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TRANSLATIONAL SCIENCE

Microglia activation in the presence of intact blood—
brain barrier and disruption of hippocampal
neurogenesis via IL-6 and IL-18 mediate early diffuse

neuropsychiatric lupus

Dionysis Nikolopoulos

ABSTRACT

Introduction Inflammatory mediators are detected in
the cerebrospinal fluid of systemic lupus erythematosus
patients with central nervous system involvement
(NPSLE), yet the underlying cellular and molecular
mechanisms leading to neuropsychiatric disease remain
elusive.

Methods We performed a comprehensive phenotyping
of NZB/W-F1 lupus-prone mice including tests for
depression, anxiety and cognition. Immunofluorescence,
flow cytometry, RNA-sequencing, gPCR, cytokine
quantification and blood—brain barrier (BBB) permeability
assays were applied in hippocampal tissue obtained in
both prenephritic (3-month-old) and nephritic (6-month-
old) lupus mice and matched control strains. Healthy
adult hippocampal neural stem cells (hiNSCs) were
exposed ex vivo to exogenous inflammatory cytokines to
assess their effects on proliferation and apoptosis.
Results At the prenephritic stage, BBB is intact yet
mice exhibit hippocampus-related behavioural deficits
recapitulating the human diffuse neuropsychiatric
disease. This phenotype is accounted by disrupted
hippocampal neurogenesis with hiNSCs exhibiting
increased proliferation combined with decreased
differentiation and increased apoptosis in combination
with microglia activation and increased secretion of
proinflammatory cytokines and chemokines. Among
these cytokines, IL-6 and IL-18 directly induce apoptosis
of adult hiNSCs ex vivo. During the nephritic stage, BBB
becomes disrupted which facilitates immune components
of peripheral blood, particularly B-cells, to penetrate into
the hippocampus further augmenting inflammation with
locally increased levels of IL-6, IL-12, IL-18 and IL-23. Of
note, an interferon gene signature was observed only at
nephritic-stage.

Conclusion An intact BBB with microglial activation
disrupting the formation of new neurons within

the hippocampus represent early events in NPSLE.
Disturbances of the BBB and interferon signature are
evident later in the course of the disease.

INTRODUCTION

Diffuse neuropsychiatric manifestations such as
cognitive dysfunction, mood disorders and anxiety,
are common in patients with SLE and pose signif-
icant diagnostic and therapeutic challenges.!
From a clinical standpoint, the involvement of
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Hippocampus is a target organ of the activated
immune system in NPSLE directly linked to
depression, anxiety and loss of memory.

= A characteristic, conserved feature of
hippocampus is its neurogenic activity, which
contributes to its functional plasticity.

WHAT THIS STUDY ADDS

= The NZB/W-F1 lupus strain exhibits
hippocampal-linked behavioural perturbations
recapitulating human NPSLE thus validating it
as an animal model of NPSLE.

= Disturbance of the blood—brain barrier (BBB) is
not a prerequisite for NPSLE; intrinsic activation
of microglia may initiate the disease at early
stages in the presence of an intact BBB.

= Activation of microglia results in the production
of IL-6 and IL-18, which directly induce
apoptosis of adult hippocampal neural stem
cells and induces the hippocampal-linked
behavioural perturbations.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Microglia may represent a potential therapeutic

strategy in NPSLE.

inflammatory mechanisms in diffuse NPSLE is crit-
ical for the subsequent therapeutic decisions.”

A crucial brain region implicated in NPSLE is
hippocampus, a complex structure associated with
cognitive functions such as memory and regu-
lation of mood, while its dysfunction has been
linked to various neuropsychiatric disorders.® *
Previous studies have suggested that lupus auto-
antibodies induce a spectrum of pathologies in
the hippocampus including aberrant excitatory
signalling, neuronal apoptosis and dendritic
pruning.’™® Neuroimaging studies have also shown
hippocampal hypermetabolism in lupus, which is
associated with impaired memory performance
and mood alterations.” Hippocampal atrophy is
also evident in lupus patients with longstanding-
disease and cognitive dysfunction.'® The under-
lying molecular mechanisms for hippocampal
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dysfunction and development of neuropsychiatric events in
lupus remain elusive.

A characteristic, conserved feature of hippocampus is its neuro-
genic activity, which contributes to its functional plasticity.!'™
Formation of new neurons in the adult hippocampus occurs via
the neurogenic activity of adult neural stem cells (NSCs) that
reside exclusively in the subgranular zone (SGZ) of dentate
gyrus (DG)." Within this region, hippocampal NSCs (hiNSCs)
can either reside in a quiescent (non-proliferating) or activated
state (proliferating), the latter progressively committing to the
neuronal lineage. Hippocampal neurogenesis is important for
mood regulation and cognitive functions including learning and
memory."”® Accordingly, dysregulation of this process may result
in behavioural deficits such as impaired cognition, depression
and anxiety.'®

In this paper, we sought to investigate the interplay between
hippocampal neurogenesis and neuroinflammation using the
NZB/W-F1 lupus-prone murine model. First, we validated the
NZB/W-F1 as a model of diffuse human NPSLE demonstrating
hippocampus-related behavioural perturbations. To eluci-
date the hippocampal neurogenesis, we assessed the prolifera-
tion, survival and differentiation of hiNSCs. Here, we provide
evidence that IL-6 and IL-18 negatively impact hiNSC, and thus
may represent therapeutic targets in NPSLE.

METHODS

Animals

New-Zealand black® x New-Zealand whited F1 mice (NZB/W--
F1) spontaneously develop autoimmunity resembling human
SLE." NZB/OlaHsd and NZW/OlaHsd mice were purchased
from Envigo." Wild-type (WT) mice (C57BL/6) were used as
controls. All procedures in mice were in compliance with the
Greek National Law 161/91 for use of Laboratory Animals
and institutional guidelines. Procedures were approved by the
Greek Federal Veterinary Office (LicenseNo.1044/01-03-19).
Experiments were performed in age-matched female mice
(NZB/W-F1 and WT) at two different time points; 3-month-old
mice (prenephritic stage; before the onset of lupus nephritis)
and 6-month-old mice (nephritic stage; after the onset of lupus
nephritis).

Behavioural assays

Mice were tested in a comprehensive behavioural test battery
to assess possible effects on depressive-like disorders, anxiety,
cognition and motor performance. The following tests were
conducted in the same order for all subjects (females, NZB/W--
F1, n=13and WT, n=14) at prenephritic and nephritic stage:
novel object recognition (NOR), novel object location (NOL)
tasks,'” elevated plus maze,” rotarod,”! tail suspension test,?
prepulse inhibition (PPI),” sociability (social novelty and social
preference)® and sucrose preference test (SPT)* as previously
described.”®

Flow cytometry

Single-cell suspensions from hippocampi were generated by
passing them through a 70 pm cell-strainer following tissue disso-
ciation in RPMI-medium with DNAse-I (0.25 mg/mL, Sigma) and
collagenase-D (1 mg/mL, Roche) at 37°C for 1hour. To remove
myelin, single-cell suspension was resuspended in 30% Percoll
and centrifuged as previously described.?” For staining of extra-
cellular markers, single-cell suspensions were incubated with
antibodies for 20min at 4°C. For the staining of extracellular
markers, cells were fixed and stained using the Foxp3 Staining

Set (eBioscience,Cat#00-5523-00).® All experiments were anal-
ysed with FACS ARIA-III (BD, Bioscience). Data were analysed
with Flow]Jo8.7 and V.X0.7 software. All antibodies are shown
in online supplemental table 1.

Cell culture, TUNEL and BrdU assay

Hippocampi of 2.5-month-old female WT mice were removed.
The DG was dissected from the hippocampus, digested with a
papain-based solution and mechanically dissociated as previ-
ously described.” The dissociated cells were placed in 24-well
plates with B27-medium enriched with EGF/bFGF (20ng/
mL). After 14 days in culture, the floating neurospheres were
trypsin-dissociated following reformation for at least two times.
Then, neurospheres were dissociated into single-cells and seeded
onto poly-l-lysine coated coverslips in 24-well plate (density of
5x%10%well). TUNEL assay and Brdu/PH3 staining were used for
apoptosis and proliferation studies, respectively. For both assays,
single cells remained for 24-hours on coverslips and were given
the following treatments: (1) DMEM/F12 medium (in the pres-
ence or absence of EGF/bFGF, for the proliferation and apop-
tosis assay, respectively), (2) recombinant-murine IL-6 (100 ng/
mL, immunotools) or (3) recombinant-murine IL-18 (100 ng/
mL, biolegend). For the proliferation study, BrdU (10 mM) was
added 2hours before fixation. After 24 hours, cells were fixed
with 4% PFA in PBS for 10 min. TUNEL assay was performed
as described by the manufacturer (Promega-CatNo#G3250).
For proliferation assays, cells permeabilised with 0.25% Triton
X-100 in PBS followed by blocking with 10% normal goat serum
in PBS. Incubations with the primary and secondary antibodies
were performed for 6hours at 4°C and for 1hour at room-
temperature respectively, in blocking solution. DAPI (1 mg/mL)
was used for nuclei staining. For detection of BrdU, cells were
treated with 2M HCl at 37°C for 10 min following equilibration
in borate buffer (0.1M, pHS.5) for 10 min prior to primary anti-
body incubation. Primary and secondary antibodies are shown in
online supplemental table 1.

Blood-brain barrier permeability assays

Blood-brain barrier (BBB) permeability was assessed with Blue
Evans assay (EB). Mice were intravenously injected with EB
dissolved in PBS in a concentration of 25 mg/kg. After 4 hours,
the hippocampus was dissected from each mouse. Lung tissue
from 2mice/group were used as positive control. Dissected
hippocampi were incubated with 5mL formamide/mg tissue
overnight at 60°C. Elisa reader at a wavelength of 620nm was
used to quantify the levels of EB. EB concentrations were calcu-
late with the help of a calibration curve created from adsorption
values of seven samples with predefined Evans Blue concentra-
tions as previously described.”

Statistical analysis
Statistical analysis was performed taking into consideration the
experimental setup using unpaired or paired Student’s t-test,
one-way or two-way analysis of variance (ANOVA) in GraphPad
Prism V.8 software. All p values, number of samples and inde-
pendent experiments are reported in the figure legends. Data
are presented as mean=SD. A p<0.05 was considered statistical
significance. Samples that were compared, were collected and
analysed under the same conditions.

Detailed information for all methods including immunofluo-
rescence, RNA-sequencing (GSE217939), qPCR and cytokines
measurement are available in online supplemental material.
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RESULTS

NZB/W-F1 lupus-prone mice exhibit hippocampus-related
behaviour alterations recapitulating human disease

To investigate early mechanisms involved in NPSLE, we used
NZB/W-F1 mice, a spontaneous lupus-prone model character-
ised by systemic autoimmunity. We designed a comprehensive
behavioural test battery to assess depression, anxiety, cognition,
motor performance/coordination and sociability. All tests were
conducted in the same order for all strains both at prenephritic
and nephritic-stage (figure 1A). Lupus mice were found to
exhibit memory deficits at prenephritic stage based on the NOR,
and spatial memory dysfunction at nephritic stage as indicated by
NOL (figure 1B,C). In addition, lupus mice at both stages exhib-
ited an anxiety-like (figure 1D) and depressive-like behaviour
(figure 1E,F). Furthermore, rotarod performance showed
impaired motor coordination in prenephritic and nephritic
lupus mice while PPI revealed a tendency of decreased senso-
rimotor gating at prenephritic stage (figure 1G,H). Due to age-
related hearing loss in 6-month-old WT mice, it was not possible
to interpret PPI at this age (online supplemental figure 1A,B).
Although no significant differences were observed in the social
novelty test, lupus mice exhibited altered social recognition at
both stages in the SPT (figure 1I,H). When we compared the
behavioural performance of lupus mice between the two stages,
we observed that lupus mice became more anxious over time
(online supplemental figure 1B-G). Collectively, NZB/W-F1
mice exhibit hippocampus-related behavioural deficits early in
the course of the disease, supporting the use of this model to
investigate the underlying mechanisms of diffuse NPSLE.

Hippocampal neurogenesis is disrupted in NZB/W-F1 lupus
Since hippocampal behavioural deficits are often related to defec-
tive neurogenesis resulting in decreased number of neurons,
we next investigated the hippocampal neurogenic activity in
NZB/W-F1 lupus (figure 2A). First, we examined the neuro-
genic activity of hiNSCs by quantifying the cells expressing the
neuronal progenitor marker doublecortin (DCX). Since the dorsal
and ventral areas of DG are differentially involved in cognitive
and emotional processes respectively, we analysed the expres-
sion of DCX in the two regions separately.’’ We found profound
disruption (~2fold) of hippocampal neurogenesis in prenephritic
lupus compared with WT, which is preserved at the nephritic
stage (figure 2B,C). Disrupted neurogenesis was also evident in
the ventral area of the DG in lupus at both disease stages (online
supplemental figure 2A, B). We then differentiated DCX™ neural
progenitors into early undifferentiating progenitors (without long
processes) and late progenitors (with long processes) and estimated
the differentiating rate of the hiNSCs (figure 2D). Importantly,
we observed a decreased rate of differentiation at both stages of
lupus suggesting an impaired neuronal differentiation capacity
(figure 2E, online supplemental figure 2C).

To investigate the underlying mechanism of defective hippo-
campal neurogenesis, we determined the number and activity of
radial glia-like cells (RGLs; neuronal precursors) as well as the
proliferation and apoptotic capacity of hiNSCs. In prenephritic
mice, there was no difference in the number of RGLs suggesting
that the decreased neurogenesis observed in lupus is not due to
an endogenous reduction of the hiNSCs pool (figure 2G). In
contrast, the proliferation of hiNSCs was increased as evidenced
by the increased number of SOX2" cells (figure 2H). We also
detected a reduction in quiescent RGLs (SOX27/GFAP™) and an
increase in proliferating RGLs (SOX2*/GFAP™) (online supple-
mental figure 2D,E) resulting in increased proliferation rate of

RGLs (SOX2*/GFAP" RGLs to the total GFAP* RGLs) in prene-
phritic lupus (figure 2H,]I, online supplemental figure 2F). These
findings indicate increased proliferative activity of the hiNSCs at
prenephritic stage. Based on comparable numbers of neuronal
precursors (RGLs) and increased proliferation in prenephritic
lupus mice, we reasoned that the decrease of neurogenesis may
be due to increased apoptosis. Indeed, we noted increased levels
of cleaved caspase-3 in the DG-isolated cells of prenephritic
lupus (online supplemental figure 2G,H).

Next, we analysed the neurogenic activity at nephritic stage.
Similar to the prenephritic stage, DCX™ cells remained decreased
both in dorsal and ventral regions (figure 2C, online supplemental
figure 2B). Interestingly, a paradox expansion of both quiescent
and activated RGLs as well as increased number of proliferating
SOX2* cells was detected (figure 2G,H, D-F). However, there
was no difference in proliferating rate of RGLs between lupus
and WT mice (figure 2I). Thus, the increased number of RGLs at
nephritic-stage may be explained by the increased activation of
RGLs early in the disease course leading to increased self-renewal
of neural precursors (figure 2I). However, this compensating
phenomenon is not sufficient to overcome the neurogenic defi-
ciency observed in prenephritic lupus possibly due to increased
apoptosis of hiNSCs (online supplemental figure 2G,H).

Moreover, over the course of the disease, neurogenesis—
although disrupted—declines with lower rate as compared
with WT mice in accordance with the low exhaustion rate of
RGL neuronal precursors, while the production rate of SOX2*
neural progenitors remained steady (online supplemental figure
21-K). This observation supports the increased number of RGLs
detected in the late stage of the disease.

BBB disruption and immune cell trafficking orchestrate
inflammatory response in lupus hippocampus at disease
stage

To investigate the molecular mechanisms involved in the dereg-
ulation of hiNSCs response, we performed RNA-sequencing in
the hippocampus of lupus and control mice. The analysis uncov-
ered 578 and 721 differentially expressed genes (lupus vs WT)
in prenephritic and nephritic mice, respectively (online supple-
mental figures 3A, B). Gene ontology analysis in the former
revealed multiple enriched terms including neutrophil/myeloid
leucocyte migration and leucocyte chemotaxis (online supple-
mental figure 3C). Similar analysis in nephritic lupus hippocampi
displayed a plethora of enriched terms related to inflammatory
processes including interferon signature (online supplemental
figure 3D). Importantly, we observed a clear distinction between
lupus and WT based on specific ‘inflammatory-associated’ genes
(figure 3A,B). These data further support our findings that
hippocampus-linked deficits in lupus are first evident at the prene-
phritic stage. Gene set enrichment analysis revealed a profound
inflammatory response in lupus hippocampus at nephritic-stage
compared with prenephritic stage, which is mainly mediated by
peripheral inflammation (online supplemental figure 3F).

Based on the transcriptomic analysis, we asked whether
the BBB is disrupted in lupus. Notably, BBB was disrupted at
nephritic—but not prenephritic—stage (figure 3C, online
supplemental figure 4A). We also examined immune cell traf-
ficking from the periphery in lupus hippocampus (online supple-
mental figure 4B), and found a predominant myeloid response
in lupus hippocampus at both stages. Specifically, an increased
proportion of CD45% myeloid population were detected in
lupus hippocampus, both at prenephritic and nephritic stage
(figure 3D, online supplemental figure 4C), which was due to
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Figure 1 Hippocampus-linked behavioural alterations including impaired cognition, depressive-like behaviour and increased rates of anxiety in
female NZB/W-F1 lupus mice at the prenephritic and nephritic stages of the disease. (A) Schematic representation of experimental design to assess
behavioural phenotype; the same female Lupus (n=13) and WT (n=14) underwent a comprehensive behavioural test battery at 3 and 6 months of
age. (B) Novel object recognition evaluates visual recognition memory; expressed as discrimination index (time spent sniffing novel object-time spent
sniffing familiar object/total time spent sniffing) and (C) novel object location evaluates spatial recognition memory; expressed as discrimination index
(time spent sniffing object in novel location-time spent sniffing object in familiar location/total time spent sniffing). (D) Elevated plus maze evaluates
anxiety-like phenotype; expressed as time spent (%) in the open arms. (E) Tail suspension test and (F) sucrose preference test evaluate depressive-like
behaviour. (G) Rotarod assesses motor performance/coordination. (H) Prepulse inhibition evaluates sensorimotor gating (n=7-8/group). (I) Social
novelty and (H) Social preference evaluated with the sociability test. Lupus, NZB/W-F1 stain; WT, C57BL/6; S, seconds; Bars, mean=+SD data were
analysed: (B—H) Student's t-test, (I, H) two-way ANOVA, Bonferroni post-hoc test; *p<0.05, **p<0.01, ***p<0.001. ANOVA, analysis of variance; WT,
wild-type.
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Figure 2 Hippocampal neurogenesis in NZB/W-F1 lupus mice. (A) Schematic illustration of adult neurogenesis in mice. Radial glia-like (RGL)
cells express GFAP and not Sox2 under quiescent state. On activation, GFAP+RGL cells express Sox2. Fast proliferating neural progenitors at early
stages of neurogenesis express Sox2. Neuronal progenitors express doublecortin (DCX) and are divided into early and late progenitors based on
their morphology. (B) Representative images of immunohistochemical detection of DCX+neuronal progenitors in the DG of 3-month-old mice;
Scale bar: 100 mm. (C) Quantification of DCX+cells in the DG of WT and Lupus mice at 3 and 6 months of age (n=5/group). (D) Representative
image of DCX+early and late neuronal progenitors and the index used to indicate differentiating rate of neuronal progenitors. Scale bar: 10 mm.
(E) Quantification of differentiating rate of DCX+neuronal progenitors in the DG of WT and Lupus mice at 3 and 6 months of age (n=5/group).

(F) Representative images of immunohistochemical detection of GFAP+RGLand Sox2+cells in the DG of 3-month-old mice; Scale bar: 10 mm.
(G-1) Quantification of (G) GFAP+RGL neuronal precursors, (H) Sox2+fast proliferating progenitors and (I) the proliferation rate of RGL neuronal
precursors; expressed as the percentage of Sox2+/GFAP+activated RGL of total RGL neuronal precursors in the DG of WT and Lupus mice at 3 and 6
months of age (n=5/group); DAPI stains nuclei. Lupus, NZB/W-F1 stain; WT, C57BL/6; Bars, mean=SD data were analysed: C, G-I: Student's t-test, E:
two-way ANOVA, Bonferroni post-hoc test; *p<0.05, **p<0.01, ***p<0.001. ANOVA, analysis of variance; DG, dentate gyrus; WT, wild-type.
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Figure 3

Increased immune cell trafficking and inflammatory response in hippocampus of NZB/W-F1 lupus mice. (A, B) Heatmaps of the expression

of inflammatory associated genes in hippocampal tissue of WT and Lupus mice at (A) three and (B) 6 months of age (n=4-5/group). (C) Evans

blue dye was intravenously injected followed by quantification of Evans blue in hippocampus. (D) Flow cytometry analysis; representative FACS

plots and frequency of CD11b+CD45+ cells in myeloid (CD11b+) cells. (E) Flow cytometry analysis; representative FACS plots and frequency of
CD11b+CD45+Ly6G-Ly6C+infiltrating monocytes in myeloid (CD11b+) cells. (F) Flow cytometry analysis; representative FACS plots and frequency
of CD45+CD11b- lymphocytes in hippocampal cells. (G) Flow cytometry analysis; representative FACS plots and frequency of CD8+T cells and
B220+B cells in lymphocytes (CD45+CD11b-). (H) Quantification of IL-6, IL-18, IL-12p40 and IL-23 in hippocampal tissue. All experiments (C—H) were
performed in Lupus and WT mice at 3 and 6 months of age (n=4-6/group) and obtained from two independent experiments. Lupus, NZB/W-F1 stain;
WT, C57BL/6; Bars, mean+SD data were analysed with Student's t-test, *p<0.05, **p<0.01, ***p<0.001. WT, wild-type.
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increased CD11b*CD45 LyG6LyC6" monocytes in nephritic
lupus (figure 4E, online supplemental figure 4D) and increased
CD11b*CD45"LyG6™ granulocytes in prenephritic hippo-
campus (online supplemental figure 4, F). We also found
increased proportion of infiltrating CD11b"CD45" lympho-
cytes both at prenephritic and nephritic lupus hippocampus
(figure 3F), particularly B220" B-cells (figure 3G, online supple-
mental figure 4G,H).

Taken together, early neuropsychiatric disease is mediated by a
robust myeloid response, while full-blown disease is additionally
mediated by the disruption of BBB and lymphocytic cell infiltra-
tion, particularly B-cells.

Finally, we asked whether hippocampal inflammation results
in increased levels of proinflammatory cytokines. Interestingly,
we detected increased levels of IL-6, IL-18, IL-12p40/IL-12p70
and IL-23 in prenephritic hippocampus lupus, while IL-6,
IL-12p40/IL-12p70 were elevated at nephritic stage (figure 4H,
online supplemental figure 5A). We did not observe increased
hippocampal levels of IL-1B, TNF-a, IL-10, TGF-b and G-CSF
in lupus (online supplemental figure SA).

Hippocampal microglia are activated towards a
proinflammatory state and contribute to the local
inflammation at the prenephritic stage

Our observation of intact BBB at prenephritic stage prompted us
to examine the possibility that myeloid response is associated with
activated microglia. We found increased expression of CD45 in
hippocampal CD11b™ cells, which is suggestive of microglia acti-
vation (online supplemental figure 6A—C). We also noted increased
expression of the pan-microglial activation marker Iba1*! in lupus
hippocampus (figure 4A,B) especially in the areas of DG, CAl
and CA3 (online supplemental files 7A,D), at both disease stages.
Finally, we verified that microglia are activated in the SGZ, GCL
and hilus, subregions of the DG (figure 4C,D).

By examining directly the hippocampal microglia, we these
were skewed towards an inflammatory cytokine-producing state
(MT1-like; indicated by increased levels of iNOS, (figure 4E), but
not the anti-inflammatory phenotype (M2-like; indicated by the
steady expression of arginase-1 and IL-10** (figure 4F, online
supplemental files 5A).

Recently, microglia have emerged as antigen-presenting cells of
the CNS.** Having detected an ‘increased antigen presentation’
transcriptomic signature in lupus hippocampus (online supple-
mental files 3D), we investigated whether microglia contribute
to this signature. Specifically, hippocampal lupus microglia at
both stages exhibit elevated levels of CD80, CD86 and MHC-II
(figure 4G-I), suggesting that they may enhance local immune
responses via antigen presentation. Microglial cells are also
producers of chemokines®* that may attract immune cells from
the periphery to the CNS. To further explore this, we measured
the levels of selected chemokines and found that lupus mice
carry increased amounts of CCL17, CCL22 and CXCL1 (online
supplemental figure 8A). To evaluate whether microglia are the
main chemokine-producing cells, we measured the mRNA levels
of the aforementioned chemokines from sorted lupus microglia.
Of note, lupus microglia express increased mRNA levels of
CCL17, CCL22 and CXCL1 (figure 4], online supplemental
figure 8B), which is correlated with the hippocampal tissue
levels. These results suggest that lupus microglia release chemo-
kines initiating immune cell trafficking.

Taken together, lupus microglial cells in the hippocampus
including the DG are activated and exhibit a spectrum of patho-
genetic properties including increased release of cytokines and
chemokines and enhance antigen presentation.

1I-6 and IL-18 directly promote proliferation and apoptosis of
hiNSCs

To further substantiate whether cytokines per se are potential
regulators of hiNSCs response, we went through published avail-
able data" to check whether adult hiNSCs express receptors for
cytokines that were found to be elevated in lupus hippocampi.
hiNSCs express receptors for IL-6 and IL-18, but not for IL-12/
IL-23. Therefore, we examined the effects of these particular
cytokines on adult hiNSCs ex vivo with respect to proliferation
and apoptosis. To this end, we isolated the DGs of 2-month-old
WT mice and cultured the NSCs with growth factors until neuro-
spheres formation. Then, we exposed the hiNSCs to either IL-6
or IL-18 for 24 hours before assessing proliferation and apoptosis
(figure SA). Interestingly, IL-6 and IL-18 exhibited similar effects
on adult hNSCs by promoting proliferation (figure SB-E) and
apoptosis (figure SEG). Importantly, the effects of IL-6 and IL-18
on adult hiNSCs are consistent with the hiNSCs response in vivo.
These data suggest that IL-6 and IL-18 may orchestrate hippo-
campal neurogenesis in NZB/W-F1 lupus, which is characterised
by increased proliferation and decreased survival of neural progen-
itors resulting in disrupted neurogenesis.

DISCUSSION

Cognitive dysfunction, mood disorders and anxiety are common
in NPSLE, specifically attributed to hippocampal changes. The
attribution of each manifestation to lupus has important thera-
peutic implications since involvement of inflammatory mecha-
nisms require the institution of immunosuppressive therapy.”** In
this study, we showed that NZW/B-F1 spontaneous lupus mouse
recapitulates the human NPSLE and more importantly, this pheno-
type is associated with defective hippocampal neurogenesis due to
microglial activation—in the presence of an intact BBB—leading
to increased IL-6 and IL-18 production which directly induce
apoptosis of adult hiNSCs (figure 6).

The pathogenesis of NPSLE remains obscure mainly due to
restricted access to human tissue and limited animal models that
mimic the human disease.>*¢ To date, most data on disease patho-
physiology derive from studies in the MRL/lpr strain which develops
an SLE-like CNS disease due to loss of Fas function although Fas-
deficient humans does not develop lupus-like phenotype.*” The
neuropsychiatric disease in this model is associated with choroid
plexus-infiltrating T-cell highlighting the role of choroid plexus
in NPSLE pathogenesis.*** Another induced model of lupus,
commonly used to study cognitive impairment in SLE, involves
immunisation with a peptide mimetope of DNA (DWEYS).*! This
model produces anti-DNA antibodies, termed DNRAD, that cross-
react with the NMDA receptor leading to hippocampal neural cell
apoptosis and cognitive decline.” This model has provided useful
mechanistic insights for the pathogenesis of antibody-mediated
damage. The production of anti-DNA starts from the age of 4-5
months in the NZB/W-F1 mice.** Because neuropsychiatric disease
starts from the age of 3 months in NZB/W-F1 lupus in the pres-
ence of intact BBB, we infer that the anti-DNAs may contribute to
underlying pathogenesis at a later stage.

In this paper, we performed a comprehensive analysis of the
neuropsychiatric phenotype in the NZB/W-F1 strain* and report
hippocampus-linked behavioural deficits including anxiety,
depressive-like behaviour and impaired cognition. Importantly,
these changes are detected in early stages of the disease and prior
to lupus nephritis and the resultant uremia that may interfere
with brain function. These findings support the use of this model
in NPSLE research.

Recent studies indicate that microglia, a macrophage-like resi-
dent brain cell population is activated in lupus resulting in synaptic
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Figure 4  Activation of hippocampal microglia towards a proinflammatory state in NZB/W-F1 lupus mice. (A) Flow cytometry analysis; representative
histogram and mean fluorescence intensity (MFI) of IBA1 in microglia cells (CD11b+CD45 low). (B) Representative images of immunohistochemical
detection of IBA1+microglia cells in the DG of 3-month-old mice; Scale bar: 50 mm. (C) Quantification of IBA1+microglia cells in the subgranular zone
(SGZ)/granule cell layer (GCL) and hilus of WT and Lupus mice at 3 and 6 months of age (n=5/group). (D) Flow cytometry analysis; representative
FACS plots and frequency of iNOS+proinflammatory microglia cells (CD11b+CD45 low). (E) Flow cytometry analysis; representative FACS plots and
frequency of Arginase1+anti-inflammatory microglia cells (CD11b+CD45 low). (F) Flow cytometry analysis; representative histogram and frequency

of CD80+cells in microglia cells (CD11b+CD45 low). (G) Flow cytometry analysis; representative histogram and frequency of CD86+cells in microglia
cells (CD11b+CD45 low). (H) Flow cytometry analysis; representative histogram and MFI of MHC-lI+cells in microglia cells (CD11b+CD45 low).

(I) Quantification of CCL17, CCL22 and CXCL1 mRNA levels of sorted microglia with real time RT-qPCR in 3 month-old mice. All experiments were
performed in Lupus and WT mice at 3 and 6 months of age (n=4-6/group) and obtained from two independent experiments. Lupus, NZB/W-F1 stain;
WT, C57BL/6; Bars, mean+SD data were analysed with Student’s t-test, *p<0.05, **p<0.01, ***p<0.001.
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of adult hiNSCs in culture stained against (B) BrdU and (D) PH3 or (F) subject to apoptosis with TUNEL assay after exposure to IL-6 or IL-18. (C, E,
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hippocampal neural stem cells.

pruning and cognitive dysfunction.** ACE and sTREM-1 seem
to initiate microglia activation, while complement components
and PI3K-AKT pathway are downstream mediators of microglia-
mediated neuronal damage in NPSLE.” ** Moreover, activated
microglia during sustained inflammation, phagocytose astro-
cytic end-feet and disrupt BBB permeability.*® Here, we demon-
strate for the first-time intrinsic activation of the microglia in
the presence of an intact BBB at early stages of the disease. The
finding of an intrinsic microglial stimulation as an early event in

NPSLE is intriguing. Activated microglial cells initially migrate
to the BBB to protect its integrity. However, subsequently, they
are transformed into a reactive phenotype that phagocytose BBB
components to initiate leakage of systemic substances into the
parenchyma and cause widespread neuroinflammation.*® Thus,
activation of microglia may be a key initiating event in NPSLE. Of
interest, in a recent combined genomic—genetic analysis using data
from the Genotype Tissue Expression project and SLE-associated
genetic polymorphisms and found that lupus susceptibility variants
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Figure 6 Proposed mechanism of early diffuse neuropsychiatric lupus. In early neuropsychiatric lupus, activation of microglia leads to the secretion
of interleukin-6 and interleukin-18 which induce apoptosis to hippocampal neural stem cells (hiNSCs) leading to decreased formation of new neurons
and neuropsychiatric changes. Of note, during the early stages of disease the blood—brain barrier (BBB) remains intact but activated microglia and the
inflammatory cytokines may gradually impair its integrity. as the disease progresses, BBB is disrupted facilitating the entry of immune components

of peripheral blood, particularly B-cells, to penetrate into the hippocampus exaggerating inflammation with locally increased levels of cytokines and
an interferon signature. peripheral inflammatory mediators including interferon-o further compromise the integrity of the BBB and an interferon
signature within the hippocampus becomes apparent. other pathogenetic aspects of NPSLE include the disturbance of choroid plexus and infiltration

of antibodies.

(eQTLs) may regulate gene expression in the blood but also in
other tissues including brain.*” From these analyses, blood and
brain emerged as the primary causal tissues in SLE* suggesting
that brain is not only a target organ in SLE but also may represent
an initiator of autoimmunity.

Inflammation of the CNS has been long recognised to lead
to remodelling of the physiological activity of hiNSCs.** In
experimental models of multiple sclerosis and inflammatory
bowel disease, hippocampal neurogenesis is enhanced during
the acute inflammatory phase, while progressively depleted over
the course of the disease.*”! Defective hippocampal neurogen-
esis has been observed in models of induced-arthritis and BAFF-
transgenic mouse; a model of systemic autoimmunity.’>~>*

To date, a thorough assessment of hippocampal neurogen-
esis has not been conducted in MLR/Ipr lupus-prone mouse
or DNRAb-induced lupus, with only one study demonstrating
enhanced proliferation of hiNSCs in MLR/lpr lupus model.>® We

have characterised the hiNSCs response step by step in NZB/W-F1
strain and found that hippocampal neurogenesis is disrupted in
lupus as a result of increased apoptosis. In addition, increased
proliferation and self-renewal of neuronal precursors was evident
that may be explained by excessive apoptosis. IL-6 and IL-18
induce apoptosis ex vivo in hiNSCs and appear to be key players
of hiNSCs response in SLE. Of note, human NPSLE is associated
with increased levels of IL-6 in CSF, while increased levels of
serum IL-18 are linked to increased probability of NPSLE.*®*” Of
interest, in our study defective neurogenesis was observed before
the onset of full-blown disease, suggesting that low-grade hippo-
campal neuroinflammation is an early event in lupus. From a clin-
ical perspective, the neuropsychiatric involvement usually occurs
close to diagnosis of SLE implying that disrupted neurogenesis
may precede these symptoms in human SLE.

Our study highlights microglia and IL-6/IL-18 as potential
therapeutic targets in NPSLE. To this end, an CSF-1R inhibitor,
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which crosses the BBB and cause microglia depletion has been
administrated in murine lupus with favourable CNS-related
outcomes.” However, this drug depletes not only microglia, but
also macrophages raising safety concerns.’® Targeted therapies
with monoclonal antibodies against IL-6 or IL-18 may be bene-
ficial, yet do not cross BBB due to their size. Alternatively, JAK
inhibitors can be used to target downstream cytokine-mediated
pathways as they effectively penetrate the BBB.

We also detected increased levels of microglia-producing
chemokines in lupus hippocampus at early stage suggesting
that microglia initiate immune cell trafficking. Indeed, current
evidence indicates that CCL17 regulates dendritic cell traf-
ficking and microglia morphology towards a more inflammatory
state.”” ®* Activated microglia express CCL22, which induces
Th2 lymphocyte chemotaxis, suggesting that microglia-derived
CCL22 drives Th2-cell recruitment to brain.®' Consistent with
our findings, CXCL1 exaggerates neuroinflammation via the
attraction of neutrophils into the CNS.%

Type-1 interferon (IFN) has emerged as central player in CNS
disease causing endothelial cell damage®® and M1-microglia acti-
vation.®* Of note, lupus sera can induce M1 activation of brain
microglia.®® Because NZB/W-F1 is characterised by IFN-a signa-
ture at early stage,®® we reason that early CNS IFN-response
could initiate microglia activation and BBB disruption making
anifrolumab a promising therapeutic target for diffuse NPSLE.
However, in the NZB/NZW animal model, we did not detect a
clear IFN transcriptomic signature within hippocampus at the
prenephritic stage but later during full-blown disease. Whether
this is a feature of other animal models of NPSLE or a unique
feature of our model remains to be determined.

In conclusion, our findings support the validity of the
NZW/B-F1 lupus as a model of human NPSLE with these mice
exhibiting cognitive dysfunction, depression and anxiety both
at early and later stages of the disease. We show that inflam-
mation orchestrates hippocampal response in lupus mediated
by both intrathecally and periphery-derived immune mediators
(figure 6). IL-6 and IL-18, which are elevated in lupus hippo-
campus, directly induce apoptosis in hiNSCs resulting in defective
neurogenesis and increased self-renewal of neuronal precur-
sors. These disturbances underlie the behavioural phenotype
of NZB/W-F1 lupus suggesting that disruption of hippocampal
neurogenesis is an early event of NPSLE. Since neuropsychiatric
events-especially cognitive dysfunction—in SLE may be initially
subtle, inhibiting microglial activation via molecules like ACE-
inhibitors or other small compounds that penetrate the BBB may
be helpful at early stages.®” ®® At later stages, therapeutic strate-
gies such as inhibition of interferon or complement components
may be more helpful.

Author affiliations

"Center of Clinical, Experimental Surgery and Translational Research, Biomedical
Research Foundation of the Academy of Athens, Athens, Greece

%School of Medicine, National and Kapodistrian University of Athens, Athens, Greece
3Biomedical Research Foundation of the Academy, Athens, Greece

*Laboratory of Autoimmunity-Inflammation, Institute of Molecular Biology and
Biotechnology, Heraklion, Greece

*Rheumatology, Clinical Immunology and Allergy Department, Medical School
University of Crete, Heraklion, Greece

®Medical School, University of Cyprus, Nicosia, Cyprus

Twitter Dimitrios T Boumpas @none

Acknowledgements We would like to thank Drs. Nikos Malissovas for providing
assistance with cryosections; Katerina Karali for providing assistance with
behavioural experiments; Katerina Hatziioannou for insightful discussions; Vaggelis
Balafas for maintaining animal facility and technical assistance; loannis Vatsellas
from the Greek Genome Center, BRFAA for the next-generation sequencing service;
Eleni Rigana and Tasos Delis for providing assistance with confocal microscopy;

Anastasia Apostolidou for cell sorting and Antonis Fanouriakis for insightful
comments. Computational time granted from the National Infrastructures for
Research and Technology S.A. (GRNET S.A.) in the National HPC facility-ARIS-under
project ID pr007035_thin-SLE_BIO.

Contributors DN and DTB conceived the project and guarantee the overall
content. DN, TM and YK performed the experiments. DN, TM and AF performed
analysis. AP, YK, GB and DTB supervised the study, DN wrote the manuscript. GB
and DTB edited the manuscript. All authors have read and approved the revised
manuscript. All authors meet the criteria for authorship.

Funding This work was funded by the European Research Council under the
European Union’s Horizon 2020 research and innovation programme (agreement no.
742390).

Competing interests None declared.

Patient and public involvement Patients and/or the public were not involved in
the design, or conduct, or reporting, or dissemination plans of this research.

Patient consent for publication Not applicable.
Provenance and peer review Not commissioned; externally peer reviewed.
Data availability statement Data are available on reasonable request.

Supplemental material This content has been supplied by the author(s).

It has not been vetted by BMJ Publishing Group Limited (BMJ) and may not
have been peer-reviewed. Any opinions or recommendations discussed are
solely those of the author(s) and are not endorsed by BMJ. BMJ disclaims all
liability and responsibility arising from any reliance placed on the content.
Where the content includes any translated material, BMJ does not warrant the
accuracy and reliability of the translations (including but not limited to local
regulations, clinical guidelines, terminology, drug names and drug dosages), and
is not responsible for any error and/or omissions arising from translation and
adaptation or otherwise.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs

Dionysis Nikolopoulos http://orcid.org/0000-0002-9894-6966
Theodora Manolakou http://orcid.org/0000-0001-5284-6655
Dimitrios T Boumpas http://orcid.org/0000-0002-9812-4671

REFERENCES

1 Nikolopoulos D, Kostopoulou M, Pieta A, et al. Evolving phenotype of systemic
lupus erythematosus in Caucasians: low incidence of lupus nephritis, high burden of
neuropsychiatric disease and increased rates of late-onset lupus in the “ Attikon "
cohort. Lupus 2020;29:514-22.

2 Nikolopoulos D, Fanouriakis A, Bertsias G. Treatment of neuropsychiatric systemic
lupus erythematosus: clinical challenges and future perspectives. Expert Rev Clin
Immunol 2021;17:317-30.

3 MacQueen G, FrodI T. The hippocampus in major depression: evidence for the
convergence of the bench and bedside in psychiatric research? Mo/ Psychiatry
2011;16:252-64.

4 Small SA, Schobel SA, Buxton RB, et al. A pathophysiological framework of
hippocampal dysfunction in ageing and disease. Nat Rev Neurosci 2011;12:585-601.

5 DeGiorgio LA, Konstantinov KN, Lee SC, et al. A subset of lupus anti-DNA antibodies
cross-reacts with the NR2 glutamate receptor in systemic lupus erythematosus. Nat
Med 2001;7:1189-93.

6 Huerta PT, Kowal C, DeGiorgio LA, et al. Inmunity and behavior: antibodies alter
emotion. Proc Natl Acad Sci U S A 2006;103:678-83.

7 Nestor J, Arinuma Y, Huerta TS, et al. Lupus antibodies induce behavioral changes
mediated by microglia and blocked by ACE inhibitors. J Exp Med 2018;215:2554—66.

8 Faust TW, Chang EH, Kowal C, et al. Neurotoxic lupus autoantibodies alter
brain function through two distinct mechanisms. Proc Natl Acad Sci U S A
2010;107:18569-74.

9 Mackay M, Tang CC, Volpe BT, et al. Brain metabolism and autoantibody titres
predict functional impairment in systemic lupus erythematosus. Lupus Sci Med
2015;2:e000074e000074.

10 Liu'S, Cheng Y, Zhao Y, et al. Hippocampal atrophy in systemic lupus erythematosus
patients without major neuropsychiatric manifestations. J Immunol Res
2020,;2020:2943848.

11 Kempermann G, Song H, Gage FH. Neurogenesis in the adult hippocampus. Cold
Spring Harb Perspect Biol 2015;7:a018812.

12 Spalding KL, Bergmann O, Alkass K, et al. Dynamics of hippocampal neurogenesis in
adult humans. Cell 2013;153:1219:1219-27....

656

Nikolopoulos D, et al. Ann Rheum Dis 2023;82:646-657. doi: 10.1136/ard-2022-223506

"WyBuAdos Aq paloalold 1sanb Aq +20z ‘0T |Udy uo jwod g ple//:dny woiy papeojumod ‘€202 YoIBIN 0T U0 90GE22-2202-PIe/9STT 0T Se paysiignd 1si1y :SIg wnayy uuy


https://twitter.com/none
http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-9894-6966
http://orcid.org/0000-0001-5284-6655
http://orcid.org/0000-0002-9812-4671
http://dx.doi.org/10.1177/0961203320908932
http://dx.doi.org/10.1080/1744666X.2021.1899810
http://dx.doi.org/10.1080/1744666X.2021.1899810
http://dx.doi.org/10.1038/mp.2010.80
http://dx.doi.org/10.1038/nrn3085
http://dx.doi.org/10.1038/nm1101-1189
http://dx.doi.org/10.1038/nm1101-1189
http://dx.doi.org/10.1073/pnas.0510055103
http://dx.doi.org/10.1084/jem.20180776
http://dx.doi.org/10.1073/pnas.1006980107
http://dx.doi.org/10.1136/lupus-2014-000074
http://dx.doi.org/10.1155/2020/2943848
http://dx.doi.org/10.1101/cshperspect.a018812
http://dx.doi.org/10.1101/cshperspect.a018812
http://dx.doi.org/10.1016/j.cell.2013.05.002
http://ard.bmj.com/

Systemic lupus erythematosus

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

Bergmann O, Spalding KL, Frisén J. Adult neurogenesis in humans. Cold Spring Harb
Perspect Biol 2015;7:a018994.

Altman J, Das GD. Autoradiographic and histological evidence of postnatal
hippocampal neurogenesis in rats. / Comp Neurol 1965;124:319-35.

Anacker C, Hen R. Adult hippocampal neurogenesis and cognitive flexibility-linking
memory and mood. Nat Rev Neurosci 2017;18:335-46.

Hayashi Y, Jinnou H, Sawamoto K, et a/. Adult neurogenesis and its role in brain injury
and psychiatric diseases. J Neurochem 2018;147:584-94.

Wang Y, Hu Q, Madri JA, et al. Amelioration of lupus-like autoimmune disease in
NZB/WF1 mice after treatment with a blocking monoclonal antibody specific for
complement component C5. Proc Natl Acad Sci U S A 1996,93:8563-8.

Grigoriou M, Banos A, Filia A, et al. Transcriptome reprogramming and myeloid
skewing in haematopoietic stem and progenitor cells in systemic lupus erythematosus.
Ann Rheum Dis 2020;79:242-53.

Koutmani Y, Gampierakis IA, Polissidis A, et al. Crh promotes the

neurogenic activity of neural stem cells in the adult hippocampus. Cell Rep
2019;29:52211-1247(19)31225-2:932-945..

Polissidis A, Zelelak S, Nikita M, et al. Assessing the exploratory and anxiety-related
behaviors of mice. do different caging systems affect the outcome of behavioral tests?
Physiol Behav 2017;177:50031-9384(17)30101-4:68-73...

Karampetsou M, Ardah MT, Semitekolou M, et a/. Phosphorylated exogenous alpha-
synuclein fibrils exacerbate pathology and induce neuronal dysfunction in mice. Sci
Rep 2017,7:16533:16533.:.

Jangra A, Rajput P, Dwivedi DK, et al. Amelioration of repeated restraint stress-
induced behavioral deficits and hippocampal anomalies with taurine treatment in
mice. Neurochem Res 2020;45:731-40.

Sichler ME, Low M), Schleicher EM, et al. Reduced acoustic startle response and
prepulse inhibition in the tg4-42 model of Alzheimer's disease. J Alzheimers Dis Rep
2019;3:269-78.

Moy SS, Nadler JJ, Perez A, et al. Sociability and preference for social novelty in five
inbred strains: an approach to assess autistic-like behavior in mice. Genes Brain Behav
2004;3:287-302.

Liu M-Y, Yin C-Y, Zhu L-J, et al. Sucrose preference test for measurement of stress-
induced anhedonia in mice. Nat Protoc 2018;13:1686-98.

Tsoupri E, Kostavasili I, Kloukina I, et al. Myospryn deficiency leads to impaired cardiac
structure and function and schizophrenia-associated symptoms. Cell Tissue Res
2021;385:675-96.

Grabert K, McColl BW. Isolation and phenotyping of adult mouse microglial cells.
Methods Mol Biol 2018;1784:77-86.

Manolakou T, Nikolopoulos D, Gkikas D, et al. ATR-mediated DNA damage

responses underlie aberrant B cell activity in systemic lupus erythematosus. Sci Adv
2022:8:eabo5840.

SUB P, Hoffmann A, Rothe T, et a/. Chronic peripheral inflammation causes

a region-specific myeloid response in the central nervous system. Cell Rep
2020;30:52211-1247(20)30290-4:4082-95...

Lee AR, Kim JH, Cho E, et al. Dorsal and ventral hippocampus differentiate in
functional pathways and differentially associate with neurological disease-related
genes during postnatal development. front Mol Neurosci 2017;10:331.

Hopperton KE, Mohammad D, Trépanier MO, et al. Markers of microglia in post-
mortem brain samples from patients with Alzheimer's disease: a systematic review.
Mol Psychiatry 2018;23:177-98.

Tang Y, Le W. Differential roles of M1 and M2 microglia in neurodegenerative diseases.
Mol Neurobiol 2016;53:1181-94.

Schetters STT, Gomez-Nicola D, Garcia-Vallejo JJ, et al. Neuroinflammation: microglia
and T cells get ready to tango. Front Immunol 2017,8:1905.

Chien CH, Lee MJ, Liou HC, et al. Microglia-derived cytokines/chemokines are involved
in the enhancement of LPS-induced loss of nigrostriatal dopaminergic neurons in DJ-1
knockout mice. PLoS One 2016;11:e0151569e0151569.

Nikolopoulos D, Fanouriakis A, Boumpas DT. Update on the pathogenesis of central
nervous system lupus. Curr Opin Rheumatol 2019;31:669-77.

El Khoury L, Zarfeshani A, Diamond B. Using the mouse to model human

diseases: cognitive impairment in systemic lupus erythematosus. J Rheumatol
2020,47:1145-9.

Jeltsch-David H, Muller S. Neuropsychiatric systemic lupus erythematosus and
cognitive dysfunction: the MRL-Ipr mouse strain as a model. Autoimmun Rev
2014;13:51568-9972(14)00159-1:963-73...

Stock AD, Der E, Gelb S, et a/. Tertiary lymphoid structures in the choroid plexus in
neuropsychiatric lupus. JC/ Insight 2019;4:e124203:1-16.:.

Moore E, Huang MW, Reynolds CA, et al. Choroid plexus-infiltrating T cells as drivers
of murine neuropsychiatric lupus. Arthritis Rheumatol 2022;74:1796-807.

Vanarsa K, Sasidharan P, Duran'V, et al. Aptamer-Based screen of neuropsychiatric
lupus cerebrospinal fluid reveals potential biomarkers that overlap with the choroid
plexus transcriptome. Arthritis Rheumatol 2022;74:1223-34.

Kowal C, Diamond B. Aspects of CNS lupus: mouse models of anti-NMDA receptor
antibody mediated reactivity. Methods Mol Biol 2012;900:181-206.

)

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

Zeng D, Liu Y, Sidobre S, et al. Activation of natural killer T cells in NZB/W mice induces
Th1-type immune responses exacerbating lupus. J Clin Invest 2003;112:1211-22.

Li W, Titov AA, Morel L. An update on lupus animal models. Curr Opin Rheumatol
2017;29:434-41.

Han X, XuT, Ding C, et al. Neuronal NR4A1 deficiency drives complement-coordinated
synaptic stripping by microglia in a mouse model of lupus. Signal Transduct Target
Ther 2022;7:50:50.:.

LuL, Liu X, Fu J, et al. STREM-1 promotes the phagocytic function of microglia

to induce hippocampus damage via the PI3K-Akt signaling pathway. Sci Rep
2022;12:7047:7047 ...

Haruwaka K, lkegami A, Tachibana Y, et al. Dual microglia effects on blood

brain barrier permeability induced by systemic inflammation. Nat Commun
2019;10:5816:5816.:.

Panousis NI, Bertsias GK, Ongen H, et al. Combined genetic and transcriptome
analysis of patients with SLE: distinct, targetable signatures for susceptibility and
severity. Ann Rheum Dis 2019;78:1079-89.

Borsini A, Zunszain PA, Thuret S, et al. The role of inflammatory

cytokines as key modulators of neurogenesis. Trends Neurosci
2015;38:50166-2236(14)00234-3:145-57...

Gampierakis I-A, Koutmani Y, Semitekolou M, et a/. Hippocampal neural stem cells
and microglia response to experimental inflammatory bowel disease (IBD). Mol
Psychiatry 2021;26:1248-63.

Giannakopoulou A, Grigoriadis N, Bekiari C, et a/. Acute inflammation alters adult
hippocampal neurogenesis in a multiple sclerosis mouse model. / Neurosci Res
2013;91:890-900.

Giannakopoulou A, Lyras GA, Grigoriadis N. Long-Term effects of autoimmune CNS
inflammation on adult hippocampal neurogenesis. J Neurosci Res 2017;95:1446-58.
Andersson KME, Wasén C, Juzokaite L, et al. Inflammation in the hippocampus affects
IGF1 receptor signaling and contributes to neurological sequelae in rheumatoid
arthritis. Proc Nat/ Acad Sci U SA 2018;115:E12063-72.

Crupi R, Cambiaghi M, Spatz L, et al. Reduced adult neurogenesis and altered
emotional behaviors in autoimmune-prone B-cell activating factor transgenic mice.
Biol Psychiatry 2010;67:558-66.

Rusznék K, Horvath Al, Pohli-Téth K, et a/. Experimental arthritis inhibits adult
hippocampal neurogenesis in mice. Cells 2022;11:791:1-26...

Stanojcic M, Burstyn-Cohen T, Nashi N, et al. Disturbed distribution of proliferative
brain cells during lupus-like disease. Brain Behav Immun 2009;23:1003-13.
Hirohata S, Miyamoto T. Elevated levels of interleukin-6 in cerebrospinal fluid from
patients with systemic lupus erythematosus and central nervous system involvement.
Arthritis Rheum 1990;33:644-9.

Liang R, Zheng L, Ji T, et al. Elevated serum free IL-18 in neuropsychiatric systemic
lupus erythematosus patients with seizure disorders. Lupus 2022;31:187-93.
Elmore MRP, Najafi AR, Koike MA, et a/. Colony-Stimulating factor 1 receptor
signaling is necessary for microglia viability, unmasking a microglia progenitor cell in
the adult brain. Neuron 2014;82:50896-6273(14)00171-8:380-97...

Fiille L, Offermann N, Hansen JN, et al. Ccl17 exerts a neuroimmune modulatory
function and is expressed in hippocampal neurons. Glia 2018;66:2246-61.

Ruland C, Renken H, Kuzmanov |, et al. Chemokine CCL17 is expressed

by dendritic cells in the CNS during experimental autoimmune

encephalomyelitis and promotes pathogenesis of disease. Brain Behav Immun
2017,66:50889-1591(17)30199-X:382-93...

Columba-Cabezas S, Serafini B, Ambrosini E, et al. Induction of macrophage-derived
chemokine/CCL22 expression in experimental autoimmune encephalomyelitis

and cultured microglia: implications for disease regulation. / Neuroimmunol
2002;130:10-21.

Grist JJ, Marro BS, Skinner DD, et a/. Induced CNS expression of CXCL1 augments
neurologic disease in a murine model of multiple sclerosis via enhanced neutrophil
recruitment. Eur J Immunol 2018;48:1199-210.

Denny MF, Thacker S, Mehta H, et al. Interferon-Alpha promotes abnormal
vasculogenesis in lupus: a potential pathway for premature atherosclerosis. Blood
2007;110:2907-15.

Wachholz S, EBlinger M, Plimper J, et al. Microglia activation is associated

with IFN-ot induced depressive-like behavior. Brain Behav Immun
2016;55:50889-1591(15)30023-4:105-13...

Yang C, Hou X, Feng Q, et a/. Lupus serum IgG induces microglia activation through
Fc fragment dependent way and modulated by B-cell activating factor. J Trans/ Med
2019:17:426:426...

Liu Z, Davidson A. Ifna: inducible models of murine SLE. Front Immunol
2013;4:306:306.:.

Nocito C, Lubinsky C, Hand M, et al. Centrally acting angiotensin-converting enzyme
inhibitor suppresses type | interferon responses and decreases inflammation in the
periphery and the CNS in lupus-prone mice. front Immunol 2020;11:573677.
Centrally acting ACE inhibition in SLE - full text view - clinicaltrials.gov. Available:
https://clinicaltrials.gov/ct2/show/NCT04486118?term=ace-+inhibitor&cond=lupus&
draw=2&rank=1 [Accessed 8 Oct 2022].

Nikolopoulos D, et al. Ann Rheum Dis 2023;82:646—657. doi:10.1136/ard-2022-223506

657

"WyBuAdos Aq paloalold 1sanb Aq +20z ‘0T |Udy uo jwod g ple//:dny woiy papeojumod ‘€202 YoIBIN 0T U0 90GE22-2202-PIe/9STT 0T Se paysiignd 1si1y :SIg wnayy uuy


http://dx.doi.org/10.1101/cshperspect.a018994
http://dx.doi.org/10.1101/cshperspect.a018994
http://dx.doi.org/10.1002/cne.901240303
http://dx.doi.org/10.1038/nrn.2017.45
http://dx.doi.org/10.1111/jnc.14557
http://dx.doi.org/10.1073/pnas.93.16.8563
http://dx.doi.org/10.1136/annrheumdis-2019-215782
http://dx.doi.org/10.1016/j.celrep.2019.09.037
http://dx.doi.org/10.1016/j.physbeh.2017.04.009
http://dx.doi.org/10.1038/s41598-017-15813-8
http://dx.doi.org/10.1038/s41598-017-15813-8
http://dx.doi.org/10.1007/s11064-019-02945-8
http://dx.doi.org/10.3233/ADR-190132
http://dx.doi.org/10.1111/j.1601-1848.2004.00076.x
http://dx.doi.org/10.1038/s41596-018-0011-z
http://dx.doi.org/10.1007/s00441-021-03447-2
http://dx.doi.org/10.1007/978-1-4939-7837-3_7
http://dx.doi.org/10.1126/sciadv.abo5840
http://dx.doi.org/10.1016/j.celrep.2020.02.109
http://dx.doi.org/10.3389/fnmol.2017.00331
http://dx.doi.org/10.1038/mp.2017.246
http://dx.doi.org/10.1007/s12035-014-9070-5
http://dx.doi.org/10.3389/fimmu.2017.01905
http://dx.doi.org/10.1371/journal.pone.0151569
http://dx.doi.org/10.1097/BOR.0000000000000655
http://dx.doi.org/10.3899/jrheum.200410
http://dx.doi.org/10.1016/j.autrev.2014.08.015
http://dx.doi.org/10.1172/jci.insight.124203
http://dx.doi.org/10.1002/art.42252
http://dx.doi.org/10.1002/art.42080
http://dx.doi.org/10.1007/978-1-60761-720-4_9
http://dx.doi.org/10.1172/JCI17165
http://dx.doi.org/10.1097/BOR.0000000000000412
http://dx.doi.org/10.1038/s41392-021-00867-y
http://dx.doi.org/10.1038/s41392-021-00867-y
http://dx.doi.org/10.1038/s41598-022-10973-8
http://dx.doi.org/10.1038/s41467-019-13812-z
http://dx.doi.org/10.1136/annrheumdis-2018-214379
http://dx.doi.org/10.1016/j.tins.2014.12.006
http://dx.doi.org/10.1038/s41380-020-0651-6
http://dx.doi.org/10.1038/s41380-020-0651-6
http://dx.doi.org/10.1002/jnr.23226
http://dx.doi.org/10.1002/jnr.23982
http://dx.doi.org/10.1073/pnas.1810553115
http://dx.doi.org/10.1016/j.biopsych.2009.12.008
http://dx.doi.org/10.3390/cells11050791
http://dx.doi.org/10.1016/j.bbi.2009.05.061
http://dx.doi.org/10.1002/art.1780330506
http://dx.doi.org/10.1177/09612033211069853
http://dx.doi.org/10.1016/j.neuron.2014.02.040
http://dx.doi.org/10.1002/glia.23507
http://dx.doi.org/10.1016/j.bbi.2017.06.010
http://dx.doi.org/10.1016/s0165-5728(02)00170-4
http://dx.doi.org/10.1002/eji.201747442
http://dx.doi.org/10.1182/blood-2007-05-089086
http://dx.doi.org/10.1016/j.bbi.2015.09.016
http://dx.doi.org/10.1186/s12967-019-02175-0
http://dx.doi.org/10.3389/fimmu.2013.00306
http://dx.doi.org/10.3389/fimmu.2020.573677
https://clinicaltrials.gov/ct2/show/NCT04486118?term=ace+inhibitor&cond=lupus&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT04486118?term=ace+inhibitor&cond=lupus&draw=2&rank=1
http://ard.bmj.com/

	Microglia activation in the presence of intact blood–brain barrier and disruption of hippocampal neurogenesis via IL-­6 and IL-­18 mediate early diffuse neuropsychiatric lupus
	Abstract
	Introduction﻿﻿
	Methods
	Animals
	Behavioural assays
	Flow cytometry
	Cell culture, TUNEL and BrdU assay
	Blood–brain barrier permeability assays
	Statistical analysis

	Results
	NZB/W-F1 lupus-prone mice exhibit hippocampus-related behaviour alterations recapitulating human disease
	Hippocampal neurogenesis is disrupted in NZB/W-F1 lupus
	BBB disruption and immune cell trafficking orchestrate inflammatory response in lupus hippocampus at disease stage
	Hippocampal microglia are activated towards a proinflammatory state and contribute to the local inflammation at the prenephritic stage
	Il-6 and IL-18 directly promote proliferation and apoptosis of hiNSCs

	Discussion
	References


