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JZIkA . 19764F, R HEEZ T B EZERN
IRIEEIRYT 2% A 1 Penhale 45 B LB, MR UIBR
HZa oy BRI/ N A5 AR S , TESHEERRE /N
SR PR PR L L AU e i 4 B P DA 1 o 20
80 A, WIS SITE CDA' T 4 h & 3 1 ]
] S s e B B9 dn B R AR . 1982,
Sakaguchi %5 "' th # 4 T Penhale B9 & L, FF & IIE
T T AN 35 CDS, H Y I iy T = il 5
SEREBUIAR A, PRIE (7 ARG E, JF H.CD5 Jf:
ARERN REFAIFREY) . BT B R 5 0 355
8, X—4URTEREE TR A T IR,

19954, Sakaguchi ¢ 7' & F M FT HLFR Treg
MM e n) ERRRRT AT N RS A B
T FRSME CD4 CD25* TN AF IS, /) BLSiEk
A B H B e s IRl AN A, AT
B JRREREMIT IR et 2 o X — R I E UUESEFh
JAHA P e —2K LR GE s i, HIhhe
B IE A B B . RS TPl e %
B, X AN e S A RV T bk L A0 A DG EE
4 (cytotoxic T-lymphocyte-associated protein 4,
CTLA-4) , H 4 il 2 A8 /2 8 33 40 i 18] 4 fih
S
1.2 FOXP3: Treg#fa& i+ SINEEMIFFX

2001 4F, Brunkow 4§ "' FEAFIE /N “Scurty
g7 (BOEME XGEBIR A L, SRR T A
&AL R ] - 22 TN 0 R - i s - X A AR
dysregulation-poly-endocrinopathy-
enteropathy-X-linked syndrome, IPEX syndrome)
N 2% B RE /I B X e AR B — DR BRI AR TR 5
A, RN gt ) A TR T OOk S SR TR
W, fiw4h “Scurfin” (B FOXP3). J& MARPIE
K IPEX Z55 fiE R BUR AL IE & FOXP3 HE ] 58
A% SR F A 1L CD4+ CD25+ T 41 it o 1) i 2
AR, FRAFAIMIda A ThRE, RAGIRZWE
FIOB f g2 PE 0 Y . 24 Sakaguchi 55 ' 3 #r
CD4 CD25° T 4ilfifl f FOXP3 [y ik it , 7 R & 3K
FOXP3 H7EX — T 4 W A#F e S gk . X —
KRBT 22 HEAT Treg 4 Af.C5 F WF 58 09 AT RS
DR A 25 A R A L Foxp3 B5I9 . 2003 4F
Hori %¢ "2/ JIEB, FOXP3 ANz Treg 4 bR & 53

(immune

¥, B Treg MM K B MIIGER “ FEITF
Ko AT S SR RE R SR I, TR AR
T 4 g ik Fe 3k FOXP3 1T DU T HAM I Thg . X
— R BUK; 19954 % B CD4* CD25" T 41l 5 Foxp3
FE PR 58 JE HLBK Rk

2 Tregflfa) 52K

Treg AT AT LAZENG IR AN ANE & 7, JRAT LIZEIR
ANFE B TR R WIIE T 400 (naive T cell) i
S I Treg %43k 325 AR K UR Y Treg
(thymic regulatory T cell, tTreg) . ZMERIEAY Treg
(peripheral regulatory T cell, pTreg) FIAZMFEST Y
Treg (induced regulatory T cell, iTreg). tTreg &L
REME SIS I T3 TRy 2R, AT
TR DI BB, LA
I Fa VA & o W A= il aF TSR TR DS 187
A5 8, pTreg s A1 414U 38 I Ry 8 Ho 2 T A 55 1
PR Y Treg WAL, HAZLOIRERLERE “HhJH
TPEMT 2", X AEEHEHR " Bt
Jt e R e AURE SRR B SR B T R o iTreg
B S RSN Treg b5 5, EEZHRYIG
CD4* TN FA A . B R 2 A8
FeEEP M A A AR A - (transforming growth
factor-beta, TGF-p) ' FIF4/-% (interleukin, IL)
2GR T Y. Chen 1 EB, it 5 T4
ZAK (T cell receptor, TCR) F1 TGF-p AY3L i,
A LS 3K A JE CD4T CD25 T 41 il B 4k ok
CD25'CD45RB™ CTLA-4" T 4fl i . Sakaguchi
BA 202 S A S R A AR AN T Ok S
FEVE e ] 3O 2 A 38 8/19 (ceyclin-dependent
kinase 8/19, CDKS8/19) il 7] 34 il G BOw &/
012 T ALY Foxp3 BEIH, i HAg) 22 3545 Treg %
Ay 8 0 E R 2F CD28 M (DIWT 0N
T ARG AL ), ik e 335t 1% o 98 e 4 A6 AR
HA MM S Treg, ik TIHEFEIKRINE T
iTreg “HR7E" B M, Ak, Tregid Al AR
P W0 IR A TR B 4> O R OE Y Treg  (resting
regulatory T cell, rTreg) FIIE R Treg (activated
regulatory T cell, aTreg) PRSI, JEAZ MR
T4 g (memory regulatory T cells, mTregs) J&
Treg ' —MEA “id12” REJIMTIRERE . E1T6E
TE T AT 55 s AT, M AH AR
PR BRI, RETE PR | SRS AT B fe sz A
AE ., ANTAEREXT B Bt i 55 BF 52 Bt it 114 < J0 i
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CD25), AT LASE G FR A T, JRHCIL-2, DA TT417
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A cAMP R A B 7 2 A IL-2 69§
el RIS 2>, WCTLA4, 72
M4l M 6 T 8 1 (programmed cell death
protein-1, PD-1). A Ig MIITIM Z5 #3871 T 40 g
G Z K (T cell immunoreceptor with Ig and ITIM
domains, TIGIT) FILAG3%%. CTLA44r &5
CD28 e 4+4h 4 APC [ 9 CD80 H1CD86 ', Jf-H.
Tekguc %5 ' &P, Tregifiid CTLA4LL “ES4HfK
w7 KR 2B 4 (antigen-presenting cell,
APC) i - (¥ CD80/CD86 ¥ K, #2211 55 L il ¥
&5 M 1% . PD-1 5 R % o 58 T2 B 1K 1
(programmed death-ligand 1, PD-L1) %54 J5 # il
TCRAF5#E ', X—HHiltHZ5T Treg M FH
G, JCIEAEMROASE T . TIGIT S5k
Al (dendritic cell, DC) [ CDISS%54, T
P AL B RE 5 W] B 5 S P i R A 2 K
CD226 454 . LAG-3 5 APC L1y F 24U
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complex class I, MHC-II) #54, LB idlfE5S,
J1155 DC W e 32 R4 20 d. o P s
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Fig.1 Schematic diagram of the multiple mechanisms by which Treg cells exert inhibitory effects
Bl TregkEHHIRMN A S FALEIRER
IL: 413 (interleukin); cAMP: ¥FEALARTH (cyclic adenosine monophosphate) ; CTLA4: ZHEFPETHRELANIAR CE 14 (cytotoxic T-
lymphocyte associated protein 4); PD-1: )P PE4HIEIET-E 11 (programmed cell death protein 1); TIGIT: HA IgFIITIMEZEAIE 1 TAH M
PEZ M (T cell immunoreceptor with Ig and ITIM domains) ; LAG3: #RELANMIIGfLHEN3 (lymphocyte-activation gene 3); MHC-11: FZZHZ
MEYEE G1R11IZ54F (major histocompatibility complex class I11); PFN: %ZifLZE (Perforin); Gzm: ki (Granzyme); APC: HuJF i

Z0fifg (antigen-presenting cell) .
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4 TregTE EAtiH 5T TS A3t &

4.1 TregA] 2B 5ThEFIER L

Treg 1] ¥ 1248 FOXP3* Treg 40 M 7645 & R
BRI, R RFEFOXP3 iy 3RIA, (H N i M7
RPN HI N AE . FeAs T, R AR S E (1&
2). BRI ThEE Treg WA 4% . Thl kf Tregs
(RIA TP RIEN T EEN (T-box expressed in
T cells, T-bet) ™', CXC#fbH 732k 3 (C-X-C
chemokine receptor type 3, CXCR3), IFN-y). Th2
FE Tregs (F ik IL-4. GATA 454 % 3 (GATA
binding protein 3, GATA3) ' FI+H K IH 3K T 4
(interferon regulatory factor 4, IRF4) ). Thl17 #f
Tregs (FiIKIL-17 A4t A SCIULAZ K vt (RAR-
related orphan receptor gamma t, RORyt) ** ) K&
Tfr £ Tregs (£ ik B 41 Jg itk 298 K1 7 6 (B-cell
lymphoma 6, Bcl-6) ) 7. 5 JE HuB YL /)N R AR
H1, T-bet 2 2 Treg JCiE 42 M Th /i T A9 fe 9%
g B A5 Y. B Bk T GATA3 Bk Treg 5 34UJR) 6
Th2 PEF, 3N BRI KU B SEge i 3 &
B2 PR i HE R AR, 5k RORyt Y Treg JC 12
M Th17 A RIBIZAAE o SR SEY HFAE AR
PEVE TS | ARSI SZ AR Al 2 v e # EE AR
4.1.1 KA

TR T = A 1R 5 VAR 5 PR 458 Treg YR AY
Werw . fEZ RKVEREALIE T, Treg I Thl #£3%
B, FURMIE AR R A1 R TFN-y i 43038 I, T-
bet |- JFIAM G GE S BEAR 0 LA AFFERY], Thi
F Treg A4 U AH LIHFL Y RN RILEA LS
% 1 (mammalian target of rapamycin complex 1,
mTORC1) P& o 2B -1-85 2  (sphingosine-1-
SIP) il i ¥ 2 W -1- W PR 52 1A 3/4
(sphingosine-1-phosphate receptor 3/4, S1PR3/4)
AT W I 19 UL 3- 3 % (phosphatidylinositol 3-
kinase, PI3K) /AKT/mTORCI il 1%, /55 Treg &
A SRR AR AR, B 28534 Sl T E 5 H 1Y Th A
Treg; il SIP {55 I il Th1 £ Treg A . KB
Treg IMHITHRE . ZWITE B UIER . BRI (I A2
Treg [1] Th1 A3 BU% Al 1) SCEEACIHARAE 0 A TR
BB IY & B, P8 i2 1 Treg (tumor-infiltrating
Tl-Treg) T T R IFEFE B E A 3
(interferon induced transmembrane protein 3,
IFITM3) @ik, Treg Fr s PEmibR IFITM3 /NFUY
MC38 JifJe 4 BRI o e 2F /D T I AR (wild

phosphate,

Treg,

type, WT), TI-Treg MECEIEhI, {HFOXP3 K
HITIBEREAR, IFN-y 70 pdghn, 230 “Thl A Treg”
FH, HNEIRE A E T Treg FUBUR FIINREZE WT 5
miBR /NP JC 22 5, UERH TFITM3 Xt Treg AU JE 4K
R O EE . AR IS “TFN-y > {55 5%
S G S e e |
activator of transcription 1, STAT1) #{i%—IFITM3
I Sk —IFITM3 # STAT1” (9 SO 3R, W%
W2 TI-Treg DIRE SR LW /T IR, Wl
IFITM3 5, STAT1 ¥ ] 3 s 470 i ez, {H XA R
BORUTCROR , $&mT TR AT ini Al 5 2 MBR A2
Haam B R e n S 21 GATA3 7E Treg, JUH:
JEJIE Treg 20 M [RIHE i K-35 4. 7E Treg 4
Mo, GATA3 @i 5 Foxp3 LK F 1 Treg 55 7
P 2e B OJE fb X 48 (Treg-specific demethylated
region, TSDR) #i%y, JEF|FaE FOXP3 £k M{E
9 ARBRBZ AT IR R, 7E Treg 16 1LAT,
GATA3 217 F miR-125a-5p B 15 L, X Fhi/h
RNA i izt #0 fil 240 3 (5] 7-6 A0 Star3, 10 9 45
Treg MM TN REAR AE 1 0 — TS A B, Treg
2 MR S M 0 2 B SR R Rl A ER R T ) X ER

155 45 & 1 (recombination signal binding

(signal transducer and

protein for immunoglobulin kappa J region, RBPJ)
J5 . BR Treg ANBECEIG N, (HENTAIR I Th2
FF Treg 21 1l A4 A& P 3R 5 385 ATl e (8BRS 7o
RBPJ 1k Treg {7 (4% 0 DI RE B2 4 S PE A ] Th2 2
FPERNY , L GATA-3 IR IAF i 5 IL-4
T, B 1k Treg 1) Th2 #E 40 A i & 534k . 17 Chen
S SR IRRT T I 4 BE PR 2H CRISPR i b 1 2]
RBPJ J& iTreg 4% 57 FOXP3 i 4% A ¥, RBPJ I
HE 455 Foxp3 Ja 3 1 AR SF 1Y AE 9 85 0 42 X 1
(conserved non-coding regulatory region 1, CNSI1)
B, WA LAASEE BRI 1 Sl
MR- Foxp3 Ja 2l F 1k . Lu g L8,
L MR (all-trans retinoic acid, atRA) kb
HUAY Treg £E R AE AP, JLF 58 & 4LBTI Thi/
Th17 UM Ak, 352205 %18 FOXP3 & CTLA-4,
W B SRR U5 S B MR IR L IR 152 AR S AH G
(glucocorticoid-induced ~ tumor
receptor family-related gene, GITR) %% Treg £F1iE43
¥, HAMH CD4"CD25 T, 3 5H Y BE JJ A 32 52 o
FENR SRR AR, atRA B IY nTreg & 35 4E
KZA/NRAAEH

Th17 4 i i i 12 H 5% 5% P+ RORyt i 1) IL6-

necrosis  factor
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STAT3 {5 S Mk, X LLq g dE— A IL-17
B ik B¢, RORyt Treg J&7EAMNEIEFAHY B, £
U FR R i A A o R B R R S AL B R
i, A5 E U dE 7 Hedgehog (HH) 175 /&
Treg [n] Th17-Treg ¥ AL 1) R A 1. ¥ HHAF
SHANHIES, Treg S H4if N Th17-Treg . 2025
47 AR ERI— I 5 iR R — s i LR B A
ICICIIRERY CD4' Treg 4l , 785 S 4T Uk Hh RE
WURES Ry, BT8RV T i Th17 40 531k
MR B Treg M. X HAFSY A Th17 4 Treg #9774
AL T 5 — R R, NS AR AR A ) B
412 KR Treghh FECPGALHF LA (nTreg-
Me) FlTreghi B IER T (Treg-SEs)

BR T Treg MR AU AS | AR AATE 6 A K
KA Treg Fi 54 CpG AR H FAL A5 (natural Treg-
specific CpG hypomethylation patternn, nTreg-Me)
1 Treg 47 5 1 M8 9 44 5% F  (Treg-specific super-
enhancer, Treg-SEs) 25T Treg n] PR M IA
W 5% % B, nTreg-Me i 51 ¥ I Ctla4, I2ra,
Helios Fll Tkzf4 4% 052 H, J& FOXP3' T 4 ffl 145
45 [ 2 Treg 20 Jifg 784 35 [H 32 SR A =0 M ¢ 4= Treg 4l
JLA TR 36 P BT T 1Y o AT AR XY e 7 P b
Peih, Treg 4HMIAY A& B 28 L -l 7 A PR IS &
SCPLEY, H FOXP3 # 3 3k Hl nTreg-Me |9 £ 37 .
Kitagawa %5 %) Iff 55 £ B, Treg-SEs 5 & X Treg 4l
a8 0 BRI A E, BlUn Foxp3. Ctlad F1 112ra,
It Treg-SEs J& 7F FOXP3 ki U 7 . Fi 5
AT B854 % -1 (special AT-rich sequence-
binding protein-1, SATB1) 7 Treg [ij {4 4ff ity b %
G 8 E DNA TSI, 38 I8 s IR e (05T 45 44 Sl 48
SE B BT, 305 Treg-SEs, Hiff Treg ik R 4F
SRR ROAS e RN . T 4 dE S P R Bk Sarb1 Y
INERR IR Treg B i 50/, EHLARAY Treg AU
T aesZ o, Foxp3 KRR Rk Z . k=
FOXP3 ik 2 FHSATB1 il 7. It4l, GATALl
5 FOXP3 2 A0T, AT B[RS 90% LA 1 1Y Treg
SRR [l SR FOXP3 78 H 3 A
B FAY RS XA R0, e 5T I
[ 4E 45 Treg B4y 0 5P AFR IRF4 J5, pTreg
Fe Bz R, RS AR TGF-B B9 43, {HIL-2
FITFN-y 23880, £RE Thl 40 kR4 CXCR3,
T-bet FKik Ftim . IRF4 K1 T30 Treg-SEs B9 4L 4. it
Al e ME W R, XU X B2 & IRF4 45 &
B

4.1.3 S5 Tregn] PR R HAL R 2

it H, Treg W58 G Y BE 3L N 2 — & I il L
(Alexander Y. Rudensky) HIBA " pUIFsE 46, 7E
B Treg Hh FOXP3 Ji il J5 HLIE W I Re RR 2210 A
b Treg Al SMERF TS24I T8 9 ). Li 46 Y &
o, RGeSk ZminEE 69 1.1
(polycomb repressive complex 1.1, PRCI1.1) I
2H A3 H R 2= 4L 2B (lysine demethylase 2B,
KDM2B) 7 aTreg fll TI-Treg W i 1k, nl {4
ARz R, 2B SR s fisig,
Ml 255G ERA 3+, i aTreg AHOCHE A 1Y
R SRWOG , lf Treg 1 0 A& AE AR I R B . 2H 4R
HZ R AL B H 4547 FOXP3 i LAl 215, 1
S N B IR B2 5 Treg TIRETG fL o X SEHF 5T
PEIRTE FOXP3 Z4h, i fAAE HAMIH Y Treg n] 28 14
HIIRAL
4.2 AAREMERIETregRRE: NRED|THEE

R R 280 Treg #i#3K5 FOXP3, (HEJEF A
[FIZH 2V OR B Y Treg JTAE 29— HEK”, T2
AR AL AU U RRE o SR RAE, BEAE SN
¥ . 28 (Bl M Z 2B BRI, R R
Z A LUR 7 Treg WHEH S BR . X Fh “HHZURR
SR AMUABA R REY R 225, B0
e finy st (1),

E/NREG M RER D, HEREXH
CD103" SIRPa’ DCITH 2 A )2, FHEERTE
Treg (effector Treg, eTreg, fm#eibZHlZUEE MK
FEP (XU & 1 (amphiregulin, AREG) ) il
HpTEMES T (WNGzmB) ) 533k CD206 i) F
B i A ELAE 80, 5 DC AR BLAE S
Treg ] ¥ ME 5 % WG, 51 & 3 B 48 0E . Tan
LRI, MR O EE N Treg A1 ML L1 Thl 4§
fESER (U Thx21 Al Cers) M9 LR, B R8T
bet, 1fif Th2 Al Th17 3£ (U1 Gata3. Rorc Fll Cer6)
W, esh, RN Treg AP LF B A 1
(neuropilin-1, NRP1) ZFRikL TS5 H Y Treg 4
fd. WFFREE M, T-bet' NRP1 Treg 4il il 2 21~
Je RE AR TP Ji I8 ) Treg A AR 1Y R BEREAAR, HoA 1Y
SR OGS AT P aE, 2P 0RIE T T-bet’
pTreg 2 ML 76 Mg (A e vh ) S 22 /E T . AR
VT Ak & B, BR Wi 4 41 Treg 17 76 W4 i 56 A,
CD73" ST2" Treg F11 CD73" ST2" Treg, HAFTEARZ
el FIFEE L CD73 M AR R R ARSI RAE
s 5 &R 2R P Rg I Treg WA, InJEIAS s
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Naive CD4* T 41

fie itk

A i

nTreg-MeT

Th1%Treg Th2%Treg
Thi%! b Th2 % ke

Th17%Treg TfrZ!Treg
Th17 "M s T/ iz

Fig.2 Factors Involved in Treg Phenotypic Conversion

E2 Z5iET TregRBERNEE

IRF4.
(sphingosine-1-phosphate) ; RBPJ: Bk FH ] X A5 545 &

THZ AN 74 (interferon regulatory factor 4); USP21: 72 Z455:4)IKAE21 (ubiquitin specific peptidase 21); S1P: #H&FE-1-#iA2

#H H (recombination signal binding protein for immunoglobulin kappa J

region); HH{% 5 : hedgehog signal; T-bet: TN FKMTATE M (T-box expressed in T cells) ; CXCR3: CXC#ELH TZ{k3 (C-X-C
chemokine receptor type 3); GATA3: GATAZ: & H3 (GATA binding protein 3) ; RORyt: 4 F R 4 5& UL 3Z {4yt (RAR-related orphan
receptor gamma t); Bel-6: BANNHKEJE K F6 (B-cell lymphoma 6); IL: 4% (interleukin); Th: HiBhPETAIM (T helper cell),

F1 HLEHERMETreglE

Table 1 Tissue—specific Treg subsets

AN

LhREHSAE

JhiE [ JZeTreg )

R A BT T-bet"NRP1" Treg 1
Jig 17 CD73"1° ST2"M Treg [64)
NG| ST2" CD146" IL6Ro™ Treg 6]
Ll CCRS8" dTreg ]
e G 3¥ P eTreg 17

YERF LI 52 D RE I 2 5 DCAR EAT
THICDS" TN A AL 1 G e 3k i
KAESRAEN] 2 5/ LR e
I B2 8 E AN g LB UL P45

4 ZBHIG SR &

SRR AT I 2 e SRl R R A

eTreg: Rk Treg (effector Treg); T-bet: TN FRIAMITE I (T-box expressed in T cells); NPR1: #ZLFFEHE 11 (neuropilin-1);
ST2: Mivid A4l 2 (suppression of tumorigenicity 2); CCRS8: LT (C-CIJ¥) Z{K8 (chemokine (C-C motif) receptor 8).

SAE R ZEEL . LA Treg 25040 T H#% AL
IR RS A R, il “WUR A E e 4y
7, Gn b & AR # Il BE 2 (suppression of
tumorigenicity 2, ST2). CD146 I IL6Ro. iz sl
#2133 i1 IL-6 795 ot O gk 48 it P51
+, RIEJRERNLA Treg $45H FIFIE, FFmmEis
Bl B SRR, B kLR . SR H, Li
Gyt T (C-CR)F) 2k
(chemokine (C-C motif) receptor, CCR) 8" fi
Treg (decidual Treg, dTreg) 2 fifd 2 Wi BAZ O i} 52

FEUR, HAMRGREIR 541200 Ak, HiEgER
KRR A TR .

TR EL 25 32 B B RS, Treg PG M eTreg,
A TCR {55430 Ry B B3 7R AR A AR N, e A . 1%
SIPRUKIR2 (##liEH ), & CD69/CD103 ({2 ik
GER), WS TCRAG S, UM IL-7/IL-15 4
FRRIWIBE R . AR 0 45 A9 5 B eTreg JE L 47
TCRJE, dskJmihili e L. /iR 24
JZERINEIN , 3 B eTreg PR T 40 ML 75 16 F1 B 2
MO, HERER RS 7 ME BRSO
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RIE, KKk kIE 202U 7 M Treg 40 LI
EVANIERY) 11
43 RigHEESREN
4.3.1 Treg4ifudynetese AP HLE

Xl T T, AR A AR R RE
Treg MACIHFER EARS EZAB AR IR Ak, 161k
Ao PP B A, 521 R A R LA dp (R A
RS A i

LRLAR T 5 450 1F H 2 4k +F Treg R AU FIL)
AEIE R LA . T SO M A Zbr A f A S5 fef 7
FERUAR N AL TR AT IS8 2. Jiang B 1
KB, BN CEE B I P24 Bz 4
(transmembrane P24 trafficking protein 4, TMED4)
i 3 10 ] mTORC 175 M 4 75 Treg 4k b IR Fa 25 o
Zeng %5 WG RIH, Treg 40 mTORC1 15 HE i
FE TG T, H LTS PO T TCR F11L-2
5o BK mTORCI HEA] 5323 5: 3 Treg M i T
REEk, JF9l & A B e, o5 BRI
mTORC1 J& Treg Uj 8 19 1E ] 97 45 A+, (K& P
mTORC1 {55538 o) 4 -7 A AL B2 A A 3 5 Treg
R Pk, HH G B EOE PF Treg BaE 1. X458
5ARPEAFHE N “REED UL S
AV IR HiZ AR RGN T SRR R B A
P FJR A 5 7 Treg 4 MIACU S Btk . Zrfk Bl
KRR A R TP R R E R

NRITREALRR T IR, B35 LW A
(acetyl coenzyme A, AcCoA) & Mt e, 1M
B 3 2k ok R OE 2 BE AT AR Y
AcCoA 7 PATHAZ AR G % B2 il 1 4y B e g, %
KEENRE-CoA T ALBLAIEST B 28 1A i AcCoA 5
A K AT 5E F] (etomoxir) 7] [ AIK Treg 1%
FE . Liu 58 7 & B, Treg HF S Mk A BE
(transketolase, TKT) #4253 Treg 80 IE H{H
Urae sk b It 51 /N B B S e . TKT
AcCoA & B HERTIA, HET & 1 AcCoA T
Treg MR NI AcCoA MR JE, S H5XHEHN L
WAk &M, {20k Foxp3 X 1I-10, Ctla-4 F Tgfb 255k
Rk, 4ERF Treg ik,

AR R FE S 5 Treg MR 5 TIRE .
A 2R AL A o S R AT B 1 b 2- ¥ I — R
B = A, Yl Foxp3 JETRIA &) B 34 7070 /N
W B Dubosiella newyorkensis ) N |
Clostridium innocuum 811774 L -2, % DC
1975 B f2 324K (aryl hydrocarbon receptor, AhR) -

gl W B 2, 3- AU A B 1 (indoleamine 2, 3-
dioxygenase 1, IDO1) - K JR % R (kynurenine,
Kyn) fRii%h, 2 Treg, #0461 Th17 204L 77, &
SR (IR KE &R F 52 2R ) i i RagA/B il
Rheb1/2 %5, VFAIJF4ERF TCRAKASH) mTORCI i
PE, B0k Treg 7EE IR 58 2 I A R sl hl Thae,
BB FR-GRE” KA 7Y TL-2 02 Treg 4ER A A
FrabTimy . AW E RN, TEBRZ IL-2 (35
H, Treg il i Y it Notch [R]i4) 1 (Notch homolog
1, NOTCH1) A4 B A1 43 b1 2 (solute
carrier family 43 member 2, SLC43A2) 4 TR
AR, MR ARG, X2 Treg
T 7 A4 L R e 2 SR R AR O R LR
4.3.2 TreghaEtk

IR Z AR — BB 51 FOXP3 2 R Ak
WHFOIFETERTT . TR KIS S 5K, Z R4
S K (ubiquitin specific peptidase, USP) 4.
USP17, USP21. USP44, ¥ 4§ & 1 31 (ring
finger protein, RNF31) . B XL 1Ak 2 [F I & H
(mouse double minute 2 homolog, MDM2) . TNF
Z KA K F 6 (TNF receptor associated factor 6,
TRAF6) . STIP1 [l#FFl U & & HE 1 (STIPI
homology and U-box containing protein 1, STUBI)
I 22 iR 2= FH 3L AL 2B (lysine demethylase 2B,
KDM2B) %— #4155 FOXP3 HHZ £k L2
FAL ARG, JFgE— L T YEe (K3). B
fif A E3 {2 R IE 4L STUBL 5 0 TR P & A o
(heat shock protein, HSP) 70 £ i & &4y, it
FOXP3 & [ 1Y K48 i M Z Bz RAk, i miwd
FIRG AR B A% 5 Al Rl B B3 % 4% 1 TRAF6 |
RNF31 2 Fl MDM2 ' 3 112 1 FOXP3 A ] 437 5
iz Z AL, AR EM:; USP21 Kk sz H i 2
K#fIk FOXP3 fyFa e 1% S Thl #£ FOXP3® Treg 4i
Jifg 54, USP44 1 TGF-B/Smad3 5 §F £ ik, 5
FOXP3 E L4 5 I LER L K48 12 i, PR USP7
FasE FOXP3 & 11, ZEFF Treg M5 il ThhE .
ORI R B, MBEIATRAGEG A 58RI, FOXP3
R T R AN S W IR IR AL o 4l DA T A A BHL 1
STUB1 A FHIFEA% , FasE FOXP3HH ™.

FOXP3 (14 P 5 Ty BRI 1 i 2t 2 1ot AL
W i 3 A&V . HEH S B A BE (histone
acetyltransferases, HATs), Ul E1A 454 25 11 P300
(E1A binding protein P300, p300) /cAMP Jij 2014
45 & | 1 45 & | 11 (CREB-binding protein,
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CBP) "7 ] H %454 FOXP3 Jf Ak L XSk 25+ 3§
TR TR B O WEAL , 1 E 1Y 9 FOXP3 1) DNA 45
BRES) R, WL 2 Rz BT
T A BHA R SA# ™5 55— HATSs Ji 52 Tip60 gk il &
HFOXP3 LBEAL A RRAR S D RE BB, HETmT 5| %
Hagtk A SRR Y. AEA L OB
(histone deacetylases, HDACs) ikl 51 %} FOXP3
e B2 S L JHYE . 128 HDAC Wil 2 Btk
fitg 0 #KfHE B W WPl
regulator 1, sirtuin 1, SIRT1) T 38 iz 4K Pk Jrag At nee
% — ¥ H 8 (nicotinamide adenine dinucleotide,
NAD) ARA#i )25 WA/ A #F FOXP3 [, 1
A i tE FHEF RO AR AR P 1
HDAC H' 1) HDAC3 /& Treg & & 5 I g I 0 75 73
¥, HE 5 FOXP3 AR B A M §] 12 )7 3 116
P, R 2 580 Treg 43Mb IL-2 3 K 0 D ke,
AT R R A SRR Y, XS5 ST
RBPJi i 57 HDAC3 /- 41 H 5 LWL T 25U
YLt AT hoE, WESE— 05 ; HDACS
(B 23 BEAIR Treg A LA I Dy g o BLAk, 1125

(silence information

KDM2B

GATA3/DNMTs/UHRF1
TET/RBPJ

Foxp3

STUBT —,

TRAF6/RNF31/MDM2 =
USP7/USP21/USP44

FOXP3

|

HDAC 1y HDAC6 *' | HDAC9 “**' & HDACI10 1*
MR VR, e sl i) T 3 o 1 o
FOXP3 LMtk /K- i 2 42 T+ Treg 11 14 S0 il 1
RN R Z ik ). IMAHR RN,
HDAC6 4 24 B2 3] (4 L 38 0 8 FOXP3 3%
A /N iTreg Z0MITIRE *°). FOXP3 Z Btk &
i S35Vt HATs 5 HDACs B9 U A 545 5t/E -
HREgER, BT “CWibE” mrEHES 1
2

H EAEIRVE  FMs A PR s A% OGRS, 38
it DNA FEAL 55 41 28 1 W AR i sh A8 7, R i
JA% Treg 138 R 7 MIDIRELERE . I ANy SO
K ¥ nTreg-Me = 5 Treg 7] ¥4 1 545, TSDR H
FeA K- H A AE nTreg-Me IHTE A 7. DNA H 3
& 1 3h 75 OF #7 h DNA 3t 5 5% i (DNA
methyltransferases, DNMTs) 5 & H JEALHE (1 -
o G A0 W L mE E R AN 4 B (ten-eleven
translocation methylcytosine dioxygenase, TET) %
%) PSS . DNMTs i 44k Foxp3 5 TSDR
X3k CpG &5 A4k, il FOXP3 %5 ", UHRF1

Promotion
Inhibition
e
p300/CBP/Tip60/HDACS

SIRT1/HDAC6/
q HDACS/HDAC10

Fig.3 Regulatory Factors for FOXP3 Stability
B3 FOXP3RREMAIEZEER
KDM2B: #i% 2 H #1LH§2B (lysine demethylase 2B); DNMTs: DNAH H:4EF4H; (DNA methyltransferases); UHRF1: % PHDHIRING
TR Z ZHE A1 (ubiquitin-like with PHD and RING finger domains 1) ; TET: -+ — % {3 F 2 §g % e XU %A@ (ten-eleven
translocation methylcytosine dioxygenase); P300: E1AZ5&# FAP300 (E1A binding protein P300); TIP60: Tatfl HAEf#E I (Tat-interactive
protein 60 kDa) ; HDAC: ZH# 42 L BEfLEE (histone deacetylases); SIRT1: ULER{FEJHT7HF1 (silence information regulator 1, sirtuin
1); CBP: cAMPIATEMH45 4 E 454 M (CREB-binding protein) ; STUB1: STIP1[RIJEMUE AL S H 1 (STIP1 homology and U-box
containing protein 1) ; TRAF6: TNFZZ & A H F6 (TNF receptor associated factor 6) ; RNF31: ¥f#§7E 131 (ring finger protein 31) ;

MDM2: FRAfHA2FIIEEH (mouse double minute 2 homolog) .
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2% DNMT A3 fic 2 (1 0T, 38 3 4 RF 2 R 41
DNA H ARG T, 5% SRR /2 Treg il R 52
FEMLTT 5+ . TGF-B il ff UHRF1 #5214 1M iy
FRTEAnMsT, VEREREAR, R Foxp3 JH s+ X H
FAV KRG 50%, 2R 40/ 2405 Bk ik £ 1) 7
R Treg 40 M J3 37 FOXP3 %35 . 48 /% & PHD FlI
RING R 455z ZFE& 1 1 (ubiquitin-like with
PHD and RING finger domains 1, UHRF1) 1fij f
DNMT1 e Foxp3 H AL B AR R S, [RIA 2
TGF-B15 55 FOXP3 FMPEFEM “BFiE” 7, [AlkE
AR ARIE , Treg 7 B 28 W 15t 1% 9/ 5 P+
UHRF1 /3 () 4E+E DNA H 3E4b A BESC LIS R 0 &
BARREN, XATREEH T Treg 77 L4k + ANE 3
PRIV 55, DNA F L fE % . UHRF1 [ 8 0 7E &
I AR R R RGR T, IR R S H Y
M) Treg MY A7 12 o [ SC Hr $2 M %) RBPJ L 1 76
Foxp3 %% 5 ia v /5. (transcription start site, TSS)
FICNS1 3 5 X B B H2 456 R 0 il FOXP3 /Yy
Feik Y, TET it 3 8 2 H 3L (b 4ERF FOXP3 ik
et ™. 484K C vl il o S TET2, 12 i
Foxp3 3K TSDR IX £ H 34k, 3558 iTreg B DI RERR
FEME T SR HAMR R, TET2 28748 o i i
A i B i I 4 LAY TFN-y 527 R J 5 56 BE
71, FEIBRAE TR GO, 0 s S
FRE R PR A SIRYT I SOV o X G — TR IE
T TET R AE S 5 Treg Bt Mg G 9 v e G
YRR o

5 FOXP34" &M Tregil [E34877 R A&

Treg Uifie 7 S 2P VA OC . FEXBIE
Ferge 1 AUBEIRAE (type 1 diabetes mellitus,
TIDM) " Z &Ml " . REMELLRIRE
(systemic lupus erythematosus, SLE) """ %% [ &
eI, Treg B I/ D ol Dy g R i T 35 fe e ok ok
¥ FERA A E RIEVERSR Y, Treg BIGS1A A
Hex 580 " FEMIE T, Treg IReTE Sk
RS IMBEh 2R ER, LEaeE T (C-C
FF) MK 28 (chemokine (C-C motif) ligand
28, CCL28) -CCR10/CCL22-CCR4 i/ 5 i Treg
SR PR gy Vs IR Hh CXCRA-JE
R M AT A2 ] T 1 (stromal cell-derived factor 1,
SDF1) %h3K 3l 1) Treg & #1555 0] 24 34 11 15 1
O A7 g TN . FE 2 BUME IR (type 2 diabetes
mellitus, T2DM) "' AERE 0 SEAREm, shik

SRAEREAL . O ULk Y AR M AR T, Treg I
AL VA SRR AR AR S AR IR APV E T FEL
ZE 45 B BE N 2R A AL RE L B R v B
MR " SRR TR T, Treg nTiE A4
il Ph 2 RAEAE G HE . Pk, FOXP3 1A Treg fir
iE 5UIREROCH 1, HORE O S iRy T Y H
Fria e YR EE AR R . a. M9 Treg
IIRELIVR B T 32 5 b. B 55 Treg 16 1 LATK &2 T
IR G s c. I TRRAL T BORS B #4% Treg iz .
DL K53 5 T RS i i = 2% R mis S HLs R 2 o
51 #lmTregligeldsd: EEHRE. BHE. R
i F9 5z A
51.1 kM Tregd i IAYY

T 9 B e PSR HE T 45 H SR SO 3 98
S, RO PRI Y R Treg B4 AN 2 5 ) g
B, 1G58 Treg i 5 DI RE LAWK & S0 % 1of 52 1l T
FURYT IR o 3 ARVE Treg fn ity 7 sl ad AR A 3
B ARSI Treg 0M0, B[4 LIk &
P52 . the ONE Study 55 Z Il R T 28 1F
WL Ak VE Treg iEyT ik L Ve SAHME ", 78
B e 5 i, KR & IL-2 B4 Treg i 4K IR YT
7E TIDM 35 s B ASCR e, FELZE 40
M ZAEALIE " FA A - B Sh MR e i
RS, TERAERPEN 2T, Treg il /e S HHE S
TR SZ 5 v B il SRR & A R R A e s
R R, S3 A SRR T N e S
1T 40 M R AR AT B Treg/T, HU R M MM ik 359477
S5JRr, AHSCOTIR T HEA TG PRI EA, 2o

SR, 2 valéE Tregs ok = K51k, AIGE
ARGV NE . T R DR ) AR 4
WA W B OG5 M Treg (9T & . BTG
FZ R RSB IE R APC 5HE PR T3 |
2 T RE AL TCR-Treg DL K JT & fix & L 3 4 Treg
(chimeric antigen receptor-Treg, CAR-Treg) . I
1, CAR-Treg HOR AN MHC 4F R b il
AR TR . O aE i AR S 4 9 Treg I
TG ARSI DI RE AR OL S, TE R AR I 52
ZAP PRI I ) D2 2016 4F E IARGE 1Y
A 1a) N H 41 B2 BT A2 (human leukocyte antigen-
A2, HLA-A2) (%) CAR-Treg, 7F Il J& Rijt %I v g
A RN T, W58, B A Y b 20N 0 Kk
Az e R B HE SN T 2R S CAR-Treg
T B ER A B9 I R X% (NCT04817774) HYJH
g, IR T 2 R AR A A R IR A A
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i) CAR-Treg ¥7 3% 0ff & " . A B 5% 8 o f& N
CRISPR fifi e 42 % B4R CAR T 4A i D RE A&
Wi F, A CAR-Treg iy it — 25 1fF 5% 42 it i) 2
2 10 [Ah, CAR-Treg & TCR-Treg £ A 1) Wi F
IEREY 2 L2 [ S et S, 75 TIDM
H, RO A I R SR BT AR S Treg £iiE
A EMERT, ST L S A FOXP3 ., g 5 P S A
S PE TCR L CAR, UK # AL T 4l “ A ”
FoksaE HERE m ) Treg, FHAEIRIRATAF 5T H ik SE
JLRB A B PR AR (2 sk AR R A O
Ak Treg 0T IR m] 295 7 . RS iEAL 5 TR
BB
5.1.2 PRI S RERS R

RS IR Treg 1Y WG B 7l 25 W ZE AR N
VEPETEDY 1415 £ H B Treg 445 H OB . A
FRH LT A IR R TL-2 977 ik, TL-2/40 IL-2 7T
GG KN T 258 . ARGR i IL-2 AT e
WE Treg 1M 4F T, 7E SLE ™ | HLJH "™ |
TIDM " sz PE s A& 12 rh ] B8 i PRI
RUOBRINT, RTT IR AE SRS B A S ) A5
FEXTZS 1, e AR AR B B 5% FH 1 (A 1
P Y, BT, MR P W OR 4R AR i
PEL EREE S e, MIUE BT T IL- 24T IL-2
Pk 2 A W A DL E— 20 38 58 Treg 97 34 85021 o
NKTR-214 & —Fh R L b IL-2 744, HREfk
JediE CD122 (IL-2R B4k), MIfifEi# CD8" T 4
MR A SRR 40 (natural killer cell, NK cell) 3~
B FEM PR N Treg, 78 IRE A BSR4 7 T 8
Sy iR g O IL-2/4T IL-2 H g BE BT iR (JES6-
1) Za8Y . FS111 G S L% mRNA ZifiS i IL-
2 GRS FEPE DY 1Y Treg, 43 il 75 38 5ik 4 A7 it
Z . IRIT H B Ry T R I N R, T
B ) IL-2 4555 SR 1 2Rk 1P AN, 44
KEAR S IL-2 255 A B R piayr et T
WESH NS . @b IL-2 B85 T RAMR- RO
FHERKY (poly (lactic-co-glycolic acid) , PLGA) .
o fE T 5% F 5 (immune rolerance platform,
ImmTOR) k&R EEM, W25 )ik
KRR, RO Treg V18 S5O HE AL, [F]
Bf e B T AR R S RO, B RRIR T HeRE S
BERIVER v

52 HEHTregBiE: MEETHHRES
N FA
521 ARERA W (ICB)

FEREE Y, Treg i ik FOXP3 4K 3 1Y 6 32 11 il
W4 KK A 43T (WNCTLA-4 fIPD-1) 4] CDS
* THHMIDIRE, e fepie kit ek f BT
% ETEMER g, FE AP CTLA4, $iT
PD-1/PD-L1 J H A e

CTLA-4 /& Treg i G M 43+, JHCRHWT AT H
55 Treg Xf AR5 19 35 38 5 T, 0% 1k, (HA
Al g5 | AL Treg 78 R A5 v i) CD28 (i ik
WA, DRI H T BCA Treg 2% 16 HB& LA 52 BT
B e CTLA-4 82 5105 Treg BEACET, #F
VA T ik 35 P e v L T R 62 A A A R AR
e, R[ET CTLA-4 SR 9 VE LG A 22 57 -
P UC K B 47038 3 FeyR A F A9 Treg #8 98 & 4% 7
il SR BRI S B G T A o 2 R
Treg £t '

PD-1 £ Treg i 223k, HBH K AT FEAIK Treg
HiliE MG 9 CD8 T AfEThRE, (HAEF S LT
0,25 15 N g P Treg %50 8 2 AR SE B HE | 11,
ITRLE P T CD8 T4l Treg 1Y L 151 S T AE
R, PD-1F50 S Treg RGN, An7E(R
WA AR, Tregiliid BPARM iz HEH 1
(monocarboxylate transporter 1, MCT1) % HUF, iR
fie E 3G AL T 40 B #% I F 1 (nuclear factor of
activated T cells 1, NFAT1) #:{iii % PD-1, £
B — S B B2 D4 R YT CD8* T 4
M 5 Treg (1Y PD-1 2 3k ~F- 45 v] F00 e 12, 3697 5
Treg i PE3G 38 7] fig 5 8 HF AR OC ' MLt
1 4 BT CTLA-4 5 PD-1 7] Hh[a] 1] 55 Treg T J
BEOR T SN, O AEFR 3 METR PR g v i sy 7 2%,
AFFER AN RN >, SRS, BT
G PE K 2 55 BH BT (immune checkpoint blockade,
ICB) *f Treg BIVEFHBLA M A 5E A WA, HACRZ
Treg %t . ARAHIRY) . HHNEAF S Saayr bl 2
PRI A
5.2.2 B TreghE R I 7+

iR TR 5 T Treg 4 MY /&5 3R 18 2 FhvRe S 1 3R
M5+, MR HERZERIT A TR . BR
CTLA-4 f1PD-14k, TIGIT. LAG-3. GITR., i/



XXXX; XX (XXO

LEE, & PTETHARSFOXP3: SMERZMZH BRI SRIE R 11+

WAE R ¥ Z K R 5t 4 (tumor necrosis factor
receptor superfamily member 4, OX40) FlifsFET
21 B L ) 3% 4> T (inducible T-cell co-stimulator,
ICOS) %543 FTEMIE IR Treg H 2 IR R M = &
SPA & X 11 E U e D e e A R AN £
M

TEAMAIPEZ AR DT, A4S ST TIGIT Bk 45 PD-L1
0] %) T PR e A Gk R B oY (B
X SEAAIE 8T — X TIGIT $8 1) 250 A 5EAT 7 BRI 3
Pk, LAG-3 313 fi 7F IL-10 A TGF-B S5l K 14>
AR Treg M SR AR S) 1, HB vEREHUATT
A R Treg /S S gze i, A G I K5 2
s RAFRT S

FEILAH RS, ImIRBESE ok, GITR
W 2N 71 5 PD-1 BHTIC H AT B [ 38 58 T 41 M ) fE
PP RN 1 OX40 BBl LB
WO BR Treg, A GEAE UE CD8" T 40 ffd = i A s 21
g1 1154 5 PpD-1/PD-L1 il A ia YT T S I
R E PRI ACR 7 ICOSHE N Z 1 e
JEPT o0, T8 B AR O SR b ik sz il
M EFEER, HEO W 25 YR8 R I BRIE N Treg
MASZ M A8 Treg Fa S, [HIG YT AR s B &
OTIRYSE FE il

H 5] Treg ¢ 52 MR 4> F RIS TR 225 5 %
FERL SRR T L IRIT LS HZ TR, 7
RETEIY SR TR Fo e 1) [ Bp R4 1 5 ) SR e R o
53 REKFME: AIHmETreghI R IATT KB
5.3 UK L o) RS 1

A 9 B2 Treg 1Y & R HME S 21697 AR S )
AN G AR . T 2 il Tregs i 4k % F%
A REAEAE R AL, T Treg T dr Mk LA 3 53 L
A ) VR IE B HES Treg Y7 i B 207 0] . H AT
o I PR TR 2 P B R S M Treg 3222 R H P Aok
. TCR T4k CAR T k. TCR-Treg R AEIN
S L N M D I B e 8 B2 2 Mk, {HH MHC FR
il Ve M R C R R 2 T i M T Mz
T, CAR$ARE I scFv i i BESL BiAR MHC FR il
PEHUREEN, C7E B 40 MO IR IS eI R A
{H, Jf H CAR-Treg HA7 . TCR-Treg %t IL-2 K
g o

TESCIUAS R 0] J5 , Al 2 31 55 CAR-Treg
RN T BE S RF At S . AR A0 R IR 7
1], Mo SME I Treg Xt #i /b S FOXP3 3Rk %
IR R, WE5E A E L R 3 CD4 T 4 i

Foxp3 ¢cDNA >k N T.i55F Treg S ', {HAnfar 4
FrRHA TR E I HOETERAEMEE T, AR IRAGR
Ko HIK, TECARZIHCITIr T, CAR IR E
FEREG AN F R HNEAE 5 LIk T Be . BFFER I,
$£F CD28 45 #4348 (1) CAR-Treg 76 41 il # M9 0 15
F% (graft-versus-host disease, GVHD) J7 &8
P, MR IRE D 7 2 AR RS 5 9 (tumor
necrosis factor receptor superfamily member 9, 4-
1BB) W5 40M0RF APERASS, (HA]BEHLE TregfoE
PE. kG CD28 5 4-1BB 945 =R CAR, LI K
mTOR il 4EA: 2R C AR PR ThRE, HAH
OO R AR E PR ET R U BRik=Z A, TR
BEREB ARG, MR I A8 | y i
SIREERUA, PIARETE RGNS N T e
&4t PiggyBac Dk J 1] SE I E 55 4 4 (1) CRISPR/
CasO AR, FFEEIF AT 24 | T AU AL i %
T H B B R CAR-Treg K Wi & & ik S iGHER
FEhlh b

BT FRME, AT Treg BERCAEZ I
PRETEE P B T AR R o WIARTE D R AR AR Y
H1, $THLA-A2 CAR-Treg 1] I & $E K A Y1716
MRF[E] 2 AETIDM A, ] o 40 i 5 5 3R a4y
FIRMAR M (glutamate decarboxylase, GAD) %5
AT ST TIDM R Vs ZER KGR OC
R, HEE R MR HIE 4 H 1) CAR-Treg RERS
RETRRKIKAT " AL AR T, X
e A /D 9 1 Jo 4 MW 2K F1 Y CAR-Treg 1] I S 2 v
WX Bl 28 R GEIF DR Bl 8 RAE . TE SE M i
W, ) = AN R PR 1Y CAR-Treg # UE 3K 1] 2€ 0] i
BEIGIE, DESZWWEHSDRAE " 1R8N
Hr, HE AT A CAR-Treg 1 52 [ XE RS 2 A6
% G2 I AR A LR s TE XA YT
GD3 CAR-Treg W {7 H 1] Je PRkt 2R A2 0 4 2 44
RERMEES) N TERR PGB, TCR-
Treg W {5 By TCR 24 & 52 BUPT 43 55 1 e e R 2
wnB-vEMFEE A (amyloid B-protein, AB) TCR-
Treg REAE A R I Y AR BEHe U, g4 5 Treg
TERAE B T T RE - AME, WA #F5E & iz 1
CRISPR %5 3 (K g S B AR FLbA 7oAk, 91 4nsd o
&1 Foxp3 5K TSDR X 38 L) 55 H 6 s L fa e
Pl BRSO B M OCHEAAE R -, Bk
Foxp3 i ki & A= i Ve TP Ak o A, 3l o i B
TCR 5 HLA B AT i JH A . B H] B Treg #i57 ,
0, 2L A I T 2R R 5 R P g g
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532 ARMUAETT I A BAEYSRT SRR
Ptk

B WA W 2 B ik — 2D HfE B0 Treg ) 8 BE W 4%
G R GRS o Tl R RN [0, i Treg
REAE PRI B ER O 5 (MR
-lo. (hypoxia-inducible factor-1o,, HIF-la) "7 B4
FERIEHF), I TR SR R
i 7 £ B CRISPR/Cas9 2 U it 14 2 45 251X
Wm0 Can AF BB B1 o (liver kinase B,
LKB1) "7 fImTORC1 "™ ), A SZIXF Treg T fig
PSSR, oAk, RHAER B % RS
( W mRNA/E 5T 44 >k i ki (lipid nanoparticle,
LNP) ) Wi} FEik CAR 3% g 48 0 (4o 8 30 1 B 47
A5 By 7R TRRAE Treg i AT LR S (U0
iCasp9 FI L) WIAT 2t 2k ghlhl, IRk
I R A OGS B TR T T IE A —fge
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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 (Tregs), 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 pathways, including
the secretion of inhibitory factors, metabolic interference via competitive uptake of IL-2, and direct cell-cell
contact. induced Tregs (iTregs). It also elaborates on how Treg cells exert their inhibitory functions through
multiple pathways, including the secretion of inhibitory factors, metabolic interference via competitive uptake of
IL 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 Thl17—under specific microenvironmental cues. This

plasticity also poses challenges for therapeutic interventions, as Tregs can potentially lose their suppressive
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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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