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Age-induced alterations of granulopoiesis 
generate atypical neutrophils that aggravate 
stroke pathology

Giorgia Serena Gullotta1,11, Donatella De Feo2,11, Ekaterina Friebel2,12, 
Aurora Semerano1,3,12, Giulia Maria Scotti    4, Andrea Bergamaschi1, 
Erica Butti    1, Elena Brambilla1, Angela Genchi    1,3, Alessia Capotondo1, 
Mattia Gallizioli1, Simona Coviello, Marco Piccoli5, Tiziana Vigo6, 
Patrizia Della Valle7, Paola Ronchi8, Giancarlo Comi3, Armando D’Angelo7, 
Norma Maugeri    9, Luisa Roveri3, Antonio Uccelli6,10, Burkhard Becher    2,13, 
Gianvito Martino    1,3,13 & Marco Bacigaluppi    1,3,13 

Aging accounts for increased risk and dismal outcome of ischemic stroke. 
Here, we investigated the impact of age-related changes in the immune 
system on stroke. Upon experimental stroke, compared with young 
mice, aged mice had increased neutrophil clogging of the ischemic b ra-
in m ic ro ci rc ul ation, leading to worse no-reflow and outcomes. Aged 
mice showed an enhanced granulopoietic response to stroke that led to 
the accumulation of CD101+CD62Llo mature and C D1 77 h i CD 10 1 lo CD62Llo 
and CD177loCD101loCD62Lhi immature atypical neutrophils in the blood, 
endowed with increased oxidative stress, phagocytosis and procoagulant 
features. Production of CXCL3 by CD62Llo neutrophils of the aged had a key 
role in the development and pathogenicity of aging-associated neutrophils. 
Hematopoietic stem cell rejuvenation reverted aging-associated 
neutropoiesis and improved stroke outcome. In elderly patients with 
ischemic stroke, single-cell proteome profile of blood leukocytes identified 
CD62Llo neutrophil subsets associated with worse reperfusion and outcome. 
Our results unveil how stroke in aging leads to a dysregulated emergency 
granulopoiesis impacting neurological outcome.

Ischemic stroke often results in disability or mortality, despite recent 
advances in revascularization therapies. Age is the most prominent 
nonmodifiable risk factor for stroke1 and increased age is associated 
with worse clinical outcome2. Elements of the immune system are 
involved in every stage of the ischemic cascade3: stroke not only trig-
gers a local immune response in the central nervous system (CNS)4, 
but also initiates systemic immune changes. Stroke directly activates 
hematopoietic stem cells (HSCs) through increased sympathetic tone 
and humoral signals5. Blood lymphocyte counts decline after stroke, 
while amounts of circulating neutrophils and monocytes increase in 

both mice and humans5,6. Myeloid cells that migrate to the lesioned 
brain tissue can contribute to reperfusion injury by plugging small 
capillaries, exacerbating the coagulation cascade locally or by direct 
endothelial damage7–9. Aging alters several features of the immune 
system. Several genetic and epigenetic factors associated with aging 
are known to reduce lymphopoiesis and increase myelopoiesis10,11. 
These changes are tolerated under homeostatic conditions but might 
lead to frailty in settings of overt inflammation, infections or neoplastic 
disease12. Increased occurrence of clonal hematopoiesis during aging 
was associated with greater vulnerability to cardiovascular disease13,14. 
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associated with worse outcome. Using several single-cell approaches, 
we found that early accumulation of age-specific mature and imma-
ture neutrophil subsets with prominent proinflammatory and pro-
thrombotic features in the blood underlies the worse reperfusion and  
neurological outcomes seen in the elderly after stroke.

However, the effects of age-related alterations in hematopoiesis and 
stroke outcome remain largely unexplored.

Here, we used experimental middle cerebral artery (MCA) occlu-
sion in mice and blood samples from human stroke patients (SPs) 
to identify age-related alterations in stroke-induced granulopoiesis 
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Fig. 1 | Aged mice suffer worse no-reflow and outcomes upon stroke. a, mNSS 
in young (2–4 months) and aged (18–24 months) C57Bl/6 male mice up to 3 days 
poststroke (two-way ANOVA, Sidak’s post hoc test; n = 15 mice per group; pool 
of three independent experiments, ****P ≤ 0.0001). b, Kaplan–Meier survival 
curve of young and aged stroke mice (as in a). (Mantel–Cox test, P = 0.045; n = 38 
mice per group; pool of seven independent experiments). c, LDF recording 
after stroke onset (red arrow) and during recanalization (red box) (n = 32 young, 
n = 27 aged; pool of six independent experiments, mixed-effect model (REML), 
Benjamini–Hochberg post hoc test, P ≤ 0.0001). d, Integrated reperfusion slope 
and correlation with mNSS at day 3 poststroke (two-tailed t-test, ****P ≤ 0.0001; 
Spearman correlation; groups as in c). e, IF images of entrapped erythrocytes 
(NaBH4, red) in capillaries (tomato lectin+ vessels, green) of the ischemic cortex, 
at 6 h poststroke and quantification (n = 3 mice per group, **P = 0.0044). f, IF 
images of thrombosed capillaries (CD31+ red, fibrinogen+ white) in the  
ischemic cortex and quantification (n = 5 young, n = 4 aged mice, **P = 0.0053).  
g, Representative images of HRP staining of cortex capillaries at 6 h poststroke 
and quantification of node-like constrictions (arrowheads) (n = 6 young,  

n = 4 aged mice, *P = 0.0447). h, IF images of TUNEL+ cells (red) and neurons 
(NeuN+ green) in the ischemic cortex of young and aged stroke mice and 
quantification of apoptotic neurons (TUNEL+NeuN+) at 6 h (n = 3 per group; 
P = 0.0070) and surviving neurons (NeuN+) at 72 h poststroke in the perilesional 
area (n = 7 young, n = 6 aged, **P = 0.0041). i, Representative 3D reconstructions 
of the ischemic brain: cortical (dark gray) and striatal (green) ischemic lesion, 
healthy striatum (yellow) in young and aged mice, 72 h poststroke. Cortical, 
striatal and total ischemic volumes 72 h poststroke in young and aged mice 
(n = 10–15 mice per group; pool of three independent experiments). j, DHE+ 
cells in the perilesional area at 24 h poststroke (n = 6 young, n = 5 aged mice, 
**P = 0.003). k,l, DHE+ cell subtypes (n = 3 and 4 mice per group, *P = 0.046 and  
P = 0.030) (k) and representative IF for DHE+ cells (red) and CD45+ leukocytes 
(green) and quantification (n = 4 mice per group, **P = 0.0029) (l), 24 h 
poststroke in the perilesional area. In the scatterplots each dot corresponds to a 
single mouse; mean ± s.e.m. is shown. Two-tailed t-test if not otherwise specified; 
*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001; scale bars, 50 µm (e–h,l). Nuclei 
stained by 4,6-diamidino-2-phenylindole (DAPI) (blue).
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Results
Stroke in aged mice results in worse outcomes
To study ischemic stroke in aging, we subjected young (2–4 months) 
and aged (18–24 months) C57BL/6 male mice to transient MCA occlu-
sion. Compared with young mice, aged mice suffered increased dis-
ability on the modified neurological stroke scale (mNSS) and a higher 
mortality rate after stroke (Fig. 1a,b and Extended Data Fig. 1a,b). 
Transcranial laser Doppler flowmetry (LDF) indicated a marked reduc-
tion in blood flow in the MCA area in mice during occlusion (Fig. 1c). 
Following recanalization (removal of the MCA occlusion), reperfu-
sion was significantly impaired in aged compared with young mice  
(Fig. 1c). Of note, impairment of reperfusion correlated with mouse mNSS  
(Fig. 1d). At 6 h poststroke, aged mice displayed significantly more capil-
laries with entrapped erythrocytes (Fig. 1e) and with fibrinogen plugs  
(Fig. 1f) in the perilesional area compared with young mice. Intravenous 
injection of horseradish peroxidase (HRP) 6 h poststroke indicated 
significantly higher densities of capillary constrictions within the 
ischemic hemisphere of aged compared with young mice (Fig. 1g),  
suggesting increased microvascular occlusions and thrombosis leading 
to increase no-reflow in aged mice. We detected higher frequencies of 
TUNEL+NeuN+ apoptotic neurons at 6 h poststroke, and greater neu-
ronal loss in the perilesional areas at 72 h poststroke in the brains of 
aged compared with young mice (Fig. 1h). Lesion volume in the cortex 
trended towards an increase in the aged compared with young mice, 
while the overall gross ischemic lesion volume was similar (Fig. 1i). Aged 
(18–24 months) female mice also suffered worse disability (mNSS) 
and mortality, increased perilesion neuronal loss and ischemic lesion 
volume upon stroke when compared with young (2–4 months) female 
mice (Extended Data Fig. 1c–e).

Nitrative and oxidative stress are among the leading causes 
of neuronal damage in ischemic brain tissue and can contribute to 
no-reflow15,16. Injection of dihydroethidium (DHE) to measure reac-
tive oxygen species (ROS) indicated significantly higher frequen-
cies of DHE+ cells in the perilesional area at 24 h poststroke in aged 
compared with young mice (Fig. 1j). The density of DHE+ leukocytes 
(DHE+CD45+) poststroke was increased in aged compared with young 
mice (60.6 versus 13.2 cells per mm2, respectively) between different 
cell types (Fig. 1k,l; Extended Data Fig. 1f–i). Staining of brain sections 
with 3-nitrotyrosine (3NT) found greater densities of 3NT+ cells in 
the ischemic hemisphere of aged compared with young mice at 72 h 
poststroke (Extended Data Fig. 1j). Overall, ischemic stroke in aged 
mice resulted in severe no-reflow, high levels of oxidative and nitrative 
stress, extensive neuronal loss and a poor outcome.

Neutrophil capillary plugging increases in aged stroke
Brain-infiltrating inflammatory cells can produce ROS and induce ves-
sel and tissue damage9,15. High parametric multicolor flow cytometry 
(MCFC) showed that, at 24 h poststroke, aged mice had 30.8% neu-
trophils among infiltrating brain leukocytes, compared with 17.8% 

in young mice (Fig. 2a–c and Extended Data Fig. 2a,b), coupled with 
lower frequencies of natural killer (NK) cells and Ly6Clo monocytes 
(5.2% versus 12.9% and 3.6% versus 9.2%, respectively) (Fig. 2c). Immu-
nofluorescence (IF) staining indicated the density of Ly6G+ neutrophils 
was greater in the ischemic brain of aged mice at both 6 h and 24 h 
poststroke (Fig. 2d). Ly6G+ neutrophils in the ischemic hemisphere 
were predominantly found within blood vessels in both age groups, 
with a significant increase in the proportion of extravasated Ly6G+ 
neutrophils in the aged at 24 h poststroke (Fig. 2e). In the aged ischemic 
brain, 7/4+ neutrophils were present in plugged vascular segments 
in association with fibrinogen/fibrin+ deposits and jammed Ter119+ 
erythrocytes (Fig. 2f,g). The release of citH3+ neutrophil extracellular 
traps (NETs) and the number of MPO+ neutrophils were increased at 
48 h poststroke in aged mice. The NETosis ratio per neutrophil (NETs/
MPO+cell) (Fig. 2h,i) and SiglecF+ eosinophils (Extended Data Fig. 2c) 
were not significantly different between groups. No marked immune 
cell infiltration was found in nonlesion hemisphere or other organs of 
stroke mice (Supplementary Table 1).

Quantification of blood leukocytes at 0 h, 6 h and 24 h poststroke 
using MCFC (Extended Data Fig. 2d–f) indicated that both the fre-
quency and numbers of Ly6G+CXCR2+ neutrophils expanded poststroke 
in both aged and young mice, with higher frequencies and numbers at 
6 h and 24 h in aged mice compared with young mice (Extended Data 
Fig. 2f and Supplementary Table 2), while the frequencies and numbers 
of CD4+ and CD8+ T cells, B cells, NK cells, plasmacytoid dendritic 
cells and Ly6Clo monocytes were lower in young mice (Extended Data  
Fig. 2f and Supplementary Table 2). Aged mice depleted for neutrophils 
(with the anti-Ly6G antibody, 1A8) at stroke onset (Extended Data  
Fig. 3a) showed significant improvement of LDF measured reperfu-
sion, fewer NaBH4

+ erythrocyte-plugged brain capillaries at 6 h and 
fewer brain-infiltrating 7/4+ neutrophils at 72 h poststroke, decreased 
disability on mNSS and significantly improved perilesional neu-
ronal numbers compared with isotype-treated mice (Extended Data  
Fig. 3b–f). As such, stroke in aged mice resulted in blood neutrophilia 
and increased infiltration of neutrophils to the ischemic brain, which 
leads to the plugging of the ischemic microvasculature.

Stroke in aged mice associates with atypical neutrophils
We next used single-cell RNA sequencing (scRNA-seq) on sorted 
CD45+CD11b+ cells from the blood of young and aged mice 24 h post-
stroke to dissect the transcriptional heterogeneity of neutrophils  
(Supplementary Fig. 1a). After rigorous quality controls, we obtained 
5,793 high-quality cells with an average of 999 genes per cell (total of 
11,691 genes). Unbiased, graph-based clustering identified seven main 
distinct cell populations. A total of 3,852 cells clustered as neutrophils 
(Ly6g, Csfr3, Ngp) (Fig. 3a,b, Supplementary Table 3 and Supplementary 
Fig. 1b), which, based on gene expression patterns, clustered into six 
transcriptionally distinct clusters: scNeu1 (Mmp8, Cd177, Ly6c2, Lgals3) 
and scNeu2 (Cd14, Tagln2, Cxcl2, Wfdc17) were more represented in 

Fig. 2 | Aged mice exhibit increased neutrophil plugging of brain capillaries 
upon stroke. a, UMAP plot displaying nonmicroglial leukocyte clusters in the 
ischemic brains of young and aged mice at 24 h poststroke analyzed by 19-color 
flow cytometry. b, Heatmap showing the median antigen expression (MAE) values 
for each cell cluster (shown in a). c, Frequencies of nonmicroglial leukocytes (as 
in a, n = 5 mice per group, the boxes extend from the 25th to 75th percentiles, 
the midline denotes the median while whiskers plot minimum and maximum; 
*P = 0.038; **P = 0.0083; **P = 0.002, left to right). d, Ly6G+ neutrophils in the 
ischemic lesion and perilesional area at 0 h, 6 h and 24 h poststroke in young and 
aged mice (two-way ANOVA, Sidak’s post hoc test; n = 5 mice per group at 0 h; 
n = 4 per group at 6 h; n = 5 young mice, n = 4 aged mice at 24 h, from left to right: 
*P = 0.0458, *P = 0.0483, *P = 0.0134, ****P ≤ 0.0001, **P = 0.0098). e, Confocal 
microscopy images showing Ly6G+ neutrophils (green) in the ischemic tissue 
of young and aged mice at 24 h poststroke and within blood vessels (tomato 
lectin+, red,); donut plots showing the relative frequencies of neutrophils (Ly6G+ 

cells) inside (light green) and outside (dark green) blood vessels (BV) at 6 h and 
24 h poststroke (n = 5 young, n = 4 aged mice, *P=0.0005). f, IF images in the 
ischemic tissue and quantification of vascular segments (CD31+, white) occluded 
by neutrophils (7/4+, green) at 6 h poststroke (n = 4 young, n = 4 aged mice; 
P = 0.0116). Yellow arrows indicate blood vessels occluded by neutrophils and 
fibrinogen (red). g, Representative images of neutrophils (Ly6G+, in green) in the 
ischemic tissue at 6 h poststroke in young and aged mice occluding blood vessels 
(tomato lectin+, white) that are also clogged by RBCs (TER119+ cells, in red). Yellow 
arrows indicate RBC/neutrophil occlusions. h,i, Representative IF images for NETs 
(citH3+, red) released by neutrophils (MPO+, green) in capillaries (tomato lectin+, 
white) of the ischemic brain of young and aged mice at 48 h poststroke (h) and 
quantification (i) (n = 8 young, n = 7 aged mice; MPO P = 0.0125; NET P = 0.0164). 
Nuclei in e, f, g and h are stained by DAPI (blue). Scale bars, 25 µm (e–h). In the 
scatterplots each dot corresponds to a single mouse; mean ± s.e.m. is shown. Two-
tailed t-test if not otherwise specified, *P ≤ 0.05, **P ≤ 0.01, ****P ≤ 0.0001.
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blood of the aged mice, while scNeu3 (Lst1, Gm2a, Il1b, Csf3r) was 
increased in the young mice (Fig. 3b,c and Extended Data Fig. 3g). The 
smaller clusters were represented by scNeu4 (Ifit1, Ifi27l2a, Isg15, Irf7), 

which expressed interferon-stimulated genes17–19, scNeu-Plt (Pf4, Ppbp, 
Ctla2a, Cd9), which probably represented neutrophil-platelet conju-
gates18, and scNeu-Ery (Gypa, Fech, Bpg, Hbb-bt), probably comprising 
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neutrophils that phagocytosed erythrocytes (Fig. 3b–e). A data inte-
gration approach (INT)20 confirmed the three main neutrophil subsets 
(scNeu1-INT, scNeu2-INT and scNeu3-INT; Supplementary Fig. 1d–i).

We next focused on the main clusters scNeu1, scNeu2 and 
scNeu3 and interrogated the scRNA-seq dataset using transcriptional 
signatures-based scores. Because scNeu1 displayed the highest bone 
marrow (BM) proximity score18, probably reflecting recent egress from 
the BM (Fig. 3f) we compared our neutrophil clustering structure with 
the signature of a published scRNA-seq dataset17 that had mapped nine 
maturing neutrophil stages: hematopoietic stem and progenitor cells 
(HSPC), common myeloid progenitor (CMP)/granulocyte monocyte 
progenitor (GMP) (G0), proNeu (G1), preNeu (G2), immature neutro-
phils (G3), BM maturing neutrophils (G4) and peripheral mature blood 
neutrophils (G5a, G5b, G5c) (Fig. 3g). ScNeu1 correlated with G4, while 
scNeu2 and scNeu3 displayed some similarity to G5a, G5c and G5b  
(Fig. 3g). Neutrophils mobilized from the BM after stroke may undergo 
activation17, maturation17 or ‘aging’ in the circulation21. scNeu1 displayed 
among the main clusters a higher activation score (Extended Data  
Fig. 3h), a lower maturation score (Fig. 3h), a higher ‘aging’ score 
(Fig. 3i,j and Extended Data Fig. 3i) and a lower chemotaxis score 
(GO:0030593; Extended Data Fig. 3j). By applying a two-component 
mixture model, we found that 36.6% of scNeu1 corresponded to ‘aging’ 
neutrophils, more than that present in scNeu2 (15.9%) or scNeu3  
(12.1%) (Fig. 3k).

Interrogation of the transcriptional programs of neutrophil 
effector functions, including granule biosynthesis22, oxidative burst, 
phagocytosis and NETosis indicated that scNeu1, scNeu2 and scNeu3 
had a relatively low score for primary (azurophil) and secretory vesi-
cles, but an higher score for specific and tertiary (gelatinase) gran-
ules (Extended Data Fig. 3k,l), with scNeu1 displaying the highest 
compared with the other neutrophil subsets (Extended Data Fig. 3l). 
Further scNeu1 had a significantly higher ROS production, NADPH 
oxidase and NETs-association score compared with scNeu2 and scNeu3  
(Fig. 3l,m), while the phagocytosis score was higher for scNeu2 (Fig. 3n). 
The correlation index between functional scores for each cell within 
scNeu1 indicated significant correlations between NAPDH oxidase and 
ROS scores, and between NAPDH oxidase and NETosis scores (Extended 
Data Fig. 3m,n and Supplementary Table 3). There was no overt differ-
ence within scNeu1 between neutrophils from aged and young samples 
in terms of correlation of functional scores (Supplementary Table 3).

Single-cell regulatory network inference and clustering (SCENIC) 
analysis indicated that the scNeu1, scNeu2, scNeu3 and scNeu4 clusters 
were characterized by specific gene regulatory networks (Fig. 3o,p and 
Supplementary Table 3). scNeu1 showed negative activity for the Fosl2 
regulon, a transcription factor upregulated during maturation23 and 
a positive regulatory activity for Cebpe—a master regulator of early 
neutrophil development24—as well as for Foxo3, which is associated to 

survival of neutrophils in inflammation25 (Fig. 3o,p). scNeu2 regulatory 
networks controlled mainly proinflammatory functions (Ets2, Klf2, 
Xbp1) and effector properties, including degranulation (Psmd12)26. 
scNeu3 expressed gene regulatory networks associated with canonical 
neutrophil maturation (Junb27, Fos, Elf1 and Spi1 (ref. 28)) and effector 
functions (Jund, Irf1, Stat6 (ref. 17,23,29)), (Fig. 3o,p). ScNeu4 displayed 
enrichment for IRF regulons (Irf9, Irf7, Irf2), defined as late-maturation 
and activated neutrophil17 transcription factors (Fig. 3o,p). scNeu3 and 
scNeu4 downregulated the Cebpa regulon (Fig. 3o), which is associ-
ated with neutrophil commitment in early myelopoiesis30. Of note, 
expression of transcription-factor-related genes across clusters was 
consistent with the relative regulatory network activity enrichments 
(Fig. 3o). After stroke, blood neutrophil subsets in aged mice exhibited 
a transcriptional program linked to effector functions, including oxida-
tive stress and NETosis, as well as a BM proximity signature, indicating 
premature release from the BM.

Aged emergency granulopoiesis is dysregulated poststroke
We used a neutrophil-specific MCFC panel that targeted signature 
molecules emerging from the scRNA-seq neutrophil analysis to char-
acterize granulopoiesis during stroke in aging. The PHATE algorithm, a 
dimensionality reduction method for visualizing trajectory structures 
in high-dimensional data, charted a continuous process of neutro-
phil differentiation and maturation (Fig. 4a) from proNeu2 in the BM 
to mature CD101+CD62Lhi neutrophils (designated as cluster Neu3a) 
in the blood. This process was characterized by the downregulation 
of CD11b, Ly6C, CXCR4 and CD177 and the upregulation of Ly6G, fol-
lowed by the upregulation of CXCR2, CD101 and CD62L (Fig. 4b,c). 
In the blood, Neu3a were present at the steady state (0 h) in both age 
groups, and evolved to CD101+CD62Llo neutrophils (Neu3b) poststroke  
(Fig. 4c). Neu3b accumulated rapidly in the blood 6 h poststroke 
and were increased significantly in aged compared with young mice  
(Fig. 4c,d and Extended Data Fig. 4a). At 24 h poststroke, two clusters 
of CD101lo neutrophils, CD177hiCD101loCD62Llo (Neu1) and CD177loCD-
101loCD62Lhi (Neu2), emerged in the blood of aged mice (Fig. 4c,d and 
Extended Data Fig. 4a), partially resembling, based on the expression 
of CD101, CD62L, CD177, Ly6C, CXCR2 and CD11b, the expression 
profile of scNeu1 and scNeu2 clusters, respectively (Extended Data  
Fig. 4b). Accordingly, neutrophils retrieved from the brain of aged 
mice 24 h poststroke showed higher CD177 and lower CD101 median 
fluorescence intensity by MCFC compared with young mice, resembling 
blood Neu1 (Extended Data Fig. 4c). Furthermore, immunofluorescence  
staining in aged mice confirmed the presence of CD177+Ly6G+, 
CD101-Ly6G+ and CD14+7/4+ neutrophils within the peri-ischemic area 
(Extended Data Fig. 4d).

MCFC of CD11b+Ly6G–CXCR2– neutrophil progenitors and 
CD11b+Ly6GloCXCR2– immature neutrophils in the BM (Fig. 4a,b,e) 

Fig. 3 | scRNA-seq reveals atypical circulating neutrophil subsets in aged mice 
upon stroke. a, UMAP of the 5,793 myeloid cells obtained by scRNA-seq of sorted 
blood CD45+CD11b+ cells (see Supplementary Fig.1a) at 24 h poststroke from 
young and aged mice featuring the expression of the neutrophil-specific genes 
Ly6G and Csf3r. b, UMAPs of extracted neutrophils (from a) colored by inferred 
cluster identity, combined and separated for young and aged mice. The boxed 
cluster (in a) of 3,852 neutrophils is extracted, reclustered and analyzed.  
c, Graphs showing the proportion of each neutrophil cluster among neutrophils 
as in b (chi-square test, ****P ≤ 0.0001). d, Heatmap showing the row-scaled 
relative expression level of the ten highest DEGs (P ≤ 0.05) per cluster as in b.  
e, Dot plot for scaled expression of the gene signature for each neutrophil cluster 
as in b. f, Heatmap showing the row-scaled relative expression level of the genes 
used to calculate the BM proximity score and violin plot (n = 1,670 scNeu1, 
n = 1,156, scNeu2, n = 812, scNeu3, n = 105, scNeu4, n = 87, scNeu-Plt, n = 22 cells, 
scNeu-Ery, one experiment). g, Dot plot showing the correlation score between 
neutrophil clusters (scNeu1, scNeu2, scNeu3, scNeu4 as in b) and scRNA-seq-
defined neutrophil populations and progenitors reported by Xie et al.17 that 
is, HSPC, G0, G1, G2, G3, G4, G5a, G5b and G5c. h, Violin plot for neutrophil 

maturation score of neutrophil clusters (as in f). i, Heatmap showing the row-
scaled expression of ‘neutrophil aging’-related genes as reported by Adrover 
et al.7 in neutrophil clusters (as in b). j, UMAP showing the weighted average 
expression of ‘neutrophil aging’-related genes in neutrophils (as in b) and  
violin plot of neutrophil aging score for neutrophil clusters (as in b).  
k, Proportion of aged neutrophil cells in scNeu1, scNeu2 and scNeu3 clusters 
(as in j). (****P ≤ 0.000, chi-square test). l–n, Violin plots of ROS production and 
NADPH oxidase score (l), NETs-association score (m) and phagocytosis scores 
for the neutrophil clusters (n) as in f. o, Heatmap of hierarchically clustered 
regulon activity (t-value versus other clusters) obtained with SCENIC for the 
neutrophil clusters (as in g) is shown. Only regulons with an absolute value 
of relative activity >1.2 are visualized. p, Heatmap showing the expression of 
selected transcription factor-related genes for neutrophil clusters (as in o). 
In f, h, j, l, m and n, Bonferroni-corrected Wilcoxon rank sum test, (*P ≤ 0.05, 
**P ≤ 0.01, ****P ≤ 0.0001); all statistical comparisons for violin plots are reported 
in Supplementary Table 3; boxes in violin plots extend from the 25th to 75th 
percentiles, midline denotes the median.
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indicated a lower frequency of CD11b+Ly6G–CD177hiCD49d+ proNeu2 
and significantly higher frequencies of CD11b+Ly6G–CD177+ preNeu and 
Ly6Glo neutrophils in aged compared with young mice at 24 h poststroke 

(Fig. 4e,f and Extended Data Fig. 4e), suggestive of an accelerated neu-
tropoiesis in aged BM. Alongside, mature CXCR2+ neutrophils, namely 
Neu2, Neu3a and Neu3b, were reduced among the BM neutrophils 
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in the aged compared with young mice (Fig. 4e,f and Extended Data  
Fig. 4e), suggesting a concurrent, inverse kinetic to that observed in 
the blood. Consistently, the mature neutrophil compartment of the BM 
showed a precocious (6 h compared with 0 h poststroke) contraction 
in the frequency of Neu3a, which was more pronounced in the aged 

mice (Extended Data Fig. 4f). Higher concentrations of neutrophil 
growth and mobilization factors (G-CSF, CXCL1) and proinflammatory 
mediators (IL-6, IP10/CXCL10) were detected in the plasma of aged 
mice compared with young mice (Extended Data Fig. 4g). These find-
ings indicated that the emergency granulopoiesis response to stroke 
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Fig. 4 | Aged mice exhibit dysregulated emergency granulopoiesis to 
stroke. a, Dimensionality reduction method for visualizing trajectory using 
the PHATE algorithm of blood live CD45+CD11b+Ly6G+ neutrophils at baseline 
(0 h), 6 h and 24 h poststroke and BM live CD45+CD11b+ neutrophils and direct 
precursors at 0 h and 24 h poststroke combining young and aged mice (n = 4 
or 5 mice per group per timepoint). b, Heatmap displaying the MAE of markers 
used to identify neutrophil subsets as in a. c, PHATE dimensionality reduction 
method plotting blood neutrophils of young and aged mice at 0 h, 6 h and 24 h 
poststroke (n = 6 young (Y), n = 4 aged (A) mice at 0 h and 24 h, n = 5 per group 
at 6 h). d, Graphs displaying dynamic changes in the subset composition of 

the circulating neutrophil population over time poststroke and barplots of 
the relative frequencies of blood neutrophil subsets (groups as in c, shown is 
the mean, centerline ± s.d., colored area). e, PHATE dimensionality reduction 
method plotting BM neutrophils of young and aged mice at 0 and 24 h poststroke 
(n = 6 young, n = 4 aged per timepoint). f, Barplots showing the relative 
frequencies of neutrophils among total BM neutrophils and among mature BM 
neutrophils (as in e). In d and f, two-way-ANOVA, Bonferroni post hoc test; one 
of two independent experiments is shown; *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, 
****P ≤ 0.0001.
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was dysregulated in aged mice and lead to a rapid accumulation of 
proinflammatory neutrophils in the blood and ischemic brain, along 
with the gradual depletion of the neutrophil BM reservoir.

Age-related HSC changes drive early neutrophil 
differentiation
To investigate whether age affected the hematopoietic progenitor 
response to stroke, we interrogated the Lin–c-kit+BM progenitor 
compartment in aged and young mice at steady state and 24 h post-
stroke using MCFC and algorithm-guided analysis. We found higher 
frequencies of CMP and GMP and significantly lower frequencies of 
lymphoid-biased multipotent progenitors (MPP)4, and CLP at steady 
state (Extended Data Fig. 5a–c) indicating myeloid-biased hemat-
opoiesis in aged mice. At 24 h poststroke, aged mice displayed a sig-
nificant increase of long-term (LT)-HSC, short term (ST)-HSC and the 
myeloid-biased MPP3/MPP2, as well as further contraction of CLP and 
a significant increase in GMP and direct progenies (common monocyte 
progenitors, cMOP) compared with young mice (Extended Data Fig. 5c), 
indicating the diffuse activation of the Lin–SCA-1+c-Kit+ compartment 
and a stronger myeloid shift.

Next, we performed scRNA-seq analysis on sorted CD45+CD11b+ 
cells from the blood of young and aged mice at steady state and Gr1+ 
and c-kit+-enriched cells from the BM of young and aged mice at steady 
state and 24 h poststroke (Supplementary Figs. 2a–c and 3a,b). Rigor-
ous quality controls were performed on individual samples (Supple-
mentary Table 4) and, for further quality assurance, the steady-state 
young and aged BM dataset were integrated with a published dataset 
from the Tabula Muris Senis31. Unsupervised clustering revealed a 
similar clustering structure and a strong correlation among the average 
gene expression per cluster between the two datasets (Supplementary  
Fig. 4a–g). Next we integrated20 our blood and BM scRNA-seq datasets 
of steady state and poststroke young and aged mice. We obtained 
33,664 high-quality cells with a total of 25,017 mouse genes detected 
in at least five cells (Supplementary Figs. 2a–h and 3b–h and Sup-
plementary Table 4). Unbiased, graph-based clustering identified 27 
main cell populations. To specifically interrogate neutropoiesis, we 
restricted our analysis to 18,154 cells annotated as HSPC compartment, 
myeloid progenitors and neutrophils (Supplementary Figs. 2c and 3b).  
Unsupervised clustering partitioned differentiating and mature neu-
trophils into 13 clusters representing the cell state continuum from 
hematopoietic stem cells to the mature neutrophil (Extended Data  
Fig. 6a–c). Annotation according to their similarity to previously 
mapped neutrophil subsets (HSPC and G0-G5)17, based on a GSVA-based 
score, indicated that the dataset covered HSPC (cluster 14), granulo-
cyte monocyte progenitors (G0_CMP and G0_CMP, cluster 6 and 3), 
proneutrophils (G1, cluster 9 and 12), preneutrophils (G2, cluster 7 
and 10), immature neutrophils (G3, G4, cluster 8 and 2) and mature 
neutrophils (G5a, G5b, G5c, cluster 0, 13, 1, 5)17,24 (Extended Data Fig. 6d). 
Aged mice had an increased frequency of HSPC clusters at steady state 
and poststroke and an increased proportion of G4 and G5a neutrophils 
in the blood at steady state compared with young mice, with a further 
increase poststroke (Extended Data Fig. 6e).

Using Monocle32, we inferred a linear differentiation trajectory for 
the integrated blood and BM dataset starting from the HSPC cluster, 
through G0 (CMP) to G0 (GMP) continuing, after branching towards 
monocyte-committed (cMOP), to neutrophil-committed G1(proNeu), 
G2 (preNeu), G3 and G4 (immature neutrophils in the BM), to -G4- G5a 
(immature neutrophils in blood) and G5a-c (mature neutrophils of the 
blood) (Extended Data Fig. 6f). Several transcripts showed a different 
pattern of expression along the pseudotime between aged and young 
mice at steady state or poststroke (Extended Data Fig. 6g). Ifitm1, a 
marker of HSPC quiescence and G-CSF signaling in myeloid progeni-
tors33, and the tetraspanin Cd63, a marker of early myeloid differentia-
tion24 and involved in granule targeting34, increased early in pseudotime 
in aged mice, both in steady state and poststroke (Extended Data  

Fig. 6g); Cebpe, which is associated with granulocyte commitment, Cd14 
and the chemokine Cxcl2, involved in thrombo-inflammation7, were 
increased in aged mice poststroke (Extended Data Fig. 6g), while the 
effector genes Elane and Prtn3 were increased in the late differentiation 
states (G2–G3) in aged mice at steady state (Extended Data Fig. 6g).

Differential gene expression (DGE) analysis indicated that aged 
HSPC and G0 displayed higher expression of genes associated with 
myeloid bias and HSPC-aging, such as Nupr1, Sult1a1, Selp, Mt1, 
Aldh1a1 and Vwf35 at steady state—a characteristic retained poststroke 
(Extended Data Fig. 7a–c). The stem score, based on a Hlf-expressing 
LT-HSC signature33, was increased, while the proliferation score33 was 
lower in aged compared with young HSPCs at steady state (Extended 
Data Fig. 7d). G-CSF signature score was increased in aged HSPCs at 
steady state and poststroke compared with young HSPCs whereas, 
in the young, G-CSF signature and proliferation score33 were highly 
increased in G1 and G2 poststroke (Extended Data Fig. 7d). Poststroke, 
HSPC and G0–G1 progenitors upregulated genes expressed only in 
more differentiated stages (G2–G4; for example Ngp, Camp, CD117) 
or in mature neutrophils (G5, for example Cxcr2, S100a8 and S100a9) 
(Extended Data Fig. 7b). Mature neutrophil signature genes (Elane, 
Retnlg), which are induced at G1 and G4, respectively, in the young, were 
found increased in cluster G0–G1 in the BM of the aged (Extended Data 
Fig. 7b,c). Mature neutrophil subsets of the blood upregulated genes 
associated with thrombo-inflammation, such as Mmp8, Cxcl2, Cxcl3, 
Prok2 and Cd14, in aged mice poststroke (Extended Data Fig. 7e and 
Supplementary Table 4). Our results demonstrated a transcriptional 
bias towards myelopoiesis in early progenitor cells of aged mice, which 
was further enhanced poststroke.

BM rejuvenation ameliorates stroke
To assess the contribution of aged hematopoietic progenitors to altered 
neutrophil generation, we transplanted total BM cells from young 
(YtoA chimeras) or aged (AtoA chimeras) mice into lethally irradiated 
aged mice. At week 6 postengraftment (0 h), YtoA mice had fewer 
Neu3a neutrophils but more lymphoid cells in the blood (Fig. 5a,b) 
and more preNeu and Ly6Glo Neu neutrophil precursors, but fewer Neu1 
and Neu3a mature neutrophils in the BM compared with AtoA mice  
(Fig. 5c,d). Further, there was an increase in MPP4 and CLPs and a sig-
nificant reduction of GMPs in YtoA compared with AtoA (Fig. 5c,d). At 
24 h poststroke, compared with AtoA mice, YtoA had a significantly 
lower frequency of Neu1 neutrophils in the blood (Fig. 5a,b) and of 
GMPs in the BM (Fig. 5e), higher reperfusion values (Fig. 5f), lower mNSS 
disability scores and a nonsignificant trend towards lower mortality  
(Fig. 5g,h). Immunoflourescence stainings indicated significantly lower 
Ly6G+ neutrophil infiltration in the ischemic hemisphere (Fig. 5i), lower 
number of 3NT+ cells in the ischemic brain (Fig. 5j) and significantly 
less neuronal loss (Fig. 5k) in YtoA mice compared with AtoA mice. As 
such, rejuvenation of the hematopoietic compartment rebalanced the 
subsets of circulating neutrophils and ameliorated stroke outcome.

Aging-associated neutrophil transfer worsens stroke
We next analyzed the production of ROS, NETosis, platelet conjugate 
formation and phagocytosis in blood neutrophil subsets from both 
aged and young mice using MCFC. Neu1 from aged mice showed 
increased ROS production and phagocytosis compared with young 
mice (Extended Data Fig. 8a,b). Neutrophil-platelets aggregates (NPA, 
Ly6G+CD41+) and NETing neutrophils (CitH3+MPO+) were increased in 
aged mice compared with young mice 24 h poststroke (Extended Data 
Fig. 8c–f), with Neu3a and Neu2 displaying the highest NPA and NET-
ing activity, respectively (Extended Data Fig. 8d,f). Neu1 and Neu3b 
neutrophils, sorted from the blood of young and aged mice, exhibited 
a mainly multilobulated and hypersegmented nuclear morphology36, 
independent of donor origin (Extended Data Fig. 8g). On poststroke 
blood smears, aged mice had a significantly higher frequency of hyper-
segmented neutrophils with a prominent multilobulated nucleus 
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compared with young mice (Extended Data Fig. 8h). To test the role of 
aging-associated neutrophils in stroke in vivo, we injected young recipi-
ents intravenously at stroke onset with Ly6G+ neutrophils from either 
the BM of young (YtoY) or aged (AtoY) mice. Neutrophils from aged 
donors were enriched in CD101loCD62LloNeu1 and CD101+CD62LloNeu3b 
subsets (Fig. 6a,b). AtoY mice displayed significantly worse reperfusion 
(on LDF) and disability (mNSS) (Fig. 6c,d), increased lesion volume  
(Fig. 6e), perilesional neuronal loss (Fig. 6f), brain neutrophil infiltration 
(Fig. 6g) and frequencies of both total and hypersegmented neutrophils 

in the blood 24 h poststroke compared with YtoY (Fig. 6h). Transferred 
neutrophils were able to reach the ipsilesional hemisphere (Extended 
Data Fig. 8i,j). Similarly, the transfer of blood leukocytes, from aged 
mice 24 h poststroke to young mice at stroke onset, resulted in worse 
reperfusion (LDF) and mNSS score, increased perilesional neuronal 
loss and edema compared with the transfer of neutrophil-depleted 
blood leukocytes from aged mice (Extended Data Fig. 8k–m). PEdKO 
mice, which lack P- and E-selectins, have augmented circulating CD62Llo 
neutrophils37. Transfer of neutrophils from steady-state PEdKO mice 
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Fig. 5 | Rejuvenation of aged BM ameliorates stroke outcome. a,b, Barplots 
showing the frequencies of blood neutrophil subsets among total neutrophils (a) 
and graphs showing the frequencies of blood neutrophil subsets, lymphoid cells 
and monocytes among CD45+ cells at 0 h and 24 h poststroke (b) in irradiated 
aged chimeric mice that received young (YtoA) or aged (AtoA) total BM (YtoA, 
n = 3; AtoA, n = 4 at 0 h and n = 5 per group at 24 h, two-way ANOVA with Sidak 
post hoc test, Neu1, **P = 0.0021, Neu3a **P = 0.009; #P = 0.0738). c–e, Barplots 
of relative frequencies of neutrophil subsets among BM neutrophils (c) and 
graphs showing the frequencies of hematopoietic stem and progenitor cells at 
0 h (§P = 0.09, #P = 0.0794, *P = 0.0367) (d) and 24 h (e) poststroke (#P = 0.06) in 
AtoA and YtoA mice as in b. f, LDF recordings during stroke induction and upon 
reperfusion in YtoA and AtoA mice (YtoA, n = 11; AtoA, n = 10, two-way ANOVA, 
Benjamini–Hochberg posttest, one experiment, mean ± s.e.m., *P ≤ 0.05).  

g,h, Disability mNSS score (g) and Kaplan–Meier survival curve (h) up to 3 days 
poststroke in YtoA and AtoA mice (two-way ANOVA with Sidak’s post hoc test, 
**P ≤ 0.01 and Mantel–Cox test for survival, P = 0.1474; n = 11 mice per group).  
i, Representative confocal microscopy images of neutrophils (Ly6G+, green) 
and blood vessels (tomato lectin+, red) in the perilesional area at 72 h poststroke 
and quantification of neutrophils, (AtoA, n = 7; YtoA, n = 8; P = 0.044). Scale bar, 
50 µm. j,k, 3NT+ cells (AtoA, n = 7; YtoA, n = 7, **P = 0.0055) (j) and quantification 
of neurons (NeuN+ cells) (AtoA, n = 8; YtoA, n = 9, **P = 0.0047) (k) in the 
perilesional area of mice at 72 h poststroke. In b, boxes extend from the 25th to 
75th percentiles, the midline denotes the median and whiskers plot minimum 
and maximum. Dots in barplots correspond to a single mouse, mean ± s.e.m. is 
shown. Two-tailed t-test, if not otherwise indicated. *P ≤ 0.05; **P ≤ 0.01.
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to young mice at stroke onset (NKOtoY) worsened reperfusion, mNSS 
score and perilesional neurons loss, but not the ischemic volume com-
pared with mice transferred with neutrophils from young WT mice 
(NtoY) (Extended Data Fig. 8n,o). Thus, the transfer of aging-associated 
CD62Llo neutrophils was sufficient to worsen no-reflow, brain tissue 
damage and neurological outcomes of experimental ischemic stroke.

Aging-associated neutrophils are prothrombotic in stroke
To further dissect the pathogenic transcriptional program of neu-
trophils of aged mice, we performed deep bulk RNA-seq in CD62Llo 
neutrophils sorted from the blood of young and aged mice at steady 
state (0 h) and 24 h poststroke. Unsupervised hierarchical clustering 
separated neutrophils from aged and young mice under both condi-
tions (Fig. 7a). DGE analysis, at 0 h, identified 97 upregulated genes 

and 75 downregulated genes (false discovery rate (FDR) ≤0.05; Fig. 7a); 
at 24 h poststroke, there were 329 upregulated genes and 252 down-
regulated genes in CD62Llo neutrophils from aged mice compared 
with young mice (FDR ≤ 0.05; Fig. 7a). At 24 h poststroke, CD62Llo 
neutrophils from aged mice had higher expression of genes associ-
ated with neutrophil migration and chemotaxis (for example, Cxcl3, 
Olfm4, Lbp), metallopeptidase genes (for example, Mmp8, Mmp19, 
Mmp23 and Adam22), genes involved in coagulation and thrombosis 
(for example, Factor X (F10), Factor V (F5), Thbs1, Annexin A5 (Anxa5), 
Tlr4, Hemolytic complement (Hc)) (Fig. 7b,c) and genes involved in the 
superoxide metabolic pathway, including Nos2, compared with their 
younger counterparts (Supplementary Table 6). Consensus binding 
sequence analysis revealed that transcription factors involved in inflam-
matory responses, including AP-1, Sp1, Nrf2, OCT1 (refs. 29,38,39) or 

Neu3b

Neu1
Neu2
Neu3a

ca
C

D
11

b-
PE

-C
y7

C
XC

R4
-e

Fl
uo

r4
05

CXCR2+

CD101+ cells

Neutrophils
96.7%

Neutrophils
98.2%

Y-donor

CD62L-APCLy6G-BV650

26.6%

13.8%

19.7%

32.2% 43.1%

34.1%

b

**
*

**

A-donor

YtoY
AtoY

e

hg

Ly6G t.lectin DAPI

YtoY AtoY

Ly6G t.lectin DAPI

fd

NeuN DAPI

YtoY

AtoY

C
XC

R4
-e

Fl
uo

r4
05

14.3%

6.8%

CXCR2+

CD101–cells

AtoY
YtoY

YtoY

AtoY

0

20

40

60

80

Is
ch

em
ic

 v
ol

um
e 

(m
m

3 ) **

0.5

0.6

0.7

0.8

0.9

1.0

N
eu

N
+  c

el
ls

ip
si

/c
on

tr
a 

(r
at

io
)

***

0

20

40

60

80

Ly
6G

+  c
el

ls
 p

er
 m

m
2 ***

0

10

20

30

40

50

Ly
m

ph
oc

yt
es

 (W
BC

s 
(%

)) *

0

20

40

60

80

100

N
eu

tr
op

hi
ls

 (W
BC

s 
(%

)) *

0

5

10

15

20

25

H
yp

er
se

g 
ne

ut
ro

ph
ils

(W
BC

s 
(%

))

*

1 2 3
0

5

10

15

Days after stroke

m
N

SS
 s

co
re

 p
oi

nt
s *** ****

AtoY
YtoY

AtoY
YtoY

AtoY
YtoY

AtoY
YtoY

0 5 10 15 20 25 30 35 40 45 50 55–4
0

20

40

60

80

100

120

140

Time after stroke onset (min)

LD
F 

(p
er

ce
nt

ag
e 

of
 b

as
al

 v
al

ue
)

*

Y donor

A donor
0

20

40

60

80

100

Pe
rc

en
ta

ge
 o

f L
y6

G
+ C

XC
R2

+  n
eu

tr
op

hi
ls

105

104

103

–103

0

105

104

103

–103

0

105

104

103

102

101

105

104

103

102

101

–103 103 104 1050

105

104

103

102

101

105

104

103

102

101

–103 103 104 1050 –103 103 104 1050

–103 103 104 1050 –103 103 104 1050 –103 103 104 1050

Fig. 6 | Neutrophil transfer from aged to young mice worsens stroke.  
a, Representative flow cytometry plots of BM neutrophils (after negative 
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used for adoptive intravenous transfer into young recipients with stroke (YtoY 
or AtoY, respectively, in b–h). b, Barplots showing the relative frequencies of 
neutrophil subsets among BM neutrophils isolated from Y donors (n=6) and A 
donors (n=3). c,d, LDF recordings of YtoY and AtoY adoptively transferred mice 
after stroke induction and reperfusion (two-way ANOVA, Benjamini–Hochberg 
post hoc test, *P ≤ 0.05) (c), and mNSS disability score up to 3 days poststroke 
(mixed-effect model, Sidak’s post hoc test, **P = 0.0094, ***P = 0.0003, 
**P = 0.0010) (d) in mice as in a (YtoY, n = 8; AtoY, n = 6). e,f, Representative 
serial 3D reconstructions of mouse brains at 3 days poststroke (same colors 

as in Fig. 1i) and ischemic volume quantification by Cresyl Violet staining (e) 
and IF images and quantification of neurons (NeuN+, red) in the peri-ischemic 
area (**P = 0.0036, ***P = 0.0008, YtoY, n = 8; AtoY, n = 5) of mice (f) as in a. g, 
Representative IF images and quantification of infiltrating neutrophils (Ly6G+, 
green) in the ischemic brain at day 3 poststroke (blood vessels stained by 
tomato lectin+ are in red, YtoY, n = 8; AtoY, n = 5, ***P = 0.0004). h, Frequencies 
of lymphocytes, neutrophils and hypersegmented neutrophils 24 h poststroke 
quantified by peripheral blood smear analysis (YtoY, n = 8; AtoY, n = 6, *P ≤ 0.05). 
In the scatterplots each dot corresponds to a single mouse; mean ± s.e.m. is 
shown. Two-tailed t-test if not otherwise indicated, *P ≤ 0.05; **P ≤ 0.01;  
***P ≤ 0.001. Scale bars, 50 µm f,g).
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transcription factors expressed by immature neutrophils (CEBPa, CEBP_
Q2 and Nfe2)17 were enriched in the aged at 24 h poststroke (Fig. 7d). 
The projection of the bulk RNA aging-associated neutrophil signature 

score on the blood poststroke scRNA-seq dataset indicated that scNeu1 
cluster, prevalent in aged mice, had the highest bulk signature score 
(Fig. 7e and Supplementary Table 3).
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Fig. 7 | Aging-associated CD62Llo neutrophils in stroke show a prothrombotic 
signature. a, Unsupervised hierarchical clustering of bulk-RNA-seq data 
from sorted CD62Llo blood neutrophils of young and aged mice at 0 h and 
24 h poststroke showing the relative expression level of the significantly DEGs 
between aged and young mice (FDR ≤ 0.05, adjusted P value (Padj) ≤ 0.05, n = 4 
mice per group). b, Dot plot showing GO analysis (Biological Process, Canonical 
Pathways and Molecular Function terms) of DEGs (as in a). Selected GO terms  
(in red) at 24 h poststroke are reported in c. c, GSEA of selected GO terms (as in b).  
Genes were ranked by log2 fold change (LogFC). Color-coded ratio of aged over 
young mice (Deseq2 model). d, Transcription factor enrichment analysis of 
DEGs (as in a), color-coded ratio of aged over young mice. e, UMAP and barplot 
showing the neutrophil gene expression signature generated from the bulk  
RNA-seq data (selected DEGs at 24 h poststroke), projected onto the main 
neutrophil clusters (scNeu1, scNeu2 and scNeu3) defined by scRNA-seq  

(as in Fig. 3b) (Bonferroni-corrected Wilcoxon rank sum test, ****P ≤ 0.0001). 
f, Volcano plot of DEGs from bulk-RNA-seq data (as in a)(DEGs above or below 
1.5 log2FC are color labeled, red upregulated, blue downregulated). g,h, Cd101, 
Cd177, Cd14 (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001) (g) and Cxcl3 expression (h) in  
blood CD62Llo neutrophils (as in a, *P = 0.0172, **P = 0.0035). i, Confocal micro-
scopy images of blood neutrophils (Ly6G+, white) at 24 h poststroke showing 
expression of CXCL3+ (green) and ROS (DHE+, in red). j, Representative IF image 
of CXCL3+ (in red) neutrophils (Ly6G+, in green) infiltrating the ischemic lesion  
of an aged mouse at 24 h poststroke. k, CXCL3 levels in plasma of young and  
aged mice 48 h poststroke (n = 8 mice/group, *P = 0.045, one experiment).  
In the scatterplots each dot corresponds to a single mouse; mean ± s.e.m. is 
shown. In k two-tailed t-test; in g, h, two-way ANOVA with Sidak’s post hoc test. 
Scale bar, 25 µm (i, j). In i and j, cell nuclei stained with DAPI (blue).
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Aged poststroke CD62Llo neutrophils had lower expression of 
Cd101 and higher expression of Cd177 and Cd14 (Fig. 7f,g), consist-
ent with their relative immaturity and higher expression of genes 
involved in the inflammatory response, including Cxcl3, Prok2 (ref. 40) 
(encoding prokineticin 2), Thbs1 (encoding thrombospondin 1) and 
Selp (P-selectin) (Fig. 7f). The gene set enrichment analysis (GSEA) for 
the signaling pathway genes of CXCR2, the CXCL3 cognate receptor, 
trended toward enrichment in poststroke aged CD62Llo neutrophils 
compared with young mice (Extended Data Fig. 9a) and the CXCR2 
signature score was highest on blood stroke scRNA-seq neutrophils in 
scNeu2 (Extended Data Fig. 9a). Cxcl3 mRNA expression had the high-
est LogFC (3.73) between aged and young mice in poststroke CD62Llo 
neutrophils (Fig. 7f,h), and this correlated with protein expression 
(Fig. 7i–k).

To test the role of CXCL3 on neutrophils, we added recombinant 
CXCL3 to ex vivo blood neutrophils. CD62L and CXCR2 median expres-
sion measured by MCFC was significantly reduced in CXCL3-stimulated 
compared with unstimulated neutrophils (Extended Data Fig. 9b,c). At 
2 h postintravenous injection of CXCL3 in young mice, we observed an 
increase of blood neutrophils and in particular of Neu2 and Neu3b com-
pared with vehicle-injected mice (Extended Data Fig. 9d–g). Young mice 
injected intravenously with CXCL3 had significantly worse reperfusion 
(LDF) and mNSS score, increased neuronal death, Ly6G+ neutrophil 
infiltration and 3-NT+cells in the brain (Extended Data Fig. 9h–k) com-
pared with vehicle-injected controls. Conversely, the administration of 
an CXCL3 neutralizing antibody before and after stroke onset in aged 
mice (Extended Data Fig. 9l–p) significantly ameliorated no-reflow 
and disability (Extended Data Fig. 9l,m), neuronal loss (Extended Data  
Fig. 9n), brain edema (Extended Data Fig. 9o) and neutrophil infiltration 
in the brain (Extended Data Fig. 9p). Furthermore, antibody neutraliza-
tion of CXCL3 in young mice receiving intravenous Ly6G+ neutrophils 
from aged BM at stroke onset improved mNSS score, LDF, decreased 
neuronal loss and neutrophil infiltration, with no effect on the overall 
ischemic volume (Extended Data Fig. 9q–u). Taken together, these 
results suggested that CD62Llo neutrophils derived from aged mice 
express genes that promote proinflammatory and prothrombotic 
functions, such as Cxcl3.

Neutrophil heterogeneity is a biomarker in human stroke
We next investigated the association of neutrophil subtypes with 
stroke outcome in aged humans. We applied single-cell 37-parameter 
mass cytometry by time-of-flight (CyTOF) to blood samples collected 
during the first 24 h (D1), at day 3 or 7 (D3, D7) poststroke from young 
(mean 60.6 ± 12.7 years, n = 9) and old (86.2 ± 3.7 years, n = 23) stroke 
patients(SP) (young SP and old SP), and in young (64.7 ± 5.8 years, n = 12) 
and old (82.4 ± 2.3 years, n = 5) age-matched controls (MC) (young MC 
and old MC) (Supplementary Table 7). Using the uniform manifold 
approximation and projection (UMAP) dimensionality reduction41 and 

FlowSOM-guided clustering42,43, we identified nine blood leukocyte 
populations (Extended Data Fig. 10a–d). To focus on the heterogeneity 
of neutrophils, we repeated FlowSOM-guided clustering and manual 
annotations and assigned human blood neutrophils to six neutrophil 
subsets (Fig. 8a,b). Among these, CD24–CXCR4– and CD49d+ neutro-
phils were rare subsets of immature neutrophils22 corresponding to 
putative promyelocytes and metamyelocytes, respectively. The other 
four main populations of neutrophils, defined by differential expres-
sion of CD101, CD62L and CD177 (CD66b+CD177hiCD101loCD62LloCXC
R4+ hNeu1, CD66b+CD177loCD101loCD62LhiCXCR2lo hNeu2, CD66b+C
D177loCD101+CD62LhiCXCR4+ hNeu3a, CD66b+CD177hiCD101+CD62Llo 
CXCR4+ hNeu3b) resembled Neu1, Neu2, Neu3a and Neu3b in mice 
(Fig. 8a–c). hNeu3a neutrophils increased significantly after stroke in 
old SP at D1 and D3 (Fig. 8d,e). hNeu3b were increased significantly at 
D1 in old SP compared with old MC (Fig. 8d,e). hNeu3b were increased 
in old SP compared with young SP at D1 and D3, and returned similar 
to young SP and MC at D7 (Fig. 8d,e). Compared with young SP, old SP 
patients showed an increase of hNeu2 at D7, while the frequency was 
reduced at D1 (Fig. 8d,e).

Next we used a clinically applicable eight-fluorochrome flow 
cytometry panel on blood samples of a larger cohort of young and old 
SPs (young SP, mean 56.1 ± 14.9 years, n = 34; old SP, mean 87.2 ± 5.2 
years, n = 48) and MCs (young MC, mean 57.0 ± 7.0 years, n = 25; old 
MC, mean 85.4 ± 4.2 years, n = 19) (Supplementary Table 8). Old SP 
had significantly higher numbers of total circulating neutrophils at 
D1 and D3 poststroke compared with old MC and young SP, together 
with significantly lower lymphocyte counts, resulting in a higher 
neutrophil-to-lymphocyte ratio6 (Extended Data Fig. 10e). Further 
CD62LloCXCR4+ neutrophils were significantly more abundant in the 
blood of SP compared with MC at all timepoints, and in old SP compared 
with young SP at D1 and D3 (Fig. 8f). Multivariate analysis showed that 
the frequency of CD62LloCXCR4+ neutrophils at D1 and D3 after stroke 
remained independently associated with patient age after adjustments 
for sex, hypertension, atrial fibrillation, stroke severity and throm-
bolysis administration (respectively, adjusted odds ratio(aOR), aOR 
2.60 per quartile, 95% confidence interval (CI), 1.10–6.14; aOR 2.10 per 
quartile, 95% CI 1.22–3.61).

Considering clinical characteristics, patients with poor functional 
outcomes at 3 months poststroke had significantly more abundant 
CD62LloCXCR4+ neutrophils at D3 (Fig. 8g). The receiving operating 
curve (ROC) of CD62LloCXCR4+ neutrophils at D3 for predicting poor 
functional outcome showed an area under the curve (AUC) of 0.695 
(Fig. 8g). Patients who achieved only partial reperfusion after revascu-
larization treatment for endovascular thrombectomy had significantly 
higher CD62LloCXCR4+ neutrophil counts at D3 compared with those 
with complete reperfusion (Fig. 8h).

We next sought to validate in human neutrophils the coagula-
tion pathway emerged in the transcriptional analysis of aged mouse 

Fig. 8 | Blood CD62Llo neutrophils are a negative prognostic factor in elderly 
SPs. a, Representative UMAP showing the supervised FlowSOM clustering of 
CD66b+ neutrophils and antigen markers based on mass cytometry analysis 
of blood CD66b+neutrophils from young and old SPs (young SP, n = 9; old SP, 
n = 23) at day (D) 1, D3 and D7 poststroke and in young and old MC (young MC, 
n = 12; old MC, n = 5). b, Heatmap displaying the MAE intensity of markers used 
to generate the UMAP as in a. c, Heatmaps showing the MAE of shared neutrophil 
antigens targeted by mouse flow cytometry (from Fig. 4) and human CyTOF 
panels respectively in mouse blood and human blood neutrophil subsets as in 
a. d, Donut graphs showing relative frequencies of neutrophil subsets (among 
total neutrophils) (groups as in a). e, Violin plots displaying absolute cells counts 
of neutrophil subsets (groups as in a). f, Absolute cell counts and frequencies 
among total neutrophils of CD62LloCXCR4+ neutrophils (CD45+CD16+CD15+CD14-

CD62LloCXCR4+ cells) of blood samples from young SP (n = 34), old SP (n = 48) at 
D1, D3 and D7 poststroke, and from young MC (n = 25) and old MC (n = 19).  
g, Violin plot of CD62LloCXCR4+ neutrophil counts in blood from SPs with good 
(mRS 0–3) and poor (mRS 4–6) functional outcome at 3 months poststroke, 

and ROC of CD62LloCXCR4+ neutrophils at D3 poststroke for predicting poor 
functional outcome at 3 months. h, Violin plot of CD62LloCXCR4+ neutrophil 
counts in SPs undergoing endovascular thrombectomy with complete (mTICI 3)  
or partial (mTICI 0-2b) reperfusion. i, Average thrombograms recorded for 
FV- and FVIII-deficient plasma in presence of 3 × 106 ml–1 fMLP-stimulated 
neutrophils, from healthy controls with reduced frequency of CD62Llo 
neutrophils (HC[lo]CD62LloNeu, n = 5), SPs with either reduced frequency of 
CD62Llo neutrophils (SP[lo]CD62LloNeu, n = 5) or high frequency (SP[hi] Cd62Llo 
Neu, n = 6) or with high frequency of CD62Llo neutrophils and thrombomodulin 
(SP[hi]CD62LloNeu-TM, n = 2). j, Histograms displaying Lagtime, the ETP, the 
peak and the time to peak (ttPeak) (three groups as in j). Dots represent individual 
samples. e,f, Multiple two-tailed Mann–Whitney; *refers to comparisons between 
SP-young and SP-old. For comparison of young-SP or old-SP with respectively 
young-MC or old-MC Kruskall–Wallis with Dunnʼs post hoc test: ^refers to 
comparisons with MC-young; #refers to comparisons with MC-old; *,^,#P ≤ 0.05, 
**,^^,## P ≤ 0.01, ***,^^^,### P ≤ 0.001, ****,#### P ≤ 0.0001. g,h, Two-tailed Mann–Whitney. 
j, Kruskall–Wallis test with Dunnʼs multiple comparison test, *P ≤ 0.05.
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CD62Llo neutrophil subsets. Thrombin generation was monitored in 
factor V (FV)- and factor VIII (FVIII)-deficient plasma by adding puri-
fied platelet-free-neutrophils from healthy controls (HC), with low 

frequencies of CD62Llo neutrophils (HC[lo]CD62LloNeu), or neutrophils 
from SPs with either high or low frequency of CD62Llo neutrophils (SP[hi]
CD62LloNeu or SP[lo]CD62LloNeu) (Fig. 8i,j and Extended Data Fig. 10f,g). 
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Thrombin was generated in all neutrophil preparations; however, peak 
velocity of thrombin generation and endogenous thrombin potential 
(ETP) were significantly higher and lagtime significantly faster in SP[hi]
CD62LloNeu compared with the other groups (Fig. 8i,j). Activated pro-
tein C, generated by addition of thrombomodulin (TM) to the deficient 
plasma-neutrophil reaction mixtures, abrogated thrombin generation, 
by targeting factor V/Va, in SP[hi]CD62LloNeu (Fig. 8i). Thus, increased 
CD62Llo neutrophil levels in aged SPs were linked to poorer outcomes 
and reperfusion and these neutrophils promoted thrombin formation 
through factor V provision, accelerating the coagulation pathway.

Discussion
Here, we found that stroke in aged mice was characterized by worse 
no-reflow phenomenon, followed by increased neuronal loss, disabil-
ity and mortality. This impaired outcome was due to stroke-evoked 
emergency granulopoiesis that, in the aged, leads to the release of 
atypical neutrophils endowed with increased ROS production, and 
procoagulant features contributing to the occlusion of brain capillaries.

Neutrophils have been identified as key contributors to the devel-
opment of no-reflow phenomenon in vascular disorders9,15,44 as well 
as in chronic neurological conditions such as Alzheimer’s disease45. 
Although the neutrophil-to-lymphocyte ratio correlates with clinical 
prognosis in stroke6, trials of neutrophil-targeted therapeutics in stroke 
have demonstrated little benefit, probably due the incomplete under-
standing and targeting of the functional heterogeneity of neutrophils46, 
and the rapid dynamic changes of the granulopoietic response together 
with the heterogeneity of SPs enrolled. The functional role of neutro-
phil subsets is emerging46,47. For instance, CD62Llo ‘senescent’ neutro-
phils, which persist longer in the circulation compared with CD62Lhi 
neutrophils7,21,48 while endowed with tissue homeostasis functions, 
are highly detrimental in pathological conditions such as sickle-cell 
disease48, acute myocardial infarction7,18 and other neurodegenera-
tive diseases49. In experimental stroke, aged mice displayed increased 
counts and heterogeneity of blood neutrophils, characterized by a 
rapid accumulation of CD101+CD62Llo(Neu3b) mature neutrophils, 
followed by the emergence and predominance of CD177hiCD101loCD
62Llo(Neu1) and CD177loCD101loCD62Lhi(Neu2) immature neutrophils 
with, at the same time, an erosion of BM neutrophil subsets compared 
with younger mice. Of note, we found a corresponding age-related 
heterogeneity and a similar kinetic of blood neutrophils in patients 
with stroke. These observations support a model in which stroke in 
the elderly initiates massive and persistent mobilization of immature 
proinflammatory granulocytes from the BM. In analogy, a recent study 
on emergency granulopoiesis triggered by acute bacterial infection 
reported that infection can shortcircuit the release and maturation 
of BM immature neutrophils directly in the blood, changing the neu-
trophil maturation dynamics17. Severe infections, such as COVID-19, 
lead to the emergence of hypersegmented neutrophils in the blood50 
and patients with severe COVID-19 accumulate immature neutrophils 
in blood51 and lungs52, which might facilitate immunothrombosis53.

Functionally, in experimental stroke, aging-associated neutrophils 
displayed a peculiar transcriptional signature encompassing gene sets 
related to immaturity and senescence as well as to enhanced effector 
functions, such as oxidative burst, NETosis and phagocytosis as well as 
coagulation processes. Indeed, the transfer of aging-associated neu-
trophils to young mice was sufficient to phenocopy the worse stroke 
outcome observed in the elderly. We showed that, in stroke, CD62Llo 
neutrophils in the aged produce CXCL3 and that CXCL3 leads to the 
emergence of the CD62Llo neutrophils functionally contributing to 
worse outcomes in stroke. CXCL3 binds to CXCR2 (ref. 54) and triggers 
neutrophil mobilization from the BM55. CXCR2 signaling is part of an 
autocrine loop initiating the transition to a ‘senescent neutrophil’ stage 
in the context of the circadian rhythm7. A subset of tissue-infiltrating 
neutrophils with high expression of Cxcl3 has been described in 
lung-tumor-bearing mice19 and in mouse myocardial infarction18.

Using single-cell transcriptomics, we observed an anticipation of 
transcriptional programs of granulopoiesis in the aged that culminated 
in the development and early mobilization of inflammatory and pro-
thrombotic neutrophil subsets. Sustained high levels of G-CSF, CXCL1 
and CXCL3 that circulate after stroke in the elderly might, in fact, con-
tribute to boosting granulopoiesis. These evidence mechanistic link the 
age-related myeloid skewing of hematopoiesis to the aging-associated 
atypical neutrophils responsible for the worsening of tissue damage 
in stroke in the elderly.

Consequently, normalization of the neutrophil response could 
become a prominent therapeutic strategy for cerebrovascular dis-
eases. A broad intervention like BM rejuvenation was able to revert 
age-related granulopoietic adaptations and to improve the outcome 
of experimental stroke; harvesting from our and future phenotypic, 
molecular and functional kinetic studies of neutrophil differentiation 
and mobilization will pave the way to the development of effective and 
more selective approaches to rebalance the deranged granulopoiesis 
of the aged or to interfere in a timely manner with the emergence of 
pathogenic neutrophil subsets.
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Methods
Animal model
All experiments were approved by the Institutional Animal Care and Use 
Committee (IACUC nr. 581 and 798 at the IRCCS, San Raffaele Hospital 
Milano (Italy)). Young (2–4 months) and aged (18–24 months) adult 
male and female C57BL/6 mice were purchased from Charles River 
Laboratories and Jackson Laboratories. Young adult (2–4 months) male 
C57BL/6-Ly5.1 were purchased from Charles River Laboratories. Female 
mice were analyzed in Extended Data Fig. 1c–e; all other ischemia 
experiments were performed on male mice. PEdKO LySM-eGFP mice 
were kindly provided by P. Frenette37, bred and maintained at the IRCCS, 
San Raffaele Hospital animal facility. Mice were housed socially (three 
to five mice per cage) on a 12 h light/dark cycle in individually ventilated 
cages and with ad libitum access to food and water. The experimental 
holding room had temperature (21.5 °C set point) and humidity control 
(40% set point) and was supplied with HEPA-filtered air. Only animals 
without any signs of scratches, and with no overt skin lesions were 
included in the study. Experimental procedures were all performed 
during the middle of the day in a blinded fashion for treatment.

Human samples
This study was approved by the Institutional Review Board at IRCCS, San 
Raffaele Hospital (San Raffaele Ethics Committee) and has been per-
formed in accordance with the ethical standards laid down in the 1964 
Declaration of Helsinki and its later amendments. Written informed 
consent was obtained from all patients and controls. The study pro-
spectively included patients with acute ischemic stroke admitted to 
the Emergency Department and the Stroke Unit of IRCCS San Raffaele 
Hospital, Milan, Italy, between January 2018 and December 2019. All 
patients were treated according to international and national guide-
lines. Patients aged ≥18 years, with a diagnosis of ischemic stroke and 
presented within 24 h from symptoms onset, were included.

Patients with signs or symptoms of infection on admission, or a 
history of immunological or hematological disease, were excluded. 
Participants were categorized according to age as ‘young’ (≤70 years) 
and ‘old’ (≥80 years) SPs. Information collected prospectively for each 
patient included: demographic data, clinical history and vascular risk 
factors, acute stroke treatments, classification of stroke etiology, 
stroke severity on admission and at discharge (assessed by the National 
Institute of Health Stroke Scale (NIHSS)), occurrence of hemorrhagic 
transformation, functional outcome assessed at discharge and at 
3 months from stroke onset (assessed by the modified Rankin scale 
(mRS)). ‘Young’ (≤70 years) and ‘old’ (≥80 years) MC subjects, without 
history of ischemic stroke, acute infectious diseases, immunological 
or hematological diseases, were included (Supplementary Table 8). 
Laboratory measurements were made without knowledge of the par-
ticipants’ status or age group.

Proximal MCA occlusion
All experimental stroke mice underwent 45-min left MCA occlusion 
(MCAO)56. Briefly, animals were anesthetized with 1–1.5% isofluorane 
(Merial) in 30% O2; their temperature was maintained between 36.0 and 
36.5 °C and LDF (PeriFlux System 5000, Perimed) was used for monitor-
ing the procedure. Focal cerebral ischemia of the left MCA was induced 
with a 7-0 silicon-coated filament (Doccol). Animals that successfully 
reached a stable cerebral blood flow below 30% of their initial baseline 
were included in the study. Animals that experienced bleeding during 
surgery or other complications were excluded from the study. Laser 
Doppler recordings during surgery that had saturated, negative values 
or other technical registration problems (for example, detachment of 
probe during ischemia) were excluded from LDF analysis.

Behavioral analyses
The mNSS grades neurologic function on a scale of 0 to 12 (normal score 
0; maximal deficit score 12). mNSS is a composite of motor and balance 

tests56. Behavioral tests were performed by a researcher blinded to the 
treatment group during the light phase of the circadian cycle beginning 
4 h after lights were turned on.

Mouse brain tissue preparation for flow cytometry
Mice were anesthetized, perfused with saline and brain tissue removed. 
The forebrain (separated from the bulbi, cerebellum and brainstem) 
was divided into a left ipsilateral (ischemic) hemisphere and a right 
(non-ischemic) contralateral hemisphere. Each hemisphere was pro-
cessed separately. Brain tissues were cut with scissors into small pieces 
and incubated with 0.4 mg ml–1 of collagenase type IV (Sigma-Aldrich) 
for 30 min at 37 °C. After incubation, they were passed repeatedly 
through a 19 G needle with a syringe to obtain a homogeneous cell 
suspension, filtered through a 70 µm mesh, suspended in PBS and 
washed. Tissue homogenate was loaded onto an isotonic 90% Percoll 
(GE Heathcare) gradient for enrichment of CNS infiltrates57. Brain cell 
suspensions enriched on the Percoll gradient were then labeled and 
analyzed by flow cytometry58 using a FACS Symphony (BD Biosciences), 
with data analysis by FlowJo software (Tree Star). The whole sample 
was processed. For brain analysis, cells were always gated on single 
and live cells by excluding dead cells with the live/dead Zombie NIR 
Fixable Viability Kit (Biolegend).

Mouse blood sample preparation for flow cytometry
Blood samples were collected in EDTA. Whole blood was immediately 
labeled for 30 min at room temperature, red blood cells (RBCs) were 
lysed in ACK Lysing Buffer (Gibco), and remaining cells were analyzed 
using a FACS Canto II or FACS Symphony (BD Biosciences). Data analysis 
was carried out using FlowJo software (Tree Star). Leukocytes were 
identified on manual FlowJo based analysis (Fig. 6a, Extended Data 
Figs. 3a, 8a–g,i,n and 9b–g and Supplementary Table 2) as neutro-
phils (CD45+CD11b+Ly6G+ or CD45+CD11b+CXCR2+), further gated as 
mature (CD45+CD11b+Ly6G+CD101+) and immature neutrophils (CD4
5+CD11b+Ly6G+CD101–), then gated as Neu1 (CD177hiCD101loCD62Llo), 
Neu2 (CD177loCD101loCD62Lhi), Neu3a (CD101+CD62Lhi) and Neu3b 
(CD101+CD62Llo). Ly6Clo monocytes were gated as (CD45+CD11b+Ly6G–

Ly6Clo), Ly6Chi monocytes (CD45+CD11b+Ly6G–Ly6Chi), eosinophils 
(CD45+CD11b+Ly6G–Ly6CintSSC-Ahi), lymphocytes (CD45+CD11b–) and 
T cells (CD45+CD11b–CD3+). For the 18-marker panel the cell clusters 
were categorized using self-organizing maps (FlowSOM)42,43.

Absolute counts of each white blood cell (WBC) population were 
obtained by multiplying the percentages of CD45+ cells calculated by 
flow cytometry analyses by the WBC counts obtained using a certified 
hemocytometer (ProCyte Dx, Idexx Laboratories).

Mouse BM preparation for flow cytometry
BM was flushed from tibiae and femurs through a 27G syringe with 
PBS/1% BSA and filtered through a 40 µm cell strainer. Cells were har-
vested, RBCs were lysed in ACK Lysing buffer (Gibco) and remaining 
cells were labeled for 30 min at 4 °C. Cell data were acquired on a FACS 
Canto II or FACS Symphony (BD Biosciences) and analyzed with FlowJo 
software (Tree Star). HSPCs were identified by FlowSom-guided clus-
tering. Viability was assessed with Zombie Aqua Fixable Viability Kit 
(Biolegend).

BM transplantation
Five million BM cells from 2- to 4-month-old or 17-month-old wild type 
(WT) mice were injected intravenously into sublethally irradiated 
(11 Gy ref. 59)) 17-month-old WT mice. Blood chimerism was tested 
after 5 weeks, and stroke was induced 6 weeks after BM reconstitution.

In vivo neutrophil depletion
Young and aged WT mice were injected intravenously with 400 µg 
of anti-Ly6G (in vivo plus anti-mouse Ly6G, 1A8, Bioxcell) or isotype 
control antibody (Rat IGg2b, Bioxcell) 30 min before stroke onset.
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Neutrophil adoptive transfer experiments
Neutrophils were obtained from the BM of young and aged mice. BM 
was flushed from tibiae and femurs through a 27G syringe with cold 
PBS/0.5% BSA and filtered through 40 µm cell strainer. Cells were har-
vested, RBCs lysed in ACK Lysing buffer (Gibco) and neutrophils were 
isolated by negative selecti with the ‘Neutrophil Isolation Kit’ (Miltenyi) 
according to the manufacturer’s instructions. Qualitative analysis of 
sorted neutrophils was performed by flow cytometry before transfer. 
Five million neutrophils were injected intravenously into young mice 
a few minutes before and 24 h poststroke.

For transfer of blood leukocytes enriched with the diverse neutro-
phils’ subsets, young or aged WT donor female C57BL/6N mice at 24 h 
after stroke were injected intraperitoneally with 5 mg kg–1 of AMD-3100 
(Sigma-Aldrich) 2 h before bleeding as described7.

For transfer of leukocytes enriched with CD62Llo neutrophils, 
untreated PEdKO LySM-eGFP mice were bled. For transfer of leuko-
cytes depleted of CD62Llo neutrophils, female PEdKO LySM-eGFP 
mice were injected intravenously with 300 µg of anti-Gr1 (Bioxcell, 
clone RB6-8C5,) 3 h before bleeding. For all transfers, whole blood 
was collected, lysed in ACK lysing buffer (Gibco) and cells washed in 
PBS. WBCs were quantified with a ProCyte Dx hemocytometer (Idexx 
Laboratories) and 2.5 × 106 neutrophils were injected intravenously 
into young WT male recipient mice 30 min before and 24 h poststroke. 
Because anti-Gr1-treated PEdKO LySM-eGFP had almost no circulating 
neutrophils, the same volume of blood as untreated PEdKO LySM-eGFP 
was collected, treated as above and injected.

For transfer of leukocytes depleted of neutrophils, donor blood was 
treated with Anti-Ly-6G MicroBeads UltraPure, mouse (Miltenyi), and 
the neutrophil-deprived flow-through was injected as described above.

Transferred neutrophil tracing
Young WT CD45.1 recipient mice were injected intravenously twice with 
5 million BM neutrophils from either young or aged WT CD45.2 donors 
30 min before and 24 h poststroke. At 2 days poststroke, the ischemic 
forebrain and contralateral hemisphere were analyzed separately and 
donor neutrophils quantified by flow cytometry. Alternatively, BM 
neutrophils were labeled with CellTracker Green CMFDA Dye (Thermo 
Fisher) 10 µM, according to the manufacturer’s instructions. The recipi-
ent’s brains were analyzed by immunofluorescence 48 h poststroke.

CXCL3 administration to healthy mice
Recombinant mouse CXCL3 (150 µg kg–1; R&D Systems) or vehicle (PBS 
with 0.1% BSA) was injected intravenously into young WT male mice, 
which were subsequently bled at 2 h, 4 h and 6 h after administration.

CXCL3 administration in MCAO
Recombinant mouse CXCL3 (150 µg kg–1; R&D Systems) or vehicle 
(PBS + 0.1% BSA) were injected intravenously into young WT male mice 
2 h before, 24 h and 48 h poststroke.

In vivo CXCL3 blockade
For in vivo CXCL3 blockade, aged mice were injected intraperitoneally 
twice with 100 µg anti-CXCL3 (Thermo Fisher) or isotype the night 
before (–17 h) and the same day (–5 h) of stroke induction7. Young 
mice receiving BM neutrophils from aged mice, were injected intra-
peritoneally twice with 100 µg of anti-CXCL3 30 min before and at 
24 h poststroke.

Ex vivo CXCL3 treatment of mouse neutrophils
Blood was collected into EDTA, RBCs were lysed in ACK lysing buffer 
(Gibco) and remaining cells resuspended in Roswell Park Memorial 
Institute (RPMI) 1640 medium (Gibco). WBCs were then incubated 
with CXCL3 (150 ng ml–1, R&D Systems) or left untreated for 45 min at 
37 °C. Cells were then washed twice in PBS 1× and labeled for 20 min at 
4 °C for flow cytometry analyses.

ROS measurement
Whole blood EDTA from young and aged mice 24 h poststroke under-
went RBCs lysis in ACK (Gibco) and was resuspended in RPMI 1640 
medium (Gibco) containing 5 µM of CellROX (Thermo Fisher) at 37 °C 
for 30 min. Cells were then washed twice in PBS and labeled for 20 min 
at 4 °C for flow cytometry analyses.

NETs measurement by flow cytometry
Whole blood in EDTA from young or aged mice 24 h poststroke, under-
went flow cytometry surface staining and RBCs lysis as described above. 
Blood was then fixed in 2% paraformaldehyde (PFA), blocked with 2% 
BSA (Sigma-Aldrich), stained with anti-mouse citrullinated histone H3 
(Abcam) and FITC anti-MPO (Abcam) and subsequently analyzed by 
flow cytometry as previously described60,61.

Neutrophil-platelets aggregates measurement by flow 
cytometry
Whole blood EDTA from young or aged mice at 24 h poststroke was 
processed as described62. Briefly, blood samples were diluted 1:2 in 
Hepes-Tyrode Buffer and simultaneously stained with FACS antibod-
ies for 30 min at room temperature. Samples were then fixed in FACS 
Lysing solution (BD), washed and analyzed by flow cytometry.

In vitro phagocytosis assay
Phagocytosis assay was performed as described22. Briefly, DH5a Escheri-
chia coli expressing green fluorescent protein (GFP)63 were grown 
overnight in LB medium at 37 °C and then diluted and grown for 1–2 h 
to an optical density at 600 nm of ~0.5. Sorted BM neutrophils subsets 
(1 × 105 for each subset) were incubated with E. coli-GFP at a ratio of 
1:200. Cells were then fixed in 2% PFA and analyzed by flow cytometry.

Preparation and analysis of human blood for flow cytometry
A group of 82 patients with acute ischemic stroke was analyzed. Patients 
were stratified by age into ‘Young’ (n = 34, median age 56.1 ± 14.9 years) 
and ‘Old’ (n = 48, median age 87.2 ± 5.2 years). An MC group of ‘Young’ 
(n = 25, median age 57.0 ± 7.0 years) and ‘Old’ (n = 19, median age 
85.4 ± 4.2 years) subjects without history of ischemic stroke, acute 
infectious, immunological or hematological diseases was included. 
Venous blood samples were taken from the antecubital vein of stroke 
patients within 24 h (D1), at day 3 (D3) and at day 7 (D7) from stroke 
onset with a 19–20G needle. Control patients had a single blood col-
lection. Blood was collected between 12:00 and 16:00, to avoid biases 
due to circadian oscillations of neutrophil subtypes7, into vacuum EDTA 
Tubes (BD Vacutainer, 6 ml) and processed immediately. Complete 
blood cell count was assessed with an automated hemocytometer. 
For flow cytometry, whole blood samples were labeled for 30 min at 
room temperature, subsequently fixed and RBCs were lysed in BD 
FACS lysing solution (BD Biosciences) overnight. The samples were 
then washed and resuspended in PBS. Cell data were then acquired on 
a FACS Canto II (BD Biosciences) and analyzed with FlowJo software 
(Tree Star). Forward and side scatter were used to identify the granu-
locyte population and to gate out debris. A tota–––l of 200,000 CD45+ 
events per sample were analyzed. CD62Llo neutrophils were identified 
as CD45+CD16+CD15+CD62LloCXCR4+ cells.

Preparation of human blood for mass cytometry
Leukocytes from a group of 32 patients with acute ischemic stroke were 
isolated, labeled and analyzed. Patients were stratified according to the 
age into ‘Young’ (n = 9, median age 60.6 ± 12.7) and ‘Old’ (n = 23, median 
age 86.2 ± 3.7). An MC group of ‘Young’ (n = 12, median age 64.7 ± 5.8) 
and ‘Old’ (n = 5, median age 82.4 ± 2.3) subjects without history of 
ischemic stroke, acute infectious, immunological or hematological 
diseases were included. Immediately after sampling, venous blood was 
RBCs-lysed and leukocytes were fixed in BD Phosflow Lyse/Fix Buffer 
diluted 1:5 in distilled water (BD Biosciences). WBCs were thereafter 
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collected by centrifugation and washed twice in HBSS without Ca2+ and 
Mg2+ (Euroclone). Leukocytes were then resuspended in PBS/BSA 0.5% 
containing 10% DMSO and stored at –80 °C until labeling for CyTOF.

Mass-tag cellular barcoding
Mass-Tag cellular barcoding was performed as described64. Briefly, 
the first barcoding scheme was composed of unique combinations 
of three out of five palladium metals (104Pd, 105Pd, 106Pd, 108Pd, 110Pd) 
(Trace Sciences International)65. The second included a unique CD45 
antibody preconjugated to 89Y, 194Pt, 198Pt (Fluidigm), 113In, 115In (Trace 
Sciences International)66. Merging of these two strategies allowed 
us to pool 50 samples. Palladium isotopes were conjugated to 
Bromoacetamidobenzyl-EDTA (Dojindo Laboratories). The concen-
trations were adjusted to 100 nM for all metals. After thawing samples, 
cells were washed once with Cell Staining Medium (CSM: PBS, 0.5% BSA 
(Sigma-Aldrich) and 0.02%NaN3), once with PBS and once with 0.03% 
Saponin (Sigma-Aldrich) in PBS and centrifuged at 600g for 5 min at 
4 °C. Next, 1:1,000 diluted barcoding reagent in PBS with 0.03% saponin 
was mixed with the sample and incubated at room temperature for 
15 min. Cells were then washed three times in CSM, and ten samples 
were pooled for CD45 antibody labeling. 194Pt, 198Pt, 113In, 115In metals 
were conjugated with purified anti-human CD45 antibody (Biolegend) 
in house using the Maxpar ×8 chelating polymer kit (Fluidigm) accord-
ing to the manufacturer’s instructions. Ten pooled samples were incu-
bated on ice in PBS and a unique combination of metal-tagged CD45 
antibodies. Samples were then washed twice in PBS, and 50 samples 
were pooled for antibody surface labeling.

Metal-isotope-tagged antibodies
All anti-human antibodies, corresponding clones and tagged metal 
isotopes for mass cytometry analysis are listed in the Reporting Sum-
mary. Metal isotope preconjugated antibodies were purchased from 
Fluidigm or commercial suppliers in purified form and conjugated in 
house using the Maxpar ×8 chelating polymer kit (Fluidigm) according 
to the manufacturer’s instructions.

Cell surface/intracellular labeling for mass cytometry
To avoid nonspecific binding of antibodies, the samples were incubated 
at 4 °C for 30 min in Human TruStain FcX (Fc Receptor Blocking Solu-
tion; Biolegend) and Heparin 100 U ml−1 (ref. 67). Without washing, the 
cells were spun down, resuspended in the antibody mixture in PBS, and 
incubated at 4 °C for 30 min. Cells were permeabilized using Foxp3/
Transcription Factor Staining Buffer Set (eBioscience) according to the 
manufacturer’s instructions for 45 min at 4 °C. Subsequently, the sam-
ple was washed once in Perm/Wash buffer (eBioscience) and incubated 
in the antibody mixture in Perm/Wash buffer (including intracellular 
antigens, Ki67 and Basophils) for 30 min at 4 °C. The sample was washed 
once in Perm/Wash buffer (eBioscience) and centrifuged to pellet the 
cells. Thereafter, the cells were incubated in 4% PFA overnight. Before 
acquisition the cells were pelleted and resuspended in 1:3,000 Cell-ID 
Intercalator-Ir (Fluidigm) + Maxpar Fix and Perm Buffer (Fluidigm) 
for 1.5–3 h. The sample was washed twice in PBS and twice in ddH2O, 
diluted to 1.5–106 cells ml–1 in ddH2O containing 10% EQ Four Element 
Calibration Beads (Fluidigm). Samples were analyzed with a Helios 
CyTOF2 (Fluidigm).

Preprocessing of cytometry data
Raw mass cytometry data were normalized using the MATLAB version 
of the Normalizer tool68 Cells were assigned by manually gating on 
Event length and DNA (191Ir and 193Ir) channels using FlowJo Software 
(Tree Star). Doublets were excluded using Gaussian discrimination 
channels (Center, Offset, Width, Residual). Next, samples were dis-
tinguished based on unique CD45 expression and debarcoded using 
Boolean gating in FlowJo software (Tree Star). The normalized data 
containing living cells were exported manually from FlowJo Software 

(Tree Star) and imported into R studio of R using the R packages ‘flow-
Core’ and ‘flowWorkspaceData’ (R Foundation for Statistical Comput-
ing)69,70. Before automated high-dimensional data analysis, the mass 
cytometry data were transformed with a cofactor in the range of 5 and 
60 using an inverse hyperbolic sine (arcsinh) function71. All cytometry 
data were normalized between 0 and 1 to the 99–999th percentile of the 
merged sample in each batch. To control for the batch effect and verify 
the marker expression distributions, we used the same clinical sample.

Human neutrophil-sustained thrombin generation
Citrated normal pooled plasma (NPP, 700 ml) obtained from healthy 
donors was processed, frozen and stored as previously described72. 
FV- and FVIII-deficient plasma was obtained by collecting blood from 
20 apparently healthy volunteers in saline containing 1% EDTA (9:1). 
Platelet-free plasma were obtained after two centrifugations at 2,000g 
for 10 min and 8,500g for 5 min at room temperature, pooled and pro-
cessed as described73. Neutrophils, starting from the peripheral blood 
of SP and healthy donors, were isolated with the MACSxpress Whole 
Blood Neutrophil Isolation Kit (Miltenyi) according to the manufactur-
er’s instructions, diluted to 30 × 106 neutrophils ml–1 in Hepes-Tyrode 
buffer added with 1 mM CaCl2 and MgCl2, stained and examined by 
cytofluorimetry (Symphony, BD).

Calibrated automated thrombin generation74 was meas-
ured in FV- and FVIII-deficient plasma samples (40 µl) contain-
ing the neutrophil preparations (40 µl) stimulated with 0.5 µM of 
N-formyl-l-methionyl-l-leucyl-l-phenylalanine (fMLP, Merck), dis-
pended in U-bottom 96 wells microtiter plates (Greiner bio-one). Plates 
were warmed at 37 °C in a Fluoroskan Ascent plate reader (Thermo 
Fisher Scientific) for 10 min, followed by the addition of 20 µl of 
prewarmed fluorogenic substrate (Z–Gly–Gly–Arg–AMC) per well.  
Fluorescence development with excitation and emission spectra of 390 
and 460 nm respectively, was triggered by addition of either (1) PPP 
reagent (20 µl, 5pM approximate tissue factor final concentration); (2) 
Dade Actin FSL, containing purified soy phosphatides and rabbit brain 
phosphatides in 10–4 M ellagic acid (20 µl, Siemens Healthcare) or (3) 
MP reagent (20 µl, containing synthetic phospholipid vesicles with no 
tissue factor) and further tested in presence or absence of rabbit throm-
bomodulin (Sekisui Diagnostics) diluted in PBS (3 nM final concentra-
tion). Hemker Thrombinoscope Software (v.3.0.0.29, Thrombinoscope 
BV) was used to obtain the curve of thrombin concentrations as a func-
tion of time and to calculate the following parameters: Lagtime (time 
(min) between the addition of the triggers and the generation of 10 nM 
thrombin), Peak (nM, maximum velocity of thrombin generation); 
time to peak (ttPeak (min) needed to reach the peak); ETP (nM × time, 
the area under the curve, defined as endogenous thrombin potential). 
Each sample was tested in duplicate, and each thrombin generation 
measurement was calibrated against the fluorescence curve of a fixed 
amount of thrombin-α2-macroglobulin complex (thrombin calibrator, 
20 µl) to correct for inner filter effects and substrate consumption. In 
parallel experiments thrombin generation was tested in NPP and in 
FV- and FVIII-deficient plasma with the addition of NPP diluted in PBS 
(final FV and FVIII concentration 1% and 0.5% of NPP).

Single-cell collection, library construction and sequencing
Myeloid cells (CD11b+ Ly6G–) and neutrophils (CD11b+ Ly6G+) from 
blood (named collectively CD11b+CD45+ blood cells), or Gr1+ and 
c-kit+-enriched cell fractions from BM, were isolated using a FACS Aria 
Fusion (BD Bioscience), as detailed in the gating strategy flow-chart 
(Fig. 3 and Supplementary Fig. 1) and collected into 0.04% BSA/PBS. 
The MCAO was performed the same day in young and aged mice.  
Sacrifice, FACS sorting and single-cell collection were performed at the 
same time of day, to avoid any possible effect deriving from circadian 
oscillation of leukocytes populations. Pools of cells from four mice 
were created for each group. scRNA-seq libraries were generated using 
a microfluidics-based approach on a Chromium Single-Cell Controller 
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(10x Genomics) using the Chromium Single Cell 3′ Reagent Kit v.2 
(PN-120235) and v.3.1 (PN-1000269), according to the manufacturer’s 
instructions. The cell preparation time before loading onto the Chro-
mium 10x controller was ≤2 h. Briefly, sorted cells were counted and 
the viability was assessed to be ≥85% with trypan blue by microscopy. 
For blood, single cells were combined in ratio of 1:3 (myeloid cells: 
neutrophils). Sorted BM cells were combined in ratio 2:3 (Gr1+: c-kit+).

The cells were then partitioned into gel beads in emulsion (GEMs) 
and lysed, followed by RNA barcoding, reverse transcription and PCR 
amplification (14 cycles). The concentration of the scRNA-seq libraries 
was determined using Qubit v.3.0 and size distribution was assessed 
with 4200 TapeStation system (Agilent). Libraries were sequenced on 
an Illumina NextSeq500 and an Illumina NovaSeq6000 instruments.

scRNA-seq data processing
Cell Ranger v.2.1.1 (for stroke blood samples, analyzed in Fig. 3 and 
Supplementary Fig. 1) and unique molecular identifier (UMI) (UMItool 
v.1.0.0 (for blood and BM samples, at steady state and after stroke, 
analyzed in Extended Data Figs. 6 and 7) were used to align the raw 
sequencing reads to the mm10 mouse genome and to quantify the 
expression level of genes in each cell (basic annotations from Gencode 
version M22). Gene counts were imported into the R environment 
(R v.3.6.0, R v.4.0.3) and analyzed with the Seurat package (http://
satijalab.org/seurat/). For the experiment in Fig. 3, cells from the two 
stroke blood samples were pooled together using the Merge function 
in Seurat and analyzed with the standard Seurat analysis workflow 
(Seurat v.2.3.1). Then, neutrophils were identified by considering the 
expression of Ly6G, Csf3r and Ngp genes and a new complete Seurat 
analysis was performed on this selected population (Seurat v.3.2.1). 
Cells expressing <200 or >3,500 unique genes and cells with a ratio 
of mitochondrial versus endogenous genes expression >0.1, were dis-
carded. A total of 5,793 cells was retained in the analysis, associated with 
11,691 comprehensively detected genes. Counts were log-normalized 
using the NormalizeData function, with a scale factor of 10,000, to 
remove the differences in sequencing depth across cells. Data were 
then scaled using the ScaleData function, regressing on number of 
UMI and percentage of expressed mitochondrial genes. On the scaled 
data, cell cycle scores were estimated through the CellCycleScoring 
function and differences between S and G2M scores were regressed 
out as well. The most variably expressed genes within each dataset were 
identified through the FindVariableFeatures function (y.cutoff = 0.5 for 
the analysis on total cells and top 1,000 most variable genes according 
to Variance Stabilize Transformation for neutrophils) and used for the 
principal component analysis (PCA), implemented with the RunPCA 
function. Next, we selected principal components 1–15 (for total cells) 
or 1–20 (for neutrophil population) as input for the subsequent UMAP 
algorithm, performed with the RunUMAP function. Unsupervised 
clustering was obtained using the original Louvain algorithm (resolu-
tion = 0.2 for total cells and 0.4 for neutrophils) based on the same 
principal components as for the RunUMAP function. For the integrated 
analysis, shown in Supplementary Fig. 1, the same filtered young and 
aged stroke blood samples were analyzed together using the Seurat 
(v.4.1.0) anchoring-integration standard workflow20, and then subset-
ted to consider the neutrophil population only.

For the experiment described in Extended Data Figs. 6 and 7, 
cells from four datasets (at steady state and 24 h poststroke for blood 
and BM) including young and aged condition for each dataset, were 
pooled and analyzed together. Cells expressing <200 or >3,500 unique 
genes, and cells with a ratio of mitochondrial versus endogenous genes 
expression >0.1, were excluded from the blood stroke samples. Cells 
expressing <200 or >4,000 unique genes, and with a ratio of mitochon-
drial versus endogenous genes expression >0.05, were excluded from 
blood steady-state samples. Cells expressing < 200 or >7,000 unique 
genes, or with a ratio of mitochondrial versus endogenous genes >0.1, 
were excluded from the stroke BM samples. Cells expressing <200 or 

>6,000 unique genes, or with a ratio of mitochondrial versus endog-
enous genes >0.05, were excluded from the steady state BM samples. 
A total of 33,664 cells was retained in the analysis, associated with 
25,017 detected genes and was log-normalized within each cell (the 
LogNormalize method normalizes the gene expression for each cell 
by the total expression, multiplies this by a scale factor of 10,000, and 
log-transforms the results). The top 2,000 variable genes calculated 
by Seurat (selection method vst, 2,000 features per dataset) were 
used to harmonize and integrate sample datasets by sample of origin 
(FindIntegrationAnchors and IntegrateData functions). The dataset 
was then scaled to remove unwanted sources of variation such as batch 
effects. On scaled data the PCA, was performed. Next, we selected 
principal components 1–40 (for total cells) or 1–30 (for neutrophils) 
as input to perform the RunUMAP function to obtain bidimensional 
coordinates for each cell.

Unsupervised clustering was performed using the FindClusters 
function (resolution: 0.9 for both total cells and neutrophils) to cluster 
cells using the Louvain algorithm based on the same principal compo-
nents as for the RunUMAP function.

For the experiment described in Supplementary Fig. 4, the filtered 
and high-quality cells from the steady-state BM dataset were pooled 
and analyzed together with cells of steady-state BM from the Tabula 
Muris Senis publicly available dataset31. Only data generated with 
10x Genomics-based scRNA-seq technology and from 1-month and 
18-months-old male mice were considered. A total of 21,340 cells was 
retained, associated with 24,950 comprehensively detected genes 
and was log-normalized within each cell. The top 2,000 variable genes 
calculated by Seurat (selection method vst, 2,000 features per dataset) 
were used to harmonize and integrate sample datasets (FindInte-
grationAnchors and IntegrateData functions). The dataset was then 
scaled to remove unwanted sources of variation such as batch effects. 
On scaled data, linear dimension reduction, the PCA, was performed. 
Next, we selected principal components 1–60 (for both total cells and 
neutrophil lineage cells) as input to perform the RunUMAP function to 
obtain bidimensional coordinates for each cell. Unsupervised cluster-
ing was performed using the FindClusters function (resolution: 1.1 for 
total cells and 0.65 for neutrophils) to cluster cells using the Louvain 
algorithm, as described above.

The assignment of cell identity to clusters was based on the com-
parison of top50 DEG calculated for each cluster against the others 
(Identification of DEGs) and by signature-based comparison (Scoring of 
biological processes) with a previously published and reported mouse 
neutrophil scRNA-seq studies17.

Trajectory analysis was performed on each dataset using the Mon-
ocle3 (v.3.0.2.2) Bioconductor package to infer the cells-associated 
pseudotime, taking advantage of the SeuratWrappers R package to 
load the original Seurat object in the Monocle3 environment.

Identification of DEGs
The FindAllMarkers function (logfc.threshold = 0.25, min.pct = 0.25, 
test.use = ‘Bimod’ for total cells and ‘Wilcox’ for neutrophils) to the 
normalized data to identify significantly more highly expressed genes 
within clusters was applied. For the integrated datasets, the data used 
in the test were retrieved from the ‘RNA’ slot of the Seurat objects.  
P value adjustment was performed using Bonferroni correction based 
on the total number of tested genes. Only genes with logFC≥0.25 and 
expressed by at least 25% of the cells analyzed were tested. An analogous 
procedure was performed to compare cells from aged and from young 
mice, within each selected cluster.

Scoring of biological processes
Individual neutrophils were scored for their expression of gene 
signatures representing certain biological functions as previously 
described17. For all signatures except neutrophil aging, functional 
scores were defined using the AddModuleScore function. Aging score 
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was defined as the weighted average of normalized expression of 
age-related genes. Gene weights were set to either 1 or –1 to reflect 
positive or negative relationships with the aging process. To correlate 
different cluster signature across different dataset we used the GSVA 
algorithm75 as implemented in the GSVA Bioconductor R package. The 
neutrophil maturation, stem and cell cycle signatures were derived by 
using genes identified by Xie et al.17. G-csf signature was derived from 
Giladi et al.33 and included only genes with logFC ≥1 or ≤–1. Granule 
signatures were derived from Xie et al.17 and Cowland and Borregaard76. 
NETs-associated gene signature was derived from Wang et al.77. Other 
functional signatures were derived from the Gene Ontology (GO) 
database78, with the full gene list provided in Supplementary Table 3 
and Supplementary Table 5. Score differences between clusters were 
evaluated using Wilcoxon rank sum test. For comparing the functional 
state of cells in the cluster scNeu1, Pearson’s correlation was calculated 
between each pair of functional signatures, considering the scores 
obtained by the cells in cluster scNeu1.

To compare the similarity of the clusters of the Tabula Muris Senis 
to the clusters of the steady-state BM, we calculated a correlation score 
for each considered cluster, considering the top 20 marker genes 
defined according to the top logFC. The average expression of each 
gene identified was calculated within the four groups, Tabula Muris 
Senis young (TM-Y), BM steady-state young (BM-Y), Tabula Muris Senis 
aged (TM-A), BM steady-state aged (BM-A), in the considered cluster. 
Pearson’s correlation between TM-Y and BM-Y and between TM-A and 
BM-A was evaluated by comparing the average expression levels of 
these 20 genes.

SCENIC analysis
Transcription factor analysis was conducted following the stand-
ard workflow of the SCENIC79 package (https://doi.org/10.1038/
nmeth.4463) in its R implementation (v.1.1.2), starting from the nor-
malized counts of blood stroke samples and using GENIE3 to retrieve 
coexpression networks.

Bulk RNA isolation, sequencing and analysis
The CD62LloCXCR2lo neutrophil enriched fraction was isolated with 
FACS Aria Fusion (BD Bioscience) and collected into 0.5% BSA/PBS, 
from blood of young and aged mice in steady state and 24 h post-
stroke. Pools of neutrophils from three mice were created for each 
group. RNA was isolated using ReliaPrep RNA Cell Miniprep System  
(Promega), according to the manufacturer’s instructions. Purified 
RNAs were quantified using the Agilent Bioanalyzer, RNA used had an 
RNA integrity number ≥ 7.

Libraries were prepared using SMART-Seq v.4 Ultra Low Input 
RNA Kit for Sequencing (Takara Bio) performing 17 cycles of amplifi-
cation, according to the manufacturer’s instructions. Sequencing was 
performed on a NextSeq500 machine (Illumina) obtaining 30 million 
single-end reads per sample on average. Reads were trimmed using 
Trimmomatic, v.0.32 to remove adapters and to exclude low-quality 
reads from the analysis. The remaining reads were then aligned to the 
reference genome mm10, Gencode v. M16, using STAR aligner, v.2.5.3a. 
FeatureCounts function from Rsubread package (v.1.16)80 was used to 
assign reads to the corresponding genes. Only genes with a count per 
million (CPM) value >1 in at least four samples were retained. Gene 
expression read counts were exported and analyzed in the R environ-
ment (v.3.1.1) to identify differentially expressed genes (DEGs), using 
the DESeq2 Bioconductor library81,82. DEGs for each comparison were 
defined setting a cutoff of FDR ≤ 0.05.

Preranked GSEA83 was performed for each comparison, on all the 
expressed genes. The gene sets included in the GSEA analyses were 
obtained from C2: Curated Gene Sets, Canonical Pathways subset, C5: 
Ontology Gene Sets, Biological Process and Molecular Function subsets 
collections and C3: Regulatory Target Gene Set, as are reported in the 
MSigDB database.

Tissue histological preparation and analysis
On the day of sacrifice, animals were weighed, deeply anesthetized 
and perfused transcardially with 25 ml of PBS (pH 7.4 with EDTA), 
followed by 25 ml of PFA4% in PBS. Brains were carefully dissected, 
postfixed overnight, cryoprotected in sucrose and embedded in 
tissue-freezing medium for cryostat sectioning. Frozen brains were 
cut into 20 µm-thick coronal cryostat sections.

Analysis of infarct size
For the measurement of the ischemic lesion volume, 20-µm-thick coro-
nal cryostat sections were sliced from 2 mm rostral to 4 mm caudal to 
the Bregma. One systematic random series of sections per mouse was 
stained with cresyl violet (Sigma), digitalized and analyzed with Image 
J (National Institutes of Health). The lesion area was measured for each 
reference level by the ‘indirect method,’ as previously described84.

For the representative three-dimensional (3D) volume rendering 
image, a representative brain per group was traced using the assistance 
of the Stereo Investigator v.3.0 software (MicroBrightField, Inc.)84,85. 
Images were first acquired with a CCD-IRIS color video camera and the 
cerebral hemispheres, lesioned area and ventricles were interactively 
delineated at low magnification on a video image of the section.

DHE staining
For DHE (Thermo Fisher, catalog no. D1168) staining, mice were intra-
peritoneally injected with 30 mg kg–1 of DHE 3 h before sacrifice and 
then processed as described above.

Immunofluorescence
Immunofluorescence labeling was performed as previously described85. 
Briefly, coronal brain sections (20 µm thickness) were incubated with 
blocking solution (10% secondary antibody species serum and Triton 
0.05-0.1% in PBS), for 1 h. Primary antibodies were diluted in blocking 
solution (1% secondary antibody species serum and Triton 0.05–0.1% in 
PBS, Sigma) and sections were incubated overnight at 4 °C with proper 
primary antibodies (detailed information is provided in the Reporting 
Summary). Adequate fluorophore-conjugated secondary antibodies 
(Thermo Fisher Scientific) were used. Omission of the primary antibod-
ies did not reveal any nonspecific labeling. Confocal (Leica SP5 and SP8 
equipped with ×40 and ×63 objectives; Leica, Germany) images were 
obtained for tissue analysis. Blood vessel were counterstained with 
Lycopersicon esculentum (tomato) lectin Dylight594 and 649 in PBS 
(Vector Laboratories).

NeuN+ neuronal cell quantification
Immunostained NeuN+ cells were counted in the perilesional areas of 
the cortex and striatum. Ischemic lesions were visible on microscopy 
because of signs of overt brain tissue damage and cell loss; the border-
line area was considered as perilesional area.

Detection of entrapped RBCs
At 6 h after reperfusion, mice were sacrificed and processed as 
described above. Extracted brains were postfixed in 4% PFA for 24 h and 
then embedded in paraffin; 6-µm-thick microtome sections were cut. 
Paraffin-embedded slices were deparaffinized in xylene and rehydrated 
in decreasing ethanol concentration solutions. Slides were incubated 
30 min in sodium borohydride (NaBH4, Merck, catalog no. 13462) 
0.2% in PBS at room temperature, washed twice in PBS. Vessels were 
counterstained with tomato lectin Dylight649 as described above15.

Detection of microvascular patency
At 6 h after reperfusion, mice were injected intravenously with 
200 mg kg–1 of HRP IV (Sigma, catalog no. P8375) in PBS 20 min 
before sacrifice and brains collected after sacrifice without any pre-
vious perfusion, as described15. Brains were processed as described 
above; 60-µm-thick cryostat sections were cut in free-floating. Image 
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analysis was performed with a brightfield Leica microscope connected to  
Neurolucida v.3.0 software (MicroBrightField Inc.). The number of 
microvascular constrictions was evaluated.

Peripheral blood smear preparation and analysis
Mouse peripheral blood smears were prepared using the coverslip 
method, as described86. Briefly, a drop of blood was placed at base 
of the slide, a second ‘spreader’ slide was placed at the base of the 
first to touch the drop of blood that was then smeared with the 
spreader87. Blood smears were then stained with May-Grunwald/
Giemsa as described86 and analyzed in brightfield microscopy with 
×40 magnification; 100 WBCs per slide were counted, about 1 mm 
away from the tail88.

Luminex assay
Mouse Luminex Screening Assay (R&D) was performed to measure 
G-CSF, CXCL1, M-CSF, GM-CSF, IL-6, CXCL10 and IL-17A in platelet-free 
plasma collected in basal conditions (0 h) and 48 h poststroke, accord-
ing to the manufacturer’s instructions.

ELISA for CXCL3
ELISA assay was performed to measure CXCL3 in human (Abcam) and 
mouse (Abcam) platelet-free plasma collected at day 3 after stroke 
(D3), or in steady state (0 h) and 48 h poststroke, according to the 
manufacturer’s instructions.

Quantification and statistical analysis
Investigator blinding to experimental conditions was applied and all 
statistical analyses were conducted using GraphPad Prism software 
(v.8).

A two-tailed Student’s t-test, Mann–Whitney U-test, one-way 
analysis of variance (ANOVA), two-way ANOVA, repeated-measures 
two-way ANOVA or mixed-effect model (restricted maximum likeli-
hood (REML)) when values were missing, and Chi-square test for cat-
egorical variables, as appropriate, were used for statistical analyses. 
Wilcoxon rank sum test was applied to calculate statistical differ-
ences among scRNA-seq scores. For human datasets, Mann–Whitney 
U-test was applied. ROC curves were used to assess the predictive 
value of leukocyte subtype counts for long-term functional outcome. 
Stepwise forward conditional logistic regression was employed for 
multivariate analysis.

For ANOVAs, Sidak or Original FDR method of Benjamini and 
Hochberg post hoc comparison were used. There are no missing data, 
animals were excluded as stated above if not exhibiting correct middle 
cerebral artery occlusion. Values are represented as mean ± s.e.m., with 
differences considered significant when P ≤ 0.05.

Automated population identification
First, we carried out FlowSOM clustering to generate a starting point of 
100 nodes using pr-processed and combined mass and flow cytometry 
datasets42,43. This was then followed by expert-guided manual meta-
clustering, using parameters listed in each figure legend. The respec-
tive k-value was chosen manually; identified clusters were annotated 
and merged based on a similarity of antigen expression to uphold 
the biological relevance of the dataset. Manually annotated clusters 
were used to calculate the relative frequencies of immune popula-
tions. Heatmaps display median expression levels of all markers per 
merged population and plotted using the R package ‘pheatmap’89. 
For human samples, we preselected CD66b expressing cells and per-
formed additional FlowSOM analysis to identify neutrophil subsets; 
to define CD62L low/high clusters we set median expression level at 
0.03. To define CD101 low/high clusters we set median expression  
level at 0.4.

For a complex overview of the immune/neutrophil compartment, 
we used UMAP90. To create a UMAP, we pooled an equally proportioned 

number of cells per group. To visualize a developmental trajectory of 
neutrophils we applied PHATE algorithm91.

Reporting summary
Further information on research design is available in the Nature  
Portfolio Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the 
corresponding author upon request. All sequencing data generated 
in this study have been deposited at NCBI’s Gene Expression Omnibus 
(GEO) repository and are accessible through GEO Series accession num-
ber GSE174440. Source data are provided with this paper. Further infor-
mation and requests for resources and reagents should be directed to 
and will be fulfilled by the Lead Contact, M. Bacigaluppi (bacigaluppi.
marco@hsr.it). This study did not generate new or unique reagents.

Code availability
Code that supports the findings of this study are available from the 
corresponding author upon request. All sequencing code generated 
in this study have been deposited at NCBI’s GEO repository and are 
accessible through GEO Series accession number GSE174440.
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Extended Data Fig. 1 | Worse stroke outcome in aged male and female mice. a, 
mNSS scores of young and aged male mice up to 7 days poststroke (n = 10 young, 
n = 6 aged, Mixed- effect Model, with Bonferroni post-hoc, one experiment, 
*p ≤ 0.05, **p ≤ 0.01). b, Kaplan-Meier survival curve showing mortality up to 
8 days poststroke (n = 10 young and n = 8 aged male mice, Mantel-Cox test, 
*p = 0.0341). c- e, Stroke in young (2–4 months) and aged (18–24 –months) female 
mice. c, mNSS of young (n = 7) and aged (n = 4) female mice measured with the 
mNSS at 24h poststroke (2-tailed, Mann-Whitney test, **p = 0.003) and Kaplan-
Meier survival curve up to 3days poststroke (n = 7 young, n = 5 aged female mice; 
Mantel-Cox test, **p = 0.0053). d, Staining for neurons (NeuN+ in brown) at 3 days 
poststroke and quantification of neurons (NeuN+) in the peri-lesional area (n = 7 

young, n = 5 aged female mice, ***p = 0.001). e, Quantification of ischemic volume 
by Cresyl Violet staining at 3 days poststroke (n = 7 young n = 8 aged female mice). 
f-i, Representative images, and density of DHE+ (in red) astrocytes (GFAP+, green 
in f), neurons (NeuN+, green in g), blood vessels (CD31+, green in h) and pericytes 
(PDGFRb+, green in i) in the peri-lesional area at 24h poststroke in male young 
and aged mice (n = 3 mice per group *p = 0.0358). Cell nuclei are stained in blue 
(DAPI). j, Representative confocal microscopy images of 3NT+ cells (in green) in 
the ischemic cortex, and density of 3NT+ cells in the ischemic area of young and 
aged mice at 3 days poststroke (n = 8 young, n = 4 aged mice, **p = 0.0094). In the 
scatterplots each dot corresponds to a single mouse; mean ± SEM is shown.  
Scale bar in d, f, g, h, i, j, 50µm. 2-tailed t-test if not otherwise indicated.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Aged mice with stroke have increased brain and blood 
neutrophils. UMAP displaying 17 resident and infiltrating immune cell subsets 
in the ischemic brain from young and aged mice at 24h poststroke analyzed by 
19-color flow cytometry. b, Frequency of immune cell subsets identified in a (as 
percentage among total CD45+ cells, n = 5 mice per group, *p ≤ 0.05, **p ≤ 0.01, 
****p ≤ 0.0001). c, Graph showing the number of eosinophils (SiglecF+) in the 
lesional and perilesional areas at 24h poststroke (n = 5 mice per group). d, UMAP 
of 18-color flow cytometry analysis of blood leukocytes in young and aged mice at 
steady state conditions (0h), at 6h and 24h poststroke (n = 5 mice per group).  

e, Heatmap showing the MAE values for the clustering markers for each cell 
cluster. f, Frequencies of blood leukocyte sub-populations among total 
CD45+ cells in young and aged mice (groups as in d, Mixed- effect Model, 
Benjamini-Hochberg post-hoc test; *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, one of 
two independent experiments is shown). In the scatterplots in b each dot 
corresponds to a single mouse; in f the boxes extend from the 25th to 75th 
percentiles, the midline denotes the median while whiskers plot min and max. 
Two tailed t-test if not otherwise indicated.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Neutrophil depletion and scRNAseq on blood 
leukocytes in stroke of the aged. a, Neutrophil depletion by intravenous 
injection of anti-Ly6G antibody(1A8) or isotype-control (iso) in aged mice (a-f); 
MCFC plots for blood CD11b+CXCR2+neutrophils (gated on CD45+7/4+cells) 
and quantification of neutrophils 1.5h after treatment (n = 4 mice/group, 
**p = 0.0048). b, LDF-recordings (n = 15 Aged+1A8, n = 13 Aged+iso, 2-ANOVA, 
Benjamini-Hochberg post-test, **p ≤ 0.01). c, Immunofluorescence images and 
quantification of capillaries (t.lectin+vessels, white) with entrapped erythrocytes 
(NaBH4+, red) in the peri-ischemic cortex at 6h poststroke (n = 4, Aged+1A8; n = 5 
Aged+iso, **p = 0.029). d, Representative images and density of 7/4+neutrophils 
(red). Stained are capillaries (t.lectin+, white) and nuclei (DAPI, blue) in the 
ischemic hemisphere at 3days poststroke (groups described in b, 2-way ANOVA, 
Sidak’s post-hoc test; n = 8 mice/group; pool of 2-independent experiments; 
***p = 0.0001, *p = 0.048). e, mNSS score (n = 12 Aged+iso, n = 11 Aged+1A8; data 
are pooled from 3-independent experiments, Mixed-Effect-Model, Bonferroni 
post-hoc test, *p = 0.0319 and *p = 0.038). f, Quantification of peri-ischemic 
NeuN+neurons at 3days poststroke (n = 7. Aged+iso; n = 9, Aged+1A8, *p = 0.0117, 
data pooled from 2-independent experiments), ischemic volume and edema 

(n = 11, Aged+iso; n = 12 Aged+1A8). Dots in scatterplots correspond to a 
single mouse; mean±SEM is shown. 2-tailed t-test if not otherwise indicated. 
Scale bar c, d, 25µm. g-n, Analysis of blood neutrophils at 24h poststroke by 
scRNAseq. g, Scatterplots of differentially expressed genes between neutrophil 
clusters (as in Fig. 3). h-j, Violin plots showing, h, neutrophil activation score, 
i, neutrophil aging-score (from genes reported in Xie et al.17). j, chemotaxis 
score for neutrophil cluster as in Fig. 3b. k, Heatmap showing row-scaled 
expression of granule-related genes and related l, violin plots of azurophil, 
specific, gelatinase and secretory scores for neutrophil clusters (as in Fig. 3b). 
In h, i, j, l Bonferroni-corrected Wilcoxon rank sum test, *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001; ****p ≤ 0.0001. All comparisons in Supplementary Table 3; boxes in 
violin plots extend from the 25th-75th percentiles, midline at median. m, n, UMAPs 
showing the weighted average expression for the signature of NADPH Oxidase, 
Neutrophil activation, ROS Production and NETs associated genes (as in Fig. 3b) 
corresponding to violin plots shown in Extended Data Fig. 3h and Fig. 3l, m. In n 
the correlations between the functional scores within the cluster scNeu1 (as in 
Fig. 3b) are shown.
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Extended Data Fig. 4 | See next page for caption.

http://www.nature.com/natureimmunology


Nature Immunology

Article https://doi.org/10.1038/s41590-023-01505-1

Extended Data Fig. 4 | Neutrophil subsets in the blood, brain and BM of young 
and aged stroke mice. a, Quantification of circulating neutrophil subsets by 
18-color MCFC at 0h, 6h and 24h poststroke, (n = 4 to 6 mice/group/ timepoint, 
2-ANOVA, Bonferroni-post-hoc test, **p ≤ 0.01; ****p≤0.0001). b, Heatmap 
displaying the median antigen intensity in blood neutrophil clusters analyzed by 
MCFC at 24h poststroke and dotplot showing the scaled expression of selected 
genes, corresponding to markers of MCFC, of the scRNAseq stroke blood 
neutrophil subsets at 24h poststroke (neutrophil subsets from Fig. 3). The table 
shows the nomenclature and marker antigens and genes for major neutrophil 
subsets and GSVA based comparison (shown in Fig. 3g) with the nomenclature 
used by Xie et al.17. c, Histograms, and barplots showing the median fluorescence 
intensity (MFI) of CD177, CD11b and CD101 on neutrophils infiltrating the 
ischemic lesion analyzed by MCFC at 24h poststroke in young and aged mice 
(n = 5 mice/group, 2-tailed, Wilcoxon Mann-Whitney, *p = 0.031, **p = 0.0079, 

each dot corresponds to a single mouse). d, Representative IF images of CD177, 
CD101 or CD14 (in red) on neutrophils (Ly6G+in green, or white and 7/4+ in white) 
infiltrating the ischemic lesion of aged mice at 24h poststroke (blood vessels, 
stained by t-lectin, white) Scale bar, 25µm. e, Quantification of neutrophils and 
progenitors in the BM by MCFC at 0h and 24h poststroke of young and aged 
mice (n = 4- 6 mice per group per timepoint, 2-ANOVA Bonferroni post-hoc test; 
*p ≤ 0.05; **p ≤ 0.01; ****p≤0.0001). f, Barplots showing frequencies among 
mature BM neutrophils or BM neutrophil at 6h poststroke (n = 3 young and 4 
aged mice, 2-tailed t-test, *p ≤ 0.05). g, ELISA for selected blood cytokines and 
chemokines at 0h and 48h poststroke; (n = 5 to 7 mice per group per timepoint, 
2-ANOVA Bonferroni post-hoc test *p ≤ 0.05; **p≤0.01, ***p ≤ 0.001; §p≤0.055). In 
a, c, e and g, the box extends from the 25th- 75th percentiles, midline at median, 
whiskers plot min and max.
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Extended Data Fig. 5 | MCFC analysis of BM hematopoietic stem cells and 
progenitors after stroke. a, 18-color MCFC analysis of live CD45+Lin-Ly6G- 
CD11b-ckit+ BM progenitor cells from young and aged mice at steady-state (0h) 
and 24h poststroke (n = 6young, n = 4 aged at 0h; n = 6 mice per group at 24h). 
Shown is the PHATE-algorithm based map showing BM progenitor clustering.  
b, Individual PHATE plots are overlaid with the clustering markers from the panel 

and c, corresponding quantification (groups as in a). The box plots extend from 
the 25th to 75th percentiles, the midline denotes the median while whiskers plot 
min and max, each dot corresponds to a single mouse (n = 4 to 6 mice per group 
per timepoint). 2-ANOVA, Benjamini-Hochberg post-hoc test *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001, ****p ≤ 0.0001.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | scRNAseq of BM and blood granulopoiesis of young 
and aged mice at steady-state and after stroke. Integrated analysis of 
scRNAseq datasets of blood and BM cells from young (2-4months) and aged 
(18–24 months) male mice at steady state (0h) and 24h poststroke. a, Combined 
UMAP of the extracted neutrophil and neutrophil precursor subsets (total of 
18’154 cells, see Supplementary Fig. 2, Supplementary Table 4) from blood and 
BM (see inset) of young and aged male mice at steady state and 24h poststroke 
colored by Seurat guided cluster identity. In brackets the inferred neutrophil 
population name following the nomenclature of Xie et al.17. b. The Blood and 
BM neutrophil precursors and neutrophil subsets shown in panel a, are here 
displayed divided for condition (steady state or 24h poststroke) and for age 
(young and aged mice). c, Dot plot for scaled expression of the gene signature 
for each neutrophil and neutrophil progenitor cluster (as in a). d, GSVA based 

comparison of the indicated neutrophil seurat clusters (as in a) with scRNA-seq-
defined neutrophil populations reported by Xie et al.17 (HSPC, G0 to G5); GSVA 
score calculated on the list of top genes expressed per cluster75. The score of 
indicated defined clusters (HSPC, G0-G5) for each group of neutrophil subsets 
is shown (cluster 4, cMOP, is not computed). e, Graphs showing the proportion 
of cells for each cluster in young or aged mice, for the blood or BM at steady 
state and 24h poststroke (cluster 4, cMOP, not computed). f, Projection of 
pseudo-time generated with Monocle version 3 to infer the potential lineage 
differentiation trajectory onto the combined UMAP; the selected starting point 
is cluster 14 (HSPC). g, Expression of selected genes along pseudotime for 
granulocyte differentiation (Cluster 14, 6, 3, 9, 12, 10, 7, 8, 2, 0, 13, 1, 5) either at 
steady state or at 24h poststroke in young and aged mice.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Differentially expressed genes of granulopoietic 
clusters in the BM and blood among young and aged mice. a, b, Heatmap 
showing the log2 [fold change] of selected differential expressed genes of aged 
over young mice in steady state (a) and 24h poststroke (b) for each main cluster of 
the BM (similar clusters have been computed together, 9 and 12 (G1) and 7 and 10 
(G2)). Genes are marked with an asterisk if their expression changed significantly, 
as identified by 2-tailed t-test, Bonferroni-corrected p value, *p ≤ 0.05). c, Dotplot 
showing the scaled expression of signature genes for each cluster in the BM 24h 
poststroke in young (Y) and aged (A) mice, colored by the average expression of 
each gene in each cluster scaled across the indicated clusters (as in a). Dot size 
represents the percentage of cells in each cluster with more than one read of the 

corresponding gene. d, Projection of the stem-score, proliferation-score and 
G-CSF score signatures33 onto the combined UMAP (as in Extended Data Fig. 6a) 
comprehending blood and BM neutrophils and neutrophil progenitors of young 
and aged mice at steady state and 24h poststroke. The dotplots displayed below 
each score report for HSPC (cluster 14), G0_CMP (cluster 6), G0_GMP (cluster 3),  
G1 (cluster 9 and 12) and G2 (cluster 7 and 10) and G3 (cluster 8) the mean 
signature score. e, Scatterplots showing the differentially expressed genes in the 
blood of aged stroke mice compared to young stroke mice within the four mostly 
represented neutrophil clusters of the blood (cluster 2, 0, 1, 5 as in Extended Data 
Fig. 6a). Colored dots display an adjusted p- value p≤0.05, as identified by 2-tailed 
t-test, Bonferroni-corrected p value *p ≤ 0.05.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Neutrophils’ functional assays and heterochronic 
neutrophil transfer in stroke. a, ROS production by blood neutrophil subsets 
(as defined in Fig. 4) in young and aged mice 24h poststroke assessed by MCFC.  
b, Phagocytosis of GFP+ E. coli by mature BM neutrophil subsets in young and 
aged mice. c, Neutrophil-platelet aggregates (NPAs) (Ly6G+ CD41+ cells) in the 
blood at 24h poststroke. d, Representative MCFC-plots for NPA in Neu3a  
and quantification of NPAs among neutrophils. e, NETting neutrophils 
(citH3+MPO+ cells) in the blood of young and aged mice at 24h poststroke.  
f, Representative MCFC plots of the NETting Neu2 subset and frequencies of 
citH3+MPO+NETting neutrophils subsets. In a-f n = 4 to 5 mice/group). g, MCFC 
plots of CD62LhiCXCR4lo and CD62LloCXCR4hi gated either on Ly6G+CD101+ or 
on Ly6G+CD101lo blood neutrophils of young and aged mice 24h poststroke. 
Microscopy images of sorted neutrophils stained by May-Grunwald/Giemsa. 
h, Quantification of neutrophils, band cells and hypersegmented neutrophils, 
on blood smears of young and aged mice at 0h, 1h, 24h poststroke (insets are 
May-Grünwald/Giemsa stained cells, n = 3 to 15 mice per group per timepoint). 
In h, the box extends from the 25th - 75th percentiles, midline at median, whiskers 
plot min and max. In a, b, d, f, h 2-ANOVA, Sidak’s post-hoc test, in c, e two-tailed 
t-test. *p ≤ 0.05; **p ≤ 0.01. i-j, MCFC at 48h post-stroke on the inflammatory 
brain infiltrate of CD45.1+ young recipients intravenously transferred with BM 
neutrophils from young or aged CD45.2+ donors. i, MCFC plots of inflammatory 

cells within the ipsilateral (ipsi) and contralateral (contra) hemispheres and 
quantification (n = 4 mice per group, contra-hemispheres were pooled in groups 
of two). j, Representative immunofluorescence image of labeled (CellTracker+ 
cells, green) aged-donor neutrophils (Ly6G+, red) in the ischemic lesion of young 
stroke recipients. Blood vessels (t.lectin+, white). k-m, Adoptive intravenous 
transfer of blood leukocytes from young(YtoY) or aged (AtoY) or aged donors 
with neutrophil depleted leukocytes(AnoNEUtoY) at 24h poststroke to young 
stroke recipients. k, LDF-recordings, l, mNSS-score, m, quantification of peri-
ischemic NeuN+neurons, ischemic volume and edema at 72h poststroke. In k, l, 
2-ANOVA, Tukey post-hoc test; m, 1-ANOVA, Tukey post-hoc test; n = 6 YtoY, n = 6 
AtoA, n = 5 AnoNEUtoY, except in k n = 4 mice; *p ≤ 0.05; **p ≤ 0.01. n-o, Adoptive 
intravenous-transfer of neutrophils from wild-type donors (NtoY), or PEdKO 
donors (NKOtoY), or neutrophil-depleted PEdKO donors (NKO+𝜶Gr-1toY) into 
young stroke mice. n, MCFC plots of transferred cells; LDF-recordings and mNSS-
score and o, immunofluorescence-images and quantification of peri-ischemic 
NeuN+neurons (green), and ischemic volume evaluation at 3 days poststroke. 
(n = 5 to 6 NtoY, n = 5 to 6 NKOtoY and n = 4 NKO+𝜶Gr-1toY). In n 2-ANOVA, Tukey 
post-hoc test; in o, 1-ANOVA, Tukey post hoc test; *p ≤ 0.05; ***p ≤ 0.001. In the 
scatterplots each dot corresponds to a single mouse; mean±SEM is shown. Scale 
bar, h, 5µm, j, o, 50µm. Nuclei (DAPI, blue).
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | CXCL3 worsens stroke outcome. a, GSEA-enrichment 
curve for IL8 and CXCR2 signaling in aged over young mice at 24h poststroke 
calculated on bulk RNA-seq data (Fig. 7) and violin plot showing CXCR2 signature 
score in scRNAseq neutrophil subsets (as in Fig. 3b). b, Bar graphs of CD62L, 
CXCR4, CXCR2 and CD11b MCFC-based MFI on blood neutrophils after in vitro 
CXCL3 (or vehicle) stimulation (2-tailed t-test; n = 4 mice/group, *p ≤ 0.05) and 
c, histograms. d-g, In vivo intravenous injection of CXCL3 (or vehicle) in young 
mice. d, Analysis of total blood neutrophils 2h post-injection, e, representative 
MCFC plots, f, quantification of neutrophil subsets (as in Fig. 4d). In d-g n = 5 to 
6 mice per group; one of three independent experiments is shown; two-tailed 
t-test; ***p ≤ 0.001, **p ≤ 0.01,. h-k, In vivo intravenous injection of CXCL3 (or 
vehicle) to young mice and stroke induction. h, LDF-recordings (n = 9 vehicle vs 
n = 8 CXCL3, 2-ANOVA, Benjamin-Hochberg post hoc test), i, mNSS-score, and 
j, quantification of peri-ischemic NeuN+neurons and ischemic volume 3 days 
poststroke. k, Immunofluorescence images and quantification of perilesional 
Ly6G+neutrophils (green) at 3 days poststroke. Blood vessels (t.lectin+, red), 
nuclei (DAPI, blue). In i-k, n = 5 to 8 mice per group, two-tailed t-test except 

for mNSS, 2-ANOVA, Sidak’s post hoc test. l-p, In vivo intraperitoneal injection 
of anti-CXCL3 antibody (A+αCXCL3) or isotype (A+isotype) in aged mice 
undergoing stroke. l, LDF (n = 9 A+isotype; n = 8, A+αCXCL3, 2-ANOVA, Benjamin-
Hochberg post hoc test), m, mNSS-score and n, quantification of peri-ischemic 
NeuN+neurons, o, ischemic volume and edema at 3 days poststroke.  
p, Quantification of perilesional Ly6G+neutrophils 3days poststroke. In m-p,  
n = 5 mice per group, 2-tailed t-test, except for mNSS, Mixed-effects model,  
Holm-Sidak’s post hoc test. q-u, Adoptive transfer of BM neutrophils from 
aged donors into young mice with stroke, pre-treated with anti-CXCL3 
(AtoY+αCXCL3). The control groups YtoY and AtoY are reported from Fig. 6c.  
q, LDF, r, mNSS-score and s, quantification of peri-ischemic NeuN+neurons,  
t, ischemic volume, and edema. u, Quantification of perilesional Ly6G+ 
neutrophils at 3days poststroke. n = 5 to 8 mice per group; 1-ANOVA, Tukey post-
hoc test; for mNSS, Mixed-effects model, Sidak’s post hoc test; for LDF, 2-ANOVA 
Tukey post-hoc test. Dots in scatterplots corresponds to a single mouse; 
mean±SEM is shown. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Leukocytes subsets in young and old stroke patients. 
a-d. Mass cytometry analysis of blood leukocytes (groups as in Fig. 8a).  
a, Representative UMAP map showing the FlowSOM-guided meta-clustering of 
blood leukocytes. b, Heatmap displaying the MAE of markers used to generate 
the UMAP. c, Bar graphs showing frequencies of leukocyte subsets, and donut 
graphs of non-neutrophil leukocytes in MC and in SP at the indicated timepoints. 
d, Violin plots displaying quantifications of circulating leukocytes in MC and in 
SP at D1, D3 and D7 after stroke. e, Flow cytometry analyis of total white blood 
cells (WBCs), neutrophils, lymphocytes, and neutrophil-to-lymphocytes ratio 
(NLR) (groups as in Fig. 8f). f, Average thrombogram of control conditions for 
tissue factor-triggered thrombin generation in FV and FVIII-deficient plasma 
(depleted), in normal pool plasma (NPP), in mixtures of factor V and VIII-deficient 

plasma and NPP with final factor V and VIII concentrations of 1% and 0.5% 
(NPP0.5% and NPP 1%), and ellagic acid-triggered thrombin generation in factor 
V and VIII-deficient plasma (depleted_FSL). No ellagic acid-triggered thrombin 
generation was observed in factor V and VIII-deficient plasma-neutrophils 
mixtures (any neutrophil preparation). Thrombin generation did not occur with a 
reagent containing phospholipid vesicles in the absence of tissue factor.  
g, Representative flow cytometry plots of purified human neutrophils. In  
d, e 2-tailed multiple Mann-Whitney Wilcoxon test; *refers to comparisons 
between young-SP and old-SP. For comparison of young-SP or old-SP with 
respectively young-MC or old-MC Kruskall-Wallis with Dunn’s post-hoc test: 
^refers to comparisons with MC-young; # refers to comparisons with MC-old; 
*,^,#p ≤ 0.05, **,^^,## p ≤ 0.01, ***,^^^,### p ≤ 0.001, ****,#### p ≤ 0.0001.
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Reporting Summary
Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Flow cytometry data: BD FACSCanto™ II; BD FACSymphony™ A5; FACS Diva Software v9.1. 
BD FACSAria™ Fusion cell sorter 
Mass cytometry: Fluidigm Helios CyTOF2  
Immunofluorescence: Leica SP8 FALCON confocal microscope equipped with a white-light laser; Leica SP5 confocal microscope. 
10X Genomics Chromium Single Cell RNA Sequencing: mouse cells were sorted using BD FACSAria™ Fusion cell sorted and loaded on the 10X 
chip. Libraries were prepared according to the manufacturer's instructions (Chromium Single Cell 3' Reagent Kit v2 (PN-120235) and v3.1 
(PN-1000269)) and sequenced on an Illumina NextSeq500 and an Illumina NovaSeq6000 instruments. 
ELISA: microplate reader 
Certified emocytometer for mouse white blood cells counts: ProCyte Dx, Idexx Laboratories. 
Measurement of thrombin generation: Fluoroskan Ascent plate reader (Thermo Fisher Scientific).

Data analysis Flow cytometry data:  
FlowJo software (v10, TreeStar Inc) 
Prism software (GraphPad v8.2.0) 
R-studio (v3.6.1). Mapping and clustering were performed using FlowSOM algorithm. 
 
Mass cytometry data:  
raw mass cytometry data were normalized using the MATLAB version of the Normalizer tool. The normalized data containing living cells from 
every individual patient were manually exported from FlowJo Software (Tree Star) and imported into R studio of R using the R packages 
“flowCore” and “flowWorkspaceData” (R Foundation for Statistical Computing). 
 
Measurement of thrombin generation: 
Hemker ThrombinoscopeTM Software (Version 3.0.0.29, Thrombinoscope BV, Maastricht, The Netherlands)  
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10X Genomics Chromium Single Cell RNA Sequencing:  
Cell Ranger (v2.1.1 ), R (v3.6.0, R v.4.0.3), Seurat (v2.3.1) for myeloid cells; Seurat (v3.2.1) for blood stroke neutrophils analysis. Seurat (v. 
4.30) for integrated analysis on blood and bone marrow in steady state and stroke conditions and for integrated analysis on bone marrow 
steady state and Tabula Muris Senis datasets. Monocle3 (v.3.0.2.2) Bioconductor package for trajectory analysis on BM datasets.  
SCENIC package (https://doi.org/10.1038/nmeth.4463)  in R (v1.1.2). 
 
Imaging: Adobe Photoshop CS4 software (Adobe Systems Incorporated, CA 95110, USA); ImageJ (NIH software); Neurolucida v3.0 software 
(MicroBrightField Inc., Colchester, VT, USA).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

All sequencing data generated in this study have been deposited at NCBI’s Gene Expression Omnibus (GEO) repository and are accessible through GEO Series 
accession number (GSE174440). The link will be publicly available at the time of publication. 
 
As stated in the manuscript other data are available from the corresponding author upon request.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size The sample size in flow cytometry experiments was greater than or equal to 3 mice per group.  
More than 1500 cells per sample were sequenced using the 10X Genomics Chromium system. Details are provided in the figure legends and 
method section. Sample size was predetermined for behavioral and lesion volume comparison; no statistical methods were used to 
predetermine sample size for other measures. We based sample sizes on the experience and the literature (e.g. Xie et al., Nat Imm, 2020). 
For behavioural experiments to establish the sample size we used the G-power v3.1.9.4 (Heinrich-Heine-Universität Düsseldorf) with 2-tailed 
statistical test, with 80% of power and 5% of alpha error. From the analysis we obtained n=5-8 mice per group depending on the calculated 
effect size. 

Data exclusions Only animals without overt sign of inflammation such as signs of scratches on the skin, and with no overt skin lesions were included in the 
study. Animals with major technical complications during ischemic stroke surgery were excluded. 
For scRNAseq data analysis, event exclusion was done on the basis of QC control and reported in methods. 

Replication All experiments were successfully replicated at least two times. Experiments were repeated and verified for reproducibility. The number of 
experiments was stated in the figure legends. ELISA analysis was performed once, since in a single plate we could load technical and biological 
replicates, as well as samples deriving from independent experiments. ScRNAseq and bulk RNAseq analysis were performed once, since we 
applied and compared results from multiple methods, such as multicolor flow cytometry and comparison with other published datasets, that 
confirmed our scRNAseq data and experimental hypothesis.

Randomization In our experiments we used young or aged mice that were allocated randomly to the treatment group; different groups/ treatments were 
randomly distributed within cages reducing possible biases; we used male mice which a similar age, within the group of young or aged, and 
allocated them randomly to the treatment group. During experiments analysis was performed randomly between treatment groups. We also 
used for selected experiments female mice (young and aged) randomly distributed within cages reducing possible biases.

Blinding Behavioral tests were performed by a researcher blinded to the treatment group. All data acquisition and analysis using processed samples 
and data were done blinded for treatment group.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 



3

nature portfolio  |  reporting sum
m

ary
M

arch 2021
Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Flow cytometry:  

Mouse: BUV805 Rat anti-Mouse CD3 molecular complex (clone 17A2), 1:200, BD Biosciences Cat#741982; PE-Cy7 Hamster anti-
Mouse CD3e (clone 145-2C11), 1:400, BD Biosciences Cat#552774;Alexa Fluor700 Rat anti-Mouse CD4 ( clone GK1.5), 1:400, 
Biolegend Cat#100429; BV650 Rat anti-Mouse CD4 (clone GK1.5), 1:400, Biolegend Cat#100469; BV510 Rat anti-Mouse CD8a (clone 
53-6.7), 1:300, BD Biosciences Cat#563068; BUV737 Rat anti-Mouse CD11b ( clone M1/70), 1:200, BD Biosciences Cat#612800; 
BV421 Rat anti-Mouse CD11b (clone M1/70), 1:300, BD Biosciences Cat#562605; PE-Cy5.5 Armenian Hamster anti-Mouse CD11c 
(clone N418), 1:400, eBioscience Cat#35-0114-82; Super Bright 645 Rat anti-Mouse CD14 (clone Sa2-8), 1:200, eBioscience 
Cat#64-0141-82; BV711 Rat anti-Mouse CD16/32 (clone 93), 1:200, Biolegend Cat#101337; PE-Cy7 Rat anti-Mouse CD19 (clone 1D3), 
1:400, BD Biosciences Cat#552854; Alexa Fluor 700 Rat anti- Mouse CD24 (clone M1/69), 1:300, Biolegend Cat#101835; BV421 Rat 
anti-Mouse CD34 (clone SA376A4), 1:200, Biolegend Cat#152208; FITC Rat anti-Mouse/Human CD44 (clone IM7), 1:200, Biolegend 
Cat#103006; PE Rat anti-Mouse/Human CD44 (Monoclonal; clone IM7), 1:200, Biolegend Cat#103007;  
BV510 Rat anti-Mouse CD45 (clone 30-F11), 1:400,  Biolegend Cat#103138; BUV395 Rat anti-Mouse CD45 (clone 30-F11), 1:400, BD 
Biosciences Cat#564279; BUV661 Rat anti-Mouse CD45R/B220 (clone RA3-6B2), 1:200, BD Biosciences Cat#612972; PE-Cy7 Rat anti-
Mouse CD45R/B220 (clone RA3-6B2), 1:200, Biolegend Cat#103222; PE Mouse anti-Mouse CD45.1 (clone A20), 1:200, BD Biosciences 
Cat#553776; Pacific Blue Mouse anti-Mouse CD45.2 (clone 104), 1:300, Biolegend  Cat#109819; Alexa Fluor700 Armenian Hamster 
anti-Mouse CD48 (clone HM48-1), 1:100, Biolegend Cat#103425; PE-Cy7 Rat anti-Mouse CD49b (pan-NK cells) (clone DX5), 1:200 
Biolegend Cat#108922; PE/Dazzle Rat anti-Mouse CD49d (clone R1-2), 1:200, Biolegend  Cat#103625; FITC Rat anti-Mouse CD53 
(clone OX-79), 1:200, Biolegend Cat#124705; PerCP-Cy5.5 Rat anti-Mouse CD54 (ICAM-1) (clone YN1/1.7.4), 1:200, Biolegend 
Cat#116124; BV711 Armenian Hamster anti-Mouse CD61 (clone 2C9.G2), 1:200, BD Biosciences Cat#740677; APC Rat anti-Mouse 
CD62L (L-selectin) (clone MEL-14), 1:200, BD Biosciences Cat#553152; BUV805 Rat anti-Mouse CD62L (L-selectin) (clone MEL-14), 
1:200, BD Biosciences Cat#741924; BV711 Mouse anti-Mouse CD64 (clone X54-C/7.1), 1:200, Biolegend Cat#139311; PE Rat anti-
Mouse CD101 (clone Moushi101), 1:300, eBioscience Cat#12-1011-82; PE-Cy7 Rat anti-Mouse CD101 (clone Moushi101), 1:300, 
eBioscience Cat#25-1011-82; BV605 Rat anti-Mouse CD115 (CSF-1R) (clone AFS98), 1:100, Biolegend Cat#135517;  
PE-eFluor610 Rat anti-Mouse CD117 (c-kit) (clone 2B8), 1:200, eBioscience Cat#61-1171-82; Alexa Fluor647 Rat anti-Mouse CD127 
(IL-Ra) (clone A7R34), 1:100, Biolegend Cat#135020; Biotin Rat anti-Mouse CD135 (clone A2F10), 1:100, Biolegend Cat#135307;  
BV785 Rat anti-Mouse CD150 (clone TC15-12F12.2), 1:100, Biolegend Cat#115937; Alexa Fluor647 Rabbit anti-Mouse CD177 (clone 
1171A), 1:100, R&D Systems Cat# FAB8186R; BUV805 Rat anti-Mouse CD182 (CXCR2) (clone V48-2310), 1:200 BD Biosciences 
Cat#748679;  
BV510 Rat anti-Mouse CD182 (CXCR2) (clone V48-2310),1:200, BD Biosciences Cat#747815; PE Rat anti-Mouse CD184 (CXCR4) 
(Monoclonal; clone 2B11) , 1:100, eBioscience Cat#12-9991-82;Biotin Rat anti-Mouse F4/80 (clone Cl:A3-1), 1:100, Bio Rad Cat# 
MCA497BB; 
BV605 Rat anti-Mouse Ly6C (clone HK1.4), 1:400, Biolegend Cat#128036; BV711 Rat anti-Mouse Ly6C (clone HK1.4), 1:400, Biolegend 
Cat#128037;  
BUV563 Rat anti-Mouse Ly6G (clone 1A8), 1:200, BD Biosciences Cat#612921; FITC Rat anti-Mouse Ly6G (Monoclonal; clone 1A8), 
1:200, BD Biosciences Cat#551460; PerCP-Cy5.5 Rat anti-Mouse Ly6G (clone 1A8), 1:200, BD Biosciences Cat#560602; PE-Cy7 Rat 
anti-Mouse MERTK (clone DS5MMER), 1:100, eBioscience Cat#25-5751-82; BB700 Rat anti-Mouse MHCII (Monoclonal; clone 
M5/114.15.2), 1:300, BD Biosciences Cat#746197; BV786 Mouse anti-Mouse NK1.1 (clone PK136), 1:100, BD Biosciences 
Cat#740853; PE-CF594 Rat anti-Mouse CD170 (SiglecF) (clone E50-2440), 1:200, BD Biosciences Cat#562757; Super Bright436 Rat 
anti-Mouse CD170 (SiglecF) (clone 1RNM44N), 1:200, eBioscience Cat#62-1702-82; APC-Cy7 Rat anti-Mouse Ly-6A/E (Sca-1) (clone 
D7), 1:200, BD Biosciences Cat#560654; PE-Cy7 Rat anti-Mouse TER-119 (clone TER-119), 1:400, Biolegend Cat#116222, FITC anti- 
mouse MPO (Abcam, ab90812), 1:50, FITC Rat-anti mouse CD41 (clone MWReg30), 1:200, Biolegend, Cat#133903. 
Human: APC-Cy7 Mouse anti-Human CD11b (clone ICRF44), 1:200, Biolegend Cat#301342;Pacific Blue Mouse anti-Human CD14 
(Monoclonal; clone HCD14), 1:100, Biolegend Cat#325616; FITC Mouse anti-Human CD15 (clone HI98), 1:100, Biolegend 
Cat#301904; PE-Cy7 Mouse anti-Human CD16 (clone 3G8), 1:200, Biolegend Cat#302016; BV510 Mouse anti-Human CD45 (clone 
2D1), 1:100, Biolegend Cat#368526; PerCP-Cy5.5 Mouse anti-Human CD62L (clone DREG-56), 1:200, Biolegend Cat#304824; APC 
Mouse anti-Human CD182 (CXCR2) (clone 5E8), 1:200, Biolegend Cat#320710; PE Mouse anti-Human CD184 (CXCR4) (clone 12G5), 
1:100, Biolegend Cat#306506; PE Mouse anti-Human CD61 (clone VI-PL2), 1:200, Biolegend Cat#336405. 
 
For mass cytometry: 89 Y anti-Human CD45 (clone HI30), 1:100, Fluidigm Cat#3089003; Purified anti-human CD45 (Maxpar® Ready) 
Antibody, 1:100, Biolegend Cat#304045; 141 Pr anti-Human CD49d (clone 9F10), 1:200, Fluidigm Cat#3141004B; Nd anti-Human 
CD19 (clone HIB19), 1:200, Fluidigm Cat#3142001; Purified anti-Human CD11b activated (clone CBRM1/5), 1:200, Biolegend 
Cat#301402; Purified anti-Human CD47 (clone B6H12), 1:100 ,BD Cat#556044;  
146 Nd anti-Human CD64 (clone FCGR1A / CD64), 1:100, Fluidigm Cat#3146006B; 147 Sm anti-Human CD11c (clone BU15), 1:300 
Biolegend; Nd anti-Human CXCR2 (Monoclonal; clone 5E8/CXCR2), Biolegend; 148 Nd anti-Human CD34 (clone 581), 1:100, Fluidigm 
Cat#3148001B; Purified anti-Human CD35/CR1 (clone E11), 1:75 Biolegend Cat#333402; purified anti-Human CD41 (clone HIP8), 
1:200, Biolegend; 151 Eu anti-Human CD123 (clone 6H6), 1:100, Fluidigm Cat#3151001B; 
152 Sm anti-Human CD66b (clone G10F5), 1:100, Fluidigm Cat#3152011B; 153 Eu anti-Human CD101 (clone BB27) Biolegend; 
154 Sm anti-Human CD3 (Monoclonal; clone UCHT-1), 1:200, Fluidigm Cat#3154003; Purified anti-Human CD177 (clone MEM-166), 
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1:100, Biolegend Cat#315802; Purified anti-Human PD-L1 (clone 29E.2A3), 1:200, Biolegend Cat#329715; 158 Gd anti-Human CD10 
(clone HI10a), 1:200, Fluidigm Cat#3158011B; Purified anti-Human CD71 (clone CY1G4), 1:300, Biolegend Cat#334102; Purified anti-
Human CD14 (clone M5E2), 1:200, Biolegend Cat#301801; Purified anti-Human CD15 (clone W6D3), 1:75, Biolegend Cat#323002; 
Purified anti-Human CD62L (clone FMC46), 1:100, Bio-Rad Cat#MCA1076G; 163 Dy anti-Human CD172a/b (clone SE5A5), 1:200, 
Fluidigm Cat#3163017B; Purified ICAM-1/CD54 (clone 14C11) Thermo Fisher Cat#MA5-23794; 165 Dy anti-Human CD16 (clone 3G8) 
Fluidigm; 166 Er anti-Human CD24 (clone ML5), 1:100, Fluidigm Cat#3166007B; 167 Er anti-Human CD38 (clone HIT2), 1:100, 
Fluidigm Cat#3167001B; 168 Er anti-Human Ki67 (clone B56), 1:200, BD Biosciences, 
169 Tm anti-Human CD33 (clone WM53), 1:300, Fluidigm Cat#3169010B; Purified anti-Human CD117 (clone 104D2), 1:100, 
Biolegend Cat#313201; Purified anti-Human Siglec 8 (clone 7C9), 1:100, Biolegend Cat#347102; Purified anti-Human Basophils (clone 
2D7), 1:200. Biolegend Cat#346202; Purified anti-Human CD88 (clone C5aR), 1:200, Biolegend Cat#344302; 174 Yb anti-Human HLA-
DR (clone L243), 1:100, Fluidigm Cat#3174023D; 175 Lu CXCR4 (clone 12G5) , 1:100, Fluidigm Cat#3175001B; Purified CD56 (clone 
NCAM16), 1:100,  BD Cat#559043; 191 Ir anti-Human DNA1, 1:3000, Fluidigm, Cat#201192A; 193 Ir anti-Human DNA2, 1:3000, 
Fluidigm, Cat#201192A; 209 Bi anti-Human CD11b (clone ICRF44), 1:200, Fluidigm Cat#3209003B. 
 
For in vivo treatment: In vivo plus Rat anti-Mouse Ly6G (clone 1A8), BioXcell Cat#BP0075-1; In vivoMAb Rat IgG2b isotype control 
BioXcell Cat#BE0090; In vivoMAb anti-Mouse Ly6G/Ly6C (Gr-1) (clone RB6-8C5) BioXcell Cat#BE0075. Sheep anti mouse CXCL3 
polyclonal antibody, Thermo Fisher, Cat#PA5-47756. 
 
For immunofluorescence: Rat anti-CD31, 1:100, BD Biosciences, Cat#550274; Rat anti-CD45, 1:100, BD Biosciences, Cat#550539; 
Rabbit anti-Cleaved Caspase 3, 1:100, Cell Signaling, Cat#9661L; Rabbit anti-Fibrinogen, 1:300, Dako, Cat# A0080; Rabbit anti-citH3, 
1:300,  Abcam, Cat#ab5103; Rat anti-Ly6G, 1:100, BD Biosciences, Cat#551459; Mouse anti-NeuN, 1:100, Merck-Millipore, 
Cat#MAB377; Rabbit anti-Nitrotyrosine, 1:100, Merck-Millipore, Cat#06-284; Rat anti-ICAM-1, 1:200, Biolegend, Cat#116101; Goat 
anti-MPO, 1:200, R&D Systems, Cat#AF3667; Goat anti-PDGFRbeta, 1:100, R&D Systems Cat#AF1042; Rat anti-7/4, 1:100, Abcam, 
Cat#ab53453. Secondary antibodies: Goat anti-Rabbit IgG (H+L) Alexa Fluor 488, 1:500, Thermofisher Scientific, Cat#-11008; Goat 
anti-Rat IgG (H+L) Alexa Fluor 546, 1:500, Thermofisher Scientific, Cat#A-11081; Goat anti-Mouse IgG (H+L) Alexa Fluor 488, 1:500, 
Thermofisher Scientific, Cat# A-11001; Donkey anti-Goat IgG (H+L) Alexa Fluor 488, 1:500, Thermofisher Scientific, Cat#A-11055; 
Goat anti-Rabbit IgG (H+L) Alexa Fluor™ 633, 1:500, Thermofisher Scientific, Cat#A-21070.

Validation All antibodies used in our study are commercially available and validated by manufacturer. Primary antibodies for flow cytometry or 
immunofluorescence, 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. For further 
details please visit: https://www.biolegend.com/en-us/quality/quality-control.  
Primary and secondary antibodies purchased from Thermofisher Scientific, are validated by the manufacturer and undergo a rigorous 
two-part testing approach: part 1 consist in target specificity verification, part 2 in functional application validation. All antibodies are 
specifically designed to recognize mouse antigens. For further details please visit: https://www.thermofisher.com/ch/en/home/life-
science/antibodies/invitrogen-antibody-validation.html. 
Primary monoclonal antibodies for flow cytometry and immunfluorescence purchased from BD Biosciences are all against mouse 
antigens and are rigorously tested by the manufacturer for flow cytometry applications. The monoclonal antibodies are purified from 
tissue culture supernatant or ascites by affinity chromatography. For further details, please visit:https://www.bdbiosciences.com/en-
us/products/reagents/flow-cytometry-reagents.  
The primary polyclonal antibody anti-cleaved caspase 3, purchased from Cell Signaling Technology, reacts against mouse, human, 
hamster, rat and monkey antigens. It is validated by the manufacturer and it has met all of the quality control standards defined by 
Cell Signaling Technology, for the following applications: Flow Cytometry (Fixed/Permeabilized), immunofluorescence 
(Immunocytochemistry) , Immunohistochemistry (Paraffin), Immunoprecipitation, simple WesternTM, Western Blotting. For further 
details, please visit: https://www.cellsignal.com/about-us/our-approach-process/cst-antibody-performance-guarantee.  
Primary antibodies for flow cytometry and immunofluorescence applications purchased from Abcam, are validated by the 
manufacturer for the following applications: ELISA, Western Blot, immunoprecipitations, immunocitochemistry, 
immunohistochemistry and flow cytometry. All antibodies undergo specificity testing with knock-out cell lines and consistency 
testing. For further details, please visit:  https://www.abcam.com/primary-antibodies/how-we-validate-our-antibodies#IHC%20and%
20ICC. 
The primary polyclonal anti-rabbit Nitrotyrosine antibody purchased from Merk Millipore, is validated by the manufacturer for the 
following applications: immunocytochemistry, immunohistochemistry, immunoprecipitation and western blot, and reacts against 
antigens from all species. The quality is routinely evaluated by immunoblot on nitrotyrosine immunoblotting controls (Catalog 
#12-354), according to the ISO 9001 quality system. For further detail please visit: https://www.merckmillipore.com/IT/it/life-science-
research/antibodies-assays/antibodies-overview/Antibody-Development-and-Validation/cFOb.qB.8McAAAFOb64qQvSS,nav. 
Anti-mouse primary antibodies and ELISA kit purchased from R&D Systems are validated from the manufacturer with high quality 
controls standards for specificity and reproducibility. The validation procedure are implemented with the 5 Pillars of Antibody 
Validation: genetic strategy validation, orthogonal validation with antibody-independent strategies, independent antibody validation, 
Expression of Tagged Proteins Validation by western blot and/or immunocytochemistry, and Biological Strategies Validation in a 
range of biological samples, including different species and negative and positive expressing cells, to ensure there is no cross-
reactivity with off-target proteins. For further details, please visit: https://www.bio-techne.com/reagents/antibodies/antibody-
validation. 
Primary antibodies purchased from Bio-Rad, recognize specifically mouse antigens and are validated by the manufacturer with 
rigorous in-house testing to guarantee that the antibodies meet their internal benchmarks and perform in their designated 
applications as expected. Bio-Rad stringent quality control process is recognized by ISO9001:2015 certification at their manufacturing 
sites in Kidlington, Oxfordshire, UK, and Neuried, Germany. Antibodies are validated for western blot, immunocytochemistry, 
immunohistochemistry and flow cytometry. Validation procedures includes: Knockout (KO) validation, 
Knockdown (siRNA) validation, Immunoprecipitation followed by mass spectrometry (IP-MS). For further details, please visit: https://
www.bio-rad-antibodies.com/our-antibody-validation-principles.html. 
Primary antibodies for mass cytometry (cyTOF) purchased from Fluidigm (Standard Biotools, Inc.), recognize human and primate 
antigens and are validated by the manufacturer with rigorous quality control tests. Each lot of conjugated antibody is quality-control 
tested by CyTOF analysis of stained cells using the appropriate positive and negative cell staining and/or activation controls. Standard 
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BioTools has a Quality Management System that complies with the requirement of ISO 13485:2016. For further details, please visit: 
https://www.standardbio.com/iso. 

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals WT male and female C57BL/6 mice were purchased from Charles River Italy, France, United Kingdom and Jackson Laboratories (USA).  
Male C57BL/6-Ly5.1 were purchased from Charles River Italy. 
PEdKO LySM-eGFP mice where kindly provided by Prof. P. Frenette. 
Male and female WT mice were used at the age of 2-4 months (young adult) and 18-24 months (aged). Male and female PEdKO 
LySM-eGFP mice were used at the age of 10-12 weeks. All mice were housed in conditions of 21.5°C (set point) and 40% of humidity 
(set point) with 12 hours light cycle.

Wild animals no wild animals were used in this study

Field-collected samples no field-collected samples were used in this study

Ethics oversight Institutional Animal Care and Use Committee (IACUC nr. 581 and 798) of San Raffaele Scientific Institute approved the experiments.

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

Human research participants
Policy information about studies involving human research participants

Population characteristics Observational study included patients with acute ischemic stroke patients and healthy age-matched controls (as specified 
below and in the methods) that were categorised according to age as ‘younger’ (≤70 years) and ‘older’ (>=80 years) and 
according to the concentration of CD62Llo CXCR4+ neutrophils into:  healthy (H) [low] CD62Llo Neu and stroke (S) [low] 
CD62Llo Neu and S, [high] Cd62Llo Neu.

Recruitment Observational study that included patients between January 2018 and December 2019, admitted to the Emergency 
Department and the Stroke Unit of San Raffaele Hospital, Milan, Italy. Patients with diagnosis of ischemic stroke by a certified 
neurologist, ≥18 years old and presented within 24h of stroke symptom onset were included. Patients presenting with signs 
or symptoms of infection on admission, or a history of immunological disease or haematological malignancies, were 
excluded. No self-selection biases or other biases are present in the subjects enrollment.

Ethics oversight Institutional Review Board at San Raffaele Scientific Institute (San Raffaele Ethics Committee) and has been performed in 
accordance with the ethical standards laid down in the 1964 Declaration of Helsinki and its later amendments. Patients 
provided written consent.

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.

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

Methodology

Sample preparation Murine peripheral blood samples were harvested from the retro-orbital plexus and collected into EDTA. Whole blood was 
immediately labelled for 30 min at room temperature, red blood cells were then lysed for 5 minutes at room temerature.  
Human blood samples were obtained from the antecubital vein of stroke patients within 24 hours (D1), at day 3 (D3) and at 
day 7 (D7) from stroke onset during mid- day with a 19-20G needle. 200ul of blood were immediately stained for 30min at 
room temperature, then lysed and fixed in BD FACS lysing solution overnight. (aggiungere anche mass cytometry?) 
 
To isolate CNS leukocytes, mice were perfused using cold PBS. The harvested forebrain (separated from the bulbi, cerebellum 
and brainstem) was divided into a left ipsilateral (ischemic) hemisphere and a right contralateral hemisphere. Each 
hemisphere was processed separately, cut into small pieces and incubated with digestion medium (0.4 mg/ml Collagenase IV 
(Sigma-Aldrich) ain HBSS (with Ca2+/Mg2+ supplemented with 5% FBS) for 40 min at 37°C . Cells were homogenized and 
filtered through a 70 um cell strainer. After washing (1500 rpm, 5 min, 4°C) cell pellet was into an isotonic 90% Percoll 
gradient to separate myelin by density gradient centrifugation (10800 rpm, 30min, 4°C with no break). Cells were washed, 
filtered through a 70 um cell strainer, pelleted and ready for antibody staining.  
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For bone marrow samples, two femurs were harvested and flushed using cold PBS, filtered through a 70 um cell strainer and 
followed by red blood cell lysis (3min on ice). 

Instrument Flow cytometry analysis were performed on BD FACSCanto™ II; BD FACSymphony™ A5. Samples for scRNAseq and bulk 
RNAseq were sorted on BD FACSAria™ Fusion cell sorter.

Software FlowJo software v10 (TreeStar Inc), FACS Diva Software v9.1

Cell population abundance Purity above 90%

Gating strategy Cells were gated based on FSC-A and SSC-A to exclude debris, doublets were excluded by FSC-Area vs. FSC-Height gating. 
Dead cells were excluded using an Aqua or NIR Live/Dead fixable staining reagent (BioLegend). Where applicable CD45+, 
CD45.1+ or CD45.2+ cells were gated. In blood samples, the sorted cells were defined as neutrophils (CD45+CD11b+Ly6G
+CXCR2+), Ly6Clo monocytes (CD45+CD11b+Ly6G-Ly6Clo), Ly6Chi monocytes (CD45+CD11b+Ly6G-Ly6Chi), eosinophils (CD45
+CD11b+Ly6G-Ly6CintSSC-Ahi) and T cells (CD45+CD11b-CD3+).  
In blood and bone marrow samples, neutrophils further gated as mature (CD45+CD11b+Ly6G+CXCR2+CD101+) and 
immature (CD45+CD11b+Ly6G+CXCR2+CD101-); both populations were further gated as CD62Llo neutrophils (CD45+CD11b
+Ly6G+CD62LloCXCR4hi) and CD62Lhi neutrophils (CD45+CD11b+Ly6G+CD62Lhi CXCR4-).  
For the 18-marker panel (blood, BM and CNS) the cell clusters were categorized using self-organizing maps (FlowSOM) and 
manual annotations. 
In bone marrow samples of chimeric mice experiment (Fig.S5), Hematopoietic Stem cells (HSCs) were identified as Common 
Myeloid Progenitors (CMPs) (Lin- c-kit+ Sca-1- CD16/32lo CD34int), Granulocyte-Macrophage Progenitors (GMPs) (Lin- c-kit+ 
Sca-1- CD16/32hi CD34hi); Megakaryocyte-Erythroid Progenitors (MEP) (Lin- c-kit+ Sca-1- CD16/32lo CD34lo); Common 
Lymphoid Progenitors (CLPs) (Lin- c-kitlo Sca-1lo CD135+), Long-Term Hematopoietic Stem Cells (LT-HSCs) (Lin- c-kit+ Sca-1+ 
CD34- CD135-); Short-Term Hematopoietic Stem Cells (ST-HSCs) (Lin- c-kit+ Sca-1+ CD34- CD135+); or Myeloid-biased HSCs 
(Lin- c-kit+ Sca-1+ CD34- CD150hi).  

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.


	Age-induced alterations of granulopoiesis generate atypical neutrophils that aggravate stroke pathology
	Results
	Stroke in aged mice results in worse outcomes
	Neutrophil capillary plugging increases in aged stroke
	Stroke in aged mice associates with atypical neutrophils
	Aged emergency granulopoiesis is dysregulated poststroke
	Age-related HSC changes drive early neutrophil differentiation
	BM rejuvenation ameliorates stroke
	Aging-associated neutrophil transfer worsens stroke
	Aging-associated neutrophils are prothrombotic in stroke
	Neutrophil heterogeneity is a biomarker in human stroke

	Discussion
	Online content
	Fig. 1 Aged mice suffer worse no-reflow and outcomes upon stroke.
	Fig. 2 Aged mice exhibit increased neutrophil plugging of brain capillaries upon stroke.
	Fig. 3 scRNA-seq reveals atypical circulating neutrophil subsets in aged mice upon stroke.
	Fig. 4 Aged mice exhibit dysregulated emergency granulopoiesis to stroke.
	Fig. 5 Rejuvenation of aged BM ameliorates stroke outcome.
	Fig. 6 Neutrophil transfer from aged to young mice worsens stroke.
	Fig. 7 Aging-associated CD62Llo neutrophils in stroke show a prothrombotic signature.
	Fig. 8 Blood CD62Llo neutrophils are a negative prognostic factor in elderly SPs.
	Extended Data Fig. 1 Worse stroke outcome in aged male and female mice.
	Extended Data Fig. 2 Aged mice with stroke have increased brain and blood neutrophils.
	Extended Data Fig. 3 Neutrophil depletion and scRNAseq on blood leukocytes in stroke of the aged.
	Extended Data Fig. 4 Neutrophil subsets in the blood, brain and BM of young and aged stroke mice.
	Extended Data Fig. 5 MCFC analysis of BM hematopoietic stem cells and progenitors after stroke.
	Extended Data Fig. 6 scRNAseq of BM and blood granulopoiesis of young and aged mice at steady-state and after stroke.
	Extended Data Fig. 7 Differentially expressed genes of granulopoietic clusters in the BM and blood among young and aged mice.
	Extended Data Fig. 8 Neutrophils’ functional assays and heterochronic neutrophil transfer in stroke.
	Extended Data Fig. 9 CXCL3 worsens stroke outcome.
	Extended Data Fig. 10 Leukocytes subsets in young and old stroke patients.




