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Abstract
CD4+ T helper (Th) cells play an instrumental role in orchestrating adaptive immune responses to
invading pathogens through their ability to differentiate into specialized effector subsets. Part of
this customized response requires the development of T follicular helper (Tfh) cells, which
provide help to B cells for the generation of germinal centers and long-term protective humoral
responses. Although initially viewed as terminally differentiated, we now recognize that Th cell
subsets, including Tfh cells, display substantial flexibility and overlap in their characteristics. In
this review, we highlight advances in our understanding of Tfh cell development, cytokine
production and the potential plasticity that allows Tfh cells to possess characteristics of other
effector Th cell populations.
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T helper cell subsets
Germinal centers (GCs) are specialized structures found within the B cell follicle of
secondary lymphoid tissues where high affinity antibodies are generated and where B cells
can differentiate into memory B cells and long-lived plasma cells. The development of GCs
requires cognate interactions between antigen-specific B cells and a subpopulation of
dendritic cell (DC)-primed CD4+ Th cells, known as T follicular helper (Tfh) cells [1]. This
process is instrumental for host clearance of many invading pathogens and the development
of subsequent protective humoral immunological memory.

Naïve CD4+ T cells receive instructions during their initial encounter with antigen-
presenting cells that lead to the development of distinct effector subclasses. CD4+ Th cell
subsets were initially described by Mosmann and Coffman, who designated Th1 and Th2
cells based on the mutually exclusive production of either IFN-γ or IL-4, respectively [2].
Cells that produce IL-17A were recently shown to represent yet another Th cell population;
additional populations have also been described. Each specific subset has been associated
with a ‘master’ transcriptional regulator: Th1 cells with T-bet, Th2 cells with Gata-3 and
Th17 cells RORγt [3]. These ‘master’ transcription factors are required for the
differentiation, cytokine production and acquisition of effector function of each distinct Th
cell subset. Th1 cells, which produce IFN-γ, are important for protective response to
intracellular viral and bacterial infections, Th2 cells which produce IL-4 and IL-13 are
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crucial for barrier protection and eliminating extracellular parasites including helminthes,
whereas Th17 cells produce IL-17A and IL-17F and are essential for controlling fungal and
bacterial infections [3].

Tfh cells were not initially described based on cytokine production and transcription factor
expression patterns, but demarcated as a unique population of activated CD4+ T cells in the
GCs of human tonsils that expressed the chemokine (C-X-C motif) receptor 5 (CXCR5) and
that were proficient in providing B cell help [4, 5]. With subsequent gene expression and
phenotypic analyses, Tfh cells were distinguished from other Th populations based on
anatomical localization and elevated expression of cell-surface proteins including
Programmed cell death-1 (PD-1), Inducible T-cell costimulator (ICOS), B- and T-
lymphocyte attenuator (BTLA) and CD40L [1]. Tfh cells express the cytoplasmic adaptor
protein Signal Lymphocyte Activation Molecule (SLAM)-associated protein (SAP),
required for lymphocyte interactions, and the transcription factor B-cell lymphoma 6
(Bcl-6), required for Tfh cell differentiation, as well as secrete the cytokine IL-21 [1].
Through expression of these mediators, Tfh cells are essential for GC development;
mutations that prevent Tfh cell differentiation or function prevent GC formation and the
subsequent development of long-term humoral immunity [1]. 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 [6]. Thus, Tfh cells exhibit overlapping characteristics
with Th effector subsets, raising the possibility of flexibility between Tfh cells and other Th
effector populations. In this review, we discuss Tfh cell development and the transcription
factors that regulate this subset, with the perspective of understanding potential plasticity of
this essential cell population.

Tfh cell development
Several lines of evidence suggest that Tfh cells require a multi-stage process for
differentiation. DCs are crucial for CD4+ T cell priming and initial acquisition of Tfh cell
characteristics, including the induction of Bcl-6 expression [7–9]. Antigen-primed CD4+ T
cells in the T cell zone reduce CCR7 and upregulate CXCR5 expression, favoring re-
positioning in close proximity to the B cell follicle where they are optimally located to
support B cell expansion and differentiation [10–12]. Antigen-specific CD4+ T cells and
cognate B cells can then stably interact, forming mobile conjugate pairs leading to T cell
migration toward the follicle [13, 14]. Although Bcl-6 expression wanes in most dividing
CD4+ T cells, a second wave of increased expression occurs in a subset coincident with
interaction with antigen presenting B cells, which drives prolonged CXCR5 expression [7,
8]. These cognate T cell-B cell interactions are required for Tfh cell differentiation and in
turn provide signals for B cells to enter into cell cycle and differentiate either
extrafollicularly or along a follicular pathway. However, although B cell interactions are
thought to be a distinct feature of Tfh cells, other cell populations such as Th2 cells also can
require B cell interactions [15].

GC B cells die without T cell help, highlighting their requirement for extrinsic survival
signals. In addition, there is clear consensus that B cells are instrumental for the
maintenance and function of Tfh cells within the GC [7, 8, 16–19]. Tfh cell GC entry and
retention is dependent on cognate interactions [14] such that GC B cells must bind, process
and present antigen in an MHCII-dependent manner. Moreover, only pMHCII-binding T
cell receptors (TCRs) with the highest affinity are found in Tfh cells within the B cell area,
perhaps due to competition for binding to antigen-specific B cells [20]. Thus, GC B cells
and Tfh cells are reciprocally dependent on each other for survival, proliferation and
differentiation.
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Depending on the infectious agent, cytokines produced by the innate immune system can
influence Tfh cell development. Initial experiments provided evidence that IL-21 could
promote Tfh cell development and IL-21 production [21–23]. However, in vivo analyses
suggest that IL-21 acts principally as a paracrine factor for GC B cells, with a limited
autocrine role in Tfh cells [24, 25]. Additionally, in vitro and in vivo analyses demonstrate
that both IL-21 and IL-6 participate in promoting Tfh cell development and IL-21
production [1]. IL-27 has also been implicated in Tfh cell development, although this is
likely via indirect effects on IL-21 production [26]. The redundant nature of these cytokines
probably reflects signaling via the transcription factor, signal transducer and activator of
transcription (STAT)3. Indeed, patients with STAT3 mutations have a reduction in Tfh cell
frequency [27]. In contrast, IL-2 and the downstream activation of STAT5 can negatively
regulate Tfh cell differentiation [28, 29]. Interestingly, IL-6 signal transduction in CD4+ T
cells can also utilize STAT1 [30]. Notably, loss of the IFN-γR, which also activates STAT1,
reduced Bcl-6 expression and improved the autoimmune manifestations observed in
Roquinsan/san mice, which have increased Tfh cells and GCs [31]. In vitro analyses have also
revealed a role for IL-12 (which activates STAT4) in driving human and murine CD4+ T
cells to express Tfh cell markers and help B cells secrete immunoglobulins [32–34].
Together, these studies demonstrate that multiple cytokine pathways contribute to Tfh cell
development and subsequent differentiation. Given the crucial role for Tfh cells in humoral
immunity, this level of redundancy may have evolved to prevent the detrimental outcome of
Tfh cell deficiency.

Cytokine production by Tfh cells
Although each specific Th cell subset has been associated with a particular cytokine profile,
there is ample evidence in vivo that Th cells can produce additional cytokines in response to
environmental cues. Th17 cells give rise to both IL-17A and IFN-γ producing cells under
multiple conditions in vivo [35] and Th2 cells can express T-bet and IFN-γ during a viral
infection [36]. It is now appreciated that conceptual Th cell designations oversimplifies the
potential of these cell populations, thereby limiting our understanding of immune responses.

The cytokine most closely associated with Tfh cells is IL-21. IL-21 is required for the
formation of extrafollicular antibody producing cells [37] and directs GC B cells to maintain
proliferation [24, 25]. However, although Tfh cells produce abundant IL-21, Th1, Th2 and
Th17 cells also produce IL-21 [1]. In addition, only 20–40% of cells expressing Tfh markers
produce IL-21 [38] indicating heterogeneity within the population. Moreover, although the
absence of IL-21 results in reduced early antibody production [37] and a reduction in GC B
cell numbers [22, 24, 25, 39], the absence of Tfh cells leads to a profound defect in GC
formation [40–42]. Thus, Tfh cells likely produce multiple factors that work in concert to
induce GC formation and maintenance.

Although Tfh cells can be distinguished from effector Th cells based on cell-surface
markers, a growing body of data demonstrates that Tfh cells can express cytokines (IFN-
γIL-17, IL-4) characteristic of Th1, Th17 and Th2 effector populations, albeit often at lower
levels. Indeed, Tfh cells isolated ex vivo can be induced to express these effector cytokines
following secondary restimulation under polarizing conditions in vitro [21]. Moreover,
although switch transcripts are expressed by B cells even prior to GC formation [43],
directed cytokine secretion by Tfh cells in conjugates with GC B cells has been found to
correlate with antibody isotype generation, suggesting a continued role for cytokine
production by CD4+ T cells within the GC [6]. Following viral infection, cells with Tfh
characteristics produced IFN-γ [38, 44]. IL-17 was identified as a central component of the
GC response in the autoimmune prone BXD2 mouse strain [45], and cells displaying a Tfh
phenotype produced IL-17 in an experimental autoimmune encephalomyelitis (EAE) model
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of multiple sclerosis (MS) [46] Whether cells with Tfh characteristics produce IL-17 under
non-pathological conditions is not clear. However, both pathogenic and non-pathogenic
Th17 cells exist in the repertoire [47] and IL-17 is critical for intestinal homeostasis and IgA
secretion [48] as well as host responses to bacterial and fungal infections [3]. Notably, three
studies using IL-4 reporter mice elegantly demonstrated that the majority of the IL-4
expressing CD4+ T cells in the lymph node expressed Tfh cell characteristics during a
helminth infection [6, 49, 50]. Interestingly, these IL-4 producing Tfh cells localized to the
B cell follicle and were functionally distinct from Th2 cells found in peripheral sites [6, 15].
Recently, Liang et al. utilized reporter mice to evaluate the spatial and temporal production
of cytokines produced during a Th2-mediated helminth infection [51]. Th2 effector cells
found in peripheral tissue produced abundant IL-4 and IL-13 and expressed high levels of
Gata-3. In contrast, Tfh cells expressed lower levels of Gata-3, and although these cells
produced IL-4, IL-13 was not detected [51]. The mechanism for the discordant activation of
IL-4 and IL-13 in these Th cell subsets is not well defined, but suggests that cytokine
regulation in Th2 and Tfh cells is divergent (see below). Interestingly, IL-4 production by
GC Tfh cells is also seen during viral infection [52] and thus may be particularly important
for Tfh cell function.

Tfh cells express multiple transcription factors
There is increasing evidence that Th effector cells not only secrete multiple cytokines but
express many transcription factors that are integral for their development and function,
beyond their ‘master’ regulators (Figure 1). Thus, modest changes in expression of
transcription factors may influence availability to interact with binding partners and affect
transcription. Several transcription factors impact Tfh cell differentiation including Bcl-6,
basic leucine zipper transcription factor, ATF-like (BATF), c-musculoaponeurotic
fibrosarcoma (maf), interferon regulatory factor (IRF)4 and STAT3. Additionally, Tfh cells
can express transcription factors characteristic of effector Th cells that are likely to influence
cytokine production in response to distinct pathogens.

Bcl-6 is a member of the BTB-POZ (bric-a-brac, tramtrack, broad complex-poxvirus zinc
finger) family that directly binds specific DNA sequences to mediate transcriptional
repression. Bcl-6 often functions by binding several co-repressors forming quaternary
complexes [1]. Three independent loss-of-function studies demonstrated a T cell intrinsic
Bcl-6 expression requirement for Tfh cell differentiation, whereas the development of other
Th cell subsets was unaffected [40–42]. Bcl-6 was found to repress a microRNA gene
cluster and thus, stabilize the expression of Tfh signature genes including Cxcr5 [42]. There
are Bcl-6 binding sites within the Gata3, Tbx21 (encoding T-bet) and Rorc promoters [42,
53], and Bcl-6 overexpression repressed Th1, Th2 and Th17 cell differentiation [40–42].
Consistent with this idea, in Th1 cells, T-bet forms a complex with Bcl-6, masking the Bcl-6
DNA binding domain and preventing it from repressing target genes [54]. Interestingly,
IL-12 induces an IL-21 and IFN-γ dual-producing population that expresses T-bet and
Bcl-6. However, as T-bet and IFN-γ expression increased, Tfh characteristics declined [34],
suggesting that IL-12 initially drives development of an early bipotential population. Indeed,
following T. gondii and viral infections, Tbx21−/− mice demonstrate enhanced humoral
responses due to a Tfh cell expansion [34, 44]. Thus, threshold levels of T-bet and Bcl-6
may dictate the balance of Th1 and Tfh cell development [34], supporting flexibility
between or a succession of Tfh and Th1 populations whereby environmental cues alter Bcl-6
to T-bet ratios.

Bcl-6 induction and function within Tfh cells can also be regulated by ectopic expression of
B lymphocyte-induced maturation protein-1 (Blimp-1, encoded by Prdm1), a reciprocal
antagonist of Bcl-6. Initially the Bcl-6/Blimp-1 axis was recognized in B cells: GC B cells
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require Bcl-6, whereas antibody-secreting plasma cell development is contingent on Blimp-1
[1]. Although not absolute, this regulation is also apparent in T cells: ectopic Blimp-1
expression inhibited Tfh cell formation, whereas loss of Blimp-1 enhanced the number of
Tfh cells generated during infection [40]. In Th1 cells, high concentrations of IL-2 reduced
Bcl-6 expression and increased Blimp-1 expression [55, 56]. Blimp-1 expression was
proposed to be responsible for the repression of Tfh signature genes in Th1 cells [56].
However, Blimp-1 also has a crucial role in maintaining immune homeostasis; it regulates
Th cell differentiation by limiting IL-2 production (via a negative feedback loop), increasing
IL-10 and promoting reactivation induced cell death [57]. Thus, Blimp-1 is multi-functional
and is required for regulating many aspects of Th cell differentiation. Moreover, evidence
suggests that the Blimp-1 locus is in an open chromatin conformation even in Tfh cells [21].
A simplistic ‘on-off’ expression pattern therefore is unlikely to reflect the complex
relationship between these two antagonist proteins in Th cell differentiation. Recently the E3
ubiquitin ligase, Cullin3 was identified as an essential Bcl-6 binding factor. Strikingly, the
loss of Cullin 3 had a differential effect on Tfh cell generation and GC formation providing
[58] providing support for distinct Bcl-6 driven programs.

The Bcl-6 promoter has binding sites for STAT and Forkhead box O (Foxo) transcription
factors. In Th1 polarized cells cultured in low IL-2 levels, STAT3 bound to the to the Bcl-6
promoter while with elevated IL-2, STAT5 bound to the to the Bcl-6 promoter [56].
Interestingly, STAT5 can displace STAT3 complexes and/or recruit repressive complexes
[59, 60], providing insight into how IL-2 signaling via STAT5 could restrain Tfh cell
differentiation [28, 29]. In contrast, when IL-2 is limiting, Foxo1 and Foxo3 bind to the
Bcl-6 promoter and activate transcription [56]. These observations are consistent with data
showing a bifurcation between cells expressing elevated levels of the high affinity IL-2
receptor, CD25, and those expressing Bcl-6 [16]. Moreover, during Th1 in vivo responses,
CD25 expression inversely correlated with Bcl-6, creating a continuum of Th1 central
memory, Tfh and Th1 effector cells [61].

In addition to Bcl-6, several other transcription factors have been implicated in Tfh cell
development, including those important for the development of other Th effector cell
populations (Figure 1). BATF is basic leucine zipper protein in the AP-1 family that was
initially implicated Th17 cell differentiation [62]. Although Batf is only moderately
increased in Tfh cells compared to other Th effector populations [63], Batf−/− mice fail to
generate Tfh cells [64, 65]. BATF functions in a cell intrinsic manner to directly regulate the
expression of Bcl-6 and c-Maf, by binding promoter regions encoding these genes.
Overexpression of both Bcl-6 and c-Maf in Batf−/− T cells improved Tfh cell development
and GC responses, albeit not to the level of BATF reconstitution [65].

c-Maf is a bZIP transcription factor that binds to the Il4 promoter and plays an instrumental
role in Th2 cell development [66]. c-Maf deficiency also results in reduced IL-17 production
[46]. Strikingly, ICOS-mediated c-Maf expression is required for IL-21 production and the
expansion of Tfh cells [46, 67]. Similarly, STAT3 and IRF4 also bind to the Il21 promoter
and are important for the generation of Tfh cells [27, 68]. Similar to BATF, both STAT3 and
IRF4 play fundamental roles in Th17 cell development [69–71]. Although IRF4 binds with
low affinity to IFN response elements, IRF4 and BATF bind cooperatively to structurally
divergent AP-1/IRF composites sites [72, 73]. Whether IRF4/BATF complexes synergize
with Bcl-6 and c-Maf to induce a Tfh gene expression signature is not known.

Plasticity of Tfh cells
Although traditionally Th cell subsets were defined as terminally differentiated lineages,
there is increasing evidence of flexibility between given Th cell populations. Strikingly,
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transcription factors thought to be ‘master’ regulators of Th cell lineages, including Gata-3
and T-bet, can also be expressed Tfh cells [38, 44, 50, 51]. These coinciding patterns of
cytokine production and transcription factor expression strengthen the concept of flexibility
between Tfh cells and other Th cell subsets.

Epigenetic analyses have also provided support for flexibility between Th cell populations
(Box 1). Analyses of lysine 4 trimethylation of histone H3 (H3K4me3), which is associated
with permissive active chromatin conformations and H3K27 trimethylation (H2K27me3)
which is associated with repressive chromatin modifications, have been used to evaluate the
chromatin state in a variety of Th cell populations. Genes encoding cytokines typically show
permissive marks in the Th subset where they are expressed (ie Ifng in Th1 cells), with
repressive marks found in alternate subsets (Th2, Th17) [74]. These modifications may
reflect the activation of transcription factors: T-bet not only directly trans-activates Ifng, it
recruits jumonji-domain containing histone demethylase3 to remove repressive H3K27me3
modifications as well as recruits the methyltransferase SET7 to induce H3K4me2, creating
permissive markings on the Ifng locus [75].

Box 1

Epigenetic Analyses

The chromatin structure of gene loci can impact gene expression via regulating the
accessibility of transcriptional machinery to binding sites in proximal gene promoters and
cis-regulatory DNA elements [92, 93]. The N-terminal tails of histone proteins can be
covalently marked by the addition or removal of acetyl, methyl, phosphate, ubiquitin,
sumoyl or ADP-ribose groups. Such post-translational modifications relax or condense
the chromatin structure to activate or repress gene transcription [94, 95] and these
epigenetic changes can reflect both the transcriptional patterns as well as the
transcriptional potential of DNA. Global analyses of histone modifications, in particular,
lysine 4 trimethylation of histone H3 (H3K4me3), which is associated with permissive
active chromatin conformations and H3K27 trimethylation (H2K27me3) which is
associated with repressive chromatin modifications, have provided support for plasticity
between Th cell populations [94, 95]. These studies demonstrated that the genes encoding
the master transcription factors for specific subsets showed H3K4me3 markings in
multiple Th cell populations, suggesting that they were “poised” for transcription.

DNA can also be methylated on cytosines in CpG dinucleotides and affect gene
transcription by influencing binding of transcription factors to promoters and regulatory
elements. DNaseI hypersensitivity sites (HS) are defined as regions of chromatin less
than a few hundred base pairs that are more sensitive to digestion by DNaseI than bulk
chromatin. Many cis-regulatory elements have been identified by the detection of
evolutionary conserved sequences and HS sites [78, 96]. Again, the study of these
elements has provided insight into the regulation of cytokine transcription in Th cell
populations.

Interestingly, ‘lineage specific’ transcription factors do not exhibit such modes of regulation.
The Tbx21 gene (encoding T-bet) is associated with accessible marks in Th1 cells.
However, in Th2 and Th17 cells, both repressive and, surprisingly, activating marks are
found on Tbx21 [21, 74]. Although such data needs to be evaluated carefully given potential
heterogeneity within in vitro generated Th cell populations, these observations provide
evidence that different Th cell transcription factors may be in a poised state for expression
and readily induced in populations that appear committed to a particular subset. Such
patterns are also seen in stem cell populations with potential for activating multiple
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transcription factors [76] and are in accordance with observations of plasticity in Th cell
populations.

Consistent with low expression of Th effector cytokines, both in vitro and ex vivo Tfh cells
displayed repressive histone markings with low to no detectable positive marks on the genes
encoding Il4, Ifng and Il17a compared to conventional Th2, Th1 and Th17 cells,
respectively, and positive markings on the Il21 locus [21, 74]. However, surprisingly, Tfh
cells maintained accessible marks on Tbx21, Gata3 and Rorc genes (Figure 1). Importantly,
both in vitro generated as well as isolated ex vivo derived Tfh cells could produce Th1, 2
and 17 effector cytokines when cultured in polarizing cytokines, while retaining the ability
to produce IL-21 [21]. These findings are consistent with the ability of Tfh cells to produce
effector cytokines contingent on the infectious agent [6, 15, 38, 49, 50]. Utilizing an IL-21-
GFP reporter mouse to track Tfh cells, Luthje et al. demonstrated that Tfh cells gave rise to
memory T cells capable of differentiating into both Th effector and Tfh cells in a recall
response [38]. Thus, both in vitro and in vivo data establish that Tfh cells maintain the
flexibility to differentiate into other Th effector cells upon subsequent stimulation [9, 21,
38]. This feature may allow Tfh cells to preserve facets of Th effector cells depending on the
nature of the antigen encountered and contribute to protective immunity.

As anticipated, positive histone modifications were detected at the Bcl6 locus in vitro
generated cells with Tfh characteristics as well as ex vivo Tfh cells. However, the Bcl6 locus
also displayed permissive marks from in vitro differentiated Th1, Th2 and Th17 populations
and these subsets could acquire Tfh characteristics, including increased IL-21 production
under the appropriate conditions [21]. Furthermore, although Prdm1 was the most
downregulated gene in Tfh cells [40], both positive and repressive modifications of Prdm1
were detected in all Th cell subsets including Tfh cells [21] (Figure 1). The detection of
positive histone alterations on both Bcl6 and Prdm1 in diverse Th cell populations reinforces
the potential for reprogramming between Tfh and Th effector cell subsets and suggests that a
complex regulation of Blimp-1 and Bcl-6 expression occurs during Th cell differentiation.

Regulation of expression of effector cytokines
The extended murine Th2 cytokine locus spanning the Il4, Il5, Il13 and Rad50 genes contain
multiple cis-regulatory elements [77, 78] (Box 1). The DNaseI hypersensitivity site (HS)V
overlaps with a highly conserved noncoding sequence (CNS2) and has recently been
identified as a putative distal enhancer located 3′ of the Il4 gene [79]. Mice deficient in
either HSV or CNS2 show a profound reduction in IgG1 and IgE post-immunization,
consistent with predicted effects of decreased IL-4 expression. Further examination revealed
that although Tfh cells developed, this region was crucial for Tfh cell Il4 expression. In
striking contrast, Th2 cells, basophils and eosinophils were less dependent on HSV or CNS2
for IL-4 production [79, 80]. Interestingly, mice deficient in SLAM, which is important for
IL-4 production by GC-localized Tfh cells during a viral response [52], displayed reduced
permissive modifications of the CNS2 enhancer [80]. These experiments indicate that Th2
and Tfh cells utilize unique yet overlapping mechanisms to regulate Il4 transcription,
suggesting that although both populations express IL-4, they still retain distinct
characteristics.

Tfh characteristics exploited by other CD4+ T cells
Regulatory T (Treg) cells can express transcription factors and markers associated with
effector Th cell populations, which confer upon the Treg cells the ability to suppress specific
subsets [81]. Tregs express miR-10a, which functions to limit their plasticity by targeting
Bcl-6 and the corepressor, Ncor2, thereby preventing Treg-Tfh cell conversion [82].
However, a subset of Treg cells can localize to the B cell follicle [83, 84], upregulate Bcl-6
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and express surface markers CXCR5, PD-1 and ICOS, consistent with a Tfh cell phenotype.
These T follicular regulatory (Tfr) cells retain expression of the Treg ‘master’ transcription
factor, Foxp3, and suppressive function [85–87]. Tfr cells specifically repress Tfh cells and
GC numbers, and consequently prevent the outgrowth of non-antigen specific B cells,
perhaps averting the selection of autoreactive B cells [85–88]. Although Tfr cells appear
specialized for limiting GC reactions, previous data demonstrated that Foxp3+ cells could
convert into functional Foxp3− Tfh cells in Peyer’s patches [84] (Figure 2). However, it is
not clear whether these Foxp3+ cells were Treg cells or effectors cells transiently expressing
Foxp3 as an activation marker.

The majority of splenic natural killer T (NKT) cells patrol the marginal zone where they can
be activated by antigen-presenting subcapsulary sinus macrophages, in close proximity to
the B cell follicle [89]. Interestingly, a subset of NKT cells has recently been identified that
display Tfh cell characteristics (NKTfh cells) and are capable of prolonged contacts with B
cells [90, 91] (Figure 2). These NKTfh cells produced IL-21 and provided help to B cells for
both extrafollicular and GC responses [90, 91]. However, despite GC formation, neither
memory B cells nor long-lived plasma cells were generated [90, 91]. Therefore, NKT cells
can access the follicles and adopt a Tfh phenotype, yet remain distinct from conventional
CD4+ Tfh cells.

Concluding remarks
As we learn more about the development and characteristics of Tfh cells, it is evident that
these cells can acquire characteristics overlapping with other Th effector cells. Such
considerations may be particularly important for the field of T cell therapeutics, as we learn
that polarized T cells may not maintain specific characteristics when transferred to new
hosts.

However, many questions remain regarding Tfh cell plasticity. Although Tfh cells can
produce defining cytokines of effector Th cell populations, whether Tfh cells acquire other
characteristics of these subsets is less clear. Furthermore, the identification of Treg cells and
NKT cells that localize to B cell follicles and influence GC formation raises the question of
whether plasticity is a feature of multiple CD4+ T cell subsets. Alternatively, another
interpretation of these data is that there may be numerous subtle differences in the flavors of
T cell populations, so as regulatory T cells adopt Treg1, Treg2 or Tfr cell phenotypes, Tfh
cells may assume Tfh1, Tfh2 or Tfh17 cell characteristics depending on the context of
activation and type of immune response required (Figure 3). In either model, our definitions
of effector CD4+ Th cell subsets need to be viewed dynamically, with the ability to express
characteristics of other effector Th cell populations depending on the ratio and timing of
transcription factors expressed. This ability to maintain subset fluidity may be crucial for
responding to specific types of infection and the acquisition of distinct features required for
effective immune responses.
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Figure 1.
Flexibility and plasticity of Tfh cells. Tfh cells express a constellation of transcription
factors required for development including Bcl-6, BATF, STAT3, IRF4 and c-Maf, many of
which are expressed by other Th effector subsets (indicated in the overlap of the cells). Tfh
cells can also express transcription factors and Th effector cytokines (Gata-3 for IL-4 and T-
bet for IFN-γ) depending on nature of stimulation. Although Th cell subsets express distinct
transcription factors, epigenetic analysis has revealed that chromatin modifications may
allow flexibility in the expression of ‘master regulator’ transcription factors (H3K4me3
modifications indicative of permissive active chromatin are indicated). Thus, rather than
transcription factor expression viewed as ‘all or none’ it may be important to consider the
balance of transcription factors expressed. This is likely advantageous for host defense, as
both Th effectors and Tfh cell-driven B cell responses are often required for effective
pathogen clearance.
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Figure 2.
Multiple CD4+ T cell populations can adopt Tfh characteristics. Foxp3+ T regulatory cells
and NKT cells can express markers consistent with Tfh cell populations. During
immunization with lipid antigen, a subset of NKT cells can express Tfh cell markers and
provide B cell help. However, NKTfh cells are not able to induce memory B cell formation
and long-lived plasma cells (indicated by the dotted line). Following protein immunization,
Foxp3+ Tregs can increase expression of the transcription factor Bcl-6 and express CXCR5,
and migrate into the GC where these cells can regulate the GC response. Additionally,
Foxp3+ cells found within the intestine, can also upregulate Tfh markers and reduce Foxp3
expression, migrate into the B cell follicle of Peyer’s Patches and function as bone fide Tfh
cells.
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Figure 3.
Diversity of Tfh cells. Tfh cells can further specialize through upregulation or activation of
transcription factors in response to different environmental stimuli. For example, during a
helminth infection, Tfh cells can express the transcription factor Gata-3 and express IL-4.
However, Th2 effector cells preferentially found in peripheral sites express higher levels of
Gata-3 (Gata-3 gradient: Th2>Tfh2>Tfh) and produce IL-4 as well as other effector
cytokines including IL-13. Thus, we propose a model whereby CD4+ T cells may receive
pathogen and milieu specific signals to induce different levels of expression of Th cell
subset specific transcription factors, enabling a customized response critical for the
development of protective humoral immunity. This model would suggest that Tfh cells are
not terminally differentiated, but retain the ability to acquire characteristics of other Th cell
subsets upon subsequent challenge.
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