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CD4* T cells can differentiate into numerous subsets
characterized by expression of a suite of cytokines and effector
molecules that endow them with specialized functions. By
mediating the differentiation of B cells into memory and plasma
cells following exposure to T-dependent antigens (Ag), T
follicular helper (Tgy) cells have emerged as the predominant
subset of CD4* T cells responsible for regulating humoral
immunity. The generation of Tgy cells from naive precursors
typically involves sequential cognate interactions with distinct
populations of Ag-presenting cells (APCs): dendritic cells within
the T-cell zone of lymphoid tissues, and activated B cells at the
border of the T-zone and follicle, and then within a germinal
center. Recent studies have illuminated the key roles of APCs in
Try development, and have also re-defined the role of B cells in
this process.
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Functional specialization of CD4* T cells

CD4" T helper cells have the remarkable capacity of
developing into distinct lineages that, depending on the
array of effector molecules they produce, exhibit unique
functional properties. Thus, Th1 cells secrete IFN-y and
are primarily involved in immune responses against intra-
cellular pathogens; Th2 cells produce 1L-4, IL.-5 and IL-
13, are generated in response to parasites and helminths,
and may contribute to humoral immunity by inducing Ig
class switching; Th17 cells produce 1L-17A/F, 1L-21, 1L-
22 and IL-26, and are crucial for protection against
extracellular pathogens at mucocutaneous sites; and regu-
latory T cells (Tregs) suppress the action of inflammatory

cells to limit tissue damage elicited during the course of
protective immune responses [1,2] (Figure 1).

The generation of effector CD4" T cells is regulated by
cytokines produced within a stimulatory microenviron-
ment that co-ordinate the actions of specific transcription
factors. Thus, IL-12 activates STAT4 and induces T-bet
that specifies Thl cells. Similarly I1.-4 induces Th2 cells
through STAT6, GATA3 and c-maf, while TGF-B
induces Tregs via induction of FoxP3 [1,2]. IL.-6, which
activates STAT3 and induces RORyt and RORa, co-
operates with TGF-B to guide differentiation of murine
CD4" T cells into Th17 cells [1,2], while combinations of
IL-6, IL.-21and I1.-23, which activate STAT3 to induce
ROR~t, commit naive human CD4* T cells to the Th17
lineage [3,4] (Figure 1). More recently, additional
‘lineages’ of CD4" T cells — Th9 and Th22 — have been
reported, with the transcription factors PU-1 and IRF-4
being implicated in the development of murine Th9 cells
[5,6] (Figure 1). One of the most intensely studied classes
of CD4" T cells in recent years has been T follicular
helper (Tgy) cells, which play a central role in supporting
protective Ab responses derived from Ag-specific B cells
(Figure 1).

Interactions between Ag-specific B cells, CD4" T cells
and dendritic cells (DCs) in response to foreign Ag lead to
the formation of germinal centers (GCs), specialized
structures within B-cell follicles of secondary lymphoid
tissues where selection of high-affinity B cells occurs [7-
9]. CD4" T cells support the differentiation of Ag-
selected GC B cells into memory or plasma cells (PCs),
which are responsible for ensuring long-lived humoral
immunity following infection or vaccination with T-de-
pendent (T'D) Ag [7-9]. Although the requirement for
CD4" T cells in generating TD immune responses is well
established, the exact nature of the ‘help’ provided has
been enigmatic. Indeed, while early studies implicated
Th2 cells, mice lacking key regulators of Th2 develop-
ment — [L.-4/IL-4R and STAT6 — can still form GCs and
elicit TD Ab responses [10-12]. T'ry cells have emerged
as a specialized CD4" T cell lineage that provides help to
B cells for their selection and differentiation into memory
and PC [13,14]. Despite this, our understanding of the
molecular requirements for the development and func-
tion of T’y cells has lagged behind that of other T helper
lineages. Here, we will discuss recent advances and con-
troversies in our understanding of the mechanisms under-
lying the induction and maintenance of Ty cells and the
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Figure 1
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Naive CD4* T cells can differentiate into multiple subsets of effector cells. Cytokines provided by the stimulatory microenvironment activate specific
transcription factors that regulate naive CD4* T cell differentiation. Distinct subsets of effector CD4* T cells can be identified by the production of a set
of ‘canonical’ cytokines that endow the cells with specific functions. AHR: aryl hydrocarbon receptor; (h): human; (m): mouse.

important role played by Ag-presenting cells (APCs) in
this process.

T follicular helper cells — a distinct subset of
effector CD4* T cells

The term “T'py cell’ was coined in 2000 to describe a
subset of CD4" T cells in human tonsils that expressed
the B-cell follicle homing chemokine receptor CXCR5
[15,16]. Acquisition of CXCRS, and concomitant loss of
CCR7, allows Ty cells to re-locate to follicles [17-20]
that, together with acquisition of numerous effector mol-
ecules, allows them to directly support B-cell expansion
and differentiation [15,16,21,22,23°°]. Over the past dec-
ade, several cardinal features of T'py cells have been
determined. For the purpose of this review, we consider
these defining features to be (1) a unique phenotype, with
increased expression of CXCRS5, ICOS, PD-1, CD200,
BTLA, OX40 and SLLAM-associated protein (SAP), and

downregulation of CCR7 and CD127 (IL-7Ra); (2) pro-
duction of high amounts of the B-cell stimulatory cyto-
kine IL.-21; (3) expression of the transcription factor Bc/6;
and, probably most importantly, (4) localization within B-

cell follicles [15,16,19-22,23°°,24** 25-27] (Figure 1).

Cellular interactions underlying Tgy cell
development

Ag-specific CD4" T cells undergo initial activation fol-
lowing receipt of signals usually provided by DCs within
the T-cell zone of secondary lymphoid tissues. Activated
CD4" T cells can then localize to follicles where they
interact with rare Ag-specific B cells [8]. The initial
commitment and subsequent differentiation of naive
CD4" T cells to the Tgy lineage is dependent upon
multiple signals provided by these populations of APCs.
Thus, as well as engagement of the T cell receptor
(TCR), numerous receptor/ligand interactions between
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Figure 2
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Ten cell generation. (i) Naive CD4* T cells are activated when they recognize peptide-MHC class || complexes on DCs within the T-cell zone. DCs
provide co-stimulatory signals such as CD28/B7 and OX40/0X40L and the cytokines IL-6 (in mice) and IL-12 (in humans). CD40/CD40L interactions
and type | IFN production result in enhanced activation of DCs and increased expression of molecules such as IL-6, IL-12 and OX40L. These activating
signals provided by the DCs upregulate CXCR5 and downregulate CCR7 on the CD4* T cells allowing them to migrate to the follicle. (i) At the T-B
border T cells interact with activated B cells presenting cognate Ag. This results in the CD4* T cells delivering help to the B cells via CD40L and IL-21,
as well as T-cell co-stimulation via ICOS-ICOS-L interactions. The delivery of these signals is dependent on the formation of stable T-B conjugates,
which requires CD84-SAP interactions. Ongoing Ag stimulation provided by the B cells drives the development of Tgy cells. In the presence of
abundant Ag, however, continual Ag stimulation can be provided by DCs circumventing the requirement for B-cell presentation. (jii) Following
interactions at the T-B border B cells can differentiate into short-lived extrafollicular plasmablasts or enter into a GC. Within the GC Tg cells continue
to provide help to the B cells, supporting the GC reaction and allowing for the generation of long-lived plasma cells and memory B cells. Presumably,
reciprocal signals provided by the B cells are also crucial for sustaining the Tgy cells. (iv) Plasma cells can also present Ag to CD4* T cells, however this
presentation seems to inhibit — rather than promote — Tgy cells. This may act to downregulate the Tgy response although when this would operate and
the molecular mechanisms involved remains to be determined.

CD4" T cells and APCs, as well as APC-derived cyto-
kines, have been implicated in Ty cell generation
(Figure 2).

Receptor/ligand interactions

Initial studies demonstrated that OX40 signaling in CD4*
T cells upregulated CXCRS5 expression [18,28,29] result-
ing in migration of activated CD4" 'T" cells to the border of
the T-zone and the B-cell follicle [28-30] (Figure 2).

Movement of activated CD4" 'T' cells to the follicle was
exaggerated in mice transgenic for OX40L expression on
CD11c¢" DCs, highlighting the importance of OX40/
OX40L interactions between CD4" T cells and DCs
[30]. Follicular localization of activated CD4" T cells also
requires CD40 expression on DCs [28]. Interestingly,
impaired trafficking of CD4" T cells to B-cell follicles
in the absence of CD40 on DCs could be overcome by an
OX40 agonist [28], suggesting that upregulation of
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OX40L on DCs is secondary to CD40/CD40L inter-
actions [30,31]. The effects of OX40 were abrogated in
Cd28-deficient mice, indicating the importance of CD28
signaling in the early phase of Ty cell formation [29].
These findings are consistent with decreased numbers of
Trp cellsin €728~ and €440~ mice [32] and CD40LG-
deficient humans [33]. Notably, dependence on OX40/
OX40L during Tgy formation can be influenced by the
mouse strain, lymphoid organ involved and route of
immunization [32], thereby suggesting some redundancy
in the requirement for OX40 signaling in this process.
Thus, defects observed in the absence of CD28 and
CD40 probably reflect effects in addition to regulating
OX40 expression. Nevertheless, these studies highlight
the importance of CD28/B7 interactions in the initial
activation of CD4" T cells, and conversely CD40/
CDA40L interactions in the activation and ‘licensing’ of
APCs. Abrogation of these signaling pathways are likely
to result in general defects in CD4" T cell activation
regardless of their ultimate effector fate.

B cells are also important for Try cell formation, because
a marked deficiency is observed in B-cell deficient mice
[20,26]. The central role for B cells in mediating Try
generation is supported by studies reporting that the
conversion of Tregs into T'ryy-like cells in Peyer’s patches
[34], or Th2 cells into Tgy cells in the lymph nodes of
mice infected with parasites [35], was abolished in B-cell
deficient mice. Similarly, 7z vitro culture of human acti-
vated CD4" T cells with autologous B cells induced
features of Tgpy cells, including sustained ICOS and
OX40 expression, and heightened production of IL.-10
[36]. Ty formation was also disrupted in mice whose B
cells lacked key molecules involved in mediating their
function or cognate interactions with CD4" T cells (i.e.
CD19, CD40, MHC class II and ICOS-L) [12,20,24°°].
These findings demonstrated that Tgy cell genesis was
critically dependent upon interactions between activated
CD4" T cells and Ag-presenting B cells via molecules
that underpin TD immune responses and GC formation.
Interestingly, while CD28/B7 interactions are required
early during DC-priming of pre-Tgy cells and the
initiation of 'T'D Ab responses, they are not necessary
at later time points to maintain a GC [37]. Instead, ICOS/
ICOS-L interactions appear to be central to B-cell
mediated Tyy cell induction [12], rather than initial
modulation of expression of trafficking receptors and
recruitment of CD4" T cells to follicles [38°]
(Figure 2). This finding probably explains the deficiency
of Ty cells in ICOS/ICOS-L-deficient mice [32,33], and
of recirculating CD4"CXCRS5" T cells in patients with
1[COS mutations [33]. The dependence of Tgy cell for-
mation on ICOS/ICOS-L interactions reflects the T-cell
intrinsic requirement for ICOS-mediated activation of
the phosphoinositide-3-kinase (PI3K) signaling pathway,
since mutating the PI3K binding site in the cytoplasmic
domain of ICOS [39°], deleting the p1103 isoform of PI3K

from T cells, or inhibiting its function [38°] severely
impeded Ty cell differentiation, GC formation and
humoral immune responses. These studies also suggested
that ICOS/PI3K-signaling was important for the acqui-
sition of key Ty features, including /1.4, I1.21 and cmaf
[38°,39°].

While the critical roles of ICOS and CD40L in 'T'D B cell
differentiation and Ty cell formation are well estab-
lished [13,14], it is clear that interactions between Ag-
specific CD4" T cells and B cells mediated by the SLAM
family of surface receptors are also crucial for humoral
immunity. The SLAM family includes SLAM, CD84,
2B4, LLy9 and N'T'B-A (Ly108 in mice), and these recep-
tors elicit intracellular signaling by recruiting the cyto-
plasmic adaptor molecule SAP [40]. SAP-deficient mice
have impaired GC formation accompanied by defective
Try cell development in many, but not all, situations
[24°°,41,42,43°°,44°° 45,46]. The gene encoding SAP is
mutated in X-linked lymphoproliferative disease [40] and
T'rp-like function is impaired in these individuals [47]. It
is now apparent that the T'ry deficiency in the absence of
SAP is secondary to its requirement in CD4" T cells to
form stable conjugates with B cells, but not DCs
[43°°,44°°], and thus receive ongoing stimulation from
Ag-presenting B cells [24°°]. Recent work demonstrated
that CD84 — possibly in concert with Ly108 — is the
primary SLAM family member expressed by CD4" T
cells responsible for mediating stable conjugate formation
with B cells, which then promotes efficient Tgy devel-
opment 7z vivo [44°°] (Figure 2).

Cytokines

There is also evidence to suggest a key role for APC-
derived cytokines in Tgy cell generation. Abolition of
type I IFN-mediated signaling reduced Tgy formation.
Intact IFN signaling was required in CD11c¢" DCs,
rather than other APCs (B cells, macrophages) or
CD4" T cells themselves [48°], and functioned by
inducing I1.-6 production [48°] (Figure 2). These find-
ings are consistent with independent studies demon-
strating that: (1) type I IFNs promote humoral immune
responses in a manner requiring IFN signaling in DCs
[49]; (2) IL.-6 supported the differentiation of murine
Tru-like cells in virro [27,50°,51°,52°] and (3) deletion of
IL-6, or STAT3 which signals downstream of the IL.-6R,
hindered Tgy development iz vivo [12]. However, the
effect of IL.-6/STAT3-deficiency on Ty development
in these studies was not absolute, since low numbers of
these cells were still observed in gene-targeted mice
[12]. Furthermore, other groups have reported intact
Tgy cell formation in the absence of 1L.-6 or STAT3
[50°,53]. Curiously, one of these studies did report a
deficit in B-cell helper function in the absence of IL.-6,
however this defect was independent of CD4"CXCR5*
T cells, which were generated normally in IL-6-
deficient mice [50°].
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Investigation of factors mediating the differentiation of
human CD4" T cells into Ty y-like cells also revealed an
important role for cytokines [23°%,54°°,55°°]. 1L.-12, pro-
duced by activated DCs, was identified as the most
efficient inducer of IL.-21 expression in human naive
CD4" T cells [23°°,54°°] (Figure 2). IL.-12-derived IL-
21" human CD4" T cells resembled Ty cells inasmuch
that they expressed elevated levels of CXCRS5 and ICOS,
supported Ab production iz vitro [23°°,54%°,55°°] and
produced CXCL13, a feature of human Tgy cells
[55°°]. IL-6 and IL-23 also induced IL-21 expression
by human CD4" T cells, but to a much lesser extent
than IL-12 [23°°,54°°]. These studies confirmed, and
clarified the interpretation of, previous studies that found
IL-12 and IL-23 maintained expression of ICOS and
CD40L on human naive CD4" T cells [56,57]. Interest-
ingly, IL.-12 is not a strong inducer of 1L.-21 in murine T
cells, highlighting potential species-specific differences
in IL-12 function on human and murine CD4" T cells
[12,51°,52°].

Ty cells are also reduced in mice lacking 11.-21 or IL-
21R [12,58], which is consistent with the ability of I1.-21
to induce its own expression in naive human [23°°,54°°]
and murine [12,27,51°] CD4" T cells. However, the
extent of the Ty deficiency is variable (i.e. 2-5-fold
reduction to no effect) depending on the experimental
system [59]. Since IL.-21 is largely produced by T cells,
and not APCs, it is likely to function in an autocrine
manner to further instruct DC-primed CD4" T cells to
become a Tgy cell. For this reason, the involvement of
IL-21 in APC-mediated Ty cell generation will not be
further discussed here (see [59] for recent review).

Taken together, these studies provided a foundation for a
model whereby cytokines — predominantly IL.-6 for mice
and IL-12 (and to a lesser extent IL-23) for humans —
produced by DCs, together with specific receptor/ligand
interactions (CD40/CD40Land OX40/0OX40L) provide a
stimulatory milieu for the initial priming of naive CD4™ T
cells to re-locate from the T-zone to the B-cell follicle to
become pre-Tgy cells (Figure 2). Notably, activation of
human DCs through CD40 or OX40L induced impress-
ive production of IL-6 and IL-12 [31,54°°], thereby pro-
viding a source of Try-inducing cytokines in addition to
that mediated by type I IFNs. These activated CD4™ T
cells undergo subsequent commitment to the Ty lin-
eage following interactions with B cells via the delivery of
CD84/SAP-dependent, CD40/CD40L-dependent and
ICOS/ICOS-L-dependent signals (Figure 2). Naive B
cells, but not GC B cells, also produce IL-6 [60], raising
the possibility that cytokines released by activated B cells
at the T/B border, rather than those in the GC, can shape
CD4* T cell differentiation to a Ty fate. While this
model places B cells at the center of Tgyy cell formation,
as discussed below it is possible to circumvent the need
for B cells by altering the delivery of Ag [24°°].

Prolonged TCR signaling by Ag-presenting
cells preferentially induces Tgy cell formation
While studies of mice and humans with deficiencies in
specific genes have provided evidence for important roles
for cell/cell interactions and cytokines in regulating Try
cell formation, Ag affinity and/or prolonged TCR sig-
naling have emerged as important determinants for the
differentiation of Ag-primed CD4* T cells into T'gy cells.
McHeyzer-Williams and colleagues reported that cells
with the highest affinity for Ag are preferentially selected
into the Ty compartment [61°]. Similarly, we recently
found that boosting ovalbumin-immunized mice with the
immunodominant peptide resulted in the generation of
an increased frequency of activated T'ry cells, associated
with greater downregulation of CD127 expression [24°°].
Strikingly, this prime-boost regime overcame the obliga-
tory requirement for B cells in generating Ag-specific Try
cells [24°°]. The mechanism underlying such B-cell inde-
pendent T'py generation was prolonged Ag presentation
by DC [24°°] (Figure 2). Collectively, these findings
suggest that CD4" T cells receiving the strongest or most
prolonged Ag-dependent signals are most likely to differ-
entiate into Ty cells.

A major implication of these finding is that activated B
cells do not possess a specific signal or combination of
signals that uniquely drive Ty differentiation. Rather,
other APCs can deliver the requisite signals for Ty
generation under certain circumstances. This indicates
that it is the context of the responding B cells that
underlies their critical role in Tgy cell generation — that
is they are likely to be the major source of Ag in the
microenvironment where specific T cells reside as the
immune response progress. Thus, not only are B cells
abundant as the 'T" cells move to the T-B border, but their
ability to specifically capture Ag via their BCRs may
render them the predominant source of peptide/MHC
class II, particularly as Ag levels wane.

It is likely that within GCs B cells also play a crucial role
in the maintenance of Tgy cell responses. T'ry cells that
persist within the GC will have sustained exposure to Ag
on the surface of responding GC B cells, which continue
to capture and process Ag displayed on follicular DCs
[8,9]. These GC B: Ty cell interactions could promote
GC B cell selection as well as T'gy cell survival. Dynamic
2-photon intravital microscopy revealed that Tgy cells
complex not only with responding GC B cells, but also
with small ‘blebs’ derived from apoptotic GC B cells [62].
Since this interaction can have no direct effect on GC B
cells, it may provide ongoing survival or stimulatory
signals to Tgy cells, particularly as Ag becomes more
limiting in the GC.

The generation of Ty cells in response to protein Ag is
maximal within 5-7 days, and rapidly contracts at sub-
sequent times [24°°]. This suggests that the size of the
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Ty population is strictly regulated. The requirement for
such stringent control is consistent with the involvement
of dysregulated Ty cells in the development of auto-
immune conditions and T-cell malignancies (reviewed in
[14]). One way in which Ty cells may be controlled is via
production of specific Ab by PCs that would clear the
immunizing/infectious Ag, thereby resulting in termin-
ation of Ag presentation as well as dissolution of a GC
reaction. Interestingly, recent evidence has proposed a
direct role for PCs in inhibiting the Ty cell response
[63]. Intriguingly, although PCs retain MHC class II
expression and can present Ag to CD4" T cells, presen-
tation by PCs does not induce features characteristic of
Ty cells (e.g. Bel6 and [1.27) (Figure 2). Instead, it
appears to extinguish expression of these molecules in
existing T'ry cells [63]. However, exactly where — within
the context of Ty cell positioning — PCs would interact
with Tgy cells and mechanistically how they would
deliver such inhibitory signals remains to be determined.

Conclusions

Studies from the past 5 years have identified some of the
critical requirements for regulating the formation and
function of Tgy cells, and the importance of distinct
populations of APCs in providing the requisite stimuli
during this process. A picture has now emerged that Ag-
specific B cells at different stages of differentiation
regulate the Tgy compartment in accordance with the
requirements of the overall response. Despite this, the
role of B cells in generating Tgy cells can be circum-
vented by altering the delivery of Ag and thereby
prolonging presentation by DCs, indicating that extended
Ag presentation is the critical determinant of Ty gener-
ation. That Ty development should be regulated via Ag
presentation, a sensitive readout of the progression and
effectiveness of the response, makes teleological sense.
Confusion still exists, however, as to the relative contri-
butions of cytokines (e.g. IL-6 and 11.-21) to Ty gener-
ation, as several discrepancies have been reported. It is
probable that control of Ty numbers involves the integ-
ration of multiple semi-redundant signals, controlling
both generation and survival, that are in turn influenced
by the initiating immunization. Thus, the differences
observed are probably a result of the different experimen-
tal systems used, such as the nature of the immunizing Ag
or adjuvant. Therefore, it will be important for future
studies to systematically compare the requirement for
specific cytokines and signaling pathways on Tgy cell
formation under a diverse range of immunization regi-
mens to more fully dissect requirement for each signal
and the level of redundancy that exists in controlling T'ry
cell formation.

Elucidating the roles of APCs in Tpy generation, and
identifying surface receptors, soluble molecules and sig-
naling pathways involved in this process, has greatly
improved our understanding of the molecular and cellular

biology of Ty cells. The next challenge will be to
harness this knowledge to enable manipulation of
humoral immune responses, such that B-cell differen-
tiation can be improved in settings of vaccine develop-
ment or immune deficiency, or Ty function attenuated
in cases of humoral autoimmunity.

Note added in proof

Marcel Batten and colleagues [64] have recently reported
that the heterodimeric cytokine IL.-27 potently induces
production of IL.-21 by murine and human CD4" T cells
in a STAT3-dependent manner. In vivo IL-27R is
required on CD4" T cells for normal TFH cell gener-
ation, germinal center formation and Ab responses,
thereby revealing a non-redundant role for IL.-27 in
regulating T-dependent humoral immune responses.
These findings may explain the detection of residual
TFH cells in the absence of IL.-6 signalling.
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