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Microglia LILRB4 upregulation reduces D
brain damage after acute ischemic stroke
by limiting CD8™ T cell recruitment

Yilin Ma'", Kai Zheng'*3", Chengcheng Zhao', Jieli Chen'%, Lin Chen?, Yue Zhang', Tao Chen', Xiuhua Yao'%?,
Ying Cai'**" and Jialing Wu'%*"

Abstract

Background Leukocyte immunoglobulin-like receptor B4 (LILRB4) plays a significant role in regulating immune
responses. LILRB4 in microglia might influence the infiltration of peripheral T cells. However, whether and how LILRB4
expression aggravates brain damage after acute ischemic stroke remains unclear. This study investigates the role of
LILRB4 in modulating the immune response and its potential protective effects against ischemic brain injury in mice.

Methods and results Microglia-specific LILRB4 conditional knockout (LILRB4-KO) and overexpression transgenic
(LILRB4-TG) mice were constructed by a Cre-loxP system. Then, they were used to investigate the role of LILRB4 after
ischemic stroke using a transient middle cerebral artery occlusion (tMCAO) mouse model. Spatial transcriptomics
analysis revealed increased LILRB4 expression in the ischemic hemisphere. Single-cell RNA sequencing (scRNA-seq)
identified microglia-cluster3, an ischemia-associated microglia subcluster with elevated LILRB4 expression in the
ischemic brain. Flow cytometry and immunofluorescence staining showed increased CD8 T cell infiltration into the
brain in LILRB4-KO-tMCAO mice. Behavioral tests, cortical perfusion maps, and infarct size measurements indicated
that LILRB4-KO-tMCAO mice had more severe functional deficits and larger infarct sizes compared to Control-tMCAO
and LILRB4-TG-tMCAO mice. T cell migration assays demonstrated that LILRB4-KD microglia promoted CD8* T cell
recruitment and activation in vitro, which was mitigated by CCL2 inhibition and recombinant arginase-1 addition.
The scRNA-seq and spatial transcriptomics identified CCL2 was predominantly secreted from activated microglia/
macrophage and increased CCL2 expression in LILRB4-KD microglia, suggesting a chemokine-mediated mechanism
of LILRB4.

Conclusion LILRB4 in microglia plays a crucial role in modulating the post-stroke immune response by regulating
CD8* T cell infiltration and activation. Knockout of LILRB4 exacerbates ischemic brain injury by promoting CD8* T cell
recruitment. Overexpression of LILRB4, conversely, offers neuroprotection. These findings highlight the therapeutic
potential of targeting LILRB4 and its downstream pathways to mitigate immune-mediated damage in ischemic stroke.
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Introduction

Ischemic stroke, which constitutes 70% of all strokes and
50.3% of stroke-related deaths [1], presents a significant
clinical challenge. A deeper understanding of the mech-
anisms underlying neuroinflammation post-ischemic
stroke is crucial for developing effective therapies. Neuro-
vascular damage following ischemic stroke is significantly
driven by a cascade of inflammation response. These
responses are triggered by the release of damage-asso-
ciated molecular patterns and reactive oxygen species
from ischemic and hypoxic brain tissues. And they play a
critical role in mediating interactions between microglia
and peripheral immune cells after a stroke, exacerbating
brain edema and contributing to further neurovascular
damage [2]. The intricate interplay between the brain
and peripheral immune system is facilitated by complex
communication networks. This interaction suggests that
specifically modulating microglia-peripheral immune
cell interactions could offer a potential therapeutic target
for mitigating the inflammatory response post-ischemic
stroke [3, 4]. Targeting these interactions may help to
reduce neurovascular damage and improve outcomes for
patients suffering from ischemic stroke.

Microglia, the primary immune cells of the central
nervous system (CNS), are pivotal in the inflammatory
response to ischemic stroke. Following an ischemic event,
microglia rapidly activate and migrate to the injury site,
releasing pro-inflammatory cytokines and chemokines
that exacerbate tissue damage. Microglia also play a neu-
roprotective role by clearing cellular debris and promot-
ing tissue repair, demonstrating their dual role in stroke
pathology [5]. As ischemic inflammation progresses, rest-
ing microglia are typically activated and polarized into
pro-inflammatory type M1 and anti-inflammatory type
M2 [6]. However, this binary classification oversimpli-
fied the complexity and diversity of microglial subtypes
observed after polarization. Recent studies using scRNA-
seq, have revealed a more nuanced spectrum of microglial
states that contribute to the inflammatory response post-
stroke [7, 8]. These diverse subtypes exhibit varying func-
tions and gene expression profiles, reflecting a dynamic
range of activation states beyond the traditional M1/M2
dichotomy. Disease-associated microglia (DAM) subsets
[7, 8] have been identified by scRNA-seq in various ner-
vous system diseases. For example, DAM was firstly iden-
tified as a unique microglia cluster in Alzheimer’s model
but not observed in the wild-type (WT) background [9].
This DAM associated with Alzheimer’s disease was char-
acterized with down-regulated homeostasis microglial
gene such as Cx3crl, P2ryl2 and Tmem119, while spe-
cially highly expression of Trem2, Apoe, Lpl and Ctsd,

all of which were well known AD risk factors related
genes. Moreover, DAM was enriched in the lipid metabo-
lism pathways and phagocytic activity and conserved in
human and other neurodegenerative diseases including
amyotrophic lateral sclerosis [10]. In addition, a similar
DAM gene signature was also demonstrated in a pro-
liferative-region-associated microglia cluster in devel-
oping white matter of mouse brains [11], which could
phagocytose newly formed oligodendrocytes. Utilizing
scRNA-seq in stroke models, we also identified a DAM-
like cluster that specific expressed the LILRB4 gene. This
finding underscores the complexity and heterogeneity of
microglial responses in ischemic stroke, highlighting the
role of LILRB4 in modulating microglial function during
neuroinflammation.

LILRB4, also known as ILT3, CD85k and LIR5, is a
member of the leukocyte Ig-like receptor family, char-
acterized by two C-type Ig-like extracellular domains D1
and D4, a transmembrane domain, and three cytoplas-
mic immunoreceptor tyrosine-based inhibitory motifs
(ITIMs) [18]. ITIMs mainly exists in the intracellular
part of some immunosuppressive receptors [12], and
the tyrosine in ITIMs can bind to the SH2 domain on
PTP molecules after phosphorylation, thereby recruit-
ing and activating PTP, and playing a role in inhibiting
the activation signal transduction pathway involved in
PTK [13]. LILRB4 could bind to its ligands such as APOE
[14], CD166 [15], fibronectin [16] and galectin-8 [17],
then LILRB4’s ITIMs are phosphorylated, which in turn
recruit the SH2 domain phosphatases such as SHP-1,
SHP-2, and SHIP-1, resulting in negatively regulating or
suppressing downstream NF-«xB [18, 19], AKT, MAPK
[15], TRAF®6 [20] and other inflammatory signaling path-
ways [21]. LILRB4 is expressed on various immune cells,
including microglia, monocytes, macrophages, DCs, T
cells, neutrophils, plasma cells, and endothelial cells,
where it mainly acts as immunosuppressive receptor via
ITIMs involved in the inhibition of cytokine production,
suppression of T cell activity and induction of tolerogenic
DCs and Tregs [19, 20]. Therapeutic strategies targeting
LILRB4 have demonstrated promise in models of solid
tumors [22]. Moreover, LILRB4 is crucial in the patho-
logical development of several inflammatory diseases,
including atherosclerosis, non-alcoholic fatty liver dis-
ease, multiple sclerosis, and Alzheimer’s disease [20, 23].
The molecular mechanisms among the LILRB4 regula-
tion of these inflammatory disorders demonstrated that
the highly expression of LILRB4 on macrophages could
suppress NF-kB-mediated inflammatory response in
the development of atherosclerosis [24]. Additionally,
LILRB4 expressed primarily by microglia in brain, and
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negatively regulated IFN-y—induced microglia activation
during meningoencephalitis [21]. In our research, we also
identified a unique LILRB4" microglia cluster which spe-
cifically only observed in a stroke model of MCAO, but
not sham group. However, whether LILRB4 also involved
in the regulation of the inflammatory responses during
ischemic stroke, it remains unexplored.

In the present study, utilizing scRNA-seq analysis,
we identified a DAM-like microglia subcluster post-
ischemia, which characterized by highly expression of
LILRB4. To further investigate the functional significance
of this LILRB4* microglia subset and its underlying
mechanisms, we employed conditional gene knockout
and overexpression techniques. Our findings reveal the
dynamic expression of LILRB4 in microglia after isch-
emic stroke and its impact on CNS inflammation. Based
on these observations, we propose that LILRB4 in
microglia plays a crucial role in modulating inflamma-
tory responses and tissue damage in the CNS following
ischemia.

Materials and methods

Experimental design

To explore the expression level change of LILRB4 in
murine models post-MCAQO, C57BL/6] WT mice were
randomly allocated into a sham group and a MCAO
group. In addition, to investigate the influence and
underlying mechanisms of LILRB4 on brain injury and
neurological function in murine models post-MCAO,
LILRB4-KO, LILRB4-TG and their littermate control
transgenic floxed mice known as Control-KO and Con-
trol-TG were randomly distributed into a Sham group
and a MCAO group. The animals were assigned a ran-
dom number using a computer based random order gen-
erator method.

Animals

WT male C57BL/6 mice and mice carrying LILRB4-
floxed alleles were obtained from the Shanghai Model
Organisms Center, Inc. (Shanghai, China). Briefly, the
floxed mice of LILRB4 knock in (overexpression), abbre-
viated as R26-LSL-LILRB4, was established as follows:
the CAG-loxP-STOP-loxP-LILRB4-WPRE-pA vector
was inserted into the Rosa26-Gt (ROSA)26Sor (104735)
locus by the CRISPR/Cas9 genome editing technology.
LILRB4 knock-in allele mouse strains were genotyped by
PCR using the following primers: P1: 5- AGGCTTCAG
AAGGACACTGC-3] P2: 5- AAGGAAGGTCCGCTG
GATTG -3 The PCR program started at 95 °C for 20 s,
60 °C for 20 s, 72 °C for 20 s for 35 cycles, and 72 °C for
5 min, generating a 626-bp fragment for LILRB4 knock
in. The floxed mice of LILRB4 knock out was established
as follows: the loxP sites were inserted around LILRB4
DNA sequence known as ‘floxing’ and were incorporated
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into the mouse genome by homologous recombination.
LILRB4 knock-out allele mouse strains were genotyped
by PCR using the following primers: P1:5-TTCTTGTG
TTGCTCTATGCTTTTA-3, P2: 5-GGAAGGAATTGC
ACCGAGATG-3’ The PCR program started at 94 °C for
30 s, 59 °C for 30 s, 72 °C for 1 min for 35 cycles, and
72 °C for 5 min, generating a 381-bp fragment for LILRB4
knock out. Cx3cr1-CreERT2 mice (strain #:021160) on
the C57BL/6] background were obtained from the Jack-
son Laboratory. All mice were maintained at Tianjin
Huanhu Hospital (Tianjin, China). Mice aged 8—12 weeks
were randomly assigned to experiments. According to
the Cre-LoxP system principle, Flox mice were bred
with microglia-specific Cre (Cx3crl-CreERT2)-express-
ing mice to generate transgenic mice with knockout or
overexpression of LILRB4 in microglia (LILRB4-KO and
LILRB4-TG), and their littermate transgenic floxed mice
which were used as controls in the following experiments.

For mice above mentioned LILRB4-KO and LILRB4-
TG, 4-5-week-old male were utilized for tamoxifen
induction. Tamoxifen was administered intraperitone-
ally in corn oil at a dose of 100 mg/kg for five doses, with
48-hour intervals between doses. One month after the
last tamoxifen dose, mice were subjected to follow-
ing experiments. All animal procedures adhered to the
Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health and were approved by the
Animal Experiments Ethical Committee of Tianjin Medi-
cal University. The experimental design adhered to the
ARRIVE guidelines.

tMCAO procedure

Male C57BL/6 mice (8—10 weeks of age) were placed
under controlled conditions (25£2°C, 60-70% humidity,
12/12 h light-dark cycle) with access to food and water.
Mice were anesthetized with 4% isoflurane in 70% N,O
and 30% O,. During the procedure, the common carotid
artery (CCA), internal carotid artery, external carotid
artery and their main branches were exposed and sepa-
rated, the external carotid artery and its main branches,
along with the proximal end of the CCA were ligated
first. The distal end of the internal carotid artery was
clipped with an arterial clamp, and a spare silk thread
was placed at the distal end of the CCA ligation to fix the
embolus. A silicone-coated monofilament (Doccol, Sha-
ron, MA, USA) was inserted through the CCA between
the two ligature wires. The distal ligature wire was tight-
ened, and the thread crossed the bifurcation of the inter-
nal and external carotid artery and entered the lumen of
the internal carotid artery. When slight resistance was
encountered, the monofilament had reached the ori-
gin of the middle cerebral artery, confirmed successfully
occlusion. The ligature on the CCA was then tightened
and secured. After 1 h of ischemia, the monofilament was
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removed. Cerebral blood flow was monitored during the
whole procedure of tMCAO by laser Doppler flowmeter
(PF5001, Perimed, Switzerland). In the sham-operated
group, all procedures were identical except for the inser-
tion of the monofilament. During the surgical proce-
dure, the body temperature of the mice was controlled at
37.010.5 °C. The exclusion criteria for successful tMCAO
were as follows: the relative cerebral blood flow reduced
less than 70% of preischemic levels for the mouse in the
study.

scRNA-seq data collection and analysis

scRNA-seq data were collected and analyzed using the
Gene Expression Omnibus database. scRNA-seq data-
set, GSE174574, which includes expression profiling
from the brain tissue of 3 control mice and 3 ischemic
stroke mice at one day post-tMCAO or sham-operations,
was obtained. We reanalyzed the dataset following the
method as previously described [25]. This included data
integration, dimensionality reduction, clustering, identi-
fication of differentially expressed genes (DEGs) and gene
set enrichment analysis (GSEA). NCBI SRA database
under Bioproject number PRJNA952594 were reanalyzed
to examine spatial relationships pertaining to the expres-
sion of LILRB4 and CCL2.

Randomisation and blinding principle for the animal
experiments

According to the ARRIVE guidelines, blinding was per-
formed throughout the whole stages of the experiment,
including random allocation, performing experiment,
collecting data, outcome assessments and data analysis.

Neurological behavioral score assessment
The following neurological behavioral scores were
assessed by investigators blinded to group allocation.

Rotarod test

The Rotarod test provides a convenient method for
detecting motor function, coordination ability and anti-
fatigue ability in rodents [26]. During the experiment,
when the animal is placed on the rotating rod in the cen-
ter of the roller, in order to avoid slipping, it needs to
adjust the balance and run with the rotating rod. It was
assessed by measuring the time the animals walked on
the roller. Mice underwent a three-day training period.
During the test, the rotarod speed increased from 4 rpm
to 40 rpm over five minutes. The latency to fall or rotate
three times was recorded, with a maximum duration of
120ss.

Novel object recognition
In this study, the cognitive memory ability of experi-
mental animals was evaluated by the behavioral method
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of the length of exploration of familiar objects and new
unfamiliar objects [27]. When the mice moved around
the new and old objects, the number, time and distance
of which were measured to estimate the cognitive per-
formance of the mice. Conducted in an opaque acrylic
box with a recording time of 200 s. On Day 1, mice accli-
mated to the box for five minutes. On Day 2, two identi-
cal objects (A) were placed 10 cm from the side wall, and
mice explored for five minutes. On Day 3, one object A
was replaced with object B, and the time spent exploring
each object (TA and TB) was recorded. The recognition
index (RI) was calculated as RI=TB/(TA+TB) x 100%.

Tail suspension test

It was first proposed by Steru et al. in 1985 to assess
depression-like states in mice [28]. The emotional state of
the mice was measured by looking at the hanging state
from which they could not escape over a period of time.
Conducted in a chamber with a white background (25 cm
x 25 ¢cm X 35 ¢cm). Mice were suspended by the tail for
six minutes, with the first two minutes as an adaptation
period. Immobility time was recorded during the last
four minutes to indicate depressive state, defined as ces-
sation of movement and vertical suspension.

Foot-fault test

It also known as grid walking tests, are used to assess
motor function and limb coordination in rodents [29].
Basically, the animals were placed on an elevated grid
with square openings (1.69 cm? for mice) and allowed
to move across the entire grid. Assessed the proportion
of missteps on irregularly spaced grids among 100 steps
taken by both forelimbs.

Corner turning test

It assesses orientation patterns for sensorimotor dys-
function during a unilateral stroke model [30]. Mice
were placed at acute angles formed by two glass plates,
and the proportion of turns toward the paralyzed side
was recorded. Normally, animals won’t prefer one direc-
tion over the other. However, stroke results in contralat-
eral limb defects, animals tend to use the ipilateral limb
to step back. The higher the inclination to one side, the
more severe the outcome of the stroke. The formula
used was [i/(i+C)] x 100, over 10 trials with 30-second
intervals.

Modified neurological severity score (nNSS) test

The mNSS includes a comprehensive evaluation of motor,
sensory, balance and reflexes of experimental animals to
assess neurological deficits and the degree of neurologi-
cal impairment of cerebral ischemia animals [31]. Evalu-
ated neurological deficits on a scale of 0 to 18, the mild
injury was 0~ 6, the moderate injury was 7 ~ 12, and the
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severe injury was 13 ~ 18. Higher scores indicated greater
damage.

Laser speckle imaging

Laser speckle imaging assessed cortical cerebral blood
flow (CBF) in mice following cerebral ischemia. Measure-
ments were taken using a laser speckle imaging instru-
ment (Reward, China) before tMCAQO and at 60 min,
1 day, and 3 days post-occlusion. Mice were anesthetized
with isoflurane and positioned under a laser speckle cam-
era. The speckle contrast from laser light scattering was
used to measure CBE, translating into correlation time
values inversely related to blood flow velocity. Image
contrast and color were adjusted for optimal visualiza-
tion. Infarct volume and contralateral regional blood flow
were analyzed using RFLSI software by an investigator
blinded to the experimental groups.

Perfusion and tissue preparation

After tMCAO reperfusion, mice were anesthetized with
4% isoflurane in 70% N,O and 30% O, at the appropriate
time (1 and 3 days as per the experimental plan). A tho-
racotomy was performed, and the spleen was soaked in
phosphate buffered saline (PBS) for flow cytometry. The
animals were manually perfused with PBS through the
left ventricle. The mice were then decapitated, and the
left side of the brain was extracted.

Brain tissue for flow cytometry or 2,3,5-triphenyl tetra-
zolium chloride (TTC) staining was used directly in PBS,
and tissue for frozen sections was immersed in 4% para-
formaldehyde (PFA) (Solarbio, USA) and stored at 4C.
For other analyses, the left part of the brain tissue was
isolated on the liquid nitrogen, then quickly frozen, dried
and sealed in the —80°C environment for the subsequent
extraction of protein and RNA.

TTC staining

Following PBS perfusion, and brain removal, The excised
brains were washed in PBS and placed at -20°C for
15 min. The brain were then cut into 1 mm thick coro-
nal slices. Slices were inclubated in 2% TTC solution
(Solarbio, USA), at 37°C for 15—-20 min in the dark. Nor-
mal brain tissue-stained bright red, while infarct area
appeared white. Slices were fixed in 4% PFA solution and
photographed 1 day later.

Immunofluorescence staining

Brain tissue was fixed in 4% PFA for 48 h, then soaked
in 15% and 30% sucrose PBS solution for 2 days each.
The tissue was cut into 1 mm coronal slices, embedded
in OCT, and stored at -80°C. Section (6 pm thick) were
cut and stored at -80°C. For immunofluorescence stain-
ing, frozen sections were fixed in 4% PFA for 15 min.
The membrane was permeabilized with 1% tritonX-100
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(Sigma, USA) for 15 min, followed by 5% bovine serum
albumin blocking for 30 min. Sections were incubated
with primary antibodies overnight at 4°C; Primary anti-
bodies include: rabbit anti-Ibal (1:500; 019-19741;
Wako Pure Chemical Industries, Ltd., Japan); rabbit
anti-NeuN (1:500; 94405, CST, USA); rabbit anti-GFAP
(1:500; 3670; CST, USA); rabbit anti-LILRB4 (1:50, MBS
2018121; Mybiosource), Rabbit anti-CD3 (1:250; A12415;
Abclonal, China). Then sections incubated with second-
ary fluorescent-conjugated antibodies at room tempera-
ture in the dark for 1 h. The secondary antibodies were
AF 488-conjugated sheep anti-rabbit IgG, AF 594-con-
jugated sheep anti-mouse IgG (1:500; Thermo Fisher
Scientific, USA); Sections were mounted with Fluoro-
shield Mounting Medium containing DAPI (Abcam) and
imaged using a confocal microscope (LSM 800, Zeiss,
Germany).

Protein extraction and western blotting

Tissues stored at -80°C were ground into chips in liquid
nitrogen and divided into two parts, with half used for
total protein extraction. Tissue debris was lysed on ice
for 30 min using a cell lysate (RIPA: PMSF=100:1; Solar-
bio, USA), then centrifuged at 12,000 rpm to obtain the
protein-containing supernatant. Protein were diluted to
the same concentration and boiled for 5 min to denature
them and stored at -80°C. The samples were separated by
SDS-polyacrylamide gel electrophoresis and transferred
onto nitrocellulose membranes. Membranes were incu-
bated with primary antibodies overnight at 4°C: Rabbit
anti-LILRB4 (orb1150417,1:1000, Biorbyt, UK); Rabbit
anti-GAPDH (AC027,1:10000, Abclonal, China). After
washing, membranes were incubated with HRP-labeled
secondary antibodies (SA00001-2,1:10000, Proteintech,
China) for 1 h at room temperature. The membrane was
then treated with ECL reagent (Beyotime Biotechnol-
ogy, USA) and imaged using a gel imager. Image analysis
was performed using Image] software (NIH), and protein
expression levels were normalized to the control group.

RNA extraction and quantitative polymerase chain

reaction (qPCR)

Total RNA was isolated using Trizol reagent (OMEGA
biotech, USA). and cDNA was synthesized using the Per-
fectStart Uni RT & PCR Kit (Transgene, China). qPCR
was performed using SYBR Green (04913850001; Roche,
Basel, Switzerland), and the relative expression of B-actin
was calculated using the 2722¢T method. The specific
primers used in this qPCR analysis are listed in Table 1.

Microglia isolation

Transcription levels of CCL2 were measured by sort-
ing microglia from the brain tissues of Sham and
tMCAO mice 1-day post-operation. Fresh left cerebral
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Table 1 Primers for gPCR

Gene Forward primer Reverse primer

LILRB4 AGGACCAGTCCTCTACACCC ~ GCAGTGTCCTTCTGAAGCCT

TNF-a CATCTTCTCAAAATTCGAGT TGGGAGTAGACAAGGTAC

GACAA AACCC

CD32 AATCCTGCCGTTCCTACTGATC  GTGTCACCGTGTCTTCCT
TGAG

MCP-1 GAAGGAATGGGTCCAGACAT  ACGGGTCAACTTCACATTCA

Arg-1 TCACCTGAGCTTTGATGTCG CTGAAAGGAGCCCTGTC
TTG

IL-13 TTGTGGCTGTGGAGAAGCTG  GGACACATACTTTCTGCCG

TGF-B TGCGCTTGCAGAGATTAAAA  CGTCAAAAGACAGCCA
CTCA

CD206 CAAGGAAGGTTGGCATTTGT ~ CCTTTCAGTCCTTTGCAAGC

CcCL2 AGGTCCCTGTCATGCTTCTG TCTGGACCCATTCCTTCTTG

CXCL1 CTTGCCTTGACCCTGAAGTCT  AGCAGTCTGTCTTCTTTC
TCCGT

CXCL10  AAGCTATGTGGAGGTGCGAC  AACCCCTTGGGAAGATG
GTG

CXCL12  GGACGCCAAGGTCGTCGC TTGCATCTCCCACGGATG

CGTG TCAG

cCL4 ATGAAGCTCTGCGTGTCTGC  TGTCTGCCTCTTTTGGTCAG

CCLS GTGCTCCAATCTTGCAGTAG GGATTACTGAGTGGCAT
Cccc

B-actin TGTACGTAGCCATCCAGGCT TTCTCCAGGGAGGAAGA
GGA

GAPDH  TTCACCACCATGGAGAAGGC  GGCATGGACTGTGGTCA
TGA

hemispheres were digested with 1 mg/ml collagenase D
at 37 ° C for 30 min. Digestion was stopped with PBS, and
the mixture was centrifuged at 2000 rpm for 5 min. The
supernatant was discarded, and red blood cell lysis was
used on ice for 15 min. After another centrifugation, cells
were resuspended in 30% percoll (Percol stock: 10xPBS:
1xPBS=27:3:70) and centrifuged at 700 g for 10 min to
remove myelin sheaths, yielding a single-cell suspension.
Microglia were isolated using the Mouse CD11b Selec-
tion Kit (480109, Biolegend, USA) and subsequently
tested by PCR.

T cell isolation

T cells were isolated from the spleens of WT C57BL/6
mice using a spleen lymphocyte isolation kit (TBD,
Tianjin, China). Spleens were homogenized and fil-
tered through a 70-pum cell strainer. The homogenate
was diluted with buffer and centrifuged with separation
medium to isolate mononuclear cell in the interphase.
Mononuclear cell were washed and transferred to fresh
RPMI-1640 medium. CD3 and CD8 negative magnetic
beads (480023/480007, Biolegend, USA) were used to
select the desired T cell population. Purity of the sorted
cells was verified by fluorescence-activated cell sorting
(FACS) analysis using anti-CD3 and anti-CD8 antibod-
ies (Biolegend). The isolated cells were resuspended in
RPMI-1640 medium with 10% fetal bovine serum and
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seeded at a density of 1x10° cells/ml in 24-well plates.
Cells were maintained at 37°C and 5% CO, for further
experimentation.

Cell culture, lentiviral transfection, and treatment

The mouse microglia BV2 cells used in the experiment
were purchased from Hanheng Biotechnology (Shanghai,
China). BV2 were cultured in Dulbecco’s Modified Eagle’s
Medium with 10% fetal bovine serum at 37°C in an envi-
ronment of 5% CO,. All cells were preserved and frozen
at the Tianjin Key Laboratory of Cerebral Vascular and
Neurodegenerative Diseases.

LILRB4 knockdown was achieved by transfecting len-
tiviral particles expressing a Flag epitope-tagged form
of murine LILRB4 (LV-CMV-LILRB4a-3XFLAG-EF1-
ZSGreen-T2A-PURO) into microglia 48 h before experi-
ments. LV-CMV-EF1-ZSGreen-T2A-PURO was used
as the control lentivirus. Lentiviral vectors were pur-
chased from Hanheng Biotechnology (China). To achieve
LILRB4 knockdown, the lentiviral vector was transfected
into BV2 cells 48 h before the experiment.

Oxygen glucose deprivation/reoxygenation (OGD/R)

In the OGD/R experiment, BV2 cells in the logarithmic
phase were selected. After 24 h, the culture medium
was replaced with Dulbecco’s Modified Eagle’s Medium
devoid of glucose and pyruvate, and the cells were trans-
ferred to a hypoxia chamber. A mixture of 95% N, and 5%
CO, was introduced into the chamber at a rate of 15 L/h
for 20 min to reduce the oxygen concentration. Follow-
ing this, the chamber was transferred to an incubator
maintained at 37°C for 4 h. During reoxygenation, 1%
pyruvate/glucose and 10% fetal bovine serum were added
to the culture medium, and the cells were subsequently
exposed to normoxic conditions.

Transwell co-culture system

BV2 cells (10* cells per well) were plated in 24-well
plates and subjected to OGD/R modeling or control
treatment. At the onset of reoxygenation, a 5-pm Tran-
swell chamber (Corning, USA) was placed atop the well
plates, and sorted T cells (10° cells per well) were seeded
in the upper chamber. Anti-CCL2 neutralizing antibod-
ies (BE0185, Bioxcell) were added to the lower chamber,
with the isotype IgG as a control. Following 24 h of incu-
bation, the cell suspensions from the 24-well plates were
collected, and cell transmigration was assessed using flow
cytometry.

In a separate experiment, BV2 cells (10* cells per well)
were plated in 24-well plates, and arginase-1 (Arg-1)
recombinant protein (0.25 mM, HY-P71833, MCE) was
added to the lower chamber. CD8" T cells (10° cells per
well) were then plated onto the BV2 cells, following the
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same OGD/R modeling or control treatment protocol.
Cells were collected after 24 h for further analysis.

FACS analysis

Cell suspensions from migration and co-culture experi-
ments were collected were collected, washed and resus-
pended in PBS after 1% bovine serum albumin. Samples
(100uL, 10”/ml) were incubated with antibodies (1 pL/
tube) for 30 min on ice in the dark. After re-washing,
cells were analyzed with FACS Canto II Flow cytometry
(BD Biosciences, USA). For intracellular antigen stain-
ing, 0.1% Cell Activation Cocktail (with Brefeldin A) was
added 4 h before cell collection. Cells were stained for
surface antigens, fixed with Cyto-Fast™ Fix/Perm Buffer
Set (BioLegend, USA), permeabilized, and incubated with
antibodies for 30 min on ice in the dark. Approximately
10,000 cells per sample were analyzed using FlowJo V10
software.

For In vivo analysis, spleen and the brain tissue were
collected in PBS. Spleen tissue was centrifuged at 2000r
for 5 min after grinding on ice, erythrocytes were lysed
with erythroid lysate (Solarbio, USA). The cells were then
resuspended in PBS and stained described above.

Brain tissue was digested within 1 mg/ml collagenase
D at 37°C for 30 min, and centrifuged at 2000 rpm for
5 min. The cells were resuspended in 30% percol solu-
tion, centrifugation at 700 g for 10 min, the upper myelin
layer was removed. For intracellular antigen staining, cell
suspensions were diluted to 10°/ml, incubated with 0.1%
Cell Activation Cocktail (with Brefeldin A) for 4 h at 5%
CO, and 37°C, and then processed as above.

Antibodies used for FACS: PECD85k (gp49 Recep-
tor), PerCP-Cy5.5 CD11b, APC-Cy7 CD45, PerCP-Cy5.5
CD3, FITC CD4, PE CD8a, APC anti-mouse CD19, FITC
NK-1.1, PE Ly-6G, FITC F4/80, APC IEN-y, FITC CD69.
All staining steps were performed in the dark. Flow
cytometry and data analysis were conducted using a BD
FACSCanto II (BD Bioscience, San Jose, CA, USA) and
Flowjo software.

In vivo anti-CD8 monoclonal antibody (mAb) treatment
and grouping

C57BL/6 mice were divided into 4 groups after tMCAO
follow the principle of randomization allocation:

1) Control-tMCAO +IgG,

2) Control-tMCAO + anti-CD8 mADb,

3) LILRB4-KO-tMCAO +1gG,

4) LILRB4-KO-tMCAO + anti-CD8 mAb.

—~ o~~~

Anti-CD8 mAb (100746, Biolegend, USA) was stored at
4°C in the dark. The stock solution was diluted to 1 mg/
ml in PBS under sterile conditions. 1 day before establish-
ing the tMCAO model, 0.1 ug of anti-CD8 mAb (100ul,
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1 mg/ml) or equivalent dose of IgG control was slowly
injected intraperitoneally.

Statistical analyses

During the data statistical analysis, the investigator will
not know the specific information of group treatment.
Data were presented as meanzstandard deviation (SD)
for normal distribution group and medians with inter-
quartile ranges for skewed distribution group. Group
sizes were predetermined based on prior studies. Shap-
iro-Wilk test was used to assess the normality of the data.
Levene test was used to assess the variance homogene-
ity among the group. Data analyzed via ordinary one-
way ANOVA and Tukey’s multiple comparisons test for
variance homogeneous data, or Welch’s ANOVA and
Tamhane’s T2 multiple comparisons test for nonhomo-
geneous data. Welch t-test was used for comparing the
means of two independent groups when the homogeneity
of variance assumption is not met. A two-way ANOVA
with Bonferroni’s post hoc test was utilized for compari-
sons across various time points. Statistical analyses and
visualization were done with Prism 8.0 (GraphPad soft-
ware, USA). All tests were two-tailed, with significance
set at p<0.05.

Results

scRNA-seq identified of a unique LILRB4+ microglia
subtype associated with stroke

To study the spatial characteristics of LILRB4 after isch-
emic stroke, we firstly analyzed LILRB4 expression in
the ischemic hemisphere of mice subjected to focal cor-
tical ischemia using the single-cell spatial transcriptome
sequencing. LILRB4 expression was predominantly
found in the peri-infarct area (Fig. 1A). Figure 1B shows
the five microglia subtypes identified by scRNA-seq. The
tMCAO group exhibited significant changes in the ratio
of MG3 cells compared to the Sham group (Fig. 1B and
C). This MG3 cluster specifically expressed high lev-
els of the LILRB4 gene (Fig. 1D, E). The MG3 cells also
showed elevated expression of genes associated with neu-
rodegenerative diseases, including LGALS3, LPL, and
SPP1 (Fig. 1F). Gene enrichment analysis revealed that
the LILRB4* microglia subtype is involved in several key
pathways, including Leukocyte transendothelial migra-
tion, Chemokine signaling pathway, Cytokine-cytokine
receptor interaction, TNF signaling pathway and Argi-
nine biosynthesis (Fig. 1G). These findings highlight the
unique characteristics and potential functional roles of
the LILRB4* microglia subtype in ischemic stroke.

LILRB4 exhibits high expression in microglia during tMCAO
in mice

To explore the correlation between LILRB4 and cerebral
ischemia, a stroke model was established according to the
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Gene expression:
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Fig. 1 scRNA-seq identified of a unique LILRB4™ microglia subtype associated with stroke. (A) Spatial transcriptomics analysis of LILRB4 expression in the
ischemic hemisphere in mice after stroke. (B) t-SNE plots showing the disease origin and the distribution of microglia. (C) Histograms of subcellular com-
ponents in the control and deletion groups. (D) The t-SNE diagram showing that LILRB4 is expressed mainly in MG3. (E) Violin plot depicting the LILRB4
expression profile of microglia subtypes. (F) Heatmap of differentially expressed genes between LILRB4™ microglia subtype and WT steady state microglia.
(G) Selected significantly enriched pathways by gene set enrichment analysis between LILRB4* microglia and WT subtype

flow chart (Fig. 2A). TTC staining and laser speckle pho-
tography were used to evaluate the modeling efficiency
(Fig. 2B, C). The expression of LILRB4 was detected at
1 and 3 days after cerebral ischemia and reperfusion in
mice. In the brains of stroke mice, LILRB4 expression
was significantly increased compared to the Control
group, showing an increasing trend from day 1lto day
3 (Fig. 2D-F). Flow cytometry detected the dynamic
change in LILRB4 expression levels in microglia (Fig. 2G,
H). LILRB4 expression was significantly elevated in the
infarct area and persistently increased from day 1 to day
3. Immunofluorescence staining confirmed the increase
in LILRB4 expression at 1 and 3 days after infarction
(Fig. 2K, L). The staining results also demonstrated that

LILRB4 is indeed located in the microglia (Fig. 2M, N).
These results suggest that LILRB4 is highly expressed in
the infarcted area following ischemic stroke and indicate
a correlation between LILRB4 and cerebral ischemia.
The time-dependent increase in LILRB4 expression in
microglia further supports its potential role in neuroim-
mune processes related to stroke pathology.

The characterization of LILRB4 transgenic mice have been
evaluated under normal conditions after generation

To investigate the role of microglia LILRB4 in stroke,
we constructed conditional microglia LILRB4 knockout
(LILRB4-KO) and overexpression (LILRB4-TG) trans-
genic mice. The construction scheme is shown in Fig. 3A.



Ma et al. Journal of Neuroinflammation (2024) 21:214 Page 9 of 22

u
- | |

#
MCAO| Reperfusion | |

|
| | | |
0 1h 1d 3d

Laser speckle imaging E

e 5§ 30 s
Western Bloting w_ - 2
B Immunofluorescence ©o25 3 3
Real time qPCR g'g' 20 ik gE
* FACS c o . L 8
Kl §1.5 = ,‘,;,
25,4, °E5 2
D L <3
1] = 1. 8205 38
Sham IR 1d IR 3d 3 o0 S
5 o
Sham IR1d IR3d Sham IR1d IR3d
LILRB4 |— S — —— — |49kDa
G H 60
GAPDHl__----|37kDa :
3 : $ 40
l _\ 3 = - 2
d R o S 2
b RS o 20
o
. |_ £
0
L Sham IR1d IR3d
p r 1
e 60 Sham IR 3d
3 * ok kK
2 > FMO FMO FMO
o=
5 »40
35 £ 15.4% £ 27.8%| € 43.2%
5t a — 1 3 \ | 3 =
2720 o o o
s [
Sham IR1d IR3d LILRB4 LILRB4 LILRB4
- LILRBA4/NeuN/DAPI ILRE4Nba-1/DAPI
E
o
=
7}

geo LLRB4 —lba-1
% &0 |
40
820 \uy/.
0"““ ‘L&f,. ;
TOereTRE8TESRS 87\7\;8(’3803:9;

Distance (pixels)

Fig. 2 LILRB4 exhibits high expression in microglia during tMCAO in mice. (A) Overview of experimental design. (B) Representative laser speckle rheo-
gram from WT tMCAO mice, IR: Ischaemia-Reperfusion. (C) Representative images of TTC staining of brain sections from tMCAO mice. (D, E) Increased
expression of LILRB4 in stroke mice brains compared to controls, showing an increasing trend from day 1 to day 3. (n=6; **p=0.0082, ***p=0.0090). (F)
gPCR analysis of LILRB4 expression after tMCAO 1 h. (n=6; ***p=0.0003, **p=0.0093). (G, H) FACS analysis of LILRB4 expression in microglia after tMCAQ.
(n=6;**p=0.0008, **p=0.0073). (I) Specimen sites of Immunofluorescent staining. (J) Representative photograph of Immunofluorescent staining at low
magnification field of view. Scale bars, 100 um. (K, L) Immunofluorescence staining showing increased LILRB4 expression at 1 and 3 days post-infarction.
Scale bars, 50 um. (n=6; ***p<0.0001, **p=0.0026). (M) LILRB4 and GFAP/NeuN/Iba — 1 immunofluorescence double staining, confirming LILRB4 local-
ization in Iba-1* microglia. Scale bar, 50/20um. (N) Colocalization analysis of IBA-1 and LILRB4 in (M). ImageJ quantification



Ma et al. Journal of Neuroinflammation (2024) 21:214

We employed the inducible Cre-loxP system, establishing
Cre mice by inserting the Cre-ERT2 element downstream
of the promoter of CX3CR1. Flox mice with Lilrb4 knock-
out (Lilrb4-KO) were created by inserting the Lilrb4 gene
flanked by loxP sequence, whereas Flox mice with Lilrb4
overexpression (Lilrb4-TG) were generated by knocking
in a designed guide RNA target Lilrb4 sequence at the
ROSA 26 site. The heterozygous LILRB4-TG mice were
generated by crossing CX3CR1 CreER mice and Lilrb4-
TG Flox mice. The homozygous LILRB4-KO mice were
generated by crossing CX3CR1 CreER mice and Lilrb4-
KO Flox mice. The above used CX3CR1 CreER mice and
Lilrb4-TG Flox mice were heterozygous genotype, while
the Lilrb4-KO Flox mice were homozygous genotype.
Seven days after five intraperitoneal injections of tamoxi-
fen, the expression level of LILRB4 mRNA in the brain
were detected by PCR. The results indicated that LILRB4
expression was significantly decreased in the knock-
out model and increased in the overexpression model
(Fig. 3B). Flow cytometry also confirmed that conditional
LILRB4 knockout and overexpression in microglia were
efficient (Fig. 3C, D).

We monitored the body weight and performed Rotarod
test, Noval Object Recognition experiment and Tail sus-
pension test on 10-week-old mice to assess the effects
of LILRB4 transgenic technology on the basal status of
mice. And there was no significant difference in body
weight after knockout and overexpression of LILRB4
(Fig. 3E). Additionally, there were no differences among
the four groups in cognitive, emotional and motor func-
tions (Fig. 3F). We further used immunofluorescence to
assess the effect of transgenic manipulation on the num-
ber of normal mouse brain cells. The results showed that,
under normal conditions, knockout and overexpression
of LILRB4 had no effect on the number of astrocytes,
microglia, and neurons (Fig. 3G, H). Furthermore, H&E
staining showed no obvious inflammatory cell infiltration
in the brain sections (Fig. 3I), which indicated that trans-
genic manipulation did not increase the inflammatory
response in the brain of normal mice.

Microglial overexpression of LILRB4 protects against
ischemia-induced brain damage

To assess whether LILRB4 could have an effect on neu-
rological function, cerebral blood perfusion and brain
injury post-ischemic stroke mice, we designed an experi-
mental protocol plan as shown in Fig. 4A. After tMCAO,
several behavioral experiments were conducted to exam-
ine neurological function in 4 groups of mice. Compared
with Control group, LILRB4-KO mice developed more
severe functional deficit, as evidenced by mNSS score,
corner turning test, foot-fault test, and appearing from
the first day after ischemia. In contrast, LILRB4-TG mice
showed relatively lighter deficit in the mNSS, foot-fault
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test, and corner turning test (Fig. 4B). Cortical perfusion
maps and statistics also supported the behavioral find-
ings (Fig. 4C, D). The mean infarct size of LILRB4-KO
mice was significantly larger than that of Control mice,
whereas that of LILRB4-TG mice was smaller (Fig. 4E,
F). In conclusion, selective overexpression of microglia
LILRB4 plays a protective role after ischemic stroke.

LILRB4 is associated with microglial inflammatory
phenotypes and morphology after t MCAO

Since microglia are the primary immune cells in the
brain, they can rapidly respond to the stimulation of
ischemia and hypoxia. Therefore, we explored LILRB4-
mediated microglia response after tMCAO. In order to
investigate the effect of LILRB4 on microglia polariza-
tion and activation after ischemia-reperfusion, we used
PCR to detect proinflammatory (M1 phenotype) and
anti-inflammatory (M2 phenotype) markers in microglia
of Control and LILRB4-KO mice in 1 day after tMCAO.
As shown in Fig. 5A, the expression of Ml-associated
phenotype markers MCP-1, TNF-«, IL-1p, and CD32
increased after LILRB4 knockout, whereas the expression
of the M2-associated phenotype markers Arg-1, TGF-f,
and CD206 decreased. This indicates that LILRB4 knock-
out may lead to increased inflammation in the brain by
promoting the conversion of microglial cells toward a
proinflammatory phenotype.

As the morphology of microglia is closely related to
its function, we further analyzed the morphology of
Iba-1-positive microglia in the brains of transgenic and
Control mice, focusing on the area near the infarct edge,
where LILRB4 is highly expressed. Compared with the
Control group, the branch (process) lengths of LILRB4-
KO microglia were reduced. In contrast, LILRB4-TG
microglia increased branch lengths. Sholl analysis
revealed that the branches (processes) of microglia after
overexpression of LILRB4 were more complex than that
of Control microglia, while the degree of microglial pro-
cess complexity was reduced after LILRB4-KO (Fig. 5B).
In conclusion, LILRB4 expression levels affect the polar-
ization and morphological plasticity of microglia and
may ultimately modulate the immune response after
ischemic stroke.

LILRB4 deficiency in microglia aggravates cytotoxic CD8" T
cells accumulation in brain after cerebral ischemia

The damage of BBB after brain injury may cause the infil-
tration of peripheral immune cells to the CNS. To inves-
tigate the effect of microglia LILRB4 expression on the
post-stroke immune response, we analyzed the numbers
of immune cells in the brains of Control and LILRB4-KO
mice after tMCAO, using flow cytometry to identify dif-
ferences in immune cell populations. Figure 6A shows
the flow gating strategy. One day after ischemic stroke,
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there were no differences in the numbers of neutrophil,
natural killer cell, and macrophages in infarcted brain tis-
sue between Control and LILRB4-KO mice. In contrast,
the number of T cells in the brains of LILRB4-KO mice
increased (Fig. 6B). Immunofluorescence also confirmed
the above conclusion (Fig. 6H, I). Notably, the number of
CD8* T cell changed most significantly, suggesting that
CD8* T cell might be the most dramatically affected by
LILRB4.

To further explore whether conditional microglia tar-
geting of LILRB4 expression affects the function of CD8*
T cells, we examined the expression of CD69 and IFN-y
in CD8* T cells after ischemic stroke, which are cell
markers related to cytotoxicity. The expression of CD69
and IFN-y were increased on CD8" T cell in the brain of
LILRB4-KO mice (Fig. 6D, E).

Interestingly, the numbers of T cells in spleen of
LILRB4-KO mice decreased (Fig. 6C). There was no dif-
ference in the expression of CD69 and IFN-y of T cells
in spleen among the groups (Fig. 6F, G). These results
suggest that LILRB4* microglia may negatively affect the
aggregation and activation of CD8" T lymphocyte in the
brain after ischemic stroke.

Depletion of CD8" T cells rescue the aggravated brain
injury in LILRB4-KO mice

We have found that LILRB4 can influence the inflamma-
tory response in ischemic brain injury by regulating the
infiltration of T cells into the brain, particularly CD8*
T cells. The suppressive effect of CD8* T cells cytokine
production by LILRB4 is consistent with previous stud-
ies [32—-34], which found that LILRB4 inhibited T cells
responses depended on the existence of CD8* T cells.
Depletion of CD8" T cells eliminated the suppression
effect of LILRB4 on T cell proliferation in autoimmune
diseases [14, 23]. To further verify whether LILRB4 tar-
geting specificity depends on CD8" T cells in ischemic
stroke, anti-CD8 mAb was used to deplete this subset
of immune cells (Fig. 7A, B). Isotype IgG used as con-
trol was primary antibody that lack specificity to the
target, but match the class and type of anti-CD8 mAb.
The results showed that the depletion of CD8* T cells by
anti-CD8 mAb before tMCAO in LILRB4-KO mice com-
pared with IgG control resulted in an increase in CBF
and a decrease in neurologic function impairment degree
and infarct size (Fig. 7C-G), whereas the above changes
were similar in tMCAO mice treated with anti-CD8 mAb
between Control and LILRB4-KO group. In addition,
microglia morphology was also evaluated (Fig. 7H, I).
Compared with IgG control group, CD8* T cell depletion
increased the branch length and complexity of microg-
lia in both Control and LILRB4-KO mice. However, in
tMCAO mice treated with anti-CD8 mAb group, the
difference of microglia morphology between Control

Page 11 of 22

and LILRB4-KO mice was not significant. Theses above
results indicated that the depletion of CD8" T reversed
the augmented brain injury and change of microglia
morphology in LILRB4-KO mice. In conclusion, these
data demonstrated LILRB4 conditional knockout aggra-
vated ischemic brain injury in a CD8" T cells-dependent
manner.

Microglia LILRB4 deficiency increases the CCL2 production
We have shown that LILRB4 may regulate the infiltration
of peripheral T cells, especially CD8* T cell into the brain
after stroke. Various cytokines and chemokines, such as
CCL2, CCL3, CCL4, CCL12, CXCL10, CXCL16, acted on
CD8* T cells and cause them to enter the brain [35-37].
Firstly, we examined chemokines in the ischemic brain
of LILRB4-KO mice 1 day after tMCAO and found that
mRNA levels of CCL2 dramatically increased only in the
LILRB4-KO mice after tMCAO (Fig. 8A). Targeted bind-
ing of CCL2 to CCR2 on the surface of the CD8" T cell
membrane promotes CD8" T cell infiltration into brain
tissue following ischemia and radiation brain injury, and
CCR2 was found to be elevated on the T cell surface dur-
ing this process [35]. Using scRNA-seq and the spatial
transcriptomics analysis, we identified that CCL2 was
mainly produced by microglia and macrophage clusters
in the peri-infarct area after stroke (Fig. 8B, C). We fur-
ther verified that the expression of CCL2 in microglia
sorted from LILRB4-KO mice was also increased after
tMCAO (Fig. 8D). Overall, these findings suggest that
microglia LILRB4 can affect CCL2 expression in brain
after ischemic stroke.

Blockade of CCL2 or addition of Arg-1 suppress CD8" T

cell activation and migration in co-culture with LILRB4-KD
microglia

We found that LILRB4 may target and regulate periph-
eral T cell infiltration into the CNS. To further explore
whether microglia recruit T cells directly by LILRB4,
a LILRB4 knockdown model of mouse microglia BV2
were constructed and validated using viral transfection
(Fig. 9A, B). The Control microglia were transfected
with an empty virus that did not carry a fragment of the
LILRB4 gene (Control“P). These results of qPCR and
flow-cytometric analyses suggested that the mRNA and
protein expression of LILRB4 decreased significantly in
LILRB4-KD microglia. T cells were extracted from the
spleen of mice, and migration experiments were per-
formed as shown in Fig. 9C, using Control and LILRB4-
KD microglia. The microglia were exposed to an OGD
environment for 4 h. To investigate the chemotactic effect
of microglia derived CCL2 in the migration of T cells,
CCL2 inhibitors was added as fellow. Prior to hypoxia,
for LILRB4-KD microglia, one group did not add any-
thing as a blank control, one group added CCL2 inhibitor
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(See figure on previous page.)

Fig. 3 The characterization of LILRB4 transgenic mice have been evaluated under normal conditions after generation. (A) Overview of the construc-
tion scheme for microglia LILRB4 knockout and overexpression mouse models. (B) gPCR was used to detect the level of LILRB4 transcription in mice
brain. (n=6; *p=0.0127, **p=0.0018). (C) FACS analysis of LILRB4 expression in microglia from LILRB4-KO, LILRB4-TG and Control mice. (n=6; *p <0.05).
(D) Quantitative data plot in (C). (n=6; ****p<0.0001). (E) Body weight of LILRB4-KO, LILRB4-TG and Control mice. (n=6; p=0.9973). (F) Quantitation and
statistical evaluation of Rotarod test, Noval Object Recognition and Tail suspension test for the normal LILRB4-KO, LILRB4-TG and Control mice. (n=6;
p=0.8803/0.4642/0.9887). (G) Representative immunohistochemical staining for neurons, astrocytes, microglia in brain sections from normal LILRB4-KO,
LILRB4-TG and Control mice after tamoxifen injecton (7 days after the last dose). (H) Neurons (anti-NeuN, red), astrocytes (anti-GFAP, green) and microglia
(anti-Iba-1, green) were quantified with DAPI counterstain (blue). (n=6; p=0.9479/0.3929/4557). (I) HE staining revealed no obvious inflammatory infiltra-

tion in brain sections of Control, LILRB4-KO or LILRB4-TG mice under normal conditions. (4x, Scale bar, 200 um; 20x, Scale bar, 40 um)

to the medium 2 h earlier, and one group added IgG as
a control. The Control microglia without LILRB4 defi-
ciency would not been added anything. After hypoxia,
they were placed in a Transwell system for 24 h, in which
T cells (upper layer) and microglia were separated with
Transwell membranes to verify T cell migration dur-
ing microglia OGD-R in vitro. After reoxygenation, sig-
nificant differences were observed in the proportion of
T cells that migrated to the lower layers of the transwell
device between the two groups. As shown in Fig. 9D,
knockdown LILRB4 promoted the recruitment of T
cells to microglia, and the recruited T cells were pre-
dominantly CD8" T cells. When anti-CCL2 antibody
was added to microglia medium, the migration-promot-
ing effect of LILRB4-KD on T cells was decreased. This
suggested that the recruitment of T cells by LILRB4-KD
microglia may be mediated by chemokine CCL2.

To further assess whether LILRB4 influences the acti-
vation state of cytotoxic CD8" T cells, we used flow
cytometry to detect the expression of CD69 and IFN-y in
a vitro cocultured system (Fig. 9C). After 24 h OGD, we
found the expression of CD69 and IFN-y in CD8* T cells
increased when cocultured with LILRB4-KD microglia
(Fig. 9E, F). Previous studies have proven that Arg-1 can
inhibit T cell activity and can be upregulated by LILRB4
in leukaemia cells [14, 38]. In this study, we also found
the secretion of Arg-1 in a LILRB4-depended on manner
after stroke as shown in Fig. 5A. Hence, to investigate the
impact of Arg-1 on CD8* T cells, we added the recom-
binant Arg-1 into the co-culture system. Interestingly,
Arg-1 also inhibited the effect of LILRB4-KD microglia
on T cell proliferation by suppressing the expression lev-
els of CD69 and IFN-y on CD8" T cells following OGD
(Fig. 9E, F). Together, these results suggested that LILRB4
in microglia can inhibit CD8* T cell activation depending
on secretion of Arg-1.

Discussion

Microglia are now recognized as key modulator of
inflammatory reactions following ischemic stroke, yet
their cellar heterogeneity and functional diversity in the
ischemic brain injury remains elusive. In this present
study, using scRNA-seq, we identified a novel subclus-
ter of microglia highly expressing LILRB4 specifically
accumulated in the ischemic brain. We observed a

neuroprotective effect of LILRB4 overexpression on cere-
bral infarction, while knockout of LILRB4 exacerbated
the inflammatory response by regulating the infiltration
of peripheral CD8" T cells into the injured brain tis-
sue. Microglia derived CCL2 and Arg-1 are important
chemokine or cytokine involved in the mechanism of
LILRB4 mediated inflammatory response as above. These
findings suggest that targeting microglia LILRB4 may
represent a viable therapeutic strategy to prevent the del-
eterious cerebral injury following ischemic stroke.

The most important biological significance of our study
was the focus on the precise regulation of microglia gene
expression in single cell level. Previous researches of
microglia genes were based on bulk RNA-seq of whole
brain or sorted all microglia [39, 40], which masked the
gene expression on specific microglia subcluster. The
reason for the failure of preclinical of clinical trials [41,
42] on targeting microglia may result from the ignor-
ing of the heterogeneity of microglia subcluster in single
cell level. Hence, in our study, we designed the research
based on the application of scRNA-seq technology which
identified a unique LILRB4" microglia subset mainly
occurred in the stroke tissue. Similarly, a recent study
[43] also discovered a stroke-associated myeloid cell clus-
ter which was specific highly in brain parenchyma using
single-cell transcriptomic analysis on 24 h after MCAO.
This cluster was a mixed macrophage and microglial phe-
notype also expressing LILRB4 exerting lipid phagocy-
tosing and clearance function in vitro. However, whether
LILRB4 in microglia could regulate lipid metabolism in
stroke animal awaits to be verified in future researches.

Despite LILRB4 elevation in 24 h after MCAO was also
identified [44], the dynamic expression at different time
points, brain immune microenvironment alterations
in LILRB4 upregulation and the resulting pathophysi-
ological mechanisms remain further investigated. To
better understand the role of LILRB4, we generated the
transgenic mice strains with microglia-specific LILRB4
knockout and overexpression. In the early stage of acute
cerebral infarction, LILRB4-KO mice suffered worst CBF
reduction, while LILRB4-TG mice significantly improved
CBF compared to Control and LILRB4-KO mice at 1-3
days after tMCAO. A recent study suggested that LILRB4
promoted myeloid-derived suppressor cells polarized
to M2 phenotype expressing anti-inflammatory factors,
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such as TGF-f, IL-10 and stimulated tumor angiogene-
sis [45]. The expression of angiogenic biomarker VEGFA
and CD31 was reduced in LILRB4~/~ mice. Thus, LILRB4
might participate in anti-inflammatory function and con-
tribute to the protection for neurovascular unit or the
BBB structure in brain ischemia.

In our study, LILRB4-KO in the microglia after isch-
emic stroke increased the expression of pro-inflam-
matory factors and promoted the transformation of
microglia into M1-like phenotype. Our findings align
with other studies, the downregulation of LILRB4

markedly increased the secretion and synthesis of inflam-
matory factors, such as IL-1pB, IL-6, and TNF-a [18, 19,
46] through NF-«B pathway in lung injury and heart dis-
ease, but decreased the anti-inflammatory mediators like
IL-10 [20]. In our scRNA-seq analysis, we also discov-
ered the LILRB4 in microglia enriched in TNF signaling
pathway, however, whether the LILRB4 is also involved
in the suppression function on microglia in stroke need
for further study. Furthermore, morphological analysis
of microglia showed a reduction in microglial process
complexity in LILRB4 knockout mice, whereas LILRB4
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Fig. 6 LILRB4 deficiency in microglia aggravates cytotoxic CD8* T cells accumulation in brain after cerebral ischemia. (A) Flow-gated strategy after isola-
tion of immune cells from brain and spleen 1 day after tMCAO in Control and LILRB4-KO mice. Fluorescent negative control was used. (B) Calculation of
macrophages, neutrophil, CD4* T cells, CD8" T cells, NK cells, and B cells in the brains of Control, LILRB4-KO mice 1 day after tMCAQ. The data show the
absolute value of each brain. (n=8; ***p=0.0002, *p=0.0102). (C) Quantification of macrophages, neutrophil, CD4* T cells, CD8* T cells, NK cells, and B
cellsin the spleens of Control, LILRB4-KO mice 1 day after tMCAQ. The data show the absolute value of each spleen. (n=8;**p=0.0033, *p=0.0192). (D-G)
The expression of CD69 and IFN-y on CD8" T cells in the brain (D and F) and spleen (E and G) by FACS analysis for 1 day after tMCAQ. (n=5/6; *p=0.0429,
**p=0.0017, ***p < 0.0001). (H) Representative immunofluorescence staining plots of T lymphocyte (anti-CD3, green; DAPI staining for nuclei, blue) at
the infarct border site in Control, LILRB4-KO mice 1 day after tMCAQ. Scale bar, 200 um. (I) Quantification of data in (H). (n=7; *p=0.0376, ****p < 0.0001)

overexpression recovered microglial morphology with
more ramified and complex processes. Thus, LILRB4
was likely involved in enhancing the ramified processes
of microglia, which might play a role in increasing their
surveillance capabilities, allowing them to more rapidly
sense and react to ischemic injury [47]. Similar phe-
nomena were observed in bone marrow—derived macro-
phages, where LILRB4 expression was higher in M2-type
macrophages, and LILRB4~/~ macrophages switched
toward a more inflammatory or M1-type phenotype with
increased expression of IL-1f and iNOS2 cytokines [22].
Hence, LILRB4 in microglia/macrophages may play a
protective role in resolution of neuroinflammation and
help repair the damaged tissue.

In recent years, the infiltration of T cells into brain
tissue have been recognized as a significant player in
adaptive immunity in stroke [48, 49]. However, the
mechanism and potential pathogenesis remain to be elu-
cidated. In this study, LILRB4 knockout promoted T cell
infiltration into ischemic brain tissue, particularly CD8*
T cells. Chih-Chao et al. [50] found that knockdown of
LILRB4 in dendritic cells triggered the production of
T cell chemokines including CXCL10 and CXCLI11,
which induced the transmigration of activated T cells
in response to supernatants from LPS-treated LILRB4
knockdown-dendritic cells. In contrast, we detected evi-
dent CCL2 expression primarily in LILRB4-KD microg-
lia, and then which promote the T cells migration in vitro
OGD model. Although microglia and dendritic cells are
all major antigen presenting cells in pathological condi-
tions, whereas they might perform different pathways
to process antigens and present them to T cells in dif-
ferent diseases. A recent study [35] consistent with our
results also showed that microglia-derived CCL2 could
trigger CD8* T cell infiltration to the brain after radia-
tion-induced or ischemic brain injury. Interference with
the CCL2-CCR2 signaling pathway effectively inhib-
ited CD8" T cell migration and significantly reduced
brain lesion. Our study will further continue to explore
the molecular mechanisms between the elevated CCL2
after LILRB4 knockout and infiltration of CD8* T cell in
tMCAO model. Additionally, we observed the function
state of cytotoxic CD8* T cells was inhibited by LILRB4
in microglia, which was in line with the results of previ-
ous studies demonstrating that LILRB4 signaling inhib-
ited CD8"' T cell cytotoxicity and infiltration in leukemia

cells and cancer progression [14, 17]. It is well known that
Arg-1 is primarily produced by myeloid-derived suppres-
sor cells and has immunosuppressive effects on T cells
proliferation, differentiation and cytokine production
[14, 51]. Our study showed that Arg-1 transcription levels
decreased significantly in the microglia LILRB4 knockout
model after tMCAQO. Moreover, addition of recombinant
Arg-1 could also suppress the activation of CD8* T cell
in LILRB4-KD microglia in our OGD model. Thus, we
proposed that LILRB4 may play a key role in suppressing
CD8" T cells function depending on Arg-1.

Our study has significant clinical guiding value for
the selective microglia subset-specific genetic regula-
tion program for inflammatory intervention after isch-
emic stroke. The clinical trial targeting LILRB4 receptor
(I0-202) are ongoing with the aim to for the treatment
of acute myeloid leukemia (NCT0437243) and advanced
solid tumors (NCT05309187) [52]. Screening or design-
ing small molecule compounds induce the upregulation
of LILRB4 in microglia would be a powerful immuno-
suppressive strategy for treatment of stroke. Studies in
humans support a role of IL-10, IFN-f, vitamin D ana-
logues, niflumic acid, and tryptophan depletion could
up-regulate the expression of LILRB4 among antigen-
presenting cells in a variety of autoimmune diseases [33].
Further study of exploring suitable compounds or agonist
for LILRB4 offers a new approach to clinical treatment of
brain injury. An alternative strategy is to block the down-
stream factors of LILRB4 such as CCL2 or supplement
Arg-1, which have been modified as Pegzilarginase [53]
for treating patients with Arg-1 deficiency.

While our study offers valuable insights, it is not
without limitations. The use of animal models neces-
sitates caution in extrapolating results to human stroke.
Although LILRB4 is highly conserved between human
and mouse sharing 97% genetic homology [54], there
are still likely to be functional differences within them.
A recently published study established a new LILRB4
transgenic mouse line, known as ILT-Telo Tg mice [55],
which structurally resembled human LILRB4 but was
not its direct orthologue of mouse, to explore the func-
tion of human LILRB4 in Alzheimer’s disease. However,
our research only designed the traditionally transgenic
line of mouse LILRB4 gene. The LILRB4 gene in human
might regulate the neuroinflammation through other
signal pathways or mechanisms after stroke. Besides, the
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Fig.7 Depletion of CD8* T cells rescue the aggravated brain injury in LILRB4-KO mice. (A) Gating strategy of brain and spleen CD8* T cell in mice injected
with IgG or anti-CD8 mAb. (B) Brain and spleen CD8" T cell count in mice injected with IgG or anti-CD8 mAb. (n=3, ****»<0.0001). (C, D) Blood perfu-
sion and representative laser speckle images in IgG treated Control/LILRB4-KO tMCAO mice and anti-CD8 mAb treated congtrol/LILRB4-KO tMCAO mice.
(n=6; *p=0.0430). (E) mNSS score, Foot-Fault test and corner turning test in IgG/anti-CD8 mAb treated Control/LILRB4-KO tMCAQO mice. (n=6). (F, G)
Representative images of TTC staining of brain sections from IgG/anti-CD8 mAb treated Control/LILRB4-KO tMCAO mice, with gantitation and statistical.
(n=5;*p=0.0130). (H,) Fluorescence imaging of microglia in the infarct border region in IgG/anti-CD8 mAb treated Control/LILRB4-KO tMCAQ mice. Scale
bar, 10 um. (I) Shows the number, length of microglia processes (branches). (n=10; *p=0.0323, **p=0.0043)

these species-specific differences, which might affect the

human LILRB4 might exhibit unique molecular recep-
tor structure unlike mouse, which may bind to different
ligands compared to mouse. Hence, our study ignored
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stroke, and the long-term effects of LILRB4 modulation
remain to be investigated. Future research should aim to
confirm these findings in clinical settings and explore the
long-term impact of LILRB4 on stroke recovery. It has
been emergingly acknowledged that sex-specific lesion
patterns exist in acute ischemic stroke and female suf-
fer more widespread left hemisphere lesions than man
[56]. Only male mice were used in our study and whether
female mice share the same outcome in LILRB4 signaling
after stroke warranted further investigation. Additionally,
further elucidation of the molecular mechanisms under-
lying LILRB4’s protective effects is necessary. Exploring
other potential chemokines and cytokines involved in
LILRB4-mediated immune modulation could provide a
more comprehensive understanding of its role in stroke
pathology. These investigations will help to better under-
stand the therapeutic potential of targeting LILRB4 in
ischemic stroke.

Conclusion

In summary, microglial LILRB4 plays a crucial role in
modulating the post-stroke immune response by regulat-
ing CD8* T cell infiltration and activation. Knockout of
microglial LILRB4 exacerbates CD8" T cell transmigra-
tion in a CCL2-dependent manner, and enhances CD8"
T cell responses which could be rescued by addition of
Arg-1 in vitro OGD/R model. These findings underscore
the therapeutic potential of targeting microglial LILRB4
and its downstream pathways to mitigate immune-
mediated damage in ischemic stroke. Further research is
warranted to translate these findings into clinical applica-
tions, potentially improving outcomes for stroke patients.
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