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Abstract

The article has summarized the available data about regulatory T cells,
describing in-detail the stages of their studying, their development,
classification, mechanisms of immunosuppression in general terms and
also in the context of allogeneic hematopoietic stem cells transplantation.
The effect of immunosuppressive agents on this cell population is
considered.

The role of regulatory T cells in the pathogenesis of both acute and
chronic graft-versus-host disease has been revealed. The possibilities of
clinical use of regulatory T cells (including modified regulatory T cells)
in the prevention and treatment of these complications are described in
detail.
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aGVHD, acute graft-versus-host disease
allo-HSCT, allogeneic hematopoietic stem cell transplantation
APC, antigen presenting cells

ATG, antithymocyte globulin
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cGVHD, chronic graft-versus-host disease
DN, double negative thymocytes

DP, double positive thymocytes

FoxP3, FoxP3-negative

GCS, glucocorticosteroids

GVHD, graft-versus-host disease

GVT, graft-versus-tumor effect/activity
HLA, human leukocyte antigen
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iTregs, induced Tregs

MHC, major histocompatibility complex
MPM, mycophenolate mofetil

mTOR, mammalian target of rapamycin
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SP, single positive
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Regulatory T cells: history of discovery, function

Regulatory T cells (Tregs) constitute a subset of T lymphocytes
that provide peripheral tolerance by controlling the power and duration of
the immune response through the regulation of the T-effector function
[1].

Treg research began more than half a century ago. So, in 1971, an
article was published, which suggested the existence of a population of
suppressor lymphocytes of thymic origin, capable of reducing the anti-
infective response of T lymphocytes [2]. Over the next 10 years, many
papers were published demonstrating the inhibitory properties of T-
suppressor cells. However, in the early 80s, with the development of
molecular biology, the research data in this area were called into question,
and the term "T suppressors™ almost disappeared.

The “second” life was given to studies of this cell population after
the publication of reports on the development of autoimmune
complications in mice subjected to thymectomy [3], as well as on the
positive effect of infusing T lymphocytes of a certain phenotype on the
autoimmune process [4]. Thus, the term "T-suppressor cells" was
transformed into Tregs, due to their ability to "regulate” the immune
response.

For a long time, the search for membrane markers for more
accurate isolation of this cell population was carried out, and in the early
2000s, approximately simultaneously, two facts were discovered: a) the
Treg population is functionally dependent on interleukin-2 (IL-2); b) it is
characterized by a high expression of receptors for the cytokine CD 25
[5] , and also that this cell population is characterized by the presence of
the transcription factor FoxP3 [6]. Subsequently, a negative correlation

was demonstrated between the expression of FoxP3 and the expression of



the CD 127 receptor for IL-7 [7]. Thus, to date, in most studies, the Treg
population is distinguished as follows: CD3+ CD4+ CD25" CD127"".

It is important to mention that there are other populations of
lymphocytes with regulatory potential. In particular, B-regulatory cells
[8], which realize their immunosuppressive properties through direct
intercellular interaction and through the secretion of IL-10; as well as the
CD8+ Treg population, which acts mainly due to cytolysis (with the
participation of perforin, granzyme A and B) [9]. However, in this article
we will focus on CD4+ Tregs.

As already mentioned, the role of Tregs in the prevention of
autoimmune reactions has been proven. [10], as well as in the induction
of tolerance to the allograft [11], a decrease in antitumor immunity - an
increase in the number of Tregs in the tumor microenvironment has been
described [12].

Regulatory T cells: stages of maturation, and classification

By origin, Tregs are divided into thymic or natural Tregs (tTregs),
and induced or peripheral Tregs (iTregs, pTregs) [13]. It is important to
note that the second group of cells is called "induced" when the
transformation into Tregs occurred in vitro, and "peripheral™ if it did in
Vivo.

To understand the formation of tTregs, it is necessary to refer to the
stages of T-lymphocyte differentiation. The development of T-
lymphocytes begins in the bone marrow, where an early T-cell precursor
is formed from the precursor cell of lymphopoiesis, which migrates into
the thymus, namely into its cortical substance [14]. These earliest
thymocytes lack CD4 and CD8 expression and are therefore referred to as
double negative (DN) cells. About 5% of these cells acquire the y5-T-cell

receptor (TCR) and, without passing through “positive” and “negative”



selections, leave the thymus entering the peripheral blood, where they
implement the function of the primary immune response.

The majority of DN thymocytes follow the path of formation of af-
TCR: these cells will later become T-helpers (CD4+) and T-cytotoxic
lymphocytes (CD 8+). At the first stage, DN undergo TCR rearrangement
with the formation of CD4+CD8+ double positive thymocytes (DP).

The next stage is called "positive selection”. At this stage, the TCR
of DP thymocytes is checked for the ability to bind to the molecule of the
major histocompatibility complex class I (MHC-I1) or class Il (MHC-II);
meanwhile one of the receptors ceases to be expressed on the membrane
and the CD4+ or CD8+ single positive (SP) thymocytes are formed. Cells
that have created non-functional TCR are subjected to apoptosis.

Further, SP thymocytes migrate to the thymus medulla where the
stage of "negative selection"™ occurs, in which autoreactive T
lymphocytes, namely the thymocytes with a high degree of TCR affinity
for MHC, undergo apoptosis [15]. Interestingly, some of these
thymocytes do not undergo negative selection, but differentiate into Tregs
[16]. It is important to note that the TCR repertoire of human tTregs
overlaps only by a quarter with the repertoire of other, “non-regulatory”
CD4+ cells [17].

The question is widely discussed: at what stage of differentiation
the thymocyte acquires adherence to the Treg lineage [18]. Thus, the
population expressing CD25 and FoxP3 is mainly represented by CD4+
SP thymocytes, with a small proportion of CD8+ SP [16], DP, and DN
cells.

Cells that have passed all stages acquire the CD45RA+CCR7+
phenotype, leave the thymus entering the peripheral blood, where they are
called naive T lymphocytes (rather than thymocytes).



Peripheral Tregs are formed of naive (non-regulatory) CD4+
FoxP3-negative (FoxP3-) cells in the periphery under the influence of
transforming growth factor B (TGFp) and IL-2 [19]. Peripheral Tregs are
designed to regulate the immune response to “non-autoantigens,” such as
food antigens, gut microbiota antigens, and fetal antigens [20]. This fact
is confirmed by the change in the TCR repertoire of gut Tregs after
antibiotic therapy [21]. However, it is important to note that not only
pTregs, but also tTregs perform the regulatory function in the gut, which
was demonstrated in the paper by D. F. Zegarra-Ruiz et al. Gut
microbiota antigens are represented as T cells in the thymus [22] .

It should be noted that, despite the fundamentally different sources
of origin, tTregs and pTregs (iTregs) cannot be distinguished by
membrane markers. To date, it is possible to differentiate one population
from another using the analysis of epigenetic structures, namely the locus
encoding FoxP3 [13]. The stability of FoxP3 expression also varies:
pTregs (iTregs) under inflammatory conditions can differentiate into
effector cells [23].

As noted above, the TCR repertoire differs between the population
of tTregs and "non-regulatory” CD4+ cells [17]. Taking into account that
pTregs are formed of “non-regulatory” T-helper populations, this feature
can also be used to divide subsets of tTregs and pTregs: the tTreg TCR
repertoire is prone to the recognition of auto-antigens, and that of the
pTreg TCR is aimed more at recognition of alien antigens [24].

It is also possible to classify Tregs by maturity (like other T cells)
based on the expression of CD45RA, CD62L, and CCR7 (CD197). Thus,
it is possible to distinguish naive cells, central memory T cells, effector
memory T cells, and effector Tregs [25]. It should be noted that the ratio
of these Treg subpopulations changes with age: normally, in young

people, about 30% of Tregs are naive [26], and later, due to the involution



of the thymus, the proportion of naive Tregs decreases, giving way to
memory Tregs [27].

Immunosuppression mechanisms of regulatory T cells

The mechanisms by which Tregs suppress the immune response are
extremely diverse. According to the type of effect, they can be distributed
into four groups: cytolysis, secretion of inhibitory cytokines, effects on
dendritic cells, and metabolic disorders [1].

Tregs were long thought to have no cytolytic activity, but a 2006
study demonstrated that Tregs can kill B-cells in a granzyme B-dependent
and, in part, perforin-dependent manner [28]. In another study, cytolysis
of Tregs in the tumor microenvironment was shown to kill cytotoxic T
lymphocytes and NK cells, thereby reducing the antitumor response [29].

In our earlier study [30], we demonstrated that in patients
undergoing allogeneic hematopoietic stem cell transplantation
(alloHSCT), a low amount of granzyme B-positive Tregs determined a
high likelihood of developing an acute graft-versus-host disease
(aGVHD); the minimum number of these cells was determined on the day
of establishing aGVHD diagnosis. On the contrary, the probability of
aGVHD decreased with an increase in the number of granzyme B-
positive Tregs.

Treg-produced inhibitory cytokines include IL-10, TGFp, IL-35.
These cytokines suppress the activation and proliferation of effector T
and B lymphocytes, and can also induce the formation of pTregs and B-
regulatory cells from non-regulatory populations [31]. The
Immunosuppressive properties of IL-10 have been demonstrated, for
example, in mouse models of inflammatory bowel disease [32], and in

suppression of allergic inflammation in bronchial asthma [33]. The role



of both IL-10 and TGFP has been studied in the suppression of the
antitumor response in the tumor microenvironment [34].

Interestingly, TGF performs a suppressive function not only as a
Treg-secreted cytokine, but also through intercellular interaction in the
form associated with the Treg membrane. This has been demonstrated,
for example, in a model of type | diabetes mellitus, where due to the
effect of TGFp associated with the Treg membrane, the infiltration of
CD8+ by lymphocytes of the islets of Langerhans is inhibited and thus
the progression of the disease is slowed down [35].

Dendritic cells are one of the populations of antigen presenting
cells in the body. They present a foreign antigen bound to the MHC type |
or Il molecule to T cells, activating them. In this connection, the effective
inhibition of the dendritic cell function allows one to regulate the immune
response. Tregs induce the formation of tolerogenic dendritic cells (cause
the anergy of the T-effector interacting with the antigen-MHC complex,
induce the formation of pTregs) or disrupt the process of antigen
presentation by the dendritic cell [36].

Among the ways of metabolic disorders, one can single out the
“stealing” of CD8+ lymphocytes by IL-2 (due to the higher density of the
receptor for this interleukin on the Treg surface compared to CD8+ cells)
[37].

Also, the mechanisms of metabolic disorders might include the
induction of adenosine triphosphoric acid breakdown to adenosine by the
enzymes on the Treg membrane. An increased concentration of adenosine
reduces the proliferative activity of T lymphocytes, and also affects
dendritic cells, suppressing their antigen-presenting ability [38].

Tregs can also disturb the supply of calcium ions to effector
lymphocytes, disrupting their activation (since calcium-dependent

transcription factors do not function) [39].



It is important to note that Tregs use these suppressive mechanisms
in combination, and that these mechanisms continue to be actively
studied.

The role of regulatory T cells in the development of graft-
versus-host disease

Despite the improvement of donor selection algorithms (matching
by human leukocyte antigen (HLA), and the preventive therapy, GVHD
remains the leading cause of non-recurrent morbidity and mortality after
alloHSCT [40].

There are 2 types of GVHD: aGVHD and chronic GVHD
(cGVHD); aGVHD is characterized by the absence of signs characteristic
of cGVHD. Acute GVHD form includes classic aGVHD (before day 100)
and persistent, recurrent or late aGVHD (after day 100, often after the
withdrawal of immunosuppression or the transfusion of donor
lymphocytes). Chronic GVHD form includes classic cGVHD (no signs of
aGVHD) and overlap syndrome (with the signs of both acute and
cGVHD present) [41].

Pathogenetically, aGVHD is mediated by mature effector T cells of
the donor, which are activated after encountering the recipient's
alloantigens [42].

Pathogenetic mechanisms in cGVHD are not as well studied as in
the acute one, primarily due to the fact that so far no animal model has
reproduced all the features of the course of cGVHD in humans. However,
the researchers were able to identify the main pathogenetic moments: the
impairment of the tolerance mechanisms of both central (damage to the
thymus by the conditioning, and/or in aGVHD, with the formation of T-
lymphocytes directed against host antigens, which in turn leads to the

activation of alloreactive B cells), and peripheral (Treg deficiency), as



well as the formation of fibrosis in target organs [43]. Next, we will
review studies that have examined the role of Tregs in the GVHD
pathogenesis.

It has been demonstrated in mouse models that the initial phase of
cGVHD is associated with a significant decrease in Tregs in peripheral
blood, and their number increases with time and against the impact of
Immunosuppressive therapy [44].

Another study with humans as the study subjects demonstrated that
the Tregs to T helpers ratio is significantly lower at week 2 after
alloHSCT in patients with subsequently developed aGVHD, compared to
the patients in whom this complication was not observed later [45], in this
connection a reduced Treg number can be considered as a predictor of the
aGVHD development.

The study by A. C. Alho et al. [46] analyzed the CD3+ cell
reconstitution in 107 patients after alloHSCT and demonstrated that the
number of CD3+ cells recovered to normal within 2 years; however, it is
important to note that in the T-cell compartment, CD8+ T cells recovered
faster, and neither Tregs, nor T helpers reached normal levels during the
2-year follow-up period. The authors were also able to show that the
Tregs to T-helpers ratio, and Tregs to CD8+ T cells ratio in patients with
cGVHD were significantly lower than in patients without cGVHD.

Given that alloreactive lymphocytes implement an alloimmune
response in tissues, it is interesting to study regulatory and effector
populations both in blood, and also in target organs. So, in the study by
K. Rieger et al., 95 duodenal and colon biopsies from 49 patients after
alloHSCT were investigated [47]. In acute and cGVHD, an increased
number of CD 8+ cells was noted compared to the samples obtained from
patients without GVHD, which was comparable to the results of other

authors [48], but this figure was also increased in diverticulitis and



cytomegalovirus colitis, which did not allow it to be used as a differential
diagnostic marker. However, the researchers were able to find that in
GVHD, the FoxP3+ to CD8+ ratio corresponded to that in samples
obtained from patients without signs of inflammation in the duodenum
and colon, while in diverticulitis and cytomegalovirus colitis there was an
increase in this ratio following the expansion of CD8+ cells. The authors
have interpreted the findings as follows: GVHD with intestinal
involvement is associated with an insufficient Treg activation.

Other works are focused on the study of the graft cellular
composition. Two similar studies conducted at approximately the same
time by authors from USA [49] and from China [50] showed that the
amount of Tregs in the graft affects the likelihood of developing aGVHD:
the content of Tregs 10.0x10%kg and over reduces significantly the
likelihood of developing aGVHD, and these patients also show a faster
recovery of peripheral blood parameters after allo-HSCT.

Interestingly, mobilized with plerixaphor hematopoietic stem cell
(HSC) transplants contain higher amounts of Tregs than when
granulocyte colony stimulating factor (G-CSF) is used [51].

The role of regulatory T cells in graft acceptance

It is important to note that the regulatory potential of Tregs is so
powerful that allogeneic HSCs can survive in unirradiated mice for about
30 days without additional immunosuppression, localizing next to the
host's Tregs in bone marrow niches [52].

A number of studies have shown that Tregs promote the
engraftment of HSCs. For example, in their work Y. Hirata et al. [53]
studied the Treg population of the bone marrow niche in a mouse model.
The authors demonstrated that a decrease in the number of Tregs of the

bone marrow niche in the host body led to a significant decrease in donor



chimerism; and the degree of chimerism reduction was higher at 24
weeks after alloHSCT than at 9 weeks; and the transfusion of bone
marrow niche Tregs increased the donor chimerism in peripheral blood.
These observations confirm the ability of the bone marrow niche Tregs to
provide a long-term immune protection of HSCs.

Another study in mouse models [54] showed that a Treg
transfusion provides the engraftment of allogeneic HSCs, and also that
temporary depletion of NK cells leads to the engraftment of HSCs
without using a Treg transfusion. These observations led to the
conclusion that Tregs facilitate the engraftment of HSCs, including by
suppressing the function of NK cells. Interestingly, when the pool of NK
cells had been restored after depletion, no allogeneic HSC rejection
occurred, which was explained by the ability of Tregs to induce tolerance
of host NK cells to the allograft — NK cells of HSC recipients who
received Treg transfusion, and this changed the repertoire of receptors.

Thus, the Treg population is very important for the engraftment of
allogeneic HSCs.

The role of regulatory T cells in implementing the graft-versus-
tumor effect

It is known that the ability of Tregs to suppress the immune
response contributes to carcinogenesis; for example, an increase in the
number of circulating Tregs in patients suffering from cancer compared
with healthy people has been reported [55]. Moreover, an increase in
tumor-infiltrating Tregs is associated with poor prognosis and lower
patient survival [56].

Worthwhile to note that an increase in the number of Tregs in the
bone marrow and peripheral blood of patients with acute leukemia has

been reported [57, 58]. However, Treg transfusions, as it have been



demonstrated in mouse models, while suppressing the capacity of
alloreactive donor T cells to induce GVHD, do not abrogate their graft-
versus-tumor (GVT) effector function [59]. Also, when using Treg
transfusion in patients after alloHSCT, there was no decrease in GVT
activity. [60-62]; these studies are described more detailed in the section

on the clinical use of Tregs for the prevention of GVHD.

Effect of immunosuppressive agents on regulatory T cells

Considering the important role of Tregs in the pathogenesis of
autoimmune and alloimmune complications, it is very important to
understand the effect of various immunosuppressive agents on these cells.

Calcineurin  inhibitors are the most commonly used
Immunosuppressants in transplantation of hematopoietic stem cells and
solid organ transplantation. Studies have shown that calcineurin inhibitors
reduce the number and functional activity of circulating Tregs [63], and
with the discontinuation of these drugs, an increase in Tregs in the blood
IS noted [64]. This is also confirmed by the fact that the change of
Immunosuppressive therapy from calcineurin inhibitors to an
antiproliferative agent, mycophenolate mofetil (MPM), is associated with
an increase in the Treg pool [65], probably due to the induction of the
conversion of T-helpers into Tregs [66]. However, there are studies
demonstrating that MPM dose-dependently inhibits the proliferative
activity and viability of Tregs [67].

Research by a group of German scientists [68] demonstrated in
murine GVHD models that the Treg transfusion with using cyclosporine
A increased a Treg accumulation at inflammation sites such as the lungs
and liver, which may be useful in the treatment of GVHD involving these

organs.



Drugs from the group of mammalian target of rapamycin (mTOR)
inhibitors have a positive effect on Tregs. They promote the Treg
expansion and support the Treg function in both ex vivo and in vivo
studies [69], which makes GVHD prevention regimens based on mTOR
inhibitors rather than calcineurin inhibitors promising.

Cyclophosphamide is gaining a strong position as a prophylactic
agent against the GVHD development. The mechanism of
cyclophosphamide action is based on the selective destruction of rapidly
proliferating T cells, while Tregs "escape" this effect due to increased
expression of the aldehyde dehydrogenase enzyme [70]. Interestingly, in
a xenogenic transplantation model, the removal of Tregs from the graft
abolished the protective effects of cyclosphosphamide [70].

Rabbit antithymocyte globulin (ATG) leads to depletion of
circulating T lymphocytes, including Tregs, but the latter recover much
faster than other populations, which is useful for preventing the
development of GVHD [71]. However, in studies in vitro, when
peripheral blood mononuclear cells were incubated with a low dose of
rabbit ATG, an increase in the number of Tregs was noted (by converting
CD4+CD25- T cells into CD4+CD25+ T cells), while when incubated
with horse ATG, the number of Tregs decreased [72].

Glucocorticosteroids (GCS) today remain first-line drugs in the
treatment of both acute and cGVHD, and, accordingly, their effect on
Tregs is important. This effect was studied in patients receiving
corticosteroids for autoimmune diseases. It was demonstrated that during
therapy at a dose of 5 mg/day or more, there was an increase in the level
of Tregs in peripheral blood in comparison with the level before the start
of therapy, as well as in comparison with the group of patients who did
not receive GCS [73].



On the contrary, when studying Tregs during therapy with
methylprednisolone at a dose of 250 mg/day for 3 days (as a treatment for
acute renal graft rejection), no quantitative change in the Treg population
was recorded; however, some qualitative changes were described: an
increase in the proportion of effector Tregs and a decrease in the
proportion of central memory Tregs [74].

However, in the study of the German group mentioned above [68]
in murine models of GVHD, the combination of methylprednisolone and
Treg transfusion led to a decrease in Treg recruitment to inflammatory
foci and a rapid deterioration in the condition of some animals.

Of interest is the effect produced on Tregs by hypomethylating
drugs, which can be used as part of post-transplantation anti-relapse
treatment. Azacitidine and decitabine induce FoxP3 expression in
CD4+CD25- T cells both in vitro and in vivo [75]. Meanwhile, Tregs
have Dbeen demonstrated in mouse models to be resistant to the

antiproliferative effects of hypomethylating agents.

Clinical use of regulatory T cells as prevention of graft-versus-
host disease

Given the undoubted role of Tregs in the pathogenesis of GVHD,
the use of Tregs as a prevention and treatment of this complication has
been very actively studied in recent years.

Studies in murine models have demonstrated the capacity of the
Treg infusion to restrain the T-lymphocyte infusion-induced GVHD or
alleviate its symptoms in a cell-dose and time-dependent manner [77].

An example of using of Tregs to prevent GVHD is a study called
Orca-T [60]: on Day 0, patients underwent transfusion of selected CD34+
cells in combination with Tregs, the target dose of the latter being 3

« 10%kg, and after 2 days they received the transfusion of CD3+ cells at a



dose of 3x10%kg. The study included 34 patients who underwent allo-
HSCT from fully compatible donors (25 from a related fully compatible
donor, 6 from an unrelated donor). Post-transplant immunosuppression
included tacrolimus in 8 patients and sirolimus in 6. The comparison
group (allo-HSCT in combination with methotrexate and tacrolimus)
included 138 patients after allo-HSCT from a related (79 patients) and
unrelated (59 patients) fully compatible donor. Faster graft healing was
demonstrated in the Orca-T group, as well as a lower incidence of both
grade 2-4 aGVHD (0% vs. 33%) and cGVHD (4% vs. 44%).

It is interesting that the use of Tregs is effective for the prevention
of GVHD and in performing alloHSCT from haploidentical donors
(haploHSCT), even without concomitant immunosuppressive therapy.

For example, in a study by M. Di lanni et al. [61], 28 patients with
hematological malignancies underwent alloHSCT from haploidentical
donors according to the following scheme: selected Tregs on Day -4, and
then selected CD34+ cells on Day 0 in combination with T-lymphocyte
infusion. GVHD prophylaxis was not performed. Graft acceptance was
noted in 26 of 28 patients; among those 26 patients, only 2 developed
aGVHD and none developed cGVHD.

In the study of Italian researchers [62], 50 patients underwent
haploHSCT for blood myeloid lineage tumour (MLT) according to the
following scheme: Tregs at a dose of 2x10%/kg on Day —4, CD3+ cells at
a dose of 1x10%kg on Day -1, and selected CD34+ cells (median
10.7+3.4x10%kg) on day zero, without subsequent immunosuppressive
therapy. Fifteen patients developed aGVHD grade 2 or higher;
moderate/severe cGVHD developed in only 1 of 50 patients, and the two-
year survival free from cGVHD and without the underlying disease

progression was 75%.



It is important to note that all the studies cited in this part of the
article [60-62] showed no negative effect of the Treg infusion on GVT
activity, or on the likelihood of developing infectious complications.

Clinical use of regulatory T cells for the treatment of GVHD

The use of Tregs as a therapy for aGVHD has been well
demonstrated in mouse models. For example, C. Riegel et al. in their
study [78] showed that Tregs migrating to the lymphoid organs, as well
as to the target organs of aGVHD (mainly of the gastrointestinal tract),
suppress the proliferation of T cells and thereby reduce the clinical and
histological signs of aGVHD, significantly improving survival.

There are no large studies on the use of Tregs in the treatment of
human aGVHD, but there are reports of the effect of such therapy. For
example, Polish authors reported that a Treg infusion to a patient
suffering from grade 4 aGVHD allowed only a temporary improvement
in the condition, but for the longest period among all used
Immunosuppressants [79].

Also, Treg transfusions are effective as a therapy for cGVHD. For
example, in a study [80] there was shown the improvement and
stabilization of the process when using Treg transfusion in patients
suffering from cGVHD. In another study [81], patients with cGVHD
received a transfusion of ex vivo expanded Tregs, and the process
stabilization or clinical improvements were also reported.

To date, more than 40 studies on the role of Tregs in the prevention
and treatment of both acute and cGVHD are available at
clinicaltrials.gov.

Interestingly, the source of Tregs in a number of these studies was

a "third" donor; the use of "third-party” Tregs is safe (does not increase



the risk of GVHD) and effective in controlling the development of
GVHD [82].

Modification of regulatory T cells

The limiting factor in the use of Tregs is their small amount in the
peripheral blood: the pool of Tregs in the peripheral blood of healthy
people is only 5-10% of CD4+ T cells, and therefore it seems relevant to
use Treg expansion both in vivo, and in vitro.

For Treg expansion in vivo, IL-2 can be used; this cytokine is
extremely important for the development, proliferation and activity of
Tregs. This approach has been shown to be effective in the treatment of
cGVHD. So, for example, scientists from Korea, using low doses of IL-2
as a therapy for cGVHD, revealed an increase in the amount of Tregs in
patient's peripheral blood, an increase in the Tregs to type 17 T helpers
ratio, as well as a moderate clinical improvement [84]. Researchers from
the USA demonstrated that an 8-week treatment with low doses of 1L-2
caused an increase in Treg proliferation, as well as an increase in their
resistance to apoptosis, meanwhile low doses of IL-2 had a minimal
effect on T-conventional cells [85].

An interesting study by A.A. Kennedy-Nasser et al. [86] focused
on the use of ultra-low doses of I1L-2 (100,000-200,000 1U/m?* 3 times a
week) from day 30 to 6-12 weeks after alloHSCT to prevent aGVHD.
The study included 16 children who underwent alloHSCT from related
(12 people) and unrelated (4 people) donors. The number of Tregs in
peripheral blood during therapy increased an average from 4.8% to
11.1%, none of the treated patients developed grade 2-4 aGVHD
compared with grade 4 in 33 (12 %) patients in the comparison group.

For the purpose of Treg expansion in vitro IL-2, rapamycin (mTOR

inhibitor) have been used, as well as beads coated with antibodies against



CD3 and CD28 (the imitation of antigen-presenting cells (APC)) [87].
Tregs expanded in this way demonstrate clinical safety and efficacy.

It is also possible to induce the conversion of non-regulatory T
cells into 1Tregs under laboratory conditions, however, this approach is
limited by the instability (loss of FoxP3) and plasticity (acquisition of a T
x 1/2/17-like phenotype and properties) of the obtained iTregs [13], and
therefore studies are underway to stabilize FoxP3 [88].

The desire to obtain the maximum regulatory effect from Tregs has
led to the creation and use of antigen-specific Tregs, which efficacy is
higher than that of the polyclonal Tregs, as has been demonstrated in
models of type | diabetes [89], autoimmune disease of the central nervous
system [90], as well as in allogeneic transplantation models [91, 92].

For example, in a study [91] on a mouse model, the donor Treg
expansion was performed in the presence of recipient's APCs, thereby
facilitating the formation of Tregs specific to the recipient's antigens,
capable of controlling GVHD. On the contrary, in another study [92],
alloantigen-specific Tregs contributed to inhibiting the skin graft
rejection.

However, the expansion of antigen-specific Tregs is limited due to
a low number of precursors. The authors found three ways to solve this
problem [93]: two of them are based on the redirection of polyclonal
Tregs by means of forming an artificial receptor: a chimeric antigen
receptor (CAR) or engineered TCR, and the third pathway is based on the
conversion of antigen-specific T lymphocytes into Tregs by the induction
of FOXP 3.

So far, only CAR-Tregs have found an application in the field of
alloHSCT. In the study, K.G. MacDonald and al. [94] demonstrated in a
xenogenic transplantation model that Tregs constructed by the CAR
targeted the HLA-A2 (usually mismatched in alloHSCT) induce



alloantigen-specific suppression, preventing GVHD. However, there is no
doubt that two other methods for the expansion of antigen-specific Tregs
will also take their rightful place in the prevention and treatment of
alloHSCT complications.

Conclusions

1. Regulatory T cells are a unique population of lymphocytes that
provide peripheral tolerance. Probably, there are still many discoveries in
store for us in the field of mechanisms by which regulatory T cells realize
their functions. However, to date, the therapies using regulatory T cells or
targeted them have already taken a significant position in the practice of
physicians around the world.

2. Regulatory T cells are a promising method for the prevention
and treatment of graft versus host disease, which allows one to control
this severe alloimmune complication without losing the graft versus
tumor effect. This method is limited by the financial component, as well
as by the low content of the population of regulatory T cells in the
peripheral blood, which requires the use of cell expansion or their
modification. Further studies in this area may improve the outcomes of

allogeneic hematopoietic stem cell transplantation.
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