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Cognate interactions between Ag-specific B cells, 
CD4+ T helper cells, and DCs in response to 
foreign Ag lead to the formation of germinal 
centers (GCs). GCs are specialized structures in 
B cell follicles of secondary lymphoid tissues 
where somatic hypermutation of Ig variable 
(V) region genes and selection of high-affinity 
B cells occur, followed by differentiation of long-
lived memory or plasma cells (PC). This process 
ensures the development of long-lived humoral 
immunity after infection or vaccination with 
T cell–dependent (TD) Ag and is a unique fea-
ture of the mammalian immune system (Tangye 
and Tarlinton, 2009; Goodnow et al., 2010).

It has been known for decades that CD4+ 
T cells are required for the formation of produc-
tive GCs, as well as for generating Ag-specific 
memory and PCs (Miller et al., 1965; Tangye and 
Tarlinton, 2009; Goodnow et al., 2010; Crotty, 
2011). However, the exact nature of the CD4+ 
T cell subset that provides help to B cells re-
mained enigmatic. Early studies implicated Th2 
cells, as they produce IL-4, which induces iso-
type switching and Ig secretion. However, mice 
lacking key regulators of Th2 development are 
still able to form GCs and elicit TD Ab responses 
(Nurieva et al., 2008; O’Shea and Paul, 2010; 
Crotty, 2011).

In recent years, T follicular helper (Tfh) 
cells have emerged as the key cell type required 
for the formation of GCs and the generation of 
long-lived serological memory (Vinuesa et al., 
2005b; King et al., 2008; Crotty, 2011). Simi-
lar to other CD4+ T cell lineages (Th1, Th2, 
Th17, and regulatory T [T reg] cells), the gen-
eration of Tfh cells requires signaling path-
ways activated downstream of cytokines and 
cell surface molecules, and the subsequent acti-
vation of specific transcription factors. Here, 
we discuss recent advances in understanding 
the requirements for the generation and acqui-
sition of effector function by Tfh cells.

A distinct subset of effector CD4+ T cells
The term “Tfh cell” was first used in the year 
2000 to describe a subset of CD4+ T cells pres-
ent in human lymphoid tissues (tonsils) that ex-
presses the chemokine receptor CXCR5 and 
functions primarily to provide help to B cells 
(Breitfeld et al., 2000; Schaerli et al., 2000). 
Expression of CXCR5, together with loss of 
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Kroenke et al., 2012). These molecules play critical roles 
in promoting the activation, differentiation, and survival  
of B cells and/or CD4+ T cells. For instance, CD40L res-
cues B cells from apoptosis and promotes their proliferation 
(Tangye et al., 2012), and IL-21 enhances the differentiation 
of CD40L-stimulated human B cells, inducing secretion of all 
Ig isotypes (Bryant et al., 2007; Avery et al., 2008; Ettinger 
et al., 2008). Engaging ICOS on CD4+ T cells induces the 
production of B helper cytokines, such as IL-10 and IL-21 
(Hutloff et al., 1999; Bauquet et al., 2009; Chevalier et al., 
2011), and SAP is necessary for CD4+ T cells to form stable 
contacts with cognate B cells to promote their activation and 
differentiation (Qi et al., 2008; Cannons et al., 2010). The im-
portance of these molecules in Tfh function is underscored by 
the finding that targeted deletion of Cd40/Cd40l, Icos, Il21/
Il21r, or Sh2d1a (encoding SAP) in mice, or loss-of-function 
mutations in ICOS, CD40L, and SH2D1A in humans (Al-Herz 
et al., 2011; 
Crotty, 2011; 
Tangye et al., 
2012), severely 

the T cell zone–homing chemokine receptor CCR7, allows 
Tfh cells to relocate from the T cell zone to the B cell folli-
cles, where they are positioned to directly support B cell ex-
pansion and differentiation (Ansel et al., 1999; Hardtke et al., 
2005; Haynes et al., 2007; Fig. 1).

Tfh cells can be distinguished from other CD4+ T cell 
lineages by their low expression levels of cytokines (IFN-, 
IL-4, and IL-17) and transcription factors (T-bet, GATA3, 
and RORt) characteristic of Th1, Th2, and Th17 cells, re-
spectively (Chtanova et al., 2004; Kim et al., 2004; Rasheed 
et al., 2006; Nurieva et al., 2008; Vogelzang et al., 2008; 
Ma et al., 2009). Furthermore, Tfh cells express a unique 
combination of effector molecules that are critical for their  
development and function, including high levels of the surface 
receptors ICOS, CD40 ligand (CD40L), OX40, PD-1, BTLA 
and CD84, the cytokine IL-21, the cytoplasmic adaptor 
protein SLAM-associated protein (SAP), and the transcription 
factors Bcl-6 and c-Maf (Breitfeld et al., 2000; Schaerli et al.,  
2000; Chtanova et al., 2004; Vinuesa et al., 2005a; Rasheed 
et al., 2006; Haynes et al., 2007; Lim and Kim, 2007; 
Johnston et al., 2009; Ma et al., 2009; Deenick et al., 2010; 

Figure 1.  Anatomical localization and cellular 
requirements for Tfh cell generation. (A; i) Naive 
CD4+ T cells are activated in interfollicular areas or 
T cell zones of lymphoid tissues after recognition of 
peptide–MHC class II complexes on DCs. (i) DCs 
provide signals that up-regulate CXCR5 and down-
regulate CCR7 on CD4+ T cells allowing them to 
migrate to B cell follicles. (ii) At the T cell–B cell 
border, pre–Tfh cells interact with activated B cells 
presenting cognate Ag. This results in the pre–Tfh 
cells delivering help to the B cells, resulting in their 
differentiation into short-lived extrafollicular plasma
blasts or their migration into follicles to form GCs. 
Ongoing stimulation and Ag presentation provided 
by B cells drives the full development of Tfh cells. 
(iii) Within GC, Tfh cells continue to provide help  
to the B cells, supporting the GC reaction and  
facilitating the generation of long-lived plasma cells 
and memory B cells. Reciprocal signals provided by 
the B cells are also crucial for sustaining the Tfh 
cells. (B) Initial priming of naive CD4+ T cells by DCs 
induces expression of Bcl-6 and CXCR5; this re-
quires ICOS/ICOS-L interactions. DCs may produce 
IL-6 and IL-27, which promote Bcl-6 and c-Maf 
expression, as well as IL-21 production by CD4+  
T cells, in a STAT3-dependent fashion. CXCR5-mediated 
relocation of Bcl-6+CXCR5+ pre–Tfh cells to the  
T cell–B cell border allows subsequent interactions 
with Ag-specific B cells. The Tfh program is  
imprinted after subsequent interactions with B cells 
in the GC. The interactions are dependent on the 
formation of stable T cell–B cell conjugates, which 
requires CD4+ T cell–intrinsic signaling via SAP-
associating receptors (CD84) and involves CD40L/
CD40, ICOS/ICOS-L, and CD28/CD86. IL-21 produced 
by Tfh cells can act in an autocrine manner to main-
tain Tfh cells at various stages of differentiation. 
Similarly, B cell–derived IL-6, and possibly IL-27, 
could contribute to the maintenance of Tfh cells. Tfh 
cells mediate differentiation of GC B cells into 
memory and plasma cells via the provision of CD40L 
and IL-21.
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low levels of CXCR5 not only provide help to B cells early 
in the response, but probably also contain precursors from 
which GC Tfh cells emerge.

Similarly, murine CXCR5hiBcl-6+ CD4+ T cells include 
those that are found in the follicle or within GCs. GL7 has 
been reported to mark a subset of murine Tfh cells express-
ing the highest levels of CXCR5, Bcl-6, PD-1, ICOS, 
CD200, and IL-21 that localize to GCs (Yusuf et al., 2010). 
Another study, however, found GL7 expressed by CD4+ 
CXCR5+ T cells in the interfollicular zone (Kerfoot et al., 
2011). Additional studies are required to definitively show 
whether GC Tfh cells can be differentiated from non-GC 
Tfh cells based on phenotype rather than localization alone. 
Another subset of murine CD4+ T cells provides the requi-
site help for the early differentiation of B cells into extra-
follicular plasmablasts producing low-affinity Ig (Lee et al., 
2011). Reminiscent of Tfh cells, these extrafollicular Th 
cells express Bcl-6 and CXCR5 and provide help to B cells 
via the production of IL-21. However, they can be distin-
guished from GC Tfh cells by lower levels of PD-1  
and their localization to the T cell–B cell border (Lee et al., 
2011). It is likely that these cells represent progenitors of 
Tfh/GC Tfh cells, and they may well correspond to human 
CXCR5loICOSloBcl-6+ CD4+ T cells that localize outside 
of GCs (Bentebibel et al., 2011; Fig. 1 A).

Substantial heterogeneity among Tfh cells was recently 
revealed by the description of IL-21 reporter mice (Lüthje et al., 
2012). Approximately 20–40% of Tfh (i.e., CXCR5+PD-1+ 
CD4+) cells expressed IL-21 during immune responses against 
peptide Ag, and these cells also expressed substantially higher 
levels of IFN-, IL-10, and Tbx21 (encoding T-bet) than did 
IL-21 Tfh cells. On the other hand, Bcl6, GATA3, and Il4 
expression, as well as ex vivo proliferation, were comparable 
between IL-21+ and IL-21 Tfh cells. Transfer studies dem-
onstrated that IL-21 Tfh cells could give rise to IL-21+ Tfh 
cells after reexposure to the initiating Ag, demonstrating a 
precursor/product relationship, at least in the setting of a  
recall response.

Requirements for naive CD4+ T cell-to-Tfh differentiation
Cytokines. The key features of Tfh cells—production  
of IL-21, elevated expression of CXCR5, ICOS, and BCL-6, 
and provision of B cell help—have been used as surrogates to 
identify cytokines that potentially contribute to their generation.

Several cytokines, including IL-6, IL-21, and IL-27, in-
duce IL-21 production by naive murine and human CD4+ 
T cells in vitro in a STAT3-dependent manner (Huber et al., 
2008; Nurieva et al., 2008; Suto et al., 2008; Dienz et al., 
2009; Batten et al., 2010; Eto et al., 2011; Lu et al., 2011; Ma 
et al., 2012). Interestingly, IL-12 also induces IL-21 in human 
and mouse CD4+ T cells (Schmitt et al., 2009; Ma et al., 2009, 
2012; Nakayamada et al., 2011; Eto et al., 2011; Diehl et al., 
2012). Although IL-12 is often associated with activation of 
STAT4, its ability to induce IL-21 expression was also largely 
STAT3 dependent (Nakayamada et al., 2011; Ma et al., 2012). 
Activation of CD4+ T cells with IL-21–inducing cytokines 

compromise the generation of robust GC reactions and  
subsequent long-lived serological memory against TD 
Ags (Table 1).

Subsets of Tfh cells
Provision of help to B cells during TD B cell responses re-
quires that CD4+ T cells be in close proximity to cognate 
B cells. This occurs at the T cell–B cell border/interfollicular 
zones and within GCs (Fig. 1 A). Because of its role in direct-
ing cells toward B cell areas, CXCR5 was an early defining 
marker of Tfh cells. More recently, Bcl-6 has been described 
as a key molecular feature of these cells. It is now clear, how-
ever, that there is marked heterogeneity among CD4+ 
CXCR5+Bcl-6+ T cells with respect to phenotype, function, 
and anatomical location. Indeed, the CXCR5+Bcl-6+ popula-
tion comprises at least two subsets: early Tfh cells, which 
most likely provide help at the T-B border or in interfollicular 
zones before GC formation (Kerfoot et al., 2011; Kitano et al., 
2011; Lee et al., 2011), and later-arising Tfh cells that are 
found in the GC (Yusuf et al., 2010; Choi et al., 2011).

In human tonsils, there are two major CD4+CXCR5+Bcl-6+ 
T cell populations that can be distinguished based on high 
versus low expression of CXCR5. Those expressing the 
highest levels of CXCR5 also express the most abundant 
PD-1, ICOS, CD40L, and Bcl-6, and contain the highest fre-
quencies of cells producing IL-21 and the CXCR5 ligand 
CXCL13 (Lim and Kim, 2007; Ma et al., 2009; Bentebibel et al., 
2011; Kroenke et al., 2012). These cells also express the high-
est levels of IL-4 (Ma et al., 2009; Bentebibel et al., 2011; 
Kroenke et al., 2012). Although this finding seems to contra-
dict initial findings showing that IL-4 was not prominently 
expressed by Tfh cells, these earlier studies examined bulk 
CD4+CXCR5+ T cells, rather than distinct subsets (Chtanova 
et al., 2004; Kim et al., 2004; Rasheed et al., 2006). CD57 is 
expressed by 30% of tonsillar CD4+CXCR5hi T cells 
(Rasheed et al., 2006; Lim and Kim, 2007; Ma et al., 2009), 
and this population localizes to GCs (Banerjee and Thibert, 
1983; Hutloff et al., 1999; Kim et al., 2001). Importantly, 
CD4+CXCR5hi T cells are capable of supporting Ig class switch-
ing and Ab secretion by naive, memory, and GC B cells in vitro 
(Kim et al., 2001; Avery et al., 2008; Ma et al., 2009; Bentebibel 
et al., 2011). Thus, in humans the CXCR5hiCD57+ sub-
set of CD4+ T cells correspond to GC Tfh cells. The exact 
relationship between the CD57 and CD57+ subsets of 
CXCR5hi CD4+ T cells remains to be determined.

CXCR5loBcl-6+ CD4+ T cells also express low levels of 
ICOS and are found outside of GCs. These cells provide help 
to naive and memory, but not GC, B cells (Bentebibel et al., 
2011) and may function during the initial phase of B cell 
activation at the T cell–B cell border. It is also possible that 
these cells migrate to the GC after initial interactions with 
naive B cells and mediate the differentiation of GC B cells— 
a possibility consistent with the finding that CXCR5loICOSlo 
CD4+ T cells up-regulate PD-1 and ICOS to levels ap-
proximating that on GC Tfh cells after co-culture with naive 
B cells (Bentebibel et al., 2011). Thus, CD4+ T cells expressing 
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lineage. However, the in vitro conditions used do not  
completely recapitulate physiological Tfh differentiation, as 
in vitro–generated Tfh cells express lower levels of CXCR5, 
Bcl-6, and ICOS than GC Tfh cells and lack expression 
of other Tfh-associated molecules (Ma et al., 2009, 2012; 
Schmitt et al., 2009; Eto et al., 2011). Thus, the differentia-
tion state of in vitro–derived Tfh cells more closely corre-
sponds to pre–Tfh than to GC Tfh cells.

Conflicting results have been obtained regarding the rela-
tive importance of these cytokines for Tfh cell induction  
in vivo. IL-6 or IL-21 deficiency has been reported to have 
mild, moderate, or no effect on Tfh cell numbers (Nurieva 
et al., 2008; Vogelzang et al., 2008; Linterman et al., 2010; 
Poholek et al., 2010; Zotos et al., 2010; Eto et al., 2011; 
Harker et al., 2011). Despite conjecture regarding the indi-
vidual roles of IL-6 and IL-21 in driving Tfh formation, these 
cytokines are likely to collaborate, as concomitant block-
ade of both cytokines was required to cause a significant  
decrease in Tfh cells in vivo (Eto et al., 2011). This finding 
points to redundancy among cytokines in Tfh development 
such that deficiency in IL-6 or IL-21 is compensated by other 
factors. Indeed, Tfh generation is also impaired in mice lack-
ing IL-27R (Batten et al., 2010). Thus, in vivo and in vitro 
findings provide firm evidence for an important role for 
STAT3 and STAT3-activating cytokines in regulating Tfh 
development (Table 1).

Receptor–ligand interactions. The findings that cytokines 
could induce some, but not all, features of Tfh cells indicated 
that additional signals are required for full Tfh differentiation. 
Obvious candidates for these signals are specific receptor/
ligands pairs on CD4+ T cells and APCs.

T cell activation requires engagement of the TCR, CD28, 
CD40L, and ICOS by peptide/MHC class II, CD80/CD86, 
CD40, and ICOS-L, respectively. In the absence of signaling 
though CD28, ICOS/ICOS-L or CD40/CD40L, CD4+ 
T cells fail to up-regulate CXCR5, resulting in reduced 
numbers of Tfh cells and impaired GC formation (Akiba et al., 
2005; Bossaller et al., 2006; Choi et al., 2011; Salek-Ardakani 
et al., 2011). This is consistent with reduced frequencies of 
circulating CD4+CXCR5+ T cells in patients with mutations 
in ICOS or CD40LG (Bossaller et al., 2006). Interestingly, 
deficiency of CD86, but not CD80, recapitulates the Tfh de-
fect seen in Cd28-deficient mice (Salek-Ardakani et al., 2011), 
suggesting that ligation of CD28 by CD86, rather than CD80, 
has a preferential role in Tfh development (Table 1).

Another important set of molecules involved in T cell–B 
cell interactions are the SLAM family of receptors—SLAM, 
CD84, 2B4, Ly9, and NTB-A (Ly108 in mice; Ma et al., 
2007)—which elicit intracellular signaling by recruiting SAP. 
Remarkably, SAP-deficient CD4+ T cells cannot support  
TD B cell responses caused by an inability to form stable 
conjugates with cognate B cells and differentiate into Tfh cells 
(Crotty et al., 2003; Qi et al., 2008; Linterman et al., 2009; 
Cannons et al., 2010; Deenick et al., 2010; Yusuf et al., 2010). 
The gene encoding SAP (SH2D1A) is mutated in patients 

also resulted in elevated expression of CXCR5, ICOS, and 
Bcl-6, and improved Ab production by co-cultured B cells 
(Nurieva et al., 2008; Dienz et al., 2009; Ma et al., 2009, 
2012; Schmitt et al., 2009; Eto et al., 2011; Nakayamada  
et al., 2011; Diehl et al., 2012). Collectively, these findings 
suggested that, akin to Th1, Th2, and Th17 lineages, cytokines 
present within the stimulating microenvironment in vivo 
influence the commitment of naive CD4+ T cells to the Tfh 

Table 1.  Effects of gene deficiency on Tfh cell formation and 
identification of regulators of Tfh formation

Gene/protein Effect of KO on Tfh 
cells

References

Cytokines
  IL-6 Mild/moderate 

decrease/no effect
Nurieva et al., 2008; Poholek 
et al., 2010; Eto et al., 2011; 

Harker et al., 2011
  IL-21, IL-21R Mild/moderate 

decrease/no effect
Vogelzang et al., 2008; 
Linterman et al., 2010; 

Poholek et al., 2010; Eto  
et al., 2011

  IL-27Ra Decreased  Batten et al., 2010
Signaling
  SH2D1A (SAP)a Absent  Qi et al., 2008; Linterman 

et al., 2009; Cannons et al., 
2010; Deenick et al., 2010

  STAT3a Decreased Nurieva et al., 2008; Lu  
et al., 2011

  STAT5 Increased Johnston et al., 2012
Transcription 

factors
  Bcl-6 Absent Johnston et al., 2009; 

Nurieva et al., 2009; Yu  
et al., 2009; Poholek et al., 

2010
  c-Maf Decreased Bauquet et al., 2009; Pot  

et al., 2009; Hiramatsu et al., 
2010; Kroenke et al., 2012

  BATF Absent Betz et al., 2010; Ise et al., 
2011

  IRF4 Decreased/absent Kwon et al., 2009
  PRDM1 (Blimp1) Increased Johnston et al., 2009
  Tbx21 (T-bet) Increased Nakayamada et al., 2011; 

Oestreich et al., 2012
Surface receptors
  CD40/CD40La Decreased/absent Akiba et al., 2005; Bossaller 

et al., 2006  ICOSa/ICOS-L Decreased/absent
  CD28 Decreased/absent Akiba et al., 2005; Salek-

Ardakani et al., 2011  CD80 No effect
  CD86 Decreased
  CD84 Decreased Cannons et al., 2010

aMutations in STAT3, CD40L, and ICOS in humans results in reduced frequencies  
of circulating CD4+CXCR5+ T cells in the peripheral blood (Bossaller et al., 2006;  
Ma et al., 2012), while mutations in SH2D1A compromise Tfh-like function of CD4+ 
T cells (Ma et al., 2005). These mutations are associated with impaired humoral 
immune responses in affected individuals.
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of primed CD4+ T cells from the interfollicular and T cell 
zones to the B cell follicle to become pre–/early Tfh cells 
(Fig. 1, A and B). However, B cells are important for com-
plete Tfh differentiation, as they provide signals that reinforce 
the Tfh phenotype and/or promote their survival (Fig. 1 B). 
Central to this is the expression of ICOS-L on B cells, which 
ligates ICOS on CD4+ T cells and induces the expression of 
key Tfh molecules including IL-21, Bcl-6, and c-Maf 
(Bauquet et al., 2009; Gigoux et al., 2009; Chevalier et al., 
2011; Choi et al., 2011). SAP and SAP-associating receptors 
are also critical for full Tfh formation and function (Fig. 1 B), 
as the short-lived interactions between SAP- or CD84-deficient 
CD4+ T and B cells results in impaired help to B cells and 
precludes B cells from providing the signals necessary to 
maintain Tfh cells (Qi et al., 2008; Cannons et al., 2010; 
Deenick et al., 2010). Cytokines will also contribute to Tfh 
formation (Fig. 1 B); however, their roles are likely dictated 
by the type of immune responses generated and the availabil-
ity of other requisite signals provided by APCs.

Transcription factors. A common tenet in immunology is 
the notion of “master regulators” of lymphocyte differentia-
tion, whereby a single transcription factor is necessary and 
sufficient for the commitment of naive cells to a specific lin-
eage of effector cells. This is exemplified by the requirement 
for T-bet, GATA3, RORt, and FoxP3 for the differentia-
tion of naive CD4+ T cells into Th1, Th2, Th17, and T reg 
cells, respectively (O’Shea and Paul, 2010).

For Tfh cells, a similar “master regulator” function has 
now been ascribed to Bcl-6, which was originally found to 
be expressed by a subset of CD4+ T cells in GCs in human 
tonsils (Cattoretti et al., 1995). Studies performed 10–15 yr 
later revealed that these Bcl-6+ CD4+ T cells were Tfh cells 
(Chtanova et al., 2004; Vinuesa et al., 2005a; Rasheed et al., 
2006; Ma et al., 2009), and several studies have now shown 
that Bcl-6 deficiency inhibits, and overexpression promotes, 
the generation of Tfh cells (Johnston et al., 2009; Nurieva et al., 
2009; Yu et al., 2009; Diehl et al., 2012; Kroenke et al., 
2012), as well as extrafollicular CD4+ Th cells (Poholek  
et al., 2010; Lee et al., 2011). These findings firmly estab-
lished a critical role for Bcl-6 in coordinating Tfh formation 
and validated the prescient observation by Cattoretti et al. 
(1995) that “Bcl-6 expression in T cells may also be associ-
ated with some GC-related function.”

Bcl-6 functions as a transcriptional repressor. Thus, it 
was initially difficult to invoke a mechanism by which 
Bcl-6 actively drives a Tfh program in naive CD4+ T cells. 
However, several scenarios have now been proposed. As 
Bcl-6 suppresses GATA3 expression and Th2 responses 
(Kusam et al., 2003), it could promote Tfh differentiation 
by interfering with the expression or function of transcrip-
tion factors that control alternate Th cell fates (Fig. 2). Indeed, 
enforced expression of Bcl-6 in naive CD4+ T cells cul-
tured under Th1 or Th17 conditions reduces the proportion 
of IFN- or IL-17–expressing cells (Nurieva et al., 2009; 
Yu et al., 2009), most likely caused by its ability to bind to 

with X-linked lymphoproliferative disease, who exhibit im-
paired Tfh-like function (Ma et al., 2005, 2007). CD84 is 
also required for Tfh differentiation, as CD4+ T cells lacking 
CD84 generate fewer Tfh cells in vivo, although the deficit is 
less severe than in Sh2d1a-deficient mice (Cannons et al., 2010). 
Thus, although CD84 represents one of the SAP-associating 
receptors required for Tfh formation, SAP-dependent signaling 
downstream of additional SLAM family receptors, such as 
Ly108 (Cannons et al., 2010), is also important (Table 1).

Ag-presenting cells. Although Tfh cells direct the differentia-
tion of Ag-specific B cells, it is clear that reciprocal signals 
from B cells are also important for Tfh formation. Specifically, 
mice lacking B cells or those with B cells deficient in functional 
molecules (CD19, CD40, MHC class II, ICOS-L, and CD86) 
exhibited decreased numbers of Tfh cells after immunization or 
pathogen infection (Haynes et al., 2007; Johnston et al., 2009; 
Zaretsky et al., 2009; Deenick et al., 2010; Poholek et al., 2010; 
Salek-Ardakani et al., 2011). This suggests that Tfh generation is 
critically dependent on interactions between activated CD4+ 
T cells and Ag-presenting B cells. Indeed, the Tfh deficiency 
seen in the absence of SAP reflected the requirement for SAP 
in the formation of stable conjugates between CD4+ T and 
B cells, but not DCs (Qi et al., 2008; Cannons et al., 2010). 
Moreover, ICOS expression specifically on B cells is required 
for GC function (Nurieva et al., 2008), and B cells are 
uniquely able to induce Tfh features in co-cultured CD4+ 
T cells (Chevalier et al., 2011).

However, the absolute requirement for B cells in the for-
mation of early Tfh cells has been questioned by the finding 
that provision of excess Ag facilitates Tfh cell formation in the 
absence of B cells, CD40, or MHC class II (Deenick et al., 
2010). This suggests that sustained Ag presentation by non–
B cell APCs can support Tfh generation, and the previous 
conclusion that B cells are required for this process may have 
simply reflected the fact that they become the predominant 
APC during a TD immune response. This alternate view of 
Tfh formation has been validated by several recent studies. 
First, Ag-specific CD4+CXCR5+Bcl-6+ T cells can be de-
tected within 3 d of immunization/infection, preceding the 
activation of cognate B cells (Choi et al., 2011; Kerfoot et al., 
2011; Kitano et al., 2011). In addition, the early appearance of 
Tfh-like cells in lymphoid follicles can occur in the absence of 
Ag-specific B cells (Poholek et al., 2010; Baumjohann et al., 
2011; Choi et al., 2011; Kerfoot et al., 2011; Kitano et al., 
2011). Formation of CD4+CXCR5+Bcl-6+ pre–Tfh type cells 
is also independent of SAP (Choi et al., 2011), which is remi-
niscent of the SAP-independent priming of CD4+ T cells by 
DCs (Qi et al., 2008). Finally, direct immunization with 
MHC class II–restricted Ag-pulsed DCs, which circumvents 
Ag presentation by B cells, resulted in early Tfh cell generation 
(Baumjohann et al., 2011; Choi et al., 2011; Goenka et al., 2011).

Collectively, these findings provided convincing evidence that 
the initial generation of Tfh cells is actually B cell–independent 
and is instead driven by DCs. Indeed, initial interactions 
between DC and naive CD4+ T cells facilitate the relocation 
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et al., 2009; Table 1). Consequently, Bcl-6 may not be the 
“master regulator” of the Tfh lineage.

c-Maf induces IL-21 production in activated CD4+ T cells 
in vivo (Bauquet et al., 2009) and in vitro (Hiramatsu et al., 
2010; Kroenke et al., 2012), and c-Maf expression itself is  
induced in CD4+ T cells by IL-6 (Hiramatsu et al., 2010) or 
IL-27 (the latter requiring IL-21; Pot et al., 2009). Further-
more, IL-27–mediated induction of IL-21 is c-Maf depen-
dent (Pot et al., 2009), suggesting the existence of a positive 
feedback loop. Ectopic expression of c-Maf in human naive 
CD4+ T cells also yields a greater proportion of cells expressing 
CXCR5 compared with control-transduced cells, and co-
transduction of Bcl-6 and c-Maf resulted in higher levels of 
expression of ICOS and PD-1 compared with either factor 
alone, providing evidence of cooperative interplay between 
these transcription factors (Kroenke et al., 2012; Fig. 2).

BATF deficiency also causes a cell-autonomous defect in 
Tfh generation that appears to result, at least in part, from a 
requirement for BATF in the induction of Bcl-6 and c-Maf 
(Betz et al., 2010; Ise et al., 2011; Fig. 2). Tfh formation and 
help for GC responses are defective in BATF-deficient CD4+ 
T cells in vivo; this could be improved by expressing Bcl-6 
alone or together with c-Maf, but not by c-Maf alone. How-
ever, the level of rescue was only 60–70% of that achieved 
by overexpressing BATF in these cells (Ise et al., 2011), sug-
gesting that other, as yet unidentified, BATF targets contrib-
ute to Tfh differentiation. It is also unclear which signals 

induce BATF. It will be important to deter-
mine whether IL-6 and IL-27 can induce 
BATF, and whether cytokine-driven c-Maf 
expression is secondary to the induction of 
BATF.

These studies have revealed a hierarchy of 
the transcriptional regulation of Tfh cells. BATF 
and STAT3-activating cytokines induce ex-
pression of Bcl-6 and c-Maf. Bcl-6 induces 
signature features of Tfh cells by suppressing 

consensus sites in the promoters of Tbx21 and Rorc (en-
coding RORt), and thus reduce protein expression and/or 
function. This is consistent with the enhanced generation 
of Tfh cells from Tbx21-deficient CD4+ T cells both in vivo 
and in vitro (Nakayamada et al., 2011; Oestreich et al., 2012).

Bcl-6 also inhibits the regulatory effects of Blimp-1 and 
the expression of a cluster of microRNAs that suppress Tfh 
generation (Yu et al., 2009). Bcl6 and Prdm1, which encodes 
Blimp-1, are reciprocally expressed in Tfh and effector CD4+ 
T cells (Fazilleau et al., 2009; Johnston et al., 2009; Ma et al., 
2009; Choi et al., 2011), and deletion of Prdm1 from murine 
CD4+ T cells enhances Tfh formation in response to lympho-
cytic choriomeningitis (LCMV). In contrast, Prdm1 over-
expression severely blunts Tfh genesis and attenuates GC 
reactions and Ab responses (Johnston et al., 2009). Thus,  
Bcl-6 and Blimp-1 function to control CD4+ T cell fate  
by promoting or inhibiting the generation of Tfh cells  
(Fig. 2 and Table 1).

A caveat to Bcl-6’s role as a master regulator of Tfh cell 
differentiation is the inability of ectopic Bcl-6 to induce sub-
stantial expression of CXCR5 or IL-21—two of the defining 
features of Tfh cells—in human or murine naive CD4+ T cells 
in vitro (Nurieva et al., 2009; Yu et al., 2009; Diehl et al., 
2012; Kroenke et al., 2012). Thus, other transcription factors 
must also be involved in Tfh differentiation. Indeed, Tfh cells 
are also diminished in mice lacking c-Maf (Bauquet et al., 2009), 
BATF (Betz et al., 2010; Ise et al., 2011), and IRF4 (Kwon 

Figure 2.  Molecular regulation of Tfh develop-
ment. Tfh development requires the integrated and 
balanced function of numerous transcription factors. 
BATF acts proximally by inducing Bcl-6 and c-Maf.  
Bcl-6 imprints a Tfh fate by suppressing expression  
and/or function of transcriptional regulators of alternate 
effector fates (i.e., Tbx21 [Th1], Gata3 [Th2], and Rorc 
[Th17]), microRNAs that suppress Tfh generation, and 
Prdm1 (encoding Blimp-1), which directly suppresses 
Bcl-6. c-Maf contributes to Tfh cells by inducing CXCR5 
and IL-21. STAT3-activating cytokines IL-6, IL-21, and 
IL-27 can also induce c-Maf, and STAT3 can directly 
induce IL-21. IL-12 induces IL-21 in a STAT3-dependent 
manner, but it is unknown whether this involves c-Maf 
or is a direct effect of STAT3. Tfh generation is restricted 
by Blimp-1, which is induced by IL-2 in a STAT5-dependent 
manner and blocks Bcl-6 expression, and by T-bet (in-
duced by IL-12), which physically associates with Bcl-6 
and prevents Bcl-6–dependent repression.
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share features with both Tfh cells (expression of Bcl-6, 
CXCR5, PD1, and ICOS) and T reg cells (expression of 
GITR, CTLA4, KLRG1, CD25, and Blimp-1), but they dif-
fer from Tfh cells in that they lack CD40L, IL-4, and IL-21 
(Linterman et al., 2011). Follicular T reg cells originate from 
thymic-derived (i.e., natural) T reg cells, rather than periph-
erally induced T reg cells or Tfh cells themselves, yet they 
exhibit requirements similar to conventional Tfh cells for 
their development and maintenance (Chung et al., 2011; 
Linterman et al., 2011; Wollenberg et al., 2011). Genetic ab-
lation of Bcl-6 prevented the generation of follicular T reg 
cells, and CXCR5 deficiency disrupted their positioning 
within GCs. Both manipulations affected Tfh cell numbers 
only marginally but resulted in increased numbers of GC 
B cells and increased Ab production (Chung et al., 2011; 
Wollenberg et al., 2011). Thus, by hijacking the transcrip-
tional machinery of Tfh cells and acquiring expression of 
CXCR5, follicular T reg cells can migrate into GCs to exert 
their regulatory effect (Fig. 3). Because human follicular T reg 
cells directly suppress Ab secretion by GC B cells, as well as 
Tfh cell function in vitro (Lim et al., 2004, 2005), it is likely 
that follicular T reg cells limit GC reactions by suppressing 
the in vivo responses of both Tfh and GC B cells. It will be 
interesting to determine whether some of the clinical symp-
toms in FOXP3 mutant IPEX patients, such as the produc-
tion of auto-Abs, are caused by an inability of follicular T reg 
cells to restrain GC responses.

The effects of follicular T reg cells may be complemented 
by the actions of both regulatory CD8+ T cells and PCs.  
A subset of CD8+ T cells restricted by the nonclassical MHC 
molecule Qa1 was found to acquire expression of CXCR5, 
migrate to B cell follicles, and attenuate the function of Tfh 
cells (Kim et al., 2010). Unlike conventional T reg cells, regu-
latory CD8+ T cells lack expression of FoxP3 and CTLA4, 
and their suppressive capacity required their expression of 
perforin and a source of IL-15 (Kim et al., 2010). Preventing 
the interaction between Tfh cells and regulatory CD8+ T cells 
resulted in a dramatic increase in Tfh cells and the develop-
ment of a fatal lupus-like disease (Kim et al., 2010).

PCs also negatively regulate Tfh cells, as Bcl6 and Il21 ex-
pression was abrogated in co-cultures of PC and in vivo–
derived Tfh cells (Pelletier et al., 2010). Intriguingly, although 
PCs presented peptides to naive Ag-specific CD4+ T cells and 
induced T cell activation in vitro, expression of Bcl6 and Il21 
(Pelletier et al., 2010) was not induced. This led to the proposal 
that PC limited the generation of Tfh cells, a scenario sup-
ported by increased numbers of Tfh cells in PC-deficient mice 
(Pelletier et al., 2010). However, this increase could also reflect 
the lack of Ab-mediated Ag clearance, thereby resulting in sus-
tained T cell activation and Tfh formation. It also remains to be 
determined where and when PCs would interact with Tfh cells 
and how PCs would deliver such inhibitory signals.

Memory Tfh cells
In humans, a small subset of CD4+ T cells in peripheral blood 
expresses CXCR5 (Förster et al., 1994; Breitfeld et al., 2000; 

both the function of other lineage-specific transcription 
factors, as well as Blimp-1 and multiple microRNAs, and  
c-Maf induces IL-21. STAT3 can also directly induce IL-21. 
The function of IRF4 in Tfh cell formation remains to be 
determined; however, it is required for IL-21– and IL-6– 
induced expression of IL-21 in murine CD4+ T cells (Huber  
et al., 2008).

Counter-regulation of Tfh cell formation
The eradication of infectious pathogens and the success of 
vaccines require Tfh cell–mediated B cell differentiation and 
Ab secretion. However, aberrant function of Tfh cells could 
trigger autoimmunity. Thus, processes must exist that restrict 
Tfh activity under normal circumstances.

Transcription factors and cytokines. The primary transcrip-
tion factor that negatively regulates Tfh development is Blimp-1 
(Johnston et al., 2009), which directly suppresses Bcl-6 expres-
sion (Fig. 2). Blimp-1 is induced by IL-2 in CD4+ T cells 
(Gong and Malek, 2007), and CD25 (IL-2R) expression 
positively correlates with Blimp-1 and negatively correlates 
with Bcl-6 and CXCR5 (Choi et al., 2011). Consistently, IL-2 
blockade or targeted deletion of STAT5, which is activated by 
IL-2, increased Tfh cell formation (Johnston et al., 2012; 
Oestreich et al., 2012), whereas overexpression of constitu-
tively active STAT5 reduced Tfh generation in vivo (Johnston 
et al., 2012). Similar findings were recently reported in a model 
of influenza virus infection, whereby repeated administration 
of IL-2 reduced virus-specific humoral immunity by directly 
suppressing Tfh cell formation (Ballesteros-Tato et al., 2012). 
The inhibitory effect of STAT5 was Blimp-1–dependent, as it 
was overcome by deleting Blimp-1 from CD4+ T cells (Johnston 
et al., 2012). STAT5 can also directly bind BCL6 and sup-
press its expression (Walker et al., 2007). Thus, the IL-2–
STAT5 axis is likely to control Tfh generation by suppressing 
Bcl-6 both directly and indirectly via induction of Blimp-1 
(Fig. 2 and Table 1).

Regulatory cells. T reg cells are a subset of CD4+ T cells 
that control the function of effector cells (Josefowicz et al., 
2012). Remarkably, specific subsets of T reg cells can co-opt 
the differentiation programs of effector cells to selectively 
regulate distinct classes of immune responses. For instance, 
expression of T-bet, IRF4 or STAT3 in T reg cells results in 
cells that temper the activity of Th1, Th2 or Th17 cells, 
respectively (Josefowicz et al., 2012). The concept that T reg 
cells suppress Tfh cells is not novel, as T reg cells were identi-
fied in B cell follicles and GCs in 2004 (Lim et al., 2004). 
However, the nature of these T reg cells, their mechanisms of 
suppression, and their relevance to immune responses in vivo 
remained unexplored (Lim et al., 2004, 2005).

A subset of T reg cells that preferentially inhibits Tfh cells 
was suggested by the finding that 10–15% of the Tfh cells 
in murine and human lymphoid tissues express the T reg 
cell–specific transcription factor FoxP3 (Chung et al., 2011; 
Linterman et al., 2011; Wollenberg et al., 2011). These cells 
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CD4+ T cells in the CXCR5+ subset may reflect periodic 
encounter with Ag, as CMV establishes a persistent, latent 
infection and exposure to influenza may occur seasonally. 
Tetanus toxoid, in contrast, is likely to be cleared after vacci-
nation. Thus, circulating CD4+CXCR5+ T cells in humans 
may represent recently generated effector cells that have exited 
lymphoid follicles rather than long-lived memory cells.

Fazilleau et al. (2007) described a similar population of 
CD4+CXCR5+ T cells in draining lymph nodes of mice that 
persisted after the peak of GC responses (30 d after immuni-
zation). As in humans, these cells had down-regulated ex-
pression of signature Tfh molecules (ICOS, OX40, IL-4, and 
IL-21). Although these murine CD4+CXCR5+ T cells were 
designated as “memory” Tfh cells, they may result from re-
cent Ag encounter, as complexes of specific Ag–MHC class 
II were clearly still detectable 70 d after immunization (Fazilleau 
et al., 2007). IL-21+ Tfh cells isolated from mice 30–55 d 
after immunization or infection and transferred into naive 
mice gave rise to both IL-21+ Tfh cells and conventional 
CXCR5PD-1IL-21 effector cells (Lüthje et al., 2012) 

Schaerli et al., 2000). These cells express low levels of Tfh 
markers (ICOS, OX40, IL-4, IL-21, Bcl-6, and c-Maf; 
Förster et al., 1994; Breitfeld et al., 2000; Schaerli et al., 2000; 
Chevalier et al., 2011) and are diminished in individuals unable 
to form GCs because of mutations in CD40LG or ICOS 
(Bossaller et al., 2006). For this reason, it has been inferred 
that circulating CD4+CXCR5+ T cells derive from GCs and 
are presumably Tfh cells. Most circulating CD4+CXCR5+ 
T cells express CD45RO (Förster et al., 1994; Breitfeld et al., 
2000; Schaerli et al., 2000; Bossaller et al., 2006; Chevalier et al., 
2011; Ma et al., 2012), which is typically associated with  
a memory cell phenotype. However, it is important to note 
that CD45RO expression does not discriminate between 
long-lived memory cells and recently generated effector cells. 
Interestingly, in healthy donors that received a tetanus booster 
>2 yr earlier, circulating tetanus toxoid–specific CD4+ T cells 
resided only in the CXCR5 subset of CD4+CD45RO+ T cells 
(Breitfeld et al., 2000). In contrast, CMV or influenza-specific 
cells were present in both the CXCR5 and CXCR5+ sub-
sets (Morita et al., 2011). The presence of virus-specific 

Figure 3.  CD4+ T cell flexibility. Naive CD4+ 
T cells interacting with Ag-presenting DCs can 
acquire expression of Bcl-6. However, their com-
mitment to specific effector lineages is governed 
by additional signals and the coordinated and 
antagonistic actions of different transcription 
factors. Sufficient levels of T-bet or GATA3, or 
potentially RORt, will override the repressive 
effect of Bcl-6 to yield Th1, Th2, or Th17 cells, 
respectively. Yet some DC-primed naive CD4+  
T cells will become pre–Tfh cells, defined by 
CXCR5 and Bcl-6 expression, which differentiate 
into GC Tfh cells after interactions with cognate 
B cells. Th1, Th2, and, presumably, Th17 cells 
retain flexibility in their differentiation programs 
such that under conditions of sustained Ag (e.g., 
persistent pathogen infection) they can down-
regulate T-bet, Gata3, or RORt, up-regulate 
Bcl6, and convert to Tfh cells. Regardless of their 
origin, Tfh cells drive the differentiation of 
cognate B cells into memory and plasma cells, 
which is necessary for long-lived protective Ab 
responses. The magnitude of Tfh-induced humoral 
responses is regulated by thymic-derived follicular 
T reg cells. Although pre–Th1, pre–Th2, pre–
Th17, and pre–Tfh cells are illustrated as indi-
vidual cell types, it is equally possible that Th1, 
Th2, Th17, and Tfh cells arise from a common 
CD4+ T cell precursor that acquires expression of 
T-bet, GATA3, RORt, and Bcl-6, and then dif-
ferentiates into bona fide effector cells after 
delivery of appropriate instructive cues. The 
scheme outlined for Th17 cells differentiating 
into Tfh cells is speculative. Although Th17 cells 
shares features with Tfh cells, it is unknown 
whether this reflects an intrinsic characteristic 
of Th17 cells or their conversion to Tfh cells.
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in vivo and in vitro (Nakayamada et al., 2011; Oestreich et al., 
2012). Collectively, these findings suggest that Bcl6 is primed 
for rapid expression in activated CD4+ T cells, thereby pro-
viding the molecular machinery to guide CD4+ T cells to a 
Tfh fate (Fig. 3; Table 1).

The nature of the infection may also dictate the fate of 
Ag-specific CD4+ T cells. For example, Tfh cells are prefer-
entially generated under conditions of pathogen/Ag persis-
tence, such as chronic LCMV infection, whereas both Tfh 
and Th1 cells are generated in similar numbers and with simi-
lar kinetics after acute LCMV infection (Fahey et al., 2011). 
This deviation from Th1 cells during chronic infection cor-
related with increased expression of Bcl6 and reduced expres-
sion of Tbx21 and Prdm1. Thus, T-bet can constrain Bcl-6 
expression under conditions of limiting Ag, leading to re-
duced Tfh formation (Nakayamada et al., 2011). However, 
abundant Ag—resulting from persistent/chronic infection—
overrides these constraints to promote the Tfh program (Fahey 
et al., 2011), most likely by maintaining high levels of Bcl-6, 
which then antagonizes T-bet function and Th1 cell forma-
tion (Johnston et al., 2009; Nurieva et al., 2009; Yu et al., 
2009; Oestreich et al., 2012; Fig. 3). This model is supported 
by the findings that high-affinity CD4+ T cells preferentially 
develop into Tfh cells (Fazilleau et al., 2009), and that boost-
ing with peptide Ag promotes Tfh formation (Deenick et al., 
2010). In a similar fashion, IL-4–expressing Th2 cells may 
convert into Tfh cells during infection with Th2-inducing 
pathogens (King and Mohrs, 2009; Reinhardt et al., 2009; 
Zaretsky et al., 2009), in which persistent pathogen exposure 
induces Bcl-6 expression, which in turn suppresses GATA3. 
Although this has not been formally tested, it is consistent 
with the severe Th2-mediated inflammation seen in Bcl-6–
deficient mice (Kusam et al., 2003).

These studies add to the concept of plasticity in T cell 
differentiation and infer that T cell differentiation is neither 
absolute nor solely driven by master regulators. Rather, the 
ultimate fate of activated CD4+ T cells reflects the modular 
nature of the expression, function, and interplay of antago-
nistic and cooperative transcription factors.

Tfh-mediated diseases
Although Tfh cells are critical for the generation of effective 
long-lived protective Ab responses, dysregulation of Tfh func-
tion could manifest as various immune dyscrasias. This has in-
deed been established in both mice and men.

The first suggestion that Tfh cells could underlie immune-
mediated diseases was their overabundance in several murine 
models of SLE (Vinuesa et al., 2005a; Subramanian et al., 
2006) and the fact that preventing Tfh formation reduced 
disease (Hron et al., 2004; Linterman et al., 2009). Circulat-
ing Tfh-like cells are also found at increased frequencies in 
the blood of some patients with SLE, Sjogren’s syndrome 
(Simpson et al., 2010), and juvenile dermatomyositis (Morita 
et al., 2011), which are autoimmune conditions characterized 
by production of pathogenic auto-Abs. Importantly, the ex-
pansion of Tfh-like cells in SLE correlated with auto-Abs titers 

after reexposure to antigen. This suggests that Tfh cells can 
enter the pool of CXCR5 memory CD4+ T cells, as de-
scribed originally for tetanus-specific human CD4+ T cells 
(Breitfeld et al., 2000). Although these studies have shed 
some light on Tfh memory, further investigation is required 
to provide a complete understanding of the relationship be-
tween, and kinetics of formation of, conventional memory, 
Tfh memory, and effector cells.

Plasticity of Tfh cells
T cell differentiation was once considered linear and irrevers-
ible, but it is now appreciated that this process is flexible, as 
so-called committed cells can acquire features of alternate ef-
fector fates (O’Shea and Paul, 2010). This has raised the ques-
tion of whether Tfh cells are a distinct lineage of effector 
CD4+ T cells or whether they instead represent a stage of  
activation of Th1, Th2, and Th17 cells. Initial studies dem-
onstrated that Tfh cells could be generated in vivo under 
conditions that cripple the formation of Th1, Th2, and Th17 
cells (Nurieva et al., 2008), suggesting that Tfh cells are a 
distinct lineage. However, Tfh cells can arise from Th1 (i.e., 
CXCR5T-bet+IFN-+) and Th2 (i.e., CXCR5PD-1 
Bcl6loGATA3+IL-4+) precursors in response to infection 
with LCMV (Th1; Fahey et al., 2011), Heligmosomoides poly-
gyrus (Th2), Schistosoma mansoni (Th2), or Nippostrongylus 
brasiliensis (Th2; King and Mohrs, 2009; Reinhardt et al., 
2009; Zaretsky et al., 2009; Fig. 3). Tfh cells may also arise 
from Th17 cells. Indeed, Tfh and Th17 cells have several 
similarities, such as the molecular requirements for their 
generation (ICOS, c-Maf, IRF4, and STAT3), production of 
IL-21, and the ability to induce B cell differentiation (Breitfeld 
et al., 2000; Huber et al., 2008; Ma et al., 2008, 2012; 
Nurieva et al., 2008; Bauquet et al., 2009; Mitsdoerffer et al., 
2010). This scenario, however, is speculative and requires  
examination in relevant in vitro or in vivo models.

Recent studies have provided potential explanations for 
this flexibility. First, kinetic analyses of CD4+ T cell responses 
have shown that CXCR5 and Bcl-6 are expressed within 1–3 d 
of Ag exposure (Kerfoot et al., 2011; Kitano et al., 2011). 
Early Bcl6 expression is likely facilitated by the open, active 
conformation of the Bcl6 locus in naive mouse CD4+ T cells, 
and permissive epigenetic marks (i.e., H3K4me3) in this 
locus in in vitro generated Th1, Th2, and Th17 cells (Lu et al., 
2011; Nakayamada et al., 2011). In addition, in vitro stimula-
tion of murine and human naive CD4+ T cells under Th1-
polarizing conditions (i.e., IL-12) yields a transitional cell 
population with features of both Th1 (IFN-+T-bet+) and 
Tfh (IL-21+Bcl-6+) cells (Schmitt et al., 2009; Nakayamada 
et al., 2011; Ma et al., 2012). However, Th1-type cells pre-
dominated over time under these conditions, as the majority 
of IL-21+Bcl-6+ cells were eventually lost because of sus-
tained expression of T-bet (Nakayamada et al., 2011) and its 
ability to bind to and inhibit Bcl-6 (Oestreich et al., 2012). 
Indeed, overexpression of T-bet in vitro reduces Bcl-6 ex-
pression in naive CD4+ T cells cultured with IL-12, whereas 
Tbx21-deficient CD4+ T cells generated more Tfh-like cells 

 on July 11, 2012
jem

.rupress.org
D

ow
nloaded from

 
Published July 2, 2012

http://jem.rupress.org/


1250 Regulation of Tfh cells | Ma et al.

REFERENCES
Akiba, H., K. Takeda, Y. Kojima, Y. Usui, N. Harada, T. Yamazaki, J. Ma, 

K. Tezuka, H. Yagita, and K. Okumura. 2005. The role of ICOS in the 
CXCR5+ follicular B helper T cell maintenance in vivo. J. Immunol. 
175:2340–2348.

Al-Herz, W., A. Bousfiha, J.L. Casanova, H. Chapel, M.E. Conley, C. 
Cunningham-Rundles, A. Etzioni, A. Fischer, J.L. Franco, R.S. Geha, 
et al. 2011. Primary immunodeficiency diseases: an update on the clas-
sification from the IUIS Committee. Front. Immun. 2:54. http://dx.doi 
.org/10.3389/fimmu.2011.00054

Ansel, K.M., L.J. McHeyzer-Williams, V.N. Ngo, M.G. McHeyzer-
Williams, and J.G. Cyster. 1999. In vivo–activated CD4 T cells up-
regulate CXC chemokine receptor 5 and reprogram their response to 
lymphoid chemokines. J. Exp. Med. 190:1123–1134. http://dx.doi 
.org/10.1084/jem.190.8.1123

Avery, D.T., V.L. Bryant, C.S. Ma, R. de Waal Malefyt, and S.G. Tangye. 
2008. IL-21-induced isotype switching to IgG and IgA by human naive 
B cells is differentially regulated by IL-4. J. Immunol. 181:1767–1779.

Ballesteros-Tato, A., B. León, B.A. Graf, A. Moquin, P.S. Adams, F.E. 
Lund, and T.D. Randall. 2012. Interleukin-2 inhibits germinal center 
formation by limiting T follicular helper cell differentiation. Immunity. 
36:847–856. http://dx.doi.org/10.1016/j.immuni.2012.02.012

Banerjee, D., and R.F. Thibert. 1983. Natural killer-like cells found in  
B-cell compartments of human lymphoid tissues. Nature. 304:270–272. 
http://dx.doi.org/10.1038/304270a0

Batten, M., N. Ramamoorthi, N.M. Kljavin, C.S. Ma, J.H. Cox, H.S. 
Dengler, D.M. Danilenko, P. Caplazi, M. Wong, D.A. Fulcher,  
et al. 2010. IL-27 supports germinal center function by enhancing IL-21 
production and the function of T follicular helper cells. J. Exp. Med. 
207:2895–2906. http://dx.doi.org/10.1084/jem.20100064

Baumjohann, D., T. Okada, and K.M. Ansel. 2011. Cutting Edge: Distinct  
waves of BCL6 expression during T follicular helper cell development.  
J. Immunol. 187:2089–2092. http://dx.doi.org/10.4049/jimmunol 
.1101393

Bauquet, A.T., H. Jin, A.M. Paterson, M. Mitsdoerffer, I.C. Ho, A.H. 
Sharpe, and V.K. Kuchroo. 2009. The costimulatory molecule ICOS 
regulates the expression of c-Maf and IL-21 in the development of 
follicular T helper cells and TH-17 cells. Nat. Immunol. 10:167–175. 
http://dx.doi.org/10.1038/ni.1690

Bentebibel, S.E., N. Schmitt, J. Banchereau, and H. Ueno. 2011. Human 
tonsil B-cell lymphoma 6 (BCL6)-expressing CD4+ T-cell subset spe-
cialized for B-cell help outside germinal centers. Proc. Natl. Acad. Sci. 
USA. 108:E488–E497. http://dx.doi.org/10.1073/pnas.1100898108

Betz, B.C., K.L. Jordan-Williams, C. Wang, S.G. Kang, J. Liao, M.R. 
Logan, C.H. Kim, and E.J. Taparowsky. 2010. Batf coordinates multi-
ple aspects of B and T cell function required for normal antibody re-
sponses. J. Exp. Med. 207:933–942. http://dx.doi.org/10.1084/jem 
.20091548

Bossaller, L., J. Burger, R. Draeger, B. Grimbacher, R. Knoth, A. Plebani, 
A. Durandy, U. Baumann, M. Schlesier, A.A. Welcher, et al. 2006. 
ICOS deficiency is associated with a severe reduction of CXCR5+CD4 
germinal center Th cells. J. Immunol. 177:4927–4932.

Breitfeld, D., L. Ohl, E. Kremmer, J. Ellwart, F. Sallusto, M. Lipp, and R. Förster. 
2000. Follicular B helper T cells express CXC chemokine receptor 5,  
localize to B cell follicles, and support immunoglobulin production.  
J. Exp. Med. 192:1545–1552. http://dx.doi.org/10.1084/jem.192.11.1545

Bryant, V.L., C.S. Ma, D.T. Avery, Y. Li, K.L. Good, L.M. Corcoran, R. 
de Waal Malefyt, and S.G. Tangye. 2007. Cytokine-mediated regulation 
of human B cell differentiation into Ig-secreting cells: predominant role 
of IL-21 produced by CXCR5+ T follicular helper cells. J. Immunol. 
179:8180–8190.

Caccamo, N., L. Battistini, M. Bonneville, F. Poccia, J.J. Fournié, S. Meraviglia, 
G. Borsellino, R.A. Kroczek, C. La Mendola, E. Scotet, et al. 2006. 
CXCR5 identifies a subset of Vgamma9Vdelta2 T cells which secrete 
IL-4 and IL-10 and help B cells for antibody production. J. Immunol. 
177:5290–5295.

Cannons, J.L., H. Qi, K.T. Lu, M. Dutta, J. Gomez-Rodriguez, J. Cheng, 
E.K. Wakeland, R.N. Germain, and P.L. Schwartzberg. 2010. Optimal 

and tissue damage (Simpson et al., 2010). The flip-side to auto
immunity is immunodeficiency. Tfh cells are reduced in pa-
tients with mutations in STAT3 (Ma et al., 2012), CD40L, 
and ICOS (Bossaller et al., 2006), as well as in corresponding 
gene-targeted mice (Akiba et al., 2005; Bossaller et al., 2006; 
Nurieva et al., 2008), and are associated with severe defects 
in protective humoral immunity (Al-Herz et al., 2011; 
Crotty, 2011; Tangye et al., 2012). Furthermore, although 
Tfh cells can be generated under some conditions in SAP-
deficient humans and mice, they exhibit compromised 
function (Ma et al., 2005; Deenick et al., 2010; Lu et al., 
2011). Thus, excessive generation of Tfh cells likely contrib-
utes to the production of pathogenic auto-Abs in several 
human autoimmune conditions, and insufficient Tfh gen-
eration underlies impaired humoral immune responses in 
primary immunodeficiencies.

Conclusions
Since their formal identification just over a decade ago, our 
knowledge of Tfh cells has grown exponentially, and we 
now have a much clearer understanding of the cells, mole-
cules and signaling pathways required for their differentia-
tion, as well as the mechanisms by which Tfh function is 
induced and constrained. The rapid influx of information has 
by no means abated, as witnessed by the recent descriptions 
of subsets of invariant NKT cells that resemble Tfh cells and 
provide help for primary B cell responses to lipid Ags in vivo 
(Chang et al., 2012; King et al., 2012; Tonti et al., 2012). 
Together with previous reports of populations of CD8+ and 
 T cells with Tfh-like features in humans (Caccamo et al., 
2006; Quigley et al., 2007), these findings illustrate that Tfh 
function is not restricted to classical TD B cell responses. 
Rather, subsets of Tfh cells appear to have evolved to pro-
mote Ab-mediated protection against specific microorgan-
isms, such as glycolipid-rich pathogens (iNKT Tfh cells; 
Chang et al., 2012; King et al., 2012; Tonti et al., 2012) and 
intracellular pathogens such as mycobacteria (e.g.,  Tfh 
cells; Caccamo et al., 2006). Mechanisms probably also 
evolved to ensure that the appropriate type of Tfh response is 
elicited while deleterious responses are suppressed. With such 
rapid advances in our understanding of Tfh cells, we are well 
placed to harness the power of these cells for therapeutic in-
tervention and modulation. Thus, the identification of di-
verse subsets and functions of Tfh cells provides promise for 
novel strategies to improve vaccine development for induc-
ing long-lived humoral protection against infectious diseases. 
Similarly, promoting or attenuating Tfh cell development or 
function may be an attractive rationale for treating immuno-
logical diseases such as immunodeficiency or autoimmunity. 
Hopefully, the next decade of Tfh research will see some of 
these possibilities realized.

We thank Shane Crotty for providing data before publication, and  
helpful discussion.

The authors’ research into Tfh cells is supported by grants and  
fellowships awarded by the National Health and Medical Research Council  
of Australia.

 on July 11, 2012
jem

.rupress.org
D

ow
nloaded from

 
Published July 2, 2012

http://dx.doi.org/10.3389/fimmu.2011.00054
http://dx.doi.org/10.3389/fimmu.2011.00054
http://dx.doi.org/10.1084/jem.190.8.1123
http://dx.doi.org/10.1084/jem.190.8.1123
http://dx.doi.org/10.1016/j.immuni.2012.02.012
http://dx.doi.org/10.1038/304270a0
http://dx.doi.org/10.1084/jem.20100064
http://dx.doi.org/10.4049/jimmunol.1101393
http://dx.doi.org/10.4049/jimmunol.1101393
http://dx.doi.org/10.1038/ni.1690
http://dx.doi.org/10.1073/pnas.1100898108
http://dx.doi.org/10.1084/jem.20091548
http://dx.doi.org/10.1084/jem.20091548
http://dx.doi.org/10.1084/jem.192.11.1545
http://jem.rupress.org/


JEM Vol. 209, No. 7� 1251

Review

Gigoux, M., J. Shang, Y. Pak, M. Xu, J. Choe, T.W. Mak, and W.K. 
Suh. 2009. Inducible costimulator promotes helper T-cell differentia-
tion through phosphoinositide 3-kinase. Proc. Natl. Acad. Sci. USA. 
106:20371–20376. http://dx.doi.org/10.1073/pnas.0911573106

Goenka, R., L.G. Barnett, J.S. Silver, P.J. O’Neill, C.A. Hunter, M.P. 
Cancro, and T.M. Laufer. 2011. Cutting edge: dendritic cell-restricted 
antigen presentation initiates the follicular helper T cell program but 
cannot complete ultimate effector differentiation. J. Immunol. 187:1091–
1095. http://dx.doi.org/10.4049/jimmunol.1100853

Gong, D., and T.R. Malek. 2007. Cytokine-dependent Blimp-1 expression 
in activated T cells inhibits IL-2 production. J. Immunol. 178:242–252.

Goodnow, C.C., C.G. Vinuesa, K.L. Randall, F. Mackay, and R. Brink. 
2010. Control systems and decision making for antibody production. 
Nat. Immunol. 11:681–688. http://dx.doi.org/10.1038/ni.1900

Hardtke, S., L. Ohl, and R. Förster. 2005. Balanced expression of CXCR5 
and CCR7 on follicular T helper cells determines their transient posi-
tioning to lymph node follicles and is essential for efficient B-cell help.  
Blood. 106:1924–1931. http://dx.doi.org/10.1182/blood-2004-11-4494

Harker, J.A., G.M. Lewis, L. Mack, and E.I. Zuniga. 2011. Late interleukin-6 
escalates T follicular helper cell responses and controls a chronic viral infec-
tion. Science. 334:825–829. http://dx.doi.org/10.1126/science.1208421

Haynes, N.M., C.D. Allen, R. Lesley, K.M. Ansel, N. Killeen, and J.G. 
Cyster. 2007. Role of CXCR5 and CCR7 in follicular Th cell posi-
tioning and appearance of a programmed cell death gene-1high germi-
nal center-associated subpopulation. J. Immunol. 179:5099–5108.

Hiramatsu, Y., A. Suto, D. Kashiwakuma, H. Kanari, S. Kagami, K. Ikeda, 
K. Hirose, N. Watanabe, M.J. Grusby, I. Iwamoto, and H. Nakajima. 
2010. c-Maf activates the promoter and enhancer of the IL-21 gene, and 
TGF-beta inhibits c-Maf-induced IL-21 production in CD4+ T cells.  
J. Leukoc. Biol. 87:703–712. http://dx.doi.org/10.1189/jlb.0909639

Hron, J.D., L. Caplan, A.J. Gerth, P.L. Schwartzberg, and S.L. Peng. 2004. 
SH2D1A regulates T-dependent humoral autoimmunity. J. Exp. Med. 
200:261–266. http://dx.doi.org/10.1084/jem.20040526

Huber, M., A. Brüstle, K. Reinhard, A. Guralnik, G. Walter, A. Mahiny, 
E. von Löw, and M. Lohoff. 2008. IRF4 is essential for IL-21- 
mediated induction, amplification, and stabilization of the Th17 phe-
notype. Proc. Natl. Acad. Sci. USA. 105:20846–20851. http://dx.doi 
.org/10.1073/pnas.0809077106

Hutloff, A., A.M. Dittrich, K.C. Beier, B. Eljaschewitsch, R. Kraft, I. 
Anagnostopoulos, and R.A. Kroczek. 1999. ICOS is an inducible T-cell 
co-stimulator structurally and functionally related to CD28. Nature. 397: 
263–266. http://dx.doi.org/10.1038/16717

Ise, W., M. Kohyama, B.U. Schraml, T. Zhang, B. Schwer, U. Basu, F.W. 
Alt, J. Tang, E.M. Oltz, T.L. Murphy, and K.M. Murphy. 2011. The 
transcription factor BATF controls the global regulators of class-switch 
recombination in both B cells and T cells. Nat. Immunol. 12:536–543. 
http://dx.doi.org/10.1038/ni.2037

Johnston, R.J., A.C. Poholek, D. DiToro, I. Yusuf, D. Eto, B. Barnett, A.L. 
Dent, J. Craft, and S. Crotty. 2009. Bcl6 and Blimp-1 are reciprocal and 
antagonistic regulators of T follicular helper cell differentiation. Science. 
325:1006–1010. http://dx.doi.org/10.1126/science.1175870

Johnston, R.J., Y.S. Choi, J.A. Diamond, J.A. Yang, and S. Crotty. 2012. 
STAT5 is a potent negative regulator of TFH cell differentiation. J. Exp. 
Med. 209:243–250. http://dx.doi.org/10.1084/jem.20111174

Josefowicz, S.Z., L.F. Lu, and A.Y. Rudensky. 2012. Regulatory T cells: 
mechanisms of differentiation and function. Annu. Rev. Immunol. 30:531–
564. http://dx.doi.org/10.1146/annurev.immunol.25.022106.141623

Kerfoot, S.M., G. Yaari, J.R. Patel, K.L. Johnson, D.G. Gonzalez, S.H. 
Kleinstein, and A.M. Haberman. 2011. Germinal center B cell and 
T follicular helper cell development initiates in the interfollicular 
zone. Immunity. 34:947–960. http://dx.doi.org/10.1016/j.immuni 
.2011.03.024

Kim, C.H., L.S. Rott, I. Clark-Lewis, D.J. Campbell, L. Wu, and E.C. 
Butcher. 2001. Subspecialization of CXCR5+ T cells: B helper activity  
is focused in a germinal center–localized subset of CXCR5+ T cells. J. Exp. 
Med. 193:1373–1381. http://dx.doi.org/10.1084/jem.193.12.1373

Kim, C.H., H.W. Lim, J.R. Kim, L. Rott, P. Hillsamer, and E.C. Butcher.  
2004. Unique gene expression program of human germinal center  

germinal center responses require a multistage T cell:B cell adhesion pro-
cess involving integrins, SLAM-associated protein, and CD84. Immunity. 
32:253–265. http://dx.doi.org/10.1016/j.immuni.2010.01.010

Cattoretti, G., C.C. Chang, K. Cechova, J. Zhang, B.H. Ye, B. Falini, D.C. 
Louie, K. Offit, R.S. Chaganti, and R. Dalla-Favera. 1995. BCL-6 pro-
tein is expressed in germinal-center B cells. Blood. 86:45–53.

Chang, P.P., P. Barral, J. Fitch, A. Pratama, C.S. Ma, A. Kallies, J.J. Hogan, V. 
Cerundolo, S.G. Tangye, R. Bittman, et al. 2012. Identification of Bcl-6-
dependent follicular helper NKT cells that provide cognate help for B cell 
responses. Nat. Immunol. 13:35–43. http://dx.doi.org/10.1038/ni.2166

Chevalier, N., D. Jarrossay, E. Ho, D.T. Avery, C.S. Ma, D. Yu, F. Sallusto, S.G. Tangye, 
and C.R. Mackay. 2011. CXCR5 expressing human central memory CD4 
T cells and their relevance for humoral immune responses. J. Immunol. 
186:5556–5568. http://dx.doi.org/10.4049/jimmunol.1002828

Choi, Y.S., R. Kageyama, D. Eto, T.C. Escobar, R.J. Johnston, L. 
Monticelli, C. Lao, and S. Crotty. 2011. ICOS receptor instructs T 
follicular helper cell versus effector cell differentiation via induction of 
the transcriptional repressor Bcl6. Immunity. 34:932–946. http://dx.doi 
.org/10.1016/j.immuni.2011.03.023

Chtanova, T., S.G. Tangye, R. Newton, N. Frank, M.R. Hodge, M.S. 
Rolph, and C.R. Mackay. 2004. T follicular helper cells express a dis-
tinctive transcriptional profile, reflecting their role as non-Th1/Th2  
effector cells that provide help for B cells. J. Immunol. 173:68–78.

Chung, Y., S. Tanaka, F. Chu, R.I. Nurieva, G.J. Martinez, S. Rawal, Y.H. 
Wang, H. Lim, J.M. Reynolds, X.H. Zhou, et al. 2011. Follicular regu-
latory T cells expressing Foxp3 and Bcl-6 suppress germinal center reac-
tions. Nat. Med. 17:983–988. http://dx.doi.org/10.1038/nm.2426

Crotty, S. 2011. Follicular helper CD4 T cells (TFH). Annu. Rev. Immunol. 29: 
621–663. http://dx.doi.org/10.1146/annurev-immunol-031210-101400

Crotty, S., E.N. Kersh, J. Cannons, P.L. Schwartzberg, and R. Ahmed. 
2003. SAP is required for generating long-term humoral immunity. 
Nature. 421:282–287. http://dx.doi.org/10.1038/nature01318

Deenick, E.K., A. Chan, C.S. Ma, D. Gatto, P.L. Schwartzberg, R. Brink, and 
S.G. Tangye. 2010. Follicular helper T cell differentiation requires con-
tinuous antigen presentation that is independent of unique B cell signaling. 
Immunity. 33:241–253. http://dx.doi.org/10.1016/j.immuni.2010.07.015

Diehl, S.A., H. Schmidlin, M. Nagasawa, B. Blom, and H. Spits. 2012. 
IL-6 Triggers IL-21 production by human CD4(+) T cells to drive 
STAT3-dependent plasma cell differentiation in B cells. Immunol. Cell 
Biol. http://dx.doi.org/10.1038/icb.2012.17

Dienz, O., S.M. Eaton, J.P. Bond, W. Neveu, D. Moquin, R. Noubade, 
E.M. Briso, C. Charland, W.J. Leonard, G. Ciliberto, et al. 2009. The 
induction of antibody production by IL-6 is indirectly mediated by  
IL-21 produced by CD4+ T cells. J. Exp. Med. 206:69–78. http://dx.doi 
.org/10.1084/jem.20081571

Eto, D., C. Lao, D. DiToro, B. Barnett, T.C. Escobar, R. Kageyama, I. 
Yusuf, and S. Crotty. 2011. IL-21 and IL-6 are critical for different 
aspects of B cell immunity and redundantly induce optimal follicular 
helper CD4 T cell (Tfh) differentiation. PLoS ONE. 6:e17739. http://
dx.doi.org/10.1371/journal.pone.0017739

Ettinger, R., S. Kuchen, and P.E. Lipsky. 2008. The role of IL-21 in regu-
lating B-cell function in health and disease. Immunol. Rev. 223:60–86. 
http://dx.doi.org/10.1111/j.1600-065X.2008.00631.x

Fahey, L.M., E.B. Wilson, H. Elsaesser, C.D. Fistonich, D.B. McGavern, 
and D.G. Brooks. 2011. Viral persistence redirects CD4 T cell differ-
entiation toward T follicular helper cells. J. Exp. Med. 208:987–999. 
http://dx.doi.org/10.1084/jem.20101773

Fazilleau, N., M.D. Eisenbraun, L. Malherbe, J.N. Ebright, R.R. Pogue-
Caley, L.J. McHeyzer-Williams, and M.G. McHeyzer-Williams. 2007. 
Lymphoid reservoirs of antigen-specific memory T helper cells. Nat. 
Immunol. 8:753–761. http://dx.doi.org/10.1038/ni1472

Fazilleau, N., L.J. McHeyzer-Williams, H. Rosen, and M.G. McHeyzer-
Williams. 2009. The function of follicular helper T cells is regulated by 
the strength of T cell antigen receptor binding. Nat. Immunol. 10:375–
384. http://dx.doi.org/10.1038/ni.1704

Förster, R., T. Emrich, E. Kremmer, and M. Lipp. 1994. Expression of 
the G-protein—coupled receptor BLR1 defines mature, recirculating  
B cells and a subset of T-helper memory cells. Blood. 84:830–840.

 on July 11, 2012
jem

.rupress.org
D

ow
nloaded from

 
Published July 2, 2012

http://dx.doi.org/10.1073/pnas.0911573106
http://dx.doi.org/10.4049/jimmunol.1100853
http://dx.doi.org/10.1038/ni.1900
http://dx.doi.org/10.1182/blood-2004-11-4494
http://dx.doi.org/10.1126/science.1208421
http://dx.doi.org/10.1189/jlb.0909639
http://dx.doi.org/10.1084/jem.20040526
http://dx.doi.org/10.1073/pnas.0809077106
http://dx.doi.org/10.1073/pnas.0809077106
http://dx.doi.org/10.1038/16717
http://dx.doi.org/10.1038/ni.2037
http://dx.doi.org/10.1126/science.1175870
http://dx.doi.org/10.1084/jem.20111174
http://dx.doi.org/10.1146/annurev.immunol.25.022106.141623
http://dx.doi.org/10.1016/j.immuni.2011.03.024
http://dx.doi.org/10.1016/j.immuni.2011.03.024
http://dx.doi.org/10.1084/jem.193.12.1373
http://dx.doi.org/10.1016/j.immuni.2010.01.010
http://dx.doi.org/10.1038/ni.2166
http://dx.doi.org/10.4049/jimmunol.1002828
http://dx.doi.org/10.1016/j.immuni.2011.03.023
http://dx.doi.org/10.1016/j.immuni.2011.03.023
http://dx.doi.org/10.1038/nm.2426
http://dx.doi.org/10.1146/annurev-immunol-031210-101400
http://dx.doi.org/10.1038/nature01318
http://dx.doi.org/10.1016/j.immuni.2010.07.015
http://dx.doi.org/10.1038/icb.2012.17
http://dx.doi.org/10.1084/jem.20081571
http://dx.doi.org/10.1084/jem.20081571
http://dx.doi.org/10.1371/journal.pone.0017739
http://dx.doi.org/10.1371/journal.pone.0017739
http://dx.doi.org/10.1111/j.1600-065X.2008.00631.x
http://dx.doi.org/10.1084/jem.20101773
http://dx.doi.org/10.1038/ni1472
http://dx.doi.org/10.1038/ni.1704
http://jem.rupress.org/


1252 Regulation of Tfh cells | Ma et al.

helper T cells defined by an IL-21 reporter mouse. Nat. Immunol. 13: 
491–498. http://dx.doi.org/10.1038/ni.2261

Ma, C.S., N.J. Hare, K.E. Nichols, L. Dupré, G. Andolfi, M.G. Roncarolo, 
S. Adelstein, P.D. Hodgkin, and S.G. Tangye. 2005. Impaired humoral 
immunity in X-linked lymphoproliferative disease is associated 
with defective IL-10 production by CD4+ T cells. J. Clin. Invest. 
115:1049–1059.

Ma, C.S., K.E. Nichols, and S.G. Tangye. 2007. Regulation of cellular and 
humoral immune responses by the SLAM and SAP families of mol-
ecules. Annu. Rev. Immunol. 25:337–379. http://dx.doi.org/10.1146/
annurev.immunol.25.022106.141651

Ma, C.S., G.Y. Chew, N. Simpson, A. Priyadarshi, M. Wong, B. Grimbacher, 
D.A. Fulcher, S.G. Tangye, and M.C. Cook. 2008. Deficiency of  
Th17 cells in hyper IgE syndrome due to mutations in STAT3. J. Exp. 
Med. 205:1551–1557. http://dx.doi.org/10.1084/jem.20080218

Ma, C.S., S. Suryani, D.T. Avery, A. Chan, R. Nanan, B. Santner-Nanan, 
E.K. Deenick, and S.G. Tangye. 2009. Early commitment of naïve 
human CD4(+) T cells to the T follicular helper (T(FH)) cell lineage 
is induced by IL-12. Immunol. Cell Biol. 87:590–600. http://dx.doi 
.org/10.1038/icb.2009.64

Ma, C.S., D.T. Avery, A. Chan, M. Batten, J. Bustamante, S. Boisson-
Dupuis, P.D. Arkwright, A.Y. Kreins, D. Averbuch, D. Engelhard,  
et al. 2012. Functional STAT3 deficiency compromises the generation 
of human T follicular helper cells. Blood. 119:3997–4008. http://dx.doi 
.org/10.1182/blood-2011-11-392985

Miller, J.F., P.M. De Burgh, and G.A. Grant. 1965. Thymus and the pro-
duction of antibody-plaque-forming cells. Nature. 208:1332–1334. 
http://dx.doi.org/10.1038/2081332a0

Mitsdoerffer, M., Y. Lee, A. Jäger, H.J. Kim, T. Korn, J.K. Kolls, H. Cantor, 
E. Bettelli, and V.K. Kuchroo. 2010. Proinflammatory T helper type 17 
cells are effective B-cell helpers. Proc. Natl. Acad. Sci. USA. 107:14292–
14297. http://dx.doi.org/10.1073/pnas.1009234107

Morita, R., N. Schmitt, S.E. Bentebibel, R. Ranganathan, L. Bourdery, 
G. Zurawski, E. Foucat, M. Dullaers, S. Oh, N. Sabzghabaei, et al. 
2011. Human blood CXCR5(+)CD4(+) T cells are counterparts of 
T follicular cells and contain specific subsets that differentially sup-
port antibody secretion. Immunity. 34:108–121. http://dx.doi.org/ 
10.1016/j.immuni.2010.12.012

Nakayamada, S., Y. Kanno, H. Takahashi, D. Jankovic, K.T. Lu, T.A. 
Johnson, H.W. Sun, G. Vahedi, O. Hakim, R. Handon, et al. 2011. Early 
Th1 cell differentiation is marked by a Tfh cell-like transition. Immunity. 
35:919–931. http://dx.doi.org/10.1016/j.immuni.2011.11.012

Nurieva, R.I., Y. Chung, D. Hwang, X.O. Yang, H.S. Kang, L. Ma, Y.H. 
Wang, S.S. Watowich, A.M. Jetten, Q. Tian, and C. Dong. 2008. 
Generation of T follicular helper cells is mediated by interleukin-21 but 
independent of T helper 1, 2, or 17 cell lineages. Immunity. 29:138–149. 
http://dx.doi.org/10.1016/j.immuni.2008.05.009

Nurieva, R.I., Y. Chung, G.J. Martinez, X.O. Yang, S. Tanaka, T.D. 
Matskevitch, Y.H. Wang, and C. Dong. 2009. Bcl6 mediates the de-
velopment of T follicular helper cells. Science. 325:1001–1005. http://
dx.doi.org/10.1126/science.1176676

O’Shea, J.J., and W.E. Paul. 2010. Mechanisms underlying lineage com-
mitment and plasticity of helper CD4+ T cells. Science. 327:1098–1102. 
http://dx.doi.org/10.1126/science.1178334

Oestreich, K.J., S.E. Mohn, and A.S. Weinmann. 2012. Molecular mecha-
nisms that control the expression and activity of Bcl-6 in TH1 cells to 
regulate flexibility with a TFH-like gene profile. Nat. Immunol. 13:405–
411. http://dx.doi.org/10.1038/ni.2242

Pelletier, N., L.J. McHeyzer-Williams, K.A. Wong, E. Urich, N. Fazilleau, 
and M.G. McHeyzer-Williams. 2010. Plasma cells negatively regulate 
the follicular helper T cell program. Nat. Immunol. 11:1110–1118. 
http://dx.doi.org/10.1038/ni.1954

Poholek, A.C., K. Hansen, S.G. Hernandez, D. Eto, A. Chandele,  
J.S. Weinstein, X. Dong, J.M. Odegard, S.M. Kaech, A.L. Dent, et al. 
2010. In vivo regulation of Bcl6 and T follicular helper cell development.  
J. Immunol. 185:313–326. http://dx.doi.org/10.4049/jimmunol 
.0904023

Pot, C., H. Jin, A. Awasthi, S.M. Liu, C.Y. Lai, R. Madan, A.H. Sharpe, 
C.L. Karp, S.C. Miaw, I.C. Ho, and V.K. Kuchroo. 2009. Cutting 

T helper cells. Blood. 104:1952–1960. http://dx.doi.org/10.1182/ 
blood-2004-03-1206

Kim, H.J., B. Verbinnen, X. Tang, L. Lu, and H. Cantor. 2010. 
Inhibition of follicular T-helper cells by CD8(+) regulatory T cells 
is essential for self tolerance. Nature. 467:328–332. http://dx.doi 
.org/10.1038/nature09370

King, I.L., and M. Mohrs. 2009. IL-4–producing CD4+ T cells in reac-
tive lymph nodes during helminth infection are T follicular helper 
cells. J. Exp. Med. 206:1001–1007. http://dx.doi.org/10.1084/jem 
.20090313

King, C., S.G. Tangye, and C.R. Mackay. 2008. T follicular helper (TFH) cells in 
normal and dysregulated immune responses. Annu. Rev. Immunol. 26:741–
766. http://dx.doi.org/10.1146/annurev.immunol.26.021607.090344

King, I.L., A. Fortier, M. Tighe, J. Dibble, G.F. Watts, N. Veerapen, A.M. 
Haberman, G.S. Besra, M. Mohrs, M.B. Brenner, and E.A. Leadbetter. 
2012. Invariant natural killer T cells direct B cell responses to cognate 
lipid antigen in an IL-21-dependent manner. Nat. Immunol. 13:44–50. 
http://dx.doi.org/10.1038/ni.2172

Kitano, M., S. Moriyama, Y. Ando, M. Hikida, Y. Mori, T. Kurosaki, and 
T. Okada. 2011. Bcl6 protein expression shapes pre-germinal center 
B cell dynamics and follicular helper T cell heterogeneity. Immunity. 
34:961–972. http://dx.doi.org/10.1016/j.immuni.2011.03.025

Kroenke, M.A., D. Eto, M. Locci, M. Cho, T. Davidson, E.K. Haddad, and 
S. Crotty. 2012. Bcl6 and Maf cooperate to instruct human follicular 
helper CD4 T cell differentiation. J. Immunol. 188:3734–3744. http://
dx.doi.org/10.4049/jimmunol.1103246

Kusam, S., L.M. Toney, H. Sato, and A.L. Dent. 2003. Inhibition of 
Th2 differentiation and GATA-3 expression by BCL-6. J. Immunol. 
170:2435–2441.

Kwon, H., D. Thierry-Mieg, J. Thierry-Mieg, H.P. Kim, J. Oh, C. 
Tunyaplin, S. Carotta, C.E. Donovan, M.L. Goldman, P. Tailor, 
et al. 2009. Analysis of interleukin-21-induced Prdm1 gene regulation  
reveals functional cooperation of STAT3 and IRF4 transcrip-
tion factors. Immunity. 31:941–952. http://dx.doi.org/10.1016/ 
j.immuni.2009.10.008

Lee, S.K., R.J. Rigby, D. Zotos, L.M. Tsai, S. Kawamoto, J.L. Marshall, R.R. 
Ramiscal, T.D. Chan, D. Gatto, R. Brink, et al. 2011. B cell priming for 
extrafollicular antibody responses requires Bcl-6 expression by T cells. 
J. Exp. Med. 208:1377–1388. http://dx.doi.org/10.1084/jem.20102065

Lim, H.W., and C.H. Kim. 2007. Loss of IL-7 receptor alpha on CD4+  
T cells defines terminally differentiated B cell-helping effector T cells  
in a B cell-rich lymphoid tissue. J. Immunol. 179:7448–7456.

Lim, H.W., P. Hillsamer, and C.H. Kim. 2004. Regulatory T cells can 
migrate to follicles upon T cell activation and suppress GC-Th cells and 
GC-Th cell-driven B cell responses. J. Clin. Invest. 114:1640–1649.

Lim, H.W., P. Hillsamer, A.H. Banham, and C.H. Kim. 2005. Cutting 
edge: direct suppression of B cells by CD4+ CD25+ regulatory T cells. 
J. Immunol. 175:4180–4183.

Linterman, M.A., R.J. Rigby, R.K. Wong, D. Yu, R. Brink, J.L. Cannons, 
P.L. Schwartzberg, M.C. Cook, G.D. Walters, and C.G. Vinuesa. 2009. 
Follicular helper T cells are required for systemic autoimmunity. J. Exp. 
Med. 206:561–576. http://dx.doi.org/10.1084/jem.20081886

Linterman, M.A., L. Beaton, D. Yu, R.R. Ramiscal, M. Srivastava, J.J. 
Hogan, N.K. Verma, M.J. Smyth, R.J. Rigby, and C.G. Vinuesa. 
2010. IL-21 acts directly on B cells to regulate Bcl-6 expression and 
germinal center responses. J. Exp. Med. 207:353–363. http://dx.doi 
.org/10.1084/jem.20091738

Linterman, M.A., W. Pierson, S.K. Lee, A. Kallies, S. Kawamoto, T.F. 
Rayner, M. Srivastava, D.P. Divekar, L. Beaton, J.J. Hogan, et al. 2011. 
Foxp3+ follicular regulatory T cells control the germinal center re-
sponse. Nat. Med. 17:975–982. http://dx.doi.org/10.1038/nm.2425

Lu, K.T., Y. Kanno, J.L. Cannons, R. Handon, P. Bible, A.G. 
Elkahloun, S.M. Anderson, L. Wei, H. Sun, J.J. O’Shea, and P.L. 
Schwartzberg. 2011. Functional and epigenetic studies reveal multi-
step differentiation and plasticity of in vitro-generated and in vivo-
derived follicular T helper cells. Immunity. 35:622–632. http://dx.doi 
.org/10.1016/j.immuni.2011.07.015

Lüthje, K., A. Kallies, Y. Shimohakamada, G.T. TBelz, A. Light, D.M. 
Tarlinton, and S.L. Nutt. 2012. The development and fate of follicular  

 on July 11, 2012
jem

.rupress.org
D

ow
nloaded from

 
Published July 2, 2012

http://dx.doi.org/10.1038/ni.2261
http://dx.doi.org/10.1146/annurev.immunol.25.022106.141651
http://dx.doi.org/10.1146/annurev.immunol.25.022106.141651
http://dx.doi.org/10.1084/jem.20080218
http://dx.doi.org/10.1038/icb.2009.64
http://dx.doi.org/10.1038/icb.2009.64
http://dx.doi.org/10.1182/blood-2011-11-392985
http://dx.doi.org/10.1182/blood-2011-11-392985
http://dx.doi.org/10.1038/2081332a0
http://dx.doi.org/10.1073/pnas.1009234107
http://dx.doi.org/10.1016/j.immuni.2010.12.012
http://dx.doi.org/10.1016/j.immuni.2010.12.012
http://dx.doi.org/10.1016/j.immuni.2011.11.012
http://dx.doi.org/10.1016/j.immuni.2008.05.009
http://dx.doi.org/10.1126/science.1176676
http://dx.doi.org/10.1126/science.1176676
http://dx.doi.org/10.1126/science.1178334
http://dx.doi.org/10.1038/ni.2242
http://dx.doi.org/10.1038/ni.1954
http://dx.doi.org/10.4049/jimmunol.0904023
http://dx.doi.org/10.4049/jimmunol.0904023
http://dx.doi.org/10.1182/blood-2004-03-1206
http://dx.doi.org/10.1182/blood-2004-03-1206
http://dx.doi.org/10.1038/nature09370
http://dx.doi.org/10.1038/nature09370
http://dx.doi.org/10.1084/jem.20090313
http://dx.doi.org/10.1084/jem.20090313
http://dx.doi.org/10.1146/annurev.immunol.26.021607.090344
http://dx.doi.org/10.1038/ni.2172
http://dx.doi.org/10.1016/j.immuni.2011.03.025
http://dx.doi.org/10.4049/jimmunol.1103246
http://dx.doi.org/10.4049/jimmunol.1103246
http://dx.doi.org/10.1016/j.immuni.2009.10.008
http://dx.doi.org/10.1016/j.immuni.2009.10.008
http://dx.doi.org/10.1084/jem.20102065
http://dx.doi.org/10.1084/jem.20081886
http://dx.doi.org/10.1084/jem.20091738
http://dx.doi.org/10.1084/jem.20091738
http://dx.doi.org/10.1038/nm.2425
http://dx.doi.org/10.1016/j.immuni.2011.07.015
http://dx.doi.org/10.1016/j.immuni.2011.07.015
http://jem.rupress.org/


JEM Vol. 209, No. 7� 1253

Review

edge: IL-27 induces the transcription factor c-Maf, cytokine IL-21, and 
the costimulatory receptor ICOS that coordinately act together to pro-
mote differentiation of IL-10-producing Tr1 cells. J. Immunol. 183:797–
801. http://dx.doi.org/10.4049/jimmunol.0901233

Qi, H., J.L. Cannons, F. Klauschen, P.L. Schwartzberg, and R.N. Germain. 
2008. SAP-controlled T-B cell interactions underlie germinal centre for-
mation. Nature. 455:764–769. http://dx.doi.org/10.1038/nature07345

Quigley, M.F., V.D. Gonzalez, A. Granath, J. Andersson, and J.K. Sandberg. 
2007. CXCR5+ CCR7- CD8 T cells are early effector memory cells 
that infiltrate tonsil B cell follicles. Eur. J. Immunol. 37:3352–3362. http://
dx.doi.org/10.1002/eji.200636746

Rasheed, A.U., H.P. Rahn, F. Sallusto, M. Lipp, and G. Müller. 2006. 
Follicular B helper T cell activity is confined to CXCR5(hi)ICOS(hi) 
CD4 T cells and is independent of CD57 expression. Eur. J. Immunol. 
36:1892–1903. http://dx.doi.org/10.1002/eji.200636136

Reinhardt, R.L., H.E. Liang, and R.M. Locksley. 2009. Cytokine-secreting 
follicular T cells shape the antibody repertoire. Nat. Immunol. 10:385–
393. http://dx.doi.org/10.1038/ni.1715

Salek-Ardakani, S., Y.S. Choi, M. Rafii-El-Idrissi Benhnia, R. Flynn, R. 
Arens, S. Shoenberger, S. Crotty, M. Croft, and S. Salek-Ardakani. 
2011. B cell-specific expression of B7-2 is required for follicular Th 
cell function in response to vaccinia virus. J. Immunol. 186:5294–5303. 
http://dx.doi.org/10.4049/jimmunol.1100406

Schaerli, P., K. Willimann, A.B. Lang, M. Lipp, P. Loetscher, and B. Moser. 
2000. CXC chemokine receptor 5 expression defines follicular homing 
T cells with B cell helper function. J. Exp. Med. 192:1553–1562. http://
dx.doi.org/10.1084/jem.192.11.1553

Schmitt, N., R. Morita, L. Bourdery, S.E. Bentebibel, S.M. Zurawski, J. 
Banchereau, and H. Ueno. 2009. Human dendritic cells induce the 
differentiation of interleukin-21-producing T follicular helper-like 
cells through interleukin-12. Immunity. 31:158–169. http://dx.doi 
.org/10.1016/j.immuni.2009.04.016

Simpson, N., P.A. Gatenby, A. Wilson, S. Malik, D.A. Fulcher, S.G. Tangye, 
H. Manku, T.J. Vyse, G. Roncador, G.A. Huttley, et al. 2010. Expansion 
of circulating T cells resembling follicular helper T cells is a fixed phe-
notype that identifies a subset of severe systemic lupus erythematosus. 
Arthritis Rheum. 62:234–244. http://dx.doi.org/10.1002/art.25032

Subramanian, S., K. Tus, Q.Z. Li, A. Wang, X.H. Tian, J. Zhou, C. Liang, 
G. Bartov, L.D. McDaniel, X.J. Zhou, et al. 2006. A Tlr7 translocation 
accelerates systemic autoimmunity in murine lupus. Proc. Natl. Acad. Sci. 
USA. 103:9970–9975. http://dx.doi.org/10.1073/pnas.0603912103

Suto, A., D. Kashiwakuma, S. Kagami, K. Hirose, N. Watanabe, K. Yokote, 
Y. Saito, T. Nakayama, M.J. Grusby, I. Iwamoto, and H. Nakajima. 2008. 
Development and characterization of IL-21–producing CD4+ T cells.  
J. Exp. Med. 205:1369–1379. http://dx.doi.org/10.1084/jem.20072057

Tangye, S.G., and D.M. Tarlinton. 2009. Memory B cells: effectors of  
long-lived immune responses. Eur. J. Immunol. 39:2065–2075. http://dx.doi 
.org/10.1002/eji.200939531

Tangye, S.G., E.K. Deenick, U. Palendira, and C.S. Ma. 2012. T cell-
B cell interactions in primary immunodeficiencies. Ann. N. Y.  
Acad. Sci. 1250:1–13. http://dx.doi.org/10.1111/j.1749-6632.2011 
.06361.x

Tonti, E., M. Fedeli, A. Napolitano, M. Iannacone, U.H. von Andrian, L.G. 
Guidotti, S. Abrignani, G. Casorati, and P. Dellabona. 2012. Follicular 
helper NKT cells induce limited B cell responses and germinal center 
formation in the absence of CD4(+) T cell help. J. Immunol. 188:3217–
3222. http://dx.doi.org/10.4049/jimmunol.1103501

Vinuesa, C.G., M.C. Cook, C. Angelucci, V. Athanasopoulos, L. Rui, K.M. 
Hill, D. Yu, H. Domaschenz, B. Whittle, T. Lambe, et al. 2005a. A 
RING-type ubiquitin ligase family member required to repress follicular 
helper T cells and autoimmunity. Nature. 435:452–458. http://dx.doi 
.org/10.1038/nature03555

Vinuesa, C.G., S.G. Tangye, B. Moser, and C.R. Mackay. 2005b. Follicular 
B helper T cells in antibody responses and autoimmunity. Nat. Rev. 
Immunol. 5:853–865. http://dx.doi.org/10.1038/nri1714

Vogelzang, A., H.M. McGuire, D. Yu, J. Sprent, C.R. Mackay, and C. 
King. 2008. A fundamental role for interleukin-21 in the generation  
of T follicular helper cells. Immunity. 29:127–137. http://dx.doi.org/ 
10.1016/j.immuni.2008.06.001

Walker, S.R., E.A. Nelson, and D.A. Frank. 2007. STAT5 represses BCL6  
expression by binding to a regulatory region frequently mutated in  
lymphomas. Oncogene. 26:224–233. http://dx.doi.org/10.1038/sj.onc 
.1209775

Wollenberg, I., A. Agua-Doce, A. Hernández, C. Almeida, V.G. Oliveira, 
J. Faro, and L. Graca. 2011. Regulation of the germinal center reaction 
by Foxp3+ follicular regulatory T cells. J. Immunol. 187:4553–4560. 
http://dx.doi.org/10.4049/jimmunol.1101328

Yu, D., S. Rao, L.M. Tsai, S.K. Lee, Y. He, E.L. Sutcliffe, M. Srivastava, M.  
Linterman, L. Zheng, N. Simpson, et al. 2009. The transcriptional 
repressor Bcl-6 directs T follicular helper cell lineage commit-
ment. Immunity. 31:457–468. http://dx.doi.org/10.1016/j.immuni 
.2009.07.002

Yusuf, I., R. Kageyama, L. Monticelli, R.J. Johnston, D. Ditoro, K. Hansen, 
B. Barnett, and S. Crotty. 2010. Germinal center T follicular helper 
cell IL-4 production is dependent on signaling lymphocytic activation 
molecule receptor (CD150). J. Immunol. 185:190–202. http://dx.doi 
.org/10.4049/jimmunol.0903505

Zaretsky, A.G., J.J. Taylor, I.L. King, F.A. Marshall, M. Mohrs, and E.J. 
Pearce. 2009. T follicular helper cells differentiate from Th2 cells in 
response to helminth antigens. J. Exp. Med. 206:991–999. http://dx.doi 
.org/10.1084/jem.20090303

Zotos, D., J.M. Coquet, Y. Zhang, A. Light, K. D’Costa, A. Kallies, L.M. 
Corcoran, D.I. Godfrey, K.M. Toellner, M.J. Smyth, et al. 2010. IL-21 
regulates germinal center B cell differentiation and proliferation through 
a B cell-intrinsic mechanism. J. Exp. Med. 207:365–378. http://dx.doi 
.org/10.1084/jem.20091777

 on July 11, 2012
jem

.rupress.org
D

ow
nloaded from

 
Published July 2, 2012

http://dx.doi.org/10.4049/jimmunol.0901233
http://dx.doi.org/10.1038/nature07345
http://dx.doi.org/10.1002/eji.200636746
http://dx.doi.org/10.1002/eji.200636746
http://dx.doi.org/10.1002/eji.200636136
http://dx.doi.org/10.1038/ni.1715
http://dx.doi.org/10.4049/jimmunol.1100406
http://dx.doi.org/10.1084/jem.192.11.1553
http://dx.doi.org/10.1084/jem.192.11.1553
http://dx.doi.org/10.1016/j.immuni.2009.04.016
http://dx.doi.org/10.1016/j.immuni.2009.04.016
http://dx.doi.org/10.1002/art.25032
http://dx.doi.org/10.1073/pnas.0603912103
http://dx.doi.org/10.1084/jem.20072057
http://dx.doi.org/10.1002/eji.200939531
http://dx.doi.org/10.1002/eji.200939531
http://dx.doi.org/10.1111/j.1749-6632.2011.06361.x
http://dx.doi.org/10.1111/j.1749-6632.2011.06361.x
http://dx.doi.org/10.4049/jimmunol.1103501
http://dx.doi.org/10.1038/nature03555
http://dx.doi.org/10.1038/nature03555
http://dx.doi.org/10.1038/nri1714
http://dx.doi.org/10.1016/j.immuni.2008.06.001
http://dx.doi.org/10.1016/j.immuni.2008.06.001
http://dx.doi.org/10.1038/sj.onc.1209775
http://dx.doi.org/10.1038/sj.onc.1209775
http://dx.doi.org/10.4049/jimmunol.1101328
http://dx.doi.org/10.1016/j.immuni.2009.07.002
http://dx.doi.org/10.1016/j.immuni.2009.07.002
http://dx.doi.org/10.4049/jimmunol.0903505
http://dx.doi.org/10.4049/jimmunol.0903505
http://dx.doi.org/10.1084/jem.20090303
http://dx.doi.org/10.1084/jem.20090303
http://dx.doi.org/10.1084/jem.20091777
http://dx.doi.org/10.1084/jem.20091777
http://jem.rupress.org/

