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Abstract

The interaction between the receptor activator of NF-«xB
ligand (RANKL) and its receptor RANK plays a critical
role in the development and function of diverse tissues.
This review summarizes the studies regarding the func-
tions of RANKL signaling in immune regulatory systems.
Previous /n vitro and /n vivo studies have indicated that
the RANKL signal promotes the survival of dendritic
cells (DCs), thereby activating the immune response.
In addition, RANKL signaling to DCs in the body sur-
face barriers controls self-tolerance and oral-tolerance
through regulatory T cell functions. In addition to regu-
lating DC functions, the RANKL and RANK interaction is
critical for the development and organization of several
lymphoid organs. The RANKL signal initiates the forma-
tion of clusters of lymphoid tissue inducer cells, which
is crucial for lymph node organogenesis. Moreover, the
RANKL-RANK interaction controls the differentiation of
M cells, specialized epithelial cells in mucosal tissues,
that take up and transcytose antigen particles to con-
trol the immune response to pathogens or commensal
bacterium. The development of epithelial cells localized
in the thymic medulla (mTECs) is also regulated by the
RANKL-RANK signal. Given that the unique property of
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mMTECs to express a wide variety of tissue-specific self-
antigens is critical for the elimination of self-antigen
reactive T cells in the thymus, the RANKL-RANK inter-
action contributes to the suppression of autoimmunity.
Future studies on the roles of the RANKL-RANK system
in immune regulatory functions would be informative
for the development and application of inhibitors of
RANKL signaling for disease treatment.
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INTRODUCTION

The tumor necrosis factor (TNF) family member recep-
tor activator of NF-xB ligand (RANKL) and its receptor
RANK regulate diverse physiological functions and organ
development in the body. Because RANKI- and RANK-
deficient mice exhibit severe osteopetrosis, multiple
studies have focused on the role of the RANKIL-RANK
axis and its underlying mechanism in the regulation of

bone homeostasis through osteoclast differentiation. As
a result of these extensive studies, a fully humanized anti-
RANKIL neutralizing antibody has been developed and
recently approved for the treatment of osteoporosis,
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rheumatoid arthritis and cancer bone metastasis. How-
ever, RANKL and RANK were originally identified as
a cytokine and its receptor, respectively, that control the
function of dendritic cells (DCs)™™” in addition to their
role in osteoclast differentiation”. Motreover, RANKIL-
and RANK-deficient mice (RANKL-KO and RANK-
KO) manifest defects in the development, organization
and function of several lymphoid organs™**. In this re-
view, we summarize the current knowledge regarding the
roles of RANKL/RANK signaling in immune regulatory
systems, including immune activation, immunological tol-
erance and lymphoid organogenesis.

DENDRITIC CELLS FUNCTIONS

Activation of T cells

RANK shows a relatively high homology with CD40
among the TNF receptor family members”. The cy-
toplasmic region of RANK contains binding sites for
the tumor necrosis factor receptor-associated factor
(TRAF) family proteins TRAF2, 3, 5 and 6", which is
a structural property shared with CD40"", These TRAF
family proteins mediate the activation of the NF-xB
and MAPK pathways to result in the transcriptional ac-
tivation of genes required for proliferation, survival and
differentiation""!. Therefore, it is reasonable to assume
that RANK signaling initiates cellular responses similar
to CD40 signaling by triggering these common intracel-
lular signaling pathways. A large number of studies have
revealed that CDA40 signaling induces the maturation, ac-
tivation and survival of DCs""J, DCs are classified into
several subsets according to their functions, localizations
and cell surface markers"”. Conventional DCs (cDCs)
are the prototypical professional antigen-presenting cells
that engulf, process and present antigens, thereby prim-
ing and activating T cells for the initiation of the acquired
immune response. The RANK ¢cDNA was discovered by
the direct sequencing of a cDNA library prepared from
cDCs. In addition, RANKL expression is upregulated in
activated T cells"”, Therefore, eatly studies analyzed the
effects of RANKL treatment on the ability of ¢cDCs to
prime T' cells # vitro. Indeed, two independent studies
revealed that RANKL treatment promotes the survival
of c¢DCs, thereby efficiently priming T cells™" (Figure
1). Interestingly, whereas CD40 signaling upregulates
the surface expression of the co-stimulatory molecules
CD80/86 and the major histocompatibility complex
(MHC) molecules, RANK signaling does not>'?, Thus,
although RANK and CD40 activate similar intracellular
signaling pathways, the outputs of these two signals in the
cells are slightly different. The “adjuvant” effect of the
RANKL signal was further confirmed by ex »ivo transfer
of ¢DCs treated with RANKL"". The impact of RANK
deficiency on DC function has not been clearly defined
in RANKL-KO and RANK-KO mice, most likely be-
cause these null mutant mice manifest complicated and
combined phenotypes and die at young ages after birth.
However, it has been shown that blocking the RANKIL-
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RANK interaction by injecting non-membrane-bound
RANK-Fc protein suppresses CD4" T cell-mediated
immune activation induced by viral" and parasitic infec-
tions'"” in CD40-deficient (CD40-KO) mice, suggesting
that the CD40 signal compensates for the lack of RANK
signaling in CD4" T cell priming by cDCs. Moreover, the
role of the RANKL signal in the 7# vivo immune response
was investigated in a spontaneous autoimmune disease
model induced by the lack of IL-2"". The T cell-mediated
intestinal inflammation in IL-2 deficient mice was signifi-
cantly mitigated by the administration of osteoprotegerin
(OPG)?", a natural decoy receptor for RANKL™?, Fur-
thermore, the increase in the numbers of activated cDCs
in the intestine of IL-2 deficient mice was significantly
suppressed when the mice were treated with OPG. Thus,
this study suggested that the RANKI.-mediated survival
of ¢cDC promotes autoimmune inflammatory bowel dis-
case 7z vivo. These studies support the idea that RANKL
signaling activates the immune response by promoting
the survival of ¢DCs, enhancing T-cell priming and acti-
vation. In contrast to these findings, the overexpression
of OPG in rodents did not cause obvious changes in
the innate or acquired immune responsem’zﬂ. Overall, it
1s likely that the activation of the immune response by
RANKL signaling occurs only in specific circumstances
or redundantly with other cytokine signals, such as CD40.

Regulatory T cells

It is well recognized that the immune regulatory func-
tions of DCs are dependent on the DC subtype and
maturational stagem. Studies have been undertaken to
investigate the role of RANKL signaling in the functions
of DCs localized to the surface barriers of the body, such
as the mucosal tissues and the skin. RANKL was shown
to exhibit an immunosuppressive effect through these
DCs (Figure 1). In the skin, the RANKL signal altered
the function of the epidermal dendritic cells, increasing
the number of Foxp3-positive regulatory T cells (Tregs) ol
a CD4" helper T cell subset critical for suppressing au-
toimmune responses and excess immune reactions in
the body"”". The expression of RANKL is upregulated
in skin keratinocytes by ultraviolet light irradiation or
inflammation™ possibly mediated by the activity of
prostaglandin E2™. Thus, stimulation of epidermal DCs
with RANKL induces systemic immunosuppressive ac-
tivity. In contrast to the effect of RANKL, the enforced
expression of CD40L in keratinocytes induces severe au-
toimmune disease in the skin”***", Interestingly, the au-
toimmune disease provoked by the enforced expression
of CD40L is significantly suppressed by the enforced ex-
pression of RANKL in keratinocytes™". Thus, RANKI,
and CD40 signaling result in diametrically different im-
mune responses in the skin. Moreover, in contrast to the
autoimmune intestine disease model induced by IL.-2 de-
ficiency, which is described above™! two studies suggest
the immunosuppressive effects of RANKL signaling in
the intestines”. Peyer’s patches are lymphoid tissues lo-
cated in the intestine that control the immune response to
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F-xB ligand signaling. Receptor activator of NF-kB ligand (RANKL) signaling pro-

motes the survival of conventional dendritic cells (cDCs) and ensures T cell priming and activation, thereby enhancing the acquired immune response (left). CD40

signaling may have a redundant role in this function of RANK signaling. In skin

and, most likely, the intestines, RANKL-treated DCs maintain the number of Foxp3-

positive regulatory T cells to suppress the immune response against self-antigens, food and commensal flora (right). In the skin, inflammation and ultraviolet (UV)-

irradiation upregulate the expression of RANKL in keratinocytes.

foods or commensal bacteria. The stimulation of Peyer’s
patch-derived ¢cDCs with RANKL increased the expres-
sion of T1.-10"", a cytokine with anti-inflammatory activ-
ity™. Consistently, the treatment of mice with RANKI.
enhanced the oral tolerance to an ovalbumin challenge™
In another study, a model of colitis induced by the
transfer of the CD4 CD45RB™" T cell fraction into
lymphopenic mice was utilized as a T cell-dependent au-
toimmune disease model™. In this model, colitis is sup-
pressed by the simultaneous transfer of the CD4 CD25"
T cell fraction, which is enriched for Foxp3-regulatory T
cells (Tregs)”™. Tt was demonstrated that the administra-
tion of an anti-RANKIL neutralizing antibody inhibits the
suppression of colitis by the transfer of CD4'CD25" T
cells™, suggesting that RANKL supports the function of
the CD4'CD25" regulatory T cells in the intestine. These
data suggest that RANKIL.-mediated modulation of the
surface barrier DCs results in the suppression of auto-
immune responses and detrimental immune responses
towatrd innocuous foreign antigens derived from foods or
commensal bacteria in the intestines.

Lymphoid organogenesis
The lymphoid organs can be classified into primary
lymphoid organs and secondary lymphoid organs. The
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primary lymphoid organs, the bone marrow and thymus,
primarily provide the environment that is required for the
differentiation and development of immune cells. The
secondary lymphoid organs, including the lymph nodes,
spleen and Peyer’s patches, are tissues that trap antigens
and initiate the acquired immune response. RANKL
signaling is involved in the development and organiza-
tion of these organs. Although the bone marrow is a
primary lymphoid organ whose environment is regulated
by RANKI, it is reviewed elsewhere in this issue™ and is
not further discussed here. Previous studies have revealed
that RANKL- and RANK-KO mice lack lymph nodes'*.
Lymph nodes consist of several different types of cells,
including T cells and B cells, DCs, reticular cells, stromal
cells and specialized endothelial cells””. Communication
between the lymphoid cells and the stromal cells is re-
quired for the formation and maintenance of the lymph
node structure. Stromal cells express and secrete the
chemokines CXCIL13, CCI.19 and CCIL.21 in the defined
region of the lymph nodes, which ate necessary for the
accumulation and retention of B cells and T cells in dis-
tinct areas of the lymph nodes”" ™. These lymphocytes
in turn express cytokines that induce the expression and
secretion of these chemokines from the stromal cells.
RANKL signaling controls the organogenesis of
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T cells by apoptosis. The TSAs can be transferred to dendritic cells by mechanisms that are not yet fully identified. The dendritic cells receiving TSAs also induce the

apoptosis of self-reactive T cells in the thymus.

fetal lymph nodes. The early development of a lymph
node begins with the movement of lymphoid tissue in-
ducer cells (LTi), a unique cell subset derived from the
fetal liver, into the region where the lymph nodes will
developm’m. The LTi interact with the resident stro-
mal cells to initiate colonization and cluster formation,
thereby forming lymph node anlagesl”'m. The TNF
family members, lymphotoxino (Lto) and membrane-
bound lymphotoxinf (Ltf), which are secreted by the
LTi, are essential for lymph node organogenesis. Lta,
and Ltp form heterotrimers on the cell surface of LTi,
which bind to the lymphotoxinf receptor (LtBR) on the
stromal cells. This interaction induces the expressions of
chemokines and adhesion molecules by the stromal cells
to attract and retain LTi. A complex pattern of RANKL
expression has been detected during the process of
early lymph node developmentm’“]. RANKL is initially
expressed in the LTi"* which is independent of LtBR
signalingmj. Subsequently, lymphoid tissue organizer
cells derived from mesenchymal stromal cells initiate
the expression of RANKL in a LtBR signal-dependent
manner'”, A deficiency in RANKL signaling results in a
severe reduction in the number of LTi", suggesting that
the requirement for RANKL signaling begins during the
initial LT1 colonization process of early development. In-
terestingly, whereas RANKIL- and RANK-KO null mice
lack lymph nodes, the inhibition of RANKL signaling by
the overexpression of its decoy receptor OPG did not
impair the development of lymph nodes”*, implying
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that very small quantities and the temporary expression
of RANKL are sufficient for the development of lymph
nodes. Notably, whereas LtBR signaling is also essential
for the development of Peyer’s patches, which are muco-
sal lymphoid organs located in the intestines, RANKL-
KO mice contain Peyer’s patchesl“]. Consistently,
TRAFG, a critical signal transducer of RANK signaling,
is required for lymph node development but not for the
development of Peyer’s patchesm’m. Thus, the RANKI.-
RANK-TRAFG axis is dispensable for the formation of
Peyer’s patches. Moreover, the formation of the splenic
architecture is regulated by TNF family signals and che-
mokine signalsm. However, the splenic architecture is
not practically impaired by the absence of RANK signal-
ing[4’5].

Interestingly, although RANKL is not essential for the
formation of Peyer’s patches, the expression of RANKL
was detected in the stromal cells of Peyer’s patches and
other lymphoid tissues of the intestine”. Moreover, the
Peyer’s patches of RANKIL-KO mice are smaller than in
control mice!™”. These observations imply that RANKL
signaling may contribute to the formation of the micro-
architecture of Peyer’s patches. Indeed, a recent study
has uncovered a role for the RANK signal in the devel-
opment of M cells™ a specialized subset of epithelial
cells found in mucosal lymphoid organs, such as Peyer’s
patches and isolated lymphoid follicles™. M cells are lo-
calized to the epithelial cell layers that cover these tissues
and they transcytose particulate foreign antigens and mi-
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croorganisms from the lumen. This process is critical for
controlling the immune response against pathogens and
commensal flora™. RANKL-KO mice possessed fewer
M cells in Peyer’s patchesw. Moreover, the administra-
tion of an anti-RANKL neutralizing antibody reduced
the number of M cells™. Thus, this study supported a
novel role of RANKL signaling in the initiation of M cell
development.

THYMIC EPITHELIAL CELLS AND T CELL

SELECTION
Thymic epithelial cells (TECs) are essential for the de-

velopment and selection of T cells in the thyrnusm’szl.
Several recent studies have revealed that RANKL signal-
ing promotes the development of a subset of TECs that
are essential for preventing autoimmunity by eliminating
self-reactive T cells in the thymus®™ . We briefly describe
the fundamental knowledge regarding T cell selection
and development in the thymus and its correlation with
TECs. Then, we summarize the contribution of RANKIL
signaling to the development of TECs and to preventing
autoimmunity.

Avidity model

A large portion of the T cells in the body develop in
the thymus and developed T cells express widely diverse
“repertoires” of T cell antigen receptors (TCR) with dif-
ferent antigen specificities. After the TCR is expressed
on the cell surface, the T cell repertoires are shaped
according to two aspects; the first is to recognize self-
major histocompatibility complex (MHC) molecules and
the second is to be unresponsive to self—antigensm. The
achievement of this selectivity is explained by the so-
called “avidity (affinity)” model®™". The basic concept
of this model is that the fate of each T cell is dependent
on the avidity between its T cell antigen receptor (TCR)
and complexes of self-antigen peptides and MHC mol-
ecules, which are presented by antigen-presenting cells
in the thymus. T cells recognizing the self antigen-MHC
complex with very low or high avidity through their
TCRs undergo apoptosis and only the T cells recognizing
the self antigen-MHC complex with “moderate” affin-
ity can survive. As result, T cells incapable of binding to
self-MHC and T cells responsive to self antigens in other
tissues would be eliminated by this mechanism. Thus,
this selection mechanism permits the generation of T' cell
repertoires that recognize foreign antigens that bind to

self-MHC with high affinity.

T cell selection

T cell selection is closely related to the development of
T cells in the thymus. The thymus is anatomically divided
into the cortex and the medulla®™". Different develop-
mental and selection processes occur in each regionm’wj.
First, T lymphoid progenitor cells from the bone marrow
develop into CD4 and CD8 double-positive immature
T cells (CD4'CD8" T cells) in the cortex. Subsequently,

(49

Boishidengs  WJO | www.wjgnet.com

the CD4°CD8" T cells interact with epithelial cells in the
cortex (CTECs; cortical thymic epithelial cells), which
are antigen-presenting cells expressing MHC molecules.
Through this interaction, the CD4°CD8" T cells that
recognize the complex of self-antigen and MHC mol-
ecules presented by cTEC survive and successfully dif-
ferentiate into CD4 or CD8 single-positive (CD4SP or
CDS8SP) T cells. The CD4SP or CDS8SP T cells move to
the medulla and are further scanned by the medullary
thymic epithelial cells (mTECs). The mTECs have un-
usual properties with regards to gene expression; mTECs
ectopically express a wide variety of self-antigens that are
normally expressed in a tissue-restricted manner (TSAs,
for example, insulin or caseins) (Figure 2) 1 The ectopic
expression of TSAs is in part regulated by the nuclear
protein Aire (autoimmune regulator)m’éﬂ, which sup-
presses the onset of autoimmune disease in humans and
mice™*. mTECs present TSAs to the medullary T cells
directly or indirectly through the thymic dendritic cells
(Figure 2! Those T cell repertoires that recognize
TSA peptide with high avidity are eliminated (Figure 2);
otherwise, they would initiate an immune response to the
TSAs expressed in their cognate organs, potentially caus-
ing autoimmune disease. In fact, several lines of evidence
have indicated that the dysregulation of this mechanism

. . [63,68-71]
promotes autoimmune disease .

RANKL signaling in mTEC development

It is currently accepted that both mTECs and cTECs
differentiate from common progenitor cells””. More-
over, evidence has suggested the presence of an mTEC
progenitorm]. However, the details of the developmental
process from common progenitor to mature mTECs
and cTECs are largely unknown. Several studies have
revealed a role for RANKL signaling in the development
of mature mTECs expressing Aire and TSAs™ > (Figure
2). The expression of RANK was detected in mTECs
in the adult thymus®™ and in fetal thymic stroma organ
cultures™, which plausibly contain mTEC progenitors'™”.,
RANKI- and RANK-KO mice exhibited a partial defect
in the development of mature mTECs™ ™. The quan-
tity of Aire-positive in mature mTECs is preferentially
reduced by the lack of RANKL and RANK. Whereas
mTEC levels are significantly reduced by the absence of
RANK signals, a population of mature mTECs still ex-
ists. However, TRAFG deficiency results in a severe defect
in mTEC development compared to that in RANKL and
RANK-deficient mice'®. This difference can be explained
by CD40-mediated compensation for RANK during
TEC development, which is shown by the complete loss
of mTECs in RANKL and CD40 double-deficient mice.
Thus, RANK and CD40 cooperatively signal to promote
the development of mTECs, which appears to be similar
to the cooperation between RANK and CD40 in modu-
lating the functions of cDCs'",

RANKL signaling suppresses autoimmunity
The requirement for RANK signaling for the prevention
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of autoimmunity has also been tested. The transplanta-
tion of RANK-deficient fetal thymic stroma into nude
mice results in inflammatory cell infiltration accompanied
by the production of autoantibodies in the sera™. These
data suggest that the lack of RANK in the thymic stro-
mal cells is sufficient to induce autoimmunity. Another
study demonstrated that the transfer of splenocytes from
RANKI-KO mice into nude mice provokes mild auto-
immunity®™. Moreover, a much more severe autoimmune
response was observed when splenocytes from RANKL
and CD40 double-deficient mice were transferred into
nude mice™ which appeared to be correlated with the
severe impairment in mTEC development in these dou-
bly deficient mice. Consistently, mutant mouse lines lack-
ing downstream molecules in the RANK signaling path-
way (e.g., RelB-deficient mice or TRAF6-deficient mice)
displayed severe phenotypes[68’75’76].

Thymic cells providing RANKL

Several types of cells have been reported to express
RANKL in the thymus. Interestingly, a previous study has
revealed that LTi are localized to the embryonic thymus
and provide RANKL for the embryonic development of
Alre-expressing mTECs™. Moreover, the T cells that had
newly differentiated from CD4 CD8" T cells into CD4SP
T cells were found to express high levels of RANKIL™,
A recent study has revealed that dendritic epidermal T
cells (DETC), a subset of 9(6 T cells”, express RANKL
in the embryonic thymus'™. In this study, it was also
shown that RANKL signaling induced the expression of
the immunoglobulin superfamily member Skint-1, which
is involved in the selection of the DETC™ that contrib-
ute to immune defense in the skin”". Thus, this study un-
covered a novel connection between mTEC development
and yd T cell development in the fetal thymus mediated
by the RANKL and RANK interaction.

Expression of RANK

The molecular mechanism underlying the expression of
RANK in the mTEC progenitors remains unclear. A re-
cent study has suggested that lymphotoxin beta receptor
(LtBR) signaling is involved in the expression of RANK
in immature mTECs"™". This study suggested that RANK
expression in TECs is under the control of LtfR signal-
ing. However, it still remains unclear whether the LtfR
signal upregulates the expression of RANK in individual
TECs ot promotes the proliferaton and/or survival of
RANK-expressing mTECs.

SIGNALING PATHWAY INDUCED BY

RANKL SIGNALING IN TEC

The interaction between RANKL and RANK induces
activation of the NF-xB and the Mitogen-Activated
Protein Kinase (MAPK) pathways'”. During mTEC
development, the NF-kB activation pathway appears to
play a major role. Two major NF-kB activation pathways,
the classical pathway and the non-classical pathway, are
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currently known". The classical pathway induces the
translocation of the RelA or c-Rel complex into the
nucleus through the activation of the IxB kinase (IKK)
complex containing IKKf3 and NEMO. The activation
of the non-classical pathway results in the translocation
of RelB into the nucleus and requires the phosphoryla-
tion of IKKa, by NF-kB inducing kinase (NIK). RANK
signaling is capable of activating both pathways™. In-
terestingly, whereas both NF-kB activation pathways
appear to be activated during mTEC and osteoclast
development induced by RANKL, the contribution of
each NF-kB pathway appears to differ between mTEC
development and osteoclast differentiation. For instance,
RelB-deficient (RelB-KO) mice, NIK-deficient mice and
aly/ aly mice, the last of which have a dysfunctional muta-
tion in the NIK gene, exhibited normal or very mildly
impaired osteoclastogenesislsz’s@ and this pathway appears
to be critical only in pathological osteolysis™*”. However,
mTEC development was completely abolished in aly/aly
and RelB-deficient mice””™**". Moteover, IKK a-deficient
fetal thymic stroma did not differentiate into mature
mTECs when transplanted onto the kidney™. In an in
vitro study, RANKI-dependent maturation of mTEC was
not detected in fetal thymic stroma prepated from aly/aly
mice™. Moreover, RANKL signaling induces the nuclear
localization of RelB in mature mTECs in fetal thymic
stroma””, Thus, these data suggest that, in contrast to its
involvement in osteoclast development, the non-classical
NF-kB activation pathway is essential for the RANKL-
dependent development of mTECs. The contribution of
the classical NF-kB pathway to mTEC development has
been suggested by the finding that TRAFG is essential for
the development of mTECs™* as TRAFG activates the
classical NF-kB pathway and is dispensable for the non-
classical NF-xB pathwaylsgj. Whereas c-Fos and NF-ATcl
are critical regulators of RANKI-mediated osteoclast
development, the involvement of these genes in mTEC
development has not been reported. These data suggest
that RANKL signaling during mTEC development acti-
vates signal transduction pathways that are distinct from
those activated during osteoclast development.

CONCLUDING REMARKS

A humanized anti-RANKIL antibody has been approved
for the treatment of osteoporosis in postmenopausal
women and cancer bone metastasis. Detailed studies in
mouse models have clearly demonstrated the involvement
of RANKL signaling in the functions of immune regu-
latory cells, such as dendritic cells, M cells and mTECs.
Notably, the functions of dendritic cells and the mainte-
nance of M cell numbers were impaired by the inhibition
of RANKL signaling in adult mice. These results may be
informative in applications of the anti-RANKIL antibody
for human treatments. Moreover, these relatively new
findings could open the possibility of utilizing the anti-
RANKL antibody for other applications by regulating the

immune response.
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