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研究成果の概要（和文）：近年、我々は関節リウマチ(RA)患者におけるトシリズマブ治療の前後でCD4陽性T細胞
内で発現が減弱する遺伝子としてBcl-3を同定した。本研究ではBcl-3のRA発症における役割を明らかにすること
を目的とし、以下の実験結果を得た。Bcl-3を強制発現させたCD4陽性T細胞での遺伝子発現を網羅的に解析した
ところ、濾胞ヘルパーT細胞(TFH細胞)分化誘導におけるマスター転写因子であるBcl-6の発現が増強された。
Bcl-3を強制発現させたCD4陽性T細胞はTFH細胞に分化した。以上よりBcl-3はTFH細胞分化に重要な働きをするこ
とでRA発症に関与していることが示唆された。

研究成果の概要（英文）：We have previously shown that expression of the Bcl-3 gene is down-regulated
 in CD4+ T cells from patients with rheumatoid arthritis (RA) following tocilizumab therapy. The 
objective of this study was to examine the role of Bcl-3 in the pathogenesis of RA.  We examined the
 roles of IL-6 signaling in the induction of Bcl-3. We analyzed the gene expression profiles of 
Bcl-3-transduced CD4+ T cells by RNA sequencing. The effects of enforced expression of Bcl-3 on the 
development of follicular helper T (Tfh) cells were evaluated. IL-6 induced Bcl-3 expression in CD4+
 T cells in a STAT3-dependent manner. Transcriptome analysis revealed that the expression of Bcl-6, 
a master regulator of Tfh cell differentiation, was significantly up-regulated by the enforced Bcl-3
 expression. The enforced Bcl-3 expression increased the numbers of IL-21-producing Tfh-like cells. 
Bcl-3 is involved in the development of Tfh cells and the pathogenesis of RA, presumably by inducing
 IL-21 production.

研究分野： リウマチ学

キーワード： 関節リウマチ　Bcl-3　Bcl-6　濾胞ヘルパーT細胞
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１．研究開始当初の背景 
近年、我々は関節リウマチ(RA)患者における
トシリズマブ治療の前後で CD4 陽性 T 細胞
内で発現が減弱する遺伝子として Bcl-3 を同
定したが、Bcl-3 の RA 発症における役割に
ついては不明であった。 
 
２．研究の目的 
本研究では Bcl-3 の CD4 陽性 T 細胞におけ
る役割と RA発症における役割を明らかにす
ることを目的とした。 
 
３．研究の方法 
(1)	IL-6 刺激により CD4 陽性 T 細胞内で
Bcl-3が発現誘導されるかqPCR法とウェスタ
ンブロッティング法で検討した。	
	
(2)	マウスナイーブ CD4 陽性 T細胞にレトロ
ウイルスを用いて Bcl-3 を強制発現させたと
き、発現誘導される遺伝子群を RNA シークエ
ンシング法を用いて網羅的に解析した。	
	
(3)	Bcl-3 と Bcl-6 プロモーターとの結合を
ChIP-qPCR にて解析した。	
	
(4)	Bcl-3 による Bcl-6 プロモーター活性化
をルシフェラーゼアッセイにより検討した。	
	
(5)	Bcl-3 による濾胞ヘルパーT 細胞分化に
おける役割を解析した。	
	
	
４．研究成果	
(1)	IL-6/STAT3 シグナルによる Bcl-3 の発現
誘導	

	 C57/BL6 マウス脾臓よりナイーブ CD4 陽性
T 細胞を単離し、IL-6 刺激により Bcl-3 が発
現誘導されるか否かを抗 Bcl3 抗体用いたウ
エスタンブロッティング法により検討した
(図１)。コントロールの HSP90a/b は IL-6 刺

激前後で同程度発現していたが、Bcl3 は IL-6

刺激により有意に発現上昇が認められた。	
	 次に IL-6 シグナルの下流分子である	
STAT3 が Bcl-3 に関与しているか否か明らか
にするために STAT3 欠損マウス脾臓よりナイ
ーブ CD4 陽性 T 細胞を単離し、IL-6 刺激によ
り Bcl-3 が発現誘導されるか否かを qPCR 法
により検討した(図２)。野生型マウス由来
CD4 陽性 T 細胞では IL-6 刺激により
Bcl-3mRNA の発現誘導が認められたが、STST3
欠損マウス由来 CD4 陽性 T 細胞においては、
野生型由来 CD4 陽性 T 細胞でみられた IL-6
刺激による Bcl-3mRNA 発現増強が認められな
かった(図２)。以上の結果より CD4 陽性 T 細
胞内 Bcl-3 は IL-6/SATAT3 シグナルによって
発現誘導されていることが示唆された。この
結果は、RA 患者におけるトシリズマブ治療
の前後で CD4 陽性 T 細胞内 Bcl-3 の発現が
減弱することと一致していた。	
	
(2)	CD4 陽性 T 細胞内で Bcl-3 に発現誘導さ
れる遺伝子群の網羅的解析		
	
	 CD4 陽性 T 細胞における Bcl-3 の役割を明
らかにするために C57/BL6 マウス脾臓よりナ
イーブ CD4 陽性 T 細胞を単離し、レトロウイ
ルスを用いて Bcl-3 を強制発現させたとき、
発現誘導される遺伝子群を RNA シークエンシ
ング法を用いて網羅的に解析した(図３)。	
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Illumina HiSeq 1500 system using a TruSeq Rapid SBS kit
(Illumina) in a 50-base single-end mode. Messenger RNA
(mRNA) profiles were calculated with Cufflinks software and
expressed as fragments per kilobase of exon model per million
mapped fragments (FPKM). An MA plot was obtained based
on log-intensity ratios (M values) and the log-intensity means
(A values) of all transcripts in MIT-infected CD41 T cells and
in MIT-Bcl-3–infected CD41 T cells. Genes that were up-
regulated or down-regulated by the enforced expression of
Bcl-3 in CD41 T cells were determined by DEseq software
(26).

Isolation of Tfh cells. C57BL/6 mice were injected
intraperitoneally with 100 ml of sheep red blood cells (Inter-
Cell Technologies). Seven days after the injection, PD-
11CXCR51CD41 T cells (Tfh cells) and PD-1–CXCR5–
CD44highCD41 T cells (non-Tfh cells) were isolated from
splenocytes in a FACSAria cell sorter (Becton Dickinson).
The resultant cells were at least .90% pure for each cell pop-
ulation, by FACS analysis.

Antigen-specific Tfh cell induction in mice. CD41 T
cells (5 3 106) from OT-II–transgenic mice were transferred
intravenously to TCRb/d-deficient mice. Three days later, the
mice were immunized intraperitoneally with 100 mg of NP-
OVA (Bioresearch Technologies).

Statistical analysis. Data are summarized as the
mean 6 SD. Statistical analysis was performed with unpaired
t-test, paired t-test, or Spearman’s rank correlation coefficient,
as appropriate. P values less than 0.05 were considered
significant.

RESULTS

High level of Bcl-3 expression in CD41 T cells
from RA patients and correlation with levels of IL-6. Our
previous study of gene expression profiles in CD41 T
cells before and after tocilizumab treatment in RA
patients with a good clinical response to treatment identi-
fied Bcl-3 as a representative gene that is down-regulated
by tocilizumab therapy (15). To assess the roles of Bcl-3
expressed in CD41 T cells from RA patients, we first
examined the expression levels of Bcl-3 in CD41 T cells
from untreated RA patients (n 5 20) and healthy con-
trols (n 5 11) by DNA microarray analysis.

Bcl-3 signals were significantly higher in untreated
RA patients than in healthy controls (P , 0.01) (Figure
1A). In addition, there was a positive correlation between
Bcl-3 signals and serum IL-6 levels in the RA patients
(r 5 0.71, P 5 0.01; n 5 12) (Figure 1B). Among the RA
patients with a good clinical response to biologic
DMARD therapy, the Bcl-3 signals were decreased in
those treated with tocilizumab (n 5 12; P , 0.01) but not
in those treated with TNF inhibitors (n 5 8) or abatacept
(n 5 7) (Figure 1C). Moreover, there was a positive cor-
relation between the decrease in Bcl-3 signal and the
decrease in disease activity as estimated by the Simplified
Disease Activity Index (SDAI) following treatment with
tocilizumab (r 5 0.603, P 5 0.038; n 5 12) but not with

TNF inhibitors (r 5 0.233, P 5 0.546; n 5 8) or abatacept
(r 5 20.146, P 5 0.754; n 5 7) (Figure 1D). These results
suggest that Bcl-3 is highly expressed in CD41 T cells
from RA patients and that its expression is correlated
with the levels of IL-6.

IL-6/STAT-3 signaling induction of Bcl-3 expres-
sion in CD41 T cells. To further examine the role of
IL-6 signaling in the expression of Bcl-3 in CD41 T
cells, we examined the effect of IL-6 on Bcl-3 expression
in isolated CD41 T cells. As shown in Figures 2A and
B, IL-6 up-regulated Bcl-3 expression at the protein lev-
el in TCR-stimulated murine CD41 T cells as well as in
human CD41 T cells obtained from healthy subjects.

Given that STAT-3 plays important roles in IL-
6–mediated gene induction (27), we next examined the
role of STAT-3 in IL-6–induced Bcl-3 expression by

Figure 2. Interleukin-6 (IL-6)/STAT-3 signaling–induced Bcl-3 expres-
sion in CD41 T cells. A and B, Naive CD41 T cells were isolated from
C57BL/6 mice as described in Materials and Methods and were stimulated
for 48 hours with anti-CD3/anti-CD28 monoclonal antibody (mAb) in the
presence or absence of IL-6 (A). Human CD41 T cells were isolated as
described in Materials and Methods and were stimulated for 5 hours with
IL-6 (B). Whole-cell extracts from each source were subjected to immuno-
blotting with the indicated antibodies. Shown are representative blots
obtained from 1 of 4 independent experiments. C and D, Naive CD41 T
cells were isolated from the spleen of T cell–specific STAT-3–/– mice
(CD4-Cre/STAT-3fl/fl mice) or control STAT-31/1 mice (STAT-3fl/fl mice)
as described in Materials and Methods and were left unstimulated or were
stimulated for 3 hours with IL-6 (C) or for 48 hours with anti-CD3/anti-
CD28 mAb in the presence or absence of IL-6 (D). The levels of Bcl-3
expression were evaluated by quantitative polymerase chain reaction ana-
lysis. Values are the mean 6 SD of 4 mice per group. * 5 P < 0.05; ** 5 P
< 0.01. NS 5 not significant.
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Illumina HiSeq 1500 system using a TruSeq Rapid SBS kit
(Illumina) in a 50-base single-end mode. Messenger RNA
(mRNA) profiles were calculated with Cufflinks software and
expressed as fragments per kilobase of exon model per million
mapped fragments (FPKM). An MA plot was obtained based
on log-intensity ratios (M values) and the log-intensity means
(A values) of all transcripts in MIT-infected CD41 T cells and
in MIT-Bcl-3–infected CD41 T cells. Genes that were up-
regulated or down-regulated by the enforced expression of
Bcl-3 in CD41 T cells were determined by DEseq software
(26).

Isolation of Tfh cells. C57BL/6 mice were injected
intraperitoneally with 100 ml of sheep red blood cells (Inter-
Cell Technologies). Seven days after the injection, PD-
11CXCR51CD41 T cells (Tfh cells) and PD-1–CXCR5–
CD44highCD41 T cells (non-Tfh cells) were isolated from
splenocytes in a FACSAria cell sorter (Becton Dickinson).
The resultant cells were at least .90% pure for each cell pop-
ulation, by FACS analysis.

Antigen-specific Tfh cell induction in mice. CD41 T
cells (5 3 106) from OT-II–transgenic mice were transferred
intravenously to TCRb/d-deficient mice. Three days later, the
mice were immunized intraperitoneally with 100 mg of NP-
OVA (Bioresearch Technologies).

Statistical analysis. Data are summarized as the
mean 6 SD. Statistical analysis was performed with unpaired
t-test, paired t-test, or Spearman’s rank correlation coefficient,
as appropriate. P values less than 0.05 were considered
significant.

RESULTS

High level of Bcl-3 expression in CD41 T cells
from RA patients and correlation with levels of IL-6. Our
previous study of gene expression profiles in CD41 T
cells before and after tocilizumab treatment in RA
patients with a good clinical response to treatment identi-
fied Bcl-3 as a representative gene that is down-regulated
by tocilizumab therapy (15). To assess the roles of Bcl-3
expressed in CD41 T cells from RA patients, we first
examined the expression levels of Bcl-3 in CD41 T cells
from untreated RA patients (n 5 20) and healthy con-
trols (n 5 11) by DNA microarray analysis.

Bcl-3 signals were significantly higher in untreated
RA patients than in healthy controls (P , 0.01) (Figure
1A). In addition, there was a positive correlation between
Bcl-3 signals and serum IL-6 levels in the RA patients
(r 5 0.71, P 5 0.01; n 5 12) (Figure 1B). Among the RA
patients with a good clinical response to biologic
DMARD therapy, the Bcl-3 signals were decreased in
those treated with tocilizumab (n 5 12; P , 0.01) but not
in those treated with TNF inhibitors (n 5 8) or abatacept
(n 5 7) (Figure 1C). Moreover, there was a positive cor-
relation between the decrease in Bcl-3 signal and the
decrease in disease activity as estimated by the Simplified
Disease Activity Index (SDAI) following treatment with
tocilizumab (r 5 0.603, P 5 0.038; n 5 12) but not with

TNF inhibitors (r 5 0.233, P 5 0.546; n 5 8) or abatacept
(r 5 20.146, P 5 0.754; n 5 7) (Figure 1D). These results
suggest that Bcl-3 is highly expressed in CD41 T cells
from RA patients and that its expression is correlated
with the levels of IL-6.

IL-6/STAT-3 signaling induction of Bcl-3 expres-
sion in CD41 T cells. To further examine the role of
IL-6 signaling in the expression of Bcl-3 in CD41 T
cells, we examined the effect of IL-6 on Bcl-3 expression
in isolated CD41 T cells. As shown in Figures 2A and
B, IL-6 up-regulated Bcl-3 expression at the protein lev-
el in TCR-stimulated murine CD41 T cells as well as in
human CD41 T cells obtained from healthy subjects.

Given that STAT-3 plays important roles in IL-
6–mediated gene induction (27), we next examined the
role of STAT-3 in IL-6–induced Bcl-3 expression by

Figure 2. Interleukin-6 (IL-6)/STAT-3 signaling–induced Bcl-3 expres-
sion in CD41 T cells. A and B, Naive CD41 T cells were isolated from
C57BL/6 mice as described in Materials and Methods and were stimulated
for 48 hours with anti-CD3/anti-CD28 monoclonal antibody (mAb) in the
presence or absence of IL-6 (A). Human CD41 T cells were isolated as
described in Materials and Methods and were stimulated for 5 hours with
IL-6 (B). Whole-cell extracts from each source were subjected to immuno-
blotting with the indicated antibodies. Shown are representative blots
obtained from 1 of 4 independent experiments. C and D, Naive CD41 T
cells were isolated from the spleen of T cell–specific STAT-3–/– mice
(CD4-Cre/STAT-3fl/fl mice) or control STAT-31/1 mice (STAT-3fl/fl mice)
as described in Materials and Methods and were left unstimulated or were
stimulated for 3 hours with IL-6 (C) or for 48 hours with anti-CD3/anti-
CD28 mAb in the presence or absence of IL-6 (D). The levels of Bcl-3
expression were evaluated by quantitative polymerase chain reaction ana-
lysis. Values are the mean 6 SD of 4 mice per group. * 5 P < 0.05; ** 5 P
< 0.01. NS 5 not significant.
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Bcl-3 の強制発現により誘導された遺伝子群
のなかには Bcl-3 も含まれており、この系が
正しいことが示唆された。興味深いことに濾
胞ヘルパーT 細胞のマスター転写因子である
Bcl-6 が Bcl-3 の強制発現により発現誘導さ
れることが明らかとなった(図３)。	
	 さらに Bcl-3 の強制発現により発現誘導さ
れる遺伝子群の性質を Gene	Ontology により
分析した(図４)。	
	

Bcl-3 の強制発現により誘導された遺伝子群
では、アポトーシスや	受容体などの分子が
多く含まれている傾向があった(図４)。	
	
(3)	Bcl-3 の Bcl-6 プロモーターへの結合	
	
	 図３の結果を検証するために Bcl-3 強制発
現により Bcl-6	mRNA の発現誘導が起きるか
否か qPCR 法を用いて検討した(図５)。
C57/BL6 マウス脾臓よりナイーブ CD4 陽性 T
細胞を単離し、レトロウイルスを用いて

Bcl-3 を強制発現させ qPCR 法により Bcl-6	
mRNA の発現量を検討したところ、Bcl-3 発現
CD4 陽性 T 細胞では、コントロールウイルス
感染細胞に比して有意に Bcl-6	mRNA の発現
が増強していた(図５)。以上の結果より、図
３の結果と合わせ、Bcl-3 は Bcl-6 の発現を
誘導していることが明らかとなったが、
Bcl-3 が直接 Bcl-6 の誘導を制御しているか
否かについては不明であった。	
	

	
	
	 そこで次に我々は、BCL6遺伝子のプロモー
ター部位に Bcl-3 が結合するか否か、
ChIP-qPCR 法にて検討した(図６)。C57/BL6
マウス脾臓よりナイーブ CD4 陽性 T細胞を単
離し、レトロウイルスを用いて HA-Bcl-3 を
強制発現させ、FACS ソーティングにより感染
細胞を単離し、PMA と ionomycin により刺激
後、抗 HA 抗体で免疫沈降し、BCL6 遺伝子の
プロモーター部位に相当するいくつかの塩

基配列に対して qPCR 法を行った。コントロ
ールとして、control	IgG によって免疫沈降
した検体に対して同様に qPCR を行った。図
６に示す通り、control	IgG によって免疫沈
降した検体では BCL6 遺伝子のプロモーター

���

��������	����

using CD41 T cells from STAT-3–/– mice. As shown in
Figure 2C, IL-6 up-regulated the expression of mRNA
for Bcl-3 in control CD41 T cells, but not STAT-3–/–

mouse CD41 T cells, which is consistent with a previous
study showing that IL-6/STAT-3 signaling induces Bcl-3
expression in multiple myeloma cell lines (28). Moreover,

Figure 3. Bcl-3–induced expression of Bcl-6. A and B, Naive murine CD41 T cells were stimulated for 24 hours with anti-CD3/anti-CD28
monoclonal antibody (mAb), infected with retroviruses of MIT-Bcl-3 or MIT (as a control), and then stimulated for 48 hours with anti-CD3/
anti-CD28 mAb under neutralizing conditions. Infected cells were isolated by magnetic-activated cell sorting with anti–Thy-1.1 mAb. Total
RNAs were prepared and analyzed by RNA sequencing (A) and by quantitative polymerase chain reaction (qPCR) (B). The MA plot shown in
A (left) is based on the log-intensity ratios (M values) (MIT-Bcl-3-MIT [log2]) and the log-intensity means (A values) ([MIT-Bcl-31MIT]/
2[log2]) of all transcripts in MIT-infected CD41 T cells and MIT-Bcl-3–infected CD41 T cells. Forty-seven genes that were found to be signifi-
cantly up-regulated or down-regulated (Supplementary Tables 1 and 2, respectively, available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.39266/abstract) by the enforced expression of Bcl-3 in CD41 T cells were determined as described in
Materials and Methods and are shown as red dots in the MA plot. These 47 genes were then classified according to Gene Ontology categories
of molecular function (right). The levels of Bcl-6 are shown in B. C, Naive murine CD41 T cells were infected with retroviruses of pMX-HA–
tagged Bcl-3 for 24 hours and then cultured in the presence of interleukin-6 for 24 hours. Cells were stimulated for 2 hours with phorbol myris-
tate acetate plus ionomycin, and then chromatin immunoprecipitation–qPCR assay for the Bcl-6 gene was performed with antihemagglutinin
(anti-HA) antibody or control rabbit IgG. Results are representative of 3 independent experiments. D, EL4 cells were transfected with pBcl-6-
Luc plus pcDNA3 (mock), pcDNA3 Bcl-3 (Bcl-3), or pcDNA3 p50 (Bcl31p50) in the presence of pRL-TK. Values in B and D are the
mean 6 SD of 4 mice per group. ** 5 P < 0.01; * 5 P < 0.05. ECM 5 extracellular matrix.
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using CD41 T cells from STAT-3–/– mice. As shown in
Figure 2C, IL-6 up-regulated the expression of mRNA
for Bcl-3 in control CD41 T cells, but not STAT-3–/–

mouse CD41 T cells, which is consistent with a previous
study showing that IL-6/STAT-3 signaling induces Bcl-3
expression in multiple myeloma cell lines (28). Moreover,

Figure 3. Bcl-3–induced expression of Bcl-6. A and B, Naive murine CD41 T cells were stimulated for 24 hours with anti-CD3/anti-CD28
monoclonal antibody (mAb), infected with retroviruses of MIT-Bcl-3 or MIT (as a control), and then stimulated for 48 hours with anti-CD3/
anti-CD28 mAb under neutralizing conditions. Infected cells were isolated by magnetic-activated cell sorting with anti–Thy-1.1 mAb. Total
RNAs were prepared and analyzed by RNA sequencing (A) and by quantitative polymerase chain reaction (qPCR) (B). The MA plot shown in
A (left) is based on the log-intensity ratios (M values) (MIT-Bcl-3-MIT [log2]) and the log-intensity means (A values) ([MIT-Bcl-31MIT]/
2[log2]) of all transcripts in MIT-infected CD41 T cells and MIT-Bcl-3–infected CD41 T cells. Forty-seven genes that were found to be signifi-
cantly up-regulated or down-regulated (Supplementary Tables 1 and 2, respectively, available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.39266/abstract) by the enforced expression of Bcl-3 in CD41 T cells were determined as described in
Materials and Methods and are shown as red dots in the MA plot. These 47 genes were then classified according to Gene Ontology categories
of molecular function (right). The levels of Bcl-6 are shown in B. C, Naive murine CD41 T cells were infected with retroviruses of pMX-HA–
tagged Bcl-3 for 24 hours and then cultured in the presence of interleukin-6 for 24 hours. Cells were stimulated for 2 hours with phorbol myris-
tate acetate plus ionomycin, and then chromatin immunoprecipitation–qPCR assay for the Bcl-6 gene was performed with antihemagglutinin
(anti-HA) antibody or control rabbit IgG. Results are representative of 3 independent experiments. D, EL4 cells were transfected with pBcl-6-
Luc plus pcDNA3 (mock), pcDNA3 Bcl-3 (Bcl-3), or pcDNA3 p50 (Bcl31p50) in the presence of pRL-TK. Values in B and D are the
mean 6 SD of 4 mice per group. ** 5 P < 0.01; * 5 P < 0.05. ECM 5 extracellular matrix.
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using CD41 T cells from STAT-3–/– mice. As shown in
Figure 2C, IL-6 up-regulated the expression of mRNA
for Bcl-3 in control CD41 T cells, but not STAT-3–/–

mouse CD41 T cells, which is consistent with a previous
study showing that IL-6/STAT-3 signaling induces Bcl-3
expression in multiple myeloma cell lines (28). Moreover,

Figure 3. Bcl-3–induced expression of Bcl-6. A and B, Naive murine CD41 T cells were stimulated for 24 hours with anti-CD3/anti-CD28
monoclonal antibody (mAb), infected with retroviruses of MIT-Bcl-3 or MIT (as a control), and then stimulated for 48 hours with anti-CD3/
anti-CD28 mAb under neutralizing conditions. Infected cells were isolated by magnetic-activated cell sorting with anti–Thy-1.1 mAb. Total
RNAs were prepared and analyzed by RNA sequencing (A) and by quantitative polymerase chain reaction (qPCR) (B). The MA plot shown in
A (left) is based on the log-intensity ratios (M values) (MIT-Bcl-3-MIT [log2]) and the log-intensity means (A values) ([MIT-Bcl-31MIT]/
2[log2]) of all transcripts in MIT-infected CD41 T cells and MIT-Bcl-3–infected CD41 T cells. Forty-seven genes that were found to be signifi-
cantly up-regulated or down-regulated (Supplementary Tables 1 and 2, respectively, available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.39266/abstract) by the enforced expression of Bcl-3 in CD41 T cells were determined as described in
Materials and Methods and are shown as red dots in the MA plot. These 47 genes were then classified according to Gene Ontology categories
of molecular function (right). The levels of Bcl-6 are shown in B. C, Naive murine CD41 T cells were infected with retroviruses of pMX-HA–
tagged Bcl-3 for 24 hours and then cultured in the presence of interleukin-6 for 24 hours. Cells were stimulated for 2 hours with phorbol myris-
tate acetate plus ionomycin, and then chromatin immunoprecipitation–qPCR assay for the Bcl-6 gene was performed with antihemagglutinin
(anti-HA) antibody or control rabbit IgG. Results are representative of 3 independent experiments. D, EL4 cells were transfected with pBcl-6-
Luc plus pcDNA3 (mock), pcDNA3 Bcl-3 (Bcl-3), or pcDNA3 p50 (Bcl31p50) in the presence of pRL-TK. Values in B and D are the
mean 6 SD of 4 mice per group. ** 5 P < 0.01; * 5 P < 0.05. ECM 5 extracellular matrix.
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using CD41 T cells from STAT-3–/– mice. As shown in
Figure 2C, IL-6 up-regulated the expression of mRNA
for Bcl-3 in control CD41 T cells, but not STAT-3–/–

mouse CD41 T cells, which is consistent with a previous
study showing that IL-6/STAT-3 signaling induces Bcl-3
expression in multiple myeloma cell lines (28). Moreover,
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部位の qPCR でシグナルは検出できなかった
が、抗 HA抗体で免疫沈降したサンプルでは、
BCL6 遺伝子のプロモーター部位の qPCR でシ
グナルの増強が観察された(図６)。	
	 この結果より、Bcl-3 は BCL6遺伝子のプロ
モーター部位に直接結合することが明らか
となった。	
	
(4)	Bcl-3 による Bcl-6 プロモーター活性化	
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遺伝子のプロモーターを活性化することが
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分化への役割を明らかにするため、マウス生
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	 濾胞ヘルパーT 細胞、非マウス濾胞ヘルパ
ーT 細胞、ナイーブ CD4 陽性 T 細胞をマウス
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ことが示唆された(図８)。	
	
	 最後に我々は、生体内において Bcl-3 が濾
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て検討した(図９)。	
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tate acetate plus ionomycin, and then chromatin immunoprecipitation–qPCR assay for the Bcl-6 gene was performed with antihemagglutinin
(anti-HA) antibody or control rabbit IgG. Results are representative of 3 independent experiments. D, EL4 cells were transfected with pBcl-6-
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when TCR-stimulated CD41 T cells were stimulated
with IL-6, Bcl-3 was strongly induced in control CD41 T
cells as compared with STAT-3–/– mouse CD41 T cells
(Figure 2D). Bcl-3 was also induced by IL-21 (Supple-
mentary Figure 1, available on the Arthritis & Rheumatol-
ogy web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.39266/abstract), a cytokine known to activate STAT-
3, in control CD41 T cells, but not STAT-3–/– mouse
CD41 T cells. These results indicate that IL-6/IL-21/
STAT-3 signaling plays a critical role in Bcl-3 induction
in CD41 T cells.

Bcl-3 induction of the expression of Bcl-6, a
master regulator of Tfh cells. To address the roles of
Bcl-3 function in CD41 T cells, we next analyzed the
transcriptome of Bcl-3–transduced CD41 T cells. RNA
sequencing analysis identified 47 genes that were signifi-
cantly up-regulated or down-regulated by the enforced
expression of Bcl-3 in CD41 T cells (Figure 3A).
Importantly, the expression of Bcl-6, a master regulator
of Tfh cells (8,9), was significantly up-regulated in Bcl-
3–transduced CD41 T cells (Figure 3A). In contrast,
the expression of other Tfh cell markers, such as
CXCR5, ICOS, and ASCL-2, was not significantly up-
regulated in Bcl-3–transduced CD41 T cells in this
experimental setting (data not shown), which suggests
that Bcl-6 might be one of the early targets of Bcl-3.

Analysis by qPCR (Figure 3B) and flow cytometry
(Supplementary Figure 2A, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.39266/abstract) confirmed that Bcl-3–
transduced CD41 T cells expressed higher levels of Bcl-6
than did control CD41 T cells. We also found that gene
silencing of Bcl-3 (Supplementary Figure 2B) resulted in
a decrease in the development of Bcl-61 cells under Tfh
cell–inducing conditions (Supplementary Figure 2C).
Moreover, ChIP-qPCR analysis revealed that Bcl-3
bound to the promoter region and intron 2 of the Bcl-6
gene (Figure 3C). Furthermore, luciferase assays showed
that Bcl-3 activated Bcl-6 promoter and that p50 (NF-
kB1) enhanced Bcl-3–mediated activation of Bcl-6 pro-
moter (Figure 3D). These results suggest that Bcl-3
directly induces Bcl-6 expression in CD41 T cells.

Role of Bcl-3 in the development of Tfh cells.
Accumulating evidence has shown that IL-6/IL-21/STAT-3
signaling plays important roles in the development of Tfh
cells (29). In addition, our findings (Figures 2 and 3) raised
the possibility that Bcl-3 expressed by IL-6/IL-21/STAT-3
signaling induces the development of Tfh cells through the
induction of Bcl-6. To examine this possibility, we first exam-
ined Bcl-3 expression in Tfh cells induced by the injection of
sheep red blood cells in C57BL/6 mice. As shown in Figure
4A, Bcl-3 was highly expressed in PD-11CXCR51CD41

Figure 4. Involvement of Bcl-3 in the development of follicular
helper T (Tfh) cells. A, C57BL/6 mice were injected with sheep red
blood cells as described in Materials and Methods. Seven days later,
PD-1–CXCR5–CD44highCD41 T cells (non-Tfh cells) and PD-
11CXCR51CD41 T cells (Tfh cells) were isolated from spleno-
cytes by fluorescence-activated cell sorting. The levels of Bcl-3
expression in these cells and in naive murine CD41 T cells (control)
were analyzed by quantitative polymerase chain reaction (qPCR).
Values are the mean 6 SD. B, Naive murine CD41 T cells from
OT-II mice were infected for 24 hours with retroviruses of MIT
or MIT-Bcl-3. Cells (5 3 105) were injected intravenously into
TCRb/d–/– mice, and 3 days later, the mice were injected intraperito-
neally with NP-OVA. Splenocytes were obtained 7 days later, and
the frequencies of CD41 T cells (left) and Tfh cells (right) in
CD41 T cells were determined by flow cytometry. Values are the
mean 6 SD. C, Naive CD41 T cells were infected with retroviruses
of MIT or MIT-Bcl-3 and cultured for 48 hours under neutralizing
conditions (Th0) or under Tfh cell–inducing conditions (Tfh).
Shown are representative dot plots of CD4 versus interleukin-21
(IL-21) staining (left) and the mean 6 SD frequency of IL-
211CD41 T cells (right). D, Naive CD41 T cells were infected
with retroviruses of LMP-IRES-GFP plus LMP-IRES-NGFR (con-
trol) or LMP-Bcl-3#5-IRES-GFP plus LMP-Bcl-3#7-IRES-NGFR
(see Materials and Methods for details) and cultured for 48 hours
under neutralizing conditions (Th0) or Tfh cell–inducing conditions
(Tfh). Shown are representative dot plots of CD4 versus IL-21 stain-
ing (left) and the mean 6 SD frequency of IL-211CD41 T cells
(right). Values are the mean 6 SD of 4 mice per group. * 5 P <
0.05. NS 5 not significant.
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PD-1–CXCR5–CD44highCD41 T cells (non-Tfh cells) and PD-
11CXCR51CD41 T cells (Tfh cells) were isolated from spleno-
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OT-II mice were infected for 24 hours with retroviruses of MIT
or MIT-Bcl-3. Cells (5 3 105) were injected intravenously into
TCRb/d–/– mice, and 3 days later, the mice were injected intraperito-
neally with NP-OVA. Splenocytes were obtained 7 days later, and
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CD41 T cells were determined by flow cytometry. Values are the
mean 6 SD. C, Naive CD41 T cells were infected with retroviruses
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	 図９で示すように Bcl-3 遺伝子導入 CD4 陽
性 T 細胞は、コントロールの細胞より有意に
多数の濾胞ヘルパーT 細胞に分化していた
(図９)。以上の結果より、Bcl-3 は濾胞ヘル
パーT 細胞分化に重要な役割を果たしている
ことが示唆された。	
	
	 以上、図１〜図９に示す結果より、Bcl-3
は Bcl-6 の発現を直接誘導することにより濾
胞ヘルパーT 細胞分化に重要な役割を果たし
ていることが示唆された。近年、関節リウマ
チの発症に濾胞ヘルパーT 細胞が重要な役割
を果たしてることが明らかになっている。本
研究で得られた結果より、cl-3 は Bcl-6 の発
現を直接誘導することにより濾胞ヘルパーT
細胞分化を促し、関節リウマチの発症を制御
していることが示唆された。	
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