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Abstract

The full neutrophil heterogeneity and differentiation landscape remains incompletely
characterized. Here we profiled >25,000 differentiating and mature mouse neutrophils using
single-cell RNA sequencing to provide a comprehensive transcriptional landscape of neutrophil
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maturation, function, and fate decision in their steady state and during bacterial infection. Eight
neutrophil populations were defined by distinct molecular signatures. The three mature peripheral
blood neutrophil subsets arise from distinct maturing bone marrow neutrophil subsets. Driven by
both known and uncharacterized transcription factors, neutrophils gradually acquire microbicidal
capability as they traverse the transcriptional landscape, representing an evolved mechanism for
fine-tuned regulation of an effective but balanced neutrophil response. Bacterial infection
reprograms the genetic architecture of neutrophil populations, alters dynamic transition between
each subpopulation, and primes neutrophils for augmented functionality without affecting overall
heterogeneity. In summary, these data establish a reference model and general framework for
studying neutrophil-related disease mechanisms, biomarkers, and therapeutic targets at single-cell
resolution.
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Introduction

Neutrophils migrate from the circulating blood to infected tissues in response to
inflammatory stimuli, where they protect the host by phagocytosing, killing, and digesting
bacterial and fungal pathogens®: 2. Neutrophil populations are not, however,

homogenous!: 34 5.6.7. 8 Differentiation and maturation produce distinct neutrophil
subpopulations which may be pre-programmed with different functions. Discrete
microenvironments can modify neutrophil function and behavior. In addition, rapid
neutrophil aging, their short lifespan, and mechanically-induced cellular responses as they
enter and exit capillaries® 19 also contribute to neutrophil heterogeneity. Neutrophil
classification has traditionally relied on morphology, surface marker expression, or gradient
separation, which while simple and robust do not capture the full neutrophil compartment
repertoire. Some neutrophil subpopulations overlap, making nomenclature confusing and
contributing to controversies regarding neutrophil function and ontogeny. In addition, the
exact function of some neutrophil subpopulations and the molecular bases of heterogeneity
are varied and remain elusive.

Single-cell RNA sequencing (SCRNA-seq) is a powerful tool to explore immune cell
heterogeneity!l: 12, Here we adopt an unbiased, systematic approach to dissect mouse
neutrophil populations in the BM, peripheral blood, and spleen at single-cell resolution. In
doing so, we provide the first comprehensive reference map of differentiating and mature
neutrophil transcriptional states in both healthy and £. co/i-infected hosts.

Results

Mouse neutrophil atlas in the steady state

Gr1* cells were isolated from the bone marrow (BM-Gr1), peripheral blood (PB-Gr1), and
spleen (SP-Grl) by FACS (Fig. 1a). To capture the whole spectrum of neutrophil maturation
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and identify potential neutrophil populations with lower Grl antigen (mainly Ly6G)
expression, we also included Gr1!°W and a few Gr1™~ cells in each sample. In addition, due to
the low abundance of HSPC, to gain insights into granulopoiesis in its entirety, we included
a sample enriched for c-Kit* BM HSPCs mixed with BM-Gr1 cells at a 2:3 ratio to
artificially create a BM-cKit/Grl population. Using mixed cell population minimized the
sample-to-sample variation (batch effect).

After rigorous quality control (Extended Data Fig. 1a—d), we obtain 19,582 high-quality
cells with average 1,241 genes per cell profiled, resulting in a total of 18,269 mouse genes
detected in all cells (Extended Data Fig. 1e and Supplementary Table 1). Unbiased, graph-
based clustering identified seven major cell populations (Extended Data Fig. 1f-h and
Supplementary Table 2). To dissect neutrophil heterogeneity, we examined the neutrophil-
related populations (Myeloid progenitors (MPs) and neutrophils). Unsupervised clustering
partitioned differentiating and mature neutrophils into eight clusters (G0—4; G5a-c; Fig. 1b).
GO0-4 mainly originated from the BM and represented neutrophils differentiating in the BM,
while G5a-c mainly originated from peripheral tissue samples (Fig. 1c). There was
substantial differential gene expression between the groups (Fig. 1d and Supplementary
Table 3). For quality assurance, we merged our raw data with another high-quality published
dataset!3 (Extended Data Fig. 1i—j), which agreed with our data well, our data detecting even
greater numbers of genes (Extended Data Fig. 1j). We identified 2,922 differentially-
expressed genes (DEGs) and 24 signature genes that distinguished each subpopulation (Fig.
1e). In a gene ontology analysis of DEGs (Fig. 1f), cell cycle-related genes were as expected
highly expressed in earlier phases of neutrophil maturation (G0, G1, and G2).

Neutrophil differentiation and maturation trajectories

According to known gene signaturest4 15. 16,17 e concluded that the GO population
mainly consisted of GMPs expressing typical genes such as Cd117 (Kif), Cd34, and Sox4
and neutrophil primary granule genes (Fig. 1e). We also conducted hierarchical clustering
(Fig. 1g). Consistent with UMAP clustering, neutrophils in the PB (G5a, G5b, and G5c¢)
were closely associated but more remote from BM G1—4 cells. Using Monocle!8 to place
differentiating neutrophil populations along possible granulopoiesis trajectories in pseudo-
time, neutrophil differentiation and maturation occurred on a tightly organized trajectory,
starting from G1 cells in the BM and ending with G5 cells in the PB and the spleen (Fig.
1h). G1 to G2 cells underwent active proliferation, with cell division stopping abruptly
thereafter (Fig. 1i). A cluster of G3 cells followed G2 expansion and expressed secondary
granule genes such as Ltf, Camp, and Ngp (Fig. 1e). Neutrophil differentiation in the BM
concluded with a more mature G4 population highly expressing Mmp8, a key granule
protein for neutrophil-mediated host defenses, and Cxc/2which is important for neutrophil
mobilizationl® (Fig. 1d—e). We measured the maturation score of each differentiating
neutrophil population based on the expression of genes related to neutrophil differentiation
and maturation (Supplementary Table 4). G5 cells, which accounted for the majority of
neutrophils in the peripheral tissues, were the most mature neutrophils, while G4 cells
showed the highest maturation score among BM maturating (GO to G4) neutrophils (Fig. 1j).
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A “sorting mechanism” for generating heterogeneous neutrophil granules

A well-accepted mechanism explaining neutrophil granule heterogeneity is “targeting by
timing of biosynthesis”20: 21, j.e., granule proteins synthesized at the same time in
developing neutrophils will end up in the same granule without granule type-specific sorting.
We examined the expression of various granule genes in differentiating neutrophils (Fig. 2a—
c). Lactoferrin-positive granules are often defined as specific (secondary) granules, while
lactoferrin-negative but gelatinase-positive granules are known as gelatinase (tertiary)
granules. As expected, Camp, the gene for a major antibacterial specific granule protein
CAP-1822, was expressed in G2 and G3 cells when specific granules were formed.
Surprisingly, this gene, whose product is not in the tertiary granules and secretary vesicles,
was also expressed in G4 neutrophils containing tertiary granules and secretary vesicles.
Such inconsistency was also observed for Lcn2 and Mmp8. Granule proteins belong to a
subset of proteins for which RNA expression dropped during differentiation while protein
expression remained similar. This may be indicative of protein storage or sequestration in
various granules?3. Alternative, “targeting by timing of biosynthesis” may not explain all
granule heterogeneity, and some granule proteins may in fact be tagged to direct them to
particular granules.

scRNA-seg-morphology correlates

Neutrophil maturation typically follows five main morphological stages: myeloblasts (MBs),
promyelocytes (PMs), myelocytes (MCs), metamyelocytes (MMSs), band neutrophils and
segmented neutrophils (BC/SCs)%0. We compared scRNA-seg-defined neutrophil
populations with the classic morphology-defined neutrophils which were isolated by FACS
based on c-Kit and Ly6G expression?4 and bulk-sequenced (Fig. 2d). Most of the molecular
signatures identified by sScCRNA-seq were also detected in bulk RNA-seq data (Fig. 2e and
Supplementary Fig. 1a). To further dissect morphological heterogeneity, a regression-based
deconvolution approach was applied on bulk expression profiles. MB were a mixture of
G0/G1, PM were G1, MC were G1/G2, MM were G2, and BC/SC were G3/G4 (Fig. 2f and
Supplementary Fig. 1a—c).

Correlation with previously defined neutrophil subpopulations

Previous studies revealed a variety of distinct neutrophil subpopulations arising during
differentiation and maturation. Olsson et al.2> performed scRNA-seq on stem/multipotent
progenitor cells (LSK), common myeloid progenitor (CMP) cells, GMP cells, and LK
CD34" cells (lin"c-Kit*CD34") that included granulocytic precursors. We calculated the
fraction of each scRNA-seq defined neutrophil subpopulation in these four samples and
revealed that LSK and CMP cells exhibited a gene expression profile matching that of GO
cells. Importantly, G1 neutrophils started to appear in GMP population. LK CD34* myeloid
progenitor precursor population contained a significant number (~20%) of G2 neutrophils
(Extended Data Fig. 2a). We also correlated our scRNA-seq defined neutrophil populations
with the neutrophil subtypes reported by Evrard et al.28, Regression-based deconvolution
analysis showed that the therein identified pre-neutrophils (pre-Neu), CXCR2!® immature
neutrophils (im-Neu), and CXCR2M9" mature neutrophils (m-Neu) were correlated with the
G2, G3, and G4 neutrophils, respectively (Extended Data Fig. 2b). Next, we compared the
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C1 and C2 cells defined by Zhu et al.2” with the neutrophil subpopulations identified in our
study. The result suggested C1 to be a mixture of GO/G1 and C2 to be G2/G3 (Extended
Data Fig. 2c-d). Notably, in an earlier study, Kim et al. also defined a population of
proliferative late-stage neutrophil precursors (NeuP) in the BM characterized by a lin"cKit
*CD11b*Ly6G"°Ly6BIMCD115-Gfil* signature?8 that should be located in the G1/G2
population. It was later found that this NeuP population was highly heterogeneous and
contained other myeloid progenitors (GO cells)2”. Furthermore, we examined the correlation
of scRNA-seq defined neutrophil populations with the Stage | and Stage Il neutrophils
defined by Giladi et al.13 and revealed that Stage I neutrophils were mainly G2-G4 cells
while Stage Il neutrophils were a mixture of G4 and G5 cells (Extended Data Fig. 2e—f).
Finally, a population of committed neutrophil progenitors (proNeu) was proposed®.
Recently, Muench et al.2% and Kwok et al.30 (Lai Guan NG, personnel communication)
independently characterized this population. We compared the neutrophil subpopulations
identified in our study with the proNeu population and found that proNeu perfectly
correlated with G1 neutrophils (Extended Data Fig. 2g-h).

The PB and spleen contain three distinct neutrophil subpopulations

Three major neutrophil subpopulations were identified in the PB and spleen with 172 DEGs
(Supplementary Table 3, Fig. 2g). Similar to G4 BM cells, G5a cells highly expressed
Mmp8and 5100a8 (Fig. 2g) and genes related to neutrophil migration and inflammatory
responses (Fig. 2h). Interestingly, a group of G5b neutrophils expressed a set of interferon-
stimulated genes (ISGs) such as /fit3and /sg15 (Extended Data Fig. 3a). Trajectory analysis
showed that G5a and G5b neutrophils gradually developed into G5c¢ neutrophils (Extended
Data Fig. 3b) the latter showing the highest aging score (Fig. 2i—j). By applying a two-
component Gaussian mixture model, we further identified 15% of G5c neutrophils as aged,
significantly higher than in G5b or G5a populations (Fig. 2j). Although G5c cells appeared
to more aged, the mitochondrial UMI percentage was not elevated in G5c cells, indicating
continued viability in the PB and spleen (Extended Data Fig. 3c). Noticeably, the initial cell
clustering was performed from a mixture of cKit* BM HSPCs and Gr1* neutrophils from
the BM, SP and PB. Clustering of circulating (PB) neutrophils only gave rise to the same
three G5 clusters (Supplementary Fig. 2a-b).

Experimental isolation of neutrophil subsets

scRNA-seq defined BM differentiating neutrophil populations (G0-G4) tightly correlated
with the morphology-defined neutrophil subpopulations (Fig. 2f). Based on this correlation,
we were able to identify and sort G1 and G2 neutrophils in the BM (Fig. 3a). To separate G3
and G4, we added another surface marker CXCR2 which was more highly expressed on G4
cells (Fig. 3b). The proportions of G1-G4 neutrophils in the BM measured by FACS analysis
(Fig. 3c) fit well with those calculated based on the sScRNA-seq data (Fig. 1c).

We isolated PB G5b cells based on their expression of IFIT1 (Fig. 3d). G5c cells are
relatively aged neutrophils with high surface expression of CXCR4 and thus were isolated as
IFIT1~CXCR4M neutrophils by FACS sorting, while G5a cells were identified as
IFIT1"CXCRA4!° neutrophils (Fig. 3d). The identity of the sorted G5a, G5b, and G5¢
neutrophils was confirmed by measuring the expression of distinct signature genes (Fig. 3e—
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f). Using this approach, we calculated the percentage of each G5 subpopulation in the PB
and SP. The result was consistent with that derived from the sScRNA-seq analysis (Fig. 3g).

The pathogen clearance machinery is continuously and gradually built during neutrophil
differentiation, maturation, and aging

Phagocytosis, chemotaxis, and neutrophil activation scores increased drastically during the
early stages of granulopoiesis, peaked at G3, and remained relatively stable thereafter
(Extended Data Fig. 4a—c). Similarly, “NADPH oxidase score” increased during GO to G1
and G2 transition, peaked at G3, and then decreased by 20% in mature neutrophils
(Extended Data Fig. 4d). However, the dynamics of the oxidase complex subunits varied
through neutrophil differentiation (Extended Data Fig. 4e). Sequential subunit expression
ensures maximal stimulation-triggered NADPH oxidase activation at the later stages of
neutrophil maturation and minimal activation in immature neutrophils in the BM. Notably,
genes related to mitochondria-mediated ROS production were significantly downregulated
during neutrophil maturation, further supporting that neutrophil ROS production is mainly
mediated by phagocytic NADPH oxidase (Extended Data Fig. 4f).

Mature neutrophils derive energy mainly from glycolysis3l. However, metabolism-related
genes (Extended Data Fig. 4g), including those related to glycolysis (Extended Data Fig. 4h)
were downregulated in mature neutrophils. Similarly, genes related to glucose transportation
were also not upregulated in mature neutrophils (Extended Data Fig. 4i). These data suggest
that glycolysis-dominant metabolism in neutrophils is likely to be driven by post-
transcriptional or/and post-translational mechanisms rather than transcriptional upregulation
of related genes.

Organ-specific transcriptome features

Compared to early-stage maturing BM neutrophils, most neutrophils in the PB and SP were
mature G5 cells with similar gene expression patterns (Extended Data Fig. 5a). KEGG
enrichment analysis revealed PB neutrophils were enriched for genes related to malaria and
African trypanosomiasis, while SP neutrophils were more enriched for genes related to
leishmaniasis and Yersinia infection, suggesting that PB and SP neutrophils may play
distinct roles in combating different infections (Extended Data Fig. 5a—b). SP neutrophils
also expressed T cell differentiation, 1L-17 signaling, TNF signaling, and antigen processing
and presentation-related genes, suggesting a role for splenic neutrophils in adaptive
immunity. Under homeostatic condition, more than 98% neutrophils (about 200 million)
stored in the BM32: 33, Although the percentage of G5 neutrophils in the BM was
significantly lower (Fig. 1c and Extended Data Fig. 5c), their absolute number was
comparable or even higher than that was in the PB or SP (Extended Data Fig. 5d). Compared
to their counterparts in the PB and SP, BM G5a and G5c¢ neutrophils preferentially expressed
genes related to cell migration, chemotaxis, adhesion, and antimicrobial peptides (Extended
Data Fig. 5e-h). PB and SP G5 neutrophils displayed higher maturation and apoptosis scores
than BM G5 neutrophils (Extended Data Fig. 5i—j). These results suggest that although the
identity of each neutrophil subpopulation is determined by programed expression of distinct
signature genes, the organ-specific microenvironment also plays a significant role in driving
transcription in each subpopulation.
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Unexpected complexity in neutrophil mobilization

Both known

Next, we traced cell fate and reconstructed cell lineage direction using the recently
developed RNA “velocity’ approach3* (Fig. 4a and Supplementary Fig. 3). Consistent with
Monocle (Fig. 1h), BM maturation (from G2 to G4) followed a single main branch without
significant division, with G3 bearing long vectors and indicating a strong tendency to
progress to G4 (Fig. 4a and Supplementary Fig. 3). G5c cells were firmly at the end of
neutrophil maturation and differentiation, showing the highest apoptosis scores (Fig. 4b) and
proportion of apoptotic cells (~20%; Fig. 4c) among the most mature G5 population. There
was also significant apoptosis in G5a and G5b cells (Fig. 4c), suggesting that death
programs can be independent of maturation. We next performed velocity analysis using only
G3 to G5 subsets and the cells in different compartments were presented separately to
accurately assess their relationship with other cell populations and/or cells in other
compartments (Supplementary Fig. 4). Interestingly, the trajectory of a significant number of
G3 neutrophils was toward the peripheral G5a population, suggesting mobilization of G3
cells to the PB or tissue without first undergoing full G4 maturation (Supplementary Fig. 4).
BM G4 population split into: (i) the peripheral G5a population, and (ii) the 1SG-related G5b
population without entering the G5a stage. Thus, although G5a and G5b were most similar
(Fig. 19), they are two separate and independent PB neutrophil populations, with G5a
derived from BM G3 and G4 cells and G5b derived solely from G4 cells. G5a to G5b
conversion was rarely detected in the PB (Fig. 4a and Supplementary Fig. 4).

Both the G3 and G4 populations are differentiating neutrophils that mainly exist in the BM
(Extended Data Fig. 5d). A small number of immature neutrophils also circulate, which are
thought to be derived from accidental release of cells closest to maturation3>: 36 37 \We
detected significantly more G3 cells in the periphery of healthy mice (5% of PB and 6% of
SP neutrophils; Fig. 1¢c) compared to G4 cells. Thus, during BM granulopoiesis, more G3
neutrophils escape from the BM niche, migrate into PB, and travel to other organs. PB and
BM G3 cells consistently overlapped on velocity analysis, with some falling into the PB G5a
cluster (Fig. 4d and Supplementary Fig. 4). Further, PB G3 cells directly differentiated into
Gba without going through G4, consistent with the low number of G4 cells in the PB and SP
(Fig. 4d and Supplementary Fig. 4).

and uncharacterized transcription factors drive neutrophil subpopulations

We next sought to characterize transcription factor (TF) dynamics across neutrophil
differentiation and maturation38: 39 (Fig. 4e). Genes related to stem cell maintenance and
early lineage commitment such as Gata2, 178, and RunxI were highly expressed in the GO
population. Genes highly expressed in G1 included GfiZ and Cepba, which play essential
roles in neutrophil development, strongly suggesting that specific neutrophil lineage
commitment occurs during G1. To assess specific global gene regulatory networks
associated with neutrophil maturity, we applied SCENIC analysis*C (Fig. 4f). There was
high consistency between Seurat clusters and SCENIC clusters (Fig. 4g). To further dissect
the regulatory differences between neutrophils and other cell types, we compared regulon
activities from each neutrophil group versus all non-neutrophil populations using a
generalized linear model*L. This identified 19 neutrophil-specific networks, including
previously reported TFs such as Cebpe, Spil, and K/f5 (Fig. 4h and Supplementary Table 5).
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Importantly, this analysis also identified four new regulons, Nfil3, Max, Mix, and Xbp1,
which are closely related to the expression of neutrophil-specific genes (Fig. 4i). We next
examined the regulatory events responsible for transitioning between consecutive neutrophil
differentiation stages (Fig. 4j). Coarse-grained clustering revealed at least five regulon
groups with distinct activation patterns, including two early-activated, one late-activated, one
globally-activated, and one specifically-inactivated after G2. While many TF networks like
Cebpe, Ets1, KIf5, Rad21, and E2f2 contributed to neutrophil commitment, changes in Xbp2
and MIx networks were specifically associated with GO/G1 transition. Additionally, the
dramatic loss of regulatory networks such as £2f1, Nelfe, and Rb1 indicated a potential
functional change between G2 and G3.

Bacterial infection primes neutrophils for augmented functionality without affecting overall
heterogeneity

We next investigated how bacterial infection affected neutrophil subpopulations, including in
the liver and peritoneal cavity (Extended Data Fig. 6a—f). At the same sequencing depth, the
gene number and total UMIs both increased in neutrophils isolated from the PB, SP, and PB
of E. coli-challenged mice compared to control mice, indicating elevated transcriptional
activity during bacterial infection (Extended Data Fig. 6g—h). Leveraging the fact that cells
in each subpopulation from unchallenged mice retain core signature genes beyond
perturbations, we were able to identify every population in challenged mice using a well-
accepted data integration method#2 (Fig. 5a—b) and validated independently through
unsupervised dimension reduction at transcriptome levels. The expression of signature
molecules (Fig. 5¢), NADPH oxidase components (Extended Data Fig. 6i), and granular
proteins (Extended Data Fig. 6j) remained remarkably consistent after £. coli challenge.
Thus, the identity of each neutrophil population was maintained during acute bacterial
infection and the signature genes still successfully determined neutrophil identity under
inflammatory conditions (Fig. 5¢). However, infection up- and downregulated numerous
genes in each neutrophil subpopulation (Fig. 5d). In differential gene expression analysis
(Extended Data Fig. 7a and Supplementary Table 6), DEGs in GO and G1 cells were also
preferentially involved in regulating immune effector processes and ROS metabolism,
respectively, suggesting that immune adaptation to bacterial infection could occur as early as
within early progenitor cells (Fig. 5e and Extended Data Fig. 7b). In relatively mature G4
and G5 neutrophils, bacterial infection triggered significant upregulation of cytokine
production and secretion genes (Fig. 5e and Extended Data Fig. 7b). Finally, in bacteria-
challenged hosts, neutrophil functions related to bactericidal activities including synthesis of
granular proteins (Fig. 5f), NADPH oxidase complex (Fig. 5g), phagocytosis, and
chemotaxis (Fig. 5h) were all upregulated. Thus, during bacterial infection, core neutrophil
subpopulations are maintained but genes related to pathogen clearance are upregulated at
each stage of neutrophil maturation to maximize host defenses.

We also examined whether bacterial infection had a universal impact on transcriptional
regulatory networks across neutrophil populations. Overall, there was a coherent drift in
gene regulatory network activities in each subpopulation after bacterial challenge (Extended
Data Fig. 8a), perhaps driven by upregulation of defense-response-associated TF networks
like /rf7and downregulation of metabolic TF networks like Foxp and Ctcf(Extended Data
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Fig. 8b). Interestingly, we also identified TF networks (e.g. Fosand Atf4) showing different
responses in immature (upregulated) and mature (downregulated) populations (Extended
Data Fig. 8b). These networks were gradually activated from G1 to G5 under normal
conditions (Extended Data Fig. 8c and Supplementary Table 5), and their target genes were
enriched for a variety of processes including signaling, biosynthesis, and transcriptional
regulation. Presumably, bacterial challenge accelerates neutrophil maturation by
upregulating these networks at earlier stages and thus re-allocates cellular resources to
defense responses by downregulating these networks at later stages.

The ISG-related G5b neutrophil population exists in both humans and mice and expands
during infection

The percentage of Gbb cells increased significantly in £. coli~challenged hosts (Fig. 5b). We
investigated the distribution of G5b neutrophils in the spleen using a laser scanning
cytometer (LSC), co-staining spleen tissue sections with an anti-S100a8 antibody and an
anti-IFIT1 antibody to identify G5b neutrophils (Fig. 6a). Under normal conditions, S100a8*
neutrophils were uniformly distributed in the red pulp, while G5b (S100a8* IFIT1*) cells
were preferentially subcapsular. After £. coli challenge, overall number of neutrophils in the
spleen increased significantly, as did the percentage and number of G5b (Fig. 6b), which
were still preferentially subcapsular, their specialized location further demonstrating the
uniqueness of this subpopulation. Although multiple ISGs (e.g. /fitm1) were upregulated in
basically all neutrophil subpopulations after bacterial stimulation (Fig. 6¢), many ISGs such
as /sg15and Oas2which are specifically expressed in G5b were not upregulated, suggesting
that 1SG-related G5b expansion was not due to bacteria-induced 1SG expression.

We next examined whether this G5b population was also present in human blood by scRNA-
seq of sorted human PB neutrophils from a healthy donor (Extended Data Fig. 9a).
Unsupervised clustering revealed three major neutrophil populations, one of which was a
human G5b (hG5b) population expressing 1SGs (Fig. 6d—f and Supplementary Table 7). We
also performed cell clustering on the mixture of PB neutrophils from three donors and
obtained similar results with the same three G5 clusters (Extended Data Fig. 9b—f).

Bacterial infection accelerates G1 cell division and post-mitotic maturation without
altering overall neutrophil differentiation

Neutrophil populations significantly expand during bacterial infection®3: 44, However, the
neutrophil differentiation and maturation trajectory was largely maintained in £. coll-
challenged mice (Fig. 7a). The overall stability of the neutrophil differentiation program
after bacterial infection was also demonstrated by correlation of SCENIC transcription
regulatory networks in control and challenged samples (Fig. 7b). While both G1 and G2
cells are proliferative, the proliferation score increased only in the G1 population (Fig. 7c),
as were genes related to G2/M phase progression?®, while genes related to S phase
progression were paradoxically reduced in G2 cells during acute infection (Fig. 7d).

During bacterial infection, the G3 and G4 pool must increase to produce more mature
neutrophils. Nevertheless, the proportions of G3 and G4 cells were not increased in the BM
of E. coli-challenged hosts (Fig. 5b), indicating that post-mitotic maturation may be
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accelerated in the BM. To test this hypothesis, we labeled dividing cells with 5-ethynyl-2”-
deoxyuridine (EdU) and tracked these cells post-mitotically in the BM and PB (Fig. 7e).
Based on the surface expression of Ly6G and CXCR4 in differentiating neutrophils!3 19. 26
we separated relatively immature (Ly6G'®" CXCR4N), intermediate mature (Ly6GNi
CXCR4hi9") and mature (Ly6GN CXCR4!W) neutrophils, and examined the emergence of
EdU-labeled cells in these subpopulations at different time points. In the BM of
unchallenged mice, EdU-labeled cells entered the immature neutrophil stage after 2 h,
intermediate maturation after 12 h, and became mature neutrophils at 48 h. The duration of
each stage was about 24 h, and EdU" cells appeared in the PB and SP after 72 h (Fig. 7f). In
E. coli-challenged hosts, the percentage of Ly6Gh CXCR4!%W cells reduced significantly,
and Ly6G!°" CXCR4M and Ly6GM CXCR4N cells predominated in both the BM and PB.
These neutrophils mobilized to the periphery following a similar dynamic pattern but over
only two rather than three days, a drastic reduction in the post-mitotic neutrophil maturation
period in infected hosts (Fig. 7).

Bacterial infection reprograms the neutrophil population structure and dynamic transitions
between subpopulations

In the BM, the proportion of G1 cells increased during bacterial infection, indicating
elevated proliferation of myeloid progenitors (Fig. 5b and Fig. 8a). The percentage of BM
G2 cells remained the same, suggesting balanced influx from G1 cells and transformation
from G2 to G3 cells. Velocity analysis showed that the obvious transformation from G3 to
Gba cells under homeostatic conditions was suppressed during infection, and G3 cells in
infected hosts predominantly differentiated to G4 cells (Fig. 8b and Supplementary Fig. 5).
G4 cells decreased from 38% to 30% in the BM but significantly increased in the PB and SP
(Fig. 5b and Fig. 8a). PB G4 cells were mainly derived from the BM G3 cells (Fig. 8b).
Additionally, infection significantly suppressed the G5a and G5b to G5c transition, leading
to a smaller G5¢ population in £. coli challenged hosts (Fig. 5b and Fig. 8b). In the velocity
analysis, cells from the BM and PB were analyzed together to reveal the origin and
interrelationship of neutrophil subpopulations in each compartment. Regardless of whether
we investigated all (GO-G5) (Fig. 8b and Supplementary Fig. 5) or only postmitotic (G3-G5)
(Supplementary Fig. 6) neutrophils, similar pattern of cell transition and fate direction was
observed. In the PB and SP, the conversion between G5a and G5b neutrophils was rarely
detected and G5c clearly localized at the end of neutrophil maturation trajectory
(Supplementary Fig. 6). Significant number of G5b neutrophils also existed in the BM
(Extended Data Fig. 5d). A bidirectional transition was observed in the BM G5b population
with BM G4 and PB/SP G5b at each end. It was switched to an overly unidirectional
transition from BM G5b to PB/SP G5b during bacterial infection (Supplementary Fig. 6).

To assess neutrophil heterogeneity at the site of infection, neutrophils were extracted from
the inflamed peritoneal cavity (PC) (Fig. 8c—d). Velocity analysis on all G3-G5 cells in
E.coli-challenged mice, including those in the BM, PB, SP, and PC, revealed irregular
multiple directions and short vectors in PC G5 populations, indicating a rather inactive
transition among these populations (Supplementary Fig. 7). Interestingly, although G5c cells
accounted for only about 25% of PB neutrophils before bacterial challenge and <10% PB
neutrophils after bacterial challenge, >45% of PC neutrophils in challenged mice were G5c¢
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cells (Fig. 8d), suggesting that these cells may possess higher trans-endothelial migration
capability than G5a or G5b cells. G5c¢ neutrophils showed the highest aging score compared
to other G5 cells (Fig. 2i—j) with no difference detected among BM, PB, and SP G5c cells in
unchallenged mice (Supplementary Fig. 8a). During bacteria-infection, the aging score and
the proportion of aged cells in PC G5c¢ population became significantly higher compared to
the PB and SP G5c (Supplementary Fig. 8b). These results are in agreement with a previous
study showing that in the acute inflammatory response during endotoxemia, aged
neutrophils stop returning to the BM and instead rapidly migrate to sites of

inflammation6: 47, Infection delays neutrophil death?®. Paradoxically, genes related to
apoptosis or necroptosis were significantly upregulated in every neutrophil subpopulation in
E. coli challenged mice (Fig. 8e), indicating that the delayed neutrophil death in infected
hosts is mainly determined by the activation of apoptotic factors and pathways rather the
level of the related proteins.

Discussion

In this study, we used single-cell transcriptome profiling to reveal neutrophil heterogeneity
and orchestrated maturation during homeostasis and bacterial infection. The sScRNA-seq
defined neutrophil populations characterized here were correlated with classical
morphology-based and various previously reported distinct BM neutrophil subpopulations
arising during differentiation and maturation (Extended Data Fig. 10). In an effort to unify
the naming scheme for cellular clusters in neutrophil development, a set of recently used
terms for differentiating neutrophils were adopted® 2% 30, Based on correlation analyses
(Extended Data Fig. 2), the GO, G1, G2, G3, and G4 clusters aligned to BM GMP, proNeu,
preNeu, immature Neu (immNeu), and mature Neu (mNeu), respectively (Fig. 8f).

The PB contained three main neutrophil subsets, G5a, G5b, and G5c, which represented the
most mature neutrophils with typical polymorphonuclear morphology and were named
PMNa, PMNb, and PMNCc, respectively (Fig. 8f). They are three transcriptionally distinct
mature neutrophil subpopulations that may be pre-programmed with different functions.
First, PMNb were discrete and definable 1SG-expressing neutrophils. They were more
similar to PMNa than PMNc neutrophils, and the majority of PMNb neutrophils directly
developed from BM mNeu (Fig. 8f). Interferon and interferon-related pathways are
implicated in both viral and non-viral infections and play a critical role in host defenses?9.
ISG-related PMNb neutrophils may be primed to combat invading pathogens even before
infection occurs. Interestingly, while a group of 1SG-expressing tumor-infiltrating
neutrophils was recently identified in human and mouse lung cancers®?, their transcriptome
was significantly different to that of PMNb neutrophils, indicating significant neutrophil
reprogramming in the tumor microenvironment. Second, the difference between PMNa,
PMNb, and PMNc is unlikely to be due to mechanically-induced cellular responses caused
by transendothelial migration® 19, Most neutrophils in the PB have experienced the same
mobilization from the BM to the circulation and have never crossed capillaries. Third, the
difference between PMNa, PMNb, and PMNCc is not a result of neutrophil activation. These
distinct subpopulations existed in unchallenged mice, and their identity was stable and
largely maintained during bacterial infection. Finally, these distinct subpopulations are not a
direct result of neutrophil aging or death. Although PMNc clearly localized at the end of
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neutrophil maturation trajectory and had a higher aging score than PMNa and PMNDb (Fig.
2i—j), only 15% of PMNCc neutrophils could be defined as aged neutrophils. Aged
neutrophils also existed in the PMNa and PMNDb populations, albeit at lower percentages.
Additionally, PMNc marker genes were significantly enriched for ribosome biogenesis,
cytoplasmic translation, post-transcriptional regulation, and LPS-mediated signaling
pathways by GO analysis, indicating high functionality of this population.

Mouse strains

Female C57BL/6 mice were purchased from the Jackson Laboratory (Bar Harbor, ME).
Eight-to-ten-week-old mice were used in all experiments. All animal experiments were
conducted in accordance with the Animal Welfare Guidelines of the Children’s Hospital
Boston. The Children’s Hospital Animal Care and Use Committee approved and monitored
all procedures.

Mouse peritonitis model

Wild-type mice were intraperitoneally injected with 1x107 £. coli (ATCC® 19138™) in 300
ul PBS. At different timepoints after injection, mice were anesthetized with isoflurane, retro-
orbital blood was collected, and then mice were sacrificed by euthanizing with CO,°L. Cells
from different organs such as bone marrow, spleen, liver, and peritoneal exudate were
collected as detailed below.

Mouse neutrophil isolation

Neutrophils display circadian oscillations in number and phenotype, and neutrophil aging is
an intrinsically-driven bona fide circadian process®2. Thus, all samples in this study were
prepared from mice sacrificed at the same time in the morning (8:00 AM). Eight-week-old
female mice were used for sc-RNA-seq analysis. Peripheral blood (600-800 pl) was
collected by retro-orbital bleeding and diluted with 3 ml HBSS containing 15 mM EDTA53,
Cells were centrifuged for 10 min at 500 x g. Red blood cells were lysed by resuspension in
5 ml ACK (ammonium-chloride-potassium) lysis buffer (Thermo Fisher Scientific,
Waltham, MA) for 5 min at RT. 10 ml RPMI + 2% FBS were added to stop lysis followed by
centrifugation at 500 x g for 5 min. Cells were washed twice with 10 ml HBSS + 2 mM
EDTA + 1% BSA before being re-suspended in 500 ul PBS + 1% BSA. For bone marrow
neutrophil isolation, whole bone marrow cells were flushed from the femur, tibia, and ilia
leg bones with 5 ml HBSS + 2 mM EDTA + 1% BSA and filtered through a 70 um cell
strainer. Cells were centrifuged for 10 min at 500 x g. Red blood cells were lysed with 1 ml
ACK lysis buffer for 2 min at room temperature (RT) and washed twice with HBSS + 2 mM
EDTA + 1% BSA and re-suspended in 200 ul PBS + 1% BSA. c-kit-positive bone marrow
cells were first enriched by positive selection using c-kit (CD117) microbeads (Miltenyi
Biotec, Bergisch Gladbach, Germany) and further purified by FACS sorting c-kit-positive
cells. To isolate spleen neutrophils, spleens were dissected, placed in 3 ml PBS + 1mM
EDTA, and then gently disaggregated through a 70 um cell strainer using a 1 ml syringe
plunger. Whole spleen cells were collected, centrifugated, and resuspended in 1 ml PBS +
1mM EDTA. The red blood cells were then lysed with 5 ml ACK lysis buffer for 2 min at
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room temperature. After centrifugation, cells were washed twice with PBS + 1 mM EDTA
and re-suspended in 500 pl PBS + 1% BSA. Finally, peritoneal cavity exudate cells were
harvested by three successive washes with 10 ml HBSS + 15 mM EDTA + 1% BSA. After
centrifugation, cells were washed twice with the same solution and re-suspended in 100 pl
PBS + 1% BSA.

Human sample collection

Peripheral blood (10 ml) was collected from healthy donors into heparin anticoagulant
tubes®®. An equal volume (10 ml) of 6% hydroxyethyl solution was added into the
heparinized blood and inverted gently several times for adequate mixing. The blood was
kept at RT for 20—30 min before pipetting the supernatant into a 50 ml Falcon tube followed
by centrifugation at 290 x g for 5 mins without braking. Cells were washed twice and lysed
with ACK to completely remove red blood cells. Samples were stained with Percp-cy5.5-
conjugated anti-human CD33 antibody for 20 min and DAPI was added to cells prior to
sorting by FACS with a FACSAria 111 cell sorter (BD Biosciences, Franklin Lakes, NJ). The
Ethics Committee of Tianjin Blood Disease Hospital approved the study protocol, and the
donor provided written informed consent for sample collection and data analysis.

Single cell collection, library construction, and sequencing

Single cell suspensions were stained for 30 min at 4°C with fluorophore-conjugated
antibodies (APC/CY7-conjugated anti-Grl, FITC-conjugated-anti-CD45), filtered through
40 pm cell strainers, and DAPI was added prior to sorting by FACS with a FACSAria 11 cell
sorter (BD Biosciences). For mouse cells, designated cells were sorted into PBS containing
0.05% BSA following the 10X Genomics protocol. Cell preparation time before loading
onto the 10X Chromium controller was <2 h. Cell viability and counting were evaluated
with trypan blue by microscopy, and samples with viabilities >85% were used for
sequencing. Libraries were constructed using the Single Cell 3" Library Kit V2 (10X
Genomics, Pleasanton, CA). Transcriptome profiles of individual cells were determined by
10X genomic-based droplet sequencing. Once prepared, indexed cDNA libraries were
sequenced with paired-end reads on an Illumina NovaSeq6000 (Illumina, San Diego, CA).
For human cells, the sample preparation, library construction, and single cell sequencing
were performed using a BD Rhapsody™ Single-Cell Analysis System following a standard
protocol provided by the manufacturer (BD Biosciences).

Bulk RNA isolation and sequencing

BM cells were prepared as previously described>®. BM cells were first stained with: biotin-
conjugated anti-CD4; biotin-conjugated anti-CD8a; biotin-conjugated anti-Ter119; and
biotin-conjugated anti-B220/CD45R antibodies for 20 min and then stained with PE/cy7-
conjugated streptavidin; APC-conjugated anti-c-kit; PE-conjugated anti-Ly6G; FITC-
conjugated anti-CD34 antibodies for 90 min at 4°C. MB, PM, MM, MC, mature band, and
segmented neutrophils were sorted with a Moflo cell sorter (Beckman Coulter, Brea, CA).
Total RNA was extracted from those populations using the Qiagen RNeasy Mini Kit
(Qiagen, Hilden, Germany). RNA quality was evaluated spectrophotometrically, and the
quality was assessed with the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA). All samples showed RNA integrity >7.5; RNA-seq libraries were prepared using the
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KAPA mRNA HyperPrep Kit (Illumina). Once prepared, indexed cDNA libraries were
pooled in equimolar amounts and sequenced with paired-end reads on an Illumina
HiSeq2500.

Wright-Giemsa staining and examination of morphology-defined neutrophil populations

The first recognizable cells of neutrophil lineage in the BM are myeloblasts (MBs), which
are characterized by a high nuclear-to-cytoplasmic (NC) ratio and dispersed chromatin. MBs
then irreversibly differentiate into promyelocytes (PMs), which are characterized by a round
nucleus and azurophil granules, followed by myelocytes (MCs) characterized by a round
nucleus and specific granules. Metamyelocytes (MMSs) are characterized by nuclear
indentations (kidney-shaped nuclei) and the emergence of secretary vesicles. Finally, MMs
are divided into band cells (BCs) with a band-shaped nucleus and segmented cells (SCs, aka
polymorphonuclear granulocytes) with a segmented nucleus. Cells were sorted (Fig. 2d) and
concentrated onto microscope slides by cytospinning. Slides were dried and stained using
the Diff-Quick Stain Set (Siemens, Munich, Germany). Stained slides were rinsed under
running tap water and air-dried for 10 min. Images were obtained under a microscope with a
63x objective.

EDU incorporation assay

5-ethynyl-2"-deoxyuridine (EdU), a thymidine analogue, can track cells post-mitotically in
the BM and PB (Fig. 7e). EdU is incorporated into DNA in the S-phase of the cell cycle, and
the half-life of EdU is only about 30 min, so incorporation can only occur in the first 1-2 h
after EAU intraperitoneal injection. After 1 h of i.p. injection with 0.5 mg EdU, mice were
injected with E. coli as above to induced peritonitis. Mice were sacrificed at designated
timepoints, and BM, blood, and spleen cells were harvested followed by staining with
fluorescent-conjugated antibodies: APC-conjugated anti-CD11b; APC/cy7-conjugated anti-
Ly6G; and PE-conjugated anti-CXCR4 antibodies. Labeled cells were fixed, permeabilized,
and stained with azide dye using an EdU Proliferation Kit (BD Biosciences). Cells were
further washed and analyzed using a BD FACSCanto Il (BD Biosciences). Data were
analyzed using FlowJo software (FloJo, BD Biosciences).

Spleen cryosection preparation

Spleens were fixed in 1% formaldehyde (StatLab, McKinney, TX) for 4-8 h, rehydrated in
30% sucrose solution for 72 h, and snap frozen in OCT (Sakura Finetek, Japan). Single-cell-
thick (5 um) spleen cryosections were obtained using a Leica Cryostat and the CryoJane
tape transfer system (Leica Microsystems, Wetzlar, Germany). For immunofluorescent
staining, slides were rehydrated in PBS for 10 min followed by rinsing in PBST (PBS +
0.1% Tween20); blocking was performed with PBS + 10% donkey serum for 20 min; the
diluted primary rat anti-S100a8 (Thermo Fisher Scientific #335806) and rabbit anti-IFIT1
(Abcam, Cambridge, UK #abh236256) antibodies were added and incubated for 1 h at RT.
After 3x washes with PBST, AlexaFluor 488-conjugated donkey anti-rat antibody (Jackson
ImmunoResearch, West Grove, PA #141697) and Cy™3-conjugated donkey anti-rabbit
antibody (Jackson ImmunoResearch #143460) were added and incubated for 30 min at RT.
Slides were washed 3x with PBST and then stained with DAPI (0.5 uM) for 3 min. Slides
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were rinsed in PBS and were covered with mounting solution (Vectashield, Vector
Laboratories, Burlingame, CA).

Laser scanning cytometry (LSC)

Laser scanning cytometer (LSC) is an emerging technology that images and quantitatively
analyzes cellular and subcellular criteria within tissues, re-interrogating identified cell
subpopulation(s) for /n situ characterization of the molecular and cellular events associated
with those cells. LSC was performed with an iCys Research Imaging Cytometer four-laser
system (Thorlabs, Newton, NJ)#3. Each section was first scanned with a 10x objective using
the 405 nm laser to generate low-resolution images of the DAPI-stained nuclei and obtain a
general view of the spleen. Subsequently, the sections were divided into small regions and
scanned with a 40x dry objective lens to create high-resolution field images. Data were
analyzed using iCys Cytometric Analysis Software (Thorlabs).

Confocal imaging

Intracellular

20 pm thick sections were prepared and stained as described above. Confocal images were
obtained using the Zeiss LSM 700 Laser Scanning Confocal microscope (Carl Zeiss AG,
Oberkochen, Germany). Data were analyzed using Imaris Software (Oxford Instruments,
Abingdon, UK).

protein staining for FACS analysis

Peripheral blood and spleen cell suspensions were prepared as described above. After being
washed with PBS twice, cells were blocked with rat anti-mouse CD16/CD32 antibody on ice
for 10 min. APC-conjugated anti-CD45, APC/cy7-conjugated anti-CD11b, PE-conjugated
anti-Ly6G, and BV711-conjugated anti-CXCR4 antibodies were added and incubated for 20
min at 4°C in dark. Cells were washed with PBS twice, fixed and permeabilized with 1 ml
PBS containing 4% PFA (Electron Microscopy Sciences) and 0.1% saponin (Sigma-Aldrich)
at 4°C for 30 min, and pelleted by centrifugation at 3000g for 3 min at 4°C. After being
washed with 1 ml Wash Buffer (PBS containing 0.2% BSA and 0.1% saponin), cells were
blocked for 30 min with blocking buffer (PBS containing 5% goat serum and 5% BSA) and
then stained with anti-IFIT1/p56 antibody (Sigma) for 30 min at 4°C in 200 pl staining
buffer (PBS containing 5% goat serum, 5% BSA, and 0.1% saponin). Cells were washed
twice with 1 ml Wash Buffer followed by incubation with the secondary goat anti-rabbit-
Alexa Fluor 488 antibody (Invitrogen) in staining buffer for 30 min. Cells were then washed
with 1 ml Wash buffer and resuspended in 1 ml PBS containing 0.5% BSA. The stained cells
were either sorted with a FACSAria Il cell sorter (BD Biosciences, Franklin Lakes, NJ) or
analyzed on a Attune NxT Flow Cytometer (ThermoFisher). Fixation, washing, staining and
sorting were performed at a concentration of 5-10 x 108 cells/ml.

RNA purification, cDNA synthesis and preamplification, and gPCR

Total RNA was extracted from sorted fixed cells using a RecoverAll Total Nucleic Acid
Isolation kit (ThermoFisher), starting at the protease digestion stage of manufacturer-
recommended protocol. The following modification to the isolation procedure was made:
instead of incubating cells in digestion buffer for 15 min at 50°C and 15 min at 80°C, we
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carried out the incubation for 3 hours at 50°C. The cDNA was subsequently generated using
a PrimeScript RT Master Mix (Perfect Real Time) (Takara Bio Inc.), and then subjected to
14 cycles of preamplification using a Prelude PreAmp Master Mix (Takara Bio Inc.)
according to the manufacturer’s recommendations. The pre-amplified cDNA was subjected
to gPCR in which the amplified product was detected using TB Green® Premix Ex Tag™
(Tli RNase H Plus) (Takara Bio Inc.) on a CFX96 Real-Time PCR Detection System (Bio-
Rad). ACt was calculated using GAPDH as a normalizer. The sequences of gRT-PCR
primers are listed in Supplementary Table 8.

scRNA-seq data processing

The quality of sequencing reads was evaluated using FastQC and MultiQC. Cell Ranger
v2.2.0 was used to align the sequencing reads (fastq) to the mm210 mouse transcriptome and
quantify the expression of transcripts in each cell. This pipeline resulted in a gene expression
matrix for each sample, which records the number of UMIs for each gene associated with
each cell barcode. For human data, sequenced reads were aligned to the hg38 human
transcriptome, then quantify the expression of transcripts in each cell using BD™ Rhapsody
Whole Transcriptome Assay Analysis Pipeline. Unless otherwise stated, all downstream
analyses were implemented using R v3.5.2 and the package Seurat v2.3.456. Due to
dissimilar data qualities, low-quality cells were filtered using sample-specific cutoffs
(Supplementary Table 1). The NormalizeData function was performed using default
parameters to remove the differences in sequencing depth across cells.

For experiment described in Fig 1, cells from four samples were pooled and analyzed
together. After rigorous quality control, we obtain 19,582 high-quality cells with average
1,241 genes per cell profiled, resulting in a total of 18,269 mouse genes detected in all cells
(Extended Data Fig. 1e). For experiment described in Fig 5, after excluding low-quality
cells, a total of 25,897 cells, including 4421 cells from the BM (eBM_Gr1), 6232 cells from
the PB (ePB_Gr1), 5989 cells from the SP (eSP_Gr1), 4435 cells from the liver (eLV_Grl),
and 4169 cells from the peritoneal cavity (ePC_Grl) were available for analysis (Extended
Data Fig. 6e-f).

Batch correction

There was substantial variability between cells obtained from different samples, likely
reflecting a combination biological and technical differences. In this case, the batch had little
effect on partitioning cell types and thus cell clustering into neutrophils, B cells, T cells,
monocytes, dendritic cells, erythrocytes, and progenitors. However, when clustering
neutrophils alone, cells clustered first by sample rather than by biological clusters.
Therefore, the ScaleData function was used to eliminate cell-cell variation in gene
expression driven by batch and mitochondrial gene expression. Importantly, the batch-
corrected data were only used for principal component analysis (PCA) and all steps relying
on PCA (e.g., clustering, UMAP visualization); all other analyses (e.g., differential
expression analysis) were based on the normalized data without batch correction.
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Dimension reduction

Dimension reduction was performed at three stages of the analysis: the selection of variable
genes, PCA, and uniform manifold approximation and projection (UMAP)>’. The
FindVariableGenes function (y.cutoff = 1 for control total cells; y.cutoff = 1.2 for control
neutrophils; y.cutoff = 0.7 for £. coli-challenged total cells) was applied to select highly
variable genes covering most biological information contained in the whole transcriptome.
Then, the variable genes were used for PCA implemented with the RunPCA function. Next,
we selected PCs 1-20 (for total cells) or 1-15 (for neutrophils) as input to perform the
RunUMAP function to obtain bidimensional coordinates for each cell.

Unsupervised clustering and annotation

We performed the FindClusters function (resolution 0.3, 0.6, and 0.2 for control total cell,
neutrophils, and £. coli~challenged total cells, respectively) to cluster cells using the Louvain
algorithm based on the same PCs as RunUMAP function. Clusters G1 to G5 were
neutrophils at different maturation stages. G1 and G2 were early-stage neutrophils with
higher expression of Efane, Mpo, Fcnb, and Camp (Fig. 1d—e). Neutrophils are terminally
differentiated. The transition from a proliferative cell to terminal differentiation was
accompanied by a dramatic change in expression of important cell-cycle regulatory proteins,
so we next performed a single-cell resolution analysis of cell cycle activation during
neutrophil differentiation based on the expression of G1/S and G2/M phase-specific
genes®® 59 (Fig. 1i). Cells in the GO to G2 stages underwent active proliferation, while cell
division stopped abruptly thereafter. CDC28 Protein Kinase Regulatory Subunit 2 (CKS2),
Mki67, and Cdc20 were all strongly downregulated at the mRNA level.

Identification of differentially expressed genes

We used the FindMarkers or FindAllMarkers function (test.use = “t”, logfc.threshold =
log(1.5)) based on normalized data to identify differentially expressed genes (DEGS). P-
value adjustment was performed using Bonferroni correction based on the total number of
genes in the dataset. DEGs with adjusted p-values>0.05 were filtered out. Gene ontology
(GO) analysis was performed by using the R package clusterProfiler®0. In experiment
described in Extended Data Fig. 7, we conducted differential gene expression analysis in
each neutrophil subpopulation using the non-parametric Wilcoxon rank sum test and
identified DEGs with an average expression fold-change >2.

Developmental trajectory inference

Pseudotime was generated with Monocle v218 to infer the potential lineage differentiation
trajectory. The newCellDataSet function (lowerDetectionLimit = 0.5, expressionFamily =
negbinomial.size) was used to build the object based on the above highly variable genes
identified by Seurat v2.3.4.

Bulk RNA-seq analysis

The quality of sequencing reads was evaluated using FastQC and MultiQC. Adaptor
sequences and low-quality score bases were trimmed using trimmomatic/0.36. The resulting
reads were then mapped to the mouse reference sequence (GRCm38/mmZ10, Ensembl
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release 81) and counted using STAR2.5.2b alignment software. Gene differential expression
analysis was performed using the R package EdgeR.

Scoring of biological processes

Individual cells were scored for their expression of gene signatures representing certain
biological functions. For all signatures except neutrophil aging, functional scores were
defined as the average normalized expression of corresponding genes. Aging score was
defined as the weighted average of Z-scores of age-related genes, where the Z-scores were
calculated by scaling the normalized expression of a gene across all cells. Gene weights
were set to either 1 or —1 to reflect positive or negative relationships. The neutrophil
maturation signature was derived by identifying the top 50 DEGs (these genes were listed in
Supplementary Table 4) with highest fold changes and adjusted p-values <0.05 between
mature cluster (G4) and immature clusters (G0-G3). Granule signatures were from20. Other
functional signatures were derived from the GO databaseb1, with the full gene list provided
in Supplementary Table 4. For instance, to access the phagocytosis function at the transcript
level, we determined a “phagocytosis score” by calculating the average expression of genes
in the GO term “phagocytosis, engulfment” (GO:0006911). Apoptosis score was measured
by the upregulation of the integrated proapoptotic pathway (Fig 4b). To further dissect
apoptotic heterogeneity in G5 populations independently of transcriptome-based sub-
clustering, we fit a two-component Gaussian mixture model to the apoptotic score of all G5
cells using the R package mixtools version 1.1.062, We then chose the distribution with the
higher mean as the apoptotic group and assigned each cell to one of the two groups based on
its posterior (Fig 4c).

Age-related genes were summarized from the previous literature (Fig 2i). Aging is a main
mechanism that accounts for neutrophil heterogeneity”- 63: aged neutrophils are smaller with
fewer granules and granular multi-lobed nuclei and produce more NETSs. Related to
function, aged neutrophils express less adhesion molecule L-selectin (CD62L, encoded by
Sell) and more CD11b (aM, encoded by /tgam), lymphocyte function-associated antigen-1
(CD11a/p2), CD49d (integrin a4, encoded by /tga4), TLR4, ICAM-1, CD44, and CD11c
(encoded by /tgax). Additionally, aged neutrophils express more surface CXCR4 and less
CXCR2, which regulates their release from and return to the BM. CXCR4 may also play a
role in clearing aged, senescent neutrophils, particularly at BM sites. Anti-CXCR4
antibodies or CXCR4 antagonists impede neutrophil homing to the BM%4 65, Finally, aged
neutrophils exhibit increased expression of CD24, a GPI-linked glycoprotein which induces
apoptosis when crosslinked and reduced expression of CD47, the “don’t eat me” signal that
inhibits efferocytosis, a process leading to clearance of dead neutrophils.

ROS-mediated pathogen killing is a major host defense mechanism. In neutrophils, ROS are
mainly produced by the phagocytic NADPH oxidase (aka the NOX2 complex). During cell
activation, cytosolic components of the NADPH oxidase NCF2 (p67phox), Racl and/or
Rac2, NCF4 (p40-phox), and NCF1 (p47phox) are recruited to the membrane to form a
complex with membrane proteins CYBA (p22-phox) and CYBB (gp91 or cytochrome-b 558
subunit beta). We evaluated the “NADPH oxidase score” based on the expression of the
seven NADPH oxidase-related genes (Fig S6d).
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Comparison of scRNA-seq-defined populations with morphology-defined neutrophil
subpopulations

To benchmark single-cell transcriptomic neutrophil classification against existing
morphological classification schemes, we deconvoluted bulk RNA-seq profiles based on
expression of scRNA-seq-identified group-specific signatures. This approach was similar to
other existing deconvolution methods like CIBERSORT®8, but we used a linear regression
model with the constraint of non-negative coefficients (i.e., non-negative least-squares
problem) instead of the linear support vector regression in CIBERSORT. Although we
manually chose 20 genes with highest fold-changes as signatures for each single cell group,
we noted that the deconvolution in our case was robust to the choice of signatures. The
regression model was built using R package nnls version 1.457. Bulk profiles were quantile
normalized.

At different morphology-defined neutrophil differentiation stages, neutrophils produce
different granules containing distinct enzymes and antimicrobial compounds. Thus, we also
examined the expression of various granule genes in differentiating neutrophils. Genes
related to primary (azurophilic) granules such as Mpo started to be expressed in some GO
cells, peaked in G1 cells, and then rapidly decreased in G2 cells (Fig. 2a—b). MPO-negative
granules can be divided into granules containing lactoferrin (LTF) but no gelatinase
(MMP9), granules that contain both, and granules that contain gelatinase but no
lactoferrin®8. We found sequential production of these granules in maturing neutrophils, with
lactoferrin-containing granules emerging in G2 cells, lactoferrin and gelatinase-containing
granules emerging in G3 cells, and gelatinase-containing granules (Ltf low) emerging in G4
cells (Fig. 2a—c). Of the proteins that localize exclusively to secretory vesicles such as Frpl
and Vamp2, their cognate mRNA profiles peaked in G4 cells in the BM and continued to be
expressed in PB neutrophils.

SCENIC analysis

SCENIC is a computational tool that infers regulatory modules or regulons by analyzing co-
expression of transcription factors (TFs) and their putative target genes characterized by
enrichment of corresponding TF-binding motifs in their regulatory regions?C. Regulatory
network analysis was performed on all control and £. coli<hallenged samples using Python
package pySCENIC version 0.9.1140 with default parameters. We scaled the network
inference step by first inferring regulons on a 6000-cell subset, then calculated AUCell
scores for all 32,888 cells included in this analysis. Specifically, we randomly sampled 300
cells from each neutrophil population in each condition and 1200 non-neutrophil cells as the
training set for network inference. Output co-expression modules were trimmed with
cisTarget databases (mm210_refseg-r80_500bp_up_and_100bp_down_tss, mm9-tss-
centered-10kb-7species, and mm9-500bp-upstream-10species). The identified 413 regulons
were then scored to determine their activities in each cell. K-means clustering was
performed on the first 20 principle components (PCs) of regulon activity matrix with cluster
number k = 7.
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Differential activity analysis of SCENIC regulons

To assess the effect of biological conditions on regulon activity, we applied a generalized
linear model (GLM) as reported in*l. We compared the AUCell score of each regulon with
different baseline clusters corresponding to different biological questions like neutrophil
cluster transition and infection response. GLM results were further filtered by p-values and
visualized using R package ComplexHeatmap®.

RNA velocity analysis

Cell RNA velocity analysis was performed using Velocyto program?0. This approach uses
the relative proportion of unspliced and spliced mMRNA abundance as an indicator of the
future cell state34. The calculated RNA velocity is a vector that predicts individual cell
transition, with the direction and speed of each transition assessed based on the amplitude
and direction of individual cell velocity arrows on the UMAP plot. Accordingly, the
hierarchical relationship between two cell populations can be inferred by the directional flow
in the RNA velocity vector field. Annotation of spliced and unspliced reads was first
performed using velocyto.py command-line tools. Then, downstream analysis was
performed using the velocyto.R pipeline. We retained the genes expressed in at least one cell
population. In total, 4815 genes were used for the analysis. RNA velocities of each cell were
estimated using the gene.relative.velocity.estimates function. Finally, the velocity field was
projected onto the existing UMAP space.

Cell label transfer

Total cells were partitioned into distinct cell types annotated by the expression of known
marker genes. Neutrophils in their steady state were partitioned into eight clusters based on
gene expression profiles annotated according to their development order. E. coli-challenged
neutrophils were annotated using a well-accepted method?2 . Briefly, we first identified
pairwise correspondences (aka anchors) between single cells across datasets (before and
after £. coli challenge) to quantify the batch effect. Each cell in the £. coli-challenged
dataset was then annotated based on the transcriptomic similarity between this cell and cells
in the reference dataset. Specifically, cells would receive corresponding labels with the
highest similarity scores, whereas cells with the highest similarity score lower than 0.5 were
defined as “unassigned”. The unassigned cells counted for less than 10% of the total cell
population, distributed randomly on the UMAP plot, and thus were excluded from further
investigation. In this way, each neutrophil from the new stimulated dataset was assigned a
cluster name, and neutrophils sharing similar transcriptomic profiles would be placed into
the same cluster. Hence, each cell in the bacterial infection state was assigned to one of the
nine cluster labels. This transfer procedure was implemented using the FindTransferAnchors
(dims = 1:15) and TransferData (dims = 1:15) functions in Seurat v3.0.242 with the
combination of top 100 DEGs of each cluster.

Correlation of scRNA-seq defined neutrophil populations with previously reported
neutrophil subpopulations

Previous studies revealed a variety of distinct BM neutrophil subpopulations arising during
differentiation and maturation. Using single-cell RNA sequencing coupled with a new
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analytic tool, iterative clustering and guide-gene selection (ICGS), and clonogenic assays,
Olsson et al. analyzed discrete genomic states and the transitional intermediates that span
myelopoiesis2®. They performed single-cell RNA sequencing on stem/multipotent
progenitor cells (LSK), common myeloid progenitor (CMP) cells, granulocyte monocyte
progenitor (GMP) cells, and LK CD34" cells (lin"¢-Kit*CD34*) that included granulocytic
precursors. We calculated the fraction of each scRNA-seq defined cluster in the four
samples. Each cell in these samples was annotated using the cell label transfer method
described above. The cluster identity of each cell was inferred based on the transcriptomic
similarity between this cell and the reference clusters (G0-G5) defined in current study. This
same method was used to analyze the C1 and C2 neutrophil clusters reported by Zhu et al.?’.
Recently, a proliferative unipotent neutrophil precursor (NeP) that suppresses T cell
activation and promotes tumor growth was identified in the mouse bone marrow that
generates neutrophils after intra-bone marrow adoptive transfer. ScRNA-seq analysis of BM
Lin~ckit*LyB6A/E-Ly6G*1oW cells revealed two populations: an early-stage ckit
*Gfi1loWCebpahiLy6G oW progenitor with stem cell morphology (C1) and a late-stage ckit
*Gfi1hiCebpal®VLy6G* precursor with morphological features similar to transient neutrophil
precursors (C2)27. Further analysis demonstrated that Cluster C1 is the early-stage
committed unipotent NeP. Interestingly, the late-stage progenitors were mostly similar to the
preNeu population identified by Evrard et al.?’. In current study, the raw data related to C1
and C2 cells was retrieved and reanalyzed. We annotated each cell as described above, and
performed t-distributed stochastic neighbor embedding (t-SNE) and clustering using the
same arguments as in the original publication?” (12 first PCA, resolution parameter set at
0.03).

Using mass cytometry (CyTOF) and cell cycle-based analysis, Evrard et al. identified three
neutrophil subsets within the bone marrow: committed c-Kit!oW/int proliferative neutrophil
precursors expressing primary and secondary granule proteins (pre-neutrophils or preNeu),
CXCR2!%W non-proliferating immature neutrophils highly expressing secondary granule
proteins (immature neutrophils), and CXCR2M3" mature neutrophils highly expressing
gelatinase granule proteins (mature neutrophils)Z®. To reveal the correlation of these
neutrophil subtypes with scRNA-seq defined neutrophil populations, we applied the same
regression-based deconvolution approach used for comparing sScRNA-seq-defined
populations with morphology-defined neutrophil subpopulations (see above). We
deconvoluted bulk RNA-seq profiles of BM GMP, preNeu, immature neutrophils, and
mature neutrophils, as well as PB neutrophils based on their expression of SCRNA-seg-
identified group-specific signatures. The 20 highest DEGs of each single-cell group (G0-G5)
were selected as signatures for deconvolution.

Finally, Giladi et al, also defined two BM neutrophil subpopulations!3. c-Kit* Stage |
neutrophils express a set of genes used to approximate the neutrophil differentiation axis,
while Stage Il neutrophils display mature neutrophil signature defined by genes upregulated
in the most terminally differentiated neutrophils. The initial increase in differentiation of
Stage | neutrophils is independent of PU.1, but further neutrophil maturation and activation
of stage I1 genes is completely blocked in PU.1 KO3, To reveal the correlation of Stage |
and Stage Il neutrophils with scRNA-seq defined neutrophil populations, individual cells in
each scRNA-Seq defined neutrophil clusters were scored for their expression of Stage | and
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Stage 11 gene signatures3. The Stage | and Stage |1 scores were defined as the average
normalized expression of corresponding genes.

Statistical analyses

For most experiments, comparisons were made using a 2-tailed, unpaired, Student’s t-test.
Values shown in each figure represent mean + SD. A p-value<0.05 was considered
statistically significant. Experiments were repeated at least three times. All statistical
analyses and graphics were made using GraphPad Prism (GraphPad, San Diego, CA) and R
(The R Project for Statistical Computing).

Extended Data
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Extended Data Fig. 1. Sample preparation, quality controls, and related parameters and results
related to sScRNA-seq analysis.

a, Fluorescence-activated cell sorting (FACS) strategy for sScRNA-seq sample preparation.

b, Summary of sample information.

¢, Cell viability percentages immediately before cells were loaded into the 10X Chromium
Controller.

d, Representative GEM formation after the 10X Chromium Controller under the
microscope.

g, Violin plots of the number of genes, number of UMIs, mitochondria count percentage, and
UMI per gene of all QC-passed cells in different organs.
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f, Uniform manifold approximation and projection (UMAP) of 19,582 cells from the bone
marrow (BM), peripheral blood (PB), and spleen (SP) colored by sample origin and cell
type, respectively. Expression of unique genes specifically distinguished each cluster and
associated them with neutrophils (Neu) (52100a8and S10029), myeloid progenitors (MP)
(Cd34, Kit, Mpo and Elane), hematopoietic stem progenitor cells (HSPC, not including MP)
(Cd34, Kit, Mpo and Elane’), monocytes (Mono) (5100a4 and Cc/9MIP-1y), B cells
(Cd79aand Cd79b), T cells (Cd3dand Ccl5), and dendritic cells (DC) (Siglech),
respectively. Cont: contaminated cells.

g, Heatmap showing the five highest differentially expressed genes (DEGs) per cell type for
all QC-passed cells.

h, As in e but using only neutrophils in different organs.

i, Comparison of Gr1* BM neutrophil populations in our data with Ly6g* BM neutrophil
populations in Dr. Ido Amit’s data. Cluster labels are transferred from our data to Dr. Ido
Amit’s datal3(Methods). Left: UMAPSs of 3591 Gr1* neutrophils and 2304 Ly6g*
neutrophils colored by data set or cluster identity. Right: Neutrophil compositions in our
data and Dr. Ido Amit’s data.

j, Violin plots of the number of genes and number of UMIs of our Gr1* neutrophils and Dr.
Ido Amit’s Ly6g* neutrophils.
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Extended Data Fig. 2. scRNA-seq defined neutrophil populations correlated with previously
reported neutrophil subpopulations.

a, Correlation of scRNA-seq defined neutrophil populations with the indicated four samples
characterized by Olsson et al.2°. Shown are the fraction of each indicated SCRNA-seq
defined cluster in the four samples. The cluster identity of each cell was inferred based on

the transcriptomic similarity between this cell and the reference clusters (G0-G5) defined in

current study.

b, Correlation of scRNA-seq defined neutrophil populations with the neutrophil subtypes
reported by Evrard et al.26. Coefficient matrix showing deconvolution results of bulk profiles
of indicated neutrophil subpopulations. The 20 highest DEGs per single-cell group (GO-G5)
were selected as signatures for deconvolution. Each column is normalized by column sums.
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(c-d), Correlation of scRNA-seq defined neutrophil populations with the C1 and C2
neutrophil clusters reported by Zhu et al.27.

¢, Top: t-distributed stochastic neighbor embedding (t-SNE) plot of the C1 and C2 cells
characterized by Zhu et al. The raw data was retrieved from GEO website and reanalyzed.
Bottom: t-SNE plot of C1 and C2 cells colored based on scRNA-seq defined clusters (GO-
Gb). The cluster identity of each cell was determined as described in (A).

d, Heatmap showing row-scaled expression of the 10 highest DEGs of C1 and C2 in
indicated scRNA-seq defined clusters. Signature genes Ly6g, Cebpaand Cebpe were also
included in the map.

(e-f), Correlation of scRNA-seq defined neutrophil populations with the Stage | and Stage 11
neutrophils defined by Giladi et al.13.

e, The Stage | (x-axis) and Stage Il (y-axis) score of each single cell in the reference sample
of current study (Fig.1b). The scRNA-seq defined neutrophil identity of each cell is
indicated.

f, Violin plots of Stage | and Stage 11 score for each scRNA-seq defined neutrophil
population.

g, Correlation between scRNA-seqg-defined neutrophil populations and the neutrophil
subpopulations reported by Muench et al.2® Left: The fraction of indicated SCRNA-seq
defined clusters (GO-G5) in samples characterized by Muench et al. Right: The fraction of
indicated scRNA-seq defined clusters (GO-G5) in each neutrophil subtype. Each row is
normalized by row sums. The cluster identity of each cell was determined as described in
().

h, Correlation between scRNA-seq-defined neutrophil populations and the neutrophil
subpopulations reported by Kwok et al.3 Shown are the fraction of indicated SCRNA-seq
defined clusters in each neutrophil subtype. Each row is normalized by row sums.

Nat Immunol. Author manuscript; available in PMC 2021 January 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Xie et al.

b G5a

23
Ifi2 712a
Rtp4
Qasl2
Trim30a
Sifn4.

Component 2

G5b

Page 27

G5c

Component 1

Z-score

Component 1

Number of genes

50000 A
40000 -+

Component 1

Number of UMIs

?‘&l¢Ll

Gm13822 !
;Stat1 8

=
[
L =

Ifitm3

X
Ly6e N
1147 .
Ifit2 :
Cmpk2
fit3b
I1it3
Bstd2

Sal
uspis C
Isg15
Qasl1
Gbp2 6000
Sihe

n. =
o 4000 30000
Zbp1 20000 1
Xaf1 2000 * 10000 -
1204 0

(\!
63

% mltochondnal UMIs

GSc—

| §
O - N M T © Q9 O 8 8
(900(9(9888 (D(D(D

Nampt 0.05

Mx1 0.04

Sifn1 0.03

Trim25 .

Fgl2 0.02
Wi oo

ntm
Cd74 0.00
l.D

h 04

G5c

(9 mg
O OC)(.’)

UMIs per gene

Qo

T
O

T T
@

G5c A

588388
(O}

Extended Data Fig. 3. Three major neutrophil subpopulations, including an 1SG-expressing G5b

population, were identified in the PB and spleen.

a, Heatmap showing row-scaled expression of 47 interferon-stimulated genes (1SGs) for

each averaged cluster.

b, Monocle trajectories of neutrophil population G5a, G5b, and G5c¢. Each dot represents a

single cell.

¢, Violin plots of the number of genes, number of UMIs, mitochondria count percentage, and

UMI per gene of neutrophils in each cluster.
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Extended Data Fig. 4. Characterization of neutrophil subpopulations.
(a-d), Violin plot of phagocytosis score (GO:0006911), chemotaxis score (GO:0030593),

neutrophil activation score (GO:0042119), and NADPH oxidase score for each cluster.

e, Heatmap showing relative expression of seven genes of the NADPH oxidase complex for
all neutrophils.

f, As in (a-d) but displaying mitochondria-mediated ROS production score (reactive oxygen
species biosynthetic process, GO:1903409) for each cluster.

g, Violin plots of metabolic scores for each cluster. Glycolysis (Reactome Pathway Database
#R-MMU-70171); Oxidative phosphorylation (GO:000619); Electron transport chain
(G0:0022900); Tricarboxylic acid cycle (GO:0006099).
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(h-i), Heatmaps showing relative expression of glycolysis-related genes and glucose
transport-related genes.
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Extended Data Fig. 5. Organ-specific transcriptome features.

a, Heatmap showing row-scaled expression of the ten highest DEGs per organ for each

averaged organ profile.
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b, As in a. but for each G5 subpopulation between PB and SP. KEGG analysis of DEGs for

each G5 in these two organs. Left: selected KEGG terms with Benjamini-Hochberg-

corrected P-values < 0.05 are shown.
¢, The percentages of each neutrophil subpopulation in the BM and PB calculated based on

the scRNA-seq data (Fig.1c).

d, The absolute numbers of each neutrophil subpopulation in the BM and PB calculated
based on the percentage in (c) and predicted total BM neutrophil count32: 33,
(e-j), The transcriptome feature of the three G5 populations in the BM, PB, and SP.

e, Heatmap showing row-scaled expression of DEGs across organs in each G5 cluster.
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(f-h), GO analysis of DEGs across organs. Selected GO terms with Benjamini-Hochberg-
corrected P-values < 0.05 (one-sided Fisher’s exact test) are shown.

i, Violin plots of maturation score and apoptosis score for each G5 neutrophil subpopulation
across organs.

j, Proportions of apoptotic cells in each G5 neutrophil subpopulation across organs.
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Extended Data Fig. 6. Single cell RNA-seq analysis of neutrophils in E. coli-challenged mice.
a, Number of white blood cells and the proportion of neutrophils in mice before and after £.

coli challenge evaluated by a hematology analyzer (Mindray BC-5000 Vet). Results are the
mean = SD of three independent experiments.
b, Experimental scheme of the sample collection process after £. coli challenge.

¢, Summary of sample information. Organ distribution of neutrophils is shown on the right.
d, Cell viability percentages immediately before cells were loaded into the 10X Chromium
Controller.
e, UMAPs of all 24,943 cells from BM, PB, and SP from £. coli-challenged mice colored by
sample origin and cell type, respectively.
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f, Heatmap showing row-scaled expression of the five highest DEGs for all QC-passed cells
colored by cell type.

g, Comparisons of the number of genes, number of UMIs, mitochondria count percentage,
and UMI per gene of all QC-passed cells in each organ before and after £. coli challenge.
h, As in g but only of all neutrophils in each organ.

(i-j), Heatmaps showing expression of 7 genes of the NADPH oxidase complex (i) and
neutrophil granule-related genes (j) for all neutrophils.
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Extended Data Fig. 7. Differentially expressed genes in each neutrophil subpopulation in E. coli-

challenged mice.

a, MA plots displaying genes that are up- (red) or downregulated (blue) after £. coli
challenge for each cluster. Dashed lines denote fold change thresholds used when identifying

DEGs.

b, Gene ontology (GO) analysis of DEGs before and after £. coli challenge for each cluster.
Selected GO terms with Benjamini-Hochberg-corrected P-values < 0.05 (one-sided Fisher’s

exact test) are shown.
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Extended Data Fig. 8. Alteration of transcription networks in E. coli-challenged mice
a, UMAP of the regulon activity matrix of 32,888 cells (11,992 normal neutrophils, 13,687

challenged neutrophils, and 7209 other cells under normal conditions) colored by Seurat
cluster identity (top) or experimental condition (bottom, only neutrophils).

b, Heatmap of the t-values of regulon activity derived from a generalized linear model for
the difference between cells from one challenged neutrophil subpopulation and cells from
the corresponding normal subpopulation. Only regulons with at least one absolute t-value
greater than 18 are visualized. Regulons are hierarchically clustered based on challenge-
response pattern (purple: upregulated, yellow: first up- then downregulated, green:

downregulated)

¢, Heatmap showing activity change of regulons identified in (b) during normal group

transitions.
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Extended Data Fig. 9. Single-cell RNA-seq analysis of human peripheral blood neutrophils
a, Overview of study design and the gating strategy for isolating human PB neutrophils.

b, UMAP plots of neutrophils from three healthy donors (D1, D2, or D3) colored by cluster
identity.

¢, The combined UMAP plot of the three donors.

d, Dot plot showing scaled expression of selected signature genes for each cluster colored by
average expression of each gene in each cluster scaled across all clusters. Dot size represents
the percentage of cells in each cluster with more than one read of the corresponding gene.
The analysis was conducted using cells from all three human donors.
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e, Row-scaled expression of the ten highest differentially expressed genes (Bonferroni-
corrected P values < 0.05, Student’s t-test) in each neutrophil cluster. D1+D2+D3, the
analysis was conducted using cells from all three human donors.

f, Row-scaled expression of 37 interferon-stimulated genes in each neutrophil cluster. The
analysis was conducted using cells from all three human donors.
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Extended Data Fig. 10. Single-cell transcriptome profiling reveals eight neutrophil
subpopulations defined by distinct molecular signatures.

Summary of dynamic change of morphology, gene expression (Ly6g and c-kif), TF
expression (Cebpe and Cebpb) and granules (Azurophil, Specific, Gelatinase granules and
Secretory Vesicles) between each subpopulation. Comparison between our sSCRNA
transcriptome profiles with other published neutrophil populations!3: 5. 26, 27, 28, 29,30,
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Figure 1. Single-cell RNA-seq analysis of steady-state bone marrow (BM), peripheral blood (PB),
and spleen (SP) neutrophils.

a, Overview of study design.

b, Uniform manifold approximation and projection (UMAP) of 12,285 neutrophils from
BM, PB, and SP colored by cell type, sample origin, and inferred cluster identity,
respectively. MP: myeloid progenitors. Cont: the contaminating population mainly consisted
of low-quality cells so was discarded from further analysis. GM: low-quality G3-like cells
(low UMI count per cell, low UMI count per gene, and high percentage of mitochondrial
UMI counts). Similarly, unless otherwise stated, GM were excluded from all other
downstream analyses.
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¢, Proportions of the nine neutrophil clusters in four samples.

d, Heatmap showing row-scaled expression of the 20 highest differentially expressed genes
(DEGs, Bonferroni-corrected P-values < 0.05, Student’s t-test) per cluster for all neutrophils
except cells from the GM population.

e, Dot plot showing scaled expression of selected signature genes for each cluster colored by
average expression of each gene in each cluster scaled across all clusters. Dot size represents
the percentage of cells in each cluster with more than one read of the corresponding gene.

f, Gene ontology (GO) analysis of DEGs for each cluster. Selected GO terms with
Benjamini-Hochberg-corrected P-values < 0.05 (one-sided Fisher’s exact test) are shown
and colored by gene ratio.

g, Unsupervised hierarchical clustering of the eight clusters based on the average gene
expression of cells in each cluster. For each neutrophil subpopulation, the proportion of cells
from indicated BM, PB, or SP samples was calculated and presented.

h, Monocle trajectories of neutrophils colored by sample origin (left) and cluster identity
(right). Each dot represents a single cell. Cell orders are inferred from the expression of the
most variable genes across all cells. Trajectory directions were determined by biological
prior.

i, Heatmap showing row-scaled expression of cell cycle-related genes for G0-G4
neutrophils.

j, Violin plot of maturation scores for each cluster.
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Figure 2. (a-f) Transcriptional landscape of neutrophils along differentiation and maturation
trajectories.

a, Heatmap showing expression of neutrophil granule-related genes for all neutrophils.

b, Expression of six typical neutrophil granule genes.

¢, Violin plots of azurophil score, specific score, gelatinase score, and secretory score for
each cluster.

(d-f) scRNA-seqg-defined differentiating neutrophil populations correlated with classical
morphology-defined neutrophil subpopulations.

d, FACS sorting and staining of five mouse BM neutrophil populations for bulk sequencing.
Left: Gating diagram. R1 (CD4~ CD8a"CD45R/B220™Ter1197) was selected, R2
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(eosinophil) and R4 (MEP) were excluded, and remaining R5 (neutrophils) were selected.
Top right: Same R1-R5 from (left) but showing FACS gating of five detailed neutrophil
subpopulations and the morphology of the sorted cells, among which: 1 was c-KithLy6Gned
(MB); 2 was c-Kit"Ly6G"d (PM); 3 was c-Kit"®ILy6G!W (MC); 4 was c-Kit"eILy6GInt
(MM), and 5 was c-Kit"Ly6GN (BC/SC). Bottom right: Representative Wright-Giemsa
staining of these populations (scale bar represents 10 um); Data are representative of three
independent experiments.

e, Heatmaps showing row-scaled expression of scRNA-seq-defined DEGs across averaged
single-cell groups (left) and morphological groups (right). Only genes detected in both
scRNA-seq data and bulk RNA-seq data are visualized.

f, Coefficient matrix showing deconvolution results of morphological bulk profiles. The 20
highest DEGs per single-cell group were selected as signatures for deconvolution. Each
column is normalized by column sums.

(g-h) Transcriptional landscape of mature neutrophils in the peripheral blood and spleen.
g, Heatmap showing row-scaled expression of the ten highest DEGs per cluster for G5a,
Gb5b, and G5c¢ neutrophils.

h, Gene ontology (GO) analysis of DEGs for each of the three G5 clusters. Selected GO
terms with Benjamini-Hochberg-corrected P-values < 0.05 (one-sided Fisher’s exact test) are
shown.

(i-j) Expression of neutrophil aging signatures.

i, Heatmap showing row-scaled expression of aging-related genes for all neutrophils.

j, Top: Violin plot of aging score defined as weighted average Z-scores of aging-related
genes for the three G5 clusters. Bottom: Proportions of aged cells in each G5 clusters.
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Figure 3. Analysis of neutrophil subpopulations by flow cytometry.
(a-c) Separation of bone marrow maturating G1-G4 neutrophils.

a, FACS and staining strategy. The experiments were conducted as described in Fig. 2d.
Data are representative of two independent experiments
b, Expression pattern of the gene CxcrZ2 projected on the UMAP plot. Only bone morrow
cells are shown.
¢, Percentage and absolute number of different neutrophil populations in the bone marrow.
Data represent mean £ SD (n= 4 mice) of two independent experiments.
(d-f) Separation of G5a, G5b and G5c neutrophils by flow cytometry.
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d, FACS and staining strategy for peripheral blood G5a (IFIT1"CXCR4°), G5b (IFIT1*)
and G5c¢ (IFIT1~ CXCR4M) neutrophils. Fluorescence minus one (FMO) controls were used
to control for spillover-related contribution to background in each channel.

e, Left: UMAP plot of G5a, G5b and G5c neutrophils colored by cluster identity. Right:
Expression pattern of the marker genes of G5a (Lyz2and S100a8), G5b (/fit1 and /sg15),
and G5c¢ (Cxcr4and GmZ2a) projected on the UMAP plot.

f, Relative mMRNA expression of the 6 marker genes in sorted peripheral blood G5a, G5b and
G5c neutrophils measured by qRT-PCR. Data represent mean = SD (n=15 mice) of two
independent experiments.

g, Comparation of FACS and scRNA-seq-based analyses of G5 subpopulations in the
peripheral blood and spleen. The scRNA-seq-based percentages of each G5 subpopulation
were derived from Fig. 1c. FACS-based measurement was conducted as described in (D).
Data represent mean £ SD (n=3-6 mice) of two independent experiments.
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Figure 4. (a-d) The origin and inter-relationship of neutrophil subpopulations.
a, Velocity analysis reveals the origin and inter-relationship of neutrophil subpopulations.

Velocity fields were projected onto the UMAP plot.
b, Violin plot of apoptosis scores (GO:0043065) for G5 clusters.
¢, Proportions of apoptotic cells in each cluster identified by a two-component Gaussian

mixture model.

d, As in (a) but only of G3 neutrophils originating from PB.
(e-j) The formation of neutrophil subpopulations is driven by both known and a large set of
uncharacterized transcription factors.
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e, Heatmap showing row-scaled gene expression of TFs known to be involved in
granulopoiesis and neutrophil function.

f, UMAP of the regulon activity matrix of neutrophils and 7209 non-neutrophils under
normal conditions. K-means clustering was performed on the first 20 principal components
(PCs) of the regulon activity matrix with cluster number kA= 7. Each cell is assigned the
color of its K-means cluster.

g, Confusion matrix showing the percentage overlap of Seurat transcriptome-based clusters
with K-means regulon-based clusters.

h, Heatmap of the t-values of regulon activity derived from a generalized linear model of the
difference between cells from one neutrophil subpopulation and cells from other non-
neutrophil populations. Only regulons with at least one absolute t-value >100 are visualized.
Previously uncharacterized neutrophil-specific transcription factors are marked in red with
binding motif shown on the right.

i, Activities of the four newly identified neutrophil-specific regulons.

j, As in (H), but t-values representing activity change between the current developmental
stage and the previous one. Only regulons with at least one absolute t-value >40 are
visualized. Regulons are hierarchically clustered based on activation pattern (red and orange:
early-activated, yellow: G3-inactivated, green: late-activated, blue: global-activated).
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Figure 5. Bacterial infection primes neutrophils for augmented functionality without affecting
their overall heterogeneity.

a, Comparison of control and £. coli-challenged neutrophils originating from BM, PB, and
SP. All neutrophils under both control and £. coli<challenged conditions (13,687 cells) are
projected together by UMAP but are displayed separately by experimental condition.

b, Comparisons of neutrophil composition between control and £. coli challenge in BM, PB,
and SP before and after £. coli challenge. Each cell in the £. coli~challenged dataset was
annotated based on the transcriptomic similarity between this cell and cells in the reference
dataset. Neutrophils sharing similar transcriptomic profiles were placed into the same
cluster.
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¢, Dot plot showing scaled expression of signature genes for each cluster before and after £.
coli challenge colored by average expression of each gene in each cluster scaled across all
clusters. Dot size represents the percentage of cells in each cluster with more than one read
of the corresponding gene.

d, Heatmap showing log,(fold-change) in gene expression of the representative cluster-
based DEGs between control and £. col/i-challenged neutrophils. The asterisks mean
log,(fold-change)>1 in corresponding cells.

e, GO analysis of cluster-based DEGs between control and £. coli~challenged neutrophils.
Selected GO terms with Benjamini-Hochberg-corrected P-values < 0.05 (one-sided Fisher’s
exact test) are shown.

(f-h) Comparisons of functional scores between control and £. coli-challenged neutrophils
for each cluster. (f): Granule scores; (g): NADPH oxidase complex score; (h): Chemotaxis
score and phagocytosis score. ns, P>0.05; *, P <=0.05; **, P <= 0.01; *** P < 0.001; ****
P <=0.0001. Student’s t-test.
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Figure 6. The I1SG-expressing neutrophil population is present in both humans and mice and
expands during bacterial infection.

a, Quantitative image analysis of the spatial distribution of G5b in whole spleen sections.
Left: Laser scanning cytometry (LSC) image analysis of the whole spleen. (1) Low-
magnification image of axial spleen cryosection immunostained for DAPI (blue), S100a8
(green), and IFIT1 (red). (2) Representative images of spleens from the selected region from
(1). (3) Localization diagram of S100a8* cells in the whole spleen from (1). Cells gated
positive based on the fluorescence intensity in the S100a8 channel. Each dot represents a
single cell. (4) Localization diagram of S100a8* IFIT1* (G5b) cells gated from (3). Each dot
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represents a single cell. Right: LSC images (top) and confocal images (bottom) of
representative G5b neutrophils.

b, Quantification and relative frequency of spleen Ly6G™* cells (left, measured by FACS) and
spleen G5b cells (right, $100a8* IFIT1*, measured by LSC) at different time points after £.
coli infection. Results are the mean + SD of three independent experiments (n=3 mice for
each timepoint, 3-5 slides were scanned and quantified for each mice).

¢, Heatmap showing log, fold change in expression of 49 1SGs before and after £. coli
challenge for each cluster. Genes are marked with an asterisk if their expression changed
significantly as identified by a Student’s t-test (Bonferroni-corrected P-value < 0.05).

d, UMAP of neutrophils from human peripheral blood (PB) colored by cluster identity. The
fraction of cells in each cluster is displayed on the right.

e, Heatmap showing row-scaled expression of the five highest DEGs (Bonferroni-corrected
P-values < 0.05, Student’s t-test) per cluster for all hG5 neutrophils.

f, Heatmap showing expression of 37 ISGs for the three human neutrophil clusters. Genes
marked in red are conserved across mouse and human.
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Figure 7. Bacterial infection accelerates G1 cell division and post-mitotic maturation without
altering overall neutrophil differentiation programs.

a, Monocle trajectories of £. coli<challenged neutrophils colored by sample origin (left) and
cluster identity (right). Each dot represents a single cell. Cell orders are inferred from the
expression of the most variable genes across all cells. The trajectory direction was
determined by biological prior.
b, Correlation matrices of t-values for regulon activity change during each group transition
event under normal conditions (top) or after £. coli challenge (bottom). For each group
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transition event after challenge, the direct comparison to all normal transition events is
demonstrated (bottom).

(c-d) Comparisons of proliferation score (c), S-phase score, and G2M score (d) between
control and E. coli-challenged neutrophils for each of the 8 clusters.

(e-f) In vivo EdU incorporation assay. (€) Top: Schematic. Bottom: Gating strategy of the
three neutrophil subpopulations: immature (Ly6G'""CXCR4Mi black), intermediate
(Ly6GNCXCR4N | blue), and mature (Ly6GNCXCR4!%W, red) neutrophils. (f) /7 vivo EdU
proliferation assay of neutrophil subsets in BM, PB, and SP at sequential time points with or
without £. colichallenge. Data are represented as percentages of EdU™ cells in the
corresponding gated subpopulation. Results are the mean (xSD) of three independent
experiments (n=3-5 mice for each timepoint).
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Figure 8. Bacterial infection reprograms the structure of the neutrophil population and the
dynamic transition between each subpopulation.

a, Comparisons of organ distributions of each neutrophil subpopulation before and after £.
coli challenge, measured by cell number.

b, Comparison of neutrophil dynamics (velocity field projected on the UMAP plot) before
and after £. colichallenge.

¢, Neutrophil proportion and cell number in the peritoneal cavity measured at different time
points after £. coli challenge. Results are the mean (£SD) of three independent experiments
(n=3 mice for each timepoint).
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d, Left: UMAP of E. coli-challenged neutrophils from BM, PB, SP, and peritoneal cavity
(PC) colored by cluster identity. Right: PC cells are highlighted in the UMAP plot.
Proportions of each neutrophil clusters in LV were shown.

e, Comparisons of apoptosis score and necroptosis score between control and E. colF-
challenged neutrophils for G3-G5 clusters. ****, P < 0.0001. Student’s t-test.

f, Dynamic transition between neutrophil subpopulations under steady-state and bacterial
infection conditions. We cataloged differentiating and mature mouse neutrophils in an
unbiased manner using single-cell RNA sequencing. Based on the correlation analyses
(Fig.S3), the GO, G1, G2, G3, and G4 clusters characterized here were aligned to bone
marrow GMP, proNeu, preNeu, immature Neu (immNeu), and mature Neu (mNeu),
respectively. The names proNeu, preNeu, immNeu, and mNeu were adopted from ref6. G5a,
Gb5b, and G5c, the major neutrophil populations in the peripheral blood, represented the
most mature neutrophils with typical polymorphonuclear morphology and were named
PMNa, PMNb, and PMNc, respectively. Under homeostatic condition, the PMNa cells in the
PB can arise from both mNeu and immNeu cells, while PMNb cells mainly arise from BM
mNeu cells. The transformation from immNeu to PMNa cells was suppressed during
infection and immNeu cells in infected hosts predominantly differentiated to mNeu cells.
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