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ABSTRACT
Autoimmune diseases are caused when immune cells act against self-protein. This biological self–non-self 
-discrimination phenomenon is controlled by a distinct group of lymphocytes known as regulatory T cells 
(Tregs), which are key inflammatory response regulators and play a pivotal role in immune tolerance and 
homeostasis. Treg-mediated robust immunosuppression provides self-tolerance and protection against 
autoimmune diseases. However, once this system fails to operate or poorly operate, it leads to an extreme 
situation where immune system reacts against self-antigens and destroys host organs, thus causing 
autoimmune diseases. Tregs can target both innate and adaptive immunity via modulating multiple 
immune cells such as neutrophils, monocytes, antigen-presenting cells, B cells, and T cells. This review 
highlights the Treg-mediated immunosuppression, role of several markers and their interplay during Treg 
development and differentiation, and advances in therapeutic aspects of Treg cells to reduce severity of 
autoimmunity-related conditions along with emphasizing limitations and challenges of their usages.

ARTICLE HISTORY 
Received 14 July 2021  
Revised 10 January 2022  
Accepted 22 January 2022 

KEYWORDS 
Autoimmunity; autoimmune 
diseases; Foxp3; regulatory 
T cell (Treg); self versus non- 
self; Treg therapy

Introduction

Autoimmune diseases are no longer neglected and selected 
practitioners treat them using immune therapy. Autoimmune 
disorders, which lead to chronic illnesses, are one of the leading 
causes of death. The primary cause of autoimmune disorders is 
unknown; however, a lack of proper immunological response is 
a general cause of all autoimmune conditions.1 The development 
of autoimmune diseases is a subject of scientific debate with 
several tricky questions and incomplete answers to be addressed 
appropriately. Presently, the numbers of cases of autoimmune 
diseases have increased. However, while all individuals do not 
suffer from autoimmune diseases, a considerable population 
contract some form of this disease. Autoimmune diseases are 
long-term diseases initiated due to an autoimmune state of 
affairs that leads to the destruction of organs due to humoral 
and cell-mediated immune mechanisms. Each autoimmune dis
order is unique in nature. In autoimmune disease, the most 
affected parts involve joints in rheumatoid arthritis (RA), pan
creatic cells in type 1 diabetes mellitus (T1D), skin, kidney, 
serous membranes in systemic lupus erythematosus (SLE), 
mucosal cells of intestine in inflammatory bowel disease and 
hepatic cells in autoimmune hepatitis. Autoimmune diseases, 
such as multiple sclerosis, systemic lupus erythematosus, 
Guillain–Bare syndrome, and Crohn’s disease, which cause 

chronic immune response against host cells, are some of the 
most problematic and challenging disease conditions handled by 
general practitioners. Though success is uncertain, all efforts are 
given to cure the disease with targeted treatment.

Human immune system recognizes and reacts against for
eign protein, but rarely toward its own (self). The immune 
system sustains this great responsibility because incidentally 
originating self-reacting lymphocytes are removed by a process 
known as programmed cell death, also known as apoptosis, 
beginning from the embryonic stage. However, we cannot 
expect all self-reactive lymphocytes to be eliminated as the 
process to distinguish self from non-self is not 100% full 
proof. Under physiological selection processes, some self- 
reacting lymphocytes still evade apoptosis, which may affect 
in the future. Similarly, it is also difficult to explain why a large 
number of people never contract autoimmune disease in the 
presence of autoreactive lymphocytes in circulation, while 
a few individuals definitely suffer and occasionally respond to 
clinical treatments.2 Adequate justification has never been 
delivered to address this complex issue. However, regulatory 
T cells (Tregs) have been reported to significantly control this 
auto reactivity and reduce the adverse effects, so that humans 
do not suffer from autoimmunity-mediated pathological 
ailments.
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Tregs are a specialized T cell subpopulation with specific 
regulatory mechanisms that inhibit the core components of 
adaptive and innate immune responses. Human Tregs are 
characterized with Forkhead box P3 (Foxp3) protein along 
with low and high expression of CD45RA marker. 
Functionally and phenotypically three distinct subpopulations 
of Tregs are (1) CD45RA+FoxP3 low, resting Tregs (2) 
CD45RA-FoxP3, high activated Tregs, both are suppressive 
Tregs and the last one (3) is cytokine secreting CD45RA- 
FoxP3, low nonsuppressive T cells.3

Tregs also play a crucial role in immune homeostasis and 
self-tolerance.4,5 As Treg cells with Foxp3 and CD4+ maintain 
immune homeostasis, several studies have reported that Tregs 
can help to develop efficient and reliable therapeutic regimens 
to cure autoimmune disorders and several life-threatening 
allergic reactions.1,6–10 Furthermore, the efficient functioning 
of Treg requires the expression of not only Foxp3, but also 
several other Treg signature genes, including CD25 and cyto
toxic T lymphocyte antigen 4 (CTLA-4). Moreover, antigen- 
specific Tregs efficiently control immune response severity for 
treating autoimmune disorders.

Whether Treg-based cellular therapies may offer a reliable 
and productive therapeutic regimen for treating autoimmune 
diseases remains questionable despite the strong evidence sup
porting this claim. However, many disagreements and major 
knowledge gaps, particularly related to the mechanism of Treg 
suppression, necessitate the need of further detailed studies. 
This review summarizes current knowledge on several Treg- 
related biological aspects, focusing on their morphogenesis, 
modes of action, clinical strategies for isolation and expansion, 
and therapeutic abilities in treating autoimmune diseases. 
Furthermore, several challenges have been discussed, which 
need to be addressed in future studies.

Dispute on T suppressor cells versus Treg cells

There are two schools of thoughts; one supports T suppressor 
cells, while the other advocates Tregs that control autoimmune 
disorders. However, proponents of T suppressor cells have now 
realized that these cells are indeed a type of Tregs. Tregs are a T 
cell subtype that suppresses inflammatory events. Scientific 
evidence suggests that Treg deficiency contributes to 
autoimmunity.11,12

Place and time of Treg cell birth

Differentiation of thymus-derived Tregs (tTregs) relies on TCR 
signaling, particularly the strength and duration of the signal 
decide the fate of T cells in circulation.13 These self-reacting 
non-eliminated T cells remain in the circulation for lifetime, 
but may not aggressively react. Tregs, like other lymphocyte 
sets, are generated from multipotent hematopoietic stem cells. 
During embryonic development in the presence of cytokines 
and under the guidance of several transcription factors, double 
positive T cell expressing both CD4 and CD8 undergo exten
sive positive and negative selection to express either CD4 or 
CD8 markers. However, few cells acquire distinct phenotypic 
markers and are designated as Tregs. Thymic stromal cells, 
including cortical medullary thymic epithelial cells and 

dendritic cells inside thymus, contribute to Treg differentiation 
and selection. Additionally, both interleukin (IL)-2 and IL-7 
are essential for T cell development in the thymic 
microenvironment.14 The process of Treg development is 
a complex phenomenon and has been discussed in detail 
previously.15 A previous report has indicated that a subset of 
thymus-derived cells expressing CD4 marker along with high 
expression of IL-2 receptor alpha (IL-2Rα) chain (CD25) pro
tect thymectomized (surgically removal of thymus) mice from 
autoimmunity.16 These specialized cells quench adaptive 
immune response and inhibit the proliferation of other cells, 
thereby suppressing autoreactive immune responses. Tregs 
leave the thymus to enter the circulation for patrolling and 
regulate the autoimmune reaction. Further, several inflamma
tory cytokines, such as IL-7 and IL-15, are also essential for 
Treg differentiation, and they appear to partly substitute IL-2, 
leading to reduced Foxp3 Treg formation.17

Apart from thymus-derived Tregs, extrathymic origin of 
Tregs has been confirmed. Tregs can still be divided into 
natural/thymic and effector Tregs.18,19 The anti-inflammatory 
intensity of naïve Tregs, which have just left the thymus, is 
inadequate to exert its complete potential. Naive Treg cells 
propagate as well as develop into the hyper repressive and 
immunologically differentiated effector Tregs (eTregs) follow
ing TCR induction within the lymph node. These eTregs then 
inhibit antigen-specific maturation of APCs, such as dendritic 
cells (DCs). Effector Tregs, on the contrary, consume IL-2 via 
an increased sensitivity to IL-2 receptors and secrete several 
inhibitory cytokines, such as IL-10, transforming growth factor 
beta (TGF-β), and IL-35, to inhibit immune system function in 
an antigen-nonspecific way. In the animal model, antigen- 
specific Tregs outperform antigen nonspecific Tregs in terms 
of immune suppression, while antigen nonspecific Treg cells 
also suppress immune response.20 Therefore, while Tregs sup
pression is partly antigen nonspecific or non-dependent, anti
gen-dependent Treg activation affects the immune system 
effectively.21 Furthermore, the control mechanism of this selec
tion has not been fully discovered yet; however, it can be 
concluded that two population of Treg cells exists, natural 
Tregs and induced/adaptive Tregs, which can be generated 
under the influence of specific cytokines, such as TGF-β and 
IL-10.22

Tissue-resident Tregs and their possible origin

Tregs develop multiple phenotypes and functions depending 
on their surroundings and microenvironment due to plasticity. 
Previous studies have revealed that Tregs reside in several 
tissues/organs, including the visceral adipose tissue (VAT), 
colon, skeletal muscle, and skin, in addition to being produced 
in lymphoid tissues and serve several purposes. Tregs residing 
in adipose tissue are primarily responsible for maintaining the 
balance between immunity and metabolism, while Tregs resid
ing in colon tissues sustain intestinal homeostasis and protect 
the body from harmful microbes. Mostly under inflammatory 
settings, Tregs present in skeletal muscle cells essentially pre
serve muscle cell homeostasis and stimulate skeletal muscle 
repair. Tregs in the skin influence hair regrowth. Even though 
the phenotypes and activities of tissue-specific Tregs differ, 
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they are all linked to autoimmune disorders.7,23,24 Tregs resid
ing in several physiological niches share fundamental pheno
typic markers, perform immunosuppression, and may serve as 
therapeutic targets for treating specific autoimmune diseases in 
a given circumstance. On the contrary, Tregs adapt to their 
surroundings and express tissue-specific factors that play dif
ferent roles in tissue repair.8,23

Intestinal Tregs are mixed origin as indicated by their con
siderable phenotypic variability, though >70% colonic Tregs do 
not possess thymic markers like Helios. Compared to spleen 
and lymph node Tregs, colonic Tregs exhibit reduced Nrp1 (a 
critical thymic marker) expression. This indicates that the 
thymus is not necessary for the origin of intestinal Tregs and 
implies peripherally derived Treg (pTreg) origin.25,26

Skin Tregs are considered to derive from the thymus that 
proliferates throughout a particular neonatal timeframe (6–13 
post-natal days). Blocking T cell migration from the thymus or 
lymph nodes during this period with FTY720, a sphingosine- 
1-phosphate receptor antagonist, ten-fold reduces the cuta
neous Treg count. It is also linked to an elevation in thymic 
Tregs, suggesting that skin Tregs are produced from the thy
mus. However, the CDR3 sequence in skin Tregs, skin Teffs, 
and their respective analogs in the spleen or lymph nodes have 
not been studied thoroughly. Therefore, the origin of skin 
Tregs remains a mystery.27

Identity mark on Treg

The constitutively expressed transcriptional regulator Foxp3 
and CD25 (IL-2Rα) and CTLA4 can be considered as dis
tinguishing cell-specific marker for CD4+ Treg cells. Out of 
these markers, Foxp3 is more specific, while CD25 and 
CTLA4 are relatively less specific and also expressed on 
conventional T cells. However, CD25 and CTLA4 are cru
cial factors in some Treg-mediated suppression mechanisms 
that maintain immune homeostasis.28 Foxp3 acts as 
a transcription factor with a 100 amino acid long conserved 
DNA binding domain that folds like a winged helix struc
ture, termed the forkhead box, and plays an essential role 
in self-tolerance maintenance and autoimmune disease pre
vention by regulating the function of CD4+ Treg cells. 
These molecules have distinct roles in T cell survival and 
regulate important biological activities. Cell surface mar
kers, such as CD25, are essential for autocrine IL-2 absorp
tion on its own surface. CTLA4 is involved in Treg- 
mediated suppression by downregulating CD80 and CD86 
on APCs, whereas Foxp3 is essential for high CD25 and 
CTLA4 expression. Despite the improvement in Treg biol
ogy, no exact markers have been designated to characterize 
human Tregs. However, the identification of a conserved 
non-coding element within the Foxp3 gene locus using 
gene sequencing technique has been identified to be most 
appropriate target for “real” human Tregs.29

Tregs are found in the thymus at 13 weeks of gestation in 
humans and express forkhead/winged helix family transcrip
tion factor Foxp3 protein. These cells are functionally suppres
sive when co-cultured with Teffs.30 Currently, CD4 and CD25 
expression and absence of the IL-7R α-chain (CD127) is con
sidered to be an authentic marker for Treg purification.31

Furthermore, while human T lymphocytes temporarily 
express Foxp3 in response to TCR stimulus, Foxp3+ T cells 
are functionally and phenotypically heterogeneous in humans. 
CD127 is expressed at small concentrations by CD25+ CD4+ 

Tregs, and some Tregs express CD4, CD25, and CD127. 
However, CD127 is downregulated in naïve T (nT) cells acti
vated by TCR signaling and Foxp3 expression upregulation, 
implying that the CD4+ CD25+ CD127+ T cell fraction may be 
contaminated by a few other stimulated non-Treg cells expres
sing all the markers.31,32 Recent reports also suggest the 
absence of CD127 on Tregs; however, it is necessary to identify 
the exact marker proteins on Tregs to develop effective ther
apeutic strategies. Moreover, Foxp3-expressing Tregs should 
be distinguished from conventional Foxp3-expressing T cells. 
The classification, phenotypes, functional characteristics, and 
balance of Treg cells in the immune response are shown in 
Figure 1.

Experimental evidence of Treg-mediated suppression

Treg-mediated immunosuppression involves several 
immune-suppressive mechanisms, including CTLA4- 
mediated APC suppression, IL-2 consumption, and immu
nosuppressive cytokine and metabolite production.28 

Furthermore, the Treg-mediated inhibitory pathways imped
ing various immune cells have been classified as direct path
ways, where Tregs induce a direct response on the immune 
cell, and indirect pathways, under which another cell or 
molecule is influenced, which in turn inhibit the immune 
cells. The release of various cytokines, including IL-10, TGF- 
β, and IL-35, as well as the synthesis of lytic enzymes such as 
granzyme and perforin, causes target immune cell death, 
usually by apoptosis. In addition, Tregs directly suppress 
target cells by expressing CD39/CD73, which in turn reduces 
extracellular ATP concentration by producing adenosine and 
AMP.33 Tregs, on the contrary, impact changes in the micro
environment due to their increased CD25 expression. Tregs 
with increased IL-2 receptor expression will bind to the IL-2, 
effectively depriving the neighboring tissues.34 While deter
mining the mechanism of Treg-mediated suppression, it is 
necessary to mention that different interventions are used 
selectively by the wide range of Treg-related target cells and 
microenvironments.35 In this context, Treg-mediated sup
pression mechanisms to maintain homeostasis in the 
immune response have been discussed in detail.

Several findings indicate that immunosuppression is caused 
by the direct interaction of Tregs with effector T and B cells or 
suppressive cytokine secretion. It has been observed that Tregs 
suppress CD4+ T cell activation and proliferation both contact- 
dependently and -independently. Co-culturing Tregs (CD4+, 
CD25+) with APCs and other antigen-specific responder T cells 
(CD4+ and CD8+) in presence of specific antigen, suppresses 
responder cell proliferation and reduced IL-2 production. 
Tregs expressing increased IL-2 receptor on its surface bind 
to the IL-2 produced from responding T cells, thereby prevent
ing their proliferation.

Tregs may interfere with the antigen-presenting ability of 
DCs or promote the secretion of suppressive factors, such as 
indolamine 2,3 dioxygenase (IDO), a potent 
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immunosuppressive enzyme, from DC. IDO induction is depen
dent upon the high expression of CTLA4, an inhibitory receptor 
on Treg cell. The mechanism is complex and the conclusive 
effect of CTLA4 is difficult to prove. Blocking CTLA4 does not 
affect Tregs either in vitro or in vivo. Tregs isolated from 
CTLA4-deficient mice have a suppressive effect similar to that 
of wild mice. On the contrary, in vivo CTLA4 activity blocking in 
mice can abrogate Treg-mediated suppression of inflammatory 
bowel disease (IBD), autoimmune gastritis, and 
transplantation.36 Two Treg subpopulation, naïve (nTreg) and 
others effective (eTreg), are operational in the body. The nTregs 
express increased levels of immunosuppressive molecules, parti
cularly IL-10.37 Treg cell depletion acts as an adjuvant effect to 
enhance DCs and hyperactivity is indicated, speculated for check 
and balance activity. Treg distribution varies according to the 

physiological requirements in peripheral location, being abun
dant in the gut mucosa, where tolerance to residential normal 
microbiota is essentially required.38,39

Tregs inhibit autoreactive B cell ability to develop detrimental 
autoantibodies, which also destroys autoreactive B cells. Several 
markers, such as PD-1 expression on autoreactive B cells and the 
two PD-1 ligands (PDL-1 and −2) expression on Treg cells, are 
necessary for autoreactive B cell inhibition.40 Furthermore, 
Tregs also use granzyme B (granular enzyme) and perforin 
(cause perforation) to destroy effector B cells, which in turn 
reduces autoantibody production.41

It is well-established that NK cells, which are innate lym
phocytes, destroy tumor cells and remain vigilant throughout 
human life to reduce tumor burden. Unfortunately, Tregs 
suppress NK cell activity, resulting in tumor progression. 

Figure 1. Classification, phenotypes, functional characteristics, and balance of Treg cells in the immune response. (a) Differentiation of naive CD4 + T cells into Tregs or 
effector T cells. The selection of naïve CD4 + T cells and natural Tregs occurs in the thymus. Naïve CD4 + T cells, subsequently, can differentiate into various different 
T cell subsets: Th1, Th2, Th17, induced Tregs (iTregs), in the periphery, all heralding distinct immunological functions. These differentiation programs are regulated by 
different cytokines. The transcription factors T-bet and Runx3, GATA3, or RORγt, are required to differentiate naive T cells into Th1, Th2, or Th17 cells, respectively. For 
example: T-bet (Th1 cells), GATA3 (Th2 cells), RORγt (Th17 cells), FOXP3 (Tregs). (b) In a healthy individual, the immune system is under regular homeostasis, can 
suppress autoreactive effector T cells and control a fine balance (left). Aberrant Treg plasticity, quantitative and functional deficiencies of Treg impair immune 
homeostasis and result in autoimmune diseases (right). Abbreviations: nTreg: natural Treg; iTreg: induced Treg; FOXP3: forkhead Box P3; RA: retinoic acid; CD: cluster of 
differentiation; IFN: interferon; IL: interleukin; RORγt: retinoid related orphan receptor γ; T-bet: T box transcription factor; TCR: T cell receptor; TGF-β: transforming 
growth factor-β; Th: T helper cell; GATA3: GATA-binding factor 3; Tfh: follicular helper T cells; Bcl: B-cell lymphoma 2. Figure was designed by Biorender.com program 
(https://biorender.com/). Accessed on 13 April 2021.

e2035117-4 T. K. GOSWAMI ET AL.

https://biorender.com/


Neutrophil dysfunction results in sustained inflammation and 
autoimmune disease progression.42 Direct interaction of Tregs 
on polymorphs limits granulocyte infiltration by suppressing 
the expression of chemokines that act as chemoattractants. Co- 
culturing neutrophils with Tregs under culture vessel enhances 
IL-10 and IL-6 production, which are considered to be 
immunosuppressive.43 In addition, Tregs promote heme oxy
genase-1 and IDO expression, and cytokine signaling three 
molecule (SOCS3) inhibition.43 These findings confirm that 
human Tregs are effective in preventing graft-versus-host dis
ease (GVHD) and autoimmune diseases, while delaying graft 
rejection.35

Tregs work specifically on monocytes, preventing their dif
ferentiation, cytokine secretion, and antigen expression. 
Following co-culture with Tregs, monocytes display classic 
M2 macrophage characteristics such as increased CD206 
(mannose scavenger receptor) and CD163 (hemoglobin sca
venger receptor) expression, as well as a reduced capacity to 
respond to pro-inflammatory stimuli as evidenced by 
decreased IL-6 and TNF-β production and NF-κB 
activation.44 Ex vivo extended Tregs are effective at skewing 
monocytes toward a tolerogenic phenotype. Compared to 
monocytes co-cultured freshly isolated Tregs, those co- 
cultured with expanded Tregs have a lower capacity to increase 
harmful IL-17-emitting T cells.45 The suppression mechanism 
correlates with the reduced CD86 expression by Treg- 
conditioned monocytes.

These immunosuppressive mechanisms should be explored 
in the future to establish the immunosuppressive mechanisms 
of Tregs under various other autoimmune disorders. The 
mechanisms underlying Treg-mediated immunosuppression 
is shown in Figure 2.

Chemical messengers involved in suppression

Although no consensus has been established to register all the 
known suppressive agents and their hierarchy of action during 
immunosuppression, the key molecules governing the suppres
sive activity of Tregs include IL-10, TGF-β, CTLA4, granzyme, 
perforin, interferon gamma (IFN-γ), IL-9, cAMP, heme oxyge
nase-1, CD39, galectins, and IL-35. Treg executes suppressive 
effect due to IL-10 and TGF-β secretion. However, neutralizing 
antibodies against these two cytokines may not block Tregs 
activity and mice lacking these two genes also have similar 
suppressive activity. No abysmal effect was observed in Treg- 
deficient mice after the genes for TGFβ were knocked out. In 
vivo models have suggested the requirement of these two 
cytokines in Tregs, whereas others have advocated that these 
cytokines are secreted by other cells as well.46

Furthermore, since Tregs are more vulnerable to oxidative 
stress than Teffs, NRF2 has been investigated as a primary 
transcription factor that protects Tregs against oxidative dis
tress. Tregs undergoing apoptosis due to oxidative damage 
release a considerable amount of ATP. Hence, Tregs contain
ing high levels of CD37 and CD39 represent an important role 
in catalysis and adenosine generation due to enhanced extra
cellular ATP or ADP secretion. Adenosine then binds to the 
A2A receptors of Teffs, leading to immunosuppression.47

Forkhead character of Foxp3 protein

During 1949, a spontaneous scurfy mutation in mice colony 
was observed at Oak Ridge National Laboratory, Tennessee, 
USA. Subsequent studies have revealed that the mutation is 
X-linked, thus affecting only males. Homozygous males carry
ing the mutant X chromosome exhibit this syndrome, whereas 
heterozygous female carriers of the mutant X chromosome 
allele are healthy. Scurfy mice have thick and scaly ears, eyelids, 
feet, and tail and severe runting.48,49 Internal organs of such 
mice have characteristic lymphadenopathy, splenomegaly, 
hepatomegaly, and massive lymphocytic infiltration in the 
skin and liver. These lesions closely resemble those after graft- 
versus-host reaction. Initial study uncovered that mutation in 
scurfy mice affects Foxp3-encoding gene and can be rescued by 
introducing wild-type Foxp3 allele transgene. Conventional 
T cells do not express Foxp3 protein under normal physiolo
gical conditions, whereas some CD25+/CD4+ population 
highly expresses Foxp3. Ectopic Foxp3 protein expression in 
isolated CD4+/CD25+ T cells acquires the suppressor function 
in non-Tregs. Similarly, foxp3 introduction in naïve T cell 
confers suppressive function. Adaptive Treg transfer rescues 
neonatal Foxp3-deficient mice from the disease. Mice experi
mentally subjected to germ line foxp3 delineation progressively 
express autoimmune lesions. Even foxp3 knockout from thy
mic and dendritic cells outlines the repertoire that developing 
T cells do not affect dysregulation or alteration in T cell differ
entiation. Similarly, foxp3 knockout macrophage does not 
affect tumor growth. These data indicate that foxp3 does not 
affect any other cells except T cells.14

Moreover, hyperinflammation in various organs and a severe 
autoimmune response have been reported in scurfy mice with 
a mutant foxp3. The hyperinflammatory response has been linked 
with the lack of Tregs, which in turn leads to enhanced production 
of inflammatory cytokines.50 Besides that, in Homo sapiens, 
mutated foxp3 tends to cause X chromosome-linked immune 
dysregulation, polyendocrinopathy, and enteropathy (IPEX) 
syndrome.51 The overexpression of foxp3 in nT cells enhances 
the immunosuppressive activities of T cells. The nT cells with 
CD4+ and CD25− characteristics transform into Treg-like cells 
expressing both CD4 and CD25 markers when transfected with 
foxp3 gene. These cells mimic Tregs by producing anti- 
inflammatory cytokines, exhibiting classic Treg-cell characteristics 
and their marker proteins, including CTLA-4 and TNF receptor- 
related proteins, and showing significant immunosuppressive 
activities.52 Furthermore, it has been concluded that foxp3 is 
a lineage-specific marker and a key factor in the development, 
repair, and autoimmune suppressive roles of Tregs. Hence, foxp3 
can be presumed to be a key regulatory gene in developing Tregs.

Strategic expansion of Treg cells and its therapeutic 
applications

Trials are being conducted since last 10 years to verify the 
safety and feasibility of Treg therapy. The first clinical trials 
with transferred Tregs were initiated in 2009.11 Medical practi
tioners are now interested in the clinical application of Tregs 
following all safety guidelines to reduce autoimmune disorders 
as an alternative approach to anti-inflammatory drugs.53,54
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Adhering to ethical guidelines, Tregs can be isolated from 
either peripheral blood or umbilical cord blood, while the 
thymus is also a rich source of Tregs in experimental 
animals.55–57 Using standard cell isolation procedure employ
ing gradient centrifugation technique, mononuclear cells com
prising lymphocytes and monocytes can be isolated. From the 
isolated mononuclear cell population, further purification and 
enrichment process is adapted to sort out desired T cell popu
lation. The classical approach involves the depletion of CD8 
+and/or CD19 + T cells, followed by an enrichment of the 
CD25 + fraction. This protocol can enrich FOXP3 + expressing 
T cells to 80% purity due to the presence of cell contaminants. 
Moreover, flow cytometry-based purification technique is an 
advanced method of cell isolation with increased purity in the 
clinics. With this technique, cells are not only selected, but also 
sorted out for utmost purity (> 99%) and sterility, fulfilling the 
requirement of in vitro culture. Cells are selected according to 

CD4, CD25, and CD127 marker expression.58 Treg concentra
tion in cord blood and thymus is high, however it is difficult to 
isolate. Therefore, post-enrichment Treg expansion in cell cul
ture vessel is essential to achieve optimum concentration for 
therapeutic applications. Hence, ex vivo polyclonal Treg 
expansion is now routinely practiced using anti-CD3/CD28- 
coated beads in the presence of IL-2.59 Protocol refinement 
using rapamycin and/or IL-2 cytokine to increase Treg’s yield 
with increased suppressive effect has been followed by several 
researchers. However, another option is to incorporate TGFβ 
and all trans retinoic acid (ATR) in culture medium for upre
gulating chemokine receptor expression on Tregs, which may 
facilitate Treg homing in the gut.

Recently, adoptive cell therapy using genetically engineered 
Tregs has been attempted to combat transplant rejection and 
autoimmune diseases.60 However, the lack of standardized 
protocols for expanding and transducing Tregs from mice is 

Figure 2. Mechanisms underlying Treg-mediated immunosuppression. Treg cells regulate immune responses by suppressing the functions of effector T cells (Teff) and 
antigen-presenting cells (APCs) through various mechanisms, including (i) modulation of dendritic cell (DC) function and prevention of DC maturation by the interaction 
of CTLA4 and LAG3 expressed by Treg cells and the CD80/86 costimulatory molecules and MHC class II expressed by DC, respectively, leading to IDO generation and 
inhibition of Teff cell activation; (ii) metabolic disruption, Treg cells can disrupt metabolic roles by the expression of the ectoenzymes CD39/73 allowing adenosine 
generation and binding of adenosine to the adenosine receptor 2A (A2AR) exposed on Teff cells, or by IL-2 deprivation; (iii) generation and secretion of the anti- 
inflammatory cytokines IL-10, IL-35, and TGF-β that restrain Th1 and Th17 immune responses and the production of IFN-γ and IL-17, respectively; and (iv) direct 
cytotoxicity, Treg cells can also induce direct killing of effector cells by the release of granzyme A, granzyme B, and perforin, which induce apoptosis in the target cells. 
Tregs have also been detected to have a direct effect on B-cells via PD-L1/PD-1 interaction. Abbreviations: APC: antigen presenting cell; TGF-β: transforming growth 
factor-β; A2AR: Adenosine receptor 2A; IL: interleukin; IFN: interferon; Teff: effector T cells; Treg: regulatory T cells; CD: cluster differentiation; IDO: indoleamine 
2,3-dioxygenase; DC: dendritic cell; CTLA-4: cytotoxic T lymphocyte antigen-4; TGF-β: transforming growth factor-β; LAG3: lymphocyte-activation gene 3; MHC: major 
histocompatibility complex; PD-1: programmed death-1; PD-Ls: programmed cell death ligands. Figure was designed by Biorender.com program (https://biorender. 
com/) Accessed on 13 April 2021.
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a significant drawback of this technique. Purifying, extending, 
and retrovirally transducing mouse Tregs with a vector encod
ing a chimeric antigen receptor as a model transgene has been 
described for obtaining considerable improvement in geneti
cally engineered Tregs. It has been discovered that isolating 
Tregs based on GFP expression yields appropriately pure cells. 
Although rapamycin expansion inhibits Treg expansion, it 
does not influence the suppressive activities of Tregs. This 
approach enables the study of transduced Tregs in animal 
models, as well as the investigation of Treg therapy based on 
genetic engineering for multiple inflammatory diseases.61 

Moreover, in the future, genetically engineered Tregs can 
solve the issues associated with Treg expansion and purifica
tion along with enhancing the suppressive activities of Tregs.

Therapies targeting Treg-mediated suppressive mechanisms 
have been introduced in several conditions, including organ 
transplantation and autoimmune disorders. In addition, Tregs 
have been introduced to cure other clinical manifestations such 
as cardiovascular disease, obesity, and systemic inflammatory 
disorders.62,63 The therapeutic potentials of Tregs to manage 
a range of autoimmune diseases have been described in follow
ing section and findings of clinical trials are summarized in 
Table 1.

Inflammatory bowel disease /Crohn`s disease

In vitro-generated, IL-10–producing ovalbumin (OVA)- 
specific Treg cells (Tr1) were reported to prevent colitis 
induced in SCID mice by CD4+ CD45RBhi T cells. Thus IL- 
10 secreting CD4+ Treg cells are immunosuppressive and 
actively downregulate a pathological immune response in vivo.
69 Experimental transfer of CD4+CD25+ Treg cells in immu
nodeficient mice with clinical signs of colitis was able to 
ameliorate colitis. Recovery was observed after 2 weeks of post- 
infusion of Treg cells at a dose of 10 6 per mice, as compared to 
transfer of CD4−CD25− T cells in control group.70 As per 
published reports, the first clinical trial with single infusion of 
PBMC-derived freshly isolated Tregs (106–109) to a patient 
with active Crohn’s disease was safely initiated during 2012 
without observation of any severity. Clinical responses were 
predominantly detected in patients receiving the lowest num
bers of Treg cells, suggesting that less suppression may be 
better.64 Crohn’s disease has been described in details 
previously.71 It has been observed that the inflamed mucosa 
of IBD cases are modestly populated with Treg cell as com
pared to other inflammatory conditions like diverticulitis, 
therefore the inflammation are poorly controlled due to lack 
of Treg cell number at the site of inflammation.72 Knock out 
mice lacking IL-10 gene is considered to be the suitable model 
for colitis to establish the efficacy of Treg cell producing IL-10 
to reverse the pathological condition once infused, supporting 
the critical role of IL-10.73 Developing humanized mouse by 
transplanting fetal small bowel followed by developing colitis 
by Escherichia coli infection has been used as a model for the 
study of Treg cell function. After transfusing 106 Treg cells 
along with rIL-10, it has been observed that Treg cells migrate 
and preferred to home at the site of inflamed lamina propria 
and suppress the conventional T cells at the site of 
inflammation.74 Surgically collected specimens from IBD 

patients have shown defective CD8+ Treg cells in the lamina 
propria (LP) whereas CD8+ T cells with regulatory activity are 
present in the LP of healthy individuals. It has been suggested 
that intestinal epithelial cells play an important role in the 
generation of such regulatory T cells, because they are able to 
process and present antigen to T cells. These cells play a central 
role in maintaining controlled inflammation in the intestinal 
mucosa.75

Type 1 diabetes (T1D)
T1D is a clear example of autoimmune disease as inflammatory 
cells infiltrate the pancreatic islets and destroy the insulin- 
producing cells. Recent report has indicated that children 
with new-onset T1D have an increased proportion of 
CD45RA(-)CD25(int)FOXP3(low) Treg cells that are not sup
pressive and secrete significantly more IL-17 than other FOXP3 
(+) subsets. Regulatory T cell dysfunctions in T1D have relied 
on analysis of FOXP3-expressing cells. The number of Tregs 
reduces during the early phases of the disease.76 Proof-of- 
concept for the treatment of Type1 diabetes in children by 
delivering autologous CD3(+)CD4(+)CD25(high)CD127(-) 
Tregs has been established. Administration of Tregs is safe 
and tolerable in children with recent-onset of type 1 
diabetes.58 A randomized trial with patients with T1D in 
three groups receiving 10 × 106, 20 × 106, and 30 × 106 ex 
vivo expanded autologous Tregs/kg body weight have shown 
no adverse effect under treatment duration. Safety was proved 
after one year of follow-up, with eight patients showing signs of 
clinical remission.58 During phase I clinical trials, autologous 
Tregs derived from patient’s blood were administered to eval
uate the clinical efficacy. None of the patients showed any 
unpleasant events up to 31 months of follow-up program, 
while only three out of 14 patients developed untoward effect 
without any opportunistic pathogen infection. Further trial 
with placebo control has shown positive response of Treg 
therapy to limit the severity of autoimmune disorders.66

Hemoglobin concentration and insulin requirement was 
found to be significantly reduced in some T1D patients after 
receiving Treg cell therapy. Some patients showed complete 
independence from the exogenous insulin and revealed signif
icant increase in circulating Tregs. Negligible risks of infections 
or not having any severe adverse effects were reported follow
ing Treg therapy.58 Another study has also reported 
a significant increase in survival of pancreatic β-cells among 
patients with repeated Treg administration for one year.58 

Ongoing clinical trials at phase I/II stage (NCT02932826) 
with Tregs derived from umbilical cord at high and low dose 
in a single infusion have not shown any adverse effect and final 
result are yet to be compiled.77

Pemphigus vulgaris (PV)
PV is a fatal autoimmune disease caused by IgG autoantibodies 
targeting the desmosomal adhesion protein desmoglein Dsg1 
and Dsg3. The disease is characterized by loss of cell adhesion 
(also known as acantholysis) in skin and mucous membrane. 
In pemphigoid diseases, the linear deposition of autoantibodies 
along the dermal-epidermal junction causes sub-epidermal 
blistering, resulting in blisters.78 Findings of adoptive transfer 
of splenocytes from Dsg3 -/- mice (mice lacking both the 
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parental gene for Dsg3) immunized with recombinant Dsg3 
protein to Rag2-/-Dsg3+/+ mice suggested that adoptively 
transferred Tregs suppressed the antibody production in 
a dose-dependent manner and the depletion of endogenous 
Tregs augmented the antibody production.79 Similarly, using 
HLA-DRB104:02 transgenic PV mouse model immunized with 
human Dsg3 established that in vivo, although not statistically 
significant, Treg cells exert a clear down-regulatory effect on 
the Dsg3-driven T-cell response and, accordingly, the forma
tion of Dsg3-specific IgG antibodies were detected.80

To evaluate the effects of Tregs on the manifestation of PV, 
a nonrandomized, open-label, phase 1 ongoing clinical trial 
(NCT03239470) is operational since 2017. In this trial, 12 
pemphigus and or pemphigoid patients received single infu
sion of autologous expanded Tregs (CD4+ CD127lo/negCD25 
+) at one of the following doses: either 2.5 × 108 poly Tregs or 
10 × 108 poly Tregs. As no adverse effect has been observed, the 
project is continuing and the final results from this study are 
awaited.81

Autoimmune hepatitis (AIH)
Tregs have the potential to serve as an effective therapeutic 
modality in treating autoimmune hepatitis (AIH), a chronic 
autoimmune inflammatory disease that usually requires life- 
long immunosuppression for management of this condition. 
Relapses following therapy discontinuation are common, indi
cating that current treatments do not regain intrahepatic 
immune regulation. Immune response homeostasis can be 
reestablished by increasing the functionally active intrahepatic 
Tregs. However, steroid therapy preferentially depletes intra
hepatic Tregs. In recent clinical trials, Tregs have been used to 
improve the autoimmune disorders with a low dose of cyto
kines such as IL-2. Mice with complexed IL-2/anti-IL-2 have 
been used to improve the Treg selectivity and a significant 
improvement in intrahepatic and systemic Treg levels along 
with a decrease in activated, intrahepatic Teffs have been 
reported. Reduced levels of liver-specific ALT (alanine transa
minase) and a molecular pattern close to that observed in 
healthy people have also been reported. Finally, complexed 
IL-2/anti-IL-2 improves the equilibrium between Tregs and 
Teffs within the liver. Treg-specific IL-2 augmentation aids in 
reestablishing immune tolerance and homeostasis in the 
immune response.82 It is noteworthy that incorporating several 
changes in the therapeutic regimens involving Tregs can be an 
efficient approach to treat autoimmune disorders like AIH.83 

In absence of hepatic infection, detection of elevated level of 
liver enzyme is considered to be presumptive diagnosis of 
autoimmune hepatitis.84 Divided opinion has been given by 
researchers to support the role of Tregs in autoimmune hepa
titis. A decrease in population of Treg cells in the peripheral 
blood in few cases of autoimmune hepatitis has been 
reported,85 on the contrary no such difference in Tregs cells 
in several other cases has raised controversy in this regard.86

The stability of Treg cells at the site of hepatic inflammation 
is crucial, however research data suggested that due to low 
concentration of IL-2 in hepatic cell, human liver tissues may 
not be the ideal site for Tregs survival and expansion.87 Based 
on this data, low dose IL-2 was administered in two patients 

with refractory AIH and an increase in the frequency of Treg 
cells in the peripheral circulation was observed, which indir
ectly support the ameliorating role of Tregs for AIH.88

Enrichment of effector T cells (Teffs) within the liver tissues 
of untreated AIH-1 patients with a constant Treg/Teff ratio but 
without any change of Tregs in the circulation, is not an 
uncommon finding. The disproportional decrease of intrahe
patic Tregs during therapy might explain high rates of relapse 
after discontinuation of immunosuppression.89 Under the gui
dance of National Institute of Health, a phase-1 clinical trials 
((NCT02704338) has been registered to evaluate the efficacy of 
autologous Tregs from peripheral blood of autoimmune hepa
titis patients using ex vivo expansion procedure so that each 
patient should receive 5 × 106 cells /kg body weight. Results of 
this study have not been posted yet as the project is 
continuing.90

Systemic lupus erythematosus (SLE)
SLE is an autoimmune, multisystemic disease that may affect 
virtually any organ due to induction of autoantibodies and the 
deposition of immune-complexes in tissues that leads to the 
activation of complement, accumulation of neutrophils and 
monocytes, and self-reactive lymphocyte.91 In mice model, 
regulatory T cell numbers have been reported to decrease in 
lupus-prone mice as the age and the disease progresses.92 

Clinical application of Tregs in human patients suffering 
with SLE have shown variable efficacy and even conflicting 
reports.93 Such discrepancies in findings may be due to dif
ference in isolation and purification strategies applied for 
enrichment of Foxp3+ CD25+ Tregs before being infused to 
the patients.94

Most of the earlier studies on SLE have shown decreased 
proportion of either CD4 + CD25hi T cells or 
CD4 + CD25 + FoxP3 + Treg cells once the disease flares.95 

Deuterium tracking of infused Treg cells in SLE patient with 
active skin disease revealed transient presence of cells in periph
eral blood, accompanied by increased percentages of highly 
activated Treg cells in diseased skin. Flow cytometric analysis 
and whole transcriptome RNA sequencing revealed that Treg 
cell accumulation in skin was associated with a marked attenua
tion of the interferon-γ pathway and a reciprocal augmentation 
of the interleukin-17 (IL-17) pathway. This phenomenon was 
more pronounced in skin relative to peripheral blood.67 The 
homeostasis of CD4+ T cell subsets is regulated by IL2, and 
reduced production of IL-2 by T cells is observed in individuals 
with SLE. It has been reported that the treatment with low-dose 
of rIL-2 selectively modulated the abundance of T Regs, follicu
lar helper T (TFH) cells and IL-17-producing helper T (TH17) 
cells, but not TH1 or TH2 cells.96 The contributing role of Tregs 
in SLE has been reported from 15 patients in which the propor
tion of CD45RA−FoxP3hi activated Treg cells was decreased 
whereas the proportion of CD45RA+FoxP3lo resting Treg cells 
was increased.97 In a unique case study, single cutaneous lupus 
adult patient was included in phase I non-randomized clinical 
trial for evaluating the effects of a single dose of 1 × 108 ex vivo 
expanded, FACS-sorted, and deuterium-labeled autologous 
Tregs. The number of circulating labeled cells dropped 4 weeks 
post-injection, but a marked increase in Tregs and IL-17 pro
duction was recorded in skin biopsy.67
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Rheumatoid arthritis (RA)
RA is a systemic and heterogeneous autoimmune disease 
characterized with clinical manifestation of symmetrical 
polyarthritis. It is a chronic inflammatory joint disease, 
which can cause cartilage and bone damage as well as 
disability condition in patients.98 The pathogenesis of RA 
is complex, and the dysfunction of Tregs is one of the 
proposed mechanisms underlying the breakdown of self- 
tolerance leading to the progression of rheumatoid arthritis. 
For patients with a poor response to traditional disease- 
modifying anti-rheumatic drugs, the clinicians adapted Treg 
therapy with variable success.99 Clinical findings indicated 
an increase in number of Treg cells in the peripheral blood 
of several individuals suffering with RA.100 On the contrary, 
either an unchanged Treg population101 and even low 
count of Tregs in several other patients manifesting frank 
clinical cases has been reported by different research 
groups, which is a subject of clinical concern.102 

Variability in the interpretation of data of the above dis
cussed cases mostly depends upon the identification of 
Tregs based upon the expression of FoxP3 and CD25 mar
ker, which are likely to be mediated by inflammation and 
T cell activation. Invariably, Tregs of RA patients don’t 
secrete copious amount of IL-2 and IFNγ in their periph
eral circulation as compared to healthy individuals, sugges
tive of FoxP3 expression to be a hallmark of Tregs.103 

Recovery in RA patients due to anti-TNF antibody therapy 
was attributed to the generation of novel Treg subsets 
expressing FoxP3 marker but not CD-62 ligand.104 

Whether TNF-α plays a direct role to modulate Treg func
tion is still under debate.105 This indicates that the use of 
a more stringent method to define Treg cells will reveal 
decreased number of Treg cells in peripheral blood and 
increased number in synovial fluid, but whether Treg cells 
in the synovial fluid function normally is yet to be 
confirmed.106 Transfer of Treg cells can slow down the 
disease process, confirming that these cells have the poten
tial to treat autoimmune diseases.107 Adaptive transfer of 
Tregs in mice model using collagen-induced arthritis (CIA) 
showed inhibitory effects on arthritis, which significantly 
prevents the development of CIA.108 Importantly, when 
arthritis is inhibited in these models, not only T and 
B cells are inhibited by Treg cells but osteoclast-mediated 
bone destruction is also directly diminished, preventing 
joint injury.109 Adaptive Treg cell therapy supplements the 
functional activity of existing residential Tregs impaired by 
the highly inflamed synovial milieu.110

Systemic sclerosis (SSc)
SSc is an autoimmune inflammatory condition that results in 
potentially widespread fibrosis and vascular abnormalities, 
which can affect the skin, lungs, gastrointestinal tract, heart, 
and kidneys. The skin becomes thickened and hard (sclerotic). 
It is characterized by clinical features that resemble GVH 
disease. The classification of systemic sclerosis is based on 
skin involvement. Limited cutaneous systemic sclerosis 
(LcSSc), formerly known as the CREST syndrome, is associated 
with skin thickening distal to the elbows, distal to the knees, 
and/or face without trunk involvement.111

The majority of the studies reported decreased frequen
cies and/or impaired function of circulating Tregs in SSc 
patients compared to controls.112 Reduced frequency of 
Tregs, together with that of total TGFβ1 and IL-10, may be 
responsible for the loss of tolerance observed in SSc.113 

Contrary to this, other studies have reported decreased fre
quency of circulating Tregs in peripheral blood but not 
reaching statistical significance.114,115 Success of adaptive 
therapy of Tregs in SSc is not so promising, however uncon
trolled studies in SSc have demonstrated that hematopoietic 
stem cell therapy (HSCT) can halt disease progression and 
reverse skin fibrosis, and might even reduce mortality.116 In 
a clinical trial, 26 SSc patients were selected for CD34 + 

autologous hematopoietic stem cell transplantation to com
pare its effectiveness and safety to intravenous cyclophospha
mide, the only treatment option for progressive SSc. 
Sustained improvement of skin thickening and stabilization 
of organ function for up to 7 years after transplantation was 
recorded in this clinical trial.117

Primary Sjogren’s syndrome (pSS)
pSS is a systemic autoimmune disease characterized by lym
phocytic infiltration of the salivary and lacrimal glands. In 
addition to the exocrine glands, many other organs can be 
affected by the disease as well. Hyperactivity of B cells is 
thought to play a central role in the pathogenesis of pSS. 
Available evidence strongly indicates that this B cell hyperac
tivity is mediated by T cells. Loss of self-tolerance and secretion 
of many pro-inflammatory cytokines including IFN-γ, IL-17 
and IL-21 associated with local inflammation in pSS, are 
mediated by T-cell activity.118 However, circulating Treg cells 
in pSS is controversial since either diminished, normal or 
increased proportions are reported by different workers.105 

Report indicating localization of Treg cells in target organ, 
i.e. salivary gland is also conflicting because of either the 
absence of Treg cells119 or presence of infiltrating FoxP3 
+CD4+T cells positively correlated to the biopsy scores in 
lymphocytic sialadenitis but without any change in circulating 
Tregs in periphery.120

Psoriasis
Tregs have also been employed as crucial pla yers in psoriasis, 
which is a systemic inflammatory disorder with significant 
involvement of genetic factors induced by environmental influ
ence. Disease pathogenicity is mainly driven by type 1 and 
Th17 cytokine-producing cells, which are tightly controlled 
by Tregs in normal people. Tregs play critical roles in main
taining immune homeostasis via blocking inflammatory cells, 
which in turn prevent autoimmune disorders like psoriasis and 
other skin-related autoimmune diseases. It has been postulated 
that Treg-mediated suppression is disrupted in psoriasis, chan
ging the Th17/Treg ratio. While Treg dysfunction is linked to 
disease worsening in patients with psoriasis, it is unclear how 
they have been biologically controlled.121 Recent research sug
gests that Tregs are essential in psoriasis treatment. While the 
significance of Treg concentration is unknown, attenuated 
Treg activity and a disrupted Th17/Treg equilibrium have 
been linked to psoriasis pathogenesis and exacerbation.121–125

e2035117-10 T. K. GOSWAMI ET AL.



Other auto immune diseases
Recently, Huang et al. have reported the critical roles of 
Tregs in the initiation, treatment, and recovery of uveitis, 
which is a recurrent autoimmune disease characterized by 
relapsing and remitting ocular attacks that necessitates cor
ticosteroids and systemic immunosuppression to avoid ser
ious vision loss. Both Th17 (pro-inflammatory cells) and 
Tregs mediate uveitis, and it has been suggested that mod
ulating Tregs could be an effective potential therapeutic 
strategy against uveitis.126

Further, the protective role of Tregs has been described 
in Myasthenia gravis (MG), which is a T cell-dependent, 
B-lymphocyte-mediated autoimmune disease caused by the 
production of antibodies against the nicotinic acetylcholine 
receptors and other post-synaptic components at the neu
romuscular junction. Adoptive transfer of Tregs has been 
found to suppress the autoimmune response in the rodent 
model and the protective role of these cells has been sug
gested in MG. However, any disturbances in the ratio of 
T-helper (Th) cells and Tregs might be linked with the 
poor prognosis of the autoimmune diseases, such as MG.127

Herrnstadt et al. postulated the potential roles of Tregs 
in providing protection against any renal tissue injury, 
which has been linked with pathogenic driving force of 
Th cells such as Th1 and Th17, also known as T effector 
cells, in glomerulonephritis (GN).128 Tregs overcome the 
pathogenic behavior of vital innate immunity components 
in inflamed kidney cells or tissues. Hence, these findings 
can be utilized to further elucidate the immunosuppressive 
function of Treg cell population in renal injuries and kid
ney inflammation.129

Several clinical trials for addressing autoimmune disor
ders have used polyclonal Tregs and antigen-specific Tregs 
designed with TCR or chimeric antigen receptor (CAR) 
constructs that could dramatically boost their performance 
in the host. Furthermore, it has been proposed that anti
gen-specific Tregs may be injected into patients with auto
immune skin diseases to restore Treg content and provide 
resistance against the exacerbated immune response.12

Briefly, the present therapies adapted by the clinicians to 
control the autoimmune disease in population are primarily 
aimed to restore immune tolerance in the patients. The 
drugs used to tame down autoimmune diseases are targeted 
to encourage in vivo Treg induction and expansion. Drugs 
or biologicals such as mTOR inhibitor rapamycin and 
cytokines IL-10, tiny dose of IL-2, TNF receptor 2 agonist, 
or tyrosine kinase 3 ligand are used universally to manage 
the autoimmune disease under control. Besides these, 
further explorative researches into Treg persistence and 
the optimal requirements for Treg survival in peripheral 
blood are expected in the coming years to properly pro
mote the clinical use of Tregs in immunotherapeutics.

Challenges in clinical applications

Application of Tregs in clinics must follow several stringent guide
lines imposed by Food and Drug Administration (FDA). It is 
mandatory that the cell therapy products should pass the sterility, 

identity, purity, and potency standards before administration. 
Demonstration of purity and identity is most grim part of the 
test system. Foxp3 marker expression is a universally accepted 
marker for Treg identity. However, ex vivo Treg expansion may 
not yield 100% Foxp3+ cells, but it should adhere the acceptable 
limit of contaminating cells, which must satisfy the qualitative as 
well as quantitative bench marks. Contaminating cells cause allo
genic reaction in the recipient; hence, it should be at extremely low 
concentration. Currently, investigators are looking forward to 
develop disease-specific models to establish the potency of 
expanded enriched Treg products, as one product is not suitable 
for all diseases.130 However, some other limitations associated with 
the use of Treg cells in clinical conditions include the stability of 
the Treg population in peripheral blood, and, therefore, also limit 
their effects. Furthermore, Treg cryopreservation is required for its 
robust use among the patients in clinical settings, which may 
damage Tregs by reducing its durability, triggering unusual cyto
kine secretion, and interfering with the expressions of several 
surface proteins necessary for Treg functioning and processing. 
Hence, optimum Treg culture techniques, cryopreservation exten
sion, and storage for medicinal use must also be explored and 
established.131

Conclusion and future perspectives

Recent advancements in technology have enabled scientists to 
identify and classify Tregs and their immunosuppressive mechan
isms, allowing a better comprehension of the relationship among 
Treg plasticity, which is needed for optimal Treg immune sup
pression and Treg destabilization or vulnerability from various 
factors that leads to autoimmune diseases. The plasticity and 
heterogeneity in the mice- and human-derived Treg population 
have given new information in Treg biology. Due to the conflict
ing findings in different studies, the contribution of Tregs to 
different autoimmune disease models is yet unclear. However, it 
has been confirmed that Tregs express specific transcription fac
tors, such as Foxp3 protein, which is considered to be a master 
regulator. Treg isolation is not easy due to the lack of a specific 
marker for experimental purposes. Human Tregs expressing 
a low, intermediate, or high CD25 molecule label l are difficult 
to isolate as these boundaries are thin. Using human Tregs as 
therapeutic agents is a new area of research in clinical application. 
Clinical findings have provided some hope to use Tregs as an 
adjunct with approved drugs to support the treatment regimen for 
reducing the reoccurrence of autoimmune diseases and can add 
few years of quality life in an individual.

Further, the results of studies on the patients with inflamma
tion and autoimmune diseases are still conflicting and mislead
ing due to a lack of reliable Treg-specific markers, which in turn 
play a pivotal role in providing immunosuppressive functional
ity to the Tregs. It is the ultimate need of the time to elucidate the 
specific markers on the Tregs for designing efficient therapeutic 
strategies. A vivid elucidation of the Treg-mediated immune 
suppression and the identification of changes in the immune 
response of patients with functional Treg deficiency is necessary 
for efficient therapeutic regimes to control autoimmune diseases. 
Furthermore, in-depth and specific studies are required to estab
lish the roles of Tregs under specific inflammatory responses, 
which will pave a path toward a personalized therapeutic strategy 
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to control specific clinical manifestations. Various advanced 
techniques, such as single-cell RNA sequencing, can discern 
Treg subsets and provide knowledge on TCR repertoires. 
Specific Tregs against specific antigens, as well as their hetero
geneity in stable and diseased states, will open up several possi
bilities, including the identification of TCR-transduced cells for 
medicinal purposes. In addition, using genetically engineered 
Tregs and chimeric antigen receptor-Tregs is promising in pre- 
clinical autoimmune disorder models, and may have medical 
applications, particularly when extracellular receptors are 
important. Finally, it can be well stated that identifying and 
deciphering immunosuppressive pathways and their interlinked 
markers will lead to the development of efficient and reliable 
therapeutic regimes to treat autoimmune diseases.
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