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Abstract

Self-tolerance, the state of unresponsiveness to self-tissues, is maintained through central and 

peripheral tolerance mechanisms, and a breach of these mechanisms leads to autoimmune 

diseases. Foxp3+T-regulatory cells (Tregs) play an essential role in suppressing autoimmune 

response directed against self-antigens and thereby regulate self-tolerance. Natural Tregs are 

differentiated in the thymus on the basis of their higher TCR-affinity to selfantigens and migrate to 

the periphery where they maintain peripheral tolerance. In addition, extra-thymic differentiation of 

induced Tregs can occur in the periphery which can control abrupt immune responses under 

inflammatory conditions. A defect in Treg cell numbers and/or function is found to be associated 

with the development of autoimmune disease in several experimental models and human 

autoimmune diseases. Moreover, augmentation of Tregs has been shown to be beneficial in 

treating autoimmunity in preclinical models, and Treg based cellular therapy has shown initial 

promise in clinical trials. However, emerging studies have identified an unstable subpopulation of 

Tregs which expresses pro-inflammatory cytokine under both homeostatic and autoimmune 

conditions, as well as in ex vivo cultures. In addition, clinical translation of Treg cellular therapy is 

impeded by limitations such as lack of easier methods for selective expansion of Tregs and higher 

cost associated with GMP-facilities required for cell sorting, ex vivo expansion and infusion of ex 
vivo expanded Tregs. Here, we discuss the recent advances in molecular mechanisms regulating 

Treg differentiation, Foxp3 expression and lineage stability, the role of Tregs in the prevention of 

various autoimmune diseases, and critically review their clinical utility for treating human 

autoimmune diseases.
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1. Introduction

The ability of the immune system to distinguish between self and non-self is fundamental to 

maintaining self-tolerance and breakdown of self-tolerance results in the positive selection 

and activation of self-reactive T- and B-cells resulting in autoimmunity[1]. Autoimmune 

diseases include a wide spectrum of (>80) systemic and organ-specific diseases such as 

type-1 diabetes (T1D), thyroiditis, systemic lupus erythematosus (SLE), rheumatoid arthritis 

(RA), multiple sclerosis (MS), colitis, etc., and affect 3–5% of the population[2]. Foxp3+ 

Tregs have been shown to control self-reactive immune response by suppressing 

proliferation and/or effector functions of CD4+/CD8+ T cells, B cells, NK cells, and 

Antigen Presenting Cells (APCs), and thereby maintain the critical balance between 

selftolerance and autoimmunity [3, 4]. T-cell tolerance is regulated at two different levels 

namely, central and peripheral tolerance. Central tolerance is maintained through a negative 

selection process in which self-reactive thymocytes undergo clonal deletion in the thymic 

medulla[5]. However, negative selection is not foolproof and a proportion of self-reactive 

effector T-cells (Teff) often escape thymic selection and migrate to the periphery where they 

can recognize and initiate autoimmunity. Alternatively, a subset of self-reactive thymocytes 

is deviated into Foxp3+Treg lineage and migrate to the periphery, where they suppress 

autoimmune response elicited by self-reactive Teff cells which have escaped negative 

selection in the thymus and thus help maintain peripheral tolerance[5]. Additionally, induced 

or adaptive Tregs can be differentiated in the periphery (piTregs) from Foxp3− conventional 

T-cells (Tconv) which contribute to gut and graft tolerance [6, 7]. Homozygous female and 

hemizygous male mice harboring x-linked mutations in Foxp3 gene develop T-cell mediated 

lethal autoimmunity and lymphoproliferative disorder [8, 9]. Similarly, human X-linked 

neonatal diabetes mellitus, enteropathy, and endocrinopathy (IPEX) syndrome is linked to 

mutations in the human FOXP3 gene [8, 10]. These findings revealed a possible genetic 

basis for autoimmune diseases and led researchers to explore molecular mechanisms 

regulating the development and homeostasis of Treg cells under homeostatic and 

autoimmune conditions. In addition, significant efforts are underway to more thoroughly 

understand the relevance of Tregs in various autoimmune diseases and validate their 

potential utility in treating autoimmune diseases. Therapeutic approaches targeting Tregs 

showed encouraging results in the prevention of onset and amelioration of ongoing 

autoimmunity in many preclinical models [11]. Followed by the success of preclinical 

studies, human trials conducted using adoptive Treg immunotherapy have shown initial 

promise against T1D, and many other clinical trials are in progress [12, 13]. In spite of 

considerable progress, routine clinical use of Tregs is impeded by several hurdles including 

lack of efficient approaches to cause selective expansion of human Tregs in vivo without 

also expanding Teff cells, cumbersome and costly approaches used for ex vivo expansion of 

autologous human Tregs their infusion back into patients and uncertain lineage stability of 

expanded Tregs. These problems primarily stem from insufficient knowledge on human Treg 

development and homeostasis. These limitations have hindered our ability to translate 

successful murine studies into human treatments. Here, we discuss recent advances in our 

understanding of the development of Tregs, transcriptional and epigenetic regulation of 

Foxp3 expression and Treg lineage stability, various approaches being used to augment Treg 

Kumar et al. Page 2

Cell Immunol. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



numbers/functions and critically review their clinical utility for treating human autoimmune 

diseases.

2. Regulatory T-cell development in the thymus and periphery

Earliest studies indicating a role of Tregs in immune tolerance was published in 1969 by 

Nishizuka and Sakakura in which they reported identifying T-cell mediated autoimmunity in 

3-day-old neonatal thymectomized mice but, not in 7-day-old thymectomized mice. Based 

on these findings they surmised that while self-reactive Tconv cells had emigrated from the 

thymus by day 3 of life, suppressor T-cells, which prevented autoimmunity in 7-day-old 

thymectomized mice, were absent in the periphery of 3-day-old thymectomized mice[14]. 

Three decades later, Sakaguchi et al. characterized these suppressor cells as IL-2 receptor 

alpha (IL-2Rα/CD25) expressing CD4+CD25+ immunoregulatory T-cells which appear in 

the periphery after 3-days of life. More importantly, supplementation of CD4+CD25+ T-

cells from non-thymectomized mice prevented autoimmunity in 3-day-old thymectomized 

mice[15]. Subsequently, the transcription factor Foxp3, which was earlier found to be 

associated with autoimmune abnormalities like scurfy and IPEX[10], was identified as the 

lineage-specific marker for Treg cells[8, 16]. Thus, it is now accepted that Foxp3+Treg cells 

developed in the thymus are necessary to prevent autoimmunity.

2.1. A Two-step model of thymic Treg development

There are two models of thymic Treg (tTreg) cell development proposed based on the TCR 

signal strength, namely TCR instructive and stochastic models. According to the TCR 

instructive model, thymocytes expressing intermediate affinity TCRs for self-peptides 

experience higher TCR signal strength and differentiate into Foxp3+ Treg cells[17]. Treg 

cells express higher levels of TCR activation markers such as CD25, CD69, and CTLA4 

compared to Tconv cells [18, 19]. In addition, using Nur77.GFP reporter mice (Nur77 is a 

highly sensitive indicator of TCR-signal strength), it has been shown that tTregs express 

higher levels of Nur77 compared with tTconv cells [20]. Thus, it is clear that higher TCR-

signal strength is a prerequisite for tTreg differentiation. On the other hand, the stochastic 

model suggests that Foxp3 expression might be determined independent of TCR signal 

strength, perhaps during the early CD4−CD8− double negative (DN) stage and Foxp3 

expression might provide a survival advantage to the cells to escape negative selection[17]. 

However, Foxp3+ thymocytes predominantly appear during CD4+CD8- single positive (SP) 

stage in wild-type mice, raising questions on the stochastic model [21]. The reason for this 

apparent discrepancy could be due to the use of TCR transgenic mice in most of the studies 

leading to the stochastic model. In TCR transgenic mice, unlike wild-type mice in which 

TCR α/β expression appears in CD4+CD8+ DP stage, the TCR expression was induced in 

early CD4−CD8− DN stages [22]. Interestingly, human Foxp3+ thymocytes differentiation 

starts predominantly during the early CD4+CD8+ DP stage which is strikingly different 

from murine thymic Treg development[21]. Thus, the timing of Foxp3 expression during 

Treg differentiation and its role in facilitating their selection still remain unresolved.

Treg cell development in the thymus can be divided into two phases. The first phase is a 

TCR-dependent phase in which thymocytes experiencing higher TCR-signal strength with 
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costimulatory signals from CD28, OX40, GITR and TNFR2 give rise to two different 

subsets of Treg precursors; 1) CD4+CD25+Foxp3- and CD4+CD25-Foxp3low cells[18, 19, 

23]. In the second TCR-independent phase, the Treg precursors gain Foxp3 and CD25 

expression through signaling from common gamma chain cytokines like IL-2, IL-7 and 

IL-15 to become matured CD4+CD25+Foxp3+ Tregs [19, 21, 24]. We have observed 

CD25+Foxp3− and CD25−Foxp3low Treg precursors in the human thymus in both 

CD4+CD8+ DP and CD4+SP stages as well[25]. Thus, despite striking differences in the 

stages of Foxp3+ thymocyte differentiation, human and murine thymuses likely share 

common Treg developmental pathways. However, it is not known whether matured Tregs 

differentiating from two different precursors have similar or dissimilar TCR repertoire and 

function.

2.2. Epigenetic and transcriptional regulation of Foxp3 expression and Treg 
differentiation.

Foxp3 is the lineage-specific factor expressed exclusively on Tregs in mice. Over the years, 

Foxp3 gene regulation has been actively studied. Specific epigenetic events, such as 

nucleosome positioning, DNA methylation, and histone modification have been identified to 

govern Treg differentiation. The transcriptional regulation of Foxp3 expression and Treg 

differentiation is summarized in Fig-1. The Foxp3 gene contains a promoter region and three 

conserved non-coding sequences (CNS1, 2 & 3) in human, mouse, and rat [26, 27]. More 

recently, Kitagawa et al. reported CNS0, another conserved region bound by Satb1, which is 

a chromatin organizer that can activate super-enhancers even in closed chromatin where 

chromatin accessibility is low[28]. The human Foxp3 promoter is positioned 6.5kb upstream 

of exon1 and contains NFAT and AP1 binding sites. However, the Foxp3 promoter has low 

transcriptional activity and its expression is critically dependent on other intronic enhancer 

regions such as CNS regions [29]. The CNS1 (enhancer 1) contains binding sites for TGF-β 
and TCR driven transcription factors, such as Smad2/3 and NFAT, and has been shown to be 

indispensable for TGF-β-induced peripheral Treg (piTreg) differentiation but not required 

for thymic Treg (tTreg) differentiation[30]. Mice lacking CNS1 region were found to have 

normal tTreg differentiation but significantly reduced Tregs in gut-associated lymphoid 

tissues [31]. CNS2 (enhancer 2) contains the Treg-specific demethylated region (TSDR) 

harboring CpG islands, and CREB [32] and STAT5 binding sites [33]. Though CNS2 

deletion did not drastically affect tTreg generation, its ablation leads to loss of lineage 

stability of Tregs during proliferation[34]. On the other hand, CNS3 which contains c-Rel 

binding sites has been shown to regulate the differentiation of both thymic and peripheral 

Tregs [31]. Interestingly, CNS3 deficient mice had significantly reduced tTregs indicating a 

relatively more critical role in tTreg differentiation [35].

Many transcription factors have been identified to regulate Foxp3 expression, including c-

Rel, Smad2/3, ATF, NFAT, AP-1, STAT5, and Nr4a. C-Rel−/− mice had 10-fold reduced Treg 

numbers and in addition, c-Rel−/− Tregs had impaired suppressive functions. c-Rel has been 

shown to form a Foxp3-specific “enhanceosome” containing c-Rel, NFAT, CREB, p65, and 

Smad which binds to the Foxp3 promoter to drive its transcription[36]. Moreover, c-Rel can 

bind to the CpG island of CNS3 enhancer region even in its methylated form whereas other 

transcription factors such as CREB and ATF can bind only when it is demethylated [37]. 
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Studies using NFAT1/NFAT4 double knockout mice suggested a critical role for these two 

NFATs in the regulation of Foxp3 expression in nTregs [38]. NFAT binding sites were 

observed in CNS1, and TGF-β stimulation has been shown to recruit NFAT and Smad2/3 to 

the Foxp3 promoter to drive iTreg differentiation[30]. Thus, NFAT might regulate both 

thymic and peripheral Treg differentiation. Human Foxp3 promoter was found to contain 

NFAT and AP1 binding sites in close proximity and they coordinately function to drive 

Foxp3 transcription[26]. Another independent study has also shown a positive role for AP-1 

in regulating TCR/TGF-β induced Foxp3 transcription and iTreg differentiation in co-

operation with NFAT and Smad [39]. STAT5 is another unique transcription factor 

regulating tTreg differentiation, which is not a part of signaling downstream of TCR 

activation [40]. STAT5 activation is induced by common gamma chain cytokines like IL-2, 

IL-7 and IL-15, with IL-2 being a predominant contributor[33]. IL-2 plays a key role in Treg 

expansion and survival through STAT5 activation[41]. IL-2 required for Tregs survival and 

expansion is produced predominantly by activated Teff cells and appears to be a feedback 

mechanism by which Teff cell activation is controlled by Tregs [42]. Foxp3 promoter has 

consensus STAT5 binding sites, and a STAT5 binding site was also found in the CNS2 

region of the Foxp3 gene [43]. IL-2-induced STAT5 activation plays a crucial role in the 

maturation of CD25+Foxp3- and CD25-Foxp3low tTreg precursors [18, 23]. IL-2, IL-2Rβ, 

and STAT5 knockout mice had significantly reduced Tregs and developed autoimmune 

symptoms [44]. Additionally, Nr4a family transcription factors were implicated in tTreg 

differentiation, which includes Nr4a1, Nr4a2, and Nr4a3. T-cell-specific deletion of these 

transcription factors resulted in abrogation of Treg differentiation and severe autoimmunity 

[45, 46]. Nr4a can strongly bind to the Foxp3 promoter and weakly to the CNS1 region to 

activate Foxp3. Additionally, Nr4a has also been reported to interact with another 

transcription factor called Runx1 which is necessary for Foxp3 expression and Treg 

function[45].

2.3. Peripheral Treg differentiation

The peripheral Treg pool consists of two different populations of Tregs; 1) Thymus-derived 

natural Tregs (nTregs) and peripherally induced Tregs (piTregs). However, the relative 

contribution of these Treg subsets to self-tolerance remains elusive. The piTregs are 

differentiated from CD4+CD25-Foxp3- Tconv cells in response to minute doses of antigen 

with suboptimal dendritic cell activation [47]. It is now widely accepted that piTregs are 

constituents of tissue-resident Tregs, such as gut-associated lymphoid tissue Tregs, and play 

an important role in gut tolerance[48]. Moreover, there are reports suggesting that piTregs 

might also play a role in the regulation of autoimmune responses [49, 50]. Nevertheless, it is 

difficult to determine the relative role of piTregs in autoimmunity because of lack of definite 

markers to differentiate piTregs vs tTregs. In several studies, Neuropilin−(Nrp)−1 and Helios 

expression were used to mark tTregs as Nrp1+Helios+Foxp3+ and Nrp1−Helios−Foxp3+ 

Tregs as piTregs at least in naïve mice. In line with this definition, CNS1−/− mice had a 

reduced frequency of Nrp1−Foxp3+ piTregs in the periphery [51]. However, this definition is 

true only in circulating Tregs as piTregs in the inflamed tissue might express Nrp1 upon 

activation[6]. Moreover, use of Nrp1 expression to mark tTregs may not be as valid for 

human tTregs, as the Nrp1 expression was not detected in circulating human Tregs although 

human splenic Tregs were positive for Nrp1[52]. Although Helios expression was observed 
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in more than 70% of circulating Tregs, it is difficult to discriminate the site of differentiation 

of Helios+ vs Helios− Tregs in human[6]. Therefore, further studies on human Tregs are 

needed to understand the mechanism of human piTreg differentiation and homeostasis.

One of the salient features of tTregs is the demethylated TSDR in CNS2 region of Foxp3 

and hypomethylation of other Treg signature genes, such as Ctla4, Il2ra, Ikzf2, and Tnfrsf18, 
allowing for stable expression of lineage markers [53]. However, the epigenetic regulation of 

the lineage stability of piTregs remains controversial. Initial studies performed using TGF-β-

induced in vitro generated iTregs showed lack of TSDR demethylation [54]. Soon, it became 

evident that in vitro generated iTregs do not demonstrate the essential characteristics of in 
vivo generated piTregs [55]. Epigenetic studies using in vivo generated piTregs yielded 

contradicting results with some studies showing demethylated TSDR [54] and others 

showing methylated CpG islands in TSDR [50]. The reason for the discrepancy could be 

either due to differences in the animal models used or the markers used for sorting piTregs. 

However, Ohkura et al. showed demethylation of TSDR and Treg lineage-specific signature 

genes such as Ctla4, Il2ra, Ikzf2 and Tnfrsf18 in vivo generated piTregs [53], but not in in 
vitro generated Tregs [53]. However, it remains unclear whether piTregs represent a 

homogenous population or the heterogeneity of the piTreg population was the underlying 

reason for the observed differences in epigenetic stability in aforementioned studies. Further 

studies are required to demonstrate the relative contribution of piTregs in the prevention of 

autoimmune diseases.

3. Treg lineage stability and plasticity

One of the salient features of many immune cell types, if not all, is their ability to modulate 

phenotypic characteristics as an adaptive response to changing micro-environment under 

inflammatory conditions. There is a growing body of evidence suggesting that a subset of 

Tregs do not belong to a terminally differentiated cell type and tend to lose their lineage 

stability and trans-differentiate into pathogenic Teff cells (“ex-Foxp3” cells) [56]. As 

discussed in earlier sections, Treg-specific DNA demethylation at Foxp3 gene locus allows 

for the constitutive expression of Foxp3, which is essential for the repression of TCR 

activation-induced expression of inflammatory genes like Ifn-g, Il-2, and Zap70 in Tregs 

[53]. Thus, loss/reduced expression of Foxp3 in Tregs leads to expression of these pro-

inflammatory genes by Tregs. In general, iTregs tend to have transient Foxp3 expression and 

considered to represent an unstable phenotype [57], whereas tTregs regarded as lineage 

stable Tregs. However, emerging studies show the instability of tTregs under normal and 

autoimmune conditions as well. Fate-mapping studies marking cells expressing Foxp3 at any 

time of their life cycle with yellow fluorescent protein (YFP) showed the emergence of cells 

with transient Foxp3 expression in the thymus [58]. More importantly, an increase in ex-

Foxp3 cells was identified to be associated with pathogenesis in NOD and EAE mouse 

models [59, 60]. Moreover, exFoxp3 cells in NOD mice contained cells with methylated 

TSDR, indicating the link between epigenetic regulation of Treg lineage stability and 

autoimmunity [59]. Recent studies argue that Foxp3 expression alone is insufficient for 

optimal Treg function [61, 62]. For example, CpG hypomethylation of Il2ra (Cd25), Ctla4, 
Tnfrsf18 (Gitr) and Ikzf4 (Eos) gene loci in nTregs represent Foxp3-independent nTreg 

signature and their constitutive expression along with Foxp3, determines the Treg lineage 
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stability and function [53]. Eos is a transcription factor which acts as a functional partner for 

Foxp3 mediated gene repression. Interestingly, Eos-labile Foxp3+Tregs were shown to be 

pathogenic T cells expressing pro-inflammatory cytokines and IL-6 was found to be the 

crucial factor inducing these Eos-labile Tregs [63].

Unlike murine Tregs in which Foxp3 is a definite lineage-specific marker for Tregs, a subset 

of activated human Teff cells were shown to transiently express Foxp3, and such transient 

Foxp3 expression did not confer suppressive functions[64]. Clinical studies have identified 

increased frequencies of CD45RA+FOXP3low and CD45RA−FOXP3low cells with impaired 

suppressive functions in SLE patients which correlated with disease index [65]. Hoffman et 

al. have demonstrated that repetitive TCR stimulation of human nTregs during in vitro 
expansion leads to CpG methylation of the Foxp3 gene locus in CD45RA−FOXP3+ 

memory-type subset, giving rise to unstable Tregs expressing pro-inflammatory cytokines 

like IL-2 and IFN-γ [66]. In accordance with this finding, TGF-β has been shown to 

antagonize TCRinduced cell-cycle dependent recruitment of DNA Methyl Transferase 

(DNMT1)-1 to Foxp3 locus and thereby prevent CpG methylation associated with loss of 

Foxp3 expression [67]. Similarly, DNMT1 inhibitors can be used to increase the fidelity and 

functions of nTregs in vivo [68, 69] [66]. However, it remains unknown whether TCR 

signaling or cell cycle induced exhaustion is responsible for the epigenetic changes leading 

to loss of Foxp3 expression. Taken together, it appears that Tregs exhibit different levels of 

heterogeneity under normal vs autoimmune conditions and further studies are warranted to 

determine the molecular mechanism regulating the emergence of unstable Tregs under 

homeostatic, proliferation induced exhaustive and autoimmune conditions.

4. Tregs: mechanism of suppressive functions.

Tregs can suppress the activation, expansion, and effector functions of a wide variety of cell 

types including CD4+/CD8+ T-cells, B-cells, NKT cells and APCs. They exert their 

functions through modulation of APC functions, production of immunoregulatory cytokines 

such as IL-10, TGF-β, and IL-35, ATP deprivation, and cytolysis as summarized in Fig-2. 

Tregs express coinhibitory receptors like CTLA4 and TIGIT which can contribute to their 

suppressive functions. CTLA4 is constitutively expressed by Tregs and activated Teff cells, 

and CTLA4 deficiency or blockade has been shown to attenuate Treg functions. CTLA4 

competes with co-stimulatory receptor CD28 for binding to co-stimulatory ligands CD80/

CD86, which are expressed on APCs [70]. Interaction of CTLA4 with CD80/CD86 leads to 

trans-endocytosis of CTLA4 by APCs and down-modulation of CD80/CD86 expression 

[71]. Thus, CTLA4 expression by Tregs can modulate both Teff cell and APC functions. 

TIGIT is expressed on a subset of Tregs and contribute to their function by a mechanism 

similar to the CTLA4/CD28/CD80/CD86 axis. Coinhibitory receptor TIGIT competes with 

co-stimulatory receptor CD226 for binding to costimulation ligands CD155/CD112 

expressed on APCs. Thus, binding of TIGIT with CD155 and CD112 prevents CD226 co-

stimulation and inhibits Teff cell activation [72].

Tregs produce suppressor cytokines, like TGF-β, IL-10, and IL-35, all of which can 

contribute to Teff cell suppression. Tregs produce TGF-β in both soluble and membrane-

bound forms [73]. TGF-β can induce iTreg differentiation while suppressing Th1/Th2 
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differentiation[74]. However, in combination with IL-6, it can promote Th17 differentiation 

[75]. IL-10 is an antiinflammatory cytokine produced by Foxp3+Tregs and 

Foxp3−IL-10+Tr1 cells. IL-10 deficient Tregs fail to protect against T-cell transfer mediated 

colitis [76, 77] indicating a critical role for IL10 in the prevention of autoimmunity in a 

colitis model. IL-10 has also been shown to inhibit both naïve and memory T-cell 

responses[77] and IFN-γ production[78]. Similarly, IL-35 produced by Tregs can inhibit 

Teff cell proliferation and Tregs with defective IL-35 signaling had reduced suppressive 

functions in autoimmune IBD model as well [79].

Murine Tregs constitutively express two enzymes involved in ATP degradation: 1) CD39 

(ecto-nucleoside triphosphate diphosphohydrolase-1) and 2) CD73 (Ecto-5’-nucleotidase). 

CD39 catalyzes the conversion of ATP to AMP, and CD73 converts AMP to adenosine[80]. 

Adenosine can activate signaling through A2A receptors expressed on dendritic cells (DCs) 

and Teff cells resulting in down-regulation of NF-kB activity and reduced production of 

effector cytokines and chemokines [81]. Additionally, Tregs can induce direct cytolysis of 

responder cells like CD4/CD8 T-cells, NK cells and APCs through granzyme-A/B and 

perforin-mediated mechanisms. It has been shown that granzyme-B-deficient Tregs had 

attenuated Treg functions and failed to induce apoptosis of Teff cells compared to granzyme-

B-sufficient Tregs [82]. Similarly, Treg-mediated apoptosis of B-cells was also found to be 

mediated by granzyme-B and perforin-dependent mechanisms[83]. Human Tregs have been 

shown to induce apoptosis of Teff cells through the granzyme-B/perforin pathway. Of note, 

naïve Tregs do not express granzyme-B, whereas activated Tregs do express it. Moreover, 

activated Tregs in tumor microenvironments induce apoptosis of NK-cells and cytotoxic T-

cells through the granzymeB/perforin pathway [84]. All of these suppressive mechanisms 

contribute to Treg mediated inhibition of function of various cell types, and loss of any one 

or more of these mechanisms may be compensated by the other remaining mechanisms to 

help sustain the competency of Tregs.

5. Approaches for targeting Tregs to treat autoimmunity

Altered Treg numbers/functions have been found to be associated with many experimental 

autoimmune disease models. Therefore, therapeutic approaches aimed at enhancing Tregs 

have been tested in experimental animal models of autoimmune diseases such as 

experimental autoimmune encephalomyelitis (EAE)[85, 86], T1D[87, 88], collagen-induced 

arthritis (CIA)[89, 90], lupus[91], experimental autoimmune myasthenia gravis (EAMG)

[92], colitis[89], etc. Phenotypic characterization of the Tregs revealed low CD25 and 

reduced Treg cell-specific FOXP3 demethylation as peripheral blood markers of 

autoimmune diseases such as SLE and T1D [93]. staggered ratio of Treg/Th17 was shown in 

active SLE patients, when compared to inactive Apart from FOXP3 demethylation, several 

other epigenetic changes such as acetylation and trimethylation of histone H3/H4 and 

regulatory influence of miR-155, miR-126, and miR-10a have also been noted[94]. Notably, 

a significantly SLE patients and normal controls [95]. Multiple preclinical studies have 

demonstrated that restoring Treg number/function either by using histone deacetylase 

inhibitor (ITF2357) [96], the active metabolite of leflunomide (A771726) [97] or inhibitor of 

calmodulin-dependent protein kinase IV (KN-93) [98] can rebuild immune tolerance in SLE 

animal models. Likewise, patients suffering from systemic sclerosis possess a lower number 
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of CD4+CD25+Foxp3+ Tregs and reduced expression of IL-10 and TGF-β in peripheral 

blood as compared to healthy controls [99]. Targeting impaired suppressive function 

(FOXP3 hypermethylation) of Tregs by using a methylation inhibitor, 5-aza showed an 

increase in FOXP3 expression and in the percentages of CD4+CD25+FOXP3+ Tregs ex vivo 
[100]. Similarly, a lower percentage of CD4+CD25+ Tregs and reduced levels of TNF-β1 in 

the peripheral blood have been noted in rheumatoid arthritis patients as compared to healthy 

controls [101]. Patients with rheumatoid arthritis upon treatment with methotrexate showed 

increased FOXP3 and CTLA4 expression which corroborated with resumed Treg 

suppressive function [102]. Similar alterations in Treg numbers and functions were reported 

in Psoriasis which affects 2–3% of the world’s population. Efforts have been made to 

augment Treg numbers in Psoriasis by using histone deacetylase inhibitor (Trichostatin A) 

[103], cyclosporine [104] and TNFα antibody (Etanercept) [105] and they have yielded 

promising results. Reduced number of Tregs have also been reported in ulcerative colitis, 

T1D, and EAE which highlight the importance of Tregs in preventing chronic autoimmune 

diseases [94]. Apart from these indirect approaches, there are several direct approaches 

tested to target Treg numbers/functions in clinical trials which can be classified as follows; 

1) Adoptive Treg cellular therapy, 2) Approaches to induce in vivo expansion of Tregs.

5.1. Adoptive Treg cellular therapy.

In adoptive cellular therapy, Tregs sorted from peripheral blood based on 

CD4+CD25hiCD127low surface phenotype (where CD25hiCD127low expression is used as a 

surrogate for Foxp3 expression) are expanded in vitro through repeated rounds of TCR-

stimulation using anti-CD3/CD28 microbeads in the presence of IL-2, and transfused back 

to the patients [106]. Initially, a similar approach with adoptive transfer of Tregs in NOD 

mice reversed ongoing diabetes[87]. In addition, the first clinical trial using the adoptive 

transfer of Tregs in patients with new-onset T1D produced promising results. Eight out of 

twelve patients met remission criteria for reduced insulin supplementation and one patient 

became insulin independent [12]. More recent clinical trial (NCT01210664) in T1D patients 

confirmed the stability of Tregs more than a year after transfusion and improved c-peptide 

levels in patients [13]. Currently, another clinical trial of adoptive Treg therapy in cutaneous 

lupus erythematosus is underway (NCT02428309).

Adoptive Treg immunotherapy offers an advantage of expanding antigen-specific Tregs in in 
vitro cultures for the better suppressive functions than polyclonal Tregs. However, it would 

be difficult to expand antigen-specific Tregs from peripheral blood because of their 

minuscule numbers in PBMCs[107]. Moreover, as discussed above, the mechanism of Treg-

mediated immune suppression involves different mechanisms, such as immunosuppressive 

cytokine production and ATP deprivation, which may not require antigen-specificity for the 

desired effect. Moreover, a study by Szymczak-Workman et al. Using Tregs from two 

different TCR-transgenic mice (i.e. AND OTII strains), which had distinct and non-cross-

reactive specificities showed that that the suppressive functions of Tregs were not dependent 

on antigen specificity, MHC-presentation or TCR stimulation [108]. In line with this notion, 

the aforementioned T1D clinical trials with polyclonal Tregs achieved endpoint criteria 

indicating the sufficiency of polyclonal Tregs. However, further studies comparing the 

efficacy of polyclonal Tregs and antigen-specific Tregs are necessary to reach a firm 
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conclusion. Another risk associated with the expansion of antigen-specific Tregs is that it 

might require a higher number of cycles of TCR-stimulation in ex vivo cultures to expand 

sufficient number of Tregs for adoptive therapy and such repetitive TCRstimulation can lead 

to methylation of Foxp3 TSDR and loss of lineage stability [66]. If antigenspecific Tregs 

contained within the expanded polyclonal population lose their lineage stability and become 

Teff cells, they may cause pathology and exacerbate the autoimmune disease being treated.

5.2. Approaches to augment Tregs numbers in vivo

Although adoptive Treg cellular therapy has shown promising results in clinical trials, there 

are several limitations which impede their routine clinical use. These limitations include 1) 

Need for Good Manufacturing Practice (GMP) facilities for Treg sorting, ex vivo expansion, 

and transfusion, and their associated cost; 2) Lack of an approach to cause selective Treg 

expansion as TCR-stimulation may expand contaminating Teff cell population, if any; 3) 

Very low frequency of Tregs in the peripheral blood; and 4) Risk of losing lineage instability 

of Tregs upon repeated TCR-stimulation. Therefore, an approach that can expand Tregs in 
vivo with sustained lineage stability would be ideal for routine clinical utility. There are 

several approaches tested to augment Treg numbers/functions in vivo including low dose 

IL-2 therapy, induction of Tregs using tolerogenic dendritic cells (DCs), anti-CD3 

monoclonal antibody therapy and rapamycin, etc.

5.2.1. Low dose IL-2 therapy—IL-2 was initially discovered as a T-cell growth factor 

and reportedly the first cytokine to be cloned. [109]. It was identified as an indispensable 

effector cytokine required for Teff cell responses. Later, IL-2 was found to play a key role in 

Treg differentiation, survival, and proliferation as discussed in previous sections. 

Dysregulations in IL-2 signaling were implicated in Treg homeostasis and 

autoimmunity[44]. While CD25, receptor for IL-2 (IL-2RA), is expressed on Teff cells upon 

TCR activation, it is constitutively expressed on naïve Tregs under resting conditions. 

However, Tregs have a greater sensitivity (~100 fold) to IL-2 than Teff cells [110], and thus 

low doses of IL-2 has been proposed to selectively expand Tregs while sparing Teff cells due 

to their lower affinity for IL-2[110, 111]. Based on this principle, several groups tested the 

efficacy of low dose IL-2 in NOD mice and found it resulting in the expansion of Tregs in 
vivo and suppress autoimmune diabetes [110, 112, 113]. In human trials, low dose IL-2 has 

been shown to augment Tregs with little or no effect on other T-cell subsets. T1D clinical 

trials (NCT00525889 - NCT02411253) [114] are in progress to determine whether low dose 

IL-2 therapy can reach expected end-point criteria of reduction in insulin dependency or 

insulin-free survival[115].

5.2.2. Tolerogenic DCs—DCs have been found to play a crucial role in the regulation 

of adaptive and immune responses since their discovery as antigen presenting cells by 

Steinman and his colleagues[116]. Over the course of time, a subset of DCs called 

tolerogenic DCs (tDCs) were identified, which exhibit anti-inflammatory functions by 

producing peace-keeping cytokines, inducing anergy in Teff cells and promoting Treg 

differentiation and expansion. The tDCs are derived from immature DC precursors with 

appropriate stimuli, such as TSLP, retinoic acid, TGF-β, IL-10, GM-CSF, Vitamin D3, etc. 

The tDcs were shown to increase Tregs both in vitro and in vivo [117]. Our laboratory has 
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shown that tolerogenic DCs derived from mouse bonemarrow DC precursors educated with 

GM-CSF (G-BMDCs) induced preferential proliferation of Tregs, independent of canonical 

antigen presentation through MHC class-II, in an IL-2 dependent manner. This TCR-

independent Treg proliferation was mediated through two membrane-bound ligands, OX40L 

(TNFSF4 ligand) and Jagged-1 (Notch ligand), which are expressed on the surface of G-

BMDCs. The cognate interactions between OX40L and Jagged-1 with their receptors OX40 

and Notch3 which are preferentially expressed on Tregs over Teff cells drives the 

preferential proliferation of Tregs [25, 58, 118]. Moreover, these tolerogenic GBMDCs upon 

adoptive transfer expanded Tregs in vivo and suppressed autoimmunity in various preclinical 

models, including T1D [88], EAT [119, 120], and EAMG [92]. Machen et al. showed that 

murine BMDCs educated with anti-sense nucleotides for co-stimulatory molecules like 

CD80, CD86, and CD40 expanded Tregs in NOD mice and reversed ongoing diabetes [121]. 

They also used a similar approach to derive human monocyte-derived DCs and in a phase-I 

clinical trial, these tDCs were well tolerated and increased CD4+CD25hiFoxp3+ Tregs[122]. 

A Phase II clinical trial (NCT02354911) from the same group is underway. In addition, two 

more phase I clinical trials (NCT02618902) and (NCT02903537) using myelin-derived, 

antigenic peptide pulsed-vitamin D3-conditioned DCs are under evaluation in MS 

patients[123].

5.2.3. Anti-CD3 monoclonal antibodies—Anti-CD3 monoclonal antibodies were 

tested to expand Tregs based on the principle that α-CD3-mAb will induce fast endocytosis 

of TCR-CD3 complex, and later re-expression of TCR and exposure to self-antigen can 

produce ‘altered’ TCR signal resulting in cell death, anergy or regulatory phenotype[124]. 

Based on this principle, α-CD3-mAb was shown to induce TGF-β-mediated peripheral Treg 

generation from Tconv cells in CD28−/−mice which lacks nTregs [125]. In contrast, Fc-

receptor non-binding α-CD3-mAb did not expand/induce differentiation of Tregs in NOD 

mice but it caused selective depletion of Teff cells while sparing Tregs. This resulted in an 

increase in the frequency of Tregs, with no change in absolute numbers of Tregs, but 

prevention of autoimmune diabetes. Moreover, Tregs from α-CD3-mAb treated NOD mice 

had higher Helios (Treg suppressive marker) expression indicating a functional boost [126]. 

In humanized NSG mice, teplizumab-Fc-receptor non-binding α-CD3-mAb induced Tregs 

in the gut lamina propria. In human clinical trials, teplizumab did not increase 

CD4+CD25+Foxp3+ Tregs in peripheral blood but increased CD8+ Tregs expressing CD25, 

CTLA-4, Foxp3, and TNFR2 through TNF signaling [127]. However, in another human trial 

involving non-alcoholic steatohepatitis, oral administration of another anti-CD3 mAb 

(OKT3) caused an increase in peripheral blood CD4+ Tregs and improved metabolic, 

hepatic and immunologic parameters and ameliorated insulin resistance [128]. Thus, it is 

possible that α-CD3-mAb can increase CD4+/CD8+Tregs in vivo and enhance their 

functions although the underlying mechanism remains unclear.

5.2.4. Rapamycin—PI3K-AKT-mTOR signaling can negatively regulate Foxp3 

expression in Tregs and Foxp3 induction in Tconv cells. Tregs express higher levels of 

PTEN, a natural inhibitor of the PI3K-AKT-mTOR pathway, and constitutive activation of 

the PI3 kinase in Tregs from PTEN deficient mice can lead to negative regulation of Foxp3 

expression [129, 130]. Rapamycin is an inhibitor of the mTORC1 complex and it has been 
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shown to increase Treg differentiation/expansion and suppressive functions while inhibiting 

Th1/Th2/Th17 cells [131, 132]. In NOD mice, rapamycin + IL10 combination therapy 

increased CD4+CD25+Foxp3+ Tregs and IL-10 producing Tr1 cells and suppressed diabetes 

onset[133]. In a human clinical trial, rapamycin monotherapy failed to modulate 

CD4+CD25highFoxp3+ Treg numbers or their proliferation capacity, or effector cytokine 

production, but improved suppressive Treg functions [134]. In another clinical trial with 

rapamycin + IL-2 combination therapy, a transient impairment in pancreatic β-cell function 

was observed despite an increase in functional Treg numbers which was attributed to the 

undesired effect of rapamycin on other innate immune cell types [135].

6. Conclusion

Accumulating evidence shows that Foxp3+Treg repertoire does not constitute a homogenous 

population and is composed of diverse subsets of cells. However, very little is known about 

their unique functional attributes, if any. Further studies are warranted to understand how 

these different subsets of Tregs vary in their functionality and their contribution to immune 

homeostasis and tolerance. Moreover, Treg subsets may also include a lineage unstable 

population that can lose their suppressive function and contribute to autoimmunity under 

certain conditions. Recent studies have identified several epigenetic events regulating Foxp3 

expression in Tregs. These studies have raised the possibility of altering the Treg phenotype 

and increasing their fidelity and thus aid in the development of protocols for the expansion 

of stable Tregs. Although human Treg adoptive therapy has shown promising results in early 

clinical trials, efforts are needed to make such an approach more feasible for routine clinical 

use. Moreover, the results of ongoing clinical trials will shed light on its broader 

applicability in different autoimmune diseases. Approaches to enhance Treg numbers and/or 

function in vivo are highly desirable and will be more suitable for routine clinical use. 

However, it has become evident from clinical trials that use of IL-2/rapamycin to selectively 

target Tregs under autoimmune conditions may pose problems. This could be because of the 

shared expression of CD25 by Tregs and activated effector-memory-T cells, which can lead 

to off-target effects [136] resulting in exacerbation of the disease being treated. In spite of 

the proven importance of Tregs in preclinical studies and their relevance in human 

autoimmune diseases, reports available on human Treg development and homeostasis are 

sparse. Most of the currently available data on human Tregs were derived using peripheral 

blood Tregs which are strikingly different from tissue-residentTregs. Moreover, we and 

others have identified several striking differences between murine and human Tregs in terms 

of their thymic development and heterogeneity [21, 137, 138]. Thus, relevant human studies 

on Treg development and homeostasis should be encouraged for the successful clinical 

translation of Treg based therapies.
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Highlights

1. Recent advances in the understanding of murine and human thymic and 

peripheral Treg development are discussed.

2. Transcriptional and epigenetic mechanisms regulating Treg differentiation and 

lineage stability are summarized.

3. Various approaches used to expand Tregs and enhance Treg functions, their 

advantages, and limitations, and their potential clinical utility to treat 

autoimmune diseases are reviewed.
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Figure-1: 
Schematic diagram of transcriptional and epigenetic regulation of Foxp3 expression. 

Inducers of various transcription factors and respective transcription factor binding sites in 

the Foxp3 promoter and enhancer regions like CNS1, CNS2, and CNS3 are indicated using 

arrowheads. Effect of corresponding regions on tTreg and pTreg differentiation and function 

are also indicated.
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Figure-2: 
Schematic diagram of the mechanism of Treg functions. Different arms of Treg function 

such as CTLA4/TIGIT co-inhibition, CD39 mediated ATP deprivation, Perforin/granzyme-

A and B mediated cytolysis, and immunosuppressive cytokines IL-10, IL-35, and TGF-β, 

and their target cell types are shown.
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