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The history and promise of Treg cells
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The seminal discoveries that established the role of regulatory T cells in immunological tolerance were recog

nized by this year’s Nobel Prize in Physiology or Medicine. We present here the unfolding of the Treg story, 

the players involved at various stages, and the explosive growth of knowledge about this fascinating cell 

population.

The 2025 Nobel Prize in Physiology or 

Medicine was awarded to Mary E. Brun

kow, Fred Ramsdell, and Shimon Saka

guchi ‘‘for their discoveries concerning 

peripheral immune tolerance’’—more 

specifically, for their groundbreaking 

work on FoxP3+CD4+ regulatory T cells, 

now more commonly known as ‘‘Treg 

cells.’’ Nobel Prizes are seldom awarded 

for cell types, and immunologists are 

delighted at this well-deserved and 

long-overdue recognition of one of 

the immune system’s cardinal cellular 

players. By now, we know that Treg cells 

control most types of immune reactions, 

including allergic, autoimmune, inflam

matory, anti-microbe, and anti-tumor re

sponses, and that Treg cells can directly 

impact most cell types of the innate and 

adaptive arms of the immune system. 

The critical importance of FoxP3+ Treg 

cells among the dizzying array of immu

nocyte subsets is illustrated by the life- 

threatening lymphoproliferative diseases 

of immune dysregulation, polyendocrin

opathy, enteropathy, X-linked (IPEX) pa

tients and scurfy mice, which lack this 

cell type. The therapeutic potential of 

Treg cells is also being tested with new 

targeting and engineering approaches 

for the treatment of cancer, autoimmu

nity, and inflammatory conditions. As 

is perhaps increasingly the case, the 

requirement that the Nobel Prize be 

awarded to a maximum of three nomi

nees can mean, unfortunately, that major 

contributors to the genesis and evolution 

of the chosen research area have not 

been celebrated. The goal of this piece 

is to salute the accomplishments of the 

three Nobel laureates and to highlight 

other seminal contributions to the 

Treg field.

Epoch 1: Suppressor phenomena

The need for, and existence of, T cells that 

operate in trans to regulate the activities of 

other immunocytes has been recognized 

for decades. In the 1970s, this field was 

driven by Gershon and colleagues at 

Yale,1 but the knowledge base and tech

nological options at the time were inade

quate to permit investigators to generate 

data robust enough to convince the 

immunology community of the impor

tance—even the actual existence—of 

such cells. During the 1980s and ’90s, 

work on a number of animal models es

tablished that tolerance to self-antigens 

involves thymus-derived CD4+ T cells: 

for example, in studies on oophoritis in 

neonatally thymectomized mice by Saka

guchi in Nishizuka’s lab2; for mice or birds 

hosting a heterotypic thymic epithelium 

graft, in a collaboration between the Le 

Douarin and Coutinho groups3,4; and for 

congenitally athymic rats supplemented 

with various T cell subsets by Powrie in 

Mason’s lab.5 An important practical 

advance during this period was the recog

nition of CD25, the high-affinity-conferring 

subunit of the interleukin (IL)-2 receptor, 

as a marker permitting enrichment of 

T cells with suppressive functions: by 

Hall in Drosch’s lab, studying a cyclo

sporin-A-treated heart allograft model,6

and by Sakaguchi’s team, complement

ing athymic nude mice with effector plus 

suppressor T cell populations.7 Also very 

useful was the development of a conve

nient in vitro T cell suppression assay by 

Shevach’s group.8 Despite these ad

vances, the field remained somewhat 

hazy at the end of the 1990s, dependent 

on partially purified, inadequately charac

terized materials and rather complex 

experimental systems.

The breakthrough: FoxP3 

determines Treg cells

This all changed in the early 2000s, with 

the breakthrough discovery of FoxP3. 

Working at Celltech, Brunkow, a molecu

lar geneticist; Ramsdell, an immunologist; 

and colleagues identified the gene under

lying the murine scurfy mutation as Foxp3, 

which encodes a zinc-finger transcription 

factor (TF) of the forkhead family.9 Scurfy 

mice exhibit severe lymphoproliferation, 

multi-organ leukocyte infiltration, and 

overproduction of cytokines. Exploiting 

this information, the same team,10 as 

well as Ochs and colleagues,11 deter

mined that IPEX, a human syndrome 

with striking similarities to the scurfy 

phenotype, is also rooted in a mutation 

in FOXP3. Simultaneously, Chatila et al. 

independently documented FOXP3 muta

tions in IPEX patients12—a discovery 

often overlooked because this group 

called the TF-encoding gene JM2 rather 

than FOXP3 and termed the human dis

ease resulting from its mutation XLAAD 

rather than IPEX. But none of these re

ports recognized the link between FoxP3 

and Treg cells. Rather, the early follow- 

up studies focused on FoxP3 as a tran

scriptional repressor that can control 

effector T cell activation and differentia

tion.13–15
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The breakthrough that galvanized the 

field did not come until two years later, 

in 2003, when the Ramsdell, Rudensky, 

and Sakaguchi groups published studies 

within months of each other showing 

that the devastating immunological 

aberrations of scurfy mice develop 

because their defective Foxp3 gene 

leads to loss of the CD25+CD4+ regulatory 

T cell compartment. The Sakaguchi team 

showed that Foxp3 transcripts are 

expressed specifically in CD25+CD4+ 

T cells and that retroviral transduction of 

Foxp3 endows FoxP3− CD4+ conven

tional T cells with a regulatory pheno

type.16 Ramsdell and colleagues added 

that while FoxP3-deficient scurfy mice 

lack CD25+CD4+ regulatory T cells, 

FoxP3-overexpressing transgenic mice 

are better able to control the autoinflam

matory disease characteristic of CTLA4 

deficiency.17 In arguably the most com

plete study, Rudensky and colleagues 

additionally engineered a FoxP3-deficient 

mouse strain, reporting that these mice 

lack CD25+CD4+ regulatory T cells; then 

produced FoxP3+/FoxP3− mixed bone- 

marrow chimeras, establishing that 

FoxP3 expression intrinsic to hematopoi

etic cells is required for the differentiation 

and accumulation of CD4+CD25+ regula

tory T cells; and then adoptively trans

ferred CD4+CD25+ T cells into scurfy 

mice, thereby correcting their lymphopro

liferative disease.18

The definition of FoxP3 as the molecu

lar identifier of regulatory T cells quickly 

revolutionized the field. It finally anchored 

the ‘‘suppressor cell’’ notion, clarified 

Treg lineage determination, and enabled 

a staggering array of experimental han

dles to purify, quantitate, profile, ablate, 

perturb, trace, edit, or engineer Treg cells.

Epoch 2: After FoxP3

The following two decades saw an explo

sion of activity and considerable prog

ress, from understanding the mechanics 

of Treg cell and FoxP3 function to 

devising potential therapeutics that 

harness these functionalities, also arriving 

at the conclusion that Treg cells exert 

broader functions than peripheral toler

ance. Many groups contributed to this 

work, particularly Rudensky and col

leagues. We highlight some key themes 

within this blossoming of knowledge.

How do Treg cells operate? Their non- 

redundant role in immunological homeo

stasis was established by IPEX and scurfy 

pathology in the seminal 2003 papers, but 

it was unclear how these diseases really 

come about, and how Treg cells relate to 

perturbed self-tolerance. Although it was 

generally considered that the absence of 

Treg cells unleashed self-reactive T 

effector (Teff) cells, this conclusion was 

experimentally demonstrated by the Ru

densky lab only a few years later.19

In vitro studies showed that bystander 

suppression could keep a T cell response 

in check, without obligatory recognition of 

the same antigen by Teff and Treg 

cells.20–22 On the other hand, Treg func

tion in vivo is highly enhanced by recogni

tion of a specific antigen.22–24 Beyond 

Teff cells, it soon became apparent that 

many other immunocyte types could be 

controlled by Treg cells. In the Treg abla

tion model pioneered by the Rudensky 

lab,25 natural killer and dendritic cells 

were the first cells to respond to Treg 

loss, long before T cells did. The T follic

ular regulatory (Tfr) subset controls B cells 

and affinity maturation of immunoglobu

lins in the germinal centers,26,27 and there 

are also counter-intuitively-positive ef

fects of Treg cells in shaping the spectrum 

of CD8+ T cells reactive to viral antigens.28

In keeping with these diverse roles, Treg 

cells leverage transcriptional programs 

that are controlled by the same TFs as 

those employed by the cells they regu

late.29–31 Thus, the impact of Treg cells 

on immunological function is now recog

nized to be far broader than the mainte

nance of self-tolerance.

Treg cells undergo differentiation in 

response to T cell receptor (TCR) 

engagement at fundamentally different 

sites and times. In the thymus, exposure 

to self-antigens drives differentiation (or 

selection)32–34 and results in a self- 

focused pool of thymic (t)Treg cells. In 

peripheral lymphoid organs, the von 

Boehmer and Lafaille groups showed 

that foreign antigens can elicit, under 

particular circumstances, the conversion 

of conventional T (Tconv) cells into 

FoxP3+ peripheral (p)Tregs,35,36 yielding 

a non-self-focused pool of pTreg 

cells. Indeed, pTreg cells play an impor

tant role in tolerance to the environment 

at organismal borders,37 maintaining 

peaceful co-existence with microbes 

and food antigens. The generation and 

population set points of these barrier 

Treg cells involve both cognate recogni

tion of foreign antigens and the influence 

of microbe-generated metabolites.38–48

Treg cells employ a diverse armamen

tarium in their regulatory activities,49,50

including inhibitory cytokines (transform

ing growth factor β [TGF-β], IL-10, and 

IL-35) and small molecules (cAMP and 

adenosine via CD39/73), trogocytosis, 

and stripping of ligands from antigen-pre

senting cells (APCs) (by CTLA-4), but 

perhaps most importantly, their high-af

finity IL-2 receptors deprive neighboring 

cells of this crucial growth factor. In fact, 

since IL-2 is so central to their differentia

tion, trophic control, and localization,51–55

one might argue that the relation to IL-2 is 

as important as FoxP3 is in defining a 

Treg cell.

How does FoxP3 work?

The dependence of Treg cells on FoxP3 

was initially portrayed as the influence 

of a ‘‘master regulator,’’ a pioneer TF 

that opens chromatin regions and sets 

the transcriptional program of a cell 

lineage. But a more nuanced view eventu

ally emerged. Transduction experiments 

showed that FoxP3 can elicit, directly or 

indirectly, only a fraction of the transcrip

tional signature typical of Treg cells.56,57

Samstein et al. showed that, during Treg 

differentiation, FoxP3 exploits a pre-exist

ing chromatin landscape rather than 

molding one ab initio.58 Accordingly, and 

in a surprising counterpoint to the key 

2003 papers, the Chatila and Rudensky 

groups discovered the existence of 

‘‘Treg wannabes,’’ Treg-like cells that 

differentiate in FoxP3-deficient mice and 

humans.59–61 More recently, acute elimi

nation of FoxP3 using DEGRON strate

gies had surprisingly limited effects on 

already established Treg cells.62,63 Inter

estingly, the DEGRON experiments help 

close the loop with the origin story of 

Treg cells: it has always been puzzling 

that neonatal thymectomy induces auto

immunity only when performed during a 

narrow time window. The recent results 

support the observation of a unique pool 

of Treg cells that differentiate shortly after 

birth and cannot be replaced by adult- 

generated Treg cells.64

How FoxP3 functions as a TF is still 

incompletely understood. FoxP3 was 

initially considered a repressor (especially 

of Il2 expression, which it does antago

nize), but it remains in debate just how 

much it operates as a transcriptional 
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activator versus repressor, directly or 

indirectly, alone or in the context of 

other cofactors.65–67 Even answering 

the apparently simple question of how 

FoxP3 binds DNA has proven vexing. 

Structural biology experiments have suc

cessively proposed differing FoxP3 struc

tures, and it remains unclear today which 

of these structures and motifs actually op

erate in the Treg nucleus.68,69

Location, location

A peculiar function of Treg cells involves 

maternal-fetal tolerance. In particular, 

Treg cells suppress responses against 

paternal histocompatibility antigens. 

Pregnancy induces a marked expansion 

of maternal Treg cells, the depletion of 

which leads to rejection of the fetus, while 

adoptive transfer of Treg cells restores 

tolerance.70,71 Reduced Treg frequency 

or function is linked to recurrent miscar

riages.72 The Rudensky lab showed that 

an evolutionarily acquired enhancer of 

FoxP3 expression, CNS1, enables extra

thymic pTreg differentiation at the fetal- 

maternal interface, suggesting that fetal 

tolerance might be a primordial function 

of FoxP3 in placental mammals73— 

although the pro-regenerative FoxP3+ 

T cells found in zebrafish74 may temper 

this interpretation.

In cancer, tumor-infiltrating Tregs have 

a substantive impact on the prognosis 

and response to immunotherapy,75,76

most intuitively by inhibiting productive 

responses and promoting T cell dysfunc

tion. Treg cells are elevated in the 

peripheral blood of cancer patients, and 

increased intra-tumoral Treg cell fre

quency correlates with reduced survival 

for multiple solid tumors,77–79 albeit not al

ways. Acute depletion studies demon

strated that Treg cells represent a major 

barrier to anti-tumor immunity in multiple 

mouse models of cancer.80–82 Treg cell 

expression of CCR4 and CCR8 facilitates 

their intra-tumoral recruitment, a finding 

that has promoted the development of 

therapeutics to limit Treg cell infiltra

tion.83,84 Tumors create a challenging 

environment for all cell types, including 

Treg cells.85 Transcriptional studies 

reveal specific tumor Treg signatures, 

generally similar to those of tissue Treg 

cells but with particular features and fra

gilities,82,84,86,87 and the specific require

ment for FoxP3 noted earlier.63 Treg cells 

also adapt to the tissue microenvironment 

by utilizing unique metabolic pathways.88

Responsiveness to checkpoint blockade 

immunotherapy can be dependent on 

the degree of Treg cell fragility and 

dominance.

Another extension of Treg cell function 

into non-immunological realms is repre

sented by so-called ‘‘tissue Tregs,’’ found 

in organs such as adipose tissue, skin, 

lung, or sterilely injured muscle.89–92

These cells not only have many of the ca

nonical Treg transcriptional features, 

including FoxP3 dependence, but they 

also adapt to their tissular context. The 

non-immunological functions they control 

vary widely—hair growth, insulin sensi

tivity, myocyte repair, and lung fibrosis— 

but often involve some impact on inflam

mation and an interaction with specialized 

stem or progenitor cells in those tis

sues.90,91 Tissue Treg cells facilitate the 

smooth resolution of inflammation after 

tissue injury, proper repair and regenera

tion of the tissue subsequently, and the 

avoidance of fibrosis. These functions 

may be those most evolutionarily 

conserved, as suggested by the activities 

of FoxP3+ T cells in zebrafish.74 Tissue 

Treg cells and their direct control of non- 

immunological tissue homeostasis exem

plify the spread of knowledge on Treg 

cells beyond their classical immune sup

pressive role.

Coda

The different epochs of Treg cells have 

thus spanned from enticing but nebulous 

phenomena to molecularly driven explo

rations over the last two decades, and it 

is the transition between the two that the 

Nobel committee has justly recognized. 

What will the next phase bring? Clarifica

tion of some of the remaining questions, 

and the hope that the many types of 

Treg-related therapeutic applications— 

Treg cell therapy, Treg cell engineering, 

Treg-inducing vaccines, and CAR-Treg 

cells, among others—will have the prom

ised impact on cancer and autoimmune 

disease.
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Fröhlich, A., Adelmann, K., Wohlfert, E.A., 

Pott, J., Griseri, T., Bollrath, J., Hegazy, A.N., 

et al. (2014). The alarmin IL-33 promotes regu

latory T-cell function in the intestine. Nature 

513, 564–568.

41. Oldenhove, G., Bouladoux, N., Wohlfert, E.A., 

Hall, J.A., Chou, D., Dos Santos, L., O’Brien, 

S., Blank, R., Lamb, E., Natarajan, S., et al. 

(2009). Decrease of Foxp3+ Treg cell number 

and acquisition of effector cell phenotype dur

ing lethal infection. Immunity 31, 772–786.

42. Song, X., Sun, X., Oh, S.F., Wu, M., Zhang, Y., 

Zheng, W., Geva-Zatorsky, N., Jupp, R., 

Mathis, D., Benoist, C., and Kasper, D.L. 

(2020). Microbial bile acid metabolites modu

late gut RORγ+ regulatory T cell homeostasis. 

Nature 577, 410–415.

43. Lathrop, S.K., Bloom, S.M., Rao, S.M., Nutsch, 

K., Lio, C.W., Santacruz, N., Peterson, D.A., 

Stappenbeck, T.S., and Hsieh, C.S. (2011). 

Peripheral education of the immune system 

by colonic commensal microbiota. Nature 

478, 250–254.

44. Xu, M., Pokrovskii, M., Ding, Y., Yi, R., Au, C., 

Harrison, O.J., Galan, C., Belkaid, Y., 

Bonneau, R., and Littman, D.R. (2018). c- 

MAF-dependent regulatory T cells mediate 

immunological tolerance to a gut pathobiont. 

Nature 554, 373–377.

45. Sefik, E., Geva-Zatorsky, N., Oh, S., 

Konnikova, L., Zemmour, D., McGuire, A.M., 

Burzyn, D., Ortiz-Lopez, A., Lobera, M., 

Yang, J., et al. (2015). Individual intestinal sym

bionts induce a distinct population of RORγ+ 

regulatory T cells. Science 349, 993–997.

46. Ohnmacht, C., Park, J.H., Cording, S., Wing, 

J.B., Atarashi, K., Obata, Y., Gaboriau- 

Routhiau, V., Marques, R., Dulauroy, S., 

Fedoseeva, M., et al. (2015). The microbiota 

regulates type 2 immunity through RORγ+ 

T cells. Science 349, 989–993.

47. Hang, S., Paik, D., Yao, L., Kim, E., Trinath, J., 

Lu, J., Ha, S., Nelson, B.N., Kelly, S.P., Wu, L., 

et al. (2019). Bile acid metabolites control TH17 

and Treg cell differentiation. Nature 576, 

143–148.

48. Campbell, C., McKenney, P.T., Konstantinovsky, 

D., Isaeva, O.I., Schizas, M., Verter, J., Mai, C., 

Jin, W.B., Guo, C.J., Violante, S., et al. (2020). 

Bacterial metabolism of bile acids promotes 

generation of peripheral regulatory T cells. 

Nature 581, 475–479.

49. Vignali, D.A.A., Collison, L.W., and Workman, 

C.J. (2008). How regulatory T cells work. Nat. 

Rev. Immunol. 8, 523–532.

50. Dikiy, S., and Rudensky, A.Y. (2023). Principles 

of regulatory T cell function. Immunity 56, 

240–255.

Benchmark 

Immunity 58, December 9, 2025 2937 

ll

http://refhub.elsevier.com/S1074-7613(25)00513-8/sref12
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref12
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref12
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref12
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref12
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref12
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref13
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref13
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref13
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref13
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref13
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref14
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref14
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref14
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref14
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref14
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref15
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref15
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref15
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref15
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref15
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref15
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref16
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref16
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref16
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref16
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref17
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref17
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref17
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref17
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref18
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref18
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref18
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref18
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref19
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref19
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref19
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref19
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref19
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref20
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref20
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref20
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref20
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref21
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref21
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref21
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref21
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref21
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref21
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref22
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref22
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref22
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref22
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref22
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref22
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref22
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref23
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref23
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref23
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref23
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref23
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref23
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref24
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref24
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref24
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref24
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref24
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref24
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref24
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref25
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref25
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref25
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref25
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref26
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref26
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref26
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref26
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref26
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref26
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref27
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref27
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref27
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref27
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref27
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref27
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref28
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref28
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref28
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref28
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref29
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref29
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref29
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref29
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref29
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref29
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref30
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref30
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref30
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref30
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref30
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref30
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref31
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref31
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref31
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref31
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref31
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref31
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref32
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref32
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref32
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref32
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref32
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref32
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref33
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref33
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref33
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref33
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref34
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref34
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref34
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref34
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref34
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref34
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref35
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref35
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref35
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref36
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref36
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref36
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref36
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref36
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref37
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref37
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref37
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref37
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref37
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref37
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref38
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref38
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref38
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref38
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref38
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref39
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref39
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref39
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref39
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref39
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref39
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref40
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref40
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref40
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref40
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref40
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref40
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref41
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref41
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref41
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref41
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref41
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref41
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref42
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref42
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref42
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref42
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref42
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref42
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref43
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref43
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref43
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref43
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref43
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref43
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref44
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref44
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref44
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref44
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref44
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref44
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref45
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref45
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref45
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref45
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref45
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref45
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref46
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref46
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref46
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref46
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref46
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref46
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref47
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref47
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref47
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref47
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref47
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref48
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref48
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref48
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref48
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref48
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref48
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref49
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref49
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref49
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref50
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref50
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref50


51. Furtado, G.C., Curotto de Lafaille, M.A., 

Kutchukhidze, N., and Lafaille, J.J. (2002). 

Interleukin 2 signaling is required for CD4(+) 

regulatory T cell function. J. Exp. Med. 196, 

851–857.

52. Fontenot, J.D., Rasmussen, J.P., Gavin, M.A., 

and Rudensky, A.Y. (2005). A function for inter

leukin 2 in Foxp3-expressing regulatory T cells. 

Nat. Immunol. 6, 1142–1151.

53. Setoguchi, R., Hori, S., Takahashi, T., and 

Sakaguchi, S. (2005). Homeostatic mainte

nance of natural Foxp3+ CD25+ CD4+ regulato

ry T cells by interleukin (IL)-2 and induction of 

autoimmune disease by IL-2 neutralization. 

J. Exp. Med. 201, 723–735.

54. Oyler-Yaniv, A., Oyler-Yaniv, J., Whitlock, 

B.M., Liu, Z., Germain, R.N., Huse, M., Altan- 

Bonnet, G., and Krichevsky, O. (2017). A 

Tunable Diffusion-Consumption Mechanism 

of Cytokine Propagation Enables Plasticity in 

Cell-to-Cell Communication in the Immune 

System. Immunity 46, 609–620.

55. Wong, H.S., Park, K., Gola, A., Baptista, A.P., 

Miller, C.H., Deep, D., Lou, M., Boyd, L.F., 

Rudensky, A.Y., Savage, P.A., et al. (2021). A 

local regulatory T cell feedback circuit main

tains immune homeostasis by pruning self- 

activated T cells. Cell 184, 3981–3997.e22.

56. Sugimoto, N., Oida, T., Hirota, K., Nakamura, 

K., Nomura, T., Uchiyama, T., and Sakaguchi, 

S. (2006). Foxp3-dependent and -independent 

molecules specific for CD25+CD4+ natural 

regulatory T cells revealed by DNA microarray 

analysis. Int. Immunol. 18, 1197–1209.

57. Hill, J.A., Feuerer, M., Tash, K., Haxhinasto, S., 

Perez, J., Melamed, R., Mathis, D., and 

Benoist, C. (2007). Foxp3 transcription-fac

tor-dependent and -independent regulation 

of the regulatory T cell transcriptional signa

ture. Immunity 27, 786–800.

58. Samstein, R.M., Arvey, A., Josefowicz, S.Z., 

Peng, X., Reynolds, A., Sandstrom, R., Neph, 

S., Sabo, P., Kim, J.M., Liao, W., et al. (2012). 

Foxp3 exploits a pre-existent enhancer land

scape for regulatory T cell lineage specifica

tion. Cell 151, 153–166.

59. Lin, W., Haribhai, D., Relland, L.M., Truong, N., 

Carlson, M.R., Williams, C.B., and Chatila, T.A. 

(2007). Regulatory T cell development in the 

absence of functional Foxp3. Nat. Immunol. 

8, 359–368.

60. Gavin, M.A., Rasmussen, J.P., Fontenot, J.D., 

Vasta, V., Manganiello, V.C., Beavo, J.A., and 

Rudensky, A.Y. (2007). Foxp3-dependent pro

gramme of regulatory T-cell differentiation. 

Nature 445, 771–775.

61. Charbonnier, L.M., Cui, Y., Stephen-Victor, E., 

Harb, H., Lopez, D., Bleesing, J.J., Garcia- 

Lloret, M.I., Chen, K., Ozen, A., Carmeliet, P., 

et al. (2019). Functional reprogramming of reg

ulatory T cells in the absence of Foxp3. Nat. 

Immunol. 20, 1208–1219.

62. Jäger, C., Dimitrova, P., Sun, Q., Tennebroek, 

J., Marchiori, E., Jaritz, M., Rauschmeier, R., 

Estivill, G., Obenauf, A., Busslinger, M., and 

van der Veeken, J. (2025). Inducible protein 

degradation reveals inflammation-dependent 

function of the Treg cell lineage-defining tran

scription factor Foxp3. Sci. Immunol. 10, 

eadr7057.

63. Hu, W., Dolsten, G.A., Wang, E.Y., Beroshvili, 

G., Wang, Z.M., Ghelani, A.P., Uhl, L.F.K., 

Bou-Puerto, R., Huang, X., Michaels, A.J., 

et al. (2025). Temporal and context-dependent 

requirements for the transcription factor Foxp3 

expression in regulatory T cells. Nat. Immunol. 

26, 2059–2073.

64. Yang, S., Fujikado, N., Kolodin, D., Benoist, C., 

and Mathis, D. (2015). Regulatory T cells 

generated early in life play a distinct role in 

maintaining self-tolerance. Science 348, 

589–594.

65. Kwon, H.K., Chen, H.M., Mathis, D., and 

Benoist, C. (2017). Different molecular com

plexes that mediate transcriptional induction 

and repression by FoxP3. Nat. Immunol. 18, 

1238–1248.

66. van der Veeken, J., Glasner, A., Zhong, Y., Hu, 

W., Wang, Z.M., Bou-Puerto, R., Charbonnier, 

L.M., Chatila, T.A., Leslie, C.S., and Rudensky, 

A.Y. (2020). The transcription factor Foxp3 

shapes regulatory T cell identity by tuning 

the activity of trans-acting intermediaries. 

Immunity 53, 971–984.e5.

67. Schumann, K., Raju, S.S., Lauber, M., Kolb, S., 

Shifrut, E., Cortez, J.T., Skartsis, N., Nguyen, 

V.Q., Woo, J.M., Roth, T.L., et al. (2020). 

Functional CRISPR dissection of gene net

works controlling human regulatory T cell iden

tity. Nat. Immunol. 21, 1456–1466.

68. Leng, F., Zhang, W., Ramirez, R.N., Leon, J., 

Zhong, Y., Hou, L., Yuki, K., van der Veeken, 

J., Rudensky, A.Y., Benoist, C., and Hur, S. 

(2022). The transcription factor FoxP3 can 

fold into two dimerization states with divergent 

implications for regulatory T cell function and 

immune homeostasis. Immunity 55, 1354– 

1369.e8.

69. Zhang, W., Leng, F., Wang, X., Ramirez, R.N., 

Park, J., Benoist, C., and Hur, S. (2023). 

FOXP3 recognizes microsatellites and bridges 

DNA through multimerization. Nature 624, 

433–441.

70. Woo, S.H., Ranade, S., Weyer, A.D., Dubin, 

A.E., Baba, Y., Qiu, Z., Petrus, M., Miyamoto, 

T., Reddy, K., Lumpkin, E.A., et al. (2014). 

Piezo2 is required for Merkel-cell mechano

transduction. Nature 509, 622–626.

71. Somerset, D.A., Zheng, Y., Kilby, M.D., 

Sansom, D.M., and Drayson, M.T. (2004). 

Normal human pregnancy is associated with 

an elevation in the immune suppressive 

CD25+ CD4+ regulatory T-cell subset. 

Immunology 112, 38–43.

72. Keller, C.C., Eikmans, M., van der Hoorn, 

M.L.P., and Lashley, L.E.E.L.O. (2020). 

Recurrent miscarriages and the association 

with regulatory T cells; A systematic review. 

J. Reprod. Immunol. 139, 103105.

73. Samstein, R.M., Josefowicz, S.Z., Arvey, A., 

Treuting, P.M., and Rudensky, A.Y. (2012). 

Extrathymic generation of regulatory T cells in 

placental mammals mitigates maternal-fetal 

conflict. Cell 150, 29–38.

74. Hui, S.P., Sheng, D.Z., Sugimoto, K., Gonzalez- 

Rajal, A., Nakagawa, S., Hesselson, D., and 

Kikuchi, K. (2017). Zebrafish regulatory T cells 

mediate organ-specific regenerative programs. 

Dev. Cell 43, 659–672.e5.

75. Huang, X., and Rudensky, A.Y. (2024). 

Regulatory T cells in the context: deciphering 

the dynamic interplay with the tissue environ

ment. Curr. Opin. Immunol. 89, 102453.

76. Tay, C., Tanaka, A., and Sakaguchi, S. (2023). 

Tumor-infiltrating regulatory T cells as targets 

of cancer immunotherapy. Cancer Cell 41, 

450–465.

77. Sasada, T., Kimura, M., Yoshida, Y., Kanai, M., 

and Takabayashi, A. (2003). CD4+CD25+ regu

latory T cells in patients with gastrointestinal 

malignancies: possible involvement of regula

tory T cells in disease progression. Cancer 

98, 1089–1099.

78. Curiel, T.J., Coukos, G., Zou, L., Alvarez, X., 

Cheng, P., Mottram, P., Evdemon-Hogan, M., 

Conejo-Garcia, J.R., Zhang, L., Burow, M., 

et al. (2004). Specific recruitment of regulatory 

T cells in ovarian carcinoma fosters immune 

privilege and predicts reduced survival. Nat. 

Med. 10, 942–949.

79. Blatner, N.R., Mulcahy, M.F., Dennis, K.L., 

Scholtens, D., Bentrem, D.J., Phillips, J.D., 

Ham, S., Sandall, B.P., Khan, M.W., Mahvi, 

D.M., et al. (2012). Expression of RORγt marks 

a pathogenic regulatory T cell subset in human 

colon cancer. Sci. Transl. Med. 4, 164ra159.

80. Klages, K., Mayer, C.T., Lahl, K., Loddenkemper, 

C., Teng, M.W.L., Ngiow, S.F., Smyth, M.J., 

Hamann, A., Huehn, J., and Sparwasser, T. 

(2010). Selective depletion of Foxp3+ regulatory 

T cells improves effective therapeutic vaccina

tion against established melanoma. Cancer 

Res. 70, 7788–7799.

81. Bos, P.D., Plitas, G., Rudra, D., Lee, S.Y., and 

Rudensky, A.Y. (2013). Transient regulatory 

T cell ablation deters oncogene-driven breast 

cancer and enhances radiotherapy. J. Exp. 

Med. 210, 2435–2466.

82. Delgoffe, G.M., Woo, S.R., Turnis, M.E., 

Gravano, D.M., Guy, C., Overacre, A.E., 

Bettini, M.L., Vogel, P., Finkelstein, D., 

Bonnevier, J., et al. (2013). Stability and func

tion of regulatory T cells is maintained by a 

neuropilin-1-semaphorin-4a axis. Nature 501, 

252–256.

83. Sugiyama, D., Nishikawa, H., Maeda, Y., 

Nishioka, M., Tanemura, A., Katayama, I., 

Ezoe, S., Kanakura, Y., Sato, E., Fukumori, 

Y., et al. (2013). Anti-CCR4 mAb selectively de

pletes effector-type FoxP3+CD4+ regulatory 

T cells, evoking antitumor immune responses 

in humans. Proc. Natl. Acad. Sci. USA 110, 

17945–17950.

84. Plitas, G., Konopacki, C., Wu, K., Bos, P.D., 

Morrow, M., Putintseva, E.V., Chudakov, 

D.M., and Rudensky, A.Y. (2016). Regulatory 

T Cells Exhibit Distinct Features in Human 

Breast Cancer. Immunity 45, 1122–1134.

85. Overacre-Delgoffe, A.E., Chikina, M., Dadey, 

R.E., Yano, H., Brunazzi, E.A., Shayan, G., 

Horne, W., Moskovitz, J.M., Kolls, J.K., 

Sander, C., et al. (2017). Interferon-gamma 

Drives Treg Fragility to Promote Anti-tumor 

Immunity. Cell 169, 1130–1141.e11.

86. Turnis, M.E., Sawant, D.V., Szymczak- 

Workman, A.L., Andrews, L.P., Delgoffe, 

G.M., Yano, H., Beres, A.J., Vogel, P., 

Workman, C.J., and Vignali, D.A.A. (2016). 

Interleukin-35 limits anti-tumor immunity. 

Immunity 44, 316–329.

Benchmark 

2938 Immunity 58, December 9, 2025 

ll

http://refhub.elsevier.com/S1074-7613(25)00513-8/sref51
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref51
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref51
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref51
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref51
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref52
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref52
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref52
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref52
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref53
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref53
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref53
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref53
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref53
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref53
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref54
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref54
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref54
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref54
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref54
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref54
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref54
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref55
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref55
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref55
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref55
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref55
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref55
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref56
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref56
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref56
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref56
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref56
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref56
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref57
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref57
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref57
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref57
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref57
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref57
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref58
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref58
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref58
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref58
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref58
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref58
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref59
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref59
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref59
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref59
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref59
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref60
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref60
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref60
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref60
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref60
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref61
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref61
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref61
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref61
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref61
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref61
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref62
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref62
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref62
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref62
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref62
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref62
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref62
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref62
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref63
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref63
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref63
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref63
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref63
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref63
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref63
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref64
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref64
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref64
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref64
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref64
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref65
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref65
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref65
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref65
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref65
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref66
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref66
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref66
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref66
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref66
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref66
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref66
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref67
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref67
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref67
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref67
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref67
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref67
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref68
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref68
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref68
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref68
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref68
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref68
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref68
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref68
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref69
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref69
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref69
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref69
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref69
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref70
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref70
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref70
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref70
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref70
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref71
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref71
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref71
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref71
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref71
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref71
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref72
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref72
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref72
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref72
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref72
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref73
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref73
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref73
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref73
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref73
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref74
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref74
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref74
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref74
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref74
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref75
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref75
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref75
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref75
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref76
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref76
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref76
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref76
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref77
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref77
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref77
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref77
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref77
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref77
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref78
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref78
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref78
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref78
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref78
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref78
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref78
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref79
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref79
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref79
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref79
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref79
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref79
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref80
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref80
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref80
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref80
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref80
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref80
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref80
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref81
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref81
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref81
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref81
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref81
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref82
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref82
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref82
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref82
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref82
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref82
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref82
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref83
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref83
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref83
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref83
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref83
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref83
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref83
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref83
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref84
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref84
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref84
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref84
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref84
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref85
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref85
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref85
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref85
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref85
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref85
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref86
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref86
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref86
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref86
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref86
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref86


87. Glasner, A., Rose, S.A., Sharma, R., Gudjonson, 

H., Chu, T., Green, J.A., Rampersaud, S., 

Valdez, I.K., Andretta, E.S., Dhillon, B.S., et al. 

(2023). Conserved transcriptional connectivity 

of regulatory T cells in the tumor microenvi

ronment informs new combination cancer 

therapy strategies. Nat. Immunol. 24, 

1020–1035.

88. Watson, M.J., Vignali, P.D.A., Mullett, S.J., 

Overacre-Delgoffe, A.E., Peralta, R.M., 

Grebinoski, S., Menk, A.V., Rittenhouse, N.L., 

DePeaux, K., Whetstone, R.D., et al. (2021). 

Metabolic support of tumour-infiltrating regu

latory T cells by lactic acid. Nature 591, 

645–651.

89. Feuerer, M., Herrero, L., Cipolletta, D., Naaz, 

A., Wong, J., Nayer, A., Lee, J., Goldfine, 

A.B., Benoist, C., Shoelson, S., and Mathis, 

D. (2009). Lean, but not obese, fat is enriched 

for a unique population of regulatory T cells 

that affect metabolic parameters. Nat. Med. 

15, 930–939.

90. Ali, N., Zirak, B., Rodriguez, R.S., Pauli, M.L., 

Truong, H.A., Lai, K., Ahn, R., Corbin, K., 

Lowe, M.M., Scharschmidt, T.C., et al. 

(2017). Regulatory T cells in skin facilitate 

epithelial stem cell differentiation. Cell 169, 

1119–1129.e11.

91. Burzyn, D., Kuswanto, W., Kolodin, D., 

Shadrach, J.L., Cerletti, M., Jang, Y., Sefik, 

E., Tan, T.G., Wagers, A.J., Benoist, C., and 

Mathis, D. (2013). A special population of reg

ulatory T cells potentiates muscle repair. Cell 

155, 1282–1295.

92. Arpaia, N., Green, J.A., Moltedo, B., Arvey, A., 

Hemmers, S., Yuan, S., Treuting, P.M., and 

Rudensky, A.Y. (2015). A distinct function of 

regulatory T cells in tissue protection. Cell 

162, 1078–1089.

Benchmark 

Immunity 58, December 9, 2025 2939 

ll

http://refhub.elsevier.com/S1074-7613(25)00513-8/sref87
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref87
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref87
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref87
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref87
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref87
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref87
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref87
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref88
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref88
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref88
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref88
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref88
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref88
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref88
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref89
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref89
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref89
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref89
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref89
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref89
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref89
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref90
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref90
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref90
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref90
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref90
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref90
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref91
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref91
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref91
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref91
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref91
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref91
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref92
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref92
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref92
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref92
http://refhub.elsevier.com/S1074-7613(25)00513-8/sref92

	The history and promise of Treg cells
	Epoch 1: Suppressor phenomena
	The breakthrough: FoxP3 determines Treg cells
	Epoch 2: After FoxP3
	How does FoxP3 work?
	Location, location
	Coda
	Declaration of interests
	References


