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Oxidized galectin-1 in SLE fails to bind the inhibitory receptor
VSTM1 and increases reactive oxygen species levels in
neutrophils
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Inhibitory immune receptors set thresholds for immune cell activation, and their deficiency predisposes a person to autoimmune
responses. However, the agonists of inhibitory immune receptors remain largely unknown, representing untapped sources of
treatments for autoimmune diseases. Here, we show that V-set and transmembrane domain-containing 1 (VSTM1) is an inhibitory
receptor and that its binding by the competent ligand soluble galectin-1 (Gal1) is essential for maintaining neutrophil viability
mediated by downregulated reactive oxygen species production. However, in patients with systemic lupus erythematosus (SLE),
circulating Gal1 is oxidized and cannot be recognized by VSTM1, leading to increased intracellular reactive oxygen species levels
and reduced neutrophil viability. Dysregulated neutrophil function or death contributes significantly to the pathogenesis of SLE by
providing danger molecules and autoantigens that drive the production of inflammatory cytokines and the activation of
autoreactive lymphocytes. Interestingly, serum levels of glutathione, an antioxidant able to convert oxidized Gal1 to its reduced
form, were negatively correlated with SLE disease activity. Taken together, our findings reveal failed inhibitory Gal1/VSTM1 pathway
activation in patients with SLE and provide important insights for the development of effective targeted therapies.
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INTRODUCTION
Inhibitory signaling is essential for the control of immune
responses, and deficient or impaired signaling may result in
overactivation of the immune system and autoimmune disease
[1]. Inhibitory signals are delivered by various inhibitory receptors
expressed primarily on immune cells to attenuate or terminate
immune responses. Compelling evidence showing a role for
inhibitory receptors in the development of autoimmunity is based
on animal studies in which inhibitory receptors were abrogated
genetically or blocked with antibodies [2–5]. Although the
functional aspects of inhibitory receptors have been clarified, we
still do not have enough information about the ligands that bind
them.

Systemic lupus erythematosus (SLE) is a chronic, multisystem
autoimmune disease characterized by antibodies against a wide
range of autoantigens derived from uncleared dead cell debris
[6, 7]. As the most abundant cell type in the blood, neutrophils
have been suggested to be the main sources of autoantigens in
patients with SLE [8–10]. It has been hypothesized that the
absence of inhibitory signaling is the key driver of neutrophil
abnormalities in the SLE context, as it leads to impaired
phagocytosis, increased molecule aggregation and accelerated
cell death [8, 9]. However, the expression and function of
inhibitory receptors on neutrophils have not been characterized.
V-set and transmembrane domain containing 1 (VSTM1), a Type

I transmembrane receptor with an extracellular immunoglobulin
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V-like domain and two cytoplasmic immunoreceptor tyrosine-
based inhibitory motifs (ITIMs), is highly expressed on normal
human peripheral blood leukocytes, including granulocytes and
monocytes [11]. Overexpression of VSTM1 on monocytes has been
shown to inhibit cell proliferation, chemotaxis, and proinflamma-
tory cytokine production [12]. In this study, we first identified
Galectin-1 (Gal1) as a ligand able to inhibit reactive oxygen species
(ROS) production by neutrophils by binding the inhibitory receptor
VSTM1. Oxidative modification of a series of molecules, such as
DNA, HDL cholesterol and β2 glycoprotein I, has been reported in
patients with SLE due to increased oxidative stress, and the
metabolic imbalances caused by these modifications trigger
autoimmune responses [13–18]. Notably, we found that circulating
Gal1 in the serum of SLE patients is oxidized and unable to bind
VSTM1, leading to increased intracellular ROS levels in neutrophils.
Dysregulated ROS production accelerates programmed cell death,
including apoptosis and NETosis, both of which have been shown to
contribute to the immunopathogenesis of SLE. The increased
oxidation of Gal1 can be explained by the reduction in the serum
levels of the antioxidant glutathione, which can convert oxidized
Gal1 back to its reduced form. Taken together, our results reveal a
novel central mechanism involved in the pathogenesis of SLE
involving the dysfunction of an inhibitory receptor and have
important implications for the development of targeted therapies.

MATERIALS AND METHODS
Patients and controls
This study was approved by the ethics committee of Peking Union Medical
College (PUMC) Hospital. Informed consent was obtained from each SLE
patient and healthy control (HC). SLE was diagnosed according to
American College of Rheumatology criteria. All potential SLE patient
candidates were treatment naïve at their first visit, and those with the
following conditions were excluded from enrollment: history of severe
chronic infection; a current infection; a serious underlying physical disorder
such as acute coronary syndrome, chronic renal failure, or any type of
tumor; and pregnancy or lactation. Because ROS levels correlate
significantly with the aging process [19], we restricted the age of the
participants to 18–45 years to exclude patients whose ROS levels may be
high and eliminate the impact of aging on the results. The clinical
characteristics of all SLE patients are presented in Supplementary Table 1.

Chemicals, proteins and antibodies. The following chemicals and proteins
were used: human recombinant protein Gal1 (10290-HNAE, Sino Biologi-
cal), human recombinant protein VSTM1 (13171-H08H, Sino Biological),
GSK484 (S7803, Selleck), NEC1 (S8037, Selleck), VX765 (S2228, Selleck),
z-VAD (S7023, Selleck), N-acetyl cysteine (NAC) (S1623, Selleck), reduced
glutathione (GSH) (G4251, Merck), 2′,7′-dichlorodihydrofluorescin diacetate
(DCFH-DA) (S0033S, Beyotime), β 1-4 galactosidase (P0745S, NEB) and
PNGase F (P0704S, NEB).
The following antibodies were used: anti-VSTM1 agonist mAb (HM2309,

HycultBiotech), anti-VSTM1 (24382-1-AP, Proteintech), anti-Gal1 (11858-1-AP,
Proteintech), anti-GAPDH (10494-1-AP, Proteintech), anti-Na-K-ATP (3010,
Cell Signaling Technology), anti-p-p42 (4370, Cell Signaling Technology),
anti-p42 (4695, Cell Signaling Technology), anti-p-p38 (4511, Cell Signaling
Technology), anti-p38 (8690, Cell Signaling Technology), anti-tubulin (2146,
Cell Signaling Technology), PE-conjugated anti-human CD11b (301305,
BioLegend), FITC-conjugated anti-human CD11b (982614, BioLegend), APC-
Cy7conjugated anti-human CD66b (305126, BioLegend), BV650-conjugated
anti-human CD62L (304832, BioLegend), BV421-conjugated anti-human
CD16 (302037, BioLegend), APC-conjugated anti-human CD181 (CXCR1)
(320612, BioLegend), PerCP-Cy5.5-conjugated anti-human CD182 (CXCR2)
(320718, BioLegend), APC-conjugated anti-human CD184 (CXCR4) (306509,
BioLegend), BV605-conjugated anti-human CD10 (312221, BioLegend),
PerCP-Cy5.5-conjugated anti-human CD54 (353120, BioLegend), FITC-
labeled donkey anti-rabbit IgG antibody (406403, BioLegend), PE-labeled
donkey anti-rabbit IgG antibody (406421, BioLegend).

Cell isolation and culture
Neutrophils were isolated from the peripheral blood of SLE patients and
HCs using Ficoll–Hypaque density gradient centrifugation following the

instructions of the centrifuge manufacturer. The remaining erythrocytes
were lysed with lysing buffer (BD Biosciences). Monocytes were isolated
with anti-CD14 microbeads (130050201, Miltenyi). Cells were cultured in
complete RPMI 1640 medium with penicillin (100 U/mL), streptomycin
(100 μg/mL) and 10% serum mixed with samples from ten randomly
selected SLE patients or age- and sex-matched HCs. Anti-VSTM1 antibody
(5 μg/mL), human recombinant protein Gal1 (1–50 μg/mL), oxidized Gal1
(25 μg/mL), GSK484 (10 μM), NEC1 (1 μM), VX765 (10 μM), z-VAD (10 μM) or
NAC (1 μM) was added to the cultures in different experiments.

Differentiation of HL60 cells and cell deglycosylation. HL60 cells were
cultured in complete RPMI 1640 medium with 10% heat-inactivated fetal
bovine serum (Gibco), penicillin (100 U/mL), and streptomycin (100 μg/mL)
at 37 °C with 5% CO2. To induce their differentiation, HL60 cells were
passaged every 3 days in culture with DMSO (1.25%) to the sixth day. The
rate of HL60 differentiation was evaluated by the expression of CD11b via
flow cytometry (Supplementary Fig. 1A). For deglycosylation, dHL60 cells
were fixed in 4% paraformaldehyde, and then, β 1-4 galactosidase or
PNGase F was added to the cells following the manufacturer’s instructions.
β 1-4Galactosidase was used to remove β-galactose from oligosaccharides,
and PNGase F was used to remove N-linked oligosaccharides from
glycoproteins.

Measurement of intracellular ROS levels
The intracellular ROS levels in peripheral blood neutrophils, dHL60 or THP-
1 cells were determined by DCFH-DA assay. Cells were preloaded with
10 μmol/L DCFH-DA probe for 20min at 37 °C, and then, DCF fluorescence
was measured using a BD FACSCelesta flow cytometer (BD Biosciences). To
detect the change in ROS levels after simulation, cells preloaded with the
DCFH-DA probe were seeded in 96-well plates and treated with serum,
anti-VSTM1 antibody or Gal1 protein. ROS levels were measured in real-
time with a fluorescence microplate reader immediately after the initial
stimulation and at 5min intervals for 2 h or 16 h.

Cell viability quantification
The viability of freshly isolated or cultured neutrophils or dHL60 cells was
determined by staining with PE-conjugated Annexin V and 7AAD following
the manufacturer’s protocol (BD Pharmingen). The percentage of Annexin
V-PE/7-AAD double-negative cells was considered to be the percentage of
viable cells. Representative flow cytometry data are shown in Supplemen-
tary Fig. 1B.

RNA interference and plasmids
dHL60 cells were seeded in 24-well plates and transfected with 50 nM
siRNA oligos using RNAiMAX reagent (Life Technology). After 72 h of
transfection, the cells were collected, and the knockdown efficiency and
the effect of ROS on cell viability were measured. The details of the siRNA
sequences are shown in Supplementary Table 2.
Full-length sequences of VSTM1 were obtained from Sangon Biotech,

and then, Myc-tagged VSTM1 was cloned and inserted into a pcDNA3.1 or
pLenti-puro vector. The plasmids were transiently transfected into HEK
293 T cells with Lipo-2000 reagent (Invitrogen). For stable transfection,
THP-1 cells were infected with packaged lentiviruses and selected after
1 μg/ml puromycin treatment.

RNA isolation and quantitative PCR (qPCR)
Total RNA was extracted with TRIzol (Invitrogen) following the manufac-
turer’s guidelines and then reverse transcribed to cDNA using PrimeScript
RT Master Mix (Takara). QPCR was performed with a 7900HT Fast Real-Time
PCR System (Applied Biosystems). The RNA expression level was calculated
using the –ΔΔCT method and normalized to GAPDH. The sequences of the
primers are presented in Supplementary Table 3.

Protein extraction and Western blotting
Total cellular proteins were extracted with RIPA buffer, and membrane
proteins were extracted with a membrane and cytosol protein extraction
kit (Beyotime). Protein concentration was determined with a BCA protein
assay kit (Thermo Scientific). For serum protein level measurements, serum
samples were depleted of highly abundant proteins using TOP14
Abundant Protein Depletion Mini Spin Columns (A36370, Pierce). Western
blot assays were performed as described previously [20]. Under reducing
conditions, the protein samples were boiled with SDS loading buffer and
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dithiothreitol (DTT), while under nonreducing conditions, the samples were
suspended in loading buffer without DTT. Gray value analysis was
performed with ImageJ software.

Flow cytometry
To measure the expression of VSTM1 or Gal1 on the cell surface,
neutrophils suspended in FACS buffer were incubated with primary-
targeting antibodies for 30min at 4 °C, washed with FACS buffer and then
incubated with the appropriate secondary antibodies for an additional
30min. The relative mean fluorescence intensity (MFI) was measured with
a BD FACSCelesta flow cytometer (BD Biosciences).

GST pull down
The purified GST-VSTM1 domain was incubated with GST agarose beads
for 2 h at 4 °C and then incubated with neutrophil cell lysates in vitro for
2 h at 4 °C in lysis buffer (150mM NaCl and 50mM Tris-HCl, pH 8.0). Then,
the beads were washed three times followed by elution with elution buffer
(150mM NaCl; 50 mM Tris-HCl, pH 8.0; and 15mM GSH). The reactions
were then analyzed by mass spectrometry (MS).

Immunoprecipitation
The indicated antibodies were incubated with AminoLink Plus Coupling
Resin for 2 h, followed by further incubation with cell extracts for 4 h at 4 °C
using a co-immunoprecipitation kit (26149, Thermo Scientific) according to
the manufacturer’s instructions. The immune complexes were washed and
eluted and then analyzed by immunoblot assay or MS.

LC‒MS/MS analysis
For IP-MS analysis, the eluted products were separated by SDS‒PAGE. Gel
lanes were excised and the gel pieces digested following Coomassie blue
staining and subjected to LC‒MS/MS analysis with LTQ Orbitrap Velos
(Thermo Scientific). Database searching was carried out using Proteome
Discoverer Version 2.1 (Thermo Scientific) against the UniProt human
reference proteome database. For PRM analysis of Gal1, an equal volume
of serum sample was prepared by depletion of highly abundant proteins
using TOP14 Abundant Protein Depletion Mini Spin Columns (A36370,
Pierce). Nonoxidative and oxidative standard proteins and preprepared
serum samples were directly alkylated using 50mM iodoacetamide (IAA)
for 30min at room temperature in the dark. In-solution digestion was
conducted using Mass Spec Grade Trypsin (Promega) with an enzyme:-
protein ratio of 1:100. The digested samples were dried and redissolved in
50 μl of 0.1% formic acid. Data were acquired from an Orbitrap Fusion
mass spectrometer (Thermo Fisher). Individual samples were injected at a
flow rate of 300 nLmin−1. The parameters used for the PRM analysis were
set as follows: for MS1, the Orbitrap resolution was 120,000, AGC target
value was 2 × 105, and injection time was 50ms. For MS2, the Orbitrap
resolution was 15,000, AGC target value was 5 × 104, injection time was
45ms, isolation window was 1.6 m/z, and high energy collision dissociation
normalized collision energy was 30%.

Immunofluorescence staining
Freshly isolated neutrophils (105 cells) from HCs and patients with SLE were
fixed with 4% paraformaldehyde and treated with blocking buffer (100mM
Tris-HCl, pH 8.0; 2% BSA; and 50 μg/ml goat nonspecific IgG) for 1 h. Cells
were stained using anti-VSTM1 and anti-Gal1 primary antibodies for 2 h
and then with the corresponding anti-mouse IgG Alexa Fluor 488 and anti-
rabbit IgG Alexa Fluor 594 secondary antibodies for 1 h. The slides were
mounted with anti-quenching agent containing DAPI and examined with
Leica microscopes.

Enzyme-linked immunosorbent assay (ELISA)
Gal1 levels in serum were measured with the Human Galectin-1 ELISA Kit
(ab260053, Abcam). The reduced glutathione (GSH) and oxidized
glutathione (GSSG) in serum were determined by fluorometry assay
following the manufacturer’s protocol (ab138881, Abcam).

Gal1 oxidation
Recombinant Gal1 was purchased from Sino Biological. To generate
oxidized Gal1, reduced Gal1 was diluted in 20mM Tris-HCl at pH
8.0 supplemented with 0.001% (w/v) CuSO4 at 4 °C overnight according
to methods previously described [21].

Sulfhydryl group labeling and immunoprecipitation
Reduced sulfhydryl groups were labeled by BIAM using similar methods
previously reported [22]. In brief, serum samples were first depleted of highly
abundant proteins using TOP14 Abundant Protein Depletion Mini Spin
Columns (A36370, Pierce) and then incubated with catalase (200 unit/ml),
20 μM BIAM and 1% Triton X-100 at room temperature on a rotary shaker for
1 h. Free BIAM was removed by ultrafiltration. The supernatant was
incubated with 50 μl of streptavidin-magnetic beads for 4 h at 4 °C. The
beads were washed with PBS containing 1% Triton X-100 three times and
boiled in loading buffer, and the eluted protein levels were measured by
immunoblotting.

Biolayer interferometry (BLI)
For protein affinity measurement, His-VSTM1 was loaded onto anti-His
biosensors for 4 min. Then, the loaded biosensors were exposed to a series
of Gal1 and oxidized Gal1 concentrations (0.125–2 μM). The association
and dissociation steps were recorded by Octet Red96e systems, and the KD
values were calculated using Octet software with a 1:1 fit model.

Binding assay and Gal1 depletion
Gal1 and oxidized Gal1 protein were labeled with an Alexa Fluor 488
(AF488) Conjugation Lightning-Link Kit (ab236553, Abcam) according to
the manufacturer’s guidelines. Then, the cells were incubated with AF488-
labeled Gal1 or oxidized Gal1 for 20min at 4 °C. Samples were analyzed
using a BD FACSCelesta flow cytometer (BD Biosciences). For the
competition experiments, cells were simultaneously incubated in HC, SLE
serum, or Gal1-depleted serum at a concentration of 50%. Gal1 in serum
was depleted by Gal1 antibody-conjugated AminoLink Plus Coupling Resin
(20501, Thermo Scientific). Briefly, the anti-Gal1 antibody was incubated
with AminoLink Plus Coupling Resin for 2 h, followed by further incubation
with serum overnight at 4 °C. The supernatant contained serum with Gal1
depleted. The efficacy of Gal1 depletion is shown in Supplementary Fig. 2.

Statistical analysis
GraphPad Prism was employed for the statistical analysis performed in this
study. To compare the differences between the two groups, two-tailed
Student’s t test was performed. The Spearman method was used to
calculate correlations. P values < 0.05 were considered significant.

RESULTS
SLE serum increases the levels of ROS in neutrophils
To investigate the redox status of neutrophils in SLE, peripheral
blood neutrophils were isolated from SLE patients, and the
intracellular ROS levels were measured using DCFH-DA fluores-
cence probes. As shown in Fig. 1A, the intracellular ROS levels
were significantly higher in SLE neutrophils than in those from
healthy controls (HCs). Notably, the intracellular ROS levels in
neutrophils from SLE patients correlated positively with disease
activity as measured by the Systemic Lupus Erythematosus
Disease Activity Index (SLEDAI) (Fig. 1B) but correlated negatively
with circulating neutrophil cell counts (Fig. 1C). Furthermore,
neutrophil cell viability was assessed by 7AAD-Annexin V staining
(Fig. 1D). As expected, SLE neutrophils with higher ROS levels were
less viable (Fig. 1E). These results suggest that ROS levels in
neutrophils from SLE patients correlated positively with both
neutropenia and disease activity.
Neutrophil fate can be regulated by several soluble factors in

serum [10, 20, 23]. To determine whether SLE serum promotes ROS
production leading to cell death, we examined ROS levels in
neutrophils from HC or SLE patients after incubation with serum
from either HC or SLE patients. The presence of SLE serum caused a
significant increase in the ROS levels of neutrophils compared to HC
serum within the first 2 h, but the levels returned to normal 1 h later
(Supplementary Fig. 3, Fig. 1F). In addition to the increased ROS
levels, the viability of the neutrophils was reduced in the presence
of SLE serum (Fig. 1G). Notably, both the induction of intracellular
ROS production and the reduction in the viability of neutrophils
cultured with SLE serum were completely abolished by the addition
of the antioxidant N-acetyl cysteine (NAC) (Fig. 1H, I). Interestingly,
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pharmacological suppression of either NETosis (GSK484, a peptidy-
larginine deiminase 4 inhibitor) or apoptosis (VX765, a caspase 1
inhibitor; z-VAD, a pancaspase inhibitor) but not necroptosis
partially rescued SLE serum-induced cell death (Supplementary
Fig. 4). Taken together, these data demonstrate that SLE serum
induces neutrophil death by enhancing intracellular ROS produc-
tion and that the presence of an antioxidant effectively prevents this
process.

The inhibitory receptor VSTM1 contributes to increased ROS
production and decreased viability of SLE neutrophils
ITIM-containing inhibitory receptors have been proposed to
control ROS production and cell death in neutrophils [24–27]. To
test this hypothesis, we performed a functional siRNA screening of
the inhibitory receptors in neutrophil-like dHL60 cells and found

that knockdown of eight of thirteen inhibitory receptors
(CEACAM1, CD300A, CD300LF, CIEC12 A, LILRB3, SIGLEC9, SIRPA,
and VSTM1) increased the intracellular ROS levels and that among
these receptors, Vstm1 deficiency resulted in decreased cell
viability (Supplementary Fig. 5).
It has been reported that VSTM1 ligation inhibits FcR-induced

ROS production in HC neutrophils [28]. We validated the function of
VSTM1 using an anti-VSTM1 agonist mAb (clone 1A5) [11]. As
expected, ligation of VSTM1 significantly reduced ROS levels in both
HC and SLE neutrophils (Fig. 2A), and this outcome was found in the
presence of HC or SLE serum (Fig. 2B). Consistently, ligation of
VSTM1 helped preserve neutrophil viability by inhibiting cell death
induced by the addition of SLE serum (Fig. 2C, D). Taken together,
these results suggest that activation of VSTM1 preserves neutrophil
viability by suppressing ROS production.

Fig. 1 SLE serum increases ROS levels in neutrophils. A Flow cytometry quantification of ROS levels in neutrophils immediately after samples
were isolated from HC and SLE patients (HC: n= 24, SLE: n= 20). The ROS MFI ratio was the MFI of ROS normalized to that of control cells.
B The ROS levels of neutrophils in patients with SLE correlated with disease activity as measured using the SLEDAI (n= 20). C, D The ROS levels
of neutrophils in patients with SLE correlated negatively with (C) the number of peripheral neutrophils (n= 20) and (D) the cell viability of
neutrophils (n= 11). E Flow cytometry quantification of cell viability of neutrophils immediately after samples were isolated from HC and SLE
patients with low ROS (ROS MFI ratio < 1.5) and high ROS (ROS MFI ratio ≥ 1.5) levels in their neutrophils (HC: n= 10, SLE with low ROS: n= 6,
SLE with high ROS: n= 5). F The ROS production of neutrophils from HCs (n= 16) or SLE patients (n= 16) cultured in vitro with 10% pooled
HC or SLE serum was measured with a fluorescence microplate reader. Quantification data are depicted as the fold change in peak
fluorescence units compared with the level in 0-time point control cells. G Flow cytometry quantification of the viability of neutrophils from
HCs (n= 5) cultured in vitro with 10% mixed HC serum or SLE serum for 4 h. HC neutrophils were cultured in the presence of HC or SLE serum
with or without the addition of NAC (1 μM). H ROS production in neutrophils was measured with a fluorescence microplate reader (n= 8).
I Neutrophil viability was measured by flow cytometry (n= 5). The data are shown as the mean ± SEM from three independent experiments.
*p < 0.05, **p < 0.01, ***p < 0.001; two-tailed unpaired or paired Student’s t test. MFI mean fluorescence intensity, NAC N-acetyl cysteine
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VSTM1 is expressed predominantly on neutrophils and at low
levels on monocytes but not on T and B cells (Supplementary
Fig. 6A, B). In contrast to VSTM1 activity in neutrophils, VSTM1
activity in monocytes did not significantly affect ROS production
levels (Supplementary Fig. 6C). Neutrophil subsets with distinct
phenotypes and functions have been recognized. [29–31] We
measured the expression of VSTM1 in different neutrophil subsets,
including immunosuppressive (CD16hiCD62Ldim), aging
(CXCR4+ CXCR2-), senescent (CXCR4hiCD62Ldim), mature
(CD16hiCD10+ ), and reverse transendothelial migration-related
(rTEM) (CD54+ CXCR1+ ) neutrophil subsets. We found that
VSTM1 expression did not differ between various neutrophil
subsets in either HC or SLE patients (Supplementary Fig. 6D–F).
VSTM1 is expressed in either membrane form (VSTM1-v1, an ITIM-
bearing immune receptor) or soluble form (VSTM1-v2) [32]. The
expression of total VSTM1 (both membrane and soluble forms) in
neutrophils did not differ significantly between SLE patients and
HCs (Supplementary Fig. 6G). Notably, the expression of VSTM1 on
the cell surface was generally lower in neutrophils from SLE
patients than in those from HCs (Fig. 2E–H), although this
downregulation did not correlate with SLE disease activity (Fig. 2I).
It remains to be determined whether reduced expression of

VSTM1 on the surface of neutrophils, low binding affinity for its
natural ligands or both are involved in the pathogenesis of SLE.

Gal1 was identified as a ligand for VSTM1
Next, we performed a screening assay to identify potential VSTM1
ligands. First, performing an in vitro pull-down assay with either
GST-labeled extracellular segment of the VSTM1 protein incubated
with lysate from HC serum or anti-VSTM1 antibody with the
VSTM1 complex on the membrane of neutrophils, we identified
potential VSTM1 ligands via mass spectrometry (MS). Among the
enriched targets, Gal1 was identified because it was the most
abundant (Supplementary Table 4). We confirmed the interaction
between VSTM1 and Gal1 via coimmunoprecipitation experiments
using neutrophils and HEK 293 T cells transfected with VSTM1
(Fig. 3A, Supplementary Fig. 7A, B). The binding assay showed that
fluorescence-conjugated Gal1 efficiently bound to dHL60 cells, but
silencing of VSTM1 abolished this interaction (Fig. 3B, Supple-
mentary Fig. 7C). We examined the function of Gal1 in neutrophils
and confirmed that, similar to effect of the VSTM1 agonistic
antibody, Gal1 decreased ROS production in a dose-dependent
manner (Fig. 3C, D). Moreover, the addition of Gal1 prevented
SLE serum-induced cell death (Fig. 3E, F). Considering that Gal1 is

Fig. 2 VSTM1 contributes to ROS regulation and cell viability in SLE neutrophils. A The ROS production of neutrophils from HCs (n= 12) or SLE
patients (n= 10) stimulated with plate-bound VSTM1 antibody (5 μg/mL) or isotype control was measured with a fluorescence microplate
reader. B The ROS production of neutrophils from HCs (n= 18) cultured in 10% serum pooled HC or SLE serum with plate-bound VSTM1
antibody (5 μg/mL) or isotype control was measured using a fluorescence microplate reader. C, D Flow cytometric quantification of the
viability of neutrophils from HCs (n= 6 or 7) cultured in the (C) absence or (D) presence of 10% serum pooled HC or SLE serum samples
stimulated with plate-bound VSTM1 antibody (5 μg/mL) or isotype control. E qPCR analysis of VSTM1-v1 expression in neutrophils from HCs
(n= 19) and SLE patients (n= 30). F, G Western blot analysis of VSTM1 expression on the neutrophil membrane (HC: n= 5, SLE: n= 6). H Flow
cytometry quantification of VSTM1 expression on the membranes of neutrophils from HCs (n= 19) and SLE patients (n= 17). I The expression
of VSTM1 on the surface membrane of neutrophils from SLE patients did not correlate with disease activity as measured by the SLEDAI
(n= 17). The data are shown as the mean ± SEM from three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001; two-tailed unpaired
or paired Student’s t test. MFI mean fluorescence intensity
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a β-galactoside-binding lectin [33], we pretreated fixed dHL60
cells with or without β-galactosidase or PNGase F and performed a
Gal1 binding assay. Deglycosylation exerted no effect on the
binding ability of Gal1 to dHL60 cells (Supplementary Fig. 7D).
Lactose was also added to the cultures, but it exerted no effect on
ROS production in the presence of Gal1 (Supplementary Fig. 7E).
To confirm that Gal1 inhibits ROS production by binding to

VSTM1, we knocked down VSTM1 in dHL60 cells or overexpressed
VSTM1 in THP-1 cells. As expected, Gal1 efficiently inhibited ROS
production in a time-dependent manner in wild-type dHL60 cells
but not in dHL60 cells transfected with VSTM1-silencing siRNA
(Supplementary Fig. 7C, Fig. 3G). Moreover, Gal1 failed to inhibit

the production of ROS in THP-1 cells that did not express VSTM1,
and overexpression of VSTM1 rescued the inhibitory effect of Gal1
(Supplementary Fig. 7F, G and Fig. 3H). Taken together, these
results demonstrate that Gal1 acts as an agonistic ligand of
VSTM1.

Attenuated binding of Gal1 to VSTM1 in the neutrophils of
SLE patients
We sought to determine whether the levels of Gal1 in SLE serum
correlate with SLE disease activity. Surprisingly, Gal1 levels were
slightly higher in SLE serum than in HC serum (Fig. 4A), which was
not consistent with the proposal that Gal1 binds to the inhibitory

Fig. 3 Gal1 acts as a ligand for VSTM1. A Neutrophil lysates were immunoprecipitated using anti-VSTM1 or anti-Gal1 antibody, followed by
immunoblot analysis with VSTM1 and Gal1 antibodies. B Flow cytometric analysis of AF488-labeled Gal1 binding to dHL60 cells with or
without VSTM1 knocked down. C The ROS production in neutrophils from HCs (n= 10 or 20) cultured with increasing doses of Gal1 protein (1/
5/25/50 μg/mL) was measured with a fluorescence microplate reader. D The ROS production of neutrophils from HCs (n= 8) cultured in 10%
mixed HC serum or SLE serum with or without Gal1 protein (25 μg/mL) was measured by a fluorescence microplate reader. E, F Flow cytometry
quantification of the viability of neutrophils from HCs (n= 5 or 6) cultured in the (E) absence or (F) presence of 10% serum from mixed HC
serum or SLE serum stimulated with or without Gal1 protein (25 μg/mL). G, H Effect of Gal1 treatment on ROS production in (G) dHL60 cells
after knockdown of VSTM1 and (H) THP-1 cells after overexpression of VSTM1. The data are shown as the mean ± SEM from three independent
experiments. *p < 0.05, **p < 0.01, ***p < 0.001; two-tailed paired Student’s t test
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VSTM1 receptor. Using immunofluorescence staining, we con-
firmed the colocalization of VSTM1 and Gal1 on the membrane of
neutrophils, but this colocalization was reduced in SLE neutrophils
even though SLE serum contained more Gal1 (Fig. 4B). This
observation suggests that Gal1 binding to VSTM1 is attenuated in
SLE neutrophils. Moreover, lower levels of Gal1 were immunopre-
cipitated by an anti-VSTM1 antibody obtained from neutrophil
lysates exposed to serum from SLE patients than from those
exposed to serum from HCs (Fig. 4C). In a competitive binding
assay, fluorescence-conjugated Gal1 bound to neutrophils, and
the addition of HC but not SLE serum effectively blocked this
binding. Notably, the depletion of Gal1 from HC serum completely
abolished its competitive binding capacity. (Fig. 4D). These results
suggest that Gal1 acts as a key ligand for binding VSTM1 and that
Gal1 is much less effective binding VSTM1 in SLE serum than
VSTM1 in HC serum.

Gal1 is excessively oxidized in SLE serum
The reactive sulfhydryl of reduced cysteine residues (-SH) in
proteins can be oxidized and converted into disulfide bonds (-S-S-)
and is therefore considered a reliable indicator of the redox state

of a protein. Interestingly, we observed that less Gal1 was present
in the reduced form (with free sulfhydryl groups) in SLE serum
than in HC serum (Fig. 5A) and in contrast was present mainly in
the oxidized, which was characterized by excessive disulfide
bonds (Cys3-Cys43 is a representative disulfide bond) (Fig. 5B). By
labeling the sulfhydryl groups with biotin-conjugated iodoaceta-
mide (BIAM), we confirmed that in HC serum, Gal1 was present
mainly in the reduced form (with reduced cysteine residues),
whereas in SLE serum, it was present in the oxidative state (with
more in dimeric form) (Fig. 5C–E). As oxidized Gal1 has shown
functions opposite those of reduced Gal1 [34], we hypothesized
that the oxidation of Gal1 may interfere with its interactions with
VSTM1.

Oxidized Gal1 in SLE serum is unable to bind VSTM1
We then evaluated whether oxidized Gal1 showed lower binding
affinity for VSTM1 than reduced Gal1. Oxidized Gal1 protein was
obtained from reduced recombinant human Gal1 protein. The
average molecular masses of the reduced and oxidized Gal1 were
determined by Q-TOF MS. A monomer of oxidized Gal1 (14578 Da)
was slightly smaller than its reduced form (14584 Da) due to the

Fig. 4 Decreased binding of Gal1 on the surface membrane of SLE neutrophils. A Measurement of Gal1 levels in serum from HCs (n= 22) and
SLE patients (n= 38) as determined by ELISA. B Immunofluorescence staining of neutrophils immediately isolated from HC and SLE patients.
Colocalization of VSTM1 (green) and Gal1 (red) can be observed. DAPI (blue) was used as a DNA marker. Scale bar, 5 μm. C Membrane protein
extracted from HC (n= 3) and SLE (n= 3) neutrophils mixed with serum depleted of highly abundant serum proteins was
immunoprecipitated using an anti-VSTM1 antibody, followed by immunoblot analysis with anti-VSTM1 and anti-Gal1 antibodies. D Flow
cytometry analysis of AF488-labeled Gal1 competitively binding to neutrophils in HC and SLE serum with or without Gal1 depleted. The data
are shown as the mean ± SEM from three independent experiments. **p < 0.01; Mann‒Whitney test
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former carrying three pairs of disulfide bonds. Oxidized Gal1 also
exists as an oxidized dimer with a molecular weight of 29156 Da
(Supplementary Fig. 8).
Using biolayer interferometry (BLI), we found that the reduced

form of Gal1 bound to VSTM1 with a dissociation constant (KD) of
1.288E-07 M, whereas oxidized Gal1 failed to bind (Fig. 6A).
Similarly, reduced Gal1, but not oxidized Gal1, bound to dHL60
cells (Fig. 6B). Consistent with its poor binding ability, oxidized
Gal1 did not decrease ROS production in neutrophils (Fig. 6C, D)
and did not increase neutrophil viability (Fig. 6E, F). The MAPK/ERK
axis has been shown to be essential for ROS production [28], and
as expected, both an anti-VSTM1 mAb and Gal1 reduced the
phosphorylation of p42 and p38 (Fig. 6G). However, oxidized Gal1
did not reduce the phosphorylation of p42 or p38. Taken together,
the findings suggest that oxidized Gal1 present in SLE serum lost
the ability to bind VSTM1 and failed to activate the VSTM1
downstream signaling pathway.

Redox imbalance in SLE patients decreases the rate of Gal1
binding to VSTM1
We next asked, what leads to Gal1 overoxidation in patients with
SLE? Since dimerized Gal1 was not detectable in the cell lysates of
HC and SLE neutrophils, the oxidation of Gal1 was determined to
take place in the extracellular space after it is secreted (Fig. 7A).
Reduced glutathione (GSH) is the most abundant nonprotein thiol
present in all mammalian tissues and can defend cells against
oxidative stress [35]. Interestingly, the circulating GSH levels (as
determined by the ratio of GSH/GSH+ GSSG) were significantly
reduced in SLE patients but not in patients with other
autoimmune diseases, such as rheumatoid arthritis (RA), Behcet’s
disease (BD) and primary Sjögren’s syndrome (PSS) (Fig. 7B).
Furthermore, the circulating GSH levels were inversely correlated
with disease activity (Fig. 7C). These data suggest that the redox
imbalance in SLE patients may contribute to disease pathogenesis
by enhancing the oxidation of Gal1 in serum.
We then asked whether antioxidants might remove/repair the

oxidative modification of Gal1 in SLE serum. Although both GSH
and NAC remarkably inhibited Gal1 dimerization and

multimerization after H2O2 treatment (Fig. 7D), only GSH
eliminated oxidized Gal1 in vitro, and its effect was dose
dependent (Fig. 7E). GSH efficiently reduced the amount of
oxidized Gal1 in SLE serum by converting it to the reduced form
(Fig. 7F, G). Furthermore, our data revealed that reduced Gal1 was
positively correlated with GSH levels and neutrophil count and
negatively correlated with SLEDAI score (Fig. 7H–J). Therefore, our
results demonstrated that the decreased GSH levels in SLE serum
play a pivotal role in triggering the excessive oxidation of Gal1 in
SLE patients. These results were authenticated by the effect of
antioxidants on the excessive generation of reactive oxygen
species (ROS) induced by SLE serum, which led to the rescue of
cell viability (Fig. 1H and I).

DISCUSSION
The importance of the innate immune system to SLE pathogenesis
has recently been revealed. As the most abundant innate immune
cells, neutrophils have a short life cycle and are predominant
sources of dead cell debris-derived autoantigens. Increased rates
of neutrophil death, including death via NETosis, apoptosis and
ferroptosis, have been observed in SLE patients, explaining the
neutropenia associated with the disease [20, 36–38]. ROS are
major inducers of neutrophil death [39–41]. Neutrophil behavior,
including both ROS production and cell death, is tightly regulated
by ITIM-bearing inhibitory receptors [42, 43]. VSTM1, also known
as signal inhibitory receptor on leukocytes-1 (SIRL-1), is a member
of the transmembrane receptor Ig superfamily [11]. VSTM1
binding leads to the phosphorylation of ITIMs, which then recruit
the Src homology 2 domain-containing tyrosine phosphatases
SHP-1 and SHP-2, which attenuate signaling through the MEK-ERK
pathway [27, 28, 44]. With the transient accumulation of ROS
induced by SLE serum, several programmed forms of neutrophil
death are induced, which can be suppressed by the ligation
of VSTM1.
Here, we report for the first time that serum Gal1 functions as a

ligand of VSTM1. Galectins constitute a family of β-galactoside-
binding lectins with at least one carbohydrate recognition domain

Fig. 5 Gal1 is excessively oxidized in SLE serum. A MS peak area of Gal1 peptides containing free sulfhydryl groups. B Secondary-ion mass
spectrometry of Gal1 peptides containing disulfide bonds (Cys3-Cys43). C–E The reduced cysteine residues in Gal1 were detected by biotin-
conjugated iodoacetamide (BIAM) labeling and streptavidin immunoprecipitation. Western blot analysis of reduced Gal1 and total Gal1
contents in serum from HCs (n= 13) and SLE patients (n= 16) under reduced conditions and the dimerization of oxidized Gal1 under
nonreduced conditions. The data are shown as the mean ± SEM from three independent experiments. ***p < 0.001; two-tailed unpaired
Student’s t test
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Fig. 6 Oxidized Gal1 fails to bind to VSTM1. A Affinity measurement Gal1 and oxGal1 binding immobilized VSTM1 using biolayer interferometry
(ligand concentrations from top to bottom: 2, 1, 0.5, 0.25, 0.125 μM). B Flow cytometry analysis of AF488-labeled Gal1 or oxGal1 binding to dHL60 cells.
C–F The ROS production of neutrophils from HCs (n= 8) cultured in the (C) absence or (D) presence of 10%mixed HC serum or SLE serum stimulated
with or without Gal1 or oxGal1 protein (25 μg/mL) was measured by a fluorescencemicroplate reader. Flow cytometry quantification of the viability of
neutrophils from HCs (n= 4 or 5) cultured in the (E) absence or (F) presence of 10% pooled HC or SLE serum stimulated with or without Gal1 and
oxGal1 protein (25 μg/mL). G HC neutrophils were treated with anti-VSTM1 antibody (5 μg/mL) or isotype, Gal1/oxGal1 protein (25 μg/mL) or BSA
control. The phosphorylation of ERK (p42) and MAPK (p38) was assessed over time by western blotting. The data are shown as the mean ± SEM from
three independent experiments. *p< 0.05, **p< 0.01, ***p< 0.001; two-tailed paired Student’s t test. oxGal1, oxidized Galectin-1
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Fig. 7 The redox imbalance in SLE patients decreases the binding of Gal1 to VSTM1. A Western blot analysis of Gal1 contents in neutrophil
lysates from HCs (n= 2) and SLE patients (n= 2) under nonreduced conditions. B The GSH/(GSH+GSSG) ratio in serum from HCs or patients
with autoimmune diseases, including SLE, rheumatoid arthritis (RA), Behcet’s disease (BD) and primary Sjögren’s syndrome (PSS) (HC: n= 22,
SLE: n= 20, RA: n= 10, BD: n= 10, PSS: n= 10). C The GSH/(GSH+GSSG) ratio in serum from SLE patients was negatively correlated with
disease activity as measured by the SLEDAI (n= 20). D Gal1 protein was treated with H2O2 (300 nM) and simultaneously added with increasing
doses of NAC (0/1/10/50 μM) or GSH (0/1/10 μM). E Gal1 protein was first treated with H2O2 (300 nM) and then added along with increasing
doses of NAC (0/1/10/50 μM) or GSH (0/1/10 μM). F Serum protein was treated with increasing doses of GSH (0/0.1/1/10 μM). G Serum from five
SLE patients was treated with GSH (10 μM). The formation and dissociation of the oxidized Gal1 dimer and multimer were analyzed by western
blotting after nonreduced SDS‒PAGE. H–J The reduced Gal1/total Gal1 ratio in serum from SLE patients positively correlated with the GSH/
(GSH+GSSG) ratio and the numbers of peripheral neutrophils and negatively correlated with disease activity as measured by the SLEDAI
(n= 16). The data are shown as the mean ± SEM from three independent experiments. **p < 0.01; two-tailed paired Student’s t test. GSH
glutathione, NAC N-acetyl cysteine
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(CRD) [33, 45]. Gal1, which is expressed as a monomer or as a
noncovalent homodimer containing a CRD, plays important roles
in a wide variety of biological processes, including cell prolifera-
tion, cell communications and survival [33, 46, 47]. As a secretory
protein produced by virtually all hematopoietic lineages, serum
Gal1 is considered a hallmark biomarker for a variety of cancers
and immunological diseases [48, 49]. Notably, Gal1 has been
shown to attenuate several inflammatory diseases in mice,
including arthritis [50], hepatitis [51] and colitis [52], and Gal1-
deficient mice develop spontaneous lupus-like symptoms [53, 54].
Gal1 can modulate ROS production and phosphatidylserine
exposure on fMet-Leu-Phe-activated neutrophils in a
carbohydrate-dependent manner [55–57]. Here, we present a
different mechanism by which Gal1 regulates ROS production in
neutrophils in a carbohydrate-independent manner. The possible
downregulation of VSTM1 on neutrophils during fMet-Leu-Phe
stimulation may explain the dominance of different ROS
regulatory mechanisms under different conditions.
Gal1 is oxidized at a cysteine residue and oligomerized in SLE

serum, resulting in the loss of its binding affinity for VSTM1. The
presence and number of disulfide bonds in Gal1 contribute to the
redox state of the protein. Previous research has shown that Gal1
exists in different states, including both oxidized and reduced
forms, with each showing different lectin-related activities [58, 59].
Three intramolecular disulfide bridges (Cys3, Cys17 and Cys89) can
be formed during Gal1 oxidation [60, 61]. Under pathophysiolo-
gical conditions, Cys3, Cys43 and Cys61 in Gal1 have been shown
to be oxidized, and Gal1 may be fully or partially oxidized in
serum. In the absence of a reducing agent, Gal1 is unstable and
inactive [60, 62]. Oxidation of Gal1 resulted in loss of lectin activity,
ligand recognition and immune system viability [59–61]. However,
Gal1 functionality was restored when the oxidative environment
was abrogated or mitigated through reduction [61]. In the present
study, we confirmed that some of the cysteine residues were
oxidized and that the levels of reduced Gal1 in SLE serum were
markedly reduced. The low levels of functional ligands lead to
defective function of inhibitory receptors on neutrophils in SLE
patients and may further aggravate the disease. The increased
oxidative stress in SLE patients, particularly that caused by low
GSH levels in SLE serum, may explain the increased oxidation of
Gal1. GSH is an important endogenous antioxidant that protects
cells from oxidative damage. It can scavenge reactive oxygen
species directly or act as a cofactor for redox-related enzymes [63].
Notably, the antioxidant NAC protected Gal1 from oxidation, and
GSH even reverse oxidized Gal1 into the nonoxidized form.
Compared to that of other redox-active compounds, the
concentration of GSH is extremely high, reaching between 1
and 11mM in the cell [64] and with 8 nmol/mg hemoglobin in the
blood [65]. Thus, the GSH-GSSG pair serves as the most abundant
ROS scavenging system and is an important indicator of the redox
environment. These findings confirm the value of using anti-
oxidants in the treatment of SLE (ClinicalTrials.gov Identifier:
NCT00775476) [15, 66, 67].
Immune inhibitory receptors are thought to dampen immune

responses and maintain immune homeostasis. Defects in immune
inhibitory receptor signaling contribute to the development of
autoimmune diseases [2–5, 68]. However, a better understanding
of the specialized functions of different inhibitory receptors in
different diseases is warranted for the rational application of
targeted therapies. Our study first revealed the importance of the
Gal1-VSTM1 inhibitory axis in the pathogenesis of SLE. The
interaction between circulating Gal1 and the inhibitory receptor
VSTM1 is essential for neutrophil homeostasis, and the oxidation
of Gal1 in patients with SLE disrupts key interactions and leads to
a series of neutrophil abnormalities, including increased intracel-
lular ROS production and cell death rate, which are frequently
observed in SLE patients.

In conclusion, we identify for the first time Gal1 as a natural
ligand of VSTM1 and provide novel information showing the
importance of the Gal1/VSTM1 axis in the pathogenesis of SLE.
Our findings provide a theoretical framework that elucidates the
potential consequences of impaired ligand self-recognition by an
immune inhibitory receptor, resulting in diminished immunosup-
pression. Furthermore, our findings broaden the understanding of
immune inhibitory receptors in immune homeostasis and have
important clinical implications for targeting oxidative stress as an
SLE treatment.
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