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Phagocytosis, a critical early event in the microbicidal response of neutrophils, is now appreciated to serve multiple functions in a variety of cell types. Professional phagocytes play a central role in innate immunity by eliminating pathogenic bacteria, fungi and malignant cells, and contribute to adaptive immunity by presenting antigens to lymphocytes. In addition, phagocytes play a part in tissue remodeling and maintain overall homeostasis by disposing of apoptotic cells, a task shared by non-professional phagocytes, often of epithelial origin. This functional versatility is supported by a vast array of receptors capable of recognizing a striking variety of foreign and endogenous ligands. Here we present an abbreviated overview of the different types of phagocytes, their varied modes of signaling and particle engulfment, and the multiple physiological roles of phagocytosis.
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INTRODUCTION

Phagocytosis is an important component of the microbicidal function of neutrophils; however, phagocytosis is also utilized by a variety of cell types in several physiological contexts. Elie Metchnikoff, commonly referred to as the father of innate immunity, explored phagocytosis in polymorphonuclear neutrophils, and macrophages (Gordon, 2008). Since then, many more metazoan cells have been described to display phagocytic capacity. The main objective of this review is to provide an overview of the multiplicity of functions served by phagocytes.

Phagocytic cells can be organized into two categories: the professional and non-professional phagocytes (Rabinovitch, 1995). Professional or dedicated phagocytes consist primarily of polymorphonuclear neutrophils, monocytes, monocyte-derived macrophages, and tissue-resident macrophages—cells whose raison d'être is phagocytosis. Non-professional phagocytes include all other cell types that can perform phagocytosis, such as epithelial cells, fibroblasts, and dendritic cells (DCs). Such cells have a more restricted set of targets and engulf them more slowly. Thus, the phagocytic capacity of non-professional phagocytes differs significantly in scope and efficiency from that of professional phagocytes. Both professional and non-professional phagocytes play important roles in innate immunity due to their ability to engulf pathogens. However, they are also vital in the maintenance of the healthy physiological state, in recovery from injury and in the development of the host organism (Mallat et al., 2005; Arandjelovic and Ravichandran, 2015; Wynn and Vannella, 2016). Thus, the consequences of phagocytosis extend well beyond the context of innate immunity.

As a form of receptor-mediated endocytosis, phagocytosis involves a variety of receptors, which are essential for the recognition and internalization of multiple ligands, reflecting its diverse functions (Gordon, 2016). Nevertheless, the gross phenotype of phagocytosis is relatively constant. It begins with the recognition of the target, i.e., the binding of a phagocytic receptor to its cognate ligand. Foreign particles and altered self cells are the two main targets of phagocytosis (Gordon, 2016). The term “altered self” typically refers to apoptotic and necrotic cells; however, it is now recognized that viable-but-stressed cells can also be internalized by a process labeled as phagoptosis (Brown and Neher, 2012). Self (host) cells generally express “don't-eat-me” signals, such as CD47, and its receptor on myeloid cells, SIRPα, inhibits phagocytosis (Hochreiter-Hufford and Ravichandran, 2013). These signals are down-regulated in altered self cells and “eat-me-signals,” such as phosphatidylserine (PS), become exposed at the cell surface. Receptors that recognize eat-me-signals involve those that bind directly to PS or PS-binding bridging proteins (named collectively as PS receptors), altered sugars (recognized by lectins), and thrombospondin (Hochreiter-Hufford and Ravichandran, 2013). Receptors involved in the phagocytosis of foreign particles include those that bind to opsonins (e.g., Fc and complement receptors), pathogen-associated molecular patterns (recognized by pattern-recognition receptors), and scavenger receptors (Freeman and Grinstein, 2014). Binding of multivalent ligand on the surface of the target particle results in receptor clustering and, after several intervening steps, in the recruitment of Rho family GTPases (Tollis et al., 2010). Subsequent signaling leads to the actin-dependent formation of the phagocytic cup and the extension of pseudopodia around the ligand, culminating in internalization. The target is taken into a vacuole—the phagosome—which undergoes extensive remodeling, a process known as maturation, that renders it hostile to microbes and well suited for the degradation of the internalized particle (Kinchen and Ravichandran, 2008). This general pattern applies to virtually all targets, although substantive differences exist depending on the phagocyte and target engaged.

The wide variety of phagocytic targets that require internalization and elimination mirrors the diverse functions of phagocytosis. This review describes several examples of the process as it applies to tissue homeostasis and remodeling, and also in the context of innate immunity, in an attempt to convey the multiplicity of phagocytic functions and the versatile nature of the phagocytes themselves. In each case, we endeavored to describe the physiological outcomes of phagocytosis and explore at the molecular level the cascade of events initiated by receptor-ligand interactions.

RESOLUTION OF INFLAMMATION

Cells of the innate immune system play a central role in acute inflammation. In particular, neutrophils, and macrophages are critical in the response to perturbations of tissue homeostasis. Neutrophils are typically the first to arrive at sites of injury and they are responsible for the removal of the pathogens or pro-inflammatory stimuli (Butterfield et al., 2006; Koh and DiPietro, 2011; Kolaczkowska and Kubes, 2013) (their phagocytic role in acute inflammation is discussed below). Monocyte-derived macrophages and tissue resident macrophages also participate in the onset of the inflammatory event, but, in addition, they are crucial to the development of subsequent events, specifically, the resolution of inflammation.

Non-phlogistic elimination of activated immune cells at the site of injury is essential to the resolution of inflammation. The removal of spent neutrophils is a prominent feature of this process, as dying cells can release histotoxic molecules that would prolong inflammation. Indeed, impaired removal of neutrophils has been associated with various chronic inflammatory diseases, such as HIV and lupus (Torre et al., 2002; Potter et al., 2003). Early studies of the resolution of inflammation speculated that macrophages mediate the elimination of neutrophils from the inflammatory site. Macrophages were shown to have engulfed neutrophils at inflammatory lesions in vivo; moreover, activated neutrophils have not been observed to leave the damaged area (Savill et al., 1989; Haslett, 1992; Cox et al., 1995).

Subsequent studies that investigated the mechanism of uptake found that elimination is triggered by neutrophil apoptosis. Isolated neutrophils from human peripheral blood were shown to undergo apoptosis within 24 h of plating in vitro and the fraction of apoptotic neutrophils positively correlated with their recognition and ingestion by macrophages (Savill et al., 1989). This occurrence was validated in vivo by numerous histological studies and by analyses of broncho-alveolar lavages (Haslett et al., 1994; Cox et al., 1995; Ishii et al., 1998). Although apoptotic cells are primarily recognized via PS receptors, the engulfment of dying neutrophils was discovered to be largely dependent on the integrin receptor for vitronectin (Savill et al., 1990; Fadok et al., 1998). PS-mediated engulfment becomes significant only upon the down-regulation of the vitronectin receptor, which can be accomplished by prolonged stimulation with β-1,3 glucan (Fadok et al., 1998). As depicted in Figure 1, the target ligand of the vitronectin receptor was found to be thrombospondin, that acts as a molecular bridge to the apoptotic neutrophil by engaging PS on the apoptotic cell surface (Savill et al., 1992; Gayen Betal and Setty, 2008). In addition, CD36 was also found to bind thrombospondin to tether the macrophage against the neutrophil cell surface, facilitating phagocytosis (Savill et al., 1992; Fadok et al., 1998). The LRP1 receptor, which binds to calreticulin on apoptotic cells, has also been shown to contribute to the phagocytosis of apoptotic neutrophils (Gabillet et al., 2012). Clearly, removal of apoptotic cells is a complex, multifactorial phenomenon; several receptors and mechanisms are likely to serve concomitant roles. The origin and polarization state of the macrophages may introduce additional complexity (Visser et al., 1995).
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FIGURE 1. Phagocytosis of apoptotic neutrophils by a macrophage during the resolution of inflammation. The engulfment can be mediated by PS and/or the opsonization of the apoptotic neutrophils by thrombospondin. The thrombospondin-coated apoptotic cells are tethered to the macrophage by CD36, and the vitronectin receptor signals the initiation of phagocytosis. PS is recognized by the PS-receptor on the macrophage.



RED CELL BIOGENESIS AND ELIMINATION

The biogenesis and elimination of erythrocytes is closely tied to phagocytosis. Because of their relatively short lifespan (≈120 days), erythrocytes must be constantly produced (at a rate of ≈2 million cells per second in humans). Maintenance of homeostasis requires ongoing clearance of effete cells, a process undertaken by macrophages. As a result, modulation of the erythrocyte life cycle is one of the most prominent functions of phagocytosis (Brown and Neher, 2012; Dzierzak and Philipsen, 2013).

Erythropoiesis within the adult mammal involves the step-wise differentiation of pluripotent hematopoietic stem cells within the bone marrow to megakaryocyte-erythroid progenitor cells (Psaila et al., 2016). These progenitor cells then direct their differentiation to produce either platelets or mature red blood cells (RBCs) (de Back et al., 2014; Psaila et al., 2016). An important step in the erythropoietic pathway is the expulsion of the nucleus from the committed erythroblast, to produce reticulocytes and mature RBCs (de Back et al., 2014; Psaila et al., 2016). The first conclusive evidence of enucleation via physical expulsion of the nucleus was provided by electron micrographs of hematopoiesis in fetal guinea pig livers (Campbell, 1968). Such images showed processes extending from macrophages that surrounded the nuclei being extruded, which explains the absence of free extracellular nuclei at sites of hematopoiesis (Skutelsky and Danon, 1969). Engulfment of expelled nuclei by macrophages was also recorded at other hematopoietic sites, such as the spleen and bone marrow (Manwani and Bieker, 2008). Consistent with these findings, it was known that erythroblastic islands, consisting of a central macrophage surrounded by developing erythroblasts, exist in the bone marrow (Mohandas and Prenant, 1978). These central macrophages within the islands are responsible for the engulfment of ejected nuclei (Sasaki et al., 1993a,b). The ingested nuclei must then be digested by the phago-lysosome, a process that seemingly involves DNase II. The importance of this pathway is highlighted by the abnormal erythropoiesis reported in mice lacking this nuclease; such mice are severely anemic and die at the embryonic stage, perhaps owing to the inability of macrophages to digest the engulfed nuclei without DNase II (Kawane et al., 2001).

The mechanism of phagocytic engulfment of the expelled nuclei is not fully understood. It has been suggested that phospholipid asymmetry is lost and surface charge is altered in the membrane enclosing the extruding nucleus (Skutelsky and Danon, 1969; McEvoy et al., 1986). Indeed, it has been shown that PS is exposed on the surface of expelled nuclei, and masking of PS significantly reduces the efficiency of nuclear engulfment (Yoshida et al., 2005). However, the addition of phospho-L-serine does not inhibit nuclei phagocytosis; thus the primary ligand responsible for the initiation of nuclei engulfment remains uncertain (Qiu et al., 1995). Not surprisingly, the receptors involved in the engulfment of the extruded nuclei have not been conclusively identified.

Upon enucleation and differentiation into mature RBCs, the erythrocytes are released into the blood stream. Erythrocytes age in the blood stream as they become progressively damaged in the course of performing their essential functions (de Back et al., 2014). Microvesiculation has been recognized as a major mechanism of erythrocyte senescence; it results in irreversible membrane loss, with decrease in membrane flexibility that is required for movement through narrow capillary beds (Antonelou et al., 2010). These senescent RBCs are eliminated in the liver, spleen, bone marrow, blood, and lung via phagocytic engulfment by both resident and monocyte-derived macrophages (Theurl et al., 2016). Phagocytic removal is absolutely crucial for such clearance, as an increased level of damaged (membrane-compromised) RBCs could increase the level of circulating iron to toxic levels (Hentze et al., 2010).

The mechanism whereby senescent erythrocytes are engulfed involves the down-regulation of CD47, an anti-phagocytic “don't-eat-me” signal, on the erythrocyte surface (Khandelwal et al., 2007; Olsson and Oldenborg, 2008), and the upregulation of phagocytic “eat-me” signals. The latter promotes complement-mediated and PS-mediated engulfment. At the core of the complement-mediated engulfment mechanism is the transmembrane protein, band 3. Band 3 and its naturally occurring antibody typically have a low binding affinity for each other; this safeguard prevents opsonisation of young and healthy erythrocytes (Arese et al., 2005). However, with the accumulation of oxidative damage, band 3 forms clusters that act as high-affinity binding sites for the IgG anti-band 3 antibody (Kannan et al., 1991). Despite the increased binding affinity, physiological levels of the antibody are too low to stimulate FcγR-mediated phagocytosis. Instead, phagocytosis is dependent on the activation of the classical complement system by the antibody, that triggers the C3b and iC3b opsonisation of the senescent RBC (Lutz et al., 1987, 1990). Indeed, the complement receptors CR1 and CR3 have been implicated in the uptake of senescent and diseased RBCs (Gattegno et al., 1989; Lin et al., 2015). In addition to band 3 clustering, senescent RBCs display PS on their cell membrane (Connor et al., 1994; Boas et al., 1998; Lee et al., 2011). Although the particular phagocytic receptor(s) involved have not been identified, scavenger receptors have been postulated as responsible for the PS-mediated uptake of aged RBCs (Sambrano et al., 1994; Terpstra and van Berkel, 2000).

SYNAPTIC REMODELING

Synaptic connections between neurons establish the neural networks of the central nervous system (CNS). These intercellular connections must be carefully regulated to ensure normal development of the CNS. Synaptogenesis in the human CNS begins late in fetal life and continues until the second postnatal year (Huttenlocher and Dabholkar, 1997). Afterwards, synaptic density is decreased well into adulthood, before stabilizing (Petanjek et al., 2011). This period of activity-dependent synaptic pruning is crucial to the proper development and functionality of the CNS, as superfluous connections are removed to improve the coherence of neuronal communication. The importance of developmental synaptic pruning is emphasized by the observation of alterations in diseased states. For instance, increased synaptic densities are observed in individuals with autism spectrum disorders (Tang et al., 2014). Synaptic pruning results from a combination of several degenerative processes that include membrane fragmentation, proteasome-dependent protein turnover, and cytoskeletal degeneration (Low and Cheng, 2006). The degenerating synaptic boutons must be eliminated and glial cells are key players in this process, as shown originally in Drosophila melanogaster (Awasaki and Ito, 2004; Watts et al., 2004).

Microglia are the phagocytic glial cells of the mammalian CNS (Doherty et al., 2009). In the healthy brain, microglia act as dynamic sentinels, constantly sending out processes to surveil their surroundings for threats to homeostasis (Kettenmann et al., 2011). Importantly, they also function as housekeepers that support adult neurogenesis by remodeling synapses in response to disuse or ischemic injuries (Wake et al., 2009; London et al., 2013). Their phagocytic role in developmental synaptic pruning is now well established. It was unveiled in fractalkine receptor-knockout mice that displayed transient reductions in microglial populations. This decrease in phagocytes was accompanied by a temporary increase in synaptic density (Paolicelli et al., 2011). Subsequently, engulfment of synaptic fragments by microglia was directly observed in the brain of developing mice (Paolicelli et al., 2011; Schafer et al., 2012). The phagocytic activity of microglia was determined to be developmentally regulated and activity-dependent, extending the relationship between microglial phagocytosis and developmental synaptic pruning (Schafer et al., 2012).

The molecular mechanism of phagocytic synaptic pruning has been investigated in some detail in the developing mouse (Stevens et al., 2007; Schafer et al., 2012). The complement cascade protein, C1q, was shown to be localized in regions where synaptic remodeling was underway, suggesting that the classical complement cascade is involved (Stevens et al., 2007). Indeed, C1q, C3, and CR3 were found to be necessary for proper synaptic pruning by the microglia, since knockout mice lacking these complement cascade components displayed insufficient synaptic pruning (Stevens et al., 2007; Schafer et al., 2012). Furthermore, microglia are known to express CR1 and C1q; thus it can be speculated that C3 fragments are produced in the synaptic pruning microenvironment following the formation of the C1q complex, as shown in Figure 2 (Korotzer et al., 1995; Crehan et al., 2013). The other components of the C1 complex and the complement cascade are not shown in the figure because their involvement in synaptic pruning has not been directly established. C3b then opsonizes “weak” synapses or synapses with reduced activity and phagocytosis ensues via the CR3 receptor or some C3b product-binding receptor that is expressed by microglia. Although further studies investigating the molecular mechanisms of synaptic pruning are necessary, it is evident that phagocytosis plays a key role. This provides another reminder that phagocytosis has roles not only in innate immunity and in homeostasis, but also in development.
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FIGURE 2. Phagocytosis of synaptic components by microglia. The classical complement cascade is initiated by the accumulation of C1q, produced by the microglia, at degenerating synapses. The C1q molecules bind CR1 on the microglial surface to form the C1 complex resulting in the eventual cleavage of C3. The fragments of C3 then opsonize the synaptic surface for subsequent phagocytosis via CR3. What targets C3 fragments to the synaptic membrane is unknown, thus it is depicted here as an unidentified molecule that may be a protein or a phospholipid. Other components of the C1 complex and complement cascade are not shown because they have not been studied in the context of synaptic pruning.



ADULT NEUROGENESIS

Neurogenesis, the development of neurons, was once thought to be a process exclusive to the embryonic, fetal, and postnatal stages of life; however, it is now apparent that new neurons continue to be generated in certain regions of the adult mammalian brain for the maintenance of homeostasis (Braun and Jessberger, 2014). Unexpectedly, phagocytosis was found to be required for adequate regulation of neurogenesis: clearance of apoptotic neuroprogenitors at adult neurogenic sites seems to be essential (Lu et al., 2011; Luo et al., 2016). Annexin V-mediated inhibition of apoptotic cell phagocytosis in the brain of adult mice resulted in the obstruction of neuronal differentiation (Lu et al., 2011). It remains unclear whether phagocytosis of the apoptotic corpses was carried out by neuronal precursor cells (Lu et al., 2011), or by microglia present at neurogenic sites (Sierra et al., 2010; Luo et al., 2016). Regardless of the identity of the phagocytic cell responsible, the mechanism involved is likely PS-dependent. Mice lacking ELMO-1, an intracellular adaptor protein required for the transduction of signals from certain PS receptors, had a neurogenic phenotype that mimicked that observed following annexin V treatment (Lu et al., 2011). Still, the exact receptors and ligands mediating phagocytosis in adult (homeostatic) neurogenesis remain elusive and further investigations must be conducted.

SERTOLI CELLS AND SPERMATOGENESIS

Male germ cell production, spermatogenesis, is a carefully regulated process involving the differentiation of stem cells, the spermatogonia, to spermatozoa (Shaha et al., 2010). Spermatogenesis is characterized by a balance between cell differentiation and proliferation on one hand, and apoptosis on the other (Russell et al., 2002). It has been estimated that about 75% of developing spermatogonia undergo apoptosis (Huckins, 1978). Such regulated cell death is critical: inhibition of spermatogonia apoptosis results in increased cell death and testicular atrophy (Russell et al., 2002).

The extensive occurrence of cell death is accompanied by rapid phagocytic removal of the apoptotic cells by the Sertoli cells, somatic cells that support the maturation of spermatogonia and maintain homeostasis of the testicular environment (Griswold, 1998; Nakanishi and Shiratsuchi, 2004). The phagocytic activity of Sertoli cells, observed both in vitro in primary testicular cultures, and in vivo, was determined to be dependent on PS exposure on the surface of apoptotic spermatogenic cells (Shiratsuchi et al., 1997; Kawasaki et al., 2002; Nakagawa et al., 2005). Scavenger receptor B1 was shown to significantly contribute to the engulfment of these developing cells, as inhibitors of this receptor substantially inhibit the clearance of apoptotic spermatogenic cells in vivo (Kawasaki et al., 2002; Nakagawa et al., 2005). It is interesting to note that Sertoli cells are non-professional phagocytes, as they are epithelial in nature, with different embryological origins from macrophages (Barrionuevo et al., 2011). The central role of Sertoli cells in spermatogenesis substantiates and emphasizes the requirement for non-professional phagocytes in homeostasis and development.

PHAGOCYTOSIS OF MICROBES

As mentioned in the Introduction, phagocytic cells can be divided into professional and non-professional phagocytes (Rabinovitch, 1995). In this section, we will review how the process whereby microbes are engulfed varies among the different types of phagocytic cells.

Neutrophils are the most efficient phagocytes: a single neutrophil can engulf up to 50 bacteria. Furthermore, phagocytosis by neutrophils is very fast, often requiring only a few seconds (Segal et al., 1980). Neutrophils are not only fast and efficient, but also relatively abundant, constituting 50–60% of all leukocytes in human blood. They are also the first cells to be recruited from the blood stream to an infected site (Mayer-Scholl et al., 2004). As neutrophils are circulating cells, they first need to leave the bloodstream and trans-migrate across the endothelium by a process termed diapedesis in order to reach the site of infection. Chemoattractants, secreted by the microorganisms or by the host cells at the site of infection guide the extravasation of neutrophils. Once neutrophils arrive at sites of infection, phagocytosis of the pathogen ensues.

Neutrophils express receptors that recognize phagocytic determinants that are intrinsic to the pathogens (i.e., PAMPs). These are typified by the C-type lectins Dectin-1–which binds β-glucan–and Dectin-2–which can bind a wide range of ligands on the surface of fungi, mycobacteria and even cancer cells (Kerscher et al., 2013; Kimura et al., 2016). While recognition of PAMPs can trigger phagocytosis, microbial engulfment is optimal when the targets are opsonized, i.e., coated with serum components that are recognized by effective phagocytic receptors. The most abundant opsonins in serum are immunoglobulins and certain components of the complement cascade; these are recognized by Fc receptors (FcRs) and by complement receptors (CRs), respectively (Figure 3). Circulating (quiescent) neutrophils express FcγRII (CD32) and FcγRIII (CD16), but only low levels of FcγRI (CD64) (Hoffmann, 2009), which is instead found on monocytes and macrophages; neutrophils also express FcαR, the IgA receptor. In addition, they express the complement receptors CR1(CD35) and CR3 (CD11b/CD18 or MAC-1) that bind the opsonic molecule C3b (and iC3b).
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FIGURE 3. Phagocytosis of bacteria by neutrophils. The phagocytosis of bacteria is often mediated by opsonisation of their surface with IgG and C3b molecules, which are recognized by Fcγ receptors (FcγRs) and complement receptors (CRs), respectively.



Interestingly, the opsonic pathways can function synergistically: IgG molecules bound to the pathogen can trigger the complement cascade via the classical pathway, resulting in secondary opsonization of the target with C3b and thereby accelerating the phagocytic process (van Kessel et al., 2014). In contrast, IgA does not activate the complement system.

There are other receptors expressed by neutrophils that are not phagocytic per se, but facilitate and enhance phagocytosis, a process known as priming. Priming occurs when the phagocytes are exposed to agents, such as lipopolysaccharide (LPS), TNF-α, or GM-CSF (Aida and Pabst, 1990; Khwaja et al., 1992) prior to or at the time when they encounter their targets. LPS and several other microbial components capable of priming are recognized by Toll-like receptors (TLRs). Of note, neutrophils express most of the known TLR's, including TLR2 that binds lipoteichoic acid of gram-positive bacteria, and TLR4 that binds LPS of gram-negative bacteria (Prince et al., 2011). Priming can enhance expression of phagocytic receptors, such as FcγRI. Indeed, increased surface expression of FcγRI is often used as a marker for bacterial infection (Hoffmann, 2009).

Phagocytosis by neutrophils culminates with the elimination of the ingested microorganisms. The cytoplasmic granules that are characteristic of neutrophils (a type of granulocyte) are instrumental in the microbicidal response. Neutrophils contain both cytoplasmic granules and smaller secretory vesicles that fuse with nascent and maturing phagosomes. The granules are roughly divided into three types: primary (or azurophilic) granules, secondary (or specific) granules, and tertiary (or gelatinase) granules. The granule types are not completely distinct from one another, and there are intermediate species. The azurophilic granules contain a variety of antimicrobial substances, such as assorted lytic enzymes, antimicrobial peptides that include the defensins, and myeloperoxidase, an enzyme that catalyzes the production of hypochlorous acid. The secondary granules contain phagocytic receptors (e.g., FcγRs and CRs) and also the NADPH oxidase complex that produces reactive oxygen species (ROS). The tertiary granules contain receptors and enzymes that degrade extracellular matrix to facilitate the extravasation and migration of the neutrophils to the site of inflammation (Faurschou and Borregaard, 2003; Kolaczkowska and Kubes, 2013).

The second wave of leukocytes to reach the infected site consists of monocytes, which differentiate into macrophages and DCs. There are three subpopulations of monocytes: classical, non-classical and intermediate. The classical monocytes constitute 80–90% of the total blood monocytes; they are virtually all circulating cells. The other 10–20% is comprised of the non-classical or patrolling monocytes, and the intermediate monocytes. The fraction of non-classical cells is probably an underestimate, since the patrolling monocytes are adhered to the endothelium and hence difficult to quantify accurately. The monocyte sub-populations are identified by their relative abundance of two markers: CD14 (an LPS co-receptor) and CD16 (FcγRIII). The classical monocytes have high levels of CD14 and virtually no expression of CD16 (CD14++, CD16−); non-classical monocytes express lower levels of CD14 and high levels of CD16 (CD14+, CD16++), and the intermediate monocytes express high levels of CD14 and low levels of CD16 (CD14++, CD16+). Despite the fact that patrolling monocytes adhere to the vascular endothelium and are hence closer to the tissues where infections generally occur, the classical monocytes are the first to arrive at the infected site. There is no information regarding the ability of the different subpopulations of monocytes to perform phagocytosis in vivo, but the limited data obtained in vitro suggest that both classical and intermediate monocytes can phagocytose actively, whereas non-classical monocyte are less effective (Mukherjee et al., 2015; Zhou et al., 2015).

Monocyte-derived macrophages express a vast array of phagocytic receptors (as reviewed by Freeman and Grinstein, 2014), such as FcγRs and CRs for opsonized targets, scavenger receptors and C-type lectins, (e.g., mannose receptor and dectins) for fungi. As described for monocytes, not all macrophages are alike; they differ according to the nature of their precursors and of the signals the monocyte/macrophage encounters en route and at the site of infection. Most simply, the macrophage can acquire an anti-inflammatory phenotype (termed M2) or a pro-inflammatory phenotype (termed M1). These different phenotypes are associated with distinct arrays of phagocytic receptors; for example, the anti-inflammatory macrophages express more efferocytic receptors than the inflammatory macrophages and can thereby clean and resolve the aftermath of a neutrophil attack. Conversely, inflammatory macrophages express more FcγRs and can therefore ingest IgG-opsonized targets more effectively (Levin et al., 2016). The properties of the phagosomes also differ in the two main types of macrophages: while the phagosomes of anti-inflammatory macrophages acidify quickly (Canton et al., 2014), those of pro-inflammatory macrophages remain neutral and can even become alkaline, resembling the behavior of phagosomes in neutrophils. In the two latter instances, failure to acidify the phagosome is attributed to the massive generation of superoxides that in turn consume protons during the dismutation reaction.

An interplay between monocytes and neutrophils has been observed during fungal infection. The C-type lectin Mincle has reciprocal expression in circulating monocytes and neutrophils: when Mincle is expressed in neutrophils, it is absent in monocytes and vice versa, and this expression pattern has been suggested to have physiological implications (Vijayan et al., 2012). Neutrophils that express Mincle are able to ingest and kill Candida albicans, whereas monocytes displaying Mincle do not effectively ingest or kill the fungi, but instead elicit an inflammatory response.

As mentioned earlier, neutrophils, monocytes and monocyte-derived macrophages are attracted to sites of infection, moving up a gradient of attractant signals. However, the true first responders are the phagocytes that reside in the tissues that become infected, i.e., the tissue macrophages. Tissue macrophages are tuned to the environment in which they reside through exposure to tissue-specific factors that affect their morphology and function. It was originally believed that tissue macrophages differentiated from hematopoietic stem cell-derived monocytes. Recently, however, Gomez et al. (Gomez Perdiguero et al., 2015) showed that embryo yolk sac macrophages are a sufficient source for the generation of macrophages in the liver, skin and the central nervous system. Another study showed that fetal monocytes are the precursors of alveolar macrophages (AM), which colonize the airways a few days after birth (Guilliams et al., 2013). Furthermore, it is now apparent that AMs are capable of self-renewal without requiring involvement of monocyte-derived macrophages, even after depletion of alveolar macrophage due to influenza infection (Hashimoto et al., 2013). Fetal monocytes require GM-CSF—which is secreted by the alveolar epithelium—to differentiate into AMs. Accordingly, AMs in GM-CSF-deficient mice are not fully differentiated and are functionally limited; as predicted, addition of exogenous GM-CSF restored their development (Guilliams et al., 2013). Alveolar macrophages seem to have a phenotype that is intermediate between the canonical M1 and M2 polarization states. This is reflected by their unique pattern of expression of markers: transcriptomic analysis showed that they express CD69, TLR2 and 4, CXC-chemokine ligand (CXCL) 9,10 and 11, and CC-chemokine ligand 5 (CCL5), characteristic of M1 cells, but also CD206, MARCO, matrix metalloproteinase (MMP) 2, 7 and 9, the tyrosine protein kinase MER, growth arrest-specific protein 7, CD163, stabilin 1, arginase and the adenosine A3 receptor, that are typical of M2 cells (Shaykhiev et al., 2009). There are additional receptors found on AMs, such as CD11c (Guth et al., 2009; Zaynagetdinov et al., 2013), which is found also in macrophages of the gut mucosa, the lectin Siglec-F that binds sialic acid and is found predominantly on eosinophils (Feng and Mao, 2012; Misharin et al., 2013) Even though (or perhaps because?) they are continuously exposed to inhaled microorganisms and other particulates, AMs show lower phagocytic ability when compared to lung interstitial macrophages (Hussell and Bell, 2014). An in vivo study showed that in mice infected with Streptococcus pneumoniae neutrophils were recruited to the lungs where they engulfed the bacteria, while the main role of AMs was to resolve the inflammation by clearing the apoptotic neutrophils (Knapp et al., 2003). These findings suggest that the hybrid M1/M2 phenotype of AMs is required to, on one hand, effect an inflammatory response to recruit neutrophils, while serving to resolve the inflammation by engulfing apoptotic neutrophils on the other.

PHAGOCYTOSIS OF TUMOR CELLS

The response of phagocytes to malignant cells can be ambivalent: M1 macrophages are associated with tumor suppression (Yuan et al., 2015), while neutrophils, classical monocytes and tumor associated-macrophages (TAMs), which are largely polarized toward the M2 phenotype, promote tumorigenesis and aid in immune system evasion (Chanmee et al., 2014; Figure 4).
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FIGURE 4. Tumor-associated macrophages. The interaction between a macrophage (blue) and a tumor cell (green) is illustrated. The inset shows the membrane proteins involved in tumor cell evasion and promotion. CD47 is a “don't eat me” signal expressed on the tumor cell, which is recognized by SIRPα on the macrophage. Tumor cells secrete M-CSF, which is recognized by the M-CSF receptor on the surface of macrophages, leading to the secretion of EGF by the latter; a positive feedback loop between the two cells is thus generated. Metastatic cells express VCAM that interacts with the integrin VLA-4, which activates cell survival pathways in the metastatic cell.



Recruitment of TAMs to tumors can be mediated by M-CSF, one of the factors that drives the polarization of M2 macrophages. M-CSF is produced and secreted by the tumor cells, which can also secrete other M2-promoting factors, such as IL-10 and CCL-2. The TAMs in turn, secrete epidermal growth factor (EGF) that promotes angiogenesis and induces secretion of more M-CSF by the tumor cells, thus generating a positive feedback loop (Goswami et al., 2005; Hernandez et al., 2009; Figure 4). In metastatic cells, vascular cell adhesion molecule-1 (VCAM-1) is over-expressed and interacts with macrophage integrin α4β1, also known as very late antigen-4 (VLA-4) (Figure 4). This interaction activates the PI3K/Akt pathway in the metastatic cell, promoting its survival in a leukocyte-rich environment (Chen et al., 2011).

In sharp contrast to the tumor- and metastasis-promoting effects of TAMs and other phagocytes, M1 macrophages and, curiously, also patrolling monocytes, have anti-tumor effects (Hanna et al., 2015). Hanna et al. showed that patrolling monocytes in the lung reduce tumor metastasis and recruit natural killer cells. The tumoricidal activity of these phagocytes reflects the balance between “eat me” and “don't eat me” signals. Tumor cells express the “eat me” signal calreticulin on their plasma membrane. Calreticulin is an endoplasmic reticulum chaperone protein that participates in the folding and quality control of N-glycosylated proteins. When it escapes the reticulum and translocates to the plasma membrane, calreticulin serves as a phagocytic ligand, i.e., an “eat me” signal. The message of such ligands can be suppressed by “don't eat me” signals, such as those provided by CD47, a ligand for SIRPα, an ITIM-bearing receptor that inhibits phagocytosis. Chao et al. (2010) showed that blocking CD47 on tumor cells while activating calreticulin translocation leads to phagocytosis of the tumor cells. In apoptotic cells calreticulin translocation to the membrane serves as an “eat me” ligand that is recognized by CD91 (LRP-1) on the macrophage, which triggers efferocytosis (Gardai et al., 2005). Clearly, further studies are needed to understand the interaction between macrophages and cancer cells.

ANTIGEN PRESENTATION

In addition to their role in innate immunity by elimination of pathogens, cell debris and apoptotic cells, phagocytes also participate in the adaptive-immune response by presenting antigens to lymphocytes. Phagocytosis is an important event in antigen presentation. DCs are professional antigen-presenting cells (APCs), whereas neutrophils, macrophages and even epithelial cells can present antigens, but with considerably less efficiency. DCs are derived from hematopoietic stem cells of the bone marrow, and are divided into three subpopulations: conventional DCs (cDCs), plasmacytoid DCs (pDCs) and monocyte-derived DCs (moDCs). The differentiation of monocytes into moDCs occurs at sites of infection (Schraml and Reis e Sousa, 2015). The unique ability of DCs to present antigens is due, at least in part, to the manner whereby their phagosomes mature. Like other professional phagocytes, DCs engulf pathogens but instead of completely destroying them—as macrophages and neutrophils tend to do—DC phagosomes perform controlled proteolysis, which favors the generation of peptides suitable for binding by major histocompatibility complex molecules (MHC), that ultimately present the antigens to lymphoid cells at the plasma membrane (Savina and Amigorena, 2007). Antigens that are engulfed and degraded in the phagosome are loaded to class II MHC molecules (Cresswell, 1994; Figure 5). In some instances, such antigens can reach the cytosol and are then translocated into the endoplasmic reticulum, where they associate with MHC class I molecules for eventual delivery to the cell surface, a process termed cross-presentation (Joffre et al., 2012).


[image: image]

FIGURE 5. Classical antigen presentation by a dendritic cell. Dendritic cells engulf a target, such as bacteria, forming a phagosome. Controlled bacterial degradation in the phagosome generates peptides that are used for antigen presentation on MHC class II molecules. The MHC class II molecule is synthesized and processed by the ER and Golgi complex, being delivered to an exocytosis-competent vesicle where it encounters and is loaded with antigenic peptides to form the peptide-MHC class II complex.



Prior to their activation, DCs are termed immature and express a large variety of phagocytic receptors, such as FcRs and scavenger receptors, as well as TLRs (Guermonprez et al., 2002). The phagocytic receptors expressed by the three sub-populations of DCs are not identical. For example, the moDCs express both activating and inhibitory FcRs, whereas the cDCs and moDCs express a higher proportion of inhibitory FcRs (Guilliams et al., 2014). Phagosome formation and maturation in DCs is controlled and tailored for antigen presentation. While neutrophils and macrophages are mainly concerned with eliminating the pathogen, DCs exert mild proteolysis to generate appropriately sized peptides that can be used for presentation. Indeed, Nagl et al. (2002), showed that macrophages ingest and kill E. coli and S. aureus more efficiently than DCs. Accordingly, bone marrow-derived DCs have lower levels of proteases than macrophages (Delamarre et al., 2005; Savina et al., 2006). In addition, the phagosomes of immature DCs do not acidify. This has been attributed to the partial assembly of the V-ATPase, the main lysosomal proton transporter, and/or to the heightened activity of the NADPH oxidase 2 (NOX2), that generates copious amounts of superoxide; dismutation of the latter to hydrogen peroxide consumes protons, elevating the luminal pH of the phagosome. The more alkaline pH leads to lower proteolytic activity, which favors generation of peptides suitable for antigen presentation (Figure 5).

Phagocytosis triggers a drastic phenotypic change in the DCs. This so-called maturation process involves substantial morphological and functional changes. The antigen uptake associated with phagocytosis—and to a lesser extent by with macropinocytosis—is followed by a virtual loss in macropinocytic activity and a marked reduction phagocytic capacity (Garrett et al., 2000); notably, receptor-mediated endocytosis persists in the mature cells (Platt et al., 2010). The molecular basis of the down-regulation of phagocytosis is poorly understood. The changes undergone by the mature DC minimize the acquisition of additional antigens, while optimizing the presentation of those acquired by the immature cell. Mature DCs migrate to the lymph node, where they present antigens and activate the adaptive immune system (Guermonprez et al., 2002).

CONCLUDING REMARKS

Since Metchnikoff discovered phagocytosis in the context of innate immunity, the functional roles of the phenomenon have multiplied. The importance of phagocytosis in tissue homeostasis and remodeling is now widely appreciated, as is its role in coupling innate and adaptive immunity via antigen presentation. These more recent discoveries have unmasked the existence of myriad receptors, signal transduction pathways and membrane trafficking routes that are only partially understood. The molecular basis of the functional versatility of phagocytes and of phagocytosis is only now beginning to be unraveled. We anticipate the discovery of additional signals associated with phagosome formation and maturation that will be conveyed to other organelles and may direct transcription of genes that will in turn inform surrounding cells and tissues of the metabolic status of the phagocytes. These speculative ideas are amenable to experimental testing, which we hope will be the subject of future investigation.
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