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Résumé 
 En raison de leur structure et de leur rôle dans la respiration, les poumons sont 
continuellement exposés aux agents pathogènes présents dans l'air. Parmi ceux-ci, les virus 
respiratoires causent une mortalité importante et représentent un fardeau économique 
considérable. Les virus respiratoires courants entraînent généralement des infections légères 
et de courte durée, mais la pandémie de COVID-19 a révélé un taux élevé de persistance des 
pathologies respiratoires après des infections aiguës. Ces séquelles chroniques résultent de 
l'échec des mécanismes efficaces de réparation pulmonaire, entraînant fibrose, remodelage 
tissulaire anormal et bronchiolisation alvéolaire. Les cellules myéloïdes jouent un rôle central 
dans la réponse immunitaire lors des infections respiratoires et leurs fonctions pendant 
l'infection active sont bien caractérisées. Cependant, leurs fonctions pendant la phase de 
récupération restent peu comprises. Afin d’étudier les réponses immunitaires au cours de la 
réparation pulmonaire, un modèle murin cliniquement pertinent d’infection par le virus de la 
grippe A (utilisant la souche H1N1 PR8) a été employé. Des technologies de pointe, incluant 
le séquençage d'ARN unicellulaire, la transcriptomique spatiale, les tests métaboliques, la 
cytométrie en flux multiplexe et la microscopie, combinées à des modèles de chimères de 
moelle osseuse et des souris transgéniques, ont permis une analyse approfondie des 
populations de cellules myéloïdes durant les premières phases de réparation pulmonaire. 
Cette approche exhaustive a conduit à l'identification et à la caractérisation d'une population 
de macrophages dérivés de monocytes encore inconnue présente dans les poumons lors de 
la phase de récupération précoce. Ces macrophages, à courte durée de vie et exprimant Ly6G, 
sont recrutés après le pic de l'infection dans les alvéoles périlésionnelles en régénération, où 
ils montrent de fortes capacités d’efferocytose et sécrètent des molécules facilitant la 
résolution de l'inflammation. De plus, les macrophages Ly6G+ jouent un rôle crucial dans la 
promotion de la régénération alvéolaire en interagissant avec les cellules épithéliales 
alvéolaires de type 2, progénitrices de l'épithélium alvéolaire et en soutenant leur rôle 
essentiel dans la réparation alvéolaire fonctionnelle. La présence de ce phénotype de 
macrophages a été observée dans d'autres modèles, incluant les lésions pulmonaires induites 
par la bléomycine et les dommages hépatiques aigus induits par le paracétamol, indiquant un 
rôle conservé à travers différents types et sites de lésions. Enfin, la pertinence potentielle de 
ces découvertes a été explorée en analysant les cellules de lavage bronchoalvéolaire chez des 
patients atteints de pneumonie, où des cellules semblables aux macrophages Ly6G+ ont été 
identifiées. Nos résultats enrichissent la compréhension des mécanismes myéloïdes 
impliqués dans la régénération alvéolaire et suggèrent que la manipulation de ces 
macrophages pourrait constituer une stratégie pour améliorer la réparation pulmonaire après 
une lésion pulmonaire infectieuse aiguë. 
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Summary 

The lungs, due to their structure and function, are constantly exposed to airborne pathogens, 
with respiratory viruses causing significant mortality and economic burden. Common 
respiratory viral pathogens typically cause mild, self-limiting infections, but the COVID-19 
pandemic has underscored the high incidence of chronic sequelae following acute infections. 
Persistent respiratory symptoms arise from the failure of effective lung repair mechanisms, 
leading to fibrosis, abnormal tissue remodeling, and alveolar bronchiolization. Myeloid cells 
are central to the immune response during respiratory infections and their roles during active 
infection are well-characterized. Yet, their functions in the recovery phase remain poorly 
understood. To investigate immune responses during lung repair, a clinically relevant murine 
model of influenza A infection (using the H1N1 PR8 strain) was employed. Cutting-edge 
technologies including single-cell RNA sequencing, spatial transcriptomics, metabolic assays, 
multiplex flow cytometry, and microscopy, combined with bone marrow chimera models and 
transgenic mice enabled an in-depth analysis of the myeloid cell populations during the early 
stages of lung repair. This comprehensive approach led to the identification and 
characterization of as-yet unknown monocyte-derived macrophage population present in 
lung during the early recovery phase. These short-lived Ly6G-expressing macrophages were 
recruited after the peak of infection into perilesional regenerating alveoli where they 
exhibited high efferocytic capacities and secreted molecules facilitating the resolution of 
inflammation. Furthermore, Ly6G+ macrophages played a crucial role in promoting alveolar 
regeneration by interacting with alveolar type 2 epithelial cells, the progenitors of the alveolar 
epithelium, and by supporting their essential role in euplastic alveolar repair. The presence of 
this macrophage phenotype was observed in other models, including bleomycin-induced lung 
injury and acetaminophen-induced acute liver damage, indicating a conserved role across 
different types and sites of injury. Finally, the potential translational relevance of these 
findings was explored by analysing human bronchoalveolar lavage cells from pneumonia 
patient, in which Ly6G+ macrophage-like cells were identified. Our findings increase our 
understanding of the myeloid-mediated mechanisms involved in alveolar regeneration and 
suggested that manipulating these macrophages could serve as a strategy to enhance lung 
repair following acute infectious lung injury. 
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1 Macrophages 
 

1.1 Lung parenchyma: the respiratory community 

Lungs are vital organs that are dedicated to respiration and located within the thoracic cavity. 

The respiratory system is composed of two main parts: the conducting airways, which 

facilitate air movement into and out of the lungs, and the respiratory parenchyma, where gas 

exchanges and blood oxygenation occur. Following the upper airways, which include the 

nose, nasopharynx, and larynx, the trachea branches into increasingly narrower bronchi and 

bronchioles. The respiratory parenchyma, accounting for approximately 90% of lung volume, 

starts with the respiratory bronchioles, which are absent in mice1, and extends to the alveoli, 

the sac-like structures essential for gas exchanges. The alveolar architecture is optimized for 

respiration, featuring a large surface area and a 0.3 µm thin alveolo-capillary membrane, 

which facilitates rapid oxygen and carbon dioxide diffusion2. The alveolar-capillary barrier 

consists of two continuous cell layers: the epithelium facing the alveolar lumen and the 

endothelium facing the capillary lumen. Located between these layers and enveloping the 

bronchovascular tree is the interstitium, an extracellular matrix through which nerves and 

lymphatic vessels traverse the lungs. 

Each part of the pulmonary tract is composed of a variety of specialized cells that perform 

specific functions. The airway surface is lined with secretory, goblet and ciliated cells, which 

serve to keep the inspired air moist and free from potentially harmful substances3. The alveoli 

are composed by a continuous mosaic of alveolar type I (AT1) and type II (AT2) epithelial cells. 

AT1 cells are responsible for gas exchanges and cover approximately 95% of the total alveolar 

surface with their thin, flat extensions. AT1 cells are interspersed with cuboidal AT2 cells, 

which produce surfactant, a liquid mixture that reduces surface tension at the air-liquid 

interface and prevents alveolar collapse at the end of expiration. Lipids constitute 

approximately 90% of the surfactant weight, with phosphatidylcholine being the predominant 

component responsible for its biomechanical properties. Additionally, the surfactant contains 

four associated proteins: surfactant protein A (SP-A), SP-B, SP-C, and SP-D. SP-A and SP-D are 
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members of the collectin family, which can interact with pathogens to inhibit their 

dissemination and modulate immune responses4. In contrast, SP-B and SP-C contribute to the 

formation and characteristics of the interfacial film5.  

However, this extensive barrier serves as an easy entry point for inhaled pathogens. A delicate 

balance is therefore essential to defend against external pathogens without causing long-

lasting structural changes that could impair gas exchange efficiency. Two types of resident 

innate immune phagocytes contribute to this first line of defense: alveolar macrophages (AM) 

and interstitial macrophages (IM). Besides their sentinel role, AM and IM fulfil their roles of 

resident immune cells by actively contributing to tissue structural and functional integrity6–9. 

As discussed in following sections, significant differences in their localization, ontogeny, 

transcriptional profiles, phenotypes and functions necessitate their study as distinct 

populations. 

AMs are the most prevalent macrophage population, primarily located in the alveolar lumen, 

with a smaller presence in the conducting small airways10. In contrast, IMs reside within the 

alveolar interstitium or around the bronchovascular bundles, in proximity to neurons, 

lymphatic vessels, or blood vessels8,11,12. Several studies utilizing single-cell RNA sequencing 

(scRNA-seq) and flow cytometry analyses have revealed additional heterogeneity within the 

IM population. The IM compartment contains at least two distinct subsets, distinguished by 

their expression of CD20611,12. CD206+ IMs are predominantly localized in the interstitium 

surrounding the bronchi, in close contact with endothelial cells11. CD206- IMs, which express 

high levels of Major Histocompatibility Complex 2 (MHC2), are enriched in the alveolar 

interstitium and interact with nerves8. Transcriptional and protein markers of AM and IM in 

mice are summarized in Figure 1. 
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Figure 1 - The distinct subsets of lung macrophages and monocytes in the mouse lung, classified 
according to their protein and gene markers 

Macrophages and monocytes are classified based on their expression of specific protein (left side) and 
gene (right side) markers within the lung, under steady-state and inflammatory conditions. Each subset 
occupies distinct regions within the lung environment and performs unique functions. Ly6C+ 
monocytes, also known as classical monocytes, are short-lived, bone marrow-derived cells. Unlike 
Ly6Clo patrolling monocytes, which circulate along blood vessels, a portion of these cells are present in 
lung tissue. Their mobilization from the bone marrow is dependent on CCR2, and they express high 
levels of the Ly6C receptor, distinguishing them from patrolling Ly6Clo monocytes. Similar to interstitial 
macrophages (IMs), but unlike resident alveolar macrophages (AMs), Ly6C+ monocytes express the 
integrin CD11b. Both AMs and IMs exhibit high expression of CD64 and MerTK, which are recognized 
as macrophage markers, but they are readily distinguished by the expression of SiglecF, which is 
uniquely found on AMs. Notably, eosinophils also express high levels of SiglecF; however, they are 
excluded from the AM population due to the absence of CD64. Several studies11,12 have identified two 
major IM subsets, differentiated by their differential expression of CD206 and MHCII. CD206+MHCIIlo 
IMs are preferentially located near blood vessels, while CD206loMHCIIhi IMs are mainly found around 
nerves. Consequently, the latter population is also referred to as nerve-associated macrophages 
(NAMs). During inflammatory conditions, the AM population is supplemented by monocyte-derived 
macrophages, which show varying levels of SiglecF and CD11b expression, called recruited AMs 
(RecAM). Similarly, the IM pool can also be supplemented by monocyte-derived cells, called recruited 
IMs (RecIMs), resulting in a continuum or gradient of marker expression, transitioning from monocyte-
associated receptors to those found on fully differentiated IMs. Mo: Monocyte; IM: Interstitial 
Macrophage; AM: Alveolar Macrophage; RecAM: recruited Alveolar Macrophage; RecIM: recruited 
Interstial Macrophage; RecMO: Recruited Monocytes; s-s: steady state. 

Inspired by Aegerter, H., Lambrecht, B. N. & Jakubzick, C. V., Immunity 55, 1564–1580 (2022).9 and Shi 
et al., Journal of Leukocyte Biology 110, 107–114 (2021)13 
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1.2 Old but gold 

Prior to the pioneering work of Charles Janeway14, innate immunity was traditionally known 

as ancestral immunity15. In fact, since the emergence of the first eukaryotic cells, the need for 

a rapid host response to invading pathogens led to the evolution of defence mechanisms that 

could guarantee cellular integrity and survival. This ancestral immunity is believed to have 

arisen approximately one billion years ago, while the organization of adaptive immunity 

developed only around 450 million years ago in more complex organisms, such as primitive 

jawed fishes16. From unicellular amoebae to multicellular animals, one of the most conserved 

strategies for eliminating microorganisms, foreign substances, or dead cells is by engulfing 

these particulate matter, a process called phagocytosis17,18. Phagocytosis not only plays an 

indisputable role in host defence but is also crucial for organ development19, the maintenance 

of healthy physiological states20, and recovery from injury21,22. In multicellular organisms, the 

ability to perform phagocytosis is present in almost all cell types, but it is particularly effective 

in a specialized group of professional phagocytes23, which are referred to as amoebocytes, 

hemocytes, or coelomocytes in invertebrates24. Despite the phylogenetic distance between 

hosts, phagocytes exhibit morphological and molecular characteristics similar to 

macrophages25 (from the Greek "makros", large, and "phagein", to eat), which were first 

described by Elie Metchnikoff in 188226. 

1.3 Morphology 

Macrophages are generally large cells, with size variations dependent on the species and 

activation states27, in human between 25 and 30 µm28. Main cellular and subcellular features 

are an irregular cell shape, oval- or kidney-shaped nucleus, cytoplasmic vesicles and a high 

cytoplasm-to-nucleus ratio29 (Fig. 2). Both their shape and the intracellular vesicles are 

directly correlated with macrophage sentinel functions.  
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Figure 2 - Subcellular components of macrophages: focus on phagocytosis 

A. Schematic illustration of a macrophage; B. Electron microscopy picture of a lung tissue 
macrophage. 

As professional phagocytes, macrophages possess the capacity to rapidly recognize and target 
pathogens, such as bacteria, as well as apoptotic cells. The presence of microvilli, which are folds in the 
cytoplasmic membrane, enhance macrophage functionality by increasing the cell surface area, thereby 
improving particle binding. Additionally, these structures facilitate environmental sensing and cell 
migration. Target recognition occurs through surface receptors, after which the macrophage extends 
its membrane around the particle to form a phagocytic cup. This structure closes to engulf the target 
within a membrane-bound vesicle known as a phagosome. The phagosome subsequently fuses with 
lysosomes, organelles rich in catalytic enzymes, creating a phagolysosome, where the engulfed 
material is broken down into smaller molecules. The degraded material is either expelled from the 
macrophage or, in the case of pathogens, fragments can be presented on the cell surface via MHC 
molecules to initiate the adaptive immune response. Similarly, macrophages utilize a comparable 
mechanism to degrade and recycle their own cellular components. During autophagy, a portion of the 
cytoplasm is enveloped, forming a double-membrane vesicle called an autophagosome, which is then 
degraded by lysosomal enzymes. 

B. Credit to Prof Marc Thiry, Cellular and tissular biology, University of Liege 
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Irregular shape - The cytoskeleton actin of macrophages reorganizes into pseudopodia, which 

are large protrusions that extend several microns from the cell body30. Even under 

homeostatic, unstimulated conditions, resident immune cells generate pseudopodia to 

actively patrol31 or send long processes through the parenchyma to reach distant zones while 

remaining relatively sessile32,33. In addition, membrane protrusions may fold, fuse, trap, and 

sample large volumes of extracellular fluid through a process called micropinocytosis34, or 

serve as the initial contact points for receptor-mediated phagocytosis of particulate targets35. 

Upon activation, particularly in concomitance with the expression of the class A scavenger 

receptor MARCO (macrophage receptor with collagenous structure)36, cytoskeleton actin 

filaments organize into parallel bundles, forming thin, finger-like membrane protrusions 

known as microvilli (50-350 nm in diameter, less than 4 µm in length) or filopodia (100-400 

nm in diameter, up to 40 µm in length) 37. Filopodia, described as cellular tentacles, allow 

macrophages to overcome spatial constraints. By extending phagocytic filopods, 

macrophages can bind distant particles or pathogens38. Within seconds, filopodia retract and 

pull these particles towards the cell, facilitating their engulfment39. Moreover, membrane 

folds significantly increase the cell surface area and enhance the accuracy in sensing the 

spatial distribution of ligand gradients. The enrichment of chemokine receptors, such as CCR5, 

CCR2, and CXCR440, selectins41, and integrins42 on microvilli, enables precise localization of 

the environment, as well as improved adhesion and mobility through tissues, thereby 

enhancing the efficiency of chemotactic processes. 

Cytoplasmic vesicles - There are several different vacuolar structures in the cytoplasm of 

macrophages, and each one has a specific purpose. Initially described by Christian de Duve43, 

lysosomes are membrane-bound spherical organelles characterized by round or ovoid 

profiles. These organelles play a crucial role in protein degradation and the recycling of 

cellular waste44. The lysosomal membrane segregates the acidic environment of the lumen, 

which contains approximately 60 different soluble hydrolases, including peptidases, lipases, 

and nucleases. Lysosome fuse with other vesicles, the phagosomes,  containing a wide range 

of extracellular and intracellular substrates and facilitate their digestion45. Endocytosis, a key 

cellular process for internalizing extracellular materials, includes mechanisms like 
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phagocytosis and macropinocytosis, which depend on the nature of the particles being 

internalized46. Phagocytosis, a receptor-initiated process, is specifically responsible for the 

uptake of larger particles such as apoptotic cells and microbial pathogens, typically those ≥ 

0.5 μm in diameter. Macrophages, as professional phagocytes, are well-equipped with a 

range of receptors to recognize targets directly (non-opsonic recognition) or via host-derived 

proteins bound to targets (opsonic recognition). Non-opsonic receptors include: C-type 

lectins, such as Dectin-147 and Mincle (macrophage-inducible C-type lectin) 48, Lectin-like 

recognition molecules, such as CD33 and CD16949 and scavenger receptors, such as CD206, 

MARCO, and CD6850. Opsonic receptors, on the other hand, bind to particles that have been 

labelled by soluble circulating molecules, which facilitate their recognition and uptake. Key 

opsonic receptors include: Fc receptors (FcR), binding the Fc portion of antibodies, includes 

CD64 which binds to IgG antibodies51 and CD89 which binds to IgA antibodies52. Furthermore, 

macrophages are capable of recognizing dying cells and engulfing them through a phagocytic 

process known as efferocytosis. In both homeostasis and inflammatory conditions, apoptotic 

cells emit "find-me" and "eat-me" signals to recruit immune cells and induce their 

engulfment. Typically, apoptotic cells expose phosphatidylserine on the outer plasma 

membrane, which is recognized by the TIM family of receptors53. Macropinocytosis involves 

the non-selective uptake of solute macromolecules larger than 0.2 μm in diameter, allowing 

macrophages to early sense environmental changes and to trap and deliver to intracellular 

receptors54 soluble ligands released by pathogens distant from the sites of infection55. This 

uptake of extracellular fluid results in large vacuoles called macropinosomes (>250 nm) 56. 

While macropinocytosis is a constitutive ability of macrophages, it is enhanced in response to 

growth factors55, chemokines such as CXCL1257, or pathogen-derived molecules58. 

Constitutive macropinocytosis is related to surveillance and antigen presentation59, whereas 

induced macropinocytosis is associated with the acquisition of extracellular nutrients that 

support cell growth and metabolism60. Autophagy is a cellular process in which intracellular 

components are captured, degraded, and recycled. This process can occur through several 

mechanisms: cytoplasmic materials may be directly engulfed by the invagination of the 

lysosomal membrane (microautophagy) 61, internalized through receptor-mediated 
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interactions (chaperone-mediated autophagy) 62, or sequestered within large vesicles known 

as autophagosomes (macroautophagy)63. Autophagosomes are particularly abundant in the 

cytoplasm of activated macrophages due to the regulation of autophagy by pattern 

recognition receptors (PRRs) that are activated by invading pathogens64,65. Autophagy plays a 

crucial role in the regulation of the activation of intracellular inflammatory pathways66, the 

production of inflammatory cytokines67, and the polarization of macrophages68,69. The 

breakdown products resulting from autophagy are recycled into new cellular components and 

energy to meet the cell's nutritional needs. Additionally, lysosomes can secrete their contents 

through exocytosis after fusing with the cellular membrane. This exocytosis is involved in the 

predigestion of pathogens70 or apoptotic cells that are too large for phagocytosis71 and in the 

remodelling of extracellular matrix72. Moreover, the fusion of lysosomal membranes with the 

plasma membrane is an efficient strategy to rapidly increase the membrane surface area, 

facilitating the engulfment of extracellular particles73. 

1.4 Origins 

Despite sharing common characteristics, macrophages have developed tissue-specific 

functions to meet the unique needs of different tissues. It has been proposed that 

macrophage functional diversity is influenced by the nature and time of exposure to the tissue 

microenvironment74,75 or by their origin76,77. 

In 1968, van Furth and colleagues first investigated macrophage ontogeny78. Through in vitro 

labeling studies, they proposed that bone marrow (BM) monocytes rapidly divide, migrate 

into the blood, and give rise to peritoneal macrophages78. The dependency of macrophage 

origin and renewal on monocytes was the main framework until the 90s, when several studies 

suggested that a substantial proportion of tissue myeloid cells actually originate from cells in 

the yolk sac79 and were maintained by local proliferation rather than monocyte 

recruitment80,81. The last two decades took advantage of genetic fate-mapping strategies to 

better decipher macrophage origin in both homeostasis and inflammation82,83. Common tools 

used for macrophages ontology studies are resumed in Figure 3. 
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Figure 3 - Monocyte and macrophage ontogeny and the tools commonly used to fate-map 
embryonically-derived and bone marrow-derived macrophages 

In developmental biology, genetically engineered animals are commonly employed to label and trace 
cells and their progeny. These fate-mapping tools facilitate the study of cellular origins and 
differentiation processes. This figure summarizes several fate-mapping tools used to define 
macrophage lineages. The Cdh5CreERT model, where Cdh5 encodes VE-cadherin expressed in endothelial 
cells, is used to identify hematopoietic cells derived from endothelial cells. Administration of 4-
hydroxytamoxifen (4OHT) at embryonic day (E) 7.5 or E10.5 labels erythromyeloid progenitors from 
the yolk sac and hematopoietic stem cells from the aorta-gonad-mesonephros region, respectively. 
While Cdh5CreERT mice focus on tracing hemogenic endothelial origins, Runx1CreERT labels cells 
undergoing hematopoietic differentiation, from hemogenic endothelial cells to hematopoietic 
progenitors. In Csf1rCreERT mice, where cells expressing the colony-stimulating factor 1 receptor are 
tracked, tamoxifen administration at different developmental stages results in the labeling of 
erythromyeloid progenitors (E7.5–7.8) or monocytes derived from fetal liver hematopoietic stem cells 
(E10.5). Fate-mapping tools are also used to track monocytes and macrophages originating from adult 
myelopoiesis, helping to identify their specific precursors. Ms4a3tdTom mice, which express the Tomato 
protein under the control of membrane-spanning 4-domains subfamily A member 3 (Ms4a3), a protein 
found in granulocyte-monocyte progenitors, enable the identification of granulocyte-monocyte 
progenitors and their progeny. Additionally, Cx3cr1cre mice, often crossed with floxed reporter strains, 
permanently label CX3CR1-expressing cells and their progeny, allowing for the lineage tracing of 
monocytes and macrophages. 

EMPs: erythromyeloid progenitors; AGM aorta-gonad-mesonephros; HSCs: hematopoietic stem cells; 
BM: bone marrow; CMPs: common myeloid progenitors; GMP: granulocyte-macrophage progenitors; 
MDP: monocyte-dendritic cell progenitor; GP: granulocytes progenitor; MP: monocyte progenitor; 
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CDP: commun dendritic cell progenitor; cDC: conventional dendritic cells; pDC: plasmacytoid dendritic 
cells; Mo: Monocyte; Neu: Neutrophil; Eos: Eosinophil; Baso: Basophil. 

Inspired by Ahlback et Gentek, Tissue-Resident Macrophages, Volume 2713, (2024)  

1.4.1 Embryonic origin  

In adults, hematopoiesis is maintained by hematopoietic stem cells (HSCs), which begin to 

emerge during embryonic development at around day E10.5 in mice and at five weeks in 

human embryos84,85. Surprisingly, macrophages are already present in the brain86 and skin87 

rudiments at this stage, suggesting that they can develop independently of HSCs. Prior to the 

emergence of HSCs, blood cells necessary for embryonic survival are produced by several 

transient waves of hematopoietic progenitors, each with distinct lineage potentials. In mice, 

the first wave, known as primitive hematopoiesis, begins as early as E7.0 from multi-lineage 

erythro-myeloid progenitors in the blood islands of the extraembryonic yolk sac, giving rise 

to primitive erythroblasts, megakaryocytes, and macrophages88. These primitive 

macrophages seed all fetal tissues, particularly the brain, where they develop into brain 

microglia, and the fetal liver, where they expand to form local macrophage populations. 

During the second wave, originating from the hemogenic endothelium of the yolk sac around 

E8.0 to E8.25, erythro-myeloid precursors (EMPs) migrate to the liver, giving rise to myeloid 

progenitors capable of generating fetal monocytes. These monocytes spread through the 

bloodstream to all tissues, differentiating into macrophages that retain the ability to self-

renew throughout adulthood76. From the intraembryonic hemogenic endothelium at E8.5, a 

third wave of hematopoietic progenitors emerges, giving rise to fetal HSCs in the aorta, 

gonads, and mesonephros. These precursors also colonize the fetal liver and BM, establishing 

definitive hematopoiesis89. Thus, during organogenesis, tissues are seeded with macrophages 

originating from different embryonic progenitors, each characterized by distinct 

developmental pathways. 

Yolk sac macrophages follow a rapid differentiation pathway, bypassing monocytic 

intermediates90,91. Unlike macrophages from definitive hematopoiesis, they develop 

independently of the transcription factor Myb, which is essential for the expansion and 

differentiation of all hematopoietic cell lineages92, and instead rely on CSF1R (colony-
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stimulating factor 1 receptor)76,93. These progenitors primarily give rise to local yolk sac 

macrophages and microglia. Late CSF1Rlo Myb+ progenitors pass through a CX3CR1-

expressing intermediate population and represent the main precursors for most tissue-

resident macrophages94. 

1.4.2 Monocyte development and heterogeneity  

At birth, all organs are populated by fetal macrophages, which are gradually supplemented 

by HSC-derived monocytes to varying extents, particularly under conditions of tissue stress 

such as irradiation and inflammation82. Monocytes, an integral part of the mononuclear 

phagocyte system (MPS), constitute approximately 4% and 10% of blood nucleated cells in 

mice and humans, respectively95. At steady state, circulating monocytes enter the spleen, 

which serves as a secondary reservoir, allowing for their rapid mobilization from this marginal 

pool, in addition to the bone marrow, when needed96. In mice, monocytes are classified into 

Ly6ChiCCR2+ classical monocytes and Ly6Clow CCR2− patrolling monocytes97. Classical 

monocytes are major contributors to tissue-resident macrophage populations during both 

homeostasis and inflammation82,98. While Ly6Clow monocytes have been reported to 

differentiate into tissue-resident cells, their precursor function is less well established99. 

Despite the early assumption that monocytes serve merely as a transient reservoir for tissue-

resident macrophages, they have emerged as an essential component of the MPS, acting as 

short-lived effector cells within tissues100. Monocytes arise from myeloid precursors in the 

BM. Bifurcating from lymphoid lineage, myeloid cells are derived from the common myeloid 

progenitor (CMP) that further develop in granulocyte-monocyte progenitors (GMP), the 

differentiation of which is dependent on Cebpa transcription factor101. GMPs give rise to both 

granulocytes and monocytes/macrophages and are identified by the specific expression of 

Ms4a398. From CMPs, a specific restricted monocyte and dendritic cell progenitor (MDP) 

emerges. Using a reporter system for CX3CR1, the fractalkine chemokine receptor widely 

expressed by monocytes, dendritic cells (DCs) and macrophages, Fogg and colleagues isolated 

a BM population co-expressing CX3CR1 and CD117 (c-kit), the receptor for stem cell factor102. 

This subset, referred to as MDPs, exhibit a differentiation potential that is restricted to 

monocytes, macrophages, and DCs102,103. In both bone marrow and spleen, a committed 
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monocyte progenitor (cMoP) that gives rise solely to monocytes has been discovered and 

characterized104. The specification of classical monocytes is driven by the sequential 

expression of PU.1, IRF8, and Klf4105. Patrolling Ly6Clow monocyte subset is thought to derive 

from classical monocytes under the control of Nur77 (NR4A1) 106 and Notch signaling107 and 

depends for their survival on endothelial cell niche108. Notably, of Ly6Clow monocytes actively 

patrol vascular endothelium where remove damaged cells and debris under homeostatic and 

inflammatory conditions. Blood vessels ensure the survival of these patrolling monocytes by 

enhancing the fractalkline (CX3CL1)-mediated uptaken of CSF-1 (colony stimulating factor 1) 

expressed on endothelial cells108. 

However, the classical developmental pathway CMP-> GMP-> MDP-> cMoP has been 

challenged by recent studies, suggesting that progenitors make lineage commitment 

decisions earlier than previously thought109–111. Yáñez and colleagues were the first to re-

evaluate this assumption, demonstrating that GMPs and MDPs can independently produce 

monocytes, each exhibiting distinct gene expression signatures. Genes enriched in GMP-

derived Ly6Chi monocytes correlated with genes highly expressed by neutrophils, whereas 

genes enriched in MDP-derived Ly6Clo monocytes were highly expressed among macrophages 

and dendritic cells 109. Using double reporter mice for the transcription factors IRF8 and Gfi1, 

which specify monocyte and neutrophil fates, respectively, they determined that neutrophil-

like transcription factor profiles drive GMP-derived monocyte differentiation and functional 

characteristics. Interestingly, GMPs produce Ly6Chi monocytes with "neutrophil-like" 

characteristics, expressing genes typically related to neutrophil primary granules such as 

neutrophil elastase (Elane), proteinase 3 (Prtn3), cathepsin G (Ctsg), and chitinase-like protein 

3 (Chil3) 110. Morphologically, GMP-derived monocytes appeared larger and more granular, 

possessing larger amounts of myeloperoxidase compared to MDP-derived monocytes. 

Furthermore, GMP-derived monocytes respond to classical neutrophil chemoattractants and 

can produce extracellular traps111. In contrast, MDP-derived monocytes exhibit superior 

phagocytosis capabilities111.  



INTRODUCTION  Macrophages 

21 
 

Recently, Trzebanski and colleagues provided surface markers to easily distinguish GMP-

derived monocytes (CD177+) from MDP-derived monocytes (CD319+) in both bone marrow 

and blood111. Remarkably, under high mobilization demand during emergency myelopoiesis, 

GMP- and MDP-derived monocytes are differentially recruited depending on the type of 

pathogen. Lipopolysaccharide (LPS), which preferentially stimulates neutrophil and monocyte 

production, preferentially recruits GMP-derived monocytes, while unmethylated CpG DNA, 

which specifically induces monocyte and conventional dendritic cell (cDC) production, rather 

recruits MDP-derived monocytes109. Conversely, interferon-γ (IFN-γ)  induces the expansion 

of MDP-derived monocytes, associated with the expression of MHC2 and CD11c111. Both 

GMP- and MDP-derived monocytes give rise to Ly6Clow monocytes, although they result in 

different phenotypes, and contribute to maintaining tissue-resident macrophages. Gut 

macrophages are equally replenished by GMP- and MDP-derived monocytes, whereas lung 

IM are predominantly derived from MDP-derived monocytes111. Interestingly, the 

transcriptome of GMP-derived IM overlaps with MHC2low IMs and is associated with 

angiogenesis and wound healing pathways. Conversely, IMs originating from MDP are 

correlated with MHC2hi IMs and are enriched in genes related to the immune response111. 

This dichotomy strongly suggest that cell ontogeny participates to macrophage identity and 

predispose to a specific function111. 

1.4.3 Monocyte Contribution to Resident Macrophage Populations 

Monocyte contribution to the maintenance of resident macrophage populations varies across 

organs. Such monocyte-dependent replenishment is physiological, although the nature of 

cellular and exogenous signals controlling tissue resident macrophage capability of self-

renewal and clonal expansion under homeostatic conditions remains unclear. Nevertheless, 

tissue and immune perturbations during inflammation have a long-term impact on local 

macrophage ontogeny.  

In organs such as the intestine112, dermis113, heart114, and pancreas115, where the macrophage 

niche is relatively accessible (i.e., in communication with the blood stream), macrophages are 

primarily maintained by circulating precursor monocytes in adults. Conversely, microglia77, 
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epidermal Langerhans cells116 and lung AMs117 populate more “closed” niches and show 

minimal monocyte need for replacement in adulthood. In the lungs, AMs develop from fetal 

monocytes in the early postnatal period without any contribution from primitive 

macrophages and maintain themselves throughout adulthood in the absence of inflammation 

or infection117. Signals from the alveolar niche are crucial for the commitment and maturation 

of AM. At birth, the increased oxygen concentration, sensed via the Von Hippel–Lindau 

protein, facilitates AM maturation, enhancing their phagocytic and self-renewal capacities118. 

Granulocyte-macrophage colony-stimulating factor (GM-CSF), also known as colony-

stimulating factor 2 (CSF2) and mainly produced by alveolar AT2 cells, supports the 

proliferation and differentiation of fetal monocytes117,119 by inducing the transcription factor 

peroxisome proliferator-activated receptor gamma (PPAR-γ) 120. Alongside GM-CSF, autocrine 

transforming growth factor β (TGF-β) is also essential for AM maturation121. The ability of AMs 

to expand without losing cellular differentiation is regulated by the low expression of the b-

ZIP transcription factors c-Maf and Maf-b122. The developmental origin of IMs has only been 

elucidated recently. Genetic fate mapping shows that the initial IM pool is constituted by yolk 

sac progenitors, which are then rapidly replaced by fetal liver macrophages and HSC-derived 

monocytes during the early postnatal period123. Lung IMs are then continuously replenished 

by CCR2-dependent Ly6Chi monocytes in adults, which can proliferate in situ in a CSF-1-

dependent manner before differentiating into IMs124. During this process, Maf-b, but not c-

Maf, can restrict monocyte proliferation and facilitates IM development. Depletion of c-Maf 

does not affect IM differentiation but is specifically involved in the identity of the CD206+ IM 

subset124. 

In inflammatory conditions, macrophage expansion and repopulation depend on the nature 

and severity of the perturbation. Macrophage population reduction may result from cell 

depletion directly caused by the insult, such as in viral infections or ionizing radiation, or from 

the absence of niche signals following parenchymal destruction125. Depending on the extent 

of depletion, the AM pool may be restored by local proliferation or, if the injury is more 

severe, by recruitment of monocytes, giving rise to monocyte-derived AM (mo-AMs) 125,126. 
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IMs have been shown to expand from recruited CCR2-dependent or CCR2-independent 

monocytes following LPS or CpG stimulation, respectively127. 

The importance of cellular origin in determining macrophage function is a hot topic in the 

field. Distinct functions of fetal macrophages and BM-derived monocyte macrophages have 

been studied in cardiac128 and liver129 resident macrophages, where embryonic-derived 

macrophages assume a regulatory and pro-repair profile, while monocyte-derived 

macrophages are pro-inflammatory and lack reparative activities. In the lungs, the massive 

loss of AMs induces the infiltration of monocytes, which take about three weeks to 

differentiate into mo-AMs130. Similar to other tissue-resident macrophage populations, mo-

AMs display pro-inflammatory features. These mo-AMs, exhibiting low levels of Siglec-F, 

express high levels of Itgam (CD11b), H2-Ab1 (MHCII), Cd14, and Fcgr2b (CD32), along with 

elevated expression of pro-inflammatory chemokines (Ccl2, Ccl4, Ccl7, Ccl9, Ccl17, and 

Cxcl16), chemokine receptors (Ccr2, Ccr5, Ccr7, and Cx3cr1), cytokines ( Il1b, Spp1, Ebi3, Osm, 

and IL-6) and a glycolytic profile130,131. The presence of mo-AMs is associated with increased 

fibrosis severity132, increased morbidity during IAV infection130, but better clearance of 

secondary pulmonary bacterial infections131. Conversely, mo-AMs can also acquire a 

tolerogenic profile, offering protection against allergic airway inflammation126. 

Macrophage ontogeny studies have traditionally relied on bone marrow chimeras, depletion 

of tissue macrophages through pharmacological or genetic ablation, and fate-mapping mouse 

models. Understand the translational possibilities of the founding related to animal studies is 

a far harder task. Nevertheless, advancements in single-cell technologies and the 

development of the Human Cell Atlas suggest the presence of a conserved precursor and 

tissue-specific macrophage phenotypes across species during the gestational period133. It is 

important to note, however, that the continuous exposure to pathogens throughout 

pregnancy and human life is not replicated in laboratory conditions. Since inflammatory 

events significantly influence macrophage renewal and function, studying macrophage 

ontogeny and ontogeny-related functions in humans remains difficult134.  
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1.5 Functions 

1.5.1 Macrophage roles in homeostasis – focus on lung macrophages 

Macrophages are strategically located within body tissues, where they exert organ-specific 

homeostatic roles and contribute to host defense upon injury. Within tissues, macrophages 

assume highly specialized homeostatic roles. For instance, osteoclasts are responsible for 

bone degradation during normal remodeling135, liver Kupffer cells can clear lipids129 and 

damaged erythrocytes136, gut macrophages can maintain tolerance to gut flora and food137, 

and AMs catabolize alveolar surfactant138. Additionally, these cells function as transducers by 

collecting and integrating information from the microenvironment and conveying instructions 

to neighboring stromal cells, such as in the eyes139 and joints140. At steady state, tissue-

resident macrophages possess intrinsic anti-inflammatory functions that ensure baseline 

homeostasis and prevent constant inflammation. For example, colonic macrophages produce 

large amounts of interleukin-10 (IL-10) to suppress any inflammatory response to gut flora 

and their products141, and macrophages in the marginal zone of the spleen suppress immune 

activation to reduce reactivity to apoptotic cells142. 

Moreover, macrophages are strategically distributed throughout the body to perform crucial 

immune surveillance functions. They help maintain healthy tissue by removing dead and 

dying cells or toxins. Through phagocytosis and cell surface receptors, they constantly 

monitor the surrounding environment for signs of tissue damage or invading organisms, 

ensuring the body's readiness to respond to potential threats143. 

Under homeostatic conditions, the primary role of AMs is to regulate pulmonary surfactant, 

a lipid-protein complex produced by the respiratory epithelium that lubricates the lungs and 

ensures mechanical compliance. Consequently, the transcriptional signature of AMs is 

dominated by genes associated with lipid metabolism in both mice and humans120,144,145. 

Beside the role in development, CSF2 signaling is essential for AM surfactant catabolism 

function117. Mice deficient in either CSF2 or CSF2R6, as well as patients treated with 

neutralizing antibodies against CSF2, lack functional AMs, fail to properly remove surfactant, 
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and develop pulmonary alveolar proteinosis (PAP) 146. Interestingly, in SPC-GM mice, in which 

the transgenic construction induces  local overexpression of CSF2 by AT2 cells, both AM and 

AT2 cell proliferation is enhanced, causing AT2 cell hyperplasia and increased lung size147. 

Notably, PPAR-γ-deficient mice exhibit dysfunction in lipid clearance and metabolism, leading 

to spontaneous inflammation148. Surfactant proteins, particularly SP-A and SP-D, can directly 

modulate AM function. These proteins can opsonize pathogens and cell debris, facilitating 

their elimination149. In the absence of pathogens, SP-A and SP-D bind to signal-inhibitory 

regulatory protein-α (SIRP-α), inhibiting the production of inflammatory mediators150. This 

regulatory mechanism, along with the expression of CD200R151, TGFβ152 and IL-10 signals, and 

lipid metabolism, helps maintain immune tolerance to innocuous antigens and limit 

unwanted inflammatory responses151. CD200R expression by AMs is particularly significant in 

the airways, as its ligand, CD200, is expressed on the luminal side of respiratory epithelial 

cells, especially on AT2 cells. Absence of CD200 results in a two-fold increase in AM numbers, 

spontaneous upregulation of activation markers, and exacerbation of inflammatory 

responses151. The epithelium is also a source of IL-10151, which suppresses the expression of 

pro-inflammatory cytokines153. Similarly, mice lacking activated TGFβ develop generalized 

lung inflammation and spontaneous pulmonary emphysema due to upregulation of MMP12 

(matrix metalloproteases 12) 152. Furthermore, apoptotic cell efferocytosis induces an anti-

inflammatory state in AMs to prevent an excess of inflammatory responses154. Recognition of 

externalized) phosphatidylserine on apoptotic cells by the TAM receptor family inhibits 

cytokine receptor and toll like receptor (TLR) signaling154. Apoptotic cells also show increased 

expression of the CD200, transmitting inhibitory signals AMs151. This tolerogenic profile is 

counterbalanced by simultaneous activation of TLRs and their co-receptors by microbial 

particles, which enhance phagocytosis and the secretion of pro-inflammatory cytokines155. 

The role of IMs in homeostasis is less documented. However, compared to AMs, mouse IMs 

are more efficient at releasing immunoregulatory cytokines such as IL-1 and IL-67,156 and they 

are also the primary producers of IL-10 under steady-state conditions7,127. In non-homeostatic 

contexts, IMs have been suggested to modulate inflammation. When stimulated by LPS, CpG-

DNA, or in models of house dust mite (HDM)-induced allergic asthma, IMs significantly expand 
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and increase their IL-10 production, contributing to maintaining immunosuppressive 

environment7,127. Moreover, IMs are capable of presenting soluble antigens and inducing 

regulatory T cells157, participate in the organization of tertiary lymphoid tissue in allergen- and 

infection-driven inflammation models158 . However, under inflammatory conditions, the 

resident IM population is supplemented by recruited monocyte-derived macrophages, which 

can adopt phenotypes similar to IMs, complicating the interpretation of the specific role of 

resident IMs131,159. IMs have been reported to engage in a crosstalk with neighboring 

structural cells, contributing to the integrity of nerves and blood vessels, respectively7,127. This 

interaction highlights the potential role of IMs in supporting tissue structure and function 

beyond their immunoregulatory capabilities. 

Monocytes have been identified as contributors to the population of tissue-resident 

macrophages. During homeostasis, monocytes undergo an imprinting process that promotes 

differentiation signals conducive to a homeostatic macrophage phenotype. However, when 

differentiation occurs in altered, disease-associated environments, monocytes can give rise 

to dysfunctional macrophages, often characterized by a pro-inflammatory state. In patients 

with COVID-19, as well in infection animal model using other respiratory viruses130,160, the loss 

of resident alveolar macrophages and the extensive infiltration of pro-inflammatory 

monocyte-derived macrophages are associated with poorer clinical outcomes161. Similarly, 

non-homeostatic monocyte-derived macrophages exhibit a pro-fibrotic genetic signature and 

have been implicated in the progression of lung fibrosis132,162. Therefore, both the origin and 

the differentiation environment influence macrophage behavior, leading to either 

homeostatic, tissue-preserving functions or non-homeostatic, disease-driving activities. 

1.5.2 Macrophage polarization: A single frame of a complex movie 

Macrophages play a pivotal role in responding to changes in their microenvironment. Their 

remarkable plasticity allows them to adapt and alter their identity and function in response 

to these signals. Furthermore, early danger signals in tissues can trigger monocyte 

recruitment and part of them can differentiate and engraft the resident macrophage pool163. 

In some cases, recruited monocytes give rise to short-lived macrophages whom persistence 
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in situ is limited at the time of inflammation and disappear during the resolution83. Together 

with the dynamic changes of signals from the initial trigger until the resolution of 

inflammation, all these factors result in the coexistence of a complex pool of macrophages 

with different origin and different activation states. Traditionally, macrophage activation was 

classified in a dualistic model of polarization resulting from tightly controlled ex vivo 

experiment.  Following this framework, cultured macrophages are stimulated with cytokines 

artificially mimicking distinctive cytokines from polarized CD4 T cells. Hence, IFN-γ and tumor 

necrosis factor  (TNF- produced by Th1-polarized T cells induce M1 macrophages and IL-

4 and IL-13 produced by Th2-polarized T cells induce M2 macrophages.  

In such classification, M1 macrophages, also known as classically activated or pro-

inflammatory macrophages, arise also from stimulation by microbial products such as 

lipopolysaccharides or other TLR ligands. This activation enhances their ability to eliminate 

microbes and present pathogenic antigens to T lymphocytes, thereby initiating adaptive 

immune responses. M1 macrophages express markers like CD80, CD86, and MHC-II, as well 

as inducible nitric oxide synthase (iNOS). They also secrete elevated levels of pro-

inflammatory cytokines such as TNF-α, IL-1β, IL-6, IL-12, and IL-23164. During inflammation, 

IFN-γ is produced by innate immune cells like natural killer (NK) cells and adaptive Th1 cells. 

TNF- is typically synthesized by antigen-presenting cells, and certain TLR ligands can induce 

TNF- production in macrophages, which can act in an autocrine manner to promote the M1 

phenotype165. 

In contrast, M2 macrophages, also referred to as alternatively activated or pro-resolving 

macrophages, are induced by IL-4 and/or IL-13 produced by Th2 lymphocytes, mast cells, 

basophils, and innate lymphoid cells (ILCs), as well as by IL-10166. M2 macrophages express 

high levels of CD206 and produce factors such as TGF-β, insulin-like growth factor-1 (IGF-1), 

matrix metalloproteases (MMPs), vascular endothelial growth factor A (VEGF-A), and 

arginase-1 (Arg-1). These molecules contribute to extracellular matrix deposition and tissue 

remodeling processes166. Serveral, in part overlapping, M2 subset have been identified (M2a, 
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M2b, M2c, M2d) distinguished by their inducers and surface markers. Markers commonly 

used for M1 and M2 classification are reported in Figure 4.  

However, the applicability of such classification and activation states to the in vivo situation 

is highly questionable and could lead to misconceptions. In fact, characteristics of polarization 

results from tightly controlled in vitro experiments of myeloid cell stimulations, which do not 

reflect the spatiotemporally regulated bath of signals that macrophages receive from 

pathogens, structural and immune cells. Moreover, signals are themselves heterogeneous 

and time- and tissue- dependent. Hence, macrophage polarization should be viewed as a 

multidimensional approach integrating ontogeny and spatiotemporal factors167. 

      

Figure 4 - Profiles and function of polarized macrophages 

Macrophages are highly plastic immune cells that respond to various environmental stimuli, resulting 
in distinct activation or polarization states, mostly characterized by ex vivo experiments. These states 
are defined by their functional roles, surface receptor expression, cytokine secretion and 
transcriptomic (detailed elsewere168) profiles. The concept of macrophage polarization is classically 
used to predict macrophage behaviour and how these cells contribute to immune responses, tissue 
repair, and pathology. The two major phenotypes of macrophage polarization are M1 (classically 
activated) and M2 (alternatively activated) macrophages, each of which plays distinct roles in immunity 
and homeostasis. Additionally, M2 macrophages can further differentiate into several subtypes based 
on specific stimuli.  
IFNγ: Interferon γ; LPS: Lipopolysaccharides; GM-CSF: Granulocyte-Macrophage Colony Stimulating 
Factor; IL-: Interleukin; M-CSF: Macrophage Colony Stimulating Factor; CCL: C-C motif chemokine 
ligand; CXCL: C-X-C motif chemokine ligand; TNF: Tumor Necrosis Factor; TFGβ: Transforming growth 
factor β; VEGF: Vascular Endothelial Growth Factor 

Inspired by Pérez et al., Antioxidants (Basel) 11, 1394 (2022)169 and Strizova et al., Clin Sci (Lond) 137, 
1067–1093 (2023)170 
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2 Influenza A virus 
Influenza viruses are prevalent and highly contagious respiratory pathogens, leading to 

significant morbidity and mortality through seasonal cycles or occasional pandemics. 

Belonging to the Orthomyxoviridae family, influenza viruses are categorized into four types: 

A, B, C, and D, with types A-C infecting humans, while type D primarily infects cattle171. Type 

A influenza viruses (IAV) are particularly common and responsible for seasonal flu. Due to 

their relevance to human health and the ease of studying them in rodent models, IAVs serve 

as well-accepted model for investigating viral-triggered lung injury172. IAVs are enveloped RNA 

viruses with a segmented negative-sense genome, comprising eight viral segments that 

encode for twelve proteins. These viruses are further classified into subtypes based on the 

differential expression of glycoproteins, hemagglutinin (HA) and neuraminidase (NA). The HA 

protein contains the sialic-acid receptor binding site and acts as the major antigen, while NA 

prevents non-productive binding of HA of new virions to sialic acid-bearing receptors on viral 

glycoproteins and host cell membranes, thereby facilitating viral spread173. The high error rate 

of RNA polymerase and RNA segment reassortment during co-infections result in new genetic 

combinations, promoting the spread and circulation of the virus in new hosts. Currently, the 

subtypes of influenza A viruses that routinely circulate among humans include H1N1 and 

H3N2174. 

IAV virions are transmitted via droplet inhalation and bind to α-2,3 and α-2,6 sialylated glycans 

on the surface of host epithelial cells along the respiratory tract175. Following binding, the 

virus is internalized via the endosomal pathway, leading to fusion of the viral envelope with 

the endosome and release of viral RNA into the cytoplasm, which is then imported into the 

nucleus for replication. After assembly and budding, new virions are released into the 

extracellular space176. Viral infection induces apoptosis and necrosis of infected cells, which 

likely play a pro-viral role in IAV pathogenesis, but also contribute to immune activation and 

help in disease resolution177. 
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2.1 Immune response to IAV infection 

The immune system provides the first line of defense against IAV. Viral RNA is recognized by 

various pattern recognition receptors (PRRs) on host cells: Toll-like receptors TLR3 and TLR7 

(TLR8 in humans); retinoic acid-inducible gene I (RIG-I); melanoma differentiation-associated 

protein 5 (MDA-5); and the NOD-like receptor family member NOD-, LRR-, and pyrin domain-

containing 3 (NLRP3). TLR3 recognizes unidentified dsRNA present in phagocytosed dying 

virus-infected cells178, while TLR7 recognizes ssRNA in endocytosed virions179. RIG-I, MDA-5180, 

and NLRP3181 detect viral presence within the cytosol of infected cells. Binding of viral RNA by 

intracellular PRRs in immune and non-immune cells activates transcription factors, including 

interferon regulatory factors 3 (IRF3) and 7 (IRF7), and nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-κB), leading to the expression of various interferons (IFNs) 

and cytokines (TNF, IL-6, IL-1β) 182. Type I IFNs, such as IFN-α and IFN-β, along with type III 

IFNs (also known as IFN-λ), play a crucial role in the antiviral response. IFNs induce the 

expression of IFN-stimulated genes (ISGs), creating an antiviral state by interfering with 

different stages of the IAV life cycle183. 

Furthermore, infected epithelial cells produce chemotactic molecules such as RANTES, MIP-

1α, MCP-1, MCP-3, and IP-10, which initiate the rapid recruitment of innate immune cells184. 

Upon reaching infection sites, natural killer cells recognize IAV-HA on the surface of infected 

cells through the cytotoxicity receptors NKp44 and NKp46, leading to the lysis of these cells185. 

NK cells can also bind to the Fc portion of antibodies attached to influenza-infected cells, 

mediating their destruction186. Dendritic cells process viral antigens, thus initiating the 

adaptive immune response. Infected DCs degrade viral proteins into peptides and present 

MHC1-associated epitopes on their cell membranes. Virus-specific CD8+ T cells recognize 

these complexes and activate their cytotoxic activity. Simultaneously, viral proteins acquired 

through phagocytosis of virus particles or apoptotic epithelial cells are degraded in lysosomes 

and associated with MHC2 molecules for recognition by CD4+ helper and CD8+ T cells187. 

Additionally, DCs produce lymphotoxin (LT) β and chemokines (CXCL-12 and -13, and CCL-19 
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and -21), contributing to the maintenance of inducible bronchus-associated lymphoid tissue 

and ensuring efficient humoral immunity188. 

The role of neutrophils in influenza infection remains controversial. While their depletion 

leads to increased viral load and worsening clinical conditions189,190, excessive recruitment has 

been linked to exacerbation of lung injury191. Neutrophils are among the first immune cells 

recruited to the lungs following infection, peaking around day 5 post-infection and gradually 

decreasing until day 10 post-infection, contributing to viral clearance192. Similar to 

macrophages, neutrophils can phagocytose infected cells193, produce antiviral MMP-9194, and 

secrete pro-inflammatory cytokines195. Furthermore, neutrophils recruit CD8+ T cells and can 

function as APCs to activate these cells192. 

The adaptive immune response represents the second line of defense against IAV infection. 

In the draining lymph nodes, virus-specific CD8+ cytotoxic T cells, activated by APCs and pro-

inflammatory cytokines196, reduce the expression of CCR7 and upregulate CXCR4 and CCR4 to 

facilitate their migration to the lungs197. In the lungs, T cell receptor engagement by virus-

specific epitope-MHC I complexes triggers the release of perforin and granzymes, causing 

apoptosis and lysis of infected cells198. Perforin binds to target cells, inducing pore formation 

in the cell membrane and promoting granzyme diffusion and related apoptosis199. 

Additionally, granzymes can cleave viral and host proteins, thereby restricting viral protein 

synthesis199. CD8+ T cells also produce pro-inflammatory cytokines like TNF-α, enhancing lytic 

activity200. Unlike other APCs, CCR2-dependent monocytes play a role in establishing a CD8+ 

T memory cell response through prolonged antigen presentation201. IAV-specific CD8+ T cells 

can persist for up to two years in murine models and are crucial for protection against 

heterologous influenza challenges202. 

The activation of CD4+ T cells during IAV infection, depending on the pro-inflammatory 

cytokine milieu, leads to their differentiation into Th1 cells203. Th1 effector cells can produce 

antiviral cytokines such as TNF, IFN-γ, and IL-2204, further contributing to inflammation and 

virus clearance by promoting CD8+ cytotoxic responses205. Moreover, co-stimulatory ligands 

like CD40L, expressed by CD4+ T cells, aid in B cell activation and antibody production206. 
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B cells are essential for priming the defense against homologous or heterosubtypic influenza 

strains207. Antibodies against HA and NA correlate with protective immunity. HA-specific 

antibodies inhibit virus attachment and entry into host cells, thus neutralizing the infection208. 

Similarly, antibodies against NA inhibit its enzymatic activity, limit virus spread, and contribute 

to the clearance of virus-infected cells209. Neutralizing and non-neutralizing antibodies 

facilitate the elimination of viruses and virus-infected cells. Antibodies recognized by Fc 

receptors on phagocytic cells enhance viral particle engulfment or antibody-dependent cell-

mediated cytotoxicity209. IgG antibodies are the dominant class in this process and can directly 

inhibit influenza pathogenesis, whereas IgA antibodies are crucial for inhibiting IAV 

transmission210. 

2.2 The Journey of Monocytes and Macrophages upon Influenza A 

Virus Infection 

This chapter is inspired by a recent review article published in Current Opinion in Virology, 

Mucosal Immunology issue211, in which we highlight the dynamics and functions of lung-

resident macrophages, recruited monocytes and monocyte-derived cells in viral clearance, 

inflammation and the consequences of IAV-induced macrophage alterations on long-term 

lung immunity. Their role in lung repair is described in the respective section below. 

2.2.1 IAV-triggered perturbations and functions of resident homeostatic 
AMs  

AMs are strategically located in the alveolar lumen to be the first responders to IAV and 

investigations about resident AMs in IAV infections consistently pointed towards beneficial, 

protective roles, as reviewed in detail elsewhere 212,213. Human and mouse AMs are 

permissive to IAV and AMs can uptake viruses by direct infection, or by phagocytosis of 

infected apoptotic cells193. Viral replication in AMs is limited by their production of type I 

interferons 214,215, which can also orchestrate recruitment of other immune cells 216. Of note, 

AM infection rate is highly variable, with higher infectivity by highly pathogenic strains and 

rather unproductive infections by moderate viral strains, which is thought to contribute to 
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limit viral spread 217–220. Human AMs are less permissive and responsive to IAVs than 

monocyte-derived macrophages 217, which  also produce larger amounts of TNF- 217,218, 

RANTES and IP-10 compared to AMs 218. A recent report suggests that the inhibitory effects 

of AMs on viral replication could also be mediated by extracellular vesicles acting on epithelial 

cells 221.Seminar reports showed that wild-type mice injected with supraphysiological doses 

of GM-CSF 222 or mutant mice overexpressing GM-CSF in the lung 223, were protected from 

IAV infection. This protective effect was associated with improved lung functions, decreased 

protein exudates in the bronchoalveolar lavage (BAL), a better clinical recovery and a 

repolarization of AMs from a M1-like to a M2-like phenotype 222–224. Furthermore, the 

protective effects of GM-CSF were abrogated by airway administration of clodronate 

liposomes 223, suggesting a role for AMs in GM-CSF-mediated protection against IAV. Further 

supporting their beneficial roles, Schneider and colleagues showed that neonatal adoptive 

transfers of AM progenitors in Csf2rb-/- mice, lacking GM-CSF receptor, prevented severe 

disease post-IAV, while depletion of AM by clodronate liposomes in wild-type before IAV 

infection exacerbated morbidity and mortality 214. Recently, a study showed that an 

appropriate imprinting of AMs by their niche could contribute to host protection against IAV 

pathology. Indeed, the authors showed that Alox15-/- AMs, deficient in 12- and 15-

lipoxygenase, were not properly instructed during the neonatal period by neutrophil-derived 

eicosanoids (Fig. 5b) and were thus no longer able to control IAV replication later in life, which 

was associated with increased levels of CCL2, accumulation of monocytes and increased 

mortality of IAV-infected mice 225.Mouse AMs have been reported to be depleted post-IAV 
226,227. The mechanisms driving AM depletion have been shown to be dependent on IFN- γ in 

BALB/c mice 226 and may involve AM apoptosis subsequent to a robust anti-viral response 228, 

inhibition of AM self-renewal capacity by IAV-induced Wnt ligands 229 or modifications of the 

AM niche triggered by IAV infection of epithelial cells 230. The extent of AM depletion is 

thought to be dependent on the host genetic background 226,227. Indeed, employing a 

sublethal infection model with the H1N1 PR8 strain, Califano et al. reported a massive loss of 

AMs 7 and 9 days post-IAV in BALB/c mice, but not C57BL/6NCrl mice 226, while Li el al. recently 

showed that such infection also induced a rapid loss of resident AMs in C57BL/6J mice 227. We 
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also consistently observe AM depletion in PR8-infected C57BL/6J mice raised in our animal 

facilities (unpublished observations). The reasons for these discrepancies remain currently 

unclear and likely evolve a combination of genetic and environmental factors. In their study, 

Li et al. further showed that the AM pool was quickly replenished by Siglec-Fhi “survivor” AMs 

(5-10% of original AMs) between day 4 and 15 post-IAV in mice 227. After viral clearance, AMs 

were gradually replaced by pro-inflammatory monocyte-derived Siglec-Flo Mo-Macs that 

would eventually outcompete embryonically-derived AMs on a long-term basis 131,227. 

Eventually, the alveolar niche can return to a homeostatic, non-inflammatory state, and 

repopulated AMs can become similar to the native ones 231,232(Fig. 5d).  

Aging can affect AM microenvironment, ontogeny and functions, which might account for the 

enhanced mortality and morbidity post-IAV in the elderly 227,233–235. The aging 

microenvironment can confer resistance of AMs to GM-CSF responsiveness 236, which 

correlates with decreased AM numbers and proliferative abilities 233. Aged AMs have also 

been shown to be impaired in their ability to phagocyte neutrophils compared to young AMs, 

and high neutrophil counts might account for excessive tissue damage 233. Finally, 

embryonically-derived AMs are gradually replaced by bone marrow-derived AMs in aged 

mice, which can intrinsically contribute to disease severity post-IAV 227.   

2.2.2 The enigmatic fate and function of resident interstitial 
macrophages post-IAV 

Lung IMs have been less studied than AMs. To date, most of the studies aiming at addressing 

the contributions of IMs to disease physiopathology, including IAV-triggered pathology, have 

faced two main challenges 237. First, Mo-Macs recruited when homeostasis is broken exhibit 

a phenotype that can largely overlap the one of IMs. Hence, while it is repeatedly reported 

that IMs “expand” upon exposure to insults or pathogen-associated molecular patterns 8,238–

244, the IM compartment arguably contains a mix of resident IMs and Mo-Macs, and the 

respective contributions of IMs vs. Mo-Macs to disease physiopathology remain often 

unclear. Second, transgenic tools allowing a specific and efficient tracking or depletion of 

resident IMs while sparing AMs and Mo-Macs are difficult to obtain. To date, at least three 
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models of diphteria toxin (DT)-induced bolus IM depletion exist, namely Lyve1Cre/GFP Slco2b1LSL-

DTR11, Cd169Cre Cx3cr1LSL-DTR (NAM-DTR) 245 and Tmem119Cre Cx3cr1LSL-DTR (IMDTR) 124mice. 

However, IM depletion is transient and rapidly followed by the recruitment of monocytes that 

refill the empty niche, and it remains to be determined whether DT treatment also targets 

Mo-Macs when such transgenic mice are subjected to disease models. 

In the context of IAV infection, Ural and colleagues depleted NAMs before IAV infection with 

the H1N1 PR8 strain in C57BL/6 NAM-DTR mice and found that depleted mice displayed 

increased morbidity at day 12 post-IAV as compared to controls, even though the viral loads 

were unchanged11. As NAMs were the main producers of IL-10, the authors proposed that 

NAMs can downregulate IAV-triggered inflammatory responses. These data highlight 

potential beneficial, immunoregulatory functions of IMs after IAV, as shown in other contexts 
11,240,246,247 (Fig. 5b). Future investigations comparing different viral strains (e.g., H1N1, H3N2) 

and mouse strains (e.g., BALB/c, C57BL/6) and employing complementary models of IM-

specific targeting along with additional cellular and molecular read-outs of inflammatory and 

repair responses will help deciphering their roles post-IAV. Along the same line, a model in 

which resident IMs could be tracked and discriminated from Mo-Macs post-IAV would open 

many opportunities for more comprehensive molecular, spatial and functional investigations.  

2.2.3 Monocytes and Mo-Mac trajectories and functions post-IAV 

Monocytes are, along with neutrophils, the first innate cells recruited to the infected lung. 

Type I IFNs produced early post-IAV can trigger an emergency monopoiesis in the bone 

marrow, associated with the proliferation of granulocyte-monocyte progenitors (GMPs), their 

upregulation of the M-CSF receptor and the egress of Ly6C+ monocytes exhibiting increased 

expression of stem cell antigen-1 (Sca-1) at the expense of dendritic cell differentiation 248–

250. Type I IFN signalling also promotes the differentiation and lung recruitment of CCL2-

producing Ly6C+ monocytes, which further facilitates the influx of CCR2+Ly6C+ monocytes into 

the lung 227,251,252 (Fig. 5b). Type II IFNs have also been shown to regulate inflammatory 

monocyte recruitment post-IAV 253. Along with AMs, recruited monocytes orchestrate the 

acute inflammatory response in part via the activation of NOD-like receptor family pyrin 
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domain-containing 3 (NLRP3) inflammasome 254. In lethal models of IAV infection, early NLRP3 

inflammasome activity is thought to be protective 255 while an excess of activation may 

worsen lung damage and increase mortality 256. Several reports support that the global 

outcome of CCR2+ monocyte accumulation is detrimental and associated with increased 

morbidity and mortality 227,257–259. Deleterious effects of CCR2+ monocytes may be related to 

an elevated production of iNOS which, unlike for other pathogens, does not display antiviral 

activity against IAV but rather inhibits an effective adaptive immune response 260. 

Upon recruitment, a portion of monocytes can differentiate into Mo-DCs, peaking in the lung 

at days 7-10 post-IAV 259. Type I IFN-producing Mo-DCs have been shown to contribute to the 

antiviral response 261 (Fig. 1b) and ensure appropriate virus-specific CD8+ T cell memory 

responses 262. Recruited monocytes can also develop into Mo-Macs that are either short-lived 

or can establish in particular niches with functional consequences for lung immunity 212,231,263–

265. While Mo-Macs have long been considered as detrimental and pathogenic cells after IAV 

infection 227,259, their biology is arguably much more complex than previously thought. 

 

During the acute inflammatory phase, IFN- γ -induced Mo-Macs with a pro-inflammatory 

profile are thought to contribute to efficient viral clearance. They are progressively replaced 

by pro-resolving Mo-Macs, thereby facilitating tissue healing 164,228,266 (Fig. 1c). The 

phagocytosis of dying cells, called efferocytosis, is an integral part of the resolution of 

inflammation 267. Before cell death, infected cells can release “find-me” signals and cytokines 

such as macrophage inflammatory protein-1α (MIP1 α), CCL2, CXCL10, able to direct Mo-

Macs toward apoptotic cells for engulfment 164,228. This process contributes to limit the 

progression of IAV infection in mice by clearing infected cells and promoting a pro-resolving 

phenotype in efferocytic Mo-Macs 22,268,269. Degradation of engulfed cells induces a 

substantial metabolic shift from pro-inflammatory glycolytic pathways towards oxidative 

phosphorylation pathways associated with anti-inflammatory functions 267,270,271 (Fig. 1c). 

After H1N1 infection in mice, genes related to anti-inflammatory functions, such as Arg1, Il10, 

Relma and Chil3 are upregulated in macrophages as soon as 7 days post-IAV 272. Of note, the 

resolution phase post-IAV is characterized by a local type 2 profile, including elevated levels 
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of IL-13+ type 2 helper T cells,  innate lymphoid type 2 cells (ILC2s), IL-4 and IL-13 272,273, which 

participate to macrophage reprogramming towards a wound-healing phenotype 274,275. The 

receptor for IL-4 and IL-13 (IL4R), starts to be expressed on pro-inflammatory Mo-Macs 276 

and its activation triggers expression of Arginase-1, an enzyme competing with IFN- γ -induced 

iNOS for the common substrate L-Arginine 277. The Arg-1 product L-ornithine can be further 

converted into polyamines and proline that can contribute to tissue repair via enhancement 

of efferocytosis, regulation of cell growth and collagen production278–280. GM-CSF, 

overexpressed by infected alveolar epithelial cells, is also involved in macrophage 

reprogramming from a pro-inflammatory to a pre-resolving state 222,281 and has been shown 

to confer protection against lethal IAV infection in mice 223,224. Whether GM-CSF acts on 

homeostatic AMs, Mo-Macs, or both, would require further investigations.  

2.2.4 Consequences of IAV-shaped Macs for lung immunity 

The shaping of the alveolar niche by respiratory infections and the long-term consequences 

for lung immunity have been elegantly reviewed recently 212. We will focus here on studies 

supporting the idea that IAV-induced changes in Macs are associated with short- and long-

term modifications in the ability of the host to respond to subsequent insults and stimuli (Fig. 

1d). IAV-triggered AM depletion can increase susceptibility to secondary bacterial pneumonia 
282. Moreover, IFN- produced by T cells after IAV infection can impair AM antibacterial 

properties and increases the risk of secondary bacterial infections 283,284. Such impaired 

capacity of resident AMs to capture bacteria has been shown to last for months and to rely 

on SIRP α-dependent immunosuppressive signals released in the local environment leading 

to immunoparalysis after IAV infection 285. Influenza-trained AMs have recently been 

proposed to confer antitumor immunity 286. Indeed, in a model of B16 melanoma, IAV-trained 

AM could maintain their phagocytic and cytotoxic potential despite tumor-induced 

immunosuppression, thereby enabling enhanced antitumor function 286. However, concerns 

have been raised as to whether these effects might rather be mediated by recruited Mo-Macs 

resembling AMs 287. Mo-Macs replenishing the alveolar spaces post-IAV have been shown to 

exhibit a more pro-inflammatory phenotype associated with higher glycolytic activity 227 and 

IL-6 production 264 as compared to AMs, which can confer protection against secondary 
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bacterial infection one month post-IAV 264 but can also be responsible for increased mortality 

in recurrent viral infection 227.  

Figure 5 - Monocytes and macrophages after IAV infection 

(a) IAV-derived HA proteins can bind to sialylated glycan receptors on lung epithelial cells from the 
airways and the alveoli. AMs are equipped with the viral RNA sensing machinery and are permissive to 
IAV, which results in an unproductive infection in a self-limiting disease and can lead to AM death. (b) 
IAV infection can trigger AM activation and production of cytokines, chemokines and type I IFNs, 
thereby controlling viral spread and coordinate the recruitment of additional inflammatory cells. A 
proper AM imprinting by neutrophil-derived eicosanoids is essential for AM protective functions post-
IAV. The role of IMs in the antiviral response is less clear, with IM-derived IL-10 playing a beneficial role 
in the downregulation of inflammation. Lung-recruited BM-derived Ly6C+ Mos can activate the NLRP3 
pathway and produce elevated amount of iNOS, which can contribute to the acute inflammatory 
response and, sometimes, to undesirable tissue damage. Ly6C+ Mos can differentiate into type I IFN-
producing Mo-DCs or into pro-inflammatory Mo-Macs participating to efficient viral clearance. (c) 
Infected cells can release “find me” signals and cytokines attracting Mo-Macs and inducing their 
engulfment. Efferocytosis limits viral spread and induces a reprogramming in efferocytic Mo-Macs 
toward a pro-resolving phenotype associated with upregulation of anti-inflammatory genes as such as 
Arg1, Il10, Relma and Chil3. Furthermore, during the resolution phase, T cells and ILC2s can produce 
type 2 cytokines (IL-4 and IL-13) triggering the production of Arginase-1 by Mo-Macs. Arg-1 metabolism 
results in production of polyamine et proline enhancing cell growth, collagen production and thereby 
contributing to tissue repair. (d) IAV infection leads to long-term consequences for lung immunity. 
Niche signals produced post-IAV infection induce an immunoparalysis in resident AMs, which exhibit 
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impaired bacterial phagocytosis, thus enhancing the susceptibility to secondary bacterial infection. Mo-
Macs replenishing the alveolar niche post-IAV maintain a proinflammatory phenotype conferring 
efficient IL-6-dependent protection against bacterial infection but leading to exacerbated lethal 
response in recurrent viral infection. IAV-instructed Macs can also contribute to protection against 
tumors by maintaining their phagocytic and cytotoxic potential despite tumor-induced 
immunosuppression. AT1/2: type 1/2 alveolar epithelial cell; ILC: innate lymphoid cell.  

From Ruscitti, C., Radermecker, C. & Marichal, T. Current Opinion in Virology 66, 101409 (2024)211 
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3 Lung Repair 

 

Figure 6 - Regeneration and repair of the alveolar epithelium in homeostasis and after injury  

During alveolar epithelial homeostasis or following damage, alveolar type 2 (AT2) epithelial cells play a 
pivotal role in repair by acting as progenitor cells capable of proliferating and differentiating into 
alveolar type 1 (AT1) cells. This process is essential for replenishing the AT1 cells, which are crucial for 
gas exchanges. After injury, AT2 cells proliferate to generate new cells, some of which undergo 
differentiation into AT1 cells through several intermediate stages. Before acquiring an AT1 profile, AT2 
cells are initially primed and then transition into damage-associated transient progenitors (DATPs), 
marked by the expression of Cldn4 and Krt8. The AT2-to-AT1 differentiation process is regulated by 
various signaling pathways. Wnt, Notch, FGF7, FGF10, IL-6, and EGF have been shown to support AT2 
cell proliferation and survival, whereas BMP and interferons (IFNs) inhibit AT2 replication. While Wnt 
and Notch promote AT2 proliferation, they simultaneously inhibit AT2 differentiation. Conversely, 
TGFβ and IL-1β induce AT2 differentiation, though their sustained presence prevents full AT1 
maturation. In cases of severe epithelial injury or hypoxia, p63+ Krt5- Sox2+ basal-like progenitors 
migrate into the alveoli to restore the epithelial barrier. Only a small fraction of these progenitors 
differentiates into AT2 cells. Similar to homeostasis, Wnt, Notch, and FGF signals promote the 
differentiation of basal-like progenitors into AT2 cells. However, more commonly, these airway 
progenitors give rise to bronchial cell lineages, such as goblet cells (Muc5Ac, TFF2), tuft cells (Dclk1), 
and club cells (Scgb1q1, Scgb3a3), leading to alveolar bronchiolization, which impairs gas exchange. 

AT2: Alveolar type 2 epithelial cell; AT1: Alveolar type 1 epithelial cell; DATP: damage-associated 
transient progenitor; FGF: Fibroblast growth factor; EGF: Epidermal growth factor; Tgfβ: Transforming 
growth factor β 

Inspired by Fernanda de Mello Costa, M., Weiner, A. I. & Vaughan, A. E, . Stem Cell Reports 15, 1015–
1025 (2020)288 
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3.1 Lung Alveolar Epithelium Renewal: AT2 as a versatile brick 

Under homeostasis, the respiratory parenchyma remains largely inactive, exhibiting a slow 

turnover rate with an overall renewal rate of 7% of alveoli per year289. AT2 cells, which express 

surfactant protein C (Sftpc), are considered as long-term stem cells during homeostasis and 

repair due to their capacity for self-renewal and differentiation into AT1 cells290. However, the 

rate at which AT2 cells proliferate and differentiate depends on local demand. In non-injured 

alveoli, only 1% of mature AT2 cells exhibit such stem cell properties, dividing intermittently 

every 40 days291. 

Due to the low turnover rate, most studies employ genetic manipulation that deplete alveolar 

cells to varying degrees in injury models. Specific ablation of AT2 cells in SftpcCreER; Rosa-DTA/Rosa-

Tm mice increases the self-renewal ability of surviving AT2 cells291. In the initial days following 

depletion, AT2 cells undergo expansion, forming densely packed clonal clusters. These 

clusters subsequently disperse, resulting in a homogeneous distribution of AT2 cells in the 

surrounding alveoli291. The stem cell function of AT2 cells is more broadly induced by AT1 

injury, indicating that most AT2 cells possess latent regenerative capacity, which can be 

activated by dying AT1 cells292,293. The exact mechanism by which AT2 cells detect the absence 

of AT1 cells is unclear, but they might sense the denuded basal lamina, a reduction in cellular 

contacts with AT1 cells or an increase in mechanical tension294. 

AT2 lineage tracking studies using SftpcCreERT2 combined with clonal expansion analysis by 

Rosa-Confetti multicolor lineage-tracing allele295 in SftpcCreER;Rosa-Confetti shows local clonal 

expansion of both AT2 and AT1, demonstrating that AT2 can also differentiate in AT1291. After 

acute injury, a specific subset of AT2 cells demonstrates a preferential ability to re-enter the 

cell cycle, self-renew, and regenerate AT1 cells. This subset, referred to as alveolar epithelial 

progenitors (AEPs)296, is characterized by the expression of Axin2296,297, a transcriptional target 

of Wnt signaling involved in AT2-dependent alveolar development during organogenesis. 

Similarly, a single-cell molecular atlas of the lung identified a Wnt-active AT2 subpopulation 

that could act as AEPs in humans298.  Wnt-responsive AT2 cells self-renew in the presence of 

Wnt signaling but differentiate in its absence299. Wnts are secreted glycoproteins that act over 
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a short range, suggesting that neighboring cells finely regulate AT2 stemness. Platelet-derived 

growth factor receptor alpha (Pdgfrα)-expressing fibroblasts, which also constitute the 

mesenchymal alveolar niche, provide juxtacrine Wnt ligands preventing reprogramming into 

AT1 cells297. Dying AT1 cells send mitogenic signals inducing AT2 stem cell proliferation: one 

AT2 daughter cell remains in the fibroblast niche while the other moves out, losing Wnt 

signals and differentiating into a new AT1 cell297. During injury, ancillary Axin2 stem cells are 

recruited by autocrine production of Wnts, providing increased sensitivity to mitogens and 

unlimited proliferation297. Thus, Wnt signaling confers stem cell identity to AT2 cells but does 

not itself activate the stem cells. Similarly, a biphasic temporally regulated Notch activity have 

been described for AT2 to AT1 transition. At the early phase of repair, high Notch activity is 

required for the survival of AT2s, however, at the later phase, AT2 Notch activity needs to be 

downregulated so that these cells can further differentiate into AT1s300. 

Besides Wnt signals, Pdgfrα+ fibroblasts fine-tune renewal through the production of IL-6 and 

fibroblast growth factors 7 (Fgf7) and 10 (Fgf10), promoting AT2 self-renewal, while Bone 

Morphogenetic Proteins (Bmp) signaling inhibits AT2 growth301. During injury, differentiation 

is accompanied by downregulation of Bmp signaling, likely due to upregulation of Bmp 

antagonists, such as follistatin and follistatin-like 1, by stromal cells292. Additionally, activated 

capillary endothelial cells deliver signals sustaining lung alveolar regeneration. Vascular 

endothelial growth factors  and FGF can induce the expression of MMP14 in capillary 

endothelial cells, which degrades laminin and releases cryptic Epidermal Growth Factor (EGF), 

thereby inducing AT2 proliferation302. Similarly, platelets supply stromal cell-derived factor 1 

(SDF-1, also known as CXCL12), triggering CXCR4 and CXCR7 on pulmonary capillary 

endothelial cells and inducing the production of MMP14303. 

Multiple recent lineage tracing studies propose that AT1 cells could also serve as a cellular 

origin for regenerating the alveolar epithelium after various alveolar injuries304,305. A subgroup 

of Hopx+ AT1 cells might be capable of giving rise to AT2 cells in neonatal alveoli and 

adults304,305. However, a recent publication reported that Hopx-based genetic tools used in 

previous studies cannot specifically target AT1 cells, sugeesting that AT1 cells cannot de-
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differentiate into AT2 cells after lung injury306. Thus, whether AT1 plasticity plays a role in 

alveolar regeneration remains unclear. 

Multiple single-cell RNA sequencing from different injury models have identified a transient 

AT2-AT1 cell state that is a necessary state to transiting into AT1307–309. LPS-310 and bleomycin-
307 induced alveolar injury reveal that AT2 pass through a differentiation trajectory 

characterized by a proliferation state, cycle arrested state and a final transitional state before 

acquiring AT1 identity. Choi and collegues307 suggest that acute damage phase is dominated 

by 3 sequential transcriptional state: cycling AT2,  primed AT2, and damage-associated 

transient progenitors (DATPs). Primed AT2s express canonical levels of AT2 markers together 

with genes induced by an inflammatory response and the downregulation of AT2 specification 

genes. Cycling AT2 cluster appeared strongly related to the primed AT2 cluster, suggesting 

that differentiation is associated to a cell cycle event. DAPTs express Cldn4 and Krt8, share 

features of the AT1 lineage and are characterized by increased expression of genes associated 

with arrest of proliferation and IFN-γ signaling pathway307.  

The AT2-AT1 transitional state has also been observed in patients with acute respiratory 

distress syndrome (ARDS) and diffuse alveolar damage308,311. A precise balance of signaling is 

essential for successful AT2 transdifferentiation. For example, TGF-β signaling is involved in 

cell cycle arrest and is critical for proliferating AT2 cells to exit the cell cycle, but it must be 

inactivated to permit AT1 differentiation310,312. Persistent TGF-β signaling results in AT2 cells 

becoming stuck at the intermediate stage, preventing their differentiation into AT1 cells, a 

condition observed in human pulmonary fibrosis308,309. Additionally, IL-1β has been suggested 

to prime AT2 cells for the DATP transition by enhancing Hif1α-mediated glycolysis, which is 

instrumental for transitioning into DATPs and the subsequent differentiation into AT1 cells 

during regeneration. In chronic inflammation, such as in idiopathic pulmonary fibrosis (IPF)312 

or cancer313, persistent IL-1β stimulation leads to the accumulation of DATPs, associated with 

failure in AT1 differentiation307. 

Recent spatial transcriptomic and single-cell profiling studies of terminal and respiratory 

bronchioles in primates and humans have identified a unique alveolar population called AT0. 
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AT0 cells are present in bronchioles during homeostasis but can differentiate into AT2 cells 

during injury and have the potential to further differentiate into AT1 or secretory cells. In 

severe pulmonary fibrosis, AT0 cells convert into secretory cells, forming bronchiolized 

regions314. 

3.2 “Band aid” basal-like progenitors 

Although AT2 cells play a crucial role in alveolar regeneration, their ability to repair the lung 

barrier is insufficient in cases of extensive alveolar epithelial depletion. In such severe 

conditions, a suboptimal epithelial repair mechanism is triggered to maintain barrier integrity. 

In highly damaged areas, hypoxia activates a rare population of airway basal-like progenitors. 

These progenitors migrate, proliferate in the alveoli, and form clusters known as "pods", 

identified by the expression of p63 and cytokeratin 5 (Krt5) 315–317. Lineage tracking analyses 

have shown that these cells originate from Sox2+ airway epithelial progenitor cells318. While 

classical basal cells (p63+ Krt5+) are confined to the trachea and mainstem bronchi in mice, 

basal-like progenitors (p63+ Krt5low) are primarily located in intrapulmonary airways and 

upregulate Krt5 after alveolar migration319. In larger mammals, including humans, basal p63+ 

Krt5+ cells persist to the terminal bronchi and likely give rise to Krt5+ pods, although p63+ 

Krt5low cells have been identified in human distal airways320. 

Intrapulmonary p63+ progenitors can detect disruptions in the alveolar epithelium and rapidly 

activate to repair epithelial defects321. The ultimate fate of p63+ progenitors is still 

contentious. Some evidence suggests that Krt5+ pods can partially differentiate into 

functional AT1 and AT2 cells317, with the extent of differentiation depending on the type of 

stimulus (10% in influenza A models; 30% in bleomycin models316). However, there is growing 

consensus that p63+ progenitors primarily give rise to bronchial cells including club cells 

(Scgb1a1 and Scgb3a2), goblet cells (Muc5AC and TFF2), and tuft cells (DCLK1) 316,322. This 

process, where bronchial epithelium replaces previously gas-exchanging areas of the lung, is 

known as alveolar bronchiolization. Dysplastic remodeling associated with Krt5+ pods is 

observed in humans following viral infections like influenza323 or COVID-19324, idiopathic acute 

lung injury with ARDS325, and IPF316. 
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The signalling mechanisms regulating this regenerative response during repair are not fully 

understood. One study indicates that Notch signaling is necessary for the initial activation of 

this pathway316. However, persistent Notch signalling is incompatible with differentiation, 

while increased Wnt signaling can drive an airway cell-to-AT2 transition316,323. Notably, post-

injury Krt5+ pods are found only in hypoxic regions, suggesting that hypoxia-inducible factor 

(HIF1α) sensing of local hypoxia coordinates with Notch signaling to regulate p63 

activation323. Interestingly, hypoxia promotes the differentiation of basal cells toward a 

neuroendocrine cell fate in a HIF1α-dependent manner. Neuroendocrine cells help protect 

against injury by secreting calcitonin-related gene peptide326. Similar to Wnt signaling, FGF-

10 has been shown to contribute to the expansion of p63+ progenitors. However, at later 

stages after acute damage, FGF10 signalling favours AT2 cell fate over Krt5+ fate327.  

Since intrapulmonary p63+ progenitors migrate into respiratory parenchyma and occupy 

areas where alveolar repair might occur but do not consistently give rise to functional AT1 

and AT2 cells, p63+ progenitors and Krt5 pods are considered contributors to the long-term 

decline of pulmonary function288. 

3.3 The injured Alveolar Epithelium: Rebuilding from the Rubble 

Airway and alveolar epithelia are primary targets of respiratory infections, leading to 

extensive de-epithelialized zones. The activation of epithelial, endothelial, and stromal cells 

results in the local production of MMPs and extracellular matrix (ECM) remodeling, which 

facilitate cell migration328. Additionally, macrophages activated by type 2 cytokines can 

promote TGF-β and Arg-1-induced collagen synthesis and ECM deposition, providing a 

foundation for newly formed alveoli329. 

Infected epithelial cells play a critical role in amplifying the IFN response by secreting type I 

and III IFNs along with other inflammatory cytokines330. IFN signaling leads to growth arrest 

in the lung epithelium. Following H3N2 IAV infection, epithelial proliferation drastically 

decreases in the first 5 days post-infection (p.i.), a period corresponding to tissue injury and 

maximal IFN production, a strategy aiming at limiting viral replication targets331. As 
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inflammation resolves and IFN levels decrease, epithelial cell proliferation and differentiation 

progressively increase, particularly in the second week post-infection331. Similarly, SARS-CoV-

2 infection and consequent IFN activation are associated with decreased proliferation and 

induction of apoptosis in AT2 cells, a feature observed in severe COVID-19 specimens332. 

Although upregulation of IFNs is crucial for infection control and preventing viral spread, 

cessation of IFN production is necessary to ensure the epithelial regenerative response. IFN-

γ produced during infection also induces the recruitment of CCR2-dependent monocytes333, 

often associated with exacerbation of lung injury160,334. However, CCR2+ monocytes recruited 

during the repair phase might play a beneficial role in alveolar regeneration. Lechner and 

colleagues293 proposed that 7 days after partial pneumonectomy, AT2 cells and PDGFRA+ 

fibroblasts increased their expression of CCL2, inducing the recruitment of CCR2+CX3CR1- 

blood monocytes near AT2 cells, at the periphery of the regenerating lung. CCR2-deficient 

mice exhibited decreased AT2 proliferation and AT2-AT1 differentiation. They also described 

that lung macrophages assume an M2-like phenotype, expressing Arg1, Retnla/Fizz1, 

Chil3/Ym1, and IL-4Ra, along with matrix metalloproteinases like MMP2, MMP3, MMP4, and 

MMP19, but not TNF-α, IL-1β, or IL-6293. After pneumonectomy, this M2-like polarization 

depends on the activation of IL-13-producing ILC2s that trigger IL-4 receptor alpha (IL4R) 

signaling on recruited monocytes and resident macrophages. The loss of the IL-13-IL-4R axis 

impairs optimal lung growth293. 

Interestingly, Th2 response activation has also been observed in respiratory viral-induced 

disorders by the X31 H3N2 strain of influenza virus273. ILC2 are mainly recruited to the lungs 

of infected mice as early as day 5 p.i., during the peak of viral load, and reach their modest IL-

13 production peak at day 10 p.i., while IL-13-producing T cells increase at days 7 and 10 post-

infection273. Despite ILC2 expansion in H1N1 influenza infection models273,335, their repair 

function does not seem related to IL-13 but to a IL-33-IL33R axis-dependent production of 

amphiregulin, an EGF family member335. Amphiregulin produced by pulmonary ILC2s and 

regulatory T cells (Treg) is considered a major mediator to restore epithelial integrity and 

tissue homeostasis after infection256. Moreover, natural killer cells, ILCs, and γδ T cells 

produce IL-22, inducing anti-apoptotic genes in AT2 cells336.  
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Other soluble inflammatory factors also influence alveolar epithelial cell behavior. FGF-7 and 

FGF-10 signaling through the FGFR2 receptor on AT2 cells are crucial for restoring 

homeostatic alveolar architecture by maintaining AT2 fate. FGFR2-deficient AT2 cells 

differentiate more readily into AT1 cells, resulting in increased alveolar area with expanded 

air spaces337. Moreover, proinflammatory cytokines have been involved in alveolar epithelial 

proliferation338. Since the denser immune infiltrates accumulate in infected areas, away from 

sites of alveolar proliferation, the applicability of this finding in vivo could appear paradoxical. 

The explanation was found in the observation that AT2 proliferation was higher in zones near 

damaged regions and can be influenced by the nearby inflammatory environment338. 

Stimulation by proinflammatory cytokines like TNFα, IL-1, and IL-17 can increase the size of 

lung organoids by promoting epithelial cell proliferation338. Both IL-1α and IL-1β exhibit 

proliferative effects on AT2 cells and fibroblasts, supporting alveolar re-epithelialization338. 

The crucial role of IL-1 was further confirmed by Choi and colleagues307 which found that IL-

1 was critical in priming IL-1R+ AT2 and induce DATP in bleomycin model. In the same study, 

IL1b transcription increased in pulmonary macrophages on day 14 post-injury, namely during 

the repair phase. CD45+CD64+Siglec-F–CD11bhi IMs were identified as the main source of IL-

1β, with GM-CSF activation specifically augmenting IL-1β expression in these cells307.  
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Figure 7- Immune regulation of lung repair  

In the alveolar epithelium, AT2 cells act as the primary progenitors of AT1 cells following moderate 
injury. They respond to various signals, including mesenchymal-derived Wnt proteins, FGF7, and 
FGF10, which are primarily released by fibroblasts surrounding the alveoli. Immune cells such as 
macrophages, regulatory T cells, group 2 innate lymphoid cells, γδ T cells, and natural killer cells also 
enhance epithelial proliferation and differentiation through the secretion of molecular signals. While 
macrophage-derived IL-1β and TNFα promote AT1 differentiation, chronic inflammation can hinder 
this process, leading to the abnormal accumulation of transitional AT1-AT2 intermediate cells and 
increasing the risk of fibrosis. In cases of severe injury, hypoxia triggers the recruitment of basal-like 
progenitors from the distal airways to help maintain the epithelial barrier. However, these progenitors 
tend to adopt airway-specific fates upon differentiation, which can result in bronchiolization of the 
alveolar epithelium and impair normal gas exchange. 

AT2: Alveolar type 2 epithelial cell; AT1: Alveolar type 1 epithelial cell; DATP: damage-associated 
transient progenitor; IM: Interstitial Macrophages; AM: Alveolar Macrophages; NK: Natural Killer cell; 
Treg: regulatory T cells; ILC: innate lymphoid cells; FGF: Fibroblast growth factor; EGF: Epithelial growth 
factor; Tgfβ: Transforming growth factor β; Areg: Amphireguline; Arg-1: Arginase 1;  

Inspired by Narasimhan, H., Wu, Y., Goplen, N. P. & Sun, J., Science Immunology 7, eabm7996 (2022)339 
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In addition, AT2 cells represent the major source of GM-CSF in the lungs340, which is essential 

for the development and function of AMs during homeostasis and inflammation341. GM-CSF 

can induce expression of  PPAR-γ, crucial for AM development from fetal monocytes and the 

induction of an immunosuppressive program in AMs120. In an IAV infection model, myeloid 

deficiency of PPAR-γ in PpargΔLyz2  transgenic mice resulted in impaired expression of wound-

healing-related genes, including epithelial and endothelial growth factors such as Vegf, Egf, 

and Fgf7, along with impaired tissue repair and diminished AT2 regeneration at days 10 and 

15 post-infection341. Moreover, during inflammation, TNF-α can stimulate GM-CSF production 

by AT2 cells, eliciting proliferative signalling in alveolar epithelial cells through autocrine 

stimulation340. Furthermore, macrophages are able to secrete Wnt, which can promote 

epithelial regeneration342. In a hookworm infection model, the depletion of CD68+ 

macrophages leads to dramatic decrease of AT2s and in vitro co-culture of macrophages with 

both tracheal and AT2s promote epithelial proliferation343. One of the demonstrated 

mechanism of this interaction have been related to the myeloid Trefoil factor family 2 (TFF2), 

required for expression of myeloid derived Wnts343. 

3.3.1 Lung Post-Acute Infection Chronic Sequelae: A Long-Lasting 
Worksite 

These studies collectively provide evidence that the processes involved in epithelial lung 

repair are strongly dependent on the initial trigger and the nature of the inflammatory 

response. For instance, pneumonectomy allows for the conservation of alveolar progenitors 

at the edge of the excision and is typically used as a classical model to study alveolar 

regeneration. In contrast, respiratory virus-induced alveolar damage infects mature epithelial 

cells and potential progenitors, leading to severe epithelial loss. In this case, sub-optimal 

compensatory tissue repair processes are enabled to rebuild the air-blood barrier. 

Several studies report long-term respiratory dysfunction following severe viral-triggered lung 

injuries. Influenza virus infections lead to a wide range of clinical outcomes, from 

asymptomatic cases to death. Severe illness results from infection of the lower respiratory 

tract, causing pneumonia and ARDS. Long-term studies on H1N1 cohorts revealed that 54% 
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of patients who had been infected with H1N1 exhibited lung disabilities at least one year post-

infection344,345. Similarly, persistent pathology was observed in individuals infected with H5N1 

and H7N9346,347. Despite clear anatomical and immune differences, H1N1 infection in mice 

induces chronic pathology characterized by persistent immune infiltrates and areas of 

dysplastic repair, lasting at least until day 200 post-infection322,341. 

These chronic sequelae are at least partly attributable to epithelial dysplasia. Not surprisingly, 

influenza virus infection is used as a model to decipher mechanisms underlying dysplastic 

repair. 

Upon H1N1 IAV infection, p63+ basal progenitors are rapidly recruited and expand in the lung 

parenchyma316. KRT5+ clusters are detectable eleven days post-infection, and the resulting 

KRT5+ cysts, composed of differentiated secretory cells (CC10+) and other bronchial cells, are 

maintained until at least day 200 post-infection316. Upon migration, p63 progenitors develop 

into two different patterns depending on their localization and local signals: when seeded in 

AT2-rich areas, they preferentially engage in AT2 differentiation; when engrafted near other 

KRT5+ structures, they express KRT5 and CC10. Similar to AT2 cells, regenerative KRT5+ cells 

depend on Notch activity for their expansion, and Notch inhibition induces the expression of 

surfactant protein C, suggesting AT2 differentiation. Thus, persistent Notch activity found in 

cystic epithelium prevents alveolar differentiation. Notch ligands, such as Delta-like 1 (Dll1) 

and Dll-4, are expressed by M1-like macrophages upon induction of the type-I IFN pathway348 

and hypoxia349, respectively. The supportive role of pro-inflammatory signals for KRT5+ 

structures is evident when examining their localization. Computational image analysis of 

mouse lung sections 14 days post-H1N1 infection defined three zones of injury: severe, 

damaged, and normal337. Severe zones are “alveolar deserts” characterized by the absence of 

AT1 markers and the presence of rare, highly proliferative non-differentiating AT2 cells. KRT5+ 

cells are exclusively found in these zones. Damaged zones harbour a dense collection of AT1 

cells and proliferating and differentiating AT2 cells, while normal zones consist of homeostatic 

tissue architecture with regular distribution of AT1 and AT2 cells lining the alveolar wall337. 
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While an effective immune response is crucial for eliminating the pathogen and sending pro-

repair signals to epithelial cells, dysregulated responses can adversely affect repair and lead 

to parenchymal abnormalities. Proper regulation and resolution of inflammation after the 

acute infectious phase are necessary to avoid additional immune-induced tissue damage and 

abnormal remodelling. Although stemming from different etiologies, most abnormal 

remodeling processes are associated with persistent inflammation, which maintains the 

production of growth factors, proteolytic enzymes, and profibrotic cytokines350. 

Dysregulated IFN signaling has been implicated in the pathogenesis of chronic sequelae in 

COVID-19351. Persistent IFN signaling in the post-acute infection phase induces activated 

macrophages to secrete CCL7, CCL8, and CCL13, contributing to the recruitment and 

maintenance of CD8+ cells, which in turn secrete IFN-γ352. Furthermore, suboptimal alveolar 

repair may lead to repetitive non-resolving micro-injuries, resulting in the reactivation of 

immunity353. CD8+ resident memory T cells are preferentially localized in the repair foci354. 

Since their activation causes the expression of high levels of cytotoxic molecules, they can 

amplify the initial epithelial injury and inhibit functional repair288. 

Myeloid cells contribute to fibrotic sequelae after viral infection. Despite the essential role of 

IL-1β signaling in AT2-AT1 transdifferentiation, chronic inflammatory IL-1β may prevent this 

differentiation307. Persistent inflammation results in the accumulation of alveolar epithelial 

cell intermediates associated with impaired regeneration307,308. Furthermore, IL-1β can 

induce airway progenitor differentiation into AT2 cells, which, however, maintain some 

secretory features, further contributing to alveolar bronchiolization355. Thus, strict regulation 

of IL-1β signaling is mandatory for successful lung regeneration. 

Type 2-polarized macrophages have been implicated in ECM deposition leading to fibrotic 

sequelae after influenza virus infection. Their presence at the end of infection and during the 

early recovery phase is essential for resolving inflammation and inducing wound repair356. 

However, their persistence may induce a fibroproliferative and dysregulated wound healing 

cascade. Fibroblasts recruited by CCL2 to injured sites are activated by macrophage-derived 

TGF-β, among other factors, to assume a myofibroblast phenotype357. TGF-β has also been 
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described to promote epithelial transdifferentiation into myofibroblasts, a phenomenon 

known as epithelial to mesenchymal transition (EMT) 358. Myofibroblasts express smooth 

muscle proteins such as α-SMA, promoting their contractility, and produce high levels of ECM, 

contributing to organ architecture distortion. Furthermore, the persistence of Ly6Chi 

inflammatory monocytes recruitment to maintain the profibrotic macrophage pool 

contributes to the progression of pulmonary fibrosis359. 

4 Macrophages in tissue repair 
Wound healing involves dynamic cellular proliferation and differentiation, alongside the 

formation of a new ECM and collagen deposition to support the newly differentiated cells. 

Multiple cell types are involved in the tightly regulated wound healing response to ensure a 

rapid resolution of inflammation and prevent pathological scarring in the injured organ. 

Macrophages play a crucial regulatory role at all stages of inflammation and repair due to 

their highly flexible programming164. Although resident macrophages and recruited 

monocytes are key drivers of the inflammatory response and contribute to tissue disruption, 

their impaired activation can hinder wound debridement and extend exposure to pro-

inflammatory stimuli, leading to incomplete regeneration. 

Two non-exclusive models have been proposed to explain how macrophages interact with 

resident cell populations to promote tissue repair. In the passive model, during the resolution 

phase of inflammation, recruited monocytes differentiate into macrophages in response to 

increasing homeostatic signals from regenerating tissue. This results in macrophages 

acquiring a phenotype similar to that of tissue-resident macrophages, which aids in 

normalizing the tissue environment and promoting repair. The second model involves active 

repair induced by macrophage activation in response to signals from injured tissue. Among 

these mechanisms, the best studied mechanisms are efferocytosis and type 2 cytokines, both 

of which can regulate inflammation and stimulate the secretion of pro-repair molecules360. 
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4.1 Extinguishing the Inflammatory Fire 

The downregulation of inflammatory cell infiltration is a critical initial step in terminating 

inflammation and initiating new tissue formation. During this resolution phase, macrophages 

adopt functional profiles that actively cease neutrophil influx. Macrophage-derived MMPs, 

particularly MMP-12, possess pro-reparative properties by cleaving and inactivating pro-

inflammatory cytokines361 and chemokines362, thus limiting neutrophil recruitment. 

Additionally, macrophages secrete interleukin-1 receptor antagonist (IL-1ra), which blocks IL-

1 receptors on alveolar epithelial cells. Blocking IL-1 downregulates alveolar CXCL2 and 

ICAM1, which can reduce neutrophil recruitment363. Moreover, macrophages can promote 

the apoptosis of neutrophils. Despite neutrophils being short-lived cells, their lifespan is 

extended by survival signals such as granulocyte-colony stimulating factor (G-CSF) and IL-1 

during inflammation364. Local IL-1 antagonism by macrophage-derived IL-1ra can suppress 

the production of these supportive signals and induce neutrophil apoptosis363. Similarly, 

during respiratory infections, lung macrophages express high levels of the death ligand 

TRAIL365, which induces neutrophil apoptosis366. Active migration of early apoptotic 

neutrophils via CXCL2 through inflammatory monocytes induces EGF-dependent monocyte 

differentiation into APCs and facilitates neutrophil efferocytosis367. 

Phagocytosis of apoptotic neutrophils is essential for resolving inflammation368. Apoptotic 

neutrophils signal their presence through "find me" signals, such as fractalkine (CX3CL1) and 

the nucleotides ATP and uridine 5′ triphosphate (UTP), which are recognized by CX3CR1 and 

P2Y2 receptors, respectively369. Following efferocytosis, macrophages undergo functional 

repolarization and are stimulated to release anti-inflammatory and pro-repair mediators. 

Neutrophil-fed macrophages increase the secretion of transforming growth factor-beta (TGF-

β), IL-10, prostaglandin E2 (PGE2), and platelet-activating factor (PAF) while reducing the 

release of pro-inflammatory cytokines such as IL-6370,371. Additionally, the phagocytosis of 

cellular debris induces the production of growth factors essential for tissue repair, including 

VEGF 372 and hepatocyte growth factor (HGF) 373. 
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Bosurgi and colleagues propose that the macrophage anti-inflammatory program is 

coordinated by simultaneous signals from type 2 cytokines (IL-4/IL-13) and apoptotic cells. IL-

4 receptor activation in BM-derived macrophages is sufficient to induce genes involved in 

translation, cell proliferation, chemotaxis (e.g., Ccl2 and Ccl7), pattern recognition (e.g., 

Clec7a), and cell adhesion (e.g., Cdh1). Conversely, the anti-inflammatory (e.g., Retnla and 

Chil) and pro-repair (e.g., Fn1 and Ear2) programs are only activated by co-stimulation with 

apoptotic neutrophils. Consistent with this, impairment of apoptotic cell signals in Axl−/− and 

Mertk−/− mice results in reduced expression of Retnla, Chil3, and Arg1, leading to defective 

repair in models of helminth368 infection and colitis374. 

Contrasting with type 1 and type 17 responses, which control microbial infections, type 2 

responses are often associated with protection against helminth infections. Type 1 pro-

inflammatory responses release antimicrobial mediators effective against pathogens but 

often cause significant collateral tissue damage375. In evolutionary terms, type 2 tissue-

reconstructive and anti-inflammatory responses are more cost-effective against large, motile 

targets such as metazoan parasites, which cause direct tissue damage. Thus, type 2 immunity 

should be viewed not only as an anti-helminth response but also as a tissue repair 

mechanism376. Even after microbial infections, type 1 responses dynamically shift to type 2 

tissue-reparative responses, involving many cell types and molecular factors. Epithelial cells 

release alarmins, such as thymic stromal lymphopoietin, IL-25, and IL-33377, in response to 

barrier insults, which activate type 2 cells like ILC2, mast cells, basophils, and eosinophils378. 

Additionally, Th2 lymphocytes, which express the IL-33 receptor (ST2), can be directly 

activated by IL-33 independently of antigen stimulation379. The type 2 response includes 

classical cytokines such as IL-4, IL-13, IL-5, IL-10, and TGF-β, along with other features 

associated with inflammation regulation and repair. 

The first indication of type 2 involvement in wound repair emerged from observations that 

IL-4 can induce arginase expression in macrophages, thereby enabling their pro-repair 

functions through the activation of IL-4R signaling380,381. Notably, the IL-4R  chain can 

combine with the common gamma chain to form the type 1 receptor or with IL-13Ra1 to form 
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the type 2 receptor. IL-4 binds to both types of receptors, whereas IL-13 only utilizes the type 

2 receptor. Since many in vivo studies on type 2 responses use IL-4Ra-/- transgenic mice382,383, 

distinguishing the specific roles of IL-4 and IL-13 in vivo can be challenging166. 

Part of the wound-healing function of IL-4R signaling involves limiting inflammation to allow 

repair processes to progress. Activation of IL-4R on neutrophils directly reduces their 

migration, expansion, and production of extracellular traps384,385. Additionally, IL-4Ra-

activated macrophages suppress signals such as Ccl3 (Mip1α), Ccl4, Ccl2 (MCP-1), Ccl7 (MCP-

3), and Cxcl14, which are involved in recruiting innate immune cells386, and enhance their 

phagocytic uptake387. Moreover, IL-4R activation curtails mitochondrial ROS and NO 

production through a metabolic shift. During the early inflammatory stages, macrophages 

primarily rely on glycolytic metabolism, but they switch to mitochondrial oxidative 

phosphorylation during the healing process388. Redirecting mitochondrial metabolism toward 

ATP production prevents tissue-damaging ROS production389. 

Type 2 cytokines also strongly induce the expression of 'resistin-like molecules' (RELMα) in 

macrophages376. RELMα, also known as found in inflammatory zone (Fizz1), is a member of a 

family of cysteine-rich secreted proteins originally identified in the lung390. Although induced 

by IL-4/IL-13, RELMα provides a negative feedback mechanism to suppress type 2 responses, 

partially through the regulation of CD4+ T cell responses391,392. In the N. brasiliensis infection 

model, IMs, but not AMs, express high levels of RELMα, which is essential for the resolution 

of inflammation393. 

A significant type 2-induced metabolic pathway conversion involves arginine metabolism. 

Arginine serves as a substrate for the enzymes iNOS and Arg-1. iNOS, induced by type 1 

cytokines, produces NO, a toxic antimicrobial mediator, while Arg-1 generates metabolites 

that support cell proliferation and collagen deposition394. The high affinity of arginine for Arg-

1 results in local depletion of the substrate available for iNOS, thereby controlling 

inflammation. Arginine is also crucial for activated T cells394, and its metabolism can suppress 

T cell responses by inhibiting antigen-specific T cell proliferation395. This suppression affects 
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Th1, Th17, as well as Th2 responses, highlighting Arg-1 role in limiting Th2 responses and 

preventing organ failure linked to excessive collagen deposition396 as described below. 

However, Arg-1 is not a definitive marker of IL-4-responsive macrophages, as it can also be 

induced by pro-inflammatory signals397, hypoxic environments398, and other inflammatory 

cytokines such as IL-10 and TGF-β399, indicating a redundancy in Arg-1-dependent 

inflammation control. 

In addition to arginases, other macrophage-derived cytokines can exhibit a dual functionality, 

contributing to both the resolution of inflammation and tissue repair. Among the most 

extensively studied examples are TGF-β and IL-10. Unlike most cytokines, TGF-β is secreted 

by virtually all cells in a biologically inactive form known as latent TGF-β. This latent form 

consists of an amino-terminal latency-associated peptide (LAP) non-covalently associated 

with the carboxy-terminal mature TGF-β molecule. TGF-β activation involves enzymatic 

cleavage by proteases and metalloproteases, as well as viral neuraminidases400. This 

pleiotropic molecule is induced by the phagocytosis of apoptotic cells and directly contributes 

to suppressing local inflammation and promoting wound healing. TGF-β controls T cell 

differentiation401, fosters the development of peripheral regulatory T cells402, and inhibits the 

pro-inflammatory responses of activated macrophages403 limiting the secretion of IL-1β, TNF-

α, GM-CSF, and IL-8371,404. IL-10 serves as a general suppressive cytokine, inhibiting pro-

inflammatory responses from both innate and adaptive immune systems, thereby preventing 

immune-induced tissue damage405. In the skin, IL-10 deficient mice show a prolonged 

inflammatory response and excessive scar collagen deposition406. Similarly, the depletion of 

airway nerve-associated IM, which are the primary IL-10 producing lung macrophages that 

expand under inflammatory conditions, leads to worsening clinical conditions and persistent 

inflammation upon injection of the immunostimulant poly(I:C)8. 

Recently, the role of epithelial growth factor-like amphiregulin as a local inflammation 

suppressor has been described. Macrophages are the main producers of amphiregulin after 

helminth infection407 and LPS-induced lung injury408. Amphiregulin functions by regulating 
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Treg activity401 or by releasing bioactive TGF-β407, directly contributing to repair by inducing 

the proliferation of structural cells409. 

After inflammation, recruited monocytes and monocyte-derived macrophages persist in 

tissues and eventually adopt a transcriptional profile similar to that of native AM, suggesting 

that signals within the alveolar niche influence the behavior of not only AMs but also other 

myeloid cells132. Notably, alveolar epithelial cells have a direct immunomodulatory effect on 

macrophages via CD200/CD200R410, as well as CSF2R/GM-CSF411 and β-catenin/E-cadherin412 

interactions. The loss of alveolar epithelial cells upon injury, determine the disruption of this 

crosstalk and contributes to the activation of pro-inflammatory programs in macrophages. 

During repair, the restoration of the physiological number of AT2 cells re-establishes 

immunomodulatory immune-epithelial signaling, determining the reduction of IL-6 and TNF-

α secretion, thereby facilitating the resolution of inflammation151. 

4.2 Macrophages as Construction Workers 

Macrophages adopting a pro-resolving phenotype can secrete molecules that act on 

structural cells, laying the foundation for tissue repair. 

IL-4 enhances the production of IGF-1, which stimulates the proliferation and survival of 

fibroblasts and myofibroblasts, thereby promoting wound closure383. Monocyte- and 

macrophage-derived IGF-1 has been identified as a critical player in the repair of several 

organs. Furthermore, RELMα is involved in directing collagen matrix organization in 

fibroblasts. RELMα induces fibroblasts to produce lysyl hydroxylase 2 (LH2), an enzyme that 

directs stable collagen cross-links in the skin413 and lungs414. Although RELMα is primarily 

derived from macrophages in the skin, it is mainly produced by epithelial cells in the lungs. In 

this context, Ym1 secreted by macrophages induces RELMα in epithelial cells414. 

IL-13 induces the production of MMPs by macrophages415. MMPs can degrade almost every 

component of the extracellular matrix and, although often associated with aberrant 

remodeling, are crucial for maintaining structural integrity and preventing excessive scar 
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accumulation in damaged regions. Furthermore, MMP-9, as well as amphiregulin, can 

activate latent TGF-β, thereby contributing to tissue remodeling415. TGF-β is implicated in re-

epithelialization, tissue angiogenesis, and fibroblast activation. TGF-β induces the migration 

of epithelial cells at the edge of cutaneous wounds416 and promotes the expression of VEGF 

by mesenchymal cells, supporting angiogenesis417. It also stimulates fibroblast proliferation, 

their differentiation into myofibroblasts, and the deposition and remodeling of the 

extracellular matrix418. Although myofibroblast activation and extracellular matrix deposition 

are crucial for recovering functional structure, their activity must be finely tuned to prevent 

excessive scar formation. For instance, IFN-γ-stimulated macrophages secrete CXCL10, which 

inhibits fibroblast chemotaxis419 and proliferation420 via the CXCR3 receptor. 

In addition to TGF-β, other cytokines act as both inflammatory suppressors and pro-repair 

factors. Arg-1 specifically catalyzes the conversion of L-arginine into L-ornithine and urea. L-

ornithine can be further metabolized into polyamines such as putrescine, cadaverine, and 

spermidine, which are involved in tissue repair by inducing epithelial cell proliferation421. 

Furthermore, polyamines can be catalyzed to form L-proline, used by myofibroblasts for 

collagen formation422. 

Another crucial contribution of macrophages to tissue repair is their involvement in 

angiogenesis. The sprouting of capillaries from existing blood vessels into the injured area is 

vital for healing because it supplies nutrients and oxygen to the newly forming tissue. During 

the early healing stages, macrophages are identified as a major source of VEGF in skin repair 

and promote endothelial cell migration, proliferation, and angiogenesis388. Moreover, lung 

macrophage-derived IL-1Ra plays a role in restoring barrier integrity. During inflammation, IL-

1β increases alveolar endothelial and epithelial permeability, leading to edema fluid 

accumulation in the airspaces423. IL-1β antagonism by IL-1Ra prevents the disruption of tight 

junction proteins363 and increases Na+ channels in epithelial cells, thereby clearing alveolar 

edema423. 
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4.3 Macrophages in Lung Fibrosis: When Things Go Wrong 

The abnormal persistence of the lung repair response can lead to pulmonary fibrosis, 

characterized by irreversible scarring and chronic fibrotic remodeling. Although ECM-

producing myofibroblats play an important role as profibrotic effectors, an inadequate 

macrophage response is also critical in this pathological process. 

One commonly used model to understand the biological mechanisms underlying lung fibrosis 

development is the intratracheal instillation of bleomycin424. Bleomycin is a 

chemotherapeutic antibiotic produced by the bacterium Streptomyces verticillus. 

Observations that bleomycin-based cancer therapy induces pulmonary fibrosis as a major 

adverse effect justify its use as a model for pulmonary fibrosis in animals424. This model is 

characterized by an acute inflammatory phase lasting seven days before the induction of the 

fibrotic phase425. However, a significant limitation is the spontaneous reversal of fibrosis that 

typically occurs 3-4 weeks post-treatment, unlike the irreversible chronic pathology seen in 

human patients426. 

Lung macrophages have been implicated in the fibrotic phase of the bleomycin model132,427. 

Recent studies have highlighted the differential involvement of alveolar macrophages (AMs) 

in lung fibrosis based on their origin. The depletion of tissue-resident macrophages before 

bleomycin instillation has no impact on fibrosis development, supporting that resident AMs 

are dispensable for this process132. In contrast, inducing apoptosis in circulating monocytes to 

reduce the number of monocyte-derived alveolar macrophages (mo-AMs) ameliorates lung 

fibrosis428. CD11b+CD64+ macrophages inhabiting alveolar spaces exhibit high levels of 

profibrotic cytokines, such as CCL24 and CCL2428. CCL24 promotes fibroblast survival, while 

CCL2 stimulates their proliferation and collagen production429. Another study identified a 

group of fibrosis-specific macrophages with monocyte origin (expressing CXCR1, CCR2, Mafb, 

and MHC2) and co-expressing CX3CR1 and SiglecF430. This transitional population, an 

intermediate between monocytes and AMs, produces high levels of PDGFA, localizes in 

fibrotic niches near PDGFR+ fibroblasts, and drives fibrosis by inducing their proliferation and 
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fibrotic scar deposition430. Importantly, human fibrosis samples were enriched in Mafb+ 

macrophages compared to healthy controls, demonstrating the presence of this transitional 

population in humans430. The presence of a heterogeneous AM population correlated with a 

profibrotic signature in human fibrosis has also been confirmed by other studies132,244,431 . 

However, little is known about signals maintaining this population nor if pro-fibrotic AM are 

the source of the results of the microenvironmental changes. 

IMs have also been described as contributors to fibrosis development in both the bleomycin 

model11,427 and the radiation-induced lung fibrosis (RIF) model432. In both models, IMs 

overexpress Arg-1 and trigger the differentiation of fibroblasts into myofibroblasts427,432. 

Conversely, the depletion of vessel-associated Lyve1hiMHCIIlo IMs ,corresponding to the 

CD206+ IM subset12, in the bleomycin model leads to exacerbation of collagen deposition and 

inflammation11. This study suggest that Lyve1hiMHCIIlo IMs play an early antifibrotic role by 

controlling leukocyte migration and persistence in the injured lung11. In human samples, IMs 

have been found to accumulate in fibrotic lungs433,434. These macrophages are enriched in 

profibrotic genes, including Mertk, Lgmn, Siglec10, and Spp1433,434. Interestingly, 

macrophages in severe COVID-19 closely resemble lung fibrosis-associated macrophages and 

express CD163, Lgmn, and Spp1435. Spatial transcriptomic analyses revealed that Spp1+ 

macrophages, enriched in samples with higher fibrosis pathology scores, are recruited to the 

airspaces in the late remodeling stage after fibroblast activation436. In the mouse bleomycin 

model, monocytes have been described to drive pulmonary fibrosis via Spp1 induction437. 

Intravenous transfer of these bilobed Ceacam1+Msr1+Ly6C−F4/80−Mac1+ monocytes, named 

segregated-nucleus-containing atypical monocytes (SatM), into SatM-deficient mice was 

sufficient to restore fibrotic features by inducing Spp1 in fibroblasts437. Notably, Spp1 codes 

for osteopontin, a pleiotropic protein that facilitates diverse cellular functions such as 

macrophage and T-cell migration438, enhances cell survival439, induces TGF-β1-dependent 

myofibroblast differentiation, and promotes proper collagen organization440. Spp1 expression 

in macrophages is related to a proinflammatory Th1 response, and the persistence of Spp1+ 

cells after injury is correlated with abnormal repair433,435. 
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Due to their structure and function, the lungs are continually exposed to airborne particles 

and pathogens. Among these pathogens, respiratory viruses are a significant cause of 

mortality, responsible for approximately 2 million deaths annually441, and they impose a 

substantial economic burden, exceeding 50 billion USD in the United States442. Commonly 

encountered viral respiratory pathogens include include human coronaviruses, rhinoviruses 

(RVs), influenza viruses, and respiratory syncytial virus (RSV), which generally cause self-

limiting infections confined to the upper respiratory tract, leading to mild symptoms. 

However, the recent COVID-19 pandemic has highlighted the increasing incidence and 

prevalence of chronic sequelae following acute viral infections, posing a serious health 

concern443. While the acute effects of various respiratory viral infections have been 

extensively studied, there is a significant and unmet need to understand the mechanisms 

leading to chronic symptoms to mitigate these conditions that persistently diminish patients' 

quality of life. The primary chronic respiratory sequelae result from direct lung infections and 

the failure of normal repair processes. Despite mild respiratory symptoms during acute 

infection, viruses can infect the deeper airways and respiratory parenchyma, leaving 

extensive areas of denuded epithelium to be reconstructed337. The outcomes of these repair 

processes depend on various confounding factors, including age444, viral tropism445, and 

differences in immune responses446.  

Dysregulated immune responses have been implicated in maladaptive tissue remodeling and 

adverse long-term outcomes after recovery from acute illness, characterized by alveolar 

bronchiolization, aberrant remodeling, and fibrosis322,341. Monocytes and macrophages are 

crucial immune cells that actively participate to all the phases of respiratory infection. 

Although their roles during acute infection have been well documented211, their function in 

the recovery phase is less understood. In this study, we utilized a clinically relevant murine 

model of influenza, induced by intranasal infection with the H1N1 PR8 strain, commonly used 

to model maladaptive repair288. By employing advanced technologies such as single-cell RNA 

sequencing, spatial transcriptomics, metabolic assays, multiplex flow cytometry, and 

microscopy, we conducted a comprehensive analysis of the myeloid compartment during the 

early repair phase. Additionally, we used transgenic mice and bone marrow chimera 
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experiments to further investigate the origin and function of immune populations during the 

post-infection. This integrative approach facilitated a detailed characterization of immune 

cells and their functional localization within the injured lung. To assess whether our findings 

were exclusive to influenza A virus infection, we employed additional injury models: 

bleomycin-induced lung fibrosis and acetaminophen-induced acute hepatitis. Furthermore, 

to explore potential therapeutic applications, we evaluated the translational relevance of our 

findings by characterizing the transcriptome of broncho-alveolar lavage samples from 

patients with infectious pneumonia. 
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EXPERIMENTAL SECTION 
_____________________________________________________________ 

 

The findings of this study have been recently published as a research article in the journal 

Science Immunology159 together with a focus commentary by Chrysante S. Iliakis and 

Andreas Wack447 .  

Our findings were highlighted on the cover of the August Issue of Science Immunology.  
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1 Materials and Methods 
 

Mice 

All experiments, unless otherwise specified, were performed on age-matched 8–12-wk-old 

C57BL/6 male and female mice. The following strains of mice were used: CD45.2 wild-type 

(WT) C57BL/6J (The Jackson Laboratory, #000664); CD45.1 WT (The Jackson Laboratory, 

#002014); Cx3cr1GFP/+ 448 (The Jackson Laboratory, #005582); Ccr2−/− 449 (The Jackson 

Laboratory, #004999); Ms4a3Cre 235; Ly6gCreERT2 450; R26LSLtdTomato 451 (The Jackson Laboratory, 

#007909); Maffl/fl 452, Mafbfl/fl124; Lyz2Cre 453 (The Jackson Laboratory, #004781); WT BALB/cJ 

(The Jackson Laboratory, #000651). CD45.1/CD45.2 WT C57BL/6J were obtained from CD45.1 

WT crossed with CD45.2 WT mice. Myeloid-restriced c-Maf and Mafb depletion was achieved 

by crossing Maffl/fl and Mafbfl/fl mice with Lyz2Cre mice. Ms4a3tdTom and Ly6gtdTom mice were 

obtained by crossing R26LSLtdTomato with Ms4a3Cre and Ly6gCreERT2 mice, respectively.  

Mice were housed under specific pathogen-free conditions and maintained in a 12-h light–

dark cycle with food and water ad libitum. All animal experiments described in this study were 

carried out in an animal biosafety level 3 containment unit. Experiments were reviewed and 

approved by the Institutional Animal Care and Use Committee of the University of Liège 

(ethical approval #2276). The ‘Guide for the Care and Use of Laboratory Animals,’ prepared 

by the Institute of Laboratory Animal Resources, National Research Council, and published by 

the National Academy Press, as well as European and local legislations, was followed carefully. 

Accordingly, the temperature and relative humidity were 21°C and 45-60%, respectively 

In vivo models of lung injury 

The mouse-adapted influenza strain A/Puerto Rico/8/34 (H1N1; PR8) was kindly provided by 

F. Trottein (Institut Pasteur, France). The viral stock suspension (108 Plaque Forming Units 

[PFU] ml–1) was diluted and 5 PFU were administered intranasally (i.n.) to isoflurane-

anesthetized mice in 50 µl of PBS (Thermo Fisher). Control groups received an equal volume 

of PBS i.n. for mock infection.  
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For bleomycin-induced lung injury, isoflurane-anesthetized mice were treated intratracheally 

(i.t.) with a single instillation of 0.06 IU of bleomycin (Bio-Connect) in a volume of 50µl of PBS. 

Control animals received 50µl PBS alone. 

For acetaminophen-induced liver injury mice were were fasted during of 15 hours with free 

access to water then injected with 300mg/kg of acetaminophen (Sigma) in NaCl 0.9% (30°C) 

intraperitoneally. After treatment, free access to food was allowed.  

Assessment of viral NS1 mRNA levels 

Whole lungs were excised and total mRNA was isolated from homogenized tissues according 

to the Immgen protocol (www.immgen.org). cDNA was obtained with RevertAid First Strand 

cDNA Synthesis Kit (Thermo Fisher), and qPCR was performed in duplicate with iTaq Universal 

SYBR green supermix (BioRad). Primer sequences were as follows: 5′-

TTCACCATTGCCTTCTCTTC-3′ and 5′-CCCATTCTCATTACTGCTTC-3′ for viral NS1, 5′-

CATGGCTCGCTCGGTGACC-3′ and 5′-AATGTGAGGCGGGTGGAACTG-3′ for housekeeping gene 

B2m. Expression levels of NS1 were normalized relative B2M control gene. 

Bone marrow, blood and tissue cell isolation 

Cell isolation was achieved as previously described 124,454. Briefly, for BM cells, femurs were 

dissected and cleaned of soft adhering tissue. Distal and proximal ends were opened, and BM 

cells were flushed out. After centrifugation, cell pellets were re-suspended in ice-cold PBS 

containing 10 mM EDTA and cell suspensions were filtered using a cell strainer (70 µM, 

Corning) to obtain a single cell suspension. Blood was collected from the tail vein in a 100 mM 

EDTA(Merck Millipore)-containing tube, and red blood cells were lysed with RBC lysis buffer 

(ThermoFischer). For the isolation of leucocytes and structural cells, lung vessels were 

perfused with 5 ml PBS through the right ventricle and 1 ml of HBSS (Lonza) containing 0.5 UI 

dispase II (Sigma-Aldrich), 0.1mg ml-1 elastase (MedChemExpress), 0.075 mg ml-1 of DNAse 

(Roche) was injected i.t. before dissecting the lung and digesting it for 30 minutes at 37°C in 

the same digestion medium. After 30 minutes of digestion, lungs were cut into small pieces 

with razor blades and further digested for 30 minutes at 37°C in HBSS containing 5% vol/vol 

FBS (Thermo Fisher), 0.5 UI of dispase II, 0.05 mg ml-1 DNAse, 1 mg ml-1 collagenase A (Roche). 
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After 30 minutes, the cell suspension was flushed using a 18-gauge needle to dissociate 

aggregates. Ice-cold PBS containing 10 mM EDTA was added to stop the digestion process and 

cell suspensions were filtered using a 70 µm cell strainer. Residual red blood cells were lysed 

with RBC lysis buffer. In all experiments, the number of cells was counted using an automatic 

cell counter (iPrasense Norma XS). 

Leucocyte isolation from the liver was obtained as described elsewhere. After being 

euthanized, mice were perfused with 10 ml of PSB in right ventricle, the liver middle lobe was 

dissected and the gallbladder removed. The liver was cut into small pieces with razor blade 

and digested in 10 ml HBSS supplemented with 0.2mg/ml of collagenase IV (ThermoFisher), 

5U/ml of DNase I and 10% FBS at 37°C during 45 minutes in tube rotator. After incubation the 

homogenized liver solution was filtered through a 70µm cell strainer and washed with 10 ml 

of PBS 10mM EDTA and centrifuged at 50 rcf for 3 minutes. Aqueous phase was recovered, 

filtered in a new tube and centrifuged at 400 rfc for 5 minutes. Pellet was suspended in red 

blood cell lysis buffer, incubated during 2 minutes, then washed with 10 ml of PBS 10mM 

EDTA and counted using automatic cell counter (iPrasense Norma XS).  

 

Annexin V/Propidium Iodide apoptosis assay 

Annexin V/Propidium Iodide apoptosis assay was performed following Rieger et al. protocol. 

After lung cell isolation, cells were resuspended in Annexin V binding buffer (ThermoFisher) 

and 2x106 cells were stained with Annexin V-APC and incubated on the dark for 15 minutes 

at room temperature. Cells were washed with 100 µl of Annexin V binding buffer and 2 µg/ml 

of PI (ThermoFisher) were added to each sample and incubated in the dark for 15 minutes at 

room temperature. After having been washed with 500µl of Annexin V buffer, cells were 

centrifuged and pellet, resuspended in fixative solution of 1% formaldehyde and incubated 

for 10 minutes on ice. Cells were then washed with PBS, centrifuged, resuspended in PBS 

supplemented in 50 µg/ml RNase A (Merck Millipore) and incubated for 15 min at 37°C. Cell 

suspension was washed with PBS, centrifuged and stained for leucocytes markers. 

Flow cytometry 
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Staining reactions were performed in the dark at 4°C for 30 minutes with 2% v/v of Fc block 

(BD Biosciences) to avoid nonspecific binding. For intracellular stainings, extracellular-stained 

cells were fixed and permeabilized with the Foxp3/Transcription factor Staining Buffer Set 

(Thermo Fisher). For EdU stainings, extracellular-stained cells were permeabilized and stained 

using Click-iT EdU Alexa Fluor 488 Flow Cytometry Assay Kit (Thermo Fisher), according to the 

manufacturer’s instructions. 

Cell viability was assessed using 7-AAD (BD Bioscience) or Fixable Viability Dye eFluor™ 780 

(Thermo Fisher).  Cell suspensions was analysed with a FACSCANTO II or a LSRFortessa (BD 

Biosciences). Results were analyzed using FlowJo software (Tree Star). For scRNA-seq, 

transmission electron microscopy, cytologic examination and ex vivo experiments, lung 

myeloid cells were sorted using a FACSAria III (BD Biosciences) or Sony MA900.  

In vivo treatments 

For EdU incorporation experiments shown in fig. S3, A and B, mice were injected at day 10 

post-IAV intraperitoneally (i.p.) with 1 mg EdU (Santa Cruz Biotechnology) in 200 µl PBS 4 h 

before sacrifice. For experiments addressing the lifespan of Ly6G+ Macs (Fig. 2F), 1mg EdU 

was injected i.p. twice 5 hours apart at day 7 post-IAV, and EdU incorporation was evaluated 

in blood leucocytes at day 8 post-IAV. The incorporation of EdU in lung myeloid cells was 

evaluated at days 10, 14 and 17 post-IAV. Assessment of phagocytic activity was performed 

as previously described12. Briefly, isoflurane-anesthetized mice were instilled i.t. with 2.108 

pHrodo™ Green E. coli BioParticules (Thermo Fisher) in 100 µl PBS. Lungs were harvested 3 h 

later for flow cytometry analyses. 

Adoptive transfer of Ly6G+Macs 

Ly6G+Macs were isolated from CD45.2 wild-type mice at day 10 p.i.. Lung cells suspention was 

enriched using the CD11b MicroBeads (Miltenyi Biotec) and FACS sorted using a Sony MA900 

. Around 3x105 Ly6G+Macs resuspended in 50µl of sterile PBS were instilled in lightly 

isofluorane anesthetized Maf/MafbMyeloKO mice at days 8, 11, 13, 15 post-IAV. Control 

Maf/MafbMyeloKO mice and WT mice received PBS at the same time points. 

Generation of BM (competitive) chimeras 
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CD45.2, CD45.1 or CD45.1/CD45.2 WT mice were anesthetized by i.p. injection of 200 µl PBS 

containing ketamine (Nimatek, Dechra, 75 mg kg-1) and xylazine (Rompun, Bayer, 10 mg kg-1). 

When mentioned, the thoracic cavity was protected with a 0.6-cm-thick lead cover. Mice 

were irradiated with two consecutive doses of 6 Gy 15 minutes apart. Once recovered from 

the anaesthesia, mice were reconstituted by intravenous (i.v.) administration of 2.106 BM 

cells from Ms4a3tdtom or Il4ra-/- mice, for full chimeras. For mixed BM chimeras, mice were 

reconstituted i.v. with 2.106 BM cells consisting of a 1:1 mix of BM cells obtained from the 

following mice: Ms4a3tdtom, Ccr2−/−, Cx3cr1GFP/+, Il4ra-/-, or homozygous Ly6gCreERT2 mice (also 

called Ly6g-/- mice). GM-CSF dependency assay was obtained with the engrafment of a 1:1 

mix of CD45.1 Csf2ra-/- and CD45.2 Csf2ra+/+ BM donor cells kindly provided by C. Schneider 

(University of Zurich, Switzerland) in thorax-protected, lethally irradiated CD45.1/CD45.2 WT 

mice. From the day of irradiation, mice were treated for 4 weeks with 0.05 mg ml−1 of 

enrofloxacin (Baytril, Bayer) in drinking water. Chimerism was assessed by flow cytometry in 

the blood 4 weeks after irradiation. 

scRNA-sequencing and analyses  

Mouse scRNA-seq analyses 

Lung myeloid cells were FACS-sorted as living singlet CD45+, F4/80+ and/or CD11b+ cells from 

lung single-cell suspensions pooled from 5 mock-infected and IAV-infected C57BL/6 male WT 

mice at day 10 post-IAV. For each sample, an aliquot of Trypan blue-treated cells was 

examined under the microscope for counting, viability and aggregate assessment following 

FACS sorting. Viability was above 90% for all samples and no aggregates were observed. Cell 

preparations were centrifuged and pellets were resuspended in calcium- and magnesium-

free PBS containing 0.4 mg ml−1 of UltraPure BSA (Thermo Fisher Scientific). 

The 10X Genomics platform (Single Cell 3’ Solution) was used. For library preparation, 

approximately 2,000 (Mock group) and 6,000 (IAV group) cells were loaded into the 

Chromium Controller, in which they were partitioned, their polyA RNAs captured and 

barcoded using Chromium Single Cell 3’ GEM, Library & Gel Bead Kit v3 (10X Genomics). The 

cDNAs were amplified and libraries compatible with Illumina sequencers were generated 
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using Chromium Single Cell 3’ GEM, Library & Gel Bead Kit v3 (10X Genomics). The libraries 

were sequenced on an Illumina NovaSeq sequencer on an SP100 cell flow (Read1: 28 cy, 

read2: 76 cy, index1: 10cy, index2: 10cy) at a depth of 50,000 reads per cell. 

The Cell Ranger (v6.1.2) application (10x Genomics) was used to demultiplex the BCL files into 

FASTQ files (cellranger mkfastq), to perform alignment (to Cell Ranger mouse genome 

references 6.1.2 GRCm38/release 102), filtering and unique molecular identifier counting and 

to produce gene-barcode matrices. 

Filtered matrix files were used for further scRNA-seq analyses with R Bioconductor (3.17) and 

Seurat (4.3.0) (31178118). Briefly, filtered matrices containing cell IDs and feature names in 

each sample were used to build a Seurat object. We performed quality control by filtering out 

the cells with less than 200 detected genes, the genes detected in less than three cells and 

the cells exhibiting more than 10% of mitochondrial genes. Gene counts in each sample were 

normalized separately by default method ‘LogNormalize’ with a scale factor of 10,000 and log 

transformation. Two thousand highly variable features were identified with the ‘vst’ method. 

After merging cells from all samples, cell contaminants were removed based on the 

expression of cell-specific genes, and 12 clusters were identified in the remaining cells using 

the FindClusters function (15 Principal Components [PC] included and a resolution of 0.7 was 

selected) and the differentially expressed genes (DEGs) were calculated using the 

FindAllMarkers function (Seurat package). ScRNA_seq datasets containing steady-state CD64+ 

lung cells (GSE194021) were integrated with the lung myeloid cells of this study using 

FindIntegrationAnchors function (Seurat) with anchor.features = 2000. 

Single-cell regulatory network inference and clustering analysis 

To predict the potential active transcription factors, lung myeloid cells analyzed by scRNA-seg 

were subjected to SCENIC analysis 455. The normalized counts, nFeature_RNA and 

nCount_RNA in the merged Seurat object were used for the initial SCENIC analysis. The genes 

expressed with a value of 3 in 0.1% of the cells and detected in 1% of the cells were kept, and 

coexpression network analysis was made with GENIE3 in the SCENIC package. To represent 
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the SCENIC results, the results of the ‘3.4_regulonAUC’ output were added to the metadata 

of Seurat object so that regulon AUC scores could be plotted as a heatmap. 

Slingshot and tradeSeq pseudotime trajectory analyses 

To evaluate trajectory-based differential expression analysis, CD206⁻ IMs, Ly6G⁺ Macs, Ly6C⁺ 

Mos, iMos, CD206⁺ IMs and dying Macs were subjected to Slingshot analysis 456. The 

trajectories along pseudotime were built using umap embedding from the Seurat object. To 

compare the expression patterns of DEGs across pseudotime, the counts matrix, pseudotime 

and cell weights calculated above were then used as input in fitGAM function (tradeSeq 

package) 457. The association of average expression of each gene with pseudotime was tested 

using associationTest and the DEGs between IMs and Ly6G⁺ Mac trajectories were calculated 

with the patternTest function. The value of the estimated smoother on a grid of pseudotimes 

was estimated for each DEG using predictSmooth. The 200 DEGs with the biggest FcMedian 

and waldStat > 200 were annotated as ‘changed genes’, meaning that their expression 

patterns were different in IMs and Ly6G⁺ Mac trajectories, while the 200 genes whose 

average expression was associated with pseudotime in both lineages were selected based on 

their Fold change and labeled as ‘unchanged genes’. Genes whose expression patterns 

appeared to be influenced by a small number of cells behaving as outliers were manually 

removed. Finally, the scaled estimated smoothers calculated by predictSmooth were used to 

build heat maps with the ComplexHeatmap package 458. 

Gene Set Enrichment Analyses (GSEA) 

In order to analyse enrichment of published signatures in the scRNA-seq data, the normalized 

counts were used as expression datasets in GSEA. GSEA was carried out using the GSEA 

software (version 4.1.0) 459. We used the hallmark gene sets from the Molecular Signatures 

Database (MSigDB) to test for enrichment. The analyses involved a gene set permutation 

method with 1,000 permutations to calculate the enrichment scores. 

scRNA-seq of human BALF cells 
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Chromium Fixed RNA Profiling for multiplexed samples (10X Genomics) was used for scRNA-

seq analysis of human BALF cells, allowing the storage of fixed cells and enabling analysis of 

multiple samples in one single GEM reaction. Fresh samples were directly fixed in a 4% 

formaldehyde solution after collection for storage at -80°C. For GEM creation, the Multiplex-

compatible Chromium Next GEM Single Cell Fixed RNA Human Transcriptome Probe Kit 

including a Probe Barcode that permits sample multiplexing and subsequent demultiplexing 

was used. The Cell Ranger (v7.1.0) application (10x Genomics) was used to demultiplex the 

BCL files into FASTQ files (cellranger mkfastq), to perform alignment (to Cell Ranger human 

genome reference GRCh38-2020-A), filtering and unique molecular identifier counting and to 

produce gene-barcode matrices. Filtered matrix files were used for further scRNA-seq 

analyses. A total of 12 clusters were identified, with 15 PCs included and a resolution of 0.5.  

Ly6G+ Mac signature scoring 

Orthologous genes of the Ly6G+ Mac signature in humans were manually identified using the 

gene database of NCBI. The signature was then used to calculate the score for each cell using 

AddModuleScore function (Seurat). The scores were stored in the seurat object and plotted 

using FeaturePlot function. 

Transmission electron microscopy 

FACS-sorted myeloid cell populations or lung tissues from IAV-infected mice at day 10 post-

IAV were fixed in 2.5% glutaraldehyde (diluted in Sorensen’s buffer: 0.1 M 

Na2HPO4/NaH2PO4 buffer, pH 7.4) for 1h at 4 °C and postfixed for 30 min in 2% OsO4 (diluted 

in 0.1 M Sorensen’s Buffer). After dehydration in graded ethanol, samples were embedded in 

Epon resin. Ultrathin sections obtained with a Reichert Ultracut S ultramicrotome (Reichert 

Technologies) were contrasted with 2% uranyl acetate and 4% lead citrate.    

For ultrastructural analyses, random fields of cells were examined under a Jeol TEM JEM-1400 

Transmission Electron Microscope at 80 kV, and photographed using an 11-megapixel camera 

system (Quemesa, Olympus).   

Extracellular flux analysis 



EXPERIMENTAL SECTION  Materials and Methods 

74 
 

Oxygen consumption rate (OCR) was measured using Seahorse XF Cell Mito Stress Test 

(Agilent) according to manufacturer’s recommendations and as described previously 460,461. 

Briefly, Neu, IM-like cells and Ly6G+ Macs were FACS-sorted at day 10 post-IAV and seeded 

(10 104, 7 104 and 8 104 cells/well, respectively) in XFp mini-plates (Agilent) pre-coated with 

CellTak. Cells were kept in unbuffered serum-free DMEM supplemented with pyruvate 

(1mM), glutamine (2mM), glucose (10mM), at pH 7.4, 37 °C and ambient CO2 for 1h before 

the assay. Analysis was performed using the XFp analyser (Seahorse Bioscience) as per 

manufacturer’s instructions. Cells were sequentially challenged with 1 μM oligomycin, 1 μM 

carbonyl cyanide p-(trifluoromethoxy)phenylhydrazone (FCCP), and rotenone/antimycin mix 

(0.5 μM each). All results were normalized according to the cell number evaluated by Hoechst 

(2 mg/mL) incorporation after cold methanol/acetone fixation. 

Spatial transcriptomic analyses using Digital Spatial Profiling (DSP) 

Five-µm-thick formalin-fixed, paraffin-embedded (FFPE) sections were prepared using the 

protocol from NanoString Technologies. Briefly, 2 tissue slides, each containing 1 mock and 2 

IAV samples harvested 10 days post-IAV, were analyzed. Slides were first stained with 

antibodies against CD68, Ly6G (clone 1A8), and DNA was visualized with 500 nM Syto83. 

Mouse Whole Transcriptome Atlas probes targeting more than 19,000 targets were 

hybridized, and slides were 

loaded on the GeoMx DSP. Briefly, entire slides were imaged at x20 magnification, and 

Regions of Interest (ROIs) were chosen based on serial Hematoxylin & Eosin sections and on 

morphological markers to select lesional, perilesional and extralesional areas. ROIs were 

exposed to ultraviolet light, releasing the indexing oligos and collecting them in a 96-well plate 

for subsequent processing and sequencing, as described 462. Raw count, third quartile (Q3)–

normalized count data of target genes from ROIs were provided by the vendor, which were 

used as input to downstream analyses. Pairwise differential expression analysis between 

perilesional, lesional, extralesional and control ROIs were performed using the GeoMx Digital 

Spatial Profiler Data Analysis Suite (DSPDA version 3.0.0.111). The R script SpatialDecon 463 

was loaded into the DSPDA and run using the Mouse Adult Lung profile matrix. For cell 
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signature scoring, the gene signatures were obtained from scRNA-seq data using the 20 most 

specific markers obtained using the FindAllMarkers function (Seurat package), genes were 

then ordered according to their average log2FC. Lung myeloid cell signature scores were 

obtained from our oqn scRNA-seq datasets, while the AT2, primed AT2, DATPs and AT1 

signature score were calculated from previously published data 464 using the same procedure. 

The signatures were then used to calculate the score for each cell type using the simpleScore 

function (singscore package) 465 on the ranked gene expression matrix. 

Cytologic examination 

Cytologic examination of FACS-sorted neutrophils, iMo, IM-like and Ly6G+Macs at 10 days 

p.i. was performed on cytospin preparations stained with Hemacolor (Merck KgaA). Sections 

were examined with a Echo Revolve microscope. 

Immunofluorescence 

Immunofluorescence stainings of mouse lungs were performed as previously described124. 

Briefly, lungs from WT or Cx3cr1GFP/+ mice were perfused with 5 ml PBS through the right 

ventricle then with 5 ml paraformaldehyde (PFA) 4% (Thermo Fisher) in PBS, and lungs were 

collected. Lungs were fixed for 4 h in 4% PAF at 4 °C, then cryoprotected overnight in 30% 

sucrose (VWR) in PBS at 4 °C, followed by embedding in optimal cutting temperature 

compound (OCT) (VWR) and stored at −80 °C.  

For staining of lungs from Cx3cr1GFP/+ mice (Fig. 3H), 7-µm-thick sections were left in a 

methanol 100% (Merck) bath at −20 °C for 20 min prior to be stained for 2h at room 

temperature with a rabbit anti-GFP antibody (ThermoFischer, dilution 1:200) and a rat anti-

mouse Ly6G (BDBioscience, dilution 1:50). After washing samples with PBS, a secondary anti-

rat AF594 (Invitrogen, dilution 1:1000) was added in blocking buffer and incubated for 2 h in 

the dark at room temperature.  

For stainings of WT lungs (Fig. 3O and fig. S6), 7-µm-thick sections were left in a methanol 

100% (Merck) bath at −20 °C for 20 min prior to be stained overnight at 4°C in blocking buffer 

(PBS with 0.3% Triton X-100 [Merck], 2% donkey serum [Merck]) with the following 

antibodies: rabbit anti-mouse pSPC (Abcam, dilution 1:200); rat anti-mouse Ly6G 
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(BDBioscience, dilution 1:50). After washing samples with PBS, secondary antibodies (anti-

rabbit AF532; anti-rat AF594 [Invitrogen], dilutions 1:1000) were added in blocking buffer and 

incubated for 2 h in the dark at room temperature. Samples were washed with PBS and 

incubated with directly-coupled antibodies (eFluor570-Ki-67 [Invitrogen, dilution 1:200]; anti-

mouse AF700-MHC-II [ThermoFischer, dilution 1:100]; anti-mouse Superbright432-Pdpn 

[ThermoFischer, dilution 1:200]) in blocking buffer for 6h at 4 °C.  

Finally, all samples were washed one last time with PBS and were mounted with 10 μl ProLong 

Antifade reagent (Invitrogen) containing 0.1% Sytox blue nucleic acid stain (Invitrogen) on 

glass slides and stored at room temperature in the dark overnight. 

For stainings of lung human tissues, lungs were FFPE and 4-µm-thick lung sections were cut 

for immunofluorescence staining. After deparaffinization and rehydration, tissue sections 

were boiled for 20 min in 10-mM citrate carbonate buffer for antigen retrieval (Zytomed) 

containing 0.05 % Tween (Acros Organics). Lung sections were permeabilized in PBS 0.5% 

Triton X-100 for 10 minutes. Samples were incubated with blocking buffer (PBS with 0.3% 

Triton, 2% BSA and 2% donkey serum [Sigma-Aldrich]) for 1h at room temperature and 

stained in blocking buffer with the primary antibody (rabbit anti-mouse CXCR4 [AbCam, 

dilution 1:50]) overnight at 4°C. After washing samples with PBS, slides were incubated with 

a secondary donkey anti-rabbit IgG antibody conjugated with AlexaFluor 532 (dilution 1:1000) 

for 1 hour followed by a PBS wash and a staining with AF649-conjugated anti-human CD68 

antibody (SantaCruz) for 6 hours at 4°C. Finally, samples were mounted with 10 µl of ProLong 

Antifade reagent containing 0.1% Sytox blue nucleic acid on glass slides.  

All images were acquired on an LSM 980 with Airyscan 2 inverted confocal microscope (Zeiss) 

using a LD C-Apochromat ×40/1.1 W objective and Zen Black software. 

Histology 

Seven-µm-thick sections from frozen lung tissues obtained from mock- and IAV-infected mice 

at day 20 post-IAV were mounted onto glass slides and stained with Hematoxylin & Eosin 

(H&E) or periodic-acid Schiff (PAS). The slides were scanned with an Axioscan 7 scanner (Zeiss, 

Germany). Whole slide images were analysed with an open-source automated software 
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analysis program for digital pathology (QuPath version 0.4.3). Briefly, lesional areas were 

determined manually and automated tissue detection was performed in the lesional area to 

correct for alveolar blank spaces. Thereafter, built-in algorithms for pixel classification of 

QuPath and machine learning were used on PAS sections and a threshold was determined to 

quantify % of mucus+ cells within the lesional area. 

Ex vivo experiments 

For ex vivo stimulation and co-culture experiments, single cell suspensions isolated from IAV-

infected lungs of WT or Ly6gtdTom mice at day 10 post-IAV were enriched in CD11b+ cells by a 

magnetic-activated cell sorting (MACS) using CD11b MicroBeads (Myltenyi). Cells were then 

stained and FACS-sorted using the gating strategy shown in Fig. 1A. After sorting, cells were 

counted, spinned down, and either directly added to the co-culture with MLE-12 cells, or 

seeded in 96 wells at a concentration 5 104 cells/well in complete RPMI (ThermoFischer), 

containing 1mM sodium pyruvate, 1% v/v MEM non-essential amino acids, 50 U ml−1 

Penicillin-Streptomycin  and 10% v/v % FBS. For stimulation experiments, recombinant mouse 

GM-CSF (20 ng/mL, Peprotech), mouse M-CSF (20 ng/mL, Peprotech), mouse IL-4 (20 ng/mL, 

Peprotech) or mouse IL-13 (20 ng/mL, Peprotech) were added. When required, Cre-ERT2 

activation was achieved by adding 0.02 mg ml-1 of 4-hydroxytamoxifen (Sigma-Aldrich). After 

18 hours of culture, cell supernatants were collected (conditioned medium, CM) and cells 

were harvested for flow cytometry phenotyping. For the visualisation of tdTomato induction 

in tamoxifen-treated iMos from Ly6gtdTom mice by confocal microscopy, iMos were seeded 

and cultured in 8-chambers slides (Nunc Lab-Tek II Chamber Slide system, Sigma) precoated 

with poly-D-lysin hydrobromide (Sigma). Cells were incubated in complete RPMI containing 

0.02 mg ml-1 4-hydroxytamoxifen and 20ng ml-1 GM-CSF or vehicle. Supernatants were 

removed and chambers were rinsed with PBS. Slides were then fixed with paraformaldehyde 

10% for 10 minutes, rinsed twice with PBS and mounted with ProLong Antifade reagent with 

DAPI (ThermoFisher). Images were acquired as above.  

Proteome profiler (R&D) was performed on CM from Ly6G+Macs cultured for 18h in complete 

RPMI with or without 20ng ml-1 IL-4 and 20ng ml-1 IL-13 treatment. The assay was performed 
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following the manufacturer’s instructions and was analysed using the Protein Array Analyzer 

plug-in for ImageJ.  

Murine lung epithelial (MLE)-12 cells were cultured in DMEM/F12 (ThermoFisher) 

complemented with 1% Insulin-Transferrin-Selenium (ITS-G) (ThermoFisher), L-glutamine 

2mM (ThermoFisher), FBS 2% and HEPES 10mM (ThermoFisher). Cells were incubated at 37 

°C in a humidified atmosphere containing 5% CO2. Cells were passaged at 80–90% confluence 

using 0.05% Trypsin-EDTA (ThermoFisher). Experiments were performed with passage 

numbers ranging from 4 to 6. Scratch Wound Assay were performed using IncucyteS3 

(Sartorius). MLE-12 cells were seeded in 96-well (Sartorius) at density of 4 104 cells/well and 

incubated 24h in DMEM/F12 medium. An open wound area was created in the cell monolayer 

using the IncuCyte ® Wound Maker tool, washed with PBS and subsequently co-cultured with 

5 x 104 Neu, IM-like cells, iMos or Ly6G+ Macs, or incubated with CM from unpulsed or IL-4/IL-

13-pulsed Ly6G+ Macs. Complete DMEM medium containing 20ng ml-1 IL-4 and 20ng ml-1 IL-

13 was used as control. Cells were imaged after wounding every 3h using the IncuCyte live 

cell imaging system at x10 magnification. For each time point, relative wound closure was 

calculated using the Scratch Wound analyses pipeline of the IncuCyte software. 

Human BALFs 

The use of human BALF cells was approved in 2022 by the Ethics Reviewing Board of the 

University Hospital of Liege, Belgium (ref. 2022/159). The characteristics of the patients are 

summarized in Table S1. Human BALFs were processed directly after collection. For flow 

cytometry, the BALF was centrifuged at 1,400 rpm for 10 minutes. The cell pellet was 

suspended and filtered in a PBS solution containing 10 mM EDTA and red blood cells were 

lysed with RBC lysis buffer. Cells were stained as above, washed with PBS and fixed with PAF 

4% in PBS during 20 min before being analyzed by a LSRFortessa (BD Biosciences). For scRNA-

seq, see section  scRNA-seq of human BALF cells above. 

Statistical analysis 

Graphs were prepared with GraphPad Prism 9 (GraphPad software) or R Bioconductor (3.5.1) 
329. No statistical methods were used to pre-determine sample sizes but our sample sizes are 
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similar to those reported in previous publications 124,239,454,466. Data distribution was assumed 

to be normal when parametric tests were performed. Data from independent experiments 

were pooled for analysis in each data panel, unless otherwise indicated. No data were 

excluded from the analyses. Statistical analyses were performed with Prism 9 (GraphPad 

software), and with R Bioconductor (3.5.1) 329 and Seurat 467 for scRNA-seq data, respectively. 

The statistical analyses performed for each experiment are indicated in the respective figure 

legends. We considered a P value lower than 0.05 to be significant (*, P < 0.05; **, P < 0.01; 
***, P < 0.001; ****, P < 0.0001; ns, not significant). 

Data and code availability 

Mouse and human scRNA-seq data have been deposited in the GEO and are available under 

GEO accession number GSE244765. All original codes have been deposited at Zenodo and are 

available via this link: https://zenodo.org/records/11354523.  
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Reagents and antibodies 

 

Reagents Source Cat. number 
5-Ethynyl-2′-deoxyuridine Santa Cruz Biotechnology sc-284628 
(Z)-4-Hydroxytamoxifen Sigma-Aldrich H7904 
10X RBC Lysis Buffer (Multi-species) Thermo Fisher Scientific 15270658 
2-Mercaptoethanol Thermo Fisher Scientific 21985023 
Acetaminophen Sigma-Aldrich A7085 
Agilent Seahorse XF Base Medium Agilent 102353-100 
Binding Buffer for Annexin V Thermo Fisher Scientific BMS500BB 
Bleomycin sulfate - 10 mg BIO-CONNECT HY-17565  
CD11b MicroBeads, human and mouse Miltenyi Biotec 130-097-142 
Cell-Tak™ Cell and Tissue Adhesive, 1 mg Corning 354240 
Click-iT™ Plus EdU Alexa Fluor™ 488 Flow 
Cytometry Assay Kit 

Thermo Fisher Scientific C10632 

Collagenase A Roche 10103578001 
Collagenase IV Thermo Fisher Scientific 17104019 
Dispase® II protease Sigma-Aldrich D4693-1G 
DMEM/F-12, no phenol red Thermo Fisher Scientific 21041025 
DNase I Roche 11284932001 
Donkey serum Sigma-Aldrich D9663 
DPBS Thermo Fisher Scientific 14190094 
eBioscience™ Foxp3 / Transcription Factor 
Staining Buffer Set 

Thermo Fisher Scientific 00-5523-00 

Elastase from porcine pancreas MedChemExpress HY-P2974 
Epoxy Embedding Medium kit Sigma-Aldrich 45359 
Fetal Bovine Serum Thermo Fisher Scientific A3160801 
Formaldehyde, Extra Pure, Solution 37-41%, 
SLR, Fisher Chemical™ 

Thermo Fisher Scientific F/1501/PB15 

Hanks Balanced Salt Solution (HBSS) Lonza 10-508F 
Hemacolor Sigma-Aldrich 111674 
HEPES (1 M) Thermo Fisher Scientific 15630080 
Incucyte® Imagelock 96-well Plate Sartorius BA-04856 
Insulin-Transferrin-Selenium (ITS -G) (100X) Thermo Fisher Scientific 41400045 
iTaq Universal SYBR Green Supermix BioRad 1725120 
L-Glutamine (200 mM) Thermo Fisher Scientific 25030081 
MEM Non-Essential Amino Acids Solution 
(100X) 

Thermo Fisher Scientific 11140050 

Méthanol MerkMillipore 67-56-1 
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Milieu RPMI 1640 Thermo Fisher Scientific 21875091 
Nimatek Dechra 804132 
Nunc® Lab-Tek® Chamber Slide™ system Sigma-Aldrich C7182 

Penicillin-Streptomycin (10,000 U/mL) Thermo Fisher Scientific 15140122 
pHrodo™ Green E. coli BioParticles™ 
Conjugate for Phagocytosis 

Thermo Fisher Scientific P35366 

Poly-D-lysine hydrobromide Sigma-Aldrich P6407 
ProLong™ Diamond Antifade Mountant Thermo Fisher Scientific P36961 
ProLong™ Gold Antifade Mountant with 
DNA Stain DAPI 

Thermo Fisher Scientific P36931 

Propidium Iodide Thermo Fisher Scientific P1304MP 
Proteome Profiler Mouse XL Cytokine Array R&D ARY028 
Recombinant Murine GM-CSF Preprotech 315-03 
Recombinant Murine IL-13 Preprotech 210-13 
Recombinant Murine IL-4 Preprotech 214-14 
Recombinant Murine M-CSF Preprotech 315-02 
RevertAid First Strand cDNA Synthesis Kit Thermo Fisher Scientific K1621 
RNase A Solution Merck Millipore 70856 
Rompun Sol Inj 2% Bayer 76901 
Sucrose VWR 57-50-1 
SYTOX™ Blue Nucleic Acid Stain Thermo Fisher Scientific S11348 
Tissue-Tek® O.C.T. Compound VWR 4583 
Titriplex® III Merck Millipore,  1084181000 
TRITON® X-100 Detergent Merck Millipore 648466 
Trypsin-EDTA (0.05%), phenol red Thermo Fisher Scientific 25300062 
Tween 20  Acros Organics AC233360010 
UltraPure™ BSA (50 mg/mL) Thermo Fisher Scientific AM2616 
Zytomed Systems HIER Citrate Buffer pH 6,0 
(10 X) 

Zytomed ZUC028-500 

Antibodies (Mouse)    
Annexin V APC Thermo Fisher 

Scientific 
A35110 

Arg 1 APC Thermo Fisher 
Scientific 

17-3697-82 

CD115 APC Invitrogen 17-1152-82 
CD11b BUV395 BD Bioscience 563553 
CD11b APC Thermo Fisher 17-0112-83 
CD11c APC-Cy7 BD Bioscience 561241 
CD124 (IL4Ra) PE BD Bioscience 561695 
CD170 (Siglec F) PE BD Bioscience 552126 
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CD170 (Siglec F) FITC Biolegend 155503 
CD184 (CXCR4) APC Thermo Fisher 17-9991-82 
CD31 APC Thermo Fisher 17-0311-82 
CD326 (Epcam) BV510 BD Bioscience 563216 
CD45.1 APC BD Bioscience 558701 
CD45.2 V500 BD Bioscience 562129 
CD45.2 BUV395 BD Bioscience 564616 
CD45.2 FITC BD Bioscience 561874 
CD64 BV421 Biolegend 139309 
Cmaf PE Thermo Fisher 12-9855-42 
CXCR4 Purified AbCam ab124824 
F4/80 BV650 Biolegend 123149 
Ki-67 eFluor™ 570, Thermo Fisher 41-5698-82 
Ly-6C Texas Red BD Bioscience 562728 
Ly-6G PE/Cy7 BD Bioscience 560601 
Ly-6G Purified BD Bioscience 551559 
MHC II (IA/IE) Alexa Fluor 700 Thermo Fisher 56-5321-82 
MHC II (IA/IE) Percp Cy5.5 Sony 1138130 
Osteopontin PE R&D IC808P 
Podoplanin Superbright 436 Thermo Fisher 62-5381-82 
Prosurfactant Protein C 
antibody 

Purified AbCam ab211326 

Secondary antibodies    

Goat anti-Rabbit IgG 
(H+L) Cross-Adsorbed 
Secondary Antibody, 

Alexa Fluor™ 532 Invitrogen A-11009 

Goat anti-Rabbit IgG 
(H+L) Highly Cross-
Adsorbed Secondary 
Antibody 

Alexa Fluor™ 488 Invitrogen A-11034 

GFP Polyclonal 
Antibody 

Alexa Fluor™ 488 Invitrogen A-21311 
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2 Results 
 

2.1 Lung Ly6G+ Macs emerge in the early recovery phase post-IAV 

infection 

To investigate the dynamic of myeloid cell responses after lung injury, we performed time-

course flow cytometry studies in a clinically relevant mouse model of lung infectious injury 

following IAV infection 468. Eight to twelve weeks-old C57BL/6 wild-type (WT) mice were 

infected intranasally (i.n.) with 5 plaque-forming units (PFU) of IAV H1N1 strain PR8/34, which 

triggered self-limiting disease with a peak in viral RNA at day 5 post-IAV and viral clearance at 

day 10 post-IAV (fig. S1, A and B). In this model, Ly6G+CD11b+CD64− neutrophils (Neu) 

increased at day 5 post-IAV and returned to baseline by day 15 (Fig. 1, A and B). A partial loss 

of Ly6G−CD64+SiglecF+CD11c+ AM was observed between day 5 and day 10 post-IAV, which 

was restored at day 15 post-IAV, as described 227 (Fig. 1, A and B). The numbers of CD64−Ly6C− 

monocytes (Ly6C− Mo) remained stable over the course of infection, unlike those of classical 

CD64−Ly6C+ Mo (Ly6C+ Mo) and inflammatory CD64+Ly6C+ monocytes (iMo) that peaked 

around day 5 post-IAV (Fig. 1, A and B). Macrophages (Macs) resembling IM (IM-like), defined 

as F4/80+CD11b+Ly6G−SiglecF−Ly6C−CD64+ cells and likely encompassing resident IM and 

recruited Mo-Macs, increased over time (Fig. 1, A and B). We also observed emergence, from 

day 5 onwards, of a distinct population of IAV-triggered Ly6G+CD11b+CD64+ Macs that fell in 

the classical Ly6G+CD11b+ neutrophil gate but were clearly distinct from neutrophils based on 

their elevated CD64 expression (Fig. 1, C and D), which we call Ly6G+ Macs hereafter. Ly6G+ 

Macs were absent in the blood (Fig. 1E), peaked at day 10 post-IAV in the lung and could still 

be detected at days 15 and 20 post-IAV (Fig. 1D). Morphologically, Ly6G+ Macs analyzed at 

day 10 post-IAV exhibited a kidney-shaped nucleus, like iMo, and possessed numerous 

cytoplasmic vacuolated structures and a cell membrane rich in protrusions (Fig. 1F and fig. 

S1C). Phenotypically, Ly6G+ Macs were F4/80hiSiglecFloCD11clo (fig. S1, D and E) and expressed 

high levels of the chemokine receptor CXCR4, of type II major histocompatibility complex 

(MHC-II), of CD101 and of CD319, a regulator of Mac functions 469,470 (Fig. 1, G and H). 
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However, Ly6G+ Macs exhibited low expression of the neutrophil activation marker CD177 

(Fig. 1, G and H). 

 

Fig. 1. Ly6G+ Macs culminate during the early recovery phase post-IAV infection  

(A) Representative flow cytometry gating strategy showing live CD45+CD11b+Ly6G+CD64− 
neutrophils(Neu),CD45+CD11b+Ly6G+CD64+macrophages(Ly6G+Mac),CD45+Ly6G−CD11c+SiglecF+alveol
armacrophages(AM),CD45+Ly6G−SiglecF−F4/80+CD11b+Ly6C+CD64−monocytes(Ly6C+Mo),CD45+Ly6G−S
iglecF−F4/80+CD11b+Ly6C−CD64−monocytes(Ly6C−Mo), CD45+Ly6G−SiglecF−F4/80+CD11b+Ly6C+CD64+ 
inflammatory monocytes (iMo) and  CD45+Ly6G−SiglecF−F4/80+CD11b+Ly6C−CD64+ IM-like cells in lungs 
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of C57BL/6 wild-type (WT) mice at day 10 post-IAV. (B) Time course of absolute numbers of Neu, AM, 
Ly6C− Mo, Ly6C+ Mo, iMo and IM-like cells quantified by flow cytometry at days 0, 5, 10, 15 and 20 
post-IAV in WT mice. (C) Representative contour plots of CD64 and CD11b expression within lung 
CD45+CD11b+Ly6G+ cells at day 10 p.i. in mock-infected or IAV-infected WT mice. (D) Time course of 
absolute numbers of Ly6G+ Macs quantified by flow cytometry, as in (B). (E) Percentage of Neu and 
Ly6G+ Macs within Ly6G+CD11b+ cells quantified by flow cytometry in the blood and lungs of WT mice 
at day 10 post-IAV. (F) Photographs of Neu, Ly6G+ Macs, IM-like cells and iMo sorted by FACS from IAV-
infected WT mice at day 10 p.i.. Pictures are representative of 1 of 3 independent sorting experiments, 
each giving similar results. (G) Representative histograms of CXCR4, MHC-II, CD101, CD319 and CD177 
expression in the indicated myeloid cell populations, quantified by flow cytometry at day 10 post-IAV 
in WT mice. (H) Quantification of expression of the indicated markers, as in (G). (B,D) Data show mean 
(centerline) ± SEM (colored area) and are pooled from 2-3 independent experiments (n=6 mice per 
time point); (E,H) mean + SEM and are pooled from 2 independent experiments (n=5-6 mice). (B,D,H) 
P values were calculated using a one-way ANOVA with Dunnett’s post hoc tests. *, P<0.05; ***, P<0.001; 
****, P<0.0001. FMO, fluorescence minus one; ns, not significant; p.i., post-infection. (F) Scale bars: 5 
µm. 
 

Next, we performed single cell (sc) RNA-sequencing (scRNA-seq) analyses of lung myeloid cells 

at day 10 post-IAV. Lung CD45+F4/80+ and/or CD11b+ cells were sorted from five mock-

infected and 5 IAV-infected mice and were subjected to sc droplet encapsulation 471, scRNA-

seq and quality control filtering. The curated data were integrated with a published dataset 

of steady-state lung monocytes and IM124 and projected to global and condition-specific 

uniform manifold approximation and projection (UMAP) plots (Fig. 2A). Myeloid cells from 

mock-infected mice mainly comprised clusters annotated as AM (Chil3, Ear1, Fapb1; C6), 

Ly6C− Mo (Ace, Nr4a1, Fcgr4; C3), Ly6C+ Mo (Ccr2, Ly6c2; C4) and dendritic cells (DC; H2-Ab1, 

Cd209a, Flt3; C9) (Fig. 2A-C and fig. S2A). Few cycling Macs (Birc5, Top2a, Mki67; C11) were 

also detected in mock-infected mice, along with few CD206− IM (C1qa, C1qc, H2-Ab1, Cd74, 

Tmem119; C1) and CD206+ IM (C1qa, C1qc, Mrc1, Maf; C8) 124 (Fig. 2A-C and fig. S2A). Ten 

days post-IAV, AM (C6) disappeared, a small cluster of IAV-associated AM was present instead 

(Chil3, Ear1, Ear 2; C12), Neu were recruited (S100a8, S100a9, Mmp9; C7), and IM (C1, C8) 

and iMo (Ccr2, Ly6c2, Irf7; C5) expanded (Fig. 2A-C and fig. S2A). Of note, clusters C2 and C10 

were specifically triggered by IAV. C10 had an elevated content in mitochondrial genes and 

low numbers of detected genes (fig. S2B) and was therefore annotated as dying Macs. C2 

expressed significantly higher levels of cathepsins (Ctsb, Ctsz), galectins (Lgals1, Lgals3), 

Arginase-1 (Arg1) and osteopontin (Spp1) as compared to the other clusters (Fig. 2D). 
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Intracellular flow cytometry staining for Arginase-1 and osteopontin showed that the 

combined expression of these two proteins was restricted to Ly6G+ Macs at day 10 post-IAV 

(Fig. 2, E and F), supporting that C2 corresponded to Ly6G+ Macs identified by flow cytometry. 

Of note, Ly6G+ Macs expressed high levels of Csf1r and Slamf7 (coding for CD319) but did not 

express any of the neutrophil-related transcripts Csf3r, S100a8, S100a9, Mmp8, Mmp9, Mpo, 

Slpi or Cd177 (fig. S2, A and C). Ly6g transcripts were not detectable in Neu nor Ly6G+ Macs 

(fig. S2, A and C). Ly6G+ Macs (C2) displayed both “M1-like” or “M2-like” signature scores and 

genes and could not be categorized as such on the basis of their expression profile (fig. S2, D 

and E). Together, our data show that a phenotypically and transcriptionally distinct subset of 

Ly6G+ Macs emerges during a specific time window corresponding to early weight recovery 

post-IAV. 
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Fig. 2. Ly6G+ Macs are transcriptionally distinct from other lung myeloid cells at day 10 post-IAV  

(A) UMAP plots of scRNA-seq data depicting the transcriptional identity of FACS-sorted lung live 
CD45+F4/80+ and/or CD11b+ cells from mock- or IAV-infected WT mice 10 days p.i. (pooled from 5 mice 
per conditions), merged with a published dataset of steady-state lung monocytes and IMs124. (B) 
Frequency of each cluster within each experimental condition, as in (A). (C) Heatmap depicting the 
single cell expression of the most upregulated genes within each cluster. (D) Expression of the indicated 
genes within each cluster, as depicted by violin plots (height: expression; width: abundance of cells). 
(E) Representative histograms of intracellular Arg-1 and osteopontin expression in the indicated lung 
myeloid cell populations, quantified by flow cytometry at day 10 post-IAV in WT mice. (F) Quantification 
of Arg-1 and osteopontin expression, as in (E). (F) Data show mean + SEM and are pooled from 2 
independent experiments (n=6 mice). P values were calculated using (D) a Wilcoxon rank sum test and 
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compare C2 vs. all other clusters or (F) a one-way ANOVA with Dunnett’s post hoc tests. *, P<0.05; **, 
P<0.01; ***, P<0.001; ****, P<0.0001. FMO, fluorescence minus one; p.i., post-infection. 

 
2.2 Ly6G+ Macs arise from recruited monocytes and are partially 

dependent on GM-CSF receptor signaling 

We next investigated the origin of Ly6G+ Macs and asked whether they could expand via local 

proliferation. We observed that the percentage of cells positive for the proliferation Ki67 was 

very low in Ly6G+ Macs (fig. S3A). Next, we treated mice at day 10 post-IAV intraperitoneally 

(i.p.) with 5-ethynyl-2′-deoxyuridine (EdU) 4 hours before analysis. While the percentage of 

EdU+ cells was higher in AM compared to all other lung myeloid cells, indicative of active 

proliferation, virtually no EdU+ cells were detected in Ly6G+ Macs, ruling out their active 

proliferation (fig. S3, B and C). Third, we assessed whether Ly6G+ Macs arose from the BM or 

from local progenitor monocytes240. We generated chimeric mice in which lethally irradiated, 

thorax-protected CD45.2 WT mice were reconstituted with BM cells from 

Ms4a3CreR26LSLtdTomato mice (subsequently referred to as Ms4a3tdTom), in which the progeny of 

granulocyte monocyte progenitors (GMPs) is constitutively labelled 235. At week 4 after 

transfer, the percentages of tdTomato+ blood Ly6C+ Mo was around 50%, while the 

percentages of tdTomato+ lung AM and IM were very low, confirming efficient reconstitution 

and thorax protection (fig. S3, D-G). At day 10 post-IAV, we found that the percentage of 

tdTomato+ Ly6G+ Macs was similar to that of Ly6C+ Mo (fig. S3, H and I), consistent with a 

major contribution of BM-derived GMPs, but not local progenitors, to Ly6G+ Macs. 

The kinetics of Ly6G+ Mac emergence post-IAV was comparable but delayed compared to that 

of Ly6C+ Mo and iMo, consistent with the idea that recruited Ly6C+ Mo could give rise to Ly6G+ 

Macs. Supporting this, Slingshot trajectory analyses of the scRNA-seq data identified two main 

trajectories starting from Ly6C+ Mo, transiting through iMo to give rise to either IM-like cells 

or Ly6G+ Macs 456  (Fig. 3A). Genes that exhibited the same pattern of downregulation along 

pseudotime in each trajectory encompassed the classical monocyte-associated genes Ccr2 

and Ly6c2 (Fig. 3B). We also found, in both trajectories, a time-restricted upregulation of 

interferon-stimulated genes (Ifi209, Ifitm3, Ifi47, Isg15) that likely corresponded to 
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transitioning iMo (Fig. 3B). Finally, trajectory-specific genes were gradually and specifically 

upregulated along pseudotime in the IM-like (e.g., C1qa, C1qc, C1qb, Mrc1, Cd74, H2-Ab1, 

H2-Eb1) or the Ly6G+ Mac (e.g., Arg1, Spp1, Ccl2, Ccl7, Ctsb) trajectories (Fig. 3B). 

Next, we infected the monocyte fate-mapper mice Ms4a3tdTom 235 and Cx3cr1GFP 82 with IAV 

and found that, at day 10 post-IAV, Ly6G+ Macs were Tomato+ and GFPhi, respectively, 

consistent with their GMP-derived monocytic origin (Fig. 3, C and D). To address the 

dependency of Ly6G+ Mac on Ccr2-dependent BM-derived Ly6C+ Mo 472, we generated BM 

competitive chimeras in which lethally irradiated CD45.1/CD45.2 WT mice were engrafted 

with a 1:1 mix of CD45.2 Ccr2−/− and CD45.2 Ms4a3tdTom BM cells. At week 4 after 

reconstitution, most blood Ly6C+ Mo were of donor Tomato+ origin, as expected (fig. S3, J and 

K) 472. At day 10 post-IAV, the majority of Ly6G+ Macs was also of donor Ms4a3tdTom origin, 

indicating their dependency on Ccr2 (Fig. 3, E and F).  

We next sought to assess the fate and lifespan of Ly6G+ Macs. The abundance of Ly6G+ Macs 

during a limited time window post-IAV suggested that they might be short-lived. In line with 

this, trajectory analyses in Fig. 3A suggested that Ly6G+ Macs (C2) gave rise to Macs with low 

RNA content (C10) (fig. S2B). We performed EdU pulse experiments at day 7 post-IAV and 

found that Ly6G+ Macs staining positive for EdU at day 10 post-IAV were completely cleared 

from the lung at day 17 (Fig. 3G). Annexin V/Propidium iodide (PI) staining at day 10 post-IAV 

further supported that Ly6C+ Mo transitioning to iMo and differentiating into Ly6G+ Macs 

became progressively more sensitive to death, with a substantial portion of Ly6G+ Macs being 

either early or late apoptotic (Annexin V+/PI+/−), or necrotic (Annexin V−/PI+) (Fig. 3H and fig. 

S3L). Hence, our data show that Ly6G+ Macs represent a short-lived Mac subset arising from 

Ccr2-dependent Ly6C+ Mo. 

The Ly6G signal on Ly6G+ Macs, considered to be neutrophil-specific, was unexpected and 

required careful validation. First, we verified that the Ly6G fluorescence intensity was virtually 

absent in unstained or isotype antibody (Ab)-stained CD11b+ cells from IAV-infected WT mice 

(fig. S4A). Second, we evaluated whether Ly6G+ Mac precursors, namely iMo, could 

intrinsically upregulate Ly6G on their surface when isolated from the lungs of IAV-infected 
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mice at day 10 post-IAV. We found that iMo from IAV-infected mice and stimulated ex vivo 

with GM-CSF, and to a less extent with M-CSF, upregulated Ly6G protein on their surface (Fig. 

3, I and J). Importantly, we also found that lung iMo isolated from IAV-infected 

Ly6gCreERT2R26LSLtdTomato mice (Ly6gtdTom) treated with tamoxifen and stimulated with GM-CSF 

ex vivo became tdTomato+, indicative of active Ly6g gene transcription in monocytic cells (Fig. 

3, K and L). These data demonstrate that Ly6G can be actively expressed by Mo-Macs. 

Given the ability of GM-CSF to trigger Ly6G expression on lung iMo isolated from IAV-infected 

mice, we assessed the dependency of Ly6G+ Macs on GM-CSF receptor signaling in vivo. We 

generated BM competitive chimeras in which thorax-protected, lethally irradiated 

CD45.1/CD45.2 WT mice were engrafted with a 1:1 mix of CD45.1 Csf2ra-/- and CD45.2 

Csf2ra+/+ BM donor cells. At week 4 after reconstitution, blood Neu and Mo of donor origin 

arose equally from CD45.1 Csf2ra−/− and CD45.2 Csf2ra+/+ BM cells (fig. S4, B and C). At day 10 

post-IAV, we found that CD45.2 Csf2ra+/+ BM cells had a competitive advantage over CD45.1 

Csf2ra−/− BM cells to become Ly6G+ Macs, which was not observed among most other lung 

myeloid cells (Fig. 3M and fig. S4C-E), and the percentage of Arg-1+ cells was lower in Csf2ra−/− 

Ly6G+ Macs as compared to Csf2ra−/− Ly6G+ Macs (Fig. 3, N and O), indicating their partial 

dependency on GM-CSF receptor signaling.  
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Fig. 3. IAV-triggered Ly6G+ Macs are recruited from classical monocytes and are short-lived. (A) UMAP 
plot depicting the transcriptional identity and cell trajectories (top), and pseudotime trajectory values 
(below) of lung Ly6C+ Mo, iMo, Ly6G+ Mac, dying Mac, CD206− IM and CD206+ IM, as in Fig. 2A, 
evaluated by Slingshot trajectory analyses. (B) Heatmap plot depicting the differentially expressed 
genes along pseudotime evaluated by tradeSeq in the trajectory starting from Ly6C+ Mo and ending 
either in IM or in Ly6G+ Mac. (C) Representative histograms of tdTomato (left) and GFP (right) 
expression in the indicated myeloid cell populations, quantified by flow cytometry at day 10 post-IAV 
in Ms4a3tdTom and Cx3Cr1GFP mice, respectively. (D) Quantification of tdTomato+ cells (left) and GFP 
expression (right), as in (C). (E) Representative tdTomato and CD45.1 contour plots and (F) bar graph 
showing % of host, donor Ccr2−/− and donor Ms4a3tdTom+ chimerism in the indicated cell populations 
from lethally-irradiated CD45.1/CD45.2 mice reconstituted with a 1:1 mix of CD45.2 Ccr2−/− and 
Ms4a3tdTom+ BM cells, infected with IAV 4 weeks later and evaluated at day 10 post-IAV. (G) Time course 
of absolute numbers of EdU+ Ly6G+ Macs and EdU+ IM-like cells quantified by flow cytometry at days 
7, 10, 14 and 17 post-IAV in EdU-pulsed WT mice at day 7 post-IAV. (H) Pie chart representation of the 
mean frequency of Annexin V and PI negative and/or positive fractions within lung Ly6C+ Mo, iMo and 
Ly6G+ Macs, quantified at day 10 post-IAV in WT mice. (I) Representative Ly6G and FSC contour plots 
and (J) bar graph showing % of Ly6G+ cells within lung iMo sorted from WT mice at day 10 post-IAV and 
cultured 18 hours ex vivo with vehicle, M-CSF or GM-CSF. (K) Representative confocal microscopy 
pictures and (L) representative flow cytometry histograms of tdTomato expression within lung iMo 
sorted from Ly6gtdTom mice at day 10 post-IAV and treated ex vivo with tamoxifen and GM-CSF or vehicle 
for 18 hours. (M) Bar graph showing donor Csf2ra−/− chimerism relative to donor Csf2ra+/+ chimerism 
in the indicated cell populations from thorax-protected, lethally-irradiated CD45.1/CD45.2 mice 
reconstituted with a 1:1 mix of CD45.1 Csf2ra−/− and CD45.2 Csf2ra+/+ BM cells, infected with IAV 4 
weeks later and evaluated at day 10 post-IAV. (N) Representative histograms and (O) quantification of 
Arg-1+ cells (%) in Ly6G+ Macs from donor Csf2ra+/+ and Csf2ra−/− BM cells, as in (M). Data show 
(D,F,J,M,O) mean + SEM and (D,F) are representative of 1 of 3 independent experiments (n=3-4 mice), 
(J) are pooled from 3 independent sorting experiments, each dot representing one biological replicate, 
(M,O) are pooled from 2 independent experiments (n=10 mice); (G) mean (centerline) ± SEM (colored 
area) and are pooled from 2 independent experiments (n=6 mice per time point). P values compare 
CD45.2 donor Ccr2−/− chimerism in (F). P values were calculated using (D) a one-way ANOVA with 
Dunnett’s post hoc tests, (F) a two-way ANOVA with Tukey’s post hoc tests, (G,J) a one-way ANOVA 
with Tukey’s post hoc tests, (M) a two-way ANOVA with Sidak’s post hoc tests, (O) a two-tailed 
Student’s t test. *, P<0.05; ***, P<0.001; ****, P<0.0001. FMO, fluorescence minus one; ns, not 
significant. 

 

2.3 Ly6G+ Macs exhibit distinct ultrastructural features associated 

with elevated metabolic and phagocytic abilities 

Gene Set Enrichment Analyses (GSEA) of the transcriptomic profile of Ly6G+ Macs (C2) 

compared to all other clusters identified a response to interferon- and cytokines, 

chemotactic and viral processes, an active metabolic state, a highly developed 

endomembrane system and elevated phagocytic abilities in Ly6G+ Macs (Fig. 4A). We 
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analyzed FACS-sorted Ly6G+ Macs by transmission electron microscopy at day 10 

post-IAV and found that they exhibited a kidney-shaped nucleus, microvilli-rich 

membrane, secretory granules and a cytoplasm rich in rugous endoplasmic reticulum 

(RER), Golgi apparatus, lysosomes and autophagy vacuoles, distinguishing them from 

Neu, Ly6C+ Mo and IM-like cells (Fig. 4B). The morphology of Ly6G+ Macs was 

reminiscent to that of an atypical population of monocytes, called SatM monocytes, 

which arise from particular GMPs during the fibrotic phase in lungs post-bleomycin, 

contribute to fibrosis and were regulated by CCAAT/enhancer binding protein β 

(C/EBPβ) 437. We conducted a single-cell regulatory network inference and clustering 

(SCENIC) analysis 455 and found that C/EBPβ activity was lower in Ly6G+ Macs 

compared to Ly6C− Mo, Ly6C+ Mo, iMo and Neu (fig. S5A). Moreover, we generated a 

SatM signature score based on the genes unregulated in SatM monocytes437, mapped 

such score to our scRNA-seq data and found that Ly6G+ Macs displayed a lower SatM 

score compared to IM, Ly6C+ Mo, Ly6C- Mo or iMo (fig. S5, B and C), supporting that 

Ly6G+ Macs are not dependent on C/EBPβ and are transcriptionally distinct from SatM 

monocytes437.   

Next, we characterized the metabolic profile of Ly6G+ Macs using a metabolic flux 

assay and found that the extracellular acidification rate (ECAR) was higher in Ly6G+ 

Mac compared to IM-like cells, both at baseline and under stress, supporting that the 

glycolytic pathway was highly active in Ly6G+ Macs (Fig. 4C). Moreover, while the basal 

mitochondrial oxygen consumption rate (OCR) was similar between Ly6G+ Mac and 

IM-like cells, the OCR under stress conditions was higher in Ly6G+ Macs compared to 

IM-like cells (Fig. 4D), supporting that they possessed a high metabolic potential (Fig. 

4E).  

We administered infected mice with fluorescently-labeled E. coli particles 

intratracheally (i.t.) at day 10 post-IAV and confirmed that Ly6G+ Macs were highly 
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phagocytic compared to Neu, Ly6C+ Mo, IM-like cells and AM (Fig. 4, F and G). Hence, 

we asked whether Ly6G+ Macs could perform efferocytosis in vivo. To this end, we 

infected BM competitive chimeras in which lethally irradiated CD45.2 WT mice were 

engrafted with a 1:1 mix of Cx3cr1GFP/+ and Ms4a3tdTom BM cells. Of note, at day 10 

post-IAV, 60% of Cx3cr1GFP/+ Ly6G+ Macs were also tdTomato+ (Fig. 4, H and I and fig. 

S6, A-C), demonstrating that they were highly potent in engulfing myeloid cells in vivo. 

To assess whether Ly6G molecules could be transferred from Neu to Ly6G+ Macs 

during efferocytosis, we infected BM competitive chimeras in which lethally irradiated 

CD45.1/CD45.2 WT mice were engrafted with a 1:1 mix of Cx3cr1GFP/+ cells and Ly6g−/− 

(i.e., homozygous Ly6gCreERT2 mice) 450 or Ly6g+/+ BM cells. At day 10 post-IAV, we 

found that the levels of Ly6G on Cx3cr1GFP+ Ly6G+ Macs from Cx3cr1GFP+: Ly6g−/− BM 

chimeric mice, in which half of the Neu were Ly6g−/−, were similar to those from 

Cx3cr1GFP+: Ly6g+/+ BM chimeric mice, supporting no evidence for a Ly6G transfer from 

Neu to Ly6G+ Macs (fig. S6, D and E). Together, these data show that IAV-triggered 

Ly6G+ Macs are characterized by metabolic, morphological and efferocytic properties 

distinct from other lung myeloid cells. 
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Fig. 4. Ly6G+ Macs exhibit an atypical morphology and possess distinct metabolic, phagocytic 
and efferocytic capabilities.  

(A) GSEA analyses of Ly6G+ Mac (C2) profile compared to other clusters using KEGG, Cellular 
Components and Biological Process gene sets. The Normalized Enrichment Score (NES), False Discovery 
Rate (FDR) and the size of the gene set are shown for each process. (B) Representative transmission 
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electron microscopy pictures of Neu, Ly6G+ Mac, IM-like cells and iMo FACS-sorted from lungs of WT 
mice at day 10 post-IAV. (C) Extracellular acidification rate (ECAR) of FACS-sorted Ly6G+ Mac, Neu and 
IM-like cells, as in (B), quantified at baseline and under stress over time using a Seahorse assay. (D) 
Oxygen consumption rate (OCR) of Ly6G+ Mac, Neu and IM-like cells, as in (C). (E) ECAR and OCR of 
Ly6G+ Macs, Neu and IM-like cells, as in (C,D). (F) Representative histograms of E. coli-FITC signal in the 
indicated myeloid cell populations, quantified by flow cytometry at day 10 post-IAV and 3 hours after 
i.t. injection of E. coli-FITC particles. Non-injected mice were used as controls (grey line). (G) 
Quantification of E. coli-FITC+ cells, as in (F). (H) Representative tdTomato and CD11b contour plots of 
and (I) bar graph showing % of tdTomato+ cells in the indicated Cx3cr1GFP+ donor cell populations from 
lethally-irradiated CD45.2 WT mice reconstituted with a 1:1 mix of CD45.2 Cx3cr1GFP+ and Ms4a3tdTom+ 
BM cells, infected with IAV 4 weeks later and evaluated at day 10 post-IAV. Data show (C,D) mean ± 
SEM and are representative of 1 of 3 independent experiments, each giving similar results; (G,I) mean 
+ SEM and are pooled from 2 independent experiments (n=6 mice). P values (C,D) compare Ly6G+ Macs 
vs. IM-like cells or Neu and were calculated using a two-way ANOVA with Bonferroni’s post hoc tests; 
(G,I) were calculated using a one-way ANOVA with Dunnett’s post hoc tests. **, P<0.01; ****, P<0.0001. 
(B) Scale bars: 2 µm. 

  

2.4 Ly6G+ Macs populate the alveolar lumen of perilesional 

regenerating areas 

Next, we investigated the localization and the spatial organization of Ly6G+ Macs. 

First, we performed confocal microscopy staining of lung sections of infected 

Cx3cr1GFP mice at day 10 post-IAV. By defining Ly6G+ Macs as cells double positive for 

Ly6G and GFP, we found that they were located in the alveolar lumen (Fig. 5A), which 

was also confirmed by in situ electron microscopy (Fig. 5B).  

To further investigate the spatial distribution of Ly6G+ Macs and the molecular 

signatures of Ly6G+ Macs-rich areas, we performed spatial transcriptomic analyses 

using GeoMx Digital Spatial Profiler (DSP), which allows whole-genome transcript 

analyses within regions of interest (ROIs). Lung sections from 2 mock- and 4 IAV-

infected mice were collected at day 10 post-IAV, stained with anti-CD68 and anti-Ly6G 

antibodies, and ROIs were selected in control lungs (4 ROIs), extralesional zones (4 

ROIs), intralesional zones (5 ROIs) and zones rich in Ly6G+CD68+ cells that were mostly 

located in the periphery of consolidated areas (perilesional, 11 ROIs) (Fig. 5C and fig. 

S7A). Unsupervised principal component (PC) analysis showed that perilesional ROIs 
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were separated from the other regions (Fig. 5D). Volcano plot representation of the 

differentially expressed (DE) genes between conditions and the heatmap of the 522 

significantly upregulated genes in perilesional areas compared to the other areas 

supported that perilesional areas were transcriptionally very active (fig. S7, B and C). 

General cellular deconvolution indicated that perilesional zones were also enriched in 

tissue Macs as compared to the other regions (fig. S7D). We next mapped cell 

signature scores of lung myeloid cell populations analyzed by scRNA-seq to the ROIs 

and confirmed that perilesional zones were enriched in Ly6G+ Mac compared to the 

other zones (Fig. 5E and fig. S7E). GSEA analyses indicated that perilesional areas were 

enriched in biological responses related to cytoskeleton activity, epithelial cell 

migration and elevated metabolic activity compared to intralesional areas, consistent 

with intense remodeling activities (Fig. 5F).  

Next, we took advantage of a publicly available scRNA-seq dataset of alveolar 

epithelial cell states present during alveolar regeneration after bleomycin-induced 

lung injury 464 and containing type 1 and type 2 alveolar epithelial cells (AT1 and AT2, 

respectively), as well as transitional states appearing during AT2 to AT1 

differentiation, called primed AT2 and damage-associated transient progenitors 

(DATPs) 464. By mapping the signature scores of such transitional epithelial cell states 

to the ROIs, we found that Ly6G+ Mac-rich perilesional zones were enriched in primed 

AT2 and DATPs compared to control and intralesional zones (fig. S7, F and G). 

Accordingly, the Ly6G+ Mac score correlated positively with those of primed AT2 and 

DATPs (Fig. 5G). We also confirmed by confocal microscopy that Ly6G+ Macs were 

particularly abundant in the periphery of consolidated areas and clustered with AT2 

cells, while intralesional consolidated areas, which exhibited low levels of staining for 

AT1 and AT2, contained few Ly6G+ Macs (Fig. 5H and fig. S8). Altogether, these data 

are consistent with perilesional areas serving as the site of active epithelial 
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regeneration post IAV, and that Ly6G+ Macs, which cluster in such areas, contribute 

to this process 

  

 

Fig. 5. Ly6G+ Macs populate the alveoli of 
perilesional regenerating areas. 

 (A) Representative confocal microscopy 
picture of lung sections from Cx3cr1GFP mice at 
day 10 post-IAV, with Ly6G+ Macs identified as 
Ly6G+Cx3cr1GFP+ cells. (B) Representative in situ 
electron microscopy picture of Ly6G+ Macs in 
the vicinity of AT2 and AT1 cells, identified on 
lung sections from WT mice at day 10 post-IAV. 
(C) Representative examples of regions of 
interest (ROIs) selected on lung sections from 
mock- or IAV-infected WT mice at day 10 post-
IAV stained with anti-Ly6G and anti-CD68 
antibodies. (D) Unsupervised Principal 
Component (PC) analysis of the ROIs analyzed 
by DSP. Percentages indicate the variability 
explained by each component. (E) Ly6G+ Mac 
signature score within control, extralesional, 
perilesional and intralesional ROIs, as depicted 
by violin plots (height: scores; width: 
abundance of cells). (F) GSEA analysis of 
perilesional ROIs compared to intralesional 
ROIs using Cellular Components, Molecular 
Function and Biological Process gene sets. The 
Normalized Enrichment Score (NES), False 
Discovery Rate (FDR) and the size of the gene 
set are shown for each process. (G) Correlation 
of Ly6G+ Mac score with primed AT2 (top) and 
DATP (bottom) scores of the ROIs. (H) 
Representative picture of perilesional Ly6G+ 
Macs (i.e., Ly6G+MHC-II+ cells), pSPC+ AT2 and 
podoplanin+ AT1 identified by confocal 
microscopy on lung sections from WT mice at 
day 10 post-IAV. (A,B,H) Pictures are 
representative of one of 6 mice, each giving 
similar results. (E) P values were calculated 
using a one-way ANOVA with Tukey’s post hoc 
tests. (G) The correlation analysis used was 
parametric Pearson correlation coefficient. **, 
P<0.01; ***, P<0.001. Scale bars: (A) 15, (B) 5, (C) 
100, (D) 10 µm. 
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2.5 Ly6G+ Macs promote alveolar epithelial regeneration through IL-

4R signaling 

To formally assess the function of Ly6G+ Macs in vivo, we aimed to generate a 

transgenic mouse strain in which Ly6G+ Mac differentiation was impaired. Thus, we 

applied the SCENIC algorithm to our scRNA-seq data to map gene regulatory networks 

and predict transcription factor activities in Ly6G+ Macs 455. Of note, c-Maf and MafB 

exhibited a high regulon activity in Ly6G+ Macs and IM-like cells, as described124, but 

not in other lung myeloid cells (Fig. 6A and fig. S9). Elevated c-Maf and MafB protein 

levels were also detected in Ly6G+ Macs at day 10 post-IAV by flow cytometry (Fig. 6, 

B and C), and Maf and Mafb transcript levels were elevated in lung Ly6G+ Mac-rich 

perilesional areas of IAV-infected mice (Fig. 6D). We generated mice with myeloid-

restricted Maf and Mafb deficiency by crossing Maf and Mafb floxed mice 

(Maf/Mafbfl/fl) with mice constitutively expressing Cre recombinase under the control 

of the lysozyme M promoter (Lyz2Cre), called Maf/MafbMyeloKO mice hereafter. At day 

10 post-IAV, Maf/MafbMyeloKO mice showed a virtual absence of Ly6G+ Macs, while 

numbers of Neu, AM, IM-like cells, Ly6C+ Mo and iMo were similar and numbers of 

Ly6C− Mo were higher compared to control mice (Fig. 6E). Hence, we employed this 

model to address the consequences of Ly6G+ Mac deficiency on viral control, 

morbidity and alveolar epithelial repair following IAV infection.  

We assessed the levels of lung mRNA coding for the non-structural influenza protein 

NS1 post-IAV and found that they were not significantly different between 

Maf/MafbMyeloKO and controls and returned to baseline at day 10 post-IAV (Fig. 6F), 

supporting that Ly6G+ Macs did not substantially influence host viral control. 

However, Maf/MafbMyeloKO mice lost more weight post-IAV compared to controls (Fig. 

6G), suggestive of a more severe IAV-induced pathology. Histopathological analyses 

of lung sections at day 20 post-IAV indicated broader lesional areas in Maf/MafbMyeloKO 
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mice compared to controls, as well as more pronounced dysplastic repair and 

bronchiolization of the alveoli, based on quantification of mucus area in lung lesional 

areas (Fig. 6H-J). These results suggested that, in the absence of Ly6G+ Macs, the 

classical pathway of alveolar epithelial regeneration involving progenitor AT2 

expansion and differentiation towards AT1 230,473 was defective and compensated by 

dysplastic repair. Next, we evaluated the numbers of AT1, AT2 and regenerating AT2 

(regAT2) at day 20 post-IAV in Maf/MafbMyeloKO and control mice by flow cytometry 

and observed a significant decrease in the numbers of AT2 and regAT2 in 

Maf/MafbMyeloKO mice compared to controls (Fig. 6, K and L), confirming that AT2 were 

less able to expand and differentiate into AT1 in the absence of Ly6G+ Macs. Of note, 

i.t. transfer of Ly6G+ Macs isolated from lungs of WT mice at day 10 post-IAV into IAV-

infected Maf/MafbMyeloKO mice partially improved weight recovery and restored 

numbers of AT2 to the levels observed in IAV-infected control mice (Fig. 6, M and N). 

These results suggest that Ly6G+ Macs are key players of euplastic epithelial 

regeneration after IAV-induced lung injury.  
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Fig. 6. C-Maf/MafB-dependent Ly6G+ Macs promote euplastic alveolar epithelial regeneration.  

(A) Heatmap depicting predicted activities of c-Maf and MafB across lung myeloid cells post-IAV, 
evaluated by SCENIC analysis of the scRNA-seq data, as in Fig. 2A. (B) Representative histograms of 
intracellular c-Maf and MafB expression in the indicated lung myeloid cell populations, quantified at 
day 10 post-IAV. (C) Quantification of expression of intracellular c-Maf and MafB, as in (B). (D) 
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Expression of Maf and Mafb within control, extralesional, perilesional and intralesional ROIs, as 
depicted by violin plots (height: normalized counts; width: abundance of cells). (E) Absolute numbers 
of the indicated lung myeloid cell populations, quantified at day 10 post-IAV in control and 
Maf/MafbMyeloKO mice. (F) Time course of relative lung NS1 RNA expression, assessed by RT-qPCR at 
days 0, 7 and 10 post-IAV in control and Maf/MafbMyeloKO mice. (G) Time course of weight, expressed 
as the % of the original weight at day 0 and assessed at days 0, 7, 10, 15, 20 post-IAV in control and 
Maf/MafbMyeloKO mice. (H-I) Representative (H) Hematoxylin & Eosin and (I) Periodic Acid Schiff (PAS, 
bottom) pictures of lung sections of control and Maf/MafbMyeloKO mice at day 20 post-IAV. Pictures are 
representative of 1 of 7 mice analyzed. (J) Percentage of PAS+ cells in lung lesional areas of control and 
Maf/MafbMyeloKO mice at day 20 post-IAV. (K) Representative pSPC and Pdpn contour plots of CD45-

CD31-EpCam+ cells in mock- or IAV-infected mice at day 20 post-IAV. (L) Absolute numbers of 
pSPC+Pdpn− AT2, pSPC−Pdpn+ AT1 and pSPC+Pdpn+ regenerating AT2 (reg AT2), quantified as in (K). (M) 
Time course of weight, expressed as the % of the original weight at day 8 and assessed at days 8, 11, 
13, 15 and 20 post-IAV in control mice, in Maf/MafbMyeloKO mice instilled i.t. at days 8, 11, 13 and 15 
post-IAV with PBS or with 3 x 105 Ly6G+ Macs isolated from WT mice at day 10 post-IAV. (N) Absolute 
numbers of pSPC+Pdpn- AT2, pSPC-Pdpn+ AT1 and pSPC+Pdpn+ regenerating AT2 (reg AT2), quantified 
at day 20 post-IAV, as in (M). (C,E,J,L,N) Data show mean + SEM and are pooled from 2 independent 
experiments (C:n=5 mice; E,N: n=6 mice/group; J: n=7 mice/group; L: n=8 mice/group). (F,G,M) Data 
show mean (centerline) ± SEM (colored area) and are pooled from 2-3 independent experiments (F: 
n=10 mice/group; G:  n=7 mice/group; M: n=6 mice/group). P values were calculated using (A) a 
Wilcoxon rank sum test, (C) a one-way ANOVA with Dunnett’s post hoc tests, (D,L) a one-way ANOVA 
with Tukey’s post hoc tests, (E,F,G,M) a two-way ANOVA with Sidak’s post hoc tests, (J) a two-tailed 
Student’s t test, *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001. FMO, fluorescence minus one; ns, 
not significant; p.i., post-infection. Scale bars: (H, top) 2 mm, (H, bottom; I) 200 µm. 
 

To determine whether Ly6G+ Mac-rich perilesional areas were imprinted by a type 2 

reparative environment 274,474,475,  we mapped a type 2 signature score based on 

genes involved in IL-4 receptor downstream signaling pathways to the DSP spatial 

transcriptomic data and found that perilesional areas exhibited the highest type 2 

score as compared to the other ROIs (Fig. 7A). Hence, we asked whether IL-4 receptor 

signaling, whose activation is known to induce a repair phenotype in Macs 274,474,475, 

was involved in Ly6G+ Mac identity and function. First, we found that Ly6G+ Macs 

expressed high levels of the IL-4 receptor  chain (IL-4Rα) (Fig. 7, B and C). Next, we 

generated BM competitive chimeras in which lethally irradiated CD45.1/CD45.2 WT 

mice were engrafted with a 1:1 mix of CD45.2 Il4ra−/− and CD45.2 Ms4a3tdTom BM cells. 

At week 4 after reconstitution, efficient BM reconstitution was confirmed in the blood 

(fig. S10, A and B). At day 10 post-IAV, we found that Ly6G+ Macs of donor Ms4a3tdTom 
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origin exhibited a competitive advantage over those of donor Il4ra−/− origin, which 

was not observed among other lung myeloid cells (Fig. 7D and fig. S10, C and D), and 

the remaining Il4ra−/− Ly6G+ Macs were impaired in their ability to express Arg-1 (Fig. 

7, E and F). Finally, WT chimeric mice fully reconstituted with Il4ra−/− or WT BM cells 

were generated (Il4ra−/− BM -> WT or WT BM -> WT, respectively) and infected with 

IAV. We found, like in Maf/MafbMyeloKO mice, that Il4ra−/− BM -> WT mice had an 

impaired recovery post-IAV compared to WT BM -> WT mice (Fig. 7G). These data 

suggest that Ly6G+ Macs exert their function via IL-4R-dependent pathways, at least 

in part.  

Finally, we asked whether Ly6G+ Macs could directly influence AT2 fate and whether 

cell-cell contacts were needed. To this end, we performed a scratch assay in vitro 

using the MLE-12 mouse AT2 cell line and evaluated the confluence of AT2 cells 12 

hours post-scratch in the presence or absence of Ly6G+ Macs isolated from infected 

lung at day 10 post-IAV. Co-culture with Ly6G+ Macs, but not with Neu, IM-like cells 

or iMo was associated with an increase in cell confluence (Fig. 7H), indicating that 

Ly6G+ Macs can directly and specifically promote wound healing in vitro. A similar 

scratch assay was also performed using conditioned medium (CM) from FACS-sorted 

Ly6G+ Macs that were cultured overnight with or without the type 2 cytokines IL-4 

and IL-13. In this setting, CM from IL-4/13-pulsed Ly6G+ Macs could promote wound 

healing compared to control medium (containing only IL-4 and IL-13) or CM from 

unpulsed Ly6G+ Macs (Fig. 7, I and J). We performed proteome profiling on such CM 

and found that Ly6G+ Macs were highly potent in secreting soluble factors, among 

which were chemokines (CCL5, CXCL16, CCL12, CXCL10), cytokines (TNF-α, IL-10, IL-

1) and osteopontin, some of which were increased upon IL-4R activation (Fig. 7K). 

Some of the molecules detected in the CM of Ly6G+ Macs had their transcript levels 

significantly upregulated in Ly6G+ Macs (C2) as compared to other clusters (fig. S11). 
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Altogether, our data demonstrate that Ly6G+ Macs can release soluble factors upon 

IL-4 receptor triggering that act directly on AT2 to promote epithelial regeneration 

(fig. S12). 

 

Fig. 7. IL-4R-dependent Ly6G+ Macs release soluble factors that improve alveolar regeneration 
from AT2 cells 

 (A) Type 2 signature score within control, extralesional, perilesional and intralesional ROIs, as depicted 
by violin plots (height: scores; width: abundance of cells). (B) Representative histograms of IL-4R 
expression in the indicated lung myeloid cell populations, quantified at day 10 post-IAV. (C) 
Quantification of IL-4R expression, as in (H). (D) Bar graph showing donor Il4ra−/− chimerism relative to 
donor Ms4a3tdTom+ chimerism in the indicated cell populations from lethally-irradiated CD45.1 mice 
reconstituted with a 1:1 mix of CD45.2 Il4ra−/− and Ms4a3tdTom+ BM cells, infected with IAV 4 weeks 
later and evaluated at day 10 post-IAV. (E) Representative histograms and (F) quantification of Arg-1+ 
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cells (%) in Ly6G+ Macs from donor Il4ra−/− or Ms4a3tdTom+ BM cells, as in (F). (G) Time course of weight, 
expressed as the % of the original weight at day 0 and assessed at days 0, 7, 10, 15, 20 post-IAV in 
lethally-irradiated CD45.1/CD45.2 WT mice reconstituted with CD45.2 Il4ra−/− BM cells (Il4ra−/− BM -> 
WT) or CD45.2 WT BM cells (WT BM -> WT) and infected with IAV 4 weeks later. (H) Cell confluence of 
AT2 cells (MLE-12) quantified 12 hours after a standardized scratch by live cell analysis when AT2 cells 
were co-cultured in the presence of Neu, IM-like cells, iMo or Ly6G+ Macs isolated from the lungs of 
WT mice at day 10 post-IAV. (I) Representative picture of cell confluence of AT2 cells at 0 and 12 hours 
post-scratch when AT2 cells were cultured with IL-4/13 or with conditioned medium (CM) of unpulsed 
or IL-4/13-pulsed Ly6G+ Macs isolated from the lungs of WT mice at day 10 post-IAV. (J) Bar graph of 
cell confluence of AT2 cells quantified 0, 12 and 18 hours after scratch, as in (K). (K) Heatmap showing 
the proteome profiling of CM of vehicle and IL-4/13-treated Ly6G+ Macs isolated from the lungs of WT 
mice at day 10 post-IAV. (C,D,F,H,J) Data show mean + SEM and (C,D,F) are pooled from 2 independent 
experiments (C: n=6 mice; D,F: n= 8 mice); (H,J) are pooled from 3 independent sorting experiments. 
(G) Data show mean (centerline) ± SEM (colored area) and are pooled from 2 independent experiments 
(n=6 mice per group). P values were calculated using (C) a one-way ANOVA with Dunnett’s post hoc 
tests, (D,G) a two-way ANOVA with Sidak’s post hoc tests, (F) a two-tailed Student’s t test, (H) a one-
way or (J) a two-way ANOVA with Tukey’s post hoc tests. *, P<0.05; **, P<0.01; ****, P<0.0001. FMO, 
fluorescence minus one; ns, not significant; p.i., post-infection. 
 

2.6 Ly6G+ Macs belong to a conserved host response to injury across 

organs, triggers and species 

We evaluated whether Ly6G+ Macs were specifically recruited in the IAV model or 

were also triggered in other models of injury. First, we used a model of non-infectious 

lung injury based on bleomycin (bleo) instillation and performed time-course flow 

cytometry analyses. Ly6G+ Macs expressing high levels of Arg-1 and CXCR4 were 

mostly present between day 7 and day 14 post-bleo, which correlated with signs of 

epithelial damage, as reflected by the decrease in numbers of AT1 and AT2 (Fig. 8A-

E). We also found similar Ly6G+ Macs peaking at days 1 and 2 post-treatment in an 

acute model of acetaminophen-induced liver injury, which correlated with the release 

of alanine aminotransaminase (ALT) in plasma (Fig. 8F-I). Our data thus suggested that 

Ly6G+ Macs are a component of a conserved response to tissue damage, regardless 

of the organ or trigger. 

Finally, we asked whether Macs sharing a similar transcriptomic signature were also 

present in the broncho-alveolar lavage fluid (BALF) of diseased humans. We 
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performed scRNA-seq analyses of BALF cells from 7 patients with a suspicion of 

pneumonia and manually annotated the cell clusters based on the most upregulated 

genes (Fig. 8, J and K and fig. S13). Next, we mapped a Ly6G+ Mac score based on 

orthologous genes in humans to the BALF cells and found that cells exhibiting the 

highest Ly6G+ Mac score belonged to the same cluster C9 identified as Mo-Macs 

based on their high expression of monocyte genes and their low expression of AM-

associated genes (Fig. 8, L and M). SCENIC analyses 455 predicted higher MAF and 

MAFB activities in the Mo-Mac cluster compared to other clusters (Fig. 8N), further 

supporting that the airspace of human pneumonia lungs contains Mo-Macs that are 

transcriptionally similar to mouse Ly6G+ Macs. 
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Fig. 8. Ly6G+ Macs are triggered by other insults and have a human counterpart 

 (A) Time course of weight, expressed as the % of the original weight at day 0 and assessed at days 0, 
3, 7, 10, 14 and 18 post-injection in C57BL/6 WT mice instilled i.t. with bleomycin (bleo). (B) Time course 
of absolute numbers of lung Ly6G+ Macs quantified at days 0, 5, 10, 14 and 18 post-bleo in WT mice. 
(C) Representative histograms of intracellular Arg-1 and CXCR4 expression in the indicated lung myeloid 
cell populations, quantified at day 14 post-bleo. (D) Quantification of intracellular Arg-1 and CXCR4 
expression, as in (C). (E) Time course of absolute numbers of pSPC-Pdpn+ AT1 and pSPC+Pdpn- AT2, 
quantified at days 0, 7, 10, 14 and 18 post-bleo. (F) Amount of alanine aminotransferase (ALT) in the 
plasma of WT mice injected i.p. with acetaminophen at days 0, 1, 2, 3 and 4 post-injection. (G) Time 
course of absolute numbers of liver Ly6G+ Macs quantified at days 0, 1, 2, 3 and 4 post-acetominophen. 
(H) Representative histograms of intracellular Arg-1 and CXCR4 expression in liver neutrophils (Neu) 
and Ly6G+ Macs, quantified at day 1 post-acetominophen. (I) Quantification of intracellular Arg-1 and 
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CXCR4 expression, as in (H). (J) UMAP plot depicting the transcriptional identity of human BALF cells 
collected from 7 patients suspected of pneumonia and analyzed by scRNA-seq. Annotations of cell 
clusters are shown. (K) Representation of each patient within each cluster, shown as frequency. (L) 
UMAP feature plot, as in (J), according to the Ly6G+ Mac signature score. The score level in cluster C9 
is shown for each patient. (M) Ly6G+ Mac signature score of single cells within each cluster, as depicted 
by violin plots (height: score; width: abundance of cells). (N) Heatmap depicting predicted activities of 
MAFB and MAF across BALF cell populations, evaluated by SCENIC analysis of the scRNA-seq data 
shown in (J). (A,B,E,F,G) Data show mean (centerline) ± SEM (colored area) and are pooled from 2 
independent experiments (n=5-6 mice). (D,I) Data show mean + SEM and are pooled from 2 
independent experiments (n=5-7 mice). P values were calculated using (A) a two-way ANOVA, 
(B,D,E,F,G) a one-way ANOVA with Dunnett’s post hoc tests, (I) a two-tailed Student’s t test or (M,N) a 
Wilcoxon rank sum test. (M) P values compare C9 vs. all other clusters. *, P<0.05; **, P<0.01; ***, 
P<0.001; ****, P<0.0001. FMO, fluorescence minus one. 
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2.7 Supplementary Figures 

 

Fig. S1. Morphology and phenotype of lung myeloid cells at day 10 post-IAV 

 (A) Time course of relative lung NS1 RNA expression, assessed by RT-qPCR at days 0, 5 and 10 post-
IAV in WT mice. (B) Time course of weight, expressed as the % of the original weight at day 0 and 
assessed at days 0, 7, 10, 15 and 20 post-IAV in WT mice. (C) Photographs of Neu, Ly6G+ Macs, IM-like 
cells and iMo sorted by FACS from IAV-infected WT mice at day 10 p.i.. Pictures are representative of 
1 of 3 independent sorting experiments, each giving similar results. (D) Representative histograms of 
F4/80, SiglecF and CD11c expression in the indicated myeloid cell populations, quantified by flow 
cytometry at day 10 post-IAV in WT mice. (E) Quantification of expression of the indicated markers, as 
in (D). (A,B) Data show mean (centerline) ± SEM (colored area) and are pooled from 2 independent 
experiments (n=6-7 mice per time point). (E) Data show mean + SEM and are pooled from 2 
independent experiments (n= 6 mice). P values compare day 5 vs. day 0 in (A) and were calculated 
using (A,D) a one-way ANOVA with Dunnett’s post hoc tests or (B) a two-way ANOVA. *, P<0.05; ****, 
P<0.0001. p.i., post-infection. (C) Scale bar: 50 μm. 
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Fig. S2. Gene expression in and features of myeloid cell clusters identified by scRNA-seq at day 10 post-
IAV. (A) Dot plots showing average expression of the indicated genes and % of cells expressing the 
genes within each cluster, related to Fig. 2A. (B) Percentage of mitochondrial genes (top) and number 
of detected genes (bottom) within each cluster, as depicted by violin plots (width: abundance of cells). 
(C) Expression of the indicated genes within each cluster, as depicted by violin plots (height: gene 
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expression; width: abundance of cells). (D) M1 signature score (top) and expression of M1-related 
genes within each cluster, as depicted by violin plots (height: M1 score or gene expression; width: 
abundance of cells). (E) M2 signature score (top) and expression of M2-related genes within each 
cluster, as depicted by violin plots (height: M2 score or gene expression; width: abundance of cells). P 

values compare (B) C10 – dyings Macs vs. all other clusters or (C) C2 – Ly6G+ Macs vs. C7 – Neutrophils 
and were calculated using a Wilcoxon rank sum test. ****, P<0.0001. 

 

 

Fig. S3. Ly6G+ Macs do not proliferate, are short-lived and arise from recruited BM-derived monocytes 
post-IAV. (A) 

Bar graphs showing the % of Ki67+ cells in the indicated lung myeloid cell populations, as quantified by 
flow cytometry in lungs of WT mice at day 10 post-IAV. (B) Representative histograms of EdU levels in 
AMs, IM-like cells and Ly6G+ Macs from EdU-pulsed WT mice at day 10 post-IAV. Unpulsed mice were 
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used as controls (grey line). (C) Bar graphs showing the % of EdU+ cells in the indicated lung myeloid 
cell populations, as in (B). (D) Representative tdTomato and CD45.2 contour plots and (E) bar graph 
showing % of host and donor Ms4a3tdTom− chimerism and donor Ms4a3tdTom+ chimerism of blood 
lymphocytes and monocytes (Mo) from lethally-irradiated thorax-protected WT mice reconstituted 
with Ms4a3tdTom+ BM donor cells, evaluated by flow cytometry 4 weeks after reconstitution. (F) 
Representative tdTomato and CD45.2 contour plots and (G) bar graph showing % of host and donor 
Ms4a3tdTom− chimerism and donor Ms4a3tdTom+ chimerism of the indicated lung myeloid cell 
populations, as in (D-E), evaluated by flow cytometry 4 weeks after reconstitution and 10 days after 
mock infection. (H) Representative tdTomato and CD45.2 contour plots and (I) bar graphs showing % 
of host + donor Ms4a3tdTom- chimerism and donor Ms4a3tdTom+ chimerism of the indicated lung 
myeloid cell populations, as in (F-G), evaluated by flow cytometry 4 weeks after reconstitution and 10 
days after IAV infection. (J) Representative tdTomato and CD45.1 contour plots and (K) bar graph 
showing % of host CD45.1/CD45.2, CD45.2 donor Ccr2−/− and Ms4a3tdTom+ chimerism of blood 
neutrophils (Neu) and Mo from lethally-irradiated CD45.1/CD45.2 mice reconstituted with a 1:1 mix of 
CD45.2 Ccr2−/− and Ms4a3tdTom+ BM cells, evaluated by flow cytometry 4 weeks after reconstitution. 
(L) Bar graph showing the frequency of Annexin V and PI negative and/or positive fractions within the 
indicated lung myeloid cell populations, quantified by flow cytometry at day 10 post-IAV in WT mice. 
(A,C,E,G,I,K,L) Data show mean + SEM and are pooled from 2 independent experiments (n=4-10 mice). 
P values compare donor Ms4a3tdTom+ chimerism in (D,F,H,J) and were calculated using (A,C) a one-

way ANOVA with Dunnett’s post hoc tests, (E,K) a two-way ANOVA with Sida’s post hoc tests or (G,I,L) 

a two-way ANOVA with Tukey’s post hoc tests. *, P<0.05; **, P<0.01; ****, P<0.0001. 
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Fig. S4. Specificity of the anti-Ly6G staining and analysis of IAV-infected Csf2ra−/−: Csf2ra+/+ 
mixed BM chimeras 

(A) Representative contour plots of PE-Cy7 and CD11b expression within lung live CD45+ cells in IAV-
infected WT mice at day 10 post-IAV. Plots are representative of 1 of 6 mice analyzed, each giving 
similar results. (B) Representative CD45.1 and CD45.2 contour plots and (C) bar graph showing % of 
host CD45.1/CD45.2, CD45.2 donor Csf2ra−/− and CD45.1 Csf2ra+/+ chimerism of blood neutrophils 
(Neu) and monocytes (Mo) from thorax-protected, lethally-irradiated CD45.1/CD45.2 mice 
reconstituted with a 1:1 mix of CD45.2 Csf2ra−/− and CD45.1 Csf2ra+/+ BM cells, evaluated by flow 
cytometry 4 weeks after reconstitution. (D) Representative CD45.1 and CD45.2 contour plots and (E) 
bar graph showing % of host CD45.1/CD45.2, donor CD45.1 Csf2ra−/− and donor CD45.2 Csf2ra+/+ 
chimerism of the indicated lung myeloid cell populations, as in (B-C), infected with IAV 4 weeks later 
and evaluated at day 10 post-IAV. (C,E) Data show mean + SEM and are pooled from 2 independent 
experiments (n=10 mice). 
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Fig. S5. Transcriptomic comparison of Ly6G+ Macs and SatM monocytes  

(A) Heatmap depicting predicted activities of Cebpb across lung myeloid cells post-IAV, evaluated by 
SCENIC analysis of the scRNA-seq data shown in Fig. 2A. (B) UMAP plots of scRNA-seq data depicting 
(left) the transcriptional identity of sorted lung live CD45+F4/80+ and/or CD11b+ cells from mockor 
IAV-infected WT mice 10 days post-infection (5 mice per time points), merged with a published dataset 
of steady-state lung monocytes and IMs (69), and (right) a SatM monocyte signature score (35). (C) 
SatM monocyte signature score within each scRNA-seq cluster, as depicted by violin plots (height: 
score; width: abundance of cells). (A,C) P values were calculated using a Wilcoxon rank sum test. ****, 
P<0.0001. ns, not significant. 
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Fig. S6. Efferocytic abilities of lung myeloid cells post-IAV 

(A) Representative GFP and tdTomato contour plots and (B) bar graph showing chimerism of 
Cx3cr1GFP−Ms4a3tdTom−, donor Cx3cr1GFP+ and donor Ms4a3tdTom+ cells in blood neutrophils (Neu) and 
monocytes (Mo) from lethally-irradiated CD45.2 WT mice reconstituted with a 1:1 mix of CD45.2 
Cx3cr1GFP+ and Ms4a3tdTom+ BM cells, evaluated by flow cytometry 4 weeks after reconstitution. (C) 
Representative tdTomato and CD11b contour plots of the indicated lung Cx3cr1GFP+ donor cell 
populations from lethally-irradiated CD45.2 WT mice reconstituted with a 1:1 mix of CD45.2 Cx3cr1GFP+ 

and Ms4a3tdTom+ BM cells, infected with IAV 4 weeks later and evaluated at day 10 post-IAV. (D) 
Representative Ly6G and CD11b contour plots of lung Cx3cr1GFP+ Ly6G+ Macs from lethally-irradiated 
CD45.1/CD45.2 mice reconstituted with a 1:1 mix of CD45.2 Cx3cr1GFP+ and Ly6g+/+ (left) or Ly6g−/− 

(right) BM cells, infected with IAV 4 weeks later and evaluated at day 10 post-IAV. (E) Bar graph showing 
Ly6G expression levels in lung Cx3cr1GFP+ Ly6G+ Macs, as in (D). (B,E) Data show mean + SEM and are 
pooled from 2 independent experiments (B: n=14 mice; E: n=6 mice). (B) P values compare donor 

Cx3cr1GFP chimerism and were calculated using a two-way ANOVA with Sidak’s post hoc tests. (E) P 

values were calculated using a two-tailed Student’s t test. ns, not significant. 
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Fig. S7. Identification of Ly6G+ Macs-AT2 clusters by confocal microscopy in lung perilesional 
areas post-IAV 

(A) Selection of regions of interest (ROIs) on lung sections from mock- or IAV-infected WT mice at day 
10 post-IAV, stained with anti-Ly6G and anti-CD68 antibodies. (B) Volcano Plot depicting the 
differentially expressed genes (DEGs) between perilesional (Peri) and intralesional (Intra) areas (top), 
extralesional (Extra) and Peri areas (middle), and Peri and control areas (bottom). (C) Heatmap 
depicting the significantly upregulated genes in Peri areas as compared to Intra areas. (D) Cell 
deconvolution of the ROIs and abundance score of cell populations in individual ROIs using 
SpatialDecon algorithm. (E) Heatmap showing the signature score of the indicated myeloid cell 
populations within individual ROIs, inferred from the scRNA-seq data presented in Fig. 2A. (F) Heatmap 
showing the signature score of transitional epithelial cell states during AT2-mediated regeneration 
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after bleomycin-induced lung injury, inferred from previously published scRNA-seq data (38). (G) 
Primed AT2 (left) and DATPs (right) signature scores within control, extralesional, perilesional and 
intralesional ROIs, as in (F), as depicted by violin plots (height: scores; width: abundance of cells). P 

values were calculated using (D) a two-way ANOVA with Tukey’s post-hoc tests or (G) a one-way ANOVA 

with Tukey’s post-hoc tests. *, P<0.05; ***, P<0.001. ns, not significant. 

 
Fig. S8. Ly6G+ Macs cluster with AT2 cells in perilesional areas  

Representative highresolution confocal laser scanning microscopy picture of a lung section from an 
IAV-infected WT mouse at day 10 post-IAV. Zooms of perilesional (orange) and intralesional (yellow) 
areas are shown. Pictures are representative of 1 of 6 mice analyzed, each of them giving similar results. 

Scale bar: 50 μm. 
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Fig. S9. SCENIC analysis of lung myeloid cells at day 10 post-IAV 

Heat map depicting predicted transcription factor (TF) activities across lung myeloid cells at day 10 
post-IAV, as assessed by SCENIC analysis of the scRNA-seq data shown in Fig. 2A. 
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Fig. S10. Analysis of IAV-infected Il4ra−/−:Il4ra+/+ mixed BM chimeras 

(A) Representative tdTomato and CD45.1 contour plots and (B) bar graph showing % of host CD45.1, 
donor CD45.2 Il4ra−/− and donor CD45.2 Ms4a3tdTom+ chimerism of blood neutrophils (Neu) and 
monocytes (Mo) from lethally-irradiated CD45.1 mice reconstituted with a 1:1 mix of CD45.2 Il4ra−/− 
and Ms4a3tdTom+ BM cells, evaluated 4 weeks after transplantation by flow cytometry. (C) Representative 
tdTomato and CD45.1 contour plots and (D) bar graph showing % of host CD45.1, donor CD45.2 Il4ra−/− 
and Ms4a3tdTom+ chimerism of the indicated lung myeloid cell populations from lethally-irradiated 
CD45.1 mice reconstituted with a 1:1 mix of CD45.2 Il4ra−/− and Ms4a3tdTom+ BM cells, infected with 
IAV 4 weeks later and evaluated at day 10 post-IAV. (B,D) Data show mean + SEM and are pooled from 
2 independent experiments (B: n=4 mice; D: n=8 mice). (B,D) P values compare donor CD45.2 Il4ra−/− 

chimerism and were calculated using (B) a two-way ANOVA with Sidak’s post hoc tests or (D) a two-

way ANOVA with Tukey’s post hoc tests. ***, P<0.001; ****, P<0.0001. 
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Fig. S11. Gene expression in myeloid cell clusters identified by scRNA-seq at day 10 post- IAV  

Dot plots showing average expression of the indicated genes and % of cells expressing the genes within 
each cluster, related to Fig. 7K and 2A. Dot plots framed in green indicated gene that are significantly 
(P<0.0001) upregulated in C2 - Ly6G+ Macs as compared to other clusters. P values were calculated 
using a Wilcoxon rank sum test 
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Fig. S12. Proposed model of Ly6G+ Mac-mediated alveolar epithelial regeneration after 
IAVtriggered Injury 

 In mice, an atypical population of Ly6G+ Macs is recruited from BM-derived Ccr2-dependent 
monocytes during the early recovery phase of IAV infection. Ly6G+ Macs exhibit atypical ultrastructural 
features, are metabolically very active and short-lived, and are endowed with powerful phagocytic and 
efferocytic capabilities. They inhabit the alveolar spaces of lung perilesional areas, where they promote 
euplastic alveolar regeneration and AT2-to-AT1 differentiation via IL-4R-dependent mechanisms and 
soluble factors. In the absence of Ly6G+ Macs, Maf/MafBMyeloKO mice exhibit exacerbated morbidity, 
pathology and dysplastic bronchiolization of the alveoli. 
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Fig. S13. Transcriptomic identities of human BALF single cells analyzed by scRNA-seq 

Heatmap depicting the single cell expression of the 20 most upregulated genes within each cluster of 
human BALF cells analyzed by scRNA-seq, as shown in Fig. 8J. 
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Patient Gender Age Disease status Number of 
BALF cells 
analyzed 

1 M 50 Bacterial pneumonia 858 

2 F 63 Immunosuppressed, 
bacterial pneumonia 

1,032 

3 M 58 Interstitial 
pneumonia, 
metapneumovirus 
and cytomegalovirus 
infections 

811 

4 M 60 Pneumonia 1,445 

5 M 71 Lung fibrosis and 
bacterial 
bronchopneumonia 

311 

6 F 62 Pneumonia 289 

7 M 71 Immunosuppressed, 
bronchopneumonia 

563 

 

Table S1. Characteristics of patients from whom originate the BALF cells analyzed by scRNA-seq 
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1 Discussion 

Throughout the human lifespan, the lungs fulfil the crucial function of performing gas 

exchanges between the external environment and the body's internal circulatory system. This 

complex process is made possible thanks to the lung’s highly specialized architecture, which 

allows for the continuous flow of thousands of liters of air in and out of the body. Effective 

gas exchange is achieved through a combination of factors, including an extensive epithelial 

surface area, a dense capillary network, combined with the lung elastic properties, which 

enable substantial changes in air volume during respiration. Due to their continuous exposure 

to the external, non-sterile environment, the lungs, particularly their mucosal surfaces, are 

susceptible to damage from pathogens, toxins, or irritants. While minor injuries can be swiftly 

repaired through regenerative processes, extensive damage can alter cellular organization 

and functions, resulting in compromised lung function. Various factors, including the extent 

of damage and the intensity and duration of the local immune response, influence the 

outcome of the lung repair process. In this study, we focused on the role of myeloid cells in 

lung repair post-injury. Using a comprehensive multimodal approach, we examined the 

dynamic behavior of innate immune cells and specifically investigated a transient, previously 

unidentified population of Ly6G-expressing macrophages appearing during the early recovery 

phase, i.e., after the peak of acute inflammation. We initially employed a clinically relevant 

influenza infection model, known for causing extensive epithelial damage, and validated our 

findings using models of bleomycin-induced lung injury and acetaminophen-induced acute 

hepatitis. Furthermore, we explored the translational potential of our findings by analyzing 

broncho-alveolar lavage fluids from patients with infectious pneumonia. Deep 

characterization was conducted through an integrative approach that combined single-cell 

RNA sequencing, spatial transcriptomics, multiplex cytometry, microscopy, gene targeting, 

and both ex vivo and in vivo experiments. During the early recovery phase following influenza 

A virus infection, classical monocyte-derived Ly6G+ macrophages were transiently recruited 

into the alveoli of perilesional, epithelial-regenerating areas. Such Ly6G+ macrophages were 

highly metabolically active, exhibiting robust phagocytosis and efferocytosis capabilities, and 



DISCUSSION & PERSPECTIVES  Discussion 

126 
 

they underwent rapid cell death. Under the influence of IL-4 and GM-CSF receptor signaling, 

these macrophages could fully differentiate and interacted with epithelial cells to support AT2 

cell-dependent euplastic alveolar repair. 

   Among the most unexpected features of these macrophages was the unanticipated 

expression of the Ly6G receptor, which has traditionally been thought to be exclusively 

expressed by neutrophils476. Ly6G is part of the Ly6/uPAR family477 and is encoded solely in 

mice, although it exhibits structural and functional similarities with CD177, which is expressed 

on neutrophils in both humans and mice478. The function of Ly6G remains unclear, but it 

appears to be involved in neutrophil beta-2 integrin (CD18)-dependent migration479. Despite 

the elevated levels of Ly6G protein expression, Ly6g transcripts were not detected by scRNA-

seq in either neutrophils or Ly6G+ macrophages. Of note, neutrophils are thought to acquire 

Ly6G during their maturation in the bone marrow and Ly6g transcripts are not detectable in 

circulating blood neutrophils480. The absence of Ly6g transcripts in Ly6G+ macrophages is 

somehow surprising as Ly6G expression is acquired in the lung and should therefore have 

been captured by scRNA-seq. One possible explanation is that the sequencing depth of the 

scRNA-seq experiment might not have been sufficient to sequence lowly expressed Ly6g 

transcripts, even though this remains speculative. Our phagocytosis experiments, 

corroborated by another study showing substantial neutrophil efferocytosis after influenza 

infection367, demonstrated that inflammatory Ly6C+CD64+ monocytes, which we showed 

were direct progenitors of Ly6G+ macrophages, as well as Ly6G+ macrophages, were capable 

of actively phagocytosing other Ms4a3-labeled myeloid cells (Fig. 4I). However, the possibility 

of Ly6G transfer following the engulfment of neutrophils was ruled out by the observation 

that the levels of Ly6G expression in Ly6G+ macrophages was unaffected by the presence of 

Ly6G-deficient neutrophils (Fig. S6). Furthermore, Ly6G protein expression (Fig. 3I, G) and the 

activation of Ly6g transcription in GM-CSF-stimulated inflammatory monocytes (Fig. 3K, L) 

supported the hypothesis that the precursors of Ly6G+ macrophages were capable of 

encoding and translating Ly6G protein. Nonetheless, the possibility that neutrophil 

efferocytosis by inflammatory monocytes leads to genomic DNA transfer367, resulting in 

transcription of Ly6g, cannot be excluded. Lim and colleagues demonstrated that the 
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phagocytosis of Cre-expressing neutrophils could induce the expression of a fluorescent 

protein in reporter bone marrow-derived macrophages via genetic recombination367. In this 

context, ex vivo hydroxytamoxifen stimulation of FACS-sorted inflammatory monocytes from 

Ly6gtdTom mice could result in Ly6g transcription and the acquisition of tomato fluorescence, 

as observed in Fig. 3K. A more in-depth transcriptomic analysis or assessing a different time 

point may be required to detect Ly6g mRNA in Ly6G+ macrophages. Notably, for experiments 

involving Ly6G antibodies, we used the 1A8 clone, which specifically recognizes Ly6G but not 

Ly6C, unlike other clones481. In most studies aimed at elucidating the role of macrophages, 

Ly6G has been used as a marker to remove neutrophils within the CD11b+ population before 

gating on macrophages. Our study challenges this approach, as Ly6G+ macrophages could 

have previously been excluded from such analyses447. To circumvent this issue, one could 

identify macrophages upstream of neutrophils, and the combined use of Ly6G and CD177 

would be more appropriate for accurately identifying neutrophil populations by flow 

cytometry. Trzebanski and colleagues suggested that GMP-derived monocytes can also 

express CD177 in both bone marrow and blood111. Interestingly, after influenza A infection, it 

has been shown that CD206+ interstitial macrophages are predominantly GMP-derived, with 

MDP progenitors replenish this population only 23 days post-infection111. Similarly, in our 

study, Ly6C+ monocytes at 10 day post-infection expressed high levels of Cd177, Chil3, Mmp8, 

and Sell, which are characteristic of GMP-derived monocytes, and exhibited high tomato 

fluorescence in Ms4a3tdTom mice. Furthermore, Trzebanski and colleagues identified 

interstitial macrophages as SiglecF-CD11b+CD64+ cells111 and likely included the Ly6G+ 

population within the interstitial macrophage gate. Collectively, these observations suggest 

that Ly6G+ macrophages derive from GMP progenitors, which may partially explain their 

neutrophil-like characteristics. 

In addition to expressing Ly6G, Ly6G+ macrophages were characterized by a combination of 

features from both M1 and M2 polarized macrophages (Fig. S2 D, E). These dual 

characteristics are likely attributable to the specific spatiotemporal context in which Ly6G+ 

macrophages differentiate. In the initial days following infection, IFNγ signals482 predominate 

and gradually decline after the peak of infection273. Consequently, recruited monocytes and 
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monocyte-derived macrophages differentiate in a type 1 cytokine-rich environment, retaining 

markers of this imprinting (Fig 4 A- Biological Processes). Ly6G+ macrophages begin their 

differentiation during the resolution phase of inflammation when inflammatory signals are 

waning but still present in the injured tissues. Furthermore, although the pro-inflammatory 

signals are diminished in the infected areas, they persist, albeit at lower levels, in perilesional 

zones where Ly6G+ macrophages differentiate338. Thus, it is unsurprising to observe activation 

of genes associated with the IFN- response in these macrophages (Fig. 4 A, Biological 

processes). Concurrently, a type 2 response begins to develop during the resolution phase of 

infection273. Notably, in vitro co-stimulation of macrophages with type 1 (LPS) and type 2 (IL-

4) stimuli results in a distinct macrophage polarization483. Macrophages stimulated with 

LPS/IL-4 indeed express both M1- and M2-associated genes, show higher expression of Arg-

1 compared to IL-4-stimulated macrophages, and exhibit high activation levels of both 

glycolysis and oxidative phosphorylation483. Similar characteristics were observed in Ly6G+ 

macrophages, suggesting that the simultaneous presence of type 1 and type 2 cytokines is 

critical for their differentiation. A similar environment has also been reported to activate 

wound-healing macrophages in the liver following bacterial infection484. In cases of Listeria 

monocytogenes infection, type 1 inflammatory responses and monocyte recruitment are 

initiated, while recruited basophils secrete high levels of IL-4484. These sequential activations 

promote the transition of recruited monocytes into pro-repair macrophages that can restore 

tissue homeostasis484. Interestingly, repair-promoting macrophages following liver injury 

share similar characteristics and origins with Ly6G+ macrophages. Specifically, pro-repair 

macrophages express high levels of CD11b and differentiate from CCR2-dependent Ly6C+ 

monocytes. Depletion of CD11b+ macrophages485 or of CCR2486 during the late stages of 

inflammation results in impaired repair. In cases of acute liver injury caused by 

acetaminophen, a reduced number of circulating monocytes is observed in patients with the 

poorest outcomes487. Furthermore, the phenotype of pro-resolving liver macrophages 

correlates with IL-4R activation10 and efferocytosis activity488. It would be interesting to assess 

Ly6G expression in such pro-resolving macrophages, and whether they are similar to the 

Ly6G+ macrophages observed after acetaminophen-induced liver injury (Fig. 8 F-I). 
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Ly6G+ macrophages rely, at least in part, on GM-CSF receptor signaling for their 

differentiation and Arg-1 production (Fig. 5 M-L). GM-CSF has been reported to orchestrate 

immune responses towards both pro-inflammatory and anti-inflammatory phenotypes411. It 

can induce the secretion of high levels of pro-inflammatory cytokines (IL-1, IL-6, and TNF) and 

chemokines (CCL2, IL-8, and CCL17) 489, which further recruit other leukocytes to the sites of 

inflammation thereby contributing to chronic inflammation in autoimmune diseases490. GM-

CSF also plays a critical role in viral clearance by promoting the migration and antigen 

presentation by DCs, leading to the recruitment of antigen-specific T cells491. Additionally, 

pro-inflammatory cytokines derived from macrophages can induce GM-CSF expression in lung 

epithelium340, endothelium492, fibroblasts493, and CD4+ T cells494, thereby amplifying the 

inflammatory response. Conversely, other studies have suggested that GM-CSF contributes 

to immunomodulation by dampening M1-like polarization222, inducing tolerogenic DCs495, and 

restoring lung barrier integrity by promoting epithelial proliferation496. Moreover, defects in 

GM-CSF production appear to be involved in the pathogenesis of pulmonary fibrosis following 

bleomycin administration497 or radiation-induced injury498. Understanding the role of GM-CSF 

during influenza A virus infection is arguably complex and influenced by the timing of 

observation, as well as the models used for GM-CSF overexpression or suppression. 

Furthermore, most studies have concentrated on the role of GM-CSF during the infection 

phase rather than during recovery. The regulatory effects of GM-CSF may also depend on the 

concentration of the growth factor and the concurrent presence of other cytokines. Given 

the spatial association between Ly6G+ macrophages and AT2 in remodelling zones (Fig. 5H), 

surviving or newly generated AT2 cells could serve as a source of GM-CSF and exert 

immunoregulatory effects specifically within the repairing alveoli. Further investigation using 

spatial biology tools is essential to better elucidate this pathway and optimize the clinical 

application of inhaled GM-CSF, as previously suggested499. 

The temporal restriction of Ly6G+ macrophages to the repair phase in models of IAV infection, 

bleomycin-induced injury, and acetaminophen-induced liver injury suggests that these cells 

play a critical role in repair and restoration of homeostasis. Their functions likely include the 

control of inflammation. Ly6G+ macrophages are highly efficient phagocytes, capable of 
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rapidly engulfing cells and other particles (Fig. 4 F-I). Efferocytosis can play a dual role, both 

aiding in the resolution of inflammation and contributing to the development of a 

regenerative phenotype in Ly6G+ macrophages. Apoptotic cells provide a key source of 

arginine, which is initially metabolized by Arginase-1 into urea and ornithine, with the latter 

being further converted into polyamines. Among these polyamines, intracellular putrescine 

promotes signaling pathways that induce changes in the actin cytoskeleton, thereby further 

enhancing phagocytic activity278. Other polyamines, such as spermidine and spermine, are 

essential for downregulating pro-inflammatory cytokines, including IL-1β and IL-6500. 

Furthermore, Arginase-1 deficiency in myeloid cells has been linked to defective 

efferocytosis278. Of note, Ly6G+ macrophages express high levels of Arginase-1 (Fig.2 D-F), 

suggesting its involvement in processing efferocytosis-derived arginine and facilitating 

morphological and functional changes induced by arginine metabolites. Notably, the 

observed inverse relationship between the number of neutrophils and Ly6G+ macrophages 

suggests that Ly6G+ macrophages may play a key role in reducing neutrophil numbers, 

potentially through neutrophil efferocytosis. While neutrophils can leave the site of injury and 

migrate to other organs for clearance, a process known as reverse migration501, this 

phenomenon has not been observed in the trachea following influenza infection367. 

Interestingly, despite the accumulation of apoptotic neutrophils during active influenza 

infection, neutrophil death and efferocytosis were not detectable at the site of injury367. This 

has been attributed to the migration of early apoptotic neutrophils towards CXCL2-secreting 

monocytes/macrophages367. Ly6G+ macrophages have been shown to secrete high levels of 

CXCL2 (Fig. 7K; Fig. S11) and may facilitate neutrophil clearance by attracting them away from 

injury zones to areas where they can be phagocytosed. 

In addition, Ly6G+ macrophages can secrete a broad range of chemokines (Fig. 7K; Fig. S11) 

that are involved in the migration of innate and adaptive immune cells, which can contribute 

to directing pro-inflammatory cells out of inflamed areas. This mechanism represents a 

potential immunoregulatory strategy, as the persistence of pro-inflammatory cells in injured 

areas can be detrimental and lead to further tissue damage. Moreover, Ly6G+ macrophages 

produce high levels of IL-1Ra, CD28, and Arg-1, which are associated with anti-inflammatory 
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activities422,502–504. IL-1Ra acts as a competitive receptor antagonist of IL-1β and plays a 

significant role in mitigating IL-1β-driven inflammation. IL-1Ra can reduce IL-1β-induced 

production of pro-inflammatory cytokines, such as IL-1β, TNF-α, IL-6, and IL-12, and promotes 

the polarization of anti-inflammatory macrophages505. IL-1Ra also inhibits the migration and 

maturation of dendritic cells and promotes the expansion of immunosuppressive T cells506, 

thereby contributing to the modulation of inflammation. Additionally, the administration of 

IL-1Ra has been shown to prevent lung damage and extracellular matrix deposition in mice 

exposed to bleomycin or silica503 and may similarly aid in lung preservation in influenza 

infection models. Furthermore, the high metabolic activity of Ly6G+ macrophages could lead 

to competition with local CD4+ T cells and myofibroblasts for critical amino acids, thereby 

slowing local cell proliferation and limiting maladaptive collagen deposition391. Arginine 

consumption through Arg-1 secretion could further contribute to this nutrient competition. 

These observations suggest that Ly6G+ macrophages play a crucial role in controlling 

inflammation following viral clearance. Notably, although IL-1β transcripts were identified in 

Ly6G+ macrophages through single-cell RNA sequencing, the corresponding protein was 

undetectable in the supernatant of both unstimulated and IL-4/IL-13-stimulated Ly6G+ 

macrophages. 

The transient presence of Ly6G+ macrophages aligns with their specialized function, which 

needs to be synchronized with the early resolution phase of inflammation. A substantial 

portion of Ly6G+ macrophages undergo cell death via apoptosis or necrosis. Pyroptosis, a form 

of necrosis triggered by inflammatory signals, have been involved in tissue repair. In fact, 

supernatant of pyrolytic cells induce fibroblast and macrophage migration and promote 

wound closure in vivo and in vitro507. It cannot be excluded that pyroptosis of Ly6G+ 

macrophages allows the delivery of pro-repair secretome in alveolar spaces, further 

enhancing epithelial repair.  Fas-dependent programmed cell death of CD11b+ recruited 

macrophages in the airway appears necessary for resolving inflammation following H1N1 

infection125. Similarly, the induction of apoptosis in macrophages protects against fibrosis 

development in the bleomycin model428. Moreover, the phagocytosis of Ly6G+ macrophages 

apoptotic bodies from Ly6G+ macrophages could further promote an efferocytosis-induced 
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anti-inflammatory shift508 of this cells through autologous feedback. Another factor likely 

contributing to their decline is linked to the microenvironmental changes post-infection. As 

Ly6G+ macrophages partially depend on IL-4Rα signaling, the presence of type 2 cytokines is 

crucial for their differentiation. Following infection, T cell responses and IL-13 production 

increase by day 5 and return to baseline by day 15 post-infection (p.i.) 273, paralleling the 

kinetics of Ly6G+ macrophages (Fig. 1D). The absence of type 2 cytokines beyond day 15 p.i. 

may inhibit further differentiation of Ly6G+ macrophages. 

Beyond their anti-inflammatory roles, Ly6G+ macrophages support alveolar regeneration by 

locally supporting AT2 cells. In vitro wound healing assays with conditioned medium (Fig. 7I 

and J), along with their alveolar localization (Fig. 5A, B, and H), both suggest that these 

macrophages secrete soluble factors that directly influence AT2 cells. In vitro studies have 

shown that primary rat AT2 and MLE12 cells secrete high levels of CXCL12 following scratch 

wounding assays509. Ly6G+ macrophages express high levels of CXCR4 (Fig. 1G), which may 

help direct them towards the damaged AT2 cells. Additionally, as AT2 cells also express 

CXCR4, which enhances their migration509, high concentrations of CXCL12 could facilitate the 

colocalization of Ly6G+ macrophages and AT2 cells. Notably, lung epithelial cell proliferation 

begins gradually after the peak of infection and reaches its maximum around day 10 post-

infection331, following the kinetics of Ly6G+ macrophages. This observation suggests that 

Ly6G+ macrophages can promote alveolar progenitor cell proliferation. In vitro experiments 

(Fig. 7I and J) demonstrated that the conditioned medium from IL-4/IL-13 stimulated Ly6G+ 

macrophages could accelerate wound closure, indicating that these macrophages secrete 

soluble factors that induce AT2 proliferation. The specific molecular pathways through which 

Ly6G+ macrophages support AT2 cells remain to be elucidated. Of note, Ly6G+ macrophages 

produce, albeit in limited amount, TNF-α, which is known to induce alveolar epithelial cells to 

produce GM-CSF, acting as an autocrine growth factor to stimulate epithelial cell 

proliferation340,510. Furthermore, since IFN- signals inhibit AT2 proliferation331, Ly6G+ 

macrophages may indirectly support alveolar proliferation by modulating antiviral 

inflammation. Additionally, IL-1β signaling can regulate AT2 cells by promoting their priming 

and initiating their differentiation into AT1 cells307. However, chronic inflammation 
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characterized by persistent IL-1β can lead to the accumulation of alveolar epithelial 

intermediate cells and impede their terminal differentiation into mature AT1 cells. The 

adoptive transfer of Ly6G+ macrophages into Maf/MafbMyeloKO mice could specifically restore 

AT2 but not AT1 numbers (Fig. 6N). It is therefore possible that Ly6G+ macrophages act 

directly or indirectly to enhance AT2 proliferation, which is critical in the early post-infection 

phase for recovery from virus-induced loss of alveolar progenitors. In this context, restricting 

AT2 differentiation into AT1 cells by blocking the IL-1 receptor on AT2 cells might prioritize 

initial proliferation over differentiation. Conversely, Ly6G+ macrophages could modulate 

inflammation and help regulate IL-1β production by inflammatory cells, thereby permitting 

the terminal differentiation of AT1 cells. 

A notable characteristic of Ly6G+ macrophages is their pro-repair profile combined with the 

high expression of osteopontin transcripts (i.e., Spp1) and protein (i.e. Opn) (Fig. 2D-F; Fig. 

7K). Opn is a cytokine primarily involved in type 1-dependent responses, such as infections 

and autoimmune disorders438,511. Elevated circulating osteopontin levels have been 

associated with the severity of various inflammatory conditions, including cancer512, 

cardiovascular513, and respiratory diseases514, and has been proposed as a biomarker for 

COVID-19, with levels directly correlating with disease severity515,516. High Opn levels are also 

linked to fibrosis517. However, we argue that the expression and secretion of Opn by Ly6G+ 

macrophages must be considered within the context of early tissue repair. Opn is recognized 

as a key factor in pro-fibrotic responses due to its ability to induce fibroblast proliferation, 

extracellular matrix accumulation, and matrix metalloproteinase (MMP) production. 

Although chronic pro-fibrotic responses can be detrimental, Opn plays a crucial role in 

providing structural support for epithelial growth and migration during tissue repair, as 

observed in skin wounds518. Furthermore, Opn facilitates migration of both immune519,520 and 

epithelial cells521,522 through integrin and CD44-mediated pathways. Given that CD44 is 

expressed by a subset of AT2 cells with stem cell properties523, Opn may assist in directing 

progenitor cells to regenerating areas for priming. Additionally, Opn has been shown to 

protect cells from apoptosis524,525, which could help to prevent AT2 cell loss post-infection. 

While typically associated with inflammatory responses, Opn may also exert protective effects 
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in tissues by inhibiting the expression of iNOS 526. Since nitric oxide (NO) is a potent inducer 

of Opn in macrophages527, this negative feedback loop could mitigate NO-mediated tissue 

damage. Therefore, within the context of tissue repair, localized and transient osteopontin 

production may support epithelial repair by reducing inflammation, providing structural 

support, and preventing epithelial cell apoptosis. 

Current therapeutic options targeting functional lung regeneration after acute injury remain 

limited. The most effective strategy to mitigate chronic sequelae following respiratory viral 

infections is prevention. While vaccination campaigns have proven effective in preventing 

severe diseases, the rapid genetic recombination of viruses necessitates ongoing 

epidemiological surveillance to anticipate the emergence of new variants. Moreover, 

therapeutic interventions to promote repair of established lung damage are scarce. Direct 

pharmacological stimulation of AT2 cell proliferation has not shown favourable outcomes in 

clinical studies. For instance, intravenous administration of FGF7 in patients with ARDS failed 

to yield any clinical or physiological benefits528,529. Similarly, the efficacy of cell-based 

therapies remains unproven. Trials involving mesenchymal stromal cell (MSC) transfer, which 

aim to foster a favourable environment for lung repair through their immunomodulatory and 

epithelial support functions530, have been conducted in patients with various respiratory 

conditions, including COPD531, IPF532, and COVID-19533, but have yielded inconsistent and 

generally unconvincing results. A major challenge in cell therapy is that cells are introduced 

into a non-homeostatic tissue environment dominated by inflammatory signals, altered 

oxygen levels, and mechanical forces534. Given the variability of these conditions among 

patients and stages of disease progression, the behavior of transferred plastic cells, such as 

MSCs or pluripotent stem cells, is difficult to predict. In the context of viral infections, which 

are known to induce long-term lung dysplasia and diminish quality of life, particularly in the 

elderly, new therapeutic strategies could focus on preventing abnormal remodelling. This 

approach should address both the persistent activation of the immune response and aberrant 

signaling to mesenchymal cells, acknowledging the interconnected nature of these processes. 

In this study, we identified the pivotal role of Ly6G+ macrophages in limiting virus-induced 

lung dysplasia. These cells can reduce inflammation, phagocytose other immune cells, and 
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support AT2 cells. Due to their unique pro-repair properties, Ly6G+ macrophages may 

represent a promising therapeutic target. Of note, transcriptomic analyses of BALF from 

patients with pneumonia have identified Ly6G+ macrophage-like cells in humans. Although 

these findings are preliminary and warrant further investigations, they suggest that these 

macrophages could be manipulated to improve lung repair outcomes following acute 

infectious lung injury. While a cell therapy based on Ly6G+ macrophages, as demonstrated in 

adoptive transfer experiments (Fig. 6M, N), could be an option, its practical application in 

clinical settings is unfeasible for several reasons. First, Ly6G+ macrophages cannot be 

differentiated ex vivo from blood or bone marrow monocytes: their development involves a 

continuum of signals influenced by tightly regulated sequences of events that shape their 

identity. Ex vivo differentiation using a simplified panel of cytokines and growth factors would 

likely result in incomplete macrophage maturation. Second, due to their metabolic and 

morphological characteristics, Ly6G+ macrophages are fragile and short-lived, requiring an 

impractically high number of cells for effective transfer. Third, these macrophages are 

specifically localized at the periphery of damaged zones, making intravenous administration 

unsuitable and necessitating local injection. However, local injection does not ensure uniform 

cell distribution within the airways, and cells may preferentially migrate to healthy areas with 

larger bronchi lumens and better ventilation. For these reasons, the amplification of Ly6G+ 

macrophages-like cells in vivo might be a more adequate approach. 

Given the partial dependence of Ly6G+ macrophages on GM-CSF and IL-4, the combined 

administration of these molecules could promote their amplification. Recombinant GM-CSF, 

marketed as Sargramostim, is an FDA-approved drug for multiple respiratory diseases and is 

currently being tested as a therapy for lung proteinosis with encouraging results535,536. In 

other lung diseases, intravenous GM-CSF treatment has shown clinical improvement in 

patients with sepsis-associated respiratory dysfunction537 but not in those with ALI510. These 

variable outcomes may be due to the high GM-CSF concentrations required in the alveoli 

which could be not reach by intravenous administration. In addition, systemic administration 

of GM-CSF may affect the differentiation of bone marrow progenitors towards the neutrophil 

lineage and promote the mobilization of immune cells into the bloodstream, thereby 
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enhancing the activation of inflammation538. While these effects provide a rationale for the 

therapeutic use of GM-CSF in cancer and treatment-resistant infections538, the non-specific 

activation of the immune system may be an undesirable off-target effect in the context of 

lung tissue repair. Altogether, these evidences suggest that inhalation may be a preferable 

delivery method. It is important to note that lung barrier integrity can be compromised by 

infections and inflammation, which may lead to systemic dispersion of locally delivered 

molecules and insufficient local persistence. Consequently, current animal models are 

exploring strategies to enhance GM-CSF bioavailability. For example, Subramanian and 

colleagues have conjugated murine GM-CSF to nanocrystals to increase its size and facilitate 

retention in the alveolar space539. Most studies exploring the benefits of GM-CSF in infection-

induced lung injury have focused on pretreatment before infection onset. GM-CSF 

pretreatment has been shown to confer protection and reduce mortality against both 

influenza and secondary bacterial pneumonia214,223,540. However, less is known about GM-CSF 

administration post-infection. In a clinical study, six patients with pneumonia-associated 

ARDS received 125 µg of Sargramostim via nebulization every 48 hours for 10 days. Treated 

patients demonstrated improved oxygenation, increased lung compliance, and reduced 

morbidity252. Additionally, GM-CSF has shown benefits for patients with COVID-19-induced 

acute hypoxic respiratory failure499. The Sargramostim to treat patients with acute hypoxic 

respiratory failure due to COVID-19 (SARPAC) trial was conducted on 80 patients who 

received 125 µg of inhaled Sargramostim twice daily for 5 days, with intravenous 

administration of 125 µg/m2 body surface for patients requiring mechanical ventilation. The 

treatment resulted in improved alveolar gas exchange without increasing inflammatory 

cytokines499. Although these studies primarily targeted the inflammatory rather than the 

repair phase post-injury, they support that inhaled Sargramostim might be a safe and 

beneficial treatment for infected patients. 

Regarding IL-4R signaling, most current studies focused on lung fibrosis or asthma, conditions 

in which type 2 responses play a detrimental role541. In these contexts, antibodies against IL-

4, IL-13, or IL-4R have been beneficial in reducing eosinophilia, airway 

hyperresponsiveness542–544, and collagen deposition545. IL-4R signaling has also been 
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implicated in wound healing in the skin and heart. Topical administration of IL-4 has been 

shown to accelerate healing of excisional skin wounds in mice546, and IL-4 therapy post-

myocardial infarction has promoted pro-reparative macrophages and reduced infarct size547.  

Further studies are needed to validate the feasibility and clinical relevance of these protocols, 

as well as to optimize the timing and duration of treatment. The potential for administering 

IL-4/IL-13 and GM-CSF via aerosol535,548 should be considered to achieve deeper distribution 

within the lung alveoli and minimize systemic side effects. Given that IL-4 signaling is a key 

driver of collagen deposition, stimulation of this pathway should be limited to a brief period 

during the resolution of inflammation to prevent excessive myofibroblast activation and the 

establishment of fibrosis. 

Our study faced significant challenges due to the highly dynamic changes occurring in the 

tissue during the early recovery phase. During this period, viral particles remain present in 

the lung, and although decreasing, the antiviral response is still active. Concurrently, more 

peripheral, less damaged areas of the lung begin to undergo reorganization. Consequently, 

the microenvironmental signals are in constant modification, as are the cells that depend on 

such signals. We selected day 10 for most of the characterization of Ly6G+ macrophages 

because they are particularly abundant at this time point, which coincides with complete viral 

clearance and the beginning of clinical recovery. It is possible that this population exhibits 

different phenotypic and functional characteristics if observed at earlier or later time points. 

This dynamic differentiation likely contributes to functional repair. This is evident from the 

adoptive transfer of Ly6G+ macrophages in Maf/MafbMyeloKO mice (Figure 5 M, N). In this 

experiment, the artificial persistence of Ly6G+ macrophages, which were FACS-sorted from 

day 10 post-infection and maintained until 15 days post-infection, facilitated the restoration 

of AT2 cells but not of regenerating AT2 cells. These data suggest that the reduction in Ly6G+ 

macrophages and/or changes in their secretome are necessary to allow AT2 differentiation. 

Moreover, the dysplastic changes observed in Maf/MafbMyeloKO mice may be due to the 

absence of Ly6G+ macrophages or to alterations in the functions of other macrophage 

populations. cMaf and Mafb have been implicated in the identity and function of IMs under 
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steady-state conditions124, and their transcriptional activity is predicted to be highly active in 

IMs following IAV infection (Fig. 6 A). Although the number of IMs is not altered in these 

transgenic mice, their functional properties may be modified, which may result in reduced 

anti-inflammatory activity and contribute to the exacerbation of clinical symptoms and tissue 

damage observed in these mice. Nonetheless, the role of Ly6G+ macrophages has been 

further supported by complementary adoptive transfer experiments. The development of 

transgenic mice with a more specific targeting of Ly6G+macrophages could be considered as 

a strategy to minimize disruption to other macrophage populations. 

While the pivotal role of Ly6G+ macrophages in promoting tissue repair during influenza 

infection is well-supported, their function in other types of lung injury or in different organs 

remains less understood. We observed the presence of Ly6G+ macrophages following lung 

and liver damage induced by bleomycin and acetaminophen, respectively. The kinetics and 

phenotype of these cells closely resemble those seen during influenza infection: they emerge 

after epithelial damage (Fig. 8 B, G) and exhibit high expression of Arg-1 and CXCR4 (Fig. 8 C, 

D, H, I). Future studies in Ly6G+ macrophage-deficient mice, combined with in-depth 

characterization, are needed to provide stronger evidence for the conserved function of these 

macrophages across different injury types and tissues. To further investigate the 

generalizability of these macrophages in lung repair, additional models, including infections 

with more virulent influenza strains, COVID-19, bacterial infections, or chemically induced 

lung damage, should be explored. Extending the research to other tissues where 

macrophages are known to play a reparative role, such as skin549, hearth550 and bone551, could 

offer broader insights. Notably, immune responses vary across mouse strains, with C57BL/6 

mice displaying a Th1- and M1-dominant response, whereas BALB/c mice show a Th2- and 

M2-dominant profile552,553. It would be valuable to determine whether genetic background 

also influences Ly6G+ macrophage behavior during tissue repair. 

Another significant challenge lies in identifying Ly6G+ macrophages-like cells in human 

bronchoalveolar lavage fluid. While single-cell RNA sequencing suggests their presence in 

pneumonia patients, flow cytometry and immunofluorescence (IF) have proven identification 
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challenges. Since in mouse our gate strategy is based on the coexpression of CD64 (or CD68 

in IF) and Ly6G, and Ly6G is not expressed in humans, alternative markers must be identified. 

A deeper comparative analysis of human and mouse single-cell RNA data may reveal surface 

markers useful for identifying these Ly6G+ macrophage-like cells in humans and allow the 

characterization of their profile and function ex vivo. 

Our study identified growth factors involved in the identity and function of Ly6G+ 

macrophages, opening potential therapeutic avenues for reducing chronic inflammation and 

promoting epithelial repair. However, despite the importance of GM-CSF and IL-4/IL-13 in 

supporting these macrophages, further evidence is needed to confirm their ability to expand 

Ly6G+ macrophages in vivo. Combined intratracheal administration of GM-CSF and IL-4/IL-13 

in H1N1-infected mice could help evaluate the effects of the drugs administration on other 

immune and structural cells and therapeutic benefits. Additionally, comparing the effects of 

GM-CSF combined with IL-4 or IL-13 could pinpoint which IL-4R signaling pathways most 

effectively enhance the function of Ly6G+ macrophages. 

Our work lays the groundwork for further research into the interactions between structural 

and immune cells during infection and tissue repair. Firstly, of particular interest is the 

discovery that Ly6G+ macrophages secrete molecules that support alveolar AT2 cells. A 

deeper investigation combining transcriptomic data from scRNA-seq of myeloid cells and 

spatial transcriptomics from this study, along with data from other influenza infection 

studies554, may shed light on the molecular mechanisms underlying this repair function. The 

in vivo and in vitro testing of these identified pathways could lead to the identification of key 

therapeutic targets. Secondly, while the focus has been on Ly6G+ macrophages over and after 

infection, other myeloid populations also demonstrated interesting characteristics. For 

example, interstitial macrophages were found to be enriched in areas of tissue damage, 

coinciding with increased nerve innervation. Recent studies suggest that nociceptors play a 

role in modulating immune responses during influenza infections, with nociceptor-deficient 

mice showing exacerbated lung pathology due to disrupted recruitment of neutrophils and 

monocytes555. Given that IM are immunomodulatory and interact with nerves8, further 
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investigation into the reciprocal regulation of IM and nerves in viral-induced disorders is 

warranted. Thirdly, this study highlights the importance of microanatomical niches in shaping 

the identity of recruited monocyte-derived macrophages, pointing to an overlooked diversity 

of macrophages in injured lungs. In this prospective, mirroring the studies investigating the 

origins, the molecular regulation and functional diversity of lung tissue-resident 

macrophages, future works will focus on defining the identity of monocyte-derived 

macrophages in various lung injury models. By inducing epithelial or endothelial damage and 

examining the resulting microenvironmental changes, this project aims to map the genetic 

and epigenetic pathways that govern monocyte differentiation and identity, while identifying 

the specific niches that influence their development and function. 

In conclusion, our work identifies a previously unrecognized macrophage population that 

resides in remodeling alveolar spaces during the early recovery phase. This macrophage 

population contributes to lung repair by reducing inflammation, clearing inflammatory cells, 

and supporting AT2 cell-dependent alveolar regeneration thus representing an attractive 

therapeutic target for treating lung damage. 
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2 Serendipity 
Serendipity — the fact of finding interesting or valuable things by chance - was the thread 

running through the entirety of this study. The discovery of Ly6G+ macrophages and the 

subsequent research were all the result of a random but fortunate observation. At the start 

of my PhD training, we were investigating the kinetics of allergy-favoring CXCR4hi neutrophils, 

a particular population previously described by our lab454. Coraline Radermecker and 

colleagues indeed demonstrated that the recruitment of CD45+CD11b+Ly6G+CXCR4hi 

neutrophils was necessary and sufficient to trigger allergic airway inflammation through the 

release of neutrophil extracellular traps (NETs), which facilitated allergen uptake by dendritic 

cells. These neutrophils were known to be recruited in response to low levels of LPS 

(simulating a hygienic environment), to influenza virus infection, and ozone exposure, i.e., risk 

factors for the development of allergic asthma. Notably, NET-prone CXCR4hi neutrophils 

appeared at the peak of inflammation in an influenza virus infection model in BALB/c mice. 

Interestingly, in C57BL/6 mice, the initial peak of CXCR4hi neutrophils during active infection 

was followed by a second peak corresponding to the resolution phase of the infection. The 

presence of CXCR4hi neutrophils during the resolution phase was unexpected, as this 

particular neutrophil activation state was typically associated with acute inflammatory 

conditions. For several months, our research focused on characterizing this unusual 

neutrophil population, adhering to the widely accepted notion that Ly6G was an unmistakable 

marker of neutrophils. Further flow cytometry analyses revealed that these “neutrophils” 

expressed atypical surface markers, such as high levels of MHC-II, F4/80, and CD64. As a 

matter of fact, the deeper we delved into characterizing this atypical population, the more 

inconsistencies arose. The breakthrough came when we examined cytospin slides of FACS-

sorted cells. While the CD45+CD11b+Ly6G+CXCR4- population displayed all the classical 

morphological features of neutrophils, the CXCR4+ cells displayed features of macrophages. 

This observation prompted us to reconsider our view of these Ly6G+CD64+ cells. Still perplexed 

by the macrophage expression of Ly6G and by their hybrid properties (e.g., Ly6G+CD64+ cells 

possessed secretory granules similar to those of neutrophils), we named these cells 

“Motrophils,” a diminutive of MOnocyte and neuTROPHIL. Although the functional 
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significance of Ly6G expression was secondary to the repair properties of Ly6G+ macrophages 

discovered in this study, we made considerable efforts to confirm – or not - the true 

expression of this marker by macrophages, likely as a form of self-reassurance. Finally, the 

decision to rename them “Ly6G+ macrophages” reflected our method of distinguishing them 

from other macrophages and moved beyond the need to explain why they expressed this 

receptor.  

Hearing about the macrophage-intrinsic Ly6G expression, some of our peers were 

incredulous and very dubitative, and told us that "It's hard to find something new these days". 

I firmly believe that, if scientists embrace the opportunity to view biology from different 

perspectives, the pursuit of science would become far more rewarding and enjoyable. 
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Review 

Journey of monocytes and macrophages upon influenza 
A virus infection☆

Cecilia Ruscitti1,2,*, Coraline Radermecker1,2,* and  
Thomas Marichal1,2,3,*

Influenza A virus (IAV) infections pose a global health challenge 
that necessitates a comprehensive understanding of the host 
immune response to devise effective therapeutic interventions. 
As monocytes and macrophages play crucial roles in host 
defence, inflammation, and repair, this review explores the 
intricate journey of these cells during and after IAV infection. 
First, we highlight the dynamics and functions of lung-resident 
macrophage populations post-IAV. Second, we review the 
current knowledge of recruited monocytes and monocyte- 
derived cells, emphasising their roles in viral clearance, 
inflammation, immunomodulation, and tissue repair. Third, we 
shed light on the consequences of IAV-induced macrophage 
alterations on long-term lung immunity. We conclude by 
underscoring current knowledge gaps and exciting prospects 
for future research in unravelling the complexities of 
macrophage responses to respiratory viral infections.
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Introduction
Influenza viruses are enveloped, single-stranded, negative- 
sense RNA viruses belonging to the Orthomyxoviridae family. 
Infections with influenza A viruses (IAV), classified based on 

hemagglutinin (HA) and neuraminidase glycoproteins, re
present a significant global health issue with an annual es
timate of 1 billion cases and 250–500 000 deaths worldwide 
[1].

IAV infections pose a formidable challenge to the host, 
which needs to mount effective defence and repair re
sponses while avoiding excessive lung inflammation and 
damage associated with severe hypoxemia and acute re
spiratory distress syndrome (ARDS) [2–5]. Indeed, in order 
to allow efficient gas diffusion and support life, the airways 
must be permeable, and the air–blood barrier must remain 
very thin. Hence, the lung immune system has evolved as a 
sophisticated surveillance and defence system to sustain 
physiological functions and host protection. Dedicated to 
these tasks, distinct populations of monocytes and resident 
tissue macrophages (ResMacs) populate the steady-state 
lung (Box 1). Upon IAV infection, additional monocytes and 
monocyte-derived Macs (Mo-Macs) are recruited and un
dergo a dynamic response postinfection, which unfolds with 
remarkable complexity [6,7]. In this article, we aim to re
view the journey of monocytes and macrophages during and 
after IAV infection, thus unravelling the intricacies of their 
roles in viral clearance, inflammation, tissue repair, im
munomodulation, and tissue imprinting (Figure 1).

Influenza A virus–triggered perturbations and 
functions of resident homeostatic alveolar 
macrophages
Alveolar macrophages (AMs) are strategically located in the 
alveolar lumen to be the first responders to IAV (Box 1), and 
investigations about resident AMs in IAV infections con
sistently pointed towards beneficial, protective roles, as re
viewed in detail elsewhere [8,9]. Human and mouse AMs 
are permissive to IAV, and AMs can uptake viruses by direct 
infection or by phagocytosis of infected apoptotic cells [10]. 
Viral replication in AMs is limited by their production of 
type I interferons (IFNs) [11,12], which can also orchestrate 
recruitment of other immune cells [13] (Figure 1a, b).

Of note, AM infection rate is highly variable, with higher 
infectivity by highly pathogenic strains and rather un
productive infections by moderate viral strains, which is    
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thought to contribute to limit viral spread [14–17]. 
Human AMs are less permissive and responsive to IAVs 
than Mo-Macs [14], which also produce larger amounts 
of tumour necrosis factor α [14,15], C-C motif chemo
kine ligand 5 (CCL5) and C-X-C motif chemokine li
gand 10 (CXCL10) compared with AMs [15]. A recent 
report suggests that the inhibitory effects of AMs on viral 
replication could also be mediated by extracellular ve
sicles acting on epithelial cells [18]. 

Seminal reports showed that wild-type mice injected with 
supraphysiological doses of granulocyte–monocyte colo
ny–stimulating factor (GM-CSF) [19] or mutant mice 
overexpressing GM-CSF in the lung [20] were protected 
from IAV infection. This protective effect was associated 
with improved lung functions, decreased protein exudates 
in the bronchoalveolar lavage (BAL), a better clinical re
covery and a repolarisation of AMs from a M1-like to a M2- 
like phenotype [19–21]. Furthermore, the protective effects 
of GM-CSF were abrogated by airway administration of 
clodronate liposomes [20], suggesting a role for AMs in GM- 
CSF-mediated protection against IAV. Further supporting 
their beneficial roles, Schneider et al. showed that neonatal 
adoptive transfers of AM progenitors in Csf2rb-/- mice, 
lacking GM-CSF receptor, prevented severe disease post- 
IAV, while depletion of AM by clodronate liposomes in wild 
type mice before IAV infection exacerbated morbidity and 
mortality [11]. Recently, a study showed that an appropriate 
imprinting of AMs by their niche could contribute to host 
protection against IAV pathology. Indeed, the authors 
showed that Alox15-/- AMs, deficient in 12- and 15-lipox
ygenase, were not properly instructed during the neonatal 
period by neutrophil-derived eicosanoids (Figure 1b) and 
were thus no longer able to control IAV replication later in 
life, which was associated with increased levels of C-C motif 
chemokine ligand 2 (CCL2), accumulation of monocytes 
and increased mortality of IAV-infected mice [22]. 

Mouse AMs have been reported to be depleted post-IAV  
[23,24]. The mechanisms driving AM depletion have 
been shown to be dependent on IFN-γ in BALB/c mice  
[23] and may involve AM apoptosis subsequent to a 
robust antiviral response [25], inhibition of AM self-re
newal capacity by IAV-induced Wnt ligands [26] or 
modifications of the AM niche triggered by IAV infec
tion of epithelial cells [5]. The extent of AM depletion is 
thought to be dependent on the host genetic back
ground [23,24]. Indeed, employing a sublethal infection 
model with the H1N1 PR8 strain, Califano et al. re
ported a massive loss of AMs 7 and 9 days post-IAV in 
BALB/c mice, but not C57BL/6NCrl mice [23], while Li 
et al. recently showed that such infection also induced a 
rapid loss of resident AMs in C57BL/6J mice [24]. We 
also consistently observe AM depletion in PR8-infected 
C57BL/6J mice raised in our animal facilities (un
published observations). The reasons for these dis
crepancies remain currently unclear and likely evolve a 
combination of genetic and environmental factors. In 
their study, Li et al. further showed that the AM pool 
was quickly replenished by Siglec-Fhi ‘survivor’ AMs 
(5–10% of original AMs) between day 4 and 15 post-IAV 
in mice [24]. After viral clearance, AMs were gradually 
replaced by proinflammatory monocyte-derived Siglec- 
Flo Mo-Macs that would eventually outcompete em
bryonically derived AMs on a long-term basis [24,27]. 
Eventually, the alveolar niche can return to a homeo
static, noninflammatory state, and repopulated AMs can 
become similar to the native ones [7,28,29] (Figure 1d). 

Ageing can affect AM microenvironment, ontogeny and 
functions, which might account for the enhanced mor
tality and morbidity post-IAV in the elderly [24,30–32]. 
The ageing microenvironment can confer resistance of 
AMs to GM-CSF responsiveness [33], which correlates 
with decreased AM numbers and proliferative abilities  

Box 1 The homeostatic landscape of monocytes and macrophages in the lung.  

In mice, CCR2-CX3CR1hiLy6C- ‘patrolling’ monocytes depend on the transcription factor Nr4a1 and constantly clear the luminal side of capillary 
endothelial cells from cell debris [88,89]. A small proportion of Ly6C- monocytes also resides in the lung parenchyma and may act as precursor of 
Mo-DCs or IMs [36,90]. In addition, small numbers of CCR2hiCX3CR1loLy6C+ classical monocytes are found in the parenchyma at steady state, 
have the ability to sample and transport antigens to the lymph nodes [91,92] and may also act as precursors of IMs [37,44]. Similar monocyte 
subsets are found in humans [90]. 

AMs are self-maintaining ResMacs that reside in the lumen of the alveoli. Their strategic positioning ‘outside’ the host arguably place them as early 
responders to lung insults. AMs are characterised by elevated expression of CD11c and Siglec-F in mice. Their development and maintenance 
require type 2 alveolar epithelial cell–derived GM-CSF and AM-intrinsic transforming growth factor-β, both instructive signals triggering sustained 
expression of peroxisome proliferator-activated receptor gamma (PPAR-γ) and imprinting a functional specification that allows efficient recycling 
of excess surfactant and cell debris [7,93–96]. While AMs arise almost completely from embryonically derived fetal monocytes in young adult mice  
[96], they are progressively replaced by bone marrow–derived cells as mice age [24,32]. 

Lung IMs populate the parenchyma and are less represented and less accessible than AMs. In adult mice, CD11b+CD64+CD88+Siglec-F- IMs are 
slowly replenished by classical monocytes [36,37,43,44], require MafB for their development [44] and encompass distinct subsets based on their 
origin, phenotype and localisation [35,36,43,97–99]. On the one hand, CD11cloLyve1hiCD206+ IMs represent a major source of the im
munoregulatory cytokine IL-10 and preferentially associate with blood vessels and the bronchi, consistent with blood vessel–supportive and 
immunosuppressive functions [36,37,43,97]. On the other hand, CD11cint/hiLyve1loCD206- IMs express high levels of MHC-II, can present soluble 
antigens to T cells and are located in the vicinity of nerve bundles [36,43,97,98,100]. Based on phenotypic similarities, CD206- IMs might partially 
overlap with CD169+ NAM [35] and antigen-presenting CD11c+Cx3cr1hiMHC-IIhi bronchus-associated Macs [98].   
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[30]. Aged AMs have also been shown to be impaired in 
their ability to phagocyte neutrophils compared to young 
AMs, and high neutrophil counts might account for ex
cessive tissue damage [30]. Finally, embryonically de
rived AMs are gradually replaced by bone 
marrow–derived AMs in aged mice, which can in
trinsically contribute to disease severity post-IAV [24]. 

Enigmatic fate and function of resident 
interstitial macrophages post-influenza A 
virus 
Lung interstitial macrophages (IMs) have been less studies 
than AMs (Box 1). To date, most of the studies aiming at 
addressing the contributions of IMs to disease physio
pathology, including IAV-triggered pathology, have faced 

Figure 1  
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Monocytes and macrophages after IAV infection. (a) IAV-derived HA proteins can bind to sialylated glycan receptors on lung epithelial cells from the 
airways and the alveoli. AMs are equipped with the viral RNA sensing machinery and are permissive to IAV, which results in an unproductive infection 
and a self-limiting disease and can lead to AM death. (b) IAV infection can trigger AM activation and production of cytokines, chemokines and type I 
IFNs, thereby controlling viral spread and coordinating the recruitment of additional immune cells. A proper AM imprinting by neutrophil-derived 
eicosanoids is essential for AM protective functions post-IAV. The role of IMs in the antiviral response is less clear, with IM-derived IL-10 playing a 
beneficial role in the downregulation of inflammation. Lung-recruited Ly6C+ Mos can activate the NLRP3 pathway and produce elevated amount of 
iNOS, which can contribute to the acute inflammatory response and, sometimes, to undesirable tissue damage. Ly6C+ Mos can differentiate into type I 
IFN–producing Mo-DCs or into proinflammatory Mo-Macs participating to efficient viral clearance. (c) Infected cells can release ‘find me’ signals and 
cytokines attracting Mo-Macs and inducing their engulfment. Efferocytosis limits viral spread and induces a reprogramming in efferocytic Mo-Macs 
toward a proresolving phenotype associated with upregulation of anti-inflammatory genes, such as Arg1, Il10, Relma and Chil3. Furthermore, during 
the resolution phase, T cells and ILC2s can produce type 2 cytokines (IL-4 and IL-13) triggering the production of Arginase-1 by Mo-Macs. Arg-1 
metabolism results in production of polyamines et proline enhancing cell growth and collagen production and thereby contributing to tissue repair. (d) 
IAV infection leads to long-term consequences for lung immunity. Niche signals produced post-IAV infection induce an immunoparalysis in resident 
AMs, which exhibit impaired bacterial phagocytosis, thus enhancing the susceptibility to secondary bacterial infection. Mo-Macs replenishing the 
alveolar niche post-IAV maintain a proinflammatory phenotype conferring efficient IL-6-dependent protection against bacterial infection but leading to 
exacerbated lethal response in recurrent viral infection. IAV-instructed Macs can also contribute to protection against tumours by maintaining their 
phagocytic and cytotoxic potential despite tumour-induced immunosuppression. AT1/2, type 1/2 alveolar epithelial cell; Mo, monocyte; Neu, 
neutrophil.   
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two main challenges [34]. First, Mo-Macs recruited when 
homeostasis is broken often exhibit a phenotype that can 
largely overlap the one of IMs. Hence, while it is repeatedly 
reported that IMs ‘expand’ upon exposure to insults or pa
thogen-associated molecular patterns [35–42], the IM com
partment arguably contains a mix of resident IMs and Mo- 
Macs, and the respective contributions of IMs versus Mo- 
Macs to disease physiopathology remain often unclear. 
Second, transgenic tools allowing a specific and efficient 
tracking or depletion of resident IMs while sparing AMs and 
Mo-Macs are difficult to obtain. To date, at least three 
models of diphtheria toxin (DT)–induced bolus IM deple
tion exist, namely, Lyve1Cre/GFP Slco2b1LSL-DTR [43], Cd169Cre 

Cx3cr1LSL-DTR (NAM-DTR) [35] and Tmem119Cre Cx3cr1LSL- 

DTR (IMDTR) [44] mice. However, IM depletion is transient 
and rapidly followed by the recruitment of monocytes that 
refill the empty niche, and it remains to be determined 
whether DT treatment also targets Mo-Macs when such 
transgenic mice are subjected to disease models. 

In the context of IAV infection, Ural et al. depleted nerve- 
associated IMs (NAMs) before IAV infection with the 
H1N1 PR8 strain in C57BL/6 NAM-DTR mice and found 
that depleted mice displayed increased morbidity at day 12 
post-IAV compared with controls, even though the viral 
loads were unchanged [35]. As NAMs were the main pro
ducers of interleukin (IL)-10, the authors proposed that 
NAMs can downregulate IAV-triggered inflammatory re
sponses. These data highlight potential beneficial, im
munoregulatory functions of IMs after IAV, as shown in 
other contexts [37,43,45,46] (Figure 1b). Future investiga
tions comparing different viral strains (e.g. H1N1, H3N2) 
and mouse strains (e.g. BALB/c, C57BL/6) and employing 
complementary models of IM-specific targeting along with 
additional cellular and molecular read-outs of inflammatory 
and repair responses will help deciphering their roles post- 
IAV. Along the same line, a model in which resident IMs 
could be tracked and discriminated from Mo-Macs post-IAV 
would open many opportunities for more comprehensive 
molecular, spatial and functional investigations. 

Monocytes and monocyte-derived Macs 
trajectories and functions post-influenza A 
virus 
Monocytes are, along with neutrophils, the first innate cells 
recruited to the infected lung. Type I IFNs produced early 
post-IAV can trigger an emergency monopoiesis in the bone 
marrow, associated with the proliferation of granulocyte–
monocyte progenitors, their upregulation of the M-CSF 
receptor and the egress of Ly6C+ monocytes exhibiting 
increased expression of stem cell antigen-1 at the expense of 
dendritic cell differentiation [47–49]. Type I IFN signalling 
also promotes the differentiation and lung recruitment of 
CCL2-producing Ly6C+ monocytes, which further facil
itates the influx of CCR2+Ly6C+ monocytes into the lung  
[24,50,51] (Figure 1b). Type II IFNs have also been shown 

to regulate inflammatory monocyte recruitment post-IAV  
[52]. Along with AMs, recruited monocytes orchestrate the 
acute inflammatory response in part via the activation of 
nucleotide oligomerization domain (NOD)-like receptor fa
mily pyrin domain–containing 3 (NLRP3) inflammasome  
[53]. In lethal models of IAV infection, early NLRP3 in
flammasome activity is thought to be protective [54], while 
an excess of activation may worsen lung damage and in
crease mortality [55]. Several reports support that the global 
outcome of CCR2+ monocyte accumulation is detrimental 
and associated with increased morbidity and mortality  
[4,24,56,57]. Deleterious effects of CCR2+ monocytes may 
be related to an elevated production of induced nitric oxide 
synthase (iNOS), which, unlike for other pathogens, does 
not display antiviral activity against IAV but rather inhibits 
an effective adaptive immune response [58]. 

Upon recruitment, a portion of monocytes can differ
entiate into monocyte-derived dendritic cells (Mo-DCs), 
peaking in the lung at days 7–10 post-IAV [57]. Type I 
IFN–producing Mo-DCs have been shown to contribute 
to the antiviral response [59] (Figure 1b) and ensure 
appropriate virus-specific CD8+ T cell memory re
sponses [60]. Recruited monocytes can also develop into 
Mo-Macs that are either short lived or can establish in 
particular niches with functional consequences for lung 
immunity [7,8,27,28,61]. While Mo-Macs have long been 
considered as detrimental and pathogenic cells after IAV 
infection [24,57], their functional specification is argu
ably much more complex than previously thought. 

During the acute inflammatory phase, IFN-γ-induced Mo- 
Macs with a proinflammatory profile are thought to con
tribute to efficient viral clearance. They are progressively 
replaced by proresolving Mo-Macs, thereby facilitating 
tissue healing [25,62,63] (Figure 1c). The phagocytosis of 
dying cells, called efferocytosis, is an integral part of the 
resolution of inflammation [64]. Before cell death, infected 
cells can release ‘find me’ signals and cytokines such as 
macrophage inflammatory protein-1α, CCL2, CXCL10, able 
to direct Mo-Macs towards apoptotic cells for engulfment  
[25,63]. This process contributes to limit the progression of 
IAV infection in mice by clearing infected cells and pro
moting a proresolving phenotype in efferocytic Mo-Macs  
[65–67]. Degradation of engulfed cells induces a substantial 
metabolic shift from proinflammatory glycolytic pathways 
towards oxidative phosphorylation pathways associated with 
anti-inflammatory functions [64,68,69] (Figure 1c). After 
H1N1 infection in mice, genes related to anti-inflammatory 
functions, such as Arg1, Il10, Relma and Chil3, are upregu
lated in macrophages as soon as 7 days post-IAV [70]. Of 
note, the resolution phase post-IAV is characterised by a 
local type 2 profile, including elevated levels of IL-13+ type 
2 helper T cells, innate lymphoid type 2 (ILC2s) cells, IL-4 
and IL-13 [70,71], which participate to macrophage repro
gramming towards a wound-healing phenotype [72,73]. The 
receptor for IL-4 and IL-13 (IL4R) starts to be expressed on 
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proinflammatory Mo-Macs [74] and its activation triggers 
expression of Arginase-1, an enzyme competing with IFN-γ- 
induced iNos for the common substrate L-Arginine [75]. 
The Arg-1 product L-ornithine can be further converted 
into polyamines and proline that can contribute to tissue 
repair via enhancement of efferocytosis, regulation of cell 
growth and collagen production [76–78]. GM-CSF, over
expressed by infected alveolar epithelial cells, is also in
volved in macrophage reprogramming from a 
proinflammatory to a proresolving state [19,79] and has been 
shown to confer protection against lethal IAV infection in 
mice [20,21]. Whether GM-CSF acts on homeostatic AMs, 
Mo-Macs, or both, would require further investigations. 

Consequences of influenza A virus–shaped 
macrophages for lung immunity 
The shaping of the alveolar niche by respiratory infections 
and the long-term consequences for lung immunity have 
been reviewed recently [8]. We will focus here on studies 
supporting the idea that IAV-induced changes in macro
phages are associated with short- and long-term modifica
tions in the ability of the host to respond to subsequent 
insults and stimuli (Figure 1d). IAV-triggered AM depletion 
can increase susceptibility to secondary bacterial pneumonia  
[80]. Moreover, IFN-γ produced by T cells after IAV in
fection can impair AM antibacterial properties and increase 
the risk of secondary bacterial infections [81,82]. Such im
paired capacity of resident AMs to capture bacteria has been 
shown to last for months and to rely on signal regulatory 
protein alpha (SIRPα)-dependent immunosuppressive sig
nals released in the local environment, leading to im
munoparalysis after IAV infection [83]. Influenza-trained 
AMs have recently been proposed to confer antitumour 

immunity [84]. Indeed, in a model of B16 melanoma, IAV- 
trained AM could maintain their phagocytic and cytotoxic 
potential despite tumour-induced immunosuppression, 
thereby enabling enhanced antitumour function [84]. 
However, concerns have been raised as to whether these 
effects might rather be mediated by recruited Mo-Macs 
resembling AMs [85]. Mo-Macs replenishing the alveolar 
spaces post-IAV have been shown to exhibit a more proin
flammatory phenotype associated with higher glycolytic ac
tivity [24] and IL-6 production [27] compared with AMs, 
which can confer protection against secondary bacterial in
fection 1 month post-IAV [27] but can also be responsible 
for increased mortality in recurrent viral infection 
[24]. 

Conclusions and future directions 
Substantial progress has been made to understand the 
roles of monocytes and macrophages during and after 
IAV infection. Yet, recruitment of monocytes and Mo- 
Macs induces a highly dynamic and complex response in 
the lung, and such cells can no longer be considered as a 
single entity based on their origin. Indeed, they are 
thought to be highly plastic, and as they navigate 
through the infected lung and interact with other im
mune cells, structural cells and extracellular matrix 
components, they undergo a spectrum of activation 
states and phenotypic changes and can adopt distinct 
functional identities that depend on their differentiation 
trajectory, the diseased tissue microenvironment and the 
extent and phase of inflammation [6,7,28,29] (Figure 2). 
Therefore, we believe that resolving IAV-triggered 
macrophage adaptations and the complexity of the 
macrophage compartment after IAV, including the 

Figure 2  
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Updated view on the determinants of Mo-Mac identities and functions after lung injury. Upon IAV infection or exposure to other pathogens or insults, 
the diversity of lung macrophages increases as monocytes are recruited and differentiate into Mo-Macs that join the pool of macrophages. As 
opposed to ResMacs, Mo-Macs are highly plastic and exhibit a higher potential for imprinting by inflammation and by tissue cues. Hence, they can 
adopt distinct identities that are regulated spatiotemporally and can also refill homeostatic ResMac niches if space is available and homeostatic cues 
are present. The origin, the differentiation trajectories, the stress-derived and microanatomical niche-derived cues they encounter, the time spent in 
the tissue and their localisation are increasingly thought to be essential determinants of Mo-Mac identities and functions.   
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investigation of the stress-related and tissue-instructive 
signals integrated by Mo-Macs and of the intrinsic mo
lecular programmes that mediate distinct spatiotemporal 
trajectories and functions, is still in its infancy and re
presents an exciting challenge for future research. 
Single-cell and spatial transcriptomic analyses arguably 
represent the first important step in such investigations  
[86,87], which will be critical to fully understand mye
loid cell contributions to IAV-triggered im
munopathology, to understand why they become 
dysregulated in the elderly or in severe and chronic 
diseases, and to ultimately be able to manipulate their 
fate and functions for medically relevant conditions such 
as severe respiratory viral infections and ARDS. To 
succeed, it will be important to undertake a systems 
biology approach in order to connect single-cell gene 
expression and regulation within structural and immune 
cells to cell identity, functions, cell–cell interactions, and 
ultimately disease physiopathology. 

Accordingly, efforts should be made to employ clinically 
relevant human samples and preclinical models that 
better reflect the human disease, along with top-notch 
multi-omic and spatial technologies that are currently 
revolutionising research in life sciences. 
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Recruited atypical Ly6G+ macrophages license alveolar 
regeneration after lung injury
Cecilia Ruscitti1,2, Joan Abinet1,2, Pauline Maréchal1,2, Margot Meunier1,2, Constance de Meeûs2,3, 
Domien Vanneste1,2, Pierre Janssen1,2, Mickael Dourcy2,4, Marc Thiry5, Fabrice Bureau2,6, 
Christoph Schneider7, Benedicte Machiels2,4, Andres Hidalgo8,9, Florent Ginhoux10,11,12,13, 
Benjamin G. Dewals2,4, Julien Guiot14,15, Florence Schleich14,15, Mutien-Marie Garigliany2,3,  
Akeila Bellahcène16, Coraline Radermecker1,2*†, Thomas Marichal1,2,17*†

The lung is constantly exposed to airborne pathogens and particles that can cause alveolar damage. Hence, ap-
propriate repair responses are essential for gas exchange and life. Here, we deciphered the spatiotemporal trajec-
tory and function of an atypical population of macrophages after lung injury. Post–influenza A virus (IAV) infection, 
short-lived monocyte-derived Ly6G-expressing macrophages (Ly6G+ Macs) were recruited to the alveoli of lung 
perilesional areas. Ly6G+ Macs engulfed immune cells, exhibited a high metabolic potential, and clustered with 
alveolar type 2 epithelial cells (AT2s) in zones of active epithelial regeneration. Ly6G+ Macs were partially depen-
dent on granulocyte-macrophage colony-stimulating factor and interleukin-4 receptor signaling and were essen-
tial for AT2-dependent alveolar regeneration. Similar macrophages were recruited in other models of injury and 
in the airspaces of lungs from patients with suspected pneumonia. This study identifies perilesional alveolar 
Ly6G+ Macs as a spatially restricted, short-lived macrophage subset promoting epithelial regeneration postinjury, 
thus representing an attractive therapeutic target for treating lung damage.

INTRODUCTION
Severe respiratory viral infections represent a global health issue and 
a major threat for health care systems given that they often require 
hospitalization, as seen during annual influenza A virus (IAV) out-
breaks or the COVID-19 pandemic. Acute lung infectious episodes 
are typically associated with excessive lung inflammation, dam-
age, and abnormal tissue repair that can lead to acute respiratory dis-
tress syndrome (ARDS), pneumonia, and death (1–5). Deciphering 
the mechanisms eliciting appropriate lung regeneration and host re-
covery after viral-triggered lung injury is urgently needed to im-
prove clinical management and broaden therapeutic opportunities.

Blood monocytes are heavily recruited to the lungs during the 
acute inflammatory phase postinfection, thereby contributing to 
host innate defense mechanisms. When not appropriately regulated, 

they are also thought to contribute to uncontrolled inflammation 
via the aberrant release of cytokines, which, in its extreme form, is 
known as a “cytokine storm,” which has been well described in pa-
tients with severe COVID-19 (3, 6–9). Recruited monocytes can 
also differentiate into monocyte-derived macrophages (Mo-Macs) 
that are short lived or can establish long-term residency in particu-
lar niches and can have functional consequences for lung immunity 
(10–15). The idea that recruited Mo-Macs are considered pathogen-
ic after influenza infection (15, 16) or COVID-19 (6, 17) whereas 
lung-resident alveolar macrophages (AMs) and interstitial macro-
phages (IMs) exert beneficial roles (13, 18–24) is likely oversimplis-
tic. Recruited Mo-Macs are increasingly recognized as heterogeneous 
and can adopt distinct functional identities that depend on their dif-
ferentiation trajectory, the diseased tissue microenvironment, the 
extent and phase of inflammation, and their activation state (9, 13, 
14, 18, 25). In this regard, the fate and functions of short-lived Mo-
Macs after lung injury remain incompletely described.

Here, we used an in vivo model of IAV-triggered injury to investi-
gate the spatiotemporal trajectory and function of an atypical popula-
tion of Mo-Macs expressing Ly6G, a marker considered to be restricted 
to granulocytes. We found that Ly6G+ Macs emerged transiently from 
Ccr2-dependent monocytes during the early recovery phase post-IAV, 
populated the alveolar lumen of lung perilesional areas, and could pro-
mote progenitor AT2 differentiation and alveolar reepithelization. Our 
study thus unravels the fate and function of a previously undescribed 
Ly6G+ Mac population that engages in cross-talk with epithelial cells 
to promote epithelial regeneration after viral-triggered lung injury.

RESULTS
Lung Ly6G+ Macs emerge in the early recovery phase 
post-IAV infection
To investigate the dynamic of myeloid cell responses after lung inju-
ry, we performed time-course flow cytometry studies in a clinically 
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relevant mouse model of lung infectious injury after IAV infection 
(2). Eight- to 12-week-old C57BL/6 wild-type (WT) mice were in-
fected intranasally with 5 plaque-forming units (PFUs) of IAV H1N1 
strain PR8/34, which triggered self-limiting disease with a peak in 
viral RNA at day 5 after IAV and viral clearance at day 10 after IAV 
(fig. S1, A and B). In this model, Ly6G+CD11b+CD64− neutrophils 
(Neus) increased at day 5 after IAV and returned to baseline by day 15 
(Fig. 1, A and B). A partial loss of Ly6G−CD64+SiglecF+CD11c+ 
AMs was observed between day 5 and day 10 after IAV, which was 
restored at day 15 after IAV, as previously described (15) (Fig. 1, A 
and B). The numbers of CD64−Ly6C− monocytes (Ly6C− Mos) re-
mained stable over the course of infection, unlike those of classical 
CD64−Ly6C+ Mos (Ly6C+ Mos) and inflammatory CD64+Ly6C+ 
monocytes (iMos) that peaked around day 5 after IAV (Fig. 1, A and 
B). Macs resembling IMs (IM-like), defined as F4/80+CD11b+Ly6G−

SiglecF−Ly6C−CD64+ cells and likely encompassing resident IMs 
and recruited Mo-Macs, increased over time (Fig. 1, A and B). We 
also observed emergence, from day 5 onward, of a distinct popula-
tion of IAV-triggered Ly6G+CD11b+CD64+ Macs that fell in the 
classical Ly6G+CD11b+ Neu gate but were distinct from Neus on the 
basis of their elevated CD64 expression (Fig. 1, C and D), which we 
call Ly6G+ Macs hereafter. Ly6G+ Macs were absent in the blood 
(Fig. 1E), peaked at day 10 after IAV in the lung, and could still be 
detected at days 15 and 20 after IAV (Fig.  1D). Morphologically, 
Ly6G+ Macs analyzed at day 10 after IAV exhibited a kidney-shaped 
nucleus, like iMos, and had numerous cytoplasmic vacuolated struc-
tures and a cell membrane rich in protrusions (Fig. 1F and fig. S1C). 
Phenotypically, Ly6G+ Macs were F4/80hiSiglecFloCD11clo (fig. S1, D 
and E) and expressed high levels of the chemokine receptor CXCR4, 
type II major histocompatibility complex (MHC-II), CD101, and 
CD319, a regulator of Mac functions (Fig. 1, G and H) (26, 27). How-
ever, Ly6G+ Macs exhibited low expression of the Neu activation 
marker CD177 (Fig. 1, G and H).

Next, we performed single-cell RNA sequencing (scRNA-seq) anal-
yses of lung myeloid cells at day 10 after IAV. Lung CD45+F4/80+ 
and/or CD11b+ cells were sorted from five mock-infected and five 
IAV-infected mice and were subjected to single-cell droplet en-
capsulation (28), scRNA-seq, and quality control filtering. The 
curated data were integrated with a published dataset of steady-
state lung monocytes and IMs (29) and projected in global and 
condition-specific uniform manifold approximation and projec-
tion (UMAP) plots (Fig. 2A). Myeloid cells from mock-infected 
mice mainly comprised clusters annotated as AMs (Chil3, Ear1, 
and Fapb1; C6), Ly6C− Mos (Ace, Nr4a1, and Fcgr4; C3), Ly6C+ Mos 
(Ccr2 and Ly6c2; C4), and dendritic cells (DCs; H2-Ab1, Cd209a, 
and Flt3; C9) (Fig. 2, A to C, and fig. S2A). Few cycling Macs 
(Birc5, Top2a, and Mki67; C11) were also detected in mock-infected 
mice, along with few CD206− IMs (C1qa, C1qc, H2-Ab1, Cd74, and 
Tmem119; C1) and CD206+ IMs (C1qa, C1qc, Mrc1, and Maf; C8) 
(Fig. 2, A to C, and fig. S2A) (29). Ten days after IAV, AMs (C6) 
disappeared; a small cluster of IAV-associated AMs was present 
instead (Chil3, Ear1, and Ear2; C12), Neus were recruited (S100a8, 
S100a9, and Mmp9; C7), and IMs (C1 and C8) and iMos (Ccr2, 
Ly6c2, and Irf7; C5) expanded (Fig. 2, A to C, and fig. S2A). Of 
note, clusters C2 and C10 were specifically triggered by IAV. C10 
had an elevated content in mitochondrial genes and low numbers 
of detected genes (fig. S2B) and was therefore annotated as dying 
Macs. C2 expressed significantly higher levels of cathepsins (Ctsb 
and Ctsz), galectins (Lgals1 and Lgals3), arginase-1 (Arg1), and 

osteopontin (Spp1) as compared with the other clusters (Fig. 2D). 
Intracellular flow cytometry staining for arginase-1 and osteo-
pontin showed that the combined expression of these two pro-
teins was restricted to Ly6G+ Macs at day 10 after IAV (Fig. 2, E 
and F), supporting that C2 corresponded to Ly6G+ Macs identi-
fied by flow cytometry. Of note, Ly6G+ Macs expressed high levels 
of Csf1r and Slamf7 (coding for CD319) but did not express any of 
the Neu-related transcripts Csf3r, S100a8, S100a9, Mmp8, Mmp9, 
Mpo, Slpi, or Cd177 (fig. S2, A and C). Ly6g transcripts were not detect-
able in Neus or Ly6G+ Macs (fig. S2, A and C). Ly6G+ Macs (C2) 
displayed both “M1-like” or “M2-like” signature scores and genes 
and could not be categorized as such on the basis of their expres-
sion profile (fig. S2, D and E). Together, our data show that a phe-
notypically and transcriptionally distinct subset of Ly6G+ Macs 
emerges during a specific time window corresponding to early 
weight recovery post-IAV.

Ly6G+ Macs arise from recruited monocytes and are partially 
dependent on GM-CSF receptor signaling
We next investigated the origin of Ly6G+ Macs and asked whether they 
could expand via local proliferation. We observed that the percentage of 
cells positive for the proliferation Ki67 was very low in Ly6G+ Macs 
(fig. S3A). Next, we treated mice at day 10 after IAV intraperitoneally 
with 5-ethynyl-2′-deoxyuridine (EdU) 4 hours before analysis. Al-
though the percentage of EdU+ cells was higher in AMs compared with 
all other lung myeloid cells, indicative of active proliferation, nearly, no 
EdU+ cells were detected in Ly6G+ Macs, ruling out their active prolif-
eration (fig. S3, B and C). Third, we assessed whether Ly6G+ Macs arose 
from the bone marrow (BM) or from local progenitor monocytes (30). 
We generated chimeric mice in which lethally irradiated, thorax-
protected CD45.2 WT mice were reconstituted with BM cells from 
Ms4a3CreR26LSLtdTomato mice (subsequently referred to as Ms4a3tdTom), 
in which the progeny of granulocyte–monocyte progenitors (GMPs) are 
constitutively labeled (31). At week 4 after transfer, the percentage of td-
Tomato+ blood Ly6C+ Mos was around 50%, whereas the percentages 
of tdTomato+ lung AMs and IMs were very low, confirming efficient 
reconstitution and thorax protection (fig. S3, D to G). At day 10 after 
IAV, we found that the percentage of tdTomato+ Ly6G+ Macs was 
similar to that of Ly6C+ Mos (fig. S3, H and I), consistent with a major 
contribution of BM-derived GMPs, but not local progenitors, to 
Ly6G+ Macs.

The kinetics of Ly6G+ Mac emergence post-IAV was comparable to 
but delayed compared with that of Ly6C+ Mos and iMos, consistent with 
the idea that recruited Ly6C+ Mos could give rise to Ly6G+ Macs. Sup-
porting this, Slingshot trajectory analyses of the scRNA-seq data identi-
fied two main trajectories starting from Ly6C+ Mos, transiting through 
iMos to give rise to either IM-like cells or Ly6G+ Macs (Fig. 3A) (32). 
Genes that exhibited the same pattern of down-regulation along pseudo-
time in each trajectory encompassed the classical monocyte-associated 
genes Ccr2 and Ly6c2 (Fig. 3B). We also found, in both trajecto-
ries, a time-restricted up-regulation of interferon-stimulated genes 
(Ifi209, Ifitm3, Ifi47, and Isg15) that likely corresponded to transitioning 
iMos (Fig. 3B). Last, trajectory-specific genes were gradually and specifi-
cally up-regulated along pseudotime in the IM-like (e.g., C1qa, C1qc, 
C1qb, Mrc1, Cd74, H2-Ab1, and H2-Eb1) or the Ly6G+ Mac (e.g., Arg1, 
Spp1, Ccl2, Ccl7, and Ctsb) trajectories (Fig. 3B).

Next, we infected the monocyte fate-mapper mice Ms4a3tdTom 
(31) and Cx3cr1GFP (33) with IAV and found that, at day 10 after IAV, 
Ly6G+ Macs were Tomato+ and GFPhi, respectively, consistent with their 
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Fig. 1. Ly6G+ Macs culminate during the early recovery phase post-IAV infection. (A) Representative flow cytometry gating strategy showing live CD45+CD11b+Ly6G+CD64− 
Neus, CD45+CD11b+Ly6G+CD64+ macrophages (Ly6G+ Macs), CD45+Ly6G−CD11c+SiglecF+ AMs, CD45+Ly6G−SiglecF−F4/80+CD11b+Ly6C+CD64− monocytes (Ly6C+ Mos), 
CD45+Ly6G−SiglecF−F4/80+CD11b+Ly6C−CD64− monocytes (Ly6C− Mos), CD45+Ly6G−SiglecF−F4/80+CD11b+Ly6C+CD64+ iMos, and CD45+Ly6G−SiglecF−F4/80+CD11b+Ly6C−

CD64+ IM-like cells in lungs of C57BL/6 WT mice at day 10 after IAV. (B) Time course of absolute numbers of Neus, AMs, Ly6C− Mos, Ly6C+ Mos, iMos, and IM-like cells quantified 
by flow cytometry at days 0, 5, 10, 15, and 20 after IAV in WT mice. (C) Representative contour plots of CD64 and CD11b expression within lung CD45+CD11b+Ly6G+ cells at 
day 10 after infection in mock-infected or IAV-infected WT mice. (D) Time course of absolute numbers of Ly6G+ Macs quantified by flow cytometry, as in (B). (E) Percentage of 
Neu and Ly6G+ Macs within Ly6G+CD11b+ cells quantified by flow cytometry in the blood and lungs of WT mice at day 10 after IAV. (F) Photographs of Neus, Ly6G+ Macs, 
IM-like cells, and iMos sorted by FACS from IAV-infected WT mice at day 10 after infection. Pictures are representative of one of three independent sorting experiments, each 
giving similar results. (G) Representative histograms of CXCR4, MHC-II, CD101, CD319, and CD177 expression in the indicated myeloid cell populations, quantified by flow 
cytometry at day 10 after IAV in WT mice. (H) Quantification of the expression of the indicated markers, as in (G). MFI, mean fluorescence intensity. [(B) and (D)] Data show 
means (centerline) ± SEM (colored area) and are pooled from two or three independent experiments (n = 6 mice per time point); [(E) and (H)] Data show means + SEM and 
are pooled from two independent experiments (n = 5 or 6 mice). [(B), (D), and (H)] P values were calculated using one-way analysis of variance (ANOVA) with Dunnett’s post 
hoc tests. *P < 0.05; ****P < 0.0001. FMO, fluorescence minus one; ns, not significant; p.i., postinfection. (F) Scale bars, 5 μm.
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Fig. 2. Ly6G+ Macs are transcriptionally distinct from other lung myeloid cells at day 10 after IAV. (A) UMAP plots of scRNA-seq data depicting the transcriptional 
identity of FACS-sorted lung live CD45+F4/80+ and/or CD11b+ cells from mock-infected or IAV-infected WT mice 10 days after infection (pooled from five mice per condi-
tion), merged with a published dataset of steady-state lung monocytes and IMs (29). (B) Frequency of each cluster for each experimental condition, as in (A). (C) Heatmap 
depicting the single-cell expression of the most up-regulated genes within each cluster. (D) Expression of the indicated genes within each cluster, as depicted by violin 
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populations, quantified by flow cytometry at day 10 after IAV in WT mice. (F) Quantification of Arg-1 and osteopontin expression, as in (E). (F) Data show means + SEM and 
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Fig. 3. IAV-triggered Ly6G+ Macs are recruited from classical monocytes and are short lived. (A) UMAP plot depicting the transcriptional identity and cell trajectories 
(top) and pseudotime trajectory values (bottom) of lung Ly6C+ Mos, iMos, Ly6G+ Macs, dying Macs, CD206− IMs, and CD206+ IMs, as in Fig. 2A, evaluated by Slingshot 
trajectory analyses. (B) Heatmap plot depicting the differentially expressed genes along pseudotime evaluated by tradeSeq in the trajectory starting from Ly6C+ Mos and 
ending either in IMs or in Ly6G+ Macs. (C) Representative histograms of tdTomato (left) and GFP (right) expression in the indicated myeloid cell populations, quantified by 
flow cytometry at day 10 after IAV in Ms4a3tdTom and Cx3Cr1GFP mice, respectively. (D) Quantification of tdTomato+ cells (left) and GFP expression (right), as in (C). (E) Repre-
sentative tdTomato and CD45.1 contour plots and (F) bar graph showing % of host, donor Ccr2−/−, and donor Ms4a3tdTom+ chimerism in the indicated cell populations from 
lethally irradiated CD45.1/CD45.2 mice reconstituted with a 1:1 mix of CD45.2 Ccr2−/− and Ms4a3tdTom+ BM cells, infected with IAV 4 weeks later, and evaluated at day 10 
after IAV. (G) Time course of absolute numbers of EdU+ Ly6G+ Macs and EdU+ IM-like cells quantified by flow cytometry at days 7, 10, 14, and 17 after IAV in EdU-pulsed WT 
mice at day 7 after IAV. (H) Pie chart representation of the mean frequency of annexin V– and PI-negative and/or positive fractions within lung Ly6C+ Mos, iMos, and Ly6G+ 
Macs, quantified at day 10 after IAV in WT mice. (I) Representative Ly6G and FSC contour plots and (J) bar graph showing % of Ly6G+ cells within lung iMos sorted from WT 
mice at day 10 after IAV and cultured 18 hours ex vivo with vehicle, M-CSF, or GM-CSF. (K) Representative confocal microscopy pictures and (L) representative flow cytom-
etry histograms of tdTomato expression within lung iMos sorted from Ly6gtdTom mice at day 10 after IAV and treated ex vivo with tamoxifen and GM-CSF or vehicle for 
18 hours. (M) Bar graph showing donor Csf2ra−/− chimerism relative to donor Csf2ra+/+ chimerism in the indicated cell populations from thorax-protected, lethally irradi-
ated CD45.1/CD45.2 mice reconstituted with a 1:1 mix of CD45.1 Csf2ra−/− and CD45.2 Csf2ra+/+ BM cells, infected with IAV 4 weeks later, and evaluated at day 10 after 
IAV. (N) Representative histograms and (O) quantification of Arg-1+ cells (%) in Ly6G+ Macs from donor Csf2ra+/+ and Csf2ra−/− BM cells, as in (M). Data show [(D), (F), (J), 
(M), and (O)] means + SEM and [(D) and (F)] are representative of one of three independent experiments (n = 3 or 4 mice); (J) are pooled from three independent sorting 
experiments, with each dot representing one biological replicate; and [(M) and (O)] are pooled from two independent experiments (n = 10 mice). Data show (G) means 
(centerline) ± SEM (colored area) and are pooled from two independent experiments (n = 6 mice per time point). P values compare CD45.2 donor Ccr2−/− chimerism in (F). 
P values were calculated using (D) one-way ANOVA with Dunnett’s post hoc tests, (F) two-way ANOVA with Tukey’s post hoc tests, [(G) and (J)] one-way ANOVA with Tukey’s 
post hoc tests, (M) two-way ANOVA with Šídák’s post hoc tests, or (O) two-tailed Student’s t test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. (K) Scale bars, 10 μm.
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GMP-derived monocytic origin (Fig. 3, C and D). To address the depen-
dency of Ly6G+ Macs on Ccr2-dependent BM-derived Ly6C+ Mos 
(34), we generated BM competitive chimeras in which lethally irradi-
ated CD45.1/CD45.2 WT mice were engrafted with a 1:1 mix of 
CD45.2 Ccr2−/− and CD45.2 Ms4a3tdTom BM cells. At week 4 after re-
constitution, most blood Ly6C+ Mos were of donor Tomato+ origin, as 
expected (fig. S3, J and K) (34). At day 10 after IAV, most Ly6G+ Macs 
were also of donor Ms4a3tdTom origin, indicating their dependency on 
Ccr2 (Fig. 3, E and F).

We next sought to assess the fate and life span of Ly6G+ Macs. The 
abundance of Ly6G+ Macs during a limited time window post-IAV sug-
gested that they might be short lived. In line with this, trajectory analyses 
in Fig. 3A suggested that Ly6G+ Macs (C2) gave rise to Macs with low 
RNA content (C10) (fig. S2B). We performed EdU pulse experiments at 
day 7 after IAV and found that Ly6G+ Macs staining positive for EdU 
at day 10 after IAV were completely cleared from the lung at day 17 
(Fig. 3G). Annexin V/propidium iodide (PI) staining at day 10 after IAV 
further supported that Ly6C+ Mos transitioning to iMos and differenti-
ating into Ly6G+ Macs became progressively more sensitive to death, 
with a substantial portion of Ly6G+ Macs being either early or late apop-
totic (annexin V+/PI+/−) or necrotic (annexin V−/PI+) (Fig. 3H and 
fig. S3L). Hence, our data show that Ly6G+ Macs represent a short-lived 
Mac subset arising from Ccr2-dependent Ly6C+ Mos.

The Ly6G signal on Ly6G+ Macs, considered to be Neuspecific, was 
unexpected and required careful validation. First, we verified that the 
Ly6G fluorescence intensity was nearly absent in unstained or isotype 
antibody (Ab)–stained CD11b+ cells from IAV-infected WT mice 
(fig. S4A). Second, we evaluated whether Ly6G+ Mac precursors, name-
ly, iMos, could intrinsically up-regulate Ly6G on their surface when iso-
lated from the lungs of IAV-infected mice at day 10 after IAV. We found 
that iMos from IAV-infected mice and stimulated ex vivo with 
granulocyte-macrophage colony-stimulating factor (GM-CSF), and to a 
lesser extent with macrophage colony-stimulating factor (M-CSF), had 
up-regulated Ly6G protein on their surface (Fig. 3, I and J). We also 
found that lung iMos isolated from IAV-infected Ly6gCreERT2R26LSLtdTomato 
mice (Ly6gtdTom) treated with tamoxifen and stimulated with GM-
CSF ex vivo became tdTomato+, indicative of active Ly6g gene tran-
scription in monocytic cells (Fig. 3, K and L). These data demonstrate 
that Ly6G can be actively expressed by Mo-Macs.

Given the ability of GM-CSF to trigger Ly6G expression on lung 
iMos isolated from IAV-infected mice, we assessed the dependency of 
Ly6G+ Macs on GM-CSF receptor signaling in vivo. We generated BM 
competitive chimeras in which thorax-protected, lethally irradiated 
CD45.1/CD45.2 WT mice were engrafted with a 1:1 mix of CD45.1 
Csf2ra−/− and CD45.2 Csf2ra+/+ BM donor cells. At week 4 after recon-
stitution, blood Neus and Mos of donor origin arose equally from 
CD45.1 Csf2ra−/− and CD45.2 Csf2ra+/+ BM cells (fig. S4, B and C). At 
day 10 after IAV, we found that CD45.2 Csf2ra+/+ BM cells had a com-
petitive advantage over CD45.1 Csf2ra−/− BM cells to become Ly6G+ 
Macs, which was not observed among most other lung myeloid cells 
(Fig. 3M and fig. S4, C to E), and the percentage of Arg-1+ cells was 
lower in Csf2ra−/− Ly6G+ Macs as compared with Csf2ra−/− Ly6G+ 
Macs (Fig. 3, N and O), indicating their partial dependency on GM-
CSF receptor signaling.

Ly6G+ Macs exhibit distinct ultrastructural features 
associated with elevated metabolic and phagocytic abilities
Gene set enrichment analysis (GSEA) of the transcriptomic profile 
of Ly6G+ Macs (C2) compared with all other clusters identified a 

response to interferon-γ (IFN-γ) and cytokines, chemotactic and viral 
processes, an active metabolic state, a highly developed endomem-
brane system, and elevated phagocytic abilities in Ly6G+ Macs 
(Fig. 4A). We analyzed fluorescence-activated cell sorting (FACS)–
sorted Ly6G+ Macs by transmission electron microscopy (TEM) at day 
10 after IAV and found that they exhibited a kidney-shaped nucleus, a 
microvilli-rich membrane, secretory granules, and a cytoplasm rich in 
rough endoplasmic reticulum (RER), Golgi apparatus, lysosomes, and 
autophagy vacuoles, distinguishing them from Neus, Ly6C+ Mos, and 
IM-like cells (Fig. 4B). The morphology of Ly6G+ Macs was reminis-
cent to that of an atypical population of monocytes, called SatM mono-
cytes, which arise from particular GMPs during the fibrotic phase in 
lungs post–bleomycin administration, contribute to fibrosis, and are 
regulated by CCAAT/enhancer binding protein β (C/EBPβ) (35). We 
conducted a single-cell regulatory network inference and clustering 
(SCENIC) analysis (36) and found that C/EBPβ activity was lower in 
Ly6G+ Macs compared with Ly6C− Mos, Ly6C+ Mos, iMos, and Neus 
(fig. S5A). Moreover, we generated a SatM signature score based on the 
genes unregulated in SatM monocytes (35), mapped this score to our 
scRNA-seq data, and found that Ly6G+ Macs displayed a lower SatM 
score compared with IMs, Ly6C+ Mos, Ly6C− Mos, or iMos (fig. S5, B 
and C), supporting that Ly6G+ Macs are not dependent on C/EBPβ 
and are transcriptionally distinct from SatM monocytes (35).

Next, we characterized the metabolic profile of Ly6G+ Macs using a 
metabolic flux assay and found that the extracellular acidification rate 
(ECAR) was higher in Ly6G+ Macs compared with IM-like cells, both 
at baseline and under stress, supporting that the glycolytic pathway 
was highly active in Ly6G+ Macs (Fig. 4C). Moreover, whereas the 
basal mitochondrial oxygen consumption rate (OCR) was similar be-
tween Ly6G+ Macs and IM-like cells, the OCR under stress conditions 
was higher in Ly6G+ Macs compared with IM-like cells (Fig. 4D), sup-
porting that they had a high metabolic potential (Fig. 4E).

We administered infected mice fluorescently labeled Escherichia coli 
particles intratracheally at day 10 after IAV and confirmed that Ly6G+ 
Macs were highly phagocytic compared with Neus, Ly6C+ Mos, IM-
like cells, and AMs (Fig. 4, F and G). Hence, we asked whether Ly6G+ 
Macs could perform efferocytosis in vivo. To this end, we infected BM 
competitive chimeras in which lethally irradiated CD45.2 WT mice 
were engrafted with a 1:1 mix of Cx3cr1GFP/+ and Ms4a3tdTom BM cells. 
Of note, at day 10 after IAV, 60% of Cx3cr1GFP/+ Ly6G+ Macs were also 
tdTomato+ (Fig. 4, H and I, and fig. S6, A to C), demonstrating that they 
were highly potent in engulfing myeloid cells in vivo. To assess whether 
Ly6G molecules could be transferred from Neus to Ly6G+ Macs during 
efferocytosis, we infected BM competitive chimeras in which lethally 
irradiated CD45.1/CD45.2 WT mice were engrafted with a 1:1 mix of 
Cx3cr1GFP/+ BM cells and Ly6g−/− (i.e., homozygous Ly6gCreERT2 mice) 
(37) or Ly6g+/+ BM cells. At day 10 after IAV, we found that the levels of 
Ly6G on Cx3cr1GFP+ Ly6G+ Macs from Cx3cr1GFP+: Ly6g−/− BM chi-
meric mice, in which half of the Neus were Ly6g−/−, were similar to 
those from Cx3cr1GFP+: Ly6g+/+ BM chimeric mice, supporting no evi-
dence for a Ly6G transfer from Neus to Ly6G+ Macs (fig. S6, D and E). 
Together, these data show that IAV-triggered Ly6G+ Macs are charac-
terized by metabolic, morphological, and efferocytic properties distinct 
from other lung myeloid cells.

Ly6G+ Macs populate the alveolar lumen of perilesional 
regenerating areas
Next, we investigated the localization and the spatial organization of 
Ly6G+ Macs. First, we performed confocal microscopy staining of 
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Fig. 4. Ly6G+ Macs exhibit an atypical morphology and have distinct metabolic, phagocytic, and efferocytic capabilities. (A) GSEA of the Ly6G+ Mac (C2) profile 
compared with other clusters using the Kyoto Encyclopedia of Genes and Genomes (KEGG), cellular components, and biological process gene sets. The normalized enrich-
ment score (NES), false discovery rate (FDR), and size of the gene set are shown for each process. ECM, extracellular matrix. (B) Representative TEM pictures of Neus, Ly6G+ 
Macs, IM-like cells, and iMos FACS-sorted from lungs of WT mice at day 10 after IAV. (C) ECAR of FACS-sorted Ly6G+ Macs, Neus, and IM-like cells, as in (B), quantified at 
baseline and under stress over time using a Seahorse assay. A.U., arbitrary units; FCCP, carbonyl cyanide p-trifluoromethoxyphenylhydrazone. (D) OCR of Ly6G+ Macs, Neus, 
and IM-like cells, as in (C). (E) ECAR and OCR of Ly6G+ Macs, Neus, and IM-like cells, as in [(C) and (D)]. (F) Representative histograms of the E. coli–fluorescein isothiocyanate 
(FITC) signal in the indicated myeloid cell populations, quantified by flow cytometry at day 10 after IAV and 3 hours after intratracheal injection of E. coli–FITC particles. 
Noninjected mice were used as controls (gray line). (G) Quantification of E. coli–FITC+ cells, as in (F). (H) Representative tdTomato and CD11b contour plots and (I) bar graph 
showing % of tdTomato+ cells in the indicated Cx3cr1GFP+ donor cell populations from lethally irradiated CD45.2 WT mice reconstituted with a 1:1 mix of CD45.2 Cx3cr1GFP+ 
and Ms4a3tdTom+ BM cells, infected with IAV 4 weeks later and evaluated at day 10 after IAV. Data show [(C) and (D)] means ± SEM and are representative of one of three 
independent experiments, each giving similar results; data show [(G) and (I)] means + SEM and are pooled from two independent experiments (n = 6 mice). P values [(C) 
and (D)] compare Ly6G+ Macs versus IM-like cells or Neus and were calculated using two-way ANOVA with Bonferroni’s post hoc tests; P values [(G) and (I)] were calculated 
using one-way ANOVA with Dunnett’s post hoc tests. **P < 0.01; ****P < 0.0001. (B) Scale bars, 2 μm.
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lung sections of infected Cx3cr1GFP mice at day 10 after IAV. By de-
fining Ly6G+ Macs as cells double positive for Ly6G and green fluo-
rescent protein (GFP), we found that they were located in the 
alveolar lumen (Fig. 5A), which was also confirmed by in situ elec-
tron microscopy (Fig. 5B).

To further investigate the spatial distribution of Ly6G+ Macs and 
the molecular signatures of Ly6G+ Mac–rich areas, we performed 
spatial transcriptomic analyses using the GeoMx Digital Spatial 
Profiler (DSP), which allows whole-genome transcript analyses 
within regions of interest (ROIs). Lung sections from two mock-
infected and four IAV-infected mice were collected at day 10 after 
IAV and stained with anti-CD68 and anti-Ly6G antibodies, and 
ROIs were selected in control lungs (4 ROIs), extralesional zones 
(4 ROIs), intralesional zones (5 ROIs), and zones rich in Ly6G+CD68+ 
cells that were mostly located in the periphery of consolidated areas 
(perilesional; 11 ROIs) (Fig. 5C and fig. S7A). Unsupervised princi-
pal components (PCs) analysis showed that perilesional ROIs were 
separated from the other regions (Fig. 5D). Volcano plot representa-
tion of the differentially expressed genes between conditions and 
the heatmap of the 522 significantly up-regulated genes in perile-
sional areas compared with the other areas supported that perile-
sional areas were transcriptionally very active (fig. S7, B and C). 
General cellular deconvolution indicated that perilesional zones 
were also enriched in tissue Macs as compared with the other re-
gions (fig. S7D). We next mapped cell signature scores of lung my-
eloid cell populations analyzed by scRNA-seq to the ROIs and 
confirmed that perilesional zones were enriched in Ly6G+ Macs 
compared with the other zones (Fig. 5E and fig. S7E). GSEA indi-
cated that perilesional areas were enriched in biological responses 
related to cytoskeleton activity, epithelial cell migration, and elevated 
metabolic activity compared with intralesional areas, consistent with 
intense remodeling activities (Fig. 5F).

Next, we took advantage of a publicly available scRNA-seq data-
set of alveolar epithelial cell states present during alveolar regenera-
tion after bleomycin-induced lung injury (38) and containing type 
1 and type 2 alveolar epithelial cells (AT1s and AT2s, respectively) 
as well as transitional states appearing during AT2-to-AT1 differen-
tiation, called primed AT2s and damage-associated transient pro-
genitors (DATPs) (38). By mapping the signature scores of such 
transitional epithelial cell states to the ROIs, we found that Ly6G+ 
Mac–rich perilesional zones were enriched in primed AT2s and 
DATPs compared with control and intralesional zones (fig. S7, F 
and G). Accordingly, the Ly6G+ Mac score correlated positively 
with those of primed AT2s and DATPs (Fig. 5G). We also con-
firmed by confocal microscopy that Ly6G+ Macs were particularly 
abundant in the periphery of consolidated areas and clustered with 
AT2s, whereas intralesional consolidated areas, which exhibited 
low levels of staining for AT1s and AT2s, contained few Ly6G+ 
Macs (Fig. 5H and fig. S8). Together, these data are consistent with 
perilesional areas serving as the site of active epithelial regeneration 
post-IAV and indicate that Ly6G+ Macs, which cluster in such ar-
eas, contribute to this process.

Ly6G+ Macs promote alveolar epithelial regeneration 
through IL-4R signaling
To formally assess the function of Ly6G+ Macs in vivo, we aimed to 
generate a transgenic mouse strain in which Ly6G+ Mac differentia-
tion was impaired. Thus, we applied the SCENIC algorithm to our 
scRNA-seq data to map gene regulatory networks and predict 
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Fig. 5. Ly6G+ Macs populate the alveoli of perilesional regenerating areas. 
(A) Representative confocal microscopy picture of lung sections from Cx3cr1GFP mice at 
day 10 after IAV, with Ly6G+ Macs identified as Ly6G+Cx3cr1GFP+ cells. (B) Represen-
tative in situ electron microscopy picture of Ly6G+ Macs in the vicinity of AT2s and 
AT1s, identified on lung sections from WT mice at day 10 after IAV. (C) Representa-
tive examples of ROIs selected on lung sections from mock-infected or IAV-infected 
WT mice at day 10 after IAV stained with anti-Ly6G and anti-CD68 antibodies. 
(D) Unsupervised PCs analysis of the ROIs analyzed by the DSP. Percentages indicate 
the variability explained by each component. (E) Ly6G+ Mac signature score within 
control, extralesional, perilesional, and intralesional ROIs, as depicted by violin plots 
(height: scores; width: abundance of cells). (F) GSEA of perilesional ROIs compared 
with intralesional ROIs using the cellular components, molecular function, and bio-
logical process gene sets. The NES, FDR, and size of the gene set are shown for each 
process. ATP, adenosine triphosphate. (G) Correlation of the Ly6G+ Mac score with 
the primed AT2 (top) and DATP (bottom) scores of the ROIs. (H) Representative pic-
ture of perilesional Ly6G+ Macs (i.e., Ly6G+MHC-II+ cells), prosurfactant protein C 
(pSPC)+ AT2s, and podoplanin (Pdpn)+ AT1s identified by confocal microscopy on 
lung sections from WT mice at day 10 after IAV. [(A), (B), and (H)] Pictures are repre-
sentative of one of six mice, each giving similar results. (E) P values were calculated 
using one-way ANOVA with Tukey’s post hoc tests. (G) The correlation analysis used 
was the parametric Pearson correlation coefficient. **P < 0.01; ***P < 0.001; 
****P < 0.0001. Scale bars, (A) 15 μm, (B) 5 μm, (C) 100 μm, and (H) 10 μm.
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transcription factor activities in Ly6G+ Macs (36). Of note, c-Maf 
and MafB exhibited a high regulon activity in Ly6G+ Macs and IM-
like cells, as previously described (29), but not in other lung myeloid 
cells (Fig. 6A and fig. S9). Elevated c-Maf and MafB protein levels 
were also detected in Ly6G+ Macs at day 10 after IAV by flow cytom-
etry (Fig. 6, B and C), and Maf and Mafb transcript levels were ele-
vated in lung Ly6G+ Mac–rich perilesional areas of IAV-infected 
mice (Fig. 6D). We generated mice with myeloid-restricted Maf and 
Mafb deficiency by crossing Maf and Mafb floxed mice (Maf/Mafb fl/fl) 
with mice constitutively expressing Cre recombinase under the 
control of the lysozyme M promoter (Lyz2Cre), called Maf/MafbMyeloKO 
mice hereafter. At day 10 after IAV, Maf/MafbMyeloKO mice showed a 
near absence of Ly6G+ Macs, whereas numbers of Neus, AMs, IM-
like cells, Ly6C+ Mos, and iMos were similar and numbers of Ly6C− 
Mos were higher compared with control mice (Fig. 6E). Hence, 
we used this model to address the consequences of Ly6G+ Mac de-
ficiency on viral control, morbidity, and alveolar epithelial repair 
after IAV infection.

We assessed the levels of lung mRNA coding for the nonstruc-
tural influenza protein NS1 post-IAV and found that they were not 
significantly different between Maf/MafbMyeloKO and controls and 
returned to baseline at day 10 after IAV (Fig. 6F), supporting that 
Ly6G+ Macs did not substantially influence host viral control. How-
ever, Maf/MafbMyeloKO mice lost more weight post-IAV compared 
with controls (Fig. 6G), suggestive of a more severe IAV-induced 
pathology. Histopathological analyses of lung sections at day 20 after 
IAV indicated broader lesional areas in Maf/MafbMyeloKO mice com-
pared with controls as well as more pronounced dysplastic repair 
and bronchiolization of the alveoli on the basis of quantification of 
the mucus area in lung lesional areas (Fig. 6, H to J). These results 
suggested that, in the absence of Ly6G+ Macs, the classical pathway 
of alveolar epithelial regeneration involving progenitor AT2 expan-
sion and differentiation toward AT1s (39, 40) was defective and 
compensated by dysplastic repair. Next, we evaluated the numbers 
of AT1s, AT2s, and regAT2s at day 20 after IAV in Maf/MafbMyeloKO 
and control mice by flow cytometry and observed a significant de-
crease in the numbers of AT2s and regAT2s in Maf/MafbMyeloKO 
mice compared with controls (Fig. 6, K and L), confirming that 
AT2s were less able to expand and differentiate into AT1s in the ab-
sence of Ly6G+ Macs. Of note, intratracheal transfer of Ly6G+ Macs 
isolated from lungs of WT mice at day 10 after IAV into IAV-infected 
Maf/MafbMyeloKO mice partially improved weight recovery and re-
stored numbers of AT2s to the levels observed in IAV-infected con-
trol mice (Fig. 6, M and N). These results suggest that Ly6G+ Macs 
are key players of euplastic epithelial regeneration after IAV-induced 
lung injury.

To determine whether Ly6G+ Mac–rich perilesional areas were 
imprinted by a type 2 reparative environment (19, 41, 42), we mapped 
a type 2 signature score based on genes involved in interleukin-4 
(IL-4) receptor (IL-4R) downstream signaling pathways to the DSP 
spatial transcriptomic data and found that perilesional areas exhib-
ited the highest type 2 score as compared with the other ROIs 
(Fig. 7A). Hence, we asked whether IL-4R signaling, whose activa-
tion is known to induce a repair phenotype in Macs (19, 41, 42), 
was involved in Ly6G+ Mac identity and function. First, we found 
that Ly6G+ Macs expressed high levels of the IL-4R α chain (IL-4Rα) 
(Fig. 7, B and C). Next, we generated BM competitive chimeras in 
which lethally irradiated CD45.1/CD45.2 WT mice were engrafted 
with a 1:1 mix of CD45.2 Il4ra−/− and CD45.2 Ms4a3tdTom BM cells. 

At week 4 after reconstitution, efficient BM reconstitution was con-
firmed in the blood (fig. S10, A and B). At day 10 after IAV, we 
found that Ly6G+ Macs of donor Ms4a3tdTom origin exhibited a 
competitive advantage over those of donor Il4ra−/− origin, which 
was not observed among other lung myeloid cells (Fig. 7D and 
fig. S10, C and D), and the remaining Il4ra−/− Ly6G+ Macs were 
impaired in their ability to express Arg-1 (Fig. 7, E and F). Last, 
WT chimeric mice fully reconstituted with Il4ra−/− or WT BM cells 
were generated (Il4ra−/− BM → WT or WT BM → WT, respec-
tively) and infected with IAV. We found that, like in Maf/MafbMyeloKO 
mice, Il4ra−/− BM → WT mice had an impaired recovery post-
IAV compared with WT BM → WT mice (Fig. 7G). These data suggest 
that Ly6G+ Macs exert their function via IL-4R–dependent pathways, 
at least in part.

Last, we asked whether Ly6G+ Macs could directly influence 
AT2 fate and whether cell-cell contact was needed. To this end, we 
performed a scratch assay in vitro using the murine lung epithelial 
12 (MLE-12) mouse AT2 cell line and evaluated the confluence of 
AT2s 12 hours after scratch in the presence or absence of Ly6G+ 
Macs isolated from infected lungs at day 10 after IAV. Coculture 
with Ly6G+ Macs but not with Neus, IM-like cells, or iMos was as-
sociated with an increase in cell confluence (Fig. 7H), indicating 
that Ly6G+ Macs can directly and specifically promote wound heal-
ing in vitro. A similar scratch assay was also performed using the 
conditioned medium (CM) from FACS-sorted Ly6G+ Macs that 
were cultured overnight with or without the type 2 cytokines IL-4 
and IL-13. In this setting, the CM from IL-4/IL-13–pulsed Ly6G+ 
Macs could promote wound healing compared with the control me-
dium (containing only IL-4 and IL-13) or the CM from unpulsed 
Ly6G+ Macs (Fig. 7, I and J). We performed proteome profiling on 
such CM and found that Ly6G+ Macs were highly potent in secret-
ing soluble factors, among which were chemokines (CCL5, CXCL16, 
CCL12, and CXCL10), cytokines [tumor necrosis factor–α (TNF-α), 
IL-10, and IL-1α] and osteopontin, some of which were increased 
upon IL-4R activation (Fig. 7K). Some of the molecules detected in 
the CM of Ly6G+ Macs had significantly up-regulated transcript 
levels in Ly6G+ Macs (C2) as compared with other clusters (fig. S11). 
Together, our data demonstrate that Ly6G+ Macs can release soluble 
factors upon IL-4R triggering that act directly on AT2s to promote 
epithelial regeneration (fig. S12).

Ly6G+ Macs belong to a conserved host response to injury 
across organs, triggers, and species
We evaluated whether Ly6G+ Macs were specifically recruited in 
the IAV model or were also triggered in other models of injury. 
First, we used a model of noninfectious lung injury based on bleo-
mycin instillation and performed time-course flow cytometry anal-
yses. Ly6G+ Macs expressing high levels of Arg-1 and CXCR4 were 
mostly present between day 7 and day 14 after bleomycin adminis-
tration, which correlated with signs of epithelial damage, as reflected 
by the decrease in numbers of AT1s and AT2s (Fig. 8, A to E). We 
also found similar Ly6G+ Macs peaking at days 1 and 2 after treat-
ment in an acute model of acetaminophen-induced liver injury, 
which correlated with the release of alanine aminotransaminase 
(ALT) in plasma (Fig. 8, F to I). Our data thus suggested that Ly6G+ 
Macs are a component of a conserved response to tissue damage, 
regardless of the organ or trigger.

Last, we asked whether Macs sharing a similar transcriptomic 
signature were also present in the bronchoalveolar lavage fluid 
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Fig. 6. c-Maf/MafB-dependent Ly6G+ Macs promote euplastic alveolar epithelial regeneration. (A) Heatmap depicting predicted activities of c-Maf and MafB across 
lung myeloid cells post-IAV, evaluated by SCENIC analysis of the scRNA-seq data, as in Fig. 2A. (B) Representative histograms of intracellular c-Maf and MafB expression in 
the indicated lung myeloid cell populations, quantified at day 10 after IAV. (C) Quantification of expression of intracellular c-Maf and MafB, as in (B). (D) Expression of Maf 
and Mafb within control, extralesional, perilesional, and intralesional ROIs, as depicted by violin plots (height: normalized counts; width: abundance of cells). (E) Absolute 
numbers of the indicated lung myeloid cell populations, quantified at day 10 after IAV in control and Maf/MafbMyeloKO mice. (F) Time course of relative lung NS1 RNA ex-
pression, assessed by real-time quantitative polymerase chain reaction at days 0, 7, and 10 after IAV in control and Maf/MafbMyeloKO mice. (G) Time course of weight, ex-
pressed as the % of the original weight at day 0 and assessed at days 0, 7, 10, 15, and 20 after IAV in control and Maf/MafbMyeloKO mice. (H and I) Representative (H) H&E 
(top) and (I) periodic acid–Schiff (PAS; bottom) pictures of lung sections of control and Maf/MafbMyeloKO mice at day 20 after IAV. Pictures are representative of one of seven 
mice analyzed. (J) Percentage of PAS+ cells in lung lesional areas of control and Maf/MafbMyeloKO mice at day 20 after IAV. (K) Representative pSPC and Pdpn contour plots 
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**P < 0.01; ***P < 0.001; ****P < 0.0001. 
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Macs quantified at days 0, 1, 2, 3, and 4 after acetaminophen administration. (H) Representative histograms of intracellular Arg-1 and CXCR4 expression in liver Neus and 
Ly6G+ Macs, quantified at day 1 after acetaminophen administration. (I) Quantification of intracellular Arg-1 and CXCR4 expression, as in (H). (J) UMAP plot depicting the 
transcriptional identity of human BALF cells collected from seven patients with suspected pneumonia and analyzed by scRNA-seq. Annotations of cell clusters are shown. 
(K) Representation of each patient within each cluster, shown as frequency. (L) UMAP feature plot, as in (J), according to the Ly6G+ Mac signature score. The score level in 
cluster C9 is shown for each patient. (M) Ly6G+ Mac signature score of single cells within each cluster, as depicted by violin plots (height: score; width: abundance of cells). 
(N) Heatmap depicting predicted activities of MAFB and MAF across BALF cell populations, evaluated by SCENIC analysis of the scRNA-seq data shown in (J). [(A), (B), (E), 
(F), and (G)] Data show means (centerline) ± SEM (colored area) and are pooled from two independent experiments (n = 5 or 6 mice). [(D) and (I)] Data show means + SEM 
and are pooled from two independent experiments (n = 5 to 7 mice). P values were calculated using (A) two-way ANOVA, [(B), (D), (E), (F), and (G)] one-way ANOVA with 
Dunnett’s post hoc tests, (I) two-tailed Student’s t test, or [(M) and (N)] Wilcoxon rank sum test. (M) P values compare C9 versus all other clusters. *P < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001. 
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(BALF) of diseased humans. We performed scRNA-seq analyses of 
BALF cells from seven patients with a suspicion of pneumonia and 
manually annotated the cell clusters on the basis of the most up-
regulated genes (Fig. 8, J and K, and fig. S13). Next, we mapped a 
Ly6G+ Mac score on the basis of orthologous genes in humans to the 
BALF cells and found that cells exhibiting the highest Ly6G+ Mac 
score belonged to the same cluster C9 identified as Mo-Macs on the 
basis of their high expression of monocyte genes and their low ex-
pression of AM-associated genes (Fig. 8, L and M). SCENIC analy-
ses (36) predicted higher MAF and MAFB activities in the Mo-Mac 
cluster compared with other clusters (Fig. 8N), further supporting 
that the airspace of human pneumonia lungs contains Mo-Macs that 
are transcriptionally similar to mouse Ly6G+ Macs.

DISCUSSION
Restoration of gas exchange after lung injury is critical for life and 
relies on appropriate regulation of inflammation and regeneration 
of the damaged alveoli. Even though recent progress has been made 
in understanding the epithelial-intrinsic mechanisms underlying 
alveolar regeneration postinjury (3, 38, 40, 43–46), an important gap 
resides in our understanding of the innate immune-epithelial cross-
talk taking place to promote epithelial repair and host recovery. Al-
though recruited Mo-Macs are often seen as culprits and drivers of 
disease progression in different contexts, such as in COVID-19, in-
terstitial fibrosis, or lung cancer (13, 17, 18, 47), advances in single-
cell and spatial technologies have enabled new opportunities to 
investigate the spatiotemporal regulation of Mo-Mac responses in 
depth. Here, using such approaches combined with lineage tracing, 
BM chimeras, gene targeting, multiparameter flow cytometry, and 
imaging, our work identifies a previously undescribed atypical pop-
ulation of short-lived recruited Ly6G+ Macs that critically contrib-
utes to alveolar epithelial regeneration postinjury in mice.

To our knowledge, there is no report of such Ly6G+ Macs in the 
literature. Of note, Ly6G is largely considered a Neu-specific marker 
(48), and, in many studies using cytometry, anti-Ly6G antibodies are 
included to gate out Neus before gating on Macs. Hence, Ly6G+ Macs 
might have been previously overlooked and considered part of the 
Neu compartment. Here, we provide evidence that the Ly6G signal 
is specific and that lung iMos, the precursors of Ly6G+ Macs, can 
actively express the Ly6g gene and Ly6G protein upon GM-CSF 
stimulation ex vivo. Of note, GM-CSF is mainly produced by AT2s 
(40, 49), which are located in the vicinity of Ly6G+ Macs, and 
Ly6G+ Macs were dependent on GM-CSF receptor signaling for 
their generation and Arg-1 expression post-IAV infection in vivo. 
Further supporting an intrinsic up-regulation of Ly6G, we found 
no evidence of Ly6G protein transfer from Neus to Ly6G+ Macs. 
In addition to Ly6G expression, Ly6G+ Macs were phenotypi-
cally and transcriptionally distinct from Neus and exhibited key 
developmental, phenotypic, and transcriptomic macrophage fea-
tures, including their dependency on Ccr2, elevated Cx3cr1 ex-
pression, and their dependency on the transcription factors c-Maf 
and MafB. However, Ly6g does not appear as a target gene of c-Maf 
and MafB in the ChIP-Atlas, suggesting alternative gene regulatory 
mechanisms.

We found that Ly6G+ Macs were transiently recruited to the al-
veolar spaces of particular lung areas and remained phenotypically 
and transcriptionally distinct from tissue-resident AMs. Our data 
thus suggest that the local microenvironment of Ly6G+ Macs, which 

can shape Mac identity (13, 50–52), is dynamically regulated and 
distinct from that of AMs. First, we found that Ly6G+ Macs origi-
nate from BM-derived monocytes recruited to the lung in a Ccr2-
dependent manner. Second, we showed that such inflammatory 
monocytes differentiating into Ly6G+ Macs could phagocytose 
GMP-derived myeloid cells, such as Neus, in vivo. Such a process 
has been shown to trigger a metabolic rewiring that is associated 
with Arg-1 activity and aerobic respiration and is important for the 
resolution of inflammation and tissue repair (53, 54). Third, we pro-
vided evidence that GM-CSF and type 2 cytokine signaling through 
the IL-4R are involved in the generation of Ly6G+ Macs and their 
function. Although the cellular source of type 2 cytokines remains 
unknown, a peak of T helper type 2 (TH2) and type 2 innate lym-
phoid cells (ILC2s) has been reported in lungs of IAV-infected mice 
around day 10 after infection (55), a time point that coincides with 
the peak of Ly6G+ Macs. Moreover, Ly6G+ Macs can release the 
TH2-attracting and ILC2-activating signals CCL22 and IL-33, re-
spectively, consistent with the idea that Ly6G+ Macs can contribute 
to the type 2 milieu that promotes their repair phenotype (56–58). 
Fourth, we found that Ly6G+ Macs were spatially restricted to per-
ilesional areas, zones that were enriched in transitional epithelial 
cell states involved in AT2-mediated alveolar regeneration (38). 
Perilesional areas were also sites of intense cytoskeleton activity, 
aerobic respiration, extracellular matrix deposition, and cell migra-
tion, all of which are involved in active alveolar epithelial regenera-
tion (3, 9, 40). Our findings are in line with a previous report that 
identified damaged zones of IAV-infected lungs that were in the 
periphery of consolidated areas and were sites of active tissue regen-
eration and AT2 proliferation and differentiation (46).

By disrupting myeloid-specific c-Maf– and MafB-dependent 
pathways, we obtained Maf/MafbMyleoKO mice in which Ly6G+ Macs 
were no longer able to differentiate post-IAV, thus representing a 
valuable tool to address their functions. We identified Ly6G+ Macs 
as essential actors to license optimal alveolar epithelial regeneration 
requiring the differentiation of progenitor AT2s toward AT1s (40). 
In the absence of Ly6G+ Macs, AT2-to-AT1 transitioning cells were 
nearly absent, and a more pronounced dysplastic alveolar repair 
associated with a bronchiolization of the alveoli was observed. Such 
an epithelial phenotype was associated with exacerbated morbidity 
and is reminiscent of what is observed in severe forms of respiratory 
viral infections (3, 40). In addition, local adoptive transfer of Ly6G+ 
Macs in IAV-infected Maf/MafbMyeloKO mice improved weight re-
covery and restored AT2 numbers to levels seen in IAV-infected 
control mice, suggesting that Ly6G+ Macs could support AT2 ex-
pansion postinjury. We further dissected the underlying mecha-
nisms ex vivo and found that Ly6G+ Macs could directly promote 
wound healing of murine AT2s through IL-4R–mediated release of 
soluble factors. Among these factors, osteopontin is expressed by 
Ly6G+ Macs and is a ligand for the receptor CD44 (59). Of note, 
CD44hi AT2s represent a subset of AT2s with stem cell properties 
(60), consistent with the hypothesis that the osteopontin-CD44 axis 
might trigger alveolar regeneration, although osteopontin release 
was not potentiated by type 2 cytokine stimulation of Ly6G+ Macs 
under the experimental conditions tested. The elevated Arg-1 ex-
pression by Ly6G+ Macs could also influence AT2s, either via the 
local deprivation of l-arginine or the generation of ornithine and 
polyamines (61, 62). Last, Ly6G+ Macs can also secrete proinflam-
matory cytokines, such as IL-1 and TNF-α, which have been shown 
to support alveolar regeneration (38, 63).
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In the last part of the work, we provided evidence that Macs sim-
ilar to Ly6G+ Macs are part of a host response to injury that is inde-
pendent of the organ or the initial trigger and that is conserved 
across species. We found that Ly6G+ Macs were also recruited in a 
bleomycin-induced model of noninfectious lung injury and in a 
model of acute acetaminophen-induced liver injury in mice. Al-
though Ly6G+ Mac numbers were lower in these models compared 
with the IAV model, the peak of Ly6G+ Macs correlated with the 
presence of damage, as attested by the drop in AT1s and AT2s in the 
lungs or the release of the hepatic enzyme ALT in the liver. These 
data are consistent with the idea that they may contribute to tissue 
repair in these models as well, although it remains to be addressed 
experimentally. We also reported the presence of transcriptionally 
similar Macs in the BALF of patients with pneumonia by perform-
ing scRNA-seq analyses of BALF cells. Of note, cells exhibiting an 
elevated Ly6G+ Mac score belonged to a cluster identified as Mo-Macs, 
and SCENIC analyses suggested that such Mo-Macs displayed high 
MAF and MAFB activities, reminiscent of Ly6G+ Macs in mice. 
Speculating that such Mo-Macs also depend on GM-CSF and ex-
hibit similar reparative functions in human lungs, our findings pro-
vide a rationale to investigate the benefits of inhaled GM-CSF, 
beyond the restoration of the AM niche (64), to improve epithelial 
regeneration after severe viral-induced disorders. One could specu-
late that the fate or functions of Ly6G+ Macs are modified and 
become dysregulated in uncontrolled forms of respiratory viral in-
fections or in chronic fibrotic diseases. Of note, SPP1, which en-
codes osteopontin, has been linked to fibrosis and is often used as a 
proxy for “profibrotic,” pathogenic Macs (47, 65–67). Our data sup-
port that Spp1+ Mo-Macs, like Ly6G+ Macs, can also exert benefi-
cial roles, whereas other Spp1+ Mo-Macs can become dysregulated, 
persistent, and pathogenic, like in chronic COVID-19 or idiopathic 
pulmonary fibrosis. Understanding what drives beneficial or patho-
logical responses of SPP1+ Macs represents an avenue for future 
research.

No therapeutic options exist to promote lung regeneration thus 
far. By characterizing in depth a short-lived atypical Mac population 
that licenses alveolar regeneration postinjury, our findings could 
serve as a basis to devise myeloid-centered regenerative strategies 
for medically relevant conditions such as severe or chronic respira-
tory viral infections or ARDS.

MATERIALS AND METHODS
Study design
In this study, we investigated the spatiotemporal distribution, tran-
scriptional regulation, fate, identity, and function of Ly6G+ Macs in 
an infectious model of lung injury. To this end, we used flow cytom-
etry, microscopy, single-cell and spatial transcriptomic approaches, 
BM chimeras, monocyte fate mapping, and gene targeting. In most 
of the mouse experiments, 4 to 10 mice per group per time point 
were used to identify differences between groups with at least 
80% power and 5% significance level. In some experiments, no sta-
tistical methods were used to predetermine sample sizes, but our 
sample sizes were similar to those reported in previous publications 
(29, 68–70). No statistical methods to predetermine the sample size 
were used for the analyses of human BALF cells from patients with 
pneumonia. Data from independent experiments were pooled for 
analysis in each data panel, unless otherwise indicated. No data were 
excluded from the analyses, and all attempts at replication were 

successful and gave similar results. Histopathological examination 
of lung sections was blinded. Allocation of animals into experimen-
tal groups was done randomly at the start of the experiments. The 
specific numbers of mice, the number of experimental replicates, 
and the statistical tests performed are all included in the respective 
figure legends.

Mice
All experiments, unless otherwise specified, were performed on age-
matched 8- to 12-week-old male and female mice on the C57BL/6 
background. Details about the transgenic strains can be found in the 
Supplementary Materials. Mice were housed under specific patho-
gen–free conditions and maintained in a 12-hour–12-hour light-
dark cycle with food and water ad libitum. All animal experiments 
described in this study were carried out in an animal biosafety level 
3 containment unit. Experiments were reviewed and approved by 
the Institutional Animal Care and Use Committee of the University 
of Liège (ethical approval no. 2276). The Guide for the Care and Use 
of Laboratory Animals, prepared by the Institute of Laboratory Ani-
mal Resources, National Research Council, and published by the 
National Academy Press, as well as European and local legislations, 
was followed carefully. Accordingly, the temperature and relative 
humidity were 21°C and 45 to 60%, respectively.

In vivo models of injury
The mouse-adapted influenza strain A/Puerto Rico/8/34 (H1N1; PR8) 
was kindly provided by F. Trottein (Institut Pasteur, France). The 
viral stock suspension (108 PFU ml−1) was diluted, and 5 PFUs were 
administered intranasally to isoflurane-anesthetized mice in 50 μl of 
phosphate-buffered saline (PBS) (Thermo Fisher Scientific). Con-
trol groups received an equal volume of PBS intranasally for mock 
infection.

For bleomycin-induced lung injury, isoflurane-anesthetized mice 
were treated intratracheally with a single instillation of 0.06 IU bleo-
mycin (Bio-Connect) in a volume of 50 μl of PBS. Control animals 
received 50 μl of PBS alone.

For acetaminophen-induced liver injury, mice were fasted dur-
ing 15 hours with free access to water and were injected intra-
peritoneally with acetaminophen (300 mg kg−1; Sigma-Aldrich) 
in saline solution (0.9% NaCl). Free access to food was allowed after 
treatment.

Reagents and antibodies
A complete list of the reagents and antibodies used in this manu-
script can be found in tables S2 and S3, respectively.

Flow cytometry
Staining reactions were performed in the dark at 4°C for 30 min 
with 2% v/v Fc block (BD Biosciences) to avoid nonspecific binding. 
For intracellular staining, extracellular-stained cells were fixed and 
permeabilized with the Foxp3/Transcription Factor Staining Buffer 
Set (Thermo Fisher Scientific). For EdU staining, extracellular-
stained cells were permeabilized and stained using the Click-iT EdU 
Alexa Fluor 488 Flow Cytometry Assay Kit (Thermo Fisher Scien-
tific), according to the manufacturer’s instructions.

Cell viability was assessed using 7-AAD (BD Biosciences) or Fix-
able Viability Dye eFluor 780 (Thermo Fisher Scientific). Cell sus-
pensions were analyzed with a FACSCANTO II or an LSRFortessa 
(BD Biosciences). Results were analyzed using FlowJo software 
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(Tree Star). For scRNA-seq, TEM, cytological examination, and 
ex vivo experiments, lung myeloid cells were sorted using a FAC-
SAria III (BD Biosciences) or a Sony MA900.

In vivo treatments
For EdU incorporation experiments shown in fig. S3 (B and C), 
mice were injected intraperitoneally at day 10 after IAV with 1 mg 
of EdU (Santa Cruz Biotechnology) in 200 μl of PBS 4 hours before 
sacrifice. For experiments addressing the life span of Ly6G+ Macs 
(Fig. 3G), 1 mg of EdU in 200 μl of PBS was injected intraperitone-
ally twice 5 hours apart at day 7 after IAV, and EdU incorporation 
was evaluated in blood leucocytes at day 8 after IAV. The incorpora-
tion of EdU in lung myeloid cells was evaluated at days 10, 14, and 
17 after IAV. Assessment of phagocytic activity was performed as 
previously described (68). Briefly, isoflurane-anesthetized mice 
were instilled intratracheally with pHrodo Green E. coli BioParticles 
(2 × 108; Thermo Fisher Scientific) in 100 μl of PBS. Lungs were 
harvested 3 hours later for flow cytometry analyses.

Generation of BM (competitive) chimeras
CD45.2, CD45.1, or CD45.1/CD45.2 WT mice were anesthetized by 
intraperitoneal injection of 200 μl of PBS containing ketamine (75 mg 
kg−1; Nimatek, Dechra) and xylazine (10 mg kg−1; Rompun, Bayer). 
When mentioned, the thoracic cavity was protected with a 0.6-cm–thick 
lead cover. Mice were irradiated with two consecutive doses of 6 grays 
15 min apart. Once recovered from the anesthesia, mice were reconsti-
tuted by intravenous administration of BM cells (2 × 106) from 
Ms4a3tdtom or Il4ra−/− mice for full chimeras. For mixed BM chimeras, 
mice were reconstituted intravenously with BM cells (2 × 106) consisting 
of a 1:1 mix of BM cells obtained from the following mice: CD45.1 WT, 
Ms4a3tdtom, Ccr2−/−, CD45.1 Csf2ra−/−, CD45.2 Csf2ra+/+, Cx3cr1GFP+, 
Il4ra−/−, or homozygous Ly6gCreERT2 mice (also called Ly6g−/− mice). 
From the day of irradiation, mice were treated for 4 weeks with 
enrofloxacin (0.05 mg ml−1; Baytril, Bayer) in drinking water. 
Chimerism was assessed by flow cytometry in the blood 4 weeks after 
irradiation.

scRNA-seq and analyses
For mouse experiments, lung myeloid cells were FACS-sorted as living 
singlet CD45+, F4/80+, and/or CD11b+ cells from lung single-cell 
suspensions pooled from five mock-infected and IAV-infected 
C57BL/6 male WT mice at day 10 after IAV. For each sample, an 
aliquot of trypan blue–treated cells was examined under the mi-
croscope for counting, viability, and aggregate assessment after 
FACS. Viability was above 90% for all samples, and no aggregates 
were observed. Cell preparations were centrifuged, and pellets were 
resuspended in calcium-free and magnesium-free PBS containing 
UltraPure bovine serum albumin (0.4 mg ml−1; Thermo Fisher 
Scientific). The 10x Genomics platform (Single Cell 3′ Solution) was 
used. For library preparation, ~2000 (mock group) and 6000 (IAV 
group) cells were loaded into the Chromium Controller, in which 
they were partitioned, and their polyadenylate RNAs were captured 
and barcoded using the Chromium Single Cell 3′ GEM (gel bead in 
emulsion), Library & Gel Bead Kit v3 (10x Genomics). The cDNAs 
were amplified, and libraries compatible with Illumina sequencers 
were generated using the Chromium Single Cell 3′ GEM, Library & 
Gel Bead Kit v3 (10x Genomics).

For human BALF cell analyses, Chromium Fixed RNA Profiling 
for multiplexed samples (10x Genomics) was used for scRNA-seq 

analysis of human BALF cells, allowing the storage of fixed cells 
and enabling analysis of multiple samples in one single GEM reac-
tion. Fresh samples were directly fixed in a 4% formaldehyde solu-
tion after collection for storage at −80°C. For GEM creation, the 
Multiplex-compatible Chromium Next GEM Single Cell Fixed RNA 
Human Transcriptome Probe Kit including a probe barcode that 
permits sample multiplexing and subsequent demultiplexing was 
used. Details about scRNA-seq analyses can be found in the Supple-
mentary Materials.

Transmission electron microscopy
FACS-sorted myeloid cell populations or lung tissues from IAV-
infected mice at day 10 after IAV were fixed in 2.5% glutaraldehyde 
[diluted in Sorensen’s buffer: 0.1 M Na2HPO4/NaH2PO4 buffer 
(pH 7.4)] for 1 hour at 4°C and postfixed for 30 min in 2% OsO4 (diluted 
in 0.1 M Sorensen’s buffer). After dehydration in graded ethanol, sam-
ples were embedded in Epon resin. Ultrathin sections obtained with a 
Reichert Ultracut S ultramicrotome (Reichert Technologies) were 
contrasted with 2% uranyl acetate and 4% lead citrate. For ultrastruc-
tural analyses, random fields of cells were examined under a Jeol TEM 
JEM-1400 transmission electron microscope at 80 kV and photo-
graphed using an 11-megapixel camera system (Quemesa, Olympus).

Extracellular flux analysis
OCR was measured using the Seahorse XF Cell Mito Stress Test 
(Agilent) according to the manufacturer’s recommendations and as 
previously described (71, 72). Briefly, Neus, IM-like cells, and Ly6G+ 
Macs were FACS-sorted at day 10 after IAV and seeded (10 × 104, 
7 × 104, and 8 × 104 cells per well, respectively) in XFp mini-plates 
(Agilent) precoated with CellTak. Cells were kept in unbuffered 
serum-free Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with pyruvate (1 mM), glutamine (2 mM), and glucose 
(10 mM) at pH 7.4, 37°C, and ambient CO2 for 1 hour before the 
assay. Analysis was performed using the XFp analyzer (Seahorse 
Bioscience) as per the manufacturer’s instructions. Additional de-
tails can be found in the Supplementary Materials.

Spatial transcriptomic analyses using the DSP
Formalin-fixed, paraffin-embedded sections (5 μm in thickness) 
were prepared using the protocol from NanoString Technologies. 
Briefly, two tissue slides, each containing one mock and two IAV 
samples harvested 10 days after IAV, were analyzed. Slides were first 
stained with antibodies against CD68 and Ly6G (clone 1A8), and 
DNA was visualized with 500 nM Syto83. Mouse Whole Transcrip-
tome Atlas probes targeting more than 19,000 targets were hybrid-
ized, and slides were loaded on the GeoMx DSP. Briefly, entire slides 
were imaged at ×20 magnification, and ROIs were chosen on the ba-
sis of serial hematoxylin and eosin (H&E) sections and morphologi-
cal markers to select lesional, perilesional, and extralesional areas. 
ROIs were exposed to ultraviolet light, releasing the indexing oligos 
and collecting them in a 96-well plate for subsequent processing and 
sequencing, as previously described (73). Raw count and third quar-
tile–normalized count data of target genes from ROIs were provided 
by the vendor, which were used as inputs to downstream analyses. 
Additional details can be found in the Supplementary Materials.

Immunofluorescence
Immunofluorescence staining of mouse lungs was performed as 
previously described (29). Briefly, lungs from WT or Cx3cr1GFP+ mice 
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were perfused with 5 ml of PBS through the right ventricle and then 
with 5 ml of 4% paraformaldehyde (PFA) (Thermo Fisher Scientific) 
in PBS, and lungs were collected. Lungs were fixed for 4 hours in 
4% PFA at 4°C and then cryoprotected overnight in 30% sucrose 
(VWR) in PBS at 4°C, followed by embedding in optimal cutting 
temperature compound (VWR) and stored at −80°C. Sections (7 μm 
in thickness) were cut and left in a 100% methanol (Merck) bath 
at −20°C for 20 min before staining. Additional details can be found 
in the Supplementary Materials. All images were acquired on an 
LSM 980 with Airyscan 2 inverted confocal microscope (Zeiss) 
using an LD C-Apochromat ×40/1.1 W objective and Zen Black 
software. Additional details can be found in the Supplementary 
Materials.

Ex vivo experiments
For ex vivo stimulation and coculture experiments, single-cell sus-
pensions isolated from IAV-infected lungs of WT or Ly6gtdTom mice 
at day 10 after IAV were enriched in CD11b+ cells by magnetic-
activated cell sorting (MACS) using CD11b microbeads (Miltenyi). 
Cells were then stained and FACS-sorted using the gating strategy 
shown in Fig. 1A. After sorting, cells were counted, spun down, and 
either directly added to the coculture with MLE-12 cells or seeded 
in 96 wells at a concentration of 5 × 104 cells per well in complete 
RPMI (Thermo Fisher Scientific), containing 1 mM sodium py-
ruvate, 1% v/v minimum essential medium nonessential amino 
acids, penicillin-streptomycin (50 U ml−1), and 10% v/v fetal bovine 
serum. For stimulation experiments, recombinant mouse GM-CSF 
(20 ng ml−1; PeproTech), mouse M-CSF (20 ng ml−1; PeproTech), 
mouse IL-4 (20 ng ml−1; PeproTech), or mouse IL-13 (20 ng ml−1; 
PeproTech) were added. When required, Cre-ERT2 activation was 
achieved by adding 4-hydroxytamoxifen (0.02 mg ml−1; Sigma-Aldrich). 
After 18 hours of culture, cell supernatants were collected (CM), and 
cells were harvested for flow cytometry phenotyping.

MLE-12 cells (American Type Culture Collection, CVCL_3751) 
were used. The scratch wound assay was performed using IncuCyte 
S3 (Sartorius). MLE-12 cells were seeded in a 96-well plate (Sartorius) 
at a density of 4 × 104 cells per well and incubated for 24 hours in a 
DMEM/F12 medium. An open wound area was created in the cell 
monolayer using the IncuCyte Wound Maker tool and subsequently 
cocultured with FACS-sorted cells or incubated with the CM from 
unpulsed or IL-4/IL-13–pulsed Ly6G+ Macs. Additional details can 
be found in the Supplementary Materials.

Adoptive transfer of Ly6G+ Macs in vivo
Ly6G+ Macs were isolated from the lungs of CD45.2 WT mice at 
day 10 after IAV. Lung single-cell suspensions were first enriched 
in CD11b+ cells by MACS using CD11b microbeads (Miltenyi 
Biotec) and were FACS-sorted using Sony MA900. Ly6G+ Macs 
(4 × 105) were resuspended in 50 μl of sterile PBS and were instilled 
intratracheally in lightly isoflurane-anesthetized Maf/MafbMyeloKO 
mice at days 8, 11, 13, and 15 after IAV. Control Maf/MafbMyeloKO 
mice and WT mice received 50 μl of PBS as a vehicle.

Human BALF cells
The use of human BALF cells was approved in 2022 by the Ethics 
Reviewing Board of the University Hospital of Liege, Belgium (ref. 
2022/159). The characteristics of the patients are summarized in 
table S1. Human BALF cells were fixed directly after collection for 
storage and scRNA-seq analyses.

Statistical analysis
Graphs were prepared with GraphPad Prism 9 (GraphPad Software) 
or R Bioconductor (3.5.1) (74). Data distribution was assumed to be 
normal when parametric tests were performed. Data from indepen-
dent experiments were pooled for analysis in each data panel, unless 
otherwise indicated. No data were excluded from the analyses. Sta-
tistical analyses were performed with Prism 9 (GraphPad Software) 
and with R Bioconductor (3.5.1) (74) and Seurat (75) for scRNA-seq 
data. The statistical analyses performed for each experiment are in-
dicated in the respective figure legends. We considered a P value low-
er than 0.05 to be significant (*P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001; ns, not significant). Additional sections and details 
about Materials and Methods can be found in the Supplementary 
Materials.

Supplementary Materials
This PDF file includes:
Materials and Methods
Figs. S1 to S13
Tables S1 to S3
References (76–88)

Other Supplementary Material for this manuscript includes the following:
Data file S1
MDAR Reproducibility Checklist
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Materials and Methods 
Mice 

All experiments, unless otherwise specified, were performed on age-matched 8–12-wk-old male 
and female mice on the C57BL/6 background. The following strains of mice were used: CD45.2 
wild-type (WT) C57BL/6J (The Jackson Laboratory, #000664); CD45.1 WT (The Jackson 
Laboratory, #002014); Cx3cr1GFP/+ (77) (The Jackson Laboratory, #005582); Ccr2−/− (78) (The 
Jackson Laboratory, #004999); Ms4a3Cre (31); Ly6gCreERT2 (37); R26LSLtdTomato (79) (The Jackson 
Laboratory, #007909); Maffl/fl (80), Mafbfl/fl (39); Lyz2Cre (81) (The Jackson Laboratory, #004781); 
Il4ra−/−; CD45.1 Csf2ra−/− (82). Il4ra−/− mice were kindly provided by Bernhard Ryffel (CNRS 
Orléans, France). CD45.1/CD45.2 WT C57BL/6J mice were obtained from CD45.1 WT crossed 
with CD45.2 WT mice. Myeloid-restriced c-Maf and Mafb depletion was achieved by crossing 
Maffl/fl and Mafbfl/fl mice with Lyz2Cre mice. Ms4a3tdTom and Ly6gtdTom mice were obtained by 
crossing R26LSLtdTomato with Ms4a3Cre and Ly6gCreERT2 mice, respectively.  

   Mice were housed under specific pathogen-free conditions and maintained in a 12-h light–dark 
cycle with food and water ad libitum. All animal experiments described in this study were carried 
out in an animal biosafety level 3 containment unit. Experiments were reviewed and approved by 
the Institutional Animal Care and Use Committee of the University of Liège (ethical approval 
#2276). The ‘Guide for the Care and Use of Laboratory Animals,’ prepared by the Institute of 
Laboratory Animal Resources, National Research Council, and published by the National 
Academy Press, as well as European and local legislations, was followed carefully. Accordingly, 
the temperature and relative humidity were 21°C and 45-60%, respectively 

In vivo models of injury 

The mouse-adapted influenza strain A/Puerto Rico/8/34 (H1N1; PR8) was kindly provided by F. 
Trottein (Institut Pasteur, France). The viral stock suspension (108 Plaque Forming Units 
[PFU] ml–1) was diluted and 5 PFU were administered intranasally (i.n.) to isoflurane-anesthetized 
mice in 50 µl of PBS (Thermo Fisher). Control groups received an equal volume of PBS i.n. for 
mock infection.  

   For bleomycin-induced lung injury, isoflurane-anesthetized mice were treated intratracheally 
(i.t.) with a single instillation of 0.06 IU of bleomycin (Bio-Connect) in a volume of 50µl PBS. 
Control animals received 50µl PBS alone. 

   For acetaminophen-induced liver injury, mice were fasted during 15 hours with free access to 
water and were injected intraperitoneally (i.p.) with 300mg kg-1 of acetaminophen (Sigma) in 
saline solution (NaCl 0.9%). Free access to food was allowed after treatment.  

Assessment of viral NS1 mRNA levels 

Whole lungs were excised and total mRNA was isolated from homogenized tissues according to 
the Immgen protocol (www.immgen.org). cDNA was obtained with RevertAid First Strand cDNA 
Synthesis Kit (Thermo Fisher), and qPCR was performed in duplicate with iTaq Universal SYBR 
green supermix (BioRad). Primer sequences were as follows: 5′-TTCACCATTGCCTTCTCTTC-
3′ and 5′-CCCATTCTCATTACTGCTTC-3′ for viral NS1, 5′-CATGGCTCGCTCGGTGACC-3′ 
and 5′-AATGTGAGGCGGGTGGAACTG-3′ for housekeeping gene B2m. Expression levels of 
NS1 were normalized relative B2M control gene. 



Reagents and antibodies 

A complete list of the reagents and antibodies used in this manuscript can be found in Tables S2 
and S3, respectively. 

Bone marrow, blood and tissue cell isolation 

Cell isolation was achieved as previously described (39, 74). Briefly, for BM cells, femurs were 
dissected and cleaned of soft adhering tissue. Distal and proximal ends were opened, and BM cells 
were flushed out. After centrifugation, cell pellets were re-suspended in ice-cold PBS containing 
10 mM EDTA and cell suspensions were filtered using a cell strainer (70 µM, Corning) to obtain 
a single cell suspension. Blood was collected from the tail vein in a 100 mM EDTA (Merck 
Millipore)-containing tube, and red blood cells were lysed with RBC lysis buffer (ThermoFischer). 
For the isolation of lung leucocytes and structural cells, lung vessels were perfused with 5 ml PBS 
through the right ventricle and 1 ml HBSS (Lonza) containing 0.5 UI dispase II (Sigma-Aldrich), 
0.1mg ml-1 elastase (MedChemExpress), 0.075 mg ml-1 DNAse (Roche) was injected i.t. before 
dissecting the lung and digesting it for 30 minutes at 37°C in the same digestion medium. After 30 
minutes of digestion, lungs were cut into small pieces with razor blades and further digested for 
30 minutes at 37°C in HBSS containing 5% vol/vol FBS (Thermo Fisher), 0.5 UI dispase II, 0.05 
mg ml-1 DNAse, 1 mg ml-1 collagenase A (Roche). After 30 minutes, the cell suspension was 
flushed using a 18-gauge needle to dissociate aggregates. Ice-cold PBS containing 10 mM EDTA 
was added to stop the digestion process and cell suspensions were filtered using a 70 µm cell 
strainer. Residual red blood cells were lysed with RBC lysis buffer. Leucocytes isolation from the 
liver was obtained as previously described (83). Briefly, after sacrifice, mice were perfused with 
10 ml PBS through right ventricle, the liver middle lobe was dissected and the gallbladder 
removed. The liver was cut into small pieces with razor blades and digested for 45 minutes at 37°C 
in 10 ml HBSS containing 0.2mg ml-1 collagenase IV (ThermoFisher), 5U ml-1 DNase I and 10% 
vol/vol FBS (Thermo Fischer). After incubation, the homogenized liver suspension was filtered 
using a 70 µm cell strainer, washed with 10 ml ice-cold PBS containing 10mM EDTA and 
centrifuged at 50 rcf for 3 minutes. The aqueous phase was recovered, filtered in a new tube and 
centrifuged at 400 rfc for 5 minutes. The cell pellet was suspended in RBC lysis buffer for 2 
minutes, then washed with 10 ml ice-cold PBS containing 10mM EDTA. In all experiments, the 
number of cells was counted using an automatic cell counter (iPrasense Norma XS). 

Flow cytometry 

Staining reactions were performed in the dark at 4°C for 30 minutes with 2% v/v of Fc block (BD 
Biosciences) to avoid nonspecific binding. For intracellular stainings, extracellular-stained cells 
were fixed and permeabilized with the Foxp3/Transcription factor Staining Buffer Set (Thermo 
Fisher). For EdU stainings, extracellular-stained cells were permeabilized and stained using Click-
iT EdU Alexa Fluor 488 Flow Cytometry Assay Kit (Thermo Fisher), according to the 
manufacturer’s instructions. 

   Cell viability was assessed using 7-AAD (BD Bioscience) or Fixable Viability Dye eFluor™ 
780 (Thermo Fisher).  Cell suspensions was analysed with a FACSCANTO II or a LSRFortessa 
(BD Biosciences). Results were analyzed using FlowJo software (Tree Star). For scRNA-seq, 
transmission electron microscopy, cytological examination and ex vivo experiments, lung myeloid 
cells were sorted using a FACSAria III (BD Biosciences) or a Sony MA900.  



Cytologic examination 

Cytologic examination of FACS-sorted neutrophils, iMo, IM-like cells, iMo and Ly6G+ Macs at 
10 days post-IAV was performed on cytospin preparations stained with Hemacolor (Merck KgaA). 
Sections were examined with an Echo Revolve microscope. 

Annexin V/Propidium iodide assay 

Annexin V/Propidium iodide (PI) apoptosis assay was performed as described (84). Briefly, after 
lung cell isolation, cells were resuspended in Annexin V binding buffer (ThermoFisher) and 2.106 
cells were stained with Annexin V-APC and incubated in the dark for 15 minutes at room 
temperature. Cells were washed with 100 µl of Annexin V binding buffer and 2 µg ml-1 PI 
(ThermoFisher) were added to each sample and incubated in the dark for 15 minutes at room 
temperature. After washing with 500µl of Annexin V buffer, cells were centrifuged, cell pellet was 
resuspended in fixative solution of 1% vol/vol formaldehyde in PBS and incubated for 10 minutes 
on ice. Cells were washed with PBS, centrifuged, resuspended in PBS supplemented with 50 µg 
ml-1 RNase A (Merck Millipore) and incubated for 15 minutes at 37°C. Cell suspension was
washed with PBS, centrifuged and resuspended for flow cytometry stainings.

In vivo treatments 

For EdU incorporation experiments shown in fig. S3, B and C, mice were injected i.p. at day 10 
post-IAV with 1 mg EdU (Santa Cruz Biotechnology) in 200 µl PBS 4 hours before sacrifice. For 
experiments addressing the lifespan of Ly6G+ Macs (Fig. 3G), 1mg EdU in 200 µL PBS was 
injected i.p. twice 5 hours apart at day 7 post-IAV, and EdU incorporation was evaluated in blood 
leucocytes at day 8 post-IAV. The incorporation of EdU in lung myeloid cells was evaluated at 
days 10, 14 and 17 post-IAV. Assessment of phagocytic activity was performed as previously 
described (69). Briefly, isoflurane-anesthetized mice were instilled i.t. with 2.108 pHrodo™ Green 
E. coli BioParticules (Thermo Fisher) in 100 µl PBS. Lungs were harvested 3 hours later for flow
cytometry analyses.

Generation of BM (competitive) chimeras 

CD45.2, CD45.1 or CD45.1/CD45.2 WT mice were anesthetized by i.p. injection of 200 µl PBS 
containing ketamine (Nimatek, Dechra, 75 mg kg-1) and xylazine (Rompun, Bayer, 10 mg kg-1). 
When mentioned, the thoracic cavity was protected with a 0.6-cm-thick lead cover. Mice were 
irradiated with two consecutive doses of 6 Gy 15 minutes apart. Once recovered from the 
anaesthesia, mice were reconstituted by intravenous (i.v.) administration of 2.106 BM cells from 
Ms4a3tdtom or Il4ra−/− mice, for full chimeras. For mixed BM chimeras, mice were reconstituted 
i.v. with 2.106 BM cells consisting of a 1:1 mix of BM cells obtained from the following mice:
CD45.1 WT, Ms4a3tdtom, Ccr2−/−, CD45.1 Csf2ra−/−, CD45.2 Csf2ra+/+, Cx3cr1GFP+, Il4ra−/−, or
homozygous Ly6gCreERT2 mice (also called Ly6g−/− mice). From the day of irradiation, mice were
treated for 4 weeks with 0.05 mg ml−1 of enrofloxacin (Baytril, Bayer) in drinking water.
Chimerism was assessed by flow cytometry in the blood 4 weeks after irradiation.

scRNA-sequencing and analyses 

Mouse scRNA-seq analyses 

Lung myeloid cells were FACS-sorted as living singlet CD45+, F4/80+ and/or CD11b+ cells from 
lung single-cell suspensions pooled from 5 mock-infected and IAV-infected C57BL/6 male WT 



mice at day 10 post-IAV. For each sample, an aliquot of Trypan blue-treated cells was examined 
under the microscope for counting, viability and aggregate assessment following FACS sorting. 
Viability was above 90% for all samples and no aggregates were observed. Cell preparations were 
centrifuged and pellets were resuspended in calcium- and magnesium-free PBS containing 
0.4 mg ml−1 UltraPure BSA (Thermo Fisher Scientific). 

   The 10X Genomics platform (Single Cell 3’ Solution) was used. For library preparation, 
approximately 2,000 (Mock group) and 6,000 (IAV group) cells were loaded into the Chromium 
Controller, in which they were partitioned, their polyA RNAs captured and barcoded using 
Chromium Single Cell 3’ GEM, Library & Gel Bead Kit v3 (10X Genomics). The cDNAs were 
amplified and libraries compatible with Illumina sequencers were generated using Chromium 
Single Cell 3’ GEM, Library & Gel Bead Kit v3 (10X Genomics). The libraries were sequenced 
on an Illumina NovaSeq sequencer on an SP100 cell flow (Read1: 28 cy, read2: 76 cy, index1: 
10cy, index2: 10cy) at a depth of 50,000 reads per cell. 

   The Cell Ranger (v6.1.2) application (10x Genomics) was used to demultiplex the BCL files into 
FASTQ files (cellranger mkfastq), to perform alignment (to Cell Ranger mouse genome references 
6.1.2 GRCm38/release 102), filtering and unique molecular identifier counting and to produce 
gene-barcode matrices. 

   Filtered matrix files were used for further scRNA-seq analyses with R Bioconductor (3.17) and 
Seurat (4.3.0) (31178118). Briefly, filtered matrices containing cell IDs and feature names in each 
sample were used to build a Seurat object. We performed quality control by filtering out the cells 
with less than 200 detected genes, the genes detected in less than three cells and the cells exhibiting 
more than 10% of mitochondrial genes. Gene counts in each sample were normalized separately 
by default method ‘LogNormalize’ with a scale factor of 10,000 and log transformation. Two 
thousand highly variable features were identified with the ‘vst’ method. After merging cells from 
all samples, cell contaminants were removed based on the expression of cell-specific genes, and 
12 clusters were identified in the remaining cells using the FindClusters function (15 Principal 
Components [PC] included and a resolution of 0.7 was selected) and the differentially expressed 
genes (DEGs) were calculated using the FindAllMarkers function (Seurat package). ScRNA_seq 
datasets containing steady-state CD64+ lung cells (GSE194021) were integrated with the lung 
myeloid cells of this study using FindIntegrationAnchors function (Seurat) with anchor.features = 
2000. 

Single-cell regulatory network inference and clustering analysis 

To predict the potential active transcription factors, lung myeloid cells analyzed by scRNA-seq 
were subjected to SCENIC analysis (36). The normalized counts, nFeature_RNA and 
nCount_RNA in the merged Seurat object were used for the initial SCENIC analysis. The genes 
expressed with a value of 3 in 0.1% of the cells and detected in 1% of the cells were kept, and 
coexpression network analysis was made with GENIE3 in the SCENIC package. To represent the 
SCENIC results, the results of the ‘3.4_regulonAUC’ output were added to the metadata of Seurat 
object so that regulon AUC scores could be plotted as a heatmap. 

Slingshot and tradeSeq pseudotime trajectory analyses 

To evaluate trajectory-based differential expression analysis, CD206⁻ IMs, Ly6G⁺ Macs, Ly6C⁺ 
Mos, iMos, CD206⁺ IMs and dying Macs were subjected to Slingshot analysis (32). The 
trajectories along pseudotime were built using umap embedding from the Seurat object. To 



compare the expression patterns of DEGs across pseudotime, the counts matrix, pseudotime and 
cell weights calculated above were then used as input in fitGAM function (tradeSeq package) (85). 
The association of average expression of each gene with pseudotime was tested using 
associationTest and the DEGs between IMs and Ly6G⁺ Mac trajectories were calculated with the 
patternTest function. The value of the estimated smoother on a grid of pseudotimes was estimated 
for each DEG using predictSmooth. The 200 DEGs with the biggest FcMedian and waldStat > 200 
were annotated as ‘changed genes’, meaning that their expression patterns were different in IMs 
and Ly6G⁺ Mac trajectories, while the 200 genes whose average expression was associated with 
pseudotime in both lineages were selected based on their Fold change and labeled as ‘unchanged 
genes’. Genes whose expression patterns appeared to be influenced by a small number of cells 
behaving as outliers were manually removed. Finally, the scaled estimated smoothers calculated 
by predictSmooth were used to build heat maps with the ComplexHeatmap package (86). 

Gene Set Enrichment Analyses (GSEA) 

In order to analyse enrichment of published signatures in the scRNA-seq data, the normalized 
counts were used as expression datasets in GSEA. GSEA was carried out using the GSEA software 
(version 4.1.0) (87). We used the hallmark gene sets from the Molecular Signatures Database 
(MSigDB) to test for enrichment. The analyses involved a gene set permutation method with 1,000 
permutations to calculate the enrichment scores. 

scRNA-seq of human BALF cells 

Chromium Fixed RNA Profiling for multiplexed samples (10X Genomics) was used for scRNA-
seq analysis of human BALF cells, allowing the storage of fixed cells and enabling analysis of 
multiple samples in one single GEM reaction. Fresh samples were directly fixed in a 4% 
formaldehyde solution after collection for storage at -80°C. For GEM creation, the Multiplex-
compatible Chromium Next GEM Single Cell Fixed RNA Human Transcriptome Probe Kit 
including a Probe Barcode that permits sample multiplexing and subsequent demultiplexing was 
used. The Cell Ranger (v7.1.0) application (10x Genomics) was used to demultiplex the BCL files 
into FASTQ files (cellranger mkfastq), to perform alignment (to Cell Ranger human genome 
reference GRCh38-2020-A), filtering and unique molecular identifier counting and to produce 
gene-barcode matrices. Filtered matrix files were used for further scRNA-seq analyses. Samples 
from two different multiplexed batches were integrated with FindIntegrationAnchorsfunction 
(using canonical correlation analysis). A total of 19 clusters were identified, with 16 PCs were 
included and a resolution of 0.9.  

   Orthologous genes of the Ly6G+ Mac signature in humans were manually identified using the 
gene database of NCBI. The signature was then used to calculate the score for each cell using 
AddModuleScore function (Seurat). The scores were stored in the seurat object and plotted using 
FeaturePlot function.  

   Single-cell regulatory network inference and clustering analysis was performed on scRNA-seq 
data from human BALF cells, as explained above. 

Transmission electron microscopy 

FACS-sorted myeloid cell populations or lung tissues from IAV-infected mice at day 10 post-IAV 
were fixed in 2.5% glutaraldehyde (diluted in Sorensen’s buffer: 0.1 M Na2HPO4/NaH2PO4 
buffer, pH 7.4) for 1h at 4 °C and postfixed for 30 min in 2% OsO4 (diluted in 0.1 M Sorensen’s 



Buffer). After dehydration in graded ethanol, samples were embedded in Epon resin. Ultrathin 
sections obtained with a Reichert Ultracut S ultramicrotome (Reichert Technologies) were 
contrasted with 2% uranyl acetate and 4% lead citrate.    

   For ultrastructural analyses, random fields of cells were examined under a Jeol TEM JEM-1400 
Transmission Electron Microscope at 80 kV, and photographed using an 11-megapixel camera 
system (Quemesa, Olympus).   

Extracellular flux analysis 

Oxygen consumption rate (OCR) was measured using Seahorse XF Cell Mito Stress Test (Agilent) 
according to manufacturer’s recommendations and as described previously (70, 71). Briefly, Neu, 
IM-like cells and Ly6G+ Macs were FACS-sorted at day 10 post-IAV and seeded (10.104, 7.104 
and 8.104 cells/well, respectively) in XFp mini-plates (Agilent) pre-coated with CellTak. Cells 
were kept in unbuffered serum-free DMEM supplemented with pyruvate (1mM), glutamine 
(2mM), glucose (10mM), at pH 7.4, 37 °C and ambient CO2 for 1h before the assay. Analysis was 
performed using the XFp analyser (Seahorse Bioscience) as per manufacturer’s instructions. Cells 
were sequentially challenged with 1 μM oligomycin, 1 μM carbonyl cyanide p-(trifluoromethoxy) 
phenylhydrazone (FCCP), and rotenone/antimycin mix (0.5 μM each). All results were normalized 
according to the cell number evaluated by Hoechst (2 mg ml-1) incorporation after cold 
methanol/acetone fixation. 

Spatial transcriptomic analyses using Digital Spatial Profiling (DSP) 

Five-µm-thick formalin-fixed, paraffin-embedded (FFPE) sections were prepared using the 
protocol from NanoString Technologies. Briefly, 2 tissue slides, each containing 1 mock and 2 
IAV samples harvested 10 days post-IAV, were analyzed. Slides were first stained with antibodies 
against CD68, Ly6G (clone 1A8), and DNA was visualized with 500 nM Syto83. Mouse Whole 
Transcriptome Atlas probes targeting more than 19,000 targets were hybridized, and slides were 
loaded on the GeoMx DSP. Briefly, entire slides were imaged at x20 magnification, and Regions 
of Interest (ROIs) were chosen based on serial Hematoxylin & Eosin sections and on 
morphological markers to select lesional, perilesional and extralesional areas. ROIs were exposed 
to ultraviolet light, releasing the indexing oligos and collecting them in a 96-well plate for 
subsequent processing and sequencing, as described (72). Raw count, third quartile (Q3)–
normalized count data of target genes from ROIs were provided by the vendor, which were used 
as input to downstream analyses. Pairwise differential expression analysis between perilesional, 
lesional, extralesional and control ROIs were performed using the GeoMx Digital Spatial Profiler 
Data Analysis Suite (DSPDA version 3.0.0.111). The R script SpatialDecon (88) was loaded into 
the DSPDA and run using the Mouse Adult Lung profile matrix. For cell signature scoring, the 
gene signatures were obtained from scRNA-seq data using the 20 most specific markers obtained 
using the FindAllMarkers function (Seurat package), genes were then ordered according to their 
average log2FC. Lung myeloid cell signature scores were obtained from our own scRNA-seq 
datasets, while the AT2, primed AT2, DATPs and AT1 signature score were calculated from 
previously published data (38) using the same procedure. The geneset from the activation pathway 
of IL4 (BIOCARTA_IL4_PATHWAY) was download from MSigDB and was used to generate 
the type 2 signature score shown in Fig. 7A. The signatures were then used to calculate the score 
for each ROI using the simpleScore function (singscore package) (89) on the ranked gene 
expression matrix. 



Immunofluorescence 

Immunofluorescence stainings of mouse lungs were performed as previously described (39). 
Briefly, lungs from WT or Cx3cr1GFP+ mice were perfused with 5 ml PBS through the right 
ventricle then with 5 ml paraformaldehyde (PFA) 4% (Thermo Fisher) in PBS, and lungs were 
collected. Lungs were fixed for 4 h in 4% PAF at 4 °C, then cryoprotected overnight in 30% 
sucrose (VWR) in PBS at 4 °C, followed by embedding in optimal cutting temperature compound 
(OCT) (VWR) and stored at −80 °C.  

   For staining of lungs from Cx3cr1GFP+ mice (Fig. 5A), 7-µm-thick sections were cut and left in 
a methanol 100% (Merck) bath at −20 °C for 20 minutes prior to be stained for 2h at room 
temperature with a rabbit anti-GFP antibody (ThermoFischer) and a rat anti-mouse Ly6G 
(BDBioscience). After washing samples with PBS, a secondary anti-rat AF594 (Invitrogen) was 
added in blocking buffer and incubated for 2 hours in the dark at room temperature.  

   For stainings of WT lungs (Fig. 5H and fig. S8), 7-µm-thick sections were cut and left in a 
methanol 100% (Merck) bath at −20 °C for 20 minutes prior to be stained overnight at 4°C in 
blocking buffer (PBS with 0.3% Triton X-100 [Merck], 2% donkey serum [Merck]) with the 
following antibodies: rabbit anti-mouse pSPC (Abcam); rat anti-mouse Ly6G (BDBioscience). 
After washing samples with PBS, secondary antibodies (anti-rabbit AF532; anti-rat AF594 
[Invitrogen]) were added in blocking buffer and incubated for 2 hours in the dark at room 
temperature. Samples were washed with PBS and incubated with directly-coupled antibodies 
(eFluor570-Ki67 [Invitrogen]; anti-mouse AF700-MHC-II [ThermoFischer]; anti-mouse 
Superbright432-Pdpn [ThermoFischer]) in blocking buffer for 6 hours at 4 °C.  

   Finally, all samples were washed one last time with PBS and were mounted with 10 μl ProLong 
Antifade reagent (Invitrogen) containing 0.1% Sytox blue nucleic acid stain (Invitrogen) on glass 
slides and stored at room temperature in the dark overnight. 

   Images shown in Fig. 3K and 5A were acquired on an LSM 980 inverted confocal microscope 
using Plan-Apochromat 20x/0.8 or LD C-Apochromat 40x/1.1 W objectives. Fluorophores were 
excited simultaneously at 405/561 nm (Fig. 3K) or 405/488/561 nm (Fig. 5A) with detection 
wavelength at 300-735/499-594/573-627 with GaAsP-PMT in Zeiss FastAiryScanSheppardSum 
SR-4y:3.7 mode and bidirectional acquisition. Analysis was performed with Zeiss Blue software.  

   Images shown in Fig. 5H and fig. S8 were acquired on a Leica Stellaris 8 Inverted Confocal 
microsocope with a White Light Laser (WLL) using 20x APO CS2 or 40x 1.30 NA Oil objectives 
and 512x512, 400 Hz, unidirectional acquisition. The acquisition was finalized by 3 sequential 
settings, all with WLL at 85% and a pinhole at 1 AU (65,3). We used, for the first sequence, the 
combination of diode laser 405 (dsetector HyD S 415-443 nm) and WLL with a laser line of 556 
nm (Detector HyD S 570-620nm); for the second sequence, the WWL with a laser line of 528 nm 
(Detector HyD S 541-564 nm) and 445 nm (Detector HyD S 450-515nm); for the third sequence, 
the WLL with a laser line of 499nm (Detector HyD S 504-539 nm) and 696nm (Detector HyD X 
706-752 nm). The images were then analyzed with LAS X software version 4.7.0.28176.

Histology

Seven-µm-thick sections from frozen lung tissues obtained from mock- and IAV-infected mice at 
day 20 post-IAV were mounted onto glass slides and stained with Hematoxylin & Eosin (H&E) 
or periodic-acid Schiff (PAS). The slides were scanned with an Axioscan 7 scanner (Zeiss, 



Germany). Whole slide images were analysed with an open-source automated software analysis 
program for digital pathology (QuPath version 0.4.3). Briefly, lesional areas were determined 
manually and automated tissue detection was performed in the lesional area to correct for alveolar 
blank spaces. Thereafter, built-in algorithms for pixel classification of QuPath and machine 
learning were used on PAS sections and a threshold was determined to quantify % of mucus+ cells 
within the lesional area. 

Ex vivo experiments 

For ex vivo stimulation and co-culture experiments, single cell suspensions isolated from IAV-
infected lungs of WT or Ly6gtdTom mice at day 10 post-IAV were enriched in CD11b+ cells by a 
magnetic-activated cell sorting (MACS) using CD11b MicroBeads (Myltenyi). Cells were then 
stained and FACS-sorted using the gating strategy shown in Fig. 1A. After sorting, cells were 
counted, spinned down, and either directly added to the co-culture with MLE-12 cells, or seeded 
in 96 wells at a concentration 5.104 cells/well in complete RPMI (ThermoFischer), containing 
1mM sodium pyruvate, 1% vol/vol MEM non-essential amino acids, 50 U ml−1 Penicillin-
Streptomycin  and 10% vol/vol FBS. For stimulation experiments, recombinant mouse GM-CSF 
(20 ng ml-1, Peprotech), mouse M-CSF (20 ng ml-1, Peprotech), mouse IL-4 (20 ng ml-1, Peprotech) 
or mouse IL-13 (20 ng ml-1, Peprotech) were added. When required, Cre-ERT2 activation was 
achieved by adding 0.02 mg ml-1 of 4-hydroxytamoxifen (Sigma-Aldrich). After 18 hours of 
culture, cell supernatants were collected (conditioned medium, CM) and cells were harvested for 
flow cytometry phenotyping. For the visualisation of tdTomato induction in tamoxifen-treated 
iMos from Ly6gtdTom mice by confocal microscopy, iMos were seeded and cultured in 8-chambers 
slides (Nunc Lab-Tek II Chamber Slide system, Sigma) precoated with poly-D-lysin 
hydrobromide (Sigma). Cells were incubated in complete RPMI containing 0.02 mg ml-1 4-
hydroxytamoxifen and 20ng ml-1 GM-CSF or vehicle. Supernatants were removed and chambers 
were rinsed with PBS. Slides were then fixed with paraformaldehyde 10% for 10 minutes, rinsed 
twice with PBS and mounted with ProLong Antifade reagent with DAPI (ThermoFisher). Images 
were acquired as above.  

   Proteome profiler (R&D) was performed on CM from Ly6G+Macs cultured for 18h in complete 
RPMI with or without 20ng ml-1 IL-4 and 20ng ml-1 IL-13 treatment. The assay was performed 
following the manufacturer’s instructions and was analysed using the Protein Array Analyzer plug-
in for ImageJ.  

   Murine lung epithelial (MLE)-12 cells (ATCC, CVCL_3751) were cultured in DMEM/F12 
(ThermoFisher) complemented with 1% Insulin-Transferrin-Selenium (ITS-G) (ThermoFisher), 
L-glutamine 2mM (ThermoFisher), FBS 2% and HEPES 10mM (ThermoFisher). Cells were
incubated at 37 °C in a humidified atmosphere containing 5% CO2. Cells were passaged at 80–
90% confluence using 0.05% Trypsin-EDTA (ThermoFisher). Experiments were performed with
passage numbers ranging from 4 to 6. Scratch Wound Assay were performed using IncucyteS3
(Sartorius). MLE-12 cells were seeded in 96-well (Sartorius) at density of 4.104 cells/well and
incubated 24 hours in DMEM/F12 medium. An open wound area was created in the cell monolayer
using the IncuCyte ® Wound Maker tool, washed with PBS and subsequently co-cultured with
5.104 Neu, IM-like cells, iMos or Ly6G+ Macs, or incubated with CM from unpulsed or IL-4/IL-
13-pulsed Ly6G+ Macs. Complete DMEM medium containing 20 ng ml-1 IL-4 and 20 ng ml-1 IL-
13 was used as control. Cells were imaged after wounding every 3 hours at 10 x magnification
using the Sartorius Incucyte S3 Inverted brighfield microscope with motorized XYZ in a chamber



for 37°C temperature, 5% CO2 and 90-95% humidity. Images were acquired by Basler Ace 1920-
155um, acA1920-155umEBS camera with 10 x 0.3 NA, Dry, 16mm WD objective.  For each time 
point, relative wound closure was calculated using the Scratch Wound analyses pipeline of the 
IncuCyte 2023A Rev1 software. 

Adoptive transfer of Ly6G+ Macs in vivo 

Ly6G+ Macs were isolated from the lungs of CD45.2 WT mice at day 10 poist-IAV. Lung single 
cell suspensions were first enriched in CD11b+ cells by MACS using CD11b MicroBeads 
(Miltenyi Biotec) and were FACS-sorted using a Sony MA900. Four hundred thousands (4 x 105) 
Ly6G+ Macs were resuspended in 50 µl sterile PBS and were instilled i.t. in lightly isoflurane-
anesthetized Maf/MafbMyeloKO mice at days 8, 11, 13, 15 post-IAV. Control Maf/MafbMyeloKO mice 
and WT mice received 50 µl PBS as vehicle. 

Quantification of alanine aminotransferase (ALT) 

Blood was collected in a a 100 mM EDTA (Merck Millipore)-containing tube and centrifuged at 
4000 rpm for 4 minutes. Plasma was collected and levels of ALT were determined usinf a mouse 
ALT ELISA Kit (Abcam) following manufacturer’s instructions. 

Human BALFs 

The use of human BALF cells was approved in 2022 by the Ethics Reviewing Board of the 
University Hospital of Liege, Belgium (ref. 2022/159). The characteristics of the patients are 
summarized in Table S1. Human BALFs were fixed directly after collection for storage and 
scRNA-seq analyses. 

Statistical analysis 

Graphs were prepared with GraphPad Prism 9 (GraphPad software) or R Bioconductor (3.5.1) 
(73). Data distribution was assumed to be normal when parametric tests were performed. Data 
from independent experiments were pooled for analysis in each data panel, unless otherwise 
indicated. No data were excluded from the analyses. Statistical analyses were performed with 
Prism 9 (GraphPad software), and with R Bioconductor (3.5.1) (73) and Seurat (76) for scRNA-
seq data, respectively. The statistical analyses performed for each experiment are indicated in the 
respective figure legends. We considered a P value lower than 0.05 to be significant (*, P < 0.05; 
**, P < 0.01; ***, P < 0.001; ****, P < 0.0001; ns, not significant). 

Additional sections and details about Materials and Methods can be found in the Supplemental 
Materials. 



Fig. S1. Morphology and phenotype of lung myeloid cells at day 10 post-IAV. (A) Time course 
of relative lung NS1 RNA expression, assessed by RT-qPCR at days 0, 5 and 10 post-IAV in WT 
mice. (B) Time course of weight, expressed as the % of the original weight at day 0 and assessed 
at days 0, 7, 10, 15 and 20 post-IAV in WT mice. (C) Photographs of Neu, Ly6G+ Macs, IM-like 
cells and iMo sorted by FACS from IAV-infected WT mice at day 10 p.i.. Pictures are 
representative of 1 of 3 independent sorting experiments, each giving similar results. (D) 
Representative histograms of F4/80, SiglecF and CD11c expression in the indicated myeloid cell 
populations, quantified by flow cytometry at day 10 post-IAV in WT mice. (E) Quantification of 
expression of the indicated markers, as in (D). (A,B) Data show mean (centerline) ± SEM (colored 
area) and are pooled from 2 independent experiments (n=6-7 mice per time point). (E) Data show 
mean + SEM and are pooled from 2 independent experiments (n= 6 mice). P values compare day 
5 vs. day 0 in (A) and were calculated using (A,D) a one-way ANOVA with Dunnett’s post hoc 
tests or (B) a two-way ANOVA. *, P<0.05; ****, P<0.0001. p.i., post-infection. (C) Scale bar: 50 
µm. 





Fig. S2. Gene expression in and features of myeloid cell clusters identified by scRNA-seq at 
day 10 post-IAV. (A) Dot plots showing average expression of the indicated genes and % of cells 
expressing the genes within each cluster, related to Fig. 2A. (B) Percentage of mitochondrial genes 
(top) and number of detected genes (bottom) within each cluster, as depicted by violin plots (width: 
abundance of cells). (C) Expression of the indicated genes within each cluster, as depicted by 
violin plots (height: gene expression; width: abundance of cells). (D) M1 signature score (top) and 
expression of M1-related genes within each cluster, as depicted by violin plots (height: M1 score 
or gene expression; width: abundance of cells). (E) M2 signature score (top) and expression of 
M2-related genes within each cluster, as depicted by violin plots (height: M2 score or gene 
expression; width: abundance of cells). P values compare (B) C10 – dyings Macs vs. all other 
clusters or (C) C2 – Ly6G+ Macs vs. C7 – Neutrophils and were calculated using a Wilcoxon rank 
sum test. ****, P<0.0001. 





Fig. S3. Ly6G+ Macs do not proliferate, are short-lived and arise from recruited BM-derived 
monocytes post-IAV. (A) Bar graphs showing the % of Ki67+ cells in the indicated lung myeloid 
cell populations, as quantified by flow cytometry in lungs of WT mice at day 10 post-IAV. (B) 
Representative histograms of EdU levels in AMs, IM-like cells and Ly6G+ Macs from EdU-pulsed 
WT mice at day 10 post-IAV. Unpulsed mice were used as controls (grey line). (C) Bar graphs 
showing the % of EdU+ cells in the indicated lung myeloid cell populations, as in (B). (D) 
Representative tdTomato and CD45.2 contour plots and (E) bar graph showing % of host and 
donor Ms4a3tdTom− chimerism and donor Ms4a3tdTom+ chimerism of blood lymphocytes and 
monocytes (Mo) from lethally-irradiated thorax-protected WT mice reconstituted with 
Ms4a3tdTom+ BM donor cells, evaluated by flow cytometry 4 weeks after reconstitution. (F) 
Representative tdTomato and CD45.2 contour plots and (G) bar graph showing % of host and 
donor Ms4a3tdTom− chimerism and donor Ms4a3tdTom+ chimerism of the indicated lung myeloid cell 
populations, as in (D-E), evaluated by flow cytometry 4 weeks after reconstitution and 10 days 
after mock infection. (H) Representative tdTomato and CD45.2 contour plots and (I) bar graphs 
showing % of host + donor Ms4a3tdTom- chimerism and donor Ms4a3tdTom+ chimerism of the 
indicated lung myeloid cell populations, as in (F-G), evaluated by flow cytometry 4 weeks after 
reconstitution and 10 days after IAV infection. (J) Representative tdTomato and CD45.1 contour 
plots and (K) bar graph showing % of host CD45.1/CD45.2, CD45.2 donor Ccr2−/− and 
Ms4a3tdTom+ chimerism of blood neutrophils (Neu) and Mo from lethally-irradiated 
CD45.1/CD45.2 mice reconstituted with a 1:1 mix of CD45.2 Ccr2−/− and Ms4a3tdTom+ BM cells, 
evaluated by flow cytometry 4 weeks after reconstitution. (L) Bar graph showing the frequency of 
Annexin V and PI negative and/or positive fractions within the indicated lung myeloid cell 
populations, quantified by flow cytometry at day 10 post-IAV in WT mice. (A,C,E,G,I,K,L) Data 
show mean + SEM and are pooled from 2 independent experiments (n=4-10 mice). P values 
compare donor Ms4a3tdTom+ chimerism in (D,F,H,J) and were calculated using (A,C) a one-way 
ANOVA with Dunnett’s post hoc tests, (E,K) a two-way ANOVA with Sidak’s post hoc tests or  
(G,I,L) a two-way ANOVA with Tukey’s post hoc tests. *, P<0.05; **, P<0.01; ****, P<0.0001. 



Fig. S4. Specificity of the anti-Ly6G staining and analysis of IAV-infected Csf2ra−/−: Csf2ra+/+ 
mixed BM chimeras. (A) Representative contour plots of PE-Cy7 and CD11b expression within 
lung live CD45+ cells in IAV-infected WT mice at day 10 post-IAV. Plots are representative of 1 
of 6 mice analyzed, each giving similar results. (B) Representative CD45.1 and CD45.2 contour 
plots and (C) bar graph showing % of host CD45.1/CD45.2, CD45.2 donor Csf2ra−/− and CD45.1 
Csf2ra+/+ chimerism of blood neutrophils (Neu) and monocytes (Mo) from thorax-protected, 
lethally-irradiated CD45.1/CD45.2 mice reconstituted with a 1:1 mix of CD45.2 Csf2ra−/− and 
CD45.1 Csf2ra+/+ BM cells, evaluated by flow cytometry 4 weeks after reconstitution. (D) 
Representative CD45.1 and CD45.2 contour plots and (E) bar graph showing % of host 
CD45.1/CD45.2, donor CD45.1 Csf2ra−/− and donor CD45.2 Csf2ra+/+ chimerism of the indicated 
lung myeloid cell populations, as in (B-C), infected with IAV 4 weeks later and evaluated at day 
10 post-IAV. (C,E) Data show mean + SEM and are pooled from 2 independent experiments (n=10 
mice). 



Fig. S5. Transcriptomic comparison of Ly6G+ Macs and SatM monocytes. (A) Heatmap 
depicting predicted activities of Cebpb across lung myeloid cells post-IAV, evaluated by SCENIC 
analysis of the scRNA-seq data shown in Fig. 2A. (B) UMAP plots of scRNA-seq data depicting 
(left) the transcriptional identity of sorted lung live CD45+F4/80+ and/or CD11b+ cells from mock- 
or IAV-infected WT mice 10 days post-infection (5 mice per time points), merged with a published 
dataset of steady-state lung monocytes and IMs (69), and (right) a SatM monocyte signature score 
(35). (C) SatM monocyte signature score within each scRNA-seq cluster, as depicted by violin 
plots (height: score; width: abundance of cells). (A,C) P values were calculated using a Wilcoxon 
rank sum test. ****, P<0.0001. ns, not significant. 



Fig. S6. Efferocytic abilities of lung myeloid cells post-IAV. (A) Representative GFP and 
tdTomato contour plots and (B) bar graph showing chimerism of Cx3cr1GFP−Ms4a3tdTom−, donor 
Cx3cr1GFP+ and donor Ms4a3tdTom+ cells in blood neutrophils (Neu) and monocytes (Mo) from 
lethally-irradiated CD45.2 WT mice reconstituted with a 1:1 mix of CD45.2 Cx3cr1GFP+ and 
Ms4a3tdTom+ BM cells, evaluated by flow cytometry 4 weeks after reconstitution. (C) 
Representative tdTomato and CD11b contour plots of the indicated lung Cx3cr1GFP+ donor cell 
populations from lethally-irradiated CD45.2 WT mice reconstituted with a 1:1 mix of CD45.2 
Cx3cr1GFP+ and Ms4a3tdTom+ BM cells, infected with IAV 4 weeks later and evaluated at day 10 
post-IAV. (D) Representative Ly6G and CD11b contour plots of lung Cx3cr1GFP+ Ly6G+ Macs 
from lethally-irradiated CD45.1/CD45.2 mice reconstituted with a 1:1 mix of CD45.2 Cx3cr1GFP+ 
and Ly6g+/+ (left) or Ly6g−/− (right) BM cells, infected with IAV 4 weeks later and evaluated at 
day 10 post-IAV. (E) Bar graph showing Ly6G expression levels in lung Cx3cr1GFP+ Ly6G+ Macs, 
as in (D). (B,E) Data show mean + SEM and are pooled from 2 independent experiments (B: n=14 
mice; E: n=6 mice). (B) P values compare donor Cx3cr1GFP chimerism and were calculated using 
a two-way ANOVA with Sidak’s post hoc tests. (E) P values were calculated using a two-tailed 
Student’s t test. ns, not significant.  





Fig. S7. Identification of Ly6G+ Macs-AT2 clusters by confocal microscopy in lung 
perilesional areas post-IAV. (A) Selection of regions of interest (ROIs) on lung sections from 
mock- or IAV-infected WT mice at day 10 post-IAV, stained with anti-Ly6G and anti-CD68 
antibodies. (B) Volcano Plot depicting the differentially expressed genes (DEGs) between 
perilesional (Peri) and intralesional (Intra) areas (top), extralesional (Extra) and Peri areas 
(middle), and Peri and control areas (bottom). (C) Heatmap depicting the significantly upregulated 
genes in Peri areas as compared to Intra areas. (D) Cell deconvolution of the ROIs and abundance 
score of cell populations in individual ROIs using SpatialDecon algorithm. (E) Heatmap showing 
the signature score of the indicated myeloid cell populations within individual ROIs, inferred from 
the scRNA-seq data presented in Fig. 2A. (F) Heatmap showing the signature score of transitional 
epithelial cell states during AT2-mediated regeneration after bleomycin-induced lung injury, 
inferred from previously published scRNA-seq data (38). (G) Primed AT2 (left) and DATPs 
(right) signature scores within control, extralesional, perilesional and intralesional ROIs, as in (F), 
as depicted by violin plots (height: scores; width: abundance of cells). P values were calculated 
using (D) a two-way ANOVA with Tukey’s post-hoc tests or (G) a one-way ANOVA with Tukey’s 
post-hoc tests. *, P<0.05; ***, P<0.001. ns, not significant. 





Fig. S8. Ly6G+ Macs cluster with AT2 cells in perilesional areas. Representative high-
resolution confocal laser scanning microscopy picture of a lung section from an IAV-infected WT 
mouse at day 10 post-IAV. Zooms of perilesional (orange) and intralesional (yellow) areas are 
shown. Pictures are representative of 1 of 6 mice analyzed, each of them giving similar results. 
Scale bar: 50 µm. 





Fig. S9. SCENIC analysis of lung myeloid cells at day 10 post-IAV. Heat map depicting 
predicted transcription factor (TF) activities across lung myeloid cells at day 10 post-IAV, as 
assessed by SCENIC analysis of the scRNA-seq data shown in Fig. 2A. 



Fig. S10. Analysis of IAV-infected Il4ra−/−:Il4ra+/+ mixed BM chimeras. (A) Representative 
tdTomato and CD45.1 contour plots and (B) bar graph showing % of host CD45.1, donor CD45.2 
Il4ra−/− and donor CD45.2 Ms4a3tdTom+ chimerism of blood neutrophils (Neu) and monocytes 
(Mo) from lethally-irradiated CD45.1 mice reconstituted with a 1:1 mix of CD45.2 Il4ra−/− and 
Ms4a3tdTom+ BM cells, evaluated 4 weeks after transplantation by flow cytometry. (C) 
Representative tdTomato and CD45.1 contour plots and (D) bar graph showing % of host CD45.1, 
donor CD45.2 Il4ra−/− and Ms4a3tdTom+ chimerism of the indicated lung myeloid cell populations 
from lethally-irradiated CD45.1 mice reconstituted with a 1:1 mix of CD45.2 Il4ra−/− and 
Ms4a3tdTom+ BM cells, infected with IAV 4 weeks later and evaluated at day 10 post-IAV. (B,D) 
Data show mean + SEM and are pooled from 2 independent experiments (B: n=4 mice; D: n=8 
mice). (B,D) P values compare donor CD45.2 Il4ra−/− chimerism and were calculated using (B) a 
two-way ANOVA with Sidak’s post hoc tests or (D) a two-way ANOVA with Tukey’s post hoc 
tests. ***, P<0.001; ****, P<0.0001. 



Fig. S11. Gene expression in myeloid cell clusters identified by scRNA-seq at day 10 post-
IAV. Dot plots showing average expression of the indicated genes and % of cells expressing the 
genes within each cluster, related to Fig. 7K and 2A. Dot plots framed in green indicated gene that 
are significantly (P<0.0001) upregulated in C2 - Ly6G+ Macs as compared to other clusters. P 
values were calculated using a Wilcoxon rank sum test. 





Fig. S12. Proposed model of Ly6G+ Mac-mediated alveolar epithelial regeneration after IAV-
triggered injury. In mice, an atypical population of Ly6G+ Macs is recruited from BM-derived 
Ccr2-dependent monocytes during the early recovery phase of IAV infection. Ly6G+ Macs exhibit 
atypical ultrastructural features, are metabolically very active and short-lived, and are endowed 
with powerful phagocytic and efferocytic capabilities. They inhabit the alveolar spaces of lung 
perilesional areas, where they promote euplastic alveolar regeneration and AT2-to-AT1 
differentiation via IL-4R-dependent mechanisms and soluble factors. In the absence of Ly6G+ 
Macs, Maf/MafBMyeloKO mice exhibit exacerbated morbidity, pathology and dysplastic 
bronchiolization of the alveoli. 





Fig. S13. Transcriptomic identities of human BALF single cells analyzed by scRNA-seq. 
Heatmap depicting the single cell expression of the 20 most upregulated genes within each cluster 
of human BALF cells analyzed by scRNA-seq, as shown in Fig. 8J. 



Patient Gender Age Disease status Number of BALF cells 
analyzed 

1 M 50 Bacterial pneumonia 858 

2 F 63 Immunosuppressed, bacterial 
pneumonia 

1,032 

3 M 58 Interstitial pneumonia, 
metapneumovirus and 
cytomegalovirus infections 

811 

4 M 60 Pneumonia 1,445 

5 M 71 Lung fibrosis and bacterial 
bronchopneumonia 

311 

6 F 62 Pneumonia 289 

7 M 71 Immunosuppressed, 
bronchopneumonia 

563 

Table S1. Characteristics of patients from whom originate the BALF cells analyzed by 
scRNA-seq.  



Reagents Source Cat. number 
5-Ethynyl-2′-deoxyuridine Santa Cruz Biotechnology sc-284628 
(Z)-4-Hydroxytamoxifen Sigma-Aldrich H7904 
10X RBC Lysis Buffer (Multi-species) Thermo Fisher Scientific 15270658 
2-Mercaptoethanol Thermo Fisher Scientific 21985023 
Acetaminophen Sigma-Aldrich A7085 
ALT ELISA Kit (Mouse) Abcam Ab2828-82 
Agilent Seahorse XF Base Medium Agilent 102353-100 
Binding Buffer for Annexin V Thermo Fisher Scientific BMS500BB 
Bleomycin sulfate - 10 mg BIO-CONNECT HY-17565 
CD11b MicroBeads, human and mouse Miltenyi Biotec 130-097-142
Cell-Tak™ Cell and Tissue Adhesive, 1 mg Corning 354240 
Click-iT™ Plus EdU Alexa Fluor™ 488 Flow 
Cytometry Assay Kit 

Thermo Fisher Scientific C10632 

Collagenase IV Thermo Fisher Scientific 17104019 
Collagenase A Roche 10103578001 
Dispase® II protease Sigma-Aldrich D4693-1G 
DMEM/F-12, no phenol red Thermo Fisher Scientific 21041025 
DNase I Roche 11284932001 
Donkey serum Sigma-Aldrich D9663 
DPBS Thermo Fisher Scientific 14190094 
eBioscience™ Foxp3 / Transcription Factor 
Staining Buffer Set 

Thermo Fisher Scientific 00-5523-00

Elastase from porcine pancreas MedChemExpress HY-P2974 
Epoxy Embedding Medium kit Sigma-Aldrich 45359 
Fetal Bovine Serum Thermo Fisher Scientific A3160801 
Formaldehyde, Extra Pure, Solution 37-41%, SLR, 
Fisher Chemical™ 

Thermo Fisher Scientific F/1501/PB15 

Hanks Balanced Salt Solution (HBSS) Lonza 10-508F
Hemacolor Sigma-Aldrich 111674 
HEPES (1 M) Thermo Fisher Scientific 15630080 
Incucyte® Imagelock 96-well Plate Sartorius BA-04856 
Insulin-Transferrin-Selenium (ITS -G) (100X) Thermo Fisher Scientific 41400045 
iTaq Universal SYBR Green Supermix BioRad 1725120 
L-Glutamine (200 mM) Thermo Fisher Scientific 25030081 
MEM Non-Essential Amino Acids Solution 
(100X) 

Thermo Fisher Scientific 11140050 

Méthanol MerkMillipore 67-56-1
Milieu RPMI 1640 Thermo Fisher Scientific 21875091 
Nimatek Dechra 804132 
Nunc® Lab-Tek® Chamber Slide™ system Sigma-Aldrich C7182 

Penicillin-Streptomycin (10,000 U/mL) Thermo Fisher Scientific 15140122 
pHrodo™ Green E. coli BioParticles™ Conjugate 
for Phagocytosis 

Thermo Fisher Scientific P35366 



Poly-D-lysine hydrobromide Sigma-Aldrich P6407 
ProLong™ Diamond Antifade Mountant Thermo Fisher Scientific P36961 
ProLong™ Gold Antifade Mountant with DNA 
Stain DAPI 

Thermo Fisher Scientific P36931 

Propidium iodide Thermo Fisher Scientific P1304MP 
Proteome Profiler Mouse XL Cytokine Array R&D ARY028 
Recombinant Murine GM-CSF Preprotech 315-03
Recombinant Murine IL-13 Preprotech 210-13
Recombinant Murine IL-4 Preprotech 214-14
Recombinant Murine M-CSF Preprotech 315-02
RevertAid First Strand cDNA Synthesis Kit Thermo Fisher Scientific K1621 
RNase A Merck Millipore 70856 
Rompun Sol Inj 2% Bayer 76901 
Sucrose VWR 57-50-1
SYTOX™ Blue Nucleic Acid Stain Thermo Fisher Scientific S11348 
Tissue-Tek® O.C.T. Compound VWR 4583 
Titriplex® III Merck Millipore, 1084181000 
TRITON® X-100 Detergent MerkMillipore 648466 
Trypsin-EDTA (0.05%), phenol red Thermo Fisher Scientific 25300062 
Tween 20 Acros Organics AC233360010 
UltraPure™ BSA (50 mg/mL) Thermo Fisher Scientific AM2616 
Zytomed Systems HIER Citrate Buffer pH 6,0 (10 
X) 

Zytomed ZUC028-500 

Table S2. List of reagents used in this study. 



Antibody Source Cat. number RRID Dilution (1.106 
cells in 100 µL) 

Annexin V APC Conjugate Thermo Fisher A35110 
Arginase 1 (A1exF5), APC Thermo Fisher 17-3697-82 AB_2734835 1/100 
Arginase 1 (A1exF5), PerCP-
eFluor™ 710 

Thermo Fisher 46-3697-82 AB_2734843 1/100 

CD101 (Moushi101), PE Thermo Fisher 12-1011-80 AB_1210729 1/100 
CD115 (c-fms) (AFS98), APC Thermo Fisher 17-1152-82 AB_1210789 1/100 
CD11b (M1/70), BUV395 BD Bioscience 563553 AB_2738276 1/200 
CD11b (M1/70), APC Thermo Fisher 17-0112-83 AB_469344 1/100 
CD11c (HL3), APC-Cy™7 BD Bioscience 561241 AB_1061172

7 
1/200 

CD124/IL4Ra (mILAR-M1), PE BD Bioscience 561695 AB_1089401
8 

1/100 

CD170/Siglec F) (E50-2440), 
PE 

BD Bioscience 552126 AB_394341 1/200 

CD170/Siglec F 
(S17007L)FITC 

Biolegend 155503 AB_2750232 1/200 

CD177 Alexa Fluor™ 647 BD Bioscience 566599 AB_2869790 1/100 
CD184/CXCR4 (2B11), APC Thermo Fisher 17-9991-82 AB_1067087

8 
1/60 

CD31/PECAM-1 (390), APC Thermo Fisher 17-0311-82 AB_657735 1/100 
CD319 (4G2), APC Biolegend 152003 AB_2632674 1/100 
CD326/Epcam (G8.8), BV510 BD Bioscience 747748 AB_2738075 1/100 
CD45.1(A20), APC BD Bioscience 558701 AB_1645214 1/100 
CD45.2 (104)V500 BD Bioscience 562129 AB_1089714

2 
1/100 

CD45.2 (104), BUV395 BD Bioscience 564616 AB_2738867 1/100 
CD45.2 (104), FITC BD Bioscience 561874 AB_1089418

9 
1/100 

CD64 (FcγRI) 
(X54-5/7.1), Brilliant Violet 421 

Biolegend 139309 AB_2562694 1/100 

c-MAF (sym0F1), PE Thermo Fisher 12-9855-42 AB_2572747 1/100 
CXCR4 (UMB2), Purified AbCam ab124824 AB_2564589 1/100 
F4/80 (BM8), Brilliant Violet 
650™ 

Biolegend 123149 AB_1122028
5 

1/100 

Ki-67 (SolA15), eFluor™ 570 Thermo Fisher 41-5698-82 AB_1104098
1 

1/600 

Ki-67 (SolA15), PerCP-
eFluor™ 710  

Thermo Fisher 46-5698-82 AB_1104098
1 

0.3 

Ly-6C (AL-21), PE-CF594 BD Bioscience 562728 AB_2737749 1/200 
Ly-6G (1A8), PE-Cy™7 BD Bioscience 560601 AB_1727562 1/200 
Ly-6G (1A8), Purified BD Bioscience 551459 AB_394206 1/50 
MafB (BRL046F), Purified Bethyl 

Laboratories 
Inc. 

A700-046 1/100 



MHC Class II (I-A/I-E) 
(M5/114.15.2), Alexa Fluor™ 
700 

Thermo Fisher 56-5321-82 AB_494009 1/200 

MHC II (IA/IE) (M5/114.15.2), 
PerCP/Cy5.5 

Sony 1138130 1/600 

Osteopontin (OPN), PE R&D IC808P AB_1064383
2 

1/100 

Podoplanin (eBio8.1.1(8.1.1)), 
Super Bright™ 436 

Thermo Fisher 62-5381-82 AB_2744800 1/200 

Prosurfactant Protein C 
(EPR19839), Purified 

AbCam ab211326 AB_2927746 1/200 

Secondary antibodies 
Goat anti-Rabbit IgG (H+L) 
Cross-Adsorbed Secondary 
Antibody, Alexa Fluor™ 532 

Invitrogen A11009 AB_2534076 1/1000 

Goat anti-Rabbit IgG (H+L) 
Highly Cross-Adsorbed 
Secondary Antibody, Alexa 
Fluor™ 488  

Invitrogen A21209 AB_2535795 1/1000 

GFP Polyclonal Antibody, 
Alexa Fluor™ 488 

Invitrogen A21311 AB_221477 1/200 

Table S3. List of antibodies used in this study. 
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