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Abstract
The lungs are an immunologically unique environment; they are exposed to innumerable pathogens and particulate matter daily. Appropriate clearance of pathogens and response to pollutants is required to prevent overwhelming infection, while preventing tissue damage and maintaining efficient gas exchange. Broadly, the innate immune system is the collection of immediate, intrinsic immune responses to pathogen or tissue injury. In this review, we will examine the innate immune responses of the lung, with a particular focus on their role in pneumonia. We will discuss the anatomic barriers and antimicrobial proteins of the lung, pathogen and injury recognition, and the role of leukocytes (macrophages, neutrophils, and innate lymphocytes) and lung stromal cells in innate immunity. Throughout the review, we will focus on new findings in innate immunity as well as features that are unique to the lung.
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                              A. baumannii
                           
	Acinetobacter baumannii

	ABL1
	Abelson kinase-1

	ADAMTS4
	A disintegrin and metalloproteinase with thrombospondin motifs 4

	AIM2
	Absent in melanoma 2

	α-Gal-Cer
	Alpha-galactosylceramide

	ALR
	AIM2-like receptors

	AM
	Alveolar macrophage

	ARDS
	Acute respiratory distress syndrome

	ASC
	Apoptosis-associated speck-like protein containing a CARD

	ATI
	Alveolar epithelial type I

	ATII
	Alveolar epithelial type II

	BMP
	Bone morphogenic protein

	CARD
	Caspase recruitment domain

	CCL20
	C-C motif ligand 2

	CCL20
	C-C motif ligand 20

	CCND1
	Cyclin D1

	CCR2
	C-C motif chemokine receptor 2

	CD5L
	CD5 molecule-like

	cGAS
	Cyclic GMP-AMP synthase

	COUP-TF2
	Chicken ovalbumin upstream promoter-transcription factor 2

	CR
	Complement receptor

	CRS
	Cytokine release syndrome

	CXCL1
	C-X-C motif chemokine ligand 1

	CXCL2
	C-X-C motif chemokine ligand 2

	CXCL5
	C-X-C motif chemokine ligand 5

	DAMP
	Damage-associated molecular pattern

	
                              E. coli
                           
	Escherichia coli

	ECM
	Extracellular matrix

	EMP2
	Epithelial membrane protein 2

	
                              F. tularensis
                           
	Francisella tularensis

	FABP4
	Fatty acid binding protein 4

	FasL
	Fas ligand

	FcR
	Fc receptor

	GAG
	Glycosaminoglycan

	GM-CSF
	Granulocyte-macrophage colony-stimulating factor

	
                              H. influenzae
                           
	Haemophilus influenzae

	HA
	Hyaluronan

	HIF-1α
	Hypoxia inducible factor 1 alpha

	IαI
	Inter-alpha-inhibitor

	IFI16
	Interferon gamma inducible protein 16

	IFI204
	Interferon gamma inducible protein 204

	IFN-β
	Interferon-beta

	IFN-γ
	Interferon gamma

	IFNGR1
	Interferon gamma receptor 1

	IgA
	Immunoglobulin A

	IgG
	Immunoglobulin G

	IκBa
	NFκB inhibitor alpha

	IL-1
	Interleukin-1

	IL-1beta
	Interleukin-1 beta

	IL1-Ra
	Interleukin-1 receptor antagonist

	IL-4
	Interleukin-4

	IL-5
	Interleukin-5

	IL-6
	Interleukin-6

	IL-8
	Interleukin-8

	IL-10
	Interleukin-10

	IL-13
	Interleukin-13

	IL-17A
	Interleukin-17A

	IL-17RA
	Interleukin-17 receptor A

	IL-18
	Interkeukin-18

	IL-22
	Interleukin-22

	IL-23
	Interleukin-23

	IL-25
	Interleukin-25

	ILC
	Innate lymphoid cell

	IM
	Interstitial macrophage

	Inkt
	Invariant natural killer T cell

	IRF3
	Interferon regulatory factor 3

	IRF4
	Interferon regulatory factor 4

	JAK1/2
	Janus kinase 1/2

	
                              K. pneumoniae
                           
	Klebsiella pneumoniae

	
                              L. pneumophila
                           
	Legionella pneumophila

	LGP2
	Laboratory of genetics and physiology 2

	LIF
	Leukemia inhibitory factor

	LPS
	Lipopolysaccharide

	LTA
	Lipoteichoic acid

	LTi
	Lymphoid tissue inducer

	
                              M. abscessus
                           
	Mycobacterium abscessus

	
                              M. tuberculosis
                           
	Mycobacterium tuberculosis

	MAIT
	Mucosal-associated invariant T cells

	MARCO
	Macrophage receptor with collagenous structure

	MAVS
	Mitochondrial antiviral signaling protein

	MCL-1
	Myeloid cell leukemia 1

	mCRAMP
	Cathelicidin-related antimicrobial peptide

	MDA5
	Melanoma differentiation-associated protein 5

	MHCII
	Major histocompatibility complex II

	MR1
	MHC-class I-related

	MRSA
	Methicillin resistant S. aureus

	MUC1
	Mucin 1

	MUC5AC
	Mucin 5AC

	MUC5B
	Mucin 5B

	NET
	Neutrophil extracellular trap

	NFκB
	Nuclear factor kappa B

	NK
	Natural killer

	NLR
	Nod-like receptor

	NOD
	Nucleotide-binding oligomerization domain

	OSM
	Oncostatin M

	
                              P. aeruginosa
                           
	Pseudomonas aeruginosa

	PAI-1
	Plasminogen activator inhibitor-1

	PAMP
	Pathogen-associated molecular pattern

	PAR4
	Protease-activated receptor 4

	PDGFR-α
	Platelet-derived growth factor receptor alpha

	PG
	Proteoglycan

	PLZF
	Promyelocytic leukemia zinc finger protein

	PPARγ
	Peroxisome proliferator-activated receptor gamma

	PRR
	Pattern recognition receptor

	RIG-I
	Retinoic acid-inducible gene I

	RLR
	RIG-I-like receptors

	RORγT
	Retinoic acid receptor-related orphan receptor gamma

	RSV
	Respiratory synctial virus

	s-IgA
	Secretory IgA

	
                              S. aureus
                           
	Staphylococcus aureus

	
                              S. pneumoniae
                           
	Streptococcus pneumoniae

	
                              S. typhimurium
                           
	Salmonella typhimurium

	SARS-CoV
	Severe acute respiratory coronavirus

	SCGB1A1
	Secretoglobin family 1A member 1

	SECTM1
	Secreted and transmembrane protein 1

	SIRP-α
	Signal regulatory protein alpha

	SOCS3
	Suppressor of cytokine signaling 3

	SP-A
	Surfactant protein A

	SP-C
	Surfactant protein C

	SP-D
	Surfactant protein D

	SR-A
	Scavenger receptor-A

	SR-BI
	Scavenger receptor class B type I

	STAT2
	Signal transducer and activator of transcription 2

	STAT3
	Signal transducer and activator of transcription 3

	STING
	Stimulator of interferon genes

	T-bet
	T-box 21

	T2R
	Bitter taste receptor

	TAZ
	Transcriptional coactivator with PDZ-binding motif

	TCR
	T cell receptor

	TEAD
	TEA domain family

	TGF-β1
	Transforming growth factor-beta1

	TIR8
	Toll/interleukin-1 receptor 8

	TLR
	Toll like receptor

	TNF-α
	Tumor necrosis factor alpha

	TNFAIP6
	TNF-alpha induced protein 6

	TRAIL
	TNF-related apoptosis-inducing ligand

	TSLP
	Thymic stromal lymphopoietin

	VEGFA
	Vascular endothelial growth factor A

	VEFR2
	Vascular endothelial growth factor receptor 2

	YAP
	Yes-associated protein 1




Introduction
Pneumonia is a major health concern, causing significant morbidity and mortality annually, even prior to the COVID-19 pandemic [1]. Clinically, pneumonia is defined by a constellation of symptoms (cough, fever, shortness of breath), plus a new infiltrate on chest imaging [2]. Within this broad definition, the severity of illness can range from mild to severe, potentially complicated by sepsis, bacteremia, shock, acute respiratory distress syndrome (ARDS), and multiorgan system dysfunction. Pneumonia can be caused by multiple pathogens, including gram-positive and gram-negative bacteria, viruses, and fungi [3]. Despite the broad array of causative agents, there are many common pathways in the immune responses to pneumonia, suggesting host immune dysfunction as an underlying determinant of severe pneumonia.
The innate immune system is ancient, and many aspects are conserved across vertebrates, invertebrates, and plants. In one sense, it can be defined as those aspects of host defense encoded in the germline that do not require the gene rearrangement central to adaptive immunity. Functionally, members of the innate immune response recognize conserved molecular patterns, raise immediate defensive mechanisms, alert and recruit other members of the immune response to the site of infection, and coordinate responses with the adaptive immune response. This system includes physical barriers, pattern recognition mechanisms, cell killing by immune cells and antimicrobial proteins, and coordination via cytokine signaling (Fig. 1). In this review, we will describe the features of the innate immune response, particularly how it relates to the lung and its role in pneumonia.[image: ]
Fig. 1Overview of features of the innate immune response in the lungs. Multiple immune and non-immune cell types participate in the pulmonary innate immune response. Airway epithelial cells produce mucus and antimicrobial peptides, which traps and neutralizes debris and pathogens, and removes them from the lung via the mucociliary elevator. Resident immune cells, including macrophages and lymphocytes, and alveolar epithelial cells surveil the airway and alveolar spaces for potential pathogens, secreting chemokines, and cytokines to recruit additional effector cells such as neutrophils and monocytes. Migration of these cells to the alveolar space through the extracellular matrix is facilitated by vascular endothelium, fibroblasts, and alveolar epithelial cells


Host defense at initial contact
Anatomical barriers
The average human lung inspires approximately 11,000 L of air daily, containing a mixture of gases, fine particulates (e.g., pollen and debris) and microorganisms. As such, the lung has several anatomical barriers which constitute the first line of defense against lung pathogens. The epithelial cells of the conducting airways form a continuous physical and chemical barrier of pseudostratified epithelium in the proximal airways with simple cuboidal epithelium in more distal bronchioles. While their function is heterogenous, all epithelial cells of the lung share in their ability to regulate paracellular permeability through tight and adherens junctions. These proteins, reviewed extensively elsewhere [4], provide a physical barrier between the airspace and interstitium through their connections with neighboring cell cytoskeletal proteins. These paracellular interactions prevent dissemination of microorganisms and vascular leak, which may be disrupted during inflammatory injury by host factors such as TNF-α (tumor necrosis factor alpha) and pathogen-derived toxins, such as pneumolysin and lipopolysaccharide [5, 6].
The coordinate action of ciliated and goblet cells of the upper airways also provides a requisite function for anatomical defense: mucociliary clearance. The upper airway is lined with a complex airway surface liquid, comprised of a gel-like upper layer made of mucus that physically traps microbes and particles from the environment and a more fluid-like lower layer that facilitates the beating of cilia. While containing more than 200 proteins, the mucus layer is primarily made up of mucins, particularly MUC5AC and MUC5B (mucin 5AC and 5B), secreted by goblet cells and submucosal glands. Recently reviewed in detail [7], these polymeric glycoproteins assist in the physical composition of the airway lining fluid that promotes mucociliary clearance of > 90% of inhaled particles. Moreover, mucins are known to have direct antimicrobial function. MUC5B is especially critical for homeostatic regulation of mucociliary clearance, the lack of which leads to chronic infection and a reduction in macrophage function and interleukin-23 (IL-23) production [8]. Meanwhile, MUC5AC is important in host defense against influenza virus, potentially through its interactions with α2,3-linked sialic acid [9]. Interestingly, MUC1 (mucin 1), a transmembrane mucin expressed by both epithelial and immune cells, has an immunomodulatory role to dampen inflammatory signaling during respiratory infection through direct interaction with toll-like receptors (TLRs) [10–13]. Increased mucin secretion after either influenza or Streptococcus pneumoniae infection was recently shown to be partially dependent on type I interferon signaling, the production of which was also associated with in increased microbial shedding and transmission [14].
Antimicrobial proteins
In addition to mucins, airway lining fluid contains additional proteins that aid in the immediate defense against potential pathogens. Among these proteins are immunoglobulins generated through adaptive immune pathways, which we have included in this section for completeness, but require previous infection to activate a specific memory response. Subepithelial plasma cells produce secretory immunoglobulin A (s-IgA), which are IgA dimers covalently connected to a glycoprotein called the secretory component. Both s-IgA and the secretory component are transcytosed into the airway lumen by a polymeric immunoglobulin G (IgG) receptor located on lung epithelial cells, providing memory protection against influenza and S. pneumoniae in an antigen specific manner [15–18]. Interestingly, the secretory component and s-IgA, together or alone, can ward off infection in a non-specific fashion as well. This occurs through interaction with bacterial components, or through immunomodulation of host factors, such as inhibition of interleukin-8 (IL-8). Lactoferrin and lysozyme are two additional components of epithelial lining fluid in the lungs [19]. Lactoferrin, in addition to iron sequestration, has been shown to disrupt microbial biofilms produced by S. pneumoniae, an important colonizer of the nasopharynx and causative agent of community-acquired pneumonia [20]. Lysozyme, which enzymatically cleaves the peptidoglycan backbone of bacteria, directly contributes to immune defense in the lung against both gram-positive and gram-negative pathogens [21, 22]. In addition to those mentioned above, other humoral factors that contribute to rapid defense against lung infection include complement and other acute phase proteins, such as C-reactive protein, serum amyloid proteins and pentraxin 3 [23].
A unique and critical component of the alveolar milieu is pulmonary surfactant, secreted by type II alveolar epithelial cells. Vital to reducing surface tension in the lung, surfactant proteins A and D (SP-A and SP-D) are collectins that facilitate the clearance of both viral and bacterial pathogens through enhanced uptake, agglutination, or interference with their cognate receptor, particularly in the case of viral infection [24]. Recently, it has been shown that both SP-A and SP-D are targets of neutrophil elastase, a result that may partially explain the increased susceptibility of patients with alpha-1 antitrypsin deficiency to bacterial lung infections [25]. Surfactant proteins also modulate inflammation through their interactions with both innate and adaptive cells in the lung, the details of which have been reviewed elsewhere [24]. Finally, serum SP-D has been identified as a strong predictor of severity of community-acquired pneumonia in children, likely resulting from increased alveolar permeability commonly seen during severe lung infection [26]. Other collectins, such as mannose-binding lectin, ficolins-1–3 and collectins-10–11, recently reviewed in detail [27], recognize carbohydrate moieties and provide rapid protection from a myriad of respiratory pathogens, largely through complement-mediated opsonization.
Pattern recognition receptors & signaling pathways
A key factor of the innate immune response is very rapid (minutes to hours) response to pathogens or tissue injury. Recently reviewed elsewhere [28, 29], this is facilitated by the binding of molecules containing pathogen-associated molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs) to their cognate pattern recognition receptors (PRRs) on the surface of host cells. In general, PAMPs are conserved molecular motifs expressed by microorganisms but not host tissues, while DAMPs are host-derived molecular motifs that are only released during tissue injury. Binding of PAMPs/DAMPs to PRRs leads to the activation of innate immune signaling pathways, production of inflammatory cytokines and chemokines and the recruitment of effector cells. In this section we will describe the PRRs and their main downstream signaling pathways.
Toll-like receptors
The first and most well-characterized of the pattern recognition receptors are toll-like receptors (TLRs, Table 1), which are a group of transmembrane proteins located either on the plasma or endosomal membrane. Their ectodomains contain leucine-rich repeats that are also their primary ligand binding domains. Ligands are conserved, vary amongst receptors, and include microbial products such as lipopolysaccharide (LPS, binds TLR4), microbial membrane lipids (lipotechoic acid, lipoarabinomannan or zymosan, binds TLR1/2 and TLR2/6 heterodimers), flagellin (binds TLR5) and unmethylated CpG DNA (binds TLR9). TLR binding and signaling has been reviewed in detail recently [28], thus the focus here will be on recent advances during lung infection. Administration of a cocktail of TLR agonists (Pam2-ODN, TLR2/6 and 9 agonists) during Sendai paramyxovirus infection leads to alleviation of lung epithelial damage early in infection, reduced viral burden and decreased mouse mortality [30]. In an observational study, elderly patients with severe pneumonia exhibited lower levels of monocyte TLR2 and TLR4 expression, correlating with diminished serum concentrations of interleukin-1 (IL-1), interleukin-6 (IL-6), and TNF-α [31]. Moreover, patients, especially children, with a deficiency in MyD88, are much more susceptible to pneumonia, likely due to defects in TLR signaling [32]. During S. pneumoniae pneumonia, knockout of TIR8 (Toll/interleukin-1 receptor 8), which is a negative regulator of TLR signaling, improves bacterial clearance and survival due to increased phagocytosis by leukocytes in the lung [33]. TLR agonists are even being considered as treatments against pneumonia, as TLR2/6 and TLR9 agonists have been effective at reducing mortality when paired with oseltamivir during influenza A infection in mice [34]. In addition, the combination of TLR5 agonists and antibiotics improves infection outcome even in response to antibiotic-resistant S. pneumoniae [35]. Conversely, TLR signaling may be detrimental to pneumonia outcome, particularly when immunopathology is the primary contributor to disease, as has been shown for TLR3 following infection with Klebsiella pneumoniae [36].Table 1Toll-like receptors (TLR)


	Name
	Ligand
	Location
	Function
	Downstream signaling
	Ref

	TLR1
	Bacterial lipoproteins
	Plasma membrane
	Inflammatory cytokine
	TIRAP/MAL, MyD88
	[28]

	TLR 2
	Bacterial lipoproteins
	Plasma membrane
	Inflammatory cytokine
	TIRAP/MAL, MyD88
	[28]

	TLR 3
	dsRNA
	Endosomal membrane
	IFN-1
	TRAM, TRIF
	[28]

	TLR 4
	LPS
	Plasma membrane
	IFN-1
	TRAM, TRIF
	[28]

	TLR 5
	flagellin
	Plasma membrane
	Inflammatory cytokine
	TIRAP/MAL, MyD88
	[28]

	TLR 6
	Bacterial lipoproteins
	Plasma membrane
	Inflammatory cytokine
	TIRAP/MAL, MyD88
	[28]

	TLR 7
	ssRNA
	Endosomal membrane
	Inflammatory cytokine
	TIRAP/MAL, MyD88
	[28]

	TLR 8
	ssRNA
	Endosomal membrane
	Inflammatory cytokine
	TIRAP/MAL, MyD88
	[28]

	TLR 9
	CpG DNA
	Endosomal membrane
	Inflammatory cytokine
	TIRAP/MAL, MyD88
	[28]




NOD-like receptors
NOD-like receptors (nucleotide-binding oligomerization domain-like receptor, NLRs Table 2) are a diverse set of intracellular receptors that respond to a wide variety of PAMPs and DAMPs. While they share conserved structural motifs, their mechanisms of activation and downstream function are quite varied. Some NLRs, such as NLRP3, have oligomerization capabilities to form inflammasomes that lead to the activation of cell death pathways and the proteolytic cleavage and release of interleukin-18 (IL-18) and interleukin-1β (IL-1β). In addition, other products released by dead and dying cells, called alarmins, include HMGB1, IL-33 and IL-1α. Alarmins promote host defense and inflammation through a variety of mechanisms. HMGB1 interacts with its receptor RAGE, which is exclusively in high concentrations in the lung and promotes pro-inflammatory signaling through NF-kB activation [37]. IL-33 and IL-1α are both IL-1 family cytokines, signaling through their receptors ST2 and IL-1 receptor, respectively. IL-33 provides protection against pneumonia-induced acute lung injury, potentially mediated through increased eosinophilia and lower neutrophil recruitment [38], while the role of IL-1α (in comparison to IL-1β) are poorly understood, but likely act through liver-dependent mechanisms [39].Table 2NOD-like receptors (NLR)a


	Subfamily
	Select subfamily member
	Ligand
	Function
	Signaling
	Ref

	NLRA
	CIITA
	IFNγ
	Positive regulator of MHCII transcription
	Transcription factor for MHC
	[40]

	NLRB
	NAIP
	Flagellin; T3SS
	Anti-apoptosis
	Caspase-1 mediated inflammasome
	[41]

	NLRC
	NOD1
	iE-DAP dipeptide
	Inflammatory cytokine; antimicrobial proteins
	RIP2, NFκB, MAPK
	[42]

	NOD2
	Muramyl dipeptide (MDP)
	Inflammatory cytokine; antimicrobial proteins
	RIP2, NFκB, MAPK
	[43]

	NLRC3
	Viral DNA & nucleic acids
	Neg reg of NFκB; attenuates type I IFN
	TRAF6
	[44]

	NLRC4
	Flagellin; T3SS; T4SS
	Inflammasome formation
	Caspase-1
	[45]

	NLRC5
	Nucleoside triophospate
	Regulation of MHCI
	MHCI transcription
	[46]

	NLRX1
	dsRNA, PUA, ESA, and DHA
	Negatively regulates IFN-I and IL-6 responses; located on mitochondria
	NFκB
	[47]

	NLRP
	NLRP1
	MDP, anthrax lethal toxin
	Inflammasome formation
	Caspase-1
	[48]

	NLRP3
	PAMPS and DAMPs associated with viral infection
	Inflammasome formation
	Caspase-1
	[49]

	NLRP6
	unknown
	Poorly characterized inflammasome formation
	Negative regulation of NFκB and MAPK
	[50]

	NLRP7
	lipopeptide
	Putative inflammasome formation
	unknown
	[51]

	NLRP12
	unknown
	Unproven inflammasome formation
	Negative regulation of NFκB and MAPK
	[52]


aSelect receptors with established role in innate immunity



Non-inflammasome generating NLRs (NLRC1-3, NLRC5 and NLRX1) have several important roles during infection, mediating both immune defense (pro-inflammatory) and resolving (anti-inflammatory) pathways. The details surrounding NLR activation and signaling were recently reviewed elsewhere [48, 52]. Expression of NLRC4 is increased in both human and mouse lungs with pneumonia. Interestingly, during experimental pneumonia with Staphylococcus aureus, mice exhibit increased survival and reduced bacterial burden with NLRC4 ablation. Protective effects of NLRC4 deficiency were shown to occur through the inhibition of necroptosis and improvement in interleukin-17A (IL-17A)-dependent neutrophil recruitment [53]. Similarly, activation of the NLRP6 inflammasome impeded neutrophil influx and antimicrobial activity during S. aureus infection, likely through the increase in inflammatory cell death pathways (pyroptosis and necroptosis) and reduction in interferon-γ (IFN-γ) [50]. However, limiting NLRP6 signaling is not always beneficial. NLRP6 deficiency during K. pneumoniae infection results in increased mortality and extrapulmonary bacterial dissemination due to a defect in neutrophil recruitment and neutrophil extracellular trap (NET) formation [54]. Finally, mice deficient in NLRP3 or its associated adaptor ASC (apoptosis-associated speck-like protein containing a CARD) demonstrated a robust, early production of cytokines, leading to improved clearance of S. pneumoniae serotype 3 [55]. Whether NLRs promote a response that facilitates bacterial clearance appears to be context specific, depending on pathogen, strain, and/or pathogen burden.
RIG-I-like receptors
RIG-I-like receptors (retinoic acid-inducible gene-I like, RLR, Table 3) are intracellular sensing molecules that respond to viral RNA and mediate the production of type I and type III interferons. There are three known RLRs (RIG-I, melanoma differentiation-associated protein 5 (MDA5), and laboratory of genetics and physiology 2, (LGP2)), each having a conserved C-terminal domain that recognizes RNA and a central helicase domain. In addition, RIG-I and MDA5 contain N-terminal caspase recruitment domains (CARDs) which facilitate their interaction with an adaptor protein, MAVS (mitochondrial antiviral signaling protein). LGP2, lacking the N-terminal CARD, does not interact with MAVS, nor is it thought to act as a signaling molecule [56]. During respiratory syncytial virus (RSV) infection, alveolar macrophages produce type I interferons through activation of the RIG-I-MAVS complex, leading to enhanced inflammatory monocyte recruitment, limiting viral replication [57]. Interestingly, severe acute respiratory syndrome coronavirus (SARS-CoV) and the pandemic SARS-CoV2 have been shown to interfere with RIG-I activation to limit type I interferon production, therefore, increasing viral replication [58, 59]. Recent work has shown that RIG-I limits SARS-CoV2 replication in lung cells through a non-canonical, MAVS-independent, mechanism that is dependent on the helicase domain of RIG-I [60]. While its biological relevance needs to be confirmed in vivo, this may represent a unique mechanism for boosting immunity towards coronavirus infection. Moreover, SARS-CoV2 nucleoprotein interferes with MAVS activation by RIG-I through its helicase domain, preventing type I interferon activation. Viral interference was inhibited by a peptide that targets the dimerization domain of the viral nucleoprotein and prevented severe lung damage and limited viral replication in humanized transgenic mice infected with SARS-CoV2. These new findings suggest that RLR signaling is critical to limiting coronavirus infection, the mechanisms of which are likely relevant to other RNA viruses as well [61]. Finally, while RLR-mediated host defense has been largely attributed to viral infection, studies have shown that Legionella pneumophila, the causative agent of Legionnaire’s disease can activate the RIG-I/MDA5 pathway due to its ability to inject genetic material into the cytosol via a type-IV secretion system [62]. Future studies should consider the role of RLR signaling in other intracellular bacterial species.Table 3RIG-I-like receptors (RLR)


	Name
	Ligand
	Location
	Function
	Signaling
	Comment
	Ref

	RIG-I
	Viral RNA
	Cytoplasm
	Interferon I and III production
	MAVS
	 	[56]

	MDA5
	Viral RNA
	Cytoplasm
	Interferon I and III production
	MAVS
	 	[56]

	LGP2
	Viral RNA
	Cytoplasm
	Unclear antiviral effect
	None
	Possible negative regulator of RIG-I and MDA5
	[56]




DNA-sensing receptors
In addition to pattern recognition receptors that recognize RNA, there are DNA-sensing receptors (Table 4), such as AIM2-like receptors (absent in melanoma 2-like, ALR), cyclic GMP-AMP synthase (cGAS), and interferon gamma inducible protein 16 (IFI16). Most of these receptors use STING (stimulator of interferon genes) as an adaptor protein [63]. The cGAS-STING pattern recognition pathway is an intracellular DNA-sensing system that results in the activation of type I interferon. In the lungs, cGAS has been reported to recognize gram-positive and gram-negative bacteria, such as S. pneumoniae and Pseudomonas aeruginosa, and mediates protection against pneumonia caused by P. aeruginosa infection [64]. Whole-body STING−/− mice have increased inflammatory cytokine levels, alveolar edema, macrophage necroptosis, and an increase in bacterial burden during S. aureus infection [65]. Interferon-inducible protein 204 (IFI204; the murine homolog of IFI16) is an AIM2-like, intracellular DNA sensor, reported to facilitate type I interferon responses to intracellular bacterial infection through cGAS, STING and interferon regulatory factor 3 (IRF3) [66, 67]. More recently, it has been shown that IFI204 is protective against extracellular S. aureus infection of the lungs in a way that is independent of type I interferon induction. IFI204 ablation in mice led to decreased survival and increased bacterial burden and lung injury in conjunction with a reduction in macrophage and neutrophil extracellular traps [68]. Interestingly, AIM2-like receptors, have been shown to be dispensable for type I interferon production, indicating they may have an alternate function [69].Table 4DNA-sensing receptors


	Name
	Ligand
	Location
	Function
	Signaling
	Ref

	cGAS
	Cytosolic DNA
	Cytoplasm
	Production of type I IFN and pro-inflammatory cytokines
	STING
	[70]

	IFI16/IFI204
	Intracellular ss and dsDNA
	Nucleus
	Type I IFN
	STING
	[71]




C-type lectin receptors
C-type lectin receptors are a heterogenous superfamily of receptors, comprising of more than 1000 proteins, subdivided amongst 17 smaller groups. They perform a wide variety of biological functions, including but not limited to regulation of apoptosis, growth and development, and antimicrobial immunity. In reference to the latter, many C-type lectin receptors, such as the collectins and dectin-1, serve as pattern recognition receptors (Table 5, [72]). The majority of C-type lectin receptors remain uncharacterized in their roles against respiratory pathogens, however, C-type lectin domain family 4 member D (CLEC4D), is protective against K. pneumoniae-induced pneumonia, whereby Clec4d knockout mice exhibit increased mortality, lung damage and bacterial CFU, which may be attributed to a defect in neutrophil clearance [73]. Dectin-2, which binds to the fungal pathogen Pneumocystis jirovecii, activates pro-inflammatory cytokine signaling in response to fungal infection in the lung; however, dectin-2 deficiency does not appear to have an impact on fungal burden [74]. Among the C-type lectin receptors that respond to respiratory infection, such as versican and surfactant protein D, Mincle (macrophage inducible C-type lectin receptor) has been widely studied and shown to have prominent role against pneumonia. In response to K. pneumoniae infection, Mincle deficiency led to a progressive increase in bacterial burden, despite an exaggerated inflammatory response which promoted severe lung damage. Moreover, Mincle-insufficient mice showed defects in neutrophil phagocytosis and NET formation which may partially explain their inability to control infection [75]. Mincle also recognizes S. pneumoniae, however its role in response to pneumococcal infection is inconsistent in the literature. In one study, Mincle-knockout mice were unable to clear bacteria from the lungs, which was accompanied by an enhanced inflammatory response. However, in contrast to K. pneumoniae infection, they did not display deficiencies in neutrophil phagocytosis [76]. A second study showed that Mincle knockout mice exhibited no changes in inflammatory responses, phagocytosis or bacterial killing in response to S. pneumoniae infection [77]. Finally, a more recent study showed that transgenic overexpression of Mincle in mice led to activation of the NLRP3 inflammasome, leading to increased lung injury and fatality in response to pneumococcal pneumonia, which could be abrogated through NLRP3 inflammasome inhibition [78]. Mincle-deficient mice also exhibit increased fungal burden in response to P. jirovecii infection, however with no change in mortality, which may be attributed to an increase in the anti-inflammatory protein, IL1RA [79]. In sum, many more C-type lectin receptors likely influence lung infection but remain unexplored. For example, lectin-like oxidized low density lipoprotein receptor-1 (LOX-1), has been shown to mitigate sepsis-induced lung injury in models where it is systemically inhibited [80, 81], but its contribution to the local response in the lung is not yet known. These and others should be the subject of future research.Table 5C-type lectin receptorsa


	Name
	Ligand
	Location
	Group
	Signaling
	Ref

	CLEC4D (MCL)
	α-mannans
	Cell surface
	II – Type 2 receptors
	NF-κB
	[73]

	Surfactant Protein A&D
	Respiratory pathogens
	Secreted
	III—Collectins
	Enhancement of phagocytosis & IL4/IL13 repair pathway
	[82]

	Dectin-1
	β-glucan; galectin-9; annexins; vimentin; tropomyosin; N-glycan
	Cell membrane
	V – NK receptors
	Syk-dependent ROS; NFAT and NFκB signaling
	[83]

	Dectin-2
	α-mannans
	Cell membrane
	II – Type 2 receptors
	Syk, PKCδ and CARD9–Bcl10–Malt1
	[84]

	Versican
	CD44, PSGL-1, TLR2; P and L-selectins
	Extracellular
	I—Proteoglycan
	MyD88
	[85]

	Mincle
	Glucosyl-diacylglycerol (Gly-DAG); microbial lipidic species
	Cell surface
	II – Type 2 receptors
	Syk, PKCδ, CARD9–Bcl10–Malt1 and MAPK
	[86]


aSelection of receptors discussed in text



Scavenger receptors
Scavenger receptors are a highly diverse set of cellular receptors that have been subdivided into ten classes based on their structural characteristics and biological function (Table 6). One commonality amongst all scavenger receptors is that they bind to a heterogenous group of ligands, including but not limited to, modified lipoproteins, microbial components (LPS, lipoteichoic acid (LTA), and CpG), apoptotic cells and advanced glycation end products. C-reactive protein (CRP) is another known ligand of some scavenger receptors, including LOX-1 and SR-A [87, 88], and plays an important role in host defense against bacteria through complement-mediated opsonization [89]. Complement fixation, a highly conserved mechanism of immune defense and regulation through its recognition of microbial and damage associated molecular patterns is a critical contributor to host defense and rapid response to bacterial infection, the details of which have been reviewed elsewhere [90, 91]. In addition to ligand binding, some scavenger receptors, such as SR-A, LOX-1, P2X7, SSc5D, have also been shown to bind bacteria directly, which contributes to their uptake and killing [92–95]. Scavenger receptors have diverse roles in health and disease, displaying both pro- and anti-inflammatory roles depending on the receptor’s location, ligand and ability to interact with co-receptors, such as TLR4 [96]. During pneumonia, there is a paucity of recent data on the role of most scavenger receptors, although older studies have shown prominent roles for MARCO (macrophage receptor with collagenous structure) [97–99], CD36 [100], and SR-A (scavenger receptor-A) [101, 102] in response to lung infection. However, recently it was shown that CD5L (CD5 molecule-like), which is a scavenger receptor in the cysteine-rich superfamily, contributes to a more severe murine response to methicillin resistant S. aureus (MRSA) in the lung. Antibody-mediated inhibition of CD5L led to decreased mortality, along with dampened lung cytokine levels, and decreased bacterial burden, while CD5L supplementation increased mortality, lung injury lung cytokines and bacterial burden. Interestingly, addition of CD5L also increased phagocytic uptake of MRSA in macrophages and neutrophils but had no effect on bacterial killing [103]. Alternatively, the scavenger receptor CD36, promotes phagocytosis and killing of K. pneumoniae in a capsule-independent manner. CD36-deficient mice also have a reduced cytokine profile and impaired phagocytosis, likely the result of lower sensitivity to LPS [104]. Finally, SR-BI (scavenger receptor class B type I), a scavenger receptor that mediates uptake of cholesterol ester, is also important for lung defense against K. pneumoniae. SR-BI-deficient mice have a very similar phenotype to those lacking CD36, whereby mortality, lung injury, inflammatory cytokine levels and bacterial replication and dissemination are increased. Additionally, more neutrophils are recruited to the lung in a corticosterone-dependent manner and like with the previously mentioned scavenger receptors, phagocytosis is impaired in mice lacking SR-BI. Finally, it was revealed that SR-BI is necessary for efficient clearance of LPS, without which LPS signaling is prolonged [105]. Taken together, the current data suggest that scavenger receptors play an important role in the defense against lung pathogens, and considerable work is required to elucidate their specific, microbe-dependent functions.Table 6Scavenger receptorsa


	Name
	Ligand
	Location
	Group
	Signaling
	Comment
	Ref

	LOX-1
	Oxidized lipoproteins; activated platelets; advanced glycation end products; apoptotic cells; live bacteria
	Cell Surface
	Class E
	NFκB; MAPK; NADPH oxidase
	Also a C-type lectin receptor
	[106]

	MARCO
	Bacteria; LPS; LTA; CpG DNA
	Cell surface
	Class A
	Unclear, cooperation with TLRs
	 	[96]

	CD36
	Long chain fatty acids; PAMPs; DAMPs; proteins containing TSR domains
	Cell Surface
	Class B
	MAPK; PPAR-γ; NF-κB; ROS
	 	[107]

	SR-A
	HSPs; PAMPs; oxidized LDL; proteoglycans; poly I:C; major vault protein
	Cell surface
	Class A
	PI3K; NF-κB; MAPK
	 	[108]

	CD5L
	CD36; PAMPs; Live bacteria
	Secreted
	Class I
	Inhibition of apoptosis
	Unknown mechanism
	[109]

	SR-BI
	HDL; modified LDL; phospholipids
	Cell surface
	Class B
	eNOS activation; phospholipase C & D; PI3K; MAPK
	 	[110]
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Leukocyte-driven defense
Leukocytes participate in the innate immune response by acting via sentinel and/or effector functions. Sentinel cells are resident in the in local tissue and rapidly respond to the presence of PAMPs and DAMPs in the environment. Effector cells are generally circulating and are recruited to the site of infection or injury by signals produced by sentinel cells. Some innate immune cells can act in both a sentinel and effector cell capacity, such as alveolar macrophages and innate lymphocytes. In this section, we will discuss the leukocytes that participate in the innate immune response.
Alveolar macrophages
Alveolar macrophages (AMs) are the most well-characterized resident immune cells in the lung. As their name suggests, they are located in the alveolar compartment, where they constitute the first line of defense against invading microorganisms through their high phagocytic capacity. Additionally, they promote tissue repair and lung homeostasis. AMs are long-lived cells that are closely positioned to type II alveolar epithelial cells, where they are responsible for ingesting and breaking down pulmonary surfactant and fostering tissue homeostasis even in the wake of injury [111, 112]. Epithelial-derived GM-CSF (granulocyte–macrophage colony-stimulating factor) promotes the establishment and differentiation of AMs through activation of PPAR-γ (peroxisome proliferator-activated receptor γ) the lack of which results in defective AM development and pulmonary alveolar proteinosis due to surfactant buildup [113]. The initial pool of AMs are derived from yolk sac precursors of fetal monocytes, but are gradually replaced by monocyte-derived macrophages throughout the life of the host [114]. Differential function of fetal derived versus monocyte-derived macrophages is the subject of active investigation, reviewed in [115]. Low-level intrusions into the alveoli are quickly and efficiently cleared by AMs through the production of antimicrobial proteins, reactive oxygen species and phagocytic killing. Once invading microorganisms reach a certain threshold beyond the killing capacity of AMs, they will secrete cytokines, chemokines and arachidonic metabolites to recruit neutrophils that will aid in clearance of pathogens [116]. Both processes will be discussed in greater detail in the following sections.
Pathogen recognition and killing
Like most immune and non-immune cells, AMs recognize microorganisms through their expression of PRRs which bind to conserved motifs found on different classes of microbes. This interaction and subsequent signaling alerts the macrophage to the threat, allowing for direct microbial killing by phagocytic uptake, nitric oxide, hydrogen peroxide and reactive oxygen species generation [117, 118]. Recognition of flagellated P. aeruginosa was shown to depend on macrophage expression of TLR5, which promoted IL-1β-dependent phagocytosis and killing of the pathogen through production of asparagine endopeptidase [119]. In contrast, phagocytic capacity of AMs is dampened during secondary pneumonia due to an altered microenvironment elicited by a primary infection with Escherichia coli or S. aureus, leading to defective clearance of bacteria. Although not yet identified, alveolar components in recovered mice increase SIRPα (signal regulatory protein α) expression in AMs, which inhibits their phagocytic capacity through regulation of both cellular metabolism and gene transcription [120]. Interestingly, bacterial clearance improves following repeated exposures of mice to differing strains of S. pneumoniae, leading to transcriptional and metabolic reprogramming of AMs [121]. Notably, in humans, experimental colonization of the nasopharynx with S. pneumoniae (serotype 6B) increased the homo- and heterotypic opsonophagocytic capacity of AMs. Activation of AMs correlated with microaspiration of pneumococcus into alveolar fluid and depended on type 1 helper (Th1) T-cells differentiation and the resulting low levels of IFN-γ, which promoted the production of TNF-α by AMs and increased the differentiation of monocytes to macrophages [122]. Age-related deficiencies in AM proliferation were recently found to be dependent on the alveolar microenvironment. Increased levels of hyaluronan in aged mice confers a hypo-responsive phenotype to GM-CSF in AMs, reducing their proliferative capacity and increasing the severity of influenza A infection [123]. This confirmed a previous report that found aging compromises AM numbers and function [124].
Interferon-gamma receptor (IFNGR1) signaling on AMs renders contradicting outcomes depending on the etiology of lower respiratory infection. IFN-γ promotes clearance of RSV in neonatal mice in a manner that is dependent on lung macrophages, with AMs exhibiting increased expression of MHCII (major histocompatibility complex II), a direct indication of their activation [125]. However, bacterial clearance with a non-lethal strain of S. pneumoniae following influenza is impaired and becomes fatal through IFNGR1 signaling on AMs and other mononuclear phagocytes [126]. Type I interferon similarly exacerbates severity of secondary bacterial pneumonia with MRSA, potentially through the activation of macrophage STAT2 (signal transducer and activator of transcription 2) [125]. Abrogating this response improves bacterial clearance due to the presence of macrophages expressing both inflammatory and regulatory surface markers (M1/M2 macrophages), which represent pro-inflammatory versus pro-resolving macrophages, respectively [127]. Infection of mice with RSV induced an M2-like (regulatory) phenotype in AMs that is dependent on an increase in Gas6/Axl (growth arrest-specific protein 6) signaling, typically associated with efferocytosis. Polarization of AMs resulted in increased susceptibility to secondary pneumococcal infection due to lower production of IL-18 from AMs and IFN-γ from natural killer cells [128]. Future studies should aim to identify critical alveolar components and signaling mechanisms that give rise to long-lived alterations in AM function and to characterize pathogen-specific differences in aforementioned phenotypic changes. While resident AMs are often sufficient to eradicate smaller and/or less virulent pathogenic challenges and maintain alveolar tissue integrity [129], higher levels of pathogen burden require additional help from recruited immune cells. In addition to direct killing, AMs produce chemokines and cytokines, such as IL-8, CXCL1, CXCL2 (C-X-C motif chemokine ligand 1 and 2), IL-6 and TNF-α, to activate and recruit additional innate and adaptive immune cells.
Roles in neutrophil recruitment and activation
While AMs activate both the innate and adaptive arms of the immune system, the scope of the current review is on initial acute responses to infection and thus, will be focused on the recruitment of cells derived from myeloid progenitor cells. As noted previously, inflammatory insults can lead to AM dysfunction and downstream defects in neutrophil recruitment and increased bacterial burden during secondary infection. In fact, pathogens producing pore-forming toxins may directly target AMs, underscoring their central role in modulation of downstream responses [114]. Following sepsis by cecal ligation and puncture, AMs reduce their production of CXCL1 and phagocytic uptake of bacteria in a TNF-α/interleukin-10 (IL-10) mediated manner. However, this defect can be reversed with the administration of interferon-β (IFN-β) [130], the production of which may be dampened by increased levels of transforming growth factor-β1 (TGF-β1) following sepsis-mediated lung injury [131]. CXCL1 production and early neutrophil recruitment is also impaired in mice that lack macrophage FABP4 (fatty acid binding protein-4), leading to increased bacterial replication and mortality following P. aeruginosa infection [132]. Curiously, AM expression of TLR3 is detrimental to host response to K. pneumoniae, whereby TLR3−/− macrophages exhibit increased phagocytic and efferocytic capacity along with a more M2-like phenotype [36]. TLR3−/− macrophage responsiveness is also enhanced in that they express higher levels of CXCL1 and CXCL2, leading to greater neutrophil numbers, but interestingly exhibit diminished lung injury. This phenotype is likely due to the concordant effects of reduced bacterial burden and increased efferocytosis of dying neutrophils [36]. During viral infection, AMs produce robust levels of IL-1β through activation of the NLRP3 inflammasome [133]. Intriguingly, NLRP3 inflammasome activation, but not expression is dependent on the neutrophil-derived peptide cathelicidin-related antimicrobial peptide (mCRAMP) [133]. Thus, during viral, but not bacterial infection, IL-1β secretion requires a two-hit system on AMs through initial infection and crosstalk with recruited neutrophils [133]. Production of IL-1β during influenza/pneumococcus co-infection prevents AMs apoptosis, a process that is protective against S. pneumoniae serotype 14, but not 19, outgrowth. Interestingly, during co-infection in mice deficient in IL-1 receptor type 1 (Il1r1−/− mice), the lack of IL-1β signaling is compensated for by TNF-α activation of recruited neutrophils [134]. TNF-α, produced by neutrophils, similarly protects against L. pneumophila infection through its actions on AMs, whereby TNFα signaling increases lysosomal acidification in a caspase-dependent manner [135]. AMs temper neutrophil activity during infection with Acinetobacter baumannii, where both neutrophil recruitment and neutrophil production of reactive oxygen species is enhanced with macrophage depletion. This is detrimental to the A. baumannii-infected host, who exhibit markedly enhanced lung injury and bacterial load [136]. In sum, AMs are critical determinants in the recruitment of neutrophils during infection of the alveolar compartment, the result of which may improve or worsen outcome based on the source of infection.
Alternative mechanisms of AM response to pneumonia
In addition to direct killing and recruitment of leukocytes to the lungs, AMs have developed alternative methods to aid in host defense and recovery from pneumonia. One mechanism is the apoptosis of the macrophage itself to prevent microbial replication [117] and has been shown to occur following infection with influenza, pneumococcus and tuberculosis, among other important pathogens [137–139]. This response was recently shown to be prevented by macrophage over-expression of the antiapoptotic protein MCL-1 (myeloid cell leukemia 1) which impaired the clearance of S. pneumoniae and Haemophilus influenzae. Importantly, macrophage apoptosis was not shown to occur following infection with S. aureus, indicating important pathogen-specific differences in cellular response to infection [140].
Finally, AMs are critical to tissue repair following pneumonia-induced lung injury. While beyond the scope of this review, a few studies are worth noting as avenues for further discovery. Production of the tissue-resolving growth factor, amphiregulin, is induced by AMs during Nippostrongylus brasiliensis infection and promotes the restoration of the blood-lung barrier. This occurs through the “inside-out” activation of integrin-αV on pericytes leading to their release of TGF-β and differentiation into myofibroblasts [141]. Reparative properties of AMs are also regulated metabolically. Activation of the Wnt-β catenin signaling pathway results in increased macrophage hypoxia inducible factor 1α (HIF-1α) expression and higher glycolytic versus mitochondrial metabolism. Tipping of the metabolic scale towards glycolysis led to elevated inflammatory signaling during influenza infection at the expense of proliferation and repair [142].
Interstitial macrophages
While AMs reside in the alveolar lumen, at a ratio of approximately one macrophage to three alveoli, interstitial macrophages (IMs) inhabit the interstitial space between the epithelium and underlying capillaries. It was thought that they reside exclusively near the bronchi [143], however recent reports have shown the existence of a CD206− IM population located within the alveolar interstitium [144], and others that have shown they can traverse into the luminal space when required [145]. IMs have been categorized into three separate subtypes (IM1-3) based on expression of various markers, including CD11c, MHCII, CD206, CD169 and Lyve-1 [143], although it is unclear whether these represent three phenotypically distinct subpopulations. Two recent studies have identified two unique clusters of IMs based on expression of CD206 or Lyve1/MHCII/CX3CR1 and one population that may represent a transitional state from Ly6c-low patrolling monocytes (CD64+CD16.2+) [144, 146]. Another study identified a population of embryonic-derived, nerve associated, CD169+ IMs [147], which may be the same as the Lyve1low/MHCIIhigh population identified in the work by Chakarov et al. [146]. Ontologically, IMs have a mixed background, arising from both blood and lung-resident monocytes and yolk sac precursors and this variation may contribute to their heterogeneity. The role of IMs in response to pneumonia is less characterized than the role of AMs, however, IMs exhibit profound immunoregulatory properties in their ability to produce IL-10. In response to multiple ligands, but especially CpG DNA, IMs expand and produce large quantities of IL-10 which is protective against allergic airway disease [145]. IL-10 production has been attributed to the bronchial-associated CD206+ IM population, along with other immunoregulatory cytokines, such as interleukin-1 receptor antagonist (IL1-Ra) and leukemia inhibitory factor (LIF) [144]. However, CD169+ nerve-associated IMs also produce substantial amounts of IL-10 in response to influenza infection and poly(I:C) stimulation. Depletion of this IM subset elicits profound mortality in influenza-infected mice and greater inflammatory cytokine levels in response to poly(I:C) [147]. Moreover, signals produced by endothelial cells play an important role in the expansion and regulation of IMs. Recently it has been shown that respondin-3, a WNT ligand, is produced by endothelial cells to promote the anti-inflammatory phenotype of IMs through metabolic and epigenetic modulation. Through these changes, mice were less susceptible to LPS-induced lung injury [148]. Notably, while AMs are preferentially infected by Mycobacterium tuberculosis and provide a means for microbial dissemination, IMs are more capable of limiting bacterial growth through mechanisms that are dependent on nuclear factor κB (NF-κB) activation and glycolytic metabolism [149].
Monocytes and monocyte-derived macrophages
Monocytes are a recruited cell type that are continuously produced throughout life from hematopoietic progenitor cells in the bone marrow. They are a heterogenous population of cells that can give rise to monocyte-derived macrophages or monocyte-derived dendritic cells. In addition, classical (Ly6Chi) and patrolling monocytes (Ly6clo) have been identified in mice and humans. Increased heterogeneity amongst monocyte populations continue to be identified through the use of single-cell techniques, such as single-cell RNA sequencing, although their functional differences remain to be determined [150]. Chemokine receptors, such as CCR2 (C–C motif chemokine receptor 2), play a critical role in recruiting monocytes into the lung during infection. As such, depletion of CCR2+ monocytes led to higher weight loss and bacterial burden in the lungs of mice infected with all five strains of K. pneumoniae that were tested [151]. Inflammatory monocyte killing of K. pneumoniae was further shown to depend on their production of TNF-α, which activates type 3 innate lymphocytes (ILC3) to produce IL-17A, promoting ROS production by monocytes [152]. Age-dependent deficiency in host defense to S. pneumoniae are also affected by Ly6Chi monocytes, whereby continuous levels of TNF-α in the blood of old mice promote the mobilization of immature, CCR2+ monocytes that are less efficient at bacterial killing, emphasizing the importance of fully functioning monocytes in host defense [153]. Recently, there has been a substantial increase in studying the role of monocytes in promoting lung injury during pneumonia, due to their implied role in SARS-CoV2 infection. While reviewed in great detail elsewhere [154, 155], there is considerable evidence that suggests monocytes (and macrophages) contribute to the immunopathology in severe SARS-CoV2 infection. Similarly, monocytes from sepsis plus ARDS patients in comparison to sepsis-only patients revealed a gene signature enriched for IFN-stimulated genes and downregulation of immunomodulation genes, such as SOCS3 (suppressor of cytokine signaling 3) [156].
Neutrophils
Neutrophils are highly specialized, short-lived effector cells of the myeloid lineage, they are the first circulating cells to be recruited to the site of infection in pneumonia, and play an important role in clearance of invading pathogens. During acute infections, neutrophils function to clear pathogenic bacteria through three main processes—phagocytosis, degranulation and NETosis. These processes have been reviewed extensively elsewhere [157–159] and briefly summarized here. Upon arrival at the site of infection, neutrophils identify pathogens by binding microbial components to PRRs, or opsonized microbes to neutrophil Fc receptors (FcR) or complement receptors (CRs) [160]. Bound microbes are phagocytosed, and bacteria-containing phagosomes are fused with specialized lysosomal vesicles containing creating a phagolysosome in which bacteria are killed via oxidative and non-oxidative pathways [161]. Microbes remaining outside the neutrophil can also be killed through neutrophil degranulation, in which pre-packaged granules are fused to the neutrophil surface, releasing their toxic contents (proteases and reactive oxygen species, ROS) into the surrounding space [162]. Finally, through carefully coordinated condensation of chromatin, attachment of cytoplasmic and granule proteins and extrusion of DNA–protein complex, neutrophils can release neutrophil extracellular traps (NETs), which transform the extracellular environment, trapping and killing nearby microbes [163]. Although critical to pathogen clearance, these neutrophil functions often underlie the significant bystander cell death and tissue injury seen in pneumonia and ARDS [164, 165]. Neutrophils also directly influence the immunological responsiveness of other cells via alteration in surface markers, cytokine production and direct cell contact [166–168]. Finally, neutrophils are transcriptionally dynamic, regulating inflammatory pathways at a transcriptional level in response to a variety of stimuli [169–172].
While there are many aspects of neutrophil biology that are broadly applicable to all organ systems, the structure of the lung has a direct impact on neutrophil biology [173–176]. The pulmonary capillary bed is composed of narrow segments, with a vessel diameter ranging from 2-15 µm, compared with the average neutrophil diameter of 6–8 µm [177], and lower pressure than systemic circulation. Because of this narrow, low-pressure system, neutrophils transit the pulmonary capillary bed slowly, leading to a large number or “marginated” pool of neutrophils in the lungs at any one time [158, 177]. In terms of neutrophil recruitment, slow transit time through the lung obviates the need for the selectin- and integrin-mediated neutrophil capture and rolling that is central to neutrophil migration out of the vasculature in other organs [175]. Selectin- and integrin-mediated signaling is not required for neutrophil migration out of the vasculature in S. pneumoniae pneumonia, but is required in with other pathogens [178–181]. In addition, non-canonical adhesion receptors also participate in neutrophil recruitment and migration in respiratory infections [182, 183].
Emerging evidence also suggests that neutrophil responses, particularly as they relate to cytokine production and surface marker expression, can vary based on tissue location and/or pathogen stimulus [184]. Neutrophils that have migrated to the lungs have a distinct transcriptome from circulating neutrophils after endotoxin inhalation [185] or severe RSV infection [186]. Additionally, the chemokine repertoire secreted by pulmonary neutrophils is different than circulating neutrophils in influenza [187]. Full characterization of pulmonary-neutrophil responses in infection is ongoing.
In addition to manifesting tissue-specific responses, it also appears that neutrophils in each tissue can be comprised of functionally distinct subpopulations. Recent studies employing flow cytometry and single cell sequencing have demonstrated subpopulations of neutrophils that can be maintained at baseline and during infection [188–192]. This neutrophil heterogeneity has been characterized in multiple ways, such as N1 versus N2 [193–195], high density vs low density [196–198], activated vs refractory [199], or inflammatory vs inhibitory [188]. While there is good evidence for heterogeneity of neutrophil responses, it is still not clear how universal this heterogeneity is, or whether neutrophil subpopulations are recapitulated in the lung during pneumonia.
Innate lymphocytes
In addition to their well-known role in adaptive immunity, a subset of lymphocytes also plays an important role in innate immunity. These cells are characterized by limited or no antigen receptors and respond instead to host alarm signals and pathogen products. They respond quickly to stimulus and play a crucial role interacting with other innate effector cells (such as macrophages and neutrophils), as well as adaptive immune responses mediated by T cells, B cells, and dendritic cells. These “innate” lymphocytes are divided into T cells with limited antigen diversity (γδ T cells, iNKT cells, and MAIT cells), and lymphoid cells lacking antigen receptors, but with lymphocyte morphology (Innate Lymphoid Cells—NK cells, ILC1, ILC2, ILC3, and LTi cells). In this section, we will focus on those innate lymphocytes with a clear role in pulmonary immunology, specifically γδ T cells, iNKT cells, MAIT cells, NK cells, and ILC2 cells.
Innate T cells
γδ T cells
These cells express T cell receptor (TCR) heterodimers containing gamma and delta chains, with a limited diversity [200, 201], and do not express CD4 or CD8 [202]. In pneumonia, the primary role of γδ T cells is early response to pathogens. Multiple signals stimulate these cells, including direct antigen binding to TCR, binding of PAMPs and DAMPs to TLRs or direct cytokine stimulation [203]. Activated γδT cells produce IL-17A and IFNγ, which promotes effector cell recruitment (macrophage and neutrophil), granuloma formation, and Th17 immune responses. Multiple lung pathogens induce γδ T cell numbers through cellular expansion [204–207]. The specific role of γδ T cells in pneumonia may be pathogen-dependent, as depletion of these cells results in decreased IFNγ production and inability to clear pathogen in K. pneumoniae and S. pneumoniae infections. In contrast, γδ T cell depletion improved pathogen clearance and increased IFNγ in a cryptococcus model [205] and increased IL-17 production and protection against fatal infection in an influenza model [208].

Invariant natural killer T cell (iNKT) cell
Invariant NKT cells (iNKT, also known as classical or type I NKT cells) express an αβ TCR with invariant α TCR and one of three β chains [209]. These cells respond to lipid antigens presented by the MHC class I-like molecule CD1d. These antigens include alpha-galactosylceramide (α-Gal-Cer) [210] and a variety of microbial- and host-derived lipids, allowing them to respond to a wide range of pathogens [211]. Of note, α-Gal-Cer loaded CD1d tetramers are a useful way to study human and mouse NKT cells [212]. NKT cells also respond directly to stimulation by the cytokines IFNβ, IL-1β, IL-12, IL-18, and IL-23 [213–215].
Sub-populations of NKT cells (NKT1, NKT2, and NKT17) are defined by their developmental programs, and cytokine repertoire expressed. Lungs are particularly enriched for NKT17 cells in the lung parenchyma, with lesser numbers of NKT1 and NKT2 cells in the marginated vascular pool [216]. NKT1 cells produce IFNγ and express the transcription factor T-box 21 (T-bet) [217, 218]. NKT2 cells produce interleukin-4 (IL-4), express PLZF (promyelocytic leukemia zinc finger protein) [218] and depend on PLZF, GATA binding protein 3 (GATA3), and interferon regulatory factor 4 (IRF4) for development [218, 219]. Finally, NKT17 cells produce IL-17 and express RORγt (retinoic acid receptor-related orphan receptor γ) [218, 220].
NKT cells play a critical role in the defense against multiple lung pathogens. They are required for clearance of respiratory bacteria such as S. pneumoniae, P. aeruginosa, M. tuberculosis, and Chlamydia pneumoniae [221–223], through recruitment of effector cells such as neutrophils and AMs via chemokine and cytokine production [221, 222]. NKT cells are also protective against viral pathogens such as influenza. Influenza A-infected DCs stimulate NKT cells, resulting in rapid production of interleukin-22 (IL-22) and modifying the activities of myeloid-derived suppressor cells and pro-inflammatory monocytes [224–226].

Mucosal-associated invariant T (MAIT) cells
Similar to NKT cells, Mucosal-associated invariant T cells (MAIT cells) also have a restricted TCR [227–229], but respond to the MR1 (MHC-class I-related) receptor, rather than CD1d. MR1 presents riboflavin (vitamin B2) metabolites that are produced by diverse bacterial and yeast species [228, 230–235]. In addition, MAIT cells can be stimulated by TCR-independent pathways, including IL-18 signaling [236, 237]. MAIT cells can also be subdivided by the cytokines that they produce. Thus far, MAIT1 (IFNγ-producing) and MAIT17 (IL-17 and IL-22 producing), but not MAIT2 have been identified. MAIT cells display heterogeneity in response to microbes and may function to distinguish between pathogen and commensal [227, 238]. Furthermore, MAIT cell numbers are reduced in germ-free mice, which is in contrast to iNKT cells, which are increased in these mice [239]. In the absence of infection, MAIT cell numbers in lungs of mice are low. However, cell numbers dramatically expand with infection by intracellular bacteria Salmonella typhimurium, Francisella tularensis and L. pneumophila [240, 241]. MAIT cells may play a protective role in infection, as their number is negatively correlated with disease severity and P. aeruginosa infection in cystic fibrosis [242], and MR1−/− mice are more susceptible to E. coli and Mycobacterium abscessus [234]. Finally, humans recovered from severe influenza had higher numbers of MAIT cells in peripheral blood than those that died [237].

Innate lymphoid cells (ILCs)
Innate lymphoid cells (ILCs) are defined by a lymphoid morphology, but a lack of RAG-dependent antigen receptor, or cell-surface markers associated with other lymphoid and myeloid lineages [243]. Similar to the other innate-like lymphocytes discussed, parabiosis studies have demonstrated that ILCs are largely tissue resident and do not recirculate [244]. Instead of responding to antigen, they respond to direct stimulus by danger and stress signals. The first of these types of cells to be identified were natural killer (NK) cells and lymphoid tissue inducer (LTi) cells. Additional types of innate lymphoid cells have since been identified and ILCs are now categorized by the constellation of cytokines they produce. ILC1s produce type I cytokines (IFNγ and TNF), ILC2s produce type II cytokines (IL-4, IL-5, IL-9, and IL-13), and ILC3s produce IL-17 and IL-22. In the lung, the overwhelming proportion of ILCs are NK cells [245] and ILC2s [246], and are further discussed below.
Natural killer cells (NK)
NK cells are identified by the surface markers CD127−NKp46+Eomes+ and require the transcription factor T-bet [246]. NK cells express a wide variety of activating and inhibitory surface receptors that enable tuning of NK responses based on the combination of binding ligands [247, 248]. In the presence of activation signals, NK cells can directly kill target cells through the release of perforin and granzyme, recruit additional effector cells by the secretion of cytokines and chemokines or induce target cell apoptosis through the expression of apoptosis-inducing ligands such as Fas ligand (FasL) or TRAIL (TNF-related apoptosis-inducing ligand) [248, 249]. Conversely, NK cells can also produce anti-inflammatory cytokines. In the lung, where over-exuberant action of NK cells could be particularly deleterious, NK cells have a higher proportion of inhibitory to activating receptors, and tightly regulated activation [250]. However, NK cells are important during infection with K. pneumoniae, where they limit bacterial dissemination and improve survival, partially due to their production of IL-22 [251].

ILC2
ILC2 are defined by the markers CD90+CD127+RORγt−GATA3hi [246]. They have been characterized as a “helper-type” ILC, and function in defense against helminth infection, as well as maintaining barrier integrity in the lung [248]. They are activated in response to IL-1β, prostaglandin D2, interleukin-22 (IL-22), interleukin-25 (IL-25), and thymic stromal lymphopoietin (TSLP), and once activated, they upregulate GATA3 to produce interleukin-5 (IL-5) and interleukin-13 (IL-13) [246]. In the lungs, their ability to produce large amounts of type II cytokines give them an important role in responding to viral and helminth infections, as well as in the pathogenesis of allergic asthma [252].

Stromal cell defense
It has become clear that cells of the lung parenchyma are also active participants in immune responses. These cells also act as sentinels, producing cytokines and chemokines in response to PAMPs, and releasing DAMPs when injured, leading to the recruitment and activation of effector cell responses. During infection, parenchymal cells produce antimicrobial proteins that directly kill pathogens, and can modulate responses of resident and recruited leukocytes through chemokine, cytokine, and surface receptor expression. Finally, the unique structure of the lung and its parenchymal cells underlie lung-specific immune responses.
Epithelial cells
Beyond providing a tight, physical barrier, lung epithelial cells in both the upper airway and alveoli play an active role in the initial defense against pathogens. The airways consist of a heterogenous population of epithelial cells with unique characteristics, making up a pseudostratified epithelial layer. The distal lung consists of two major epithelial cell types, the type I and type II alveolar epithelial cells (ATI and ATII, respectively). The thin, single-layer of ATI cells are primarily responsible for gas exchange, while ATII cells provide a regenerative reservoir for ATI cells and secrete pulmonary surfactant. Advances in our understanding of immune modulation by lung epithelial cells in the era of single-cell transcriptomics has recently been reviewed [253].
Airway epithelial cells
The upper airway epithelium is predominately made up of multiciliated, secretory and basal cells, with rarer subpopulations, such as ionocytes, neuroendocrine, tuft and goblet (rare in mouse, common in human) cells interspersed throughout [254]. The cooperate actions of ciliated and secretory cells provide the basis of the mucociliary escalator described in the previous section. Due to their location and important antimicrobial function, ciliated cells are often the primary targets of invading microorganisms, directly or indirectly interfering with mucociliary clearance. Cilia have more recently been shown to have chemosensing and signal transduction abilities to enhance innate immune defenses against pathogens, independent of direct clearance [255]. In 2009, it was discovered that bitter taste receptors (T2Rs) are expressed on cilia and when activated, increase ciliary beat frequency in a calcium-dependent manner [256]. Interestingly, T2R ligands, acyl-homoserine lactone and quinolones, are secreted by P. aeruginosa as quorum sensing molecules, resulting in increased nitric oxide production in air liquid interface cultures [257]. Taken together, these results suggest that ciliated cells may sense these molecules and enhance immune activity and ciliary beating in response to infection. In contrast, noncanonical activation of hedgehog signaling reduces cAMP levels in ciliated cells, resulting in lower ciliary beat frequency [258]. Multi-ciliated cells of the upper airway can also be distinguished due to their expression of a Piwi-like protein, MIWI2, the lack of which results in improved bacterial clearance during pneumococcal pneumonia due to increased expression of inflammatory proteins and recruitment of immune cells [259].
Alveolar epithelial cells
The distal alveoli are made up of type I and type II alveolar epithelial cells (ATI and ATII). ATI are flattened, squamous epithelial cells that are the primary location of gas exchange in the lung. ATII cells are cuboidal epithelial cells that produce pulmonary surfactant and other antimicrobial proteins, described previously. Importantly, ATII pneumocytes also provide a reservoir of progenitor cells, as they have the capacity to differentiate into type I cells if they are injured. This process is regulated by Wnt signaling in Axin+ type II cells, preventing their differentiation under homeostatic conditions and enhancing ATII proliferation following influenza-induced lung injury [260, 261]. Meanwhile BMP (bone morphogenic protein) signaling in ATII cells promotes type I differentiation, with underlying PDGFR-α (platelet-derived growth factor receptor-α) fibroblasts being the main source of both Wnt and BMP ligands [262].
While there is considerable evidence for the capacity of ATII cells to respond to lung infection, as evidenced by reduced bacterial killing in mice expressing a dominant negative form of IκB-α in type II cells [263], much less is known about the responsiveness of ATI cells. However, in response to pneumococcal pneumonia, ATI cells have been shown to produce CXCL5 (C-X-C motif chemokine ligand 5) in a RelA-independent manner [264]. Recently, expression of EMP2 (epithelial membrane protein 2) in ATI cells was shown to promote neutrophil influx following infection with K. pneumoniae. In this case, increased neutrophil levels worsened pneumonia outcome, and was dependent on the cholesterol binding properties of EMP2, which facilitated lipid raft formation, a known factor that improves PRR signaling [265]. These studies implicate the importance of ATI cells in the early response to infection, though many questions remain unanswered. Their fragility makes them especially difficult to work with, necessitating improved techniques for cellular isolation or in vivo analyses to thoroughly assess the role of ATI cells during pneumonia.
Direct killing
Airway epithelial cells produce the potent antimicrobial lysozyme, which directly hydrolyzes cell wall components of bacteria and lipocalin-2, a siderophore that limits the growth of K. pneumoniae and E. coli [266, 267]. Illustrating the importance of iron regulation during pneumonia, airway-epithelial derived hepcidin was recently shown to limit iron levels in the lungs by targeting the iron exporter, ferroportin. Hepcidin deficient mice had more severe pneumonia due to bacterial outgrowth and deficiency in macrophage function [268]. LL-37, the active C-terminal subunit of human cathelicidin, is also produced by airway and submucosal gland epithelial cells, directly contributing to bacterial cell death through membrane interactions. LL-37 also promotes both inflammatory activation by acting as a chemoattractant and immune modulation through sequestration of negatively charged molecules such as LPS and various DAMPs [269]. Epithelial cells can also synthesize components of the complement pathway that aid in defense against bacterial, viral and fungal pathogens [270]. SARS-CoV2 infected respiratory epithelial cells express multiple complement proteins in a JAK 1/2 (Janus kinase 1/2) dependent manner, including a functional C3 convertase [271]. While complement is beneficial in response to a multitude of lung infections, excessive complement activation has been associated with increased severity of SARS-CoV2 infection.

Roles in leukocyte recruitment
In addition to direct microbial inhibition, epithelial cells also promote leukocyte recruitment mainly via the direct or indirect production of chemokines and cytokines. Following pneumococcal pneumonia, conducting airway epithelial cells produce SECTM1 (secreted and transmembrane protein 1), which selectively binds to neutrophils in the infected lung, inducing them to produce CXCL2 and provide a feed-forward loop of neutrophil recruitment [272]. Moreover, with repeated exposure to pneumococcus, epithelial cells are reprogrammed to produce elevated levels of CXCL5 in a RelA and T-cell-dependent manner, which results in greater neutrophil recruitment at early time points post infection and more successful clearance of bacteria in comparison to naïve animals [273]. RelA signaling in epithelial cells also promotes CCL20 (C–C motif ligand 20) and GM-CSF expression [274]; the latter of which is largely protective against severe pneumonia [275], likely due to its myriad effects on neighboring AMs. GM-CSF is also protective against infection with M. tuberculosis, due to decreased levels of type I interferon-dependent neutrophil NET formation [276]. Moreover, L. pneumophila infected macrophages produce IL-1 which stimulates GM-CSF production in alveolar epithelial cells, leading to activation of recruited monocytes via increased glycolysis and cytokine production, the coordinate actions of which lead to improved control of infection [277]. Epithelial cells also express IL-17R and are highly responsive to multiple IL-17 family members. Following infection with K. pneumoniae, ablation of IL-17RA (interleukin-17 receptor A) in SCGB1A1 (secretoglobin family 1A member 1) expressing club cells significantly reduces CXCL5 levels, leading to reduced neutrophil recruitment and increased bacterial burden [278]. The IL-6 family cytokine, oncostatin-M (OSM), also enhances the expression of CXCL5 and neutrophil influx into the lungs after infection with E. coli, likely as a result of OSM-specific STAT3 (signal transduction and activator of transcription 3) activation in lung epithelial cells [279].

Repair and recovery
Epithelial cells also have substantive regenerative properties which are essential to recovery post-infection. While these regenerative properties are not aspects of innate immunity per-se, innate immune signals and programs can affect regeneration. For example, following influenza infection, epithelial-derived IL-33 promotes amphiregulin production in ILCs in the lung, facilitating repair [280]. In contrast, type I (IFN-α and IFN-β) and type III (IFN-λ) interferons induced following infection with influenza, interfere with epithelial repair and differentiation. Interferon signaling on epithelial cells leads to activation of p53, a prominent mediator of cell cycle arrest and apoptosis, which led to worsened outcomes to secondary infection with S. pneumoniae [281]. Similar results were seen during K. pneumoniae infection, where epithelial integrity was dampened by IFN-λ and protected by IL-22 expression [282]. The transcriptional coactivators, YAP (yes-associated protein 1) and TAZ (transcriptional coactivator with PDZ-binding motif) are negative regulators of the Hippo pathway, an evolutionary conserved pathway that regulates tissue development and regeneration [283, 284]. Recently, the activation of YAP/TAZ was investigated in the context of alveolar regeneration following pneumococcal infection, which primarily affects the lung alveoli. Here, the authors show that pneumonia-induced YAP/TAZ nuclear translocation promotes ATII to ATI differentiation between 7–14 days post-infection, the absence of which led to fibrotic lesions in the lung and slower recovery. Lung fibrosis was largely attributable to prolonged NF-κB signaling in mice lacking YAP/TAZ in ATII cells, as IκBα (NFκB inhibitor α) was discovered to be a direct target of YAP/TAZ and their associated transcription factor, TEAD (TEA domain family) [285]. Furthermore, ablation of ABL1 (Abelson kinase-1) in SCGB1A1-expressing secretory cells promotes the expansion of a small SCGB1A1/SPC (surfactant protein C) double positive population to replenish distal ATI cells that are injured during bacterial pneumonia. This rapid and enhanced proliferation limited alveolar edema and improved recovery following infection with S. aureus and S. pneumoniae, with no impact on bacterial burden or inflammatory cytokine response [286]. Given these results, greater emphasis should be placed on epithelial repair pathways as a protective mechanism against severe pneumonia as these pathways are largely applicable across diverse etiologies.

Endothelial cells
At the alveolar-capillary interface, gas exchange is performed not only by the ATI cells as described above, but also lung microvascular endothelial cells, which provide red blood cells ready to transport oxygen. These cells also have several important purposes in response to respiratory infection. First and foremost, they are a primary conduit for leukocyte influx from the bloodstream, providing the tethering molecules involved in leukocyte transmigration. In response to inflammatory mediators, endothelial cells also release the neutrophil chemoattractant IL-8 in pre-formed granules, called Weibel-Palade bodies [287]. While the role of endothelial cells in leukocyte transmigration has been reviewed extensively elsewhere [288], including lung-specific mechanisms [181], much less is known about other direct and indirect endothelial responses to infection. At rest, endothelial cells provide a non-thrombogenic barrier to prevent inappropriate coagulation, however in response to inflammatory ligands, they activate platelets and produce coagulation components. Activation of endothelial cells during pneumonia also results in vasoconstriction and increased permeability leading to excessive alveolar edema [289]. Infection, including those caused by SARS-CoV2, elicit sizeable concentrations of pro-inflammatory cytokines, potentially resulting in life-threatening complications, such as cytokine release syndrome (CRS). Recently it was shown that endothelial trans-IL-6 signaling was required for maximum expression of IL-6, IL-8, CCL2 (C–C motif ligand 2) and PAI-1 (plasminogen activator inhibitor-1), all of which are increased in patients with CRS as a result of sepsis, ARDS, burns and SARS-CoV2 infection [290]. In contrast, sphingosine-1-phosphate receptor 1 (S1P1) receptor expression on endothelial cells may serve to limit overexuberant cytokine release, the agonism of which protected mice from lethal influenza infection through a reduction in endothelial-specific cytokine expression and leukocyte recruitment, with no impact on viral burden [291]. Endothelial injury that occurs during lung infection results in the recruitment and activation of platelets through endothelial-platelet interactions. Constraining platelet aggregation and activation was shown to prevent lung hemorrhage and thrombosis in mice infected with influenza in a manner that was dependent on a reduction in leukocyte recruitment and cytokine levels at 6 days post-infection. In this context, platelet activation was dependent on PAR4 (protease-activated receptor 4), which plays a role in thrombin-mediated platelet activation [292]. Direct activation of platelets has also been shown to occur during influenza infection through their phagocytosis of virions in a TLR7-dependent manner. Viral uptake stimulated platelets to produce complement component C3, which promoted neutrophil NETosis and myeloperoxidase production that was then tempered by GM-CSF production by the same activated platelets, likely as a mechanism for limiting inflammation and thrombosis [293].
It is important to note that lung endothelial cells are not a homogenous population, and their heterogeneity has recently been explored using single cell RNA-sequencing [294]. Five clusters of endothelial cells were identified, representing macrovascular endothelial cells, three clusters of microvascular endothelial cells, and a new Car4-high endothelial subset that lay juxtaposed to ATI cells following acute lung injury (influenza or bleomycin-induced). Although not specific to Car4-high endothelial cells, endothelial-epithelial interactions were predicted to occur between type I cells and multiple subpopulations of highly proliferative endothelial cells following influenza infection [294]. Just like epithelial cells, endothelial repair mechanisms are being recognized as an equally important process for limiting pneumonia-induced lung injury. COUP-TF2 (chicken ovalbumin upstream promoter–transcription factor 2) has been identified as a transcription factor that is critical to endothelial cell proliferation through its activation of the cell cycle protein cyclin D1 (CCND1), and promotion of angiogenesis through VEGFA/VEGFR2 (vascular endothelial growth factor A/vascular endothelial growth factor receptor 2)-mediated activation of neuropilin-1 [295]. Deletion of COUP-TF2 reduced the proliferative capacity of endothelial cells ex vivo and in vivo, resulting in exacerbated lung injury and increased mortality in influenza infected mice [295]. Interestingly, this study corroborates the previous finding that surviving endothelial cells located near areas of epithelial injury exhibit the greatest capacity for proliferation. These studies highlight the significance of structural cells, such as endothelial, epithelial cells and fibroblasts, in contributing to host defense and protection from pneumonia-induced lung injury. Current studies in endothelial cells are largely limited to that which occurs following viral infection (influenza, SARS-CoV2) and future studies should expand to infection with bacterial or fungal pathogens which may demonstrate the broad relevance of endothelial-specific mechanisms during lung infection.
Fibroblasts and the extracellular matrix
The primary function of the pulmonary extracellular matrix (ECM) is to anchor and provide structural support for the lung epithelium and endothelium. The components of the ECM are synthesized and maintained in large part by fibroblasts, with minor contributions from endothelial and epithelial cells. Broadly, the ECM can be subdivided into the interstitial matrix and basement membranes [296], together comprising 150 core structural proteins in the lung [297, 298]. The basement membrane is comprised of glycoproteins in a thin layer on the basal side of cells, while the interstitial matrix is a loose meshwork of fibrillar collagens (I, II, III, V, XI), elastic fibers (crosslinked elastin with outer layer of microfibrils), fibrillins, glycoproteins, proteoglycans (PGs) and glycosaminoglycans (GAGs) located between the basement membranes.
In the lung, the GAG hyaluronan (HA) and HA-bound proteoglycans (PGs) are structural members of the interstitial matrix and important regulators of immune responses in the lungs. In the lung at baseline, HA is mostly synthesized as high molecular weight HA (HMW HA), which functions to maintain lung homeostasis and limit inflammatory responses [299]. PGs are comprised of a central protein core (in the lung most often versican, biglycan and decorin), crosslinked to negatively charged GAG side chains (such as chondroitin sulfate or heparin sulfate) or HMW HA. This complex matrix structure along with the negative charge of GAG chains forms a hydrated gel surrounding the other structural components of the ECM (collagen and elastin), as well as multiple soluble proteins, including chemokines, cytokines, growth factors, and matrix-modifying proteins [300]. The complexity of this structure allows sequestration of these various proteins, allowing for rapid, yet tight control of immune responses.
During injury or inflammation HA is cleaved into low molecular weight HA (LMW HA) through direct action of hyaluronidases, ROS or tissue injury. LMW HA are highly pro-inflammatory and can induce the production of pro-inflammatory cytokines and chemokines leading to increased cell recruitment [299]. In addition, neutrophil chemokines bind lung GAGs with varying affinity, generating functionally different chemokine gradients to coordinate neutrophil migration speeds through the ECM [301]. The production of the PG versican increases in acute and chronic inflammation, leading to sequestration and stabilization of cytokines and chemokines, activation of TLR signaling and modification of overall ECM structure to affect cell migration [85]. In an influenza model of pneumonia, damage-responsive fibroblasts produced the protease ADAMTS4 (a disintegrin and metalloproteinase with thrombospondin motifs 4), leading to the cleavage of versican, enabling immune cell infiltration [302]. Overall, the ECM plays an integral role in innate immune responses, yet our understanding of the complex interplay of ECM components and the contribution of the surrounding cells is in its infancy.
Conclusion
The innate immune response in the lung is a complex and sophisticated rapid-response arm of the immune system. Given the rapid and early nature of innate immune responses, it is likely that the future of pneumonia therapeutic discovery will involve well-calibrated and personalized modulation of these responses to maximize pathogen clearance while minimizing secondary tissue injury. While many aspects of the innate immune system have been broadly established for some time, two recent advances in the field have radically changed our understanding of this system in the lung. The advent of single-cell based technologies has revealed variations and heterogeneity in innate immune responses that are organ- and cell-type- specific. These new single-cell “omics” databases provide huge amounts of lung-specific data related to innate immunity. The second major advancement relates to the recent SARS-CoV-2 pandemic, where the collection of clinical samples and data led to an unprecedented level of granularity regarding both innate and adaptive immune responses to a single pulmonary pathogen. As yet, the full impact of these new sources of information on our understanding of innate immunity has not yet been felt. It is our hope that these two bodies of data will provide the basis for countless insights into the biology of lung innate immune responses, and lead to novel immune modulatory therapeutics to treat pneumonia.
Acknowledgements
The authors would like to thank Dr. Lee Quinton and Mr. Kevyn Martins for their excellent suggestions for this manuscript.

Authors’ contributions
FTK and KET wrote and reviewed the manuscript. The author(s) read and approved the final manuscript.

Funding
FTK: National Heart, Lung, and Blood Institute, K99 HL159258; National Heart, Lung, and Blood Institute, F32 HL147461; National Heart, Lung, and Blood Institute, T32 HL007035; National Heart, Lung, and Blood Institute, R01 HL111449; National Institute of General Medical Sciences, R01 GM120060.
KET: National Heart, Lung, and Blood Institute, T32 HL007035; National Heart, Lung, and Blood Institute, R01 HL158732; National Heart, Lung, and Blood Institute, K08HL130582; National Heart, Lung, and Blood Institute, F32-HL120551.

Availability of data and materials
Not applicable.

Declarations
Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.


[image: Creative Commons]Open AccessThis article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article are included in the article's Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://​creativecommons.​org/​licenses/​by/​4.​0/​.

References
	1.
Collaborators GL. Estimates of the global, regional, and national morbidity, mortality, and aetiologies of lower respiratory tract infections in 195 countries: a systematic analysis for the Global Burden of Disease Study 2015. Lancet Infect Dis. 2017;17(11):1133–61.

	2.
Jones BE, Herman DD, Dela Cruz CS, Waterer GW, Metlay JP, Ruminjo JK, et al. Summary for Clinicians: Clinical Practice Guideline for the Diagnosis and Treatment of Community-acquired Pneumonia. Ann Am Thorac Soc. 2020;17(2):133–8.

	3.
Niederman MS, Nair GB, Matt U, Herold S, Pennington K, Crothers K, et al. Update in Lung Infections and Tuberculosis 2018. Am J Respir Crit Care Med. 2019;200(4):414–22.

	4.
Wittekindt OH. Tight junctions in pulmonary epithelia during lung inflammation. Pflugers Arch. 2017;469(1):135–47.

	5.
Mazzon E, Cuzzocrea S. Role of TNF-alpha in lung tight junction alteration in mouse model of acute lung inflammation. Respir Res. 2007;8:75.

	6.
Lucas R, Hadizamani Y, Gonzales J, Gorshkov B, Bodmer T, Berthiaume Y, et al. Impact of Bacterial Toxins in the Lungs. Toxins (Basel). 2020;12(4):223.

	7.
Chatterjee M, van Putten JPM, Strijbis K. Defensive Properties of Mucin Glycoproteins during Respiratory Infections-Relevance for SARS-CoV-2. mBio. 2020;11(6):e02374-20.

	8.
Roy MG, Livraghi-Butrico A, Fletcher AA, McElwee MM, Evans SE, Boerner RM, et al. Muc5b is required for airway defence. Nature. 2014;505(7483):412–6.

	9.
Ehre C, Worthington EN, Liesman RM, Grubb BR, Barbier D, O’Neal WK, et al. Overexpressing mouse model demonstrates the protective role of Muc5ac in the lungs. Proc Natl Acad Sci U S A. 2012;109(41):16528–33.

	10.
Umehara T, Kato K, Park YS, Lillehoj EP, Kawauchi H, Kim KC. Prevention of lung injury by Muc1 mucin in a mouse model of repetitive Pseudomonas aeruginosa infection. Inflamm Res. 2012;61(9):1013–20.

	11.
Kato K, Lillehoj EP, Park YS, Umehara T, Hoffman NE, Madesh M, et al. Membrane-tethered MUC1 mucin is phosphorylated by epidermal growth factor receptor in airway epithelial cells and associates with TLR5 to inhibit recruitment of MyD88. J Immunol. 2012;188(4):2014–22.

	12.
Kato K, Uchino R, Lillehoj EP, Knox K, Lin Y, Kim KC. Membrane-Tethered MUC1 Mucin Counter-Regulates the Phagocytic Activity of Macrophages. Am J Respir Cell Mol Biol. 2016;54(4):515–23.

	13.
Kyo Y, Kato K, Park YS, Gajghate S, Umehara T, Lillehoj EP, et al. Antiinflammatory role of MUC1 mucin during infection with nontypeable Haemophilus influenzae. Am J Respir Cell Mol Biol. 2012;46(2):149–56.

	14.
Zangari T, Ortigoza MB, Lokken-Toyli KL, Weiser JN. Type I Interferon Signaling Is a Common Factor Driving Streptococcus pneumoniae and Influenza A Virus Shedding and Transmission. mBio. 2021;12(1):e03589-20.

	15.
Fasching CE, Grossman T, Corthesy B, Plaut AG, Weiser JN, Janoff EN. Impact of the molecular form of immunoglobulin A on functional activity in defense against Streptococcus pneumoniae. Infect Immun. 2007;75(4):1801–10.

	16.
Kaetzel CS. The polymeric immunoglobulin receptor: bridging innate and adaptive immune responses at mucosal surfaces. Immunol Rev. 2005;206:83–99.

	17.
Janoff EN, Fasching C, Orenstein JM, Rubins JB, Opstad NL, Dalmasso AP. Killing of Streptococcus pneumoniae by capsular polysaccharide-specific polymeric IgA, complement, and phagocytes. J Clin Invest. 1999;104(8):1139–47.

	18.
Renegar KB, Small PA Jr, Boykins LG, Wright PF. Role of IgA versus IgG in the control of influenza viral infection in the murine respiratory tract. J Immunol. 2004;173(3):1978–86.

	19.
Shenoy AT, Orihuela CJ. Anatomical site-specific contributions of pneumococcal virulence determinants. Pneumonia (Nathan). 2016;8:7.

	20.
Angulo-Zamudio UA, Vidal JE, Nazmi K, Bolscher JGM, Leon-Sicairos C, Antezana BS, et al. Lactoferrin Disaggregates Pneumococcal Biofilms and Inhibits Acquisition of Resistance Through Its DNase Activity. Front Microbiol. 2019;10:2386.

	21.
Teneback CC, Scanlon TC, Wargo MJ, Bement JL, Griswold KE, Leclair LW. Bioengineered lysozyme reduces bacterial burden and inflammation in a murine model of mucoid Pseudomonas aeruginosa lung infection. Antimicrob Agents Chemother. 2013;57(11):5559–64.

	22.
Zhang R, Wu L, Eckert T, Burg-Roderfeld M, Rojas-Macias MA, Lutteke T, et al. Lysozyme’s lectin-like characteristics facilitates its immune defense function. Q Rev Biophys. 2017;50:e9.

	23.
Lausen M, Pedersen MS, Rahman NSK, Holm-Nielsen LT, Farah FYM, Christiansen G, et al. Opsonophagocytosis of Chlamydia pneumoniae by Human Monocytes and Neutrophils. Infect Immun. 2020;88(7):e00087-20.

	24.
Watson A, Madsen J, Clark HW. SP-A and SP-D: Dual Functioning Immune Molecules With Antiviral and Immunomodulatory Properties. Front Immunol. 2020;11:622598.

	25.
Ostermann L, Maus R, Stolper J, Schutte L, Katsarou K, Tumpara S, et al. Alpha-1 antitrypsin deficiency impairs lung antibacterial immunity in mice. JCI Insight. 2021;6(3):e140816.

	26.
Saleh NY, Ibrahem RAL, Saleh AAH, Soliman SES, Mahmoud AAS. Surfactant protein D: a predictor for severity of community-acquired pneumonia in children. Pediatr Res. 2022; 91(3):665-71.

	27.
Swierzko AS, Cedzynski M. The Influence of the Lectin Pathway of Complement Activation on Infections of the Respiratory System. Front Immunol. 2020;11:585243.

	28.
Fitzgerald KA, Kagan JC. Toll-like Receptors and the Control of Immunity. Cell. 2020;180(6):1044–66.

	29.
Brubaker SW, Bonham KS, Zanoni I, Kagan JC. Innate immune pattern recognition: a cell biological perspective. Annu Rev Immunol. 2015;33:257–90.

	30.
Wali S, Flores JR, Jaramillo AM, Goldblatt DL, Pantaleon Garcia J, Tuvim MJ, et al. Immune Modulation to Improve Survival of Viral Pneumonia in Mice. Am J Respir Cell Mol Biol. 2020;63(6):758–66.

	31.
Tang L, Li Q, Bai J, Zhang H, Lu Y, Ma S. Severe pneumonia mortality in elderly patients is associated with downregulation of Toll-like receptors 2 and 4 on monocytes. Am J Med Sci. 2014;347(1):34–41.

	32.
von Bernuth H, Picard C, Jin Z, Pankla R, Xiao H, Ku CL, et al. Pyogenic bacterial infections in humans with MyD88 deficiency. Science. 2008;321(5889):691–6.

	33.
Blok DC, van Lieshout MH, Hoogendijk AJ, Florquin S, de Boer OJ, Garlanda C, et al. Single immunoglobulin interleukin-1 receptor-related molecule impairs host defense during pneumonia and sepsis caused by Streptococcus pneumoniae. J Innate Immun. 2014;6(4):542–52.

	34.
Leiva-Juarez MM, Kirkpatrick CT, Gilbert BE, Scott B, Tuvim MJ, Dickey BF, et al. Combined aerosolized Toll-like receptor ligands are an effective therapeutic agent against influenza pneumonia when co-administered with oseltamivir. Eur J Pharmacol. 2018;818:191–7.

	35.
Matarazzo L, Casilag F, Porte R, Wallet F, Cayet D, Faveeuw C, et al. Therapeutic Synergy Between Antibiotics and Pulmonary Toll-Like Receptor 5 Stimulation in Antibiotic-Sensitive or -Resistant Pneumonia. Front Immunol. 2019;10:723.

	36.
Suresh MV, Dolgachev VA, Zhang B, Balijepalli S, Swamy S, Mooliyil J, et al. TLR3 absence confers increased survival with improved macrophage activity against pneumonia. JCI Insight. 2019;4(23):e131195.

	37.
Andersson U, Ottestad W, Tracey KJ. Extracellular HMGB1: a therapeutic target in severe pulmonary inflammation including COVID-19? Mol Med. 2020;26(1):42.

	38.
Krishack PA, Hollinger MK, Kuzel TG, Decker TS, Louviere TJ, Hrusch CL, et al. IL-33-mediated Eosinophilia Protects against Acute Lung Injury. Am J Respir Cell Mol Biol. 2021;64(5):569–78.

	39.
Eislmayr K, Bestehorn A, Morelli L, Borroni M, Walle LV, Lamkanfi M, et al. Nonredundancy of IL-1alpha and IL-1beta is defined by distinct regulation of tissues orchestrating resistance versus tolerance to infection. Sci Adv. 2022;8(9):eabj7293.

	40.
Devaiah BN, Singer DS. CIITA and Its Dual Roles in MHC Gene Transcription. Front Immunol. 2013;4:476.

	41.
Rauch I, Tenthorey JL, Nichols RD, Al Moussawi K, Kang JJ, Kang C, et al. NAIP proteins are required for cytosolic detection of specific bacterial ligands in vivo. J Exp Med. 2016;213(5):657–65.

	42.
Caruso R, Warner N, Inohara N, Nunez G. NOD1 and NOD2: signaling, host defense, and inflammatory disease. Immunity. 2014;41(6):898–908.

	43.
Strober W, Watanabe T. NOD2, an intracellular innate immune sensor involved in host defense and Crohn’s disease. Mucosal Immunol. 2011;4(5):484–95.

	44.
Li X, Deng M, Petrucelli AS, Zhu C, Mo J, Zhang L, et al. Viral DNA Binding to NLRC3, an Inhibitory Nucleic Acid Sensor, Unleashes STING, a Cyclic Dinucleotide Receptor that Activates Type I Interferon. Immunity. 2019;50(3):591-9 e6.

	45.
Duncan JA, Canna SW. The NLRC4 Inflammasome. Immunol Rev. 2018;281(1):115–23.

	46.
Kobayashi KS, van den Elsen PJ. NLRC5: a key regulator of MHC class I-dependent immune responses. Nat Rev Immunol. 2012;12(12):813–20.

	47.
Lu P, Hontecillas R, Abedi V, Kale S, Leber A, Heltzel C, et al. Modeling-Enabled Characterization of Novel NLRX1 Ligands. PLoS ONE. 2015;10(12):e0145420.

	48.
Platnich JM, Muruve DA. NOD-like receptors and inflammasomes: A review of their canonical and non-canonical signaling pathways. Arch Biochem Biophys. 2019;670:4–14.

	49.
Zhao S, Chen F, Yin Q, Wang D, Han W, Zhang Y. Reactive Oxygen Species Interact With NLRP3 Inflammasomes and Are Involved in the Inflammation of Sepsis: From Mechanism to Treatment of Progression. Front Physiol. 2020;11:571810.

	50.
Ghimire L, Paudel S, Jin L, Baral P, Cai S, Jeyaseelan S. NLRP6 negatively regulates pulmonary host defense in Gram-positive bacterial infection through modulating neutrophil recruitment and function. PLoS Pathog. 2018;14(9):e1007308.

	51.
Carriere J, Dorfleutner A, Stehlik C. NLRP7: From inflammasome regulation to human disease. Immunology. 2021;163(4):363–76.

	52.
Tuladhar S, Kanneganti TD. NLRP12 in innate immunity and inflammation. Mol Aspects Med. 2020;76:100887.

	53.
Paudel S, Ghimire L, Jin L, Baral P, Cai S, Jeyaseelan S. NLRC4 suppresses IL-17A-mediated neutrophil-dependent host defense through upregulation of IL-18 and induction of necroptosis during Gram-positive pneumonia. Mucosal Immunol. 2019;12(1):247–57.

	54.
Cai S, Paudel S, Jin L, Ghimire L, Taylor CM, Wakamatsu N, et al. NLRP6 modulates neutrophil homeostasis in bacterial pneumonia-derived sepsis. Mucosal Immunol. 2021;14(3):574–84.

	55.
van Lieshout MHP, de Vos AF, Dessing MC, de Porto A, de Boer OJ, de Beer R, et al. ASC and NLRP3 impair host defense during lethal pneumonia caused by serotype 3 Streptococcus pneumoniae in mice. Eur J Immunol. 2018;48(1):66–79.

	56.
Onomoto K, Onoguchi K, Yoneyama M. Regulation of RIG-I-like receptor-mediated signaling: interaction between host and viral factors. Cell Mol Immunol. 2021;18(3):539–55.

	57.
Goritzka M, Makris S, Kausar F, Durant LR, Pereira C, Kumagai Y, et al. Alveolar macrophage-derived type I interferons orchestrate innate immunity to RSV through recruitment of antiviral monocytes. J Exp Med. 2015;212(5):699–714.

	58.
Hu Y, Li W, Gao T, Cui Y, Jin Y, Li P, et al. The Severe Acute Respiratory Syndrome Coronavirus Nucleocapsid Inhibits Type I Interferon Production by Interfering with TRIM25-Mediated RIG-I Ubiquitination. J Virol. 2017;91(8):e02143-16.

	59.
Zheng Y, Zhuang MW, Han L, Zhang J, Nan ML, Zhan P, et al. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) membrane (M) protein inhibits type I and III interferon production by targeting RIG-I/MDA-5 signaling. Signal Transduct Target Ther. 2020;5(1):299.

	60.
Yamada T, Sato S, Sotoyama Y, Orba Y, Sawa H, Yamauchi H, et al. RIG-I triggers a signaling-abortive anti-SARS-CoV-2 defense in human lung cells. Nat Immunol. 2021;22(7):820–8.

	61.
Wang S, Dai T, Qin Z, Pan T, Chu F, Lou L, et al. Targeting liquid-liquid phase separation of SARS-CoV-2 nucleocapsid protein promotes innate antiviral immunity by elevating MAVS activity. Nat Cell Biol. 2021;23(7):718–32.

	62.
Park B, Park G, Kim J, Lim SA, Lee KM. Innate immunity against Legionella pneumophila during pulmonary infections in mice. Arch Pharm Res. 2017;40(2):131–45.

	63.
Zahid A, Ismail H, Li B, Jin T. Molecular and Structural Basis of DNA Sensors in Antiviral Innate Immunity. Front Immunol. 2020;11:613039.

	64.
Zhou CM, Wang B, Wu Q, Lin P, Qin SG, Pu QQ, et al. Identification of cGAS as an innate immune sensor of extracellular bacterium Pseudomonas aeruginosa. iScience. 2021;24(1):101928.

	65.
Liu ZZ, Yang YJ, Zhou CK, Yan SQ, Ma K, Gao Y, et al. STING Contributes to Host Defense Against Staphylococcus aureus Pneumonia Through Suppressing Necroptosis. Front Immunol. 2021;12:636861.

	66.
Storek KM, Gertsvolf NA, Ohlson MB, Monack DM. cGAS and Ifi204 cooperate to produce type I IFNs in response to Francisella infection. J Immunol. 2015;194(7):3236–45.

	67.
Hansen K, Prabakaran T, Laustsen A, Jorgensen SE, Rahbaek SH, Jensen SB, et al. Listeria monocytogenes induces IFNbeta expression through an IFI16-, cGAS- and STING-dependent pathway. EMBO J. 2014;33(15):1654–66.

	68.
Chen W, Yu SX, Zhou FH, Zhang XJ, Gao WY, Li KY, et al. DNA Sensor IFI204 Contributes to Host Defense Against Staphylococcus aureus Infection in Mice. Front Immunol. 2019;10:474.

	69.
Gray EE, Winship D, Snyder JM, Child SJ, Geballe AP, Stetson DB. The AIM2-like Receptors Are Dispensable for the Interferon Response to Intracellular DNA. Immunity. 2016;45(2):255–66.

	70.
Hopfner KP, Hornung V. Molecular mechanisms and cellular functions of cGAS-STING signalling. Nat Rev Mol Cell Biol. 2020;21(9):501–21.

	71.
Unterholzner L, Keating SE, Baran M, Horan KA, Jensen SB, Sharma S, et al. IFI16 is an innate immune sensor for intracellular DNA. Nat Immunol. 2010;11(11):997–1004.

	72.
Brown GD, Willment JA, Whitehead L. C-type lectins in immunity and homeostasis. Nat Rev Immunol. 2018;18(6):374–89.

	73.
Steichen AL, Binstock BJ, Mishra BB, Sharma J. C-type lectin receptor Clec4d plays a protective role in resolution of Gram-negative pneumonia. J Leukoc Biol. 2013;94(3):393–8.

	74.
Kottom TJ, Hebrink DM, Jenson PE, Marsolek PL, Wuthrich M, Wang H, et al. Dectin-2 Is a C-Type Lectin Receptor that Recognizes Pneumocystis and Participates in Innate Immune Responses. Am J Respir Cell Mol Biol. 2018;58(2):232–40.

	75.
Sharma A, Steichen AL, Jondle CN, Mishra BB, Sharma J. Protective role of Mincle in bacterial pneumonia by regulation of neutrophil mediated phagocytosis and extracellular trap formation. J Infect Dis. 2014;209(11):1837–46.

	76.
Behler-Janbeck F, Takano T, Maus R, Stolper J, Jonigk D, Tort Tarres M, et al. C-type Lectin Mincle Recognizes Glucosyl-diacylglycerol of Streptococcus pneumoniae and Plays a Protective Role in Pneumococcal Pneumonia. PLoS Pathog. 2016;12(12):e1006038.

	77.
Rabes A, Zimmermann S, Reppe K, Lang R, Seeberger PH, Suttorp N, et al. The C-type lectin receptor Mincle binds to Streptococcus pneumoniae but plays a limited role in the anti-pneumococcal innate immune response. PLoS ONE. 2015;10(2):e0117022.

	78.
Hollwedel FD, Maus R, Stolper J, Khan A, Stocker BL, Timmer MSM, et al. Overexpression of Macrophage-Inducible C-Type Lectin Mincle Aggravates Proinflammatory Responses to Streptococcus pneumoniae with Fatal Outcome in Mice. J Immunol. 2020;205(12):3390–9.

	79.
Kottom TJ, Hebrink DM, Jenson PE, Nandakumar V, Wuthrich M, Wang H, et al. The Interaction of Pneumocystis with the C-Type Lectin Receptor Mincle Exerts a Significant Role in Host Defense against Infection. J Immunol. 2017;198(9):3515–25.

	80.
Wu Z, Sawamura T, Kurdowska AK, Ji HL, Idell S, Fu J. LOX-1 deletion improves neutrophil responses, enhances bacterial clearance, and reduces lung injury in a murine polymicrobial sepsis model. Infect Immun. 2011;79(7):2865–70.

	81.
Zhang P, Liu MC, Cheng L, Liang M, Ji HL, Fu J. Blockade of LOX-1 prevents endotoxin-induced acute lung inflammation and injury in mice. J Innate Immun. 2009;1(4):358–65.

	82.
Casals C, Campanero-Rhodes MA, Garcia-Fojeda B, Solis D. The Role of Collectins and Galectins in Lung Innate Immune Defense. Front Immunol. 2018;9:1998.

	83.
Mata-Martinez P, Bergon-Gutierrez M, Del Fresno C. Dectin-1 Signaling Update: New Perspectives for Trained Immunity. Front Immunol. 2022;13:812148.

	84.
Kerscher B, Willment JA, Brown GD. The Dectin-2 family of C-type lectin-like receptors: an update. Int Immunol. 2013;25(5):271–7.

	85.
Wight TN, Kang I, Evanko SP, Harten IA, Chang MY, Pearce OMT, et al. Versican-A Critical Extracellular Matrix Regulator of Immunity and Inflammation. Front Immunol. 2020;11:512.

	86.
Mnich ME, van Dalen R, van Sorge NM. C-Type Lectin Receptors in Host Defense Against Bacterial Pathogens. Front Cell Infect Microbiol. 2020;10:309.

	87.
Shih HH, Zhang S, Cao W, Hahn A, Wang J, Paulsen JE, et al. CRP is a novel ligand for the oxidized LDL receptor LOX-1. Am J Physiol Heart Circ Physiol. 2009;296(5):H1643–50.

	88.
Fujita Y, Kakino A, Harada-Shiba M, Sato Y, Otsui K, Yoshimoto R, et al. C-reactive protein uptake by macrophage cell line via class-A scavenger receptor. Clin Chem. 2010;56(3):478–81.

	89.
Sproston NR, Ashworth JJ. Role of C-Reactive Protein at Sites of Inflammation and Infection. Front Immunol. 2018;9:754.

	90.
Hajishengallis G, Reis ES, Mastellos DC, Ricklin D, Lambris JD. Novel mechanisms and functions of complement. Nat Immunol. 2017;18(12):1288–98.

	91.
Reis ES, Mastellos DC, Hajishengallis G, Lambris JD. New insights into the immune functions of complement. Nat Rev Immunol. 2019;19(8):503–16.

	92.
Wiley JS, Gu BJ. A new role for the P2X7 receptor: a scavenger receptor for bacteria and apoptotic cells in the absence of serum and extracellular ATP. Purinergic Signal. 2012;8(3):579–86.

	93.
Bessa Pereira C, Bockova M, Santos RF, Santos AM, Martins de Araujo M, Oliveira L, et al. The Scavenger Receptor SSc5D Physically Interacts with Bacteria through the SRCR-Containing N-Terminal Domain. Front Immunol. 2016;7:416.

	94.
Shimaoka T, Kume N, Minami M, Hayashida K, Sawamura T, Kita T, et al. LOX-1 supports adhesion of Gram-positive and Gram-negative bacteria. J Immunol. 2001;166(8):5108–14.

	95.
Areschoug T, Gordon S. Scavenger receptors: role in innate immunity and microbial pathogenesis. Cell Microbiol. 2009;11(8):1160–9.

	96.
Canton J, Neculai D, Grinstein S. Scavenger receptors in homeostasis and immunity. Nat Rev Immunol. 2013;13(9):621–34.

	97.
Dorrington MG, Roche AM, Chauvin SE, Tu Z, Mossman KL, Weiser JN, et al. MARCO is required for TLR2- and Nod2-mediated responses to Streptococcus pneumoniae and clearance of pneumococcal colonization in the murine nasopharynx. J Immunol. 2013;190(1):250–8.

	98.
Ghosh S, Gregory D, Smith A, Kobzik L. MARCO regulates early inflammatory responses against influenza: a useful macrophage function with adverse outcome. Am J Respir Cell Mol Biol. 2011;45(5):1036–44.

	99.
Arredouani M, Yang Z, Ning Y, Qin G, Soininen R, Tryggvason K, et al. The scavenger receptor MARCO is required for lung defense against pneumococcal pneumonia and inhaled particles. J Exp Med. 2004;200(2):267–72.

	100.
Sharif O, Matt U, Saluzzo S, Lakovits K, Haslinger I, Furtner T, et al. The scavenger receptor CD36 downmodulates the early inflammatory response while enhancing bacterial phagocytosis during pneumococcal pneumonia. J Immunol. 2013;190(11):5640–8.

	101.
Hollifield M, Bou Ghanem E, de Villiers WJ, Garvy BA. Scavenger receptor A dampens induction of inflammation in response to the fungal pathogen Pneumocystis carinii. Infect Immun. 2007;75(8):3999–4005.

	102.
Arredouani MS, Yang Z, Imrich A, Ning Y, Qin G, Kobzik L. The macrophage scavenger receptor SR-AI/II and lung defense against pneumococci and particles. Am J Respir Cell Mol Biol. 2006;35(4):474–8.

	103.
Gao X, Yan X, Zhang Q, Yin Y, Cao J. CD5L contributes to the pathogenesis of methicillin-resistant Staphylococcus aureus-induced pneumonia. Int Immunopharmacol. 2019;72:40–7.

	104.
Olonisakin TF, Li H, Xiong Z, Kochman EJ, Yu M, Qu Y, et al. CD36 Provides Host Protection Against Klebsiella pneumoniae Intrapulmonary Infection by Enhancing Lipopolysaccharide Responsiveness and Macrophage Phagocytosis. J Infect Dis. 2016;214(12):1865–75.

	105.
Gowdy KM, Madenspacher JH, Azzam KM, Gabor KA, Janardhan KS, Aloor JJ, et al. Key role for scavenger receptor B-I in the integrative physiology of host defense during bacterial pneumonia. Mucosal Immunol. 2015;8(3):559–71.

	106.
Yoshimoto R, Fujita Y, Kakino A, Iwamoto S, Takaya T, Sawamura T. The discovery of LOX-1, its ligands and clinical significance. Cardiovasc Drugs Ther. 2011;25(5):379–91.

	107.
Chen MY, Meng XF, Han YP, Yan JL, Xiao C, Qian LB. Profile of crosstalk between glucose and lipid metabolic disturbance and diabetic cardiomyopathy: Inflammation and oxidative stress. Front Endocrinol (Lausanne). 2022;13:983713.

	108.
Kelley JL, Ozment TR, Li C, Schweitzer JB, Williams DL. Scavenger receptor-A (CD204): a two-edged sword in health and disease. Crit Rev Immunol. 2014;34(3):241–61.

	109.
Sanchez-Moral L, Rafols N, Martori C, Paul T, Tellez E, Sarrias MR. Multifaceted Roles of CD5L in Infectious and Sterile Inflammation. Int J Mol Sci. 2021;22(8):4076.

	110.
Saddar S, Mineo C, Shaul PW. Signaling by the high-affinity HDL receptor scavenger receptor B type I. Arterioscler Thromb Vasc Biol. 2010;30(2):144–50.

	111.
Westphalen K, Gusarova GA, Islam MN, Subramanian M, Cohen TS, Prince AS, et al. Sessile alveolar macrophages communicate with alveolar epithelium to modulate immunity. Nature. 2014;506(7489):503–6.

	112.
Bhattacharya J, Westphalen K. Macrophage-epithelial interactions in pulmonary alveoli. Semin Immunopathol. 2016;38(4):461–9.

	113.
Schneider C, Nobs SP, Kurrer M, Rehrauer H, Thiele C, Kopf M. Induction of the nuclear receptor PPAR-gamma by the cytokine GM-CSF is critical for the differentiation of fetal monocytes into alveolar macrophages. Nat Immunol. 2014;15(11):1026–37.

	114.
Gonzalez-Juarbe N, Gilley RP, Hinojosa CA, Bradley KM, Kamei A, Gao G, et al. Pore-Forming Toxins Induce Macrophage Necroptosis during Acute Bacterial Pneumonia. PLoS Pathog. 2015;11(12):e1005337.

	115.
Aegerter H, Lambrecht BN, Jakubzick CV. Biology of lung macrophages in health and disease. Immunity. 2022;55(9):1564–80.

	116.
Bailie MB, Standiford TJ, Laichalk LL, Coffey MJ, Strieter R, Peters-Golden M. Leukotriene-deficient mice manifest enhanced lethality from Klebsiella pneumonia in association with decreased alveolar macrophage phagocytic and bactericidal activities. J Immunol. 1996;157(12):5221–4.

	117.
Aberdein JD, Cole J, Bewley MA, Marriott HM, Dockrell DH. Alveolar macrophages in pulmonary host defence the unrecognized role of apoptosis as a mechanism of intracellular bacterial killing. Clin Exp Immunol. 2013;174(2):193–202.

	118.
Farley KS, Wang LF, Razavi HM, Law C, Rohan M, McCormack DG, et al. Effects of macrophage inducible nitric oxide synthase in murine septic lung injury. Am J Physiol Lung Cell Mol Physiol. 2006;290(6):L1164–72.

	119.
Descamps D, Le Gars M, Balloy V, Barbier D, Maschalidi S, Tohme M, et al. Toll-like receptor 5 (TLR5), IL-1beta secretion, and asparagine endopeptidase are critical factors for alveolar macrophage phagocytosis and bacterial killing. Proc Natl Acad Sci U S A. 2012;109(5):1619–24.

	120.
Roquilly A, Jacqueline C, Davieau M, Molle A, Sadek A, Fourgeux C, et al. Alveolar macrophages are epigenetically altered after inflammation, leading to long-term lung immunoparalysis. Nat Immunol. 2020;21(6):636–48.

	121.
Guillon A, Arafa EI, Barker KA, Belkina AC, Martin I, Shenoy AT, et al. Pneumonia recovery reprograms the alveolar macrophage pool. JCI Insight. 2020;5(4):e133042.

	122.
Mitsi E, Carniel B, Reine J, Rylance J, Zaidi S, Soares-Schanoski A, et al. Nasal Pneumococcal Density Is Associated with Microaspiration and Heightened Human Alveolar Macrophage Responsiveness to Bacterial Pathogens. Am J Respir Crit Care Med. 2020;201(3):335–47.

	123.
McQuattie-Pimentel AC, Ren Z, Joshi N, Watanabe S, Stoeger T, Chi M, et al. The lung microenvironment shapes a dysfunctional response of alveolar macrophages in aging. J Clin Invest. 2021;131(4):e140299.

	124.
Wong CK, Smith CA, Sakamoto K, Kaminski N, Koff JL, Goldstein DR. Aging Impairs Alveolar Macrophage Phagocytosis and Increases Influenza-Induced Mortality in Mice. J Immunol. 2017;199(3):1060–8.

	125.
Eichinger KM, Egana L, Orend JG, Resetar E, Anderson KB, Patel R, et al. Alveolar macrophages support interferon gamma-mediated viral clearance in RSV-infected neonatal mice. Respir Res. 2015;16:122.

	126.
Verma AK, Bansal S, Bauer C, Muralidharan A, Sun K. Influenza Infection Induces Alveolar Macrophage Dysfunction and Thereby Enables Noninvasive Streptococcus pneumoniae to Cause Deadly Pneumonia. J Immunol. 2020;205(6):1601–7.

	127.
Gopal R, Lee B, McHugh KJ, Rich HE, Ramanan K, Mandalapu S, et al. STAT2 Signaling Regulates Macrophage Phenotype During Influenza and Bacterial Super-Infection. Front Immunol. 2018;9:2151.

	128.
Shibata T, Makino A, Ogata R, Nakamura S, Ito T, Nagata K, et al. Respiratory syncytial virus infection exacerbates pneumococcal pneumonia via Gas6/Axl-mediated macrophage polarization. J Clin Invest. 2020;130(6):3021–37.

	129.
Uderhardt S, Martins AJ, Tsang JS, Lammermann T, Germain RN. Resident Macrophages Cloak Tissue Microlesions to Prevent Neutrophil-Driven Inflammatory Damage. Cell. 2019;177(3):541-555.e17.

	130.
Hiruma T, Tsuyuzaki H, Uchida K, Trapnell BC, Yamamura Y, Kusakabe Y, et al. IFN-beta Improves Sepsis-related Alveolar Macrophage Dysfunction and Postseptic Acute Respiratory Distress Syndrome-related Mortality. Am J Respir Cell Mol Biol. 2018;59(1):45–55.

	131.
Grunwell JR, Yeligar SM, Stephenson S, Ping XD, Gauthier TW, Fitzpatrick AM, et al. TGF-beta1 Suppresses the Type I IFN Response and Induces Mitochondrial Dysfunction in Alveolar Macrophages. J Immunol. 2018;200(6):2115–28.

	132.
Liang X, Gupta K, Quintero JR, Cernadas M, Kobzik L, Christou H, et al. Macrophage FABP4 is required for neutrophil recruitment and bacterial clearance in Pseudomonas aeruginosa pneumonia. FASEB J. 2019;33(3):3562–74.

	133.
Peiro T, Patel DF, Akthar S, Gregory LG, Pyle CJ, Harker JA, et al. Neutrophils drive alveolar macrophage IL-1beta release during respiratory viral infection. Thorax. 2018;73(6):546–56.

	134.
Bansal S, Yajjala VK, Bauer C, Sun K. IL-1 Signaling Prevents Alveolar Macrophage Depletion during Influenza and Streptococcus pneumoniae Coinfection. J Immunol. 2018;200(4):1425–33.

	135.
Ziltener P, Reinheckel T, Oxenius A. Neutrophil and Alveolar Macrophage-Mediated Innate Immune Control of Legionella pneumophila Lung Infection via TNF and ROS. PLoS Pathog. 2016;12(4):e1005591.

	136.
Lee HH, Aslanyan L, Vidyasagar A, Brennan MB, Tauber MS, Carrillo-Sepulveda MA, et al. Depletion of Alveolar Macrophages Increases Pulmonary Neutrophil Infiltration, Tissue Damage, and Sepsis in a Murine Model of Acinetobacter baumannii Pneumonia. Infect Immun. 2020;88(7):e00128-20.

	137.
Magnen M, Gueugnon F, Petit-Courty A, Baranek T, Sizaret D, Brewah YA, et al. Tissue kallikrein regulates alveolar macrophage apoptosis early in influenza virus infection. Am J Physiol Lung Cell Mol Physiol. 2019;316(6):L1127–40.

	138.
Dockrell DH, Marriott HM, Prince LR, Ridger VC, Ince PG, Hellewell PG, et al. Alveolar macrophage apoptosis contributes to pneumococcal clearance in a resolving model of pulmonary infection. J Immunol. 2003;171(10):5380–8.

	139.
Behar SM, Martin CJ, Booty MG, Nishimura T, Zhao X, Gan HX, et al. Apoptosis is an innate defense function of macrophages against Mycobacterium tuberculosis. Mucosal Immunol. 2011;4(3):279–87.

	140.
Preston JA, Bewley MA, Marriott HM, McGarry Houghton A, Mohasin M, Jubrail J, et al. Alveolar Macrophage Apoptosis-associated Bacterial Killing Helps Prevent Murine Pneumonia. Am J Respir Crit Care Med. 2019;200(1):84–97.

	141.
Minutti CM, Modak RV, Macdonald F, Li F, Smyth DJ, Dorward DA, et al. A Macrophage-Pericyte Axis Directs Tissue Restoration via Amphiregulin-Induced Transforming Growth Factor Beta Activation. Immunity. 2019;50(3):645-54 e6.

	142.
Zhu B, Wu Y, Huang S, Zhang R, Son YM, Li C, et al. Uncoupling of macrophage inflammation from self-renewal modulates host recovery from respiratory viral infection. Immunity. 2021;54(6):1200-18 e9.

	143.
Gibbings SL, Thomas SM, Atif SM, McCubbrey AL, Desch AN, Danhorn T, et al. Three Unique Interstitial Macrophages in the Murine Lung at Steady State. Am J Respir Cell Mol Biol. 2017;57(1):66–76.

	144.
Schyns J, Bai Q, Ruscitti C, Radermecker C, De Schepper S, Chakarov S, et al. Non-classical tissue monocytes and two functionally distinct populations of interstitial macrophages populate the mouse lung. Nat Commun. 2019;10(1):3964.

	145.
Sabatel C, Radermecker C, Fievez L, Paulissen G, Chakarov S, Fernandes C, et al. Exposure to Bacterial CpG DNA Protects from Airway Allergic Inflammation by Expanding Regulatory Lung Interstitial Macrophages. Immunity. 2017;46(3):457–73.

	146.
Chakarov S, Lim HY, Tan L, Lim SY, See P, Lum J, et al. Two distinct interstitial macrophage populations coexist across tissues in specific subtissular niches. Science. 2019;363(6432):eaau0964.

	147.
Ural BB, Yeung ST, Damani-Yokota P, Devlin JC, de Vries M, Vera-Licona P, et al. Identification of a nerve-associated, lung-resident interstitial macrophage subset with distinct localization and immunoregulatory properties. Sci Immunol. 2020;5(45):eaax8756.

	148.
Zhou B, Magana L, Hong Z, Huang LS, Chakraborty S, Tsukasaki Y, et al. The angiocrine Rspondin3 instructs interstitial macrophage transition via metabolic-epigenetic reprogramming and resolves inflammatory injury. Nat Immunol. 2020;21(11):1430–43.

	149.
Huang L, Nazarova EV, Tan S, Liu Y, Russell DG. Growth of Mycobacterium tuberculosis in vivo segregates with host macrophage metabolism and ontogeny. J Exp Med. 2018;215(4):1135–52.

	150.
Wolf AA, Yanez A, Barman PK, Goodridge HS. The Ontogeny of Monocyte Subsets. Front Immunol. 2019;10:1642.

	151.
Xiong H, Carter RA, Leiner IM, Tang YW, Chen L, Kreiswirth BN, et al. Distinct Contributions of Neutrophils and CCR2+ Monocytes to Pulmonary Clearance of Different Klebsiella pneumoniae Strains. Infect Immun. 2015;83(9):3418–27.

	152.
Xiong H, Keith JW, Samilo DW, Carter RA, Leiner IM, Pamer EG. Innate Lymphocyte/Ly6C(hi) Monocyte Crosstalk Promotes Klebsiella Pneumoniae Clearance. Cell. 2016;165(3):679–89.

	153.
Puchta A, Naidoo A, Verschoor CP, Loukov D, Thevaranjan N, Mandur TS, et al. TNF Drives Monocyte Dysfunction with Age and Results in Impaired Anti-pneumococcal Immunity. PLoS Pathog. 2016;12(1):e1005368.

	154.
Meidaninikjeh S, Sabouni N, Marzouni HZ, Bengar S, Khalili A, Jafari R. Monocytes and macrophages in COVID-19: Friends and foes. Life Sci. 2021;269:119010.

	155.
Merad M, Martin JC. Pathological inflammation in patients with COVID-19: a key role for monocytes and macrophages. Nat Rev Immunol. 2020;20(6):355–62.

	156.
Jiang Y, Rosborough BR, Chen J, Das S, Kitsios GD, McVerry BJ, et al. Single cell RNA sequencing identifies an early monocyte gene signature in acute respiratory distress syndrome. JCI Insight. 2020;5(13):e135678.

	157.
Burn GL, Foti A, Marsman G, Patel DF, Zychlinsky A. The Neutrophil. Immunity. 2021;54(7):1377–91.

	158.
Hidalgo A, Chilvers ER, Summers C, Koenderman L. The Neutrophil Life Cycle. Trends Immunol. 2019;40(7):584–97.

	159.
Ley K, Hoffman HM, Kubes P, Cassatella MA, Zychlinsky A, Hedrick CC, et al. Neutrophils: New insights and open questions. Sci Immunol. 2018;3(30):eaat4579.

	160.
van Kessel KP, Bestebroer J, van Strijp JA. Neutrophil-Mediated Phagocytosis of Staphylococcus aureus. Front Immunol. 2014;5:467.

	161.
Hurst JK. What really happens in the neutrophil phagosome? Free Radic Biol Med. 2012;53(3):508–20.

	162.
Swamydas M, Gao JL, Break TJ, Johnson MD, Jaeger M, Rodriguez CA, et al. CXCR1-mediated neutrophil degranulation and fungal killing promote Candida clearance and host survival. Sci Transl Med. 2016;8(322):322ra10.

	163.
Twaddell SH, Baines KJ, Grainge C, Gibson PG. The Emerging Role of Neutrophil Extracellular Traps in Respiratory Disease. Chest. 2019;156(4):774–82.

	164.
Sanders NL, Martin IMC, Sharma A, Jones MR, Quinton LJ, Bosmann M, et al. Neutrophil extracellular traps (NETs) as an exacerbating factor in bacterial pneumonia. Infect Immun. 2022;90(3):e0049121 (IAI0049121).

	165.
Rebetz J, Semple JW, Kapur R. The Pathogenic Involvement of Neutrophils in Acute Respiratory Distress Syndrome and Transfusion-Related Acute Lung Injury. Transfus Med Hemother. 2018;45(5):290–8.

	166.
Jaillon S, Galdiero MR, Del Prete D, Cassatella MA, Garlanda C, Mantovani A. Neutrophils in innate and adaptive immunity. Semin Immunopathol. 2013;35(4):377–94.

	167.
Zimmermann M, Aguilera FB, Castellucci M, Rossato M, Costa S, Lunardi C, et al. Chromatin remodelling and autocrine TNFalpha are required for optimal interleukin-6 expression in activated human neutrophils. Nat Commun. 2015;6:6061.

	168.
Marini O, Costa S, Bevilacqua D, Calzetti F, Tamassia N, Spina C, et al. Mature CD10+ and immature CD10- neutrophils present in G-CSF-treated donors display opposite effects on T cells. Blood. 2017;129(10):1343–56.

	169.
Chiewchengchol D, Wright HL, Thomas HB, Lam CW, Roberts KJ, Hirankarn N, et al. Differential changes in gene expression in human neutrophils following TNF-alpha stimulation: Up-regulation of anti-apoptotic proteins and down-regulation of proteins involved in death receptor signaling. Immun Inflamm Dis. 2016;4(1):35–44.

	170.
Ericson JA, Duffau P, Yasuda K, Ortiz-Lopez A, Rothamel K, Rifkin IR, et al. Gene expression during the generation and activation of mouse neutrophils: implication of novel functional and regulatory pathways. PLoS ONE. 2014;9(10):e108553.

	171.
Jacobson EC, Perry JK, Long DS, Olins AL, Olins DE, Wright BE, et al. Migration through a small pore disrupts inactive chromatin organization in neutrophil-like cells. BMC Biol. 2018;16(1):142.

	172.
Gomez JC, Dang H, Kanke M, Hagan RS, Mock JR, Kelada SNP, et al. Predicted effects of observed changes in the mRNA and microRNA transcriptome of lung neutrophils during S. pneumoniae pneumonia in mice. Sci Rep. 2017;7(1):11258.

	173.
Burns AR, Smith CW, Walker DC. Unique structural features that influence neutrophil emigration into the lung. Physiol Rev. 2003;83(2):309–36.

	174.
Reutershan J, Basit A, Galkina EV, Ley K. Sequential recruitment of neutrophils into lung and bronchoalveolar lavage fluid in LPS-induced acute lung injury. Am J Physiol Lung Cell Mol Physiol. 2005;289(5):L807–15.

	175.
Doerschuk CM. Mechanisms of leukocyte sequestration in inflamed lungs. Microcirculation. 2001;8(2):71–88.

	176.
Aulakh GK. Neutrophils in the lung: “the first responders.” Cell Tissue Res. 2018;371(3):577–88.

	177.
Downey GP, Worthen GS. Neutrophil retention in model capillaries: deformability, geometry, and hydrodynamic forces. J Appl Physiol (1985). 1988;65(4):1861–71.

	178.
Wilson ZS, Ahn LB, Serratelli WS, Belley MD, Lomas-Neira J, Sen M, et al. Activated beta2 Integrins Restrict Neutrophil Recruitment during Murine Acute Pseudomonal Pneumonia. Am J Respir Cell Mol Biol. 2017;56(5):620–7.

	179.
Cleary SJ, Hobbs C, Amison RT, Arnold S, O’Shaughnessy BG, Lefrancais E, et al. LPS-Induced Lung Platelet Recruitment Occurs Independently from Neutrophils, PSGL-1, and P-selectin. Am J Respir Cell Mol Biol. 2019;61(2):232–43.

	180.
Maas SL, Soehnlein O, Viola JR. Organ-Specific Mechanisms of Transendothelial Neutrophil Migration in the Lung, Liver, Kidney, and Aorta. Front Immunol. 2018;9:2739.

	181.
Lin WC, Fessler MB. Regulatory mechanisms of neutrophil migration from the circulation to the airspace. Cell Mol Life Sci. 2021;78(9):4095–124.

	182.
Konrad FM, Wohlert J, Gamper-Tsigaras J, Ngamsri KC, Reutershan J. How Adhesion Molecule Patterns Change While Neutrophils Traffic through the Lung during Inflammation. Mediators Inflamm. 2019;2019:1208086.

	183.
Choudhury SR, Babes L, Rahn JJ, Ahn BY, Goring KR, King JC, et al. Dipeptidase-1 Is an Adhesion Receptor for Neutrophil Recruitment in Lungs and Liver. Cell. 2019;178(5):1205-21 e17.

	184.
Kovtun A, Messerer DAC, Scharffetter-Kochanek K, Huber-Lang M, Ignatius A. Neutrophils in Tissue Trauma of the Skin, Bone, and Lung: Two Sides of the Same Coin. J Immunol Res. 2018;2018:8173983.

	185.
Coldren CD, Nick JA, Poch KR, Woolum MD, Fouty BW, O’Brien JM, et al. Functional and genomic changes induced by alveolar transmigration in human neutrophils. Am J Physiol Lung Cell Mol Physiol. 2006;291(6):L1267–76.

	186.
Besteman SB, Callaghan A, Langedijk AC, Hennus MP, Meyaard L, Mokry M, et al. Transcriptome of airway neutrophils reveals an interferon response in life-threatening respiratory syncytial virus infection. Clin Immunol. 2020;220:108593.

	187.
Rudd JM, Pulavendran S, Ashar HK, Ritchey JW, Snider TA, Malayer JR, et al. Neutrophils Induce a Novel Chemokine Receptors Repertoire During Influenza Pneumonia. Front Cell Infect Microbiol. 2019;9:108.

	188.
Qi X, Yu Y, Sun R, Huang J, Liu L, Yang Y, et al. Identification and characterization of neutrophil heterogeneity in sepsis. Crit Care. 2021;25(1):50.

	189.
Ng LG, Ostuni R, Hidalgo A. Heterogeneity of neutrophils. Nat Rev Immunol. 2019;19(4):255–65.

	190.
Xie X, Shi Q, Wu P, Zhang X, Kambara H, Su J, et al. Single-cell transcriptome profiling reveals neutrophil heterogeneity in homeostasis and infection. Nat Immunol. 2020;21(9):1119–33.

	191.
Schupp JC, Khanal S, Gomez JL, Sauler M, Adams TS, Chupp GL, et al. Single Cell Transcriptional Archetypes of Airway Inflammation in Cystic Fibrosis. Am J Respir Crit Care Med. 2020;202(10):1419–29.

	192.
Ritchie ND, Evans TJ. Dual RNA-seq in Streptococcus pneumoniae Infection Reveals Compartmentalized Neutrophil Responses in Lung and Pleural Space. mSystems. 2019;4(4):e00216-19.

	193.
Fridlender ZG, Sun J, Kim S, Kapoor V, Cheng G, Ling L, et al. Polarization of tumor-associated neutrophil phenotype by TGF-beta: “N1” versus “N2” TAN. Cancer Cell. 2009;16(3):183–94.

	194.
Mihaila AC, Ciortan L, Macarie RD, Vadana M, Cecoltan S, Preda MB, et al. Transcriptional Profiling and Functional Analysis of N1/N2 Neutrophils Reveal an Immunomodulatory Effect of S100A9-Blockade on the Pro-Inflammatory N1 Subpopulation. Front Immunol. 2021;12:708770.

	195.
Ma Y, Yabluchanskiy A, Iyer RP, Cannon PL, Flynn ER, Jung M, et al. Temporal neutrophil polarization following myocardial infarction. Cardiovasc Res. 2016;110(1):51–61.

	196.
Denny MF, Yalavarthi S, Zhao W, Thacker SG, Anderson M, Sandy AR, et al. A distinct subset of proinflammatory neutrophils isolated from patients with systemic lupus erythematosus induces vascular damage and synthesizes type I IFNs. J Immunol. 2010;184(6):3284–97.

	197.
Sagiv JY, Michaeli J, Assi S, Mishalian I, Kisos H, Levy L, et al. Phenotypic diversity and plasticity in circulating neutrophil subpopulations in cancer. Cell Rep. 2015;10(4):562–73.

	198.
Shaul ME, Eyal O, Guglietta S, Aloni P, Zlotnik A, Forkosh E, et al. Circulating neutrophil subsets in advanced lung cancer patients exhibit unique immune signature and relate to prognosis. FASEB J. 2020;34(3):4204–18.

	199.
Pillay J, Ramakers BP, Kamp VM, Loi AL, Lam SW, Hietbrink F, et al. Functional heterogeneity and differential priming of circulating neutrophils in human experimental endotoxemia. J Leukoc Biol. 2010;88(1):211–20.

	200.
Xiong N, Raulet DH. Development and selection of gammadelta T cells. Immunol Rev. 2007;215:15–31.

	201.
Heilig JS, Tonegawa S. Diversity of murine gamma genes and expression in fetal and adult T lymphocytes. Nature. 1986;322(6082):836–40.

	202.
Shibata K. Close link between development and function of gamma-delta T cells. Microbiol Immunol. 2012;56(4):217–27.

	203.
Cheng M, Hu S. Lung-resident gammadelta T cells and their roles in lung diseases. Immunology. 2017;151(4):375–84.

	204.
Nakasone C, Yamamoto N, Nakamatsu M, Kinjo T, Miyagi K, Uezu K, et al. Accumulation of gamma/delta T cells in the lungs and their roles in neutrophil-mediated host defense against pneumococcal infection. Microbes Infect. 2007;9(3):251–8.

	205.
Uezu K, Kawakami K, Miyagi K, Kinjo Y, Kinjo T, Ishikawa H, et al. Accumulation of gammadelta T cells in the lungs and their regulatory roles in Th1 response and host defense against pulmonary infection with Cryptococcus neoformans. J Immunol. 2004;172(12):7629–34.

	206.
Kirby AC, Newton DJ, Carding SR, Kaye PM. Evidence for the involvement of lung-specific gammadelta T cell subsets in local responses to Streptococcus pneumoniae infection. Eur J Immunol. 2007;37(12):3404–13.

	207.
Kirby AC, Newton DJ, Carding SR, Kaye PM. Pulmonary dendritic cells and alveolar macrophages are regulated by gammadelta T cells during the resolution of S. pneumoniae-induced inflammation. J Pathol. 2007;212(1):29–37.

	208.
Wang X, Lin X, Zheng Z, Lu B, Wang J, Tan AH, et al. Host-derived lipids orchestrate pulmonary gammadelta T cell response to provide early protection against influenza virus infection. Nat Commun. 2021;12(1):1914.

	209.
Godfrey DI, Stankovic S, Baxter AG. Raising the NKT cell family. Nat Immunol. 2010;11(3):197–206.

	210.
Kawano T, Cui J, Koezuka Y, Toura I, Kaneko Y, Motoki K, et al. CD1d-restricted and TCR-mediated activation of valpha14 NKT cells by glycosylceramides. Science. 1997;278(5343):1626–9.

	211.
Zajonc DM, Girardi E. Recognition of Microbial Glycolipids by Natural Killer T Cells. Front Immunol. 2015;6:400.

	212.
Boyton R. The role of natural killer T cells in lung inflammation. J Pathol. 2008;214(2):276–82.

	213.
Doisne JM, Soulard V, Becourt C, Amniai L, Henrot P, Havenar-Daughton C, et al. Cutting edge: crucial role of IL-1 and IL-23 in the innate IL-17 response of peripheral lymph node NK1.1- invariant NKT cells to bacteria. J Immunol. 2011;186(2):662–6.

	214.
Paget C, Mallevaey T, Speak AO, Torres D, Fontaine J, Sheehan KC, et al. Activation of invariant NKT cells by toll-like receptor 9-stimulated dendritic cells requires type I interferon and charged glycosphingolipids. Immunity. 2007;27(4):597–609.

	215.
Brigl M, Tatituri RV, Watts GF, Bhowruth V, Leadbetter EA, Barton N, et al. Innate and cytokine-driven signals, rather than microbial antigens, dominate in natural killer T cell activation during microbial infection. J Exp Med. 2011;208(6):1163–77.

	216.
Lee YJ, Wang H, Starrett GJ, Phuong V, Jameson SC, Hogquist KA. Tissue-Specific Distribution of iNKT Cells Impacts Their Cytokine Response. Immunity. 2015;43(3):566–78.

	217.
Townsend MJ, Weinmann AS, Matsuda JL, Salomon R, Farnham PJ, Biron CA, et al. T-bet regulates the terminal maturation and homeostasis of NK and Valpha14i NKT cells. Immunity. 2004;20(4):477–94.

	218.
Lee YJ, Holzapfel KL, Zhu J, Jameson SC, Hogquist KA. Steady-state production of IL-4 modulates immunity in mouse strains and is determined by lineage diversity of iNKT cells. Nat Immunol. 2013;14(11):1146–54.

	219.
Kim PJ, Pai SY, Brigl M, Besra GS, Gumperz J, Ho IC. GATA-3 regulates the development and function of invariant NKT cells. J Immunol. 2006;177(10):6650–9.

	220.
Rachitskaya AV, Hansen AM, Horai R, Li Z, Villasmil R, Luger D, et al. Cutting edge: NKT cells constitutively express IL-23 receptor and RORgammat and rapidly produce IL-17 upon receptor ligation in an IL-6-independent fashion. J Immunol. 2008;180(8):5167–71.

	221.
Kawakami K, Yamamoto N, Kinjo Y, Miyagi K, Nakasone C, Uezu K, et al. Critical role of Valpha14+ natural killer T cells in the innate phase of host protection against Streptococcus pneumoniae infection. Eur J Immunol. 2003;33(12):3322–30.

	222.
Nieuwenhuis EE, Matsumoto T, Exley M, Schleipman RA, Glickman J, Bailey DT, et al. CD1d-dependent macrophage-mediated clearance of Pseudomonas aeruginosa from lung. Nat Med. 2002;8(6):588–93.

	223.
Sada-Ovalle I, Chiba A, Gonzales A, Brenner MB, Behar SM. Innate invariant NKT cells recognize Mycobacterium tuberculosis-infected macrophages, produce interferon-gamma, and kill intracellular bacteria. PLoS Pathog. 2008;4(12):e1000239.

	224.
Paget C, Ivanov S, Fontaine J, Renneson J, Blanc F, Pichavant M, et al. Interleukin-22 is produced by invariant natural killer T lymphocytes during influenza A virus infection: potential role in protection against lung epithelial damages. J Biol Chem. 2012;287(12):8816–29.

	225.
De Santo C, Salio M, Masri SH, Lee LY, Dong T, Speak AO, et al. Invariant NKT cells reduce the immunosuppressive activity of influenza A virus-induced myeloid-derived suppressor cells in mice and humans. J Clin Invest. 2008;118(12):4036–48.

	226.
Kok WL, Denney L, Benam K, Cole S, Clelland C, McMichael AJ, et al. Pivotal Advance: Invariant NKT cells reduce accumulation of inflammatory monocytes in the lungs and decrease immune-pathology during severe influenza A virus infection. J Leukoc Biol. 2012;91(3):357–68.

	227.
Treiner E, Duban L, Bahram S, Radosavljevic M, Wanner V, Tilloy F, et al. Selection of evolutionarily conserved mucosal-associated invariant T cells by MR1. Nature. 2003;422(6928):164–9.

	228.
Patel O, Kjer-Nielsen L, Le Nours J, Eckle SB, Birkinshaw R, Beddoe T, et al. Recognition of vitamin B metabolites by mucosal-associated invariant T cells. Nat Commun. 2013;4:2142.

	229.
Rahimpour A, Koay HF, Enders A, Clanchy R, Eckle SB, Meehan B, et al. Identification of phenotypically and functionally heterogeneous mouse mucosal-associated invariant T cells using MR1 tetramers. J Exp Med. 2015;212(7):1095–108.

	230.
Kjer-Nielsen L, Patel O, Corbett AJ, Le Nours J, Meehan B, Liu L, et al. MR1 presents microbial vitamin B metabolites to MAIT cells. Nature. 2012;491(7426):717–23.

	231.
Soudais C, Samassa F, Sarkis M, Le Bourhis L, Bessoles S, Blanot D, et al. In Vitro and In Vivo Analysis of the Gram-Negative Bacteria-Derived Riboflavin Precursor Derivatives Activating Mouse MAIT Cells. J Immunol. 2015;194(10):4641–9.

	232.
Hartmann N, McMurtrey C, Sorensen ML, Huber ME, Kurapova R, Coleman FT, et al. Riboflavin Metabolism Variation among Clinical Isolates of Streptococcus pneumoniae Results in Differential Activation of Mucosal-associated Invariant T Cells. Am J Respir Cell Mol Biol. 2018;58(6):767–76.

	233.
Harriff MJ, McMurtrey C, Froyd CA, Jin H, Cansler M, Null M, et al. MR1 displays the microbial metabolome driving selective MR1-restricted T cell receptor usage. Sci Immunol. 2018;3(25):eaao2556.

	234.
Le Bourhis L, Martin E, Peguillet I, Guihot A, Froux N, Core M, et al. Antimicrobial activity of mucosal-associated invariant T cells. Nat Immunol. 2010;11(8):701–8.

	235.
Gold MC, McLaren JE, Reistetter JA, Smyk-Pearson S, Ladell K, Swarbrick GM, et al. MR1-restricted MAIT cells display ligand discrimination and pathogen selectivity through distinct T cell receptor usage. J Exp Med. 2014;211(8):1601–10.

	236.
van Wilgenburg B, Scherwitzl I, Hutchinson EC, Leng T, Kurioka A, Kulicke C, et al. MAIT cells are activated during human viral infections. Nat Commun. 2016;7:11653.

	237.
Loh L, Wang Z, Sant S, Koutsakos M, Jegaskanda S, Corbett AJ, et al. Human mucosal-associated invariant T cells contribute to antiviral influenza immunity via IL-18-dependent activation. Proc Natl Acad Sci U S A. 2016;113(36):10133–8.

	238.
Koay HF, Gherardin NA, Enders A, Loh L, Mackay LK, Almeida CF, et al. A three-stage intrathymic development pathway for the mucosal-associated invariant T cell lineage. Nat Immunol. 2016;17(11):1300–11.

	239.
Legoux F, Bellet D, Daviaud C, El Morr Y, Darbois A, Niort K, et al. Microbial metabolites control the thymic development of mucosal-associated invariant T cells. Science. 2019;366(6464):494–9.

	240.
Chen Z, Wang H, D’Souza C, Sun S, Kostenko L, Eckle SB, et al. Mucosal-associated invariant T-cell activation and accumulation after in vivo infection depends on microbial riboflavin synthesis and co-stimulatory signals. Mucosal Immunol. 2017;10(1):58–68.

	241.
Meierovics A, Yankelevich WJ, Cowley SC. MAIT cells are critical for optimal mucosal immune responses during in vivo pulmonary bacterial infection. Proc Natl Acad Sci U S A. 2013;110(33):E3119–28.

	242.
Smith DJ, Hill GR, Bell SC, Reid DW. Reduced mucosal associated invariant T-cells are associated with increased disease severity and Pseudomonas aeruginosa infection in cystic fibrosis. PLoS ONE. 2014;9(10): e109891.

	243.
Vivier E, Artis D, Colonna M, Diefenbach A, Di Santo JP, Eberl G, et al. Innate Lymphoid Cells: 10 Years On. Cell. 2018;174(5):1054–66.

	244.
Gasteiger G, Fan X, Dikiy S, Lee SY, Rudensky AY. Tissue residency of innate lymphoid cells in lymphoid and nonlymphoid organs. Science. 2015;350(6263):981–5.

	245.
Carrega P, Ferlazzo G. Natural killer cell distribution and trafficking in human tissues. Front Immunol. 2012;3:347.

	246.
Stehle C, Hernandez DC, Romagnani C. Innate lymphoid cells in lung infection and immunity. Immunol Rev. 2018;286(1):102–19.

	247.
Vivier E, Tomasello E, Baratin M, Walzer T, Ugolini S. Functions of natural killer cells. Nat Immunol. 2008;9(5):503–10.

	248.
Constantinides MG. Interactions between the microbiota and innate and innate-like lymphocytes. J Leukoc Biol. 2018;103(3):409–19.

	249.
Borger JG, Lau M, Hibbs ML. The Influence of Innate Lymphoid Cells and Unconventional T Cells in Chronic Inflammatory Lung Disease. Front Immunol. 2019;10:1597.

	250.
Wang J, Li F, Zheng M, Sun R, Wei H, Tian Z. Lung natural killer cells in mice: phenotype and response to respiratory infection. Immunology. 2012;137(1):37–47.

	251.
Xu X, Weiss ID, Zhang HH, Singh SP, Wynn TA, Wilson MS, et al. Conventional NK cells can produce IL-22 and promote host defense in Klebsiella pneumoniae pneumonia. J Immunol. 2014;192(4):1778–86.

	252.
Mindt BC, Fritz JH, Duerr CU. Group 2 Innate Lymphoid Cells in Pulmonary Immunity and Tissue Homeostasis. Front Immunol. 2018;9:840.

	253.
Hewitt RJ, Lloyd CM. Regulation of immune responses by the airway epithelial cell landscape. Nat Rev Immunol. 2021;21(6):347–62.

	254.
Zepp JA, Morrisey EE. Cellular crosstalk in the development and regeneration of the respiratory system. Nat Rev Mol Cell Biol. 2019;20(9):551–66.

	255.
Kuek LE, Lee RJ. First contact: the role of respiratory cilia in host-pathogen interactions in the airways. Am J Physiol Lung Cell Mol Physiol. 2020;319(4):L603–19.

	256.
Shah AS, Ben-Shahar Y, Moninger TO, Kline JN, Welsh MJ. Motile cilia of human airway epithelia are chemosensory. Science. 2009;325(5944):1131–4.

	257.
Freund JR, Mansfield CJ, Doghramji LJ, Adappa ND, Palmer JN, Kennedy DW, et al. Activation of airway epithelial bitter taste receptors by Pseudomonas aeruginosa quinolones modulates calcium, cyclic-AMP, and nitric oxide signaling. J Biol Chem. 2018;293(25):9824–40.

	258.
Mao S, Shah AS, Moninger TO, Ostedgaard LS, Lu L, Tang XX, et al. Motile cilia of human airway epithelia contain hedgehog signaling components that mediate noncanonical hedgehog signaling. Proc Natl Acad Sci U S A. 2018;115(6):1370–5.

	259.
Wasserman GA, Szymaniak AD, Hinds AC, Yamamoto K, Kamata H, Smith NM, et al. Expression of Piwi protein MIWI2 defines a distinct population of multiciliated cells. J Clin Invest. 2017;127(10):3866–76.

	260.
Nabhan AN, Brownfield DG, Harbury PB, Krasnow MA, Desai TJ. Single-cell Wnt signaling niches maintain stemness of alveolar type 2 cells. Science. 2018;359(6380):1118–23.

	261.
Zacharias WJ, Frank DB, Zepp JA, Morley MP, Alkhaleel FA, Kong J, et al. Regeneration of the lung alveolus by an evolutionarily conserved epithelial progenitor. Nature. 2018;555(7695):251–5.

	262.
Chung MI, Bujnis M, Barkauskas CE, Kobayashi Y, Hogan BLM. Niche-mediated BMP/SMAD signaling regulates lung alveolar stem cell proliferation and differentiation. Development. 2018;145(9):dev163014.

	263.
Quinton LJ, Jones MR, Simms BT, Kogan MS, Robson BE, Skerrett SJ, et al. Functions and regulation of NF-kappaB RelA during pneumococcal pneumonia. J Immunol. 2007;178(3):1896–903.

	264.
Yamamoto K, Ferrari JD, Cao Y, Ramirez MI, Jones MR, Quinton LJ, et al. Type I alveolar epithelial cells mount innate immune responses during pneumococcal pneumonia. J Immunol. 2012;189(5):2450–9.

	265.
Lin WC, Gowdy KM, Madenspacher JH, Zemans RL, Yamamoto K, Lyons-Cohen M, et al. Epithelial membrane protein 2 governs transepithelial migration of neutrophils into the airspace. J Clin Invest. 2020;130(1):157–70.

	266.
Dajani R, Zhang Y, Taft PJ, Travis SM, Starner TD, Olsen A, et al. Lysozyme secretion by submucosal glands protects the airway from bacterial infection. Am J Respir Cell Mol Biol. 2005;32(6):548–52.

	267.
Chan YR, Liu JS, Pociask DA, Zheng M, Mietzner TA, Berger T, et al. Lipocalin 2 is required for pulmonary host defense against Klebsiella infection. J Immunol. 2009;182(8):4947–56.

	268.
Yang Y, Zeng C, Yang S, Zhang Y, Song S, Liu S, et al. Airway Epithelial Hepcidin Coordinates Lung Macrophages and Immunity Against Bacterial Pneumonia. Shock. 2020;54(3):402–12.

	269.
Leiva-Juarez MM, Kolls JK, Evans SE. Lung epithelial cells: therapeutically inducible effectors of antimicrobial defense. Mucosal Immunol. 2018;11(1):21–34.

	270.
Pandya PH, Wilkes DS. Complement system in lung disease. Am J Respir Cell Mol Biol. 2014;51(4):467–73.

	271.
Yan B, Freiwald T, Chauss D, Wang L, West E, Mirabelli C, et al. SARS-CoV-2 drives JAK1/2-dependent local complement hyperactivation. Sci Immunol. 2021;6(58):eabg0833.

	272.
Kamata H, Yamamoto K, Wasserman GA, Zabinski MC, Yuen CK, Lung WY, et al. Epithelial Cell-Derived Secreted and Transmembrane 1a Signals to Activated Neutrophils during Pneumococcal Pneumonia. Am J Respir Cell Mol Biol. 2016;55(3):407–18.

	273.
Shenoy AT, Wasserman GA, Arafa EI, Wooten AK, Smith NMS, Martin IMC, et al. Lung CD4(+) resident memory T cells remodel epithelial responses to accelerate neutrophil recruitment during pneumonia. Mucosal Immunol. 2020;13(2):334–43.

	274.
Yamamoto K, Ahyi AN, Pepper-Cunningham ZA, Ferrari JD, Wilson AA, Jones MR, et al. Roles of lung epithelium in neutrophil recruitment during pneumococcal pneumonia. Am J Respir Cell Mol Biol. 2014;50(2):253–62.

	275.
Umstead TM, Hewage EK, Mathewson M, Beaudoin S, Chroneos ZC, Wang M, et al. Lower respiratory tract delivery, airway clearance, and preclinical efficacy of inhaled GM-CSF in a postinfluenza pneumococcal pneumonia model. Am J Physiol Lung Cell Mol Physiol. 2020;318(4):L571–9.

	276.
Moreira-Teixeira L, Stimpson PJ, Stavropoulos E, Hadebe S, Chakravarty P, Ioannou M, et al. Type I IFN exacerbates disease in tuberculosis-susceptible mice by inducing neutrophil-mediated lung inflammation and NETosis. Nat Commun. 2020;11(1):5566.

	277.
Liu X, Boyer MA, Holmgren AM, Shin S. Legionella-Infected Macrophages Engage the Alveolar Epithelium to Metabolically Reprogram Myeloid Cells and Promote Antibacterial Inflammation. Cell Host Microbe. 2020;28(5):683-98 e6.

	278.
Chen K, Eddens T, Trevejo-Nunez G, Way EE, Elsegeiny W, Ricks DM, et al. IL-17 Receptor Signaling in the Lung Epithelium Is Required for Mucosal Chemokine Gradients and Pulmonary Host Defense against K. pneumoniae. Cell Host Microbe. 2016;20(5):596–605.

	279.
Traber KE, Hilliard KL, Allen E, Wasserman GA, Yamamoto K, Jones MR, et al. Induction of STAT3-Dependent CXCL5 Expression and Neutrophil Recruitment by Oncostatin-M during Pneumonia. Am J Respir Cell Mol Biol. 2015;53(4):479–88.

	280.
Monticelli LA, Sonnenberg GF, Abt MC, Alenghat T, Ziegler CG, Doering TA, et al. Innate lymphoid cells promote lung-tissue homeostasis after infection with influenza virus. Nat Immunol. 2011;12(11):1045–54.

	281.
Major J, Crotta S, Llorian M, McCabe TM, Gad HH, Priestnall SL, et al. Type I and III interferons disrupt lung epithelial repair during recovery from viral infection. Science. 2020;369(6504):712–7.

	282.
Ahn D, Wickersham M, Riquelme S, Prince A. The Effects of IFN-lambda on Epithelial Barrier Function Contribute to Klebsiella pneumoniae ST258 Pneumonia. Am J Respir Cell Mol Biol. 2019;60(2):158–66.

	283.
Isago H, Mitani A, Mikami Y, Horie M, Urushiyama H, Hamamoto R, et al. Epithelial Expression of YAP and TAZ Is Sequentially Required in Lung Development. Am J Respir Cell Mol Biol. 2020;62(2):256–66.

	284.
Bao Y, Hata Y, Ikeda M, Withanage K. Mammalian Hippo pathway: from development to cancer and beyond. J Biochem. 2011;149(4):361–79.

	285.
LaCanna R, Liccardo D, Zhang P, Tragesser L, Wang Y, Cao T, et al. Yap/Taz regulate alveolar regeneration and resolution of lung inflammation. J Clin Invest. 2019;129(5):2107–22.

	286.
Khatri A, Kraft BD, Tata PR, Randell SH, Piantadosi CA, Pendergast AM. ABL kinase inhibition promotes lung regeneration through expansion of an SCGB1A1+ SPC+ cell population following bacterial pneumonia. Proc Natl Acad Sci U S A. 2019;116(5):1603–12.

	287.
Fosse JH, Haraldsen G, Falk K, Edelmann R. Endothelial Cells in Emerging Viral Infections. Front Cardiovasc Med. 2021;8:619690.

	288.
Schmidt EP, Lee WL, Zemans RL, Yamashita C, Downey GP. On, around, and through: neutrophil-endothelial interactions in innate immunity. Physiology (Bethesda). 2011;26(5):334–47.

	289.
Armstrong SM, Darwish I, Lee WL. Endothelial activation and dysfunction in the pathogenesis of influenza A virus infection. Virulence. 2013;4(6):537–42.

	290.
Kang S, Tanaka T, Inoue H, Ono C, Hashimoto S, Kioi Y, et al. IL-6 trans-signaling induces plasminogen activator inhibitor-1 from vascular endothelial cells in cytokine release syndrome. Proc Natl Acad Sci U S A. 2020;117(36):22351–6.

	291.
Teijaro JR, Walsh KB, Cahalan S, Fremgen DM, Roberts E, Scott F, et al. Endothelial cells are central orchestrators of cytokine amplification during influenza virus infection. Cell. 2011;146(6):980–91.

	292.
Le VB, Schneider JG, Boergeling Y, Berri F, Ducatez M, Guerin JL, et al. Platelet activation and aggregation promote lung inflammation and influenza virus pathogenesis. Am J Respir Crit Care Med. 2015;191(7):804–19.

	293.
Koupenova M, Corkrey HA, Vitseva O, Manni G, Pang CJ, Clancy L, et al. The role of platelets in mediating a response to human influenza infection. Nat Commun. 2019;10(1):1780.

	294.
Niethamer TK, Stabler CT, Leach JP, Zepp JA, Morley MP, Babu A, et al. Defining the role of pulmonary endothelial cell heterogeneity in the response to acute lung injury. Elife. 2020;9:e53072.

	295.
Zhao G, Weiner AI, Neupauer KM, de Mello Costa MF, Palashikar G, Adams-Tzivelekidis S, et al. Regeneration of the pulmonary vascular endothelium after viral pneumonia requires COUP-TF2. Sci Adv. 2020;6(48):eabc4493.

	296.
O’Dwyer DN, Gurczynski SJ, Moore BB. Pulmonary immunity and extracellular matrix interactions. Matrix Biol. 2018;73:122–34.

	297.
Burgstaller G, Oehrle B, Gerckens M, White ES, Schiller HB, Eickelberg O. The instructive extracellular matrix of the lung: basic composition and alterations in chronic lung disease. Eur Respir J. 2017;50(1):1601805.

	298.
Schiller HB, Fernandez IE, Burgstaller G, Schaab C, Scheltema RA, Schwarzmayr T, et al. Time- and compartment-resolved proteome profiling of the extracellular niche in lung injury and repair. Mol Syst Biol. 2015;11(7):819.

	299.
Tavianatou AG, Caon I, Franchi M, Piperigkou Z, Galesso D, Karamanos NK. Hyaluronan: molecular size-dependent signaling and biological functions in inflammation and cancer. FEBS J. 2019;286(15):2883–908.

	300.
Kang I, Chang MY, Wight TN, Frevert CW. Proteoglycans as Immunomodulators of the Innate Immune Response to Lung Infection. J Histochem Cytochem. 2018;66(4):241–59.

	301.
Tanino Y, Coombe DR, Gill SE, Kett WC, Kajikawa O, Proudfoot AE, et al. Kinetics of chemokine-glycosaminoglycan interactions control neutrophil migration into the airspaces of the lungs. J Immunol. 2010;184(5):2677–85.

	302.
Boyd DF, Allen EK, Randolph AG, Guo XJ, Weng Y, Sanders CJ, et al. Exuberant fibroblast activity compromises lung function via ADAMTS4. Nature. 2020;587(7834):466–71.



Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/navigation.xhtml

    
      Contents


      
        		Innate immune responses in pneumonia


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/css/envelope.png





OEBPS/images/41479_2023_106_Fig1_HTML.png
Ciliated cell

Basal cell
Club cell Goblet cell

Antimicrobial
peptide

Secretory IgA

Innate
PNEB— ~{ Lymphocyte

2® s
Interstitial . .

macrophage N\ Fibroblast

RB.C . Alveolar

macrophage

Type ll
pneumocyte

Monocyte Wl

Typel §J Extracellular
pneumocyte j Matrix

Surfactant—
layer

Endothelial @Neutrophil
cell






OEBPS/css/cc-by.png
() _®





OEBPS/css/sidebar.gif





