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RANKL signaling regulates the development of
the immune system and immune tolerance
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The receptor activator of the nuclear factor «B (NF-«B) ligand (RANKL), which is a member of the tumor
necrosis factor (TNF) family, is crucial for the development and regulation of the immune system and also for
bone formation. Previous analyses conducted on RANKL- or RANK-deficient mice have revealed that these
molecules play an essential role in the development of lymph nodes but not Peyer's patches. Although the
details of the mechanism by which RANKL signaling controls lymph node development have not been eluci-
dated, it is known that this mechanism differs from that by which signals are transduced from lymphotoxin,
which is another TNF family member that performs the same function. We and other researchers have recently
found that RANKL signaling is crucial for the establishment of self-tolerance and the suppression of excessive
immune responses. RANKL expression in keratinocytes was found to increase with ultraviolet (UV) irradiation
or inflammation. Upregulated RANKL expression activates the epidermal dendritic cells (DCs) and conse-
quently induces the proliferation of regulatory T cells, which in turn suppress autoimmune reactions. In addi-
tion, we recently found that RANKL signaling controls the development of medullary thymic epithelial cells,
which play a critical role in negative selection in the thymus. The signaling pathways of the TNF receptors
RANK and CD40 seem to partially overlap. These findings suggest that functional redundancies may also exist
among the signaling pathways of TNFs involved in other physiological phenomena.
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Introduction

Proteins of the tumor necrosis factor (TNF) family regulate
various physiological functions, including immune responses,
organ development, and hematopoiesis". Interactions between
these proteins and their respective cognate receptors activate in-
tracellular signaling pathways that regulate the transcriptional

activation of the nuclear factor «B (NF- «B) and activator pro-

tein (AP)-1 as well as the activation of the caspase cascade".
Thus, proteins of the TNF family control the proliferation, sur-
vival, differentiation, and apoptosis of their target cells".

The receptor activator of NF-xB (RANK) and its ligand
(RANKL) belong to the TNF receptor family and the TNF fam-
ily respectively*®. These molecules were originally identified

as a cytokine and its receptor and they were considered to func-
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tion in combination to enhance the survival of conventional den-
dritic cells (DCs)*Y. RANKL- and RANK-deficient mice were
generated in order to determine the physiological role played by
RANKL signaling®?. Unexpectedly, the RANKL-deficient mice
displayed no detectable abnormalities in the proportion and num-
ber of DCs in the lymphoid tissues. Instead, these mice exhib-
ited a severe defect in bone formation, and this defect was attrib-

>4, Recom-

uted to strong inhibition of osteoclast differentiation
binant RANKL can induce the differentiation of osteoclasts from
their precursor cells in the absence of osteoblasts, which are the
main source of RANKL both in vivo and in in vitro coculture
systems. Current research endeavors are rapidly uncovering the
molecular mechanism underlying osteoclast differentiation, and
the relevant studies have been reviewed extensively**. In brief,
the binding of RANKL to RANK activates NF-« B and AP-1,
and this in turn activates the expression of the nuclear factor of
activated T cells (NF-ATc)1, which is a master regulator of os-
teoclast differentiation. This signal transduction requires TNF
receptor-associated factor 6 (TRAF6). In addition to its role in
osteoclast differentiation, RANKL signaling has been found to
play an essential role in organ development and immune regula-
tion. In this review, we focus on the functions of RANKL sig-
naling in the development and regulation of the immune system,

as have been uncovered by us and other researchers™®.

RANKL signaling regulates lymph node
development

One of the most striking phenotypes observed in RANKL-
deficient mice is the absence of lymph nodes>?. Despite this
deficit, these mice exhibit normal development of Peyer's patches.
Interestingly, in contrast to mice deficient in RANKL, those de-
ficient in lymphotoxin signaling-related molecules such as
lymphotoxin « (Lta or lymphotoxin /3 receptor (Lt 3 R) lack
both lymph nodes and Peyer's patches”. Moreover, overexpression
of transgenic RANKL does not reverse the lymph node deficit
in Lt a -deficient mice'”. These reports indicate that RANKL
and lymphotoxin signaling regulate the development of lymph
nodes via 2 distinct mechanisms. This hypothesis was supported
by the finding that a deficiency of TRAF®6, a critical signal trans-
ducer for RANKL-dependent osteoclast formation, prevents the
development of lymph nodes but not Peyer's patches in mice'"'?.
Furthermore, TRAF®6 is not required for the transcriptional acti-
vation induced by Lt SR signaling in fibroblast cell cultures'.
These data indicate that the RANKL-RANK-TRAF6 axis con-
trols the development of lymph nodes but not Peyer's patches.

Several studies have suggested the involvement of RANKL sig-
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naling in the early stage of development wherein lymphoid tis-
sue inducer and organizer cells interact and thus initiate lymph
node development”. However, since these cells are very few in
the lymphoid tissues of mice, the details of the molecular mecha-
nism by which RANKL signaling regulates lymph node devel-

opment in mice remain to be determined.

RANKL signaling controls the develop-
ment of regulatory T cells

Foxp3-positive regulatory T (Treg) cells are crucial for main-
taining self-tolerance and suppressing excessive immune
responses'?. The generation and proliferation of Treg cells re-
quire interactions between the T-cell antigen receptor and the
MHC class II peptide'®. Thus, the functional maturation or acti-
vation of MHC class II-positive antigen-presenting cells, e.g.,
DCs, probably plays a key role in the development and prolif-
eration of Treg cells in the thymus and peripheral organs. How-
ever, the details of the concerned process have not been eluci-
dated. It has been reported that RANKL signaling regulates the
proliferation of Treg cells in the peripheral organs via activation
of the epidermal Langerhans cells (LCs)®. LCs are crucial for
immune responses to epidermal infections. After engulfing an
antigen in the epidermis, LCs migrate to the lymph nodes to ac-
tivate T cells. Loser et al. found that RANKL expression in
keratinocytes is markedly upregulated after UV irradiation or
inflammation due to psoriasis®. To assess the physiological sig-
nificance of RANKL expression in the skin, mice expressing
transgenic RANKL driven by the keratin 14 promoter (K14-
RANKL Tg mice)® were also generated. As result, they found
that the number of Treg cells in the skin and lymph nodes mark-
edly increased in these mice. The expression levels of CD86 and
CD205 in the DCs were also elevated. Furthermore, transfer of
RANKL-stimulated DCs induced Treg cell proliferation in the
peripheral organs of the mice. Interestingly, the K14-RANKL Tg
mice significantly improved skin inflammation in autoimmune
mice. Thus, RANKL expression in the epidermal keratinocytes
might regulate the activation and maintenance of immunosup-

pressive LCs that control the number of Treg cells (Fig.1).

RANKL signaling regulates the microen-
vironment of the thymus

Self-tolerant T cells and Treg cells are produced in the thymus®.
Several lines of evidence have indicated that the microenviron-
ment of the thymic medulla is crucial for the establishment of
central tolerance in the thymus (Fig.2)®. This microenvironment

contains radiation-resistant stromal cells and cells of hemato-
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Fig.1 RANKL signaling activates epider-
mal DCs and thus induces the pro-
liferation of regulatory T cells in the
peripheral organs

UV irradiation or inflammation induces the expres-
sion of RANKL in keratinocytes. RANKL then ac-
tivates the epidermal Langerhans cells (LC). Fi-
nally, the RANKL-stimulated LCs induce the pro-
liferation of regulatory T cells in the peripheral or-
gans.
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poietic origin. Medullary thymic epithelial cells (mTECs), which
are a subset of the radiation-resistant stromal cells localized in the
thymic medulla, exhibit the unique property of “promiscuous”
expression, i.e., ectopic expression of peripheral tissue-specific
antigens (TSAs)®. It has been suggested that mTECs present
TSAs and eliminate self-organ-specific T cells from the thymus,

thus establishing self-tolerance (Fig.2)®. This hypothesis is sup-

Fig.2 Negative selection is controlled by the med-
ullary thymic epithelial cells

Left: Medullary thymic epithelial cells (MTECs) are localized in
the thymic medulla. The thymic section shown was stained
with anti-keratin-5 (green) to detect the medulla and with anti-
CD8« (red) to detect the cortex. Right: The mTECs express
peripheral tissue-specific antigens (TSA #1, #2, #3, etc.) and
present them to developing thymocytes in order to eliminate
self-tissue-specific T cells. The autoimmue regulator (Aire) pos-
sibly controls the expression of TSAs.

Fig.3 mTEC development is regulated by an inter-

play between RANK and CD40 signaling
RANK and CD40 cooperatively regulate the development of
mTECs, which induce self-tolerance. The signals released by
these molecules activate the signal transducers TRAF6 and
NIK, and this in turn induces the translocation of RelB, a mem-
ber of the NF-«B family.

ported by the functions of the autoimmune regulator (Aire), a
molecule reported to be responsible for the development of au-
toimmune polyendocrinopathy-candidiasis-ectodermal dystrophy
(APECED), which is a human autoimmune disease. Aire is
strongly expressed in the nucleus of mTECs. Investigations per-
formed on Aire-deficient mice have revealed that the expression

of some TSAs is dependent on Aire. Furthermore, the autoim-
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mune phenotype of Aire-deficient mice has been attributed to
the lack of Aire in the thymic stroma'?. These previous studies
have delineated a potential mechanism of mTEC-dependent self-
tolerance, wherein Aire regulates the promiscuous expression of
TSAs.

The molecular mechanism underlying the maturation of Aire-
and TSA-positive mTECs in the thymus has remained elusive.
In previous studies, mice deficient in RelB or both p52 and p50
exhibited a severe defect in mMTEC maturation; these findings
indicate that NF-«B activation is essential for the maturation of
mTECs'®!). The binding of TNF or Toll/interleukin (IL)-1 re-
ceptors to their respective targets activates members of the TRAF
family and thus induces NF- ¢ B activation. Among members of
the TRAF family, TRAFG6 is known to regulate the activation of
the classical NF-«B activation pathway, in which the RelA/p50
complex is activated via [«B degradation. We previously re-
ported that TRAF6 plays a critical role in mTEC development'®.
Another research group found that NF-«B-inducing kinase
(NIK) is also essential for the signal transduction involved in
mTEC development'”. NIK is known to activate the non-classical
NF-«B activation pathway, wherein the RelB/p52 complex is
activated by partial degradation of p100 to p52. Therefore, the 2
NF-«B activation pathways regulated by TRAF6 and NIK are
probably required for mTEC development.

The receptors that are activated upstream of TRAF6 and NIK
and are involved in mTEC development have not been identified®.
Preliminary studies have suggested that Lt SR signaling is re-
quired for the expression of Aire in mTECs. However, subse-
quent intensive studies have revealed that Lt SR signaling is
minimally associated with Aire expression. The expression of
transgenic CD40L is reported to cause enlargement of the thy-
mic medulla. In addition, flow cytometric analysis has revealed
that mTEC development is mildly impaired in CD40L-deficient
mice. Anderson et al. recently found that RANKL signaling is
involved in the expression of Aire in mTECs*”. However, they
found that mTEC development was almost completely unaffected
by the absence of RANK. At least 3 TNF receptors, namely, Lt 3R,
CD40, and RANK, appear to be involved in the development of
mTECs. However, none of the mice deficient in any of these
molecules were found to exhibit a severe defect in mTEC devel-
opment as is observed in the case of mice lacking TRAF6 or
some other molecule involved in NF- 3B activation. Since the
signals produced by Lt 3 R, CD40, and RANK all induce NF-«B
activation, it is possible that the roles of these receptors in mTEC
development overlap to some extent.

In a recent study, we identified the some of the overlapping
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functions of these TNF receptors in mTEC development>”. We
generated RANKL/CD40 double-knockout (RANKL/CD40
DKO) mice. We found that these mice almost completely lacked
mTECs expressing Aire and TSAs in the thymus®. Moreover,
the phenotype of these mice was comparable with those of
TRAF6-deficient mice, RelB-deficient mice, and aly/aly mice,
all of which carry a functional mutation in the gene encoding
NIK. Furthermore, stimulation of the fetal thymic stroma, which
contains immature mTECs, with recombinant RANKL or CD40L
induces mTEC maturation; this induction is completely depen-
dent on the expression of TRAF6 and functional NIK. In addi-
tion, stimulation of the fetal thymic stroma with RANKL or CD40
activates RelB, and this activation is dependent on the expres-
sion of TRAF6 and NIK?. Thus, it is possible that interplay be-
tween RANK and CD40 signaling induces mTEC development
via TRAF6- and NIK-dependent signaling, and this in turn acti-
vates the expression of RelB and the 2 NF-«B activation path-
ways (Fig.3).

Perspective

RANKL signaling plays a role in establishing the microenvi-
ronment of 2 primary lymphoid organs — the bone marrow and
thymus — by regulating the development of osteoclasts and
mTECs. It remains to be determined whether interactions be-
tween RANKL and RANK activate the same intracellular signal-
ing pathway in both osteoclasts and mTECs. During osteoclast
differentiation, the binding of RANKL to RANK activates NF-
ATcl; this activation is dependent on the expression of NF-xB
and AP-1%. Although c-fos critically regulates osteoclast
formation®, it does not to seem to function similarly for mTECs.
More intensive studies are necessary to clarify the differences in
the pathway that induces RANKL signaling in osteoclasts and
mTECs.

The molecular mechanism underlying the ectopic expression
of TSAs in mTECs has not been elucidated. RANKL signaling
appears to induce the expression of almost all TSAs in mTECs®.
However, it is unlikely that RANKL directly targets the genes
encoding all the TSAs. Thus, determining the molecular mecha-
nism underlying the regulation of RANKL-induced TSA expres-
sion could be an important focus area for research on immune

tolerance.
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