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ORIGINAL RESEARCH

Dynamics of Cardiac Neutrophil Diversity in 
Murine Myocardial Infarction
Ehsan Vafadarnejad,* Giuseppe Rizzo,* Laura Krampert,* Panagiota Arampatzi , Anahi-Paula Arias-Loza, Yara Nazzal,  
Anna Rizakou, Tim Knochenhauer, Sourish Reddy Bandi, Vallery Audy Nugroho, Dirk J.J Schulz, Melanie Roesch, Paul Alayrac,  
Jose Vilar, Jean-Sébastien Silvestre , Alma Zernecke, Antoine-Emmanuel Saliba , Clément Cochain

RATIONALE:  After myocardial infarction, neutrophils rapidly and massively infiltrate the heart, where they promote both tissue 
healing and damage.

OBJECTIVE:  To characterize the dynamics of circulating and cardiac neutrophil diversity after infarction.

METHODS AND RESULTS: We employed single-cell transcriptomics combined with cell surface epitope detection by sequencing 
to investigate temporal neutrophil diversity in the blood and heart after murine myocardial infarction. At day 1, 3, and 5 after 
infarction, cardiac Ly6G+ (lymphocyte antigen 6G) neutrophils could be delineated into 6 distinct clusters with specific time-
dependent patterning and proportions. At day 1, neutrophils were characterized by a gene expression profile proximal to 
bone marrow neutrophils (Cd177, Lcn2, Fpr1), and putative activity of transcriptional regulators involved in hypoxic response 
(Hif1a) and emergency granulopoiesis (Cebpb). At 3 and 5 days, 2 major subsets of Siglecfhi (enriched for eg, Icam1 and Tnf) 
and Siglecflow (Slpi, Ifitm1) neutrophils were found. Cellular indexing of transcriptomes and epitopes by sequencing (CITE-
seq) analysis in blood and heart revealed that while circulating neutrophils undergo a process of aging characterized by loss 
of surface CD62L and upregulation of Cxcr4, heart infiltrating neutrophils acquired a unique SiglecFhi signature. SiglecFhi 
neutrophils were absent from the bone marrow and spleen, indicating local acquisition of the SiglecFhi signature. Reducing 
the influx of blood neutrophils by anti-Ly6G treatment increased proportions of cardiac SiglecFhi neutrophils, suggesting 
accumulation of locally aged neutrophils. Computational analysis of ligand/receptor interactions revealed putative pathways 
mediating neutrophil to macrophage communication in the myocardium. Finally, SiglecFhi neutrophils were also found in 
atherosclerotic vessels, revealing that they arise across distinct contexts of cardiovascular inflammation.

CONCLUSIONS: Altogether, our data provide a time-resolved census of neutrophil diversity and gene expression dynamics in 
the mouse blood and ischemic heart at the single-cell level, and reveal a process of local tissue specification of neutrophils 
in the ischemic heart characterized by the acquisition of a SiglecFhi signature.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words: inflammation ◼ myocardial infarction ◼ neutrophils

After acute myocardial infarction (MI), cardiac isch-
emic injury triggers a rapid and massive influx of 
neutrophils in the heart.1–4 Neutrophils have long 

been considered deleterious in tissue injury contexts 
given their characteristic functional features such as 

production of proinflammatory cytokines, release of neu-
trophil extracellular traps and production of reactive oxy-
gen species (ROS). However, recent evidence indicates 
that neutrophils may also have essential functions in tis-
sue healing, for example, by promoting angiogenesis.5
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In the post-MI heart, neutrophils indeed have con-
trasted functions promoting both tissue repair and dam-
age,4 and a recent report notably proposed a protective 

role via modulation of macrophage function.6 Further-
more, a process of temporal neutrophil polarization in the 
ischemic heart has been suggested, with N1 polarized 
pro-inflammatory neutrophils infiltrating the heart early 
after MI (day1), while at days 5 and 7, the proportion of 
N2 polarized anti-inflammatory neutrophils increases.7 
However, the gene expression analysis performed in 
this report was limited to measurements of few selected 
markers commonly associated with in vitro M1/M2-polar-
ized macrophages, an arbitrary dichotomy that may be 
of limited relevance to neutrophils in cardiac inflamma-
tion in vivo,8,9 emphasizing the need for a more compre-
hensive characterization of neutrophil subsets and their 
dynamics in the ischemic heart. The recent development 
of single-cell RNA-sequencing (scRNA-seq) in high 
throughput allows investigating the transcriptome of indi-
vidual immune cells in disease models and has recently 
been employed to uncover novel immune cell transcrip-
tional states in MI10,11 or atherosclerosis.12,13 Oligonucle-
otide-barcoded antibody labeling of cells before their 
processing for scRNA-seq further allows a multimodal 
measurement of the expression of cell surface epitopes 
in addition to transcript expression14,15 and the multiplex-
ing of several biological samples in a single scRNA-
seq library.16 These technological advances improve the 

Nonstandard Abbreviations and Acronyms

BM bone marrow
CITE-seq  cellular indexing of transcriptomes and 

epitopes by sequencing
CXCR2 C-X-C chemokine receptor type 2
CXCR4 C-X-C chemokine receptor type 4
DTR diphtheria toxin receptor
ICAM1 intercellular adhesion molecule 1
IFN interferon
Ly6C lymphocyte antigen 6C
Ly6G lymphocyte antigen 6G
MI myocardial Infarction
NGAL  neutrophil gelatinase-associated 

lipocalin
ROS reactive oxygen species
scRNA-seq single-cell RNA-sequencing
SiglecF sialic acid-binding Ig-like lectin F
TNFα tumor necrosis factor α

Novelty and Significance

What Is Known?
• Neutrophils massively infiltrate the heart after myo-

cardial infarction, where they can promote both tissue 
repair and damage processes.

• Previous reports have suggested that cardiac neutro-
phils follow a temporal polarization pattern after myo-
cardial infarction, switching from a proinflammatory N1 
to an anti-inflammatory N2 profile.

What New Information Does This Article  
Contribute?
• We demonstrate a previously unrecognized complex-

ity in the temporal cardiac neutrophil heterogeneity 
in experimental myocardial infarction, and the time-
dependent appearance of a SiglecFhi neutrophil subset 
in the ischemic heart.

• Neutrophils acquire the SiglecFhi state specifically in 
the ischemic heart, and SiglecFhi neutrophils are char-
acterized by increased effector functions (phagocyto-
sis, reactive oxygen species production).

• SiglecFhi neutrophils are found in murine atheroscle-
rotic vessels, indicating that they also arise in chronic 
vascular inflammation.

Neutrophils are the first circulating innate immune 
cells to massively infiltrate the heart after myocardial 

infarction, where their role is unclear as they have 
functional capacities promoting both tissue healing 
and damage. Previous studies have suggested the 
existence of functionally heterogeneous neutrophil 
subsets in the ischemic heart, and a temporal proin-
flammatory N1 to anti-inflammatory N2 neutrophil 
polarization switch. Using single-cell RNA-sequencing 
analyses of neutrophils combined with surface epitope 
detection in a mouse model of myocardial infarction, 
we demonstrate a previously unrecognized complexity 
in neutrophil subset dynamics. In the acute post-myo-
cardial infarction phase (1 day), the heart contained 
young neutrophils with a gene expression profile prox-
imal to bone marrow neutrophils. At day 3 onward, 2 
major neutrophil subsets were found: SiglecFlow neu-
trophils resembling circulating blood neutrophils, and 
a SiglecFhi neutrophil subset found specifically in the 
heart but not in the blood, bone marrow or spleen. Our 
data suggest that the SiglecFhi state is acquired locally 
in the ischemic heart, and is characterized by increased 
effector functions (phagocytosis, reactive oxygen spe-
cies production). SiglecFhi neutrophils were also found 
in atherosclerotic vascular tissue, suggesting a role for 
this novel innate immune cell subset both in acute and 
chronic cardiovascular inflammation.
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precision of immune cell subset identification and allow 
comparing cells from different biological samples with 
minimal intersample technical bias and cellular doublets.

Here, we employed single-cell transcriptomics com-
bined with cellular indexing of transcriptomes and epi-
topes by sequencing (CITE-seq)15 of circulating and 
cardiac neutrophils in a murine model of MI. We investi-
gated the dynamics of neutrophil heterogeneity, and how 
they adapt to infiltration in the ischemic heart. Combining 
CITE-seq analysis with flow cytometry validation experi-
ments and in vivo modulation of circulating neutrophil 
levels, we describe the temporal diversity of neutrophil 
states in the infarcted heart, and show a local transition 
of neutrophils toward a SiglecFhi state within the isch-
emic cardiac tissue.

METHODS
Detailed methods are available in the Data Supplement.

Data Availability
Data sets that were generated for this report have been depos-
ited in Gene Expression Omnibus (GSE135310). The additional 
data of atherosclerotic aorta scRNA-seq have been deposited 
in Gene Expression Omnibus together with data from refer-
ence by Cochain et al13 (GSE97310). Other data and analyti-
cal methods are available from the corresponding authors on 
request.

Single-cell gene expression data sets can be browsed in a 
web-accessible interface:

Figure 1: Neutrophils alone: https://infection-atlas.
org/1760719889/

Neutrophils and monocytes/macrophages: https://infec-
tion-atlas.org/4629609923/

Figure 3: Blood and heart neutrophils: https://infection-
atlas.org/6970782209/

RESULTS
Time-Dependent Transcriptional Heterogeneity 
of Neutrophils in the Infarcted Heart
Neutrophil infiltration in the infarcted mouse heart 
peaks around day 1 (41.1±10.63% of CD45+ cells, 
P=0.0010 versus day 0) to 3 (33.13±5.19% of CD45+ 
cells, P=0.016 versus day 0) post-MI in mice and then 
quickly resolves with only minimal neutrophils remaining 
at days 5 or 7 post-MI (13.35±0.8% and 4.22±1.37% 
of CD45+, respectively; Online Figure IA, and Nahrendorf 
et al1 and Cochain et al2). To analyze neutrophil transcrip-
tional heterogeneity during the acute post-MI phase, 
we performed a multiplexed time series of scRNA-seq 
analyses combining cell surface epitope labeling and 
transcriptomics (cell hashing16 and CITE-Seq,15 Meth-
ods). MI was induced by permanent ligation of the left 
anterior descendant coronary artery in male C57BL6/J 
mice. Surgeries were consistently performed between 

Zeitgeber Time 2 (ZT2, 2 hours after lights on) and ZT6 
to minimize the impact of circadian oscillations on neu-
trophil gene expression patterns17 (see Methods). Cell 
suspensions from the heart of mice at 1, 3, and 5 days 
after MI were labeled with a viability dye and anti-CD11b 
antibodies coupled to distinct fluorochromes, and viable 
CD11b+ cells were sorted simultaneously (Figure 1A). 
Blood-borne neutrophils were excluded from analysis via 
intravenous injection of anti-CD45.2-APC before sac-
rifice.13 As expected, we observed 2 major populations 
of CD64+Ly6G− (lymphocyte antigen 6G) monocytes/
macrophages (including Ly6C+ [lymphocyte antigen 
6C] monocytes) and CD64−Ly6G+ neutrophils that also 
expressed characteristic transcripts of monocytes/mac-
rophages (Fcgr1, Ly6c2) and granulocytes (S100a8), 
respectively (Figure 1B). Data were demultiplexed in 
Seurat v3 18,19 (Methods), and the hashing antibody sig-
nal allowed backtracking the time point of origin of each 
single cell (Online Figure IB and IC). We focused our 
analysis on cells corresponding to neutrophils (mono-
cyte/macrophage data have been analyzed in details in 
an accompanying report20), representing a total of 1334 
individual neutrophils after excluding low-quality cells 
and doublets (Figure 1C and 1D; Online Figure IB and 
IC), in which a median of 1365 expressed genes per cell 
were detected (Online Figure ID). As previously observed 
by Zilionis et al,21 the number of detected transcripts was 
much lower in neutrophils compared with other myeloid 
cells (a median of 4685 genes/cell was detected in 
monocyte/macrophages).

We compared gene expression patterns across all neu-
trophils at all time points and could delineate 6 transcription-
ally distinct cell clusters (Figure 1C through 1F) showing 
a time-dependent appearance in the ischemic heart (Fig-
ure 1C through 1E). As the number of cells sampled for 
each time point (day 1: 232 cells; day 3: 912 cells; day 5: 
190 cells) did not reflect the real levels of neutrophils in 
the ischemic heart (Online Figure IA), we calculated the 
proportion that each cluster represented at the different 
time points (Figure 1E). The vast majority of neutrophils at 
day 1 (72.8%) segregated in cluster Neutro4 (Cxcl3, Lcn2, 
Osm, Cd177, Ccl6, Sell, Fpr1), a profile almost absent at 
later time points (<3% at days 3 and 5). At day 3, Neutro1 
cells (43.2% of total neutrophils; Tnf, Icam1, Il23a, Gpr84) 
were predominant. Cluster Neutro2 (Slpi, Ifitm1, Wfdc17, 
Asprv1) was present at all time points and its levels gradu-
ally increased from 20.7% of cells at day 1 to 34.2% at 
day 5. Cluster Neutro3 also increased to reach its high-
est level at day 5 (38.9% of all neutrophils; Rps19, Ltc4s, 
Nr4a2). Neutro5 represented a minor cluster (3.0%, 14.7% 
and 4.7% of neutrophils at days 1, 3, and 5, respectively) 
with a type I interferon response signature (Isg15, Rsad2, 
Ifit1). Finally, cluster Neutro6 was characterized by highly 
specific expression of some transcripts (Psap, Slc26a11, 
Gdf15), and represented 0.0%, 2.1%, and 3.4% of all neu-
trophils at days 1, 3, and 5 post-MI, respectively (Figure 1C 
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Figure 1. Single-cell RNA (scRNA)-seq reveals time-dependent neutrophil transcriptional heterogeneity after myocardial 
infarction (MI).
A, Flowchart of the experimental design (hashtag antibody [HT]); (B) cellular indexing of transcriptomes and epitopes by sequencing (CITE-seq)  
signal for the indicated surface markers and expression levels (log-transformed expression) of the indicated transcripts projected onto the uniform 
manifold approximation and projection (UMAP) representation of scRNA-seq gene expression data of the total CD11b+ data set; C and D, UMAP 
representation of gene expression data in 1334 neutrophils with (C) time point of origin of individual cells color coded and (D) Seurat cluster 
assignment projected onto the UMAP plot; (E) proportion of each cluster among total neutrophils at each time point; (F) heatmap of the top 5 
marker genes (sorted by Log2 fold change) associated with the 6 neutrophil clusters (scaled average expression). G, activity of the indicated 
regulons (A.U.C. as measured using SCENIC [single-cell regulatory network interference] and clustering) projected onto the UMAP plot. Note that 
(A) and (B) are shared with Rizzo et al20 and shown here again for clarity. Ly6C indicates lymphocyte antigen 6C; and Ly6G, lymphocyte antigen 6G.
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through 1F). Neutro1 and Neutro3 were characterized by 
a significantly increased proportion of transcripts encod-
ing ribosomal proteins (eg, Rps19, Rpl32; Figure 1F and 
Online Figure IE, P<0.05 versus all other clusters, Online 
Table I), with Neutro3 showing the highest level (P<0.0001 
versus Neutro1, Online Figure IE, Online Table I). When per-
forming clustering analysis at a lower resolution, Neutro1 
and Neutro3 grouped as a single population (not shown), 
and were further characterized by shared enrichment for 
expression of, for example, Siglecf, Ppia, or Gngt2 (Online 
Figure IF). As neutrophils are considered short-lived cells 
that can be rapidly mobilized from the bone marrow (BM) 
in response to tissue injury,22,23 we applied a BM proxim-
ity score to neutrophils based on the expression of a set 
of genes previously identified in transcriptomic analysis of 
neutrophil at different developmental stages24,25 (see Meth-
ods). Cluster Neutro4 (day 1 specific) had the highest BM 
proximity score (P<0.0001 versus all other clusters, Online 
Table I), followed by Neutro2 (P<0.01 versus all other clus-
ters, Online Table I; Online Figure IE). Recent studies have 
reported clustering bias in scRNA-seq analysis of immune 
cells related to enzymatic digestion induced expression of 
immediate early genes.26–28 Based on the expression of 18 
immediate early genes (Methods), we applied an immediate 
early genes score to each individual cell, which showed no 
substantial differences across clusters (Online Figure IE).

To validate our findings, we generated and analyzed an 
independent scRNA-seq experiment where total CD45+ 
cells were sorted from the heart before and at 1, 3, 5, and 7 
days after infarction (Online Figure IIA and IIB), containing 
425 cells corresponding to neutrophils in which a median 
of 870 genes were detected (Online Figure IIC). Three 
major populations with time-dependent patterning were 
observed, and termed Day 1, Day3/7-A, and Day3/7-B 
based on their time of appearance in the ischemic heart 
(Online Figure IID through IIF). The proportion of ribosomal 
proteins encoding genes in neutrophils was higher in the 
Day3/7-A and Day3/7-B clusters compared with Day1 
cells with the Day3/7B cluster showing the highest level 
(P<0.0001 for all comparisons, Online Figure IIE, Online 
Table I). Day 1 neutrophils had a higher BM proximity score, 
followed by Day3/7-A (P<0.0001 for all comparisons; 
Online Figure II E, Online Table I). Day 1 neutrophils were 
enriched for, for example, Cd177, Cxcl3, Lcn2, and Fpr1 
and are thus proximal to cluster Neutro4 in the Figure 1 
data set (Online Figure IIG). Day3/7-A were enriched for 
eg, Ifitm1, S100a11, or Slpi (proximal to Neutro2 in Fig-
ure 1), while Day3/7-B were enriched for Siglecf, Icam1, 
Tnf or Ppia (proximal to Neutro1/3 in Figure 1) (Online Fig-
ure II G). Only 6 neutrophils were retrieved from the control 
condition, consistent with the steady state heart contain-
ing only minute amounts of neutrophils. Although they all 
mapped to cluster Day3/7-B, they did not show enrich-
ment for Siglecf, Icam1, or Tnf (Online Figure IIH).

We also reanalyzed a previously published scRNA-seq 
data set of cardiac CD45+ cells collected 4 days after 

MI29 (Online Figure IIIA and IIIB). We could detect 2 major 
populations of granulocytes (Online Figure IIIA and IIIB): 
one was enriched for Siglecf, Tnf, and Icam1 expression 
and had a low BM proximity score, while the second was 
enriched for Slpi, S100a11, and Ifitm1 and had a higher 
BM proximity score (P=2.06×10−12; Online Figure IIIC 
and IIID). Ribosomal protein encoding genes were not 
measured in this data set, as they had been bioinformati-
cally removed from the author-provided gene expression 
matrix 29 (final median genes detected/cell in total CD45+ 
cells=500; Online Figure IIIE). These clusters respectively 
correspond to Neutro1/3 and Neutro2 observed at days 3 
and 5 in our main data set (Figure 1). Despite technical lim-
itations (low numbers of cells and genes detected per cell, 
possible variation caused by batch effects in pooled librar-
ies), results obtained from these 2 additional data sets are 
consistent with conclusions obtained from our main data 
set, as the major time-dependent clusters were recovered.

We then sought to identify transcriptional regulators 
that may modulate gene expression in neutrophils and 
underlie their temporal heterogeneity and employed SCE-
NIC (single-cell regulatory network interference).30 SCE-
NIC infers activity of gene regulatory networks (regulons) 
based on co-expression of transcription factors and their 
putative target genes.30 In cluster Neutro4, we observed 
preferential activity of regulons corresponding to, for 
example, Hif1a, Xbp1, and Cebpb. Regulons related to 
type I interferon response had enriched activity in Neu-
tro5 (eg, Irf7; Figure 1G). Some regulons showed prefer-
ential activity in Neutro1 and Neutro3 (eg, Srebf2, Nfkb1, 
Nfkb2, Bclaf1; Figure 1G).

Altogether, our scRNA-seq analysis of cardiac neu-
trophils indicate that 3 major time-dependent neutrophil 
states can be found in the ischemic heart: (1) at day 1, 
cells with high gene expression proximity to BM neutro-
phils, high expression of specific inflammatory cytokines 
and chemokines (eg, Osm, Cxcl3) and activity of regulons 
involved in hypoxic response (Hif1a) and emergency gran-
ulopoiesis (Cebpb); (2) at day 3 onward, cells characterized 
by an intermediate BM proximity score and expression of 
a characteristic set of genes (S100a11, Ifitm1, Slpi); (3) 
at day 3 onward, cells characterized by a low BM proxim-
ity score, high proportion of ribosomal protein encoding 
genes, and enrichment for Siglecf, Tnf, or Icam1. In addi-
tion, we observed in our main data set (Figure 1) a minor 
neutrophil cluster with a characteristic type I interferon 
response (cluster 5), and a very minor cluster 6.

SiglecFhi Neutrophils Time-Dependently 
Populate the Infarcted Heart
Neutrophils from days 3 and 5 post-MI (in particular, cells 
from clusters Neutro1 and Neutro3) displayed a clear enrich-
ment in the expression of Siglecf compared with expression 
at 1 day after MI (Figure 2A; Online Figure IF). We inves-
tigated the presence of SiglecF expressing neutrophils in 
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the infarcted heart by flow cytometry. As the main switch in 
neutrophil Siglecf expression was evident between days 1 
and 3 post-MI when neutrophils were the most abundant 
in the heart (Figure 2A; Online Figure IA), we focused our 
analysis on these time points. In mechanically dissociated 
cardiac tissue (Methods), Ly6G+SiglecFhi cells represented 
52.08±3.78% of Ly6G+ neutrophils at day 3 post-MI, 
whereas only 2.15±0.27% of Ly6G+ neutrophils expressed 
SiglecF at day 1 (Figure 2B through 2D; Online Figure IVA). 
Ly6GnegSiglecFhi cells were identified as eosinophils based 
on SSC (side scatter)/FSC (forward scatter) properties 
(Figure 2C). Ly6G+SiglecFlow and Ly6G+SiglecFhi cells were 
SSCint, supporting the notion that these cells are neutrophils 
(Figure 2C). No significant infiltration of Ly6G+SiglecFhi 
neutrophils was found in the control heart or in the heart 
of sham operated mice at 1 and 3 days after surgery, and 
in the remote nonischemic myocardium of mice at 1 and 
3 days after MI (Online Figure IVB and IVC). We observed 
similar time dependent patterning of SiglecFhi neutrophils 
presence in the heart at day 3, but not day 1, after ischemia/
reperfusion injury (Online Figure IVD). Immunofluorescence 
analysis of MI tissue cryosections corroborated our flow 
cytometry analysis, with abundant SiglecF+ cells found in 
the infarcted area at day 3, but not day 1, after MI (Fig-
ure 2E). We then evaluated whether SiglecFhi and SiglecFlow 
neutrophils differed in cardinal neutrophil functions, phago-
cytosis and reactive oxygen species (ROS) production. At 
day 3 post-MI, SiglecFhi neutrophils displayed a higher abil-
ity to phagocytose E coli-derived bioparticles (Figure 2F), 
and higher ROS-production as measured by DHR123 
(dihydrorhodamine 123) labeling compared with SiglecFlow 
neutrophils (Figure 2G). Day 1 total neutrophils displayed 
a similar level of phagocytosis and ROS-production com-
pared with day 3 SiglecFhi neutrophils (Figure 2F and 2G). 
Altogether, this indicates that SiglecFhi neutrophils have a 
higher phagocytic and ROS-production capacity than their 
SiglecFlow counterparts at day 3 post-MI. Of note, a simi-
lar time-dependent presence of SiglecFhi neutrophils was 
also observed in the heart of female mice at day 3 but not 
day 1 post-MI, and day 3 SiglecFhi neutrophils also showed 
higher phagocytosis and ROS-production compared with 
SiglecFlow neutrophils, indicating that the main features of 
temporal neutrophil heterogeneity in the infarcted heart are 
not sex dependent (Online Figure VA through VF). At day 5 
after MI in male mice, total neutrophil infiltrate was greatly 
reduced consistent with resolution of the acute inflamma-
tory phase (Online Figure IVE), and SiglecFhi neutrophils 
still represented half (51.01±7.89%) of total neutrophils 
(Online Figure IVE and IVF). 

Acquisition of SiglecF Parallels Acquisition of 
Aging and Activation Markers
Besides Siglecf, several markers previously associated 
with neutrophil aging or activation23,31,32 showed differential 
transcript levels according to time or clusters (Figure 2H). 

The aging/activation markers Itga4 (encoding CD49d), 
Icam1 (ICAM1 [intercellular adhesion molecule-1]/CD54), 
and Cxcr4 levels increased over time, while the marker 
of young neutrophils Sell (encoding CD62L) decreased. 
Cxcr2 transcript levels decreased at the later time points. 
We analyzed expression of these markers by flow cytom-
etry. Compared with total day 1 neutrophils and day 3 
SiglecFlow neutrophils, SiglecFhi neutrophils had higher 
ICAM1 and lower CD62L surface expression, and had 
higher CD49d and CXCR4 (C-X-C chemokine receptor 
type 4) surface levels compared with day 1 neutrophils. 
All neutrophils highly expressed CXCR2, and its surface 
levels were slightly increased in SiglecFhi versus Siglec-
Flow neutrophils at day 3 (Figure 2I and 2J). At day 5, a 
similar pattern was observed for expression of ICAM1 and 
CD49d, with higher expression on SiglecFhi neutrophils 
(Online Figure IVG and IVH, expression of other epitopes 
was not measured in this experiment).

Combined with our previous analysis of neutrophil BM 
proximity, this characterization of neutrophil aging features at 
the transcript and cell surface marker level suggest that neu-
trophils in cluster Neutro4 (Figure 1), preponderant at day 
1, have features of young neutrophils (ICAM1lowCD49dlow-

CXCR4lowCD62Lhi), while at days 3 and 5, 2 major popula-
tions of old SiglecFhi (ICAM1hiCD49dhiCXCR4hiCD62Llow) 
and young SiglecFlow neutrophils (ICAM1lowCD49dlowCX-
CR4lowCD62Lhi) are found that likely correspond to clusters 
Neutro1/3 and Neutro2, respectively.

The SiglecFhi Neutrophil State Is Acquired via a 
local tissue specification process
To investigate whether SiglecFhi neutrophils tran-
sited via the blood circulation before infiltrating the 
heart, we performed CITE-seq analysis of viable 
CD19−NK1.1−Ter119−CD11b+ cells from blood of con-
trol mice, sham-operated animals at 1 and 3 days post-
surgery, and mice with MI at 1 and 3 days. Cardiac 
neutrophils from 1 to 3 days post-MI hearts were also 
analyzed. Samples from all conditions were analyzed 
together in a cell hashing-based multiplexed experiment 
to reduce potential batch effects (see Methods and study 
by Rizzo et al20 for detailed experimental design).

Neutrophils were identified as Ly6G+CD115− cells, 
showed low levels of Ly6C, and variable levels of CD62L 
(Figure 3A). Sample demultiplexing allowed identifying 
experimental condition and tissue of origin (Figure 3B, 
Online Figure VIA). Based on CITE-seq analysis and tran-
scriptome profiling, we identified 3 major populations in the 
blood (Figure 3C through 3F): young neutrophils (Blood 
Young cluster: CD62Lhi, low Cxcr4), old blood neutro-
phils (Blood Old cluster: CD62Llow, high Cxcr4), type I IFN 
(interferon) response neutrophils (Neu-IFN), and a minor 
cluster (<1% of neutrophils in all samples) likely represent-
ing neutrophil/platelet conjugates (Neutro/Plt: Pf4, Cd9, 
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Figure 2. SiglecFhi neutrophils populate the heart at day 3 post-myocardial infarction (MI) and differentially express aging and 
activation markers.
A, Siglecf log normalized expression in single cells projected onto the uniform manifold approximation and projection (UMAP) plot (split according 
to time point of origin); (B) SiglecF vs Ly6G (lymphocyte antigen 6G) flow cytometry plots of cardiac cells gated on viable CD45+CD11b+ at 1 and 
3 d after MI; (C) FSC (forward scatter)-A/SSC (side scatter)-A signal in gated Ly6G−SiglecFhi eosinophils, Ly6G+SiglecFhi, and Ly6G+SiglecFlow 
neutrophils; (D) neutrophils per milligram of cardiac tissue, proportion of neutrophil among CD45+ leukocytes, and proportion of SiglecFhi cells 
among Ly6G+ neutrophils in the heart at 1 and 3 d after MI; (E) immunofluorescence staining for SiglecF in cryosections of hearts in the infarcted 
area at 1 and 3 d after MI, ×200, scale bar 100 µm (isotype control staining was performed on day 3 post-MI hearts); (F) phagocytosis of E 
coli fluorescent bioparticles in neutrophil subsets and (G) reactive oxygen species production (geometric Mean of DHR123 fluorescence); (H) 
log normalized expression levels of the indicated transcripts projected onto the UMAP plot; (I) representative flow cytometry histogram; and (J) 
quantitative analysis of geometric mean fluorescence intensity for the indicated markers in neutrophil subsets at 1 and 3 d after MI. Statistical 
analysis: Mann-Whitney U test (D), Kruskall-Wallis test with Dunn multiple comparison test (F, G, J); indicated P values adjusted for multiple 
comparisons. All flow cytometry analyses representative of 2 independent experiments. APC indicates allophycocyanin; CXCR2, C-X-C chemokine 
receptor type 4; CXCR4, C-X-C chemokine receptor type 2; DHR123, dihydrorhodamine 123; FMO, fluorescence minus one; ICAM, intercellular 
adhesion molecule; and PE, phycoerythrin.
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Figure 3. Cell surface epitope detection by sequencing (CITE-seq) analysis of blood to heart neutrophil transitions.
A, Uniform manifold approximation and projection (UMAP) plot of single-cell gene expression data of viable Ter119−CD3−B220−CD11b+ 
cells sorted from the blood and ischemic heart of mice with projection of the CITE-seq signal for the indicated cell surface markers; dashed 
red line identifies Ly6G+CD115 neutrophils; (B) UMAP plot of the neutrophil data subset with identification of individual cell tissue of origin; 
(C) neutrophil populations projected onto the UMAP plot (Plt: platelet); (D) bone marrow (BM) proximity score and percent Rpl/Rps genes 
in the neutrophil clusters (statistics for all multiple comparisons in Online Table I); (E) dot plot showing expression of selected significant 
marker transcripts of neutrophil populations; (F) proportion of neutrophil populations according to experimental condition and tissue of origin; 
(G) Siglecf transcript expression and SiglecF CITE-seq signal projected on the neutrophil UMAP plot (top) and displayed as a violin plot 
(bottom); (H) Violin plot of ICAM1 (intercellular adhesion molecule 1) CITE-seq signal in the neutrophil populations. Note that (A) is shared 
with reference by Rizzo et al20 and shown here again for clarity. IFN indicates interferon; Ly6C, lymphocyte antigen 6C; and Ly6G, lymphocyte 
antigen 6G.
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Ppbp). Blood Young neutrophils had a higher BM proximity 
score compared with blood Old neutrophils and Neu-IFN 
(P<0.0001 for both comparisons, Online Table I), while 
blood Old neutrophils had higher proportion of ribosomal 
protein encoding genes (Figure 3D, P<0.0001 versus all 
other circulating neutrophils, Online Table I). Type I interferon 
response neutrophils (Neu-IFN) were found at substantial 
levels already in the steady state blood (23.8% of all neutro-
phils), consistent with a recent report,33 and their proportion 
did not increase after sham or MI surgery (Figure 3F), indi-
cating that they are not induced by ischemic injury. Of note, 
clustering at higher resolution revealed subpopulations with 
weakly defined gene expression signatures within blood 
Young neutrophils and type I IFN response neutrophils 
(Online Figure VIB through VIE). Although these popula-
tions were present in all samples, MI or sham surgery at 
day 1 induced expansion of a subtype of young blood neu-
trophils with higher BM proximity score (Online Figure VIB 
through VIE), consistent with transient systemic inflamma-
tion induced by MI but also sham surgery, as previously 
reported,34 and mobilization of BM neutrophils.

We identified 2 heart specific neutrophil populations, 
with CITE-seq signal for surface SiglecF corroborating our 
previous findings: at day 1, the predominant heart neutrophil 
cluster was SiglecFneg (Heart-SiglecFneg cluster), while at 
day 3, a SiglecF+ population was observed (Heart-SiglecF+ 
cluster; Figure 3F and 3G). Heart-SiglecFneg cluster had a 
transcriptome proximal to the day 1 specific cluster (Neu-
tro4, Figure 1), while Heart-SiglecF+ showed clear similari-
ties to Siglecf enriched neutrophils found at days 3 and 5 
(Neutro1 and Neutro3, Figure 1) we had observed in our 
first heart data set (Figure 3E). Of note, while only 47.3% of 
cells from the Heart-SiglecF+ cluster had detectable Siglecf 
transcripts, above 70% of these cells were SiglecF+, indi-
cating that the Siglecf transcript may not be fully recovered 
in droplet-based scRNA-seq (Figure 3G). Although 5.4% to 
9.4% of cells in the blood neutrophil clusters had detectable 
Siglecf transcripts, the proportion of these cells expressing 
surface SiglecF was actually lower (0.9%–3.3%; Figure 3G). 
While the CITE-seq signal for ICAM1 was generally poor on 
neutrophils, it appeared higher in the Heart-SiglecF+ clus-
ter (Figure 3H). Flow cytometry analysis corroborated the 
absence of substantial levels of SiglecFhi neutrophils not 
only in the blood, but also in the BM or spleen of MI and 
sham-operated mice at 1 and 3 days post-surgery (Online 
Figure VIIA and VIIB). To verify absence of intracellular 
SiglecF protein in neutrophils that would not be detected by 
CITE-seq or surface labeling, we labeled neutrophils after 
permeabilization, but could not detect a SiglecFhi neutrophil 
population in the BM or blood in control mice and at 1 and 
3 days after MI, indicating that acquisition of the SiglecFhi 
state is specific to the injured heart (Online Figure VIIC). 
ICAM1 expression on blood, spleen, and BM neutrophils 
also did not change after MI (Online Figure VIID). Alto-
gether, these data show that the SiglecFhi state is acquired 

within the ischemic heart tissue, and not at upstream sites, 
and represents a tissue differentiated neutrophil state.

Relation of Heart-Infiltrating Neutrophils to 
Blood, BM, and Spleen Neutrophils
To better understand the relationship between blood 
neutrophils and their heart infiltrating counterparts, we 
integrated our heart-specific data set (Figure 1) with the 
combined heart and blood data set (Figure 3) in Seurat 
v319 (Figure 4A and 4B). Of note, heart-infiltrating cells 
from the Figure 1 data set had been collected after exclu-
sion of circulating leukocytes (based on intravenous 
injection of a fluorescently labeled anti-CD45.2 antibody 
before sacrifice, Methods), ensuring that these cells were 
truly infiltrated in the heart. Uniform manifold approxima-
tion and projection (UMAP) representation of the inte-
grated data outlined 2 major group of cells according to 
tissue of origin (Figure 4B and 4C), in which we examined 
the coordinates of heart infiltrating neutrophil clusters 
(Figure 4C and 4D). The majority of the Neutro2 cluster 
(78.9%) mapped to coordinates indicating a blood gene 
expression signature (Figure 4D), while the day 1 post-MI 
specific Neutro4 (76.6%), and the Siglecf enriched clus-
ters Neutro1 (96.1%) and Neutro3 (92.9%), mapped to 
coordinates indicating a heart gene expression signature 
(Figure 4D). These results indicate that the Neutro2 clus-
ter represents neutrophils freshly infiltrated from the circu-
lation. As cells corresponding to the BM-proximal cardiac 
Neutro4 cluster were scarcely observed in the blood, we 
analyzed whether neutrophils with a similar transcriptional 
signature could be found in hematopoietic organs and 
analyzed single-cell RNA-seq data of steady-state BM 
cells from the Tabula Muris35 (Online Figure VIIIA and 
VIIIB) and from steady-state splenocytes (Online Figure 
VIIIC through VIIIF). Both in the BM and in the spleen, we 
observed neutrophils enriched for transcripts characteris-
tic of Neutro4 (notably, Cd177 or Fpr1).

Trajectory Inference Analysis Reveals 
Neutrophil Tissue Specification Trajectories
Altogether, our observations clearly indicate that Siglec-
Flow circulating neutrophils infiltrate the heart, where they 
become SiglecFhi and acquire a specific gene expression 
profile in a process of tissue specification. Our data further 
indicate that neutrophils observed at day 1 in the heart have 
a transcriptome proximal to medullar neutrophils. Based 
on these assumptions, we performed trajectory inference 
analysis of cardiac neutrophil tissue specification using 
pseudotemporal ordering of single cells in Monocle.36 In 
the heart-only data, the BM-proximal Neutro4 cluster was 
at the start of the pseudotime ordering, followed by the 
Siglecfneg Neutro2 cluster, while Siglecfhi clusters (Neutro1 
and Neutro3) were at its end (Figure 4E). Neutro5 (Type 
I IFN signature) did not map to particular pseudotimes, 
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consistent with the type I IFN signature being orthogo-
nal to the neutrophil tissue specification process.37 Gene 
expression in pseudotime showed decreasing expression 

of, for example, Cd177, Lcn2, Retnlg or Sell, and acquisition 
of Icam1, Tnf, Rps19, or Siglecf (Figure 4F). In this data set, 
RNA-velocity analysis38,39 showed a global directionality 

Figure 4. Neutrophil differentiation trajectories in the blood and ischemic heart.
A, Overview of the data analysis strategy: the data sets presented in Figure 1 and Figure 3 were integrated in Seurat; (B) uniform manifold 
approximation and projection (UMAP) plot of the resulting integrated data set split according to experiment of origin (top) and tissue of origin 
(bottom) to (C) determine where cells with a genes expression signature of blood and heart infiltrating neutrophils mapped in the UMAP 
dimensionally reduced gene expression space; (D) projection of the heart specific clusters from the Figure 1 data set in the integrated data set; 
(E) pseudotime ordering of neutrophils in Monocle split according to cardiac neutrophil cluster; and (F) heatmap of gene expression variation of 
the indicated transcripts according to pseudotime (Figure 1; heart only data set); (G) RNA-velocity analysis in the Figure 1 heart only data set; (H 
and I) pseudotime analysis of blood and heart neutrophils (Figure 3 data set) split according to (H) tissue of origin and (I) cluster; (J) expression 
of the indicated transcripts projected onto the pseudotime tree. IFN indicates interferon.
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from Neutro4 to Neutro2 to Neutro1/3 (Figure 4G). We 
also performed pseudotime analysis of the blood to heart 
transition. This analysis further suggested that acquisition 
of the SiglecFhi state represents a local aging trajectory 
distinct from neutrophil aging in the blood, while cardiac 
specific SiglecFneg neutrophils from the day 1 time point 
segregated in a branch of the pseudotime tree character-
ized by high Cd177 expression (Figure 4H through 4J).

Anti-Ly6G Antibodies Only Partially Deplete 
Heart Neutrophils and Induce a Local Shift 
Toward the SiglecFhi Phenotype
We next set out to time-dependently deplete neutrophils 
to evaluate the functional consequences of their time-
dependent heterogeneity. Mice were treated with repeated 
injections of anti-Ly6G antibodies, a widely employed 
strategy previously used to investigate the role of neutro-
phils in post-MI cardiac repair.6 To unequivocally validate 
neutrophil depletion, we first devised a strategy of Ly6G-
independent detection of blood and cardiac neutrophils 
to overcome masking of the Ly6G epitope induced by 
depleting antibodies40 and established that gating neu-
trophils as CD11b+CD64negCXCR2+ in the heart, and 
CD11b+CD115negCXCR2+ in the blood, was as efficient 
and specific as gating neutrophils on Ly6G expression 
(Online Figure IXA and IXB). In the BM, CXCR2-based 
gating was less accurate, likely because of varying 
expression levels of CXCR2 in neutrophils at different 
stages of maturation (Online Figure IXC). Nevertheless, 
Ly6G+Ly6Cint neutrophils were adequately captured within 
CD11b+CD115neg cells (Online Figure IXC and IXD). For 
consistency with previously published data, we employed 
the same depletion strategy as Horckmans et al,6 where 
mice received daily 50 µg intraperitoneal doses of the anti-
Ly6G monoclonal antibody clone 1A8 starting 1 day before 
the induction of MI. We sacrificed mice at day 3 post-MI 
and analyzed neutrophil proportions in the blood and heart 
(Figure 5A). While we could not observe any CD115neg-

Ly6G+ or CD64negLy6G+ cells in the blood and heart of 
anti-Ly6G treated mice, respectively, CD64negCXCR2+ 
neutrophils were detected and especially abundant in the 
ischemic heart, indicating that measuring neutrophils lev-
els based on Ly6G expression drastically overestimates 
depletion efficiency in anti-Ly6G-treated mice. The propor-
tion and absolute counts of CXCR2 gated neutrophils was 
reduced by ≈90% in the blood (P=0.0007; Figure 5B and 
5C) but only ≈50% in the heart of anti-Ly6G treated mice 
(Figure 5D through 5F). Depletion in the BM appeared 
inefficient (Online Figure IXC and IXD). Interestingly, anti-
Ly6G induced a significant shift toward higher SiglecFhi 
neutrophil proportions in the ischemic heart (P=0.0027; 
Figure 5G). Counts of infiltrated SiglecFhi and SiglecFlow 
neutrophils were reduced by 30% (P=0.02), and 72% 
(P=0.0027), respectively (Figure 5H). We used a similar 
design with sacrifice of the mice at day 1 after MI and also 

observed a stronger reduction in neutrophil levels in the 
blood (−73.3%, P=0.0079) than in the heart (−38.2%, 
P=0.0079; Figure 5I). Similar to previous observations, at 
day 1 post-MI neutrophils were SiglecFneg in both groups 
(not shown). Levels of mature CXCR2+ neutrophils were 
not significantly affected in the BM of anti-Ly6G treated 
mice 1 day after MI (Figure 5I), in line with the notion 
that anti-Ly6G antibodies do not efficiently deplete rap-
idly renewing BM neutrophils.40 Altogether, these results 
show that anti-Ly6G treatment failed to entirely counter 
initial neutrophil influx in the heart after MI, but rather effi-
ciently reduced blood neutrophil levels at the time points 
analyzed, likely leading to reduced influx of fresh SiglecFlow 
neutrophils to the infarcted heart, and a shift toward locally 
aged SiglecFhi cells. These results corroborate the notion 
of SiglecFhi neutrophils representing a locally differentiated 
state arising from SiglecFlow neutrophils.

NicheNet Analysis of Neutrophil to Macrophage 
Communication Pathways
It has been previously proposed that neutrophils may impact 
postischemic cardiac remodeling by inducing a pro-repair 
phenotype in macrophages.6 To computationally investigate 
putative communication pathways between neutrophils and 
macrophages, we employed NicheNet, a recently devel-
oped software that predicts ligand/receptor intercellular 
communication and its effect on gene expression in target 
cells.41 In the total CD11b+ cells data set (including not only 
Ly6G+ neutrophils but also Ly6ClowCD64hi macrophages; 
see Figure 1A and 1B), we defined neutrophils as sender 
cells (expressing ligands) and macrophages as receiver 
cells (expressing receptors; Figure 6A). NicheNet identified 
several experimentally validated ligand-receptor pairs (eg, 
Csf1/Csf1r; Vegfa/Nrp1 and Nrp2; Tnf and various recep-
tors; Figure 6B). Ligand activity ranking pinpointed Il1b, 
Tnf and Csf1 as the neutrophil expressed ligands with the 
highest putative impact on macrophage gene expression 
(Figure 6C), and numerous target genes in macrophages 
that may be induced by neutrophil-expressed ligands (Fig-
ure 6D). Some ligands showed enrichment in time-specific 
neutrophil clusters (eg, Tnf in cluster Neutro1/Neutro3 pre-
dominant at days 3 and 5 post-MI, C3 and Ccl4 in cluster 
Neutro4 predominant at day 1), indicating time-dependent 
neutrophil/macrophage cross-talk (Figure 6E). Some 
ligands/receptors pairs showed reciprocally segregated 
expression of ligands in neutrophils (C3, Sema4d, and Csf1) 
and their receptors in macrophages (C3ar1, Plxnb2, and 
Csf1r, respectively; Figure 6F).

scRNA-Seq of Atherosclerotic Aortas Reveals 
Two Distinct Neutrophil Subsets
To evaluate whether similar neutrophil diversity could 
be observed in a distinct and rather chronic cardiovas-
cular disease context, we analyzed scRNA-seq data of 
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CD45+ cells isolated from control (375 cells) and ath-
erosclerotic (1723 cells) aortas of low densitiy lipopro-
tein receptor deficient (Ldlr−/−) mice (corresponding to a 
previously published data set combined with novel data, 
see study by Cochain et al,13 and Methods; Figure 7A). 
Two distinct neutrophil clusters were observed, with the 
Neutro-1 cluster originating preferentially from the ath-
erosclerotic samples (34 out of 37 cells), while Neutro-2 

originated equally from control (13 cells) and diseased 
(12 cells) aortas (Figure 7A). Cells expressing Siglecf, 
Icam1, Cxcr4, or Mrpl52 were observed in Neutro-1, 
while Neutro-2 cells expressed Retnlg, Wfdc21 or Mmp8 
(Figure 7B). We next performed flow cytometry analysis 
of vascular tissue neutrophils, with exclusion of potential 
circulating neutrophil contamination by labeling them via 
intravenous CD45.2 antibody injection (see Methods). 

Figure 5. Anti-Ly6G (lymphocyte antigen 6G) treatment induces partial cardiac neutrophil depletion and a shift toward SiglecFhi 
neutrophils in the heart.
A, Summary of the anti-Ly6G treatment regimen; (B) representative flow cytometry plots of CD115 vs Ly6G and CD115 vs CXCR2 (C-X-C 
chemokine receptor type 2) in the blood (pregated on viable CD45+CD11b+ cells); (C) proportions within CD45+ leukocytes and absolute counts 
of CXCR2-gated neutrophils in the blood; (D) representative flow cytometry plots of CD64 vs Ly6G and CD64 vs CXCR2 in the heart (pregated 
on viable CD45+CD11b+ cells); (E) proportions within CD45+ leukocytes and (F) absolute counts of CXCR2-gated neutrophils in the heart; (G) 
proportions of SiglecFhi cells among total cardiac neutrophils; and (H) counts of SiglecFhi and SiglecFlow neutrophils in the heart. I, Proportions of 
CXCR2 gated neutrophils in the bone marrow (BM), blood, and heart at 1 d after myocardial infarction (MI) in mice undergoing a similar treatment 
regimen. All statistical analyses: Mann-Whitney U test. All analyses representative of 2 independent experiments, except (F) and (H): 1 experiment.
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Figure 6. Analysis of neutrophil to macrophage communication pathways in the infarcted heart.
A, Uniform manifold approximation and projection (UMAP) plot of total cardiac CD11b+ cells from days 1, 3, and 5 after myocardial infarction 
(MI) with identification of major cell lineages; (B) NicheNet ligand-receptor interaction matrix (restricted to bona fide ligand-receptor interactions 
documented in literature and publicly available databases) as analyzed with neutrophils as sender cells and macrophages as receiver cells; (C) 
NicheNet ligand activity (Pearson correlation coefficient); (D) NicheNet ligand-target matrix; (E) violin plot showing log normalized expression 
of the top 18 neutrophil ligands in the 6 cardiac neutrophil clusters (see Figure 1); (F) expression of the indicated ligands and their respective 
receptors projected onto the UMAP plot of total CD11b+ cells. Note that (A) is shared with reference by Rizzo et al20 and shown here again for 
clarity. cDC2 indicates type 2 classical dendritic cells; IFNIC, interferon inducible cells; and Ly6C, lymphocyte antigen 6C.
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This revealed increased proportions of neutrophils in the 
aorta and aortic sinus of atherosclerotic Ldlr−/− mice com-
pared with chow fed control (Figure 7C and 7D). While no 
SiglecF expressing neutrophils were observed in control 
vessels, 22.4% and 38.2% of neutrophils were SiglecFhi 
in atherosclerotic aortas and aortic sinuses, respectively 
(Figure 7C and 7D). Altogether, these results demon-
strate that locally aged SiglecFhi neutrophils also emerge 
in chronic vascular inflammation in atherosclerosis.

DISCUSSION
Here, we demonstrate the time-dependent presence of 
distinct neutrophil states defined by discrete transcrip-
tional and cell surface protein expression profiles in the 
infarcted mouse heart. By analyzing the blood-to-heart 
neutrophil transition at the single-cell level, we further 
show that neutrophils follow distinct aging trajectories in 
the circulation and in the ischemic heart and acquire a 
tissue-restricted SiglecFhi state in the infarcted myocar-
dium via a local process of tissue specification.

At 24 hours after the onset of MI, neutrophils with 
a transcriptional state reminiscent of newly produced 
medullar and splenic neutrophils (Cd177, Fpr1, Mmp8, 
Lcn2) infiltrated the heart. At 3 days onward, we observed 
2 main neutrophil populations in the heart, character-
ized by a SiglecFhi and a SiglecFlow state. Integration of 
scRNA-seq data of neutrophils obtained (1) specifically 
from the heart and (2) simultaneously from the heart 
and blood indicated that the SiglecFlow state represents 
young blood neutrophils (CD62Lhi, Slpi, Wfdc21, Retnlg). 
We observed an additional subset of neutrophils char-
acterized by a typical type I interferon response (Isg15, 
Irf7). Although these neutrophils were abundant in the 
blood, only low levels were observed in the ischemic 
heart. Importantly, these neutrophils were observed 
already in the steady state, consistent with a report by 
Xie et al.33 Type I IFN response neutrophils did not seem 
to be induced by MI, in contrast to a recently proposed 
emergence of type I IFN response neutrophils induced 
by cardiac ischemia.37 Using SCENIC inference analy-
sis,30 we identified putative activity of specific transcrip-
tional regulators in the neutrophil subsets such as Cebpb, 
Hif1a, or Srebf2. Whether these transcription factors reg-
ulate neutrophil acquisition of specific gene expression 
profiles and function will need to be addressed in future 
studies.

Aging of neutrophils in the circulation and its impact on 
neutrophil functional capacities and trafficking has been 
extensively documented.23,42,43 Analysis of neutrophils 
from the blood and heart by CITE-seq and flow cytom-
etry allowed investigating compartment specific aging 
and specification of neutrophils. While cardiac SiglecFhi 
neutrophils shared some characteristic of the circulating 
aged neutrophils signature (low CD62L, high CXCR4, 
expression of specific transcripts, enrichment of ribosomal 

protein encoding genes), they appeared to follow a tissue 
restricted specification pathway characterized by acqui-
sition of surface SiglecF and ICAM1, and enrichment 
for specific transcripts (Snrpe, Cox7a2). Differentiation 
trajectory inference by RNA-velocity38 and pseudotime 
ordering in Monocle36 corroborated the notion that neu-
trophils undergo a specific aging process within the isch-
emic myocardium, and that it differs from that occurring 
in the circulation. However, events of gene expression 
regulation and transitions occurring at upstream sites 
may to some extent be transferred to the inflamed heart 
upon neutrophil recruitment. Thus, new methods able 
to capture the true immediate dynamics of transcription 
such as single-cell thiol-(SH)-linked alkylation of RNA for 
scSLAM-seq (metabolic labeling sequencing)44 may be 
better suited to investigate in situ phenotypic modulation 
of neutrophils in the ischemic heart.

The various cardiac neutrophil subsets appeared 
endowed with distinct functional capacities. At day 3 
post-MI, SiglecFhi neutrophils showed higher phagocy-
tosis and ROS-production than their SiglecFlow counter-
parts. Higher ROS-production by SiglecFhi neutrophils is 
consistent with previous observations in lung cancer.45 
Day 1 neutrophils showed a phagocytic and ROS-pro-
duction ability similar to day 3 SiglecFhi neutrophils. The 
functional implication of the local acquisition of surface 
SiglecF remains to be elucidated. As SiglecF ligation has 
been proposed to induce apoptosis in eosinophils46,47 
and its upregulation in neutrophils coincides with resolu-
tion of their infiltration in the ischemic heart, acquisition 
of SiglecF expression in neutrophils could be associated 
with increased neutrophil apoptosis and would constitute 
an active process promoting the resolution of inflamma-
tion. Whether SiglecF expression in murine neutrophils in 
disease states is of any relevance regarding neutrophil 
biology in other species is unclear. SiglecF is consid-
ered a murine functional paralog of human Siglec-8.48 In 
humans, Siglec-8 is expressed on circulating eosinophils, 
and to a lesser extent on mast cells and basophils.48 
Regardless of these considerations, SiglecF expression 
could constitute a valuable tool to track neutrophil speci-
fication within diseased tissues in murine models. Car-
diac SiglecFhi neutrophils also expressed high surface 
ICAM1. ICAM1 expression can be induced by neutro-
phil activators (lipopolysaccharide, TNFα [tumor necro-
sis factor α], zymosan) and can drive effector functions 
such as ROS production and phagocytosis, placing it as 
a functional marker of neutrophil activation.31 Consistent 
with these observations, we noted higher phagocytosis 
and ROS-production in SiglecFhiICAM1hi compared with 
SiglecFlowICAM1low neutrophils at day 3 post-MI.

Nevertheless, the functional consequences of neutro-
phil temporal heterogeneity for the cardiac repair pro-
cess remain to be determined. We attempted to address 
this issue using a widely employed model of neutrophil 
depletion based on intraperitoneal injection of the 1A8 
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monoclonal antibody.40 However, using a Ly6G-inde-
pendent neutrophil detection strategy, we determined 
that this failed to fully restrict the initial neutrophil influx 
into the heart but instead induced a shift toward higher 

proportion of cardiac SiglecFhi neutrophils. As blood neu-
trophils appeared to be depleted rather efficiently, this 
further corroborates the notion of SiglecFhi neutrophils 
being locally aged. These results also suggest that the 

Figure 7. Single-cell RNA (scRNA)-seq of control and atherosclerotic aortas reveals 2 distinct neutrophil subsets.
scRNA-seq was performed in a total of 2098 CD45+ cells from control (375 cells) and atherosclerotic (1723 cells) aortas and major immune 
cell lineages were identified. A, Uniform manifold approximation and projection (UMAP) representation of scRNA-seq gene expression data and 
clustering analysis, with a focus on neutrophils (62 cells), and their experimental condition of origin in control and atherosclerotic aortas from 
Ldlr−/− mice; (B) expression of the indicated transcripts projected onto the UMAP plot; (C) representative flow cytometry plots for detection of 
CD11b+Ly6G+ (pregated on tissue viable total CD45+ leukocytes) neutrophils and SiglecF expression on neutrophils extracted from the aorta 
or aortic sinus of control (Chow) or high fat diet fed (HFD) Ldlr−/− mice; (D) proportions of neutrophils among total CD45+ leukocytes (left), and 
of SiglecFhi cells among neutrophils (right) in the aorta and aortic sinus of chow or HFD fed Ldlr−/− mice; statistical analysis: Mann-Whitney U 
test. Flow cytometry data from 1 experiment. CXCR4 indicates C-X-C chemokine receptor type 4; ICAM1, intercellular adhesion molecule 1; and 
SiglecF, Sialic acid-binding Ig-like lectin F.
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functional effects of anti-Ly6G antibodies on cardiac 
repair in vivo may not only be related to reduced neutro-
phil levels as previously suggested 6, but might also be 
caused by a phenotypic shift in neutrophil populations.40 
Elucidating the role of neutrophil subsets in the heart 
will require using more efficient depletion models such 
as Ly6G-DTR (diphtheria toxin receptor) mice, or target-
ing of specific pathways using Ly6g-cre or S100a8-cre 
mice.49 Importantly, the main features of time-dependent 
neutrophil heterogeneity in the ischemic heart were also 
observed in female mice. However, uncovering fine sex-
specific differences in neutrophil phenotype and func-
tion50 during ischemic heart repair will require more direct 
and comprehensive comparisons in future studies.

Neutrophil temporal heterogeneity in the heart was 
also associated with increased expression of transcripts 
that may orchestrate the inflammatory response. In par-
ticular, we observed increased expression of Tnf, which 
may act on numerous immune and nonimmune cells 
(fibroblasts, cardiomyocytes, endothelial cells) in the 
ischemic heart, as well as genes that may mediate cross-
talk of neutrophils with other immune cell types such as 
IL23R-expressing T cells (Il23a).51 Using the NicheNet 
software41 to predict ligand/receptor interaction and their 
impact on target cells, we identified pathways by which 
neutrophils may affect macrophage phenotype, such as 
C3/C3ar1, Sema4d/Plxnd2, and Csf1/Csf1r. Of note, 
ligand/receptor analysis in scRNA-seq data is inherently 
limited by the efficiency of transcript detection, and may 
not detect all potential interactions. For instance, neu-
trophil-derived Lcn2 (NGAL [neutrophil gelatinase-asso-
ciated lipocalin]) has previously been proposed to drive 
macrophage reparative functions in the heart but tran-
scripts for its putative receptor (encoded by Slc22a17) 
were poorly detected in macrophages (not shown).

A recent scRNA-seq study in human and mouse lung 
cancer has evidenced conserved neutrophil transcrip-
tomic signatures across species in disease.21 Notably, 
neutrophils with a strong type I interferon response were 
found across species.21 Although the cancerous lung and 
the ischemic myocardium represent 2 distinct environ-
ments, the study by Zilionis et al21 provides proof of con-
cept that disease-associated neutrophil gene expression 
signatures can be conserved from mice to humans and 
raises the possibility that neutrophils similar to the ones 
we observed in our study may also populate the human 
ischemic heart. Elucidating the conservation of neutrophil 
states between the murine and human ischemic heart 
will be of critical importance to estimate the relevance 
of basic and preclinical research on acute inflammatory 
processes after MI in murine experimental models.

In murine atherosclerotic aortas, we observed 2 broad 
neutrophil clusters with gene expression features remi-
niscent of the major cardiac clusters (ie, SiglecFhi and 
SiglecFlow), suggesting that these populations may be 

conserved in other cardiovascular inflammation contexts. 
The functional role of neutrophil heterogeneity in athero-
sclerosis and potential tissue-specific aspects of neutro-
phil diversity will need to be addressed in future studies.

In summary, our work provides a high-resolution, 
dynamic census of blood and cardiac neutrophil hetero-
geneity after MI and describes the process of neutrophil 
tissue specification in the ischemic heart. This data set 
may constitute a valuable resource for further investi-
gating the functional implications of neutrophil temporal 
heterogeneity in the infarcted myocardium, and how it 
may affect ischemic heart repair.
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