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研究成果の概要（和文）：我々は、抗体制御に重要な制御性T細胞（Treg）および濾胞制御性T細胞（Tfr）の生
物学上におけるTox2遺伝子の役割を調査した。Treg特異的Tox2ノックアウトシステムを使用し、Treg内のTox2を
喪失させると機能欠損が起こり、抗体の産生を助けるT細胞（Tfh）と、高品質の抗体を産生するタイプの胚中心
B細胞が増加することがわかった。さらに、Tox2遺伝子を従来のT細胞やTregに過剰発現させたところ、抗体制御
に重要な遺伝子を増加させる機能があることが確認された。以上の結果から、Tox2が免疫応答後の制御細胞にお
いて重要な役割を担っていることが初めて明らかとなった。

研究成果の概要（英文）：We explored the role of the Tox2 gene in the biology of regulatory T-cells 
(Treg) and T-follicular regulatory cells (Tfr), that are critical to control of antibodies. Using a 
Treg specific Tox2 knockout system we found that loss of Tox2 in Tregs caused a functional defect 
and an increased number of T-cells that help antibody production (Tfh) and germinal center B-cells, 
the type of B-cell that produces high quality antibodies. Additionally we found increased levels of 
IgA antibody that is important to control of immunity at the mucosal sites such as the gut.  We also
 overexpressed the Tox2 gene in conventional T-cells and Tregs which confirmed its function to 
increase genes important to control antibody regulation. Taken together, our results demonstrate for
 the first time that Tox2 plays an important role in regulatory cells after immune challenge.  

研究分野： Immunology
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研究成果の学術的意義や社会的意義
This study found new information regarding the control of regulatory T-cells. Since these cells are 
responsible for the control of vaccine responses and autoimmunity we believe that these results may 
allow us to control these cells and lead to the production of improved vaccines and medicines. 

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 
 
Our previous research focused on the regulation of T-follicular helper cell (Tfh) cell 
responses by Tregs and their subset Tfr1. Carrying on from that research, I further 
examined the phenotype of Tfr, being the first to discover that – in contrast to Tregs – 
mature Tfr in the germinal centers do not express CD252. As part of this earlier work, I 
carried out RNA-sequencing of Tregs, Tfr and Tfh in both mice and humans, and while 
analyzing this data it became clear that Tox2 was significantly associated with Tfh, Tfr. 
At the time of beginning the grant there was no information regarding the function of 
Tox2 in Tregs. More broadly, very little was known about the function of Tox2 at this time 
aside from a potential role in the control of Natural killer (NK) cells meaning that the 
results would be highly novel. We also felt that a further ripple effect may be generated 
as the information and materials generated in this research, may spur broader interest 
in Tox2.  
 
1. Wing, J. B., & Sakaguchi, S. (2014). Foxp3+ Treg cells in humoral immunity. 
International Immunology, 26(2), 61–69.  
2. Wing, J. B. et al. (2017). A distinct subpopulation of CD25 − T-follicular regulatory 
cells localizes in the germinal centers. PNAS, 114(31), E6400–E6409.  
3. Vong, QP.  et al. (2014). TOX2 regulates human natural killer cell development by 
controlling T-BET expression. Blood. 2014 Dec 18;124(26):3905-13. 
 
２．研究の目的 
 
This project focused on the elucidation of the role of the transition factor Tox2 in 
regulatory T-cells.  
 
３．研究の方法 
 
We used a range of methods in this project. Initially we generated a conditional knock 
out mouse system in which the Tox2 gene was floxed and then cross bred with Foxp3-cre 
mice to give Tregs deficient in Tox2 (Tox2-cKO).  
As part of this project, we also developed a 45 parameter mass cytometry panel designed 
to provide fine analysis of murine T and B cells, in particular to allow the simultaneous 
assessment of Tfh, Tfr, Treg, GC B-cells and plasma cells. Using the cKO mice and 
analysis by mass cytometry system, we vaccinated Tox2 cKO mice, primarily with NP-
Ova and assessed the changes to the murine immune system. We also observed aged 
mice for any incidence of autoimmunity of disrupted tissue homeostasis. To address the 
function of Tox2 in human cells we also used viral transfection and overexpression of the 
Tox2 gene into human T-cells and followed their functional changes with RNA-
sequencing.  ATAC sequencing of human T-cells to gain further insight into the 
epigenetic regulation of Tox2 was also performed.  
 
４．研究成果 
 
We explored the role of the Tox2 gene in the biology of regulatory T-cells (Treg) and T-
follicular regulatory cells (Tfr), that are critical to control of antibodies. Using a Treg 
specific Tox2 knockout system we found that loss of Tox2 in Tregs caused a functional 
defect and an increased number of T-cells that help antibody production (Tfh) and 
germinal center B-cells, the type of B-cell that produces high quality antibodies. 
Additional disruption to PD1 expressing T-cells was also seen suggesting that Tox2 
deficient mice have some further disruption of exhausted T-cells.  
Additionally, we found increased levels of IgA antibody that is important to control of 
immunity at the mucosal sites such as the gut.  
In humans we found that Tox2 is widely expressed in Tfh and Tfr in the tonsils but that 
we could not see a clear difference in its expression in autoimmune disease such as 
Systemic lupus erythematosus (SLE). We also overexpressed the Tox2 gene in 
conventional T-cells and Tregs which confirmed its function to increase genes important  
 



to the control of antibody regulation such as ASCL-2, BCL6, CXCR5 and PD1. 
Additionally, downregulation of the chemokine receptors CCR2 and CCR5 was seen 
further indicating tha tTox2 controls the localization and trafficking of Treg cells. ATAC-
seq analysis also indicated that activated Tfr and Tfh cells have increased open 
chromatin regions of the Tox2 gene promotor indicating epigenetic control of Tox2 
expression. We did not find any evidence that mice lacking Tox2 in Tregs developed any 
spontaneous autoimmunity or organ disfunction after aging. As a result, it seems that 
the function of Tox2 in Tregs lies primarily in the control of Tfr function.  Taken together, 
our results demonstrate for the first time that Tox2 plays an important role in regulatory 
cells after immune challenge. 
 

 
 
Figure 1: Effect of Treg specific Tox2 cKO. Mice were vaccinated with Np-Ova and 7 days 
later payer’s patch cells isolated and assessed by mass cytometry analysis.  A) Overall 
mass cytometry analysis of immune cells. B) Dimensionality reduction and population 
identification of CD4 T-cells. C) Volcano plot showing significant changes in cellular 
phenotypes in Tox2 cKO mice. E) Dimensionality reduction and population identification 
of B-cells. F) Volcano plot showing significant changes in B-cell cellular phenotypes in 
Tox2 cKO mice.  
 
 
This study found new information regarding the control of regulatory T-cells and their 
subset Tfr by the chromatin remodeler Tox2. Since these cells are responsible for the 
control of vaccine responses and autoimmunity, we believe that these results may allow 
us to control these cells and lead to the production of improved vaccines and medicines. 
The primary conclusions of this work are now being prepared for publication. Several 
ripple effects were also seen since the mass cytometry panel development that we 
conducted as part of this study has also been applied by us in several collaborative 
projects for the analysis of murine Tfh, Tfr and germinal center biology. Additionally, 
several groups have contacted us to obtain the Tox2 flox mouse line for use in their own 
research.  
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