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Abstract

Systemic lupus erythematosus (SLE) is one of the most diverse autoimmune diseases,
regarding clinical manifestations and therapeutic management. Visceral involvement is
often and is generally associated with increased mortality and/or permanent disability.
Thus, a reliable assessment of disease activity is required in order to follow-up disease
activity and apply appropriate therapy. Several serological indexes have been studied
due to their competence in assessing disease activity in SLE. Apart from conventional
and currently assessed serological indexes, regulatory T cells (Tregs), a CD4+ cellular
population of the acquired immune compartment with homeostatic phenotype, are cur-
rently under intense investigation in SLE. In this chapter, Tregs ontogenesis and sub-
populations are discussed focusing on their implications in immunopathophysiology of
SLE. The authors present data indicating that this CD4+ population is highly associated
with disease activity and response to treatment, concluding that Tregs are a promising
biomarker in SLE. Future prospective includes Tregs implication in SLE therapeutic
interventions.

Keywords: regulatory T cells, systemic lupus erythematosus, SLE immunopathphysiology,
Treg therapy

1. Introduction

Systemic lupus erythematosus represents the prototype of autoimmune diseases and is
characterized by an unparalleled variety of clinical and laboratory manifestations. From a
pathogenetic perspective, a breakdown of immune tolerance will lead to the proliferation and
functional differentiation of certain effector cells of the innate and adaptive immunity, such as
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neutrophils, dendritic cells (DCs), macrophages, and auto-reactive lymphocytes [1, 2]. The net
result will be the production of pro-inflammatory cytokines and autoantibodies, formation of
immune-complexes and, eventually, tissue damage driven by the deposition of these com-
plexes onto certain tissues and the activation of the complement cascade; other mechanisms
have also been described, such as autoantibody- and cell-mediated toxicity. Tissue damage
will, in turn, provide the substrate for neo-epitope formation or the revealing of cryptic epit-
opes; this will further amplify the autoimmune response. Given the clinical diversity of SLE,
several studies investigating the molecular mechanisms of the disease have yielded contra-
dictory findings regarding multiple cellular subpopulations or soluble mediators. These find-
ings seem to be influenced by disease duration, global disease activity, therapeutic variables,
and other confounders [2]. Among them, an impairment of the mechanisms of the peripheral
immune tolerance, mainly represented by the T regulatory cells (Tregs), has been universally
documented in SLE and considered to be a crucial factor in disease pathogenesis.

1.1. T regulatory cells

Tregs represent a subpopulation of the CD4+ T lymphocytes which were first described in the
1970s [3] as suppressor cells since their primary function was the suppression of the immune
response [4]. At that time, the term ‘infectious tolerance” was introduced to describe the acqui-
sition of suppressive capacity of non-suppressor cells from Tregs with an, as yet, unknown
mechanism [5]. The study of this cellular subpopulation was initially abandoned due to tech-
nical difficulties with regard to the isolation and analysis of these cells because of the lack of
specific surface markers [6, 7].

Research interest in suppressor T cells re-emerged in 1995, when Sakaguchi et al. described
the intense expression of the a chain of the IL-2 receptor (IL-2Ra, CD25) on their surface [8].
These cells were then called regulatory T cells since their function was the multifaceted regu-
lation of the immune response and the maintenance of immune homeostasis [9]. During the
next few years, several investigators showed that these cells are characterized by a unique
functional phenotype, which is marked, not only by the over-expression of the CD25, but also
from decreased responsiveness after polyclonal stimulation of their T cell receptor (TCR) [10,
11]. These studies suggested that their regulatory/suppressive capacity against the effector T
cells was irrespective of the antigen that generated the initial activation of the effector cells
(non-antigen specific and, thus, non-MHC restricted).

The demonstration of the high surface expression of the CD25 molecule led to the character-
ization and distinction of Tregs from other subsets of T lymphocytes, as well as to the dis-
covery of their thymic origin and initial functional differentiation [12]. However, it was later
shown that CD25 is not exclusively expressed in Tregs. Other recently activated T lympho-
cytes and all T cells with regulatory function in vitro were also expressing this molecule [13].
As might be expected, Tregs do express the highest levels of CD25 (CD25"¢") as compared to
the conventional CD4+ T cells, in which its expression is transient and of low intensity. Based
on flow cytometric analysis, it has been shown that, among CD4+CD25+ cells, only those at
the upper 2% of CD25 expression possess suppressive capacity [14].

In 2001, the gene FOXP3 (Forkhead Box P3) was discovered in mice; its mutations were leading
to the spontaneous development of autoimmune phenomena [15]. Mutations of the human
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FOXP3 have been associated with two distinct systemic autoimmune syndromes, namely the
IPEX (immune dysregulation, polyendocrinopathy, enteropathy, X-linked syndrome) and
XLAAD (X-linked, autoimmunity, allergy, dysregulation) [16—-18]. In 2003, it was proven that
FOXP3 is the master regulator for the functional differentiation of Tregs and is required for
their proliferation [19]. It is found in the X chromosome (Xq11.23-Xq13.3) and consists of 11
exons that code a 48-kDa protein with 431 amino acids [18]. FOXP3 is mainly expressed in the
T lymphocytes (mainly those that bear the aBTCR), whereas it is hardly detectable in B cells,
v0 T cells, NK, macrophages, and dendritic cells. It is considered the lineage-specification fac-
tor of the natural T regulatory cells (nTregs).

The respective transcription factor FOXP3 is highly expressed in the CD4+CD25"s" T cells,
while its early activation in the naive T cells drives their differentiation toward a regulatory
phenotype. This is particularly detected under inflammatory conditions where CD4+CD25-
T cells overexpress FOXP3, which in turn leads to the increased surface expression of other
molecules, such as CTLA-4 (cytotoxic T lymphocyte-associated antigen 4, CD152) and GITR
(glucocorticoid-induced TNF receptor-a family-related protein) [20, 21]. These cells now pos-
sess suppressive capacity; they secrete less IL-2 and proliferate slowly.

Further research revealed that, like CD25, the expression of FOXP3 is not confined to natu-
rally occurring Tregs; actually, it could be induced in recently activated cells (in low intensity)
and CD4+ T cells that acquire suppressive properties afterward [22]. However, based on its
critical importance, all cells bearing the FOXP3 key regulator are considered to be regulatory
in function. FOXP3+ Tregs are divided in natural and inducible cells, according to their origin
(thymus and/or periphery, respectively). The most well-studied subgroups of the inducible
Tregs (iTregs) are the Tr1, Th3, and CD8+ Tregs (Figure 1).
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Figure 1. Natural (thymus derived) and inducible (peripheral) Tregs.
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1.2. Natural Tregs (nTregs)

Thymic-derived Tregs or natural Tregs are characterized by the CD4+CD25"s"FOXP3+ phe-
notype and range between 1 and 3% of the peripheral CD4+ T lymphocytes [13, 23]. They are
considered to maintain an anergic state (based on the findings of decreased responsiveness
to antigen stimulation and limited proliferation capacity), nTregs have remarkable prolifera-
tive potential, both in vitro and in vivo, upon antigen stimulation in the presence of dendritic
cells [24]. Reciprocally, Tregs are able to induce tolerogenic DCs, further complicating their
interactions with these cells [7, 12].

nTregs express the same a3TCR as the conventional T lymphocytes but they comprise a dis-
tinct clone [25]. They derive from pluripotent stem cells and differentiate in the thymic cortex
through a positive selection process after the linkage of their TCR with self-antigens with
intermediate affinity [26, 27]. These antigens are presented through MHC II molecules from
the thymic cortical cells [28]. Co-stimulation via the CD28 molecule induces the FOXP3 pro-
moter either directly or through other genes that increase its activation [29]. It seems that the
selection of these CD25+ cells occurs according to a predefined ratio to the respective CD25-
cells, which have been generated earlier. They are long-lived cells capable of producing anti-
apoptotic molecules that protect them from the process of negative selection [26, 27].

Upon migration to the periphery, nTregs maintain their regulatory phenotype and suppres-
sive capacity, which are mediated through cell-to-cell contact. This mechanism involves
certain surface molecules, and it is independent of secreted cytokines [13, 26]. Survival in
the periphery is facilitated by CD28 and its respective ligands (CD80, CD86), transforming
growth factor $ (TGF-) and IL-2 [12].

Several surface molecules have been considered to allow the laboratory isolation from other
cellular subpopulations and are crucial for their function. The most important such molecules
are the CD4, CD25"e", CD127"°*, CD45RO and CD45RB"", providing a phenotype of activated
memory cells [30].

Moreover, nTregs express other activation markers, such as CD28, CTLA-4, GITR and che-
mokine receptors, which are implicated in their migration and trafficking [30, 31]. They also
express several Toll-like receptors (TLRs), TGF-@, neuropilin-1, perforin and granzymes,
L-selectin (CD62L), LAG-3 (lymphocyte activation gene-3, CD223) and the folate receptor FR4
[32-35]. Multiple adhesion molecules are also abundantly expressed on their surface, such as
CD11a, CD44, CD54, and CD103 [36]. All the aforementioned markers have been described
in other cell types, which are not exclusively expressed in nTregs and cannot be used as
differentiation markers.

Other markers that are thought to be highly specific for nTregs were discovered from the
Ikaros gene family; the respective transcription factor is called Helios and is preferentially
expressed in nTregs as compared to other CD4+ T cells [37].

Recently, it has been demonstrated that certain epigenetic mechanisms are implicated in
the regulation and maintenance of FOXP3 expression [38]. In this regard, the methylation
state of the Treg-specific demethylated region (TSDR, a conserved non-coding sequence in the
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CNS2 region of the FOXP3 gene) plays a crucial role. Current isolation techniques require
this method since only CD4+CD25+FOXP3+ T cells with demethylated TSDR were capable
of strongly and permanently expressing FOXP3 and suppressing effector cells [39]. TSDR
is incompletely hypomethylated in Tregs that are induced in the periphery and completely
methylated in all other CD4+CD25+ T cells [38]. HeliostFOXP3+ Tregs have increased sup-
pressive potential and are fully demethylated at the TSDR region [37].

1.3. Inducible or adaptive Tregs (iTregs)

These Tregs subgroups are not derived from the thymus but they are induced from naive
CD4+ T cells in the periphery in response to the occasional micro-environmental conditions,
Figure 1 [40]. Inducible Tregs regulate the immune response against self and non-self antigens
and are implicated in the pathophysiology of infections, neoplasias and organ transplantation.
Their mechanism of action is usually dependent on the secreted cytokines and not on direct
cellular contact. Their characterization is based on the aforementioned surface markers (CD25,
CD127, CTLA-4, GITR, etc.), the intensity of intracellular FOXP3 expression as well as their
suppressive capacity [13]. As mentioned above, their TSDR is incompletely hypomethylated;
thus, FOXP3 expression is transient and unstable. The most important subgroups include the
Trl and Th3 lymphocytes, the CD4+CD25+ Tregs that are induced from the CD4+CD25- acti-
vated T cells, CD103+ Tregs, CD8+ Tregs and the double negative Tregs (CD4-CD8-DN).

Tr1 cells are antigen-specific CD4+ T regulatory lymphocytes that are induced in the presence
of IL-10 [41]. They derive from CD4+CD25- naive T lymphocytes after antigenic stimulation
with certain costimulatory molecules, such as CD3 and CD46 [42, 43]. Apart from the epi-
genetic differences, they are phenotypically indistinguishable from natural Tregs, but they
secrete large amounts of IL-10. The intensity of the surface expression of CD25 and intracel-
lular FOXP3 is lower than that of nTregs; however, their suppressive capacity is as intense
[44]. Their regulatory function is mediated mainly through IL-10 and, secondarily, through
TGE-B. They play a major role in the pathophysiology of certain infections and the regulation
of allergic reactions [45].

Th3 lymphocytes are CD4+ Tregs that were called helper T cells (T helper 3), although their func-
tion is primarily suppressive [46]. Their cardinal characteristic is the secretion of large amounts
of TGF-{3 [47]. The ex vivo expansion of the Th3 cells was one of the first reports of clonal expan-
sion of Tregs using an orally administered antigen in mice [48]. Th3 cells are generated and
activated through an antigen-specific process but their suppressive function is not specific and
mediated through TGF-$3. Even in the absence of inflammation, TGF-f3 secretion induces the
expression of FOXP3 in the activated T cells and maintains Tregs’ survival in the periphery [49].

Other types of Tregs include the CD4+CD25+ Tregs deriving from CD4+CD25- T lymphocytes
under specific conditions, the CD103+ Tregs (expressing integrin alpha-E beta-7), the CD8+CD28~
Tregs and the CD4-CD8- double negative Tregs [13]. All these subpopulations express FOXP3
upon activation and are able to suppress immune responses in a non-antigen specific fashion.

Further research using certain surface markers revealed the existence of novel subpopula-
tions of iTregs, including the CD4+CD25-FOXP3+ T cells, the CD4+CD45RA+FOXP3+ Tregs,
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the CD4+CD161+ Tregs, and the CD4+CXCR5+FOXP3+ Tregs [50-52]. Although the CD25-
FOXP3+ T cells could suppress effector cells in vitro, it is still uncertain if they represent
dysfunctional Tregs or, simply, activated T cells. The CD161+ Tregs represent an excellent
paradigm of T cell plasticity, as they are capable of producing pro-inflammatory cytokines
such as IL-2, IFN-vy, and IL-17, behaving like Th1 or Th17 cells under proper cytokine micro-
environment [53]. In spite of their cytokine-producing properties, these cells also retain their
regulatory functions and have the already mentioned demethylated TSDR in the FOXP3
locus, like the nTregs. Finally, the CXCR5+ Tregs are follicular T cells, which are able to gain
access into the germinal centres (through the CXCR5) and directly suppress the B cells that
undergo hypermutation and isotype switch at those sites. These cells are decreased in active
and new onset SLE, seemingly allowing for the activation of B cells [54].

2. Mechanisms of action

The mechanisms of action of Tregs have been studied mostly in in vitro systems. Thus, it is
not clear how accurately these studies may reproduce Treg activity in vivo. Tregs delete auto-
reactive T cells and induce tolerance and dampen inflammation, while their cellular targets
include CD4+CD25- T cells, CD8+ T cells, B cells, monocytes, DCs, and NK cells [55]. These
cells appear to inhibit the target cells via IL-2 deprivation, cell-to-cell contact and cytolysis,
secretion of inhibitory cytokines, metabolic disruption and modulation of DC maturation and
function [56-60], Figure 2.
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IL-2 is not required for the thymic development of nTregs; however, in the periphery, it
acts as a growth factor, essential for their survival and functional integrity. Tregs have more
requirements in IL-2 than conventional T cells. IL-2 drives the production of IL-10, CTLA-4,
TGF-{, and the activation of FOXP3 [61]. Simultaneously, CD25 expression is induced, further
amplifying the affinity of Tregs for IL-2. In co-cultures of Tregs and T effector cells, addition
of exogenous IL-2 led to active proliferation and activation of Tregs [62]. In addition, Tregs
inhibit the function of other T helper cells or cytotoxic cells by deprivation of other cytokines
that share the common vy chain, such as IL-4 and IL-7; this leads to apoptosis of the effector
cells [63]. Moreover, the prioritized usage of IL-2 may modify the function of Tregs by the
increased IL-10 production [64].

The suppressive function of nTregs is mediated through direct cell-to-cell contact and is not
dependent on the presence of inhibitory cytokines like IL-10 and TGF-f [13, 56, 57]. Surface
molecules that are involved in this process include CTLA-4 [65, 66], membrane-bound TGF-3
[67, 68], LAG-3 (lymphocyte activation gene-3, CD223) [69], GITR (glucocorticoid-induced
TNFR-a family-related protein) [70, 71], PD-1 (programmed death-1, CD279) [72] and perfo-
rin and granzymes, which lead to cytolysis of the target cell [73].

Granzyme B, in particular, has been implicated as an effector mechanism in Treg-mediated
suppression, since its up-regulation was associated with the killing of target cells in a gran-
zyme B-dependent, perforin-independent manner [73]. Granzyme B-deficient Tregs display
reduced suppressive activity [74]. Other studies proved that the activated Tregs could lyse
CD4+, CD8+ T cells and B cells through granzyme A and perforin [56-58].

The intracellular signal transduction pathways have not been elucidated yet; however, it
has been demonstrated that CTLA-4 induces the expression of ICER (inducible cAMP early
repressor) and, subsequently, inhibition of IL-2 signals to target cells [75]. Membrane-bound
TGE-p activates the Smad proteins and inhibits genes that are required for the functional dif-
ferentiation of the effector cells [68].

Suppression by inhibitory cytokines is an important mode of action utilized by iTregs. The
most important cytokines with regulatory/suppressive capacity are TGF-$ [76, 77], primar-
ily produced by the Th3 cells and IL-10 [78, 79] by the Tr1 cells. IL-10 activates the JAK/STAT
intracellular pathway and the MAP kinases [78]. The net result is the inhibition of genes that
control the synthesis and secretion of pro-inflammatory cytokines. Another regulatory cyto-
kine that is produced from Tregs is the IL-35 [80]. This cytokine is assembled by two chains,
IL-12a and EBI3, and is required for the suppressive capacity of Tregs in vivo, since inabil-
ity to express these chains results in uncontrolled expansion of T effector cells in systemic
autoimmune diseases [81]. Other anti-inflammatory cytokines that have been implicated in
the mechanisms of action of Tregs include IL-27 and IL-37 [82]; more recently, it has been
shown that fibrinogen-like protein 2 is also secreted by Tregs and mediates immune sup-
pression [38].

Metabolic disruption of the target cells is another mechanism utilized by Tregs to regulate
immune responses. nTregs possess large amounts of cAMP (cyclic adenosine monophos-
phate), which exerts potent inhibitory action against the proliferation and differentiation of
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the effector T cells and the expression of genes that control the synthesis of IL-2 and IFN-y
[83]. Gene expression is inhibited through the suppression of the protein kinase A of NF-«xB
or through activation of ICER. Tregs induce intracellular cAMP within the effector T cells
with cell-to-cell cAMP transfer through the gap junctions. Neutralization of cAMP or block-
age of the gap junctions led to significant weakening of Tregs’ suppressive function [83]. In
addition, co-expression of CD39 and CD73 on the surface of Tregs induces the secretion of
large amounts of adenosine that suppresses T effectors [84]. The linkage of adenosine to its
receptor A2A on Tregs induces TGF- secretion and inhibits IL-6, generating appropriate
circumstances for new Treg development [85, 86].

Tregs seem capable of limiting the capacity of DCs to stimulate effector cells. In this context,
their interaction with the dendritic cells and the inhibition of their maturation is of particular
importance [87, 88]. Tregs induce the production of regulatory molecules from DC, such as
indoleamine-2,3-dioxygenase (IDO), IL-10 and TGF-f, through interactions between CTLA-4
and CD80/CD86 [89, 90]. The same investigators showed that Tregs reduce the expression of
the costimulatory molecules CD80 and CD86 on DCs. Moreover, the catabolism of tryptophan
and arginine through IDO leads to Tregs activation and induction of regulatory phenotype in
naive T cells and T effector cell apoptosis [91].

3. Homeostasis of Tregs

3.1. Functional differentiation of Tregs in the periphery

Certain transcriptional factors are implicated in the process of maturation and functional spe-
cialization of the CD4+ T cells. The most important factors are T-bet for Thl cells, GATA-3 for
Th2 cells, RORYt for Th17 cells, Bcl6 for follicular T helper cells (Tfh), and FOXP3 for Tregs [92].
For Tregs, in particular, their functional integrity depends on the dynamic interaction of differ-
ent transcriptional regulators, which is shaped by the occasional micro-environmental circum-
stances. These regulators include members of the nuclear factor of activated T (NFAT) cell family,
the NF-kB, the activator protein-1 (AP-1) and STAT5 [93]. Furthermore, functional specialization
of Tregs has been documented; for instance, these cells are using Th-related transcription fac-
tors during Th1, Th2 or Th17 immune responses. In this context, T-bet+ Tregs migrate into the
inflamed tissue in cases of Th-1-mediated inflammation and suppress the Thl effectors [94].
Accordingly, the expression of IRF4 in Tregs is required for the suppression of Th2 responses,
while the deletion of STAT3 is linked to uncontrolled Th17 responses [95]. The precise mecha-
nisms by which these transcription factors control Tregs differentiation are unknown. However,
the experimental inhibition of these factors was associated with impaired expression of certain
surface chemokine receptors, such as CXCR3 (for Th1), CCRS8 (for Th2) and CCR6 (for Th17
immune response) [96]. Moreover, deletion of the respective genes of these chemokine receptors
led to decreased Tregs activity and renders Tregs incapable of migrating into the site of Th-1-
mediated inflammation [97]. Based on these data, it seems possible that phenotypically and
functionally distinct Tregs may be active against different effector arms of the immune response.
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3.2. Clonal expansion of Tregs

The question if nTregs numbers remain stable through life or if their pool is constantly
enriched with new cells was based on the findings of stable numbers of CD4+CD25+ T cells in
mice from the age of 2 weeks up to 1 year. In thymectomized mice with no T cells, adoptive
transfer of Tregs was followed by an expansion of these cells to the extent of the nonthymec-
tomized animals of similar age [98].

In humans, it has demonstrated that nTregs, after they leave thymus, are constantly prolif-
erating after cytokine (TGF-{3, IL-2, IL-10) stimulation and in the presence of tissue antigens.
DCs can also induce Tregs in the presence of IL-2 [99].

3.3. Tregs recruitment at the site of inflammation

Natural Tregs are generated in the thymus and migrate into the periphery where their population
will be enriched with inducible Tregs. The precise site of their clonal expansion (peripheral lym-
phoid organs or the site of inflammation) is not known. Apart from the thymus, Tregs have been
found in the bone marrow, lymph nodes, intestine, liver, synovial fluid, skin, vessel wall, etc.

More than 25% of the total CD4+ T cells residing in the bone marrow have regulatory pheno-
type and properties [100]. In this regard, the bone marrow acts as a reservoir for Tregs that
is able to release them upon inflammation. Bone marrow Tregs express CXCR4 (the CXCL12
receptor), which is crucial for their migration and their return to the bone marrow after sup-
pression [100]. Integrins are also implicated in their migration; intense expression of CD62L
and CCR7 along with poor expression of CD103 (integrin aEf7) allows for penetration into
the lymph nodes. On the contrary, strong expression of CD103 is required for migrating into
the inflamed tissues [94].

Integrins are crucial for the homeostasis of iTregs; integrin a4(37 tissue expression (usually in
the mucosal vessels) attracts Tr1 cells, whereas the a431 (on the endothelium of inflamed tis-
sues) engages the Th3 cells [101]. Furthermore, it has been showed that when Tregs migrate
to the T-zone of lymph nodes, they utilize the CCL19/CCR7 ligation, while when they migrate
to the B-zone, they utilize the CXCL13/CXCR9 interaction [102].

3.4. How effector cells escape Treg-mediated suppression

Tregs are also regulated by the immune system in a fashion that allows the control of their
action either through negative feedback or through the development of escape mechanisms for
the effector cells [103, 104]. The negative feedback is maintained through various mechanisms,
such as TLR activation on DCs [104] and the direct regulation by cytokines like IL-21, IL-7,
IL-15, TNF-a and IL-6. In particular, IL-21 increases the resistance of the effector T cells against
Tregs in experimental diabetes [105]. DC-derived IL-6 renders CD4+ T cells resistant to Tregs
suppression [106]. Additional mechanisms include the amplification of co-stimulatory molecule
expression on the surface of T effectors and DCs, such as the CD80 and CD86 molecules, CD28,
NFATc1, 2, c3 and TRAF6, which protect the integrity of intracellular signal transduction [10].
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4. Tregs in systemic lupus erythematosus

4.1. A matter of numbers and function?

SLE is characterized by the breakdown of immune tolerance against self-antigens. The net
result is the induction and proliferation of auto-reactive lymphocytes, the production pro-
inflammatory soluble mediators, the formation of pathogenic autoantibodies and immuno-
complexes that cause tissue damage [1]. Tregs are thought to play a critical role before and
during this pathophysiological process. Most studies in lupus-prone mice and humans dem-
onstrated quantitative and/or qualitative defects of these cells [14, 107-113]. Other reports
present insignificant variations in Tregs numbers between lupus patients and healthy controls
[50, 114, 115] or even higher numbers [116], probably as a result of significant differences in
protocol designs. With regard to the functional capacity of these cells, studies are again con-
troversial with reportedly defective [110, 111] or normal [14, 114, 115] function. In the latter
case, T effectors showed decreased sensitivity to the suppressive function of Tregs [117].

In a seminal paper, Miyara et al. described the characteristics of Tregs kinetics and the strongly
inverse the correlation with SLE disease activity [14]. They found that Tregs (CD4+CD25bright)
were globally depleted from the periphery of active lupus patients. They provided evidence
that these cells do not accumulate in involved organs (by kidney biopsies) or lymphoid tissue
(by lymph node biopsies). In fact, Tregs were found to be more sensitive to Fas-mediated
apoptosis although they were still functionally intact. Moreover, they were the first to show
that Tregs are increased after the successful treatment of disease flare. FOXP3 expression was
found in 85.6% of the CD4+CD25"¢" compartment.

The issue of functional integrity of Tregs within the lupus inflammatory microenvironment
was questioned later by the findings of Valencia et al. [110] and Lyssouk et al. [111]. These
groups reported that CD4+CD25"¢" Tregs were defective in terms of both proliferation and
suppression against CD4+ and CD8+ T effector cells. They also showed that FOXP3 expres-
sion was decreased in Tregs from active lupus patients, generating doubt about the appropri-
ate immunophenotype that should be used for cell isolation and study. These findings were
confirmed later by using the mean fluorescence intensity (MFI) in newly diagnosed, untreated
lupus patients [118].

At the same time, Barath et al. were the first to utilize the CD4+CD25"s"FOXP3+ immunophe-
notype for Tregs characterization [112]. They found these cells in significantly lower levels as
compared to healthy controls, whereas the inducible CD4+IL-10+ Tregs did not display any
significant quantitative differences. At the tissue level, CD4+CD25+FOXP3+ Tregs were found
in decreased numbers in the skin lesions of active cutaneous lupus as compared to other
inflammatory skin diseases, such as psoriasis, atopic dermatitis, and lichen planus [119].

In 2008, a new subpopulation was described, namely the CD4+CD25-FOXP3+ T cells [50].
These cells were found in increased numbers in newly diagnosed SLE patients and were asso-
ciated with other indices of disease activity, such as low complement C3 and C4 [51]. Their
function was primarily regulatory as they were able to suppress the effector T cell prolifera-
tion but not IFN-y production [51]. Other investigators opposed these findings by performing
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the measurements in untreated lupus patients, reaching the conclusion that not all FOXP3
expressing T cells are Tregs [120].

The association of Tregs with SLE disease activity was tested in several studies with a small
number of patients. Most of them reported a strongly inverse correlation [14, 113], whereas
others found insignificant correlations [109, 112].

In the first large-scale (n = 100 patients), longitudinal (mean follow up of 5 years) study of
CD4+CD25"e"FOXP3+ Tregs as a biomarker of disease activity, we found that these cells
are gradually decreased from healthy controls to patients with inactive, mild, or severe dis-
ease [113]. Moreover, we observed inverse alterations in cases of changing disease activity;
these cells were reduced during disease flare and increased upon remission, while numbers
remained stable during stable disease activity. Their sensitivity and specificity to assess a
clinically significant change in global disease activity was 88 and 74%, respectively. Their
positive and negative predictive values were 85 and 79%, respectively. In the same study,
we reported decreased Tregs numbers in active lupus nephritis and active neuropsychiatric
involvement, whereas no differences were observed in patients with active antiphospholipid
syndrome (APS). The ability of CD4+CD25"s"FOXP3+ Tregs to predict disease flares was low
(positive predictive value 17%).

Concerning the influence of certain therapeutic approaches, we prospectively showed that
Tregs’ numerical restoration after treatment is independent of the occasional medication
administered [121]. In that study, patients achieved remission after administration of various
immunomodulatory agents, including glucocorticoids (oral and intravenous), cyclophospha-
mide, intravenous immuno globulins, azathioprine and hydroxy chloroquxine. In all cases,
a significant increase of CD4+CD25"¢"FOXP3+ Tregs was observed. That restoration was
faster with the intravenous regimens as compared to oral therapies. Cyclophosphamide pulse
therapy, in particular, led to a significant increase of Tregs after the fourth pulse in patients
with active lupus nephritis and/or neuropsychiatric involvement [122]. Of note, an even faster
response (shortly after the first infusion) was documented after treatment with intravenous
tocilizumab in patients with rheumatoid arthritis [123].

4.2. Novel theories for Tregs in the pro-inflammatory environment of SLE

As mentioned above, most studies on Tregs have been conducted in vitro; thus, their reliabil-
ity and accuracy pertaining to the actual function of these cells in vivo are questionable. After
the discovery that a fully demethylated TSDR is required for intense and sustained expression
of FOXP3, the hallmark of regulatory function, many beliefs have been revised [39]. In this
context, HeliostFOXP3+ T cells, with a fully demethylated TSDR, were found in increased
numbers in active lupus patients; their function was intact [124]. It is not yet known if Helios
represents a unique marker for Tregs; however, the epigenetic change is believed to differenti-
ate between natural and inducible Tregs. Nevertheless, there is disequilibrium between Tregs
and effector cells that is more prominent in the pro-inflammatory environment of SLE.

Several studies have reported on altered ratios between Tregs and T effectors in lupus patients
[125]. The most striking feature, among other findings, was that there is plasticity between
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Tregs and Th17 populations, and the latter may derive from the former under certain circum-
stances [126]. In this regard, the presence of TGF-[3 alone will drive naive CD4+ T cells towards
Tregs differentiation, while the simultaneous presence of IL-6 will lead to Th17 proliferation
[127]. Other transitions have also been described between Th1l and Th17 cells, based on the
presence of IL-12 receptors on the surface of Th17 cells; upon activation with IL-12, these cells
are capable of producing IFN-y [125, 127]. Of note, it has been documented that some Tregs
down-regulate FOXP3 expression and act as effectors, promoting inflammation through the
secretion of IL-17 and IFN-a [39]. These cells are called ex Tregs and believed to derive from
the Tregs lineage prior to natural Tregs commitment. They acquire pro-inflammatory charac-
teristics in the periphery, probably in the context of a generalized immune response.

The concept of Tregs/Th17 imbalance, in particular, seems of paramount importance in SLE.
It has been demonstrated that disease relapses may occur as a consequence of an impaired
Tregs/Th17 ratio, in favour of the latter, in animal models [128]. Those findings were later
confirmed in lupus patients, in whom the altered Tregs/Th17 ratio was documented even in
clinically quiescent disease; this may represent a hallmark of SLE [129, 130]. In this context,
it is believed that the sole targeting of the Th17 arm of the immune response will not render
meaningful results; approaches aiming at the restoration of the Tregs/Th17 balance will be
more likely to exert beneficial effects [125, 131].

The disturbed balance between T effectors (Th1, Th2, Th17) and Tregs is driven by a relative
IL-2 deficiency in SLE [132]. Treatment with low doses of IL-2 re-established the equilibrium
between Tregs and T effectors in animal models of the disease; accordingly, IL-2 neutraliza-
tion or CD25 depletion accelerated disease onset [39]. Studies in lupus patients showed that
FOXP3+Helios+ Tregs were capable of proliferating despite the reduced IL-2 levels; however,
the integrity of their suppressive function has not been confirmed [124]. Apart from IL-2,
other cytokines, such as IL-6, IL-21 and IFN-a may inhibit the Tregs function and/or render
T effectors resistant to regulation. All these cytokines are found in abundance in SLE and are
positively correlated to disease activity. On the other hand, the main regulatory cytokine,
TGEF-B, is lower in active disease, generating hypotheses that the cytokine disequilibrium
drives the imbalance of Tregs and T effectors. The exact mechanisms by which these cytokines
increase the T effectors’ resistance to Tregs suppression have not been elucidated yet [39].

4.3. Epigenetics and Tregs

Latest studies revealed that certain epigenetic mechanisms, such as methylation, histone
modification and miRNAs, play a significant role in Tregs biology [38]. In this regard, the
methylation status of the TSDR is of paramount importance for the sustained expression
of FOXP3 and, hence, the intensity of Treg suppressive function. Histone modification is
another mechanism involved in Tregs functional differentiation. The acetylation of his-
tones H3 and H4 has been shown to reliably differentiate Tregs than FOXP3+ effectors [133].
Modification of the FOXP3 promoter by other genes influenced dramatically the rate of dif-
ferentiation of iTregs in the periphery [38]. Finally, miRNA-155 is associated with less Tregs,
though functionally intact, in mice, while miRNA-126 up-regulates Tregs and enhances their
function [134].
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Epigenetic regulation of the FOXP3 gene has been reported in lupus patients. In this con-
text, decreased peripheral Tregs were associated with hypermethylation of the promoter of
the FOXP3 gene [135]. Genome-wide studies have shown that virtually all immune cells in
SLE, including Tregs, had severe hypomethylation in interferon-type I-related genes [38].
Treatment with a histone modification inhibitor the enhanced Tregs number and function in
lupus-prone mice [136]; the same results were reached with an inhibitor of the protein kinase
IV [137]. It is believed that these approaches will soon be tested in lupus patients [38].

5. Tregs-based therapeutic approaches in SLE

5.1. Adoptive transfer of ex vivo expanded Tregs

Based on the aforementioned data, Tregs may represent a promising target in SLE therapeutics.
Several groups have tried to manipulate this cellular subpopulation in order to restore the
defective immune tolerance that is a crucial component of disease pathophysiology [138].
Early experiments in mice models showed that adoptive transfer of ex vivo expanded Tregs
was capable of ameliorating the disease [139, 140]. In the first experiment, T cells treated
with IL-2 and TGEF- lost their ability to induce a graft-versus-host disease and prevented
other effector T cells from activating B cells [139]. In addition, when transferred to animals
with high titers of anti-dsDNA antibodies, they led to a significant reduction of their titers
and doubled survival. In New Zealand black/New Zealand white mice, a well-studied lupus
model, transfer of thymic Tregs (CD4+CD25+CD62L"¢") decreased the rate of glomerulone-
phritis, the severity of proteinuria and improved survival [140]. The precise mechanism by
which these Tregs suppress the autoimmune response has not been elucidated; however, it
was demonstrated that the induction of tolerogenic DCs plays a critical role [141]. These DCs
were also able to expand the recipient’s CD4+FOXP3+ Tregs (infectious tolerance).

Studies in humans also showed that in vitro expanded Tregs, both polyclonal [142] and anti-
gen-specific [143] may display enhanced regulatory activity. These encouraging results led
to the implementation of this strategy in phase I and II clinical trials in other autoimmune
diseases. Seminal studies in type 1 diabetes (T1D) proved the feasibility of generating puri-
fied iTregs for therapeutic purposes [144, 145]. Bluestone et al. demonstrated that Tregs could
survive for more than 1 year after infusion in 14 patients with T1D; although there were no
significant reactions to infusion, from an efficacy standpoint there was no significant improve-
ment in C-peptide levels and HbA1lc [144]. In another study of 12 children with T1D, adoptive
transfer of Tregs led to significant reduction in exogenous insulin needs and improvement
in C-peptide levels. Of note, two children were insulin independent after 12 months [145]. In
chronic graft-versus-host disease (GVHD), adoptive transfer of Tregs ameliorated symptoms
in two out of five patients, while the remaining patients did not show any deterioration after
21 months of follow-up [146]. In another study, where umbilical cord-derived Tregs were used
in 11 patients, there was a significant reduction in the rate of severe acute GVHD, whereas
chronic GVHD at 1 year was 0% in Treg-treated patients and 14% in patients who received
the conventional therapy with immunosuppressives (sirolimus and mycophenolate mofetil)
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[147]. All the aforementioned studies reported a purity of approximately 90%, demonstrat-
ing that this approach is feasible; on the other hand, survival of Tregs in vivo (after infusion)
was limited with a dramatic decline after 14 days from infusion. There are several currently
ongoing clinical trials based on adoptive Treg transfer mainly in solid organ transplantation
[147]. Such therapeutic approaches have not been published yet in lupus patients; one phase I
clinical trial aiming to assess Treg efficacy in cutaneous lupus started in 2015 [148].

5.2. Hematopoietic and mesenchymal stem cell transplantation

Hematopoietic and mesenchymal stem cell transplantation (HSCT and MSCT, respectively)
aim at immune reconstitution after intensive chemotherapy and have been implemented in
cases with refractory autoimmune diseases.

In the context of SLE, HSCT has been shown to induce long-term remission for approximately
5 years in half patients, whereas relapse was usually mild [149, 150]. On the other hand, MSCT
exerts potent immunosuppressive capacity since mesenchymal stem cells do not require MHC
(major histocompatibility complex) restriction for their function [151]. The effects of these ther-
apeutic approaches on Tregs numbers and function have a critical role with respect to their
efficacy. Zhang et al. showed that CD4+CD25"8"FOXP3+ Tregs were reconstituted in levels com-
parable to those of normal individuals after autologous HSCT in 15 SLE patients [152]. In addi-
tion, a novel Tregs subset (CD8+LAPhighCD103"s") was induced and capable of maintaining
remission through TGF-f mediated suppression. On the contrary, Szodoray et al. did not find
any significant differences in Tregs numbers (pre- and post-transplant) in 12 patients with vari-
ous systemic autoimmune diseases; only three lupus patients were enrolled in that study [153].

Concerning MSCT, a report on nine patients with refractory SLE showed good safety profile
after 6 years; unfortunately, Tregs were not assessed in this study [154]. Limited case reports
demonstrated a significant increase of peripheral Tregs in three lupus patients; however, clin-
ical remission was not achieved [155, 156]. Of note, mesenchymal stem cells were shown to
increase Tregs in 30 active lupus patients, in a dose-dependent fashion, even after 1 week after
transplantation, and this was sustained for 1 and 3 months after transplant [157]. In the same
study, Th17 cells were accordingly reduced after 3 months.

5.3. IL-2-based approaches

Extensive research on IL-2 and IL-2 receptor (IL-2R) biology has shed light on its critical impor-
tance for the maintenance of immune tolerance by influencing Tregs number and function
[132]. Administration of low doses of IL-2 led to remission and decreased glucocorticoid dose
inlupus patients [158], while it was shown that Tregs expansion (CD4+CD25"s"CD127low) and
a decrease in T effectors/Tregs ratio were the primary mechanism [159]. The same results were
observed in other diseases, such as GVHD and HCV-related vasculitis [160]. Interestingly,
IL-2/anti-IL-2 immunocomplexes were capable of reducing the severity of renal inflammation
in NZB/W F1 mice by inducing CD4+CD25+FOXP3+ Tregs. With regard to proteinuria, this
approach was superior to the combination of glucocorticoids and mycophenolate mofetil, the
current standard of care for LN [161].
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5.4. All-trans retinoic acid (atRA)

This approach has been used in various autoimmune diseases with inconsistent and contra-
dictory results, possibly due to the small sample sizes [162]. Limited data in lupus patients
showed that Tregs could be induced by atRA [163]; however, these results were not confirmed
[164]. In a more recent study, retinoic acid increased Treg numbers (and decreased Th17 cells)
in lupus patients with low levels of vitamin A [165].

5.5. Tolerogenic peptides

The rationale behind the use of tolerogenic peptides in SLE therapeutics is that a dysregulated
immune system can be modified by inducing tolerance against a specific antigen. This is a cru-
cial component of this approach since non-specific tolerance may lead to generalized immune
suppression and secondary immunodeficiency. In this context, such different molecules
(hCDR1, pCons, P140, etc.) have been administered in lupus prone mice with subsequent
expansion of Tregs and suppression of effector cells and pro-inflammatory cytokines [166,
167]. These encouraging results led to the first peptide-based randomized controlled trial in
SLE with 149 patients [168]. Although the effect on Tregs was not assessed, approximately
62% of the peptide-treated patients achieved the primary clinical end-point as compared to
38.6% of the placebo arm (all patients received standard of care therapy).

5.6. Effect of other medications on Tregs

Apart from the aforementioned approaches that implicate Tregs in their mechanism of action,
medications commonly used in SLE patients have been demonstrated to increase their num-
bers and/or restore their function. Several studies have demonstrated a significant Tregs
expansion after treatment with glucocorticoids [121, 122, 169-171]. Moreover, intravenous
methylprednisolone pulses led to a dramatic and sustained increase in CD4+CD25"s"FOXP3+
Tregs numbers, regardless of the initial clinical indication [121]; this was noted even from the
first few days after the pulses [172]. The mechanism by which these medications lead to Treg
proliferation is yet unknown; however, a steroid-mediated up-regulation of FOXP3 has been
described [171].

Immunosuppressive drugs have also been shown to affect Tregs in active SLE. Cyclophosphamide
pulse therapy led to a significant increase in Tregs numbers after the 4th month of administra-
tion, which reflected clinical remission [121], although the effect of concomitant glucocorticoid
treatment may have a role. Similar results were obtained with azathioprine and hydroxychlo-
roquine [121]. Of note, polyclonal intravenous immunoglobulins (IVIGs) also led to Tregs
increase, possibly through up-regulation of FOX3 and intracellular IL-10 and TGF-p [173].
Rituximab was demonstrated to enhance the Tregs numbers and function in lupus patients
whereas the increased and sustained FOXP3 mRNA expression was associated with favour-
able outcome [174]. In general, in vivo expansion of Tregs after treatment might be the result of
a change of Th1/Th17 to Th2 balance, which could lead to disease remission and not a direct
drug-specific reaction [121].
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Other medications that are increasingly used in lupus patients and may affect Tregs include
statins. These drugs display multiple beneficial effects in atherosclerosis through different
mechanisms among which immune modulation is critical [175]. Several experiments in ani-
mal models showed that statins increase the numbers and suppressive capacity of Tregs as
well as their accumulation in the atherosclerotic plaque [176]. Atorvastatin, in particular,
exerted similar results in human Tregs [177].

All the pre-mentioned therapeutic interventions are summarized in Table 1.

5.7. Barriers in Tregs-based therapeutic approaches

Although the above-mentioned data are encouraging for SLE patients, several challenges still
exist. The multiple phenotypes that have been used to characterize Tregs in the different stud-
ies have demonstrated that all Tregs are not functionally capable of suppressing autoimmune
responses [160]. In the chronic inflammatory environment of SLE, it cannot be predicted which
regulatory cells are likely to function more beneficially; furthermore, effector cells are more
capable of escaping regulatory mechanisms under these circumstances [106]. Furthermore,
tissue distribution of Tregs, after infusion, is unknown, while their survival and maintenance
of regulatory capacity have not been precisely defined in the context of SLE. Other consider-
ations include technical aspects, such as the purity and cost-effectiveness of these approaches.

Therapy Mechanism Approach Efficacy Notes
Adoptive transfer Increase of Tregs pool ~ Experimental and Moderate High purification rates,
of ex vivo expanded clinical trials in other low Tregs survival
Tregs immune-mediated
diseases
HSCT/MSCT Immune system Limited clinical trials Moderate Inconsistent clinical
reconstitution results
IL-2 Enhanced survival and Limited clinical trials Moderate IL-2/anti-IL-2 complexes
function of Tregs provided favourable
results in LN
Retinoids Induction of Tregs Limited clinical trials Inconsistent Mainly in patients with
low vitamin A
Tolerogenic peptides  Induction of Tregs Experimental studies Moderate Ongoing phase III
and one RCT clinical trials
Glucocorticoids Up-regulation of Limited observational =~ Good Rapid induction of Tregs
FOXP3 trials
Immunomodulating Induction of Tregs Limited observational  Good Regardless of the
agents trials agent used, probably
an epiphenomenon to
disease remission
Statins Enhanced numbers Experimental and Good Accumulation of Tregs

and function of Tregs

limited observational
trials

in the atherosclerotic
plaques

Table 1. Therapeutic approaches targeting Tregs in SLE.
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6. Conclusion

Most well-designed studies have concluded that Tregs are significantly depleted from the
periphery of active lupus SLE patients and this reduction is in accordance with disease activ-
ity. Moreover, Tregs follow alterations in disease activity (with inverse changes) quite reli-
ably; numeric increase is not drug specific but characterizes disease remission. Their value as
an activity biomarker has been demonstrated and may be helpful in assessing disease status
in controversial circumstances. Their potential to be used for therapeutic purposes, either by
direct adoptive transfer or by approaches aiming to increase their numbers, is quite promis-
ing in the field of SLE.

Author details

Konstantinos Tselios!, Alexandros Sarantopoulos?, Ioannis Gkougkourelas® and Panagiota
Boura?*

*Address all correspondence to: boura@med.auth.gr

1 Centre for Prognosis Studies in the Rheumatic Diseases, Toronto Western Hospital,
University of Toronto Lupus Clinic, Toronto, ON, Canada

2 Clinical Immunology Unit, 2nd Department of Internal Medicine, Hippokration General
Hospital, Aristotle University of Thessaloniki, Thessaloniki, Greece

References

[1] Tsokos GC. Systemic lupus erythematosus. The New England Journal Medicine.
2011;365:2110-2121. DOI: 10.1056/NEJMra1100359

[2] Scheinecker C, Bonelli M, Smolen JS. Pathogenetic aspects of systemic lupus erythema-
tosus with an emphasis on regulatory T cells. Journal of Autoimmunity. 2010;35:269-275.
DOI: 10.1016/j.jaut.2010.06.018

[3] Gershon RK. A disquisition on suppressor T cells. Transplantation Reviews. 1975;26:170

[4] Sakaguchi S, Fukuma K, Kuribayashi K, Masuda T. Organ-specific autoimmune diseases
induced in mice by elimination of a T cell subset. Evidence for the active participation of T
cells in natural self-tolerance; deficit of a T cell subset as a possible cause of autoimmune
disease. Journal of Experimental Medicine. 1985;161:72-87. DOI: 10.1084/jem.161.1.72

[5] GershonRK, KondoK.Infectiousimmunological tolerance. Immunology.1971;21:903-914

[6] Germain RN. Special regulatory T-cell review. A rose by any other name: From suppres-
sor T cells to Tregs, approbation to unbridled enthusiasm. Immunology. 2008;123:20-27.
DOI: 10.1111/j.1365-2567.2007.02779.x

139



140

Lupus

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Kapp JA. Special regulatory T-cell review: Suppressors regulated but unsuppressed.
Immunology. 2008;123:28-32. DOI: 10.1111/j.1365-2567.2007.02773.x

Sakaguchi S, Sakaguchi N, Asano M, Itoh M, Toda M. Immunologic self-tolerance main-
tained by activated T cells expressing IL-2 receptor alpha-chain (CD25). Breakdown of
a single mechanism of self-tolerance causes various autoimmune diseases. Journal of
Immunology. 1995;155:1151-1164

Sakaguchi S, Wing K, Miyara M. Regulatory T cells- a brief history and perspective.
European Journal of Immunology. 2007;37:5116-123. DOI: 10.1002/eji.200737593

Thornton A, Shevach EM. CD4+CD25+ immunoregulatory T cells suppress polyclonal
T cell activation in vitro by inhibiting interleukin-2 production. Journal of Experimental
Medicine. 1998;188:287-296. DOI: 10.1084/jem.188.2.287

Jonuleit H, Schmitt E, Stassen M, Tuettenberg A, Knop J, Enk AH. Identification and
functional characterization of human CD4+CD25+ T cells with regulatory properties
isolated from peripheral blood. Journal of Experimental Medicine. 2001;193:1285-1294.
DOI: 10.1084/jem.193.11.1285

Liston A, Rudensky AY. Thymic development and peripheral homeostasis of regulatory
T cells. Current Opinion in Immunology. 2007;19:176-185. DOI: 10.1016/j.c0i.2007.02.005

Shevach EM. From vanilla to 28 flavours: Multiple varieties of T regulatory cells.
Immunity. 2006;25:195-201. DOI: 10.1016/j.immuni.2006.08.003

Miyara M, Amoura Z, Parizot C, Badoual C, Dorgham K, Trad S, et al. Global natural reg-
ulatory T cell depletion in active systemic lupus erythematosus. Journal of Immunology.
2005;175:8392-8400. DOI: https://doi.org/10.4049/jimmunol.175.12.8392

Brunkow ME, Jeffery EW, Hjierrild KA, Paeper B, Clark LB, Yasayko SA, et al. Disruption
of a new forkhead/winged-helix protein, scurfin, results in the fatal lymphoproliferative
disorder of the scurfy mouse. Nature Genetics. 2001;27:68-73. DOI: 10.1038/83784

Chatila TA, Blaeser F, Ho N, Lederman HM, Voulgaropoulos C, Helms C, et al. ]M2,
encoding a fork head-related protein, is mutated in X-linked autoimmunity-allergic
dysregulation syndrome. The Journal of Clinical Investigation. 2000;106:R75-R81. DOI:
10.1172/JCI11679

Wildin RS, Ramsdell F, Peake J, Faravelli F, Casanova JL, Buist N, et al. X-linked neonatal
diabetes mellitus, enteropathy and endocrinopathy syndrome is the human equivalent
of mouse scurfy. Nature Genetics. 2001;27:18-20. DOI: 10.1038/83707

Bennett CL, Christie ], Ramsdell F, Brunkow ME, Ferguson PJ], Whitesell L, et al. The
immune dysregulation, polyendocrinopathy, enteropathy, X-linked syndrome (IPEX) is
caused by mutations of Foxp3. Nature Genetics. 2001;27:20-21. DOI: 10.1038/83713

Hori S, Nomura T, Sakaguchi S. Control of regulatory T cell development by the tran-
scription factor FoxP3. Science. 2003;299:1057-1061. DOI: 10.1126/science.1079490



[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

T Regulatory Cells in Systemic Lupus Erythematosus: Current Knowledge and Future Prospects
http://dx.doi.org/10.5772/intechopen.68479

Marson A, Kretschmer K, Frampton GM, Jacobsen ES, Polansky JK, Maclsaac KD, et al.
Foxp3 occupancy and regulation of key target genes during T-cell stimulation. Nature.
2007;445:931. DOI: 10.1038/nature05478

Zheng Y, Josefowicz SZ, Kas A, Chu TT, Gavin MA, Rudensky AY. Genome-wide
analysis of Foxp3 target genes in developing and mature regulatory T cells. Nature.
2007;445:936. DOI: 10.1038/nature05563

Roncarolo MG, Gregori S. Is FOXP3 a bonafide marker for human regulatory T cells?
European Journal of Immunology. 2008;38:925-927. DOI: 10.1002/eji.200838168

Shevach EM. Certified professionals: CD4+CD25+ suppressor T cells. The Journal of
Experimental Medicine. 2001;193:F41-F45. DOI: 10.1084/jem.193.11.F41

Walker LSK. CD4+CD25+ Treg: Divide and rule? Immunology. 2004;111:129-137. DOI:
10.1111/j.0019-2805.2003.01788.x

Coutinho A, Caramalho I, Seixas E, Demengeot J. Thymic commitment of regulatory
T cells is a pathway of TCR-dependent selection that isolates repertoires undergo-
ing positive or negative selection. Current Topics in Microbiology and Immunology.
2005;293:43-71

Maggi E, Cosmi L, Liotta F, Romagnani P, Romagnani S, Annunziato F. Thymic regula-
tory T cells. Autoimmunity Reviews. 2005;4:579-586. DOI: 10.1016/j.autrev.2005.04.010

Raimondi G, Turner MS, Thomson AW, Morel PA. Naturally occurring regulatory T
cells: Recent insights in health and disease. Critical Reviews in Immunology. 2007;27:61-
95. DOI: 10.1615/CritRevimmunol.v27.i1.50

Griesemer AD, Sorenson EC, Hardy MA. The role of the thymus in tolerance.
Transplantation. 2010;90:465-474. DOI: 10.1097/TP.0b013e3181e7e54f

Bour-Jordan H, Bluestone JA. Regulating the regulators: Costimulatory signals control
the homeostasis and function of regulatory T cells. Immunological Reviews. 2009;229:41—
66. DOI: 10.1111/j.1600-065X.2009.00775.x

YiH, Zhen, Jiang L, Zheng ], Zhao Y. The phenotypic characterization of naturally occur-
ring regulatory CD4+CD25+ T cells. Cellular & Molecular Immunology. 2006;3:189-195

Wysocki CA, Jiang Q, Panoskaltsis-Mortari A, Taylor PA, McKinnon KP, Su L, et al.
Critical role for CCR5 in the function of donor CD4+CD25+ regulatory T cells during acute
graft-versus-host disease. Blood. 2005;106:3300-3307. DOI: 10.1182/blood-2005-04-1632

Nakamura K, Kitami A, Strober W. Cell contact-dependent immunosuppression by
CD4+CD25+ regulatory T cells is mediated by cell surface-bound transforming growth
factor 3. Journal of Experimental Medicine. 2001;194:629-644. DOI: 10.1084/jem.194.5.629

Bruder D, Probst-Kepper M, Westendorf AM, Geffers R, Beissert S, Loser K, et al.
Neuropilin-1: A surface marker of regulatory T cells. European Journal of Immunology.
2004;34:623-630. DOI: 10.1002/€ji.200324799

141



142

Lupus

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Workman CJ, Vignali DA. Negative regulation of T cell homeostasis by lymphocyte
activation gene-3 (CD223). Journal of Immunology. 2005;174:688-695. DOI: https://doi.
org/10.4049/jimmunol.174.2.688

Yamaguchi T, Hirota K, Nagahama K, Ohkawa K, Takahashi T, Nomura T, et al. Control
of immune responses by antigen-specific regulatory T cells expressing the folate recep-
tor. Immunity. 2007;27:145-159. DOI: 10.1016/j.immuni.2007.04.017

Tran DQ, Glass DD, Uzel G, Darnell DA, Spalding C, Holland SM, et al. Analysis of
adhesion molecules, target cells and role of IL-2 in human FOXP3+ regulatory T cell
suppressor function. Journal of Immunology. 2008;182:2929-2938. DOI: 10.4049/
jimmunol.0803827

Zabransky DJ, Nirschl CJ, Durham NM, Park BV, Ceccato CM, Bruno TC, et al. Phenotypic
and functional properties of Heliost+regulatory T cells. PLoS One. 2012;7:e34547. DOI:
10.1371/journal.pone.0034547

Shu Y, Hu Q, Long H, Chang C, Lu Q, Xiao R. Epigenetic variability of CD4+CD25+ Tregs
contributes to the pathogenesis of autoimmune diseases. Clinical Reviews in Allergy &
Immunology. 29 September 2016 [Epub ahead of print]. DOI: 10.1007/s12016-016-8590-3

Ohl K, Tenbrock K. Regulatory T cells in systemic lupus erythematosus. European
Journal of Immunology. 2015;45:344-355. DOI: 10.1002/eji.201344280

Chatenoud L, Bach JF. Adaptive human regulatory T cells: Myth or reality? The Journal
of Clinical Investigation. 2006;116:2325-2327. DOI: 10.1172/JCI29748

Barrat FJ, Cua DJ, Boonstra A, Richards DF, Crain C, Savelkoul HF, et al. In vitro genera-
tion of interleukin 10-producing regulatory CD4 (+) T cells is induced by immunosup-
pressive drugs and inhibited by T helper type 1 (Thl) - and Th2-inducing cytokines.
Journal of Experimental Medicine. 2002;195:603-616. DOI: 10.1084/jem.20011629

Kemper C, Chan AC, Green JM, Brett KA, Murphy KM, Atkinson JP. Activation of
human CD4+ cells with CD3 and CD46 induces a T-regulatory cell 1 phenotype. Nature.
2003;421:388-392. DOI: 10.1038/nature01315

Levings M, Gregori S, Tresoldi E, Cazzaniga S, Bonini C, Roncarolo MG. Differentiation
of Tr1 cells by immature dendritic cells requires IL-10 but no CD25+CD4+ Tr cells. Blood.
2004;105:1162-1169. DOI: 10.1182/blood-2004-03-1211

Vieira PL, Christensen JR, Minaee S, O’Neill E]J, Barrat FJ, Boonstra A, et al. IL-10-secret-
ing regulatory T cells do not express Foxp3 but have comparable regulatory func-
tion to naturally occurring CD4+CD25+ regulatory T cells. Journal of Immunology.
2004;172:5986-5993. DOI: https://doi.org/10.4049/jimmunol.172.10.5986.

Langier S, Sade K, Kivity S. Regulatory T cells in allergic asthma. The Israel Medical
Association Journal. 2012;14:180-183

Cerwenka A, Swain SL. TGF-31: Immunosuppressant and viability factor for T lymphocytes. Micro-
bes and Infection. 1999;1:1291-1296. DOI: http://dx.doi.org/10.1016/51286-4579(99)00255-5



[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

T Regulatory Cells in Systemic Lupus Erythematosus: Current Knowledge and Future Prospects
http://dx.doi.org/10.5772/intechopen.68479

Tang Q, Boden EK, Henriksen KJ, Bour-Jordan H, Bi M, Bluestone JA. Distinct roles
of CTLA-4 and TGF-f in CD4+CD25+ regulatory T cell function. European Journal of
Immunology. 2004;34:2996-3005. DOI: 10.1002/eji.200425143

Zheng SG, Gray ]D, Ohtsuka K, Yamagiwa S, Horwitz DA. Generation ex vivo of TGF-
beta- producing regulatory T cells from CD4+CD25- precursors. Journal of Immunology.
2002;169:4183-4189. DOI: https://doi.org/10.4049/jimmunol.169.8.4183

Carrier Y, Yuan J, Kuchroo VK, Weiner HL. Th3 cells in peripheral tolerance. I. Induction
of Foxp3-positive regulatory T cells by Th3 cells derived from TGF-B T cell-trans-
genic mice. Journal of Immunology. 2007;178:179-185. DOI: https://doi.org/10.4049/
jimmunol.178.1.179

Zhang B, Zhang X, Tang FL, Zhu LP, Liu Y, Lipsky PE. Clinical significance of increased
CD4+CD25-FOXP3+ T cells in patients with new-onset systemic lupus erythematosus.
Annals of the Rheumatic Diseases. 2008;67:1037-1040. DOI: 10.1136/ard.2007.083543

Bonelli M, Savitskaya A, Steiner CW, Rath E, Smolen JS, Scheinecker C. Phenotypic and
functional analysis of CD4+CD25-FOXP3+ T cells in patients with systemic lupus ery-
thematosus. Journal of Immunology. 2009;182:1689-1695. DOI: https://doi.org/10.4049/
jimmunol.182.3.1689

Miyara M, Yoshioka Y, Kitoh A, Shima T, Wing K, Niwa A, et al. Functional delineation
and differentiation dynamics of human CD4+ T cells expressing the FOXP3 transcription
factor. Immunity. 2009;30:899-911. DOI: 10.1016/j.immuni.2009.03.019

Afzali B, Mitchell PJ, Edozie FC, Povoleri GA, Dowson SE, Demandt L, et al. CD161
expression characterizes a subpopulation of human regulatory T cells that produces
IL-17 in a STAT-3 dependent manner. European Journal of Immunology. 2013;43:2043—
2054. DOI: 10.1002/eji.201243296

Ma L, Zhao P, Jiang Z, Shan Y, Jiang Y. Imbalance of different types of CD4+ forkhead
box protein 3 (FOXP3)+ T cells in patients with new-onset systemic lupus erythemato-
sus. Clinical and Experimental Immunology. 2013;174:345-355. DOI: 10.1111/cei.12189

Peterson RA. Regulatory T-cells: Diverse phenotypes integral toimmune homeostasis and
suppression. Toxicologic Pathology. 2012;40:186-204. DOI: 10.1177/0192623311430693

Corthay A. How do regulatory T cells work? Scandinavian Journal of Immunology.
2009;70:326-336. DOI: 10.1111/j.1365-3083.2009.02308.x

Sakaguchi S, Wing K, Onishi Y, Prieto-Martin P, Yamaguchi T. Regulatory T cells: How
do they suppress immune responses? International Immunology. 2009;21:1105-1111.
DOI: 10.1093/intimm/dxp095

Tang Q, Bluestone JA. The Foxp3+ regulatory T cell: A jack-of-all-trades, master of regu-
lation. Nature Immunology. 2008;9:239-244. DOI: 10.1038/ni1572

Sojka DK, Huang YH, Fowell DJ. Mechanisms of regulatory T-cell suppression-a
diverse arsenal for a moving target. Immunology. 2008;124:13-22. DOI: 10.1111/j.
1365- 2567.2008.02813.x

143



144

Lupus

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

Tselios K, Boura P, Kountouras J. T regulatory cells in Helicobacter pylori-associated
diseases. Inmunogastroenterology. 2013;2:38-46. DOI: 10.7178/ig.27

Furtado GC, Curotto de Lafaille MA, Kutchukhidze N, Lafaille JJ. Interleukin 2 signal-
ling is required for CD4 (+) regulatory T cell function. Journal of Experimental Medicine.
2002;196:851-857. DOI: 10.1084/jem.20020190

DelaRosaM, Rutz S, Dorninger H, Scheffold A. Interleukin-2 is essential for CD4+CD25+
regulatory T cell function. European Journal of Immunology. 2004;34:2480-2488. DOI:
10.1002/eji.200425274

Pandiyan P, Zheng L, Ishihara S, Reed ], Lenardo MJ. CD4+CD25+Foxp3+ regulatory T
cells induce cytokine deprivation-mediated apoptosis of effector CD4+ T cells. Nature
Immunology. 2007;8:1353-1362. DOI: 10.1038/ni1536

Barthlott T, Moncrieffe H, Veldhoen M, Atkins CJ, Christensen J, O" Garra A, et al.
CD25+CD4+ T cells compete with naive CD4+ T cells for IL-2 and exploit it for the induc-
tion of IL-10. International Immunology. 2005;17:279-288. DOI: 10.1093/intimm/dxh207

Takahashi T, Tagami T, Yamazaki S, Uede T, Shimizu J, Sakaguchi N, et al. Imnmunologic
self-tolerance maintained by CD4+CD25+ regulatory T cells constitutively express-
ing cytotoxic T lymphocyte-associated antigen 4. Journal of Experimental Medicine.
2000;192:303-310. DOI: 10.1084/jem.192.2.303

Read S, Malmstrom V, Powrie F. Cytotoxic T lymphocyte-associated antigen 4 plays
an essential role in the function of CD25+CD4+ regulatory cells that control intesti-
nal inflammation. Journal of Experimental Medicine. 2000;192:295-302. DOI: 10.1084/
jem.192.2.295

Marie JC, Letterio JJ, Gavin M, Rudensky AY. TGF-1 maintains suppressor function and
Foxp3 expression in CD4+CD25+ regulatory T cells. Journal of Experimental Medicine.
2005;201:1061-1067. DOI: 10.1084/jem.20042276

Wan YY, Flavell RA. Regulatory T cells, transforming growth factor-3, and immune sup-
pression. Proceedings of the American Thoracic Society. 2007;4:271-276. DOI: 10.1513/
pats.200701-020AW

Liang B, Workman C, Lee ], Chew C, Dale BM, Colonna L, et al. Regulatory T cells
inhibit dendritic cells by LAG-3 engagement of MHC class II. Journal of Immunology.
2008;180:5916-5926. DOI: https://doi.org/10.4049/jimmunol.180.9.5916

Kanamaru F, Youngnak P, Hashiguchi M, Nishioka T, Takahashi T, Sakaguchi S, et al. Co-
stimulation via glucocorticoid-induced TNF receptor in both conventional and CD15+
regulatory CD4+ T cells. Journal of Immunology. 2004;172:7306-7314. DOI: https://doi.
org/10.4049/jimmunol.172.12.7306

Shevach EM, Stephens GL. The GITR-GITRL interaction: Co-stimulation or contra-sup-
pression of regulatory activity? Nature Reviews Immunology. 2006;6:613-618. DOI:
10.1038/nri1867



[72]

[73]

[74]

[73]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

T Regulatory Cells in Systemic Lupus Erythematosus: Current Knowledge and Future Prospects
http://dx.doi.org/10.5772/intechopen.68479

Fife BT, Pauken KE, Eagar TN, Obu T, Wu ], Tang Q, et al. Interactions between pro-
grammed death ligand-1 promote tolerance by blocking the T cell receptor-induced stop
signal. Nature Immunology. 2009;10:1185-1192. DOI: 10.1038/ni.1790

Gondek DC, Lu LF, Quezada SA, Sakaguchi S, Noelle R]. Cutting edge: Contact-medi-
ated suppression by CD4+CD25+ regulatory cells involves a granzyme B-dependent,
perforin-independent mechanism. Journal of Immunology. 2005;174:1783-1786. DOI:
https://doi.org/10.4049/jimmunol.174.4.1783

Gondek DC, Devries V, Nowak EC, et al. Transplantation survival is maintained by
granzyme B+ regulatory cells and adaptive regulatory T cells. Journal of Immunology.
2008;181:4752-4760. DOI https://doi.org/10.4049/jimmunol.181.7.4752

Bodor J, Fehervari Z, Diamond B, Sakaguchi S. Regulatory T-cell mediated suppression:
Potential role of ICER. Journal of Leukocyte Biology. 2007;81:161-167. DOI: 10.1189/
jlb.0706474

Chen W, Jin W, Hardegen N, Lei KJ, Marinos N, McGrady, G, et al. Conversion of periph-
eral CD4+CD25- naove T cells to CD4+CD25+ regulatory T cells by TGF-f3 induction of
transcription factor Foxp3. Journal of Experimental Medicine. 2003;198:1875-1886. DOI:
10.1084/jem.20030152

Davidson TS, DiPaolo R], Andersson ], Shevach EM. Cutting edge: IL-2 is essential for
TGF-beta-mediated induction of Foxp3 T regulatory cells. Journal of Immunology.
2007;178:4022-4026. DOI: https://doi.org/10.4049/jimmunol.178.7.4022

Moore KW, de Waal Malefyt R, Coffman RL, et al. Interleukin-10 and the interleukin-10
receptor. Annual Review of Immunology. 2001;19:683-765. DOI: 10.1146/annurev.
immunol.19.1.683

Rubtsov YP, Rasmussen JP, Chi EY, Fontenot J, Castelli L, Ye X, et al. Regulatory T
cell-derived interleukin-10 limits inflammation at environmental interfaces. Immunity.
2008;28:546-558. DOI: 10.1016/j.immuni.2008.02.017

Collison LW, Workman CJ, Kuo TT, Boyd K, Wang Y, Vignali KM, et al. The inhibitory
cytokine IL-35 contributes to regulatory T-cell function. Nature. 2007;450:566-569. DOI:
10.1038/nature06306

Bettini M, Vignalli DA. Regulatory T cells and inhibitory cytokines in autoimmunity.
Current Opinion in Immunology. 2009;21:612-618. DOI: 10.1016/j.c0i.2009.09.011

Banchereau J, Pascual V, O’Garra A. From IL-2 to IL-37: The expanding spectrum of anti-
inflammatory cytokines. Nature Immunology. 2012;13:925-931. DOI: 10.1038/ni.2406

Bopp T, Becker C, Klein M, Klein-Hessling S, Palmetshofer A, Serfling E, et al. Cyclic
adenosine monophosphate is a key component of regulatory T cell-mediated suppres-
sion. Journal of Experimental Medicine. 2007;204:1303-1310. DOI: 10.1084/jem.20062129

Deaglio S, Dwyer KM, Gao W, Friedman D, Usheva A, Erat A, et al. Adenosine generation
catalysed by CD39 and CD73 expressed on regulatory T cells mediates immune suppres-
sion. Journal of Experimental Medicine. 2007;204:1257-1265. DOI: 10.1084/jem.20062512

145



146

Lupus

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

Zarek PE, Huang CT, Lutz ER, Kowalski ], Horton MR, Linden J, et al. A2A receptor sig-
nalling promotes peripheral tolerance by inducing T-cell anergy and the generation of
adaptive regulatory T cells. Blood. 2008;111:251-259. DOI: 10.1182/blood-2007-03-081646

Ernst PB, Garrison JC, Thompson LF. Much ado about adenosine: Adenosine synthesis
and function in regulatory T cell biology. Journal of Immunology. 2010;185:1993-1998.
DOI: 10.4049/jimmunol. 1000108

Tadokoro CE, Shakhar G, Shen S, Ding Y, Lino AC, Maraver A, et al. Regulatory T
cells inhibit stable contacts between CD4+ T cells and dendritic cells in vivo. Journal of
Experimental Medicine. 2006;203:505-511. DOI: 10.1084/jem.20050783

Houot R, Perrot I, Garcia E, Durand I, Lebecque S. Human CD4+CD25high regulatory
T cells modulate myeloid but not plasmacytoid dendritic cells activation. Journal of
Immunology. 2006;176:5293-5298. DOI: https://doi.org/10.4049/jimmunol.176.9.5293

Cederbom L, Hall H, Ivars F. CD4+CD25+ regulatory T cells down-regulate co-stimulatory
molecules on antigen-presenting cells. European Journal of Immunology. 2000;30:1538—
1543. DOL: 10.1002/1521- 4141(200006)30:6<1538:: AID-IMMU1538>3.0.CO;2-X

Oderup C, Cederbom L, Makowska A, Cilio CM, Ivars F. Cytotoxic T lymphocyte anti-
gen-4-dependent down-modulation of costimulatory molecules on dendritic cells in
CD4+CD25+ regulatory T-cell-mediated suppression. Immunology. 2006;118:240-249.
DOI: 10.1111/j.1365- 2567.2006.02362.x

Kornete M, Piccirillo CA. Functional crosstalk between dendritic cells and Foxp3(+)

regulatory T cells in the maintenance of immune tolerance. Frontiers in Immunology.
2012;3:165. DOI: 10.3389/fimmu.2012.00165

Liu X, Nurieva RI, Dong C. Transcriptional regulation of follicular T-helper (Tfh) cells.
Immunological Reviews. 2013;252:139-145. DOI: 10.1111/imr.12040

Burchill MA, Yang J, Vogtenhuber C, Blazar BR, Farrar MA. IL-2 receptor beta-dependent
STATS5 activation is required for the development of Foxp3+ regulatory T cells. Journal of
Immunology. 2007;178:280-290. DOI: https://doi.org/10.4049/jimmunol.178.1.280

Campbell DJ, Koch MA. Phenotypical and functional specialization of FOXP3+ regula-
tory T cells. Nature Reviews Immunology. 2011;11:119-130. DOI: 10.1038/nri2916

Chauhdry A, Rudra D, Treuting P, Samstein RM, Liang Y, Kas A, et al. CD4+ regulatory
T cells control Th17 responses in a STAT3-dependent manner. Science. 2009;326:986-991.
DOI: 10.1126/science.1172702

Wan YY. Regulatory T cells: Immune suppression and beyond. Cellular & Molecular
Immunology. 2010;7:204-210. DOI: 10.1038/cmi.2010.20

McClymont SA, Putnam AL, Lee MR, Esensten JH, Liu W, Hulme MA, et al. Plasticity of
human regulatory T cells in healthy subjects and patients with type 1 diabetes. Journal
of Immunology. 2011;186:3918-3926. DOI: 10.4049/jimmunol.1003099



[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

T Regulatory Cells in Systemic Lupus Erythematosus: Current Knowledge and Future Prospects
http://dx.doi.org/10.5772/intechopen.68479

Suri-Prayer E, Amar AZ, McHugh R, Natarajan K, Marqulies DH, Shevach EM. Post-
thymectomy autoimmune gastritis, fine specificity and pathogenicity of anti-H/K
APTase-reactive T cells. European Journal of Immunology. 1999;29:669-677. DOI:
10.1002/(SICI)1521-4141(199902)29:02<669:: AID-IMMU669>3.0.CO;2-]

Horwitz DA, Zheng SG, Gray JD. The role of the combination of IL-2 and TGF- or
IL-10 in the generation and function of CD4+ CD25+ and CD8+ regulatory T cell sub-
sets. Journal of Leukocyte Biology. 2003;74:471-478. DOI: 10.1189/j1b.0503228

Zou L, Barnett B, Safah H, Larussa VF, Evdemon-Hogan M, Mottram P, et al. Bone mar-
row is a reservoir for CD4+CD25+ regulatory T cells that traffic through CXCL12/CXCR4
signals. Cancer Research. 2004;64:8451-8455. DOI: 10.1158/0008-5472.CAN-04-1987

Mailloux AW, Young MR. Regulatory T cell trafficking: From thymic development to
tumour-induced immune suppression. Critical Reviews in Immunology. 2010;30:435-447

Lim HW, Hillsamer P, Kim CH. Regulatory T cells can migrate to follicles upon T cell
activation and suppress GC-Th cells and GC-Th cell-driven B responses. The Journal of
Clinical Investigation. 2004;114:1640-1649. DOI: 10.1172/JCI22325

Walker LS. Regulatory T cells overtuned: The effectors fight back. Immunology.
2009;126:466—-474. DOI: 10.1111/j.1365-2567.2009.03053.x

Liu G, Zhao Y. Toll-like receptors and immune regulation: Their direct and indirect
modulation on regulatory CD4+CD25+ T cells. Immunology. 2007;122:149-156. DOI:
10.1111/j.1365-2567.2007.02651.x

King C, Ilic A, Koelsch K, Sarvetnick N. Homeostatic expansion of T cells during
immune insufficiency generates autoimmunity. Cell. 2004;117:265-277. DOI: http://
dx.doi.org/10.1016/50092-8674(04)00335-6

Pasare C, Medzhitov R. Toll pathway-dependent blockade of CD4+CD25+ T cell-
mediated suppression by dendritic cells. Science. 2003;299:1033-1036. DOI: 10.1126/
science.1078231

Crispin JC, Martinez A, Alcocer-Varela J. Quantification of regulatory T cells in patients
with systemic lupus erythematosus. Journal of Autoimmunity. 2003;21:273-276. DOI:
http://dx.doi.org/10.1016/S0896-8411(03)00121-5

Liu MF, Wang CR, Fung LL, Wu CR. Decreased CD4+CD25+ T cells in peripheral blood
of patients with systemic lupus erythematosus. Scandinavian Journal of Immunology.
2004;59:198-202. DOI: 10.1111/j.0300-9475.2004.01370.x

Fathy A, Mohamed RW, Tawfik GA, Omar AS. Diminished CD4+CD25+ T-lympho-
cytes in peripheral blood of patients with systemic lupus erythematosus. The Egyptian
Journal of Immunology. 2005;12:25-31

Valencia X, Yarboro C, Illei G, Lipsky PE. Deficient CD4+CD25high T regulatory cell
function in patients with active systemic lupus erythematosus. Journal of Immunology.
2007;178:2579-2588. DOI: https://doi.org/10.4049/jimmunol.178.4.2579

147



148

Lupus

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

Lyssouk EY, Torgashina AV, Soloviev SK, Nassonov EL, Bykovskaia SN. Reduced num-
ber and function of CD4+CD25highFOXP3+ regulatory T cells in patients with systemic
lupus erythematosus. Advances in Experimental Medicine and Biology. 2007;601:113—
119. DOI: 10.1007/978-0-387-72005-0_12

Barath S, Aleksza M, Tarr T, Sinka S, Szegedi G, Kiss E. Measurement of natural
(CD4+CD25high) and inducible (CD4+IL-10+) regulatory T cells in patients with sys-
temic lupus erythematosus. Lupus. 2007;16:488-496. DOI: 10.1177/0961203307080226

Tselios K, Sarantopoulos A, Gkougkourelas I, Boura P. CD4+CD25highFOXP3+ T regu-
latory cells as a biomarker of disease activity in systemic lupus erythematosus: A pro-
spective study. Clinical and Experimental Rheumatology. 2014;32:630-639

Yates ], Whittington A, Mitchell P, Lechler RI, Lightstone L, Lombardi G. Natural regu-
latory T cells: Number and function are normal in the majority of patients with sys-
temic lupus erythematosus. Clinical and Experimental Immunology. 2008;153:44-55.
DOI: 10.1111/j.1365-2249.2008.03665.x

Alvarado-Sanchez B, Hernandez-Castro B, Portales-PerezD, Baranda L, Layseca-Espinosa
E, Abud-Mendoza C, et al. Regulatory T cells in patients with systemic lupus erythema-
tosus. Journal of Autoimmunity. 2006;27:110-118. DOI: 10.1016/j.jaut.2006.06.005

Lin SC, Chen KH, Lin CH, Kuo CC, Ling QD, Chan CH. The quantitative analysis of
peripheral blood FOXP3-expressing T cells in systemic lupus erythematosus and rheu-
matoid arthritis patients. European Journal of Clinical Investigation. 2007;37:987-996.
DOI: 10.1111/j.1365-2362.2007.01882.x

Venigalla RK, Tretter T, Krienke S, Max R, Eckstein V, Blank N, et al. Reduced
CD4+CD25- T cell sensitivity to the suppressive function of CD4+CD25highCD127low
regulatory T cells in patients with active systemic lupus erythematosus. Arthritis and
Rheumatism. 2008;58:2120-2130. DOI: 10.1002/art.23556

Zhang B, Zhang X, Tang F, Zhu L, Liu Y. Reduction of forkhead box P3 levels in
CD4+CD25high T cells in patients with new-onset systemic lupus erythematosus.
Clinical and Experimental Immunology. 2008;153:182-187. DOI: 10.1111/j.1365-2249.
2008.03686.x

Kuhn A, Beissert S, Krammer PH. CD4+CD25+ regulatory T cells in systemic lupus
erythematosus. Archives of Dermatological Research. 2009;301:71-81. DOI: 10.1007/
s00403-008-0891-9

Yang HX, Zhang W, Zhao LD, Li Y, Zhang FC, Tang FL, et al. Are CD4+CD25-FOXP3+
cells in untreated new-onset lupus patients regulatory T cells? Arthritis Research &
Therapy. 2009;11:R153. DOI: 10.1186/ar2829

Tselios K, Sarantopoulos A, Gkougkourelas I, Boura P. The influence of therapy on
CD4+CD25highFOXP3+ regulatory T cells in systemic lupus erythematosus patients:
A prospective study. Scandinavian Journal of Rheumatology. 2015;44:29-35. DOI:
10.3109/03009742.2014.922214



[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

T Regulatory Cells in Systemic Lupus Erythematosus: Current Knowledge and Future Prospects
http://dx.doi.org/10.5772/intechopen.68479

Tselios K, Sarantopoulos A, Gkougkourelas I, Papagianni A, Boura P. Increase of
peripheral T regulatory cells during remission induction with cyclophosphamide in
active systemic lupus erythematosus. International Journal of Rheumatic Diseases.
2014;17:790-795. DOI:10.1111/1756-185X.12500

Sarantopoulos A, Tselios K, Gkougkourelas I, Pantoura M, Georgiadou AM, Boura
P. Tocilizumab treatment leads to a rapid and sustained increase in Treg cell levels
in theumatoid arthritis patients: Comment on the article of Thiolat et al. Arthritis
Rheumatology. 2014;66:2638. DOI: 10.1002/art.38714

Alexander T, Sattler A, Templin L, Kohler S, Gross C, Meisel A, et al. Foxp3+Helios+
regulatory T cells are expanded in active systemic lupus erythematosus. Annals of the
Rheumatic Diseases. 2013;72:1549-1558. DOI: 10.1136/annrheumdis-2012-202216

Alunno A, Bartoloni E, Bistoni O, Nocentini G, Ronchetti S, Caterbi S, et al. Balance
between regulatory T and Th17 cells in systemic lupus erythematosus: The old and
the new. Clinical & Developmental Immunology. 2012;2012:823085. DOI: 10.1155/
2012/823085

Valmori D, Raffin C, Raimbaud I, Ayyoub M. Human RORyt+ TH17 cells preferentially
differentiate from naive FOXP3+ Tregs in the presence of lineage-specific polarizing
factors. Proceedings of the National Academy of Sciences. 2010;107:19402-19407. DOI:
10.1073/pnas.1008247107

Lee YK, Mukasa R, Hatton RD, Weaver CT. Developmental plasticity of Th17 and Treg
cells. Current Opinion in Immunology. 2009;21:274-280. DOI: 10.1016/j.c0i.2009.05.021

Yang ], ChuY, Yang X, Gao D, Zhu L, Yang X, et al. Th17 and natural Treg cell population
dynamics in systemic lupus erythematosus. Arthritis and Rheumatism. 2009;60:1472—
1483. DOI: 10.1002/art.24499

Ma ], Yu ], Tao X, Cai L, Wang ], Zheng SG. The imbalance between regulatory and
IL-17-secreting CD4+ T cells in lupus patients. Clinical Rheumatology. 2010;29:1251—
1258. DOI: 10.1007/s10067-010-1510-7

Dolff S, Bijl M, Huitema MG, Limburg PC, Kallenberg CG, Abdulahad WH. Disturbed
Thl, Th2, Thl7 and Treg balance in patients with systemic lupus erythematosus.
Clinical Immunology. 2011;141:197-204. DOI: 10.1016/j.clim.2011.08.005

Yang J, Yang X, Zou H, Chu Y, Li M. Recovery of the immune balance between Th17
and regulatory T cells as a treatment for systemic lupus erythematosus. Rheumatology
(Oxford). 2011;50:1366-1372. DOI: 10.1093/rheumatology/ker116

Mizui M, Tsokos GC. Low-dose IL-2 in the treatment of lupus. Current Rheumatology
Reports. 2016;18:68

Zhang B, Dou Y, Xu X, Wang X, Xu B, Du J, et al. Endogenous FOXP3 inhibits cell pro-
liferation, migration and invasion in glioma cells. International Journal of Clinical and
Experimental Medicine. 2015;8:1792-1802

149



150

Lupus

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

Qin A, Wen Z, Zhou Y, Li Y, Li Y, Luo J, et al. MicroRNA-126 regulates the induction
and function of CD4+FOXP3+ regulatory T cells through PI3K/AKT pathway. Journal
of Cellular and Molecular Medicine. 2013;17:252-264. DOI: 10.1111/jcmm.12003

Zhao M, Liang GP, Tang MN, Luo SY, Zhang J, Cheng W], et al. Total glucosides
of paeony induces regulatory CD4+CD25+ T cells by increasing FOXP3 demethyl-
ation in lupus CD4+ T cells. Clinical Immunology. 2012;143:180-187. DOI: 10.1016/j.
clim.2012.02.002

Regna NL, Chafin CB, Hammond SE, Puthiyaveetil AG, Caudell DL, Reilly CM. Class
I and II histone deacetylase inhibition by ITF2357 reduces SLE pathogenesis in vivo.
Clinical Immunology. 2014;151:29-42. DOI: 10.1016/j.clim.2014.01.002

Koga T, Mizui M, Yoshida N, Otomo K, Lieberman LA, Crispin JC, et al. KN-93, an
inhibitor of calcium/calmodulin-dependent protein kinase IV promotes generation and
function of FOXP3+ regulatory T cells in MRL/lpr MICE. Autoimmunity. 2014;47:445—
450. DOI: 10.3109/08916934.2014.915954

Stohl W. Future prospects in biologic therapy for systemic lupus erythematosus. Nature
Reviews Rheumatology. 2013;9:705-720. DOI: 10.1038/nrrheum.2013.136

Zheng SG, Wang JH, Koss MN, Quismorio Jr. F, Gray JD, Horwitz DA. CD4+ and
CD8+ regulatory T cells generated ex vivo with IL-2 and TGF-beta suppress a stimu-

latory graft-versus-host disease with a lupus-like syndrome. Journal of Immunology
2004;172:1531-1539. DOI https://doi.org/10.4049/jimmunol.172.3.1531

Scalapino KJ, Tang Q, Bluestone JA, Bonyhadi ML, Daikh DI. Suppression of disease in
New Zealand black/New Zealand white lupus-prone mice by adoptive transfer of ex
vivo expanded regulatory T cells. Journal of Immunology. 2006;177:1451-1459. DOI:
https://doi.org/10.4049/jimmunol.177.3.1451

Lan Q, Zhou X, Fan H, Chen M, Wang ], Ryffel B, et al. Polyclonal CD4+Foxp3+ Treg
cells induce TGFB-dependent tolerogenic dendritic cells that suppress the murine
lupus-like syndrome. The Journal of Molecular Cell Biology. 2012;4:409-419. DOI:
10.1093/jmcb/mjs040

Cao T, Wenzel SE, Faubion WA, Harriman G, Li L. Enhanced suppressive function of
regulatory T cells from patients with immune-mediated diseases following successful ex
vivo expansion. Clinical Immunology. 2010;136:329-337. DOI: 10.1016/j.clim.2010.04.014

Hahn BH, Anderson M, Le E, La Cava A. Anti-DNA Ig peptides promote Treg cell activ-
ity in systemic lupus erythematosus patients. Arthritis and Rheumatism. 2008;58:2488—
2497. DOI: 10.1002/art.23609

Bluestone JA, Buckner JH, Fitch M, Gitelman SE, Gupta S, Hellerstein MK, et al. Type
1 diabetes immunotherapy using polyclonal regulatory T cells. Science Translational
Medicine. 2015;7:315ra189. DOI: 10.1126/scitranslmed.aad4134

Marek-Trzonkowska N, Mysliwiec M, Dobyszuk A, Grabowska M, Derkowska I,
Juscinska J, et al. Therapy of type 1 diabetes with CD4+CD25highCD127- regulatory



[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

T Regulatory Cells in Systemic Lupus Erythematosus: Current Knowledge and Future Prospects
http://dx.doi.org/10.5772/intechopen.68479

T cells prolongs survival of pancreatic islets- results of one year follow-up. Clinical
Immunology. 2014;153:23-30. DOI: 10.1016/j.clim.2014.03.016

Theil A, Tuve S, Oelschlagel U, Maiwald A, Dohler D, Obmann D, et al. Adoptive trans-
fer of allogeneic regulatory T cells into patients with chronic graft-versus-host disease.
Cytotherapy. 2015;17:473-486. DOI: 10.1016/j.jcyt.2014.11.005

Brunstein CG, Miller ]S, McKenna DH, Hippen KL, DeFor TE, Sumstad D, et al. Umbilical
cord blood-derived T regulatory cells to prevent GVHD: Kinetics, toxicity profile and
clinical effect. Blood. 2016;127:1044-1051. DOI: 10.1182/blood-2015-06-653667

Jeffery HC, Braitch MK, Brown S, Oo YH. Clinical potential of regulatory T cell ther-
apy in liver diseases: An overview and current perspectives. Frontiers in Immunology.
2016;7:334. DOI: 10.3389/fimmu.2016.00334

Hugle T, Daikeler T. Stem cell transplantation for autoimmune diseases. Haematologica.
2010;95:185-188. DOI: 10.3324/haematol.2009.017038

Burt RK, Traynor A, Statkute L, Barr WG, Rosa R, Schroeder ], et al. Nonmyeloablative
hematopoietic stem cell transplantation for systemic lupus erythematosus. Journal of
the American Medical Association. 2006;295:527-535. DOI: 10.1001/jama.295.5.527

Figueroa FE, Cuenca Moreno J, La Cava A. Novel approaches to lupus drug discov-
ery using stem cell therapy. Role of mesenchymal-stem-cell-secreted factors. Expert
Opinion on Drug Discovery. 2014;9:555-566. DOI: 10.1517/17460441.2014.897692

Zhang L, Bertucci AM, Ramsey-Goldman R, Burt RK, Datta SK. Regulatory T cell (Treg)
subsets return in patients with refractory lupus following stem cell transplantation and

TGF-beta-producing CD8+ Treg cells are associated with immunological remission of
lupus. Journal of Immunology. 2009;183:6346—6358. DOI: 10.4049/jimmunol.0901773

Szodoray P, Varoczy L, Papp G, Barath S, Nakken B, Szegedi G, et al. Inmunological
reconstitution after autologous stem cell transplantation in patients with refractory
systemic autoimmune diseases. Scandinavian Journal of Rheumatology. 2012;41:110-5.
DOI: 10.3109/03009742.2011.606788

Wang D, Niu L, Feng X, Yuan X, Zhao S, Zhang H, et al. Long-term safety of umbilical
cord mesenchymal stem cells transplantation for systemic lupus erythematosus: A 6-
year follow-up study. Clinical and Experimental Medicine. 7 June 2016 [Epub ahead of
print]. DOI: 10.1007/510238-016-0427-0

Carrion F, Nova E, Ruiz C, Diaz F, Inostroza C, Rojo D, et al. Autologous mesenchy-
mal stem cell treatment increased T regulatory cells with no effect on disease activ-
ity in two systemic lupus erythematosus patients. Lupus. 2010;19:317-322. DOI:
10.1177/0961203309348983

Wang Q, Qian S, Li ], Che N, Gu L, Wang Q, et al. Combined transplantation of autol-
ogous hematopoietic stem cells and allogenic mesenchymal stem cells increases T

regulatory cells in systemic lupus erythematosus with refractory lupus nephritis and
leukopenia. Lupus. 2015;24:1221-1226. DOI: 10.1177/0961203315583541

151



152

Lupus

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

Wang D, Huang S, Yuan X, Liang ], Xu R, Yao G, et al. The regulation of the Treg/
Th17 balance by mesenchymal stem cells in human systemic lupus erythematosus.
Cellular & Molecular Immunology 5 October 2015 [Epub ahead of print]. DOI: 10.1038/
cmi.2015.89

He ], Zhang X, Wei Y, Sun X, Chen Y, Deng ], et al. Low-dose interleukin-2 treatment
selectively modulated CD4+ T cell subsets in patients with systemic lupus erythemato-
sus. Nature Medicine. 2016;22:991-993. DOI: 10.1038/nm.4148

Von Spee-Mayer C, Siegert E, Abdirama D, Rose A, Klaus A, Alexander T, et al. Low-
dose interleukin-2 selectively corrects regulatory T cell defects in patients with sys-
temic lupus erythematosus. Annals of the Rheumatic Diseases. 2016;75:1407-1415. DOI:
10.1136/annrheumdis-2015-207776

Giang S, La Cava A. Regulatory T cells in SLE: Biology and use in treatment. Current
Rheumatology Reports. 2016;18:67. DOI: 10.1007/5s11926-016-0616-6

Yan JJ, Lee JG, Jang JY, Koo TY, Ahn C, Yang J. IL-2/anti-IL-2 complexes ameliorates
lupus nephritis by expansion of CD4+CD25+FOXP3+ regulatory T cells. Kidney
International. 30 November 2016 [Epub ahead of print]. DOI: 10.1016/j.kint.2016.09.022

Miyabe Y, Miyabe C, Nanki T. Could retinoids be a potential treatment for rheumatic
diseases? Rheumatology International. 2015;35:35—-41. DOI: 10.1007/s00296-014-3067-2

Lul,Ma], LiZ Lan Q, Chen M, Liu Y, et al. All-trans retinoic acid promotes TGF-3-
induced Tregs via histone modification but not DNA demethylation on Foxp3 gene
locus. PLoS One. 2011;6:€24590. DOI: 10.1371/journal.pone.0024590

Sobel ES, Brusko TM, Butfiloski EJ, Hou W, Li S, Cuda CM, et al. Defective response
of CD4+ T cells to retinoic acid and TGFp in systemic lupus erythematosus. Arthritis
Research & Therapy. 2011;13:R106. DOI: 10.1186/ar3387

Handono K, Firdausi SN, Pratama MZ, Endharti AT, Kalim H. Vitamin A improves
Th17 and Treg regulation in systemic lupus erythematosus. Clinical Rheumatology.
2016;35:631-638. DOI: 10.1007/s10067-016-3197-x

Sharabi A, Mozes E. The suppression of murine lupus by a tolerogenic peptide involves
Foxp3-expressing CD8+ cells that are required for the optimal induction and function of
Foxp3-expressing CD4 cells. Journal of Immunology. 2008;181:3243-3251. DOI: https://
doi.org/10.4049/jimmunol.181.5.3243

Singh RP, La Cava A, Hahn B. pConsensus peptide induces tolerogenic CD8+ T cells
in lupus-prone (NXBxNZW) F1 mice by differentially regulating Foxp3 and PD1 mol-
ecules. Journal of Immunology. 2008;180:2069-2080. DOI: https://doi.org/10.4049/
jimmunol.180.4.2069

Zimmer R, Scherbarth HR, Rillo OL, Gomez-Reino JJ, Muller S. Lupuzor/P140 peptide
in patients with systemic lupus erythematosus: A randomized, double-blind, placebo-
controlled phase IIb clinical trial. Annals of the Rheumatic Diseases. 2013;72:1830-1835.
DOI: 10.1136/annrheumdis-2012-202460



[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

T Regulatory Cells in Systemic Lupus Erythematosus: Current Knowledge and Future Prospects
http://dx.doi.org/10.5772/intechopen.68479

Suarez A, Lopez P, Gomez J, Gutierrez C. Enrichment of CD4+CD25high T cell pop-
ulation in patients with systemic lupus erythematosus treated with glucocorticoids.
Annals of the Rheumatic Diseases. 2006;65:1512-1517. DOI: 10.1136/ard.2005.049924

Azab NA, Bassyouni IH, Emad Y, Abd El-Wahab GA, Hamdy G, Mashahit MA.
CD4+CD25+ regulatory T cells (TREG) in systemic lupus erythematosus (SLE) patients:
The possible influence of treatment with corticosteroids. Clinical Immunology.
2008;127:151-157. DOI: 10.1016/j.clim.2007.12.010

Prado C, Gomez ], Lopez P, De Paz B, Gutierrez C, Suarez A. Dexamethasone upreg-
ulates FOXP3 expression without increasing regulatory activity. Immunobiology.
2011;216:386-392. DOI: 10.1016/j.imbio.2010.06.013

Mathian A, Jouenne R, Chader D, Cohen-Aubart F, Haroche J, Fadlallah J, et al.
Regulatory T cell responses to high-dose methylprednisolone in active systemic lupus
erythematosus. PLoS One. 2015;10:e0143689. DOI: 10.1371/journal.pone.0143689

Kessel A, Ammuri H, Peri R, Pavlotzky ER, Blank M, Shoenfeld Y, et al. Intravenous
immunoglobulin therapy affects T regulatory cells by increasing their suppressive
function. Journal of Immunology. 2007;179:5571-5575. DOI: https://doi.org/10.4049/
jimmunol.179.8.5571

Sfikakis PP, Souliotis VL, Fragiadaki KG, Moutsopoulos HM, Boletis JN, Theofilopoulos
AN. Increased expression of the FoxP3 functional marker of regulatory T cells following
B cell depletion with rituximab in patients with lupus nephritis. Clinical Immunology.
2007;123:66-73. DOI: 10.1016/j.clim.2006.12.006

Ulivieri C, Baldari CT. Statins: From cholesterol-lowering drugs to novel immunomod-
ulators for the treatment of Thl7-mediated autoimmune diseases. Pharmacological
Research. 2014;88:41-52. DOI: 10.1016/j.phrs.2014.03.001

Tselios K, Sarantopoulos A, Gkougkourelas I, Boura P. T regulatory cells: A promising
new target in atherosclerosis. Critical Reviews in Immunology. 2014;34:389-397

Mausner-Fainberg K, Luboshits G, Mor A, Maysel-Auslender S, Rubinstein A, Keren G,
et al. The effect of HMG-CoA reductase inhibitors on naturally occurring CD4+CD25+ T
cells. Atherosclerosis. 2008;197:829-839. DOI: 10.1016/j.atherosclerosis.2007.07.031

153



ntechOpen

ntechOpen



