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ABSTRACT
Objective  Recently, a new subtype of granzyme B (GrB)-
producing Breg cells has been identified, which was 
proven to be involved in autoimmune disease. Our recent 
report demonstrated that GrB-producing Breg cells were 
correlated with clinical and immunological features of SLE. 
However, the effect of GrB-producing Breg cells in lupus 
mice is unclear.
Methods  GrB expression in naïve and lupus mouse B 
cells was analysed using flow cytometry, PCR, ELISA and 
ELISpot assays. To study the role of GrB-producing B cells 
in a lupus model, GrB knockout (KO) and wild-type (WT) 
mice were intraperitoneally injected with monoclonal cells 
from the mutant mouse strain B6.C-H-2bm12 (bm12) for 
2 weeks. In addition, the function of GrB-producing Breg 
cells in naïve and lupus mice was further explored using in 
vitro B cells-CD4+CD25− T cell co-culture assays with GrB 
blockade/KO of B cells.
Results  B cells from the spleens of WT C57BL/6 
(B6) mice could express and secret GrB (p<0.001). 
GrB-producing Breg cells from WT mice showed their 
regulatory functions on CD4+CD25− T cell. While the 
frequency of GrB-producing Breg cells was significantly 
decreased (p=0.001) in lupus mice (p<0.001). Moreover, 
GrB-producing Breg cells in lupus mice failed to suppress 
T cell-mediated proinflammatory responses, partially 
due to the impaired capacity of downregulating the T 
cell receptor-zeta chain and inducing CD4+CD25− T cell 
apoptosis.
Conclusion  This study further revealed the function and 
mechanism of GrB-producing Breg cells in regulating T cell 
homeostasis in lupus mice and highlighted GrB-producing 
Breg cells as a therapeutic target in SLE.

BACKGROUND
SLE is a multisystem autoimmune disease 
characterised by T cell and B cell dysfunction, 
production of multiple autoantibodies and 
end-organ damage.1 2 Although the aetiology 
and pathogenesis of SLE remain unclear, the 
abnormalities in B cells appear to play pivotal 
roles in the pathogenesis of SLE.3 4

B cell dysregulation plays a crucial role 
in SLE because of the ability of B cells to 

produce autoantibodies, secrete proinflam-
matory cytokines and present antigens to 
regulate immune responses.5 6 In healthy 
individuals, with the capacity to induce T cell 
activation and trigger humoral responses, 
B cells are generally considered effectors of 
the immune system.7 The recent discovery of 
regulatory B cells (Bregs) has provided new 
insights into the role of B cells in immune 
responses beyond antibody production.8 
Various types of human and murine Bregs 
have been reported to suppress inflamma-
tory responses in infections, autoimmune 
diseases, allergies, transplantation and 
cancer.9–12 The key suppressive molecules that 
exert their regulatory functions include the 
cytokines interleukin (IL)-10, transforming 
growth factor (TGF)-β and IL-35, as well as 
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cell membrane-bound molecules, such as the aryl hydro-
carbon receptor, programmed death-ligand 1, CD73 and 
CD39.13 14 The phenotypic features of human Bregs have 
traditionally been identified as a CD19+CD24highCD38high 
B cell population;15 however, a unified phenotypic defini-
tion is still lacking. Bregs are characterised by the release 
of IL-10, and the capacity of CD19+ B cells to release IL-10 
is significantly reduced in patients with SLE, especially in 
those with lupus nephritis.16

Recently, a newly discovered B cell subset secreting 
granzyme B (GrB) was identified as suppressive B 
cells, which are involved in several diseases, like infec-
tions,17 B cell chronic lymphocytic leukemia,18 autoim-
mune diseases,19 20 renal and liver dysfunction21 22 and 
cancer.23 24 GrB is a member of the serine protease family 
and is traditionally known to be produced by natural killer 
cells (NKs) and cytotoxic T cells (CTLs) to induce apop-
tosis in target cells.25 However, an increasing number of 
studies have demonstrated that the production of GrB by 
B cells is not accompanied by perforin, as is the case with 
many other GrB-producing cells, suggesting that GrB may 
have extracellular activity.26 27 In 2006, Jahrsdörfer et al18 
first discovered that B cells were capable of producing 
GrB and acquiring cytotoxic potential in the presence 
of IL-21. Since then, several studies have shown that GrB 
expressed by regulatory T cells (Tregs) or plasmacytoid 
dendritic cells (pDCs) can mediate perforin-independent 
degradation of the T cell receptor (TCR)-zeta chain, 
resulting in immunosuppressive effects on effector T 
cells.28–30 Lindner et al23 reported that GrB-producing 
Breg cells limit the proliferation of T cells by promoting 
the degradation of the TCR-zeta chain in a perforin-
independent manner. Following these studies, our group 
observed that GrB-producing Breg cells were capable of 
inhibiting CD4+ T cell proliferation through mechanisms 
involving GrB-mediated TCR-zeta chain degradation and 
T cell apoptosis.19 20

In addition, GrB-producing Breg cells have been 
reported to increase in individuals vaccinated against 
viral diseases, implying an immunoregulatory poten-
tial in antiviral immune responses.31 Numerous studies 
have proposed a role for GrB-producing Breg cells in 
controlling inflammatory processes because alterations in 
these B cell subsets have been described in immune-related 
diseases. For instance, patients requiring renal trans-
plantation show a diminished fraction of GrB-producing 
Breg cells, which may play a dual role in maintaining 
allospecific tolerance and enhancing viral control.21 32 
GrB-producing Breg cells can also prevent effector T cell 
proliferation in rejection-tolerant patients.33 Zhu et al34 
showed that the combination of interferon (IFN)-γ+CD4+ 
T cells and GrB+CD19+ B cells could be used as a potential 
prognostic marker for acute rejection in liver transplant 
recipients. Likewise, functional impairments in GrB-
producing Breg cells have also been found in patients 
with rheumatoid arthritis (RA) and SLE, which can be 
reversed after clinical remission.19 20 Rabani et al35 also 
found a reduced proportion of GrB-producing Breg cells 

in patients with SLE, which may promote the develop-
ment of lupus nephritis. Nevertheless, the exact patho-
genesis and potential role of GrB-producing Breg cells in 
lupus mice remain to be elucidated.

In the present study, we confirmed the presence of GrB-
producing Breg cells and revealed their regulatory func-
tions in mice. GrB-producing Breg cells are insufficient 
and functionally impaired in lupus mice, and provide 
new insights into the role of B cells in lupus pathogenesis.

MATERIALS AND METHODS
Laboratory mice
Old female C57BL/6J mice (B6) aged 6–8 weeks, GrB 
knockout (KO) mice with a B6 background and male 
I-Abm12B6(C)-H2-Ab1bm12/KhEgJ (bm12) mice aged 
8–10 weeks were obtained from Jackson Laboratory (Bar 
Harbor, Maine, USA). All mice were bred and housed 
in a specific pathogen-free (SPF) environment under 
controlled conditions (12 hours light/dark cycle, 22°C 
ambient temperature, 40% humidity).

Animal model
The lupus mouse model was established as described 
elsewhere.36 Briefly, splenocytes from bm12 mice were 
obtained as a single cell suspension and then injected 
intraperitoneally to B6 mice with 200 μL splenocytes per 
mouse on day 0. Serum was collected on day 14, the mice 
were euthanised and samples were collected for further 
analyses.

Antibodies and reagents
Mouse GrB Antibody (Cat# AF1865), Normal Goat IgG 
Control (Cat# AB-108-C) and the Mouse GrB ELISpot 
Development Module (Cat# SEL1865) were purchased 
from R&D Systems (Minneapolis, Minnesota, USA). 
Mouse ANA IgG Antibody Assay Kit (Cat# FA1510-1) was 
purchased from Oumeng (Beijing, China). The Mouse 
Anti-double-stranded DNA (anti-dsDNA) IgG Antibody 
Assay Kit (Cat# 3031) was purchased from Chondrex 
(Redmond, Washington, USA). Recombinant Murine 
IL-21 (Cat# 210-21-10) was purchased from PerproTech 
(Rocky Hill, Connecticut, USA). F(ab′)2-goat antimouse 
IgM (Cat# 16-5092-85), PE antimouse GrB (Cat# 61-8898-
82), PerCP/Cyanine5.5 antimouse CD3ε (Cat# 45-0031-
82) were purchased from eBioscience (San Diego, Cali-
fornia, USA). purified antimouse CD3ε (Cat# 100340), 
purified antimouse CD28 (Cat# 102116), APC/Fire 750 
antimouse CD4 (Cat# 100460), PerCP/Cyanine5.5 anti-
mouse CD19 (Cat# 115534), FITC antimouse CD19 (Cat# 
115506), Pacific Blue antimouse CD49b (Cat# 108918), 
PE/Cy7 antimouse CD25 (Cat# 101916), PerCP/
Cyanine5.5 antimouse IFN-γ (Cat# 505822), PE anti-
mouse IL-17A (Cat# 506904), APC Annexin V Apoptosis 
Detection Kit with 7-aminoactinomycin D (7-AAD) (Cat# 
640930) were purchased from BioLegend (San Diego, 
California, USA). Phorbol 12-myristate 13-acetate (PMA), 
brefeldin A (BFA) and ionomycin were purchased from 
Multisciences (Hangzhou, China). RPMI 1640 medium, 
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1% penicillin/streptomycin and fetal bovine serum were 
purchased from Invitrogen (Carlsbad, California, USA).

Determination of ANA and double-stranded DNA antibodies
Serum was obtained from lupus and naïve mice after 
2 weeks, as described above. The concentrations of ANA 
IgG and anti-dsDNA antibodies were measured using the 
corresponding ELISA kits according to the manufactur-
er’s protocols.

Flow cytometry
For intracellular staining, cells were incubated with PMA 
(50 ng/mL), BFA (10 μg/mL) and ionomycin (1 μg/mL) 
for 5 hours, and then surface-stained, fixed, permeabilised 
and intracellularly stained according to the manufactur-
er’s instructions. For the expression of GrB on CD19+ B 
cells, cells were stained with anti-CD19, anti-CD3ε, anti-
CD49b. Apoptotic cells were detected by staining with 
7-AAD and APC Annexin V according to the manufac-
turer’s instructions. The corresponding negative/posi-
tive isotype staining was performed. The cells were then 
analysed using FACS Arial II, and the results were further 
analysed using FlowJo 10 data analysis software.

CD19+ B, CD4+CD25− T and CD8a+ T cells were isolated 
from mouse spleen single-cell suspensions, and the gating 
strategies are presented in online supplemental figure S1. 
The purity used for the experiments was 95%–99%. The 
gating strategies for the T helper (Th)1, Th2 and TCR-
zeta chains are presented in online supplemental figure 
S2.

qPCR analysis of GrB expression
The expression of GrB mRNA in CD19+ B cells from 
lupus mice and controls was analysed using real-time 
quantitative PCR (qPCR) according to the manufactur-
er’s instructions. The sequences of the primers used in 
this study were as follows: the forward β-actin primer was 
5′-​CCACTCTCGACCCTACATGG-3′, the reverse β-actin 
primer was 5′- ​GGCC​CCCA​AAGT​GACA​TTTATT-3′, the 
forward GrB primer was 5′-​TGACAGGATGCAGAAG-
GAGA-3′, the reverse GrB primer was 5′-​GAGG​CATG​
CCAT​TGTT​TCGTC-3′.

ELISpot assay
GrB ELISpot assays were performed according to the 
manufacturer’s protocol.

In vitro cell culture
CD19+ B cells and CD4+CD25− T cell spleens of mice 
were isolated using flow cytometry. The purity used in 
the experiments was 95%–99%. Then 5×106 CD19+ B cells 
were cocultured with 1×106 CD4+CD25− T cells (5:1) in 
the presence of plate-bound anti-CD3ε (1 μg/mL), and 
with anti-CD28 (1 μg/mL), anti-GrB antibody (5 µg/mL) 
or isotype antibody (5 µg/mL), IL-21 (50 ng/mL), CPG 
(10 μg/mL), IgM (10 μg/mL) for 72 hours. Cells were 
harvested for flow cytometry as previously described.

Statistical analysis
Statistical analysis was performed using the statistical soft-
ware program SPSS V.24.0 (SPSS, Chicago, Illinois, USA). 
Differences between various groups were evaluated using 
Student’s t-test and the non-parametric Mann-Whitney 
U test. P value <0.05 was considered statistically signifi-
cant (*p<0.05, **p<0.01, ***p<0.001, and not significant 
(ns)).

RESULTS
Production of GrB by B cells in mice spleen
First, to determine whether spleen B cells of B6 mice 
could produce GrB, single-cell suspensions were isolated 
from the spleens of B6 mice (n=10) for further staining 
with anti-CD19, anti-CD3, anti-CD49b and anti-GrB and 
then detected by flow cytometry. The results showed the 
spleen B cells of B6 mice (CD3−CD49b−CD19+) were able 
to produce GrB (figure 1A). To confirm our findings, we 
verified the mRNA expression of GrB in purified B cells 
using PCR (figure 1B). We then performed a GrB-specific 
ELISpot analysis to investigate whether B cells secrete 
GrB. Compared with CD8a+ T cells, CD19+ B cells in B6 
mice also secreted GrB (p<0.001) (figure 1C).

Mouse GrB-producing Breg cells exerted immunosuppressive 
functions against CD4+CD25− effector T cells
To functionally evaluate the role of GrB-producing B cells, 
CD4+CD25− T cells and CD19+ B cells from the spleens 
of B6 mice were cocultured for 72 hours with anti-GrB 
antibody or isotype control antibody, and the frequencies 
of Th1 and Th17 cells were detected by flow cytometry. 
The proportion of Th1 and Th17 cells was significantly 
elevated in the presence of anti-GrB antibody (p<0.001, 
p<0.001) (figure 2A,B).

Then, GrB KO mice were used to further verify the results, 
CD19+ B cells from the spleen of B6 mice (GrB+ B) or GrB 
KO mice (GrB− B) were cocultured with CD4+CD25− T cells 
from B6 mice for 72 hours, the frequencies of Th1 and 
Th17 cells were detected by flow cytometry. The results also 
demonstrated that the frequencies of Th1 and Th17 cells 
were significantly increased in the presence of GrB+ B cells 
(p<0.001, p<0.001) (figure  2C,D). These results indicated 
that GrB-producing B cells possess potential negative immu-
noregulatory functions and that the new B cell subset may be 
termed GrB-producing Breg cells.

Mouse GrB-producing Breg cells induced CD4+CD25− T cell 
apoptosis and promoted TCR-zeta chain degradation
To further explore the possible regulatory role of GrB-
producing Breg cells, CD4+CD25− T cells and CD19+ B cells 
from the spleens of B6 mice were cocultured for 72 hours 
in the presence of anti-GrB antibody or isotype control anti-
body, and the expression of apoptotic T cells and TCR-zeta+ 
T cells was detected by flow cytometry. We found that the 
frequency of apoptotic T cells was significantly decreased 
when GrB was blocked (p<0.001) (figure 3A). Moreover, the 
TCR-zeta chain expression was upregulated when GrB was 
neutralised (p=0.004) (figure 3B).

https://dx.doi.org/10.1136/lupus-2023-000974
https://dx.doi.org/10.1136/lupus-2023-000974
https://dx.doi.org/10.1136/lupus-2023-000974
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To further verify the above results, B cells isolated 
from the spleens of B6 mice (GrB+ B cells) or GrB 
KO mice (GrB− B cells) were separately cocultured 
with CD4+CD25− T cells from the spleens of B6 mice 
for 72 hours, and the frequencies of apoptotic T cells 
and TCR-zeta+ T cells were detected by flow cytom-
etry. The percentage of apoptotic T cells was signifi-
cantly increased in the presence of GrB+ Breg cells 
(p<0.001) (figure  3C). TCR-zeta chain expression 
was downregulated in the presence of GrB+ B cells 
(p<0.001) (figure  3D). These results indicated that 
GrB-producing Breg cells play an immunomodula-
tory role by promoting T cell apoptosis and TCR-zeta 
chain degradation.

Reduced frequencies of GrB-producing Breg cells in lupus 
mice
To examine the production of GrB-producing 
Breg cells in lupus mice, wild-type mice were 

intraperitoneally injected with monoclonal cells 
from the bm12 mice. Representative anti-ANAs 
staining and ELISA analysis of anti-dsDNA in the 
serum of mice are shown in figure 4A,B. The produc-
tion of anti-ANAs (p<0.001) (figure  4A) and anti-
dsDNA IgG (p=0.002) (figure  4B) were markedly 
increased in bm12-induced lupus mice. To deter-
mine the expression of GrB-producing Breg cells 
in lupus mice, the frequencies of GrB-producing 
Breg cells in lupus (n=10) and naïve mice (n=10) 
were analysed using flow cytometry. Interestingly, 
compared with naïve mice, the number of GrB-
producing Breg cells was significantly decreased 
in lupus mice (p=0.001) (figure 4C). Furthermore, 
PCR, qPCR (p=0.037) and mice-specific ELISpot 
assays (p<0.001) were performed, and reduced GrB-
producing Breg cells in lupus mice were confirmed 
(figure 4D–F).

Figure 1  B cells from the mice spleen produced granzyme B (GrB) spontaneously. (A) Spleen single-cell suspensions 
were isolated from B6 mice and incubated with brefeldin A (BFA) (10 µg/mL), ionomycin (1 µg/mL) and phorbol 12-myristate 
13-acetate (PMA) (50 ng/mL) for 5 hours. The expression of GrB in CD19+ B cells was detected by staining with anti-CD19, anti-
CD3ε, anti-CD49b and anti-GrB. FACS gating strategy for identifying the expression of GrB on CD19+ B cells was shown. (B) 
Flow cytometry-sorted CD19+ B cells (1×106) from the spleen of B6 mice were set to detect the mRNA expression of GrB by 
PCR. (C) Freshly purified CD19+ B cells (2 × 105; middle) from B6 spleen were cultured with CpG (10 µg/mL) stimulation on mice 
GrB-specific ELISpot plates for 24 hours. Medium (left) and CD8a+ T cells (right) were used as blank control and positive control, 
respectively. Dots were counted and the representative of independent data from five different B6 mice was shown (p<0.001). 
***p<0.001 (Student’s t-test C).
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The impaired immunosuppressive capacity of GrB-producing 
Breg cells in lupus mice
Finally, we analysed the suppressive function of GrB-
producing Breg cells in lupus mice. CD19+ B cells and 
CD4+CD25− T cells were purified from the spleens 
of lupus mice and cocultured with or without GrB 
blockade. The results showed no significant effects on 

the expression of Th1 and Th17 cells (figure  5A,B). 
Furthermore, the inhibition rates of GrB-producing 
Breg cells in both lupus and naïve mice further 
confirmed their impaired suppressive functions 
(p<0.001, 0.001) (figure 5C,D). These results indicated 
an impaired suppressive capacity of GrB-producing 
Breg cells in lupus mice.

Figure 2  Granzyme B (GrB)-producing B cells demonstrated immunosuppressive functions against CD4+ T cells in mice. 
Spleen CD19+ B cells (5×106) and CD4+CD25− T cells (1×106) from B6 mice (n=9) were cocultured with anti-CD3ε (1 μg/mL, 4°C 
overnight), anti-CD28 (1 μg/mL), CPG (10 μg/mL), IgM (1 μg/mL), recombinant human interleukin (IL)-21 (rhIL-21, 50 ng/mL) in 
the presence of anti-GrB (5 μg/mL) or isotype control (5 μg/mL) for 72 hours. The proportion of T helper (Th)1 (p<0.001) (A) and 
Th17 cells (p<0.001) (B) increases significantly in the presence of anti-GrB. CD19+ B cells (5×106) from B6 mice (GrB+ regulatory 
B cells (Bregs)) or GrB knockout (KO) mice (GrB- Breg) and CD4+CD25− T cells (1×106) from B6 mice (n=9) were cocultured with 
anti-CD3ε (1 μg/mL, 4°C overnight), anti-CD28 (1 μg/mL), CPG (10 μg/mL), IgM (1 μg/mL), rhIL-21 (50 ng/mL) for 72 hours. The 
frequencies of Th1 (p<0.001) (C) and Th17 (p<0.001) (D) were significantly higher in the presence of GrB- Breg cells than GrB+ 
Breg cells. ***p<0.001 (Student’s t-test A–D). IFN, interferon.
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DISCUSSION
In this study, we further demonstrated that mouse B 
cells could produce GrB, and these GrB-producing Breg 
cells negatively regulate Th1 and Th17 cell responses 
by inducing T cell apoptosis and downregulating the 

TCR-zeta chain. In lupus mice, GrB-producing Breg cells 
are significantly reduced and functionally impaired.

GrB is a member of the serine protease family which 
mediates target cell apoptosis via perforin-mediated 
membrane rupture after entry into the cytoplasm.37 

Figure 3  Granzyme B (GrB)-producing Breg cells induced CD4+ T cell apoptosis and downregulated the expression of the T 
cell receptor (TCR)-zeta chain. Spleen CD19+ B cells (5×106) and CD4+CD25− T cells (1×106) from B6 mice (n=9) were cocultured 
in the presence of anti-GrB antibody (5 μg/mL) or isotype control (5 μg/mL) for 72 hours. The frequencies of apoptotic 
(7-aminoactinomycin D (7-AAD)+Annexin V+) T cells (p<0.001) (A) and TCR-zeta+ T cells (p=0.004) (B) were detected by flow 
cytometry and the representative dots (left) as well as the statistical results (right) were shown in the presence of anti-GrB. 
CD19+ B cells (5×106) from B6 (GrB+ regulatory B cells (Bregs)) or GrB knockout (KO) mice (GrB- Breg) and CD4+CD25− T cells 
(1×106) from B6 mice (n=9) were cocultured for 72 hours. The frequencies of apoptotic T cells (p<0.001) (C) and TCR-zeta+ T 
cells (p<0.001) (D) were detected by flow cytometry and the representative dots (left) as well as the statistical results (right) were 
shown in the presence of GrB- Breg cells than GrB+ Breg cells. **p<0.01, ***p<0.001 (Student’s t-test A–D).
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Although GrB has been widely described as a part of the 
cytotoxic machinery of activated NT cells and CTL, Jahrs-
dörfer et al18 demonstrated that human B cells can secrete 
GrB and possess cytotoxic potential. Hagn et al38 found 
that peripheral blood B cells from RA, SLE, psoriasis, 
healthy individuals and cord blood could express and 
secrete GrB. GrB-producing Breg cells are significantly 
increased in patients with primary Sjögren’s syndrome 
and inflammatory bowel disease and are negatively 
correlated with disease activity.39 40 Our previous study 
also found functional impairments in GrB-producing 
Breg cells in patients with RA and SLE, which could be 
reversed after clinical remission.19 20 This study showed 
that GrB-producing Breg cells displayed potent regulatory 
properties and impaired GrB-producing Breg cells were 
present in lupus mice. However, no significant difference 
was noted in the incidence of lupus between the B6 and 
GrB KO mice (data not shown). Considering that GrB is 
produced in a complex environment, it plays a cytotoxic 
role on CTL and NK cells. However, the detailed mech-
anisms of GrB-producing Breg cells need to be studied 
further.

B cell subsets with immunosuppressive properties 
play critical roles in infection, inflammation, autoimmu-
nity, transplantation and physiological conditions.10 12 15 
Several studies have shown that different Breg subsets 
exert their inhibitory effects by secreting corresponding 
cytokines, such as IL-10, IL-35 and TGF-β.14 In addition 
to the broadly described Bregs, GrB-producing Breg cells 
are new Breg subsets with potent regulatory properties.41 
Other regulatory cell populations that express GrB, such 
as Tregs and pDCs, exert immunosuppressive functions 
possibly mediated by a perforin-independent pathway by 
inducing TCR-zeta chain degradation.28 30 Following these 
studies, Lindner et al23 demonstrated that GrB-producing 
Breg cells may also limit T cell proliferation by inducing 
degradation of the TCR-zeta chain. Our previous studies 
suggest that GrB-producing Breg cells can inhibit CD4+ 
T cell proliferation through mechanisms involving GrB-
mediated TCR-zeta chain degradation and T cell apop-
tosis,19 20 which was also clarified in B6 mice in this study.

To understand the role of GrB-producing Breg cells, we 
measured their expression in mice. Previously, Hagn et al42 
found that the expression of GrB in C57BL/6, BALB/c, 

Figure 4  Reduced granzyme B (GrB)-producing Breg cells in lupus mice. Bm12 mice spleen lymphocytes (1.2×108 cells) 
were injected intravenously into indicated animals (aged 6–8 weeks). Representative anti-ANAs (p<0.001) (A) staining and 
ELISA analysis of anti-double-stranded DNA (anti-dsDNA) (p=0.002) (B) of serum from mice described in A–B at 14 days. 
(C) The frequencies of GrB-producing Breg cells were assayed by flow cytometry in lupus (n=10), and naïve mice (n=10), the 
representative dots (left) and statistical results were shown (right) (p=0.001). Purified CD19+ B cells from lupus (n=5) and naïve 
mice (n=5) were subjected to detection of mRNA expression of GrB by PCR (left) (D) and quantitative PCR (right) (p=0.037) 
(E). CD19+ B cells (2.5×105 cells/well) from lupus (n=5) and naïve mice (n=5) were cultured with CpG stimulation (10 µg/mL) on 
specific mice GrB ELISpot plates for 24 hours. The representative figures (left) and statistical results (right) were shown (p<0.001) 
(F). *p<0.05, **p<0.01, ***p<0.001 (Student’s t-test C, E, F and Mann-Whitney U test A, B).
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DBA/2 and CBA mouse B cells was lacking, whereas our 
results suggest that B6 mice could express small amounts 
of GrB-producing Breg cells. Although the proportion of 
these B cell subsets is low, GrB-producing Breg cells may 
also play a pivotal role in mice, given the overwhelming 
proportion of B cells in the spleens of B6 mice.

Unfortunately, only intracellular staining can be used 
to identify GrB-producing Breg cells using flow cytometry 
and there are no reliable surface markers, limiting the 
study of this B cell subset. In 2003, Lindner et al23 firstly 
identified cell surface biomarkers of GrB-producing Breg 
cells as CD19+CD38+CD1d+IgM+CD147+. Several studies 
have proposed that cell surface markers may also include 
CD19+IgG+IgD−CD27−,43 CD38+CD20−,44 CD5+CD38+C-
D27+CD138+CD19+45 or CD138+CD27+CD5+CD38+IgD−.32 
Nevertheless, the unique surface markers of GrB-
producing Breg cells remain controversial, and further 
studies are required to identify these surface markers.

Furthermore, our previous studies have shown reduced 
expression of GrB-producing Breg cells in patients with 
SLE and RA,19 20 and we had found a decreased propor-
tion of GrB-producing Breg cells in lupus mice compared 
with that in naïve mice. This study demonstrated that 
GrB-producing Breg cells can negatively regulate CD4+ 
T cell proliferation, partly by inducing T cell apoptosis 
and downregulating the TCR-zeta chain. Thus, it is 
intriguing to hypothesise that GrB-producing Breg cells 
have an apparent inhibitory effect on T cell proliferation 
in SLE. Nevertheless, the detailed signalling mechanisms 

of GrB-producing Breg cells in SLE require further 
elucidation.

In summary, this is the first study to demonstrate that 
mouse B cells express GrB and exert immunosuppres-
sive functions. The results revealed that the frequency of 
GrB-producing Breg cells decreased dramatically in lupus 
mice. Notably, these cells could inhibit CD4+CD25− T 
cell inflammatory responses by reducing TCR-zeta chain 
expression and inducing T cell apoptosis, whereas the 
regulatory function of these cells on T cells is impaired in 
lupus mice. Thus, we demonstrated that the impairment 
of GrB-producing Breg cells may be related to the patho-
genesis of lupus in mice and provide a new therapeutic 
target for the treatment of SLE. However, the detailed 
mechanisms of these cells need to be further studied.
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Figure 5  Granzyme B (GrB)-producing regulatory B cells failed to suppress CD4+ T cell responses in lupus mice. (A, B) Spleen 
CD19+ B cells and CD4+CD25− T cells from lupus mice (n = 9) were purified and cocultured in the presence of the anti-GrB or 
isotype control. The representative dots of T helper (Th)1 (A) and Th17 (B) cells were measured by flow cytometry, and there was 
no significant difference between the anti-GrB and isotype control groups. (C, D) The inhibition rates of GrB-producing Breg 
cells against Th1 (p<0.001) (C) and Th17 (p<0.001) (D) cells both in lupus and naïve mice were calculated using the following 

formula: inhibition rates=(
‍
Th1/Th17 frequencies on anti−GrB group−Th1/Th17 frequencies on isotype group

Th1/Th17 frequencies on anti−GrB group ‍
)×100%. ***p<0.001, ns, not 

significant (Student’s t-test C, D; Mann-Whitney U test A, B). IFN, interferon; IL, interleukin.
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