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ABSTRACT

Microglia are brain specific macrophages and the only immune cells in the brain. Microglia sense the
systemic immune status and contribute to neurological and psychiatric disorders. We previously showed
that systemic immune activation induces microglial migration on vessels that regulate the blood brain
barrier permeability. In this study, using Toll like receptor 7 induced systemic lupus erythematosus model
mice, we found microglia migration on vessels and significant T cell infiltration in the brain. Additionally,
microglia interacting with T cell expressed MHC class II molecules in some cases, suggesting the antigen
presentation of microglia in systemic lupus erythematosus model mice. This research provides insights on
the autoimmune antibody expression in the brain.
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INTRODUCTION

Systemic immune status affects neuronal function and performance, ultimately influencing
neurological and psychiatric diseases.! Acute inflammation causes cognitive dysfunction, whereas
chronic inflammation promotes the progression of neurological and psychiatric diseases.”> Thus
the inflammation causes several central nervous system (CNS) pathologies. For instance, maternal
inflammation is a risk factor for autism spectrum disorders and schizophrenia, whereas chronic
periodontitis is a risk factor for Alzheimer’s disease.*® Recent studies have suggested that chronic
inflammation promotes cell senescence, cognitive function impairment, and is associated with
neurodegenerative diseases.”

Microglia are the only immune cells in the CNS and are associated with synaptic functions
and the blood-brain barrier (BBB).*!> Microglia migrate to vessels with systemic inflammation,
which contributes to BBB integrity through microglial claudin-5 expression and their phagocytic
functions against astrocyte end-feet.!! Systemic inflammation increases extracellular adenosine
levels and triggers astrocytic activity, which induces a microglial immune response."* Several
chemokines and cytokines, such as chemokine ligand-2 (CCL2), CCLS5, chemokine ligand 1
(CXCLI1), and interferon alpha, contribute to the microglial and astrocytic responses.'>!* These
cytokines and chemokines contribute to neurodegenerative disorders by activating the disease-
associated microglia (DAM) phenotype.!*!® In addition, they increase BBB permeability in
Alzheimer’s disease, Parkinson’s disease, multiple sclerosis, depression, schizophrenia, and
systemic inflammation, further contributing to the DAM phenotype and disease status.!®!’

Systemic lupus erythematosus (SLE) is an autoimmune disease that causes systemic inflam-
mation in multiple organs including the lungs, liver, kidneys, and brain. Brain inflammation
causes a neuropsychiatric SLE phenotype that triggers psychosis, mood disorders, cognitive
dysfunction, and ultimately confusion.'®! In some cases,*? patients with neuropsychiatric SLE
have autoimmune antibodies such as the anti-N-methyl-D-aspartate receptor, anti-aquaporin-4,
and anti-microtubule-associated protein 2. Additionally, BBB permeability increased because of
microglial migration via CCL5-chemokine receptor type-3 signaling has been reported.!! However,
whether increased permeability is associated with systemic immune cell invasion is unclear. In
this study, we aimed to investigate and elucidate microglia-vascular interactions during chronic
systemic inflammation in the CNS of SLE mice induced by a Toll-like receptor 7 agonist
(imiquimod, IMQ). IMQ-induced SLE model have been extensively studied using various mouse
strains, including FVB/N, BALB/c, and C57BL/6 mice. Topical IMQ treatment in these models
has been shown to induce systemic autoimmune features such as splenomegaly, autoantibody
production, and immune complex deposition. Additional manifestations include glomerulonephritis,
hepatitis, carditis, and photosensitivity, highlighting the utility of this model in mimicking key
characteristics of SLE.??* Among these strains, C57BL/6 mice offer significant advantages due
to their well-characterized genetic background, which facilitates reproducibility and cross-study
comparisons. Previous studies have consistently demonstrated robust and reproducible responses
to IMQ treatment in C57BL/6 mice, making them a reliable model for investigating the underly-
ing mechanisms of autoimmune pathogenesis.”*?** Based on these considerations, we employed
C57BL/6 mice in this study in IMQ-induced SLE.

MATERIALS AND METHODS

Animals
Eight-week-old C57BL/6 male mice were used for all experiments to avoid potential variations
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during the estrus cycles. The mice had ad libitum access to food and water and with a 12 h
light/dark cycle. SLE was induced in mice by a daily topical dose of 50 mg Beselna cream (5%
IMQ; Mochida Pharmaceutical Co, Ltd, Tokyo, Japan) on their ears. The mice in the control
group received the same dose on both ears, three times a week (Fig. 1A). The Animal Care and
Use Committee of Kobe University Graduate School of Medicine, Nagoya University Graduate
School of Medicine, and the National Institutes of Natural Sciences approved all experimental
protocols. The experiments were conducted in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals.

Complete blood count

Blood samples were collected from the submandibular vein of mice and transferred into
tubes (FUJIFILM Wako Pure Chemicals Co, Japan). Complete blood counts were determined
using the Celltac Alpha MEK-6550 hematology analyzer (Nihon Kohden, Japan). Plasma was
separated by centrifugation at 1200 rpm for 20 minutes. Serum levels of total autoantibodies
against double-stranded DNA (dsDNA) were measured using ELISA kits (FUJIFILM Wako Pure
Chemicals Co, Japan).

Flow cytometry

The mice were anesthetized with ketamine (74 mg/kg, intraperitoneal injection [i.p.]) and
xylazine (10 mg/kg, i.p.) and transcardially perfused with phosphate-buffered saline (PBS). The
brains were extracted and immediately immersed in cold Hank’s balanced salt solution (HBSS;
Gibco-Thermo Fisher Scientific, Waltham, MA, USA). The cerebral cortex, hippocampus, and
choroidal plexus were dissected and collected. The tissue samples were dissociated into single
cells by incubating them in 0.25% trypsin/EDTA (1 mmol/L) for 30 min at 4 °C, and then
incubated for a further 5 min at 37 °C. The trypsin in the homogenate was neutralized with
fetal bovine serum (Gibco) and then washed with HBSS containing 0.1 mg/mL DNase (Roche,
Basel, Switzerland), followed by centrifugation at 800 x g for 5 min. The resulting pellet was
resuspended in HBSS and filtered through a 70 wm mesh. Cellular debris was removed by
suspending the homogenate in 36% Percoll Plus (Cytiva, Marlborough, MA, USA) and centrifuged
at 800 x g for 15 min. Residual erythrocytes were lysed using a red blood cell lysis buffer
(Roche) for 10 min at 4 °C. The isolated cells were then treated with anti-CD16/32 antibody to
block Fc receptors (S17011E; 1:100; BioLegend, San Diego, CA, USA) for 15 min at 4 °C before
staining. Antibody staining against CD3e (FITC conjugated; 145-2C11; 1:100; BioLegend), CD11b
(BV711 conjugated; M1/70; 1:100; BioLegend), CD45 (BUV395 conjugated; 30-F11; 1:100;
BD Biosciences, Franklin Lakes, NJ, USA), CD4 (APC/Fire 750 conjugated, RM4-4; 1:100;
BioLegend), CD8a (BV785 conjugated, 53-6.7; 1:100; BD Biosciences), and Fixable Viability
Dye eFluor 506 (1:200; eBioscience, Thermo Fisher Scientific) were conducted for 15 min at
4 °C. Following staining, the samples were processed in PBS containing 1% fetal bovine serum.
Stained cells were acquired using Fortessa (BD Biosciences), and data analysis was performed
using FACSDiva (BD Biosciences) and FlowJo software (BD Biosciences).

Immunohistochemistry

The mice were anesthetized according to the above. They were then transcardially perfused
with a periodate lysine paraformaldehyde (PLP) solution. Fixed brains were extracted from the
skull and post-fixed overnight in a PLP solution, followed by submergence in 30% sucrose. The
brains were cut into 20 um slices using a microtome (Leica Microsystems, Wetzlar, Germany).
After blocking and permeabilization for 1 h in EzBlock Chemi (ATTO Corporation, Japan) and
0.5% Triton X-100 in PBS, the slices were incubated at 4 °C overnight with primary antibodies
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diluted in EzBlock Chemi. After washing with 0.05% Triton X-100 in PBS, the slices were
incubated with secondary antibodies in 5% donkey serum, 1% bovine serum albumin, and 0.05%
Triton X-100 in PBS at room temperature for 2 h. Thereafter, the slices were mounted on glass
slides in fluoromount-G (Southern Biotech Birmingham, AL, USA). The fixed tissue was imaged
using a confocal microscope (TiE -A1R; Nikon, Tokyo, Japan) with a x10 objective (NA 0.45;
Nikon) or a x40 water-immersion objective (NA 1.25; Nikon). The following antibodies were used
for staining: anti-IBA1 (1:500; Wako Chemicals, Richmond, VA, USA), anti-TMEM119 (195H4,
1:500; Synaptic Systems, Gottingen, Germany), anti-CD3 (17A2, 1:200; eBioscience), anti-CD3
(1:200; Abcam, Cambridge, United Kingdom), anti-I-A/I-E (M5/114.15.2, 1:200; BioLegend),
anti-rabbit Alexa 488, anti-rabbit Alexa 568, anti-mouse Alexa 647, anti-rat Alexa 488, anti-rat
Alexa 568 (1:1000 for each; Molecular Probes INC., Eugene, OR, USA). To visualize the brain
vasculature and nucleus, brain slices were incubated with DyLight 488-labeled Lycopersicon
esculentum LECTIN (1:200; Vector Laboratories, Newark, CA, USA) and hoechst33342 (1:2000;
Dojindo Laboratories Co, Ltd, Kumamoto, Japan) at room temperature for 2 h. Imaging was
performed using a Nikon TiE-A1 confocal microscope. To detect I-A/I-E-positive IBA1 and CD3+
cells, images of the hippocampus (with each section representing a hemisphere) were captured
from five sections from each mouse model. The cortex and hippocampus at 1.45 to 2.88 mm
posterior from bregma were analyzed. The imaging resolution was set to 512 pixels, with a
step size of 2 um and a total of five steps. The images were then subjected to z-projection
using the SD function in the ImageJ software.”® Microglia were defined as contact blood ves-
sels (vessel-associated microglia) when the distance along the microglia—blood vessel axis was
measured to be below 4 pixels (1 wm), and green fluorescence decreased to zero while the red
fluorescence increased from an initial value of zero. The IBAI1 positive and CD3+ cells were
manually identified via visual inspection.

Behavioral tests

Prior to behavioral testing, the mice were acclimated to the testing environment for 1 h.
The tests were performed at least one day apart. After the tests, the equipment was cleaned
with sodium hypochlorite solution to eliminate olfactory cues. All tests were performed using
DuoMouse.*

Elevated plus maze

The elevated plus maze consisted of arms that were 5.5 cm wide and 66.5 cm long. The walls
of the closed arms were 20 cm high, and the platform was elevated 50 cm above the floor. The
mice were gently placed in the center of the maze and allowed to freely explore for 6 min.

Novelty Y-maze

The mice were allowed to explore the Y-maze, in which one of the three arms was partitioned
for 3 min. After the initial exploration, the mice were returned to their cages for 3 min. Sub-
sequently, the partition was removed, and the mice were allowed to explore the Y-maze again
for an additional 3 min.

Open field test
The mice were allowed to freely explore a 50 cm x 50 cm open field for 30 min. The middle

area was defined as 25% of the field.

Data analysis and statistics
Data were analyzed using GraphPad Prism 10 statistical software (GraphPad Software Inc,
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La Jolla, CA, USA). All data are presented as means + SD values. Statistical significance was
assessed using the paired t-test (two-tailed), Unpaired t-test, Mann—Whitney U test (two-tailed),
and one-way analysis of variance, followed by Tukey’s multiple comparison test and Pearson’s
correlation analysis. P < 0.05 was considered statistically significant.

RESULTS

Phenotypic characterization and behavior analysis

To investigate microglial alterations and infiltration of systemic immune cells in the CNS,
pathological properties of the established SLE mouse model were studied (Fig. 1A). The anti-
dsDNA antibody levels were significantly higher in IMQ-treated mice than in control vehicle-
treated mice (Fig. 1B). Additionally, pancytopenia was observed with a significant reduction in
platelet density and hemoglobin levels (Fig. 1C). Furthermore, an enlarged spleen was observed
(Fig. 1D).

Elevated plus maze, novelty Y-maze and open field test were used to identify behavioral
abnormalities in the mouse model (Fig. 1E-G). The time spent in the open arm of the elevated
plus maze was shorter and the central rate in the open field test was decreased in the IMQ-treated
mice compared to the control vehicle-treated mice, suggesting anxious behavior (Fig. 1E, G).

T cell infiltration in the CNS

Using flow cytometry (FCM), CD11b—, CD3+, and CD45+ cells were identified, then the CD4/
CD8 ratio within these populations were measured (Fig. 2A, B). The ratios of CD3+ and CD45+
cells to total CD11b— cells were significantly higher in the cerebral cortex, hippocampus, and
choroid plexus of IMQ-treated mice than in control vehicle-treated mice (Fig. 2C). No significant
difference was observed in the CD4+/CD8+ ratio (Fig. 2C). These results suggest that systemic
inflammation induces T cell infiltration in the CNS.

Time course of vessel-associated microglia in the CNS

Previous study showed that microglia migrate on vessel to regulate BBB permeability.!! So
we tested whether the microglia in IMQ treated mice also migrate on vessels. Transmembrane
protein 119 (Tmem119) is specifically expressed in microglia within the brains of mice and
humans.”” To distinguish microglia from perivascular macrophages, double immunostaining was
performed using IBA1 and TMEMI119, and cells double-positive for these markers were identified
as microglia. The number of microglia in hippocampus associated with vessels was significantly
increased in the 6-week IMQ treatment group compared to that in the control group, similar
findings were also observed in the 14-week treatment group (Fig. 3A-D).

Antigen presenting microglia in the CNS and their interaction with T cells

To confirm the FCM data, we performed immune-histochemical staining. The density of
CD3+ cells was higher in the cerebral cortex, hippocampus, and choroidal plexus, which was
consistent with the FCM data (Fig. 4A). Especially in the hippocampus, the number of CD3+
cells interacting with microglia was significantly increased in IMQ-treated mice compared to that
of the control vehicle-treated mice (Fig. 4B, C). In addition, the number of microglia expressing
MHC class II was higher in IMQ-treated mice than in the control vehicle-treated mice (Fig. 4D,
E) and correlated with the number of CD3+ cells infiltrating the CNS (Fig. 4F).
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Fig. 1 IMQ-induced SLE model

Fig. 1A: Experimental protocol for IMQ-induced SLE mouse model. Each red triangle represents IMQ or VEH
administration.

Fig. 1B: Plasma levels of anti-dsDNA antibodies (VEH, n = 6; IMQ, n = 10).

Fig. 1C: PLT density (VEH, n = 18; IMQ, n = 25) and HGB concentration (VEH, n = 19; IMQ, n = 27).

Fig. 1D: Spleen size and weight in IMQ- and VEH-treated mice (VEH, n = 11; IMQ, n = 10). Scale bar =
10 mm.

Fig. 1E: Typical example of the mouse trajectory in the elevated plus maze. The graph on the right summarizes
the time spent in the open arm (VEH, n = 36; IMQ, n = 51).

Fig. 1F: Typical example of the mouse trajectory in the Novelty Y-maze. The graph on the right summarizes
the time spent in the novel arm (VEH, n = 36; IMQ, n = 50).

Fig. 1G: Central rate and total distance in open field test (VEH, n = 13; IMQ, n = 34).

Graphs show data from an individual animal overlaid with mean = SD. *P < 0.05, **P < 0.01, ***P < 0.001,

and ****P < (0.0001. Unpaired t-test (B, G) or Mann-Whitney U test (C, D, E, F).

SLE: systemic lupus erythematosus

IMQ: imiquimod

VEH: vehicle

dsDNA: double-stranded DNA

PLT: platelet

HGB: hemoglobin
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Fig. 2 T lymphocyte infiltration in the CNS of the mouse model

Fig. 2A: Fluorescence-activated cell sorting in the IMQ- and VEH-treated mice. Cells in cerebral cortex, hip-
pocampus, and choroid plexus were dissociated and isolated.

Fig. 2B: FCM assay assessing CD45, CD3, CD8, CD4, and CDI11b T cells in IMQ- and VEH-induced SLE mice.

Fig. 2C: CD3+ and CD45+ cell populations to all CD11b— cells in cerebral cortex, hippocampus and choroid
plexus (VEH, n = 10; IMQ, n = 10). The CD4/CD8 ratio of CD3+CD45+ cells in cerebral cortex
(VEH, n = 10; IMQ, n = 10), hippocampus (VEH, n = 10; IMQ, n = 10) and choroid plexus (VEH,
n =9; IMQ, n = 10).

Graphs show data from an individual animal overlaid with mean + SD. **P < 0.01 and ***P < 0.001. Mann-

Whitney U test.

CNS: central nervous system

IMQ: imiquimod

VEH: vehicle

FCM: flow cytometry
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Fig. 3 Density of vessel-associated microglia

Fig. 3A: Images of immunofluorescence demonstrating vessel-associated microglia in hippocampus of mice
that were exposed to VEH at 14 weeks or IMQ at 6, 10, and 14 weeks. Arrowheads indicate vessel-
associated microglia and arrows indicate parenchymal microglia. IBA1, green; TMEM119, red; LECTIN,
blue. Scale bar = 50 um.

Fig. 3B: The summarized data of the density of vessel-associated microglia.

Fig. 3C: The density of blood vessels in an image field.

Fig. 3D: The proportion of IBAl+ cell expressed TMEMI119, respectively.

Graphs show data from an individual animal (VEH, n = 8; IMQ 6 weeks, n = 6; IMQ 10 weeks, n = 6; IMQ

14 weeks, n = 7) overlaid with mean + SD. *P < 0.05, and **** P < 0.0001. One-way ANOVA followed by

Turkey’s post hoc test.

IMQ: imiquimod

VEH: vehicle
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Fig. 4 Distribution of CD3+ cells in CNS of IMQ treated mice

Fig. 4A: CD3+ cells in cerebral cortex and hippocampus of VEH- and IMQ-treated mice, respectively. Arrowheads
indicate CD3+ cell. The graph shows the number of CD3+ cells in cerebral cortex and hippocampus,
respectively. CD3, red; IBA1, green; Hoechst, blue.

Fig. 4B: Images of CD3+ cells and microglia in hippocampus of VEH- and IMQ-treated mice. Arrowheads
indicate CD3+ cells contacted with IBA1+ cells and arrows indicate CD3+ cells not contacted with
IBA1+ cells. CD3, red; IBAI, green; Hoechst, blue.

Fig. 4C: The number of CD3+ cells contacted with IBA1+ cells in hippocampus.

Fig. 4D: Images of microglia expressing MHC class II in VEH- and IMQ-treated mice in hippocampus. MHC
class II, red; IBA1, green; Hoechst, blue. Arrowheads indicate IBA1+ cells expressing MHC class 1II.

Fig. 4E: The number of IBA1+ cells expressing MHC class II in hippocampus.

Fig. 4F: The Peason’s correlation coefficient between the number of IBA1+ cells expressing MHC class II and
CD3+ cells in hippocampus of VEH- and IMQ- treated mice.

Scale bars = 50 um. Graphs show data from an individual animal (VEH, n = 8; IMQ, n = 8) overlaid with

mean + SD. **P < 0.01 and *** P < 0.001. Mann-Whitney U test.

CNS: central nervous system

IMQ: imiquimod

VEH: vehicle

DISCUSSION

The mice treated with IMQ for 14 weeks showed anti-dsDNA antibodies with decreased
hemoglobin and thrombocytopenia; they also presented abnormal behavior. Consistent with
previous studies,” IMQ-treated C57BL/6 mice exhibited splenomegaly and elevated levels of
anti-dsDNA antibodies. In addition, the number of T lymphocytes increased in both the cerebral
cortex and hippocampus and was associated with an increased number of T lymphocytes in the
choroid plexus, which reflects systemic inflammation. The CNS that invaded T lymphocytes
were associated with microglia and microglia expressing MHC class II molecules, suggesting
antigen presentation.

Previous murine SLE models have also shown abnormal behavior.?®* Moreover, similar
murine models, such as the MRL/lupus model exhibits abnormal behavior which is potentially
associated with lymphocyte infiltration.’**' This suggests that CNS inflammation induced by
systemic inflammation causes abnormal behavioral output. Previously, it was determined that
microglia migrate to blood vessels during systemic inflammation to regulate the BBB.!' Systemic
inflammation causes endothelial cells to release CCLS5, which acts on microglial CCL5-chemokine
receptor type-5 to promote its migration to the vessels. These microglia-associated vessels
initially protect the BBB via the expression of claudin-5. Prolonged inflammation promotes the
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expression of microglial cluster of differentiation-68 and triggers phagocytic activity against
astrocyte end-feet to disrupt BBB permeability.!" In this study, there was an increased number
of vessels associated with microglia, which may promote the infiltration of systemic immune
cells. In contrast, T cell infiltration was predominantly found in the hippocampus, suggesting that
the choroid plexus contributes to the entry route for T cells in the CNS. Previous studies have
indicated that T cell infiltrate the CNS via the choroid plexus under pathological conditions.*>*
This infiltration is promoted by cytokines and chemokines, such as CCL2, CCL3, CCL4, and
CXCL10.***» In addition, infiltrated T cell release interleukin (IL)-2, -4, -5, -12, and interferon
gamma to induce chronic inflammation for further T cell infiltration and were assumed to exert
neuro toxic functions.’*” Microglia were found to interact with infiltrating T cells, suggesting
that they contribute to antigen presentation.®® In fact, some patients with SLE accompanied by
CNS inflammation show anti-N-methyl-D-aspartate receptor antibodies* which have also been
suggested to trigger epilepsy in patients with limbic encephalitis.*® Activated microglia with
epileptic seizures release IL-1f, which increases BBB permeability, thereby triggering lymphocyte
infiltration.*'*> Microglia interact with T cells to release cytokines such as IL-1, IL-6, tumor
necrosis factor-o, and interferon gamma that promote chronic inflammation in the CNS.*
More information is required to determine the underlying molecular mechanisms and functional
significance of microglia-T cell interactions. Nevertheless, this inhibition could be a therapeutic
target for the treatment of CNS lupus.

In conclusion, this study elucidates how brain microglia respond to systemic inflammation
and interact with systemic immune cells. Microglia initially migrate to vessels, and prolonged
inflammation causes BBB disruption, which promotes T cell infiltration. The infiltrated T cells
interacted with microglia and influenced microglial MHC class II expression, suggesting that
microglia play an antigen-presenting function in systemic inflammation. This understanding can
be used to develop strategies to inhibit chronic inflammation during systemic disease, thereby
reducing the susceptibility to cognitive disorders.
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