteria or vi-
rus may influence osteoclast function hence bone mass.

Fig. 2 The role of osteoblasts in the maintenance of common lymphoid
progenitors and lymphocyte differentiation in the bone marrow. The IL-7
produced by osteoblasts plays an important role in supporting common
lymphoid progenitors in the bone marrow. When systemic inflammation
ablates osteoblasts, the amount of IL-7 in the bonemarrow also decreases.
The decrease in the number of lymphoid common precursors exerts an
impact on peripheral B and T cells. In addition, osteoblasts suppress
myeloid cell differentiation
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Most human immunodeficiency virus (HIV)-infected
patients manifest abnormalities of the skeletal system.
The prevalence of reduced bone mineral density (BMD)
and increased fracture incidence is observed in HIV-
infected patients compared with uninfected individuals.
There are reports of enhanced osteoclastogenesis in HIV
infection. HIV proteins can shift the OPG/RANKL ratio
in favor of RANKL-mediated osteoclastogenesis [57].
The gp120 component of the HIV envelope can stimulate
TNF-α production via the immune response [58, 59]. In
addition, HIV viral protein R, a factor needed for viral
replication that is required for the nuclear import of the
HIV-1 pre-integration complex, upregulates RANKL [60].
C–C chemokine receptor 5 (CCR5) is a co-receptor of
HIV that is important for HIV transmission. Ccr5-defi-
cient (Ccr5−/−) mice present with dysfunctional osteo-
clasts and are resistant to RANKL-induced osteoporosis.
Both a CCR5-antagonist and an anti-hCCR5 neutralizing
antibody significantly reduced the expression levels of
CTSK, NFATC1, and ACP5 in human monocytic U-937
cells [61]. Moreover, gp120 influences not only osteoclas-
togenesis but also osteoblastogenesis. TNF-α induced by
gp120 elicits apoptosis of both osteoblast cell lines and
primary cells [62]. HIV-1 Gag p55, which is a precursor
protein that forms the core structure of the HIV virus and
is indispensable to its reproduction, also inhibits osteo-
blastogenesis [63]. These results suggest that the HIV in-
fection modulates bone metabolism. Considering the im-
portance of osteoblast function in T cell differentiation, it
is likely that the impaired bone marrow microenvironment
affects the acquired immunodeficiency that develops from
HIV infection [64].

Osteomyelitis is known as an infectious disease that causes
bone loss and inflammation [65]. Most osteomyelitis patients
are infected with Staphylococcus aureus (S. aureus).
Although bone is normally resistant to bacterial colonization,
S. aureus is able to colonize bone tissues via the bloodstream,
e.g., by direct inoculation following trauma and subsequent
spread of a contiguous infection. The pathophysiological sig-
nificance of the bone remodeling that takes place in this dis-
ease has been elucidated using a mouse model of osteomyeli-
tis [66, 67]. Osteoclast differentiation is promoted by
S. aureus-stimulated proinflammatory cytokines, including
IL-1β, IL-6, and TNF-α [68, 69]. CCL3 and CXCL2, which
are observed in osteomyelitis, also induce osteoclast differen-
tiation [70]. Staphylococcus aureus infection not only pro-
motes osteoclastogenesis but also stimulates osteoblast apo-
ptosis [71].

Paget’s disease is characterized by accelerated bone
remodeling in which excessive bone resorption is follow-
ed by robust bone formation, resulting in a mosaic of
woven bone that is characterized by significantly in-
creased risk for fracture and deformity [72]. Although

the osteoclast precursors from Paget’s disease patients
are known to express measles virus nucleocapsid protein
(MVNP), which enhances osteoclast formation, the mech-
anism by which MVNP stimulates abnormal osteoclasto-
genesis is unclear at present. A recent study reported that
MVNP expression in osteoclasts increases the NFAT-
activating protein with an ITAM motif (NFAM) 1, and
NFAM1 inhibition suppresses MVNP-induced osteoclas-
togenesis. MVNP modulation of the NFAM1 signaling
axis might therefore play a role in the enhanced osteoclast
differentiation observed in Paget’s disease patients [73].

Periodontitis is an oral inflammatory disease characterized
by periodontal pocket formation and alveolar bone resorption
[74, 75]. RANKL plays a critical role in periodontal bone
resorption. Innate immune cells stimulated by oral bacteria
produce a number of inflammatory cytokines including IL-
1β, IL-6, and TNF-α [76, 77]. These cytokines contribute to
the expansion of Th17 and exFoxp3Th17 cells, which in turn
triggers osteoclastogenesis through increased RANKL ex-
pression [78, 79].

Osteonecrosis of the jaw is associated with bone
antiresorptive drugs, such as bisphosphonate and denosumab.
Although the mechanism has not been fully elucidated, it has
been suggested that infection triggers osteonecrosis due to
reduced bone turnover [80].

Since chronic inflammation is associated with bone loss, it
is possible that the disturbance of bone homeostasis by bacte-
rial or viral infection influences the host defense during the
course of infectious diseases.

Conclusion

As assay technologies and mouse genetics have progressed,
the more our understanding of the bone marrow microenvi-
ronment has advanced. Although most of the studies have
been conducted in the steady state, analyses of mice under
pathological conditions have led to the novel recognition of
reciprocal interactivity between bone and immune cells. In the
sepsis model, osteoblasts maintain lymphopoiesis, which is
suppressed by sepsis-induced osteoblast ablation.
Furthermore, malaria, HIV, or S. aureus infection leads to a
decrease in bone mass, a result which is linked to the produc-
tion of inflammatory cytokines. It has been found that phar-
macological activation of osteoblasts not only increases bone
mass but also ameliorates certain immune deficits. Although
classical osteoimmunology has been studied mainly under
steady-state condition, recent studies have shed light on the
mutual relationship between the bone and immune systems in
the acute as well as chronic immune response. Further studies
are expected to lead to novel therapeutic strategies against
infection by targeting bone cells.
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