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B1-cell-produced anti-phosphatidylserine antibodies contribute

to lupus nephritis development via TLR-mediated Syk
activation

Kongyang Ma @ '%3, Wenhan Du®*, Shiyun Wang?, Fan Xiao@®?, Jingyi Li°, Jie Tian%, Yida Xing’, Xiaodan Kong’, Ke Rui®, Rencai Qin’,
Xiaoxia Zhu®, Jing Wang®, Cainan Luo'®, Haijing Wu'", Yun Zhang'?, Chengping Wen'?, Lan He®, Dongzhou Liu®, Hejian Zou®,
Qianjin Lu™, Lijun Wu'®™ and Liwei Lu@®?*'3™

© The Author(s), under exclusive licence to CSI and USTC 2023

Autoantibodies produced by B cells play a pivotal role in the pathogenesis of systemic lupus erythematosus (SLE). However, both
the cellular source of antiphospholipid antibodies and their contributions to the development of lupus nephritis (LN) remain largely
unclear. Here, we report a pathogenic role of anti-phosphatidylserine (PS) autoantibodies in the development of LN. Elevated serum
PS-specific IgG levels were measured in model mice and SLE patients, especially in those with LN. PS-specific IgG accumulation was
found in the kidney biopsies of LN patients. Both transfer of SLE PS-specific IgG and PS immunization triggered lupus-like
glomerular immune complex deposition in recipient mice. ELISPOT analysis identified B1a cells as the main cell type that secretes
PS-specific IgG in both lupus model mice and patients. Adoptive transfer of PS-specific B1a cells accelerated the PS-specific
autoimmune response and renal damage in recipient lupus model mice, whereas depletion of Bla cells attenuated lupus
progression. In culture, PS-specific B1a cells were significantly expanded upon treatment with chromatin components, while
blockade of TLR signal cascades by DNase | digestion and inhibitory ODN 2088 or R406 treatment profoundly abrogated chromatin-
induced PS-specific IgG secretion by lupus B1a cells. Thus, our study has demonstrated that the anti-PS autoantibodies produced by
B1 cells contribute to lupus nephritis development. Our findings that blockade of the TLR/Syk signaling cascade inhibits PS-specific
B1-cell expansion provide new insights into lupus pathogenesis and may facilitate the development of novel therapeutic targets for
the treatment of LN in SLE.
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INTRODUCTION production of autoantibodies against cellular components, includ-

Systemic lupus erythematosus (SLE) is a chronic autoimmune
disease with multiple organ involvement, in which T and B cells
play a central role in driving autoimmune pathogenesis during
disease progression. Many studies, including our recent findings,
have shown that proinflammatory cytokines and effector T cells,
especially Th17 and T follicular helper cells, are critically involved
in promoting germinal center reaction, plasma cell formation and

ing nuclear antigens. Among the identified autoantibodies in
lupus patients, anti-dsDNA antibodies are the most studied for
their clinical importance in disease activity and lupus nephritis
(LN) progression in SLE patients, but increasing evidence indicates
that anti-dsDNA antibodies alone may not be sufficient to initiate
lupus nephritis development [4, 5]. Thus, it remains to be
investigated whether other autoantibodies are directly involved

autoantibody production [1-3]. A hallmark of SLE is the in renal damage during lupus development. Antiphospholipid
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antibodies have been identified in several autoimmune and
infectious diseases, such as SLE, primary antiphospholipid
syndrome, systemic sclerosis, malaria and viral infections [6-8].
The prevalence of antiphospholipid antibodies (aPL), including
autoantibodies against ,-glycoprotein | (3,GPI), cardiolipin and
prothrombin, is associated with thrombosis, pregnancy complica-
tions, and neurological disorders in SLE patients [7, 9, 10]. Recent
studies have also reported a novel endosomal lysobisphosphatidic
acid (LBPA) as an immunogenic phospholipid antigen for inducing
thrombosis and autoimmune pathology [11]. Currently, it is not
clear whether antiphospholipid antibodies contribute to the
development of LN in SLE.

As one of the most severe manifestations in SLE patients, LN is
initiated by renal immune-complex deposition and lymphocytic
infiltration [12]. In SLE patients, the levels of phosphatidylserine (PS)-
specific phospholipase A1 and anti-PS antibodies are elevated and
involved in lupus progression with multiple immunomodulatory
effects [13, 14]. However, it is unclear which B-cell subsets produce
anti-PS antibodies and whether anti-PS antibodies contribute to
tissue damage and nephropathy during SLE development.

B1 cells are divided into a major CD5% B1a subset and a minor
CD5™ B1b subset in mice [15]. Compared with conventional B2
cells, B1 cells are critically involved in antiviral response and
immune tolerance breakdown [16-19]. Several studies have
reported that B1 cells accumulate in damaged kidneys and
contribute to autoantibody production in lupus model mice
[18, 19]. Interestingly, B1 cells are found to secrete dsDNA-specific
IgG and initiate autoimmune diabetes at the early stage in 4-week-
old NOD mice [20]. Based on the major functional features of
murine B1 cells, including spontaneous IgM secretion, T-cell
activation and distinct transcriptomic profiles, human B1 cells
have been previously identified with a phenotype of
CD207CD277CD437CD70~ [21]. In particular, a small CD11b™
human B1-cell subpopulation is considerably expanded with the
potent capacity to stimulate T cells in SLE patients [22]. Although
available evidence indicates a role of B1 cells in lupus pathogen-
esis, further studies are needed to determine if autoantibodies are
produced by B1 cells and their involvement in the disease
progression of SLE patients. We have recently identified a role of
Toll-like receptor (TLR) signaling in maintaining the autoreactive
plasma cell response in SLE, indicating the involvement of TLR
signaling in controlling the functions of multiple B-cell subsets
during lupus development [23, 24]. However, it remains to be
investigated how TLR signaling regulates antibody production
through B1 cells during lupus pathogenesis.

Here, we show the positive correlations of elevated anti-PS IgG
levels with nephritis development and disease activity index in SLE
patients and lupus model mice. Injection of purified PS-specific IgG
from SLE serum samples triggered renal damage in recipient mice.
Notably, immunization with PS triggered lupus-like syndromes in
mice, indicating an important role of the PS-specific autoimmune
response. Moreover, B1 cells were identified as the main cellular
source of PS-specific IgG production in both lupus model mice and
SLE patients. Moreover, inhibition of the TLR/Syk signaling pathway
profoundly suppressed PS-specific B1-cell expansion and PS-specific
IgG production. Overall, our findings provide new insight into the
effector mechanisms of the B1-cell-mediated autoimmune response
in nephritis progression during SLE development.

METHODS

Mice and treatment

Female MRL/MpJ-Fas'p'/J (MRL/Lpr) mice, control MRL/MPJ mice, C57BL/6J
mice, and NOD Cg-Prkdc1i2rg"™""/Sz) (NSG) mice were purchased from
The Jackson Laboratory (Bar Harbor, ME, USA). All mice were maintained at
the Laboratory Animal Unit of the University of Hong Kong. All animal
experiments were approved by the Committee on the Use of Live Animals in
Teaching and Research (CULATR, No: 3392-14) at the University of Hong Kong.
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Female NSG mice were intravenously (i.v.) injected with total serum from
healthy donors (0.2 mg/mouse), SLE serum positive for PS-specific IgG
(0.2 mg/mouse) or purified PS-specific IgG antibody from SLE serum
(0.2 mg/mouse). Human autoantibody levels and human IgG deposition in
the kidney were assessed 60 days after the first injection in mice.

For PS immunization, female C57 mice were subcutaneously (s.c.
immunized with (0.2 mg) phosphatidylserine (PS) liposomes in complete
Freund'’s adjuvant (CFA, InvivoGen, San Diego, CA, USA) at day 0, and then
s.c. injected with PS liposomes in incomplete Freund's adjuvant (IFA,
InvivoGen) at days 14 and 28 to enhance the antigen-specific humoral
response. Mice immunized with phosphocholine (PC) liposomes emulsified
in adjuvants were used as controls. PS liposomes (PS:PC at 1:3) and PC
liposomes were generated as previously described [25]. For peritoneal Bla
cell depletion by hypotonic shock, we repeatedly intraperitoneally (i.p.)
injected distilled water (0.5 ml for 4- to 8-week ages and 1 ml for more than
8-week ages) in female MRL/Lpr mice [20]. Sorted and purified 1 x 10° PS-
specific B1a cells and PS-nonspecific B1a cells from the peritoneal cavities
of 24-week-old MRL/Lpr mice were then adoptively transferred into 6-
week-old MRL/Lpr recipients by tail vein injection, and serum PS-specific
IgG levels and renal damage were assessed at 4 weeks post cell transfer.
Lupus mice were immunized with chromatin prepared from apoptotic
splenocytes as previously described [24].

Human samples

All SLE patients without antiphospholipid syndrome (APS) included in the
study fulfilled the American College of Rheumatology criteria for the
classification of SLE [26]. In addition, kidney biopsy sections from lupus
nephritis patients were obtained from Queen Marry Hospital. All
experiments with human samples were approved by the Institutional
Medical Ethics Committee of Army Medical University (Reference Number:
2016-77-tmmu) and Institutional Review Board of the University of Hong
Kong/Hospital Authority Hong Kong Western Cluster (HKU/HA HKW IRB)
(Reference Number: UW 16-342). Written permission was obtained from all
subjects who participated in the study, including 18 healthy donors and 64
SLE patients. Detailed information on healthy donors, SLE patients with low
levels of PS-specific IgG antibodies and SLE patients with high levels of PS-
specific IgG antibodies, including number, sex, age and patient character-
istics, is included in Supplementary Table 1.

For serum transfer, serum samples were pooled from three active SLE
patients with high PS-specific IgG levels and used for SLE serum transfer
experiments and PS-specific IgG purification. The PS-specific IgG antibody
was purified with a BSA-PS (Cloud-Clone, China)-conjugated antibody
purification and concentration kit (Abcam, UK). A BCA protein assay
(Pierce™ BCA Protein Assay Kit, Thermo Fisher Scientific, Waltham, MA,
USA) was conducted to quantify the protein levels of purified PS-specific
IgG, healthy serum, and SLE serum.

Cell culture

Mouse CD197CD11b"CD5™ B1a cells, CD197CD11b"CD5~ B1b cells, and
CD19"CD11b~CD5™ B2 cells were purified using the B220 B-cell isolation
kit (Miltenyi Biotec, Bergisch Gladbach, Germany) and a BD FACSAria SORP
cell sorter (Becton Dickinson, >95% purity). PS-specific B1a cells were then
sorted with the PS-labeled biotin-streptavidin system. Sorted and purified
B-cell subsets were cultured in RPMI 1640 medium supplemented with
10% fetal bovine serum, 1mM sodium pyruvate, 50 uM B-ME, and
antibiotics. Chromatin components (CCs) were extracted from splenocytes
stimulated with 5 ng/ml Con A for 72 h. The CCs CpG ODN 2395 (5'-tcg tcg
ttt tcg gcg cgc gee g-3’) (InvivoGen), ODN 2088 (5'- tcc tgg cgg gga agt -3/)
(InvivoGen), negative control (5~ tcc tga gct tga agt -3’) (InvivoGen) and
the Syk inhibitor R406 (Selleck Chemicals, Houston, TX, USA) were added to
the lupus B1a cell culture system for functional analysis.

Peripheral blood was collected in clotting tubes for serum preparation and
in sodium-heparin tubes for peripheral blood mononuclear cell (PBMC)
isolation. PBMCs from SLE patients were isolated by Lymphoprep (STEMCELL
Technologies, Vancouver, BC, Canada). Human CD20"CD70 CD27 CD43~
double-negative (DN) B cells, CD207CD70~CD27"CD43~ memory B cells, or
CD20"CD70 CD27"CD43" B1 cells in SLE PBMCs were excluded using a BD
FACSAria SORP cell sorter (Becton Dickinson, San Jose, CA, USA) for the
generation of human PBMCS with B-cell subset depletion.

Flow cytometric analysis
Single-cell suspensions from the spleen and kidney and peripheral blood
samples of lupus model mice were prepared according to standard
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methods, and erythrocytes were lysed with 0.14 M NH,4Cl 20 mM Tris (pH
7.4). Murine kidney tissue was digested after perfusion with PBS, and
renal-infiltrated leukocytes were separated using Percoll (Sigma-Aldrich,
St Louis, MO, USA). For multicolor flow cytometric analysis, a Zombie Aqua
fixable viability dye (BioLegend, San Diego, CA, USA) was added to
exclude dead cells, and an Fc receptor binding inhibitor (BioLegend) was
used to block nonspecific Fc-gamma receptor (FcyR)-mediated binding of
antibodies. The single-cell suspensions were then stained with anti-CD45-
Pacific blue (20-F11), anti-CD19-FITC (6D5), anti-B220-PE (RA3-6B2), anti-
CD5-PE7 (53-7.3), anti-CD43-PE (S11), anti-CD19-PerCp-Cy5.5 (6D5), anti-
IgM-APC (RMM-1), anti-CD11b-PE (M1/70), biotin-labeled PS (Echelon
Biosciences, Inc., EBI, UT, USA), PE/Cy7-labeled streptavidin, anti-mouse
CD86-PerCp (GL-1), anti-CXCR3-PerCp/Cy5.5 (CXCR3-173), anti-mouse
CD138-APC/Cy7 (281-2) and the isotype-matched control antibody from
BioLegend (USA) for mouse samples. Intranuclear Blimp1 was stained
with anti-Blimp1-APC (5E7) with a Transcription Factor Staining Buffer Set
(eBioscience, San Diego, CA, USA) according to the manufacturer's
instructions. The phosphorylation of Syk (Cell Signaling Technology (CST),
Danvers, MA, USA, #2710) and total Syk (CST #13198) levels in Bla cells
were detected using the BD Phosflow™ Kit (BD Biosciences, San Diego, CA,
USA). PBMC single-cell suspensions were stained with the Zombie Aqua
fixable viability dye (BioLegend) to exclude dead cells and an Fc receptor
binding inhibitor (BioLegend). Then, PBMCs were stained with FITC anti-
human CD70 (113-16), PE anti-human CD43 (CD43-10G7), PerCP/Cy5.5
anti-human CD19 (HIB19), Pacific blue anti-human CD20 (2H7), and APC
anti-human CD27 (M-T271) from BioLegend. All flow cytometric data were
acquired using a BD LSR Fortessa cytometer (BD Biosciences) and
analyzed with FlowJo software (BD Biosciences).

Immunofluorescence staining

For glomerular anti-PS IgG deposition, frozen sections of kidney biopsies
were stained with biotin-PS (Echelon Biosciences Inc., Salt Lake City, Utah,
USA), Alex Fluor 488-conjugated Streptavidin (BioLegend), PE-conjugated
anti-human IgG (BioLegend, M1310G05) and APC-conjugated anti-human
IgM (BioLegend, MHM-88).

For glomerular immune complex deposition, frozen sections of kidney
tissue were stained with FITC-conjugated anti-mouse IgG (BioLegend,
Poly4060) and PE-conjugated anti-mouse IgM (BioLegend, RMM-1) over-
night at 4 °C. DNA was visualized using Hoechst (Invitrogen, Carlsbad, CA,
USA). A score on a scale of 0-3 was assigned for both IgG and IgM
deposition for quantification [24].

For renal Bla cell infiltration staining, human B1 cells in frozen kidney
biopsy sections from patients with lupus nephritis were stained with FITC-
conjugated anti-human CD20 (2H7), PE-conjugated anti-human CD43
(10G7), and APC-conjugated anti-human CD27 (0323). Mouse B1a cells in
frozen kidney sections from MRP/Lpr mice were stained with FITC-
conjugated anti-mouse CD19 (6D5), PE-conjugated anti-mouse CD5 (53-
7.3), and APC-conjugated anti-mouse CD43 (S11). All antibodies were
purchased from BiolLegend. Sections were analyzed by fluorescence
microscopy using a Zeiss LSM780 confocal microscope.

ELISA

Human serum samples (1:100 dilution) and mouse serum samples (1:200
dilution) were collected to measure the anti-dsDNA and anti-
phosphatidylserine (anti-PS) IgG levels accordingly. Briefly, 1 mg/ml BSA-
PS antigen (Cloud-Clone) or fetal calf dsDNA antigen (Sigma, US) was
coated in 96-well ELISA plates (Thermo Fisher Scientific) (100 pl/well) at 4
degrees centigrade overnight. After blocking with 0.5% gelatin and 0.5%
BSA buffer, human serum samples (1:100 dilution) and mouse serum
samples (1:200 dilution) were then added. Biotin anti-human IgG (Clone:
G18-145, BD Pharmingen, San Diego, CA, USA) or biotin anti-mouse IgG
(Clone: Poly4053, BioLegend) were then added as detection antibodies.
The HRP-streptavidin (BioLegend) and TMB substrate set (BioLegend) were
then added accordingly. All data were collected in a microplate
absorbance reader (Tecan, Austria) at OD450 nm absorption [7].

Comparative ELISA

Serum samples from active SLE patients (1:100 dilution in 50 pl PBS,
SLEDAI > 5) were incubated with 0, 10, 50, or 100 ug PS liposomes or
control PC liposomes. Subsequently, the PS-specific IgG levels in
incubated serum samples were measured according to the instructions
and analyzed by a microplate absorbance reader (Tecan) at OD450 nm
absorption [27].
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Enzyme-linked immunospot assay (ELISpot)

For the ELISpot assay of PS-specific IgG-secreting cells in humans and mice,
a 96-well filtration plate (Millipore, Billerica, MA, USA) was coated with
1 mg/ml phosphatidylserine-BSA antigen (Cloud-Clone) (100 ul/well) at 4
degrees centigrade and incubated overnight. Then, purified B-cell subsets
(2000 cells per well) were cultured in antigen coating filtration plates for
48 h. Then, biotin anti-human IgG (Clone: G18-145, BD Pharmingen) and
biotin anti-mouse IgG (Clone: Poly4053, BiolLegend) were added as
detection antibodies. AKP streptavidin (BD Biosciences) and NBT/BCIP
substrate (Millipore) were used. Finally, PS-specific IgG-secreting cells were
quantified. To measure and compare the antibody-secreting capacity of
various B-cell subsets, we performed separate experiments using sorting-
purified B1a, B1b and B2 cells from the peritoneal cavity of 10-week-old
female MRL/Lpr mice in the ELISPOT assay and measured the parameters,
including the spot number as spot forming units (SFU) and the spot size as
relative spot volume (RSV), using an IRIS reader (Mabtech, Sweden) [24].

RNA extraction and quantitative PCR analysis

Total RNA samples from lupus Bla cells, Blb cells and B2 cells were
prepared with the RNeasy Kit (Qiagen, Hilden, Germany) and reverse
transcribed with SuperScript Il First-Strand Synthesis SuperMix (Invitro-
gen). Real-time PCR was performed with an Applied Biosystems Prism
7900HT real-time PCR system (Applied Biosystems, Foster City, CA, USA).
The PCR primers we used are described in our previous study [20]. Relative
expression levels of transcripts were calculated via the 272" method.

Histopathologic assessment

Paraffin sections of mouse kidney tissue were subjected to H&E staining
according to the instructions (Beyotime Biotechnology, Shanghai, China).
The pathological changes were assessed using the glomerular activity
score [24].

Statistical analysis

Data in this study are indicated as the mean + the standard error of the mean
(SEM). The violin plot and box plot show the distribution of all data points
[28]. Comparisons between two groups were performed by two-tailed
unpaired Student’s t test in mice and nonparametric Mann-Whitney U test in
humans. Comparisons among more than two groups were performed using
one-way ANOVA followed by the Newman-Keuls test as indicated.
Correlations were assessed with Spearman'’s correlation coefficient. Statistical
analysis was performed using GraphPad Prism (GraphPad Software, CA, USA).
A value of p less than 0.05 was considered statistically significant.

RESULTS

PS-specific autoimmune response contributes to lupus
nephritis development

To elucidate whether the PS-specific humoral response is involved
in lupus model mice, we measured PS-specific IgG levels and
analyzed their major sources in lupus-prone MRL/Lpr mice and
mice with chromatin-induced lupus [24]. Persistently elevated
levels of serum PS-specific IgG were observed in MRL/Lpr mice
from 4 weeks of age to at least 24 weeks of age (Fig. 1A, left
panel). Interestingly, significantly increased levels of PS-specific
IgG were also observed in the peritoneal lavage fluid (PLF) of 12-
week-old MRL/Lpr mice compared with age-matched MRL/MP)J
mice (Fig. 1A, right panel). Consistently, increased serum PS-
specific IgG levels were found in chromatin-induced lupus model
mice at 6, 12 and 24 weeks post lupus induction (Fig. 1B).

To further determine the pathogenic effects of the PS-specific
autoimmune response in vivo, we immunized C57 mice with the
PS antigen (Fig. 1C). The liposomal PS/phosphatidylcholine
complex was prepared as a PS liposome antigen, while liposomal
PC was used as a control. Notably, the competitive ELISA results
showed that the PS antigen could effectively neutralize serum PS-
specific IgG levels in SLE patients compared with those of healthy
controls (Supplementary Fig. 1).

Serological analysis showed elevated levels of PS-specific IgG and
dsDNA-specific IgG autoantibodies in PS-immunized mice compared
with control mice (Fig. 1D). Interestingly, comparable levels of
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Fig. 1 Pathogenic roles of PS-specific IgG in lupus model mice. A Representative data plots show PS-specific IgG in serum samples (1:200
dilution) of age-matched MRL/MPJ and MRL/Lpr mice at 4, 8, 12, 16, 20, and 24 weeks of age (left panel) and in peritoneal lavage fluid (PLF)
samples at 12 weeks of age (right panel). B Data plot shows the PS-specific IgG levels in serum samples (1:200 dilution) of mice with
chromatin-induced lupus at 0, 3, 6, 12, and 24 weeks (n = 4 per group). C The schematic diagram shows the control or PS antigen (PS:PC = 1:3)
immunization in mice. D Representative data plots show serum PS-specific IgG, dsDNA-specific I9G, and chromatin-specific IgG in serum
samples (1:200 dilution) of control or PS-immunized mice for 12 weeks (n = 6 per group). E, F Representative images and data plots show H&E
staining, IgM, and IgG staining in kidney sections (scale bar, 20 pm) from control or PS-immunized mice for 12 weeks (n =6 per group).
Unpaired two-tailed Student’s t test, ns no significance; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001
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NSG recipients on day 60 post serum transfer (n =4 per group). Nonparametric Mann-Whitney U test (A, C), Spearman’s rank correlation
analysis (B) and one-way ANOVA (E, G); *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001

chromatin-, muscarinic 3 receptor (M3R)- or collagenase Il (Cll)-specific
IgG antibodies in serum were observed between PS-immunized mice
and controls (Fig. 1D and Supplementary Fig. 2), indicating the
specificity of the PS-specific autoimmune response in vivo. Moreover,
compared with control mice, PS-immunized mice exhibited exten-
sively increased renal damage and glomerular immune complex
deposition at 12 weeks postimmunization (Fig. 1E, F). These results
indicated a pathogenic role of PS antigen during lupus progression.

PS-specific IgG levels are significantly elevated and associated
with nephritis development in SLE patients

To examine serum phosphatidylserine (PS)-specific IgG levels in
SLE patients, we performed a serologic analysis using the serum
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from healthy controls and SLE patients with or without lupus
nephritis. As shown in Fig. 2A, PS-specific IgG levels were markedly
increased in SLE patients. Elevated serum PS-specific IgG levels in
SLE patients were further confirmed using the serial dilution
method (1:100-1:1800) (Supplementary Fig. 3). A cohort study
showed a positive correlation between the SLE disease activity
index (SLEDAI) and PS-specific IgG levels in patients with SLE
(Fig. 2B). Moreover, serological analysis also showed a strong
positive correlation between serum dsDNA-specific IgG and PS-
specific IgG levels in patients (Supplementary Fig. 4). Our cohort
studies revealed significantly higher serum PS-specific IgG levels in
SLE patients with nephritis than in those without lupus nephritis
(Fig. 20Q).

SPRINGER NATURE



K. Ma et al.

886

We then divided the SLE patients into two groups (high PS-
specific IgG and low PS-specific IgG groups) using the mean value
of PS-specific IgG levels in the SLE cohort. By analyzing the patient
demographics and characteristics, we observed that SLE patients
with high serum PS-specific IgG levels exhibited longer disease
durations and higher SLEDAI and serum dsDNA-specific IgG levels
than SLE patients with low serum PS-specific IgG levels. No
significant differences in serum levels of C3 and C4 or white blood
cell, platelet and red blood cell counts were observed between
SLE patients with high PS-specific IgG and low PS-specific I1gG
levels (Supplementary Table 1). Notably, confocal microscopic
examination of glomerular fluorescent intensity using PS-biotin,
anti-lgM, and anti-lgG showed the colocalized pattern in the
glomeruli of lupus nephritis patients, indicating the deposition of
PS-reactive IgM and IgG in the kidney (Supplementary Fig. 5).

To determine if PS-specific IgG plays a pathogenic role during
lupus development, PS-specific IgGs in SLE serum were purified
with the PS-binding column and then intravenously transferred
into immune-deficient NSG mice, while homologous total sera
from SLE patients were injected as positive controls and serum
from healthy individuals was injected as negative controls (Fig. 2D).
The urine protein levels were assessed in NSG recipients.
Persistently increased urine protein levels were observed in total
SLE serum- and PS-specific IgG-injected recipient mice compared
with healthy serum-injected controls from day 30 to 60 (Fig. 2E).
On day 60 after the first injection, NSG recipient mice with PS-
specific IgG or SLE serum injection showed significant glomerular
activation and pronounced human IgG deposition in the kidneys
(Fig. 2F, G), indicating a pivotal role of PS-specific IgG in driving
renal damage during lupus nephritis development.

B1 cells are the main source for PS-specific IgG production in
lupus mice

To further determine the major pathogenic B-cell subsets
responsible for the augmented PS-specific humoral response, we
examined B1a, B1b and conventional B2 cells from the peritoneal
cavities of mice by flow cytometric analysis. In mice immunized
with PS, the absolute numbers of peritoneal Bla cells and B1b
cells showed approximately four- to fivefold expansion compared
with those in control mice (Fig. 3A). Interestingly, peritoneal B
cells, rather than splenic B cells, predominantly secreted PS-
specific IgG in lupus model mice. Moreover, PS-specific IgG-
secreting B cells exhibited an ~2-fold higher abundance than
dsDNA-specific IgG-secreting B cells (Supplementary Fig. 6).

To examine the major cellular source of PS-specific IgG
secretion by B-cell subsets, we purified Bla, B1b and B2 cells
from MRL/Lpr mice at 10 weeks of age (sorting purity is shown in
Supplementary Fig. 7). The total IgG and PS-specific IlgG-secreting
cells were examined by ELISPOT assay using the spot number or
Spot Forming Units (SFU) and the spot size as Relative Spot
Volume (RSV) as parameters. As shown in Supplementary Fig. 8,
the spot numbers (SFU) of total IgG in lupus Bla and B1b cells
were significantly higher than those in the B2 cell subset. In
particular, lupus B1a cells showed the highest SFU values of PS-
specific IgG spots. The ratio of total IgG/PS-specific IgG SFU values
represented the contribution of PS-specific IgG-secreting cells
among total IgG-secreting cells. B1a cells also showed the highest
ratio of PS-specific IgG-secreting cells in the peritoneal cavity of
lupus model mice. Notably, the sum RSV values represented the
total antibody-secreting capacity in B-cell subsets. Consistently,
the sum RSV values of total IgG in lupus B1a and B1b cells were
significantly higher than those from the B2 cell subset, among
which lupus B1a cells showed the highest sum RSV values of PS-
specific IgG spots. Overall, these results indicated that lupus B1la
cells dominantly produced large amounts of PS-specific IgG when
normalized to total IgG-secreting cells.

To examine the dynamic changes in anti-PS IgG-secreting
B1 cells during lupus progression, we prepared sorting-purified
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B1a, B1b, and B2 cell subsets from lupus model mice during
disease onset (6 weeks old) and progressive (24 weeks old) stages
for PS-specific ELISPOT detection. Lupus B1a cells from 6-week-old
and 24-week-old MRL/Lpr mice dominantly produced PS-specific
IgG. Importantly, lupus B1a cells were found to have ~2-fold and
4-fold higher levels of anti-PS IgG-secreting cells than B1b cells
and B2 cells at 6 and 24 weeks of age, respectively (Fig. 3B).

Similarly, we also found that the proportion of Bla cells
gradually increased in lupus-prone MRL/Lpr mice during the
disease onset (6-week-old) and progressive (24-week-old) stages.
As shown in Fig. 3C, significant expansion of Bla cells was
observed in the peritoneal cavities and kidneys of 24-week-old
MRL/Lpr mice. Notably, the number of renal-infiltrated B1a cells
persistently increased from the disease onset stage when
compared with age-matched MRL/MPJ controls. Moreover, the
accumulated infiltration of CD43*CD5" B1a cells and CD43CD5™"
B1b cells was confirmed in kidney sections of 24-week-old MRL/
Lpr mice by confocal microscopy (Supplementary Fig. 9).

B1-cell depletion attenuates the PS-specific autoimmune
response and disease progression in lupus model mice

To determine whether the B1-cell-derived PS-specific autoimmune
response is involved in the development of lupus, we induced
intraperitoneal hypotonic shock in early-aged MRL/Lpr mice
(4 weeks old) for B1-cell depletion as previously reported [20].
The efficacy of Bl-cell depletion is shown in Supplementary
Fig. 10. B1-cell depletion markedly reduced serum PS-specific IgG
levels compared with those in control PBS-treated MRL/Lpr mice
(Fig. 3D). Remarkably, representative images of renal sections
showed reduced glomerular damage and immune complex
deposition in B1-cell-depleted MRL/Lpr mice (Fig. 3E, F). Overall,
our results indicated the key roles of the B1-cell-derived PS-
specific autoimmune response in target organ damage during
lupus development.

B1 cells are the major source of PS-specific IgG in SLE patients
To determine the major source of PS-specific IgG in SLE patients,
we generated B-cell subset-depleted PBMCs via electronic cell
sorting. Notably, double-negative (DN) B subsets (CD27-CD437),
memory B cells (CD277CD437) or B1 cells (CD277CD43") were
excluded in active SLE PBMCs and then plated for PS-specific IgG
spot detection (Fig. 4A). Consistent with the findings in lupus
model mice, B1-cell-depleted SLE PBMCs exhibited the least
number of PS-specific IgG spots when compared with total SLE
PBMCs, DN B-cell-depleted, or memory B-cell-depleted PBMCs
(Fig. 4B).

Histopathological examination by immunofluorescence staining
and confocal microscopy detected clusters of CD20"CD43"CD27"
B1 cells in renal biopsies from lupus patients with diffuse
proliferative LN (Class 1V) (Fig. 4C). Statistical analysis showed
significantly increased renal-infiltrated B1-cell levels within Class IV
LN patients compared with Class Il and Ill LN patients (Fig. 4D).
Moreover, the levels of renal-infiltrated B1 cells were positively
correlated with urine protein levels in LN patients (Fig. 4E).

PS-specific B1 cells accelerate renal damage in lupus model
mice
To further explore the direct effects of PS-specific B1 cells in lupus,
we directly labeled PS-specific B1 cells with a PS-conjugated
biotin-streptavidin system. Remarkably, more than 50% of the
peritoneal PS-specific B cells were Bla cells in 24-week-old MRL/
Lpr mice (Supplementary Fig. 11). The total number of PS-specific
Bla cells exhibited a 2-fold increase in the peritoneal cavity,
whereas the proportion of PS-specific B1a cells showed a marked
9-fold increase in renal tissue when compared with that in the
renal tissue of age-matched MRL/MPJ controls (Fig. 5A).

Further examination of PS-specific B cells revealed that PS-
specific IgG-secreting cells were enriched in sorting-purified PS-
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Fig. 3 B-1 cells are the major source of PS-specific IgG in lupus model mice. A Representative flow cytometric profiles and data plots show the
B1a cells, B1b cells and B2 cells in peritoneal cavities of control or PS-immunized mice for 12 weeks. B Representative ELISPOT detections and
data plot show the PS-specific IgG spots in sorting-purified B1a, B1b and B2 cells from peritoneal cavities of MRL/Lpr mice at 6 weeks and
24 weeks of age (n = 3). C Representative flow cytometric profiles and data plots show B1a cells in peritoneal cavities and kidneys of MRL/MPJ
and MRL/Lpr mice at 6 weeks and 24 weeks of age (n = 6 per group). D Data plot showing serum PS-specific IgG levels in control or B1-cell-
depleted MRL/Lpr mice treated with hypo-osmotic water for 20 successive weeks (n = 4 per group). E, F Representative images and plots show
H&E, IgM, and IgG staining in kidney sections (scale bar, 20 pm) from control or Bla-depleted MRL/Lpr mice (n =4 per group). One-way
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specific Bla cells, as detected by ELISPOT assay (Fig. 5B). Flow
cytometric analysis showed elevated levels of the costimulatory
molecule CD86, chemokine receptor CXCR3, B-cell differentiation
markers such as surface CD138 and intranuclear Blimp-1,
indicating the functional and differentiation features of PS-
specific B1a cells in lupus model mice compared with their PS-
nonspecific counterparts (Fig. 5C).

To determine the pathogenic effects of PS-specific B1 cells in
lupus nephritis development, we adoptively transferred PS-
specific B1a cells and their PS-nonspecific B1a counterparts into
MRL/Lpr mice at the disease onset stage (6 weeks old, Fig. 5D).
Notably, adoptive transfer of PS-specific Bla cells significantly
increased serum levels of PS-specific IgG in lupus recipients at
4 weeks post cell transfer (Fig. 5E). Moreover, compared with PS-
nonspecific B1a transfer or control treatment, the transfer of PS-
specific Bla cells dramatically accelerated renal damage and
glomerular immune complex deposition in 10-week-old lupus
recipients (Fig. 5F, G), indicating a pivotal role of PS-specific
B1 cells in driving the PS-specific humoral response and renal
pathology during lupus development.

Inhibition of the TLR/Syk signaling pathway suppresses B1-
cell expansion and PS-specific IgG production

To determine the molecular mechanisms underlying the expan-
sion of PS-specific B1 cells during lupus development, we
examined the expression levels of Toll-like receptors (TLRs) in
peritoneal B-cell subsets from lupus model mice. Our data showed
elevated mRNA levels of TIr8 and TIr9 within lupus Bla cells
compared with B1b and B2 cells. No significant changes were
observed in the expression levels of TlIr7 transcripts among lupus
B1a, B1b, and B2 cells (Fig. 6A). Furthermore, we cultured sorting-
purified B1a cells from the peritoneal cavity of 24-week-old MRL/
Lpr mice with chromatin components (CCs) extracted from
apoptotic cells [29]. In brief, CCs were extracted as nuclear
component extracts of ConA-induced activation-induced cell
death (AICD) in splenocytes to mimic the accumulation of
apoptotic debris during lupus development as previously reported
[29]. Notably, CC treatment markedly increased PS-specific IgG-
secreting cells and PS-specific subsets in lupus Bla cells by
ELISPOT assay and flow cytometry. In addition, DNase | digestion
or inhibitory ODN 2088 (TLR7/8/9 antagonist) treatment almost
completely abrogated CC-triggered PS-specific IgG autoantibody
secretion and PS-specific B1a cell amplification in vitro (Fig. 6B, C).

Furthermore, we treated 6-week-old MRL/Lpr mice with
inhibitory ODN 2088 for 4 successive weeks. Comparable numbers
and proportions of total B1a cells were observed in MRL/Lpr mice
treated with ODN 2088. However, in vivo blockade of TLR7/8/
9 signaling with ODN 2088 significantly inhibited peritoneal and
renal-infiltrated PS-specific B1a cell expansion in lupus model mice
(Fig. 6D).

The tyrosine kinase Syk has been shown to control TLR signal
transduction in B cells [30]. We found an ~10-fold increase in the
phosphorylation levels of Syk within CC-treated lupus Bla cells.
Blockade of TLR signal cascades with DNase | digestion or the
inhibitory ODN 2088 dramatically abrogated Syk activation. No
significant changes were observed in total Syk levels in lupus B1a
cells treated with CC (Fig. 6E). Moreover, the blockade of Syk
activation with R406 completely abrogated CC-induced PS-specific
IgG secretion in lupus B1a cells (Fig. 6F).

Overall, these results demonstrated a pathological role of
chromatin components in triggering the expansion of PS-specific
B1 cells and PS-specific autoimmune response via TLR/Syk signal
cascades during lupus nephritis development.

DISCUSSION
Antiphospholipid autoantibodies have been identified in several
autoimmune and infectious diseases [6-8], but a direct link
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between phospholipid-specific autoantibodies and target organ
damage during SLE development remains unclear. In this study,
we used various murine lupus models to determine the
pathogenic effects of the PS-specific autoimmune response during
nephritis development in SLE patients and lupus model mice. In
particular, we have shown that B1 cells are the major cellular
source for anti-PS antibody production and are critically involved
in lupus nephritis progression in vivo. Further mechanistic studies
have demonstrated that the TLR/Syk signaling pathway controls
the expansion and autoantibody secretion of PS-specific B1a cells.
Overall, our findings have identified a novel function of B1-cell-
produced anti-PS autoantibodies in mediating nephritis develop-
ment during the pathogenesis of SLE.

PS-specific IgG has been detected in patients with SLE, APS and
systemic sclerosis/scleroderma (SSc) [8, 10, 13, 14]. Recent cohort
studies have reported the existence of PS-specific IgG in severe
COVID-19 patients [6]. The prevalence of antiphospholipid
antibodies (aPL) is associated with thrombosis, pregnancy
complications, and neurological disorders in SLE patients [8, 26].
PS-specific autoantibodies also promote the clearance of unin-
fected erythrocytes and cause anemia in malaria patients [31].
Currently, novel anti-lysobisphosphatidic acid (LBPA) autoantibo-
dies have been reported to generate a self-amplifying auto-
immune signal loop during the development of APS and SLE by
recognizing a membrane endothelial protein C receptor (EPCR)-
LBPA complex and TLR7 signal cascades [11].

Since PS-specific IgG is often excluded from the diagnostic
detection of aPL in patients with autoimmune diseases, the
functional relevance of PS-specific IgG in lupus pathogenesis
remains largely unknown. Herein, we excluded SLE patients with
thrombosis or fetal loss to elucidate the role of PS-specific
autoantibodies during lupus nephritis development. Compelling
evidence indicates that defective clearance of apoptotic cells by
macrophage phagocytosis has been observed in SLE patients
[32, 33]. Since PS exposure on the cell surface provides key “eat
me” signals during apoptotic cell clearance [32], PS-specific IgG
may selectively inhibit this process by blocking PS-mediated
phagocytic pathways during SLE progression. Here, we show that
anti-PS antibodies are deposited in the renal tissue during
nephritis development. Moreover, injection of purified PS-
specific IgG from SLE serum samples and immunization with PS
antigen resulted in renal damage in recipient mice.

B1 cells are derived from distinct precursors and have high
expression of surface IgM (slgM) and CD11b/CD43 in mice. B1 cells
are divided into CD5" Bla cells and CD5~ B1b cells [15, 34].
Human B1a cells have been identified in adult peripheral blood
with distinct phenotypic markers (CD277CD43%7CD707) and
similar functions as murine B1a cells [21]. B1 cells mainly control
T-independent immune responses with natural antibody secretion
and self-renewal properties [35]. In lupus-prone MRL/Lpr mice,
accumulated autoreactive B1 cells in the peritoneum are
coincident with lupus development. Adoptive transfer of perito-
neal cells accelerates lupus development and autoimmune
response [36]. Lupus-prone NZB/NZW F1 mice exhibited signifi-
cant expansion of Bla cells [37]. Elimination of B1 cells in the
peritoneum has been reported as an effective therapeutic
approach for the treatment of SLE in lupus-prone NZB/NZW F1
mice as evidenced by decreased anti-DNA IgG antibodies in the
sera and reduced pathological changes in the kidneys [37, 38].
Importantly, robust amplification of CD11b™ B1 cells with elevated
levels of surface CD86 expression has been identified in the
peripheral blood of SLE patients [22], indicating a pathogenic role
of B1 cells during lupus development [39]. Although we have
identified B1 cells as the main cell source of anti-PS IgG during
murine lupus development, further investigation is needed to
determine whether endogenous PS-specific IgG expression in
B1 cells is also upregulated in both lupus model mice and SLE
patients.
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Fig. 6 Chromatin components control PS-specific B-1 cell expansion in vitro via TLR/Syk activation. A Bar plot showing the relative mRNA
levels of TIr7, TIr8, and TIr9 in sorting-purified B1a cells, B1b cells and B2 cells from the peritoneal cavities of 24-week-old MRL/Lpr mice (n = 3).
B, C Representative ELISPOT detections, flow cytometric profiles and data plots show PS-specific IgG plots and PS-specific B1a cells in sorting-
purified Bla cells with CpG ODN, chromatin components (CCs), CCs combined with DNase | and CCs combined with inhibitory ODN 2088
treatment for 48 h. D Representative flow cytometric profiles and data plots show total and PS-specific B1a cells in peritoneal cavities and
kidneys of MRL/Lpr mice with control ODN or inhibitory OND2088 treatment for 4 successive weeks (n =5 per group). E Representative flow
cytometric histograms and data plots show phosphorylated (Pho)-Syk and total Syk levels by phosphorylated flow cytometry in sorting-
purified B1a cells treated with CC alone or combined with either DNase | or ODN2088 for 48 h (n = 4). F Representative ELISPOT detections
and data plot show PS-specific IgG plots in sorting-purified B1a cells treated with CC or CC combined with the Syk inhibitor R406 for 48 h
(n =4). One-way ANOVA (A-C, E, F) and unpaired two-tailed Student’s t test in (D); ns no significance; *p < 0.05; **p < 0.01; ***p < 0.001
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Bla cell depletion also ameliorated collagen-induced arthritis
(CIA) development in mice [40]. However, an atypical memory B-cell
subset with FCRL5 and T-bet expression showed high specificities to
the exposed PS in erythrocytes [41]. Herein, we observed the B1-
cell-dominated PS-specific autoimmune response in SLE patients
and lupus model mice, indicating the disease- or pathogen-specific
autoimmune response against phospholipid antigens.

The homing, migration, and organ distribution of B1a cells are
closely controlled by chemokine signals [15]. B1 cells highly
express CXCRS5, the chemokine receptor for CXCL13. Significantly
impaired B-cell populations and failed body-cavity homing of
B1 cells have been observed in mice with CXCL13 deficiency [36].
Defective B1-cell homing toward the body cavity and preferential
recruitment to the damaged kidneys have been shown in lupus-
prone NZB/NZW F1 mice with reduced CXCL13 expression levels
during disease progressive stages [37]. Moreover, ligation of TLRs
specifically induces the transient downregulation of surface
integrins on B1 cells and controls the detachment of B1 cells
from the local matrix in body cavities [42]. Here, our phenotypic
analysis revealed elevated surface CXCR3 expression levels in PS-
specific B1a cells and renal infiltration of B1a cells in lupus model
mice, demonstrating the distinct migration features of PS-specific
B1a cells in SLE. Further investigations are needed to characterize
the functional and phenotypic features of human PS-specific
B1 cells from SLE patients.

Approximately 7% of peritoneum B1 cells are specific for
phosphatidylcholine (PtC), a common membrane phospholipid in
eukaryotes and bacteria [42]. Previous studies have indicated that
PtC-binding BCRs with self-reactivity are predominantly encoded
by VH11/JH1 and VH12/JH1 in C57BL/6 mice and by VHQ52/JH4 in
BALB/c mice [43]. Interestingly, previous studies have applied
heavy chain (H) editing by replacing an arginine (Arg) residue with
glycine (Gly) in the VH region of the anti-dsDNA antibody to
reverse the antibody affinity, which leads to dramatically reduced
antibody affinity for dsDNA but enhanced affinity for the PS
antigen [44]. Here, we analyzed PS-specific and dsDNA-specific
IgG-secreting cells in the spleen and peritoneal cavity of lupus-
prone mice at the disease onset stage and observed that the PS-
specific B-cell response was mainly restricted to peritoneal B cells
rather than spleen B cells. These results indicate the dominant role
of the peritoneal B1-cell-mediated PS-specific autoimmune
response in lupus model mice. Thus, further studies on B-cell
repertoire sequencing and antibody affinity analysis are needed to
characterize lupus PS-specific Bla cells.

Increasing evidence indicates that TLR-mediated signals control
the migration and function of B1a cells [42]. TLR7, TLR8 and TLR9
are evolutionarily conserved receptors for microbial or endogen-
ous nucleic acids and are closely involved in SLE development
[45]. In lupus model mice, TLR7 deficiency ameliorated disease
development, but TLR8 or TLR9 deficiency exacerbated SLE
symptoms [46]. Interestingly, the TLR7-mediated autoimmune
response is controlled by TLR8 signaling in dendritic cells and
TLR9 signaling in B cells [47]. Importantly, a gain-of-function
variant of TLR7Y2%*" selectively promoted aberrant survival of BCR-
activated B cells and CD11c" age-associated B-cell generation
during human lupus pathogenesis [48]. It has been reported that
B-cell-intrinsic TLR9 signaling plays a protective role in murine
lupus [49]. Intriguingly, paired immunoglobulin (Ig)-like receptor B
(PIR-B) restrains TLR9 signal activation in B1 cells and ameliorates
lupus progression in MRL/Lpr mice [50]. In lupus-prone female and
male B6.Nba2. Yaa mice, deletion of TIr8 accelerated disease
progression and mortality, accompanied by increased levels of
serum anti-nuclear autoantibodies (ANAs) and increased surface
MHCII levels in B cells that enhanced monocyte activation. The
accelerated disease progression in TLR8-deficient lupus model
mice might depend on TLR7 activation [46]. Moreover, the
expansion of B1a cells is tightly modulated by certain transcription
factors, including Bhlhe41 and lkaros [51, 52]. Herein, we observed
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that apoptotic cell-derived chromatin components robustly trigger
PS-specific Bla cell proliferation and autoantibody secretion,
whereas blockade of TLR7/8/9 or elimination of DNA antigens
significantly reduced the expansion of PS-specific Bla cells in
culture and in lupus model mice. Since it has been shown that
synthetic G-rich DNA, known to block CpG-DNA effects, can inhibit
TLR-9-mediated immunostimulatory effects and ameliorate mur-
ine lupus development [53], further investigations are needed to
examine the distinct roles of TLR signals in the B1-cell response
and the underlying mechanisms during lupus development.

Recent studies have revealed that spleen tyrosine kinase (Syk), a
cytoplasmic protein tyrosine kinase, is predominantly expressed in
cells of the hematopoietic lineage [30]. Entospletinib (GS-9973), an
oral selective inhibitor of Syk, shows clinical efficacy in subjects
with relapsed or refractory chronic lymphocytic leukemia (CLL)
[54]. Syk-dependent signaling is initiated at the plasma membrane
for TLR-induced B-cell proliferation and differentiation by crosstalk
with B-cell receptor pathways [55]. Interestingly, B lymphoid
tyrosine kinase (BLK), a Syk-associated kinase, has also been
shown to control the expansion of B1 cells in lupus patients and
mouse models [54]. Further studies may provide new insight into
the crucial role of Syk signaling activation in the enhanced B1
response and autoantibody production in autoimmune
pathogenesis.

In summary, we have shown that PS-specific autoantibodies are
predominantly produced by B1 cells in SLE patients and lupus
model mice. Moreover, anti-PS autoantibodies are involved in the
development of lupus nephritis and their secretion is modulated by
the activation of the TLR/Syk signaling cascade. In this study, we
provide evidence that the PS-specific B1-cell-mediated autoim-
mune response not only serves as a diagnostic marker for SLE but
also plays a key pathogenic role in the initiation and exacerbation of
lupus nephritis. These findings suggest that B1-cell depletion and
blockade of TLR/Syk activation may represent potential strategies
for the treatment of LN and other autoimmune diseases.
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