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ABSTRACT

Basic characteristic of the immune system is its ability to distinguish self-molecules, cells, tissues and organs
from not self, to tolerate self and dispose of not self. Inlmunosuppressive mechanisms, especially those
mediated by regulatory lymphocytes, play a paramount role in the tolerance mechanisms. When there is an
abnormal quantity and/or quality of regulatory cells, various autoimmune diseases are induced, e.g. SLE, RA,

T1D, IBD, MS, and others.

In recent years, a great progress was achieved in the field how to profit from immunosuppressive properties
of T regulatory cells (Treg) in the treatment of patients suffering from autoimmune disorders or transplantation
rejections. Nowadays, there are possibilities to up-regulate the function of patient’s Tregs or supplement their
low numbers. We can up-regulate the function of Treg cells in an affected organism by treatment by low
dosage of IL-2 or to treat patients by in vitro expanded Treg cells themselves. Induced Treg, are, however,
polyspecific, therefore they have been preferentially used for the treatment graft versus host reactions and
some autoimmune disorders only. For those autoimmune diseases, where specific autoantigens are known,
Treg cells equipped by antigen-specific chimeric T cell receptor (CARs) were introduced for their treatment

(Tab. 1, Fig. 2, Ref. 47). Text in PDF www.elis.sk.
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Introduction

Induction and maintenance of immunological tolerance to self-
antigens and innocuous environmental antigens represents a basic
principle of prevention of autoimmune processes and chronic in-
flammation. Immunosuppressive mechanisms are also very impor-
tant in keeping the extent of inflammation on an appropriate level.
Therefore, in healthy persons, fine balance is created between a
pro-inflammatory response, which is needed to overcome infec-
tion and an immunosuppressive response, which prevents chronic
inflammation and tissue damage. The immune system has devel-
oped various mechanisms preventing its reaction to autoantigens,
either by physical elimination of autoreactive lymphocytes in the
thymus or by hindering their activation in the periphery. This latter
function is mediated mainly by regulatory T and B cells.

Regulatory T cells arise both in the thymus (natural Treg cells)
and in the periphery (peripheral Treg cells) as the consequence of
exposure to antigens. Natural regulatory T cells (nTreg) down-
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regulate activities of T cells (so aff T cells as well as y3 T cells), B
cells, NK and iNKT cells, dendritic cells and macrophages. nTreg
cells differentiate in the thymus as an independent population of
naive CD4" af T cells. Treg cells differentiation requires activa-
tion of a specific gene FOXP3 (forkhead box P3; Xp11.23-q13.3)
coding for the transcription factor FOXP3; it is responsible for ac-
tivation or repression of more than 1,400 genes (1-3). However,
it itself appears in the 2nd phase of Treg cells development only.
The 1st differential signal is provided by T cells receptor recog-
nizing self-molecules in membranes of epithelial and dendritic
cells of the medulla of the thymus. It results in the expression of
CD2S5 (alpha chain of high-affinity IL-2 receptor) and characteristic
membrane molecules GITR, OX40, TNFR2. Subsequent activation
of developing Treg cells by IL-2 results in FOXP3 expression (4,
5). A mutation of FOXP3 (more than 75 different mutations were
described till now) proves its great biological significance - a fatal
disease (IPEX - immune dysregulation, polyendocrinopathy, and
enteropathy) will develop (6, 7).

Treg cells represent 5-10 % of CD4*CD8- thymocytes and in
the periphery, approximately 10 % of CD4" T cells. They are long
lived cells characterized by multiple molecules, esp. CD4 and
CD25. However, they are not specific for Treg cells only. CD4 is
expressed by all T helper cells (Th) and CD25 shows an increased
expression on large proportion of activated effector T cells. Later,
it was found that nTreg cells expressed low quantity of CD127
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(alpha chain of IL-7 receptor) (8); however, it also cannot be a
specific feature of Treg cells because activated CD4" Th cells de-
crease CD127 quantity in their membranes.

nTreg cells are naturally anergic (i.e. they do not proliferate and
do not synthesize IL-2 after in vitro stimulation by anti-CD3 mono-
clonal antibodies, phytohaemagglutinin or allogenic cells). How-
ever, they significantly inhibit induction of the immune response.
A variety of molecules are found to be involved in Treg-mediated
suppressive activity, including cytotoxic T-lymphocyte associated
protein 4 (CTLA-4), IL-10, TGF-B, IL-35, glucocorticoid-induced
TNF receptor (GITR), lymphocyte-activation gene 3 (LAG3), gran-
zyme B, adenosine, cyclic AMP (cAMP), and trogocytosis (9—11).

The results of research in recent years showed that the thymus
is continually releasing the autoreactive T cells to the periphery to
greater extent than we have thought so far and that their activation
is practically permanent. Their differentiation into fully functional
effector cells is blocked by nTreg lymphocytes. Also, migrating
dendritic cells consistently deliver autoantigens from tissues and
organs to the lymph nodes, which in turn recognize autoreactive
T cells that, upon activation, could trigger autoimmune processes.
They are, however, prevented by nTreg cells, which also recog-
nize the presented autoantigens. In addition, IL-2, which activates
effector T cells production, expands them and creates a microen-
vironment that prevents the induction of autoimmune processes.
This interaction between migratory DCs and effector and regula-
tory lymphocytes proceeds at the periphery in paracortical regions
of lymph nodes, in clusters separated from each other (12, 13).
This finding once again confirmed our prior knowledge that IL-2
is not the major cytokine needed to develop an effector immune
response as originally thought, but that it is a cytokine that ensures
the existence and activity of nTreg cells.

Regulatory T cells can also appear at the periphery. These
are peripheral regulatory T cells (pTreg) that differentiate from
naive CD4" T cells during an ongoing immune response. They
are induced mainly in mucosal areas; we know the best of these
events in the intestine. If naive CD4* T cells are stimulated by
TGF-B, IL-2 and retinoic acid, which dendritic cells produce by
processing vitamin A, they differentiate into pTreg cells (14).
Most recently, it has been found that they can appear under the
influence of IL-33, which is constitutively expressed in epithelial
cells of the intestine and, upon their damage, it is released into
the environment and acts as an alarmin (15). Upon binding to its
receptor, ST2, in membranes of pTregs together with the signal-
ing triggered by TGF-p, IL-33 promotes activation of transcription
factor GATA3, a known transcriptional regulator of the FOXP3
gene. In addition, IL-33 also enhances its own receptor synthesis,
increasing the persistence of pTreg cells in the given microenvi-
ronment. Strikingly, IL-23, the key pro-inflammatory cytokine in
the pathogenesis of inflammatory bowel disease (IBD), restrained
Treg responses through inhibition of IL-33 responsiveness. These
results suggest that the balance between IL-33 and IL-23 may be
the key controller of intestinal immune responses (16).

Compared to nTreg cells, pTreg cells are less stable and in
the inflammatory environment they may lose the ability to ex-
press FOXP3 and vice versa, they synthesize pro-inflammatory

cytokines such as IFN-y and IL-17. This lack of stability can be
explained by the methylation state of the CNS2-region (Conserved
non-coding DNA sequence) in the promoter region of the FOXP3
gene. This region is stably hypomethylated in nTreg cells even in
the inflammatory environment, while it is incompletely demethyl-
ated in iTreg cells (17, 18) (methylation of genes results in their
decreased transcription).

In addition to the above mentioned, there is another popula-
tion of immunosuppressive cells, referred to as Tr1 cells. They are
induced by the simultaneous action of IL-27 and TGF-f on naive
T helper cells and produce mainly IL-10. In addition, they also
inhibit the immune response by killing antigen presenting cells
by a perforin-granzyme mechanism. In addition to CD4, CD49b
and LAG-3 (CD223) characterize their specific features. Tr1 cells
are FOXP3-negative, instead they express multiple transcription
factors typical of other T cells subsets, e.g. c-MAF, AHR (aryl
hydrocarbon receptor) and others (Tab. 1) (19, 20).

The main biological function of Treg cells, as described above,
is to maintain immune and inflammatory processes at physiological
boundaries. Their lack of, or malfunction, inevitably results in the
development of autoimmune diseases. Functional impairment has
been demonstrated in the development of type 1 diabetes mellitus
(T1D) (21), rheumatoid arthritis (22, 23) myasthenia gravis (24),
multiple sclerosis (25, 26) and other diseases (27). The reduction
of their numbers was confirmed at Crohn’ disease and ulcerative
colitis (28), Graves’ disease (29) and hepatitis C virus-induced vas-
culitis (30). In systemic lupus erythematosus (SLE), the persistent
proinflammatory cytokine environment prevents Treg lymphocytes
from enforcing their immunosuppressive action (31).

Decreased numbers of nTreg cells are also observed in allergic
patients, resulting in a reduced control of Th2-lymphocyte activa-
tion (3). Here too, the hygienic hypothesis is confirmed - insuffi-
cient activation of Th1 cells also causes low IL-2 production and
hence appearance of nTreg cells.

IL-2 has a decisive influence on the formation and maintenance
of nTreg cells activity. This led to an idea of using IL-2 in the treat-
ment of those diseases, where their activity is reduced. However,
IL-2 is also a potent activator of both NK cells and cytotoxic T
cells, and therefore has to be administered in a dose inadequate to
activate them, but sufficient to support the function of Treg cells;
in other words, era of low-dose IL-2 treatment was initiated. It has
been proven to be effective in the therapy of autoimmune diabetes
mellitus, SLE, atherosclerosis and alopecia areata (32). It is now
recommended to start a 5-day treatment by IL-2 at a dose of one
million i.u. per day and repeat it at two weeks intervals. Initial
treatment increases the numbers of nTreg cells in the peripheral
blood to twice, and maintenance doses cause nTreg cells num-
bers to be between 20 % and 60 % above baseline. The number
of nTreg cells increases not only in peripheral blood, but also in
the place of ongoing autoimmune processes (proven in alopecia
areata biopsy specimens) (32).

An improved method of afore mentioned therapy is the admin-
istration of IL-2 simultaneously with modified human anti-IL-2
monoclonal antibodies (mAb ). These stabilize human IL-2 in a
conformation that promotes nTreg cells expansion. The “mAb -



Tab. 1. Cytokine produced by particular subsets of CD4" cells.

Cytokine Thl Th2 Th9 Thl17 Th22 Tfh  Treg
IFN-y ++ - - + _ _ _
1L-2 ++ — — — - - -
1L-4 — ++ — — — — -
IL-5 — ++ — — — — —
IL-6 — — — + — — —
IL-13 — ++ - - + - -
1L-9 — — ++ — — — —
IL-10 + ++ ++ + — — S+
IL-17 — — — ++ — — —
IL-21 - - - - - ++ -
1L-22
IL-26 — — —
1L-35 - — — - - ++
TNF ++ + - + + - -
++ - - - - - -

Lymphotoxin

IFN-y — interferon gamma, IL — interleukin, Th — T helper cells, TNF — tumor necro-
tising factor, Tth — T follicular helper cells

IL-2" complex induced T1D remission in a NOD-mouse model
(NOD - non-obese diabetic), reducing the intensity of pathologi-
cal processes in experimental allergic encephalitis, and protecting
mice in xenogeneic graft-versus-host disease (GvHD) (33); these
results represent a promise for human medicine.

Another treatment option is the administration of nTreg cells
alone. These are isolated from the peripheral blood of a patient
and multiplied in in vitro conditions (activation with beads coated
with anti-TCR and anti-CD28 monoclonal antibodies in the pres-
ence of 1L-2). Usually, there is a 500 to 2,000-fold increase in their
numbers; they are then applied to the patient. It has been shown
that Treg cells thus produced (induced Treg —iTreg ) persist in the
patient’s body for at least one year. The first phase of successful
clinical trials was performed in the treatment of T1D (34).

Instead of expanding Treg cells from peripheral blood, this
can also be achieved from cryopreserved umbilical blood (35,
36). The authors report a 211-fold proliferation of cells during
18-days cultivation of Treg cells with beads coated with anti-CD3
and anti-CD28 monoclonal antibodies (mAbs) in the presence of
recombinant human IL-2. An even greater yield was obtained,
when the umbilical nTreg cells were cultured in vitro with artificial
APCs (aAPC) in the presence of anti-CD3 mAb_and IL-2. aAPCs
represent cells of the K562 tumor line, which were transfected by
FCGRL1 (coding for a high affinity IgG receptor; CD64) and CD86
genes (CD86 is a ligand for CD28). When umbilical nTreg cells
were co-cultivated with aAPC,, anti-CD3 monoclonal antibod-
ies and IL-2, nTreg cells underwent activation by anti-CD3 mAb
previously bound to FCGR1 and by their CD28-molecules upon
binding to CD86 in aAPC_membranes; in turn, IL-2 will ensure
their proliferation (Fig. 1). The result is a large, up to 13,000-fold,
expansion of Treg lymphocytes! Subsequent administration of such
expanded iTreg cells significantly reduced the incidence of acute
GvH-response (35, 37).

The treatment of autoimmune diseases by induced Treg cell
has, however, one major disadvantage. This is because iTreg_ are
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polyspecific, which means, that they can inhibit desired immune
processes, when administered to a patient. The starting point is
therefore to create such iTreg, that are specific for a given autoanti-
gen only. Here, molecular engineering in the form of creating Treg
lymphocytes with a chimeric antigen receptor (CAR) comes to aid.

The formation of cells with an artificial T lymphocyte anti-
gen receptor dates back to the mid-1980s in order to fight tumors
more effectively. It is only now that the attention is drawn to the
use of CAR technology for other areas. CARs are artificial recep-
tors that allow T lymphocyte to activate themselves as soon as a
specific antigen is detected and not wait for another costimulatory
or polarization signals.

CAR is a synthetic structure. At the gene level, the variable
genes for the heavy (V) and light chain (V) of a monoclonal
antibody (scFv - single chain variable fragment) specific for an
autoantigen are linked to the hinge region exon, usually IgG1-type
and the transmembrane region exon, which may be derived from a
plurality of transmembrane molecules, such as CD4, CD8 or CD28.
These genes will be subsequently linked to genes for the cytoplas-
mic portion of the future receptor that are responsible for T cell
activation. There are several variations of these cytoplasmic genes.
The first generation of CARs consisted of only one exon encoding
the CD3 dzéta chain-activating region, the second generation of
CARs additionally exon determining the costimulatory molecule
CD28, or another co-stimulatory molecule (4-1BB, 0X40, DAP10)
or both (the third generation CAR-lymphocytes) (38) (Fig. 2).

> >— T\ CD64

anti-CD3

Fig. 1. Activation of nTreg cells by artificial antigen presenting cells
(for explanation, see the text)
aAPC - artificial antigen presenting cells.

! \ scFv
AR

Hinge region

Transmembrane
region

h.

Intracellular
signaling domains

Fig. 2. Structure of chimeric receptor (CAR) (for detailed explana-
tion, see the text.)
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The meaning of existence of antibody variable domains in the
construct is not only to bind the given autoantigen, but above all
to avoid the phenomenon of immune restriction that would be true
if the construct were scFv-domains of T cell receptor. Indeed, the
CAR receptors thus formed can be used to treat multiple patients re-
gardless of their HLA molecules. The CD3 chain-activating region
fulfils the same role as in the TCR, i.e. it is the region, (ITAMs) to
which tyrosine kinases responsible for activation processes bind.
Based on a two signal model of T cell activation, not only antigen
recognition is sufficient, but also signaling, that occurs in costimu-
latory interactions, typically between CD80 and CD28, must oc-
cur as well. And this is what the second and the third cytoplasmic
regions of the CAR construct provide (39).

The artificially engineered CAR gene, using retroviral or
lentiviral vectors, is transferred to pre-isolated and propagated
iTreg cells, which are subsequently transferred to a recipient.
CAR lymphocytes specifically recognize autoantigens, activate
and promote their immunosuppressive action. This method has
been tested in several experimental models with a positive effect
(40), which is also promising for use in human medicine in the
near future.

Regulatory T cells have been known for more than two decades
(7). Regulatory B cells (Breg ) have also recently been added. What
is their difference from Treg cells? Above all, it is their origin.
While Treg cells are known to be natural and peripheral/induced,
in Breg cells we have not yet been able to detect their specific
transcription factors, so that they only appear as induced. They
arise in an inflammatory environment under the influence of pro-
inflammatory cytokines, molecular recognition patterns (PAMP )
or direct autoantigens. Essentially, any B cell, when receives ap-
propriate signals, can differentiate into a Breg cell. Breg cells can
perform their immunosuppressive activity by contacting (express
FASL, PD1L, CTLA4) and also in a non-contact manner (via IL-
10, IL-35, and TGF-P synthesis). This ability is also enhanced by
the induction of Treg cells by direct co-operation with naive T cells
(ThO) involving class [l HLA molecules and costimulatory (CD80)
molecules (41-43).

Breg cells are a heterogeneous population of cells. They ex-
press low IgD as the antigen receptor and different surface markers,
including CDS5, CD19, CD20, CD21, CD23, CD24, T cell immu-
noglobulin and mucin domain 1 (TIM-1), and CD138. A marker
that is expressed by the majority of reported Breg subsets is CD1d
(41, 44). Breg cells by presenting glycolipids via their CD1d mol-
ecules induce immunosuppressive iNKT cell activity (by induc-
tion of IL-10 synthesis). It was shown that Breg cells from SLE
patients with active disease expressed decreased levels of CD1d
and did not support the expansion and activation of iNKT cells
(45). Another defect associated with Breg cells was also observed
in SLE. Itis characterized among other by an increased IFN-a pro-
duction by plasmacytoid cells (pDCs) and it was found it had been
just Breg cells, whose inadequate function failed to inhibit their
over-synthesis of interferons (46, 47). This suggests that there is
feedback between Breg cells and pDC in healthy subjects, while
in SLE patients there is none. Treatment of patients with rituximab
(anti-CD20 monoclonal antibodies) resulted in re-emergence of

Breg cells, restoration of NKT-cell function, and improvement of
clinical status (46, 47).
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