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Semaglultide targets Spp 1™ microglia/ 2
macrophage to attenuate neuroinflammation
following perioperative stroke
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Abstract

Peripheral surgery evokes neuroimmune activation in the central nervous system and modulates immune cell
polarization in the ischemic brain. However, the phenotypic change of microglia and myeloid cells within post-
surgical ischemic brain tissue remain poorly defined. Using an integrated approach that combines single-cell RNA
sequencing with comprehensive biological analysis in a perioperative ischemic stroke (PIS) model, we identified a
distinct Spp1-positive macrophage/microglia (Spp1* Mac/MG) subgroup that exhibit enriched anti-inflammatory
pathways with distinct lipid metabolic reprogrammed profile. Moreover, using immunofluorescence staining, we
identified the expression of Glucagon-like peptide-1 receptor (GLP1R) in Spp17F4/807 cells and Spp1Fiba-17" cells.
Intraperitoneal administration of semaglutide, a GLP1R agonist clinically approved for the treatment of type 2
diabetes mellitus, resulted in a significant reduction of cerebral infarct volume in PIS mice compared to that in
ischemic stroke (IS) mice. Meanwhile, semaglutide treatment also increased the proportion of Spp1*Edu*lba-1*
cells 3 days after PIS. Using high-parameter flow cytometry, immunofluorescence staining and RNA sequencing, we
demonstrated that semaglutide treatment significantly attenuated the expression of neuroinflammatory markers in
mice following PIS. We also found that semaglutide treatment significantly ameliorated sensorimotor dysfunction
up to 3 days after PIS in mice. Our current finding reveal a novel protective Spp1*Mac/MG subset after PIS and
demonstrated that it can be upregulated by semaglutide. We propose that targeting Spp1*Mac/MG subsets using
semaglutide could serve as a promising strategy to attenuate the exacerbated neuroinflammation in PIS.
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Introduction

Perioperative ischemic stroke (PIS) can elicit aggra-
vated neuroinflammation and exacerbated neurological
deficits [1-3]. Emerging evidence highlights peripheral
surgical trauma as a potent driver of systemic inflamma-
tion and exacerbated neuroinflammation. The systemic
immune activation disrupts cerebral immune homeo-
stasis, inducing over activated neuroimmune responses
characterized by blood-brain barrier (BBB) disruption
and facilitates crosstalk between peripheral and brain-
resident myeloid cells. The brain infiltrated macrophages
and brain resident microglia can amplify neuroinflamma-
tory cascades that worsen secondary neuronal damage
[4, 5]. Our previous work demonstrated that peripheral
surgical trauma activated peripheral myeloid cells, trig-
gering the release of pro-inflammatory mediators (e.g.,
cytokines, chemokines) that exacerbated BBB disruption
in murine models [6, 7]. Microglia mediated neuroin-
flammation in the injured brain are critical regulators of
long-term neurological outcome by adopting neurode-
generation-specific transcriptional programs and exhibit
transcriptionally distinct phenotypes of ischemic stroke-
associated microglia and disease-associated microg-
lia (DAM) [8-12]. Some specific microglia subsets, for
example, DAM [12, 13], age-associated-microglia [14],
APOE" microglia have been suggested to be involved
not only in the brain injury evolving, but also long-term
cognitive dysfunction [15-17]. Meanwhile, the brain
infiltrated macrophages are also highly heterogenous.
However, how does surgery induced systemic immune
activation regulate the transcriptional heterogeneity and
functional diversity of myeloid cells in the context of PIS
remain largely unknown.

Recent studies have explored a plethora of myeloid
cell phenotype modulation strategies, such as Trem?2
[18-20], and glucagon-like peptide-1 receptor (GLP1R)
agonists to improve neurological outcomes of neurode-
generative diseases [21]. It was reported that subsets of
glia (e.g. microglia and astrocytes) and infiltrating mac-
rophages could express GLP1R [22] and the activation of
GLP1Rs on microglia could modulate the neuroinflam-
mation and neuronal apoptosis in epilepsy [23]. There-
fore, GLP1R agonist turns out to be novel targets to
reduce microglia/macrophage activation [24, 25]. Sema-
glutide, developed for the treatment of type 2 diabetes,
has been recently shown to have neuroprotective effects
in an MCAO model and regulate microglial polarization
[26-28]. Considering the increasing number of patients
under the treatment of semaglutide, it would be intrigu-
ing to know whether it could affect the heterogeneity of
myeloid cells and protect against the exacerbated neuro-
inflammation after PIS.

Here, using an in vivo PIS (surgery plus dMCAO)
mouse model, we discover a distinct PIS associated
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disease-specific Sppl*Mac/MG subset characterized
with anti-inflammatory and distinct lipid metabolic
reprogrammed profile. Moreover, we find that intraperi-
toneal injection of the GLP-1R agonist semaglutide at 30
nmol/kg at 2 h and 1 day can induce the proliferation of
Sppl*Iba-1* cells and ameliorate neuroinflammation and
neurological deficits after PIS. The current finding reveals
a novel protective Sppl*Mac/MG subset that can be
upregulated by semaglutide after PIS, proposing a highly
translational therapy to attenuate neuroinflammation
and neurological deficits following PIS.

Methods

Animals

Male C57/BL6 mice were acquired from Shanghai SLAC
Laboratory Animals, which maintained in accordance
with conventional laboratory settings (22 °C, a 12-h
light—dark cycle, and free access to food and water). All
studies were conducted in line with the Institutional
Guide for the Care and Use of Laboratory Animals and
were approved by Renji Hospital Institutional Animal
Care and Use Committee. Surgeries and all outcome
assessments were performed by investigators who were
‘blinded’ to experimental group assignments.

Murine focal cerebral ischemia model

Male and female C57/BL6 mice (8—10-week-old) were
subjected to distal middle cerebral artery occlusion
(dMCAO) as previously described [29]. Briefly, mice
were anesthetized with 2% isoflurane in a 30% O2/68%
N20 mixture under spontaneous breathing conditions. A
skin incision was made at the neck and the left common
carotid artery was exposed and ligated. After the neck
incision was sutured, another skin incision was made
between the left eye and ear. The temporal muscle was
dissected, and a burr hole was opened to expose the dis-
tal part of middle cerebral artery occlusion (MCA). The
dura mater was then cut, and the distal MCA was coagu-
lated with low-intensity bipolar electrocautery (Shang-
hai Hutong Electronics Co. Ltd.) at the immediate lateral
part of the rhinal fissure. Sham-operated animals under-
went anesthesia and surgical exposure of arteries but
without artery occlusion. Mice were sacrificed by high
CO2 asphyxiation. The number of animals that received
surgery was determined based on prior experimentation
in our lab. All efforts were made to minimize animal suf-
fering and the number of animals used.

Bone fracture surgery model

Twenty-four hours before the dIMCAO procedure, ani-
mals were given general anesthesia with 2% isoflurane
in a 30% 0O2/68% N20O mixture. Under aseptic surgi-
cal conditions, animals received an open tibia fracture
of the right hindlimb with an intramedullary fixation, as
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previously described [30]. Briefly, after shaving the over-
lying skin and disinfecting with 0.5% chlorhexidine glu-
conate and 70% isopropyl alcohol, a fracture of the tibial
shaft was created under direct vision. A longitudinal inci-
sion was made through the skin and fascia lateral to the
tibia to expose the bone. A 0.5 mm hole was drilled just
above the proximal third of the tibia to insert an intra-
medullary 0.38 mm diameter stainless steel fixation wire.
Subsequently, the fibula and the muscles surrounding
the tibia were isolated, the periosteum stripped over a
distance of 10 mm circumferentially and an osteotomy
was performed with scissors at the junction of the middle
and distal third of the tibia. The skin was sutured with
8 -0 Prolene (Ethicon) and intra-operative fluid loss was
replaced with 0.5 ml of subcutaneously injected normal
saline. Animals were allowed to recover spontaneously
from the anesthetic under warm conditions and received
one intraperitoneal injection of buprenorphine (0.3 mg in
100 ul saline). The rectal temperature was maintained at
37+0.5 °C using a thermal blanket throughout the surgi-
cal procedure. The tibia fracture surgery did not present
any lethality.

Drug administration

Semaglutide was purchased from China peptides Ltd.
Company (Shanghai, China). 0.2 mg semaglutide was dis-
solved with 531.2 ul PBS and stored as a stock with the
concentration of 105 nmol/L. For injection, 7.5 ul stock
was diluted with 192.5 pl PBS, and then injected into 25 g
mouse (30nmol/kg) at 2 h and 1 day after dAMCAO via
intraperitoneal (i.p.) injection, followed by the same dose
injection every 2 days. The control group received 200 pl
of PBS i.p. injection 2 h after reperfusion, followed by the
same dose injection every 2 days as described [28].

MAP2 and IgG staining

Infarct volume was evaluated by microtubule-associated
protein 2 (MAP-2) immunofluorescence staining. BBB
leakage was evaluated by extravasation of plasma IgG.
We incubated the brain sections with primary antibod-
ies against anti-MAP2(Rabbit monoclonal), followed by
incubation with fluorescent secondary antibody Anti-
Rabbit IgG H&L (Alexa Fluor® 594) and Anti-Mouse IgG
H&L (Alexa Fluor® 488). The sections were then imaged
using a confocal microscope, and the infarct volume
or IgG" area was determined with NIH Image J (1.52a)
analysis by an investigator who was blinded to the experi-
mental group assignment.

Measurement of infarct volume

Brain slices were stained with 2,3,5-triphenyltetrazo-
lium chloride (TTC, Sigma- Aldrich) as described [31].
TTC infarct area was determined with NIH Image].
Infarct volumes (with correction for brain edema) were
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calculated as the volume of the contralateral hemi-
sphere minus the non-infarcted volume of the ipsilateral
hemisphere.

Blood brain barrier disruption examination with Evans
blue

Evans blue (EB, 4% in PBS, 4 ml/kg, Sigma-Aldrich) was
intravenously injected, followed by 3 h of circulation
before sacrifice. N, N-dimethylformamide was added to
the brain tissue and the tissue was sonicated on ice for
1 min. EB levels in each hemisphere were determined as
follows: {A620nm — [(A500nm + A740nm) / 2]} / mg wet
weight. Background EB levels in the non-ischemic hemi-
sphere were subtracted from those detected in the isch-
emic hemisphere [31].

Immunofluorescence staining

Coronal brain sections were subjected to immunofluo-
rescence staining at indicated time points. Mice were sac-
rificed by high CO, asphyxiation. Brains were carefully
extracted from the skull following transcardial perfu-
sion with saline and 4% paraformaldehyde in phosphate-
buffered saline (PBS). Brains were then dehydrated in
30% sucrose in PBS, and 25-pm thick brain sections were
cut on a freezing microtome and subjected to immuno-
fluorescent staining. Briefly, floating brain sections were
blocked with 5% donkey serum in 0.3% Triton X-100 in
PBS (PBST) for 1 h at room temperature (RT), followed
by overnight incubation with primary antibodies at 4 °C.
After three washes in 0.3% PBST, sections were incu-
bated with the appropriate secondary antibodies for 1 h
at RT. Sections were incubated in the following primary
antibodies over-night at 4 °C: rabbit anti-MAP2 (Abcam),
goat anti-CD31 (R&D), rabbit anti-ZO-1 (Proteintech),
rabbit anti-Claudin5 (Abcam), rabbit anti-VE-cadherin
(Abcam), rabbit anti-Sppl (Abcam), goat anti-CD36
(Abcam), rat anti-F4/80 (Abcam), rabbit anti-GLP1IR
(Abcam), rabbit anti-Mki67 (Cell signaling technology).
Confocal images were captured on a laser scanning con-
focal microscope (Olympus Fluoview FV3000, Olympus).
Three randomly selected microscopic fields in cortex on
each of three consecutive sections were analyzed for each
brain by a blinded investigator.

Flow cytometry

For mice peripheral blood cells, single cell suspensions
were prepared using RBC lysis buffer (BD Biosciences)
and filtered through a 70 um nylon membrane. Single
cell suspensions were stained with anti-mouse CD45
(BD Biosciences), CD11b (BD Biosciences), F4/80 (BD
Biosciences), Ly6G (BD Biosciences), NK1.1 (R&D),
CD19 (BD Biosciences), CD11c (BD Biosciences), Sppl
(BD Biosciences), CD8 (BD Biosciences), CD4 (BD
Biosciences) and appropriate isotype controls. The cell
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number counted on the FACS Verse cell sorter (BD
Biosciences) and analyzed using FlowJo software (Tree-
Star). Dead cells were stained using the Live/Dead Fix-
able Blue Dead Cell Stain kit (1:1,000; Thermo Fisher
Scientific, catalog no. L34962) and excluded from the
analysis. Data analysis was performed using FlowJo
v.10.5.3 (BD Biosciences). Doublets were excluded
via FSC-A versus FSC-H gating. After gating on live
CD45* cells, we performed multiple unbiased analyses
with FlowJo, including generation of t-distributed sto-
chastic neighbor embedding (t-SNE) plots for dimen-
sionality reduction and data visualization, as well as
PhenoGraphs to partition high-parameter single-cell
data into subpopulations (clusters) based on pheno-
typic coherence. Cluster Explorer was used to visual-
ize the PhenoGraph subpopulations on t-SNE plots.
To identify clusters containing RAMs, we first identi-
fied microglia based on CD11b, and CX3CR1 expres-
sion, and then defined macrophage clusters based on
CD11b, F4/80 expression.

RNA-sequencing

Samples were minced with a sterile scalpel into 1 mm?
fragments, suspended in digestion buffer consisting
of 1 mg/mL Collagenase type I (Sigma, C0130), 20U/
mL Papain (Sigma, P4762), and 200U/mL DNase I
(Worthington, LS006344) in HBSS (Solarbio, H1025),
and incubated in a 37 °C water bath with shak-
ing for 20 min. The suspension was passed through
a 100 pum filter (Falcon, 3523260) and centrifuged
(400 g, 10 min, 4 °C). Pelleted cells were resuspended
in red blood cell lysis buffer (Solarbio, R1010), incu-
bated for 2 min, passed through a 40 pm filter (Falcon,
3523240), collected by centrifugation (400 g, 10 min,
4 °C), and resuspended in pre-cooled solutions (Milt-
enyi Biotec, 130-093-634). Subsequently, the single-
cell suspension was subjected to magnetic-activated
cell sorting (MACS) to selectively enrich cells express-
ing the CD11b marker according to the manufac-
turer’s protocol. Cells were manually counted using
Trypan blue (Thermo, T10282) and AO-PI (LUNA,
D23001) after each centrifugation (400 g, 10 min,
4 °C) and then resuspended. Total RNA from the
cells was extracted using QIAGEN miRNeasy Micro
Kit (Cat#217084, QIAGEN), and RNA quality was
checked using Agilent 4200 TapeStation (Agilent tech-
nologies, Santa Clara, CA, US) according to standard
procedures. Sequencing libraries were constructed by
SMARTer Stranded Total RNA-Seq Kit for Illumina
(Cat#634413, Takara) according to manufacturer’s
instructions. The sequencing was performed on an
Illumina NovaSeq platform (Illumina, San Diego, CA,
USA) and analyzed at Shanghai Biochip Co., Ltd.,
Shanghai, China.
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Singlecell dissociation

scRNA-seq experiment was performed by experimen-
tal personnel in the laboratory of Biochip Co., Ltd. The
brain tissues around infarction from PIS, IS and sham
mice (n=3/group) were surgically removed. We per-
fused the mice transcardially with ice-cold PBS before
isolating brain tissues to obtain single-cell suspension.
Cerebral infarction region of mouse was minced with a
razor blade into 1 mm3 fragments, suspended in 5 ml of
digestion buffer consisting of 2 mg/ml Papain (Sigma,
P4762), 1 mg/mL Collagenase type II (Sigma, C6885)
and 200U/ml DNase I (Worthington, LS006344) in RPMI
medium (Coring, 10-040-CV), and incubated in 37°C
water bath with shaking for 45 min. The suspension was
passed through a 100 pm filter (Falcon,3523260) and cen-
trifugated (400 g, 10 min, 4°C). Pelleted cells were resus-
pended in red blood cell lysis buffer (Solarbio, R1010),
incubated for 2 min, passed through a 40 pm filter (Fal-
con,3523240), collected by centrifugation (400 g, 10 min,
4°C) and resuspended in PBS (BI, 02-024-1ACS) con-
taining 0.04% BSA (Sigma, B2064). Cells were manually
counted by Trypan blue (Thermo, T10282) and AO-PI
(LUNA, D23001) after each centrifugation (400 g, 10 min,
4°C) and resuspended. Single cells were processed using
Chromium Controller (10X Genomics) according to the
manufacturer’s protocol.

Single-cell RNA sequencing

By using Chromium Next GEM Single Cell 3’ Kit v3.1
(10x Genomics, 1000268) and Chromium Next GEM
Chip G Single Cell Kit (10x Genomics, 1000120), we
performed single cell 3° gene expression profiling. The
cell suspension was loaded onto the Chromium single
cell controller (10x Genomics) to generate single-cell gel
beads in the emulsion according to the manufacturer’s
protocol. Captured cells were lysed and the released RNA
were barcoded through reverse transcription in indi-
vidual GEMs. Cell-barcoded 3'gene expression libraries
were sequenced on an Illumina NovaSeq6000 system by
Shanghai Biochip Co., Ltd., Shanghai, China.

ScRNAseq statistical analysis

The raw reads were mapped to the mouse reference
genome (refdata-gex-mm10-2020-A) using CellRanger
count (v7.0.0) with default parameters, the digital expres-
sion matrix was extracted from the “filtered feature_
bc_matrix” folder outputted by the CellRanger count
pipeline. The R package Seurat (v4.1.1) was performed
to identify different clusters and signature genes. In brief,
after removing genes expressed in fewer than 3 cells, cells
with unique feature counts ranging from 300 to 6000 and
less than 25% mitochondrial expression were selected
for further analysis. We normalized raw data using Nor-
malize Data function and extracted highly variable genes
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using FindVariableFeatures function, then data integra-
tion was performed by canonical correlation analysis
according to shared sources of variation across multiple
datasets using SelectIntegrationFeatures, FindIntegra-
tionAnchors and IntegrateData functions. The normal-
ized data underwent linear transformation and principal
component analysis based on highly variable genes using
functions ScaleData and RunPCA. Graph-based cluster-
ing was performed according to the top 30 PCs using
FindNeighbors and FindClusters with parameter “resolu-
tion=0.5" RunUMAP was used to reduce the dimensions
of the data, and the first 2 dimensions were used in plots.
Meanwhile, the Wilcoxon rank-sum test was used to find
differential expressed markers in each cluster by running
FindMarkers function. Finally, we annotated each cell
type by searching for specific gene expression pattern.

The Gene-Barcode matrices containing the barcoded
cells and gene expression counts were imported into the
Seurat R toolkit (R version 4.0.3 (2020-10-10)). Cells with
gene number (6000) or high mitochondrial transcript
ratio (>25%), and genes expressed in less than 3 cells
were all excluded. After removing unwanted cells from
the dataset, all samples were combined with the function
“merge”. Next, we employed a global-scaling normaliza-
tion method “LogNormalize” to normalize the feature
expression measurements (UMI counts) for each cell by
the total expression.

Highly variable genes (top 2000) were extracted to per-
form the principal component analysis (PCA) and top
30 of significant principal components were used for
cluster analysis. Clusters were visualized using the Uni-
form Manifold Approximation and Projection (UMAP).
Marker genes for each cluster, cell type and subgroup
were identified by contrasting gene expression of cells
from certain cluster, cell type or subgroup to that of
others using the Seurat FindMarkers function. We per-
formed unsupervised clustering of all brain cells and
identified 28 distinct clusters. Peripheral leukocytes clus-
ters are identified and subsetted based on expression of
canonical gene signatures. Microglia clusters are iden-
tified and subsetted based on expression of canonical
microglia gene signatures [2, 3]. Then, we further re-clus-
tered all microglia and identified 8 microglia subclusters.

Pseudotime analysis

We applied Single-Cell Trajectories analysis using mon-
ocle3 (https://cole-trapnell.lab.github.io/monocle3)
based on UMARP to estimate the pseudo-temporal path of
microglia subclusters.

RNA velocity
Annotations of unspliced/spliced reads were obtained

using velocyto CLI with default parameters. Reads were
aligned to GENCODE reference build GRCm38.p6
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release M23 with added tdTomato sequence. Next, we
merged unspliced counts with the preprocessed, normal-
ized, integrated and annotated (Seurat v4.0) spliced count
matrix via the scvelo.utils.merge function and proceeded
to the RNA velocity analysis using the velocyto (0.17) and
scVelo (v0.2.4) workflow56. Briefly, before running the
dynamical model, we computed moments for velocity
estimation applying the values n_pcs=20 and n_neigh-
bors =30 for the combined datasets from BM, blood, LN
and CNS or n_pcs =30 and n_neighbors =30 for the CNS
dataset. We ran the dynamical model to learn the full
transcriptional dynamics of splicing kinetics, transcrip-
tional state and cell-internal latent time across the com-
plete dataset.

Pathway enrichment analysis

KEGG enrichment of cluster markers were performed
using R package clusterProfiler (v4.4.4) with Benjamini-
Hochberg multiple testing adjustment, using marker
genes from Seurat software with wilcox test and log-scale
foldchange (logfc.threshold > =0.25).

EdU injections

To label cells that underwent proliferation, animals were
intraperitoneally injected with the thymidine analog
5-ethynyl-2’-deoxy-uridine (EAU,50 mg/kg) at a concen-
tration of 1 mg/ml in PBS twice a day (with an interval of
at least 8 h). EAU administration was initiated on day 3
after AMCAO and continued for 3 consecutive days until
day 5. Then samples were collected at indicated time
points.

Evaluation of neurological function

The modified Garcia Score [32, 33], grid walk [34], and
adhesive test [35] were performed to assess sensorimotor
functions before and after surgery by investigators who
were blinded to experimental group assignments. The
modified Garcia Score is a well-established sensorimotor
assessment system consisting of seven individual tests, of
which one measures sensor function while four measure
motor function. We scored each test from 0 to 3 (maxi-
mal score=15): (a) body proprioception, (b) forelimb
walking, (c) limb symmetry, (d) lateral turning, (e) climb-
ing as described.

The grid walk test was performed according to Rogers
et al. 1 [36] with slight modifications. Mice were placed
on an elevated steel grid and foot faults (forelimb mis-
placed and slipping through the grid) were recorded dur-
ing the moving process. Data are presented as percentage
of foot faults for the right impaired forelimb referring to
the total amount of right forelimb steps.

In the adhesive removal test, two adhesive tapes
(0.3x0.4 cm) were placed on each paw. The order of
placement of the adhesive (right or left) was random
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in each animal and session. Then, the mouse was gen-
tly placed in a Perspex box, and the seconds to remove
each adhesive tape were recorded. Mice were trained
once daily before surgery for three consecutive days and
regularly tested (three trails per day with 15 min interval
of each mouse) after stroke at the indicated time points.
The mean latency of three trails to touch and remove the
tapes will be calculated.

Forelimb Grip strength testing was performed to assess
forelimb grip strength using a digital grip strength meter.
All tests were conducted in a quiet room to minimize
stress on the animals. The grip strength meter was cali-
brated according to the manufacturer’s instructions prior
to use. The testing surface was cleaned to ensure optimal
grip. Each mouse was gently grasped by the base of the
tail using thumb and forefinger. The mouse was posi-
tioned horizontally over the grip strength meter with its
forepaws making contact with the gripping surface. Only
the forepaws were allowed to touch the meter while the
body was held horizontal. The tail was then gently pulled
back to encourage the mouse to grasp the meter. The
maximum force exerted by the mouse when it released
its grip was recorded in grams (g) or Newtons (N). Mice
were trained once daily before surgery for three consecu-
tive days and regularly tested (three trails per day with
15 min interval of each mouse) after stroke at the indi-
cated time points. The maximum force from each trial
was recorded, and the average grip strength was calcu-
lated for each animal.

Tyramide signal amplification (TSA) technique

The Tyramide Signal Amplification (TSA) technique is
an enzymatic detection method that utilizes horseradish
peroxidase (HRP) to label target proteins. It is analogous
to conventional immunohistochemical methods, such as
the DAB staining method, but includes enhanced signal
amplification through the use of tyramide substrates.
This methodology outlines the steps to perform TSA for
the detection and visualization of specific proteins in tis-
sue samples.

Incubate slides in blocking buffer for 1 h at room
temperature to minimize non-specific binding. Apply
the diluted primary antibody solution to the sections
and incubate overnight at 4 °C in a humidified cham-
ber to allow specific binding. Sections were incubated
in the following primary antibodies over-night at 4 °C:
rabbit anti-Sppl (Abcam), rabbit anti-F4/80 (Abcam),
rabbit anti-Iba-1 (CST), rabbit anti-GLRP1R (Abcam).
Rinse the slides three times in wash buffer (PBS with
0.1% Tween-20) for 5 min each to remove unbound
primary antibodies. Dilute the HRP-conjugated sec-
ondary antibodies in blocking buffer. Apply the diluted
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secondary antibodies to the tissue sections and incu-
bate for 1 h at room temperature. Wash the sections
three times in wash buffer for 5 min each. Apply the
tyramide substrate solution to the slides and incubate
for 10-30 min at room temperature, which activates
the tyramide substrate. After incubation, rinse the sec-
tions briefly in wash buffer to remove excess tyramide
substrate. For multiplex labeling, subject the slides to
heat-induced epitope retrieval again to remove the
non-covalently bound primary-secondary-HRP com-
plexes from the previous round. This will help prepare
the samples for additional antibody labeling. Wash
the slides in PBS for 5 min. Repeat the previous steps
involving primary and HRP-conjugated secondary anti-
bodies, using additional primary antibodies specific to
other targets and corresponding tyramide substrates.
Ensure thorough washing between each step. After
completing all necessary rounds, rinse the sections
three times in wash buffer to eliminate unbound mate-
rials. Apply an appropriate mounting medium onto
the slides and gently place coverslips over the samples.
Allow the slides to dry completely before microscopy.

Gene set variation analysis (GSVA)

GSVA was performed using package “GSVA (v1.44.2)” in
R, 50 hallmark gene sets used for analysis were retrieved
from Molecular Signatures Database (MsigDB) using
package “msigdbr (v7.5.1)” For each gene set, the average
score of each cluster was calculated.

Statistical analysis

All statistics were performed using GraphPad Prism
(v9.5.0) or the implemented statistical tests of the respec-
tive R pack ages. The Shapiro—Wilk normality test was
initially performed on all data sets. A two-tailed Students
t test was used for the pairwise comparison between
two groups. For behavioral tests performed at multiple
timepoints on the same animals, two-way ANOVA with
repeated measures was used. The rest of the data were
analyzed using a one-way or two-way ANOVA as appro-
priate. Multiple comparison procedures were carried
out to identify specific between-group differences using
post hoc Bonferroni’s tests. Results were presented as
mean+SD. P<0.05 was considered statistically signifi-
cant. The number of samples is given in individual Figure
legends and represent biological replicates, and individ-
ual values were plotted in figures. Sample sizes for animal
studies were determined by power calculations for the
primary parameter with mean differences and standard
deviations based on pilot studies or the literature (power
80%, a 0.05). All raw data and results were interpreted in
blinded fashion.
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Results

Surgery induces pronounced change of
F4/80*Ly6G"CD11b*CD45 and CD11b*CD45™ cells in the
ischemic brain

To examine the effect of surgery on the change of differ-
ent cell types in the brain, we sorted cells from ischemic
penumbra of 3 days in control (ctr), ischemic stroke (IS)
and PIS mice and performed single cell RNA sequencing
(scRNA seq) (Fig. 1A). Unsupervised clustering identi-
fied 28 subclusters, including monocytes (Mono, cluster
9,20), granulocytes (Granulo, cluster 22), oligodendro-
cytes (ODC, cluster 2,6,16,21,26,27), pericytes (cluster
7,17,25), endothelial cells (EC, cluster 0,3,4,14), smooth
muscle cells (SMC, cluster 11), astrocytes (ASC, cluster
10,13,19), neuroblast (cluster 15,18), ependyma (cluster
24) on the basis of their signature genes 3 days after IS
(Fig. 1B-C, Supplementary Fig. 1A). We next compared
the cells compositional changes in the ischemic brain of
IS and PIS mice. We found an increase of several immune
cells, such as monocytes, granulocytes, microglia and
a decrease of several brain resident cells, such as SMC,
ASC, ependyma, pericytes and neuroblast in PIS mice
compared to IS mice, while the increase of monocytes
was the most prominent (Fig. 1D).

Next, we performed flow cytometry in the ctr, sur-
gery alone, IS and PIS mice to further understand
how the brain adjusted its immune response to exac-
erbate neuroinflammation in the PIS mouse brain. At
1 day after stroke, we found significantly increased
F4/80"Ly6G CD11b*CD45" cells in the brain of PIS
mice compared to IS, but not Ly6G*CD11b*CD45" cells
(granulocytes), CD19'CD11b*CD45* cells (B cells),
NK1.1"CD45* cells (NK cells), or CD11¢*CD11b*CD45*
cells (DC cells) (Fig. 1E-F, Supplementary Fig. 2A-
D); while at 3 days after stroke, the percentage of
F4/80"Ly6G"CD11b*CD45" cells and CD11b*CD45™
cells significantly increased in the brains of PIS mice
as compared to those of IS mice (Fig. 1E-H). The per-
centage of Ly6G'CD11b*CD45" cells (granulocytes),
CD19*CD11b*CD45* cells (B cells, NK-1.1*CD45" cells
(NK cells), or CD11c*CD11b*CD45" cells (DC cells)
remained unchanged in the brain of PIS mice compared
to IS (Supplementary Fig. 2C-F). Notably, surgery alone
did not significantly induce changes of inflammatory
response in the brain parenchyma (Fig. 1E-F, Supplemen-
tary Fig. 2B-J). These results suggest that surgery induces
increased infiltration of F4/80"Ly6G CD11b*CD45*
cells in the CNS parenchyma of the ischemic brain and
upregulates the number of CD11b*CD45™ cells in the
ischemic brain in PIS mice 3 days after stroke, which is
consistent with our finding in scRNA seq.

At 3 days after stroke, we also found surgery induced
larger infarct volume and increased BBB disruption in
PIS mice than IS mice by 2,3,5-triphenyltetrazolium
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chloride (TTC) staining and Evans Blue (EB) extravasa-
tion, but not 1 day after stroke (Supplementary Fig. 3A-
D). We further found that the sensorimotor function of
the body proprioception, forelimb walking, limb sym-
metry, lateral turning, climbing, and total score as mea-
sured by modified Garcia score, grid-walking test, and
adhesive removal test were significantly impaired in PIS
mice as compared to IS mice up to 28 days after stroke,
while surgery alone didn't elicit neurological dysfunction
(Supplementary Fig. 4A-C). Collectively, these results
suggest that surgery induces pronounced change of
F4/80"Ly6G CD11b*CD45" and CD11b"CD45™ cells in
the ischemic brain.

Spp1" macrophages (Mac)/Microglia (MG) subsets emerge
in the PIS mouse brain

To further understand the effect of surgery on the change
of different subtypes of peripheral leukocytes in the brain,
we subclustered peripheral immune cells into 9 clus-
ters that were annotated by the expression of commonly
used marker genes: mono/macs (Cd68,Lyz2:cluster0,1,8),
neutrophils (S100a8,5100a9:cluster3), DCs (H2-Ab1,H2-
Aa: cluster2,7), NKT cells (CD3g, Nkg7:cluster5), B cells
(CD79a, CD79b: cluster6), mix cells (Slfn4,Btg2:cluster4,)
according to their signature genes and systematically
compared the leukocyte compositional changes in the
ischemic brain of IS of PIS mice (Fig. 2A-B). We found the
number of macrophages (Macs) increased significantly
in PIS mice as compared to that in IS mice (Supplemen-
tary Fig. 5A, Fig. 1E-F). The Macl subcluster exhibited
the most pronounced expansion in PIS mice as com-
pared to that in IS mice. Meanwhile the Macl subclus-
ter was characterized by upregulated osteopontin (Spp1l)
- a gene associated with macrophage/microglial inflam-
matory responses and metabolic regulation(Fig. 2C)
[37-40]. Thus, we define Macl as Sppl* Macs. Using
immunohistochemistry staining and multiparametric
flow cytometry analysis, we found a striking increase in
the percentage of Spp1*F4/80" cells among F4/80* cells
CD11b*CD45" cells or absolute number of Spp1*F4/80*
cells among CD11b*CD45" cells in PIS mice compared
to those in IS mice (Fig. 2D-F). While, cell numbers
of Sppl*CD4'T cells, Sppl*CD8*T cells, Spp1*DCs,
Sppl*B cells and Sppl*granulocytes did not differ sig-
nificantly among the ctr, IS and PIS groups (Supplemen-
tary Fig. 6). Since surgery or stroke could activate the
host peripheral immune response, to determine whether
the surgery or increases Sppl expression in circulating
myeloid, we next performed flow cytometry in the ctr,
surgery alone, IS and PIS mice to further understand the
change of Sppl in circulating cells. We found that the
percentage of Sppl1*F4/80*CD11b*CD45* cells of lym-
phocytes in blood were significantly increased in the
surgery-alone group compared to that of control group
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Fig. 1 Surgery induces pronounced F4/80*Ly6G CD11b*CD45" cells and CD11b*CD45™ cells change in the ischemic brain. A. Diagram of experimental
design. All cells were sequenced with a modified 10X chromium scRNA-seq procedure. B. UMAP representation of the 40,986 single cells shows the cel-
lular heterogeneity of brain cells. Dots, individual cells; colors, cell clusters (left). UMAP representation of cells from 2 Ctr (n=14696 cells), 2 IS (n=12251
cells) and 2 PIS (n=14039 cells) mice brain. Dots, individual cells; colors, different origin (middle). UMAP representation of the 40,986 single cells shows
the different cell types of brain cells. Dots, individual cells; colors, cell types (right). C. The heatmap of different expressed genes in different subclusters of
cells in the above ischemic brain. D. Bi-directional histograms depict differences in relative cluster abundance between PIS and IS samples as shown in
C. E. Flow cytometry analysis of F4/80*Ly6G CD110b*CD45" cells in the brain of Control (Ctr), Surgery, IS and PIS mice 3 d after dMCAO. F. Frequencies of
F4/807Ly6G~CD11b"CD45™ cells of tissue-resident leukocytes isolated out of the brain in E (n=3-4 per group, one-way ANOVA with Bonferroni multiple
comparisons test). G. Flow cytometry analysis of CD11b*CD45™ cells in the brain of Ctr, Surgery, IS and PIS mice 3 d after dMCAO. H. Frequencies of
CD11b"CD45™ cells of tissue-resident leukocytes isolated out of the brain in E (n=4 per group, one-way ANOVA with Bonferroni multiple comparisons

test). Data are represented as mean+SD. * p<0.05, ** p<0.01

(Supplementary Fig. 7A-B, E). The above changes were
also found in PIS mice compared to that of IS alone group
3 d after dMCAO (Supplementary Fig. 7A-B, E). Inter-
estingly, the percentage of Sppl1*F4/80*CD11b*CD45*
cells among lymphocytes in blood exhibited a significant
reduction in the PIS mice compared to that of surgery-
alone group. Additionally, other immune cells in periph-
eral, such as granulocytes, NK cells, CD8" T cells and
CD4* T cells expressed low level of Sppl and remained
unchanged between IS and PIS groups (Supplemen-
tary Fig. 7C-E). Thus, the peripheral surgery alone could
induce the increases of Spp1*F4/80" CD11b*CD45" cells
in the peripheral blood.

In addition to Macs, the percentage of MG also
increases in the ischemic brain parenchyma in PIS
mice compared to those in IS mice at 3 days after
stroke (Fig. 1D, G-H). So, we next reclassified microg-
lia and found eight distinct microglia subclusters,
MGO-MG7 (Fig. 2G), which all expressed canonical
microglia genes, including Hexb and Cx3crl(Fig. 1C).
We defined the above MGO to MG7 subclusters using
specific signatures as we previously reported [41-43]
(Supplementary Fig. 8). Interestingly, MG4 also showed
upregulation of Spp1, thus was defined as Spp1l*microglia
(Spp1*MG) (Fig. 2H). Multiparametric flow cytometry
analysis revealed significantly increased cell number of
Sppl*CX3CR1*CD11b*CD45" cells in the ischemic brain
of PIS mice as compared to that in ctr or IS alone mice
(Fig. 2I-]). Collectively, these data revealed that surgery
induced distinctive Sppl*Mac/MG subsets emerged in
the PIS mouse brain.

Spp1* Mac/MG subsets in the PIS mouse brain exhibit anti-
inflammatory and lipid metabolic reprogrammed profile

We next characterized the transcriptional profile of
Sppl*Mac/MG subsets. Gene set variation analy-
sis (GSVA) of peripheral immune cells revealed that
Sppl*Macs was scored the highest in the anti-inflam-
matory and lipid metabolic process signaling pathway
(Fig. 3A). Several phagocytosis-associated genes in
Sppl*Macs were highly enriched, such as Ctsb, Ctsd,
and Cd36 (Fig. 3B). Sppl*Mac was also characterized
by Argl expression (Fig. 3B), a gene associated with

efferocytosis and anti-inflammatory function. KEGG
pathway analysis revealed enriched pathways of oxi-
dative phosphorylation, lysosome, and phagosome in
Sppl*Macs (Supplementary Fig. 5B). These findings
suggest that Sppl*Macs might be an anti-inflamma-
tory subset with lipid metabolic reprogrammed profile.
Next, we compared the transcriptional characteristics
of these clusters with several previously defined popu-
lations under different pathological and physiologi-
cal conditions, including inflammatory-macrophage,
trem2"8" macrophage, age-associated macrophage,
stroke-associated myeloid cells (SAMC). We found
that Sppl*Macs were close to trem2"#" macrophage,
age-associated macrophages the SAMC (Fig. 3C). Col-
lectively, these data revealed that Sppl*Mac exhib-
its distinctive anti-inflammatory and lipid metabolic
reprogrammed profile in the PIS mouse brain.

Using KEGG pathway analysis, we found that lyso-
some and phagosome pathways enriched in Sppl*MG
(Fig. 3D). It was shown that Sppl was transiently
expressed by specialized axon tract associated microg-
lia (ATM) or damage associated microglia (DAM) in
neurodegenerative diseases [42]. Next, we compared
the transcriptional characteristics of these clusters with
several previously defined populations under different
pathological and physiological conditions. We found that
Spp1*MG exhibited a DAM/injury-responsive microglia
(IRM)/ATM-like phenotype and resembling previously
described BODIPY*'microglia and age-associated-MG
(Fig. 3E). Immunohistochemistry staining confirmed the
striking increase in the percentage of Argl*Sppl* Iba-
17 cells and CD36*Sppl™ Iba-1* cells among Iba-1" cells
in the ischemic penumbra in PIS mice compared with
IS alone mice (Fig. 3F-G). Collectively, our data demon-
strates that the Sppl* Mac/MG@G subset in the PIS mouse
brain exhibits anti-inflammatory and lipid metabolic
reprogrammed profile.

Proliferative Mki67*MG can differentiate into Spp1*MG in
the PIS mouse brain

To further explore how does surgery lead to an increased
number of Sppl* microglial after PIS, we analyzed the
sc-RNA sequencing data of the PIS mouse brain. We
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Fig. 2 Spp1* macrophages (Mac)/Microglia (MG) subsets emerged in PIS mouse brain. A. Uniform manifold approximation and projection (UMAP)
representation of leukocytes in brain from Control (Ctr), IS, PIS mice 3 days after dMCAO for scRNA-seq colored by cell type (left) or sample (right). Each
dot corresponds to one single cell. B. Dot plot of selected marker genes characterizing the clusters shown in A. The color of the dot indicates an average
expression. C. Bi-directional histograms depict differences in relative cluster abundance between PIS and IS samples as shown in A (left). Feature Plots of
selected marker genes (Spp1) specifically enriched in the Mac1 cluster (right). D. Representative images and statistical analysis of Spp17F4/807 cells of
brain sections from Ctr, IS and PIS mice, as indicated 3 days after dMCAO. Scale bar: 20 um. Zoom: Scale bar: 5 um. Quantification of the percentage of
Spp1*Mac in the brain of each group (n=4 per group, one-way ANOVA with Bonferroni multiple comparisons test). E. t-distributed stochastic neighbor-
ing embedding (t-SNE) plots of high-parameter flow cytometry data of leukocytes extracted from brain of Ctr, IS and PIS mice at 3 days after dMCAO. Color
coded by the epitope markers for F4/80*macrophages (red), CD3* T cells (CD4* T cells and CD8* T cells), B220" B cells, CD11c¢* DCs, Ly6G* neutrophils and
by Spp1 expression (orange) in leukocytes. (n=4 per group, one-way ANOVA with Bonferroni multiple comparisons test) (left). F. Comparison of Ctr, IS and
PIS conditions reveals the high amounts of Spp1¥F4/807CD11b*CD45* cells in brain from PIS compared with IS mice. (n=4 per group, one-way ANOVA
with Bonferroni multiple comparisons test) (right). G. UMAP representation of microglia from brain tissues of Ctr, IS and PIS mice 3 days after dMCAQ. Each
dot corresponds to one single cell. H. Violin plot of Spp1 in all microglia clusters of IS and PIS mice. I. t-SNE plots of high-parameter flow cytometry data
of leukocytes extracted from brain of Ctr, IS and PIS mice at 3 days after dMCAQ. Color coded by the epitope markers for CX3CR1* microglia (red), CD3* T
cells (CD4™ T cells and CD8* T cells), B220* B cells, CD11c* DCs, Ly6G* neutrophils and by Spp1 expression (orange) in leukocytes. J. The absolute numbers
of Spp1*CX3CR1*CD11b*CD45* cells in brain as indicated groups. (n=4 per group, one-way ANOVA with Bonferroni multiple comparisons test). Data are

represented as mean +SD. *** p<0.001, **** p <0.0001

found that MG3 and MG6 showed the largest increase,
which showed upregulation of cell cycle-related genes,
including Mki67 and Top2a, thus was defined as prolif-
erative microglia (Fig. 4A-C). Immunohistochemistry
staining confirmed the striking increase in the number
of Mki67"MG in PIS mice compared with IS alone mice
(Fig. 4D). Pseudotime analyses and RNA velocity were
used to explore the differentiation trajectory of microg-
lia subclusters after PIS. Interestingly, we found that
proliferative microglia transited to Sppl*MG and dif-
ferentiation direction flowed from proliferative microg-
lia to Sppl1*MG (Fig. 4E-F). In order to further address
the relationship between Mki67*MG and Sppl* MG,
we used a systemic in vivo DNA labeling strategy with
5-ethynyl-2’-deoxyuridine (EdU) in PIS mice. We found
that EAU were incorporated in Sppl*lba-1* cells in the
ischemic stroke brain 3 days after PIS (Fig. 4G). These
data suggest that proliferative MG could differentiate into
Sppl* MG and surgery induce the Sppl*MG prolifera-
tion in PIS mice.

GLP1R expression on Spp1*Mac/MG subset provides

a therapeutic target to attenuate the exacerbated
neuroinflammation following PIS

It was previously shown that metabolic reprogramming
can regulate the polarization of Mac/MG [44—46]. Since
GLPIR is an intriguing metabolic therapeutic target
emerging in recent years, we examined the expression of
GLPIR in Spp1*Mac/MG in the PIS mouse brain. Using
immunohistochemistry staining, we found that GLP1R
expressed in Spp1*F4/80" cells and Sppl*Iba-1* cells in
ischemic penumbra in IS mice but have no expression
in Mac/MG in Ctr mice (Fig. 5A-C). The percentage of
Spp17F4/80* cells and Spp1*Iba-1* cells in ischemic pen-
umbra in PIS was significantly increased compared with
IS alone (Fig. 5A-C). Furthermore, using flow cytom-
etry, we found that the percentage of GLP1R*Spp1™ cells
among CD45"CD11b" cells was significantly increased in

ischemic penumbra in PIS mice compared with IS alone
(Fig. 5D-F). Additionally, other resident cells in brain,
such as neuron (NeuN™ cells), endothelial cells (CD31*
cells) and astrocytes (GFAP* cells) expressed low level of
GLP1R compared to Mac/M@G (Iba-1* cells) in ischemic
penumbra in PIS mice (Supplementary Fig. 9A-B).

To examine whether GLPIR could affect Sppl*Mac/
MG subsets in the ischemic brain, we administered the
clinically widely used GLP1R agonists semaglutide after
stroke (Fig. 6A). We found that intraperitoneal injec-
tion of the semaglutide at 30 nmol/kg at 2 h and 1 day
after stroke [28] significantly increased the percent-
age of Sppl'Edu’ cells among Iba-1" cells as com-
pared to the PBS control 3 days after stroke in PIS mice
(Fig. 6B). Additionally, the number of Sppl*Mac/MG
in ischemic brains increased significantly after treat-
ment with semaglutide in PIS mice as compared to the
control mice treated with PBS (Fig. 6C-D). Conversely,
Semaglutide administration reduced the percentage of
Sppl*F4/80"CD11b*CD45" cells among lymphocytes in
peripheral blood compared to the control mice treated
with PBS (Supplementary Fig. 10A-B).

To investigate whether semaglutide regulates the
neuroinflammation in PIS, we isolated CD11b* cells
from the ischemic brain of semaglutide treated or PBS
treated mice 3 days after dAMCAO for RNA-sequencing
(Fig. 6E). KEGG analysis of DEGs indicated enrichment
of immune response pathways, including PPAR signal-
ing pathways, cytokine and cytokine receptor interaction
pathway (Fig. 6F). Meanwhile, the treatment of semaglu-
tide markedly increased the number of Argl*Mac/MG
and reduced CD16"Mac/MG in the PIS mouse brain as
compared to that in the PBS treated PIS mouse brain
(Fig. 6G-H). Additionally, immunohistochemistry stain-
ing revealed that the treatment of semaglutide mark-
edly reduced the percentage of iNOS*F4/80" cells or
iNOS*Iba-1" cells as compared to the PBS treatment in
ischemic penumbra in both male (Fig. 6I-K) and female
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Fig. 3 Spp1™Mac/MG subsets with similar characteristics in terms of inflammation, phagocytosis and lipid metabolic program. A. Gene set variation
analysis (GSVA) of M1 vs. M2 down, Phagocytosis, Lipid metabolic process genes for each leukocyte. B. Violin plot of Ctsb, Ctsd, Cd36 and Arg1 in all
leukocyte clusters. C. Heatmap showing the GSVA score of trem2high macrophage, Age-associated macrophage and the stroke-associated myeloid cell
(SAMC) for each cluster defined as the average normalized expression of the pathway-related genes. See Additional file 1: Table 1 (a list of previously de-
fined population genes under different pathological and physiological conditions) for a list of trem2high macrophage, Age-associated macrophage and
the stroke-associated myeloid cell (SAMC) associated genes. D. Alluvial plot depicting the most affected KEGG for each cluster. Upregulated genes of each
cluster were used for the enrichment analysis. Ribbon thickness indicates the number of genes per biological term. E. Heatmap showing the GSVA score
of Jordao_microglia, BODIPYhi vs. BODIPYlow, IRM injury-responsive microglia (IRM), Keren-shaul_DAM, MgnD_signature, disease-associated microglia
(DAM), axon tract associated microglia (ATM), DAM1, DAM2, Age-associated microglia for each cluster defined as the average normalize expression of the
pathway-related genes. See Additional file 1: Table 1 (a list of previously defined population genes under different pathological and physiological condi-
tions) for a list of associated genes. F. Representative confocal images of Arg1, Spp1 and Iba-1 triple immunostaining in the ischemic penumbra in Ctr,
IS and PIS mice at 3days after dMCAQ. Scale bar: 40 um. Quantification of the percentage of Arg1*Spp1*lba-17 cells in the brain of each group. (=4 per
group, one-way ANOVA with Bonferroni multiple comparisons test). G. Representative confocal images of CD36, Spp1 and Iba-1 triple immunostaining
in the ischemic penumbra in Ctr, IS and PIS mice at 3days after dMCAO. Scale bar: 40 um. Quantification of the percentage of CD36"Spp17 Iba-17 cells in
the brain of each group. (=4 per group, one-way ANOVA with Bonferroni multiple comparisons test). The data are shown as means+SD. ***p <0.001,

e ) 20,0001

PIS mice (Supplementary Fig. 11A-C). Meanwhile, the
treatment of semaglutide also increased the percent-
age of CD36"Iba-1" cells as compared to the PBS treat-
ment in ischemic penumbra in PIS mice (Supplementary
Fig. 11D-E). These data suggest that targeting Sppl*
Mac/MG using semaglutide could serve as a promising
strategy to attenuate the exacerbated neuroinflammation
following PIS.

Semaglutide reduces brain infarct volume and improves
neurobehavioral outcomes after PIS

We next examined the effect of semaglutide on the brain
injury and neurobehavioral outcomes following PIS. We
found that both the infarct volume and the leakage of IgG
were significantly reduced after treatment with semaglu-
tide in PIS mice as compared to those treated with PBS
treated mice (Fig. 7A-B). Meanwhile, the loss of ZO-1,
Claudin-5 and VE-cadherin was reduced in the semaglu-
tide treated mice as compared to that in the PBS treated
PIS mice in ischemic penumbra (Fig. 7C-G). Consistently,
the sensorimotor deficits measured by forelimb grip
strength test were significantly improved in the sema-
glutide treatment group as compared to that in the PBS
treated group (Fig. 7H). The above findings suggest that
semaglutide can serve as a novel therapeutic strategy to
reduce brain injury and improve neurobehavioral out-
comes for PIS.

Discussion

Here, using single-cell transcriptional profiling, immuno-
histochemistry staining and multiparametric flow cytom-
etry analysis, we discover a distinctive disease-specific
Sppl* Mac/MG subsets in the ischemic brain after PIS.
We find that Sppl* Mac/MG exhibits anti-inflammatory
and lipid metabolic reprogrammed profile with increased
expression of GLPIR. Treatment with semaglutide, a
GLPIR agonist, results in increased proliferation of
Sppl*Iba-1* cells, an increased number of Sppl* Mac
and reduced neuroinflammation in PIS mice.

Surgical trauma can stimulate the innate immune sys-
tem and peripheral immune cells, which subsequently
produce cytokines, such as TNE, IL-1f, IL-4 and IL-6
[47, 48], and then trigger additional neuroinflammatory
processes and brain injury by activating microglia [49],
especially under BBB disruption. In this study, we dem-
onstrate that surgery induces pronounced inflammatory
responses in the ischemic brain. Among the brain infil-
trating immune cells, macrophages are the pronounced
responder which participates in the innate immune
response in the brain. Microglia, as the intrinsic immune
cells of the CNS, shows a significant increase after sur-
gery in the ischemic brain. However, it is still unclear
how surgery influences the macrophages and microglia
in the ischemic brain and thus affects the neurological
function after PIS.

The identification of microglial or macrophage phe-
notypes that are associated with neuroinflammation in
brain injury has sparked considerable interest in these
cells [50-53]. With emerging findings using scRNA
sequencing, several transcriptional profiles of microglia
or macrophages were linked to the neuroinflammation,
such as neurodegenerative disease-associated microg-
lia, inflammation-associated macrophages, axon tract-
associated microglia [10, 11, 42, 54]. It was previously
reported that Sppl*™ Mac/MG were elevated in CNS and
then counterbalanced the neuroinflammation and deter-
mined the progress of a variety of brain diseases [55-57].
Our previous study has found that macrophages are the
most sensitive responder to surgery [6]. In this study,
we found that surgery induces pronounced change of
F4/80"Ly6G CD11b*CD45" and CD11b"CD45™ cells in
the ischemic brain in PIS mice compared to IS mice at 3
days after dIMCAO. Although the CD11b*CD45™ popu-
lation in the post-ischemic brain should be considered a
mixture of MG plus Mac that has undergone phenotype
changes [58], the increased CD11b*CD45™ cells in the
brain after PIS arise from self-renewal of microglia or
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Fig. 4 Proliferative Mki67*MG can differentiate into Spp1*MG in PIS. A. Bi-directional histograms depict differences in microglia clusters abundance
between PIS and IS samples as shown in Fig. 3B. UMAP displays cell cycle scores determined by expression of highly conserved cell cycle genes. C. Violin
plot of Mki67, Top2a in all microglia clusters of IS and PIS mice. D. Representative confocal images of Mki67 and Iba-1 double immunostaining in the
ischemic penumbra and quantification of the percentage of Mki67*/ Iba-1* cells in IS and PIS mice at 3 days after tMCAQ. Scale bar: 20 um. (n=4 per
group, unpaired Student’s t test). E. Projection of pseudo-time generated with Monocle version 3 to infer the potential lineage differentiation trajectory
onto the combined UMAP. From dark blue to yellow, indicating early and terminal states in the ischemic brain at different times after MCAO, respectively.
F. Expression of selected genes (Mki67, Top2a, Birc5, Spp1) along pseudotime for microglia differentiation. G. Representative confocal images of Spp1,
Iba-1 and EdU triple immunostaining in the ischemic penumbra in Ctr, IS and PIS mice at 3days after dMCAO. Scale bar: 20 pm. Zoom in: Scale bar: 5 um.
Quantification of the percentage of Spp1* Edu™ Iba-1* cells in the brain of each group. (=4 per group, one-way ANOVA with Bonferroni multiple com-
parisons test). Data are represented as mean +SD. *** p <0.001, **** p <0.0001

conversion from infiltrating monocytes remains a critical
question that warrants further investigation.
Additionally, Sppl* Mac accumulates significantly after
surgery in PIS mice. Strikingly, surgery alone upregu-
late Sppl level in F4/80*Ly6G CD11b*CD45" cells in
blood, but not in neutrophil, NK cells or T cells, sug-
gesting macrophages are the most sensitive responder

to surgery to express Sppl. Interestingly, the percent-
age of Spp1*F4/80" Ly6G CD11b*CD45" cells in blood
exhibited a significant reduction in the PIS mice com-
pared to that of surgery-alone group, suggesting that
peripheral Spp1*F4/80" Ly6G CD11b*CD45" cells may
enter into ischemic brain when BBB damage. KEGG and
GSVA analysis found that Sppl™ Mac was enriched in
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means+SD. ***p <0.001, **** p<0.0001

anti-inflammatory pathway, lipid metabolism pathway
and with the high levels of phagocytosed-related genes,
such as Ctsb, Ctsd, Cd36. Additionally, Argl, a gene asso-
ciated with efferocytosis and anti-inflammatory func-
tion, exhibits increased expression in Sppl*Mac. Thus,
Sppl™Mac may be an anti-inflammatory subcluster with
phagocytosis and metabolic program. We speculate that
Sppl™Macs may be protective macrophages to improve
ischemic brain injury in PIS. Interestingly, we found
that one microglia subcluster also expressed high lev-
els of Sppl in PIS mice and exhibited anti-inflammatory
characteristics and enriched in phagocytosis and lipid
metabolism pathway, which with similar characteristics
to Sppl*Mac. Additionally, the number of Sppl*Iba-
17CD45™ cells also increases significantly in PIS mice

compared to IS mice and surgery induces Sppl*lba-1*
cells proliferation in PIS mice. Interestingly, surgery along
can't induce CD11b*CD45™ cells in ischemic brain.
However, proliferative Mki67" MG can differentiate into
Sppl*MG in the PIS mouse brain. We thus propose that
the cerebral accumulation of Sppl*Mac/MG subsets in
PIS likely originates from both peripheral infiltration and
central proliferation. Although some research reported
that monocyte-derived macrophages, not microglia,
exclusively express the proliferating marker Ki67 in
the post-ischemic brain [58], it is well established that
diverse immune cell populations exhibit significant het-
erogeneity in their functional states across distinct time
points following stroke. Research has been dedicated to
investigating microglial proliferation mechanisms at 3
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(See figure on previous page.)

Fig. 6 Semaglutide increase the number of protective Spp1*Mac/MG subpopulations and attenuate the neuroinflammation in PIS. A. The scheme of
mice was administered PBS (Veh), semaglutide (Sema) after dMCAO in PIS mice. B. Representative confocal images (Left) and quantification (Right) of
percentage of Spp1EdU* Iba-17 cells in ischemic penumbra in brain sections of indicated groups. Triangles indicate resident Spp1* Edu™ Iba-1* cells.
(n=4 per group, unpaired Student’s t test). C. t-SNE plots of high-parameter flow cytometry data of leukocytes extracted from brain of mice administered
Veh, Sema 3 days after dMCAQ in PIS mice. Color coded by the epitope markers for CX3CR1* microglia and F4/80" macrophage (red), CD3*T cells (CD4*T
cells and CD8T cells), B220*B cells, CD11c¢* DCs, Ly6G*neutrophils and by Spp1 expression (orange) in leukocytes. D. The absolute numbers of Spp1*
Mac/MG in brain as indicated groups in C. (=4 per group, unpaired Student’s t test). E. Volcano plot showed the upregulated (red) and downregulated
(blue) genes from RNA sequencing of CD11b* cells from of mice administered Veh, Sema 3 days after dMCAQ in PIS mice. The horizontal axis is log2fold
change, and the vertical axis is -log10p value, p <0.05. F. KEGG enrichment top 7 analysis suggested that PPAR signaling pathway and cytokine-cytokine
receptor interaction were related with inflammation and the phenotypic changes of macrophage or microglia. G. t-SNE plots of high-parameter flow
cytometry data of leukocytes extracted from brain of mice administered Veh, semaglutide (Sema) 3 days after dMCAQ in PIS mice. Color coded by the
epitope markers for CX3CR1*microglia and F4/80"macrophage (orange), CD3* T cells (CD4* T cells and CD8* T cells), B220* B cells, CD11c* DCs, Ly6G*
neutrophils and Arg1 (light green) and CD16 (dark green) expression in leukocytes. H. The absolute numbers of Arg1* Mac/MG (left) and CD16" Mac/MG
(right) in brain as indicated groups in G. (n=4 per group, unpaired Student’s t test). I. Representative confocal images of the iNOS and F4/80 in ischemic
penumbra in brain sections of indicated groups in male mice. Scale bar, 50 um. J. Representative confocal images of the iINOS and Iba-1 in ischemic pen-
umbra in brain sections of indicated groups in male mice. Scale bar, 50 um. K. Quantification of percentage of iNOS*F4/80" cells (left) and iINOS*lba-1*
cells (right) in brain sections of indicated groups in I-J. (0 =9 per group in male, n=8-9 per group in female, unpaired Student’s t test). The data are shown

as means=+SD. *p<0.05, **p<0.001, **** p<0.0001

days post-stroke [59]. In our study, single-cell sequencing
data revealed a proliferation-associated microglial phe-
notype in PIS at 3 days after AMCAO, characterized by
high expression of the Mki67 gene. Crucially, microglia
were distinguished from monocyte-derived macrophages
through specific markers such as Hexb in single-cell
analysis. These findings indicate that the observed pro-
liferating cells are indeed resident microglia rather than
infiltrating monocyte-derived macrophages. However,
using fate mapping mice to further investigate the transi-
tion of microglia is necessary in future studies. Immuno-
histochemistry staining confirmed that Argl and CD36,
which involvement of PPAR signaling pathway, exhib-
its increased expression in Sppl*Iba-1* cells. Therefore,
Sppl™ Mac/MG could be an intriguing target to regulate
the neuroinflammation after PIS.

GLP1 is a peptide hormone secreted by enteroendo-
crine cells, primarily intestinal L cells [60, 61]. GLP1 is
primarily known for its role in glucose metabolism and
appetite regulation [62, 63], but emerging research sug-
gests that GLP1 also exerts significant effects on the
immune system, particularly on macrophage function
and phenotype [64—66]. GLP1 has been shown to pro-
mote the M2 phenotype in macrophages, enhancing
their anti-inflammatory properties. This shift can lead to
reduced production of pro-inflammatory cytokines (such
as TNF-a and IL-6) and an increased anti-inflammatory
cytokines (such as IL-10). By promoting the M2 pheno-
type, GLP1 can help regulate inflammation, potentially
providing a therapeutic benefit in conditions character-
ized by chronic inflammation, such as obesity, diabetes,
and cardiovascular diseases [64, 66, 67]. In this study, we
found that microglia and macrophage express GLPIR,
while other brain resident cells express low level of
GLPIR. In PIS mice, the expression of GLP1R increases
in Mac/MG in ischemic penumbra, compared to IS mice.
The treatment of semaglutide increased Spp1*Iba-1* cells

proliferation in PIS mice and increases the number of
Sppl*CD11b*CD45" cells in ischemic brain in PIS mice.
To gain insight into the effect of semaglutide on neuro-
inflammation in PIS, transcriptomic analyses of CD11b*
cells were performed. We found that cytokine and che-
mokine signaling pathways and PPAR signaling pathways
were also enriched after semaglutide treatment. Addi-
tionally, semaglutide treatment markedly increases the
number of Argl® Mac/MG and reduces CD16* Mac/
MG as compared to the PBS treated group in PIS mice
in ischemic penumbra. The treatment of semaglutide also
can improve brain injury and neurological dysfunction
in PIS mice. From above data, we found that semaglutide
exerts its protective effects through GLP1R expressed on
Sppl" macrophages and microglia, which appear to be
increased specifically in the ischemic penumbra. These
results confirm that the treatment of semaglutide has
great potential to be a protective therapy for PIS.

While our analysis unraveled a unique anti-inflam-
matory Sppl*Mac/MG following ischemic stroke after
surgery and proposes semaglutide as a potential thera-
peutic agent to mitigate surgery-related neuroinflam-
mation, it has some limitations as follows. The detailed
mechanisms of semaglutide on Sppl™ Mac/MG subclus-
ter is unclear. For example, how does semaglutide affect
Argl or the PPAR signaling pathway in Sppl*Mac/MG
subcluster should be further investigated. Immunohisto-
chemistry staining confirmed that the treatment of sema-
glutide increased Sppl*lba-1* cells proliferation in PIS
mice. Using fate mapping mice to further investigate the
mechanism of semaglutide on the activation Spp1*Iba-1*
cells proliferation is necessary. The absence of commer-
cially available specific GLP-1R antagonists leading to
limited understanding of the causal relationship between
GLPIR and Sppl.Future studies using specific and tar-
geted approaches to selectively eliminate or inactivate
the GLP1R*Mac/MG would be necessary to establish a
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Fig. 7 Semaglutide reduces brain infarct injury and attenuates neurological dysfunction in PIS mice. A. Representative MAP2 staining (red) of brain infarct
and endogenous mouse IgG staining (green) of BBB leakage of indicated groups in male (left) and female (right) mice. B. Quantification of infarct volume
and IgG leakage of indicated groups in male (left) and female (right) mice. (n=4-5 per group, unpaired Student’s t test). C. Representative confocal im-
ages of the tight junction protein Claudin-5 and CD31 in brain sections of indicated groups in mice. Scale bar, 100 um. Zoom in: Scale bar, 100 um. D.
Representative confocal images of the VE-cadherin and CD31 in brain sections of indicated groups in mice. Scale bar, 100 pm. Zoom in: Scale bar, 100 um.
E. Representative confocal images of the tight junction protein ZO-1 and CD31 in brain sections of indicated groups in male mice. Scale bar, 100 um.
Zoom in: Scale bar, 100 um. F. Representative confocal images of the tight junction protein ZO-1 and CD31 in brain sections of indicated groups in female
mice. Scale bar, 100 um. Zoom in: Scale bar, 100 um. G. Quantification of Claudin-5 mean fluorescence intensity (MFI) of indicated groups in C. (n=4 per
group, unpaired Student’s t test). Quantification of VE-cadherin MFI of indicated groups in D. (n=4 per group, unpaired Student’s t test). Quantification
of ZO-1 MFI of indicated groups in E. (=11 per group in male, unpaired Student’s t test). Quantification of ZO-1 MFI of indicated groups in F. (n=14-18
per group in female, unpaired Student’s t test). H. Sensorimotor dysfunction after PIS in vehicle-treated and semaglutide-treated mice assessed by grip
strength test (male: left; female: right). (n=10 per group. two-way ANOVA with Bonferroni multiple comparisons test. The data are shown as means+SD.
*p<0.05, **p <001, ***p<0.001, **** p<0,0001
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causal relationship between GLPIR activation by sema-
glutide and the induction of Spp1*MG.

Collectively, the current study reveals a unique anti-
inflammatory Sppl* Mac/MG evolution in ischemic
brain after surgery. Targeting Sppl*Mac/MG subcluster,
such as using semaglutide, can serve as promising thera-
peutic targets for attenuating neuroinflammation in CNS
pathologies promoted by peripheral inflammation fol-
lowing PIS.
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