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Of the various T cell types that develop in the 

thymus, medullary thymic epithelial cells (TECs 

[mTECs]) are crucial to the induction of T cell 

tolerance to endogenous tissues during thymic  

T cell development (Anderson and Takahama, 

2012). Mature mTECs highly express MHC class 

II (MHC II) and co-stimulatory molecules, such 

as CD80 and CD86, and function as self-antigen–

presenting cells in the thymus (Kyewski and 

Klein, 2006; Klein et al., 2009; Hinterberger  

et al., 2010). Uniquely, mature mTECs promis-

cuously express a wide variety of endogenous  

tissue-speci�c antigens (TSAs), including insulin, 

C-reactive protein, and caseins (Kyewski and 

Klein, 2006; Klein et al., 2009). The autoimmune 

regulator Aire, mutations in which cause human 

autoimmune diseases, is a transcription factor that 

is highly expressed in mature mTECs and that 

enhances TSA diversity (Abramson et al., 2010). 

Consequently, mature mTECs promote clonal 

deletion and regulatory T cell (T reg cell) conver-

sion of potentially TSA-reactive T cells; these are 

critical for preventing the onset of autoimmunity. 

Furthermore, recent studies have shown that Aire 

de�ciency inhibits tumor growth and T reg cell 

accumulation in tumors (Träger et al., 2012; 

Malchow et al., 2013; Zhu et al., 2013), suggest-

ing that mTECs induce immunological toler-

ance in tumor and normal tissues. This implies 

that precise regulation of mTEC-mediated toler-

ance may be critical for balancing prevention of 
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Medullary thymic epithelial cells (mTECs) expressing the autoimmune regulator AIRE and 

various tissue-speci�c antigens (TSAs) are critical for preventing the onset of autoimmu-

nity and may attenuate tumor immunity. However, molecular mechanisms controlling mTEC 

development remain elusive. Here, we describe the roles of the transcription factor Spi-B  

in mTEC development. Spi-B is rapidly up-regulated by receptor activator of NF-B ligand 

(RANKL) cytokine signaling, which triggers mTEC differentiation, and in turn up-regulates 

CD80, CD86, some TSAs, and the natural inhibitor of RANKL signaling, osteoprotegerin 

(OPG). Spi-B–mediated OPG expression limits mTEC development in neonates but not in 

embryos, suggesting developmental stage–speci�c negative feedback regulation. OPG-

mediated negative regulation attenuates cellularity of thymic regulatory T cells and tumor 

development in vivo. Hence, these data suggest that this negative RANKL–Spi-B–OPG 

feedback mechanism �nely tunes mTEC development and function and may optimize the 

trade-off between prevention of autoimmunity and induction of antitumor immunity.

© 2014 Akiyama et al. This article is distributed under the terms of an Attribution– 
Noncommercial–Share Alike–No Mirror Sites license for the �rst six months 
after the publication date (see http://www.rupress.org/terms). After six months 
it is available under a Creative Commons License (Attribution–Noncommercial– 
Share Alike 3.0 Unported license, as described at http://creativecommons.org/ 
licenses/by-nc-sa/3.0/).
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Figure 1. RANK signaling up-regulates Spi-B expression through an NIK-dependent pathway in mTECs. (A) Fetal thymic stromal organ cultures 

(2DG-FTOCs) were prepared and stimulated with recombinant RANKL protein. Thymic lobes isolated from an E15 mouse fetus were cultured in the presence 

of 2DG to eliminate hematopoietic cells, yielding 2DG-FTOCs. Addition of recombinant RANKL induced mTECs expressing Aire and TSAs in 2DG-FTOCs. Bottom 

panels show immunohistochemical staining of 2DG-FTOC cryosections with UEA-1, a mature mTEC marker, and keratin-5 (K5) before and at days 1, 2, 3, and 4 

after RANKL stimulation. Bars, 200 µm. (B) qPCR analysis of Spib mRNA expression in 2DG-FTOCs at 4 d after incubation without (control) or with 1 µg/ml 

recombinant RANKL. For blocking experiments (RANKL + RANK-Fc), 5 µg/ml RANK-Fc was added to the culture medium. The values are arbitrary units (A.U.) 

normalized to Gapdh expression. (C) Expression of Spib, Aire, and Spt1 in 2DG-FTOC at 1–4 d after incubation with 1 µg/ml recombinant RANKL or before 

RANKL stimulation (day 0) were analyzed by qPCR. The values are normalized to Gapdh expression. (D) RANKL stimulation induces Spib expression in an 
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2011). Spi-B was selected for further analysis because of its 

possible involvement in autoimmune disease (Liu et al., 2010). 

We �rst investigated whether RANKL signaling induces  

the expression of Spi-B in mTECs. RANKL stimulation is 

known to induce di�erentiation of mature mTECs expres-

sing Aire, TSAs, and an mTEC marker, UEA-1 lectin ligand 

(Fig. 1 A) in in vitro organ culture of fetal thymic stroma  

(2-deoxyguanosine [2DG]–fetal thymus organ culture [FTOC]; 

Rossi et al., 2007; Akiyama et al., 2008), which is prepared 

by depleting cells of hematopoietic origin from fetal thymus 

(Aichinger et al., 2012). Quantitative RT-PCR (qPCR) re-

vealed that Spib mRNA was signi�cantly up-regulated by 

RANKL stimulation in 2DG-FTOCs (Fig. 1 B). Addition of 

RANK-Fc blocked RANKL-dependent Spib expression 

(Fig. 1 B), con�rming the requirement of RANKL–RANK 

interactions. RANKL-dependent up-regulation of Spib pre-

ceded that of Aire, the TSA Salivary protein 1 (Spt1), and UEA-1 

(Figs. 1, A and C), suggesting that Spib is an early gene that 

responds to RANKL signaling.

We next investigated whether RANKL signaling induces 

Spib expression in an established mTEC line because 2DG-

FTOCs contain several types of stromal cells, including TECs. 

This mTEC line was retrovirally transduced with RANK 

(RANK-TEC) because endogenous RANK expression was 

undetectable in the currently available mTEC lines. Stimula-

tion with RANKL rapidly and continuously up-regulated Spib 

expression in the RANK-TECs (Fig. 1 D). These �ndings 

suggest that Spib expression is rapidly induced by RANKL 

signaling in mTECs.

Subsequently, we determined whether Spi-B is expressed 

in mTECs in vivo. Adult mouse thymic stroma cells (CD45 

TER119) were sorted by staining with anti-EpCAM (an epi-

thelial cell marker) and UEA-1 and were subsequently pro-

cessed for qPCR gene expression assays. The mTEC fraction 

(UEA-1+EpCAM+), which exhibits high RANK expression 

levels (Fig. 1 E), showed signi�cantly higher levels of Spi-B 

expression than did the cTEC-rich fraction (UEA-1EpCAM+) 

autoimmunity with induction of tumor immunity, but the  

molecular mechanisms underlying development and function 

of mTECs are poorly understood.

We and others previously reported that the receptor acti-

vator of NF-B (RANK) ligand (RANKL) promotes devel-

opment of mature mTECs (Rossi et al., 2007; Akiyama et al., 

2008, 2012b; Hikosaka et al., 2008). Moreover, several signal 

transducers regulating NF-B activation pathways, such as 

TNF receptor–activated factor 6 (TRAF6), NF-B–inducing 

kinase (NIK), and the NF-B family member RelB, are re-

quired for mTEC development (Burkly et al., 1995; Weih  

et al., 1995; Kajiura et al., 2004; Akiyama et al., 2005). Thus, 

RANKL probably triggers mTEC di�erentiation by activat-

ing NF-B pathways (Akiyama et al., 2012b), but the mo-

lecular events involved remain unknown.

The Ets transcription factor family member Spi-B (Ray 

et al., 1992) regulates plasmacytoid dendritic cell development 

and function, B cell antigen receptor signaling, early T cell lin-

eage decisions, and intestinal M cell development (Garrett-Sinha  

et al., 1999; Schotte et al., 2004; Dontje et al., 2006; Kanaya et al.,  

2012; Sasaki et al., 2012). The locus of human SPIB has also 

been associated with autoimmune primary biliary cirrhosis (Liu 

et al., 2010), implicating it in prevention of autoimmunity.

Here, we demonstrate that Spi-B links RANKL–NF-B 

signaling with up-regulation of several molecules expressed 

in mature mTECs, including CD80, CD86, some TSAs, and 

osteoprotegerin (OPG), the natural inhibitor of RANKL. 

Moreover, we show that Spi-B–mediated OPG expression in 

the thymus limits the development of mature mTECs via a 

negative feedback regulatory circuit that may facilitate im-

mune responses to tumors.

RESULTS
RANKL signaling up-regulates Spi-B expression  
in mTECs through an NIK-dependent pathway
We recently identi�ed candidate transcriptional regulators of 

mTEC development by microarray analysis (Ohshima et al., 

established mTEC line. Expression of Spib in the RANK-mTEC line at 2 h and at 2 d after RANKL stimulation was determined by qPCR. Values are normalized to 

Gapdh expression and further normalized to the control values. (E) The UEA-1+EpCAM+ CD45TER119 (mTEC fraction), UEA-1EpCAM+ CD45TER119 

(cTEC-rich fraction), and EpCAMCD45TER119 (non-TEC fraction) fractions were sorted from 6-wk-old C57BL/6 mice. The expression levels of Spib and 

Rank in each fraction were determined by qPCR. Values are arbitrary units normalized to Gapdh expression. (F) qPCR analysis of expression of Spib1 and 

Spib2, transcripts from two different promoters of Spib, in 2DG-FTOCs after 1–4 d of incubation with 1 µg/ml recombinant RANKL or before stimulation (day 0). 

Values are normalized to Gapdh expression and further normalized to the control values. (G) Expression of Spib1 and Spib2 in thymic stromal cells of adult 

mice. mTEC, cTEC-rich, and non-TEC fractions were sorted from 6-wk-old C57BL/6 mice. Expression levels of Spib1 and Spib2 in each fraction were deter-

mined by qPCR. Values are arbitrary units normalized to Gapdh expression. (H) Human and mouse Spib genes were compared using the VISTA algorithm. The 

arrowhead indicates the transcriptional start site for Spib1 (transcribed from Spib-P1). The CNS shows a conserved noncoding sequence upstream of the 

Spib1 initiation site. The black bars (Spib-P1 and Spib-P2) indicate the promoter regions isolated for the reporter assay. After RANK-mTECs were transfected 

with Spib-P1 luciferase reporter plasmid and a -galactosidase plasmid and stimulated with 1 µg/ml recombinant RANKL, luciferase activities were deter-

mined. The fold induction was calculated on the basis of the luciferase activity of unstimulated cells. (I) Overexpression of NIK or RelB complex, but not TRAF6, 

activates Spib-P1. HEK293T cells were transfected with expression vectors encoding NIK, TRAF6, or a combination of RelB and p50 together with a Spib-P1 

luciferase reporter plasmid or arti�cial NF-B promoter (3B) and a -galactosidase plasmid as an internal control for transfection ef�ciency. The 3B pro-

moter contains three typical NF-B–binding sites. The fold induction was calculated on the basis of the vector control sample. Representative data from three 

independent triplicate experiments are shown in the graphs. (J) RANKL-mediated Spib expression in 2DG-FTOCs is dependent on functional NIK. qPCR analysis 

of Spib expression in aly/+ and aly/aly 2DG-FTOCs at 4 d after incubation with 1 µg/ml recombinant RANKL was performed. Error bars represent mean ± one 

SD for three independent experiments (B–H and J) or triplicate experiments (I). *, P < 0.05; **, P < 0.01; and ***, P < 0.001 (Student’s t test).
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Figure 2. Spi-B limits development of mature mTECs and up-regulates CD80 and CD86 expression in mature mTECs. (A) Thymic stromal 

cells (CD45TER119) among total thymic cells of 3-wk-old WT and Spib/ mice were analyzed by staining with MHC II (I-A/I-E) antibody and UEA-1 

lectin, an mTEC marker (left). Flow cytometric data are summarized in the graphs. The percentages of MHC IIhiUEA-1+ (mTEChi), MHC IIloUEA-1+ (mTEClo), 

and UEA-1MHC II+ (mainly cTEC) cells among thymic stroma cells and their numbers in the thymus are shown. (B) 2DG-FTOC prepared from a 
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(Kajiura et al., 2004; Akiyama et al., 2008, 2012b). Therefore, 

we investigated the roles of Spi-B in mature mTEC develop-

ment in Spi-B–de�cient (Spib/) mice.

Spi-B limits development of mature mTECs but promotes 
CD80 expression in mature mTECs
Adult murine mTECs are classi�ed into subsets according  

to the expression levels of MHC II. mTECs expressing high 

MHC II levels (mTEChi) express a wide variety of TSAs 

(Kyewski and Klein, 2006; Anderson and Takahama, 2012) 

and are considered more mature than those expressing low 

MHC II (mTEClo) levels (Gray et al., 2007; Anderson et al., 

2009). Flow cytometry revealed that the numbers and fre-

quencies of total mTECs and mTEChi were signi�cantly in-

creased in the absence of Spi-B (Fig. 2 A), indicating that 

Spi-B is a negative regulator of mature mTEC development. 

To con�rm that expression of Spi-B in TECs, but not in 

thymocytes, is responsible for this phenotype, we transplanted 

2DG-FTOCs from Spib/ and WT fetal thymus into the 

kidney capsules of athymic nude mice. In these chimeric 

mice, the thymus comprises Spi-B–de�cient thymic stroma 

and thymocytes derived from nude mice. mTEChi numbers 

were signi�cantly increased in the developed thymus of mice 

receiving Spib/ 2DG-FTOCs (Fig. 2 B), indicating that 

Spi-B in thymic stromal cells limits the development of 

mTEChi cells.

We next investigated the expression of other mTEC 

marker proteins in Spib/ thymuses using �ow cytometry. 

The mTEChi subset includes Aire-expressing mTECs (Gray 

et al., 2007). Moreover, mTEChi cells express high levels  

of co-stimulatory molecules, such as CD80, CD86, PD-L1, 

and CD40 (Kyewski and Klein, 2006; Klein et al., 2009; 

Hinterberger et al., 2010). As expected, Aire expression levels 

in whole thymus were increased by the lack of Spi-B (Fig. 2 C). 

Consistently, the number and frequency of Aire-expressing 

mTECs were increased in Spib/ thymuses (Fig. 2 D), whereas 

Aire expression levels in Aire-expressing mTECs were slightly 

reduced by the absence of Spi-B (Fig. 2 E). Remarkably, 

CD80 expression was diminished in Spib/ mTEChi,  

and the nonepithelial stromal cell fraction (EpCAM;  

Fig. 1 E). These data were consistent with increased Spi-B 

expression after RANKL signaling in thymic RANK- 

expressing mTECs.

Next, we investigated the mechanisms regulating Spi-B 

expression that occur downstream of RANKL signaling. Pre-

vious studies showed that murine Spib is transcribed from  

two di�erent promoters (Chen et al., 1998), which can be 

discriminated using qPCR (Bartholdy et al., 2006). RANKL 

stimulation selectively induced 1 of the Spib transcripts (Spib1) 

in 2DG-FTOC (Fig. 1 F). Moreover, Spib1 expression was 

higher in mTECs than in other stromal cell fractions (Fig. 1 G). 

Thus, increased Spib expression in mTECs (Fig. 1 E) follows 

expression of Spib1 but not that of Spib2. Because RANKL 

signaling selectively activates the promoter that drives Spib1 

transcription, the genomic region containing the conserved 

noncoding sequence upstream of the Spib1 initiation site 

(Fig. 1 H) was linked to a luciferase gene for reporter assays 

(Spib-P1-luc). As expected, Spib-P1-luc was responsive to 

RANKL stimulation in the RANK-mTEC line (Fig. 1 H), 

suggesting that this region contains the promoter that drives 

Spib transcription.

Previous studies showed that the signal transducers TRAF6 

and NIK, which mediate classical and nonclassical NF-B ac-

tivation pathways, respectively, are required during RANKL-

mediated mTEC di�erentiation (Kajiura et al., 2004; Akiyama 

et al., 2005, 2008). Thus, we investigated whether overexpres-

sion of these two signal transducers activated Spib-P1 in cells. 

Interestingly, Spib-P1 was activated only in NIK-overexpressing 

cells (Fig. 1 I), whereas an arti�cial NF-B promoter (3B-

luc) was e�ectively activated by NIK or TRAF6 overexpres-

sion (Fig. 1 I). Induction of NIK activates the RelB complex 

(Thu and Richmond, 2010; Sun, 2012). Overexpression of 

the latter e�ectively activated the Spib-P1 promoter (Fig. 1 I). 

Moreover, a dysfunctional point mutation in Nik (aly/aly mu-

tation) markedly diminished RANKL-mediated Spib expres-

sion in 2DG-FTOCs (Fig. 1 J; Shinkura et al., 1999). Thus, 

these data suggested that Spib is a target gene of RANKL–

NIK–NF-B signaling that promotes mTEC development 

Spib/ or WT fetus (six lobes each) were transplanted into the kidneys of nude mice. The grafted thymuses were analyzed by �ow cytometry at 6 wk 

after transplantation. The numbers of MHC II+UEA-1+, MHC IIhiUEA-1+ (mTEChi), MHC IIloUEA-1+ (mTEClo), and UEA-1MHC II+ (mainly cTEC) cells in the 

transplanted thymuses are shown. (C) Expression levels of Aire in WT and Spib/ thymuses of 3-wk-old mice were determined by qPCR. Values are arbi-

trary units (A.U.) normalized to Gapdh expression. (D) Flow cytometric pro�les of Aire-expressing mTECs in WT and Spib/ TECs (left) in 3-wk-old 

mice. TECs (EpCAM+CD45TER119) were analyzed by staining with a combination of UEA-1 lectin and Aire antibody. The percentage of Aire+ mTECs 

among TECs and cell number of Aire+ mTECs in the thymus are shown in the graphs on the right. (E) Flow cytometric pro�les of Aire expression in 

Aire-expressing mTECs of 3-wk-old WT and Spib/ mice. Expression of Aire in Aire+UEA-1+EpCAM+CD45TER119 of WT and Spib/ mice was ana-

lyzed. Expression levels of Aire as means of �uorescence intensity (MFI) are summarized in the graph below. (F) Flow cytometric pro�les of Aire- 

expressing mTECs in WT and Spib/ TECs (left). TECs (EpCAM+CD45TER119) of 3-wk-old mice were analyzed by staining with a combination of 

CD80 and Aire antibodies. The percentage of Aire+CD80hi mTECs among TECs is shown in the graph on the right. (G) Flow cytometric pro�les of CD80 

expression in mTECs of 3-wk-old WT and Spib/ mice. Expression of CD80 in mTECs expressing high levels of MHC II (MHC IIhi) and mTECs expressing 

low levels of MHC II (MHC IIlo) of WT and Spib/ mice were analyzed. Expression levels of CD80 as means of �uorescence intensity are summarized in 

the graph on the right. (H) Flow cytometric pro�les of MHC II+CD86+ cells in mTECs (UEA-1+EpCAM+CD45TER119) of WT and Spib/ mice (left). 

The percentage of MHC IIhiCD86hi cells (left, rectangles) among mTECs is shown in the graph on the right. (I) Flow cytometric pro�les of PD-L1 and 

CD40 expression in mTECs expressing high levels of MHC II (MHC IIhi) of WT and Spib/ mice. Error bars represent mean ± one SD for four (A and D–H) 

or three (B and C) independent experiments. *, P < 0.05, **, P < 0.01; and ***, P < 0.001 (Student’s t test).
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Figure 3. Spi-B promotes expressions 
of decoy receptor OPG and thereby lim-
its mTEC development. (A) Expression of 

Opg, Rank, Ccl19, Spt1, Col2, and Csnb  

in mTECs sorted from the thymuses of 

Spib/ and WT mice was analyzed by 

qPCR. Salivary protein 1, collagen 2, and 

casein- are TSAs promiscuously expressed 

in mTECs. Values are arbitrary units (A.U.) 

normalized to Gapdh expression. Per ex-

periment, the mTECs were isolated and 

pooled from three WT or three Spib/ 

mice (3–4 wk old). (B) Thymic cryosections 

of 3-wk-old WT and Spib/ mice were 

immunostained with anti-OPG and UEA-1 

antibodies. White arrows indicate OPG 

expression. Figures are representatives of 

three independent experiments. Bars,  

200 µm. (C, left) qPCR analysis of Opg expres-

sion in 2DG-FTOCs at 4 d after incubation 

with 1 µg/ml recombinant RANKL (+RANKL) 

or without RANKL (control). For blocking 

experiments (+RANKL + RANKL-Fc), 5 µg/ml 

RANK-Fc was added to the culture medium. 

Values are arbitrary units normalized to 

Gapdh expression. (right) Expression of 

Opg in 2DG-FTOC at 1–4 d after incubation 

with 1 µg/ml recombinant RANKL (+RANKL) 

or before RANKL stimulation (day 0) was 

analyzed by qPCR. Values are normalized to 

Gapdh expression and further normalized 

to the control values. (D) qPCR analysis 

was performed to determine Opg expres-

sion levels in WT and Spib/ 2DG-FTOCs 

at 4 d after incubation with 1 µg/ml re-

combinant RANKL. Values are arbitrary 

units normalized to Gapdh expression.  

(E) DNA methylation analysis of Opg in the 

mTEC and EpCAM stromal cell fractions 

sorted from the thymuses of 3-wk-old 

Spib/ and WT mice. Each T-DMR contains 

four CpG sites. The DNA methylation status 

of CpGs in T-DMRs is indicated as open 

(unmethylated) and closed (methylated) 

circles. Percentages of unmethylated CpGs 

in T-DMR are indicated under each panel. 

T-DMRs and the transcription start site of 

Opg are schematically shown at the bottom 

of the panels. Data of methylated CpGs 

were obtained from three independent 

pairs of Spib/ and WT mice and are sum-

marized in the graphs on the right. (F) Typi-

cal �ow cytometric pro�les of TECs prepared 

from 3-wk-old Opg/ and Spib/Opg/ 

mice (C57BL/6 background). Flow cytomet-

ric analyses of Opg/ and Spib/Opg/ 

thymic stromal cells are summarized in the 

graphs. The percentage of MHC II+UEA-1+, 

MHC IIhiUEA-1+ (mTEChi), MHC IIloUEA-1+ (mTEClo), and UEA-1MHC II+ (mainly cTEC) cells among thymic cells and their cell numbers are shown. Red 

and green dotted lines indicate data from 3-wk-old Spib/ mice and WT mice, respectively. Error bars represent mean ± one SD for four (A and F) or 

three (C–E) independent experiments. *, P < 0.05, **, P < 0.01; and ***, P < 0.001 (Student’s t test).
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Figure 4. Spi-B–OPG system �ne-tunes 
mTEC development from neonates via nega-
tive feedback regulation. (A) Flow cytometric 

analysis of mTECs prepared from WT and Spib/ 

mice at E15.5 (WT, n = 9; and Spib/, n = 6;  

P > 0.05), at E17.5 (WT, n = 8; and Spib/, n = 8; 

P > 0.05), PN1 (WT, n = 7; and Spib/ mice, n = 9; 

P = 1.52 × 106), and PN8 (WT, n = 4; and Spib/, 

n = 5; P = 3.03 × 105). Typical �ow cytometric 

pro�les of MHC II (I-A/I-E) and UEA-1 lectin– 

positive cells, which are also EpCAM+, among  

thymic stroma cells (CD45+TER119) are shown. 

Percentages of mTECs among thymic stroma cells 

are summarized in the graph on the right.  

(B) Immunostaining of thymic sections from WT 

and Spib/ mice at E17.5, PN1, and PN8. Thymic 

cryosections were immunostained with keratin-5 

and UEA-1 lectin antibodies. Figures are represen-

tative of three independent experiments. Bars, 

200 µm. (C) Expression levels of Aire in whole 

thymus from WT and Spib/ mice at E17.5 (WT,  

n = 4; and Spib/, n = 3; P > 0.1), PN1 (WT, n = 7; 

and Spib/, n = 9; P = 7.4 × 104), and PN8 (WT,  

n = 4; and Spib/, n = 4; P = 0.045) were deter-

mined by qPCR. The values are arbitrary units (A.U.) 

normalized to 36B4 expression. (D) Flow cytomet-

ric pro�les of thymic cells prepared at E15.5 (WT,  

n = 5; and Opg/, n = 4; P > 0.5), E17.5 (WT,  

n = 8; and Opg/, n = 4; P = 0.0022), PN1 (WT, n = 8; 

and Opg/, n = 6; P = 4.91 × 108), and PN8 (WT, 

n = 8; and Opg/, n = 4; P = 1.94 × 108). Typical 

�ow cytometric pro�les of MHC II (I-A/I-E)– and 

UEA-1 lectin–positive cells, which are also EpCAM+ 

(not depicted), among thymic stroma cells 

(CD45+TER119) are shown on the left. Percent-

ages of mTECs among thymic stroma cells are 

summarized in the graph on the right. (E) Flow 

cytometric pro�les of thymic cells prepared at 

E15.5 (WT, n = 5; and Opg/, n = 4; P > 0.2), 

E17.5 (WT, n = 8; and Opg/, n = 4; P > 0.8), PN1 

(WT, n = 8; and Opg/, n = 6; P = 1.19 × 105), 

and PN8 (WT, n = 8; and Opg/, n = 4; P = 1.21 × 

107). Typical �ow cytometric pro�les of CD80- 

and UEA-1 lectin-positive cells, which are also 

EpCAM+ (not depicted), among thymic stroma cells 

(CD45+TER119) are shown on the left. Percent-

ages of CD80hi mature mTECs in thymic stroma 

cells are summarized in the graph on the right.  

(A and C–E) Black bars indicate mean values.  

(F) qPCR analysis of Opg in mature mTECs (CD-

80hiUEA-1+EpCAM+CD45TER119), immature 

mTECs (CD80loUEA-1+EpCAM+CD45TER119), 

and cTECs (CD80loUEA-1EpCAM+CD45TER119) 

sorted from thymuses of WT mice at PN1 (cTECs,  

n = 6; immature mTECs, n = 7; and mature mTECs, 

n = 5). Values are arbitrary units normalized to 

36B4 expression. Per experiment, the mTECs were isolated from three neonates and pooled for RNA preparation. (G) qPCR analysis of Opg in mature mTECs  

(CD80hiUEA-1+EpCAM+CD45TER119) sorted from thymuses of WT mice at E17.5 (n = 3), PN1 (n = 5), PN4 (n = 4), and PN14 (n = 4). Values are arbitrary units 

normalized to 36B4 expression. Per experiment, the mTECs were isolated from several embryos and neonates and pooled for RNA preparation. Error bars represent 

mean ± one SD. (H) qPCR analysis of Spib in immature mTECs (CD80loUEA-1+EpCAM+CD45TER119) and mature mTECs (CD80hiUEA-1+EpCAM+CD45TER119) 

sorted from thymuses of Opg/ and WT mice at PN1 (n = 3). Per experiment, mTECs were isolated from several neonates and pooled for RNA preparation. 

Values are arbitrary units normalized to 36B4 expression. (F and H) Error bars represent mean ± one SD for four independent experiments. *, P < 0.05, **, P < 0.01; 

and ***, P < 0.001 (Student’s t test).
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including Aire-expressing mTECs (Fig. 2, F and G). Moreover, 

mTECs expressing high levels of CD86 were signi�cantly re-

duced in Spib/ mice (Fig. 2 H). In contrast, expression of the 

other co-stimulatory molecules, PD-L1 and CD40, was not 

a�ected by the absence of Spi-B (Fig. 2 I), suggesting that  

Spi-B selectively up-regulates CD80 and CD86 among co-

stimulatory molecules in mTEChi cells. Altogether, these data 

demonstrated two distinct novel functions of Spi-B during 

mTEC development: Spi-B limits mature mTEC develop-

ment and promotes expression of co-stimulatory molecules 

CD80 and CD86 in mTECs.

Spi-B facilitates expression of OPG and some TSAs in mTECs
Because Spi-B may selectively regulate gene expression in 

mTECs, we subsequently identi�ed other genes that are regu-

lated by Spi-B in mTECs. We sorted mTEC fractions (EpCAM+ 

UEA-1+) from Spib/ and WT mice and investigated gene ex-

pression using qPCR. Indeed, expression of the TSAs Spt1 and 

Col2 was signi�cantly reduced in Spib/ mTEC fractions com-

pared with those in WT mTEC fractions (Fig. 3 A). Thus,  

Spi-B may facilitate the expression of some TSA members  

by an Aire-independent mechanism. Notably, the expression of 

OPG was signi�cantly reduced in Spib/ mTECs (Fig. 3 A), 

and reduced OPG protein expression was con�rmed by im-

munohistochemical staining of thymic sections (Fig. 3 B). 

OPG competitively inhibits RANKL–RANK interactions as a 

decoy receptor of RANKL (Leibbrandt and Penninger, 2008), 

thereby inhibiting mTEC development (Hikosaka et al., 

2008). Because this inhibitory e�ect (Fig. 2) may relate to  

reduced OPG expression, we further characterized Spi-B– 

dependent OPG expression in mTECs.

As expected, Opg mRNA expression was induced by 

RANKL signaling in 2DG-FTOCs (Fig. 3 C). RANKL stim-

ulation consecutively induced Spib and Opg expression (compare 

Fig. 3 C with Fig. 1 C). RANKL-dependent Opg expression 

was signi�cantly reduced in the absence of Spi-B in 2DG-

FTOCs (Fig. 3 D). These data suggested that RANKL sig-

naling up-regulates Spib expression and promotes expression 

of its own inhibitor, OPG, in mTECs.

Subsequently, we investigated the mechanism regulating 

Opg expression via Spi-B in mTECs. Because Spi-B overex-

pression did not activate the putative proximal promoter of 

Opg in reporter assays (not depicted), Spi-B was expected to 

control Opg transcription without directly binding to the prox-

imal promoter of the gene. Thus, we analyzed CpG methylation 

of Opg in sorted mTEC fractions. Initially, we observed two 

CpG-rich regions that were hypomethylated in mTECs com-

pared with EpCAM thymic stromal cells (Fig. 3 E), suggest-

ing that Opg is tissue-dependently and di�erentially methylated 

(Yagi et al., 2008) in these regions (referred to as tissue- 

dependently and di�erentially methylated region [T-DMR] #1 

and T-DMR#2). T-DMRs were hypermethylated in Spib/ 

mTECs compared with control mTECs (Fig. 3 E). Thus, Spi-B  

expression in mTECs leads to either demethylation of CpG 

sites or maintenance of their hypomethylated states in Opg, 

which may enhance Opg expression.

Moreover, we genetically veri�ed that enhancement of 

mTEC development in Spib/ mice was dependent on OPG 

expression. As reported earlier (Hikosaka et al., 2008), OPG-

de�cient (Opg/) mice showed enhanced development of 

mTECs (Fig. 3 F) compared with WT controls (Figs. 2 A and 

3 F [green lines]). Indeed, mTEC development was similar 

between Opg/ mice and Spi-B and OPG double-de�cient 

(Spib/Opg/) mice (Fig. 3 F). Thus, Spi-B does not attenu-

ate mTEC development in the absence of OPG, strongly sug-

gesting that the di�erence in mTEC development between 

WT and Spib/ mice was caused by di�erential expression 

of OPG.

Spi-B–mediated negative feedback regulation of RANKL 
signaling initiates perinatally, limiting mTEC development
Aire-expressing mTECs in the perinatal period are essential 

and su�cient for establishment of long-lasting self-tolerance 

(Guerau-de-Arellano et al., 2009). Therefore, we investigated 

mTEC development in embryonic and neonatal Spib/ mice. 

Flow cytometric analyses of embryonic day (E) 15.5, E17.5, 

postnatal day (PN) 1, and PN8 thymuses revealed incre-

mental development of mTECs (MHC II+UEA-1+) in 

Spib/ PN1 and PN8 mice, but not in E15.5 and E17.5 

mice (Fig. 4 A). Immunohistochemical analysis confirmed 

enhanced development of mTECs in postnatal Spib/ thy-

muses (Fig. 4 B). Moreover, Aire expression levels in mature 

mTECs were signi�cantly increased only in postnatal Spib/ 

thymuses (Fig. 4 C). Thus, negative regulation of mTEC  

development by Spi-B characteristically starts perinatally. Al-

though an increment in mTEC number in response to a lack 

of OPG has been reported only in adult mice (Hikosaka  

et al., 2008), OPG function in embryonic and neonatal mTEC 

development remained unknown. We therefore investigated 

whether OPG attenuates mTEC development in a develop-

mental stage–dependent manner, similar to Spi-B. Indeed, 

mTEC development was not in�uenced by OPG de�ciency 

in E15.5 thymuses and minimally enhanced in E17.5 Opg/ 

thymuses (Fig. 4 D). In contrast, mTEC development was 

markedly enhanced in PN1 and PN8 Opg/ mice (Fig. 4 D). 

In embryonic and neonatal thymus, CD80 is a more expedi-

ent marker for mature mTECs than MHC II. Consistently, 

CD80hi mature mTECs were increased in Opg/ PN1 and 

PN8, but not in E15.5 and E17.5 mice (Fig. 4 E). Overall, 

these data suggested that the negative regulation of mature 

mTEC development by the Spi-B–OPG system is initiated 

perinatally. We subsequently identi�ed the stromal cell type 

that expresses Opg using qPCR. We found that Opg is ex-

pressed in CD80hi mature mTECs in PN1 mice (Fig. 4 F). 

Interestingly, Opg expression levels in mature mTECs were 

signi�cantly up-regulated perinatally and plateaued in neona-

tal thymuses (Fig. 4 G). This may explain the stage-dependent 

negative regulation of mTEC development by OPG and im-

plies a qualitative change in mature mTECs during the peri-

natal period.

We con�rmed the RANKL–RANK–Spi-B–OPG–

RANKL feedback loop in the perinatal period. Given that 
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Figure 5. OPG attenuates TSA expressions and frequency of T reg cells in the thymus. (A) Expression of Aire, Spt1, Col2, and Csnb in the whole 

thymus of Opg/ and WT mice was analyzed by qPCR. *, P < 0.05; and **, P < 0.01 (Student’s t test). Values are arbitrary units (A.U.) normalized to Gapdh 

expression. Error bars represent mean ± one SD for three independent experiments. (B) Flow cytometric analysis of thymocytes of WT and Opg/ mice at 

PN1 (WT, n = 3; and Opg/, n = 3), PN3 (WT, n = 8; and Opg/, n = 5), PN8 (WT, n = 6; and Opg/, n = 6), and PN18 (WT, n = 5; and Opg/, n = 5). 



2434 Negative feedback regulation of thymic tolerance | Akiyama et al.

Typical �ow cytometric pro�les at PN18 are shown on the left. Percentages of Foxp3+CD25+ in CD4SP are summarized in the graph on the right. P-values 

were determined by Student’s t test between Opg/ and WT mice: **, P < 0.01; ***, P < 0.001 (P = 3.6 × 104 at PN8 and P = 4.6 × 103 at PN18). Error 

bars represent mean ± one SD. T reg cell numbers are shown in the graphs below. P-values were determined by Student’s t test between Opg/ and WT 

mice: **, P < 0.01 (P = 0.052 at PN8 and P = 4.2 × 103 at PN18). (C) Flow cytometric analysis of thymocytes of WT and Opg/ mice at PN20 (WT, n = 8; 

and Opg/, n = 8). The percentages of GITR+CD25+ in Foxp3CD4SP and numbers of GITR+CD25+Foxp3CD4SP are summarized in the graphs. P-values 

were determined by Student’s t test between Opg/ and WT mice: *, P = 0.036; ***, P = 8.1 × 104. (D) mTECs and T reg cells of in vitro FTOC from WT 

and Opg/ mice were analyzed by �ow cytometry. Percentages of mTECs in stroma cells (CD45TER119) and T reg cells in CD4SP cells and numbers of 

mTECs and T reg cells per thymic lobe in WT and Opg/ FTOC are summarized in the graphs (WT FTOC, n = 4; and Opg/ FTOC, n = 3). The fetal thy-

muses of WT or Opg/ mice were cultured for 7 d. Per experiment, FTOCs from three to four embryos were pooled. Cell numbers per thymic lobe were 

exhibited in graphs. P-values were determined by Student’s t test between Opg/ and WT mice: *, P = 0.036 for Foxp3+ Treg; *, P = 0.013 for mTEC;  

***, P = 1.3 × 104 for Foxp3+ Treg; and ***, P = 4.1 × 104 for mTEC. (E) 2DG-FTOCs prepared from Opg/ or WT fetuses were transplanted into the kid-

ney of nude mice (Opg//nude or WT/nude). The grafted thymuses and spleen were analyzed by �ow cytometry 8 wk after transplantation. Typical �ow 

cytometric pro�les are shown at the top. The ratios of CD4SP cells to total thymocytes, Foxp3+CD25+ cells to CD4SP cells, CD4+ and CD8+ T cells to sple-

nocytes, and Foxp3+CD4+ T cells to splenocytes are summarized in the graphs (WT/nude, n = 4; and Opg//nude, n = 3). P-values were determined by 

Student’s t test between Opg/ and WT mice: *, P < 0.05. (B–E) Black bars indicate mean values.

 

such a negative feedback loop exists, the absence of OPG 

would enhance Spi-B expression in mTECs by increasing 

RANKL signaling. Indeed, Spi-B expression was signi�cantly 

enhanced in Opg/ mTECs at PN1 (Fig. 4 H). Interestingly, 

Spi-B was expressed in both CD80lo immature mTECs and 

CD80hi mature mTECs (Fig. 4 H) and was also up-regulated 

in the absence of OPG in both mTEC types, suggesting that 

RANKL signaling rapidly induces Spi-B in immature mTECs 

before promoting di�erentiation into mature mTECs. Cu-

mulatively, these data strongly suggested that Spi-B–mediated 

Opg expression attenuates the development of mTECs by a 

negative feedback regulation of RANKL signaling.

Thymic stromal OPG attenuates cellularity  
of T reg cells in the thymus
We subsequently determined whether this negative regula-

tion via RANKL–Spi-B–OPG in�uences mTEC-mediated 

thymic functions. We investigated the e�ects of abolishing 

this negative feedback loop in Opg/ mice rather than Spib/ 

mice because Spi-B reduces expression of CD80, CD86, and 

some TSAs in mTECs (Figs. 3 and 4). As reported earlier 

(Khan et al., 2014), expression levels of TSAs and Aire were 

signi�cantly increased in Opg/ thymuses (Fig. 5 A). Be-

cause mature mTECs promote T reg cell development as 

self-antigen–presenting cells (Hinterberger et al., 2010; Lei  

et al., 2011; Cowan et al., 2013; Malchow et al., 2013) and 

an increase in mTEC cellularity enhances thymic T reg cell 

development (Hauri-Hohl et al., 2014), we investigated 

whether OPG de�ciency facilitates T reg cell development in 

the thymus. Indeed, numbers and frequency of Foxp3+ T reg 

cells were signi�cantly increased in thymuses of neonatal and 

young Opg/ mice (Fig. 5 B). Moreover, the frequency of 

thymic T reg cell precursors (CD4+CD8Foxp3GITR+CD

25+; Lio and Hsieh, 2008) was increased in Opg/ thymuses 

(Fig. 5 C). In vitro FTOC experiments in which mTECs and 

T reg cells develop by endogenous signaling suggested that 

the increase in T reg cells by OPG de�ciency is caused in  

a thymus-intrinsic manner (Fig. 5 D). Fetal thymic stroma 

transplantation experiments indicated that OPG de�ciency in 

thymic stromal cells caused an increment of T reg cell frequency 

in thymuses, whereas the increase in splenic T reg cells was 

not signi�cant (Fig. 5 E). Overall, these data supported the 

idea that negative feedback regulation via RANKL–Spi-B–

OPG attenuates mTEC-mediated thymic generation of T reg  

cells, although it is possible that more T reg cells are retained 

in the Opg/ thymus.

Thymic stromal OPG attenuates tumor incidence and growth 
and facilitates humoral immune responses to tumors
Because negative feedback regulation of mTEC development 

via RANKL–Spi-B–OPG is initiated perinatally (Figs. 4 and 5), 

establishing long-term self-tolerance by Aire-expressing 

mTECs (Guerau-de-Arellano et al., 2009), we investigated 

the role of this negative regulation in modulation of immu-

nological tolerance in vivo. Recent studies suggested that 

Aire-expressing mTECs impede antitumor immunity (Träger 

et al., 2012; Malchow et al., 2013; Zhu et al., 2013). Therefore, 

we speculated that this feedback regulation may contribute to 

antitumor immunity by attenuating mTEC-dependent toler-

ance to tumor-derived antigens. We tested this hypothesis  

in mouse carcinogen-induced tumor and tumor transplanta-

tion models. To exclude any other e�ects caused by increased 

RANKL activity, we initially adoptively transplanted Opg/ 

2DG-FTOCs (BALB/c) into kidney capsules of BALB/c nude 

mice (Leibbrandt and Penninger, 2008; Akiyama et al., 2012a). 

A limited dose of the carcinogenic polycyclic aromatic hy-

drocarbon, methylcholanthrene (MCA), was injected into 

chimeric nude mice that had received Opg/ 2DG-FTOCs 

(Opg//nude) and control mice that had received WT 2DG-

FTOCs. Tumor incidence was signi�cantly increased in 

Opg//nude mice compared with control mice (Fig. 6 A), 

indicating that thymic stromal OPG limits MCA-dependent 

tumor incidence in vivo.

After congenic mouse tumor cells were subcutaneously 

transferred into nude recipients, tumor growth was signi�-

cantly increased in Opg//nude compared with WT/nude 

mice (Fig. 6 B). Tumor-in�ltrating T cells were reduced in  

tumors of Opg//nude mice (Fig. 6 C). In addition, T reg 

cell numbers were signi�cantly increased in the draining 

lymph nodes of these mice (Fig. 6 D). Titers of antitumor cell 
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WT/nude control mice (Fig. 6 E), suggesting weaker humoral 

immune responses to tumors in the former. Notably, the kinds 

of tumor-derived proteins recognized by serum antibodies 

antibodies evoked by tumor cell transplantation (determined 

by immunochemistry) were decreased in the serum of tumor-

transplanted Opg//nude mice compared with those in 

Figure 6. OPG expressed in thymic stro-
mal cells attenuates tumor development 
and growth. (A) Chimeric nude mice receiv-

ing Opg/ or WT 2DG-FTOCs were examined 

once a week for tumor development after 

MCA injection. The red line indicates the  

tumor-free rate of the chimeric nude mice 

receiving Opg/ 2DG-FTOCs (n = 14), and the 

black line indicates that of chimeric mice 

receiving WT 2DG-FTOCs (n = 13). P = 0.033: 

log-rank test between Opg/ and WT chime-

ric mice sets regarding the tumor-free rate. 

(B) Tumor cells (Meth A; female, BALB/c back-

ground) were subcutaneously transferred  

to nude mice receiving Opg/ (tumor → 

Opg//nude; n = 7) or WT 2DG-FTOCs (tumor 

→ WT/nude; n = 11). The left panel shows a 

typical image of tumors that developed in 

these mice. Tumor volumes were measured on 

days 10, 12, and 15 (middle graph) after  

tumor transfer. Asterisks indicate statistical 

signi�cance: *, P < 0.05 (Student’s t test). 

Error bars represent one SEM. Tumor weight 

was measured after sacri�cing the mice (right 

graph; asterisk indicates signi�cant difference 

by Mann–Whitney U test: *, P < 0.05).  

(C) Tumors developed from Meth A cells were 

analyzed. Tumor-in�ltrating lymphocytes in 

nude mice receiving Opg/ (tumor → 

Opg//nude) or WT 2DG-FTOC (tumor → 

WT/nude) were analyzed by �ow cytometry. 

The number of CD4+ T and CD8+ T cells in 1 g 

of tumor from nude mice receiving Opg/ 

2DG-FTOCs (tumor → Opg//nude) and WT 

2DG-FTOCs (tumor → WT/nude) was deter-

mined on day 15 after tumor cell (Meth A) 

transfer. Asterisks indicate statistical signi�-

cance: *, P < 0.05 (Student’s t test). Error bars 

represent mean ± one SD for the indicated 

number of independent experiments (WT,  

n = 5; and KO, n = 4). (D) The ratio of 

Foxp3+CD25+ cells to CD4+ cells in the lymph 

nodes of nude mice receiving Opg/ (tumor 

→ Opg//nude) or WT 2DG-FTOCs (tumor → 

WT/nude) was determined on day 15 after 

tumor cell (Meth A) transfer. Asterisks indicate 

statistical signi�cance: **, P < 0.01 (Student’s 

t test). Error bars represent mean ± one SD for the indicated number of independent experiments (WT, n = 11; and KO, n = 7). (E) Serum antibodies ob-

tained from the nude mice receiving Opg/ (tumor → Opg//nude) or WT 2DG-FTOCs (tumor → WT/nude) were analyzed for tumor reactivity after 

tumor cell (Meth A) transfer. Meth A cells were immunostained with mouse sera (left: green, sera; red, propidium iodide for nuclear staining). Immuno-

staining data of Meth A with sera from tumor-transplanted mice are shown in the two top panels. Immunostaining data with WT/nude sera (without 

tumor transplantation) and nude sera (without transplantation of 2DG-FTOCs and tumor) are shown in bottom panels. Data are representative of three 

independent experiments. Western blot analysis of Meth A cell lysate using the serum from tumor → Opg//nude or WT tumor → WT/nude mice (middle). 

Cell numbers of Meth A loaded as cell lysate are indicated at the top of the panels. Data are representative of three independent experiments. Arrows 

indicate protein bands that were reduced or disappeared in Western blots using sera of Opg//nude mice receiving tumors. Molecular masses (kilodal-

tons) are indicated between the two panels. The intensity of each band indicated by a green arrow was quanti�ed and normalized to tubulin levels (right 

graph). Error bars represent mean ± one SD for three independent experiments. *, P < 0.05 (Student’s t test). Bars: (B) 1 cm; (E) 50 µm.
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MATERIALS AND METHODS

Mice. Spib/ mice were established on a C57BL/6 background (Sasaki  

et al., 2012). The C57BL/6, BALB/cA, BALB/cA nude/nude, aly/+, and 

aly/aly mice were obtained from CLEA Japan. The Opg/ mice have been 

described previously (Mizuno et al., 1998). The Opg/ mice on a BALB/cA 

background were prepared by backcrossing with BALB/cA mice for 10 gen-

erations. Littermates or age-matched WT mice from the same colonies as the 

mutant mice were used as controls. All mice were maintained under speci�c 

pathogen–free conditions and were handled in accordance with the Guide-

lines for Animal Experiments of the Institute of Medical Science, The Uni-

versity of Tokyo (Tokyo, Japan). E0.5 was de�ned as the �rst morning a 

vaginal plug was observed. Pregnant female mice were checked every morn-

ing and evening, and discovery of new pups was marked as day 1.

Antibodies and reagents. Rabbit anti–mouse keratin-5 antibody was pur-

chased from Covance. Biotinylated UEA-1 was obtained from Vector Labo-

ratories. The APC-Cy7–conjugated rat anti–mouse CD45, PE-Cy7–conjugated 

TER119, and PE-conjugated anti–mouse EpCAM (G8.8) antibodies were 

obtained from BD or BioLegend. The PE-conjugated rat anti-CD45, PE-

conjugated mouse TER-119, FITC-conjugated mouse MHC II (M5/114.15.1), 

and APC-conjugated Aire antibodies were obtained from eBioscience. PE-

conjugated CD80, CD86, CD40, and PD-L1 antibodies, puri�ed anti–mouse 

CD16/32, FITC-conjugated ant–mouse EpCAM (G8.8), APC-Cy7– 

conjugated CD4, PE–Cy-7–conjugated CD8, and APC-conjugated GITR 

antibodies were obtained from BioLegend. PE-conjugated CD8, FITC- 

conjugated CD4, and FITC-conjugated CD3e antibodies were obtained from 

BD. PE-conjugated anti-Foxp3 (FJK-16s) was purchased from eBioscience. 

7-aminoactinomycin D and recombinant mouse RANKL were purchased 

from Wako Pure Chemical Industries. Anti–mouse OPG antibody was  

purchased from R&D Systems. A RANK-Fc chimera was obtained from 

Sigma-Aldrich. Alexa Fluor 546–conjugated streptavidin and Alexa Fluor 

488–conjugated anti–rabbit IgG were obtained from Invitrogen.

Flow cytometric analysis and cell sorting. Whole thymus was used to 

prepare a single-cell suspension by digestion in RPMI 1640 medium contain-

ing collagenase/disperse (Roche) and DNase I (Sigma-Aldrich). Dead cells 

were excluded from the analysis after 7-aminoactinomycin D staining. After 

the Fc-receptor was blocked with CD16/32 antibody, the cells were stained 

with the indicated antibodies. For the analysis of T reg cells, thymocytes were 

prepared and used for nuclear staining according to the supplier’s protocol 

(Foxp3 staining bu�er set; eBioscience) and analyzed using a �uorescence- 

activated cell sorter (Epics XL [Beckmann Coulter] or Canto II [BD]). The 

single-cell suspension was separated using a Percoll gradient to obtain a TEC-

rich fraction, which was stained with anti-CD45, anti–TER-119, anti-

EpCAM, and UEA-1 antibodies and sorted using a cell sorter (Aria; BD).

FTOC. Thymic lobes were isolated from E15 embryos and were cultured on 

Nucleopore �lters (Whatman) placed in R10 medium containing RPMI 1640 

(Invitrogen) supplemented with 10% FBS (Equitech-Bio), 2 mM l-glutamine 

(Wako Pure Chemical Industries), 100 U/ml penicillin (Banyu Pharmaceutical), 

100 µg/ml streptomycin (Meiji Seika Kaisha), and 50 µM 2-mercaptoethanol 

(Wako Pure Chemical Industries). FTOCs proceeded for 7 d and were  

subsequently analyzed by �ow cytometry to investigate mTEC and T reg cell 

development in vitro. To isolate fetal thymic stromal (2DG-FTOC) cells,  

thymic lobes were cultured in the presence of 1.35 mM 2DG (Sigma-Aldrich) 

for 4 d. In some experiments, the 2DG-FTOC cells were further cultured in 

R10 with 1 µg/ml recombinant RANKL. For the blocking experiments, a 

RANK-Fc chimera (5 µg/ml) was added to the medium. For each day indi-

cated after ligation, 2DG-FTOC was recovered and used for the analyses. For 

the transplantation experiments, the 2DG-FTOC was further cultured for 1 d 

without 2DG to eliminate 2DG before transplantation.

Transplantation of 2DG-FTOC into nude mice and tumor develop-

ment. 2DG-FTOCs (six lobes each) were transplanted to the kidney cap-

sule of 6-wk-old female nude mice. For tumor transfer experiments, Meth 

upon Western blotting were also reduced in tumor-transplanted 

Opg//nude mice (Fig. 6 E, arrows), implying that TCR 

repertoires against tumor-derived proteins were decreased by 

the absence of OPG in thymic stroma. Thus, OPG expression 

in thymic stromal cells enhances immune responses to and 

limits the growth of tumors. These data further indicated that 

negative regulation via RANKL–Spi-B–OPG �ne-tunes in-

duction of mTEC-mediated tolerance and may ensure immune 

responses to tumors.

DISCUSSION
Although RANKL signaling is known to trigger di�erentia-

tion of mature mTECs, molecular events linking RANKL 

signaling to the expression of molecules regulating mTEC 

functions have been largely unexplored. Here, we demon-

strated that Spi-B expression links RANKL–NF-B signaling 

with the expression of CD80, CD86, some TSAs, and OPG, 

implying a key regulatory role for Spi-B in mTECs. Interest-

ingly, Spi-B de�ciency did not a�ect the expression of Aire, 

MHC II, PDL1, or CD40, which are up-regulated in mature 

mTECs. This suggests that other unidenti�ed mechanisms 

must regulate the expression of these molecules downstream 

of RANKL–NF-B signaling.

Spi-B regulates high expression of CD80 and CD86 in 

mature mTECs, suggesting its positive role in mTEC-mediated 

function. Interestingly, Spi-B, CD80, and NF-B1 have been 

associated with primary biliary cirrhosis (Liu et al., 2010; 

Mells et al., 2011), implying that Spi-B–mediated CD80  

expression is correlated to the onset of autoimmunity.

Regulation of gene expression by Spi-B in mTECs re-

mains unclear. However, the nearest homologue of Spi-B, 

PU.1, reportedly induces nucleosome remodeling and H3K4 

monomethylation (Heinz et al., 2010). These epigenetic 

events are usually associated with changes in DNA methyla-

tion ( Jones and Baylin, 2007). Given that Spi-B promotes 

demethylation of T-DMRs in Opg, Spi-B may exert epige-

netic controls over gene expression in mTECs. Genome-wide 

epigenetic and expression studies of Spib/ mTECs may 

verify this hypothesis in future.

The mechanisms that activate self-tolerance by mTECs 

require stochastic encounters between self-reactive T cells 

and mature mTECs or dendritic cells that receive TSAs from 

mTECs. This mechanism may be inherently imperfect  

(Bouneaud et al., 2000) because of its stochasticity. The neg-

ative feedback regulation described herein ensures inadequacy 

of mTEC-dependent tolerance and could mediate detrimen-

tal e�ects by increasing the prevalence of autoreactive T cells. 

However, our data suggest that this negative regulation may 

contribute to tumor immunity and may optimize the trade-

o� between prevention of autoimmunity and induction of 

tumor immunity. Future analyses of this regulatory mecha-

nism will promote understanding of tumor immunosurveil-

lance and may lead to the development of new therapeutic 

approaches for cancer.
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