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Jia B oK IR B9 Treg 40 Mg (thymic regulatory T cell,
tTreg cell) . A J& 2K Ui 1 Treg 4 g (peripheral
regulatory T cell, pTreg cell) FMASNAE S Treg 21
fitl (induced regulatory T cell, iTreg cell). tTreg 4
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RO AL, AL, Treg AR n AR S s IR 1T
PRy AR 1R Treg 41 I8 (resting regulatory T cell,
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o= Treg 40— 1HA “i212” A1 n9ZhRe A .
EATRETE B AR S s I RIS, A
(AT R R, ARSI SR ASCH S 2 S e
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Fig. 1 Schematic diagram of the multiple mechanisms by which Treg cells exert inhibitory effects
E1 TregHELIZMEI M S FHEIRE
IL: HAZE (interleukin); cAMP: FFEEEZHEH (cyclic adenosine monophosphate) ; CTLA-4: 40T PETHRE ANMAH K 14 (cytotoxic T-
lymphocyte associated protein 4); PD-1: F&JFPE4NMEISET-FE 1 (programmed cell death protein 1); TIGIT: EAG IgMITIMZS 4381 TANAE %
JEZ A (T cell immunoreceptor with Ig and ITIM domains) ; LAG-3: Wk AHAEIEfLIEA3 (lymphocyte-activation gene 3); MHC-IT: 241
U E A 1RI2E5r T (major histocompatibility complex class I1); PFN: Z5fLZE (perforin); Gzm: iR (granzyme); DC: FZ&R4H

M (dendritic cell); APC: #HLJF2#E40MMI (antigen-presenting cell) .
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expressed in T cells, T-bet) ** | CXC itk 732143
(C-X-C chemokine receptor type 3, CXCR3) .
IFN-y) . Th2 # Treg 41l (RiLIL-4, GATA %54
#5113 (GATA binding protein 3, GATA3) "% FiIF
Pt Z 89 T 4 (interferon regulatory factor 4,
IRF4) ). Th17#f Treg UMl (FRik IL-17 F4E H iR
#H & N JL % & vt (RAR-related orphan receptor
gammat, RORyt) P ) K Tfrkf Treg il (FkB4H
MM IR R T 6 (B-cell lymphoma 6, Bcl-6) ) °7',
5IE A B /N AR T-bet it 2k 534 Treg 41 i
o FE I Thi A 5 0 S e i B 1 % B ik
GATA3 Bk Treg 4 i T Um0 Th2 L, 4 mad
BECRIER YL JRUBS: o SIS 1 B e 1 i i A A
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T 32 e eR {2 i v ke HE E AR
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o, T-bet LA RE I REAL . AR
B, Th1#f Treg 4094 s FF 2 ZL 3P FnaE R
MEMAE AP 1 (mammalian target of rapamycin
complex 1, mTORC1) ¥ . M 2 B% -1- W MR
(sphingosine-1-phosphate, S1P) i i< 5 & B5-1- 1%
fi? 5% 1K 3/4 (sphingosine-1-phosphate receptor 3/4,

SIPR3/4) ¥ % Wk A Bt L BF 3 W B
(phosphatidylinositol ~ 3-kinase, PI3K) /AKT/
mTORC1iE %, 55 Treg 4l & A= Sbi A (R,
I IR S5 1) Th B Treg 41 ; #0| S1P
555 AT A Th #¢ Treg 4 A= % . MK Treg 41 i
MHIIIRE. W E KA, SRR IR E Treg
2 ifd 1] Th #ERBFAL R SCHEACERRAE 0 AR
M WFIE &I, M= Treg (tumor-infiltrating
Treg, TI-Treg) Ml TR IFEFE B HE 3
(interferon induced transmembrane protein 3,
IFITM3) @ik, Treg 4 M4y 5k mi bk IFITM3 /)N
BRLUAY MC38 iR (R BRI & i 25 /N T AR A (wild
type, WT), TI-Treg 40} B &= 0, {H FOXP3
F AW D REREAL, TFN-y 43 ikem, 23 “Thl #
Treg 40" FAL, HNEMEESE S Treg 40 i 94K
HHMINBETE WT 5 @B /N b B2 5, kW
IFITM3 X Treg 2 Jii i o 45 MRS b S I 3R B . it
FEEUHESL “TFN-y— {5 555 T FIHE s I 7 1
(signal transducer and activator of transcription 1,
STAT1) #iH—TFITM3 % 5% —IFITM3 i il STAT1”
At S e, WA P2 TI-Treg 4l AL DI g 5 Fa e
PR “5rFFFE7, Hifil IFITM3 8¢ STAT1 ] 35
PUMR g, (HRGRIRAE B TCRCR . SR TR
S AR S A MR AR SR MR S Y SR
GATA3 7F Treg 4 s, JUHZ 718 Treg 4 i [F)F
BRIk ML AE Treg M, GATA3 il it 5
Foxp3 B: A JBE | 1) Treg 20 M5 7 Pk 25 T 56 Ak X I
(Treg-specific demethylated region, TSDR) %54,
B FFE FOXP3 FRBMMEM . AUREZH Fi
FEIRRW], 7 Treg 20 ML 5 ALY , GATA3 &5 &
miR-125a-5p 1) & & L ## , X F % RNA
(microRNA, miRNA) i 1 # fil] H: 3 5L (] 77-6 A1
Star3, HEMTVETT Treg 41 ML D RERG & T 10 — T
WEFT R I, Treg 20 M S PR BRI HE s 1 R 7~ yie
BREA I XEHGETE A HEH (recombination
signal binding protein for immunoglobulin kappa J
region, RBPJ) J&5, IR Treg 4IAEECEY M, HE
ITENZE I Th2 #F Treg 4 i A4 5E K F 5 1S AT ik
EFCIRES 7. RBPITE Treg 4 A% DI BE R 2
R S Th2 B S e S, 38 i 4% GATA-3 1Y
RIS IL-4 HUBE, By 1k Treg 4[] Th2 40
Jflid B2 534k . T Chen 55 ) (ST T FE 3 i 42 B ]
41 CRISPR i ¥ % %] RBPJ J2& iTreg 4H i ¢ 5 £
FOXP3 f {45 K 7. RBPJ ] LA B 45454 Foxp3
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8 F FARSF B9 AE 4 A% R #2 1X 1 (conserved non-
coding regulatory region 1, CNS1) 455, tn]
DR iR S SR S e 3 S NI ]
i Foxp3 Ji sh Ttk Lufs ™ kKB, a4k
IR (all-trans retinoic acid, atRA) AL Treg
AL AESAE R T, JLF-58 2HKPLIE Th1/Th17 4
sk, R #A FOXP3 ) CTLA-4 . B IR
P 5 0 IR IR B IR 32 A % A OG i
(glucocorticoid-induced
receptor family-related gene, GITR) % Treg 4l fifi4F
k4>, HAH CD4'CD25™ T, A RE I A 25
Mo FE/N R R AR A AL atRA 1M 19 KSR
Treg (natural Treg, nTreg) A i 3 Ik K 2 f& /)N
A

Th17 4 S i 4 iz H %% sk [ RORyt 3 i) IL6-
STAT3 {55 =, XLl iff— 20N F IL-17
By e 1k B0, RORyt™ Treg 41 ffd J& 7£ ~ JH 15 &
(4 100, A e T A R A S R D R Y RN
MR TS . A WFSE T I8 7R Hedgehog
(HH) {5542 Treg 4l fifd[n] Th17-Treg 41 il 5% 411 ¢
FEERN T S HHE MG, Treg i<y &
e Th17-Treg 4001 ', 202547 H K FKHy—Ui
WA R, — &% Lt B A L 12 D BE Y
CD4" Treg 4}l , 755 24T Ik T B AT IR S5 A
BT 7 K U8 T /i Th17 40 5% 53 AL T K Y Treg
MM, SXIEST A Th17 ¥ Treg 4 i it) 7= A= $2 44t 1
TR, A S SR AR 1Y T ) B
4.1.2 KSR Treg 2 A 45 5 1 CpG Ik B 3 Ak A5 =X
(nTreg-Me) FlTreg 4t fify 5 M IG5+ (Treg-
SEs)

i 1 Treg 4 A 0 R AU LA | 3T 47K AT 3k
AR KK Treg Ff M CpG I JE 46X (natural
Treg-specific CpG hypomethylation patternn, nTreg-
Me) # Treg 5 55 I # 9 14 98 F  (Treg-specific
super-enhancer, Treg-SEs) 25T Treg il n] ¥4
PR . R, nTreg-Me 1 53 315 Ctla4 .
I12ra., Helios F Ikzf4 %1200 36, J& FOXP3' T 4fl
M 3R A5 4= 3 R 21 Treg 40 it 754 356 PR 2% T8 A5 =0 R 58 42
Treg 4H HEAT0 ] 35 P BT 26 55 1 00 i WF 52 7 S I A5
BETEHER Y, Treg AMMEAY & B SRl Al i 72
MZEESEIEg, B FOXP3 it 2634 Fll nTreg-Me )
37, Kitagawa %5 ) WF 5% 2 B, Treg-SEs 5 & X
Treg 4 JitL 5 3 (9 2E A, BN Foxp3 . Ctlad FI
12ra, A Treg-SEs J&7E FOXP3 Kk IR H .

tumor necrosis  factor

Yr53 AT & £ 7 9 45 & % 1 1 (special AT-rich
sequence-binding protein-1, SATB1) 7& Treg fij &
Y rh 455 K DNA TS, 38 T8 AR e 6
R SHR SE A BR B B, U Treg-SEs, B I/
Treg A1 RFE LR R b . TR
PERBR Sarb1 1978 B BL R Treg 40 s £l it & 35 0
B HERA Treg ML AT INHI DI RERZ 451, Foxp3 T
WSk 25 Z Bl . = FOXP3 % ik 45§58 SATBI
A, AN, GATAL 5 FOXP3 3E3&IARY, AIHp
[ 90% LA L) Treg i e i R e S MEFEH 5 [H]
I 14 5 FOXP3 78 HH0 JE R JS gl /4 5 - DXl 45
BRCR, k Ye (0 5T 9 I [ 4 RF Treg 2 At B
oy =, i R RBR IRF4 )5, pTreg 40 T Lb 1) 72 i
TR, RUE R TGF-B Ay, {H IL-2 F1 IFN-y
SR, FEBE Th 4HEAREH CXCR3 | T-bet %
EFFRE . IRF4 S5 S5 Treg-SEs 4 e €2 i v] Kt
RFEFEML, XL IRFAZE 500
4.1.3 = 5E¥E Treg i n] ¥4 1) HoAh R &

T H, Treg AUntoT Sk Ba 3L N 2 —& K Hy
3 (Alexander Y. Rudensky) HIBA ' pBfFoE 46 H |
TE I Treg 41 A FOXP3 7 il H1E D REHF4k
VFA, A Treg A AT ST P2 4L TR A9 5 Il Li
R, ARt Z Gl e SR Z iR A
¥ 1.1 (polycomb repressive complex 1.1, PRC1.1)
KB A 4y M A R X W fL B 2B (lysine
demethylase 2B, KDM2B) 7£ aTreg 4 Jifd 1l TI-Treg
i rhE R, PIEfRAE Az R L, BT
AL Ge i T S AM R bR, T2 o 455 16 BRI 3
+, {2 Treg 2 MU AH G PR B 4% sk iiis i Treg
2 PR 0 AR AR GRS . 2R 11 R ABA
EL e FOXP3 [ BEAih 2235, 177 2 i b A 58 3K 5y
Z 5 Treg 4i M ) 8 1% 1k o 3X 26 i 58 # $2 7R 7
FOXP3 Z Ab, A7 A AW IE 17 Treg 20 M vl ¥8 1511
AL
4.2 HAAMIFEEETreglaR R NKREE
IhgE

I R Z 8] Treg 4 il #8235 FOXP3, {HE &
TR LAY Treg 400 IFAE ¥ —HEK”,
M2 R AR R B IE . T 54F, BEE
YNNI Y | 2 (A S A I 2 A B R
HI, R Z 0 H 2R Rk Treg 20 ML E A 9 4 5%
XA BRI RN URI D R RIbR Y 25
5, EAORZEDIREE M I (R 1),

TE/NERZS I R A R R 4 X 1) CD10
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Fig. 2 Factors involved in Treg cells phenotypic conversion
B2 S5iET TregiR B ERNEE
IRF4: THEZE T F4 (interferon regulatory factor 4); USP21: iz ¥ FHEALAF21 (ubiquitin specific peptidase 21); S1P: i 2-1-5%
(sphingosine-1-phosphate) ; RBPJ: R ERE A X T {55455 HE M (recombination signal binding protein for immunoglobulin kappa J
region) ; HHfF % : Hedgehog signal; T-bet: THNMI-FFRILMTEIEH (T-box expressed in T cells) ; CXCR3: CXCHafbIH F214k3 (C-X-C
chemokine receptor type 3); GATA3: GATA%4 &3 (GATA binding protein 3); RORyt: 4 F R A KL 3Z 1Ayt (RAR-related orphan
receptor gamma t); Bcl-6: BRI T6 (B-cell lymphoma 6); IL: [141% (interleukin); Th4Hffl. FHBITETANME (T helper cell),

Table 1 Tissue-specific Treg cell subsets

1 HABERHETreg T £

H LR AT 10 TR ThaEHRIE
mia 49 JZeTregmfi [ HERE I I 52 ) B A 2 5 DCAH BAEH
Jil g A B T-bet NRP1™ Treg#ijf 6*] FHHICDS " TANM G A 3k 5o 2 1k 3
I 7 CD73"ST2'M Treg#ffy 14 RABBIRRNCH . B 55 L/ERE R
LA ST2"CD146'TL6Ra"™ Tregli i (6! L3 5 A RE AN 1B UL PO A5 4
It s CCRS8* dTreg iy Lo 4 Z BRI ARES
W2 4} B eTreg 1 1671 03K R AT R B SRR R AR S

eTreg4i il : W P Treg iy (effector Treg cell); T-bet: TANMIT FAMTEE N (T-box expressed in T cells) ; NPR1: fiZ4FBEMIL
(neuropilin-1) ; ST2: M & A Ml FE 12 (suppression of tumorigenicity 2) ; CCRS: #fLHF (C-CH)¥) Z1A8 (chemokine (C-C
motif) receptor 8) .

3'SIRPa' DCiE# ZIHiEFA)E, FEEN M Treg
gy (effector Treg cell, eTreg cell, fHFRik L&
2O ok (X9 # H  (amphiregulin,
AREG) ) F4iMiEEtEsrF (W GzmB) ) 5Kk

CD206 14 EL g4 At i A BLAE s /D>, 5 DC AR A
VEFISEIN, Treg Z0MInT ¥APES R 4TG, SRR
JiE ' Tan % ' PR, MREGROAYE N Treg MM
U Thl FRAERE (40 Thx21 F1 Cers) B9 BVE, &
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JEFEIK T-bet, 1Mij Th2 A Th17 5N (41 Gata3. Rore
1 Cer6) WITTVE, BLAL, IR P9 Treg 4 A A fif 22
ZEEM 1 (neuropilin-1, NRP1) FikfK Tk
gE R Treg 400 . AFX 45 R R, T-bet NRP1-
Treg 2 il J2& 22 4~ 98 i A5 75 o B PN Treg 200 it 14 3
BIREAR, HATRGSRAEE . AR TiRe, oE—
I T T-bet” pTreg 20 i e A8 e PR 5% Hh 114 2 22
YER o AR ITAE R KB, B ZH 4 Treg 41 fif
AL R/, CD73" ST2° Treg 4 i #11 CD73"
ST2" Treg 4fiffl, HAFTERSH A, Ai# @t CD73
Fi e = AR BT R AR PURAE ], e R B
g U Treg 40 MV A9, Jin i) B 0 4% 9 AnAR 36 35
AL s LR Treg 20 6L 3= 2245 A T E g LA AL SR
HinERE, m&ik PREEEE RS, W
iivfed A=A 2 (suppression of tumorigenicity 2,
ST2). CD146 flIL6Ra. iz sl E- 8 WA A 2 ek
IL-33 1 IL-6 79 Ff JC B i Jif DX, AR if )=y &8 AL A
Treg A FEFIAENG , 76 =9 B s Sl S il i B R
KiE, BEIENLAGT 0 T H, Li% " FikERE
fk W F (C-C # ¥ ) 221K (chemokine (C-C
motif) receptor, CCR) 8" i i Treg (decidual
Treg, dTreg) HH M2 Wi A% Ot 52 BE 1A, H AT
B RETN ] 5 A LE R REYE, HEE4E R B A
a5,

W 25 52 BB NS . Treg 40 M ITE
eTreg M, K TCR {55431k M 5E B3 R Jf 3R 1540
N K SIPRIKIR (A HflAE 1), & CD6Y/
CD103 (fE#F3ER), TFHFE TCRIGY, (UK
IL-7/IL-15 4EFp K AR B o BRIk B S5 1 5 B eTreg
YNTE BBk RE TCR 2, ek R bt R RS .
TR Z B G, 5 B eTreg 4 M DR i
T YU IG LA B AU S b, ZEdF R e e fads o7
Bl BRI SRR R, FRb R IE Z A4 5
P Treg ZHMuIf 8~ HIRE2E 57
43 RigtEESHRENE
4.3.1 TregdiffahRefa e rIHE LS

X F T, B A7 SRR AR,
Treg 4 A9 A5 78 7 SOUIR S 32 ZURIR iR A Ak
A BT B, 219 BE T I LA AR AR
B A FRF L S Ze T Dy he o

YRR T 5 45 1 B 2 4k Treg 21 Mo 6 1Y
FITIREIEH AFER . T SO HE M i 2R A ik S
) RIS WL TSR A S HE 2 Jiang
S5OV IR, N BT I N R S P24 B s R 4

(transmembrane P24 trafficking protein 4, TMED4)
AN H mTORC {& P 4ERF Treg AL b AATR A
Zeng %5 O ISR, Treg 400 mTORC1 15k i
Fim TR T AL, HLHE PEARHE T TCR FIIL-2
5% . Bt mTORCI 44 432 5 2 Treg 41 H 17
filZhaeded, JEolk A B RPErEsm .. o E IR
B #5 mTORC1 & Treg 4il g D1 it A9 1E ) 8 45 K 1,
I35 £ mTORC1 15 5 3 12 4k 47 S8 AL R 1 A i
5 Treg AN AR 2 Pk, [ HE B 3005 #6013 Treg 41
RoEME, 2R SARREH R R
AT A 7 3 HIiZF AR REc s T 4k
PRI A B[R] R 45055 7E Treg 4H ALAR 5 5 BT |
AT B e e e S e R v B SCEVE T 7
REMR AR TPk, 855 OBt A
(acetyl coenzyme A, AcCoA) W& M, M4
M S BE AR 3 2k ok R OE R BR AT AR Y
AcCoA ' PR R 196 27 RS 1 1 4 B BRI,
KAERRIE-CoA T ALARARIETT B SAME K AcCoA;
HANHIFIMKICEF (etomoxir) AJRFAK Treg 4 i1
B UM LiugE 7 &P, Treg 44 T M i T P
(transketolase, TKT) {4252 Treg 4 fifd 5 & 1
HAHDIRE B FE IT 51 K /N R B e B B S e R A -
TKT } AcCoA G AR AEFTIA, HEIMIG 1 AcCoA H
FEHETE Treg 40U N 1Y AcCoA MK, = 5XF 41
) e &, 123 Foxp3 K 11-10, Ctla-4 F
Tofb SRR, HekF Treg ANLINRE
MRS FIHE S 5 PE Treg MM £
UiRe. i it AL A ol 5 12 mT B 1k 2-55
IR FEAE, YD Foxp3 FERIA 55 00 H 364k 7o,
/NI E AL FAA R (Dubosiella newyorkensis )
M NFETE ICERTE  (Clostridium innocuum) 1
A L-MA R, WS DC 1Y F IR Z R (aryl
hydrocarbon receptor, AhR) -M5|Wfti 2, 3-XUNN4A R 1
(indoleamine 2,3-dioxygenase 1, IDO1) -KJRZ R
(kynurenine, Kyn) fUCii%h, fidF Treg 401k .
P Th17 504k 77 &R U 2R AR A2
fi% ) i@ 1 RagA/B Fl Rhebl1/2 B4, 4 1l I 4k 5
TCRMKHi Y mTORCI 7P, #f Treg 40 7 5 77
SR ARSI TIRe, MR CE SRR R
B IL-2 2 Treg AR e+ B A T b e 1 . A BF
FEE RGN, TEBLZ IL-2 3RS, Treg4ilfflimiit
Jifd J5i Notch [E] 54 1 (Notch homolog 1, NOTCHI1)
PH PRV o AR 5K 5 43 BUGA 2 (solute carrier family
43 member 2, SLC43A2) /' FHEARBLM, K
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1 AR QI AR AE 1S, 3K SR Treg i M N7 44 Y
DAt = TR A A% O IR 7
432 Tregmffifa e Pk

AP 24k — B R L FOXP3 &2 RALWT5E
JEEN . kA M S SR, Z R 50T
AK B (ubiquitin specific peptidase, USP) 4,
USP17, USP21., USP44, * 5 & 1 31 (ring
finger protein, RNF31) . B X 44 2 [7] I8 & 1A
(mouse double minute 2 homolog, MDM2) , TNF
ZAKA F A F 6 (TNF receptor associated factor 6,
TRAF6) . STIP1 [ Ff1 U &4 & & 1 1 (STIPL
homology and U-box containing protein 1, STUBI)
FIKDM2B 45— # 51 2 5 FOXP3 & 7z Rkl &
RS RN, IR P EY] T IhEE (K3),
Rt A B3 92 RIE 2 STUBL 50 PR B E A
Jit (heat shock protein, HSP) 702 5%, 1
#E FOXP3 8 Y K48 JEH M L2 Bz KAk, dEmipk
B REAR 5 AEREfR A E3 4 TRAFG
RNF31 “ 1 MDM2 " i i3 {2 i#f FOXP3 AN [Al v i
iz AL, SR HARETE; USP21 Kakz B 25
FEAIK FOXP3 HyAs e M 711757 Th1 # FOXP3" Treg 2
Jig %, USP44 i TGF-p/Smad3 5 S £ ik, 5
FOXP3 L4 G IF LR K481z Rk, WhIF USP7
T € FOXP3 £5 H , 4E+F Treg 41 Mg () 4 33 F00 il L))
fig ™ EmATHE R, YIRHIEAEG A 5T R,
FOXP3 4 5& #ii 2 FR 1wl 2> B SR FAMEAL (5 9, DA
A ZCFH 1k STUBL 4 3 19 B fif , i € FOXP3
L

FOXP3 (%8 & P 5 T BE T 1 e B2 MO < 1t Ak
B sh V. HEN W (histone
acetyltransferases, HATs), Ul E1A %54 1 P300
(E1A binding protein P300, p300) /cAMP i Z7oi:
45 & M 45 & A (CREB-binding protein,
CBP) ¥ A B 5454 FOXP3 it fb H: Sk 2544y 4ak
R IR Sk L kAL, 1 3513 FOXP3 1) DNA 4%
GRS BRI, R BHIE 2 Rz RN 0
HEABHARE M ™, 5 — HATs )& 51 Tip60 S, nf
FEFOXP3 L BEAL /KRR S D fE Bk be , w5
KBt A B O Y. Al R OB
(histone deacetylases, HDACs) il 51 X} FOXP3
iR B 22 AL R . TIZE HDAC i) 2= 2 ik ik
fifg v K A5 B 8 9 B F 1 (silence information
regulator 1, sirtuin 1, SIRT1) T 38 53 4K Pk Jrag At nee
% — 4% 1 8 (nicotinamide adenine dinucleotide,

NAD) Hi & C WA /E FIfE i FOXP3 [fif, 7E
AR Y P FHE R RO R AR Y M1k
HDAC H1f HDAC3 & Treg 4l % 75 5 DI REAY 675
g, HiE 5 FOXP3 AH AR MG 2102 5 3h 1%
P, B JE 2 2 Treg 40 i 43 15 TL-2 I 2 2 H10 ]
Tihe, &G AR S RS O, X —
4510 5 1T 3C RBPJ i & 1 55 HDAC3 /v Sl 1 &
LA BUR TG BT A vhos, TR0t
5% ; HDACS B R 23 F#AIK Treg 4 MO A1 i Dy fig =
AN, MZEHDAC H1 ) HDAC6 ', HDACY **' J%
HDACI10 " W B o /e A, gk sl
il 7] 3 A 9 58 FOXP3 2, Bk Ak K - 8. 35 $2 71 Treg 4
JEL A M0 1 5 A PR B e it 32 5 SR T o IR
T2, HDACG {2y B Al fg ML 2 ™
4 FOXP3 & ik >k fit 3 /Iy B iTreg 40 1 D fig .
FOXP3 £ Wtk & M 1 3l 25 °F- i tH HATs 5 HDACs
P FE S HEPUE R IERgE R, BT “ZBHbiA
7 RS T4

H BB AR S R A R A O B, 38
it DNA WAL 5 41 88 1 AR sh A8 A7, R ifE
PA% Treg 20 L (Y 3 22 #E S7 MIDIREZE RS . 1E AR SC
Fr 2 X B9 nTreg-Me 2 5 Treg 20 g 7] %894 19 81 4
TSDR H 34k 7KV H $2 8¢ %€ nTreg-Me [ JE i 7o
DNA H A 1 sl 71 i DNA H LR ES 1 (DNA
methyltransferases, DNMTs) 5 & H JLALAE (-
T — v H L B mE g X hn 4 B (ten-eleven
translocation methylcytosine dioxygenase, TET)
%) PrEJEYE . DNMTs il id Ak Foxp3 2 TSDR
DX CpG & AL, $l Foxp3 #%5% 7', RING &
GEMY I 72 ZREEE 1 1 (ubiquitin-like with PHD
and RING finger domains 1, UHRF1) fE & DNMT
(A3 O 2R T T, O 2R 4 BE A ZH DNA HH Ak
il T SRR P30S, S Treg AT R R 2 MY LT
2F-. TGF-B R UHRF 1 B2 1k M 45 B4 76 40 i
i, BEMERESR, S3 Foxp3 8 3 T IX Rk KR
FEAR 50%, 22 U 20 i 53 24 )5 Ok i 22 1) 11X Treg
il ifd Ji 35 FOXP3 % ik . PHD Ml UHRF1 (1fij
DNMT1) YeiE Foxp3 W BAL AR R S v, [RI A
J& TGF-B {5 5 5 FOXP3 M H 5 1 “#rge” 77,
[FIFEA B HRIE , Treg 4T 2 F R UList (&8 15 A
T UHRF1 4~ (445 DNA H 34k A BE S P 22 11
REMRGEM, XATEeE M T Treg 4 M 75 24k +F
RAEFERN7 45 DNA H LA ¥, UHRF1 AR CAE
& R E R ERA T, KRR S A
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KDM2B
GATA3/DNMTs/UHRF1

TET/RBPJ

STUBI —~—g

TRAF6/RNF31/MDM2 ~"
USP7/USP21/USP44

- fiitt
— ]l

p300/CBP/Tip60/HDACS

l SIRT1/HDAC6/
HDACY9/HDACI10

FOXP3

Fig.3 Regulatory factors for FOXP3 stability
E3 FOXP3faEHIIRE R
KDM2B: #i% k7= H 3 k2B (lysine demethylase 2B); DNMTs: DNAH L5452 (DNA methyltransferases) ; UHRF1: 5 PHDFIRING
e Yz ZREE 11 (ubiquitin-like with PHD and RING finger domains 1) 5 TET: - — 5 fof B 5 g w5 i XU A A (ten-eleven
translocation methylcytosine dioxygenase); P300: E1AZ54E HP300 (E1A binding protein P300); TIP60: Tattl HAEHE I (Tat-interactive
protein 60 kDa); HDAC: #1417 £k (histone deacetylases); SIRT1: VLEK{EEJHITEF1 (silence information regulator 1, sirtuin 1);
CBP: cAMPN & 45 & E M 454 HE M (CREB-binding protein) ; STUB1: STIPIFJEMUE M & &A1 (STIP1 homology and U-box
containing protein 1) ; TRAF6: TNFAZ{&4{5&[K 76 (TNF receptor associated factor 6) ; RNF31: ¥45 % (131 (ring finger protein 31) ;

MDM2: A2 E I (mouse double minute 2 homolog)

FE2 ) Treg ANz . FISCUr#E S 1Y RBPJ Wi
1L FE Foxp3 ¥ sk 2 4R v 45 (transcription start site,
TSS) Fl CNSI 34 5 1 X 50 B 32 25 A ok 0 4l
FOXP3 [y 63k ', TET 13 ¥ 8h 2 L {4k 45
FOXP3 E i M. 4eA R C nl 3 i Wi
TET2, it Foxp3 JE[H TSDR [X 25 F 3Efk, 1435
iTreg 4 i (Y D REAR A PE V. L H AR LI,
TET2 5878 v [6 15 1ML, ) 308 1k 344 568 5 0055 200 B9 17%) TFN-y
B e B S RE Ty, HE I AORE B R g8 A
e, W3 ot SRR SR N e A A IR YT Y R
o XM —HHAEIE T TET KEES S Treg 4l
JRIHC e S rh A GV AT

5 FOXP34" S TregdmA 4R 635 7 R B&
Treg NI DI RE S+ 5 Z R B DA G . 7EX

MPESCTT & 1 BB R (type 1 diabetes
mellitus, TIDM) "' ZRVERL " REEMELL
BER #  (systemic lupus erythematosus, SLE) '*
25 B e R, Treg AN I8 /b s I Ak
5 P B RE s RFE o FERSAE RN 1 58 0 PR
1, Treg A B FE 05 K HER S8 . 1
g, Treg 40 IS REAE SLAAIE 5 ML IR v A2 o 2
5o FRE P A E T (C-C BY) MK 28
(chemokine  (C-C motif) ligand 28, CCL28)
-CCR10/CCL22-CCR4 i 45 1) Treg 4 il 7 5 2341
BT bR e Vs IR T CXCRA-J 5T 41 Y
H: AT 1 (stromal cell-derived factor 1, SDF1) %l
UK B 11 Treg 4t A-E 5 U 55 00 2542 7 11 1fn 5 44 i
A0 1 FE2 RUMEPR I (type 2 diabetes mellitus,
T2DM) V' AR PO SR, B bk ok AR B



2942 - EMUEEEYIEER

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

A LRI Y AR M AR T, Treg 4H 038
AR R A AR S A R R . TENLEE
2 T REO R AT L BT R U B L A
SRR Y AR TR T, Treg 4R T 38
P 2 9N SE L % . P, FOXP3EH Treg
Ml rizc SINREMOCHE -, HARE RO S in sy
M E Ty, YA E IR 3 AR BRI a 1Y
5% Treg 20 M D AE AR A S0 2t 52 5 b. Hl 55 Treg 4
LTS AV S A g S s c. i TR T-Bo i
PR Treg M amis . DL 0 g iR ik 3 45K
W B LI DR e
51 H¥ETregdMiaINREIER: EE S REMER.
AR IR IE TR T R A A
5.1.1 gk METregdliEIAYF

TE I B S Ze P FRATHE 45 B S O &
SHPE T, O IR Treg 40 M OB A
SRS DI RE G, YR Treg AN IEE & 5 DI RE LAK &R
B PE N 32 R T ERYT I ) o ok 4R VE Treg 20 M fi
FEYT R R A RS A IR S HE AR SR IR Y Treg
AR, Il LIRS S i 2 . the ONE Study 55
Z I RIS © 28 0E P 3 4k M Treg 40 i 4 1497 1k
Ve S A RE " T A SR Y Jr
IGF 5 TL-2 BR A Treg 4Bl i 4k 76397 78 TIDM 3
I R RRUR AR et R L 3R 4 R A AL
SiE R G AR Y SRR R S, T
MM PE M 32 5T, Treg 40k i1 B S5
FE A2 3 T S 2B D A M HE R R A R IR S e i i
R K, J3 A SR ANIEN] T R AR 1+
Y R FE AT HE 5 Treg/T,, HLR T el BRI T 45 )R
ST HE i A LI R A 20

SR, 2 vilE Treg AMME i Tk = 45 bk, ol
RESFECRGEME e Wi . A 1 SRS b 3 ) bt 20
21, W FE R HOGE I B RE M Treg 4 A i
Ko HHT 3 EE A5 SR g AL 45 A APC 50 i i
HEATY S | R T K TCR-Treg 4 L K HF & %
A PR Z /K Treg (chimeric antigen receptor-Treg,
CAR-Treg) #iiJifd. Hrf, CAR-Treg 4l ifi 47 R FEAH
H RS MHC JERR 6l 14 b H U 40 iR s . Ifd
o T BAE 5 4G 08 Treg 40 ML IOS A1 & 740 I D fig
AIIRERE S, IE A REAR I 32 FN 22 F P AfF 5 1 i
W] D20 2016 47 B URARGE B HE 1 N 4 BT
A2 (human leukocyte antigen-A2, HLA-A2) ff
CAR-Treg Zfiifl, 7l PRETHE AL A HOM ] T, 09
AT, WA PUE Fpe ) AR TP X SRR

BHEMES) T 23RS CAR-Treg 401 T3 NE R 4l
(G RIS (NCT04817774) R 3h, e 1%
KA F AR G A Ry BT RS HE S5 1 CAR-Treg 4
HOy7 e mit A& 12 A5 5 0 A P CRISPR fifi Bk 45
SE 86 P CAR TR ThRE M B A 7, A
CAR-Treg 41l (i — LW 428 T 5% . Ik
4k, CAR-Treg 4 il K2 TCR-Treg 40 i3 A i4 % FH 1E
MY R B H L [ SR pR i, £ TIDM
L R PN I R SR R S Treg 40 4L
WA EET, BIFSTE AT A FOXP3, R BT
JRRE S PE TCR 86 CAR, B IKE H B T 290 ffd o 4 72
MR e HBSE YL Treg 400, F7E I PR ETAFSE
FROIE S BEAS 10 M PR R R 2 X S R AR
HE L URYE Treg ARG TT IELL 0] 29 Fh . RS HELL
5 TRALEHTB B
5.1.2 2GR G SRR R

2 FPE Y G, Treg 20 L 1Y) SR W 5 7E B 25 W 7
RN BEBEPEY 1 15 3 A B 1Y Treg 241 Hd I3 5 HL 1)
fe. A MHE WA RE IR & IL-2 979, IL-2/
PLIL-2 BUIR R A7k BN T 254 . 5 TL-2
AT PR MR Treg 4R IMTIE T, 40 M, 7E SLE ™%
FRJERG 1 TIDM 0 Fisog itk gsin s Y shia]
MO I ARER 12 BRI, YT IA AR SRS R
S BFFOAIRTAS PR ORE B e X
FHE AR RS ) ST, e IR
A RS R e, R ERITT
IL-2A470 IL-2 BiAR 52 & W DLtk — 20 1458 Treg 41 i
PR . NKTR-214 2 —Fh R 2 —BEfL IL-2 fi A=
Yy, HEEMUZEs CD122 (IL-2R B4%), Mmifeit
CDS8" T 41 i A1 [ 2R A 1 4 L (natural killer cell,
NK cell) §314, F iR &I98 N Treg 4, ¢ g
TRCEABE R 7 T v 7 s 3 (ST, TL-2/40 TL-2 B
selkEPLIA (JES6-1) &Y. FS1L G L
mRNA 4 fith (1) IL-2 2SR (AR BE PR 1 Treg 40,
Sy RTEXGRAEARTN 2 . IGYT H B S e B Jr
PR R AT S, ™ R TR ] IL-2 {5 SR ) 2 A
PR T AN, AR IR S IL-2 A AN A
B BRRY T B U TR TR TR .
IL-2 B2 FRILR- I AR ILEY) (poly (lactic-
PLGA) . R ¥ it %2 F &
(immune rolerance platform, ImmTOR) ¥ 4 44K
BRAFERA, WISy ik SR, R
i Treg ALY 34 ST RE A, [RIRT 3k e T 4 M JE
RS, DERMAT AN RS A

co-glycolic acid) ,
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52 HEfTregiaREHIH : MIEIEIT I RES
5K

5.2.1 kA S FHEr (ICB)

TEME . Treg 20 i ik FOXP3 3K ) i) f. 9%
PP 2 kA 50 (W CTLA-4 FIPD-1) il
CDS' T LI RE, MRk e bl . Hye A S BH
Wi i B FE BRI M, EEAREHI CTLA4,
PLPD-1/PD-L1 S HIKA SR

CTLA-4 J& Treg 20 il 0 SRS 6l 7, JLRH KT
AT 155 Treg 20 BT il A5 5 19 35 4 IF 1458 T, 41
MGk, (LR B85 1AL Treg 20 A 7 b J88 13 A B3
(1) CD28 HCHiPE ol B3 A, PR 7RI Treg 20l
2R SR LA S BB R R e CTLA-4 162
55V Treg A MOREACHT, 70RO e fife 135 1 i g v
S RH W AT A UE R ARG . AT CTLA-4 3t
RBVEFIPLEIAAAE 22 5% . BHICRIAHTE i FeyR Ay
T Treg A ML FE MR A HESTRL 1, i B AR BRI 3=
BEHGR T, 20 M T AS S 28 A0 Treg A0 B4R 1

PD-1 7£ Treg 20 fifd H sy #2355, L BH K7 o] B AIG
Treg 2 a4 7% M JF 38 98 CD8™ T4 i Thfg, {H7E
P37 LT A 23 18 T e P Treg 40 i 40 5L 2 42
HEBE SR HEJE O TR BEARO T CDST T4l 5
Treg ZH A LU S DhREARAS 17, PD-1fF 5055
Treg AHAIACIHHE N, ANTEARFT AL T, Treg 4
Ml 5 R TR 7 32 25 1 1 (monocarboxylate
transporter 1, MCT1) FEHCFLIREIE 1% 1k T 4 it
F 1 (nuclear factor of activated T cells 1,
NEAT1) #4738 PD-1, JE AR - e im il 2
RIS 1S BT R CDS T 41 i 5 Treg 41 Jifd i) PD-1
FEIRV-AE R SR )N, BT IS Treg 4 MO 1R 3 1%
AT RE 5 A OC T R Gt B BH B
CTLA-4 5 PD-1 A §3 [] ] 55 Treg 40 g £ BE I 56
T ZME N, FE R 53 METG P b vh oRI7 4%,
AFFEERIEMHCA RN > BT, Hr
B % K A 25 BH BT (immune checkpoint blockade,
ICB) X Treg 41 ifd A9 4E FHMLH] 14 A 58 4 A, AL
A7 Treg A0 %icis . MY . RIS 5 &6
T I HILA 22 R A
5.2.2 0 Treg4 fuis S 1H 731

JiEE S5 T Treg 40 M /55 3R 3k 2 Fh e S 1 3
5> ¥, R HE SRR YT SRt TR e A BR
CTLA-4 f1PD-14p, TIGIT, LAG-3. GITR. /&
RHE A F- 32 (R K% i 51 4 (tumor necrosis factor

receptor superfamily member 4, OX40) FlifsFET
21 Jifn 3L 0 3% 4> T (inducible T-cell co-stimulator,
ICOS) 54 F1E M 1271 Treg 20 A Hh 52 BURR S Pk
el A R O R G R IR G R Y
G

FEAEIPEZ D7, R4S TIGIT 64 PD-L1
A0 %) T PR B A ik R, (oot (H 5
X SEAAIRE 33— 1% TIGIT $E i) 25 W AF 5 AT A AR A
k. LAG-3 i 1 JF TL-10 F1 TGE-P 2530 i K 143
WA Treg ANAR A Sy PRI RE S 1, A st
PR TT A R0 i Treg AHMIA T 09 S 0, AH DGR
PRI B R R

FEILHN o5, I IRDESE R, GITR
W57 5 PD-1/PD-L1 1 il 5 35 H AT P ] 48 5 T 20
MITIRE, $& S PR e . OX40 FLEh
AMLBEA R B Treg 20/, A RE(EHF CD8' T 41 g
R Y 5 PD-1/PD-L1MHIFI BB SR
Y707 SR BH E  D R BT PREACR 1, ICOS1E
EBRIERTT T, TE B RUTRE RO T AL
R R ER, A ) 25 R R N
R 983 N Treg 20 H i AN 52 A1 J6] Treg 4RSS, {0
TRTTRCR o H A b s P Aol v e

H 1) Treg 4H Ry 514 2% 11 0 19 5 s 0 22 2%
B B S R IR RS L IR ML S 25
2, T REAERG RN IR GosiE 1) [R]E 2E R 1 1 s
e
53 FREFM: ATHETregMR REIETT RIE
5.3.1  MREHERE ) B FRE 1o

A] g 2 Treg 41 MU 1) & J 4 8l S IR I7 A% 40
B )2 S 2 T A R . U8 T 22 v Treg 4 Y
1 RS I BEAFAE R [, KT~ Treg 4N M HLJRL4F
S0 DA i LR ) M 1 B 4 HE Treg 40 BEY 7 VA1)
FEJIA . H AT I R TR O PR S Treg
A = EOR P AR R I . TCR T#21L5 CAR T2
fk. TCR-Treg 4 i £ (6 R 3 AR P9 AP E I TE 1 =
BEAE S S, (HH MHC PRl P K B A i 1) A3 ) 249
TR, M2 F, CARF At scFv it
& R B Stk MHC FREST R RS, 7 B 4if
A R rh s LG R, JF H CAR-Treg Zfiffd
HA H TCR-Treg 4T TL-2 AR A MO

FESCEURE VS 1) ), U] Fe g 455 CAR-Treg
AR RE SEFAME L B2 . 7R AR R
D51, ATk A JE I Treg 20 B 55 #i /> & FOXP3
TR FRWIAE, W E BT I 5 CD4 T 41
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5 Foxp3 ¢cDNA K& N\ TS Treg 408 &1y ', H
W AER HAR N EE MU AR SIE IR T, 10
WRARZR . 72 CARSSHCIT I, CAR YT F
e G AR RSN 5 e ThRg . 53R,
JEF CD28 45 1438 (1) CAR-Treg 41 g 75411 i % i
ifE F94 (graft-versus-host disease, GVHD) J7[f]
RIS, T IR B8 X - 52 1A 5 0% 1 9
(tumor necrosis factor receptor superfamily member 9,
4-1BB) W 54HAIFF APEARDG, {HA] BRI Treg 4
fafa . BA CD28 5 4-1BB 945 =R CAR, LA
Ktz mTOR MG . 4ELE 3 C AL FRGE DIRE
HA MRt s E AT R P BRIz
Hb, TEHEDRBR RGN, MG R F2 I M e 7
y W SRR R A, B B AR A0 5 A e
. PiggyBac % 1 R 45 DL N AT S50 B ARG Y
CRISPR/Cas9 £, FREIT R H 24 Btk
(Al 26 T RS20 % CAR-Treg 40 ffd K 01 Fa 2 Fe ik
SR A e

HF LRSS, M4 Treg M F RO AEL
A R TR P ) O . A O IERS A
BRI, H HLA-A2 CAR-Treg 4 il A AT I 25 4
KA AATG ] "5 FETIDM H, HCAT i i 4
ok B R oA & RN R B (glutamate
decarboxylase, GAD) 55 B 40 M $it J5L A5 2 BH Wr
TIDM i 1 A RUBME T R, #0n) JRAL
MALIBIE 3 Y CAR-Treg 41 REUE RAE T- K R K
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Abstract The 2025 Nobel Prize in Physiology or Medicine was awarded to Mary E. Brunkow, Fred Ramsdell
and Shimon Sakaguchi in recognition of their groundbreaking contributions to unraveling the mechanisms of
peripheral immune tolerance. Regulatory T cells (Treg cells), as the core components maintaining peripheral
immune tolerance, exhibit high plasticity and heterogeneity. Dysregulation of Treg function is closely associated
with autoimmune diseases, tumor progression, and transplant rejection. Forkhead box protein P3 (FOXP3) is a
key transcription factor that controls the development and function of Tregs. This review discusses the
classification of Tregs into thymic-derived Tregs (tTregs), peripherally induced Tregs (pTregs), and in vitro-

induced Tregs (iTregs). It also elaborates on how Treg cells exert their inhibitory functions through multiple
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pathways, including the secretion of inhibitory factors, metabolic interference via competitive uptake of IL-2, and
direct cell-cell contact. In recent years, significant advances have been made in Treg and FOXP3 research,
progressively deepening our understanding of Treg plasticity. Investigations have revealed their capacity to adapt
and acquire features of effector T helper cell subsets—such as Thl, Th2, and Thl7—under specific
microenvironmental cues. This plasticity also poses challenges for therapeutic interventions, as Tregs can
potentially lose their suppressive function and acquire pro-inflammatory properties, thereby exacerbating disease
pathology. Furthermore, the concept of tissue-specific Treg specialization has emerged, highlighting distinct
functional subsets resident in organs such as the gut, adipose tissue, and tumors. For instance, gut-resident Tregs
maintain tolerance to commensal bacteria and dietary antigens, while tumor-infiltrating Tregs promote immune
evasion by suppressing anti-tumor immunity. Concurrently, studies on the metabolic and epigenetic regulation of
Tregs, including post-translational modifications of FOXP3 such as acetylation and ubiquitination, have
uncovered intricate layers of control over their stability and function. Building upon these fundamental insights,
this review synthesizes FOXP3-targeted therapeutic strategies. These encompass approaches to enhance Treg
function in autoimmune diseases and transplantation, including adoptive cell therapies and pharmacological
interventions. Conversely, strategies to antagonize Treg-mediated immunosuppression in oncology, such as
immune checkpoint blockade, are discussed. Notably, the development of programmable engineered Tregs
represents a particularly promising frontier for achieving antigen-specific immune modulation with enhanced
precision and efficacy. However, the field of Treg research continues to grapple with several complex challenges.
The deeper, underlying regulatory networks governing Treg biology remain incompletely understood. A
comprehensive resolution of Treg heterogeneity is still lacking, and significant hurdles exist in maintaining the
stability and function of Tregs during in vitro expansion and culture. Furthermore, the precision and efficacy of
translating these findings into clinical applications require substantial improvement. Consequently, both the
development of Treg-targeting pharmacological agents and the refinement of Treg-based cellular therapies
demand more profound exploration. The ultimate goal is to overcome these obstacles and achieve transformative,

breakthrough clinical outcomes in the foreseeable future.
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