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Regulatory T cells (Tregs) play a key role in maintaining immune balance and regulating the loss of self-tolerance
mechanisms in various autoimmune diseases, including primary Sjogren’s syndrome (pSS). With the development
of pSS primarily in the exocrine glands, lymphocytic infiltration occurs in the early stages, mainly due to activated
CD4* T cells.

regulatory T cells primary Sjogren’s syndrome FoxP3

| 1. Introduction

Primary Sjogren’s syndrome (pSS) is a systemic autoimmune and lymphoproliferative disease characterized by the
appearance of uncontrolled lymphoplasmacytic infiltration in glandular tissues with subsequent development of
infiltration in the lungs, kidneys, vascular walls, and other organs. The primary target organs in pSS are exocrine
glands (such as salivary, lacrimal, and sweat glands W), which are glands of the gastrointestinal and respiratory
systems, which confirms the conception of generalized autoimmune epithelitis in this disease. In the absence of
therapy, patients can develop systemic manifestations such as various types of lesions in the joints, blood vessels
(cryoglobulinemic and hypergammaglobulinemic purpura), lungs, kidneys, and reticuloendothelial (regional and
generalized lymphadenopathy, splenomegaly, and hepatomegaly), peripheral, and central nervous system, which
can lead to a significant decrease in the quality and life expectancy of the patients B4, According to studies,
gastrointestinal involvement (dysphagia) can be observed in up to 80% of patients, and arthralgia is reported to be
present in up to 75% of patients [Bl. The earliest clinical manifestations of the disease are dry syndrome (dry mouth,
eyes, and nasopharynx), recurrent sialadenitis, joint damage (arthralgia, non-erosive arthritis, and morning
stiffness), photodermatosis, and various types of hemorrhagic eruptions. Immunological symptoms such as
hypergammaglobulinemia, the detection of rheumatoid factor (RF), antinuclear factor (ANF), Sjogren’s syndrome
antigen A (Ro/SSA) and Sjogren’s syndrome antigen B (La/SSB) antibodies, and anticentromeric antibodies
(ACAs), can be determined many years before the development of clinical manifestations of the disease.
Additionally, secondary Sjogren’s syndrome (sSS) can be distinguished, which is associated with lesions in the
secreting epithelial glands in patients with other rheumatological conditions (rheumatoid arthritis, systemic lupus
erythematosus, systemic scleroderma, etc.), hepato-biliary (autoimmune hepatitis, primary biliary cholangitis, and
primary sclerosing cholangitis), cross-syndromes, and Hashimoto’s autoimmune thyroiditis. Often, patients meet
the criteria for 2—-3 autoimmune diseases, and then, it is more correct to consider them as a combination of

diseases, for example, pSS + rheumatoid arthritis + primary biliary cirrhosis of the liver, and not sSS. pSS and sSS
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are the most common autoimmune rheumatic diseases and affect 1-1.5% of the US population Bl In 15% of
patients, the disease debuts in childhood, and in 70% under the age of 50 years. pSS is more common in females,
and the ratio to males ranges from 9:1 to 25:1 B4, This phenomenon can be explained by several reasons. First,
the immune systems of women are characterized by a higher background level of serum immunoglobulins and,
consequently, more pronounced humoral immune responses [€. This fact is consistent with the generally accepted
hypothesis that the immune systems of women react more actively to various antigens, which results in the greater
prevalence and aggressiveness of autoimmune diseases in women &l Second, the selective prevalence of pSS
among women is also associated with the various effects of sex hormones on the immune system. It was
demonstrated that estrogens can play a great role in the development and progression of pSS 2. However, the
general effect depends on the form of the estrogen, its concentration, the relevant receptor signaling pathways,
and age. In fact, it was shown that physiological (low) levels of estrogen can enhance the pro-inflammatory
capacity of human and murine macrophages and monocytes, whereas supraphysiological levels can lead to the
opposite effect 19, In addition, reduced levels of estrogen with menopause could decrease the protective effect of
these hormones by increasing inflammation and by reducing its proliferative effects on glandular cells leading to
increased apoptosis and autoantibody production 1. Along with that, it was reported that estrogen receptors in the
salivary gland epithelial cells of SS patients have reduced responsiveness to estrogen 12, In the development of
pSS, it is more likely that estrogens implement their functions in the context of genetic factors and other
environmental stimuli. In these circumstances, they contribute to the polyclonal activation of B lymphocytes, the
formation of autoantibodies, and an increase in the level of prolactin, which aggravates the severity of the disease
(13 Androgens, on the contrary, act as an inhibitory factor, reducing the severity of immunopathological
manifestations in pSS 4. Currently, the standard for determining the degree of pSS activity is the EULAR
Sjogren’s Syndrome (SS) Disease Activity Index (ESSDAI). Additionally, in some studies, mild (SS-I), intermediate
(SS-II), and severe (SS-IIl) groups of minor salivary glands (MSGs) in biopsy specimens are distinguished, which is
based on the severity of infiltration of these glands 12l In the absence of early diagnosis and treatment of the
disease, due to inadequate activation and proliferation of T and B lymphocytes, ectopic lymphoid structures are
formed in epithelial tissues. They are initially characterized by the synthesis of polyclonal and later oligoclonal and
monoclonal immunoglobulins (Igs) with development in 5-11% of predominantly different variants of B-cell
lymphomas Bl | ymphoepithelial lesions (LELs) with ectopic lymphoid structures are found in 90-100% of
patients with enlarged major salivary glands in their biopsy specimens, whereas their presence in MSGs is
significantly lower 18, MALT lymphomas (from mucosal-associated lymphoid tissue) in the salivary/lacrimal glands,
lungs, stomach, and thymus and diffuse large B-cell lymphomas (DLBCLSs) affecting the lymph nodes, bone
marrow, salivary/lacrimal glands, Pirogov—Waldeyer rings, etc., are the most common lymphoma subtypes in pSS
(171 peing the hallmark of this disease. Most DLBCLs in pSS/sSS are transformed from MALT lymphomas in the
absence of diagnosis and treatment of significantly enlarged major salivary/lacrimal glands and focal lung infiltrates
(18] |n the absence of anti-lymphoproliferative therapy, MALT lymphomas develop in the first 10 years of the
disease (the median disease duration from pSS onset to MALT lymphoma diagnosis is approximately 7 years) &,
while DLBCLs develop 17-20 years after the onset of the disease [17. Given the high incidence of lymphomas in
pSS, the disease is considered to be both autoimmune and lymphoproliferative and is a natural model for studying

the development from autoimmunity to lymphoproliferation 141,
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The main factor in the onset of pSS and the development of lymphomas in this disease is considered to be the
autoactivation of immune cells. At the same time, the main cells of the immune system that suppress the action of
activated lymphocytes are regulatory T cells (Tregs). A decrease in their number in the peripheral blood and/or
insufficiency of functional activity is also associated with the development and progression of pathological
processes in patients with pSS X3, While the main demographic, epidemiological, clinical, and laboratory studies
are well covered in the main monographs and latest reviews B4 many pathogenetic, generodionovatic, and
molecular mechanisms in the development of these pathological conditions, their transition to lymphoproliferation,

and therapeutic approaches are not well understood and require further research.

| 2. Immunopathogenesis of pSS

The process of pSS development remains the subject of intensive study and research, especially for
immunologists. The primary event in the development of pSS is the damage to and death of the epithelial tissue
cells of the exocrine glands 22! as a result of the action of various external environmental stimuli (Figure 1). This
process results in the autoactivation of immune cells, which can be indirectly measured via
hypergammaglobulinemia, cryoglobulinemia, and the production of various autoantibodies in the peripheral blood
and salivary glands of patients with pSS 29, |t is known that, for example, some latent viral infections (the
cytomegalovirus (CMV), Epstein-Barr virus (EPB), and human herpesvirus types 6 and 8 (HHV-6,8)) cause the
accumulation of viral genetic material in the salivary glands, which leads to the movement of antigens from the
cytoplasm (Ro52 and Ro60) and from the nucleus (La and Ro60) to the cytoplasm and then to the cell surface,
which has been shown primarily in salivary gland epithelial cells (SGECs) 21122l |n addition to the viral hypothesis,
which experimentally confirms the possibility of the release of intracellular Ro/La antigens to the cell surface and
the appearance of Ro/La autoantibodies in the peripheral blood, there is also evidence that the apoptosis of
SGECs results in the release of intracellular antigens to the cell surface, making them a target for autoantibody
production 23, The appearance of Ro/SSA and La/SSB proteins on the outer surface of the membrane causes the
autoactivation of innate (dendritic cells (DCs), macrophages, and natural killer (NK) cells) and adaptive (T and B
lymphocytes) immune cells via these proteins. In addition, SGECs express Toll-like receptors (TLRs), which
increases their susceptibility to viral infections in pSS patients [24. At the same time, the activation of Toll-like
receptor 3 (TLR3) causes the apoptotic death of SGECs and the production of interferon 1 (IFN-1), which induces
inflammatory processes, and B cell activating factor (BAFF), which promotes the differentiation of B lymphocytes
(25][26]  The activation of signaling through TLR3 itself contributes to an increase in the expression of the
autoantigens Ro/SSA and La/SSB in SGECs &, It also leads to the enhanced expression of molecules of the
major histocompatibility complex Il (MHC-II) and costimulatory molecules B2 and CD40 in affected SGECs [28]. The
activation of TLR-2 via bacterial peptidoglycan, zymosan, and TLR-4 via lipopolysaccharides results in the
expression of mediators of immune activation, such as intercellular adhesion molecule 1 (ICAM-1) 29 The
autoactivation of CD4* T lymphocytes occurs through MHC-II molecules, and depending on the cytokine
environment, they further differentiate into Tregs or T helper cells (Ths) BY. In general, the role of the La/SSB
antigen in the development of autoimmunity in pSS is confirmed by the hypomethylation of the promoter of this

gene, which leads to its increased expression in salivary gland tissue 1l and indicates the involvement of genetic
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factors in the development of this pathology. The genetic prerequisites for enhanced SGEC death are also specific
HLA alleles: HLA-DQB1*0201, HLA-DQA1*0501, and HLA-DRB1*0301 (32 Studies have also identified variants of
the IRF5, STAT4, EBF1, FAM167A-BLK, TNFSF4, CHRM3, and LAMP3 genes that increase the risk of developing
this disease 23l IRF5, IL12A, and STAT4 are involved in the IFN-1 signaling pathway. It was identified that the
apoptosis of epithelial cells in pSS is also affected by sex hormones, which was confirmed by observations of

lacrimal gland acini apoptosis during ovariectomy in mice 241,

A. Envircnmental stimuli B. Activation of CD4+ Tcells

Figure 1. Main immunological events of pSS pathogenesis. (A) Environmental stimuli. According to present
conceptions, environmental stimuli such as viral infections (CMV, EPB, HHV-6, and HHV-8), hormonal imbalance,
genetic predisposition, and disturbances in the apoptotic system cause the activation of SGECs, resulting in the
release of intracellular antigens Ro/La to the salivary cell surfaces. (B) Activation of CD4* T cells. The appearance
of Ro and La proteins on the outer surfaces of the membranes causes the autoactivation of cells of innate and
adaptive immunity. At the same time, stimulus-activated signaling through TLR increases the expression of
autoantigens Ro/La on the cell surfaces and causes apoptotic death of SGECs. As a result, apoptotic molecules
and vesicles containing Ro/La are released from the cells. Autoactivation of CD4" T lymphocytes occurs through
MHC-II molecules, which are expressed on the surfaces of SGECs. SGECs also express chemokines CXCL13,
CCL17, CCL19, CCL21, and CCL22, which along with the presence of autoantigens outside the cells leads to the

accumulation of DCs in salivary glands, their interaction with CD4* T cells, and their subsequent activation. In
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addition, SGECs express B7-H6, which contributes to the attraction of NK cells, their interaction with DCs, and the
activation of CD4* T cells. The autoantigens Ro/La outside of the SGECs lead to the recruitment of macrophages
(MPs) and their interaction and activation of CD4* T cells. ICAM1 expression by SGECs contributes to the
concentration of lymphocytes in the focus of inflammation and the production of various proinflammatory cytokines:
IL-6, IL-7, IL-18, and IL-22. (C) Production of autoantibodies and formation of germinal centers. Activated CD4* T
cells under the action of IL-6 and TGF-B are differentiated into Th17 cells, which, in turn, can be converted into
Tregs under the influence of TGF-f and IL-2. With the participation of BAFF, CD4* T cells activate B lymphocytes,

which ultimately leads to the formation of autoantibodies and germinal centers.

As mentioned above, the destruction of exocrine gland cells triggers a cascade of immune reactions. Furthermore,
activated and damaged SGECs express apoptotic molecules and release exosomes and apoptotic vesicles
containing Ro/SSA and La/SSB autoantigens. SGECs express on their surfaces C-X-C motif chemokine type 13
(CXCL13), chemokine (C-C motif) ligand 17 (CCL17), chemokine (C-C motif) ligand 19 (CCL19), chemokine (C-C
motif) ligand 21 (CCL21), and chemokine (C-C maotif) ligand 22 (CCL22), which promote the recruitment of DCs
and T cells to salivary glands. Accumulating there, DCs initiate an immune response B3, Autoantigens activate
plasmacytoid dendritic cells (pDCs), which cause the production of IFN-1, which supports inflammatory activity 281,
IFN-1 also induces the production of BAFF by circulating monocytes and DCs, which promotes the activation and
differentiation of B cells into antibody-secreting plasma cells. Follicular DCs contribute to the survival and
proliferation of B cells during the formation of ectopic lymphoid tissue BZ. Upon the activation of macrophages,
inflammatory IL-1 and TNF-a are secreted, which leads to the destruction of glandular epithelial cells. Their number
in pSS is directly correlated with the assessment of MSG lesions 28, The number of NK cells is increased in the
MSGs of patients 22, They interact with DCs and SGECs, which leads to the subsequent activation of both innate
and adaptive immunity 49, Innate lymphoid cells contribute to the formation of ectopic lymphoid tissue “1. Among
the cells of adaptive immunity, various populations of B cells are involved in the pathogenesis of pSS; however, in
the initial stages, T lymphocytes are dominant. CD4* and CD8* T lymphocytes are activated due to the
presentation of autoantigens by DCs and macrophages. At the same time, CD4* T cells are also activated directly
by epithelial cells expressing MHC-Il. SGECs also express intercellular adhesion molecule 1 (ICAM1), which
contributes to the concentration of lymphocytes in the focus of inflammation, and produce various cytokines,
including IL-6, IL-7, IL-18, and IL-22, which play an important role in the development of T- and B-cellular immune
responses 42, The rate of CD4* T cells can reach more than 75% during infiltration to exocrine glands. The cells
differentiate into T helper (Th) types 1 (Thl) and 2 (Th2), producing proinflammatory and anti-inflammatory
cytokines 431441 CD4* T cells also differentiate into Th17 cells, producing mediators such as IL-17, TNF-a, IL-22,
and IL-26, contributing to the maintenance of the inflammatory process 2. T-follicular helpers (Tfhs) promote the
proliferation and differentiation of B cells in lymphoid infiltrates €. The activation of T and B cells results in the

formation of ectopic germinal centers and the differentiation of plasma cells.

Thus, the main event of immunopathogenesis in the exocrine glands in pSS is the activation of epithelial cells and
the subsequent development of the local immune response. As a result, a large number of autoantibodies
produced by plasma cells bind to autoantigens released by damaged epithelial cells, increasing their damage and

causing dysfunction. During this process, among CD4" T cells, an important role belongs to regulatory T cells
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(Tregs). Despite the undeniable fact that Tregs are essential for the regulation of immunological self-tolerance and

homeostasis 47, their actual contribution in pSS has yet to be specified.

| 3. Regulatory T Cells (Tregs)

The maintenance of self-tolerance is regulated via several processes, one of which is the suppression of
proliferation and the activity of autoreactive T cells. Tregs play a leading role in this mechanism. The significance of
Tregs for immune balance is constantly being supported by new data indicating that they are involved in almost all
cases in which suppression of the immune response takes place, for example, in allergic processes, infections,

antitumor immunity, and autoimmune diseases [28l49],

| 4. Involvement of Tregs in pSS

Tregs are the main cells involved in the regulation of loss of immunological tolerance in pSS. With the progression
of the disease, the tissue of the exocrine glands is destroyed, which is associated with lymphocytic infiltrates,
consisting mainly of activated T and B lymphocytes. In the early stages of the disease, autoreactive T cells

predominate, in the suppression of which Tregs play an indispensable role.

| 5. Immunotherapy of pSS

Due to the observation that B cells play a crucial role in the development of ectopic lymphoid tissue and the
overproduction of autoantibodies, therapy aimed at them is currently the most common. However, the mechanism
of this therapy is based on the total elimination of B cells, which leads to a significant weakening of the immune
system. In the initial stages of the disease, T lymphocytes, which mainly consist of CD4* T cells, are the
predominant cells in infiltrates, and in the subsequent stages, these activated T cells, therefore, activate B cells. As
a result, researchers believe that treatment that targets, above all, T cells and then B cells or a combination of T-
and B-cell therapies may be the most effective B, The tables below (Table 1 and Table 2) review the data on the

mechanism and efficacy of pharmaceuticals used in the treatment of pSS or that are at the stage of clinical trials.

Table 1. Pharmaceuticals appropriate for B-cell therapy for pSS.

Drug Target Mechanism Efficacy Reference
Rituximab CD20 on B-cell Chimeric anti-CD20 Depends on the dose and (alfs2)53)
surface antibody. Causes antibody- duration of therapy. With a (41[5ss6]
dependent cellular well-chosen course, )=
cytotoxicity, complement- stimulation of salivation and
mediated cytotoxicity, and improvement in the function of
apoptosis-mediated lacrimal glands, a decrease in
transient depletion of B the activity of the disease
cells in peripheral blood, according to the ESSDAI, and
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Drug Target Mechanism Efficacy Reference
salivary glands, and other a reduction in infiltrates and
target tissues. GCs.
Humanized anti-CD22
antibody. Modulates B-cell
activity (CD22 regulates B-
cell function via CD19 and Significant improvement in the
B-cell antigen receptor function of the lacrimal glands,
Epratuzumab cb22 on B-cel (BCR) signaling and unstimulated salivation, and (591160
surface . . o
induces BCR-induced cell elimination of symptoms of
death. CD22 also regulates fatigue.
TLR signaling and controls
B-cell survival in peripheral
organs).
Decrease in parotid edema
Human monoclonal S
antibody. Inhibits BAFF and levels of B-cell activation
Belimumab BAFF Y- . ! biomarkers. No change in (61]
thereby preventing their . L
o : . unstimulated salivation or
activation and proliferation. .
Schirmer test.
Inhibits BAFF, leading to
blockade of BAFF-
lanalumab mediated signaling and Dose-dependent reduction in
(VAY736) BAFF deletion of B cells. Direct disease activity according to [62]
lysis of B cells via antibody- the ESSDAI.
dependent cellular
cytotoxicity.
Inhibits BTK on B cells, Improvement in the ESSDAI,
leading to impaired BCR salivary flow, and
Remibrutinib BTK signaling that regulates B- pathologically elevated (63](64]

Lymphotoxin-3

cell proliferation and
survival.

Recombinant lymphotoxin-
B receptor fusion protein.

immunoglobulins as signatures
of activity.

There was no significant
decrease in disease activity
according to the ESSDAI, no

significant improvement in the

Baminercent receptor Blockade of LTBR-mediated secretion of the salivary and [65]
P (LTBR) on B- signaling inhibits lacrimal glands, and
cell surface lymphocytic infiltration and extraglandular manifestations.
formation of ectopic GCs. Significant changes in the
Drug Target Mechanism Efficacy Reference
Blocks the interaction Reduction in inflammation in salivar
LSS IS glands, improved salivation !
CDBO/86 surface Wlth. C[.)ZE.S of T-cell reduction in the number of cTfh and [661(67](68]
Abatacept on APC surface, which is important . : 69]
. . Tregs, no changes in the foci of
surface for proliferation of T .
. lymphoplasmacytic infiltration, and
lymphocytes and production S
. reduction in GCs.
of cytokines.
Alefacept CD2on T- Binds to CD2, inhibiting the Dose-dependent depletion of CD4* (20
cell surface interaction between LFA-3 and CD8" cells in psoriasis
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Drug Target Mechanism Efficacy Reference
and CD2, preventing the
activation of T lymphocytes

CD40 on Binds to CD40, blocking the

CFZ533 APC and interaction of APCs and B In phase 2 of clinical trials [50]

(iscalimab) B-cell cells with CD40L of T
surfaces lymphocytes
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