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Many of the immune-related events such as pathogen elimination, tissue destruction in autoimmune patients, and tumor 
eradication through immunotherapy do not progress gradually; rather, they often happen suddenly with involvement from 
a very limited number of immune cells. In the “Singularity Biology” research project supported by the Japanese Ministry 
of Education, Culture, Sports, Science and Technology (MEXT) as scientific research on innovative areas, such sudden 
events are considered as “singularity” phenomena [1], and a variety of groups investigated the molecular and cellular 
mechanisms of singularity phenomena in immunology. 

Our group investigated the roles of co-receptors and immune microenvironment in the regulation of rare T cells reactive 
to self-tissues and tumors. First, we demonstrated that self-reactive CD8+ T cells in non-obese diabetic mice go through 
four activation phases and PD-1, an inhibitory co-receptor, strongly attenuates the transition from the second to the third 
phase, where effector functions are acquired [2]. Next, we found that T cell receptor (TCR) signal strength required for 
the induction of genes varies across different genes, and PD-1 preferentially inhibits the induction of genes that require 
stronger TCR signal [3]. We further demonstrated that PD-1 inhibits the expression of TCR-inducible genes efficiently 
when the affinity of TCR to antigen is low [4]. In addition, we found that PD-1 function is restricted at the activation 
phase of T cells for the optimal induction of T cell responses [5,6]. We also revealed the establishment of immuno-
suppressive microenvironment in tumors and draining lymph nodes during the early phase of tumor development, which 
attenuates the proliferation of tumor-specific T cells and tumor eradication. These results strongly suggest that inhibitory 
co-receptors and immune microenvironment play crucial roles in the occurrence of singularity phenomena [7,8].  

The group lead by Masahiro Ono (Kumamoto University and Imperial College London) aimed to identify and analyze 
the rare and unique T cells that are at the bifurcation point in T cell activation and differentiation by analyzing the 
spatiotemporal dynamics of T cell responses [9,10]. Shinya Tanaka (Kyushu University) tried to develop a novel sensor 
to monitor the dynamics of self-reactive T cells in the murine model of lupus erythematosus [11]. Minako Ito (Kyushu 
University) investigated the immune response that regulates the expansion of rare cells that play a key role (i.e., singularity 
cells) in the development of neurodegenerative diseases [12]. Shunsuke Chikuma (Keio University) focused on the epitope 
spreading to determine the point of no return for the establishment of autoimmune symptoms. Shinichiro Kato (Nagoya 
University) aimed to identify a singularity cancer cell(s) that instigates resistance to cancer immunotherapy by establishing 
a novel RNA-expressed barcode technology. Naotoshi Nakamura (Osaka University) aimed to identify outlier immune 
cells from a set of imaging data and reveal their functional significance using extreme value statistics. Jun Arii (Kobe 
University) tried to identify and characterize cells that trigger the onset of viral encephalitis that infrequently occurs in 
herpes virus infection [13]. Yusuke Ohba and Yoichiro Fujioka (Hokkaido University) aimed to identify and characterize 
singularity cells in viral infection to elucidate the mode of infection in the real world [14]. Yuhei Maruzuru (The University 
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of Tokyo) tried to establish the concept that the viral production from infected cells is regulated digitally using omics-
based analysis and imaging technology [15]. 

As described in the beginning, many of the immune-related events can be considered as singularity phenomenon in 
which a very limited number of cells play a critical role. Continued interdisciplinary investigations are needed for the 
identification and characterization of such singularity cells, ultimately leading to a comprehensive understanding of the 
molecular and cellular mechanisms underlying singularity phenomena in immunology. 

 
Acknowledgements 
 

We thank all the members of the “Singularity Biology” research project for the fruitful discussions and supports. This 
work was supported in part by Grants-in-Aid from MEXT (JP18H05417) and the Japan Society for the Promotion of 
Science (JP19H01029; JP22H00448). 
 
References 
 

[1] Nagai, T., Chikuma, S., Hanaoka, K. Detection of singularity in immunity and cancer by novel imaging techniques. 
Biophys. Physicobiol. 17, 98–99 (2020). https://doi.org/10.2142/biophysico.BSJ-2020018 

[2] Okamura, H., Okazaki, I. M., Shimizu, K., Maruhashi, T., Sugiura, D., Mizuno, R., et al. PD-1 aborts the activation 
trajectory of autoreactive CD8+ T cells to prohibit their acquisition of effector functions. J. Autoimmun. 105, 
102296 (2019). https://doi.org/10.1016/j.jaut.2019.06.007 

[3] Shimizu, K., Sugiura, D., Okazaki, I. M., Maruhashi, T., Takegami, Y., Cheng, C., et al. PD-1 imposes qualitative 
control of cellular transcriptomes in response to T cell activation. Mol. Cell. 77, 937–950.e6 (2020). 
https://doi.org/10.1016/j.molcel.2019.12.012 

[4] Shimizu, K., Sugiura, D., Okazaki, I. M., Maruhashi, T., Takemoto, T., Okazaki, T. PD-1 preferentially inhibits 
the activation of low affinity T cells. Proc. Natl. Acad. Sci. U.S.A. 118, e2107141118 (2021). 
https://doi.org/10.1073/pnas.2107141118 

[5] Sugiura, D., Maruhashi, T., Okazaki, I. M., Shimizu, K., Maeda, T. K., Takemoto, T., et al. Restriction of PD-1 
function by cis-PD-L1/CD80 interactions is required for optimal T cell responses. Science 364, 558–566 (2019). 
https://doi.org/10.1126/science.aav7062 

[6] Sugiura, D., Okazaki, I. M., Maeda, T. K., Maruhashi, T., Shimizu, K., Arakaki, R., et al. PD-1 agonism by anti-
CD80 inhibits T cell activation and alleviates autoimmunity. Nat. Immunol. 23, 399–410 (2022). 
https://doi.org/10.1038/s41590-021-01125-7 

[7] Sugiura, D., Shimizu, K., Maruhashi, T., Okazaki, I. M., Okazaki, T. T cell-interinsic and -extrinsic regulation of 
PD-1 function. Int. Immunol. 33, 693–698 (2021). https://doi.org/10.1093/intimm/dxab077 

[8] Kanda, Y., Okazaki, T., Katakai, T. Motility dynamics of T cells in tumor-draining lymph nodes: A rational 
indicator of antitumor response and immune checkpoint blockade. Cancers 13, 4616 (2021). 
https://doi.org/10.3390/cancers13184616 

[9] Bozhanova, G., Hassan, J., Appleton, L., Jennings, V., Foo, S., McLaughlin, M., et al. CD4 T cell dynamics shape 
the immune response to combination oncolytic herpes virus and BRAF inhibitor therapy for melanoma. J. 
Immunother. Cancer 10, e004410 (2022). https://doi.org/10.1136/jitc-2021-004410 

[10] Bending, D., Prieto Martín, P., Paduraru, A., Ducker, C., Marzaganov, E., Laviron, M., et al. A timer for analyzing 
temporally dynamic changes in transcription during differentiation in vivo. J. Cell Biol. 217, 2931–2950 (2018). 
https://doi.org/10.1083/jcb.201711048 

[11] Tanaka, S., Ise, W., Inoue, T., Ito, A., Ono, C., Shima, Y., et al. Tet2 and Tet3 in B cells are required to repress 
CD86 and prevent autoimmunity. Nat. Immunol. 21, 950–961 (2020). https://doi.org/10.1038/s41590-020-0700-y 

[12] Kaneko, R., Matsui, A., Watanabe, M., Harada, Y., Kanamori, M., Awata, N., et al. Increased neutrophils in 
inflammatory bowel disease accelerate the accumulation of amyloid plaques in the mouse model of Alzheimer's 
disease. Inflamm. Regen. 43, 20 (2023). https://doi.org/10.1186/s41232-023-00257-7 

[13] Koyanagi, N., Imai, T., Shindo, K., Sato, A., Fujii, W., Ichinohe, T., et al. Herpes simplex virus-1 evasion of CD8+ 
T cell accumulation contributes to viral encephalitis. J. Clin. Invest. 127, 3784–3795 (2017). 
https://doi.org/10.1172/JCI92931 

[14] Fujioka, Y., Nishide, S., Ose, T., Suzuki, T., Kato, I., Fukuhara, H., et al. A sialylated voltage-dependent Ca2+ 
channel binds hemagglutinin and mediates influenza A virus entry into mammalian cells. Cell Host Microbe 23, 
809–818.e5 (2018). https://doi.org/10.1016/j.chom.2018.04.015 

[15] Takeshima, K., Maruzuru, Y., Koyanagi, N., Kato, A., Kawaguchi, Y. Redundant and specific roles of A-type 
lamins and lamin B receptor in herpes simplex virus 1 infection. J. Virol. 96, e0142922 (2022). 
https://doi.org/10.1128/jvi.01429-22 

Biophysics and Physicobiology Vol. 21

 article is licensed under the Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International License.
To view a copy of this license, visit https://creativecommons.org/licenses/by-nc-sa/4.0/.

e211007_2

https://doi.org/10.2142/biophysico.BSJ-2020018
https://doi.org/10.1016/j.jaut.2019.06.007
https://doi.org/10.1016/j.molcel.2019.12.012
https://doi.org/10.1073/pnas.2107141118
https://doi.org/10.1126/science.aav7062
https://doi.org/10.1038/s41590-021-01125-7
https://doi.org/10.1093/intimm/dxab077
https://doi.org/10.3390/cancers13184616
https://doi.org/10.1136/jitc-2021-004410
https://doi.org/10.1083/jcb.201711048
https://doi.org/10.1038/s41590-020-0700-y
https://doi.org/10.1186/s41232-023-00257-7
https://doi.org/10.1172/JCI92931
https://doi.org/10.1016/j.chom.2018.04.015
https://doi.org/10.1128/jvi.01429-22

