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Summary

CD4+ T cells, or T helper cells, are critical mediators and coordinators of

adaptive immunity. Unique effector T helper cell populations have been

identified that perform distinct functions in response to pathogenic infec-

tion. The T follicular helper (Tfh) cells are one such subset, which has

been identified as the primary T-cell population responsible for interact-

ing with B cells to promote effective antibody-mediated immune

responses. Since their initial description at the turn of the century, and

subsequent classification as a distinct T helper cell subset, there has been

substantial interest in elucidating the regulatory mechanisms that govern

Tfh cell formation. The collective insight from this body of work has

demonstrated that Tfh cell differentiation is a complex and multistage

process regulated by a litany of cell-intrinsic and cell-extrinsic factors. As

with the development of the other recognized T helper cell subsets, speci-

fic cytokines exercise prominent roles in both the positive and negative

regulation of Tfh cell development. However, the exact composition of,

and stage-specific requirements for, these environmental factors in the

governance of Tfh cell differentiation remain incompletely understood. In

this review, we summarize what is known regarding the role of cytokines

in both the promotion and inhibition of Tfh cell differentiation and

function.
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Introduction

The generation of pathogen-neutralizing antibodies by B

lymphocytes is a hallmark feature of the adaptive immune

system and a necessary step in mounting an effective

immune response to viral, bacterial and parasitic infec-

tions. While B cells are responsible for the production of

secreted antibodies, it has been known for over 50 years

that T cells are also a critical component of functional

humoral immunity.1–3 CD4+ T helper cells were identified

as logical candidates for fulfilling this functional require-

ment, given their demonstrated roles in coordinating

immune responses through their influences on other

immune cells. With the identification of T helper 1 (Th1)

and Th2 cells in 1986 by Mosmann and Coffman, it was

thought that one or both of these T-cell populations may

contribute to B-cell help.4 Initially, Th2 cells were

thought to be the ‘B helper’ T-cell population because of

their secretion of cytokines that favourably influenced B-

cell function and antibody production, such as interleukin

4 (IL-4). However, almost 15 years later, an additional

CD4+ T helper cell subset was described that expressed

high levels of the chemokine receptor C-X-C chemokine

receptor type 5 (Cxcr5).5–7 Subsequently, this novel T

helper cell subset was defined as the population that con-

tributed most prominently to B-cell help. These CD4+ T

cells were termed B follicular helper T cells, and are now

commonly referred to as T follicular helper (Tfh) cells.

Tfh cells function as critical mediators of the humoral

immune response through direct interactions with B

Abbreviations: Bcl-6, B-cell lymphoma-6; Blimp-1, B lymphocyte induced maturation protein 1; Cxcr5, C-X-C chemokine
receptor type 5; EBI3, Epstein–Barr-virus-induced gene 3; GC, germinal centre; ICOS, inducible T-cell co-stimulator; IL-4
interleukin-4; Jak, Janus kinase; NK, natural killer cell; NKT, natural killer T cell; STAT, signal transducer and activator of
transcription; Tcm, central memory T cell; Tfh, T follicular helper; TGF-b, transforming growth factor b; Th1, T helper 1
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lymphocytes. Mechanistically, Tfh cells first engage B cells

in cognate interactions at the T-cell–B-cell border in sec-

ondary lymphoid tissues such as the lymph nodes and

spleen.8–10 Upon initial engagement, CD40–CD40 ligand

interactions result in B-cell proliferation, differentiation

and antibody isotype switching.11 Consequently, germinal

centres (GC) form, wherein antibody diversification and

affinity maturation occur, resulting in the production of

the neutralizing antibodies that are a critical component

in the adaptive immune response to pathogenic infection.

The multistage process of Tfh cell differentiation

While Tfh cells have a well-defined role in the immune

response, the molecular mechanisms that underlie their

formation are less clear. Following their initial descrip-

tion, there was much debate regarding whether Tfh cells,

as with the previously defined Th1 and Th2 cell subsets,

were a unique T helper cell population. Historically, dis-

tinct T helper cell populations have been defined based

on their ability to perform non-redundant effector func-

tions, and their expression of unique gene programmes

dictated by cell-specific ‘lineage-defining’ transcription

factors. For example, T-bet and Gata3 have been identi-

fied as the lineage-defining transcription factors for the

Th1 and Th2 cell fates, respectively.12,13 Indeed, numer-

ous studies have shown that Tfh cells possess a distinct

gene expression profile and that the transcriptional

repressor B-cell lymphoma-6 (Bcl-6) is required for Tfh

cell development.14–18 Hence, it is now readily accepted

that Tfh cells comprise a specialized subset of T helper

cells that are critical to mounting effective humoral

immune responses.

The generation of Tfh cell populations is a multistep

process comprised of both pre-GC Tfh and mature GC Tfh

stages.19,20 Tfh cell differentiation is initiated when naive T

cells undergo antigen-dependent activation in the presence

of specific environmental signals including those derived

from cytokines (Fig. 1). This results in an initial increase in

Bcl-6 expression and the concomitant up-regulation of

genes associated with the Tfh cell programme, including

the cell surface receptors Cxcr5, inducible T-cell co-stimu-

lator (ICOS), and programmed cell death protein 1.14,19–23

The importance of Bcl-6 to Tfh cell development is demon-

strated by the striking lack of GCs in mice with T-cell-spe-

cific deletion of Bcl-6 expression.14–16 This prominent role

for Bcl-6 in the initiation of Tfh differentiation is due at

least in part, to its ability to repress the expression of B-

lymphocyte-induced maturation protein 1 (Blimp-1).

Blimp-1 has been identified as an antagonistic factor of the

Tfh gene programme.14,24 Following early Bcl-6 up-regula-

tion and Blimp-1 repression, Cxcr5-directed homing of

pre-GC Tfh cells results in trafficking to the follicles of sec-

ondary lymphoid tissues where cognate interactions with B

cells – notably those between ICOS and ICOS ligand

(ICOSL) – take place.19,20 This initial interaction results in

a further increase in Tfh-associated gene expression pat-

terns, commitment to the functional GC Tfh cell pro-

gramme, and subsequent GC formation (Fig. 1).22

Interestingly, despite this well-established sequence of

events, many questions remain regarding the maturation

of Tfh cell populations. For example, although Tfh cells

develop during the initial response to antigen through the

events described above, it has also been shown that addi-

tional effector T helper cell subsets are capable of up-reg-

ulating a Tfh-like gene expression profile, making

alternative Tfh developmental pathways plausible as well

(Fig. 1).24–27 Similarly, studies have provided compelling

evidence to suggest that differentiated Tfh cells are cap-

able of up-regulating gene expression programmes associ-

ated with alternative T helper cell types.28–30

Furthermore, it has been demonstrated that these multi-

directional plasticity events in T helper cell populations

are due in large part to an ‘accessible’ chromatin struc-

ture present at gene loci encoding key lineage-defining

transcription factors, including Bcl-6.28,31,32 These previ-

ous studies are intriguing, because they support the possi-

bility that, in addition to effector Tfh cells, other T helper

populations may assist in antibody-mediated immunity

by co-opting certain aspects of the Tfh cell gene pro-

gramme. Hence, the concept of T helper cell flexibility

between Tfh and other T helper cell populations is an

important consideration in the complex process of Tfh

cell differentiation.

Factors that regulate Tfh cell development

The regulatory mechanisms that govern the differentia-

tion of Tfh cells, like those of other T helper cell subsets,

are guided by the coordinated interplay between cell-

extrinsic signals (i.e. cytokines or ligand–receptor interac-
tions) and cell-intrinsic transcriptional networks. In

addition to the required role for Bcl-6 mentioned previ-

ously, a number of other transcription factors have been

identified that play prominent roles in establishing the

Tfh gene expression profile, including Irf4, Batf, Ascl2,

Maf, Lef-1, Tcf-1, and a number of signal transducer and

activator of transcription (STAT) factors.27,33–43 Recep-

tor–ligand interactions, notably those that induce ICOS

signalling, are known to promote Bcl-6 expression and

play additional, critical roles in Tfh cell develop-

ment.22,40,44–46 These mechanisms of regulation have been

comprehensively reviewed elsewhere.19,20,47 Herein, we

will focus primarily on the roles of cytokines in the regu-

lation of Tfh cell development and function. In the past

decade, novel scientific tools and elegant experimental

design have combined to result in an emerging body of

scientific literature that has provided important, and

sometimes surprising, insights into the molecular mecha-

nisms by which these environmental mediators regulate
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multiple aspects of Tfh cell biology. Specifically, we will

discuss the impact of individual cytokines, and the down-

stream signalling pathways and transcription factors that

they modulate, on the promotion and inhibition of Tfh

cell development and the corresponding immune func-

tions that Tfh cells perform (Table 1).

Cytokine signalling pathways that promote Tfh
cell differentiation

Interleukin-6

Interleukin-6 was originally characterized as a factor that

could both influence the activation of T cells and

stimulate some aspects of B-cell differentiation.48 It is

produced by many of the professional antigen-presenting

cells of the immune system, with follicular dendritic cells

being a primary contributor. Interleukin-6 signals

through a receptor composed of IL-6-specific (IL-6Ra)
and gp130 receptor subunits.48 Initially, IL-6 binds to IL-

6Ra and subsequently interacts with gp130 to form the

IL-6 receptor (IL-6R) signalling complex. Downstream

intracellular signalling is mediated through the intracellu-

lar domain of gp130, resulting in the activation of the

Janus kinase/STAT (Jak/STAT) pathway and the phos-

phorylation of STAT3 and STAT1 via Janus kinase 1

(Jak1). Following phosphorylation, STAT transcription

factors dimerize and translocate to the nucleus where they
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Figure 1. T follicular helper (Tfh) cell development and the impact of cytokine signals. Schematic depicting the multistage process of Tfh cell dif-

ferentiation. The reported impacts of cytokine signals on murine Tfh cell development have been highlighted in red (negative) and green (posi-

tive). Tfh cell development is initiated upon antigen-presenting-cell-mediated activation of naive CD4+ T cells in the presence of the indicated

cytokines (1). This results in the up-regulation of the Tfh lineage-defining transcription factor B-cell lymphoma 6 (Bcl-6), as well as the expres-

sion of additional canonical Tfh genes including Cxcr5, programmed cell death protein 1 (PD-1), and inducible T-cell co-stimulator (ICOS).

Pre-germinal centre (‘pre-GC’) Tfh cells traffic to the T–B border, where they participate in cognate interactions with B cells (2). This results in

the further up-regulation of Tfh gene expression patterns including increased expression of Bcl-6, Cxcr5, PD-1 and ICOS (3). Subsequent cognate

interactions between T and B lymphocytes result in the formation of the germinal centre and maintenance of the GC Tfh cell phenotype (4).
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regulate target gene expression. Interestingly, both STAT3

and STAT1 have been implicated in the direct regulation

of Bcl-6 expression (Fig. 2). Hence, given the critical role

for Bcl-6 in Tfh cell development, it is perhaps not sur-

prising that mice lacking IL-6 or a functional IL-6R sig-

nalling complex have deficiencies in Tfh cell

formation.34,44,49,50 However, this effect on the Tfh popu-

lation is only partial, suggesting that there are redundant,

IL-6-independent pathways that can result in Tfh cell

generation. Much of the data surrounding IL-6 suggest

that it functions early in Tfh cell formation. However,

there are reports that IL-6 produced late in chronic viral

infection is required for optimal Tfh cell responses and

antibody production.51,52 In humans, IL-6 has also been

implicated in the promotion of Tfh cell responses, sug-

gesting that the role of IL-6 in Tfh development may be

conserved across species.53 Hence, the collective data

suggest that IL-6 probably plays an important role in the

promotion of the Tfh cell fate, but perhaps not an

essential one.

Interleukin-21

Interleukin-21 is a cytokine of the common c (cc)-chain
family that is produced by natural killer T (NKT) and

select CD4+ T cells, including Th17 and Tfh popula-

tions.54 Interleukin-21 signals are received through a cell

surface cytokine receptor composed of IL-21Ra and cc
subunits.54 As with IL-6, IL-21 signalling results in activa-

tion of STAT3 and STAT1 transcription factors (Fig. 2).

Additionally, similar to mice with deficiencies in IL-6 sig-

nalling, IL-21-deficient mice display lower percentages of

Tfh cells upon infection and mice lacking functional IL-

21 cytokine receptors display impaired Tfh formation.44,55

As Tfh cells produce IL-21, it is likely that IL-21-me-

diated autocrine effects play a significant role in the

maintenance and augmentation of Tfh cell gene program-

ming. Hence, whereas IL-6 may be important in the

initial priming of Tfh cells through up-regulation of

STAT1- or STAT3-dependent Bcl-6 expression, IL-21 may

play a more prominent role in sustaining Tfh cell identity

and function.38 Still, the fact that mice with impaired IL-

6 or IL-21 signalling have only partially compromised Tfh

cell populations, combined with the shared activation of

STAT3 downstream of IL-6 and IL-21 signalling, led to

the hypothesis that these cytokines may play redundant

roles in Tfh cell formation. Indeed, mice deficient in both

IL-6 and IL-21 displayed a further reduction in Tfh num-

bers compared with IL-6 or IL-21 deficiency alone.49,50

Interestingly, the continued, though significantly dimin-

ished, formation of Tfh cells in the absence of these

cytokines, suggests that there are still as yet undiscovered

IL-6- and IL-21-independent regulatory mechanisms that

contribute to Tfh cell generation.56

Interleukin-12

Interleukin-12 was originally identified as a factor that

stimulated natural killer (NK) cell populations to produce

IFN-c.57 More recently, IL-12 has been shown to be a

cytokine required for Th1 cell development.58–60 Mecha-

nistically, IL-12 signals through a heterodimer composed

of IL-12Rb1 and IL-12Rb2 subunits, with signalling that

ultimately results in the phosphorylation of STAT4.61,62

Activated STAT4 is a critical driver of Th1 differentiation

as it directly induces the expression of the hallmark Th1

genes IFN-c and T-bet.63–66 As such, it was somewhat

surprising when IL-12-dependent activation of STAT4

was demonstrated to be an early inducer of Bcl-6 expres-

sion in murine naive CD4+ T cells (Fig. 2).27 Interest-

ingly, in humans, IL-12 also appears to play a prominent

role in the positive regulation of Tfh cell development,

where it has been implicated in the activation of

STAT3.67,68 In vitro, the combination of IL-12 and trans-

forming growth factor-b (TGF-b) drives the expression of

Bcl-6, Cxcr5 and several other canonical Tfh genes.39 In

further support of a role for IL-12 in Tfh cell develop-

ment, humans with mutations disrupting the function of

IL-12Rb1 have diminished Tfh cell numbers.38,69 Hence,

though it seems somewhat counterintuitive given its

required role in Th1 development, IL-12 may also be an

important contributor, especially in humans, to the pro-

motion of Tfh cell differentiation.

Interleukin-23

A second member of the IL-12 cytokine family, IL-23, has

also been implicated in the promotion of human Tfh cell

Table 1. Cytokines involved in the positive and negative regulation

of human and murine T follicular helper (Tfh) cell development

Species Cytokine Downstream factor(s)

Role in Tfh

development

Mouse IL-6 STAT1, STAT3 +

Mouse IL-21 STAT1, STAT3 +

Mouse IL-12 STAT4 +

Mouse IL-27 STAT1, STAT3 +

Mouse TGF-b STAT3, STAT4 �
Mouse IL-2 STAT5 �
Mouse IL-7 STAT5 �
Human IL-6 STAT1, STAT3 +

Human IL-21 STAT1, STAT3 +

Human IL-12 STAT4 +

Human IL-23 STAT4, STAT3 +

Human TGF-b STAT3, STAT4 +

Human Activin A SMAD2, SMAD3 +

Human IL-2 STAT5 �

The shading is to differentiate cytokines that negatively regulate

TFH cell development from those that positively regulate Tfh devel-

opment.
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development. Interestingly, it has been shown that the

combination of either IL-12 or IL-23 and TGF-b is suffi-

cient to drive in vitro development of human Tfh cells.39

Indeed, IL-23 and IL-12 share overlapping features such

as the requirement for IL-12Rb1 as part of their receptor

complex, and the downstream activation of STAT4.69

Similar to the previously discussed roles of IL-6 and IL-

21 in murine Tfh cell development, this is yet another

example of the redundancy in the environmental cues

and downstream signalling events that promotes Tfh cell

formation.

Interleukin-27

Interleukin-27 is a heterodimeric cytokine composed of

p28 (IL-27) and Epstein–Barr virus-induced gene 3

(EBI3) subunits.70 Interleukin-27 signals through a recep-

tor composed of the IL-27-specific subunit IL-27Ra and

the gp130 subunit, which is shared with other cytokines

including IL-6.70 Similar to IL-6, IL-27 signalling primar-

ily activates STAT1 and STAT3 through their phosphory-

lation by Jak1. Given the similarities between IL-6 and

IL-27 signalling, it is logical that IL-27 might also play a

role in Tfh cell development. Interestingly, whereas IL-27

does not appear to influence early murine Tfh cell devel-

opment, it has been shown to contribute to Tfh cell

maintenance, due to IL-27-mediated activation of IL-21

expression (Fig. 2).71,72 As discussed previously, IL-21 is

an important promoter of Tfh cell homeostasis and func-

tion. Indeed, it has been shown that in the absence of IL-

27 signalling, there is a reduction in IL-21 expression and

antibody production in mice, highlighting the role of this

cytokine in the humoral immune response.71 Alterna-

tively, it has also been suggested that IL-27 may play an

important role in Tfh development by antagonizing IL-2

signalling, a known negative regulator of the Tfh cell

fate.24,70,73–75

Activin A

Recently, an exciting finding has shed light on a novel

cytokine involved in the differentiation of human Tfh

cells. Crotty and colleagues used an in vitro screen of a

collection of recombinant human proteins to identify

Activin A as a novel inducer of the Tfh gene pro-

gramme.76 Specifically, when combined with IL-12,

STAT4
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STAT5
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STAT3

STAT1

STAT1

Murine
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IL-6R
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Figure 2. Cytokines that promote or inhibit murine follicular helper T (Tfh) cell differentiation. An illustrated diagram of the mechanisms by

which cytokines regulate the development of Tfh cells in mice. Individual cytokines and the signal transducer and activator of transcription

(STAT) transcription factors they activate are shown. Additionally, the impact of each cytokine on B-cell lymphoma 6 (Bcl-6) expression and Tfh

cell development is indicated. It is important to note that the function of the depicted cytokines is not conserved across species, as transforming

growth factor-b (TGF-b) signalling has been shown to negatively regulate Tfh development in mice, yet induces the expression of the Tfh gene

programme in human cells.
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Activin A stimulation resulted in the significant up-regu-

lation of many Tfh-associated proteins including BCL-6,

CXCR5 and programmed cell death protein 1 in human

and non-human primate cells. Importantly, treatment

with Activin A also resulted in the repression of the Tfh

antagonist Blimp-1. Subsequently, the authors demon-

strated that Sma and mothers against decapentaplegic

(SMAD) SMAD2/SMAD3 signalling downstream of Acti-

vin A was responsible for the promotion of the Tfh-like

phenotype. Hence, these findings help to establish Activin

A as yet another cytokine implicated in Tfh cell develop-

ment in humans.76

Transforming growth factor-b

The role of TGF-b with regards to Tfh cell differentiation

is more nuanced, as it has been implicated in both the

positive and negative regulation of Tfh development. In

mice, TGF-b inhibits Tfh gene expression patterns includ-

ing the expression of Bcl-6 (Fig. 2).44,77 In contrast, as

previously mentioned, TGF-b in conjunction with either

IL-12 or IL-23 results in the STAT3- and STAT4-depen-

dent generation of in vitro-derived human cells with Tfh-

like gene profiles and functions.39 These studies highlight

that despite some similarities, the combination of cytoki-

nes that influence murine and human Tfh cell develop-

ment and their function is not entirely conserved.

Type I interferons (IFN-a/b)

Early after infection, type 1 interferons are produced by

innate immune cells to initiate a cascade of immune

responses. Like TGF-b, the role for type 1 interferons in the

promotion of Tfh development is complicated. Early

in vitro work described a role for IFN-a/b-induced STAT1

in the activation of many Tfh genes including Bcl6.78 How-

ever, in a subsequent in vivo study using lymphocytic

choriomeningitis virus infection, an antagonistic relation-

ship between IFN-activated STAT1 and STAT3 was

described.79 Additional factors present in vivo (versus

in vitro) may explain the discrepancies between the two

studies. Ultimately, the authors of the second study con-

cluded that exposure to type 1 IFN signalling repressed Tfh

cell development in favour of Th1 differentiation.79 As with

many of the cytokines described above, future work will be

necessary to determine the exact role for type 1 IFN sig-

nalling in the regulation of Tfh cell differentiation.

Cytokine signalling pathways that inhibit Tfh
cell development and function

Interleukin-2

Interleukin-2 is a member of the cc cytokine family that

signals through a heterotrimeric receptor comprised of

IL-2Ra, IL-2Rb and cc.
80,81 High-affinity IL-2 signalling

via this heterotrimeric form of the IL-2 receptor results in

the robust activation of the transcription factor

STAT5.80,81 It is now well established that the IL-2/STAT5

axis is a negative regulator of Tfh cell development.24,73–

75,82 In a study using an in vivo mouse model of influenza

infection, it was demonstrated that exogenous administra-

tion of IL-2 resulted in the inhibition of antigen-specific

Tfh cell generation, a lack of GC formation, and a reduc-

tion in neutralizing antibody production.73 Furthermore,

it was shown that T-cell-specific deletion of IL-2Ra
resulted in an increase in the number of Tfh cells gener-

ated in response to infection.73

Mechanistically, many regulatory pathways have been

implicated in the IL-2-dependent repression of Tfh cell

development. First, IL-2 signalling has been shown to

promote the expression of the transcriptional repressor

Blimp-1, a known antagonist of Bcl-6 expression and the

Tfh gene programme.14,83 Additionally, IL-2-activated

STAT5 has been shown to directly bind to the Bcl6 locus

and repress its expression (Fig. 2).24 Interestingly, the

association of STAT5 with the Bcl6 promoter correlates

with a reduction in bound STAT3, suggesting that these

two STAT factors compete for identical DNA binding

sites.24 A similar mechanism has been proposed in the

regulation of Th17 cell formation, which also relies on

STAT3 signalling.84 Finally, IL-2 signalling is known to

regulate the expression of a number of cytokine receptors.

It has been shown that increased IL-2 signalling results in

the repression of IL-6Ra and to a lesser extent, gp130.24,85

Given the demonstrated role for IL-6 in promoting the

initiation of Tfh cell development, this is yet another

mechanism by which IL-2 signalling may limit Tfh cell

differentiation. Hence, collectively, there is a large body of

evidence establishing IL-2 as a potent negative regulator of

the Tfh cell fate.

Interleukin-7

Like IL-2, IL-7 is a cc cytokine family member with

downstream effects propagated through the activation of

STAT5.86 Interleukin-7 signalling is mediated through a

heterodimeric receptor composed of IL-7Ra and cc sub-

units. It is well established that IL-2Ra and IL-7Ra
expression patterns inversely correlate in a T-cell stage-

specific manner.86,87 For example, IL-2Ra expression is

limited to effector T helper cell populations, whereas IL-

7Ra expression predominates during naive and memory

cell homeostasis. Interestingly, two recent reports suggest

that the IL-7/STAT5 signalling axis may function to nega-

tively regulate Bcl-6 expression – and that of the Tfh gene

programme – during naive and memory T-cell stages

(Fig. 2).25,88 In one study, it was demonstrated that Bcl-6

directly represses IL-7R expression during early effector

Tfh cell development. The authors then went on to show
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that this was a critical regulatory event in the initiation of

Tfh cell generation, as IL-7 signalling negatively regulated

the generation of effector Tfh cells.88

In the second recent study, our laboratory identified

IL-7 signalling as a negative regulator of Bcl-6 expression

and the expression of many additional Tfh genes in post-

effector Th1 cells.25 First, we demonstrated that in

response to decreased IL-2 and T-cell receptor signalling,

Th1 cells were capable of up-regulating the Bcl-6-depen-

dent expression of both Tfh and central memory T cell

gene expression patterns, including the expression of IL-

7R. Intriguingly, when these cells were exposed to IL-7,

the expression of several Tfh-associated genes, including

Bcl-6, was repressed, whereas the expression of central

memory T genes remained relatively unaltered. As with

IL-2 signalling, our data suggested that STAT5 association

with the Bcl6 promoter was responsible for the IL-7-

dependent repression of Bcl-6 expression. Hence, the

combined data from these studies indicate that IL-2 and

IL-7 may direct conserved STAT5-dependent regulatory

mechanisms that govern Bcl-6 expression through multi-

ple stages of T-cell differentiation.24,25,74,75,88

The above findings were somewhat surprising, as

increased Bcl-6 expression and IL-7 signalling are impor-

tant factors in both the differentiation and homeostasis of

memory cell populations, including central memory T

cells.82,83,89,90 We postulated that stage-specific IL-7-

mediated repression of Bcl-6 may be important in

directing specific memory cell functions by differential

regulation of the Tfh and central memory T gene pro-

grammes, which include the expression of cellular traf-

ficking receptors such as Cxcr5, CD62L and Ccr7.25

However, it is important to point out that, in addition to

its required role in regulating the expression of the Tfh

gene programme, Bcl-6 is also a demonstrated regulator

of metabolic and cell cycle pathways.91–93 Hence, it is

possible that the IL-7/STAT5 regulatory axis may play key

roles in governing aspects of memory cell survival and

metabolism by tightly regulating Bcl-6 expression. Indeed,

the expression of Bcl-6 appears to be regulated in a

dynamic manner, as levels of Bcl-6 have been observed to

decrease in memory cell populations post-infection.82

Future work will be required to comprehensively assess

the differential contributions of Bcl-6 and IL-7 signalling

to the establishment and maintenance of Tfh and memory

cell populations.

Concluding remarks

Cytokines and cytokine signalling pathways have been the

targets of therapeutic strategies since pioneering

immunotherapeutic treatments using exogenous IL-2 to

promote immune-mediated destruction of tumours.80,94,95

As this review has attempted to highlight, the contribu-

tion of cytokine-dependent environmental cues to

developing Tfh cells is a central, yet complicated, compo-

nent of the differentiation process. Continued research in

this area will be instrumental in unlocking the complexity

of the molecular mechanisms underlying Tfh cell forma-

tion, which in turn has the potential to greatly impact

human health. Acquiring a comprehensive understanding

of Tfh cell biology will lead to the design of more effica-

cious vaccine strategies, and also allow for the targeted

treatment of the aberrant Tfh activities that are the hall-

marks of numerous autoimmune diseases.96 Hence,

although significant insight into the contributions of

cytokines to the governance of Tfh cell differentiation has

been achieved in the past decade, there is still much to

discover about the integrated mechanisms by which these

environmental factors regulate Tfh-mediated immune

responses.
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