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Abstract: Rheumatoid Arthritis (RA) is a chronic autoimmune disease characterized by joint inflam-
mation, affecting approximately 1% of the general population. To alleviate symptoms and ameliorate
joint damage, chronic use of immunosuppressives is needed. However, these treatments are only
partially effective and may lead to unwanted side effects. Therefore, a more profound understanding
of the pathophysiology might lead to more effective therapies, or better still, a cure. The presence of
autoantibodies in RA indicates that B cells might have a pivotal role in the disease. This concept is
further supported by the fact that a diverse antibody response to various arthritis-related epitopes is
associated with arthritis development. In this context, attention has focused in recent years on the
role of Germinal Centers (GCs) in RA. Since GCs act as the main anatomic location of somatic hyper-
mutations, and, thus, contributing to the diversity and specificity of (auto) antibodies, it has been
speculated that defects in germinal center reactions might be crucial in the initiation and maintenance
of auto-immune events. In this paper, we discuss current evidence that various processes within GCs
can result in the aberrant production of B cells that possess autoreactive properties and might result
in the production of RA related autoantibodies. Secondly, we discuss various (pre-)clinical studies
that have targeted various GC processes as novel therapies for RA treatment.
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1. Introduction

RA is a common autoimmune disease that affects about 1% of the worlds’ popula-
tion [1,2]. Despite the fact that the disease pathogenesis is poorly understood, the clinical
efficacy of B cell-directed therapy (BCDT) as well as findings that B cell depletion can
delay onset of the disease underscore the concept that B cells are likely to play a pivotal
role in the disease process [3,4]. Additionally, the finding that epitope spreading of the
antibody response is associated with disease onset and disease course in early arthritis
suggest that a more diverse antibody and B cell immune response is crucial for disease
development [5,6]. This hypothesis suggests that the key to understanding the role of B
cells in RA lies at an earlier stage of B cell development and differentiation. The question
of when and where these B cells of varied specificities arise has largely remained unan-
swered for decades. Interestingly, somatic hyper mutation (SHM) of V(D)]J genes, which is
known to be the major contributor to Immunoglobulin (Ig) diversity and specificity, occurs
primarily within GCs [7]. Whether the process of SHM and other processes within GCs
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are the main drivers of autoimmunity is yet to be fully explored. Therefore, there is an
urgent need to unravel in detail the GC responses, as this might be the origin of not only
anti-citrullinated protein antibodies (ACPA) producing B cells but also other B cells of
unknown specificities that largely contribute to the chronic inflammatory process in RA as
well as other autoimmune diseases.

GCs have been described as specialized structures formed within secondary lymphoid
organs (SLOs), such as lymph nodes (LNs) and spleen, where B cell clonal expansion
and affinity maturation takes place to increase B cell diversity and affinity for foreign
antigen [8-12]. In the course of these processes, inevitable by-products are “undesirable”
autoreactive B cell clones to self-antigens that might elicit an autoimmune response [13,14].
These B cells have been termed “rogue” B cells [15,16], and although it is widely speculated
that these rogue B cells arise from defects in central and peripheral tolerance, several
questions have largely remained unanswered to immunologists, including (1) the precise
anatomic origin of these rogue B cells, (2) the exact role of autoantigens in eliciting the
autoimmune responses and (3) why different patients have different autoantibodies. This
has made the selective therapeutic targeting of these “rogue” B cells more challenging, if
not impossible at the moment. More recently, compelling evidence has pointed to GCs as a
possible source of these autoreactive B cells in RA and other autoimmune disorders [17-21].
More so, the findings that reverting most autoantibodies to their germline configuration
results in loss of their reactivity towards their target antigens as well as recent advances
in high throughput technologies that permit a high-resolution dissection of GCs and its
components has spurred enormous interest into GC biology as a potential culprit in the
generation of these autoantibodies [22,23]. Therefore, a deeper understanding of GC
responses in the context of autoimmunity is needed and could be a next step towards
modulating those immune changes that are a major signature of these diseases.

In this review, we briefly describe the physiological role of GCs in adaptive immune
responses. Thereafter, we discuss emerging evidence that implicates GCs in the pathogen-
esis of RA. Next, we look at various cellular subsets resident within GCs and how they
could contribute in driving the autoimmune response. Finally, we end by looking at novel
approaches targeting GC processes as therapeutic possibilities in the treatment of RA.

2. Germinal Centers and Adaptive Immune Responses

Before we evaluate evidence on the role of GCs in RA, we will briefly describe the
physiological role and importance of GCs in adaptive immune responses. GCs are spe-
cialized structures formed within LNs, spleen and other SLOs where affinity selection,
clonal expansion and SHM of B cells takes place [24-26] (see Figure 1). The formation
and role of GCs, which has been reviewed extensively elsewhere, is known to occur in
B cell-rich follicles via an antigen-driven mechanism [17,27,28]. Briefly, in the event of
a normal immune response against foreign antigens, naive B cells, upon encountering
antigens, migrate to the T cell-B cell border of lymphoid organs. Thereafter, B cells, which
continue to respond to antigen signals, move to the center of the lymphoid follicles to
form what is known as the nascent GC [29]. Following the development of this nascent
GC into a matured GC, two major anatomical features of GCs (dark zone (DZ) and light
zone (LZ)) are formed [10,30]. These zones are highly crucial for GC reactions. In the DZ,
B cells undergo extensive B cell clonal expansion and SHM of the Ig genes to increase B
cell diversity and to change affinity. Upon exit to the LZ, B cells undergo positive and
negative selection based on their affinity for antigen presented by follicular dendritic cells
(FDCs) as well as their interaction with T follicular helper (Tth) cells [31,32]. Positively
selected B cells can either be recycled back to the DZ, where they undergo further rounds
of clonal expansion and SHM, or undergo differentiation into memory B cells or plasma
cells, which subsequently exit the GC via the LZ or DZ (in the case of plasma cells) into the
periphery [17,33,34]. The recycling of positively selected B cells from the LZ back into the
DZ termed “cyclic re-entry” enables efficient affinity maturation and generation of B cell
clones with very high affinity for foreign antigen [35]. On the other side, low affinity or
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autoreactive B cells in the LZ are deleted via apoptosis mediated in part by tingible body
macrophages (TBMs) located in the LZ [17]. Plasma cells and memory B cells that result
from GC reactions are often long-lived and migrate to peripheral structures, such as bone
marrow in the case of plasma cells, where they access survival niches that permits them to
live for months if not years [36].
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Figure 1. Architecture and main cellular components of the germinal center. The germinal center is
mainly divided into two zones; the Dark zone (DZ) where GC B cells undergo somatic hypermutation
(SHM) of their immunoglobulin (Ig) genes and the light zone (LZ) where GC B cells interact with
antigens presented to them by FDCs as well as T follicular helper cells (Tfh). GC: germinal center,
FDCs: follicular dendritic cells.

Unfortunately, the checkpoint mechanisms within GCs are not perfect, resulting in
the occasional selection of auto-reactive B-cell clones that escape into the periphery [37].
Because many autoimmune diseases are characterized by autoreactive antibodies it can be
hypothesized that problems in the GC checkpoint might lead to autoimmune disease [27].

3. Germinal Centers in Rheumatoid Arthritis

There are several lines of evidence that implicate (ectopic) GCs in the process of
autoantibody generation in RA. First and foremost are studies that have directly identified
GCs in various tissues such as synovial tissues and lymph nodes of RA patients (discussed
hereafter). A second line of evidence comes from examining RA-related autoantibodies.
Multiple studies have demonstrated the presence of extensive SHM in these autoantibodies,
which is a hallmark of a GC reaction. Thirdly, several groups have described defects in GC
processes that result in features associated with auto-immunity. We will discuss these three
findings in detail below.

3.1. The Presence of GCs and Ectopic GCs in Tissues of RA Patients and Mouse Models
of Arthritis

3.1.1. The Presence of GCs and Ectopic GCs in Tissues of RA Patients

While traditional GCs have gained enormous interest in recent years, ectopic GCs
have been reported in about 40-60% of RA patients as well [38,39]. These ectopic GCs,
which form primarily at sites of inflammation, are known to differ from traditional GCs in
their vasculature, microenvironment and composition. In the literature, these ectopic GCs
are thought to intensify or continue the autoimmune response outside the follicular region
or arise as a feedback mechanism aimed at censoring the autoreactive B cell clones that arise
as by-products from traditional GC reactions [40,41]. Both GCs and ectopic GCs have been
implicated in the pathogenesis of RA. The findings that rheumatoid factors (RFs) could be
found within GCs in lymph nodes obtained from RA patients more than fifty years ago
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was one of the first pieces of evidence of a possible involvement of GCs in the development
of RA [42]. Another indication of GC involvement in RA was reported in the late 1980s.
Using microscopy and immunohistochemistry, Imai et al. reported increased numbers of
GCs in lymph nodes and synovial tissues of RA patients [43]. In recent years, evidence has
come from observations in synovial tissues and lymph nodes of RA patients [18,44]. In one
of such studies, microdissection and sequencing of V¢;/ V1, chains of synovial tissue ectopic
GC-derived B cells revealed a high degree of clonally related plasma cells, suggesting the
possibility that these cells underwent terminal differentiation in the inflamed synovium
of this patients. These results indicate that local GCs as well as ectopic GCs may, indeed,
contribute to the pool of antibody-producing plasma cells that accumulate at a local site
of inflammation.

3.1.2. The Presence of GCs and Increased GC Responses in Tissues of RA Mouse Models

In addition to observations in human RA, findings from animal models of arthritis
have reported clues on the role of GCs in animal models of RA. In the well-characterized
collagen-induced arthritis (CIA) mouse model of arthritis, the development of autoimmune
arthritis was highly associated with an increased GC response in lymph node tissues [45].
Interestingly, an increased GC response in these mice correlated with an increased number
of GC-B cells as well as an increased production of anti-collagen antibodies. In another
study involving an antigen-induced arthritis (AIA) mouse model, a K/BxN serum-transfer—
induced arthritis (STIA) mouse model, and CIA mice, an increased traditional GC response
was observed in all mouse models compared to wild type controls and, inhibiting GC
reactions resulted in a marked decrease in antibody-driven arthritis [46]. Finally, several
other studies from Han et al., Hou et al., and Wang et al. have all reported similar results
implicating GCs and GC reactions in the disease process in animal models of RA [47-49].

3.2. SHM within GCs and the Generation of RA-Related Autoantibodies

Another finding that implicates GCs in RA development is the presence of SHM in
RA-related autoantibodies. SHM, a process known to occur on centroblasts within GCs
often results in the accumulation of point mutations in the Ig variable genes of antibodies.
While SHM often results in the production of B cell clones with high affinity B cell receptors
(BcRs), the process of SHM is not able to distinguish between “favorable” and “unfavorable”
mutations. It is the resulting BcRs affinity that is the basis for affinity selection. Therefore,
B cells with varied BcR affinities and specificities result from this process.

As the SHM process is stochastic in nature, a possible outcome could be the ‘accidental’
generation and positive selection of B cell clones with high affinity for self-antigens [50,51].
The subsequent exit of such high affinity self-reactive B cell clones from the GC into the
periphery could result in the initiation of autoimmune events. A compelling example
outlining this possibility was a study by Guo et al., which reported the creation of high-
avidity autoimmune B cells from non-autoimmune precursors by the process of SHM
targeted in V region genes of anti-nuclear antibody (ANA) producing B cells [50]. In the
context of RA, a strong correlation between SHM and the generation of ACPAs came from
a report by Li et al., where the presence of highly somatically mutated Ig genes encoding
ACPAs in RA patients was reported. More interesting, reverting the variable regions of
these ACPA encoding Ig genes to their respective germline genes resulted in loss of their
reactivity towards citrullinated RA antigens further indicating a possible GC origin of
these antibodies [52].

While the studies discussed above directly implicate the process of SHM in autoanti-
body generation, there are additional findings on Activation-induced Cytidine Deaminase
(AID), which is a key enzyme in regulating SHM that implicates SHM in autoimmunity. In
a group of RA patients, an increased expression of AID was reported in synovial tissues and
peripheral blood [53]. Additionally, a correlation was observed between AID expression
and the production of IgG and IgM RF and other autoantibodies against citrullinated
peptides. Two other studies have also described the presence of cells which carrySHMs in
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fibroblast-like synoviocytes (FLS) and synovium of RA individuals [32,54]. Additionally in
a study involving BXD2 mice, a mouse model for autoimmune lupus, AID was shown to
be highly expressed in splenic tissues and the upregulation could be correlated with the
generation of pathogenic autoantibodies in GCs in these mice [49].

Finally, it is important to note that while the process of SHM can largely contribute to
the generation of autoreactive B cells, recent evidence indicates that point mutations intro-
duced by SHM on the other hand can circumvent autoantibody production by redeeming
self-reactive B cells recruited into GCs [55,56]. Further investigation is needed to explore
this possibility.

3.3. Defective GC-Resident Cellular Subsets and the Generation of Autoantibodies in RA

Although GCs are difficult to study as they are multicellular structures, there is
evidence that defects in GCs are associated with auto-immunity. Here, we will discuss the
available observations on Tth and Tfr cells as these GCs cells have received much interest
recently in the context of RA and seem likely candidates for targeted therapeutic strategies.

3.3.1. Defective Tth Cell Functioning within GCs

Within GCs, Tth cells are known to be crucial players in the process of affinity selection,
which takes place in the LZ. This function is mediated through ICOS (a CD28 family
receptor expressed on their surface), CD40L and through their signature cytokines IL-21
and IL-4 [57]. Limiting the number of Tfh cells within a GC reaction was observed to
be crucial in the selection of B cells with high affinity BcRs [58]. Therefore, it seems
that Tth quantity and quality are a major limiting factor for B cell selection within GCs.
Hence, aberrant or excessive Tfh signals within GCs could result in a GC environment
characterized by reduced competition from B cells. The outcome is the selection of B cells
carrying both “normal” as well as “autoreactive” BcRs.

There is evidence of such aberrant Tfth numbers in various RA mouse models. Recently,
Cao and colleagues reported an increased frequency of Tth cells in CIA mice compared
to unimmunized animals. Furthermore, this increase was associated with elevated levels
of (interleukin-21) IL-21, a signature cytokine produced by Tth cells [59]. Independently,
two groups demonstrated the role of Tth cell-associated markers (CXCR5 and adaptor
SLAM-associated protein (SAP)) in the induction and maintenance of arthritis in CIA as
well as SAP~/~ KRN-Tg mice models. In both studies, arthritis was prevented when these
molecules were targeted [60,61]. In addition, another study in K/BxIN mouse described
the importance of IL-21, a typical Tfth cytokine in the development of arthritis. In this
study, an induced deficiency in the receptor of IL-21 was sufficient to completely prevent
the onset and subsequent development of arthritis in the K/BxN mouse model. This
clearly attributes an important role of the IL-21/IL-21R axis in the very early stages of
arthritis development [62].

It is worth mentioning that unlike in mouse models, difficulties do exist in assessing
GC-Tth cells in humans due to their relatively low numbers coupled with obstacles in
tissue sampling. Therefore, the circulatory form of these cells termed “Circulatory T
follicular helper cells (cTfh)” have been extensively described as a counterpart of Tth cells
in GCs [63,64]. Data from human studies on cTth cells in RA patients clearly corroborate
mouse data on aberrant Tfh numbers (Table 1). Several studies have reported an increase
in cTth cells in RA patients, accompanied by elevated IL-21 levels in some cases [65-71].
However, it is important to note that while there are increase Tfh numbers both in murine
and human GCs, the underlying mechanism responsible for their expansion remains to be
fully unraveled. Could antigen quantity and quality within GCs be responsible for their
expansion? Or do these cells expand already in the periphery prior to their migration into
GCs? These are some of the questions that will need to be answered.
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Table 1. Summary of studies involving aberrant Tth and Tfr cells in human RA.

Tfh Cells in RA

Findings

Arroyo-Villa et al. [65]

Zhang et al. [66]

Wang et al. [67],

Zhou et al. [69]
Niu et al. [68]

Nakayamada et al. [70]
Suetal. [71]

RA patients with active disease have a higher frequency of Tth cells and a higher Tth/Tfr ratio
resulting from lower Tfr frequencies
Increased frequencies of Tth cells and IL-21 in RA patients which correlates positively with DAS28
Increased frequencies of Tfh cells in newly diagnosed RA patients correlating with activated
B cells and DAS28
Elevated frequencies of Tfh cells, IL-21 and PD-1 in RA patients with active disease
Higher proportions of Tfh cells in RA patients with active disease and, treatment with Abatacept
reduces Tth cell levels.
Elevated frequencies of Tfh cells in RA patients compared to HCs

Tfr cells in RA

Suetal. [71]
Wang et al. [72]
Macdonald et al. [73]
Liu et al. [74]

Decreased frequencies of Tfr cells in RA patients compared to HCs
Increased levels of Tfr cells in RA patients compared to HCs
Elevated percentages of Tfr cells in RA patients
Higher frequencies of Tfr and Tfr/Tth cell ratio in RA patients with stable remission

RA; Rheumatoid Arthritis, Tth; T follicular helper cells, Tfr; T follicular regulatory cells, PD-1; Program cell death 1, DAS28; Disease activity
score evaluated in 28 joints, HCs; healthy controls.

3.3.2. Defective Tfr Cell Functioning within GCs

In recent years, a regulatory GC-resident T cell subset termed T follicular regulatory
cells (Tfr) has been in the spotlight. Similar to Tth cells, Tfr cells express CXCR5, Bcl-6,
ICOS and PD-1 coupled with their expression of Foxp3 and CTLA-4, which enables them
to be distinguished from Tth cells [75,76]. Since their initial discovery more than a decade
ago, a major point of contention has been the development and maturation process of Tfr
cells. While an earlier study from Linterman and colleagues suggested that thymic Tregs
have the ability to convert into Tfr cells [77], this was disputed by two other studies which
reported the absence of Tfr cells in the thymus [78,79].

Tfr cells have generally been attributed with regulating immune reactions in the GC
by dampening excessive GC responses through their interactions with Tth cells [80]. On
the other side, there is evidence of their ability to enhance GC reactions by helping B cells
through the release of IL-10 [81]. The mechanism by which Tfr cells can execute both
functions of suppressing autoimmunity and promoting B cell help simultaneously have
largely remained unexplored. Nevertheless, accumulated evidence has demonstrated that
abnormal Tfr cells may result in an imbalance immune milieu that favors the development
of autoimmune diseases [79,82-85]. Two studies exploring the contribution of Tfr cells in
RA reported similar findings on elevated Tfr levels in RA patients compared to healthy con-
trols [72,73]. In addition, the regulatory function of Tfr cells was revealed in a recent study
by Liu et al., who found an association of increased Tfr cells with decreased autoantibody
production in RA patients in stable remission [74].

Finally, while their name suggests a cell type involved in immune regulation, it is
not clear as to whether the reported elevated levels of Tfr in RA patients is a feedback
mechanism aimed at dampening potential “abnormal” Tth responses in the GCs or on their
own contribute to the disease pathogenesis. The rationale of the last option is supported
by the observation that a regulatory cell type on its own could be potential pathogenic in
another milieu, as has been reported in giant cell arteritis [86].

4. Interfering with GC Components as Targets in the Treatment of RA

Considering both direct and circumstantial evidence discussed above on the role of
GCs in RA development, recent years have seen an increase in research into potential
therapeutic candidates targeting various GC components. However, since plasma cells
which are the major producers of autoantibodies do not require GCs for their survival, it is
logical to admit that such therapies targeting plasma cell production sites could be suitable
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during the very early phases such as the pre-clinical phase of RA to prevent the generation
of “autoreactive plasma cells” or used to prevent disease relapses in patients.

4.1. Interference with Various GC Processes

In pre-clinical studies, treatment of RA via interfering with various processes within
GCs looks promising. For instance, in the well characterized CIA mouse model, use of
a TANK-binding kinase (a kinase highly involved in the maturation of GC Tth cells) in-
hibitor was sufficient in abolishing antibody-mediated CIA by decreasing the production of
GC-related autoantibodies [46], while in another study, artemisinin, an antimalarial drug,
prevented the development of arthritis in K/BxIN mice by inhibiting the formation of au-
toantibodies that were thought to originate from GCs in this mice [48]. Another interesting
outcome from this study was the selective inhibition of GC B cells by artemisinin. These
findings suggest a possible selective targeting of proliferating GC B cells as a therapeutic
option in the treatment of RA. This would be an attractive therapy, if proven in clinical
studies, as this might circumvent the need for total B cell depletion as well as a complete
GC interference. However, it is important to keep in mind that the complete shutdown of
GC reactions on its own could be deleterious. Therefore, laboratory studies will need to
confirm if the benefits outweigh the side effects of these kinds of therapies.

Beside the studies described above, several candidate GC-cellular subsets have been
considered as suitable therapeutic targets to dampen abnormal GC reactions in the context
of autoimmunity. Although recent interest has mainly been directed towards GC-resident
Tth cells, Tfr cells also offer a window which should be exploited as well. Their ability
to regulate GC reactions makes them a potential therapeutic candidate in re-enforcing
or regulating abnormal GC reactions. Therefore, we speculate that strategies aimed at
increasing Tfr cell frequencies in GCs could be beneficial in regulating the GCs as a
decreased frequency of Tfr has been reported in most rheumatic and autoimmune diseases.

4.2. Targeting Tfh Cells for the Treatment of RA

Various approaches could be employed to target Tth cells as shown in Figure 2. For
example, in the treatment of type I diabetes patients with rituximab B cell depletion
therapy (chimeric IgG1 anti-CD20), a reported depletion of Tfh cells was associated with a
decrease in autoantibody production and decrease in disease severity in these patients [87].
Although Tth cells are not the primary targets of rituximab, it remains to be determined how
rituximab resulted in the depletion of this cells. In other autoantibody-mediated diseases,
treatment with abatacept (a CTLA4-Fc IgGl1 fusion protein) resulted in the depletion
of Tth cells, which correlated with an improved disease activity [88,89]. In multiple
sclerosis patients treated with abatacept the frequency of Tth cells was also selectively
decreased [90]. With evidence from other autoimmune diseases coupled with the role
of Tth cells in GC reactions, it is but logical that strategies that targetTfh cells could be
beneficial in RA. This has led to renewed interest in human and murine models and thus
far, results look promising.

In different pre-clinical RA mouse models, specific deletion of GC-Tth cells was shown
to be beneficial as the onset of autoimmune arthritis was prevented in these mice [91].
In another study, a more selective approach was employed by T cell-specific deletion of
CXCRS5. In this study, deletion of CXCRS5 induced resistance to arthritis development [61].
This approach, in particular, looks robust and promising in that CXCRS5 is expressed solely
by Tth cells, Tfr cells and some B cells. Hence, specific targeting of this molecule leaves
a large part of the adaptive immune system relatively unaffected. In a similar approach,
Vaccinex, a New York-based biotech company, recently generated a monoclonal antibody
(Mab 5261) which specifically targets CXCL13, the main chemokine for CXCR5 and reported
a high efficacy in CIA and EAE mouse models [92]. Although Tfh cells were shown to
be depleted in humans on the administration of conventional RA therapies [70,90], so far
and to the best of our knowledge, no study has attempted a new therapeutic compound
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in humans which is aimed at specific Tth depletion. This in fact opens a new therapeutic
possibility which remains to be explored in humans.

ege IL-21

-1
antagonist

Anti- ICOS

Anti-CTLA-4 PD1

-
23
%

Figure 2. Possible therapeutic targets on Tth cells for the treatment of RA. Several molecules and
receptors expressed on Tfh can be targeted to dampen aberrant immune responses in RA such as
anti-ICOS, anti-CTLA4, anti-OX40, anti-CXCR5, Anti-CD40, IL-21 antagonist and IL-4 antagonist.
CR2, complement receptor 2; FDC, follicular dendritic cell.

4.3. Tfh-Associated Cytokines as Targets in the Treatment of RA: New Biologics?

The enormous investigations on the therapeutic potential of Tfh cells has resulted in
the evaluation of Tfh-associated cytokines as targets in the treatment of RA. IL-21 and IL-4
are the most dominant cytokines produced by Tth cells for B cell help and seem to be a
promising target in inhibiting Tth activity. IL-21 was observed to be higher in inflamed
tissues of RA patients compared to controls, and in various RA mouse models similar
observations were reported [93]. Since IL-21 seems to be a signature cytokine of Tth in
GCs, there is a need to unravel its therapeutic potential in the prevention and treatment
of autoimmune diseases. A study by Young et al. described decreased levels of IgG1
autoantibodies in DBA /1 mice by blocking the IL-21/IL-21R pathway [94]. In K/XBN
mice, use of an IL-21R antagonist abrogated arthritis onset [62], and in mouse CIA, a similar
beneficial effect was observed when the IL-21R was blocked during the induction phase
of arthritis [95]. Besides mouse reports, several in vitro studies have reported a beneficial
effect of IL-21 blockade. For example, in synovial membrane cells in culture, the addition
of an IL-21R-FC blocking agent resulted in a decreased production of pro-inflammatory
cytokines [96]. In another study where IL-21 was associated with osteoclastogenesis in
synovial tissues of RA patients, IL-21 blockade was proposed as a possible therapeutic
approach to prevent osteoclastogenesis [97].

4.4. Targeting Tfh Activation and Co-Stimulation Pathways in the Treatment of RA

Another aspect of the biology of Tth cells that has been explored therapeutically in RA
involves the activation and co-stimulatory pathway [98]. In this regards, the CD40/CD40L
pathway, the OX40/0OX40L pathway and, the ICOS/ICOSL pathway have been the focus
of numerous studies [99]. The CD40 Ligand (CD40L) is a member of the Tumor necrosis
factor (TNF) superfamily whose expression on T cells is known to be crucial for Tth cells to
carry out their helper functions within GCs. Engagement of CD40L to its receptor CD40
on B cells leads to isotype class switching, proliferation and formation of plasma cells
and memory B cells [100]. Evidence of CD40L involvement in RA has been presented in
several studies. For instance, T cells from RA patients were shown to express high levels of



Int. . Mol. Sci. 2021, 22, 10514

9of 15

CD40L [101,102] and, another study demonstrated the necessity of CD40 signaling for the
production of RF [103]. In addition, a study in CIA mice demonstrated the vital role CD40
plays in the initiation of arthritis [104] and in another RA mouse model, targeting CD40
was enough to prevent the onset of arthritis [105]. Taken together, these studies and many
more provide a basis for targeting the CD40L/CD40 pathway in the treatment of RA. In a
recently published phase Ila double-blind clinical trial (NCT01751776) with 67 RA patients
treated with BI 655064, a CD40/CD40L pathway inhibitor caused marked changes in
various biological and clinical parameters including reduced autoantibody production and
inflammation, reduced activated B cells as well as a reduction in bone resorption although a
favorable clinical efficacy could not be observed [106]. Besides reduced autoantibody levels,
a relatively positive outcome from this study was the safety profile that was observed
unlike previous trials involving CD40 blockade that were terminated prematurely due to
adverse side effects. In accordance with the previous study, a phase Ib proof-of-concept
trial involving another CD40 antagonist (VIB4920) in RA patients reported beneficial results
with a marked decrease in disease activity [107]. Although the results obtained so far look
promising, further research is needed to fully evaluate the clinical safety and efficacy of
CD40L blockade in the treatment of RA.

Besides the CD40/CD40L pathway, the OX40/0OX40L pathway has been investesti-
gated as a possible therapeutic target in the treatment of RA. OX40 is known to be mainly
expressed on activated T cells (including T follicular helper cells), as well as natural killer
cells [108,109]. The interaction of OX40 and its ligand OX40L is known to be vital for Tth
cells to carry out their helper functions within GCs [110]. In the literature, both human
and murine data suggest that the OX40/0OX40L has a major role in the pathogenesis of
RA [109,111-113]. With evidence from these studies, targeting the OX40/0OX40L pathway
might be beneficial for the treatment of RA. Thus far, data from murine models look promis-
ing. In CIA as well as autoimmune arthritis mice models, OX40L blockade was sufficient to
significantly reduce bone and cartilage destruction as well as disease development [114,115].
In another arthritis mouse model, blocking the OX40/0X40 axis prevented the development
of arthritis as well as a reduction in the number of Tth cells in these mice [109]. Eventhough
murine studies show a beneficial effect of blocking the OX40/0OX40L pathway;, to the best
of our knowledge, there is no literature that has investigated the benefits of blocking the
OX40/0X40L pathway in humans.

Another costimulatory pathway that has been investigated recently is the ICOS-ICOSL
pathway. ICOS is a co-stimulatory molecule which is part of the CD28 family and is ex-
pressed in GC-Tth cells. Within GCs, the interaction of ICOS on Tfh cells with its ligand
ICOSL on B cells is crucial for Tth cells to carry out their B cell helper functions within
GCs. Moreover, ICOS was shown to be vital in maintaining the Tth cell phenotype outside
GCs [57] Nevertheless, the importance of ICOS in T cell-dependent B cell activation was
shown in mice where lack of co-stimulation resulted in the formation of smaller GCs
as well as reduced Tth cell numbers [116,117]. Similarly, individuals deficient in ICOS
presented with severe immunodeficiency [118]. Therefore, blocking the ICOS/ICOSL path-
way might be beneficial therapeutically in autoimmune diseases. For instance in SLE, a
phase Ib randomized double-blind study involving a monoclonal antibody against ICOSL
reported potential efficacy and safety, supporting evidence of beneficial outcomes in ICOS
blockade [119]. Thus far, targeting the ICOS/ICOSL pathway in RA mouse models looks
promising in controlling Tth activity. An earlier study blocking the ICOS/ICOSL pathway
in the CIA mouse model reported beneficial effects in synovial tissues [120], further con-
firmed by Ronan O’'Dwyer and colleagues who observed the therapeutic potential of ICOS
blockade in CIA mice with an associated decrease in inflammation [121]. Similarly, in a
model of G6PI-induced arthritis in DBA /1 mice, a transient blockade of the ICOS/ICOSL
pathway was sufficient in reducing the severity of the disease as well as reducing levels of
pro-inflammatory cytokines [122].
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Taken together, blockade of the ICOS seems to be a promising direction to be exploited
in RA treatment. However, current knowledge on the use of ICOS blockade in human RA
seems to be lacking. Therefore, further investigation of ICOS blockade in humans is needed.

5. Questions Raised and Concluding Remarks

Although the literature reviewed herein provides compelling evidence implicating
GCs in the generation of autoantibodies in RA, it is worth pointing out that several hypothe-
ses, including a mucosal as well as a gut origin of autoantibodies in RA, have been in the
spotlight for several years as well [123-125]. This raises an intriguing possibility that GCs
located in lymphoid structures which can be found in these mucosal sites are the producers
of these autoantibodies after all [126]. Therefore, recent high-throughput technologies
coupled with advances in tissue sampling techniques will be crucial in unraveling the
exact anatomic origin of autoantibodies in RA. Another question that needs an answer is
whether aberrant Tth cell signals alone are sufficient to dysregulate GCs, or whether the
required dysregulation of GCs results from a combination with other underlying molecular
events such as non-functional tingible body macrophages (TBMs) as well as defective
GC checkpoints.

A special interest might be located in the role of GCs in the pre-clinical phase of RA,
which is characterized by the presence of ACPAs and/or RF in the absence of arthritis [127].
It is of interest that studies indicate that in this pre-clinical phase, diversification of the
antibody response intensifies immediately before the onset of arthritis but also stops at
onset [5]. Do GCs and various GC cellular subsets offer a biomarker potential for predicting
the onset of RA in at risk individuals? Moreover, does insight into this process lead us to
new targets for intervention?

Therefore, and without doubts, GCs offer both the good, the bad and the ugly to
human health. More insight into its role in health and autoimmunity may give us the tools
to monitor, steer and rebalance the autoimmune state.

Author Contributions: Conceptualization, D.C.A., PL.K. and N.d.V.; writing—original draft prepa-
ration, D.C.A., G.B. and P.L.K,; writing—review and editing, D.C.A., PL.K., N.d.V. and A.v.K. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by COSMIC (www.cosmic-h2020.eu, https://www.cosmic-h2
020.eu/ accessed on 28 September 2021) which has received funding from the European Union’s
Horizon 2020 research and innovation program under the Marie Sklodowska-Curie grant agreement
No. 765158.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank the members of the de Vries group for helpful discussions.

Conflicts of Interest: The authors declare no conflict of interest.

1. Silman, A.J.; Pearson, ].E. Epidemiology and genetics of rheumatoid arthritis. Arthritis Res. 2002, 4, S265-5272. [CrossRef]

2. Shapira, Y.; Agmon-Levin, N.; Shoenfeld, Y. Geoepidemiology of autoimmune rheumatic diseases. Nat. Rev. Rheumatol. 2010, 6,
468-476. [CrossRef] [PubMed]

3.  Edwards, ].C.; Szczepanski, L.; Szechinski, J.; Filipowicz-Sosnowska, A.; Emery, P; Close, D.R.; Stevens, R.M.; Shaw, T. Efficacy of
B-cell-targeted therapy with rituximab in patients with rheumatoid arthritis. N. Engl. ]. Med. 2004, 350, 2572-2581. [CrossRef]

[PubMed]

4. Gerlag, D.M,; Safy, M.; Maijer, K.I; Tang, M.W.; Tas, S.W.; Starmans-Kool, M.].E,; van Tubergen, A.; Janssen, M.; de Hair, M.;
Hansson, M.; et al. Effects of B-cell directed therapy on the preclinical stage of rheumatoid arthritis: The PRAIRI study. Ann.
Rheum. Dis. 2019, 78, 179-185. [CrossRef] [PubMed]


www.cosmic-h2020.eu
https://www.cosmic-h2020.eu/
https://www.cosmic-h2020.eu/
http://doi.org/10.1186/ar578
http://doi.org/10.1038/nrrheum.2010.86
http://www.ncbi.nlm.nih.gov/pubmed/20567251
http://doi.org/10.1056/NEJMoa032534
http://www.ncbi.nlm.nih.gov/pubmed/15201414
http://doi.org/10.1136/annrheumdis-2017-212763
http://www.ncbi.nlm.nih.gov/pubmed/30504445

Int. . Mol. Sci. 2021, 22, 10514 11 0f 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.
28.

29.

30.
31.

32.
33.

Van der Woude, D.; Rantapaa-Dahlqvist, S.; Ioan-Facsinay, A.; Onnekink, C.; Schwarte, C.M.; Verpoort, K.N.; Drijthout, ] W.;
Huizinga, T.W.; Toes, R.E.; Pruijn, G.J. Epitope spreading of the anti-citrullinated protein antibody response occurs before disease
onset and is associated with the disease course of early arthritis. Ann. Rheum. Dis. 2010, 69, 1554-1561. [CrossRef]

Van de Stadt, L.A.; van der Horst, A.R.; de Koning, M.H.; Bos, W.H.; Wolbink, G.J.; van de Stadt, R.J.; Pruijn, G.J.; Dijkmans, B.A.;
van Schaardenburg, D.; Hamann, D. The extent of the anti-citrullinated protein antibody repertoire is associated with arthritis
development in patients with seropositive arthralgia. Ann. Rheum. Dis. 2011, 70, 128-133. [CrossRef] [PubMed]

Hozumi, N.; Tonegawa, S. Evidence for somatic rearrangement of immunoglobulin genes coding for variable and constant
regions. Proc. Natl. Acad. Sci. USA 1976, 73, 3628-3632. [CrossRef] [PubMed]

Wing, ].B.; Tekgiig, M.; Sakaguchi, S. Control of Germinal Center Responses by T-Follicular Regulatory Cells. Front. Immunol.
2018, 9, 1910. [CrossRef]

Xie, M.M.; Dent, A.L. Unexpected Help: Follicular Regulatory T Cells in the Germinal Center. Front. Immunol. 2018, 9, 1536.
[CrossRef]

Nieuwenhuis, P.; Opstelten, D. Functional anatomy of germinal centers. Am. J. Anat. 1984, 170, 421-435. [CrossRef]

De Silva, N.S.; Klein, U. Dynamics of B cells in germinal centres. Nat. Rev. Immunol. 2015, 15, 137-148. [CrossRef] [PubMed]
Victora, G.D.; Nussenzweig, M.C. Germinal Centers. Ann. Rev. Immunol. 2012, 30, 429-457. [CrossRef] [PubMed]

Jacob, J.; Kelsoe, G.; Rajewsky, K.; Weiss, U. Intraclonal generation of antibody mutants in germinal centres. Nature 1991, 354,
389-392. [CrossRef]

Brink, R.; Phan, T.G. Self-Reactive B Cells in the Germinal Center Reaction. Annu. Rev. Immunol. 2018, 36, 339-357. [CrossRef]
Tiburzy, B.; Szyska, M.; Iwata, H.; Chrobok, N.; Kulkarni, U.; Hirose, M.; Ludwig, R.].; Kalies, K.; Westermann, J.; Wong, D.; et al.
Persistent Autoantibody-Production by Intermediates between Short-and Long-Lived Plasma Cells in Inflamed Lymph Nodes of
Experimental Epidermolysis Bullosa Acquisita. PLoS ONE 2013, 8, e83631. [CrossRef] [PubMed]

Scherer, H.U.; Kerkman, PF; van der Voort, ELH.; Trouw, L.A.; Huizinga, TW.J.; Toes, R E.M. ACPA production by circulating B
cells isolated from peripheral blood of patients with rheumatoid arthritis. Ann. Rheum. Dis. 2012, 71, A33. [CrossRef]

Vinuesa, C.G.; Sanz, I.; Cook, M.C. Dysregulation of germinal centres in autoimmune disease. Nat. Rev. Immunol. 2009, 9, 845-857.
[CrossRef]

Kim, H.-J.; Krenn, V.; Steinhauser, G.; Berek, C. Plasma Cell Development in Synovial Germinal Centers in Patients with
Rheumatoid and Reactive Arthritis. J. Immunol. 1999, 162, 3053-3062.

Wagner, U.G.; Kurtin, PJ.; Wahner, A.; Brackertz, M.; Berry, D.].; Goronzy, J.J.; Weyand, C.M. The role of CD8+ CD40L+ T cells in
the formation of germinal centers in rheumatoid synovitis. J. Immunol. 1998, 161, 6390-6397.

Luzina, I.G.; Atamas, S.P,; Storrer, C.E.; daSilva, L.C.; Kelsoe, G.; Papadimitriou, J.C.; Handwerger, B.S. Spontaneous formation of
germinal centers in autoimmune mice. . Leukoc. Biol. 2001, 70, 578-584.

Domeier, P.P,; Schell, S.L.; Rahman, Z.5.M. Spontaneous germinal centers and autoimmunity. Autoimmunity 2017, 50, 4-18.
[CrossRef]

Mietzner, B.; Tsuiji, M.; Scheid, J.; Velinzon, K ; Tiller, T.; Abraham, K.; Gonzalez, ].B.; Pascual, V.; Stichweh, D.; Wardemann, H.;
et al. Autoreactive IgG memory antibodies in patients with systemic lupus erythematosus arise from nonreactive and polyreactive
precursors. Proc. Natl. Acad. Sci. USA 2008, 105, 9727-9732. [CrossRef] [PubMed]

Di Zenzo, G.; Di Lullo, G.; Corti, D.; Calabresi, V.; Sinistro, A.; Vanzetta, F; Didona, B.; Cianchini, G.; Hertl, M.; Eming, R.; et al.
Pemphigus autoantibodies generated through somatic mutations target the desmoglein-3 cis-interface. . Clin. Investig. 2012, 122,
3781-3790. [CrossRef] [PubMed]

Allen, C.D.C,; Cyster, ].G. Follicular dendritic cell networks of primary follicles and germinal centers: Phenotype and function.
Semin. Immunol. 2008, 20, 14-25. [CrossRef] [PubMed]

Berek, C.; Berger, A.; Apel, M. Maturation of the immune response in germinal centers. Cell 1991, 67, 1121-1129. [CrossRef]
Arulraj, T.; Binder, S.C.; Robert, P.A.; Meyer-Hermann, M. Germinal Centre Shutdown. Front. Immunol. 2021, 12, 2730. [CrossRef]
[PubMed]

Young, C.; Brink, R. Germinal centers and autoantibodies. Immunol. Cell Biol. 2020, 98, 480-489. [CrossRef]

Shlomchik, M.J.; Luo, W.; Weisel, F. Linking signaling and selection in the germinal center. Immunol. Rev. 2019, 288, 49-63.
[CrossRef]

Chan, T.D.; Gatto, D.; Wood, K.; Camidge, T.; Basten, A.; Brink, R. Antigen Affinity Controls Rapid T-Dependent Antibody
Production by Driving the Expansion Rather than the Differentiation or Extrafollicular Migration of Early Plasmablasts. ].
Immunol. 2009, 183, 3139-3149. [CrossRef]

Allen, C.D.; Okada, T.; Cyster, ].G. Germinal-center organization and cellular dynamics. Immunity 2007, 27, 190-202. [CrossRef]
Victora, G.D.; Schwickert, T.A.; Fooksman, D.R.; Kamphorst, A.O.; Meyer-Hermann, M.; Dustin, M.L.; Nussenzweig, M.C.
Germinal center dynamics revealed by multiphoton microscopy with a photoactivatable fluorescent reporter. Cell 2010, 143,
592-605. [CrossRef] [PubMed]

Gatto, D.; Brink, R. The germinal center reaction. J. Allergy Clin. Immunol. 2010, 126, 898-907. [CrossRef] [PubMed]
Meyer-Hermann, M.; Mohr, E; Pelletier, N.; Zhang, Y.; Gabriel, D.; Toellner, K.-M. A Theory of Germinal Center B Cell Selection,
Division, and Exit. Cell Rep. 2012, 2, 162-174. [CrossRef] [PubMed]


http://doi.org/10.1136/ard.2009.124537
http://doi.org/10.1136/ard.2010.132662
http://www.ncbi.nlm.nih.gov/pubmed/21062853
http://doi.org/10.1073/pnas.73.10.3628
http://www.ncbi.nlm.nih.gov/pubmed/824647
http://doi.org/10.3389/fimmu.2018.01910
http://doi.org/10.3389/fimmu.2018.01536
http://doi.org/10.1002/aja.1001700315
http://doi.org/10.1038/nri3804
http://www.ncbi.nlm.nih.gov/pubmed/25656706
http://doi.org/10.1146/annurev-immunol-020711-075032
http://www.ncbi.nlm.nih.gov/pubmed/22224772
http://doi.org/10.1038/354389a0
http://doi.org/10.1146/annurev-immunol-051116-052510
http://doi.org/10.1371/journal.pone.0083631
http://www.ncbi.nlm.nih.gov/pubmed/24386241
http://doi.org/10.1136/annrheumdis-2011-201234.3
http://doi.org/10.1038/nri2637
http://doi.org/10.1080/08916934.2017.1280671
http://doi.org/10.1073/pnas.0803644105
http://www.ncbi.nlm.nih.gov/pubmed/18621685
http://doi.org/10.1172/JCI64413
http://www.ncbi.nlm.nih.gov/pubmed/22996451
http://doi.org/10.1016/j.smim.2007.12.001
http://www.ncbi.nlm.nih.gov/pubmed/18261920
http://doi.org/10.1016/0092-8674(91)90289-B
http://doi.org/10.3389/fimmu.2021.705240
http://www.ncbi.nlm.nih.gov/pubmed/34305944
http://doi.org/10.1111/imcb.12321
http://doi.org/10.1111/imr.12744
http://doi.org/10.4049/jimmunol.0901690
http://doi.org/10.1016/j.immuni.2007.07.009
http://doi.org/10.1016/j.cell.2010.10.032
http://www.ncbi.nlm.nih.gov/pubmed/21074050
http://doi.org/10.1016/j.jaci.2010.09.007
http://www.ncbi.nlm.nih.gov/pubmed/21050940
http://doi.org/10.1016/j.celrep.2012.05.010
http://www.ncbi.nlm.nih.gov/pubmed/22840406

Int. . Mol. Sci. 2021, 22, 10514 12 of 15

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Zhang, Y.; Tech, L.; George, L.A.; Acs, A.; Durrett, R.E.; Hess, H.; Walker, L.5.K,; Tarlinton, D.M.; Fletcher, A.L.; Hauser, A.E.; et al.
Plasma cell output from germinal centers is regulated by signals from Tfh and stromal cells. J. Exp. Med. 2018, 215, 1227-1243.
[CrossRef] [PubMed]

Oprea, M.; Perelson, A.S. Somatic mutation leads to efficient affinity maturation when centrocytes recycle back to centroblasts. J.
Immunol. 1997, 158, 5155-5162.

Tarlinton, D.; Radbruch, A.; Hiepe, F.; Dorner, T. Plasma cell differentiation and survival. Curr. Opin. Immunol. 2008, 20, 162-169.
[CrossRef] [PubMed]

Woods, M.; Zou, Y.R.; Davidson, A. Defects in Germinal Center Selection in SLE. Front. Immunol. 2015, 6, 425. [CrossRef]
Bombardieri, M.; Lewis, M.; Pitzalis, C. Ectopic lymphoid neogenesis in rheumatic autoimmune diseases. Nat. Rev. Rheumatol.
2017, 13, 141-154. [CrossRef]

Humby, F.; Bombardieri, M.; Manzo, A.; Kelly, S.; Blades, M.C.; Kirkham, B.; Spencer, J.; Pitzalis, C. Ectopic lymphoid structures
support ongoing production of class-switched autoantibodies in theumatoid synovium. PLoS Med. 2009, 6, el. [CrossRef]
Takemura, S.; Braun, A.; Crowson, C.; Kurtin, PJ.; Cofield, R.H.; O’Fallon, W.M.; Goronzy, J.J.; Weyand, C.M. Lymphoid
neogenesis in theumatoid synovitis. J. Immunol. 2001, 167, 1072-1080. [CrossRef]

Shipman, W.D.; Dasoveanu, D.C.; Lu, T.T. Tertiary lymphoid organs in systemic autoimmune diseases: Pathogenic or protective?
F1000Research 2017, 6, 196. [CrossRef]

Mellors, R.C.; Heimer, R.; Corcos, J.; Korngold, L. Cellular origin of rheumatoid factor. J. Exp. Med. 1959, 110, 875-886. [CrossRef]
Imai, Y.; Sato, T.; Yamakawa, M.; Kasajima, T.; Suda, A.; Watanabe, Y. A morphological and immunohistochemical study of
lymphoid germinal centers in synovial and lymph node tissues from rheumatoid arthritis patients with special reference to
complement components and their receptors. Acta Pathol. Jpn. 1989, 39, 127-134. [CrossRef]

Randen, I.; Thompson, K.M.; Natvig, J.B.; Ferre, O.; Waalen, K. Human monoclonal rheumatoid factors derived from the
polyclonal repertoire of rheumatoid synovial tissue: Production and characterization. Clin. Exp. Immunol. 1989, 78, 13-18.
Dahdah, A.; Habir, K.; Nandakumar, K.S.; Saxena, A.; Xu, B.; Holmdahl, R.; Malin, S. Germinal Center B Cells Are Essential for
Collagen-Induced Arthritis. Arthritis Rheumatol. 2018, 70, 193-203. [CrossRef]

Louis, C.; Ngo, D.; D’Silva, D.B.; Hansen, J.; Phillipson, L.; Jousset, H.; Novello, P.; Segal, D.; Lawlor, K.E.; Burns, C.J.; et al.
Therapeutic Effects of a TANK-Binding Kinase 1 Inhibitor in Germinal Center-Driven Collagen-Induced Arthritis. Arthritis
Rheumatol. 2019, 71, 50-62. [CrossRef]

Han, S.; Cao, S.; Bheekha-Escura, R.; Zheng, B. Germinal center reaction in the joints of mice with collagen-induced arthritis: An
animal model of lymphocyte activation and differentiation in arthritis joints. Arthritis Rheum. 2001, 44, 1438-1443. [CrossRef]
Hou, L.; Block, K.E.; Huang, H. Artesunate abolishes germinal center B cells and inhibits autoimmune arthritis. PLoS ONE 2014,
9, e104762. [CrossRef]

Wang, ].H.; New, ].S.; Xie, S.; Yang, P; Wu, Q.; Li, J.; Luo, B.; Ding, Y.; Druey, KM.; Hsu, H.-C.; et al. Extension of the germinal
center stage of B cell development promotes autoantibodies in BXD2 mice. Arthritis Rheum. 2013, 65, 2703—2712. [CrossRef]
Guo, W,; Smith, D.; Aviszus, K.; Detanico, T.; Heiser, R.A.; Wysocki, L.J. Somatic hypermutation as a generator of antinuclear
antibodies in a murine model of systemic autoimmunity. J. Exp. Med. 2010, 207, 2225-2237. [CrossRef] [PubMed]

Ray, S.K.; Putterman, C.; Diamond, B. Pathogenic autoantibodies are routinely generated during the response to foreign antigen:
A paradigm for autoimmune disease. Proc. Natl. Acad. Sci. USA 1996, 93, 2019-2024. [CrossRef]

Li, S.; Yu, Y; Yue, Y.; Liao, H.; Xie, W.; Thai, J.; Mikuls, T.R.; Thiele, G.M.; Duryee, M.].; Sayles, H.; et al. Autoantibodies from
Single Circulating Plasmablasts React with Citrullinated Antigens and Porphyromonas gingivalis in Rheumatoid Arthritis.
Arthritis Rheumatol. 2016, 68, 614-626. [CrossRef] [PubMed]

Xu, X.; Hsu, H.C,; Chen, J.; Grizzle, W.E.; Chatham, WW.; Stockard, C.R.; Wu, Q.; Yang, P.A.; Holers, V.M.; Mountz, ].D. Increased
expression of activation-induced cytidine deaminase is associated with anti-CCP and rheumatoid factor in rheumatoid arthritis.
Scand. |. Immunol. 2009, 70, 309-316. [CrossRef]

Bugatti, S.; Manzo, A.; Vitolo, B.; Fusetti, C.; Humby, F; Caporali, R.; Pitzalis, C.; Montecucco, C. B cell distribution and
activation-induced cytidine deaminase expression in rheumatoid synovitis: Clinical and bio-molecular correlates. J. Ann. Rheum.
Dis. 2011, 70, A55. [CrossRef]

Sabouri, Z.; Schofield, P.; Horikawa, K.; Spierings, E.; Kipling, D.; Randall, K.L.; Langley, D.; Roome, B.; Vazquez-Lombardi,
R.; Rouet, R; et al. Redemption of autoantibodies on anergic B cells by variable-region glycosylation and mutation away from
self-reactivity. Proc. Natl. Acad. Sci. USA 2014, 111, E2567-E2575. [CrossRef]

Reed, J.H.; Jackson, ].; Christ, D.; Goodnow, C.C. Clonal redemption of autoantibodies by somatic hypermutation away from
self-reactivity during human immunization. J. Exp. Med. 2016, 213, 1255-1265. [CrossRef]

Weber, J.P,; Fuhrmann, F; Feist, RK,; Lahmann, A.; Al Baz, M.S,; Gentz, L.-].; Vu Van, D.; Mages, HW.; Haftmann, C.; Riedel, R.;
et al. ICOS maintains the T follicular helper cell phenotype by down-regulating Kriippel-like factor 2. J. Exp. Med. 2015, 212,
217-233. [CrossRef]

Meyer-Hermann, M.E.; Maini, PK,; Iber, D. An analysis of B cell selection mechanisms in germinal centers. Math. Med. Biol. A |.
IMA 2006, 23, 255-277. [CrossRef]

Cao, G.; Chi, S.; Wang, X; Sun, ].; Zhang, Y. CD4+CXCR5+PD-1+ T Follicular Helper Cells Play a Pivotal Role in the Development
of Rheumatoid Arthritis. Med. Sci. Monit. Int. Med. ]. Exp. Clin. Res. 2019, 25, 3032-3040. [CrossRef] [PubMed]


http://doi.org/10.1084/jem.20160832
http://www.ncbi.nlm.nih.gov/pubmed/29549115
http://doi.org/10.1016/j.coi.2008.03.016
http://www.ncbi.nlm.nih.gov/pubmed/18456483
http://doi.org/10.3389/fimmu.2015.00425
http://doi.org/10.1038/nrrheum.2016.217
http://doi.org/10.1371/journal.pmed.0060001
http://doi.org/10.4049/jimmunol.167.2.1072
http://doi.org/10.12688/f1000research.10595.1
http://doi.org/10.1084/jem.110.6.875
http://doi.org/10.1111/j.1440-1827.1989.tb01490.x
http://doi.org/10.1002/art.40354
http://doi.org/10.1002/art.40670
http://doi.org/10.1002/1529-0131(200106)44:6&lt;1438::AID-ART239&gt;3.0.CO;2-Q
http://doi.org/10.1371/journal.pone.0104762
http://doi.org/10.1002/art.38059
http://doi.org/10.1084/jem.20092712
http://www.ncbi.nlm.nih.gov/pubmed/20805563
http://doi.org/10.1073/pnas.93.5.2019
http://doi.org/10.1002/art.39455
http://www.ncbi.nlm.nih.gov/pubmed/26474325
http://doi.org/10.1111/j.1365-3083.2009.02302.x
http://doi.org/10.1136/ard.2010.148999.4
http://doi.org/10.1073/pnas.1406974111
http://doi.org/10.1084/jem.20151978
http://doi.org/10.1084/jem.20141432
http://doi.org/10.1093/imammb/dql012
http://doi.org/10.12659/MSM.914868
http://www.ncbi.nlm.nih.gov/pubmed/31019190

Int. . Mol. Sci. 2021, 22, 10514 13 of 15

60.

61.

62.

63.

64.
65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Chevalier, N.; Macia, L.; Tan, ].K.; Mason, L.J.; Robert, R.; Thorburn, A.N.; Wong, C.H.; Tsai, L.M.; Bourne, K.; Brink, R.; et al.
The Role of Follicular Helper T Cell Molecules and Environmental Influences in Autoantibody Production and Progression to
Inflammatory Arthritis in Mice. Arthritis Rheumatol. 2016, 68, 1026-1038. [CrossRef] [PubMed]

Moschovakis, G.L.; Bubke, A.; Friedrichsen, M.; Falk, C.S.; Feederle, R.; Forster, R. T cell specific Cxcr5 deficiency prevents
rheumatoid arthritis. Sci. Rep. 2017, 7, 8933. [CrossRef] [PubMed]

Jang, E.; Cho, S.H.; Park, H.; Paik, D.J.; Kim, ].M.; Youn, ]. A positive feedback loop of IL-21 signaling provoked by homeostatic
CD4+CD25- T cell expansion is essential for the development of arthritis in autoimmune K/BxN mice. J. Immunol. 2009, 182,
4649-4656. [CrossRef] [PubMed]

Morita, R.; Schmitt, N.; Bentebibel, S.-E.; Ranganathan, R.; Bourdery, L.; Zurawski, G.; Foucat, E.; Dullaers, M.; Oh, S.; Sabzghabaei,
N.; et al. Human blood CXCR5(+)CD4(+) T cells are counterparts of T follicular cells and contain specific subsets that differentially
support antibody secretion. Immunity 2011, 34, 108-121. [CrossRef] [PubMed]

Crotty, S. Follicular helper CD4 T cells (TFH). Annu. Rev. Immunol. 2011, 29, 621-663. [CrossRef]

Arroyo-Villa, L.; Bautista-Caro, M.-B.; Balsa, A.; Aguado-Acin, P.; Bonilla-Hernan, M.-G.; Plasencia, C.; Villalba, A.; Nufio, L.;
Puig-Kroger, A.; Martin-Mola, E.; et al. Constitutively altered frequencies of circulating follicullar helper T cell counterparts and
their subsets in rheumatoid arthritis. Arthritis Res. Ther. 2014, 16, 500. [CrossRef]

Zhang, N.; Zhao, P; Shrestha, A.; Zhang, L.; Qu, Z.; Liu, M.; Zhang, S.; Jiang, Y. A higher frequency of CD4*CXCR5* T follicular
helper cells in adult patients with minimal change disease. BioMed. Res. Int. 2014, 2014, 836157. [CrossRef]

Wang, J.; Shan, Y,; Jiang, Z.; Feng, J.; Li, C.; Ma, L,; Jiang, Y. High frequencies of activated B cells and T follicular helper cells
are correlated with disease activity in patients with new-onset rheumatoid arthritis. Clin. Exp. Immunol. 2013, 174, 212-220.
[CrossRef]

Niu, Q.; Huang, Z.C.; Wu, XJ.; Jin, Y.X.; An, Y.F; Li, YM.; Xu, H.; Yang, B.; Wang, L.L. Enhanced IL-6/phosphorylated STAT3
signaling is related to the imbalance of circulating T follicular helper/T follicular regulatory cells in patients with rheumatoid
arthritis. Arthritis Res. Ther. 2018, 20, 200. [CrossRef]

Zhou, H.; Hu, B.,; Zhaopeng, Z.; Liu, J.; Zhong, Q.; Fan, Y.; Li, L. Elevated circulating T cell subsets and cytokines expression in
patients with rheumatoid arthritis. Clin. Rheumatol. 2019, 38, 1831-1839. [CrossRef]

Nakayamada, S.; Kubo, S.; Yoshikawa, M.; Miyazaki, Y.; Yunoue, N.; Iwata, S.; Miyagawa, I.; Hirata, S.; Nakano, K ; Saito, K.;
et al. Differential effects of biological DMARDs on peripheral immune cell phenotypes in patients with rheumatoid arthritis.
Rheumatology 2018, 57, 164-174. [CrossRef]

Su, R;; Wang, Y,; Hu, F; Li, B.; Guo, Q.; Zheng, X.; Liu, Y.; Gao, C.; Li, X.; Wang, C. Altered Distribution of Circulating T Follicular
Helper-Like Cell Subsets in Rheumatoid Arthritis Patients. Front. Med. 2021, 8, 1024. [CrossRef]

Wang, X.; Yang, C.; Xu, F; Qi, L.; Wang, J.; Yang, P. Imbalance of circulating Tfr/Tth ratio in patients with rheumatoid arthritis.
Clin. Exp. Med. 2019, 19, 55-64. [CrossRef] [PubMed]

Macdonald, A.J.; Cerosaletti, K.; Chen, J.; Nguyen, T.-S.; Posso, S.; Marchesini, G.; Abashian, M.; Martin, A.P.; De Rosa,
D.; Samanta, T.; et al. OP0264 Relative Frequencies of Circulating T Follicular Helper and T Follicular Regulatory Cells in
Autoimmune Patients and Healthy Control Donors and The Effect of Disease Modulating Therapy. J. Ann. Rheum. Dis. 2016,
75,158. [CrossRef]

Liu, C.; Wang, D,; Lu, S.; Xu, Q.; Zhao, L.; Zhao, ].; Song, Y.; Wang, H. Increased Circulating Follicular Treg Cells Are Associated
with Lower Levels of Autoantibodies in Patients with Rheumatoid Arthritis in Stable Remission. Arthritis Rheumatol. 2018, 70,
711-721. [CrossRef] [PubMed]

Sage, P.T.; Sharpe, A.H. T follicular regulatory cells in the regulation of B cell responses. Trends Immunol. 2015, 36, 410-418.
[CrossRef] [PubMed]

Gong, Y.; Tong, ].; Wang, S. Are Follicular Regulatory T Cells Involved in Autoimmune Diseases? Front. Immunol. 2017, 8, 1790.
[CrossRef]

Linterman, M.A; Pierson, W.; Lee, S.K.; Kallies, A.; Kawamoto, S.; Rayner, T.F,; Srivastava, M.; Divekar, D.P.; Beaton, L.; Hogan,
J.J.; et al. Foxp3+ follicular regulatory T cells control the germinal center response. Nat. Med. 2011, 17, 975-982. [CrossRef]
[PubMed]

Chung, Y.; Tanaka, S.; Chu, F; Nurieva, RL; Martinez, G.J.; Rawal, S.; Wang, Y.H.; Lim, H.; Reynolds, ].M.; Zhou, X.H.; et al.
Follicular regulatory T cells expressing Foxp3 and Bcl-6 suppress germinal center reactions. Nat. Med. 2011, 17, 983-988.
[CrossRef]

Fonseca, V.R.; Agua-Doce, A.; Maceiras, A.R.; Pierson, W.; Ribeiro, F.; Romao, V.C.; Pires, A.R.; da Silva, S.L.; Fonseca, J.E.; Sousa,
A.E,; et al. Human blood Tfr cells are indicators of ongoing humoral activity not fully licensed with suppressive function. Sci.
Immunol. 2017, 2. [CrossRef]

Zhu, Y;; Zou, L,; Liu, Y.-C. T follicular helper cells, T follicular regulatory cells and autoimmunity. Int. Immunol. 2016, 28, 173-179.
[CrossRef]

Laidlaw, B.].; Lu, Y.; Amezquita, R.A.; Weinstein, ].S.; Vander Heiden, J.A.; Gupta, N.T.; Kleinstein, S.H.; Kaech, S.M.; Craft, J.
Interleukin-10 from CD4(+) follicular regulatory T cells promotes the germinal center response. Sci. Immunol. 2017, 2. [CrossRef]
Ding, Y.; Li, J.; Yang, P; Luo, B.; Wu, Q.; Zajac, A.].; Wildner, O.; Hsu, H.-C.; Mountz, ].D. Interleukin-21 Promotes Germinal
Center Reaction by Skewing the Follicular Regulatory T Cell to Follicular Helper T Cell Balance in Autoimmune BXD2 Mice.
Arthritis Rheumatol. 2014, 66, 2601-2612. [CrossRef]


http://doi.org/10.1002/art.39481
http://www.ncbi.nlm.nih.gov/pubmed/26501485
http://doi.org/10.1038/s41598-017-08935-6
http://www.ncbi.nlm.nih.gov/pubmed/28827539
http://doi.org/10.4049/jimmunol.0804350
http://www.ncbi.nlm.nih.gov/pubmed/19342640
http://doi.org/10.1016/j.immuni.2010.12.012
http://www.ncbi.nlm.nih.gov/pubmed/21215658
http://doi.org/10.1146/annurev-immunol-031210-101400
http://doi.org/10.1186/s13075-014-0500-6
http://doi.org/10.1155/2014/836157
http://doi.org/10.1111/cei.12162
http://doi.org/10.1186/s13075-018-1690-0
http://doi.org/10.1007/s10067-019-04465-w
http://doi.org/10.1093/rheumatology/kex012
http://doi.org/10.3389/fmed.2021.690100
http://doi.org/10.1007/s10238-018-0530-5
http://www.ncbi.nlm.nih.gov/pubmed/30284646
http://doi.org/10.1136/annrheumdis-2016-eular.3344
http://doi.org/10.1002/art.40430
http://www.ncbi.nlm.nih.gov/pubmed/29381842
http://doi.org/10.1016/j.it.2015.05.005
http://www.ncbi.nlm.nih.gov/pubmed/26091728
http://doi.org/10.3389/fimmu.2017.01790
http://doi.org/10.1038/nm.2425
http://www.ncbi.nlm.nih.gov/pubmed/21785433
http://doi.org/10.1038/nm.2426
http://doi.org/10.1126/sciimmunol.aan1487
http://doi.org/10.1093/intimm/dxv079
http://doi.org/10.1126/sciimmunol.aan4767
http://doi.org/10.1002/art.38735

Int. ]. Mol. Sci. 2021, 22, 10514 14 0f 15

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Fonseca, V.R.; Romao, V.C.; Agua-Doce, A.; Santos, M.; Lopez-Presa, D.; Ferreira, A.C.; Fonseca, J.E.; Graca, L. The Ratio of Blood
T Follicular Regulatory Cells to T Follicular Helper Cells Marks Ectopic Lymphoid Structure Formation While Activated Follicular
Helper T Cells Indicate Disease Activity in Primary Sjogren’s Syndrome. Arthritis Rheumatol. 2018, 70, 774-784. [CrossRef]
Shan, Y.; Qi, C.; Zhao, J.; Liu, Y,; Gao, H.; Zhao, D.; Ding, F.; Wang, J.; Jiang, Y. Higher frequency of peripheral blood follicular
regulatory T cells in patients with new onset ankylosing spondylitis. Clin. Exp. Pharmacol. Physiol. 2015, 42, 154-161. [CrossRef]
Fu, W,; Liu, X;; Lin, X,; Feng, H.; Sun, L.; Li, S.; Chen, H.; Tang, H.; Lu, L.; Jin, W.; et al. Deficiency in T follicular regulatory cells
promotes autoimmunity. J. Exp. Med. 2018, 215, 815-825. [CrossRef]

Miyabe, C.; Miyabe, Y.; Strle, K.; Kim, N.D.; Stone, J.H.; Luster, A.D.; Unizony, S. An expanded population of pathogenic
regulatory T cells in giant cell arteritis is abrogated by IL-6 blockade therapy. Ann. Rheum. Dis. 2017, 76, 898-905. [CrossRef]
Xu, X.; Shi, Y.; Cai, Y.; Zhang, Q.; Yang, F.; Chen, H.; Gu, Y.; Zhang, M.; Yu, L.; Yang, T. Inhibition of increased circulating Tth cell
by anti-CD20 monoclonal antibody in patients with type 1 diabetes. PLoS ONE 2013, 8, €79858. [CrossRef]

Verstappen, G.M.; Meiners, PM.; Corneth, O.B.]; Visser, A.; Arends, S.; Abdulahad, W.H.; Hendriks, R.W.; Vissink, A.; Kroese,
F.G.M.; Bootsma, H. Attenuation of Follicular Helper T Cell-Dependent B Cell Hyperactivity by Abatacept Treatment in Primary
Sjogren’s Syndrome. Arthritis Rheumatol. 2017, 69, 1850-1861. [CrossRef]

Edner, N.M.; Heuts, F; Thomas, N.; Wang, C.J.; Petersone, L.; Kenefeck, R.; Kogimtzis, A.; Ovcinnikovs, V.; Ross, EM.; Ntavli, E.;
et al. Follicular helper T cell profiles predict response to costimulation blockade in type 1 diabetes. Nat. Immunol. 2020, 21, 1244-1255.
[CrossRef]

Glatigny, S.; Hollbacher, B.; Motley, S.J.; Tan, C.; Hundhausen, C.; Buckner, ]. H.; Smilek, D.; Khoury, S.J.; Ding, L.; Qin, T.; et al.
Abatacept Targets T Follicular Helper and Regulatory T Cells, Disrupting Molecular Pathways That Regulate Their Proliferation
and Maintenance. J. Immunol. 2019, 202, ji1801425. [CrossRef]

Schmiel, S.E.; Kalekar, L.A.; Zhang, N.; Blankespoor, T.W.; Robinson, L.J.; Mueller, D.L. Adenosine 2a receptor signals block
autoimmune arthritis by inhibiting pathogenic germinal center T follicular helper cells. Arthritis Rheumatol. 2018, 71, 773-783.
[CrossRef]

Klimatcheva, E.; Pandina, T.; Reilly, C.; Torno, S.; Bussler, H.; Scrivens, M.; Jonason, A.; Mallow, C.; Doherty, M.; Paris, M.; et al.
CXCL13 antibody for the treatment of autoimmune disorders. BMC Immunol. 2015, 16, 6. [CrossRef]

Li, J.; Shen, W.; Kong, K.; Liu, Z. Interleukin-21 Induces T-cell Activation and Proinflammatory Cytokine Secretion in Rheumatoid
Arthritis. Scand. ]. Imunol. 2006, 64, 515-522. [CrossRef]

Young, D.A.; Hegen, M.; Ma, H.L.; Whitters, M.].; Albert, L.M.; Lowe, L.; Senices, M.; Wu, PW.; Sibley, B.; Leathurby, Y.; et al.
Blockade of the interleukin-21/interleukin-21 receptor pathway ameliorates disease in animal models of rheumatoid arthritis.
Arthritis Rheum. 2007, 56, 1152-1163. [CrossRef] [PubMed]

Roeleveld, D.M.; Marijnissen, R.J.; Walgreen, B.; Helsen, M.M.; van den Bersselaar, L.; van de Loo, FA.; van Lent, P.L.; van der
Kraan, PM.; van den Berg, W.B.; Koenders, M.I. Higher efficacy of anti-IL-6/IL-21 combination therapy compared to monotherapy
in the induction phase of Th17-driven experimental arthritis. PLoS ONE 2017, 12, e0171757. [CrossRef] [PubMed]

Andersson, A.K.; Feldmann, M.; Brennan, EM. Neutralizing IL-21 and IL-15 inhibits pro-inflammatory cytokine production in
rheumatoid arthritis. Scand. J. Immunol. 2008, 68, 103-111. [CrossRef] [PubMed]

Kwok, S.K.; Cho, M.L.; Park, M.K.; Oh, H.J.; Park, J.S.; Her, YM.; Lee, S.Y.; Youn, J.; Ju, ].H.; Park, K.S.; et al. Interleukin-21
promotes osteoclastogenesis in humans with rheumatoid arthritis and in mice with collagen-induced arthritis. Arthritis Rheum.
2012, 64, 740-751. [CrossRef] [PubMed]

Yan, L.; de Leur, K.; Hendriks, R.W,; van der Laan, L.J.W.; Shi, Y.; Wang, L.; Baan, C.C. T Follicular Helper Cells as a New Target
for Immunosuppressive Therapies. Front. Immunol. 2017, 8, 1510. [CrossRef] [PubMed]

Daoussis, D.; Andonopoulos, A.P; Liossis, S.-N.C. Targeting CD40L: A promising therapeutic approach. Clin. Diagn. Lab.
Immunol. 2004, 11, 635-641. [CrossRef]

Aruffo, A.; Farrington, M.; Hollenbaugh, D.; Li, X.; Milatovich, A.; Nonoyama, S.; Bajorath, J.; Grosmaire, L.S.; Stenkamp, R.;
Neubauer, M.; et al. The CD40 ligand, gp39, is defective in activated T cells from patients with X-linked hyper-IgM syndrome.
Cell 1993, 72, 291-300. [CrossRef]

Berner, B.; Wolf, G.; Hummel, K.M.; Muller, G.A.; Reuss-Borst, M.A. Increased expression of CD40 ligand (CD154) on CD4+ T
cells as a marker of disease activity in theumatoid arthritis. Ann. Rheum. Dis. 2000, 59, 190-195. [CrossRef]

MacDonald, K.P,; Nishioka, Y.; Lipsky, P.E.; Thomas, R. Functional CD40 ligand is expressed by T cells in rheumatoid arthritis. J.
Clin. Investig. 1997, 100, 2404-2414. [CrossRef]

Kyburz, D.; Corr, M.; Brinson, D.C.; Von Damm, A.; Tighe, H.; Carson, D.A. Human rheumatoid factor production is dependent
on CD40 signaling and autoantigen. J. Immunol. 1999, 163, 3116-3122.

Tellander, A.C.; Michaelsson, E.; Brunmark, C.; Andersson, M. Potent adjuvant effect by anti-CD40 in collagen-induced arthritis.
Enhanced disease is accompanied by increased production of collagen type-II reactive IgG2a and IFN-gamma. J. Autoimmun.
2000, 14, 295-302. [CrossRef]

Kyburz, D.; Carson, D.A.; Corr, M. The role of CD40 ligand and tumor necrosis factor alpha signaling in the transgenic K/BxN
mouse model of rheumatoid arthritis. Arthritis Rheum. 2000, 43, 2571-2577. [CrossRef]

Visvanathan, S.; Daniluk, S.; Ptaszynski, R.; Miiller-Ladner, U.; Ramanujam, M.; Rosenstock, B.; Eleftheraki, A.G.; Vinisko, R.;
Petfikova, A.; Kellner, H.; et al. Effects of BI 655064, an antagonistic anti-CD40 antibody, on clinical and biomarker parameters in


http://doi.org/10.1002/art.40424
http://doi.org/10.1111/1440-1681.12330
http://doi.org/10.1084/jem.20170901
http://doi.org/10.1136/annrheumdis-2016-210070
http://doi.org/10.1371/journal.pone.0079858
http://doi.org/10.1002/art.40165
http://doi.org/10.1038/s41590-020-0744-z
http://doi.org/10.4049/jimmunol.1801425
http://doi.org/10.1002/art.40796
http://doi.org/10.1186/s12865-015-0068-1
http://doi.org/10.1111/j.1365-3083.2006.01795.x
http://doi.org/10.1002/art.22452
http://www.ncbi.nlm.nih.gov/pubmed/17393408
http://doi.org/10.1371/journal.pone.0171757
http://www.ncbi.nlm.nih.gov/pubmed/28158305
http://doi.org/10.1111/j.1365-3083.2008.02118.x
http://www.ncbi.nlm.nih.gov/pubmed/18482208
http://doi.org/10.1002/art.33390
http://www.ncbi.nlm.nih.gov/pubmed/21968544
http://doi.org/10.3389/fimmu.2017.01510
http://www.ncbi.nlm.nih.gov/pubmed/29163552
http://doi.org/10.1128/CDLI.11.4.635-641.2004
http://doi.org/10.1016/0092-8674(93)90668-G
http://doi.org/10.1136/ard.59.3.190
http://doi.org/10.1172/JCI119781
http://doi.org/10.1006/jaut.2000.0374
http://doi.org/10.1002/1529-0131(200011)43:11&lt;2571::AID-ANR26&gt;3.0.CO;2-4

Int. . Mol. Sci. 2021, 22, 10514 15 of 15

107.

108.
109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

patients with active rheumatoid arthritis: A randomised, double-blind, placebo-controlled, phase Ila study. . Ann. Rheum. Dis.
2019, 78, 754-760. [CrossRef] [PubMed]

Karnell, J.L.; Albulescu, M.; Drabic, S.; Wang, L.; Moate, R.; Baca, M.; Oganesyan, V.; Gunsior, M.; Thisted, T.; Yan, L.; et al. A
CD40L-targeting protein reduces autoantibodies and improves disease activity in patients with autoimmunity. J. Sci. Transl. Med.
2019, 11, eaar6584. [CrossRef] [PubMed]

Croft, M. Control of immunity by the TNFR-related molecule OX40 (CD134). Ann. Rev. Immunol. 2010, 28, 57-78. [CrossRef]
Kurata, I.; Matsumoto, I.; Ohyama, A.; Osada, A.; Ebe, H.; Kawaguchi, H.; Kaneko, S.; Kondo, Y.; Tsuboi, H.; Tomioka, A.; et al.
Potential involvement of OX40 in the regulation of autoantibody sialylation in arthritis. Ann. Rheum. Dis. 2019, 78, 1488-1496.
[CrossRef] [PubMed]

Tahiliani, V.; Hutchinson, T.E.; Abboud, G.; Croft, M.; Salek-Ardakani, S. OX40 Cooperates with ICOS To Amplify Follicular Th
Cell Development and Germinal Center Reactions during Infection. J. Immunol. 2017, 198, 218-228. [CrossRef]

Gwyer Findlay, E.; Danks, L.; Madden, J.; Cavanagh, M.M.; McNamee, K.; McCann, F.; Snelgrove, R.J.; Shaw, S.; Feldmann, M.;
Taylor, P.C.; et al. OX40L blockade is therapeutic in arthritis, despite promoting osteoclastogenesis. Proc. Natl. Acad. Sci. USA
2014, 111, 2289-2294. [CrossRef] [PubMed]

Giacomelli, R.; Passacantando, A.; Perricone, R.; Parzanese, I.; Rascente, M.; Minisola, G.; Tonietti, G. T lymphocytes in the
synovial fluid of patients with active rheumatoid arthritis display CD134-OX40 surface antigen. Clin. Exp. Rheumatol. 2001, 19,
317-320. [PubMed]

Laustsen, J.K.; Rasmussen, T.K.; Stengaard-Pedersen, K.; Horslev-Petersen, K.; Hetland, M.L.; Ostergaard, M.; Junker, P.; Hvid,
M.; Deleuran, B. Soluble OX40L is associated with presence of autoantibodies in early rheumatoid arthritis. Arthritis Res. Ther.
2014, 16, 474. [CrossRef]

Yoshioka, T.; Nakajima, A.; Akiba, H.; Ishiwata, T.; Asano, G.; Yoshino, S.; Yagita, H.; Okumura, K. Contribution of OX40/0X40
ligand interaction to the pathogenesis of rheumatoid arthritis. Eur. ]. Immunol. 2000, 30, 2815-2823. [CrossRef]

Horai, R.; Nakajima, A.; Habiro, K.; Kotani, M.; Nakae, S.; Matsuki, T.; Nambu, A.; Saijo, S.; Kotaki, H.; Sudo, K.; et al. TNF-alpha
is crucial for the development of autoimmune arthritis in IL-1 receptor antagonist-deficient mice. J. Clin. Investig. 2004, 114,
1603-1611. [CrossRef] [PubMed]

Platt, A.M.; Gibson, V.B.; Patakas, A.; Benson, R.A.; Nadler, 5.G.; Brewer, ].M.; McInnes, I.B.; Garside, P. Abatacept Limits Breach
of Self-Tolerance in a Murine Model of Arthritis via Effects on the Generation of T Follicular Helper Cells. J. Immunol. 2010, 185,
1558-1567. [CrossRef]

Linterman, M.A ; Rigby, R.J.; Wong, R;; Silva, D.; Withers, D.; Anderson, G.; Verma, N.K.; Brink, R.; Hutloff, A.; Goodnow, C.C,;
et al. Roquin differentiates the specialized functions of duplicated T cell costimulatory receptor genes CD28 and ICOS. Immunity
2009, 30, 228-241. [CrossRef]

Bossaller, L.; Burger, J.; Draeger, R.; Grimbacher, B.; Knoth, R.; Plebani, A.; Durandy, A.; Baumann, U.; Schlesier, M.; Welcher,
A.A; etal. ICOS Deficiency Is Associated with a Severe Reduction of CXCR5*CD4 Germinal Center Th Cells. . Immunol. 2006,
177,4927-4932. [CrossRef]

Cheng, L.E.; Amoura, Z.; Cheah, B.; Hiepe, E; Sullivan, B.A.; Zhou, L.; Arnold, G.E.; Tsuji, W.H.; Merrill, ].T.; Chung, ].B. Brief
Report: A Randomized, Double-Blind, Parallel-Group, Placebo-Controlled, Multiple-Dose Study to Evaluate AMG 557 in Patients
with Systemic Lupus Erythematosus and Active Lupus Arthritis. Arthritis Rheumatol. 2018, 70, 1071-1076. [CrossRef] [PubMed]
Iwai, H.; Kozono, Y.; Hirose, S.; Akiba, H.; Yagita, H.; Okumura, K.; Kohsaka, H.; Miyasaka, N.; Azuma, M. Amelioration of
collagen-induced arthritis by blockade of inducible costimulator-B7 homologous protein costimulation. J. Immunol. 2002, 169,
4332-4339. [CrossRef]

Dwyer, R.; Kovaleva, M.; Zhang, ].; Steven, J.; Cummins, E.; Luxenberg, D.; Darmanin-Sheehan, A.; Carvalho, M.E; Whitters, M.;
Saunders, K,; et al. Anti-ICOSL New Antigen Receptor Domains Inhibit T Cell Proliferation and Reduce the Development of
Inflammation in the Collagen-Induced Mouse Model of Rheumatoid Arthritis. J. Immunol. Res. 2018, 2018, 13. [CrossRef]

Frey, O.; Meisel, ].; Hutloff, A.; Bonhagen, K.; Bruns, L.; Kroczek, R.A.; Morawietz, L.; Kamradt, T. Inducible costimulator (ICOS)
blockade inhibits accumulation of polyfunctional T helper 1/T helper 17 cells and mitigates autoimmune arthritis. J. Ann. Rheum.
Dis. 2010, 69, 1495-1501. [CrossRef] [PubMed]

Holers, V.M.; Demoruelle, M.K.; Kuhn, K.A.; Buckner, J.H.; Robinson, W.H.; Okamoto, Y.; Norris, ].M.; Deane, K.D. Rheumatoid
arthritis and the mucosal origins hypothesis: Protection turns to destruction. Nat. Rev. Rheumatol. 2018, 14, 542-557. [CrossRef]
[PubMed]

Liu, X.; Zou, Q.; Zeng, B.; Fang, Y.; Wei, H. Analysis of fecal Lactobacillus community structure in patients with early rheumatoid
arthritis. Curr. Microbiol. 2013, 67, 170-176. [CrossRef]

Vaahtovuo, J.; Munukka, E.; Korkeamaki, M.; Luukkainen, R.; Toivanen, P. Fecal microbiota in early rheumatoid arthritis. J.
Rheumatol. 2008, 35, 1500-1505.

Chen, H.; Zhang, Y.; Ye, A.Y,; Du, Z.; Xu, M,; Lee, C.S.; Hwang, ].K.; Kyritsis, N.; Ba, Z.; Neuberg, D.; et al. BCR selection and
affinity maturation in Peyer’s patch germinal centres. Nature 2020, 582, 421-425. [CrossRef] [PubMed]

Gerlag, D.M.; Raza, K.; van Baarsen, L.G.M.; Brouwer, E.; Buckley, C.D.; Burmester, G.R.; Gabay, C.; Catrina, A.L; Cope, A.P;
Cornelis, F; et al. EULAR recommendations for terminology and research in individuals at risk of rheumatoid arthritis: Report
from the Study Group for Risk Factors for Rheumatoid Arthritis. J. Ann. Rheum. Dis. 2012, 71, 638—-641. [CrossRef] [PubMed]


http://doi.org/10.1136/annrheumdis-2018-214729
http://www.ncbi.nlm.nih.gov/pubmed/30902820
http://doi.org/10.1126/scitranslmed.aar6584
http://www.ncbi.nlm.nih.gov/pubmed/31019027
http://doi.org/10.1146/annurev-immunol-030409-101243
http://doi.org/10.1136/annrheumdis-2019-215195
http://www.ncbi.nlm.nih.gov/pubmed/31300460
http://doi.org/10.4049/jimmunol.1601356
http://doi.org/10.1073/pnas.1321071111
http://www.ncbi.nlm.nih.gov/pubmed/24469824
http://www.ncbi.nlm.nih.gov/pubmed/11407087
http://doi.org/10.1186/s13075-014-0474-4
http://doi.org/10.1002/1521-4141(200010)30:10&lt;2815::AID-IMMU2815&gt;3.0.CO;2-
http://doi.org/10.1172/JCI20742
http://www.ncbi.nlm.nih.gov/pubmed/15578092
http://doi.org/10.4049/jimmunol.1001311
http://doi.org/10.1016/j.immuni.2008.12.015
http://doi.org/10.4049/jimmunol.177.7.4927
http://doi.org/10.1002/art.40479
http://www.ncbi.nlm.nih.gov/pubmed/29513931
http://doi.org/10.4049/jimmunol.169.8.4332
http://doi.org/10.1155/2018/4089459
http://doi.org/10.1136/ard.2009.119164
http://www.ncbi.nlm.nih.gov/pubmed/20498202
http://doi.org/10.1038/s41584-018-0070-0
http://www.ncbi.nlm.nih.gov/pubmed/30111803
http://doi.org/10.1007/s00284-013-0338-1
http://doi.org/10.1038/s41586-020-2262-4
http://www.ncbi.nlm.nih.gov/pubmed/32499646
http://doi.org/10.1136/annrheumdis-2011-200990
http://www.ncbi.nlm.nih.gov/pubmed/22387728

	Introduction 
	Germinal Centers and Adaptive Immune Responses 
	Germinal Centers in Rheumatoid Arthritis 
	The Presence of GCs and Ectopic GCs in Tissues of RA Patients and Mouse Models of Arthritis 
	The Presence of GCs and Ectopic GCs in Tissues of RA Patients 
	The Presence of GCs and Increased GC Responses in Tissues of RA Mouse Models 

	SHM within GCs and the Generation of RA-Related Autoantibodies 
	Defective GC-Resident Cellular Subsets and the Generation of Autoantibodies in RA 
	Defective Tfh Cell Functioning within GCs 
	Defective Tfr Cell Functioning within GCs 


	Interfering with GC Components as Targets in the Treatment of RA 
	Interference with Various GC Processes 
	Targeting Tfh Cells for the Treatment of RA 
	Tfh-Associated Cytokines as Targets in the Treatment of RA: New Biologics? 
	Targeting Tfh Activation and Co-Stimulation Pathways in the Treatment of RA 

	Questions Raised and Concluding Remarks 
	References

