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Abstract

Follicular helper T (Tgp) cells are essential for B-cell maturation and immunoglobulin production
after immunization with thymus-dependent antigens. Nevertheless, the development and function
of Ty cells have been less clearly defined than classic CD4™* effector T-cell subsets, including T-
helper-1 (Ty1), Ty2 and Ty17 cells. As such, our understanding of the genesis of Tgy cells in
humans and their role in the development of autoimmunity remains incomplete. However,
evidence from animal models of systemic lupus erythematosus (SLE) and patients with systemic
autoimmune diseases suggests that these cells are necessary for pathogenic autoantibody
production, in a manner analogous to their role in promotion of B-cell maturation during normal
immune responses. In this Review, | discuss the findings that have increased our knowledge of
Trp-cell development and function in normal and aberrant immune responses. Such information
might improve our understanding of autoimmune diseases, such as SLE, and highlights the
potential of Tgy cells as therapeutic targets in these diseases.

Introduction

CD4* T cells have a crucial role in helping B cells produce antibodies in response to
challenge with foreign antigens. The interaction between these cell types typically occurs in
germinal centres (GCs) located within the B-cell follicles of secondary lymphoid organs—
sites of immunoglobulin affinity maturation and isotype switching. GCs are formed during
T-cell-dependent (thymus-dependent) immune responses, which involve a specialized CD4*
T-cell subset, follicular helper T (Tgy) cells. The Tgy cells localize to B-cell follicles and
provide B cells with important survival and differentiation signals, via proteins including
CDA40 ligand (CDA40L, also known as CD154), programmed death-1 (PD-1), and IL-21. Tgy
cells also produce factors essential for B-cell selection and maturation into memory B cells
or long-lived antibody-secreting plasma cells. During T-cell-dependent immune responses,
extrafollicular foci of plasmablasts form in the red pulp of the spleen and the medullary
cords in lymph nodes; this process also requires CD4" T cells with features characteristic of
Trp cells. Similarly, pathogenic autoantibodies seem to be produced via both GC and
extrafollicular pathways in systemic autoimmune diseases. These activities of Ty cells—
and cells with similar properties that promote extrafollicular responses—differ from those of
conventional CD4"* effector T cells. When aberrantly regulated, cells of the classical’
effector T-helper-1 (Ty1), T42 and T17 subsets can migrate to the periphery, where they
augment inflammation, as occurs in the kidney in systemic lupus erythematosus (SLE) or in
the brain in multiple sclerosis, or in allergic responses—in the asthmatic lung, for example.
The influence of Tgy cells on B-cell responses plays an equally important part in the
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development and perpetuation of systemic autoimmunity. In this Review, | describe the
development and characteristics of T cells, and discuss the functions of these cells during
normal immune responses and in autoimmune disease in mice and humans.

Effector CD4* T helper cells

T helper cells are central to the regulation of immune responses. In primary immune
responses, CD4* T cells promote immunoglobulin affinity maturation and class switching in
B cells, and inflammatory and allergic events in parenchymal tissues. CD4* T-cell subsets
that possess either B helper or inflammatory (or allergic) activity differentiate from a
common naive CD4* T-cell precursor after antigen stimulation in secondary lymphoid
tissues.! In order to provide B-cell help, T cells must migrate to B-cell follicles and
ultimately GCs (or extrafollicular foci) in secondary lymphoid organs, whereas
inflammatory T-cell subsets localize to peripheral tissues in response to inflammation or to
allergic stimuli. Development of the specialized functions of each of the CD4* T-cell
subsets is determined by specific cell-cell interactions and cytokines, which regulate
differentiation by driving expression of particular transcription factors. The transcription
factor produced subsequently controls expression of the repertoire of surface-bound and
soluble factors that dictate cell function, as well as chemokine receptors and adhesion
molecules that regulate localization to specific tissues. Thus, separable effector T-cell
subsets can be defined by lineage-specific transcription factor expression, cytokine
production, and subsequent immune function (Figure 1).2

Classical CD4* T helper cells

Tl cells

Ty2 cells

TH17 cells

Th1 cells express the lineage-specific transcription factor T-box transcription factor TBX21
(also known as TBET), which is required for IFN-y synthesis (Figure 1).3 IFN-y is
necessary for protection from intracellular bacterial infections and initiation of physiological
and pathological delayed-type hypersensitivity.2

Ty2 cells are characterized by the expression of GATA-binding factor 3 (GATA3), a
transcription factor that drives production of the cytokines IL-4, IL-5, and I1L-13 (Figure 1).4
These cytokines are essential for clearance of helminths (worms) and other extracellular
pathogens and, in particular genetic and environmental contexts, are drivers of pathological
allergic responses.

Tn17 cell differentiation occurs in response to IL-6 and transforming growth factor-f3. The
Tn17 cell phenotype is dictated by retinoid-related orphan receptor (ROR)-yt (RORyt)—
induced by hypoxia-inducible factor"—and RORa., which control transcription of IL-17
(Figure 1).57 1L-17 promotes neutrophil recruitment and activation, and is key to the
elimination of extracellular bacteria, such as streptococci, and fungi. Ty17 cells can also
produce 1L-22,8 a cytokine also secreted by other CD4* T-cell subsets, which is required for
regulation of host defences by cell populations at epithelial barriers.® Like their Ty1 and
T2 cell counterparts, Ty17 cells promote autoimmunity when abnormally activated,
contributing to tissue inflammation in classical T-cell-mediated diseases such as multiple
sclerosis,19 inflammatory arthritis,11 and, as more recently demonstrated, in end-organ
damage in SLE.12 Furthermore, 1L-22-producing T17 cells have a causal role in the
development of pathogenic skin lesions in inflammatory skin disorders.?
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Together with cytotoxic CD8" T cells that are necessary for viral immunity, the classical
CD4™ effector T-cell subsets coordinate responses to the range of pathogens —viruses,
worms, fungi and intracellular and extracellular bacteria—encountered by mammals. When
aberrantly regulated, these cells promote tissue injury in a variety of autoimmune,
inflammatory or allergic diseases.

CD4* Tgy cells

Antibody production is crucial for pathogen clearance and prevention of re-infection, with
B-cell responses to most protein antigens strictly T-cell-dependent; therefore, CD4* T-
helper-cell-dependent B-cell help is essential. 13 Collaboration between T cells and B cells
during a T-cell-dependent immune response results in the formation of extrafollicular foci of
antibody secreting cells415 and GCs within B-cell follicles.14:16.17

After T cells and B cells have been primed by antigen encounter, interactions that initiate
development of extrafollicular foci or GCs occur at the border of the T-cell zone and B-cell
follicle (the T-cell-B-cell border) in the spleen,1416.18 or in the interfollicular region of
lymph nodes.1? In order to appreciate how Tgy cells are identified, one must first understand
the migration of activated T cells and B cells to these sites of interaction: patterns of
expression of receptors that enable such movement, as well as the expression of other
surface proteins associated with migratory processes, are used to characterize Tgy cells in
healthy individuals and patients with disease using flow cytometry. In addition, analysis of
transcriptional regulation and protein expression is important to understand Tgy-cell
function. In the following sections, | will elaborate these concepts in more detail, mainly on
the basis of data obtained in mice.

Migration and identification of Tgy cells

Cells destined to develop a Tgy-cell phenotype undergo antigen priming by dendritic cells
(DCs) in T-cell zones of secondary lymph nodes (Figure 2). Antigen priming is
accompanied by co-stimulatory signals, such as those propagated through B7 interactions
with CD28 and inducible T-cell co-stimulator (ICOS)—uwhich is upregulated on T cells
upon their activation—and its ligand, ICOSL, expressed on DCs.20 These stimuli lead to
changes in expression of chemokine receptors on activated T cells; for example, CC-
chemokine receptor 7 (CCR7) is downregulated. Initial entry of naive T cells into secondary
lymphoid organs from the circulation requires engagement of CCR7 by its chemokine
ligands CC-chemokine ligand (CCL) 19 and CCL21 expressed on high endothelial venules
(in lymph nodes) and on T-cell zone reticular cells (in the spleen and lymph nodes).21-24
Coincident with CCR7 downregulation, expression of the cell adhesion molecule P-selectin
glycoprotein ligand-1 (PSGL1) is reduced.?> PSGL1 is also expressed on naive T cells and
engages CCL19 and CCL21 to facilitate T-cell zone entry.26 These changes in chemokine
receptor, and presumably in PSGL1 expression, release activated T cells from the
chemotactic influence of CCL19 and CCL21,21-24 enabling T-cell zone egress.

In addition to downregulation of CCR7 and PSGL1, concomitant and sustained CXC-
chemokine receptor 5 (CXCR5) upregulation2”-28 enables newly activated T cells to enter
the B-cell follicle, by following a gradient of its ligand CXC-chemokine ligand (CXCL) 13
(also known as B-lymphocyte chemoattractant; BLC) expressed therein (Figure 2).29:30
Thus, Ty cells have a characteristic surface phenotype, characterized by low CCR7 and
PSGL1, and high CXCRS5 expression, which is dictated by their need to emigrate from their
initial site of development in the T-cell zone to their site of function in the B-cell follicle.

Trn cells continue to express ICOS after activation by DCs to enable subsequent B-cell
driven maintenance and expansion.20-24:31-34 |ndeed, 1COS is necessary for both the GC3°
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and extrafollicular responses;3® in the absence of ICOS signalling, Trw-cell development is
markedly impaired.31:32:37.38 T, cells also upregulate PD-1 as they develop in the T-cell
zone, a molecule essential for their eventual function in GCs.39 Collectively, these cell
surface markers enable Tgy cells to be identified as a CCR7!° PSGL1° CXCR5M 1ICOSM
PD-1Ni cell population. This characteristic phenotype—in addition to providing a migratory
history within secondary lymphoid organs and helping to determine function—is important
for flow cytometric and microscopic identification of Tgy cells in studies of immunity and
autoimmunity.

In an analogous manner to Ty cells, antigen activation of B cells causes them to upregulate
CCR7 and subsequently migrate toward the T-cell zone,*0 where they can interact with T
cells. The Epstein—Barr virus-induced G-protein-coupled receptor 2 (EBI2) also has an
important role in the proper positioning of B cells within the follicle, enabling migration of
recently activated B cells to the outer follicular regions and T-cell-B-cell border via an
oxysterol gradient.41:42 After interacting with T cells in the T-cell-B-cell border or
interfollicular regions, antigen-primed B cells downregulate EB124344 and maintain
expression of CXCRS5. Thus, by following a CXCL13 gradient, B cells traffic back to the B-
cell follicle and eventually to GCs, where they meet their CXCR5-expressing Tgy cell
counterparts (Figure 2).

At the sites of initial T-cell-B-cell contact in the interfollicular region of lymph nodes or
along the T-cell zone/B-cell follicle border in the spleen, SAP (SLAM-associated protein)—
an adaptor molecule for the signalling of SLAM (signalling lymphocytic activation
molecule) family receptors—expressed by Tgy cells is required for their stable interaction
with primed B cells; lack of SAP results in failed GC formation and impaired humoral
immunity.4>-47 At these initial contact points, T cells also provide their cognate B cells with
CD40L and cytokine signals, such as those induced by IL-4 (Figure 3),48 promoting a
maturation process—including initiation of class switch recombination—that is completed
after they localize to GCs. In return, B cells aid Tgy-cell expansion and development via
ICOSL-induced and antigen-induced signalling (Figure 3); however, provision of antigen by
B cells, in contrast to presentation by DCs, does not seem to be a limiting factor for Tgy-cell
maturation.*

Trn cells remain in secondary lymphoid organs after having been activated in the T-cell
zone and migrating to sites of T-cell-B-cell contact. By contrast, effector T helper cells
eventually downregulate the expression of CCR7,%0 and acquire the ability to express
appropriate selectin ligands, integrins and chemokine receptors for lymphoid organ exit and
trafficking into inflamed tissues;>153 expression of the latter molecules is sufficient to
dictate peripheral migration of CCR7M effector cells.>*

Tgy-cell development and B-cell ymphoma 6

B-cell lymphoma 6 (BCL6) is a highly conserved, zinc-finger domain-containing
transcriptional repressor that was originally identified in GC B cells and is necessary for GC
formation.5:56 BCL6 is also selectively expressed in Tgy cells compared with other CD4*
T-cell subsets.3257 In a manner analogous to the roles of the transcription factors TBX21,
GATAS3, and RORvyt and RORa in the differentiation of Ty1, T2, and Ty17 cells,
respectively,2:3-6 T-cell-intrinsic activity of BCL6 is required for Tgy-cell development and
T-cell dependent GC responses (Figure 1);33:98:59 gverexpression of this protein is sufficient
to dictate the Tr-cell phenotype. 33 Under the influence of appropriate cytokine signals,
including the diminished negative regulatory effect of IL-2-induced signal transducer and
activator of transcription 5 activity,80 BCL6 is initially upregulated in CD4* T cells after
antigen and ICOS stimulation by DCs in T-cell zones.1920:3461 |n the nascent Tgy cells,
BCLS6 then represses a program of gene expression that enables differentiation of other
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CDA4* effector T-cell subsets, effectively blocking their development.33:58:59 Concurrently,
BCL6 promotes expression of molecules that are required for the Tgy-cell phenotype,
including those necessary for their migration and function such as CXCR5, PD-1 and
CXCR4, at least to some extent by repressing expression of inhibitory microRNAs
(miRNAs).59 BCL6 also downregulates expression of molecules required for T-cell zone
retention, promoting egress of Tgy cells toward the B-cell follicle.2> The detection of BCL6
expression in Tgy cells, and dissection of its function therein, provided evidence that these
cells represent a CD4* T-helper-cell subset independent of the Th1, Ty2 and TH17 lineages.

Tgy-cell function in normal immune responses

Trn cells have an essential role in provision of B-cell help during the response to T-cell-
dependent antigens, which relies on their localization to the B-cell follicle®? and ultimately
to the GC.63-65 The latter is the primary site for B-cell somatic mutation with affinity
maturationl:66 and immunoglobulin class switching,8” and thus subsequent emergence of
B-cell memory and long-lived plasma cells that produce high-affinity antibodies. B-cell help
in the GC is mediated partly by a cytokine produced by Tgy cells, 1L-21,%7 which binds
IL-21R on GC B cells and cooperates with B-cell receptor and CD40 engagement to
promote B-cell proliferation and maturation (Figure 3).58-73 |L-21 is essential for GC
development and maintenance, and subsequent development of antibody-forming cells.”4-76
Furthermore, in conjunction with I1L-4, IL-21 drives immunoglobulin class switching.’”

As the IL-4 example indicates, Tgp cells also secrete cytokines—in addition to the their
canonical cytokine, IL-21—that are associated with Ty1, T2 and, under certain
circumstances, Ty17 cells.”8-80 This flexibility —or plasticity—in Tgy-cell differentiation,
presumably dictated at a transcriptional level 81 enables the secretion of cytokines that
regulate production of immunoglobulin isotypes appropriate for clearance of the invading
pathogen; for example, IFN-y secretion crucial for B-cell class switching to inflammatory
immunoglobulin isotypes, or IL-4-dependent IgE synthesis that aids clearance of helminths.

Other molecules produced by Tgp cells are also necessary for their function. The inhibitory
receptor PD-1 is highly expressed on this T-cell subset, and signalling through its ligands
PD-L1 (B7-H1) and PD-L2 (B7-DC) on GC B cells ensures the ultimate quality of the Tgy-
cell-driven response.3? PD-1, in concert with 1L-21 and IL-4, is required for downstream B-
cell function, survival in GCs and, ultimately, robust production of plasma cells.3° By
contrast, abrogation of PD-1 signalling, especially early in the GC response, enhanced Tgy-
cell numbers and initial immunoglobulin responses.82 These findings demonstrate the
complexity of signalling via this pathway, and highlight the need to consider both beneficial
and adverse events that might be associated with potential therapeutics targeting PD-1.

As noted above, CD40L expressed on Tgy cells also has a role in GC development and
function;3> deletion of the gene encoding this protein—for example in human hyper-IgM
syndrome®3 or experimentally in mice84 —results in an absence of GC formation. Similarly
to IL-4 and 1COS signalling, the function of CD40L in B-cell maturation after immunization
with T-cell-dependent antigens is first manifest at initial sites of T-cell-B-cell contact,
before GC entry of nascent Tgy cells and maturing B cells;*8 therefore, the signals that are
typically associated with the mature GC response could initially be important at sites of
early T-cell-B-cell collaboration, with these interactions continuing as GCs develop and
mature.

Extrafollicular T helper cells

Extrafollicular foci in secondary lymphoid organs are sites where short-lived plasma cells
emerge after immunization with T-cell-dependent (or with thymus-independent) antigens in
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conventional immune responses. 1415 In comparison with our understanding of Tr cells,
knowledge of the T helper cells that drive the extrafollicular response is relatively limited.
Within 2 days after primary immunization, CD4* T cells proliferate in the T-cell zone,8®
together with the B cells destined to join the extrafollicular response as plasmablasts. 1
Whereas initial interactions between DCs and T cells required for the extrafollicular
response are CD40L-CD40-independent, subsequent B-cell proliferation and plasmablast
formation are dependent on these proteins,*8 and on 1C0OS.36.86

The CD4* T cells that promote the extrafollicular response have been defined in mice; like
Trn cells, they upregulate BCL6, are dependent on ICOS for their development and express
molecules necessary for B-cell maturation, including PD-1, CD40L and IL-21 (Figure
4).36.87 ych cells are found in conjunction with B cells at the T-cell-B-cell border after
immunization.8’

Follicular helper INKT cells

In addition to development of antibodies targeting proteins after immunization with thymus-
dependent antigens, B cells also produce class-switched antibodies to lipids, which represent
a crucial component of immune responses to pathogens. Lipid-driven B-cell help is provided
by invariant natural killer T (iNKT) cells, which recognize lipids presented in the context of
the non-classical antigen-presenting molecule CD1d expressed on B cells (among other cell
types).88:89 The discovery of GC-resident iNKT cells in 2011 has offered further
mechanistic insights into the anti-lipid response.?0:91 Similar to classical Tgy cells, these
follicular helper iNKT cells are dependent on BCL6 and B-cell interactions for development
(Figure 4).%0 Furthermore, they provide cognate help for B-cell maturation in extrafollicular
foci and GCs via IL-21, resulting in the production of class-switched and affinity-matured
antibodies to lipids.%°1 Although follicular helper iNKT cells did not promote long-lived
plasma cells or long-term humoral immunity, in contrast to classical Tgy cells, they were
needed for rapid extrafollicular-foci-dependent and GC-dependent immunoglobulin
responses to lipid antigens.90:91

Follicular regulatory T cells

Logically, regulatory pathways need to be engaged to prevent loss of self-tolerance in GCs
and subsequent autoantibody production,®2 given the rapid emergence of somatically
mutating B-cell clones at these site following T-cell-dependent antigen immunization.17:66
The identification of follicular regulatory T (Tgg) cells highlights a novel mechanism that
controlgathgc-i3 normal GC response and presumably prevents emergence of autoreactive B-cell
clones.”>~

Ter cells are a thymically-derived population comprising some 5-25% of GC T cells in
mice and humans.?3:95 This CD4* T-cell subset demonstrates features of the natural
regulatory T (Treg)-cell phenotype, including forkhead box protein 3 expression and
immunosuppressive capacity, while expressing markers of classical Try cells, including
CXCR5 and PD-1,%3-9 but not IL-21 (Figure 4).93 Similar to Tgy cells, Tgg-cell
development also depends on BCL6 expression93:95 and B-cell interactions, partially
mediated by SAP.93

In contrast to the helper capacity of Tgy cells, Tgg cells necessarily function to limit
potentially pathogenic GC responses, including the expansion of non-antigen specific and
potentially autoreactive B cells,® via inhibition of Tgy cells and GC B-cell maturation;
evidence also suggests that Trg cells regulate plasma cell development.?4-97 In addition to
expression of molecules associated with Trgg cells—such as cytotoxic T-lymphocyte-
associated antigen 4 and glucocorticoid-induced TNF receptor-related protein—that possibly
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contribute to their suppressive capacity, Tgg cells also abundantly express 1L-10,93:95 which
might be important for the regulatory role of these cells in the GC.%

T cells and B-cell help in humans

Phenotype of germinal centre Tgy cells

Our current understanding of Tg cell biology and function, as discussed above, is mainly
derived from investigations performed in mice; however, data on similar T-cell populations
that provide help to B cells in humans do exist. Immunohistochemical studies performed
nearly three decades ago identified a population of CD4* GC T cells that stained for the NK
cell marker CD57.98-100 CD57hi GC T cells are CXCR5M and CCR7° (indicating that they
have exited the T-cell zone), and efficiently help B cells produce antibodies 7 vitro.100
Nonetheless, CD57!° T cells that contain stores of preformed CD40L are also found in the
GC,101 and CD57!° CXCR5N ICOSN cells are as capable of providing B-cell help in vitro as
their CD57M counterparts; 192 thus, CD57 is no longer commonly used as a marker of human
Tey cells. The CXCR5N ICOSN T-helper-cell subset also expresses CXCL13 (as do mouse
Ten cells), as well as molecules that distinguish them from other CD4* effector T-cell
subsets, including transcription factors that are components of the Notch signalling
pathway.102 CD4* T cells lacking expression of the a.-subunit of the I1L-7 receptor (IL-7Ra;
CD127), which is important for development and homeostatic proliferation of lymphocytes
and for defining terminally differentiated effector cells, 103 are also exclusively located in
GCs and are efficient in helping B cells to produce antibodies /n vitroin a CD40L-
dependent manner.190 These findings suggest a scenario in which GC T helper cells in
humans express CXCR5, PD-1, ICOS, CD40L and CXCL13 (Figure 4), and have low (if
any) expression of CCR7 and PSGL1, analogous to mouse Tgy cells, with downregulation
of IL-7Ra.

Circulating Ty cells

Peripheral blood is the most convenient tissue for analyses of control individuals and
patients with autoimmune diseases; therefore, whether Tgy cells reside in the circulation
and, if so, how their phenotype reflects what is seen in secondary lymphoid tissues are
important considerations. In this regard, studies have focused upon characterization of CD4*
T cells that have the capacity to recirculate to secondary lymphoid organs, where they can
interact with B cells. Such recirculating central memory cells are defined by cell surface
markers, specifically CCR7 and L-selectin—both of which are necessary for re-entry into
lymph nodes—and CXCRS5, indicative of the ability to enter B-cell follicles and provide B-
cell help.63-65.104 Although conveying a memory phenotype, the circulating CXCR5M cells
might be relatively short-lived compared with the CXCR5!° memory population.63 Upon
exposure to CCL19 and CCL21 /n vitro, CXCR5M cells downregulate CCR7 —similarly to
Trp cells that necessarily need to emigrate to the B-cell follicle from the T-cell zone—
suggesting that they have the capacity to become Tgy cells after re-entry into secondary
lymphoid organs.83 Circulating CXCR5M T helper cells can be further characterized as Ty,
Ty2 or Ty17 memory cells, depending on expression of their signature cytokines—IFN-vy,
IL-4 and IL-17, respectively—and chemokine receptors—CXCR3, CCR4 and CCRS6,
respectively.105 Both the T2 and T17 cells can help B cells produce antibodies /in vitro, in
an IL-21-dependent manner, whereas those with a Ty1 phenotype cannot.19% Furthermore,
the T2 and T17 subsets are expanded in patients with juvenile dermatomyositis, 192
suggesting that an altered Tgy-cell regulation might play a part in the pathogenesis of
systemic autoimmune diseases. Interestingly, a CXCR5" CD4* central memory T-cell
population has also been identified in mice, and these cells have the capacity to recirculate
to lymphoid tissue and promote naive B-cell activation.106 Although expression of CXCR5
and the resultant capacity to enter B-cell follicles correlates with B-cell helper function, one
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should note that a population of tonsillar CXCR5!° ICOS!® cells, which reside outside B-cell
follicles, can also provide help to naive and memory B cells through CD40L, IL-21 and
IL-10 secretion Jn vitro.1%4107 Similarly, CXCRS5'© cells from the peripheral blood can also
provide B-cell help, suggesting that at least the portion of the cells with such helper capacity
are derived from a CXCR5M cell subset.®°

These findings are intriguing; however, the relationship between circulating CXCR5M
memory cells and Tgy cells localized to B-cell follicles is not entirely clear. This dilemma
stems partly from the natural history of the GC response, and presumably the Tgy-cell
response; as the purpose of GCs is development of persistent memory B cells and long-lived
plasma cells, these structures naturally disappear as these functions are accomplished during
the days and weeks following antigen challenge. By contrast, whether Tgy cells persist after
the GC response remains unknown, although CD4* T cells are found co-localized with
memory B cells in GC-like structures in B-cell follicles months after immunization in
mice.198 Although detailed characterization of these persistent GC CD4* T cells has not
been performed, memory T helper cells that promote B-cell responses have been identified
in the peripheral blood of humans1 (albeit relatively short-lived compared with the
CXCR5!° memory pool®3) and in secondary lymphoid organs of mice,106 as noted above.
These data suggest that such cells could represent Tgy-cell precursors that can gain Tgy-cell
functionality after antigen rechallenge,106:109 whereas Tg cells per se do not preferentially
develop into long-lived memory cells.110 The relationship of such circulating CXCR5M
memory T cells to Ty cells—and thus their potential capacity to generate immunological
memory —is highly relevant to the chronicity of human autoimmunity, given that such
CXCR5M cells are expanded in the peripheral blood of patients with systemic autoimmune
diseases;10°111 this topic is discussed in more detail in the following sections.

Try cells in systemic autoimmunity

Tgy cells in mouse models of lupus

Mouse models have been instructive in highlighting the role of Ty cells in promotion of
systemic autoimmunity. The sanrogue mouse exemplifies this paradigm:112 these animals
demonstrate spontaneous GC formation (as is common in mouse models of lupus!13) and
enhanced Tgy-cell development in the setting of increased 1COS and IL-21 production.
Dysregulation of ICOS in this model results from a chemically-induced point mutation in
the gene encoding the ubiquitin ligase roquin, a negative regulator of ICOS expression,
which suppresses ICOS expression.112 The sanrogue mutation is associated with systemic
autoimmunity characterized by autoantibody production and immune-complex-mediated
glomerulonephritis112—features of human SLE. ICOS-induced Tgy-cell dysfunction and
subsequent abnormal B-cell selection in GCs have been shown to be responsible for the
SLE-like phenotype in sanrogue mice.114 Nevertheless, other work has indicated that the
sanroque mutation contributes to autoimmunity in an as yet undetermined manner; a
deletion in the gene encoding roquin that prevented its expression did not result in the
development of autoimmunity, despite evidence of increased ICOS expression and immune
dysregulation in this model.11® Indeed, while IL-21 does not contribute to the lupus
phenotype in sanrogue mice, 114 other models do support a role for Tgy cells and IL-21 in
disease pathogenesis: for example, the BXSB. Yaamodel, in which SLE-like autoimmunity
is promoted by excessive signalling induced by self-RNA autoantigens as a result of
duplication of the gene encoding TLR7.116 Like sanroque animals, BXSB. Yaamice have
spontaneous GC formation with marked Tgy-cell expansion and 1L-21 production.” Tgy
cells also expand beyond GCs to populate extrafollicular sites as BXSB. Yaaanimals
age.117 The excessive autoantibody production and immune-complex-mediated
glomerulonephritis that characterize this strain are abrogated with genetic disruption of
IL-21 signaling,117 presumably secondary to requirement of this cytokine for B-cell
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maturation.”7> Although Try cells undoubtedly contribute to the lupus phenotype in
BXSB. Yaamice, CD4" T cells with a Tg-cell-like phenotype that reside in extrafollicular
areas might also promote disease.11” The role of IL-21 in potentiation of SLE-like disease is
substantiated by the prophylactic effectiveness of blockade of this cytokine in other lupus-
prone mice with polygenic disease;118 whether therapeutic blockade after disease onset
would be beneficial remains unclear.

Other Tgy-cell cytokines could be pivotal in development of the lupus phenotype. For
example, production of IFN-y-dependent inflammatory 1gG isotypes is the hallmark of
lupus in mice; these antibodies deposit in peripheral tissues, including the kidney, and
initiate pathways that lead to tissue injury.11® Similarly, IFN-y-dependent responses might
be an important factor in the pathogenesis of SLE in humans.120

CDA40L signalling, like that of 1L-21, is necessary for Tgy-cell-dependent B-cell maturation
in GCs, and blockade of this pathway is therapeutically appealing. Indeed, genetic disruption
of CD40L or administration of anti-CD40L antibodies is effective in the reduction of lupus
in a number of mouse models.}21-123 Moreover, anti-CD40L therapy has shown promise in
a study that enrolled a small number of patients with SLE, with diminished pathogenic
autoantibody production and a subsequent reduction in disease activity measures and
immune-complex-mediated glomerulonephritis being reported after treatment.124 The
therapeutic effects of CD40L blockade in these individuals were presumably secondary to
the abrogation of pathogenic Tgy-cell-B-cell interactions that occur in SLE, as evidenced by
an observed inhibition of GC B-cell maturation.}24 Tgy-cell-independent effects might
contribute to the benefit observed with anti-CD40L therapy: activated platelets also
upregulate this molecule in SLE, enabling them to interact with CD40 expressed on
monocytes, leading to their differentiation in to DCs with the potential to activate
autoreactive T cells.125 However, anti-CD40L therapy was complicated by the development
of thromboembolic disease, apparently triggered by binding of the antibody to platelet Fc
receptors together with engagement of the surface-associated CD40L and resultant platelet
aggregation.126 Nevertheless, these data suggest that development of different therapeutic
approaches to interference with CD40 signalling might be beneficial in SLE.

A role for Tgy-cell expansion and subsequent aberrant GC responses in SLE is also
supported by the results of ICOS blockade. Inhibition of ICOS signalling, via administration
of anti-ICOSL antibodies or genetic ablation of ICOS, interrupts Tgy-cell development and
GC formation, reduces autoantibody formation and glomerulonephritis, and abrogates the
disease phenotype in mouse polygenic lupus models.36:127 Whether therapeutic blockade of
ICOS signalling after disease onset in humans would be beneficial is not clear at present;
nonetheless, the therapeutic potential demonstrated in mouse models of lupus!?” has led to
initiation of early-stage clinical trials of anti-ICOSL agents in patients with SLE.

Extrafollicular T helper cells in mouse lupus

Autoantibody production in lupus-prone mouse strains also arises at extrafollicular foci
within the spleen and lymph nodes, which represent important sites of T-cell migration and
maturation and somatic immunoglobulin mutation of autoreactive B cells in these animals
and other models of inflammatory disease.36:117.128.129 |n |ypus-prone MRL-Fas" mice,
extrafollicular T helper cells express ICOS, CD40L and IL-21, drive class switch
recombination by upregulating activation-induced cytidine deaminase in plasmablasts, and
promote antibody production by autoreactive B cells (dependant on IL-21 and
CD40L).36:130 These findings are similar to those relating to extrafollicular T helper cells
identified in BXSB. Yaamice.l17 Likewise, (NZB x NZW)F1 animals also spontaneously
produce extrafollicular T cells with a helper phenotype.36 Features of these cells—
expression of IL-21, CD40L and ICQOS, and their requirement for B-cell maturation—are
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shared with Tgy cells; however, unlike Ty cells, extrafollicular CD4* T cells in MRL-
Fas'P" mice lack expression of CXCRS5.3% In the absence of CXCRS, expression of CXCR4
by these cells presumably enables their movement to the extrafollicular locations that they
colonize, via attraction to its ligand CXCL12 (also known as stromal-cell-derived factor-1)
expressed in the splenic red pulp and the medullary cords of lymph nodes.3 Although B-
cell maturation and autoantibody production as a result of extrafollicular foci formation is
important in mouse models of lupus,28 the role of this pathway in human SLE remains
unknown. Given the contribution of the extrafollicular response in promotion of systemic
autoimmunity, consideration of this population of B-cell helpers in the development of new
therapeutic approaches will be important. As the characteristics of extrafollicular T helper
cells overlap with those of Tgy cells, therapies that affect the function of the latter will
probably disrupt extrafollicular responses as well.

Tgn cells in human autoimmunity

Trp cells are clearly crucial to the pathogenesis of lupus in mice, whereas knowledge of the
involvement of these cells in human SLE remains relatively limited. Their role in promotion
of this disease has largely been extrapolated from the observation that the GC B-cell
maturation pathway is aberrantly regulated,124132 and from analysis of T cells isolated from
the blood of patients with SLE (which might be confounded by the incomplete
understanding of circulating Try cells, as discussed above). Abnormal GC reactions in
patients with SLE can be detected by analysis of circulating B cells, with a class-switched
CD38M antibody-secreting population being expanded in patients with active disease.124 As
noted above, intervention with anti-CD40L antibodies caused the disappearance of this
plasma cell subset and a corresponding decrease in anti-double-stranded DNA antibody
levels, indicating reliance upon T-cell help for development of these cells.124

ICOShi cells are found in the blood of patients with SLE;111:133 however, this co-stimulator
is upregulated after CD4* T-cell activation, thus the ICOSN phenotype is not a specific
identifying feature of Tgy cells. Circulating CXCR5N PD-1Mi |COSN cells, referred to as
circulating Ty (cTgp) cells, have been detected in the blood of up to one-third of patients
with SLE or Sjégren’s syndrome.111 The presence of cTgy cells in patients with SLE
correlated with a more severe disease phenotype, although not with disease activity per
se.111 Of interest, cTy cells phenotypically resembled classical lymphoid Tgy cells, but did
not express BCL6 and IL-21, and their ability to deliver B-cell help was not discussed.11
However, BCL6 is downregulated in mouse Ty cells as the GC response progresses,®! but
is rapidly re-expressed after T-cell receptor stimulation of circulating CXCR5M cells.104
These findings suggest that cTgy cells could represent blood-borne Tgy-cell precursors with
the potential for rapid CXCR5-mediated follicular access and B-cell helper functions.104.105
Moreover, the high levels of ICOS and PD-1 in cTgy cells indicate that these cells might be
targeted by therapies that abrogate T-cell-B-cell collaboration, as indicated by the
effectiveness of blockade of ICOS signalling in mouse models of lupus.127

T-cell-B-cell aggregates and ectopic GCs have been found in the kidneys of patients with
lupus nephritis; 134 T-cell-associated centroblasts—GC B cells—and plasmablasts within
these GCs and aggregates, respectively, seemed to be capable of clonal expansion and
somatic hypermutation.134 Ectopic lymphoid structures can also develop in other chronic
inflammatory conditions, and have been observed within the synovium in rheumatoid
arthritis and spondyloarthritis.135136 |ndeed, development of tertiary lymphoid structures
containing T cells phenotypically resembling Tg cells is not uncommon in chronic
autoimmune and inflammatory diseases, and might be a direct result of the ongoing
inflammatory process underlying these conditions.136 Presumably, T-helper cells in
nonlymphoid tissues can promote B-cell maturation and synthesis of potentially pathogenic
autoantibody production, thus potentiating tissue injury, as the lupus nephritis example
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suggests. However, local antibody production in synovial tissue was not found to be
pathogenic in a number of patients with rheumatoid arthritis.136 Regardless of these data, the
responsiveness of Tgy cells in tertiary lymphoid organs to therapeutic agents designed to
disrupt their more classical roles in GC maturation in the spleen and lymph nodes should be
considered. This awareness seems especially important given the role of Tgy cells resident
within secondary lymphoid organs in systemic autoimmunity12.114 and inflammatory
arthritis. 137

Conclusions

Experiments from several laboratories indicate that autoreactive T cells are necessary for
full penetrance of autoantibody production and disease in SLE and mouse lupus.
Nevertheless, the cellular mechanisms that promote autoreactive collaboration between
CD4* T cells and B cells, with resultant effector function, remain incompletely defined.
Understanding of the events that initiate or sustain aberrant T-cell-B-cell communication
and the subsequent pathogenic outcomes of such interaction, including autoantibody
production and inflammation, is essential, as interference in these processes is likely to be
therapeutically important. Issues of therapeutic toxicity or efficacy could be encountered in
the development of agents targeting these pathways; therefore, definition of the mechanistic
basis of these collaborative interactions will be crucial. Dissection of the potentially
separable roles of effector CD4" T cells and Tgp cells in diseases in which autoantibodies
are pathogenic, such as SLE and other systemic autoimmune syndromes, offers a means to
better understand disease biology; this knowledge is essential to maintain the pipeline of
therapeutic targets, and might ultimately lead to the development of novel treatments.
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Figure 1.

The CD4* T cell development paradigm. Differentiation of naive CD4* T cells into different
T-helper-cell subsets is dependent on factors present in the local environment, most
prominently cytokines. The specific stimulatory conditions influence transcription factor
expression, which determines the differentiation program that the T cell will follow and thus
the cytokines that it will subsequently produce. The pattern of cytokine expression
characterizes the individual T-helper-cell subsets and dictates their function in host defenses.
Whereas the cytokine signals that promote the development of Tyl, TH2, TH17, and Treg
cells are well-defined, less is known about those that drive Tgy-cell formation, but seem to
include IL-6 and 1L-21.76 Abbreviations: BCL6, B-cell lymphoma 6; FOXP3, forkhead box
protein 3; GATA3, GATA-binding factor 3; RORa, retinoid-related orphan receptor-a;
RORt, retinoid-related orphan receptor-yt; TBX21, T-box transcription factor TBX21;
Try, follicular helper T; TGF-B, transforming growth factor-g; Ty1, T-helper-1; T2, T-
helper-2; Ty17, T-helper-17; Treg, regulatory T.
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Figure2.

Trn-cell development and Try-cell-B-cell collaboration in extrafollicular and GC
responses. Naive T cells migrate to the T-cell zones of secondary lymphoid organs (here, the
spleen) following a chemokine gradient of CCL19 and CCL21 that engages CCR7 on their
surface (1). B cells localize to the B-cell follicle, directed by CXCL13 that engages CXCR5
on their plasma membrane (1). Upon antigen activation and co-stimulation by dendritic
cells, nascent Tgy cells upregulate CXCRS5, downregulate CCR7 and migrate to the T-cell-
B-cell border (or interfollicular regions of lymph nodes), where they contact antigen-
activated B cells that move towards the T-cell zone after upregulating CCR7 (2). The
outcome of this interaction is development of extrafollicular foci (3), where short-lived
plasmablasts produce antibodies, or GCs in the B-cell follicle (3). In both structures, Tgy
cells promote B-cell maturation, inducing class switching and affinity selection, via
cytokines —particularly 1L-21 and IL-4—and cell-bound molecules—including CD40
ligand (4). Tgy-cell and GC B-cell development and function are dependent on the
transcriptional regulator BCL6. The GC response leads to memory B cell and plasma cell
formation (5). Abbreviations: BCL6, B-cell lymphoma 6; CCL19, CC-chemokine ligand 19;
CCL21, CC-chemokine ligand 21; CCR7, CC-chemokine receptor 7; CXCL13, CXC-
chemokine ligand 13; CXCR5, CXC-chemokine receptor 5; GC, germinal centre; Tg,
follicular helper T.
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Figure 3.

The interaction between Tgy cells and GC B cells. The former express molecules critical for
survival and for maturation of the latter to memory B cells and plasma cells that produce
class-switched immunoglobulin, including CD40L signaling via CD40 and the cytokines
IL-4 and IL-21 signaling via their receptors. PD-1 on Tgy cells, via binding to its ligands on
GC B cells, PD-L1 and especially PD-L2, promotes survival and selection of the latter cells.
Abbreviations: BCR, B-cell receptor; CD40L, CD40 ligand; GC, germinal centre; ICOS,
inducible T-cell co-stimulator; ICOS-L, inducible T-cell co-stimulator ligand; Ig,
immunoglobulins; IL-4R, IL-4 receptor; IL-21R, IL-21 receptor; MHC, major
histocompatibility complex; PD-1, programmed death-1; PD-L1, programmed death ligand
1; PD-L2, programmed death ligand 2; TCR, T-cell receptor; Tgy, follicular helper T.
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Figure 4.

Subsets of T cells that promote or regulate B-cell help. Tgy cells, critical for GC
development and maturation, are reliant upon the transcription factor BCL6 for
differentiation and function, as are extrafollicular T-helper cells that promote formation of
the extrafollicular plasmablast response. Follicular helper iNKT cells, also reliant upon
BCL6 for development, provide cognate help for B-cell maturation in extrafollicular foci
and GCs—similar to Try and extrafollicular T-helper cells, respectively—resulting in the
production of class-switched and affinity-matured antibodies to lipids. By contrast, Tgg cells
regulate the Tgy and GC B-cell responses, providing a brake on development of
autoimmune reactions. As for their B-cell helper counterparts, Tggr cells require BCL6 for
development, but upregulate the BCL6 repressor, BLIMP-1, as well as expressing molecules
associated with Treg-cell development and function, including FOXP3, CTLA4, GITR and
IL-10. Abbreviations: BCL6, B-cell lymphoma 6; BLIMP-1, B-lymphocyte-induced
maturation protein 1; CD40L, CD40 ligand; CTLA4, cytotoxic T-lymphocyte-associated
antigen 4; CXCR4, CXC-chemokine receptor 4; CXCR5, CXC-chemokine receptor 5;
FOXP3, forkhead box protein 3; GC, germinal center; GITR, glucocorticoid-induced TNF-
receptor-related protein; 1COS, inducible T-cell co-stimulator; iNKT, invariant natural killer
T; PD-1, programmed death-1; TCR, T-cell receptor; Tgy, follicular helper T; Tgg,
follicular regulatory T; Treg, regulatory T.
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