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これまでの研究︓放射線治療による免疫反応の解明

Unknown 
mechanisms

1. 臨床検体での放射線治療による
免疫環境変化

2. DNA損傷シグナルを介したPD-L1
発現誘導メカニズム

ü HLA class I
ü PD-L1
ü CD8+ T cell
ü Calreticulin

ü X線、重粒⼦線
ü ATM/ATR/Chk1
ü Ku80/BRCA2

3. Abscopal effect ⾃験例の報告
ü 胃癌 stageIV（腹膜播種）
ü Alveolar soft tissue sarcoma

M Okamoto, H Sato, et al.
Adv Radiat Oncol. 2023
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本プログラムでの研究課題概略

• 放射線（重粒⼦線）によるDNA損傷を介した
IFNβ発現制御経路の解明（前臨床モデル）
ü cGAS/STING, RIG-I/MAVS
ü IRF3, NFκB

M Motwani, et al. 
Nature Reviews Genetics. 2019

being leveraged to treat inflammatory diseases and to 
enhance the cancer immunotherapy armamentarium.

The cGAS–STING pathway
The DNA- sensing nucleotidyl transferase enzyme 
cGAS, its second- messenger product cyclic GMP–AMP  
(cGAMP) and the cGAMP sensor STING (also known 
as MITA13, ERIS14 or MPYS15,16) form a major DNA- 
sensing mechanism in the cytoplasm of mammalian 
cells. The engagement of this pathway during infec-
tion with cytosolic bacterial pathogens and some 
DNA viruses leads to the transcriptional induction of 
type I interferons and the nuclear factor- κB (NF- κB)- 
dependent expression of proinflammatory cytokines. 
STING activation also results in activation of additional 
cellular processes. Genetic evidence from mice geneti-
cally engineered to lack these molecules indicates clear  
susceptibility to bacterial and viral infection1.

cGAS–STING- mediated DNA- sensing
The DNA sensor cGAS is activated by DNA through 
direct binding (FIG. 2), which triggers conformational 
changes that induce enzymatic activity17–21. Although 
any DNA, foreign or self, can cause cGAS activation, the 

length of the DNA is important. Short DNAs of ~20 bp 
can bind to cGAS, but longer dsDNAs of >45 bp can 
form more stable ladder- like networks of cGAS dimers, 
leading to stronger enzymatic activity21,22. Human cGAS 
prefers longer DNAs than its mouse counterpart owing 
to two amino acid substitutions in the DNA- binding 
domain23; these human- specific substitutions remodel 
DNA interactions to favour higher- order cGAS–DNA 
oligomers.

Active cGAS converts GTP and ATP into cGAMP24 
(FIG. 2). This endogenous second messenger is unique 
as it contains unusual mixed phosphodiester link-
ages between the 2ʹ-hydroxyl group of GMP and the 
5ʹ-phosphate of AMP, and also between the 3ʹ-hydroxyl 
group of AMP and the 5ʹ-phosphate of GMP, form-
ing a novel 2ʹ3ʹ-cGAMP isomer20,25,26. DNA binding to 
cGAS also induces liquid–liquid phase separation and 
the formation of liquid- like droplets, in which cGAS 
is activated. These lipid droplets seem to function as 
‘microreactors’ by increasing the concentrations of the 
enzyme and reactants to enhance cGAMP production27.

The 2ʹ3ʹ-cGAMP product binds to STING, an 
endoplasmic reticulum (ER)-localized adaptor24,28,29, to 
form dimers, tetramers and higher- order oligomers30,31 
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Fig. 1 | DNA- sensing receptors. In mammalian cells, the three major DNA- sensing receptors that drive immune responses to 
foreign DNA are Toll- like receptor 9 (TLR9), absent in melanoma 2 (AIM2) and cyclic GMP–AMP synthase (cGAS). TLR9, which 
is localized to the endosomal membrane, senses CpG hypomethylated DNA and, in turn, activates the transcription factors 
nuclear factor- κB (NF- κB) and interferon regulatory factor 7 (IRF7), leading to expression of genes encoding proinflammatory 
cytokines and interferons, respectively4,5. In the cytosol, AIM2 binds to double- stranded DNA , leading to the formation of a 
multimeric protein complex called the AIM2 inflammasome, which leads to the activation of caspase 1 and the maturation of 
the proinflammatory cytokines IL-1β and IL-18, and, ultimately , pyroptotic cell death6–10. Finally , cGAS activation by cytosolic 
DNA leads to endogenous generation of cyclic GMP–AMP, a unique second messenger, which binds to stimulator of 
interferon genes (STING), leading to activation of TANK- binding kinase 1 (TBK1) and IRF3, resulting in the transcription of 
genes encoding type I interferons24. DNA sensing through the cGAS–STING pathway also results in activation of NF- κB and 
transcription of proinflammatory cytokines such as IL-6 and tumour necrosis factor (TNF)28. IFNα, interferon- α.

Pyroptosis
A caspase 1/11-dependent 
inflammatory cell death 
process.

www.nature.com/nrg

REV IEWS

658 | NOVEMBER 2019 | VOLUME 20 

ü 群⾺⼤学バイオバンクの活⽤

• 放射線治療検体における腫瘍免疫環境と
臨床情報解析（後ろ向きコホート）

ü 放射線治療前後の免疫環境変化を
臨床検体（腫瘍、⾎液）にて解明

• 放射線治療検体における腫瘍免疫環境と
臨床情報解析（前向きコホート）



共同研究の提案︓「重粒⼦ x 免疫反応」の多⾯的解明

• 重粒⼦線治療における免疫解明は未開拓領域
• 本プロジェクトでは、重粒⼦線と免疫の専⾨家の協⼒体制が実現可能

• 質・量的に異なる免疫反応を誘導
例︓細胞質中DNA誘導、全⾝的エクソソーム放出 etc.

• 腸内細菌叢が免疫応答を修飾

細胞・オルガノイド: DNA損傷応答とエクソソームの網羅的解析
マウス: 全⾝的免疫細胞の動態解析および腸内細菌叢の関与
患者検体: 治療患者の⾎液/便サンプルの経時的解析（バイオマーカー探索）

遠隔転移期をも対象とした新規がん治療戦略の提案
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