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Abstract

Ischemic stroke (IS) is a detrimental neurological disease with limited treatments options. It has been challenging to
define the roles of brain cell subsets in IS onset and progression due to cellular heterogeneity in the CNS. Here, we
employed single-cell RNA sequencing (scRNA-seq) to comprehensively map the cell populations in the mouse model of
MCAO (middle cerebral artery occlusion). We identified |7 principal brain clusters with cell-type specific gene expres-
sion patterns as well as specific cell subpopulations and their functions in various pathways. The CNS inflammation
triggered upregulation of key cell type-specific genes unpublished before. Notably, microglia displayed a cell differenti-
ation diversity after stroke among its five distinct subtypes. Importantly, we found the potential trajectory branches of
the monocytes/macrophage’s subsets. Finally, we also identified distinct subclusters among brain vasculature cells,
ependymal cells and other glia cells. Overall, scRNA-seq revealed the precise transcriptional changes during neuro-
inflammation at the single-cell level, opening up a new field for exploration of the disease mechanisms and drug discovery

in stroke based on the cell-subtype specific molecules.
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Introduction

As the second leading cause of preventable deaths
worldwide,! ischemic stroke (IS) can lead to long-
term neurological and psychiatric disorders. The com-
plexity of the brain structure and the diversity of cell
types in the organ prevent us from understanding the
molecular basis underlying stroke process. Given that
regulation of gene expression plays a decisive role in
the complex biological phenomenon incorporated by
cells, emerging high-throughput sequencing technolo-
gies could contribute to interrogating the molecular
underpinnings for pathological processes in IS, includ-
ing necrosis and apoptosis of nerve cells, ischemic
injury, treatment response, and inflammatory cell infil-
tration. Previous transcriptomic studies on IS? were
generally focused on bulk tissue mixtures of cell aggre-
gation, masking fateful changes of gene expression
spectrum in the most susceptible cell subsets. Here,
we performed single-cell transcriptomic analyses with

the 10x genomics,” using thousands of individual brain
cells from the animal with MCAO-commonly used as
the model for ischemic stroke. As the stroke occurs
suddenly, develops rapidly, and displays narrow treat-
ment time window, ecarly intervention in the acute
phase would be particularly important for the treat-
ment. Meanwhile, the above clinical characteristics of
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IS can explain why we collected the ischemic hemi-
spheres at 24 hours after ischemia reperfusion.

To the best of our knowledge, this study is the first
one to employ single-cell RNA sequencing to explore the
different transcriptomic patterns among the brain cells as
well as distinct gene expression properties of individual
cells from the adult brain with ischemic insult. Our find-
ings provided novel insights into the cellular and molec-
ular heterogeneity in the brain at the acute phase of
MCAOQO and unveiled known and novel markers for
each of the main brain cell types. According to the anal-
ysis of different gene expression patterns, we identified
multiple subpopulations within each cell type. Moreover,
comparing with the sham samples, ischemic injury up-
and downregulated numerous genes in each cellular sub-
population. Furthermore, we sought to determine the
potential vulnerable cell types and new candidate bio-
markers serving as molecular signatures of ischemic
insult, contributing to a better understanding of the sig-
naling pathways associated with therapeutic interven-
tion. More importantly, the transcriptional regulatory
network analysis uncovered distinct ischemia-associated
regulatory modules in various microglia subtypes.
Overall, this study provides a valuable large-scale
resource for further exploring the molecular and cellular
basis of pathogenesis in the mouse model of IS.

Materials and methods

All animal experimental procedures were conducted in
accordance with the Guide for the Care and Use of
Laboratory Animals of the National Institutes of
Health and approved by the Animal Experiments
Ethics Committee of Tianjin Medical University
General Hospital, which were in compliance with the
ARRIVE guidelines 2.0: Updated guidelines for report-
ing animal research.* The tissue dissociation, sScRNA-
seq, immunostaining, and computational methods are
described in supplementary materials.

Results

Identification of major brain cell types and specific
genes

To examine cell heterogeneity and ischemic insult asso-
ciated cellular alterations in gene expression profile fol-
lowing MCAO, we analyzed mRNA transcripts of
single cells extracted from the brain using the 10x
Genomics technology (Figure 1(a)). In the experiments,
we collected the same left cerebral hemispheres from
three sham mice without neurological disorders as
well as three mice with MCAO 24 h after the modeling.
To avoid any bias associated with the use of cell surface
markers that may be differentially expressed in special

populations, we isolated all single cells from the brain
of MCAO and sham animals, respectively (Figure S1
(a)). Data were subjected to a quality control (Figure
S1(b) and (c)), and a total of 58,528 cells with a mean of
1,295 genes per cell and a mean of 2,610 unique molec-
ular identifiers (UMIs) per cell were recovered. As
depicted in Figure S2, all single cells were projected
on t-distributed stochastic neighbor embedding (t-
SNE) plot” after batch-effect correction® using Seurat
3,7 and each individual cell from either MCAO or sham
animals were distinctly assigned into different clusters.
Detection of known cell type markers led us to identify
17 transcriptionally distinct clusters (Figure 1(b) and
(e)), including vascular smooth muscle cells (SMC);
perivascular fibroblast-like cells (FB); central nervous
system  (CNS)-associated macrophages (CAM);
monocyte-derived cells (MdC); venous endothelial
cells (VEC); capillary endothelial cells (capEC); arterial
endothelial cells (aEC); pericytes (PC); choroid plexus
capillary endothelial cells (CPC); ependymocytes
(EPC); microglia (MG); neutrophils (NEUT); astro-
cytes (ASC); oligodendrocytes (OLG); neural progeni-
tor cells (NPC);lymphocytes(LYM); red blood cell
(RBC).

As shown in Figures 1(c) and S3(a), the cell clustering in
this study can be validated by the majority of the previously
published marker genes, for example, Hexb® for microglia;
Aldoc’ for astrocyte; Plp1' for oligodendrocytes; Ttr'! for
EPC; Itm2a for ECs; Acta2 for SMC. Furthermore, we
showed selected marker genes identified for each cell cluster
in violin plots (Figure S3(b)). To determine brain cell types
susceptible to ischemic insult, we carried out a comprehen-
sive comparison of the varying composition proportions
among each cell type identified from both sham and
MCAO groups. As shown in Figure 1(d), the infiltrating
number of MdCs markedly increased in the MCAO group
compared with sham counterpart (the cell ratio was shifted
from 2% to 16%). The significant increase in recruiting
MdCs to the ischemic hemisphere'? was closely correlated
with the key characteristics of MdCs during acute ischemic
insult, including innate immunity, cell adhesion, and
phagocytosis. Moreover, the comparative analysis
showed that while the proportions of neutrophils, and peri-
cytes increased considerably following stroke, a slight
decrease in the percentages of vascular endothelial cells,
perivascular fibroblast-like cells was evident."? Finally,
the pathway and process enrichment analysis based on
marker genes of each cell cluster revealed cell-type specific
or shared biological and molecular function (Figure S4).

Overall assessment of DEGs and pathways
associated with ischemic stroke

To investigate the DEGs and pathways or biological
processes involved in stroke pathogenesis within each
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Figure |. Single-cell RNA sequencing of mouse brain recapitulates transcriptome atlas in ischemic stroke. (a) Graphical diagram of
single cell isolation and RNA-seq experimental setup. (b) t-SNE plot visualizing clustering of single cells colored by cell types. (c) t-SNE
plots visualizing the expression distribution of a set of selected marker genes, including Itm2a, Hexb, Aldoc, and Acta2. (d) Bar plot of
the proportion of cells in each sample for each cell cluster identified. (e) Heatmap representing the top 10 most highly expressed

genes within each cluster relative to the rest of clusters. (f) The pathway and biological process analyses between MCAO and sham
group for each cell type cluster. Pink color indicates upregulation, Gray indicates no significant change. vascular smooth muscle cells
(SMC); perivascular fibroblast-like cells (FB); CNS boreder-associated macrophages (CAM); monocyte-derived cells (MdC); venous
endothelial cells (vEC); capillary endothelial cells (capEC); arterial endothelial cells (aEC); pericytes (PC); choroid plexus epithelial cells
(CPC); ependymocytes (EPC), microglia (MG); neutrophils (NEUT); astrocytes (ASC); oligodendrocytes (OLG); neural progenitor

cells (NPC); lymphocytes (LYM); red blood cell (RBC).
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cell type identified above, we compared the significant
gene changes between MCAO and sham groups, and
summarized the top representative pathways and pro-
cesses enriched from each cell-subset specific DEGs
(Supplemental Table S2). Most strikingly, a total of
275 DEGs between MCAO and Sham samples with
p-value <0.05 were identified in microglia, ranking
microglia at the top of the list. This finding suggested
that as innate immune cells of the brain, microglia may
dominate prominent neuro-inflammation after ische-
mic stroke. Moreover, varied pathways or biological
processes enrichment analysis of DEGs (up and down-
regulation genes) between MCAO and sham group
were assigned to the following distinct cell types
(Figures 1(f) and S5): neutrophil chemotaxis and apo-
ptosis signaling pathway for microglia; signal transduc-
tion for astrocytes; regulation of neuron apoptotic
process for oligodendrocytes; transport of anion and
small molecules for endothelial cells; Response to ste-
roid hormone for ependymal cells. Taken together, this
study provided a context for a comprehensive under-
standing of cell-type specific DEGs associated with IS,
as well as related pathways or biological processes in
the brain inflammation following stroke.

In acute ischemic stroke, cell death was induced
within minutes under hypoxia, and ischemic cascade
reaction including glial activation, infiltration of
peripheral immune cells, and release of inflammatory
cytokines and chemokines occurred swiftly throughout
the entire brain.'* In this study (Supplemental Table
S2), we detected an up-regulation in Ccl7 and Ccl12
in microglia, Ccl4 and Cdknla in astrocyte, and Ccl4
in ependymal cells, providing a large amount of evi-
dence for the molecular and cellular foundations of
inflammatory responses post MCAO. Secretion of
these chemokines and cytokines from glia cells was ini-
tiated by the release of damage-associated molecular
patterns (DAMPs) from the damaged tissues.'”
Subsequently, numerous infiltrating peripheral myeloid
cells and lymphocytes characterized by increased
expression of Cecrl2, Cxcl3, Ccl7, Ccl22 and many
other inflammatory factors further aggravated brain
injury by enhancing cell excitotoxicity. In sum, the pre-
sent study provided a characterization of the full-scale
global brain inflammation after stroke involving
almost all specific cell types.

Cell-type specific gene expression changes following
ischemic stroke

As shown in Figure 2(a), a large number of the
DEGs identified after stroke changed in a cell type-
dependent manner. Strikingly, the overlap DEGs
analysis between the single-cell and bulk tissue
revealed that approximately 80% of DEGs identified

using single cell type were undetected at the whole
brain level (Figure 2(b)). Moreover, shared DEGs
between bulk tissue and the single cell displayed a
broad spectrum of microglial DEGs (>50%), provid-
ing more evidence that microglia emerged as a cen-
tral player in the inflammation of ischemic stroke.
Meanwhile, microglia harbored 157 unique DEGs
among all cell types and were located at the top of
the list, followed by MdCs, oligodendrocyte, EC and
CAMs. Besides, microglia and CAMs shared the
most common DEGs post MCAO among all cell
types. It has been reported that CAMs and microglia
orchestrated the neuroinflammation in either cellular
morphology or molecular function in CNS physiolo-
gy and the pathogenesis of CNS diseases. While
many cell types with a small population such as peri-
cytes and FB were shown to interact with brain
inflammatory factors, cell-type specific DEGs
among these cell clusters may be undetected in
whole tissue analysis. Hence, single-cell RNA
sequencing has a great advantage over traditional
microarrays and bulk RNA-seq, especially in recov-
ering the rare cell types within a cell population that
might play a key part in the regulation of diseases.

To investigate the potential molecular markers for
diagnosis and treatment of the stroke, we sought to
identify the unique and shared DEGs within each cell
type between the sham and MCAO animals (Figure 2
(¢)). In the experiments, we observed that one P2 puri-
nergic receptor gene P2ryl2, known as a marker gene
for microglia, was specifically down-regulated in micro-
glia post-MCAO. This observation was consistent with
the previous reports that the expression of P2ryl2 was
decreased upon microglia activation with an amoeboid
round shape following inflammatory stimulation.'®
Moreover, we found that Lpl and CD72 presumably
involved in scavenging, recycling of lipid debris, and
regulation of proliferation of microglia'’ were specifi-
cally upregulated in microglia after MCAO, while the
expression of GFAP, a crucial marker for reactive astro-
gliosis was increased primarily in astrocytes.'® In addi-
tion, we identified the following typical DEGs across
multiple cell types post-MCAO(Figure 2(d)): Sppl-
osteopontin (OPN) associated with neuroprotective
effects after ischemic stroke'®; Lilrbda, one of the most
enriched genes in microglia associated with neurodegen-
eration diseases’’; CXCL2, a ligand of CXCR2 in neu-
trophil infiltration after ischemic stroke; Saa3, serum
amyloid A3 in response to injured tissues®'; MT-ATPS8
encoding key enzyme of oxidative phosphorylation in
the electron transport chain.*?

Moreover, to further identify whether our altered
gene expression can be detected changes at the protein
level, we also conducted immunofluorescence staining
(Figure 3(a)) and flow cytometry analysis (Figure 3(b)).
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Figure 2. The differential expression analysis of each cluster defined between Sham and MCAO groups. (a) UpSet plots showing
unique or overlapping DEGs derived from the comparison between MCAQO and Sham samples within each cluster. The black dots
represent the DEGs that are shared by more than two cell types. The black bar graph above each plot represents the number of DEGs
for each category and the yellow bars represent the total number of DEGs between MCAQO and sham groups of each cell type. (b)
The overlapping DEGs at the bulk tissue (calculated by averaging the gene expression between all single cells from MCAO group and
all single cells from Sham group in our scRNA seq data), microglia and single cell levels. (c, d) Violin plots showing the normalized
expression of cell-type specific (c) and shared-brain (d) DEGs between Sham and MCAOQ groups. The orange plots represent samples
from Sham groups; blue plots represent samples from MCAQO groups.
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Figure 3. Validation of cell-type-specific and shared ischemic injury-related DEGs. (a) Representative immunofluorescence staining
showing the ischemic injury-related upregulation of GPD in oligodendrocyte (APC), CCLI | in pericyte (CD13), CD72 and LILRB4 in
microglia (TMEM1 19, IBAI) at 24 h after MCAO. Scale bars,50 um. n = 6 per group. **P < 0.01 by unpaired two-tailed t test. Data are
presented as mean + SD. P > 0.05 by Shapiro-Wilk test for normal distribution. (b, c) Flow cytometry plots (b) and quantification (c)
showed that ischemic injury-related oligodendrocyte highly expressed GPDI, pericyte highly expressed CCLI I, microglia highly
expressed CD72 and LILRB4 obtained from mice brain tissues at 24 h after MCAOQ. n = 8 mice per group. *P < 0.0 by unpaired two-
tailed t test. Data are presented as mean + SD. P > 0.05 by Shapiro-Wilk test for normal distribution.
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As a result, we indeed discovered the specific ischemic
injury-related upregulation of GPDI1 in oligodendro-
cyte, CCLI11 in pericyte, CD72 and LILRB4 in micro-
glia (Figure 3(c)). In sum, the cell-type specific DEGs
perturbed by ischemic injury could be used as unique
biomarkers for tracing the trajectory of the progression
of the stroke, while the pan-brain DEGs across multi-
ple cell types may provide the most vulnerable targets
for the therapeutic interventions.

Unique gene expression signatures of microglia
subclusters

As the resident immune cells in the brain, microglia
(MGQG) are responsible for carrying out remarkable and
multiple functions during ischemic stroke.*> Recently,
numerous studies with scRNA-seq or CyTOF revealed
microglia heterogeneity in development, homeostasis,
and diseases.>* In our study, we identified five unique
cell clusters (Figure 4(a)). MGO contained cells primarily
from the sham group, and three clusters were mainly
made up of cells from the MCAO group (MG 2, 3, 4).
MG 1, however, was composed of equal proportion of
cells from both the sham and MCAO group (Figure 4
(b)). All MG subclusters expressed core microglial
markers including Gpr34, Olfml3, P2ryl12, TMEMI119,
Selplg and Siglech, which were relatively low expression
in the most inflammatory ischemic injury-associated
microglial subclusters (MG 2,3,4) (Figure 4(e)). This
phenotype has also been observed in other injuries and
diseases.”> The MG cluster expressed not only the
monocyte chemotactic protein (MCP) family genes
such as CCL12, CCL2, and CCL7,%° but also IER3 asso-
ciated with hypoxia.?” The MCP family genes have been
shown to play a key role in pro-inflammatory reactions
through chemotaxis of monocyte-derived macrophages
and other peripheral immune cells to the ischemic brain.
Although it contained nearly half amount of the cells from
the sham group, the gene expression level of which was
relatively lower than the MCAO group (Figure 4(d)).
Notably, as the most inflammatory ischemic-associated
subcluster, the MG?2 cluster shared a list of significant
genes with the neurodegeneration-associated microglial
subset,”® which includes Lgals3, Lilrb4, Lpl, Sppl and
Fth1l. We also detected a high expression of matrix metal-
loproteinases 12 (MMP12) unique in MG2 cluster.
MMP12 has been reported to cause great damage to the
blood-brain barrier (BBB) after ischemic stroke.”’
Likewise, ADAMS was found to be exclusively up-
regulated in MG2. As a member of A Disintegrin and
Metalloproteinase (ADAM) family, ADAMS may mod-
ulate shedding of TNF-R1 in microglia-mediated neuro-
protective effects.’® Morever,the MG4 cluster was also
involved in the most complex regulatory network of
inflammatory response (Figure 4(f)). The ischemic lesions

associated MG3 cluster highly expressed genes involved in
IFN (interferon) signaling pathway such as Isgl5, Ifit3,
Irf7 and Cxcl10.And the gene ontology (GO) network
analysis for MG3 was also enriched for response to virus
and cellular response to interferon-beta(Figure 4(f)). MG4
cluster expressed genes related to proliferation markers,
such as Birc5, Ube2c, Top2a and Stmnl, suggesting that
they are a proliferating pool of microglia, which was con-
sistent with the gene enrichment result of the cell cycle,
mitotic and G2/M transition as shown in Figure 4(f).The
further verification for the most inflammatory reaction
subsets could be confirmed in flow cytometry (Figure 3
(g)) and immunohistochemistry (Figure 4(h)) with MG1
as CCL2MLGALS3°CXCL10", MG2 as
CCL2°LGALS3"CXCL10°,  and  MG3  as
CCL2°LGALS3"°CXCL10™.

To explore microglia regulatory network inference,
we also applied SCENIC?! analysis, which revealed
distinct transcription factor (TFs) for these five subsets
(Figure 4(i) and (j)). For example, we identified Dbp,
KIf2 and Maf as candidate TFs shared by the MGO, 1,
2, and 3 from the sham group (Figure S6). In cluster
MGO0-4 mainly from the MCAO group, we observed
preferential activity of regulons corresponding to e.g.
hypoxia sensor Hifla (Figure 4(k)), as well as Spil, a
transcription factor with a critical role in enhancing
monocyte-specific promoter activity and affecting
NF-k B associated TNF-o signaling pathway.>
Some TFs associated with immediate early gene
family, were significantly upregulated as early as 3h
after ischemia reperfusion and rapidly induced at the
onset of hypoxic conditions,*® such as Fos, Egrl and
cebpb, which were identified in MGO and 1 cluster
from MCAO group. Noteworthy, we also revealed
candidate regulons for the major ischemic injury asso-
ciated MG2 cluster such as Creb3, Sp3 and Ets2
(Figure S6). As a transcriptional repressor, Sp3 was
reported to be involved in the regulation of the
NCXI1 expression in the brain ischemia.’® It is well
reported that Ets2 was crucial for TNFa-induced
expression of MCPI1, IL6, and vascular cell adhesion
molecule 1 and induction of an intraplaque proinflam-
matory phenotype in endothelial cells.”> Regulons
related to type I IFN response had enriched activity
in MG3 cluster (Statl, Stat2 and Irf7). Furthermore,
MGH4 cluster cells were enriched for Ezh2, Mybl2 and
Nfyb activities (Figure S6). Ezh2 was required during
cell mitosis and responsible for regulating development
and differentiation.*

Uncovering CNS border-associated macrophages
subsets during ischemic stroke

The neuroinflammation in the CNS was not only
attributed to the parenchymal microglia, but also
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associated with the non—parenchymal macrophages at
the CNS borders, including meningeal, perivascular
and choroid plexus macrophages (collectively known
as CAMs).>” We identified six distinct subsets of
CAMs (Figure S7(a)),which all expressed the core sig-
nature genes(Lyvl,Cd163,Mrcl,Cbr2) (Figure S7(c)).
According to the cell proportion transition upon ische-
mic injury among the six subsets (Figure S7(b)),we
could easily infer the CAM4 mainly from the MCAO
group with higher levels of MHCII-related antigen pre-
sentation molecules(such as H2-Aa, H2-Abl and
Cd74) (Figure S7(d)).Besides, we also found a distinc-
tive cluster primarily origin from the MCAO group-
CAMS characterized with oxidative phosphorylation
and respiratory electron transport chain expressing
Cox7b,Cox8a and Ugqerll. We also recovered brain
resident macrophages populations-CAMI1 enriched in
the process of endocytosis, and predicted that the
expression of Mgl2 and Timd4*® might help distinguish
these cells from recruited monocyte-derived macro-
phages. In addition, other clusters including CAMO
with higher levels chemotaxis genes (Ccl2, Cxcll and
Cxcl2), CAM2 showing a similar expression pattern
(Sppl, Lpl, Lilrb4,Lgals3) with the CP**-BAM:s (cho-
roid plexus epithelial border-associated macro-
phages)** and CAM3 expressing Type I IFN response
genes(Ifit3,Isgl5,Rsad2 and Irf7).

Heterogeneity of HSC-derived circulating myeloid
cells during ischemic injury

To further investigate the potential interaction between
hematopoietic stem cell (HSC) derived myeloid subsets,
including the major infiltrated APCs (antigen presenting
cells including monocytes/macrophages (Mon/Mo),
dendritic cells(DCs) and lymphocytes (T, B and NK
cells), we extracted them and examined in a new cluster-
ing analysis (Figure S8(a)). Analyzing the cell numbers

and proportion (Figure S8(b)), we found that the major-
ity of infiltrating cells were Mon/M¢, followed by DCs.
Mon/Me were highly actived during IS and exhibited a
markedly different phenotypic signature as we identified
including Mo/Meo_Sppl(Fnl, Sppl, Ctsl), Mo_Cxcl2
(Thbsl, Cxcl2), Ly6c™Mo(Plac8,Ly6c2), Ly6c'°Mo
(Ace,Eno3,Ear2), Res-like Me(Clqa,Clgb,Clqc),
MHCII Mo(Cd74,H2-Abl,H2-Aa) and IFNIC Mo
(Cxcl10,Ifit1,Isg15) (Figure S8(c)).

To identify ischemic insult associated Mon/M@ on
the homeostatic state and distinguish differentiated cell
states, we performed BEAM algorithm in Monocle 2.4
In the experiments, each dot represents a single-cell
expression profile ordered in “pseudotime”, while the
line connecting the dots outlines a fate trajectory of relat-
edness in their expression patterns (Figure 5(a)). We
found the Mon/M@ from the sham group occupied
two separate trajectory branches at the original point,
whereas the MCAO subclusters straddled all three
branches (Figure 5(b)). As depicted in Figure 5(c), the
pseudotime analysis of the cells ordered mainly based on
Seurat-defined Mon/Mo subclusters (as mentioned in
Figure S8) revealed a distinct differentiation trajectory
diverging along three major bifurcation. Mon/Me in the
Ly6c'® Mo and Ly6c™ Mo_2 clusters occupied a separate
trajectory branch, while the Res-like M@ occupied a
second branch. Interestingly, Mo_Cxcl2, IFNIC Mo
and Mo/M @ occupied the residual branches. Then, the
continuous fluctuation of differentially expressed genes
were displayed in accordance with the pseudotime order
to track changes via different Mon/M¢ fates. The
expression level of Argl, Clec4d, and Osm expression
were low in the Ly6¢'© Mo and Ly6c™ Mo_2 clusters,
higher in the Mo/M¢@_Sppl cluster and even greater in
the Mo_Cxcl2 cluster (Figure 5(d) and (e)), indicating
the dynamic changes of these genes followed the Mon/
Mo states. In contrast, major histocompatibility com-
plex (MHC) molecules (such as H2-Ebl, H2-Aa and

Figure 4. Continued

marker genes for each microglia subcluster(m1-m4). (e) Violin plot depicting the expression levels of known core signature genes for
each subtype of microglia. (f) Representative enriched ontology network of the five microglia subtypes with P-value. (g) FACS and
staining strategy for microglia, MGI(CCL2TLGALS3~CXCLI07), MG2 (CCL2 LGALS3TCXCLI07), and MG3

(CCL2 LGALS3~CXCLI0™). Fluorescence minus one (FMO) control (top) were used to control for spillover-related contribution to
background in each channel. n =6 mice per group. *P < 0.05, **P < 0.01 by unpaired two-tailed t test. Data are presented as mean +
SD. P> 0.05 by Shapiro-Wilk test for normal distribution. (h) (Left) Representative immunofluorescence pictures of coronal overview
of the spatial evolution of the microglia subsets at 24 h after MCAO. Scale bars, | mm (overview) and 10 pm (inset). (Right)
Representative immunofluorescence pictures depicting MG | (CCL2"LGALS3'°CXCL10°), MG2 (CCL2"°LGALS3"'CXCLI0"°), and
MG3 (CCL2"°LGALS3"°CXCLI10") subsets within the core of ischemic lesions of the brain. Scale bars,10 um. n = 6 per group,

*P < 0.05, *P < 0.0] by unpaired two-tailed t test. Data are presented as mean £ SD. P > 0.05 by Shapiro-Wilk test for normal
distribution. (i) The representative motif logo for the regulon in five microglia subclusters. (j) UMAP plots based on the SCENIC
regulon activity-barcodes, colored by the subtypes of microglia identified above (left panel) and disease of origin (right panel). (k) The
expression level of the indicated TFs and activity of the corresponding regulon in individual microglia as determined by SCENIC
analysis and projected onto the UMAP plot representing the dataset.
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Cd74) seemed to lose the expression along from the
MHCII Mo cluster to the Mo_Cxcl2 cluster. The
IFNIC Mo cluster highly expressing genes associated
with type I interferons (IFNs)-mediated signaling
showed an intermediate transition state. Exploring the
changes of gene expression profile according to Mon/
Mo fates suggested the potential on/off switches across
different Mon/M¢ clusters and the dynamics of the var-
ious cellular processes. Given that ischemic injury-
associated Mon/M¢ exhibit distinct phenotypes, we
then constructed gene ontology (GO) networks based
on each unique subcluster marker genes. We found
that the eight subclusters were not separated from each
other. Instead, they shared common gene sets and relat-
ed enriched ontology terms across subcluster-specific
genes to a certain extent (Figure 5(f)). Mo_Cxcl2 and
Mo/Me_Sppl clusters-enriched genes were associated
with the process of myeloid leukocyte migration and
cytokine production, while universally upregulated
MHCII Mo cluster genes were linked to antigen presen-
tation and presentation. Genes that were restricted to
Ly6c™ Mo_2 cluster revealed cluster-specific gene ontol-
ogies, including detoxification of reactive oxygen spe-
cies. Furthermore, flow cytometry also identified the
dynamic change of the Mon/M¢ subclusters between
the sham and the MCAO group (Figure 5(g)).

We detected four distinct neutrophil clusters, NEUTO
(PMNc-G5¢), NEUTI(PMNb-G5b-ISG), NEUT2
(PMNa-G5a) and NEUT3(immNeu-G2-4) (Figure 6
(a)). As the most mature neutrophils with typical poly-
morphonuclear morphology (PMN) infiltrating into the
brain mainly from the MCAO group (Figure 6(b)),
NEUTO significantly expressed much higher mobilizing
signals (Cxcll) for promoting the release of the mature
neutrophils from the BM(bone marrow) into the circu-
lation,*! as well as the upregulation of Cd63,Ptafr and
Hcar2 corresponding to the neutrophil mediated immu-
nity(Figure 6(c) and (d)). On the other hand, NEUTI1
featured higher expression of type I interferon (IFN)
stimulated genes (ISGs), such as Ifitml, Gbp2, Isgl5
and Irf7. NEUT?2 cells highly expressed Stfa2l1, Cxcr2
and Ltbd4rl, as well as genes related to cellular response
to cytokine stimulus (Treml, Fprl and Cecrl).
Noticeably, a list of secondary granules associated
genes previous labelled preNeu and imNeu*? were iden-
tified mostly within NEUT3, such as Ltf, Camp, Cybb,
Cd177,along with the strong upregulation of Cebpe
expression, which was the crucial transcription factors
(TFs) for early neutrophil differentiation.** Moreover,
ischemic injury altered the cell composition ratio of the
various neutrophil subclusters. The dynamic conversion
among each subcluster was also identified by flow
cytometry in our study (Figure 6(¢)).

We also proceed the lymphocytes sub-clustering anal-
ysis and revealed six subsets (Figure S9(a)), including

NKT1 cells (Ifng, Klrblc), NK2 cells (Car2, S100al), Bl
cells (Ly6d, Cd79a), B2 cells (Rampl, Lmo4), T1 cells
(CD3d, Ms4a6b, Cd160) and proliferative T cells
(Stmn1,Birc5,Ube2c) (Figure S9(d)). Remarkably, we
found increased expression of chemokine genes (Ccl3,
Ccl4, Ccl5) and cytokine gene (Ifng) in NK cells, cytotox-
ic genes (Cd63, Gzmk,Gzma,Gzmb) in NK cells and pro-
liferative T cells within the MCAO brain (Figure S9(e)).

Gene expression analysis of types diversity in the
brain vasculature

We found six vascular endothelial cells (ECs) subclusters
(Figure S10(a)) according to the established markers of
ECs in previous studies.**** Ischemia-induced inflam-
mation and oxidative stress increased endothelial cell
death, which directly resulted in the decrease of the cell
percentage in the MCAO group, while, the cells from
BBB associated clusters increased (Figure S10(b))with
a list of core BBB dysfunction module associated
genes,*® such as Adamts4, Uppl,Timpl and Pdliml
(Figure S10(d)). Interestingly, we identified two ECs
clusters including capillary (capEC-IFN™) and arterial
(aEC- IFN'®) expressed IFN-I signaling genes (such as
Ifit3, Isgl5, Uspl8), whereas the cell proportion
decreased in the MCAO group, which displayed consis-
tent result with a reference of bulk RNA-seq dataset of
brain ECs.*” In an attempt to explain the ECs heteroge-
neity after stroke, we used the GSVA analysis to reveal
the different biological processes among the six subclus-
ters (Figure S10(e)). Indeed, the BBB enriched
subcluster-EC3 highly involved in the KRAS gene
charging for the regulation of RAS/MAPK pathway,
which was closely related to the apoptosis of cerebral
microvascular endothelial cells in ischemic stroke.*® In
addition, the venous ECS5 involved in the hypoxia and
oxidative phosphorylation. In a word, the identity of
each ECs subpopulation was still existed after acute
ischemic injury, however, ischemia up- and downregu-
lated numerous genes encoding inflammatory cytokines
(such as Sppl, Cxcl2, Ccl4, Cd14) in each ECs subpop-
ulation (Figure S10(f)).

We also identified distinct vascular mural cells subsets
(three PCs and six SMCs subsets) occurring in ischemia
condition (Figure S10(g) and (1)). SMCs highly expressed
gene sets involved in the specific markers to arteriole
(aaSMCQ) cluster0(Acta2,Tagln), arterial SMC (aSMC)
clusterl,2and 3(Cnnl,Ptgis,Eln), venous (vSMC-IFN)-
cluster5(Car4,Art3) (Figure S10(j)), in line with previous
reports.** Besides, we also found an activated SMC clus-
ter4 specific enriched in the neutrophil mediated immu-
nity and regulated exocytosis (Figure S10(k)), in
agreement with their known role in atherosclerosis by
neutrophil-driven SMC lysis and death.*” Moreover,
the type I interferon signaling pathway related SMC
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Figure 6. Differential gene expression patterns in neutrophils clusters. (a) UMAP visualization of subclusters of the neutrophils. (b)
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(e) Flow cytometry analysis of proportion of the neutrophils subsets transitions obtained from mice brain tissues at 24 h after MCAO.

n =6 mice per group. Data are presented as mean £ SD. P> 0.

subcluster5(vSMC-IFN) also showed a decreased cell
proportion in the MCAO group (Figure S10(h)), in line
with the expression trend of ECs. In addition to SMCs,
we also identified three PCs subsets (Figure S10(1)). PCO
subset was mainly enriched in the process of the potas-
sium, sodium, calcium ion transport (Figure S10(0)) and

05 by Shapiro-Wilk test for normal distribution.

were important for maintaining BBB normal functions.
PC1 subset highly expressed gene sets involved in
immune functions after ischemic stroke, including
Oncostatin-M-produced BBB breakdown, HIF-1 and
cytokine-mediated signaling pathway. PC3 subset with
specific high expression of Acta2 in regulating cerebral
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blood flow was enriched in the pathway of muscle con-
traction and syndecans 1 pathway related to the multi-
potential differentiation capacity of pericytes.

Perivascular fibroblast-like cells (FBs) are a newly
defined subsets with unknown function that occupy the
perivascular space in the brain.** We found three sub-
clusters of FBs (Figure S10(p)). Among the FBs, FBO
specifically expressed some genes related to membrane
transporters (e.g., Slc22a6,SIc6al3, Slc7all, and
Slcla3) and collagen fibril organization genes(Collal,
Colla2, Coll2al). FB1 was enriched in the process of
extracellular matrix organization (Vcaml,Lum,Dcn)
and response to interferon-beta (Ifitml,Ifitm2,Gsn).
FB2 highly expressed genes encoding pumps (e.g.,
FxydS and Atplbl), carboxylic acid transport (e.g.,
Slc38a2,Slcl6all, Slc6a6), and regulation of cellular
pH (e.g., Slc26a2,Slc4al0) (Figure S10(s)). The differ-
ential expression genes (DEGs) for each FBs subcluster
was examined between MCAO and sham groups
(Figure S10(u)), which revealed subsets-specific expres-
sion pattern.

Heterogeneity of other brain cells upon
ischemic injury

In the experiments, we projected the oligodendrocytes
(OLGs), astrocytes (ASCs), neural progenitor cells
(NPCs) into the tSNE space, respectively. The graph-
based clustering algorithm were employed to identify
the subclusters within each cell type (Figure S11(a), (¢)
and (i)). Moreover, we found that each cell type from
MCAO and sham groups was mostly segregated into
distinct subclusters, indicating that firm and sound
ischemic injury-associated gene expression patterns
changes across almost each cell type. Meanwhile, each
subcluster of a given cell type could be distinguished by
specific marker genes (Figure S11(c), (g) and (k)).
Besides, the enrichment analysis of DEGs for each cell
type after ischemic stroke led to an identification of
specific functional categories (Figure S11(d), (h) and (1)).

Besides, we also investigated the ependymal cells
(EPCs) and choroid plexus capillary ECs (CPCs)
after IS (Figure S12(a), (e) and (i)). EPCs were divided
into two subtypes according to the previous study''
and gene expression pattern: EPCI1- secretory ependy-
mal cells highly expressed Prlr and Enpp2 genes that
are related to the cellular secretion and EPC2-ciliated
ependymal cells are featured with the expression of
Ccdcl153, Hydin and Dnalil genes that are associated
with cilium movement. The six EPCI subsets and three
EPC2 subsets nearly all showed the gradual changes in
gene expression distributed into three patterns respec-
tively (Figure S12(c) and (h)). Notably, the subcluster0
of EPC1 mainly from the MCAO group highly
expressed immune response genes (e.g., Hspala, Ctss,

Ccl3 and Ctsb). On the other hand, the CPCs were
divided into four subsets, one of which representing
subcluster0 also expressed type I interferon genes
(e.g., Irf7, Isgl5, Ifit3 and Rsad2) and the subclusterl
mainly from the MCAO group selectively expressed
chemotaxis and immune response genes (e.g., Cdl4,
Ccl2, Ccl4 and Cts3)

Ischemic stroke diversifies cell—cell communication
in the brain

Ischemic brain injury is characterized by the neuroin-
flammatory responses of both the innate and the adap-
tive immune system, which relies on sophisticated
interactions between brain resident and myeloid
immune cells, both through adhesion of molecules on
the surface of adjacent cells or extracellular matrix, and
chemical signaling molecules. Here, based on the
ligand-receptor interactions, we infer the potential cell
-cell communication in the brain and identify their var-
iation during ischemic stroke using the CellPhoneDB
database. While some interactions are unvaried, some
were particular to the ischemic injury or sham groups.
In sham groups, the cell -cell interaction landscape of
the brain was dominated by FB communicating with
each other (Figure 7(a)and (b)). In the MCAO groups,
the number of inferred communications between FB
and other cells was reduced. However, the cell -cell
interactions dominated by microglia and CAM
increased significantly after stroke, especially the pre-
dicted interactions between microglia and other
immune cells, astrocytes, pericytes and oligodendro-
cytes (Figure 7(c) and (d)).

The results of the inferred cell -cell communication
among brain cells in sham controls suggested plenty of
growth factor signaling pathways, such as the epidermal
growth factor receptor (EGFR), transforming growth
factor (TGF), platelet-derived growth factor (PDGF)
and vascular endothelial growth factor (VEGF) path-
ways (Figure 7(c)). Cell—cell interactions unique to
stroke included chemokines, cytokines, and TNF fami-
lies, such as CCL2, CCL5, IL1A, IL1IRN, and TNEF, all
of which are known to play significant roles in enhancing
peripheral immune cell infiltration into ischemic brain
tissue (Figure 7(f)). Notably, we also identified SPP1
(osteopontin, OPN) mainly expressed by macrophages
and activated microglia, with receptor such as CD44
and integrin receptors(a4fB1), which were expressed
broadly across brain resident and infiltrated immune
cells, suggesting potential neuroprotective effects via
diverse signaling pathways as previous before. Apart
from discovering these widely known interactions, we
identified novel microglia—lymphocytes interactions in
stroke: SPP1-PTGER4, which were involved in
macrophage-exhausted CD8' T cells interactions in
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lung adenocarcinoma influencing T cell function to main-
tain the balance between immune activation and exhaus-
tion before.® We also verified that the SPP1" microglia
were within close proximity to PTGER4" CD8'T cells in
the periinfarct area of brain sections at 24 h after MCAO
(Figure 7(g)). All in all, the intercellular interactions indi-
cate a close relationship between peripheral immune cell
dynamics and molecular features of brain resident cells,
which might influence the prognostic and therapeutic
responses in ischemic stroke.

Discussion

In this study, single-cell RNA sequencing provided a
full-scale data resource for exploring the ischemic
stroke at the single-cell transcriptomic level, unprece-
dentedly uncovering the brain cell phenotypic hetero-
geneity and identifying diverse functional changes at
the acute stages in ischemic stroke (24 hr post MCAO).

The cerebral stroke usually occurred under hypoxic-
ischemic condition due to the occlusion of major brain
arteries. A rapid inflammatory response in the stroke
was characterized by the activation of brain resident
cells and the recruitment of peripheral immune cells.
The proportion of the infiltrated cells fluctuated at dif-
ferent time points.”' Here, we showed a temporal com-
position of influx of inflammatory cells with varied
increase in the number of monocytes, neutrophils,
and lymphocytes within 24 hours after reperfusion.
Strikingly, every infiltrated immune cell harbored a
detailed transcriptional information, and these cells
could be classified into distinct subtypes. In compari-
son with the previous studies in which only sorted cells
with limited number of markers were explored in flow
cytometry, high-dimensional unbiased single-cell
sequencing in this study defined a relatively accurate
cell heterogeneity and cell subtype specific molecular
regulators. The precise identity of these cell subsets
might enable us to investigate the potential key sub-
cluster of the immune cell repertoire that could be the
target of therapeutic intervention in stroke.

In our results, we depicted the single cell transcrip-
tional maps of the brain cells during normal condition
versus ischemic injury, uncovering cell-type specific
DEGs, pathways and the special molecular and cellular
subtypes. Although most genes showed distinct cell-
type specific expression patterns, many of the top
DEGs were found to be involved in related biological
processes across cell types. Specifically, comprehensive
prediction of the cell-cell interactions between the
sham and MCAO group suggests the dominance of
microglia interacting with resident brain cell and infil-
trating immune cells. Hence, cell-type specific regulato-
ry genes, especially those involved in subcluster
associated diseases, should be considered for

biomarkers in stroke, and ischemic insult caused alter-
ation of DEGs across multiple cell types may have a
potential implication for the intervention. In agree-
ment, Guo et al.” recently profiled the single-cell tran-
scriptional analysis of the mouse brain cortex
penumbra area 24 h after MCAO, which identified 13
major cell types, each showing similar gene expression
patterns to our study. However, the composition ratio
of the cell types was different between the two studies
(Guo et al. versus our study), probably owing to several
reasons, including in the subclusters classification of
cell types, the different brain tissues sampled (cortex
penumbra versus cerebral hemisphere), varying enzy-
matic methods for tissue dissociation and whether sam-
ples were mixed or not for library construction (yes
versus no) and so on.

As residential immune cells, microglia have been
studied for understanding of their heterogeneous
responses to many neurological diseases.’> So far,
numerous basic studies and clinical trials have
attempted to regulate microglia activation through
either suppressing microglia (M1 phenotype) or pro-
moting microglia polarization to M2 phenotype to
secrete anti-inflammatory cytokines, exerting a protec-
tive role in ischemic stroke.* Unfortunately, none of
the above projects have proceeded to the clinical prac-
tice. Recently, accumulating evidence points that M1/
M2 dichotomy for microglia/macrophages polarization
was oversimplified,’® thus further application of single-
cell techniques to investigate the microglia multipolari-
zation is imperative.’® Moreover, a recent study also
revealed that four clusters of TFs were involved in reg-
ulating microglial phenotypes in a rat model of ische-
mic stroke,” which suggested that novel phenotypes of
activated microglia extending beyond the M1/M2-like
patterns. Here, we did not observe a fully overlap
between the microglia subsets and classical M1 or M2
subsets after stroke at the single cell level. Instead, we
identified five distinct microglial subtypes in the sham
and MCAO groups. In agreement, Guo et al.> recently
also identified 14 microglia subclusters in cortex pen-
umbra, while, none of which fully expressed M1 or M2-
type marker genes. In addition, the core marker genes of
microglia including Gpr34, P2ry12, and Cx3crl were
also downregulated after MCAO in both Guo et al
and our study. Besides, we also found the diversity of
CAMs, including non -parenchymal meningeal, perivas-
cular, and choroid plexus macrophages, and which
showed different expression patterns with microglia.
Furthermore, the trajectory analysis of the Mon/Me@
revealed the potential differential trajectory post ische-
mic injury. All these findings prompted us to infer that
regional disparity of immune cells located in “core” of
the infarct or the “penumbra” and the different dura-
tions after reperfusion exhibited diverse
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pathophysiological features, suggesting spatial and tem-
poral interplays. With the emerging of a next-generation
molecular imaging technology, the Visium Spatial Gene
Expression solution could be helpful in globally classi-
fying immune cells based on the total mRNA content or
characterizing novel gene expression profiles of cells by
focusing on ischemic region of interest.

In addition to main myeloid cells, we also explored
the brain vasculature subsets during ischemic injury.
Although the proportion of each cell subsets nearly
unchanged, the ischemia also changed numerous
immune responses associated genes among each sub-
cluster between the sham and MCAO group. The
DEGs related functions will be explored in our next
work. Moreover, we uncovered the transcriptional
basis of the gradual phenotypic change (zonation)
along the ependymal axis in each subset. And we will
examine the gene regulatory network activities each
subcluster after ischemic injury.

The present study had the following limitations.
First, the results could be influenced by the timing
for collecting samples and the severity of the animal
model for stroke, due to the fact that the inflammatory
reaction during ischemic stroke displays a dynamic pat-
tern of progression. Second, this study represented the
transcriptome landscape of the stroke at the early stage
(24 hr). The transcriptome landscapes at advanced
stages of the disease (3 days or 7days after the onset)
would be more valuable in understanding the develop-
ment of stroke. Besides, stroke largely occurs in the
elderly, while our data obtained from young adults.
In fact, emerging transcriptomic analysis®’>® showed
that inflammatory responses, immune cell chemotaxis,
angiogenesis and tissue remodeling in aged microglia
was fully suppressed post stroke. Thus, further studies
at single-cell resolution in age brain after stroke might
clarified potential mechanisms underlying age-related
changes. Lastly, there is still a drawback to identify
the molecular mechanisms of human disease by apply-
ing the animal model because of the challenge in gain-
ing critical human brain tissues with stroke. Thus,
studies on the surgery samples or donated brain tissues
from the dead patients with stroke need to be done to
elucidate the underlying mechanism.

In conclusion, our research mapped the first global
single-cell RNA sequencing picture of brain cells post
ischemic stroke, broadening our vision of cell hetero-
geneity and cell-type unique gene expression pattern of
the stroke. Identification of the cell-type specific genes
could subsequently promote the exploitation and utili-
zation of molecular imaging studies on biomarkers for
dynamic disease surveillance among stroke patients.
Particularly, this study offers new insights into the
diversity in molecular and cellular subtypes underlying
cerebral ischemia-reperfusion injury in mouse model of

MCAQO and lays a foundation for the in-depth research
on human brain after ischemic stroke.
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