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Abstract

Background: Follicular helper CD4+ T (Tfh) cells have a critical role in IgG4 production by B cells in IgG4-related
disease (IgG4-RD). Recent studies including ours showed that SLAMF7+CD4+ T cells are an important pathological
driver of IgG4-RD. In this study, we have sought to elucidate a relationship between helper CD4+ T (Th), particularly
Tfh, cells and SLAMF7+ CD4+ T cells in IgG4-RD.

Results: The patients with IgG4-RD enrolled in this study were aged 66 ± 12 years and their titers of serum IgG4 were
372 ± 336mg/dl. Th1 cells, activated circulating Tfh1 (cTfh1), and activated cTfh2 cells increased in IgG4-RD. SLAMF7 was
mainly expressed on Th1 and cTfh1, but not cTfh2, cells in the patients. SLAMF7+ cTfh1 cells were PD-1/CD28 double-
positive, whereas SLAMF7+ Th1 cells were CD28 negative. Positive correlations were noted between serum IgG4 levels
and the number of activated cTfh2 cells and SLAMF7+ cTfh1 cells, but not SLAMF7+ Th1 cells. Intriguingly, among cTfh1
cells, activated SLAMF7+ cTfh1 cells were high producers of IL-10 along with IL-21. Blimp-1, but not Bcl-6, mRNA was
expressed at high levels in activated SLAMF7+ cTfh1 cells. In addition to CD4+ T cells, the frequency of SLAMF7+ fraction
was higher in memory B cells than naïve B cells in patients with IgG4RD. Finally, upon stimulation via B-cell receptor and
CD40, Tfh1-associated cytokines, IL-21 and IFN-γ, most significantly induced SLAMF7 expression in memory B cells.

Conclusions: Together, these results suggest that circulating SLAMF7+ Tfh1 cells, along with Tfh2 cells, play a pathologic
role in IgG4 production in IgG4-RD.
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Background
IgG4-related disease (IgG4-RD) is a novel clinical entity
characterized by tumefactive lesions, lymphoplasmacytic
infiltrates consisting of CD4+ T cells and numerous
IgG4+ plasma cells, and tissue fibrosis [1, 2]. Tertiary
germinal center (GC) formation is frequently observed
in diseased tissues [3]. The underlying pathogenesis of
this disease, however, remains poorly understood.

CD4+T cell subsets are classified depending on the pat-
terns of cytokine production, namely T helper 1 (Th1), T
helper 2 (Th2), T helper 17 (Th17) and T follicular helper
(Tfh) cells. Tfh cells (CXCR5+CD4+) mainly reside in the
GC and produce IL-21 that helps the generation of mem-
ory B cells and plasma cells [4]. Of note, humans have per-
ipheral blood (PB) counterpart of Tfh cells termed
circulating Tfh (cTfh). cTfh cells can be further divided
into three subsets by additional surface markers, namely
cTfh1, cTfh2, and cTfh17 [5]. Recent studies highlight a
pathogenic role of Tfh cells in IgG4-RD [3, 6–10].

© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.

* Correspondence: hniiro@med.kyushu-u.ac.jp
4Department of Medical Education, Faculty of Medical Sciences, Kyushu
University, 3-1-1 Maidashi Higashi-ku, Fukuoka 812-8582, Japan
Full list of author information is available at the end of the article

Higashioka et al. BMC Immunology           (2020) 21:31 
https://doi.org/10.1186/s12865-020-00361-0

http://crossmark.crossref.org/dialog/?doi=10.1186/s12865-020-00361-0&domain=pdf
http://orcid.org/0000-0003-0914-9066
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:hniiro@med.kyushu-u.ac.jp


Kubo et al. showed that proportion of cTfh cells correlates
with that of plasmablasts in IgG4-RD [6]. In terms of cTfh
subsets, however, there are some discrepancies between
these studies. Akiyama et al. showed that cTfh2, but not
cTfh1, cells are critical for serum IgG4 levels in IgG4-RD [7,
8]. On the other hand, Chen et al. showed that cTfh1 as well
as cTfh2 cells in IgG4-RD efficiently promote plasma cell
differentiation [9]. Thus, a pathogenic role of each Tfh sub-
set in IgG4 production remains somewhat elusive.
SLAMF7 is a member of SLAM (Signaling Lympho-

cyte Activation Molecule) family receptors expressed on
various cells including NK cells, CD8+ T cell subsets,
and activated B cells [11–13]. Recent studies including
ours showed that SLAMF7+ CD4+ cytotoxic T cells
(CTL) are a critical pathologic driver in IgG4-RD [14,
15]. Intriguingly, B cell depletion reduces the number of
SLAMF7+ CD4+ CTLs and disease activity [14], under-
scoring the close interaction between B cells and
SLAMF7+ CD4+ CTLs.

To elucidate a relationship between Tfh cells and
SLAMF7+ CD4+ CTLs in IgG4 production by B cells in
IgG4-RD, we examined the phenotype of CD4+ T cells
and SLAMF7+ subsets using flow cytometry. Moreover,
the correlation of the number of CD4+ T cell subsets
with serum IgG4 levels as well as cytokine production of
SLAMF7+ subsets in IgG4-RD was assessed. We also ex-
amined the expression levels of SLAMF7 in naïve and
memory B cells in patients with IgG4-RD and further in-
vestigated the underlying mechanism of how SLAMF7
expression is induced in memory B cells.

Results
Th1 cells, activated cTfh1, and activated cTfh2 cells
increase in IgG4-RD
We first determined the frequency of CD4+ T cell sub-
sets including Th1, Th2, Th17, cTfh1, cTfh2, and
cTfh17 in HCs and IgG4-RD patients. The frequency of
activated fractions of Tfh cells was also determined. The

Fig. 1 Phenotype of each CD4+ T cell subset in HCs and patients with IgG4-RD. Frequency of each CD4+ T cell subset in the peripheral blood of
HCs and patients with IgG4-RD. Th cells are defined as CD3+CD4+CXCR5−, Th1 cells as CD3+CD4+CXCR5−CXCR3+CCR6−, Th2 cells as
CD3+CD4+CXCR5−CXCR3−CCR6−, Th17 cells as CD3+CD4+CXCR5−CXCR3−CCR6+, Tfh cells as CD3+CD4+CXCR5+, Tfh1 cells as
CD3+CD4+CXCR5+CXCR3+CCR6−, Tfh2 as CD3+CD4+CXCR5+CXCR3−CCR6−, Tfh17 cells as CD3+CD4+CXCR5+CXCR3−CCR6+, activated Tfh cells as
PD-1+ fraction of each Tfh subset. * indicates p < 0.05, ** indicates p < 0.01, ns: non-significant
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percentage of Th1 cells, cTfh1 cells, cTfh2 cells, acti-
vated cTfh1 cells, and activated cTfh2 cells was signifi-
cantly increased in IgG4-RD patients as compared with
that in HCs (30.4 ± 10.2% vs 16.5 ± 5.34%, p < 0.001;
5.94 ± 3.06% vs 2.67 ± 0.88%, p = 0.002; 4.41 ± 2.11% vs
2.73 ± 0.73%, p = 0.018; 4.10 ± 2.62% vs 1.70 ± 0.59%, p =
0.003; 2.16 ± 1.67% vs 0.97 ± 0.21%, p = 0.045), whereas
that of Th2, cTfh17, and activated cTfh17 cells was sig-
nificantly decreased (29.9 ± 10.4% vs 52.8 ± 12.1%, p <
0.001; 2.70 ± 1.35% vs 4.29 ± 1.83%, p = 0.02; 1.00 ±
0.71% vs 2.17 ± 1.32%, p = 0.005) (Fig. 1). These results
suggest that Th1 cells, activated cTfh1, and cTfh2 cells
are involved in the pathogenesis of IgG4-RD.

Th1 cells and cTfh1 cells express SLAMF7 in IgG4-RD
Recent studies including ours showed that SLAMF7+

CD4+ cytotoxic T cells (CTL) are a critical pathologic
driver in IgG4-RD [14, 15]. We next checked the expres-
sion of SLAMF7 on each cTfh and Th subset. As shown
in Fig. 2a, the percentage of SLAMF7+ cells in Th1 popu-
lation was significantly higher than that in Th2 and Th17
populations in IgG4-RD patients (44.0 ± 20.0% vs 8.44 ±

8.88% vs 2.99 ± 2.54%, p < 0.001). On the other hand,
among Tfh cells, SLAMF7+ cells were almost exclusively
confined to cTfh1 subsets as compared with cTfh2 and
cTfh17 subsets in IgG4-RD patients (Fig. 2b: 14.8 ± 5.75%
vs 1.38 ± 1.30% vs 1.68 ± 1.47%, p < 0.001). Notably, the
proportion of SLAMF7+ cells in Th1 and cTfh1 cells from
IgG4-RD patients was significantly higher than that from
HCs (Fig. 2c). Th2 cells also express higher levels of
SLAMF7 expression, but to a lesser extent, than Th1 cells
in IgG4-RD patients. These results suggest that SLAMF7
was mainly expressed on Th1 and cTfh1 cells in IgG4-RD
patients.

Expression of PD-1 and CD28 in SLAMF7+ fraction of Th1
and cTfh1 cells
Given that Th1 and cTfh1 cells constitute heterogeneous
populations, we determined the expression of PD-1 and
CD28 in SLAMF7+ fraction of Th1 and cTfh1 cells in
HCs and IgG4-RD patients. As shown in Fig. 3a, the fre-
quency of SLAMF7+ population was significantly higher
in PD-1+ than PD-1− Th1 cells in IgG4-RD patients
(30.8 ± 18.0% vs 12.7 ± 10.3%, p < 0.001), but this trend

Fig. 2 SLAMF7 expression in Th and Tfh subsets in patients with IgG4-RD. Comparison of the frequency of SLAMF7+ fraction of each Th subset
(a) and Tfh subset (b) in patients with IgG4-RD patients. c Comparison of the frequency of SLAMF7+ fraction of Th1, Th2 and Tfh1 subsets in HCs
and patients with IgG4-RD. **indicates p < 0.01
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was not observed between PD-1+ and PD-1− Th1 cells in
HCs (9.66 ± 10.0% vs 10.1 ± 7.35%, p = 0.67). In addition,
the frequency of SLAMF7+ population was significantly
higher in PD-1+ than PD-1− cTfh1 cells in IgG4-RD pa-
tients (14.0 ± 5.59% vs 0.81 ± 0.56%, p < 0.001), suggest-
ing that SLAMF7+ cells are enriched in activated cTfh1
subsets (Fig. 3a). Again, this trend was not obvious be-
tween PD-1+ than PD-1− cTfh1 cells in HCs (6.7 ± 2.02%
vs 3.22 ± 2.92%, p = 0.07). Although SLAMF7+ fraction
of Tfh1 and Th1 cells are both largely PD-1 positive, ex-
pression levels of PD-1 were significantly higher in
cTfh1 cells than Th1 cells in IgG4-RD patients (Fig. 3b).
Moreover, in these patients, the frequency of SLAMF7+

population was significantly higher in CD28− than
CD28+ Th1 cells (29.8 ± 19.2% vs 14.6 ± 11.6%, p = 0.01),
whereas that was significantly higher in CD28+ than
CD28− cTfh1 cells (12.0 ± 4.65 vs 0.81 ± 0.77%, p <
0.001) (Fig. 3c). On the other hand, the frequency of
SLAMF7+ population was not significantly higher in
CD28− than CD28+ Th1 in HCs (12.5 ± 9.57% vs 7.25 ±
3.76%, p = 0.36), but that was slightly higher in CD28+

than CD28− cTfh1 cells in HCs (7.36 ± 3.34% vs 2.56 ±
3.38%, p = 0.04). These results suggest that SLAMF7+

Th1 cells are CD28− Th1 cells, whereas SLAMF7+ cTfh1
cells are PD-1+CD28+ cTfh1 cells.

SLAMF7+ activated cTfh1 as well as activated Tfh2 cells
correlate with serum IgG4 levels in IgG4-RD
We determined a relationship of the number of Th1 and
Tfh subsets with serum IgG4 levels in IgG4-RD patients.

Consistent with the previous reports [7, 8], the number
of activated cTfh2 cells correlated with the titer of serum
IgG4.
(p = 0.03, r = 0.46), whereas the number of activated

cTfh1 cells and Th1 cells did not correlate with it (p =
0.07, r = 0.41; p = 0.84, r = 0.045, respectively) (Fig. 4a).
Intriguingly, however, the number of SLAMF7+ activated
cTfh1 cells correlated well with the titer of serum IgG4
(p = 0.039, r = 0.45), whereas the number of SLAMF7+

Th1 cells, PD-1− cTfh1 cells, and SLAMF7−PD-1+ Tfh1
cells did not correlate with it (p = 0.63, r = 0.11; p = 0.75,
r = 0.074; p = 0.13, r = 0.34, respectively) (Fig. 4b). To
find a possible explanation for the correlation between
IgG4 production and the number of SLAMF7+ activated
cTfh1 cells, we investigated transcript levels of IL-21 and
IL-10 in cTfh1 subsets in patients with IgG4-RD since
IL-10 as well as IL-21 plays a critical role in plasma cell
differentiation [16, 17]. As compared with non-activated
(PD-1−) cTfh1 cells, activated (PD-1+) cTfh1 cells exhib-
ited high levels of IL-21 mRNA expression irrespective
of SLAMF7 expression (Fig. 4c left panel). On the other
hand, the levels of IL-10 mRNA expression were signifi-
cantly high in the SLAMF7+ fraction of activated (PD-
1+) cTfh1 cells (Fig. 4c right panel). We also investigated
transcript levels of transcription factors in cTfh1 subsets
in patients with IgG4-RD. Consistent with a previous
study [18], cTfh cells exhibit low levels of Bcl-6 expres-
sion, which was not affected by SLAMF7 expression
(Fig. 4d left panel). On the other hand, Blimp-1 was
expressed in SLAMF7+ Tfh1 cells at high levels, which

Fig. 3 Expression levels of PD-1 and CD28 in SLAMF7+ Tfh1 and Th1 cells in patients with IgG4-RD. a Comparison of the frequency of SLAMF7+

fraction of Th1 and Tfh1 cells in HCs and patients with IgG4-RD in the absence or presence of PD-1. b Comparison of PD-1 expression levels on
Th1 and Tfh1 cells in IgG4-RD patients (shadow: isotype control, dotted line: PD-1 in SLAMF7+PD-1+Th1 cells, solid line: PD-1 in SLAMF7+PD-
1+Tfh1 cells). c Comparison of the frequency of SLAMF7+ fraction of Th1 and Tfh1 cells in HCs and patients with IgG4-RD in the absence or
presence of CD28. * indicates p < 0.05, ** indicates p < 0.01

Higashioka et al. BMC Immunology           (2020) 21:31 Page 4 of 10



may relate to IL-10 expression because the same is true in
Treg cells [19]. Intriguingly, the levels of IL-21 mRNA ex-
pression in SLAMF7+ PD-1+ cTfh1 cells were as high as
those in PD-1+ cTfh2 cells, whereas the levels of IL-10
mRNA expression were higher in SLAMF7+ PD-1+ cTfh1
cells than PD-1+ cTfh2 cells (Fig. S1). Achaete-scute
homologue 2 (Ascl2), a basic helix-loop-helix transcription
factor, plays a pivotal role in the initiation of Tfh cell devel-
opment via upregulating CXCR5 expession as well as inhi-
biting Th1, Th2, and Th17 cell differentiation [20].
Intriguingly, the levels of Ascl2 mRNA expression in
SLAMF7+PD-1+ cTfh1 cells were significantly lower than
those in SLAMF7−PD-1+ cTfh1 cells (Fig. S2A), suggesting
that Ascl2 is less involved in the function of SLAMF7+PD-
1+ cTfh1 cells. Morever, CXCR5 expression in
SLAMF7+PD-1+ cTfh1 cells was lower than that in
SLAMF7−PD-1+ cTfh1 cells (Fig. S2B). These results sug-
gest that SLAMF7+ activated cTfh1 cells have high

potential to induce IgG4 secretion by B cells possibly via
provision of IL-10 as well as IL-21.

Tfh1-associated cytokines, IL-21 and IFN-γ, enhance
SLAMF7 expression in memory B cells
Tfh cells activate antigen-specific B cells via contact help
and the action of Tfh-associated cytokines. Given that
SLAMF7 is a self-ligand and homotypic [12, 21, 22], we
hypothesized that B cells in patients with IgG4-RD also
express SLAMF7 that is involved in direct T-B interac-
tions. To test this, we investigated the expression levels
of SLAMF7 in naïve B cells, memory B cells and plasma-
blasts in patients with IgG4-RD. As shown in Fig. 5a, the
levels of SLAMF7 expression in memory B cells were
higher than those in naïve B cells, whereas almost all
plasmablasts expressed SLAMF7 (data not shown). To
further investigate the underlying mechanism of how
SLAMF7 expression is induced in memory B cells, we

Fig. 4 Correlation of SLAMF7+ activated cTfh1 cells with serum IgG4 titer and expression of IL-21 and IL-10 mRNA in Tfh1 subsets in IgG4-RD. a
Correlation of serum titers of IgG4 with the number of Th1, activated Tfh, activated Tfh1 and activated Tfh2 cells in IgG4-RD patients. b
Correlation of serum titers of IgG4 with the number of SLAMF7+ Th1, PD-1− Tfh1, SLAMF7−PD-1+ Tfh1 and SLAMF7+PD-1+ Tfh1 cells in IgG4-RD
patients. c Comparison of levels of IL-21 and IL-10 mRNA in PD-1− Tfh1 cells, SLAMF7−PD-1+ Tfh1 cells and SLAMF7+PD-1+ Tfh1 cells in the
peripheral blood of patients with IgG4-RD (n = 11). d Comparison of levels of Bcl-6 and Blimp-1 mRNA in PD-1− Tfh1 cells, SLAMF7−PD-1+ Tfh1
cells and SLAMF7+PD-1+ Tfh1 cells in patients with IgG4-RD (n = 7). * indicates p < 0.05, ** indicates p < 0.01
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tested what Th-associated cytokines are most critical for
SLAMF7 expression in memory B cells. As shown in Fig.
5b, among Th-associated cytokines, IFN-γ and IL-21 sig-
nificantly enhanced SLAMF7 expression in memory B
cells upon stimulation via BCR and CD40, whereas IL-4
did not. Taken together, these results suggest that in
addition to their cytokines for plasma cell differentiation,
SLAMF7+ activated cTfh1 cells efficiently help memory
B cells to secrete IgG4 possibly by reinforcing direct
cell-to-cell interactions via SLAMF7.

Discussion
We here demonstrate a relationship between Th subsets
and SLAMF7+CD4+ T cells, both of which were previ-
ously shown to be involved in the pathogenesis of IgG4-
RD. SLAMF7+ cells were almost exclusively observed in
the activated fraction (PD1+) of Th1 and cTfh1 cells in
patients with IgG4-RD. These SLAMF7+ cells, however,
clearly differed in CD28 expression. Moreover, the num-
ber of SLAMF7+ activated cTfh1, but not Th1, cells cor-
related with serum IgG4 levels in IgG4-RD.
Our current findings reconcile the apparent discrepan-

cies between previous studies in the role of cTfh1 cells
in IgG4 production in IgG4-RD [7–9].
Consistent with the findings by Akiyama et al. [7, 8],

the number of activated cTfh2, but not cTfh1, correlated
with serum IgG4 levels (Fig. 4a). However, SLAMF7+

fraction of activated cTfh1 cells clearly correlated with
IgG4 levels (Fig. 4b). A possible explanation for these
findings is that SLAMF7+PD-1+ cTfh1 cells express high

levels of IL-21 and IL-10 (Fig. 4c), both of which can
promote plasma cell differentiation [16, 17]. Chen et al.
showed that cTfh1 as well as cTfh2 cells in IgG4-RD ef-
ficiently promote plasma cell differentiation [9]. Our
current results, thus, extend their findings by showing
that activated SLAMF7+ cTfh1 cells play a critical role in
IgG4 levels in patients.
In general, Tfh2 are efficient B-cell helper cells, whereas

Tfh1 are non-efficient helpers [5]. Upon full activation,
however, Tfh1 cells become an efficient helper for particu-
larly memory B cells [23] and activated cTfh1 cells mainly
contribute to the generation of high-avidity Abs following
flu vaccination [24]. B cell helper functions of Tfh cells via
IL-21 expression is closely associated with the levels of
PD-1 expression [25]. We found that PD-1+ cTfh1 cells
exhibited higher levels of IL-21 mRNA expression than
PD-1− cTfh1 cells (Fig. 4c), thus suggesting a critical
marker of PD-1 levels in IL-21 production in T cells. Intri-
guingly, a recently identified PD-1hi CXCR5− T cell subset
(referred to as Tph: T peripheral helper cells) has B cell
helper functions via IL-21 production [26].
Our current hypothetical models are depicted in Fig. 6.

Given that IL-4 and IL-21 are both required for IgG4
and IgE class switch [27, 28], activated Tfh2 cells might
play a critical role in IgG4 production by naïve B cells.
On the other hand, once IgG4+ memory B cells are gen-
erated via the GC reaction, the provision of IL-21 and
IL-10 by SLAMF7+ activated Tfh1 cells might be suffi-
cient for the generation of IgG4-secreting plasma cells.
Indeed, the number of IgG4+ memory B cells is

Fig. 5 High levels of SLAMF7 expression in memory B cells in IgG4-RD and induction of SLAMF7 in memory B cells by Th-associated cytokines. a
Comparison of SLAMF7 expression levels in naïve (CD19+CD20+IgD+CD27−CD38−) and memory (CD19+CD20+CD27+CD38−) cells in IgG4-RD
patients (n = 13). b Purified memory B cells were cultured with Th-associated cytokines IFN-γ, IL-4, IL-17 and IL-21 along with anti-BCR and CD40
ligand for 72 h. Cells were harvested, then expression levels of SLAMF7 were evaluated by FACS analysis (n = 3)
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significantly increased in PB from patients with IgG4-RD
than HC [29], implying the possibility that SLAMF7+ ac-
tivated Tfh1 cells efficiently help IgG4+ memory B cells
to differentiate into IgG4-secreting plasma cells by the
mechanism mentioned above. We found that SLAMF7+

activated cTfh1 cells almost exclusively express CD28
(Fig. 3c). Given that CD28 stimulation is required for B
cell responses to T-dependent antigens [30], CD28 ex-
pression in SLAMF7+ activated cTfh1 cells could further
facilitate close interactions with IgG4+ memory B cells,
leading to IgG4 production.
The SLAM family consists of nine members and is

broadly expressed in hematopoietic cells [31]. In general,
SLAMF7 is expressed on immune cells with cytotoxic
properties such as NK cells and CD8+ T cells. SLAMF7-
expressing cells thus express cytolytic enzymes (granzymes
and perforin) and produce cytokines (TNF-α and IFN-γ)
[32]. In addition to NK cells and CD8+ T cells, recent stud-
ies including ours showed that the subpopulation of CD4+

T cells also expresses SLAMF7 and has potential to pro-
duce a variety of inflammatory molecules including IL-1β,
TGF-β, IFN-γ, granzyme, and perforin [14, 15]. We here
found that the frequency of SLAMF7+ fraction is highest in
Th1 cells among Th subsets (Fig. 2a). As shown in
SLAMF7+ CD4+ CTLs [14], SLAMF7+ Th1 cells lost CD28
expression (Fig. 3c). Intriguingly, B cell depletion leads to
decrease in the number of SLAMF7+ CD4+ CTLs in IgG4-
RD [14], suggesting that the generation of this CTL is re-
quired for the help by B or plasmablasts. It is thus likely
that in addition to IgG4 secretion, B cells exert Ab-

independent functions such as antigen presentation to-
wards T cells (Fig. 6). Indeed, this idea is well supported by
the recent genome-wide association studies (GWAS) show-
ing a significant association with HLA-DRB1 locus in pa-
tients with IgG4-RD [33].
In addition to NK and T cells, plasma cells can also

express SLAMF7. We here found that almost all plasma-
blasts are positive for SLAMF7. SLAMF7 is highly
expressed in almost all patients with multiple myeloma,
a malignant disease of plasma cells [34]. Consistent with
these findings, Blimp-1, a master transcription factor for
plasma cell differentiation, plays a pivotal role in
SLAMF7 expression [11]. In contrast to plasma cells,
there is a relative paucity of a role of SLAMF7 in B cells.
A previous study showed that CD40 stimulation en-
hances SLAMF7 expression in human B cells [35]. We
here found that SLAMF7 expression was more expressed
in memory than naïve B cells in IgG4-RD (Fig. 5a).
Moreover, Tfh1-associated cytokines IL-21 and IFN-γ
significantly enhanced SLAMF7 expression in memory B
cells stimulated via BCR and CD40 (Fig. 5b). Since
SLAM family receptors have a unique property in that
they are self-ligands and homotypic, we hypothesize that
homotypic engagement of SLAMF7 ensures close con-
tact between T and B cells (Fig. 6).
What then can SLAMF7 activate intracellular signaling

cascades to exert functions of T and B cells? The cyto-
plasmic domain of SLAM family receptors generally
contains one to four immunoreceptor tyrosine-based
switch motifs (ITSMs). Upon SLAM engagement, the

Fig. 6 The hypothetical model in this study. Activated Tfh2 cells promote IgG4 production via interacting with naïve B cells, whereas SLAMF7+

activated Tfh1 cells positive for PD-1 and CD28 do so via interacting with IgG4-memory B cells. Homotypic engagement of SLAMF7 between T
and B cells is also depicted. Tfh: follicular helper CD4+ T; SLAMF7: Signaling Lymphocyte Activation Molecule Family member 7; PD-1:
Programmed cell death 1; HLA: Human Leukocyte Antigen; BCR: B-cell receptor; TCR: T-cell receptor
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ITSM recruits its adaptor molecules SAP or EAT-2 to
propagate downstream signaling, however T and B cells
only express SAP but not EAT-2 [31]. Notably, SLAMF7
is only capable of binding EAT-2 but not SAP [36]. Al-
though previous studies showed SLAMF7 engagement
induces the proliferative response of CD8+ T cells and B
cells [31, 34], an impact of SLAMF7 interactions on the
function of T and B cells still remains to be elucidated.
Glucocorticoids are the mainstay treatment for IgG4-

RD, however their long-term use is problematic in a dis-
ease that frequently affects middle-aged to elderly indi-
viduals [37]. Hence, there are still unmet needs in the
management of this disease. Our current findings sug-
gest that circulating SLAMF7+ Tfh1 cells, along with
Tfh2 cells, play a pathologic role in IgG4 production in
IgG4-RD. Given the possibility that SLAMF7+ Tfh1 can
particularly support the differentiation of IgG4+ memory
B cells in IgG4-RD, selective depletion of this SLAMF7+

subset is of potentially interest. Further understanding of
this enigmatic entity will pave the avenue towards more
effective treatment strategies in the future.

Conclusions
This study has uncovered a relationship between helper
CD4+ T (Th), particularly Tfh, cells and SLAMF7+ CD4+

T cells in IgG4-RD. Th1 cells, activated circulating Tfh1
(cTfh1), and activated cTfh2 cells increased in IgG4-RD.
SLAMF7 was mainly expressed on Th1 and cTfh1, but
not cTfh2, cells in the patients. Positive correlations were
noted between serum IgG4 levels and the number of acti-
vated fraction of cTfh2 cells and SLAMF7+ cTfh1 cells,
but not SLAMF7+ Th1 cells. Notably, activated SLAMF7+

cTfh1 cells were high producers of IL-10 as well as IL-21
along with high levels of Blimp-1 expression.
The frequency of SLAMF7+ fraction was higher in

memory B cells than naïve B cells in IgG4-RD. Upon
stimulation, Tfh1-associated cytokines, IL-21 and IFN-γ,
most significantly induced SLAMF7 expression in mem-
ory B cells. These results suggest that circulating
SLAMF7+ Tfh1 cells, along with Tfh2 cells, play a patho-
logic role in IgG4 production in IgG4-RD. Selective de-
pletion of those populations might be more effective
treatment strategies in the future.

Methods
Patients
We studied 21 Japanese patients with IgG4-RD at the
Kyushu University hospital and 10 healthy controls
(HCs). The patients fulfilled the classification criteria for
IgG4-RD [38] and their clinical characteristics are shown
in Table S1. All samples from patients were collected
following written informed consent according to local
ethics policy guidelines and the Declaration of Helsinki.
We obtained the information from the medical records

of the patients, including demographic data, clinical
manifestations, laboratory findings and medications.

Detection of Tfh cells, Th cells and their subsets by flow
cytometry
PB mononuclear cells (PBMCs) were stained with mouse or
rabbit monoclonal antibody (mAb) against human CD3,
CD4, PD-1, CXCR3, CXCR5, CCR6, CD19, CD20, CD27,
CD38, IgD and CD319 (SLAMF7) (all from BioLegend, San
Diego, CA, USA). Circulating Tfh cells were defined as
CD3+CD4+CXCR5+ cells and Th cells (with exclusion of Tfh
cells) as CD3+CD4+CXCR5− cells [5]. Tfh1, Tfh2 and Tfh17
cells were defined as CXCR3+CCR6− cells, CXCR3−CCR6−

cells and CXCR3−CCR6+ cells among Tfh cells [5]. Th1,
Th2, and Th17 were defined as CXCR3+CCR6− cells,
CXCR3−CCR6− cells, CXCR3−CCR6+ cells among Th cells
[5]. Activated Tfh cells were defined as PD-1+ cells among
Tfh cells [5]. Naïve B cells, memory B cells and plasmablasts
were defined as CD19+CD20+IgD+CD27−CD38− cells,
CD19+CD20+CD27+CD38− cells and CD19+CD20−CD38high

cells, respectively. All samples were analysed with a FACS
Aria III (BD Biosciences), and data were analyzed with
FlowJo v.7.6.4 Software (Tree Star, Stanford University, CA,
USA).

Isolation and cell sorting of Tfh1 cell subsets and memory
B cells
CD4+ T cells and CD19+ B cells were isolated by positive
selection with CD4+ and CD19+ mAbs and a MACS mag-
netic cell sorting system (Miltenyi Biotec, Bergisch Glad-
bach, Germany). Isolated CD4+ T cells and CD19+ B cells
exhibited greater than 99.5% viability and more than 95%
purity, confirmed by flow cytometry. Tfh1 subsets and
memory B cells were further purified by flow cytometry.

Reagents
An affiniPure F (ab’) Fragment Goat Anti-Human IgA/
IgG/IgM (H + L) (anti-B-cell receptor [BCR], used at
10 μg/ml) was purchased from Jackson ImmunoResearch
(West Grove, PA, USA). Recombinant human CD40 lig-
and (used at 100 ng/ml), recombinant human cytokines
IFN-γ (used at 20 ng/ml), IL-4 (used at 20 ng/ml), IL-17
(used at 100 ng/ml) and IL-21 (used at 50 ng/ml)) were
all from R&D Systems (Minneapolis, MN, USA).

Quantitative real-time polymerase chain reaction (PCR)
Total RNA was extracted from purified each Tfh1 popula-
tion using Isogen II reagent (Nippon Gene, Tokyo, Japan).
Quantitative real-time PCR was performed in the MX3000P
Sequence Detector (Agilent technologies, Santa Clara, CA,
USA). The reactions were performed in triplicate wells in
96 well plates. TaqMan target mixes for IL21 (Hs00222327_
m1), IL10 (Hs00961622_m1), BCL6 (Hs00277037_m1),
PRDM1 (Hs00153357_m1), and ASCL2 (Hs00270888_s1)

Higashioka et al. BMC Immunology           (2020) 21:31 Page 8 of 10



were all purchased from Applied Biosystems. 18S ribosomal
RNA was separately amplified in the same plate as an in-
ternal control for variation in the amount of cDNA in PCR.
The collected data were analyzed using Sequence Detector
software (MX3000P). Data were expressed as the fold
change in gene expression relative to the expression in con-
trol cells.

Statistical analysis
Continuous variables are shown as mean ± standard
error of the mean (SEM). Multiple group comparisons
were analyzed using the Kruskal-Wallis test. The signifi-
cance of the differences was determined by Student’s T-
test or nonparametric Mann-Whitney U-test according
to distributions for comparing differences between two
groups. The correlations between two groups were ana-
lyzed using Spearman’s correlation coefficient. For all
tests, P-values less than 0.05 were considered significant.
All analyses were performed using JMP statistical soft-
ware (SAS Institute, Cary, NC).
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1186/s12865-020-00361-0.

Additional file 1: Figure S1. Expression of IL-21 and IL-10 mRNA in
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SLAMF7+PD-1+ Tfh1 cells in the peripheral blood of patients with IgG4-
RD (n = 8). (B) Comparison of surface CXCR5 expression in PD-1− Tfh1
cells, SLAMF7−PD-1+ Tfh1 cells and SLAMF7+PD-1+ Tfh1 cells in IgG4-RD
patients (shadow: isotype control; dotted line: SLAMF7+PD-1+Tfh1 cells;
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