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Cerebralischemia triggers a powerful inflammatory reaction involving

peripheral leukocytes and brain resident cells that contribute to both
tissue injury and repair. However, their dynamics and diversity remain
poorly understood. To address these limitations, we performed a
single-cell transcriptomic study of brain and blood cells 2 or 14 days after
ischemic stroke in mice. We observed a strong divergence of post-ischemic
microglia, monocyte-derived macrophages and neutrophils over time,
while endothelial cells and brain-associated macrophages showed altered
transcriptomic signatures at 2 days poststroke. Trajectory inference
predicted theinsitu trans-differentiation of macrophages from blood
monocytesinto day 2 and day 14 phenotypes, while neutrophils were
projected to be continuously de novo recruited from the blood. Brain
single-cell transcriptomes from both female and male aged mice were
similar to that of young male mice, but aged and young brains differed in
theirimmune cell composition. Although blood leukocyte analysis also
revealed altered transcriptomes after stroke, brain-infiltrating leukocytes
displayed higher transcriptomic divergence than their circulating
counterparts, indicating that phenotypic diversification occurs within
thebraininthe early and recovery phases of ischemic stroke. A portal
(https://anratherlab.shinyapps.io/strokevis/) is provided to allow user-
friendly access to our data.

The immune system actively participates in the acute and chronic
pathogenesis of ischemic stroke. Damaged neurons lead to asecondary
inflammatory reaction that aggravates braininjury, increasing neuro-
logic deficits’. This response progresses for days to weeks and involves
glial and brain endothelium activation and recruitment of peripheral
immune cells. Although there is evidence that the acute inflammatory
response contributes to the progression of ischemic braininjury, more
recent research points to amore multifaceted role ofimmune cells in

brainischemia, whereby they participatein repair processes during the
subacute and chronic stages”*. Emerging single-cell RNA sequencing
(scRNA-seq) studies reveal a high cellular heterogeneity in the response
toischemicstroke® ', supporting the functional plasticity of brain and
immune cells after stroke. Furthermore, the ischemic brain and sys-
temicimmunity interactinabidirectional fashion. While theimmune
systemsupplies the brain withimmune cells that participatein the local
inflammatory response, neural and humoral factors generated by the
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ischemic brain communicate to peripheral organs'. Thus, activation of
the immune system through brain-derived molecules or by the auto-
nomic nervous system might lead to the transcriptional differentiation
of immune cells before entering the brain. Here, we used scRNA-seq
togaindeeperinsightsinto theimpact of ischemic stroke on the tran-
scriptional diversity of brainimmune cells, endothelial cells (ECs) and
peripheral blood leukocytes. Specifically, this study focuses on assess-
ing differencesintranscriptomicsignatures related to cell origin (brain
resident vs recruited cells), cellular localization (periphery vs brain)
time post stroke (acute vs subacute) and age (young vs aged mice).

Results

Brain and blood cell heterogeneity over the
ischemic-reperfusiontime

We prepared brain single-cell suspensions from young male mice 2
days after sham surgery (Sham) or 2 and 14 days after stroke (D02 and
D14, respectively; Extended Data Fig.1a) and flow-sorted CD45" cells,
microglia and ECs (Supplementary Fig. 1). Droplet-based scRNA-seq
revealed 13 distinct major cell clusters in 43,269 cells after performing
unsupervised clustering and uniform manifold approximation and
projection (UMAP). Based on the expression of established marker
genes and unsupervised cell type annotation, clusters were identified
asmicroglia, border-associated macrophages (BAMs), myeloid-derived
cells (MdCs), granulocytes, mast cells, dendritic cells (DCs), T cells,
natural killer (NK) cells, B cells, ECs, vascular mural cells, epithelial-like
cellsand oligodendrocytes (Extended Data Fig. 1b and Supplementary
Fig.3b). Asanticipated, we observed that therelative abundance of each
cell cluster changed notably with ischemia-reperfusion. Forinstance,
MdCs increased at D02, whereas the increase in lymphocytes (T cells
and NK cells) was more pronounced at D14, as previously reported™ .
Amid brain resident cells, we observed divergent clustering of microglia
across Sham, D02 and D14, indicating that ischemic injury markedly
modified microglial transcriptomes. On the other hand, less heteroge-
neity was observed in BAMs and ECs (Extended Data Fig. 1b).

Given that brain ischemia elicits a systemic immune response
that ultimately affects stroke outcome', we next sought to explore the
transcriptomes of peripheral blood cells from stroke mice. scRNA-seq
of blood leukocytes from Sham, D02 and D14 mice identified nine
distinct clusters that were annotated by the expression of commonly
used marker genes as follows: monocytes, neutrophils, eosinophils-
basophils, DCs, T cells, NK cells, B cells, various precursors and
one unclassified cluster (Extended Data Fig. 1c and Supplementary
Fig.4b). Overall, the major peripheral blood immune cell types showed
conserved positioning in the UMAP space across conditions. Only
granulocyte and monocyte clusters were slightly divergent at D14
fromtheir respective Shamand DO2 clusters. Thus, these results point
to lesser phenotypic differentiation in circulating leukocytes than in
brain-recruited leukocytes after stroke.

Combined analysis of brain and blood datasets showed that
non-brainresidentimmune cells clustered together independently of

their tissue origin. Conversely, the microglia cluster remained spatially
separated fromblood myeloid cells, reflecting their unique transcrip-
tome (Extended Data Fig. 1d).

Transcriptomic states of microglia at different phases

after stroke

To determine whether distinct transcriptional programs of microglia
develop over theischemia-reperfusion time, we re-clustered microglia,
which resulted in eight clusters (Mgl-Mg8), all showing high expres-
sion of canonical microglial markers Hexb, Olfmi3 and Fcrls (Fig. 1a-d
and Supplementary Fig. 5b). Sham microglia mostly fell into clusters
Mgland Mg2. Mgl was characterized by the expression of homeostatic
genes (Siglech, P2ry12, Tmem119), whereas Mg2 showed upregulation
ofimmediate early genes (Jun, Fos, Ergl, KIf2, KIf4 and Atf3), agroup of
transcription factors that are typically expressed in microglia of adults
and areinvolvedin establishing microglia surveilling functions”. Inline
with recent reports, we observed that microglial homeostatic genes
(P2ry12, Tmem119) were downregulated after ischemia®" (Fig. 1b).
The expression of Apoe, Lpl, Spp1, Clec7a or Cst7 genes, which have
been linked to microglial responses to demyelination®, Alzheimer’s
disease'®and stroke®™*, were upregulated in both D02 and D14 microglia
(Fig.1a-d). Furthermore, cerebral ischemialed to distinct DO2 and D14
microglia clusters. D02 microgliamainly comprised Mg4 and Mg5 clus-
ters, while the most prominent clusters at D14 were Mg3, Mg6 and Mg7
(Fig. 1c). Mg4 showed high expression of genes related to the clearance
of damaged cells and tissue repair (Spp1, Msr1 and Lgals3)'*", and high
expression of chemokine genes (Ccl2, Ccl12). The Mg5 cluster showed
expression of mitotic genes including Top24, Mki67 and Stmn1'°, indi-
cating microglia proliferation during the acute phase of stroke. Mg3,
the predominant cluster at D14, was defined by genes affiliated with
disease-associated microglia (DAM), including Apoe, Cst7, Clec7a, Lyz2,
Lgals3bp, Igfland Lpl* (Supplementary Fig. 5c). Similar to Mg3, Mg7 was
characterized by DAM genes (Spp1, Apoe, Cst7,1gf1, Lgals3bp, Apocl, Lpl,
Gpnmb, Itgax)' and by expression of genes observed in the response
of microglia to neurodegeneration (Gpnmb, Axl, Itgax, Spp1, Apoe)*®.
Mg6 showed upregulation of immune genes (/[1b, Nfkbiz, Cd83, Ccl4)
and genes of disease inflammatory macrophages/microglia (DIM; /l1b,
Cd83, Nfkbiz, Atf3, Ccl4, Egrl, Fosb)"” (Supplementary Fig. 5¢). Pseudo-
time trajectory predicted the progression of Sham microglia (Mgl) to
either DO2 or D14 microglia, whereas we could not observe a trajectory
from D02 to D14 microglia (Fig. 1e).

Giventhat microglia undergo significant morphological and func-
tional differentiation after cerebral ischemia, which could confound
discrimination frominfiltrating MdCs*, we used tamoxifen-inducible
Cx3cr1-Td mice to distinguish brain resident from hematopoietic mye-
loid cells®. We subjected Cx3cr1-Td mice that had been injected with
tamoxifen 6-8 weeks earlier to Sham, D02 or D14 stroke and performed
scRNA-seq on Td" brain cells sorted by flow cytometry. Unsupervised
annotation using the wild-type brain dataset as a reference showed
that the majority of tdTomato-expressing cells were annotated as

Fig.1|Microglia show altered transcriptional states through the acute and
subacute phases of stroke. a, Left panel: UMAP of merged Sham, D02 and D14
microglial single-cell transcriptomes reveals eight clusters; right panel: UMAP

of overlaid time points reveals high segregation of microglial clusters among
Sham, D02 and D14 groups. b, Feature plots depicting single-cell gene expression
ofindividual genes characterizing homeostatic and activated microglia. Scale
barsrepresent log normalized gene expression. ¢, Bar graph showing relative
frequencies of each cluster across Sham, D02 and D14 groups. d, Heatmap
displaying expression of the top ten upregulated genes in each microglial cluster.
Scale bar represents z-score of average gene expression (log). e, Pseudotime
analysis of microglial clusters showing transitional trajectories from Sham Mgl
cluster to either Sham-Mg2, or D02 Mg4-Mg5 clusters, or D14 Mg3, Mg6-Mg7
clusters. f, Representative fluorescence images of the cerebral hemisphere

after Sham surgery or at D02 or D14 after MCAo in Cx3crI“*®*"™:R26tdTomato

mice. Microglia were identified as Td* cells (red). Images show that the number
of microglia decreased in the ischemic core (white dashed outline) at D02
whereasits number increased at D14. g, UMAPs of individual marker genes that
characterize ischemic microglial clusters. Scale bars represent log normalized
gene expression. h, Diagram of a brain coronal section indicating anatomical
regions where the images in i-m were acquired. i, Immunofluorescence images
showing Ki67 (white) expression by Cx3crI-Td"(red) Ibal*(blue) microglia 2 days
after MCAo. Arrowheads indicate Ki67 staining. j, RNAscope FISH and IF images
validating Cst7 (white) expression in DO2 Cx3cr1-Td* microglia (Td*, red); nuclei
are DAPI" (blue). k.1, FISH images showing Cxcl10 (white) expression in DO2 (k)
and D14 (1) Cx3cr1-Td* microglia (Td*, red); nuclei are DAPI* (blue). m, IF images
showing IGF1 (white) expression by Cx3crI-Td*(red) MHCII™ (green) microglia
14 days after MCAo.
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microglia (92.7%) followed by BAMs (2.9%), MdCs (2.0%) and DCs (1.3%)
(Supplementary Fig. 5d).

To spatially map major microglia clusters, we examined the brains
of Cx3cr1-Td stroke mice by histology and fluorescence in situ hybridi-
zation-immunofluorescence (FISH-IF) (Fig. 1f). We observed that

Cx3cr1-Td" cellsweressignificantly reduced in theischemic core at DO2 but
rebounded at D14 (Fig. 1f). We observed colocalization of Cx3cr1-Td'Ibal*
microglia with the mitotic marker Ki67 at the infarct border at D02
(Fig.liand Extended DataFig. 2a), suggesting that proliferative microglia
contribute to the repopulation of theischemic territory seen at D14.
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Fig. 2| Transcriptional changes of BAMs after stroke. a, UMAP analysis of
merged Sham, DO2 and D14 BAM transcriptomes showed five clusters (left
panel); UMAP of overlaid time points reveals overlapping clusters among Sham,
D02 and D14 groups, except for BAM4, which is confined to DO2 (right panel).

b, UMAP plots depicting expression of individual marker genes for BAM (Mrc1,
Cd36), meningeal and perivascular BAM (Lyvel), choroid plexus BAM (H2-AbI)
and activated meningeal and perivascular BAM (Cc!8, IgfI). Scale bars represent
log of normalized gene expression. ¢, Bar graph showing relative frequencies

of BAM clusters across Sham, D02 and D14 groups. d, Heatmap displaying
expression of the top ten upregulated genes in each BAM cluster. Scale bar
represents z-score of average gene expression (log). e, Graphical representation

ofbrain coronal section indicating anatomical regions where the images in f-i
were acquired. f, RNAscope FISH images of brain cortical areas showing Mrc1
expression (white) in resident macrophages (Td", red) on the brain surface and
around vessels of Cx3crI-Td" mice 2 days after Sham surgery (Sham). Nuclei are
stained with DAPI (blue). g,i, IFimages validating IGF1 (white) expression by pial
BAM (Td", red) (g) in Sham Cx3crI-Td* mice and in perivascular macrophages
(i) of theischemic brain at D14. h, Representative IF image of awhole brain
section from a Cx3crI-Td* mouse subjected to 14 days of MCAo (D14), showing
MHCII" cells (white, binary mask) localization and nuclear DAPI staining (blue)
(left panel); IF images of magnified areas of the choroid plexus showing MHCII
expression (white) by ChMp (Td", red) (right panel).

The DAM marker Cst7 colocalized with ramified microglial cells at
the infarct border and with ameboid cells in the ischemic core (Fig. 1j
and Extended Data Fig. 2b), suggesting that cell morphology was not
associated with a DAM signature. We also identified Cxcl10 and Igf1
among the differentially expressed genes (DEGs) that were upregulated
inmicroglia afterischemia (Fig. 1g). Microglial induction of the inflam-
matory chemokine Cxcl10, aninterferon (IFN) type I stimulated gene,
has previously been reported in models of traumatic and ischemic

brain injury, experimental autoimmune encephalomyelitis and Alz-
heimer’s disease'**?, while insulin-like growth factor 1 (IGF1) express-
ing microglia has been associated with a pro-neurogenic phenotype
after stroke”. We observed that Cxcl10 was upregulated at DO2 and
D14, whereas /gfl was mainly induced at D14 (Fig. 1g). By histology, we
also found Cxcl10-expressing microglia in the infarct border at DO2
and in the lesioned tissue at D14, while IGF1" microglia were found in
the ischemic core (Fig. 1k-m and Extended Data Fig. 2c-d). In some
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instances, Td*Cxcl10* microglia were found near Td Cxcl10" cells,
suggesting that microglia and non-microglial cells expressing Cxcl10
organize into discrete cell clusters (Fig. 11).

Altered transcriptional states in BAMs early after stroke
Weidentified five BAM clusters (Fig. 2a). BAM1and BAM2 were the most
abundant clustersin all groups (Fig. 2c). BAM1showed the transcrip-
tional signature of subdural BAMs (Cd209f, Ccl24, Clec10a, Slc40al,
Stab1)*.Some of these genes have been found in homeostatic BAMs and
arerelated to leukocyte recruitment (Ccl24), phagocytosis (Cd209f) and
iron metabolism (Slc40al, Cp)*. BAM2 showed expression of canonical
marker genes of choroid plexus macrophages (ChMp) such as major
histocompatibility complex (MHC) classllgenes (H2-Ab1,H2-Eb1, H2-Aa,
H2-DMb1, H2-DMa) and low levels of the perivascular macrophage
marker Lyvel (Fig. 2b,d)*. BAM3 (Wwp1, Abhd12, Dhrs3, Hpgd, Trf) was
less frequent at D14, while BAM4 was largely confined to DO2 and was
characterized by genes linked to macrophage or microglia activation
(Spp1, Ccl8, Cstb, Lgals1)**°. BAMS5 showed expression of genes related
to lipid metabolism (Fabps, Lgals3)”” and damage-associated molecu-
lar pattern-recognition molecules (SI00A4, Lgals3, Clec4d, Clec4e)*®.

Using Cx3cr1-Td mice, we mapped BAMs on the surface of the
brain or lining parenchymal blood vessels by Mrc1 (CD206) and Td
co-detection. Consistent with the scRNA-seq data, MHC class Il antigen
was only detected in ChMp, whereas perivascular macrophages and
pial macrophages expressed IGF1 (Fig. 3f-i).

MdCs differentiate from inflammatory monocytes in the brain
Re-clustering of blood monocytesidentified five clusters (Mol-Mo5)
(Fig. 3a). Based on Ly6c2 and Cd36 expression, monocyte clusters
were annotated as inflammatory (Mol, Mo2, Mo4 and Mo5; Ly6c2
high, Cd36low) or patrolling (Mo3; Ly6c2low, Cd36 high) monocytes®
(Fig. 3b). Mol was most abundant at D14 and was characterized by
increased expression of S100 proteins and chemokines (§100al0,
S$100a4, Ccl9, Ccl6). Conversely, Mo2 was predominant at DO2 and
exhibited a transcriptional profile of ‘neutrophil-like’ Ly6C" mono-
cytes (Saa3, Mmp8, Lcn2, Wfdc21, Lrgl, Chil3)*°. Furthermore, Mo4
showed an interferon-stimulated gene (ISG) signature (/fit3, Ifit2,
Isgls, Ifi211, Ifi208, Ifit1bl1, Ifi203) and Mo5 showed high expression of
MHCII genes (H2-Abl1, H2-Ebl, H2-Aa, H2-DMb1, H2-DMa), resembling
monocyte-derived DCs (MoDCs)™. Inaddition to Cd36, Mo3 expressed
several genes characteristic of patrolling monocytes (Ear2, Treml4,
Eno3, Aceas) (Fig. 3c-d).

Weidentified six brain MdC populations. Sham brain displayed low
numbers of MdCs and most of them (~75%) clustered asMdC3, a cluster
closely related to blood monocytes (Serpinb10, Plac8, Sell) (Fig. 3e,f
and Supplementary Fig. 6a,b). MdCland MdC2 were the predominant
clustersat D02 and MdC6 was the major cluster at D14. MdCl1 expressed
a gene signature (Fabp$5, Spp1, Gpnmb, Ctsl, Cd63, Ctsb, Ctsd, Argl)
that has been found in stroke-associated macrophages, foamy mac-
rophagesinatherosclerotic plaques and lipid-associated macrophages

in myocardial infarct (Fig. 3h and Supplementary Fig. 6b)**>**. MdC2
showed upregulation of neutrophil chemoattractants (Cxcli, Cxcl2,
Cxcl3) and other pro-inflammatory genes (Ptgs2, Il1b, Clec4e), suggest-
ingaroleindriving post-stroke inflammation. Like MdC1, MdCé6 showed
increased expression of genes characteristic of stroke-associated
macrophages but differed from MdC1 by enrichment for the growth
factor Igfl. MdC4 cells showed an ISG signature (Supplementary
Fig. 6b), while MdC5 exhibited upregulation of MHCII-associated
genes, identifying this cluster as moDC>'. Trajectory analysis showed
the sequential transition of inflammatory peripheral blood Mol and
Mo2 clusters to brain MdC3 cluster, followed by MdC2, MdC4 and
MdCl1 transition and final differentiation into MdC6. MdC5 appeared
as the only MdC cluster dissociated from the trajectory (Fig. 3f). This
suggests that MdCs in the inflamed brain derive from inflammatory
monocytes and thatboth MdC1and MdCé constituted bonafide tissue
macrophages, whileMdC2, MdC3 and MdC4 were clusters associated
with transitional phenotypes.

Sppland Gpnmb were preferentially upregulatedin fully differen-
tiated MdC1and MdC6 clusters (Fig. 3h-i). Upregulation of these two
genes in brain macrophages has been linked to tissue regeneration
and neuroprotection after stroke***. MdClwas characterized by Arg1
expression,agene associated with efferocytosis®®. Detection of Argl by
combined FISH-IF revealed that Argl increased at DO2 in infiltrating
macrophages (Cx3crI-Td" cells) located on the brain surface or struc-
tures resembling parenchymal blood vessels (Fig. 3j). In addition, we
found upregulation of Cxcl10 at both DO2 and D14 (MdC4) and of IgfI
at D14 (MdCé6), similar to the one observed in microglia (Fig. 3k-m and
Extended Data Fig. 2c-d). Many of the Cxcl10-expressing MdCs were
organized in cell clusters together with Cxcl10-producing microglia,
indicating thatlocal environmental cuesin selected brain regions might
drive the ISG phenotype in MdCs and microglia.

Lrglidentifies reactive endothelium early after stroke

ECs segregated into nine subclusters (EC1-EC9), which, by marker
gene expression, could be attributed to four arteriovenous segments
(Fig.4a-c):EC1(venous capillaries; Car4, Tfrc), EC6 (large veins; Vcaml,
Cfh, Scl38a5), EC3 (arterial capillaries; Fos, Fosb), EC4 (arteries; Gkn3,
Mgp, Stmn2, Bmx) and EC7 (arteries; Clu, Cdh13, Mgp, Stmn2, Bmx)*".
EC2,EC6 and EC9, which clustered together in the UMAP space, showed
upregulation of the endothelial venule marker Lrgl, agene associated
withangiogenesis after ischemic stroke®. Inaddition, EC6 was defined
by high gene expression of the venular atypical chemokine receptor
Ackrl (ref. 39), lipocalin 2 (Lcn2), which has been implicated in stroke
injury*®and, consistent with avenous phenotype, adhesion molecules
IcamI and Vcaml. Attesting to their reactive state, EC2, which was the
predominant cluster at DO2 (Fig. 4d), was defined by expression of
Ecscr,agene related to EC migration and vessel formation*, Anxa2
and $100all, implicated in endothelial fibrinolysis**, and Scgb3al,
an endothelial secreted protein crucial for tumor metastasis*>. EC9
was characterized by genes involved in EC metabolic reprogramming

Fig.3|Inflammatory blood monocytes give rise to infiltrating brain MdCs
after stroke. a, UMAP plot of blood monocytes in Sham or DO2 and D14 after
MCAo.b, UMAP plots depicting expression of marker genes Cd36 (patrolling
monocytes), Ly6c2 (inflammatory monocytes) and Ccr2 (pan-monocyte). Scale
bars represent log normalized gene expression. ¢, Bar graph showing relative
frequencies of monocyte clusters across treatment groups. d, Heatmap of

the top ten upregulated genes in each monocyte cluster. Scale bar represents
z-score of average gene expression (log). e, UMAP plot of brain MdCs across
groups. f, Trajectory analysis of peripheral blood (PB) monocyte and brain

(Br) Mdc subclusters. Each point is a cell and is colored according to its cluster
identity showninaand e. Theinferred trajectory shows the transition from
blood inflammatory monocyte clusters Mol and Mo2 to fully differentiated brain
macrophages MdC1and MdCé. g, Bar graph showing relative frequencies of MdC
clusters across treatment groups. h, Heatmap of the top ten upregulated genes

ineach MdC cluster. Scale bar represents z-score of average gene expression
(log). i, UMAP plots of marker genes for each MdC cluster. Scale bars represent
log normalized gene expression. j, FISH-IF image of ArgI (white) expression in
Cx3cr1-Td" mice DO2 after stroke. Top panel, left: ArgI expression (binary mask)
inawhole brain section co-stained for DAPI (blue). Top panel, right and bottom:
images of magnified areas a and b showing localization of Argl in Cx3cr1-Td”
and MHCII™ cells. Bottom panel, right: orthogonal projection showing Argl
expression in an adjacent cell to a perivascular macrophage (Td’, red). k, Diagram
ofacoronal brain section indicating regions where the images inl and m were
acquired. I, FISH-IF images of Cxcl10 expression (white) inMdC (Td", F4-80*
cells, yellow arrow) and microglia (Td*, red; F4-80", green) of D14 Cx3crI-Td*
mice; nucleiare DAPI" (blue). m, IFimages in D14 Cx3cr1-Td" mice showing IGF1
expression (white) inMdC (Td", F4-80", green) and microglia (Td*, red).
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Fig. 4| EC transcriptional changes and IgfIr signaling after stroke. a, Left
panel: UMAP analysis of merged Sham, D02 and D14 EC transcriptomes identifies
nine clusters; right panel: UMAP of overlaid time points shows dissociation of
EC2 cluster at DO2 and general overlap of all the other clusters across Sham,

D02 and D14 groups. b, UMAP plots depicting single-cell gene expression of
individual marker genes for capillary (Car4, Fosb), arterial (Stmn2, Clu) and
venular (Lrgl, Ackrl) ECs and for the endothelial receptors Ecscrand Igflr.Scale
bars represent log of normalized gene expression. ¢, Heatmap displaying scaled
differential expression of the top ten upregulated genes in each EC cluster. Scale
bar represents z-score of average gene expression (log). d, Bar graph showing
relative frequencies of EC clusters across Sham, D02 and D14 groups. e, Chord

plots showing CellChat inferred ligand-receptor interactions between /gfiIrand
Igf1inSham, D02 and D14 stroke mice. The strength of the interactionis indicated
by the edge thickness. The color of the chord matches the cell cluster color
sending the signal (/gfI). The number of cell recipient clusters (/gfrI) and their
weightintheinteractionsisindicated by the color-matched stacked bar next to
each sender. f, RNAscope FISH combined with IF of Lrgl. Left panel: overview

of Lrgl expression (binary mask, white) in aD02 whole brain section co-stained
for DAPI (blue), showing high upregulation of Lrgl in the ischemic hemisphere
Right panel: magnified images of brain cortical areas showing Lrg1 (white)
colocalization with the EC marker CD31 (magenta) but not with the capillary
marker Car4 (yellow). Nuclei are stained with DAPI (blue).

(Tyms, Dut, Dctpp1)** and proliferation (Pimreg, Pclaf). EC8 showed a
signature of fenestrated brain vascular ECs, probably stemming from
choroid plexus or circumventricular organ ECs (Plvap, Plpp3, Igfbp3,
Plppl, Cd24a, Ldb2)*.Moreover, EC5 displayedincreased ISG expression
(Fig. 4c). It has been reported that brain ECs express IFN type I induc-
ible genes athomeostasis and that after stroke, ECs show reduced ISG
expression*®, Despite our data showing significant ISG scores in the

Sham group, they were further increased at 2 or 14 days after stroke
(Supplementary Fig. 7). We also found that ECs, particularly EC1, EC3
and EC5, exhibited high Igfirexpression (Fig.4b,c). Igflrlevels areele-
vated in brain ECs compared to peripheral tissues*. Given that we found
Igflexpressionin microglia, MdCs and BAMs, we performed CellChat
analysis to investigate interactions between ECs and IGF1-producing
cells. Igfi-Igflrcommunication occurred between BAMs and ECsin the
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Fig. 5| Granulocyte transcriptional changes through ischemia-reperfusion.
a,d, UMAP plots of peripheral blood neutrophil (a) and brain granulocyte

(d) transcriptomes by studied time point (Sham, D02, D14). Six clusters were
identified in each dataset (Neul-Neu6 and Gran1-Grané, respectively).

b,e, Bar graph showing relative frequencies of peripheral blood neutrophil

(b) and brain granulocyte (e) clusters across Sham, D02 and D14 groups.

¢ f, Heatmap displaying differential expression of the top ten upregulated genes
ineach peripheral blood neutrophil (c) and brain granulocyte (f) cluster. Scale
barsrepresent z-score of average gene expression (log). g, Slingshot trajectory
of combined peripheral blood neutrophils and brain granulocytes showing
predicted cluster transitions. Each pointis a cell and is colored according to its

cluster identity. h, Top panels: log normalized expression of single genes plotted
asafunction of pseudotime. Dot plots show expression levels of top cluster genes
of combined peripheral blood neutrophil (PB) and brain granulocyte datasets
alongischemic-reperfusion pseudotime. Each dot represents the expression
levels (log) for each genein acell and is colored according to the group. Lines
show the smoothed expression values obtained by generalized additive model
fitting. Bottom panel: the top 100 genes that specifically covary with pseudotime
were identified using generalized additive models and the log normalized
expression values were plotted along the pseudotime axis. The location of genes
plotted aboveisindicated.

Shamand D02 groups, whereas both microgliaand MdCé contributed
to the Igfl-IgfIr signaling network at D14 (Fig. 4e).

FISH-IF analysis for the venule marker LrgI (ref. 37) revealed strong
upregulation of vascular Lrgl in the ischemic hemisphere (Fig. 4f).
Co-detection of Lrgl and Car4,amarker for venule capillaries”, showed
low overlap between both markers, indicating that LrgI was mainly
inducedin larger veins.

Brain granulocytes are continuously recruited from the blood

Blood neutrophils separated into six clusters (Neul-Neu6) with simi-
lar frequencies in the Sham and D02 groups, whereas Neu3 became
the predominant cluster at D14 (Fig. 5a-c). Neul showed increased
expression of Vimand Cd14.Neu2 showed animmature Neu signature
(Mmp8, Retnlg, Lcn2, Ly6g)*® and the Neu4 cluster was enriched in
stefinA family genes (Stfal, Stfa2, Stfa3, Stfa2l1, BC100530), which
are cytoplasmic inhibitors of proteases such as cathepsins*’. On the
other hand, Neu3, the predominant cluster at D14, was character-
ized by genes associated with neutrophil tissue infiltration (Ninj1,

Cd300c2)*°, cell growthinhibition (Lst1, Cregl) and markers of mature
neutrophils (Cd101)*.

We identified six brain granulocyte clusters (Granl-Grané)
(Fig. 5d-f). Most of the Sham brain granulocytes fell into Granl and
Gran4 clusters, which, similar to blood Neu2, were characterized by the
upregulation of theimmature neutrophil marker genes Retnlg, Mmp8
and Wfdc2I (ref. 48). In addition, Gran4 was specifically character-
ized by the induction of genes associated with early stage neutrophil
development (Camp, Ltf, Chil3, Lcn2)*. We observed that Granl and
Gran4 frequencies gradually decreased over theischemia-reperfusion
time, whereas the frequencies of Gran2, which showed upregulation
of ISGs, and Gran3, characterized by the cytokine genes (Ccl3, Ccl4,
Csf1) augmented progressively over D02 and D14. Furthermore, we
detected two small clusters, Gran5, which also contained eosinophil
markers (Ccr3, Alox15), and Gran6, which showed upregulation of the
cell cycle genes Pclaf, Banfl and Prcl.

Trajectory analysis of combined blood neutrophils and brain gran-
ulocytesindicated similarities between Granl, whichis the major Sham
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brain granulocyte cluster, and Neul, Neu2 and Neu4, which were the
mainblood clustersat Shamand D02. On the contrary, Gran2 and Gran3
aligned closer to blood Neu3, the predominant blood granulocyte
clusterat D14 (Fig. 5g). This analysis suggests that, in contrast toMdCs,
granulocytes do not differentiate within the tissue but are recruited
from the circulating pool at early and late phases after ischemia-rep-
erfusion. We found that the pseudotime trajectory was characterized
by the early expression of Retnlg, Mmp8, Ly6g, Anxal and Lcn2 genes,
top marker genes describing Sham brain granulocytes and Sham and
DO02blood neutrophils. Conversely, late-expressed genesincluded Ccl3,
Ccl4, Csfland Gadd45bin D14 brain granulocytes, suggesting different
functions of brain neutrophils under homeostatic conditions and in
the early and late phases of ischemic injury (Fig. 5h).

Transcriptional changesin DCs

We identified nine DC subclusters in the brain. Low numbers of DCs
were found in the brains of Sham mice, which gradually increased over
the ischemia-reperfusion time (Extended Data Fig. 3a,b). Expression
signatures of the clusters were related to the five main DC popula-
tions based on canonical markers: conventional cDC1 (Xrcl, Clec9a)
and ¢DC2 (CD209a, Sirpa (CD172a)), the plasmacytoid DC (Siglech,
Ccr9, Bst2), a subpopulation with high Ccr7 and Fscnl expression
representing migratory DCs (migDCs), and moDCs (Ms4a7, Lyz2)**
(Extended Data Fig. 3c-e). We confirmed by flow cytometry the pres-
ence of DC (CD45"F480 Lin-CD11c*MHCII*) subtypes cDC1 (XCRI"),
¢DC2(CD172a" and CD209a*) and migDC (CCR7") inthe ischemic brain
(Extended Data Fig. 3f). cDC1 comprised clusters DC2 and DC9. DC2
showed upregulation of Irf8 transcription factor, which is required
for the full development of cDCl1 (ref. 52), whereas DC9 additionally
showed a transcriptional signature of cDC1dividing cells (Ligl, Top2a,
Mki67, Pcna). cDC2, the largest population of brain DCs, comprised
DC1,DC3,DC6 and DC7 clusters. DC1, the cDC2 cluster displaying the
highest frequency at D14, showed upregulation of genes associated
with antigen presentation (Cd72, H2-Oa, H2-DMb2), while DC7 showed
expression of scavenger receptors (Clec4bl, Mrc1, Cd209a). DC4 exhib-
ited high expression of monocyte and macrophage marker genes (Lyz2,
Csf1r, Apoe, Clq genes, Ms4a7Z, Trem2, and Cd14), identifying them as
moDCs™, and DC6 was characterized by the upregulation of ISGs. mig-
DCs were composed of a single subcluster (DCS5) which, in addition
to Ccr7, expressed other genes characteristic for migDCs including
Fscnl, Tmem123, Ccl22 and Socs2 (ref. **). DCS8 classified as plasma-
cytoid DCs based on the expression of Ccr9, Bst1, I[3ra, Siglech, Irf7,
Ly6d* (Extended Data Fig. 3e). Blood DCs were sparse (Extended Data
Fig.1b), and subclustering identified five clusters that corresponded
tocDC2 (DC1, DC4), moDCs (DC2, DC3) and plasmacytoid DCs (DC5)
by canonical marker annotation (Supplementary Fig. 8).

Transcriptional changes in lymphoid cells

Brain-associated T cells split into seven clusters (Tc1-Tc7) (Extended
DataFig. 4a). T cells were more numerous at D14 than at Sham and
D02 (Extended DataFig. 4b). Expression of Cd3d identified allbut one
cluster (Tc6) as bonafide T cells. Tcé classified as type 2 innate lym-
phoid cells (ILC2) based on the expression of /l1rl1, Gata3, Areg and
Calca® (Extended Data Fig. 4c,e). Tcl expressed Cd4 (Extended Data
Fig. 4e) and showed high Sipr1 and KIf2 expression (Extended Data
Fig. 4c), consistent with a low activation and differentiation state’*.
Tc2 expressed features of cytotoxic T cellsincluding CD8b1 and several
killer cell lectin-like receptors, suggesting that the cluster was com-
posed of conventional CD8 and NK T cells. Cluster Tc3 was defined by
an ISG signature and included CD8 as well as CD4 T cells (Extended
DataFig. 4c,e). This cluster was expanded at D14 after stroke, indicat-
ing increased IFN signaling during the subacute phase of ischemic
injury (Extended Data Fig. 4b). Of note, CellChat analysis showed
Tc2 and Tc3 cells interacting with Mg5, Mg6, BAM2, MdC4 and DC6
through the Cxcr3-Cxcl10 pathway at D14, indicating that myeloid

Cxcl10-expressing cells might have a role in the recruitment of CD8*
T cells into the brain® (Extended Data Fig. 4f). Tc4 expressed T cell
receptors of the y&T cell lineage (7rdc, Trdv4, Tcrg-CI). Expression of
Il17a,a cytokine that has beenimplicated in aggravating stroke pathol-
ogy*®, was confined to the Tc4 cluster, suggesting that yST and not
T,17 are the major IL-17-producing T cells after ischemic brain injury.
Cluster Tc5 showed features of regulatory T cells (T,.,) including the
expression of the canonical transcription factors Foxp3 and lkzf2
(also known as HELIOS). Interestingly, cells in this cluster expressed
TNF receptors Tnfrsf4, Tnfrsf9 and Tnfrsf18, which have been found in
non-lymphoid-tissue T, cells but not in lymphoid-tissue-associated
T, cells”, possibly indicating that brain-associated T, cells do not
originate from lymphoid organs such as lymph nodes or spleen but
rather are recruited from non-lymphoid tissues or develop locally as
previously suggested®. Similar to Tc3 and consistent with previous
studies addressing T, kinetics after ischemic brain injury*, Tc5 was
expanded at D14 after stroke (Extended Data Fig. 4a,b). Cluster Tc7 was
characterized by the expression of cell proliferation markers including
Mki67, Top2a and BircS, consistent with the presence of in situ T cell
proliferation, which was, however, not changed by stroke (Extended
DataFig. 4b,c). No major changes were observed in the longitudinal
composition of blood T cells (Supplementary Fig. 9).

Similar to T cells, brain NK cells were increased at the D14 time
point and could be separated into two clusters (Supplementary
Fig.10a,b). Brain NK1 was more similar to blood NK cells than brain
NK2, as evidenced by a higher Spearman correlation coefficient (Sup-
plementary Fig. 10d). CellChat analysis showed two major secretory
axes confined to NK cells and some T cell //18 and Xcl1 signaling (Sup-
plementary Fig. 10e-f). MdC4 was the main subset interacting with
NK cells expressing I[18r1 receptors, a known activator of NK cells’®,
whereas clusters DC2 and DC9 interacted with NK cells through the
Xcl1-Xcrl pathway, possibly indicating a role in cDC1 recruitment as
previously reported®.

Numbers and transcriptomes of brain-associated B cells were not
changed by stroke (Supplementary Fig.10g), suggesting a minor role of
B cells during the acute and subacute phases of ischemic braininjury.

Brain transcriptomic changes after stroke in aged mice

The inflammatory response to ischemic brain injury differs between
young and aged mice both in the transcriptomic response and the cel-
lular composition of brain-infiltrating immune cells®’. Therefore, we
explored whether aging alters cell signatures of immune cells and ECs
after stroke by preparing single-cell transcriptomes from both male
and female aged (17-20 months) Sham and DO2 mice, and female aged
D14 mice. Compared to young mice, aged mice had similar infarct
sizes and cerebral blood flow (CBF) changes during occlusion and rep-
erfusion. However, the mortality rate was much higher in aged males
(Supplementary Fig. 14b,c). The cell clusters of young and aged brains
showed largely overlapping positioning in the UMAP space, indicat-
ing the retention of the core transcriptome between the two groups
(Fig. 6a,b). However, the frequency of infiltrating peripheral immune
celltypes differed between young and aged mice (Fig. 6¢). Aged brains of
Sham mice showed ahigher frequency of T cells, whereas granulocytes
and DCs were more prominent in Sham brains of young mice, indicating
increased brain-associated T cellsin the brains of aged mice as previously
reported®. Overall, the cellular profile at DO2 after stroke was compara-
blebetween groups, withamodest increase in neutrophils and decreased
MdCsinaged miceas previously reported® (Fig. 6¢). At D14, we observed
increased T cellsand reduced MdCs and DCs in aged compared to young
mice. At the subclass level, we found that the distribution of microglia
subclusters was similar between the age groups (Fig. 6d). MdC clusters
MdCS5 and MdCé were reduced in aged brains, possibly reflecting the
overall decreased brain MdC content at D14. Granulocytes showed a
reductionin clusters Gran3 and Gran5 without overt changes in gene
expression. T cells showed an expansion of CD8-NK T cells (Tc2) and
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Fig. 6| Comparison of the cellular composition and transcriptome

signatures of brain and blood cells in aged and young stroke mice. a, UMAP
plot representing color-coded brain cell clusters identified in aged and young
single-cell transcriptomes. Tc, T cells; Bc, B cells; MC, vascular mural cells; Epi,
epithelial-like cells; OD, oligodendrocytes. b, UMAP overlay of three color-coded
time points of combined aged and young brain single-cell transcriptomes. ¢, Bar
graph of relative frequencies of infiltrating peripheralimmune cells in the brain
across Sham, D02 and D14 groups. d, Bar graph showing relative frequencies of Mg,
MdC, Gran, Tcand EC clustersin either aged or young stroke mice. e, Scatterplot
comparing stroke-induced differential gene expression (DGE) versus Shamin
young and aged mice at DO2 and D14. Genes with log,(FC) of >+1and FDR < 0.05 are

highlighted in color. FC, fold change. The number of differentially regulated genes
ineach subgroupisindicated in the corresponding subquadrants. f, Lower panel:
upset plot of DGE results showing overlapping and age-specific (A, aged; Y, young)
DEGsinresponse to either acute (D02) or subacute (D14) stroke. Upper panel:

bar graphindicating relative cell cluster contribution to the upset gene groups.

g, Violin plots of ISG module scores in aged and young brain cell clusters. The

dot shows the median value. Wilcoxon rank-sum test with Bonferroni correction
was used to test for significance. P values of <0.05 are plotted. Statistical details
canbe foundin Source Data Fig. 6. h, Density plotsin the UMAP space showing

the expression of /fnb1 in the brain of young and aged mice. Scale bar represents
densities based on kernel density estimation of gene expression.
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Fig.7| Comparison of post-stroke transcriptomic profiles between
mouse and human blood leukocytes by KEGG pathway analysis. a, The
analysis strategy included deconvolution of the human bulk-RNA-seq dataset
(GSE122709), the ‘humanizing’ of the mouse blood to reflect the cellular
composition in human stroke samples, determination of differential gene
expression (DGE) and KEGG pathway analysis using pathfindeR. b, Euler

T T T T
Human Mouse  Human Mouse

diagrams showing distinct and shared enriched KEGG pathways (FDR < 0.05)
between mouse and human peripheral blood leukocytes at acute and subacute
time points after stroke. ¢, Top-ranked KEGG pathways that are shared between
the human and mouse datasets. The color scale represents —log,,(FDR) and the
point size depicts the enrichment score.

ILC2(Tc6) clusters, whereas the frequency of y6T cells (Tc4) and T, cells
(TcS) was reduced in aged brains®. Differential gene expression of all
cell clusters between aged and young mice showed that the majority of
genes were regulated inboth aged and young mice, whereas the number
of exclusively regulated genes was higher in young stroke mice thanin
aged mice (Fig. 6e). Young mice showed a higher number of regulated
genes than aged mice, and acute stroke (D02) led to higher exclusively
regulated genes than subacute stroke (D14) in both young and aged
mice (Fig. 6f). In addition, most of the exclusive DEGs were detected
in microglia, MdCs, ECs and to alesser extend in granulocyte clusters
(Fig. 6f). Among the specifically upregulated genes in aged mice were
IFN-inducible genes, which was reflected by a higher ISG score inseveral
microglia, MdC, DC and EC clusters in aged mice (Fig. 6g and Supple-
mentary Fig. 11f). Although it has been suggested that IFNf signaling
attenuates post-ischemic inflammation®, the cellular sources of type |
IFNs in the post-ischemic brain have not been elucidated. In this study,
we foundthat /fnbI was upregulated insome MdCs and microglia clusters
inboth young and aged mice (Fig. 6h).

The response to stroke in blood leukocytes: mouse versus
human

To investigate whether transcriptional programs in peripheral blood
leukocytes were conserved between mice and humans, we leveraged
the data of a human RNA-seq study that was conducted at acute and
subacute phases after ischemic stroke®. Given that humans and mice
exhibit vastly different cellular compositionin their blood leukocytes®*,
we ‘humanized’ the mouse blood scRNA-seq dataset by readjusting the
cellular compositionto reflect that of the human dataset in controls and
atacute and subacute phases after stroke as inferred by digital deconvo-
lution (Fig. 7a). DEGs between controls, acute and subacute time points
were determined inmouse and human datasets and mapped to Kyoto
Encyclopedia of Genes and Genomes (KEGG) terms. For the acute time
point, only 9% of identified pathways were shared among the human
and mouse datasets. By contrast, 47% of pathways were shared at the
subacute phase (Fig. 7b). Common pathways enriched in humans and
mice were related to adaptiveimmunity (antigen processing and pres-
entation, T 17 cell differentiation, B cell receptor signaling), phagocytic
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function and protein degradation (phagosome, Fc gammaR-mediated
phagocytosis, C-type lectin receptor signaling, protein processing in
endoplasmicreticulum, lysosome, proteasome), cytokine and inflam-
matory signaling (IL-17 signaling, TNF signaling, chemokine signaling,
NOD-like receptor signaling, NF-kB signaling), altered apoptotic signal-
ing (apoptosis, p53 signaling pathway) and oxidative phosphorylation
(Fig. 7cand Supplementary Table1). The molecular pathways selectively
regulated in humans were largely related to altered cell metabolism
involving sugars and amino acids (fructose, mannose, pyruvate and
propanoate metabolism; glucagon signaling; valine, leucine and iso-
leucine catabolism) as well as pathways associated with cell prolif-
eration (oocyte meiosis, pyrimidine metabolism) (Supplementary
Fig.12b). Pathways selectively regulated in mice included toll-like recep-
tor signaling and neutrophil extracellular trap formation (Supplemen-
tary Fig.12c). Taken together, the analysis shows higher similaritiesin
theimmune response to stroke in mice and humans during the subacute
phase of stroke than in the acute phase.

Discussion

We sought to investigate the cellular immune landscape in the brain
after transient cerebral ischemia during the early and late phases of the
injury, and relate cellular signatures found in the brain to the cellular
states of blood immune cells. In addition, we compared the cellular
response between young and aged mice and the response of blood
leukocytes between mice and humans.

A major finding of this study is that there are distinct cellular tran-
scriptomicresponses of brain residentimmune cells, infiltratingimmune
cells and ECs in the early and late phases of the tissue damage. Impor-
tantly, trajectory analysis showed that the transcriptome of blood-borne
myeloid cells foundin the brain after stroke remained distinct from their
counterparts in the blood. These findings indicate that the local tissue
milieu rather than peripheralimmune priming determines the cellular
state of MdCs and neutrophils (Supplementary Fig.15).

Among the brain resident cells analyzed in this study, microglia
showed the largest diversification in their transcriptional response
acrosstime points, whereas BAMs and ECs showed the strongest devia-
tionfrom Sham states at DO2 and the transcriptomes at D14 were more
similar to the Sham condition. Microgliashowed astrong proliferative
response at D02, possibly triggered by the pronounced loss of micro-
gliain the ischemic core. Similar proliferative responses have been
observed after pharmacologic depletion of microglia®, suggesting
that depleting the microglial niche rather than a selective response
to ischemic injury is inducing microglia proliferation. In addition to
proliferative microglia, we identified another microglial subset with
aphagocytic signature at D02, thus named ‘clearing’ microglia. Con-
versely, two main subsets denoting transcriptional states of inflamma-
tionwere distinguished at D14, which resembled previously described
signatures of DIMand DAM'. MdCs showed a continuous pseudotime
trajectory originating from blood monocytes expressing Ccr2 and
Lyé6c2, gradually losing monocytic marker genes and acquiring tran-
scriptomic characteristics of tissue macrophages. This is consistent
with a longitudinal in situ development of macrophage phenotypes
that is independent of de novo recruitment of blood monocytes as
previously suggested®®®’. By contrast, and consistent with their short
lifespan®®, brain granulocytes did not exhibit a pseudotime trajectory
that was independent of their blood origins, resulting in trajectories
that suggest continuous recruitment from the circulating pool. Limi-
tations of this study include the restriction to two time points and the
focus onimmune cells and ECs; the response of other cell types includ-
ing neurons and macroglia was not assessed.

Takentogether, by analyzing theimmuneresponseinthebrainand
peripheral blood at single-cell resolution during acute and subacute
stages after stroke, this study identifies cell type and time point specific
immune programs and contributes to the ongoing efforts to compilea
longitudinal cellular map of the immune response after stroke.
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Methods

Mice

Allprocedures were approved by the institutional animal care and use
committee of Weill Cornell Medicine and were conducted inaccordance
with the ARRIVE guidelines®”’®, Experiments were performed inyoung
C57BL/6) (8-12 week old) male wild-type mice obtained from Jackson
Laboratory (IMSR_JAX:000664; Bar Harbor, ME) and C57BL/6JN aged
(17-18 month old) male and female wild-type mice obtained from the
NationalInstitute on Aging-National Institutes of Health (NIA-NIH). All
in-house bred mice were also on a C57Bl/6) background and included
B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J (IMSR_JAX:007914)
and B6.129P2(C)-Cx3critm2.1(cre/ERT2)Jung/] (IMSR_JAX:020940).
Mice were housed socially (three to five mice per cage) inindividually
ventilated cages, with ad libitum access to food and water and under
controlled conditions (22 + 2 °C,12:12 hlight:dark cycle with light phase
from 07:00t019:00; 40-60% humidity).

Middle cerebral artery occlusion

Transient focal cerebral ischemia was induced using the intraluminal
filament model of middle cerebral artery (MCA) occlusion (MCAo0) as
previously described”’. In brief, under isoflurane anesthesia (mainte-
nance 1.5-2%), the MCA was occluded for 35 min using a 6-0 Doccol
monofilament (no. L12; Sharon, MA). Reperfusion was confirmed by
measuring the CBF in the MCA territory by transcranial laser Doppler
flowmetry (Periflux System 5010, Perimed, King Park, NY). Only animals
with CBF reduction of >85% during MCAo and CBF recovered by >80%
after 10 min of reperfusion were included in the study”. Rectal tempera-
ture was monitored and kept constant (mean + SE.37.0 £ 0.5 °C) during
the surgical procedure and in the recovery period until the animals
regained full consciousness. After the procedure, mice were housed
in a single chamber environmental incubator (Darwin Chambers,
Saint Louis, MO) at 29-32 °C for up to 7 days. This system allows mice
to maintain their body temperature post MCAo. Topical lidocaine and
bupivacaine (0.25%, 0.1 ml, transdermal) were used for pre-operative
analgesia, and buprenorphine (0.5 mg kg™ subcutaneously every 12 h)
was used as post-operative analgesiafor 72 h.

Tamoxifen treatment

Four-week-old male Cx3cr1“®-tdTomato mice were treated with
tamoxifen (T5648, Sigma; 80 mg kg™) dissolved in corn oil (C8267,
Sigma) by intraperitoneal injection over five consecutive days. The
mice were used for experiments 6-8 weeks after treatment.

Cellisolation

Isolation of brain and blood cells from Sham and stroke mice was
performed at the same time of the day (08:00-09:00) for all experi-
ments to limit the effects of circadian gene expression variation’.
Mice were anesthetized with pentobarbital (100 mg kg, intraperi-
toneal) and transcardially perfused with heparinized PBS (2U mI™).
Cerebral right cortices were visually inspected after transcardial PBS
perfusion to monitor for the presence of ischemic lesions. In brief,
either control-sham or ischemic hemispheres were separated from
the cerebellumand olfactory bulb and gently triturated using a Gentle
MACS dissociator (Miltenyi Biotec, Auburn, CA). Single-cell suspen-
sions were obtained by enzymatic digestion with papain (Neural Tissue
Dissociation Kit (P), no. 130-092-628, Miltenyi Biotec) following the
manufacturer’s instructions. Four to five hemispheres were pooled
for each experiment.Inorder toincrease cell viability and to preserve
the transcriptional state during the generation of single-cell suspen-
sions, Brilliant Blue G (BBG, P2X7 receptor antagonist, 1 uM, Sigma),
AP-5(25 nM, NMDA receptor blocker, Tocris) and actinomycin D (RNA
polymerase inhibitor, 5 pg ml™, Sigma) were added to the dissociation
solution””*, Next, the cell suspension was filtered through a 70 pm
filter, resuspended in 30% Percoll (GE Healthcare)-HBSS containing
1uMBBG, and spun for10 min at 700xg. After gradient centrifugation,

the myelinlayer was removed and the cell pellet was resuspended in 2%
FBS-PBS buffer and filtered through a40 pmfilter. Isolated cells were
washed and resuspended in 100 pl of blocking buffer per hemisphere
to proceed to FACS staining and cell sorting.

For isolation of peripheral leukocytes, mice were anesthetized
with pentobarbital (100 mg kg™, intraperitoneal) and 0.5 ml of blood
was collected by cardiac puncture into heparinized tubes. For each
experiment, the blood from two mice (1 ml total blood) was pooled
and erythrocytes were lysed. BBG (1 uM) and actinomycin D (5 pg ml™)
inhibitors were added during theisolation procedure. After erythroly-
sis, blood cells were resuspended in MACS buffer (PBS supplemented
with 2% FBS, 2 mM EDTA; 300 pl per 107 cells) and incubated with a
biotinylated Ter-119 antibody (Supplementary Table 2), and remaining
erythrocytes were depleted with anti-biotin microbeads accordingto
the manufacturer’sinstructions (Miltenyi Biotec). Afterward, cells were
washed and resuspended in 0.01% BSA-PBS at a concentration of 10°
leukocytes per ml for Drop-seq processing.

Flow cytometry and cell sorting

For Drop-seq experiments, brain single-cell suspensions were incu-
bated with anti-CD16/CD32 antibody for 10 min at 4 °C to block
Fc receptors, followed by staining with CD45-BV510, Ly6C-FITC,
CX3CRI1-PE, Ly6G-PercP-Cy5.5 and CD11b-APC-Cy7 antibodies
for 15 min at 4 °C (Supplementary Table 2). CD45" cells, microglia
(CD45™CD11b*CX3CR1") and ECs (CD45 Ly6C") were sorted on an
Aria Il cytometer (BD Biosciences) and collected in 0.5 ml of 0.01%
BSA--PBS for Drop-seq. Flow cytometry gating strategy is described
inSupplementary Fig. 1a. Confirmation of brain damage was obtained
after evaluating the infiltration of leukocytes in the ischemic brain
(Supplementary Fig.1b). Analytical flow cytometry was performed on
aNovoCyte Flow Cytometer (Agilent, Santa Clara, CA). The antibodies
used are described in Supplementary Table 2. Appropriate isotype
controls, ‘fluorescence minus one’ staining, and staining of negative
populations were used to establish gating parameters. Datawere ana-
lyzed with FlowJo version 10.

Generation of scRNA libraries by Drop-seq

Single-cell transcriptomes of sorted brain cells and purified blood leu-
kocytes were prepared by Drop-seq as described” with modifications.
Cells were resuspended in PBS-0.01% BSA to a final concentration of
100 cells per pl. Barcoded capture beads (ChemGenes Corporation,
Wilmington, MA) were resuspended in 1.8 ml lysis buffer consisting
of 4 M Guanidine HCL (ThermoFisher Scientific, Waltham, MA), 6%
Ficoll PM-400 (Sigma-Aldrich), 0.2% Sarkosyl (Sigma-Aldrich, St. Louis,
MO), 20 mM EDTA (ThermoFisher Scientific), 200 mM Tris pH 7.5
(Sigma-Aldrich), 50 mM DTT (Sigma-Aldrich) at a concentration of
120 beads per pl. A 5 mm diameter, 1.7 mm thick PVDF encapsulated
magnetic stir disc and rotary magnetic tumble stirrer (V&P Scientific,
San Diego, CA) was used along with a 3 ml syringe that contained the
beadsinlysisbuffer to keep the beadsin suspension. Thereafter, single
cells and beads were encapsulated in nanoliter-scale droplets using a
Drop-seqmicrofluidic device coated with Aquapel (FlowJEM, Toronto,
Canada), droplet generation oil (BioRad, Hercules, CA) using flow rates
of 4 ml h* for cells and beads and 15 ml h™* for oil. Each run typically
lasted about 18 min. After removing the oil, droplets were resuspended
in30 mlof20-22 °Croom temperature 6X SSC (Promega, Madison, WI)
and 1 ml perfluorooctanol (Sigma-Aldrich, St. Louis, MO) and shaken
vigorously six times vertically to break the droplets. The beads were
captured by loading theminto a20 mlsyringe with an attached 0.22 pm
Millex-Gv syringe filter (Millipore Sigma, Burlington, MA) as previously
described”. Beads were washed with 2 x 20 ml of ice-cold 6X SCC. The
syringe filter was then inverted, and a 10 ml syringe was used to flush
the beads out with 10 mlice-cold 6X SSC repeated for a total of three
times. Beads were collected by centrifugation at 1,250xg for 2 min at
4 °C with low brake setting. The remainder of the Drop-seq protocol
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followed the published guidelines”. cDNA was amplified by PCR using
the following parameters: 95 °C (3 min); four cycles of 98 °C (20 s),
65°C(455s),72°C (3 min);11cyclesof 98 °C(20s),67 °C (20 s)and 72 °C
(3 min). Libraries were quantified by quantitative PCR and checked for
quality and size distribution onaBioanalyzer (Agilent) before sequenc-
ing on an Illumina NextSeq500 instrument using the 75 cycle High
Output v2 kit (Genomics Core Facility, Cornell University, Ithaca, NY).
Three to four libraries were multiplexed into a single run. We loaded
1.8 pMlibrary and provided Drop-seq Custom Read1Primer at 0.3 pM
in position seven of the reagent cartridge without PhiX spike-in using
aread configuration of 20 bases (Readl), 8 bases (Index1) and 64 bases
(Read?2). Details regarding each Drop-seq runand characteristics of the
strain, sex, age and number of mice used for transcriptomic analysis
canbe foundin Supplementary Table 3.

Data pre-processing

Demultiplexed fastq files were cleaned of reads that did not pass
the Illumina Passing Filter with fastq_illumina_filter (version 0.1)
and processed with the Drop-seq Tools (version 2.3.0) pipeline”. In
brief, each transcriptome Read2 was tagged with the cell barcode
(bases1to12) and unique molecularidentifier (UMI) barcode (bases
13 to 20) obtained from Readl, trimmed for sequencing adapters
and poly-A sequences, and aligned to the mouse reference genome
assembly (Ensembl GRCm38.94 release) using STAR (version 2.7.3a)’%.
Reads aligning to exons were tagged with the respective gene symbol,
and counts of UMI-deduplicated reads per gene within each singular
cell barcode were used to build a genes x cells count matrix. The
matrix contained 40,000 cell barcodes associated with the highest
numbers of UMIs. We used the DecontX method from the R package
celda (version 1.12.0)"°, a Bayesian hierarchical model to estimate
and remove cross-contamination from ambient RNA, to construct
a corrected genes x cells count matrix. Cells with fewer than 200
UMIs, more than 10,000 UMIs or more than 20% mitochondrial
genes were excluded. We used DoubletFinder (version 2.0.3)%° to
computationally detect cell doublets with an expected doublet rate
of 5% (ref. 75) asaninput parameter. Cells tagged with a‘Doublet’ call
were removed. Finally, the corrected count matrices were merged
into asingle matrix.

Bioinformatic analysis and statistics

We used Seurat (version 4.1.0)% for downstream analysis using the

following seven steps.

1. Countswere log-normalized for each cell using the natural
logarithm of 1+ counts per ten thousand.

2. The3,000 most variable genes were identified by calling
FindVariableFeatures.

3.  Wenext standardized expression values for each gene across all
cells by Z-score transformation (ScaleData).

4. Principal component analysis (PCA) was performed on the
scaled variable gene matrix. The R package harmony (version
0.1.1)*>was used to correct the matrix for batch effects. The data
fromreplicate experiments were combined into four sets so
that each setincluded a Sham, D02 and D14 experiment. We ran
harmony on the first 40 PCA dimensions with a maximum of
20 iterations.

5. We used UMAP® for dimensional reduction and visualization
of harmony-derived embeddings in a two-dimensional space
with preset parameters by invoking the RunUMAP function
in Seurat, using the 40 first components of the harmony
reduction.

6. Weusedthe Louvain algorithm as implemented in FindClusters
with aresolution setting of 1.2 for the brain and 0.7 for the
peripheral blood dataset to perform graph-based clustering on
the neighbor graph that was constructed with the FindNeigh-
bors function call on harmony-derived embeddings.

7. After clustering, we used the model-based analysis of single-cell
transcriptomics (MAST) algorithm (version 1.05)%* in the
FindAlIMarkers function to find DEGs in each cluster based on
the log-normalized expression matrix with parameters only.
pos =T, min.pct=0.1, logfc.threshold = log2(1.5), max.cells.per.
ident=2,000.

We performed unsupervised cell type annotation using the Sin-
gleR package (version 2.2.0)% with ImmGen®¢, BrainlmmuneAtlas®’
and Tabula Muris® as reference datasets (see Supplementary Fig. 2).
Assignments were further manually validated by scoring the top ten
DEGs for the presence of canonical marker genes for each cell type.
Onthese bases, we assigned the metacells to microglia, BAMs, MdCs,
granulocytes, mast cells, DCs, T cells, NK cells, B cells, ECs, vascular
mural cells, epithelial-like cells, and oligodendrocyte clusters for the
brain dataset, and monocytes, granulocytes, eosinophils-basophils,
DCs, T cells, NK cells, B cells, various precursors and one unclassified
cluster for the peripheral blood dataset.

Toachieve further resolution of cell states, individual count matri-
ceswere generated based on the initial cluster designation, and steps
1-7 were repeated with the following modifications: mitochondrial,
ribosomal and gene model (Gm) annotated genes were removed; step
2,2,000 variable features were selected; step 4, harmony was run on
the first 15 PCA dimensions; step 5, The ‘min.dist’ parameter in the
RunUMAP function was set to 0.1 for clusters with more than 2,500
cells; step 6, FindClusters was performed at a resolution of 0.4. DEGs
with a false discovery rate (FDR) < 0.05 were ranked by their log,(fold
change), and z-scores were computed on the average gene expression
across clusters for visualization in heatmaps.

Cluster pruning and metacell exclusion

After subclustering, we detected several clusters within the brain data-
set with high expression of microglial (Hexb, Siglech, P2ry12) marker
genes together with either granulocyte (S100a8, S100a9, Cxcr2), DC
(Cd209a, Xcrl1, Ccr?), T cell (Trac, Trbc2, Cd3d), NK cell (Nkg7, Gzma) or
macrophage (Mrcl, Lyvel) genes. Although we cannot exclude that this
is caused by biological processes such as transcriptomic changes or
engulfment ofliving cells by microglia as previously reported for neu-
trophils and lymphocytes®’, we opted to exclude these cells as poten-
tial cell doublets. Therefore, we manually removed 1,730 microglia,
287 DCs, 145 BAMs, 70 granulocytes, 65 T cells, and 41 NK metacells.
After exclusion of these cells, we reran steps 1-7 on the main dataset
and performed de novo subclustering as described above.

Analysis of combined young and aged brain datasets

The dataset from aged (17-20 month) mice brains were preprocessed
asdescribed above. Cellidentitiesin the aged mice brain dataset were
assigned using the FindTransferAnchors and TransferData functions
in Seurat using the young brain dataset as a reference. Seurat objects
fromyoung and aged mice were merged into asingle object by retain-
ingall cells of the aged brains and randomly down-sampling the young
brain dataset. This resulted in balanced cell numbers among cell type
classesinboth datasets (Supplementary Table 4). Raw count data were
processed as described above. The harmony algorithmwasrunon the
first 40 principal components of the PCA. UMAP was computed on the
first40 harmony dimensions. Differential gene expression (Fig. 7e) was
computed with limma-voom (version 3.50.0)°° with default parameters
after ‘pseudobulk’ conversion of individual experiments using the
aggregateAcrossCells function of the scuttle R package (version1.10.3)”
following the removal of mitochondrial, ribosomal, hemoglobin, gene
model (Gm) annotated genes, and the sex-specific genes (7six, Xist).

Celltrajectory inference
We conducted the trajectory inference analysis using the dyno R pack-
age (version 0.1.2)??. Brain and peripheral blood datasets were merged
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and randomly downsampled to a maximum of 1,000 cells per cluster
and treatment. The merged dataset was subset to contain either micro-
glia, blood monocytes and brain MdCs, or blood neutrophil and brain
granulocyte clusters. The trajectory inference was performed on the
2,000 most variable genes selected with the Seurat FindVariableFea-
tures function. For granulocytes and for monocytes and MdCs, blood
granulocytes and monocytes were designated as the starting popula-
tion, respectively. For microglia, the starting population consisted of all
microgliafrom Shambrains. The most appropriate trajectory inference
method (Slingshot)” was selected based on dyno (guidelines_shiny
function) recommendations. UMAP was calculated on the first 15PCA
dimensions and trajectories were visualized in atwo-dimensional space
by the plot dimred function of the dyno package.

CellChat analysis

Cell-cellinteraction networks were constructed using the CellChat R
package (version1.6.1)°* with a custom mouse ligand-receptor interac-
tion database that contained combined entries of the curated RNAMag-
net” and CellChat databases. In brief, the processed Seurat object was
splitby treatmentinto Sham, D02 and D14 datasets. Then, cell clusters
wererandomly downsampled to contain nomore than1,000 cells. The
matrices were used as input for the createCellChat function and pro-
cessed usingits standard pipeline. Differentially expressed genes and
interactions were identified in the CellChat object via identifyOverEx-
pressedGenes and identifyOverExpressedinteractions, respectively. The
CellChatalgorithmwas thenrunto calculate the probableinteractions
at the cell-to-cell level using computeCommunpProb with ‘truncated-
Mean’ as the method for computing the average gene expression after
removing 15% of observations from each end of the gene expression
vector (parameter, trim = 0.15). The filterCommunication function was
used to filter out interactions with less than 20 cells in each cluster.
Communication probabilities on the signaling pathway level were then
calculated by invoking the computeCommunProbPathway function.
Ligand-receptor interaction probabilities were visualized by using
netVisual aggregate and netVisual_individual. For joint analysis of dif-
ferent group datasets (Sham, D02, D14), CellChat objects were merged,
and comparelnteractions was used to compare the total number and
strength of interactions between treatments followed by the rankNet
function for visualization.

Modular score calculation and visualization

The AddModuleScore functioninthe Seurat package was used to calcu-
late the functional signatures of each cell cluster. The type linterferon
response score was calculated using ISGs as previously reported®.
DAM and DIM scores were calculated using the gene list reported
previously”. Additional module scores were calculated for foamy
macrophages®, stroke-associated macrophages® and monocytes”.
All marker genes used for score calculation can be found in Supple-
mentary Table 5. Module scores were visualized in R using the ggplot2
package (version 3.3.6)%. Data are expressed as median interquartile
range (box plots).

Correlation plots

Cluster-wise average gene expression was calculated with the Avera-
geExpression function of the Seurat package. The cor functionin R was
used to construct a Spearman correlation matrix of gene expression
between blood monocyte and brain MdC clusters. The correlation
matrix was visualized with the corrplot function of the corrplot pack-

age (version 0.92).

Combined analysis of young and aged brain scRNA-seq data

Cell identities were assigned by aligning both datasets in the
high-dimensional space and projecting cluster annotations from
the young dataset onto the aged dataset essentially as previously
described® and by using SingleR to adjudicate cell identities using

the young dataset as a reference. For each cell, the maximal correla-
tion score obtained by the two methods was used to assign the cell
identity. The young dataset was downsampled to contain no more
than 5,000 cells per treatment, and both datasets were merged and
processed using steps 1-6 as outlined above (‘Bioinformatic analysis
and statistics’). Differential gene expression between aged and young
mice was calculated for each cell cluster using the MAST algorithm
of the FindMarkers function in Seurat with preset parameters after
excluding mitochondrial, ribosomal, hemoglobin, sex-specific (7six,
Xist) and gene model (Gm) annotated genes. Genes were considered
differentially regulated if they showed higher than twofold change in
expression level and an FDR < 0.05.

Human-mouse comparison and pathway enrichment analysis

We searched the GEO database (query term: stroke[title] AND ‘homo
sapiens’[organism] AND ‘expression profiling’; database status date:
05/28/2023), which identified six datasets that included peripheral
blood mRNA analysis (GSE122709, GSE58294, GSE16561, GSE22255,
GSE37587 and GSE199435). Only GSE122709 included acute and suba-
cute time points afterischemic stroke and controls matched for age,
sexand vascular risk factors including body mass index, hypertension
and hyperlipidemia, and was therefore used for analysis®. We deter-
mined DEGs between control, acute (post-stroke day 1) and subacute
(post-stroke day 7) samples using the quasi-likelihood F-testin edgeR
(version 3.42.4)'°°, We performed active-subnetwork-oriented path-
way enrichment analysis on DEGs with an FDR < 0.05 and an abso-
lute fold change of >2 using the pathfindR package (version 2.3.0)'"!
with Biogrid'®* as the protein interaction database and KEGG'* as
the pathway database, which was filtered to remove human disease
terms. Next, we adjusted the mouse peripheral blood scRNA-seq
dataset to match the cellular composition of human samples. The
cellular composition was inferred after deconvoluting the gene
count matrices included in GSE122709 using robust linear models
as implemented in the ABIS web tool'**, which contains a signature
expression matrix of 29 immune cell types obtained by RNA-seq
of flow-sorted human peripheral blood leukocytes from 13 human
donors. We adjusted the composition of T cells, NK cells, B cells,
granulocytes, DCs and monocytes by experimental condition to
match the average cellular composition of the human dataset in
control, acute and subacute stroke patients. This compositionally
adjusted dataset was processed for DEGs between conditions (Sham,
D02, D14) using MAST as described above. DEGs with an FDR of <0.05
and an absolute fold change of >1.2 were used to query the KEGG
database using pathfindeR. Significant KEGG terms (FDR < 0.05)
from the human and mouse analysis were combined and visualized
for overlapping terms using the eulerr package (version 7.0.0)'%. For
visualization of the top regulated KEGG terms, we pruned the list of
KEGG terms by calculating asimilarity matrix of terms by overlapping
genes as implemented in the term_similarity from KEGG function
of the simplifyEnrichment package (version 1.10.0)'°°. We used the
obtained similarity matrix to cluster similar terms into term groups,
invoking the reduceSimMatrix function of the rrvgo package (ver-
sion 1.12.2)'””. Terms were ranked by their enrichment score, and all
terms with an enrichment score larger than the median enrichment
score were selected for visualization. Results were visualized with
the ggplot2 package. To validate our approach, we leveraged the data
from the GEO GSE32529 dataset'*®, which contains RNA array data of
peripheral blood from mice undergoing MCAo 24 h before sample col-
lection. Samples from naive mice (GSM805772-GSM805777) and 24 h
stroke mice (GSM805853-GSM805856) were included in the analysis.
Cell types were inferred using CibersortX'’ with the mouse-specific
ImmuCC annotation matrix, which provides amatrix-weighted score
to identify 25 different immune cell populations™®. Adjustments of
cellular composition, DGE and pathway enrichment analysis were
conducted as described above for GSE122709.
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Brain histology

Mice were deeply anesthetized with sodium pentobarbital and tran-
scardially perfused with ice-cold PBS (30 ml) followed by 4% para-
formaldehyde in PBS (100 ml). Brains were dissected, post-fixed in
4% paraformaldehyde overnight, dehydrated in 30% PBS-sucrose
solution for1-2 days and then frozen using dry ice. Frozen brains were
thenembedded in Epredia M-1Embedding Matrix (ThermoFisher Sci-
entific) and cut in coronal sections using a cryostat (Leica CM3050S,
Mannheim, Germany). The sections were mounted onslides for either
IF downstream applications or RNA-FISH.

For IF, coronal 18 um thick sections were permeabilized with 0.5%
Triton X-100 (Sigma) in PBS (PBST), blocked with 5% normal donkey
serum (NDS) in 0.1% PSBT for 1 hand incubated overnight at 4 °C with
primary antibodies (Supplementary Table 2) in 1% NDS-0.1% PBST.
After overnightincubation, sections were washed three times for 5 min
with 0.1% PBST and incubated with secondary antibodies (Supplemen-
tary Table2)in1% NDS-0.1% PBST for1 hat roomtemperature. Sections
were washed with 0.1% PBST twice for 5 min, followed by asingle 5 min
wash in 0.1% PBST-DAPI (1:100, 12.5 ng pl™), mounted with FluorSave
Reagent (Millipore) and visualized using either the Olympus IX83 or
Leica TCS SP8 confocal microscopes.

RNA-FISH was performed using RNAscope Multiplex Fluorescent
Kit v2 (ACD-Bio-Techne, Newark, CA) following the manufacturer’s
instructions. In brief, 10 um thickness sections were processed using
RNAscope hydrogen peroxide, followed by boiling Target Retrieval
solution, dehydrated by 100% ethanol and incubated in Protease
Il solution. Then, tissue sections were hybridized with the target
probes (Supplementary Table 2) for 2 h at 40 °C, followed by a series
of signal amplification and washing steps. Hybridization signals were
detected by fluorescent signal using peroxidase-based Tyramide Signal
Amplification-Plus Fluorescein or TSA Plus Cyanine 5 (PerkinElmer,
Shelton, CT). Finally, the sections were counterstained with DAPl and
coverslipped using ProLong Gold Antifade Mountant. Images were
acquired using either an epi-fluorescent (Olympus IX83, Waltham,
MA) or aconfocal (Leica) microscope. Images were analyzed using Fiji
(version2.14.0/1.54f)"™. When FISH and IF staining were combined, the
slides were washed in RNAscope wash buffer after the development of
Tyramide Signal and then IF was sequentially performed as described
above but skipping the permeabilization step.

Measurement of infarct volume

As described in detail elsewhere”, blinded assessment of infarct vol-
ume, corrected for swelling, was quantified 24-48 h after MCAo using
Nissl stainon twelve 30 pm thick coronal brain sections and Fiji analysis
software.

Statistic and reproducibility

Experimental groups were defined by the number of elapsed days after
surgery or/and by the genotype. No statistical methods were used to
predetermine sample size; this was determined based on previous
studies®®' or pilot experiments. For scRNA transcriptomic analy-
sis, a total of n = 83 young male mice, n =4 aged male mice and n=12
aged female mice were used (Supplementary Table 5). Micrographs
in Figs. 1f,i-m, 2f-i, 3j,1,m and 4f, Extended Data Figs. 2 and 3g and
Supplementary Fig. 6¢,d show representative examples from experi-
ments performed in at least three mice that underwent either 2 days
or 14 days of MCAo and one mouse that underwent Sham surgery.
The non-lesioned hemisphere was also used as an internal control for
the examined injured hemisphere. Each stain was repeated at least
two times using serial brain coronal sections. Characteristics of the
Cx3crl-CreERMTd" mice used for these IF experiments are provided
inSupplementary Table 5 (n = 9 young male mice). Statistical analysis
oninfarctvolume, changesin CBF and survival (Supplementary Fig.14)
was performed using GraphPad Prism (version 10). Statistical analysis
of modulescores (Fig. 6g) was conducted using rstatix (version 0.7.2)'>.

Statistical tests, P values and sample sizes are indicated in figure panels
and figure legends as appropriate. Differences were considered statisti-
cally significantat P< 0.05.

Reporting summary
Furtherinformation onresearch designis availablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The raw and processed data and metadata of all scRNA-seq datasets
includedinthis study are available in the GEO repository (GSE225948).
Apublicly accessibleinteractive web portal for exploring the scRNA-seq
dataincluded in this study has been developed (https://anratherlab.
shinyapps.io/strokevis/). Source data are provided with this paper.

Code availability
Code that supports the findings of this study are available from the
corresponding author upon request.
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Extended Data Fig. 1| Single-cell transcriptomic profiling of mouse brain
and blood cells after transient focal cerebral ischemia. a, Schematic
representation of Drop-Seq scRNA-seq pipeline used to analyze brain and blood
cellsisolated from either control surgery (Sham) or stroke mice 2 and 14 days
(D02, D14) after injury. Brain cells were dissociated by enzymatic digestion with
papain. Infiltrating leukocytes (CD45"), microglia (Mg) and endothelial cells (EC)
were isolated by flow cytometry sorting. Blood leukocytes were purified after
erythrocyte removal. Brainand blood single cell suspensions were subjected

to Drop-Seq, sequencing and analysis. b, ¢, Left: UMAP plot representing
color-coded cell clusters identified in merged brain (b) or blood (c) single-cell
transcriptomes; Middle: UMAP of 3 color-coded time point overlay of brain

10

(b) or blood (c) single-cell transcriptomes; Right: bar graph showing relative
frequencies of each cell type across Sham, D02 and D14 groups of either brain
(b) or blood (c) identified cell type clusters. d, Left: UMAP plot of the combined
brain (Br) and blood (PB) dataset showing cell clustering similarities between
brain and blood Gran, Tc, Bc and brain myeloid cells (BAM, MdC, DC) with blood
monocytes (left). Right: Same UMAP plot annotated by tissue. Border-associated
macrophages (BAM), monocyte-derived cells (MdC), granulocytes (Gran),
mast cells (MaC), dendritic cells (DC), T cells (Tc), NK cells (NK), B cells (Bc),
vascular mural cells (MC), epithelial-like cells (Epi), oligodendrocytes (OD);
Eosinophils-Basophils (EosBas); Monocytes (Mo); hematopoietic precursors
(pre); unclassified (UC).
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Extended Data Fig. 2| Histological validation of microglia marker genes
(related to Fig.1). a, left: Representative immunofluorescence (IF) image of a
whole brain section from a Cx3crI¢*®™:R26 Tdomato mouse subjected to 2 days
of MCAo (D02) showing the distribution of Ki67" cells (white, binary mask) and
nuclear DAPIstaining (blue); middle and right panels: IF images of magnified
areas showing Ki67 expression by Td*(red) Ibal*(green) microglia in the peri-
infarct area. Arrowheads indicate Ki67 staining. The border of the ischemic
lesionis indicated by yellow dash outline and was traced based on DAPI, Ibal
and Tomato labels. b, top: RNAscope fluorescence in situ hybridization (FISH)
validating Cst7 (white) expression in DO2 Td* microglia (red). Left: Representative
whole brain section image of Cst7 expression (binary mask) and nuclear DAPI
staining; Middle and right panels: FISH-IF images of magnified areas showing
upregulation of Cst7in microglial cells surrounding the ischemic lesion.

Bottom: FISH-IF images validating Cst7 (white) expression in D14 mice. Left:
Representative whole brain section image of Cst7 expression (binary mask) and
nuclear DAPI staining; Middle and right top panels: FISH-IF images of magnified
areas showing upregulation of Cst7in microglia (Ibal*, green) surrounding the
ischemic lesion. ¢, FISH-IF images validating Cxcl10 (white) expression in Cx3crI-
Td' mice 2 and 14 days after MCAo. Left (DO2): Representative whole brain section
image of Cxcl10 expression (binary mask) and images of magnified areas showing
localization of Cxcl10 in microglial cells (Td", red) outside of the ischemic lesion.
Right (D14): Representative whole brain section image of Cxcl10 expression
(binary mask) and images of magnified areas showing localization of Cxcl10
inmicroglial cells (Td", red) on the border of the ischemic lesion. d, IFimages
validating IGF1 (white) expression by Cx3cr1-Td*(red) MHCII"(green) microglia

14 days after MCAo in the ischemic region.
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Extended Data Fig. 3 | Cellular composition and transcriptomics of brain
dendritic cells. a, UMAP plots of brain dendritic cells (DC) transcriptomes

for each studied time pointidentifies 9 clusters (DC1-9). b, Bar graph showing
relative frequencies of DC clusters across Sham, D02 and D14 groups. ¢, UMAP
of 3 color-coded time point overlay of brain DC. Classification of clusters into
DC subtypesis based on marker gene expression (d,f): cDC1 (Xcr1, Clec9a),

¢DC2 (Cd209a, Sirpa), monocyte derived-DC (moDC; Sirpa, Ms4a7), migratory
(migDC; Ccr7), and plasmacytoid DC (pDC; Ly6d, Ccr9). d, UMAP plots displaying
expression of marker genes for each identified DC cluster in the brain. Scale bars

represent log of normalized gene expression. e, Heatmap displaying differential
expression of the top 10 upregulated genes in each DC cluster. Scale bar
represents Z-score of average gene expression (log). f, Flow cytometry analysis
validating brain cDC1 (XCR1"), cDC2 (CD172a*) and migDC (CCR7") subtypes
identified by scRNA-seq after stroke. g, Left: FISH of Cd209a (red) expression
inthe brain, combined with IF for Ibal (green) and nuclear staining with

DAPI (blue), showing Cd209a*Ibal’ cells around blood vessel (dotted line).

Cx: cortex; St: striatum. Right: Flow cytometry analysis showing double positive
CD209a*CD172a* DC (CD11c"MHCIIY).
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Extended Data Fig. 4 | Cellular composition and transcriptomics of brain Gata3, Hesl) and proliferating T cells (prol; Cd3d, Top2a). e, Density plotsin the
lymphoid cells. a, UMAP plots of brain lymphoid cells (Tc) transcriptomes UMAP space showing the expression of selected marker genes used for lymphoid
for each studied time pointidentifies 7 clusters (Tc1-7). b, Bar graph showing celltypeidentification. Scale bars represent densities based on kernel density
relative frequencies of Tc clusters across Sham, D02 and D14 groups. ¢, Heatmap estimation of gene expression using. f, Chord plot showing cell-cell interactions
displaying expression of the top 10 upregulated genes in each Tc cluster. between Cxcr3and Cxcl10in grouped Sham, D02 and D14 stroke mice. The
Scale bar represents Z-score of average gene expression (log). d, UMAP of strength of the interactionis indicated by the edge thickness. The color of the
merged Sham, DO2 and D14 Tc transcriptomes. Classification of clusters into chord matches the cell cluster color sending the signal (Cxcl10). The number of
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interferon stimulated T cells (ISG; Cd3d, Ifit3), innate lymphoid cells type 2 (ILC2;
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Data exclusions  One Drop-seq experiment from peripheral blood leukocytes was excluded because library preparation failed for this sample.
Replication Biological and technical replicates are indicated in Supplementary Table 3.
Randomization  Mice within cages were randomly allocated to Sham, DO2 or D14 groups reducing possible biases.

Blinding For the Drop-seq experiments, investigators were not blinded to group allocation during data collection because experimental groups were
easily discernible since they were determined by time after stroke and mouse age and sex. The computational analysis pipeline was identical
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Antibodies

Antibodies used CD11b APC/Cy7 M1/70 rat IgG2b, k Biolegend AB_830641
CD11c PE/Cy7 N418 Armenian hamster Biolegend AB_493569
CD16/CD32 93 rat IgG2b, A Biolegend AB_312800
CD172a AF700 P89 Rat 1gG1, k Biolegend AB_2650812
CD4 F488 RM4-5 rat 1gG2a, k Biolegend AB_493373
CD45 BV510 30F-11 rat 1gG2b, k Biolegend AB_2561392
CD45 APC 30F-11 rat 1gG2b, k Biolegend AB_312976
CX3CR1 PE SAO11F11 rat 1gG2a, k Biolegend AB_2564314
F4/80 PE-Cy5 BMS8 rat 1gG2a, k Biolegend AB_893494
I-A/I-E BV605 M5/114.15.2 rat IgG2b, k Biolegend AB_2565894
Ly6C FITC HK1.4 rat 1gG2c, k Biolegend AB_1186134
Ly6G PerCP/Cy5.5 1A8 rat IgG2a, k Biolegend AB_1877272
Ly6G APC 1A8 rat 1gG2a, k Biolegend AB_1877163
TCR B PerCP/Cy5.5 H57-597 Armenian hamster Biolegend AB_1575176
TER-119 Biotin TER-119 rat IgG2b, k Biolegend AB_313704
XCR1 PerCP/Cy5.5 ZET mouse 1gG2b, k Biolegend AB_2564363
CD197 (CCR7) PE 4B12 rat IgG2a,  Biolegend AB_2564363
CD209a PE MMD3 mouse 1gG2c, k Biolegend AB_2721636
CD19 FITC 6D5 rat 1gG2a, k Biolegend AB_313640
CD3e FITC 145-2C11 Armenian hamster Biolegend AB_312670
Ly6G FITC 1A8 rat IgG2a, k Biolegend AB_1236488
NK1.1 FITC PK136 mouse 1gG2a, k Biolegend AB_313392
TCR B FITC H57-597 Armenian hamster Biolegend AB_313428
IGF1 mouse Sm1.2 IgG1k Millipore 05-172 AB_309643
CD206 rat MR5D3 1gG2a BioRad MCA2235 AB_324622
Ibal rabbit polyclonal Wako 019-19741 AB_839504
DsRed (TdTomato) rabbit polyclonal Takara 632496 AB_10013483
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Validation

Anti-MHC Il (I-a/I-E) rat M5/114 1gG2bk Millipore MABF33 AB_10807702

Rat anti Mouse F4/80-biotin rat BM8 IgG2a Biolegend 123105 AB_893499

Fluorescein (FITC) AffiniPure Donkey Anti-Mouse IgG (H+L) donkey polyclonal Jackson ImmunoResearch Laboratories 715-095-150
AB_2340792

Cy™S5 AffiniPure Donkey Anti-Mouse 1gG (H+L) donkey polyclonal Jackson ImmunoResearch Laboratories 715-175-150 AB_2340819
Cy™S5 AffiniPure Donkey Anti-Rabbit IgG (H+L) donkey polyclonal Jackson ImmunoResearch Laboratories 711-175-152 AB_2340607
Fluorescein (FITC) AffiniPure Donkey Anti-Rabbit IgG (H+L) donkey polyclonal Jackson ImmunoResearch Laboratories 711-095-152
AB_2315776

Cy™3 AffiniPure Donkey Anti-Rabbit IgG (H+L) donkey polyclonal Jackson ImmunoResearch Laboratories 711-165-152 AB_2307443
Fluorescein (FITC) AffiniPure Donkey Anti-Rat 1gG (H+L) donkey polyclonal Jackson ImmunoResearch Laboratories 712-095-153
AB_2340652

Cy™S5 AffiniPure Donkey Anti-Rat 1gG (H+L) donkey polyclonal Jackson ImmunoResearch Laboratories 712-175-153 AB_2340672

All antibodies used are commercially available as described in the manuscript and validated by manufacturer. We selected antibody
clones that have been extensively used in the literature. We also titrated all antibodies prior to experiments. Primary antibodies for
flow cytometry purchased from Biolegend are tested by the manufacturer for specificity, by testing of 1-3 target cell types with either
single- or multi-color analysis, (including positive and negative cell types). Once specificity is confirmed, each new lot must perform
with similar intensity to the in-date reference lot. Brightness (MFI) is evaluated from both positive and negative populations. Each lot
product is validated by QC testing with a series of titration dilutions. Purified antibodies are tested for purity by SDS-PAGE gel
electrophoresis. Fluorophore and enzyme-conjugated antibodies follow strict manufacturing specifications to ensure performance.
Each lot is validated by QC testing as stated on the TDS to confirm specificity and lot-to-lot consistency. Further details can be find at
https://www.biolegend.com/en-us/quality/quality-control. The specificity of the secondary antibodies was validated by omission of
the primary antibody in the immunoassay. Details for validation of each specific antibody use for flow cytometry or
immunofluorescence staining is as follows:

Anti-mouse/human CD11b APC/Cy7 M1/70 rat 1gG2b, k Biolegend AB_830641:
https://www.biolegend.com/de-de/cell-health/apc-cyanine7-anti-mouse-human-cd11b-antibody-3930?GrouplD=BLG106 16

Anti-mouse CD11c PE/Cy7 N418 Armenian hamster Biolegend AB_493569
https://www.biolegend.com/de-at/explore-new-products/pe-anti-mouse-cd11c-antibody-1816

Anti-mouse CD16/CD32 93 rat IgG2b, A Biolegend AB_312800
https://www.biolegend.com/en-us/products/ultra-leaf-purified-anti-mouse-cd16-32-antibody-8081?Group|D=BLG6783

Anti-mouse CD172a AF700 P89 Rat 1gG1, k Biolegend AB_2650812
https://www.biolegend.com/fr-ch/explore-new-products/alexa-fluor-700-anti-mouse-cd172a-sirpalpha-antibody-14125

Anti-mouse CD4 F488 RM4-5 rat 1gG2a, k Biolegend AB_493373
https://www.biolegend.com/nl-be/products/fitc-anti-mouse-cd4-antibody-480

Anti-mouse CD45 BV510 30F-11 rat 1gG2b, k Biolegend AB_2561392
https://www.biolegend.com/en-us/punchout/punchout-products/product-detail/brilliant-violet-510-anti-mouse-cd45-
antibody-7995?GrouplD=BLG1932

Anti-mouse CD45 APC 30F-11 rat 1gG2b, k Biolegend AB_312976
https://www.biolegend.com/en-ie/cell-health/apc-anti-mouse-cd45-antibody-97?GrouplD=BLG6837

Anti-mouse CX3CR1 PE SAO11F11 rat IgG2a, k Biolegend AB_2564314
https://www.biolegend.com/en-ie/products/pe-anti-mouse-cx3crl-antibody-10376?GrouplD=BLG13323

Anti-mouse F4/80 PE-Cy5 BMS rat 1gG2a, k Biolegend AB_893494
https://www.biolegend.com/nl-be/products/pe-anti-mouse-f4-80-antibody-4068

Anti-mouse I-A/I-E BV605 M5/114.15.2 rat IgG2b, k Biolegend AB_2565894
https://www.biolegend.com/en-us/punchout/search-results/brilliant-violet-605-anti-mouse-i-a-i-e-antibody-11988?
GrouplD=BLG11931

Anti-mouse Ly6C FITC HK1.4 rat IgG2c, k Biolegend AB_1186134
https://www.biolegend.com/en-us/cellular-dyes-and-ancillary-products/fitc-anti-mouse-ly-6c-antibody-4896 ?GrouplD=BLG5853

Anti-mouse Ly6G PerCP/Cy5.5 1A8 rat 1gG2a, k Biolegend AB_1877272
https://www.biolegend.com/ja-jp/products/percp-cyanine5-5-anti-mouse-ly-6g-antibody-6116

Anti-mouse Ly6G APC 1A8 rat 1gG2a, k Biolegend AB_1877163
https://www.biolegend.com/en-us/products/apc-anti-mouse-ly-6g-antibody-6115?GrouplD=BLG7234

Anti-mouse TCR B PerCP/Cy5.5 H57-597 Armenian hamster Biolegend AB_1575176
https://www.biolegend.com/en-us/products/percp-cyanine5-5-anti-mouse-tcr-beta-chain-antibody-5603?Groupl D=BLG6996

Anti-mouse TER-119 Biotin TER-119 rat 1gG2b, k Biolegend AB_313704
https://www.biolegend.com/fr-ch/products/biotin-anti-mouse-ter-119-erythroid-cells-antibody-1864

Anti-mouse XCR1 PerCP/Cy5.5 ZET mouse 1gG2b, k Biolegend AB_2564363
https://www.biolegend.com/fr-lu/products/percp-cyanine5-5-anti-mouse-rat-xcrl-antibody-10397?Clone=ZET
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Anti-mouse CD197 (CCR7) PE 4B12 rat 1gG2a, k Biolegend AB_2564363
https://www.biolegend.com/fr-fr/products/pe-anti-mouse-cd197-ccr7-antibody-2799

Anti-mouse CD209a PE MMD3 mouse 1gG2c, k Biolegend AB_2721636
https://www.biolegend.com/de-de/cell-health/pe-anti-mouse-cd209a-dc-sign-antibody-15353

Anti-mouse CD19 FITC 6D5 rat 1gG2a, k Biolegend AB_313640
https://www.biolegend.com/en-us/cellular-dyes-and-ancillary-products/fitc-anti-mouse-cd19-antibody-1528

Anti-mouse CD3e FITC 145-2C11 Armenian hamster Biolegend AB_312670
https://www.biolegend.com/en-us/soluble-mhc/fitc-anti-mouse-cd3epsilon-antibody-23

Anti-mouse Ly6G FITC 1A8 rat IgG2a, k Biolegend AB_1236488
https://www.biolegend.com/en-us/products/fitc-anti-mouse-ly-6g-antibody-4775?Group|D=BLG5803

Anti-mouse K1.1 FITC PK136 mouse IgG2a, k Biolegend AB_313392
https://www.biolegend.com/en-us/soluble-mhc/fitc-anti-mouse-nk-1-1-antibody-429?GrouplD=GROUP20

Anti-mouse TCR B FITC H57-597 Armenian hamster Biolegend AB_313428
https://www.biolegend.com/fr-lu/products/fitc-anti-mouse-tcr-beta-chain-antibody-270?GrouplD=BLG6994
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Anti-IGF1 mouse Sm1.2 1gG1k, Millipore 05-172:2 is a mouse antibody against IGF-I validated for use in IH, IP, NEUT & WB, and reacts
against mouse, rat, chicken and avian species.
https://www.emdmillipore.com/US/en/product/Anti-IGF-I-Antibody-clone-Sm1.2, MM_NF-05-172

Anti-mouse CD206 rat MR5D3 IgG2a BioRad MCA2235, is a rat monoclonal antibody validated for use in C, IF, WB &F.
https://www.bio-rad-antibodies.com/monoclonal/mouse-cd206-antibody-mr5d3-mca2235.html?f=purified#applications

Anti-mouse lbal rabbit polyclonal antibody (Wako, 019-19741) is validated for ICC and IHC (Frozen).
https://labchem-wako.fujifilm.com/us/product/detail/W01W0101-1974.htmi

Anti-DsRed (TdTomato) rabbit polyclonal antibody (Takara, 632496 ) has been raised against DsRed-Express and recognizes
tdTomato.
https://www.takarabio.com/documents/Certificate%200f%20Analysis/632496/632496-101717.pdf

Anti-mouse MHC Il (I-a/I-E) rat antibody, M5/114 1gG2bk (Millipore, MABF33) is validated for Western Blotting, Flow Cytometry and
Immunohistochemistry.

https://www.emdmillipore.com/US/en/product/Anti-MHC-class-II-I-A-I-E-Antibody-clone-M5-114,MM_NF-
MABF33#anchor_Description

Fluorescein (FITC) AffiniPure Donkey Anti-Mouse IgG (H+L) donkey polyclonal Jackson ImmunoResearch Laboratories 715-095-150
Based on immunoelectrophoresis and/or ELISA, the antibody reacts with whole molecule mouse IgG. It also reacts with the light
chains of other mouse immunoglobulins. No antibody was detected against non-immunoglobulin serum proteins. The antibody has
been tested by ELISA and/or solid-phase adsorbed to ensure minimal cross-reaction with bovine, chicken, goat, guinea pig, syrian
hamster, horse, human, rabbit and sheep serum proteins, but it may cross-react with immunoglobulins from other species.
https://www.jacksonimmuno.com/catalog/products/715-095-150/Donkey-Mouse-lgG-HL-Fluorescein-FITC

Cy™S5 AffiniPure Donkey Anti-Mouse 1gG (H+L) donkey polyclonal Jackson ImmunoResearch Laboratories 715-175-150

Based on immunoelectrophoresis and/or ELISA, the antibody reacts with whole molecule mouse IgG. It also reacts with the light
chains of other mouse immunoglobulins. No antibody was detected against non-immunoglobulin serum proteins. The antibody has
been tested by ELISA and/or solid-phase adsorbed to ensure minimal cross-reaction with bovine, chicken, goat, guinea pig, syrian
hamster, horse, human, rabbit and sheep serum proteins, but it may cross-react with immunoglobulins from other species.
https://www.jacksonimmuno.com/catalog/products/715-175-150

Cy™S5 AffiniPure Donkey Anti-Rabbit IgG (H+L) donkey polyclonal Jackson ImmunoResearch Laboratories 711-175-152

Based on immunoelectrophoresis and/or ELISA, the antibody reacts with whole molecule rabbit IgG. It also reacts with the light
chains of other rabbit immunoglobulins. No antibody was detected against non-immunoglobulin serum proteins. The antibody has
been tested by ELISA and/or solid-phase adsorbed to ensure minimal cross-reaction with bovine, chicken, goat, guinea pig, syrian
hamster, horse, human, mouse, rat and sheep serum proteins, but it may cross-react with immunoglobulins from other species.
https://www.jacksonimmuno.com/catalog/products/711-005-152

Fluorescein (FITC) AffiniPure Donkey Anti-Rabbit IgG (H+L) donkey polyclonal Jackson ImmunoResearch Laboratories 711-095-152
Based on immunoelectrophoresis and/or ELISA, the antibody reacts with whole molecule rabbit IgG. It also reacts with the light
chains of other rabbit immunoglobulins. No antibody was detected against non-immunoglobulin serum proteins. The antibody has
been tested by ELISA and/or solid-phase adsorbed to ensure minimal cross-reaction with bovine, chicken, goat, guinea pig, syrian
hamster, horse, human, mouse, rat and sheep serum proteins, but it may cross-react with immunoglobulins from other species.
https://www.jacksonimmuno.com/catalog/products/711-095-152

Cy™3 AffiniPure Donkey Anti-Rabbit IgG (H+L) donkey polyclonal Jackson ImmunoResearch Laboratories 711-165-152

Based on immunoelectrophoresis and/or ELISA, the antibody reacts with whole molecule rabbit IgG. It also reacts with the light
chains of other rabbit immunoglobulins. No antibody was detected against non-immunoglobulin serum proteins. The antibody has
been tested by ELISA and/or solid-phase adsorbed to ensure minimal cross-reaction with bovine, chicken, goat, guinea pig, syrian
hamster, horse, human, mouse, rat and sheep serum proteins, but it may cross-react with immunoglobulins from other species.
https://www.jacksonimmuno.com/catalog/products/711-165-152

Fluorescein (FITC) AffiniPure Donkey Anti-Rat 1gG (H+L) donkey polyclonal Jackson ImmunoResearch Laboratories 712-095-153




Based on immunoelectrophoresis and/or ELISA, the antibody reacts with whole molecule rat IgG. It also reacts with the light chains of
other rat immunoglobulins. No antibody was detected against non-immunoglobulin serum proteins. The antibody has been tested by
ELISA and/or solid-phase adsorbed to ensure minimal cross-reaction with bovine, chicken, goat, guinea pig, syrian hamster, horse,
human, mouse, rabbit and sheep serum proteins, but it may cross-react with immunoglobulins from other species.
https://www.jacksonimmuno.com/catalog/products/712-095-153

Cy™S5 AffiniPure Donkey Anti-Rat IgG (H+L) donkey polyclonal Jackson ImmunoResearch Laboratories 712-175-153

Based on immunoelectrophoresis and/or ELISA, the antibody reacts with whole molecule rat IgG. It also reacts with the light chains of
other rat immunoglobulins. No antibody was detected against non-immunoglobulin serum proteins. The antibody has been tested by
ELISA and/or solid-phase adsorbed to ensure minimal cross-reaction with bovine, chicken, goat, guinea pig, syrian hamster, horse,
human, mouse, rabbit and sheep serum proteins, but it may cross-react with immunoglobulins from other species.
https://www.jacksonimmuno.com/catalog/products/712-175-153

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

Experiments were performed in young (8-12 week-old) male wild type mice obtained from Jackson Laboratory (IMSR_JAX:000664;
Bar Harbor, ME) and aged (17-18 month-old) male and female wild type mice obtained from the NIA-NIH. All in house bred mice
were on a C57BI/6) background and included B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J (IMSR_JAX:007914) and B6.129P2(C)-
Cx3crltm?2.1(cre/ERT2)Jung/] (IMSR_JAX:020940).

The study did not involve wild animals.

The sex of animals used for the studies is indicated in table S3.

The study did not involve field-collected samples.

All procedures were approved by the institutional animal care and use committee of Weill Cornell Medicine (WCMC IACUC) and were
conducted in accordance with the ARRIVE guidelines

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

IZ A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Mice were anesthetized with pentobarbital (100 mg/Kg, i.p.) and transcardially perfused with heparinized PBS (2U/ml).
Cerebral right cortices were visually inspected after transcardial PBS perfusion to monitor for the presence of ischemic lesion.
Briefly, either control-sham or ischemic hemispheres were separated from the cerebellum and olfactory bulb and gently
triturated using a Gentle MACS dissociator (Miltenyi Biotec, Auburn, CA). Single cell suspensions were obtained by enzymatic
digestion with papain (Neural Tissue Dissociation Kit (P), #130-092-628, Miltenyi Biotec) following the manufacturer's
instructions. Four to five hemispheres were pooled for each experiment. In order to increase cell viability and to preserve the
transcriptional state during the generation of single-cell suspensions, Brilliant Blue G (BBG, P2X7 receptor antagonist, 1uM,
Sigma), AP-5 (25 nM, NMDA receptor blocker, Tocris), and actinomycin D (RNA polymerase inhibitor, Sug/ml, Sigma) were
added to the dissociation solution 142 143. Next, cell suspension was filtered through a 70 um filter, resuspended in 30%
Percoll (GE Healthcare)-HBSS containing 1uM BBG, and spun for 10 minutes at 700 g. After gradient centrifugation, the
myelin layer was removed, and the cell pellet was resuspended in 2%FBS-PBS buffer and filtered through a 40 um filter.
Isolated cells were washed and resuspended in 100 ul of blocking buffer per hemisphere to proceed for FACS staining and cell
sorting.

For isolation of peripheral leukocytes, mice were anesthetized with pentobarbital (100 mg/Kg, i.p.) and 0.5 ml of blood was
collected by cardiac puncture into heparinized tubes. For each experiment the blood from two mice (1 ml total blood) was
pooled and erythrocytes were lysed. BBG (1uM) and actinomycin D (5ug/ml) inhibitors were added during the isolation
procedure. After erythrolysis, blood cells were resuspended in MACS buffer (PBS supplemented with 2% FBS, 2 mM EDTA;
300 pl/107 cells) and incubated with a biotinylated Ter-119 antibody (Table S2) and remaining erythrocytes were depleted
with anti-biotin microbeads according to the manufacturer's instructions (Miltenyi Biotec). Afterward, cells were washed and
resuspended in 0.01% BSA-PBS at a concentration of 105 leukocytes/ml for Drop-seq processing.

Flow Cytometry and Cell Sorting
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For Drop-seq experiments, brain single cell suspensions were incubated with anti-CD16/CD32 antibody for 10 min at 40C to
block Fc receptors, followed by staining with CD45-BV510, Ly6C-FITC, CX3CR1-PE, Ly6G-PercP-Cy5.5 and CD11b-APC-Cy7
antibodies for 15 min at 40C (Table S2). CD45hi cells, microglia (CD45hiCD11b+CX3CR1+) and endothelial cells (CD45—-Ly6C+)
were sorted on an Aria Il cytometer (BD Bioscience) and collected in 0.5 ml of 0.01% BSA-PBS for Drop-seq. Flow cytometry
gating strategy is described in Fig. S1A. Confirmation of brain damage was obtained after evaluating the infiltration of
leukocytes in the ischemic brain (Fig. S1B). Analytical flow cytometry was performed on a NovoCyte Flow Cytometer (Agilent,
Santa Clara, CA). The antibodies used are described in Table S2. Appropriate isotype controls, ‘fluorescence minus one’
staining, and staining of negative populations were used to establish gating parameters.

Instrument NovoCyte Flow Cytometer (Agilent, Santa Clara, CA), Aria Il cytometer (BD Bioscience)
Software NovoExpress flow cytometry software (version 1.6.2) and BD Ariall sorter for data collection and FlowJo™ v10 data analysis
Cell population abundance The purity was not formally established because the flow sorted cells were used as input for single cell transcriptomisc that

allowed for an unbiased de novo cell type assignment.

Gating strategy To identify CD45hi cells, endothelial cells (EC) and microglia (Mg) in cell suspensions of mouse brains, dead cells and debris
were gated out by forward scatter and side scatter properties, and after, doublets were excluded by FSC-Area vs. FSC-Height
gating. Live cells (DAPI-) were gated from single cells based on forward and side scatter and DAPI staining. CD45hi and ECs
(CD45loLy6Chi) were sorting based on CD45 and Ly6C expression. CD45int was selected for further analysis and examined for
the expression of CD11b and CX3CR1 to identify microglia (CD45intCD11b+CX3CR1+). Analysis of CD11b and Ly6G expression
was assessed in CD45hi subpopulation to verify the presence of granulocytes (Gran; CD11b+Ly6G+), other myeloid cells,
including monocytes derived cells and dendritic cells (MdC/DC; CD11b+Ly6G—-) and lymphocytes (CD11b-).
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Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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