Received: 30 April 2020 Revised: 3 July 2020 Accepted: 17 July 2020

DOI: 10.1111/sji.12943

SSI 50 YEARS ANNIVERSARY ARTICLE
SPECIAL MINI REVIEW

B cell helper T cells and type 1 diabetes

1 1,2

Céline Vandamme | Tuure Kinnunen

1 .. . .
Department of Clinical Microbiology,
P & Abstract

Institute of Clinical Medicine, University of
Eastern Finland, Kuopio, Finland

%Eastern Finland Laboratory Centre
(ISLAB), Kuopio, Finland

Correspondence

Tuure Kinnunen, Department of Clinical
Microbiology, Institute of Clinical
Medicine, University of Eastern Finland,
Yliopistonranta 1 C, FIN-70210 Kuopio,
Finland.

Email: tuure kinnunen @uef.fi

Funding information

Sigrid Juséliuksen S&itio, Grant/Award
Number: N/A; Finnish Diabetes Research
Foundation, Grant/Award Number: N/A;
Academy of Finland, Grant/Award Number:
307320, State Research Funding (VTR),
Grant/Award Number: N/A

1 | INTRODUCTION

Type 1 diabetes (T1D) is a disease thought to result from an
autoimmune attack damaging the beta cells in the pancreas,
which leads to an insufficiency in insulin production. With the
exception of exogeneous insulin replacement, no treatment is
currently available to prevent or cure T1D. Circulating auto-
antibodies recognizing pancreatic islet antigens constitute the
best biomarker currently available to identify early beta-cell
immunity and to predict the progression to clinical T1D. It
has long been established that the activation and differen-
tiation of B cells into antibody-producing plasma cells are
largely dependent on the help provided by specialized subsets
of CD4" helper T cells. While such T cell-B cell interactions
preferentially occur in the germinal centres of secondary lym-
phoid organs, growing evidence indicates that productive B
cell responses can also be mounted within inflamed periph-
eral tissues. This review summarizes our current knowledge

Type 1 diabetes is an autoimmune disease typically starting in childhood that culmi-
nates in the destruction of insulin-producing beta cells in the pancreas. Although type
1 diabetes is considered to be a primarily T cell-mediated disease, B cells clearly
participate in the autoimmune process, as autoantibodies recognizing pancreatic
islet antigen commonly appear in circulation before the onset of the disease. T cells
providing helper functions to B cells have recently been shown to be involved in
the pathogenesis of a wide range of antibody-associated immune disorders. These T
cells include CXCRS5-positive follicular T helper (Tfh) cells, and a recently described
closely related CXCR5-negative subset coined peripheral T helper (Tph) cells. Here,
we review the current state of knowledge on different B cell helper T cell subsets,

focusing on their potential involvement in the development of type 1 diabetes.

of the phenotypes of T cells exhibiting B cell helper function
in humans, their alterations during the course of T1D and
their putative contribution to T1D pathogenesis.

2 | TYPE 1 DIABETES: AN
AUTOANTIBODY-ASSOCIATED
AUTOIMMUNE DISEASE

T1D represents one of the most common chronic diseases
starting in childhood, especially in Scandinavian countries
where the incidence rates in children aged O to 14 years are
among the ten highest in the world (Finland: 60.9/100,000,
Sweden: 39.6/100,000, Norway: 33.6/100,000, Denmark:
27.0/100,000)." Importantly, the prevalence of T1D has been
continuously increasing worldwide for the last 30 years. The
disease develops in genetically susceptible individuals most
likely under the influence of diverse environmental triggers.2
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The development of T1D is typically divided into three stages,
the first two being presymptomatic, and it culminates in com-
plete dependency on insulin injections to regulate blood glu-
cose homeostasis.’ Despite insulin treatment, overt T1D is
associated with increased mortality and morbidity, including
micro- and macrovascular complications. Not only does T1D
profoundly impact the everyday life of patients but it also
puts a heavy burden on healthcare systems and societies as a
whole due to the high costs associated with managing the dis-
ease. There is therefore a definite need for the development
of effective preventive and/or curative therapies for T1D.

During the presymptomatic stages of T1D, which can last
from months to years before clinical presentation, the detec-
tion of two or more pancreatic islet autoantibodies (AAbs),
such as those against glutamic acid decarboxylase (GADA),
insulin (IAA), islet antigen 2 (IA-2A) and zinc transporter 8
(ZnT8A), is the earliest indication of ongoing beta-cell au-
toimmunity and the AAbs constitute the best available bio-
marker for predicting T1D.? Individuals positive for at least
two AAbs (T1D stage 1) have almost a 50% risk of develop-
ing the disease within the next 5 years and around 80% risk
within the next 15 yc:ars.3 This risk is further increased to
almost 90% within 2 years in individuals who also develop
impaired glucose tolerance (T1D stage 2).* Although islet
AAbs have a central role in predicting T1D progression, only
indirect evidence links autoreactive B cells to T1D pathogen-
esis: (a) autoreactive B cells appear to contribute to islet au-
toimmunity in the NOD mouse model of T1D>; (b) a higher
frequency of CD20* B cells is observed in pancreatic islets
of patients with T1D who are diagnosed at a young age, and
therefore likely have an aggressive form of autoimmunity’;
(c) a partial preservation of beta-cell function has been re-
ported after anti-CD20 B cell-depleting rituximab treat-
ments; and (d) B cell tolerance defects have been reported
in developing naive B cells in T1D patients.” Nevertheless,
since antibody production by B cells is strongly dependent
on the help provided by helper T cells, the presence of islet
AADs suggests an involvement of B cells and B cell helper T
cells in disease pathogenesis.

3 | HUMAN B CELL HELPER
T CELL SUBSETS: PHENOTYPE,
FUNCTION AND BIOLOGICAL
RELEVANCE

Follicular T helper (Tfh) cells represent the dominant mem-
ory CD4" helper T cell subset capable of supporting antibody
production by B cells and inducing immunoglobulin class
switching.lo First detected in 1994 in human tonsils, their
phenotype and function were unravelled in the early 2000s.
Tth cells exhibit four central features: (a) high expression
of the master transcription factor BCL6, responsible for the

differentiation into and the maintenance of the Tfh cell phe-
notype“’lz; (b) expression of CXCRS, a chemokine receptor
that mediates the migration of Tth cells to B cell follicles of
secondary lymphoid organsB’M; (c) high surface expression
of ICOS and PD-1">'% and (d) secretion of CXCL13 and
IL-21, cytokines facilitating the recruitment of B cells into
lymphoid follicles and their differentiation into antibody-
secreting plasma cells, respectively.ls'18

Following the discovery of Tth cells isolated from germinal
centres of secondary lymphoid organs (GC Tth), a circulating
counterpart was later identified in blood.'® Circulating Tfh
(cTth) cells are memory CD4" T cells that express CXCRS
but low to no BCL6.'%?! They secrete IL-21 and CXCL13
and are capable of providing help to B cells in vitro. Some
cTth cells also express PD-1 and ICOS, albeit at lower levels
than GC Tfh cells,"*?* and the rare CXCRS"PD-1"1COS*
subpopulation appears to represent recently activated cTth
cells.”® Paired analyses of T cells isolated from blood and
lymphoid organs strongly suggest that CXCR5"PD-1" cTth
cells, in particular the CXCR5"PD-1"ICOS™ subpopula-
tion, are related to GC Tth cells both transcriptionally and
clonally.zs'25 The cTth compartment is also phenotypically
and functionally heterogeneous. On the basis of CXCR3 and
CCR6 marker expression, cTth cells can be divided into sev-
eral subsets: CXCR3" Th1-like, CXCR3 CCR6 Th2-like and
CXCR3'CCR6" Th17-like cTfh cells that secrete the associ-
ated signature cytokines IFN-y, IL-4 or IL-17, respectively.21
Of these, the Th2- and Th17-like cTfh cells have a stronger
capacity to provide B cell help and induce class switching in
vitro compared to Thl-like cTfh cells.”"** Th2- and Th17-
like cTfh cells also appear to preferentially induce IgE and
IgA production by the B cells, respectively.21

In 2017, a new subset of IL-21-producing memory CD4"
helper T cells was shown to be strongly expanded in the sy-
novial fluid of seropositive rheumatoid arthritis patients.*®
This novel population, coined peripheral T helper cells (Tph),
shares important similarities with Tfh cells, such as high ex-
pression of PD-1, ICOS, IL-21 and CXCL13. However, Tph
cells lack the expression of CXCRS5, which is necessary for
homing of Tth cells to germinal centres. Instead, they express
high levels of chemokine receptors, such as CCR2, CCRS and
CX3CRI1, that direct them towards inflamed tissues. There,
they are thought to participate in the formation of ectopic
lymphoid structures (ELS) that sustain local inflammatory
and antibody responses.27 Specifically, CXCL13 expressed
by Tph cells attracts CXCR5-expressing B cells into tissues,
while IL-21 promotes their activation and differentiation into
plasma cells. IL-21 produced by Tph cells can potentially
also promote local inflammatory responses through boosting
Th17 immunity as well as by increasing the cytotoxicity of
CD8" T cells and NK cells.”® A circulating counterpart of
Tph cells (cTph) was also found to be expanded in the periph-
eral blood of rheumatoid arthritis patients.%
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TABLE 1 Studies addressing cTfth and cTph cells in T1D cohorts
c¢Tfh/cTph definitions
Clinical cohorts studied used Main findings Reference
e Asian cohort cTfh: e Increased frequency of cTth cells in patients. [39]
e 54 recent-onset T1D patients (<2 years from CD4*CXCR5*ICOS* e Elevated levels of serum IL-21 in patients.
disease onset)

e 31 age- and sex-matched controls
e Caucasian cohort cTth: CD4"CD45RA e Increased frequency of cTth cells in patients. [40]
e 24 long-standing T1D patients CXCR5" (ICOS™) e Increased expression of Tfh markers CXCRS,
e 15 age- and sex-matched controls ICOS, PDCDI and BCL6 in CD4*CD45RA™ T

cells from patients.

e Increased IL-21-production in CD4" T cells

from patients.

e Caucasian cohort cTfh: CD4*CD45RA e Increased frequency of cTth cells in patients. [41]

CXCR5" PD1*CCR6 e Increased IL-21 production in CD4*CD45RA
T cells from patients.
cTth: CD4*CD45RA e Increased frequency of cTfh cells in AAb™ [44]
CXCR5" PD"CCR7" subjects with recent autoimmunity (<5 years)
compared to AAb- controls and AAb* subjects

e 30 long-standing T1D patients
e 32 age- and sex-matched controls

e Caucasian paediatric and adult cohort

e 14 AAb* subjects (5 with recent
autoimmunity: AAb-positivity for < 5 years)

e 9 AAb controls with longer autoimmunity (>5 years)

o Increased frequency of insulin-specific CD4* T
cells with a CD4*CXCRS5* phenotype in AAb*

subjects with recent autoimmunity

cTth: CD4*CD45RA e Increased frequency of cTth cells in children [42]
e 54 children with newly diagnosed T1D CXCR5* PDI*ICOS™ with T1D and in AAb* children with IGT who
(<7 days) were positive for >2 AAbs.
e 58 AAb* children e cTfh cell frequency peaks around the clinical
e 15 AAb* children with IGT
e 149 age- and HLA-matched AAb- controls

e Caucasian paediatric cohort

manifestation of T1D.

e Caucasian paediatric cohort cTfh: e Slightly elevated frequencies of CXCR3" [43]
e 29 children with recent-onset T1D (< CD4TCXCR5*(CXCR3" CCR6' cTth cells in children with newly

2 months) CCR6) diagnosed T1D
e 29 AAb™ children
e 24 AAb  age-matched controls
e Caucasian paediatric cohort cTph: CD4*CD45RA e Increased frequency of cTph cells in children [45]
e 44 children with newly diagnosed T1D CXCR5PD-1" with newly diagnosed T1D and in AAb*

(<7 days)

e 40 AAb* children (of which 15 progressed to
clinical T1D)

e 84 age- and HLA-matched AAb- controls

children who progressed to T1D.

The frequencies of cTth cells have been observed to cor-
relate with antibody production in vivo in a variety of clin-
ical settings. For example, increased frequencies of cTth
cells are associated with the induction of broadly neutraliz-
ing high-avidity antibodies after influenza vaccination.*%
Moreover, patients affected with autoantibody-associated au-
toimmune disorders, such as rheumatoid 21rthritis,30’31 systemic
lupus erythematosuslg’zo’32 and myasthenia gravis,33 exhibit
increased frequencies of cTfh cells that correlate with autoan-
tibody titres and disease activity. Similarly, frequencies of the
more recently identified cTph cells also appear to be increased
in autoimmune disorders, such as rheumatoid arth1‘itis,26’34

systemic lupus erythematosus35'37 and coeliac disease.*®

4 | ALTERATIONS OF
CIRCULATING TFH AND TPH
CELLS IN T1D

Several independent studies have investigated the frequencies
of cTtfh cells in the context of T1D (Table 1). The clinical co-
horts studied have mainly comprised Caucasians, encompass-
ing both paediatric and adult subjects at different stages of the
disease: AAb* at-risk individuals with normal glucose tolerance
(T1D Stage 1), AAb™ at-risk individuals with impaired glucose
tolerance (T1D Stage 2) and new-onset or long-standing T1D
patients (T1D Stage 3). In most occasions, the control group
has composed of age-matched AAb- healthy individuals, with
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some more stringently controlled studies also matching for HLA
genotype.

Investigators have utilized variable markers to define cTth
cells by flow cytometry. At minimum, cTfh cells have been
defined as CD4*CXCRS5™, but additional markers, in partic-
ular PD-1 and ICOS, have been used to define cTth cells in
some studies. All studies report elevated frequencies of cTfh
cells in adult patients with recent-onset or long-standing T1D
compared to healthy controls, some along with increased IL-21
production by CD4* T cells. ! Xu et al additionally showed
that cTfh cell frequencies were decreased in patients with re-
cent-onset T1D after B cell-depleting rituximab treatment.>’
Elevated frequencies of cTth cells have also been reported in
children with newly diagnosed T1D.*** For the presymptom-
atic stage, Serr et al were first to show that cTth cell frequencies
were increased in AAb" at-risk subjects, but only in a small
cohort with a shorter duration of islet autoimmunity (<5 years
of AAb-positivity).** They further demonstrated an increase
in insulin-specific blood CD4" T cells with a CD4"CXCR5"
Tth phenotype in this same cohort. To our knowledge, our own
study represents the largest paediatric at-risk cohort in which
cTfh cells have been assessed.*” We observed elevated fre-
quencies of cTfh cells in AAb™ at-risk children with impaired
glucose tolerance (T1D stage 2) but not in those without (T1D
stage 1). Longitudinal analyses indicated that the frequency of
cTth cells peaked around disease onset in AAb* children who
progressed to clinical T1D. We also reported that positivity for
multiple islet AAbs at disease onset associated with increased
cTfh cell frequencies. In line with our results, Vecchione
et al did not detect any change in cTth cell frequencies in pae-
diatric AAb™ subjects compared to controls.*

To our knowledge, our group is the only one so far to have
investigated the new cTph population in the context of TID.®
In our study, we observed elevated frequencies of cTph cells
in children with newly diagnosed T1D as well as in AAb™ at-
risk children who later progressed to T1D, but not in AAb*
children who did not progress.45

Taken together, these studies suggest that cTth and cTph
cell frequencies are elevated in individuals with T1D. At the
presymptomatic stage, the results are more variable, and in-
creased frequencies have only been reported in a subset of
AAb* at-risk individuals who have either recent onset of au-
toimmunity or who later progressed to T1D.

5 | ROLE OF TFH AND TPH
CELLS IN T1D PATHOGENESIS:
INSIGHTS FROM MOUSE MODELS
AND OTHER AUTOIMMUNE
DISEASES

Although elevated frequencies of cTfh and cTph cells
are observed at different stages of T1D development, the

involvement of Tfh and Tph cells in T1D pathogenesis is still
unresolved. In particular, it is unclear whether Tth and Tph
cells simply support the production of islet autoantibodies by
autoreactive B cells or whether they have a more direct role
in promoting autoimmunity at the level of inflamed islets.

Some insight into these questions can be obtained from
mouse models of T1D. B cell infiltration and the genera-
tion of ELS are common features of autoimmune insulitis in
NOD mice. 048 Moreover, IL-21, the central cytokine pro-
duced by Tfh and Tph cells, appears to play a pivotal role in
autoimmune diabetes: IL-21R-deficient NOD mice are pro-
tected from diabetes, whereas IL-21 overexpression in beta
cells precipitates the disease in diabetes-resistant mice.” In
a transgenic T cell receptor (TCR) model, a strong Tth sig-
nature was observed in islet antigen-specific CD4" T cells
isolated from pancreatic lymph nodes and these Tth cells in-
duced diabetes in adoptive transfer experiments.*” Another
study identified CXCR5TCOS* IL-21-producing CD4* T
cells to be enriched in the inflamed pancreas of NOD mice.”
These cells exhibited high resemblance to human Tph cells,
as they were able to support antibody production by B cells in
vitro. In addition, they directly contributed to disease patho-
genesis by enhancing the proliferation and survival of diabe-
togenic CD8" T cells through IL-21 secretion in vivo.

Although ELS have not been detected in pancreases of
human T1D patients, variable levels of B cell and CcD4*
and CD8™" T cell infiltration can be observed in inflamed is-
lets.” Intriguingly, children diagnosed with T1D at a young
age harbour more B cells in their inflamed islets compared
to individuals diagnosed at a later age, and this is accom-
panied by a more pronounced loss of insulin-producing
beta cells.” This observation suggests that the presence of
B cells in islets is a hallmark of more aggressive inflamma-
tory lesions. Although the phenotype of infiltrating CD4"
T cells in inflamed human islets has not been resolved,
comparison to other autoimmune diseases characterized by
autoantibody production suggests that they may contain T
cells with a Tph phenotype. In both rheumatoid arthritis
and coeliac disease, CD4™ T cells detected in inflamed sy-
novia or gut, respectively, display a CXCR5PDI1" pheno-
type and produce IL-21 and CXCL13.%% Additional work
has recently provided insight into the developmental origin
of Tph cells detected in inflamed tissues. A paired analy-
sis of lymph node and blood samples from HIV-infected
patients demonstrated TCR repertoire sharing and epigene-
tic similarities between GC Tth, GC Tph and cTph cells.”!
Altogether, these results support a model in which CXCRS”
Tph cells derive from CXCR5* Tfh cells during GC reac-
tion and upregulate a migratory transcriptional programme
that allows them to egress from lymph nodes and home to
inflamed tissues.’! This close developmental relationship
is also supported by the finding that cTth and cTph fre-
quencies correlate strongly with each other.®’
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FIGURE 1

A putative model for the involvement of B cell helper T cells in T1D pathogenesis. 1) CXCR5" islet antigen-specific Tfh cells are

induced in pancreatic lymph nodes and support islet AAb production by autoreactive B cells. 2) A subset of Tth cells downregulates CXCRS5 and
upregulates chemokine receptors (CCR2, CCRS and CX3CR1) to become Tph cells. 3) Following Tfh activation in GCs, cTth and cTph become
detectable in peripheral blood. 4) Tph cells home to inflamed pancreatic islets due to the presence of CCL2, CCL5 and CX3CL1. 5) In islets, Tph
cells produce CXCL13, which attracts B cells, and IL-21, which promotes B cell activation and local AAb production. 6) IL-21 may also support

the proliferation and survival of autoreactive cytotoxic CD8" T cells which further drive beta-cell destruction

Based on the available evidence, we propose the follow-
ing hypothetical model for the role of Tth/Tph cells in the
pathogenesis of T1D (Figure 1). (a) Following a breach in
central and peripheral tolerance, Tth cells specific for islet
antigens are induced in pancreatic lymph nodes, where they
give help to autoreactive B cells to produce islet AAbs.
(b) Some of the Tth cells lose CXCRS expression and up-
regulate chemokine receptors such as CCR2, CCR5 and
CX3CRI1 to become Tph cells that egress from lymph nodes.
(c) cTth and cTph can be detected in blood as a consequence
of Tth activation in GCs. (d) CCL2, CCL5 and CX3CL1
attract Tph cells to inflamed islets. (e) In situ, Tph cells
produce CXCL13 that attracts B cells into inflamed islets
and IL-21 that promotes B cell maturation, leading to local
AAD production. Activated B cells produce cytokines and
can function as antigen-presenting cells to further amplify
local immune activation (f). IL-21 produced by Tph cells
may also support the proliferation and survival of cytotoxic
CD8" T cells, which represent the main immune cell subset
infiltrating inflamed islets.” Islet-infiltrating CD8* T cells
display reactivity to islet autoantigens52 and are widely be-
lieved to be the terminal mediators of beta-cell destruction.

6 | CONCLUDING REMARKS AND
PERSPECTIVES

While our understanding of T cell subsets providing help
to B cells in health and disease has expanded beyond the

original identification of GC Tth cells, the complex inter-
actions between T cells and B cells in secondary lymphoid
organs and inflamed tissues remain to be fully resolved. In
the context of T1D, a key open question is whether CD4"
T cells with a Tph phenotype truly exist in inflamed islets.
Another important question is whether cTfth and cTph cell
expansions in blood represent autoantigen-specific cells, as
recently observed in coeliac disease,’® or whether they rep-
resent unspecific T cells expanded through bystander acti-
vation during active autoimmunity. Novel high-throughput
technologies, such as high-dimensional flow/mass cytom-
etry, TCR repertoire analyses and single-cell transcrip-
tomic profiling, offer exciting new opportunities to answer
these technically challenging questions. The potential
of using cTfh/cTph cells as biomarkers of T1D progres-

Si0n39-45

must also be validated with additional longitudi-
nal cohorts. Finally, Tfh/Tph activation pathways can also
be envisioned as prospective targets for immunotherapy
of TID.” The recently completed phase 2 clinical trial
testing anti-IL-21 in patients with newly diagnosed T1D
(NCTO02443155) may give first insights into the feasibility

of this approach.
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