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Fig.1 The history and clinical applications of Treg cells and peripheral immune tolerance
E1 TregZifafnstEwEMZHHESIGRMA ( https : /BioRender.com )
CAR-Treg: & PURZMRIT T ETANM (chimeric antigen receptor regulatory T cells), TCR-Treg: TZMMISZ AR TN (T-cell receptor

regulatory T cells), Foxp3: MKHEZEAP3 (forkhead box P3), IL-2: [

22 (interleukin-2), TPEX: #HuE e i-2 N4 I B - I -X i

HigEAAE (immune dysregulation-polyendoctinopathy-enteropathy-X-linked syndrome)
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Fig.2 Treg cells are divided into thymus—derived and peripheral-derived types
B2 TreghRas A MRRRIRFASN B SRR
Mg, IL-2/STATS{5 5 il # il Foxp3if FtTreg AR ™ A o {ENABREEAESMHALA T, APCHYIATAHMAHLAEN, @it IL-2FITGF-B
i FpTreg A=A, TIL: FHAZE (interleukin), STATS: 1555 55 % I% K F5 (signal transducer and activator of transcription 5) ,
TGF-B: #Ab4: K FAF-B (transforming growth factor-beta), Foxp3: X KHEFEFIP3 (forkhead box protein P3), tTreg: MR iH 5 TN
(thymic regulatory T cells), pTreg: AM&EIFHEFVHHETHIM (peripheral regulatory T cells) . (https: //BioRender.com)
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PEAEAL  (multiple sclerosis, MS) RIYFALH & 15 %
HEAEH U pTreg 20 MELAE G AR A1 ) J& FEIAR L 288 B vh
FH W) 4 CD4™ T 4 Jfd 18 18 45 5 PR BT R 5 23 Ak >k .
pTreg 731k (175 T30 B & A= 76 1B G RE R4 4
X T A R YRR R SRR B SR T E
PR 52 2O E B, ALK B
(transforming growth factor-B, TGF-p) &1 F4MH
WG T A i 35 Foxp3 If430 4k A pTreg 1) 5 5 41 g



XXXX; XX (XXO)

HEE, %: ATETARSIMNERETNSE: NRIAZFERRZRE -5-

Rl 200 B SR R P KU X T pTreg 4 1 55 1k &
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GORETEMAMNE TR AT, B M CDA'T 40 i 7E 47
AR F 40 TGF-B Al IL-2 27 e Y R85 vk, 3l
PR RIROE TR R Treg 400, FRZ Rk T4k
Treg 240 il (induced Treg, iTreg). ¥ ZMJETE iTreg
SR ik 2/ INESE D R S JULPA R B JER P f 2
SR G . IHLE EUF, SN iTreg 23 1 52
P LUROREE , U 2 I e e e R, iR
Z 54T AL AR SER 2
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RIEVEI P CNSO Al 54K E & AT P91 455

FH 1 (special AT-rich sequence binding protein 1,
SATB1) 454, 7 Treg 5 M 25 W 4L X I
KRR IEAL, Hr SATBI 33k 5L T Foxp3 ),
EAh, CNSO SR G 1% R H M 4 (mixed lineage
MLL4) . &% R4 W & A 9
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activator of transcription, STAT) 544K FH1H.
PEF 20 B2k 23950 TCR R IL-2/STATS if5 &
B Foxp3 %3k, JFBHAS iTreg A9/~ 4= ', CNS1 1
F Foxp3 FER S — N & TN, BAE tTreg 7L
Whits , AH X} TGFB %5 3 1) Foxp3 # ik M pTreg & &
ERHEE Y, CNS2 MM TH—NE T, R
Treg itk 22 704k M Fa g Foxp3 ik TG, mik
“F-Foxp3 I AYAEFF ST 55 TCR {5 5 355 NFAT
5 CONS2 454, MM 5% CNS2-Foxp3 Ji a0 1] Y
MIHAEH o CNS3 LT AW &1, %5
MR Foxp3 Rik 2 KR HE, (HHYERF A Treg DIRE
MIVERA R B Zoolat IR fT ) TCR 52
R Treg MM & T, MM T Treg 4N LAY TCR 52
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Fig.3 Multiple conserved non coding sequences ( CNS0-3 ) and promoter elements within the Foxp3 locus
E3 Foxp3EREEHNZNMRTIEHEFS] ( CNS0~-3 ) FIEshFl

SR T Foxp3 &8 88 A I K 3k, AUf )3 B FCNS1. CNS2., CNS3FIHRIT & B CNSO, R T 58T KIS & 1 S N1 LU A
P X ShAE . CNS: FR5FAREZID T 51 (conserved non-coding sequence), Foxp3DNA: Foxp3%[HDNA (Foxp3 gene DNA), FOXO: X
A OEM (forkhead box O), STABI: FasE [ (stability protein), NRD4A: #%Z AR5 %4A (nuclear receptor subfamily 4 group A) ,
ETS1: E26%; 31 (E26 transformation-specific 1), NFAT: {Gfb T4 K F (nuclear factor of activated T-cells), MLL4: {RA1EER A
MR 14 (mixed lineage leukemia 4), SMAD3: Smad% %13 (smad family member 3), AP1: #JG#E 11 (activator protein 1), REL:
Rel/5E LA (Rel proto-oncogene), STAT: 555 S 5% 3G A+ (signal transducer and activator of transcription), BRD9: R 4541 K
19 (bromodomain-containing protein 9), GATA3: GATA%ZL &3 (GATA binding protein 3), RAR: f#FRZ/A (retinoic acid receptor) ,
RXR: fEBR X2/ (retinoid X receptor), RUNXI: RuntfH 4% 5% K71 (Runt-related transcription factor 1), FOXP3: S 3kAEZE 1 P3
(forkhead box P3), tTreg: Ja R IEIH T ETAME (thymic regulatory T cells), iTreg: 75 AP PE T (induced regulatory T cells) ,
pTreg: AMEEFFTETAM (peripheral regulatory T cells). (https: //BioRender.com)
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Table 1 Identification markers of Treg cells

R1 TregHfEEHIREDF
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brED FikTim Fik .
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CD25 rIs R T4 e Treg, HOME AR IEZE, % 5CDI2THCG T 7rik (2]
Foxp3 AN E S Tregk B SIIREIZ O T, IPEXRAHIE A R, FEEEpm
CDI127 TS HFoxp3fiHld, CDA4'CD25'CDI127°Y-i; F i 4Mi /) % (3]
CTLA-4 (CDI152) A A HIPEZ AR, W H5APC FCD80/CDS64: & KM fe (4]
GITR EESvN TENA IR TregFI A1 B Treg b iR IE s STEALANThREAH ¢ b5l
TNFR2 FIA T A SR e PIE R E 4, TNF-off S {2 # Tregh 4 52 Bel
CD39/CD73 B S Z 5 ATP— IR U@, PREIIEEH Treg [7]
ICOS RS AR SIL- 107 E M6, I 1021 81 Treghr i )
PD-1 NS FEAH 25 B BB Y Treg P 0K, K A AU F0 20 BT B9l
Helios W Treg FimRis (B0 tTregfaEMEEUK Bhn&, HEAENKTIHEELE S, FEFIL ol
Neuropilin-1 NRtTreg 8557 (NBFFAEZET) X rtTreg HiTregl /N Rbr i, ENISHIIEE: R, FFAEDF ZER La1]

e R B Treg AL bR )2 — J& CD25,
BIEIL-2 ZIRMSER ) ol HRISRIAERFIT, £k
CD25 11 CD4'T 4il Jf S #F 2 AT $) i AD B9 RE 7 B
Foxp3 f&— M B sk R+, 9IA R 7E Treg 4ii i
MK e b E B, PR, A%
Foxp3 &N 48 il fE S EIPEX ¥ X — & LA AL
T Foxp3 {EA Treg 4l ftlds AR R s . T
Foxp3 &— i N B 5, 75 B8 X 4 ALk 4 7 (7 2
W AZ B A EE A BE A T Y kN, ok PR T AR & 4
JH 4336 v (R 2T, TL-7 FR 2 AR o B CD127 465K
N T 4 R FRIE, HHAE Treg 4 2 3% F .
WF5E LB, CDI127 J&—FhAE% 4 F ) B Pk O e b
i, PR R BB 5 Foxp3 Al #e ik 5L 6 A
X I, “CD4'CD25°CD127°" 4H-8hric &
T RE PR S 4l TG Treg 40, VARG 1F Foxp3 %
EGLERMHEET .

B R SEARTE RS, 14 2 HoAthgr F X T 45 Fb
Treg UMV FERTIR A . AEFFRI L 2R TEL . Treg
240 M 2 B P R I P 37 AR 200 2P T 9k L 4 AR
* ¥t Ji -4 (cytotoxic T-lymphocyte antigen-4,
CTLA-4) . Ei#id5 APC I AY CD80/CDS86 %45 4 ,
S AP A KON T AME A TG AL . CTLA-4 X% T4
FE oI RSN Treg 20N RO G EFH 26 E 2L,
WK, CTLA-41E Treg 4 ffd A5 K T 40 it v 2
RIEER, DILFETR 24 A S . Rk
s W I R FE IR - 32 /& (glucocorticoid-

induced tumor necrosis factor receptor, GITR) 7E
Treg AL b =321k, I HL7E tTreg 40 A A9 01k L) K
pTreg AUHL AP 14 e & CEEEH . GITR KA S
Treg i A B35 AR FHM I DI REAR G, (FH R %
FE DI RENE Treg M H) — D EHEFREY . MR
HE A T 3% 1K 2 (tumor necrosis factor receptor 2,
TNFR2) 7r Treg 20 M 41 il A JH 5 5k 9 A | v B2
WA M IR SEIN F-a (tumor necrosis factor-
o, TNF-a) it 5 Treg 40 EAY TNFR2 454G, 4
SR AE b 8 % FF 3% (tumor microenvironment,
TME) ', TNF-a 1] DA345E Treg 240 i 09 4= K A1)
fefeuE . Ik, TNFR2 1A A 2 Treg 4l ALY
— D IHPREY . BRILZ AN, AV ATl
BT Treg 400 25 € FIIDREM Y, BUFEIA AT
M AL 3] 3% 4> 7 (inducible T-cell costimulator,
ICOS) . FJFHEFET-Z K 1 (programmed cell death
protein 1, PD-1), CD39 fllCD73 %%, X &t
M FIRFEAE S Treg 40 B IH AIRAS L AHEUE (7 1
REE BYARIBLEI ARG

Treg 2 A% 26 2 THI I A9 = ZE Pk R A T 2 hnak
YItAE Treg AHML AT AA , TEALAYZLON; T 4 M1 T HE
FIRIX LS, GNCD25 AIGITR ™, [k, 7r4
& Treg MR, 38 H FF LG HZ M nEY,
IS5 G DIREME SRR A T LR G I, B an s H—Fh
# ] N\ CD25 F1 T 200 1l 5 952 52 1% s 2 I 410 ) 3 1y

(T cell immunoreceptor with immunoglobulin and
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ITIM domains, TIGIT) /) M 4 5 t ¥t &
NSWh7216, 1% $it 7K 15 1 5h BE 1L Jc 7 Bk CD25*
TIGIT RUHPEANM, TiAESREH PR, 562y
JPIEAILL, NSWh7216 ££ CD25 AR AL/ = 3
BB P R T, HOoR B pTreg 4 i
S

2.3 TregZHfap R tE 5B RSN

Treg MY 515 ZAEPE R D) BE T S84 XTI 45
IR E L HE, Treg 4N MiE L & EFLIIEE
PR NGO 2 Fh g s, IF HEA TR %A
P25 ) 24 22 5 B AT T ) A i T 240 S AR A DGR o
B TR R AR HILTR - Treg 4 MU BB 4 S Hb
RN I ARAE RS Y N, IFN-y 55 7E1
U b 5 v 3 8] fih & STATL, M5 5 Treg 41 Y
ok R X S I T-box #% 5% I F (T-box
expressed in T cells, T-bet) ik, ML
T %M CcX-C#a b W ¥ 2 3 (C-X-C
chemokine receptor type 3, CXCR3), T-bet# ik A
(R T M H B PE TAAE 1 (T helper cell, Thl)
MIEEST, T HIES] S Treg ANIEKS AL 51 %] Th 3=
SRAE XK 2 U, ik GATAZS K81 3
(GATA binding protein 3, GATA3). RARAHZIRIL
% #& yt (RAR-related orphan receptor gamma t,
RORyt) F1 B 4 il ik [ 9% 6 (B-cell lymphoma 6,
Bel6) 1) Treg ML/ 511 T Th2 . Th17 MiA:
R o DA AR R G S g 5%,

Bk, E B L. NIRRT Fp Xt 2 R 50
i RIS A AN R A4 5E B Treg 40 ffd (tissue-
resident Treg, TR-Treg) FEAMAEMELHLZ —
TG 20 it EL AT AN (] ) T 4 A2 AR 2 5 st A% 202
bR T IL-2 {5 % RisR i, A8t
A5 5 i 4 il HAF G Fg M Y. TR-Treg Ziiffd
FEIA Treg 40 il A ARG TCR 2, IF H A&k
LS50 S SRR A O B Treg AN ST W 1E 155, %%
S PR 0 3 A 5 24 IR or ik i S IRl ATF A 2R 1
(basic leucine zipper ATF-like transcription factor,
BATF) FITH &R I8 [HF 4 (interferon regulatory
factor 4, IRF4) F:[a]yid a2 rh e 2511
Feik, I IL-1 524K ST2, HW] B 4% 500 TR-Treg
YU ZUE N M B, ARG, TR-Treg 4
HEAL R e IR A AR S T Re, BetY HiES S
HATReAEE . Bilhn, ENIERRIIAHZ T, Rk
ST2 ) Treg 4 i3 mT LS I 21 i 117 200 il 7 A= f) TL-33
5% . XEESE TCRIFSUMA TAE, ARG

M, FLAE GATA3, 42 42 B e I 28 UL AN
Jri AR AT B L B UL Treg 4H A 53006 1 79
B R LS U T A0 SR Y 3R B AR T A2 AR
(epidermal growth factor receptor, EGFR) #HH {E
W, ARG RS, LA A S Ak,
T 40 i I A/~ & 6 2 1K a (interleukin-6 receptor
alpha, IL6Ra) {55 F&TEMAE Treg 4 5 WL 40
JAE AT, DT LA S B8 ANy T A4 11
KHEVEH . B2k HR Y Treg 4N 434 T B2 T
AN, SE AR R RAE T, Andm il CXCLS-IL-
WRGIE S HE S S 3 R i I o o [ BN R 2/
PEWE LS B & AR I DL K pR R g iR e G
I BRSO J T X Treg 4l L A= W2~ DR AN T
K ENIMUZ RIE RGN, WREHLSRES
AR RNEES 5%

3 TregBfa ZHELBREHNFIHLH

Treg ZR AT HRIVE IS H—A> 2 2 HPhH R 4f
FE S 5SS, 14 2 A BT AN PR—
WA X R LURE A 325 AR
02w A s SR 411 N1 L 5 e s 0 S L R R
(F4) . b T ORIERERRAA R H Y e SO, kL
ARG L MIaT T, W H R RS h b R]
YEHT,  DABR R S0 S ARG ff i R4
3.1 SikiElESF

Treg AHMIREHE /b PN o0+, X LE5F1F
T S e PR B v () 2 Fh 20 B, DT 0 o 4R
K

IL-10 & — s s T R ML . Treg 20
JH9 43 WA B TL-10 ELEEAE 200 T4, 0 il 3
FAFNANM IR 7 7= . (A ERE R, IL-10 8 REME
HT APC, 38 i 0% H Janus ¥ 1 (Janus kinase
1, JAK1) FI& % 2 3 B 2 (tyrosine kinase 2,
TYK2), 5l%& STAT3 By #2580 . H 16y
STAT3 —RR{KFGiE =A%, R — RS Y
Fik, ME3Z R EZBEMEXATEEN I
(membrane-associated RING-CH1, MARCHI1), %
g5 EEHLMEMNEE A K (major
histocompatibility complex, MHC) -II 2§ %) ¥ M
CD86 S5 Ll o> ¥ I INAFVE ] S A, & M58
APC % T ML RE T . TGF-B J& Treg 43 WY
H—HEBMEAE T, Treg MU AT %4 TGE-B,
I HFR TR T . IS5 57 TGF-B it 41
JH ] 2l 42 4 o) 08 ST A5, T 40 B %) 3 Ak RS B
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Fig.4 Treg cells maintain peripheral immune tolerance through multi-level mechanisms
El4  TregHifEil T & R EHLFILEFFINE B MZ
(a) TregZMInT 73 PEANMIP 5 (ANIL-10, IL-35., TGF- B) SRS L ARG A RN TR (b)  Tregif i 56 4+ ML

2. TR IR A B 2 G I G B cAMP AR IR A2

A8 Jo R L B P 58 I MR o 280 T 4 D s g

; (¢) MKHICTLA-4, PD-1/PD-L1,

LAG-3 45 2% [ 43+ 55 W 58 4R 41 g ok B 40 it & A6 42 fih 13%1&3\:;'34?5'”%1 SRR N AR Mffﬁlmﬁr}ﬂ]fﬁﬂ)&rTéﬂlﬂ@{E fbo IL: ANE
(interleukin), TGF-B: %4k [HF-B (transforming growth factor-beta), Treg: i T TETAIMI (regulatory T cells), PD-1: FEIFHEAET-ZAR

-1 (programmed cell death-1), TCR: T#iJfi3Z & (T-cell receptor) ,
complex class 11), CTLA-4: 4i{g 55Tk EL AR CHT IR -4 (cytotoxic T-lymphocyte antigen-4) ,

MHCIL: 24 ZUHA S ﬁ' PRTIZ$ 43T (major histocompatibility

D: 7rfk#% (cluster of differentiation) ,

cAMP: F#ifZF 4 (cyclic adenosine monophosphate) ., (https: //BioRender.com)

T 0] M TGF-B 3 a5 T 41 i 25 4 528 41 i 6 1 114
TGF-BI BUFN I B SZ K25 7, BG4 L SMAD {55
W, AR OC S e AU A VR o AN, FE Treg
MM, BEMRAL)E ) SMAD2/3 55 SMADA Y 1 &
GWIE T s EANMAE, 4SS S Foxp3 ZEA Y
CNSI X, X—id &SN E P CD4* T 4431k
N pTreg RYSCEES R

IL-35 J& tH EB #5515 5 & 1 3 (Epstein-Barr
virus-induced gene 3 protein, EBI3) #F11L-12p35 ik
LA R AR -, O S T4 e gkim
() IL-12RB2 1 gp130 zﬂﬁfzﬂ@ﬁ:%ﬁﬁﬁﬁ%‘, M
T — PR STAT1/STAT4 {5556 i g ', 5
IL-10 F1 TGF-B AN[H], 1L-35 20 i /R T HAL T
A, 5 S LR AR S B IR D RE Y Treg 4 Y
(FRAITe35S 400), XL 1Tr35 40 [ S BERS Rk
IRUATL-35, fHAAKES T Foxp3 YL, MK #l

T 5L 25 8 PRl A HAth T 40M, A KK T 49
BRI N, , EAl, Treg 4R RES> 0
WORLEE B A2 AL, 1 i B ook 2 4 i 2 P Ok,
BRSO TR0 . B H 2 APC, Ml Hsk
TR RN PSS 5, BURLEE B X i
N AT D S T
32 ‘ARmFRESFIEA

Treg 4L i HAR i ek il ez 4, 3L+
24 L[] THBL ] B R AR 0B . CTLA-4 J2 Treg
A R SR I I 2 2 — el s
- CD80/CD86 5 APC 445, Hi2 il Jy 3z i T34
T 20| B30 244 CD28 1 5l i 3% Fh 3 Gk 45
4, CTLA-4AG RPN T 4 A7 36 FEcS
WIS 55, HEENZE, Tregdil 10
CTLA-4 i i} %5 il 7 4 113 B APC 2% I 1) CD80/
CDS86, W7+ HY CD80/CDS6 K 1% 5 | T 2 s B A
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O IE AT B, I HI 55 APC & 3 B bR Y BB
JI ok 4 M TS Ak %L B3 (lymphocyte
activation gene-3, LAG-3) J& Treg 48 K 1A #2181
Sy — Rtz R, fE S APC 1 (1) MHC-11 2443
TE54G o XA ELAE PN A i 2400 T 28 i i) 3%
1k, & 2x1m APC AL B M5 5, BHL6T H I g il
BV LAG3 AU T S5 ARE R FRAR G R A
Je e Myc ¥E3E N . 7E LAG3 2878 (1) Treg A0,
Mye FIFRIAZK TR 2 51558 Th1 B0 41 HAH 5
MK, I B HACRE AR A Py 0 D Be B A
Ko FELAG3 227457 Treg 4 g, PI3K-Akt-Rictor
T RO, L E R T Mye (RO A QR ok
K Treg MRS EI DI fE 7' 1AM, Treg 20 fflid
AT LA B OB B Il e AT A B B
M, XFPPR R RH  iE  PD-/ . PD-16t=
B STATS {5 5 /% 5, #F 1M 5 2L Treg 40 i I
CD30 &2 & 1y b9, M T 4 3l Treg 40 i 2 AE
B
3.3 ARaREHEE

3 3 U SR O R ARPRAS , Treg ZAIfL AT
DARHLAEASOW, T 40 M 2 L Ehfg . B4, IL-2 2500
T 4 38 58 oA FVAE 6 It () G S AR R, Treg
ik CD25, CD122 Al CD132 41 gf) F =
RARE SRR TT IL-2R A7 RO ORI FEIEA B il
RV B ) TL-2, DA 400 o 25007 T 440 B 1 D g 7
VR, Treg 4 iof B G558 B & PR I E H
Treg 4 i 2 11 =5 2% 1 1 o 22 14) 40 JR M 1 i il
CD39 #1CD73, i P il il e JHL i 4% S A 410 i A ]
L5 TRl RIESCTME H, 152 32 50FE
TR ATP, AE R —FhoRalfie 2 77¥, ATP
AT PG JRy 3 RE ) W o AH Treg 41 g i 3 CD39 ¥4
ATP 1 ADP 7K fi# Jy JJ¢ 1 — % B2 (adenosine
monophosphate, AMP), [ifif& CD73 #f—2X%} AMP
LA AR o AR — P KA S el AC s
Yy, MRS HEEANM (AR TA0M) SRR
A2A ZfK (adenosine A2A receptor, A2AR) %54,
PO T U G A I B R AL, TS 2
NS {5 {26 BE MR IR T (cyclic adenosine
monophosphate, cAMP) 2T . cAMP 1K &
FEL SR A 17T 8T B U A S Tl B, R
TCR T i 0915 7 5% 5 UL ¥ ]+ B (nuclear
factor-kB, NF-«xB). {fifb T 4 jE#%H ¥ (nuclear
factor of activated T-cells, NFAT) 45 CHEFE ¢ 1
MG A, DT A T IR0 AU A3 5 . 2B P+

o3 U6 A AN M EE PR D RE 0 B R A B A
Treg 2 i P 368 28 248 i [ 0]t o 2 o) A 240 i % 44X
WHEHIVER . 5140, Treg 20 {5 Bh ] Bl 42 v 936
TS PR 1 S P K & cAMP B 324538 2RI 3%
I T 40 M A AR BT o 3 RR AR T 248 B 1R B4 i
(149 35 2830 i A Xl A 1 R LY 32 AR - T A AH ELAE
AT o3, AIPRE | A HER AL B eSS
TAFEMH cAMP,  EHE TR AT RS A0 B A YRR 1R
IR ORISR PR, Treg 20 i A9 3G FEAK
9T F 8 4 W e LR 9K Sl I AR T R & Wi, Treg 2
JHG 440 ) ) BB T AN T RS i R 114 5 1l 77

2 B R AR T e R R Treg Y
TME H LR 7K S Tt i nl 35 N Treg 21 ffd 17 14 5
i ney F A AR b, FLRRE S i a-1, 3-1
R WA AR 1 2-B-N- Tk 2 B 7 4 W e RS i R O T4
L BRI 5, #E N Treg 20 AR & #5
TR AR Y

4 Tregdfiha R E &= P HIIER

Treg 4 MU A HUALESF S e fe S A% O Sz 4
Jitl, TE BRI & AR R R b R AR S R s AR
Treg A0 Gl P DIRE AT, TCIS 2P0l VE it
SRR T, YISIE ARG . S RE R XL
i B E RS (I AD . BAHHER SN ), Treg 4i
L g A A P AT R B R AP MR R BRSO . 2
0 G g WA ELA R AP R B CAnd b 9 S )
Treg 20 (14 325 B P 1l W02 1) 555 S 2 I 25 e 0, X
TG = AN R
41 BERER

AD EH G R G SR T, HIRTGE A B4l
LUBE, FEEH LIRS JE 1 — B -
FEX P, Treg 40 M 0 S M T HE X 18 il 57
I GE SAE N BT EL . WFGE R, Treg 4iIffL
R T B ok DI RERE RS- 5 AD A &R B UIAH G, B
fili Foxp3 JER AR B AE A4S, HR A nT e L E A
Rz BN, 76 MS BEEA Treg 41, PR
ZEMEE 11 (PR domain 1, PRDM1) (#5545 H
P A K P T 5 2 58 Foxp3 B RASEE, M3
Treg NI DI RERSENT ™. LAl , Foxp3 Jk A JAE i 2 W
WAL C BIE SR A 1 G R . 5w
() DNA H &4k ok 241 B P80 25 T B2 52 1 Foxp3 11
FRei ek, WA Treg ALY R ESUE . X AP R
FE MR YR AN AN 25 1] 55 Treg 40 i A9 5 28 90 31 D fiE
2R PR 48 P Thi 58 Th17 400 A9 504k, DA
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il B B e it

£ 1 A BE JR %5 (type 1 diabetes mellitus,
TIDM) . R % % 4L & R ¥ (systemic lupus
erythematosus, SLE). ZERXJEHKTT R (rheumatoid
arthritis, RA) M MSTENIZ TP AD BEKN, 2
WS B AJG A Treg 40 i 0 2 FEAK, sHAMH DI RE T
PRS2 B4 7, B, SLE &4 1Y Treg 4
JLAES ] 5 B SO0 T AR A B SO B 4 M
P52 BRI, X R BB 5 IL-2 1 TGF-p 45
HEA IR 55 R a5 O¢ ™ Ak, Pl
AN (ANEWRARM . BSORANA) IR IRSEA
TR ABCK (OX40L) F55r 15 it
Fik, 5 Treg 4 | OX40 454, B Treg 4i
HTEE, JFFREAIK Foxp3 ik, MMIATHEMLAA A 1Y
oS M-, ) B B e ROV . 7E TIDM
(A A e, Treg A0 MI TG A &Gl 5 B B
T 2 LG IR &2 B A ML ) et , s S 0B 5 B2 i 45
Ui E RN Z —, CAMFIEY, TIDM EH T
TE Treg NEAET- N . Foxp3 Fikfae MEFEAK LA K
IFN-vy. IL-17 S5 i 48 14 20 Jfd P53 WA 3% Jonn i) 30
g, A, /N RNA (microRNA, miRNA)
XJ Treg 4 Jifl 1) B 68 I8 #5541 22 5 T1DM 1 & s #L
#il7, flhn, H# A hsa-miRNA-320a i i~ ¥ IL-
10 33 PI3K-AKT-FOXO1 %li, [A]4%£ 555 Treg i
Mg =,

42 PhERE

5 AD#SRAH S, FEXFHUIME i A b, sROR
RIS ] R VOB S S N TN L 2 1 )
AL Z2 ML A b i e % R e i M AN s, G
Hh 2 — {5 2 ) Treg 4 A R 6 it — A e s 41 il 4
i) TME,

JIeo I 24 A B EL ] T ) 5 o A L 25 - b Z2 e Ak
H7-, KRS Treg AR S 2 MR R, Hor,
C-C Iy e A 1~ 22- BafL Al 732 4K 4 (C-C motif
chemokine 22-chemokine receptor 4, CCL22-CCR4)
AWM — RS (Anop S |
B ) TP e 20 R AN R A DG EL 4B (tumor
associated macrophage, TAM) f& ik CCL22, Tl
I IRE T ) Treg 4 ML 7 335 HAZ /K CCR4, v
Treg 20 1] J]f 68 567 (19 = SO 7o e M f i
00 2% b, fE ZR I 40 B2 (myeloid-derived
suppressor cells, MDSC) F1TAM 1] LI # Treg 119
B REFN I I g . MDSC 3 1 43 36 TL-10, TGF-B.
RIFKEERME 1 (arginase-1, Arg-1) /if5i Al —%

L& & (inducible nitric oxide synthase, iNOS) /
ngl e B 2, 3- X 4 B (indoleamine 2, 3-
dioxygenase, IDO) DA M ;=1 4A 2K (reactive
oxygen species, ROS) Fl—% 1L % (nitric oxide,
NO) ZEACH ™ W) B M SO0 T AL 2 RE,  [RIA
X555 BEVS 58 B CD4+ T 411 if I I FOXP3
FF 1 AT R e 0, A, BELE MDSC WA
i oF 323K CCRS A5 32 (R B8 43 WA AH N e A4 142 90 55
Treg Jf it izt 4 e F i (47140 CD40 - CD40L) fig ik
Hy 3, Y RCE R SR I % Y TAM,
LI 1) M2 BE R F VAR, 34 43I0 TL-10,
TGF-B, CCL22/CCLI8%431, AUMHIHLII Y
CDS8+T 4 il 1At S AR 4R RE , i im o fh2e i fh
S EH F AR S 4 RF Treg. MRS, Treg 43
AR TGF-B 5 TL-10 LS KA #F TAM [] T 58 17
PERY M2 Ak LK PD-L1 ., IDO S 5 F,
A SR R A SUEAR B P RO S g B
il MITHI 55 S i6 YT ARk

TME i i A7 k% K pH AVE TR B3 = 1)
R Treg AR08 R A ClE e, B3
SR A AT AR R b RE , XS EATRE
TE 5200 T 240 BB 9808 4 25 v S R0 5. 7
TME 13825 Thl B 4T BhME T 40 e 7E IFN-y 3k )5,
TE TGF-BA5 5 RIVE I T A WAl T-bet FRALIF 5
3K CD39 ) Treg ZH MY, X 4L Th [n] Treg 2 M A% 5%
XTI CD8T 4 M e b 1 1 28 G F e

YT Treg 75 MR S e b il rh ) G M 5, 2
FhI7 B IETEAR R T SR g N Treg, LAMYG
SRYCIIE s (R2) . H) 2R Treg & S 3H
By gl , Al PR A X i P sl B e S
PERY Treg /52 B HTTAYT IR ) e
43 BHESESHBEYNEIR

A5 H RIS 1T 0 R AS AT S R ST Y 3 2
pERE PG AR, X RE S ER HYIPT
fis 9% (graft versus host disease, GVHD) . i i
A8 AR [ AP A, Treg 4 AT ARH 115K
I T 4 MRS G A, DA T BR % B AR ) 1 o 1
Vi : GVHD f = R . Treg 40 i A9 & 45 M fE
AERFXNT T AR 2 2O H 2L,

Treg B G 22 S il 40 f K7, F%AIK Th1/Th17
Y M 2 B I AR AN R 2 o FE SRR A B
IL-10 38 2T A S AR 20 B G R TL-12 774, FEAIR
Th1 %Y 48 f P 1530, DT 980 258 % AT 40 ) 38 ¢
fiE 1. EAR, Treg Fikf CD39/CD73 Al ATP 5%
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Table 2 Clinical trials on targeting Treg cells in cancer therapy

R2 KX THE TregBI7ERREATT H A IR ARiXLE

] 5%
g b RIS B S -
ik
I B AFERR CCR4* Treg, 4015 BUEMEN10.5%, BIRE
e cora S sk DA reg, ZATE, BWEMEN R
FN 36.8%

e BT, E AN B UG B Wb, CDS BINAIHIE (55 42
IR bk - H%ﬁmﬁjéﬁﬁﬂ 1 AR AR BINR A Treg Wb, CDS WOMABOER B0
$L CCRS $ifk P WG PRATI ZETMEHTE B PERER Trog, 1995 CDS8™ T JUNONIE 5 HUM R [
CCRS F44i71] R W BRATIN 7% S B 50 Treg M 0 2T (A B 008, S T 4 [

B 9607 2T T

Bt CCRa ficth 0 ﬁﬁﬁf WA U SRR CORA Trog » SUA A PR fo7

A G PE I TRITERR T, J5 &4 A2A ZARINHI 0% T
AP AN AR A A A, PR Y
PRIENLE 7, TERAMERI | Treg B S sZAH
K L W 240 R 32 B SR A g, 8 3 TL-10/
TGF-RRH T AR ST, e i S
KIAATE 012 Treg 4 HIA 1 43I ZH B S AH O
o (WSORE ), s BT S 5i0)5 0
PR, X —DhRRAET . Ml BRI R
B (oo

SR, Treg AHARAERS HE G2 i 52 1T vh
IFE FREA Sope i, Ol I 8UB = . 24
i CTLA-4 4 F iy LA 6l . IL-10/TGE-B 4
SRS . CD39/CD73 A S 4R i i 45 K 41
ZURPHLE], LR EE T AR R . SR
RZWZRB4, W08 Treg 4 i Bh fE B 4 7] LA
I 3 AT K AL A W A7 35 B IE] 9T 98042 GVHD 9 ™
PRI

5 ETFTregZHRRIiETT RIE

51 ZEPETregdR) T4 EIATT

% v [ Treg 20 M1 /Y 5 4k VEVR I 7 02 e EL4E Y
Treg ZAMfY 7%, HIEAR LR MR Bt & 1 il i
Hh 7 Treg MY, FERINBEAT RALEEY 1Y, X
JERET 8 i A 2R M [ 22 SRR

XI55 B AR Z R B /I PR Hh 2
AN R a . AETR ARG i T AR AR
JE 9 GVHD J5 1T, 23T UESE T H A A )
IR AE TIDM RRITH, [l i) Treg 4
N REAS Ay H AR R I R B — 5 A e A
FH M S ARREAE Y Treg AV HE A A it , FoAH
Jo VARATS DR B v SR W (EL K P 19 25% 11 RS GR

ERAMH, Treg 40T P45 I B2 RIS DXL 48 e
A0 750 590 A0 AR, AT B3R AR ST 245 4 R 1 5 R 4
o BB TN IRAE PO IRE A 1 s 4R 1Y) Treg 241 ffd
43| GVHD 84, SHEZMRNAYT I 108 i A4
3% Treg VA7 14 7 52 X BEAR LL , 10-IV 2% GVHD iy &
AT (43% vs 61%, P=0.05), H /Y, &
R IHFE T XU TCAS A 520 1

RCFPT A 0 Treg 4 2 22 FeBERY , WK
BT TCR AN Z R, MEHERE M
AR ECRPUR . X AT RE T BOLAER AL ) S5
FRINRIRA PR, 05 T 2 T K i 4i A G
IRENRITRCR
5.2 EFETIEMiETregifa

5T N B3 1E A A 356 R T RE B AR ABAM Treg 2
M, (R S R v, RRUE TG YE, D
IR vilE Treg BYBR S (K15) . Treg IR YF e
T B2 (1) G0 R A P JRRE 5% Treg (CAR-Treg 5
TCR-Treg) ., Treg 4 id FeA B, 2eak—n]
PRSI E SR AR S

#x & i JR % & (chimeric antigen receptor,
CAR) J&—Fh N T BT By aZ A . A B S0 45 44 1k
AT DA E RO AR T . PE R I —Fh
J F 2 3 3K Foxp3 I # 77 L CD19-CAR [ Treg
(Fox19CAR-Treg) iR JT #i Mg . Fox19CAR-Treg
ATAER MG RO B 40 A 345 Fis 4, X5 SLE
B & IR HLEI AR G o 72 AN TR AL SLE /N LRI o
UK i T Fox19CAR-Treg AJ #10 ill FI B oAk (4 77 2
FESZ R L AR, TFIRIE IR L 28 A A f s
RGN, HICrTRM A EYE . Fox19CAR-Treg 4
AT AF T 350 F B S e P v 2 230 0 vk
TEER, FE—FARH 225, W LIYKE SLE
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Fig.5 The basic process of CAR Treg cell therapy
ES5 CAR-TregdiRi& T ERTRIZ
MRS ML 53 B R S Treg, il 454 CARII S HG FE0 Treg HEAT R B, FRTFCAR-Tregifil. ZMARIN 15, K5 CAR-Treg#H /it Il
FHEE RN . CAR-TregREWE AR 5 M U I Ml £ xR DU M RON TANA, M55 G se it 272, B ik 2V s B A HE R [ ) . CAR-
Treg: #% & PUIRZ RV M T4 e (chimeric antigen receptor regulatory T cells) , Treg: ¥# ¥ ¥ T4H il (regulatory T cells) . (https: //

BioRender.com)

A T T TCROBE R INREE A Bdile (n
T1DM H £t 1 5 40 M i B Ji ) 14 TCR 56 R % A
Treg 41, AT DL AR b 19K 5 ) B 5058 I
BT 20

Treg 40 Jfl 75 58 Z11 9 4 hiE 2 5 5% b ] BB AR 25
Foxp3 #ik, BMARE, HEEI IR,
FIJH CRISPR-Cas9 S5 5 R 4 AR, AT AR L 26
S Treg fo B PERY LN, e (Ol A A
51 Brd9, X Foxp3 JEHA S A TIEME, M mifa il
Treg ANMAYTN IR, (i FA NS B RAE PR BE
BECRFFR R A TIRE . R CD4' T 4y 2t
Treg 20 ML Y7 ¥4, W8 2 N 5 W (gastric
neuroendocrine tumor, GNTI) 4 GEW%fa & £ ik
FOXP3, H [ Jo i S H 5| ik 0 45 . GNTI-122 4
JUZERF T 5 Treg A MIBE— W FRILTE . EFXT
AR A9 PE B, GNTI-122 n] B 2 Bk (] 322 310 i >k A
TIDM & #1922 oa [ e 5 Fr S MR 2800 T 40 . 7
TIDM i 4k B /N A . GNTI-122 (/BT
FEAL Treg 5N PT 3T B B JPEAR , DRUER IR 5 R 1Y 7™

B, JERHIRERE Rk
53 FB[ETregZBRAR/INY FEIIEZY

B T AR IE SN, R 259 R R K N Treg
2 L A 5 RN D) B — PP R AR T R . [l
25K BG 5 Treg DIRE T FIF AD. 40 Treg 4 & %
NIRRT B IL-2 5244, PR XS TIL-2 9 v B AR 4k
WA . A TR A TL-2, AT A Seis A
ORI B Treg 4N, 1M AN 23 I 35 B0T6 500 T 20 i .
X—EIE EAEIAYT SLE. GVHD FIBEFR% £/ H &
BB AH DI (I RIS Th B T R A&k e
IL-2 B T SR BAS[R] ) Treg UMV AE, X LLANfEn] L)
B pIE | R RAETRAL 1 Ak, Il Ek
11 bR Treg i M Ty & °T FH T Jib 93 e 28 o 40 HE8 o)
CTLA-4 WIHTIARA L BEBH BT Treg el (545, =
HEN R, HFe BERBUE S HUARMOM 1Y 48 i/ =
MM EE A, DR S M MV B TME sy 3%
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Abstract Regulatory T cells (Treg cells) have reshaped modern immunology by establishing the conceptual and
mechanistic foundation of peripheral immune tolerance. Since the pioneering identification of CD4 ©~ CD25 *
suppressive T cells by Shimon Sakaguchi and the subsequent discovery of the lineage-defining transcription factor
Forkhead box P3 (Foxp3) by Mary E. Brunkow and Fred Ramsdell, Treg cells have been recognized as
indispensable guardians of immune homeostasis. These advances collectively clarified that central tolerance alone
is insufficient to eliminate all self-reactive lymphocytes, and peripheral tolerance—critically mediated by Treg
cells—serves as a second barrier preventing pathological autoimmunity. Contemporary research has therefore
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expanded the functional and therapeutic significance of Treg cells across the fields of autoimmunity, cancer,
transplantation, and tissue repair. Treg cells originate from two major developmental pathways: thymus-derived
Treg (tTreg) cells, which arise from high-affinity self-reactive TCR interactions in the thymus, and peripheral
Treg (pTreg) cells, which are induced in mucosal and other peripheral tissues via antigen stimulation under
tolerogenic cytokine cues such as IL-2 and TGF- . Their differentiation is orchestrated by a multilayered
transcriptional and epigenetic network within the Foxp3 locus, including CNSO - CNS3 elements that integrate
TCR, cytokine and environmental signals to support lineage stability. Treg cells are identified by a combination of
surface and intracellular markers—CD25, CD127low/—, CTLA-4, GITR, TNFR2, CD39/CD73, and Foxp3—
although marker specificity varies with context, activation state, and species. Their notable heterogeneity enables
Treg cells to adopt Thl-, Th2-, Th17- or Tth-like programs through transcription factors such as T-bet, GATA3,
RORyt and Bcl6, thereby permitting precise suppression of corresponding effector responses. Tissue-resident Treg
subsets in adipose tissue, skin, skeletal muscle and the CNS have emerged as highly specialized regulators that
integrate local metabolic and stromal signals, contributing not only to immunosuppression but also to tissue
regeneration. Mechanistically, Treg cells maintain tolerance through three synergistic strategies: (1) secretion of
suppressive cytokines (IL-10, TGF-B, IL-35) and cytotoxic mediators (granzyme B, perforin); (2) cell-contact -
dependent interactions via CTLA-4, PD-1/PD-L1, and LAG-3 to limit dendritic cell maturation and T-cell
activation; and (3) metabolic regulation including IL-2 consumption, adenosine production via CD39/CD73,
cAMP transfer through gap junctions, and adaptation to hypoxic or nutrient-restricted microenvironments.
Dysregulation of Treg cell quantity or function contributes directly to pathogenesis across a spectrum of diseases.
In autoimmune diseases such as type 1 diabetes, systemic lupus erythematosus, rheumatoid arthritis and multiple
sclerosis, impaired Foxp3 stability, epigenetic abnormalities, defective IL-2 signaling or inflammatory cytokine
exposure undermine Treg suppressive capacity, facilitating excessive autoreactive T- and B-cell activation. In
contrast, within the tumor microenvironment, Treg cells are often enriched through chemokine axes such as
CCL22 - CCR4 and reinforced by interaction with myeloid-derived suppressor cells and tumor-associated
macrophages. Their enhanced metabolic fitness and suppressive phenotype enable tumors to evade immune
destruction. In transplantation, Treg cells are essential for promoting graft tolerance, restraining effector T-cell
activation, and facilitating tissue repair after injury. Rapid therapeutic progress has been driven by Treg-based
immunomodulation. Polyclonal Treg adoptive transfer has demonstrated safety and preliminary efficacy in type 1
diabetes, autoimmune disorders, solid-organ transplantation, and graft-versus-host disease. Gene-engineered Treg
therapies, including antigen-specific CAR-Treg and TCR-Treg platforms, offer superior precision and stability,
enabling targeted suppression at disease sites. Additional strategies—including low-dose IL-2 therapy, small-
molecule modulation, and selective depletion of intratumoral Treg using antibodies against CCR4, CCR8, CTLA-
4 or CD25XTIGIT bispecifics—further expand the translational landscape. Collectively, advances in Treg biology
—from lineage ontogeny and molecular regulation to specialized functions and therapeutic engineering—
highlight Treg cells as central orchestrators of immune equilibrium. Continued integration of single-cell multi-
omics, systems immunology and gene-editing technologies is expected to accelerate the development of highly
specific, durable and safe Treg-centered therapies, ultimately enabling precision control of immune tolerance in
autoimmunity, transplantation and cancer.
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