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Abstract

T follicular helper (Tfh) cells are specialized subset of T helper (Th) cells necessary for germinal 

center reaction, affinity maturation and the differentiation of germinal center B cells to antibody-

producing plasma B cells and memory B cells. The differentiation of Tfh cells is a multistage, 

multifactorial process involving a variety of cytokines, surface molecules and transcription factors. 

While Tfh cells are critical components of protective immune responses against pathogens, 

regulation of these cells is crucial to prevent autoimmunity and airway inflammation. Recently, it 

has been noted that Tfh cells could be potentially implicated either in cancer progression or 

prevention. Thus, the elucidation of the mechanisms that regulate Tfh cell differentiation, function 

and fate should highlight potential targets for novel therapeutic approaches. In this review, we 

summarize the latest advances in our understanding of the regulation of Tfh cell differentiation and 

their role in health and disease.
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1. Introduction

A major outcome of the immune response for clearance of pathogens is the production of 

high-affinity antibody-secreting plasma cells and memory B cells. This process requires 

direct contact between activated B and T cells in a specialized structure in secondary 

lymphoid organs known as the germinal centers (GCs) [1]. CD4+ T cells were found to be 
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necessary for development of GCs where somatic hypermutation of Immunoglobulin (Ig) 

variable region genes and selection of high affinity B cells occur, followed by differentiation 

into memory B cells and long-lived plasma cells that secrete high-affinity antibodies [2]. For 

almost two decades the exact nature of CD4+ T cells that provide help to B cells remained 

mysterious. Early studies implicated Th2 cells as a major CD4+ T helper subset in helping B 

cell class switching towards IgE and IgG1 by secreting Interleukin (IL)-4 [3]. Th1 cells were 

also thought to contribute to antibody responses by inducing B cell class switching towards 

IgG2a [3]. However, GC formations and T cell dependent antibody responses were intact in 

the mice lacking key regulatory factors for Th1/Th2 development [4–6]. In early 2000s, T 

follicular helper (Tfh) cells have been identified and emerged as the key cells required for 

GC reactions [7, 8]. Similar to other Th subsets, Tfh cell differentiation involves a variety of 

cytokines, surface molecules and transcription factors. Understanding the development and 

function of Tfh cells is very important for generation of new therapeutic strategies against 

pathogens and vaccine development.

Tfh cell differentiation is a multistage, multifactorial process with significant heterogeneity 

[4, 9]. The Tfh differentiation process starts after naïve CD4+ T cells are primed with 

dendritic cells (DCs) in the T cell zone of the secondary lymphoid organ and become 

precursor Tfh (pre-Tfh) [5, 9]. Pre-Tfh cells that acquire C-X-C chemokine receptor type 5 

(CXCR5) expression and down-regulate C-C chemokine receptor 7 (CCR7) migrate to T-B 

border where they interact with antigen-specific B cells [9, 10]. Further stimulation and 

antigen presentation by B cells helps the development of pre-Tfh cells to become fully 

programmed GC Tfh cells. GC Tfh cells provide help to B cells to differentiate into 

antibody-secreting plasma cells and memory B cells within GCs [5, 9, 10]. The generation 

and function of Tfh cells is regulated at multiple checkpoints along the process of early 

priming in T zones and throughout to the effector stage of differentiation in GCs (Fig. 1). 

IL-6 and IL-21 signaling, possibly via STAT (signal transduction and activator of 

transcription) 3/STAT1 and B cell lymphoma 6 (Bcl6) which is a key transcription factor are 

required for Tfh lineage commitment [4, 11] In addition , other markers are critical for Tfh 

development and function including surface molecules OX40, Inducible costimulatory 

(ICOS), IL-21R, IL-6R, Signaling Lymphocytic Activation Molecule (SLAM)-Associated 

Protein (SAP), PD (Programmed Death)-1, B and T-lymphocyte attenuator (BTLA) along 

with transcription factors such as STAT3, Basic Leucine Zipper Transcription Factor (Batf), 

Interferon regulatory factor (IRF4) (Fig. 1). On the other hand, STAT5, B lymphocyte-

induced maturation protein (Blimp)-1 and IL-2 are known to negatively regulate Tfh cell 

development.

In this review, we discuss the recent advances in the understanding of the requirements for 

the generation and acquisition of effector function of Tfh cells including signaling pathways 

activated downstream of costimulatory molecules and cytokines, and the consequent 

activation of subset-specific transcriptional factors. We also elaborate on Tfh cells as an 

alternative source of IL-4 production and discuss the transcriptional regulation driving IL-4 

production by Tfh cells. Further, we review some of the recent advances on the role of Tfh 

cells in different disease settings.
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2. Discovery and identification of T follicular helper cells

A fundamental function of Th cells is to provide help to B cells and to regulate their 

proliferation and immunoglobulin class switching, especially in the GCs [12]. Discovery of 

CXCR5 receptor on B cells in 1993 helped in the identification of a specific B-cell helper 

subset, Tfh cells [13, 14]. In the early 2000s, studies on CD4+ T cells in the human tonsils 

showed that cells expressing high level of CXCR5 and low level CCR7 have a capacity to 

induce Ig production in B cells [7, 8, 13, 15]. Similar to B cells, CXCR5 expression of T 

cells is indispensable for T cell migration to the B-cell follicles [16, 17]. Interestingly, while 

other Th cells transiently express CXCR5 only at the T cell priming stage, Tfh cells 

maintain CXCR5 expression and differentiate into GC Tfh cells [18]. By upregulation and 

sustained CXCR5 expression and downregulation of CCR7, Tfh cells can move from T 

zones towards CXCL13-rich B-cell follicles, interact with B cells for further differentiation 

and provide help to B cells [9, 16, 19]. Similarly specialized B helper and tissue 

inflammatory CD4+ T cell subsets expressing CXCR5 were found in mice [20]. Thus, based 

on their localization dictated by CXCR5 expression and functions, these distinct CD4+ T 

cells were named as Tfh cells.

It has been suspected that a subset of Th1 and Th2 cells can function as Tfh cells, rather than 

Tfh cells stemming from a specialized lineage for follicular helper function. However, gene 

expression analysis of human Tfh cells (CD57+CXCR5hi) revealed a unique expression 

profile that is distinct from that of Th1 and Th2 cells [8, 21]. This finding was further 

supported by the notion that in vivo generated mouse Tfh cells do not express Th1-, Th2- 

and Th17-specific genes [4, 22]. More importantly, the generation of CXCR5+ Tfh cells is 

independent of that of other Th cell lineages (Th1 (IFN-γ, STAT1), Th2 (IL-4, STAT4), 

Th17 (IL-17, IL-17F, RORα and RORγ) and Tregs (TGF-β) [4, 21, 22]. Genetic analysis 

further identified molecules highly expressed by both mouse and human Tfh cells that are 

crucial for their development and function, including: ICOS, CD40L, PD-1, BTLA, SAP, 

IL-21, IL-6 receptor (R), IL-21R and Bcl6 [4, 5, 8, 21, 22]. These molecules play a critical 

role in promoting both the development and maintenance of Tfh cells and regulating their 

ability to provide help to B cells.

In 2009, three independent groups including our own demonstrated that mice lacking Bcl6 

are impaired in germinal-center formation and Tfh cell development, but not required for 

differentiation of other T helper subsets including Th1, Th2, Th17 and Treg cells [11, 23, 

24]. Taken together, these findings clearly identify Tfh cells as a distinct lineage of Th cells, 

with Bcl6 as a master regulator of their differentiation.

However, recent data suggest that Tfh cells can express cytokines characteristic of other Th 

effector cells, including IL-4 and IFN-γ, consistent with their pivotal role in providing help 

for cytokine-driven patterns of immunoglobulin class switching [25–27]. Thus, Tfh cells 

exhibit overlapping characteristics with multiple Th effector subsets, raising the possibility 

of flexibility between Tfh cells and other Th effector populations. Later in this review, we 

discuss in more detail the mechanism underlining expression of Th2 cytokine IL-4 by Tfh 

cells, with the perspective of understanding the function of IL-4-expressing Tfh cells 

towards Th2-mediated immunity.
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3. Differentiation of T follicular helper cells

Tfh cell differentiation is a tightly regulated complex process. This starts during T cell 

priming by DCs in T cell zone of secondary lymphoid tissues, followed by further 

differentiation and maturation with help from antigen specific B cells in B cell follicles. 

Each stage of Tfh cell development requires signaling pathways downstream of cell surface 

molecules (T cells receptor and costimulatory molecules) and cytokines, leading to 

activation of specific transcription factors.

Costimulatory molecules

CD28 and ICOS—CD28 and ICOS are two structurally and functionally closely related 

co-stimulators that are important for T cell-dependent B cell responses [28]. Mice deficient 

in CD28 showed absence of Tfh cells and blocking of CD28 inhibits up-regulation of Bcl6 

and CXCR5 and thus migration to the follicle [28, 29]. It is likely that CD28 is required at 

early stage of Tfh cell differentiation, since blockade of the CD28 pathway starting 6 days 

post protein immunization did not have any effects on the frequency of CXCR5+PD-1+ cells 

[30]. Recent studies, however, reported that B7.2 expression on B cells is required for GC 

formation, suggesting the role for B7-CD28 interaction between T and B cells in B cell 

follicles [31].

Another CD28 family member, namely ICOS has been known for many years as an 

important regulator of Tfh cells [32]. Mice in which ICOS-ICOSL interactions are disrupted, 

or patients with mutations in ICOS, have decreased Tfh cell generation and defect in GC 

formation [4, 33–37]. However, mechanism(s) responsible for this defect were unknown 

until recently. Using a viral infection model for Tfh differentiation in 2011 Choi et al. 
demonstrated that ICOS signaling is required firstly for Bcl6 induction during DC priming 

and secondly for Tfh maintenance of Bcl6 during T cell – B cell cognate interactions [30]. 

However, later studies in 2015 by Jan Weber et al. have shown that primary defect in ICOS 

deficient mice is impaired upregulation of CXCR5, not of Bcl6, which is independent of 

Bcl-6 and achaete-scute family bHLH transcription factor (Ascl)2 expression [38]. ICOS 

exerts its costimulatory function via activation of PI3K-AKT signaling leading to 

phosphorylation and deactivation of Foxo1 and its downstream target Kruppel like factor 

(Klf2) that directly binds to the promoter region of CXCR5 [38]. Klf2 has to be expressed at 

low level to maintain high expression of CXCR5 on Tfh cells and keep them in B cell 

follicles [38]. This means that ICOS costimulation does not directly regulate lineage specific 

factors like Bcl6 and Ascl2, but is important for maintenance of Tfh cell phenotype by 

controlling their localization in B cell follicle within secondary lymphoid organs [38]. The 

important role of ICOS for Tfh cell maintenance during T-B cell interaction was also 

emphasized by the fact that B-cell specific knockout of ICOSL showed significantly reduced 

Tfh cell frequencies [4]. ICOSL blockade at effector stage of Tfh development leads to 

reversion of their phenotype to non-Tfh and re-location back from B cell follicle to T cell 

zone [38]. Subsequently, Tfh cells lose expression of Bcl6 which can be explained by 

osteopontin-dependent degradation of Bcl6 protein [39].
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SAP—SAP expression in CD4+ T cells, specifically in GC Tfh cells is important for 

formation of GCs, long-lived plasma cells and memory B cells [40, 41]. Bcl6 promotes SAP 

expression in GC Tfh cells [42]. SAP mediates responses to members of the SLAM family 

by binding to a conserved domain on those receptors, four of which are highly expressed on 

both Tfh cells and B cells: SLAM/SLAMF1, Ly9/SLAMF3, CD84/SLAMF5 and Ly108/

SLAMF6 [40, 43, 44]. SAP regulates GC responses by modulating T-B cell conjugates, 

cytokine secretion and TCR signal strength [45]. Mutation of SAP in humans, as well as 

studies involving SAP-deficient mice, suggested a critical role for SAP in Tfh cell help to B 

cells [5]. While SAP-deficient CD4+ T cells express normal levels of CXCR5 and Bcl6, they 

failed to stably interact with cognate B cells and induce B-cell clonal expansion [43, 46–48]. 

Thus, SAP function is to sustain adhesion between T cells and B cells that is necessary for 

the delivery of adequate Tfh cell help to B cells [43]. Recent work defined the two potential 

molecular mechanisms underlying SAP-mediated regulation of T:B cell adhesion: 1) SAP 

binds cytoplasmic tails of SLAM family receptors and mediates positive signaling by 

recruiting the Src family kinase Fyn [49]; 2) SAP competes with Src homology region 2 

domain-containing phosphatase (SHP)-1 for binding to Ly108 and abrogates Ly108 

signaling that shorten Tfh:B cell contact [43]. In addition to prolonging adhesion, SLAM 

family receptors regulate the secretion of cytokines [50, 51]. SAP specifically regulates IL-4 

secretion by GC Tfh cells [52]. Production of IL-4 by Tfh cells is dependent on SLAM and 

on positive signaling through SAP and PKC-θ [52, 53]. Moreover, SAP through SLAM 

family receptors can modulate strength of TCR signaling in Tfh cells [53, 54]. For example, 

positive signaling through Ly108 and SAP sustains TCR signaling through Extracellular 

Signal-regulated Kinase (ERK) activation and results in higher quality interactions between 

Tfh:B cells within the GCs [54].

BTLA—BTLA is an inhibitory receptor expressed on T and B cells that binds Herpes Virus 

Entry Mediator (HVEM) and inhibits T cell proliferation [55]. BTLA deficient mice exhibit 

increased antigen-specific IgG responses and gradually developed hyper-y-globulinemia and 

autoantibody production [56]. BTLA is highly expressed on Tfh cells compared to 

CD4+CXCR5+T cells [4, 57]. Percentage of CXCR5+PD1+ Tfh cells was not affected in 

BTLA knockout mice suggesting that BTLA does not control Tfh development [57]. 

However, mice deficient in BTLA show an increase in percentage of GC B cells and 

antigen-specific IgG2a and IgG2b after protein immunization, suggesting that BTLA may 

control Tfh cell function [57]. In fact, increased IL-21 production by BTLA deficient Tfh 

cells is essential for enhanced IgG production by B cells, suggesting that BTLA controls 

Tfh-mediated Ig responses by inhibiting IL-21 production [57].

Cytotoxic T-Lymphocyte-Associated Protein (CTLA)-4—CTLA4 is an inhibitory 

receptor that acts in opposition to the CD28 to limit T cell immune responses [32]. CD28 

and CTLA4 share same ligands CD80 and CD86 that are expressed by antigen-presenting 

cells and B cells, but CTLA-4 binds to them with higher affinity than CD28, limiting CD28 

dependent activation [32]. CTLA4 is a key mediator of Treg function and also controls 

conventional T cells [32]. Deletion of CTLA4 in mice results in fatal multiorgan 

inflammation within 2 to 4 weeks of age, as well as increased antibody levels, suggesting 

CTLA4 role in controlling B cell responses [58–61]. Treg-specific deletion of CTLA4 
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recapitulates increase in antibody production, pointing the essential role of CTLA4 on Tregs 

in limiting B cell responses [62]. In 2014, two independent groups determined cellular 

mechanisms by which CTLA4 regulates B cell responses [63, 64]. These studies 

demonstrated that preventing CTLA4 signaling results in increased GC responses, with 

corresponding increase in number of Tfh cells and follicular regulatory T cells (Tfr) cells, a 

specialized effector subset of Tregs that suppress B cell responses [63, 64]. CTLA-4 

functions to inhibit Tfh differentiation, maintenance and effector function. In addition, while 

CTLA4 controls Tfr development and maintenance, it is required for Tfr cells to suppress 

antigen-specific B cell responses in GCs [63, 64]. Wang et al. also reported that abundance 

in Tfh cell formation in the absence of CTLA4 is dependent on graded down-regulation of 

CD28 engagement. Thus, T-cell dependent humoral immunity is tightly controlled by 

CTLA4 [65].

PD-1—PD-1 and its ligands (PD-L1 and PD-L2) are highly expressed on GC Tfh cells and 

GC B cells, correspondingly [66]. PD-1 was initially expected to be an inhibitory signal to 

GC Tfh cells, as mice with impaired PD-1 signaling showed increased Tfh cell numbers 

after protein immunization [66]. However unexpectedly, these mice showed a decrease in B 

cells responses and lower number of plasma cells. This outcome was explained by reduced 

production of B-cell-helping cytokines IL-4 and IL-21 by Tfh cells in the absence of PD-1 

signaling [66]. A recent study by Peter Sage et al., explains the previous observation on the 

role PD-1 in regulation of humoral immunity [67]. Mice deficient in PD-1 and its ligand PD-

L1 had increased number of Tfr in lymph nodes and those Tfr cells had enhanced 

suppressive function [67]. This study has been the first to indicate the immunoregulatory 

role for PD-1-PD-L1 pathway in limiting differentiation and function of Tfr cells and for 

further control of the humoral immune responses through migration of circulating Tfr cells 

into the lymph nodes and suppression of B-cell responses.

Cytokines

Generation of the different T helper subsets is associated with the action of particular 

cytokines. IL-6 and IL-21 play a central role in Tfh development. IL-6 is produced by a wide 

range of cells including antigen-presenting cells and B cells [68]. Type I interferons (IFNs) 

can induce IL-6 production in DCs, thus leading to Tfh cell development [69]. IL-6 was 

shown to be involved in the early differentiation stage of Tfh cells by inducing Bcl6 and 

IL-21 expression [10, 70, 71]. Mice deficient in IL-6 or IL-6R show reduced or delayed Tfh 

cell formation due to impairment in STAT3 and STAT1 signaling [68, 72].

IL-21 is the main cytokine that is produced by Tfh cells; however, IL-21 could also drive 

IL-21 production in an autocrine manner and Tfh cell differentiation in a STAT3 dependent 

manner [4]. IL-21 deficient mice display reduced number of Tfh cells after protein 

immunization, and T cells deficient in IL-21R show intrinsic defect in Tfh cell formation, 

indicating the autocrine regulation of Tfh cells by IL-21 [4, 73]. There is evidence of some 

redundancy between IL-6 and IL-21 in Tfh cell differentiation. These cytokines are likely to 

collaborate, as concomitant blockade of both cytokines significantly reduced the number of 

Tfh cells in vivo [68, 70]. However, Tfh cells are present at reduced number in the absence 

of both IL-6 and IL-21, indicating that additional factors contribute to Tfh cell development 
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[68, 70]. In fact, IL-27 by signaling through STAT3 can also induce IL-21 production and 

Tfh generation [74]. Besides IL-6, IL-21 and IL-27, in mouse and human CD4+ T cells, 

IL-12 can also induce IL-21, CXCR5, ICOS and Bcl6 expression in a STAT3 dependent 

manner, which are features of Tfh cells [75–78]. Interestingly, Nakayamada et al. 
determined the direct role of Type I IFNs in Tfh differentiation by inducing Bcl6, CXCR5 

and PD-1 expression in a STAT1 dependent manner [79], but not IL-21. Also, upon IFNα/β 
ligation STAT1 was found to bind directly to the Bcl6 locus [79].

While the above described cytokines are promoting the formation of Tfh cells, certain 

factors are known to inhibit the differentiation of Tfh cells. IL-2 is shown to be inhibitory for 

the formation of Tfh cells through the activation of STAT5, which enhances the Blimp1 

expression and prevents the binding of STAT3 to the Bcl6 locus [80]. Aside from IL-2, 

IL-10 signaling is also shown to be inhibitory for Tfh cell formation as IL-10Rβ signaling 

deficiency in Th cells leads to enhanced IL-21 and IL-17 producing Tfh cells [81].

Transcriptional regulation of Tfh cells

There is a growing list of transcription factors known to be involved in controlling follicular 

T helper cell development [71, 82]. These factors usually function downstream of signaling 

cascades induced by cytokine and cytokine receptor interactions and both positively and 

negatively affect Tfh cell differentiation and function.

Bcl6—The B-cell lymphoma 6 protein (Bcl6) is well recognized as a key factor for Tfh cell 

development and function and for efficient germinal center responses [11, 23, 24]. 

Expression of Bcl6 is majorly driven by IL-6 and IL-21 and the downstream transcription 

factors STAT1 and STAT3 in Tfh cells [38]. CD4+ T cells upon Bcl6 overexpression show 

up-regulation of PD1, CXCR5, CXCR4, the key components of Tfh cell development along 

with various other factors critical for Tfh cell function in T and B cell interaction [30, 71]. 

Bcl6 mainly promotes Tfh cells by suppressing genes crucial for other T helper lineages 

such as IFN-γ receptor, T-bet, STAT4, GATA3, ROR-γt, IL-17 and its receptor and several 

microRNAs responsible for suppressing Tfh cells [11, 23, 24, 83, 84]. Bcl6 expression in 

both B and T cells is required for germinal center reactions and Bcl6 deficiency in T cells 

leads to impaired Tfh development both in vitro and in vivo [11, 23, 24]. A recent study by 

Liu et al. has analyzed genome wide Bcl6 occupancy together with transcriptome profiling 

and identified Bcl6 target genes in Tfh cells thus providing important insights into the 

biological functions of Bcl6 in Tfh cells [85]. Bcl6 binds mainly to introns and intergenic 

regions in Tfh cells and promotes Tfh cell differentiation through antagonizing IL-7R 

(CD127)/STAT5 axis. Bcl6 also plays a critical role in inhibiting Tet1 recruitment and 5-

hydroxymethylated Cytosine modification in Tfh cells [85].

c-MAF—ICOS signaling induces the transcription factor c-MAF which in turn induces 

IL-21, a crucial determinant of Tfh cell differentiation and maintenance [34]. The absence of 

c-MAF reduces the number of Tfh cells due to defective induction of IL-4 and IL-21 [34]. 

Furthermore, co expression of Bcl6 and c-MAF cooperate in the induction of crucial Tfh 

associated genes such as CXCR4, PD-1, and ICOS [42].
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Batf—Batf is a multifunctional transcription factor required for differentiation of various Th 

effector subtypes and also GC and B cell generation. It is known to directly induce 

transcription of ROR-γt, IL-17, IL-21, and IL-22 in Th17 cells, as well as Bcl6 and c-MAF 

in Tfh cells [86–88]. Recently it was shown that Batf mainly exerts its function through the 

Batf-Jun complex in association with IRF4 in Th17, Th2 and in cells stimulated with IL-21 

[89]. Our group has recently identified a novel role of Batf in controlling the IL-4 expression 

in pro-allergic Tfh cells during asthma pathogenesis. Batf-IRF4 complex in cooperation with 

STAT3 and STAT6 controls IL-4 expression in Tfh cells though the CNS2 element in the 

IL-4 locus [90]. Whether IL-4 produced by these Tfh cells contributes to the development 

and maintenance of Tfh cells is an open question.

IRF4—Apart from its role as a multifaceted transcription factor involved in the regulation of 

Th2, Th17, and Th9, and the repressive ability of Treg cells, IRF4 is also essential for the 

differentiation of Tfh cells [91]. IRF4 exerts its function by forming physical complexes 

with Batf and Jun transcription factors of the AP-1 family and binding to its target sequences 

[89, 92]. Genome wide analysis revealed that most IL-21-regulated genes were associated 

with combined STAT3-IRF4 sites and corresponding ChIP-seq results revealed decreased 

STAT3 binding to the target genes after IL-21 treatment in IRF4 deficient T cells. IRF4 

deficient mice showed impaired IL-21-induced Tfh cell differentiation in vivo suggesting a 

functional cooperation between STAT3 and IRF4 [92, 93].

STATs—Various members of the STAT family of transcription factors are involved in the 

regulation of Tfh cells either positively or negatively [71, 82, 94]. Among them STAT1, 

STAT3 and STAT4 are known to positively influence Tfh cell development [4, 71, 82]. 

STAT3 is mainly required for IL-21 production and deficiency of STAT3 in both mice and 

humans results in a great reduction of Tfh cells [4, 78, 95]. STAT1 is known to exert Tfh cell 

control by partnering with STAT3. Similar to STAT3, STAT4 deficiency leads to a vast 

decrease in Tfh cell development: Tfh, GC B cells and IgG2b titers were significantly 

reduced following immunization of STAT4 KO mice [96]. In contrast, studies show that 

STAT5 functions to limit Tfh cell development and humoral immunity [94, 97]. Deficiency 

of STAT5 enhances Bcl6 expression and subsequent Tfh gene expression and Tfh and GC 

formation in vivo [94, 97]. IL-2 mediated STAT5 positively influences BLIMP-1 expression 

which is known to suppress Bcl6 and Tfh-associated genes [94, 97].

Ascl2—Achaete-scute homologue 2 (Ascl2) is a basic helix–loop–helix (bHLH) 

transcription factor which is selectively up-regulated in Tfh cells and directs early Tfh cell 

differentiation [95]. Ectopic overexpression of Ascl2 up-regulates CXCR5 and down-

regulates CCR7 and P-selectin ligand 1 (PSGL1) expression in T cells in vitro, as well as 

accelerates T-cell migration to the follicles and Tfh-cell development in vivo in mice [95]. 

Ascl2 deletion as well as blockade of its function with the Id3 protein in CD4+ T cells 

results in impaired Tfh cell development and GC response. Genome-wide analysis indicates 

that Ascl2 directly regulates Tfh-related genes whereas it inhibits expression of Th1 and 

Th17 signature genes [95].
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Foxo1 and FoxP1—Foxo1 negatively regulates Bcl6 expression by directing binding to 

the Bcl6 genomic locus and subsequently Tfh cell differentiation [98]. Specific deletion of 

the Foxo1 gene in T cells leads to enhanced Bcl6 expression and excessive Tfh cell 

differentiation in the absence of ICOS ligand signals [99]. FoxP1 is another suppressor of 

Tfh cell differentiation. It mainly exerts its effects by suppressing ICOS signaling and IL-21 

production [100].

Blimp1—Blimp-1 is a well-known antagonist of Bcl6, and is known to inhibit Bcl6 

expression in B and T cells and vice versa. Forced expression of Blimp1 blocks Bcl6, 

CXCR5, ICOS, and PD-1 and increases SLAM expression [23].

4. Cytokine production by Tfh cells

Cytokine signaling is one of the means by which Tfh cells provide help to GC B cells. 

Although Tfh cells have distinct phenotypic and functional attributes compared to other 

effector Th cells, there is growing evidence demonstrating that Tfh cells can express 

cytokines such as IFN-γ, IL-17 and IL-4 characteristic of Th1, Th17 and Th2 effector 

populations as well [101]. In fact, Tfh cells isolated ex vivo can be induced to express these 

effector cytokines depending on the cytokine environment under polarizing conditions in 
vitro [102]. Thus, it is possible that Tfh cells produce multiple factors that are required for 

effective GC responses. In this section, we will review the role of different cytokines in 

regulating humoral immunity with particular emphasis on IL-4 production and regulation by 

Tfh cells.

IL-21

Tfh function is mainly driven by IL-21 which is the major effector cytokine secreted by Tfh 

cells and is required for extra-follicular antibody-producing cell formation and for 

proliferation of GC B cells [4, 73]. IL-21 also leads to enhanced B cell proliferation through 

the help from CD40L ligation [103]. Beyond this, Tfh cell-produced IL-21 maintains the 

expression of Bcl6 in GC B cells and affinity maturation of the GC responses [104]. 

Transcriptionally, IL-21 is known to be regulated by the c-MAF transcription factor in an 

ICOS dependent manner in Tfh cells [34].

IFN-γ and IL-17

Following LCMV infection in mice, effector and memory CD4+ T cells with Tfh-like 

characteristics were shown to produce IFN-γ [105]. Some Tfh cell traits were also observed 

in the memory CD4+ T cell pool post infection [105]. IL-17 was identified to be produced 

by cells displaying a Tfh phenotype in an experimental autoimmune encephalomyelitis 

(EAE) model of multiple sclerosis (MS) [34]. This IL-17 production in Tfh cells is ICOS 

dependent.

IL-4

Recent data suggest that Tfh cells are a major cellular source of IL-4 which is a Th2 

signature cytokine [25]. Although IL-4 appears to be unimportant for Tfh cell generation, it 

is critical for B cell maturation and class switching to IgG1 in response to parasitic 
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infections [25, 106]. Moreover, IL-4 is required for memory B cells to effectively 

differentiate into plasmablasts during secondary immunization [106]. Studies in a parasitic 

infection model of 4get/KN2 mice showed that IL-4 producing Tfh cells express Tfh cell 

markers such as CXCR5, ICOS, PD-1, BTLA, Bcl6 and IL-21 specifically in B cell follicles 

and germinal centers of the reactive lymph nodes [25]. However, within the non-lymphoid 

effector site, huCD2+ IL-4 producing cells do not express the Tfh characteristics [107], 

suggesting that IL-4 producing cells in the lymph nodes are phenotypically different from 

peripheral Th2 cells and have distinct characteristics of Tfh cells. Interestingly, Tfh cells are 

absent in µMT/4get mice (B-cell deficient mice) immunized with serum schistosome egg 

antigen (SEA) compared to B-cell sufficient 4get mice, suggesting that Tfh population could 

be derived from the Th2 lineages in the presence of B cells [107]. Moreover, the 

transcription of GATA3, master regulator of Th2 differentiation, was comparable between 

Tfh cells found in B cell follicles and IL-4-competent cells (PD1-IL-4/GFP+CD4+) from 

outside the B cells follicles from SEA immunized mice [107], further suggesting that Th2 

cells located within lymph nodes have the potential to become either Tfh cells within GCs of 

lymph nodes or migrate to peripheral tissues to perform Th2 effector functions. The 

importance of IL-4 produced by Tfh cells was further shown by the evidence of co-

production of IL-4 and IL-21 in Tfh cells which is required for optimal IgG1 production 

[106]. Memory B cells also require IL-4 for efficient differentiation to plasmablasts, 

indicating an important role for IL-4 in the cross-talk between Tfh and B cells during 

secondary immune responses.

Recently, the transcriptional regulation of IL-4 expression in Tfh cells is an area of active 

research and various costimulatory molecules and transcription factors along with 

coordinated chromatin remodeling and epigenetic changes occurring at the IL-4 locus have 

been shown to play a crucial role in IL-4 production by Tfh cells. Loss of SAP is shown to 

have a moderate effect on non-GC Tfh cell differentiation, but mice deficient in SAP display 

an absence of GC Tfh cells [52]. SAP deficient Tfh cells are found to be defective in IL-4 

and IL-21 production. Moreover, SLAM (Slamf1, CD150), a surface receptor that utilizes 

SAP signaling is specifically required for IL-4 production by GC Tfh cells [52]. Blockade of 

ICOSL in L. major infected 4get/KN2 reporter mice also leads to reduction in GC 

formation, fewer hCD2+ IL-4-producing Tfh cells within B cell follicles and reduced GC B 

cells without affecting IL-4 expressing Th2 cells [108], suggesting that ICOSL is not 

required for Th2 cell development but is needed for IL-4 producing Tfh cells within GCs of 

reactive lymph nodes.

Extensive chromatin immunoprecipitation (ChIP) analysis of the IL-4 locus revealed an 

abundance of acetylated H3K9/14 at the HS2, HS5a, and CNS2 sites and H3K4me2 

methylation at the CNS2 locus of the IL-4 locus was observed in Tfh cells [109, 110]. 

Analyses of either HSV or CNS2 deficient mice demonstrated non-redundant function of 

conserved cis-element CNS2 in Tfh-specific regulation of IL-4 gene [109, 110]. Deletion of 

CNS2 led to profound reduction in IgG1 and IgE post-immunization, and this defect was 

mainly due to loss of IL-4 expression by Tfh cells indicating CNS2 as an active and specific 

enhancer for IL-4 producing Tfh cells and crucial for IgG1 and IgE class switching [110]. In 

naïve T cells, along with enriched H3K4me2 methylation, the CNS2 region is in a highly 

demethylated state indicating towards its importance in early IL-4 expression during in vivo 
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immune response [110]. CNS2 deficiency also leads to retained H3k27me3 (silencing 

marker) recruitment particularly in Tfh cells further suggesting that IL-4 production in Tfh 

cells is solely CNS2 dependent [110]. Further, CNS2 is known to exert its enhancer effects 

by the SLAM-SAP pathway and Notch and Recombining Binding Protein suppressor of 

hairless (RBP-J) signaling for IL-4 production [52, 111]. Epigenetic marks on CNS2 site 

were slightly affected in the absence of SLAM and were not altered in the absence of RBP-J, 

indicating marginal participation of SLAM but not Notch pathway for CNS2 activity in Tfh 

cells [112]. In contrast to Tfh cells, Th2 cells, basophils and eosinophils are less dependent 

on HSV and CNS2 for IL-4 production [110].

Although the regulation of IL-4 in Th2 cells is multifactorial and has been extensively 

studied, there is a dearth of information on the transcriptional factor mediated control of 

IL-4 in Tfh cells. Our recent study identifies a novel and crucial role of the transcription 

factor Batf in controlling IL-4 expression in Tfh cells in vivo [90] (Fig. 2). We observed 

direct binding of Batf to the CNS2 region in the IL-4 locus in Tfh cells. Furthermore Batf 

deficiency led to decrease in the abundance of active histone proteins such as AcH3 and 

H3k4 to the CNS2 locus suggesting that Batf regulates IL-4 expression in Tfh cells through 

direct binding and controlling access of the chromatin machinery in the CNS2 region. Batf 

also physically interacts with IRF4 leading to transactivation of the CNS2 region in the IL-4 

locus. In addition, Batf-IRF4 interaction towards induction of IL-4 expression in Tfh cells is 

dependent on both STAT3 and STAT6 transcription factors.

Apart from Batf and IRF4, we identified the function of c-MAF in the regulation of IL-4 in 

Tfh cells. c-MAF is known to be a target of Batf in Tfh cells, which is required for 

regulation of IL-21 expression and consequently for Tfh expansion [90]. c-MAF is also 

known to control IL-4 expression in cooperation with IRF4 and NFAT in Th2 cells [90]. We 

also observed increased binding of c-MAF to the CNS2 locus in Tfh cells as well as c-MAF-

induced transactivation of the CNS2 region indicating that c-Maf aids in IL-4 transcription 

in Tfh cells [90].

5. Tfh cells in disease setting

Tfh cells have been implicated in various disorders such as autoimmunity, inflammation and 

viral infections [5, 9]. Generation of protective antibodies against infections is an important 

aspect of Tfh cells, whereas a dysregulation in Tfh cell generation has been implicated in a 

range of primary immune-deficiencies. In this section of the review, we will discuss the 

known functions of Tfh cells in various disease settings.

Several viral infections elicit a Th1 and/or Tfh cell response. In mice with LCMV infections, 

the initial Th1 cell programming is shown to be redirected to a more Tfh phenotype [113] 

especially in the chronic phase of viral infection, GC Tfh cells are seen to increase in 

number. In the case of HIV, huge numbers of GC Tfh cells (defined by CXCR5+PD1+CD4+ 

T cells in the blood) were found in HIV infected patients and in macaques infected with SIV 

[114, 115]. These numbers increase if patients are not treated implicating that HIV viral 

persistence is associated with the high numbers of Tfh cells present. In addition, humans 

infected with HIV for several years are found to generate broadly neutralizing antibodies 
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indicating towards a correlation between Tfh cell number and the serum antibody response 

in HIV patients and the possibility of Tfh cell involvement in hyper-γ-globulinemia [116]. 

However, recent studies on Tfh cells isolated from HIV infected individuals showed a 

defective function of Tfh cells as seen by the decrease in production of IL-21 and the 

inefficiency in providing B cell help compared to non-infected controls [117]. B cells 

analyzed from these patients showed that although the frequency of GC B cells and plasma 

cells is increased, memory B cells are significantly depleted. Because IL-21 promotes GC B 

cell maintenance and affinity maturation, this decreased IL-21 production in HIV patients 

may reduce the mutation rate and selection in B cells that are necessary to produce broadly 

neutralizing antibodies against HIV [118]. Taken together, Tfh cells can potentially be used 

an indicator of viral persistence in HIV patients and can be potentially targeted for improved 

vaccine development against HIV.

Uncontrolled Tfh cells are reported to be responsible for providing excess help to B cells to 

generate reactive auto-antibodies; thus, Tfh cells play a significant role in the pathogenesis 

of various autoimmune diseases as well such as rheumatoid arthritis, SLE, Sjogren’s 

Syndrome [119]. The strongest evidence for Tfh cell role in autoimmunity comes from 

studies utilizing the Sanroque mice that have a mutated roquin gene encoding the RING-

type ubiquitin ligase that dysregulates ICOS expression [22]. This leads to spontaneous GC 

formation, SLE-like symptoms such as anti-double stranded antibodies and excessive Tfh 

cells with increased ICOS and IL-21 [120]. Also, an increase in CXCR5+ICOS+, 

CXCR5+PD-1+, ICOS+CD4+ cells have been detected in patients with SLE [121, 122]. 

Consistent with this observation, an increase in serum IL-21 and CXCL13, which also 

correlated with disease scores, have been detected in Systemic lupus erythematosus (SLE) 

patients [123]. Interestingly, CXCR5+IL-21+CD4+ T cells in SLE patients correlated with 

presence of memory B cells [120]. Also, in SLE patients treated with corticosteroids, a 

decrease in the frequency of CXCR5+PD-1+Tfh cells was noted [122].

Studies on characterization of Tfh cells in Rheumatoid Arthritis (RA) patients have shown 

an increase in CD4+ICOS+CXCR5+ T cells in the rheumatoid synovial joint and in 

circulation with increased CD19+ B cells and high serum IL-21 which is positively 

associated with disease scores and presence of anti-citrullinated antibodies [124–126]. 

Interestingly, early stage RA patients displayed elevated levels of serum IL-21, but serum 

IL-21 in chronic RA patients was not very different from normal donors [124, 125]. Tfh 

cells have also been implicated in other autoimmune conditions such as Sjogren’s 

Syndrome, a systemic autoimmune disorder characterized by dysregulation of the exocrine 

glands such as salivary and lacrimal glands. CXCL13 and CXCR5+ CD4+ T cells have been 

detected in the salivary gland and CXCR5+PD-1+Tfh cells in peripheral blood of Sjogrens 

Syndrome patients with increase in IL-21 levels [121]. Further analysis of Th1-, Th2- and 

Th17-like Tfh cells revealed an increase in Th17-like Tfh cells that correlated with the 

presence of serum autoantibodies [127].

Multiple sclerosis (MS) is an autoimmune neurodegenerative disorder that causes damage to 

myelin and axons in the brain. Ectopic lymphoid follicle-like structures containing GC have 

been observed in the meninges of some MS patients [128]. Furthermore, presence of ectopic 

GCs has been associated with more rapid disease progression and generally a poor prognosis 

Wali et al. Page 12

Cytokine. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[128]. Recent studies have shown an increase in peripheral blood ICOS+CXCR5+ Tfh cells 

in patients with MS at all stages of disease – relapsing-remitting or progressive compared to 

healthy controls [129]. Furthermore, this increase in Tfh population correlated with increase 

in plasmablasts in the peripheral blood and disease scores [129]. Also, analysis Tfh cells in 

MS patients revealed decrease in Tfh1 cells in relapsing-remitting and progressive MS 

patients and an increase in Th17-like Tfh cells in progressive MS patients compared with 

normal donors [129]. Moreover, IL-21+CD4+T cells have been detected in active lesions of 

MS patients [130]. These data indicate that circulated Tfh cells to be used as an indicator of 

the progression of disease in MS.

Tfh cells have been implicated in type 2 immune responses as evidenced by the production 

of IL-4 [25, 106, 107]. Our group has recently shown that Batf deficiency impairs the 

generation of IL-4-committed Tfh cells which leads to protection against asthma [90] 

indicating a more pro-allergic function of IL-4 producing Tfh cells. Also, a recent study 

showed the frequency of circulating Tfh cells to be higher in patients with severe asthma 

with increase in Bcl6 expression and plasma IL-21 levels in comparison with mildly 

asthmatic patients [131]. However, Tato AB et al., show that initial exposure to house dust 

mites (HDM) did not lead to Th2 cell development but instead promoted the formation of 

IL-4 producing Tfh cells. Following challenge exposure to HDM, Tfh cells differentiated 

into IL-4 and IL-13 double-producing Th2 cells that accumulated in the lung and recruited 

eosinophils [132]. Thus, Tfh cells are precursors of HDM-specific Th2 cells after secondary 

exposure indicating their plasticity depending on the antigenic exposure [132].

There has now been increasing evidence on the association of Tfh cells and tumor immunity. 

Neoplastic cells in angioimmunoblastic T cell lymphoma (AITL) display Tfh cell features 

such as expression of Bcl6, CXCL13 and PD-1 and these cells arise in the follicular sites of 

lymph nodes [133–135]. Further, AITL is also associated with B cell expansion, hyper-γ-

globulinemia and production of autoantibodies, which may be suggestive of Tfh cell 

functions in AITL [133, 135]. Non-neoplastic T cells exhibit features of Tfh cells in B cell 

lymphoma which are GC derived such as follicular lymphoma and Hodgkin’s disease [136]. 

Also, an increase in CD4+CXCR5+ T cells in the blood is found in patients with chronic 

lymphocytic leukemia [137]. However, whether the expression of Tfh cells among 

neoplastic cells is indicative of survival and proliferation of neoplastic cells needs to be 

further investigated. Tfh cells may also be involved in anti-tumor responses in certain cancer 

types such as breast cancer which involves expression of high level of lymphocytes 

including Tfh cells [138]. Also, tumors displaying higher levels of Tfh cell infiltrates are 

found to be associated with increased survival [138]. However, the exact function of these 

Tfh cells in inhibiting tumor survival remains to be determined.

6. Conclusion

Since the discovery of Tfh cells as a distinct subset that is responsible for mediating B cell 

responses, various groups have identified several important molecular and cellular factors 

that are necessary for the development and function of Tfh cells. Although Tfh cells are 

mainly defined by expression of the chemokine receptor CXCR5, transcription factor Bcl6 

and the cytokine IL-21 depending on the microenvironment, Tfh cells could also produce 
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Th1, Th2 or Th17 related cytokines. The production of these cytokines could possibly be 

regulated by common factors or may also be differentially regulated during the transition of 

Th/Tfh subsets. We have recently identified the role of Tfh cells and the IL-4 produced by 

them in the pathogenicity of type II allergic responses. IL-4 producing Tfh cells contribute 

to promotion of allergic airway inflammation as well as retain a stable phenotype during the 

course of disease progression. The regulation of IL-4 in Tfh cells is controlled by the 

transcriptional factor Batf through permissive epigenetic modifications and cooperation of 

other transcription factors like IRF4/STAT3/STAT6 mainly through direct binding to the 

CNS2 locus. Further studies are necessary to determine the exact nature of relationship 

between Tfh/Th2 cells and the molecular controls driving this plasticity and effector gene 

expression during disease progression. The exact role of IL-4 derived from Tfh cells in 

shaping up type 2 immunity in physiological and disease settings should also be further 

clarified by extensive studies. Tfh cells are emerging as central players in a number of 

autoimmune diseases as well as in cancer and recent discoveries about the complex biology 

and plasticity of Tfh cells has opened new avenues for the manipulation of Tfh cells for the 

development of new therapeutic and vaccine strategies. It is hoped that a complete 

mechanistic understanding of Tfh cell development and progression can result in new 

therapeutic approaches against major autoimmune and inflammatory diseases and cancer.

Acknowledgments

This work is supported by NIH research grants (A1R03AI120027 and 1R21AI20012 (RN)), Institutional Research 
Grant (RN), start-up grant (RN), MD Anderson CIC seed grant (RN).

Abbreviations

Th T helper

Tfh T follicular helper

IL Interleukin

Ig Immunoglobulin

STAT signal transduction and activator of transcription

ICOS Inducible co-stimulator

SLAM signaling lymphocytic activation molecule

SAP slam associated protein

GC germinal center

Bcl6 B cell lymphoma 6

SEA schistosome egg antigen

Batf basic leucine zipper transcription factor ATF

Ig Immunoglobulin
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BTLA B and T-lymphocyte attenuator

IRF4 interferon regulatory factor 4

PD-1 programmed death-1

Blimp-1 B lymphocyte-induced maturation protein-1

ERK extracellular signal regulated kinase

HVEM Herpes virus entry mediator

MAF musculoaponeurotic fibrosarcoma

Ascl2 Achaete-scute homologue 2

CCR C-C chemokine receptor 7

PSG-1 P-selectin ligand −1

CNS conserved non-coding sequence

ChIP Chromatin Immunoprecipitation

CTLA-4 Cytotoxic T-Lymphocyte-Associated Protein

RBP-J Recombining binding protein suppressor of hairless
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Highlights

• Tfh cells are a distinct T helper lineage that provides help to B cells.

• Tfh cell differentiation is a multistage, multifactorial process with 

significant heterogeneity.

• Tfh cells can acquire characteristic overlapping with other Th effector 

cells.

• Tfh cells are a major source of IL-4 which is differentially regulated 

compared to Th2 cells.

• Tfh cells are implicated in a majority of diseases including immune-

mediated disorders.
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Figure 1. Developmental stages of Tfh cells
1) Naïve CD4+ T cells get primed by MHC/Antigen interaction on DCs leading to 

expression of CXCR5 and ICOS. 2) Interactions of CXCR5+ CD4+T cells with B cells 

promotes further differentiation of Tfh cells with help from ICOS leading to c-MAF 

upregulation that subsequently leads to IL-21 production by Tfh cells. Other transcription 

factors also begin to get expressed such as Bcl6, STAT1, STAT3, Ascl2. 3) Finally, the IL-21 

produced by Tfh cells functions in an autocrine manner and leads to high expression of Bcl6 

which determines the final differentiation state of Tfh cells. Other transcription factors also 

get up-regulated at this stage such as STAT3, STAT4, IRF4 and Batf.
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Figure 2. IL-4 regulation in Tfh cells
i) IL-4/STAT6 signalling leads to upregulation of Batf that in turn cooperates with IRF4 to 

bind to CNS2 region promoting IL-4 production. ii) Batf is also upregulated by IL-6/STAT3 

signalling further activating c-MAF which binds to CNS locus leading to IL-4 production.
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