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Pneumonia is a leading cause of death from infection in the United States and across the globe. During pulmonary infection, clear resolution of host inflammatory responses occurs in the absence of appreciable lung damage. Neutrophils are the first wave of leukocytes to arrive in the lung upon infection. After activation, neutrophils traffic from the vasculature via transendothelial migration through the lung interstitium and into the alveolar space. Successful pulmonary immunity requires neutrophil-mediated killing of invading pathogens by phagocytosis and release of a myriad of antimicrobial molecules, followed by resolution of inflammation, neutrophil apoptosis, and clearing of dead or dying neutrophils by macrophages. In addition to their antimicrobial role, it is becoming clear that neutrophils are also important modulators of innate and adaptive immune responses, primarily through the release of cytokines and recruitment of additional waves of neutrophils into the airways. Though typically essential to combating severe pneumonia, neutrophil influx into the airways is a double-edged sword: Overzealous neutrophil activation can cause severe tissue damage as a result of the release of toxic agents including proteases, cationic polypeptides, cytokines, and reactive oxygen species (ROS) aimed at killing invading microbes. In extreme cases, the damage caused by neutrophils and other innate immune mediators become the primary source of morbidity and mortality. Here, we review the complex role of neutrophils during severe pneumonia by highlighting specific molecules and processes that contribute to pulmonary immunity, but can also drive progression of severe disease. Depending on the identity of the infectious agent, enhancing or suppressing neutrophil-mediated responses may be key to effectively treating severe and typically lethal pneumonia.
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INTRODUCTION

Pulmonary infection with bacterial, viral, or fungal pathogens can lead to the massive infiltration of innate immune populations, primarily polymorphonuclear leukocytes (PMNs), into the airways and alveolar spaces. Defined as pneumonia, this inflammatory response is aimed at controlling and clearing invading pathogens, but can severely compromise pulmonary function, resulting in significant mortality. Pneumonia lags only heart disease as the greatest burden of disease worldwide, and is the leading cause of death from infection in the United States (Mizgerd, 2006, 2008). Pulmonary infection is the most common reason for American children to be hospitalized, and for Americans 65 years and older roughly half of infectious disease-related hospitalizations and deaths are from pneumonia (Mizgerd, 2006). Particularly in its later stages, severe pneumonia can be very difficult to treat clinically, even in otherwise healthy patients. Despite administration of appropriate therapy, mortality rates can still approach 50% in patients with severe pneumonia (Restrepo and Anzueto, 2009). This is primarily due to the dysregulation of the very host responses aimed at eliminating invading pathogens. Though typically essential to combating infection, the inability to appropriately control these responses results in toxic host inflammation that complicates treatment (Mizgerd, 2008; Bordon et al., 2013). Thus, the outcome of severe pneumonia depends on the appropriate balance between effective microbial clearance and the magnitude of host inflammatory responses (Mizgerd, 2008; Rendon et al., 2016). A lack of understanding of the factors underlying the dysregulation of host innate immune responses is a significant barrier to enhancing survivability of severe pneumonia.

Key to the progression of pneumonia are neutrophils, the cell type most associated with the development of severe disease. Neutrophils migrate directly to the site of infection, where they accumulate in significant numbers and unleash a torrent of antimicrobial factors aimed at controlling and clearing infection. Though neutrophils are essential mediators of pulmonary immunity, they can also contribute to the development of severe disease. The very molecules and processes that make neutrophils such potent innate immune responders can cause a great deal of host tissue damage, and can contribute significantly to disease pathology and severity. In this review, we discuss the complex role neutrophils play in the pathogenesis of severe pneumonia, examining their function as mediators of both pulmonary immunity and pulmonary damage. We highlight key molecules and processes employed by neutrophils to destroy invading pathogens, and the unintended consequences that can result from their dysregulation. The processes that govern neutrophil-mediated immunity are wide-ranging and complex, each with an extensive literature beyond the scope of this article. We touch briefly on a handful of well-established factors shown to contribute to both clearance of invading pathogens and the onset of pulmonary damage that defines the pathogenesis of disease. What emerges is an intriguing and complex story, where a key innate immune population is essential to combating infection, but can also be responsible for pathogenesis and mortality of the very disease it is tasked with combating.

PULMONARY INFECTION, IMMUNITY, AND NEUTROPHILS

Infection with a wide range of microbes can cause pneumonia. Upon inhalation, invading pathogens encounter a variety of antimicrobial roadblocks, including the mucociliary escalator, surfactant protein, and lung antimicrobial peptides. Upon deposition of a microbe in the alveoli, alveolar macrophages are the sentinel cell type tasked with identifying a potential threat. These cells survey the alveolar space, phagocytose and kill invading microbes, and initiate downstream immune signaling. Though key to combating infection, neutrophils are not a major component of the airway compartment, but are present patrolling the pulmonary vasculature during steady state conditions (Figure 1; Kreisel et al., 2010; Kolaczkowska and Kubes, 2013). Alveolar macrophages, along with pulmonary epithelial and endothelial cells, can induce a wave of cytokines and chemokines in order to sequester circulating neutrophils in the lung, activate resting neutrophils, and stimulate neutrophil proliferation in the bone marrow (Nathan, 2006; Craig et al., 2009; Kolaczkowska and Kubes, 2013). Alveolar macrophage secretion of chemokines such as IL-8 and CXCL5 are responsible for a great deal of neutrophil chemotaxis into the lung (Osman et al., 1998; Jeyaseelan et al., 2004; Mei et al., 2010; Grommes and Soehnlein, 2011). In addition, pulmonary endothelial and epithelial cells release a myriad of signaling molecules in response to infection that activate and recruit neutrophils to the alveolar space. These include cytokines and chemokines including IL-8 and CXCL5, and lipid metabolites such as the eicosanoid hepoxilin A3 (Smart and Casale, 1994a,b; Jeyaseelan et al., 2005; Bhowmick et al., 2013). These signals also dramatically increase numbers of circulating neutrophils, enlarging the available pool for extravasion into pulmonary tissue (Craig et al., 2009). After activation, circulating neutrophils traffic from pulmonary capillaries via transendothelial migration, through the interstitium, and into the alveolar space (Figures 1B,C). During migration, neutrophils are primed or activated in preparation of encountering invading microbes. Within pulmonary tissue, neutrophils migrate directly to the site of infection, and armed with an arsenal of antimicrobial tools create a localized inflammatory response aimed at killing potentially pathogenic microbes, and ultimately controlling infection. Successful pulmonary immunity involves macrophage and neutrophil-mediated phagocytosis and killing of invading pathogens; equally important is the subsequent resolution of inflammation. Lung homeostasis is restored through a series of processes that include neutrophil apoptosis and clearance by scavenger macrophages via a process called efferocytosis, followed by repair of any injured bystander tissue. Much of this is mediated through the temporal regulation of specialized pro-resolving mediators such as resolvins that are synthesized from essential fatty acids and facilitate the onset of a resolution phase (Serhan et al., 2002; Chiang et al., 2012). The maintenance of a specific neutrophil lifespan is key to maintaining pulmonary homeostasis. Neutrophils are particularly short-lived cells, lasting roughly 8 h in circulation (Galli et al., 2011; Kolaczkowska and Kubes, 2013). Constitutive neutrophil apoptosis occurs in coordination with their production in the bone marrow to ensure a continuous supply of active cells without overwhelming host tissue (Bordon et al., 2013). Constant turnover of neutrophils by apoptosis is an important aspect to the resolution of inflammation, as it occurs without the release of harmful granule proteins or reactive oxygen species (ROS) (Bordon et al., 2013).
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FIGURE 1. Lung alveoli during infection. (A) Under steady state conditions, alveolar macrophages (orange) survey the alveolar space, and neutrophils are present in the pulmonary vasculature. (B) During infection, neutrophils (green) migrate into the alveolar space, where they can degranulate, facilitate an oxidative burst, and along with alveolar macrophages phagocytose and kill invading microbes. Antimicrobial peptides and enzymes are released during degranulation, but cause minimal tissue destruction that is ultimately repaired. (C) During severe pneumonia, as invading microbes persist neutrophils continue to flood the airways, potentially releasing a myriad of antimicrobial peptides, enzymes and ROS. As infection progresses this process continues to the detriment of the host, causing excessive tissue damage and disrupting the epithelial-capillary barrier, resulting in hemorrhage, edema, and compromise of pulmonary function.



Pathogenic microbes have evolved strategies to evade and/or suppress host inflammatory responses in order to establish infection, acquire nutrients, disseminate to other tissues, and induce spread to additional hosts. The inability to control infection results in the continued accumulation of neutrophils in the airways and the onset of a pro-inflammatory cytokine storm. Thus, as the stimulus persists, neutrophils continue to flood the airways, releasing potent antimicrobial enzymes and reactive oxygen and nitrogen species aimed at killing the microbe that can also damage pulmonary tissue (Figure 1C). In extreme cases the damage caused by neutrophils and other innate immune mediators become the primary source of morbidity and mortality, resulting in severe pneumonia (Nathan and Ding, 2010). The pulmonary damage induced during severe pneumonia ultimately leads to acute respiratory distress syndrome (ARDS) (Narasaraju et al., 2011), a type of acute lung injury (ALI) highlighted by pulmonary edema, alveolar destruction, and eventually total respiratory failure. Key to both resolution of infection and the pathogenesis of ALI are neutrophils.

THE ROLE OF NEUTROPHILS IN COMBATING PULMONARY INFECTION

Neutrophils are typically the earliest immune cells recruited to a site of inflammation, and are an essential component of innate immune resistance to respiratory pathogens (Grommes and Soehnlein, 2011; Gomez et al., 2012). Experimentally, depletion of neutrophil populations has been shown to dramatically reduce clearance and exacerbate infection with a number of pathogenic bacteria in the lung, including Streptococcus pneumoniae, Klebsiella pneumoniae, and Legionella pneumophila (Garvy and Harmsen, 1996; Tateda et al., 2001; Jeyaseelan et al., 2006; Craig et al., 2009). Neutropenia is also known to predispose patients to a myriad of opportunistic lung infections (Dinauer et al., 2000). The effectiveness of neutrophils as mediators of innate immunity is due to their ability to chemotax directly to the site of infection and eliminate invading microbes. Neutrophils are uniquely equipped for this task, harboring a wide range of antimicrobial molecules and processes that have been shown to contribute to host defense during pulmonary infection. Below, we briefly highlight a few well-established factors that are crucial to combating pulmonary infection:

Neutrophil Granules

During migration and upon deposition in target tissue, neutrophils are primed to release characteristic granules that are involved in the antimicrobial killing of invading pathogens. Neutrophils contain four types of granules differentiated based on protein content: primary (azurophilic), secondary (specific), tertiary (gelatinase) granules, and secretory vesicles (Bordon et al., 2013; Figure 2). Each serve a different purpose, and are released sequentially via exocytosis to the cell surface or to the microbe-containing phagolysosome in response to different signals and/or environmental cues. Secretory vesicles are the first to be released via exocytosis following initial contact of neutrophils with endothelial cells, resulting in the surface expression of key membrane proteins that facilitate rolling through the endothelial monolayer in the blood vessels, thus initiating the process of extravasation to the site of infection (Borregaard et al., 2007; Bordon et al., 2013). This is followed by tertiary granules that are released during migration across the endothelial barrier and into the interstitial space (Grommes and Soehnlein, 2011), and finally primary and secondary granules that are discharged in target tissues (Grommes and Soehnlein, 2011). A majority of granule antimicrobial activity is mediated by release of the contents of primary and secondary granules into the phagolysosome, or degranulation into surrounding tissue. Primary granules contain a myriad of antimicrobial enzymes and peptides including serine proteases and defensins, as well as myeloperoxidase responsible for converting H2O2 to the antiseptics hypochlorous acid, hypobromous acid and hypoiodous acid (Bainton and Farquhar, 1968a, Bainton and Farquhar, 1968b; Nathan, 2006; Figure 2). Primary granules also release the lipopolysaccharide (LPS)-binding permeability increasing protein (BPI), another potent antimicrobial (Nathan, 2006). Secondary and tertiary granules contain overlapping sets of proteins including lactoferrin, lipocalin, lysozyme, and LL37 (Nathan, 2006), as well as matrix metalloprtoeinases (Bainton and Farquhar, 1968a,b; Nathan, 2006; Figure 2). Effective pulmonary immunity requires the action of the various molecules within granules without inducing significant tissue damage (Mizgerd, 2012). Typically, the neutrophil phagosome containing a putative pathogen fuses with granules to produce a phagolysosome, allowing for direct pathogen exposure to the multiple granule antimicrobial factors. This allows for effective killing of microorganism without the release of potentially damaging granule components into surrounding tissue (Nathan, 2006; Brinkmann and Zychlinsky, 2007).
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FIGURE 2. Neutrophil Granules. Neutrophils are armed with an arsenal of tools for eliminating invading microbes, including four distinct granules containing a variety of antimicrobial peptides and enzymes, as well as an NADPH oxidase in the phagosomal membrane. Granule contents can be released at the cell surface via degranulation or into the phagolysozome containing a target microbe. Secretory vesicles are the first to be released and primarily contain membrane proteins to facilitate adherence during migration, followed by tertiary granules, and finally primary and secondary granules at the site of inflammation.



Serine Proteases

Among the most potent molecules released by primary and secondary granules are neutrophil serine proteases, including elastase, proteinase 3, and cathepsin G (Korkmaz et al., 2010). Neutrophil serine proteases are secreted into the microbe-containing phagolysosome to digest microorganisms in tandem with antimicrobial peptides and ROS (Korkmaz et al., 2010). Neutrophil elastase is a key serine protease that has been demonstrated to contribute to control of invading bacterial and fungal pathogens (Belaaouaj et al., 1998; Tkalcevic et al., 2000; Weinrauch et al., 2002; Hahn et al., 2011). Neutrophil elastase is stored in an active form in primary granules, and is discharged into the phagolysosome following bacterial uptake (Liou and Campbell, 1995). Incubation of elastase with E. coli leads to bacterial cell lysis, possibly due to its ability to degrade a number of key outer membrane proteins (Belaaouaj et al., 2000). Elastase has been shown to cleave virulence factors of enterobacteria including Salmonella enterica, Shigella flexneri, and Yersinia enterocolitica, and likely also does so with pathogens that cause pulmonary infections (Weinrauch et al., 2002). While well-known for combating Gram-negative bacteria, elastase has also been shown to be critical in defense against S. pneumoniae infection (Standish and Weiser, 2009; Hahn et al., 2011). Whereas elastase is primarily required for clearance of certain Gram-negative bacteria, cathepsin G has been shown to be effective against infection with Gram-positive bacteria including Streptococcus pneumoniae and Staphylococcus aureus, as well as certain fungal infections (Tkalcevic et al., 2000; Reeves et al., 2002; Pham, 2006; Standish and Weiser, 2009; Hahn et al., 2011). Proteinase 3 has also been shown to kill bacterial and fungal pathogens through inhibition of protein synthesis and oxygen metabolism (Schreiber et al., 2003; Grommes and Soehnlein, 2011). In addition to direct antimicrobial activity, upon degranulation neutrophil serine proteases can bind key cell surface receptors and modulate chemokine and cytokine activity, thus potentially regulating localized inflammatory processes for optimal antimicrobial activity in the lung (Pham, 2006).

Antimicrobial Peptides

Neutrophil activation also results in the release of a range of cationic polypeptides present within primary, secondary, and tertiary granules that have potent antimicrobial activity. This activity ranges from direct microbial killing to modulation of immune responses to facilitate antimicrobial activity. Lactoferrin stored in secondary and tertiary granules is known to exhibit immune-modulating activity by inducing the production of a range of pro-inflammatory cytokines in nearby cells (Actor et al., 2002). Further, lactoferrin is known to have direct antibacterial, antiviral, and antifungal activity (Levay and Viljoen, 1995). Similarly, the antimicrobial polypeptide LL-37 can activate monocytes and neutrophils directly, and also has broad antimicrobial activity (Aarbiou et al., 2006; Kai-Larsen and Agerberth, 2008; Doss et al., 2010). Defensins are small, cationic peptides stored within primary granules that are known to have antimicrobial properties, primarily by forming pores in the bacterial cell wall (Moraes et al., 2006). The highly positive charge of defensins allows for the disruption of bacterial cell wall integrity in a receptor-independent manner (Moraes et al., 2006). Defensins have also been implicated in modulating inflammation in a receptor-dependent fashion, including by stimulating epithelial cells to produce the neutrophil recruiting cytokine IL-8 through the purinergic receptor P2Y6 (Moraes et al., 2006). Their ability to directly kill microbes as well as induce localized inflammatory responses make the neutrophil-derived cationic peptides potent antimicrobials important to multiple stages of pulmonary immunity.

Reactive Oxygen Species (ROS)

Important to the initial control of infection, primed neutrophils have a dramatically increased ability to phagocytose microbes and initiate a respiratory burst response at the site of infection. After phagocytosis, neutrophils bombard microbes with ROS within the phagolysozome. Production of ROS including superoxide anion ([image: image]) and hydrogen peroxide (H2O2) is a key component of the innate immune response to infection. The ROS can be potent antimicrobials, likely through the oxidation of proteins, nucleic acids, lipids, and a number of other molecules (Hampton et al., 1998). Neutrophils contain the oxidant-generating enzymes phagocyte NADPH oxidase and myeloperoxidase (Moraes et al., 2006). Phagocyte NADPH oxidase is the main ROS-producing enzyme in neutrophils (Nathan, 2006), and its importance has been realized for some time (Good et al., 1968; Dinauer et al., 2000). Human deficiency of NADPH oxidase is known as chronic granulomatous disease, and results in chronic recurrent infections, and increased susceptibility to lethal infections as a result of the inability to produce ROS (Good et al., 1968; Dinauer et al., 2000) NADPH oxidase pumps large amounts of superoxide into the phagocytic vacuole, where it is converted to H2O2. Hydrogen peroxide can then be converted by myeloperoxidase to hypochlorite (OCl−), which is thought to be primarily responsible for antimicrobial activity, as well as hypochlorous acid (HOCl), hypobromous acid (HOBr), and hydroxyl radical (.OH) (Hampton et al., 1998; Brinkmann and Zychlinsky, 2007). Myloperoxidase is not particularly bactericidal on its own, but is known to augment the killing activity of ROS (Klebanoff, 2005; Nathan, 2006). Also, neutrophil NADPH oxidases dramatically alter the pH and ionic compositions of the phagocytic vacuole, and therefore directly influence the killing of microbes by the various enzymes released into the phagolysosomal compartment by granules, particularly the neutrophil serine proteases (Levine and Segal, 2016).

Nuetrophil Extracellular Traps (NETs)

In inflammatory conditions neutrophils generate DNA-based neutrophil extracellular traps (NETs) to kill invading microbes (Brinkmann et al., 2004). NET formation is a cell death mechanism by which neutrophils emit DNA “NETs,” large interwoven decondensed chromatin fibers that carry a number of proteins including histones, elastase, MPO, pentraxin, and MMP-9 in an effort to ensnare and eliminate invading microbes. This process, termed “NETosis,” can be induced by a number of inflammatory stimuli including IL-8, LPS, or phorbol myristate acetate (PMA) (Saffarzadeh et al., 2012). Neutrophil elastase and myeloperoxidase also regulate the formation of NETs (Papayannopoulos et al., 2010). The expansive NETs serve as a physical barrier to trap bacteria and prevent dissemination to other tissues. The release of NETs also allows for a highly localized concentration of antimicrobial factors to come into direct contact with trapped pathogens for efficient killing (Brinkmann and Zychlinsky, 2007). The presence of serine proteases within NETs facilitates degradation of key virulence factors to help combat bacterial pathogens (Brinkmann et al., 2004; Papayannopoulos et al., 2010). Deficiencies in both NET release or DNase digestion of NETs have both been shown to increase susceptibility to lethal infection (Beiter et al., 2006; Meng et al., 2012). Gram-positive, Gram negative, and fungal pathogens have all been shown to bind to NETs microscopically (Brinkmann and Zychlinsky, 2007).

Effector Functions

Neutrophils have traditionally been regarded as expert killers but little else, the predominant impression being of bags of destructive enzymes that homed to the site of infection and released their contents shortly before dying. It is now appreciated, though, that neutrophils play a more complex role with regards to their antimicrobial capabilities. Neutrophils have more recently been shown to have the capacity to act as “effector cells,” able to modulate and drive aspects of both innate and adaptive immunity. A number of acquired and innate immune responses in the lungs are shaped by neutrophil-derived signals (Mizgerd, 2008). Neutrophils are known to generate eicosanoids as well as number of key cytokines to influence immune responses and recruit additional neutrophils, including IFN-γ, TNF-a, IL-1, IL-17, and IL-12 (Quinton and Mizgerd, 2015). For example, during pneumococcal infection in mice, IFN-γ secreted by neutrophils is required for immune resistance, and promotes NET formation (Yamada et al., 2011). Neutrophils also generate signals that attract additional antigen presenting cells (APCs), and can influence the differentiation state of macrophages based on what is most beneficial toward controlling a specific infection (Nathan, 2006). Cytokines secreted by neutrophils during infection can also be important for stimulating the trafficking of T cells to infected sites, and therefore the induction of appropriate T cell –mediated responses (Müller et al., 2009). Further, it is becoming clear that neutrophils likely interact with and activate T cells during a number of different conditions, including bacterial infection and chronic inflammatory diseases (Müller et al., 2009). Appropriate neutrophil accumulation and function is also important to induction of necessary adaptive immune responses in the host, highlighting the key and wide ranging role neutrophils play during multiple phases of immune defense in the lung (Nathan, 2006).

NEUTROPHILS AND PULMONARY DAMAGE: TOO MUCH OF A GOOD THING

Most often, neutrophils are essential components of the innate immune response to pulmonary infection, as they contain a wide variety of antimicrobial factors/activities that can also be harmful to host tissues. A prime example of this dual role is evident in recent work evaluating PMN influx during S. pneumoniae infection, where it was shown that early neutrophil influx was essential to controlling infection, but the extended presence of PMNs in the lung led to poor outcome resulting from significant pulmonary damage (Bou Ghanem et al., 2015). Thus, the timing and regulation of neutrophil chemotaxis, turnover, and release of antimicrobial mediators are essential for maintaining pulmonary homeostasis. Pathogenic microbes can disrupt this homeostasis by resisting neutrophil-mediated killing, and suppressing or activating a variety of neutrophil-mediated processes. These activities include but are not limited to modulating neutrophil death, altering the level or timing of neutrophil activation and chemotaxis, and inducing potentially harmful neutrophil-mediated processes. The resulting overzealous neutrophil activation leads to severe tissue damage as a result of the untimely or exacerbated release of toxic agents including the very proteinases, cationic polypeptides, cytokines, and ROS we highlight as potent antimicrobials (Grommes and Soehnlein, 2011; Mizgerd, 2012). The capacity of neutrophils to cause significant pulmonary damage has been recognized for some time. Neutrophil hyper-responsiveness and the dysregulation of neutrophil apoptosis have been shown to contribute to lung injury and poor outcomes in patients with pneumonia clinically and in various animal models (Bordon et al., 2013). Neutrophil depletion has been shown to be protective in a number of infection models, and severe disease almost always correlates with excessive neutrophil influx in the airways, leading to the belief that neutrophils likely play a significant role in ALI (Lee and Downey, 2001; Martin, 2002; Pechous et al., 2013, 2015; Sahoo et al., 2014). Recent bioinformatics analysis during influenza infection of mice revealed a transcriptional signature associated with lethality, and it was further shown that neutrophils are its primary source (Brandes et al., 2013). In addition, the positive feedback of neutrophils recruiting and activating other neutrophils further contributes to lethality by compromising the airways and facilitating the increased release of potentially harmful mediators of host damage (Ichikawa et al., 2013; Quinton and Mizgerd, 2015). Further, the presence of neutrophils and the associated epithelial damage can contribute to spread of pathogens to other tissues, resulting in systemic disease (Bhowmick et al., 2013). Below, we highlight some of the key molecules and processes responsible for combating invading microbes that have also been shown to contribute to disease pathology in the lung, to the detriment of the host. These mediators, therefore, represent key players whose participation in pulmonary immunity must be balanced and regulated in order to avoid exacerbating disease.

Serine Proteases

The proteases utilized by neutrophils to kill microbes can be particularly damaging to host tissues. Accumulation of activated neutrophils in the airways can result in the aberrant and excessive secretion of active proteases into the milieu, resulting in significant lung matrix destruction through their enzymatic activity and relative target promiscuity (Korkmaz et al., 2010). Neutrophil serine proteases can also act as key regulators of innate immune responses in the lung by modifying cytokines and chemokines, as well as by activating key surface receptors that leads to the induction of additional pro-inflammatory cytokines (Grommes and Soehnlein, 2011). Excessive induction of these processes resulting from the continuous dumping of proteases into the milieu in an already inflammatory environment can further contribute to tissue damage in the lung during pneumonia. Of the granule proteins, neutrophil elastase, in particular, has been shown to be a potent mediator of inflammatory damage. Though cathepsin G and proteinase-3 can also contribute to pathology, it is the presence of elastase that is most associated with lung injury associated with infection (Moraes et al., 2006). Infection of elastase-deficient mice with Burkholderia thailandensis and pseudomallei showed increased survival that correlated with decreased lung tissue damage (Sahoo et al., 2014). Similarly, inhibiting elastase in a hamster model of ALI prevented lung damage from developing (Kawabata et al., 2000). Elevated levels of elastase in the lavage fluid correlate with severity of lung injury during pneumonia in humans, and there exists evidence of a protective effect of inhibiting elastase (Grommes and Soehnlein, 2011). Active elastase is also capable of degrading E-cadherin during lung inflammation, thus potentially contributing to disruption of cell-cell junctions in the lung (Boxio et al., 2016). It's effects can also be less direct, as elastase is known to stimulate lung epithelium release of pro inflammatory cytokines as well as epithelial apoptosis (Chen et al., 2004; Witherden et al., 2004; Moraes et al., 2006; Suzuki et al., 2009). Both of these functions can ultimately lead to increased epithelial permeability, which contributes to pulmonary damage and allows for accelerated transmigration of neutrophils into the alveolar space (Ginzberg et al., 2001). Along with proteinase-3 and cathepsin G, elastase can degrade surfactin proteins D and A, which can prolong inflammation by inhibiting the clearance of apoptotic neutrophils (Vandivier et al., 2002; Moraes et al., 2006). Taken together, the relative promiscuity of neutrophil serine proteases, as well as their ability to directly and indirectly modulate host inflammatory responses highlight their role as key mediators of both pulmonary defense and tissue destruction during severe pneumonia.

Antimicrobial Peptides

The ability of neutrophil antimicrobial peptides to modulate an anti-microbial pro inflammatory response can also make them highly damaging when released in excess. Human defensins can exacerbate pulmonary damage through both the activation of macrophages and the increase of epithelial permeability (Sakamoto et al., 2005; Soehnlein et al., 2008). High concentrations of defensins are typically found in the lavage fluid of patients with ARDS (Ashitani et al., 2004). Prolonged exposure to defensins has been shown to cause epithelial cytotoxicity, and can thus interfere with barrier function (Moraes et al., 2006). This has been seen in transgenic mice expressing defensins, where mice had ALI due to a disrupted capillary-epithelial barrier (Bdeir et al., 2010). Similarly, azurocidin has been shown to play a role in neutrophil-mediated permeability changes in pulmonary tissue, including during Streptococcus pyogenes infection (Soehnlein et al., 2008). The antimicrobial polypeptide LL-37 can have cytotoxic effects on nearby endothelial and epithelial cells, and like defensins is known to be highly represented in the lavage fluid of patients with ARDS (Fahy and Wewers, 2005; Aarbiou et al., 2006; Kai-Larsen and Agerberth, 2008). LL-37 is also able to inhibit neutrophil apoptosis, which can result in increased levels of neutrophils present and therefore increased levels of potentially toxic mediators of tissue damage (Barlow et al., 2006).

ROS

ROS secreted into the phagolysosome are effective as antimicrobials as they can hit any number of targets. This same attribute, though, can be problematic, as ROS can also be released outside of the cell, where they can contribute to disease pathogenesis by interacting with various host targets (Klebanoff, 2005). In the pulmonary compartment, ROS can nonspecifically interact with a number of host molecules and inactivate iron/sulfer proteins, disrupt lipid membranes, crosslink proteins, and cause DNA modification and strand breaks, impairing basic physiological functions (Hampton et al., 1998). ROS are known to be highly damaging to pulmonary tissue, and have been shown to cause significant pulmonary damage and increased permeability in animal models of ALI (Johnson et al., 1981; Auten et al., 2001, 2002) ROS can disrupt intercellular tight junctions by inducing the phosphorylation of focal adhesion kinase in endothelial cells, resulting in a loss of barrier function and increased permeability (Usatyuk and Natarajan, 2005). Inhibition of NADPH oxidase has been shown to alleviate lung injury in a guinea pig model of sepsis-induced lung injury (Wang et al., 1994). Thus, while effective as components of the microbe-containing phagolysosome, excessive release of ROS by necrotic neutrophils or in an attempt to combat infection can cause a great deal of pulmonary injury.

NETs

The accumulation and prolonged presence of NETs can also be highly damaging to surrounding tissues (Narasaraju et al., 2011). The protein component of NETs, specifically histones, can induce cytotoxic effects upon interaction with lung epithelial and endothelial cells (Saffarzadeh et al., 2012). Accumulation of neutrophils and NETs is known to exacerbate alveolar damage and vascular leakage in mice challenged with a number of pathogens, including influenza A virus (Narasaraju et al., 2011). It has also been established that NET release is responsible for a great deal of collateral damage during S. pneumoniae infection (Moorthy et al., 2016; Porto and Stein, 2016). Moreover, S. pneumoniae has developed mechanisms to evade trapping and killing by NETs, such that NET release functions only to damage pulmonary tissue rather than facilitate appreciable bacterial clearance (Beiter et al., 2006; Wartha et al., 2007; Moorthy et al., 2016; Porto and Stein, 2016). The presence of neutrophil serine proteases present in NETs can also be a source of tissue destruction in the lung, as their primary antimicrobial function relies on their containment in the phagolysosome. The presence of neutrophil serine proteases in NETs therefore exposes them to various host targets, the cleavage of which can be detrimental to tissue integrity and function. In summary, excessive NET release can be particularly damaging due to the presence of extracellular neutrophil DNA, but also the presence of a variety of toxic proteins and peptides trapped within them.

Neutrophil Resolution

Equally important to neutrophil mediated immunity is the appropriate resolving of neutrophils in the lung. This requires effective coordination of the termination of excessive neutrophil influx and the clearance of apoptotic neutrophils by efferocytosis. These processes are mediated in part by the biosynthesis of specialized pro-resolving mediators such as resolvins, or the presence of other molecules produced by host tissue including extracellular adenosine that signal the need to terminate and resolve an active inflammatory process (Serhan et al., 2002, 2014; Chiang et al., 2012; Bou Ghanem et al., 2015). Neutrophil turnover, specifically by constitutive apoptotic cell death, is an important part of effective pulmonary immunity. Delayed neutrophil death can exacerbate inflammation by increasing neutrophil numbers and therefore their propensity to cause significant tissue damage via the continuous release of toxic ROS, enzymes, and other antimicrobial factors. Effective control of neutrophil cell death is therefore essential to appropriate immune control and resolution of inflammation. During infection, neutrophil lifespan can be prolonged, either by host stimuli in an attempt to better combat infection (Miles et al., 2009), or by pathogens that target neutrophil apoptosis to delay host inflammatory responses or to establish a replicative niche (Stasulli et al., 2015). Further, impaired phagocytosis resulting from either microbial or environmental factors can result in necrotic cell death and the harmful release of granule contacts (Bordon et al., 2013). Effective clearing of dying neutrophils is also highly important to resolving of inflammatory responses, as it can result in the release of toxic enzymes and antimicrobial peptides into the alveolar space. For example, it is known that Staphylococcus aureus alpha toxin may contribute to tissue damage during infection by inhibiting macrophage efferocytosis (Cohen et al., 2016). Thus, the directing of neutrophils toward a more inflammatory necrotic pathway coupled with their continued accumulation due to a lack of proper turnover make reduced neutrophil apoptosis a key component of the dysregulation of host responses that lead to pneumonia.

TARGETING NEUTROPHILS AND HOST INFLAMMATORY RESPONSES THERAPEUTICALLY

Efforts to improve the care of patients with pneumonia need to consider key host response factors, including those biomarkers that might predict a poor outcome (Bordon et al., 2013). Though at first glance it may seem counterproductive, it is becoming clear that suppressing potentially harmful aspects of innate immunity in tandem with delivery of appropriate antimicrobial therapy may be beneficial to treating severe pneumonia with some pathogens. The delivery of immunosuppressive drugs or antibodies is often used to treat highly inflammatory disease states, including sepsis and meningitis. Further, corticosteroid infusion has been shown to increase survival in patients with severe community-acquired pneumonia (Confalonieri et al., 2005). The role of neutrophils in the progression of severe pneumonia make them potential targets of neutralization during pulmonary infection. An ideal therapeutic may be one that targets the destructive potential of neutrophils while maintaining their capacity to kill and eliminate invading microbes (Craig et al., 2009). It has been suggested that targeting neutrophil-mediated ALI concurrently with viral growth may be an effective strategy for combating severe influenza pneumonia (Narasaraju et al., 2011). Targeting specific neutrophil components or processes may also yield some benefit. Blocking NET-associated extracellular histones using anti-histone antibodies has been shown to decrease lung pathology during influenza infection (Narasaraju et al., 2011) There is also preclinical and clinical data suggesting that inhibiting neutrophil serine proteases may attenuate some of the deleterious effects of inflammation in the pulmonary compartment (Korkmaz et al., 2010). The success of targeting neutrophils and neutrophil-mediated processes in enhancing survival is likely going to be highly pathogen specific, as neutrophils are absolutely essential for combating infection in many cases. Rather, those pathogens where neutrophils cause considerable tissue destruction, yet do not necessarily affect microbial burden are likely candidates. One example of this is pneumonic plague, where the massive influx of neutrophils into the lung is a hallmark of severe disease, yet depletion of neutrophils has little to no effect on bacterial burden in the lung (Pechous et al., 2013, 2015).

THOUGHTS AND CONSIDERATIONS

Despite the availability of advanced treatment options, severe pneumonia can still result in mortality in upwards of 50% of patients. The precise mechanisms and factors resulting in poor patient outcome during severe pneumonia are not completely understood. This highlights the need to further understand the factors underlying the dysregulation of host inflammatory responses during pneumonia. This includes the failure to initiate an early response, hyper-stimulation, extension of neutrophil lifespan, induction of aberrant granule release, inhibition of neutrophil clearing by macrophages (efferocytosis), and inhibition of neutrophil-mediated killing of pathogens. Neutrophils can play an important role in inducing severe tissue damage in the lung. Thus, a balance must be maintained by employing adequate neutrophil-mediated immune responses without initiating the tissue destruction that can come from their hyper-activity. Further, the timing of neutrophil influx is crucial, as timed depletion studies have revealed that neutrophils can be protective early post-infection, but detrimental when present during later disease stages (Bou Ghanem et al., 2015). The ubiquity of microorganisms in the environment dictates that effective pulmonary immune responses are occurring all the time. This begs the question, then, what tips the balance in one direction or the other? This balance can be disrupted by pathogenic microbes armed with potent stimulatory molecules or pathogenic effectors that counter host innate immune responses to allow for colonization, access key host nutrients, or induce further dissemination. Whether or not neutrophils are protective or detrimental to the host likely depends largely on the invading pathogen. Pathogens may harbor virulence factors that act directly or indirectly on mediators of innate immunity to induce or suppress inflammatory responses. This can either lead to exacerbation of inflammation early during infection, or suppression of host responses until a specific threshold of either pathogen or pathogen product is reached, resulting in damaging hyper-inflammation. In support of this, it has been shown that the timing of neutrophil chemotaxis can dictate the Further, resistance to macrophage and/or neutrophil mediated killing can be an additional virulence mechanism of highly pathogenic organisms. This leads to the continued proliferation of stimulus in the absence of clearance, resulting in the continued influx of innate immune populations into the airways. The evolutionary advantage of inducing this type of host damage is unclear, but also likely depends on the pathogen. Dissemination within the host via increased access to the bloodstream is one immediately obvious scenario. Another may be spread to additional hosts by inducing coughing and thus expulsion of respiratory droplets. Either way, the host-mediated tissue damage induced by neutrophils during infection is an important consideration for both the study of severe pneumonia and the development of advanced therapeutics. It is clear that the attributes that make neutrophils such potent antimicrobial effectors can also be highly damaging to pulmonary tissue. Thus, future efforts to treat severe and lethal pneumonia may involve a tweaking of host inflammatory responses coupled with more traditional antiviral or antibacterial methods.
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