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T follicular helper (Tfh) cells were originally described as a non-
polarized CD4* T cell subset with follicular homing capacity and
a potent ability to induce antibody production from B cells.
However, a number of studies published in the past year have
revealed a degree of heterogeneity within the germinal center
CD4™" T cell population, which suggests additional complexity.
The overzealous activities of Tth cells, or inappropriate
expression of certain cytokines, represent new pathways for
the development of autoimmune diseases. This review focuses
on current progress in unraveling the biology of Tfh cells in
health and disease, and understanding the relationship of Tth
cells to other CD4* T cell lineages.

Addresses

"Immunology and Inflammation, Garvan Institute of Medical Research,
Sydney, NSW, Australia

2Monash University, Faculty of Medicine, Nursing and Health Services,
Wellington Rd., Clayton, Vic 3800, Australia

3t Vincent’s Clinical School, University of NSW, Sydney, NSW,
Australia

Corresponding author: Mackay, Charles R (c.mackay@garvan.org.au)

Current Opinion in Immunology 2009, 21:619-625

This review comes from a themed issue on
Autoimmunity
Edited by Jeffrey Bluestone and Vijay Kuchroo

0952-7915/$ - see front matter
Crown Copyright © 2009 Published by Elsevier Ltd. All rights reserved.

DOI 10.1016/j.c0i.2009.09.013

Introduction

The production of high affinity, class-switched antibody
is important for both the clearance of pathogens following
infection and for the establishment of long-term humoral
immunity. In order for this to be achieved, antibody-
producing B cells must receive instruction from CD4" T
cells that recognize the same antigen in germinal centers
(GGs) [1-4]. It is now known that this cognate help is
mediated by a specialized subset of CD4" T cells, termed
T follicular helper (Tth) cells [5]. The seminal studies
that identified Tfh cells as a phenotypically and func-
tionally distinct T cell subset were published almost a
decade ago. These cells are a non-Th1/Th2 CD4* T cell
population that expresses high levels of the chemokine
receptor CXCRS, and show a potent ability to stimulate
antibody production in B cells [6-8]. However, questions
regarding the origin of these cells, the signals that drive
their formation and their relationship to other effector

CD4" T cells remain unanswered. The past 12 months
has enjoyed a resurgence of studies focused on this still
controversial 'T" helper subset.

Characteristics of Tfh cells

The fundamental features of Tth cells are their unique
localization within GCs and theirability toselect B cellsand
support their differentiation into memory and plasma cells
during the process of affinity maturation. The distinctive
positioning of T'th cells is facilitated by altered chemokine
receptor expression and, as such, Tth cells are defined by
their expression of CXCRS5, which in conjunction with the
loss of CCR7, allows their migration into the CXCL13-rich
B cell follicles of secondary lymphoid tissues [9-11].
CXCRS is transiently expressed on CD4" T cells during
their interaction with peptide-MHC but Tth cells can be
distinguished from other T cells by their sustained expres-
sion of high levels of CXCRS5. The capacity of CD4" T cells
to provide help to B cells depends upon the acquisition of
molecules that are known to play functional roles in T-B
cell collaboration, such as the costimulatory molecules
CD40 ligand (CD40L) and inducible costimulator (ICOS),
and the cytokine interleukin (I1.)-21 [4] (Figure 1). T'th
cells have been shown to express the highestlevels of these
molecules and this heightened expression correlates with a
superior ability to facilitate antibody production
[6-8,12,13]. Tth cells are important for normal humoral
immune responses, but during aberrant or chronic
responses, the unleashing of their potent helper activity
can lead to malignancies and autoimmunity [14,15].

For other T helper cells, specific transcription factors have
been identified that act as master-controllers of subset-
specific gene expression programs [16]. Early microarray
data from T'th cells identified Bcl-6 as a transcription factor
that was specifically expressed in Tfh but not other effector
Th subsets [17]. Bcl-6 has since been used as a marker of
Tth cells and its expression is closely associated with their
function. Activated CD4" T helper cells in the T cell zone
have been shown to exhibit pronounced expression of the
transcriptional repressor Blimp-1 and this expression was
lost in favor of Bcl-6 expression in CXCR5™ Tfh cells
[18°°]. Ourrecent studies, and those of others, demonstrate
that induced expression of Bcl-6 is able to suppress alterna-
tive differentiation pathways and enhance features of T'th
cells, confirming that Bcl-6 indeed directs Tth develop-
ment [19°°,20°,21°].

Differentiation of Tfh cells

One crucial aspect of Tfh cell biology that remains
unresolved is the early events surrounding their con-
ception. McHeyzer-Williams and colleagues recently
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Differentiation of Tfh cells. Upon activation of naive CD4* T cells by MHC:Ag on APCs (most probably DC), CXCR5, ICOS, CD69 and PD1 are
upregulated; however, only cells that go on to become Tfh cells retain highest expression of these markers. Activated cells may produce cytokines,
such as IL-4, however in cells that upregulate the transcriptional repressor Bcl-6, the differentiation of Th1, Th2 and Th17 is repressed. In these cells,
Bcl-6 expression in conjunction with microenvironmental cues drives the differentiation of Tfh cells. The antigen specificity of the TCR appears to
determine their differentiation into Tfh cells, versus terminally differentiated effector cells, with the CXCR5™ ICOS" PD1" Tth cell population showing
higher pMHC binding affinity. The expression of the aforementioned surface markers may therefore reflect ongoing or enhanced antigenic stimulation.
Indeed, the continuing interaction with B cells is a requirement for Tfh cells. This interaction is stabilized by SAP, without which B:T conjugates are
short lived and Tfh development is poor. Delivery of ICOSL signals from the B cells is also essential. Tfh cells maintain high levels of expression of IL-
21, and autocrine signals from this cytokine are necessary for expansion of the Tfh population.

showed that CD4" T cells with the highest specific
binding of peptide-MHC Il-ligand and the most
restricted TCR junctional diversity are those that are
selected to the Tth cell pool [18°°]. This study suggests
that the generation of Tfh cells depends upon strong
signals through the TCR or extended interaction with
antigen-presenting cells. Differential TCR specificity of
Tth cells implies that they are a lineage distinct from
other helper T cell types, which arise from different T
cell precursor clones.

Following the activation of CD4" 'T' cells in the T cell
zone, T'th cell precursors move to the T-B border where
they interact with antigen-experienced B cells. Recent
publications indicate that sustained interaction of T and
B cells is necessary for Tth cell generation. Signaling
lymphocyte activation molecule-associated protein (SAP)

is an adaptor molecule known to bind to signaling
lymphocyte activation molecule (SLAM) and modulate
both TCR signaling and Th2 differentiation [22]. In
human X-linked lymphoproliferative disease and the ana-
logous gene-targeted mouse model, a deficiency in SAP
causes a profound defect in GC formation [22]. The
mechanism underlying this defect has been recently
brought to light by live imaging of the dynamics of the
interaction of CD4" T cells with dendritic cells (DCs) and
B cells following immunization [23°°]. In the study by Qi
et al., SAP expression in T cells was found to be important
for the stability of antigen-dependent T-B cell interactions
butwas dispensable for T-DC interactions. In other studies
also supporting a crucial role for SAP in T'th cell generation,
Vinuesa and colleagues demonstrated that deficiency of
SAP in sanroque mice, in which a point mutation in Roquin
results in the constitutive overexpression of I[COS [24,25],
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caused a reduction in T'th cells and abrogated spontaneous
formation of GCs, autoantibody formation, and renal path-
ology that normally occurs in sanroque mice [15]. These
findings reveal the importance of sustained T-B inter-
actions for the development of Tth cells.

Additional signals from the microenvironment such as the
cytokines IL.-6 and IL.-21 and the subsequent activation
of STAT3 appear to reinforce the generation of B helper
capacity [26,27] that, at this early stage, remains compa-
tible with multiple differentiation programs [28]. Several
studies using mice in which IL-21-1L-21R interactions
have been disrupted have demonstrated an important role
for IL-21 in differentiation of multiple 'T" helper subsets
[26,29-31]. For 'T'th cells, IL.-21 exhibits an autocrine role
in Tfh cell differentiation [26,30] that precedes the
acquisition of B cell follicle homing capacity [30]. Elev-
ated expression of IL.-21 is a characteristic feature of T'th
cells and recent studies have demonstrated greater levels
of IL-21 in GC Tfh cells than in Th2 cells located in the
lungs [13,17,18°%,32°°]. Activated CD4" T cells that are
destined to become Tth cells migrate beyond the T-B
border into the GC, which distinguishes Tth cells from
other differentiated Th subsets that either facilitate anti-
body production in the extrafollicular compartment or
enter the circulating lymphocyte pool.

Relationship of Tfth cells to other T helper
subsets

Tfh and Th2

Several recent studies have utilized transgenic mice that
express a reporter that enables the identification of cells
producing IL.-4 protein and/or IL.-4 mRNA to analyze the
relationship between Th2 cells and Tth cells during in-
fection [32°°-34]. These studies confirm previous reports
demonstrating IL.-4 production in Tth cells [8,11,35] and
offer new insight into the phenotype of T'th cells following
infection with pathogens that induce a Th2 dominant
response. L.ocksley and colleagues observed that I1.-4-
producing Tth cells that were generated during Leishma-
nia infection could be distinguished from effector Th2 cells
by their high expression of CXCRS5, I1.-21, Bcl-6 and SAP
[32°°]. IL-4 is known to promote Ig isotype switching to
IgG1 during antibody responses, whereas IFN-y promotes
isotype switching to IgG2a. The delicate isolation of T-GC
B cell conjugates demonstrated that IgG1-producing B
cells were those in contact with IL-4-producing T cells
and that IgG2a-producing B cells were those in contact
with IFN-y-producing T cells iz vivo [32°°]. These find-
ings indicate that T'th cells are capable of producing
cytokines in the GC that direct the class switch of antibody
isotypes.

T'wo of these studies argue that the demonstration of 11.-4
competent or IL-4 secreting CD4" T cells in the GC
challenges the concept that Tth cells are a separate lin-
eage [33,34], but, as mentioned earlier, IL.-4 production

may be a feature of Tth cells, and serve to simply skew
antibody responses to a particular isotype. Archetypical
Th2 cells also produce the cosinophilic cytokine IL.-5,
and induce expression of the chemokine Eotaxin, which
is not observed in GCs. However elevated mRNA levels
of the ThZ transcription factor GATA3 have been
reported in PD-17 IL-4-expressing CD4" 'T' cells [33].
It is important to note here that, like IL.-21, ICOS and
CXCRS5, PD-1 expression per se does not distinguish T'th
cells from activated CD4" T cells, suggesting that PD-17
IL-4-producing CD4* T cells represent a mixed popu-
lation [33]. These findings perhaps emphasize the limita-
tions of the current phenotypic identification of T'th cells,
since all these markers also serve as T cell activation
markers. Where possible, GC localization probably best
defines Tth cells. The future identification of new mar-
kers for T'th cells, including good intracellular staining for
Bcl-6, will hopefully enable a more accurate distinction
and understanding of their function.

Tfh and Th1

In contrast to 11.-4, the prototypical Th1 cytokine IFN-y
was not thought to be produced by Ttfh cells. Never-
theless, some IFN-vy-producing Tth cells were observed
in GCs after Leishmania infection [32°°]. These cells
were present at a much lower frequency than IL-4-pro-
ducing GC T cells, and B cells conjugated with 1L.-4-
producing helper T cells had much higher levels of
activation-induced cytidine deaminase (AID) compared
with those conjugated with IFN-y-producing helper T
cells suggesting that IFN-y-producing helper T cells
have a reduced capacity for GC B cell help [32°°]. In
the systems tested thus far, IFN-y-producing cells appear
to make up a minority of T cells within GCs and IgG2a
class switching can occur extrafollicularly [36] suggesting
that IFN-vy need not be supplied in the context of a GC
reaction. A caveat herein is that Th subsets are known to
develop according to the type of pathogen encountered
and the Leishmania and parasite infections used in the
recent studies are expected to produce IL.-4 dominant
responses. Future studies will be needed to determine
whether IFN-y-producing Tth cells constitute a major
proportion of T'th cells during an IFN-y biased humoral
response.

Tfh and Th17

Tth-inducing cytokines including IL.-6 and IL.-21 also
promote Th17 differentiation [26,37,38]. Therefore, it is
surprising that I1.-17 is normally detected at very low
levels in Tth cells [19,26,39]. Recently we and others
showed that Bcl-6 overexpression suppressed [L.-17 pro-
duction by non-polarized CD4" T cells, and also by
Th17-polarized cells ex vivo [19°%,21°]. Bcl-6 is a well-
defined transcriptional repressor and we found that it
binds to the promoter region of RORvyt in Tth cells,
presumably inhibiting the transcription of ROR~yt to
prevent Th17 differentiation. However, as discussed
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for IFN-y-producing cells, IL.-17 production by T'th cells
may depend on the antigenic stimulus. Numerous auto-
immune diseases have been associated with Th17
responses and two recent publications show that during
autoimmune disease, [1.-17 expressing Tth cells can be
detected [39,40]. Moreover, enhanced IL.-17 production
accelerated GC formation and antibody production [39].
An intriguing question, yet to be answered, is whether
Th17 cells can function as T'th cells, or whether T'th cells
aberrantly produce IL.-17 under certain conditions.

A pathogenic role for IL.-17 in dysregulated antibody
responses and autoimmunity is supported by a very recent
report that IL-17, in synergy with B cell-activating factor
(BAFF), enhances human B cell survival and promotes
their proliferation and differentiation into antibody-
secreting cells [41]. Thus, the production of IL.-17 by
"T'th cells would be expected to have a positive role in GC
activity, potentially modulating the normal threshold for
B cell survival and subverting normal tolerance mechan-
isms in the GC.

Tfh and Foxp3* Treg

Tth cells and Tregs cells are phenotypically distinct
subsets that express different transcriptional profiles
and transcription factors [16]. However, there is now
evidence that, in the unique context of the gut, T'th cells
can be generated from Treg cells. By adoptively transfer-
ring Foxp3* and Foxp3~ cells from Foxp3““*" reporter
mice into Cd3¢”’~ mice, Fagarasan and colleagues
showed the preferential generation of Tth cells from
Foxp3™ rather than Foxp3™ T cells in gut Peyer’s patches
(PPs). The resulting Tth cells potently promoted GC
reactions and IgA production in PPs [42°°]. By contrast,
Foxp3" T cells were unable to differentiate into T'th cells
or support GC formation in spleen or lymph nodes in the
same experimental conditions, demonstrating a unique
microenvironment in PPs that fosters Tth cell differen-
tiation from Treg cells.

Treg cells also represent a small but bona fide population
of GC T cells in non-gut tissues [43,44]. Nevertheless, the
incorporation of Treg into the Tth pool is hard to recon-
cile with the fact that, in addition to their well-established
role in suppression of T' cell proliferation and effector
functions, Treg cells directly suppress B cells via a cell
contact-dependent mechanism [43,45]. Future investi-
gation of the mechanisms controlling the relationship
between Tth and Treg will hopefully shed light on the
physiological relevance of these observations.

The importance of Tfh cells to autoimmune
disease

An elevated level of circulating autoantibodies is one
classic feature of many autoimmune diseases [46,47].
The pathogenic role of autoantibodies in autoimmune
diseases includes direct interference with normal cellular

functions and induction of disease through the formation
of immune complexes, Fc-mediated activation of the
complement system and recruitment of inflammatory
cells [48]. Autoantibodies can be produced in the absence
of T cell help, for example in T-cell-deficient BAFF
transgenic ('T'g) mice [49]. However, pathogenic autoanti-
bodies are predominantly produced by somatically
mutated B cells [50,51] suggesting inappropriate helper
signals are delivered to B cells by Tth cells in auto-
immune diseases.

There is strong evidence from murine models for the
involvement of T'th cells in systemic autoimmunity. The
N-ethyl-N-nitrosourea-induced mutant sanroque strain
possesses a homozygous point mutation in the Roguin
gene, which normally limits gene expression including
ICOS expression by promoting the degradation of mes-
senger RNA [25]. Consequently, these mice have high
levels of ICOS expression, which contributes to lupus-
like autoimmune syndrome [24,25] with many features
typical of Systemic Lupus Erythematosis (SLE) in-
cluding high-affinity antibodies against double-stranded
DNA (dsDNA), focal proliferative glomerulonephritis
with deposition of IgG-containing immune complexes,
anemia and autoimmune thrombocytopenia as well as
other autoimmune manifestations such as lymphadeno-
pathy, splenomegaly, necrotizing hepatitis and plasma-
cytosis [24]. As discussed above, deficiency in SAP in this
strain reduced Tfh numbers and ameliorated disease,
suggesting that Tfh cells play a pathogenic role [15].
Aberrant Tth differentiation has also been witnessed in
autoimmune BXD2 [39] and B6.8%/ yaa mice [52].

Molecules associated with T'th development and function
are important for both human and murine systemic auto-
immune disease. Genetic deletion or blockade of ICOS or
IL.21 signaling in mice ameliorates disease in multiple
models of autoimmunity including NOD diabetes,
Rheumatoid Arthritis (RA), and murine models of SLE
[53-60]. In addition, a recent publication has demon-
strated the importance of ICOS and IL.21 in the extra-
follicular T-dependent antibody response [61], thus the
effects of these molecules may extend beyond the GC.
With regard to human disease, a soon to be published
report shows that a population resembling T'th cells can
be detected in the blood of SLE and Sjogren’s syndrome
patients and that the presence of this population corre-
lates with increased diversity and titer of autoantibodies
and the severity of end-organ involvement [62]. Analysis
of genetic polymorphisms has shown an association of
ICOS/CTLA4 locus variants with RA, primary billiary
cirrosis and celiac disease [59,63] while variants in the
4q27 region, which contains the /1.2 and /.21 genes, have
been associated with a variety of autoimmune diseases.
The interpretation of these data are confounded by
potential changes in nearby gene expression, but more
recently a specific /LZIR SNP has been associated with

Current Opinion in Immunology 2009, 21:619-625

www.sciencedirect.com



Lineage specification and heterogeneity of T follicular helper cells Yu et al. 623

SLE [64], strengthening the evidence for a role of I1L21 in
human autoimmune disease. However, there is no evi-
dence to date indicating that such associations affect T'th
cells. Tth cells are one of the main cell types that produce
IL-21, and GC B cells are one of the main cell types that
express IL-21R [17]. We would predict that an /L2IR
SNP that associates with autoimmunity would enhance

IL-21R signaling in B cells.

Concluding remarks

Recent studies have demonstrated a previously unappre-
ciated degree of heterogeneity within the Tth cell popu-
lation. In the future, it will be important to determine
whether the heterogeneity of cytokine production from
T'th is indicative of their pluripotency, or whether there
are distinct T'fh cell subsets within a broader Tth cell
family. The identification of Bcl-6 as a 'T'th cell transcrip-
tion factor offers firm evidence for the lineage sovereignty
of Tth cells. However, the potential exists for an intri-
guing degree of plasticity for T helper cell differentiation.
In the experimental models examined to date, Tth cells
produce a significant amount of 1L.-4 [32°°-34], a detect-
able amount of IFN-y [32°°] and little IL-17 [19°°,26],
whereas [L.-17 production is aberrantly increased in auto-
immune models [39,40]. It has been reported that Bcl-6
alone suppresses 1L.-4 [65], IFN-y [19°°] and IL-17
[19°°,21°] production. The heterogenecity of Tth cyto-
kine profiles suggests Bcl-6 might work with other
antagonistic transcription factors to shape cytokine
expression profiles. The field requires a better under-
standing of the microenvironmental cues that drive lin-
eage specification of Tth cells, and also the availability of
reporter systems or reagents for transcription factor and
cytokine expression by T cells temporally and spatially
during immune responses. Understanding the genesis of
T'th cells and how they can be manipulated offers oppor-
tunities for the design of better vaccines, and for the
development of new therapies for autoimmune diseases.
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