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SUMMARY
Stroke leads to persistently high risk for recurrent vascular events caused by systemic atheroprogression that
is driven by endothelial cell (EC) activation. However, whether and how stroke induces sustained pro-inflam-
matory and proatherogenic endothelial alterations in systemic vessels remain poorly understood. We showed
that brain ischemia induces persistent activation, the upregulation of adhesion molecule VCAM1, and
increased senescence in peripheral ECs until 4 weeks after stroke onset. This aberrant EC activity resulted
from sustained Notch1 signaling, which was triggered by increased circulating Notch1 ligands DLL1 and Jag-
ged1 after stroke in mice and humans. Consequently, this led to increased myeloid cell adhesion and athero-
progression by generating a senescent, pro-inflammatory endothelium. Notch1- or VCAM1-blocking anti-
bodies and the genetic ablation of endothelial Notch1 reduced atheroprogression after stroke. Our findings
revealed a systemic machinery that induces the persistent activation of peripheral ECs after stroke, which
paves the way for therapeutic interventions or the prevention of recurrent vascular events following stroke.
INTRODUCTION

Stroke causes a markedly increased risk for recurrent athero-

thrombotic events in systemic vascular territories. In stroke sur-

vivors, the risk of suffering a recurrence is up to 30% by 5 years,

which is about 9 times the risk of stroke in the general popula-

tion.1,2 The risk is particularly high early after the first stroke,

i.e., up to 15% by 1 year, which is about 15 times the risk in

the general population.1–4 These findings indicate that stroke

leads to systemic adverse vascular responses, which remains

elevated even years after the first stroke. Stroke activates the im-

mune system, leading to systemic vascular inflammation.

Recent evidence demonstrates that brain ischemia mobilizes

pro-inflammatory monocytes and accelerates their entry into pe-

ripheral arterial plaques after the initial stroke onset.5 Although

stroke-induced monocyte activation and their entry into periph-

eral arterial plaques have been depicted, little is known about the

endothelial-specific alterations in response to stroke and their

potential impact on atherosclerotic progression.

As a driver of atherosclerosis, endothelial cells (ECs) govern the

site specificity of atherogenesis and express adhesion molecules
Immu
All rights are reserved, including those
to instruct myeloid cell entry into lesion sites.6 The existence of

persistent vascular inflammation and exacerbated systemic

athroprogression after stroke suggests the postulation that acute

ischemic brain injury may prime the entire vasculature to facilitate

monocyte entry into the plaque and exacerbate plaque expan-

sion, leading to higher risk for stroke recurrence and increased

susceptibility to further cerebrovascular or cardiovascular events.

In this regard, a number of key questions remain to be addressed.

First, the dynamics of endothelial-specific alterations is unclear af-

ter stroke, which is essential to understand whether ECs may

exert long-term impact on vascular inflammation and atheroscle-

rotic progression. Second, the particular signals that drive endo-

thelial-specific alterations after stroke are to be identified and

how are these signals conveyed to the peripheral ECs to produce

a systemic vascular response? Third, the endothelial mechanisms

that control monocyte recruitment into plaque lesions in the pe-

riphery remain relatively unexplored. Finally, it remains uncertain

whether increased remote plaque inflammation following stroke

can be suppressed by targeting endothelial-specific alterations.

In this study, we found that brain ischemia induces persistent

activation of endothelial Notch1 signaling in the periphery. A
nity 57, 2157–2172, September 10, 2024 ª 2024 Elsevier Inc. 2157
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sustained increase in circulating Notch1 ligands leads to a se-

nescent, pro-inflammatory endothelium that drives atheroprog-

ression following stroke, which can be therapeutically targeted

by blocking antibodies.

RESULTS

Brain ischemia induces sustained activation and
senescence of ECs in the periphery
To assess the recurrence rate of cerebrovascular events in stroke

survivors, we used pooled data from individuals enrolled in the

Third China National Stroke Registry (CNSR-III) (n = 10,348) to

measure stroke recurrence rate, related causes, and mortality

during first 3 months after initial onset.7 Stroke recurrence rates

resulted from atherosclerosis in large artery, cardiogenic embo-

lism, and small vessel occlusion were 9.7%, 7.8%, and 4.5% at

the first 3 months after stroke onset, respectively (Figure 1A).

The stroke recurrence andmortality during the first 3 months after

stroke onset weremainly caused by atherosclerosis in large artery

versus cariogenic embolism or small vessel occlusion (Figures 1A

and 1B), suggesting the limitations of current strategies for sec-

ondary stroke prevention to effectively reduce early stroke recur-

rent events related to atherosclerosis in large artery.

To gain insights into the aorta characteristics displayed at

steady state and stroke, using micro-positron-emission tomog-

raphy (PET) and computed tomography (CT) scanning, we

measured the uptake of 18F-fluorodeoxyglucose (FDG), a

glucose uptake tracer, in aorta ofmice subjected to experimental

stroke induced by transient middle cerebral artery occlusion

(MCAO). At day 3 after MCAO and reperfusion, we found an in-

crease in 18F-FDG uptake in the aorta (Figure 1C), suggesting

that stroke induces increased activity of cells in large artery

such as aorta after stroke. Using intravital fluorescence micro-

scopy, we found markedly increased adhesion of Gr1+ myeloid

cells (i.e., neutrophils and monocytes) on mesenteric vessels in
Figure 1. Brain ischemia induces sustained activation and senescence

(A and B) The Third China National Stroke Registry (CNSR-III) is a nationwide, pros

ischemic cerebrovascular events in China betweenAugust 2015 andMarch 2018.

onset of ischemic stroke.

(A) The rates of stroke recurrence resulted from large artery atherosclerosis, card

onset in CNSR-III.

(B) Survival probability of patients with indicated diseases.

(C) 18F-FDG PET-CT images of aorta at day 3 after MCAO; dashed red lines show

of standard uptake value (SUV). n = 6 mice per group. Data were representative

(D) Intravital microscopic photographs and quantitation of Gr1+ cells (monocytes

MCAO. Scale bars, 100 mm. n = 9 mice per group. Data were representative of t

(E) Flow cytometry assessment of neutrophils and Ly6Chighmonocytes adhesion to

representative of three independent experiments.

(F–J) Sorted endothelial cells (CD31+) from wild-type mice following sham surger

seq (103 Genomics).

(F) UMAP plots of the combined analysis of sham and day 3 after MCAO visualiz

(G) Feature plots illustrating expression of subset-defining genes.

(H) Heatmap of the top 10 differentially expressed genes in each cluster (logFC t

(I) UMAP plots of sham and day 3 after MCAO visualized separately.

(J) Quantification of the relative percentage of each cluster under each condition

(K) Flow cytometry gating strategy of CD45�CD31+VCAM1+ ECs (left) and freque

after MCAO. n = 11 mice per group. Data were representative of four independe

(L) Imaging cytometry analysis of b-gal+ ECs at indicated time points after MCAO. b

the aorta (right) at indicated time points after MCAO. n = 11 mice per group. Data

Two-tailed unpaired Student’s t test (C and D), one-way ANOVA followed by Tuk

See also Figure S1.
MCAOmice versus sham controls (Figure 1D). Additionally, neu-

trophils and Ly6Chigh monocytes adhesion to the aorta were

augmented at day 3 after MCAO and persisted at least until

day 28 after onset (Figures 1E and S1A), suggesting that stroke

imposes a long-term impact on large arteries.

As ECs are central to controlling immune cell trafficking,

vascular inflammation, and atherosclerosis, we sought to under-

stand howECs in large arteries sense and adapt to brain ischemia.

For this purpose, single-cell suspensions were prepared from

sorted CD31+ ECs isolated from aorta tissues in groups of sham

mice or MCAO mice at day 3 after onset for single-cell RNA

sequencing (scRNA-seq). After Louvain clustering of 22,055 cells

by graph-based clustering and uniform manifold approximation

and projection (UMAP) (Figure S1B), clusters were annotated on

the basis of gene signatures from ECs (Pecam1, Cdh5, and Erg),

smooth muscle cells (Tagln and Acta2), fibroblasts (Dcn, Lum,

and Pdgfra), lymphoid cells (Cd3d and Cd8a), myeloid cells

(S100a9, S100a8, and Cd14), and pericytes (Rgs5 and Vtn)

(FiguresS1CandS1D). Among9,348ECs,we identified3ECclus-

ters (Figure 1F). All three ECclusters expressedPecam1andCdh5

(Figure 1G). Cluster 1 highly expressed Vcam1, Vwf, and other

genes such as Cytl1 and Clu (Figures 1G and 1H). Cluster 2 ex-

pressed genes involved in lipid transport, including Cd36, Fabp4,

and Rgcc (Figures 1G and 1H). Cluster 3 expressed markers of

lymphatic identity, including Igfbp5 and Lyve1 (Figures 1G and

1H). Cluster 1 and cluster 2 were distinctive and possessed 944

and 628 differentially expressed genes (DEGs), respectively. Clus-

ter 3 was an intermediate population with the majority of DEGs

overlapping with cluster 1 or cluster 3 (Figure S1E). A marked in-

crease in cluster 1 was observed in MCAO mice versus sham

mice (Figures 1I and 1J).

Flow cytometry analysis revealed an increase in vascular cell

adhesion molecule 1 (VCAM1)-expressing ECs in MCAO mice

versusshammiceat leastuntil day28afterMCAOand reperfusion

(Figure 1K), along with an increase of senescence markers,
of ECs in the periphery

pective, andmulticenter clinical registry study that recruited patients with acute

Stroke recurrence andmortality of patients in CNSR-III within 3months after the

iogenic embolism, and small vessel occlusion during first 3 months after stroke

the regions of interest for quantification. Bar graphs showing the measurement

of three independent experiments.

and neutrophils, red) that adhered to mesenteric vessels (green) at day 3 after

hree independent experiments.

the aorta at indicated time points after MCAO. n= 6mice per group. Datawere

y (steady state) and day 3 after MCAO were processed individually for scRNA-

ed together.

hreshold = 0.2, min.pct = 0.2, adjusted p value < 0.05).

.

ncy of CD45�CD31+VCAM1+ cells (right) in the aorta at indicated time points

nt experiments.

-gal in ECs after MCAO (left), quantitation of the relative percentage of b-gal+ in

were representative of four independent experiments. Mean ± SEM. **p < 0.01.

ey post hoc test (E).
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Figure 2. Brain ischemia induces sustained EC Notch1 activation in the periphery

(A) High-resolution clustering identifies nine endothelial cell states (EC1–EC9) in sham and day 3 after MCAO, UMAP plots split by conditions.

(B) Abundance of each cell state (EC1–EC9) across conditions.

(legend continued on next page)
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including P16, P53, and senescence-associated b-galactosidase

(b-gal) (Figures 1L and S1F–S1H), suggesting that stroke induces

the persistent activation of remote ECs in the periphery and

senescence in these cells. Together, these results demonstrate

profound and sustained changes in peripheral ECs in response

to brain ischemia.

Brain ischemia leads to sustained EC Notch1 activation
in the periphery
To characterize the heterogeneity and phenotype of peripheral

ECs in response to brain ischemia, we performed single-cell

analysis of three EC clusters. EC clusters were classified into 9

distinct states. We found that the proportions of EC1, EC3,

and EC6 were higher in MCAO mice versus sham controls

(Figures 2A–2C). Cluster 1 of ECs consisted of 5 cell states

(EC1, 3, 4, 6, and 8) (Figure 2C); EC1 expressing Cytl1 or Clu

was enriched in several pathways related to cell adhesion, cell

migration, Notch signaling pathway, aging, and Notch receptor

processing (Figure 2D). EC3 expressing Thbs1 andSfrp2 had en-

riched expression of pathways mediating cell adhesion, cell

migration, aging, blood vessel development, and wound healing

(Figure 2D). EC6 expressing Vwf and Bmp4 had enriched

expression of pathways in cell migration and wound healing (Fig-

ure 2D). The augmented enrichment of pathways in EC1, EC3,

and EC6 in brain ischemia suggests that these cell states were

responsive to stroke onset. These stroke-induced genes were

mapped to pathways involved in blood vessel morphogenesis

(EC1), response to oxidative stress (EC3), and positive regulation

of ERK1 and ERK2 cascade (EC6) (Figure 2E). We also observed

several pathways shared among EC1, EC3, and EC6 such as cell

adhesion, aging, and cell migration (Figure 2E). Then, we

observed that ECs, irrespective of clusters or cell states, were

enriched in pathways related to cell migration, aging, and cell

adhesion after brain ischemia. Of note, these pathways consis-

tently involve Notch1, which was constitutively upregulated in

ECs after brain ischemia (Figures 2F, 2G, and S2A). In contrast,

the expression of Notch2, Notch3, and Notch4 remained unal-

tered (Figure S1I).

Similarly, flowcytometry analysis also revealed the upregulation

of Notch1 receptor in ECs from the aorta of MCAO mice versus

sham controls (Figure 2H). The expression of NICD1, an activated

form of Notch1, was increased in ECs from the aorta of MCAO

mice versus sham controls (Figure S1J). As NICD is known to

interact with transcription factors such as CBF1 and induce the

transcriptionofdownstreamgenes.8,9Wehavescreened thealter-

ations of related genes and found an increase of Nfkb in ECs of

MCAO mice (Figure S1K). These results have demonstrated that
(C) Heatmap of the top 10 differentially expressed genes in each cell state (logFC th

high-resolution state (top; EC1–EC9), low-resolution cluster (clusters 1–3; center

(D) Pathway enrichment analysis (gProfiler, Gene Ontology [GO] biological proces

Heatmap shows the �log10 p value of indicated factors.

(E) Pathway enrichment analysis (gProfiler, GO biological processes, Kyoto Encyc

MCAO relative to sham for selected cell states. Heatmap shows the �log10 p va

(F) DEGs of endothelial cells relative to sham and day 3 after MCAO, the overl

biological processes).

(G) Violin graph shows Notch1 expression in endothelial cells.

(H) Flow cytometry analysis of Notch1 expression in endothelial cells of aorta at i

three independent experiments. Mean ± SEM. **p < 0.01. Two-way ANOVA follo

See also Figure S1.
brain ischemia induces sustained EC Notch1 activation in the pe-

riphery, suggesting that the activation and senescence of vascular

ECs during stroke may involve Notch1 signaling.

A sustained increase in circulating Notch1 ligands is
evident following brain ischemia
As an essential mediator of cell-cell communication, Notch

signaling in remote target cells can be activated by secreted

Notch ligands via exosomes from cellular sources without phys-

ical contact.10,11 To investigate how stroke induces remote EC

Notch1 activation in the periphery, we collected circulating exo-

somes from groups of MCAO or sham mice to measure their

morphology and size using transmission electron microscopy

(TEM) and nanoparticle tracking analysis (NTA) (Figure 3A). To

assess the expression of Notch ligands on circulating exosomes,

we measured the expression of DLL1, DLL3, DLL4, Jagged1,

and Jagged2 by ELISA. We found an increase in DLL1 and Jag-

ged1 in circulating exosomes until day 28 after MCAO versus

sham controls (Figures 3B and S2A). In contrast, the concentra-

tions of DLL3, DLL4, and Jagged2 were not substantially altered

(Figures S2B–S2D). In patients with ischemic stroke and healthy

controls, we quantified the factors in circulating exosomes.

Among 80 factors measured by a proteome profiler, we found

that DLL1 and Jagged1 are highly expressed in circulating exo-

somes from patients with ischemic stroke (day < 2 after onset)

(Figure 3C). Similarly, ELISA analysis revealed an increase in

DLL1 and Jagged1 in circulating exosomes from patients with

ischemic stroke at early stage (day < 2 after onset) or late stage

(day 14 after onset) versus controls (Figure 3D).

To determine the cellular sources of circulating exosomes ex-

pressing Notch1 ligands after brain ischemia, we used imaging cy-

tometry analysis tomeasure circulating exosomes.We found an in-

crease inDLL1+P2RY12+CX3CR1+orJagged1+P2RY12+CX3CR1+

circulating exosomes in patients with ischemic stroke versus con-

trols, suggesting that exosomes derived from P2RY12+CX3CR1+

cells (myeloid cells) mainly contribute to the increase in circulating

Notch1 ligands after stroke (Figure 3E). In contrast, no significant al-

terationswere noted in DLL1+ or Jagged1+ exosomes derived from

L1CAM+ cells (neurons) or GFAP+ cells (astrocytes) (Figure 3E).

Additionally, an increase in circulating DLL1+ or Jagged1+ exo-

somes derived from P2RY12+CX3CR1+ cells was also found in

MCAO mice on day 3 and day 28 after surgery (Figure S2E). Flow

cytometry analysis also revealed an increase in DLL1+ and

Jagged1+ P2RY12+CX3CR1+ cells in MCAOmice until day 28 after

surgery (Figures 3F and 3G). Additionally, the expression of DLL1

and Jagged1 was not substantially altered in GFAP+ cells and

L1CAM+ cells (Figure S2F).
reshold = 0.2, min.pct = 0.2, adjusted p value < 0.05). The color bar denotes the

).

ses) using differentially expressed genes (DEGs) for each cell state (EC1–EC9).

lopedia of Genes and Genomes [KEGG]) using DEGs upregulated at day 3 after

lue of indicated factors.

ap of these DEGs were used for pathway enrichment analysis (gProfiler, GO

ndicated time points after MCAO. n = 6 per group. Data were representative of

wed by Tukey post hoc test (H).

Immunity 57, 2157–2172, September 10, 2024 2161



(legend on next page)

ll
Article

2162 Immunity 57, 2157–2172, September 10, 2024



ll
Article
To directly measure DLL1+ or Jagged1+ exosomes derived

from P2RY12+CX3CR1+ cells, we isolated P2RY12+CX3CR1+

cells from the brains of MCAO mice and sham controls. After

24 h culture, we found an increase in DLL1+ or Jagged1+ exo-

somes in collected culturemedium fromP2RY12+CX3CR1+ cells

in MCAO mice versus controls (Figure 3H). To test whether

P2RY12+CX3CR1+ cells are a major source of circulating

DLL1+ or Jagged1+ exosomes, we used Hexb-CreERT2-DLL1/

Jagged1fl/fl mice that are devoid of DLL1 and Jagged1 in micro-

glia. We found that genetic deficiency of DLL1 and Jagged1 in

microglia diminished the increase in circulating DLL1+ or

Jagged1+ exosomes and the activation of Notch1 in peripheral

ECs from MCAO mice (Figures 3I and 3J). Notably, the expres-

sions of VCAM1, P16, and P53 in ECs were reduced in MCAO

Hexb-CreERT2-DLL1/Jagged1fl/fl mice that are devoid of DLL1

and Jagged1 in microglia (Figure S2G). Flow cytometry analysis

revealed that Ly6Chigh monocytes and neutrophils in aortic tis-

sues were decreased in MCAO Hexb-CreERT2-DLL1/Jag-

ged1fl/fl mice (Figure S2H). Brain infarct volume was similar in

Hexb-CreERT2-DLL1/Jagged1fl/fl MCAO mice versus DLL1/

Jagged1fl/fl MCAO mice (Figure S2I).

To examine the impact of exosome release from the ischemic

brain on ECs in the periphery, we perform intracerebroventricular

injection of GW4869, an inhibitor of exosome release (Figure 3K).

After GW4869 administration, we found a reduction in DLL1 and

Jagged1 in circulating exosomes in MCAO mice (Figure 3L),

together with reduced activation and senescence of ECs in the

periphery (Figure S2J). Notably, Ly6Chigh monocytes and neutro-

phils in aortic tissues were reduced inMCAOmice after GW4869

administration (Figure S2K). In addition, GW4869 administration
Figure 3. A sustained increase of circulating Notch1 ligands is evident

(A) TEM image of purified exosomes from plasma, characterization of purified ex

(B) ELISA of circulating exosomal DLL1, total DLL, exosomal Jagged1, and total

were representative of three independent experiments.

(C) Heatmap showing proteins in circulating exosomes sorted from patients with s

factors. n = 3 per group.

(D) ELISA of circulating exosomal DLL1, total DLL1, exosomal Jagged1, and tot

dividuals. n = 17, 25, 25 in group of healthy control, stroke patients at early time

representative of four independent experiments.

(E) Quantification of circulating DLL1+ or Jagged1+ exosomes from P2RY12+CX3C

in plasma from patients with stroke and healthy controls. Early time point: day <

representative of three independent experiments.

(F) Flow cytometry analysis of DLL1 and Jagged1 expression in P2RY12+CX3CR

(G) Quantification of DLL1 and Jagged1 expression in P2RY12+CX3CR1+ cells at

three independent experiments.

(H) P2RY12+CX3CR1+ cells from sham or MCAO mice were isolated and culture

exosomes (left), ELISA of exosomal DLL1 (middle) and exosomal Jagged1(right

MCAO. n = 6 per group. Data were representative of three independent experim

(I) Hexb-CreER-DLL1/Jagged1fl/fl mice received daily tamoxifen treatment for 5

surgery.

(J) ELISA measurement of exosomal DLL1 (left) and exosomal Jagged1 (middle)

Notch1 (right) in ECs of aorta at indicated time points after MCAO. n = 6 per gro

(K) Flow chart illustrates drug administration and experimental design. Mice rec

MCAO and every 2 days thereafter until the end of experiment.

(L) ELISA measurement of exosomal DLL1 (left) and exosomal Jagged1 (middle)

Notch1 (right) in ECs of aorta at indicated time points after MCAO. n = 6 per gro

(M) Exosomes fromP2RY12+CX3CR1+ cells inMCAOmice or sham controls were

CFSE-labeled P2RY12+CX3CR1+ cells-derived exosomes for 2 h (left). The pro

representative of three independent experiments. Mean ± SEM. *p < 0.05, **p < 0.

G, and H), two-way ANOVA followed by Tukey post hoc test (B and J–L), Two-ta

See also Figures S2 and S3.
did not substantially alter brain infarct volume in MCAO mice

(Figure S2L).

To assess the direct impact of P2RY12+CX3CR1+ cells-derived

exosomes on peripheral ECs, we co-cultured mouse aortic ECs

(MAECs) with exosomes from P2RY12+CX3CR1+ cells in MCAO

mice or sham controls. We found that P2RY12+CX3CR1+ cells-

derived exosomescan bind toMAECs, leading to the upregulation

of Notch1, VCAM1, and senescence markers P16 and P53

(Figures 3MandS3A). Additionally, the expressionofDLL1or Jag-

ged1 in the peripheral monocytes and neutrophils remains low af-

ter brain ischemia, suggesting its minimal contribution to circu-

lating DLL1+ or Jagged1+ exosomes and EC activation

(Figures S3B and S3C). Using an inhibitor of nuclear factor kB

(NF-kB), we found that Notch1 activation-induced upregulation

of VCAM1 is diminished (Figure S3D), suggesting that NF-kB is

involved in VCAM1 upregulation in ECs. These results suggest

that P2RY12+CX3CR1+ cells-derived DLL1+ or Jagged1+ exo-

somes can be released into the periphery and contribute to EC

Notch1 activation after stroke.

As high-mobility group box 1 (HMGB1) is a prominent brain-

released alarmin.5 To assess circulating HMGB1 after stroke,

we measured circulating HMGB1 by ELISA. We found an in-

crease in circulating HMGB1 until day 28 after MCAO versus

sham controls (Figure S3E). In addition, we performed an anal-

ysis of single-cell RNA sequencing to assess the expression of

Ager (receptor of HMGB1). The data showed that Ager expres-

sion was minimal and not substantially altered in MCAO mice

versus sham controls (Figure S3F). We also measured Notch1

activation in MCAO mice receiving an anti-HMGB1 neutralizing

antibody. We found that neutralization of HMGB1 did not
following brain ischemia

osomes using NTA. Scale bars, 50 nm.

Jagged1 in plasma at indicated time points after MCAO. n = 6 per group. Data

troke and healthy control individuals. Heatmap shows the Z scores of indicated

al Jagged1 in plasma sorted from patients with stroke and healthy control in-

point (day < 2 after onset) and late time point (day 14 after onset). Data were

R1+ cells (myeloid cells), L1CAM+ cells (neurons), and GFAP+ cells (astrocytes)

2 after onset, late time point: day 14 after onset. n = 6 per group. Data were

1+ cells at indicated time points after MCAO.

indicated time points after MCAO. n = 6 per group. Data were representative of

d in medium for 24 h, and then, the culture medium was collected to purified

) in culture medium of P2RY12+CX3CR1+ cells at indicated time points after

ents.

consecutive days prior to MCAO induction and were sacrificed 7 days after

in plasma at indicated condition after MCAO. Flow cytometry assessment of

up. Data were representative of three independent experiments.

eived intracerebroventricular injection of GW4869 or vehicle at 1 day prior to

in plasma at indicated condition after MCAO. Flow cytometry assessment of

up. Data were representative of three independent experiments.

labeledwith CFSE. Flow cytometry assessment ofMAECs after incubationwith

portion of exosome-bound cells is shown (right). n = 6 per group. Data were

01. n.s., not significant. One-way ANOVA followed by Tukey post hoc test (D, E,

iled unpaired Student’s t test (M).
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Figure 4. Circulating exosomes from patients with ischemic stroke induce endothelial Notch1 activation and cellular senescence

(A) Flow cytometry histogram of HUVECs after incubation with CFSE-labeled-plasma derived exosomes for 2 h.

(B) The proportion of exosome-bound cells is shown. n = 6 per group. Data were representative of three independent experiments.

(legend continued on next page)
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substantially alter the activation of Notch1 signaling and the ex-

pressions of VCAM1, P16, and P53 in ECs following MCAO (Fig-

ure S3G). These results imply that stroke-induced activation of

ECs may differ from the effects induced by post-ischemic

release of alarmins such as HMGB1 as previously described.5

Circulating exosomes from patients with ischemic
stroke induce endothelial Notch1 activation and cellular
senescence
To test whether circulating exosomes are sufficient to induce

endothelial Notch1 activation and cellular senescence, we co-

cultured human umbilical vein ECs (HUVECs) with circulating

exosomes from patients with ischemic stroke or controls. We

found that circulating exosomes from patients with ischemic

stroke bind to HUVECs (Figures 4A and 4B), leading to the upre-

gulation ofNotch1, adhesion molecule VCAM1, and senescence

markers P16 and P53 mRNA (Figures 4C and 4D).

Next, we tested whether circulating exosome-induced EC acti-

vation and senescence depend on Notch1 signaling. For this pur-

pose, anti-Notch1monoclonal antibody (mAb) was used to block

Notch1 signaling. We found that circulating exosome-induced in-

crease ofNotch1, VCAM1, P16, and P53mRNAwas abolished in

HUVECs receiving anti-Notch1 mAb treatment versus immuno-

globulin G (IgG) control (Figures 4C and 4D). Notably, anti-Notch1

mAb treatment ablated the increase of Notch1, VCAM1, P16, and

P53 in HUVECs treated with circulating exosomes from patients

with ischemic stroke (Figures 4E and 4F).

To test the effects of circulating exosome-induced VCAM1 up-

regulation on leukocyte adhesion, we co-cultured THP-1 (a

human monocytic leukemia cell line) cells with HUVECs treated

with circulating exosomes from patients with ischemic stroke

or controls. We found increased adhesion of THP-1 cells to

HUVECs treated with circulating exosomes from patients with

ischemic stroke, which was abolished by treatment with anti-

Notch1mAb or anti-VCAM1mAb (Figures 4G and 4H). Together,

these results suggest that circulating exosomes from patients

with ischemic stroke are sufficient to induce EC Notch1 activa-

tion and senescence.

VCAM1 blockade suppresses stroke-induced
atheroprogression
To test the contributions of VCAM1 to stroke-induced vascular

inflammation, we treated wild-type mice with anti-VCAM1 mAb

or IgG control for 2 weeks starting from day 3 after MCAO and re-

perfusion (Figure 5A). Flow cytometry analysis revealed that anti-

VCAM1 mAb diminished brain ischemia-induced increase of

Ly6Chigh monocytes and neutrophils in aortic tissues (Figure 5B).
(C–F) HUVECs were pretreated with IgG or anti-Notch1 antibodies at 10 mg/mL f

(D) mRNA expression of Notch1, VCAM1, P16, and P53 were assessed by quan

(E) Flow cytometry analysis of Notch1, VCAM1, P16, and P53 expression in HUV

(F) Quantification of Notch1, VCAM1, P16, and P53. n = 6 per group. Data were

(G) HUVECs were pretreated with IgG or anti-Notch1 mAb at 10 mg/mL for 2 h, the

were labeled with fluorescence dye, then cell adhesion assay was performed. Rep

were representative of three independent experiments.

(H) HUVECs were pretreated with IgG or anti-VCAM1 mAb (25 mg/mL) for 2 h, th

THP-1 cells were labeled with fluorescence dye, then cell adhesion assay was pe

group. Data were representative of three independent experiments. Mean ± SEM

by Tukey post hoc test (D–H).
To test the contributions of VCAM1 to stroke-induced growth

of atherosclerotic lesions, we measured the effects of VCAM1

blockade on stroke-induced plaque growth and vascular

inflammation using atherosclerosis-prone apolipoprotein

E-deficient (apoE�/�) mice. We found that MCAO induced an in-

crease of atherosclerotic lesions and accumulation of infil-

trating accumulation of monocytes within lesion sites in

apoE�/� mice, which was diminished by VCAM1 blockade us-

ing anti-VCAM1 mAb (Figures 5C–5F and S4A), along with

increased collagen content and similar a smooth muscle actin

(aSMA)-positive area (Figures 5G, S4B, and S4C). VCAM1

blockade did not alter circulating triglyceride (TG), cholesterol

(CHO), low-density lipoprotein cholesterol (LDL-C), and high-

density lipoprotein cholesterol (HDL-C) in apoE�/� mice sub-

jected to MCAO or sham surgery (Figure 5H). Delayed treat-

ment with anti-VCAM1 mAb did not substantially alter brain

lesion volume in MCAO mice (Figures S4D and S4E). Addition-

ally, we found that high-fat diet treatment alone did not sub-

stantially alter the expressions of Notch1, VCAM1, P16, and

P53 in ECs from MCAO mice or sham controls (Figure S4F).

Together, these results suggest the necessity of VCAM1 in

stroke-induced atheroprogression.

Disruption of endothelial Notch1 attenuates stroke-
induced atheroprogression
To investigate the effects of EC Notch1 on vascular inflammation

in the periphery, we generated Tie2Cre-Notch1fl/� and Notch1fl/�

mice. We found that the expressions of VCAM1, P16, and P53

in ECs were reduced in MCAO Tie2Cre-Notch1fl/� mice

(Figures S5A and S5B), along with the reduction of infiltrating

Ly6Chighmonocytes and neutrophils in aortic tissues (Figure S5C).

To assess the effects of disrupting endothelial Notch1 signaling

on stroke-induced growth of atherosclerotic lesions and vascular

inflammation, we generated Tie2Cre-Notch1fl/-apoE�/� and

Notch1fl/�apoE�/� mice. These mice received a high-fat diet

for 8 weeks starting from 4 weeks prior to MCAO surgery (Fig-

ure 6A). We found the atherosclerotic lesions were reduced in

whole aorta and aortic roots in Tie2Cre-Notch1fl/�apoE�/� versus

Notch1fl/�apoE�/�mice after stroke, alongwith a decrease in infil-

tratingmonocytes and oil redO-positive area, and similar collagen

content in atherosclerotic plaque (Figures 6B–6E, S5D, and S5E),

whereas no significant difference was noted in Tie2Cre-

Notch1fl/�apoE�/� mice in sham group versus MCAO group

(Figures 6B–6E). A similar aSMA-positive area was also observed

(Figure S5F). Circulating TG, total CHO, LDL-C, and HDL-C were

similar among the groups of mice (Figure 6F). The brain infarct

size and the release of DLL1+ or Jagged1+ exosomes after stroke
or 2 h, then given control exosomes or stroke exosomes (15 mg/mL) for 24 h.

titative real-time PCR. n = 6 per group.

ECs.

representative of three independent experiments.

n given control exosomes or stroke exosomes (15 mg/mL) for 24 h. THP-1 cells

resentative images of adhesive cells. Scale bars, 50 mm. n = 6 per group. Data

en incubated with control exosomes or stroke exosomes (15 mg/mL) for 24 h.

rformed. Representative images of adhesive cells. Scale bars, 50 mm. n = 6 per

. **p < 0.01. Two-tailed unpaired Student’s t test (B), two-way ANOVA followed
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Figure 5. VCAM1 blockade suppresses stroke-induced atheroprogression

(A) Schematic diagram depicts experimental design. Wild-type mice received intraperitoneal (i.p.) injections of IgG control or anti-VCAM1 mAb (5 mg/kg/week)

following MCAO surgery. Flow cytometry analysis was conducted at day 14 after surgery.

(legend continued on next page)
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were similar in Tie2Cre-Notch1fl/�apoE�/� andNotch1fl/�apoE�/�

mice (Figures S5G–S5I).

To assess the effects of ablated microglia DLL1 and

Jagged1 on stroke-induced growth of atherosclerotic lesions

and vascular inflammation, we generated Hexb-CreERT2-DLL1/

Jagged1fl/flapoE�/� mice and DLL1/Jagged1fl/flapoE�/� mice.

These mice received a high-fat diet for 8 weeks starting from

4 weeks prior to MCAO surgery (Figure S6A). We found that the

atherosclerotic lesions were reduced in whole aorta and aortic

roots in Hexb-CreERT2-DLL1/Jagged1fl/fl apoE�/� mice versus

DLL1/Jagged1fl/flapoE�/� mice after stroke, together with a

decrease of infiltrating monocytes and oil red O-positive

area, and similar collagen content in atherosclerotic plaque

(Figures S6B–S6F), whereas no significant difference was noted

in Hexb-CreERT2-DLL1/Jagged1fl/flapoE�/� mice in MCAO

group versus sham group (Figures S6B–S6F). We also found a

similar aSMA-positive area (Figure S6G). Circulating TG, total

CHO, LDL-C, and HDL-C were also similar (Figure S6H). In addi-

tion, we found that GW4869 reduced brain ischemia-induced

growth of atherosclerotic lesions (Figures S7A–S7D), along with

attenuated accumulation of monocytes in atherosclerotic plaque

(Figure S7E), similar collagen content and aSMA-positive area

(Figures S7F and S7G). In addition, TG, CHO, LDL-C, and

HDL-C did not substantially alter in apoE�/� MCAO mice

receiving GW4869 (Figure S7H).

To test whether Notch1 can be therapeutically targeted to sup-

press stroke-induced vascular inflammation, we treated wild-type

mice with anti-Notch1mAb for 2 weeks (Figure 7A). Flow cytome-

try analysis revealed that anti-Notch1 mAb abrogated stroke-

induced increase of infiltrating Ly6Chigh monocytes and neutro-

phils in aortic tissues at 2 weeks after stroke induction (Figure 7B).

In apoE�/� mice receiving anti-Notch1 mAb following MCAO

(Figure 7C), we found that anti-Notch1 mAb suppressed brain

ischemia-induced growth of atherosclerotic lesions (Figures 7D,

7E, S7I, and S7J), along with attenuated accumulation of macro-

phages, similar collagen content in atherosclerotic plaques

(Figures 7F, 7G, and S7K) and aSMA-positive area (Figures S7L

and S7M). Circulating TG, CHO, LDL-C, and HDL-C were not

altered in apoE�/� MCAO mice receiving anti-Notch1 mAb (Fig-

ure 7H). Additionally, treatment with anti-Notch1mAb did not alter

brain infarct size in MCAO mice (Figures S7N and S7O).

Together, these results suggest that disruption of EC Notch1

signaling suppresses atheroprogression following stroke.

DISCUSSION

Our results indicate that acute brain ischemia stimulates a spec-

trum of adverse events in systemic vasculature including a
(B) Counts of Ly6Chigh monocytes (left) and neutrophils (right) in aorta. n = 6 mic

(C) High-fat-diet-fed apoE�/� mice received IgG or anti-VCAM1 mAb (5 mg/kg/w

(D) Oil red O staining of aortas. Scale bars, 4 mm. n = 10 mice per group. Data w

(E) H&E-stained cross sections at the aortic root. Black dashed lines demarcate a

independent experiments. Scale bars, 250 mm.

(F) CD68-positive staining. n = 10 mice per group. Data were representative of fo

(G) Masson staining (left), quantification of plaque collagen area versus plaque ar

experiments. Scale bars, 250 mm.

(H) Circulating TG, CHO, LDL-C, and HDL-C. n = 10 mice per group. Data we

**p < 0.01. n.s., not significant. One-way ANOVA followed by Tukey post hoc tes

See also Figure S4.
senescent, pro-inflammatory endothelium with upregulation of

VCAM1, which occurs primarily through Notch1 signaling that

is switched on by brain-released P2RY12+CX3CR1+ exosomes

containing Notch1 ligands. These adverse changes at the

vascular endothelial surface are persistent to drive myeloid cell

adhesion and accelerate plaque growth along with inflammation

in peripheral vessels after stroke. Our data also suggest that

ablation of vascular Notch1 signaling or inhibition of VCAM1 at-

tenuates adverse endothelial responses in the periphery

following stroke.

The identification of persistent EC activation and senescence

in the periphery following stroke provides insights into post-

stroke atheroprogression. Accumulating evidence suggests

that global inflammatory responses after stroke contribute to

the evaluated risk for adverse vascular events in the periph-

ery.12–15 Indeed, leukocytosis and elevated circulating cytokines

often occur following stroke, which contribute to the major

adverse cardiovascular events and poor prognosis. Carotid ac-

tivity with 18F-FDG PET has also been found increased in pa-

tients with recent ischemic stroke.16–18 In atherosclerotic mice,

acute ischemic stroke has been shown to induce an increase

in pro-inflammatory Ly6Chigh monocytes and other myeloid cells

to promote atherosclerosis.5 However, little is known regarding

endothelial changes that promote the recruitment of myeloid

cells into atherosclerotic lesions in peripheral vessels after

stroke. In this regard, our finding of persistent EC activation

and senescence in the peripheral arteries provides additional

insight into EC-mediated atheroprogression that contributes to

recurrent vascular events following stroke.

This work shows that sustained Notch1 activation in the pe-

ripheral vasculature occurs following stroke. This finding is sup-

ported by persistent upregulation of EC Notch1 receptor in the

periphery and elevated circulating Notch1 ligands in patients

with stroke and mice subjected to experimental stroke. As a

result, increased Notch1 activity leads to a senescence-like

and pro-inflammatory EC phenotype. At a central position to

orchestrate leukocyte adhesion and plaque growth in athero-

sclerosis, ECs express adhesion molecules and produce inflam-

matory factors to recruit immune cells and direct their infiltration

into the atherosclerotic lesions, leading to plaque expansion and

rupture that contribute to recurrent vascular events. Notably, we

found that P2RY12+CX3CR1+ exosomes carried Notch1 ligands

to activate EC Notch1 in the periphery. In line with our findings,

recent studies indicated that ischemic brain can release alarmins

such as HMGB1 to mobilize monocytes and accelerate athero-

progression, suggesting a critical role of brain-derived factors

to orchestrate remote vascular response after stroke.5,19,20

Indeed, we found an increase in circulating HMGB1 after brain
e per group. Data were representative of three independent experiments.

eek) following MCAO surgery and were sacrificed 4 weeks later.

ere representative of four independent experiments.

therosclerotic plaque. n = 10 mice per group. Data were representative of four

ur independent experiments. Scale bars, 50 mm.

ea (right). n = 10 mice per group. Data were representative of four independent

re representative of four independent experiments. Mean ± SEM. *p < 0.05,

t. (B) two-way ANOVA followed by Tukey post hoc test (D–G).
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Figure 6. Disruption of endothelial Notch1 attenuates stroke-induced atheroprogression

(A) Schematic diagram depicts experimental design. High-fat-diet Notch1fl/�apoE�/� and Tie2Cre- Notch1fl/�apoE�/� mice underwent MCAO surgery and were

sacrificed 4 weeks later.

(legend continued on next page)
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ischemia. Of note, the expression of Ager (receptor of HMGB1)

was not substantially altered in MCAO mice versus sham con-

trols. These results imply that stroke-induced activation of ECs

may not rely on post-ischemic release of HMGB1.

Our identification of P2RY12+CX3CR1+ cells-derived exoso-

mal Notch 1 ligands DLL1 and Jagged1 suggests exosomes as

a critical carrier of molecules that act primarily on ECs

throughout the body after brain ischemia. The pivotal role of mi-

croglia in the control of systemic vascular response is at least

partially supported by one recent study showing that microglia

contribute to the elevated blood pressure in hypertension ani-

mals, in which such process may involve local inflammatory fac-

tors tumor necrosis factor alpha (TNF-a)_ and interleukin-1b (IL-

1b) derived from microglia.21–23

Using combined approaches of flow cytometry, pathology,

and imaging, we found that stroke induces remote arterial upre-

gulation of EC adhesion molecules that persistently recruit in-

flammatory cells. Although our major measurements were

confined to large arteries in the periphery, these adverse events

may also include other vascular territories including medium and

small vessels. As such, it is reasonable to postulate that brain

ischemia promotes global endothelial activation. We believe

that endothelial activation was at least partially responsible for

the acceleration of plaque growth, inflammation, and necrotic

core at weeks to months post-stroke, which could be consistent

with high-risk plaque appearance on histology. Given the multi-

factorial role of monocytes in promoting plaque inflammation,

there is a possibility that increased plaque monocytes may

partially contribute to the persistence of endothelial activation

in atherosclerotic mice. However, it is noteworthy that mono-

cytes in the periphery have minimal expression of Notch1 li-

gands. Additionally, conditional knockdown of EC Notch1 or

blockade of Notch1 signaling was sufficient to reduce post-

stroke atheroprogression, which suggests a central role of upre-

gulated EC Notch1 activity in the acceleration of atherosclerosis

and adverse vascular events after brain ischemia.

Notch1 activation can switch on gene expression of cyclin-

dependent kinases to induce cellular senescence. As a reaction

to stress, senescence results in cell-cycle arrest in the presence

of mitogens, high metabolic rate, expression of molecular effec-

tors (e.g., p16, p21, and p53), inflammatory cytokines, adhesion

molecules such as VCAM1, and classical markers such as

senescence-associated b-gal.24–26 Our experiments indicate

that sustained Notch1 activity in ECs induces a senescence-

like phenotype that facilitates leukocyte adhesion and vascular

inflammation. As an adhesion factor for leukocytes, VCAM1

also transmits signals into the EC, leading to stress fiber forma-

tion, endothelial stiffening, and vascular aging.27–29 VLA-4, i.e.,

a4b1-integrin ligand, expression on leukocytes may facilitate
(B) Oil red O staining of aortas. Scale bars, 4 mm. n = 10 mice per group.

(C) H&E-stained cross sections at the aortic root. Black dashed lines demarcate a

independent experiments. Scale bars, 250 mm.

(D) CD68-positive staining. n = 10 mice per group. Data were representative of f

(E) Masson staining (left), quantification of plaque collagen area versus plaque are

experiments. Scale bars, 250 mm.

(F) Circulating TG, total CHO, LDL-C, and HDL-C. n = 10 mice per group. Data w

**p < 0.01. n.s., not significant. Two-way ANOVA followed by Tukey post hoc tes

See also Figures S5–S7.
binding of VCAM1 on activated ECs.30 As such, interference

with VCAM1 binding, e.g., by the a4-integrin blocking mAb,

has been used to prevent Notch1 activation-induced increase

in neutrophil infiltration.31–33 Consistent with these findings, we

showed that antibody blockade of Notch1 activation or a4-integ-

rin reduced monocyte infiltration and plaque groups in athero-

sclerotic mice after stroke. Obviously, these antibodies target

not only ECs but also several other cell types. Nevertheless,

the efficacy of these treatments to reduce plaque growth after

stroke, together with the results from conditional mutants

showing the contribution of EC Notch1 to atheroprogression,

implies the potential of these treatments to attenuate stroke-

induced acceleration of atherosclerosis. In all, our data charac-

terize Notch signaling activation in the vasculature as a risk

factor for adverse vascular events after stroke that can be

therapeutically targeted.

In summary, stroke leads to systemic endothelial activation

and upregulation of EC adhesive molecules. These processes

lead to enhanced monocyte recruitment and adhesion to ECs

to accelerate post-stroke plaque progression. Disruption of EC

Notch1 activation or VCAM1-mediated leukocyte adhesion sup-

presses these adverse systemic EC changes. Our findings reveal

mechanisms underlying the heightened risk for recurrent

vascular events after stroke and identify modifiable processes

that may serve as potential therapeutic targets.

Limitations of the study
The major finding of this work highlights Notch1 hyperactivation

in endothelium that augments myeloid cell adhesion and athero-

progression following stroke. Although we found increased

circulating Notch1 ligands in patients with ischemic stroke, the

clinical relevance of this finding to stroke recurrence awaits

further investigation in a large cohort of stroke patients. We

found that microglia were likely a major source of exosomal

Notch 1 ligands. The precise markers are needed to pinpoint

out the exact contribution from microglia in future studies. Addi-

tionally, stroke induces the release of various alarmins that are

not limited to HMGB1, and these alarmins contribute to athero-

progression after stroke; stroke-induced EC activation may

involve other components of alarmins. Future investigations

are required to sort out these signals that may profoundly affect

EC health and immune activation.
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Figure 7. Notch1 blockade alleviates stroke-induced atheroprogression

(A) Schematic diagram depicts experimental design. Wild-type mice were received i.p. injections of IgG control or anti-Notch1 (5 mg/kg/week) underwent MCAO

surgery. Flow cytometry analysis was conducted at day 14 after surgery.

(legend continued on next page)
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GW4869 MedChemExpress Cat #HY-19363

Tamoxifen Sigma-Aldrich Cat #T5648

Percoll Thermo Fisher Scientific Cat #45-001-747

CellTrace calcein red-orange AM Thermo Fisher Scientific Cat #C34851

Dextran, oregon green 488 Thermo Fisher Scientific Cat #D7172

CellTrace� CFSE Thermo Fisher Scientific Cat #C34554

Papain Absin Cat #abs47014927

DNase I Sigma-Aldrich Cat #D5025

Collagenase type I Thermo Fisher Scientific Cat #17100017

JSH-23 MedChemExpress Cat #HY-13982

RIPA buffer Solarbio Cat #R0010

(Continued on next page)
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REAGENTS or RESOURCES SOURCE IDENTIFIER

Cocktail Roche Cat #04693132001

PhosSTOP Roche Cat #04906845001

Critical commercial assays

CellEvent� senescence green Thermo Fisher Scientific Cat #C10840

Total exosome isolation kit Thermo Fisher Scientific Cat #4484450

Cytofix/Cytoperm fixation/permeabilization kit BD Biosciences Cat #554715

Mouse DLL1 elisa kit FineTest Cat #EM6642

Mouse DLL3 elisa kit FineTest Cat #EM2010

Mouse DLL4 elisa kit FineTest Cat #EM2011

Mouse Jagged1 elisa kit FineTest Cat #EM1918

Mouse Jagged2 elisa kit FineTest Cat #EM7320

Mouse HMGB1 elisa kit FineTest Cat #EM0382

Human Jagged1 elisa kit FineTest Cat #EH4500

Human DLL1 elisa kit FineTest Cat #EH0115

EasyPure RNA Kit TransGen Biotech Cat #ER101-01

SuperScript III and random primers Thermo Fisher Scientific Cat #12574035

TransStart Top Green qPCR SuperMix TransGen Biotech Cat #AQ131-01

CHO BioSino Bio-Technology

and Science

Cat #20162400910

TG BioSino Bio-Technology

and Science

Cat #20162400911

LDL-C BioSino Bio-Technology

and Science

Cat #20162400518

HDL-C BioSino Bio-Technology

and Science

Cat #20162400513

Deposited data

Mouse aortic endothelial cells single cell

RNA-sequencing

This paper GSA: OMIX004668

https://ngdc.cncb.ac.cn/omix/

Experimental Models: Cell Lines

THP-1 ATCC Cat #TIB-202

Experimental models: Organisms/strains

Mouse: Wild type (C57BL/6J) Vital River Laboratory Animal

Technology

Cat #Jackson 000664;

RRID: IMSR_JAX:000664

Mouse: apoE-/- Vital River Laboratory Animal

Technology

Cat #Jackson 002052;

RRID: IMSR_JAX:000664

Mouse: C57BL/6-Notch1fl/- Cyagen Biosciences Inc N/A

Mouse: C57BL/6-Tie2-Cre Cyagen Biosciences Inc N/A

Mouse: C57BL/6-Hexb-CreERT2 Shanghai Model Organisms

Center

N/A

Mouse: C57BL/6-DLL1fl/flJagged1fl/fl Cyagen Biosciences Inc N/A

Oligonucleotides

Primers for b-actin Forward: CATGTACG

TTGCTATCCAGGC

Reverse: CTCCTTAATGTCACGCACGAT

This paper N/A

Primers for VCAM1 Forward: TTTGACAG

GCTGGAGATAGACT

Reverse: TCAATGTGTAATTTAGCTCGGCA

This paper N/A

Primers for Notch1 Forward: CGCTGACGG

AGTACAAGTG

Reverse: GTAGGAGCCGACCTCGTTG

This paper N/A

(Continued on next page)
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REAGENTS or RESOURCES SOURCE IDENTIFIER

Primers for Notch2 Forward: ATGTGGACG

AGTGTCTGTTGC

Reverse: GGAAGCATAGGCACAGTCATC

This paper N/A

Primers for Notch3 Forward: TGCCAGAG

TTCAGTGGTGG

Reverse: CACAGGCAAATCGGCCATC

This paper N/A

Primers for Notch4 Forward: CTCTTGCCA

CTCAATTTCCCT

Reverse: TTGCAGAGTTGGGTATCCCTG

This paper N/A

Primers for P53 Forward: GAGGTTGGCT

CTGACTGTACC

Reverse: TCCGTCCCAGTAGATTACCAC

This paper N/A

Primers for P16 Forward: GGGTTTTCGT

GGTTCACATCC

Reverse: CTAGACGCTGGCTCCTCAGTA

This paper N/A

Software and Algorithms

Image J NIH Image https://imagej.en.softonic.com/

Image-Pro NIH Image https://imagej.nih.gov/ij

FlowJo� v10 Tree Star https://www.flowjo.com/solutions/

flowjo/downloads

Prism 9 GraphPad https://www.graphpad.com/scientificsoftware/

prism/

Online heat map generator Morpheus https://software.broadinstitute.org/

morpheus/

Graphical design software BioRender https://biorender.com/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Qiang Liu

(qliu@tmu.edu.cn).

Materials availability
All mouse lines are available from the lead contact with a completed Materials Transfer Agreement.

Data and code availability
d The single cell RNA-sequencing datasets generated during this study have been deposited at Genome Sequence Archive

(GSA) and are publically available from the date of publication. Accession numbers are listed in the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human plasma samples
Patient studies were conducted in accordance with the Declaration of Helsinki. The inclusion of human subjects and supporting

documentation was approved by the Ethics Committees of Tianjin Medical University General Hospital (protocol approval number:

IRB2022-YX-277-01). Informed consent was obtained from all subjects at the time of enrollment. Human plasma samples were ob-

tained from patients with ischemic stroke at 1 day and 14 day (23male, 8 female). Human plasma samples of healthy individuals were

used as controls (9 male, 8 female). There was no significant statistical difference regarding the age of recruited subjects (Ischemic

stroke patients vs. Controls: 66.8 ±7.8 vs. 65.4 ± 4.2 years, P = 0.589). Inclusion criteria for patients with ischemic stroke patients

older than 18 years of age. Exclusion criteria include acute myocardial infarction, heart failure, liver diseases (liver cirrhosis, fatty liver

and viral hepatitis etc.), autoimmune diseases, preexisting brain diseases, and infections, and concomitant use of immunosuppres-

sive or immune-modulating therapies. Inclusion criteria for healthy controls: 1) Subjects older than 18 years of age; 2) Generally

healthy, Body Mass Index between 18-34 and normal basic laboratory tests. Demographics provided in Table S1.
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Mice
Wild type (WT) mice and apoE�/� mice were purchased from Beijing Vital River Laboratory Animal Technology (Beijing, China).

Notch1-knockout-floxed (Notch1fl/-) and Tie2-Cre mice were purchased from Cyagen Biosciences Inc. DLL1-knockout-floxed

(DLL1fl/fl) and Jagged1-knockout-floxed (Jagged1fl/fl) were purchased from Cyagen Biosciences Inc. Hexb-CreERT2mice were pur-

chased from Shanghai Model Organisms Center, Inc. Tie2Cre-Notch1fl/- mice were obtained by crossing Tie2Cre-apoE�/�mice with

Notch1fl/-apoE�/� mice. Hexb-CreERT2-DLL1/Jagged1fl/fl mice were obtained by crossing Hexb-CreERT2 mice with

DLL1fl/flJagged1fl/fl mice. All mice were bred on a C57BL/6 background and maintained under pathogen-free conditions. All mice

of both sexes used in this study were housed with nomore than five animals per cage under standardized light-dark cycle conditions

with ad libitum access to food and water. The vivarium was maintained under controlled temperature (21 ± 1�C) and humidity (50–

60%). The experimental procedures used in this study were approved by the Animal Care and Use Committees of Tianjin Medical

University General Hospital (protocol approval number: 2022-DW-74).

Cell lines
THP-1 cells (ATCC, catalog TIB-202) were grown at 37�C, 5% CO2 in 1640 medium with 10% fetal bovine serum.

Primary cells
Human umbilical vein endothelial cells (HUVECs) were isolated and cultured as described.34 Briefly, the umbilical vein was perfused

with Hank’s balanced salt solution containing antibiotic/antimycotic (penicillin, streptomycin, and fungizone), and incubated at 4�C.
After 1 h, the umbilical vein was drained, filled with collagenase, and incubated at 37�C for 15 minutes. The collagenase solution with

cells was flushed from the vessel, cultured on plates coated with 50 mg/mL collagen. Cells were maintained in medium 199 (M199)

supplemented with 20 mmol/L HEPES, pH 7.4, 10% FBS, 5 ng/mL of recombinant human fibroblast growth factor, antibiotics/anti-

mycotics, and 90 mg/mL of heparin (EC medium). Mouse aortic endothelial cells (MAECs) were isolated and cultured as

described.35,36 After anesthesia, aortas were removed from WT male mice; the attached adipose tissue and connective tissue

were excised and cleaned free. Aortas were cut into 1 mm rings, and opened longitudinally, and seeded, with lumen side down,

onto collagen matrix–coated 12-well plates. The endothelial sprouting at day 2. The segments were removed and the cells were

cultured continually until they reach confluence.

METHOD DETAILS

MCAO
After anesthesia, 8- to 12-week-oldmice were subjected to intraluminal occlusion of themiddle cerebral artery (MCA) was performed

with a filament, as described.37,38 A midline neck incision (4 mm–5 mm) were created, the common carotid artery and left external

carotid artery were isolated and ligated. A rounded tip 6-0 nylon filament was introduced via a small incision in the common carotid

artery and inserted into the internal carotid artery, to induce occlusion of the right MCA. After 60 min of occlusion, the occluding fila-

ment was withdrawn. Body temperature was monitored throughout surgery with a rectal probe and maintained at 37.0 ± 0.5�C using

a heating pad. Sham-operated mice underwent the identical surgical procedures, but were not subjected to occlude the middle ce-

rebral artery.

Drug administration
Mice were treated with anti-VCAM1 mAb (5 mg/kg/week, Sigma-Aldrich) or anti-Notch1 mAb (5 mg/kg/week, Biolegend) via intra-

peritoneal injection following MCAO or sham surgery. Mice received GW4869 (1.28 mg/g/2 days, MedChemExpress) via intracere-

broventricular injection prior to MCAO and every 2 days thereafter until the end of experiment. Mouse IgG1k (MedChemExpress)

were used as the controls.

18F-FDG PET imaging
At day 3 after MCAO, mice received an intravenous injection of 100 mCi 18F-FDG at 1 h before scanning. Mice were then scanned by

using a MicroPET small animal scanner (Bruker, Billerica, MA, USA), images were acquired on a field of view of 80cm x 80cm (160 x

160 pixel), and then reconstructed to a three-dimensional projection (336 x 160 x160 pixel). T2-weighted images of each animal were

previously39 acquired by a 7-TMRI scanner (Bruker) to delineate the regions of interest. PET and T2 images were fused to localize the

vertebral bonemarrow and data were calculated asmean standard uptake value (SUV). Micewere anesthetized by inhalation of 3.5%

isoflurane and maintained by inhalation of 1.0% to 2.0% isoflurane in 70% N2O and 30% O2 during all scanning.

Intravital microscopy
Monocytes and neutrophils-endothelial interactions were analyzed by intravital epifluorescence microscopy as previously

described.40,41 At day 3 after MCAO, mice received anti-Gr1 mAb (Biolegend) to label monocytes and neutrophils and oregon green

488 dextran (MW: 70 kDa, 0.1mL of 1% in saline) via tail vein injection. At 1 h later, micewere anesthetized and underwent laparotomy

for exposing themesenteric microvessels. Intravital microscopic imaging was performed using an Olympus FV1000microscope and

a 25x immersion objective.
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Single-cell preparation
Mice were sacrificed by terminal anesthesia, after perfusion, the aorta was surgically removed, rinsed with ice-cold PBS, dissected

into small pieces and incubated in digestion solution (60 U/mL DNase I (Sigma-Aldrich), 450 U/mL collagenase type I (Gibco), and

1 mg/mL BSA (Solarbio) ) at 37�C water bath for 30 min, shaking the suspension every 10 min. Next, the cell suspension was filtered

through a 70 mm cell strainer (Corning) and the cell strainer was rinsed with a FACS buffer (containing 2% BSA), 2 mM EDTA (Solar-

bio). The cell suspension was centrifuged at 300 g for 5 min. The cell suspension was enriched for ECs using CD31 MicroBeads (Mil-

tenyi Biotec). CD31 enriched single cell suspension was stained with CD45- PerCP/Cy5.5 (Biolegend); CD31-APC (Biolegend).

CD45–CD31+ ECs were sorted by FACS Aria III.

Single-cell RNA sequencing
Library Preparation and Sequencing

Single cell suspensions of isolated ECs were resuspended in PBS containing 0.04% ultra-pure BSA. scRNA-seq libraries were pre-

pared using the Chromium Single Cell 3’ Reagent Kits v2 (10x Genomics; Pleasanton, CA, USA) according to the manufacturer’s in-

structions. The generated Single Cell 3’ libraries were sequenced on an Illumina HiSeq4000, followed by de-multiplexing and map-

ping to the mouse genome (build mm10) using CellRanger (10x Genomics, version 2.1.1).

Data processing
Cell Ranger (http://support.10xgenomics.com/single cell/software/overview/welcome) uses the STAR aligner (https://github.com/

alexdobin/STAR), which performs splicing-aware alignment of reads to the genome. The following quality control steps were per-

formed: (1) genes expressed by less than 3 cells; (2) cells expressed less than 200 or more than 8000 genes and mitochondrial

genes > 6%. Data was integrated, dimensionality reduction, clustered and visualized. Seurat was used for these processes. Cell

counts were normalized and converted to the log scale with the Normalized Data and scaled with the Scale Data function. Principal

component analysis (PCA) was performed and harmony v1 integration method was used to correct the potential batch effect. Top

twenty principal components and ‘‘resolution = 0.5’’ were performed for clustering. EC clusters were annotated based on the expres-

sion of known endothelial cell and non- endothelial cell marker genes, including Pecam1, Cdh5 and Erg (endothelial cell), Acta2 and

Tagln (smooth muscle cell), Dcn, Lum and Pdgfra (fibroblasts), Cd3d and Cd8a (lymphoid), S100a9, S100a8 and Cd14 (Myeloid) and

Rgs5, Vtn (Pericyte). Contaminating cell clusters (non-ECs) were removed, and all downstream analysis was performed on ECs only.

The ‘‘FindMarkers’’(min.pct: 0.2; logFC threshold: 0.2; adjusted p value < 0.05) was applied to compare endothelial cell gene

expression across conditions (sham and MCAO). The gProfiler (https://biit.cs.ut.ee/ gprofiler/gost) was used to measure over-rep-

resentation of defined gene list against the Gene Ontology (GO) database (http://www.geneontology.org). Enriched biological pro-

cesses of GO (BP, data version released in 2020) and the enrichment score (-log10 of the adjusted p value) for each pathway were

reported.

Cellular senescence detection
A green florescence senescence detection kit (Invitrogen) was used to determine b-galactosidase expression. The staining process

followed the vendor’s manual. In brief, the mice were killed, and single-cell suspensions of aortas were collected. After staining with

cell surface markers, cell suspensions were incubated with working solution at 37�C for 2 h without CO2. After washing in PBS, cells

were analyzed with flow cytometry using IDEAS 6.2.

Flow cytometry
Mice were sacrificed by terminal anesthesia, after perfusion, aorta and brain were then collected for dissociation of cells. For aorta,

single-cell suspensions were prepared as described above. The obtained single cells were co-labeled with CD45, CD31, VCAM1 and

Notch1 in FACS buffer (30 min, 4�C); then to measure P16, P53 in endothelial cells, cells were permeabilized by using the BDCytofix/

Cytoperm Fixation/Permeabilization Kit, then incubated with p53 (DO-1) (Santa Cruz Biotechnology), p15 INK4B/p16 (Santa Cruz

Biotechnology) at 4�C for 45min. Cells were then washed and suspended in FACS buffer. Whole brain was minced and incubated

in digestion solution (60 U/mL DNase I (Sigma-Aldrich), 450 U/mL papain (Absin) at 37�C water bath for 30 min, myelin debris

were removed by centrifuging in 30% percoll (Sigma Aldrich), cell pellet was then washed by PBS and resuspended in FACS buffer.

The cell suspensions were stained with CD45, CD11b, DLL1 and Jagged1 at 4�C for 45min. Cells were then washed and suspended

in FACS buffer. Data were collected by a FACSAria III flow cytometer and analyzed with FlowJo software.

To analysis source of plasma exosome, the exosome suspensions were stained with P2RY12, CX3CR1, CD171, GFAP, DLL1 and

Jagged1 at 4�C for 45 min, then washed with PBS and pelleted by ultracentrifugation. Data were analyzed with flow cytometry using

IDEAS 6.2.

Purification of plasma exosome
Exosomes from plasmawere isolated using the Total exosome isolation kit (Invitrogen) as described.42 In brief, plasma samples were

centrifuged at 2,000 g for 20min at room temperature. Thereafter, the supernatant containing the partially clarified plasmawas trans-

ferred to a new tubewithout disturbing the pellet. The new tubewas centrifuged at 10,000 g for 20min at room temperature to remove

debris. Then, the required volume of clarified plasma was transferred to a new tube. 0.5 volumes of PBS and 0.2 volume of the
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Exosome Precipitation Reagent (from plasma) were added to the sample. After incubated at room temperature for 10 min, the sam-

ples were centrifuged at 10,000 g for 5 min at room temperature, and then the exosomes were resuspended in PBS.

Characterization of purified exosomes
For verification of purified exosomes using electron microscopy, exosomes suspended in PBS were dropped on formvar carbon-

coated nickel grids and incubated for 10 min at room temperature. After staining with 2% uranyl acetate for 3 minutes at room tem-

perature, micrographs were observed under a transmission electron microscope (Hitachi HT7700). The size and concentration of

exosomes isolated from mice or patients’ plasma were determined using a NanoSight NS300 (Malvern Instruments).

ELISA
Notch1 ligands and HMGB1 were measured by ELISA kits (FineTest EM6642, EM2010, EM2011, EM1918, EM7320, EH4500,

EH0115 and EM0382) according to the manufacturer’s instructions.

The exosome–EC binding assay
To verify the interactions between circulating exosomes and EC, exosomes were stained with CFSE in 100 ml PBS, and then washed

with 10 ml PBS and pelleted by ultracentrifugation. ECs were treated with CFSE-labelled exosomes (15 mg/ml) for 2 h, then fixed for

flow cytometry analysis.

To block exosomes binding to the Notch1 receptor of ECs, ECs were pretreated with anti-Notch1 antibodies (10 mg/ml) or IgG iso-

type antibodies (10 mg/ml) for 2 h, then incubated with ischemic stroke patients’ plasma-derived exosomes (15 mg/ml) or exosome-

depleted plasma for 24 h. For VCAM1 blocking in vitro, ECs were pretreated with 25 mg/ml Anti-VCAM1 mAb or IgG isotype anti-

bodies (25 mg/ml) for 2 h, then incubated with ischemic stroke patients’ plasma-derived exosomes (15 mg/ml) or exosome-depleted

plasma for 24 h. The treated cells were then collected and analyzed by real-time PCR or flow cytometry.

Total-RNA isolation and real-time PCR analysis
Total RNAwas extracted fromcells with EasyPureRNAKit (TransGenBiotech). RNAwas reverse-transcribed to cDNAwith SuperScript

III and randomprimers (Thermo Fisher Scientific). TransStart TopGreen qPCRSuperMix (TransGen Biotech) was used in real-time PCR

and the ABI 7900HT Real-Time PCR System. The mRNA were quantified by 2-DCt [DCt = Ct (gene of interest) � Ct (b-actin)].

Cytokine array analysis
Plasma-derived exosomes from ischemic stroke patients and controls were collected for proteome profiling (Wayen Biotechnol-

ogies, Shanghai, China).

Cell adhesion assay
THP-1 cells were labeled with CellTrace calcein red-orange AM (Thermo Fisher Scientific) for 30min at 37�C, then plated onto HUVEC

plates at 23106 cells/well of 12-well plate. After incubation for 1h at 37�C, nonadherent cells were removed by washing 3 times with

PBS, and the adhered platelets were fixed with HUVECs in paraformaldehyde solution 4% in PBS for 10 min. The numbers of stained

adhering cells in 5 random fields were counted under a fluorescence microscope.

Atherosclerotic lesion analysis
Mice aorta tissues were fixed in 4% paraformaldehyde solution and stained with Oil-red O to quantify the lesion area. To analyze the

lesion area in aortic roots, specimens were immersed in OCT and immediately frozen, then 7-mm sections were prepared and placed

on glass slides. Serial cryosections from eachmouse were stained with Oil-red O to evaluate lipid accumulation. Haematoxylin-eosin

(HE) and Masson’s trichrome staining was performed for morphometric lesion analysis. Images of plaques were captured under a

Leica microscope, and quantitative analysis involved using Image-Pro Plus (Media Cybernetics, USA). For immunostaining, aorta

sections were fixed with 4% paraformaldehyde for 10 min, washed with PBS, then blocked with normal goat serum for 30 minutes

at room temperature, next incubated with primary antibody (anti-CD68 mAb: 1:100 or anti-aSMAmAb: 1:400) at 4�C overnight. After

being washed 3 times in PBS, the sectionswere incubatedwith secondary antibodies for 1 h at room temperature, thenmountedwith

flourished mounting medium with DAPI. Images were captured under a Zeiss confocal laser scanning microscopy.

Quantification of circulating lipid
Mice plasmawas separated by centrifugation. Total plasma cholesterol (CHO), triglycerides (TG) and high-density lipoprotein choles-

terol (HDL-C) and low-density lipoprotein cholesterol (LDL-C) were measured by using kits (BioSino Bio-Technology and Science).

Neuroimaging
Infarct volume was quantified on images acquired by a 7T MRI scanner (Bruker) as described.37 T2-weighted images of the brain

were acquired with fat-suppressed rapid acquisition with relaxation enhancement (RARE) sequence (repetition time, 4000 ms,

echo time, 60 ms, slice thickness, 0.5 mm). Susceptibility-weighted images (SWI, repetition time, 21.0 ms; echo time, 8.0 ms;

0.3 mm thickness) were scanned. The MRI data were measured via image J (National Institutes of Health).
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Histology assessment
The MCAO mice brains were fixed in 4% paraformaldehyde. Afterwards, brain tissues were fixed in optimum cutting temperature

compound (O.C.T., Tissue-tek) solution and 10 mm coronal sections were cut on every 400 mm. Cresyl violet staining of coronal sec-

tions of infarcted brain was performed according to the manufacturer’s protocol (Solarbio, G1430).

QUANTIFICATION AND STATISTICAL ANALYSIS

Power analysis and sample size calculations were performed using SAS 9.1 software (SAS Institute Inc.), and based on our experi-

encewith the respective tests, variability of the assays and inter-individual differences among experimental groups. The experimental

design was based on our prior publications with similar mechanistic studies completed in our laboratory.39,43,44 Animals were

randomly assigned to experimental groups, based on the random number generator function in Microsoft Excel. All experiments pre-

sented in this study were repeated at least three times. A two-tailed unpaired Student’s t test was used to compare data from two

independent groups. One-way Analysis of variance (ANOVA) followed by Tukey post hoc test was used to compare data from three or

more groups with one variable. For comparison of two or more variables amongmultiple groups, two-way ANOVA followed by Tukey

post hoc test was used. P < 0.05 was considered to be significant. Data were analyzed with GraphPad prism 8.0. All data were pre-

sented as mean ± SEM.
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