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ABSTRACT

Myasthenia gravis (gMG) is a critical autoimmune disease, which has a
serious impact on the life and survival of patients. Ocular Myasthenia
Gravis (OMG) is often the initial manifestation of MG and has the
potential to progress to gMG. However, to date no distinct mechanism
has been found to clarify the pathogenesis of conversion from oMG
to gMG. Recent studies have shown that the development and clinical
progression of MG is closely associated with the abnormal function

of follicular helper T (Tfh) cells. Thus, this article reviews the recently
achieved research progress on the involvement of Tfth cells in MG
immunopathogenesis and focuses on the role of Tfh cells and related-
factors (IL-21, CXCL13, CXCRS5, bcl-6 etc.) in germinal center formation
and antibody production in MG immune response.
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INTRODUCTION

Myasthenia gravis (MG) is a typical autoimmune disorder generally
caused by anti-acetylcholine receptor (anti-AChR) antibodies and is
characterized by progressive weakness and exhaustibility of muscles
without atrophy. Ocular myasthenia gravis (0MG) is one of the clinical
subtypes of MG. The symptoms of oMG are limited to the extraocular
muscles, such as diplopia, strabismus and blepharoptosis. However
prior reports indicate that more than 50% of oMG patients will convert
to generalized myasthenia gravis (gMG), which may cause generalized
weakness of muscles, even those involved in respiratory functions.
Besides 90% of oMG patients converting to gMG do so within 2 years of
disease onset (1). gMG and oMG are caused by auto-antibodies that are
immunoreactive with muscle cell membrane proteins. These antibodies
emerge through a B cell-mediated and T cell-dependent immune
response, which also involves the complement system.

Antibodies form as a result of interaction of B cells and CD4+ T cells.
Upon antigen encounter, B cells get activated and subsequently migrate
to the lymphatic follicle region, forming germinal centers (GCs) and
differentiating into plasma cells that produce autoantibodies (2). AChR-
Ab is highly specific to MG and frequently found in both oMG (50%)
and gMG (85-90%), and the mechanism of inducing the autoimmune
response to AChR is unknown (3). Follicular helper T cells (Tfh), accepted
as a new CD4+ T cell subset, were first proposed in tonsils by Schaerli and
Breitfeld in 2000 (4). These distinct CD4+ T cells play a role in assisting
B cell humoral immunity by expressing chemokine receptor CXCR5 and
migrating into peripheral lymphoid follicles, which are also essential
for both the production of antibodies and the maintenance of the GC.

Current studies have indicated that GC may be the important site to
produce pathogenic autoantibodies in autoimmune disease.

Recent studies have shown that the occurrence and development of a
variety of autoimmune diseases are closely correlated with the imbalance
of the expression of Tfh cells. The frequencies of Tfh cells and levels of
Tfh-related factors in MG patients are significantly increased. Moreover,
they are positively correlated with serum levels of AChR-Ab (5, 6).
However, whether and how Tfh cells participate in MG remains unclear.
Here we will review the studies focused on the relationship among Tfh,
oMG and gMG in order to explore mechanisms of action of Tfh cells in
MG. The studies about Tth cells will putatively further elaborate on the
immunopathogenesis of MG.

Tfh CELLS AND THEIR FUNCTIONS IN GC RESPONSES
AND ANTIBODY FORMATION

Ithas been well known that Tfh cell isa CD4 + T cell subset that mainly exists
in B cell follicles of secondary lymphoid tissues. They are characterized by
the expression of chemokine receptor CXCR5, costimulatory receptors
PD-1, B cell ymphoma 6 (Bcl-6), ICOS, IL-21 and low levels of CCR7 and
CXCL13 (7, 8). Significantly, CXCR5 can drive Tfh cells to home to B cell
follicles where CXCL13 (the ligand for CXCR5) is expressed (9). Therefore,
Tfh cells play an important role in the maturation of B cells in follicles,
the differentiation of plasma cells and the formation of GC, as well as
the recombination and homotypic transformation of antibodies (7, 10).
GC, as the special structure formed by the proliferation, activation and
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Figure 1. The mechanisms that
Tfh cells are involved in MG
pathogenesis.
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maturation of B cell follicles in secondary lymphoid tissues following
antigen stimulation, is also an important site for the formation of
pathogenic antibodies in autoimmune diseases.

The key role of Tfh cells is to help the formation of GC, and to interact
with B cells in GC (11). The structure of GC is divided into two parts.
While dark zone is composed of the rapid proliferating B cells, the light
zone is made up of Tfh cells, follicular dendritic cells (FDC) and slowly
proliferating B cells. Right after the antigenic stimulus, slowly proliferating
B cells gain the ability to bind antigens presented by FDC and pass the
antigen signals to Tfh cells in the light zone. Tfh cells then provide survival
and proliferation signals to proliferating B cells through CD40L, T cells
receptor (TCR), ICOS, IL-2 and SAP (12). Upon receiving signals, GC-B
cells migrate to dark zones for the processes of proliferation, somatic
cell hypermutation and B cells receptor (BCR) production, then return to
the light zone and interact with Tfh cells. Tfh cells will select B cells with
higher antigen affinity for further mutation and transformation, stimulate
them to differentiate into memory B cells or plasma cells and help them
to exit from GC (13, 14). B cells with low antigen affinity fail to receive the
survival signals from Tfh cells and undergo apoptosis (15). Without Tfh
cells, GC would not develop and long-lived plasma cells and antibodies
would not be produced (12).

THE RELATIONSHIP AMONG Tfh CELLS, gMG AND
oMG

The Role of Tfh in MG

Recent studies have found that the frequency of CD4*CXCR5*PD-1 "|ICOS"
T cells in the peripheral blood of MG patients was higher compared to
healthy subjects (16). In addition, they were positively correlated with
the level of serum anti-AChR-Ab levels (16) and there was a positive
association between the percentage of Tfh cells and the severity of MG
[6,7]. Moreover, the frequency of Tfh cells was reduced in MG patients after
treatment (16). MG is an autoimmune disease considered to be mediated
by B cells. These results demonstrate the important role of Tfh cells in the
pathogenesis of oMG/gMG, since these cells display an auxiliary function
of promoting B cells to form plasma cells and inducing the secretion of a
large number of antigen-specific antibodies with high affinity. In addition,
the interactions between B cells and T cells require the involvement of
cytokines, chemokines and costimulatory molecules associated with

Tfh cells, such as CXCRS5, Bcl-6, PD-1, ICOS and IL-21 (17). The levels of
circulating antibodies may change with the varied levels of Tfh-related
cytokines. CXCL13 and its receptor CXCR5 are important molecules
produced by Tfh cells and are essential to form lymphoid follicles. It was
found that the level of serum CXCL13 was increased in MG patients (18)
and positively correlated with disease severity and the frequency of Tth
cells (5). IL-21, the main cytokine for Tfh cells to perform their effector
functions, was discovered to be highly expressed in oMG and gMG and
positively related to the percentage of Tfh cells in MG patients as well (5).
Its absence could lead to decreased production of antibodies (19-21).
These studies suggest that Tfh may promote the development of MG by
acting on B cells that secrete antibodies through related cytokines.

Besides, it has been demonstrated that the frequency of CD4*
CXCR5*PD-1* Tfh cells and Tfh-associated molecules, such as Bcl-
6 and IL-21, were significantly increased during the pathogenesis of
experimental autoimmune myasthenia Gravis (EAMG) induced in mice
(22). EAMG, a conventional model of MG with similar clinical features
and immunopathological mechanisms, has regularly been used to
simulate and explore the pathogenesis and therapy of MG. In addition,
RNA interference targeting Bcl-6 in EAMG can provide significant
improvement in the clinical severity and reduce the frequency of Tth
cells, the expression of Bcl-6 and IL-21, and the levels of anti-AChR
antibodies (22, 23). On the other hand, some studies have shown that
while circulating Tfh cells are significantly more abundant in gMG patients
without thymic abnormalities than those in healthy subjects, while they
are not elevated in oMG patients (24). This finding indicates that Tfh cells
may participate in the pathogenesis of MG, contribute to the clinical
progression of MG and thus may be a marker of disease activity.

Role of Tfh-Related Factors

The maturation of Tfh cells begins with DC-induced antigen in the T-cell
region around the lymphoid follicles, and continues to have homologous
interactions between Tfh and B cells at the T-B cell boundary of the follicles.
These events lead to the induction of transcription factor Bcl-6, which
controls the T cell lineage’s commitment to Tfh’s fate. These early Tfh-B
cell interactions require the expression of surface receptors ICOS, OX40
and CD40-ligands, as well as cytokines IL-4 and IL-21, and have shown
effects on Tfh's fate commitment and viability and B cell entry into GC
response. Tfh cells have various associated-factors such as CXCRS, Bcls,
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ICOS, PD-1, CXCL13, IL-21 and these factors have a certain correlation in
the pathogenesis of oMG, which will be described in the following sections.

CXCR5 and CXCL13 expresssion on Tfh: Naive CD4'T cells can
differentiate into various subsets of T helper (Th) cells such as Th1, Th2,
Th17 and Tfh cells, which are characterized by the expression of unique
factors and cytokines. Tth cells are characterized by a high expression level
of CXCRS5, which is different from other subsets of Th cells that loose the
expression of CXCR5 with differentiation (25). CXCR5 is expressed on the
surface of Tth cells and B cells and constitutes the molecular basis for the
migration of Tfh cells and B cells to lymphoid follicles, where chemokine
CXCL13 acts as the ligand for CXCR5 (18). CXCL13 is mainly expressed by
antigen-presenting cells. Tth cells and B cells can both migrate to the same
location under the attraction of CXCL13 and thus may easily interact. Tfth
cells can both produce high levels of CXCR5 and low levels of CXCL13,
which is conducive to the migration of Tth cells into follicles and to the
auxiliary function of B cell activation and other GC reactions (26).

Studies have reported that CXCL13 is highly expressed in MG peripheral
blood cells and levels of CXCL13 are associated with clinical features
of MG patients (27, 28). Therefore, different expressions of CXCL13 in
patients with MG might be of great significance for prediction of the
progress of MG.

Transcription factor of Tfh: Bcl-6: Differentiation of Tth cells begins
with the interaction of naive CD4+ T cells with antigen-presenting DCs in
lymphoid follicles or T-cell regions. CD4+ T cells acquire the expression
of CXCR5 and Bcl-6 by DC priming, which induces the formation of
early Tfh cells. Then these early Tth cells differentiate into GC-Tfh cells
by migrating to the T-cell boundary and interacting with homologous
B cells (29). This differentiation process leads to the induction of the
transcription factor Bcl-6, which is mainly expressed in B cells and Tfh
cells. This differentiation process is controlled by signals provided by
signal transduction and transcription activator 3 (STAT3) ultimately
activating cytokines, such as interleukin 21 (IL-21), which further increases
the induction of Bcl-6. It is a characteristic transcription factor of Tth cells
and plays an auxiliary role in the migration of Tfh cells into GC. Bcl-6
induction is a necessary and sufficient condition for differentiation of Tth
cells in vivo. Sustained Bcl-6 expression is essential for the development
and persistence of Tfh cells. It promotes and modulates the expression of
Tfh cell-related factors, such as CXCRS5, ICOS, PD-1 and CXCL13 (8, 29).
So, lack of expression of Bcl-6 would abort differentiation of Tth cells and
effective stimulation of B cells for antibody production. Not surprisingly,
Bcl-6 deficiency in CD4+ T cells was reported to result in impaired Tfh cell
development and impaired GC reactions (8, 29). Additional experiments
showed that Bcl-6 knockout mice fail to form GC in vivo, which confirms
the above-mentioned statement (30).

Bcl-6 was also reported to be essential for the differentiation and maturation
of B cells, since it can inhibit GC B cell differentiation into plasma cells or
memory cells by inhibiting the transcriptional activation of B lymphocyte-
induced mature protein 1 (Blimp-1) (31-33). Bcl-6 and Blimp-1 are two
antagonistic transcription factors in the differentiation of Tth cells and B
cells. Contrary to Bcl-6, Blimp-1 inhibits the IL-2 induced differentiation of
Tth cells, mainly by inhibiting the expression of Bcl-6 (29).

IL-21 production: IL-21 is secreted mainly by Tfh cells and also by Th17
cells at lower amounts. IL-21 is also the key cytokine for the growth,
development and effector functions of Tth cells. The lack of IL-21 seriously
affects the differentiation of Tfh cells. IL-21 knockout mice exhibit low
expression levels of Tfh cells and the loss of GC (25). IL-21 mainly acts by
binding to IL-21R widely expressed on the surface of B cells, some NK
cells and T cells (34). In an autocrine fashion, IL-21 produced by Tfh cells
not only promotes self-differentiation, but also promotes the expression
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of Bcl-6 and CXCRS5 by Tfh cells.

At the same time, the high level of IL-21 secreted by Tth cells is also an
important factor for Tfh cells themselves to stimulate the survival of B
cells and promote the proliferation and differentiation of B cells in
GC (8). In the early stages of GC formation and B cell maturation, the
homologous Tfh-B cell interactions require the increased expression of
cytokines IL-21 and IL-4 to enable B cells to present specific antigens to
Tfh cells at the T cell-B cell boundary. In addition, while contributing to
GC responses, B cells need to present antigens to Tfh cells from FDC by
continuously moving between LZ and DZ. This process also requires the
participation of IL-21.

IL-217 also plays a complex and critical role in the development and
maturation of B cells and the immune response mediated by B cells
(35). On one hand, IL-21 can significantly promote the CD40L-induced
proliferation of B cells (36, 37). On the other hand, IL-21 may inhibit IgM
and IL-4-induced proliferation of B cells and may induce the apoptosis
of antigen-specific B lymphocytes to maintain the homeostasis of B
lymphocyte (38). In addition, previous studies have shown that exogenous
use of IL-21 increases the proportion of memory B cells (39).

IL-27 can also regulate B cell antibody class switching, which is essential
for B cells to establish a long-term immune response. IL-21 mainly
promotes CD40-induced B cell proliferation and differentiation, resulting
in 1gG1 and IgG3 antibody production (40, 41). Lack of IL-21R and IL-4
causes a distinct 1gG response impairment (42). In IL-21 knockout mice,
the production of antigen-specific I1gG is decreased, further indicating
the important role of this cytokine in the class-switching function of B
cells (25). As for MG patients, the production of AChR antibody is the
key reason for the imbalance of immune environment. AChR antibodies
are mainly of the IgG1 and 1gG3 isotypes, suggesting that IL-21-mediated
class switching may play a key role in the pathogenesis of MG. In oMG
and gMG studies, the serum levels of IL-21, Tth cells, B cells and plasma
cells were found to be increased (5, 24), and IL-21R mRNA levels of
peripheral blood mononuclear cells (PBMC) were higher than those of
normal controls (43). Besides in oMG and gMG patients, the expression
of IL-21R on B cells was increased and was positively correlated with the
levels of AChR-1gG, 1gG1 and 1gG3 subtypes (43). Moreover, inhibition of
the IL-21R with rlL-21-fc significantly inhibited antibody secretion (24).

These results indicate an important role of IL-21 and its receptor in
the pathogenesis of MG. IL-21 may promote the pathogenesis and
progression of MG by inducing AChR-Ab production through activation
of Tfh cells and induction of antibody switching. Therefore, the symptoms
of MG patients can putatively be alleviated by drugs antagonizing IL-21 in
future treatment trials.

PD-1 and ICOS expression on Tfh: ICOS is a member of CD28 family
and plays an important role in T cell dependent antibody response.
Unlike other CD28 members, ICOS can only be expressed on activated
T cells. . ICOS is highly expressed on the surface of Tth cells in light zone
region of GC, and its ligand (ICOSL) is expressed on the surface of B cells.
The interaction between ICOS and ICOSL can induce Tth cells to produce
more cytokines, such as IL-2, IL-4, IL-10 and IL-21. Blocking 1COS
significantly reduces the expression of IL-21, as well as the frequencies of
Tfh cells and by this way causes the dysfunction of GC. ICOS deficiency
results in GC dysfunction and a severe reduction of serum antibodies and
Tfh and memory B cells both in peripheral blood and GC (44). In contrast,
overexpression of ICOS increases the number of Tth cells in follicles and
yields in a more robust GC reaction (45).

Another member of the CD28 family, programmed death receptor 1
(PD-1), is an important negative immunoregulatory factor. It is mainly
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expressed on the surface of activated T lymphocytes, B lymphocytes and
macrophages, and its ligands (PD-L1/PD-L2) are mainly expressed on
the surface of B cells. PD-1 binds and interacts with its ligands PD-L1 or
PD-L2 with different affinities. Negative signals from PD-1 regulate the
proliferation and differentiation of lymphocyte cells and the secretion of
cytokines, weaken the immune response of T cells and affect the release
of specific antibodies.

Same as ICOS, co-stimulator PD-1 also plays an important role in the
formation of GC and the production of antibody-secreting cells through
Tfh-mediated mechanisms. The interaction between PD-1 and PD-L1/
PD-L2 can be enhanced by repeated T-B cell interactions, which in turn
may inhibit the differentiation of Tfh cells. However, studies have shown
that although the number of Tth cells increases in the absence of PD-1,
the number of long-lived plasma cells and specific antibodies decreases
(46). The possible mechanism is that the lack of PD-1 signaling causes
Tfh cells to stagnate in the GO/G1 phase, reduces the ability of Tfh cells
to synthesize important cytokines such as IL-21 and IL-4, and eventually
inhibits B cell differentiation and antibody production (46).

Blocking the binding of PD-1 to PD-L1/L2 may lead to the decrease
of Tfh cell activity, the activation of antigen-specific B cells and the
production of antibodies against pathogenic antigens, and yet again
may induce the occurrence of various autoimmune diseases such as MG
(47). PD-1 expression levels of T cells were significantly higher in MG
patients than those of the control group (18). Severe oMG symptoms,
such as blepharoptosis, diplopia and ocular dyskinesia, may occur in
patients receiving targeted immunosuppressive therapy of PD-1/PD-L1,
and gradually develop into gMG (48). The exact mechanisms by which
inhibition of PD1/PD-L1 interaction cause MG need to be further analyzed.

CONCLUSION

In recent years, a significant progress has been made in understanding Tth
cells and their significance in GC B cells response. It is clear that the Tfh
cell is an important tool for producing antibodies with high affinity. In MG,
most of the progress in the Tth field has been achieved in AChR-antibody
positive patients. MuSK antibody positive MG patients exhibit equally high
levels of IL-21 levels as AChR antibody patients (49). Moreover, in a recent
treatment trial tacrolimus has been shown to ameliorate MG symptoms
through inhibition of Tfh cells among other factors (50). Overall, these
studies suggest that Tfh cells have utmost importance in other antibody
subtypes of MG, as well. It might be possible to effectively control MG at
the initial stages and prevent its progression through manipulation of the
Tfh cell and its microenvironment. Therefore, it is necessary to thoroughly
understand the factors affecting Tth-B cell interactions.
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