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Inflammatory bowel disease (IBD) is a complex inflammatory chronic and pathological condition that includes
Crohn’s disease (CD) and Ulcerative colitis (UC). CD primarily affects the small and large intestine whereas the
prime targets for UC are colon and rectum. Immune sentinel subsets of CD4+ T cells such as Th (T helper cells)-1,
Th2, Th17, and regulatory T cells (Tregs) play a crucial role in the pathogenesis of IBD. Immunological balance
between effector Th cells and Trges is essential for maintaining immune-homeostasis. Immunoregulatory Trges are
characterized by the expression of transcription factor Forkhead box P3 (Foxp3), and surface marker CD25, and
are functionally immunosuppressive & important for immune tolerance. Therapeutic arrangement based on Tregs is

important to address the systemic inflammatory and autoimmune diseases such as IBD and rheumatoid arthritis.

inflammatory bowels disease Crohn’s disease ulcerative colitis human immune system

regulatory T cells

| 1. IBD Pathogenesis

The epithelial layer of the human gut consists of goblet cells, columnar cells, paneth cells, endocrine cells, M cells,
tuft cells, and epithelial resident intestinal stem cells. These cells are responsible for the differentiation of gut
microbiota and secretion of various mucus-containing antimicrobial peptides W23l The intestinal barrier contains
innate immune cells such as dendritic cells (DCs), neutrophils, macrophages and innate lymphoid cells (ILCs)
which reside in the state of hypo-responsiveness in a healthy human gut 4B, The mucosal macrophages prevent
the inter-conversion of Thl and Thl7 cells by producing anti-inflammatory cytokines and thus promoting the
differentiation of Trges BIZE The immune cells’ balance in intestinal mucosa and luminal content is crucial for the
normal functioning of the mucosal immune system since dysregulated immune effecters result in the IBD
pathogenesis 1YL The impaired innate immune system is responsible for the functional abnormalities of the
adaptive immune system, and interconversion of effector Th cells and Trges causing IBD pathogenesis 111112
Therefore, balanced gut mucosal immunity to maintain immune homeostasis and protection is inevitably critical to
fighting IBD.

Activated lamina propria (intestinal mucous membrane) secrete a large number of soluble immune mediators,
including pro-inflammatory cytokines viz. tumor necrosis factor (TNF), interferon-gamma (IFN-y), Interleukin (IL)-6,
IL-12, IL-21, IL-23, IL-17 and anti-inflammatory cytokines such aslL-10, transforming growth factor (TGF-§3) and IL-
35in local tissues 131, The imbalance between these secreted soluble mediators especially inflammatory and anti-

inflammatory cytokines secreted by immune system results in IBD pathogenesis [14I13I15I16] (Figure 1). The
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exogenous administration of TNF and TNF-like cytokine 1Acytokines (TLAL) regulates the balance between Thl
and Th17 cell population in the inflamed colonic tissues 2. Further, TLA1 modulates Foxp3 expression in Tregs
and its function, and murine model of colitis has seen the alleviation of colitis when treated with Tregs expressing
low levels of TLAL.TLA1 may promote the maintenance of Treg suppressor function in a death domain receptor 3
(DR3) dependent manner 18, Passive administration of anti-TLA1 antibodies prevents the development of 2,4,6-
trinitrobenzene sulfonic acid (TNBS)-induced colitis in mice, partially improves dextran Sulfate sodium (DSS)-
induced colitis and decreases the intestinal fibrosis in a chronic colitis model 1929](21],

IL-5, IL-6, [1-13 i

Figure 1. Regulation of the intestinal homeostasis in healthy and IBD inflamed gut. A healthy intestinal epithelial
barrier (IEB) in presence of TGF-B, retinoic acid (RA) and IL-2 promote dendritic cells (DCs) and macrophages
(mg) to stimulate the generation of inducible Trges (iTregs). TGF-B and IL-10 are markers that contribute to the
generation of iTregs, and establish and maintain the tolerogenic environment in a healthy gut. On the contrary, IBD
induced inflammation induces intestinal epithelial barriers and secrete TGF-3, IL-6 and IL-8, stimulating DCs and
m@ to produce the inflammatory Th-17 (IL-17A, IL-22, IL-21), Th-1 (IFN-y, TNF-q, IL-6) and Th-2 type cells (IL-5,

IL-6, IL-13) creating an inflammation focus and diseased intestine.

A meta-analysis has identified more than 200 genomic loci associated with IBD pathogenesis, and 68% of loci have
been shared by the UC and CD disease [22. Genome-wide association studies (GWAS) have helped the scientific
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community to find out genes responsible for IBD pathology and nucleotide-binding oligomerization domain 2
(NOD2) is the first gene found to be associated with IBD 23, The associated mutations in NOD2 and
polymorphisms within autophagy-related 16-like 1 (ATG16L1) genes have disseminated the pivotal role of
autophagy in the pathogenicity of IBD [24l25]126] NOD2 knockouts exhibited excessive intestinal inflammation as
compared to NOD2 sufficient mice 24, and selective deletion of ATG16L1 in T cells ends with spontaneous

intestinal inflammation, characterized by a decrease in Foxp3* Tregs and aberrant expression of Th2 cells 28],

The contribution of gut homing or migration associated molecules such as a4b7 integrin, aEb7 integrin, CD62L,
chemokine receptor (CCR)-4 (CCR4), CCR5, CCR7 and CCR9 in the pathogenesis of IBD is well known 22,
Defective or loss of expression of these molecules leads to the impaired Tregs trafficking to the target organs and
thus inducing IBD. Loss of CCR7 and CCR4impairs the functions of Tregs in experimental colitis BUE and further
CCRY7 regulates the balance between Thil, Th17, and Trges in Crohn’s-like Murine ileitis 2. b7 integrin deficiency
impaired Tregs homing in IL-10 deficient mice and spontaneously increased IBD-induced inflammation (231, In
essence, all findings indicate the crucial role played by the number of functional Tregs since a compromised

number of Tregs contribute to the pathogenesis of IBD and other associated biological impairments.

| 2. Regulatory T Cells (Tregs)

Tregs are heterogeneous cell populations of CD4+ T cells and possess immunosuppressive attributes. CD4+ Trges
expressing high levels of IL-2 receptor a chain (CD25) and master transcription factor Foxp3 are the best-
characterized populations with the immunosuppressive phenotype B4, Foxp3 is essentially required for maintaining
their immunosuppressive activity against infections, tumors, intestinal inflammation, allergy, and autoimmunity 22!
[6II371(38] The absence of CD127 (IL-7 receptor a-chain) is considered as another feature of Tregs and up-
regulates CD25 and Foxp3 expression upon activation. Thus a lower expression of CD127 is important alongwith
elevated CD4, CD25, and Foxp3 expression to confirm the functional phenotype of immunoregulatory T cells 2
49 Two main subsets of Trges are characterized as Foxp3 positive Trges and Foxp3 negative type 1 Treg (Trl)

cells.

2.1. tTregs and pTre

Depending on generation, Foxp3* Trges are further categorized as naturally occurring thymus-derived Treg (tTreg)
cells and Trges developed from conventional CD4+ T cells in the periphery (pTreg). These cells possess
immunosuppressive functions and maintain peripheral tolerance 242l tTregs are produced by the thymus at an
early stage after birth and maintain tolerance toward self-antigens 4344l TGF-B1 directly enhances the Foxp3
promoter and encourages the generation of tTregs 43, Besides, exposure of naive T-cells to its cognate-antigen
leads to the differentiation of pTregs under tolerogenic conditions [“8l47I148] and differentiation of pTregs is
facilitated by the higher concentrations of TGF-B and higher levels of Foxp3 “BABL Therefore, TGF-B1 is a key
cytokine and plays a crucial role in the differentiation of both subsets of Trges. The induction of Foxp3 in peripheral
naive T cells is achieved by a higher concentration of TGF-B, retinoic acid, and CD28 co-stimulation BA[52]53][54]
Both, tTreg and pTregs show similar expression levels of FoxP3, CD25, CTLA-4, GITR, ICOS, CD103, CD127 and
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a broad T-cell receptor (TCR) repertoire to deploy various suppressive mechanisms to control effector cells 22139
(351561, Foxp3* Trges are also known to secrete IL-10, TGF-B, and IL-35 758 glong with granzyme A and B [5216J
(611 Furthermore, tTregs express higher levels of neuropilin-1(Nrp1), TF Ikzf2 (Helios), PD-1, and ecto nucleotidase
CD73 than pTregs 8263l Helios and Nrp1 are considered as markers for tTregs since their greater expression is
seen in tTregs as compared to pTregs 83164165 |nterestingly, under in-vivo conditions, pTregs could express helios
[66] and a fraction of the human tTreg population did not express helios 2. Moreover, tTregs are not differentiated
based on helios and Nrpl expression in mice 8. Treg specific demethylated region (TSDR) is highly demthylated
in tTregs, and partially demethylated along with an unstable expression of Foxp3 and CD25 in pTregs 426970
Apart from TSDR, Ig superfamily surface protein GPA33along with other Treg cell markers was recently used to

identify Trges of thymus origin since this molecule is stably expressed on tTregs 4.

2.2. Type 1 T requlatory (Trl) Cells

Trl cells are unique Foxp3~ regulatory T cells that develop in the periphery and secrete elevated levels of
immunosuppressive cytokines such as IL-10 and TGF-B 23], tTreg and pTregs constitutively express Foxp3 and
CD25 but these markers are expressed by Trl cells only in the activated state /4], Tr1 cells are characterized by
the co-expression of surface markers, CD49b and LAG-3 [, and can be distinct due to the cytokine expression of
IL-2, IL-10, IFN-y, IL-5 and 1l-17 (4 as well as granzyme B and perforin via cell death mechanism 2!, And,

experimental evidences have confirmed the immunosuppressive function of Trl cells mediated by IL-10 877,

| 3. Role of Tregs in IBD

Trges play a vital role in maintaining gut immune homeostasis and regulate pro-inflammatory responses elicited by
the adaptive and innate immune effectors 22, Scurfy mouse strain showing the severe autoimmune phenotype with
a genetic defect in the Foxp3 gene and inhibit the Tregs development and leads to the dysregulated activation of
the gut immune system 8, which mounts inflammation primarily in the gut. Further, the mutation in the human
Foxp3 gene leads to a rare autoimmune dysregulation, polyendocrinopathy, enteropathy, X-linked (IPEX)
syndrome along with other severe autoimmune diseases including arthritis, diabetes, allergy and IBD. This
syndrome was seen due to impaired immune response mediated inflammation [2BIEBY  Fyrthermore Foxp3
expressing Trges are essential for maintaining the balance at the intestinal mucosal surface because intestinal
inflammation gets chronic with the decreasing number of Foxp3* Tregs [82. DSS induced colitis in mice showings
pontaneous depletion of Foxp3* Tregs leading to an increase in the disease severity 83, However, adoptive
transfer of Tregs in Treg depleted mice (DEREG) showed a decrease in the severity and improved tissue

conditions of experimental colitis 2],

Although patients with IBD showed an increased number of Tregs in the inflamed intestinal mucosa than un-
inflamed mucosal part [B4I8388] The phenotype and function of Tregs present in the inflamed mucosa or periphery
of IBD patients or in experimental animals differ from those present in peripheral lymphoid organs of healthy
control. Patients with IBD showed an increase in the number of peripheral Th17 cells, and a reduction in the

peripheral Trges BZ. While in some cases patients with IBD showed higher expression of Foxp3 along with
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elevated levels of pro-inflammatory cytokines including IL-17A, IL-1p and IL-6 BZ. Moreover, the highest frequency
of Foxp3* IL-17 T-cells (Th17 and Treg intermediate cells) was seen in the inflamed mucosal tissues of patients
with 1BD B8l (Figure 2).
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Figure 2. Role of natural and inducible regulatory T cells (iTregs) involved in the pathogenesis of IBD. Inflammation
(IL-6) dependent interconversion of regulatory and effector T cell phenotype and role in dol 2, 3 dioxygenases
(IDO) in the generation of inducible Tregs (iTregs). Inflammatory (IL-17A, IL-21, IL-22) and immunosuppressive
(TGF-B, IL-10) conditions following antigenic stimulation were seen during the conversion of Thl7 to iTreg

phenotype. This interconversion plays a crucial role in maintaining tolerance towards IBD.

Foxp3* Trges express effector T cell-specific transcription factor retinoic acid receptor-related orphan receptor
gamma t (RORyt) and differentiate into Th-17 cells. These cells inhibit the immunosuppressive function of Tregs in
patients with IBD 29, Further, Tregs upregulate the expression of T-bet and express pro-inflammatory cytokine IFN-
y. Regulatory T cells are characterized as IFN-y-expressing Thl like Tregs and mount intestinal inflammation in
patients with IBD. Thl like Trges evoke inflammation since the IFN-y-expressing cells accumulate at the site of
inflammation in CD and UC and contribute to the IBD pathogenesis 21, The accumulation of IFN-y expressing Thl

like Trges is also observed in the inflamed colon in the DSS-induced colitis animal model 1. The acquisition of
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pro-inflammatory behavior of Tregs in IBD most likely contributes to the uncontrolled inflammation in vivo.
Furthermore, Tregs suppress the colonic inflammation by downregulating Thl and Th17 responses in the adoptive
transfer model of colitis 22831341 and passively transferred Trges have shown the ability to control inflammatory

lesions in the experimental model of IBD 22,

Trges have been seen to be involved in the tissue repair mechanism of the intestine. Among the different
populations of intestinal Treg i.e., Trl cells have been shown to mediate repair of the intestinal mucosa that co-
expressed Th2 and master transcription factor GATA binding protein 3 (GATA3). Therefore, elevated expression of
IL-33R, ST2, and amphiregulin (AREG), an epidermal growth factor receptor ligand was reported 281, Furthermore,
these factors are generally involved in tissue repair and are phenotypically characterized and expressed by
GATA3* Tregs [28. Tissue repair and protection of gut is rendered by the human Trl Trges suppress the
proliferation of T effector cells, elicit TNF and IL-13 based innate immune response and secret IL-22 to regulate the

repairing of epithelium and promote barrier function 27,

| 4. Therapeutic Role of Tregs in IBD

Several patients with IBD showed tolerance to the current therapeutic arrangements. Therefore, the need for
developing effective, safe and novel therapies for IBD is both attractive and urgent. Newer and effective
immunotherapies involving anti-TNF agents (infliximab, adalimumab, and certolizumab) have shown remarkable
progress toreducethe need for surgery and hospitalization of IBD patients [2883 However, meta-analysis
conducted by Ford et al., suggested that usage of anti-TNF agents may increase the risk of getting opportunistic
infections in IBD patients 199, Other recent reports also suggest the higher chance of getting infections such as
histoplasmosis, aspergillosis and cytomegalovirus infection 191 and anti-TNF monotherapy was found to be
responsible for higher mycobacterial and bacterial infection; however, in a combination therapy with thiopurine will
increase the risk of getting serious infections [101l102 The REFURBISH study was reported that the risk of getting
T-cell non-Hodgkin’s lymphoma in IBD patients is higher during combinational therapy with compare to anti-TNF
monotherapy 1931 whereas the another cohort study delineate that even the ant--TNF monotherapy is associated
with lymphoma formation in small number but have the higher statistical significant. And, it put on more on risk
during the combinational therapy 1941, Other than this other paradoxical side effects such as psoriasis/psoriasiform
skin, development of sarcoidosis-like lesions, late occurrence of arthritis/synovitis and lupus-like syndrome (0.5 to

1% of patients) can also be developed [195][106]1107][108][109] 'Additionally, novel therapies including JAK inhibitor (119
(L11[112]  anti-MAJCAM-1 LLBILI4JAISIAIGNILT a0 anti-SMAD7 antisense oligonucleotide (mongersen) [118](119][120]

Si1p1 MO gnd  anti-interleukin  (IL)-12/23 (ustekinumab) [1221123][124][125][126][127][128] haye been under

investigation for safety and other purposes.

Recently, cellular therapies have been used as potential therapeutic strategies for IBD patients 129, The role of
Tregs in the preclinical models of colitis has been well understood, and recent investigations and phase 1 clinical
trials have proven the safety and efficacy of Trges. A marked difference in the number of Tregs in patients (the
inflamed mucosa or peripheral blood) and experimental animal models of IBD have been observed [2I130]

Experimental model of IBD showed an increase in Tregs percentage in the inflamed ileum with a reduced
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immunosuppressive function and IL-10 production. The dysregulated expression between Thl7 cells and Tregs
was also observed in UC animal model with downregulated mRNA expression of Foxp3 and IL-10 levels in Trges
(131 |n UC patients, a significant increase of IL-17 and Th17 cells and a simultaneous decrease of TGF-B and
Trges in serum as compared to healthy control was seen 132 Th-17 cells and associated cytokines IL-17 and IL-
23 were found to be decreased in patients with IBD along with a decrease in the Tregs and associated cytokines
IL-10 and TGF-B 233l |L-10 is known to induce Treg mediated suppression of Th-17 cells in a STAT-3 dependent
manner 1341 The improvement in the clinical and histological parameters was observed when Trges were
adoptively transferred in Rag™" or severe combined immunodeficient (SCID) mice 38l Rapamycin-expanded
Trges (Th cells cultured in presence of rapamycin) were shown to suppress colitis in SCID mice 138l And,
ovalbumin (OVA) induced Tregs from DO11.10 mice prevented colitis together with increased TGF-3 and IL-10
secretion in SCID-bg mice (1271, The safety and efficacy of OVA-Treg therapy were assessed for refractory CD in an
open-labeled multicenter phase I/l clinical trial. This study showed the dose-related efficacy because infusion of
ova-specific Tregs treatment was well-tolerated, and 40%patients showed a reduced CD activity on 5 and 8-week
post-treatment 138, |n vitro expanded CD45RA* Tregs cells were shown to express stable Foxp3 locus, which
enhanced their suppressive ability and prevented their conversion to Th17 phenotype in the SCID xenotransplant
model (139 Additionally, CD45RA~ and CD45RA* expanded Tregs expressed a high level of gut homing receptor
a4p7 integrin, CD62L, and CCR?7 to facilitate their intestinal homing 222, In an active CD mucosa, CD45RA* Tregs
healed the inflammation of lamina propria and mesenteric lymph nodes 239, Tregs isolated from the lamina propria
of active IBD patients and in experimental model (DSS induced colitis) express T-bet and IFN-y (Th-1 like Tregs)
and stimulates the early stages of inflammation. Further, T-bet KO showed the development of less severe colitis
with the dysregulated Thl immune response. It suggests that T-bet expression in Tregs is required for the
development of colitis 21, In the end, Treg immunotherapy with in vitro expanded Tregs (NCT03185000) for
treating the Crohn’s disease (TRIBUTE trial) is underway.
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