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1.!AB 
2 YZ[\9fgPYZ[\ÃÄ@ÅÆÇÈÉ@ÊËÌÍï¶, Î978Ç°ÏÐÑ
ÒfgüÓÔ?. ÕbFFbºFDÖPYZ[\9fg@×ØÇÙÚ>ÛÜ¶·Ý, 4
SÓÞßàá>(?âã±äåæçèÝéêïëìíî?. ï¿PÕbFFbºFD
Ö>:"ðñ?ò4Cëóôõöfg¼ÊË÷øCóôjùúäÒ?ÑïÓ, gî@
ÞßCë×Ø¼ADL ÇÛÜÒ?Ñï>ûÏÝüõñíî? . ýbþ}T IJPÿ!@
YZ[\fg@ÊËÇ"#û,ëàGþ$ÓÔ%, &Ó' Th17 (T helper 17)PYZ[
\fg@Ê(Ç)Lð*, Treg (regulatory T)P[\+,Ç-.¶78Ç/0Lð*?
ïî#¥¯Ò?91Ç¦¶íî?. :"CëYZ[\9fgÓÔ?ÖÜ9áàâcä
}ae(systemic lupus erythematosus: SLE)ä2!93L8ÓP, Th17/Treg imbalance
ÝÊË>uá¶íî?ÑïÝ45ðñíî?Ý, Ñ@ imbalance Ç6BÒ?óôTP
78ðñíîëî. ³íìÓP345Ó Th17, Treg >9%¶·:;óô<@Á!Ç, 
3Ñ5ÓP SLE gî@û,ëåæÊ=ÓÔ?b}{e¤7>>%¶ííìÇ?ì·.  
 
@345A 
Byzï%CCSLE ä2!93L8ÇDE2F@YZ[\fg>'îí Th17/Treg 
imbalance ÝÊË>uá¶íî?ÑïÝ45ðñí'%, Gñö@áúHIE}T IJ
@KL>PIJt:;ÝuJìíî?. ï¿, DEFGH (itaconate: ITA)ïî#IJt
Ó<Kðñ?:;<=ÝcI|úL}M>'îíIJt:;Çkl¶, 678ã±Ç
'·öÒÑïÝ45ðñ·. ¶õ¶ ITA @ T IJj@NOPÚöõÓPëî. GÑÓ
³íì@%CP ITA @ T IJKL>'M?NOÇÚöõ>Ò?Ñïï¶·. 
BPQïSTCC57BL/6J cde@RåSTõöUD}V CD4+T IJÇWX¶, ITA
YZ>(?[áúHIE}T IJ\V]^äj@KLj@NOÇú|}\Dä_äà
} (flow cytometry: FCM), reverse transcription-quantitative polymerase chain reaction 
(RT-qPCR)TÇ±îíêë¶·. `îíWXCYZ[\9]^_7 (experimental 
autoimmune encephalomyelitis: EAE)@ab`abÇ±îí, ITA >(%cdðñ· T
IJÝfghi9>áe?NOÇôö¶·. ðö> ITA >(? T IJKLkl@fg
ÇrÚÒ?·R, IJhúi^IejUiDñ}>(?IJt:;@ôöëö)>, 
RNA sequencing (RNA-seq), _Ek|}lrs>(?mnCrsÇ?ì·. möñ·U
VÇ'ï>:;<=@=i>uJ?:;uvwxh9Çôö¶·. ánMHoâp^
I ë q r õ ö s , ë t u v q ï o p q ! w @ u v > x î í chromatin 
immunoprecipitation (ChIP)-qPCR >(%ôö¶·.  
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BUVCITA >(% Th17 j@KLPyz{|9>}kðñ, Treg j@KLP~�ð
ñ·. ITA àá>(% Il17a DE Th17 uvopq@!wÄPÅÇ¶íî·4S, 
retinoic acid receptor-related orphan receptor gamma (ROR!t)@opq¼ÉÑ!wÄP
ÖÜ¶íî·. ITA >(?cdÇáM·6à÷øC Th17 Çab¶· Rag1 âäcde
ÓP, FGä|}bü>¢¶íåçeFjïãûÅÇPÛÜ¶, ^_j@ãåIJ!'
}kðñ·. RNA-seq ÓP ITA àá>(? Th17, Treg @!w=iopq>ó¶í
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway rsÇ?ëì·ïÑç, ÿ
!@:; pathway ÝÖé>êèðñ·. ê·, Gene ontology (GO)rs>(% Th17, 
Treg ÓÈÉ¶í=iÝëöñ· pathway ï¶íríìÝÖé>êèðñ·.  GÑÓ
IJt:;Çôö¶·ïÑç, ITA àáüÓPîàáüï¢£¶ríìÝï´¶íî
·. IJt:;<=@rsÓP, IJt@_ºbL@ñóÓÔ? S-jaòùb_ºô
ö G  (S-adenosyl-L-methionine: SAM) ï S- j a ò ù b õ ` ù e â D G (S-
adenosylhomocysteine: SAH)@¢ (SAM/SAH)Ý Th17 ÓÅÇ¶, Foxp3 !w>ó¶í}
kC>úF 2-ùÖ|ûùÕbEbH (2- hydroxyglutarate: 2-HG)Ý Treg ÓÅÇ¶íî
·. ITA Çàá¶· Th17, Treg ÓP SAM Äü>uJ?_ºôöGjaòùbäiG
eúHi}  (methionine adenosyltransferase: MAT)@wxh9Ýï´¶í'%, 2-
HG Äü>uJ?D¡IáGHaùÖ|¢U}  (isocitrate dehydrogenase: IDH)-1 ï
IDH-2 @wxh9P Treg Óï´¶íî·. ITA >(? SAM/SAH ï´>(%
epigenetic ë=LÝ'Ïíî?ÑïÝ£¤ðñ··R ChIP-qPCR Ç?ì·ïÑç, 
Il17a  promoter ~�>'M? ROR!t @UÄÅPîàáü>¢¶íï´¶íî·.  
BÇÉC³íì>'îí ITA >(% Th17 KLPÙÚ>}kðñíî?@>'uJö
¥,  Th17 @ceE}¦§¨¦}E}ÓÔ? ROR!t @!wÄP©�¶íî·.  G@·
R Il17a  promoter ~�>'M?_ºbLÝ=L¶ ROR!t @UÄÝ}kðñíî?Ñ
ïÝ×ªðñ·.  «W, ITA P Il17a promoter ~�>'M? ROR!t @UÄÅÇï´ð
*í'%, G@fgï¶í ITA P SAM Äü>uJ?wxÓÔ? MAT @wxh9Ç
ï´ð*, SAM/SAH ¢Çï´ð*?ÑïÓ Il17a promoter ~�@ ROR!t UÄ5é@
_ºbLÇ=Lð*íî?ÑïÝ£¤ðñ·. 4S Treg >'îíP 2-HG ÇÄüÒ?
wxÓÔ? IDH-1/2 @wxh9Çï´ð*?ÑïÓ, Treg KLÇ}k¶íî·.  

BU#CITA PIJt:;@ª¬üÇ°ÏÐÑ¶, ánMHoâp^IëcdÇ­
¶í Th17 KLÇ}k¶, Treg KLÇ~�¶íî·. ITA @cdÇáM· T IJP
EAE @ab`ab>'îífghi9ÇÅ®ð*·. Th17/Treg imbalance Çyz>
'xYZ[\fg@óô¯6ï¶í, ITA @åçÃ±>°M·±ë?!²Ýß³ðñ
?.  
!  
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@3Ñ5A 
Byzï%CCSLE P B IJ@´µëh9Lï2¶ëYZ6ã@<KÇ÷·ïÒ?
YZ[\9fgÓÔ?. SLE @YZ6ã<K>P Th17/Treg imbalance Ý¸á¶íî
?ÑïÝ¹ºðñ?. Y»¼½¾>|¿Ò?öFºG9j]ºbFàGá,ã "3 
subunit (ganglionic nicotinic acetylcholine receptor "3 subunit: gAChR"3)>óÒ?YZ
6ãPÿ!@fg>'îí, Y»¼½8Àï@uvÝ45ðñíî?. ÑñêÓ SLE
gîÓ' gAChR"3 6ãÝêèðñ?ÑïÝ45ðñíî?Ý, G@åçCéèPÁ
ÚÓÔì·. Âìí, ÃÄP SLE >'M?6 gAChR"3 6ã@åçCéèÇÅÆÒ?
Ñïï¶·. 
BóòïSTC2006 ¿ 1 Àõö 2019 ¿ 12 ÀêÓ>ÇÈÉÊ*ÊËÇáÌ¶· SLE
@üÍgîÇóò>, Øç°ÏqÉíìÇ?ì·. ÎÏ&@6 gAChR"3 6ãÇ
luciferase immunoprecipitation system (LIPS) assay Ç±îíÐº¶, 6 gAChR"3 6ã
û9üï 9ü@åçC÷·(åæÊ=@¦§ëÑ)Ç¢£¶·. ÒÓCrs>(%÷
º¶·åçC÷·>u¶í, 6 gAChR"3 6ãÝG@÷·Ç×Ð¶, !8äª!Å>N
OÇáe?õÑ#õÇôö¶·.  
BUVC144 Ô@gî@#Õ, 6 gAChR"3 6ãû9P 29 ÔÓÔì·. b}{e¤7 
(lupus enteritis: LE)Ç¦Ò?gî@6 gAChR"3 6ãöP, Ö@8À@gî(%'¦é
>×õì·. ðö>6 gAChR"3 6ãöPóô>(% LE @+rïï'>ï´¶íî·. 
|Meâp^I¸ØKsÓP6 gAChR"3 6ãÝ LE @Ù8¶·àeIvqï¶íÚ
èðñ·. ðö> Kaplan–Meier rs>(%, 6 gAChR"3 6ãÇ¦Ò?gîP, G@Ø
@ LE !8/ª«Ý¦é>2îÑïÝÚöõ>ëì·.  
BU#C6 gAChR"3 6ãP SLE gî@ 20%>ÛRöñ, LE @hi9ïÜFuv¶
íî·. ê·, 6 gAChR"3 6ãP LE !8/ª«@×ÐvqÓÔì·. 6 gAChR"3 6ã
P LE @ÌÓ¼×Ø×Ð@4Ýïë%m?. 
 
2 ³íìÓP, 345ÓP ITA Ý Th17/Treg imbalance ÝÊË>uJ?YZ[\9f
g@óô<ïë%#?ÑïÇÚöõ>¶·. ITA PGñYãÝ6Þã±, 6dDbeã
±Ç.xÑïÝÚöõïëìí'%, [\}kïî#âã±@ß¶î:·ëYZ[\
9fg@óô<ïë%#?. 3Ñ5ÓP SLE @ Th17/Treg imbalance @UVï¶í<
Kðñ?YZ6ã@4xÓÔ?6 gAChR"3 6ãÝ, àá8ëÑï@âãÝä¶î LE
@ÌÓä×Ø×Ð>¦±ÓÔ?ÑïÇÚöõï¶·. î¥ñ'åØðöë?íìÇ?
#ÑïÓåçÃ±Ýß³ÓÏ, YZ[\fggî@­®>ë%#?ïÇe?. 
!  
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2.!CD8 
³$&'()æ&Óç±¶·./Pè´@ï'%ÓÔ?.  
 
ANOVA  analysis of variance 
CE-TOF MS capillary electrophoresis time-of-fight mass spectrometry 
ChIP  chromatin immunoprecipitation 
EAE  experimental autoimmune encephalomyelitis 
ECAR  extracellular acidification rate 
FBS  fetal bovine serum 
FCM  flow cytometry 
FPKM  fragments per kilobase of exon per million reads mapped 
gAChR "3 ganglionic nicotinic acetylcholine receptor "3 subunit 
GM-CSF granulocyte macrophage-colony stimulating factor 
GO  gene ontology 
HIF-1"  hypoxia-inducible factor 1 alpha 
H&E  haematoxylin and eosin 
IDH  isocitrate dehydrogenase 
IFN  interferon 
IL  interleukin 
ITA  itaconate 
KEGG  Kyoto Encyclopedia of Genes and Genomes 
LE  lupus enteritis 
LFB  luxol fast blue 
LPS  lipopolysaccharide 
LIPS  luciferase immunoprecipitation system 
MAT  methionine adenosyltransferase 
MS  multiple sclerosis 
MFI  mean fluorescence intensity 
NPSLE  neuropsychiatric systemic lupus erythematosus 
OCR  oxygen consumption rate 
OR  odds ratio 
OXPHOS oxidative phosphorylation 
PBS   phosphate buffered saline 
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PCA  principal component analysis 
PCR  polymerase chain reaction 
PFA  paraformaldehyde 
PTX  pertussis toxin 
RNA-seq RNA sequencing 
ROR!t  retinoic acid receptor-related orphan receptor gamma 
RT-qPCR reverse transcription-quantitative polymerase chain reaction 
SLE  systemic lupus erythematosus 
SLEDAI-2K systemic lupus erythematosus disease activity index 2000  
SAM  S-adenosyl-L-methionine 
SAH  S-adenosylhomocysteine 
SDH  succinate dehydrogenase: 
TCA  tricarboxylic acid cycle 
TGF-#  tumor growth factor-beta 
Th17  T helper 17 cells 
Treg  regulatory T cells 
2-DG  2-Deoxy-D-glucose 
2-HG  2-hydroxygglutaarate 
95%CI  95% confidence interval 
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3.!EF 
YZ[\9fgPYZ[\ÃÄ@ÅÆÇÈÉ@ÊËÌÍï¶, Î978Ç°ÏÐÑ

Ò (Theofilopoulos et al., 2017). G@2FP½´&>éÄëåæçèÇ°ÏÐÑ¶, gî
@ QOL äKê×Ø>ÊÏëNOÇáe#?Ý, ï¿@ÌÓë½@°Öäâìí1e
â|DÖ¼[\}kî>(?óô@�ï>(%, YZ[\9fg@óôüðPñòC
>°Ö¶· (Tsokos, 2020). 4SÓ, óôÓÜõë[\}kóô>Pàá8DEöÄ@
âã±Ý÷î, {øï¶íÌô>äùÒ?ÊË'|¿¶íî?.  

³íìÓPGñö@äó9ÊË@ÌÓ¼ÊË÷øCóôT@rÚÇ%Cï¶, G@
&Ó' Th17(T helper 17)/Treg(regulatory T) cell imbalance >óÒ?óôT@78ïÖ
Ü9áàâcä}ae (Systemic lupus erythematosus: SLE)@ûúëåæçè@4x
ÓÔ? lupus enteritis (LE)>ûrÇüí·. 

345ÓP Th17/Treg cell imbalance >uÒ?íì>xîíýþ?. 
T IJPÿ!@YZ[\fg@ÊËÇ"#û,ëàGþ$ÓÔ?. UD}V T IJ

P6àÿ!>÷îh9Lðñ, [ö\Dä"DGDE÷º@#$´Ó Th1, Th2, Th17, 
Treg ëÑ@÷øCëf%Ç'ì· T IJjKLÒ?. ÷> Th17 ï Treg PG@KL>
&,ë\Dä"DGï¶í TGF-# (tumor growth factor-#)ÇÈ¦¶íî?Ý, Th17 P
YZ[\fg@Ê(Ç)Lð*, Treg P[\+,Ç-.¶78Ç/0Lð*?ïî#
¥¯Ò?91Ç¦¶íî? (Zhou et al., 2008). Th17/Treg cell imbalance P SLE 
(Sharabi and Tsokos, 2020), 2!93L8 (multiple sclerosis: MS) (Dendrou et al., 2015), 
u¾àdcº (Samson et al., 2012)ëÑ@YZ[\fg>'îíÊËj@uáÝ£¤
ðñíî?Ý, G@ imbalance Ç÷øC>ABÒ?óôTP'(78ðñíîëî. å
¸ÃÄP Th17/Treg cell imbalance >óÒ?:;óôT@ÅÆÇ)ë·.  

3Ñ5ÓP SLE @ÊË÷øCYZ6ã>uÒ?íì>xîíýþ? 
SLE P2åæçèÇ'·öÒÖÜ9YZ[\fgÓÔ%, 2¶ëYZ6ã@<KÇ

÷·ïÒ? (Kono et al., 2014; Tsokos, 2020). YZ6ã@&>P SLE @÷º@åç8
À¼ÊËïÜFuvÒ?'@Ý|¿¶, &Ó'*¼¼½b}{e (neuropsychiatric 
systemic lupus erythematosus: NPSLE)>uvÒ?YZ6ãÝ2F45ðñíî? 
(Mader et al., 2018). Gñö@÷øCYZ6ãP,  fg@+rÇ,R?(MÓëF, -ß
ÌÓ¼óô@.Dôc}"}ïë%m?. Y»¼½¾>|¿Ò?öFºG9j]ºb
FàGá,ã "3 subunit (ganglionic nicotinic acetylcholine receptor "3 subunit: 
gAChR"3)>óÒ?YZ6ãPÿ!@fg>'îí, Y»¼½8Àï@uvÝ45ðñ
íî?Êà9YZ6ãÓÔ? (Imamura et al., 2020). ÑñêÓ gAChR"3 6ãP SLE



 9 

gîÓêèðñíî?'@@, G@åçCéèPÁÚÓÔì·. Âìí, ÃÄP SLE >
'M?6 gAChR"3 6ã@NOÇÅÆÒ?Ñïï¶·. 
!  
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4.1! "# 

ÿ!@YZ[\9fg>'îí, Th17/Treg imbalance @ÊËj@uáÝ7Ûðñí
î?. UD}V T IJõö Th17 ä Treg ÇPQRï¶·÷º@áúHIE}T IJj
@KLäf%>PéÄë\Dä"DGÿ!äéÄëIJtùÕUbp/Ý&0ÓÔ?. 
ï¿, Ññö>ZeIJt:;Ý T IJ@KL>ÊÏëNOÇáeíî?ÑïÝÚö
õïëìíÏ· (Geltink et al., 2018). UD}V T IJPG@áob§}1Çs>2ä
FGÖàj@3qp/ì>'M?HLCàGHL (oxidative phosphorylation: 
OXPHOS)>{|¶íî?Ý, áúHIE}T IJ>KLÒ?4>ríìjï:;ÀË
Çùúäð*?. ê·, áúHIE}T IJ@\V]^ä5>:;½6j@{|zPø
ëìí'%, Th17 Ýríì>{|Ò?@>ó¶, Treg ÓP78HHL>{|¶íî? 
(Geltink et al., 2018). [ T IJ\V]^äj@KL´9>'îí:¶·:;½6Ç;
èÒ?ÑïP, G@IJ@f%<mäKLÇ}kÒ?Ñï>=Ý?. >e?, ríì@
»@wx@4xÓÔ? pyruvate kinase muscle isozyme 2 @;èîP in vitro Óríì
Ç}k¶, Th1 ï Th17 @KLÇ}kÒ? (Kono et al., 2019). Th17 KL>xîíPÕ
bE2G:; (Xu et al., 2017) ä_ºôöG:; (Roy et al., 2020)ëÑ@ÿ!@:;½
6ï@uv'45ðñíî?. ê·, Th17 ï Treg PG@KL>&,ëceE}tuv
qÓÔ? ROR!t ï Foxp3 ÇGñAñ!w¶í'%, ríì@û,ëklvqÓÔ?
ïHxBCvq (hypoxia-inducible factor 1 alpha: HIF-1")Ç CD4+T IJÓâäð*?
ï, ríìÝ}kðñ?Ñï>Ze, ROR!t ï Foxp3 j@ã±Ç­¶í Th17 @KL
Ç}k¶, 4SÓ Treg @KLÇ~�Ò? (Dang et al., 2011). ðö>ï¿@íìÓP:
;½6ÇD¾¶·UVKQ?:;<=@=iÝáúHIE}T IJKL>û,ÓÔ?
ÑïÝÚöõ>ðñíî?. _ºôöG:;Ç}kÒ?ÑïÓ, :;<=õxIJt@
_ºbÌEáãÓÔ? S-jaòùb_ºôöG (S-adenosyl-L-methionine: SAM)ÝÅ
Ç¶·UV, Il17a opq@{|`}E}~�>'îíùeäG@F_ºbLÝKQ, 
Th17 @KLÝ}kðñ? (Roy et al., 2020). ê·, ÕbE2G:;Ç;èÒ?ÑïÓI
áGH (tricarboxylic acid cycle: TCA)̧ 6@:;<=ÓÔ? 2-ùÖ|ûùÕbEbH 
(2-hydroxyglutarate: 2-HG)@ÅÇ>(? Foxp3 opqG@ï_ºbLÝ°ÏÐÑðñ, 
Treg @KLÝ~�Ò?ÑïÝHöñíî? (Xu et al., 2017). 

DEFGH (itaconate: ITA)P TCA ¸6@&I:;<=ÓÔ?. ÑñêÓ@íìÓP
àJ2í (lipopolysaccharide: LPS)KÓh9Lðñ·cI|úL}MÓ ITA @<KÝ
©�¶, interleukin (IL)-1# ä IL-6 ïîì·789\Dä"DG@!wÇ}kÒ?Ñï
Ó678ã±Ç£ÒÑïÝ45ðñíî? (Bambouskova et al., 2018; Mills et al., 
2018). ðö>, ITA PIÞ@D¡IáGHàj} ÇLM;è¶í6Þã±Ç£¶ 
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(McFadden and Purohit, 1977), :NF|UdDbeàá8 (COVID-19)>'îíP, 
ITA @BCãÝdDbe@ÿOÇ}k¶, àáõeäP@´µë789ÃÄÇ}kÒ
?ëÑ6dDbe=1ï¶í@PQ'¦¶íî? (Olagnier et al., 2020). ITA @IJt
:;j@NO>xîíP, cI|úL}M>'îís,ëríìwxÇ;èÒ?Ñï
ÓríìÇ}kÒ?ÑïÝ£ðñíî?. 4SÓ, ITA Ý T IJ@KLäf%>'îí
Ñ@(#>NOÇáe?õPRKëêëÝëðñíîëî.  
!  



 13 

 

4.2! $% 

³íì@%CP6789:;<=ÓÔ? ITA >(? Th17/Treg imbalance j@NO
ÇÚöõ>Ò?ÑïÓÔ?.  
!  
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4.3!  &'()*+ T ,-./012345 

 

4.3.1 6780 

ï¿, T IJ@KL>'M?IJt:;@kl@û,9ÝSTðñíî?. ÃÄPc
I|úL}MÓríìÇ}kÒ? ITA Ý, T IJ@IJ:;>'Uöõ@NOÇVW
¶, G@KL>NOÇáe?ïî#XYÇ8ííWXÇ?ì·.  

i=WXPÇÈÉÊ*@i=WXZ+[\+@]Û@'ï(]Û^_ 19-0147), ÇÈ
ÉÊ*i=WX>uÒ?;º>Âî?ì·.  
!  
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4.3.2 9: 

2 7`8 ab@c C57BL/6J (B6)cde@RåSTõöUD}V CD4+T IJÇWX¶, 
[áúHIE}T IJ\V]^ä>÷øCëÿ!ÇáeíKLÇBC¶·. de>
ITA ÇZe?ÑïÓ T IJKLj@NOÇ flow cytometry (FCM), reverse 
transcription-quantitative polymerase chain reaction (RT-qPCR)TÇ±îíôö¶·. ú
ùrsP GraphPad Prism (ver. 7.04; GraphPad Software, San Diego, CA, USA)Ç±î
í?ì·.  
 

4.3.2.1 !"#$%&T '()*+, 

2 cdePfg´>hijk+¶, RåSTÇlm¶·. 70 µm cell strainer ÖÓ 5 mL
ùàGM@ plunger Ç±îífnC>op¶·Ø, 2 mL @ ACK lysing buffer (Gibco)Ó
qr¶, stÓ 2 KI incubate ¶íuÎ$Çvw¶·. 4 x, 2000 rpm, 2 KIyz¶í
ÖÏÇvw¶, {¦^äÇ CD4+CD62L+T cell isolation kit (Miltenyi Biotec)Ç±î·
Magnetic cell sorting T>(%UD}V CD4+T IJÇKm¶·. IJÇ 10 | îúLd
ù}~ÎÏ (fetal bovine serum: FBS), {öùàG, eä¦{äcDùG, 0.1 % 2-_b"
{äáEò}bD¦ RPMI-1640 medium (Sigma-Aldrich) 1 ml >qr¶, IJ!Ç"d
Gä¶·. 48 well {¦}äÇ 500 �ÄÅ¶· Goat anti-Hamster IgG (MPBio)ÓF}â
pGÕ¶, 1 well Ô·% 0.3Ç106! É@IJÇÑöØ, 6 CD3 6ã (0.25 µg/mL, clone 
145-2C11, Biolegend)ï6 CD28 6ã (0.5 µg/mL, clone 37.51, Biolegend)Ç±îíÿ!
¶·. [áúHIE}T IJ\V]^äj@KL@·Rç±¶·6ã¼\Dä"DG
P, Th1: 6 IL-4 6ã (3 µg/mL, clone 11B11, Biolegend), IL-12 (20 ng/mL, Biolegend), 
Th2: 6 interferon (IFN)! 6ã (3 µg/mL, clone AN-18, Biolegend), IL-4 (100 ng/mL, 
Biolegend), Th17: 6 IL-4 6ã(2 µg/mL, clone 11B11, Biolegend), 6 IFN! 6ã(2 µg/mL, 
clone AN-18, Biolegend), IL-6 (30 ng/mL, Biolegend), TGF-# (0.3 ng/mL, Miltenyi Biotec), 
Treg: 6 IL-4 6ã(2 µg/mL, clone 11B11, Biolegend), 6 IFN! 6ã (2 µg/mL, clone AN-
18, Biolegend), IL-2 (20 ng/mL, Biolegend)V) TGF-# (1 ng/mL, Miltenyi Biotec)ÓÔì
·. ITA PàGHÖÜK+áàâ (phosphate buffered saline: PBS)ÓÄÅ¶, 0, 3, 6 mM
@yzÓ[ well >YZ¶·.  
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4.3.2.2 FCM -./!"#$%&T '(01234*56 

3 ¹I@dä@Ø, IJÇ¸ã¶·. Th1, Th2, Th17 ÇåºÒ?·R, GolgiPlug (BD 
Biosciences), õbk}b 12-2àeE}ä 13-j]E}ä (PMA: 500 ng/ml, Sigma-
Aldrich)ïDôòcDùG(1 µg/ml, Sigma-Aldrich)Ç±îí 37 x, 4 çI@ÿ!Ç?ì
·. jIJvw@·R Zombie Aqua (Biolegend)ÇYZ¶, stÓ 20 KI0ü, éèØ, 
êº/ëãíLìî (BD Biosciences)Ç±îíêº¶·. [áúHIE}T IJ\V]^
ä@åº@·R, IJtáï>ç±¶·ñóóò6ãP, 6 IFN-! 6ã (clone XMG1.2, 
Biolegend), 6 IL-4 6ã (clone 11B11, Biolegend), 6 IL-17A 6ã(clone TC11-18H10.1, 
Biolegend)V)6 ROR!t 6ã (clone B2D, eBioscience)ÓÔì·. Treg @åº>P, IJ
"Qáï>6 CD25 6ã (clone 3C7, BD Biosciences), IJtáï>6 Foxp3 6ã 
(clone FJK-16s, eBioscience)ÇGñAñç±¶·. [6ãP 1:50 '¶FP 1:100 ÄÅÓ
ç±¶·. 4 x, over night Ó0ü, éèØ> BD FACSAria™ II (BD Biosciences)Ç±î
íú|}\Dä_äà} (flow cytometry: FCM)Çô?¶· (Figure 1).  
 

 
Figure 1. ú|}\Dä_äà}>(?áúHIE}T IJ@åº 
¢}âpGÕeäiâM}Ç£Ò. öV¦^äÇvw¶·Ø, Zombie Aqua >(%jI
J@vwÇ?î, IL-17A, IL-4, IFN, Foxp3, CD25 Ó¢}âpGÕÇ?ìí[áúHI
E}T IJÇåº¶·. õSúùóùÕUb (FSC), PSúùóùÕUb (SSC), þbe
@×ð (Height: H), þbe@û (Width: W), þbe@Q© (Area: A). 
 

!  
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4.3.2.3 RT-qPCR -./ Th17, Treg 789:;*<= 

dä 2 ¹%>¸ã¶·IJÇ RLT buffer Óìr¶, RNeasy Plus Mini Kit (Qiagen)Ç
±îí RNA ÇÚè¶·. Úè¶· RNA PyzÇDüØ> SuperScript VILO 
(Invitrogen) Ç ± î í cDNA ï ¶ , Taq-Man Gene Expression Assay   Applied 
Biosystems¡>(? RT-qPCR TÓ Th17, Treg uvopq@!wÇºÄ¶·. ç±¶
· primer P TaqMan probe Foxp3 (Mm00475162_m1), TaqMan probe Rorc 
(Mm01261022_m1), TaqMan probe Il17a (Mm00446973_m1), TaqMan probe Il17f 
(Mm00521423_m1), TaqMan probe Tbp (Mm00446973_m1)V) TaqMan probe Gusb 
(Mm1197698_m1)ÓÔì·. Ðº>P 7500 Fast Realtime PCR system (Applied 
Biosystems)Ç±î·. mRNA !wÄP!!CT T>(ìí[IJ@[opqï¢deû
}nGÕopqÓÔ? Tbp ï Gusb @£¤@¥Çù¦¶, mRNA ÄÇ¦è¶·.  
 

!  
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4.3.3 ;<  

4.4.3.1 !"#$%&T '()*+,->?/@%ABC*DE 

 
ú|}\Dä_äà}rs>'îí Th1, Th2 j@KLP ITA @¦§>(%¦éë

=iPëöñëõì·§4S, Th17 j@KLP ITA @yz{|C>}kðñ, Treg j
@KLP ITA @yz{|C>¨Z¶· (Figure 2A, B). ê·, Th17 ©ª>'îí ITA à
á>(% ROR!t !wÄPÖÜ¶íî· (Figure 2C).  
!  
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Figure 2. áúHIE}T IJj@KL>'M? ITA @NO 
DEFGH (ITA: 0, 3, 6 mM)|¿´Ó B6 cde«¬@UD}V CD4+T IJÇ Th1, 
Th2, Th17, Treg ©ªÓKLð*, ú|}\Dä_äà}Órs¶·. A, B: [áúHI
E}T IJ©ª@:"Cë{|^ä (A)ï¨©a}E (B)Ç£Ò. C: Th17 ©ª>'M?
ROR!t !wÇ£¤ñóÜz (mean fluorescence intensity: MFI)Ó£Ò.  
a}EP£¤­®ó¯°¥Ó£¶·. *p < 0.05, **p < 0.01, ***p < 0.001, ns: not 
significant. p ­P one-way analysis of variance (ANOVA) with Bonferroni post hoc tests
'¶FP two-tailed unpaired Student’s t test Ç±îí¦è¶·.  
!  
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4.4.3.2 Th17, Treg 789:;*FGHI 

 
±>DEFGH@¦§Ó Th17, Treg KL©ªÓdä¶·UD}V CD4+T IJ@o

pq!wÄ@rsÇ?ì·. RT-qPCR T>'îí, Th17 ÓP ITA >(% Il17a, Il17f @
!wÄPï´¶íî·Ý, Rorc !wÄP¨Z¶íî·. 4S Treg ÓP ITA >(%
Foxp3 !wÄÝ¨Z¶íî· (Figure 3).  
 
 

 

 
Figure 3. ITA >(? Th17, Treg uvopq@!w=i 
DEFGH (ITA: 0, 6 mM)|¿´Ó B6 cde«¬@UD}V CD4+T IJÇ Th17, 
Treg ©ªÓKLð*, RT-qPCR TÇ±îí Th17 uvopq (Il17a, Il17f, Rorc), Treg
uvopq (Foxp3)@!wÇrs¶·. 
a}EP£¤­®ó¯°¥Ó£¶·. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, 
ns: not significant. p ­P two-tailed unpaired Student’s t test Ç±îí¦è¶·.  
 

!  
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4.3.4 ;= 

ITA >(% Th17 KLÝ}kðñ, Treg KLÝ~�ðñ?ÑïÇ mRNA¼ÉÑ¦²
bÓ7Û¶·. Th1, Th2 KLj@NOPÛRöñëõì·. Th17 >'îíP IL-17A
@!wÇkl¶íî? ROR!t @ÖÜÇÛR·.  ROR!t P Th17 @ceE}¦§¨¦
}E}ïÇeöñí'%, ITA >(% ROR!t @!wÝ©�¶íî?>'õõJö¥
Th17 KLÝ}kðñíî?r>u¶íP 4.8 @õÓ³I>êëÒ?Ñïï¶·.  !  
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4.4! >?%@ABCDEFGHIJKLMN0123&'(

)*+OPQRDS+45 

 
2 ITA >(% in vitro @ Th17 KLÝ}kðñ?ÑïÝÚöõ>ëì··R, ±> ITA
>(%cdðñ· T IJ@ in vivo >'M?f%Ý=L¶íî?õÑ#õÇêëÒ?
Ñïï¶·. ç±Ò?i=`abï¶í, Th17/Treg imbalance Çyz>.x2!93
L8`abÓÔ? , WXCYZ[\9]^_7  (experimental autoimmune 
encephalomyelitis: EAE)Ç±î?Ñïï¶· (McGinley et al., 2020). EAE P2áàG
÷øCë CD4+T IJ, ÷> Th17 ÝG@!8>û,ÓÔ? (McGinley et al., 2020). 6à
÷øC CD4+T IJÇabÒ?Ñï>(ìíBC´%ÓÔ%, 2áàGôàµaGÖ|
\DäíÉÑ1>óÒ?6à÷ø9Ç¦Ò? 2D2 cde (C57BL/6-Tg (Tcra2D2, 
Tcrb2D2) 1Kuch/J) «¬@ Th17 Ç, ü¶¶· T, B IJÝ|¿¶ëî Rag1 âäcde 
(B6.129S7-Rag1tm1Mom/Jmice)>ab¶ EAE ÇBCÒ?ÑïÓ, ÖU}«¬@ T I
JÝ¦ùnáGä@ EAE @fghi9>áe?NOÇôöÒ?ÑïÝ´%ÓÔ? 
(adoptive transfer EAE: tEAE) (Stromnes and Goverman, 2006b). ÃÄPÑ@`abÇ
±îí ITA >(%cdðñ·áúHIE}T IJÝ in vivo >'îí EAE @fghi
9>áe?NOÇôö¶·. úùrsP GraphPad Prism (ver. 7.04; GraphPad 
Software, San Diego, CA, USA)Ç±îí?ì·.  
 

4.4.1 9: 

4.4.1.1 Adoptive transfer EAE *JKLMNOIP*<=QR 

7`8 ab@ 2D2 cde(% 4.3.2.1.>µ·Ô?STïåé>RåõöUD}V
CD4+T IJÇKm¶, 48 well {¦}äÖÓÿ!¶·. Pathogenic Th17 j@KL@·R
ç±¶·6ã¼\Dä"DGP, 6 IL-4 6ã(2 µg/mL, clone 11B11, Biolegend), 6
IFN! 6ã(2 µg/mL, clone AN-18, Biolegend), IL-6 (30 ng/mL, Biolegend), TGF-# (0.3 
ng/mL, Miltenyi Biotec), IL-23 (10 ng/mL, Biolegend)V) IL-1# (10 ng/mL,  Biolegend)Ç
±î·. ITA P PBS ÓÄÅ¶, 0, 3 mM @yzÓ[ well >YZ¶·. 37 x, 3 ¹I@d
ä@Ø, IJÇ¸ã¶, 1 ¸Ô·% 1.0Ç107! É@IJÇ 7`8 ab@ Rag1 âäcde
>0¹9º¶·. IJ@abü¹ï 2 ¹Ø> Pertussis toxin (PTX; 400 ng per mouse, 
List Biological Laboratories)Ç»¼t9º¶, fghi9ïãû=LÇ`öEàGÕ¶
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· (Figure 4). fghi9P±@(#ëåçeFjÓôö¶·: 0, åç8Àë¶; 0.5, ½
@5K´¾; 1, ½@¿Ö´¾; 2, ÀDÁiÝÓÏëî, ØÂ5KfÃ; 2.5, ÄPØÂ¿Ö
fÃ; 3, ÅØÂ¿ÖfÃ; 3.5, õÂ5KfÃÇDEÅØÂ¿ÖfÃ, 4, ÆÂ¿ÖfÃ; 5, 
jÇ (Stromnes and Goverman, 2006a). ê·, ãûÝÈ¹(% 20 %èÖÅÇ¶·Éã>
xîíP, i=ÉÊ@qrõöfg´>hijk+¶·. 
 

 

Figure 4. áiCWXCYZ[\9]^_7`ab@ËÌæ 
Day–3: 2D2 cde(%UD}V CD4+T IJÇKm¶, Pathogenic Th17 ©ªÓdä¶
·. Day0: ̧ ã¶·IJÇ Rag1 âäcde>0¹9º¶·. Pertussis toxin (PTX)P
Day0, 2 >»¼t9º¶, fghi9ïãû=LÇ`öEàGÕ¶·. 
!  
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4.4.1.2 STUVWXY*Z[\] 

2 EAE BCõö 15 ¹Ø>fg´>cdeÇhijk+¶, PBS ÍÎÇ?ì·Ø>^
_ÇWX¶·. ðö> 4 %þiõbljbaùÖ(paraformaldehyde: PFA)Ó 48 çIê
º¶, PBS ÓéèØ> 70 %áEò}bÓüÏ¶·. þiúpGV|^IÇãü¶, G@
ÐÄÇFþiúpGk+¶, haematoxylin and eosin (H&E)áïï luxol fast blue (LFB)
áïÇô¶·. ^_j@IJãåP±@(#>eFjàGÕ¶· (Inflammation score): 
0, no infiltration (< 50 cells); 1, mild infiltration (50-100 cells); 2, moderate infiltration 
(100-150 cells); 3, severe infiltration (150-200 cells); 4, massive infiltration (> 200 cells) 
(Yoshida et al., 2016). 
 

4.4.1.3 "^&0@4_4`&-./STUVWXY*ab'(*<= 

õý@(#>WX¶·^_ÇÑÒ>(%IÓ¶·. )QÇ Collagenase Type 
IV(worthington)Óqr¶, 37 x, 20 KIÓÔ¶·. ̀ îí 70 µm cell strainer ÖÓ 5 mL
ùàGM@ plunger Ç±îífnC>op¶·Ø, OptiPrepTM (Sigma-Aldrich)Ç±î
íÕzÖ×yzKm¶·. {¦^äÇ¸ã¶, Th17 ÇåºÒ?·R, GolgiPlug (BD 
Biosciences), õbk}b 12-2àeE}ä 13-j]E}ä (PMA: 500 ng/ml, Sigma-
Aldrich)ïDôòcDùG(1 µg/ml, Sigma-Aldrich)Ç±îí 37 x, 3.5 çI@ÿ!Ç?
ì·. jIJvw@·R Zombie Aqua (Biolegend)ÇYZ¶, stÓ 20 KI0ü, éèØ, 
êº/ëãíLìî (BD Biosciences)Ç±îíêº¶·. IJ"Qáï>6 CD4 6ã 
(clone H129.19, Biolegend)V)6 CD90.2 6ã (clone 53-2.1, Biolegend), IJtáï>, 
6 IFN-! 6ã (clone XMG1.2, Biolegend), 6 IL-17A 6ã(clone TC11-18H10.1, 
Biolegend)V)6 Granulocyte macrophage-colony stimulating factor (GM-CSF)6ã 
(clone MP1-22E9, eBioscience)ÇGñAñç±¶·. 4 x, over night Ó0ü, éèØ>
BD FACSAria™ II (BD Biosciences)Ç±îíú|}\Dä_äà} (FCM)Çô?¶·.  
 

!  
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4.4.2 ;< 

4.4.2.1 Adoptive transfer EAE *cdUAefghH,2

2 ITA ( 3 mM)>(?cdÇáM·6à÷øC Th17 Çab¶· Rag1 âäcde (ITA
ü)ÓP, FGä|}b (Ctrl)ü>¢¶íåçeFjïãûÅÇÝ¦é>}kðñ· 
(Figure 5).  
 
 

 

Figure 5. Adoptive transfer EAE @åçeFjïãû=L 
A, B: 6à÷øC Th17 ÇabØõö 15 ¹I, Ctrl ü (n=8)ï ITA ü (n=10)@åçeF
j (A)ïãû=L (B)Ç`öEàGÕ¶·.  
a}EP£¤­®ó¯°¥Ó£¶·. **p < 0.01. p ­P two-way ANOVA Ç±îí¦è
¶·.  
 

!  
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4.4.2.2 STUVWXY*Z[ij<= 

^_@STÐÄ>'îí, ITA üÓPãåIJ!ïF_Ý Ctrl ü>¢¶í¦é>Å
Ç¶íî· (Figure 6A, B). ùä>'M?2!93L8@ÊËïØÙ¶í, EAE @fg
hi9P^_j@ãåIJ!äF_ï¥uÒ?ÑïÝ45ðñí'% (McGinley et al., 
2020), Figure 5 ïÚÛ¶ëîUVÓÔì·.   
 
 

 

 
Figure 6. cde^_)Q@ST*Côö 
A: EAE BC¶í 15 ¹Ø>WX¶·^_Ç haematoxylin and eosin (H&E)ï luxol fast 
blue (LFB)Óáï¶·:"CëST¡. B: ãåIJ!õö¦è¶· Inflammation score.   
a}EP£¤­®ó¯°¥Ó£¶·. *p < 0.05. p ­P two-tailed unpaired Student’s t 
test Ç±îí¦è¶·.  
 

!  
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4.4.2.3 STUVWab'(*<= 

GM-CSF Ç<KÒ? Th17 P EAE >'îí(%Êà9Ý×î\V]^äï¶í4
5ðñíî? (McGinley et al., 2020). ^_ãåIJ@³IÇôö¶·ïÑç, ITA üÓ
P^_>'M? IL-17A+CD4+T IJï IL-17A+GM-CSF+ CD4+T IJ@Üó!ïOÄ
Ý Ctrl ü>¢¶í¦é>ÅÇ¶íî· (Figure 7A, B). ÑñP in vitro Ó7Ûðñ·
ITA >(? Th17 @KL}kã± (Figure 2)>ÚÛ¶ëîUVÓÔì·.  
 
 

 
 
Figure 7. FCM >(?^_ãåIJ@ôö 
A, B: EAE BC 15 ¹Ø@^_>'M? IL-17A+ (A),  IL-17A+GM-CSF+ (B) CD4+ T IJ
@Üó! (Ý)ïOÄ (Þ)Çú|}\Dä_äà} (FCM)Óôö¶·.  
a}EP£¤­®ó¯°¥Ó£¶·. *p < 0.05. p ­P two-tailed unpaired Student’s t 
test Ç±îí¦è¶·.  
 

!  
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4.4.3 ;= 

2 WX 4.4 ÓP ITA >(?cdÇáM·6à÷øC Th17 Çab¶· Rag1 âäcd
eÓP, Ctrl ü>¢¶í EAE @fghi9Ý}kðñ·. ê·, ITA üÓPfghi9
ï4ß¶í^_>ãåÒ? IL-17A+ CD4+ T IJ, IL-17A+GM-CSF+CD4+ T IJÝÅÇ
¶·. Rag1 âäcdeÇ±î· tEAE `abPü¶¶· T IJÝ|¿¶ëî#$Ó, 
abðñ·6à÷øC Th17 @Êà9Ç(%LMC¼÷øC>ôöÒ?ÑïÝÓÏ?. 
å ,̧ in vitro Ó7Ûðñ· ITA >(% Th17 @KLÝ}kðñ· T IJÝ, in vivo >
'îí' f%Ý}kðñíî?ÑïÝ7Ûðñ·. 4SÓ, ITA YZ>(%KQ·=
LÝÑ@(#ë_"öàlÓÐÏ·@õ>xîíPÁÚÓÔ%, ÃÄPG@³Iëf
g>xîíÅÆÒ?Ñïï¶·.  
 
!  
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4.5 &'()*0T3 T ,-./UV+WX%YZ[\] 

ITA Ýh9L¶·cI|úL}M@789\Dä"DG@!wÇ}kÒ?fg>x
îíPÿ!@45ÝÔ? (O'Neill and Artyomov, 2019). Th17 ä Treg @KL@´9>'
îí'ÿ!@tuvqäopq@uáÝ45ðñíî?Ñïõö (Kurebayashi et al., 
2013), ÃÄPê¥ Ctrl ï ITA üÓ¦é>=iÒ?opqüÇ÷ºÒ?·R>mnC
opqrsÇ?#Ñïï¶·.  

4.5.1 9: 

ITA Ý Th17, Treg KL>uJ? pathway ÇÅÆÒ?ÑïÇ%Cï¶, RNA  
sequencing (RNA-seq)>(?mnCopqrsÇ?ì·. 8 ab@c B6 cdeõö
4.3.2.1.>µ·Ô?STÓ ITA (0, 6 mM)@|¿´Ó Th17, Treg >KLð*· . 3 ¸@c
deõö[©ª@IJÇãü¶ ([IJ©ª>'îí 3 biological replicates), dä 2 ¹
%>¸ã¶·IJÇ RLT buffer Óìr¶, RNeasy Plus Mini Kit (Qiagen)Ç±îí
RNA ÇÚè¶·. Úè¶· RNA P Genewiz (South Plainfield, NJ)>áâ¶, iDVi
àãüÇ[ã¶·. RNA integrity number (RIN) 7 èÖ@ total RNA 500 ng Ç poly-A 
mRNA enrichment (NEBNext Poly(A) mRNA Magnetic Isolation Module) Óõk+¶, 
NEB NEXT Ultra RNA Library Prep Kit for Illumine (New England Biolabs, E7530)Ç
±îíiDViàÇãü¶·. iDViàP NovaSeq 6000 system (Illumina)Ç±îí
ù}IáGe¶, 150 àÌ paired-end TÓ 2500 äèÖ@à}ÖÇXm¶·. Cutadapt 
v 2.1 Ç±îíIôàâpÝïîà}Öäjö{E}×åÇvw¶·. äà2GÕðñ
·à}ÖÇ mm10 (Ensembl 99)>c^nGÕ¶, STAR v 2.7.1a Ç±îíºÄL¶· 
(Dobin et al., 2013). !w=iopq (Differentially expressed genes; DEGs)P DESeq2
Ç±îí, \G{bI@!w¦²b (log2 fold-change > 0.5, Dü p ­ <0.01)>Ìæîí
åºðñ· (Love et al., 2014). rsP R software (ver. 4.0.0; R Core Team. R: A language 
and environment for statistical computing. R Foundation for Statistical Computing, 
Vienna, 2020)Ç±îíô?¶·. möñ·=iopq@a}E@ Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathway rsï Gene ontology (GO)rsP Metascape 
web-based platform Ç±îíô?¶· (Zhou et al., 2019). 
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4.5.2 ;< 

4.5.2.1 RNA-seq klmnFGHI9:;*56 

2 RNA-seq >(ìímöñ·a}Eõö fragments per kilobase of exon per million 
reads mapped (FPKM)Ç¦è¶, FPKM Ý 1 èÖÓÔ?opqÇ!w=irs>±î
·.  süKKs(principal component analysis: PCA)ÓP Th17 (ITA 0, 6 mM)ï Treg 
(ITA 0, 6 mM)P PC1 Variance 93%ÓYÚðñ, GñAñ@ biological replicates P PC2 
Variance 13%ÓYÚðñ·(Figure 8). Ñ@Ñïõö[IJüPøë?opq!w{|
úLDbÇ¦¶íî?ÑïÝ£ðñ·. Th17, Treg (ITA 6mM)PFGä|}bçTh17, 
Treg (ITA 0 mM)èï¢£¶íGñAñ 1,072 ï 1,554 @opqÝ¦é¥Ç'ìí=i
¶íî·(log2 fold-change > 0.5, Dü p ­ <0.01) (Figure 9). ±>Ññö@!w=iop
q> Metascape Ç±îí KEGG pathway rsÇ?ì·. ITA àá>(%=i¶·
pathway ï¶í, Th17 üÓPéHIF-1 signaling pathwayê,éGlycolysisêV)
éCentral carbon metabolism in cancerêÓÔ%, Treg üÓPéGlycolysisê,éFructose 
and mannose metabolismê,éFatty acid metabolismêëÑ:;>uJ? pathway Ý
Öé>êèðñ· (Figure 10).  
 
!  
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Figure 8. ITA >(? Th17, Treg ü@!w=iopq@süKKs 
A: süKKs (PCA)@UV. Th17 (DEFGH: ITA 0, 6 mM)ï Treg (ITA 0, 6 mM)P
PC1 Variance 93%ÓYÚðñ, GñAñ@ biological replicates P PC2 Variance 13%Ó
YÚðñ·.   
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Figure 9. ITA >(? Th17, Treg ü@!w=iopq 
A, B: FGä|}b (Ctrl)>¢¶íDEFGH (ITA)>(% Th17 ü (A)ï Treg ü (B)Ó
!wÝ=i¶íî?opq@ volcano plot. !w©�opqÇu, !wÅ®opqÇë
Ó£¶·.  
 
!  
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Figure 10. ITA >(? Th17, Treg ü@!w=iopq>uÒ? pathway 
DEFGH (ITA)>(% Th17 (A), Treg (B)ü>'îíÛR·!w=iopq>xîí, 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway rsÇô?¶·. Úèðñ
·Öé 20 É@ pathway Ç£Ò. 
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4.5.2.2 Th17, Treg op@%ABC-.qrstuHIv/9:;o*5
6 

2 ITA >(? Th17, Treg KLkl>ÈÉÒ?fgÇåºÒ?·R, Th17, Treg ü>'
îí ITA >(%ÈÉ¶í!w=iÒ? 610 É@opqÇåº¶· (log2 fold-change > 
0.5, Dü p ­ <0.01). ÈÉÒ?!w=iopq>óÒ? Gene ontology (GO)rs>(%,  
‘Glycolysis’,éHIF-1 signaling pathway’ ÇDE pathway ÝÖé>Úèðñ· (Figure 
11). Gñö@ pathway @opq]^ä>xîí@ù}äc^{Ç, fragments per 
kilobase of exon per million reads mapped (FPKM)Ç±îí¦è¶· z-score Ó£¶· 
(Figure 12). Åü>'îíríì>uJ?opq@ÖãCë!wï´ÝÛRöñ·. 
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Figure 11. Th17, Treg üÓ ITA >(%ÈÉ¶í=iÒ?opqü@rs 
Th17 üï Treg ü>'M?DEFGH (ITA)>(?!w=iopq (DEGs)@
²Gæ. ÈÉÒ?opq>ó¶í Gene ontology rsÇ?ì·. 2 2 2 2 2 2
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Figure 12. s,ë pathway >'M?opq]^ä@ù}äc^{. 
Th17 üï Treg ü>'îí, DEFGH (ITA)>(%ÈÉ¶í!w=iÝëöñ?op
q>ó¶í Gene ontology rsÇ?ì·UV, Öé>Úèðñ·‘Glycolysis’,éHIF-1 
signaling pathway’ @opq]^ä>xîí, opq!wÇù}äc^{Ó£¶·. ù
}äc^{P FPKM Ç±îí¦è¶· z-score Ó£¶·. 
!  
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4.5.3 ;= 

RNA-seq Ç±î?ÑïÓ, ITA >(ìí Th17, Treg ï'>ÿ!@:;½6>uJ?
opqÝ=i¶íî?ÑïÇ7Û¶·. ÷>Åü>'îíríìwx>uJ?opq
@ÖãCë!wï´ÝKQí'%, ÑñPì4>'îí ITA >(ìícI|úL}M
>ëöñ·ríì}kï'ÚÛ¶ëîUVÓÔì· (Qin et al., 2019).  

HIF-1" Príì@klvqÓÔ%, CD4+T IJÓâäð*?ÑïÓ Th17 KLÝ}
kðñ, Treg KLÝ~�ðñ?ÑïÝ45ðñíî? (Dang et al., 2011). ³íìÓP
Åü>'îí Hif1a P ITA àá>(%¦éë=iPÛR¥, 4SÓ Vhl, Egln1, Egln2
V) Egln3 ïîì· HIF-1" @Kr>uJ?opq@!wï´ÇÛR· (Figure 12) 
(McGettrick and O'Neill, 2020). èÖ@UVõö, Th17, Treg KL>'îí ITA P HIF-
1" î{|9>ríìÇ}k¶íî?´%9Ý£¤ðñ·.  
!  
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4.6 &'()*0T3 T ,-^_`S+45 

2 RNA-seq @UV(%, ITA >(ìí Th17, Treg ÓPríìwx@opq¦²bÓ@
!wï´ÇÛR·4SÓ, ríì@klvqÓÔ? Hif1a @¦éë!w=iPÛRë
õì·. ÃÄPÑ@:;kl@fgÇðö>³I>rÚÒ?·R, :;f%ä:;<=
@ôöÇ?#Ñïï¶·.  úùrsP GraphPad Prism (ver. 7.04; GraphPad Software, 
San Diego, CA, USA)Ç±îí?ì·.  

 

4.6.1 9: 

4.6.1.1 '(w"x3$Ueyx@z&-./'({|}*<= 

2 8 ab@c B6 cdeõö 4.3.2.1.>µ·Ô?STÓ ITA (0, 6 mM)@|¿´Ó Th17, 
Treg >KLð*·. dä 2 ¹%>¸ã¶·IJÇ±îí, IJt:;ÇàjbEDl
>ùÐÓÏ?IJhúi^IejUiDñ}(Agilent Seahorse XFp Analyzer)Ç±î
í glycolytic rate assay: ríìÐºï mito stress test: 2äFGÖàjf%ÐºÇô?
¶·. GñAñ@ assay >(?Ðºà+Ç Figure 13, 14 >£Ò. 
!  
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Figure 13. Glycolytic rate assay >(?ríìÐº@à+ 
Glycolytic rate assay ÓPÕbF}eÝíH>Krðñ?4>îèðñ?{|äGÇê
è¶íIJhH9L@z(extracellular acidification rate: ECAR)'¶FP(glycolytic 
proton efflux rate: glyco PER)ÇÐºÒ?Ñï>(%ríìÇôöÒ?. ïÈ>ÕbF}
e, L-ÕbE2GV)nbðGHÇYZ¶· Seahorse XF Glycolytic Rate Assay deÓ
incubate ¶·IJ@Ìñrí (basal glycolysis)Çµ&Ò?. ±> Rotenone/Antimycin A 
(Rot/AA : 2äFGÖàjÿÄã I V) III @;èî)ÇYZ¶, 2äFGÖàj>(?
{|äGîèÇ;èÒ?ÑïÓ, :òCrí (compensatory glycolysis)ÇôöÒ?. 
(https://www.primetech.co.jp/products/tabid/90/pdid/119/language/ja-JP/Default.aspx (
%°±45Û=).  
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Figure 14. Mito stress test >(?2äFGÖàjf% 
Mito stress test ÓPHxóô@z (oxygen consumption rate: OCR)ÇÐºÒ?Ñï>(
%2äFGÖàjf%ÇôöÒ?. ïÈ>IJ@Ìñõö (basal glycolysis)Çµ&Ò?. 
±> oligomycin (2äFGÖàjÿÄã V @;èî)ÇYZ¶, 2äFGÖàj>(?
ATP Äü>uJ?{|äG@ÎñÇ;èÒ?ÑïÓ ATP <K (ATP-linked 
respiration) Ç ô ö Ò ? . ï Ø > { | ä G Ö × Ç ÷ Ò  Carbonyl cyanide-42
(trifluoromethoxy) phenylhydrazone (FCCP: FÈNî)ÇàáÒ?Ñï>(%, 2äFG
ÖàjÿÄã IV >(?HxóôÄÇïÊ>Ò?ÑïÓïÊõö (maximal2  
respiration)ÇôöÒ?.  
(https://www.primetech.co.jp/products/tabid/90/pdid/119/language/ja-JP/Default.aspx (
%°±45Û=).  
!  
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4.6.1.2 "^&0@4_4`&-./ HIF-1! *FGHI*<= 

8 ab@c B6 cdeõö 4.3.2.1.>µ·Ô?STÓ ITA (0, 6 mM)@|¿´Ó Th17, 
Treg >KLð*·. dä 3 ¹%>¸ã¶·IJÇ 4.3.2.2.>µ·Ô?STÓk+¼áï
¶·.  Th17 @IJtáï>ç±¶·ñóóò6ãP, 6 IFN-! 6ã (clone XMG1.2, 
Biolegend), 6 IL-17A 6ã(clone TC11-18H10.1, Biolegend)V)6 HIF-1" 6ã (clone 
241812, R&D Systems)ÓÔì·. Treg åº>P, IJ"Qáï>6 CD25 6ã (clone 
3C7, BD Biosciences), IJtáï>6 Foxp3 6ã (clone FJK-16s, eBioscience)V)6
HIF-1" 6ã (clone 241812, R&D Systems)ÇGñAñç±¶·. 4 x, over night Ó0ü, 
éèØ> BD FACSAria™ II (BD Biosciences)Ç±îíú|}\Dä_äà}Çô?¶
·.  
 

4.6.1.3 CE-TOF MS -./'({|}~�*<= (_%Ä^&Å56) 

3 ¸@ 8 ab@c B6 cdeõö 4.3.2.1.>µ·Ô?STÓ ITA (0, 6 mM)@|¿´Ó
Th17, Treg >KLð*· ([IJ©ª>'îí 3 biological replicates). dä 2 ¹%>¸
ã¶· 14Ç106É@IJÇ 10 ml @ 5%cGöä}bìîÓéè¶·Ø, 800 µl @_E
ò}bÓk+¶, 30 øIkbâ^Ie¶íwxÇùhð*·. ±>, IJÚèîÇt5
ó¯=1 Human Metabolome Technologies¡ÇDE 550 µl @ Milli-Q âÓk+¶, ð
ö> 30 øI0ü¶íÚèîÇmíú2,300 Gú4!Ó 5 KIyzKm¶·Ø, 800 µl @
ÖÏÇ 5 kDa "^äôúúpbE} (Milli-pore)Ó 9,100 G, 4xÓ 120 KIyzû´¶
íEGþI1Çvw¶·§ûîÇyzyü¶, 50 µl @ Milli-Q â>ªqr¶í, ûýn
ià}3þÿi!üÇM`¶·ñ?çIN1ÄKs!ü (capillary electrophoresis 
time-of-fight mass spectrometry: CE-TOF MS)Ó:;<=@ÐºÇ?ì·. \G{bP
Human Metabolome Technologies "ÓÐº¼rs¶·.  
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4.6.2 ;<  

4.6.2.1 5ÇÉ, Ñ4ABÖ`eÜá)*DE 

ITA Çàá¶· Th17, Treg ÓPï'> Glycolytic rate assay >'îíÌñrí 
(basal glycolysis)ï:òCrí (compensatory glycolysis)Ýîàáüï¢£¶í¦é>
ï´¶íî· (Figure 15). ê·,  ÅüP Mito stress test >'îí'Ìñõö (basal 
glycolysis), ATP <K (ATP-linked respiration)V)ïÊõö (maximal respiration)Ýî
àáüï¢£¶í¦é>ï´¶íî· (Figure 16).    
!  
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Figure 15. ITA àá>(? Th17, Treg @ríì@=L 
A, B: B6 cde@Rå(%Úè¶·UD}V CD4+T IJ(%KLð*· Th17 (A), 
Treg (B)IJ>'îí, DEFGH (ITA)@YZ@¦§>(?ríì@=LÇIJhú
i^IejUiDñ}>(%IJhH9L@z(extracellular acidification rate: ECAR)
ÇÐº¶íôö¶·. 
a}EP£¤­®ó¯°¥Ó£¶·. *p < 0.05, **p < 0.01. p ­P two-tailed unpaired 
Student’s t test Ç±îí¦è¶·.  
 
!  
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Figure 16. ITA àá>(? Th17, Treg @2äFGÖàjf%@=L 
A, B: B6 cde@Rå(%Úè¶·UD}V CD4+T IJ(%KLð*· Th17 (A), 
Treg (B)IJ>'îí, DEFGH (ITA)@YZ@¦§>(?2äFGÖàjf%@=
LÇIJhúi^IejUiDñ}>(%Hxóô@z (oxygen consumption rate: 
OCR)ÇÐº¶íôö¶·. 
a}EP£¤­®ó¯°¥Ó£¶·. *p < 0.05, **p < 0.01. p ­P two-tailed unpaired 
Student’s t test Ç±îí¦è¶·.  
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4.6.2.2 HIF-1! *FGHI*<=  

à ITA Çàá¶· Th17, Treg ÓPï'> HIF-1" @!wÝîàáüï¢£¶í¦é>
ÖÜ¶íî· (Figure 17). ÑñP RNA-seq >'M? Hif1a Ýopq¦²bÓ@!w©
�ï4ß¶í'%, ríìÝG@klvqÓÔ? HIF-1" î{|9>}kðñíî?
ÑïÇ£¤Ò?UVÓÔì·.  

 

 
 
Figure 17. ITA àá>(? Th17, Treg @ HIF-1" !w@=L 
B6 cde@Rå(%Úè¶·UD}V T IJ(%KLð*· Th17, Treg >'îí, 
DEFGH (ITA)@YZ@¦§>(? HIF-1" @=LÇú|}\Dä_äà}>(%
ôö¶·. :"Cë{|^ä (A)ï¨©a}E (B)Ç£Ò.  
a}EP£¤­®ó¯°¥Ó£¶·. *p < 0.05. p ­P two-tailed unpaired Student’s t 
test Ç±îí¦è¶·. HIF-1": hypoxia-inducible factor 1 alpha. 
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4.6.2.3 5ÇÉ, TCA âäãå_çéèB|}~�)*DE 

à CE-TOF MS >(ìímöñ·IJt:;<=a}E@süKKs(PCA)ÓP
Th17 (ITA 0, 6 mM)ï Treg (ITA 0, 6 mM)@Öé 2 süKP PC1 48.1 %, PC2 17.8 %Ó
YÚðñ·(Figure 18). [\G{b@K#õö ITA àá/îàáüÓ Th17, Treg PGñ
Añøë?:;<={|úLDbÇ¦¶íî?ÑïÝ£¤ðñ·. ÑñêÓ@UVå
é>ríì@:;<=P ITA Çàá¶· Th17, Treg ÓPÅÇÒ?$°Ç£¶· 
(Figure 19).  ê·, TCA ¸6ÓP ITA àáØ@ Th17, Treg Ó succinate @ÖÜï
fumarate @ÅÇÇÛR, 2-HG P Treg Ó@ëÅÇ¶íî· (Figure 20). _ºôöG:
;ÓP ITA àáØ@ Th17, Treg Ó SAM ÝÅÇ¶, SAM ï SAH @¢ (SAM/SAH)P
Th17 Ó@ëÅÇ¶íî· (Figure 20).  

 

 
 
Figure 18. ITA >(? Th17, Treg ü@IJt:;<=@{|úLDb@=i 
Th17 (DEFGH: ITA 0, 6 mM)ï Treg (ITA 0, 6 mM)@IJt:;<=Ç CE-TOF MS
Órs¶· ([IJ©ª>'îí 3 biological replicates). A: %&CIieE}rs@U
VÇù}äc^{Ó£Ò. B: süKKs (PCA)@UVÇ£Ò. Relative metabolite 
levels: êèðñ·n}I@Q©­Ç, Ksfæ@àz6BV)IJ!ëÑÓ6B¶·
¥óêè­. 
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Figure 19. ITA àá>(? Th17, Treg @ríì:;<=@=L 
Th17 (DEFGH: ITA 0, 6 mM)ï Treg (ITA 0, 6 mM)@IJt:;<=Ç CE-TOF MS
Órs¶· ([IJ©ª>'îí 3 biological replicates). ríì:;<=@=iÇ£Ò. 
Relative metabolite levels: êèðñ·n}I@Q©­Ç, Ksfæ@àz6BV)IJ
!ëÑÓ6B¶·¥óêè­. 
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Figure 20. ITA àá>(? Th17, Treg @ TCA ¸6V)_ºôöG:;<=@=L 
Th17 (DEFGH: ITA 0, 6 mM)ï Treg (ITA 0, 6 mM)@IJt:;<=Ç CE-TOF MS
Órs¶· ([IJ©ª>'îí 3 biological replicates). A: TCA ¸6V)_ºôöG:
;<=@=iÇ£Ò. B: S-adenosyl-L-methionine (SAM)ï S-adenosylhomocysteine 
(SAH)@¢ (SAM/SAH)Ç£Ò.  
a}EP£¤­®ó¯°¥Ó£¶·. *p < 0.05, **p < 0.01, ***p < 0.001, ns: not 
significant. p ­P two-tailed unpaired Student’s t test Ç±îí¦è¶·.  
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4.6.3 ;=!!

2 IJhúi^IejUiDñ}ï CE-TOF MS Ç±î?ÑïÓ, ITA >(ìí Th17, 
Treg ï'>ríìï2äFGÖàjf%Ýï´¶, G@:;<=ÝÅÇ¶íî?Ñï
Ç7Û¶·. ríìP HIF-1" >(%~�ðñ?ÑïÝ45ðñíî?. ITA @YZ>
(%ríìÝ}kðñíî?@>'uJö¥, RNA-seq @UVïåé> HIF-1" PÉ
Ñ¦²bÓ'ÖÜ¶í'%, ITA >(?ríì@}kP HIF-1" î{|9ÓÔ?ÑïÝ
£¤ðñ·. CE-TOF MS >(?rsÓP ITA Çàá¶·ÅIJüÓ succinate (F¢
IH)ÝÖÜ¶, fumarate (úcbH)ÝÅÇ¶íî·. cI|úL}M>'M?ì4ÓP, 
ITA P TCA ¸6>'îí succinate Ç fumarate >HLÒ?wxÓÔ?, F¢IHaù
Ö|¢U}  (succinate dehydrogenase: SDH)@wxh9Ç;èÒ?ÑïÝ45ðñ
íî? (Lampropoulou et al., 2016). SDH P2äFGÖàjÿÄã II ï¶í'Höñ
í'%, ITA >(?2äFGÖàjf%}kPÑ@wxh9@;è>Ðv¶íî?Ñ
ïÝ£¤ðñ·. ðö>, ITA Çàá¶·ÅIJüÓ_ºôöG:;>'M? SAM Ý
ÅÇ¶, SAM ï SAH @¢ (SAM/SAH)P Th17 Ó, 2-HG P Treg Ó@ëÅÇ¶íî·. 
ITA Ý SDH wxh9Ç;èÒ?ÑïÇÇ'¶, ±(ÓPÑñö@:;<=@Äü>u
J?wxh9>>%Ò?Ñïï¶·.  
!  
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4.7 &'()*0T3_`abcdS+45 

4.7.1 ef 

2 45@IJt:;<=PánMHoâp^IëcdÇ­¶íIJ@f%ÇklÒ?. 
Th17 KL>'îí, _ºôöGE)Çk*Ò?ÑïÓ, :;<=õxIJt@_ºb
ÌEáãÓÔ? SAM ÝÅÇ¶·UV, Il17a opq@{|`}E}~�>'îíùe
äG@F_ºbLÝKQ, Th17 @KLÝ}kðñ? (Roy et al., 2020). ê·, _ºôö
Gõö SAM ÇÄüÒ?wxÓÔ?_ºôöGjaòùbäiGeúHi}  
(methionine adenosyltransferase: MAT)Çò^IödG¶·IJÓ'åé@wòÝ7Û
ðñíî?. Treg KL>'îíP, TCA ¸6@:;<=ÓÔ? 2-HG @ÄüwxÓÔ
?D¡IáGHaùÖ|¢U}  (isocitrate dehydrogenase: IDH)-1 ï IDH-2 Çò^
IödGÒ?Ñï>(%, 2-HG ÝÅÇ¶, Foxp3 opqG@ï_ºbLÝ°ÏÐÑð
ñ Foxp3 @!wÝÖÜ¶, Treg @KLÝ~�Ò?ÑïÝHöñíî? (Xu et al., 2017). 
_Ek|}lrs@UVÇ+êe, ITA Ý Th17, Treg @KLÇklÒ?fgï¶í, Ñ
ñö@Äüwx@h9Ç;è¶íî?ïî#XYÇ·íê,Ç?ëì·.  
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4.7.2 9: 

8 ab@c B6 cdeõö 4.3.2.1.>µ·Ô?STÓ ITA (0, 6 mM)@|¿´Ó Th17, 
Treg > K L ð * · . d ä 2 ¹ % > ¸ ã ¶ · I J Ç ç ± ¶ , Methionine 
Adenosyltransferase Activity Assay Kit ï Isocitrate Dehydrogenase Activity 
Colorimetric Assay Kit (î¥ñ' Biovision)Ç±îí, IJt@ MA T ï IDH-1/2 @w
xh9ÇÐº¶·. öózÐº>P SpectraMax Paradigm (Molecular Devices)Ç±î
·. úùrsP GraphPad Prism (ver. 7.04; GraphPad Software, San Diego, CA, USA)Ç
±îí?ì·.  
 
´µÌ>(%GñAñ@wxh9Ç¦è¶·. 
 

MAT specific activity = !

" #$ %
 (nmol/min/mg) 

B : the amount of metabolite produced, calculated from the Standard Curve (in nmol) 
-T : the linear phase reaction time T2-T1 (in min) 
P : the amount of protein added to the sample well (in mg) 

 

IDH1/2 activity = !

" #$ &
 Ç sample dilution factor (nmol/min/ml) 

B : the NAD(P)H amount, calculated from the Standard Curve (in nmol) 
-T : the reaction time (in min) 
P : the sample volume added to the reaction well (in ml) 
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4.7.3 ;< 

2 ITA Çàá¶· Th17, Treg ÓPîàáüï¢£¶í MAT @wxh9Ý¦é>ï´
¶íî· (Figure 21). 4S, IDH-1/2 @wxh9P Treg Ó@ëï´Ýëöñ· (Figure 
22). 
 

 
Figure 21. ITA àá>(? MAT wxh9@=L 
A: Th17 (DEFGH: ITA 0, 6 mM)ï Treg (ITA 0, 6 mM)>'M?_ºôöGjaòù
bäiGeúHi}  (methionine adenosyltransferase: MAT)@wxh9ÇÐº¶·. 
B: ½çCëöózÐºÇ£Ò.  
a}EP£¤­®ó¯°¥Ó£¶·. *p < 0.05. p ­P two-tailed unpaired Student’s t 
test Ç±îí¦è¶·.  
 

 

Figure 22. ITA àá>(? IDH-1/2 wxh9@=L 
A: Th17 (DEFGH: ITA 0, 6 mM)ï Treg (ITA 0, 6 mM)>'M?D¡IáGHaùÖ
|¢U}  (isocitrate dehydrogenase: IDH)-1 ï IDH-2 @wxh9ÇÐº¶·. B: ½ç
CëöózÐºÇ£Ò.  
a}EP£¤­®ó¯°¥Ó£¶·. *p < 0.05. ns: not significant. p ­P two-tailed 
unpaired Student’s t test Ç±îí¦è¶·. !  
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4.7.4 ;= 

ITA P Th17 KL>'îí, MAT @wxh9Ç;èÒ?ÑïÓ SAM ÇÅÇð*, 
Treg KL>'îíP IDH-1/2 @wxh9Ç;èÒ?ÑïÓ 2-HG ÇÅÇð*?Ñï
Ý£¤ðñ·.  ³(@yzÓ1V¶·(#>, Ññö@:;<=@=iP Th17, Treg
KLj@uáÝ45ðñí'%, ÷> SAM/SAH PIJ@_ºbL@ÀËï¥uÒ?
Ñïõö, ITA >(? SAM/SAH @ï´ÝánMHoâp^Ië=LÇáeíî?Ñ
ïÝ£¤ðñ·. ê·, Th17 KLÇ~�Ò?û,ëtuvqÓÔ? ROR!t P Th17 K
LÝ ITA >(ìíÜF}kðñíî?>'õõJö¥ mRNA¼ÉÑ¦²bÓÖÜÇ
ÛRíî· (Figure 2, 3).  ROR!t P Il17a opq@{|`}E}~�>UÄ¶í IL-
17A !wÇ~�Ò?ÑïÝHöñí'%, ÃÄPå~�>'M? ROR!t @UÄÅ>>
%Ò?Ñïï¶·.  
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4.8 &'()*0T3 Th17 + Il17a ghIi'ijk012

3 ROR!t ;lmS+45 

4.8.1 ef!

2 SAM PIJt@_ºbÌEáãÓÔ%, ÿ!@_ºbÌtawxÝ SAM {|9>
_ºbÌÇta¶, DNA _ºbLKÇ­¶íopq!wÇkl¶íî? (Lu and 
Thompson, 2012). SAM P_ºbÌtaØ> SAH >=Ïðñ?Ñïõö, SAM ï
SAH @¢ (SAM/SAH)PIJt@_ºbL@zÄîÇ£Ò.zïÇeöñíî? 
(Mentch et al., 2015). _ºôöGÇk*Ò?ÑïÓ SAM ÄüÝÅÇ¶, Il17a @{|`
}E}~�>'îí, tuh9L>úF H3K4me3 @_ºbLÝï´Ò?ÑïÓ IL-
17A !wÝï´Ò?ÑïÝ45ðñíî? (Roy et al., 2020). 4SÓ, å45ÓPIJ
ÖãÓë·ïÏ>, H3K27me3 ïîì·tu}k>úFùeäGcd'åé>ï´Ò
?ÑïÇ£¶íî?. Il17a @{|`}E}~�>'îí_ºôöGk*>(?
H3K4me3 èh@ùeäGcd@=L>xîíP7Ûðñí'ö¥, /Õ>ÉÄ@ù
eäGcdÝÑ@9zopq!w>uá¶íî?õPÚöõ>ðñíîëî. ³íì
ÓP ITA Çàá¶· Th17 ÓPîàáü>¢¶í SAM/SAH ÝÅÇ¶íî·. ê·, 
Th17 KLÇ~�Ò?û,ëtuvqÓÔ? ROR!t @!wÝ©�¶íî·Ñïõö, 
SAM ÅÇ>(%KQ·ùeäGcdÝtuvq@ DNA j@UÄÇk*Ò?Ñï>
(% IL-17A !wÇ}k¶íî?ïî#XYÇ8í·.  
 
!  
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4.8.2 9: 

2 8 ab@c B6 cdeõö 4.3.2.1.>µ·Ô?STÓ ITA (0, 6 mM)@|¿´Ó Th17, 
Treg >KLð*, dä 2 ¹%>IJÇ¸ã¶·. I|cºG[\/0 (Chromatin 
immunoprecipitation: ChIP)P MAGnifityTM Chromatin Immunoprecipitation System 
(Thermo Fisher Scientific)Ç±îí, {|äF}bÉ%ô?¶·. [\/0>±î·6
ãP, 6 ROR!t 6ã (clone AFKJS-9, eBioscience) ï IgG control (clone eBR2a, 
eBioscience)ÓÔì·. I|cºG[\/0¶· DNA >ó¶í, SYBR Green Ç±î·
qPCR Ç?î, %Input Ç¦è¶·. Ðº>P 7500 Fast Realtime PCR system (Applied 
Biosystems)Ç±î·. ROR1t UÄ~�ÇDE Il17a @{|`}E}~�@{iDc
}ï¶íì4 (Endo et al., 2015)Ó45ðñíî?×åÇç±¶·.  

Forward: 5’ CAGCTCCCAAGAAGTCATGC 3’  
Reverse: 5’ GCAACATCTGTCTCGAAGGTAG 3’  

 
%Input P´µ@Ì(%¦è¶·.  

%Input = 2$ç(Ct input – log2(ÄÅ�Å)) – Ct sampleè$100  
!  
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4.8.3 ;< 

2 ITA Çàá¶· Th17 ÓP, Il17a  promoter ~�>'M? ROR!t @UÄÅÝîàá
ü>¢¶í¦é>ï´¶íî· (Figure 23). Ñ@UVP, tuvq@ DNA j@UÄÇ
k*Ò?Ñï>(% IL-17A !wÇ}k¶íî?ïî#XYÇ2.¶, ROR!t @!w
Ý©�¶íî·>'uJö¥, IL-17A !wÝï´¶íî·+«ÇYÚ¶#?ïÇe·.  
 
 

 
 
Figure 23. ITA àáØ@ Il17a {|`}E}~�>'M? ROR!t UÄÅ 
DEFGH (ITA)Çàá¶· Th17 @ Il17a  promoter ~�>'M? ROR!t @UÄÅÇ
ChIP-qPCR Ç±îíôö¶·.  
a}EP£¤­®ó¯°¥Ó£¶·. *p < 0.05. p ­P one-way ANOVA êºØ>
Bonferroni êºÇ?ìí¦è¶·. ROR!t: retinoic acid receptor-related orphan receptor 
gamma.!  
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4.9 no 

³íìÓÃÄP, T IJKL>'îí, ITA ÝIJt:;Çª¬ü¶, s,ë:;<
=Ç=ið*?Ñï>(ìíopq!wÇDü¶í Th17 @KLÇ}k¶, Treg @K
LÇ~�Ò?ÑïÇ£¶·. ITA @cdÇáM· Th17 PWXCYZ[\9]^_7 
@ab`abcde>'îí, G@fghi9Ç}k¶·. 

ÑñêÓ>ríìäÕbE2G:;ú_ºôöG:;Ç}kÒ?ÑïÓIJt:
;V)ánMHoâp^Iëª¬üÝKQ, Th17, Treg KLÝklðñ?ÑïPÿ!
@ì4Ó45ðñíî· (Geltink et al., 2018; Kono et al., 2019; Roy et al., 2020; Xu et 
al., 2017). ¶õ¶, Ññö@ÿ!@:;½6Ý3î>Ù8¶íklðñíî?õPÁÚ
ëêêÓÔì·. Rapamycin complex 1 (mTORC1)-HIF-1" ½6PríìÇ­¶í
Th17, Treg KLÇklÒ?ï'¦õë¯6@4xÓÔ%, HIF-1" P Th17 >'îí
ROR!t V) p300 ïÿÄãÇ4ü¶, Il17a @{|`}E}~�j@àIb}äÇ~�
Ò?ÑïÓ Th17 @KLÇ~�¶, 4SÓ Treg >'îíP, HIF-1" P Foxp3 ïUÄÒ
?Ñï>(%, {|âj¡}l>(? Foxp3 @KrÇ~ÒÑïÓ Treg j@KLÇ}
kÒ? (Dang et al., 2011). å ,̧ ÃÄP ITA Ý Th17, Treg KL>'îíríìÇ}k
Ò?4SÓ HIF-1" !wÝÖÜ¶íî?ÑïÇ7Û¶·ÑïÓ, ã@:;_"öàl
ÝKL>NOÇáeíî?´%9Çªº¶·.  

IJt:;<=Ý T IJ@f%>NOÇáe?ïî#ÇePÿ!@ì4Ó2.ð
ñíî?. SAM @ÄüwxÓÔ? MAT Çò^IödGÒ?ÑïÓ,_ºbÌEáãÓ
Ô? SAM ÝÅÇ¶·UV, Il17a opq@{|`}E}~�>'îíùeäG@F_
ºbLÝKQ, Th17 @KLÝ}kðñ? (Roy et al., 2020). ê·, 2-HG @ÄüwxÓÔ
? IDH-1/2 Çò^IödGÒ?ÑïÓ TCA ¸6@:;<=ÓÔ? 2-HG @ÅÇ>(
? Foxp3 opqG@ï_ºbLÝ°ÏÐÑðñ, Treg @KLÝ~�Ò?ÑïÝHöñ
íî? (Xu et al., 2017). å¸@íìÓP ITA @àá>(% SAM/SAH P Th17 ÓÅÇ
¶, 2-HG P Treg ÓÅÇÒ?ÑïÇÚöõ>¶·. ê·, ITA PcI|úL}M>'î
í SDH @wxh9Ç;èÒ?ÑïÝ7Ûðñíî?  (Lampropoulou et al., 2016). 
ÃÄPÑ@ã±>>%¶, MAT ï IDH-1/2 @wxh9Ý ITA >(%;èðñíî?
ÑïÇÚöõ>¶·.  

:;<=Pán¢òluvwx@Ì1ä6vqï¶í@PQ'¦¶íî?. DNA/ù
eäG@_ºbÌtawxP SAM Ç¯ÃÌ1ï¶, _ºbÌÇ DNA äùeäG>t
að*? (Kouzarides, 2007). _ºôöGÇk*Ò?ÑïÓ SAM ÄüÝÅÇ¶, Il17a
@{|`}E}~�>'îí, tuh9L>úF H3K4me3 @_ºbLÝï´Ò?Ñ
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ïÓ IL-17A !wÝï´Ò?ÑïÝ45ðñíî? (Roy et al., 2020). 4SÓ, IJÖã
Óë·ïÏ> H3K27me3 ïîì·tu}k>úFùeäGcd'åé>ï´Ò?·
R, /Õ>ÉÄ@ùeäGcdÝÑ@9zopq!w>uá¶íî?õPÚöõ>ð
ñíîëõì·. ³íìÓP ITA Çàá¶· Th17 ÓP SAM/SAH ÝÅÇ¶, Th17 K
LÇ~�Ò?tuvqÓÔ? ROR!t ä HIF-1" @!wÝ©�¶íî·Ñïõö, ùe
äGcdYãÝtuvq@UÄÇk*Ò?Ñï>(% IL-17A !wÇ}k¶íî?ï
î#XYÇ8í, ITA Ý Il17a  promoter ~�>'M? ROR!t @UÄÅÇï´Ò?Ñï
ÇÚöõ>¶· (Figure 24).  

ÃÄ@íì>PîFxõ@ limitation Ý|¿Ò?. ³íìÓP SAM ä 2-HG ïîì
·45@:;<=>>%¶·Ý, ITA Ý T IJ@KL>NOÇáe?Ö@tuvqä
opqÇkl¶íî?´%9'5?. ê·, ITA >(? in vivo Ó@ T IJ>óÒ?ã
±Çê,Ò?·R> tEAE `abÇW±¶·Ý, åØP ITA @Î&6ÅßäIJa?
9'Ç'¶·,  (%K+Cë`abÓ@¦79@ê,Ý8êñ?.  

³íìP:;<=ÓÔ? ITA @àáÇÒ?Ñï>(%, Th17/Treg imbalance ÇAB
ÓÏ?´%9Ç£¶·. ÑñêÓ>2F45ðñ·opq9ã>(?j{|}ºï¢
£¶íK+CÓ, õx6IÞ/dDbeã±Ç¦¶, (%÷øCë[\ø:ÇE}¢^
ä>¶íî?ïî#rõöWåç>'îí'Ã±Ý8êñ?. åØP ITA ÇKãtÓ
(%B7>IJj;M?ùeâl@¬<Ç%ñ¶í³íìÇ!²ð*íîF=|ÓÔ
?.  

 
!  
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Figure 24. 34(@ær,- 
!  
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4.10 ;p 

2 ITA PIJt:;@ª¬üÇ°ÏÐÑ¶, ánMHoâp^IëcdÇ­¶í
Th17 KLÇ}k¶, Treg KLÇ~�¶·. ITA @cdÇáM· Th17 P EAE @ab`
abcde>'îí, G@fghi9Ç}k¶·. Th17/Treg imbalance Çyz>'x
YZ[\fg@óô¯6ï¶í, ITA @åçÃ±>°M·±ë?!²Ýß³ðñ?.  

 
!  
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5.1! "# 

SLE P Th17/Treg imbalance ï B IJ@´µëh9LÇyzï¶íöÄ@YZ6ã
Ç<K¶, 2åæ8ÀÇ÷#YZ[\9fgÓÔ? (Fanouriakis et al., 2021; Kono et 
al., 2014; Yasuda, 2019). YZ6ã@&>P SLE @÷º@åç8À¼ÊËïÜFuvÒ
?'@Ý|¿Ò? (Mader et al., 2018). Gñö@÷øCYZ6ãP,  fg@+rÇ,R
?(MÓëF, -ßÌÓ¼óô@.Dôc}"}ïë%m?.  

öFºG9j]ºbFàGá,ã (AChR)P, 9 É@ " subunit ("1–"9)ï 4 É@ # 
subunit (#1–#4)ÇDEÿ!@ subunit õö¬üðñí'%, Ññö@ subunit @SëÄ
J*>(%, øë?÷9Ýâáðñíî? (Albuquerque et al., 2009; Gharpure et al., 
2019). 2 É@ "3 subunit ï 3 É@ #4 subunit õöë? AChR (gAChR)P, Y»¼½¾
>2F|¿¶, &>¼½ìï?@¼½ìÇ=A?û,ëNOÇV·¶íî? 
(Gharpure et al., 2019). ´w> gAChR >óÒ?YZ6ã (6 gAChR 6ã)P÷!9ö
¨}|þº}@gîÎÏ>'îí radio-immunoprecipitation assay Ç±î?Ñï>(
%åºðñíî?  (Vernino et al., 2000). Ñ@YZ6ãP, IJ"Q>|¿Ò? gAChR
@IJ1tj@a?ÇBC¶, ùU{ep/Ç;è¶íY»¼½f%çèÇ°ÏÐÑ
Ò (Kobayashi et al., 2013; Lennon et al., 2003). ê·, G@6ãöP, Y»¼½ùD8@
û8zï¥u¶í'%, Y»¼½8À@ÛÜ>÷ìí6ãöÝÅÇÒ?Ñï'7Ûð
ñíî? (Vernino et al., 2000). ðö>, gAChR "3 subunit (gAChR"3)Çâäð*·i=
`abÓPóLB8ÀÇCÒ?ÑïÝÚöõïëìíî? (Xu et al., 1999). ï¿, 
gAChR"3 >óÒ?÷øCYZ6ã (6 gAChR"3 6ã)ÇêèÒ? LIPS assay ÝÁ!
ðñ· (Nakane et al., 2015). Ñ@ÐºìÇ±îí, ÖÜ9Üí8 (systemic sclerosis: 
SSc), ùH}Õ¦G8¯ü, SLE ëÑÿ!@YZ[\9fgÓ6 gAChR"3 6ã@|¿
Ý7Ûðñíî? (Imamura et al., 2020). ÷>å6ãöÝ×î SSc gîP, ïîgî>
¢¶íóLæ8ÀÇ×DzÓC¶·ï45ðñíî? (Nakane et al., 2020). 4SÓ, 
SLE >'M?6 gAChR"3 6ã@åçCéèP'(ÁÚÓÔ?. Âìí, ÃÄP SLE
>'M?6 gAChR"3 6ã@NOÇÅÆÒ?Ñïï¶·.  
 
!  
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5.2! qr+$% 

 
³íì@%CP, SLE >'M?6 gAChR"3 6ã@åçCéèÇêëÒ?ÑïÓÔ

?.  
!  
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5.3! Pst9: 

 

5.3.1! qrJu&)tvw 

2 ³íìPØç°ÏqÉíìÓÔ?. É:Ìô>'M? SLE gî@Ìôµ&õöåç
E4Çã¾¶, ´w>ÎÏÇF|¶íî?gîÇóòï¶·. ³íìPýbùGûG1
ïåçíì@Ì³+H>Âî, ÇÈÉÊ*ÊË@Z+[\+@]Û@'ï>?ì·(í
ì^_ 019-0389).  

2006 ¿ 1 Àõö 2019 ¿ 12 ÀêÓ>ÇÈÉÊ*ÊËtI II ÓÌÓðñ·üÍ!8
@ SLE gîÇóòï¶· (Aso et al., 2020). SLE @ÌÓPj_à"àdcº*+@K
ØÌ¯>ÌæÏ?Jñ· (Hochberg, 1997). gîÎÏP´w> SLE @fghi9Ç¦
Ò?çr>'îí, íìj@åéXmïï'>WXðñ, rsêÓ–80xÓF|ðñ·. 
rs>P, ÎÏÝF|ðñíîëî, '¶FPqÉßIÝ 1 ¿'J@gîÇvh¶· 
(Figure 25).  

ÒÓCrs>(%6 gAChR"3 6ãïb}{e¤7 (lupus enteritis: LE)ï@Üî¥
uuKÝÛRöñ··R, `îíqÉßIt>'M? LE @!8¼ª«>uÒ?E4
Çã¾¶·. qÉßIPÈ¸@ÎÏF|çõöjÇ'¶FPïLáÌ¹ïºè¶·. q
ÉßI&>7Ûðñ· LE D²Gä>xîíP, ÎÏF|ç> LE Ç¦¶íîëõì
·gî>KQ·MÄÇé!8ê, ÎÏF|ç> LE Ç¦¶íî·gî>KQ·MÄÇ
éª«êïºè¶·. 6 gAChR"3 6ãö@½çCôöP, È¸ÎÏF|ç> LE Ç¦
¶íîí, õxqÉßIt>NZÎÏF|Ç?ì·gî>*ìíô?¶· (Figure 25).  
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Figure 25. 3Ñ(@íìÖã¡ 
!  
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5.3.2! xyz$ 

5.3.2.1à êëíHfìîïñ 

²}eiDG@åçE4P, È¸@ÎÏF|ç@a}EÇ±î·. åçêOÓP6
double stranded DNA (dsDNA)6ã, 6 Ro/SSA 6ã, 6àG716ãç±@î¥ñõ
@6ãÇ'ìíû9ïPÓ¶·: b}{ejGºFjÕiGä, 6"bMôànGã 
(IgM, IgG), 6 #2 ÕàF{|âDG I 6ã (IgM, IgG)è, V)6ãö (C3, C4)Çôö¶, 
ÎÏF|ç>¦¶íî·[åæÊ=ïQ*í SLE @fghi9@ôöñó@4xÓ
Ô? systemic lupus erythematosus disease activity index 2000 (SLEDAI-2K)ÇùÐ¶·. 
LE P±@ 3 x@Ì¯ÇÖíJ·ÒÑïÇRSÌ¯ï¶·: (a) óLæ8ÀÇ¦Ò?, (b) 
óô>[\}kôTÇ¦¶·, (c) ±>£Ò CT =T@t, ÇëFï' 3 xÇ¦Ò?: 
dilatation of intestinal segments, bowel wall thickening, target sign, engorgement of 
mesenteric vessels, and increased attenuation of mesenteric fat (Figure 26).  
 
 

 
 
Figure 26. :"Cëb}{e¤7@ CT =T 
!  
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5.3.2.2à ó gAChR!3 óg*<= 

6 gAChR"3 6ãP luciferase immunoprecipitation system (LIPS) assay Ç±îí, F
e2^IF}J¦}ùUG (Tokyo, Japan)>'îíì4>VìíÐºðñ· (Nakane 
et al., 2015). 6ã@ÐºPgî@åçE4ÇÁ´WL¶·ÖÓô?ðñ·. 6ãöP
activity ratio (A.R.)Ó"£ðñ, ́ µ@(#>¦èðñ·. 

 
A.R. = (measured relative luminescence unit [RLU] value for the serum)/çthe RLU of 

CHRNA3 Ab: XY²}e@6 gAChR"3 6ã (abcam, ab183097)è 
 
6ã@"^äôúP 100 Ô@Z:Í@å6ãöa}E@£¤­[4 standard 

deviations (SD)ïºè¶, 0.585 >\ºðñ·.  
 

!  
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5.3.3! {|\] 

È¸ÎÏF|ç@åçE4>u¶í6 gAChR"3 6ãû9üï 9üIÓúùrs
Çô?¶·. v`=!P Mann–Whitney @ U êº, '¶FP Wilcoxon @]_^éêº
Órsðñ, Ôè=!P Fisher @B7êºÇ±îírsðñ·. 2û¢£>P ANOVA 
Ø> Bonferroni @êºÇ?ì·. ê·, LE @×ÐvqÇåºÒ?·R, l=Ä'()
2=Ä@|Meâp^I¸ØKsÇô?¶·. 2=Ärs>±î?=!Pl=Ärs
Ó¦éÓÔì·'@'()ì4>'îíàeIvqÓÔ?ï45ðñíî?'@ÇR
S¶·. LE !8ê·Pª«êÓ@ßI>uÒ?a}EP Kaplan–Meier _`ï log–
rank êºÇ±îírsðñ·. Òþí@êºÓ, p ­Ý 0.05 'JÇúùC¦éï¶·. 
úùrsP JMP(ver. 13.0; SAS Institute, Cary, NC, USA) '() GraphPad Prism (ver. 
7.04; GraphPad Software, San Diego, CA, USA)Ç±îí?ì·.  
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5.4! ;< 

 

5.4.1à Nòôö 

2 202 >@ SLE gî@#Õ, 144 >Ýíì>Sëaêñ·. óògî@åçE4, 
êO=TÇ Table 1 >£¶·. gî@Ê6Pb9 (89.5%)ÓÔ%, ÎÏF|ç@
¿b&c­P 36 d çÆKéôe interquartile range: IQR¡30–47 dèÓÔ
%, qÉßI@&c­P 6.9 ¿ (IQR 2–11 ¿)ÓÔì·. ÎÏF|ç>hi9Ç
¦¶íî·åæÊ=@OÄP, ì7 (45.8%), *¼¼½çè (31.9%), 6àG71
6 ã 8 ¯ ü (22.2%), z ë 7 f g ë 7 (18.8%)h2 ¤ 7 (14.6%) Ó Ô ì · i2 6
gAChR"3 6ãP 29 >(20.1%)Óû9ÓÔì·i2 
2
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Table 1. È¸ÎÏF|ç@gîyz 
! ÖSLEgî!(n = 144)!

9ã2jb9k, n (%) 129 (89.5) 
¿bhd2 36 (30.0–47.7) 
qÉßIh¿2 6.9 (2.0–11.0) 
SLEDAI-2K!"#  11.5 ± 8.1 
SLE@åæÊ=, n (%)  
 ì72 66 (45.8) 
 *¼¼½çè2 46 (31.9) 
 ¤72 21 (14.6) 
 lm72 8 (5.5) 
 zë7fgë72 27 (18.7) 
 u¾72 76 (52.7) 
 n4opfqÍÀír2 71 (49.3) 
 Fs2 18 (12.5) 
 t¼tfu¼tpv2 18 (12.5) 
 6àG716ã8¯ü2 34 (23.6) 
 ìÎ9wÎ2 9 (6.2) 
 ÑÎ$ÅÇ2 60 (41.6) 
 ÎxyÅÇ2 42 (29.1) 
êO=T2  
 6dsDNA6ã, n (%) 106 (73.6) 
 6Ro/SSA6ã, n/total n (%) 78/138 (56.5) 
 6àG716ã, n/total n (%) 54/137 (39.4) 
 6gAChR"36ã, n (%) 29 (20.1) 
 $%  C3 < 86, mg/dl, n (%) 113 (78.4) 
 $%  C4 < 17, mg/dl, n (%) 116 (80.5) 
´w@óô, n (%)  
 GC + IVCY 26 (18.0) 
 GC + Tac/CyA 11 (7.6) 
 GC + MMF 5 (3.4) 
 GC&'  95 (65.9) 

v`=!P&c­(3 1, 3 3 ÆKé)ê·P£¤­ (ó¯z¥)Ó£¶·. Ôè=!P n 
(%)Ó"µ¶, âäa}EÝÔ?MÄP, n/total n (%)ï"µ¶·.  
GC: glucocorticoid; IVCY: Intravenous cyclophosphamide; Tac: tacrolimus; CyA: 
cyclosporin; MMF: mycophenolate mofetil. C3 B:­: 86–160 mg/dl, C4 B:­{217–45 
mg/dl. 

Empty vector -
transfected HEK -293 

cells!

hRasGRP4-
transfected HEK -

293 cells!
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5.4.2.à ó gAChR!3 ógõPofúPo*cdù*ûü 

2 6 gAChR"3 6ãû9üï 9üIÓ¿b, qÉßI, ´w@óô|>¦éë¥Pë
õì·. 4S, 6 gAChR"3 6ãû9üÓP LE (37.9% vs. 8.7%, p < 0.001)ï C3 ï  ́
(93.1% vs 74.6%, p = 0.018)Ý6ã 9ü>¢¶í, ×Dz>ÛRöñ· (Table 2). G@
Ö@åæ8À@K#PÅüIÓ¦éë¥Pëõì·. Zeí, LE Ç¦Ò?gî@6
gAChR"3 6ãö@£¤­P, Ö@åæ8ÀÇ¦Ò?gî@£¤­(%'¦é>×­Ó
Ôì· (Figure 27). 
!  
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Table 2.  6 gAChR"3 6ãû9ï 9ü@åç¡@¢£ 

v`=!P&c­(3 1, 3 3 ÆKé)ê·P£¤­ (ó¯z¥)Ó£¶·. Ôè=!P n 
(%)Ó"µ¶, âäa}EÝÔ?MÄP, n/total n (%)ï"µ¶·.  
GC: glucocorticoid; IVCY: Intravenous cyclophosphamide; Tac: tacrolimus; CyA: 
cyclosporin; MMF: mycophenolate mofetil. ( `=!P Mann–Whitney @ U êºÓrs
ðñ, Ôè=!P Fisher @B7êºÇ±îírsðñ·. C3 B:­: 86–160 mg/dl, C4
B:­{217–45 mg/dl. 
!  

 6gAChR"36ã  
û92(n = 29)  9 (n = 115) p ­ 

9ã2jb9k, n (%) 26 (89.7) 103 (89.5) 0.988 
¿bhd 39 (29.5–47.5) 36 (30.0–49.0) 0.770  
qÉßIh¿ 6.9 (1.4–11.9) 6.9 (2.3–10.2) 0.614 
SLE@åæÊ=, n (%)    

 ì7 16 (55.2) 50 (43.5) 0.259 
 *¼¼½çè 8 (27.6) 38 (33.0) 0.569  
 ¤7 11 (37.9) 10 (8.7) <0.001 
 lm7 3 (10.3) 5 (4.4) 0.242  
 zë7fgë7 6 (20.6) 21 (18.3) 0.766  
 u¾7 16 (55.2) 60 (52.2) 0.772  
 n4opfqÍÀír 17 (58.6) 54 (47.0) 0.260  
 Fs 5 (17.2) 13 (11.3) 0.404  
 t¼tfu¼tpv 4 (13.8) 14 (12.2) 0.815 
 6àG716ã8¯ü 6 (20.7) 26 (22.6) 0.823  
 ìÎ9wÎ 1 (3.5) 8 (7.0) 0.456  
 ÎxyÅÇ 10 (34.5) 32 (27.8) 0.486  

êO=T    
 6dsDNA6ã, n (%) 22 (75.9) 84 (73.0) 0.756  

 6Ro/SSA6ã, n/total n (%) 19/28 (67.9) 59/110 (53.6) 0.170  
 6àG716ã, n/total n (%) 11/28 (39.3) 43/109 (39.5) 0.987  
 $%  C3 < 86, mg/dl, n (%) 27 (93.1) 86 (74.8) 0.018  
 $%  C4 < 17, mg/dl, n (%) 26 (89.7) 90 (78.3) 0.142  

´w@óô, n (%)    
 GC + IVCY 6 (20.6) 20 (17.3) 0.683  
 GC + Tac/CyA 2 (6.9) 9 (7.8) 0.864  
 GC + MMF 1 (3.4) 4 (3.4) 0.993  
 GC&'  19 (65.5) 76 (66.0) 0.953  
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Figure 27. [åæ8ÀÇ¦Ò?gî@6 gAChR"3 6ãö@¢£ 
6 gAChR"3 6ãöÇ LIPS assay Ç±îíÐº¶·. r`P"^äôú (100 Ô@Z:
Ía}E@£¤­[4 SD)Ç£Ò. ái}.}P£¤­ (ó¯z¥)Ç£Ò. 2û¢£@
·R ANOVA Ø> Bonferroni @êºÇ?ì·. *p < 0.05, ***p < 0.001, ****p < 0.0001. 
 
!  
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5.4.3.à  &¡U¢£*MNOIPfó gAChR!3 óg*¤7 

2 ÎÏF|ç> LE Ç¦¶, [\}kóô>(?+rCbØ>NZÎÏF|Ç?ì·
6 >>ó¶ (Figure 25), NZÎÏÓ6 gAChR"3 6ãÇªÐº¶í, 6ãö@=LÇ¢
£¶·. 6 gAChR"3 6ãöP[\}kóô>(?+rCbØ>¦é>ÅÇ¶· 
(Figure 28).  

±>, |Meâp^I¸ØKsÇ±îí, uvÒ?È=Ää}¿C~�vqÇDü¶, 
6 gAChR"3 6ãï LE @uvÇÅÆ¶·. l=Ä|Meâp^I¸ØKsÓP, È¸
ÎÏF|ç>'M?b}{eì7, b}{elm7, ÑÎ$ÅÇ, 6 gAChR"3 6ãÝ
LE @×Ðvqï¶íêèðñ· (Table 3). ̀ îíÑñö@vq>¿bÇDüvqï¶
íZe·=ÄÇ±îí2=ÄrsÇô?¶·. 2=Ä|Meâp^I¸ØKsÓP, 6
gAChR"3 6ã (Düô^à¢: 6.28, 95%ÄÅÇI: 1.93–20.37, p = 0.002)ïb}{el
m7 (Düô^à¢: 26.50, 95%ÄÅÇI: 3.90–179.71, p < 0.001)Ý LE @Ù8¶·×Ð
vqï¶íåºðñ· (Table 3).  

 
 

 
!!
Figure 28. LE gî>'M?[\}kóôõØ@6 gAChR"3 6ãö@¢£ 
LE gî@[\}kóôõØ@6 gAChR"3 6ãöÇÉÓC>¢£¶·. {jïë?\
G{b>ó¶,  Wilcoxon signed rank test Ç±îírs¶·. **p < 0.01. 
!  
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Table 3. b}{e¤7@×Ðvq>uÒ?l=Ä¼2=Ärs 

OR: odd ratio ô^à¢; 95%CI: 95% confidence interval 95%ÄÅÇI.2l=Ä|Meâ
p^I¸ØKs>(?'Düô^à¢ï2=Ä|Meâp^I¸ØKs>(?Düô
^à¢Ç£Òiv`=!Pléô^à¢Ó£Ò. C3 B:­: 86–160 mg/dl, C4 B:­{2
17–45 mg/dl. 
 
 

!  

 l=Ä2 2 2=Ä2
OR (95%CI) p ­  OR (95%CI) p ­ 

9ã2jb9k, n (%) 0.38 (0.04–3.12) 0.374  )  )  
¿bh2d 0.96 (0.93–1.00) 0.110  0.94 (0.89–1.00) 0.061 
SLEDAI-2KeFj 0.94 (0.87–1.01) 0.078  )  )  
SLE@åæÊ=      
 ì7 2.73 (1.02–7.24) 0.043  2.40 (0.76–7.56) 0.133 
 *¼¼½çè 0.31 (0.08–1.11) 0.072  )  )  
 lm7 24.20 (4.47–130.86) <0.001  26.50 (3.90–179.71) <0.001 
 zë7fgë7 1.02 (0.31–3.32) 0.969  )  )  
 u¾7 0.98 (0.38–2.47) 0.968  )  )  
 n4opfqÍÀír 0.73 (0.29–1.87) 0.523  )  )  
 Fs 0.70 (0.14–3.31) 0.523  )  )  
 6àG716ã8¯ü 0.79 (0.24–2.56) 0.705  )  )  
 *+,-.  3.34 (1.25–8.90) 0.015  2.64 (0.82–8.48) 0.102 
 ÎxyÅÇ 0.52 (0.16–1.66) 0.275  )  )  
êO=T      
 6dsDNA6ã 2.38 (0.66–8.61) 0.184  )  )  
 6Ro/SSA6ã 1.18 (0.44–3.10) 0.734  )  )  
 6àG716ã 1.18 (0.46–3.03) 0.726  )  )  
 6gAChR"36ã 6.41 (2.38–17.29) <0.001  6.28 (1.93–20.37) 0.002 
 $%  C3 < 86, mg/dl 1.19 (0.37–3.85) 0.765  )  )  
 $%  C4 < 17, mg/dl 1.53 (0.41–5.60) 0.520  )  )  
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5.4.4.à ó gAChR!3 óg*¥¦-./§¨ &¡U¢£F©/ª«¬*
ûü 

 

2 6 gAChR"3 6ãÝ LE @!8ê·Pª«>uáÒ?õ, Kaplan–Meier KsÇ±î
íôö¶·. qÉßIt>'îí, LE @!8P 2 >, ª«P 6 >ÓÔì·. LE Ç!8¶
· 2 >Pî¥ñ'È¸ÎÏF|ç>6 gAChR"3 6ãÝû9ÓÔì·. 6 gAChR"3 6
ãû9üï 9ü@È¸ÎÏF|¹õö 10 ¿I@¨© LE !8/ª«ÅP, GñAñ
27.0%ï 2.3%ÓÔì· (Figure 29). 6 gAChR"3 6ãû9üÓP,  9ü>¢£¶í¨
© LE !8/ª«ÅÝ¦é>×õì· (p < 0.001). 
 
 

 

 
Figure 29. 6 gAChR"3 6ã@¦§>(?¨© LE !8/ª«Å@¢£ 
¨© LE !8/ª«ÅP Kaplan–Meier _`ï log–rank êºÇ±îírsðñ·. ***p 
< 0.001. 
 
!  
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5.5! no 

2 ³íìÓÃÄP,  SLE gî>'îí LE Ç¦Ò?gî@6 gAChR"3 6ãöÝ, Ö@
8À@gî(%'×F, óôØ> LE @+rïï'>ï´Ò?ÑïÇ7Û¶·. ðö>, 
6 gAChR"3 6ãP LE @!8/ª«@×ÐvqÓÔ?ÑïÇÚöõ>¶·.  

SLE gî>'îíóLB8À (»Ñ, Öþ¼ÖÜ, ´áK)P½XÒ?ÑïÝ2î8À
@4xÓÔ?Ý (Sultan et al., 1999), LE PG@àvï¶íàëÊËÓÔ? (Janssens 
et al., 2013). ÌÓ>P LE >ÈÉÒ? CT =T (Figure 26)ä, ÎÏ*Cëfghi9K
ÇâÇïÒ?Ý, tWäKê@ÌÓÅPïF, G@âãPç>ãäÓÔ?. å ,̧ ÃÄP
6 gAChR"3 6ãÝÖ@ SLE ÊËï¢£¶íhi9 LE ïÜF¥uÒ?ÑïÇÚöõ
>¶·ÑïÓ, å6ãÝ LE ÌÓÇ6ÝÒ?.Dôc}"}ï¶í@´%9Ç£¶·.  

ÑñêÓ LE @ÊËK+ï¶í[\ÿÄãÇ­Ò?ÎB7 (b}{e¤IëÎB7)
@uáÝ£¤ðñíÏ·Ý, G@åçPÇ!@8>45K>Ìæîí'%, G@!8f
gP'(RK>rÚðñíîëî (Ju et al., 2009). å¸@UVP, ±@+«õö6
gAChR"3 6ãÝ LE gî>'îíÊà96ãÓÔ?´%9Ç£¤¶íî?. 34>
LE @fghiï6 gAChR"3 6ã@I>¦éëuv9ÝÔ?Ñï (Figure 27, Table 3), 
3Ñ>óô>(% LE @ÛÜïï'> 6 gAChR"3 6ãöÝÅÇÒ?Ñï (Figure 28), 
ïØ> AChR"3 âäi=`abÝ LE ïØÙ@åç"wNÇCÒ?ÑïÓÔ?. LE
@÷·ï¶í, ¤B@éè, lm7äGñ>÷#âì8@×îQ|ÅÝêAöñ? 
(Janssens et al., 2013). Ññö@÷·>4ß¶í, AChR"3 âäcdeÓP, ¤BÝëè
¶, lm>78ÇÐÑÒÑïÝqÉðñíî? (Xu et al., 1999). Zeí, ØíC>Y»
¼½¾@ AChR"3 >óÒ?YZ6ãÇ<Kð*·d\§`ab>'îí', éè¶·
¤ïìÊL¶·lmÇCÒ?ÑïÝ7Ûðñíî? (Lennon et al., 2003). Ññö@a
}EP, 6 gAChR"3 6ãÝ LE @ÊË¼"wNïuv¶íî?ÑïÇ2.¶íî?.  

³íì>PîFxõ@kîÝÔ?. ³íìPlôïÓ@ØSWíìÓÔ%, Ksóò
ïëì· SLE gîP 144 ÔÓ6 gAChR"3 6ãû9P 29 >>´ñëõì·. Ñ@(
#ëxðë\G{b\Dà>'îí LE @(#ëàëÊËÇóòïÒ?MÄ, ~�ä
RS.DjeÇvh¶Ï?ÑïPãäÓÔ?. ê·, óô¦M_G@óîP LE @!8/
ª!Å>NOÇáe·´%9ÝÔ?. ÃÄ@XYÇ,ÚÒ?>P2ôïÓ@õ°Ïí
ìÇDR·ðöë?êëÝ&,ïë?.  
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5.6! ;p 

 
6 gAChR"3 6ãP SLE gî@ 20%>ÛRöñ, LE @hi9ïÜFuv¶íî·. 

ê·, 6 gAChR"3 6ãP LE !8/ª«@×ÐvqÓÔì·. CT =T>Ze, 6
gAChR"3 6ãÇ7ÛÒ?ÑïP LE gî@ÌÓ¼×Ø¹º@4Ýïë%m?.  
!
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6.G j9 
 
³íìõömöñ·:HTPè´@É%ÓÔ?. 1, 2 @HTPGñAñ345,2 3

Ñ5Ómöñ·HT>òüÒ?. 
 

1.!  
¼ITA P Th17 KLÇ}k¶, Treg KLÇ~�Ò?. 
¼ITA @ T IJKLkl>PIJt:;@ª¬üï, Gñ>`F ánMHoâp^
IëcdÝuJìíî?. 
¼ITA P Th17/Treg imbalance @ABÇ­¶í, YZ[\fg@:;óôïë%m?. 

 
2.!  
¼SLE @rÚÁRKë8ÀÓÔ? LE @:·ëc}"}ÇTè¶·. 
¼6 gAChR"3 6ãP LE @hi9ï@ÜîuvÝÔ%, LE !8/ª«@×ÐvqÓ

Ôì·.  
!  
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  345ÓP, ÿ!@YZ[\fg@yz>Ô?, Th17/Treg imbalance Çóòï¶·

íìÇ?ëì·. T IJKL@kl>PÑñêÓÿ!@:;½6¼:;<=Ç­¶·
j{|}ºÝ45ðñíî?Ý, Ññö@½6Ý3î>Ù8¶íklðñíî?õP
ÁÚëêêÓÔì·. ³íìÓPcI|úL}MÓ678ã±Ý45ðñíî?IJ
t:;<=ÓÔ? ITA >>%¶, T IJKL>'M?NOÇêë¶·. In vitro >'M
?êëÓP, ITA P Th17 @KLÇ}k¶, Treg @KLÇ~�¶·. tEAE `ab>'î
í', ITA @cdÇáM· Th17 PG@fghi9ÇÅ®ð*·. RNA-seq >(ìí
ITA Ý Th17, Treg @!wopq>VWÒNOÇmnC>rs¶·ïÑç, ríìÇD
Eÿ!@:;½6@uáÝ£¤ðñ·. ðö> ITA @NOÇ:;<=@mnCrsÓ
ôö¶·ïÑç, ì4Ó T IJKLj@uáÝ45ðñíî? SAM/SAH Ý Th17 Ó
ÅÇ¶, 2-HG Ý Treg ÓÅÇ¶í'%, G@=LP ITA >(?GñAñ@Äüwxh
9@;è>(%KQíî?ÑïÇÚöõ>ëì·. ðö>, Gñö@:;<=>(?á
nMHoâp^IëcdÝ Il17a  promoter ~�>'M?û,ëtuvqÓÔ?
ROR!t @UÄÅÇï´ð*í, IL-17A !wÇklÒ?ÑïÇÚöõ>¶· . åØP
ITA ÇKãtÓ(%B7>IJj;M?ùeâl@¬<Ç%ñ¶í³íìÇ!²ð*
íîF=|ÓÔ?.  
 
 2 3Ñ5ÓP, SLE >'îírÚÁRKëYZ6ãÓÔ?6 gAChR"3 6ã@åçC
éèÇÅÆÒ?íìÇ?ëì·. ³íìÓP, üIa}E²}e>F|ðñíî?
SLE gîÎÏÇ±îí6 gAChR"3 6ã@ÐºÇ?î, û9üï 9ü@åç¡Ç¢
£¶·. 6 gAChR"3 6ãÝ LE @fghi9ïÜFuvÒ?ÑïÇTè¶, å6ãÝ
LE @!8/ª«Ç×Ð¶m?ÑïÇÚöõ>¶·. LE PÑñêÓG@ÊËÝRK>r
Úðñí'ö¥, óôT'ºêìíîëî SLE @ unmet needs ÓÔ?. åØP2ôï
Ó@õ°Ïíì>(%, ³íì@HT@ôâMÇ?#ïï'>, YZ6ã>ûrÇüí
· LE @óô¦M_GÇ78Ò?×ºÓÔ?.  
 
 
 2 ³íìÓmöñ·UVP, åØðö>íìÇûöíîF&,ÝÔ?Ý, Ññö@Y
Z[\fg@gî@Ìô@4Ýïë?ÑïÇõ#. 
!  
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7.G Ok 
³#$PúîÝÇÈÉÊ*Ê*Ëù*Ë tI*Kû [\¼:;tI*üs ¡é

9>¿¢&@íìüVÇêïR·'@ÓÒ. åüs, £¤/¥ü¦>PñCü§ï¶í
³íì@Wô@f+Çáeíî·(Ï, G@¨?>Ô·ìíL©, lñCÇî·(Ïê
¶·. ÑÑ>,;@éÇ"¶êÒ.  

³üsªàÊÕb}{«ûÉ¬Ýü>P³íì@¨?>Ô·%, L©, ­®õx¯z
>lñC, :ÐëlÝ1Çî·(Ïê¶·. ÑÑ>z(%,Fà;@éÇ"¶êÒ.  

Olga Amengual °±, Z²³°±, ²´µ4¶Ýü>P"GúL¦GeÇÉQí:>
õ°Ïë·ê¶ï¸ñCÇî·(Ïê¶·.  

«ûÉÊ¹K, ÊºL»¹K, ¼û½£¹K>PÌñWX@Ì³Cë¾ë>xîí¿
Ð­®ë¸ñCÇÀ%ê¶·. ÑÑ>,Fà;@éÇ"¶êÒ. ÁÂÃ¹K, Ä5ÅÆ
¹K, ́ Çc£¹KPíì>?ÏÈêì·çëÑ·ê¶@1ÉÇ´ð%ê¶·. Ê²Ë
ÌÊ*ËKPWX@¾ëñCä2F@Ý1Çî·(Ïê¶·. ÍÎÏÐ¹K, Ñ²ÐÒ
¹K>PåQÊ*Ë@ÓIï¶í, ¹Ôõö¦®ëlÝ1Çî·(Ï, z(%à;¶í
'%êÒ.  

üIWXÝ¾@²ÕÖ­ð×, ØiÙqð×@lÀõ>(%qÚ>WXÇ?#Ñï
ÝÓÏê¶·. z(%à;ÇÛ¶ÖAêÒ. Ñ@Ö>'Ñ@#$ãü>Ô·%, ÑÑ>
Pµ·ÓÏëîÜÑ2F@lÀõ, lÝ1, l2ÝÇî·(Ïê¶·. ûöê¶íz(
%à;ÇÛ¶ÖAêÒ.  

U(%úî@åçíìPgîé@lÀõë¶>Pü%8·ëî'@ÓÒ. íì@Þ
->l+rïlÀõÇî·(Ï, íì@¨?Ç´%>¶íFñ·2F@gîé·Õ>
z(%à;Û¶ÖAêÒ.  

ïØ>ÑñêÓTßìíFñíî·Åà, á«>+rÇ£¶, â¶F2e`MíFñ
·ã>zõöà;ß¶êÒ.  
!  
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8.G lmno 
³íì>4¶, Á£ÒþÏ­®¥¯ÀËPëî.  

!  
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