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Critical insights into the etiology of type 1 diabetes
(T1D) came from genome-wide association studies that
unequivocally connected genetic susceptibility to im-
mune cell function. At the top of the susceptibility are
genes involved in regulatory T-cell (Treg) function and
development. The advances in epigenetic and tran-
scriptional analyses have provided increasing evidence
for Treg dysfunction in T1D. These are well supported
by functional studies in mouse models and analysis of
peripheral blood during T1D. For these reasons, Treg-
based therapies are at the forefront of research and de-
velopment and have a tangible probability to deliver a
long-sought-after successful immune-targeted treat-
ment for T1D. The current challenge in the field is
whether we can directly assess Treg function at the tis-
sue site or make informative interpretations based on
peripheral data. Future studies focused on Treg func-
tion in pancreatic lymph nodes and pancreas could
provide key insight into the ultimatemechanisms under-
lying Treg failure in T1D. In this Perspective we will pro-
vide an overview of current literature regarding Treg
development and function in T1D and how this knowl-
edge has been applied to Treg therapies.

The discovery of Foxp31 T cells as key regulators of the
immune response provided an additional level of com-
plexity to our understanding of self-tolerance. This added
layer of protection against autoimmunity is crucial; how-
ever, to what degree loss of regulatory T-cell (Treg) func-
tion is a contributing factor in type 1 diabetes (T1D) has
not been fully resolved. Although we know that deletion
of Tregs in mice and mutations in FOXP3 in humans lead
to pancreatic autoimmunity, we still possess limited un-
derstanding of how polygenetic susceptibilities underlie
Treg dysfunction in T1D. Initial studies, using CD25 as a

marker of Tregs, suggested that the numbers of Tregs
measured in the peripheral blood might be deficient in
T1D (1). However, as more precise methods of discrimina-
tion between Tregs and conventional T cells were used,
the improved methods of Treg quantification showed no
change in Treg numbers (2,3). The apparent normal size
of the Treg compartment in T1D patients led to the alter-
native hypothesis that Treg function is somehow altered
in T1D. Loss of Treg function is consistent with genetic
associations affecting pathways that are known to be key
for optimal Treg suppressive function, including the IL-2
and T-cell receptor (TCR) pathways (Fig. 1) (4). While the
downstream effects on transcription, translation, and
function of the susceptible allelic variants have been in-
vestigated in mouse models and human patients, the con-
clusions are complicated by the fact that the pathways
could affect both Tregs and effector T cells. Nevertheless,
recent studies have made exceptional effort in separating
Treg-specific phenotypes in T1D. In this review, we will
discuss the breakthroughs that led to improved under-
standing of Treg development and function in the context
of autoimmune susceptibility and how this knowledge has
been applied to study the etiology of human T1D.

Tregs have been divided into three major subpopula-
tions: thymically derived Foxp31 sometimes referred to
as “natural” Tregs (tTreg), peripherally induced Foxp31

Tregs (pTreg), and IL-10–producing Tregs (Tr1). Evidence
suggests that all three populations could participate in
curbing islet autoimmunity (5). However, the absence of
definitive markers that can unambiguously differentiate
thymically derived and peripherally induced Foxp31 Tregs
precludes us from determining the relative contributions
of these regulatory T-cell populations. TCR repertoire
comparisons between Foxp31 Tregs and effector T cells
in the islets of NOD mice show little sequence overlap,
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suggesting that there is minimal contribution of induced
Tregs to protection against T1D (6). However, deletion of
the conserved noncoding DNA sequence element 1
(CNS1), a region in Foxp3 promoter critical for the devel-
opment of peripheral but not thymic Tregs, led to a par-
tial acceleration of diabetes (7), suggesting a role for
peripherally induced Tregs. Two other attempts at ad-
dressing the role of induced Tregs by either deleting the
SMAD response element or removing a shorter portion of
CNS1 did not observe a significant effect on disease devel-
opment (8,9). While functionally there exists a large
degree of overlap between thymically derived and periph-
erally induced Foxp31 Tregs, there are important distinc-
tions in the pathways that guide their development
(10,11). Therefore, knowing the source of the responding
Treg population will hint at the allelic susceptibilities and
upstream immunological deficiencies that underlie Treg
dysfunction in T1D.

While this Perspective is primarily focused on the
role of Foxp3-expressing Tregs, other regulatory cell

populations likely have an important contribution to the
suppression of pancreatic autoimmunity. For instance,
Foxp3-negative, IL-10–producing Tr1 cells specific for
pancreatic antigens have been identified in periphery of
T1D patients (12). Importantly, higher frequencies of Tr1
cells are associated with better glycemic control post-diag-
nosis (13). In mouse models of autoimmunity, Tr1 cells
were shown to be protective and could be induced with
peptide-MHC–coated nanoparticles in an antigen-specific
manner (14). These studies suggest that efforts focused
on in vivo induction of antigen-specific Tregs might be
feasible for Tr1 cells in the context of T1D.

Defects in Thymic Selection Lead to a Suboptimal
Treg Repertoire
Studies focused on early events in the development of au-
toimmunity suggest that self-antigen expression during
thymic selection is a critical factor necessary for deletion
of autoimmune T cells and parallel development of
Foxp31 Tregs. Thymic development of Tregs is driven by

Figure 1—Putative mechanisms underlying Foxp31 Treg dysfunction in T1D. Thymus: Genetic susceptibility in T1D points to several path-
ways that are important for regulatory T-cell development, including TCR activation (HLA/PTPN22) and IL-2 signaling pathways (IL2/
IL2RA). Variable number of tandem repeat polymorphisms upstream of the insulin promoter (VNTR-INS) may impact thymic transcript lev-
els of insulin, while peripheral TSAs are presented to developing thymocytes by mTECs and DCs. Although DCs can migrate from periph-
ery and have the potential to bring novel posttranslationally modified (PTM) self-antigens (neo-antigens), the process is likely inefficient,
leading to escape of neo-antigen reactive autoimmune T cells and lack of development of neo-antigen reactive Tregs. Pancreas: Although
we are lacking data regarding human Treg function in the pancreas during T1D development, studies in NOD mice have defined several
potential issues that lead to Treg dysfunction in autoimmune diabetes. At the pancreatic tissue site, Tregs suffer from insufficient activa-
tion of the IL-2 signaling pathway, reduced TCR repertoire and diversity, and progressive loss of function as a result of chronic exposure
to inflammatory mediators. Teff, effector T cell.
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interactions between developing thymocytes and profes-
sional antigen-presenting cells, notably dendritic cells
(DCs) and medullary thymic epithelial cells (mTECs).
While mTECs present to thymocytes a random assort-
ment of tissue-restricted antigens (TSAs) driven by auto-
immune regulator (AIRE) transcription factor, migratory
DCs are unique in their capacity to present antigens ac-
quired in the periphery as well as antigens recycled from
mTECs (Fig. 1) (15,16). Mutations within AIRE in humans
result in autoimmune polyendocrinopathy candidiasis ec-
todermal dystrophy and include severe multiorgan auto-
immunity, including autoimmune targeting of pancreatic
b-cells. The underlying mechanism is tied to the reduced
or absent expression of AIRE-driven TSAs in the thymus,
such as insulin. Given that healthy individuals exhibit
self-reactive naive T cells in their periphery (17,18), it is
still unclear whether deletion of self-reactive conventional
T cells or the development of self-reactive Tregs is a more
critical role for thymic presentation of self-antigen. Insu-
lin-reactive T cells that develop in the NOD mouse with a
mutated insulin epitope exhibit higher TCR affinity, re-
spond with increased sensitivity to the insulin epitope,
and cause accelerated diabetes (19). At the same time,
there is a defect in insulin-reactive Treg development, sug-
gesting that both pathways could be playing a role in the
loss of tolerance. Conversely, ectopic overexpression of in-
sulin B:9-23 peptide during thymic development allows for
an increase of insulin-specific Tregs and complete protec-
tion from developing T1D in insulin-reactive TCR retrogen-
ic mice (20).

The development of potentially autoreactive T cells in
susceptible individuals is likely due in part to allelic var-
iants in the human leukocyte antigen (HLA), the highest
susceptibility allele identified in T1D that confers � 50%
of the risk (4). The mechanism behind the role of HLA in
T1D may be found in the unique structures of susceptible
HLAs and the stability of the peptide/HLA complex. How
the HLA structure can influence the immune response is
best characterized in the case of the HLA-DQ8. HLA-DQ8
has a relatively shallow peptide binding groove, and the
positive charge near the ninth binding pocket results in
preferred binding of peptides with negative charge at the
C-terminus (21). The groove is particularly unfavorable to
binding of the insulin B:9-23 peptide, which has a positive
charge at the C-terminus (22). Important to our under-
standing of the autoimmune T-cell development, the sec-
ond highest susceptibility allele is a variant of the variable
number of tandem repeats of the insulin gene promoter
(VNTR-INS), which controls the amount of thymic insulin
transcript (23). The combination of a suboptimal HLA/
MHC for peptide presentation and a reduction in the
amount of insulin peptide present during thymic selection
squarely sets the TCR/peptide/MHC trimolecular complex
at the center of autoimmune T-cell development. Impor-
tantly, not all pancreatic antigens are efficiently presented
in the thymus. In particular, posttranslationally modified

antigens generated in the pancreatic b-cells are less likely
to be presented to thymocytes. Lack of peripheral neo-
antigen expression in the thymus results in a “hole” in
the Treg TCR repertoire (24,25). These observations sug-
gest that thymically derived Treg populations are at a
disadvantage in curtailing autoimmunity that targets
posttranslationally modified antigens (Fig. 1).

Challenges in Identifying Treg Deficiencies in T1D
Recent research effort has seen significant advances in
our understanding of Treg function and context-depen-
dent specialization of the suppressive mechanisms em-
ployed by Tregs. We now understand that Tregs comprise
a heterogenous population made up of subsets that exhib-
it unique transcriptional repertoires regulated by tissue-
or context-specific transcription factors. For example,
Tregs that reside in the adipose tissue express transcrip-
tional factor PPARg, while Tregs important in regulating
Th1-type responses upregulate Tbet (26–28). The chal-
lenge we face now is how to apply this knowledge to iden-
tify biomarkers of Treg function in a clinical setting. The
wide gamut of Treg functions makes it difficult to pick
the appropriate marker or an in vitro functional assay to
provide information relevant to the disease in question.
Treg studies in humans are additionally compromised be-
cause of constraints in isolating Tregs from tissues other
than blood. It is especially challenging to assess the role
and function of Tregs in T1D, as access to pancreatic sam-
ples can only be obtained postmortem.

Treg function is largely dependent on their ability to
localize with appropriate target cells in the lymph node or
traffic to the correct nonlymphoid tissue. TCR specificity
for tissue antigen or tissue-specific chemokine expression
can effectively target Tregs to a particular anatomical lo-
cation. For example, CD62L and CCR5 expression are im-
portant for optimal Treg function in mouse models of
graft-versus-host disease (GVHD), as they target Tregs to
lymph nodes and GVHD-affected organs (29,30). In T1D,
islet antigen-specific Tregs are significantly more protec-
tive compared with peripheral polyclonal Tregs (31,32). It
is now well appreciated that Treg functional specializa-
tion, as well as Treg trafficking, can be regulated by coex-
pression of helper T-cell lineage-specifying transcription
factors. Tbet1 Tregs are the predominant population that
infiltrates the islets of NOD mice, and deletion of Tbet1

Tregs leads to accelerated diabetes, suggesting their criti-
cal function in controlling anti-islet autoimmunity (28).
Tbet expression in Tregs also drives the expression of
CXCR3 chemokine receptor that recruits Tregs to the
same site as Th1 effector cells (26,28,33). However, it is
unclear whether Tbet is important in instructing addition-
al functions in Tregs. Moreover, expression of Tbet and
IFNg can lead to loss of Treg function (34); therefore,
Tbet expression is not always a marker of optimally func-
tional Tregs.
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Tregs finalize their differentiation and acquire tissue-
specific transcriptional program as they migrate from pe-
ripheral lymphoid organs to the tissue (35–38). Therefore,
blood or peripheral lymphoid Tregs are quite distinct
from tissue-infiltrating cells, and they might not provide
a robust readout of tissue-specific Treg function. Never-
theless, several attempts have been made to use a combi-
nation of markers applied to the analysis of circulating
Tregs to acquire clinically relevant information. A tran-
scriptional signature focused on � 30 genes was used to
discriminate Treg function in T1D patients compared
with healthy control subjects (39,40). The changes in the
selected genes, several of which are known to be impor-
tant for Treg function (e.g., FOXP3, CTLA4), could predict
the accelerated rate of disease progression. The develop-
ment of Treg-focused biomarkers has the potential to
stratify patients based on the level of Treg deficiency,
with a potential to identify subgroups that are more likely
to benefit from Treg-based therapies.

Tregs use multiple cell contact-dependent and -inde-
pendent mechanisms to regulate immune responses. Al-
though some of these mechanisms, such as IL-2
consumption and expression of CTLA4, CD73, and CD39,
are broadly used by the majority of Treg populations, it
appears that other functions such as expression of IL-10,
TGFb, IL-35, and indolamine-2,3-dioxygenase might be
selectively induced depending on tissue site or extracellu-
lar signals (41–43). Importantly, many of the suppressive
mechanisms depend on antigen-specific interactions be-
tween a Treg and an APC. Continuous and strong con-
tacts between a Treg and an APC lead to physical
sequestering and stripping of peptide/MHC complexes
and CD80/86 costimulatory molecules from the surface of
APCs, which interferes with DC interactions and activa-
tion of cognate effector T cells (44,45). Tregs can also se-
crete apoptotic mediators, such as granzyme and perforin,
and mediate deletion of APCs as well as conventional T
cells and natural killer cells (46–48). Additionally, TCR ac-
tivation is important for driving the majority of Treg
functions (49), supporting the critical role for antigen
specificity in optimal Treg-mediated suppression. More-
over, peptide/MHC trogocytosis was shown to require
shared antigenic specificity between the Treg and the sup-
pressed effector T cell (45). This is especially important to
consider in the case of T1D, where effector T cells specific
for neo-antigenic epitopes often do not have an antigen-
specific Treg counterpart (12).

Evidence for Impaired Treg Function in T1D
There is no question that genetic susceptibility plays a
fundamental role in T1D development, with the majority
of the susceptible single nucleotide polymorphisms
(SNPs) being proximal to immune genes and indicating
immune dysregulation (50). The robust association is
noted with genes important for Treg function, most nota-
bly IL2RA, IL2, PTPN2, CTLA4, and IL10 (51). However,

few studies have been able to connect SNPs to functional
outcomes. Moreover, because many of these key genes
are important for both effector T-cell and Treg function,
it is hard to predict the relative impact of the allelic var-
iants on regulatory versus effector T cells. Nevertheless,
several studies have shown SNP-associated defects in
Treg function, most prominently IL-2 signaling (52–54).
These findings and parallel observations in NOD mice
showing a defect in IL-2 signaling in Tregs have spurred
the efforts to exploit the pathway for therapeutic inter-
ventions. An unfortunate setback for low-dose IL-2 thera-
py that successfully expanded Tregs was a concomitant
increase in eosinophils and natural killer cells and a reduc-
tion in C-peptide (55). However, recent efforts to develop
Treg-specific IL-2 delivery should overcome off-target ef-
fects (56,57). Alternative approaches to modify pharmaco-
kinetics of IL-2 therapy should further improve the
efficacy of the therapy. One such study used a low-dose
administration of IL-2/CD25 fusion protein that pre-
vented the onset of diabetes and the control of overt dia-
betes in the NOD mouse model of T1D. The increased
half-life of this IL-2 analog was thought to allow longer
engagement with the CD25-expressing Tregs, leading to
greater IL-10 production and migration to the pancreas
(58).

A more recent study applied T-cell population-specific
epigenetic analysis to pinpoint the location of susceptible
SNPs to enhancer regions that were important for Treg
function (59). The results of epigenetic comparison
among populations of Tregs and conventional T cells have
shown that autoimmune SNPs were enriched in naive
Treg-specific demethylated regions and, to a lesser extent,
in activated Treg demethylated regions. These observa-
tions suggest that autoimmune SNPs are more conse-
quential for tTreg development and function than for
aberrant activation of autoimmune effector T cells.

It appears that in T1D several pathways important in
Treg development, function, and lineage stability are im-
pacted and can lead to Treg dysfunction. While studies us-
ing peripheral blood–derived Tregs provided evidence for
altered Treg function in patients with T1D (2,60,61), it is
unclear to what level peripheral blood can serve as an in-
dicator of Treg function at the tissue site. Mouse models,
in particular the NOD model, have provided important in-
sights into the mechanisms that Tregs employ for sup-
pression of islet autoimmunity. Through these studies, we
have come to understand that some of the failures in
Treg function are amplified at the tissue site and that
Treg deficiencies are not always apparent from in vitro as-
says (62,63). It is likely that a combination of chronic in-
flammatory mediators, defects in IL-2 signaling pathway,
and reduced TCR diversity, among other factors, converge
in the pancreatic tissue to weaken Treg function
(24,62,64–66). The optimal Treg-focused therapy should
be designed to address a combination of defects.
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Current and Future Therapeutic Treg-Based Therapies

Exogenous Treg Therapy
Treg-based therapeutic interventions are now an impor-
tant focus for the treatment of allotransplantation and
autoimmunity. Initial trials have shown promising results
with an overall high safety index and positive indications
for efficacy. Phase 1 clinical trials with expanded endoge-
nous Tregs have proven the approach to be safe, and the
next step is to test their efficacy (67). There are now
more than 50 active and completed clinical trials for
whole-organ transplantation, systemic lupus erythemato-
sus, inflammatory bowel disorders, allergy, asthma, and
T1D (68). However, several hurdles to the ultimate suc-
cess of exogenous Treg therapy remain. An important
consideration is whether certain subpopulations of Tregs
are more appropriate or are more functional. While recent
advances in Treg biology have underscored the functional
specialization of these cells depending on the tissue site,
it is unclear whether peripheral blood Tregs will be suffi-
cient and/or appropriate for all situations.

Importantly, there are still lingering concerns regarding
potential contamination of Tregs with effector T cells and
functional stability of Tregs. FOXP3 can be upregulated in
human activated effector T cells, and we still do not have
cell surface markers that are unique to Tregs. On the
other hand, Tregs can lose their lineage stability, as de-
fined by loss of FOXP3, or they can lose their suppressive
function while retaining FOXP3 expression (34,65,69,70).
Inflammatory cytokines appear to be the main triggers
for Treg instability and loss of function. Phase 1 clinical
trials using deuterium-labeled infused Tregs have moni-
tored Treg stability in peripheral blood over a year after
transfer into patients and did not observe a loss of
FOXP3 expression (67). The observations from the clinical
study suggest that current methods for isolation and
in vitro expansion of Tregs are sufficient to obtain lineage
stability, at least in the circulation. However, whether the
in vitro manipulation alters Treg longevity posttransfer is
unknown. It is possible that robust expansion with anti-
CD3/28 could push Tregs toward terminal differentiation
and exhaustion, similar to what is observed with effector
T cells. This is supported by the observations from GVHD
studies where repeat infusion of Tregs was necessary to
affect the GVHD symptoms, as the observed suppression
was transient, suggesting loss of Treg numbers or func-
tionality (71,72). Similarly, in the T1D clinical study
where the Tregs were expanded in vitro and monitored
with deuterium posttransfer, transferred Treg numbers
progressively diminished over time (67). Alternative
sources and methods for expansion of Tregs that main-
tain their intrapopulational heterogeneity and retention
of CD62L-positive, less differentiated Tregs should be in-
vestigated. Interestingly, umbilical cord Tregs exhibit in-
creased repertoire diversity and are better at maintaining
Treg lineage stability (73). It is possible that the naive
source of Tregs from umbilical cords and improved

expansion methods could lead to longer-lasting Tregs that
retain their suppressive capacity. Modulation of cell-ex-
trinsic signals could also be used to promote Treg
stability. As mentioned earlier, IL-2 is a critical factor nec-
essary for Treg survival, and exogenous IL-2 has been ex-
plored extensively as a therapeutic approach for in vivo
expansion of Tregs and suppression of autoimmune re-
sponses in T1D (55–57,74,75). An alternative approach
might be to block inflammatory cytokines that drive Treg
instability. Since a number of cytokines have been impli-
cated as being damaging to b-cells and induction of Treg
instability, it is hard to imagine that blocking any particu-
lar one would have a desired outcome.

Antigen-Specific Treg Therapies
Studies in the NOD mouse model show that antigen-spe-
cific Tregs are superior in their ability to control pancreat-
ic autoimmunity compared with polyclonal peripheral
Tregs (31,32). This is consistent with the important role
antigen recognition plays in recruitment and accumula-
tion of T cells in the pancreatic tissue, as well as Treg
dependence on continuous TCR signaling for their sup-
pressive function (49,76,77). Since Treg suppressive
mechanisms depend on cell-to-cell contact or close
proximity to target cells, Tregs need to home to the ap-
propriate tissue niche to exert their function. These ob-
servations suggest that therapeutic approaches focused
on pancreatic antigen-specific Tregs will provide a more
efficacious result. Therefore, significant effort has been
applied to develop protocols for generation of antigen-
specific Tregs.

DCs are central in the generation of thymically derived
Foxp31 Tregs, which maintain dominant self-tolerance
(78,79). Indeed, studies have shown a correlation between
a reduction in DC numbers and residual b-cell function in
T1D subjects (80), while in the NOD mouse there is an
overall reduction in DCs (81,82), suggesting a relationship
between self-tolerance and the absolute number of DCs.
Supplementing DCs has been shown to have beneficial ef-
fects on diabetes in part through the expansion of Tregs
(83). Generation of thymic regulatory T cells by antigen-
presenting mTECs and DCs early in life (neonatal) is criti-
cal for maintaining life-long tolerance to self (84,85).
However, not all peripheral antigens are expressed by
mTECs, and therefore negative selection must also rely
on peripheral antigen retrieval and delivery to the thymus
by DCs. For instance, DEC2051 pDCs from the periphery
can migrate to the thymus to present antigen (79,86),
and both CD81 DCs and pDCs express the Clec9a C-type
Lectin-like receptor (87,88). DEC205 and Clec9a are inter-
nalized upon binding their ligands, and are targeted intra-
cellularly to endocytic vesicles, feeding directly into the
antigen processing and presentation pathway (86,87). It
is possible these endocytic receptors could be therapeuti-
cally targeted by fusion antibodies to generate thymic or
peripheral Tregs. Indeed, DCs targeted with anti-DEC205
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fused to a strong agonist insulin mimotope prevented the
onset of T1D in mice, in part because of the generation of
Foxp31 Treg cells (89). However, it is still unknown to
what extent peptide-bearing APCs can influence the devel-
opment of autoreactive T cells and protective T regulatory
cells in the thymus and the periphery. This new area of
investigation is allowing for exciting opportunities to
study the development of Tregs specific to b-cell native
antigens and posttranslationally modified neo-antigens.

Several approaches could be considered to redirect
polyclonal Treg population to the correct anatomical loca-
tion. Of these, the chimeric antigen receptor (CAR) ap-
proach might be most promising since it can be used “off
the shelf,” does not depend on the HLA haplotype of the
recipient, and has the potential for high specificity. The
advent of CAR T cells has been one of the major break-
throughs in anticancer immunotherapy, and these suc-
cesses have propelled the research for their use in
treatment of autoimmunity. The CAR consists of an ex-
tracellular domain, typically a single-chain antibody vari-
able fragment (scFV), which recognizes the antigen of
interest. The intracellular portion is more akin to the TCR
signaling motifs, and often contain the signal 1-CD3 z

chain and its 3-immunoreceptor tyrosine–based activation
motifs and signal 2-costimulatory CD28 or 4-1BB do-
mains. Utilization of CARs specific for tissue antigens has
become an area of interest to redirect exogenous Tregs to
the target tissue in GVHD and autoimmunity, including
T1D (68,90). Autoantigen-specific CAR-Tregs are capable
of specific and bystander suppression of pathogenic T
cells at the targeted site (31,32,91). However, optimizing
CAR-Tregs is still an ongoing process, especially as it per-
tains to Treg stability and longevity. Because the genera-
tion of CAR-Tregs requires significant manipulation,
further exacerbated by robust CAR signaling in vivo, there
is an increased chance of terminal differentiation, loss of
longevity, and Treg exhaustion (68,92). While the switch
from CD28 to 4-1BB domain has improved conventional
CAR T-cell longevity, CD28 is an important costimulus
for Tregs, and 4-1BB domain does not seem to be func-
tional in CAR-Tregs (93). Further CAR signaling modifica-
tions will be necessary to balance increased CAR-Treg
function with CAR-Treg longevity. It is possible that
downstream signaling domains of costimulatory mole-
cules associated with Treg function could serve as candi-
dates in CAR modification.

Selective Approach to Treg Therapy
It is now well appreciated that T1D is a heterogeneous
disease that varies in the age of onset, rate of progression,
environmental triggers, and primary antigens, among
other distinctions (94). It is generally accepted that im-
munomodulatory therapies have a better chance of mak-
ing a difference at an early stage post-diagnosis, when
there is still sufficient residual b-cell mass that can recov-
er and provide at least partial insulin independence.

However, whether Treg therapy alone or in combination
with another approach would be applicable in all cases is
currently unclear. Current and future clinical trials utilizing
adoptive Treg therapy could benefit from incorporation of
known Treg biomarkers or susceptible SNP analyses, such
as IL2RA SNPs (95), to assess whether Treg functionality
prior to treatment can be used to stratify responders and
nonresponders. Additionally, antigen-specific therapies in-
cluding low-dose tolerance induction or high-dose periph-
eral deletion of antigen-specific T cells could be performed
in concordance with islet autoantibody positivity (96,97).
Treg therapy may also be beneficial in situations where
there is no specific defect identified in the Treg population
(98). Expansion of the functional Treg population or in-
creasing Treg functional potential could sway the balance
toward tolerance irrespective of the underlying immune
dysfunction that triggered autoimmunity.

Conclusion
Results obtained from genome-wide association studies
and transcriptional and functional studies converge on
the conclusion that alterations in Foxp31 Tregs is a key
immunological defect in T1D. Based on our current un-
derstanding of disease etiology, Treg-based therapies
could rebalance the system and reverse autoimmunity.
However, the complexity of Treg functions and limited in-
formation about tissue-infiltrating Tregs in T1D are puz-
zles that need to be solved for Treg therapy to reach its
full potential. Future studies focused on disease-specific
anatomical sites will be able to unequivocally address sus-
pected Treg failure in pancreatic autoimmunity and draw
the connections between global changes in Treg function
to tissue-specific effects. Such studies are currently under-
way using samples collected by the Network of the Pan-
creatic Organ Donors with Diabetes program (nPOD) and
will inevitably provide important insights for the role of
Treg failure in T1D.
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