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Strategies of neutrophil diversification
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Neutrophils are formidable defenders. Their vast numbers, constant 
production, high cytotoxicity and capacity to produce extracellular traps, 
underlie their ability to efficiently protect in a microorganism-rich world. 
However, neutrophils are much more than immune sentinels, as evidenced 
by the expanding repertoire of functions discovered in the context of tissue 
homeostasis, regeneration or chronic pathologies. In this Perspective, we 
discuss general functional features of the neutrophil compartment that 
may be relevant in most, if not all, physiological scenarios in which they 
participate, including specialization in naïve tissues, transcriptional noise 
in the bloodstream as a potential strategy for diversification and functional 
bias in inflammatory sites. We intentionally present the reader with more 
questions than answers and propose models and approaches that we hope 
will shed new light onto the biology of these fascinating cells and spark new 
directions of research.

For over a century, neutrophils (microphages) have been recognized 
as the most rapid and aggressive responders among immune cells to 
an insult, be it sterile or infectious. However, as an immune lineage, 
neutrophils are rather unconventional. They are built as a large army 
of non-proliferative cells that constantly patrol the body in search of 
microorganisms, follow strict circadian patterns, live for only a handful 
of hours and must be readily eliminated to avoid collateral damage to 
the host (recently reviewed in refs. 1–3). Paradoxically, the strategies that 
they have evolved to protect the host and to additionally contribute to 
other aspects of organismal physiology remain largely enigmatic. Here, 
we embrace discussion of what these strategies may be, and examine 
principles of their functional organization and education throughout 
the body.

Architecture of the neutrophil compartment
Under physiological conditions, transit times of newly formed neu-
trophils from the bone marrow to the circulation are estimated to last 
2.6 d in mice and 6 d in humans4–6. Once released to the blood, the 
estimated half-life of mature neutrophils in circulation is less than a 
day5. Their transit to the bloodstream is accompanied by substantial 
changes at the chromatin and transcriptional levels, which appear 
to occur unevenly during maturation, and enable the acquisition of 

immune functionalities7–9. These properties are further expanded as 
the cells move to tissues both during inflammatory responses and 
in the steady state10–12. We posit that global understanding of these 
migratory and functional trajectories is needed to capture the bio-
logical architecture of neutrophils across tissues and physiological 
scenarios. Experimental-based modeling of this biological architecture 
is lacking, and this void in knowledge generates confusion when trying 
to understand unique aspects of neutrophil biology, including short 
lifespan and plasticity.

Although neutrophils are conspicuously poor in RNA content, 
application of single-cell transcriptomics to neutrophils has provided 
insights into their transcriptional heterogeneity during maturation 
at an unprecedented resolution, which should enable the generation 
of models explaining their phenotypic and functional organization 
(Fig. 1). For example, using mRNA as a molecular readout allowed the 
description of a transcriptional continuum termed ‘neutrotime’ for 
neutrophils from the bone marrow, blood and spleen13. This model 
proposes that a single developmental spectrum dominates neutro-
phil heterogeneity under steady-state conditions (Fig. 1a). Building 
on this view, studies have extended the characterization of neutro-
phil heterogeneity to other body compartments, including the lung, 
intestine and the skin10. Even in naïve conditions, neutrophils adopt 
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Beyond homeostasis, many common pathological perturbations 
such as cancer or infections result in enhanced granulopoiesis, which 
causes neutrophilia by mobilizing immature neutrophils into blood and 
inflamed sites (Fig. 1c). This phenomenon, collectively referred to as 
emergency granulopoiesis, is believed to be orchestrated by diffusible, 
systemic signals such as pathogen-associated molecular patterns and 
cytokines like granulocyte colony-stimulating factor that generally 
target the bone marrow25–28. Whether the molecular and evolutionary 
mechanisms driving enhanced granulopoiesis differ depending on 
the infectious or noninfectious nature of the initiating stimuli, and if it 
entails expansion of putative clones with different properties remains 
undefined. Stress-driven granulopoiesis may simply expand the exist-
ing pool of neutrophils or generate new sources of heterogeneity when 
compared with healthy states (Fig. 1c). For example, studies in mice 
have identified a type of circulating neutrophil enriched in expres-
sion of interferon-stimulated genes that expands during bacterial 
infection16. It is worth noting that, although this interferogenic subset 
is primed for augmented functionality during infections, it already 
exists in the blood of healthy mice, hinting that the genetic architec-
ture of the granulopoietic compartment is conserved but functionally 
adaptable16 (Fig. 1c). In settings such as cancer, phenotypic and func-
tional changes in neutrophils can be remarkable, and tumor-induced 
granulopoiesis is known to strongly modulate neutrophil properties 
(reviewed in ref. 26). In severe cases of coronavirus disease 2019 (COVID-
19), a similarly disruptive scenario, analyses of circulating leukocytes 
have showed the presence of dysfunctional neutrophils, including 
CD274 (PD-L1)-expressing neutrophils29, loss of the interferon-driven 
program30 and the appearance of immature cells with plasmablast-like 
features31, altogether suggesting anomalous neutrophil maturation 
and release under extreme stress. Along this line, studies of human 
blood neutrophils have revealed context-dependent transcriptional 
programs that associate with changes in functional output32. This 
series of observations raise the possibility that stress alters the normal 
architecture of granulopoiesis to generate entirely new populations, 

distinct phenotypic and functional properties (Fig. 1b). These func-
tions enable, for example, support of B cell maturation in the spleen 
or vascular regeneration in the lung10,14,15. It is logical to predict that 
this enormous diversity emanates from local, rapid reprogramming 
of neutrophils under tissue-derived signals (Fig. 1b).

An alternative model is that clonally distinct granulocytic progeni-
tors in the bone marrow or mature neutrophils differentially primed 
in the circulation are endowed with distinct migratory capabilities or 
differentiation properties that ultimately govern the acquisition of 
tissue-associated phenotypes once the cells nest in the appropriate 
tissue microenvironments (Fig. 1b). It remains to be tested, however, 
whether neutrophils exist in different genetic states (transcriptional or 
epigenetic) in the circulation in ways that enable divergent responses 
to infectious, inflammatory or environmental cues. In support of this 
model, single-cell studies have identified three transcriptionally dis-
tinct populations of mature neutrophil in the blood of healthy mice 
that are predicted to arise from distinct maturing bone marrow neu-
trophils16. Similarly, studies in neutrophils from human blood have 
characterized discrete phenotypic subsets, including a population 
of CD177+ neutrophils that is overrepresented in the blood of patients 
with anti-neutrophil cytoplasmic antibody-dependent vasculitis17–19 
or a population expressing OLFM4 (ofactomedin-4)20. Likewise, in 
functional terms, it is relevant to note that only a fraction of neutrophils 
are able to release neutrophil extracellular traps (NETs) upon stimula-
tion21. Although this phenotypic diversity does not provide definitive 
proof of lineage independence between these subsets, it does raise the 
possibility that the circulating neutrophil compartment is organized 
clonally (Fig. 1b), a possibility that needs to be formally explored with 
the help of novel barcoding tools coupled with single-cell RNA sequenc-
ing22,23, or through more challenging clonal studies in vitro and in vivo24. 
Regardless of which mechanism(s) dominate(s) in vivo, the relevance 
of understanding how neutrophils attain diversity is clear if we are to 
develop therapeutics that target the right population, be it progenitors 
in the marrow or fully differentiated neutrophils in peripheral tissues.
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Fig. 1 | Modeling the architecture of the neutrophil compartment. a, During 
development in the bone marrow, myeloid progenitors undergo sequential 
maturation to generate mature neutrophils that are released to the circulation. 
This process can be modeled as a single developmental continuum under steady-
state conditions. b, Extending analyses to peripheral tissues reveals additional 
degrees of heterogeneity as neutrophils adapt to the different environments, 
and acquire distinct phenotypic and functional properties. These changes likely 
rely on tissue-derived signals and localization in specific anatomic niches (hubs), 

such as perivascular areas in the lungs (environmental model), or alternatively, 
these are already imprinted in circulating clones of neutrophils with predefined 
programs (pre-committed model). c, During emergency granulopoiesis, 
increased neutrophil production driven by a stress (for example, infection or 
cancer) may use existing developmental trajectories (1) or create new ones 
(2) to increase population size, without altering the overall architecture of 
the neutrophil compartment. Alternatively, the stress could alter the normal 
architecture of granulopoiesis to generate entirely new populations (3).
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such as Siglec F+ neutrophils, which appear during acute inflamma-
tory stress and in cancer33,34 (Fig. 1c). In summary, we emphasize the 
importance of understanding the principles driving the adaptation 
of neutrophils to different environments, stresses or disease from the 
perspective of the global architecture of the neutrophil compartment. 
This holistic approach, we believe, will provide a more robust platform 
to understand the true physiological purpose of these cells.

The circulating neutrophil
Although neutrophils are first responders to insults, they are not mere 
eradicators of pathogens. They combine an extraordinary capacity to 
patrol the organism with a built-in arsenal of enzymes and antimicro-
bial peptides and a kamikaze-type behavior that contains pathogenic 
spread, with a remarkable plasticity that can be molded by the different 
environments that they visit35, as discussed in more detail below. In the 
circulation, multiple flavors of neutrophils have been reported that 
associate with diseases or inflammatory scenarios, but this has largely 
relied on discrete parameters such as cell density or expression of sur-
face proteins (as reviewed in ref. 36). In particular cases, cell-surface 
markers identify circulating populations with distinct functions, as 
is the case of VEGFR1+ neutrophils, which are efficiently recruited to 
hypoxic tissues to promote angiogenesis37. This illustrates the notion 
that, already in the circulation, neutrophils are a mix of cells in differ-
ent phenotypic and functional states32,36. However, the actual degree 
of heterogeneity of neutrophils in blood, its purpose and underlying 
mechanisms remain unclear.

A critical limitation in addressing these gaps in knowledge is the 
lack of genetic and molecular tracers to unequivocally call for hetero-
geneity of neutrophils beyond surface markers. For example, while 
it is relatively simple to catalog T lymphocyte subsets based on their 
origin, transcriptional profile and genetic drivers38, we lack this degree 
of molecular resolution when studying neutrophils. Indeed, while 

single-cell sequencing technologies have unveiled a broad range of 
transcriptional states for neutrophils, these states have not been for-
mally ‘promoted’ to subsets in the absence of reliable proteins and 
genes to trace the different cells39. In addition, these states exist as a 
(transcriptional) continuum rather than as independent clusters, with 
few or no markers to differentiate them16,32,40 (Fig. 2a), which makes 
classification even more challenging.

Despite these limitations, studies analyzing the transcriptomic 
and proteomic profiles of blood neutrophils have used standard com-
putational approaches to score subsets, maturation trajectories and 
gene signatures. While not always comparable, they demonstrated 
consistency in some aspects, for example, in the identification of type 
I interferon-inducible genes in a subset of neutrophils, particularly 
in response to stimulation16,32,40. Unfortunately, we still lack globally 
accepted methods for high-dimensional clustering, which, combined 
with the absence of correlation between transcriptomic and proteomic 
datasets, hinders the isolation of such subsets for functional studies. 
Hence, single-cell studies remain largely descriptive and fail to shed 
definitive light into the functional organization of circulating neutro-
phils. We propose that building reference frameworks that include neu-
trophils from many different contexts (including healthy or diseased 
tissues) will be critical to understand what the different states mean41.

While speculative at this point, the existence of circulating neu-
trophils with distinct phenotypic and transcriptional profiles suggests 
that they undergo a type of education that may be important to prime 
responses against different types of pathogens, as recently hinted in 
mice by ex vivo studies using Candida24. An extreme case of diversity 
among circulating neutrophils is seen during systemic stress, for exam-
ple, cancer or bone marrow transplantation, in which immature forms 
manifest differential production of reactive oxidative species and 
neutrophil extracellular traps, but higher production of cytokines32. 
However, because mobilization from medullary reservoirs cannot 
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Fig. 2 | Mechanisms of diversification in blood. a, Profiling of blood 
neutrophils by single-cell transcriptomics fails to find diversity using standard 
computational approaches, but functionally distinct populations could exist 
inside this transcriptional cloud (red, green, blue and yellow). b, Genetic and 
phenotypic heterogeneity of blood neutrophils could be imprinted through 
a series of orthogonal mechanisms that act during granulopoiesis and in the 

circulation. c, Different sources of heterogeneity, including somatic mutations, 
circadian aging, migration across vessels or circulating metabolites influence 
neutrophils at different stages of maturation to generate diverse transcriptional 
and functional outputs (cells of different colors). BM, bone marrow; UMAP, 
uniform manifold approximation and projection.
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account for the diversity seen in the blood of healthy individuals, we 
propose that heterogeneity is attained by mechanisms acting at differ-
ent stages of the neutrophil life cycle, which converge to generate a pool 
of functionally distinct neutrophils in the circulation, each of which is 
primed for a different function (Fig. 2b). In this regard, it is conceiv-
able that granulocytic precursors undergo divergent developmental 
trajectories, somatic mutations, or simply undergo desynchronized 
release into the bloodstream. Because circulating neutrophils rap-
idly engage into changes in phenotype, transcription and function 
driven by circadian rhythm and microbiota (referred to as ‘aging’), this 
desynchronized release would drive the accumulation of functionally 
heterogeneous (out-of-phase) neutrophils in blood21,42,43 (Fig. 2c).

Clonal diversification emerging from medullary progenitors is an 
intriguing, yet unproven mechanism of diversification as phenotypic 
‘clones’ of neutrophils have not been detected in blood using traditional 
methods. Lineage-determining transcription factors, such as PU.1, 
C/EBPα and C/EBPβ7, drive sequential expression of lineage-specific 
genes while at the same time silencing lineage-foreign genes, and can 
additionally modify the surrounding chromatin (a property of pioneer 
transcription factors)44. Collaboration of these lineage-determining 
transcription factors with a heterogeneous set of transcription factors 
with tissue-restricted45 and/or stimulus-dependent46 activity is likely 
to generate diverging epigenetic landscapes and push the different 
granulocytic progenitors along distinct transcriptional programs, as 
shown for macrophages45. Such a model aligns well with findings in the 
context of trained immunity, in which signals during infection or cancer 
generate persistent changes in neutrophil function47,48. It also agrees 
with data showing that granulopoiesis organizes locally and clonally in 
the bone marrow of both mice and humans49–51. Related to this spatial 
diversification, analyses of human bulk and single-cell transcriptomic 
datasets of neutrophils show that the extent and type of transcriptional 
responses to different challenges (growth factors, transplantation of 
hematopoietic stem cells, cancer and viral infection) differ both with 
maturation stage and with tissue of residence32. Finally, migration 

trajectories can be another source of diversification. Neutrophils 
migrating to inflamed tissues can migrate back into the circulation, 
a process referred to as reverse migration that causes phenotypic 
alterations (for example, in the expression of the adhesion receptor 
ICAM-1, the cytokine receptor VEGFR1 and the chemokine receptor 
CXCR1)52, increased reactive oxygen species production and resistance 
to apoptosis52,53. Thus, maturation, tissue residence or emigration and 
clonal organization of neutrophils are potential sources of phenotypic 
and functional diversity in the circulation, a possibility that challenges 
current views and should influence how we study the heterogeneity 
and physiology of these cells.

Transcriptional noise
Human and mouse neutrophils undergo gradual changes of the genetic, 
epigenetic and transcriptional material as they mature in the marrow 
and transition to blood8,25,54–56. A conclusion of recent analyses is that 
lineage specification occurs early at the granulocyte–monocyte pro-
genitor stage and involves gradual loss of proliferative and metabolic 
activity (including mitochondrial content) and granule protein synthe-
sis8,25,54, while at the same time allowing the gain of sensing and migra-
tory receptors (such as chemokine and Toll-like receptors; Fig. 3a). 
These dynamics are proposed to protect the bone marrow by uncou-
pling the synthesis of cytotoxic elements from that of the receptors that 
can promote their release8,25. In addition, activation of multiple effector 
and transcriptional programs occurs in the transition from the marrow 
to the circulation, and is concomitant with a remarkable drop in tran-
script content8,10. This implies that, as neutrophils transition to blood, 
many genes become transcriptionally active but contribute less to the 
global transcriptional output8. At the molecular level, this suggests the 
opening of multiple chromatin regions with variable gene expression 
across the neutrophil pool present in blood, without commitment to 
specific immune programs. These observations are consistent with 
studies of human neutrophils that showed remarkable variability in 
the gene expression and DNA methylation across individuals57. It also 
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aligns with the correlation between the abundance of variable genes 
in a population and the susceptibility to infection and autoimmune 
disease58. At the cellular level, neutrophil clusters extend across large 
areas in the transcriptional space when compared with other circulating 
leukocytes29, suggesting high variance in the genes that are expressed 
across individual neutrophils. Overall, these findings suggest that cir-
culating neutrophils have adopted a strategy of biological noise akin to 
that identified in unicellular organisms or in uncommitted pluripotent 
cells that exist in oligo-stable states59 (Box 1). In some ways, these prop-
erties suggest that the granulocytic compartment, when considered as 
a whole, features adaptable, stem-like properties, despite the limited 
plasticity of each of its cellular constituents.

This unconventional transcriptional strategy of circulating neu-
trophils raises new questions such as where this biological noise origi-
nates, and does it persist when circulating cells move into tissues or 
under pathological scenarios. Ad hoc analyses of existing single-cell 
datasets16 for this Perspective confirmed the loss of transcript abun-
dance throughout maturation, which starts in the bone marrow and is 
lowest in the blood. These changes are concomitant with increases in 
transcriptional noise (Fig. 3b), defined here as the average Euclidean 
distance of individual cells in the transcriptional space to a representa-
tive cell with average expression of all genes (centroid) present in a 
given population60 (for example, granulocyte–monocyte progenitors 
or mature blood neutrophils; Fig. 3a). Importantly, both transcript 
abundance and transcriptional noise are predicted to persist as cir-
culating neutrophils move into tissues (Fig. 3c), suggesting that this 
may be a general property of neutrophils in extramedullary tissues. 
The consistent finding of high transcriptional noise of neutrophils in 
blood and tissues further suggests that the stochastic nature of this 
biological property may be evolutionarily selected to enhance the 
antimicrobial diversification of the neutrophil pool, for example, by 
generating primed states against different types of pathogens24.

Transcriptional noise appears to be independent of granulopoie-
sis because it emerges when cells have left the medullary compart-
ment (Fig. 3c). Indeed, egress of neutrophils from the marrow into 
blood coincides with major chromatin remodeling, whereby multiple 
regions become accessible or inaccessible in a short period of time8,10,12. 
What drives this ‘noisy’ pattern in the periphery is not determined yet. 
One possibility is that rapid epigenetic remodeling causes stochas-
tic decondensation of the neutrophil chromatin. In turn, stochastic 
changes in chromatin density could lead to intermittent access of 
transcription factors to regulatory regions thereby promoting ‘bursts’ 
of gene expression (Box 1), a known driver of transcriptional noise61. 
A fair question is, however, how accurate and physiologically relevant 
this noise is, given the low transcriptional rates of neutrophils. It is 
tempting to speculate that it is precisely because of these remarkably 
low transcriptional rates that small changes in gene expression can 
have a strong impact in their transcriptional programs and functional 
imprinting. Thus, transcriptional noise may represent an unappreci-
ated mechanism that controls neutrophil dynamics and functional 
diversification in blood. Nevertheless, there remains much work to do 
to understand the molecular footprint, biological trigger and physi-
ological significance of this property of neutrophils. To this end, it will 
be critical to solve technical and analytical limitations associated with 
the low transcript content in single-cell technologies.

Functional states of inflammatory neutrophils
A recurring challenge in the field is how to classify neutrophils in ways 
that inform useful (patho)physiology. This is not trivial because neu-
trophils appear to transit through so-called ‘states’ rather than durable 
subsets that can be traced by defined markers or by driver transcription 
factors1,39. In the absence of such markers, single-cell transcriptom-
ics have taken center stage despite the poor transcriptional nature 
of mature neutrophils, and have been extremely useful to describe 
even small differences across tissues, disease or even within the same 

tissue10,16,41,62,63. However, transcriptional profiling is only useful to 
describe durable properties, and we lack reliable criteria to annotate 
functions associated with most transcriptional profiles. Hence, describ-
ing the functional states of circulating neutrophils becomes extremely 
challenging, yet this could transform our understanding of how they 
respond to infections or to sterile inflammation.

Box 1

Transcriptional noise
Transcriptional noise is an emerging concept in understanding 
the properties of biological systems and, although the term ‘noise’ 
typically bears negative connotations, it has been shown to propel 
changes that can lead to evolutive advantages. For example, in 
prokaryotic cells, noise appears to be a bet-hedging strategy 
to ensure the survival of the cells under threatening conditions, 
while in eukaryotic cells the inherently stochastic nature of gene 
expression is considered a major factor in the heterogeneous 
response of individual cells within a clonal population to a 
stimulus. Transcriptional noise has been defined as the variability 
in gene expression of an isogenic cell population. It can be the 
result of stochastic events occurring during transcription or by 
the uneven effect of extrinsic signals acting on cells59. Among 
the most recognized sources of noise is a phenomenon known as 
‘transcriptional bursting or pulsing’97. This concept emphasizes 
the active role that stochastic events have during transcription, 
as opposed to classical probabilistic models. In other words, 
rather than a continuous process, transcription can occur through 
stochastic activation and inactivation of promoters that leads to the 
discontinuous production of mRNA in short and intense bursts97. 
Transcriptional noise can also be the result of other varied series of 
events such as diffusive cellular dynamics (which relies on collisions 
between reactants that occur stochastically) or inherited noise 
(for example, unequal division of cellular components in mitosis). 
When studying the origin of transcriptional noise in a pool of cells, 
variability in gene expression can be decomposed into intrinsic 
and extrinsic noise. Intrinsic factors refer to variations in identically 
regulated quantities within a single cell, such as the intracellular 
variation in expression levels of two identically controlled genes, 
as a result of differences of transcription or translation of such 
protein. Extrinsic noise variation, in contrast, refers to variations in 
identically regulated genes between different cells, for example, 
caused by differences in the amount of extracellular activating 
signals between cells. Both sources of noise can conceivably act to 
generate transcriptional noise in neutrophils.

A challenge in biology has been to design effective methods 
to measure, calculate and depict this type of noise over the 
increasing amount of data of current single-cell technologies. 
Different approaches have been developed to estimate biological 
over technical noise60 or to calculate noise based on the standard 
deviation of the mean number of mRNA molecules per cell97. A 
model based on Euclidean distances60 has been tested against 
other models and used to estimate transcriptional noise in different 
cell populations98. This metric allows independent analysis of 
each cluster identified on single-cell datasets and relies on a 
‘whole-transcriptome’ approach98. The method is based on the 
calculation of a virtual cell (called ‘centroid’) that represents the 
average value of the transcriptome of an isogenic group (for 
example, a type of neutrophil in a tissue). Centroids are calculated 
for cells within specific clusters of a dataset, and used as a reference 
to measure the Euclidean distance of each cell belonging to the 
same population.
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There is no single or simple answer to the question of whether 
there are reliable ways to describe the functional states of circulating 
neutrophils, and clearly new methodology and concepts will need 
to be developed to address this challenge. Orthogonal approaches 
may be particularly helpful in better defining seemingly identical 
cells (as defined by transcription). Multiparametric analyses using 
mass cytometers or high-dimensional spectral or conventional flow 
cytometers combined with computational algorithms54,64 may capture 
rapid changes in surface or intracellular proteins as neutrophils sense 
diverse stimuli or transit across tissues10. An alternative is to use live 
imaging, the oldest single-cell technology available65. In principle, this 
should allow measuring the response of individual cells in their native 
environment, as they ‘read’ chemical and physical cues that cannot be 
mimicked ex vivo and are lost when tissues are dissociated to extract 
cells. Because cells in different functional states should respond dif-
ferently in these environments, by capturing multiple parameters 
of their physical response under a microscope, it may be possible 
to build ‘behavioral’ landscapes that categorize cells based on func-
tion, rather than on their molecular fingerprint. Based on this tenet, 
we were able to categorize neutrophils recruited to inflamed vessels 
into at least three functional states, one of which strongly associated 
with pathological inflammation66. Critical for this approach is to score 
morphological and kinetic variables that can be readily obtained using 
three-dimensional imaging over time, but we propose that combining 
these with other readable features (molecular or physical) will enable 
more accurate depictions of diversity and function of neutrophils or 
any other cell type. Moving forward, it will be important to link these 
behavioral states with the genetic traits of neutrophils, as this will 
allow to define the molecular principles of such states, for example, 
to understand why different neutrophils select alternative routes to 
migrate from capillaries to tissues67, to perform reverse transendothe-
lial migration52 or to engage in ‘swarming’ behaviors in response to 
injury or vaccination68.

The functional states of inflammatory neutrophils identified by 
behavioral profiling raises new questions, for example, if the functional 
diversity originates from cell-extrinsic or cell-intrinsic cues (Fig. 4). 
The finding that approximately 20% of neutrophils can transit between 
behaviors66 suggests that external cues are relevant, but probably do 
not account for the type of response. Determining whether neutrophils 
primed for specific behaviors exist in the circulation, and the molecular 
basis of such priming, is an exciting future challenge.

Adaptation to tissues
Although neutrophils are best understood in blood and in humans, as 
they are the most abundant circulating leukocyte type, they can also be 
found as a marginated pool in contact with the inner side of vessel walls 
in the naïve spleen, liver, bone marrow and lung, and in the parenchymal 
space of the intestine and skin, among many other tissues11,69. Specifi-
cally, lung neutrophils interact with endothelial cells, with which they 
are in close contact and circulate across the tightly matted intersecting 
pulmonary capillaries10,11,70. Likewise, most of the neutrophils identified 
in the healthy liver following blood perfusion remain intravascularly, 
whereas spleen and bone marrow neutrophils are mainly located in the 
red pulp and perivascular spaces, respectively10,11,71. In the intestine, neu-
trophils localize around isolated lymphoid follicles11 and in the skin they 
can be found, in low numbers, in the dermis72. Neutrophil margination, 
sequestration and infiltration to specific locations take place through 
specialized mechanisms. For example, hyaluronan from hepatic sinu-
soids and veins mediates hepatic sequestration of neutrophils through 
CD44, migration to the lymph nodes relies on the chemokine receptor 
CCR7 (ref. 73) and recruitment or mobilization neutrophils in the lungs 
is mediated by CXCR4 (refs. 10,74). These tissue-specific mechanisms of 
recruitment suggest that phenotypic differences within the circulating 
neutrophil pool (such as differential expression of chemokine receptors 
or integrins) may favor their recruitment to, and localization within the 

different tissues75, and partly explain their subsequent specification 
in those tissues10.

Upon injury and microbial infection, neutrophil recruitment to 
tissues is accompanied by rapid removal to allow return to homeo-
stasis76. It is intriguing, however, that clearance sites and dynamics in 
tissues under homeostatic conditions remain virtually unknown and 
that apoptotic neutrophils are rarely found in intact tissues77. Estima-
tions of neutrophil half-lives have predominantly been restricted to 
the bone marrow and blood, in part because they were believed to 
be cleared from the circulation by macrophages in the spleen and 
liver76,78–80. This notion was challenged by the discovery that neutrophils 
populate most healthy organs11. Use of an inducible, neutrophil-specific 
reporter mouse model (Ly6GCreERT mice) to track synchronous waves of 
neutrophils released from the marrow allowed estimation of neutrophil 
lifetimes in tissues to show equal or even extended lifetimes compared 
with those in blood10, a finding that suggested that neutrophils persist 
long enough to integrate environmental cues and to acquire functional 
and phenotypic diversity within tissues10. These local environments, 
which we refer to as niches here, may control the heterogeneity, func-
tion and identity of tissue neutrophils, much like those instructing 
diversity in tissue-resident macrophages81. Understanding the nature 
of such niches across tissues, aided for example by imaging reporter 
models or spatial transcriptomics, will be instrumental in establishing 
their cellular identity and understanding their relevance. The finding 
that tissue-associated neutrophils acquire specialized functions during 
homeostasis10 expands and complements the roles for other myeloid 
subsets (that is, resident macrophages) in organ homeostasis82 in ways 
that remain to be defined. In other words, it is unclear to what extent 
the tissue-specific contribution of the different myeloid lineages is 
redundant and how this varies across different physiological scenarios.

In the particular case of the lung, CXCL12-producing vessels medi-
ate the retention of neutrophils in specific perivascular areas where 
they are reprogramed to support vascular growth10. Angiogenic fea-
tures of neutrophils were reported in the context of ischemia and 
hypoxia, liver injury and irradiation37,83,84, but not in naïve tissues. 
Whether the lung functions as a unique reservoir of angiogenic neutro-
phils that can be mobilized on demand to distant tissues needs further 
exploration. In line with the idea that neutrophils can be deployed 
from reservoirs outside the marrow, it was reported that neutrophils 
recruited to the liver following sterile injury can reenter the vasculature 
and serially traffic through the lung and into the bone marrow for clear-
ance84, whereas during skin infection they can migrate to the draining 
lymph nodes through lymphatic vessels where they are phagocytosed 
by dendritic cells85. In another relevant example, neutrophils that infil-
trate the heart following myocardial infarction migrate to the bone mar-
row to deliver interleukin-1β and promote granulopoiesis86, whereas in 
the steady state they enter this organ to suppress mesenchymal activity 
and promote circadian release of hematopoietic precursors87. Finally, it 
is intriguing that classical niche signals, such as the chemokine CXCL12, 
not only act as attractants, but also induce chromatin remodeling to 
enable nuclear compaction and facilitate navigation of neutrophils in 
complex three-dimensional environments88. These and other examples 
of migration in vivo52 suggest that neutrophils engage into unconven-
tional traffic patterns to distant tissues to accomplish specific tasks. 
We propose that the neutrophil compartment can be envisioned as a 
‘migratory tissue’ that infiltrates virtually every organ to be educated, 
execute functions or deliver messages from one organ to the next.

Co-option of neutrophils by disease
Neutrophil heterogeneity is considered a disease-modifying factor and 
studies in murine models of cancer have been particularly revealing of 
the enormous diversity and association of certain transcriptional states 
with disease outcome. Proposed or demonstrated functions range 
from clearly pro-tumoral (for example, promoting tumor angiogen-
esis, tumor cell dissemination and metastatic seeding) to antitumoral 
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and antimetastatic26,89,90. Illustrative of this remarkable diversity,  
12 different transcriptional states have been reported in the context 
of human liver cancer62. Heterogeneity has also been described in 
several pathological conditions including stroke, myocardial infarc-
tion, autoimmune disease or infections such as COVID-19 (refs. 29,91–93).  
A conclusion that can be extracted from this recent body of work is that 
neutrophils adapt to the altered physiology around them in the same 
way that they adapt to (non-pathological) tissue microenvironments, 
but whether this reflects the co-option of homeostatic programs or 
instead involves entirely new mechanisms needs further exploration. 
Studies in macrophages, however, have suggested that pathological 
states of the tissue, such as cancer, reprogram these cells by mimick-
ing the physiology of fetal growth (reviewed in ref. 94). It is therefore 
conceivable that similar maladaptive processes are active during neu-
trophil reprogramming by disease.

A related question is to what extent the diversification of neu-
trophils seen in pathology is stochastic (that is, unpredictable) or 
follows deterministic, targetable programs. Strategies to address 
this question have been challenging for two main reasons. First, the 
short lifespan and postmitotic nature of neutrophils precludes expan-
sion, analysis and rigorous fate mapping of these cells. Second, the  
sensitivity of the cells to manipulation, as well as their low transcrip-
tional rate precludes clear isolation and transcriptional profiling 
in most scenarios, especially when using single-cell transcriptom-
ics62,95. In the context of polymicrobial sepsis or lung inflammation,  
engineered nanoparticles were used to specifically target tissue-toxic 
neutrophils and to improve host survival96, but these strategies 
were directed against broad functional properties rather than  
specific transcriptional programs. The recent discovery of a set of 
key transcription factors that control the functional adaptation of 
neutrophils during sterile inflammation revealed a deterministic  
path that could be exploited to blunt inflammation by specifically 
intercepting the involved factors, such as JunB12. Thus, the identifica-
tion of transcriptional hubs that control the full spectrum of diversity  

will be fundamental to modulate the function of neutrophil subsets,  
for example, to promote antitumoral states in individuals with cancer,  
or pro-angiogenic states to improve healing in older or diabetic individu-
als. Clearly, a better understanding of how the neutrophil compartment 
organizes and adapts to the surrounding environment has a massive 
potential for therapeutics, by directing the generation of diagnostic or  
prognostic tools.

The challenges ahead
Despite advances in the past few years, we still know far too little about 
the mechanisms that underlie the remarkable antimicrobial efficacy, 
adaptability and contribution of neutrophils to disease. Looking for-
ward, we narrow down the main challenges of the field in three areas. 
The first is to better define the global architecture of the neutrophil 
compartment in mammals, an effort that will provide a much-needed 
reference for the myriad of studies reporting an ever-expanding list of 
phenotypes and transcriptional states, particularly in the context of 
cancer41. The second challenge is to understand which specific envi-
ronments (niches) within a tissue enable the functional reprogram-
ing of neutrophils from patrolling behaviors toward more refined, 
tissue-tailored tasks. We believe that defining the anatomical context 
where such reprogramming takes place will be fundamental to delineate 
how pathologies co-opt neutrophils to their benefit. The third, broader 
challenge entails addressing the question of why mammals invest such 
enormous resources in producing vast quantities of short-lived cells, 
most of which will never encounter a microorganism in their lifetime. 
Indeed, other myeloid lineages (such as macrophages) have opted 
for lesser numbers, longer lifespans and elective proliferation, yet are 
able to effectively execute immune defense and tissue homeostasis. It 
is conceivable that the massive production of short-lived neutrophils 
enables the appearance of populations that are simultaneously useful 
in the never-ending fight against pathogens but potentially harmful to 
the host and therefore they must be eliminated rapidly, but this remains 
speculative. Identifying why neutrophils evolved such unique strategies 
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Fig. 4 | Origin of behavioral states in blood. a,b, Inflammatory neutrophils 
display at least three behavioral states (B1–B3), as identified by live imaging 
inside inflamed vessels. This functional diversification may be the result of 
different environmental signals (flat cells of different colors) acting on a unique 
neutrophil cell state at the inflamed site (a), or alternatively, be the result of 

already biased neutrophil populations exposed to similar inflammatory signals 
inside the vessels (b). These preexisting states are predicted to have distinct 
protein composition and/or genetic backgrounds (genetic modifications or 
epigenetic marks). In all cases, individual neutrophils manifest certain capacity 
to transition among the different behavioral states.
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may unlock the key to understanding why they are such formidable 
defenders, and to bridle them for clinical use.
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