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Objectives: Multiple studies suggest that interleukin (IL)-21 plays a pivotal role in the
differentiation of B cells and activation of cytotoxic T cells and is involved in the
pathogenesis of IgG4-related disease (IgG4-RD). T cell immunoreceptor with
immunoglobulin and ITIM domain (TIGIT) is a new marker of T follicular helper (Tfh)
cells, yet its significance remains unknown. The objective of this study was to investigate
whether TIGIT expression could detect high IL-21-producing peripheral Tfh populations
and their association with disease activity in IgG4-RD.

Methods: TIGIT expression in peripheral CD4+T cell subsets was comprehensively
analyzed by multi-color flow cytometry. Single cell mapping was performed by t-SNE
method, and IL-21 production was compared in TIGIT+ and TIGIT-T cells. The effect of
OX40 signal on cytokine expression was analyzed by RNA-sequencing. Clinical
significance of TIGIT+ and TIGIT- peripheral T cells was analyzed in active patients with
IgG4-RD, both at baseline and after 12 weeks of glucocorticoid treatment.

Results: Unbiased single cell mapping revealed two high IL-21-producing peripheral T
cell populations; TIGIT+ Tfh and TIGIT-T helper cells. OX40 signal was associated with
high IL-21 production in TIGIT+ Tfh and TIGIT-T helper cells. IL-21 production in Tfh cells
correlated with the proportion of TIGIT+ cells in Tfh cells, serum IgG4 level, and scores of
disease activity. Furthermore, the skewing toward peripheral TIGIT+ Tfh cells, particularly
TIGIT+Tfh2 subset correlated with disease activity and was corrected by glucocorticoid
treatment in IgG4-RD.

Conclusions: OX40 is associated with high IL-21 production in peripheral TIGIT+ Tfh
cells, and the increase in peripheral TIGIT+ Tfh cells reflects disease activity in IgG4-RD.
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INTRODUCTION

IgG4-related disease (IgG4-RD) is a fibro-inflammatory disease
characterized by storiform fibrosis, IgG4+ plasma cell
infiltration, and elevated levels of serum IgG4 (1–4). Mounting
evidence has revealed that T follicular helper (Tfh) cells, which
induce hyperplastic tertiary lymphoid organ formation, IgG4
class-switching, and plasma cell differentiation, are involved in
the pathogenesis of IgG4-RD (5–15). In addition, CD4+
cytotoxic T cells cause tissue damage and fibrosis (16–19).

The expression of interleukin−21 (IL−21) is upregulated in
the affected tissues of IgG4-RD patients (20). IL-21 is produced
by CD4+ T cells, with high production by Tfh cells, and plays a
key role in B cell differentiation and maturation and in
enhancing the activity and survival of CD4+ cytotoxic T cells
(21, 22). IL-21-producing Tfh cells thus may be a key immune
cell subset involved in the pathogenesis of IgG4-RD.

Tfh cells in the peripheral blood of humans have been found to
be CXCR5-positive, enabling their study (23, 24). Tfh cells can be
divided into sub-populations according to their surface markers,
including interferon-g-producing Tfh1 (CXCR3+CCR6-), IL-4-
producing Tfh2 (CXCR3-CCR6-) and IL-17-producing Tfh17
(CXCR3-CCR6+) (23, 24). Given that IL-21 plays a crucial role
in the pathogenesis of IgG4-RD, we speculated that surface
markers for IL-21-producing peripheral Tfh populations are
likely surrogate markers for Tfh responses and may therefore be
useful in the assessment of disease activity.

T cell immunoreceptor with immunoglobulin and ITIM
domain (TIGIT) is a co-inhibitory receptor that is expressed
on T cells and natural killer cells (25). Some studies have
suggested that TIGIT expression can be detected on Tfh cells
(26, 27). However, the usefulness of TIGIT expression as a
surface marker of human peripheral Tfh cells remains unknown.

Here, we investigated the association of TIGIT with IL-21
expression in human peripheral Tfh cells. We also examined
whether the proportion of peripheral TIGIT+ Tfh cells was
associated with disease activity of IgG4-RD, a typical Tfh-
associated autoimmune disease.
MATERIALS AND METHODS

Patients and Methods
Twenty-three consecutive patients with untreated, active IgG4-
RD (Supplementary Table 1), and 21 healthy individuals were
included in this study. All patients with IgG4-RD fulfilled the
2011 comprehensive IgG4-RD diagnostic criteria or the 2019
American College of Rheumatology/European League Against
Rheumatism classification criteria for IgG4-RD (28–30). Disease
activity was assessed based on the IgG4-RD responder index
(IgG4-RD RI) score (31). Healthy individuals were confirmed to
have no autoimmune diseases, allergic disorders, malignancies,
or infections. This study was approved by the ethics committee
of Keio University School of Medicine and carried out in
accordance with the Declaration of Helsinki. Written informed
consent was obtained from all patients and healthy individuals.
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Immunophenotyping of Peripheral
CD4+ T Cells and Measurement
of IL-21 Production
To determine TIGIT expression on each CD4+ T cell subset,
frozen PBMCs which were cryopreserved in liquid nitrogen were
thawed first and stained the cells with fluorescently labeled
antibodies for 15 minutes and then analyzed cell populations
by multi-color flow cytometry. Dead cells were excluded by a
lower level of forward scatter found at the bottom left corner of
the density plot according to the guidelines for the use of flow
cytometry and cell sorting in immunological studies (32). For
OX40 and PD-1 expression analysis, heparinized whole blood
samples were stained for 15 minutes with the antibodies and red
blood cells were lysed with FACS Lysing Solution (BD
Biosciences). The antibodies used for this study are shown in
Supplementary Table 2. The definition of each CD4+ T cell
subsets is shown in Supplementary Table 3.

For intracellular staining for IL-21 or surface staining for PD-
L1, PBMCs were freshly purified using gradient centrifugation
with a Ficoll-Paque Plus (GE Healthcare). CD4+ T cells were
enriched from PBMCs using a CD4+ T cell isolation kit (Miltenyi
Biotec) according to the manufacturer’s instructions, and then
cultured in 96-well round-bottom plates in RPMI 1640 medium
supplemented with 10% heat-inactivated fetal bovine serum. The
cells were maintained in a humidified atmosphere at 37°C with 5%
CO2. Cells (2×105/200 mL/well) were stimulated for 4 hours with
phorbol myristoyl acetate (PMA) (Sigma, St. Louis) [50 ng/ml]
and ionomycin (Sigma, St. Louis) [1 µg/ml] along with Golgistop
(BD Biosciences) [4 ml of BD GolgiStop™ for every 6 mL of cell
culture]. Following stimulation, CD4+ T cells were stained for 30
minutes with antibodies specific for cell-surface markers for Tfh
and Th cell subsets and BV510- conjugated anti-human PD-L1
(Clone 29E.2A3; BioLegend) (Supplementary Table 3). Cells were
then fixed and permeabilized with Intracellular Fixation &
Permeabilization Buffer Set (eBioscience) according to the
manufacturer’s protocol, and then incubated with APC-
conjugated anti-human IL-21 (Clone 3A3-N2; BioLegend) for
40 minutes. Cells were then washed and analyzed using a
LSRFortessa X-20 (BD Biosciences) flow cytometer. Data were
analyzed using FlowJo v.10 software (Tree Star, Stanford
University, CA, USA). Single cell mapping was performed using
a t-Distributed Stochastic Neighbor Embedding (tSNE) algorithm
(33). Gating strategies of flow cytometry data are shown in
Supplementary Figures 1–5.
RNA-Sequencing Analysis
Publically available RNA-sequencing data (GSE152904;
GSM4629190, GSM4629187, GSM4629184, and GSM4629181)
were used for analysis of comprehensive cytokine expression
profiles in human CD4+ T cells induced by OX40 signaling
(GEO accession). CD4+ T cells were stimulated in vitro in the
presence of anti-CD3/CD28 activation beads, with or without
agonistic OX40 antibody for 3 to 5 days, after which RNA-
sequencing was performed to evaluate OX40-mediated
transcriptional changes (34). Gene expression was quantified
by RSEM (v1.2.14).
April 2021 | Volume 12 | Article 651357
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Statistical Analysis
Data were analyzed using GraphPad Prism software (Version7;
GraphPad Software, La Jolla, CA). Statistical significance was
assessed by unpaired or paired 2-tailed Student t-test or repeated
measures ANOVA. Two-sided P < 0.05 was considered significant.
RESULTS

Peripheral Tfh Cells Show High
Expression of TIGIT
TIGIT is an immune checkpoint receptor whose expression profile
in peripheral CD4+ T cells is not understood in detail. We sought
to elucidate its expression profile by first analyzing TIGIT
expression in peripheral CD4+ T cells using unbiased tSNE
algorithm (33). We found that TIGIT expression mainly came
from a CD45RA-CXCR5+CD4+ T cell population, so-called
peripheral Tfh cells (Figure 1A). To confirm the relevance of
TIGIT expression in Tfh cells, we next comprehensively quantified
the proportion of TIGIT+ cells in CD4+ T cell subsets from
healthy individuals. We found that approximately 20% of total
CD4+ T cells were positive for TIGIT (Figures 1B, C) and that
most TIGIT+ CD4+ T cells belonged to the memory fraction
(mean 25% versus. 6%, p <0.0001) (Figures 1D, E). We then
examined TIGIT expression in memory CD4+ T cells classified
into CXCR5+ Tfh and CXCR5- T helper (Th) fractions. We found
that the proportion of TIGIT+ cells in the Tfh fraction was twice as
high as that in the Th fraction (mean 43% versus. 19%, p <0.0001)
(Figures 1F, G). These findings suggested that TIGIT was mainly
expressed on peripheral Tfh cells.
TIGIT Identifies Peripheral Tfh-Cell
Populations Producing High
Levels of IL-21
Given that peripheral CXCR5+ Tfh cells produce IL-21 (23, 24),
we assessed the association of TIGIT expression with IL-21
production in peripheral Tfh cells by comparing IL-21
production in TIGIT+ Tfh and TIGIT- Tfh cells. Unbiased
single cell analysis using the tSNE algorithm demonstrated that
TIGIT+ Tfh cells showed high expression of IL-21 (Figure 2A).
Unexpectedly, the null hypothesis was confirmed in Th cells
regarding the association between TIGIT expression and IL-21;
TIGIT- Th cells showed high expression of IL-21 (Figure 2A). To
confirm these results, we compared the proportion of IL-21-
producing cells between TIGIT+ and TIGIT- Tfh cells from
healthy individuals in vitro. The results showed that peripheral
TIGIT+ Tfh cells produced more IL-21 than TIGIT- Tfh cells
(mean 28% versus 19%, p <0.0001) (Figures 2B, C). Conversely,
when we compared IL-21 production between TIGIT+ Th and
TIGIT- Th cells, TIGIT- Th cells produced more IL-21
than TIGIT+ Th cells (mean 23% versus 11%, p <0.01) (Figures
2D, E). Thus, peripheral Tfh cells are characterized by high
expression of TIGIT, and TIGIT positivity identifies high IL-21-
producing Tfh-cell populations. In contrast, the majority of
Frontiers in Immunology | www.frontiersin.org 3
peripheral Th cells do not express TIGIT and TIGIT negativity
detects high IL-21-producing Th-cell populations.
TIGIT Is a Useful Marker for Detecting
High IL-21-Producing Populations of Tfh1,
Tfh2, and Tfh17 Subsets
We next hypothesized that TIGIT could be a common surface
marker for the detection of high IL-21-producing populations in
peripheral Tfh subsets, such as Tfh1, Tfh2, and Tfh17. Single cell
mapping of each Tfh and Th cell subset revealed that TIGIT+ Tfh
subsets and TIGIT- Th subsets consistently expressed high levels of
IL-21 (Supplementary Figure 6). Accordingly, we quantified and
compared IL-21 production in respective TIGIT+ Tfh and TIGIT-
Tfh subsets. TIGIT positivity commonly revealed high IL-21-
producing populations in Tfh1 (21% versus 17%, p <0.01), Tfh2
(25% versus 15%, p <0.001), and Tfh17 (23% versus 17%, p <0.001)
subsets (Figures 3A, B). Consistent with this result for high IL-21-
producing TIGIT- Th cell subsets by single cell analysis, TIGIT
negativity commonly detected high IL-21-producing populations in
Th1 (17% versus 12%, p <0.01), Th2 (17% versus 11%, p <0.01), and
Th17 (22% versus 7%, p <0.01) subsets (Figures 3C, D). Thus,
although chemokine receptor programming on human Th cells can
be plastic (35), TIGIT is a stable marker for detecting IL-21-
producing populations in Tfh and Th cells.
TIGIT Is Not an Activation Marker
Activated T cells generally produce more cytokines than non-
activated T cells. Thus, we asked whether TIGIT was an activation
marker for CD4+ T cells. To do so, we assayed PD-L1, a recently
recognized activationmarker for T cells (36). After stimulation, we
observed significant upregulation of PD-L1 in both Tfh and Th
cells (Figures 4A, B). In contrast, TIGIT expression in Tfh and Th
cells did not show significant changes (Figures 4C, D). To further
test that TIGIT was not an activation marker, we used PD-L1
expression levels as activation markers and compared them
between TIGIT+ Tfh and TIGIT- Tfh cells after stimulation.
The results clearly showed that there was no difference in PD-L1
expression levels between TIGIT+ and TIGIT- cells from Tfh cells
(Figure 4E). These data suggest that TIGIT is not an activation
marker, but rather identifies high IL-21-producing populations of
Tfh cells.
PD-1 Expression Is Higher in TIGIT+
T Cells Than TIGIT- T Cells
Recent studies reported that PD-1+ CXCR5- Th cells, so-called T
peripheral helper (Tph) cells, effectively produced IL-21 (37–39).
Also, PD-1+ CXCR5+ Tfh cells are known to be high IL-21
producers (40). Thus, we next investigated the proportion of PD-
1+ cells in TIGIT+ and TIGIT- T cell fractions. TIGIT+ Tfh cells
showed higher proportion of PD-1+ cells than TIGIT- Tfh cells
(34.7% versus 9.2%, p <0.001) (Figures 5A, B). As well, TIGIT+
Th cells had higher proportion of PD-1+ cells than TIGIT- Th
cells (25.4% versus 16.1%, p <0.01) (Figures 5C, D). These
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results indicate that high IL-21 production in TIGIT+ Tfh cells
may be explained by high proportion of PD-1+ cells in their
fraction; however, TIGIT+ Th cells contained more Tph than
TIGIT- Th cells, suggesting that some other mechanisms rather
than Tph cells might be contributing to high IL-21 production in
TIGIT- Th cells.
Frontiers in Immunology | www.frontiersin.org 4
OX40 Signal Is Associated With High
IL-21 Expression
Therefore, we further investigated other molecule which could
contribute to high IL-21 production in both TIGIT+ Tfh cells and
TIGIT- Th cells. Recently, it has been suggested that OX40
(CD134)-mediated signal is a key contributor to Tfh-associated
A

B C

D E

F G

FIGURE 1 | TIGIT expression in peripheral Tfh cells. (A) Single cells of CD3+CD4+ T cell types were plotted by t-Distributed Stochastic Neighbor Embedding (tSNE).
Heat maps show expression levels of labeled markers (CD45RA, CXCR5, and TIGIT). Enclosure shows CD45RA-CXCR5+T follicular helper (Tfh) cell population.
(B, C) The proportion of TIGIT+ cells was analyzed in total CD4+ T cells from healthy individuals by flow cytometry. (A), representative image. (B), multiple analyses of
the proportion of TIGIT+ cells in total CD4+ T cells (n=21). (D, E) Proportion of TIGIT+ cells was analyzed in naïve (CD45RA+) and memory (CD45RA-) CD4+ T cells.
(D), representative image. (E), multiple comparison of the proportion of TIGIT+ cells in naïve and memory CD4+ T cells (n=21). (F, G) Proportion of TIGIT + cells was
examined in CXCR5-CD45RA-CD4+ T helper cells (CXCR5-Th) and CXCR5+CD45RA-CD4+ Tfh (CXCR5+ Tfh) cells. (F), representative image. (G), multiple
comparisons of the proportion of TIGIT+ or TIGIT- cells in CXCR5-Th and CXCR5+Tfh cells (n=21). (D, G) paired t-test. ****p<0.0001.
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responses (41–43). RNA-sequencing analysis revealed that among
a total of 49 cytokines, IL-21 expression was clearly induced by
OX40 stimulation in CD4+ T cells (Figure 6A). Accordingly, we
assumed that TIGIT+ Tfh and TIGIT- Th cells express higher
levels of OX40. Flow cytometric analysis found that the proportion
of OX40+ cells was higher in TIGIT+ Tfh cells than TIGIT- Tfh
cells (7.3% versus 3.7%, p <0.001) (Figures 6B, C). In contrast,
TIGIT- Th cells showed a higher proportion of OX40+ cells than
TIGIT+ Th cells (11.8% versus 2.0%, p <0.001) (Figures 6D, E).
Taken together, these data suggested that TIGIT+ Tfh and TIGIT-
Th cells exhibit high IL-21 production via OX40-mediated signal.

Peripheral TIGIT+ Tfh Populations Are
Increased in IgG4-RD
The identification of high IL-21-producing peripheral TIGIT+
Tfh-cell populations led us to consider whether TIGIT
Frontiers in Immunology | www.frontiersin.org 5
expression in Tfh cells represents accelerated Tfh responses in
IgG4-RD. IgG4-RD is a fibro-inflammatory autoimmune disease
in which peripheral Tfh, IL-21, and autoantibodies are involved
(44–47).

We analyzed the proportion of peripheral high IL-21-
producing populations (TIGIT+ Tfh cells and TIGIT- Th cells)
in samples from patients with untreated, active IgG4-RD
compared to those from healthy individuals. When we
examined TIGIT+ cells in total CD4+ T cells, IgG4-RD patients
showed higher proportion of TIGIT+ cells than healthy
individuals (mean 27% versus 17%, p<0.0001) (Figure 7A).
Furthermore, we found that the proportion of TIGIT+ Tfh cells
was significantly higher in IgG4-RD patients than in healthy
individuals (mean 56% versus 43%, p<0.0001) (Figures 7B, C).
We also found that the proportion of TIGIT- Th cells was
significantly lower in IgG4-RD patients than in healthy
A

B DC E

FIGURE 2 | Expression of TIGIT is differentially associated with high IL-21-producing populations in Tfh and Th cells. (A) Single cells in Tfh and Th fractions were
plotted by tSNE. Heat maps show expression levels of labeled markers (TIGIT and IL-21). Blue arrows indicate that TIGIT-Th cells express high levels of IL-21. Red
arrows show that TIGIT +Tfh cells express high levels of IL-21. (B–E) CD4+ T cells were stimulated for 4 hours with phorbol myristoyl acetate and ionomycin. The
proportion of intracellular IL-21 production in TIGIT+ or TIGIT-Tfh and TIGIT+Th or TIGIT-Th cells was measured by flow cytometry. (B, D), representative image.
(C, E), multiple comparison of the proportion of IL-21-producing cells (n=6). (C, E) paired t-test. ****p<0.0001, **p<0.01.
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individuals (mean 70% versus 80%, p<0.001) (Figure 7D).
Accordingly, as compared with healthy individuals, the balance
of peripheral TIGIT+ Tfh and TIGIT- Th cells was skewed toward
TIGIT+ Tfh cells in IgG4-RD (mean 0.84 versus 0.55, p<0.001)
(Figure 7E). The increased ratio of TIGIT+ Tfh cells to CD4 + T
cells or to TIGIT- Tfh cells in IgG4-RD compared to healthy
individuals was also confirmed (Figure 7F and Supplementary
Figure 7).

Since we found significant skewing toward TIGIT+ Tfh cells
in patients with IgG4-RD, we next analyzed the proportion of
Frontiers in Immunology | www.frontiersin.org 6
TIGIT+ Tfh-cell subsets (Tfh1, Tfh2, and Tfh17) among IgG4-
RD and healthy individuals (Figures 7G–J). The proportion of
peripheral TIGIT+ Tfh1 or TIGIT+ Tfh2 cells in IgG4-RD was
significantly higher than that in healthy individuals, whereas the
proportion of peripheral TIGIT+ Tfh17 cells was not different
between in IgG4-RD and healthy individuals (Figures 7G–J).

The proportion of peripheral TIGIT+ Tfh cells thus appears
to be increased in IgG4-RD in which Tfh cells are involved;
moreover, the balance of peripheral TIGIT+ Tfh subset (Tfh1,
Tfh2, and Tfh17) is characteristically altered. IgG4-RD patients
A

B

C

D

FIGURE 3 | The association of TIGIT expression with IL-21 in Tfh and Th subsets. (A–D) CD4+ T cells were stimulated for 4 hours with phorbol myristoyl acetate
and ionomycin. Intracellular IL-21 production in TIGIT+ or TIGIT-Tfh cell subsets (Tfh1; CXCR3+CCR6- cells, Tfh2; CXCR3-CCR6- cells, Tfh17; CXCR3-CCR6+ cells) or
TIGIT+ or TIGIT-Th cell subsets (Th1; CXCR3+CCR6- cells, Th2; CXCR3-CCR6- cells, Th17; CXCR3-CCR6- cells) were measured by flow cytometry.
(C, E), representative image. (B, D) multiple comparison of the proportion of IL-21 producing cells in Tfh cell subsets or Th cell subsets (n=6). (B, D) paired t-test.
***p<0.001, **p<0.01.
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showed an increased proportion of peripheral TIGIT+ Tfh cells,
particularly in Tfh1 and Tfh2 populations, compared with
healthy individuals.

The Increases in the Proportion of
Peripheral TIGIT+ Tfh Cells Are Associated
With Disease Activity in IgG4-RD
To determine the clinical significance of increased numbers of
peripheral TIGIT+ Tfh cells and their subsets, we determined the
correlation between these cells and clinical parameters in
untreated, active patients. First, we demonstrated the correlation
between IL-21 production in Tfh cells and disease activity in
Frontiers in Immunology | www.frontiersin.org 7
patients with active, untreated IgG4-RD (n = 3, Figure 8A). As a
result, we found that IL-21 production in Tfh cells correlated with
the proportion of TIGIT+ cells in Tfh cells, serum IgG4 level, and
scores of disease activity even though the significance was not
determined. Further analysis of 23 patients with active, untreated
IgG4-RD demonstrated that the proportion of TIGIT+ Tfh cells
correlated with the scores of IgG4-RD RI, number of affected
organs and soluble IL-2 receptors, and serum levels of IgG and
IgG4 (Figure 8B). The proportion of TIGIT+ Tfh2 cells also
correlated with these clinical parameters; this correlation was
stronger than that of TIGIT+ Tfh cells (Figure 8B). In contrast,
the proportion of TIGIT- Th cells negatively correlated with the
A B

C

E

D

FIGURE 4 | TIGIT is not an activation marker. (A–D) CD4+ T cells were stimulated for 4 hours with phorbol myristoyl acetate and ionomycin. Surface expression of
PD-L1 and TIGIT in Tfh cells or Th cells was measured by flow cytometry. (A, C), representative image. (B, D), multiple comparison results (n=6). FMO, Fluorescence
minus one control. (E) Stimulated single cell was plotted by tSNE and expression levels of labeled markers (CXCR5, TIGIT, and PD-L1) are shown as a heatmap.
(B, D) paired t-test. **p<0.01, ns p>0.05.
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scores of IgG4-RD RI and serum levels of IgG and IgG4
(Figure 8B). There was no significant correlation between the
proportion of TIGIT+ Tfh1 cells and clinical parameters
(Figure 8B).

Atopic parameters (serum IgE level or blood eosinophil
count) or serum C-reactive protein levels did not correlate
with the proportion of any immune cell subsets in IgG4-RD
(Figure 8B). Consistent with this finding, the increase of
peripheral TIGIT+ Tfh cells in IgG4-RD did not depend on
the atopic history of patients (Figure 8C).

Recent cross-sectional studies in international cohorts have
revealed that IgG4-RD patients can be divided into 4 groups based
on clinical phenotype: group 1, Pancreato-Hepato-Biliary disease;
group 2, Retroperitoneal Fibrosis and/or Aortitis; group 3, Head
and Neck-limited disease; and group 4, classic Mikulicz syndrome
with systemic involvement (48). We correlated the proportion of
peripheral TIGIT+ Tfh, TIGIT+ Tfh1, TIGIT+ Tfh2, and TIGIT-
Th cells with these clinical groupings. We compared the
proportion of these cell subsets between groups 3 and 4
(Figure 8D). Groups 1 and 2 could not be evaluated because of
small patient numbers (1 for G1 and 2 for G2). Compared with
group 3, group 4 had a higher proportion of TIGIT+ Tfh cells
(mean 65% versus 54%, p<0.05) and TIGIT+ Tfh2 cells (mean
65% versus 56%, p<0.05), but not of TIGIT+ Tfh1 cells (mean 65%
versus 65%, p=0.92) or TIGIT- Th cells (mean 68% versus 70%,
p=0.72) (Figure 8D). Group 4 also had higher disease activity
Frontiers in Immunology | www.frontiersin.org 8
scores (mean 15 versus 10, p<0.01) and levels of serum IgG (mean
2120mg/dL versus 1551mg/dL, p<0.01) (Supplementary
Figure 8), and serum IgG4 level tended to be higher in group 4
than group 3 (752mg/dL versus 440mg/dL, p=0.07)
(Supplementary Figure 8). Collectively, the increased
proportion of peripheral TIGIT+ Tfh and TIGIT+ Tfh2 cells
reflected higher disease activity in patients with untreated, active
IgG4-RD.

Peripheral TIGIT+ Tfh Cells in IgG4-RD
Are Decreased Following Treatment
With Glucocorticoids
To evaluate the effects of glucocorticoid treatment on the
proportions of peripheral TIGIT+ Tfh, TIGIT+ Tfh1, and
TIGIT+ Tfh2 cells and on clinical improvement, we evaluated
seven patients with IgG4-RD before and after 12 weeks of
glucocorticoid treatment. The proportion of peripheral TIGIT+
Tfh, TIGIT+ Tfh1, and TIGIT+ Tfh2 cells significantly decreased
after glucocorticoid treatment (TIGIT+ Tfh, 59% versus 43%,
p<0.01; TIGIT+ Tfh1, 65% versus 51%, p<0.05; and TIGIT+
Tfh2, 66% versus 45%, p<0.01), while the proportion of total
CD4 + T cells did not significantly decrease (47% versus 51%,
p>0.05) (Figures 9A–E). Serum IgG and IgG4 levels and disease
activity scores also decreased (mean 2209mg/dL versus 980mg/
dL, p<0.01; mean 868mg/dL versus 147mg/dL, p<0.05; and mean
14 versus 2, p<0.001, respectively) (Figures 9F–H).
A B

C D

FIGURE 5 | Proportion of PD-1+cells is higher in TIGIT+ T cells than TIGIT- T cells. (A, B) PD-1 expression level was examined in TIGIT+Tfh and TIGIT-Tfh cells by
flow cytometry. (C, D) PD-1 expression level was examined in TIGIT+Th and TIGIT-Th cells by flow cytometry. (A, C), representative image. (B, D), multiple
comparison results (n=6). (B, D) paired t-test. ***p<0.001, ***p<0.01.
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DISCUSSION

In this study, we found that peripheral Tfh cells have higher
expression of TIGIT than Th cells. Of note, TIGIT+ Tfh cells
produced more IL-21 than TIGIT- Tfh cells. TIGIT positivity
Frontiers in Immunology | www.frontiersin.org 9
commonly identified high IL-21-producing populations on
analysis of Tfh subsets (Tfh1, Tfh2, and Tfh17). OX40 signal was
associated with high IL-21 expression, and TIGIT+ Tfh cells
exhibited higher OX40 expression than TIGIT- Tfh cells.
Importantly, the proportion of peripheral TIGIT+ Tfh and
A B

C

D

E

FIGURE 6 | OX40 signal is associated with IL-21 expression. (A) CD4+ T cells were stimulated in vitro in the presence of aCD3/CD28 activation beads with or
without agonistic OX40 antibody for 3 to 5 days. Transcriptome analysis for 49 cytokines was obtained by RNA-sequencing, and the gene expression levels are
shown as a heatmap. (B, D) OX40 expression level was examined in CXCR5+Tfh and CXCR5-Th cells by flow cytometry. (B, D), representative image. (C, E),
multiple comparison results (n=7). (C, E) paired t-test. ***p<0.001.
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TIGIT+ Tfh2 cells was increased in patients with IgG4-RD,
correlating with disease activity. These findings suggest that OX40
is associated with high IL-21 production in TIGIT+ Tfh cells and
the increase of TIGIT+ Tfh cells reflects disease activity in IgG4-RD.

TIGIT positivity was associated with high production of IL-21 in
peripheral Tfh cells, whereas TIGIT negativity was linked to high
production of IL-21 in peripheral Th cells. The biological
Frontiers in Immunology | www.frontiersin.org 10
significance that there is a positive correlation of IL-21 production
in Tfh but not Th cells might be derived from OX40 but not Tph
cells. In fact, the proportion of Tph in TIGIT- Th cells was lower
than in TIGIT+ Th cells, whereas both TIGIT+ Tfh and TIGIT- Th
cells showed high expression ofOX40. Furthermore, we showed that
OX40 signal was associated with high IL-21 expression. Thus, we
believe that OX40 signal contributes to high IL-21 production in
A B

C D E

F G

H I J

FIGURE 7 | The increase of TIGIT + Tfh cells in IgG4-RD. The proportion of TIGIT+ CD4+ T cells (A), TIGIT+ Tfh cells (B, C), TIGIT- Th cells (D), the ratio of TIGIT+

Tfh to TIGIT- Th cells (E), and the ratio of TIGIT+ Tfh to CD4+ T cells (F) were examined in blood from patients with untreated, active IgG4-RD (n=23) or healthy
individuals (n=21). The proportion of TIGIT+ Tfh1 (H), TIGIT+ Tfh2 (G, I), and TIGIT+ Tfh17 (J) cells was analyzed and compared. (A, C–F, H–J) unpaired t test.
****p<0.0001, **p<0.01, ns p>0.05.
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TIGIT+ Tfh and TIGIT- Th cells. Immune checkpoint and co-
stimulatory signals play a critical role in regulating immune
responses in the context of autoimmunity and cancer (49).
Considering the role of TIGIT as a co-inhibitory receptor and the
excessive formation of IL-21-induced tertiary lymphoid organs in
the disease lesions of autoimmune diseases (50), targeting TIGIT
Frontiers in Immunology | www.frontiersin.org 11
might represent a novel therapeutic approach to the restraint of
aberrant Tfh responses (51). Our study also suggests that blocking
OX40 signal might also be an attractive therapeutic target.

Among the four distinct clinical phenotypes reported recently, we
found that group 4 exhibited higher proportions of peripheral
TIGIT+ Tfh cells than group 3, along with higher disease activity.
A

B

C

D

FIGURE 8 | The association of proportion of TIGIT+Tfh cells with disease activity and history of atopy of IgG4-RD. Correlation of IL-21 production in Tfh with disease
activity was examined in 3 patients with untreated, active IgG4-RD (A). Correlation of TIGIT+ Tfh, TIGIT+ Tfh1, TIGIT+ Tfh2, and TIGIT- Th with clinical parameters in
23 patients with active, untreated IgG4-RD are shown as heat maps (B). The proportion of TIGIT+ Tfh, TIGIT+ Tfh1, TIGIT+ Tfh2, and TIGIT- Th was compared
between patients with an atopic history and those without (C). The proportion of TIGIT+ Tfh, TIGIT+ Tfh1, TIGIT+ Tfh2, and TIGIT- Th are shown based on each
clinical phenotype (groups 1-4). Statistical comparison was performed on groups 3 and 4 (D). (B) Spearman’s correlation coefficient. (C, D) unpaired t test.
***p<0.0001, ***p<0.001, **p<0.01, *p<0.05, ns p>0.05.
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Thus, we assume that IL-21-producing cells are associated with
disease activity and the pathogenesis of IgG4-RD. The low number
of patients in groups 1 (Pancreato-Hepato-Biliary disease; n=1) and
group 2 (Retroperitoneal Fibrosis and/or Aortitis; n=2) were
insufficient to support statistical analysis. Nevertheless, we did
make the interesting observation that both patients in group 2 had
extremely high levels of TIGIT+Tfh2 cells (68% and 71%) compared
to healthy individuals (41%). The patient comprising group 1 had
lower levels of TIGIT+ Tfh2 cells (30%) than healthy individuals.
Accordingly, differential dysregulation of peripheral Tfh subsets
responses might correlate with the different clinical phenotypes
observed. Further studies are needed to support this idea.

Our present study has the limitation. We did not show the
localization of TIGIT+ Tfh cells in the lesions of patients with IgG4-
RD. Recent studies reported that Tfh and Tfh2 cells are infiltrated in
the affected tissues of IgG4-RD (6, 9, 14). The co-localization of Tfh
cells with B cells within ectopic germinal centers at the lesions of
IgG4-RD was found (52). Furthermore, Maehara et al. reported that
the infiltration of IL-4-producing Tfh cells presented outside of the
ectopic germinal centers at lesions of IgG4-RD (10), while IL-21-
Frontiers in Immunology | www.frontiersin.org 12
producing Tfh cells presented inside of the ectopic germinal centers
(20), indicating that IL-21-producing TIGIT+ Tfh cells may localize
inside the ectopic germinal centers interacting with B cells.

In conclusion, OX40 is associated with high IL-21-producing
peripheral TIGIT+Tfh-cell populations, and the increase in TIGIT
+Tfh cells reflects disease activity in IgG4-RD.Ourfindings suggest
that TIGIT may be a useful marker for detecting IL-21-producing
Tfh cells and a potential therapeutic target.
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