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[Abstract] Regulatory T cells (Tregs) are the most important population of immune cells in maintaining peripheral
immune tolerance in the body. Targeting Tregs to rebuild peripheral immune tolerance has shown broad potential for
application in the treatment of various inflammatory diseases, such as autoimmune diseases, allergic disorders, graft-
versus-host disease, and organ transplant rejection. However, substantial challenges remain in translating Treg-based
therapies into clinical practice. In this review, we first summarize the discovery of Tregs and the principal mechanisms
through which Tregs inhibit immune responses. Then, the research progress in polyclonal Treg-based therapy, antigen-
specific Treg-based therapy, and low-dose interleukin-2 (IL-2) therapy and the implementation status of clinical trials of
Treg therapies were comprehensively summarized. Finally, four issues, including maintaining the stability of Tregs,
preparing autoantigen-specific Tregs, such as chimeric antigen receptor (CAR)-Tregs and T-cell receptor (TCR)-Tregs,
reshaping the inflammatory microenvironment of diseases, and minimizing the potential adverse effects of Treg therapies,

were highlighted as the bottleneck problems in the clinical translation of Treg therapies and priority directions for future

research.
[Key words] Regulatory T cell therapy Immunotherapy Autoimmune diseases Graft-versus-host
disease Foxp3 Low-dose interleukin-2 therapy Review
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Fig 1 Summary of the principal mechanisms by which Tregs inhibit immune responses
APC: antigen presenting cell; MHC: major histocompatibility complex; LAG-3: lymphocyte-activation gene 3; CTLA-4: cytotoxic T-lymphocyte antigen 4; IL:

interleukin; TGF-p: transforming growth factor-B; NK: natural killer.
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HSCT: Hematopoietic stem cell transplantation
GVHD: Graft-versus-host disease

AlIDs: Autoimmune diseases

NDDs: Neurodegenerative diseases

SOT: Solid organ transplantation
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Fig 2 A landscape of 112 clinical trials related to Treg cell therapy

T1D: type 1 diabetes; IBD: inflammatory bowel disease; SLE: systemic lupus erythematosus; RA: rheumatoid arthritis; These trials covered autoimmune diseases,

solid organ transplantation, graft-versus-host disease, neurodegenerative diseases, and other diseases.
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Fig 3 The bottleneck problems that need to be overcome in the clinical application of Treg cell therapy

CNS: non-coding sequence; TCR: T cell receptor; CAR: chimeric antigen receptor; IL: interleukin.

YR Treg ML REFIEE MR AT B, (HZ, i E
H I, AR A AT T T i i Treg 40 L5 t Treg 2
Jil—FERRE , it Tregt M A B L [ BEAE 1 175 3 AR %
g3k PR, 38 3 X Treg 4 B AR 8 PE AR AWESY, SEBLH
TEVR BRI D) ReRRUE , X2l Treg 20 MU vf T HAG H %
B,

3.2 MRS TregBRARIHI &

AT AT, PR S Treg N M 78 1 4k P Treg 4N i
TRYT B A B N A S, AHT R S P Treg 40 i Y
il R —IE R APk . BT, PUFERE R PETreg 4 Y
il 55 = Ao ms, RV A SC BT I T 0 0 S A e 1
Treg L /ALY 34, TREALIHTCR-TregZi il 5, LA K
AP SZ IR PET(CAR-Treg) M 55 (1&13) . 7E
FHIWETE T, DR R U R A AR TR Y 22 v b
Tregi it i o 10 S Bt S8, 97 8 Tl 25 e D o S
Treg i, (HARXEIR BIAYT T i A0 M ; 11 A
AR Y 22 5 B T4 L, 38 0 05 e Sl e Ak, JF
FETGE-B, MR | IL-2% 05 S A G 5500, ARG
SRR S Treg 4 i FH T8RRI T

SR E, Ko ] TR T-B, i@ i TCR
e B DR/ IN BRAR A5 5 90 AH BT SRR S M Treg 200 L 5wy

REAE A S PR 0 A ST TCRE YL 31 2 vi i Treg
0 it A S5 T I i Treg 40 M v, AT il 45 FH T S i
7 IR AR DG AR Sk Treg 0, X 28 TREAL 1Y
TCR-TregZl i /£ AIDs. GVHDHI 8% B B A HE T v 14 B4
TRITRCR, Wty 8l T N Tregd LG YT A H ST . ©F
LIHFGE B R, ANRTCR-Tregl i e 1E AN A 3l
B RN T A0 M ) S8 SO =2, NNt B CAR-T
Y L LRRE AT A LD, H 20084F 2, CAR-Treg#]
ML ST B B A AL, BT, © A 2006 T CAR-
Treg4 Ml YT FEUES: T HAEGVHD | % B B AHHE 5+ 55
NN B T ReR >, Bl i R4 ny AT . (2,
H A & B9 T#2 4L TCR-TregMICAR-Treg 20/, #BHEHT
T THMA S BIBEPLTCR, 42k T — 2 1938 XAl X
b DR, Anfer 2E T Treg 2 At 1 B4 B e Sk 1) [ sf
SR A B Y BEHLTCR, 24 T R S8 Y H 2 R)
3.3 ERAEMMEHESR
TregMEIIAYTAE T W3 A A VR FRCR AN B
M, DS RAE IR BT T B0 Tregd L% 34k, (HIFIE A 5
X YR V18] 2 A W P i o 9 i) A ok R e AL, LT, X9
s TP A5 T i PR SR, BRI R UAYT . T4
s BN M BR BT IR TT 55, JFEAEMS, T1D, TG



1464 PUN S22 (B2 )

% 5645

ik A B e VA A A8 2 2o B v R L T BHAR
AT TSR (J813) 20, i ad Il S PR, — 7 T3 T 8%
TP RAE IR, FEAR T JAE AR X Treg i N 5%
IALRE AR, 55— 07 0L A Treg 40 A 4 1 505 5
PRAUET SR A: K23 6] . TGE-BAEIZ RN h R 45 d %
PRI, i, AEGR) ORI 7 = R R A A TR R OR
T TGF-p, 7EIESHMEA & A S0 55 GEA RGE S P
SPETreg MY 4310, S SERFFE ey, 5 RE MR
g JR S PR AR M TS PR R, 23 b — 2P AR RS Xt R 4
PPN o BRTE RN B T Treg 2 MU LI ) 28 4iE,
IRIRAE TR FR S5 1Y) B, A AR AE Treg AR YT HUHK
BRI, A BEALA AR B BT AT S
3.4 Tregdiflinyr BIER" RIS AR

WEAE O T 4k TregZHEIAT Y HUDFIT, T B E Treg
200 Y e i o R R B2, A B Tre g 200 i A i U
Je BIRGSE T, A R BIR B RE  iAe . B
20 I B AR B9 5 TR S 2 i AR Treg ZMIEYA YT I O B2
PEERE SR B T 2% F 0 FRATTA B, i A Treg 2 g
FEAD BN B RN, 23380 38 PRI HITL-2, 5 TGE-B
FNIL-6HEA ) A2 S PETh 17240 i 73 A i “BIVE I, AT %
TR S B 52 2 AR 1o A K Treg 40 LR 9T S IL-6/
STAT3BHWHA YT M4, RETE Treg i M £E$4 il S (Y [7]
S, A 2 PETh1 7240 50 Ak, AT 2.2 $2 7+ ATDs ) fy
JPRCR(E3) . HATE M, AR IL-294)7 BEfiE i Treg
JRLH, R R Th 740 A . I, IGRIETL-2iR
JT A IFIL-6/STAT3EHIWHAYY, sl TregZidif v & MK
RIL-2iR77, LI =R Ibe s i =507k, tf IS
SO ARG TRSCR, (BT BE— P WS FIRAIE . AP,
Treg i iLifY 7 15 23 5 D SR RE PR BT A AL At A AN R
W7, WA Fr i — T

4 Z5iE

TregZi B 8% & P304k, Bl SETreg N ML TT R 1Y %
IRITHFRZE N K, JFHUS T — RINE LR BUR . R
AIDs, GVHD, B BAEHER: S A AEVESO S, B8 1 1 B
B Treg 4 MO 72 IR S ssev0) T Jy T, Ay s 0
HIEE, A Treg 4 MLIA YT 1Yk REFL AL ATHAR IR 185 22 4%
AP, AT LR T AR E L — i, it
T AL T Beii £ TCR-Treg MICAR-Treg - J< R T40 M I A7
HIBEHLTCR, [RIEHM I Treg 4 i i % 531k, REfS [l TregZHl
JHLR e P b TR S TP B R K A A S I R D s 5
—J7 T, FE TregdH MLyA 7 1) [R1 A, 38 28 55 BP0 1) S AE
BT, DA KR ) 40 ] Treg 40 BLIA T 19 “RIVE A, JF & LA

Treg LG YT A ZEl AR B RTT SR I, BRIS i — P4 &
PRIRIRTTROR o AT, BEE FERUT 73 G R 1k T
VERYHESE, Treg MII5G 7 16 5 98 AP R S 2 i 52, 1697
AIDs. GVHD AHE PRI J5 10— 23 YIE 1) i PRI

AL
* * %

FEETRRFEE] IR ST, SR OLE U WAL, IR S 1A o
B S S R, R O A DT SOt BT IR LA, B R AR
TR AT AT LA, TRZS TSR L 22 2RI, AR ST
WEFEI AR PEOERER . MBS S AT . PR 1A 5 G
Ef. PrAEE BRI R SRS AT, FXPR 2 A R A A T
IR R, IR AR A 7 5157

Author Contribution ZHANG Wei is responsible for investigation, resources,
visualization, writing--original draft, and writing--review and editing. LI
Zhenhong is responsible for investigation, resources and visualization.
LIANG Hantian and CHENG Hao are responsible for investigation and
visualization. ZHANG Dunfang is responsible for conceptualization,
funding acquisition, investigation, project administration, resources,
supervision, visualization, writing--original draft, and writing--review and
editing. All authors consented to the submission of the article to the Journal.
All authors approved the final version to be published and agreed to take
responsibility for all aspects of the work.

FIZEIHZE  ASNEE RBGHEATIRESEFRME . SR
T R I AT R AR A I PIECR BEA T, BORZEHANZTALE . FRiit
ZHN, A VEE S AT AR R R

Declaration of Conflicting Interests ZHANG Dunfang is a member of
the Junior Editorial Board of the journal. All processes involved in the
editing and reviewing of this article were carried out in strict compliance
with the journal's policies and there was no inappropriate personal
involvement by the author. Other than this, all authors declare no

competing interests.

2 % X #

[1] SONG X, LIANG H, NAN F, et al. Autoimmune diseases: molecular
pathogenesis and therapeutic targets. MedComm, 2025, 6(7): €70262. doi:
10.1002/mc02.70262.

[2] SAKAGUCHI S, MIKAMI N, WING ] B, et al. Regulatory T cells and
human disease. Annu Rev Immunol, 2020, 38: 541-566. doi: 10.1146/
annurev-immunol-042718-041717.

[3] SAKAGUCHI S, SAKAGUCHI N, ASANO M, et al. Immunologic self-
tolerance maintained by activated T cells expressing IL-2 receptor alpha-
chains (CD25). Breakdown of a single mechanism of self-tolerance causes
various autoimmune diseases. ] Immunol, 1995, 155(3): 1151-1164. doi:
10.4049/jimmunol.155.3.1151.

[4] SAKAGUCHIS. Regulatory T cells: key controllers of immunologic self-
tolerance. Cell, 2000, 101(5): 455-458. doi: 10.1016/s0092-8674(00)80856-9.

[5] BRUNKOW ME, 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. doi: 10.1038/83784.

[6] HORIS, NOMURA T, SAKAGUCHI S. Control of regulatory T cell
development by the transcription factor Foxp3. Science, 2003, 299(5609):
1057-1061. doi: 10.1126/science.1079490.

[7] FONTENOT ] D, GAVIN M A, RUDENSKY A Y. Foxp3 programs the
development and function of CD4'CD25" regulatory T cells. Nat


https://doi.org/10.1002/mco2.70262
https://doi.org/10.1002/mco2.70262
https://doi.org/10.1146/annurev-immunol-042718-041717
https://doi.org/10.1146/annurev-immunol-042718-041717
https://doi.org/10.1146/annurev-immunol-042718-041717
https://doi.org/10.1146/annurev-immunol-042718-041717
https://doi.org/10.1146/annurev-immunol-042718-041717
https://doi.org/10.1146/annurev-immunol-042718-041717
https://doi.org/10.1146/annurev-immunol-042718-041717
https://doi.org/10.1146/annurev-immunol-042718-041717
https://doi.org/10.1146/annurev-immunol-042718-041717
https://doi.org/10.4049/jimmunol.155.3.1151
https://doi.org/10.4049/jimmunol.155.3.1151
https://doi.org/10.1016/s0092-8674(00)80856-9
https://doi.org/10.1016/s0092-8674(00)80856-9
https://doi.org/10.1016/s0092-8674(00)80856-9
https://doi.org/10.1016/s0092-8674(00)80856-9
https://doi.org/10.1016/s0092-8674(00)80856-9
https://doi.org/10.1016/s0092-8674(00)80856-9
https://doi.org/10.1038/83784
https://doi.org/10.1038/83784
https://doi.org/10.1126/science.1079490
https://doi.org/10.1126/science.1079490
https://doi.org/10.1038/ni904

Y 5K

PR B 1A T PR TG M AN A G 32 BT SUi R S AR R TT )

1465

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Immunol, 2003, 4(4): 330-336. doi: 10.1038/ni904.

KHATTRI R, COX T, YASAYKO S A, et al. An essential role for Scurfin
inCD4'CD25" T regulatory cells. Nat Immunol, 2003, 4(4): 337-342. doi:
10.1038/ni909.

CHEN W, JIN W, HARDEGEN N, et al. Conversion of peripheral
CD4'CD25 ™ naive T cells to CD4 CD25" regulatory T cells by TGF-beta
induction of transcription factor Foxp3. ] Exp Med, 2003, 198(12): 1875-
1886. doi: 10.1084/jem.20030152.

SHEVACH E M, THORNTON A M. tTregs, pTregs, and iTregs:
similarities and differences. Immunol Rev, 2014, 259(1): 88-102. doi: 10.
1111/imr.12160.

CHEN W, KONKEL J E. Development of thymic Foxp3(+) regulatory T
cells: TGF-beta matters. Eur ] Immunol, 2015, 45(4): 958-965. doi: 10.
1002/€ji.201444999.

SAVAGE P A, KLAWON D E J, MILLER C H. Regulatory T cell
development. Annu Rev Immunol, 2020, 38: 421-453. doi: 10.1146/
annurev-immunol-100219-020937.

CHEN K'Y, KIBAYASHI T, GIGUELAY A, ef al. Genome-wide CRISPR
screen in human T cells reveals regulators of FOXP3. Nature, 2025,
642(8066): 191-200. doi: 10.1038/541586-025-08795-5.

NAIR V S, SONG M H, KO M, et al. DNA demethylation of the Foxp3
enhancer is maintained through modulation of ten-eleven-translocation
and DNA methyltransferases. Mol Cells, 2016, 39(12): 888-897. doi: 10.
14348/molcells.2016.0276.

GOSWAMI T K, SINGH M, DHAWAN M, et al. Regulatory T cells
(Tregs) and their therapeutic potential against autoimmune disorders -
Advances and challenges. Hum Vaccin Immunother, 2022, 18(1):
2035117. doi: 10.1080/21645515.2022.2035117.

PANDIYAN P, ZHENG L, ISHIHARA S, et al. CD4"CD25 Foxp3"
regulatory T cells induce cytokine deprivation-mediated apoptosis of
effector CD4" T cells. Nat Immunol, 2007, 8(12): 1353-1362. doi: 10.1038/
nil536.

MENG X, YANG J, DONG M, et al. Regulatory T cells in cardiovascular
diseases. Nat Rev Cardiol, 2016, 13(3): 167-179. doi: 10.1038/nrcardio.
2015.169.

WORTHINGTON J J, KELLY A, SMEDLEY C, et al. Integrin
alphavbeta8-mediated TGF-beta activation by effector regulatory T cells is
essential for suppression of T-cell-mediated inflammation. Immunity,
2015, 42(5): 903-915. doi: 10.1016/j.immuni.2015.04.012.

DEAGLIO S, DWYER K M, GAO W, et al. Adenosine generation
catalyzed by CD39 and CD73 expressed on regulatory T cells mediates
immune suppression. ] Exp Med, 2007, 204(6): 1257-1265. doi: 10.1084/
jem.20062512.

CAO X, CAI SF, FEHNIGER T A, et al. Granzyme B and perforin are
important for regulatory T cell-mediated suppression of tumor clearance.
Immunity, 2007, 27(4): 635-646. doi: 10.1016/j.immuni.2007.08.014.
ZHANG D, TU E, KASAGI S, et al. Manipulating regulatory T cells: a
promising strategy to treat autoimmunity. Immunotherapy, 2015, 7(11):
1201-1211. doi: 10.2217/imt.15.79.

RAFFIN C, VO L T, BLUESTONE J A. T(reg) cell-based therapies:
challenges and perspectives. Nat Rev Immunol, 2020, 20(3): 158-172. doi:
10.1038/s41577-019-0232-6.

SAMY E T, PARKER L A, SHARP C P, ef al. Continuous control of
autoimmune disease by antigen-dependent polyclonal CD4"CD25"
regulatory T cells in the regional lymph node. ] Exp Med, 2005, 202(6):
771-781. doi: 10.1084/jem.20041033.

DIPAOLO R J, GLASS D D, BTWAARD K E, et al. CD4'CD25" T cells
prevent the development of organ-specific autoimmune disease by
inhibiting the differentiation of autoreactive effector T cells. ] Immunol,
2005, 175(11): 7135-7142. doi: 10.4049/jimmunol.175.11.7135.
MORGAN M E, FLIERMAN R, VAN DUIVENVOORDE L M, et al.
Effective treatment of collagen-induced arthritis by adoptive transfer of
cD25" regulatory T cells. Arthritis Rheum, 2005, 52(7): 2212-2221. doi:
10.1002/art.21195.

MOTTET C, UHLIG H H, POWRIE F. Cutting edge: cure of colitis by

[27]

(28]

[29]

(30]

(31]

(32]

[33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

[41]

[42]

[43]

[44]

CD4'CD25" regulatory T cells. ] Immunol, 2003, 170(8): 3939-3943. doi:
10.4049/jimmunol.170.8.3939.

KONKEL J E, ZHANG D, ZANVIT P, et al. Transforming growth factor-
beta signaling in regulatory T cells controls T Helper-17 cells and tissue-
specific immune responses. Immunity, 2017, 46(4): 660-674. doi: 10.1016/
j.immuni.2017.03.015.

LANGE C, DURR M, DOSTER H, et al. Dendritic cell-regulatory T-cell
interactions control self-directed immunity. Immunol Cell Biol, 2007,
85(8): 575-581. doi: 10.1038/sj.icb.7100088.

TU E, BOURGES D, GLEESON P A, et al. Pathogenic T cells persist after
reversal of autoimmune disease by immunosuppression with regulatory T
cells. Eur ] Immunol, 2013, 43(5): 1286-1296. doi: 10.1002/eji.201242771.
STEPHENS L A, MALPASS K H, ANDERTON S M. Curing CNS
autoimmune disease with myelin-reactive Foxp3" Treg. Eur ] Immunol,
2009, 39(4): 1108-1117. doi: 10.1002/€ji.200839073.

WRIGHT G P, NOTLEY C A, XUE S A, et al. Adoptive therapy with
redirected primary regulatory T cells results in antigen-specific
suppression of arthritis. Proc Natl Acad Sci U S A, 2009, 106(45): 19078-
19083. doi: 10.1073/pnas.0907396106.

TSANG J Y, TANRIVER Y, JTIANG S, et al. Conferring indirect
allospecificity on CD4'CD25" Tregs by TCR gene transfer favors
transplantation tolerance in mice. J Clin Invest, 2008, 118(11): 3619-3628.
doi: 10.1172/JCI33185.

KASAGI S, ZHANG P, CHE L, et al. In vivo-generated antigen-specific
regulatory T cells treat autoimmunity without compromising antibacterial
immune response. Sci Transl Med, 2014, 6(241): 241ra78. doi: 10.1126/
scitranslmed.3008895.

KRETSCHMER K, APOSTOLOU I, HAWIGER D, et al. Inducing and
expanding regulatory T cell populations by foreign antigen. Nat Immunol,
2005, 6(12): 1219-1227. doi: 10.1038/ni1265.

KOSMACZEWSKA A. Low-dose interleukin-2 therapy: a driver of an
imbalance between immune tolerance and autoimmunity. Int ] Mol Sci,
2014, 15(10): 18574-18592. doi: 10.3390/ijms151018574.

KORETH J, MATSUOKA K, KIM H T, et al. Interleukin-2 and regulatory
T cells in graft-versus-host disease. N Engl ] Med, 2011, 365(22): 2055-
2066. doi: 10.1056/NEJMoal1108188.

HARTEMANN A, BENSIMON G, PAYAN C A, et al. Low-dose
interleukin 2 in patients with type 1 diabetes: a phase 1/2 randomised,
double-blind, placebo-controlled trial. Lancet Diabetes Endocrinol, 2013,
1(4): 295-305. doi: 10.1016/52213-8587(13)70113-X.

ZHANG X, MIAO M, ZHANG R, et al. Efficacy and safety of low-dose
interleukin-2 in combination with methotrexate in patients with active
rheumatoid arthritis: a randomized, double-blind, placebo-controlled
phase 2 trial. Signal Transduct Target Ther, 2022, 7(1): 67. doi: 10.1038/
541392-022-00887-2.

WEBSTER K E, WALTERS S, KOHLER REE, et al. In vivo expansion of T
reg cells with IL-2-mAb complexes: induction of resistance to EAE and
long-term acceptance of islet allografts without immunosuppression. J
Exp Med, 2009, 206(4): 751-760. doi: 10.1084/jem.20082824.
MATSUOKA K, KORETH J, KIM H T, et al. Low-dose interleukin-2
therapy restores regulatory T cell homeostasis in patients with chronic
graft-versus-host disease. Sci Transl Med, 2013, 5(179): 179ra43. doi: 10.
1126/scitranslmed.3005265.

LI Z G, HE J, MIAO M. Low-dose interleukin-2 therapy in autoimmune
and inflammatory diseases: facts and hopes. Sci Bull (Beijing), 2023, 68(1):
10-13. doi: 10.1016/j.scib.2022.12.024.

HERNANDEZ R, PODER J, LAPORTE K M, et al. Engineering IL-2 for
immunotherapy of autoimmunity and cancer. Nat Rev Immunol, 2022,
22(10): 614-628. doi: 10.1038/s41577-022-00680-w.

LIU Z Z, SUN G Q, HU X H, et al. The transdifferentiation of regulatory
T and Th17 cells in autoimmune/inflammatory diseases and its potential
implications in pregnancy complications. Am ] Reprod Immunol, 2017,
78(2): €12657. doi: 10.1111/aji.12657.

HU W, DOLSTEN G A, WANG E Y, et al. Temporal and context-
dependent requirements for the transcription factor Foxp3 expression in


https://doi.org/10.1038/ni904
https://doi.org/10.1038/ni904
https://doi.org/10.1038/ni909
https://doi.org/10.1038/ni909
https://doi.org/10.1084/jem.20030152
https://doi.org/10.1084/jem.20030152
https://doi.org/10.1111/imr.12160
https://doi.org/10.1111/imr.12160
https://doi.org/10.1111/imr.12160
https://doi.org/10.1002/eji.201444999
https://doi.org/10.1002/eji.201444999
https://doi.org/10.1002/eji.201444999
https://doi.org/10.1146/annurev-immunol-100219-020937
https://doi.org/10.1146/annurev-immunol-100219-020937
https://doi.org/10.1146/annurev-immunol-100219-020937
https://doi.org/10.1146/annurev-immunol-100219-020937
https://doi.org/10.1146/annurev-immunol-100219-020937
https://doi.org/10.1146/annurev-immunol-100219-020937
https://doi.org/10.1146/annurev-immunol-100219-020937
https://doi.org/10.1146/annurev-immunol-100219-020937
https://doi.org/10.1146/annurev-immunol-100219-020937
https://doi.org/10.1038/s41586-025-08795-5
https://doi.org/10.1038/s41586-025-08795-5
https://doi.org/10.1038/s41586-025-08795-5
https://doi.org/10.1038/s41586-025-08795-5
https://doi.org/10.1038/s41586-025-08795-5
https://doi.org/10.1038/s41586-025-08795-5
https://doi.org/10.1038/s41586-025-08795-5
https://doi.org/10.1038/s41586-025-08795-5
https://doi.org/10.14348/molcells.2016.0276
https://doi.org/10.14348/molcells.2016.0276
https://doi.org/10.14348/molcells.2016.0276
https://doi.org/10.1080/21645515.2022.2035117
https://doi.org/10.1080/21645515.2022.2035117
https://doi.org/10.1038/ni1536
https://doi.org/10.1038/ni1536
https://doi.org/10.1038/ni1536
https://doi.org/10.1038/nrcardio.2015.169
https://doi.org/10.1038/nrcardio.2015.169
https://doi.org/10.1038/nrcardio.2015.169
https://doi.org/10.1016/j.immuni.2015.04.012
https://doi.org/10.1016/j.immuni.2015.04.012
https://doi.org/10.1084/jem.20062512
https://doi.org/10.1084/jem.20062512
https://doi.org/10.1084/jem.20062512
https://doi.org/10.1016/j.immuni.2007.08.014
https://doi.org/10.1016/j.immuni.2007.08.014
https://doi.org/10.2217/imt.15.79
https://doi.org/10.2217/imt.15.79
https://doi.org/10.1038/s41577-019-0232-6
https://doi.org/10.1038/s41577-019-0232-6
https://doi.org/10.1038/s41577-019-0232-6
https://doi.org/10.1038/s41577-019-0232-6
https://doi.org/10.1038/s41577-019-0232-6
https://doi.org/10.1038/s41577-019-0232-6
https://doi.org/10.1038/s41577-019-0232-6
https://doi.org/10.1038/s41577-019-0232-6
https://doi.org/10.1084/jem.20041033
https://doi.org/10.1084/jem.20041033
https://doi.org/10.4049/jimmunol.175.11.7135
https://doi.org/10.4049/jimmunol.175.11.7135
https://doi.org/10.1002/art.21195
https://doi.org/10.1002/art.21195
https://doi.org/10.4049/jimmunol.170.8.3939
https://doi.org/10.4049/jimmunol.170.8.3939
https://doi.org/10.1016/j.immuni.2017.03.015
https://doi.org/10.1016/j.immuni.2017.03.015
https://doi.org/10.1016/j.immuni.2017.03.015
https://doi.org/10.1038/sj.icb.7100088
https://doi.org/10.1038/sj.icb.7100088
https://doi.org/10.1002/eji.201242771
https://doi.org/10.1002/eji.201242771
https://doi.org/10.1002/eji.200839073
https://doi.org/10.1002/eji.200839073
https://doi.org/10.1073/pnas.0907396106
https://doi.org/10.1073/pnas.0907396106
https://doi.org/10.1172/JCI33185
https://doi.org/10.1172/JCI33185
https://doi.org/10.1126/scitranslmed.3008895
https://doi.org/10.1126/scitranslmed.3008895
https://doi.org/10.1126/scitranslmed.3008895
https://doi.org/10.1038/ni1265
https://doi.org/10.1038/ni1265
https://doi.org/10.3390/ijms151018574
https://doi.org/10.3390/ijms151018574
https://doi.org/10.1056/NEJMoa1108188
https://doi.org/10.1056/NEJMoa1108188
https://doi.org/10.1016/S2213-8587(13)70113-X
https://doi.org/10.1016/S2213-8587(13)70113-X
https://doi.org/10.1016/S2213-8587(13)70113-X
https://doi.org/10.1016/S2213-8587(13)70113-X
https://doi.org/10.1016/S2213-8587(13)70113-X
https://doi.org/10.1016/S2213-8587(13)70113-X
https://doi.org/10.1038/s41392-022-00887-2
https://doi.org/10.1038/s41392-022-00887-2
https://doi.org/10.1038/s41392-022-00887-2
https://doi.org/10.1038/s41392-022-00887-2
https://doi.org/10.1038/s41392-022-00887-2
https://doi.org/10.1038/s41392-022-00887-2
https://doi.org/10.1038/s41392-022-00887-2
https://doi.org/10.1038/s41392-022-00887-2
https://doi.org/10.1038/s41392-022-00887-2
https://doi.org/10.1084/jem.20082824
https://doi.org/10.1084/jem.20082824
https://doi.org/10.1084/jem.20082824
https://doi.org/10.1126/scitranslmed.3005265
https://doi.org/10.1126/scitranslmed.3005265
https://doi.org/10.1126/scitranslmed.3005265
https://doi.org/10.1016/j.scib.2022.12.024
https://doi.org/10.1016/j.scib.2022.12.024
https://doi.org/10.1038/s41577-022-00680-w
https://doi.org/10.1038/s41577-022-00680-w
https://doi.org/10.1038/s41577-022-00680-w
https://doi.org/10.1038/s41577-022-00680-w
https://doi.org/10.1038/s41577-022-00680-w
https://doi.org/10.1038/s41577-022-00680-w
https://doi.org/10.1038/s41577-022-00680-w
https://doi.org/10.1038/s41577-022-00680-w
https://doi.org/10.1111/aji.12657

1466

PR A=A (B 2D

% 5645

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

regulatory T cells. Nat Immunol, 2025, 26(11): 2059-2073. doi: 10.1038/
541590-025-02295-4.

TOKER A, ENGELBERT D, GARG G, et al. Active demethylation of the
Foxp3 locus leads to the generation of stable regulatory T cells within the
thymus. ] Immunol, 2013, 190(7): 3180-3188. doi: 10.4049/jimmunol.
1203473.

BEUMER N, DELACHER M. Induced regulatory T cells for therapy:
targeting RBPJ to enhance stability and function. Signal Transduct Target
Ther, 2025, 10(1): 193. doi: 10.1038/s41392-025-02284-x.

WANG H, HU D, CHENG Y, et al. Succinate drives gut inflammation by
promoting FOXP3 degradation through a molecular switch. Nat
Immunol, 2025, 26(6): 866-880. doi: 10.1038/s41590-025-02166-y.
HONAKER Y, HUBBARD N, XIANG Y, ef al. Gene editing to induce
FOXP3 expression in human CD4(+) T cells leads to a stable regulatory
phenotype and function. Sci Transl Med, 2020, 12(546): eaay6422. doi: 10.
1126/scitranslmed.aay6422.

SUN G, HOU Y, GONG W, et al. Adoptive induced antigen-specific Treg
cells reverse inflammation in collagen-induced arthritis mouse model.
Inflammation, 2018, 41(2): 485-495. doi: 10.1007/s10753-017-0704-4.
BRUSKO T M, KOYA R C, ZHU S, et al. Human antigen-specific
regulatory T cells generated by T cell receptor gene transfer. PLoS One,
2010, 5(7): €11726. doi: 10.1371/journal.pone.0011726.

YEH W I, SEAY H R, NEWBY B, et al. Avidity and bystander suppressive
capacity of human regulatory T cells expressing de novo autoreactive T-
cell receptors in type 1 diabetes. Front Immunol, 2017, 8: 1313. doi: 10.
3389/fimmu.2017.01313.

HULL C M, NICKOLAY L E, ESTORNINHO M, et al. Generation of
human islet-specific regulatory T cells by TCR gene transfer. J
Autoimmun, 2017, 79: 63-73. doi: 10.1016/j.jaut.2017.01.001.

ELINAV E, WAKS T, ESHHAR Z. Redirection of regulatory T cells with
predetermined specificity for the treatment of experimental colitis in
mice. Gastroenterology, 2008, 134(7): 2014-2024. doi: 10.1053/j.gastro.
2008.02.060.

MACDONALD K G, HOEPPLI R E, HUANG Q, et al. Alloantigen-
specific regulatory T cells generated with a chimeric antigen receptor. J
Clin Invest, 2016, 126(4): 1413-1424. doi: 10.1172/JCI82771.

[55] BOARDMAN D A, PHILIPPEOS C, FRUHWIRTH G O, et al. Expression
of a chimeric antigen receptor specific for donor HLA class | enhances
the potency of human regulatory T cells in preventing human skin
transplant rejection. Am J Transplant, 2017, 17(4): 931-943. doi: 10.1111/
ajt.14185.

KASAGI S, WANG D, ZHANG P, et al. Combination of apoptotic T cell
induction and self-peptide administration for therapy of experimental

(56]

autoimmune encephalomyelitis. EBioMedicine, 2019, 44: 50-59. doi: 10.
1016/j.ebiom.2019.05.005.

CHEN Z, ZHANG T, KAM H T, et al. Induction of antigen-specific Treg
cells in treating autoimmune uveitis via bystander suppressive pathways

(57]

without compromising anti-tumor immunity. EBioMedicine, 2021, 70:
103496. doi: 10.1016/j.ebiom.2021.103496.

XU J, LIU O, WANG D, et al. In vivo generation of SSA/Ro antigen-
specific regulatory T cells improves experimental Sjogren's syndrome in
mice. Arthritis Rheumatol, 2022, 74(10): 1699-1705. doi: 10.1002/art.42244.
CHENG H, NAN F, JI N, et al. Regulatory T cell therapy promotes TGF-
beta and IL-6-dependent pro-inflammatory Th17 cell generation by
reducing IL-2. Nat Commun, 2025, 16(1): 7644. doi: 10.1038/s41467-025-
62628-7.

LUO Y, XIA Y, LIU D, et al. Neoadjuvant PARPi or chemotherapy in
ovarian cancer informs targeting effector Treg cells for homologous-
recombination-deficient tumors. Cell, 2024, 187(18): 49054905. doi: 10.
1016/j.cell.2024.06.013.

(58]

[59]

[60]

(2025 - 10 — 18Mitfi, 2025 - 11 - 05f& M)

ETLiaE S

FEBORA A SO R RS S B — AR R P ]

AT 4O P4 T B (CC BY-NC 4.0), PEAI{E B i1
https://creativecommons.org/licenses/by-nc/4.0/»

OPEN ACCESS This article is licensed for use under Creative Commons

Attribution-NonCommercial 4.0 International license (CC BY-NC 4.0). For more

information, visit https://creativecommons.org/licenses/by-nc/4.0/.

© 2025 (PO 2F 2 (R 2 1) V4

Editorial Office of Journal of Sichuan University (Medical Sciences)


https://doi.org/10.1038/s41590-025-02295-4
https://doi.org/10.1038/s41590-025-02295-4
https://doi.org/10.1038/s41590-025-02295-4
https://doi.org/10.1038/s41590-025-02295-4
https://doi.org/10.1038/s41590-025-02295-4
https://doi.org/10.1038/s41590-025-02295-4
https://doi.org/10.1038/s41590-025-02295-4
https://doi.org/10.1038/s41590-025-02295-4
https://doi.org/10.1038/s41590-025-02295-4
https://doi.org/10.4049/jimmunol.1203473
https://doi.org/10.4049/jimmunol.1203473
https://doi.org/10.4049/jimmunol.1203473
https://doi.org/10.1038/s41392-025-02284-x
https://doi.org/10.1038/s41392-025-02284-x
https://doi.org/10.1038/s41392-025-02284-x
https://doi.org/10.1038/s41392-025-02284-x
https://doi.org/10.1038/s41392-025-02284-x
https://doi.org/10.1038/s41392-025-02284-x
https://doi.org/10.1038/s41392-025-02284-x
https://doi.org/10.1038/s41392-025-02284-x
https://doi.org/10.1038/s41392-025-02284-x
https://doi.org/10.1038/s41590-025-02166-y
https://doi.org/10.1038/s41590-025-02166-y
https://doi.org/10.1038/s41590-025-02166-y
https://doi.org/10.1038/s41590-025-02166-y
https://doi.org/10.1038/s41590-025-02166-y
https://doi.org/10.1038/s41590-025-02166-y
https://doi.org/10.1038/s41590-025-02166-y
https://doi.org/10.1038/s41590-025-02166-y
https://doi.org/10.1038/s41590-025-02166-y
https://doi.org/10.1126/scitranslmed.aay6422
https://doi.org/10.1126/scitranslmed.aay6422
https://doi.org/10.1007/s10753-017-0704-4
https://doi.org/10.1007/s10753-017-0704-4
https://doi.org/10.1007/s10753-017-0704-4
https://doi.org/10.1007/s10753-017-0704-4
https://doi.org/10.1007/s10753-017-0704-4
https://doi.org/10.1007/s10753-017-0704-4
https://doi.org/10.1007/s10753-017-0704-4
https://doi.org/10.1007/s10753-017-0704-4
https://doi.org/10.1371/journal.pone.0011726
https://doi.org/10.1371/journal.pone.0011726
https://doi.org/10.3389/fimmu.2017.01313
https://doi.org/10.3389/fimmu.2017.01313
https://doi.org/10.3389/fimmu.2017.01313
https://doi.org/10.1016/j.jaut.2017.01.001
https://doi.org/10.1016/j.jaut.2017.01.001
https://doi.org/10.1016/j.jaut.2017.01.001
https://doi.org/10.1053/j.gastro.2008.02.060
https://doi.org/10.1053/j.gastro.2008.02.060
https://doi.org/10.1053/j.gastro.2008.02.060
https://doi.org/10.1172/JCI82771
https://doi.org/10.1172/JCI82771
https://doi.org/10.1172/JCI82771
https://doi.org/10.1111/ajt.14185
https://doi.org/10.1111/ajt.14185
https://doi.org/10.1111/ajt.14185
https://doi.org/10.1016/j.ebiom.2019.05.005
https://doi.org/10.1016/j.ebiom.2019.05.005
https://doi.org/10.1016/j.ebiom.2019.05.005
https://doi.org/10.1016/j.ebiom.2021.103496
https://doi.org/10.1016/j.ebiom.2021.103496
https://doi.org/10.1002/art.42244
https://doi.org/10.1002/art.42244
https://doi.org/10.1038/s41467-025-62628-7
https://doi.org/10.1038/s41467-025-62628-7
https://doi.org/10.1038/s41467-025-62628-7
https://doi.org/10.1038/s41467-025-62628-7
https://doi.org/10.1038/s41467-025-62628-7
https://doi.org/10.1038/s41467-025-62628-7
https://doi.org/10.1038/s41467-025-62628-7
https://doi.org/10.1038/s41467-025-62628-7
https://doi.org/10.1016/j.cell.2024.06.013
https://doi.org/10.1016/j.cell.2024.06.013
https://doi.org/10.1016/j.cell.2024.06.013
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/

	1 Treg细胞的发现和功能
	1.1 Treg细胞的发现
	1.2 Treg细胞的分类和功能

	2 Treg细胞治疗的基础和转化研究
	2.1 多克隆Treg细胞治疗（Polyclonal Treg cell therapy）
	2.2 自身抗原特异性Treg细胞治疗（Autoantigen-specific Treg cell therapy）
	2.3 低剂量IL-2治疗（Low-dose IL-2 therapy）
	2.4 Treg细胞治疗的临床试验

	3 Treg细胞治疗临床转化的技术瓶颈和未来研究重点
	3.1 Treg细胞的稳定性维持
	3.2 抗原特异性Treg细胞的制备
	3.3 疾病炎症微环境的重塑
	3.4 Treg细胞治疗“副作用”的克服

	4 结语
	参考文献

