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Abstract The TNF family members RANKL and its receptor RANK have initially
been described as factors expressed on T cells and dendritic cells (DCs), respec-
tively, and have been shown to augment the ability of DCs to stimulate naive T
cell proliferation and enhance DC survival. Since another, yet soluble receptor for
RANKL, namely OPG, was initially characterized as a factor inhibiting osteoclast
development and bone resorption, it was somewhat enigmatic at first why one and
the same genes would be essential both for the immune system and bone develop-
ment — two processes that on first sight do not have much in common. However, in
a series of experiments it was conclusively shown that RANKL-expressing T cells
can also activate RANK-expressing osteoclasts, and thereby in principal mimicking
RANKTL-expressing osteoblasts. These findings lead to a paradigm shift and helped
to coin the term osteoimmunology in order to account for the crosstalk of immune
cells and bone. More importantly was that these findings also provided a rationale
for the bone loss observed in patients with a chronically activated immune system
such as in rheumatoid arthritis, leukemias, or the like, arguing that T cells, which
were activated during the course of the disease to fight it off, also express RANKL,
which induces osteoclastogenesis and thereby shifts the intricate balance of bone
deposition and resorption in favor of the latter. Through knockout mice it became
also clear that the RANKL-RANK-OPG system is involved in other processes such
as in controlling autoimmunity or immune responses in the skin. We will briefly
summarize the role of RANK(L) signaling in the immune system before we discuss
some of the recent data we and others have obtained on the role of RANK(L) in
controlling autoimmunity and immune responses in the skin.
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Abbreviations

TNF Tumor Necrosis Factor

RANKL Receptor Activator of Nuclear Factor-kB (NF-kB) Ligand
RANK Receptor Activator of Nuclear Factor-kB (NF-kB)

OPG Osteoprotegerin

DCs Dendritic Cells
LT Lymphotoxin
PPs Peyer’s Patches
LNs Lymph Nodes

ALPS Autoimmune Lymphoproliferative Syndrome
cTEC Cortical Thymic Epithelial Cell

mTEC Medullary Thymic Epithelial Cell

TRA Tissue Restricted Antigen

AIRE Autoimmune Regulator

LTi Lymphoid Tissue Inducer
Tregs eRgulatory T Cells

LCs Langerhans Cells

RA Rheumatoid Arthritis

BMD Bone Mineral Density

1 RANK(L) Signaling in the Immune System

1.1 Lymph Node Development

Surprisingly, the detailed analysis of both Rankl™~ and Rank™~ revealed an entirely
unexpected phenotype — the complete absence of all lymph nodes [1-3]. Other TNF
family molecules have also been implicated in the development and organization of
secondary lymphoid tissues, such as lymphotoxin-a (LTa) [4], LTB [5, 6], TNFRI
[7], or LTP receptor (LTBR) [8]. It is important to note that LTa knockout mice
lack all lymph nodes (LNs), Peyer’s patches (PPs), and follicular dendritic cells;
they also show altered splenic architecture [6]. Since LTa not only forms (soluble)
homotrimers but also heterotrimers with LTf, the disruption of LTa alone and the
effect on peripheral lymphoid organs cannot rule out a critical involvement of LTf.
Thus, LT knockout mice have been generated, which show similar defects in the
organogenesis of the lymphoid system as LTa: they lack PPs, peripheral lymph
nodes, splenic germinal centers, and follicular dendritic cells, but most LT~ mice
still retain mesenteric and cervical lymph nodes, suggesting an LTB-independent
function of LT« in the development of these LNs [5, 6].

However, LTBR knockout mice lack PPs, colon-associated lymphoid tissues, and
importantly all lymph nodes [8]. The lack of lymph nodes in LTa mutant mice
is best explained by defective LTPR signaling that is further strengthened by the
observation that LTBR ™~ mice also lack all lymph nodes. The observation of some
lymph nodes in LTB-deficient mice would, however, argue that another cytokine
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co-operates with LTa in the development of mesenteric and cervical lymph nodes.
Since a common denominator of mice with disrupted LT signaling is the lack of
PPs, it was initially assumed that PP and LN development are alwaysgenetically
linked. However, the analysis of Rankl- and Rank-deficient mice showed that these
mutant mice display intact splenic architecture and lack all lymph nodes but develop
PPs normally, providingevidence, for the first time, that development of LNs and
PPs can be genetically uncoupled [1-3]. In patients with an osteoclast-poor form of
autosomal recessive osteopetrosis (ARO), various mutations in RANKL have been
identified as the cause of the disease [9]. These patients presented with no palpable
lymph nodes, suggesting that RANKL-RANK signaling also controls lymph node
formation in humans [9].

Several distinct cell lineages such as fibroblasts, macrophages, reticular cells,
and endothelial cells are required for primordial lymph node development [10].
These primordial lymph nodes are subsequently seeded by T and B cells and
CD4*CD3"LTB,* cells that differentiate into NK cells, antigen presenting cells, and
follicular cells to form mature compact nodes [11]. Of noted importance is that
RANKL- and RANK-expressing cells are present in the “mature” lymph nodes,
located mainly in the cortical areas adjacent to subcapsular sinuses [12]. Since
RANK and RANKL are also expressed in the spleen and PPs, restricted RANKL-
RANK expression cannot account for the selective lack of lymph nodes. Moreover,
transfer experiments of Rankl™~ fetal liver cells into Rag1™~ mice indicated that the
lack of lymph nodes in Rankl™~ is not due to a cellular homing defect of Rankl™~
lymphocytes; transfer of normal bone marrow cells into newborn Rankl knockout
mice did also not rescue lymph node formation [1]. Another study could show that
defective LN development in Rankl™~ mice correlates with a significant reduction of
a4f77CD457CD4*CD3™ cells in developing LN anlagen and their failure to cluster.

In LTo ™~ mice, these hematolymphoid precursor cells also showed impaired col-
onization and cluster formation in the LN anlage. Transgenic overexpression of
RANKL could not restore LN development in LTo”~ mice, showing that LTaB>
expression is required on a4f7tCD45*CD4*CD3™ cells [13]. Thus, these results
indicate that both RANKL and lymphotoxin ligands regulate the LN genesis by
controlling the colonization and cluster formation of ayf7*CD45*CD4*CD3™ cells
during LN development. Since the defects in the RANKL/RANK or LT/LTBR sys-
tem did not affect the initiation of colonization by a4f7tCD45*CD4*CD3™ cells,
the results would also suggest that neither RANKL nor LT are intrinsically required
for the initiation of the formation of LN anlage, but rather they are required for
further development of the LN anlage [13]. Although some light has been shed on
LN development over the last years, the exact cellular and molecular mechanism of
RANKL-RANK-regulated LN organogenesis as well as the link between LN and
Peyer’s patch formation still await resolution.

1.2 Dendritic Cells

Dendritic cells (DCs) are cells specialized to capture and process antigens. In most
tissues, DCs are present in an immature state unable to stimulate T cells. Contact
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with antigen leads to their maturation in response to inflammatory stimuli. Mature
DC:s that have captured antigens then migrate to T cell zones of secondary lymphoid
organs by afferent lymphatics and present antigen to antigen-specific T cells. The T
cell areas of secondary lymphoid organs represent the microenvironment to allow
interactions between DCs, T cells, and B cells to initiate adaptive immune responses
[14]. Antigen-bearing DCs are in direct contact with naive antigen-specific T cells
within the T cell areas of lymph nodes and after interaction with T cells these
DCs are rapidly eliminated [15]. For DC elimination to occur, activated T cells
induce apoptosis of DCs by producing the TNF family molecules TRAIL, FasL, and
TNF-a. The relevance of DC death after antigen presentation could be shown
in patients with autoimmune lymphoproliferative syndrome (ALPS), an inherited
disease of lymphocyte homeostasis and defective apoptosis. ALPS patients mani-
fest lymphocytosis and autoimmune disorders. In the type II form of ALPS, DCs
accumulation and prolonged DC survival were shown to be due to a caspase 10
mutation that rendered DCs resistant to TRAIL-induced cell death [16]. These
results indicated that mature DCs presenting antigens to T cells have to be effec-
tively eliminated in order to avoid excessive immune responses. The life span of
DCs might thus be an important checkpoint to control for the induction of tolerance,
priming, and chronic inflammation.

RANKL is not expressed on resting CD4* or CD8" T cells, but 4 h after anti-
CD3/CD28 stimulation, surface RANKL is detected on CD4* T cells with a peak
at 48 h and sustained high levels until at least 96 h. RANKL expression on CD8*
T cells follows similar kinetics upon stimulation but generally with lower levels of
surface RANKL than CD4* T cells [17]. RANK surface expression can be detected
on DCs from various sources — on mature bone marrow-derived DCs, freshly iso-
lated lymph node DCs, or freshly isolated splenic Dcs, which can even be increased
by overnight culture in vitro, but RANK cannot be detected on freshly isolated LN B
cells, LN-derived T cells, thymocytes, or peritoneal macrophages [18]. In fact, inter-
actions between RANKL on activated T cells and RANK on DCs have been shown
to mediate DC survival via Bel-x, induction and upregulation of the costimulatory
molecule CD40 on DCs [18-20]. Since RANKL activates the anti-apoptotic Ser/Thr
kinase Akt/PKB, NF-kB and ERK through a signaling complex involving TRAF6
and c-Src on mature DCs and osteoclasts [21], activation of anti-apoptotic molecules
seems to be at least partially responsible for RANKL-mediated DC survival [22].

Moreover, it has been shown that treatment of antigen-pulsed mature DCs with
soluble RANKL in vitro before immunization enhances the number and persis-
tence of antigen-presenting DCs in the draining LNs in vivo, and RANKL treatment
also increased antigen-specific primary T cell responses. Interestingly, significant
memory responses were observed only in mice injected with RANKL-treated DCs
[20]. Since RANKL can induce multiple cytokines in DCs like IL-1, IL-6, IL-12
and IL-15 [17, 23], it could well be that these increased primary and memory
T cells responses following vaccination with RANKL-treated DCs are due to
enhanced/altered cytokine production. Alternatively, the enhanced T cell responses
by RANKL might also be due to increased numbers of antigen-pulsed DCs found in
draining LNs [20]. CD40L, a TNF family member closely related to RANKL, shows
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functional similarity to RANKL, in that both CD40L and RANKL are expressed on
activated T cells and enhance the activation and survival of DCs [18, 19]. However,
in contrast to the CD40L-CD40 system, RANKL-RANK signaling from T cells to
DCs does not alter the expression of cell surface molecules such as MHC class
II, CD80, CD86, and CD54. Whereas CD40L is primarily expressed on activated
CD4" T cells, RANKL is expressed on both activated CD4* and CD8" T cells [17,
24]. However, the kinetics of RANKL and CD40L expression are somewhat dif-
ferent: maximal RANKL levels following initial T cell activation peaked around
48 h and remained high at least until 96 h, while CD40L reaches maximal levels
between 6 and 8 h and is downregulated to resting levels between 24 and 48 h [17,
25]. Thus, CD40L-CD40 interactions might primarily control the initial priming
stage whereas RANKL-RANK might act at later time points than CD40L during
the immune response.

Although CD40L-CD40 interactions are crucial for the generation of antigen-
specific T cell responses in vivo [26], the finding that CD40- and CD40L-deficient
mice can still mount protective CD4* T cell responses upon viral challenge in
vivo [27] would suggest that some pathogens can activate CD4* T cells indepen-
dent of CD40L signaling. The factors that might mediate the CD40(L)-independent
CD4* T cell priming could be RANKL and RANK: inhibition of RANKL in vivo
by soluble RANK-Fc did not block the priming of lymphocytic choriomeningitis
virus-specific T cells but impaired proliferation of CD4* T cells to the viral antigen
at later time points after infection and was especially apparent in the absence of
CD40-expression [23]. Thus, at later stages of the immune response, RANKL can
regulate CD40L-independent activation of CD4* T helper cells. These observations
suggested that although CD40L and RANKL have functional similarity and might
cooperate, RANKL and CD40L might also have fundamentally different functions
in the control of immune responses: CD40L might regulate T and B cell responses
while RANKL appears to have a role in memory T cell responses.

The decoy receptor for RANKL, OPG, can also be found on the cell surface
of DCs and was furthermore shown to bind to the TNF-family molecule TRAIL,
which is produced by activated T cells to induce apoptosis of DCs [28]. Thus, it
seems as if the balance between RANKL and TRAIL — both produced from acti-
vated T cells — could influence DC survival and OPG might modulate that regulatory
loop. However, since the binding affinity of OPG to TRAIL is rather low (~10,000
times less binding to TRAIL than to RANKL) [12], it is still unclear whether OPG-
TRAIL interactions have any functional relevance in vivo. Based on these studies,
various groups are currently trying to control the DC fate via RANKL-RANK and
OPG to modulate in vivo DC survival and to enhance the efficacy of DC-based vac-
cinations for anti-tumor therapy or the treatment of autoimmune diseases. However,
in the final analyses of all the published genetic and functional studies on RANKL,
RANK, and OPG, it appears that although these molecules can influence some
aspects of lymphocyte and DC functions, none of these molecules plays an essential
role in T, B, or dendritic cells that cannot be compensated for by other molecules
such as CD40L/CD40. Since we and others have shown that expression of RANKL
and OPG molecules can be controlled by sex hormones [29], RANKL-RANK might
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control gender specific differences in immunity and could be involved in the higher
incidence of autoimmune diseases like arthritis in women.

1.3 RANK(L) Signaling in the Thymus

In our initial RANKL knock-out paper, we had actually observed altered T cell
development and expression of RANKL on primarily CD4~8~ thymocyte progen-
itors. However, since RANK mutant mice exhibited apparently normal thymocyte
development it was unclear whether this effect was secondary to other in vivo phe-
notypes in our mice and whether RANKL-RANK might indeed have some primary
functions in the thymus. Interestingly, a recent study provided evidence for such a
primary function of RANKL-RANK in the thymus; surprisingly, RANKL-RANK
controls the development of AIRE" thymic epithelial cells.

Cortical thymic epithelial cells (cTECs) positively select thymocytes, which
subsequently migrate to the medulla where thymocytes interact with medullary
thymic epithelial cells (mTECs), expressing costimulatory molecules and self-
tissue-restricted antigens (TRAs) [30]. TRA expression has been shown to be
regulated in part by the transcription factor AIRE (autoimmune regulator). AIRE
mutations lead to multiorgan autoimmune disease in humans and autoimmunity in
AIRE gene targeted mice. This phenotype could be mapped to a subtype of thymic
medullary epithelial cells, thereby demonstrating the importance of Aire* mTECs
in maintaining self-tolerance [31]. Despite the identification of a common progeni-
tor of cTECs and mTECs [32], the developmental pathway leading to Airet mTECs
was not entirely clear.

However, it has recently been demonstrated that an intrathymic CD4*3~ lym-
phoid tissue inducer (LTi) cell population expresses RANKL and that RANKL
signals from thymic LTi cells to CD80"Aire” mTECsS are required for their devel-
opment into CD80* Aire* mTECs [33]. In line with these data, Aire expression is
absent in thymi from Rank™" mice and transplantation of Rank™~ thymic tissue
under the kidney capsule of nude mice resulted in inflammatory infiltrates in liver
and autoantibodies to several tissues, which parallels the phenotype observed after
transplantation of Aire™ thymic stroma [31, 33]. These findings suggest a key role
of RANK signals in the regulation of central tolerance for which LTa-LTPR sig-
nals have also been shown to be important [34, 35]. However, Aire* mTECs can
develop in the absence of LTPR and LTa [33, 35], suggesting that some aspects of
mTEC development and organization may involve both RANK and LTPR signals.
Moreover, in the absence of Traf6, the key downstream signaling adaptor of RANK,
Aire* mTECs also do not develop leading to the onset of organ-specific autoim-
munity [36] . Thus, RANKL expressed by inducer cells, and possibly other thymic
cell types, can activate RANK on thymic epithelial progenitor cells to develop into
AIRE* thymic medullary epithelial cells.

In three recent studies, further evidence for a crucial role of RANKL-RANK
interactions in mediating mTEC development was presented. In one study, the
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authors could demonstrate that mTEC development required both RANK and CD40
signaling [37]. Interestingly, RANK signaling was essential only for mTEC develop-
ment during embryogenesis, since mTECs failed to develop properly in embryonic
thymus while mTECs — albeit at reduced numbers — were detected in postna-
tal mice even in the complete absence of RANKL. The signal capable of taking
over for RANKL in postnatal thymus was shown to be CD40L, since develop-
ment of mMTECs was almost completely abolished in CD40-RANKL double mutant
mice. Moreover, CD40L- or RANKL-mediated mTEC development was also shown
to be dependent on Traf6, NIK, and IKKP, respectively. These results show that
developmental-stage-dependent co-operation between RANK and CD40 promotes
mTEC development, thereby establishing self-tolerance [37].

In the second study, the authors could show that positively selected thymocytes
express RANKL and expand mTEC cellularity to form the mature thymic medulla
[38]. This effect, importantly, effect depended on interaction with RANK and OPG
expressed by mTECs, since neutralization of RANKL by RANK-Fc expression
perturbed mTEC cellularity and RANKL expression in mice deficient for positive
selection restored thymic medulla. These results suggest that RANKL produced by
positively selected thymocytes can also foster thymic medulla formation, thereby
establishing central tolerance [38].

In order to address the role of single-positive CD4" and CD8" thymocytes
in the process of postnatal mTEC development, a recent third study went on to
show that although either CD4* or CD8" thymocytes were sufficient to sustain
formation of a well-defined medulla expansion of the mature mTEC population
required autoantigen-specific interactions between positively selected CD4" thy-
mocytes bearing autoreactive T cell receptor (TCR) and mTECs displaying cognate
self-peptide-MHC class II complexes. These interactions were shown to involve the
engagement of CD40 on mTECs by CD40L induced on the positively selected CD4*
thymocytes. This antigen-specific TCR-MHC class II-mediated crosstalk between
CD4" thymocytes and mTECs thus defines a unique checkpoint in thymic stromal
development that is pivotal for generating a mature mTEC population competent for
ensuring central T cell tolerance [39].

1.4 Extramedullary Haematopoiesis and B Cell Phenotypes

In addition to T cells, Rankl™ and Rank™~ mice have reduced numbers of mature
B220*IgD* and B220*IgM™* B cells in the spleen and lymph nodes and slightly
disorganized B cell areas in primary splenic follicles [1, 2, 46]. Since Rankl™~ and
Rank™~ mice have no bone marrow cavities, the reduced cellularity of B cells could
be due to an altered microenvironment or due to changes in the composition of
stromal cells outside the bone marrow cavity that affect B cell differentiation. For
example, Rankl™~ mice form an ectopically organized extramedullary haematopoi-
etic tissue localized at the outer surfaces of vertebral bodies [1]. This tissue exhibits
morphological and phenotypic features characteristic of haematopoiesis and
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proliferating precursor cells. Whether these haematopoietic islands in Rankl™~ mice
represent a defect in the homing of precursors during the switch from hepatic to
bone marrow haematopoiesis or an event secondary to osteopetrosis, which inter-
feres with the seeding of bone marrow cavities, remains to be determined. In fetal
liver cell chimeras, RANKL was found to regulate early B cell differentiation from
the B220"CD43*25™ pro-B cell to the B220*CD4325" pre-B cell stage of develop-
ment, indicating suggesting the TNF-family cytokine RANKL is indeed a regulator
of early B lymphocyte development [1]. Evidence in an Opg mutant mouse strain
confirmed the notion that the interplay RANKL-RANK and the molecular decoy
receptor OPG may regulate the development and possibly the function of B lym-
phocytes [47]. Ex vivo, Opg™~ pro-B cells have enhanced proliferation to IL-7 and
type 1 transitional B cells accumulate in the spleens of Opg~~ mice. Thus, loss of
OPG may control B cell maturation. Moreover, it should be noted that OPG is a
CDA40-regulated gene in B cells and dendritic cells and that prostaglandin E2 treat-
ment can increase the amount of RANKL messenger RNA in B220* B cells in an
estrogen-dependent manner [47, 48].

2 RANKL-RANK Signaling Can Mediate UV-Induced
Immunosuppression

Recently, together with the group of Stefan Beissert, we could show that RANKL
expression in the skin can control the number of regulatory T cells (Tregs). Tregs, in
particular CD4*25* Tregs expressing the transcription factor Foxp3, are a function-
ally distinct T cell subpopulation. Tregs maintain immunological self-tolerance and
suppress excessive immune responses to self-antigens such as those in autoimmune
diseases or allergies [40]. Despite the importance of DCs in inducing immunity
to infections, it has been shown that DCs can also induce expansion of CD4*25*
Tregs and thereby induce T cell tolerance [41]. Given that activation of epider-
mal Langerhans cells (LCs; dendritic cells of the skin) by CD40L, a TNF family
member closely related to RANKL, can induce severe systemic autoimmunity
[42] and the importance of RANKL-RANK signals in T cell-DC interactions, we
speculated that RANK signaling might also be important for immune homeosta-
sis in the skin. Moreover, skin is the main site for sun light-induced Vitamin D3
production; Vitamin D3 is one of the key triggers of RANKL expression during
osteoclastogenesis.

RANKL expression was indeed evident in keratinocytes of the skin and strongly
upregulated following UV irradiation. Importantly, in stark contrast to transgenic
overexpression of CD40L, RANKL overexpression in keratinocytes abrogated cuta-
neous contact hypersensitivity responses and concomitantly resulted in a marked
increase of Tregs [43]. The receptor for RANKL, RANK, is expressed on LCs
and enhanced signaling between RANKL-overexpressing keratinocytes and RANK-
expressing LCs increased their survival and rendered LCs more effective in enhanc-
ing Treg proliferation [43]. Moreover, RANKL overexpression in keratinocytes
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could rescue the autoimmunity phenotype caused by CD40L overexpression in
K14-RANKL/CD40L double transgenic mice [43]. Taken together, these findings
provide a rationale for the long known immunosuppressive effect of ultravio-
let exposure: UV irradiation is thought to upregulate RANKL in keratinocytes
which in turn activates RANK-expressing LCs through RANKL-RANK interac-
tions. RANKL-activated LCs preferentially trigger expansion of Tregs and thereby
suppress immune reactions in the skin and other tissues. Importantly, UV-mediated
immunosuppression, as determined by a DTH reaction in the ear, is impaired in
mice transplanted with RANKL knock-out skin. Thus, RANKL-RANK might be
the missing links to solve a long known conundrum — how sun exposure (sun burns)
can be immunosuppressive.

These findings have several important clinical implications: for instance, local
induction of the RANKL-RANK system in the skin could be used as a new approach
for the treatment of allergies or systemic autoimmunity through increasing Treg
numbers while avoiding systemic side effects [43]. The importance of Tregs and
the influence of RANKL-RANK signals on their number and regulatory capacity,
respectively, has also been previously suggested in an inflammation-induced model
of type 1 diabetes. In this mouse model, islet-specific expression of TNF-a can
be switched off upon doxycycline administration (Tet-TNF-a); in Tet-TNF-a/CD80
double transgenic mice, which constitutively co-express TNF-a and the costimula-
tory molecule CD80 on @ cells in the islets of Langerhans, progression to diabetes
depends on the duration of TNF-a expression [44, 45]. In this model, inflammation
activates self-reactive CD8" T cells to induce autoimmunity and diabetes, respec-
tively, but CD4725* Tregs can successfully prevent B cell destruction. These Tregs
have been shown to accumulate preferentially in the pancreatic lymph nodes (PLN)
and islets and their capacity to prevent diabetes development appears to depend on
RANKL signals [45]. Blockade of RANKL-RANK signaling by application of a
RANK-Fc resulted in a decreased frequency of CD4*25* Tregs in the PLN, conse-
quently resulting in intra-islet differentiation of CD8" T cells into cytotoxic T cells
and rapid progression to diabetes [45]. In summary, inflammation may result in the
RANKL-RANK-dependent generation and activation of CD4*25% Treg cells, which
then localize to the inflamed tissue and draining lymph nodes for the prevention of
tissue destruction and autoimmunity by autoaggressive T cells.

3 T Cells and Bone Loss

Bone remodeling and bone loss are controlled by the RANKL-RANK-OPG axis.
Moreover, RANKL is also induced in T cells following antigen receptor engage-
ment. While piecing these findings together, it was intriguing to ask if T cell-derived
RANKL could also regulate the development and activation of osteoclasts (i.e.,
would activated T cells modulate bone turnover via RANKL?). In an in vitro cell
culture system of haematopoietic bone marrow precursors, we were indeed able
to show that activated CD4* T cells can induce osteoclastogenesis. Conversely,
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osteoclastogenesis could be blocked by addition of the physiological decoy receptor
of RANKL, and OPG and was not dependent on T-cell-derived cytokines such as
IL-1 or TNF-a, which could also upregulate RANKL expression in stromal cells
[24]. Activated T cells also affect bone physiology in vivo, as judged by the severe
osteoporotic phenotype of Ctla4 knockout mice in which T cells are spontaneously
activated. Likewise, transferred Ctlad™~ T cells led to a decrease in bone mineral
density in lymphocyte-deficient Ragl™~ mice and continued OPG administration
to Ctla4~~ mice diminished their osteoporotic phenotype [24, 49]. These results
unequivocally established the pivotal role of systemically activated T cells in resorb-
ing bone through upregulation of RANKL, thereby stressing the importance of T
cells as crucial mediators of bone loss in vivo. The results provided a novel paradigm
for immune cells as regulators of bone physiology and gave birth to the field of
osteoimmunology to account for the interplay between the adaptive immune sys-
tem and bone metabolism. It also gave a new perspective to certain inflammatory or
autoimmune diseases such as rheumatoid arthritis.

4 RANKL-RANK as Key Triggers of Bone Loss in Rheumatoid
Arthritis

Rheumatoid arthritis (RA) is a common human autoimmune disease and affects
around 1% of people. RA is characterized by chronic inflammation of synovial
joints, progressive destruction of cartilage and bone, severe joint pain, and ulti-
mately life-long crippling [50]. Since osteoclasts are found at areas of bone erosion
in RA patients [51], it was tempting to speculate that RANKL might be a key
mediator of bone erosion in RA patients. Moreover, in an adjuvant-induced arthri-
tis model (AdA), activated, RANKL-expressing T cells specific for the eliciting
antigen can transfer the disease [52]. Consequently, we initially analyzed the con-
tribution of RANKL to RA in an AdA model in Lewis rats. The AdA condition
in rats mimics many of the clinical and pathological features of human RA (i.e.,
severe inflammation in bone marrow and soft tissues surrounding joints, accompa-
nied by extensive local bone and cartilage destruction, loss of bone mineral density
and crippling) [53]. In addition, T cells present in the inflamed joints and draining
lymph nodes produce many pro-inflammatory cytokines [54]. Although inhibition
of RANKL through OPG did not influence the severity of inflammation, OPG treat-
ment nonetheless abolished the loss of mineral bone in inflamed joints of arthritic
rats in a dose-dependent manner. Bone destruction in untreated arthritic animals cor-
related with a dramatic increase in osteoclast numbers, which was not observed in
OPG-treated rats [24]. As a consequence, OPG-treated arthritic rats exhibited mini-
mal loss of cortical and trabecular bone, whereas untreated AdA animals developed
severe bone lesions characterized by partial to complete destruction of cortical and
trabecular bone and positively affected erosion of the articular cartilages. In further
pre-clinical studies in AdA rats, a single OPG injection was in fact shown to inhibit
joint erosions for several days and produced sustained antierosive activity after a
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short course, but is most effective when initiated early in the disease [55]. These
results demonstrated the importance of RANKL in mediating joint destruction and
bone loss in AdA arthritis.

An important step in the etiology of arthritis is the alteration of cartilage struc-
tures leading to cartilage collapse in the joints. It is not quite clear whether cartilage
destruction occurs independently of bone loss or whether damage to the subchondral
bone indirectly causes cartilage deterioration [56]. In AdA rats, partial or com-
plete erosion of cartilage in the central and peripheral regions of joint surfaces is
observed, which can be preserved by OPG administration. Neither cartilage erosion
nor matrix degeneration in the centers of joint surfaces occurred in OPG-treated
AdA rats [24]. OPG could protect the cartilage by maintaining the underlying sub-
chondral bone and insulating the overlying cartilage from the inflammatory cell
infiltrates in the bone marrow. Since both RANKL and RANK are expressed on
chondrocytes [12, 46], and Rankl”~ and Rank™~ mice exhibit significant changes
in the columnar alignment of chondrocytes at the growth plate [1, 3], it is possible
that the RANKL-RANK pathway plays a direct role in cartilage growth and carti-
lage homeostasis. These data provided the first evidence that inhibition of RANKL
activity by OPG can also prevent cartilage destruction, a critical, irreversible step
in the pathogenesis of arthritis. It should be noted that arthritis can also develop
in the absence of activated T cells, as shown in the K/BxN serum transfer model
of spontaneous autoimmunity [57]. Although RANKL-deficient mice still develop
inflammation in the K/BxN serum transfer arthritic model, Rankl”~ mice showed
a dramatic reduction in bone erosion — in line with the absolute requirement of
RANKL for osteoclastogenesis [58]. However, cartilage damage was still observed
in both arthritic Rankl™~ and arthritic control mice, but a trend toward milder car-
tilage damage in the Rankl™~ mice was noted. Thus, it appears that RANKL is not
essential for cartilage destruction but clearly plays an as yet unidentified modulatory
role [58].

In every rodent model of arthritis examined such as in TNF-a- or collagen-
induced arthritis [59], inhibition of RANKL prevented bone erosion [60]. Of
importance is that RANKL expression could be detected in inflammatory cells iso-
lated from the synovial fluid of patients with adult or juvenile RA and patients
with osteoarthritis while OPG was not detectable [24]. The correlation between
RANKL expression in inflamed joints and arthritis appears to be absolute. In
order to precisely define the cells producing RANKL, inflammatory synovial fluids
were separated into T and non-T cell populations. Consistent with results obtained
in rats, both synovial T and non-T cell populations from RA patients expressed
RANKL but not OPG, and the capacity of human T cells expressing RANKL to
directly induce osteoclastogenesis from human monocytes has been confirmed [61].
Moreover, RANKL expression is also upregulated in rheumatoid synovial fibrob-
lasts, which in turn can efficiently induce osteoclastogenesis in vitro [62]. These
data confirm the findings in rodent adjuvant arthritis, and suggest that RANKL
signals from T cells and synoviocytes are the principal mediators of bone destruction
in human arthritis. Taken together, RANKL is the trigger of bone loss and crip-
pling in all animal models of arthritis studied so far, making RANKL a prime drug
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f candidate for therapeutic intervention in different forms of arthritis. Recent phase
II clinical trials in humans suggest that inhibition of RANKL in human RA patients
have no apparent effects on the inflammation but prevent bone loss at the site of
inflammation [63].

These findings also provided a molecular explanation for the observed bone loss
in many other humans diseases with chronic activation of the immune system such
as adult and childhood leukemia [64], chronic infections such as hepatitis C or HIV
[65], autoimmune disorders such as diabetes mellitus and lupus erythematosus [66],
allergic diseases such as asthma [67], or lytic bone metastases in multiple cancers
such as breast cancer [68]. These bone disorders can all cause irreversible crippling
and thereby pose a tremendous burden on the quality of life of a huge number of
patients. For example, many patients with lupus require hip replacement surgery
and essentially all children that survive leukemia experience severe bone loss and
growth retardation. In addition, T cell-derived RANKL also contributes to alveolar
bone resorption and tooth loss in an animal model that mimics periodontal disease
in humans. This was shown by transplanting human peripheral blood lymphocytes
from periodontitis patients into immune-compromised NOD/SCID mice and by
challenging these mice with a bacterial strain (Actinobacillus actinomycetemcomi-
tans) that can cause periodontitis in humans. In response to stimulation by that
microorganism, CD4" T cells upregulated RANKL and induced osteoclastogenesis
and bone destruction, respectively. Most importantly, inhibition of RANKL signifi-
cantly reduced alveolar bone resorption around the teeth [69]. Further experiments
showed that blocking RANKL might also help to prevent periodontitis in diabetic
patients which are at high risk of developing periodontitis Nonobese diabetic (NOD)
mice — the analog of human type 1 diabetes — were orally infected with

A. actinomycetemcomitans and it turned out that diabetic NOD mice manifested
significantly higher alveolar bone loss than non-diabetic control mice. The observed
bone loss was correlated with pathogen-specific proliferation and RANKL expres-
sion in local CD4* T cells and could be reduced to baseline levels by RANKL
inhibition [70]. Taken together, these findings suggest that specific interference with
RANKL signaling pathways might be of great therapeutic value for treating inflam-
matory bone disorders such as human periodontitis or even bone loss in diabetic
patients at high risk.

Since disease pathogenesis correlates with the activation of T cells in many
osteopenic disorders; the obvious question then arises of why T cells in our body —
of which a certain proportion is activated at any time due to fighting off the uni-
verse of foreign antigens to which we are permanently exposed — do not cause
extensive bone loss? Likewise, in some chronic T cell and TNF-a-mediated dis-
eases such as ankylosis spondylitis [71], T cell activation does not result in bone
loss. One mechanism that counteracts RANKL-mediated bone resorption of acti-
vated T cells is the upregulation of interferon-y (IFN-y) in certain T cell subsets.
IFN-y blocks RANKL-induced osteoclastogenesis in vitro and IFN-yR™~ mice are
more prone to osteoclast formation in a model of endotoxin-induced bone resorp-
tion than their wildtype littermates [72]. In line with this study, IFN-y receptor
knockout mice also exhibited enhanced severity in the collagen-induced model
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of T cell-mediated autoimmune arthritis [73]. Mechanistically, IFN-y activates the
ubiquitin-proteasome pathway in osteoclasts, resulting in TRAF6 degradation and
therefore blocks RANK signaling. Thus, it appears that IFN-y can prevent uncon-
trolled bone loss during inflammatory T-cell responses. Moreover, T cell-derived
IL12 alone and IL12 in synergy with IL18 inhibits osteoclast formation in vitro
[74], and IL-4 can abrogate osteoclastogenesis through STAT6-dependent inhibi-
tion of NF-kB signaling [75]. Thus, multiple T cell-derived cytokines might be able
to interfere with RANK(L) signaling and therefore block osteoclastogenesis and
osteoclast functions.

A recent report showed that a certain subset of CD4* T helper cells, namely
Th17, function as osteoclastogenic helper T cells [76]. Derived from naive T cells
by a distinct mechanism than Th1 or Th2 cells [77], Th17 cells produce IL-17 and
are thus responsible for a variety of autoimmune inflammatory effects [78]. Since
IL-17 is also a potent inducer of RANKL expression and can found in the synovial
fluid from RA patients [79], Th17 cells seem to be the prime candidate for the osteo-
clastogenic Th cell subset. Indeed, Th17 cells, but not Th1, Th2, or Treg cells, can
stimulate osteoclastogenesis in vitro [76]. This study indicates that Th17 cells act as
key mediators of bone destruction in RA patients by different means such as stimula-
tion of local inflammation through IL-17, expression of RANKL on themselves, and
induction of RANKL on osteoblasts or synovial fibroblasts, thereby contributing to
accelerated bone erosin. The positive effect of Th17 cells on osteoclastogenesis is
believed to be balanced by Thl and Th2 cells mainly through their production of
the cytokines IFN-y and IL-4, respectively [76]. Thus, targeting Th17 might also be
a powerful approach to prevent bone destruction associated with T cell activation in
RA and other inflammatory bone diseases. Further studies will have to clarify the
precise relationship and regulatory crosstalk of Th1, Th2, and Th17 subsets.

5 RANKL Inhibition as a New Therapy to Control Bone Loss
in Human Patients

Several years ago, a fully human monoclonal IgG; antibody to human RANKL,
Denosumab, wasdeveloped and is currently in late-stage clinical trials for post-
menopausal osteoporosis, cancer-metastases-induced bone loss, and RA [63,
80, 81]. Significantly, the binding of denosumab to RANKL is selective, and
Denosumab does not show any signs of cross-reactivity to TNF-a, TNF-f, CD40L,
or TRAIL [82]. Subcutaneous application of Denosumab at 3- or 6-month intervals
over a period of 12 months to 412 postmenopausal women with low bone mineral
density (BMD) in a randomized, placebo-controlled, dose-ranging phase 2 study
resulted in a sustained decrease in bone turnover and a rapid increase in BMD
[83]. In another 2-year randomized, double-blind, placebo-controlled study with
332 osteoporotic, postmenopausal women, twice-yearly subcutaneous application
of Denosumab significantly increased BMD and decreased bone turnover markers
in early and later postmenopausal women [80]. In a similar study in patients with



90 A. Leibbrandt and J.M. Penninger

breast cancer (n = 29) and multiple myeloma (n = 25) with radiologically con-
firmed bone lesions, a single dose of Denosumab resulted in the rapid and sustained
decrease of bone turnover [84]. Lastly, in a multicenter, randomized, double-blind,
placebo-controlled, phase II study with 218 patients with RA receiving methotrex-
ate treatment, RANKL inhibition by Denosumab also increased BMD and protected
from bone loss at the site of the inflamed joint without affecting inflammation per se
[63]. In all cases, Denosumab administration was well tolerated and at least as good
or superior to current standard medication. However, considering the various in vivo
functions of RANKL-RANK, further clinical trials will be required to substantiate
the benefits of RANKL inhibition on suppressing bone destruction.

6 Conclusions

The identification of RANKL, its receptor RANK, and the decoy receptor OPG as
the key regulators for osteoclast development and the activation of mature osteo-
clasts has provided the key molecular framework to understand bone physiology
and has opened the doors for the development of highly effective and rational drugs
to treat bone loss in millions of patients. The finding that RANKL is produced by
activated T cells; that activated T cells, in turn, can directly induce osteoclastogene-
sis also provided a novel molecular paradigm for bone loss associated with diseases
having immune system involvement such as T cell leukemias, autoimmunity, var-
ious viral infections, RA, or periodontitis. In addition, RANKL-RANK control
development of mammary glands in pregnancy and the formation of lymph nodes
and AIRE* thymic medullary epithelial cells. Moreover, RANKL might be the miss-
ing link between sun exposure and Treg mediated immunosuppression. Based on all
available data, an important notation is that the inhibition of RANKL function might
be the most rational therapy to ameliorate many osteopenic conditions and prevent
bone destruction and cartilage damage (e.g., in osteoporosis and arthritis, thereby
dramatically enhancing the lives of millions of patients).
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