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Objective. To determine the number and function
of follicular helper T (Tfh) cell subsets in IgG4-related
disease (IgG4-RD).

Methods. Mononuclear cells from the peripheral
blood and involved tissue of patients with IgG4-RD were
assessed for Tfh cells and their subsets, and levels of B
cell lymphoma 6 (Bcl-6), B lymphocyte-induced matura-
tion protein 1 (BLIMP-1), and interleukin-21 (IL-21)
messenger RNA (mRNA). Immunohistochemical and
immunofluorescence techniques were used to assess the
involved tissue of patients to determine the location of
IL-21, Bcl-6, and CD4+CXCRS5+ Tth cells. Furthermore,
the ability of circulating Tth (cTfh) cell subsets to induce
B cell proliferation, apoptosis, and differentiation and
to produce IgG4 was explored in cell cocultures in vitro.

Results. Frequencies of cTfh cells were signifi-
cantly increased in the peripheral blood of patients with
IgG4-RD, and even higher frequencies were observed in
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the involved tissue. Percentages of programmed cell
death protein 1 in CD4+CXCRS+ICOS+ cTth cells were
positively correlated with the serum levels of IgG and
IgG4, IgG4:1gG ratio, number of involved organs, and
frequency of CD19+CD24—CD38"" plasmablasts/
plasma cells. Levels of BLIMP-1 and IL-21 mRNA in
peripheral CD4+ T cells were increased in patients with
IgG4-RD compared to healthy controls, and this was
correlated with the levels of serum IgG4. Moreover, in
the involved tissue, Bcl-6, IL-21, and Tfh cells were
highly expressed. Compared to cTfh cells from healthy
controls, cTfh cells from patients with IgG4-RD could
facilitate B cell proliferation and inhibit B cell apoptosis
more efficiently, and enhanced the differentiation of
naive B cells into switched memory B cells and plas-
mablasts/plasma cells, with a resultant increase in the
secretion of IgG4. Notably, the cTfh1 and cTfh2 cell sub-
sets were the most effective at providing B cell help.

Conclusion. Tfh cell subsets are expanded in
IgG4-RD and may play pivotal roles in the pathogenesis
of the disease.

Follicular helper T (Tfh) cells are a specialized
CD4+ Tecell subset that mainly reside in the germinal cen-
ter (GC) and initiate and promote humoral immunity (1).
Tth cells provide critical “helper” functions in the pro-
cesses of inducing activation and differentiation of B cells
and in promoting B cell activation, clonal expansion, Ig
heavy chain isotype switching, and somatic hypermutation
(1). A specific phenotypic profile, which includes high
expression levels of CXCRS, inducible T cell costimulator
(ICOS), and programmed cell death protein 1 (PD-1) and
a concomitant down-regulated expression of CCR7 and
CD127 (interleukin-7 receptor [IL-7R]), can be used to
identify Tth cells and to distinguish Tth cells from other
Tcell subsets (2).

Normally, the expression of CXCRS on Tth cells
and the concomitant loss of CCR7 allows Tfh cells to
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migrate into CXCL13-rich follicular areas of secondary
lymphoid organs. Interaction of Tth cells with B cells at the
Tcell-B cell border results in activation of B cells and dif-
ferentiation into short-lived plasmablasts or long-lived
plasma cells and memory B cells in the GC (1). ICOS, a
member of the CD28 family of costimulatory molecules, is
important for the maintenance and function of Tth cells
through cognate interactions with ICOSL on the B cell sur-
face (3). PD-1, which is also expressed by Tth cells, regu-
lates GC B cell survival and selection, and also induces GC
B cell differentiation into high-affinity long-lived plasma
cells by interacting with PD-L.1 and/or PD-L2-expressing
B cells (4). Tth cells themselves contribute to B cell activa-
tion and differentiation through the secretion of cytokines,
such as IL-4, IL.-10, and IL-21. Among these, IL-21 serves
as the pivotal regulatory cytokine, since it directly regulates
Tth cell formation and differentiation and induces GC B
cell proliferation and differentiation into plasma cells (5).

Similar to other T helper cell lineages, multiple
specific gene transcriptional regulatory factors are in-
volved in the differentiation of Tth cells. B cell lymphoma
6 (Bcl-6), a nuclear phosphoprotein belonging to the
BTB/POZ zinc-finger family, is considered to be the most
critical transcription factor in the functioning of Tth cells,
and is necessary for the differentiation of Tth cells and for
promoting the capacity of these cells to provide help for B
cell differentiation. In contrast, B lymphocyte-induced
maturation protein 1 (BLIMP-1), which is encoded by the
PRDM1 gene, is an antagonist of Bcl-6 expression, and
inhibits the differentiation of Tth cells and disturbs their
capacity to provide B cell help (6).

The presence of Tth cells is not limited to secondary
lymphoid organs, as human blood contains CD4+CXCR5+
T cell populations that share some functional properties
with Tfh cells, termed circulating (or blood) Tth (cTth)
cells (7,8). These cTth cells can be divided into subsets
based on the expression of CCR6 and CXCR3, with 3 cTth
populations identified, each having different functional
capabilities. CXCR3+CCR6— cells resemble Th1 cells (term-
ed cTfhl cells), while CXCR3—CCR6— cells resemble
Th2 cells (termed cTth2 cells), and CXCR3—CCR6+ cells
resemble Th17 cells (termed cTth17 cells). Of these cTth
subsets, only cTth2 and cTth17 could induce naive B cells
to proliferate and differentiate into plasmablasts/plasma
cells via the secretion of IL-21 (7).

Abnormal expression and/or dysfunction of Tth
cells can be involved in the development of autoimmune
disease, with the resultant production of increased concen-
trations of autoantibodies (9-11). IgG4-related disease
(IgG4-RD) is a newly recognized immune-mediated
fibroinflammatory disease that is characterized by enlarge-
ment of tissues or organs, abundant IgG4+ plasma cell
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infiltration in damaged organs, and elevated serum IgG4
levels (12,13). Because of its relative novelty, the exact
mechanism involved in the pathogenesis of IgG4-RD
remains unclear. Results of previous studies have sug-
gested that aberrant formation of GCs and perturbation
of B cell subsets contribute to the development of 1gG4-
RD (14-16). Notably, we found a population of
CD19+CD24—CD38"&" plasmablasts/plasma cells whose
levels were abnormally increased in patients with IgG4-
RD, showing a positive correlation with the serum levels
of IgG4, number of organs with disease involvement, and
levels of disease activity. After treatment with glucocorti-
coids and immunosuppressants, these levels of plas-
mablasts/plasma cells were significantly reduced (15,16).

The unresolved question is whether the increase in
circulating IgG4-secreting plasmablasts/plasma cells rep-
resents a primary B cell abnormality or reflects increased
function of Tth cell subsets. To explore whether abnormal
expansion of Tth cell subsets could contribute to the char-
acteristic increase in plasmablast/plasma cell differentia-
tion in IgG4-RD, we carried out a detailed analysis of the
pool size and function of these cells in the blood and
involved tissue of patients with this disease.

PATIENTS AND METHODS

Patients and controls. Newly diagnosed and untreated
patients with IgG4-RD (n = 46) who fulfilled the 2011 compre-
hensive IgG4-RD diagnostic criteria (17) were enrolled in this
study. Patients with recurrent infections, cancer, lymphoma, or
other autoimmune diseases were excluded. Details on the
patients’ demographic, clinical, and laboratory characteristics at
the time of analysis are shown in Supplementary Table 1 (available
on the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40556/abstract). Age- and sex-matched
healthy volunteers (n = 33) were studied in parallel as healthy
controls, and 7 patients with IgG4-RD who had been receiving
stable treatment for the disease were also used as a control
group. In addition to the blood samples from patients with
IgG4-RD, 4 fresh submandibular gland tissue samples and 5
paraffin-embedded tissue samples (2 from the submandibular
gland, 1 from the lacrimal gland, 1 from the sinus tissue, and 1
from the parotid gland) were obtained from patients with IgG4-
RD. As controls, 4 fresh submandibular gland tissue samples
from patients without IgG4-RD (non-IgG4-RD controls; most
having pathology-confirmed chronic submandibular sialadenitis)
and 5 paraffin-embedded labial gland tissue samples from
patients with Sjogren’s syndrome (SS) were examined.

The study was approved by the Medical Ethics Commit-
tee of Peking Union Medical College Hospital (Peking, China).
Informed consent was obtained from all patients and controls.

Flow cytometry. Using standard Ficoll-Hypaque proce-
dures, mononuclear cells were isolated from fresh peripheral
blood mononuclear cells (PBMCs) or from tissue cell suspensions
purified from fresh submandibular gland tissue. Samples were
preincubated with Fc block (BioLegend) and stained with the fol-
lowing monoclonal antibodies (mAb): PerCP-Cy5.5-conjugated
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anti-CXCRS5, phycoerythrin (PE)-Cy7-conjugated anti-CD19,
fluorescein isothiocyanate (FITC)—conjugated anti-CD24, allo-
phycocyanin (APC)—conjugated anti-CD38, PE-Cy7-conjugated
anti-CD19, PE-conjugated anti-IgD (all from BD PharMingen),
PE-Cy7-conjugated anti-ICOS, APC-conjugated anti-CXCR3,
PE-conjugated anti-CCR6 (all from BioLegend), and FITC-con-
jugated anti-CD4 (eBioscience) or isotype-matched controls (BD
PharMingen). The stained cells were analyzed with a BD Bio-
science LSRII flow cytometer immediately after sample prepara-
tion. Data were analyzed using FlowJo software (version 7.6.4;
Tree Star).

Cell isolation. PBMCs were stained with antibodies
against CD4, CXCRS5, CCR6, and CXCR3, and then a MoFlo
high-performance cell sorter (Cytomation) was used to sort the
cells into cTth cells (CD4+CXCRS5+) and into subsets of cTfh
cells, including cTthl cells (CXCR3+CCR6—), cTh2 cells
(CXCR3—-CCR6—-), and cTfhl17 cells (CXCR3—CCR6+).
CD4+ T cells were enriched by positive selection and B cells by
negative selection with magnetic beads using Miltenyi MACS
kits, according to the manufacturer’s instructions. Among the
sorted cells, >94% purity was achieved.

Quantitative real-time polymerase chain reaction
(qPCR). Total RNA was extracted from peripheral CD4+ T cells
using TRIzol solution (Invitrogen), according to the manufac-
turer’s instructions. Reverse transcription (RT) was carried out
using a PrimeScript RT reagent kit. With a total volume of 20 pl,
containing 10 ul SYBR Premix Ex Taq 2x TMII (Takara), 1.6 pl
forward and reverse primers, and 2 pl complementary DNA
templates, qPCR reactions were performed on an ABI Prism
7900HT Fast Real-Time PCR system (Applied Biosystems) using
the following amplification conditions: predenaturation at 95°C
for 30 seconds, followed by 40 cycles of amplification, denatur-
ation at 95°C for 5 seconds, and annealing at 60°C for 30 seconds.
Melting curves were used for controlling the specificity of the
amplification products.

Expression values for each gene were normalized to
those for B-actin. The gene-specific primers for qPCR were
designed according to GenBank sequences and synthesized at
Shanghai Sangon Biological Engineering Technology and Ser-
vice Company. The sequences of the primers used are as follows:
for IL-21, forward 5'-GGAGAAGACAGAAACACAGAC-3
and reverse 5'-GTCCAACTGCAAGTTAGATCC-3'; for Bcl-6,
forward 5-AACCTGAAAACCCACACTCG-3' and reverse 5'-
TTCGCATTTGTAGGGCTTCT-3'; for BLIMP-1, forward 5'-
GTGTCAGAACGGGATGAACA-3 and reverse 5'-GCTCGG
TTGCTTTAGACTGC-3; and for B-actin, forward 5-CCTG
GGCATGGAGTCCTGTGG-3' and reverse 5'-CTGTGTTGG
CGTACAGGTCTT-3'. Relative differences between the groups
were analyzed using the 222" method, with results assessed rel-
ative to the values in healthy controls.

Immunohistochemical analysis and immunofluorescence
staining. Formalin-fixed, paraffin-embedded samples of disease-
involved tissue from patients with IgG4-RD were cut into consec-
utive 3-um-thick sections. Slides were stained with rabbit anti-
human IL-21, followed by rabbit anti-human Bcl-6 and rabbit
anti-human IgG4 (Abcam), and then sequentially incubated with
biotinylated goat anti-rabbit IgG secondary antibodies and strep-
tavidin-conjugated horseradish peroxidase, in accordance with
conventional immunohistochemical methods. As a negative con-
trol, we used phosphate buffered saline instead of the primary
antibody to assess submandibular gland tissue from IgG4-RD
patients, while positive controls for Bcl-6 were performed using
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tonsil tissue (details shown in Supplementary Figure 1A, available
on the Anthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40556/abstract).

For immunofluorescence staining, the slides were also
incubated with primary mouse anti-human CD4 (Abcam) in
combination with rabbit anti-human CXCRS5, and then incu-
bated with mixed Alexa Fluor 488-conjugated donkey anti-
mouse IgG antibody and Alexa Fluor 594-conjugated donkey
anti-rabbit IgG antibody. DAPI was used as the nuclear counter-
stain. Immunofluorescence images were acquired, processed to
reduce background, and merged using ZEN Lite microscope
software (Zeiss Microscopy).

Cell coculture. B cells (2 x 10* cells/well) were cocultured
with sorted Tfh cells (2 x 10* cellsiwell) and cTfh cell subsets (1 x
10* cells/well) in the presence of 1 pg/ml purified plate-bound anti-
CD3 mAb, 2 pg/ml purified anti-CD28 mAb, 100 ng/ml recombi-
nant human CD40L (Abcam), and 0.1 pg/ml CpG-containing
oligonucleotide 2006 (Invivogen) in complete RPMI 1640 medium
supplemented with 10% heat-inactivated fetal bovine serum,
respectively.

Assessment of the proliferation, apoptosis, and differen-
tiation of cocultured B cells. The apoptosis and proliferation of
cocultured B cells were tested by flow cytometry on day 3 of the
cocultures, using a BD Biosciences Apoptosis, DNA Damage,
and Cell Proliferation kit according to the procedure recom-
mended by the manufacturer. The remaining cells were collected
on day 7 and assessed by flow cytometry to determine the differ-
entiation of sorted B cells into plasmablasts/plasma cells.

Enzyme-linked immunoassay (ELISA). Supernatants of
cocultured cells were collected on day 7 and stored at —80°C
until used. The concentrations of IgG4 were measured by
ELISA (eBioscience), according to the procedure recommended
by the manufacturer.

Statistical analysis. All statistical analyses were per-
formed using SPSS software (version 20.0; SPSS Inc.). Data are
presented as the mean + SD and analyzed using the Student’s
t-test (for normally distributed data) or Mann-Whitney U test
(for non—normally distributed data). Comparison of mean values
between the groups was done using one-way analysis of variance.
Correlations between variables were determined using Pearson’s
rank correlation test (for normally distributed data) or Spear-
man’s rank correlation test (for non-normally distributed data).
P values less than 0.05 were considered significant.

RESULTS

Expansion of cTth cells in patients with IgG4-RD.
Blood samples from 46 untreated patients with IgG4-RD
and 33 healthy controls were collected. As shown in Fig-
ures 1A and B, the percentage of total CD4+ T cells in the
peripheral blood of patients with IgG4-RD was not signifi-
cantly different from that in healthy controls, whereas the
percentage of CD4+CXCRS5+ cTth-like cells in total lym-
phocytes was significantly increased in patients with IgG4-
RD compared to healthy controls (mean + SD 592 +
0.47% versus 3.85 £+ 0.29%; P < 0.005). In addition, the
frequencies of the following subsets were also significantly
increased in CD4+ T cells from patients with IgG4-RD
compared to healthy controls: CD4+CXCRS5+ICOS+
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Figure 1. Expression of follicular helper T (Tth) cells and plasmablasts in patients with IgG4-related disease (IgG4-RD) compared to healthy con-
trols (HC). A and B, Flow cytometric detection (A) and quantification (B) of total CD4+ T cells, CD4+CXR5+ T cells, CD4+CXCR5+ICOS+ T
cells, CD4+CXCR5+PD-1+ T cells, programmed cell death protein 1 (PD-1) in CD4+CXCRS+ICOS+ T cells, and CD19+CD24—CD38"e" plas-
mablasts in peripheral blood and submandibular gland tissue (T) from patients with IgG4-RD and healthy controls. Symbols represent individual
subjects; horizontal lines with bars show the mean + SD. * = P < 0.05; ** = P < 0.001. C, Correlations between the percentages of PD-1 in
CD4+CXCR5+ICOS+ T cells and CD4+CXCRS5+ICOS+PD-1+ T cells and serum levels of IgG4, serum levels of IgG, IgG4:1gG ratio, numbers of
involved organs, and percentage of CD19+CD24—CD38"e" plasmablasts. ICOS = inducible T cell costimulator.

in CD4+ T cells, 19.21 4+ 1.13% versus 12.95 £+ 0.73%
(P <0.0001); CD4+CXCR5+PD-1+ in CD4+ Tecells, 4.02 +
0.52% versus 1.12 £+ 0.10%(P < 0.0001); PD-1 in CD4+
CXCRS+ICOS+ T cells, 16.56 + 1.59% versus 8.33 £
0.61% (P < 0.0001); and CD4+CXCR5+ICOS+PD-1+ in
CD4+ T cells, 2.45 + 0.32% versus 0.69 + 0.06% (P <
0.0001) (Figures 1A and B).

We further examined the presence of these cTth
cells in suspensions of mononuclear cells from fresh sub-
mandibular gland tissue obtained from 4 patients with
IgG4-RD and 4 non-IgG4-RD control patients. Notably,
the percentages of cTth cells were significantly higher in
the submandibular gland tissue than in the peripheral
blood of patients with IgG4-RD, and were also dramati-
cally increased in the submandibular glands from patients
with IgG4-RD compared to the same tissue from non—

IgG4-RD control subjects with an inflammatory condition
(Figure 1B). Interestingly, PD-1 was expressed by the
majority of CD4+CXCRS5+ICOS+ Tth cells in the
involved gland tissue from IgG4-RD patients (Figures 1A
and B). However, the number of lymphocytes was rather
small in the submandibular gland tissue from non-IgG4-
RD control patients, and CXCRS was barely expressed.
Correlation of the frequencies of cTfth cells with
clinical parameters. Although there were no significant cor-
relations between the frequencies of CD4+CXCRS5H,
CD4+CXCR5+ICOS+, and CD4+CXCR5+PD-1+ cTfh
cells and the serum levels of IgG, serum levels of 1gG4,
IgG4:1gG ratio, numbers of involved organs, or percentages
of CD19+CD24—CD38"&" plasmablasts/plasma cells (data
not shown), the percentage of CD4+CXCR5+ICOS+PD-1+
cTth cells and the percentage of PD-1 expression in
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CD4+CXCR5+ICOS+ T cells did show significant posi-
tive correlations with the serum levels of IgG, serum
levels of IgG4, serum IgG4:IgG ratio, and numbers of
involved organs (Figure 1C). Notably, the percentage of
PD-1 in CD4+CXCRS5+ICOS+ T cells was also positively
associated with the percentage of CD19+CD24—CD38"e"
plasmablasts/plasma cells (Figure 1C).

Expression of Bcl-6, BLIMP-1, and IL-21 mRNA
in patients with IgG4-RD. After the cells were sorted
using positive selection with magnetic beads, we found
that CD4+ T cells were enriched both in patients with
IgG4-RD and in healthy controls. To understand the

A B C

P<0.01, , P<0.05 .

o
a

@
mMRNA IL21
(F=z=nCTy

mRNA IL21
(F=2sCT)y
-
mRNA IL21
(F=zaCTy
.\

mRNA Bel-6
(F=2445T)
e =
5 &
MRNA Prdm-1
(F=2%°CT)
o
mRNA IL21
(F=254CT)
- w

=4
e
°

HC

1gG4-RD HC  1gG4:RD 19G4-RD

trestment  treatment

=
-
1]
g
=
&
]
o
. &

from IgG4-RD

R ML PN R L

1857

status of Tth cells in greater detail, the levels of Bcl-6 and
BLIMP-1 (PRDM1) mRNA in CD4+ T cells were tested
by real-time qPCR. Our results showed that levels of
BLIMP-1 (PRDM1) mRNA, but not Bcl-6 mRNA, were
up-regulated in untreated patients with IgG4-RD
compared to healthy controls (for PRDM1 mRNA [F =
2742 ‘mean + SD 3.28 4 0.77 versus 1.33 + 0.21 [P <
0.0001]; for Bcl6 mRNA [F = 224", 1.36 & 0.21 versus
1.14 £+ 0.29 [P > 0.05]) (Figure 2A).

Because of the critical role of IL-21 in the functions
of Tfh cells, we also confirmed that the levels of IL-21
mRNA were much higher in CD4+ T cells from untreated

r=0.712 r=0.665
P=0.005

Parotid gland tissues from IgG4-RD
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ion protein 1 (BLIMP-1; PRDM1), and interleukin-21

(IL-21) in peripheral CD4+ T cells from patients with IgG4-RD compared to healthy controls, and results of immunohistochemical staining of the
involved tissue from patients. A and B, Levels of Bcl-6 and BLIMP-1 (PRDM1) mRNA in peripheral CD4+ T cells from patients with IgG4-RD (A)
and IL-21 mRNA in peripheral CD4+ T cells from IgG4-RD patients before and after treatment (B), compared to healthy controls. Results are the

mean + SD, calculated using the 2 4!

method. C, Correlations between levels of IL-21 mRNA and IgG4-RD clinical indices. D, Specific staining

of IL-21, Bcl-6, and I1gG4 in the involved tissue from patients with IgG4-RD. Original magnification x 100. See Figure 1 for other definitions.
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patients with IgG4-RD compared to healthy controls, and
after treatment, the levels of IL-21 mRNA were signifi-
cantly decreased (for IL-21 mRNA [F = 24", mean +
SD 0.80 + 0.11 in healthy controls versus 3.43 + 0.69
before treatment and 1.16 £+ 0.20 after treatment in
patients with 1gG4-RD; P < 0.01) (Figure 2B). Moreover,
the relative transcription levels of IL-21 mRNA in CD4+
T cells from untreated patients with IgG4-RD showed a
strong positive correlation with the serum levels of IgG4,
serum levels of IgG, and 1gG4:1gG ratio (Figure 2C).

Immunohistochemical and immunofluorescence
staining of IgG4-RD-involved tissue. As shown in Fig-
ure 2D, in experiments using immunohistochemical tech-
niques, we observed specific staining of IL-21, Bcl-6,
and IgG4 in the affected tissue of patients with IgG4-
RD. IL-21 was found to be diffusely located or sur-
rounding glandular structures, while Bcl-6 was found to
be located mainly in ectopic GCs in all of the tissue
samples analyzed, including the sinus tissue, parotid
gland tissue, and lacrimal gland tissue from patients with
IgG4-RD.

In triple-fluorescence immunostaining, the cell
surface markers CD4 and CXCRS were used to

Lacrimal gland from IgG4-RD patient 1#
b atbse™
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characterize the localization of Tfh cells in the involved
tissue of patients with I[gG4-RD (green and red
immunostaining, respectively, in Figure 3). DAPI was
used to mark the cell nucleus (blue immunostaining in
Figure 3). Labial glands from patients with SS were used
as controls. As can be seen in Figure 3, CD4+CXCRS5+
T cells were much more frequent in the affected gland
tissue of patients with IgG4-RD than in the labial gland
tissue of patients with SS. In tissue samples from patients
with IgG4-RD, Tth cells were mostly distributed around
glandular cells or within ectopic GCs. In the affected
sinus tissue, CD4+CXCRS5+ T cells were found as a dif-
fuse infiltration. Comparison of the quantitative data on
the distribution of CD4+CXCRS5+ Ttfh cells showed
significant differences between patients with IgG4-RD
and patients with SS (P < 0.05) (results in Supplementary
Figure 1B, available on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.40556/
abstract).

Promotion of B cell proliferation and differentia-
tion and inhibition of apoptosis by cTfh cells in pa-
tients with IgG4-RD. To assess the ability of cTth cells
to promote B cell proliferation and differentiation in

Figure 3. Immunofluorescence staining of Tth cells in the involved tissue (lacrimal glands, submandibular glands, and sinus tissue) from patients
with IgG4-RD compared to labial glands of control patients with Sjogren’s syndrome (SS) (stained with the same concentration of primary anti-
bodies). a, CXCRS5 (in red). b, CD4 (in green). ¢, DAPI counterstaining for cell nucleus (in blue). a + b, Merged image of CD4 and CXCRS
immunostaining. a + b + ¢, Merged image of CD4, CXCRS5, and DAPI immunostaining. White arrowheads indicate positive cells. Insets show
higher magnification views of the merged images. Original magnification x 400. See Figure 1 for other definitions.
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Figure 4. Impact of circulating Tfh (cTth) cells on B cell proliferation, apoptosis, and differentiation. Magnetic bead—purified B cells from healthy
controls were cultured alone or cocultured with CD4+CXCRS5+ T cells in vitro. The 4 groups were healthy control B cells alone, healthy control B
cells cocultured with healthy control cTth cells, healthy control B cells cocultured with cTth cells from patients with IgG4-RD, and B cells from
patients with IgG4-RD alone. Representative data from 4 independent experiments are shown. A, Detection of bromodeoxyuridine (BrdU) (blue
box) and cleaved poly(ADP-ribose) polymerase (PARP) (red box) by flow cytometry in B cells on day 3 after stimulation. B, Detection of
CD19+CD24—CD38"&" plasmablasts (red circle) by flow cytometry on day 7 after stimulation. C, Detection of naive B cells (CD19+CD27—IgD+)
(gray box) and switched (S) memory B cells (CD19+CD27+IgD—) (green box) by flow cytometry on day 7 after stimulation. D, Percentages of
BrdU+ B cells, cleaved PARP+ B cells, plasmablasts/plasma cells, switched memory B cells, and naive B cells and concentrations of 1gG4 in the
cultured cell suspensions from the different groups. Results are the mean + SD. See Figure 1 for other definitions.
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patients with IgG4-RD, magnetic bead—purified B cells
from healthy controls were stimulated in vitro alone or
with a 1:1 mixture of sorted CD4+CXCRS5+ T cells from
patients with IgG4-RD or age- and sex-matched healthy
controls. The cTth cells from patients with IgG4-RD
induced B cell proliferation and inhibited B cell apoptosis
more effectively than did the cTth cells from healthy con-
trols (Figures 4A and D). Importantly, cTth cells from
patients with IgG4-RD promoted B cell differentiation
into CD19+CD24—CD38"¢" plasmablasts/plasma cells
more efficiently than did healthy control cTth cells, and
high production of IgG4 antibodies was observed in the
cultures of cTth cells from patients with IgG4-RD (Fig-
ures 4B and D).

CHEN ET AL

In addition, cTfh cells from patients with
IgG4-RD appeared to be more effective than healthy
control cTth cells in supporting the differentiation of
naive B cells (CD19+CD27—IgD+) into switched mem-
ory B cells (CD19+CD27+IgD—) (Figures 4C and D).
Although not significantly different, the overall trends
were apparent and consistent across 4 independent
experiments. B cells alone from either patients with
IgG4-RD or healthy controls predominantly underwent
apoptosis, with minimal proliferation or differentiation.

High expression of c¢Tfhl and cTfh2 cells in
patients with IgG4-RD. Based on the expression of the che-
mokine receptors CXCR3 and CCR6 in CD4+CXCR5+
T cells, we analyzed the proportion of different cTth cell

Gated in (CD4+CXCR5+)T

1gG4-RD
patient(Blood)

Healthy control(blood)

19G4-RD patient
(submandibular gland)

36+
19.8%

s e
107 53.9%

. T {
56 .
T = .
5]
d . -
z 3 . . A
g5 | g cmhe g
x 24 Soe b
e 11l - &
- HC IgG4-RD IgG4-RD (tissues)
D V1 +———
L) LA l
£
£ 30
g5
Sa 20
+ O
2= .
o =
s 10 o A
= AL TT LY H
| e

HC IgG4-RD  IgG4-RD ( tissues)

C 15

£ - -

g -

é‘;« 10 . "

% M A

o9 e -

Q 8 Tapaet 'I.

22 | == ==

S i B

1] . i

= . -t N
- HC IgG4-RD  1gG4-RD ( tissues)
30+ .

E L) 1
E 404 t 1t i
oy
&2 a0
33
E (é 204 ey
Q - -

o7 | .
5 1 e -
N o "FEI'-: "
o HC 1gG4-RD  IgG4-RD ( tissues)

Figure 5. Expression of circulating Tfh (cTfh) cell subsets in patients with IgG4-RD compared to healthy controls. A, Expression of cTfhl
(CXCR3+CCR6-), cTth2 (CXCR3—CCR6—), and cTth17 (CXCR3—-CCR6+) cells was assessed in peripheral CD4+ T cells from patients with
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subsets in the peripheral blood from patients with I1gG4-
RD (n = 38) and healthy controls (n = 26) (Figure 5SA). As
shown in Figures SB-E, when compared to healthy con-
trols, the percentages of cTfhl cells (CXCR3+CCR6—)
and cTth2 cells (CXCR3—-CCR6—) in CD4+ T cells were
significantly increased in patients with IgG4-RD, whereas
the percentages of the other 2 subpopulations, including
cTth17 cells (CXCR3—CCR6+) and CXCR3+CCR6+ T
cells, did not show significant differences between patients
with IgG4-RD and healthy controls (for cTth1, mean + SD
6.27 + 0.45% versus 3.83 £ 0.21% [P < 0.0001]; for cTth2,
5.73 £ 0.45% versus 4.22 £+ 0.24% [P = 0.01]; for cTth17,
6.27 + 0.45% versus 3.83 + 0.21% [P < 0.0001]; for circu-
lating CXCR3+CCR6+ Tcells, 5.80 + 0.45% versus 6.24 +
0.51% [P = 0.52]). Likewise, the ratio of Tth1 cells to Tfh2
cells in the involved submandibular glands of patients with
IgG4-RD was also remarkably increased. Because of the
poor expression of CXCRS in submandibular glands from
non-IgG4-RD control patients, it was difficult to divide
them into subsets of Tfh1, Tfh2, and Tth17, and we there-
fore did not compare Tth cell subsets between submandib-
ular gland tissue samples from patients with IgG4-RD and
submandibular gland tissue samples from non-IgG4-RD
control patients.

Aberrant function of c¢Tfhl and cTfh2 cells in
patients with IgG4-RD. Considering the abnormal func-
tion of cTfh cells in patients with IgG4-RD, we next
investigated which subpopulations might play a major
role in helping B cells. The flow cytometry—sorted total
cTthl, cTfh2, and cTfth17 cells from patients with 1gG4-
RD and age- and sex-matched healthy controls were cul-
tured with magnetic bead—purified B cells obtained from
healthy control subjects. As shown in Figure 6, all of
these cTth cell subsets from patients with IgG4-RD pro-
moted B cell proliferation and inhibited B cell apoptosis
more effectively than did those from healthy controls, a
finding that was most notable with c¢Tfhl and cTfh17
cells. In contrast, cTthl cells, and especially cTth2 cells,
from patients with IgG4-RD enhanced B cell differenti-
ation into CD19+CD24—CD38"&" plasmablasts/plasma
cells more efficiently than did those from healthy con-
trols. However, there were no differences in the abilities
of these cTth cell subsets to promote naive B cell differ-
entiation into memory B cells either in patients with
IgG4-RD or in healthy controls (data not shown).

DISCUSSION

In this study, we found that cTth cells were signifi-
cantly expanded in the peripheral blood of patients with
IgG4-RD, and Tfh cells were even more expanded in
the involved tissue. The percentages of PD-1 in
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CD4+CXCRS5+ICOS+ cTth cells positively correlated
with the serum levels of IgG and IgG4, the IgG4:IgG
ratio, the number of involved organs, and the frequency
of CD19+CD24—CD38"¢" plasmablasts/plasma cells. The
level of BLIMP-1 (PRDM1), but not Bcl-6, mRNA was
higher in peripheral CD4+T cells from patients with
IgG4-RD than in those from healthy controls. Levels of
IL-21 mRNA were much higher in peripheral CD4+ T
cells from untreated patients with IgG4-RD, and this pos-
itively correlated with the serum levels of 1gG4, serum
levels of IgG, and IgG4:IgG ratio. Furthermore, after
treatment, the levels of IL-21 mRNA were significantly
decreased. In addition, CD4+CXCR5+ Tth cells, as well
as Bcl-6 and IL-21, were highly expressed in the involved
tissue of patients with IgG4-RD, mainly distributed
around glandular cells or within ectopic GCs. Impor-
tantly, compared to healthy controls, cTth cells in patients
with IgG4-RD more efficiently facilitated B cell prolifera-
tion as well as the differentiation of naive B cells into
switched memory B cells and plasmablasts/plasma cells,
resulting in increased secretion of IgG4.

Finally, the frequencies of cTfhl and cTfh2 cells,
but not cTth17 cells, were significantly higher in patients
with IgG4-RD. Moreover, cTfhl and cTthl7 cells
enhanced B cell proliferation, whereas cTfhl cells, and
especially cTth2 cells, promoted B cell differentiation,
and also induced the secretion of IgG4.

Aberrantly expanded cTth cells have been consid-
ered to be an important inducing factor in the develop-
ment of autoimmune diseases (18). Akiyama et al
reported that CD4+CXCR5+CD45RA— memory cTth
cells were overexpressed in patients with IgG4-RD (n =
15) (19). However, they did not analyze the expression of
PD-1 and ICOS in cTth cells. In our study, we measured
not only the levels of PD-1 and ICOS in cTth cells, but
also the expansion of Tth cells in involved organ tissue.
Our results demonstrated that, in addition to expansion
of CD4+CXCRS5+ cTth cells in the circulating blood of
patients with IgG4-RD, there is also marked enrichment
and functional maturation of Tth cells in the involved tis-
sue in these patients.

Notably, the frequency of Ttfh cells was signifi-
cantly higher in the affected tissue than in the circulating
blood. CD4+CXCR5+ Tth-like cells mostly localized
around the glandular cells or within ectopic GCs, whereas
some of them presented as a diffuse infiltration. In con-
trast, in the involved tissue of non-IgG4-RD control
patients, there were few CD4+ or CXCRS5+ T cells, fur-
ther supporting the important role of Tth cells in the
pathogenesis of IgG4-RD.

Moreover, the frequencies of CD4+CXCR5+
ICOS+ cells, CD4+CXCR5+PD-1+ T cells, and CD4+
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Figure 6. Impact of circulating Tfh (cTfh) cell subsets on B cell proliferation, apoptosis, and differentiation. Magnetic bead—purified B cells from
healthy controls were cultured alone or cocultured with cTth cell subsets (cTthl, cTth2, and cTth17) from healthy controls or patients with IgG4-
RD in vitro. Representative data from 3 independent experiments are shown. A, Detection of bromodeoxyuridine (BrdU) (blue box) and cleaved
poly(ADP-ribose) polymerase (PARP) (red box) by flow cytometry in B cells on day 3 after stimulation. B, Detection of CD19+CD24—CD38"¢"
plasmablasts (red circle) by flow cytometry on day 7 after stimulation. C, Comparison of the percentage of BrdU+ B cells, cleaved PARP+ B cells,
and plasmablasts between the different groups. Results are the mean + SD. * = P < (.05; ** = P < 0.01. See Figure 1 for other definitions.

CXCRS+ICOS+PD-1+ cTth cells were much higher in
the circulating blood of patients with IgG4-RD than in
healthy controls, and expansion of mature Tth cell subsets

was even greater in the involved organ tissue of patients.
Nearly 90% of CD4+CXCRS5+ICOS+ Tth cells in the

involved submandibular gland tissue of patients with
IgG4-RD expressed PD-1. Notably, in patients with IgG4-
RD, the frequency of PD-1 in CD4+CXCRS+ICOS+
T cells showed a significant positive correlation with the
serum levels of IgG, serum levels of IgG4, and 1gG4:1gG
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ratio and the number of organs involved. Interestingly,
the frequencies of PD-1 in CD4+CXCRS+ICOS+ T cells
also positively correlated with the frequencies of
CD19+CD24—CD38"&" plasmablasts/plasma cells, which
have been considered to be a potentially useful biomarker
for diagnosis and assessment of disease activity in IgG4-
RD (16). Therefore, our data demonstrate that the ex-
pression of PD-1 in CD4+CXCRS5+ICOS+ Tth cells might
play an important role in the pathogenesis of IgG4-RD,
especially in the process of inducing GC B cell differentia-
tion into IgG4-secreting plasma cells. Inhibition of the
expansion of, or tissue maturation of, Tth cells might pro-
vide a target of therapy for [gG4-RD.

Multiple transcriptional regulators influence dif-
ferent aspects of Tfh cell development, migration, and
function. These include the positive transcription factors
Bcl-6, interferon regulatory factor 4, c-Maf, basic leucine
zipper ATF-like transcription factor, and STATs, and the
negative transcription factors BLIMP-1 (PRDM1),
FoxO1, FoxP1, and Kruppel-like factor 2 (20). Among
these transcription factors, the balance between Bcl-6 and
BLIMP-1 (PRDM1) plays an essential role in the genera-
tion and function of normal Tth cells. In this study,
although there was no significant difference in Bcl-6
mRNA expression in cTfh cells between healthy controls
and patients with IgG4-RD, Bcl-6 was found to be highly
expressed in the tissue of patients with IgG4-RD, mainly
located in ectopic GCs of the involved tissue.

One possible explanation for this is that Bcl-6
expression by Tth cells is unstable. It has previously been
shown that Bcl-6 expression is only necessary for Tth cell
generation at the early stage of Tth cell maturation in
GCs, but no longer required for Tth cell function once
CD4+ T cells have committed to the Tth cell pathway,
and Bcl-6 expression may be down-regulated when Tth
cells are in a state of silence (9,18). Consistent with this
possibility, in a Bcl-6 reporter mouse strain, Tfth cells
gradually down-modulated Bcl-6 protein expression over
a few weeks after development. The Bcl-6'" Tfh cells
rapidly terminated proliferation and up-regulated IL-7
receptor expression. In addition, it was reported that
there was no difference between the function of BCl-6+
Tth cells and the function of Bcl-6— Tth cells (21). How-
ever, BLIMP-1 was barely expressed in the affected tis-
sue (data not shown), but was up-regulated in the
peripheral blood of patients with IgG4-RD. The up-
regulation of BLIMP-1 (PRDM1) in circulating CD4+
T cells of patients with IgG4-RD was not quite clear. We
assumed that BLIMP-1 (PRDM1) might function as a
compensatory mechanism and be increased once GC
Tth cells developed and transformed into memory cTth
cells. Alternatively, BLIMP-1 (PRDM1) might be up-
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regulated in blood cTth cells as a means to prevent their
full differentiation into functional cTth cells, a condition
that is restricted to the tissue (22). Therefore, the mecha-
nisms through which cTth cells are controlled by multi-
ple transcriptional regulators in IgG4-RD needs to be
further investigated.

As mentioned above, 1L-21 is essential for Tth
cell development and plays a pivotal role in the capacity
of Tth cells to drive B cell differentiation into plas-
mablasts/plasma cells. Our study also revealed that the
levels of IL-21 mRNA were up-regulated in peripheral
CD4+ T cells of patients with IgG4-RD compared to
healthy controls, and significantly decreased after treat-
ment. In addition, we demonstrated that the IL-21
mRNA level was positively correlated with the serum
levels of IgG, serum levels of IgG4, and 1gG4:1gG ratio.
These results suggest that IL-21 might play a critical role
in the pathogenesis of I[gG4-RD. In the affected tissue of
patients with IgG4-RD, IL-21 protein was highly
expressed around the glandular tissue, as well as diffusely
expressed throughout the tissue.

The major function of Tth cells is to help naive B
cells expand and differentiate into high-affinity memory
B cells and long-lived plasma cells within GCs (18).
Abnormal expansion and/or functional augmentation of
Tth cells could lead to ectopic GC formation and abnor-
mal immune responses, which could result in pathologic
immune responses and a large amount of IgG4 in
patients with IgG4-RD (9). In this regard, we further
found that the function of Tth cells in Ig4-RD was also
abnormal. The ability of cTth cells from patients with
IgG4-RD to enhance B cell proliferation was augmented
compared to that of cTth cells from healthy controls.
Importantly, cTth cells from patients with IgG4-RD
could induce naive B cell differentiation into switched
memory B cells and CD19+CD24—CD38"e" plas-
mablasts/plasma cells more effectively than could healthy
control cTth cells, leading to greater production of IgG4.
On the other hand, cTfh cells from patients with 1gG4-
RD inhibited B cell apoptosis more effectively than cTth
cells from healthy controls. The mechanism of this
enhanced function of c¢Tth cells is currently unknown,
but the augmented function of cTth cells in patients with
IgG4-RD is likely to contribute to the exaggerated differ-
entiation of IgG4-producing plasma cells and the onset
of the disease.

Previously, Akiyama et al have reported that the
number of cTfh2 cells was greatly increased in patients
with IgG4-RD when compared to healthy controls and
patients with other autoimmune diseases (those with pri-
mary SS and those with mixed connective tissue disease),
and positively associated with the serum levels of IgG4,
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the IgG4:1gG ratio, and the number of organs involved
(19,23). Subsequently, they examined more patients and
further demonstrated that Tfh2 cells induced the differ-
entiation of naive B cells into plasmablasts and
enhanced production of IgG4. Moreover, the frequency
of activated cTfh2 cells positively correlated with the
serum levels of IgG4, IgG4-RD Responder Index (RI),
and number of organs involved in patients with IgG4-
RD, whereas the frequency of activated cTthl cells cor-
related with the IgG4-RD RI, but not with serum levels
of IgG4 (23). However, in the current study, we were
able to demonstrate that both cTfh1 and cTfh2 cells were
increased in the circulating blood of IgG4-RD patients,
and were even more expanded in the involved tissue, but
we did not find a statistically significant rela-
tionship between the increase in either cTthl or cTfh2
subpopulations with clinical or laboratory parameters of
IgG4-RD.

There are a number of possible explanations for
this apparent discrepancy. First, Akiyama et al analyzed
Tfth cell subsets among the memory CXCRS5+
CD45RA—CD4+ cTth cell subset only. Second, according
to the expression and intensity of PD-1 and ICOS, each
of the cTfhl, cTth2, and c¢Tth17 subpopulations could be
further divided into 3 subsets: one activated subset
(ICOS+PD-1+), and 2 quiescent subsets (ICOS-PD-1+
and ICOS—PD-1-) (22,24). In cTth2 and cTthl7 cells,
the ICOS+PD-1+ activated subpopulation has increased
functional capacity to help both naive and memory B
cells, whereas the ICOS-PD-1+ quiescent populations
more efficiently promote help for memory B cells than
the ICOS-PD-1— population, although the latter was
more efficient in helping naive B cells to produce Ig. The
ICOS+PD-1+ activated cTfhl cell subpopulation was the
most efficient at inducing memory B cells to proliferate
and differentiate into plasma cells via IL-21 and IL-10,
with an increase in antibody titers (22,24-27). This may
explain why the increased numbers of total cTthl and
cTfth2 cells did not reflect the level of disease activity.
Consistent with the findings of Akiyama et al (23), the
number of activated cTfh2 cells, but not total cTfh2 cells,
observed in the current study positively correlated with
the serum levels of IgG4, the IgG4-RD RI, and the num-
ber of involved organs.

Based on the findings of the functional abnormali-
ties of cTth cells in patients with IgG4-RD, we further
investigated which cTfh cell subset influenced the activa-
tion and differentiation of B cells. Our results demon-
strated that all of the cTth cell subsets from patients with
IgG4-RD exhibited augmented function when compared
to those from healthy controls. In patients with IgG4-RD,
it was mainly cTthl and cTfh17 cells that led to the
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increased proliferation of B cells, whereas mainly cTfh1
cells, and especially cTfh2 cells, induced differentiation
of B cells into IgG4-producing plasmablasts/plasma cells.
Taken together, these findings demonstrate that the func-
tions of these Tth cell subsets may explain many of the
abnormalities in B cell function characteristic of IgG4-
RD.

In conclusion, Tth cell subsets are expanded and
appear to play critical roles in the pathogenesis of 1gG4-
RD. Understanding the involvement of Tth cell subsets
in IgG4-RD could provide insights into development of
novel treatments.
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