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Germinal centres

The structures that are
formed by the expansion of
antigen-activated B cell blasts
that have migrated into the
follicles of lymph nodes. The
B cells in these structures
proliferate and the
immunoglobulin genes
undergo somatic
hypermutation before the
cells leave as plasma cells or
memory cells.
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The good, the bad and the ugly —
T_,, cells in human health and disease

highlight targets for novel therapeutics.

Following infection or vaccination, the induction of pro-
tective immunity against invading pathogens depends
on the generation of an appropriate type of immune
response. This relies on the flexibility of naive CD4*
T cells, which differentiate into diverse subsets with spe-
cialized effector functions to protect against infection
by distinct pathogens' (TABLE 1). The importance of hav-
ing distinct subsets of CD4" T cells is evident in disease
states that arise from the perturbed differentiation or
function of specific effector T cell populations? (TABLE 1).

The generation of these effector T cell subsets depends
on the stimulatory cytokines that are present in the
microenvironment during activation; these cytokines
induce transcription factors that prime naive precursor
cells for differentiation. Interleukin-12 (IL-12) induces
the T-box transcription factor T-bet (also known as
TBX21) in the case of T helper 1 (T ;1) cells, IL-4 induces
GATA-binding protein 3 (GATA3) in the case of T2 cells
and IL-6 or IL-23 induce retinoic acid receptor-related
orphan receptor-yt (RORyt) in the case of T ;17 cells'
(TABLE 1). However, the concept of ‘master regulators’ for
lymphocyte differentiation is an overly simplified idea,
as numerous transcription factors are required for the
commitment of CD4" T cells to specific effector lineages
(TABLE 1). Thus, the ultimate outcome of T, cell differen-
tiation depends on the coordinated functions of several
important molecular regulators that operate to control
gene expression and effector function.

T,, cell subsets have been identified and character-
ized for immunity against specific pathogenic threats
(TABLE 1), but the production of neutralizing antibodies
is required for the development of protective immunity
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Abstract | Antibody production is an important feature of the vertebrate immune system.
Antibodies neutralize and clear pathogens, thereby protecting against infectious diseases.
Such humoralimmunity has great longevity, often persisting for the host’s lifetime.
Long-lived humoral immunity depends on help provided by CD4* T cells, namely T follicular
helper (T, ) cells, which support the differentiation of antigen-specific B cells into memory
and plasma cells. T, , cells are stringently regulated, as aberrant T, cell activity is involved in
immunopathologies such as autoimmunity, immunodeficiencies and lymphomas. The
elucidation of the mechanisms that regulate T, cell differentiation, function and fate should

to most infectious diseases. In this case, the differentia-
tion of B cells to antibody-secreting cells is dependent on
instructive signals that arise from T follicular helper (T ,,)
cells. The importance of antibody production by antigen-
specific B cells is exemplified not only by our ability to
establish serological memory that provides long-lasting
protection against pathogen infection but also by the suc-
cess of most vaccines, which rely on antibody responses
for their efficacy. The fundamental role of T cells in B cell
differentiation was first reported nearly 50 years ago’.
However, it is only in the past decade that we have gained
a clear understanding of the biology of T, cells.

T, cells were first described in humans as CD4*
T cells in secondary lymphoid tissues that expressed the
B cell zone-homing chemokine receptor CXC-chemokine
receptor 5 (CXCR5) and therefore localized to B cell fol-
licles, including germinal centres (GCs). CD4*CXCR5*
T cells were more efficient than CD4*CXCR5™ T cells
at inducing class switching and antibody secretion in
B cells*”. Further studies showed remarkable similarities
between human and murine T_ . cells®'°, which allowed
elucidation of the mechanisms by which T, cells drive
affinity maturation as well as antibody and autoantibody
production in GCs (reviewed in REFS 11-13) (BOXES 1,2).

The most accurate definition of T, cells relates to their
function as cells that migrate to follicles and interact with
antigen-specific B cells to support B cell differentiation.
However, using this empirical definition to isolate and
study T, cells makes detailed analysis of this subset of cells
challenging owing to the inherent difficulty in isolating
cells from anatomically discrete regions of lymphoid tis-
sues. For this reason, TFH cells are more commonly defined
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Table 1 | Effector subsets of CD4* T cells: ontogenic and functional requirements, and roles in disease

CD4* Inducing
T cell cytokines
subset
T lcells  eIL-12
* IFNy
T 2cells elIL-4
T, 17 cells eIL-23and
IL-1B
e|L-6 and
IL-1B
* TGFB
T 9cells TGFpB
o |L-4
T,22cells *TNF
°|L-6
TReg cells  *TGFpand
IL-2
T, cells o |L-6,1L-21
and/or IL-27
o|L-12

Activated Transcription Suppressing Canonical
STATs factors cytokines cytokines
produced
* STAT4 T-bet IL-4and IL-10  IFNy
* STAT1
* STAT6 GATA3 and IFNy IL-4, IL-5
MAF and IL-13
* STAT3 RORyt and e IL-4, IFNy, IL-17A,
RORa IL-27 and IL-17F,
IL-2 IL-21,IL-22
* TGFB and IL-26*
(suppresses
IL-22
expression)
* STAT6 PU-1 and IFNy and IL-9
IRF4 IL-27%
* STAT1 RORytand High doses of  IL-22
* STAT3 AHR TGFB
* STAT5
* STATS FOXP3 IL-6 TGFp and
IL-10
* STAT3 BCL-6, IL-2and IL-10  IL-21,IL-4
» STAT4 IRF4, MAF and and IL-10
o STAT1 BATF

Roles in host
protection

e Antiviral and
antimicrobial
immunity

¢ Cell-mediated
immunity

* Immunity to
extracellular parasites

* Protection at
mucocutaneous sites

* Antimicrobial
immunity (for
example, against
Candida spp. and
Staphylococcus spp.)

* Inflammatory bowel
disease

¢ Protection against
helminth infections

* Barrier immunity
(skin, intestines and
airways)

* Enhancement of
innate immunity

* Tissue regeneration

° Immune suppression

e Help for B cell
activation or
differentiation

* Generation of
long-lived antibody
responses

Associated Refs

pathologies

* Mendelian
susceptibility to
mycobacterial
disease (decrease in
T, 1 cells)

* Multiple sclerosis
(increaseinT, 1 cells)

1,121,
122

¢ Allergy, asthma or 1,123
eczema (increase in

T, 2 cells)

1,121,
122,124

¢ Inflammatory bowel
disease (increase in
T,17 cells)

 Susceptibility to
fungalinfections
(decreaseinT, 17
cells)

¢ Allergy (atopic 125
dermatitis) and
asthma (increase in

T,9 cells)

¢ Allergy (atopic 126
dermatitis) (increase
inT,22 cells)
* Inflammation at
joints and barriers
(increaseinT 22

cells in mice)

¢ |PEX syndrome 75
(decrease in TReg
cells)

* Humoral 23-25,
immunodeficiency 45
(decreaseinT,, cells)

° Autoimmunity
(increaseinT_, cells)

e T celllymphoma

(increaseinT_, cells)
(see TABLE 2)

AHR, aryl hydrocarbon receptor; BATF, basic leukine zipper transcriptional factor ATF-like; BCL-6, B cell lymphoma 6; FOXP3, forkhead box P3; GATA3,
GATA-binding protein 3; IFNy, interferon-y; IL, interleukin; IPEX, immunodysregulation, polyendocrinopathy and enteropathy X-linked; IRF4, interferon-regulatory
factor 4; ROR, retinoid-related orphan receptor; STAT, signal transducer and activator of transcription; TGFB, transforming growth factor-p; T_, T follicular helper;
T, Thelper; TNF, tumour necrosis factor; TReg, T regulatory. *Human-specific cytokine. *Reported in mice.

on the basis of their surface phenotype. Consequently, in
both humans and mice®*'**"7, T, cells are considered to
be CD4" T cells that express the highest levels of CXCRS5,
together with the surface receptors inducible T cell co-
stimulator (ICOS) and programmed cell death protein 1
(PD1; also known as PDCD1), the transcriptional repres-
sor B cell lymphoma 6 (BCL-6) and the cytokine IL-21
(BOX 3), and that have downregulated the T cell zone-
homing receptor CC-chemokine receptor 7 (CCR7) and
IL-7 receptor-a (IL-7Ra) (TABLE 1).

This phenotypic approach to defining T, cells has
facilitated their molecular and cellular characterization.
However, it needs to be appreciated that, just as B cells
undergo important differentiation events at the T cell-
B cell border (such as the formation of extrafollicular

plasmablasts) and in GCs (such as the formation of
memory and plasma cells), CD4" T cells can differentiate
into T, cell subsets that are strategically located at these
regions to facilitate distinct phases of a T cell-dependent
B cell response®”'®!°. These T, cell subsets probably pro-
vide early B cell help at the T cell-B cell border, and/or
they represent precursor cells that differentiate into GC
T, cells following receipt of appropriate signals from
inside the active B cell follicle and that guide the dif-
ferentiation of GC B cells into memory or plasma cells.
In this Review, we discuss recent developments in the
investigation of the mechanisms that underlie T, cell
development and function, the discovery of specialized
subsets of T, cells and how perturbations to T, cells
potentially contribute to numerous human diseases.
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B cell ymphoma 6

(BCL-6). A transcriptional
repressor identified as being
crucial for the formation of
Tfollicular helper (T,,) cells.
Several mechanisms have been
proposed for the role of BCL-6
in T, cell commitment,
including suppression of the
expression of transcription
factors that are required for the
generation of alternative T,
fates, suppression of
microRNAs and cooperation
with other transcriptional
regulators to induce the
expression of important T,
cell-related genes.

Box 1| T, cells and affinity maturation of GC B cells

Affinity maturation of the antibody i

response is based on the selective y
perpetuation (known as ‘positive
selection’) of germinal centre (GC) B cells
that have acquired increased affinity for
foreign antigens through somatic
hypermutation (SHM) of their
immunoglobulin variable-region genes.
Whereas SHM itself takes place in B cells
that occupy the GC dark zone,
high-affinity GC B cells only undergo
positive selection after returning to the
light zone where they gain preferential
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dendritic cell

expressed on the surface of follicular
dendritic cells (see the figure). However,
the precise mechanisms by which
preferential access to antigens translates
into positive selection of high-affinity GC
B cells have not been clearly established.
The specific provision of T follicular
helper (T, ) cell-derived helper signals to
high-affinity GC B cells is proposed to be
one of, if not the only, major drivers of
antibody affinity maturation'>*3. In
theory, the greater propensity of
high-affinity GC B cells to access foreign
antigens should augment their ability to
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internalize, process and present foreign peptides to the T_, cells that reside in the light zone of GCs (see the figure).
However, although it is clear that T_, cells are required to support the GC response, it has been difficult to establish their
precise role in driving affinity maturation. In a recent study, a GC response was manipulated in mice such that antigen
presentation by GC B cells to T, cells was decoupled from B cell receptor (BCR)-mediated antigen recognition. This
resulted in the delivery of T_, cell help to all GC B cells and the proliferative expansion of the population of T_ cells
regardless of their affinity for antigen'”. This result does not prove that preferential delivery of T_, cell help is the
fundamental driver of affinity maturation but it clearly demonstrates that T, cells have the potential to perform this
role if high-affinity GC B cells are indeed superior at presenting antigen to T, cells.

CD40L, CD40 ligand; CR2, complement receptor 2; FcRII, low affinity Fc receptor for immunoglobulin; Ig, immunoglobulin;

TCR, T cell receptor.

Requirements for T, cell formation

T, cell differentiation requires input from several surface
receptors (including CD28, ICOS, CD40 ligand (CD40L)
and signalling lymphocytic activation molecule (SLAM)
family members), as well as from cytokines and their
associated signalling pathways (for example, signal trans-
ducer and activator of transcription 3 (STAT3) or SLAM-
associated protein (SAP; also known as SH2D1A)), which
all culminate in the induction of BCL-6, an important
regulator of the T, cell lineage****. However, additional
transcription factors (including interferon-regulatory
factor 4 (IRF4), basic leucine zipper transcriptional factor
ATF-like (BATF) and MAF) and microRNAs also have
important regulatory functions during T, cell develop-
ment** (FIC. 1; TABLE 1; Supplementary information S1
(table)). The requirements for T, cell formation have
been extensively reviewed in the literature**¢ and are
summarized in Supplementary information S1 (table). In
this Review, we discuss the most recent studies that have
identified pathways that positively and negatively influ-
ence T, cell generation and function, and that clarify
previous inconsistencies.

The TNF receptor superfamily. B cell-activating factor
(BAFF; also known as TNFSF13B) and a proliferation-
inducing ligand (APRIL; also known as TNFSF13) are
ligands of the tumour necrosis factor (TNF) superfamily
that regulate B cell survival and differentiation'. Both
ligands bind to the common receptors transmembrane
activator and CAML interactor (TACI; also known as
TNFRSF13B) and B cell maturation antigen (BCMA;
also known as TNFRSF17), and BAFF also binds to the
BAFF receptor (BAFFR; also known as TNFRSF13C);
receptors which are predominantly expressed on
B cells''. NF-kB-inducing kinase (NIK; also known as
MAP3K14) is a component of the BAFFR signalling
pathway'!. Expression of NIK and BAFFR by B cells was
found to be required for their constitutive expression of
ICOS ligand (ICOSL). The significance of this is that
NIK deficiency in B cells compromises T, cell induc-
tion?. Thus, sustained BAFF-BAFFR-NIK signalling in
B cells maintains ICOSL expression, thereby facilitating
cognate ICOS-ICOSL interactions between activated
CD4* T cells and B cells, which result in optimal T, cell
differentiation.
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X-linked lymphoproliferative
disease

Arare, often fatal, primary
immunodeficiency disease that
is characterized by an inability
to mount an effective immune
response against Epstein—-Barr
virus, as well as a susceptibility
to developing lymphoma and/or
hypogammaglobulinaemia.
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Box 2 | T, cells and autoantibody production at the germinal centre

Although the generation of high-affinity antibodies directed against foreign pathogens is the ‘raison d’étre’ of the
germinal centre (GC), the random nature of the somatic hypermutation (SHM) process can lead to the generation of
antibodies that recognize self antigens with high affinity. Given the fact that many pathogenic autoantibodies are both
somatically hypermutated and of high affinity", it has long been presumed that T follicular helper (T,,) cell-driven
selection of self-reactive GC B cells can make an important contribution to autoimmune disease. Indeed, it has recently
been demonstrated that in some circumstances T, cells are required to drive systemic autoimmunity®*.

A failure of T cell self-tolerance in the T_, cell repertoire is no doubt an important driver of autoimmunity (see the
figure, panel a), but recent data indicate that T, cell responses that are directed against foreign antigens can also
support an autoantibody response under certain circumstances’. Thus, if a somatically mutating GC B cell acquires
self-reactivity but also maintains its cross-reactivity with foreign antigens, then foreign antigen-specific T_, cells can
support B cell maturation and drive autoantibody production (see the figure, panel b). This mechanism selectively
operates against peripheral tissue-specific self antigen targets, as cross-reactivity with self antigens that are present
in the GC microenvironment results in the deletion of the self-reactive GC B cells’. Thus, these data indicate that
pathogen-specific T, cells might drive the production of peripheral tissue-specific cross-reactive autoantibodies
that are found in post-infectious autoimmune diseases such as rheumatic fever and Guillain-Barre syndrome®®.
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Self antigen-
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BCR, B cell receptor; CD40L, CD40 ligand; CR2, complement receptor 2; FcRIl, low affinity Fc receptor for immunoglobulin;

Ig, immunoglobulin; TCR, T cell receptor.

In contrast to BAFFR, TACI negatively regulates
B cell function'. In keeping with this, Taci”~ mice have
expanded populations of T, cells and GC B cells®®. In
the absence of TACI, greater ICOSL expression on B cells
results in an increase in the number of T, , cells*. These
observations demonstrate that an important extrinsic
determinant of T, , cell formation is the balance between
positive and negative signalling that is provided by BAFF
and APRIL through BAFFR and TACI, respectively.
These interactions cooperatively regulate ICOSL expres-
sion on antigen-presenting B cells (FIC. 1). These studies
highlight the crucial role for ICOS-ICOSL signalling
in T, cell formation, particularly as the phenotype of
NIK-deficient mice recapitulates that of mice that are
globally deficient in ICOS* or mice with B cells that lack
expression of ICOSL*.

The SLAM family of surface receptors. The SLAM family
of receptors includes SLAM (also known as SLAMF1),
CD84 (also known as SLAMF5), natural killer cell recep-
tor 2B4 (also known as CD244), T lymphocyte surface
antigen LY9 and NTBA (natural killer, T and B cell anti-
gen; also known as SLAMF6 and LY 108 in mice). These
receptors recruit SAP, thereby allowing CD4" T cells
to activate signalling intermediates, including protein
kinase CO (PKCB), BCL-10, nuclear factor-kB (NF-xB)
and FYN, that are important for receptor function®.
Naive SAP-deficient CD4* T cells fail to form stable
conjugates with cognate B cells***, and are therefore
unable to differentiate into T, cells and to help T cell-
dependent B cell responses'”'®***. This explains why
individuals with X-linked lymphoproliferative disease (XLP)
caused by mutations in SH2DIA (the gene encoding
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SH2 domain-containing
protein tyrosine
phosphatase 1

(SHP1). A protein tyrosine
phosphatase that is involved in
suppressing intracellular
signals delivered via numerous
activating receptors, including
T cell and B cell antigen
receptors, as well as members
of the signalling lymphocytic
activation molecule (SLAM)
family of surface receptors.
One proposed mechanism of
action is the direct or indirect
dephosphorylation of
components of the T cell
receptor signalling pathway,
such as CD3(, LCK,
{-chain-associated protein
kinase of 70 kDa (ZAP70) and
phosphoinositide 3-kinase.

Follicular T regulatory cells
A subset of T regulatory (T,
cells that co-opts the
transcriptional machinery of
Tfollicular helper (T,,) cells

to facilitate their migration to
germinal centres, where they
can appropriately restrain
humoral immune responses,
thereby potentially preventing
overzealous antibody
responses. Follicular T, cells
can be identified by the
expression of typical

T, cell surface markers
(CXC-chemokine receptor 5
(CXCR5), inducible T cell
co-stimulator (ICOS) and
programmed cell death
protein 1 (PD1)) along with
the T,,, transcription factor
forkhead box P3. Their
mechanism of action remains
to be completely elucidated.

Red

Box 3 |IL-21 is a potent differentiation factor for human B cells

Interleukin-21 (IL-21) was discovered in 2000 as a pleiotropic cytokine that is capable of activating most lymphocyte
populations!*®. The initial description reported that IL-21 strongly induced the proliferation of CD40-stimulated human
B cells, but that it inhibited IL-4-induced B cell proliferation'*®. Since then, many studies have established the potency
of IL-21 as a growth and differentiation factor for human B cells. When human B cells are primed with T cell help in the
form of a CD40-specific monoclonal antibody or CD40 ligand (CD40L), IL-21 induces robust B cell proliferation as well
as the expression of activation-induced cytidine deaminase (AICDA; required for immunoglobulin class switching),

B lymphocyte-induced maturation protein 1 (BLIMP1; also known as PRDM1) and X box-binding protein 1 (XBP1)3117:115,
all of which mediate the differentiation of B cells into plasma cells. Consequently, at least in vitro, IL-21 efficiently
induces subsets of activated B cells to undergo class switching either to become IgG- or IgA-expressing cells, or to
become plasmablasts secreting IgM, IgG, IgA or IgE®#'72°_|L-21 predominantly induces switching to IgG3, IgG1

and IgA1 subclasses!’'%12 whereas IL-21-stimulated naive, GC or memory B cells produce large quantities of
immunoglobulins®711° |L-21 can also induce the expression of B cell lymphoma 6 (BCL6) in human naive B cells'?’,
which is consistent with IL-21 having a role in establishing GCs. Before the discovery of IL-21, it was well recognized that
class switching by human B cells was regulated by IL-4 (which promotes class switching to IgG4 and IgE), IL-10 (which
promotes class switching to IgG1 and 1gG3), IL-13 (which promotes class switching to IgG4 and IgE) and transforming
growth factor-B (TGF; which promotes class switching to IgA), and IL-10 was also considered to be a strong inducer of
immunoglobulin secretion. Furthermore, B cell survival was shown to be positively regulated by IL-4 or IL-10 (reviewed
in REF. 82). Studies over the past decade have highlighted the importance of IL-21 in humoral immunity in humans by
demonstrating that it has the remarkable ability to exert all of these functions on human B cells.

SAP) have poor humoral immunity*'. A role for CD84 in
SAP-dependent T, cell generation following immuniza-
tion with protein antigen was recently demonstrated®.
However, the TFH cell deficiency in Cd84~~ mice was
less severe than in SAP-deficient mice®, and TFH cell
formation following viral infection was unaffected by
the absence of CD84 (REF. 35).

Analysis of gene-targeted mice has failed to show
a requirement for SLAM family receptors other than
CD84 in T, cell formation (reviewed in REF. 23),
although SLAM has been shown to be required for IL-4
expression by GC T, cells'. One interpretation of these
observations is that the severe effect of SAP deficiency in
T, cells reflects a requirement for numerous SLAM
receptors during the differentiation of T, cells.
Alternatively, as SLAM receptors can also recruit
inhibitors of signalling (such as lipid and tyrosine phos-
phatases), SAP deficiency might exacerbate negative
signals that are delivered through one or more of the
SLAM receptors. Consistent with this idea, loss of LY108
reversed the inability of SAP-deficient CD4* T cells to
form T, cells and to support B cell responses™. This
was due to a reduced recruitment of SH2 domain-containing
protein tyrosine phosphatase 1 (SHP1; also known as
PTPNG) to the immune synapse by LY108 (REF. 35). Thus,
LY108 functions as a rheostat that is capable of delivering
positive SAP-dependent and negative SHP1-dependent
signals that dynamically regulate T, cells (FIG. 1).

The role of PD1. An important phenotypic deter-
minant of T, cells is their high expression of PD1
(REF. 14). PD1 has an inhibitory role in T, cell differen-
tiation, as mice with impaired PD1 function have more
T,,, cells (CCR7*"ICOS cells in Pd1~~ mice) as a result
of increased proliferation and reduced apoptosis®™.
Expression of PD1 ligand 1 (PDL1; also known as
CD274), rather than PDL2, on B cells constrains T, , cell
formation via the PD1 pathway? (FIC. 1). Although these
studies showed that ablating PD1 signalling increased
T, cell numbers, they yielded conflicting results about

117

how this affected the outcome of the GC response®*~.
For instance, some groups reported increased antigen-
specific antibody responses in PDL1-deficient mice*
or in Plasmodium-infected mice that had been treated
with a PDL1-specific mAb*. These findings in mice
are consistent with data demonstrating that ligation of
PD1 suppresses the proliferation, activation and func-
tion of human T, cells in vitro**. However, other groups
have reported impaired plasma cell and GC responses
in the absence of PD1 signalling?*¥. These differences
might reflect nuances in the experimental systems that
have been used, but they might also result from dis-
tinct functions of PD1 in the development and function
of not only T, cells but also follicular T regulatory cells
(follicular TR‘eg cells), which express higher levels of PD1
than T, cells*.

Cytokines. Numerous cytokines have been shown
to be important for T, cell generation in vivo and
in vitro. The initial cytokines that were identified to
induce T, cell-like features in cultured CD4* T cells
were IL-6 and IL-21 (TABLE 1). However, subsequent
analyses of IL-6- and IL-21- or IL-21R-deficient mice
yielded conflicting results regarding the necessity of
these cytokines in regulating T, cell formation in vivo
(reviewed in REFS 23,24). Furthermore, recent studies
have provided greater insights into the roles of these
cytokines in T, cell commitment. Using several mouse
models of viral infection, investigators found varying
— and transient — degrees of impairment in T, cell
numbers in the absence of IL-6, but they observed
consistently reduced levels of virus-specific IgG***.
A more severe decrease in T, cell formation and pro-
tective IgG production occurred in the absence of both
IL-6 and IL-21 (REFS 42,44) (FIG. 1). This requirement
for IL-6 and IL-21 is consistent with reductions in the
number of T, cells in the absence of functional STAT3
(REFS 30,46), which acts downstream of both cytokines
(TABLE 1). Interestingly, the early reduction in the num-
ber of mouse T, cells in the absence of STAT3 was
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Figure 1| Cellular and molecular regulation of T, cell formation. Naive CD4* T cells interact with antigen-presenting
dendritic cells (DCs) in the interfollicular or T cell zones; DC-primed CD4* T cells acquire expression of CXC-chemokine
receptor 5 (CXCR5) and B cell lymphoma 6 (BCL-6) to become early T follicular helper (T ) cells. These cells then migrate
tothe T cell-B cell border and —following interactions with cognate B cells — differentiate into germinal centre T, cells.
This differentiation process is governed by signals provided by signal transducer and activator of transcription 3
(STAT3)-activating cytokines, including interleukin-6 (IL-6), IL-12, IL-21 and IL-27. These cytokines are secreted by DCs
(which produce IL-6, I1L-12 and IL-27), B cells (which produce IL-6 and possibly IL-27) and CD4* T cells (which produce
IL-21). Cytokine-mediated activation of STAT1 might also contribute to this process (not shown). These cytokines operate
individually or collectively to induce or enhance expression of the transcription factors BCL-6, MAF, basic leucine zipper
transcriptional factor ATF-like (BATF) and interferon-regulatory factor 4 (IRF4), which then imprint the T, cell fate on a

T cell by inducing the transcription of signature genes, including CXCR5, inducible T cell co-stimulator (ICOS), IL21 and
programmed cell death protein 1 (PD1). Cell—cell interactions among activated CD4* T cells, antigen-presenting DCs

and B cells also promote T cell formation. CD28-CD86, CD40 ligand (CD40L)-CD40 and ICOS-ICOS ligand (ICOSL)
interactions are central to this process. Notably, ICOSL expression on B cells is controlled through the opposing effects of
B cell-activating factor (BAFF) signalling via the distinct receptors BAFF receptor (BAFFR) and transmembrane activator
and CAML interactor (TACI). In addition, signalling lymphocytic activation molecule (SLAM) family receptors have a dual
role in T, cell generation: the recruitment of SLAM-associated protein (SAP) to these receptors facilitates and maintains
conjugate formation between T and B cells, whereas recruitment of inhibitory phosphatases (such as SH2 domain-
containing protein tyrosine phosphatase 1 (SHP1)) suppresses these interactions, thereby influencing the ability of

CD4* Tcellstoform T, cells and to support B cell responses. T, cell generation is restricted by B lymphocyte-induced
maturation protein 1 (BLIMP1), which is induced by IL-2 in a STAT5-dependent manner; BLIMP1 functions by repressing
the expression of BCL-6. IL-10 also suppresses T, cell formation, but it is unknown whether this is also mediated via
BLIMP1. APRIL, a proliferation-inducing ligand; BCR, B cell receptor; IL-10R, IL-10 receptor; NIK, NF-kB-inducing kinase;
NTBA, natural killer, T and B cell antigen (also known as LY108 in mice); PDL1, PD1 ligand 1.

also transient and not as severe as that observed in
IL-6-deficient mice, which indicates that there might

Whereas IL-21 is likely to be produced by CD4" T cells
themselves, IL-6 could be derived from activated B cells*,

be a requirement for an alternative signalling pathway
downstream of IL-6R*. Indeed, the T, cell deficit in
IL-6-deficient mice was recapitulated when STAT1 and
STAT3 were deleted from CD4* T cells, which indicates
that IL-6-mediated activation of both STATSs is required
for full T, cell development*. These results suggest
that significant functional redundancy exists between
IL-6 and IL-21, and that the relative importance of
either cytokine is related to the level of its production
at a given time and is inversely proportional to the levels
of other compensatory cytokines.

from dendritic cells (DCs)*” or from follicular dendritic
cells®. IL-6 expression by B cells or DCs has been shown
to promote IL-21 production by CD4" T cells that have
been activated in vitro***’, and B cell-derived IL-6 restored
T, cell numbers following transfer into mice that were
deficient in both IL-6 and IL-21 (REF. 44). Thus, although
interactions between DCs and naive CD4* T cells are
important in initiating the T, cell programme®, subse-
quent cognate interactions between these early T, cells
and antigen-specific B cells are required to ensure their
progression to a T, cell fate (FIG. 1).
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Follicular dendritic cells
Specialized non-haematopoietic
stromal cells that reside in
lymphoid follicles and germinal
centres. These cells possess
long dendrites and carry

intact antigen on their surface.
They are crucial for the
optimal selection of B cells
that produce antigen-binding
antibodies.

Although it is known that numerous cytokines can
promote T cell formation (reviewed in REFS 23,24)
(Supplementary information S1 (table)), much less is
known about the factors that restrain this process. An
important attribute of all T, cell lineages is their ability
to suppress the generation of cells with alternative effec-
tor fates' (TABLE 1). Thus, it is not surprising that TFH cell
formation can also be suppressed by several immunoreg-
ulatory cytokines. Impaired IL-10 signalling was shown
to promote T, cell formation through at least two sep-
arate mechanisms. First, IL-10R deficiency enhanced
T, cell function, as was shown by the increased anti-
body responses of cognate B cells following interactions
with I110rb~'- TFH cells. Second, the inability of DCs
to respond to IL-10 resulted in greater production of
IL-6, IL-23 and IL-12; this, in turn, contributed to an
increased frequency of T, cells in I110rb™'~ mice (FIG. 1).
Furthermore, I110rb™"~ T, cells expressed higher levels
of IL-17 and IL-21 than wild-type TFH cells, which indi-
cates that IL-10 regulates T, cells both quantitatively
and qualitatively*.

Importantly, the increased production of both
IL-17 and IL-21 substantially shaped humoral immune
responses in I110rb~'~ mice, as blockade of these cytokines
not only impeded T, cell formation but also reduced the
augmented antigen-specific antibody response*. Thus,
consistent with its ability to suppress T, ;1 and T 17
cells' (TABLE 1), IL-10 also negatively regulates T, cells.
However, the molecular mechanism through which
IL-10 exerts its repressive effect is unknown. T, cell
formation can also be limited by IL-2-STATS5 signal-
ling, which induces B lymphocyte-induced maturation
protein 1 (BLIMP1; also known as PRDM1) to suppress
BCL-6 function® (FIC. 1); therefore, IL-10-mediated
BLIMP1-induction might also contribute to the
inhibitory effect of IL-10 on T, cells.

Overall, positive and negative signals from numerous
receptors and cytokines fine-tune TFH cell formation,
homeostasis and function. Consequently, perturbations
in this balance might deregulate T , cell differentiation,
thereby accelerating disease development in genetically
susceptible hosts. The exact role of specific cytokines
in the regulation of human T cells remains unknown,
but the identification of individuals with inactivating
mutations in important cytokines and cytokine recep-
tors will shed light on these requirements.

T,, cell memory

Although T, cells are unquestionably important in
establishing B cell memory, the fate of T, cells that
are generated during GC reactions is unclear. Several
recent studies in mice have investigated whether
T, cells are short-lived effector cells or whether they
differentiate into long-lived memory-type cells that
can resume a T, cell state following re-exposure to the
same initiating antigen. Although both CXCR5*PD1""
T, cells and CXCR5"PD1* GC T, cells are gener-
ated following vaccination or infection, the number
of GC T, cells decreases more rapidly than that of
CXCR5'PD1"" T, cells***!. The decrease in GC T,
cells is partly due to their loss of the T, phenotype

rather than as a result of apoptosis. Thus, these ‘for-
mer’ T, cells most probably differentiate into memory
cells that downregulate CXCR5, PD1 and BCL-6, that
re-express CCR7, IL-7Ra and CD62L (also known as
L-selectin), and that persist for a long time.

To add further support to the idea that T, cells can
generate memory cells, it was recently shown that gene
expression profiles of early T, cells share many simi-
larities with precursor memory CD8* T cells**. Upon
subsequent antigenic challenge, these memory-like cells
form T, cells more quickly and promote GC forma-
tion and antibody production more effectively than
naive or memory cells that originated from non-T
cells®®*1>3-%°_Interestingly, it was shown that not all of
these cells adopted a T, cell phenotype, which indicates
that cellular plasticity might allow them to differentiate
into other T, cell subsets. A caveat to these studies is
the reliance on identifying T, , cells by phenotype alone.
In the future it would be useful to more precisely track
TFH cells in GCs and to determine their fate. However,
taken together, these data demonstrate that, at least in
mice, some T, cells can enter the memory pool and
can provide long-term protection following reinfection.

Antigen-specific T cells have also been identified
within the population of T, -like cells that is detected in
the peripheral blood of humans. These cells seem to be
more readily detected following recent antigen exposure,
which indicates that they exist as T -like cells or that
their precursors adopt a T, cell phenotype in response
to antigenic stimulation®**%”, as discussed below.

The expanding universe of T_ -like cells

T, cells that provide B cell help during responses to
‘conventional’ T cell-dependent antigens have been well
characterized, but ‘unconventional” subsets of T, cells
have also been identified, and these are discussed below.

Extrafollicular T, cells. Humoral immune responses
are initiated in extrafollicular areas of lymphoid tissues
where B cells differentiate into short-lived plasmablasts
following interactions with T, cells'>'**. Similar to
T,, cells, the formation of extrafollicular T, cells
requires BCL-6, and their function is mediated by
CD40L, ICOS and IL-21 (ReF. 26). However, extrafollicu-
lar T,, cells do not express high levels of CXCRS5; rather,
they are attracted to these sites by the CXCR4- CXCL12
(CXC-chemokine ligand 12) axis®*. Extrafollicular
T, cells might also give rise to GC T, cells following
interactions with cognate B cells'*****,

NKT,, cells. Natural killer T (NKT) cells are innate-
like T cells expressing a semi-invariant T cell receptor
(TCR) that recognizes lipid antigens presented by the
non-polymorphic MHC molecule CD1d. The ability
of the NKT cell population to rapidly expand and to
produce effector cytokines following encounter with an
antigen — typically a-galactosyl ceramide (aGalCer) —
links the innate and adaptive immune responses. NKT
cells can initiate or enhance antibody responses to lipid
and protein antigens via cognate®**” and non-cognate®’
mechanisms, respectively.
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vo T cells

T cells that express the y8 T cell
receptor. These T cells are
present in the skin, vagina

and intestinal epithelium as
intraepithelial lymphocytes.
Although the exact function of
y8 T cells is unknown, it has
been suggested that mucosal
y8 T cells are involved in innate
immune responses.

Recent studies have reassessed the nature of NKT
cells that provide B cell help. It was shown that follow-
ing immunization with aGalCer-antigen conjugates,
a small proportion of mouse NKT cells acquired a
T,,,-like phenotype®>®. These NKT follicular helper
(NKT,,,) cells were detected in human tonsils®> and
their development depended on the same factors that
are important for conventional T, cells®’. By produc-
ing IL-21, NKT,, cells supported the rapid formation of
GCs, yielding detectable levels of antigen-specific IgG,
with some evidence of affinity maturation®* (FIC. 2).

Although NKT,, cells resembled T, cells, the
most striking difference was their inability to invoke
long-lived memory responses to lipid antigens (FIC. 2).
Furthermore, the magnitude of the NKT,, cell-induced
antibody responses to lipid antigens was inferior to
those driven by conventional T, cells®**. Despite this,
administering aGalCer as an adjuvant or as a conju-
gated component of immunizing antigens increased
the production of antigen-specific antibodies. This
probably reflects the direct actions of NKT , cells on
antigen-specific CD1d" B cells, as well as the indirect
actions of NKT, cells, such as cytokine production, on
other cell types®*-*'. It might also indicate that there is
synergy between NKT,_ and T, cells. Taken together,
these findings support the inclusion of aGalCer in
vaccine adjuvants.

yd T, cells. The finding that mice and humans lack-
ing the conventional af TCR have T, cells that elicit
humoral responses against T cell-dependent antigens
led to the realization that yd T cells can provide help
to B cells to generate GCs®. Similar to conventional
T,,, cells, some human yd T, cells express CXCR5
and localize to follicles and GCs®-%. y§ T cells express
a semi-invariant TCR repertoire and recognize non-
peptidic phosphoantigens that are derived from micro-
bial metabolites®. These antigens rapidly activate
y8 T cells, which can subsequently acquire T, cell fea-
tures®*%%’; the differentiation of y§ T cells to T, -like
cells is increased by exogenous IL-21 (REFS 68,69) (FIC. 2).
As y8 T cells do not produce IL-21 (REFS 68,69), they
are dependent on extrinsic sources of this cytokine to
differentiate into Ty -like cells.

As conventional CD4* T cells, y§ T cells and NKT
cells recognize different repertoires of microbial anti-
gens, their ability to differentiate into T,-like effec-
tor cells provides a mechanism whereby humoral
immunity can be generated against a broad range of
pathogen-associated antigens (FIC. 2). This expands
the number of molecular targets that initiate protec-
tive immunity, but it might also contribute to post-
infection autoimmunity by generating cross-reactive
autoantibodies'>”° (BOX 2).

Follicular T, cells. Recent studies have proposed that
T, cells are controlled by follicular T, cells — a spe-
cialized subset of T, _ cells that colocalize within B cell
follicles. Follicular T, -like cells were first described
in human tonsils in 2004 (REF. 71), but it took another
7-8 years for them to be examined in greater detail.

REVIEWS

Follicular T, cells comprise approximately 10-15%
of the T, cell population in human and murine lym-
phoid tissues” 7. They show characteristics of both
T, cellsand T, cells, but they lack expression of CD40L,
IL-4 and IL-21 (REF. 73). Abrogating either follicular T,
cell development or their follicular localization was
shown to enhance GC responses and subsequent anti-
body production’”. Although follicular T, _cells show
similar requirements to conventional T , cells for their
development”, they actually originate from thymus-
derived T, cells, rather than from peripherally derived
Ty 0r Ty cells. Similar to other specialized T, cell sub-
sets that have evolved to selectively control THI, THZ and
TH17 cells”, follicular TReg cells seem to have co-opted
the transcriptional machinery of T, cells to migrate
into GCs to exert their regulatory effects’ 7.

PD1 is more highly expressed on follicular T, cells
than on T, cells. Interestingly, PD1 or PDL1 deficiency
was shown to favour the development of follicular

R cells but not T cells41 Furthermore, PD1-deficient
follicular T cells were more effective than normal
follicular T, cells at impeding T, cell-mediated
B cell differentiation*’. Thus, PD1 seems to negatively
regulate not only the development and maintenance of
follicular T, cells but also their suppressive func-
tion. The increase in the number of follicular T, cells
compared with T, cells, together with the increased
suppressive function of PD1-deficient follicular T,
cells”!, might explain some of the discrepancies in the
findings regarding the consequences of PD1 deficiency
on T, cell-dependent B cell responses™-.

The mechanisms by which follicular T, cells attenu-
ate humoral immunity remain unknown. Follicular
TReg cells express ILI0 mRNA” (TABLE 1), and IL-10 can
attenuate T, cell formation in normal* and autoim-
mune’® settings. Thus, follicular TReg cell-derived IL-10
might be one means by which T, cell-mediated B cell
responses are regulated. However, as follicular T, and
o cells express similar levels of IL-10, it is difficult to
predict how follicular T, -derived IL-10 would affect
., cells in a different manner to their own endogenous
IL 10 Although it is known that follicular T, _ cells are
likely to limit GC reactions by impeding both T, cells
and GC B cells, therapeutically exploiting the i 1mmuno—
regulatory function of follicular T, cells will require
further delineation of their mechanism of action.

Human circulating T, -like cells

As access to human lymphoid tissues is limited, stud-
ies of human T, cells have exploited the fact that
CD4*CXCR5* T cells comprise a small subset of circu-
lating lymphocytes*’. However, there are clear differ-
ences between CD4*CXCR5* T cells in the blood and
those in the tonsils. For instance, CD4*CXCR5* T cells
in the blood do not express BCL-6 and their expres-
sion of ICOS and PD1 is substantially lower than that
of T, cells*>*7*7 Despite this, in vitro-cultured blood-
derived CD4*CXCR5* T cells produce more IL-21, IL-10
and CXCL13 — which are all features of T, cells*” —
and are more efficient at inducing B cell differentiation
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Figure 2| T, cell subsets with specialized effector functions. Naive CD4* T cells, naturalkiller T (NKT) cells and

y8 T cells can all differentiate into T follicular helper (T ) cells following instructive signals that are derived from
antigen-presenting cells. These cells share many features, including their requirements for differentiation, their
expression of transcription factors and their surface phenotype, which underlies their ability to induce B cell
differentiation. Extrafollicular T helper (T ) cells, NKT follicular helper (NKT, ) cells and T, cells require inducible

T cell co-stimulator (ICOS), B cell lymphoma 6 (BCL-6), SLAM-associated protein (SAP) and CD28 signalling for their
differentiation, which occurs in vitro and in vivo in the presence of B cells. yd T, cells also express ICOS, but the
molecular requirements for their generation remain unknown. Extrafollicular T,, cells provide help to B cells outside
the follicles; unlike other T_ -type cell populations, these cells do not express CXC-chemokine receptor 5 (CXCR5).
Rather, their localization to extrafollicular areas seems to be mediated by CXCR4. NKT,, cellsand T, cells support the
rapid formation of GCs and the generation of antigen-specific antibodies in an interleukin-21 (IL-21)-dependent
manner. T, and y§ T, cells might also support GC responses by secreting IL-4 and IL-10. y§ T,,, cells do not express IL-21
but might rely on exogenous IL-21 expression for their T, cell function. T, cells respond to protein antigens and induce
long-lived serological memory. Thus, they have a central role in pathogen-specific responses as well as in several
immunopathologies. NKT_, cells respond to glycolipid antigens and induce antibody responses of a lower magnitude
than those induced by T, cells. NKT_, cells might have a role in antibody responses against pathogens that express
glycolipid antigens such as Borrelia hermsii, Streptococcus pneumonia and Plasmodium falciparum®**. As y§ T cells
recognize microbial metabolites, y5 T, cells might have an adjuvant role in responses to most infectious pathogens.
Extrafollicular T , cells have been most effectively characterized for their role in disease pathogenesis in murine models
of human autoimmunity?. These cells might also represent precursors of T, , cells". CD40L, CD40 ligand; DC, dendritic
cell; ICOSL, ICOS ligand; IL-21R, IL-21 receptor; SLAM, signalling lymphocytic activation molecule; TCR, T cell receptor.
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Sjogren’s syndrome

A systemic autoimmune
disease in which
autoantibodies target and
destroy exocrine glands
such as the tear ducts and
the salivary glands.

than CD4*CXCR5™ T cells**”®. Thus, human circulating
CD4*CXCR5* T cells have some features of TFH cells, which
indicates that precursors of circulating CD4*CXCR5*
T cells might have experienced some aspects of a ‘T, cell
differentiation programme’ in vivo.

Interestingly, subsets of circulating CD4*CXCR5*
T cells that have distinct effector functions also exist.
By assessing the expression of CXCR3 and CCR6 —
chemokine receptors that are associated with T 1 and
T, 17 cells, respectively — CD4*CXCR5" T cells could
be classified into T 1-like, T, 17-like and T 2-like
(CXCR37CCR67) T, cell subsets™. Interestingly, the
T,2- and T 17-like T, cell subsets were shown to
produce higher levels of IL-21 and to induce naive
B cell differentiation more efficiently than the T 1-like
T, cell subset. This showed that there is substantial
heterogeneity among blood-derived CD4*CXCR5*
T cells and potentially clarified previous findings
indicating that circulating CD4*CXCR5" T cells might
be inefficient ‘helpers’ for B cell differentiation®.

Despite the improved characterization of circu-
lating CD4"CXCR5* T cells, their exact relationship
with GC T, cells remains incompletely defined. It is
also unclear what functional role BCL-6 has in blood-
derived CD4*CXCR5* T cells, as it does not seem to be
required for their persistence, expression of CXCR5,
production of IL-21 or for their ability to induce B cell
differentiation. Kinetic analysis of T, cell activation
in mice showed that although BCL-6 is expressed by
developing T, cells, it is downregulated at later time
points”. Apart from BCL-6 expression, there seemed
to be few differences between BCL-6" and BCL-6~
T, cells with respect to their expression of important
T,,, cell-related genes”™. This indicates that although
BCL-6 is required for TFH cell formation, it might be
dispensable for their maintenance following antigen
clearance and the resolution of an immune response.
Furthermore, BCL-6- TFH cells upregulated II7r and
Ccr7 and downregulated the cell cycle machinery”.

Thus, T, cells probably yield a population of
cells that exit the GC and lymphoid tissues, and that
return to the circulation as a population of quiescent
memory-type CD4*CXCR5" T cells.

Human T_, cells in immunity and disease
Dysregulated behaviour of T, cells and extrafolli-
cular T, cells has been found to contribute to auto-
immune or immune-deficient states in several mouse
models of human disease'®**?*. Consequently, there
is great interest in determining the role of T, cells in
human disease. Although the exact nature of circulat-
ing CD4*CXCR5* T cells in humans remains unclear,
investigation of this population of cells in various
contexts has nonetheless provided important insights
into their potential functions during normal immune
responses and in immunopathologies (TABLE 2).

Circulating CD4*CXCRS5"* T cells as biomarkers of effec-
tive humoral immunity. Long-lived T cell-dependent
antibody responses underlie the success of most vac-
cines that are currently in use. For this reason, there is

REVIEWS

growing interest in identifying appropriate biomarkers
of successful vaccination. Several publications reported
the outcomes of immunization against influenza dur-
ing the 2009 HIN1 epidemic. These studies included
healthy individuals and a cohort of HIV-infected indi-
viduals. Whereas all healthy individuals generated
protective levels of HIN1-specific IgG 4 weeks after
vaccination, such a response was observed in only 50%
of HIV-positive individuals. Successful induction of
HI1NI-specific IgG coincided with significant increases
in both serum levels of IL-21 and frequencies of cir-
culating CD4*CXCR5"* T cells and memory B cells***';
this correlated with titres of serum HIN1-specific
antibodies®. Thus, the ability of the HIN1 vaccine to
induce protective antibody responses correlated with
the induction of detectable features of T, cell-mediated
immunity®8!,

Another study found that the emergence of
CD4*CXCR5*CXCR3*ICOS* T cells in influenza-
vaccinated individuals correlated with increased lev-
els of neutralizing antibodies and — in adults — with
the appearance of circulating plasmablasts®’. This was
unexpected, as it was previously found that circulat-
ing CXCR3* T, -like cells were poor inducers of naive
B cell differentiation and that they did not produce
IL-21 (REF 56). However, CD4*CXCR5*CXCR3*ICOS*
T cells did promote the differentiation of memory, but
not naive, B cells into plasmablasts in vitro through the
production of IL-10 and IL-21 (REF. 57). This suggests
that increased numbers of CD4*CXCR5'CXCR3*ICOS*
T cells could be used as an indicator of the develop-
ment of protective antibody responses from pre-exist-
ing memory B cells, rather than of primary responses
of naive B cells”. Despite this conclusion, it remains
unknown which signals induce IL-21 expression in
CD4*CXCR5*CXCR3*ICOS* T cells and why these cells
fail to activate naive B cells even though they express
CD40L, IL-10 and IL-21, which, in combination, can
strongly induce the differentiation of naive B cells to
plasmablasts®>#3.

Taken together, these studies show that quantifying
the frequencies of circulating CD4*CXCR5* T cells, or
of their subsets, is a reliable predictor of vaccine suc-
cess and of the magnitude of the induced response™ %!,
It also allowed for the separation of vaccine respond-
ers from non-responders®®'. Understanding why some
individuals failed to elicit a substantial vaccine-specific
T, cell-dependent antibody response might facilitate
the development of improved vaccination strategies,
particularly in individuals with suboptimal humoral
immunity.

Autoimmune diseases. The detection of CD4*CXCR5*
T cells and CXCL13 in organs that are affected by
autoimmune disorders, such as the salivary glands
in Sjogren’s syndrome, suggested that aberrant T, cell
development can drive autoimmunity®. As a result of
this finding, several studies have assessed the possibil-
ity of enumerating circulating CD4*CXCR5* T cells as
a potential biomarker of autoimmune diseases, espe-
cially given the difficulty of accessing and analysing

NATURE REVIEWS ‘ IMMUNOLOGY

VOLUME 13 [ JUNE 2013 [ 421

© 2013 Macmillan Publishers Limited. All rights reserved




REVIEWS

Table 2 | Human diseases associated with aberrant T_, cell function

Human disease

Autoimmunity

Systemic lupus erythematosus

Sjégren’s syndrome

Rheumatoid arthritis

Juvenile dermatomyositis

Autoimmune thyroid disease
(Graves’ disease or Hashimoto’s

thyroiditis)

Myasthenia gravis

Immunodeficiency

X-linked lymphoproliferative

disease

CVID (ICOS deficiency) and
hyper-IgM syndrome (CD40 or

CDA40L deficiency)

AD-HIES (STAT3 deficiency)

HIV

Lymphoma
AITLand FTCL

T, cell-related phenotype

e Increased frequencies of circulating
CD4*CXCR5*PD1" cells, CXCR5*ICOS" cells or
ICOSM T cells

® Increased serum levels of IL-21 and CXCL13

e Increased frequencies of circulating CD4*PD1"
T cells, CD4*CXCR5*ICOSM T cells or
CD4*CXCR5*CCR6* (T ,17-type) T cells

¢ Increased frequencies of circulating
CD4*CXCR5PD1" cells or CD4*CXCR5*ICOS"
Tcells

e Increased serum levels of IL-21

*Increased T 2- and T,17-like subsets among
circulating CD4*CD45RO*CXCR5* T cells

e Increased frequencies of circulating
CD4*CXCR5*PD1" T cells or CD4*CXCR5*ICOS"
Tcells

* Increased frequencies of circulating CD4*CXCR5*
T cells or CXCR5*CD57* T cells

* Normal frequency of circulating CD4*CXCR5*
T cells but impaired helper function in vitro

¢ Reduced frequency of circulating
CD4*CD45RO*CXCR5* T cells

¢ Reduced frequency of circulating
CD4*CD45RO*CXCR5* T cells

¢ Impaired generation of T_ -like cells from naive
precursors in vitro

* Increased frequency of T, cells in lymph nodes of
HIV-infected individuals

* Enrichment of HIV-specific CD4* Tcellsin the T
cell compartment

¢ Increased number of CXCR5*PD1"ICOSMOX40+S
AP"BCL-6*MAF* malignant cells
* Detectable expression of CXCL13 and IL-21

Correlated pathology

Refs

e Increased severity of end-organ damage 77,85,94
* Higher serum levels of dsDNA-specific

autoantibodies

* Higher serum levels of autoantibodies 77,93

e Higher serum levels of CCP-specific 90,92
autoantibodies
¢ Higher disease score and serum levels of IL-21-

and CCP-specific autoantibodies

e Higher disease score 56
* Increased number of circulating plasmablasts

* Increased titres of serum autoantibodies 91
against thyroid stimulating hormone receptor
and thyroglobulin

* Increased disease severity 86,87

e Impaired cytokine production, ICOS 17,96

expression and B cell help in vitro

¢ Impaired development of T_ cells owing to an 29
inabilty to form GCs

* Inability of naive CD4* T cells to express IL-21 46
and to provide help to B cellsinresponse to T,
cell-inducing cytokines (for example, IL-12)

e Positive correlations with plasma viraemia, 99,101
numbers of GC B cells and plasma cells,
hypergammaglobulinaemia and virus-specific

antibodies

* Might be correlated with aberrant humoral 104-111
features such as follicular hyperplasia, hyper-
gammaglobulinaemia and autoantibody

production in these PTCLs

AD-HIES, autosomal dominant hyper-IgE syndrome; AITL, angioimmunoblastic T cell lymphoma; BCL-6, B cell lymphoma 6; CCP, cyclic citrullinated peptide;
CCR6, CC-chemokine receptor 6; CD40L, CD40 ligand; CVID, common variable immunodeficiency syndrome; CXCL13, CXC-chemokine ligand 13;

CXCRS5, CXC-chemokine receptor 5; dsDNA, double-stranded DNA; FTCL, follicular T cell ymphoma; GC, germinal centre; ICOS, inducible T cell co-stimulator;
IL, interleukin; PD1, programmed cell death protein 1; PTCL: peripheral T cell ymphoma; SAP, SLAM-associated protein; STAT3, signal transducer and activator

of transcription 3; T,

Tfollicular helper; T,

Systemic lupus
erythematosus

(SLE). An autoimmune disease
in which autoantibodies that
are specific for DNA, RNA or
proteins associated with
nucleic acids form immune
complexes. These complexes
damage small blood vessels,
especially in the kidneys.
Patients with SLE generally
have abnormal B and T cell
function.

Thelper.

™

secondary lymphoid organs in affected individuals.
Early studies showed increases in the frequency of
CD4'ICOS"' T cells in the peripheral blood of patients
with systemic lupus erythematosus (SLE)®® and in the
frequency of CD4*CXCR5* T cells in the peripheral
blood of patients with myasthenia gravis. Furthermore,
in myasthenia gravis, the frequency of CD4*CXCR5*
T cells in the circulation positively correlated with
clinical disease scores®*”. Subsequent studies reported
increases in circulating CD4*CXCR5*ICOSMPD1"
T cells in some patients with SLE or Sjogren’s syndrome,
and these were shown to correlate with autoantibody
titres, frequencies of circulating GC B cells, plasma cells
and disease severity””**®, Increased frequencies of cir-
culating CXCR5'ICOS" or CD4"CXCR5'PD1'T cells

have also been observed in patients with rheumatoid
arthritis and autoimmune thyroid diseases (Graves’
disease and Hashimoto’s thyroiditis), and have been
shown to be accompanied by elevated levels of serum
autoantibodies**** (TABLE 2).

Furthermore, it was found that the T 2- and T ;17
(but not T, 1)-like CD4*CXCR5" T cell subsets that
provide B cell help are increased in juvenile dermato-
myositis®. In light of this observation, circulating
CD4*CXCR5" T cells from patients with Sjogren’s syn-
drome were re-examined with respect to their T, -like
phenotypes®. A positive correlation was found between
the levels of serum autoantibodies and the numbers
of circulating CD4*CXCR5* T cells, particularly with
regard to those that also expressed CCR6 (TABLE 2).
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Myasthenia gravis

A chronic autoimmune
disease that involves the
generation of T cell-dependent
autoantibodies that are
specific for the acetylcholine
receptor. These antibodies
interfere with the transmission
of signals at neuromuscular
junctions.

Rheumatoid arthritis

An immunological disorder
that is characterized by
symmetrical polyarthritis,
often progressing to crippling
deformation after years of
synovitis. It is associated with
systemic immune activation
and the presence of
acute-phase reactants in the
peripheral blood, as well as
rheumatoid factor
(immunoglobulins that are
specific for 1gC), which forms
immune complexes that are
deposited in many tissues.

Graves’ disease

A type of autoimmune disease,
and the most common form of
hyperthyroidism in humans.

It results from activating
antibodies that are specific

for the thyroid stimulating
hormone receptor (TSHR).

In mouse models of Graves’
thyroiditis, the disease is
induced by immunization

with the TSHR.

Hashimoto’s thyroiditis

An autoimmune disease in
which self-reactive B cells
and T cells target the thyroid,
resulting in hypothyroidism.

Juvenile dermatomyositis
A chronic, multisystem
autoimmune and inflammatory
disease involving muscle,

skin, blood vessels, the
gastrointestinal tract and
other organs. Autoantibodies
are often detected in these
patients, but their specificities
have not yet been completely
defined.

As these CD4*CXCR5*CCR6* T cells did not produce
IL-17 (REF. 93), this study highlighted the possibility that
CD4*CXCR5*CCR6* T cells are not strictly T ,17-like
T,,, cells, but that they acquire CCR6 expression to
facilitate migration to inflamed tissues.

Although some studies did not detect increases
in T, -like cells in SLE** and rheumatoid arthri-
tis*, the concept has emerged that levels of circulat-
ing CD4*CXCR5* T cells are generally increased in
humoral autoimmune conditions. As this increase is
usually correlated with clinical disease, the frequency
of circulating CD4*CXCR5* T cells or the serum levels
of IL-21, which are both indicative of TFH cell activ-
ity, seem to be useful biomarkers for predicting dis-
ease outcome. Furthermore, in patients with SLE, both
the increased frequency of circulating CD4*CXCR5*
T cells and the clinical manifestations that are associ-
ated with this disease were reduced following cortico-
steroid treatment®. This indicates that T, cells are
likely to contribute to disease pathogenesis, and it
highlights the possibility of targeting T, cells to effec-
tively treat antibody-mediated autoimmune conditions.
However, it remains to be determined whether the
association between autoimmunity and the expansion
of the population of T, cells might reflect the activa-
tion of self-reactive T, cells or whether might reflect
the increased stimulation of GC B cells producing
cross-reactive autoantibodies as a result of increased
T, cell help>”® (BOX 2).

Primary immunodeficiencies. Several primary immu-
nodeficiencies have been associated with genetic
defects that might affect T, cell differentiation and
function. Mutations in the gene encoding SAP cause
XLP*, whereas mutations that affect the genes encod-
ing CD40L and ICOS cause hyper-IgM syndrome and
common variable immunodeficiency, respectively?.
Important features of these immunodeficiencies
include impaired humoral immune responses and a
paucity of well-formed GCs in secondary lymphoid
tissues®. The numbers of circulating CD4*CXCR5*
T cells are considerably decreased in CD40L- or ICOS-
deficient individuals®. Although patients with XLP
have normal numbers of CD4*CXCR5* T cells, possibly
as a result of persistent activation with viral antigens’,
their CD4" T cells fail to acquire features of T, cells
in vitro'”*° (TABLE 2).

Patients with autosomal dominant hyper-IgE syn-
drome — a primary immunodeficiency that is caused
by mutations in STAT3 — also show impaired func-
tional antibody responses®. These patients have a par-
tial deficiency in numbers of circulating CD4*CXCR5*
T cells, and their naive CD4" T cells fail to differentiate
into T, -like cells in vitro*. STAT3 is likely to func-
tion downstream of several cytokines — including
IL-6, IL-12, IL-21 and IL-27 — which indicates that
signal integration among multiple cytokine receptors
is required for TFH cell formation® (TABLE 1). Patients
with mutations in IL12RBI, which encodes IL-12Rf1,
also have fewer circulating CD4'CXCR5"* T cells”. This
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correlates with reduced numbers of memory B cells,
abnormal GCs and low-avidity antibody responses
to tetanus. Interestingly, antibody responses follow-
ing natural infections or vaccination have been shown
to be unaffected — or even enhanced — by IL-12Rf1
deficiency, and the defect in circulating CD4*CXCR5*
T cells improved with age®”. Thus, IL-12 signalling may
only be required for T, cell formation and function
early in life and for responses to only some antigens (for
example, antigens that are derived from non-replicating
pathogens)?’.

Taken together, these analyses of monogenic immu-
nodeficiencies showed that CD40L, ICOS, SH2DIA,
STAT3 and possibly ILI2RBI are required for T, cell
formation, function and/or maintenance. These stud-
ies also provided further correlative evidence that cir-
culating CD4*CXCR5* T cells are related to bona fide
T, cells, as a deficit in CD4*CXCR5* T cells mimicked
a deficiency of GCs and presumably lymphoid organ-
resident T, cells. Importantly, the impaired formation
and/or function of circulating CD4*CXCR5* T cells
is associated with compromised humoral immune
responses, which highlights the contribution of T, , cells
to successful T cell-dependent antibody responses. As
some immunodeficiencies are associated with mutations
in TACI and BAFFR?, and as studies in mice indicate
that these receptors modulate T, cell formation®?, it
will be interesting to assess the formation and function
of circulating T, -type cells in individuals with these
genetic lesions.

Acquired immunodeficiencies. CD4* T cells are targets
of HIV infection and are therefore depleted in infected
individuals. Paradoxically, several aspects of humoral
immunity are augmented following HIV infection,
including polyclonal B cell activation, the appearance of
peripheral blood plasmablasts and hypergammaglob-
ulinaemia®®. To investigate the basis for these contrast-
ing phenomena, T, cells have recently been assessed
in individuals with HIV and in simian immuno-
deficiency virus (SIV)-infected macaques. A marked
accumulation of T, cells was observed in the lymph
nodes both of individuals with chronic HIV infection
and of macaques that were chronically infected with
SIV40:9-102 Tnterestingly, a substantially higher pro-
portion of T, cells were specific for HIV compared
with effector and memory CD4* T cell subsets®'"!
(TABLE 2). T, cells were found to be infected with
SIV or HIV!-102/ and human TFH cells were shown
to contain substantially more copies of HIV DNA
than naive, memory or effector T cell populations'.
Strikingly, human T, cells were also better at sup-
porting viral replication and infection of susceptible
host cells'". Furthermore, T, cells that were present
during chronic infection seemed to be persistently
activated® %!, unlike those in uninfected donors.
Thus, ongoing antigenic stimulation of activated CD4*
T cells in HIV-infected individuals might cooperatively
drive these cells to a T, cell fate. Sustained signalling
through IL-6R — which is highly expressed on T,
cells derived from both normal donors and those with
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Isocitrate dehydrogenase 2
(IDH2). An enzyme that
catalyses the oxidative
decarboxylation of isocitrate
to 2-oxoglutarate and is a
component of the tricarboxylic
acid cycle. Mutations in IDH 1
and IDH3 have been detected
in glioma, glioblastomas and
acute myeloid leukaemia.

TET2

The TET2 gene encodes an
oxygenase that catalyses the
oxidation of 5-methylcytosine
to 5-hydroxymethylcytosine to
alter the epigenetic status of
DNA. Itis frequently mutated
in human lymphomas.

Roquin

A RING-type ubiquitin ligase
that represses the expression
of inducible T cell co-stimulator
(ICOS), thereby restraining

the development and function
of T follicular helper cells.

A mutation in the Roquin (also
known as Rc3h1) gene results
in lupus-like disease in mice.

chronic HIV or SIV infection'®'*'> — in response to
IL-6, which is abundantly produced during HIV infec-
tion®, might also cooperatively drive these cells to a
T, cell fate*. As IL-2 can suppress T, cell differen-
tiation®, it is possible that the loss of IL-2-producing
T cells following HIV infection'®* also contributes to
the increased numbers of T, cells in HIV-infected
individuals.

The increase in T, cell numbers has functional
consequences for humoral immunity during HIV
infection. Thus, the frequency of T, cells positively
correlates with plasma viraemia, the numbers of GCs
and plasma cells, the levels of virus-specific IgG and
the onset of hypergammaglogulinaemia®-*-'! (TABLE 2).
Furthermore, antiretroviral therapy has been shown
to reduce the frequencies of T, cells, GC B cells and
plasma cells, as well as the numbers of HIV-specific and
HIV-infected T, cells'”". These findings strongly indi-
cate that the expansion of the T, cell population and
the subsequent dysregulated antibody response might
be driven by chronic viral infection.

It is possible that increases in HIV-specific
T, cells would result in protective HIV-specific anti-
body responses; however, these are usually not broadly
neutralizing®. It was recently found that although
T, cells from uninfected and HIV-infected individu-
als show similar phenotypes and express comparable
levels of cytokines, the T, cells from HIV-infected
individuals were unable to promote B cell differentia-
tion in vitro* as a result of heightened PDL1 expres-
sion on GC B cells, which inhibits TFH cell function via
PD1 (REF. 40). This extrinsically mediated functional
impairment of T, cells might contribute to the inabil-
ity of HIV-infected individuals to generate neutralizing
HIV-specific antibodies. Elucidating mechanisms to
promote the effector function of HIV-specific T, cells
— for example, through PD1-PDL1 blockade — might
facilitate the development of improved HIV vaccines.

Malignancies. Peripheral T cell lymphomas (PTCLs)
are rare haematological malignancies constituting
approximately 5-10% of all non-Hodgkin’s lympho-
mas. PTCLs include angioimmunoblastic T cell lym-
phoma (AITL), follicular T cell lymphoma (FTCL) and
PTCL-not otherwise specified (PTCL-NOS)!*!1%,
Morphological, phenotypic and molecular character-
ization of malignant cells in AITL has shown that these
cells have many of the features of T, cells'*"'" (TABLE 2).
In a substantial proportion of cases of FTCL, which was
previously considered to be a follicular variant of PTCL-
NOS, the malignant cells were also found to show T,
cell traits'®1%111 Tmportantly, the assessment of a set
of T,,, cell-related genes in different malignancies led
to the reclassification of several cases of PTCL-NOS as
AITL', which demonstrates the robustness of molecu-
lar diagnoses of PTCLs. These studies established that
numerous PTCLs probably arise from normal T, cells.
Some of the cardinal features of AITL and FTCL include
B cell activation, follicular hyperplasia, hypergamma-
globulinaemia and autoantibody production!*®"*!!,
These humoral immunity-associated features of AITL

and FTCL probably reflect the dysregulated activity of
malignant TFH cells, which parallels the aberrant func-
tion of T, cells in autoimmunity. Thus, it might be
possible to treat these features of AITL and FTCL by
targeting T, cell-related molecules — such as PD1,
CXCL13 and IL-21 — that are abundantly expressed
in these diseases.

Itis unknown why T cells give rise to several types
of PTCLs. Interestingly, T, , cells undergo prompt apo-
ptosis, at least in vitro®, which indicates that the mecha-
nisms that control their survival might be stringently
regulated. Thus, the molecular lesions that override
T,,, cell apoptosis may contribute to the malignant
transformation of these cells.

Cytogenetic abnormalities occur infrequently in
PTCLs!'%1%, However, mutations in isocitrate dehydro-
genase 2 (IDH2) and TET2 were recently detected in
approximately 25% and 45% of cases of AITL, respec-
tively, and TET2 was also shown to be mutated in
approximately 30% of cases of PTCL-NOS"#!** In
AITL, there was no difference in clinical outcome
between patients with IDH2 mutations and those
without IDH2 mutations'”’. However, patients with
TET2 mutations were associated with more advanced
disease and poorer clinical outcome than patients with-
out TET2 mutations'*. How TET2 mutations lead to
the transformation of T, cells remains to be deter-
mined. Interestingly, a novel mouse model of AITL
was recently reported in which 50% of mice that were
heterozygous for the Roguin (also known as Rc3hI)
allele developed AITL-like disease'". This model might
provide important insights into the pathophysiology of
AITL in humans and might facilitate preclinical test-
ing of potential therapeutics. It also raises the possibil-
ity that heterozygous mutations in ROQUIN underlie
AITL in some individuals.

Conclusions

Nearly half a century has passed since Jacques Miller
first described the fundamental requirement for thy-
mus-derived cells to support antigen-specific anti-
body production’®. It has taken a substantial period
of time to identify the T cell subset that is responsible
for mediating B cell responses but in the past decade
there have been important advances in our knowledge
and understanding of the molecular and cellular biol-
ogy as well as the function and regulation of T, cells.
Indeed, we now have an appreciation of how these
cells operate during normal immune responses and,
perhaps more importantly, how they might underlie
immunological diseases as diverse as autoimmunity,
immunodeficiency and lymphomas. These rapid dis-
coveries in T, cell biology should allow us to exploit
these cells (as well as their associated receptors,
cytokines, chemokines and biochemical pathways) for
the development of novel therapeutics to treat these
conditions, as well as for the development of next-
generation vaccines to induce sustained protection
against infection. Hopefully it will not take another
50 years before T, cell-targeted therapies are available
to improve human health.
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