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Abstract
Recent studies have elucidated unanticipated connections between the immune and skeletal
systems, and this relationship has led to the development of a new field known as
osteoimmunology. The goal of research in this field is to: 1) further understand how the bone
microenvironment influences immune cell ontogeny and subsequent effector functions, and 2)
translate basic science findings in bone biology to clinical applications for autoimmune diseases
that target the skeleton such as rheumatoid arthritis. In this review, we will examine the recent
findings of the interplay between the immune and skeletal systems. This discussion will focus on
the cells and signaling pathways in osteoimmune interactions and how innate and adaptive
immune effector cells as well as cytokines and chemokines play a role in the maintenance and
dysregulation of skeletal-immune homeostasis. We will also discuss how immunomodulatory
biologic drugs, which specifically target these cells and effector molecules, have transformed the
treatment of autoimmune mediated inflammatory diseases (IMIDs) and metabolic bone diseases
such as osteoporosis.
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Introduction
Bone appears to be a relatively static organ, there to provide structural support to the human
form and serve as a niche for mesenchymal and hematopoietic progenitors. The skeleton,
however, is anything but static as evidenced by the active process of bone remodeling which
relies on a delicate balance between bone forming osteoblasts and bone resorbing osteoclasts
(OCs) (1). The coordinated interplay of osteoblasts and OCs, known as coupling,
continuously remodels bone through highly regulated molecular and cellular events such
that the entire adult skeleton is replaced every ten years of human life (2). Disruption of the
homeostatic balance of bone removal and replacement can manifest as pathologic bone loss
observed in osteoporosis, periodontal disease, and some inflammatory arthritides, or as
inappropriate new bone formation (1,3,4).

The dynamism of the skeleton is not limited to its perpetual turnover but can also be
observed in the interactions between bone and other organ systems. One particularly
intriguing interaction, which has gained much attention in recent years, is the interplay
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between the skeletal and immune systems. The recent understanding of a connection
between innate and adaptive immune cells, immune system cytokines and chemokines, and
cells involved in skeletal remodeling led to the development of a field known as
osteoimmunology (5–8). This rapidly expanding field has the potential to facilitate the
translation of basic science knowledge in bone biology into an improved pathophysiological
understanding of many common, costly, and debilitating disorders.

In this review, we will discuss bone remodeling events as they relate to inflammatory and
immune-mediated disorders. We will examine how these osteoimmune conditions can result
in excess bone loss and, sometimes, pathologic new bone formation by reviewing major
factors involved in bone turnover, both established and under current investigation. Lastly,
the impact of immune system modulating therapy on pathologic bone resorption will be
addressed.

Osteoblasts and Osteoclasts: Cellular Architects of Bone Formation and
Remodeling

Osteoblasts are derived from pluripotent mesenchymal stem cells (MSC), which can also
give rise to chondrocytes, myoblasts, tenocytes, neurons and adipocytes (6). During
osteoblast differentiation, MSC express higher quantities of phenotypic markers like alkaline
phosphatase and osteocalcin. MSC also express receptors for bone morphogenetic proteins
(BMP) and the Wnt receptors low-density lipoprotein receptor related proteins (LRP) 5 and
6. It is activation of these receptors that promotes differentiation of the progenitors into
bone-forming osteoblasts (4,9).

While osteoblasts are a pivotal half of the cellular remodeling component of the bone-
remodeling unit, the first connection between the skeletal and immune systems we will
describe concerns their bone resorbing counterparts, the OCs. OCs are giant, multinucleated
cells uniquely designed to resorb bone. OCs precursors at or near the bone surface are
induced to differentiate into OCs by factors in the surrounding environment, which we will
discuss later. Binding of these factors induces the expression of several genes that are
essential to OC function. The OC also undergoes structural changes to form a cell with a
polarized shape. One side of the cell develops a ruffled border, which firmly attaches to the
bone surface creating a sealing zone by rearrangement of the actin cytoskeleton. This creates
an external vacuole into which hydrogen ions are secreted by the OC to acidify the
microenvironment of the sealing zone. The OC also secretes tartrate-resistant acid
phosphatase (TRAP) into the resorption space where it functions to decalcify bone. Staining
for TRAP is a common technique used to identify OCs in culture or on sections of bone. The
acidic environment created by secretion of hydrogen ions and TRAP helps to mobilize the
mineral content of the bone. The OCs then secrete cathepsin K, which is involved in
degradation of bone matrix exposed by the acid. The degradation products from this process
are taken up by the OC and released on its apical surface into the circulation. Chief among
these products are solubilized calcium and phosphate, which are essential to the homeostasis
of the organism as a whole and are tightly balanced (1,3).

Osteoblast/Stromal Cells: the Nurse Mothers of the Hematopoietic System
While it has been well known that the vast majority of hematopoiesis occurs in the bone
marrow, and that hematopoietic stem cell (HSC) proliferation and differentiation is
controlled by “stromal” cells, the nature of these mesenchymal cells in the HSC niche has
been poorly understood. Recent work in this area has revealed that the stromal cells
responsible for HSC regulation in bone marrow are bona fide osteoblasts (10). Interestingly,
this discovery was made by bone biologists who were studying the effects of parathyroid
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hormone (PTH), whose primary endocrine function is to maintain blood calcium
homeostasis through osteoblast-osteoclast coupling and renal absorption. By analyzing the
phenotype of transgenic mice that express a constitutive PTH receptor in bone forming
osteoblasts (Col1-caPTHR) (11), the investigators demonstrated that osteoblastic cells
produce high levels of the Notch ligand jagged 1 and support an increase in HSC.
Furthermore, PTH increased: i) osteoblast numbers in stromal cultures, ii) augmented ex
vivo HSC growth, iii) HSC numbers in vivo, and iv) survival of wild-type mice after lethal
irradiation and bone marrow transplantation. Thus, osteoblastic cells are a regulatory
component of the hematopoietic stem cell niche in vivo that influences stem cell function
through Notch activation. Moreover, since recombinant PTH (teraparitide) is an approved
anabolic therapy for osteoporosis (12), researchers are now investigating its potential as a
HSC therapy to treat anemia and general immunosuppression.

Monocytes, Macrophages, and Dendritic Cells: Innate Immune Sources of
Osteoclast Precursors

Unlike their MSC-derived osteoblast counterparts, OCs are derived from hematopoietic
cells. These hematopoietic-lineage cells also generate immune cells such as lymphocytes,
phagocytes, and dendritic cells (DCs). OCs specifically derive from the myeloid-monocyte
branch of hematopoietic cells, and thus, they share the same precursor as macrophages and
myeloid DCs (13). Thus, it is the microenvironment to which the common myeloid
precursor cell is exposed that will determine whether they differentiate into innate immune
cells or bone resorbing cells. The development of OCs from their precursor cells has been
studied by flow cytometric immunophenotyping of surface proteins. The multipotential
myeloid progenitor cell population is defined as positive for the surface marker c-Kit. This
population moderately expresses a pan-myeloid lineage marker CD11b, and is negative for
c-Fms, which is the tyrosine kinase receptor for macrophage colony stimulating factor (M-
CSF) — needed to prime cells for OC differentiation.

Our group has previously shown that the frequency of cells expressing the pan-myeloid
lineage marker CD11b is elevated in mice and humans with inflammatory arthritis (14,15).
These CD11b+ cells mature into two major subpopulations of monocytes within the bone
marrow (16,17). There is a classical monocyte subpopulation and a non-classical monocyte
subpopulation. The classical monocyte subpopulation is characterized in humans as
CD14hiCD16−. In mice, they are CD11b+Gr1hi. These cells make up about 90–95% of
monocytes in humans. The non-classical monocyte subpopulation makes up about 5–10% of
monocytes and is characterized as CD14+CD16+ in humans and CD11b+Gr1lo in mice (16).
These non-classical monocytes show a considerable increase in number during a variety of
systemic infectious conditions. A link between these innate immune cells and bone disease
is evidenced by the increased percentage of non-classical, pro-inflammatory monocytes
found in the blood of rheumatoid arthritis (RA) patients, particularly during active disease
(18). This increase correlated with erythrocyte sedimentation rates and C-reactive protein
levels (19). Transforming growth factor-beta (TGF-β), a cytokine found in rheumatoid
synovial fluid, induced CD16 expression on CD14+ monocytes. Therapy for RA resulted in
a decrease in the CD14+CD16+ monocyte subpopulation (20).

Upon interaction of the CD11b+ monocytic precursor with stem cell factor (SCF), they
become positive for the M-CSF receptor c-Fms (21). C-Fms is a key determinant of
development for cells in the monocyte-macrophage lineage (1). Thus, the multipotential
progenitor cell is designated c-Kit+ CD11bdull c-Fms− while the early-stage precursor is c-
Kit+ CD11bdullc-Fms+. The presence of M-CSF converts the early-stage precursor cells to
late-stage precursors by triggering increased CD11b expression and also by leading to
upregulated surface expression of receptor-activator of NFκB (RANK) to which RANK

Mensah et al. Page 3

Immunol Res. Author manuscript; available in PMC 2010 September 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ligand (RANKL) will bind in order to begin the cascade of signaling events which culminate
in OC formation (21).

RANK signaling in OC precursors (OCP) occurs through TRAF6 (TNF receptor associated
factor 6) (22–27). The importance of TRAF6 is highlighted by the fact that TRAF6
knockout mice are osteopetrotic, TRAF6 has various downstream mediators that regulate the
expression of genes specific for OC differentiation and activation including NFκB, AP-1
mediated by JNK pathway, cascades of MAPK such as TGF-β-inducible kinase TAK1 and
the p38 stress kinase (28). The result of NFκB and c-Fos activation is the induction of
NFATc1, a transcription factor, which leads ultimately to the increased expression of the
genes for TRAP, cathepsin K, DC-STAMP and other genes essential for OC formation and
function.

Though our discussion of osteoimmune interactions began with the OC and its origins, the
osteoblast plays a key role in potentiating the osteoimmune interactions of OCs by virtue of
the fact that RANKL is expressed by osteoblasts in the bone marrow stromal environment in
response to hormones like vitamin D3, parathyroid hormone, and estrogen (3,8).
Interestingly, RANKL was discovered by immunologists who were looking for novel
ligands from T cells that were induced by DCs in mixed leukocyte reactions, as tumor
necrosis factor (TNF)-related activation-induced cytokine (TRANCE) (29). Anderson et al
also discovered the gene for this cytokine in a screen to identify the ligand for RANK, which
they cloned as a co-stimulatory receptor on DC (30). Thus, TRANCE or RANKL, was
considered to be a dendritic cell-restricted survival factor important in T cell-dendritic cell
interactions. Around the same time, researchers were trying to identify an OC differentiating
factor (ODF). Based on their prior work that identified osteoprotegerin (OPG) as an
osteoblast-derived secreted member of the TNF receptor family that inhibited
osteoclastogenesis as a receptor antagonist, investigators at Amgen Inc. discovered OPG-
ligand (OPGL) (31,32). Yasuda et al. also identified this long sought after ODF via
expression cloning for a ligand that bound to OPG (33). Thus, RANKL as it is known today,
was independently identified as ODF, TRANCE, and OPGL, by immunologists and bone
biologists, and these discoveries are recognized as the keystone of osteoimmunology.

In addition to monocytes, macrophages are another innate immune system cell type that can
also serve as a source of OC (34). Macrophages are mononuclear cells of the myeloid
lineage, which are present in a number of tissues normally maintaining homeostasis and
aiding in repair. One interesting property of macrophages is their ability to fuse with each
other to form multinucleated cells. The multinucleated cells, or polykaryons, formed from
macrophages allow the cell to resorb large materials that the mononuclear pre-fusion cells
would not be able to. This ability has put macrophages at a central point in the evolution and
function of the immune and skeletal systems because multinucleated macrophages form
giant cells in chronic inflammatory sites like granulomas, and they also form OCs in the
bone. How a macrophage determines whether to become a giant cell or an OC upon fusion is
governed by the local cytokine milieu with RANKL pushing bone-marrow derived
macrophages to form OCs while interleukin-4 drives giant cell formation (35).

A molecule that has recently gained importance in the fusion process and also serves to be
another pivotal molecule in the field of osteoimmunology is the dendritic cell-specific
transmembrane protein (DC-STAMP). DC-STAMP was initially identified in myeloid DCs
as a 53 kDa, interleukin-4 (IL-4)-inducible, seven-member transmembrane protein with no
considerable sequence homology to other proteins (36,37). DC-STAMP has also been found
in macrophages and OCs (38–40). To-date, its ligand and its function in myeloid DCs is
unknown, although recent studies with mice genetically deficient for DC-STAMP suggest a
potential role in autoimmunity since DC-STAMP−/− mice exhibit DCs with higher
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phagocytic and antigen presentation activity via upregulated MHC class I and II pathways
(41). In bone marrow-derived macrophages, DC-STAMP is essential for multinucleation to
form giant cells in the presence of IL-4, and OCs in the presence of RANKL and M-CSF
(38–40). In support of the importance of DC-STAMP in osteoclastogenesis are the findings
that DC-STAMP−/− mice are osteopetrotic, and they do not have OCs (42,43). That DC-
STAMP plays a potential role in autoimmunity and is essential for osteoclastogenesis
suggests that further research may uncover its position as another link between the skeletal
and immune systems.

Myeloid DCs represent another potential innate immune cell that shares a common
precursor with the OC and macrophage. They form after exposure of monocytic precursor to
GM-CSF and IL-4 (13). DCs function in large part as antigen-presenting cells, but have
other functions and are distributed throughout the body. Since DCs express RANK and can
be found in the joints of rheumatoid arthritis patients, it is thought that DCs mediate
osteoimmune interactions indirectly by activating T cells to produce RANKL which can
then lead to osteoclastogenesis (29,44). Though GM-CSF and IL-4 have been shown to
inhibit OC formation by effects on c-fos and STAT-6 respectively, there is some recent
evidence that uncommitted cells that have started down the path of forming DCs can
transdifferentiate to become OCs (13,45). One group has found TRAP expression among
monocyte-derived immature DCs. When these cells were treated with M-CSF and RANKL,
they became multinucleated, large cells. These cells did not express the human DC marker
CD1a nor did they express the monocyte marker CD14. Despite the absence of CD14 on the
fully transdifferentiated dendritic-cell derived OCs, an intermediate CD14+ proliferating
stage was identified among these cells. This cell type expressed both DC markers (like
CD1a, CD80, CD86, CD11c, HLA-DR) and monocyte/macrophage cell surface markers
(like CD11b, CD14, CD16). The DC and monocyte/macrophage markers were found to be
down-regulated with cell fusion. The authors of the study identifying the dendritic-cell
derived OCs hypothesized that the transdifferentiation process occurs in two steps. Firstly,
the cells proliferate and give rise to an intermediate, which can express both macrophage
and DC markers. Secondly, the macrophage and DC markers are down-regulated along with
cessation of cell division and onset of fusion. The authors further state that the immature
DCs must use transcription factors other than c-fos when generating OCs via
transdifferentiation and that this process only becomes apparent in chronic inflammatory
states when differentiation into DCs is occurring at a high enough rate for the low-level of
steady state transdifferentiation to become magnified. They posit that during rheumatoid
arthritis, for example, the autoimmune inflammatory response is driven by perivascular DCs
which present self-antigen to autoreactive T cells. These T cells then release joint-damaging
factors. The DCs additionally would induce RANKL expression on T cells and induce
osteoclastogenesis. A second population of DCs would be immature in nature and have the
capacity to transdifferentiate into bone-resorbing OCs in the presence of the M-CSF and
RANKL in the rheumatoid synovial fluid (46).

Cytokines as Mediators of Crosstalk between the Skeleton and Immune
Cells

In addition to M-CSF and RANKL, other cytokines upregulated during inflammation and
immune responses play a role in determining the fate of precursor cells capable of
generating OCs. One of this most important is TNF, which is an inflammatory cytokine
produced by macrophages, neutrophils, keratinocytes, endothelial cells and fibroblasts with
a myriad of effects from promoting cell-proliferation to facilitating apoptosis. Production of
TNF is driven by NFκB response elements and its expression is largely regulated by post-
transcriptional modifications of AU-rich elements (ARE) in the 3′ region of the TNF gene.
Resting cells have lower expression of TNF because the ARE mediate the degradation of
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TNF mRNA. After cellular activation, the TNF mRNA is stabilized and expression levels
can increase 200-fold. Over expression of TNF following cellular activation is prevented by
the activity of tristetraprolin, which degrades the activation-induced TNF mRNA.
Deregulation of the regulation of TNF expression following cellular activation can lead to
chronically elevated TNF levels (47).

The link between deregulated TNF and inflammatory arthritis came out of observations that
this cytokine is elevated in the synovial fluid and synovial membrane of RA and PsA
patients (15). In this context, TNF can cause joint inflammation and trigger cartilage
destruction. Important to its role in altering bone remodeling is the pro-osteoclastogenic
effect of TNF (48). TNF can stimulate osteoclastogenesis via its interaction with the p55
subunit of the TNF receptor (TNFp55r) (48). Upon binding to this receptor, TNF exerts
several effects that foster increased OC formation. TNF stimulates RANKL expression in
bone marrow stromal cells and also activates the p38 MAPK cell-signaling pathway, which
leads to increased M-CSF receptor c-Fms expression.

In-vivo animal studies have also captured the importance of TNF in the development of
autoimmune and inflammatory erosive arthritis. The TNF-transgenic mouse, for example,
closely mimics human disease and represents the first predictive animal model of arthritis as
these animals develop erosive arthritis with focal subchondral and joint margin bone
erosions (49). On a cellular level, an effect of TNF in these animals is a four to seven-fold
increase in the frequency of CD11bhi cells in peripheral tissues like spleen and blood that
can serve as OCP. The increase in this cell population coincided with the time at which TNF
levels increased in these transgenic animals. Furthermore, treatment of the TNF transgenic
mice with anti-TNF agents restored the number of cells in this population to levels seen in
their wild type littermates (14).

Recent studies show that TNF increases expression of the glycoprotein dickkopf-1 (DKK-1),
a natural antagonist of the Wnt pathway in osteoblastogenesis. DKK-1+/− mice have high
bone mass and increased expression in transgenic mice leads to osteopenia (9). It was
recently shown that TNF-induced DKK-1 expression in inflammatory arthritis has two
major consequences (50). Increased DKK-1 expression impairs bone-forming osteoblast
development and elevated expression also suppresses the production of OPG. Taken
together, DKK-1 favors osteoclastic bone resorption both by suppression of OPG and by
inhibition of bone formation, and synergizes with TNF to mediated bone loss. In terms of
osteophyte formation, TNF blockade in the face of increasing concentrations of DKK-1
blockade did not show any difference relative to DKK-1 blockade alone (50). Thus, TNF is
a potent inhibitor of bone formation as well as a driver of bone resorption.

Th17: a Central Effector Cell of Osteoimmunology
The importance of bone to lymphocytes has long been recognized, as the early development
of lymphocytes is known to take place in the bone marrow. However, the idea that
lymphocytes could be involved in bone remodeling was unheard of until the aforementioned
discovery of TRANCE, OPGL, ODF, and RANKL, and that the predominant phenotype of
transgenic mice defective in RANK-RANKL signaling is severe osteopetrosis due to the
complete absence of OCs (51). Using these knockout mice in models of inflammatory bone
loss, it has been demonstrated that T-cell derived RANKL is responsible for pathologic
osteoclastogenesis and focal erosion (52). However, there are always some activated T cells
in the immune system but no bone loss under normal T cell response. This is because T cells
also have a negative regulatory mechanism for inhibiting osteoclastogenesis. Activated T
cells also secret interferon γ and IL-4 that inhibit RANK. Interferon γ binds to the
interferon γ receptor on OC, activates the ubiquitin proteosome pathway to degrade the
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adapter protein TRAF6 (8). IL-4 reduces NFκB nuclear translocation by inhibiting IkκB
phosphorylation, thus markedly inhibiting NFκB DNA binding activity and blocking
osteoclastogenesis entirely (53). Moreover, when DCs present antigen to naive T cells, the
activated T cells express RANKL, which provides further signaling to DCs. The DCs
negatively regulate RANKL-RANK signaling by up regulating the production of RANKL
decoy receptor OPG that competitively inhibits RANKL binding to RANK (6).

Based on the positive and negative regulation of T cells on OC function, we might expect
that T cells are important in the balance of bone metabolism under non-pathological
conditions and contribute to bone destruction in pathological conditions by a different
mechanism. It is reported that activated T cells can directly trigger osteoclastogenesis
through RANKL, and systemic activation of T cells in vivo leads to a RANKL-mediated
increase in osteoclastogenesis and bone loss (52). However, T cells are not absolutely
needed for osteoclastogenesis in some models of inflammatory bone destruction. It is
reported in the collagen-induced arthritis RA model that mice lacking T and B lymphocytes
can still develop arthritic lesions after immunization with type II collagen; therefore, T cells
might play a role in initiation of inflammation or exaggerating bone loss (54).

Th17 cells, a new CD4+ T helper cell subset, were found to play critical role in the
pathogenesis of RA. Th17 cells, so-named for their production of IL-17, are generated via a
lineage distinct from the Th1 and Th2 lineages (55). It has been shown that TGF-β, IL-6,
IL-21 and IL-23 are involved in promoting differentiation of Th17 cells from CD4+ T cells
in peripheral blood (56,57). The effector cytokines associated with Th17 include IL-17,
IL-21 and IL-22 (58). Th17 cells have also been found to be crucial mediators for cross talk
between immune system and other tissues, and are involved in inflammation, organ-specific
autoimmunity and tissue damage.

IL-17, produced by Th17 cells, is involved in promoting the expression of many
proinflammatory cytokines, chemokines and other mediators that contribute to inflammation
and the erosion of cartilage and bone in RA. It triggers the activation of NF-κB and p38
MAP kinase on epithelial, endothelial, and fibroblastic stromal cells. This activation results
in the secretion of IL-1, TNF, IL-6, IL-8, and prostaglandin E2 (59). IL-17 demonstrates
synergistic effects with IL-1 and TNF in inducing joint inflammation and cartilage
destruction (60). It is a potent inducer of RANK, and it also has the capacity to induce joint
destruction in an IL-1-independent manner (60). It is reported that blockade of IL-17 with an
IL-17 receptor/human IgG1-Fc fusion protein prior to disease onset attenuates disease and
reduces joint damage in the rat adjuvant-induced arthritis (AIA) (61). Also, treatment with a
neutralizing anti-murine IL-17 antibody after the onset of collagen-induced arthritis reduces
joint inflammation, cartilage destruction, and bone erosion (62). Thus, based on these
studies, Th17 cell might be a central effector in the erosion of cartilage and bone in joint
disease. From these results, it is possible that IL-17 therapy may be a promising therapeutic
target for rheumatoid arthritis.

By comparing functional IL-17 levels in synovial explant cultures from RA, OA and normal
joints, it was found that IL-17 is spontaneously produced in RA synovium (63). It was also
found that IL-17 in synovial fluid from RA patients was significantly higher than that in OA
patients. IL-17 in synovial fluid is a potent stimulator of osteoclastogenesis while anti-IL-17
antibody administration significantly inhibited OC formation in RA synovial tissues (64). In
one study, Th17 cell number as well as IL-17 levels in peripheral blood (PB), synovial fluid
(SF) and synovial tissue (ST) were quantified in sample from patients with RA, OA and in
healthy controls (65). The percentage of Th17 cells in RASF was found to be significantly
higher than that in normal SF and RAPB with or without stimulation by PMA/I plus IL-23.
After stimulation with PMA/I plus IL-23, Th17 cell number was significantly increased in
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both normal and RAPB and RASF. RT-PCR shows that il-17 gene expression is comparable
in healthy control and OA tissue, while it is significantly increased in RAST. Since Th17
cells respond to IL-23, the study also examined the il-23 level in RASF after observing the
high number of Th17 cells in RASF. Il-23 was rarely detected in RASF, while it was 4.6
times higher in macrophages from RA joints compared to controls. Since IL-27 and IFN-γ
suppress development of Th17 cells, their mRNA levels were also examined in RASF
macrophages. Like il-23, il-27 and ifn-γ mRNA levels were found to be significantly higher
in RA-joint macrophages.

B Cells in osteoimmunology
Unlike T cells that directly influence osteoclastogenesis by expressing RANKL, B cells
influence skeletal health primarily through indirect mechanisms. One important role of B
cells in RA is that they are the source of autoantibodies such as rheumatoid factor (RF). RF
is an antibody against the Fc portion of IgG, which is itself an antibody. RF and IgG join to
form immune complexes, which contribute to the disease process. Activated B cells with RF
specificity are abundant in rheumatoid synovial membrane, and RF is detected in about 75%
of patients with RA (66). Although RF is considered as a serological marker of RA, about
20% of RA patients do not have RF in their blood, and the level of RF does not correlate
perfectly with the severity of disease (67).

B cells may function as antigen presenting cells to present antigen to CD4+ T cells, and they
provide signals for T cell clonal expansion and effector function. About 30% of RA patients
develop synovitis with infiltrated B cells and T cells that aggregate into lymphocyte follicles
with germinal center formation (68). To find out the activation requirement of the follicular
CD4+ T cells, Takamura et al. isolated the CD4+ T cells residing in synovial tissue T cell/B
cell follicles by microdissection and analyzed them by adoptive transfer (69). They found
that CD4+ T cells from independent, nonadjacent follicles have identical T cell receptor
(TCR) sequences, indicating recognition of the same antigen in different germinal centers.
The criteria for functional adoptively transferred CD4+ T cells are matching of major
histocompatability complex (MHC) class II polymorphisms and presence of B cells.
Synovial tissue infiltrated by T cells, macrophages, and DCs, but not by B cells failed to
support the activation of adoptively transferred CD4+ T cell clones, suggesting that B cells
are critical in T cell activation by providing the relevant antigen. The anti-CD20 B cell
depletion study in this paper also shows that B cells could not substitute in maintaining T
cell activation.

B cells in RA synovial membrane may also function by secreting pro-inflammatory
cytokines. Activated B cells, through signals from the B cell receptor (BCR) and CD40,
produce high levels of IL-6, lymphotoxin and TNF that amplify T cell reactions and promote
germinal center formation in inflamed tissue(70). In contrast, B cells activated by CD40
stimulation alone, without specific antigen recognition, produce high levels of IL-10 that
serves to suppress local immune responses instead of pro-inflammatory cytokines (70). IL-6
and IL-10 produced by B cells stimulate further activation of B cells through a positive
feedback mechanism.

Bone marrow infiltration is composed mostly by lymphocytes with more than 80% of them
being B cells. In one RA model, B cells were found to infiltrate bone marrow near arthritis
lesions (71). In the hTNF-Tg mouse, which is a chronic RA model, lymphocyte infiltration
was found in the bone marrow of juxta-articular bone lesions, which are caused by invasion
of hyperplasitic synovium into the joint space. Bone marrow B cells in these infiltrates have
been found to be actively involved in the healing of bone lesions. Bone marrow B cells
generate BMP to induce endosteal bone formation.
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Another discovery of the role of B cell in osteoimmunology is that B cells cooperate with T
cells to play a role in basal bone turnover (72). It is reported that B cells play critical role in
regulating bone homeostasis by their OPG production, and the OPG production by B cells is
promoted by T cell via CD40-CD40L costimulation. In this study, bone marrow B cells
subpopulations were isolated by immuno-magnetic isolation and quantification of OPG
production level of those cells by ELISA and RT-PCR showed that B cells are the major
source of OPG in bone marrow, accounting for 64% of total OPG production in bone
marrow with 45% derived from mature B cells (72). B cell knockout mice exhibit significant
reductions in OPG levels and elevated bone resorption. This phenotype can be rescued by B
cell reconstitution. OPG from splenic B cells, although a smaller proportion than that in
bone marrow and peripheral blood, can be up-regulated by CD40L stimulation. Moreover,
reduced B cell OPG secretion and increased bone loss are observed in T cell-deficient, nude,
CD40 knockout, and CD40L knockout mice, which suggests that B cell-secreted OPG is
augmented by B and T cell crosstalk via CD40-CD40L. Their results show that OPG
produced by B cells may serve to maintain the balance of OPG and RANKL, thereby
maintaining the rate of bone turnover (72).

Biologic Therapies that Target Osteoimmunology
TNF inhibitors have been used with remarkable success in the treatment of osteoimmune
arthritis. Extensive literature exists on their successful use in RA; however, other
inflammatory arthritides have also been well controlled by TNF blockade. In a randomized
placebo controlled clinical trial, nearly 90% of psoriatic arthritis (PsA) patients showed
clinical improvement according to the PsA Response Criteria (PsARC) when given
etanercept, a recombinant soluble TNF receptor. Other studies on etanercept and infliximab,
a chimeric monoclonal anti-TNF antibody, showed similar degrees of improvement in joint
inflammation in PsA patients relative to those receiving placebo. In a placebo-controlled
phase-3 study using 25 mg etanercept administered subcutaneously twice weekly, joint
space narrowing and erosions were halted in the treatment group compared to the control
group (73). A phase-3 study of infliximab showed inhibition of radiographic disease
progression at 6 months of treatment (74). A third anti-TNF agent approved for treatment of
PsA is adalimumab, the fully human anti-TNF monoclonal antibody given subcutaneously at
40 mg every other week or weekly. In a phase 3 study of this agent, radiographic
progression of disease as identified by hand and foot x-rays was significantly inhibited (75).

Rituximab is a chimeric anti-CD20 monoclonal antibody that depletes pre- and mature B
cells by complement-dependent cytotoxicity and antibody-dependent cell-mediated
cytotoxicity. Rituximab is an approved treatment for B cell lymphoma. The rationale of
using rituximab for RA is that in RA patients there are autoantibody producing B cells that
mediate disease. By eliminating B cells and letting the immune system regenerate B cells,
the possibility of the autoantibody producing B cells to survive is very small (67). In 2002,
Edwards et al. presented data on efficacy and safety results of rituximab in 122 randomized
RA patients treated with rituximab combined with methotrexate (MTX a conventional anti-
inflammatory agent) or MTX alone (76). The results showed that more than 40% of those
receiving rituximab with MTX had improvements in symptoms at the end of 24 weeks,
compared to just 13% of those receiving MTX alone. Though the rationale of rituximab is to
deplete autoantibody producing B cells, the clinical efficacy seen in these patients does not
directly correlate with decreases in serum immunoglobulin levels (IgG, IgM, and IgA)
including autoantibodies and rheumatoid factor (77). Thus, B cells must have other
pathological functions in RA besides producing autoantibodies; this remains an active area
of investigation.
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T cell activation requires both antigen recognition by the T cell receptor and costimulation
by interactions of CD28 on the T cell and CD80 or CD86 on the antigen presenting cell (6).
After activation of the T cell, cytotoxic T-lymphocyte antigen 4 (CTLA-4) is induced and
negatively regulates T cell activation by binding to CD80 or CD86 with a higher avidity
than CD28. Thus, CTLA-4 became an attractive molecule to study in designing a T cell-
blocking agent. A soluble CTLA-4 immunoglobulin, known as abatacept, was developed to
block costimulation of T cells thereby halting normal T cell activation. Several studies have
examined the use of abatacept in the treatment of RA. A one-year, multicenter, double-
blinded, placebo-controlled trial of 339 subject showed that patients receiving 10 mg/kg of
abatacept had 20% improvement was obtained according to American College of
Rheumatology criteria (ACR 20) compared to patients receiving placebo. Abatacept in
combination with other disease modifying anti-rheumatic drugs (DMARDs) was compared
to placebo plus DMARDs in RA patients who did not respond to anti-TNF therapy in a 6-
month, double-blinded, randomized, placebo-controlled trial. At the end of the trial,
abatacept treatment led to a higher proportion of patients achieving the ACR 20, 50, and 70
improvement criteria compared to those receiving placebo. Another study showed
significant reduction in the progression of radiographically observable joint erosions and
joint space narrowing in patients receiving abatacept compared to placebo at one year of
follow up (78). Recent data shows that CTLA-4 can act directly on OC precursors by
inhibiting RANKL- and TNF-mediated osteoclastogenesis in a dose-dependent manner in
the absence of T cells in vitro. Furthermore, this inhibitory effect was seen in a T cell
independent TNF animal model of arthritis where osteoclastogenesis and inflammatory bone
erosion development were halted by CTLA-4. Thus, CTLA-4-Ig, abatacept, has both
indirect and direct effects on OC development by its actions on T cell activation and OC
precursor differentiation (79).

In vivo data shows that RANKL inhibition leads to OC apoptosis and that no in vivo bone
models are refractory to RANKL inhibition. Thus, anti-RANKL therapy has been pursued as
a treatment for osteoimmunologic conditions (80). Since OPG is considered a natural decoy
receptor for RANKL, recombinant Fc-OPG therapy was initially tried as a means of
inhibiting RANKL. This therapy was initially successful, but it was thought that it may
affect tumor surveillance by its binding to TRAIL (81). A safer alternative was the
generation of an anti-RANKL humanized monoclonal antibody known as denosumab (82).
Denosumab is non-cytotoxic with a high affinity for human RANKL. Several clinical trials
have been carried out on denosumab. In trials for osteoporosis, metastatic breast cancer, and
multiple myeloma (a disorder where monoclonal plasma cells proliferate and lytic bone
lesions are a common clinical sign), denosumab was shown to have rapid onset that could be
sustained up to half a year in some patients. A trial of denosumab in RA showed that
patients receiving a dose of 180 mg had significantly fewer bone erosions at half a year
compared to placebo as assessed by MRI. Another study found increased bone mineral
density in several areas as well as decreased markers of bone resorption in RA patients
receiving denosumab (80).

Conclusions
Given that clinicians have been treating steroid-induced osteoporosis in patients taking
medicine for autoimmune disease for over 60 years, it is somewhat surprising that
significant collaborative research between immunologists and bone biologist has only
recently begun. While there may be many reasons for this, two major obstacles have been
the lack of overlapping molecular genetic pathways and research question that require the
investigators to evaluate both systems to derive meaningful information. Now that these
obstacles have been removed, and biologic therapies that target the immune and
musculoskeletal systems simultaneously have been developed, there is great potential for
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advances in osteoimmunology that will transform our understanding of human health and
disease, and provide the new medicines for the 21st century.
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