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Harnessing regulatory T cells to establish 
immune tolerance
Patrick Ho1, Ellen Cahir- McFarland2, Jason D. Fontenot3, Tracey Lodie4, Adel Nada5,  
Qizhi Tang1,6,7,8, Laurence A. Turka9, Jeffrey A. Bluestone10*

Engineered regulatory T (Treg) cells have emerged as precision therapeutics aimed at inducing immune tol-
erance while reducing the risks associated with generalized immunosuppression. This Viewpoint highlights 
the opportunities and challenges for engineered Treg cell therapies in treating autoimmune and other 
inflammatory diseases.

INTRODUCTION
The immune system must defend the body 
against an enormous array of foreign agents 
without inadvertently attacking self- tissues. 
This rapid, specific, and powerful immune 
cascade is checked by redundant mecha-
nisms that have evolved to control autoreac-
tivity, known collectively as “self- tolerance.” 
When self- tolerance breaks down, as in 
autoimmunity, it can unleash an aberrant 
response against self or otherwise innocu-
ous environmental or food- borne antigens. 
Left unchecked, the persistence of self- 
immunoreactivity leads to chronic inflam-
mation and tissue damage.

The ability to preserve immune self- 
tolerance requires concerted processes during 
immune cell development (central toler-
ance) and throughout life (peripheral toler-
ance). In particular, immune homeostasis is 
highly dependent on a small population of 
CD4+FoxP3+ regulatory T (Treg) cells, be-
cause nonsense mutations in the lineage- 
defining FOXP3 gene result in defective Treg 
development and cause a severe and lethal 
inflammatory disorder termed immune de-
ficiency, polyendocrinopathy, enteropathy, 
X- linked (IPEX) syndrome. The impor-
tance of Treg cells in establishing tolerance 
underscores their potential as a therapeutic 
for diseases where tolerance breaks down. 
In this Viewpoint, we provide a roadmap 
for developing such Treg- based therapies, 
focusing on the scientific, regulatory, and 
clinical challenges along the path toward 
translation.

TREG- MEDIATED TOLERANCE: HISTORY 
AND MECHANISMS
Although the phenomenon of immune self- 
control dates to the late 1960s (1), Treg cells 
were not unequivocally identified until 2003, 
when the Sakaguchi, Rudensky, and Rams-
dell laboratories independently demonstrat-
ed that mutations in a single gene, Foxp3, 
abrogated Treg development and led to spon-
taneous development of fatal multi- organ 
autoimmunity in scurfy mice (2–4). Impor-
tantly, these investigators showed that auto-
immune disease was a direct consequence of 
a Treg deficiency, given that the infusion of 
FoxP3- replete CD4+CD25+ T cells was suf-
ficient to restrain autoreactivity (2–4). It is 
important to note that CD4 and CD25 
[the IL- 2 receptor α (IL- 2Rα) chain] had 
previously been used to identify a regulatory 
population of T cells in mice. Around the 
same time, nonsense mutations in the hu-
man FOXP3 gene were linked to IPEX syn-
drome, which is strikingly similar in clinical 
presentation to scurfy in FoxP3- deficient 
mice (5, 6). Because of these seminal studies, 
the field of immune regulation has gained 
increasing traction, with an ever- expanding 
constellation of cells capable of mediating 
many of the same regulatory functions. 
However, to date, FoxP3+ Treg cells remain 
the only population that has been genetically 
proven to be essential to maintain immune 
tolerance in both rodents and humans.

Treg cells have multiple attributes that un-
derlie their potential as therapeutics. They ex-
hibit diverse inhibitory activities that enable 

this relatively small cell population to exercise 
efficient control over entire immune cell net-
works (7). This includes the production of 
suppressive cytokines, such as interleukin- 10 
(IL- 10) and transforming growth factor–β 
(TGF- β); consumption of IL- 2 that is essen-
tial for effector T (Teff) cell development; 
degradation of proinflammatory adenosine 
5′- triphosphate; and inactivation of antigen- 
presenting cells (APCs) by delivering negative 
signals such as indoleamine 2, 3- dioxygenase 
(IDO) and removing key activating mole-
cules, such as CD80, CD86, and major his-
tocompatibility complex (MHC) class II by 
trogocytosis. These diverse functions lead to 
both direct and bystander suppression, alter 
the inflammatory microenvironment, and 
elicit other immunosuppressive cell types to 
amplify and prolong the tolerogenic effects (7, 
8). In fact, Treg- mediated reprogramming of 
local environments and resident cell commu-
nities can persist long after tolerance is ini-
tially established, a unique activity termed 
“infectious tolerance” (8). In their seminal 
study, Qin and colleagues (9) showed that 
adoptively transferred Treg cells induced 
tolerance and could subsequently be depleted 
without affecting the tolerant state. Impor-
tantly, infusion of T cells from these long- 
term tolerant mice induced tolerance in a 
second animal, suggesting that the tolerogen-
ic properties of Treg cells can be magnified and 
long lived. Treg cells also have the ability to 
repair damaged tissues by producing repara-
tive molecules, such as amphiregulin, and 
proteins that control tissue function, such as 
peroxisome proliferator–activated receptor γ 
(PPARγ) (10, 11).

The poly- pharmaceutical attributes of Treg 
cells are difficult to emulate or replace with 
simple drugs. For example, pharmaceuticals 
and biologics aimed at disrupting inflam-
matory signaling pathways compensate for 
just a small fraction of Treg- mediated effects. 
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Multicomponent immunosuppressive drug 
cocktails, such as those used to prevent alloge-
neic transplant rejection, are needed to coun-
teract the redundant processes involved in 
immune activation. However, these cocktails 
systemically and nondiscriminatively stifle 
immune cell activities, leaving patients suscep-
tible to infections and malignancies, empha-
sizing the need to devise immune tolerogenic 
therapies. In fact, tissue- resident Treg cells can 
adaptively acquire local niche attributes to bet-
ter control individual immune responses me-
diated by distinct T cell and innate cell subsets 
(12). Thus, the current challenge to developing 
Treg- based therapeutics is how to harness the 
properties of these cells to durably re- establish 
immune tolerance in acute and chronic in-
flammatory diseases.

ADOPTIVE TREG CELL THERAPY: A 
PARADIGM FOR PROMOTING 
IMMUNE TOLERANCE
The deep molecular and mechanistic under-
standings of Treg biology have inspired the 
notion that the repair or replacement of these 
cells might be a powerful approach to treating 
autoimmune disorders, organ transplant re-
jection, and inflammation- associated neuro-
degenerative diseases. For example, because 
constitutively high IL- 2Rα (CD25) expression 
is a hallmark of Treg identity (13), low- dose 
IL- 2 therapies aim to preferentially confer 
proliferative and survival advantages to Treg 
cells. IL- 2 and IL- 2 muteins have been shown 
to increase Treg numbers in patients with au-
toimmune diseases and graft- versus- host dis-
ease (GvHD) and have clinical activity (14, 
15). However, some recent efficacy studies 
have been disappointing, because it is increas-
ingly clear that even moderately low doses of 
IL- 2 can trigger unintended signaling in non- 
Treg cells, particularly activated Teff cells that 
transiently up- regulated CD25 expression, 
aggravating inflammatory responses (16).

In contrast, adoptive Treg cell therapy has 
several potential advantages over convention-
al biologics. Live cells are naturally motile 
and adaptive, enabling “living therapies” to 
specifically traffic into affected sites and exe-
cute dynamically tuned responses to complex 
combinations of physiological stimuli. The 
self- renewal capacity of living cells can also 
substantially enhance the longevity of cell- 
based therapies and potentially obviate the 
need for frequent repeat administrations. In 
some ways, this parallels the chimeric antigen 
receptor (CAR) T cell experience in patients 
with cancer, supporting feasibility as well as 

the potential for long- term cures. Last, as 
highlighted above in studies by Qin et al. (9), 
Treg therapies can educate and propagate en-
dogenous cells to take on suppressive activi-
ties (17), thereby orchestrating long- lasting 
tissue protection even without indefinite sur-
vival of the infused Treg cells.

Numerous preclinical studies have pro-
vided a proof of concept that Treg therapies 
not only prevent but also reverse disease ac-
tivity (18–20). Initially, adoptive Treg thera-
py was shown to prevent GvHD in patients, 
given an allogeneic hematopoietic stem cell 
transplant. Advances in the isolation and 
ex vivo expansion of human Treg cells have 
since enabled dozens of Treg therapy trials for 
a broad range of autoimmune and transplant 
indications (21). Although most clinical 
trials to date have not been designed to 
specifically evaluate therapeutic efficacy, these 
studies have repeatedly demonstrated the en-
graftment of infused Treg cells, the safety of 
Treg infusion without evidence of systemic 
immunosuppression, and, in some instances, 
signs of efficacy (22, 23).

THE NEXT GENERATION OF TREG THERAPY: 
GENETIC ENGINEERING
Despite a number of phase 1 clinical trials 
for autoimmune diseases testing infusion of 
polyclonal Treg cells, there have been no suc-
cessful placebo- controlled phase 2 trials pub-
lished demonstrating clinical efficacy, perhaps 
due in part to low target tissue specificity or 
local persistence (24). Preclinical studies have 
emphasized the enhanced efficacy of direct-
ing the Treg cells to tissue- specific antigens, 
which often exhibit order(s)- of- magnitude 
greater potency than polyclonal populations. 
Several strategies have been developed to in-
crease the frequency of tissue reactive Treg 
cells ex vivo. Donor allo- antigen–reactive Treg 
cells (e.g., for transplant) can be naturally 
enriched by stimulation with donor- derived 
APCs; Treg cells can also be genetically engi-
neered to obtain a desired tissue reactivity 
through stable integration of constructs en-
coding antigen- specific T cell receptors 
(TCRs) or CARs (25, 26). Ectopically ex-
pressed antigen- specific TCRs are being de-
ployed in the clinic to increase specific activity 
in multiple diseases, including type 1 diabetes 
(T1D) (QuellTX, Abata Therapeutics, Pol-
TREG, AstraZeneca, and GentiBio), multiple 
sclerosis (MS) (Abata Therapeutics and Pol-
TREG), inflammatory bowel disease (IBD) 
(Sonoma Biotherapeutics, AstraZeneca, San-
gamo Therapeutics, and Tract Therapeutics), 

and hemophilia (Baudax Bio). TCRs may 
have advantages in some settings, where sen-
sitivity to a relatively low abundance of 
peptide- MHC complexes is critical; TCRs 
also offer the ability to target intracellular 
proteins, expanding the repertoire of tissue- 
specific candidate antigens. Engineered TCR- 
Treg cells can also take advantage of multiple 
functional activities using naturally evolved 
interactions between the TCR/CD3 signaling 
complex and MHC on APCs, especially in the 
draining lymph nodes, which have been im-
plicated in continuous Teff seeding of target 
tissues (27).

CAR- Treg cells are also in the early stages 
of development. Originally developed to re-
direct conventional CD4+ and CD8+ T cells 
against tumor antigens, CAR designs fuse 
an extracellular antigen- recognition domain 
with intracellular T cell signaling domains, a 
modular architecture that has been adapted 
to expand the breadth of targetable antigens 
for Treg therapy. CARs have advantages in en-
abling MHC- independent targeting, tunable 
receptor–induced signaling (based on affinity 
and signaling domain modifications), and 
the potential ability to recognize antigens 
present in the extracellular matrix (28) or mi-
crobial products (29). One notable illustra-
tion is the development of CAR- Treg cells 
targeting human leukocyte antigen (HLA)–
A2, an MHC class I molecule naturally ex-
pressed on nearly all cells from HLA- A2+ 
donors. Treg cells expressing an anti–HLA- A2 
CAR have been shown in animal models to 
selectively traffic to HLA- A2+ grafts and sup-
press rejection (30, 31). Similar approaches 
have been proposed for other diseases, in-
cluding IBD and MS.

CARs that target MHC presenting a spe-
cific peptide antigen, or HLA- independent 
TCRs (HITs), with antibody- based binding 
domains grafted onto TCR chains are also be-
ing developed to redirect T cell specificity. In 
addition, there are a number of targets for 
TCRαβ and TCRγδ that are restricted to non-
polymorphic MHC molecules, allowing a 
broad recognition, not unlike CARs. Increas-
ingly sophisticated synthetic antigen receptor 
platforms also have the potential to specifical-
ly redirect Treg activities against targets with 
even greater precision. For example, a peptide 
epitope- targeting universal CAR (UniCAR) 
enables temporal control over antigen selec-
tion through administration of epitope- tagged 
targeting moieties (32), whereas synthetic 
Notch (synNotch) and the related synthetic 
intramembrane proteolysis receptor (SNIPR) 
link target antigen recognition to programmed 
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transcriptional outputs, thereby restricting 
gene expression within target tissues through 
Boolean logic (33). Importantly, efforts are un-
derway to refine both CAR and TCR design 
features to drive optimal Treg function, includ-
ing tissue- homing, intracellular signaling, and 
cell- cell adhesion, because several of these pa-
rameters are likely different between Treg and 
Teff cells (34).

Last, allogeneic, off- the- shelf Treg thera-
pies are being developed to treat acute dis-
eases, including acute respiratory distress 
syndrome (ARDS), stroke, and myocardial 
infarctions. Because of the sudden onset of 
these pathologies, there is insufficient lead 
time to generate tailored products derived 
from patient cells, necessitating an off- the- 
shelf solution. In addition, these conditions 
are acute and self limited, and thus elimina-
tion of allogeneic cells is not of the same 
concern as with chronic autoimmune dis-
eases. In one recent report, Treg cells ex-
panded from umbilical cord blood (UCB) 
were administered in successive doses un-
der compassionate use to two patients with 
coronavirus disease 2019 (COVID- 19), each 
suffering from critical and worsening ARDS 
(35). Preliminary results suggested clinical 
effects.

Technologies for induced pluripotent 
stem cell (iPSC)–derived Treg differentiation 
are also under development aiming to en-
able off- the- shelf treatment of both acute 
and chronic indications. These iPSC lines 
can be genetically engineered to reduce im-
munogenicity and modified for manufac-
turing Treg cells tailored to different disease 
indications and patient characteristics. The 
allogeneic iPSC approaches would poten-
tially reduce cost- of- goods; correct geneti-
cally encoded Treg deficiencies in certain 
disease settings; and leverage the innate 
inflammation- homing, anti- inflammatory, 
and wound- healing properties of Treg cells.

CLINICAL TRANSLATION: 
MISCONCEPTIONS, CHALLENGES, 
AND OPPORTUNITIES
Clinical manufacturing is an essential pillar 
of adoptive Treg therapy that can be under-
mined by defects or scarcity in source mate-
rial. Although early clinical trials have largely 
demonstrated the feasibility of expanding 
patient- derived Treg cells beyond minimum 
clinical dosages with high FoxP3+ purity, 
there have also been documented cases of in-
adequate Treg expansion, resulting in failure 
to initiate product infusion (36). Similarly, 

long- standing chronic inflammation may 
alter the phenotype of FoxP3+ Treg cells in 
patients with autoimmune disease, compli-
cating Treg selection and increasing the risk 
of conventional CD4+ T cell contamination 
during initial isolation. To address this chal-
lenge, some groups have improved the tech-
nologies for isolating and expanding natural 
Treg populations, whereas others have ex-
plored alternative starting cell populations 
that are more abundant or well character-
ized. Naïve conventional CD4+ T cells can be 
induced to adopt various Treg- like states, ei-
ther through in vitro differentiation into iTreg 
cells or through genetic modification, includ-
ing ectopic FOXP3 expression in conventional 
T cells (37). Data suggest that these modified 
CD4+ T cells can replicate the essential ele-
ments of the Treg epigenome to ensure phe-
notypic and functional stability as well as 
potency. Importantly, the Treg product gener-
ated in the Bacchetta and Roncarolo laborato-
ries, which also expresses a surface marker 
gene and therefore can be tracked in vivo (38), 
is in a phase 1 trial in patients with FOXP3 
mutations (NCT05241444), and results from 
this trial may contribute to addressing some of 
the Treg cell therapy’s challenges.

Dosing and preconditioning
Early phase 1 clinical trials using nonengi-
neered polyclonal or antigen- specific Treg 
cells to treat an assortment of autoimmune, 
inflammatory, GvHD, and transplant con-
texts have been conducted. These studies all 
reported high tolerability without maximal 
tolerated dose reached, with the highest in-
fused dose in the billions. Both preclinical 
and early clinical studies have shown that Treg 
cells reach the site of inflammation in re-
sponse to various chemokine and adhesion 
molecules (39). Thus, unlike CAR- Teff thera-
pies, there is no evidence to date that precon-
ditioning to make “space,” with drugs such as 
cyclophosphamide and fludarabine used in 
CAR T protocols, is required for Treg cell 
product access to inflamed tissues (18, 40), 
although it will be critical to demonstrate 
that the cells will persist once they get to the 
target tissue. Some studies have also demon-
strated persistence of Treg products for at least 
a year in blood and have been shown to in-
crease Treg numbers in transplanted kidneys, 
correlating with clinical benefit for up to 
6 years (40). Encouragingly, biomarker analy-
ses have suggested therapeutic impacts in 
several of these trials, mostly in the reduction 
of effector cytokine production in peripheral 
blood or biopsy samples (25, 41).

Lineage stability and potential 
adverse events
One liability of CAR- Teff cells to treat cancer 
has been the serious adverse events due to 
cytokine release syndrome (CRS). Although 
the Treg cytokine secretion profile is anti- 
inflammatory under normal conditions, the 
development of Treg- based therapeutics with 
engineered antigen specificities has raised 
concerns over whether Treg cells may be-
come functionally unstable within inflamed 
sites and begin to produce pro- inflammatory 
cytokines. Treg instability has been observed 
in murine models in which chronic inflam-
matory exposure leads to silencing of Foxp3 
expression and epigenetic reprogramming 
in a small subset of Treg cells, resulting in 
acquisition of proinflammatory functions 
and the capacity to exacerbate tissue damage 
(42–44). Treg instability has also been ob-
served in nonhuman primate and human 
Treg cells in vitro and in vivo (45). It is im-
portant to note that much of the Treg insta-
bility observed in animal models may be a 
consequence of FoxP3 dysregulation in pe-
ripherally derived Treg (pTreg) cells, which 
arise from naïve CD4+ T cells exposed to 
Treg- polarizing signals in peripheral tissues 
and therefore lack the full Treg epigenetic 
imprinting received during thymic devel-
opment (46).

Last, several groups are introducing ecto-
pic FOXP3 into conventional CD4+ T cells 
to lock in a Treg phenotype (47–49). In this 
context, it will be important to show that the 
ectopic FOXP3- expressing CD4+ T cells rep-
licate hallmarks of Treg identity, functional 
stability, and potency (49, 50). In some in-
stances, enhanced expression of FOXP3 in 
Treg cells appears to generate a stable pheno-
type (48–50). However, FOXP3 expression 
may not be the only feature of phenotypic or 
functional Treg stability, because other defi-
ciencies, such as reduced IL- 2R expression, 
can play a role (51).

For safety, many products include the 
expression of suicide genes and targetable, 
sometimes regulatable, surface proteins and 
chimeric receptors that allow the manage-
ment of rogue “ex- Treg cells” should they de-
velop, as well as management of the small 
number of Teff cells that may be present in 
the final product. Thus, continued charac-
terization of Treg cell phenotypic stability 
and purity at the target tissues or within 
highly inflammatory settings is warranted as 
engineered Treg products are introduced 
into the clinic. Importantly, ongoing work to 
identify cell surface markers and cell culture 
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additives (e.g., rapamycin) could facilitate 
isolation and expansion of Treg subsets hav-
ing greater stability and purity.

Persistence and therapeutic durability
Durability of the Treg product is another po-
tential opportunity for enhancement. Treg 
survival depends on periodic TCR and co-
stimulatory signaling, as well as the presence 
of growth and survival factors. The most 
prominent factor for both Treg survival and 
maximal FoxP3 expression is IL- 2. In multi-
ple preclinical disease settings, the paucity of 
IL- 2 at the site of inflammation has been 
linked to reduced Treg numbers and, in some 
cases, loss of function because of reduced 
FoxP3 expression. Treg cells do not make IL- 
2 and instead rely on constitutive expression 
of the high- affinity IL- 2Rα, CD25, to com-
pete for extrinsic IL- 2 secreted by conven-
tional T cells. In some settings, injection of 
IL- 2 systemically has been shown to increase 
Treg numbers and FoxP3 expression in the 
inflamed tissues, although as mentioned 
above, there remains a risk of Teff cell activa-
tion. Thus, strategies to promote Treg persis-
tence and FoxP3 expression have centered 

on delivering IL- 2 signaling intrinsically, in 
constitutive or regulatable fashion, within 
the Treg therapy. This includes multiple ap-
proaches, ranging from the use of synthetic 
IL- 2/IL- 2 receptor pairs, tethered IL- 2, and 
switch receptors to enhance Treg survival 
and stabilize expression of FoxP3 in settings 
where there is not sufficient IL- 2 or other 
growth factors, such as IL- 33 (52). Clinical 
trials will soon be underway to determine 
the need for these modifications and their ef-
fects on Treg durability and stability.

Interference of immune surveillance
Apart from manufacturing feasibility, func-
tional stability, and therapeutic durability, 
there have also been concerns with the pos-
sibility that Treg- based therapeutics could 
become too potent and broadly immuno-
suppressive, leading to infection or cancer. 
However, Treg therapies are unlike conven-
tional immunosuppressants that act indis-
criminately throughout the body. Treg- based 
therapeutics can be engineered to target 
defined antigens, limiting off- tissue drug 
activities. Furthermore, Treg cells naturally 
exist in equilibrium with other immune 

cells, expanding and contracting as neces-
sary to allow immunity against infectious 
agents while repressing overactive, runaway 
immune responses (53). In addition, the risk 
of deleterious loss of immune surveillance at 
the targeted tissue is mitigated by dual re-
quirements of CD3ζ stimulation and IL- 2 
cytokine support, both of which are extin-
guished when the immune activation is con-
trolled, thus making this theoretical risk 
inherently time- limited. In fact, the concern 
about loss of global immune surveillance in-
duced by antigen- specific or polyclonal Treg 
cells has been robustly addressed in multiple 
clinical and preclinical experiments without 
evidence to date of any untoward effects. A 
common post–kidney transplantation com-
plication, BK polyoma virus–associated ne-
phropathy, was not elevated in patients 
receiving Treg therapy (54). To the contrary, 
reduced rate of viral infection in kidney trans-
plant recipients who received Treg therapy has 
been reported, likely due to reduced need for 
conventional immunosuppressive drugs (54).

Importantly, multiple clinical trials span-
ning an assortment of autoimmune, inflam-
matory, GvHD, and transplant contexts have 

Fig. 1. Multiple Treg attributes should be con-
sidered for Treg engineering approaches. engi-
neering approaches should consider the need 
for Treg cells to maintain stability and potency, 
persist long term after infusion, and ideally be 
antigen specific to avoid general immunosup-
pression. The impact of combination therapies, 
including other immunotherapies and tissue re-
generation regimens, should also be considered. 
each of these attributes offers opportunities to 
improve on existing Treg cell therapies.
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been conducted with polyclonal Treg cells, 
with no reported adverse reactions requiring 
life- saving intervention or increased rates of 
infection or cancer. Thus, there is ample evi-
dence at present to presume that Treg thera-
pies are likely to be safe and without overt 
concerns related to either instability or exces-
sive immunosuppression. That said, there will 
continue to be opportunities to enhance Treg 
biology to maximize Treg efficacy without in-
creasing the risks involved.

THE NEXT ERA: A PEEK INTO THE FUTURE 
AND CONCLUDING REMARKS
This is an exciting time for cell therapy in 
general, as multiple new CAR- T therapies 
have been approved for hematologic cancers. 
These advances have provided clinical and 
scientific validation, as well as financing, to 
extend cell- based immunotherapies to other 
cell types and diseases. TCR-  and CAR- Treg 
therapies are among the therapeutics that are 
now being developed with the goal of trans-
forming the treatment of patients with auto-
immune and inflammatory diseases, as well 
as the treatment of organ transplantation 
recipients. The opportunities going forward 
include the continued engineering of Treg 
cells to enhance specificity, potency, persis-
tence, specificity, and synergy, including reg-
ulated receptor expression, incorporation of 
additional payloads (including factors pro-
moting tissue repair and regeneration), and 
enhanced functionality (Fig.  1). Moreover, 
the future will include the use of combination 
therapies to directly promote Treg function, 
manipulate the inflamed microenvironment, 
and provide targeted immune regulation. 
In this latter case, Treg tolerogenic therapies 
may enable gene and protein therapies that 
can repair or replace molecular defects seen 
in metabolic and other physiologic diseases 
such as hemophilia, Pompe disease, adreno-
leukodystrophy, and others. Cell therapy is 
currently expensive, but, in many cases, 
successful induction of tolerance could save 
millions of dollars spent yearly on chronic 
immunosuppressive drugs. Importantly, 
should allogenic, off- the- shelf cell therapies 
succeed in providing durable, stable toler-
ance in the absence of retreatment, not only 
would it markedly reduce the cost of the 
drugs and increase access but also would en-
able the use of engineered Treg cells to treat 
acute diseases. Last, we imagine a time when 
cell- based therapies will be used early in the 
course of disease progression, if not before 
disease onset, should ongoing efforts to 

define early biomarkers be successful, re- 
establishing immune balance and prevent-
ing subsequent tissue damage and clinical 
complications. We are still at the “end of 
the beginning,” and it will take partner-
ships between academia, biotech compa-
nies, pharmaceutical companies, regulatory 
agencies, and the venture capital commu-
nity to achieve success.

REFERENCES AND NOTES
 1. p. B. Medawar, immunological tolerance. Nature 189, 

14–17 (1961).
 2. J. d. Fontenot, M. a. Gavin, a. Y. rudensky, Foxp3 

programs the development and function of 
cd4+cd25+ regulatory T cells. Nat. Immunol. 4, 
986–992 (2003).

 3. r. Khattri, T. cox, S.- a. Yasayko, F. ramsdell, an essential 
role for Scurfin in cd4+cd25+ T regulatory cells. Nat. 
Immunol. 4, 337–342 (2003).

 4. S. Hori, T. nomura, S. Sakaguchi, control of regulatory T 
cell development by the transcription factor Foxp3. 
Science 299, 1057–1061 (2003).

 5. r. S. wildin, F. ramsdell, J. peake, F. Faravelli,  
J. l. casanova, n. Buist, e. levy- lahad, M. Mazzella,  
o. Goulet, l. perroni, F. dagna Bricarelli, G. Byrne,  
M. Mceuen, S. proll, M. appleby, M. e. Brunkow, X- linked 
neonatal diabetes mellitus, enteropathy and 
endocrinopathy syndrome is the human equivalent of 
mouse scurfy. Nat. Genet. 27, 18–20 (2001).

 6. c. l. Bennett, J. christie, F. ramsdell, M. e. Brunkow,  
p. J. Ferguson, l. whitesell, T. e. Kelly, F. T. Saulsbury,  
p. F. chance, H. d. ochs, The immune dysregulation, 
polyendocrinopathy, enteropathy, X- linked syndrome 
(ipeX) is caused by mutations of FoXp3. Nat. Genet. 27, 
20–21 (2001).

 7. d. a. a. Vignali, l. w. collison, c. J. workman, How 
regulatory T cells work. Nat. Rev. Immunol. 8, 523–532 
(2008).

 8. H. waldmann, Tolerance can be infectious. Nat. 
Immunol. 9, 1001–1003 (2008).

 9. S. Qin, S. p. cobbold, H. pope, J. elliott, d. Kioussis,  
J. davies, H. waldmann, “infectious” transplantation 
tolerance. Science 259, 974–977 (1993).

 10. n. arpaia, J. a. Green, B. Moltedo, a. arvey, S. Hemmers, 
S. Yuan, p. M. Treuting, a. Y. rudensky, a distinct function 
of regulatory T cells in tissue protection. Cell 162, 
1078–1089 (2015).

 11. d. cipolletta, M. Feuerer, a. li, n. Kamei, J. lee,  
S. e. Shoelson, c. Benoist, d. Mathis, ppar- γ is a major 
driver of the accumulation and phenotype of adipose 
tissue Treg cells. Nature 486, 549–553 (2012).

 12. S. Z. Josefowicz, l.- F. lu, a. Y. rudensky, regulatory T 
cells: Mechanisms of differentiation and function. Annu. 
Rev. Immunol. 30, 531–564 (2012).

 13. S. Sakaguchi, n. Sakaguchi, M. asano, M. itoh, M. Toda, 
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. J. Immunol. 155, 
1151–1164 (1995).

 14. d. Saadoun, M. rosenzwajg, F. Joly, a. Six, F. carrat,  
V. Thibault, d. Sene, p. cacoub, d. Klatzmann, regulatory 
T- cell responses to low- dose interleukin- 2 in 
HcV- induced vasculitis. N. Engl. J. Med. 365, 2067–2077 
(2011).

 15. J. Koreth, K. Matsuoka, H. T. Kim, S. M. Mcdonough,  
B. Bindra, e. p. alyea, p. armand, c. cutler, V. T. Ho,  
n. S. Treister, d. c. Bienfang, S. prasad, d. Tzachanis,  
r. M. Joyce, d. e. avigan, J. H. antin, J. ritz, r. J. Soiffer, 

interleukin- 2 and regulatory T cells in graft- versus- host 
disease. N. Engl. J. Med. 365, 2055–2066 (2011).

 16. S. a. long, M. rieck, S. Sanda, J. B. Bollyky, p. l. Samuels, 
r. Goland, a. ahmann, a. rabinovitch, S. aggarwal,  
d. phippard, l. a. Turka, M. r. ehlers, p. J. Bianchine,  
K. d. Boyle, S. a. adah, J. a. Bluestone, J. H. Buckner,  
c. J. Greenbaum; diabetes Trialnet and the immune 
Tolerance network, rapamycin/il- 2 combination 
therapy in patients with type 1 diabetes augments 
Tregs yet transiently impairs β- cell function. Diabetes 
61, 2340–2348 (2012).

 17. S. G. Zheng, J. H. wang, J. d. Gray, H. Soucier,  
d. a. Horwitz, natural and induced cd4+cd25+ cells 
educate cd4+cd25− cells to develop suppressive 
activity: The role of il- 2, TGF- β, and il- 10. J. Immunol. 
172, 5213–5221 (2004).

 18. Q. Tang, K. J. Henriksen, M. Bi, e. B. Finger, G. Szot, J. Ye,  
e. l. Masteller, H. Mcdevitt, M. Bonyhadi, J. a. Bluestone, 
in vitro- expanded antigen- specific regulatory T cells 
suppress autoimmune diabetes. J. Exp. Med. 199, 
1455–1465 (2004).

 19. G. Sun, Y. Hou, w. Gong, S. liu, J. li, Y. Yuan, d. Zhang,  
Q. chen, X. Yan, adoptive induced antigen- specific Treg 
cells reverse inflammation in collagen- induced arthritis 
mouse model. Inflammation 41, 485–495 (2018).

 20. c. riegel, T. J. Boeld, K. doser, e. Huber, p. Hoffmann,  
M. edinger, efficient treatment of murine acute GvHd 
by in vitro expanded donor regulatory T cells. Leukemia 
34, 895–908 (2020).

 21. J. Balcerek, B. r. Shy, a. l. putnam, l. M. Masiello,  
a. lares, F. dekovic, l. acevedo, M. r. lee, V. nguyen,  
w. liu, S. paruthiyil, J. Xu, a. S. leinbach, J. a. Bluestone, 
Q. Tang, J. H. esensten, polyclonal regulatory T cell 
manufacturing under cGMp: a decade of experience. 
Front. Immunol. 12, 744763 (2021).

 22. J. a. Bluestone, J. H. Buckner, M. Fitch, S. e. Gitelman,  
S. Gupta, M. K. Hellerstein, K. c. Herold, a. lares,  
M. r. lee, K. li, w. liu, S. a. long, l. M. Masiello,  
V. nguyen, a. l. putnam, M. rieck, p. H. Sayre, Q. Tang, 
Type 1 diabetes immunotherapy using polyclonal 
regulatory T cells. Sci. Transl. Med. 7, 315ra189 (2015).

 23. n. Marek- Trzonkowska, M. Myśliwec, J. Siebert,  
p. Trzonkowski, clinical application of regulatory T cells 
in type 1 diabetes. Pediatr. Diabetes. 14, 322–332 
(2013).

 24. J. a. Bluestone, Q. Tang, Treg cells—The next frontier of 
cell therapy. Science 362, 154–155 (2018).

 25. c. raffin, l. T. Vo, J. a. Bluestone, Treg cell- based 
therapies: challenges and perspectives. Nat. Rev. 
Immunol. 20, 158–172 (2020).

 26. d. a. Boardman, M. K. levings, emerging strategies for 
treating autoimmune disorders with genetically 
modified Treg cells. J. Allergy Clin. Immunol. 149, 1–11 
(2022).

 27. S. V. Gearty, F. dündar, p. Zumbo, G. espinosa- carrasco, 
M. Shakiba, F. J. Sanchez- rivera, n. d. Socci, p. Trivedi,  
S. w. lowe, p. lauer, n. Mohibullah, a. Viale,  
T. p. dilorenzo, d. Betel, a. Schietinger, an autoimmune 
stem- like cd8 T cell population drives type 1 diabetes. 
Nature 602, 156–161 (2022).

 28. a.- r. van der Vuurst de Vries, K. Hooper, J. Graf,  
K. Tuckwell, J. Beilke, development of a novel regulatory 
T cell- based therapy for patients with rheumatoid 
arthritis. Arth. Rheum. 74, (2022).

 29. a. Bohineust, M. Tourret, l. derivry, S. caillat- Zucman, 
Mucosal- associated invariant T (MaiT) cells, a new 
source of universal immune cells for chimeric antigen 
receptor (car)- cell therapy. Bull. Cancer 108, S92–S95 
(2021).

 30. K. G. Macdonald, r. e. Hoeppli, Q. Huang, J. Gillies,  
d. S. luciani, p. c. orban, r. Broady, M. K. levings, 
alloantigen- specific regulatory T cells generated with a 

D
ow

nloaded from
 https://w

w
w

.science.org on M
arch 13, 2024



Ho et al., Sci. Transl. Med. 16, eadm8859 (2024)     13 March 2024

S c i e n c e  T r a n S l aT i o n a l  M e d i c i n e  |  V i e w p o i n T

6 of 6

chimeric antigen receptor. J. Clin. Invest. 126, 1413–1424 
(2016).

 31. F. noyan, K. Zimmermann, M. Hardtke- wolenski,  
a. Knoefel, e. Schulde, r. Geffers, M. Hust, J. Huehn,  
M. Galla, M. Morgan, a. Jokuszies, M. p. Manns,  
e. Jaeckel, prevention of allograft rejection by use of 
regulatory T cells with an MHc- specific chimeric antigen 
receptor. Am. J. Transplant. 17, 917–930 (2017).

 32. S. Koristka, a. Kegler, r. Bergmann, c. arndt,  
a. Feldmann, S. albert, M. cartellieri, a. ehninger,  
G. ehninger, J. M. Middeke, M. Bornhäuser, M. Schmitz,  
J. pietzsch, K. akgün, T. Ziemssen, J. Steinbach,  
M. p. Bachmann, engrafting human regulatory T cells 
with a flexible modular chimeric antigen receptor 
technology. J. Autoimmun. 90, 116–131 (2018).

 33. i. Zhu, r. liu, J. M. Garcia, a. Hyrenius- wittsten,  
d. i. piraner, J. alavi, d. V. israni, B. liu, a. S. Khalil,  
K. T. roybal, Modular design of synthetic receptors for 
programmed gene regulation in cell therapies. Cell 185, 
1431–1443.e16 (2022).

 34. a. c. Boroughs, r. c. larson, B. d. choi, a. a. Bouffard,  
l. S. riley, e. Schiferle, a. S. Kulkarni, c. l. cetrulo, d. Ting, 
B. r. Blazar, S. demehri, M. V. Maus, chimeric antigen 
receptor costimulation domains modulate human 
regulatory T cell function. JCl Insight 4, e126194 (2019).

 35. d. e. Gladstone, B. S. Kim, K. Mooney, a. H. Karaba,  
F. r. d’alessio, regulatory T cells for treating patients 
with coVid- 19 and acute respiratory distress syndrome: 
Two case reports. Ann. Intern. Med. 173, 852–853 (2020).

 36. Q. Tang, J. leung, Y. peng, a. Sanchez- Fueyo, J. J. lozano, 
a. lam, K. lee, J. r. Greenland, M. Hellerstein, M. Fitch,  
K. w. li, J. H. esensten, a. l. putnam, a. lares, V. nguyen, 
w. liu, n. d. Bridges, J. odim, a. J. demetris, J. levitsky,  
T. Taner, S. Feng, Selective decrease of donor- reactive 
Tregs after liver transplantation limits Treg theraphy for 
promoting allograft tolerance in humans. Sci. Transl. 
Med. 14, eabo2628 (2022).

 37. S. J. Yang, a. K. Singh, T. drow, T. Tappen, Y. Honaker,  
F. Barahmand- pour- whitman, p. S. linsley, K. cerosaletti, 
K. Mauk, Y. Xiang, J. Smith, e. Mortensen, p. J. cook,  
K. Sommer, i. Khan, d. liggitt, d. J. rawlings,  
J. H. Buckner, pancreatic islet- specific engineered Tregs 
exhibit robust antigen- specific and bystander immune 
suppression in type 1 diabetes models. Sci. Transl. Med. 
14, 1716 (2022).

 38. Y. Sato, l. passerini, B. d. piening, M. J. Uyeda,  
M. Goodwin, S. Gregori, M. p. Snyder, a. Bertaina,  
M. G. roncarolo, r. Bacchetta, Human- engineered 
Treg- like cells suppress FoXp3- deficient T cells but 
preserve adaptive immune responses in vivo. Clin. 
Transl. Immunology 9, e1214 (2020).

 39. Y. H. oo, S. ackrill, r. cole, l. Jenkins, p. anderson,  
H. c. Jeffery, n. Jones, l. e. Jeffery, p. lutz, r. e. wawman, 
a. K. athwal, J. Thompson, J. Gray, K. Guo, d. Barton,  
G. M. Hirschfield, T. wong, p. Guest, d. H. adams, liver 
homing of clinical grade Tregs after therapeutic infusion 
in patients with autoimmune hepatitis. JHEP Rep. 1, 
286–296 (2019).

 40. e. c. Guinan, l. contreras- ruiz, K. crisalli, c. rickert,  
i. rosales, r. Makar, r. colvin, e. K. Geissler, B. Sawitzki,  
p. Harden, Q. Tang, G. Blancho, l. a. Turka,  
J. F. Markmann, donor antigen- specific regulatory T cell 
administration to recipients of live donor kidneys: a 
one Study consortium pilot trial. Am. J. Transplant. 23, 
1872–1881 (2023).

 41. d. r. Beers, J. r. Thonhoff, a. Faridar, a. d. Thome,  
w. Zhao, S. wen, S. H. appel, Tregs attenuate peripheral 
oxidative stress and acute phase proteins in alS. Ann. 
Neurol. 92, 195–200 (2022).

 42. n. Komatsu, K. okamoto, S. Sawa, T. nakashima,  
M. oh- Hora, T. Kodama, S. Tanaka, J. a. Bluestone,  
H. Takayanagi, pathogenic conversion of Foxp3+ T cells 
into TH17 cells in autoimmune arthritis. Nat. Med. 20, 
62–68 (2013).

 43. S. l. Bailey- Bucktrout, M. Martinez- llordella, X. Zhou,  
B. anthony, w. rosenthal, H. luche, H. J. Fehling,  
J. a. Bluestone, Self- antigen- driven activation induces 
instability of regulatory T cells during an inflammatory 
autoimmune response. Immunity 39, 949–962 (2013).

 44. X. Zhou, S. l. Bailey- Bucktrout, l. T. Jeker, c. penaranda, 
M. Martínez- llordella, M. ashby, M. nakayama,  
w. rosenthal, J. a. Bluestone, instability of the 
transcription factor Foxp3 leads to the generation of 
pathogenic memory T cells in vivo. Nat. Immunol. 10, 
1000–1007 (2009).

 45. K. Singh, l. Stempora, r. d. Harvey, a. d. Kirk,  
c. p. larsen, B. r. Blazar, l. S. Kean, Superiority of 
rapamycin over tacrolimus in preserving nonhuman 
primate Treg half- life and phenotype after adoptive 
transfer. Am. J. Transplant. 14, 2691–2703 (2014).

 46. Y. Zheng, S. Josefowicz, a. chaudhry, X. p. peng,  
K. Forbush, a. Y. rudensky, role of conserved 
non- coding dna elements in the Foxp3 gene in 
regulatory T- cell fate. Nature 463, 808–812 (2010).

 47. n. ohkura, S. Sakaguchi, Transcriptional and epigenetic 
basis of Treg cell development and function: its genetic 
anomalies or variations in autoimmune diseases. Cell 
Res. 30, 465–474 (2020).

 48. S. e. allan, a. n. alstad, n. Merindol, n. K. crellin,  
M. amendola, r. Bacchetta, l. naldini, M. G. roncarolo, 
H. Soudeyns, M. K. levings, Generation of potent and 
stable human cd4+ T regulatory cells by activation- 
independent expression of FoXp3. Mol. Ther. 16, 
194–202 (2008).

 49. l. passerini, e. r. Mel, c. Sartirana, G. Fousteri,  
a. Bondanza, l. naldini, M. G. roncarolo, r. Bacchetta, 
cd4+ T cells from ipeX patients convert into functional 
and stable regulatory T cells by FOXP3 gene transfer. Sci. 
Transl. Med. 5, 215ra174 (2013).

 50. Y. Honaker, n. Hubbard, Y. Xiang, l. Fisher, d. Hagin,  
K. Sommer, Y. Song, S. J. Yang, c. lopez, T. Tappen,  
e. M. dam, i. Khan, M. Hale, J. H. Buckner,  
a. M. Scharenberg, T. r. Torgerson, d. J. rawlings, Gene 
editing to induce FoXp3 expression in human cd4+ T 
cells leads to a stable regulatory phenotype and 
function. Sci. Transl. Med. 12, eaay6422 (2020).

 51. T. Hirai, T. l. ramos, p. Y. lin, F. Simonetta, l. l. Su,  
l. K. picton, J. Baker, J. X. lin, p. li, K. Seo, J. K. lohmeyer, 
S. B. wagers, M. Mavers, w. J. leonard, B. r. Blazar,  
K. c. Garcia, r. S. negrin, Selective expansion of 
regulatory T cells using an orthogonal il- 2/il- 2 receptor 
system facilitates transplantation tolerance. J. Clin. 
Invest. 131, e139991 (2021).

 52. n. rakebrandt, K. littringer, n. Joller, regulatory T cells: 
Balancing protection versus pathology. Swiss Med. Wkly. 
146, w14343 (2016).

 53. p. n. Harden, d. S. Game, B. Sawitzki, J. B. Van der net,  
J. Hester, a. Bushell, F. issa, M. o. Brook, a. alzhrani,  
S. Schlickeiser, c. Scotta, w. petchey, M. Streitz,  
G. Blancho, Q. Tang, J. Markmann, r. i. lechler,  
i. S. d. roberts, p. J. Friend, r. Hilton, e. K. Geissler,  
K. J. wood, G. lombardi, Feasibility, long- term safety, 
and immune monitoring of regulatory T cell therapy in 
living donor kidney transplant recipients. Am. J. 
Transplant. 21, 1603–1611 (2021).

 54. B. Sawitzki, p. n. Harden, p. reinke, a. Moreau,  
J. a. Hutchinson, d. S. Game, Q. Tang, e. c. Guinan,  
M. Battaglia, w. J. Burlingham, i. S. d. roberts, M. Streitz, 

r. Josien, c. a. Böger, c. Scottà, J. F. Markmann,  
J. l. Hester, K. Juerchott, c. Braudeau, B. James,  
l. contreras- ruiz, J. B. van der net, T. Bergler, r. caldara, 
w. petchey, M. edinger, n. dupas, M. Kapinsky,  
i. Mutzbauer, n. M. otto, r. Öllinger,  
M. p. Hernandez- Fuentes, F. issa, n. ahrens,  
c. Meyenberg, S. Karitzky, U. Kunzendorf, S. J. Knechtle, 
J. Grinyó, p. J. Morris, l. Brent, a. Bushell, l. a. Turka,  
J. a. Bluestone, r. i. lechler, H. J. Schlitt, M. c. cuturi,  
S. Schlickeiser, p. J. Friend, T. Miloud, a. Scheffold,  
a. Secchi, K. crisalli, S.- M. Kang, r. Hilton, B. Banas,  
G. Blancho, H.- d. Volk, G. lombardi, K. J. wood,  
e. K. Geissler, regulatory cell therapy in kidney 
transplantation (The one Study): a harmonised design 
and analysis of seven non- randomised, single- arm, 
phase 1/2a trials. Lancet 395, 1627–1639 (2020).

Acknowledgments: The authors would like to 
acknowledge our colleagues at the various companies and 
universities, F. ramsdell and J. riley for their critical reading 
of the manuscript and the many contributors throughout 
the Treg space who have made contributions to the field. 
Competing interests: p.H. has no financial interests to 
report. e.c.- M. is an employee of abata Therapeutics and 
has a financial interest in abata Therapeutics. J.d.F. was a 
stockholder and full time employee of Sangamo 
Therapeutics at the time of conception and writing of this 
viewpoint article. T.l. is the chief scientific officer at Quell 
Therapeutics and has a financial interest in Quell 
Therapeutics. a.n. is an employee of GentiBio inc. and has a 
financial interest in GentiBio. inc. Q.T. is a cofounder and 
shareholder of Sonoma Biotherapeutics, holds shares of 
stock in eGenesis, and is a scientific advisor for Sonoma 
Biotherapeutics, eGenesis, Qihan Bio, Minutia, and 
Moderna. Q.T. is a coinventor of the following relevant 
issued patents and pending patents: “expansion of 
alloantigen reactive regulatory T cells” (US9801911B2), 
“regulatory T cells suppress autoimmunity” (US7722862B2), 
“cellular signaling domain engineering in chimeric antigen 
receptor- modified regulatory T cells” (pcT/US2019/022546), 
“lfa3 variants and compositions and uses thereof” (pcT/
US2019/023883), “Bead- free ex- vivo expansion of human 
regulatory T cells” (pcT/US2020/030869), “anti- dpp6 
chimeric antigen receptor bearing regulatory T cells” (pcT/
US2021/072139), “chimeric antigen receptor with cd28 
transmembrane domain” (pcT/US2021/049682), and 
“Hla- a2- specific regulatory T cells” (pcT/US2022/074720). 
l.a.T. is a paid consultant to Sonoma Biotherapeutics and 
has an equity interest in the company. J.a.B. is ceo and 
president and has a financial interest in Sonoma 
Biotherapeutics and is on the board of directors and has 
financial interests in Gilead. J.a.B. is a coinventor of the 
following relevant issued patents and pending patents: 
“cd127 expression inversely correlates with foxp3 and 
suppressive function of cd4+ tregs” (pcT/
US20230280341a1), “expansion of alloantigen reactive 
regulatory T cells” (pcT/US9801911B2), “protein delivery in 
primary hematopoietic cells “(aU2016211161c1), “anti- il- 2 
antibodies and compositions and uses thereof” (pcT/
US10138298B2), “regulatory T cells suppress autoimmunity” 
(pcT/US7722862B2); “cellular signaling domain engineering 
in chimeric antigen receptor- modified regulatory T cells” 
(pcT/US2019/022546), “lfa3 variants and compositions and 
uses thereof” (pcT/US2019/023883), “anti- dpp6 chimeric 
antigen receptor bearing regulatory T cells (pcT/
US2021/072139), and “chimeric antigen receptor with cd28 
transmembrane domain” (pcT/US2021/049682).

10.1126/scitranslmed.adm8859

D
ow

nloaded from
 https://w

w
w

.science.org on M
arch 13, 2024


	Harnessing regulatory T cells to establish immune tolerance
	INTRODUCTION
	TREG-MEDIATED TOLERANCE: HISTORY AND MECHANISMS
	ADOPTIVE TREG CELL THERAPY: A PARADIGM FOR PROMOTING IMMUNE TOLERANCE
	THE NEXT GENERATION OF TREG THERAPY: GENETIC ENGINEERING
	CLINICAL TRANSLATION: MISCONCEPTIONS, CHALLENGES, AND OPPORTUNITIES
	Dosing and preconditioning
	Lineage stability and potential adverse events
	Persistence and therapeutic durability
	Interference of immune surveillance

	THE NEXT ERA: A PEEK INTO THE FUTURE AND CONCLUDING REMARKS
	REFERENCES AND NOTES
	Acknowledgments
	AbstractOne-sentence summary: 


