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Induction of LY6E regulates interleukin-13 ===

production, potentially contributing
to the immunopathogenesis of systemic lupus
erythematosus
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Abstract

Systemic lupus erythematosus (SLE) is an autoimmune disorder characterized by the deposition of immune com-
plexes (ICs) in various organs, especially the kidney, leading to lupus nephritis, one of the major and therapeutically
challenging manifestations of SLE. Among the various cytokines induced in SLE, type | interferons (IFN-Is) play crucial
roles in mediating immunopathogenesis, and anti-IFN-I treatment has been approved for SLE treatment. The uptake
of ICs by macrophages results in macrophage activation, which initiates, triggers, and exaggerates immune responses
in SLE. After observing the induction of an IFN-stimulated gene, LY6E, in monocytes from SLE patients, we demon-
strated the colocalization of both LY6E and a macrophage marker in kidneys from pristane-induced lupus-prone mice
and from patients with lupus nephritis. By studying mouse bone marrow-derived macrophages, we showed that LY6E
regulated IFN-a- and IC-induced production and secretion of mature interleukin-13 (mIL-13), foam cell formation

and several mitochondria-associated mechanisms, such as the release of mitochondrial DNA (mtDNA) but not mito-
chondrial RNA (mtRNA) into the cytosol, the generation of mitochondrial reactive oxygen species (mtROS) and ROS,
the activation of caspase 1, NLRP3, and the stimulator of interferon genes (STING) signaling pathway, and the activa-
tion of cytidine/uridine monophosphate kinase 2 (CMPK2), which were involved in LY6E-mediated immunomodula-
tory effects. In addition, synergistic effects of a combination of IL-1 and IFN-a and of IL-1 and ICs on the induc-

tion of the expression of IFN-stimulated genes were observed. In addition to revealing the proinflammatory roles

and mechanisms of LY6E in macrophages, given that various subgroups of macrophages have been identified

in the kidneys of patients with lupus nephritis, targeted treatment aimed at LY6E may be a potential therapeutic

for lupus nephritis.
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Introduction

Systemic lupus erythematosus (SLE) is an autoimmune
disease with various clinical presentations involving dif-
ferent organ systems, such as the skin, joints, hematopoi-
etic system, cardiopulmonary system, neurologic system,
and kidneys. The etiology of SLE remains unclear, and
both genetic and environmental factors are recognized as
being responsible for the development of the disease [1].
One of the major clinical manifestations of SLE is lupus
nephritis, a disorder characterized by the deposition of
immune complexes (ICs) and complement in the kid-
neys, leading to kidney damage [2]. While cytokines play
major roles in most autoimmune diseases, type I interfer-
ons (IFN-Is) are likely the most critical cytokines medi-
ating the immunopathogenesis of SLE [3—6]. Increased
IFN-I signatures are also commonly detected in the kid-
ney tissues of lupus-prone mice and SLE patients [6]. The
success of anti-IEN-I treatment in patients with SLE led
to the approval of the anti-IFN-I biologic anifrolumab by
the FDA to treat patients with moderate to severe disease
[7-9].

An increasing number of studies indicate that, in addi-
tion to regulating metabolism, mitochondria can pro-
vide a source of disease-associated molecular patterns
(DAMPs) and initiate inflammatory reactions [10-12].
Indeed, mitochondria are important organelles that par-
ticipate in the immunopathogenesis of SLE through, for
example, the release of immunogenic mediators such as
mitochondrial DNA (mtDNA). mtDNA from engulfed
red blood cells by monocytes/macrophages or from neu-
trophil extracellular traps also serves as a potent inducer
of IFN signaling through activating toll-like receptor
(TLR)-9 and the cyclic GMP-AMP synthase (cGAS)-
stimulator of interferon genes (STING) signaling path-
way [13, 14]. In addition, mtDNA can stimulate strong
proinflammatory effects through interactions with pat-
tern recognition receptors (PRRs), such as the NLRP3
inflammasome, leading to interleukin-1 (IL-1) produc-
tion [15].

An examination of both MRL/lpr and pristane-
induced lupus-prone mice revealed a positive correla-
tion between the IL-1f level and disease severity and
progression, and IL-1p deletion significantly attenu-
ated the serum levels of anti-double-stranded DNA
(anti-dsDNA) antibodies (Abs) and proinflammatory
cytokines [16—18]. In addition, serum concentrations
of IL-1p are significantly greater in Caucasian SLE
patients than in controls [19]. Furthermore, IL-1p lev-
els are higher in patients positive for dsSDNA Abs than
in those that are negative for dsSDNA Abs, and there is
a higher ratio of IL-1B/IL-12p70 in patients with renal
involvement than in those without renal involvement
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[19]. Moreover, the induction and activation of IL-1
family cytokines could be readily detectable in patients
with SLE, which is also correlated with disease severity
and organ involvement [20]. Notably, monocytes can
coproduce IFN and IL-1p upon opsonization of mito-
chondria-retaining red blood cells [21]. Earlier studies
by Kahlengerg et al. demonstrated that caspase 1 defi-
ciency helps to protect against vascular dysfunction and
abrogates the development of IC-deposition glomeru-
lonephritis in pristane-induced mice [22]. Consistent
with these results, the inhibition of the NLRP3/ASC/
caspase 1 pathway was revealed to significantly reduce
the severity of nephritis and anti-dsDNA antibody pro-
duction in MLR/lpr mice [23]. These studies highlight
the important role of IL-1 in the immunopathogen-
esis of lupus nephritis. Although not assessed on large
scales, the effectiveness of anti-IL-1 treatment with
anakinra has been observed on various disorders of SLE
patients, especially those presenting with macrophage
activation syndrome [24-27]. Indeed, anti-IL-1 treat-
ment has been recognized as the first-line treatment
for patients with systemic juvenile idiopathic arthritis-
associated macrophage activation syndrome [28].

The lymphocyte antigen 6 family member E (LY6E)
belongs to the superfamily of LY6 urokinase-type plas-
minogen activator receptor proteins and encodes a gly-
cosylphosphatidyl-inositol (GPI)-anchored cell surface
protein [29]. LY6E gene expression can be detected in
macrophages and various immune cells and appears
to play a role in the proliferation and differentiation
of immune cells [30, 31]. Although many studies have
explored the roles of LY6E in virus infection and cancer
[29, 32, 33], the significance of this molecule in auto-
immune diseases such as SLE remains largely unknown.
Our preliminary observations revealed the induction
of LY6E mRNA, among several highly induced genes,
in the monocytes of SLE patients compared with those
of healthy controls [34]. This finding supports those of
an earlier study showing increased expression of LY6E
mRNA, among five studied IFN-I-inducible genes,
in the whole blood cells of SLE patients, and LY6E
mRNA levels correlated with the severity of proteinu-
ria, revealing the usefulness of LY6E in distinguishing
active lupus nephritis from inactive lupus nephritis
[35]. In the present study, in addition to showing an
increase in LY6E-positive macrophages in kidney tis-
sues from pristane-induced lupus model mice and from
patients with lupus nephritis, we explored the mecha-
nisms responsible for LY6E-regulated proinflamma-
tory responses and IL-1f production in primary mouse
bone marrow-derived macrophages (BMDMs).
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Materials and methods

Reagents

All the information about the Abs used in this study is
detailed in Supplementary Table 1. MitoSOX (M36008),
JC-1 (M34152), and H2DCFDA (D399) were purchased
from Thermo Fisher Scientific (Waltham, MA, USA).
Recombinant mouse IFN-a (12,100-1) was purchased
from PBL Assay Science (Piscataway, NJ, USA). Recom-
binant mouse interleukin (IL)-1p (400-ML-010) and
recombinant mouse macrophage migration inhibi-
tory factor (MIF) (1978-MF-025) were purchased
from R&D, Inc. (New York, NY, USA). Recombinant
mouse IFN-y (315-05), recombinant mouse IFN-)\2
(250-33), recombinant mouse IL-4 (214-14), recombi-
nant mouse IL-10 (210-10), recombinant mouse IL-6
(216-16) and recombinant mouse tumor necrosis fac-
tor (TNF)-a (315-01A) were purchased from PeproTech,
Inc. (Rehovot, Israel). Oxidized low-density lipoprotein
(OxLDL) (770,252) was purchased from KALEN Bio-
medical (Montgomery Village, MD, USA). Lipopoly-
saccharide (LPS) (tlrl-3pelp), Pam3CSK4 (tlrl-pms),
PolyIC (tIrl-picw), R848 (tlrl-r848), CpG ODN1826 (tlrl-
1826), H151 (inh-h151), Ac-YVAD-cmk (HY-16990)
and voltage-dependent anion channel oligomeriza-
tion inhibitor (VBIT-4, HY129122) were purchased
from MedChemExpress LLC (Monmouth Junction, NJ,
USA). The FAM-FLICA® Caspase-1 Assay Kit was pur-
chased from Immunochemistry Technologies (Davis,
CA, USA). A mitophagy detection kit (MDO01), MT-1
MitoMP Detection Kit (MT13) and LDH release assay
kit (CK12) were purchased from Dojindo (Kumamoto,
Japan). MitoTracker Green FM (M7514) was purchased
from Thermo Fisher Scientificc. Human CD14+ micro-
beads (130-050-201) and FcR Blocking Reagent (130-—
092-575) were purchased from Miltenyi Biotec (Bergisch
Gladbach, North Rhine-Westphalia, Germany). Unless
otherwise specified, all other reagents were purchased
from Sigma-Aldrich.

Preparation of human primary cells and mouse bone
marrow-derived macrophages (BMDM:s)

Peripheral blood mononuclear cells (PBMCs) were pre-
pared from the buffy coat, and CD14" monocytes were
positively selected from among the PBMC popula-
tions of SLE patients or healthy controls with a MACS
cell isolation column (Miltenyi Biotech, Auburn, USA)
as described in our previous report [36]. A diagnosis
of SLE was based on 1982 diagnostic criteria, and the
use of human blood samples was approved by the IRB
(no. 201509825A3) of Chang Gung Memorial Hospital,
Linko, Taiwan. For the preparation of mouse BMDMs,
male C57BL/6 mice (6—12 wks) were purchased from
the National Laboratory Animal Breeding and Research
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Center (Taipei, Taiwan). All the animal studies were con-
ducted in accordance with a protocol approved by the
Institutional Animal Care and Use Committee of the
NHRI (NHRI-TACUC-111045-AC1-M1-A). The bone
marrow was flushed from the tibias and femurs of the
hind legs of the mice with DMEM with a needle syringe.
After being washed and filtered through a 40-pum nylon
cell strainer, the mouse bone marrow cells were cultured
in DMEM containing 10% FBS and 15% L929 cell-con-
ditioned media for 7 days, and the culture medium was
changed every 2-3 days to obtain BMDMs [37].

Pristane-induced lupus mice

Pristane-induced lupus-prone mice were generated
according to the method described by Satoh and Reeves
[38]. Female BALB/c mice (6 wks old) were purchased
from BioLASCO Taiwan Co., Ltd. Mice were randomly
separated into groups for pristane (0.5 ml/mouse, CDX-
P0161, AdipoGen) or phosphate-buffered saline (PBS)
intraperitoneal (i.p.) injection. The mice were sacrificed
at 7 months after treatment. All the animal studies were
conducted in accordance with a protocol approved by
the Institutional Animal Care and Use Committee of the
NHRI (NHRI-TACUC-111045-AC1-M1-A).

Serum antibody detection with enzyme-linked
immunosorbent assays

Serum levels of antinuclear Abs (ANAs) in mice were
measured with enzyme-linked immunosorbent assay
(ELISA) kits purchased from Alpha Diagnostic Interna-
tional (catalog no. 5210) according to the manufacturer’s
instructions.

Histology

Kidney tissues were fixed overnight with a 10X volume of
10% (w/v) neutral buffered formalin at 4 °C. The 0.5 ¢cm
thick tissue samples were then stored in 75% ethanol,
embedded in paraffin and stained with hematoxylin and
eosin. The sections were observed under a light micro-
scope (Leica DM2500 Upright Fluorescence Micro-
scope). Pictures were taken by using an Olympus cooled
digital color camera DP73 and analyzed with cellSens life
science imaging software. Human paraffin-embedded
tissue sections were purchased from BioChain Institute,
Inc. (kidney sample from a 36-year-old lupus nephritis
patient, Cat. T2236142Lup, Lot. C409066) and TissueAr-
ray.Com LLC (normal kidney tissue array, KDN242).

Immunohistochemical staining and confocal microscopic
analysis

The sections were deparaffinized with xylene and rehy-
drated in graded alcohols and distilled water according
to previous methods [39]. For antigen retrieval, the slides
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were placed in antigen unmasking solution (Vector-
Lab, H-3300, citrate-based, pH 6.0) or antigen retrieval
buffer (Abcam, AB93684, Tris—EDTA buffer, pH 9.0) for
10 min in a pressure cooker, and then, the samples were
cooled for 30 min. After being blocked with PBS con-
taining 3% BSA and 10% normal goat or donkey serum
for 30 min, the slides were incubated with primary Abs,
including anti-LY6E, anti-CD68 (for human samples) and
anti-F4/80 (for mouse samples) Abs, overnight at 4 °C
in a wet chamber in the dark. After washing, secondary
Abs conjugated with fluorescent dye were added, and
the samples were incubated for 1 h in the dark at room
temperature with occasional mixing. The cell nuclei were
counterstained with Nuclear Violet DCSI1. Finally, the
sections were mounted with mounting reagent (ProLong
Diamond Antifade Mountant, Thermo Fisher Scientific)
for analysis with a Leica TCS SP5II and Stellaris 8 con-
focal laser-scanning microscope (Leica Microsystems,
Wetzlar, Germany) equipped with HC PL APO 20x/0.75
IMM CORR CS2 and HC PL APO 63x/1.30 GLYC
CORR CS2 objectives (Leica) in the core facilities of the
NHRI according to our previous report [36]. 3D recon-
structed z-stack images and colocalization analysis were
performed with Imaris imaging software (Oxford Instru-
ments) and LAS X Life Science microscope software.

Preparation of cytosolic and mitochondrial fractions

A Mitochondria/Cytosol Fractionation Kit from Abcam
(Cambridge, UK) was used to extract the mitochondrial
and cytosolic fractions [34]. In brief, 7-10x10° cells
were resuspended in 0.5 ml of 1X Cytosol Extraction
Buffer Mix supplemented with dithiothreitol (DTT) and
protease inhibitors. After incubation on ice for 10 min,
the cells were homogenized in an ice-cold Dounce tis-
sue homogenizer (150-200 passes with a grinder). The
homogenate was centrifuged at 700X g in a microcen-
trifuge for 10 min at 4 °C, and the supernatant was then
centrifuged at 10,000 X g in a microcentrifuge for 30 min
at 4 °C. The supernatant was then collected (cytosolic
fraction), and the pellet (intact mitochondria) was resus-
pended in 50-70 ul of the Mitochondrial Extraction
Buffer Mix supplemented with DTT and protease inhibi-
tors (mitochondprial fraction).

siRNA transfection

The cells were collected and resuspended at 1x107/ml
in modified Eagle’s minimum essential medium (Opti-
MEM, Invitrogen) supplemented with 300 nM siRNA as
indicated (Stealth RNAi" siRNA, Invitrogen) [37]. Elec-
troporation was performed with a BTX electroporator
(San Diego, CA) with one pulse of 300 V administered
for 3 ms [36]. The cells (2x10° were then cultured in
DMEM (Invitrogen, Carlsbad, CA, USA) supplemented
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with 10% FBS for 24 h for subsequent experiments. The
sequence of the Ly6e siRNA was GUACCAAACUCA
CCCAUAC, and that of the CMPK2 siRNA was GGC
AGUACUUGACCUAGUU.

Overexpression of CMPK2

The mouse Cmpk2-DYK and DYK genes were purchased
from GenScript. Inc. (Piscataway, NJ) and subcloned and
inserted into the PLKO_AS3w.puro. lentivector accord-
ing to previously outlined methods [40]. The correctness
of the subcloning was confirmed by sequencing. To over-
express CMPK2 in cells, BMDMs were transduced with
the lentivirus (MOI of 2), and 8 pg/ml polybrene was
added. After 48 h, the medium was replaced with fresh
medium, and the cells were then used for the designated
experiments.

Intracellular reactive oxygen species measurements

After treatment, 2x 10° adherent BMDMs were washed
with PBS prior to incubation with 10 uM H,DCFDA for
30 min at 37 °C. The cells were then detached and cen-
trifuged at 1000 rpm for 5 min, resuspended in PBS, and
analyzed with a flow cytometer (Becton Dickinson) for
the measurement of intracellular reactive oxygen species
(ROS) levels.

Extraction of total DNA, cytosolic DNA and cytosolic DNA

The BMDMs (4x10° were divided into two equal ali-
quots. One aliquot, which was used as the normalization
control, was used to extract total DNA with a Nucle-
oSpin Tissue Kit (Macherey—Nagel, Duren, Germany).
The other aliquot was resuspended in 400 pl of buffer
comprised of 150 mM NaCl, 50 mM HEPES, pH 7.4,
and 25 pg/ml digitonin (EMD Chemicals, Gibbstown,
NJ, USA). The samples were rotated end-over-end for
15-20 min at 4 °C and then centrifuged at 980 x g three
times for 3 min each time to remove cellular debris. The
supernatants were collected and poured into fresh tubes
and then spun at 17,000xg for 10 min to remove any
remaining cellular residue and obtain a cytosolic fraction
not contaminated with nuclei, mitochondria, or endo-
plasmic reticula. The DNA in the cytosolic fraction was
then isolated by running the sample through a Nucle-
oSpin Tissue column (Macherey—Nagel) and subse-
quently eluted with buffer. For fractionating cytoplasmic
mtRNA, BMDM:s (2 x 10°) were resuspended in 400 ul of
buffer containing 150 mM NaCl, 50 mM HEPES (pH 7.4),
and 25 pg/ml digitonin (EMD Chemicals, Gibbstown,
NJ, USA). After end-over-end rotation for 15-20 min
at 4 °C, the samples were centrifuged at 980x g three
times for 3 min each time to remove cellular debris. The
supernatants were collected, poured into fresh tubes and
then spun at 17,000x g for 10 min to remove remaining
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cellular residues. After this, a cytosolic fraction without
contaminating the cellular nuclei, mitochondria, or endo-
plasmic reticulum was obtained. The fractions were sub-
jected to RNA purification by RNAspin Mini (Cytiva),
and equal volumes of eluate were used for cDNA produc-
tion and subsequent analysis by RT-qPCR.

Quantitative RT-qPCR and mtDNA and mtRNA
measurements

Total RNA from treated cells was isolated with Nucleo-
Zol reagent (Macherey—Nagel, Duren, Germany). The
RNA concentrations were measured with a NanoDrop
spectrophotometer (ND 1000 V.3.1.0; Thermo Fisher Sci-
entific, Waltham, MA, USA). Reverse transcription was
performed in a 20-pl mixture supplemented with 2 pg
of total RNA, random hexamers (Invitrogen), a mixture
comprised of 10Xreverse transcription buffer, dNTPs,
magnesium chloride, and dithiothreitol (Invitrogen), and
Moloney murine leukemia virus reverse transcriptase
(MMLYV RTase; Invitrogen). cDNA was prepared for fur-
ther measurements by qPCR. Briefly, 20 ng of cDNA was
amplified in a total mixture volume of 20 pl consisting of
1xKAPA SYBR FAST qPCR Master Mix (KAPA Biosys-
tems, Boston, MA, USA) and the appropriate gene-spe-
cific primers, which were added to a final concentration
of 200 nM. The primers used are shown in Table 1. The
reactions were performed in 40 cycles of 95 °C for dena-
turation and 60 °C for annealing and extension on a Light-
Cycler 480 (Roche). The changes in gene expression were
calculated with the following formula: fold change =2~(¢
Y, where ACt=Ct of the target gene—Ct of the house-
keeping gene. The fold changes were divided by the mean
of control replicates. To measure the levels of mtDNA,
20 ng of isolated DNA was subjected to qPCR with KAPA
SYBR FAST qPCR Master Mix (KAPA Biosystems) and
200 nM mtDNA primers or nuclear DNA (nDNA) prim-
ers. Two mtDNA primer pairs were used to quantify the
mtDNA. The levels of mtDNA in the total cell lysate were
calculated as the level of mtDNA normalized to the level
of nDNA. To quantify the mtDNA in the cytosolic frac-
tion, 20 ng of a purified plasmid (pCR3.1-flag) was added
to the eluted solution as described in our previous report
[36]. Specific primers for both endogenous mtDNA and
the pCR3.1-flag plasmid were used to measure the rela-
tive content of cytosolic mtDNA normalized to that of
pCR3.1-flag. The relative mtDNA abundance indicates
the relative mtDNA content in treated cells normalized to
that in nontreated cells. To determine cytosolic mtRNA,
qPCR was performed with primers specific for mitochon-
drial Nd1 and Cox2 cDNA, which had been reverse-tran-
scribed from RNA isolated from the cytosolic fraction. In
these cases, values were normalized to those of a house-
keeping control gene (HPRT).
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Western blotting

Enhanced chemiluminescence Western blotting (Amer-
sham, GE Healthcare Life Sciences, Uppsala, Sweden)
was performed as previously described [41]. Briefly, cel-
lular proteins or concentrated supernatants were pre-
pared, separated on SDS-PAGE gels and transferred to
a nitrocellulose membrane. For immunoblotting, the
nitrocellulose membrane was incubated with TBS-T sup-
plemented with 5% nonfat milk for 1 h and then blotted
with Abs against individual proteins for 2 h at room tem-
perature or overnight at 4 °C. After washing with TBS-T,
the membrane was incubated with secondary Abs conju-
gated to horseradish peroxidase for 1 h. The membrane
was then incubated with the substrate and exposed to
X-ray film. After scanning, the intensities of the bands
were measured with Image] software.

Flow cytometry

The methods for determining the expression of cell sur-
face markers have been previously described [36]. The
cells were collected, washed twice with cold PBS and then
stained with immunofluorescence dye-conjugated Abs in
the presence of blocking reagent to identify cell surface
markers at 4 °C for 30 min. The cells were then analyzed,
and the signals of the targeted molecules were quantified
by flow cytometry (FACSCalibur or BD Accuri  C6, BD
Biosciences).

Oil Red O staining

Oil Red O staining was performed according to meth-
ods in our previous report [37]. After treatment, the cells
were washed with PBS and then fixed with 10% formalin.
After the formalin was removed, the cells were pretreated
with 60% isopropyl alcohol and stained with 0.2% Oil Red
O solution (Sigma-Aldrich) in 60% isopropyl alcohol. The
cells were examined by light microscopy (400X), and the
percentages of Oil Red O-positive cells in 5 microscopic
fields for each independent experiment were determined
and calculated.

BODIPY dye staining

For intracellular staining of neutral lipid proteins, the
collected cells were washed twice with cold PBS before
being fixed with 4% paraformaldehyde [37]. After 24 h of
incubation at 4 °C, the cells were stained with 0.5 uM flu-
orescent neutral lipid dye 4,4-difluoro-1,3,5,7,8-pentame-
thyl-4-bora-3a,4a-diaza-s-indacene (BODIPY 493/503)
(Molecular Probes, Eugene, OR, USA) and incubated
for 20 min at 37 °C. After the cells were washed with
PBS and detached with 0.5 mM EDTA (Invitrogen), the
level of neutral lipids in the cells was quantified by flow
cytometry.
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Table 1 Summary of primer sequences used in the study

Gene name Accession number Primer-forward Primer-reverse

(Homo sapiens)
LY6E NM_002346.3 AGGCTGCTTTGGTTTGTGAC AGCAGGAGAAGCACATCAGC
CMPK2 NM_207315.4 AGGTGAAGGTCGGAGTCAAC CCATGTAGTTGAGGTCAATG AAGG
USP18 NM_017414.3 CCTGAGGCAAATCTGTCAGTC CGAACACCTGAATCAAGGAGTTA
GAPDH NM_001289746.1 AGGTGAAGGTCGGAGTCAAC CCATGTAGTTGAGGTCAATGAAGG
IFN-a NM_024013.3 TGGAAGCCTGTGTGAT ATGATTTCTGCTCTGACA
IFN-y NM_000619.3 AGCTCTGCATCGTTTTGGGTT GTTCCATTATCCGCTACATCTGAA
IFN-A NM_172140.2 GAGGCCCCCAAAAAGGAGTC AGGTTCCCATCGGCCACATA

(Mus musculus)
LY6E NM_008529.4 ATCTTCGGGGCCTCTTCAC ATGAGAAGCACATCAGGGAAT
LY6D NM_010742 CATGCTTTAGCCATGATGGAGGC ATGTCATCAGCTCTTGGTGCCC
CMPK2 NM_020557.4 GGAACCTCATCTGCACCCAT GTGGTCTTACCAGTGGCATCC
IFN-a NM_010503.2 AAGGACAGGCAGGACTTTGGATTC GATCTCGCAGCACAGGGATGG
IFN-B1 NM_010510.2 CAGCTCCAAGAAAGGACGAAC GGCAGTGTAACTCTTCTGCAT
UspP18 NM_011909 GGAACCTGACTAAGGACCAGATC GAGAGTGTGAGCAGTTTGCTCC
IL-18 NM_008360 GACAGCCTGTGTTCGAGGATATG TGTTCTTACAGGAGAGGGTAGAC
CCLs NM_013653 CCTGCTGCTTTGCCTACCTCTC ACACACTTGGCGGTTCCTTCGA
IL-8 (CXCL15) NM_011339 GGTGATATTCGAGACCATTTACTG GCCAACAGTAGCCTTCACCCAT
RIGT(DDX58) NM_172689 AGCCAAGGATGTCTCCGAGGAA ACACTGAGCACGCTTTGTGGAC
MDAS5(IFIHT) NM_027835 TGCGGAAGTTGGAGTCAAAGCG CACCGTCGTAGCGATAAGCAGA
ISG15 NM_015783 CAATGGCCTGGGACCTAAA CTTCTTCAGTTCTGACACCGTCAT
RSAD2 NM_021384 AACAGGCTGGTTTGGAGAAGATC TCCTCCTTGCAGAATCTCACAA
IFITM3 NM_025378 TTCTGCTGCCTGGGCTTCATAG ACCAAGGTGCTGATGTTCAGGC
CXCL10 NM_021274 ATCATCCCTGCGAGCCTATCCT GACCTTTTTTGGCTAAACGCTTTC
MX1 NM_010846.1 GGGGAGGAAATAGAGAAAATGAT GTTTACAAAGGGCTTGCTTGCT
IFIT1 NM_008331.4 CAAGGCAGGTTTCTGAGGAG GACCTGGTCACCATCAGCAT
TNF-a NM_013693 CTGAACTTCGGGGTGATCGG GGGAGTAGACAAGGTACAACCC
IL-6 NM_031168 GACTTCACAGAGGATACCAC GTACTCCAGAAGACCAGAGG
IL-13 NM_008361 TTGACGGACCCCAAAAGATGAAGGG TCCACAGCCACAATGAGTGATACTG
TFAM NM_009360 GAGGCAAAGGATGATTCGGCTC CGAATCCTATCATCTTTAGCAAGC
PGCla NM_008904 GAATCAAGCCACTACAGACACCG CATCCCTCTTGAGCCTTTCGTG
NRF1 NM_010938 GGCAACAGTAGCCACATTGGCT GTCTGGATGGTCATTTCACCGC
NRF2 NM_010902 CCAGCTACTCCCAGGTTGC CCAAACTTGCTCCATGTCCT
PPARy NM_011146 GTACTGTCGGTTTCAGAAGTGCC ATCTCCGCCAACAGCTTCTCCT
SOD1 NM_011434 GGTGAACCAGTTGTGTTGTCAGG ATGAGGTCCTGCACTGGTACAG
SOD2 NM_013671 TAACGCGCAGATCATGCAGCTG AGGCTGAAGAGCGACCTGAGTT
DRP1 NM_152816 GCGAACCTTAGAATCTGTGGACC CAGGCACAAATAAAGCAGGACGG
MFEN1 NM_024200 CCAGGTACAGATGTCACCACAG TTGGAGAGCCGCTCATTCACCT
HPRT NM_013556 GCTGGTGAAAAGGACCTCT CACAGGACTAGAACACCTGC
OGG1 NM_010957 TGAGCTGCGTCTGGACTTGGTT CTCCGTCTGAGTCAGTGTCCAT
C5aR1 NM_007577 CCATTAGTGCCGACCGTTTCCT CACGAAGGATGGAATGGTGAGG
C5aR2 NM_176912 GGAGACCTCTTCCTACTGGCTT AGCCTACGGTAGACAGCAGAAG
mt-ND1 KY018919.1 CTAGCAGAAACAAACCGGGC CCGGCTGCGTATTCTACGTT
Actin NC_000071.6 AAAGCCGTATTAGGTCCATCTTGA GGCCATTGAGGCGTGATC
mt-COX2 KY018919.1 CCTGGTGAACTACGACTGCT GGACTGCTCATGAGTGGAGG
pCR3.1-Flag GAAAAGTGCCACCTGACGC GCCCCCGATTTAGAGCTTGA
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Mitochondrial ROS measurements

For mitochondrial ROS (mtROS) measurement, the cells
were incubated with 5 pM MitoSOX " Red (Invitrogen) in
culture medium for 30 min at 37 °C. After being washed
with PBS, the cells were analyzed by flow cytometry [36].

Mitochondrial membrane potential measurement

The mitochondrial membrane potential was determined
with an MT-1 MitoMP Detection Kit (MT13; Dojindo)
and MitoTracker Green FM (MTG) (M7514; Invitrogen)
according to the manufacturers’ instructions. In brief,
BMDMs (2 x 10° cells per condition) were incubated with
MT-1 solution (1:1000) and MTG (100 nM) for 30 min
at 37 °C. After the cells were washed with PBS, the flu-
orescence intensity of MT-1 and MTG in the cells was
measured by flow cytometry (Becton Dickinson), and
the results were analyzed with FlowJo software (Becton
Dickinson).

Fpg-sensitive gPCR

The measurement of mtDNA oxidative damage with
formamidopyrimidine DNA glycosylase (Fpg)-sensi-
tive qPCR analysis was performed according to pre-
viously reported methods [42]. In brief, 250 ng of
purified mtDNA was incubated with 8 units of Fpg in 1X
NEBuffer 1 and 100 mg/mL BSA in 50 mL at 37 °C for
1 h. After inactivation of the Fpg enzyme by incubation
at 60 °C for 5 min, 10 ng of DNA was used for qPCR to
detect Fpg-sensitive cleavage sites. Data were calculated
as the quotient of signal intensities in Fpg-treated DNA
relative to Fpg-untreated DNA that reflects the fraction
of intact DNA.

Mitophagy measurement

Mitophagy was assessed with a mitophagy detection kit
following the manufacturer’s protocol (Dojindo). In brief,
the cells were incubated with the mitophagy component
dye (100 nmol/L) for 1 h at 37 °C. The cells were washed
and then incubated with Lyso dye (1 pmol/L) for 1 h, and
the fluorescence intensity of the mitophagy dye-stained
mitochondria gated from positive Lyso dye-labeled
lysosomes was measured via flow cytometry (Becton
Dickinson).

Caspase 1 activity assay

The activity of caspase 1 was evaluated according to the
instructions provided with the FAM FLICA Caspase 1
Assay Kit (Molecular Probes). After treatment, the cells
were collected and washed with PBS twice. The cell pel-
let was subsequently resuspended in 100 pl of medium
and incubated with a 30XFLICA solution (3.3 pl/sam-
ple) for 60 min at 37 °C in the dark. After being washed
with washing buffer (provided with the kit), the cells were
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subsequently resuspended in 1 ml of washing buffer for
further flow cytometry and FlowJo analysis [40].

Lactate dehydrogenase release assay

Lactate dehydrogenase (LDH) release was detected with
a Cytotoxicity LDH Assay Kit (CK12, Dojindo Labora-
tory, Kumamoto, Japan) to measure the extent of cellular
injury. The cells were seeded overnight in 96-well plates.
After this, 100 pL of culture supernatant from each well
was added to 100 pL of working solution and incubated
for 30 min in the dark at room temperature. After adding
50 pL of stop solution, the absorbance was measured at
490 nm with a microplate reader [34].

Determination of 8-OHdG levels by flow cytometry

For intracellular 8-OHdG detection, the cells were washed
twice with PBS and detached with trypsin. After fixation
with 4% paraformaldehyde, the cells were permeabilized
with 0.05% Triton X-100 and then blocked with PBS sup-
plemented with 1% BSA. Goat anti-human 8-OHdG Abs
(Millipore) were added and incubated for 1 h at room
temperature. After washing twice with PBS, donkey anti-
goat Alexa Fluor™ 488 was added, and the mixture was
incubated for 0.5 h at room temperature. After additional
washes with PBS, the samples were analyzed by flow
cytometry [36].

Statistical analysis

All analyses were performed with a minimum of trip-
licates. Data from pooled donor samples are expressed
as the means+SEMs. Statistical comparisons were per-
formed with Student’s £ test or one-way analysis of variance
(ANOVA). When ANOVA revealed significant differences
between groups, Bonferroni post hoc correction was per-
formed to determine the specific pairs of groups that sig-
nificantly differed. For multiple comparisons, two-way
ANOVA with Holm-Sidak multiple comparisons was
used for results with a normal distribution. For correla-
tions between gene expression in clinical samples, statisti-
cal analysis was performed with the Mann—Whitney U test
and the Pearson correlation coefficient. A P value<0.05
was considered to indicate statistical significance. Aster-
isks indicate values that are significantly different from
the relevant control (*P<0.05, **P<0.01, ***P<0.001 and
*##%P < 0.0001).

Results

Induction of LY6E in peripheral blood monocytes

and kidney macrophages from both human and mouse
systems

Induction of LY6E mRNA could be readily detected in
monocytes collected from patients with SLE (Fig. 1A).
The expression of LY6E correlated with that of IFN-al
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Fig. 1 Induction of LY6E in peripheral blood monocytes and kidney macrophages from SLE patients. CD14 +monocytes were prepared

from the peripheral blood of 40 SLE patients and 11 healthy controls. The expression of LY6E, IFNAT, IFNG, IFNL1, CMPK2 and USP18 mRNAs

was determined by qPCR and analyzed via the Mann-Whitney U test and Pearson correlation coefficient. Each data point represents a log2

(2’A.C‘) value for LY6F in an individual patient (A). The correlations between LY6E mRNA and IFNAT, IFNG, IFNL1, CMPK2 and USP18 mRNAs

in CD14+monocytes prepared from patients with SLE were analyzed (A). Kidney samples from a 21-year-old healthy female and a 36-year-old
female patient with lupus nephritis were examined by immunohistochemical staining and analyzed by confocal microscopy, and 3-dimensional (B)

and 3-dimensional zoomed-in images (C) are shown. ****P<(0.0001

but not that of IFN-y or IFN-A1 (IFN-y and IFN-A1 were
undetectable in some samples) and correlated with the
expression of IFN-stimulated genes such as CMPK2 and
USP18 (Fig. 1A), whose immunomodulatory roles in SLE
have been investigated in this laboratory [34, 37]. The
demographic information about the studied SLE patients
and controls is presented in Supplementary Table 3 of
our previous report [34]. To determine the expression of
LY6E in human samples, we purchased kidney samples of
a 21-year-old healthy individual and a 36-year-old lupus
nephritis patient and performed immunohistochemi-
cal staining analysis. As shown in the 3-dimensional
images, increased numbers of macrophages and higher
expression of LY6E were observed in the kidney samples
from a patient with lupus nephritis than in those from a
healthy individual, where weak LY6E expression could be
detected in various renal resident cells (Fig. 1B). Colo-
calization of the macrophage marker CD68 and LY6E
was evident in zoomed-in 3-dimensional images from
the confocal microscopic examination (Fig. 1C). The
increased expression of LY6E was not limited to mac-
rophages and non-macrophage immune cells and renal

resident cells such as endothelial cells, podocytes, mesan-
gial cells, and epithelial cells might also contribute to the
increased LY6E +signals in both glomerulus and inter-
stitium (Fig. 1C and Supplementary Fig. 1). Because these
non-macrophage immune cells or non-immune cells
were not specifically labeled and studied, the significance
of LY6E induction in these cells is currently unclear. To
further investigate the significance and mechanisms of
LY6E induction in monocytes and macrophages of SLE
patients, we chose to study a mouse system. In pristane-
induced lupus-prone (PIL) mice, increased serum anti-
nuclear antibody (ANA) levels (Fig. 2A), enlarged spleens
(Fig. 2B) and prominent inflammatory cell infiltration
in the kidneys (Fig. 2C) were observed. Similar to that
observed in the human system, increased LY6E expres-
sion and the colocalization of LY6E and the murine
macrophage marker F4/80 in the glomerulus and the
interstitium were observed in 3-dimensional images from
confocal microscopy (Fig. 2D and 2E and Supplementary
Fig. 2). Notably, there was a significantly greater number
of LY6E-positive macrophages than LY6E-negative mac-
rophages in the kidneys of PIL mice (Fig. 2F).
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in pristane-induced lupus mice. Various numbers of pristane-induced lupus-prone mice were generated as described, maintained for 7 months
and then sacrificed for the indicated studies. Several parameters related to inflammation were subsequently analyzed. The titers of serum ANA

(A), sizes of the spleens (B), and H&E stains of the kidneys (C) were assessed in different tissue samples from PIL mice and control mice. The

results of the immunohistochemical staining analysis of kidneys stained with Abs against LY6E (green), the mouse macrophage marker F4/80
(yellow), and IgG (red) and analyzed by confocal microscopy are presented in 3-dimensional (D) and 3-dimensional zoomed-in (E) images. The
number of macrophages that expressed LY6E (LY6E +) or not (LY6E-) was calculated from 2-5 glomeruli of individual mice (F). Statistical analysis
was performed with an unpaired t test and two-way ANOVA with Holm-Sidak’s multiple comparisons test to compare differences among different

treatments. *P<0.05, **P<0.01, ****i<0.0001. PIL, pristane-induced lupus

LY6E regulated IL-18 production

The immunomodulatory effects and mechanisms of LY6E
were examined in BMDMs. We found that many poten-
tial immunopathogenic triggers of SLE, such as LPS,
proinflammatory cytokines, and TLR7 agonists, could
induce Ly6e mRNA expression in BMDMs (Supplemen-
tary Fig. 3). To investigate the roles of LY6E, both the
mRNA and protein levels were attenuated by introduc-
ing LY6E small interfering RNA (siRNA) into BMDM:s
(Fig. 3A and B). Under LY6E deficiency conditions, the
expression of several inflammation-associated mol-
ecules, including proinflammatory cytokines and adhe-
sion molecules, induced by different lupus-associated
immunopathogenic signals, including IFN-a, immune
complexes (ICs), lipopolysaccharide (LPS), the TLR7/8
agonist R848 and the TLR3 agonist PolyIlC, was differ-
entially regulated (Fig. 3C). Given that IL-1 plays criti-
cal roles in the immunopathogenesis of lupus-prone
mice and that IFN-a and IC deposition play crucial
pathogenic roles in human lupus [17, 18], we focused on

investigating the roles of LY6E in IFN-a- and IC-induced
IL-1pB. Using Western blot analysis, we confirmed that
LY6E knockdown inhibited IFN-a- and IC-induced IL-1B
protein production (Fig. 3D and E).

LY6E regulated the IFN-a- and IC-induced secretion

of mature IL-13 and foam cell formation

IL-1P is generated as a pro-IL-1( protein that, after
enzyme digestion, is converted to mature IL-1B
(mIL-1pB), which is secreted by cells. We found that
stimulation with IFN-a but not LPS alone increased
mlIL-1B levels in both total cell lysates and super-
natants, and the effect was further enhanced by the
addition of LPS but suppressed under LY6E defi-
ciency conditions (Fig. 4A). BMDMs stimulated with
LPS + nigericin served as a positive control. Statisti-
cal analysis of several independent experiments con-
firmed these results (Fig. 4B). Similarly, treatment
with ICs increased mIL-1p production and secretion,
and these effects were decreased by LY6E knockdown
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Fig. 3 LY6E deficiency inhibited IL-1B expression induced by stimulation with IFN-a and ICs. BMDMs (2 x 10.5) were electroporated with 300 nM
LY6E siRNA (siLY6E) or control siRNA (siCtl) and then stimulated with or without various stimuli as indicated for 24 h. The concentrations

of the individual stimuli used were as follows: the TLR7/8 agonist R848 (2.5 ug/ml), the TLR3 agonist PolyIC (10 pg/ml), LPS (100 ng/ml), IFN-a (100
U/ml), and ICs (10 pug/ml). The mRNA and protein levels of LY6E were determined by gPCR (A) and Western blotting (B), respectively. The mRNA
expression of several inflammation-associated molecules induced by various stimuli with or without LY6E deficiency conditions was determined
(€). The IFN-0- and IC-induced expression of IL-1@ with or without LY6E knockdown was determined by Western blotting (D and E). Each data point
represents one mouse, and the values are fold changes relative to the mean of the siCtl in RT-gPCR and Western blotting. For Western blotting,

the samples were derived from the same experiment, and both the gels and the blots were processed in parallel. Statistical analysis was performed
with Student’s t test to compare the means between two groups (A and B) or two-way ANOVA with Holm-Sidak’s multiple comparisons test

to compare differences among different treatments (D and E). *P < 0.05, **P<0.01, ****P <0.0001

(Fig. 4C and D). Although stimulation with IFN-a or
ICs alone did not evidently affect the levels of pro-
IL-1B, both stimuli significantly increased the total
amount of IL-1f (pro-IL-1p plus mIL-1B) in BMDMs
(Supplementary Fig. 4A and 4B). Given the important
roles of IL-1 in foam cell formation [43] and poten-
tially in SLE-accelerated atherosclerosis, we examined
the effects of LY6E deficiency on foam cell formation.
We showed that after background treatment with oxi-
dized LDL (oxLDL), the enhanced foam cell forma-
tion induced by IFN-a or ICs was suppressed by LY6E
knockdown (Fig. 4E, F, 4G and 4H). Analysis with
BODIPY dye revealed results consistent with those
from the Oil Red O staining (41 and 4 J). To study the
mechanisms responsible for mIL-1p production and
secretion, we measured the expression of active caspase
1, an enzyme mediating the cleavage of pro-IL-1f to
mIL-1p, and observed that LY6E knockdown inhibited
the IFN-a-, IC-, and LPS+ nigericin-induced expres-
sion of caspase 1 by flow cytometry (Fig. 5A, B and C)

and active caspase 1 protein production by Western
blotting (Fig. 5D, E and F). LY6E knockdown inhibited
IFN-a- and IC-induced NLRP3 expression (Fig. 5G and
H). A positive correlation between LY6E and NLRP3
was detected in monocytes from patients with SLE
(Fig. 5I). Given that complement 5a receptor 1 (C5aR1)
may also regulate IL-1p production [44], the results
suggest that LY6E knockdown inhibited C5arl mRNA
expression, although the expression of C5arl mRNA
did not appear to be affected by IFN-a or IC stimula-
tion (Fig. 5J). These results suggest that the inhibition
of caspase 1 and C5aR1 contributed to LY6E-regulated
IL-1p production.

LY6E regulated the IFN-a- and IC-induced release

of mtDNA but not mtRNA

Several mechanisms have been reported to regulate IL-1j3
production, and we focused on the impact of mtDNA
and mtRNA released into the cytosol [45]. LY6E defi-
ciency suppressed the IFN-a- and IC-induced release of
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Fig. 4 LY6E deficiency inhibited mIL-18 production and foam cell formation induced by IFN-a and ICs. BMDMs (2% 10.5) were electroporated

with 300 nM LY6E siRNA (siLY6E) or control siRNA (siCtl) and then stimulated with or without IFN-a (100 U/ml), 10 pg/ml ICs, 100 ng/ml LPS,

or a combination of these stimuli for 24 h. For inflammasome activation control, cells were stimulated with LPS (500 ng/mL) for 4 h, followed

by treatment with nigericin (5 uM) for 1 h (LPS+Nig). The total cell lysates and supernatants were separately collected for the measurement

of several proteins as indicated by Western blotting (A and C). The loading control for supernatants is shown with Ponceau S stain. Each data

point represents one mouse, and values are fold changes relative to the mean of the siCtl group. The statistical results from several independent
experiments are shown (B and D). BMDMs were stimulated with oxLDL in the presence or absence of IFN-a or ICs, and foam cell formation

was measured by Oil Red O staining. The cells were examined via light microscopy, and the percentages of Oil Red O-positive cells in 5 microscopic
fields for each independent experiment were determined and statistically analyzed (E, F, G and H). Moreover, BODIPY dye analysis was carried

out according to the description in the Materials and Methods (I and J). Each data point represents one mouse, and the values are fold changes
relative to the mean of the siCtl treatment, as determined by Western blotting. Statistical analysis was performed with two-way ANOVA with Holm—
Sidak multiple comparisons to compare differences among different treatments. *P <0.05, **P<0.01, ***P < 0.001, ****P < 0.0001

mtDNA; however, IFN-a or IC stimulation did not affect
total mtDNA (Fig. 6A). Unexpectedly, LY6E knockdown
affected neither the IFN-a- nor the IC-induced release of
mtRNA into the cytosol (Fig. 6B). Similarly, the activation
of mtRNA downstream signaling molecules, retinoic acid-
inducible gene I (RIG-I) and melanoma differentiation-
associated protein 5 (MDAS5), was not affected by LY6E
knockdown (Fig. 6C). The mechanisms of the selective
suppression of IFN-a- and IC-induced mtDNA but not
mtRNA release by LY6E knockdown are currently unclear.
By inhibiting IFN-a- and IC-induced mtDNA release into
the cytosol, LY6E deficiency also attenuated IFN-a- and
IC-induced phosphorylation and activation of STING and
TANK-binding kinase 1 (TBK1) (Fig. 6D and E), both of
which are important downstream signaling molecules,
following the release of mtDNA into the cytosol.

LY6E regulated the generation of mitochondrial reactive
oxygen species (mtROS) and oxidized mtDNA

We investigated the mechanisms by which LY6E knock-
down regulates mtDNA release. We showed that LY6E
knockdown inhibited the IFN-a- and IC-induced gen-
eration of mtROS (Fig. 7A) and ROS (Fig. 7B), which
can affect the release of mtDNA [36]. To determine the
mtDNA oxidation status, we used formamidopyrimidine
DNA glycosylase (Fpg)-sensitive real-time PCR analysis
[46]. As treatment of mtDNA with Fpg removes oxidized
purines from the DNA and creates single-strand breaks
leading to blockade of PCR amplification at these sites,
the different intensities of qPCR amplification between
Fpg-treated and Fpg-untreated DNA reflect oxidative
base damage and the percentage of intact DNA; rec-
ognition and cleavage by Fpg causes a decrease in the
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Fig.5 LY6E knockdown inhibited the IFN-a- and IC-induced expression of active caspase 1. BMDMs (2 10.5) were electroporated with 300 nM

siLY6E or siCtl and then stimulated with or without IFN-a or ICs for 24 h. As a

positive control, LPS (500 ng/mL) was used to stimulate the cells for 4 h,

followed by treatment with nigericin (5 uM) for 1 h (LPS + Nig). The expression of active caspase 1 was determined by flow cytometry in lysates

(A, B, and C) or by Western blotting in supernatants (D, E, and F). NLRP3 expression was measured by Western blotting (G and H). The correlation
between LY6E and NLRP3 mRNA levels in monocytes from SLE patients was determined (1). In parallel, the expression of complement 5a receptor 1
(C5ar1) and C5ar2 mRNAs was determined by gPCR (J). Each data point represents one mouse, and the values are fold changes relative to the mean
value of the siCtl in RT-gPCR and Western blotting. The values for the flow cytometry results are presented as the geomeans (MFIs). Two-way
ANOVA with Holm=Sidak multiple comparisons was used to compare differences among different treatments. *P < 0.05, **P < 0.01, ***P < 0.001,

****Pp <0.0001

percentage and indicates an increase in the number of
sequences harboring oxidized base products (Fig. 7C).
By this approach, we demonstrated that IFN-a- and IC-
induced mtDNA oxidation in both the mitochondrial
and cytosolic fractions could be reversed by LY6E knock-
down (Fig. 7D). LY6E deficiency also attenuated the IFN-
a- and IC-induced generation of 8-OHdG (Fig. 7E and F).
Interestingly, Oggl mRNA expression was not affected by
LY6E knockdown (Fig. 7G). We also found that at a con-
centration of 100 U/ml, IFN-a was not able to affect the
mitochondrial membrane potential, and LY6E deficiency
did not induce any changes (Supplementary Fig. 5A and
5B). Although stimulation with IFN-a or ICs induced
mitophagy, we did not detect any effects of LY6E knock-
down on IFN-a- and IC-induced mitophagy (Supple-
mentary Fig. 5C and 5D). By measuring LDH release,
we did not detect significant cytotoxic effects of LY6E
knockdown under IFN-a or IC stimulation (Supplemen-
tary Fig. 5E). Furthermore, several important molecules
associated with mitochondrial biogenesis (e.g., TFAM,
PGCla, NRF1, NRF2, and PPARy), mitochondrial

antioxidant defense (e.g., SOD1 and SOD2), mitochon-
drial fusion (e.g., MFN1), and mitochondrial fission (e.g.,
DRP1) were not affected by LY6E knockdown (Supple-
mentary Fig. 6).

Reproduction of LY6E knockdown-mediated effects

with inhibitors

We then used alternative approaches to determine
whether these observed effects of LY6E knockdown could
be reproduced by studying the effects of specific inhibi-
tors of these signaling pathways. We showed that treat-
ments with cyclosporin A (CsA) and a voltage-dependent
anion channel oligomerization inhibitor (VBIT-4) (both
block the release of mtDNA), MitoTempo (a specific
scavenger of mitochondrial superoxide), H151 (a STING-
specific inhibitor), and YVAD peptides (which inhibit
caspase 1) all significantly suppressed IFN-a-induced
mlL-1p production (Fig. 8A, C, E and G, respectively)
and IC-induced mIL-1p production (Fig. 8B, D, F, and H,
respectively). These results confirm the effects of LY6E
knockdown on IFN-a- and IC-induced IL-1f production.
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Fig. 6 LY6E regulated the IFN-a- and IC-induced release of mtDNA into the cytosol. BMDMs were electroporated with siLY6E or siCtl and then
stimulated with or without IFN-a or ICs for 24 h. Both total DNA and cytosolic DNA were extracted to measure mtDNA levels with specific primers
via gPCR, as described in the Materials and Methods. The relative abundance of total and cytosolic mtDNA was determined by normalization

to actin or an exogenously added plasmid encoding the FLAG gene (PCR3.1-flag) (A). The levels of cytosolic mtRNA were similarly measured (B). The
expression of two mtRNA downstream signaling molecules, RIG-1 and MDAS5, was determined by gPCR (C). Several mtDNA downstream signaling
molecules, such as STING and TBK1, were examined for their activation status in IFN-a-stimulated (D) and IC-stimulated (E) BMDMs by Western
blotting. For Western blotting, the samples were derived from the same experiment, and both the gels and the blots were processed in parallel.
Each data point represents one mouse, and the values are fold changes relative to the mean value of the siCtl in RT-gPCR and Western blotting.
Two-way ANOVA with Holm-Sidak multiple comparisons was used to compare differences among different treatments. *P < 0.05, **P < 0.01,

***P<0.001, ***P<0.0001

LY6E was an upstream regulator of the mitochondrial
molecule CMPK2

We wondered whether the LY6E-mediated effects on
mtDNA release and mitochondria-associated mecha-
nisms occurred by affecting molecules residing in
mitochondria. One potentially targeted molecule is
CMPK?2, which resides in mitochondria and can regu-
late mtDNA release, as demonstrated in our previous
studies [40]. In addition, there was a positive correla-
tion between the expression of LY6E and CMPK2 in
the monocytes of SLE patients (Fig. 1A). The results
demonstrated that LY6E knockdown suppressed the
IFN-a- and IC-induced expression of Cmpk2 mRNA
(Fig. 9A) and CMPK2 protein (Fig. 9B). Consistent with
these findings, CMPK2 knockdown suppressed IFN-
a- and IC-induced mIL-1p secretion and active cas-
pase 1 expression (Fig. 9C and D). CMPK2 deficiency
also inhibited LPS+ nigericin-induced active capase
1 expression and mIL-1p secretion (data not shown).
In contrast, LY6E levels were not affected by CMPK2

knockdown (Fig. 9C, D and Supplementary Fig. 7).
Consistent with the hypothesis that CMPK2 is down-
stream of LY6E in the IFN-a- and IC-triggered signaling
pathway, CMPK2 overexpression reversed LY6E-medi-
ated suppression of the IFN-a- and IC-induced secre-
tion of mIL-1pB (Fig. 9E, F, and Supplementary Fig. 8A,
8B), the release of mtDNA into the cytosol (Fig. 9G
and H), the activation of caspase 1, and mtROS pro-
duction (Supplementary Fig. 8C and 8D). Because we
could not detect LY6E in the mitochondrial compart-
ment under both resting and IFN-a- or IC-stimulated
conditions (Supplementary Fig. 9), the results suggest
that LY6E might directly mediate its effects through
transcriptionally regulating CMPK2 expression, which
accounted for several effects observed in LY6E-knock-
down cells. Given that CMPK2 is downstream of
STAT1 [40], we demonstrated that LY6E knockdown
also inhibited IFN-a- and IC-induced STAT1 phospho-
rylation (Supplementary Fig. 10).



Lai et al. Cell Communication and Signaling (2025) 23:146

Page 14 of 20

0 siCtl-unstained 7 O siCtl-unstained Mitochondrial fraction Cytosolic fraction
] siCtl-Medium 1 OsiCtl-Medium
% 701 SILY6E-Mediun % 7 O SILYGE-Mediun | 1.0 NDI Lo NDI 20 NDL 50o NDI i
o400 SICH-IFN-a S ] DISICH-IFN-a "
?5 SILYGE-IFN-a g o SILYGE-IFN-a 0.8 . 0.8 s . 154 oo * 5] oo 8
e R 054 P o s PP o o '.g S
k| 1.0+ 1.0
: : 0.4 38 & o g; o |8
. o ° 047 ° 8| p9 8| o
B & ol |o © ol [o o| = os+ 0.5
7 [ siCtl-unstained 7 O siCtl-unstained S| 024 0.2 8
0 siCtl-Medium 4 O siCtl-Viedium & o0, .
o ] O SILY6E-Mediu % ‘sll(_‘{lﬁl(E-Mcdmn a0 T T T T o. T = T - 2 T L r . . : .
] SICH-ICs  Osici-Ics 3 -
> 10 siLY6E-ICs E ] 0 siLY6E-ICs &0 [ 1.0 COX2 1.0 COX2 & | 2.04COX2 2.0 COX2
5w S« i ** #rx & *
= X ¥ | o5 % 0.8 ol ** s -
Yo o llge - T|om o lom
. . e 7 ’ fors 1o 38 104
PO . P R P 0.4 o 0.4 o o I
’ R A A A
mitoSOX DCFDA oad [© 8 Fﬁ of ,,1[°e 8 Tﬁ o 0.5 ﬁ ﬁ 0.5+ ﬁ ﬁ
o~ o
als
=} 0, T T T T 0. T T T T o T T T T 9 T T T T
%
£10 IFN-a = ICs - IFN-o. ICs
£ OsiNC O siLY6E O siNC O siLY6E OsiNC [ siLY6E O siNC O siLY6E
S
Qs ns
8 E . O siCtl-unstained F . O siCtl-unstained G s 5
2 ] OsiCtl-Medium .1 OsiCll-Medium ool e S
EC s 1 I SILY6E-Med % 7 I SiLY6E-Medium 5s
siCtl S o [ siCt-IFN-a = w4 [IsiCl-ICs 9% 1.5
z SILY6E-IFN-u & SILY6E-ICs 2% ®
SILY6E . 5,4 EE ]
L ° el o
= N =3
”- / ; ,, £ 305
c BT R ool AL
8-OHdG 8-OHdG - IFN-a
—
x OsiNC [ siLY6E
‘/ 400 ** 500 e . s
b £ 300 ° £ 400 " page)
short ox- 2 2 500 5%
mtDNA g 200 2. §E
— S g g7 ch o
100 1
m . T, ——— S S 100 =8
[ W Al L i o < i 2 £3
QYR LITVTI LTy B —— 0 o T T T T
qPCR qPCR gPCR - IFN-a B ICs _ ICs

OsiCtl OsiLY6E

O siNC O siLY6E

O siNC O siLY6E

Fig. 7 LY6E inhibited the production of mtROS, ROS, oxidized mtDNA and 8-OHdG but not OGG-1 induced by IFN-a and IC stimulation. BMDMs
were electroporated with siLY6E or siCtl and then stimulated with or without IFN-a or ICs for 24 h. After adding 5 pM MitoSOX™ to the culture

and incubating for 0.5 h, the intensity of MitoSOX fluorescence was measured and used as an indicator of mtROS levels (A). The generation

of cellular ROS was measured by DCFDA staining followed by flow cytometry analysis (B). To determine the status of mtDNA oxidation, we

used formamidopyrimidine DNA glycosylase (Fpg)-sensitive real-time PCR analysis. Treatment of mtDNA with Fpg removes oxidized purines

from DNA and creates single-strand breaks, leading to blockade of PCR amplification at these sites. The different intensities of gPCR amplification
between Fpg-treated and Fpg-untreated DNA reflect oxidative base damage and the percentage of intact DNA; recognition and cleavage by Fpg
causes a decrease in the percentage and indicates an increase in the number of sequences harboring oxidized base products (C). Accordingly,

the mtDNA oxidation status was measured in both the mitochondrial and cytosolic fractions of IFN-a- and IC-treated BMDMs with or without

LY6E knockdown (D). The generation of 8-OHdG was determined by flow cytometry (E and F). The expression of Ogg! mRNA was determined

by gPCR (G). Each data point represents one mouse, and the values are fold changes relative to the mean value of the siCtl in RT-gPCR and Western
blotting. The values for the flow cytometry results are presented as the geomeans (MFIs). Statistical analysis was performed with two-way ANOVA
with Holm-Sidak multiple comparisons to compare differences among different treatments. *, P<0.05; **, P<0.01; ***, P<0.001 and **** P<0.0001.

MFI, mean fluorescence intensity

Synergistic effects between IL-1p and IFN-a or IL-1 and ICs
in inducing ISGs expression

Because immune responses are tightly regulated by inter-
actions among different cytokines, the possible coordi-
nated effects of IL-1B and IFN-« or ICs were examined.
The results shown in Fig. 10A demonstrated the syner-
gistic effects of inducing the expression of several inter-
feron-stimulated genes (ISGs), including MxI, Rsad2,
Cxcli0, Uspl8 and Ifitl, by a combination of IL-1p and
IFN-a. Synergistic effects between IL-1p and ICs were
also observed in the regulation of the expression of ISGs
such as Mx1, Rsad2, Cxcl10, Usp18 and Ifitl (Fig. 10B).
The mechanisms by which LY6E regulates IFN-a- and
IC-mediated mlIL-1B production in macrophages are
summarized in Fig. 11.

Discussion

In addition to the proinflammatory impact of IFN-a, the
deposition of ICs in kidneys is another major contribu-
tor to lupus nephritis. Among infiltrating immune cells
and resident cells in the kidney, monocytes/macrophages
are critical sentinels preserving IgG-binding Fcy recep-
tors, the major IC responders and one of the critical
cell populations in the pathogenesis of lupus nephritis
[1, 6, 47, 48]. The induction of LY6E by IFN-a and ICs
in BMDMs was comparable with the increased expres-
sion of LY6E in infiltrating macrophages in the kidneys
of pristane-induced lupus-prone mice and patients with
lupus nephritis. LY6E knockdown suppressed foam cell
formation and the cellular lipid content induced by IFN-a
and ICs in BMDMs, suggesting a wider role for LY6E in
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Fig. 8 LY6E-knockdown effects were reproduced with the use of specific inhibitors of several different signaling pathways. BMDMs were treated
with different inhibitors targeting LY6E-regulated and IFN-a- and IC-activated downstream signaling pathways, including 5 uM CsA or 10 uM

VBIT-4 (A and B), 100 uM MitoTempo (C and D), 40 uM YVAD (G and H), or 2 ug/ml H151 (E and F), for 2 h, followed by stimulation with IFN-a or ICs
for 24 h (A, B,C, D, G and H) or 6 h (E and F). After that, the supernatants were collected for the measurement of mlL-1( by Western blotting. The
samples were derived from the same experiment, and both the gels and the blots were processed in parallel. The results of the statistical analysis

of several independent experiments are presented. Statistical analysis was performed with two-way ANOVA with Holm-Sidak multiple comparisons
to compare differences among different treatments. CsA, cyclosporin A; VBIT-4, voltage-dependent anion channel oligomerization inhibitor. *,

P<0.05;**, P<0.01;*** P<0.001 and **** P <0.0001

SLE and SLE-accelerated atherosclerosis. LY6E-mediated
immunomodulation involved mitochondrial machiner-
ies such as increased mtDNA release into the cytosol, the
generation of mtROS and ROS, the activation of STING
and the participation of caspase 1 and NLRP3, lead-
ing to the release of mIL-1p in IFN-a- and IC-treated
BMDMs. Importantly, the LY6E knockdown-mediated
effect on mIL-1p production could be faithfully repro-
duced by chemical compounds targeting these signaling
pathways. Unexpectedly, given that treatment with either
IFN-a or ICs effectively induced the release of mtDNA
and mtRNA from mitochondria into the cytosol, LY6E
deficiency affected only mtDNA but not mtRNA release.
This suggestion was supported by examining the mRNA
expression of downstream signaling molecules, includ-
ing RIG-1 and MDA5. Thus, the mechanisms responsi-
ble for mtDNA and mtRNA release from mitochondria
to the cytosol are likely independent and differentially
regulated. We currently do not know the mechanisms
accounting for such a difference. Because the regulation
of mtDNA and mtRNA release from mitochondria to the

cytosol remains unclear, targeting LY6E may serve as a
powerful tool for associated studies.

Cytokines are known to work synergistically or antago-
nistically to regulate immune responses during infection,
inflammation and cancer. In addition, many cytokines
function in an autocrine manner to regulate immune
responses. Synergistic effects have also been observed
between TNF and IFN in inducing the expression of
ISGs through triggering interferon regulatory factor 1
(IRF1)-dependent signaling pathways [49]. In the present
study, we found synergistic effects between IL-1p and
IEN-a or a combination of both IL-1f and ICs in induc-
ing the expression of several ISGs. Furthermore, our
results suggest that synergistic effects on mIL-1B pro-
duction occurred when BMDMs were cotreated with the
pathogen-associated molecular pattern LPS and IFN-a
or ICs. Given that several mechanisms were responsible
for LY6E-mediated effects on IFN-a- and IC-induced
mlL-1B production, it is interesting that many of these
signaling events can also be activated by IL-1f stimula-
tion. Aarreberg et al. reported that exogenous IL-1p
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Fig. 9 LY6E mediated its effects through regulating CMPK2. BMDMs were electroporated with siLY6E or siCtl and then stimulated with or without
IFN-q, ICs, or LPS + nigericin (LPS +Nig) for 24 h, after which the Cmpk2 mRNA and protein levels were determined (A and B). BMDMs were
electroporated with 300 nM siCMPK2 or siCtl and then stimulated with and without IFN-a or ICs for 24 h, and the levels of CMPK2 and LY6E in total
cell lysates and both active caspase 1 (p20) and miL-1 in supernatants were measured by Western blotting (C and D). BMDMs electroporated

with siLY6E or siCtl were transduced with lentivirus carrying wild-type CMPK2-DYK or the control DYK vector. After 48 h, the medium was replaced
with fresh medium, and the cells were then stimulated with IFN-a or ICs for 24 h. The measurement of mIL-1( in the supernatants (E and F)

and mtDNA release into the cytosol (G and H) were carried out accordingly as previously described. Statistical analysis was performed with two-way
ANOVA with Holm-Sidak multiple comparisons to compare differences among different treatments. ¥, P<0.05; **, P<0.01; ***, P<0.001 and ****,

P<0.0001

could cause mtDNA release, induce cGAS/STING acti-
vation and lead to protection and effective limitation of
virus infection [50, 51].

We found that in addition to mtDNA and mtRNA
release into the cytosol, there was no evident effect on
cell death or changes in the mitochondrial membrane
potential caused by treatment with IFN-a or ICs. IFN-a
has been shown to affect the mitochondrial membrane
potential and cause cell death in various cell types under
high or very high dosages of treatment, such as 5x 10* U/
ml in proximal tubular cells [52], 3,000 U/ml in human
Jurkat variant H123 [53] and 1000 U/ml in CD8+T cells
[54]. Notably, Buang et al. reported that the intensity of
ISG expression in IFN-high SLE patients was comparable
with that observed after treatment with a 1000 U/ml dose
of IEN-a [54]. The dosages of IFN-a investigated in these
studies are clearly much higher than the dosage of 100 U/
ml IFN-a examined in the present study, which is pre-
sumably closer to the conditions of general SLE patients.
This may explain why after treatment with 100 U/ml
IFN-a, we did not detect any effect on the mitochondrial

membrane potential. Our results also suggest that
LY6E deficiency did not affect IFN-a- or IC-induced
mitophagy. Although there are defects in monocyte func-
tion in SLE patients compared with healthy controls, the
number of monocytes is increased instead of decreased
in SLE patients [55-57]. Furthermore, dengue virus
infection induced the release of mtDNA and subsequent
activation of the TLR9 signaling pathway in human den-
dritic cells, and these events were not accompanied by
cell death [36]. Moreover, we did not detect any changes
in several genes associated with mitochondrial biogen-
esis, fusion, or fission in response to low-dose IFN-« (100
U/ml) or IC treatment.

CMPK2 catalyzes the phosphorylation of CMP, UMP,
dCMP and dUMP by ATP to the corresponding diphos-
phates [58, 59]. The knockdown of LY6E inhibited IFN-
a- and IC-induced CMPK2 expression but not the
opposite, suggesting that LY6E was upstream of CMPK2
in the IFN-a- and IC-triggered signaling pathways. Con-
sistent with these results, the LY6E-mediated suppres-
sion of IFN-a- and IC-induced mIL-1p production was
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Fig. 10 Synergistic effects of a combination of IL-13 and IFN-a or IL-13 and ICs in ISGs induction. BMDMs stimulated with IL-1(, IFN-a or ICs alone
or in combination for 12 h or 24 h were collected, and the expression of several ISGs as indicated was determined by gPCR. Statistical analysis
was performed with two-way ANOVA with Holm-Sidak multiple comparisons to compare differences among different treatments. *, P < 0.05; **,

P<0.01;*** P<0.001 and **** P<0.0001

effectively reversed by the overexpression of CMPK2.
Accordingly, the LY6E-mediated effects can be explained
in part through regulating the expression of the mito-
chondrial protein CMPK2. CMPK2 plays crucial roles
in dengue virus infection through mechanisms involving
the mitochondrial machinery and downstream signaling
pathways, such as the production of mtROS and ROS,
the generation of 8-OHdG, mtDNA release into the cyto-
sol, and the activation of TLR9 and the inflammasome
pathway [40]. Several other events, such as cell migration,
the production of cytokines such as IFN-a and IFN-A,
and foam cell formation, are also regulated by CMPK2 in
macrophages [37, 40]. Importantly, although induced by
IEN signaling, CMPK2 can mediate both IFN-dependent
and IFN-independent mechanisms [40]. As expected,
targeting LY6E may have broader immunomodulatory
effects than targeting CMPK2 therapeutically.

One major limitation of our study is that most of the
experiments were carried out with mouse BMDMs. Nev-
ertheless, this limitation was partially alleviated by the
results from the immunohistochemical staining analyses
and confocal microscopic examinations of kidney sam-
ples from patients with lupus nephritis. Inflammatory
macrophages are the dominant infiltrating immune cells
in lupus nephritis [60] and contribute to the formation of

tertiary lymphoid structures involved in kidney inflam-
mation in SLE [1]. By analyzing single-cell transcriptional
profiles of kidney macrophages in patients with lupus
nephritis, one study identified several different subsets of
macrophages that have differential abilities to take up ICs
and play differential roles in the immunopathogenesis
of lupus nephritis [61]. When single-cell RNA sequenc-
ing (scRNA-seq) was used to examine CD45+immune
cells, at least five myeloid subpopulations were identi-
fied in renal biopsy samples from patients with lupus
nephritis in which progressive stages of monocyte dif-
ferentiation within the kidney were observed [62]. We
currently do not know the extent to which LY6E + mac-
rophages in kidneys may contribute to the pathogenesis
of lupus nephritis. Aside from LY6E+ macrophages in
glomerulus and interstitium of SLE patient’s kidney sam-
ples, we also noted highly induced expression of LY6E
in other cell types that may possibly include non-mac-
rophage immune cells like T or B cells or non-immune
renal resident cells although these cells were not specifi-
cally labeled and examined. In supportive, among many
induced genes, the increased expression of LY6E mRNA
has been detected in pan-T cells [63] and CD4+T
cells [64] by high depth sequencing and cell-sorted
RNA-sequencing, respectively. Furthermore, positive
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Fig. 11 The proposed model summarizes how LY6E regulates IFN-a- and IC-induced miL-1( production. Stimulation with either IFN-a

or ICs induced LY6E expression. Induction with LY6E activated STAT1 and increased the transcription of CMPK2. The translocation of CMPK2
into mitochondria is, in part, responsible for several events occurring in mitochondria, such as the generation of mtROS and ROS, the increase
in oxidized mtDNA and the release of mtDNA into the cytosol. Cytosolic mtDNA then activates the cGAS/STING and TBK1 pathways

and the inflammasome pathway. These events lead to an increase in mliL-1( production and secretion. Several LY6E-mediated effects can be

reproduced using specific inhibitors, as indicated

correlation has been demonstrated between the ISG
score measuring expression levels of LY6E and other tar-
geted ISGs in PBMCs of SLE patients and disease activ-
ity [35], severity of lupus skin lesion [65], and therapeutic
response in proliferative lupus nephritis [66]. Given the
highly induced expression of LY6E in different subsets of
immune and non-immune cells in lupus, targeting LY6E
may be an attractive strategy for therapeutics against SLE
and other autoimmune disorders.
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