2025 i MR KRS
Reviews and Monographs

0) )L S i R
Progress in Biochemistry and Biophysics
' 'j 2025,52(12):2953~2971

www.pibb.ac.cn

AT T 4 SN R
M & I B4 4 s
BEED B AV f

(" PR AL A BE , K7D 4100135
D PR IR, AR AR e R L S o S B AN s S R R SR s, YD 410078)

§OB EXE T

WE WNHETAM (regulatory T cells, Treg cells) A& IIMARAS I HAY TS0 i HESY , HARAERFHLIR S e fa A Fn4h
JA G RE i 32 i fE 2 ¢ E . 1 Shimon Sakaguchi B R %57 th 43 fE#% (cluster of differentiation, CD) 4°CD25 &% 44
P T 4RSS, Mary E. Brunkow 5 Fred Ramsdell A1 B i — 253 o % DG B i S A Uk &85 19 P3 (forkhead box protein
P3, Foxp3) M4 SUIREMENT, WA T Treg 4 Mo & ¥ e R ME M /3 FHLH o Treg 4 IiE i3 2 Pl A I8 = S g DB
FEAUSE A A R . AR . A AR ST A EAE . eAh, A2 R Treg AURMAAR HEHEUE R
MR R MARRS A A RS BAVE . T4k, BT Treg UMW PSR IR IS T N0 H S B tEga . BAHHEF
I K SR S BE TR R IR ST A . AR SCRGMI T Treg HARAERIE . K E b . 0T RENLHI K AE 5 R g/
JIBLH], FESE YT Treg 20 IERYERIR . BB S PRAR A EEAL 1, S —2D4R 1 T ORISR SR 17, AR HE A

PEIRTT BT Sl PR A% A AR (LB S SR

KW PVETANM, SNE R, RAERRAS, A BRSO, CAR-TreglTik

FESES R392.12 DOI: 10.3724/j.pibb.2025.0460

Gy RGAE AHUAARAR SN AU AR AR B
BifiiA R, HAZ LSRRGS RN . R EE A
AE HEEISR AR E, RIS ™A% FLiEEXT B ZH 21 A
R, AERRYLARA: BRIIRERY RS E o X AP 1
X E R G0 H B 37 i B Gy FOW AR AP AL
TFR A SREmt 52, o e RX T 52 A A1 S i 57 2 2 47
IR 52 PR DGR AL, JERIR B T 4ERE A
PEMN 52 A% 00 I 25 o B 52 I 5 — 18 Bl 82 ilx
M5z, ©RAETEPARGRREas B MR A Er st . 1EM
Hrb, A B T 240 30 o B PR Sk e R 2252 P At i
P, YTHMMELmE TAMZIK (T cell receptor,
TCR) SgfREL i m i ny A Sl kA 2k
FREMNEER, R THRSHETEEMT, N
MR PRI e R . B REh, RNAB
St (R ok ARl B PR BE AL, 38 o 20 i v e
THBRXT A SPUREEA SR AN, X G
BN SyN Y TG & = g PR d T N i [ e e
S RPET A7 N7 A FERE Y SR T X AZ AL R I

CSTR: 32369.14.pibb.20250460

AETERTeHr, THIRA TR B B O Pk 4a A5 LA
Wi IFHEASNATERR R G . B, HURL R IE
S E e SZAILIVE A FE AR, e B
GIENESIR I R

KIILICE, AP Gt 32 Az O AL E R S
S B SN R — R PE BFE B, HF 20
42 80~90 4EAY, Sakaguchi %5 B i 1 — £ %71 F
PESEE, SRk —4tlaty >k T oM. T E IR
I e a B S R B R S e o
DIRer itk A Ay, R e e 44 IRk T
41 M9 (regulatory T cell, Treg cell) . 2001 4F ,
Bennett 5 '/ 7EAF 5% e 5 2K I8 - 2 N 43 WA R i - 1
Yo -X % B 28 A fiF (immune dysregulation- poly-

endocrinopathy-enteropathy-X-linked syndrome,

« MR HARERERES: (20250550711) WBIWIH .
s MR A

Tel: 18153880528, E-mail: wfy4010@csu.edu.cn
Wi H 4. 2025-10-26, 3537 H I : 2025-12-04



2954 EMUEEEYIEER

Prog. Biochem. Biophys. 2025; 52 (12)

IPEX syndrome) 14 250 HL il B S T 5 R 58 0%
AT THIE S22 () B0 B P& — o U Y Sk SR 1
P3 (forkhead box protein P3, Foxp3) FE:H ., J5kK
AIBFFE R B, Foxp3 J& Treg il A& 15 B I 15 [
F, FEPRFEIE R AR A S P i R A i
YEH.

2025 47 DU /R A Bl 2 5 B2 2 % T T Mary
E. Brunkow, Fred Ramsdell 1 Shimon Sakaguchi,
DLRFABA TR S MR oz it 32 HLRIIE S b B TH Q1M T
Wko MATHY TAEAAUGSL T Treg 20 M AE4ERFSM A
fif 32 AR L, S T IS A IR T A ST 1Y)
Hofr. W4, Treg AN O IR AR 2 Fh A= PR S 2
AR EOCHEN, WhEE A B RSN (auto
immune disease, AD). #FE AR . IR e ki |
G N AL RS YRR E 2O s 2 Hh

FHIET
SHH SR

Ramsdell X HlFoxp3
SEIPEX™

’ [ Brunkow £/l

995 2001 2003 2006

RIYUERS Treg 40l
KEEF TIL-2

2009

ML B S e S s, 7 1k S R Ge Mot A B ik
FURNEVERAE . A SOR 2 50 Hb AR S MR S it 32 (1)
FEARMLH], DA Treg 4 i (4 A= W 27 e A D RE 17
L B AR R YRR, I AT [l e T
Treg MM AIRY T IIFTE A0 fe i e S AR

1 SMNE Gt 326t 5T i [ SE TR

Yo R G ik — PR o A1 G e i 2 B BIL ]
K Bi7 1k I L AR B T X R B S, XA
BT A e i N o X — NS
2 ML T BB AD R AR R fa S 2R E 2 Sh
JEl G it 32 HO BIF S foe TG ) 22 20 b o T
i — R R LI (B, AT 4
M SZ AL B B AR, BZIB T 255 B
R SEREBIERESE.

CAR-Treg/TCR-Treg
T i

2022

fIRFIERIL-2
3 W TregyT %

2011 2014 2025

Trege" Foxp3 bt

Tregit 25

o ’ [S%gmﬁﬁﬂ } {S&@mﬁﬁ% }
Y 5L

B NTregil iy
TR AR RIS

B G

YT 75

) Treg 4 i A4
TR R T R

L}regiﬂiﬂ@ii?ﬁk

Fig.1 The history and clinical applications of Treg cells and peripheral immune tolerance
Bl TregifafnsbEREMZHMARAEESIGREA ( https:/BioRender.com )
CAR-Treg: #EPURZMRIT T ETAIML (chimeric antigen receptor regulatory T cells); TCR-Treg: TAUMISZ R HETANM (T-cell receptor

regulatory T cells) ; Foxp3: XKHEZ[TP3 (forkhead box P3); IL-2:

F14%-2 (interleukin-2); IPEX: #0282 -2 N4 W I - i - X34

HiZEAIE (immune dysregulation-polyendocrinopathy-enteropathy-X-linked syndrome) .
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Fig.2 Treg cells are divided into thymus—derived and peripheral-derived types
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Fig. 3 Multiple conserved non coding sequences ( CNS0-3 ) and promoter elements within the Foxp3 locus
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(bromodomain-containing protein 9) ; GATA3: GATA%5 4 13 (GATA binding protein 3) ; RAR: L # R Z /A (retinoic acid receptor) ;
RXR: L #EEXZ K (retinoid X receptor) ; RUNXI: Runt#f] 544 55K F1 (Runt-related transcription factor 1) ; FOXP3: X k#EZE [4P3
(forkhead box P3); tTregZHfifl. g yfiA~ METAM (thymic regulatory T cells); iTregZBfl: 5 SR ETA4M (induced regulatory T
cells); pTregZiifil: ~MHEESVHTPETANN (peripheral regulatory T cells) (https://BioRender.com)

YRS A T AR A ().

T B R Y Treg 4 i bR 4 2 —J& CD25,
TRIL-2 2RISR adif . RIGWILITT, Fik
CD25 (1Y) CD4'T 21 ji W #F H A #  AD iy RE 1 B

2.2 TregfifBIEESIRE

PR R 22 % Treg 40 L& T CD4' T 4fi OHEIA
JIr LA Treg 4Bl () %5 % 3 5 DL CD4 70+ R ifE . T
M, — R0 BRSSP H T IX 55 Treg



2958~ EMUEEEYIEER

Prog. Biochem. Biophys. 2025; 52 (12)

Table 1 Identification markers of Treg cells
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R SE  P M TS, HOoR B pTreg 4H

%ll‘i 7 o

(programmed cell death
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2.3 TregZHfar Tt S HRIE N4

Treg 4 A4 15t {5 Z R AN D) RE VT B M T IR F
GRS R REE . Treg MMM S EFHLINEH
PR RGO &R e S, I HEA TS sk
P 25 28 1 55 T AT T B R 8L T 20 i IV AR AR G EK
B TR R AR HILTR] - Treg 4 MU BB 4 14 Hb
RN I ARAE RS Y N, IFN-y 55 7E1
T 428 i 7 30 1] i % STAT1, AT 75 Treg 40 ifd
% R e Sk I T-box #% 5% 7 (T-box
expressed in T cells, T-bet) MJFik. Bk
W7 5 ik CX-C #afb W 731k 3 (CXC
chemokine receptor type 3, CXCR3), T-bet ik A
{CHRAE T IR AT BIPE TAIME (T helper cell, Th) 1
BIRE ST, T EHib 5| Treg MRS i A2 3h 3 Thl
S RAE I 0, IR, Fik GATAS G813
(GATA binding protein 3, GATA3). RARAIEANIL
% #& yt (RAR-related orphan receptor gamma t,
RORyt) 71 B 4 ffd itk I 9% 6 (B-cell lymphoma 6,
Bel6) (1Y Treg ALV AE 2 5¥2 1 T Th2 . Thi7 Mk
Rl DA THARR B e s o

Bk L. NIRRT Rk 2 R 45
T RIS AR 415E B Treg (tissue-resident
Treg, TR-Treg) ANMFFIARTAEMEHLZ —, X
L2 EAG N[ T 432 A2 & Fst L ets , B
THMWIL-2 {5 iRz, A8 7
G T I A TS A& 4 ' TR-Treg 4L A1
TG Treg 40 il B AT AR A TCR 2, IF H Ak
gE AR S R A 5 B Treg AN S e W HE 15 L5
PR - 40 5 A 5 20 IR v 4% F o) IR 1 ATF M 2R
(basic leucine zipper ATF-like transcription factor,
BATF) FITHLE M F 4 (interferon regulatory
factor 4, IRF4) I [a]3is 204 e 250 11
Pk, BIUNTL-1 5244 ST2, Hon] B 3520 TR-Treg
YU LS N M . AR, TR-Treg4IME
AL R e IR AR S T Re, BeY HiES S
HATReEE . Bilhn, FENIEIRIAHZ T, Rk
ST2 £ Treg 2 i n] LAAS I 21 A5 7 200 i 7™ £ #4 IL-33
5% . XEAES 5 TCRIG S WA TAE, LUHTEY:
M2, A4S GATA3, il 4 B I 5 2= WU PE R
JriEBAE BTACHT B B WL Treg 240 JfL 43 06 1 74 1
B F L5 LD T 40 B 3R Y 3R B AR R R A2 AR
(epidermal growth factor receptor, EGFR) #H H /E
L ARSEHIET A, IR FAE 0 A,
T 40} - H A 2% -6 321K a (interleukin-6 receptor

alpha, IL6Ra) 15718 [ REHS A% Treg 45 LA
AR EAER, DNl LR DO RE A A 7 1k 1
(R ICERVE R (0 B2k /P A Treg 40 i D) 2045 T B 4
JE IR, S HE R A AE R, Wil CXCLS-1L-17
kR B T A ST 1), DA SR Ao i
M5 E KA DL R B s i o ik sk i
WK A 8 T X Treg 40 Ml A= W22 DI Be AN, 3R
HENIAMUERZE RGN, WAL
BEHARNEESSH,

3 TregBBfa ZHEL B EEHINFIAHI

Treg AN AYINIAVE FH A2t — 52 2% HLP I R 4
PIPRE AT 10, IR 2 R A 2 iR —
AR XL R T AR 328 AR
02 s SO 411 I 1 2 e U S D R R i
(F4) o Ry 7 ORUEHERA A R 15 g2 SO, GX 4k
KRG APMIETT, W R E 1AL h b IR]
YERT, DA ERRT S5 W A TR B 1T A R4 il
3.1 SiEIESF

Treg AIMIRENS Jr b Z R il 4 ¥, XL 5rF1F
JH T 9% SR B vb (9 Z2 Fh 40 i, DA T 400 i) 2%
JIVE o

IL-10 & — Mg Bt R 4 ML A 1~ 1H Treg 4
JHL 5306 B9 TL-10 B 42E FH T80, T 4 A, 40 a4
FHANANML PN 57 4 o (EARE R, IL-10 8RB
FAT APC, #3475 H Janus 34 1 (Janus kinase 1,
JAK1) F P& & B2 ¥ B 2 (tyrosine kinase 2,
TYK2), 5l%& STAT3 B2 it 5% . Wb ny
STAT3 SRz AN, HH— RV 1)
Fik, ME3Z RELMBEAAHCHIEEA L
(membrane-associated RING-CH1, MARCH1), %
Mg A5 EEANMAEN K S K (major
histocompatibility complex, MHC) 1II 2K 7 K&
CD86 S5l o>+ I INFFVE ] S R, & HI 55
APC J4TE TH ML e 1 ', TGF-B /& Treg 4 i 53
W — BN . Treg AL o33 il s
TGF-B, K H Ik T UMl L mm ., BEgs & Rl
TGF-{3 38 528 241 Hfi (]2 fik E 422400 1) 08 30 2800 T 248 e 1
TEALFNYEEE . T T TGR-B Il 5 T 41 A5 g
YN B 2% 1 ) TGF-B TN I1 R AZ R 25 4, s 2o
SMAD {5538 %, $IHIAHOC e M/ . 1t
A, TE Treg 4 L, % R 4k )5 ) SMAD2/3 5
SMAD4 IV I S Wid v i B AMIA% ,, HIESS G
Foxp3 FEPH () CNST X, X —af 782 2 A1 5 90 46
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Fig. 4 Treg cells maintain peripheral immune tolerance through multi-level mechanisms
El4 Tregiifuid it & EEHLH 4 IFINE LR Z
(a) TregHfEml /- 7 (UNIL-10, 1L-35, TGF-B) iR fLERFIBUR G B HIM TN TN (b) TregZi i 1d i 4 HEHRHL

L2, PR H AR S 2 SR B B e B cAMP AR AR IR AR, RO Jry AR SR e TR PR 1 BR 1 A0 17 T4 i S i 5

(¢) HH#iCTLA-4, PD-1/PD-L1,

LAG-3 45 3R [l 43 F 55 14 5 1R 41 g =X B 240 it % 26 2 ik, W ARG Lo S po B 22 3B i 0, DA TR 2 M il 20 R TR & fb o TIL: B3R
(interleukin) ; TGF-B: LA K HFpB (transforming growth factor-beta); TregZliffl: W PETAMAE (regulatory T cells); PD-1: F2JFIEFET
ZAK1 (programmed cell death-1); TCR: THMEIZ{K (T-cell receptor); MHCII: FELHAM A M G RIIZE4F (major histocompatibility
complex class I1) ; CTLA-4: 40 FEPE TR A0 AH SCHT R4 (cytotoxic T-lymphocyte antigen-4) ; CD: 43k#% (cluster of differentiation) ;
cAMP: FF#EfNRH (cyclic adenosine monophosphate) (https:/BioRender.com)

CD4* T 41534k H pTreg AN A S =R (),

IL-35 J& H EB 5 8 /5 7 &4 1 3 (Epstein-Barr
virus-induced gene 3 protein, EBI3) #11L-12p35 ik
FEAU SRR -, Ham S T 40
() IL-12RB2 Fl gp130 ZH W 55 — RARZARZE &,
1 — IR STAT1/STATA {5 S5 S g &, 5
IL-10 Il TGF-B A, 1L-35 3B /E T Al T
M, 5T FLEE AL O HLA B T RE Y Treg 41 il
(FRMAT35 400, X246 1Te35 40 [ S heis ik
AU TL-35, [HAAKES T Foxp3 YL, MKl
A5 5- % 2 25 JR PRl A HLAth T 40, A K i K 140
GRS IR . AL, Treg 4 A GE 4310
ORI B A ZEFLEE, 8k Rk S 20 i B R,
HERERGRON TAM . B4 H 2= APC, M Heid
T BRE RN TP S 5 E 1, UKL B X i
JAEE R B (),

32 ‘ARRRESFIEA

Treg A i o H AR MR Itz 7k, 3L+
241t i) e TRAL ) B R P SR 4 . CTLA-4 /& Treg
g1 R RR 0 S E I T s e R B P U S 1 &
- CD80/CD86 5 APC 454, Hoo ity i TR i
T 4N b AY3E SZ K CD28 '@, 3 i 31X Fh o 4 P 2%
4, CTLA-4A5RLBHLIE 1T 00 T 4 A7 A
DS T RS, TEEME, Treg i LAY
CTLA-4 i i:f %5 il 7 1 13 B APC 3% I /) CD80/
CD86, HiAr i) CD80/CD86 Fifi 5 #7515 28 v il 4
TR, TS APC bR IGAE Sy
IREL A AR TG L FE A 3 (lymphocyte activation gene-3,
LAG-3) J& Treg 2 a3 11 32 35 1) ) —FP il 14 22
&, 5 APC £ MHC U454 . X R EAEH
AP B T A & 4L, 38 23 10) APC fZ i 41
HilfE", PHATLIIRERU 7. LAG3 RAENET 5
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U A G Ry B A, JE R Myc B IN . AE
LAG3 75 1) Treg M, Myc FBKFETHEE
554548 Thl BUEON A AR 25 9 KF, I H A5 HA S
FEAE R4 PN 30 D i BB AH G . 7 LAG3 %A 1Y
Treg 40MfiHF, PI3K-Akt-Rictor i &% %, Hom i
WY Myc A A AR 17 K S 4F Treg 4 At A% 410 11
Uihg ™, BeAbh, Treg 40 ffLid T LAFDHI B B S
B 4RI AT A A B, XA
ST PD-14r 4, PD-15t= 25358 STATS {55
g, JEIMTFE Treg 41 1 CD30 32 A& M _LIH, M
IMi#Es) Treg 4HMI LI RERS n 7
3.3 AR

3 T O S O U ACEPRAS Treg ZAIMfL AT
DIRHLAESOW, T 40 M 2 T fg . B4, IL-2 2500
T 20 38 58 o3 A0 RN A7 36 B s ) Qs A K1, #
CD25, CDI122 1 CD132 41 i 1) 57 I8 = F 4K IL-2R
FIR T Treg M I, AT LUAT 2500 ISCRN T AE A B
PR AR v B 0 T2, AT A0 50N T 40 i 1) Dy
fig ™o HOR, Treg 4 A o B 1 1 Q5 E BE A 45410
HVER o Treg 4 2% 1f = 2235 A E 22 A A L A %
TR CD39 A1 CD73, 3k Y il 2 JH: i 4 f pe 41
HVE B B 21l . RIES TME Y, 725
W aFE T4 02 B ATP, AF N —Fhim g 4e & 43
¥, ATP R R B A AE S o {H Treg 20 il d i
CD39#% ATP il ADP /K fi# Jy it 1 — 52 (adenosine
monophosphate, AMP), [ifif5 CD73 #f—2X%} AMP
EBERR A HERRAT o ME R — PR R S il £ 15
Yy, MRS HEEANM (A0 T A0fd) R i
A2A Z{K (adenosine A2A receptor, A2AR) %4,
WS T G AR IR AR T TR ML, IS
N2 {5 2R B B2 IR 1 (cyclic adenosine
monophosphate, cAMP) 2T+ . cAMP [ Kt
TR B2 17T TG 2R VKO A S B,
TCR T Ui 015 5 7% T DA ¥ A+ «B  (nuclear
factor-kB, NF-«xB). itk T AR T (nuclear
factor of activated T-cells, NFAT) &5 CHH; % K F
G AL,  DATITA TR A R0 4 Y38 5 . 4 P+
o3 WA RN A0 L wE P T e Y R R A A A
Treg 4 i P 368 35 240 119 [1) it 2 42 % B 4t L & #7246
WHEHIVER . Ban, Treg 20 B A8 BhIR] B i 42 H )i
T R H SN KR cAMP B 3524% 35 21 2B 5K
D7 T 240 A 2R A B b o s R T 4 ) 4
F4) 97 8 30 5 A ol f T LY A2 AR - e A AH BLAE
AT o3, PIPRE | A HEH AL B RS

“AEH cAMP,  ELHEE TP AR AN B A S 1S
gk BOEPFIR AL A PR, Treg 4 it B FE 4K
8 F 8 A W e LR 9K Sl I BRI R & i, Treg 4
JIE B3 1 T AR T AN I I R B 1 77

A it A AR AT R SR IR 45 Treg 21 .
TME H ZL R 7K 7T i AT 3G 5 N Treg 4 it Y 38 58
i ae S A esEiR b . FLRRE L 1M o-1,3-H 88
WHEE 11 2-B-N- £ Bk 22 B0 2 WH L A g sk T i
R R 7, 76N Treg 40 M AR5 H & FE A
MIEFEAEH 7

4 TregZBRREERBPHIIER

Treg 4 A E AU LERF SRS A% O S 4
M, TEZ T Y A e e vh e 5 SR AR o
Treg ZRAEAY S NI D RE S, T 2l vE
SRS, YEE R AN . Y RE R XL
RS A E R (W AD . BAHER W), Treg 20
JL A A P AT B R MR B BRSO . 2,
g N 2 B R E TR (e i e S ) |
Treg 20 A A4 Ik B2 H0 ) DU 25 1) 55 SRR B 2R HE T, W
I LI 7 A AN R s
4.1 BEREMNER

AD R RIE R G T E A, FRYGE A B4
LU, TR LR EEPE RAE A — IS
TEXZEP Y, Treg 20 LAY S 30 il Dh B X it il =
WHIRPESAE SN B, AR EM, Treg 40
A% T Rk D REREAS 5 AD A & % UIAR G . B
i Foxp3 FER R K587, HFGA W T HER Z E A
iz ii: Flan, 76 MS HEHE K Treg 40 i, PR
ZEF 1 1 (PR domain 1, PRDM1) K555
FA R 7K ST 1 2 3K Foxp3 YRR 2 M, AT 52k
Treg I DI REFEAT ™' BLAL, Foxp3 Jk DAl A& ) e
LA UE IR R R OGN R . R
() DNA H B4k 55 40 85 84 23 ELHE Y T Foxp3 1Y
FREEaRIk, WA Treg MM A 1S R E M. XFPRR
T8 PR IR AN AN 2> 1) 55 Treg 20 Bl 14 4 128 410 i D) BE
WA UEAR R M Thi 2% Th17 40 AY 534k, M
JEl B e Moty B

£ 1 % ME JR 5 (type 1 diabetes mellitus,
TIDM) . H 4 % 21 $ IR )& (systemic lupus
erythematosus, SLE). ZEXIZET7 4% (rheumatoid
arthritis, RA) K MSTENHIZ T AD &AM, 1
NREE 22 Treg 40 . 35 AL, sl LA i D) fig
PR AZ 4 IR ) N, SLE B35 1Y Treg



2962+ EMUEEEYIEER

Prog. Biochem. Biophys. 2025; 52 (12)

YN AE B0 B SN T AR AT B RN T B 4N i
TALTT AT AE L F B , XM GRS IL-2 F TGF-B
SEOCHEAN L IR 55 W s A ¢ ™Y Ak, Bl
RIS (CAnEmEAI . oRARME) bR SRAE
TS AR AR L 4 LR (OX40L) 255315
Ik, 5 Treg 4 - OX40 454, NN Treg
YRS R, JFREAK Foxp3 2Rk, MIMHTHEALA A
1 B 92 100 oS-, TR B B S RN . T
TIDM A K@, Treg i JoikA SGE Hl H B
S REVE T 20X R 5 B 4R B i By, 2 BB B
MR EE RN 2 —. ©ABEIEY], TIDM
R AFAE Treg dUBAE TG NN . Foxp3 FibFE %
ik, DASIFN-y. IL-17 S84 2 V20 A R 0 A fin
AP % B I A, f /N RNA (microRNA,
miRNA) Xf Treg 4}l i) DI RE ¥ .2 5 TIDM 1Y
FIRHLE] O, i, H#% hsa-miRNA-320a il i3 T
P8 1L-10 I T 4 PI3BK-AKT-FOXO1 %l , [&] 422 1] 55
Treg 40 AR T HE ™,
42 PMERE

5 AD BUAHE, TEXPUMRE R, S8R
R B I 2B R T R RA A R AR OGS, SR, IivRg 2t
e Z2 ML R b it e R G Y I AN A, H
Hh 22— A5 2 1 FH Treg 4 i A 85 38— e i 41 i 4k
) TME

YTz 24 A b EL ] T %) o A 25 3 22 A a Ak
K7, WG UEHDAS Treg 40 MIFH 55 2 I Jm il . v,
C-C 1)y b H ¥ 22- o fL Fl ¥ 52K 4 (C-C motif
chemokine 22-chemokine receptor 4, CCL22-CCR4)
SR MRS — o 2R (AN om L |
B ) A e 20 A AN R A G EL AR (tumor
associated macrophage, TAM) f& ik CCL22, T
IR 12 1 11 Treg 4N 5 R HAZ AR CCR4, /v
Treg 20 17] 68 067 19 = 80T # 7o TEX M i
0o R 2% o, BE A 0 40 B2 (myeloid-derived

suppressor cells, MDSC) F1TAM 1] LIfE i Treg 4fl
M) Sz BRI TR, MDSC I /MK IL-10, TGF-B.
RIAME AR 1 (arginase-1, Arg-1) /ifFFH—%
LA A (inducible nitric oxide synthase, iNOS) /
N5 Wkt 2,3- XU 48 i (indoleamine 2,3-dioxygenase,
IDO) VUK =A% 2 (reactive oxygen species,
ROS) FlI—% LA (nitric oxide, NO) ZfRif =4y
BN T AAETIRE, [FR X L F5 5 feis
8 R CD4" T 4l L 8 FOXP3 I [i] 15 1A 2 # 4y
b=, BeAh, sk MDSC W #38 i 4 35 CCRS %
AR T3 WARH N A 4R 5 Treg 41, JfM i
MLl (140 CD40-CD40L) fie it Hy 3%, JE AL
AR R BB R Y. TAM,  JG R R ) M2
B W AR i, i o3 W5 IL-10, TGF-B.
CCL22/CCLI8 %531, AWl HT iR i) CD8' T
YA SR AR RE, iR etk 512 a1k
F H ALY R Treg 0 . TR}, Treg 40 it
43 UARY TGF-B 5 IL-10 S R A 7 TAM [a] B3 41
i1 B4 M2 B A L2k PD-L1, 1DO 2§ il 73
¥, AR S e A SRR L PR OR g
L, DATTH 55 eIty T A R

TME il i BAT k5. R pH FVE FRY B3 = 1Y)
Fiio Treg 4RI R R A e, BATE
SRR B A AT AR R b RE , XS EATRE
FE 5200 T 40 iy B8 U8 e 5 rp S RO . T
TME H & 53 Thi B4 B T 40 878 IFN-y Rk )5,
£ TGF-B 15 %5 WAE T 74k R A T-bet £ AL 5
35 CD39 (1 Treg /il , X %€ Th [7] Treg 4 1 ) 5%
XTI CD8" T 4 M e g 1 1 28 G F e

YT Treg 4 M 7E e S e kit b i) SCHRE AR 2
ZRP T EEAER R T A S I A Treg 20,
DIGSRTIPIE s (3R2) . (B IZ UG BR Treg Aiffd 2>
SR B R, AT X e P s i
T Re SRR Treg ANMLATI2 H RIS T MR SCHE

Table 2 Clinical trials on targeting Treg cells in cancer therapy

R2  TERMEIAST PR E Treg B B I AR IX I

5 e I B Kk R SR
PLCCRAYLIA SRS G IRIbHE - 72 AP I s AR CCR4™ Tregtiiil, 24 n[4%: ZMEIEZE710.5%, FhifEml  [95]
#h36.8%
PIGITREUMA  WRHASCH®  INRIIbH At RAF, 7EH0 S oG 2R N TregZHMii/b, CD8IGINANRIEE S8 [96]
PICCR8YUMA &I MIE IGPRHTHA  AETMEH R ME#EE Tregdl L, IEHRCDY" TN M IR 5 B8 s o [97]
CCR8#EHLH IS il WG PR AT 75 3 P IR 52 ) Tre g 41 P F0) 310 1) 4 28 [ A IR B 0 28, s g 346 K [98]
PICCRAPIME  BEALMTRIKH  IRIRIVIY & BRIKCCRA" Tregiii, FLA #/MImRTE E [99]

T BB
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43 BESESBEVREER

A BRI I 20 MRS A v S e R G I 1 R
BRI RBCAMAT R, X AT e S ER AR BT
fii 94 (graft versus host disease, GVHD) . i i
B AR [ P SRR, Treg AR AT LABH 14K
I T 2 RS FBE AR, AT B TG A A 4 8 T8 ol 5
I GVHD B9 ™ E 2 JE . Treg 40 M1 & 5 M IIRE
RN TROMIN 7 B 2

Treg 4 i R85 G 28 00 il 4 ML 1R -, B A1 Thl/
Th17 40 M S B I 7= A= Hh i 52 . 6 AR BE Al A 45
H, TL-10 38 3 400 AR 2 R 40 A AR TL-12 77
BEAI Th BUGHAR PR 1406, DTSSR AE ) Jey i R
iE 1 AN, Treg 40 il % ik A9 CD39/CD73 Al
ATP F AL Jp e I MR T, 534 A2AR I K
N T AHARAN A SR AT A, PE— R ARRE R
P RAERL G ™ TER MR, Treg 4N I RE TS
ST 52 K S I A R 57 AU SR A OB B,
i IL-10/TGF-B fli EE ¥B A S5, MM E R A
Yy A S KNS 10 Treg IR v] J b 2H 21
BEACTF (NMBHEN), EREBETSYE
B fa R AR, X —THRETERT . il R A
HB B EIE

SEE, Treg M MEIAERAR Guyeiit 32 i a7
AFE FREA Sope i, O AT dgUB = . e
it CTLA-4 AT A9 L300 BP0 6l . IL-10/TGF-B 4
SRy A . CD39/CD73 4 S AR 45 M 40
ZURPHLE], FLERYE THNSIHER R . AR )
i 52 B 22 2Bk, 48438 Treg 40 g 2 E = 50 ] LA
I 35 JE KRS R W) A7 05 5[] 5 980 % GVHD i 7™
PRI,

5 HETFTregdHRuRIiETT RIG

5.1 ZTEfETregARITHIEATT

% i b Treg 20 A A9 3k 4k PR G 97 2 B 4%
Treg AHAfIYT 1%, HIEAARIE PG sl it SRl il
Hor B Treg ML, FEARSM AT KMBLY 3, A
S B 48 I ) 240 L I 2 R AR

AP L CAE 2 0B 1Y VI I R
T RPN . AR FNAYT 1 I T 40 AL A
Ja W GVHD Jr i, ZIWFFEiuEss 7 Hnl 15 1 Fiw)
TR el FETIDM IRYT [R5 ) Treg 21
JIBEAE AR E R AR I R — 2 i e I o A
FH DO S AR RE ARG Treg 400V B 5 i i, FEAH
Ji VAEAT R B8 i ik W (B /K 19 25% 1 FE SCAR AR

BT, Treg 4T B R BRI K& S8 iz
TR0 A AR, DA 3R AT K 30 FH 24 R 1) B i A
FH o BREE AT INTRAT B B4 10 P 5 5 A Treg 20
M%) GVHD B, S MRNEY Y 108 4 K+
% Treg UMIIGYT (7 s Xt BEAH EL, TI~1V 4 GVHD
() 5 AR (43% vs 61%, P=0.05), H XL
2 0% w R BET KU TEAS RS 10

AT I8 Y Treg M 2 5 B, MR
G EAH TCRAEME I Z AT, TiIERE 5 M b
FRE SEURYUR . X AT AE SRR AR A7 AT $4L
RAIDHIR AR, 85 T B KR A 40 AR
RENEITRCR
52 EETIEMETregdifa

T 95 N B3 IE A 1) FH 3 R T 45 AR AE 1 Treg 4
J, (EHEAE T m AR . Rt RTE T, DA
MR 2 vi k% Treg 2L B B 5 (E15) o Treg 4MEIR YT
SR A A SR 1 S SR ) BT SR S Treg A0 (i
G PR Z AR JH T P T 40 g (chimeric antigen
receptor regulatory T cells, CAR-Treg cell) 5 TCR-
Treg Z1f) . Treg ML T R B, i —4n]
DI RE E PR TR S

fix & U JR %Z K (chimeric antigen receptor,
CAR) JE—Fh N T BTG Z 4 . LI A1 5 ) 42k
AT DL E AR E A R T hR . AR AT
—Fh LT a2 F3K Foxp3 4554741 CD19-CAR 1) Treg
(Fox19CAR-Treg) 4 fitl (/)35 J7 SR W& "', Fox19
CAR-Treg 2 it 1 FEAA SN 85000 1 B 41 i 114 1 58 11
WM, X5 SLE M &SR HLEIAE G . #E Nk SLE
ANERAE AR oh | B YR B T Fox19CAR-Treg 4 ifg ] 411
il A B PUARE A, SRR AN, R
ELEEE T B E R G 4L, H G W] A A 27
£, Fox19CAR-Treg A m] LA Tl 335 I B S i
Free R SR BRI —F sk H %4
(M, vl LAWK SLE AR P P4 1 TCRAGIN
SRR E BB HLE (A0 T1IDM H s 15 5% 48 i i it
Ji) B TCRIELFE A Treg 4 fitd, 0T LA HORS i b
TSR Sl 1 B e BV T 4

Treg 2 it 76 5% Z1 /) R AE S 34 35 v ] BB 2K 2%
Foxp3 #ik, AMARE, LRI RN,
I ] CRISPR-Cas9 % 3[R 2 4 A, AT DA d B
SEEL I Treg AN ARE PG FE R, Wi (o 5 9 &
B G Brd9, B4 Foxp3 JERIAR B 4 71&15, M
7 42 i Treg 40 M B4 2 A0, (i HAE 45 19 R E
g e K TiEe ", MK CD4' T
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Fig.5 The basic process of CAR Treg cell therapy
E5 CAR-TregdiRiaTHERRIE

MBS AL 23 B ARAS Treg MY, @S #H CARIYBGE G T3 %) Treg ML T AL B4, 3R4FCAR-Tregffid .

ZARIM R, K CAR-Treg

2 Il 2 AR IR A o CAR-Treg 4t A REMS 45 57 AU T R+ X BRI RO TAAR ,  AATTZS S 60 52, By IR ZH SN A sl R Al I

N, CAR-TregZifif: it A HTJEZ R HETHIM (chimeric antigen receptor regulatory T cells) ,

(https://BioRender.com) .

Y Jf A4 4 Treg 4 MLYT 2, G0 B i 25 DY 43 A b OR
(gastric neuroendocrine tumor, GNT) 4 fifl fE 4% %2
JE 5 Foxp3, HUI)BRAR KSR EL 45 . GNTI-
122 iffa k5 15 Treg 4 T A RE— B 1) F55
T EEXTAR RN PR, GNTI-122 W] F i w424
il >k F TIDM & & 1Y 2 v [ JiR 15 R 5 P 300 T 4
fitl. £ TIDM i 4655 R /N A b, GNTI-122 1)
/N FRAL Treg 40 MU vl 1288 R BN, 1852
Jo 5 AR ()P S AR B, IR e ek g
5.3 $M[E Tregi By /N o FE LA 254

B T AR IE A, 259 R R AR N Treg
A AR AN D) R — A TR T R . ]
ik inE Treg AT RE T FH T AD. Ul Treg 41l fif
1R eIk SRR IL-2 324k, PR TL-2 1 i 3
AN BURR . TG A IL-2, AT LAG GRS
Y SRR Treg Z0ME, AN 23 0 0TS 2500 T 41
il X0 CAEVAYT SLE. GVHD HIBE R %5 £ fh
FI B G5 VA DG 1 i IR 30 rh B T R AFYT
R e IL-2 A AT IR S AN [ Treg M AE, X
%éﬁiﬂ@TUJﬂ%E%ﬁ\ R R A IE AL e,
Ak, ﬁﬂﬂ?ﬂﬁiﬁﬁ,‘%Tregéﬁiﬂ@mﬁﬁﬁﬁﬁﬁ:ﬂq]@ﬁﬁo

Treg4il: VAT HETAIM (regulatory T cells)

LA ) CTLA-4 FIHTIAA AL GERH KT Treg 240 B {5
5, WEEMNE, HFcBREEN S UMK Y 40
WA T AR PEVE T, DA ITTARE 5 1 b 3 Bk TME
rPE A CTLA-4 1Y Treg 4, FIRE g dmil, B
BTN S i 24 7 i CCR oA T sl /b b ig
ZIEYE CCR8 Treg 4ifitd, Ji7E N CCR8 HEH LAY
farJg /0N BB rp i S Y SR Ao g v 1 7, Bk
A8 FH CD25>TIGIT XURE PR BT A o P 1 B
Jif 923 PN Treg 40 0175 S 00 s v 1 7)o (EAS Y
J&, BT Treg 4 i & %3k CD25, i F$T CD25 #1t
PR DL HHFE Treg 4. 2R, M FIHLAIRL

7 T A0 ML 3 35 CD25, 33 SR Wt 14 4 S 1 T T
£, L RE IR BT BT R R A
6 FHitS5RE

Treg MR A B, AUER TRIERGITERR

B H IR A, TR AR S St
B REM 32 AR R B, AT SR S e it 32 1 43
ML AL T — /B i BRI HESR . B Sakaguchi [4] BA
UM E ) CD4*CD25* Treg 41l il LA % Brunkow 5
Ramsdell 4] PA % B H: ¢ 8 5% 5% X1 Foxp3 DUk,



2025; 52 (12

HEE, % ATUTARSIMNEARENS: NRABBERRIRE

*2965

Treg A A A 58 B WK S 7 30 AP — Y PR 4P e
Tl ) G B AT BE 0 FE S . Treg 4N LM o 45
B A G5 S A AP, A 100 2 4 i R
TR ARG RS W IR A
RIS . ENTTIRE AR T Rss ], B4
FRAHLWRA , ARGV JE R i S A B R, i
EATTCR G2 T R P15 2 [ ) B AR

SRIMT, Treg Z0M A ECR AT RES H #8225 | AR
N, TEAD (WNSLE., RA) 1, Treg 4ifi%is
WD BT RB B B 2 B i 52 R, 5 R R
gixt A B ANt AERARHER RO Y, Treg 2
i R A Ao SR A R R T e T A7, PRI
FEAHEIR SO 1) & A2 G o SRT, e e A e
RAEIABE N, Treg 4N 23 BRI G2 N 2 1
IS SR R, BRI R NG, InEd
L. XU IR R, RN RS 5
T, A Treg 40 M A4 250 AN 2 BE S 52 B 1l
FNAITHSCH . TR, MRANEdl. £
YA T AR T BT SR BRI 5T (4 1 2 4
7N T Treg 40l Z K FLAH 20405 53 P D RE 19 55
R ) T TR T B A

K Treg 4H M W 55 K 501 25 B o 05 B 5 100
RGN 2808, B e, TRA BB Foxp3 #45% M
2% 5 LB X Treg 40 MUl 2 iR 58 1k 5 1
AE T30 TR HLE , RS E T Treg 4 M iy iz
PR . LR, SEPMEME Y Treg 40 (4N
CAR-Treg 2l it #ll TCR-Treg 4 fifd) J7 i {E a8 B MM
HEFR RN . AD B S RE PRI 5 B A
W, BRI U S R e 0 A R S
PEAIRIT o B, PR S AL Treg 20 I 8 4% 5
W QPR o IL-2 3R 97 . AR IR A oy 41 o
ZAREPUARN AT THA N Treg 4N a5 53
RETEE I i 5 2 4k

SRS, Treg NIRRT IE AL G o ftiad A
YrseBv B, A ALEI R S T BN T E
MHTBBE . ANTERIBR T gl il fe e N 24 5
“Sob ORI AT R ek, T R R
Y PEM 52 M 45, IKE NIRRT, DA
Treg AT AR e A e S EOR S Hr, 1E
5 | B 2 AT A WORS A 45 P8 ) 3P ) 4
Bk BTG, NIEAD, MR . BAEHEFR SR A
B PERH CBR LU T R ITARAT AIBLIE

(1

(2]

(31

(4]

(3]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

2 % x #

Griesemer A D, Sorenson E C, Hardy M A. The role of the thymus
intolerance. Transplantation, 2010, 90(5): 465-474

Gallegos A M, Bevan M J. Central tolerance: good but imperfect.
Immunol Rev, 2006,209(1): 290-296

Sakaguchi S, Sakaguchi N, Asano M, et al. Immunologic self-
tolerance maintained by activated T cells expressing IL-2 receptor
o -chains (CD25). Breakdown of a single mechanism of self-
tolerance causes various autoimmune diseasesFree. J Immunol,
1995,155(3): 1151-1164

Bennett C L, Christie J, Ramsdell F, et al. The immune
dysregulation, X-linked
syndrome (IPEX) is caused by mutations of FOXP3. Nat Genet,
2001,27(1):20-21

Owen R D.

polyendocrinopathy, —enteropathy,

Immunogenetic consequences of vascular
anastomoses between bovine twins. Science, 1945, 102(2651):
400-401

Billingham R E, Brent L, Medawar P B. Actively acquired
tolerance of foreign cells. Nature, 1953, 172(4379): 603-606
Nossal GJ, Pike B L. Clonal anergy: persistence in tolerant mice of
antigen-binding B lymphocytes incapable of responding to
antigen or mitogen. Proc Natl Acad Sci USA, 1980, 77(3): 1602-
1606

Jenkins M K, Schwartz R H. Antigen presentation by chemically
modified splenocytes induces antigen-specific T cell
unresponsiveness in vitro and in vivo. J Exp Med, 1987, 165(2):
302-319

Brunkow M E, Jeffery E W, Hjerrild K A, et al. Disruption of a new
forkhead/winged-helix protein, scurfin, results in the fatal
lymphoproliferative disorder of the scurfy mouse. Nat Genet,
2001,27(1): 68-73

Fontenot J D, Gavin M A, Rudensky A Y. Foxp3 programs the
development and function of CD4"CD25" regulatory T cells. Nat
Immunol,2003,4(4):330-336

Shevach E M, Thornton A M. tTregs, pTregs, and iTregs:
similarities and differences. Immunol Rev, 2014, 259(1): 88-102
Thornton AM, Korty P E, Tran D Q, et al. Expression of helios, an
ikaros transcription factor family member, differentiates thymic-
derived from peripherally induced Foxp3+ T regulatory cells. J
Immunol, 2010, 184(7): 3433-3441

Akimova T, Beier U H, Wang L, et al. Helios expression is a
marker of T cell activation and proliferation. PLoS One, 2011,
6(8):¢24226

Elkord E. Helios should not be cited as a marker of human thymus-
derived tregs. commentary: helios(+) and helios(-) cells coexist
within the natural FOXP3+ T regulatory cell subset in humans.
Front Immunol, 2016, 7:276

Szurek E, Cebula A, Wojciech L, et al. Differences in expression



+2966°

EMUFESEYIRHR

Prog. Biochem. Biophys.

2025; 52 (12)

[16]

[17]

(18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

level of helios and neuropilin-1 do not distinguish thymus-derived
from extrathymically-induced CD4 Foxp3™ regulatory T cells.
PLoS One, 2015,10(10): 0141161

Tai X, Indart A, Rojano M, et al. How autoreactive thymocytes
differentiate into regulatory versus effector CD4" T cells after
avoiding clonal deletion. Nat Immunol, 2023,24(4): 637-651
Caruso B, Weeder B R, Thompson R F, et al. PD-1 limits 1L-2
production and
Immunohorizons, 2024, 8(3): 281-294

Yang X, Zhu X, Sheng J, et al. RNF213 promotes Treg cell

thymic regulatory T cell Development.

differentiation by facilitating K63-linked ubiquitination and
nuclear translocation of FOXO1. Nat Commun, 2024, 15(1): 5961
Kim C H. Complex regulatory effects of gut microbial short-chain
fatty acids on immune tolerance and autoimmunity. Cell Mol
Immunol, 2023,20(4): 341-350

Chen W, Jin W, Hardegen N, ef al. Conversion of peripheral
CD4"CD25- naive T cells to CD4°CD25" regulatory T cells by
TGF-beta induction of transcription factor Foxp3. J Exp Med,
2003,198(12): 1875-1886

Hossain M M, King P, Hackett J, et al. Peripheral-derived
regulatory T cells contribute to tumor-mediated immune
suppression in a nonredundant manner. Proc Natl Acad Sci USA,
2024,121(36): €2404916121

Nayer B, Tan J L, Alshoubaki Y K, et al. Local administration of
regulatory T cells promotes tissue healing. Nat Commun, 2024,
15(1): 7863

Xie X, Stubbington M J, Nissen J K, et al. The regulatory T cell
lineage factor Foxp3 regulates gene expression through several
distinct mechanisms mostly independent of direct DNA binding.
PLoS Genet, 2015,11(6): 1005251

Lee W, Lee G R. Transcriptional regulation and development of
regulatory T cells. Exp Mol Med, 2018,50(3): €456

Kitagawa Y, Ohkura N, Kidani Y, et a/. Guidance of regulatory T
cell development by  Satbl-dependent
establishment. Nat Immunol, 2017, 18(2): 173-183

super-enhancer

Akamatsu M, Mikami N, Ohkura N, ef al. Conversion of antigen-
specific effector/memory T cells into Foxp3-expressing T, cells
by inhibition of CDK8/19. Sci Immunol, 2019, 4(40): eaaw2707
Loo C S, Gatchalian J, Liang Y, et al. A genome-wide CRISPR
screen reveals a role for the non-canonical nucleosome-
remodeling BAF complex in Foxp3 expression and regulatory T
cell function. Immunity, 2020, 53(1): 143-157.e8

Placek K, Hu G, Cui K, et al. MLL4 prepares the enhancer
landscape for Foxp3 induction via chromatin looping. Nat
Immunol,2017,18(9): 1035-1045

Dikiy S, Li J, Bai L, et al. A distal Foxp3 enhancer enables
interleukin-2 dependent thymic Treg cell lineage commitment for
robust immune tolerance. Immunity, 2021, 54(5): 931-946.e11
Schuster C, Jonas F, Zhao F, et al. Peripherally induced regulatory
T cells contribute to the control of autoimmune diabetes in the
NOD mouse model. EurJ Immunol, 2018,48(7): 1211-1216

Huehn J, Beyer M. Epigenetic and transcriptional control of

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[43]

[46]

[47]

Foxp3+regulatory T cells. Semin Immunol, 2015,27(1): 10-18
Yang TT, LiuPJ, Sun QY, et al. CD4"CD25" regulatory T cells ex
vivo generated from autologous naive CD4" T cells suppress EAE
progression. Sci Rep, 2024, 14(1): 6262

Zhao Y, Nicholson L, Wang H, et al. Intragraft memory-like
CD127hiCD4'Foxp3" Tregs maintain transplant tolerance. JCI
Insight, 2024,9(6):¢169119

Lax BM, PalmeriJ R, Lutz E A, et al. Both intratumoral regulatory
T cell depletion and CTLA-4 antagonism are required for
maximum efficacy of anti-CTLA-4 antibodies. Proc Natl Acad Sci
USA,2023,120(31): 2300895120

Wegrzyn A S, Kedzierska A E, Obojski A. Identification and
classification of distinct surface markers of T regulatory cells.
Front Immunol, 2022, 13: 1055805

Mensink M, Verleng L J, Schrama E, ez al. Tregs from human blood
differentiate into nonlymphoid tissue-resident effector cells upon
TNFR2 costimulation. JCI Insight, 2024, 9(5): €172942

Wu X, Chen P I, Whitener R L, er al. CD39 delineates chimeric
antigen receptor regulatory T cell subsets with distinct cytotoxic &
regulatory functions against human islets. Front Immunol, 2024,
15: 1415102

Panneton V, Mindt B C, Bouklouch Y, et al. ICOS costimulation is
indispensable for the differentiation of T follicular regulatory cells.
Life SciAlliance, 2023, 6(4): 202201615

Kim M J, Kim K, Park HJ, et al. Deletion of PD-1 destabilizes the
lincage identity and metabolic fitness of tumor-infiltrating
regulatory T cells. Nat Immunol, 2023,24(1): 148-161
Cruz-Morales E, Hart A P, Fossett G M, et al. Helios+ and RORyt+
Treg populations are differentially regulated by MHCII, CD28,
and ICOS to shape the intestinal Treg pool. Mucosal Immunol,
2023,16(3):264-274

Poschel D B, Klement J D, Merting A D, et al. PD-L1 restrains PD-
1+Nrpllo Treg cells to suppress inflammation-driven colorectal
tumorigenesis. Cell Rep, 2024,43(10): 114819

Law J P, Hirschkorn D F, Owen R E, et al. The importance of Foxp3
antibody and fixation/permeabilization buffer combinations in
identifying CD4"CD25Foxp3” regulatory T cells. Cytometry A,
2009,75(12): 1040-1050

Liu W, Putnam A L, Xu-Yu Z, et al. CD127 expression inversely
correlates with FoxP3 and suppressive function of human CD4" T
regcells. J Exp Med, 2006,203(7): 1701-1711

Muthana M M, Du X, Liu M, et al. CTLA-4 antibody-drug
conjugate reveals autologous destruction of B-lymphocytes
associated with regulatory T cell impairment. Elife, 2023,
12:RP87281

Ronchetti S, Ricci E, Petrillo M G, et al. Glucocorticoid-induced
tumour necrosis factor receptor-related protein: a key marker of
functional regulatory T cells. J Immunol Res, 2015,2015: 171520
Qu Y, Wang X, Bai S, ef al. The effects of TNF- «/TNFR2 in
regulatory T cells on the microenvironment and progression of
gastric cancer. IntJ Cancer, 2022, 150(8): 1373-1391

Wei X, Zhao L, Yang F, et al. A CD25 x TIGIT bispecific antibody



2025; 52 (12

HEE, % ATUTARSIMNEARENS: NRABBERRIRE

-2967-

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

induces anti-tumor activity through selective intratumoral Treg
cell depletion. Mol Ther, 2024,32(11): 4075-4094

Moreno Ayala M A, Campbell T F, Zhang C, et al. CXCR3
expression in regulatory T cells drives interactions with type I
dendritic cells in tumors to restrict CD8" T cell antitumor
immunity. Immunity, 2023,56(7): 1613-1630.e5

Koch M A, Tucker-Heard G, Perdue N R, et al. The transcription
factor T-bet controls regulatory T cell homeostasis and function
during type 1 inflammation. Nat Immunol, 2009, 10(6): 595-602
Chung Y, Tanaka S, Chu F, et al. Follicular regulatory T cells
expressing Foxp3 and Bcl-6 suppress germinal center reactions.
NatMed, 2011, 17(8): 983-988

Sawant D V, Sehra S, Nguyen E T, et al. Bcl6 controls the Th2
inflammatory activity of regulatory T cells by repressing Gata3
function. J Immunol, 2012, 189(10): 4759-4769

Wohlfert E A, Grainger J R, Bouladoux N, et al. GATA3 controls
Foxp3 ™ regulatory T cell fate during inflammation in mice. J Clin
Invest,2011,121(11):4503-4515

Yang B H, Hagemann S, Mamareli P, et al. Foxp3+ T cells
expressing RORyt represent a stable regulatory T-cell effector
lineage with enhanced suppressive capacity during intestinal
inflammation. Mucosal Immunol, 2016, 9(2): 444-457

Burton O T, Bricard O, Tareen S, et al. The tissue-resident
regulatory T cell pool is shaped by transient multi-tissue migration
and a conserved residency program. Immunity, 2024, 57(7): 1586~
1602.¢10

Kaminski A, Hager F T, Kopplin L, et al. Resident regulatory T
cells reflect the immune history of individual lymph nodes. Sci
Immunol, 2023, 8(89): eadj5789

Sun R, Zhao H, Gao D S, et al. Amphiregulin couples ILIRL1"
regulatory T cells and cancer-associated fibroblasts to impede
antitumor immunity. SciAdv, 2023, 9(34): eadd7399

Feuerer M, Herrero L, Cipolletta D, et al. Lean, but not obese, fat is
enriched for a unique population of regulatory T cells that affect
metabolic parameters. Nat Med, 2009, 15(8): 930-939

Campbell C, Rudensky A. Roles of regulatory T cells in tissue
pathophysiology and metabolism. Cell Metab, 2020, 31(1): 18-25
Burzyn D, Kuswanto W, Kolodin D, et al. A special population of
regulatory T cells potentiates muscle repair. Cell, 2013, 155(6):
1282-1295

Becker M, Joseph S S, Garcia-Carrizo F, et al. Regulatory T cells
require IL6 receptor alpha signaling to control skeletal muscle
function and regeneration. Cell Metab, 2023, 35(10): 1736-
1751.e7

Ali N, Zirak B, Rodriguez R S, et al. Regulatory T cells in skin
facilitate epithelial stem cell differentiation. Cell, 2017, 169(6):
1119-1129.¢l1

Cohen J N, Gouirand V, Macon CE, et al. Regulatory T cells in skin
mediate immune privilege of the hair follicle stem cell niche. Sci
Immunol, 2024, 9(91): eadh0152

Asseman C, Mauze S, Leach M W, et al. An essential role for

interleukin 10 in the function of regulatory T cells that inhibit

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

intestinal inflammation. J Exp Med, 1999, 190(7): 995-1004
Nakamura K, Kitani A, Strober W. Cell contact-dependent
immunosuppression by CD4'CD25" regulatory T cells is mediated
by cell surface-bound transforming growth factor beta. J Exp Med,
2001,194(5): 629-644

Pylayeva-Gupta Y. Molecular pathways:
autoimmunity and cancer. Clin Cancer Res, 2016, 22(20): 4973-
4978

Collison L' W, Chaturvedi V, Henderson A L, et al. IL-35-mediated

interleukin-35 in

induction of a potent regulatory T cell population. Nat Immunol,
2010,11(12): 1093-1101

Grossman W J, Verbsky J W, Barchet W, e a/. Human T regulatory
cells can use the perforin pathway to cause autologous target cell
death. Immunity, 2004, 21(4): 589-601

Tibbs E, Kandy R R K, Jiao D, et al. Murine regulatory T cells
utilize granzyme B to promote tumor metastasis. Cancer Immunol
Immunother, 2023, 72(9): 2927-2937

Frijlink E, Bosma D M T, Busselaar J, ef al. PD-1 or CTLA-4
blockade promotes CDS86-driven Treg responses upon
radiotherapy of lymphocyte-depleted cancer in mice. J Clin Invest,
2024,134(6):e171154

XuX, Dennett P, Zhang J, et al. CTLA4 depletes T cell endogenous
and trogocytosed B7 ligands via cis-endocytosis. J Exp Med, 2023,
220(7): 20221391

Andrews L P, Cillo A R, Karapetyan L, et al. Molecular pathways
and mechanisms of LAG3 in cancer therapy. Clin Cancer Res,
2022,28(23):5030-5039

Kim D, Kim G, Yu R, et al. Inhibitory co-receptor Lag3 supports
Foxp3+ regulatory T cell function by restraining Myc-dependent
metabolic programming. Immunity, 2024, 57(11): 2634-2650.e5
Lim J X, McTaggart T, Jung S K, et al. PD-1 receptor deficiency
enhances CD30" ng cell function in melanoma. Nat Immunol,
2025,26(7): 1074-1086

Efe O, Gassen R B, Morena L, ef al. A humanized IL-2 mutein
expands Tregs and prolongs transplant survival in preclinical
models. J Clin Invest, 2024, 134(5):e173107

Deaglio S, Dwyer K M, Gao W, et al. Adenosine generation
catalyzed by CD39 and CD73 expressed on regulatory T cells
mediates immune suppression. J Exp Med, 2007, 204(6): 1257-
1265

Bopp T, Becker C, Klein M, et al. Cyclic adenosine
monophosphate is a key component of regulatory T cell-mediated
suppression. J Exp Med, 2007,204(6): 1303-1310

de Kivit S, Mensink M, Kostidis S, ef a/. Immune suppression by
human thymus-derived effector Tregs relies on glucose/lactate-
fueled fatty acid synthesis. Cell Rep, 2024, 43(9): 114681

Zhou J, Gu J, Qian Q, et al. Lactate supports Treg function and
immune balance via MGAT1 effects on N-glycosylation in the
mitochondria. J Clin Invest, 2024, 134(20): 175897

Sumida T S, Lincoln M R, He L, et al. An autoimmune
transcriptional drives FOXP3’

dysfunction. Sci Transl Med, 2024, 16(762): eadp1720

circuit regulatory T cell



+2968

EMUFESEYIRHR

Prog. Biochem. Biophys.

2025; 52 (12)

[80]

[81]

[82]

[83]

(84]

(85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

(93]

[94]

[95]

Helmin K A, Morales-Nebreda L, Torres Acosta M A, et al.
Maintenance DNA methylation is essential for regulatory T cell
development and stability of suppressive function. J Clin Invest,
2020,130(12): 6571-6587

Teghanemt A, Misel-Wuchter K, Heath J, DNA

thymic

et al.
demethylation fine-tunes
regulatory T cell differentiation. EMBO Rep, 2023, 24(5):
EMBR202255543

Dominguez-Villar M, Hafler D A. Regulatory T cells in
autoimmune disease. Nat Immunol, 2018, 19(7): 665-673

Su R, Li B, Wu R, et al. Stratified distribution of Th17 and Treg

IL-2  production during

cells in patients with multi-stage rheumatoid arthritis. Arthritis Res
Ther,2023,25(1): 55

Nocentini G, Alunno A, Petrillo M G, et al. Expansion of
regulatory GITR+CD25 low/-CD4" T cells in systemic lupus
erythematosus patients. Arthritis Res Ther, 2014, 16(5): 444

Vu M D, Xiao X, Gao W, et al. OX40 costimulation turns off
Foxp3+tregs. Blood, 2007,110(7): 2501-2510

Marwaha A K, Panagiotopoulos C, Biggs C M, et al. Pre-
diagnostic genotyping identifies T1D subjects with impaired Treg
IL-2 signaling and an elevated proportion of FOXP3'IL-17" cells.
Genes Immun, 2017,18(1): 15-21

Sebastiani G, Grieco G E, Bruttini M, ef al. A set of circulating
microRNAs belonging to the 14q32 chromosome locus identifies
two subgroups of individuals with recent-onset type 1 diabetes.
CellRepMed, 2024, 5(6): 101591

Nizam R, Malik M Z, Jacob S, et al. Circulating hsa-miR-320a and
its regulatory network in type 1 diabetes mellitus. Front Immunol,
2024,15:1376416

Nishikawa H, Koyama S. Mechanisms of regulatory T cell
infiltration in tumors: implications for innovative immune
precision therapies. J Immunother Cancer, 2021, 9(7): 002591
Park M J, Lee S H, Kim E K, et al. Interleukin-10 produced by
myeloid-derived suppressor cells is critical for the induction of
Tregs and attenuation of rheumatoid inflammation in mice. Sci
Rep,2018,8(1):3753

Akhtar S, Sagar K, Roy A, et al. CCR5-mediated homing of
regulatory T cells and monocytic-myeloid derived suppressor cells
to dysfunctional endothelium contributes to early atherosclerosis.
Immunology, 2024, 173(4): 712-729

Ji Z Z, Chan M K, Chan A S, et al. Tumour-associated
macrophages: versatile players in the tumour microenvironment.
Front Cell Dev Biol, 2023, 11: 1261749

Pul,LiuT, ZhouY, et al. T cells in cancer: mechanistic insights and
therapeutic advances. Biomark Res, 2025, 13(1): 97

Tan SN, Hao J, Ge J, et al. Regulatory T cells converted from Th1
cells in tumors suppress cancer immunity via CD39. J Exp Med,
2025,222(4): 20240445

Hong D S, Rixe O, Chiu V K, et al. Mogamulizumab in
combination with nivolumab in a phase I/II study of patients with
locally advanced or metastatic solid tumors. Clin Cancer Res,
2022,28(3):479-488

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

Davar D, Zappasodi R, Wang H, ez al. Phase IB study of GITR
agonist antibody TRX518 singly and in combination with
gemcitabine, pembrolizumab, or nivolumab in patients with
advanced solid tumors. Clin Cancer Res, 2022, 28(18):3990-4002
Roider H G, Hoff' S, Tseng SY, et al. Selective depletion of tumor-
infiltrating regulatory T cells with BAY 3375968, a novel Fc-
optimized anti-CCR8 antibody. Clin Exp Med, 2024,24(1): 122
Nagira Y, Nagira M, Nagai R, et al. S-531011, a novel anti-human
CCR8 antibody, induces potent antitumor responses through
depletion of tumor-infiltrating CCRS8-expressing regulatory T
cells. Mol Cancer Ther, 2023, 22(9): 1063-1072

Duvic M, Pinter-Brown L C, Foss F M, ef al. Phase 1/2 study of
mogamulizumab, a defucosylated anti-CCR4 antibody, in
previously treated patients with cutaneous T-cell lymphoma.
Blood,2015,125(12): 1883-1889

Aviiia A E, De Paz D, Huang S C, et al. IL-10 modified mRNA
monotherapy prolongs survival after composite facial allografting
through the induction of mixed chimerism. Mol Ther Nucleic
Acids,2023,31:610-627

Cao Q, Wang Y, Zheng D, et al. 1L-10/TGF-beta-modified
macrophages induce regulatory T cells and protect against
adriamycin nephrosis. JAm Soc Nephrol, 2010,21(6): 933-942
DeBerge M, Schroth S, Du F, et al. Hypoxia inducible factor 2o
promotes tolerogenic macrophage development during cardiac
transplantation through transcriptional regulation of colony
stimulating factor 1 receptor. Proc Natl Acad Sci USA, 2024,
121(26): 2319623121

Arpaia N, Green J A, Moltedo B, ef al. A distinct function of
regulatory T cells in tissue protection. Cell, 2015, 162(5): 1078-
1089

Savage T M, Fortson K T, de los Santos-Alexis K, et al.
Amphiregulin from regulatory T cells promotes liver fibrosis and
insulin resistance in non-alcoholic steatohepatitis. Immunity,
2024,57(2):303-318.e6

Brunstein C G, Miller J S, McKenna D H, et al. Umbilical cord
blood-derived T regulatory cells to prevent GVHD: kinetics,
toxicity profile, and clinical effect. Blood, 2016, 127(8): 1044-
1051

Lysandrou M, Kefala D, Christofi P, et al. Study protocol: Phase I/
II trial of induced HLA-G" regulatory T cells in patients
undergoing allogeneic hematopoietic cell transplantation from an
HLA-matched sibling donor. Front Med (Lausanne), 2023,
10: 1166871

Bender C, Wiedeman A E, Hu A, et al. A phase 2 randomized trial
with autologous polyclonal expanded regulatory T cells in children
with new-onset type 1 diabetes. Sci Transl Med, 2024, 16(746):
eadn2404

Bluestone J A, Buckner J H, Fitch M, et al. Type 1 diabetes
immunotherapy using polyclonal regulatory T cells. Sci Transl
Med, 2015,7(315):315ral89

Brunstein C G, Miller J S, Cao Q, et al. Infusion of ex vivo

expanded T regulatory cells in adults transplanted with umbilical



2025; 52 (12

HEE, % ATUTARSIMNEARENS: NRABBERRIRE

2969

[110]

[111]

[112]

[113]

cord blood: safety profile and detection kinetics. Blood, 2011,
117(3): 1061-1070

Doglio M, Ugolini A, Bercher-Brayer C, et al. Regulatory T cells
expressing CDI19-targeted chimeric antigen receptor restore
homeostasis in Systemic Lupus Erythematosus. Nat Commun,
2024,15(1):2542

SpanierJ A, Fung V, Wardell C M, ez al. Tregs with an MHC class 11
peptide-specific chimeric antigen receptor prevent autoimmune
diabetes inmice. J Clin Invest, 2023, 133(18):e168601

Sato Y, Hanawa Y, Tsubota A. CRISPR/Cas9-mediated RELA and
RELC knockout in human regulatory T cells abrogates FOXP3
expression and suppressive function. Clin Immunol Commun,
2024,6:15-25

Uenishi G I, Repic M, Yam J Y, ef al. GNTI-122: an autologous
antigen-specific engineered Treg cell therapy for type 1 diabetes.
JClInsight, 2024, 9(6): 171844

[114]

[115]

[116]

[117]

Wobma H, Kapadia M, Kim H T, et a/. Real-world experience with
low-dose IL-2 for children and young adults with refractory
chronic graft-versus-host disease. Blood Adv, 2023, 7(16): 4647-
4657

Barde F, Lorenzon R, Vicaut E, et al. Induction of regulatory T
cells and efficacy of low-dose interleukin-2 in systemic sclerosis:
interventional open-label phase 1-phase 2a study. RMD Open,
2024,10(2): 003500

Raeber M E, Caspar D P, Zurbuchen Y, e al. Interleukin-2
immunotherapy reveals human regulatory T cell subsets with
distinct functional and tissue-homing characteristics. Immunity,
2024,57(9):2232-2250.e10

Knorr D A, Blanchard L, Leidner R S, ef al. FcyRIIB is an immune
checkpoint limiting the activity of treg-targeting antibodies in the
tumor microenvironment. Cancer Immunol Res, 2024, 12(3):

322-333



<2970 EYUFSEYYIEH#E  Prog. Biochem. Biophys. 2025; 52 (12)

Treg Cells and Peripheral Immune Tolerance: From Discovery to Precise
Immune Regulation

XIAO Teng"”, CHEN Meng-Yu", YI Lei"”, XIONG Wei"”, WANG Fu-Yan""
("Xiangya School of Basic Medicine, Central South University, Changsha 410013, China;
INHC Key Laboratory of Carcinogenesis and Key Laboratory of Carcinogenesis and Cancer Invasion of the Chinese Ministry of Education,
Cancer Research Institute, Ceniral South University, Changsha 410078, China)

Graphical abstract

Development

1L-2, IL-35,
TGF-B IL-6, IL-21, IL-23
TNF-a

/
A

Regulatory T cell

W"’“&

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"
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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
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-B. 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, CD127°"~, 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-p, 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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