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ABSTRACT

Follicular helper T cells (Tth) play a crucial role in generating high-affinity antibodies (Abs)
and establishing immunological memory. Cytokines, among other functional molecules
produced by Tth, are central to germinal center (GC) reactions. This review focuses on the
role of cytokines, including IL-21 and IL-4, in regulating B cell responses within the GC, such
as differentiation, affinity maturation, and plasma cell development. Additionally, this review
explores the impact of other cytokines like CXCL13, IL-10, IL-9, and IL-2 on GC responses
and their potential involvement in autoimmune diseases, allergies, and cancer. This

review highlights contributions of Tth-derived cytokines to both protective immunity and
immunopathology across a spectrum of diseases. A deeper understanding of Tfh cytokine
biology holds promise for insights into biomedical conditions.

Follicular helper T cell; Germinal center; B cell; Plasma cell; Cytokine

INTRODUCTION

The adaptive immune response is a complex and highly regulated process that relies on

the coordinated efforts of various immune cell populations. One critical aspect of adaptive
immunity involves the formation and maintenance of germinal centers (GCs), specialized
microenvironments within secondary lymphoid organs where B cells undergo clonal
expansion, affinity maturation, and differentiation into Ab-secreting plasma cells (PCs)

or memory B cells (1,2). The regulation of these processes is orchestrated by a specialized
subset of CD4" T cells known as follicular helper T cells (Tth). Tth cells are distinguished

by their expression of the chemokine receptor CXCRS5, costimulatory receptor ICOS, and
transcription factor (TF) Bcl6, and their capacity to assist B cells throughout the GC reaction
(1). Within the GCs, B cells oscillate between two functionally distinct compartments: the
dark zone (DZ), where Ag-binding Ab affinity matures, and the light zone (LZ), where B cell
selection occurs. GC Tth cells, predominantly located in the LZ, collaborate with follicular
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dendritic cells (FDC) to support GC B cells and facilitate their selection. B cells that are
selected undergo somatic hypermutation and proliferate in the DZ. Subsequently, these B
cells migrate back to the LZ (2). Tth and GC Tth cells provide indispensable support to B
cells throughout this cycle, including the secretion of cytokines, which are essential for the
comprehensive GC response.

The primary molecules secreted from Tth cells include IL-21, IL-4, and CXCL13 (1). This
review aims to provide an overview of the pivotal role played by cytokines produced by Tth
cells, with a particular focus on IL-21 and IL-4, and their multifaceted functions within the
context of GC reactions. We will discuss the regulation and functions of IL-21 and IL-4 in GC
B cell responses, including processes such as B cell differentiation, affinity maturation, class
switch recombination, and PC differentiation. Additionally, this review covers the roles of
other cytokines produced by Tfh or Tth-like CD4 T cells, such as CXCL13, IL-10, IL-9, and IL-
2, in modulating GC responses and their potential pathologic roles in autoimmune diseases,
allergies, and the other type of diseases. Understanding the complex interplay of these
cytokines and their impact on the immune system is essential for unraveling the mechanisms
underlying adaptive immunity and developing novel therapeutic strategies for immune-
related disorders.

CYTOKINES PRODUCED BY Tfh AND THEIR REGULATION

The central roles of IL-21 in GC B cell responses

IL-21 is a cytokine predominantly produced by CD4" T cells, specifically Tfh and Th17 cells,

as well as by NKT cells. The best understood functions of IL-21 are in the context of Tth. IL-21
plays a pivotal role in GC B cell differentiation and affinity maturation, essential processes for
the adaptive immune response (Fig. 1A) (3,4). Studies in murine models demonstrate that IL-21
promotes B cell proliferation, isotype class switching, especially to IgG, and maturation into
plasmablasts (5). Mice lacking IL-21 or its receptor show compromised antigenic responses,
characterized by impaired GC maintenance and a tendency to develop low-affinity memory B
cells, leading to reduced production of high-affinity Abs (3,6). Recent research suggests that the
initial scale of the GC is influenced by the quantity of Tth and IL-21 levels, with the availability of
IL-21 determining the magnitude, persistence, and output of the GC response (7).

Furthermore, IL-21's role extends to the regulation of GC B cell selection and differentiation
into either PCs or memory B cells. IL-21 plays a pivotal role in the facilitation of GC B cell
entry into the cell cycle, thereby enhancing their proliferation (8). While the influence of IL-
21 on cell cycle progression in the DZ B cells is limited, IL-21 prevents G1 stage accumulation
in the LZ, which is crucial for the selection and maturation of high-affinity B cells (8). Itis a
nuanced process that is influenced by the combined signals from the B cell receptor (BCR),
CD40, and IL-4.

The mechanism of IL-21's action is intrinsically linked to its influence on gene expression
within B cells. IL-21 upregulates Bclo, critical for the sustenance and optimal affinity
maturation of the B cell receptor, and interestingly, IL-21 can also induce the expression
of Blimp1 and Bcl6 simultaneously (5,9,10). This duality suggests that IL-21 may engage
both STAT3 and STATS signaling pathways to modulate Bcl6 expression in GC B cells
(3,11). Bcl6 and Blimp1 are reciprocal transcriptional regulators in B cells, with the former
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Figure 1. Influences of cytokines from Tfh on germinal center B cell dynamics. (A) Tfh cells release IL-21, which stimulates both the proliferation and the affinity
maturation of B cells, culminating in their differentiation into PCs that synthesize Abs. (B) IL-4 promotes the generation of IgG1 or IgE and the differentiation into
1gG1- or IgE-secreting PCs. (C) CXCL13 directs the migration of B cells in humans, IL-9 influences the expansion of certain B cell subsets, and IL-2 enhances the
expansion of non-Tfh, Treg, and Tfr cells. See text for comprehensive details. Illustration produced with BioRender (https://BioRender.com/).
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associated with cell survival, proliferation, and SHM, while the latter is associated with the
differentiation of B cells into PCs (12). Further investigation is necessary to uncover the
precise mechanisms by which IL-21 governs GC B cell differentiation via the concurrent
upregulation of Bcl6 and Blimp1.

A recent study has provided insights into how IL-21 regulates the positive selection of GC B
cells by modulating its availability and signal strength (13). Reduced IL-21 signals, possibly
due to partial expression of the IL-21 receptor, can impede the differentiation of Ab-secreting
PCs. In contrast, stronger IL-21 signals, which can be achieved through exogenous IL-21
treatment, appear to favor PC differentiation and concurrently reduce the total population

of GC B cells (13). Collectively, the development of GC zones as a function of time and B cell
proliferation highlights IL-21 as a key regulator of these intricate processes.
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Roles of IL-21 in PC differentiation

The differentiation of PC is multifaceted in a complex process influenced by various cytokines,
including IL-21, signaling from CD40 and BCR, and TFs to govern the complex transition of

B cells to Ab-secreting PCs (14). Early GC-derived plasmablasts, which are still proliferative

as denoted by Ki67 expression, are predominantly induced by IL-21 from Tth cells. This
process synergizes with IL-6 from stromal cells, suggesting the cooperative nature of cytokine
signaling in early PC differentiation (1,15). Furthermore, IL-21 specifically promotes DZ B

cell centroblast identity and PC differentiation. Interestingly, this specific IL-21 action on PC
differentiation may be independent of T-B synaptic interactions (7).

Recent findings elucidate how IL-21R signaling reprograms GC B cells, steering their
differentiation, selection, and class switching in coordination with CD40 and BCR signals.
Signaling through both IL-21R+CD40 and BCR+CD40 pathways in GC B cells promotes

the expression of Blimpl—a transcriptional repressor pivotal for PC differentiation.
However, only IL-21R+CDA40 signaling culminates in the differentiation of PCs. In contrast,
simultaneous IL-2IR+CD40+BCR signaling steers GC B cells towards a memory-like fate,
illustrating the specific role of IL-21R in determining B cell destiny (16). IL-21 also exerts its
influence on class switch recombination, notably inhibiting IgE production while promoting
IgG1 production (17). The inhibition of IgE class switch recombination by IL-21 was
attenuated by CD40 signaling (18). IL-4, in contrast, is crucial for IgE production, particularly
during helminth infections, highlighting the intricate balance between IL-21 and other
cytokines in immune regulation (18,19).

The differentiation of PCs from GC B cells involves complex, multi-step transcriptional
reprogramming. This process requires a decrease in the expression of Bcl6 and an increase
in Irf4, followed by the expression of Blimp1 (20,21). The induction of Blimp1 in Irf4"Bcl6'
early PCs is a hallmark of IL-21's influence, indicating its vital role in the functionality

and longevity of PCs (1,20). The development of long-lived PCs is dependent on IL-21,
which activates STAT3 signaling. Notably, the expression of constitutively active STAT3 in
human B cells has been shown to induce PC differentiation. This highlights the crucial

role of IL-21-STAT3-mediated upregulation of BLIMP1, which works in coordination with

the down-regulation of BCLG, in controlling the differentiation of human PCs (22). One
complexity associated with IL-21 is its capacity to induce the expression of both Blimp1 and
Bcl6 (5,10,22). Combinatorial signals with CD40 and BCR results in the regulation of the
expression of Blimp1 and Bcl6. It is reported that the ligation of CD40 triggers NF-kB and Irf4
activation, leading to a decrease in Bcl6 expression (23). In vitro stimulation of human GC B
cells with IL-21 and anti-CD40 reduced the expression of BCL6 and increased the frequency
of Irf4"CD138* PC, indicating that the combination of IL-21R and CD40 signaling in GC B
cells directs PC differentiation through the regulation of BCL6 and BLIMP1 TFs (16). This
process underscores the tight regulatory network where IL-21-induced signals are critical for
the terminal differentiation of B cells.

IL-21 in Tfh cell development

IL-21 is a key player in the development and maintenance of Tfh cells, alongside other cytokines.
The generation of Tth cells is driven by IL-21, which induces Tth differentiation independently
of Th1, Th2, or Th17 cell lineages in mice (24). It is known that IL-21 is also produced by Th17
and that it enhances Th17 differentiation through autoregulation. Differing from Th17 cells,
murine Tth cell differentiation does not require TGF-B, and IL-21-producing Tth cells do not
express IL-17 (24,25). Research employing IL-21" mice and a neutralizing monoclonal Ab
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against IL-6 has verified that both IL-21 and IL-6 are essential for the optimal generation of Tfh
cells (26), highlighting the synergistic effect of these cytokines in GC immunity. IL-21, together
with IL-6, redundantly promotes the preferential differentiation of Tth cells.

Studies utilizing IL-21R-deficient mice support the importance of IL-21 in Tth development.
Deficiency of IL-21R in T cells results in a modest decrease in the generation of Tth cells
after immunization in mice or no defect in virus infection (3,25,27), suggesting potential
redundant STAT3 pathways, such as IL-6R signaling, and IL-21 may be more critical for

the maintenance of Tth than initial differentiation. A recent study further shows that IL-21
promotes CD4" T cell expansion and differentiation in a paracrine manner and also enhances
its own production (7). IL-21-deficient OTII CD4" T cells significantly reduce the number

of Tfh cells in IL-21 and IL-21R double-deficient host mice, indicating that IL-21 directly
promotes Tth differentiation independently of B cells (7). These findings collectively suggest
IL-21's central role in orchestrating the complex interplay of cellular mechanisms that
support the successful differentiation and maintenance of Tth cells, which are pivotal to the
adaptive immune response.

Molecular mechanisms of IL-21 production by Tfh cells

Multiple different signals are involved in IL-21 production from CD4 T cells. The initial
strength of TCR binding influences the production of IL-21. It is reported that stronger TCR
signaling augments IL-21 production in vitro, potentially offering autocrine sustenance for
Tth cells with higher Ag affinity (28,29). Furthermore, ICOS, an essential Tth costimulatory
molecule, signaling is a crucial component for IL-21 production, influencing c-Maf binding
to 1/21 locus during Tth and Th17 cell development (30,31). The TF c-Maf'is a known inducer
of IL-21 expression in both murine and human CD4" T cells, achieving this by binding to the
1121 promoter and the CNS2 enhancer. This activation is counterbalanced by TGF-f3, which
diminishes c-Maf-mediated IL-21 synthesis, delineating a negative feedback loop (32,33). The
level of c-Maf expression in Tth cells correlates with increased levels of CXCR5, IL-21, and IL-4,
indicating a significant association with Tth cell activity (32,34-306).

In addition to TCR and costimulation, cytokine signaling is an important factor for induction of
IL-21 expression. IL-6 is the most potent inducer of IL-21 production in murine CD4 T cells (1).
Both IL-6 and IL-21 activate STATSs, particularly STAT3, which is essential for IL-21 expression
in murine CD4" T cells (37). In humans, the IL-6 effect on human CD4 T cells remains unclear
(1). Instead, IL-12 is an inducer of IL-21 in human CD4" T cells (38,39). IL-23, another IL-12
family member, also can induce IL-21 production in human Tth cells. In concert with TGF-§3,
IL-12 or IL-23 can generate human Tth in vitro (38). IL-12-mediated activation of STAT4 and
IL-23-mediated activation of STAT3 are involved in IL-21 regulation in human counterparts (40-
42), suggesting a differential regulatory mechanism across species. Recent research suggests
that KIf2 and Tefl, both downstream of Bclo, play a key role in fine-tuning IL-21 expression in
mouse Tth cells (43). These findings indicate their role in the elaborate regulatory network that
governs IL-21 production, highlighting the multifaceted control of Tth cell functionality (44).

In addition to positive regulators, IL-21 expression is also negatively mediated by Foxpl
and the orphan nuclear receptor NR2F6. Foxp1 directly represses IL-21 expression in Tth
cells, while NR2F6 limits the accumulation of Tth cells, thereby indirectly affecting IL-21
production (9,45). Our recent studies have shown that Mef2d functions as a transcriptional
repressor of the I/21 gene, influencing IL-21 production through DNA binding. Mef2d binds
to potential Mef2d binding sites in the /[2 gene, demonstrated by luciferase assays, and
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introducing Mef2d into CD4 T cells from naive mice markedly decreases IL-21 production
(46). Overall, the regulation of IL-21 production in Tth cells involves a complex network of
TFs responding to various extracellular signals.

Role of IL-4 in GC response

IL-4 plays pleiotropic roles in the immune response, including the proliferation and
differentiation of B cells. IL-4, predominantly secreted by Tth and Th2 cells after antigenic
sensitization, provides antiapoptotic support to B cells, crucial for the survival of GC B

cells prone to apoptosis (Fig. 1B) (47). Initially, Tth cells provide IL-21 and CD4OL signals

to stimulate B cell proliferation and differentiation (48). As the GC response progresses,

Tth cells decrease IL-21 production and shift towards promoting IL-4 production. IL-4, in
synergy with IL-21, supports GC maintenance and plasmablast differentiation (2,4). IL-4 also
expands the population of rare GC B cells that recognize common epitopes during influenza
infection (49). A recent study has shown that excess availability of IL-4 limits memory B cell
differentiation from a specific subset of GC B cells (50). Single-cell RNA sequencing has
identified an IL-4Ra* CD23" GC B cell subset in the LZ, and Tth-derived IL-4 prevents this
subset from evolving into memory cells. Interestingly, FDC can limit GC IL-4 availability
through IL-4Ra expression, enhancing memory B cell generation (50). IL-4 also triggers a
negative autoregulatory mechanism of Bcl6 expression in GC B cells, although it initially
enhances Bcl6 in naive B cells to facilitate the generation of GC (51). This reduction in Bcl6 by
IL-4 contributes to a selective process: pre-memory GC B cells with access to supplementary
survival signals are granted permission to exit the GC, while those devoid of such signals
undergo apoptosis (51). These findings suggest that IL-4 acts on B cell differentiation at
multiple stages, including GC B cell and memory B cell differentiation.

IL-4 is crucial for class switch recombination to IgG1 in mice and IgG4 in humans, as well

as IgE in both species (52). Notably, IL-4 from Tth cells, rather than classical Th2 cells,
predominantly governs IgE and IgG1 Ab responses, suggesting its vital role in humoral
immunity. IL-4 and IL-21 appear to have distinct roles in class switch recombination.

While IL-21 inhibits IgE production, IL-4 is essential for IgE production and plasmablast
formation during helminth infection (18,19). This suggests that Tth cell-derived IL-4 is key in
orchestrating type 2 immune responses in reactive lymph nodes during parasitic infections.

Molecular mechanisms of IL-4 production by Tfh cells

The regulation of IL-4 expression in Tth cells is a highly controlled process. IL-4 expression

is a later development in fully differentiated GC Tfh cells (4,53). The mechanisms governing
IL-4 production in GC Tfh cells are diverse. Unlike classical Th2 cells, Tth cells utilize unique
pathways and molecular mechanisms for IL-4 regulation, crucial for both humoral and
cellular immune responses. GC Tth IL-4 production requires signaling lymphocytic activation
molecule (SLAM) receptor signaling (53), indicating that the SLAM-associated protein is a
key mediator for IL-4 expression in Tth cells.

In classical Th2 cells, TF GATA-3 controls IL-4 gene transcription (34,54,55). However, IL-4
expression in Tth cells does not seem to be regulated by GATA-3. A critical aspect of IL-4
regulation in Tth cells involves CNS2, also known as the enhancer hypersensitivity site V
(HS V), within the /4 locus (56). This site is crucial for IL-4 production, as demonstrated

by the significant defects in type 2 humoral immune responses in mice lacking HS V,
including reduced IgE and IgG1 production (57). The TF Batf plays a crucial role in initiating
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IL-4 expression in Tth cells. It achieves this by binding to the CNS2 region and forming a
complex with Irf4 in mice (58). In collaboration with Irf4, STAT3, and STAT6, Batf actively
stimulates the CNS2 region within the /4 locus, thereby initiating IL-4 production in Tth
cells. Additionally, c-Maf and Irf4, along with JunB and NFATc2, respectively, induce IL-4
expression in a GATA-3-independent manner (55,59,60).

Batfalso can form a Batf-Bach2 complex, which counteracts the recruitment of the Batf-Irf4
complex to AP-1 motifs, thus inhibiting Th2 cytokine production (61). Bach2 modulates Batf
and Batf3 expressions by suppressing IL-4 production and direct binding to Batf and Batf3
gene loci (61). STAT3 represses both Bcl6 and IL-4 expression in Tth cells, indicating its
critical role in regulating multiple key genes in these cells (62). IL-4 repression in Th1 cells
involves the Runx/Cbf beta complex binding to the /4 silencer (63). Bcl6 suppresses Runx3
in Tth cells to induce multiple Tth genes, including CXCRS5 (43), suggesting a potential role
for Runx3 in IL-4 regulation. Notably, KIf2, another downstream target TF of Bcl6, shows a
repressive function on IL-4 and IL-21 expression (43), indicating that Bcl6 represses KIf2 to
induce important Tth cytokines, IL-4 and IL-21 (44).

CXCL13

CXCL13 is one of the most important chemokines in GC biology. CXCL13 is predominantly
produced by stromal cells and FDCs in both humans and mice (1). The primary role of
CXCL13 in the GC is attracting activated Ag-specific B cells and Tth cells to B cell follicles and
further into GC. In contrast to mice where Tfh does not produce CXCL13, human Tth can
produce CXCL13 (64). This is another substantial difference between humans and mice (1).
CXCL13 produced by Tth may facilitate GC B cell migration to the LZ to enhance interactions
between GC Tth, GC B, and FDC trifecta (Fig. 1C) (47). Although CXCL13 is considered the
most important chemokine in the GC dynamics, including the localization of cells, the
particular role of CXCL13 from Tth cells is still unclear. Further study is required to elucidate
the proper role of Tth-derived CXCL13 at the immune synapse in humans.

IL-10

IL-10 is recognized as a significant factor in the differentiation of PC in humans (65). In
various contexts, IL-10 is acknowledged as an immunosuppressive or anti-inflammatory
cytokine. Some studies have indicated that IL-10-producing Tth cells in mice assist B cells
(66). Nevertheless, the presence of IL-10-producing Tth cells is closely associated with
specific disease conditions, as discussed below. For instance, IL-10-producing Tth cells tend
to accumulate with age and are linked to inflammation in the context of age-related immune
suppression (67).

IL-9

Germinal-center development of memory B cells driven by IL-9 by Tth cells (68). Deletion of
IL-9 from GC Tth cells results in impaired memory formation of B cells. Consequently, IL-9
originating from Tth cells promotes the generation of memory B cells (68). Additionally, IL-9
is thought to play a role in the recall of memory B cells, but there are conflicting reports in
this context (68-70).

IL-2

IL-2 is widely recognized as the most potent suppressor of Tth differentiation through STAT5
signaling, leading to the subsequent downregulation of Bcl6 expression (71). TCR activation
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triggers the expression of both IL-2 and IL-2Ra in CD4 T cells. Interestingly, CD4" T cells that
produce IL-2 tend to become Tfh cells, while those that do not produce IL-2 develop into non-
Tth cells (72). Despite the high expression of IL-2 in Tth cells, these cells maintain a state of
hyposensitivity to IL-2 (73). In a recent study involving mice infected with influenza, IL-6 was
found to play a negative role in regulating the expression of IL-2R3. This regulation prevents
the initiation of a negative feedback loop involving TCR and IL-2, which in turn inhibits the
generation of GC Tth cells during the transition phase from non-GC to GC Tth (73). This
suggests that an imbalance between IL-2-producing Tfh precursors and IL-2-nonproducing
non-Tth precursors can either promote or inhibit Tth differentiation (74).

PATHOLOGIC ROLES OF CYTOKINES PRODUCED BY Tfh
OR Tfh-LIKE CD4 T CELLS

Tth-derived cytokines have been associated with a range of diseases, including autoimmune
disorders, allergies, and even cancer (Fig. 2) (1). Specifically, IL-21 has been associated
with various autoimmune diseases, such as systemic lupus erythematosus (SLE), Sjogren’s
syndrome, allograft rejection, and certain neuronal diseases. IL-21 contributes to the
differentiation of an autoreactive CD11c" T-bet* B cell subset into Ig-secreting autoreactive
PCs in SLE (75). IL-21 has been identified as a pathogenic factor in lupus-prone MRL-Fas"
mice. Blocking it with IL-21R-Fc has been demonstrated to mitigate disease progression
(76,77). In the B6.Slel.Yaa lupus-prone mouse model, targeting IL-21 with an anti-IL-21 Ab
led to reduced autoantibody levels, delayed disease progression, and reduced GC B and
PC frequency (78). Furthermore, in a pristane-induced lupus-like model, IL-21 was found
to upregulate the expression of a tumor suppressor gene, absent in melanoma 2 (AIM2)
by recruiting Tet2 to the AIM2 promoter. This upregulation enhances c-Maf expression,
which in turn promotes Tth differentiation, further exacerbating lupus pathogenesis (79).
Collectively, these findings indicate the detrimental role of IL-21 in SLE pathogenesis and
highlight its potential as a therapeutic target to alleviate lupus progression.

ICOS

CXCR5
Tfh

CXCL13

1 PR ¥

Allergic Diseases Ectopic Lymphoid Structure

Figure 2. Impact of cytokines from Tfh cells in pathological conditions. See text for comprehensive details.
Illustration produced with BioRender (https://BioRender.com/).
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IL-21 influences other diseases through its modulation of immune cell pathways. The
suppression of the Pax3-Id3 pathway by IL-21 exacerbates the development of Sjogren’s
syndrome by promoting the activity of Tth cells, leading to heightened severity of disease
symptoms (80). In the context of transplantation, IL-21-producing effector Tth cells have
been shown to drive B cell alloimmunity in lymph nodes and kidney allografts, suggesting a
mechanism for transplant rejection (81). Furthermore, the role of IL-21 in neurodegenerative
diseases has been identified, impacting neuro-immune communication between peripheral
systems and the brain, which affects Alzheimer's disease neuropathology and may influence
the progression and severity of the disease (82). Virus-specific brain-resident CD8 and CD4 T
cells are associated with protection against pathological brain diseases, including progressive
multifocal leukoencephalopathy. During persistent viral infections, IL-21 from high-affinity
CDA4 T cells drives the differentiation of brain-resident CD8 T cells, indicating its critical

role in the immune response within the central nervous system (83). This body of evidence
collectively highlights IL-21 as a pivotal factor in various autoimmune and neurodegenerative
diseases, as well as in immune responses following organ transplantation.

In the complex field of allergic immunology, Tfh cells emerge as key players of B cell function
and IgE responses, distinct from GATA3" Th2 cells predominantly found in non-lymphoid
tissues (84,85). IL-4 produced by Tth cells primarily influences B cell differentiation and IgE
production, which are critical factors in IgE-mediated allergic diseases (85). The essential
role of Tth cell-derived IL-4 in IgE class switching and Ab production has been demonstrated
in helminth models in mice with a Tth-specific //4 deficiency, suggesting the specificity of
this cytokine's function in allergic responses (19). Tth2 cells, which predominantly generate
IL-4 under specific conditions, promote B cell differentiation into PCs, thereby facilitating
IgE class switching and Ab production (86). Additionally, research has unveiled a strong
correlation between the number of circulating Tfh2 cells and elevated levels of IgG4 and IL-4,
along with an increase in plasmablast numbers in patients with IgG4-related disease (87).
Furthermore, IL-4"TL13*CXCR5" Tth2 cells have been observed in SLE patients, and IL-4" Tth2
cells in EtsI-deficient mice exacerbate SLE with heightened IgE production (88). A distinct
population of Tth cells, referred to as “Tfh13’, which is characterized by high levels of IL-4,
IL-5, and IL-13 but low IL-21, has been crucial for producing high-affinity IgE and triggering
allergen-induced anaphylaxis in both mice and humans sensitive to allergens. These Tth13
cells, characterized by a unique cytokine profile and simultaneous expression of Bcl6 and
GATA3, are absent in cases without allergen-specific IgE or with only low-affinity IgE (89).
This association highlights the specialized role of IL-4-producing Tth cells in humoral
immunity, allergic disease, and autoimmune disease pathogenesis. Collectively, these studies
provide a comprehensive understanding of how IL-4, particularly when produced by Tth2

or Tth13 cells, contributes to the immunological landscape in allergic diseases, offering
potential targets for therapeutic interventions.

CXCL13

CXCL13 is implicated in the formation of ectopic lymphoid-like structures (ELSs) at
inflammatory sites in autoimmune diseases (90). These structures functionally resemble
GCs and can promote autoreactive B-cell responses and local autoantibody production (91).
The CXCL13/CXCRS5 axis plays a pivotal role in ELS development, as evidenced by the increased
expression of CXCL13 in synovial tissues of rheumatoid arthritis (RA) patients and salivary
glands of individuals with Sjégren's syndrome (92,93). This expression correlates with the
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size and organization of lymphoid aggregates. In humans, GC Ttfh cells play a central role in
producing CXCL13 (94). Interestingly, in the joints of individuals with RA, CD4" T cells that
express CXCL13 are mainly negative for CXCR5 and BCL6 (95), suggesting that CXCR5" Tfh-like
cells in ELSs may function similarly to CXCL13-expressing Tth cells. The role of CXCL13 in
ELS is similarly active in other autoimmune diseases, including SLE and multiple sclerosis
(96,97), indicating that CXCL13 contributes to the pathogenesis of various autoimmune
diseases by regulating the development and activity of ELSs.

CXCL13 is also strongly associated with cancer. CXCL13-producing Tth cells establish a link
between immune suppression and adaptive memory in human breast cancer (94). These
CXCL13-producing Tth cells potentially trigger ELS formation and generate GC B cell
responses at the tumor site. Interestingly, CXCL13-producing Tth cells in the ELS are also
CXCR5" CD4 T cells in cancer, such as nasopharyngeal carcinoma and cutaneous melanoma
(98,99). In summary, peripheral CXCR5'" Tth-like cells and Tth cells that have migrated

into the tumor microenvironment are potent CXCL13 producers, leading to the formation
of ELSs, and the attraction of more B cells and CXCR5" T cells to the chronic autoimmune
inflammation and tumor microenvironment.

IL-2 and IL-10

Although IL-2 and IL-10 cytokines are known to be produced by Ttfh cells, their roles remain
unclear, as IL-2 is produced predominantly by activated T cells, and IL-10 is primarily
produced by Treg and follicular Tregs (Tfr). In SLE, IL-2 drives the conversion of Tth to Tfr
through transcriptional regulation (100). Thus, low-dose IL-2 has been considered as a
therapeutic strategy for SLE because IL-2 is a potent inhibitor of Tth cells and facilitates the
conversion of autoreactive Tth cells into Tfr cells (101).

IL-10-producing CCR6* CD4 T cells have been observed in the human tonsil and a pristane-
induced SLE mouse model (102). These tonsillar IL-10-producing CCR6" helper T cells exhibit
distinct phenotypes from Tth cells and do not express BCL6. While these IL-10-producing

cells are considered to originate extrafollicular, they provide assistance for Ab production in
mouse models and SLE patients (102). Recent research has shown that IL-10-producing Tfh
cells accumulate with age and establish a connection between inflammation and age-related
immune suppression (67). In aged mice, IL-10-producing CD4 T cells are predominately Tth
cells, and these cells also accumulate during aging in humans. Moreover, IL-10 limits Tth-
dependent vaccine responses in aged mice (67). IL-10 is considered a potent regulatory cytokine
of Treg or Tfr, while IL-2 is regarded as a critical factor for the differentiation and maintenance
of Treg or Tfr and for the proliferation of conventional CD4 T cells. Consequently, IL-2 and IL-10
may play roles in adjusting the balance between Tth and Tfr or Tth and non-Tth cells in various
pathophysiological conditions. Further research is necessary to elucidate the specific functions
of IL-2-producing Tth or IL-10-producing Tth cells in different disease conditions.

CONCLUDING REMARKS

Cytokines generated by Tth cells are implicated in humoral immunity and a broad spectrum
of diseases, whose etiology is strongly associated with immunological functions of Abs
(Table 1and Fig. 2). A comprehensive exploration of the cytokines produced by both Tfh and
Tth-like CD4 T cells is imperative for elucidating their roles in orchestrating the adaptive
immune response and their relevance to various medical conditions. Over the past decade,

https://doi.org/10.4110/in.2024.24.e8 10/17



iImmun=s
Cytokines in Tfh Biology and Pathophysiology n ETWO R I(

Table 1. Summary of cytokine functions in Tfh cell development and B cell regulation

Cytokines Development of Tth cells Regulation of B cells
IL-21 CD4 T cell expansion Tfh differentiation B cell proliferation
GC B cell differentiation & selection
Affinity maturation
Class switching: IgG
Plasmablasts maturation
IL-4 - GC B cell survival
Plasmablast differentiation
Class switching: IgE, 1IgG1 (mouse), IgG4 (human)
Memory B cell generation

CXCL13 Attracting CD4 T cells to B cell follicle Attracting B cells to B cell follicle

GC B cell migration to the LZ
IL-10 - Plasma cell differentiation
IL-9 - Memory B cell generation
IL-2 Tfh suppression -

substantial progress has been achieved in comprehending Tth cytokines, encompassing
both cellular and molecular facets, as well as their implications in disease. Nevertheless,
unraveling the precise contributions of individual cytokines or the complex interactions
among them to specific diseases remains a formidable and intricate challenge.

A fuller comprehension of the functions of these cytokines in both health and disease is
pivotal for the development of targeted therapeutic interventions. Disease modeling in animal
subjects plays a critical role in researching fundamental Tth biology and discovering potential
therapeutics. While Tth differentiation and function exhibit substantial similarities across
species, noteworthy disparities in Tth biology exist between mice and humans. For instance,
human Tth cells are primary producers of the CXCL13 chemokine, which is not produced by
murine Tth cells (1). Another disparity is the utilization of IL-6 and IL-12 cytokines for the
differentiation of mouse and human Tth cells, respectively (1). Further research endeavors are
imperative to establish more accurate animal models for human diseases.

Furthermore, although T helper subsets are typically considered terminally differentiated, they
possess a degree of plasticity that allows them to differentiate into other types of helper T cells
(103) or multifunctional helper T cells capable of producing various cytokines, particularly

in disease conditions. Transcriptional and epigenetic changes play a role in regulating this
context-dependent plasticity (104). In-depth mechanistic studies are essential to elucidate the
complex molecular interactions that control the expression of cytokines derived from Tth cells,
including the roles of TFs, chromatin regulators, and epigenetic modifications.

In summary, cytokines emanating from Tth and Tth-like CD4 T cells serve as pivotal players

in shaping the adaptive immune response, influencing various facets of GC biology, and
contributing to the pathogenesis of a multitude of diseases. Continued research into the precise
mechanisms and regulatory networks governing these cytokines will continue to enhance our
understanding of immune regulation and open new avenues for therapeutic interventions.
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