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Multiple subsets of regulatory T-cells
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ABSTRACT

Regulatory T-lymphocytes play a central role in the immunological tolerance system. To date, existence of many
different subpopulations of regulatory T-cells have been described. However, a number of questions related to the
function, differentiation, and homeostasis of these subpopulations in a body remain unclear. Interactions between
the previously discovered pairs of helper and regulatory T-lymphocytes require further study. The main topic is
identification and establishment of the functions of regulatory memory cells. Interstitial migration of activated
regulatory T-lymphocytes is also a promising direction. In this review, we summarized the main findings in
multiple subsets of regulatory T-lymphocytes, discussed unclear data that will require further studies, and showed
an application for regulatory T-lymphocytes in medicine.
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PE3IOME

Perymaropusie T-muMQOIHTEI SIBISIOTCS EHTPATBHBIME KJIETKAMU CHCTEMbBI IMMYHOJIOTHYECKOH TOJIEPAaHTHOCTH.
B mHacrosmiee BpeMs ONHCAaHO CYHIIECTBOBAHHE MHOXKECTBA PA3IMYHBIX CYONOMyISAHUN PETyIATOPHBIX
T-xnerox (T-reg), omHako OOJBIIOE KOJWYECTBO BOIPOCOB, KacalOMUXCsA (PYHKIHOHAJIHHOTO HA3HAYCHHS,
nyteld nudQepeHIpoBKH W TroMeocTasa 3THX CyONONmymsinuii B OpraHH3Me, OCTAIOTCA HEU3YYECHHBIMH.
IMpoaeMoHCTpHUPOBAaHHBIE paHEE MAPHI XENIIEPOB U COOTBETCTBYIONINX UM PETYISATOPHBIX T-THM(OINTOB TPeOyIOT
JATbHEHIIEr0 U3yYeHUsI MX B3aUMOJACHCTBUH APYT ¢ APYroM. AKTyaJdbHOW TeMOil siBIseTcs MACHTU(DUKAINI U
ycTaHOBJIEHHE (QYHKIMI KIETOK PETyIATOpHON mamsATu. TkaHeBas MUTPaIMs aKTHBHPOBAHHBIX PETyISTOPHBIX
T-mM@onnToB TakXKe ABIIETCS NEPCIICKTUBHBIM HampaBiIeHueM. B 3Tom 0630pe coOpaHbI 1 CHCTEMaTH3HPOBAHBI
JTAHHBIE O PA3JIMYHBIX CyONOMyISANUAX PETryIsTOPHBIX T-TUM(OINTOB, BEIAECICHBI aKTyalbHBIE BOIIPOCHI JaHHOI
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TEMaTHKH, TpeOyoLre AalbHEHIIero N3y4eH s, a Takke 3aTPOHYTHI MYTH Pa3BUTHs OOJIACTH B KIMHHUYECKOM

MEIULIMHE.

KawoueBble cioBa: perynstopusie  T-muMQonuTsl,

s dexropubie Treg, TkanecnennpuuHbie Treg.
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nsTopHbIX T-kietok. bwoaiemens cubupcrou meduyunst. 2020; 19 (3): 144—155. https://doi.org: 10.20538/1682-

0363-2020-3-144-155.

INTRODUCTION

The immune system is a complex and diverse
structure with the task to maintain homeostasis. The
main roles of the immune system are eliminating
infectious agents, killing tumor cells, and immuno-
regulation. The system of immunological tolerance,
which protects the body’s own tissues from being
attacked by immune cells, includes many different
cells, such as tolerogenic antigen-presenting cells
[1], regulatory T-cells, and B-cells [2].

Previously, it was believed that the population
of regulatory T-cells (Tregs) was homogeneous, but
over time the accumulated data contradicted this idea.
Currently, the existence of various Treg subpopu-
lations is accepted [3]. However, despite numerous
studies, this area of immunology remains underde-
veloped. There is little information on the differenti-
ation of Tregs, the formation of their various subpo-
pulations, and their interactions with other cells. The
main mechanisms of tolerogenic action have been
described (contact suppression due to suppressive
molecules such as CTLA-4 [4] and PD-1 [5]; secre-
tion of anti-inflammatory cytokines such as TGF-b
[2], IL-10 and IL-35 [6]; sequestration of growth
factors such as IL-2, necessary for activation of ef-
fector cells [7]; and metabolic activity, for example,
the conversion of ATP to adenosine, which limits the
pro-inflammatory effect of immune cells [8]). How-
ever, it is unclear how this happens in vivo and in
what situations these mechanisms are implemented.

Unresolved issues in this area need to be studied,
since their practical application can make a great
contribution to solving many clinical problems. Cur-
rently, the treatment of autoimmune pathology is
imperfect, and in some cases it cannot lead to com-
pensation in patients. It is also associated with severe

side effects, like infection and the risk of developing
cancer [9]. Establishing the role of individual Treg
subpopulations in the control of autoimmune pro-
cesses can provide important information for new
targets of therapeutic intervention and the creation
of new effective and safe treatments for autoimmune
diseases.

MULTIPLE SUBSETS OF REGULATORY
T-CELLS

Treg cells can be classified as naive and activated,
the latter of which have passed antigen recognition
and proliferation processes in peripheral lymphoid
organs. Naive Tregs can be designated as cells de-
rived from the thymus (tTreg) [10] and these cells
did not undergo TCR activation. They can be recog-
nized by their expression of the CD45RA isoform,
whereas previously activated cells have the CD45R0
isoform [11]. Treg cells that differentiate from ThO
(naive T-lymphocytes, but not Tregs) are referred to
as peripheral (pTreg) in the literature, since they dif-
ferentiate in peripheral lymphoid organs after TCR
activation; these cells are also activated Treg cells
[10].

The separation of tTreg and pTreg was based on
the expression of the transcription factor Helios [12],
which is expressed by Tregs of thymic origin. It has
been shown that the level of Helios in tTreg was in-
creased with activation; this makes possible to identify
both naive (CD45RA+) and activated cells (CD45R0+)
in the group of regulatory T-cells of thymic origin
[12]. Naive thymic cells express CCR7 and CD62L,
which allows them to migrate to the lymph nodes.
Therefore, this population has been designated central
Tregs (cTreg) in the literature [3]. These cells contain
a large amount of CD25 (high affinity IL-2 receptor
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alpha chains); this may allow them to deprive the sur-
rounding T-cells of IL-2, limiting their proliferation
[3]. Activated cells (CD45R0+) have other functional
characteristics like the expression of suppressive mo-
lecules such as IL-10, CTLA-4, ICOS, TGIT, CD39
[13-15] and chemokine receptors which mediate their
migration into various tissues [3]. Besides, in vitro in-
duced Tregs (iTreg) [10], which are obtained by ap-
plying cultivation of T-lymphocytes outside the body,
currently constitute a separate group; these cells may
differ significantly from Treg cells in vivo. Among
activated Tregs, differences were found between acti-
vated Treg cells derived from tTreg and pTreg cells. It
was demonstrated that activated Helios+ Tregs (tTreg)
and Helios™ Tregs (pTreg) can differ in the cytokine
profile [16] (described in more detail below in the sec-
tion “Th-Treg pairs”).

Based on tropism, Treg cells can be divided into
tropic to lymphoid formations (peripheral lymph
nodes) and tropic to non-lymphoid tissues [3]. Cur-
rently, there is data that allows determination of res-
ident tissue-specific Tregs (section “Tissue-specific
Tregs”). These cells are tropic to the microenviron-
ment of certain tissues; however, they are not circu-
lating (migrating) or recirculating cells. Therefore,
Treg population may be further subdivided into cir-
culating (recirculating) and resident cells.

It is difficult to identify which cells are recircu-
lated (i.e. exit from one tissue and move through the
bloodstream to the other tissue). It is also impossible
to confidently determine which resident cells cannot
leave tissues and recirculate under any circumstanc-
es. Treg cells studied in peripheral blood (i.e., circu-
lating populations) also cannot be precisely defined
as migrating in one direction or recirculating from
one tissue to another.

Likely, these processes are quite dynamic and
cells with the same origin and functional status can
become both tissue-resident and recirculating popu-
lations depending on the context. Nevertheless, study
in this area will provide much more understanding to
the functioning of the tolerogenic system, since cir-
culating and resident cells have different properties
(described in more detail in the following sections).
Cell tropism can be determined by the presence of
appropriate tissue-specific chemokine receptors. The
central (tropic to lymphoid formations) populations
include naive thymic Tregs. However, there has re-
cently appeared data to expand this group. According
to the study by Wei X. et al. [6], there are two sub-

sets of activated Treg in mice: IL-10+Bcl-6+ Tregs
and IL-35+Ebi-35+ Tregs. IL-35+ Tregs demonstrate
tropism for secondary lymphoid organs (these cells
are localized in the peripheral lymph nodes / white
pulp of the spleen and express CCR7 and CD62L),
which identifies this subpopulation as central. Accor-
ding to the authors’ assumptions, this subpopulation
differentiates from thymic Tregs [6], which remain
tropic to lymphoid organs after activation. There
are some similarities between the functions of thy-
mic naive Tregs and IL-35+ Tregs. These two sub-
populations are located in the lymph nodes and are
able to suppress initiation of the immune response.
IL-35 promotes the differentiation of pTregs from
naive T-lymphocytes [17]. Moreover, it was shown
that differentiated cells are able to synthesize 1L-35
themselves [17], which suggests that maintaining the
constancy of IL-35+ Tregs can also occur due to the
conversion of naive cells into IL-35 producing ones.

Activated Treg cells are referred to as effec-
tor Tregs in the literature [3]. These cells are a
CD45RO+CD45RA-FOXP3Meh subset and tropic
to non-lymphoid tissues. IL-35+ Tregs are an ex-
ception to this condition. In addition, there is cur-
rently strong evidence for the existence of memory
Tregs (Memory Tregs section), which also applies
to activated cells. Activated non-regulatory T-lym-
phocytes are currently divided into various groups
which include central memory T-cells, effector
memory T-cells, and terminally differentiated T-cells
(TEMRA) [18].

Based on these data, it is rational to distinguish
between the group of effector Treg cells and Treg
memory cells based on a number of features (for
more details, see the Memory Tregs section). In ad-
dition, activated cells can be divided into tissue-spe-
cific cells and specific to subpopulations of helper
T-lymphocytes. Thus, activated Tregs can be divided
into tissue-specific, helper-specific Tregs and such
separate groups as the effector Treg cells and Treg
memory cells can also be identified.

TISSUE-SPECIFIC TREGS

The Treg tissue group is a subset of regulato-
ry cells that suppress local tissue inflammation and
provide homeostasis in peripheral tissues. The func-
tions of these cells differ depending on the type of
tissue. Thus, Treg cells of muscle tissue affect the
repair of muscle fibers, accumulating in the tissue
upon damage [19]. In adipose tissue, Tregs suppress
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local inflammation, which is manifested by impaired
glucose tolerance [20]. Intestinal Tregs regulate tol-
erance to antigens of food and commensal microflora
of the gastrointestinal tract [21]. Therefore, different
groups of tissue Treg cells perform various functions
of maintaining homeostasis in the tissue, and not only
monitor the activity of immune cells.

It should be noted that in some tissues, such as
muscles or the central nervous system, the presence
of resident Treg cells is limited; their accumulation
is observed only when damage occurs [3]. Howev-
er, for such tissues, Treg cells can play a significant
role in regional lymph nodes, as they rapidly divide
and migrate into the tissue if it is damaged. It can
be assumed that resident Tregs exist for the lymph
nodes of such tissues. It was shown that part of the
memory T-cells is present in the peripheral lymph
nodes [22].

TH-TREG PAIRS (HELPER-SPECIFIC TREGS)

There are subgroups of Tregs specific to certain
groups of helper T-lymphocytes [16]. These cells
specialize in suppressing a specific population of
Th cells. The existence of Tregs specific for Thl,
Th2, Th17 [16] and Tth [23] was identified. Help-
er-specific Tregs are characterized by a specific set
of chemokines and transcription factors. For exam-
ple, Treg cells that suppress Th1: these cells express
T-bet transcription factor (which is also expressed in
Th1) and are dependent on cytokines associated with
Th1: gamma interferon (IFNy) and IL-27 [3, 16]. For
the development of Th2-specific Treg cells, expres-
sion of the transcription factor of Th2 GATA3 cells
is necessary [24]. Meanwhile, in order to suppress
responses of the lymph node germinal center, which
are provided by Tth, Treg cells called T-follicular
regulators (Tfr) are needed [23].

This cell population expresses Blimp-1, in con-
trast to Tth cells, whose development is inhibited by
Blimp-1 [25]. Further study of helper-specific sub-
populations of Treg cells and their transcriptional
program is necessary. It should also be noted that
these cells have functional features similar to helper
cells; they produce suppressive cytokines together
with pro-inflammatory cytokines which are charac-
teristic of their effector analogues (IL-17 for Th17,
IL-4 for Th2, IFNy for Thl) [16]. This circumstance
can potentially disrupt the action of tolerogenic
mechanisms of helper-specific regulatory T-cells
due to the pro-inflammatory effects of these cyto-

kines. Transition of Tregs to Th17 under the influ-
ence of various stimuli has been shown [26], which
may indicate functional instability of these cells. An
increase in such subpopulations has also been shown
in autoimmune pathologies such as multiple sclero-
sis [27] and type 1 diabetes mellitus [28]. However,
as it has been rightly noted in the work by T. Duhen
et al. [16], the production of pro-inflammatory cy-
tokines in Tregs may differ significantly from their
effector analogues.

Thus, IL-22 was often co-produced with IL-17
in Th17 cells, which was not observed in the Th17-
like Treg population [16]. All of these cytokines are
produced together with IL-10 in Th17-like Tregs. It
was also found that IFNy and IL-17, under certain
conditions, can have an immunoregulatory effect
[29, 30]. It can be assumed that such Treg subpo-
pulations are characterized by certain programs for
establishing tolerance due to a combination of pro-
and anti-inflammatory cytokines; these mechanisms
need further study. In this regard, it is possible that
an increase in the number of such Tregs in multiple
sclerosis may be a compensatory body reaction to
autoimmune inflammation [16].

It should be noted that, at the moment, it is im-
possible to accurately determine that the helper-spe-
cific Tregs existing in the norm and similar cells that
increase in amount during autoimmune pathologies
are identical. Helper-specific Tregs are heteroge-
neous in origin. Being activated (CD45R0+) cells,
most of these Tregs expressed Helios [16], which
may indicate their origin from the group of thy-
mic Tregs. However, among the CD25" CD127"
Th1- and Th17-like Tregs, a group of Helios™ cells,
probably pTregs, were also found [16]. These cells
producedIL-101inlarger quantities than Helios+cells
[16]. Thus, helper-specific Treg cells of different
origin could increase in amount during autoimmune
diseases. It is possible that the expression of Helios
factor is suppressed, and this is interconnected with
a change in the cell functioning. A deeper analy-
sis and comparison of different groups of helper-
specific Tregs in normal and pathological conditions
will help to better explain the role of these cells in the
immune system.

MEMORY TREGS

Currently, cells of regulatory memory, memory
Tregs, are being determined [22]. These cells can
remain viable in the absence of stimulation by the
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antigen (autoantigen) for a long time, and also effec-
tively suppress the immune response when activat-
ed. Memory Tregs are characterized by an increased
ability to suppress effector cells [22]. The existence
of memory Treg cells was quite controversial be-
cause it is difficult to prove that memory Tregs are
preserved in the absence of constant stimulation by
the antigen, provided that normally autoantigens are
constantly presented in the body [22]. The biological
meaning of the existence of such cells can consist of
the following points:

With age, there is a decrease in the thymus func-
tion and the production of naive T-lymphocytes [2],
which suggests the existence of long-lived memory
cells that support the lymphoid population in the ab-
sence of a constantly updated pool of naive T-lym-
phocytes.

In the absence of a pathological process, the pre-
sentation of autoantigens is performed by immature
dendritic cells or specialized tolerogenic cells that
contain a small number of costimulatory molecules
and do not produce pro-inflammatory cytokines
in sufficient quantities [1]. Such antigen presenta-
tion leads to anergy, apoptosis, or the formation of
a regulatory phenotype in T-lymphocytes. When
autoantigens with costimulatory molecules and
pro-inflammatory cytokines are presented, activation
of autoreactive T-cells occurs, which can lead to au-
toimmunity [2].

In this situation, the existence of Treg memory
cells, which would be activated in parallel with au-
toreactive cells, would contribute to autoimmunity
control. Thus, it is possible that the autoantigen pre-
sentation under normal conditions is not sufficient to
activate memory Tregs, and these cells can only be
activated under pro-inflammatory conditions when
the autoantigen presentation can lead to the expan-
sion of autoreactive cells.

Access of immune cells to tissues separated from
the immune system by histological barriers (im-
munoprivileged tissues) is limited [2]. In case of
damage to the barriers due to trauma or inflammation,
autoantigens from these tissues become available for
recognition by the immune system, and this situation
can lead to the development of an autoimmune pro-
cess [31]. To prevent this, Treg cells persisting in the
absence of autoantigen presentation for a long time
(for example, in regional lymph nodes) may exist;
these cells, upon a repeated episode of damage, can
migrate with effector cells into the tissue to prevent

the autoimmune process.

Regulatory cells can be specific not only to auto-
antigens, but also to foreign antigens that are not ex-
pressed in the body. In a model of acute influenza
infection, the number of virus-specific Treg cells was
shown to increase 50-fold during the initial response
[32]. Subsequently, like in the case of effector T-cell
populations, the number of virus-specific Treg cells
decreased after resolution of the primary infection.

However, a fraction of these Treg cells persisted
for more than 50 days after infection. Upon re-in-
fection, the pool of such Tregs underwent a 10-fold
expansion, which is similar to an increase in the pop-
ulation of effector memory T-cells. In addition, Treg
memory cells significantly inhibited the clonal ex-
pansion of the effector T-cell population and cytokine
production. They also reduced tissue damage without
impairing clearance of the virus [32]. These results
were reproduced by another group using a similar
infection model [33]. The mechanisms that allow
Tregs to improve elimination of pathogens are cur-
rently unknown, but these experiments demonstrate
the need for the interaction of various parts of the
immune system for an adequate immune response, as
well as the existence of not only suppressive, but also
a regulatory function of Tregs.

Not all antigens can be constantly expressed in
tissues; expression of some molecules may be ac-
tivated during inflammation [34]. Tregs specific to
such markers can also be memory cells.

A number of studies have been carried out prov-
ing the existence of Treg memory cells [32, 33, 35].
An experimental model has been created to suppress
or activate the expression of a specific antigen in the
skin [35]. Meanwhile, the expression of this antigen
in the thymus was not suppressed. Upon presentation
of this antigen, a group of regulatory T-cells that sup-
pressed the immune response to the antigen devel-
oped in the skin. When its expression was turned off,
the existence of regulatory T-lymphocytes specific to
this antigen was detected, which remained for a long
time in the skin in the absence of antigen presenta-
tion and, when its expression was re-activated, sup-
pressed inflammatory reactions more efficiently than
primary Treg cells [35].

The determination of memory Tregs in humans
is somewhat more complicated. Human T-cells ex-
press the CD45RO isoform in the thymus and turn
into CD45RA+ after migration to the peripheral
lymph nodes [36]. After recognition of the antigen
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at the periphery, these cells switch back to the form
of CD45RO. Almost all in vitro CD45RA+CD4+
T-cells lose their expression of CD45RA and switch
to the CD45RO+ phenotype after 4 days of TCR
stimulation [37].

At this point, human memory Tregs are designat-
ed as T-cells expressing the CD45RO marker, in-
dicating a previous activation. However, CD45RO
expression alone does not define a T-cell as a true
memory cell [22]. This marker does not distin-
guish between cells that persist in the absence of
antigens and cells that constantly recognize anti-
gens. However, CD45 isoforms are now widely
used to distinguish between naive Tregs and cells
activated by antigen recognition (among which
memory cells are also represented). In the study by
M. Miyara et al., based on the expression of CD25,
CD45RA, and FOXP3, the peripheral blood T cells
of healthy people were divided into two subsets of
CD45RA+FOXP3"" and CD45RA-FOXP3", which
were called “resting” and “activated” Tregs [11].
It was demonstrated that, after antigen stimulation,
resting Tregs proliferate and differentiate into acti-
vated Tregs [11]. It was shown that the number of
CD45RA+ Treg cells in peripheral blood decreases
with age, which is accompanied by an increase in
the population of CD45RO+ Treg [38].

These results confirm the hypothesis that
CD45RA+ Treg cells are a resting population that
turns into activated CD45RO+ (among which there
may be memory Treg cells) under the influence of
antigen activation [22]. In turn, CD45RO+ Tregs can
be divided into subpopulations in accordance with
the expression of HLA-DR [39]. These groups differ
in functional characteristics: suppressive ability and
cytokine secretion. HLA-DR+ Tregs expressed high-
er levels of activation markers (CTLA-4, ICOS) and
had a more pronounced suppressive effect in vitro
but produced lower levels of cytokines. Perhaps, this
group is Treg memory cells due to their more differ-
entiated phenotype [22].

HLA-DR- cells can be considered recently ac-
tivated, but not fully differentiated Treg cells.
However, it has been shown that HLA-DR is ex-
pressed on recently activated conventional T-cells
in humans [40]. In this regard, it is possible that
CD45RA-HLA-DR+ Tregs are newly activated “ef-
fector” Treg cells, and not Treg memory cells [22].
It is also worth noting that most memory Tregs may
be located in peripheral tissues [41], and in blood

they can appear only when moving between tissues
or between tissues and lymph nodes.

It was shown that almost all Treg cells in adult
skin express CD45RO, while a significant part of the
regulatory skin cells of the fetus were attributed to a
subpopulation of CD45RA [42]. Tregs in adult skin
also express high levels of other markers associated
with memory T-cells, including CD27 and BCL2
[42]. It is important to note that, in comparison with
effector T-cells, memory Tregs from human skin ex-
pressed unique tissue-specific TCR sequences, did
not express CCR7, and could not migrate from skin
[42]. All of this data shows that differentiated Treg
memory cells may be located in tissues and do not
appear in peripheral blood.

At present, there is no unified approach to the de-
termination of regulatory memory T-cells, however,
many distinctive features such as expression of acti-
vation molecules (CD45RO, HLA-DR), chemokine
profile, and metabolic profile can help in solving this
problem [22]. It is also important to note that mem-
ory Tregs may use other homeostatic factors. It was
shown that memory Tregs are less dependent on IL-2
(which is necessary for the survival of naive and ac-
tivated cells), but more sensitive to IL-7 (memory
Tregs in the skin showed increased expression of IL-
7R, i.e. CD127, which is usually low or not expressed
at all on Treg cells in peripheral blood) [43]. This fact
demonstrates different biology of ordinary Tregs and
memory Tregs and can serve as one of the markers of
regulatory memory T-cells.

RESULTS INTEGRATION

Based on the study of IL-35+ and IL-10+ Tregs,
two main directions can be formulated: preventive,
i.e. maintaining homeostasis by reducing the activa-
tion of non-regulatory T-lymphocytes or exposure
to other cells (for example, antigen-presenting), and
suppressive, aimed at limiting the already existing
focus of inflammation. These two actions were divi-
ded between lymphoid IL-35+ Tregs (preventive)
and non-lymphoid IL-10+ Tregs (suppressive) [6].
Such a separation is justified since an immune re-
sponse is initiated in the lymph nodes and an inflam-
matory reaction occurs in tissues. However, in this
review, using the preventive and suppressive effect
of regulatory T-cells as a basis, a model is proposed,
not of the anatomical distribution of these effects, but
of a functional one, i.e. by the predominant type of
cells that have these effects (Fig. 1).
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Treg cells
Naive cells, [ Activated cells ]
effects:

+/— preventlve
+ supperesswe

Effector cells Memory cells,

effects: effects:
+ preventlve +/— preventive
+ supperessive

Fig. 1. Types of regulatory T-cells

By activation status, regulatory T-cells are di-
vided into naive and activated. The activated cells
include effector cells and memory cells. Each group
has preventive and suppressive effects to various
extents. Effector cells exhibit an active preventive
effect or a suppressive effect depending on their
number. Naive and memory cells have a passive pre-
ventive effect due to the competition for resources
with other T-cells; upon activation, these popula-
tions divide and differentiate into effector cells and
the suppressive effect is manifested due to their in-
creased number.

Both lymphoid and non-lymphoid populations
have both effects. Moreover, probably all popula-
tions (naive, effector, memory cells) have both ef-
fects, but they are realized to varying degrees. This is
indirectly indicated by the results of the experiment
[6], when one of the two populations (lymphoid or
non-lymphoid) was removed, the development of
autoimmune pathologies did not occur, which indi-
cates a partial overlap in their function.

Naive Tregs have some preventive effect due to
the competition with ThO for IL-2 (a passive effect,
since they do not synthesize anything) [7]. At the
same time, these cells have a pronounced suppres-
sive effect upon TCR activation due to proliferation
and differentiation into Treg CD45R0 + effector cells
[11]. Memory Treg cells may have similar properties
like competing for IL-7 with other memory T-cells
and providing proliferation and differentiation of ef-
fector Tregs upon re-activation. The effector Tregs,
which constantly recognize antigens and are in an ac-
tive functional state (produce suppressive cytokines
and contact suppression molecules), have both pre-

ventive (active) and suppressive effects, which de-
pends on the number of cells.

An increase in the number of effector Tregs during
the proliferation of naive and memory cells translates
the preventive effect into a suppressive one. It should
be noted that due to the high expression of contact
suppression molecules [22], memory cells may also
have a preventive effect while maintaining a state of
functional rest. However, this requires the presence of
a sufficient number of these cells and this method can
potentially lose the paracrine effects of suppressive cy-
tokines to maintain a preventive effect. On the other
hand, as a suppressive effect, this method may be more
successful. As mentioned earlier, HLA-DR+ Tregs
showed higher levels of contact suppression molecules
CTLA-4 and had a more pronounced suppressive effect
in vitro, but produced lower levels of cytokines [39].

The lymph nodes contain (at least in mice) naive
Treg cells and activated IL-35+ Treg cells. IL-35+
cells exhibit effector features with functional activity
(this is evidenced by gene expression profiles) [6].
Thus, lymphoid tissues contain groups of cells ex-
hibiting both effects. Moreover, the existence of Treg
memory cells in lymphoid tissue is not ruled out.

Various types of cells exhibiting both preven-
tive and suppressive properties are also present in
non-lymphoid tissues. Adipose tissue resident Treg
cells are shown as functionally active cells that rec-
ognize local tissue antigens and, therefore, persist
in adipose tissue and control homeostasis [20]. This
description is suitable for effector regulatory T-cells
that have a preventive effect. It was also demon-
strated that with an increase in 1L-33, which acts as
an alarmin in tissue damage, these resident Tregs
proliferate intensively, which demonstrates their
suppressive effect [20]. It is not clear whether this
population is homogeneous, and all of these effector
cells have proliferative potential or there are resting
memory cells among them.

Given the existence of several types of memory
cells with different functional statuses in T-lympho-
cytes (Tem, Tem) [18], such a division can also ex-
ist among Tregs. It may turn out that among adipose
tissue resident Treg cells there are active effector
cells with sufficient proliferative potential. Howev-
er, an important feature of these resident cells is that
adipose tissue Treg cells proliferate in response to
exogenous administration of IL-33, while Treg cells
in the lymph nodes did not show such proliferation
[20]. This fact may mean that there are specific stim-
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uli for each specific Treg group that induced their
proliferation. Therefore, a suppressive effect can be
observed under certain conditions. Treg IL-35 cells
were practically not proliferated compared to I1L-10
Tregs upon activation by monoclonal antibodies to
CD3 [6]. This population may be effector with low
proliferative potential or there may be a specific stim-
ulus (stimuli) to which this population can respond
by proliferation. This issue requires further study.

Despite the fact that in both lymphoid and
non-lymphoid tissues there are cell populations re-
sponsible for preventive and suppressive effects,
these tissues and Treg cells that they include should
be considered as a single functional system for main-
taining immunological tolerance. Some changes, for
example, an increase in the level of pro-inflamma-
tory IFNy+ T-cells, were observed in the absence of
IL-10+ Tregs alone [6], which indicates incomplete
functional overlap between IL-10+ and IL-35+ Tregs.
Autoimmune pathology did not occur in these mice,
however, a background predisposing to this could
be created (it has not been investigated). This can be
considered as one of the links in the pathogenesis of
autoimmune diseases.

The absence of such changes in mice with deletion
of IL-35+ Tregs can be explained by the presence of
additional functional reserves of lymphoid tissues in
the form of naive populations of Tregs (also having
both effects) or the effect of IL-10+ Tregs, which de-
spite being directed to peripheral tissues (chemokine
profile), were detected in the lymph nodes (perhaps,
they were in the process of exiting the nodes) [6]. The
chemokine profile of IL-35+ Tregs showed the ori-
entation of these cells to lymphoid tissues, therefore,
in the absence of IL-10+ Tregs, these cells could not
migrate to peripheral tissues. This circumstance may
explain the increase in the number of effector IFNy+
T-cells. In the absence of lymphoid effector Tregs,
non-lymphoid Tregs compensated for their func-
tion. The absence of non-lymphoid populations led
to an increase in the level of pro-inflammatory cells
(partial compensation), but not to the development
of the disease. Spontaneous autoimmune colitis de-
veloped only in the absence of both populations [6],
which indicates the existence of connections between
tolerogenic systems of the lymph nodes and periph-
eral tissues.

To achieve immunological tolerance and control
immunity, lymphoid (regional lymph nodes) and
non-lymphoid tissues act in concert, partially com-

pensating and complementing each other. The fol-
lowing scheme is proposed to describe the operation
of this system (Fig. 2).

Treg cells
Lymphoid Tissue
sector sector
/N

T Antigen presenting cells

Migrating Treg cells

Figure 2. A unified system of immunological control

Lymphoid and tissue populations of regulatory
T-cells act as a unified system of immunological
control. Tissue sector affects lymphoid sector due
to antigen-presenting cells. The lymphoid sector
is a source of cells for suppressing tissue inflam-
mation (the suppressive effect) and renewal of the
tissue sector (transition of migrating populations
to tissue resident ones after performing suppres-
sive functions or outside of performing suppressive
functions). Migrating cells compete with tissue res-
ident cells; more adapted cells win the competition,
which leads to dynamic immunoregulation under
changing conditions.

An interaction takes place between the lymph
nodes and peripheral tissues: antigen-presenting
cells migrate from the tissues [2] and activated cells
migrate from the lymph nodes to the tissues where
they can become progenitors of tissue resident cells
[22]. Adipose tissue resident Treg cells were capa-
ble of proliferation, i.e. self-renewal of the popula-
tion [20].

This fact calls into question the need for migration
of precursors from the lymph nodes. Nevertheless,
in conditions of inflammation, due to the increase in
the number of pro-inflammatory cells, the participa-
tion of Treg cells migrating into the tissue may be
necessary to realize the suppressive effect. This may
be especially important in relation to helper-specific
populations that migrate to the places of accumula-
tion of their helper analogues. Some of the migrating
cells may remain after suppression of the immune
response in tissues [22] to maintain homeostasis
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(preventive effect). Due to the presence of competi-
tion for resources (cytokines and p-MHC complexes)
in lymphocytes [44], these populations will compete
with resident cells. As a result, dynamic regulation
of the system of immunological tolerance can occur
(more functional cells adapt to provide a preventive
effect).

Thus, peripheral tissues affect the lymphatic
population of Treg cells due to antigen-presenting
cells stimulating both the preventive (presentation
of antigen in small quantities to maintain the per-
sistence of effector populations) and suppressive
effects (presentation of antigen in significant quan-
tities together with inflammatory signals to activate
naive cells and memory cells). The lymph nodes
provide a suppressive effect for tissues through the
production of effector Tregs and regulate the pre-
ventive effect due to tissue resident progenitor cells
that compete with local Treg cells for resources. As
aresult, cells more adapted to tissue stimuli will per-
sist in the tissues, providing local homeostasis and
immunological tolerance.

It is also important to emphasize the specificity
of the preventive action. Its focus of reducing ac-
tivation and preventing the development of the
immune response is non-specific. However, the
methods by which this effect is achieved may be
different for each Treg group. This is indicated by
the fact that activated Helois+ and Helios™ Tregs,
being effector cells, differed in the amount of IL-10
produced [16]. Additionally, in the study by X. Wei
et al. [6], the authors note that activated cells pro-
ducing IL-10 act on this type of cytokine to affect
many types of cells. This is due to the broad expres-
sion of IL-10R, while IL-35 acts mainly on T-cells.
Thus, it can be assumed that due to differences in
functional modes (cytokine spectrum), the preven-
tive effect of a certain Treg group will be selective
for different cell populations; it makes the regula-
tion of immunological tolerance more adaptive to
changing conditions.

APPLICATION PROSPECTS

The separation of different populations of regu-
latory T-lymphocytes entail many significant con-
sequences. Different populations are able to act as
diagnostic and prognostic markers. For example,
insufficiency of specific populations may be a prog-
nostic marker for the development of pathologies
associated with this group of cells (insufficiency of

Treg subpopulations that suppress Th2 may be a risk
factor for the development of allergic diseases).

Therapy of autoimmune diseases is currently an
urgent problem, but the currently existing methods
based solely on suppressing the immune response
are imperfect because they do not always allow
disease control and at the same time have a large
number of serious side effects [9]. Thus, it is neces-
sary to create new methods for the treatment of auto-
immune diseases based not on full immunosuppres-
sion, but on correction of the immune response. One
of the varieties of new techniques is tolerogenic cell
vaccines [45].

These methods are based on the introduction of
autologous tolerogenic cells specific to a causally
significant autoantigen (i.e., autoantigen to which the
development of an autoimmune reaction is expect-
ed) [45]. In autoimmune diseases, there are impaired
regulations of the immune response including im-
paired control of immunological tolerance [2]. The
regulatory system, as shown above, includes the joint
work of regulatory cells of lymphoid and non-lym-
phoid tissues. Accordingly, the impact on both lev-
els of the immunological tolerance system should be
more effective than on any one level. This approach
should be true for the use of tolerogenic cell vac-
cines. The impact on both levels of immunological
regulation, either using two types of tolerogenic pop-
ulations or using agents that affect both types of pop-
ulations, can significantly improve the methodology
of tolerogenic cell vaccines.

To implement this strategy for the treatment of
autoimmunity, further study of various populations
and levels of immunological tolerance, as well as
their disorders and shifts in autoimmune pathologies
is necessary. The result of such studies may be the
emergence of new immunotherapy techniques that
can restore the system of immunological tolerance
and are devoid of the disadvantages of immunosup-
pressive therapy.

CONCLUSION

Currently, new groups of regulatory T-cells, their
influence on the processes of immunological tole-
rance, the immune response, and the role of these cells
in pathological conditions are being investigated.
However, at the moment there is no clear structur-
ing of various subpopulations and their roles in the
implementation of immunological control. In this
review, attempts were made to theoretically system-
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atize data on Treg subpopulations. Further study and
systematization of various Treg groups may open up
many new practical directions in the diagnosis and
treatment of various diseases, especially autoim-
mune ones.
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