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Siglec genes confer resistance to systemic lupus
erythematosus in humans and mice

Rhonda Flores, Peng Zhang, Wei Wu, Xu Wang, Peiying Ye, Pan Zheng and Yang Liu

A recent meta-analysis revealed the contribution of the SIGLEC6 locus to the risk of developing systemic lupus
erythematosus (SLE). However, no specific Siglec (sialic acid-binding immunoglobulin-like lectin) genes (Siglecs)
have been implicated in the pathogenesis of SLE. Here, we performed in silico analysis of the function of three
major protective alleles in the locus and found that these alleles were expression quantitative trait loci that
enhanced expression of the adjacent SIGLEC12 gene. These data suggest that SIGLEC12 may protect against the
development of SLE in Asian populations. Consistent with human genetic data, we identified two missense
mutations in lupus-prone B6.NZMS/e1/Sle2/Sle3 (Sle1-3) mice in Siglece, which is the murine Siglec with the
greatest homology to human SIGLEC12. Since the mutations resulted in reduced binding of Siglec E to splenic
cells, we evaluated whether Siglece” mice had SLE phenotypes. We found that Siglece™~ mice showed
increased autoantibody production, glomerular immune complex deposition and severe renal pathology reminiscent
of human SLE nephropathy. Our data demonstrate that the Siglec genes confer resistance to SLE in mice and

humans.
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INTRODUCTION

Systemic lupus erythematosus (SLE) is a
complex autoimmune inflammatory dis-
ease that predominately affects women of
childbearing age. The prevalence of SLE
ranges from 20 to 150 cases per 100 000
individuals, with a 10-year survival rate
of ~70%.! Production of autoantibodies
against self-nucleic acids, such as double-
stranded DNA (dsDNA), represents a
serological hallmark of SLE.? These auto-
antibodies contribute to the pathogenesis
of SLE by forming immune complex
deposits in different parts of the body,
leading to inflammation and organ
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damage. Although the etiology of SLE
remains elusive, genetic and environ-
mental factors, as well as a failure to
properly clear apoptotic cells leading to
secondary necrosis and the release of
nuclear autoantigens, challenges immu-
nological tolerance, thereby exacerbating
the risk of disease manifestation.™
Toll-like receptors (TLRs) recognize
both pathogen-associated molecular pat-
terns and danger-associated molecular
patterns (DAMPs) and induce the pro-
duction of inflammatory cytokines. TLRs
play key roles in driving aberrant inflam-
mation in response to DAMPs in SLE
patients and SLE-prone mice.*® Sialic
acid-binding immunoglobulin-like lec-
tins (Siglecs) are sialic acid-recognizing
cell surface receptors that are predomi-
nately expressed on immune and hema-
topoietic cells.””!! They comprise a
family of 14 receptors in humans and 9
receptors in mice,'> and have been
shown to suppress TLR-mediated
inflammatory responses to DAMPs.!*13
Siglecs have one or two extracellular

N-terminal V-set Ig-like domains that
bind to sialoside-containing structures
with different specificities, as well as a
C2-set Ig-like domain that contains a
variable number of C2-type repeats.'®10
Many Siglecs have an intracellular
immune receptor tyrosine-based inhibi-
tory motifs. These motifs are phosphory-
lated by tyrosine kinases and are
subsequently bound by SHP-1 and
SHP-2 tyrosine phosphatases!” and the
E3 ligase Cbl,’ thereby dampening TLR
cell signaling in response to DAMPs. We
have recently reported that Siglec E
is directly associated with TLRs and
regulates TLR-mediated induction of
inflammatory ~ responses,  including
endotoxemia.'8

While the role for SIGLECS in SLE has
not been systematically investigated, sev-
eral lines of evidence suggest a potential
role for Siglecs in the pathogenesis of
SLE. First, we and others have reported
that CD24, which encodes the first
known natural ligand for a Siglec,'?
affects the risk of developing SLE.!*72?
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Sialylated CD24 has been shown to
interact with Siglec-G and human
Siglec-10.?*> This interaction attenuated
proinflammatory TLR signaling in
response to a variety of DAMPs released
by damaged cells, such as nuclear protein
high mobility group box 1 (HMGB1) and
heat-shock  proteins ~ HSP70  and
HSP90.!415  Previous  studies have
demonstrated that, during cell damage
and death, molecules such as HMGBI,
HSPs and possibly HMGBI1-containing
nucleosomes induce the production of
inflammatory cytokines in a TLR2-
dependent manner, as well as the pro-
duction of anti-dsDNA antibodies in
BALB/c mice.>?* Therefore, disruption
of Siglecs and their sialylated ligands
may promote autoimmunity. Second, a
recent study showed that loss of Siglec-G
expression in the SLE-prone MRL/Ipr
mouse strain moderately contributed to
disease severity.>> Likewise, Siglecg single
knockout mice show a massive increase
in B1 B cells,”®?” and mice deficient for
both Siglec-G and CD22 have an exacer-
bation of this phenotype and develop
systemic autoimmunity with limited fea-
tures of SLE.2 Third, mutations in sialic
acid acetylesterase, the enzyme involved
in modifying sialylated Siglec-G ligands,
led to autoimmunity in mice and was
associated with autoimmune diseases in
humans.?” Nevertheless, no genetic poly-
morphisms of either Siglecg or SIGLEC10
genes have been reported to be associated
with an increased risk of developing SLE.

Most recently, an association study
including 4478 SLE cases and 12656
controls from six East Asian cohorts
identified SIGLEC6 as a major SLE risk
locus among Asian populations.*® Our in
silico analysis in this study suggests that
both predisposing and protective alleles
can be found within this region. Surpris-
ingly, all protective alleles were found to
be associated with enhanced expression
of a SIGLECI2 gene. We also show that
mice with significantly enhanced devel-
opment of SLE due to expression of the
alleles SleI-3 have two mutations in the
IgV-like domain of Siglec E, the closest
known relative of human SIGLECI12 in
the mouse. Targeted mutation of the
Siglece gene in mice led to the develop-
ment of lupus-like symptoms.
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MATERIALS AND METHODS

Mice

Siglece”~ mice were generated by gene
targeting from 129/Sv ES cells produced
by the Mutant Mouse Regional Resource
Center (MMRRC) at UC Davis (Davis,
CA, USA), as described here (https://
www.taconic.com/knockout-mouse/
siglece-targeted). These mice were back-
crossed to C57BL/6 mice for five gen-
erations.  B6.NZMSl/Sle2/Ske3 (gle1-3)
mice were purchased from the Jackson
Laboratory. All mice used were between
12 and 14 months of age. All mice were
bred and maintained under specific
pathogen-free conditions at the Chil-
dren’s National Medical Center. All pro-
cedures were approved by the Animal
Care and Use Committee of the Chil-
dren’s National Medical Center.

Genetic analysis

Genomic DNA was extracted from three
C57BL/6 and three B6.NZMSel/Sle2/sles
mice. Tail digestion was performed over-
night at 55°C in STE buffer (100 mm
Tris, 5mM EDTA, 0.2% sodium dodecyl
sulfate, 200mMm NaCl, pH 8.5) and
proteinase K. Genomic DNA was then
purified using phenol—chloroform extrac-
tion. Amplification and sequencing pri-
mers were designed for each of the seven
exons in Siglece (amplification primers—
exon 1: 5-TAAAACTGTCTCTCCAGGCT
, 5-CTGGGAGCAGCTGGGTTT; exon 2:
5'-CAGCTCCTCCCCTGAGC, 5'-TAAG
GGTGCTTGTCAGGATG; exon 3: 5'-CT
GAACTTACTTTCCGCCTT, 5-TACCT
GACCTTGAGTCCAGG; exon 4: 5'-AGT
AGGGAGCAAAGGACAGG, 5-TCCCT
ATTAGCCTTGTTAGCT; exon 5: 5'-CT
GAACTTACTTTCCGCCTT, 5-GATGG
TGAGGGACCAGCCTG; exon 6: 5-AC
CCTCTGCTTGCAGTTAAG, 5'-GCCTG
GACTCCTCCCCTGAGA; exon 7: 5'-TG
TAGGGGTATATACACATAA, 5-GTTG
ACATGTGATACACAGGG; sequencing
primers—exon 1: 5-GCATGTCCAGC
TAAAACTGT, 5'-CCATGGGTTGGGAG
CAGT; exon 2: 5-AATGGAGCATCAGG
ATGGGA, 5-CCTGTTTTTCTAGTACA
AAG; exon 3: 5'-GAATGCTAAGAAACC
TCGCC, 5-TATCGGCCTTGGTGGGG
AAG; exon 4: 5'-AGGAGCCAGAGTCA
GTGTGA, 5- TTTGTGGGCCAGAGGC
AGGCG; exon 5: 5'-GAATGCTAAGAAA

CCTCGCC, 5-CTGGCGTGAGTATCG
GCCTT; exon 6: 5-TGGGTGTAAGGAC
ACCAAGG, 5-CAGTGTGCCTGTGCT
CAAGCG; exon 7: 5'-GAAAGGAGAGAG
TCAGAGAA, 5-TGACCGTGGCTGGA
GAAAGC). PCR was performed using
GoTaq Green Master Mix (Promega,
Madison, W1, USA) for 40 cycles at 96 °C
for 10s, 57 °C for 30s and 72 °C for 60 s.

Immunofluorescence analysis

For antinuclear antibody (ANA) level
measurement, HeLa cells were seeded on
coverslips and fixed with 4% paraformal-
dehyde (Sigma, St Louis, MO, USA) in
phosphate-buffered saline (PBS) for
20min at room temperature, followed
by permeabilization with 0.1% Triton
X-100 (Sigma) for an additional 10 min.
After washing with PBS, cells were blocked
with 10% fetal bovine serum in DMEM
and stained with serum from 6-month-
old mice diluted 1:1000. Alexa Fluor
488-conjugated goat anti-mouse immuno-
globulin G (IgG) (Invitrogen, Carlsbad,
CA, USA) was used to detect ANA.

For evaluation of glomerular IgG, IgM
and C3 deposition, kidneys were snap
frozen in OCT medium directly after
dissection. After sectioning using a cryo-
stat, the 8-pum-thick frozen sections were
fixed with 4% paraformaldehyde in PBS
for 30 min at room temperature, fol-
lowed by permeabilization with 0.3%
Triton X-100 at room temperature for
15 min. After washing, the tissue sections
were blocked with 3% normal goat
serum (Sigma) and then stained with
Alexa Fluor 488-conjugated goat anti-
mouse IgG (Invitrogen), goat anti-mouse
IgM (Santa Cruz Technology, Dallas, TX,
USA) and rat anti-mouse C3 (Abcam,
Cambridge, Cambridgeshire, UK). Depos-
its in the glomeruli were scored in a
blinded manner on a scale of 0-4
(0=negative, 1=weak, 2=moderate,
3 =strong, 4 =maximal fluorescence) in
five different fields for each kidney sec-
tion. All images were acquired at the
same exposure time to allow comparison
among samples with an Olympus X51
microscope (Temple Hills, ML, USA).

Kidney histology
Kidneys from wild-type (WT), Siglece™~
and Slel-3 mice were fixed in 10%
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formalin. After embedding, kidneys were
sectioned at 5 pm thicknesses and stained
with hematoxylin and eosin (H&E) and
periodic acid-Schiff (PAS). PAS-stained
kidneys were scored in a blinded manner
for lupus nephritis. Sections were scored
on a scale of 0-4 (0 =normal, 1 =mild,
2 =moderate, 3 =strong, 4 =severe) for
thickening of the glomerular basement
membrane and mesangial matrix
expansion.

dsDNA ELISA

Polystyrene plates where coated with
poly-L-lysine overnight at 4°C. After
washing with PBS, plates were coated

with 20 pg/ml calf thymus DNA diluted
in ddH,O at 37°C for 2h. Plates were
washed with PBS and blocked with 2%
bovine serum albumin (BSA) in PBS at
room temperature for 1h. Serum sam-
ples were diluted 1:50 in 2% BSA in PBS
and incubated overnight at 4°C or at
room temperature for 2h. Plates were
washed five times in PBS, and horse
radish peroxidase-conjugated goat anti-
mouse (GE Healthcare, Chicago, IL,
USA) was added and incubated at room
temperature for 1h. After washing
five times with PBS, 1-Step Ultra
TMB-ELISA (Thermo Fisher Scientific,
Waltham, MA, USA) substrate solution

was added and incubated for 15 min.
Reactions were stopped with 2m HCI
and measured to determine the optical
density at 450 nm.

Binding assay

Splenocytes from C57BL/6 mice were
isolated and homogenized into a single-
cell suspension and incubated at 4 °C for
1 h with no protein, 0.25, 0.5, 1 or 2 pg/
ml hlgG-Fec, Siglec-E-WT-Fc or Siglec-E-
mutant-Fc diluted in 2% BSA in PBS.
After incubation, the cell suspensions
were washed three times with 2% BSA
in PBS, followed by staining with phy-
coerythrin (PE) anti-human IgG Fc
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Figure 1 Regional association of Siglec gene family and SLE risk. (a) Regional association plots for chromosome 19 (top) and the hot
region (bottom) of SLE. Plots of loglO (P-meta) versus genomic position. (b) Boxplots of SIGLEC12-normalized expression values for three
significant eQTLs in a novel hot region in splenic and blood tissues. The p-value of the eQTLs is defined as the slope of the linear
regression and is computed as the effect of the alternative allele (ALT) relative to the reference allele (REF). P-values were generated for
each variant-gene pair by testing the alternative hypothesis that the slope of a linear regression model between genotype and expression
deviated from 0. (c) Schematic diagram of Pfam domains of three isoforms of SIGLEC12 (top) and a boxplot of isoform expression values
(RPKM) in splenic tissues using Genotype-Tissue Expression (GTEx) project data (bottom). eQTL, expression quantitative trait loci; RPKM,
reads per kilobase million; Siglec, sialic acid-binding immunoglobulin-like lectin; SLE, systemic lupus erythematosus.
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Table 1 Meta-analysis results for top 8 loci in the SIGLEC region associated with SLE in Asian human cohorts

P-value Meta-analysis eQTL

OR
Malaysian Chinese

OR
Han Chinese

Location OR Korean

MAF

Ref/Alt

SNP

Position hgl9

Chr.

No

9.27E-06
8.96E-06

1.44
1.39
1.23
1.17
0.87
0.91
0.91
1.35

1.14
1.15
1.16
1.15
0.89
0.89
0.88
1.18

1.3

1.3

1.32
1.32
0.83
0.83
0.83
1.29

Intergenic
Intergenic
Intergenic
Intergenic

o e B e e

—_ = = = - - = =

C/A
C/A
C/A

Rs9676266

52011292
52011329
52011598
52018474
52025247

19
19
19
19

No

Rs9676272
Rs13343377

No

1.31E-06

No
eQTL for SIGLEC12
eQTL for SIGLEC12
eQTL for SIGLEC12

1.26E-06
4.62E-06

Rs6509546

Intron
Synonymous

T/C
AG

Rs2124910
Rs10419617

9.09E-06
8.84E-06

52031648

19
19

Intron
5’-UTR variant

Rs2305772
Rs12609761

52033742
52035059

No

8.44E-06

AC

Abbreviations: Chr., chromosome; eQTL, expression quantitative trait loci; MAF, minor allele frequency; OR, odds ratio; SNP, single-nucleotide polymorphism; UTR, untranslated region.
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antibody (BioLegend, San Diego, CA,
USA) at room temperature for 20 min.
After washing, stained cells were
analyzed on a BD Accuri C6 flow
cytometer (Ann Arbor, MI, USA) and
subsequently analyzed with the FlowJo
Software (Ashland, OR, USA).

Production of inflammatory cytokines
by macrophages

Peritoneal macrophages from Siglece™~
and WT mice were isolated by lavage
3 days after intraperitoneal injection of
3% thioglycollate (Sigma). The cells
were plated in 12-well plates at a
density of 5x10° cells per well and
cultured in RPMI medium containing
10% fetal bovine serum. The cells were
treated with 5 pg/ml HMGB1 or PBS
for 16h before collection. The
interleukin-6 (IL-6) and tumor necrosis
factor-a0 (TNF-at) cytokines in the med-
ium were measured using mouse I1L-6
and TNF-a ELISA Kits (R&D Systems,
Minneapolis, MN, USA).

Bioinformatics

Statistical information for each of the
quality-controlled ~ evaluated  single-
nucleotide polymorphisms (SNPs) for
discovery cohorts was derived from
Supplementary Data in Sun et al.°
and visualized using the Integrative
Genomics Viewer (IGV) tool3! The
expression  quantitative trait loci
(eQTL) analysis was performed by the
Portal for the Genotype-Tissue Expres-
sion (GTEx) project (http://www.gtex-
portal.org/home/). Isoform annotation
and expression data of SIGLECI12 in
different tissues were downloaded from
the Ensembl project (http://www.
ensembl.org) and the GTEx project
(http://www.gtexportal.org/home/),
respectively. The protein sequence of
SIGLEC12 was compared against all
mouse Siglec genes using Blast
(https://blast.ncbi.nlm.nih.gov/Blast.
cgi) with default parameters. Transcrip-
tome RNA-seq data sets from multiple
leukocyte subsets of humans and mice
were obtained from the NCBI gene
expression omnibus database (human
immune cells: GSE64655; mouse B
cells: GSE47703; mouse bone marrow
dendritic cells: GSE83736; mouse bone

marrow macrophages: GSE80160; mouse
bone marrow monocytes: GSE86079;
mouse natural killer cells: GSE52047;
mouse CD4 T cells and CD8 T cells:
GSE48138). The reference sequences
used were genome and transcriptome
sequences downloaded from the Ensembl
website  (http://www.ensembl.org/index.
html, version GRCh38 for humans and
version GRCm38 for mice). Correspond-
ing gene expression levels (measured as
fragments per kilobase per million
mapped reads: FPKM) were calculated
using HISAT2 and StringTie.

Statistical analysis

Sample sizes were chosen based on
past experience with the same
models in the literature and our past
experience with similar models. The
specific tests used to analyze each set
of experiments are indicated in the figure
legends. For each statistical analysis,
appropriate tests were selected on
the basis of whether the data were
normally distributed by using Shapiro—
Wilk’s test. Data were analyzed using
an unpaired two-tailed Mann—-Whitney
test or Student's t-test to compare
data between two groups and two-way
analysis of variance for two-way factorial
design. Sample sizes were chosen
with adequate statistical power on the
basis of the literature and past experi-
ence. No samples were excluded from
the analysis, and experiments were not
randomized unless specified. In the
graphs, y-axis error bars represent s.e.
m., as indicated. Statistical calculations
were performed using GraphPad Prism
software (GraphPad Software, San Diego,
CA, USA) or R software (https://www.r-
project.org/).

RESULTS

Hypermorphic Siglec alleles protect
Asian individuals against SLE

Asian individuals are reportedly more
susceptible to SLE, based on its increased
incidence and severity in these
populations.®? A high-density genotyping
of immune-related genes involving 4478
SLE cases and 12 656 controls from six
East Asian cohorts identified SIGLEC6 as
a major SLE risk locus among Asian
populations.® As shown in Figure Ia,
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our reanalysis of that data revealed that
most of the significant SNP clusters
resided either in SIGLEC6 or in the
intergenic regions between SIGLEC6
and SIGLECI2. The eight most
prominent SNPs are shown in Table 1.
Among these, five SNPs conferred sus-
ceptibility to SLE, while three SNPs
conferred protection against SLE. Since
none of the SNPs affected the coding
sequence, we evaluated if any of them
were eQTLs for surrounding genes. Sur-
prisingly, while all protective SNPs
resided in SIGLEC6, none of them
affected the expression of SIGLEC6 (data
not shown). All protective alleles were
instead identified as eQTLs that
enhanced the expression of SIGLECI2
(Figure 1b), but not any other genes

within 1 Mb of the protective SNPs.3?
These data raise the intriguing possibility
that  SIGLECI2  expression  may
suppress SLE.

Unlike most Siglecs, SIGLEC12 con-
tains two IgV-like domains.** As shown
in Figure 1c, the SIGLECI2 gene encodes
three major alternatively spliced forms in
the spleen, each containing either one or
both IgV-like domains. While isoform b
lacks transmembrane and cytoplasmic
domains, the more abundant isoforms,
a and ¢, are predicted to encode trans-
membrane Siglec proteins, with two or
one IgV-like domains, respectively.

We compared protein sequences
encoded by the human SIGLECI2 gene
and the mouse Siglec gene family by
BLAST analysis. As shown in Figures 2a

and b, the highest similarity was found
between Siglec E and SIGLEC12, regard-
less of whether SIGLEC12A or SIGLECI12C
amino-acid sequences were used for inqui-
ries. In addition to amino-acid sequence
homology, SIGLECI12C is similar to
Siglec E in domain structures. Further-
more, SIGLECI2A and SIGLECI2C are
expressed predominantly in human
monocytes, which is analogous to mouse
Siglece (Figure 2).

B6.NZMSlel/Sle2/Sle3 (§le]—3) mice carry
hypomorphic mutations in the Siglece
gene

Major mouse SLE susceptibility regions
from NZM mice have been mapped to
three regions. Specifically, genomic inter-
vals on chromosomes 1 (Slel), 4 (Sle2),
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Figure 2 Homology analysis between human SIGLEC12 and mouse Siglec proteins. Comparison of the protein sequences encoded by
human SIGLECIZ2A (a) and SIGLECI12C (b) and the mouse Siglec gene family using BLAST analysis. (c) Schematic diagram of Pfam
domains of human SIGLEC12A, human SIGLEC12C and mouse Siglec E. (d) Dot plots of human SIGLEC12 and mouse Siglec E
expression as measured by FPKM (fragments per kilobase per million mapped reads) in multiple leukocyte subsets. Siglec, sialic acid-

binding immunoglobulin-like lectin.
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Figure 3 Missense mutations of Siglece coding region in B6.NZMS/e1/SkeZ/Sle3 mice. (a) Sequencing reads were aligned using CLC Main
Workbench. Arrows indicate SNP annotations. (b) Sequence alignment of Siglec E from C57BL/6 (WT) and B6.NZMSlel/SleZ/Sle3 (Sle1-3)
mice. Red indicates amino-acid substitutions. (c) Graphical representation of the Siglec E protein, which consists of a leader sequence
(LS), a V-set Ig-like domain, C2-set Ig-like-1 and C2-set Ig-like-2 domains, a transmembrane domain (TM) and a cytoplasmic domain. Two
amino-acid substitutions were in the V-set Ig-like domain, at positions 24 and 102, and one amino-acid substitution was in the C2-set Ig-
like-1 domain at position 227. Siglec, sialic acid-binding immunoglobulin-like lectin; SNP, single-nucleotide polymorphism; WT, wild type.

and 7 (Sle3) have been strongly linked to
the spontaneous development of
lupus.?>3¢ Siglec E is present in a gene
cluster within Sle3 on chromosome 7;37
therefore, we compared Siglece from
C57BL/6 and Slel-3 mice by Sanger
sequencing of genomic DNA for all
seven Siglec E exons. In Siglec E from
Sle1-3 mice, we identified two single-
residue mutations in exon 1, which
encodes the N-terminal V-set Ig-like
domain, and another mutation in exon
2, which encodes C2-set Ig-like domain-
1 (Figures 3a and b). No mutations were
found in other coding regions. As a
result, three amino-acid replacements
were found in the Siglec E protein
(Figure 3c).

Since the N-terminal V-set Ig-like
domain mediates ligand binding, we
expressed fusion proteins consisting of
extracellular domains of WT, B6.
NZMSIe1/SIe2/Ske3 mice and human IgG1-
Fc (Figure 4a) and evaluated the impact
of SigleceS” mutations on Siglec E func-
tion. Siglec E from C57BL/6 (WT-SE-Fc)
and Slel-3 (Mutant-SE-Fc) was incu-
bated with splenocytes, and binding was
measured by flow cytometry. As shown
in Figures 4b and ¢, Mutant-SE-Fc had
reduced binding compared to WT-SE-
Fc. Therefore, the B6.NZMSkl/Sle2/Sle3
mice express a hypomorphic allele of
Siglece. Since the mutations are predicted
to be outside the ligand binding site, the
reduced binding may be explained by

subtle conformational changes caused by
these mutations.

Targeted mutation of the Siglece gene
induces SLE-like phenotypes in mice
The production of autoantibodies,
such as ANAs or anti-dsDNA, is a hall-
mark of SLE.? Sle3 is the major regulator
of the production of autoantibodies,
including antinuclear and anti-dsDNA
antibodies.’® To evaluate whether Siglec
E deficiency leads to this phenotype, we
used mice with targeted mutations of the
Siglece gene.'® Mice were derived from
Siglece™~ 129/Sv ES cells and then back-
crossed to C57BL/6 for five generations
(N5) before use. Moreover, we specifi-
cally removed the Capsl 1™ allele from
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Figure 4 Siglec E from B6.NZMSel/Sle2/Sle3 mice has reduced ligand binding. (a) Coomassie blue staining of purified Siglec E from C57BL/
6 (WT-SE-Fc, lane 2) and B6.NZMSe1/Ske2/Sle3 (Muytant-SE-Fc, lane 3) mice. M =molecular weight marker (lane 1). (b) Splenocytes from
C57BL/6 mice were incubated with 0.5 pg/ml of purified hlgG-Fc (control), WT-SE-Fc and Mutant-SE-Fc. Ligand binding was analyzed by
flow cytometry. (c) Mean fluorescence intensity of splenocytes incubated with different concentrations of purified hlgG-Fc (control), WT-SE-
Fc and Mutant-SE-Fc. Data in (b and c) are representative of three independent experiments involving different mice. Error bars in (c)
represent s.e.m. of triplicate samples from the same mice (technical repeats), with statistical analysis by two-way ANOVA. ANOVA, analysis
of variance; Siglec, sialic acid-binding immunoglobulin-like lectin; SNP, single-nucleotide polymorphism; WT, wild type.

129/SV in our lines because of its critical
role in non-canonical inflammasome
activation.®® WT N5 mice were used as
controls. Since the manifestations of SLE
are more severe in female individuals, we
monitored the production of autoanti-
bodies in female mice. Since an indirect
immunofluorescence assay is the most
sensitive. ANA detection method,?® we
used this as the initial measure of auto-
antibody production. As shown in
Figure 5a, ANA was easily detected in
Siglece”~ mice but not in wild-type
littermates. Interestingly, various staining
patterns, such as nuclear membrane
(21.4%, 3/14) and possible Golgi staining
(7.1%, 1/14) were observed, suggesting a
diverse production of autoantibodies in
the Siglece”~ mice. The incidence of IgG
ANA at 6 months of age was 57.1%
(8/14) in sera from Siglece”~, 12.5%
(1/8) in wild type and 28.6% (2/7) in
B6.NZMSIe/SIe2/Sle3 mjce (Figure 5b). The
higher incidence in the Siglece™~ mice
suggests a major role of the Siglece
hypomorphic allele in the function of
the Sle3 region that results in a predis-
position to autoantibody production.
Next, we assessed the levels of anti-

dsDNA IgG autoantibodies using ELISA
(enzyme-linked immunosorbent assay
and found that there was a significant
increase in anti-dsDNA production in
Siglece™~ and B6.NZMSIe!/SIe2/Sle3 mjce at
12 months of age compared with wild-
type controls (Figure 5c¢).

H&E and PAS staining revealed sclero-
tic nephritis, heavy proteinaceous depos-
its in the mesangium, tubular cast
formation and diffuse proliferation of
glomerular cells in both Siglece”~ and
B6.NZMSI/SIe2/Sle3 mijce (Figures 6a and
b). Semiquantitative pathological scoring
of PAS-stained kidneys revealed that
both Siglece”~ and B6.NZMSlel/Sle2/Sle3
mice had more severe glomerular
damage than WT controls (Figure 6c).
Immunofluorescence staining showed
increased IgG, IgM and C3 glomerular
deposition in Siglece”™ and B6.NZMSe!/
Sle2/Sle3 mice (Figures 6d and e).

Targeted mutation of Siglece increased
the production of inflammatory
cytokines by macrophages in response
to HMGB1

HMGB1 has been implicated in the
pathogenesis of SLE in mice and
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humans.® Given the critical role of
TLR2 and TLR4 in SLE* and host
responses to HMGBI,? and the function
of Siglec E in regulating the response to
TLR2 and TLR4 ligands from
pathogens,'® we determined whether
targeted mutation of Siglece exacerbated
the production of inflammatory cytokine
by murine macrophages in response to
HMGBI. As shown in Figure 7, Siglece ™~
macrophages produced approximately
twice as much TNFa (Figure 7a) and
IL-6 (Figure 7b) in response to HMGBI.

DISCUSSION

Collectively, our data and in silico ana-
lyses demonstrate that the murine Siglece
and human SIGLECI2 genes protect
against the development of SLE. These
data provide the first genetic evidence
linking these two genes to SLE
pathogenesis.

Since ~50% of humans have frame-
shift mutations in the first IgV-like
domain, it has been suggested that
SIGLECI2 may be a pseudogene in a
large proportion of humans.*! Since this
SNP has not been shown to be associated
with an increased risk of SLE, the
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Figure 5 Increased production of autoantibodies in Siglec-E-deficient mice. (a) Autoantibody staining patterns using indirect fluorescence
autoantibody assays in Hela cells with sera derived from 6-month-old female WT, Siglece™~ and B6.NZMSlel/Sle2/Sle3 (Sle1-3) mice at
1:1000 dilutions (scale bars, 20 um; original magnification, x60). (b) Sera from 6-month-old female mice showed that ANA levels were
markedly increased in Siglece”~ mice. WT, N=8; Siglece”~, N=14; Slel-3, N=7. (c) dsDNA autoantibody levels were assessed by
ELISA with sera derived from 6-month-old and 12-month-old female mice. All sera were tested in the same assays. Each point represents
a value from an individual mouse, and horizontal bars denote means with standard error of the mean (s.e.m.). Sample sizes were as
follows: 6 months: WT, N=8; Siglece”~, N=14; Slel-3, N=7. 12 months: WT, N=6; Siglece”~, N=12; Slel-3, N=5. P-values at
6 months were analyzed using Mann-Whitney tests and were found to be nonsignificant. P-values at 12 months were calculated with a
two-tailed unpaired Student’s t-test. Errors bar show deviations in biological repeats. ANA, antinuclear antibody; dsDNA, double-stranded
DNA; ELISA, enzyme-linked immunosorbent assay; Siglec, sialic acid-binding immunoglobulin-like lectin; WT, wild type.

protective role of SIGLECI2 may not be
immediately clear. However, apart from
the SIGLECI2 isoform SIGLECI2A,
which contains two IgV domains, we
found equally abundant SIGLEC12A and
SIGLRC12C isoforms devoid of the first
IgV-encoding exon. Since SIGLECI2B
does not contain the mutated exon, this
splicing effectively neutralizes the impact
of the frameshift mutation while simul-
taneously preserving the second IgV-like
domain. Therefore, there is no known
null allele of SIGLEC12 in humans.
Since the first IgV domain of full-
length SIGLEC12 lacks a critical arginine
at residue 122 (R122>Cl122), which
is important in mediating Siglec binding
to sialic acid,>” it is unclear whether it
is a sialoside-recognizing lectin like

the other Siglecs. However, although
Angata et al’’ showed that back-
mutation of C122 to Y122 enhanced
SIGLEC12 binding to sialic acid probes,
Yu et al>* reported that SIGLECI2 can
recognize sialic acid on red blood cells,
perhaps through a glutamine in an
analogous position in the second IgV-
like domain.

Since SIGLECI2 is closely related
to Siglece, it is tempting to speculate
that our mouse genetic data regarding
Siglece explains the protective SLE alleles
identified in chromosome 19.>° Consis-
tent with this hypothesis, our in silico
analysis of cellular distributions sug-
gested that SIGLECI2 and Siglece have
similar expression patterns. Furthermore,
as discussed above, frameshift mutations

and alternative splicing independently
generate a SIGLEC12C protein that
is similar to Siglec E in domain structure
in the mouse. Nevertheless, given
the rapid evolution among CD33
families of Siglecs in humans and mice,
it is premature to definitively designate
Siglec E as the ortholog of the Siglec12C
isoform.

It is of note that early studies using
Siglece-deficient mice did not reveal
phenotypes suggestive of SLE.*>%% It is
unclear if other laboratories have inves-
tigated the potential involvement of
Siglec E in the pathogenesis of SLE.
However, it is worth noting that the
129/Sv background contains a null allele
for caspase-11, which is a critical reg-
ulator of inflammation.*® To avoid
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Figure 6 Increased renal pathology in Siglece”~ mice. (a) Kidney sections from 12-month-old female WT, Siglece™~ and B6.NZMS/el/Sle2/
Sle3 (Sle1-3) were stained with H&E. Arrows in Siglece”~ and B6.NZMSe1/Sle2/Sle3 (Sle1-3) cortex and medulla indicate amyloid
deposition. (b) PAS-positive material in the glomerular capillary lumen is shown in Siglece”~ and B6.NZMSel/sle2/Sle3 (Sje1-3) mice. (c)
Glomerular disease was scored from O to 4 for each mouse. Mice aged between 10-12 months were scored based on PAS staining. WT,
N=38; Siglece”~, N=12; Sle1-3, N=5. (d) Glomerular immune deposits were detected by immunofluorescence staining for IgG, IgM and
complement C3. Representative images are shown (scale bars, 20 um; original magnification, x60). Immunofluorescence staining was
analyzed in triplicate. (e) Glomerular fluorescence intensity was scored from O to 4, in a double-blind manner. Each point represents a
value from an individual mouse, and horizontal bars denote means with standard error of the mean (s.e.m.). WT, N=8; Siglece”~, N=12;
Slel-3, N=6. P-values in (c and e) were calculated with a two-tailed unpaired Student’s t-test. Error bars show deviations in biological
repeats. H&E, hematoxylin and eosin; Ig, immunogobulin; PAS, periodic acid-Schiff; WT, wild type.

confounding factors, we specifically
screened out caspase-11-null alleles in
early generations of mice during back-
crossing. It is worth investigating
whether the elimination of caspase-11
mutations allowed us to reveal the cri-
tical role of Siglec E in the pathogenesis
of SLE.

Another potential caveat concerns
whether other 129/Sv genes may con-
found the phenotype of the Siglec

E-deficient mice. We consider this unli-
kely, as the controls used for this study
were WT mice from the same genera-
tions of backcrossing, which is the stan-
dard approach to minimize this
confounding factor. It is important to
note that the putative alleles in the 129/
Sv background are revealed only if the
Clq gene is deleted,** which will not be
able to cause SLE-like symptoms and
pathology as described herein. Furthermore,
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the 129/Sv allele affects glomerulonephri-
tis but not the production of auto-
antibodies,** while Siglece deletion
caused both glomerulonephritis and
autoantibody production.

The significant protection conferred
by Siglec E is best understood in the
context of TLR signaling in the patho-
genesis of SLE as we have previously
shown that Siglec E binds and negatively
regulates the function of multiple TLRs,
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Figure 7 Targeted mutation of Siglece increases macrophage responses to HMGB1, as indicated by increased production of TNF-a (a) and
IL-6 (b). Data shown indicate means and s.e.m. from a representative experiment with three mice per group and were reproduced twice. P-
values were determined by two-tailed Student’s t-test. Errors bar show deviations in biological repeats. HMGB1, high mobility group box 1;
IL, interleukin; PBS, phosphate-buffered saline; TNF-o, tumor necrosis factor-o; WT, wild type.

including TLR2 and TLR4.'® Experimen-
tal evidence in lupus-prone animal mod-
els suggests a role for TLR2 and TLR4,
which bind components of bacterial cell
walls.® TLR4-deficient mice and, to a
lesser extent, TLR2-deficient mice have
shown much less severe disease pheno-
types with significantly reduced produc-
tion of ANAs, decreased renal lesions
and decreased MZ B cells compared with
wild-type mice.*>*> TLR4-deficient mice
also had reduced inflammatory cytokine
production, decreased anti-dsDNA anti-
body levels and attenuated nephritis in
pristane-induced lupus.*® In addition,
studies have shown that upregulation of
TLR4 results in a strong induction of
lupus-like disease.*” Furthermore, TLR2
and TLR4 may contribute to the produc-
tion of anti-dsDNA autoantibodies by
binding to HMGBI-containing
nucleosomes.>** By showing the strong
impact of the Siglece mutation on macro-
phage responses to HMGBI, our work
provides an immunological basis that
may explain how SIGLEC genes control
the SLE risk.
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