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T follicular helper (Tfh) cells are a distinct subset of CD4+ T lymphocytes, specialized in
B cell help and in regulation of antibody responses. They are required for the generation
of germinal center reactions, where selection of high affinity antibody producing B cells
and development of memory B cells occur. Owing to the fundamental role of Tth cells
in adaptive immunity, the stringent control of their production and function is critically
important, both for the induction of an optimal humoral response against thymus-
dependent antigens but also for the prevention of self-reactivity. Indeed, deregulation of
Tth activities can contribute to a pathogenic autoantibody production and can play an
important role in the promotion of autoimmune diseases. In the present review, we briefly
introduce the molecular factors involved in Tfh cell formation in the context of a normal
immune response, as well as markers associated with their identification (transcription
factor, surface marker expression, and cytokine production). We then consider in detail
the role of Tth cells in the pathogenesis of a broad range of autoimmune diseases, with
a special focus on systemic lupus erythematosus and rheumatoid arthritis, as well as on
the other autoimmune/inflammatory disorders. We summarize the observed alterations
in Tfh numbers, activation state, and circulating subset distribution during autoimmune
and some other inflammatory disorders. In addition, central role of interleukin-21, major
cytokine produced by Tfh cells, is discussed, as well as the involvement of follicular
regulatory T cells, which share characteristics with both Tfh and regulatory T cells.
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INTRODUCTION

T follicular helper (Tth) cells represent a distinct CD4* helper T cell subset, specialized for provision
of help to B cells (1-4). They develop within secondary lymphoid organs (SLO) and can be identified
based on their unique surface phenotype, cytokine secretion profile, and signature transcription
factor. They support B cells to produce high-affinity antibodies toward antigens (Ag), in order to
develop a robust humoral immune response and they are crucial for the generation of B cell memory.
Whereas they are essential for infectious disease control and optimal antibody responses after vac-
cination, an excessive response can lead to a breakdown of tolerance. In this review, after introducing
the biology of Tth cells, we will consider in detail their role in the pathogenesis of autoimmune
diseases and inflammatory disorders.

Tfh CELLS: OVERVIEW ON CHARACTERIZATION, GENERATION,
AND FUNCTIONS

T follicular helper cells were initially described in 2000 and 2001 in humans (1-4). They have
been identified as a distinct T helper cell subset, based on their unique combination of surface
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markers [abundant expression of chemokine (C-X-C motif)
receptor 5 (CXCRS5) (1, 4), downregulation of C-C chemokine
receptor type 7 (CCR7), and expression of the co-stimulatory
molecules inducible co-stimulator (ICOS) (1) and programmed
cell death protein-1 (PD-1)], cytokine production [expression of
high levels of interleukin 21 (IL-21)], and specific transcription
factor [expression of the nuclear transcriptional repressor B cell
lymphoma 6 (Bcl-6)]. All are necessary for the development,
the maintenance, and the functions of these cells. Tth cells are
crucial for the generation of germinal centers (GC) (5, 6), unique
structures formed in SLO where antigen-primed B cells undergo
proliferation, immunoglobulin (Ig) class switching, somatic
hypermutation, and differentiation (7). Strong expression of
CXCR5 by Tth cells is pivotal for their migration into B cell
follicles, in which they are attracted in response to the gradient
expression of chemokine ligand 13 (CXCL13) (8-10). Within
GC, Tth cells are important regulators of B cell maturation and
help signals rely on both cell-to-cell interactions and on the
production of cytokines. Inside GC, Tth cells are equipped with
a specific combination of surface molecules, such as ICOS, a
co-stimulatory molecule that belongs to the CD28 superfamily,
PD-1, a potent inhibitory receptor, or CD40 ligand (CD40L),
a member of the tumor necrosis factor family. Engagement of
these molecules on their receptors on B cells delivers signals of
survival, differentiation, or isotype switching (11-22). Tth cells
are also characterized by the secretion of a diversity of cytokines
(23-26). Production of high levels of IL-21 is one hallmark of
Tth cells (23). This cytokine promotes B cells differentiation into
plasma cells, somatic hypermutation, and Ig isotype switching
(23, 27-30). Moreover, IL-21 promotes Tth cells differentiation
in a positive autocrine feedback loop (31-35).

Differentiation and development of Tth cells is an extremely
complex process, occurring in a multi-stage way. The essential
transcription factor of Tth cells, Bcl-6, controls their differen-
tiation, their full maturation, and the expression of Tth cells
signature molecules (36-38). Bcl-6 expression, associated with
the downregulation of its antagonist Blimp-1, leads to the inhibi-
tion of the other transcription factors specific to other T helper
cell lineages (T-bet, GATA3, and RORyt specially). In addition to
Bcl-6, other transcription factors, such as c-MAF, achaete-scute
complex homolog 2, basicleucine zipper transcription factor (39),
or IFN regulatory factor 4 are also crucial for Tth cells differentia-
tion (39-41). While Bcl-6 expression is essential for Tth cells, it
should be noted that it is not perfectly Tth cell-specific, as it can
be transiently up-regulated in dividing CD4* T cells after activa-
tion by dendritic cells (42, 43). Micro-environmental factors are
necessary for T cells to acquire a Tth profile. First, Ag stimulation
and constant initial interaction with Ag-presenting cells (APCs)
and activated B cells play a crucial role in their differentiation
from naive CD4" T cells (2, 44-46). Second, a specific cytokinic
milieu is necessary as IL-12, and to a lesser extent TGFp, seem
to be of particular importance for Tth cells differentiation in
humans (47-50). In addition, although originally recognized as
an essential T-cell growth factor, IL-2 is a potent inhibitor of Tth
cells differentiation as the ligation of its receptor leads to STAT5
activation, promoting the formation of non-Tth effector cells
(51-53).

One layer of complexity in the study of Tth cell populations
is their substantial heterogeneity. Tth cells are not a monolithic
population with fixed phenotype and functions. They undergo
changes over time in the expression of surface molecules and in
the secretion of cytokines, in order to shape more efficiently the
help delivered to B cells (45, 54, 55).

The biology of Tth cells has been extensively studied in SLO in
mouse models, but due to the difficulties of sampling in humans,
different research groups have focused on identifying the circu-
lating counterparts of bona fide Tth cells in peripheral blood.
Description of a CXCR5" subset of memory CD4* T cells has
emerged few years ago (56-58) and has been subsequently referred
to as circulating Tth (cTfh) cells (59). Although these cells do not
express Bcl6, they share phenotypic and functional properties
with tissue Tth cells (15, 56, 58-60). However, several questions
are still under investigation regarding this population: their exact
biology is still poorly defined, and how they relate to bona fide
lymphoid Tth cells remains unclear. Literature data, arising spe-
cially from SAP-deficient mice, suggest that development of cTth
cells does not require GC formation. These cells are committed to
the Tth lineage and are primarily generated before participating
in GC reaction (54, 58). There is actually no consensus regarding
phenotypic markers that should be used for the identification
of this population. It is clear that other activated CD4* T cell
subsets, with other effector fates, can express transiently CXCRS5,
ICOS, or PD-1, but we can consider that sustained and/or high
levels of expression of these molecules are characteristic of Tth
cells (59). The heterogeneous population of cTth cells contains
three major subsets, defined by their expression of the chemokine
receptors CXCR3 and CCR6. They present similar properties
with Th1, Th2, and Th17 cells: CXCR3*CCR6™ represent cTthl
cells, CXCR3"CCR6™ cTth2 cells and CXCR3-CCR6* cTthl7
cells. cTth2 and cTth17 are more efficient than cTth1 cells in help-
ing B cells to proliferate and differentiate into plasma cells (56).
Finally, within each of these subsets (cTth1, cTth2, or cTth17), itis
possible to subdivide other distinct subpopulations, according to
the differential expression of the markers ICOS and PD-1 which
can be used as indicators of active state of Tth cells (58, 61, 62).

Regulatory pathways need to be engaged to control the devel-
opment and maturation of Tth cells, as well as their interactions
with B cells. Within the diverse regulating mechanisms that we
will not develop here, it is of particular importance to mention the
role of another specific subset of CD4*Foxp3* regulatory T cells,
called follicular regulatory T (Tfr) cells, that has been more
recently described. These cells share phenotypic characteristics
with Tth cells, with the expression of Bcl-6, CXCR5, PD-1, and
ICOS. They are found within the GC, where they act to limit the
size of the response, regulating the frequencies of both Tth and
GC B cells (63-66). Lack of Tfr cells is associated with greater GC
reactions in vivo.

Tfh CELLS AND AUTO-IMMUNITY:
GENERALITIES

Autoimmune diseases are caused by a breakdown of immune
tolerance. Proliferation of self-reactive B cells with generation of
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high-affinity autoantibodies participate to the pathophysiology
of these disorders and, in this way, have led to consider Tth cells
as possible actors in their pathogenesis. Moreover, in autoim-
mune diseases, inflammatory sites develop frequently lymphoid
cell aggregations which include B and T helper cells, leading to
the formation of ectopic lymphoid structures (67). These tissue-
localized T-B-cell interactions which can promote the matura-
tion of B cells and can potentiate the production of pathogenic
autoantibodies (68), even if the exact nature of helper T cells in
inflamed tissues is not completely understood currently.

Studies of the contribution of Tth cells in autoimmune dis-
orders have been initially limited to animal models, essentially
because of difficulties in investigating Tth cells from human
SLO. The ulterior identification of circulating Tth-like cells,
which are more accessible than Tth cells in tissues, has provided
an opportunity to analyze these cells in the context of human
autoimmune disorders. Since then, alterations in Tth cells
have been described in a broad range of autoimmune diseases,
including systemic diseases, or organ- and cell-specific disor-
ders. Increased numbers of cTth cells, often correlating with the
frequency of circulating plasmablasts or plasma cells, have been
observed in several auto-immune diseases and alterations have
also been reported regarding their polarization, their function,
and the quality of help they provide. All the data collected so
far in auto-immunity and in inflammatory diseases should not
mask our lack of knowledge regarding the exact biology of cTth
cells and that analysis could be confounded by our incomplete
understanding. Moreover, it is to mention that combination
of markers used to define cTth cell populations in the studies
that will be mentioned in the next sections often differ among
the laboratories. Some studies have defined cTth cells as total
CXCR5*CD4* T cells, while other have investigated a subset
of CXCR5*CD4* T cells (CXCR5'ICOS*, CXCR5'PDI*,
CXCR5*ICOS*PD1%, or CXCR5*IL-21%).

SYSTEMIC LUPUS ERYTHEMATOSUS (SLE)

Systemic lupus erythematosus is characterized by the presence of
high-affinity pathogenic autoantibodies directed against nuclear
components (69). Autoreactive B cells in SLE are derived from
GC reactions (70); therefore, investigations of Tth cell roles have
been intensive since many years, both in murine models and
in human SLE. In different mouse models sharing immuno-
pathologic features with human SLE, it has been demonstrated
that Tth cells contribute to the activation of the immune system
and to the pathogenesis of the disease. Animals in these differ-
ent models have an aberrant expansion of Tth cells, associated
with dysregulation of the GC responses. BXD2 mice, which
develop spontaneously autoantibodies and glomerulonephritis,
are characterized by an increased frequency of PD1* Tth cells as
compared to wild-type animals, correlating positively with the
frequency of GC B cells and with levels of anti-dsDNA antibodies
(71). Sanroque mice have a particular single recessive mutation in
roquin, a gene encoding for a RING-type ubiquitin ligase family
member that disrupts a repressor of ICOS expression. Animals
are characterized by a SLE-like phenotype with lymphadenopathy
and splenomegaly, high levels of anti-nuclear antibodies (AAN),

autoimmune cytopenia, and immune complex deposits (72).
Even without antigenic stimulation, a spontaneous formation of
GC is observed, with an increase in the number of Tth cells and
an increase in their activity, particularly marked regarding the
excessive production of IL-21 (72-75). The other murine model
that has provided evidence of the implication of Tth cells in the
development of systemic autoimmunity is represented by BXSB
mice, in which the duplication of the TIr7 gene promotes exces-
sive signaling by self-autoantigens, leading to a severe inflamma-
tory disease, with high levels of autoantibodies and proliferative
glomerulonephritis (76). These animals have expanded numbers
of B cells and Tth cells, especially in the spleen (77). Besides, IL-21
is elevated in the serum and over-expressed in splenocytes (78).
In this mouse model, IL-21R deficiency induces a decrease in the
serum levels of AAN and prevents the apparition of renal disease
(77). Moreover, therapeutic blockade of IL-21, by the adminis-
tration of an IL-21R-Fc fusion protein, seems to have a biphasic
response characterized by an aggravation of the disease when
the treatment is given during early life and an anti-inflammatory
effect (decrease in IgG1 serum levels, in proteinuria levels, and in
histological glomerulonephritis) when it is administrated later in
the disease course (79, 80). Implication of IL-21 in the pathogen-
esis of SLE is also supported by data obtained in two other murine
models of the disease. In MRL-Fas(lpr) mice, accumulation of
activated B cells, activated T cells, plasma cells, and spontaneous
GC formation is dependent on IL-21R signaling. Administration
of IL-21R-Fc fusion protein reduces disease severity (81, 82).
Finally, in the NZB/NZW mouse model, blockade of IL-21R
inhibits the progression of the pre-established disease (83). Murine
models also point out the role of interactions between ICOS and
its ligand in the development of systemic autoimmunity and
suggest that this pathway could possibly be an interesting novel
therapeutic target. In the NZB/NZW mice, blockade of ICOS
pathway, by the use of a monoclonal antibody directed against
ICOS-L, leads to the inhibition of the development of Tth cells, to
a decrease in anti-dsDNA antibody titers and to an improvement
in kidney function (84, 85). Reduction in titers of anti-dsDNA
antibodies is also observed in the mouse model MRL-Fas(lpr)
when animals have an additional genetic deletion in ICOS (86).
Finally, in B6.Slel mice, elevated expression of ICOS contributes
to the expansion of Tth cells and to the breakdown in peripheral
tolerance (87).

Several lines of evidence also support a pathogenic role of
Tth cells and IL-21 in human SLE (Table 1). Data are available
mostly for cTth cells, which have been showed to be increased and
have an active phenotype in SLE patients as compared to controls
(88-98). This activated phenotype correlates with the number
of circulating plasmablasts and with the levels of pathogenic
autoantibodies (58, 88, 90, 91, 93-95, 98), but the correlation
with disease activity observed in some studies (58, 90, 92, 97) has
been considered inconsistent by other research teams (88, 94).
Of particular interest are the observations made on alterations
in the composition of cTth cells subsets in SLE, associated with
disease activity (99). Ratio of cTth2 and cTth17 (which are both
considered as efficient B helpers) over cTfh1 are increased in SLE
patients as compared to controls and disease activity correlates
with the frequency of cTth2 cells (99). Higher plasma levels of
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TABLE 1 | T follicular helper (Tth) cells in human SLE.

Study Patients (n)

Circulating Tfh

He et al. (58) 26 Expansion of cTth cells

Simpson et al. (88) 46 Expansion of cTth cells
No association with disease activity.
Correlation with the titers of autoantibodies

Terrier et al. (89) 25 Expansion of cTth cells

Feng et al. (90) 42 Expansion of cTth cells
Correlation with disease activity and with the
titers of autoantibodies

Wang et al. (91) 23 Expansion of cTth cells

Yang et al. (92) 30 Expansion of cTfh cells in patients with
active SLE
Correlation with disease activity

Zhang et al. (93) 29 Expansion of cTth cells
Correlation with the titers of autoantibodies

Choi et al (94) 57 Expansion of cTth cells
Correlation with disease activity and with the
titers of autoantibodies

Szabo et al. (95) 25 Expansion of cTfh cells
Correlation with the titers of autoantibodies

Umeda et al. (96) 64 Expansion of cTfh cells

Xu et al. (97) 40 Expansion of cTth cells
Correlation with disease activity and with the
titers of autoantibodies

Huang et al. (98) 70 Expansion of cTfh cells
Correlation with disease activity and with the
titers of autoantibodies

Le Coz et al. (99) 23 Expansion of cTfh2 cells in patients with
active SLE. Decrease in Tfh1 cell subset
percentage

Tissue level

Liarski et al. (105) 42 Identification of functional Tth cells in lesions
of lupus nephritis. Close proximity between
B cells and Tth cells

Chang et al. (106) 68 Presence of T:B cell aggregates or GCs

in the tubulointerstitial infiltrate of lupus
nephritis

cTth cells, circulating Tth cells; GC, germinal center; SLE, systemic lupus
erythematosus.

IL-21, as well as an increase in the frequency of IL-21-expressing
CD4" T cells, are found in SLE patients as compared to controls,
correlating with the number of switched memory B cells and
with several markers of disease severity (89, 91, 95, 100-104).
Moreover, Tth cells have been also investigated at tissue level
in SLE: Tth-like cells are present in inflamed kidney of patients
with nephritis (105, 106), where they cluster with B cells building
structures similar to ectopic GCs (106).

The role of Tfr in SLE remains unclear and literature data are
inconsistent. Some authors observed a reduction in the frequency
of circulating Tfr cells in SLE patients (107, 108) with an increase
in the ratio Tth/Tfr, associated with a negative correlation with
disease activity and titers of anti-dsDNA antibodies (107). On the
contrary, another study revealed a significant increase of Tfr cells
in peripheral blood with an increase in the Tfr/Tth ratio (109).
Discrepancies could be related to the strategy used to define Tfr
cells by flow cytometry (CD4*CD25*CD127"ow-inermediate CXCR5*

(107) or CD4*CXCR5*FoxP3* (109)), as well as the different
recruitment of subjects within each study.

T follicular helper cell expansion and aberrant GC responses
play clearly a crucial role in the pathogenesis of lupus in mice
and data obtained so far in human SLE seem to go in the same
direction. Tth cells could, therefore, represent an interesting
therapeutic target. Conventional treatments used in SLE
(steroids, immunosuppressive drugs) result in a decrease in
the number of activated cTth cells (90, 91), associated with a
clinical improvement (90). A treatment with low-dose recom-
binant human IL-2 in SLE patients leads also to a decrease in
the relative number of cTth cells (110). However, the specific
targeting of these cells requires a better understanding of
the mechanisms involved in their aberrant activation during
SLE. In this way, OX40 ligand (OX40-L)-0X40 axis has been
identified as a key player in the increased Tth responses (111):
0X40-L, highly expressed by myeloid APCs in active SLE
patients in response to TLR7 activation by RNP-anti-RNP
immune complexes, promotes the differentiation of CD4*
T cells in functional Tth cells (111). In this way, in human SLE,
the OX40-L-0X40 axis provides an amplification loop in the
generation of autoantibodies (112) and could represent an
attractive pathway to target. However, although anti-OX40 and
anti-OX40L antibodies exist, there is for instance no ongoing
trial of these molecules in human SLE.

RHEUMATOID ARTHRITIS (RA)

Rheumatoid arthritis is a systemic auto-immune disease, associ-
ated with acute and chronic synovial inflammation, cartilage
lesions, and bone erosion (113). Various autoantibodies associ-
ated with RA and which play important roles in the pathological
progression of the disease have been identified, including rheu-
matoid factor and antibodies against cyclic citrullinated peptides
(anti-CCP). Exact pathogenic processes of RA are not totally
understood and involve many types of immunocompetent cells.
Nevertheless, interactions between T and B cells are required for
antibody production and, similarly to what are observed during
SLE, many of the RA-related autoantibodies are high-affinity IgG
antibodies, indicative of the involvement of GC reactions and,
therefore, suggesting a critical role of Tth cells in the disease
pathogenesis.

Data from murine models of arthritis seem to indicate that
some essential Tth cells associated molecules are required for
the disease development. For example, in the model of collagen-
induced arthritis (CIA), CXCR5 was identified as an essential
factor for the induction of the inflammatory autoimmune
arthritis, as CXCR5-deficient mice and mice selectively lacking
CXCRS5 on T cells are resistant to CIA (114). In another model
(transfer of self-reactive CD4" cells from KRN-TCR transgenic
mice into recipient animals), Chevalier et al. observed that
deficiency in CD4" cells of signaling of lymphocytic activation
molecule-associated protein (SAP) (a protein known to promote
Tth cell differentiation during GC formation) protects mice from
the induction of arthritis, indicating that long-lasting interactions
between T and B cells and GC formation are required for the
development of the disease (115).
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In human RA, it is worth noting that literature data are con-
flicting regarding Tth cells frequencies (Table 2). In five studies,
it was observed increased frequencies of cTth cells in patients as
compared to controls (116-120), especially in those with new-
onset disease. For some authors, this increase is constitutive and
is not associated with the activity of arthritis, as both patients
with active or inactive disease have higher frequencies of acti-
vated cTth cells and of subsets with B cell helper phenotype (Tth2
and Tfth17) (116). Still these findings contrast with other reports
where percentages of cTth cells have been associated with the
disease activity [mostly assessed by 28-joint count disease activity
score (DAS28)] (117-119, 121) and with the levels of autoanti-
bodies (119-121). An enrichment of Tth cells was observed in
synovium tissues of patients with RA whereas they were absent
in both osteoarthritis and normal synovium tissues (122, 123).
By contrast of the five studies mentioned above, three other ones
dismiss the presence of increased frequencies of Tth cells during

TABLE 2 | T follicular helper (Tfh) cells in human RA.

Study Patients (n)

Circulating Tth

Arroyo-Villa et al. 34 Expansion of cTfh cells

(116)

Zhang 54 Expansion of cTth cells

etal (117) Correlation with disease activity (values of
DAS 28)

Nakayamada 108 Expansion of cTfh cells in patients with

etal. (118) active RA
Correlation with autoantibody titers
Abatacept treatment resulted in decrease
in the proportion of activated cTfh cells

Wang et al. (119) 25 Expansion of cTth cells
Correlation with disease activity (values of
DAS 28)

Ma et al. (120) 53 Expansion of cTth cells
Correlation with autoantibody titers (level of
anti-CCP Ab)

Liu et al. (121) 120 Expansion of cTth cells
Correlation with disease activity (values
of DAS 28) and with the titers of
autoantibodies (anti-CCP Ab levels)

Penatti et al. (122) 25 Lower frequencies of cTfh cells ICOS+ in
patients with RA

Costantino 24 No differences in cTfh cells between

et al. (124) patients with RA and healthy controls or
patients with undifferentiated arthritis

Chakera et al. (125) 35 No differences in cTth cells between

patients with RA and healthy controls
Synovium tissues

Penatti et al. (122) 25 In the synovial compartment of RA
patients, enrichment in Tth cells as
compared to patients with osteoarthritis

Chu et al. (123) 2 Localization of ICOS+ Tfh cells in the

RA synovium tissues, as compared to
osteoarthritis synovium or normal synovium
tissues where they are absent (triple-
fluorescence immunostaining and confocal
laser scanning)

Ab, antibody; Anti-CCR, antibodies against cyclic citrullinated peptides; cTth cells,
circulating Tth cells; CXCR5, chemokine (C-X-C motif) receptor 5; DAS, disease activity
score; ICOS, inducible co-stimulator; RA, rheumatoid arthritis.

RA. No differences were found in the percentages of cTth cells or
within Tfh1, Tth2, and Tth17 subsets in RA patients, as compared
to healthy controls or patients with undifferentiated arthritis,
without correlation with DAS28 (124, 125) and Penatti et al. even
observed lower frequencies of ICOS* cTth cells in patients with
RA (122).

Investigations on the implication of Tth cells in the pathogen-
esis of the disease have also led to the evaluation of the impact
of their signature cytokine, IL-21. RA patients have higher
serum levels of IL-21 as compared to controls (117, 120, 121),
correlating with DAS28 (117, 121), serum anti-CCP antibodies,
and frequencies of cTth cells (121). IL-21R is highly expressed
in inflamed synovial tissues of RA patients (126, 127), by mac-
rophages but also by fibroblasts with activated phenotype (126).
IL-21 has an impact on local T-cell activation and proliferation,
but also promotes the aggressive migration, invasion, and met-
alloproteinase secretion by fibroblast-like synoviocytes (128).
In RA synovial cell cultures, neutralization of IL-21 and IL-15
inhibits their pro-inflammatory cytokine production (129).
Finally, in the K/BxN mouse model of RA, IL-21R deficiency is
sufficient to protect from arthritis (130).

Potential use of Tth cells as biomarkers of RA has con-
ducted to the evaluation of the impact of treatments on these
populations. In 2013, Wang et al. observed a significant reduc-
tion in the percentages of ICOS* Tth cells following 1 month
of disease-modifying antirheumatic drugs (DMARDs) and
T. wilfordii (Chinese herb) in the drug-responding patients
(119). On the contrary, no decrease in the frequency of Tth
cells in response to 24 weeks of DMARD therapy (mostly
methotrexate monotherapy) was observed, whereas IL-21
concentrations were remarkably reduced (117). In patients
with RA treated by abatacept, which modulates CD28-
mediated T cells co-stimulation, the treatment is associated
with a marked decrease in the proportion of activated cTth
(118). Data from murine model of RA associated with a breach
of self-tolerance brought some mechanistic explanations on
this observation made in RA patients: abatacept is associated
with a failure of T cells to acquire a follicular helper cell phe-
notype (CXCR5TICOS*), to proliferate, to enter B cell follicles,
leading to a reduction in antibodies responses (131).

It is known that environmental factors are implicated in
the development of arthritis and two recent studies suggest
that generation of RA-related Tfh cells possibly relies on gut
microbiota. Using the K/BxN autoimmune arthritis model,
Teng et al. evaluated the role of a specific type of commensal
gut bacteria, named segmented filamentous bacteria (SFB), in
the regulation of Tth cell responses (132). SFB are known to
drive autoimmune arthritis in this mouse model (133) and it
was shown that SFB induce an increase in the systemic Tth cell
populations by driving differentiation and egress of Tth cells
from intestinal Peyer’s patches into systemic lymphoid sites,
leading to an increase in auto-antibody responses and to the
development of arthritis (132). Using the same murine models,
Block et al. confirmed the requirement of gut microbiota in
the differentiation of Tth cells, the formation of GCs, the auto-
antibody production, and the development of the experimental
arthritis. Depletion of gut microbiota in the animals, by the use
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of antibiotics, reduced the number of Tth cells and the levels of
antibodies (134).

Finally, we would like to highlight the results published
recently by Rao et al. in Nature, who identified a novel subset of
T cells in the synovium of patients with RA (135). Using mul-
tidimensional cytometry, transcriptomics, and functional assays
to analyze activated T cells in joint tissues, authors observed,
in seropositive RA patients, abundant populations of a specific
subset of T cells, defined as PD-1"CXCR5-CD4* and which they
named “peripheral helper” cell population. This population, not
expanded in patients with seronegative RA and of whom frequen-
cies are highly correlated with disease activity in response to
therapy, shares B-cell-helper functions with Tth cells but seems
to differ from them by a specific migratory program targeting
inflamed tissues rather than lymphoid tissues (135). These results
need to be confirmed and some questions need to be addressed,
but this study raises the possibility of the existence in RA of a
subset with high pathologic abilities that could be of great interest
in a therapeutic perspective.

T follicular helper cells have also been investigated in patients
with ankylosing spondylitis (AS), another rheumatologic disease,
with contradictory results. Higher frequencies of cTth cells have
been observed in AS patients as compared to controls, associated
with elevated concentrations of serum IL-21 (136, 137), whereas
Bautista-Caro et al. reported decreased frequencies of cTth cells,
plasmablasts and underrepresentation of cTth subsets with a B
helper phenotype in patients with AS naive from TNF blockers
(138). Frequencies of Tfr cells were also reported to be signifi-
cantly higher in AS patients than in healthy controls, with higher
ratio of Tfr/Tth cells (137).

SJOGREN SYNDROME

Primary Sjogren’s syndrome (pSS) is a systemic autoimmune
disease, presented as a disabling sicca syndrome associated with
asthenia and pain (139). It is characterized by lymphocytic infil-
tration and destruction of exocrine glands, primarily the lacrimal
and salivary ones. Crucial role of B cells in pSS pathogenesis is
illustrated by the emergence of circulating immune complexes,
autoantibodies, ectopic GCs in the affected tissues, and enhanced
risk of developing B cell lymphoma (140) underlying a possible
important role played by Tth cells in the pathogenesis of this
disease. Increased percentages of cTth cells (especially cTth17
subset) have been observed in peripheral blood of patients with
pSS (141, 142). This increase seems to be limited to pSS patients
with severe manifestations of the disease. Indeed, in patients
with pSS who present extraglandular manifestations (EGMs),
Szabo et al. observed an increase in activated cTth cells (ICOS*
or PD1* cTth) as compared to pSS patients without EGMs and
to healthy controls, whereas there was no difference in cTth
percentages between patients without EGMs and controls (143).
Elevated Tfh percentages were also observed in the anti-SSA/
SSB positive patients (143). Similarly, a significant elevation in
the proportion of IL-21-producing PD1* cTth cells was described
in pSS patients with EGMs and in patients with autoantibod-
ies against anti-SSA/Ro (95). More interestingly, correlation
between cTth cells percentages and importance of glandular

involvement assessed by the focus scores of labial salivary gland
biopsies has been estimated with a coefficient R equal to 0.6984
(143). Otherwise, increased serum levels of IL-21 are observed
in pSS patients with a significant association with the systemic
DAS28 (ESSDAI) (144, 145). Regarding salivary glands, Jin
et al. reported increased numbers of Tth cells in pSS patients as
compared to controls (141). When analyzing the expression of
cytokines and transcription factors associated with the different
Th subsets (Tth, but also Th1, Th2, and Th17) in labial salivary
glands, Maehara et al. observed an increase in the expression
of all Th subset-related molecules in pSS patients as compared
to controls. However, expression of Tth-related molecules was
associated with a strong lymphocytic infiltration and especially in
the presence of GCs (146). Differentiation of naive CD4" T cells
seems to be particular during pSS and implies the interactions
with salivary gland epithelial cells such as IL-6 and ICOS-L
expressed by these cells contribute to the direct induction of Tth
cells differentiation (145).

Frequency of cTth cells in pSS patients is almost reduced by
50% after B cell depletion therapy and reach levels comparable
to controls, in association with a significant lowering of serum
levels of IL-21, with a decrease in anti-SSA/Ro and antiSSB/
La antibodies and with the improvement of the disease activity
measured by ESSDAI (147). During B cell repopulation, frequen-
cies of cTth cells return to baseline levels. Like described in RA,
specific effects of abatacept on Tth cells are observed during pSS
treatment (148). Abatacept results in the predominant reduction
of percentages and numbers of cTth cells (other effector subsets
are not affected, except Treg cells), of serum levels of IL-21 and of
autoantibodies. A decrease in ICOS expression on CD4* T cells
is observed in both peripheral blood and parotid gland tissue and
this phenomenon correlates significantly with a lowering in the
DAS28 (148).

NEUROLOGICAL DISEASES
Multiple Sclerosis (MS)

Multiple sclerosis is a chronic, inflammatory, and autoimmune
disease affecting the central nervous system (CNS), leading to the
destruction of myelin and axons (149). In pathological studies,
important meningeal inflammation with ectopic lymphoid fol-
licles, B and plasma cells is observed (150, 151). This suggests
a possible implication of T helper cells and especially Tth cells
in the pathogenesis of the disease. In peripheral blood from
patients with relapsing-remitting or secondary progressive
forms of the disease, an increase in the frequencies of ICOS*
cTth cells is observed, associated with an increased expression
of Tth and plasmablast markers by cerebrospinal fluid (CSF)
cells (152). Activated memory cTth cells (CCR7*ICOS*) were
also found increased in another study in patients with relapsing
MS. Moreover, they observed increased levels of plasma and CSF
IL-21 correlating positively with the score of severity of the disease
(EDSS score) and with levels of auto-antibodies directed against
myelin basic protein or myelin oligodendrocyte glycoprotein
(153). Treatment with systemic steroids (methylprednisolone)
leads to a decrease in the numbers of activated cTfh cells and in
the plasmatic levels of IL-21 (153).
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Neuromyelitis Optica Spectrum Disorders
(NMOSDs)

Neuromyelitis optica spectrum disorders are also inflammatory
demyelinating diseases affecting CNS, characterized clinically by
attacks of myelitis and optic neuritis and biologically by the pres-
ence of highly specific and pathogenic autoantibodies directed
against the extracellular domain of the water channel protein
aquaporin-4 expressed in astrocytes (NMO-IgG) (154). Activated
Tth cell frequencies are higher in NMOSD subjects, as compared
to healthy controls and even as compared to MS patients and
are associated with disease activity and with increased levels of
plasma and CSF IL-21 (155, 156). Treatment with methylpredni-
solone is associated with a significant decrease in the proportion
of cTth cells in NMOSD patients (155).

Myasthenia Gravis (MG)

Myasthenia gravis is characterized by the production of anti-ace-
tylcholine receptor (AchR) antibodies, leading to a dysfunction of
the neuromuscular junction and in fine to muscle weakness (157).
Ocular and generalized MG are the two major clinical forms of
the disease. Expansion of cTth cells, concomitant with expansion
of circulating plasmablasts, is observed in patients with MG as
compared to healthy control subjects, and is associated with the
clinical severity and the form of the disease (158-161). Strong
correlations between cTtfh cells and titers of anti-AChR autoan-
tibodies are frequently described (159-161). On the contrary,
proportions of Tfr cells are decreased in MG patients as compared
to controls, leading to an imbalance in the Tfr/Tth ratio (159,
162). One important specificity of MG is the frequent associa-
tion with thymoma and the use of thymectomy as a treatment,
leading to the possible pathological analysis of thymus obtained
from MG patients. Clinical severity of the disease (subjects with
generalized MG versus subjects with ocular MG and controls)
is correlated with higher mRNA expression of four markers by
thymoma cells (CXCRS5, Bcl-6, ICOS, and IL-21) (163). Higher
percentages of thymic Tth cells are present in MG patients, as
compared to patients with thymoma without MG or patients with
healthy thymus (control thymic biopsies from cardiac surgery
cases) (164).

IgG4-RELATED DISEASE (IgG4-RD)

IgG4-related disease consists in lymphoplasmacytic infiltrates
of CD4* T cells and IgG4+ plasma cells associated with fibrosis.
It affects mainly males over 50 years and may involve all tissues
(pancreatitis, retroperitoneal fibrosis....) (165). IgG4-RD patients
are characterized by higher proportions of cTth cells, as well as
increased proportions of plasmablasts as compared to controls
(166). The two populations correlate positively within each other
and cTth cell rates are positively correlated with EGMs of IgG4-RD
(166). Proportions of cTth cells that express a high level of PD-1
positively correlate with serum levels of IgG4, IgG4/1gG ratio,
and number of involved organs (167). When cTth subsets are
analyzed, a significant specific expansion of Tth2 cells is observed,
associated with serum levels of IgG4, IgG4/IgG ratio, number
of plasmablasts, disease activity, and number of affected organs

(168-170). Tth2 cells appear to be responsible, in the pathogen-
esis of the disease, for the induction of the differentiation of naive
B cells into plasmablasts and of the increase in the production of
IgG4 in patients with active disease (169). Contradictory results
have been published regarding the population of Tthl cells: a
Japanese team observed an increase in the number of activated
Tthl cells in IgG4-RD, correlating with disease activity but
not with serum IgG4 levels, whereas another team reported a
decrease in the proportion of cTth1 cells in patients as compared
with controls (170).

One particularity of IgG4-RD is the existence of numerous
data with histopathological examination. In fact, in IgG4-RD,
it is necessary to get a biopsy-proven diagnosis, allowing the
analysis of Tth cells directly in the involved tissues. Histological
data reveal marked Tth cell infiltration or overexpression of
Tth-related molecules in the different affected organs studied
(166, 171-173), colocalizing with B cells and plasma cells
(171). Tth cells infiltrating the submandibular glands (SMGs)
of patients suffering from IgG4 dacryoadenitis and sialadenitis
are characterized by high expression levels of Bcl6, PD-1, and
ICOS, as compared with SMGs from control patients with head
and neck cancers, and functional analysis reveal that they have a
higher capacity than tonsillar Tth cells to help B cells to produce
IgG4 (167). Expression of IL-21 in labial salivary glands from
patients with IgG4-RD correlates with the number of GCs and
with the IgG4/IgG ratio (172). All teams working on Tth cells
and IgG4-RD showed a decrease in Tth percentages in patients
treated by steroids or rituximab, correlating to the improvement
of symptoms (166, 167, 169, 170).

VASCULITIS

Large Vessels Vasculitis

To our knowledge, role of Tth cells in the physiopathology of large
vessels vasculitis has been rarely investigated. One team studied
Tth cells in granulomatosis with polyangiitis (GPA) (174), disease
characterized, in the majority of patients, by the development
of ANCA autoantibodies with specificity for PR3 (ANCA/anti-
PR3). Because GPA has benefited recently from B-cell depletion
therapy, it raises the question of the underlying mechanism of its
effectiveness. Authors found, in GPA patients on conventional
therapies, an increased frequency of cTth cells. This increase is
not observed in GPA patients treated with rituximab who are
clinically improved and in whom cTth cells frequencies are sta-
tistically not different from those seen in healthy controls (174).

Small Vessels Vasculitis

Ig A vasculitis, also called Henoch Schoénlein Purpura (HSP),
is the most common small vessel vasculitis which affects par-
ticularly children. Vascular deposits of IgA-related immune
complexes characterize this systemic inflammatory disease.
Circulating Tth cells are increased in children with acute HSP
as compared to healthy controls and are associated with higher
levels of IL-21 (175, 176). Levels of cTth and IL-21 lowered sig-
nificantly following disease remission (175). Adult patients with
HSP nephritis (HSPN) display same features, with increased
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levels of cTth cells and IL-21 as compared to healthy controls
and a significant reduction after treatment (177). When further
investigating Tth subpopulations, an increase in cTfh2 and
cTth17 is present in HSP patients compared to healthy controls
and their levels positively correlated with serum IgA ones (178).
The increases in cTth2 and cTth17 cells counts are abrogated by
treatment.

IDIOPATHIC THROMBOCYTOPENIC
PURPURA (ITP)

Idiopathic thrombocytopenic purpura is characterized by
a low platelet count, which is the result of both insufficient
platelet production and increased platelet destruction by
auto-antibodies directed against platelet glycoproteins. Main
antibody isotype in ITP is represented by IgG, which underlies
a class-switch recombination, a mechanism supported by Tth
cell help to B cells. In adult ITP patients, there is an increase
in the proportion of cTth cells with high expression of ICOS
or PD-1 (179). This is particularly marked in the sub-group of
patients with positivity of anti-platelet antibodies as compared
to platelet-antibody-negative patients. Plasma levels of IL-21 are
also significantly increased in patients with active ITP as com-
pared to controls (179, 180). In the pediatric population, which
is frequently impacted by ITP, similar results are observed: fre-
quencies of cTth cells are markedly increased during ITP, with
a strong negative correlation between the proportion of cTth
cells and platelet count, as well as with increased serum levels
of IL-21 (181). It should be highlighted that the frequencies of
cTth cells return to normal levels after therapy (intravenous Ig,
corticosteroids, or both) in patients with newly diagnosed ITP,
whereas children who fall in chronic ITP (cITP) have a per-
sistent increase in both cTth cell frequencies and IL-21 levels.
Moreover, in cITP subjects, overexpression of ICOS-L by CD19*
B cells remains after treatment, while it markedly decreases in
the other group (181).

Spleen is the site of platelet destruction by splenic mac-
rophages phagocytosis and as it is the primary site for the
activation of B cells and for the autoimmune response and,
therefore, an organ of interest in I'TP. Splenectomy is one possible
therapeutic option for resistant ITP and pathological analysis
of the resected organs gives precious information. Audia et al.
characterized Tth cells in the spleen of 13 ITP patients com-
pared to 8 controls (splenectomy because of spleen traumatism)
(182). Splenic Tth cells frequencies (CXCR5*ICOS*PD-1%)
are increased during ITP, concomitant with an expansion
of GCs and with an increase in splenic CD38" B cell subsets
(pre-GC B cells, GC B cells, and plasma cells). Furthermore,
IL-21 expression in splenic CD4" T cells correlates with Tth cell
abundance. Finally, in vitro stimulation of B cells with IL-21, in
the presence of CD40 engagement, induces the differentiation
of B cells in antiplatelet antibodies secreting plasmablasts in ITP
patients (182). The expansion of splenic Tth cells is dramatically
decreased after B cell depletion induced by rituximab, associ-
ated with a decrease in the absolute count of cTth cells, even if
the therapy is not clinically effective (183).

CHRONIC INFLAMMATORY SKIN
DISEASES

Psoriasis

Skin lesions in psoriasis are thought to be due to a deregulated
interplay between immune cells and keratinocytes, leading to
proliferation of keratinocytes in the interfollicular epidermis,
inflammation of the stratum corneum, dermal angiogenesis,
and infiltration with mononuclear cells. Circulating Tth cells are
increased in blood from patients with psoriasis vulgaris as com-
pared to controls, both from a numerical but also from an activa-
tion point of view, and frequencies of some activated counterparts
of cTth cells are correlated with disease severity [Psoriasis Area
and Severity Index (PASI) score] and with the accumulation of
activated B cells (184, 185). Regarding cTth cells subpopulations,
psoriatic patients are characterized by a significant increase in
cTth17 rates, with a trend of increasing frequency of cTth2 cells
and decreasing frequency of cTthl cells, leading to an increase
in (Tth17+Tth2)/Tth1 ratio (186). Frequency of cTfh17 correlates
with the PASI score and decreases with the improvement of the
skin disorder (186). Frequencies of cTth cells are reduced after
1 month of acitretin treatment (184). In psoriatic skin lesions,
Tth are found in great amount contrary to healthy skin tissues or
non-lesional skin tissues of psoriasis (184).

Serum levels of IL-21 are higher in patients with psoriasis
than in controls and positively correlate with PASI score (185).
Moreover, high levels of IL-21 protein and IL-21 mRNA are
observed in lesional psoriasis skin compared to samples taken
from non-lesional skin of the same patients and from healthy
controls (187).

Atopic Dermatitis (AD)

Because of an increased level of serum IgE in AD, some authors
have focused on Tth cells in this disease. There is an increased
level of ICOS*Tfh and ICOS*PD1* Tth cells in children with AD
when compared to adults with AD and to controls. Despite no
difference in serum levels of IL-21, absolute numbers of IL-21-
producing Tth cells are significantly expanded in children with
AD, and correlate to disease activity (measured by the SCORAD
index) (188).

Pemphigus and Bullous Pemphigoid
Pemphigus is an autoimmune disease with antibodies directed
against the desmosomal cadherin Desmoglein (Dsg) 3 and Dsgl
that cause loss of keratinocyte adhesion in the human skin. There
is an increase in percentage of total cTth in peripheral blood of
patients with pemphigus, along with elevated levels of serum
IL-21, despite no difference in ICOS* or PD1* Tth cells between
patients and healthy controls (189). By stimulating PBMC from
pemphigus patients and controls with Dsg3 protein ex vivo,
authors identified autoreactive IL-21-secreting cells in 50% of the
pemphigus patients.

Bullous pemphigoid is another autoimmune skin disease, with
antibodies directed against hemodesmosomal proteins within
the dermal-epidermal junction [non-collagenous 16A domain
(NC16A) and transmembrane domain of the hemidesmosomal
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protein (BP180)]. Increased level of IL-21 and increased fre-
quency of ICOS* and PD1* cTth cells are positively correlated
with high levels of serum anti-BP180-NC16A antibodies, which
have been recognized as a serum marker of disease severity.
Levels of serum IL-21 and Tth rates are significantly reduced after
efficient therapy with methylprednisolone (190).

ENDOCRINOPATHIES
Type 1 Diabetes (T1D)

Type 1 diabetes is due to the destruction of insulin-producing-3-
cells in the pancreas. Despite being considered as a T-cell-driven
disease, a pathogenic role of B cells producing autoantibodies
against {3-islets has been proven. Using a transgenic mouse model
of diabetes, Kenefeck et al. identified a Tth signature (that is a
strong up-regulation of Tth cell genes) in the islet-specific T cells
responding to pancreatic antigen, as compared to T cells sorted
from inguinal lymph nodes (191). This was confirmed at the
protein level by flow cytometry. Interestingly, transfer of T cells
with a Tth cell phenotype (obtained from pooled pancreatic
lymph nodes from diabetic mice and enriched according to
CXCR5 expression) transferred diabetes to recipient animals
more efficiently than CXCR5-depleted T cells (191).

Atthe transcriptomic level, memory CD4+ T-cells from T1D
patients (with a mean duration of T1D of 19 years) overexpress
Tth cell genes (CXCR5, ICOS, PD-1, Bcl6, and IL-21) (191).
Rates of cTth cells are increased in patients with T1D, as com-
pared to controls (192-194). This increase is associated with an
enhanced IL-21 production by memory CD4" cells in patients
(192, 193). Interestingly, authors have shown an increase in
activated c¢Tth (CXCR5"PD1*ICOS*) cells in newly diagnosed
T1D children and in at-risk children with impaired glucose
tolerance compared to aged-matched healthy children (194).
A longitudinal analysis of at-risk children showed an increased
rate of Tth just before progression to clinical T1D, whereas
children who did not progress had a stable Tth frequency.
Comparison between diabetic patients with <1 autoantibody
and diabetic patients with >2 antibodies showed a strongly
increased frequency of activated cTth cells in the second group.
It suggests that multiple autoantibody-positivity identifies a
subgroup of patients with increased Tth activation at disease
presentation (194).

PD1* Tth cells positively correlate with blood glucose levels
and negatively to the Glomerular Filtration Rate (eGFR) in
patients with diabetic nephropathy (195). Besides, frequency of
ICOS* Tth cells seems to inversely correlate with the concentra-
tions of fasting serum C-peptide, while after 4 months of rituxi-
mab therapy, 50% of patients increase their levels of this marker,
parallel to the decrease in Tth percentages (192).

Autoimmune Thyroid Disease

Elevated percentages of ICOS* and PD1* Tth cells are present
in patients with autoimmune thyroid diseases [Grave disease
(GD) or Hashimoto’s thyroiditis (HT)]. ICOS* cTth cells cor-
relate positively with the serum concentrations of autoantibod-
ies directed against anti-TSH receptor, thyroperoxidase, or
thyroglobulin (196).

Analysis of thyroid tissues is sometimes possible in these
diseases: both GD and HT are characterized by an increased
lymphocytic infiltration (196-198), with frequent GCs forma-
tion. Tfh cells are detected in situ, in HT (196) and GD (197).
Expression of Tth-related molecules (IL-21/IL-21R, CXCR5/
CXCL13) is detected in GD thyroid tissues (197), with a posi-
tive correlation between the expression of IL-21 mRNA in GD
thyroid tissues and the serum levels of autoantibodies. mRNA
expression of CXCR5 and CXCL13 is correlated with the number
of lymphocytic infiltrates and ectopic GCs in thyroid tissue from
patients affected by HT or GD (198).

HEPATOLOGICAL AND
GASTROENTEROLOGICAL DISEASES

Autoimmune Hepatitis (AIH)

Autoimmune hepatitis displays varied manifestations from
asymptomatic, mild chronic hepatitis to acute-onset fulminant
liver failure. Studies with murine models of AIH have raised a
possible crucial role of Tth in the disease (199, 200), by showing
that dysregulated Tth cells in the spleen are responsible for the
induction of fatal ATH. In humans, percentages of activated cTth
cells (PD-1* or ICOS* Tth cells) are increased in patients with
ATH compared to controls (201, 202). Frequency of activated
cTth cells is positively correlated with serum IgG levels (201,
202) and negatively with serum albumin and serum prothrombin
time (201). This population decreases significantly consecutively
to prednisolone treatment, with the decrease of serum alanine
transferase (201). Serum levels of IL-21 are higher in patients with
ATH than in patients with other liver diseases or healthy volunteers
(202, 203), correlating with the numbers of cTth cells. They are
associated with the severity of the disease. Finally, they correlate
positively with total serum bilirubin levels and negatively with
serum albumin (203). Data obtained from immunohistochem-
istry studies and from flow cytometry on extracted cells from
liver biopsies of patients with AIH have been also published:
frequencies of activated Tth cells are significantly increased in the
liver from patients and positively correlate with their circulating
counterparts in blood of patients (201). A positive correlation of
serum IL-21 levels and the grading of necro-inflammatory activ-
ity is also described (203).

Primary Biliary Cholangitis (PBC)

Circulating Tth (201), ICOS* c¢Tth (204) and PD1* cTth cells (205,
206) are increased in patients with PBC as compared to controls,
in association with a decrease in Tfr cells and in consequence in
the Tfr/Tth ratio (206). Levels of cTth cells are even higher than
in AITH patients (204) and functional capacities of cTth cells from
PBC patients are greater than those from controls (204). cTth
frequencies correlate with disease severity (204). They are higher
in patients with cirrhosis (non-decompensated or decompen-
sated) than in the non-cirrhotic group, and higher in the group
of patients with anti-mitochondrial antibodies than in the group
without (205). In patients responders to the classic treatment of
PBC (ursodeoxycholic acid), there is a decrease in cTth rates and a
trend to a lower production of IL-21 by Tth cells (204). As in AIH,
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histological analysis of liver samples reveals an accumulation of
PD1*Bcl6* Tth cells around the damaged interlobular bile ducts
in PBC with chronic non-suppurative destructive cholangitis;
these infiltrating Tth cells organize follicle-like structures and col-
locate with B cells around the bile ducts (204). Similar increases
of Tth cells are also present in spleen samples of patients with
PBC, as compared to controls (traumatic splenectomy) (204). The
aberrant Tth cell activation in PBC patients can possibly rely on
abnormal response toward bacterial antigens stimulation (207).

Inflammatory Bowel Diseases (IBD)
Circulating Tth cells have also been studied in patients with
IBD [Crohn’s disease (CD) or ulcerative colitis (UC)], showing
an increase in their proportions in IBD patients as compared to
healthy controls (208, 209), with a significant specific increase in
Tth1 and Tth17 subsets (209) and a reduction in the frequency of
cTfr cells (208). Levels of cTth cells are associated with symptoms
of severity of IBD: they are significantly elevated in the penetrating
form of CD, as compared to the inflammatory or stricturing ones
(209). In UC, the values of Mayo clinic score (measuring disease
severity) and of C-reactive protein positively correlate with cTth
cells and serum IL-21 levels (208). Because Tth cells may affect
the progression of various cancers and because CD patients are at
risk of colorectal cancer, the question has been raised to compare
cTth levels in CD patients with or without neoplasia. Patients who
developed a colorectal cancer, compared to those who did not,
have a significant increase of cTth cells (209). In colonic tissue
sections of patients with UC, proportion of Tth cells among CD4*
T cells is increase (210).

Specific contribution of IL-21 to the pathogenesis of IBD
has been studied. It has been observed enhanced serum levels
of this cytokine in patients (208), an increase in its expression
in UC colonic tissues (210) and interesting findings indicate an
important role of CD4" T intestinal lamina propria lymphocytes
in the production of IL-21, especially after their activation by
IL-12 (211).

COMMON VARIABLE IMMUNE
DEFICIENCIES (CVID)

Common variable immune deficiencies is the most symptomatic
primary immunodeficiency and manifests by recurrent respira-
tory and gastrointestinal tract infections. This disease is hetero-
geneous and diagnosis criteria, as defined by European society
for immunodeficiencies, include onset after 2 years old, deficit
in serum Ig (multiple classes) not explained by other known
causes and impaired vaccination responses (212). Impaired
B cell differentiation is a hallmark of the disease and, despite
normal levels of total B cells in most cases, patients harbor lower
levels or absence of smB cells (213). Based on these alterations,
the European multicenter trials proposed a classification called
EUROClass which hinged on levels of circulating B cells, of
smB cells and on the presence of an expansion of transitional
B cells or of CD21"" cells (214). In more than half of the patients,
CVID causes inflammatory disorders, such as lymphoprolifera-
tion, granulomatous disease, malignancy, and autoimmunity on

the top of the immunodeficiency leading to infection susceptibil-
ity (215). These complications cause increased morbidity and
mortality. More than 25% of CVID patients have autoimmune
complications (215). ITP and autoimmune hemolytic anemia are
the most frequent autoimmune disorders but numerous others,
such as vitiligo, pernicious anemia, SLE, RA, antiphospholipid
syndrome, anti-IgA Ab disease, juvenile idiopathic arthritis,
Sjogren’s syndrome, psoriasis, thyroiditis, uveitis, and vasculitis
can also be found in CVID patients (215). These observations
highlight a paradigm in CVID pathogenesis: despite a defect in
B cell differentiation and in serum Ig, patients develop autoan-
tibodies and harbor autoimmune complications. Mechanisms
responsible for this paradigm may highlight failures in specific
checkpoints for autoreactive B cells and are yet to be clearly iden-
tified. Interestingly, Patuzzo et al. (216) have shown an increase
in the CD21"" population in CVID patients with ITP. CD21'
cells may develop under chronic inflammatory conditions from
memory B cells and are present in high levels in autoimmune
patients including ones affected by ITP, pSS, and SLE. Therefore,
one can hypothesize a role of these CD21"" smB cells in the
development of autoimmune complications observed CVID
patients. Nevertheless, further experiments are needed to explore
this possibility.

CD4* T cells play a central role in B cell differentiation into
memory and Ig-producing cells. It is, therefore, not surprising
to observe abnormalities of the T cell compartment in CVID
patients. Patients have usually lower levels of CD4* T cells and
normal number of CD8" T cells. Genetic defects in the T cell
compartment may be detected. One example is the discovery of
ICOS mutations in some patients. ICOS has a key role in GC reac-
tions and in smB cell generation and as mentioned earlier, most
CVID patients have defects in this B cell population. Grimbacher
et al. have identified homologous deletion of ICOS genes in CVID
patients causing a failure in ICOS expression on T cells (217,
218). These patients have impaired GC formation and defects
in class-switching leading to hypogammaglobulinemia and,
therefore, defective T cell helping in late B cell differentiation.
Combining clinical features of the nine ICOS-deficient patients
allow manifestation of the full range of non-infectious related
complications. Nevertheless, four of these patients do not have
autoimmune diseases. Interestingly, these patients also present
lower levels of circulating CXCR5* Tth cells despite normal
numbers of CD4* T cells (15). Among the CD4* T cells, Tth
cells play a critical role in B cell differentiation especially for
smB cell differentiation. It seems critical to assess the potential
role of these cells in CVID pathogenesis. Our group (submitted
manuscript) and others observed an increase of circulating Tth
cells in CVID patients (219-221). Interestingly, patients with
non-infectious complications or classified as smB based on the
EUROClass harbor increased cTth (220) which is even more
pronounced in the smB- CD21"" subgroup (221). Tiller et al.
demonstrated in 2007 (222) that the smB cell population (IgG*)
contains some autoreactive B cells in normal adults. It is then
possible that smB cells in CVID patients, despite their low levels,
contribute to autoimmunity. Consequently, Tth cells could be a
part of the immune responses leading to autoimmune manifesta-
tions observed in CVID patients considering their central role in
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smB cell differentiation. Moreover, as mentioned earlier, CD21%"
memory B cells are increased in several autoimmune contexts
(216). Still, when we compared patients with autoimmune com-
plications with patients harboring other type of comorbidities,
we could not detect any significant differences in levels of Tth or
Tth subtypes (submitted manuscript). It will be then necessary to
perform further experiments to assess the functions of Tth cells
in CVID patients and to evaluate their impact on autoreactive
Ab secretion.

Regarding Tth cell subpopulations, we (submitted manu-
script) and others (220, 221) highlight specific increases of the
cTthl in non-infectious only CVID patient blood. By contrast,
cTth17 cells were decreased. Moreover, Tth cells from CVID
patients expressed elevated levels of IFNy (220, 221) and
sera from patients contained higher concentrations of IFNy
compared to healthy donors (221). Finally, we and Unger et al.
showed respectively higher levels of CXCR3 and T-bet, markers
of Thl-oriented cells, in SLO from CVID patients. Altogether,
these data demonstrated an imbalance in Tth subpopulations in
CVID patients harboring non-infectious complications in favor
to cTthl. These data suggest an IFNy-enriched environment
during B cell differentiation/maturation in CVID patients. Cols
et al. have associated elevated IFNYy levels with manifestations of
complications in CVID patients and expansion of type 3 innate-
lymphoid cells (ILCs) (223). Friedmann et al. (224). confirmed
an imbalance in circulating ILC2/ILC3 cells in CVID patients
but argued that given the relative abundance of Th1CD4* T cells
ILC would not be the main source of IFNy in CVID. Unger
et al. showed that exogenous addition of IFNy in B/T cocul-
tures reduces IgG and IgA production (221). Still, the impact of
IFNy on CD21"" cell generation and/or on autoreactive B cell
activation was not directly addressed in CVID and, therefore,
is yet to be determined. In conclusion, evidences from the
literature strongly suggest a role for Tth in pathogenesis of the
more severe forms of CVID, but not limited to the autoimmune
disorders observed in some of these patients. Experiments are
still needed to determine Tth implication in CVID and the pos-
sible role of IFNy in autoimmune manifestations observed in
this syndrome.

Tth CELLS AND OTHER INFLAMMATORY
AND AUTO-IMMUNE DISEASES

IgA Nephropathy (IgAN) in Adults

IgA nephropathy is the most common form of primary glo-
merulonephritis in adults, characterized by mesangial deposi-
tion of IgG and IgA in glomeruli. Percentages of CD4*CXCR5*,
CD4"CXCR5*ICOS*, and CD4*CXCR5*PD1* Tfh, as well as a
serum level of IL-21, are increased in patients as compared to
controls. Percentages of cTth cells are negatively correlated with
renal functioning (eGFR values) while levels of PD1* Tth cells
are positively correlated with levels of galactose-deficient IgA1l
(Gd-IgAl, known to be effector molecules in the pathogenesis
of IgAN), as well as 24-h urinary proteins. Treatment with pred-
nisone significantly reduces the frequency of cTth and levels of
serum IL-21 (225).

Adults Idiopathic Inflammatory
Myopathies (lIM)

Idiopathic inflammatory myopathies are a group of heterogene-
ous chronic autoimmune diseases comprising dermatomyositis
and polymyositis, in which muscles are infiltrated by lympho-
cytes, dendritic cells, and macrophages. Total cTth cells are
expanded in peripheral blood of patients with IIM compared
to controls. This expansion is due to the increase of the Tth2
and Tth17 subsets. By contrast, levels of Tth1 cells are decreased
(226). The expansion of Tth2 and Tth17 is in line with the work
published in 2011 by Morita et al., which was the first study
describing cTth cells and their subsets in humans (56). They
described a skewing of cTth cells subsets toward Tth2 and Tth17
phenotypes, in relation to disease activity (skin rash, muscular
weakness) and frequency of blood plasmablasts in patients with
juvenile dermatomyositis (56).

Systemic Sclerosis (SSc)

Few data are available in literature on the potential role of Tth
cells in SSc pathogenesis. One recent report provides evidence
that ICOS™* Tth cells contribute to skin fibrosis (227). T cells with
a Tth phenotype (CD4*, CXCR5", and PD-1%) and expressing
ICOS infiltrate the lesional skin of SSc patients and correlate with
dermal fibrosis (assessed by modified Rodnan skin score). Taking
advantage of the murine model of sclerodermatous graft-versus-
host-disease, authors showed that ICOS* Tth-like cells contribute
to fibrosis via IL-21 and matrix metalloproteinase 12. Removal
of ICOS* cells ameliorate fibrosis and inhibit dermal inflamma-
tion. Finally, by neutralizing specifically IL-21, skin fibrosis is
ameliorated as well (227).

CONCLUSION

During past years, significant improvements obtained in Tth cells
biology have led to consider their role in various diseases, such as
cancers, immunodeficiencies, allergic diseases, but also in autoim-
mune disorders. First observations published on mouse models,
and specially in lupus-prone ones, have demonstrated the patho-
genic role of excessive Tth cell responses in autoimmunity and have
paved the way for subsequent research in humans. Since then, the
above-mentioned clinical and experimental findings consistently
revealed that patients with autoimmune diseases display aberrant
Tth cells responses, with some common features shared across
multiple disorders: increased numbers and proportions of total
cTth cells; alteration in the balance of the subsets, with an increase
in activated cTth2 and cTth17 cell subsets and a decrease in cTthl
cells; ectopic GC formation in inflamed tissues; association of Tth
cell numbers and activation state with disease activity, levels of
autoantibodies and with the response to conventional treatment.
However, unlike mouse studies where lymphoid organs can be
easily obtained during disease course, many studies performed
to date in human auto-immune diseases have largely investigated
Tth cells only in peripheral blood. Like previously mentioned, the
exact origin and biology of these cells remain elusive in humans.
Whether the information obtained from the analysis of cTth cells
directly reflects the Tth responses in SLO and/or in inflamed tissues

Frontiers in Immunology | www.frontiersin.org 11

July 2018 | Volume 9 | Article 1637


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive

Gensous et al.

Tfh Cells in Autoimmune Disorders

remains to be fully established. Data linking human cTth cell com-
partment and Tth cells in lymphoid organs and/or inflamed tissues
are still scarce, functional analysis of cTth cells (ability to deliver
B-cell help) is frequently missing in the published studies and exact
nature of Tth cells present in affected organs requires further stud-
ies, like the one published recently by Rao et al. in RA (135).

It is also to be determined if the observed alterations in Tth
cells are causative and/or a consequence of the global immune
dysregulation present in these diseases, and for instance regarding
B cells. It is established that transmission of signals between Tth
cells and GC B cells is bidirectional. Cognate Tth—B cell interac-
tions are essential for Tth cells differentiation and maintenance
processes, as B cells serve as APCs and as a source of ICOS-L and
cytokines (6, 17, 45, 228-232). This interdependent relationship
could possibly be harmful in the context of auto-immunity and
this feed-forward loop for Tth cell help delivered by B cells should
be considered with precaution. In fact, if expansion of Tth cells can
provide pathological signals of survival and escape to auto-reactive
B cells, the reverse statement could also be true. Autoantigens are
easily accessible to B cells during auto-immune reactions and this
persistent antigenic availability was shown to favor the activation
of Tth cells in a murine model (45). Besides this, in humans, it was
observed that after B cell depleting therapy, in lymph nodes, despite
the absence of GC, a population of CD4*CXCR5*CD57* Tth cells
was still present, suggesting that possibly some resident memory
Tth cells do not require B cells for their maintenance (233, 234).

As a whole, the studies mentioned in this review lend sup-
port to the existence of a global increase of the activity of the

REFERENCES

1. Breitfeld D, Ohl L, Kremmer E, Ellwart J, Sallusto E, Lipp M, et al. Follicular
B helper T cells express CXC chemokine receptor 5, localize to B cell follicles,
and support immunoglobulin production. J Exp Med (2000) 192:1545-52.
doi:10.1084/jem.192.11.1545

2. Campbell DJ, Kim CH, Butcher EC. Separable effector T cell populations
specialized for B cell help or tissue inflammation. Nat Immunol (2001)
2:876-81. doi:10.1038/ni0901-876

3. Kim CH, Rott LS, Clark-Lewis I, Campbell D], Wu L, Butcher EC.
Subspecialization of CXCR5+ T cells: B helper activity is focused in a
germinal center-localized subset of CXCR5+ T cells. JExp Med (2001)
193:1373-81. doi:10.1084/jem.193.12.1373

4. Schaerli P, Willimann K, Lang AB, Lipp M, Loetscher P, Moser B. CXC
chemokine receptor 5 expression defines follicular homing T cells with
B cell helper function. J Exp Med (2000) 192:1553-62. doi:10.1084/jem.
192.11.1553

5. Arnold CN, Campbell DJ, Lipp M, Butcher EC. The germinal center response
is impaired in the absence of T cell-expressed CXCR5. Eur J Immunol
(2007) 37:100-9. doi:10.1002/¢ji.200636486

6. Haynes NM, Allen CDC, Lesley R, Ansel KM, Killeen N, Cyster JG. Role
of CXCR5 and CCR?7 in follicular Th cell positioning and appearance of a
programmed cell death gene-1"¢" germinal center-associated subpopulation.
J Immunol (2007) 179:5099-108. doi:10.4049/jimmunol.179.8.5099

7. Allen CDC, Okada T, Cyster ]JG. Germinal-center organization and cellular
dynamics. Immunity (2007) 27:190-202. doi:10.1016/j.immuni.2007.07.009

8. Gunn MD, Ngo VN, Ansel KM, Ekland EH, Cyster ]G, Williams LT. A B-cell-
homing chemokine made in lymphoid follicles activates Burkitt’s lymphoma
receptor-1. Nature (1998) 391:799-803. doi:10.1038/35876

9. Forster R, Mattis AE, Kremmer E, Wolf E, Brem G, Lipp M. A putative
chemokine receptor, BLR1, directs B cell migration to defined lymphoid
organs and specific anatomic compartments of the spleen. Cell (1996)
87:1037-47. d0i:10.1016/S0092-8674(00)81798-5

Tth lineage in patients with auto-immune and inflammatory
disorders and to the more likely association of exaggerated Tth
response with the pathogenesis of human autoimmune diseases.
There are still alot of unanswered and open questions in this field.
A better understanding of the biology of these cells, of the events
that initiate or sustain their activation is of particular importance,
as interference with these processes and their selective inhibition
could represent therapeutic options.

AUTHOR CONTRIBUTIONS

CR and NG wrote the first draft of the manuscript. NG, MC,
DD, CC-B, M-ET, EL, PD and PB wrote sections of the manu-
script. PB and CR revised critically the whole work. All authors
contributed to manuscript writing, read and approved the
submitted version.

ACKNOWLEDGMENTS

This article is affiliated with the Fédération Hospitalo-
Universitaire, Aquitaine’s Care, and Research Organization for
inflammatory and immune-mediated diseases.

FUNDING

This work was supported by grants from the Société Nationale
francaise de médecine interne (NG) and Société Francaise de
Rhumatologie (PB).

10. Ansel KM, McHeyzer-Williams L], Ngo VN, McHeyzer-Williams MG,
Cyster JG. In vivo-activated CD4 T cells upregulate CXC chemokine receptor
5 and reprogram their response to lymphoid chemokines. ] Exp Med (1999)
190:1123-34. doi:10.1084/jem.190.8.1123

Renshaw BR, Fanslow WC, Armitage RJ, Campbell KA, Liggitt D, Wright B,
et al. Humoral immune responses in CD40 ligand-deficient mice. ] Exp Med
(1994) 180:1889-900. doi:10.1084/jem.180.5.1889

Tafuri A, Shahinian A, Bladt F, Yoshinaga SK, Jordana M, Wakeham A,
et al. ICOS is essential for effective T-helper-cell responses. Nature (2001)
409:105-9. doi:10.1038/35051113

McAdam AJ, Greenwald R]J, Levin MA, Chernova T, Malenkovich N, Ling V,
et al. ICOS is critical for CD40-mediated antibody class switching. Nature
(2001) 409:102-5. doi:10.1038/35051107

Dong C, Juedes AE, Temann UA, Shresta S, Allison JP, Ruddle NH, et al.
ICOS co-stimulatory receptor is essential for T-cell activation and function.
Nature (2001) 409:97-101. doi:10.1038/35051100

Bossaller L, Burger J, Draeger R, Grimbacher B, Knoth R, Plebani A, et al. ICOS
deficiency is associated with a severe reduction of CXCR5*CD4 germinal cen-
ter Th cells. J Immunol (2006) 177:4927-32. doi:10.4049/jimmunol.177.7.4927
Akiba H, Takeda K, Kojima Y, Usui Y, Harada N, Yamazaki T, et al. The role of
ICOS in the CXCR5* follicular B helper T cell maintenance in vivo. J Immunol
(2005) 175:2340-8. doi:10.4049/jimmunol.175.4.2340

Choi YS, Kageyama R, Eto D, Escobar TC, Johnston RJ, Monticelli L, et al.
ICOS receptor instructs T follicular helper cell versus effector cell differen-
tiation via induction of the transcriptional repressor Bcl6. Immunity (2011)
34:932-46. d0i:10.1016/j.immuni.2011.03.023

Good-Jacobson KL, Szumilas CG, Chen L, Sharpe AH, Tomayko MM,
Shlomchik MJ. PD-1 regulates germinal center B cell survival and the forma-
tion and affinity of long-lived plasma cells. Nat Immunol (2010) 11:535-42.
doi:10.1038/ni.1877

Kim JR, Lim HW, Kang SG, Hillsamer P, Kim CH. Human CD57+ germinal
center-T cells are the major helpers for GC-B cells and induce class switch
recombination. BMC Immunol (2005) 6:3. d0i:10.1186/1471-2172-6-3

11.

12.

13.

14.

15.

16.

17.

18.

19.

Frontiers in Immunology | www.frontiersin.org

July 2018 | Volume 9 | Article 1637


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1084/jem.192.11.1545
https://doi.org/10.1038/ni0901-876
https://doi.org/10.1084/jem.193.12.1373
https://doi.org/10.1084/jem.
192.11.1553
https://doi.org/10.1084/jem.
192.11.1553
https://doi.org/10.1002/eji.200636486
https://doi.org/10.4049/jimmunol.179.8.5099
https://doi.org/10.1016/j.immuni.2007.07.009
https://doi.org/10.1038/35876
https://doi.org/10.1016/S0092-8674(00)81798-5
https://doi.org/10.1084/jem.190.8.1123
https://doi.org/10.1084/jem.180.5.1889
https://doi.org/10.1038/35051113
https://doi.org/10.1038/35051107
https://doi.org/10.1038/35051100
https://doi.org/10.4049/jimmunol.177.7.4927
https://doi.org/10.4049/jimmunol.175.4.2340
https://doi.org/10.1016/j.immuni.2011.03.023
https://doi.org/10.1038/ni.1877
https://doi.org/10.1186/1471-2172-6-3

Gensous et al.

Tfh Cells in Autoimmune Disorders

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Casamayor-Palleja M, Khan M, MacLennan IC. A subset of CD4+ memory
T cells contains preformed CD40 ligand that is rapidly but transiently
expressed on their surface after activation through the T cell receptor com-
plex. ] Exp Med (1995) 181:1293-301. d0i:10.1084/jem.181.4.1293

Kawabe T, Naka T, Yoshida K, Tanaka T, Fujiwara H, Suematsu S, et al. The
immune responses in CD40-deficient mice: impaired immunoglobulin
class switching and germinal center formation. Immunity (1994) 1:167-78.
doi:10.1016/1074-7613(94)90095-7

Xu J, Foy TM, Laman JD, Elliott EA, Dunn JJ, Waldschmidt TJ, et al. Mice
deficient for the CD40 ligand. Immunity (1994) 1:423-31. doi:10.1016/1074-
7613(94)90073-6

Bryant VL, Ma CS, Avery DT, Li Y, Good KL, Corcoran LM, et al. Cytokine-
mediated regulation of human B cell differentiation into Ig-secreting cells:
predominant role of IL-21 produced by CXCR5* T follicular helper cells.
J Immunol (2007) 179:8180-90. doi:10.4049/jimmunol.179.12.8180

Yusuf I, Kageyama R, Monticelli L, Johnston R], Ditoro D, Hansen K, et al.
Germinal center T follicular helper cell IL-4 production is dependent on
signaling lymphocytic activation molecule receptor (CD150). J Immunol
(2010) 185:190-202. doi:10.4049/jimmunol.0903505

Reinhardt RL, Liang H-E, Locksley RM. Cytokine-secreting follicular T cells shape
the antibody repertoire. Nat Immunol (2009) 10:385-93. doi:10.1038/ni.1715
King IL, Mohrs M. IL-4-producing CD4+ T cells in reactive lymph nodes
during helminth infection are T follicular helper cells. ] Exp Med (2009)
206:1001-7. doi:10.1084/jem.20090313

Ettinger R, Sims GP, Fairhurst A-M, Robbins R, da Silva YS, Spolski R, et al.
IL-21 induces differentiation of human naive and memory B cells into anti-
body-secreting plasma cells. J Immunol (2005) 175:7867-79. doi:10.4049/
jimmunol.175.12.7867

Péne J, Gauchat J-E, Lécart S, Drouet E, Guglielmi P, Boulay V, et al. Cutting
edge: IL-21 is a switch factor for the production of IgG, and IgG; by human
B cells. J Immunol (2004) 172:5154-7. doi:10.4049/jimmunol.172.9.5154
Ozaki K, Spolski R, Feng CG, Qi C-F, Cheng ], Sher A, et al. A critical role for
IL-21 in regulating immunoglobulin production. Science (2002) 298:1630-4.
doi:10.1126/science.1077002

Kuchen S, Robbins R, Sims GP, Sheng C, Phillips TM, Lipsky PE, et al.
Essential role of IL-21 in B cell activation, expansion, and plasma cell genera-
tion during CD4" T cell-B cell collaboration. ] Immunol (2007) 179:5886-96.
doi:10.4049/jimmunol.179.9.5886

Suto A, Kashiwakuma D, Kagami S, Hirose K, Watanabe N, Yokote K, et al.
Development and characterization of IL-21-producing CD4+ T cells. ] Exp
Med (2008) 205:1369-79. doi:10.1084/jem.20072057

Caprioli E Sarra M, Caruso R, Stolfi C, Fina D, Sica G, et al. Autocrine
regulation of IL-21 production in human T lymphocytes. ] Immunol (2008)
180:1800-7. doi:10.4049/jimmunol.180.3.1800

Nurieva R, Yang XO, Martinez G, Zhang Y, Panopoulos AD, Ma L, et al.
Essential autocrine regulation by IL-21 in the generation of inflammatory
T cells. Nature (2007) 448:480-3. doi:10.1038/nature05969

Nurieva RI, Chung Y, Hwang D, Yang XO, Kang HS, Ma L, et al. Generation
of T follicular helper cells is mediated by interleukin-21 but independent of
T helper 1, 2, or 17 cell lineages. Immunity (2008) 29:138-49. doi:10.1016/j.
immuni.2008.05.009

Vogelzang A, McGuire HM, Yu D, Sprent ], Mackay CR, King C. A funda-
mental role for interleukin-21 in the generation of T follicular helper cells.
Immunity (2008) 29:127-37. doi:10.1016/j.immuni.2008.06.001

Yu D, Rao S, Tsai LM, Lee SK, He Y, Sutcliffe EL, et al. The transcriptional
repressor Bcl-6 directs T follicular helper cell lineage commitment. Immunity
(2009) 31:457-68. d0i:10.1016/j.immuni.2009.07.002

Nurieva RI, Chung Y, Martinez GJ, Yang XO, Tanaka S, Matskevitch TD,
et al. Bcl6 mediates the development of T follicular helper cells. Science
(2009) 325:1001-5. doi:10.1126/science.1176676

Johnston RJ, Poholek AC, DiToro D, Yusuf I, Eto D, Barnett B, et al. Bcl6 and
Blimp-1 are reciprocal and antagonistic regulators of T follicular helper cell
differentiation. Science (2009) 325:1006-10. doi:10.1126/science.1175870
Betz BC, Jordan-Williams KL, Wang C, Kang SG, Liao J, Logan MR, et al.
Batf coordinates multiple aspects of B and T cell function required for
normal antibody responses. ] Exp Med (2010) 207:933-42. doi:10.1084/jem.
20091548

Liu X, Chen X, Zhong B, Wang A, Wang X, Chu F, et al. Transcription factor
achaete-scute homologue 2 initiates follicular T-helper-cell development.
Nature (2014) 507:513-8. doi:10.1038/nature12910

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Bollig N, Briistle A, Kellner K, Ackermann W, Abass E, Raifer H, et al.
Transcription factor IRF4 determines germinal center formation through
follicular T-helper cell differentiation. Proc Natl Acad Sci U S A (2012)
109:8664-9. doi:10.1073/pnas.1205834109

Kitano M, Moriyama S, Ando Y, Hikida M, Mori Y, Kurosaki T, et al. Bcle
protein expression shapes pre-germinal center B cell dynamics and follicu-
lar helper T cell heterogeneity. Immunity (2011) 34:961-72. doi:10.1016/j.
immuni.2011.03.025

Baumjohann D, Okada T, Ansel KM. Cutting edge: distinct waves of BCL6
expression during T follicular helper cell development. J Immunol (2011)
187:2089-92. doi:10.4049/jimmunol.1101393

Deenick EK, Chan A, Ma CS, Gatto D, Schwartzberg PL, Brink R, et al.
Follicular helper T cell differentiation requires continuous antigen pre-
sentation that is independent of unique B cell signaling. Immunity (2010)
33:241-53. doi:10.1016/j.immuni.2010.07.015

Baumjohann D, Preite S, Reboldi A, Ronchi F, Ansel KM, Lanzavecchia A,
et al. Persistent antigen and germinal center B cells sustain T follicular helper
cell responses and phenotype. Immunity (2013) 38:596-605. doi:10.1016/
j.immuni.2012.11.020

Goenka R, Barnett LG, Silver JS, O’Neill PJ, Hunter CA, Cancro MP, et al.
Cutting edge: dendritic cell-restricted antigen presentation initiates the
follicular helper T cell program but cannot complete ultimate effector
differentiation. J Immunol (2011) 187:1091-5. doi:10.4049/jimmunol.
1100853

Schmitt N, Morita R, Bourdery L, Bentebibel SE, Zurawski SM, Banchereau J,
et al. Human dendritic cells induce the differentiation of interleukin-21-
producing T follicular helper-like cells through interleukin-12. Immunity
(2009) 31:158-69. doi:10.1016/j.immuni.2009.04.016

Schmitt N, Bustamante J, Bourdery L, Bentebibel SE, Boisson-Dupuis S,
Hamlin F, et al. IL-12 receptor p1 deficiency alters in vivo T follicular helper
cell response in humans. Blood (2013) 121:3375-85. doi:10.1182/blood-
2012-08-448902

Ma CS, Suryani S, Avery DT, Chan A, Nanan R, Santner-Nanan B, et al.
Early commitment of naive human CD4(+) T cells to the T follicular
helper (T(FH)) cell lineage is induced by IL-12. Immunol Cell Biol (2009)
87:590-600. d0i:10.1038/icb.2009.64

Schmitt N, Liu Y, Bentebibel S-E, Munagala I, Bourdery L, Venuprasad K,
et al. The cytokine TGF-p co-opts signaling via STAT3-STAT4 to promote
the differentiation of human TFH cells. Nat Immunol (2014) 15:856-65.
do0i:10.1038/ni.2947

Ballesteros-Tato A, Le6n B, Graf BA, Moquin A, Adams PS, Lund FE, et al.
Interleukin-2 inhibits germinal center formation by limiting T follicular
helper cell differentiation. Immunity (2012) 36:847-56. doi:10.1016/j.immuni.
2012.02.012

Ledn B, Bradley JE, Lund FE, Randall TD, Ballesteros-Tato A. FoxP3+ reg-
ulatory T cells promote influenza-specific Tth responses by controlling IL-2
availability. Nat Commun (2014) 5:3495. doi:10.1038/ncomms4495
Johnston RJ, Choi YS, Diamond JA, Yang JA, Crotty S. STATS5 is a potent
negative regulator of TFH cell differentiation. ] Exp Med (2012) 209:243-50.
doi:10.1084/jem.20111174

Tsai LM, Yu D. Follicular helper T-cell memory: establishing new frontiers
during antibody response. Immunol Cell Biol (2014) 92:57-63. doi:10.1038/
icb.2013.68

Tritb M, Barr TA, Morrison VL, Brown S, Caserta S, Rixon J, et al.
Heterogeneity of phenotype and function reflects the multistage develop-
ment of T follicular helper cells. Front Immunol (2017) 8:489. doi:10.3389/
fimmu.2017.00489

Morita R, Schmitt N, Bentebibel S-E, Ranganathan R, Bourdery L,
Zurawski G, et al. Human blood CXCR5(+)CD4(+) T cells are counter-
parts of T follicular cells and contain specific subsets that differentially
support antibody secretion. Immunity (2011) 34:108-21. doi:10.1016/j.
immuni.2010.12.012

Bentebibel S-E, Lopez S, Obermoser G, Schmitt N, Mueller C, Harrod C,
et al. Induction of ICOS+CXCR3+CXCR5+ TH cells correlates with anti-
body responses to influenza vaccination. Sci Transl Med (2013) 5:176ra32.
doi:10.1126/scitranslmed.3005191

He J, Tsai LM, Leong YA, Hu X, Ma CS, Chevalier N, et al. Circulating
precursor CCR7(lo)PD-1(hi) CXCR5* CD4* T cells indicate Tth cell activity
and promote antibody responses upon antigen reexposure. Immunity (2013)
39:770-81. doi:10.1016/j.immuni.2013.09.007

Frontiers in Immunology | www.frontiersin.org

13

July 2018 | Volume 9 | Article 1637


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1084/jem.181.4.1293
https://doi.org/10.1016/1074-7613(94)90095-7
https://doi.org/10.1016/
1074-7613(94)90073-6
https://doi.org/10.1016/
1074-7613(94)90073-6
https://doi.org/10.4049/jimmunol.179.12.8180
https://doi.org/10.4049/jimmunol.0903505
https://doi.org/10.1038/ni.1715
https://doi.org/10.1084/jem.20090313
https://doi.org/10.4049/jimmunol.175.12.7867
https://doi.org/10.4049/jimmunol.175.12.7867
https://doi.org/10.4049/jimmunol.172.9.5154
https://doi.org/10.1126/science.1077002
https://doi.org/10.4049/jimmunol.179.9.5886
https://doi.org/10.1084/jem.20072057
https://doi.org/10.4049/jimmunol.180.3.1800
https://doi.org/10.1038/nature05969
https://doi.org/10.1016/
j.immuni.2008.05.009
https://doi.org/10.1016/
j.immuni.2008.05.009
https://doi.org/10.1016/j.immuni.2008.06.001
https://doi.org/10.1016/j.immuni.2009.07.002
https://doi.org/10.1126/science.1176676
https://doi.org/10.1126/science.1175870
https://doi.org/10.1084/jem.
20091548
https://doi.org/10.1084/jem.
20091548
https://doi.org/10.1038/nature12910
https://doi.org/10.1073/pnas.1205834109
https://doi.org/10.1016/j.immuni.2011.03.025
https://doi.org/10.1016/j.immuni.2011.03.025
https://doi.org/10.4049/jimmunol.1101393
https://doi.org/10.1016/j.immuni.2010.07.015
https://doi.org/10.1016/
j.immuni.2012.11.020
https://doi.org/10.1016/
j.immuni.2012.11.020
https://doi.org/10.4049/jimmunol.1100853
https://doi.org/10.4049/jimmunol.1100853
https://doi.org/10.1016/j.immuni.2009.04.016
https://doi.org/10.1182/blood-
2012-08-448902
https://doi.org/10.1182/blood-
2012-08-448902
https://doi.org/10.1038/icb.2009.64
https://doi.org/10.1038/ni.2947
https://doi.org/10.1016/j.immuni.
2012.02.012
https://doi.org/10.1016/j.immuni.
2012.02.012
https://doi.org/10.1038/ncomms4495
https://doi.org/10.1084/jem.20111174
https://doi.org/10.1038/icb.2013.68
https://doi.org/10.1038/icb.2013.68
https://doi.org/10.3389/fimmu.2017.00489
https://doi.org/10.3389/fimmu.2017.00489
https://doi.org/10.1016/j.immuni.2010.12.012
https://doi.org/10.1016/j.immuni.2010.12.012
https://doi.org/10.1126/scitranslmed.3005191
https://doi.org/10.1016/j.immuni.2013.09.007

Gensous et al.

Tfh Cells in Autoimmune Disorders

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Schmitt N, Bentebibel S-E, Ueno H. Phenotype and functions of memory
Tth cells in human blood. Trends Immunol (2014) 35:436-42. doi:10.1016/
j.it.2014.06.002

LocciM, Havenar-Daughton C,LandaisE, WuJ,Kroenke MA, Arlehamn CL,
et al. Human circulating PD-1+CXCR3-CXCR5+ memory Tfh cells are
highly functional and correlate with broadly neutralizing HIV antibody
responses. Immunity (2013) 39:758-69. doi:10.1016/j.immuni.2013.
08.031

Schmitt N, Ueno H. Blood Tfh cells come with colors. Immunity (2013)
39:629-30. doi:10.1016/j.immuni.2013.09.011

Wei Y, Feng J, Hou Z, Wang XM, Yu D. Flow cytometric analysis of
circulating follicular helper T (Tfh) and follicular regulatory T (Tfr)
populations in human blood. Methods Mol Biol (2015) 1291:199-207.
doi:10.1007/978-1-4939-2498-1_17

Alexander C-M, Tygrett LT, Boyden AW, Wolniak KL, Legge KL,
Waldschmidt TJ. T regulatory cells participate in the control of germinal
centre reactions. Immunology (2011) 133:452-68. doi:10.1111/j.1365-2567.
2011.03456.x

Chung Y, Tanaka S, Chu E, Nurieva RI, Martinez GJ, Rawal S, et al. Follicular
regulatory T cells expressing Foxp3 and Bcl-6 suppress germinal center
reactions. Nat Med (2011) 17:983-8. d0i:10.1038/nm.2426

Linterman MA, Pierson W, Lee SK, Kallies A, Kawamoto S, Rayner TF, et al.
Foxp3+ follicular regulatory T cells control the germinal center response.
Nat Med (2011) 17:975-82. d0i:10.1038/nm.2425

Wollenberg I, Agua-Doce A, Hernandez A, Almeida C, Oliveira VG, Faro J,
et al. Regulation of the germinal center reaction by Foxp3+ follicular regula-
tory T cells. ] Immunol (2011) 187:4553-60. doi:10.4049/jimmunol.1101328
Corsiero E, Nerviani A, Bombardieri M, Pitzalis C. Ectopic lymphoid
structures: powerhouse of autoimmunity. Front Immunol (2016) 7:430.
doi:10.3389/fimmu.2016.00430

Vu Van D, Beier KC, Pietzke L-J, Al Baz MS, Feist RK, Gurka S, et al. Local
T/B cooperation in inflamed tissues is supported by T follicular helper-like
cells. Nat Commun (2016) 7:10875. doi:10.1038/ncomms10875

Lisnevskaia L, Murphy G, Isenberg D. Systemic lupus erythematosus. Lancet
Lond Engl (2014) 384:1878-88. doi:10.1016/S0140-6736(14)60128-8
Hostmann A, Jacobi AM, Mei H, Hiepe F, Dérner T. Peripheral B cell abnor-
malities and disease activity in systemic lupus erythematosus. Lupus (2008)
17:1064-9. doi:10.1177/0961203308095138

Kim YU, Lim H, Jung HE, Wetsel RA, Chung Y. Regulation of autoimmune
germinal center reactions in lupus-prone BXD2 mice by follicular helper
T cells. PLoS One (2015) 10:e0120294. doi:10.1371/journal.pone.0120294
Vinuesa CG, Cook MC, Angelucci C, Athanasopoulos V, Rui L, Hill KM,
etal. A RING-type ubiquitin ligase family member required to repress follic-
ular helper T cells and autoimmunity. Nature (2005) 435:452-8. doi:10.1038/
nature03555

Vogel KU, Edelmann SL, Jeltsch KM, Bertossi A, Heger K, Heinz GA, et al.
Roquin paralogs 1 and 2 redundantly repress the Icos and Ox40 costimulator
mRNAs and control follicular helper T cell differentiation. Immunity (2013)
38:655-68. doi:10.1016/j.immuni.2012.12.004

Pratama A, Ramiscal RR, Silva DG, Das SK, Athanasopoulos V, Fitch J, et al.
Roquin-2 shares functions with its paralog Roquin-1 in the repression of
mRNAs controlling T follicular helper cells and systemic inflammation.
Immunity (2013) 38:669-80. doi:10.1016/j.immuni.2013.01.011

Linterman MA, Rigby RJ, Wong RK, Yu D, Brink R, Cannons JL, et al.
Follicular helper T cells are required for systemic autoimmunity. J Exp Med
(2009) 206:561-76. doi:10.1084/jem.20081886

Murphy ED, Roths JB. A Y chromosome associated factor in strain BXSB
producing accelerated autoimmunity and lymphoproliferation. Arthritis
Rheum (1979) 22:1188-94. doi:10.1002/art.1780221105

Bubier JA, Sproule TJ, Foreman O, Spolski R, Shaffer DJ, Morse HC, et al.
A critical role for IL-21 receptor signaling in the pathogenesis of systemic
lupus erythematosus in BXSB-Yaa mice. Proc Natl Acad Sci U S A (2009)
106:1518-23. doi:10.1073/pnas.0807309106

Ozaki K, Spolski R, Ettinger R, Kim H-P, Wang G, Qi C-E et al. Regulation
of B cell differentiation and plasma cell generation by IL-21, a novel inducer
of Blimp-1 and Bd-6. ]Immunol (2004) 173:5361-71. doi:10.4049/
jimmunol.173.9.5361

Bubier JA, Bennett SM, Sproule TJ, Lyons BL, Olland S, Young DA, et al.
Treatment of BXSB-Yaa mice with IL-21R-Fc fusion protein minimally

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

attenuates systemic lupus erythematosus. Ann N'Y Acad Sci (2007) 1110:590-
601. doi:10.1196/annals.1423.063

McPhee CG, Bubier JA, Sproule TJ, Park G, Steinbuck MP, Schott WH, et al.
IL-21 is a double-edged sword in the systemic lupus erythematosus-like
disease of BXSB.Yaa mice. ] Immunol (2013) 191:4581-8. doi:10.4049/
jimmunol.1300439

Rankin AL, Guay H, Herber D, Bertino SA, Duzanski TA, Carrier Y, et al.
IL-21 receptor is required for the systemic accumulation of activated B
and T lymphocytes in MRL/Mp]-Faslpr/lpr/] mice. JImmunol (2012)
188:1656-67. doi:10.4049/jimmunol.1003871

Herber D, Brown TP, Liang S, Young DA, Collins M, Dunussi-Joannopoulos K.
IL-21 has a pathogenic role in a lupus-prone mouse model and its blockade
with IL-21R.Fc reduces disease progression. J Immunol (2007) 178:3822-30.
doi:10.4049/jimmunol.178.6.3822

Zhang M, Yu G, Chan B, Pearson JT, Rathanaswami P, Delaney J, et al.
Interleukin-21 receptor blockade inhibits secondary humoral responses and
halts the progression of preestablished disease in the (NZB X NZW)F1 sys-
temic lupus erythematosus model. Arthritis Rheumatol (2015) 67:2723-31.
doi:10.1002/art.39233

Hu Y-L, Metz DP, Chung J, Siu G, Zhang M. B7RP-1 blockade ameliorates
autoimmunity through regulation of follicular helper T cells. J Immunol
(2009) 182:1421-8. doi:10.4049/jimmunol.182.3.1421

Iwai H, Abe M, Hirose S, Tsushima F, Tezuka K, Akiba H, et al. Involvement
of inducible costimulator-B7 homologous protein costimulatory pathway
in murine lupus nephritis. J Immunol (2003) 171:2848-54. doi:10.4049/
jimmunol.171.6.2848

Zeller GC, Hirahashi J, Schwarting A, Sharpe AH, Kelley VR. Inducible
co-stimulator null MRL-Faslpr mice: uncoupling of autoantibodies and
T cell responses in lupus. ] Am Soc Nephrol (2006) 17:122-30. doi:10.1681/
ASN.2005080802

Mittereder N, Kuta E, Bhat G, Dacosta K, Cheng LI, Herbst R, et al. Loss
of immune tolerance is controlled by ICOS in Slel mice. ] Immunol (2016)
197:491-503. doi:10.4049/jimmunol.1502241

Simpson N, Gatenby PA, Wilson A, Malik S, Fulcher DA, Tangye SG, et al.
Expansion of circulating T cells resembling follicular helper T cells is a fixed
phenotype that identifies a subset of severe systemic lupus erythematosus.
Arthritis Rheum (2010) 62:234-44. doi:10.1002/art.25032

Terrier B, Costedoat-Chalumeau N, Garrido M, Geri G, Rosenzwajg M,
Musset L, et al. Interleukin 21 correlates with T cell and B cell subset alter-
ations in systemic lupus erythematosus. J Rheumatol (2012) 39:1819-28.
doi:10.3899/jrheum.120468

Feng X, Wang D, Chen J, Lu L, Hua B, Li X, et al. Inhibition of aberrant
circulating Tth cell proportions by corticosteroids in patients with systemic
lupus erythematosus. PLoS One (2012) 7:¢51982. doi:10.1371/journal.pone.
0051982

Wang L, Zhao P, Ma L, Shan Y, Jiang Z, Wang J, et al. Increased interleukin
21 and follicular helper T-like cells and reduced interleukin 10+ B cells in
patients with new-onset systemic lupus erythematosus. ] Rheumatol (2014)
41:1781-92. doi:10.3899/jrheum.131025

Yang X, Yang J, Chu Y, Xue Y, Xuan D, Zheng S, et al. T follicular helper cells
and regulatory B cells dynamics in systemic lupus erythematosus. PLoS One
(2014) 9:e88441. doi:10.1371/journal.pone.0088441

Zhang X, Lindwall E, Gauthier C, Lyman J, Spencer N, Alarakhia A, et al.
Circulating CXCR5+CD4+helper T cells in systemic lupus erythematosus
patients share phenotypic properties with germinal center follicular
helper T cells and promote antibody production. Lupus (2015) 24:909-17.
doi:10.1177/0961203314567750

Choi J-Y, Ho JH, Pasoto SG, Bunin V, Kim ST, Carrasco S, et al. Circulating
follicular helper-like T cells in systemic lupus erythematosus: association
with disease activity. Arthritis Rheumatol (2015) 67:988-99. doi:10.1002/
art.39020

Szabd K, Papp G, Szanto A, Tarr T, Zeher M. A comprehensive investigation
on the distribution of circulating follicular T helper cells and B cell subsets
in primary Sjégren’s syndrome and systemic lupus erythematosus. Clin Exp
Immunol (2016) 183:76-89. doi:10.1111/cei. 12703

Umeda M, Koga T, Ichinose K, Igawa T, Sato T, Takatani A, et al
CD4+CD52loT-cell expression contributes to the development of systemic
lupus erythematosus. Clin Immunol (2018) 187:50-7. doi:10.1016/j.clim.
2017.10.004

Frontiers in Immunology | www.frontiersin.org

14

July 2018 | Volume 9 | Article 1637


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/
j.it.2014.06.002
https://doi.org/10.1016/
j.it.2014.06.002
https://doi.org/10.1016/j.immuni.2013.08.031
https://doi.org/10.1016/j.immuni.2013.08.031
https://doi.org/10.1016/j.immuni.2013.09.011
https://doi.org/10.1007/978-1-4939-2498-1_17
https://doi.org/10.1111/j.1365-2567.
2011.03456.x
https://doi.org/10.1111/j.1365-2567.
2011.03456.x
https://doi.org/10.1038/nm.2426
https://doi.org/10.1038/nm.2425
https://doi.org/10.4049/jimmunol.1101328
https://doi.org/10.3389/fimmu.2016.00430
https://doi.org/10.1038/ncomms10875
https://doi.org/10.1016/S0140-6736(14)60128-8
https://doi.org/10.1177/0961203308095138
https://doi.org/10.1371/journal.pone.0120294
https://doi.org/10.1038/nature03555
https://doi.org/10.1038/nature03555
https://doi.org/10.1016/j.immuni.2012.12.004
https://doi.org/10.1016/j.immuni.2013.01.011
https://doi.org/10.1084/jem.20081886
https://doi.org/10.1002/art.1780221105
https://doi.org/10.1073/pnas.0807309106
https://doi.org/10.4049/jimmunol.173.9.5361
https://doi.org/10.4049/jimmunol.173.9.5361
https://doi.org/10.1196/annals.1423.063
https://doi.org/10.4049/jimmunol.1300439
https://doi.org/10.4049/jimmunol.1300439
https://doi.org/10.4049/jimmunol.1003871
https://doi.org/10.4049/jimmunol.178.6.3822
https://doi.org/10.1002/art.39233
https://doi.org/10.4049/jimmunol.182.3.1421
https://doi.org/10.4049/jimmunol.171.6.2848
https://doi.org/10.4049/jimmunol.171.6.2848
https://doi.org/10.1681/ASN.2005080802
https://doi.org/10.1681/ASN.2005080802
https://doi.org/10.4049/jimmunol.1502241
https://doi.org/10.1002/art.25032
https://doi.org/10.3899/jrheum.120468
https://doi.org/10.1371/journal.pone.
0051982
https://doi.org/10.1371/journal.pone.
0051982
https://doi.org/10.3899/jrheum.131025
https://doi.org/10.1371/journal.pone.0088441
https://doi.org/10.1177/0961203314567750
https://doi.org/10.1002/art.39020
https://doi.org/10.1002/art.39020
https://doi.org/10.1111/cei.12703
https://doi.org/10.1016/j.clim.
2017.10.004
https://doi.org/10.1016/j.clim.
2017.10.004

Gensous et al.

Tfh Cells in Autoimmune Disorders

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Xu H, Liu J, Cui X, Zuo Y, Zhang Z, Li Y, et al. Increased frequency of
circulating follicular helper T cells in lupus patients is associated with auto-
antibody production in a CD40L-dependent manner. Cell Immunol (2015)
295:46-51. doi:10.1016/j.cellimm.2015.01.014

Huang X, Wu H, Qiu H, Yang H, Deng Y, Zhao M, et al. The expression
of Bcl-6 in circulating follicular helper-like T cells positively correlates with
the disease activity in systemic lupus erythematosus. Clin Immunol (2016)
173:161-70. doi:10.1016/j.clim.2016.10.017

Le Coz C, Joublin A, Pasquali J-L, Korganow A-S, Dumortier H, Monneaux E
Circulating TFH subset distribution is strongly affected in lupus patients with
an active disease. PLoS One (2013) 8:75319. doi:10.1371/journal.pone.0075319
Lan Y, Luo B, Wang J-L, Jiang Y-W, Wei Y-S. The association of interleukin-21
polymorphisms with interleukin-21 serum levels and risk of systemic lupus
erythematosus. Gene (2014) 538:94-8. doi:10.1016/j.gene.2014.01.012
Wong CK, Wong PTY, Tam LS, Li EK, Chen DP, Lam CWK. Elevated
production of B cell chemokine CXCL13 is correlated with systemic lupus
erythematosus disease activity. J Clin Immunol (2010) 30:45-52. d0i:10.1007/
510875-009-9325-5

Lee J, Shin E-K, Lee S-Y, Her Y-M, Park M-K, Kwok S-K, et al. Oestrogen
up-regulates interleukin-21 production by CD4(+) T lymphocytes in
patients with systemic lupus erythematosus. Immunology (2014) 142:573-80.
doi:10.1111/imm.12263

Nakou M, Papadimitraki ED, Fanouriakis A, Bertsias GK, Choulaki C,
Goulidaki N, et al. Interleukin-21 is increased in active systemic lupus
erythematosus patients and contributes to the generation of plasma B cells.
Clin Exp Rheumatol (2013) 31:172-9.

Dolff S, Abdulahad WH, Westra ], Doornbos-van der Meer B, Limburg PC,
Kallenberg CGM, et al. Increase in IL-21 producing T-cells in patients
with systemic lupus erythematosus. Arthritis Res Ther (2011) 13:R157.
doi:10.1186/ar3474

Liarski VM, Kaverina N, Chang A, Brandt D, Yanez D, Talasnik L, et al.
Cell distance mapping identifies functional T follicular helper cells in
inflamed human renal tissue. Sci Transl Med (2014) 6:230ra46. doi:10.1126/
scitranslmed.3008146

Chang A, Henderson SG, Brandt D, Liu N, Guttikonda R, Hsieh C, et al. In
situ B cell-mediated immune responses and tubulointerstitial inflammation
in human lupus nephritis. JImmunol (2011) 186:1849-60. doi:10.4049/
jimmunol.1001983

Xu B, Wang S, Zhou M, Huang Y, Fu R, Guo C, et al. The ratio of circulating
follicular T helper cell to follicular T regulatory cell is correlated with disease
activity in systemic lupus erythematosus. Clin Immunol (2017) 183:46-53.
doi:10.1016/j.clim.2017.07.004

Ma L, Zhao P, Jiang Z, Shan Y, Jiang Y. Imbalance of different types of
CD4(+) forkhead box protein 3 (FoxP3)(+) T cells in patients with new-
onset systemic lupus erythematosus. Clin Exp Immunol (2013) 174:345-55.
doi:10.1111/cei. 12189

Liu C, Wang D, Song Y, Lu S, Zhao J, Wang H. Increased circulating
CD4+CXCR5+FoxP3-+follicular regulatory T cells correlated with severity
of systemic lupus erythematosus patients. Int Immunopharmacol (2018)
56:261-8. doi:10.1016/j.intimp.2018.01.038

He J, Zhang X, Wei Y, Sun X, Chen Y, Deng J, et al. Low-dose interleukin-2
treatment selectively modulates CD4(+) T cell subsets in patients with sys-
temic lupus erythematosus. Nat Med (2016) 22:991-3. doi:10.1038/nm.4148
Jacquemin C, Schmitt N, Contin-Bordes C, Liu Y, Narayanan P, Seneschal J,
et al. OX40 ligand contributes to human lupus pathogenesis by promoting
T follicular helper response. Immunity (2015) 42:1159-70. doi:10.1016/j.
immuni.2015.05.012

Ueno H, Blanco P. OX40/OX40L axis: not a friend in autoimmunity.
Oncotarget (2015) 6:21779-80. doi:10.18632/oncotarget.4973

Smolen JS, Aletaha D, McInnes IB. Rheumatoid arthritis. Lancet Lond Engl
(2016) 388:2023-38. doi:10.1016/S0140-6736(16)30173-8

Moschovakis GL, Bubke A, Friedrichsen M, Falk CS, Feederle R, Forster R.
T cell specific Cxcr5 deficiency prevents rheumatoid arthritis. Sci Rep (2017)
7:8933. doi:10.1038/s41598-017-08935-6

Chevalier N, Macia L, Tan JK, Mason L], Robert R, Thorburn AN,
et al. The role of follicular helper T cell molecules and environmental
influences in autoantibody production and progression to inflammatory
arthritis in mice. Arthritis Rheumatol (2016) 68:1026-38. d0i:10.1002/
art.39481

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Arroyo-Villa I, Bautista-Caro M-B, Balsa A, Aguado-Acin P, Bonilla-
Hernan M-G, Plasencia C, et al. Constitutively altered frequencies of circulating
follicullar helper T cell counterparts and their subsets in rheumatoid arthri-
tis. Arthritis Res Ther (2014) 16:500. doi:10.1186/s13075-014-0500-6

Zhang Y, Li Y, Lv T-T, Yin Z-], Wang X-B. Elevated circulating Th17 and
follicular helper CD4(+) T cells in patients with rheumatoid arthritis.
APMIS (2015) 123:659-66. doi:10.1111/apm.12399

Nakayamada S, Kubo S, Yoshikawa M, Miyazaki Y, Yunoue N, Iwata S, et al.
Differential effects of biological DMARDs on peripheral immune cell phe-
notypes in patients with rheumatoid arthritis. Rheumatology (Oxford) (2018)
57:164-74. doi:10.1093/rheumatology/kex012

Wang J, Shan Y, Jiang Z, Feng J, Li C, Ma L, et al. High frequencies of acti-
vated B cells and T follicular helper cells are correlated with disease activity
in patients with new-onset rheumatoid arthritis. Clin Exp Immunol (2013)
174:212-20. doi:10.1111/cei.12162

Ma ], Zhu C, Ma B, Tian J, Baidoo SE, Mao C, et al. Increased frequency
of circulating follicular helper T cells in patients with rheumatoid arthritis.
Clin Dev Immunol (2012) 2012:827480. d0i:10.1155/2012/827480

Liu R, Wu Q, Su D, Che N, Chen H, Geng L, et al. A regulatory effect of
IL-21 on T follicular helper-like cell and B cell in rheumatoid arthritis.
Arthritis Res Ther (2012) 14:R255. doi:10.1186/ar4100

Penatti A, Facciotti F, De Matteis R, Larghi P, Paroni M, Murgo A, et al.
Differences in serum and synovial CD4+ T cells and cytokine profiles to
stratify patients with inflammatory osteoarthritis and rheumatoid arthritis.
Arthritis Res Ther (2017) 19:103. doi:10.1186/s13075-017-1305-1

Chu Y, Wang E, Zhou M, Chen L, Lu Y. A preliminary study on the charac-
terization of follicular helper T (Tfh) cells in rheumatoid arthritis synovium.
Acta Histochem (2014) 116:539-43. doi:10.1016/j.acthis.2013.10.009
Costantino AB, Acosta CDV, Onetti L, Mussano E, Cadile II, Ferrero
PV. Follicular helper T cells in peripheral blood of patients with
rheumatoid arthritis. Reumatol Clin (2017) 13:338-43. doi:10.1016/j.
reuma.2016.07.003

Chakera A, Bennett SC, Morteau O, Bowness P, Lugmani RA, Cornall RJ.
The phenotype of circulating follicular-helper T cells in patients with rheu-
matoid arthritis defines CD200 as a potential therapeutic target. Clin Dev
Immunol (2012) 2012:948218. doi:10.1155/2012/948218

Jingel A, Distler JHW, Kurowska-Stolarska M, Seemayer CA, Seibl R,
Forster A, et al. Expression of interleukin-21 receptor, but not interleukin-21,
in synovial fibroblasts and synovial macrophages of patients with rheumatoid
arthritis. Arthritis Rheum (2004) 50:1468-76. d0i:10.1002/art.20218

Li J, Shen W, Kong K, Liu Z. Interleukin-21 induces T-cell activation
and proinflammatory cytokine secretion in rheumatoid arthritis. Scand
J Immunol (2006) 64:515-22. doi:10.1111/j.1365-3083.2006.01795.x

XingR, Jin Y, Sun L, Yang L, Li C, Li Z, et al. Interleukin-21 induces migration
and invasion of fibroblast-like synoviocytes from patients with rheumatoid
arthritis. Clin Exp Immunol (2016) 184:147-58. doi:10.1111/cei.12751
Andersson AK, Feldmann M, Brennan FM. Neutralizing IL-21 and
IL-15 inhibits pro-inflammatory cytokine production in rheumatoid
arthritis. Scand ] Immunol (2008) 68:103-11. doi:10.1111/j.1365-
3083.2008.02118.x

Jang E, Cho S-H, Park H, Paik D-J, Kim JM, Youn J. A positive feedback loop
of IL-21 signaling provoked by homeostatic CD4+CD25- T cell expansion
is essential for the development of arthritis in autoimmune K/BxN mice.
J Immunol (2009) 182:4649-56. doi:10.4049/jimmunol.0804350

Platt AM, Gibson VB, Patakas A, Benson RA, Nadler SG, Brewer JM, et al.
Abatacept limits breach of self-tolerance in a murine model of arthritis
via effects on the generation of T follicular helper cells. J Immunol (2010)
185:1558-67. d0i:10.4049/jimmunol.1001311

Teng F, Klinger CN, Felix KM, Bradley CP, Wu E, Tran NL, et al. Gut micro-
biota drive autoimmune arthritis by promoting differentiation and migra-
tion of Peyer’s Patch T follicular helper cells. Immunity (2016) 44:875-88.
doi:10.1016/j.immuni.2016.03.013

Wu H-J, Ivanov II, Darce J, Hattori K, Shima T, Umesaki Y, et al. Gut-
residing segmented filamentous bacteria drive autoimmune arthritis via
T helper 17 cells. Immunity (2010) 32:815-27. doi:10.1016/j.immuni.
2010.06.001

Block KE, Zheng Z, Dent AL, Kee BL, Huang H. Gut microbiota regulates
K/BxN autoimmune arthritis through follicular helper T but not Th17 cells.
J Immunol (2016) 196:1550-7. doi:10.4049/jimmunol.1501904

Frontiers in Immunology | www.frontiersin.org

July 2018 | Volume 9 | Article 1637


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.cellimm.2015.01.014
https://doi.org/10.1016/j.clim.2016.10.017
https://doi.org/10.1371/journal.pone.0075319
https://doi.org/10.1016/j.gene.2014.01.012
https://doi.org/10.1007/s10875-009-9325-5
https://doi.org/10.1007/s10875-009-9325-5
https://doi.org/10.1111/imm.12263
https://doi.org/10.1186/ar3474
https://doi.org/10.1126/scitranslmed.3008146
https://doi.org/10.1126/scitranslmed.3008146
https://doi.org/10.4049/jimmunol.1001983
https://doi.org/10.4049/jimmunol.1001983
https://doi.org/10.1016/j.clim.2017.07.004
https://doi.org/10.1111/cei.12189
https://doi.org/10.1016/j.intimp.2018.01.038
https://doi.org/10.1038/nm.4148
https://doi.org/10.1016/j.immuni.2015.05.012
https://doi.org/10.1016/j.immuni.2015.05.012
https://doi.org/10.18632/oncotarget.4973
https://doi.org/10.1016/S0140-6736(16)30173-8
https://doi.org/10.1038/s41598-017-08935-6
https://doi.org/10.1002/art.39481
https://doi.org/10.1002/art.39481
https://doi.org/10.1186/s13075-014-0500-6
https://doi.org/10.1111/apm.12399
https://doi.org/10.1093/rheumatology/kex012
https://doi.org/10.1111/cei.12162
https://doi.org/10.1155/2012/827480
https://doi.org/10.1186/ar4100
https://doi.org/10.1186/s13075-017-1305-1
https://doi.org/10.1016/j.acthis.2013.10.009
https://doi.org/10.1016/j.reuma.2016.07.003
https://doi.org/10.1016/j.reuma.2016.07.003
https://doi.org/10.1155/2012/948218
https://doi.org/10.1002/art.20218
https://doi.org/10.1111/j.1365-3083.2006.01795.x
https://doi.org/10.1111/cei.12751
https://doi.org/10.1111/j.1365-3083.2008.02118.x
https://doi.org/10.1111/j.1365-3083.2008.02118.x
https://doi.org/10.4049/jimmunol.0804350
https://doi.org/10.4049/jimmunol.1001311
https://doi.org/10.1016/j.immuni.2016.03.013
https://doi.org/10.1016/j.immuni.
2010.06.001
https://doi.org/10.1016/j.immuni.
2010.06.001
https://doi.org/10.4049/jimmunol.1501904

Gensous et al.

Tfh Cells in Autoimmune Disorders

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Rao DA, Gurish ME Marshall JL, Slowikowski K, Fonseka CY, Liu Y, et al.
Pathologically expanded peripheral T helper cell subset drives B cells in
rheumatoid arthritis. Nature (2017) 542:110-4. doi:10.1038/nature20810
Xiao F Zhang H-Y, Liu Y-, Zhao D, Shan Y-X, Jiang Y-E Higher frequency
of peripheral blood interleukin 21 positive follicular helper T cells in patients
with ankylosing spondylitis. J Rheumatol (2013) 40:2029-37. doi:10.3899/
jrheum.130125

Shan Y, Qi C, Zhao J, Liu Y, Gao H, Zhao D, et al. Higher frequency of periph-
eral blood follicular regulatory T cells in patients with new onset ankylosing
spondylitis. Clin Exp Pharmacol Physiol (2015) 42:154-61. doi:10.1111/
1440-1681.12330

Bautista-Caro M-B, Arroyo-Villa I, Castillo-Gallego C, de Miguel E,
Peiteado D, Plasencia-Rodriguez C, et al. Decreased frequencies of circu-
lating follicular helper T cell counterparts and plasmablasts in ankylosing
spondylitis patients Naive for TNF blockers. PLoS One (2014) 9:e107086.
doi:10.1371/journal.pone.0107086

Fox R Sjégren’s syndrome. Lancet Lond Engl (2005) 366:321-31. doi:10.1016/
S0140-6736(05)66990-5

Nocturne G, Mariette X. B cells in the pathogenesis of primary Sjégren syn-
drome. Nat Rev Rheumatol (2018) 14:133-45. doi:10.1038/nrrheum.2018.1
JinL, Yu D, Li X, Yu N, Li X, Wang Y, et al. CD4+CXCR5+ follicular helper
T cells in salivary gland promote B cells maturation in patients with primary
Sjogren’s syndrome. Int ] Clin Exp Pathol (2014) 7:1988-96.

Li X, Wu Z, Ding J, Zheng Z, Li X, Chen L, et al. Role of the frequency of
blood CD4(+) CXCR5(+) CCR6(+) T cells in autoimmunity in patients
with Sjogren’s syndrome. Biochem Biophys Res Commun (2012) 422:238-44.
doi:10.1016/j.bbrc.2012.04.133

Szabo K, Papp G, Barath S, Gyimesi E, Szanto A, Zeher M. Follicular helper
T cells may play an important role in the severity of primary Sjogren’s
syndrome. Clin Immunol (2013) 147:95-104. doi:10.1016/j.clim.2013.02.024
Kang KY, Kim H-O, Kwok S-K, Ju JH, Park K-S, Sun D-I, et al. Impact of
interleukin-21 in the pathogenesis of primary Sjégren’s syndrome: increased
serum levels of interleukin-21 and its expression in the labial salivary glands.
Arthritis Res Ther (2011) 13:R179. doi:10.1186/ar3504

Gong Y-Z, Nititham J, Taylor K, Miceli-Richard C, Sordet C, Wachsmann D,
et al. Differentiation of follicular helper T cells by salivary gland epithelial cells
in primary Sjégren’s syndrome. J Autoimmun (2014) 51:57-66. doi:10.1016/
j.jaut.2013.11.003

Maehara T, Moriyama M, Hayashida J-N, Tanaka A, Shinozaki S, Kubo Y,
et al. Selective localization of T helper subsets in labial salivary glands from
primary Sjogren’s syndrome patients. Clin Exp Immunol (2012) 169:89-99.
doi:10.1111/j.1365-2249.2012.04606.x

Verstappen GM, Kroese FGM, Meiners PM, Corneth OB, Huitema MG,
Haacke EA, et al. B cell depletion therapy normalizes circulating follic-
ular Th cells in primary Sjogren syndrome. ] Rheumatol (2017) 44:49-58.
doi:10.3899/jrheum.160313

Verstappen GM, Meiners PM, Corneth OBJ], Visser A, Arends S,
Abdulahad WH, et al. Attenuation of follicular helper T cell-dependent
B cell hyperactivity by abatacept treatment in primary Sjogren’s syndrome.
Arthritis Rheumatol (2017) 69:1850-61. doi:10.1002/art.40165

Reich DS, Lucchinetti CE Calabresi PA. Multiple sclerosis. N Engl ] Med
(2018) 378:169-80. doi:10.1056/NEJMral1401483

Magliozzi R, Howell O, Vora A, Serafini B, Nicholas R, Puopolo M, et al.
Meningeal B-cell follicles in secondary progressive multiple sclerosis asso-
ciate with early onset of disease and severe cortical pathology. Brain (2007)
130:1089-104. doi:10.1093/brain/awm038

Howell OW, Reeves CA, Nicholas R, Carassiti D, Radotra B, Gentleman SM,
et al. Meningeal inflammation is widespread and linked to cortical pathology
in multiple sclerosis. Brain (2011) 134:2755-71. doi:10.1093/brain/awr182
Romme Christensen J, Bérnsen L, Ratzer R, Piehl E, Khademi M, Olsson T,
et al. Systemic inflammation in progressive multiple sclerosis involves follic-
ular T-helper, Th17- and activated B-cells and correlates with progression.
PLoS One (2013) 8:¢57820. doi:10.1371/journal.pone.0057820

Fan X, Jin T, Zhao S, Liu C, Han J, Jiang X, et al. Circulating CCR74+ICOS+
memory T follicular helper cells in patients with multiple sclerosis. PLoS One
(2015) 10:e0134523. doi:10.1371/journal.pone.0134523

Wingerchuk DM, Lennon VA, Lucchinetti CF, Pittock SJ, Weinshenker BG.
The spectrum of neuromyelitis optica. Lancet Neurol (2007) 6:805-15.
doi:10.1016/S1474-4422(07)70216-8

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

LiY-J, Zhang E, Qi Y, Chang G-Q, Fu Y, Su L, et al. Association of circulating
follicular helper T cells with disease course of NMO spectrum disorders.
J Neuroimmunol (2015) 278:239-46. d0i:10.1016/j.jneuroim.2014.11.011
Fan X, Jiang Y, Han J, Liu J, Wei Y, Jiang X, et al. Circulating memory T fol-
licular helper cells in patients with neuromyelitis optica/neuromyelitis optica
spectrum disorders. Mediators Inflamm (2016) 2016:3678152. doi:10.1155/
2016/3678152

Gilhus NE. Myasthenia gravis. N Engl ] Med (2016) 375:2570-81. d0i:10.1056/
NEJMral602678

Saito R, Onodera H, Tago H, Suzuki Y, Shimizu M, Matsumura Y, et al.
Altered expression of chemokine receptor CXCR5 on T cells of myas-
thenia gravis patients. ] Neuroimmunol (2005) 170:172-8. doi:10.1016/j.
jneuroim.2005.09.001

Zhang C-J, Gong Y, Zhu W, Qi Y, Yang C-S, Fu Y, et al. Augmentation
of circulating follicular helper T cells and their impact on autoreactive
B cells in myasthenia gravis. J Immunol (2016) 197:2610-7. doi:10.4049/
jimmunol.1500725

Luo C, Li Y, Liu W, Feng H, Wang H, Huang X, et al. Expansion of circulating
counterparts of follicular helper T cells in patients with myasthenia gravis.
J Neuroimmunol (2013) 256:55-61. doi:10.1016/j.jneuroim.2012.12.001
Yang Y, Zhang M, Ye Y, Ma S, Fan L, Li Z. High frequencies of circulating
Tfh-Th17 cells in myasthenia gravis patients. Neurol Sci (2017) 38:1599-608.
doi:10.1007/s10072-017-3009-3

Wen Y, Yang B, Lu J, Zhang J, Yang H, Li J. Imbalance of circulating CD4(+)
CXCR5(+)FOXP3(+) Tfr-like cells and CD4(+)CXCR5(+)FOXP3(-) Tth-
like cells in myasthenia gravis. Neurosci Lett (2016) 630:176-82. doi:10.1016/
jneulet.2016.07.049

Zhang M, Zhou Y, Guo J, Li H, Tian E Gong L, et al. Thymic TFH cells
involved in the pathogenesis of myasthenia gravis with thymoma. Exp Neurol
(2014) 254:200-5. doi:10.1016/j.expneurol.2014.01.024

Song Y, Zhou L, Miao E, Chen G, Zhu Y, Gao X, et al. Increased frequency
of thymic T follicular helper cells in myasthenia gravis patients with thy-
moma. ] Thorac Dis (2016) 8:314-22. doi:10.21037/jtd.2016.03.03
Kamisawa T, Zen Y, Pillai S, Stone JH. IgG4-related disease. Lancet Lond Engl
(2015) 385:1460-71. doi:10.1016/S0140-6736(14)60720-0

Kubo S, Nakayamada S, Zhao ], Yoshikawa M, Miyazaki Y, Nawata A, et al.
Correlation of T follicular helper cells and plasmablasts with the development
of organ involvement in patients with IgG4-related disease. Rheumatology
(Oxford) (2018) 57:514-24. doi:10.1093/rheumatology/kex455

Kamekura R, Takano K, Yamamoto M, Kawata K, Shigehara K, Jitsukawa S,
et al. Cutting edge: a critical role of lesional T follicular helper cells in
the pathogenesis of IgG4-related disease. J Immunol (2017) 199:2624-9.
doi:10.4049/jimmunol. 1601507

Akiyama M, Suzuki K, Yamaoka K, Yasuoka H, Takeshita M, Kaneko Y,
et al. Number of circulating follicular helper 2 T cells correlates with IgG4
and interleukin-4 levels and plasmablast numbers in IgG4-related disease.
Arthritis Rheumatol (2015) 67:2476-81. doi:10.1002/art.39209

Akiyama M, Yasuoka H, Yamaoka K, Suzuki K, Kaneko Y, Kondo H, et al.
Enhanced IgG4 production by follicular helper 2 T cells and the involvement
of follicular helper 1 T cells in the pathogenesis of IgG4-related disease.
Arthritis Res Ther (2016) 18:167. doi:10.1186/s13075-016-1064-4

Grados A, Ebbo M, Piperoglou C, Groh M, Regent A, Samson M, et al. T cell
polarization toward TH2/TFH2 and TH17/TFH17 in patients with IgG4-
related disease. Front Immunol (2017) 8:235. d0i:10.3389/fimmu.2017.00235
Zaidan M, Cervera-Pierot P, de Seigneux S, Dahan K, Fabiani B, Callard P,
et al. Evidence of follicular T-cell implication in a case of IgG4-related
systemic disease with interstitial nephritis. Nephrol Dial Transplant (2011)
26:2047-50. doi:10.1093/ndt/gfr097

Machara T, Moriyama M, Nakashima H, Miyake K, Hayashida J-N, Tanaka A,
et al. Interleukin-21 contributes to germinal centre formation and immu-
noglobulin G4 production in IgG4-related dacryoadenitis and sialoadenitis,
so-called Mikulicz’s disease. Ann Rheum Dis (2012) 71:2011-9. doi:10.1136/
annrheumdis-2012-201477

Yang H, Wei R, Liu Q, Shi Y, Li J. Frequency and distribution of
CD4+CXCR5+ follicular B helper T cells within involved tissues in IgG4-
related ophthalmic disease. Mol Med Rep (2017) 16:9512-20. doi:10.3892/
mmr.2017.7780

Zhao Y, Lutalo PMK, Thomas JE, Sangle S, Choong LM, Tyler JR, et al.
Circulating T follicular helper cell and regulatory T cell frequencies

Frontiers in Immunology | www.frontiersin.org

July 2018 | Volume 9 | Article 1637


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/nature20810
https://doi.org/10.3899/jrheum.130125
https://doi.org/10.3899/jrheum.130125
https://doi.org/10.1111/
1440-1681.12330
https://doi.org/10.1111/
1440-1681.12330
https://doi.org/10.1371/journal.pone.0107086
https://doi.org/10.1016/S0140-6736(05)66990-5
https://doi.org/10.1016/S0140-6736(05)66990-5
https://doi.org/10.1038/nrrheum.2018.1
https://doi.org/10.1016/j.bbrc.2012.04.133
https://doi.org/10.1016/j.clim.2013.02.024
https://doi.org/10.1186/ar3504
https://doi.org/10.1016/
j.jaut.2013.11.003
https://doi.org/10.1016/
j.jaut.2013.11.003
https://doi.org/10.1111/j.1365-2249.2012.04606.x
https://doi.org/10.3899/jrheum.160313
https://doi.org/10.1002/art.40165
https://doi.org/10.1056/NEJMra1401483
https://doi.org/10.1093/brain/awm038
https://doi.org/10.1093/brain/awr182
https://doi.org/10.1371/journal.pone.0057820
https://doi.org/10.1371/journal.pone.0134523
https://doi.org/10.1016/S1474-4422(07)70216-8
https://doi.org/10.1016/j.jneuroim.2014.11.011
https://doi.org/10.1155/
2016/3678152
https://doi.org/10.1155/
2016/3678152
https://doi.org/10.1056/NEJMra1602678
https://doi.org/10.1056/NEJMra1602678
https://doi.org/10.1016/j.jneuroim.2005.09.001
https://doi.org/10.1016/j.jneuroim.2005.09.001
https://doi.org/10.4049/jimmunol.1500725
https://doi.org/10.4049/jimmunol.1500725
https://doi.org/10.1016/j.jneuroim.2012.12.001
https://doi.org/10.1007/s10072-017-3009-3
https://doi.org/10.1016/
j.neulet.2016.07.049
https://doi.org/10.1016/
j.neulet.2016.07.049
https://doi.org/10.1016/j.expneurol.2014.01.024
https://doi.org/10.21037/jtd.2016.03.03
https://doi.org/10.1016/S0140-6736(14)60720-0
https://doi.org/10.1093/rheumatology/kex455
https://doi.org/10.4049/jimmunol.1601507
https://doi.org/10.1002/art.39209
https://doi.org/10.1186/s13075-016-1064-4
https://doi.org/10.3389/fimmu.2017.00235
https://doi.org/10.1093/ndt/gfr097
https://doi.org/10.1136/annrheumdis-2012-201477
https://doi.org/10.1136/annrheumdis-2012-201477
https://doi.org/10.3892/mmr.2017.7780
https://doi.org/10.3892/mmr.2017.7780

Gensous et al.

Tfh Cells in Autoimmune Disorders

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

are influenced by B cell depletion in patients with granulomatosis with
polyangiitis. Rheumatology (Oxford) (2014) 53:621-30. doi:10.1093/
rheumatology/ket406

Liu D, Liu J, Wang J, Liu C, Yang S, Jiang Y. Distinct phenotypic subpop-
ulations of circulating CD4+CXCR5+ follicular helper T cells in children
with active IgA vasculitis. BMC Immunol (2016) 17:40. doi:10.1186/
512865-016-0176-6

Xie ], Liu Y, Wang L, Ruan G, Yuan H, Fang H, et al. Expansion of circulating
T follicular helper cells in children with acute Henoch-Schonlein purpura.
J Immunol Res (2015) 2015:742535. doi:10.1155/2015/742535

Zhang Z, Zhao S, Zhang L, Crew R, Zhang N, Sun X;, et al. A higher frequency
of CD4(+)CXCR5(+) T follicular helper cells in patients with newly diag-
nosed Henoch-Schénlein purpura nephritis. Int Immunopharmacol (2016)
32:8-15. doi:10.1016/j.intimp.2015.12.037

Liu D, Liu J, Wang J, Guo L, Liu C, Jiang Y, et al. Distribution of circulating
T follicular helper cell subsets is altered in immunoglobulin A vasculitis in
children. PLoS One (2017) 12:¢0189133. doi:10.1371/journal.pone.0189133
Xie J, Cui D, Liu Y, Jin ], Tong H, Wang L, et al. Changes in follicular helper
T cells in idiopathic thrombocytopenic purpura patients. Int ] Biol Sci (2015)
11:220-9. doi:10.7150/ijbs.10178

Zhu X, Ma D, Zhang ], Peng J, Qu X, Ji C, et al. Elevated interleukin-21
correlated to Th17 and Th1 cells in patients with immune thrombocytopenia.
J Clin Immunol (2010) 30:253-9. d0i:10.1007/s10875-009-9353-1

Yao X, Li C, Yang J, Wang G, Li C, Xia Y. Differences in frequency and
regulation of T follicular helper cells between newly diagnosed and chronic
pediatric immune thrombocytopenia. Blood Cells Mol Dis (2016) 61:26-36.
doi:10.1016/j.bcmd.2016.06.006

Audia S, Rossato M, Santegoets K, Spijkers S, Wichers C, Bekker C, et al.
Splenic TFH expansion participates in B-cell differentiation and antiplatelet-
antibody production during immune thrombocytopenia. Blood (2014) 124:
2858-66. doi:10.1182/blood-2014-03-563445

Audia S, Rossato M, Trad M, Samson M, Santegoets K, Gautheron A,
et al. B cell depleting therapy regulates splenic and circulating T follicular
helper cells in immune thrombocytopenia. ] Autoimmun (2017) 77:89-95.
doi:10.1016/j.jaut.2016.11.002

Wang Y, Wang L, Yang H, Yuan W, Ren J, Bai Y. Activated circulating T follic-
ular helper cells are associated with disease severity in patients with psoriasis.
J Immunol Res (2016) 2016:7346030. doi:10.1155/2016/7346030

Niu J, Song Z, Yang X, Zhai Z, Zhong H, Hao E Increased circulating
follicular helper T cells and activated B cells correlate with disease severity
in patients with psoriasis. ] Eur Acad Dermatol Venereol (2015) 29:1791-6.
doi:10.1111/jdv.13027

Wang Y, Wang L, Shi Y, Wang E Yang H, Han §, et al. Altered circulating
T follicular helper cell subsets in patients with psoriasis vulgaris. Immunol
Lett (2017) 181:101-8. doi:10.1016/j.imlet.2016.09.008

Caruso R, Botti E, Sarra M, Esposito M, Stolfi C, Diluvio L, et al. Involvement
of interleukin-21 in the epidermal hyperplasia of psoriasis. Nat Med (2009)
15:1013-5. doi:10.1038/nm.1995

Szabé K, Géspar K, Dajnoki Z, Papp G, Fébos B, Szegedi A, et al. Expansion
of circulating follicular T helper cells associates with disease severity in
childhood atopic dermatitis. Immunol Lett (2017) 189:101-8. doi:10.1016/j.
imlet.2017.04.010

Hennerici T, Pollmann R, Schmidt T, Seipelt M, Tackenberg B, Mobs C, et al.
Increased frequency of T follicular helper cells and elevated interleukin-27
plasma levels in patients with Pemphigus. PLoS One (2016) 11:e0148919.
doi:10.1371/journal.pone.0148919

Li Q Liu Z, Dang E, Jin L, He Z, Yang L, et al. Follicular helper T Cells (Tth)
and IL-21 involvement in the pathogenesis of bullous pemphigoid. PLoS
One (2013) 8:68145. doi:10.1371/journal.pone.0068145

Kenefeck R, Wang CJ, Kapadi T, Wardzinski L, Attridge K, Clough LE, et al.
Follicular helper T cell signature in type 1 diabetes. J Clin Invest (2015)
125:292-303. doi:10.1172/JC176238

Xu X, ShiY, Cai Y, Zhang Q, Yang F, Chen H, et al. Inhibition of increased
circulating Tfh cell by anti-CD20 monoclonal antibody in patients
with type 1 diabetes. PLoS One (2013) 8:€79858. doi:10.1371/journal.
pone.0079858

Ferreira RC, Simons HZ, Thompson WS, Cutler AJ, Dopico XC, Smyth DJ,
et al. IL-21 production by CD4+ effector T cells and frequency of circulating

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

follicular helper T cells are increased in type 1 diabetes patients. Diabetologia
(2015) 58:781-90. doi:10.1007/s00125-015-3509-8

Viisanen T, Thantola E-L, Nanto-Salonen K, Hy6ty H, Nurminen N,
Selvenius J, et al. Circulating CXCR5+PD-1+ICOS+ follicular T helper
cells are increased close to the diagnosis of type 1 diabetes in children with
multiple autoantibodies. Diabetes (2017) 66:437-47. doi:10.2337/db16-0714
ZhangN, Tai ], QuZ, Zhang Z, Zhao S, He J, et al. Increased CD4+CXCR5+T
follicular helper cells in diabetic nephropathy. Autoimmunity (2016)
49:405-13. doi:10.1080/08916934.2016.1196677

Zhu C, Ma J, Liu Y, Tong J, Tian J, Chen J, et al. Increased frequency of
follicular helper T cells in patients with autoimmune thyroid disease. J Clin
Endocrinol Metab (2012) 97:943-50. doi:10.1210/jc.2011-2003

Zhang ], Ren M, Zeng H, Guo Y, Zhuang Z, Feng Z, et al. Elevated follicular
helper T cells and expression of IL-21 in thyroid tissues are involved in the
pathogenesis of Graves’ disease. Immunol Res (2015) 62:163-74. doi:10.1007/
§12026-015-8647-z

Aust G, Sittig D, Becherer L, Anderegg U, Schiitz A, Lamesch P, et al. The
role of CXCR5 and its ligand CXCL13 in the compartmentalization of
lymphocytes in thyroids affected by autoimmune thyroid diseases. Eur
J Endocrinol (2004) 150:225-34. doi:10.1530/eje.0.1500225

Maruoka R, Aoki N, Kido M, Iwamoto S, Nishiura H, Ikeda A, et al.
Splenectomy prolongs the effects of corticosteroids in mouse models of
autoimmune hepatitis. Gastroenterology (2013) 145:209-20.€9. doi:10.1053/
j.gastro.2013.03.011

Aoki N, Kido M, Iwamoto S, Nishiura H, Maruoka R, Tanaka J, et al. Dysregu-
lated generation of follicular helper T cells in the spleen triggers fatal
autoimmune hepatitis in mice. Gastroenterology (2011) 140:1322-1333.e1-5.
doi:10.1053/j.gastro.2011.01.002

Kimura N, Yamagiwa S, Sugano T, Setsu T, Tominaga K, Kamimura H,
et al. Possible involvement of chemokine C-C receptor 7- programmed cell
death-1+ follicular helper T-cell subset in the pathogenesis of autoimmune
hepatitis. ] Gastroenterol Hepatol (2018) 33:298-306. doi:10.1111/jgh.13844
Ma L, Qin J, Ji H, Zhao P, Jiang Y. Tth and plasma cells are correlated with
hypergammaglobulinaemia in patients with autoimmune hepatitis. Liver
Int (2014) 34:405-15. doi:10.1111/1iv.12245

Abe K, Takahashi A, Imaizumi H, Hayashi M, Okai K, Kanno Y, et al.
Interleukin-21 plays a critical role in the pathogenesis and severity of type I
autoimmune hepatitis. Springerplus (2016) 5:777. doi:10.1186/s40064-
016-2512-y

Wang L, Sun Y, Zhang Z, Jia Y, Zou Z, Ding J, et al. CXCR5+ CD4+ T follic-
ular helper cells participate in the pathogenesis of primary biliary cirrhosis.
Hepatology (2015) 61:627-38. doi:10.1002/hep.27306

Wang L, Sun X, Qiu J, Cai Y, Ma L, Zhao P, et al. Increased numbers of cir-
culating ICOS™ follicular helper T and CD38* plasma cells in patients with
newly diagnosed primary biliary cirrhosis. Dig Dis Sci (2015) 60:405-13.
doi:10.1007/s10620-014-3372-3

Zheng ], Wang T, Zhang L, Cui L. Dysregulation of circulating Tfr/Tth ratio in
primary biliary cholangitis. Scand ] Immunol (2017) 86:452-61. d0i:10.1111/
§ji.12616

Zhou Z-Q, Tong D-N, Guan J, Li M-F, Feng Q-M, Zhou M-J, et al. Circulating
follicular helper T cells presented distinctively different responses toward
bacterial antigens in primary biliary cholangitis. Int Immunopharmacol
(2017) 51:76-81. doi:10.1016/j.intimp.2017.08.004

Wang X, Zhu Y, Zhang M, Hou ], Wang H, Jiang Y, et al. The shifted balance
between circulating follicular regulatory T cells and follicular helper T cells
in patients with ulcerative colitis. Clin Sci (Lond) (2017) 131:2933-45.
doi:10.1042/CS20171258

Wang Z, Wang Z, Diao Y, Qian X, Zhu N, Dong W. Circulating follicular
helper T cells in Crohn’s disease (CD) and CD-associated colorectal cancer.
Tumour Biol (2014) 35:9355-9. doi:10.1007/s13277-014-2208-2

Yu J, He S, Liu P, Hu Y, Wang L, Wang X, et al. Interleukin-21 promotes the
development of ulcerative colitis and regulates the proliferation and secretion
of follicular T helper cells in the colitides microenvironment. Mol Med Rep
(2015) 11:1049-56. d0i:10.3892/mmr.2014.2824

. Sarra M, Monteleone I, Stolfi C, Fantini MC, Sileri P, Sica G, et al.

Interferon-gamma-expressing cells are a major source of interleukin-21
in inflammatory bowel diseases. Inflamm Bowel Dis (2010) 16:1332-9.
doi:10.1002/ibd.21238

Frontiers in Immunology | www.frontiersin.org

July 2018 | Volume 9 | Article 1637


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1093/rheumatology/ket406
https://doi.org/10.1093/rheumatology/ket406
https://doi.org/10.1186/s12865-016-0176-6
https://doi.org/10.1186/s12865-016-0176-6
https://doi.org/10.1155/2015/742535
https://doi.org/10.1016/j.intimp.2015.12.037
https://doi.org/10.1371/journal.pone.0189133
https://doi.org/10.7150/ijbs.10178
https://doi.org/10.1007/s10875-009-9353-1
https://doi.org/10.1016/j.bcmd.2016.06.006
https://doi.org/10.1182/blood-2014-03-563445
https://doi.org/10.1016/j.jaut.2016.11.002
https://doi.org/10.1155/2016/7346030
https://doi.org/10.1111/jdv.13027
https://doi.org/10.1016/j.imlet.2016.09.008
https://doi.org/10.1038/nm.1995
https://doi.org/10.1016/j.imlet.2017.04.010
https://doi.org/10.1016/j.imlet.2017.04.010
https://doi.org/10.1371/journal.pone.0148919
https://doi.org/10.1371/journal.pone.0068145
https://doi.org/10.1172/JCI76238
https://doi.org/10.1371/journal.pone.0079858
https://doi.org/10.1371/journal.pone.0079858
https://doi.org/10.1007/s00125-015-3509-8
https://doi.org/10.2337/db16-0714
https://doi.org/10.1080/08916934.2016.1196677
https://doi.org/10.1210/jc.2011-2003
https://doi.org/10.1007/s12026-015-8647-z
https://doi.org/10.1007/s12026-015-8647-z
https://doi.org/10.1530/eje.0.1500225
https://doi.org/10.1053/
j.gastro.2013.03.011
https://doi.org/10.1053/
j.gastro.2013.03.011
https://doi.org/10.1053/j.gastro.2011.01.002
https://doi.org/10.1111/jgh.13844
https://doi.org/10.1111/liv.12245
https://doi.org/10.1186/s40064-
016-2512-y
https://doi.org/10.1186/s40064-
016-2512-y
https://doi.org/10.1002/hep.27306
https://doi.org/10.1007/s10620-014-3372-3
https://doi.org/10.1111/sji.12616
https://doi.org/10.1111/sji.12616
https://doi.org/10.1016/j.intimp.2017.08.004
https://doi.org/10.1042/CS20171258
https://doi.org/10.1007/s13277-014-2208-2
https://doi.org/10.3892/mmr.2014.2824
https://doi.org/10.1002/ibd.21238

Gensous et al.

Tfh Cells in Autoimmune Disorders

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

Ameratunga R, Brewerton M, Slade C, Jordan A, Gillis D, Steele R, et al.
Comparison of diagnostic criteria for common variable immunodeficiency
disorder. Front Immunol (2014) 5:415. d0i:10.3389/fimmu.2014.00415
Haymore BR, Mikita CP, Tsokos GC. Common variable immune deficiency
(CVID) presenting as an autoimmune disease: role of memory B cells.
Autoimmun Rev (2008) 7:309-12. doi:10.1016/j.autrev.2007.11.024

Wehr C, Kivioja T, Schmitt C, Ferry B, Witte T, Eren E, et al. The EUROCclass
trial: defining subgroups in common variable immunodeficiency. Blood
(2008) 111:77-85. doi:10.1182/blood-2007-06-091744

Chapel H, Lucas M, Lee M, Bjorkander J, Webster D, Grimbacher B, et al.
Common variable immunodeficiency disorders: division into distinct
clinical phenotypes. Blood (2008) 112:277-86. doi:10.1182/blood-2007-11-
124545

Patuzzo G, Barbieri A, Tinazzi E, Veneri D, Argentino G, Moretta F, et al.
Autoimmunity and infection in common variable immunodeficiency
(CVID). Autoimmun Rev (2016) 15:877-82. d0i:10.1016/j.autrev.2016.07.011
Grimbacher B, Hutloff A, Schlesier M, Glocker E, Warnatz K, Dréger R, et al.
Homozygous loss of ICOS is associated with adult-onset common variable
immunodeficiency. Nat Immunol (2003) 4:261-8. doi:10.1038/ni902

Salzer U, Maul-Pavicic A, Cunningham-Rundles C, Urschel S, Belohradsky BH,
Litzman J, et al. ICOS deficiency in patients with common variable
immunodeficiency. Clin Immunol (2004) 113:234-40. doi:10.1016/j.clim.
2004.07.002

Coraglia A, Galassi N, Fernandez Romero DS, Juri MC, Felippo M, Malbran A,
et al. Common variable immunodeficiency and circulating TFH. ] Immunol
Res (2016) 2016:4951587. doi:10.1155/2016/4951587

Cunill V, Clemente A, Lanio N, Barcel6 C, Andreu V, Pons J, et al. Follicular
T cells from smB-common variable immunodeficiency patients are Skewed
toward a Th1 phenotype. Front Immunol (2017) 8:174. doi:10.3389/fimmu.
2017.00174

Unger S, Seidl M, van Schouwenburg P, Rakhmanov M, Bulashevska A,
Frede N, et al. The TH1 phenotype of follicular helper T cells indicates an
IFN-y-associated immune dysregulation in patients with CD21low common
variable immunodeficiency. JAllergy Clin Immunol (2018) 141:730-40.
doi:10.1016/j.jaci.2017.04.041

Tiller T, Tsuiji M, Yurasov S, Velinzon K, Nussenzweig MC, Wardemann H.
Autoreactivity in human IgG+ memory B cells. Immunity (2007) 26:205-13.
doi:10.1016/j.immuni.2007.01.009

Cols M, Rahman A, Maglione PJ, Garcia-Carmona Y, Simchoni N, Ko H-BM,
et al. Expansion of inflammatory innate lymphoid cells in patients with
common variable immune deficiency. ] Allergy Clin Immunol (2016)
137:1206-15.¢6. doi:10.1016/j.jaci.2015.09.013

Friedmann D, Keller B, Harder I, Schupp J, Tanriver Y, Unger S, et al.
Preferential reduction of circulating innate lymphoid cells type 2 in patients
with common variable immunodeficiency with secondary complications is
part of a broader immune dysregulation. J Clin Immunol (2017) 37:759-69.
doi:10.1007/s10875-017-0444-0

225.

226.

227.

228.

229.

230.

232.

233.

234.

Zhang L, Wang Y, Shi X, Zou H, Jiang Y. A higher frequency of CD4*CXCR5*
T follicular helper cells in patients with newly diagnosed IgA nephropathy.
Immunol Lett (2014) 158:101-8. doi:10.1016/j.imlet.2013.12.004
Espinosa-Ortega F, Gomez-Martin D, Santana-De Anda K, Romo-Tena J,
Villasefior-Ovies P, Alcocer-Varela J. Quantitative T cell subsets profile in
peripheral blood from patients with idiopathic inflammatory myopathies:
tilting the balance towards proinflammatory and pro-apoptotic subsets.
Clin Exp Immunol (2015) 179:520-8. do0i:10.1111/cei.12475

Taylor DK, Mittereder N, Kuta E, Delaney T, Burwell T, Dacosta K, et al.
T follicular helper-like cells contribute to skin fibrosis. Sci Transl Med (2018)
10(431):eaaf5307. doi:10.1126/scitranslmed.aaf5307

Kolenbrander A, Grewe B, Nemazee D, Uberla K, Temchura V. Generation of
T follicular helper cells in vitro: requirement for B-cell receptor cross-linking
and cognate B- and T-cell interaction. Immunology (2018) 153:214-24.
doi:10.1111/imm.12834

Barnett LG, Simkins HMA, Barnett BE, Korn LL, Johnson AL, Wherry EJ,
et al. B cell antigen presentation in the initiation of follicular helper T cell and
germinal center differentiation. J Immunol (2014) 192:3607-17. doi:10.4049/
jimmunol.1301284

Xu H, Li X, Liu D, Li J, Zhang X, Chen X, et al. Follicular T-helper cell
recruitment governed by bystander B cells and ICOS-driven motility.
Nature (2013) 496:523-7. doi:10.1038/nature12058

. Liu D, Xu H, Shih C, Wan Z, Ma X, Ma W, et al. T-B-cell entanglement and

ICOSL-driven feed-forward regulation of germinal centre reaction. Nature
(2015) 517:214-8. doi:10.1038/nature13803

Shulman Z, Gitlin AD, Weinstein JS, Lainez B, Esplugues E, Flavell RA, et al.
Dynamic signaling by T follicular helper cells during germinal center B cell
selection. Science (2014) 345:1058-62. d0i:10.1126/science.1257861
Fazilleau N, Eisenbraun MD, Malherbe L, Ebright JN, Pogue-Caley RR,
McHeyzer-Williams L], et al. Lymphoid reservoirs of antigen-specific mem-
ory T helper cells. Nat Immunol (2007) 8:753-61. doi:10.1038/ni1472
Wallin EE, Jolly EC, Suchanek O, Bradley JA, Espéli M, Jayne DRW, et al.
Human T-follicular helper and T-follicular regulatory cell maintenance is
independent of germinal centers. Blood (2014) 124:2666-74. doi:10.1182/
blood-2014-07-585976

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Gensous, Charrier, Duluc, Contin-Bordes, Truchetet, Lazaro,
Duffau, Blanco and Richez. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

18

July 2018 | Volume 9 | Article 1637


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.3389/fimmu.2014.00415
https://doi.org/10.1016/j.autrev.2007.11.024
https://doi.org/10.1182/blood-2007-06-091744
https://doi.org/10.1182/blood-2007-11-
124545
https://doi.org/10.1182/blood-2007-11-
124545
https://doi.org/10.1016/j.autrev.2016.07.011
https://doi.org/10.1038/ni902
https://doi.org/10.1016/j.clim.
2004.07.002
https://doi.org/10.1016/j.clim.
2004.07.002
https://doi.org/10.1155/2016/4951587
https://doi.org/10.3389/fimmu.
2017.00174
https://doi.org/10.3389/fimmu.
2017.00174
https://doi.org/10.1016/j.jaci.2017.04.041
https://doi.org/10.1016/j.immuni.2007.01.009
https://doi.org/10.1016/j.jaci.2015.09.013
https://doi.org/10.1007/s10875-017-0444-0
https://doi.org/10.1016/j.imlet.2013.12.004
https://doi.org/10.1111/cei.12475
https://doi.org/10.1126/scitranslmed.aaf5307
https://doi.org/10.1111/imm.12834
https://doi.org/10.4049/jimmunol.1301284
https://doi.org/10.4049/jimmunol.1301284
https://doi.org/10.1038/nature12058
https://doi.org/10.1038/nature13803
https://doi.org/10.1126/science.1257861
https://doi.org/10.1038/ni1472
https://doi.org/10.1182/blood-2014-07-585976
https://doi.org/10.1182/blood-2014-07-585976
https://creativecommons.org/licenses/by/4.0/

	T Follicular Helper Cells in Autoimmune Disorders
	Introduction
	Tfh Cells: Overview on Characterization, Generation, and Functions
	Tfh Cells and Auto-Immunity: Generalities
	Systemic Lupus Erythematosus (SLE)
	Rheumatoid Arthritis (RA)
	Sjogren Syndrome
	Neurological Diseases
	Multiple Sclerosis (MS)
	Neuromyelitis Optica Spectrum Disorders (NMOSDs)
	Myasthenia Gravis (MG)

	IgG4-Related Disease (IgG4-RD)
	Vasculitis
	Large Vessels Vasculitis
	Small Vessels Vasculitis

	Idiopathic Thrombocytopenic Purpura (ITP)
	Chronic Inflammatory Skin Diseases
	Psoriasis
	Atopic Dermatitis (AD)
	Pemphigus and Bullous Pemphigoid

	Endocrinopathies
	Type 1 Diabetes (T1D)
	Autoimmune Thyroid Disease

	Hepatological and Gastroenterological Diseases
	Autoimmune Hepatitis (AIH)
	Primary Biliary Cholangitis (PBC)
	Inflammatory Bowel Diseases (IBD)

	Common Variable Immune Deficiencies (CVID)
	Tfh Cells and other Inflammatory and Auto-Immune Diseases
	IgA Nephropathy (IgAN) in Adults
	Adults Idiopathic Inflammatory Myopathies (IIM)
	Systemic Sclerosis (SSc)

	Conclusion
	Author Contributions
	Acknowledgments
	Funding
	References


