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A B S T R A C T

Neuropsychiatric manifestations in lupus (NPSLE) affect ∼20–40% of patients. In the central nervous system,
lipocalin-2 (LCN2) can promote injury through mechanisms directly linked to NPSLE, including brain barrier
disruption, neurotoxicity, and glial activation. Since LCN2 is elevated in lupus and has been implicated in
neuroinflammation, we investigated whether LCN2 is required for the pathogenesis of NPSLE. Here, we in-
vestigated the effects of LCN2 deficiency on the development of neurobehavioral deficits in the B6.Sle1.Sle3
(Sle1,3) mouse lupus model. Sle1,3 mice exhibited depression-like behavior and impaired spatial and recogni-
tion memory, and these deficits were attenuated in Sle1,3-LCN2KO mice. Whole-brain flow cytometry showed a
significant increase in brain infiltrating leukocytes in Sle1,3 mice that was not reduced by LCN2 deficiency. RNA
sequencing on sorted microglia revealed that several genes differentially expressed between B6 and Sle1,3 mice
were regulated by LCN2, and that these genes are key mediators of the neuroinflammatory cascade. Importantly,
LCN2 is upregulated in the cerebrospinal fluid of NPSLE patients across 2 different ethnicities. Our findings
establish the Sle1,3 strain as an NPSLE model, demonstrate that LCN2 is a major regulator of the detrimental
neuroimmune response in NPSLE, and identify CSF LCN2 as a novel biomarker for NPSLE.

1. Introduction

Systemic lupus erythematosus (SLE) is a chronic autoimmune dis-
ease that disproportionately affects women of childbearing age [1,2].
Primary (e.g. disease related) manifestations of central nervous system
disease in lupus patients, known as neuropsychiatric SLE (NPSLE), af-
fect approximately 20–40% of patients, an estimate that varies widely
across reports [3,4]. Patients with diffuse NPSLE present with signs and
symptoms including cognitive decline, acute confusion, psychosis, and
depression [4], and the pathophysiology that underlies these manifes-
tations is not well understood. This can result in suboptimal treatment,
including non-specific immunosuppression, that is generally non-

curative [4].
Lipocalin-2 (LCN2) is an acute-phase reactant protein with pleio-

tropic immune functions. Originally discovered in granules of neu-
trophils in close association with the gelatinase matrix metalloprotei-
nase 9 (MMP9), it is also known as neutrophil gelatinase-associated
lipocalin, or NGAL [5]. Other common names include 24p3, side-
rocalin, and uterocalin, and the diversity of pseudonyms speaks to its
variety of known effects [6]. In the periphery, LCN2 is a major regulator
of innate immunity through its binding to siderophores, resulting in
iron sequestration to starve invading bacteria [7], fungi [8], and plas-
modia [9]. LCN2 is upregulated at mucosal [10] and epithelial [11]
barriers, ready to exert its anti-microbial effects, and it is also produced
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by several cell types, including macrophages [12], neutrophils [5], and
activated leukocytes [13], upon infection. Additionally, LCN2 is a key
regulator of cellular differentiation and survival, inducing both pro-
liferation and apoptosis [14]. LCN2 is also implicated in chronic in-
flammation, and is upregulated in several autoimmune diseases, in-
cluding SLE. While the use of LCN2 and anti-LCN2 antibodies as urinary
and serum biomarkers respectively in SLE has been reported [15,16],
the role of LCN2 in NPSLE has not been investigated.

Within the CNS, LCN2 is produced at very low levels but is quickly
upregulated in neuroinflammation [17]. Several brain resident cell
types, including endothelial cells [18], astrocytes [19], microglia [17],
and neurons [20], both produce and possess receptors for LCN2, and
this allows for several effects within the brain. LCN2 binding to en-
dothelial cells results in activation of these cells and disruption of tight
junction proteins [21], thereby permeabilizing the blood-brain-barrier
to peripheral effectors. LCN2 is also a potent inducer of chemotaxis
[22], and therefore further drives cellular infiltration. Within the CNS
parenchyma, LCN2 results in the deramification and activation of mi-
croglia [23] and promotes reactive astrocytosis [24], therefore perpe-
tuating the inflammatory response within the brain. LCN2 can induce
neurotoxicity through this cascade or through direct effects on neurons
[25]. Indeed, LCN2-deficient mice exhibit reduced glial activation and
improved cognition after middle cerebral artery occlusion [21] and a
reduction in neuronal dysfunction after spinal cord injury [26]. More-
over, in the context of autoimmune neuroinflammation, LCN2 defi-
ciency ameliorates experimental autoimmune encephalitis (EAE), the
mouse model of multiple sclerosis [27]. Alternatively, there have been
reports of LCN2 deficiency worsening disease, including increased
stress-induced anxiety [20] and exacerbated EAE [28]; some postulate
that LCN2 actually protects the brain during inflammatory conditions
[29]. Given that LCN2 promotes several neuropathological mechanisms
that are thought to underlie NPSLE, we aimed to determine the effects
of LCN2 deficiency in a lupus-prone mouse.

To investigate the effects of LCN2 deficiency on NPSLE, we devel-
oped the Sle1,3-LCN2 knockout (KO) mouse. Sle1,3 mice are a bicon-
genic strain in which two susceptibility loci, Sle1 and Sle3, from the
NZM2410 spontaneous lupus-prone strain were introgressed onto a
non-autoimmune B6 mouse [30]. The Sle1,3 mouse exhibits increased T
cell activation, autoantibodies, and a progressive glomerulonephritis,
thereby recapitulating several aspects of human lupus [31]. Though the
Sle1,3 mouse has not previously been investigated for the presence of a
neuropsychiatric phenotype, the NZB/NZW F1 mouse, from which the
NZM2410 was derived, exhibits deficits in learning and memory [32].
The Sle1,3 mouse was crossed with the B6.LCN2-deficient (LCN2KO)
mouse for 10 generations to develop the Sle1,3-LCN2KO mouse. This
strain facilitates the determination of the role of LCN2 within the
chronic inflammatory context of SLE. In the present study, we in-
vestigated the hypothesis that LCN2 deficiency attenuates NPSLE
manifestations in the lupus-prone Sle1,3 mouse.

2. Material and methods

2.1. Mice

B6.Sle1/Sle3 (Sle1,3) mice are a bicongenic strain derived from the
introgression of 2 lupus susceptibility loci from the NZM2410 sponta-
neous SLE model onto non-autoimmune C57BL/6 (B6) mice [31].
Sle1,3 mice exhibit increased T cell activation, autoantibodies to nu-
clear antigens, and glomerulonephritis. B6.LCN2KO (LCN2KO) mice
(50) were crossed with the Sle1,3 mouse for 10 generations to create
the Sle1,3-LCN2KO mice. B6 controls were obtained from the Jackson
Laboratory (Bar Harbor, Maine). All mice in the study were female and
were housed at a temperature of 21–23 °C on a 12:12 h light:dark cycle.

2.2. Experimental design

Sle1,3 mice, Sle1,3-LCN2KO mice, LCN2KO mice, and B6 controls
(n= 5–10 mice/group) were assessed at 7–10 months of age for the
presence of cognitive and affective deficits. After sacrifice, spleen
weight was determined, and brains were either fixed, paraffin-em-
bedded, and sectioned for histological analysis, or dissected and snap-
frozen in liquid nitrogen and stored at −80 °C for analysis of gene and
protein expression. Brains from a separate cohort of mice (n=4–5/
group) were evaluated by flow cytometry. Infiltrating CD4+ and CD8+

T cells and CD45 + cells were quantified, and CD11b+ CD45-low
CD64+microglia were sorted for RNA sequencing and downstream
analysis.

2.3. Assessment of systemic disease

Serum IgG autoantibodies against double-stranded DNA at 7–10
months of age were measured by ELISA. Plates were coated with
0.1 mg/mL salmon sperm DNA (ThermoFisher Scientific, Waltham,
MA) in PBS in a warm room overnight and rinsed with PBS on the
following day. Plates were blocked with 1% BSA in PBS for 1 h at 37 °C.
Samples were added at a 1:100 dilution and 6 subsequent two-fold
dilutions to 1:3200 and incubated for 2 h at 37 °C. Next, samples were
incubated with an alkaline phosphatase conjugated goat anti-mouse
secondary antibody (Southern Biotech) and incubated for 1 h at 37 °C.
Plates were then washed, developed with phosphatase substrate (Sigma
Aldrich) in 1M diethanolamine, pH 9.8 (Sigma Aldrich), and read at
405 nm using an Infinite F50 microplate reader (Tecan Group,
Switzerland). Absorbance is reported as (optical density of sample/
optical density of positive control 20-week old MRL/lpr serum on the
same plate) x 100. Proteinuria was assessed semiquantitatively via
Uristix where +1 is 30 mg/dL, +2 is 100 mg/dL, +3 is 300 mg/dL,
and +4 is 2000 mg/dL (Siemens Healthcare, Tarrytown, NY). Spleens
were dissected and weighed, and the organ weight was normalized to
body weight for assessment of splenomegaly.

2.4. Behavioral assessment

A series of tests extensively validated and employed in MRL/lpr
mice [33–36] were performed to assess cognition and depression-like
behavior. The behavioral spectrometer was used to assess general lo-
comotor activity, grooming, rearing, and exploration of the center zone
[37]. Additional tests included the saccharin preference test for anhe-
donia [38], the object placement test for spatial memory, and the object
recognition test for recognition memory [39]. Mice were equilibrated in
the test room for 30min prior to the tests under low incandescent light
with soft background noise. Four cohorts of mice were assessed, and
data were combined when age and testing conditions were comparable.
All tests were digitally recorded by Viewer tracking software (Biob-
serve, Bonn, Germany).

2.4.1. Behavioral spectrometer
The behavioral spectrometer (Behavioral Instruments:

Hillsborough, NJ) is a 40 cm×40 cm enclosed arena with infrared
beams, a vibration-sensitive floor, and video tracking that is used to
detect and measure behavior. Mice were placed in the behavioral
spectrometer for 9min, and behaviors were measured using Viewer
Software. Stereotyped behaviors, including rearing, running, and time
still, as well as track length, time spent in the center of the arena, and
number of center entries, were assessed [37]. The central zone was
defined as a 15 cm×15 cm area in the center of the box.

2.4.2. Object placement test
The object placement test is based on the propensity of mice to

preferentially explore objects in novel positions, as previously described
[39]. Briefly, mice were placed in a 40 cm×40 cm arena for a training
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phase to freely explore two identical objects. Mice were then returned
to their home cage for a 45-minute retention interval and subsequently
placed back in the arena in which one of the objects had been relocated
to a new position. The amount of time that mice spent exploring the two
objects during the testing interval was measured manually with a
stopwatch by an observer blind to the condition of the mice. Explora-
tion was defined as time spent in contact with the object. The total
exploration time during the training phase was also measured to ensure
that mice in all conditions had equivalent levels of exploration. Mice
with less than 3 s of total exploration during the training phase were
excluded (Sle1,3 n=2; Sle1,3-LCN2KO n=1). To ensure adequate
exploration of the objects during the training and testing phase, mice
were trained to criteria, for a minimum of 5min and until 3 s of ex-
ploration or 8min, whichever came first. Mice were tested for a
minimum of 4min and until 3 s of exploration or 8min, whichever
came first. The preference score, or percent preference, was defined as
(the amount of time spent exploring the object in the new position/total
exploration time) x 100. Training and testing phases were recorded by
Viewer software.

2.4.3. Object recognition test
The object recognition test is also based on the robust tendency of

mice to preferentially explore novel objects as previously described
[39]. In this task, mice are again placed in the arena with two identical
objects for a training phase, and the retention interval used was
120min. During the testing phase, a new object was introduced and
duration of exploration was recorded. Exploration was defined as time
spent in contact with the object. To ensure adequate exploration of the
objects during the training and testing phase, mice were trained to
criteria, for a minimum of 3min and until 3 s of exploration or 8min,
whichever came first. Mice were tested for a minimum of 3min and
until 3 s of exploration or 8min, whichever came first. Mice with less
than 3 s of total exploration during the training phase were excluded
(B6 n=1; Sle1,3 n=4; Sle1,3-LCN2KO n=2). Objects were pre-
viously validated to ensure equal exploratory valence and were coun-
terbalanced during training and testing. Exploration during the training
phase was also measured, and both training and testing phases were
recorded by Viewer software. The total exploration time during the
training phase was also measured in order to ensure that mice in all
conditions had equivalent levels of exploration.

2.4.4. Saccharin preference test
Mice were placed in individual cages and simultaneously exposed to

2 bottles of water, one containing water treated with 1% saccharin and
one containing untreated water. Mice tend to prefer saccharin-treated
water, and a lack of this preference is indicative of anhedonia, or loss of
response to pleasure or reward. The amount of saccharin-treated and
untreated water consumed during a 120-minute period was measured
by weighing the water bottles. Water bottle positions were counter-
balanced and switched every 30min. Preference for saccharin-treated
water was evaluated as (saccharin water consumed/total consumption)
x 100. Anhedonia was defined as a reduction in saccharin preference
relative to controls.

2.5. Renal histopathology

Kidney sections were deparaffinized, rehydrated, and stained with
hematoxylin and eosin (H&E) and periodic acid-Schiff (PAS) by the
Histology and Comparative Pathology Core at the Albert Einstein
College of Medicine. Kidney sections were scored by a ne-
phropathologist (L.H.) who was blinded to the genotypes of the groups.
Scoring was assigned as described [40]. Briefly, sections were assessed
for glomerular deposits, endocapillary proliferation, glomerular
sclerosis, interstitial inflammation, interstitial fibrosis, and tubular casts
and dilatation. Each category was then assigned a score of 0–4, where 0
is normal appearing histology and 4 is the most severe disease. Scores

for glomerular deposits, endocapillary proliferation, and glomerular
sclerosis were averaged to obtain a score for glomerular histology;
scores for interstitial inflammation, interstitial fibrosis, and tubular
casts and dilatation were averaged to obtain a score for tubulointer-
stitial histology.

2.6. Immunofluorescence staining

Mice were transcardially perfused first with ice cold PBS and then
with 2.5% paraformaldehyde. Brain tissue was isolated, further fixed in
2.5% paraformaldehyde for 48 h, and then embedded in paraffin for
coronal sectioning. For immunofluorescent staining, sections were de-
paraffinized in xylene and rehydrated in ethanol. Antigen retrieval was
performed in citrate or Tris-EDTA buffer and sections were blocked in
20% normal horse serum. Staining for Iba-1 (rabbit anti-Iba-1, Wako,
Osaka, Japan), GFAP (rabbit anti-mouse GFAP, Millipore, Darmstadt,
Germany), and NeuN (mouse anti-mouse NeuN, Millipore) were per-
formed on 5 μm coronal sections. All fluorophore-conjugated secondary
antibodies were from Jackson ImmunoResearch, West Grove, PA.
Following immunostaining, all sections were counterstained with DAPI,
washed, air dried, and mounted. Primary and secondary antibodies
were withheld from sections to assess background and non-specific
staining. Images were taken on a fluorescent microscope (Evos FL Auto
2, ThermoFisher Scientific) and quantified using ImageJ (National
Institutes of Health, Bethesda, MD). Microglia and astrocyte density
were calculated as the mean fluorescent intensity in regions of interest
to determine an intensity score.

2.7. Terminal deoxyribonucleotidyl transferase dUTP nick end labeling
(TUNEL)

TUNEL was carried out by utilizing an in-situ cell death detection
kit-fluorescein (Roche, Indianapolis, IN) on paraffin-embedded coronal
sections. Slides were examined under a Evos FL Auto 2 fluorescence
microscope. One representative image was taken from each section, and
the number of TUNEL positive cells in the dentate gyrus of the hippo-
campus was counted for each section.

2.8. RT-PCR

RNA was isolated from the pellet that resulted from protein ex-
traction of cortex and hippocampus samples using TRIzol and the
Direct-Zol Miniprep Kit (Zymo Research, Irvine, CA). Reverse tran-
scription was performed using the Superscript First-Strand System (Life
Technologies, Norwalk, CT), and real-time PCR was performed in tri-
plicate using the SYBR Green Method (ThermoFisher Scientific). Values
for the genes of interest were normalized to GAPDH, and fold change
was determined using the delta-delta CT method.

2.9. Tissue processing, flow cytometry and fluorescence activated cell
sorting (FACS)

Mice were transcardially perfused first with ice cold PBS. Brains
were then excised and placed in ice cold HBSS until processing. The
brains were weighed, infused with digestion buffer (2.5 mg/mL
Liberase TL (Roche, Basel, Switzerland) and 1mg/mL of DNase I in
HBSS) using a 30 g needle, cut into small pieces, and placed into C-
tubes (Miltenyi Biotec) containing 4mL of digestion buffer. C-tubes
were placed on a GentleMACS dissociator (Miltenyi Biotec) and run on
the m_brain_3 protocol, after which they were placed in an incubator
for 30min at 37 °C with shaking at 200 rpm. After incubation, C-tubes
were placed back on the GentleMACS dissociator and run on the
m_brain_3 protocol. Released cells were passed through a 40 μm nylon
mesh using a cell masher and washed with 100ml of wash buffer
(autoMACS Running Buffer, Miltenyi Biotec). Microglia and infiltrating
cells were isolated using a 30/70 percoll gradient (Percoll Plus, GE
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Healthcare). The cells collected from the gradient interphase were
washed with HBSS and counted using an automated cell counter
(Countess, Invitrogen); dead cells were discriminated using trypan blue.
Cells were stained with live/dead Aqua viability dye (Invitrogen), in-
cubated with Fc-block (BD Bioscience), and stained with fluorochrome-
conjugated antibodies (see fluorochrome list in Supplemental Table 1).
Data were acquired on a BD FACSAria cell sorter (BD Biosciences, San
Jose, CA), and microglia were sorted for further analyses. Pelleted
sorted cells were immediately lysed in extraction buffer from a PicoPure
RNA isolation kit (Arcturus Bioscience), and lysates were stored at
−80 °C until RNA was extracted. Analysis of the flow cytometric data
was performed using Flowjo software (TreeStar, Ashland, OR).

2.10. RNA sequencing (RNA-seq)

RNA from FACSorted microglia of age-matched female BL/6, Sle1,3,
Sle1,3-LCN2KO, and LCN2KO mice were extracted using a PicoPure
RNA isolation kit according to manufacturer's instructions. Sample
quality control, processing, and library preparation were performed by
the Northwestern University Next Generation Sequencing Core. RNA
quality and quantity were measured using Agilent High Sensitivity RNA
ScreenTape System (Agilent Technologies). RNA-seq libraries were
prepared from 3 ng of total RNA using the QuantSeq 3′ biased mRNA-
Seq Library Prep Kit for Illumina (Lexogen). DNA libraries were se-
quenced on an Illumina NextSeq 500 instrument with a target read
depth of ∼20 million reads per sample.

2.11. RNA-seq analysis

Raw sequencing files were first de-multiplexed using bcl2fastq. The
resulting fastq files were trimmed of low-quality reads and bases, polyA
tails, and adaptors using bbduk (http://jgi.doe.gov/data-and-tools/bb-
tools/). The trimmed fastq files were aligned to the mouse reference
genome (mm10, Genome Reference Consortium GRCm38) using the
STAR (Spliced Transcripts Alignment to a Reference) algorithm [41].
HTSeq was run on the resulting BAM files to provide raw gene counts.
Raw gene counts for each sample were merged into a single gene ex-
pression table and normalized for read depth using counts per million
(CPM). Four of the highest quality samples from each experimental
group were included for subsequent analyses. Two samples were
eliminated due to low gene counts at a given expression level and one
sample was eliminated due to lower exonic mapping. Sample libraries
showed an average of 81% alignment to the reference genome. For the
RNA-seq analysis, we focused on the set of highly expressed genes
(8435) (log2 normalized expression> 4). For visualization, GENE-E
(https://software.broadinstitute.org/GENE-E/) was used to perform K-
means clustering (K= 6) on differentially expressed genes (1467) as
defined by ANOVA test (p < 0.05) across any two groups shown in the
heatmap. GO associations and the related p-values were determined by
GOrilla [42]. Volcano plots were generated using the log2 fold change
of normalized gene counts between BL/6 and Sle1,3 microglia and
between Sle1,3 and Sle1,3-LCN2KO microglia on the x-axis and p-va-
lues (-log10) on the y-axis. Pairwise differential genes with a false
discovery rate (FDR) of 10% and fold change in expression between
experimental groups> 2 were determined using DEseq2. The fold
change scatter plot in Fig. 6 was constructed using log2 fold change of
normalized gene counts between BL/6 and Sle1,3 microglia versus
between Sle1,3 and Sle1,3-LCNKO microglia. Plots were generated
using the ggplot2 package in software from R Studio.

2.12. Patient cohorts and CSF assays

CSF samples were obtained from two patient cohorts, one from
Hong Kong, composed primarily of Chinese subjects, and one from
Halifax (Canada), composed primarily of Caucasian subjects. The Hong
Kong cohort comprised of 17 NPSLE patients and 15 control subjects;

patient demographics are summarized in Supplementary Table 2. The
control subjects in the Chinese cohort had been subjected to a spinal tap
for other indications (e.g., headaches, suspected meningitis, altered
state of consciousness) but did not have SLE or other autoimmune
neurological diseases. The Halifax cohort comprised of 25 NPSLE pa-
tients and 54 disease controls; patient demographics are summarized in
Supplementary Table 3. The 54 disease controls included 31 patients
with definite or probable multiple sclerosis, 3 patients with amyo-
trophic lateral sclerosis, and the rest with a variety of neurological
diseases. In all subjects, CSF was collected via a spinal tap, as warranted
by the subjects' medical conditions, with informed consent. CSF samples
were aliquoted and stored frozen at −70 °C till the day of assay.
Samples were spun down to remove cells and debris before assay.
Samples that were contaminated with blood were not used. Lipocalin-2
in the CSF was measured using the Human Lipocalin-2 ELISA kit from
Raybiotech, with CSF at a 1:5 dilution, following the manufacturer's
protocol. Dot plots and data analysis was conducted using Prism 5
software.

2.13. Statistical analysis

All statistical analysis was performed using GraphPad Prism soft-
ware (La Jolla, CA) and JMP12 (SAS, Cary, NC). Normality was de-
termined with the D'Agostino and Pearson normality test and, for most
experiments, significant effects between groups of mice were de-
termined by ANOVA or Kruskal Wallis test for normal or nonparametric
data, respectively. The Dunn's post-hoc analysis was performed to
compare all groups to B6 controls or all groups to the lupus-prone
Sle1,3 mice. Results are displayed as the mean ± SEM of control versus
treated. For the immunofluorescent and immunohistochemical staining
studies, absolute cell number or mean fluorescent intensity was quan-
tified when calculating the differences between the groups. In vitro
experiments were performed on duplicate or triplicate samples, and
were repeated at least once to ensure reproducibility. For all analyses,
significance was defined as p < 0.05.

2.14. Study approval

All animal study protocols were approved by the Institutional
Animal Care and Use Committee at the Albert Einstein College of
Medicine. All described human research was conducted with approvals
from the respective Institutional Review Boards.

3. Results

3.1. Sle1,3 mice exhibit deficits in exploratory behavior and motor
coordination that are attenuated by LCN2 deficiency

To determine if Sle1,3 mice exhibit neurobehavioral deficits and the
effects of LCN2 on this phenotype, B6 mice, Sle1,3 mice, Sle1,3-
LCN2KO mice, and B6.LCN2KO (below referred to as LCN2KO) mice
were assessed using a battery of validated neurobehavioral tests. First,
mice were evaluated for general locomotor activity and other behaviors
using a behavioral spectrometer at 4–6 months of age (young cohort)
and at 7–10 months of age (old cohort). There were no significant
differences in locomotor behaviors between B6 and Sle1,3 mice in ei-
ther the younger (data not shown) or older cohort, including total track
length (H=7.34, p=0.062, Fig. 1A), time still (H=20.19,
p=0.0003, B6 vs Sle1,3: p= 0.13, Fig. 1B), and time running
(H=21.99, p > 0.0001, B6 vs Sle1,3: p= 0.12, Fig. 1C). However,
LCN2KO mice are more active than Sle1,3 mice, spending less time still
(H= 20.19, p= 0.0003, Sle1,3 vs LCN2KO p=0.0017, Fig. 1B) and
more time running (H=21.99, p=0.0003, Sle1,3 vs LCN2KO
p < 0.0001, Fig. 1C). Older Sle1,3 mice spent significantly less time
rearing than B6 mice (F(3,32)= 8.75, p=0.0002, B6 vs Sle1,3:
p= 0.024, Fig. 1D), which is indicative of less exploratory behavior.
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Furthermore, there was no difference in time spent rearing between
Sle1,3-LCN2KO and B6 mice F(3,32)= 8.75, p=0.0002, B6 vs Sle1,3-
LCN2KO: p= 0.97, Fig. 1D), suggesting that LCN2 deficiency amelio-
rates the observed exploration deficit.

To examine motor coordination, mice were placed on a cylindrical
beam, and the number of slips as the mice traversed the beam were
counted. Young Sle1,3 mice exhibited a significant motor coordination
deficit when compared with B6 controls, and there was a trend toward

reduction of this deficit in the Sle1,3-LCN2KO mice (data not shown).
Older Sle1,3 mice exhibit a greater deficit in the balance beam test (F
(3,13)= 66.38, p < 0.0001), slipping almost 5 times more frequently
than B6 controls (B6 vs Sle1,3 p < 0.0001), with LCN2 deficiency
significantly reducing this phenotype (Sle1,3 vs Sle1,3-LCN2KO
p < 0.0001, Fig. 1E).

Fig. 1. Sle1,3 mice exhibit deficits in exploratory behavior and motor coordination that are attenuated by LCN2 deficiency. (A–D) The duration of normal
behaviors during the 9 min spent in the behavioral spectrometer were recorded by Viewer software. (A) Track length (B6: n = 9; Sle1,3: n = 10; Sle1,3-LCN2KO:
n = 5; and LCN2KO: n = 9), (B) time spent still (B6: n = 9; Sle1,3: n = 11; Sle1,3-LCN2KO: n = 5; and LCN2KO: n = 11), and (C) time spent running (B6: n = 9;
Sle1,3: n = 11; Sle1,3-LCN2KO: n = 5; and LCN2KO: n = 11) were assessed to determine if mice had normal locomotor behavior. (D) Time spent rearing, or standing
on hind legs, an exploratory posture, were also assessed (B6: n = 9; Sle1,3: n = 11; Sle1,3-LCN2KO: n = 5; and LCN2KO: n = 11). (E) The number of slips while mice
traversed a 1.2 cm beam was measured to assess motor coordination B6: n = 5; Sle1,3: n = 3; Sle1,3-LCN2KO: n = 5; and LCN2KO: n = 4. Mice were assessed at
7–10 months of age. Results are displayed as mean ± SEM. *p < 0.05, **p < 0.01, and ****p < 0.0001 by Kruskal-Wallis and post-hoc Dunn's multiple
comparisons test (A–C) or ANOVA and post-hoc Dunnett's multiple comparisons test (D–E).

E.V. Mike et al. Journal of Autoimmunity 96 (2019) 59–73

63



3.2. Sle1,3 mice exhibit anhedonia and cognitive dysfunction that is
attenuated with LCN2 deficiency

Approximately 65% of NPSLE patients present with mood disorders,
and depression is the most commonly reported affective disorder [43].
LCN2 is elevated in depressed patients [44], and is upregulated in mice
exposed to stress where it inhibits neuronal growth and contributes
directly to the depressive phenotype [20]. The saccharin preference
test, which measures the integrity of the normal murine inclination
toward saccharin-treated water, was performed at 7 months of age on
Sle1,3 mice, Sle1,3-LCN2KO mice, and controls. Sle1,3 mice exhibited a
reduction in preference for saccharin-treated water relative to B6 mice
(F(3,20)= 3.483, p= 0.035, B6 vs Sle1,3 p= 0.021, Fig. 2A). This
behavior is indicative of anhedonia, or deficient pleasure-seeking ac-
tivity, which is consistent with depression-like behavior. Sle1,3-
LCN2KO mice demonstrated a significantly restored preference when
compared with Sle1,3 mice (Sle1,3 vs Sle1,3-LCN2KO p=0.01,
Fig. 2A), indicating that LCN2 deficiency ameliorates depression-like
behavior.

Given that LCN2 is upregulated in elderly depressed patients with
memory impairment [45], the effects of LCN2 on spatial and recogni-
tion memory were evaluated. In the object placement test, which

measures a mouse's preference for an object in a novel position, older
Sle1,3 mice exhibited a significant reduction in preference for the re-
located object when compared with B6 control mice (F(3,19)= 8.81,
p=0.0007, B6 vs Sle1,3 p=0.039, Fig. 2B). This spatial memory
deficit was reversed with LCN2 deficiency, with Sle1,3-LCN2KO mice
demonstrating a preference for the newly positioned object that was
similar to that of B6 controls and significantly increased when com-
pared with Sle1,3 mice (Sle1,3 vs Sle1,3-LCN2KO p=0.0003, Fig. 2B).
Similarly, in the object recognition test, during which the preference for
a new object introduced into the arena is measured, older Sle1,3 mice
exhibited significantly less preference than B6 controls (F(3,33)= 4.03,
p=0.05, B6 vs Sle1,3 p=0.019, Fig. 2C). Preference for the novel
object was not impaired with LCN2 deficiency (B6 vs Sle1,3-LCN2KO
p=0.098, Fig. 2C), suggesting that LCN2 signaling is involved in the
observed cognitive deficit. Furthermore, no cognitive deficits were
observed in younger mice (data not shown), demonstrating the pro-
gressive nature of the disease. All subsequent experiments were there-
fore conducted in older mice.

3.3. Systemic lupus activity is not reduced with LCN2 deficiency

LCN2 can promote brain barrier disruption through activation of

Fig. 2. Sle1,3 mice demonstrate cognitive and affective deficits that are ameliorated by LCN2 deficiency. (A) Anhedonia was assessed by the saccharin
preference test, and the amount of saccharin-treated water consumed was assessed as a percentage of total water consumption during the test. B6: n = 8; Sle1,3:
n = 5; Sle1,3-LCN2KO: n = 5; and LCN2KO: n = 6. (B) Visuospatial and (C) recognition memory were assessed with the (B) object placement test and (C) object
recognition test. The preference score of each mouse is reported as percent of total exploration time that is spent exploring (B) the object in a novel position, and (C)
the novel object. Object placement test: B6: n = 5; Sle1,3: n = 6; Sle1,3-LCN2KO: n = 8; and LCN2KO: n = 4. Object recognition test: B6: n = 9; Sle1,3: n = 11;
Sle1,3-LCN2KO: n = 7; and LCN2KO: n = 10. Results are displayed as mean ± SEM. *p < 0.05, **p < 0.01 and ***p < 0.001 by ANOVA and post-hoc
Bonferroni's multiple comparisons test (A) or post-hoc Dunnett's multiple comparisons test (B–C).
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endothelial cells, disruption of tight junction proteins, and induction of
chemotaxis of infiltrating leukocytes [46]. To determine if a reduction
in extra-cranial disease may be contributing to the observed attenuation
of the neuropsychiatric phenotype, systemic parameters, including au-
toantibody titers, splenomegaly, and renal pathology were assessed. As
expected, older Sle1,3 mice demonstrate high anti-double stranded

DNA (dsDNA) antibody titers when compared with B6 controls (F
(3,14)= 6.23, p=0.0066, B6 vs Sle1,3 p=0.029). However, Sle1,3-
LCN2KO mice did not exhibit a significant reduction in serum anti-
dsDNA antibodies (Sle1,3 vs Sle1,3-LCN2KO p=0.98, Fig. 3A).
Moreover, the splenomegaly present in Sle1,3 mice (F(3,15)= 11.2,
p= 0.0004, B6 vs Sle1,3 p= 0.044, Fig. 3B) was also not reduced with

Fig. 3. Systemic disease burden is not reduced by LCN2 deficiency. (A) Antibodies to double stranded DNA were assessed in serum diluted 1:3200 from mice at
7–10 months of age. Data were normalized and are shown as a percentage of positive control. B6: n=5; Sle1,3: n=4; Sle1,3-LCN2KO: n= 5; and LCN2KO: n=4
(B) Spleen weight normalized to body weight was compared between groups to assess the presence of splenomegaly. B6: n=5; Sle1,3: n= 4; Sle1,3-LCN2KO: n= 5;
and LCN2KO: n= 5. (C–D) PAS stained kidney sections from 12 to 15-month old mice were scored blindly by an experienced nephropathologist on a scale of 0–4,
where 0 was no apparent disease and 4 was the most severe. B6: n=3; Sle1,3: n= 4; Sle1,3-LCN2KO: n= 3; and LCN2KO: n= 4. (C) Glomerular parameters
assessed included sclerosis, deposits, and endocapillary proliferation. (D) Tubulo-interstitial parameters included tubular casts and dilatation and interstitial fibrosis
and inflammation. The average score in glomerular (C) and tubulo-interstitial (D) pathology for each sample is shown. n= 3–4/group. (E–F) Single-cell suspensions
from hemisected brains were analyzed by flow cytometry to quantify populations of infiltrating (E) CD4+ T cells and (F) CD8+ T cells. B6: n = 5; Sle1,3: n = 4;
Sle1,3-LCN2KO: n = 5; and LCN2KO: n = 5. Results are displayed as mean ± SEM. *p < 0.05 by ANOVA and post-hoc Dunnett's multiple comparisons test (A–B)
or by Kruskal-Wallis and post-hoc Dunn's multiple comparisons test (C–F).
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LCN2 deficiency (Sle1,3 vs Sle1,3-LCN2KO p=0.50, Fig. 3B).
To investigate the effect of LCN2 on another key lupus manifesta-

tion in the Sle1,3 strain, the presence of renal disease was assessed in
periodic acid-Shiff (PAS)-stained kidney sections from 12- to 15-month-
old mice. In the glomerular compartment, Sle1,3 mice exhibited en-
docapillary proliferation (H=8.86, p=0.01, B6 vs Sle1,3 p=0.014)
and immune complex deposition (H=8.31, p= 0.019, B6 vs Sle1,3
p=0.015) when compared with B6 mice, but no measurable glo-
merular sclerosis (H=5.42, p= 0.18, B6 vs Sle1,3 p=0.49; data not
shown). Similar renal disease severity was present in Sle1,3 LCN2KO
mice (endocapillary proliferation: Sle1,3 vs Sle1,3-LCN2KO p > 0.99;
immune deposits: Sle1,3 vs Sle1,3-LCN2KO p > 0.99; data not shown).
A combined score of all glomerular indices demonstrated a similar
pattern (H=9.04, p=0.009, B6 vs Sle1,3 p= 0.018; Sle1,3 vs Sle1,3-
LCN2KO p > 0.99, Fig. 3C). Similarly, Sle1,3 exhibit tubular dilatation
and casts when compared with B6 mice, and this was unaffected by
LCN2 deficiency (H=8.45, p= 0.016, B6 vs Sle1,3 p=0.026; Sle1,3
vs Sle1,3-LCN2KO p > 0.99; data not shown). No interstitial in-
flammation or fibrosis was evident in any of the samples (interstitial
inflammation: H= 6.15, p=0.1; interstitial fibrosis H= 5.42,
p=0.18; data not shown). A combined score of all tubulointerstitial
parameters reflects the presence of damage in Sle1,3 mice that is un-
changed with LCN2 deficiency (H=9.98, p=0.003, B6 vs Sle1,3
p=0.011; Sle1,3 vs Sle1,3-LCN2KO p > 0.99, Fig. 3D).

Flow cytometry performed on brain cellular suspensions found
significant infiltration of CD45 + cells (F(3,14)= 20.86, p < 0.0001;
B6 vs Sle1,3 p=0.0003, data not shown), including CD4+ T cells
(H=15.25, p=0.002: B6 vs Sle1,3 p=0.018, Fig. 3E) and CD8+ T
cells (H=14.4, p= 0.0024: B6 vs Sle1,3 p=0.006, Fig. 3F) in Sle1,3
mice when compared with B6 controls. Infiltration of peripheral im-
mune cells was not reduced by LCN2 deficiency (infiltrating
CD45 + cells, not shown; CD4+ T cells, CD8+ T cells: Sle1,3 vs Sle1,3
LCN2KO p > 0.99, Fig. 3E–F). The lack of systemic disease attenuation
suggests that the effects on NPSLE seen by LCN2 deficiency are pri-
marily the result of brain-specific pathways, rather than any decrease in
systemic inflammation or brain infiltration by lymphocytes.

3.4. LCN2 and associated genes are upregulated in the brains of Sle1,3 mice

To determine the effects of LCN2 on neuroinflammation, cortical
expression of pro-inflammatory genes in older mice was determined by
RT-PCR. LCN2 expression was increased>30 fold in samples from
Sle1,3 mice when compared with B6 controls (F(3.9)= 8.36,
p=0.006; B6 vs Sle1,3 p= 0.01, Fig. 4A), consistent with a con-
tribution of LCN2 to the NPSLE phenotype. MMP9, which complexes
with LCN2 and is involved in aberrant synaptic plasticity, learning, and
memory in patients [47] and animal models [48], was also significantly
upregulated in Sle1,3 brains (H=7.96, p= 0.024; B6 vs Sle1,3
p=0.03, Fig. 4A). ICAM-1, an adhesion molecule involved in leukocyte
transmigration during inflammation, was significantly elevated in
Sle1,3 mice compared to B6 controls (H=10.4, p= 0.0012; B6 vs
Sle1,3 p=0.004, Fig. 4A). Interestingly, CXCL10 (a.k.a. IP-10), a
classic chemoattractant that can be protective or destructive based on
the inflammatory context [49], was significantly elevated in the brains
of Sle1,3-LCN2KO mice but not those from Sle1,3 mice or B6 LCN2KO
mice (F(3,10)= 4.28, p=0.035; B6 vs Sle1,3 p= 0.91). In the hip-
pocampus, LCN2 is also significantly upregulated in Sle1,3 mice (F
(3,11)= 77.46, p < 0.0001; B6 vs Sle1,3 p=0.001, data not shown).

3.5. LCN2 deficiency reduces brain apoptosis and microglial activation in
Sle1,3 mice

Within the CNS, LCN2 promotes apoptosis of astrocytes [24], mi-
croglia [23], and neurons [25]. Moreover, elevated levels of LCN2
during inflammation results in increased apoptosis of activated micro-
glia in a manner similar to activation-induced cell death in lymphocytes

[23]. We therefore postulated that LCN2 deficiency would lead to a
reduction of apoptosis in lupus-prone Sle1,3 mice, and assessed the
effects of LCN2 deficiency on apoptosis through terminal deoxyr-
ibonucleotidyl transferase dUTP nick end labeling (TUNEL). We focused
on the dentate gyrus of the hippocampus, a region known to be in-
volved in emotionality and affected by LCN2 [20], and found a sig-
nificant increase in TUNEL-positive cells in Sle1,3 mice when compared
with B6 controls (F(3,18)= 14.23, p < 0.0001; B6 vs Sle1,3
p=0.0002, Fig. 4B). Moreover, the number of apoptotic cells was
significantly decreased in Sle1,3-LCN2KO mice, confirming a reduction
of apoptosis with LCN2 deficiency (Sle1,3 vs Sle1,3-LCN2KO
p=0.0001, Fig. 4B). Co-staining of TUNEL-positive cells with Iba1 and
NeuN to identify microglia and neurons, respectively, revealed that
numerically most of the cells undergoing apoptosis were microglia;
increased numbers of apoptotic microglia in Sle1,3 mice (H=8.01,
p=0.046, B6 vs Sle1,3 p= 0.04, Fig. 4B) which trended to normalize
in the Sle1,3-LCN2KO strain (Sle1,3 vs Sle1,3-LCN2KO p=0.053,
Fig. 4B) was observed. Interestingly, neuronal apoptosis was also in-
creased in Sle1,3 mice (F(3,18)= 7.18, p= 0.002, B6 vs Sle1,3
p=0.01, Fig. 4B), with a significant reduction in apoptotic neurons
found in the Sle1,3-LCN2KO strain (Sle1,3 vs Sle1,3-LCN2KO
p=0.003, Fig. 4B). This suggests that LCN2 deficiency results in pre-
servation of parenchymal cells, which potentially contributes to the
improved neurobehavioral profile.

Given that LCN2 is involved in the activation and deramification of
glia, we looked for morphological changes between the Sle1,3 mice and
their LCN2-deficient counterparts. Iba-1 staining was performed on
brain sections, and the hippocampus was assessed in each group. We
found a preponderance of amoeboid microglia in Sle1,3 mice and a
more ramified morphology in the Sle1,3-LCN2KO samples (Fig. 4C).
Quantification of mean fluorescence intensity of Iba-1 staining showed
some reduction of the intensity score in Sle1,3 mice that could be a
result of increased apoptotic sensitivity because of the high levels of
LCN2 (F(3,17)= 3.59, p=0.036; B6 vs Sle1,3 p= 0.15). Sle1,3-
LCN2KO samples showed a significant increase in Iba-1 intensity when
compared with Sle1,3 (Sle1,3 vs Sle1,3-LCN2KO p=0.016, Fig. 4C),
indicative of less apoptosis and/or more ramifications being captured.
GFAP staining for astrocytes was performed to determine if LCN2 re-
sulted in extension of astrocytic cell processes indicative of activation.
However, no obvious morphological changes were evident between the
groups, with no significant difference in GFAP intensity (F
(3,17)= 2.34, p= 0.11, Fig. 4D).

3.6. Sle1,3 microglia exhibit aberrant expression of genes associated with
cognition and immune processes that are rescued by LCN2 deficiency

Given the reversal in the microglial phenotype observed in the
Sle1,3-LCN2KO mice, we postulated that microglia would exhibit dif-
ferential regulation of genes between the different strains. Gene ex-
pression profiles of fluorescence-activated cell sorting (FACS)-purified
CD11b+ CD64+ CD45-low microglia from hemisected brains from
each genotype were assessed. Principal component analysis (PCA) was
performed to assess the overall similarity between samples, revealing a
clear separation between samples and a distinct grouping by genotypes
(Fig. 5A). K-means clustering (K=6; Fig. 5B) of the 1467 differentially
expressed genes (p < 0.05, compared across any two of the strains)
yielded six main categories: genes that were associated with Sle1,3
disease independent of LCN2 in Clusters 0 and 4 (Sle1,3-related sig-
nature); genes that were regulated by LCN2 independent of disease in
Clusters 1, 2, and 3 (LCN2-regulated genes), and genes that were
regulated by both Sle1,3 and LCN2 in Cluster 5 (NPSLE signature).

The Sle1,3-related signature, which consists of genes differentially
expressed in Sle1,3 microglia when compared with B6, includes genes
that were either upregulated (Cluster 0) or downregulated (Cluster 4) in
Sle1,3 microglia independent of LCN2. Cluster 0 includes several en-
riched Gene Ontology (GO) terms involved in the immune response,
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including immune system processes (p < 4.58× 10−6), cell adhesion
(p < 1.71× 10−4), leukocyte migration involved in the inflammatory
response (p < 1.88×10−4), and response to interferon-gamma
(p < 1.71× 10−4). Another GO term of interest is S100b protein
binding (p < 3.62×10−7), given that S100b is associated with cog-
nitive impairment in SLE patients [50]. GO terms enriched in cluster 4
include other immune system processes (p < 4.58× 10-6), including
several interferon response genes, leukocyte differentiation
(p < 4.43× 10−5), and regulation of cytokine production
(p < 1.54× 10−4). These Sle1,3-related changes suggest that there is
specific regulation of immune-related genes in microglia that con-
tributes to the observed disease phenotype.

LCN2-regulated genes, represented in clusters 1, 2, and 3, are dif-
ferentially regulated as a result of LCN2 deficiency irrespective of dis-
ease state. Cluster 1 consists of genes downregulated by LCN2, and GO
terms include regulation of cellular metabolic process (p < 1.06× 10−6),
regulation of protein serine/threonine kinase activity (p < 7.l6x10−5),
and regulation of transcription by RNA polymerase II (p < 6.46× 10−7).

This is consistent with the role of LCN2 in regulating metabolism and
homeostasis [6]; nevertheless, these genes were not differentially ex-
pressed between B6 and Sle1,3, and therefore are probably unrelated to
pathogenesis. In cluster 2, the expression pattern is opposite to that of
cluster 1, and these genes are enriched in microglia from all strains
except in LCN2KO mice. GO terms include chemotaxis
(p < 5.03×10−4), negative regulation of chemotaxis
(p < 2.41×10−1), and translation (p < 5.42×10−10). Cluster 3 in-
cludes genes that are downregulated in Sle1,3 microglia but are upre-
gulated by LCN2. GO terms include actin filament binding
(p < 7.69×10−4) and the N-terminal acetyltransferase (NatC) complex
(p < 9.16×10−4).

Cluster 5, the NPSLE signature cluster, consists of genes upregulated
in Sle1,3 microglia when compared with B6, that are restored to B6
levels in Sle1,3-LCN2KO microglia. When compared with total ex-
pressed genes, genes within this cluster were associated with several
pathways related to NPSLE, including learning or memory
(p < 2.70×10−4), locomotory behavior (p < 3.32×10−5), and

Fig. 4. Effects of LCN2 on neuroinflammation. (A) Gene expression from cortical lysates were assessed by RT-PCR. LCN2: B6: n= 3; Sle1,3: n= 4; Sle1,3-LCN2KO:
n= 3; and LCN2KO: n= 3; MMP9, CXCL10, and ICAM1: B6: n= 3; Sle1,3: n=4; Sle1,3-LCN2KO: n= 4; and LCN2KO: n= 3. (B) Apoptosis was assessed in the
dentate gyrus of the hippocampus by TUNEL at 20× magnification. The total number of TUNEL-positive cells and the number of apoptotic microglia and neurons
were assessed. (C) Iba-1 and (D) GFAP staining was performed to assess (C) microglia and (D) astrocyte morphology and density. (B–C): B6: n = 5; Sle1,3: n = 5;
Sle1,3-LCN2KO: n = 7; and LCN2KO: n = 5. (D): B6: n = 5; Sle1,3: n = 5; Sle1,3-LCN2KO: n = 6; and LCN2KO: n = 5. Representative images and mean fluorescent
intensity are shown. Results are displayed as mean ± SEM. *p < 0.05, **p < 0.01 and ***p < 0.001 by ANOVA and post-hoc Dunnett's multiple comparisons
test (A: LCN2 and CXCL10; B: neuronal apoptosis; C-D) or by Kruskal-Wallis and post-hoc Dunn's multiple comparisons test (A: MMP9 and ICAM-1; B: apoptosis and
microglia apoptosis).
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regulation of synaptic plasticity (p < 4.32×10−4). Signal transducer
activity (p < 6.94×10−4) and regulation of MAP kinase activity
(p < 2.03× 10−4) were also among the enriched GO terms in this
cluster (Fig. 5B).

To evaluate the pathways altered in Sle1,3 microglia, differentially
expressed genes (331) between B6 and Sle1,3 microglia were de-
termined with a false discovery rate (FDR) of 10%. Ifnb and several
genes induced by interferons, including Isg15, Ifit1, and Trim12a, were
downregulated by at least 2-fold in Sle1,3 microglia when compared
with B6 (Fig. 5C; Supplementary Table 4). Moreover, several classical
immune genes, including chemokine-associated Cxcl1 and Cxcr4,
complement-associated C4b, and immunomodulator IL1rn were upre-
gulated by greater than 2-fold in Sle1,3 microglia when compared with
B6. This expression profile is indicative of the chronic inflammatory
environment in the lupus-prone Sle1,3 brain when compared with non-
autoimmune B6 controls.

Sle1,3-LCN2KO mice demonstrated attenuation in several neuro-
behavioral deficits exhibited by their Sle1,3 counterparts.
Correspondingly, genes downregulated by at least 2-fold in Sle1,3-
LCN2KO microglia compared to Sle1,3 microglia include Rnf13, which
induces apoptosis [51], and Htra3, which inhibits TGF-beta, a known
inducer of LCN2 [52] (Fig. 5D; Supplementary Table 4). Plp1, a pro-
moter of microglial cell activation [53], was also significantly down-
regulated in Sle1,3-LCN2KO microglia. Genes upregulated by greater
than 2-fold include those involved in G protein signaling, such as Gpr65
and Rgs5, and S100a8 and S100a9, which are involved in TLR4 binding.

3.7. LCN2 regulates gene pathways differentially expressed in diseased
microglia

To determine whether the gene pathways affected in Sle1,3 are
regulated by LCN2, we compared the differentially expressed genes
between BL/6 and Sle1,3 with those between Sle1,3 and Sle1,3-
LCN2KO. We found that the fold change in gene expression was nega-
tively correlated (R=−0.344) between these pairwise comparisons
(Fig. 6A). Similarly, of the 186 genes that were up-regulated in Sle1,3
compared to B6, 46 (24.7%) were reduced by deletion of LCN2 (Fig. 6B;
Supplementary Table 4). Genes of interest include Mal, which is re-
quired for TLR4 signaling [54], Apod, a key gene in learning and
memory [55], and Plp1, involved in microglial activation [53]. Fur-
thermore, of the 145 genes that were down-regulated in Sle1,3 com-
pared to B6, 28 (19.3%) were elevated by deletion of LCN2 (Fig. 6B;
Supplementary Table 4). Most notable were Daxx, a regulator of
apoptosis [56], and Rsad2, an interferon-stimulated gene [57].

3.8. LCN2 is upregulated in the cerebrospinal fluid of NPSLE patients

To establish the relevance of LCN2 to human disease, LCN2 was
measured in the cerebrospinal fluid (CSF) of patients with NPSLE and
healthy controls. Ethnically Chinese patients with NPSLE exhibited
significantly elevated LCN2 levels in the CSF of NPSLE patients com-
pared to the control subjects, as shown in Fig. 6C (left panel), with an
area under the curve (AUC) value of 0.85 (p < 0.0007). To validate
these findings in an independent cohort of a different ethnicity and to

Fig. 4. (continued)
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Fig. 5. LCN2 deficiency restores expression of genes that regulate cognition and learning. FACS-purified microglia from 7 to 10-month old mice were used for
RNA sequencing. (A) Principal component analysis (PCA) shows clustering of samples by genotype. (B) Heatmap of K-means (K=6) clustering on 1467 differential
genes determined by ANOVA (p < 0.05) and corresponding GO processes from each cluster. GO analysis revealed increased expression of genes involved in
cognition and signal transduction in Sle1,3 microglia that was restored in Sle1,3-LCN2KO microglia (cluster 5). (C–D) Volcano plot of differentially expressed genes
with an adjusted p < 0.1 (or a false discovery rate of 10%, as determined by DESeq2 Benjamin & Hochberg correction) between BL/6 and Sle1,3 microglia (C) and
Sle1,3 and Sle1,3-LCN2KO microglia (D) are shown in red. A complete list of differentially expressed genes is provided in Supplementary Table 4. Genes of particular
interest are specified in the Figure B6: n=4; Sle1,3: n= 4; Sle1,3-LCN2KO: n=4; and LCN2KO: n= 4. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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ascertain the specificity of this biomarker, we turned to another cohort
comprised of Caucasian NPSLE patients, MS controls, and subjects with
other neurological conditions. In this cohort, SLE patients with neu-
ropsychiatric events had significantly higher CSF LCN2 levels compared
to patients with MS (AUC=0.83, p < 0.0001) and also when com-
pared to patients with other neurological diseases (AUC=0.8,
p < 0.0004), as displayed in Fig. 6C (right). Among the SLE patients
with neuropsychiatric events, these were attributed to causes other than
SLE in seven subjects, as indicated by the red triangles. However, three
of these patients also had NP events attributed to SLE. As is apparent
from Fig. 6C, CSF LCN2 did not distinguish between neuropsychiatric
events in lupus patients attributed to SLE or other causes, although the
number of available samples may not have been sufficiently large to
detect a difference. Interestingly, two control subjects with “other
neurological diseases” exhibited significantly elevated CSF LCN2; of
these, one had diabetic neuropathy, while the other had progressive
multifocal leukoencephalopathy. In both the Chinese and Caucasian
patient cohorts, CSF LCN2 was not associated with any particular
manifestation of NPSLE (data not shown).

4. Discussion

The pathophysiology of diffuse NPSLE is not fully understood, and
as such current treatments are based largely on immunosuppressive
drugs rather than directed against a specific, modifiable target [4].
Here, we investigated the effects of LCN2 on the development of neu-
ropsychiatric disease in lupus-prone Sle1,3 mice to shed light on major
regulators of the neuroinflammatory cascade in NPSLE. Sle1,3 mice
exhibit reduced exploratory behavior, lack of motor coordination, an-
hedonia, and spatial and recognition memory deficits, all of which are
attenuated by LCN2 deficiency. This is consistent with findings in a
model of intracerebral hemorrhage in which LCN2KO mice exhibit
fewer neurological deficits [58]. Moreover, LCN2 is upregulated in
patients with depression [43] and memory impairment [44], and a
reduction in LCN2 may have beneficial effects. However, there have
been conflicting reports about the effect of LCN2 deficiency on beha-
vior, and some groups report heightened stress-induced anxiety [20]
and worse cognitive impairment after LPS challenge [14]. These see-
mingly conflicting results could be indicative of LCN2 function em-
bodying a U-shaped curve [59], in which too much or too little LCN2

Fig. 6. Expression of several key genes is regulated by LCN2. (A) Scatter plot of genes expressed by microglia (8435) displaying the log2 fold change in expression
between B6 vs Sle1,3 (x axis) and Sle1,3 vs Sle1,3-LCN2KO microglia (y axis). Genes indicated in purple reflect those that are either increased or decreased in Sle1,3
microglia compared to B6 microglia by a fold change in expression>2 that are reversed by LCN2KO towards B6 levels by at least half the initial change in CPM
values. (B) Percentage of genes either increased or decreased in expression in Sle1,3 microglia compared to B6 microglia with an adjusted p < 0.1 (or a false
discovery rate of 10%, as determined by DESeq2 Benjamin & Hochberg correction) and fold change in expression>2 that are reversed by LCN2KO towards B6 levels
by at least half the initial change in CPM values (shown in purple). A complete list of differentially expressed genes is provided in Supplementary Table 4. (A–B) B6:
n= 4; Sle1,3: n= 4; Sle1,3-LCN2KO: n=4; and LCN2KO: n= 4. (C) LCN2 was quantified in the CSF of 2 cohorts of NPSLE patients and controls. Among the
Caucasian patients, patients with neuropsychiatric symptoms attributable to SLE are represented by black triangles, while SLE patients with neuropsychiatric
symptoms attributable to other primary causes are represented by red triangles. Dot plots were plotted using Prism 5 software. Mann Whitney U test was used to
generate P values, comparing the protein level differences among the sample groups. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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can be detrimental and its effects are largely dependent on the in-
flammatory context. Here, in a disease state where LCN2 is already
chronically elevated, namely NPSLE, deficiency is on balance bene-
ficial.

Despite all of the known effects of LCN2 on immunity and signaling,
LCN2 deficiency, surprisingly, had no effect on systemic disease burden
in the Sle1,3 strain (i.e. splenomegaly and autoantibody titers), and
renal pathology indices remain unchanged. This is in contrast with our
previous findings in pristane-induced autoimmunity, where LCN2 de-
ficient mice exhibited reduced kidney damage [60]. Again, given
LCN2's context-specific effects, parallels cannot necessarily be drawn
between the more intense and prolonged chronic inflammation that
resulted in kidney damage in lupus-prone Sle1,3 mice and the response
to a single pristane injection in a non-autoimmune strain. Furthermore,
several redundant inflammatory pathways can compensate for the lack
of LCN2 in the periphery and result in similar downstream signaling.
Such pathways and the lack of effect on systemic disease can also ex-
plain the fact that Sle1,3-LCN2KO mice did not exhibit a reduction in
peripheral leukocyte infiltration into the CNS.

Gene expression analysis in the cortex of age-matched mice by RT-
PCR revealed a> 30-fold increase in LCN2 in Sle1,3 mice, consistent
with a role for LCN2 in promoting the development of neuropsychiatric
deficits, and in resonance with the findings from human NPSLE, where
CSF LCN2 was significantly elevated. MMP9, a known mediator of brain
barrier disruption [61] was also upregulated in Sle1,3 mice. This points
to a potential detrimental role of the LCN2/MMP9 complex that pro-
tects MMP9 from degradation [46] in the neuropathology seen in Sle1,3
mice. Interestingly, CXCL10 was upregulated in Sle1,3-LCN2KO mice
and unchanged in Sle1,3 mice. Kang et al. saw a similar increase in
CXCL10 gene expression in LCN2KO mice, suggesting that LCN2 pro-
tects the brain in response to systemic inflammation [29]. Despite the
reputation of CXCL10 as a classic chemoattractant, recent studies have
demonstrated a potential protective role in the context of chronic
neuroinflammation [49], and CXCL10-deficient mice have more severe
EAE following disease induction.

A striking finding in Sle1,3 mice was the reduction in Iba-1 positive
microglia and the increased frequency of activated amoeboid mor-
phology. LCN2 is believed to promote apoptotic sensitivity in a self-
regulating pattern similar in activation-induced cell death in lympho-
cytes, safely removing activated microglia from sites of inflammation
[23]. However, in the case of chronically elevated LCN2, this process
could become detrimental to microglial homeostasis. Sle1,3-LCN2KO
mice exhibit more ramified microglia, and ramification is known to be
crucial to microglial surveillance of the neuroimmune environment and
the ability of these cells to support synaptic and structural plasticity
essential for normal cognition [62].

Transcriptional profiling of sorted microglia allowed for a compre-
hensive look at the gene expression profile in each genotype. Notably,
several gene ontology processes related to neuropsychiatric behavior
were enriched in Sle1,3 mice compared to B6 controls and normalized
in Sle1,3-LCN2KO mice. These processes included learning and
memory, synaptic plasticity, and locomotor behavior, which correlate
well with the improvements in cognitive function, depression-like be-
havior, and motor coordination seen in the Sle1,3-LCN2KO mice. One
gene of interest, Plp1, was shown to be specifically regulated by LCN2.
Overexpression of Plp1 is associated with aberrant microglial activation
and downstream proinflammatory signaling [53], and downregulation
of this gene in the Sle1,3-LCNKO mice may have contributed to the
improved neurobehavioral profile observed.

Another novel aspect of our study is the finding that CSF LCN2 is
significantly elevated in NPSLE patients from two different ethnic
groups, in contrast to CSF levels from patients with MS or a wide
spectrum of other neurological diseases. Given the dearth of CSF (or
blood) biomarkers that can help distinguish NPSLE from other neuro-
logical conditions, CSF LCN2 emerges as a potential diagnostic marker
of NPSLE.

It is interesting that only a subset of the NPSLE patients demon-
strated high CSF LCN2 levels. However, NPSLE is clinically hetero-
geneous, and it is therefore very unlikely that a single mediator/bio-
marker would be associated/responsible for all manifestations.
Additional studies in larger human cohorts will be required to de-
termine if LCN2 is associated with a particular subset of NPSLE.
Moreover, in the human studies, we were unable to determine the
change over time in CSF LCN2 levels which would have required re-
peated CSF sampling over a short period. As these samples were ac-
quired only when clinically indicated, this was not feasible. In any case,
given that a substantial fraction of NPSLE patients have normal levels of
CSF LCN2 (Fig. 6C), the utility of this test might lie in its positive
predictive value, rather than for ruling out NPSLE.

The CSF controls in the Chinese cohort were from patients who were
admitted for suspected subarachnoid hemorrhage or meningitis (e.g.
presenting with headache or fever) but turned out to have no central
nervous system disease after the lumbar puncture and other imaging
studies. Some of these controls might have had other medical illnesses
such as diabetes mellitus or hypertension, but they did not have evi-
dence of autoimmune and/or demyelinating disease of the central or
peripheral nervous system. For ethical and practical considerations, CSF
samples from NPSLE patients in remission and completely healthy
controls (i.e. without neurologic complaints or co-morbid conditions)
were not studied. Therefore, we feel the controls chosen for this study
were the best that could be realistically obtained, especially since we
compared LCN2 CSF levels in NPSLE to that of patients both with and
without neurologic disease. In any case, we are currently expanding our
CSF collections on MS patients and other controls, in order to further
examine the specificity of CSF LCN2 for NPSLE.

One limitation of our study is the specific focus on microglia, despite
the fact that several cell types within the CNS produce LCN2 and/or
express LCN2 receptors. Future studies will be aimed at understanding
the effects of LCN2 deficiency on expression profiles of astrocytes,
neurons, and endothelial cells. Furthermore, LCN2 deficiency was only
assessed in the Sle1,3 strain, and the number of mice studied for each
strain was not large. Nevertheless, while breeding difficulties prevented
further expansion of the experimental cohorts, the results in the dif-
ferent studies were consistent and support our conclusions. Further
work will be focused on investigating the effects of LCN2 in other
murine models of lupus to verify that the contribution of LCN2 to
NPSLE is not strain-specific.

5. Conclusions

Our study has identified the Sle1,3 strain as a model of neu-
ropsychiatric disease that exhibits cognitive and affective behavioral
deficits. Additionally, we have performed the first analysis of the effects
of LCN2 on NPSLE from the behavioral to the transcriptome level, and
we have identified key genes, including MMP9 and Plp1, that are
regulated by LCN2. Moreover, LCN2 is hyper-expressed within the
brain in murine NPSLE, and within the CSF in human NPSLE, where it
appears to be relatively specific for NPSLE. This is also the first de-
monstration of a molecule that is essential for the neuropsychiatric
manifestations of lupus, but not for the systemic or renal manifestations
of lupus. Taken together, these findings establish LCN2 as a key med-
iator of NPSLE, and further investigation of its signaling effects is
warranted to target the pathway therapeutically.
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