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Abstract
The receptor activator of nuclear factor kappa-B ligand (RANKL)-RANK-osteoprotegerin (OPG) system is critical to bone 
homeostasis, but genetically deficient mouse models have revealed important roles in the immune system as well. RANKL-
RANK-OPG is particularly important to T cell biology because of its organogenic control of thymic development and 
secondary lymphoid tissues influence central T cell tolerance and peripheral T cell function. RANKL-RANK-OPG cytokine-
receptor interactions are often controlled by regulation of expression of RANKL on developing T cells, which interacts with 
RANK expressed on some lymphoid tissue cells to stimulate key downstream signaling pathways that affect critical tuning 
functions of the T cell compartment, like cell survival and antigen presentation. Activation of peripheral T cells is regu-
lated by RANKL-enhanced dendritic cell survival, and dysregulation of the RANKL-RANK-OPG system in this context 
is associated with loss of T cell tolerance and autoimmune disease. Given its broader implications for immune homeostasis 
and osteoimmunology, it is critical to further understand how the RANKL-RANK-OPG system operates in T cell biology.
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Introduction

The RANKL-RANK-OPG system consists of the tumor 
necrosis factor superfamily (TNFSF) cytokine RANKL 
(receptor activator of nuclear factor kappa-B ligand; 
additionally identified as TRANCE, ODF, CD254 and 
TNFSF11), and the TNF receptor superfamily (TNFRSF) 
members RANK, a signaling receptor, and osteoprotegerin 
(OPG), a soluble decoy receptor for RANKL [1]. RANKL-
RANK-OPG was discovered through parallel efforts begin-
ning more than 20 years ago that were aimed at identifying 
elements of importance to immune and bone homeostasis. 
Genetically-deficient mouse models have revealed critical 
roles for RANKL-RANK-OPG in bone, and increasingly 
in the immune system as well. In particular, the roles of 
RANKL-RANK-OPG in T cell biology, which we aim to 
summarize in this review, intricately connect (1) organogen-
esis of the primary and secondary lymphoid tissues where T 

cells develop, reside, and function; and (2) peripheral activa-
tion, differentiation and tolerance of T cells.

T cells are critical mediators of cell-mediated immunity 
that derive from hematopoietic lineage lymphoid precursor 
cells that transit from the bone to the thymus where they 
undergo further differentiation and thymic education [2]. 
Thymic education, involving both positive and negative 
selection in response to self-antigens is essential to gen-
erating a repertoire of T cells with broad responsiveness 
while also establishing central tolerance to self. Upon leav-
ing the thymus, T cells inhabit secondary lymphoid tissues 
where they are exposed, in the presence of other specialized 
immune cells, to antigens draining from the peripheral tis-
sues that may induce productive immune responses or pro-
mote peripheral tolerance [3]. The nature of T cell activity in 
secondary lymphoid tissues is largely determined by interac-
tions between T cells and professional antigen-presenting 
dendritic cells (DCs), which modulate their activating ver-
sus tolerizing impulses not only through pattern recogni-
tion receptor signaling but also through cytokine receptor 
signaling. If cytokine production is not properly regulated 
or if cytokine receptor signaling is defective, aberrant and 
possibly pathologic T cell differentiation and/or activation 
may occur. The RANKL-RANK-OPG system is critical at 
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various steps of T cell selection and differentiation, primar-
ily via regulation of critical cellular components of the lym-
phoid tissues that make possible the development, mainte-
nance, and activation of a functional T cell compartment. 
These cytokine-receptor interactions are often controlled by 
regulation of expression of RANKL on developing T cells, 
which interacts with RANK expressed on key interacting 
lymphoid tissue cells to stimulate downstream signaling 
pathways that affect critical tuning functions of the T cell 
compartment, like cell survival and antigen presentation. 
Dysregulation of the RANKL-RANK-OPG system in this 
context is associated with loss of T cell tolerance and risk 
of autoimmune disease. Given its broader implications for 
immune homeostasis and osteoimmunology, it is critical to 
further understand how the RANKL-RANK-OPG system 
operates in T cell biology.

RANKL‑RANK‑OPG in the thymus

After leaving the bone marrow, hematopoietic stem cells 
migrate to the thymus to undergo positive and negative 
selection. First, CD4+CD8+ double-positive (DP) thymo-
cytes in the thymic cortex that encounter low-affinity self-
peptide–MHC complexes presented by cortical thymic epi-
thelial cells (cTECs) are positively selected and differentiate 
into CD4+CD8− or CD4−CD8+ single-positive (SP) thymo-
cytes [2, 4]. SP thymocytes migrate to the thymic medulla 
where they are presented self-antigens by various antigen-
presenting cells (APCs), including medullary thymic epi-
thelial cells (mTECs) [2, 4]. SP thymocytes with T cell 
receptors (TCRs) that exhibit high-affinity interactions with 
self-antigen are either negatively selected via apoptosis or 
induced to become regulatory T cells (Tregs) [2, 4]. These 
elements of thymic education are the basis for establishing 
central tolerance, which makes it possible to generate a T 
cell repertoire capable of recognizing a vast array of foreign 
antigens while lacking potentially pathological sensitivity 
to virtually all antigens produced by self-tissues, even tis-
sues distal to the thymus. The fact that negative selection 
can be accomplished efficiently within a unitary primary 
lymphoid organ, the thymus, is owed in part to the special-
ized capacity of mTECs to express and present a uniquely 
broad array of self-antigens called tissue-restricted antigens 
(TRAs) [also called tissue-specific antigens (TSAs)]. DCs 
can facilitate negative selection of thymocytes by cross-
presentation of extracellular TRAs initially expressed by 
AIRE+ mTECs [5]. The mechanism of promiscuous gene 
expression by which TRAs are produced requires expression 
of the critical transcription factors autoimmune regulator 
(AIRE) [6] and Fezf2 [7]. AIRE induction and maintenance 
in developing and maturing mTECs is dependent on the 
provision of RANKL, while the Fezf2 pathway appears to 

be RANKL-RANK-independent. Two related TNFSF mem-
bers, lymphotoxin αβ (LTαβ) and CD40L, induce mTEC 
AIRE expression as well. The cells required for the expres-
sion of RANKL, LTαβ and CD40L, and the specific require-
ments for each cytokine, differ depending on the ontogenic 
stage of thymic development, with major shifts occurring 
from the embryonic to postnatal stages [5] (Fig. 1). Dur-
ing embryogenesis, at a phase before the emergence of SP 
thymocytes, RANKL-expressing CD3−CD4+IL-7Rα+ lym-
phoid tissue inducer (LTi) cells control formation of early 
AIRE+ mTECs through RANK activation [8]. Early mTECs 
and cTECs both derive from common progenitors during 
embryonic and postnatal thymic development, but only 
embryonic mTEC precursor cells that express cTEC mark-
ers, as well as UEA-1 ligand, require TRAF6-dependent 
RANKL-RANK-mediated activation of the non-canonical 
NF-κB pathway to induce AIRE induction [9]. Consistent 
with these findings, mice deficient for RANK or RANKL 
lack AIRE+ mTECs in the embryonic thymus [8, 10]. In 
addition to LTi cells, RANKL-expressing invariant Vγ5 
TCR-expressing dendritic epidermal T cell (DETC) progeni-
tors also contribute to the emergence of AIRE+ mTECs in 
the embryonic thymus. DETCs contribute to central T cell 
tolerance by providing RANKL that promotes the conver-
sion of CD80−Aire−mTECs to CD80+Aire+ mTECs through 
RANK signaling [8, 11].

While LTi- and invariant Vγ5+ DETC progenitor-
expressed RANKL is exclusively required for embryonic 
AIRE induction, postnatal mTEC AIRE is induced by 
RANKL and CD40L expressed by TCRαβhighCD4+ thy-
mocytes [12, 13]. Furthermore, while mice lacking RANK 
or CD40 alone exhibit only partial defects in adult AIRE+ 
mTECs, mice doubly deficient in both RANK and CD40 
exhibit more severe defects, suggesting RANK and CD40 
have overlapping requirements in the adult thymus [5]. 
In addition to roles for RANKL and CD40L, positively-
selected thymocytes expressing LTαβ contribute to post-
natal mTEC maturation associated with AIRE and involu-
crin expression by triggering LTβR on immature mTECs 
[14]. However, while the relative physiologic requirement 
for RANK-RANKL is reduced for postnatal versus embry-
onic mTEC development, antibody blocking experiments 
revealed a surprisingly important role for RANK signaling 
during repopulation of adult mTECs following short-term 
AIRE-DTR-mediated ablation [15].

It is of further interest to determine the cellular sources 
of RANKL and other cytokines relevant to postnatal mTEC 
differentiation. For example, RANKL is expressed by both 
CD4+ and CD8+ thymocytes, with higher expression by 
CD4+ thymocytes [12], while CD40L is expressed only by 
CD4+ thymocytes [16, 17]. Invariant natural killer T (iNKT) 
cells also express RANKL to promote AIRE+ mTEC dif-
ferentiation in postnatal and adult mice and may function 
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cooperatively with RANKL-expressing SP thymocytes in 
this context [18]. In addition to mature SP thymocytes, acti-
vated T cells can recirculate through the thymus and con-
tribute RANKL to mTEC maturation [19]. It has also been 
shown that RANKL is upregulated in both CD4+ thymocytes 
and LTi cells during early thymic regeneration following 
cytoablative treatment, and that RANKL-GST treatment 
during bone marrow transplantation boosts production by 
LTi cells of LTαβ, which leads to enhanced mTEC and 
cTEC regeneration, thymus homing of lymphoid progeni-
tors, and de novo thymopoiesis [20]. Expression of solu-
ble RANKL has also been detected in the postnatal thymus 

under normal conditions, but mice with specific deficiency 
in soluble but not membrane-bound RANKL show no defect 
in AIRE+ mTECs, suggesting that soluble RANKL is dis-
pensable during development [21]. However, there appears 
to be a physiologic role for a soluble negative regulator of 
RANKL function, as OPG is expressed by mTECs and mice 
deficient for OPG exhibit enlarged medulla with increased 
AIRE+ mTECs [16, 22].

Some studies have shown that mTECs contribute to the 
selection and survival of immunosuppressive Foxp3+ regu-
latory T cells (Tregs) [23, 24], though there still remains 
uncertainty about the degree to which mTEC-expressed 
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Fig. 1   RANKL-RANK-OPG function in the thymus. Embryonic 
medullary thymic epithelial cell (mTEC) precursors require TRAF6-
dependent RANKL-RANK-mediated activation of the non-canon-
ical NF-κB pathway to induce expression of the mTEC transcrip-
tion factor autoimmune regulator (AIRE). During embryogenesis, 
RANKL-expressing CD3−CD4+IL-7Rα+ lymphoid tissue inducer 
(LTi) cells and invariant Vγ5 TCR-expressing dendritic epidermal T 
cell (DETC) progenitors control early formation of AIRE+ mTECs. 
In the postnatal/adult thymus, double negative (DN) thymocytes 
acquire a CD4+CD8+ double positive (DP) phenotype in the thymic 
cortex, interact with cortical thymic epithelial cells (cTECs) during 
positive selection and migrate to the thymic medulla as CD4+CD8− 
or CD4−CD8+ single-positive (SP) thymocytes. In the postnatal/adult 
thymic medulla, mTEC AIRE is induced by RANKL, as well as the 

other TNFSF member CD40L and LTαβ, expressed by TCRαβ high 
CD4+ SP thymocytes. RANKL is expressed at lower levels by CD8+ 
SP thymocytes, and RANKL-expressing invariant NKT cells also 
contribute to AIRE+ mTEC differentiation. mTECs negatively regu-
late RANKL-mediated AIRE induction via expression and secretion 
of the inhibitor OPG. Negative selective of SP thymocytes is deter-
mined by presentation, through MHC-TCR interactions, of peripheral 
self-antigens (Ag) and tissue-restricted antigens (TRAs) by mTECs 
and DCs. TRA presentation requires promiscuous gene expression 
by AIRE+ mTECs and subsequent DCs cross-presentation of mTEC-
expressed TRAs. SP thymocytes that experience high-affinity TCR 
interactions with peripheral self-antigen or TRAs are either nega-
tively selected via apoptosis or induced to become regulatory T cells 
(Tregs)
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TRAs drive thymic Treg (tTreg) differentiation [25]. In a 
model of autoimmune skin inflammation, it could be dem-
onstrated that tTreg TCRs are self-reactive, and that genera-
tion of these tTregs could be enhanced using OPG-deficient 
mice or by adding exogenous RANKL to increase the mTEC 
population [26]. Other work elucidates additional mecha-
nisms for establishing tolerance in the thymus. TGFβR-
mediated MAPK signaling in developing thymocytes regu-
lates RANKL expression during negative selection to limit 
potential autoimmunity. In the absence of TGFβR, poten-
tially autoreactive CXCR3-expressing Foxp3−Helios+ thy-
mocytes accumulate at the cortico-medullary junction and 
fail to express sufficient levels of RANKL to maintain med-
ullary expression of AIRE and to promote negative selection 
[27]. These results represent a potential mechanism by which 
RANKL-RANK controls the development of pathologic 
autoimmunity, Conversely, because some TRAs expressed 
by AIRE+ mTECs are tumor antigens, negative selection 
may inadvertently delete anti-tumor T cells. It was recently 
shown that mTEC inhibition via blockade of RANKL may 
represent a viable approach to boosting anti-tumor T cell 
responses by temporarily disrupting thymic negative selec-
tion to TRAs expressed by tumors [28]. Together, these stud-
ies highlight the importance of RANKL-RANK signaling to 
thymic development and T cell selection.

RANKL‑RANK‑OPG, T cells, and secondary 
lymphoid tissues

Lymph nodes

Lymph nodes (LN) are secondary lymphoid organs spread 
throughout the body and connected by the lymphatic vas-
culature that are critical areas for both T cell activation 
and peripheral tolerance. Mice lacking RANK or RANKL 
exhibit an absence of LNs [29, 30]. Considerable work has 
established a model in which RANKL-RANK signaling and 
LTαβ-LTβ receptor (LTβR) signaling interact to drive a feed-
back loop that promotes lymph node organogenesis (Fig. 2a). 
Initiation of LN formation occurs during embryogenesis 
with the recruitment of hematopoietic lineage lymphoid tis-
sue inducer (LTi) cells to LN anlagen made up of mesen-
chymal and endothelial stroma that include lymphoid tissue 
organizer (LTo) progenitor/precursor cells [31]. LTi cells 
expressing RANKL, RANK, and LTαβ then interact with 
LTβR-expressing LTo cells. Activation of LTβR induces LTo 
cells to mature, increasing expression of RANKL and the 
chemokine CXCL13, which increases the attraction of LTi 
cells. LTi then cluster with the LTo cells to initiate LN for-
mation. Since LTo cells may also express RANK, a positive 
feedback loop can develop involving LTo and LTi cells with 
RANKL-RANK and LTαβ-LTβR signaling amplifying the 

recruitment-clustering process of lymph node development 
[31]. More recent work has further shown how RANKL-
RANK signaling contributes to the specialized cells required 
for LN formation. LTo cells had been thought to be primarily 
of mesenchymal lineage, however, it has been shown that 
lymphatic endothelial cells (LECs) that line the LN subcap-
sular sinus express increased RANK compared to peripheral 
LECs, and appear to act as another type of LTo that are criti-
cal to LTi cell retention during LN organogenesis, as LEC-
specific RANK deletion results in defective LTi retention 
and LN formation [32, 33]. The CCR6+ subset of group 3 
innate lymphoid cells (ILC3s), which require the transcrip-
tion factor RORγt, are termed “LTi-like” cells and are nec-
essary for lymph node development [34]. RORγt-specific 
deletion of RANK, but not RANKL, resulted in defects in 
cervical, brachial, and inguinal lymph node development, 
suggesting that RANK expression by fetal ILC3s contributes 
to lymph node organogenesis, but that required RANKL may 
be provided by other cell types [35]. It is clear that RANKL-
RANK-OPG signaling is critical to LN development, and 
future efforts may focus on better understanding how these 
signaling requirements interact with peripheral T cells func-
tion and differentiation.

Peyer’s patches and cryptopatches

Peyer’s patches (PP) are gut-associated lymphoid tissue 
(GALT) found along the small intestine where CD4+ fol-
licular helper T cells (Tfh) are critical components of ger-
minal centers necessary for gut-associated IgA responses 
[36]. CD4+ follicular regulatory T cells (Tfr) also inhabit 
PPs to regulate peripheral tolerance [37]. Microfold cells (M 
cells) of the PPs are specialized epithelial cells that trans-
port gut luminal antigens, including both those derived from 
gut microorganisms and tolerance-inducing food antigens, 
for presentation to PP T cells [38]. Initial characterization 
of mice deficient for RANK or RANKL revealed severely 
reduced Peyer’s patch formation [29, 30]. It was further 
showed that RANK signaling is required for M cell differen-
tiation and antigen uptake, and that while RANK is broadly 
expressed across small intestine epithelial cells, selective 
expression of RANKL by subepithelial stromal cells in PP 
domes drives M cell differentiation [39]. Targeted deletion 
of mesenchymal RANKL, including in M cell-inducing stro-
mal cells, results in defective M cell formation and antigen 
sampling that is linked to decreases in IgA production and 
microbial diversity [40]. At the same time, M cells them-
selves negatively regulate differentiation of neighboring fol-
licle-associated epithelial cells into M cells through expres-
sion of OPG, and OPG-deficient mice exhibit increased M 
cell numbers and attendant increases in immunoglobulin 
responses against commensal bacteria [41].
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By inducing expression of the Ets family transcription 
factor SpiB, which is required for M cell development, in 
M cell precursor Lgr5+ intestinal crypt stem cells, RANK 
signaling contributes to the earliest stages of M cell dif-
ferentiation [42]. Recently, it has been shown that RANK-
dependent activation of the NF-κB factor RelB is required 
for expression of the M cell-specific SRY-related HMG box 
transcription factor family member Sox8, which itself drives 
expression, through direct binding to the promoter, of the 
key M cell factor Gp2 (Fig. 2b) [43]. Determining local envi-
ronmental factors that control the levels of RANKL-RANK 
signaling in the context of M cell differentiation has also 
been an area of interest. It has been reported that M cell den-
sity increases in the presence of Salmonella Typhimurium 
and the secreted S. Typhimurium type III effector protein 

SopB, which triggers Wnt/beta-catenin-mediated induc-
tion of both RANKL and RANK expression [44]. RANK-
dependent RelB activation then promotes epithelial to M 
cell differentiation via induction of the transcription factor 
Slug [44]. More recently, it has been shown that the secreted 
calcium-binding protein S100A4 coordinates with RANKL 
to further regulate M cell maturation [45].

RANK signaling also affects GALT-associated T cells 
in cryptopatches (CPs), which are cellular clusters distrib-
uted throughout the lamina propria crypts of the small and 
large intestines that serve as sites of extra-thymic lympho-
cyte differentiation [46]. RANKL expression on intestinal 
stromal cells is required for postnatal development of CPs, 
with RANKL-deficient mice exhibiting severely reduced CP 
development [47]. Interestingly, the requirement for RANKL 
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Fig. 2   RANKL-RANK-OPG contributes to secondary lymphoid 
organogenesis. a RANKL-RANK-OPG contributions to lymph node 
organogenesis. Initiation of lymph node (LN) formation involves 
recruitment of hematopoietic lineage lymphoid tissue inducer (LTi) 
cells to LN anlagen that include lymphoid tissue organizer (LTo) 
progenitor/precursor cells. (1) LTi cells expressing RANKL, RANK, 
and LTαβ interact with LTβR-expressing LTo cells. (2) Activa-
tion of LTβR induces LTo cells to mature, increasing expression of 
RANKL and the chemokine CXCL13, which increases attraction of 
more LTi cells. (3) LTi cells then cluster with the LTo cells to initiate 
LN formation. Since LTo cells may also express RANK, a positive 
feedback loop develops involving LTo and LTi cells with RANKL-
RANK and LTαβ-LTβR signaling amplifying the recruitment-clus-
tering process of lymph node development. (4) RANK-expressing 
lymphatic endothelial cells (LECs) line the LN subcapsular sinus and 
act as another type of LTo that are critical to LTi cell retention, via 

RANKL-RANK interactions, during LN organogenesis. b Peyer’s 
patch microfold (M) cells. Peyer’s patches (PP) are a gut-associated 
lymphoid tissue (GALT) found along the small intestine where CD4+ 
follicular helper T cells (Tfh) are critical components of germinal 
centers necessary for gut-associated IgA responses. CD4+ follicular 
regulatory T cells (Tfr) also inhabit PPs to regulate peripheral toler-
ance. Microfold (M) cells are specialized epithelial cells that trans-
port gut luminal antigens for presentation to PP T cells. RANK 
signaling is required for M cell differentiation and antigen uptake. 
RANKL expression by subepithelial stromal cells in PP domes 
drive M cell differentiation. RANK signaling contributes to the ear-
liest stages of M cell differentiation by inducing expression of the 
transcription factor SpiB in M cell precursor Lgr5+ intestinal crypt 
stem cells. RANK-dependent activation of the NF-κB factor RelB is 
required for expression of the transcription factor Sox8, which then 
activates the promoter of the key M cell factor Gp2
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expression to drive CXCL13-dependent maturation of CPs 
is restricted only to CPs found in the small intestine [47]. 
Additional work will be required to further determine how 
RANKL-RANK-OPG cooperates with other factors to regu-
late T cells in the GALT and to more specifically determine 
how RANK signaling contributes to systemic T cell homeo-
stasis via its role in PP and CP development.

Effects of RANKL‑RANK‑OPG ON T cell 
activation and differentiation

T cells that have migrated out of the thymus and to the sec-
ondary lymphoid tissues encounter antigens presented by 
various APCs, including DCs, which, as highly specialized 
professional APCs, are often the primary determinants of 
the quantitative and qualitative nature of T cell immune 
responses [48]. DCs control T cell activation and differ-
entiation by modulating not only levels of TCR-antigen 
engagement via antigen processing and MHC expression, 
but also by expressing various costimulatory receptors and 
cytokines that act on T cells. Though immature DCs are 
continuously sampling antigens in their local environment, 
activation of T cells requires DC maturation by an inflamma-
tory signal such as toll-like receptor (TLR) ligands [49] or 
CD40L [50]. Under inflammatory conditions, DCs undergo 
maturation that enables them to produce many of the factors 
that potentiate their capacity to activate T cells. However, 
once DCs undergo maturation, they may be more susceptible 
to apoptosis and require pro-survival signals if they are to 
maintain sufficiently long DC-T cell interactions to produc-
tively activate T cells. Some of the earliest characterizations 
of RANKL function showed that RANKL stimulation of 
RANK expressed on DCs prolongs DC survival and DC-T 
cell interactions in vitro [51, 52]. At the same time, RANKL 
treatment imparts no apparent direct pro-survival or activat-
ing effects on T cells [51]. While RANKL expression is not 
typically detected on resting T cells, anti-CD3 stimulation 
has been shown to induce surface RANKL expression for 
up to 4 days on both CD4+ and CD8+ T cells, and anti-
CD28 costimulation further enhances RANKL expression, 
particularly on CD4+ T cells [53]. Therefore, in response to 
initial TCR activation, T cells may provide RANKL directly 
to DCs to promote prolonged interaction and enhance acti-
vation (Fig. 3). The effect of RANKL on DC stimulatory 
capacity was observed in adoptively-transferred antigen-
pulsed DCs that drove increased T cell primary and mem-
ory responses in vivo [54]. The potential adjuvant effect of 
RANKL on DC-based immunotherapy was demonstrated by 
the enhanced efficacy of an experimental DNA vaccine when 
the gene for RANKL was incorporated [55]. Interestingly, 
this effect was specific to RANKL and did not occur when 
CD40L was used.

CD40L and its receptor CD40 are closely related to 
RANKL and RANK, respectively, and utilize similar intra-
cellular TRAF-mediated signaling mechanisms [50]. Both 
RANK and CD40 are expressed on DCs and play similar but 
not identical roles in DC maturation and DC-T cell interac-
tions [50]. It is possible that CD40 plays a larger role in 
initial DC maturation and activation, while RANK, whose 
expression is actually induced by CD40L, is more involved 
in promoting subsequent Bcl-xL-dependent survival [50, 
51]. There is evidence, however, that their functions overlap, 
as inhibiting RANKL-RANK interactions with RANK-Fc 
treatment suppresses activation of CD4+ T cell responses 
to viral [56] and parasitic infections [57], but only when 
given to mice lacking CD40. Conversely, mice with DCs 
lacking A20, which causes hypersensitive CD40 and RANK 
activity, exhibit excessive DC survival that promotes acti-
vation of self-reactive T cells [58]. Other studies have also 
implicated RANK signaling in peripheral DCs in loss of 
immune tolerance. For example, it was shown that trans-
ferring RANKL-stimulated DCs exacerbated autoimmun-
ity in MRL/lpr recipient mice [59]. A study using an IL-
2-deficient mouse model of colitis and bone loss showed 
that enhanced DC survival by RANKL-expressing T cells 
exacerbated disease, and that this effect could be inhibited 
with OPG treatment [60].

In the context of RANK-mediated effects on CD8+ T cell 
responses during infection, it was recently showed that while 
RANK expression on DCs is dispensable for early prim-
ing of CD8+ T cells in response to either Listeria monocy-
togenes or VSV, DC-expressed RANK is required for opti-
mal recruitment and activation of pathogen-specific memory 
CTLs upon re-challenge [61]. Further, it was also showed 
that ablation of RANK expression on CD169+ marginal zone 
macrophages leads to impaired viral replication and pro-
motes the acquisition of viral antigens by cross-presenting 
DCs [61].

RANKL-RANK signaling has also been implicated in 
Treg cell-mediated tolerance, as it has been shown that 
RANKL+ keratinocytes in skin trigger epidermal DCs to 
convert inflammatory infiltrating T cells to a Treg pheno-
type [62]. RANKL-RANK interactions are required for 
generation and activation of pancreatic Tregs that inhibit 
cytotoxic killing of beta islet cells in a mouse type-1 diabe-
tes model [63], and for control of a mouse colitis model by 
RANKL-expressing Tregs [64]. However, fate mapping has 
also shown that acquisition of RANKL expression by Tregs 
can be associated with conversion to pathogenic Th17 cells 
that promote bone loss in rheumatoid arthritis in response 
to synovial fibroblast-derived IL-6 [65]. Together, these 
results highlight an emerging appreciation for the role of 
the RANKL-RANK-OPG system in modulating peripheral 
T cell responses. Additional efforts will be required to deter-
mine what signals downstream of RANK triggered on DCs 
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may contribute to differential outcomes with respect to T 
cell phenotype.

Conclusions

The RANKL-RANK-OPG system plays such a significant 
biological role in bone homeostasis, with well-established 
therapeutic implications for bone-related diseases, that 
it can be easy to overlook the roles of RANKL-RANK-
OPG in T cell biology. Tools that enable better tissue- and 
cell-specific investigations of how and when RANKL is 
expressed, and whether it is produced in soluble or mem-
brane-bound form, will continue to improve prospects for 
teasing apart the outsized role RANKL-RANK signal-
ing plays in bone homeostasis from its effects on T cell 

differentiation and immunity. These effects may, in some 
cases be subtle, but because central and peripheral T cell 
tolerance are critical to controlling autoimmune responses, 
it will be important to continue to focus on further elu-
cidating the regulatory mechanisms the RANKL-system 
employs.
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Fig. 3   RANKL stimulation of DCs prolongs DC survival and DC-T 
cell interactions. T cell activation and development of T cell-medi-
ated immune responses in the peripheral lymphoid tissues depends 
largely on presentation of MHC-antigen and costimulatory ligands 
directly by mature dendritic cells (DCs) to T cells. Upon stimula-
tion by an inflammatory trigger, terminally differentiated mature DCs 
must survive long enough for DC-T cell interactions to be productive. 
A mechanism exists that enables T cells to enhance survival of DCs 
with which they are interacting: (1) TCR engagement induces sur-
face RANKL expression on both CD4+ and CD8+ T cells, and CD28 
costimulation enhances RANKL expression on CD4+ T cells further. 
(2) T cell-expressed CD40L activates CD40 expressed on DCs, which 
triggers DC maturation and activation events, including upregula-

tion of MHC, costimulatory molecules (e.g., CD86), and RANK. The 
level of RANK activation triggered by RANKL-expressing T cells 
can impact the nature of the T cell response. (3) In the absence of 
RANKL-RANK engagement, DCs may be at increased risk of apop-
tosis, resulting in shortened DC-T cell interaction, and decreased T 
cell activation. (4) For optimal RANKL-RANK engagement, DC 
survival will be enhanced by the induction of Bcl-xL, and DC-T cell 
interactions will be prolonged such that productive T cell responses 
can develop. This level of engagement may also promote regulatory T 
cell (Treg) conversion under some conditions. 5) Excessive RANKL-
RANK engagement results in overly prolonged DC-T cell interac-
tions, which may contribute to overactivation/pathologic activation of 
T cells, but also possibly Treg conversion
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