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Abstract The development of multiple disease-relevant auto-
antibodies is a hallmark of autoimmune diseases. In autoim-
mune type 1 diabetes (T1D), a variable time frame of autoim-
munity precedes the clinically overt disease. The relevance of
T follicular helper (TFH) cells for the immune system is in-
creasingly recognized. Their pivotal contribution to antibody
production by providing help to germinal center (GC) B cells
facilitates the development of a long-lived humoral immunity.
Their complex differentiation process, involving various
stages and factors like B cell lymphoma 6 (Bcl6), is strictly
controlled, as anomalous regulation of TFH cells is connected
with immunopathologies. While the adverse effects of a TFH
cell-related insufficient humoral immunity are obvious, the
role of increased TFH frequencies in autoimmune diseases
like T1D is currently highlighted. High levels of autoantigen
trigger an excessive induction of TFH cells, consequently
resulting in the production of autoantibodies. Therefore,
TFH cells might provide promising approaches for novel ther-
apeutic strategies.
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Introduction

In the healthy state, the immune system possesses the critical
ability of detecting and eliminating harmful pathogens while
at the same time, distinguishing them from the organism’s
own tissues. This balance between immunity and tolerance
is a complex and tightly regulated process involving different
organs and numerous subsets of immune cells. In line with the
complexity of the immune system, the heterogeneity of auto-
immune diseases like type 1 diabetes (T1D) concerning phe-
notype and pathology was recently highlighted. These obser-
vations emphasize the importance to gain more insight in the
underlying mechanisms of autoimmunity and the involved
cell types. The recently increased interest in T follicular helper
(TFH) cells revealed their important role for the immune
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system and showed that additional research efforts in the field
could contribute to the design of future precision medicines. In
this article, we review our current knowledge of TFH cell
biology and their considerable role in the context of autoim-
mune diseases with a particular focus on T1D. Moreover, we
discuss the most recent advances in the field, highlighting
both their importance as potential novel therapeutic targets
and their relevance to exert biomarker function indicative of
autoimmune activation state.

Autoimmunity—Immune System out of Balance

Autoimmunity results from an imbalance of the immune
system, provoking specific immune responses directed
against structures of the self. The concept of autoimmu-
nity was first postulated in the early twentieth century and
as one of the pioneers Paul Ehrlich defined an immune-
mediated reaction affecting self-constituents as “horror
autotoxicus” [1]. There are more than 80 diseases with
an autoimmune etiology, most of them with a critically
increasing incidence [2]. Because of their high prevalence
already in early infancy and their chronic nature, autoim-
mune diseases are a considerable clinical problem and a
significant challenge for the healthcare system.
Autoimmune diseases can be divided in three sequential
phases: initiation, propagation, and resolution. The identifica-
tion of disease-relevant initiation factors is a difficult task
because clinical symptoms develop considerably after the in-
cidence of the abnormal immune reaction. However, it is gen-
erally accepted in the field that autoimmune diseases originate
from a combination of several contributing factors that can be
classified as follows: polymorphisms in various genes result in
defective regulation or reduced threshold for lymphocyte ac-
tivation and environmental factors trigger activation of self-
reactive lymphocytes that have escaped control [3].
Genome-wide association studies revealed a potential
connection between a considerable number of genetic
polymorphisms and different autoimmune diseases, for
example T1D [4]. Disease-relevant polymorphisms are
predominantly located in regulatory regions of genes as-
sociated with the immune response and only the accumu-
lation of multiple variations contributes significantly to
pathogenesis in single patients [5, 6]. However, some
genes like the human leukocyte antigen (HLA) alleles
show strong association and have been known for long
time [7]. In contrast to most autoimmune diseases which
are influenced by numerous genetic polymorphisms, there
are two well-studied examples of monogenetic autoim-
mune diseases. The immunodysregulation
polyendocrinopathy enteropathy X-linked syndrome
(IPEX) and autoimmune polyendocrine syndrome (APS)
result directly from an alteration in the FOXP3 and AIRE
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genes, respectively [8, 9]. Further studies of the
autoimmunity-related genes revealed that numerous
autoimmunity-connected polymorphisms affect cytokine
or cytokine receptor genes, well exemplified by IL-23
receptor which increases proinflammatory capacity of
Th17 cells [10] and is polymorphic in various autoim-
mune diseases [11]. Targeting the underlying pathways
with monoclonal antibodies was already subject of clini-
cal trials and showed beneficial effects [12, 13].

While genetic polymorphisms determine the risk of devel-
oping autoimmune T1D, the actual initiation of autoimmunity
likely requires exogenous triggers such as infections, diet, and
other environmental factors [14]. Infections as a potential trig-
ger for autoimmune diseases are under ongoing discussion
[15]. While there are numerous examples of postulated asso-
ciations between infections and autoimmunity like Epstein—
Barr virus (EBV) and multiple sclerosis (MS) [16] or peri-
odontal infections and rheumatoid arthritis [17], there are also
infections postulated to have a protective effect against auto-
immunity for example through antigen-mediated induction of
regulatory T cells (Tregs) after an infection with Bacteroides
fragilis in a mouse model of MS [18]. In general, a reduced
number of infections in developed countries is associated with
a higher rate of T1D and MS [19]. Since the microbiome plays
an important role for the immune system, its potential to trig-
ger the development of autoimmune diseases by influencing
immune reactions is under investigation. For example, there
are numerous studies suggesting a connection between mi-
crobes and autoimmunity in mice [20-23]. An example for a
well-accepted abiotic trigger of autoimmunity is UV radiation,
especially in the context of cutaneous lupus. Cell apoptosis
caused by UV radiation leads to an excessive supply with self-
antigens which can, based on a genetic predisposition, pro-
voke the loss of peripheral tolerance [3, 24].

There are different characteristics of autoimmunity, based
on the tolerance mechanism that fails in the specific diseases
setting. While in systemic lupus erythematosus (SLE), defects
in B cell tolerance seem to play a role [25], other inflammatory
autoimmune diseases like T1D are connected with a T cell-
dependent autoimmunity [26].

The progression of autoimmunity is associated with in-
creasing inflammation and tissue damage in the affected tis-
sues. This is due to the fact that ongoing tissue damage leads
to an accumulation of self-antigens again exacerbating the
autoimmune reaction and the coexisting inability to eliminate
the self-antigens [3]. Furthermore, the autoimmune reaction as
such attracts additional immune cells and induces cytokine
secretion, leading to a catastrophic inflammatory loop [3].
With ongoing autoimmunity, the accumulation of effector T
cells leads to an imbalance in the ratio of effector T cells to
Tregs which, accompanied by Tregs with diminished func-
tionality and effector T cells with a resistance towards suppres-
sion, also drives disease progression [27].
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A Disease of Increasing
Relevance—Characterization and Staging of T1D

As a relevant example for an organ-specific autoimmune dis-
ease, T1D is characterized by a breakdown of immunological
self-tolerance to insulin-producing islet beta cells and conse-
quently a destruction of these cells by autoreactive T cells [2].
As with autoimmune diseases in general, the incidence of TID
has increased steadily within the last decades [4] accompanied
by the critical prediction of a doubling in young children every
20 years [28]. The onset of islet autoimmunity (pre-T1D) is
indicated by the appearance of multiple islet autoantibodies
against at least two of four well-established autoantigens (in-
sulin, glutamic decarboxylase, insulinoma antigen, and islet
zinc transporter) which marks a point of limited return in the
pathogenesis of T1D in children [29, 30]. In addition, recently,
evidence is emerging that tetraspanin-7 (Tspan-7) can function
as an additional autoantigen [31]. However, the time span of
the progression to clinical overt T1D is highly variable and
can range from a few months to more than two decades,
termed as fast versus slow progressing phenotypes [32]. In
addition, it was shown that children with slow progression
can lose some of their early autoantibodies, first of all insulin
autoantibodies. These insights indicate that various mecha-
nisms of immune activation and impaired immune tolerance
are involved and can be differentially affected. However, the
interplay and contribution of mechanisms that trigger the on-
set of islet autoimmunity remain incompletely understood.
Like most diseases with an autoimmune etiology, T1D un-
dergoes different stages before the first clinical symptoms oc-
cur. Based on specific criteria as genetic polymorphisms and
family history, it is possible to predict the risk of developing
symptomatic T1D with considerable accuracy [29]. The abil-
ity of risk screening and staging of the disease prior to the
occurrence of clinical symptoms enables the development of
early intervention strategies aiming at the delay of the symp-
tomatic manifestation and eventually its prevention. Based on
that, an inclusion of the earliest stages of disease development
provides a standardized nomenclature and can therefore be
helpful for all phases of prevention approaches from basic
research over therapy development and clinical trials to the
promotion of precision medicine in clinical practice [30].
The Juvenile Diabetes Research Foundation (JDRF) proposed
a refinement of T1D staging in 2015. The main focus of the
refinement was the addition of pre-stage 1 which is character-
ized by genetic susceptibility and genetic risk detection of
T1D without islet autoimmunity. The following stage 1 marks
the development of two or more T1D-associated islet autoan-
tibodies but with sustained normoglycemia. Here, the 5-year
risk of symptomatic disease is approximately 44 %, and the
lifetime risk approaches 100 % [32]. In addition to the occur-
rence of two or more islet autoantibodies, stage 2 is character-
ized by a loss of functional beta cells and consequently the

development of glucose intolerance and disglycemia. The 5-
year risk of developing the symptomatic disease increased to
75 %, and the lifetime risk approaches 100 % [33]. Stage 3
marks the occurrence and manifestation of the typical clinical
symptoms like polyuria, polydipsia, weight loss, fatigue, dia-
betic ketoacidosis, and others [30].

The development of autoimmune diseases like T1D is as-
sumed to be based on different concurrent phenomena, among
others, the development of islet-specific autoreactive T cells
and impairments in Treg-numbers, function, and induction.
With respect to the relevant autoreactive lymphocytes, the
strong genetic association between the disease and HLA al-
leles suggests a fundamental involvement of CD4" T cells [7].
Early studies stated that type 1 helper (Thl) T cells are the
predominant drivers of islet destruction in TI1D [34].
However, the results of a considerable number of subsequent
studies contradicted that dogma [35]. Together with the rec-
ognition of additional T cell differentiation states and conse-
quently the blurring of the strict subdivision in Th1 and Th2
subtype, these findings expanded the view to relevant
autoreactive T cells and an involvement of for example Th17
cells and TFH cells in disease pathogenesis [36]. The contri-
bution of the latter to T1D and autoimmunity was consider-
ably debated, and there is increasing evidence for an important
functional role in that context [37¢e, 38ee].

Characterization of T Follicular Helper Cells

TFH cells are a subset of CD4" T helper cells specialized
to provide help to follicular or GC B cells [39°°].
Precursor TFH cells are characterized by abundant expres-
sion of C-X-C chemokine receptor type 5 (CXCRS) that is
pivotal for their migration to the GCs [39ee, 40, 41].
However, CXCRS expression was shown to be insuffi-
cient—and downregulation of C-C chemokine receptor
type 7 (CCR7) accompanied by upregulation of pro-
grammed cell death protein 1 (PD1) indispensable—for
the migration of precursor TFH cells towards the follicu-
lar areas in a murine model [42]. It was shown that the
vast majority of human peripheral blood
CD4"CD45RA CXCRS" cells expresses low levels of
CCR7 and high levels of PD1 [43]. Thus, TFH cells
might more correctly be characterized as activated T cells
expressing high levels of CXCRS and PD1 and low levels
of CCR7 [42, 43].

TFH cells represent a discrete cell subset, deviating from
other Th cell subsets concerning their surface receptors, intra-
cellular markers, and cytokine profiles. There is evidence,
that, despite their diverse origin, human peripheral blood pre-
cursor and tonsillar TFH cells as well as murine lymphatic
TFH cells are all comprised of a Th1, Th2, and Th17 subtypes
and can be discriminated by their cytokine profiles [44—46].
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There is an ongoing debate whether TFH cells represent a
separate Th cell lineage or a transient activation state [39ee].
CXCR3"CCR6 TFH cells with a Thl-like profile mainly
secrete interferon-y (INF-y), whereas I1L-4, IL-5, and IL-13
are secreted by CXCR3 CCR6 TFH cells with Th2-like pro-
file, and IL-17A and IL-22 are secreted by cells with a
CXCR3 CCR6" Th17-like profile [45]. All TFH cell subtypes
share the expression of IL-21 with TH17 cells [44, 46].

In humans, both TFH cells with a Th2-like and with a
Th17-like profile were found to be capable to induce
naive B cells to secrete immunoglobulins (Ig) via IL-
21, whereas TFH cells with a Thl-like profile were un-
able to provide B cell help. However, the different TFH
cell subtypes were shown to variably regulate isotype
switching [45].

Thus, TFH cells exhibit an enormous intrinsic heterogene-
ity enabling them to adapt to various environments, condi-
tions, and needs in order to respond flexibly against any form
of pathogen.

Differentiation of T Follicular Helper Cells

The differentiation of naive CD4" T cells into mature TFH
cells is a tightly regulated multistep process which is non-
linear and involves multiple, alternative differentiation path-
ways varying between humans and mice (Fig. 1) [39e°].
Additionally, TFH cell development depends on the move-
ment of activated T cells out of the T cell zone towards B cell
follicles where they interact with cognate B cells and final
TFH cell maturation and germinal center formation takes
place [47]. Mouse studies showed that TFH cell differentiation
begins early in an immune response when naive CD4 " T cells
are primed towards IL-21 producing CXCR5 ICOS Bcl-6"
early TFH cells by interacting with dendritic cells (DCs) via
the T cell antigen-specific receptor (TCR) [37¢e, 48]. These
early TFH cells are further characterized by upregulation of
PD1 and downregulation of CCR7 [42] as well as cell adhe-
sion molecule P-selectin glycoprotein ligand 1 (PSGL-1) [49,
50]. E-protein achaete-scute complex homolog 2 (Ascl-2) is a
recently identified transcription factor involved in early TFH
cell differentiation and might precede expression of the master
regulator transcription factor B cell lymphoma 6 protein (Bcl-
6). Ascl-2 was identified as an inducer of CXCRS expression
in murine CD4" T cells in vitro [47]. Bcl-6 expression was
shown to be indispensable for initial TFH cell differentiation
and found to be transiently upregulated by costimulatory sig-
nals of IL-6, IL-21, and inducible T cell costimulator ICOS
[51-53]. Recent findings indicated that the latter transiently
inactivates Forkhead box protein O1 (Foxol), which then re-
leases Foxol-dependent inhibition of Bcl-6 expression and
consequently promotes TFH cell differentiation [54¢]. The
abundance of Foxol might be reduced due to increased
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expression of ICOS, provoked by a loss of Foxpl or due to
ITCH-mediated degradation. Low Foxol levels may enhance
TFH cell differentiation [55, 56¢].

ICOS additionally triggers the production of IL-21, the
major TFH cell cytokine of murine [57] and human [44, 45]
TFH cells, and it competes with IL-2 which efficiently inhibits
TFH cell differentiation [51, 58]. It is highly expressed on
early TFH cells and influences not only TFH cell differentia-
tion but also their migration from the T cell zone towards the
border of the B cell follicle via either binding to ICOS-ligand
on APCs or via costimulation independent of binding to
ICOS-ligand [59]. At the B cell follicle, TFH cells interact
with antigen-specific follicular B cells highly expressing
ICOS-ligand [42, 49, 50]. These follicular B cells can present
antigens enabling division and further maturation of the TFH
cells [59-61]. In the GCs, TFH cells continuously interact
with APCs triggering their differentiation [36]. The length of
this interaction is regulated by signaling lymphocytic activa-
tion molecule (SLAM)-associated protein (SAP). Thus, SAP
determines the long-term humoral immunity in both humans
and mice [62].

Sustained antigenic stimulation maintains the TFH cell
phenotype. However, GC TFH cells undergo various changes
in their expression of cell surface proteins and transcription
factors and in their secretion of molecules [37¢¢].

Both GC TFH cells of murine and human secondary lym-
phoid organs are characterized as
CXCRS"E"CCR7°"PD1"¢"Bcl-6"€"Maf" E"SAPME"PSGL-
1°“CD200"BTLAME"CCR7"Y CD4" T cells that secrete IL-
21, IL-4, and C-X-C motif chemokine 13 (CXCL13). Thus,
gene expression profiles were found to be highly conserved
between species [39+e, 63].

TFH cells providing help to GC B cells are capable of
exiting the GC and reentering the same or another GC
after a certain period of time, showing that they are not
terminally differentiated [64]. Additionally, GC TFH cells
can differentiate into TFH cells with a memory phenotype
[65]. The spontancous differentiation of T cells from
CTLA-4-deficient mice into TFH cells in vivo, accompa-
nied by the formation of large germinal centers, highlight-
ed an important role of CTLA-4 in TFH cell differentia-
tion in mice [66°]. Another factor that plays a consider-
able role for TFH cell development are microRNAs
(miRNAs). These small, 20-22-nucleotide long, noncod-
ing RNAs are critical regulators and modulators of the
mammalian immune system [67-69] and are capable to
affect complex cellular states [70]. Especially
miRNAs that belong to the miR-17~92 cluster were
shown to promote the generation of TFH cells in mice.
On contrary, genetic inactivation of miRNA 17~92 cluster
affected TFH cell differentiation, impaired the formation
of GCs, and reduced the secretion of high-affinity anti-
bodies. [70]
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Fig. 1 A putative model of TFH cell differentiation and relevant cellular
locations. Stages and locations of TFH development, highlighting the
complex interplay of multiple genes for TFH cell differentiation,
migration, and TFH products (positive regulators shown in blue,
negative regulators shown in orange). TFH cells are primed by
interacting with dendritic cells (DCs) in the T cell zone. The TFH cell
differentiation program is initiated by high expression of Acsl-2; low
expression of 1d3; and subsequent upregulation of CXCRS, CXCR4,

General Function of TFH Cells

The essential importance of mature TFH cells is due to
their crucial contribution to GC development and func-
tion. They provide signals to GC B cells that are essential
for their survival, differentiation, affinity maturation,
isotype switching, and high-affinity antibody secretion.
Thus, TFH cells regulate quantity and quality of effector
and memory B cell responses and thus the ratio of low-
affinity versus high-affinity antibodies. The help signals
provided by TFH cells to GC B cells consist of both
cytokines and cell-cell interactions and are
counterregulated by the duration of the T cell-B cell in-
teraction or inhibitory molecules expressed by other cells
and TFH cells themselves [71]. Additionally, follicular
regulatory T (TFR) cells which share phenotypic charac-
teristics with TFH cells tightly monitor TFH cells and
germinal center B cells by regulating their frequencies.
However, research on TFR cells is in its infancy [72].

T
B cell follicle

CD69, ICOS, and TCF-7 accompanied by downregulation of CCR7,
CCR6, CXCR3, and PSGL-1 and migration of the activated CD4" T cells
towards B cell follicles. At the T cell - B cell border, CD4"CXCR5"
precursor TFH cells interact with cognate B cells and increase Bcl6 ex-
pression. This might initiate final TFH cell differentiation in the B cell
follicles and germinal center formation. TFH cell differentiation is addi-
tionally influenced by MAF, PD1, IL6R, and miRNAs

Besides their critical role for size [73] and cellular com-
position [74] of the GCs, TFH cells might have further
functions outside the GCs which are under ongoing
investigation.

TFH Cell Homeostasis—Their Dysregulation Affects
Various Diseases

Since TFH cells play a crucial role for generation of high-
affinity antibodies, germinal center formation, and develop-
ment of memory B cells, a close connection between their
function and the development and control of numerous dis-
eases is not surprising (Fig. 1). A long-lasting antibody re-
sponse is the precondition for the protective effect of almost
all clinically approved vaccines, and consequently, regular
levels of functional TFH cells play an important role for the
development of protective immunity, as shown in the context
of influenza vaccines [75]. With respect to the control of
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pathogens, there is a clear correlation between reduced levels
of TFH cells and an impaired antibody response. This was
exemplified in the context of simian immunodeficiency virus
(SIV) in non-human primates [76] and lymphocytic
choriomeningitis virus (LCMV) in humans [77]. During a
persistent viral infection as in LCMYV, prolonged stimulation
of the T cell receptor gradually triggers TFH cell instead of
Thl cell response [78]. This might be also true for the infec-
tion with dengue virus (DENV), since dengue virus-specific
CD4" T cells show characteristics of TFH cells and are capa-
ble to boost antibody production by B cells [79]. Besides their
role in the regulation of pathogens, TFH cells are also critical-
ly involved in the control of commensal microbiota.
Kawanoto et al. 2014 [80] showed that a disturbed gut homeo-
stasis, characterized by unbalanced, less diverse microbiota,
results from high TFH cells levels and consequently an en-
hanced antibody response [80].

TFH deficiencies caused by mutations of TFH-related
genes including STAT3, CD40L, and ICOS were shown to
be causative for different forms of primary immunodefi-
ciencies [81]. Acquired immunodeficiencies are also accom-
panied by changes in TFH homeostasis, namely the aggrega-
tion of TFH cells in lymph nodes of HIV patients. However,
these TFH cells are unable to provide adequate B cell help and
thus lead to diminished B cell responses with absent protective
antibodies [82]. TFH cells might also be of interest for allergic
responses, since exposure to environmental antigens trigger
the formation of 1L-4 secreting TFH cells identified as Th2
cell precursors and involved in immunoglobulin E (IgE) pro-
duction in allergic asthma [83].

In autoimmune diseases, TFH cells might contribute to the
disease pathology by both excessive generation of autoanti-
bodies and by triggering the formation and maintenance of
ectopic follicles. It was shown in a murine model that the
amount of antigen determines the quantity and duration of
the TFH cell response [37+¢]. They found a positive correla-
tion between the TFH cell frequency and the number of GC B
cells and thus with the humoral immune response provided by
these cells. Continuous interaction with B cells and antigen
availability were required for the maintenance of TFH cells.
However, overstimulation of TFH cells led to a decrease of
antigen-specific antibodies and aberrant, pathological levels
of autoantibodies that might finally result in autoimmunity.
Thus, ongoing antigenic availability as in chronic autoim-
mune diseases was shown to favor the activation of the TFH
cell effector T cell population and the production of autoanti-
bodies [37¢¢].

Two mouse models with a SLE-like phenotype, namely the
Roquin®*** mouse [72] and the BXSB-Yaa mouse [84]
showed distinct TFH cell expansion with increased IL-21 pro-
duction, spontaneous GC formation, and TFH cell accumula-
tion in extrafollicular sites. In contrast, interruption of TFH
cell development by blocking ICOS was shown to inhibit
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TFH cell differentiation, GC formation, and autoantibody pro-
duction and thus resolved the disease phenotype in the MRL-
Ipr/lpr (lupus) mouse [49]. The role of TFH cells in human
SLE, in which autoantibodies are considered as primarily
markers of the disease, is yet not well studied. However, it
was shown that elevated frequencies of peripheral blood
CD4"CXCRS5" precursor TFH cells were accompanied by in-
creased IL-21 levels and excessive pathogenic autoantibody
production in patients with SLE [85]. Equal pathological pat-
terns were observed in other autoimmune diseases such as
juvenile dermatomyositis and Sjogren’s syndrome [85].
Increased levels of memory TFH cells and plasma IL-21 were
observed in patients with MS compared to healthy controls
and patients with complete remission of the disease [86].

In contrast to the beneficial role of Tregs in T1D, TFH cells
might play a rather harmful role in this disease. A clear asso-
ciation between IL-21-producing TFH cells and T1D was
shown both in a murine model and in human peripheral blood
[38e¢]. The TFH cell signature genes CXCRS, IL-21, PDCD1
(coding for PD1), and Bcl-6 were upregulated in islet-specific
T cells of murine pancreatic lymph nodes. Additionally,
mRNA levels of CXCRS, ICOS, and IL-21 were significantly
elevated in peripheral blood CD4" T cells from T1D patients
compared to those from the control. Another aspect that links
T1D with TFH cells is the association with the occurrence of
autoantibodies. High-affinity matured autoantibodies were
shown to be exclusively generated by the help of TFH cells
underlying their indispensable role in T1D [38ee].

In line with these findings, a significant increase of circu-
lating TFH cells and elevated levels of IL-21 were shown in
patients with T1D compared to healthy controls [87]. It was
highlighted that this increase in the percentage of peripheral
blood TFH cells is specific to T1D patients with ZnT8 and IA-
2, but not to patients with GAD65 serum autoantibodies [88].

In an activated state of the immune system, insulin-
producing pancreatic beta cells are the main target of the au-
toimmune attack causing their progressive destruction.
Additionally, autoantibody producing B cells are activated in
a T cell-dependent or -independent manner and strengthen the
autoimmune reaction. Increased levels of TFH cells might
further trigger beta cell destruction by provoking the secretion
of islet-specific autoantibodies by plasma cells. On the con-
trary, Tregs are capable to suppress unwanted autoimmune
responses to a certain extent. However, number and function
of Tregs were shown to be altered in T1D, and T effector cells
might become resistant to Treg suppression over time [26].
Thus, the balance between Tregs, TFH cells, and effector T
cells might contribute to the determination of the disease risk
[2, 38ee, 89].

Recent investigations in autoimmunity highlighted above
support the hypothesis that increased TFH cell frequencies
and the function of TFH cells contribute to autoimmunity
and especially to the pathology of T1D. However, research
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is in its infancy and knowledge about the function of TFH
cells before clinically manifest T1D is limited.

TFH Cell Levels as Novel Markers to Identify
Aberrant Immune Activation?

Biomarkers are measurable indicators isolated from se-
rum, urine, or other fluids of the organism that reflect a
particular physiological or pathological state. Thus, there
is an urgent need to identify relevant biomarkers indica-
tive of variation in immune activation versus regulation
and progression to clinically overt disease. As shown
above, changes in TFH cell homeostasis have a significant
influence on the physiological state of the body (Fig. 2).
High levels of functional TFH cells were identified as
beneficial and associated with a long-lasting antibody re-
sponse and protective immunity with regard to infectious
diseases [75-78, 81, 90-92]. In contrast, elevated TFH
cell levels showed a positive correlation with the presence
of allergy [83] and more importantly with the appearance
of autoimmune diseases [36]. Abnormal high levels of
circulating, peripheral blood CD4 ' CXCRS" precursor
TFH cells and increased plasma IL-21 levels were
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observed for various autoimmune diseases such as T1D
[37¢e, 84—87]. The clear impact of TFH cells on the gen-
eration of high-affinity matured islet autoantibodies trig-
gering beta cell destruction highlights the clear pathogenic
role of TFH cells in T1D. Thus, both high levels of pe-
ripheral blood CD4"CXCRS5" precursor TFH cells and IL-
21 could be candidates for novel biomarkers relevant for
immune activation during islet autoimmunity which war-
rants further validation. The ratio between Tregs, TFH
cells, and effector T cells might determine the disease risk
and could serve as an additional biomarker [2, 36, 88].
Furthermore, gene expression analyzes of TFH cell signa-
ture genes in peripheral blood CD4" T cells of healthy
people might be an early indicator for the disease risk,
since mRNA levels of CXCRS, ICOS, and IL-21 were
shown to be significantly elevated in patients with clini-
cally overt T1D [37<¢]. However, further studies are need-
ed to dissect the disease relevance of these novel T cell-
related candidate biomarkers and to precisely characterize
murine and human TFH cells to understand the molecular
mechanism that regulates their differentiation and func-
tions. Thereby, targeting TFH cells to generate a long-
lasting protective antibody response by novel, functional
vaccines might be possible in close future [86].

Autoimmunity

O <Ly

ngh antigen levels
Naive CD4* T cell

O TFH precursor

Follicular DC Follicular DC

Plasma cell

Fig. 2 Role and function of TFH cells in immunodeficiency, immune
homeostasis, and autoimmunity and levels of potential biomarkers. a The
impairment of TFH cell induction or IL-21 signaling (dashed arrows)
leads to a decreased antibody production and consequently a limited
humoral immunity. b In the healthy state, circulating TFH precursor cells,
originating from naive CD4" T cells, migrate to the germinal center (GC)

and differentiate into mature TFH cells. Here, they provide help to B cells,
which results in the production of antibodies and the ability to eliminate
harmful pathogens. ¢ In autoimmunity, an increased availability of anti-
gens triggers high levels of TFH precursor cells, accompanied by higher
levels of serum IL-21 as well as the production of autoantibodies, pro-
moting autoimmunity
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Conclusions

Autoimmune diseases like T1D result from a defective regu-
lation of the immune response. Due to their increasing inci-
dence and the complexity of the underlying mechanisms, they
are a considerable clinical challenge. The occurrence of auto-
antibodies is connected with an overreaching TFH cell re-
sponse, emphasizing this Th cell subset as an important con-
tributor to disease pathogenesis. Since their discovery, more
than a decade ago, substantial advances have been made. In
addition to their role as a potential target in future preventive
and therapeutic strategies, there is increasing evidence to in-
clude TFH cell precursor levels, secreted cytokines, and
interacting miRNAs, when assessing the disease risk for
T1D. However, major knowledge gaps remain especially re-
garding the complex molecular mechanisms underlying TFH
cell differentiation, the function of extrafollicular TFH cells,
the interplays between TFH cells and other immune cells as
well as the impact of other factors (miRNAs) on TFH cells.
Further research will improve our understanding of TFH cell
biology and consequently provide approaches for potential
therapeutic strategies based on these cells and further clarify
their promising role as a biomarker.
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