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Abstract

:

Autophagy plays an important role in maintaining cell homeostasis by providing nutrients during periods of starvation and removing damaged organelles from the cytoplasm. A marker in the autophagic process is the reversible conjugation of LC3, a membrane scaffolding protein, to double membrane autophagosomes. Recently, a role for LC3 in the elimination of pathogenic bacteria and fungi, including Candida albicans (C. albicans), was demonstrated, but these organisms reside in single membrane phagosomes. This process is distinct from autophagy and is termed LC3-associated phagocytosis (LAP). This review will detail the hallmarks of LAP that distinguish it from classical autophagy and review the role of autophagy proteins in host response to C. albicans and other pathogenic fungi.
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1. Introduction


Invasive candidiasis, an infection caused by the ascomycete fungus Candida albicans (C. albicans), is a leading cause of death among immunocompromised patients over the last 20 years [1]. Candidemia has a crude mortality rate exceeding 50% [2] and is the fourth most common bloodstream infection in hospitalized settings in the US and Europe [1]. In order to protect the host from fungal pathogens like C. albicans, the immune system relies on innate immune phagocytes including antigen presenting cells (APCs) as the first line of defense to seek, recognize, and destroy foreign pathogens. Phagocytes and APCs such as macrophages, neutrophils, and dendritic cells (DCs) engulf and neutralize pathogens through a process called phagocytosis. Engulfed pathogens are processed and degraded in organelles termed phagosomes that form around the internalized material. Phagocytes use pattern recognition receptors (PRRs), such as Toll-like receptors (TLRs) and C-type lectin receptors (CLRs), like Dectin-1, to recognize fungi. TLR and CLR signaling triggers the phagocytic machinery and production of inflammatory cytokines and intercellular signaling molecules, which direct an immune response to the site of infection [3,4]. Each type of PRR recognizes conserved molecular motifs called pathogen associated molecular patterns (PAMPs) that distinguish the pathogen from the host.



Recently, autophagy has been linked to host defense against bacterial and fungal organisms [5]. Autophagy is a physiological cellular process whereby intracellular components undergo lysosomal degradation and recycling. Historically, autophagy has been recognized as playing an important role in maintaining cell homeostasis and cell metabolism; it provides nutrients during periods of starvation and removes aged or damaged organelles from the cytoplasm. However, an increasing number of reports demonstrate that autophagic proteins have a significant role in defense against fungal pathogens including C. albicans [6,7,8,9,10], Aspergillus fumigatus (A. fumigatus) [11,12,13,14], and Cryptococcus neoformans (C. neoformans) [15]. Autophagy proteins, such as microtubule-associated proteins 1A/1B light chains 3A/LC3A and 3B/LC3B (MAP1LC3A/B or LC3), are recruited to the pathogen-containing phagosome following phagocytosis [16,17]. In phagocytosis and autophagy, the recruitment of specific proteins to the (auto)phagosomal membrane is a critical event that leads to degradation of its contents. The recruitment of autophagy proteins to the phagosomal membrane represents a distinct process in host defense and is an active area of research. This review will focus on the mechanisms of fungal recognition and phagocytosis, and explore how autophagy proteins are recruited to the phagosomal membrane and affect immunity towards C. albicans and other pathogenic fungi.




2. Fungal Recognition by Dectin-1


Clearance of fungal pathogens like C. albicans begins with recognition of the organism by PRRs such as Dectin-1, a type II membrane protein and CLR highly expressed on phagocytes [18]. Dectin-1 recognizes the carbohydrate epitope β-1,3-glucan [19], which constitutes the major cell wall component of pathogenic fungi including C. albicans [20]. Dectin-1 is required for proper modulation of immune responses. Patients with mutations in Dectin-1 are at higher risk for invasive fungal infections [21,22], and autoimmune colitis driven by C. albicans [23]. The cytoplasmic tail of Dectin-1 contains an immunoreceptor tyrosine-based activation (ITAM)-like motif [24], similar to T cell receptors, B cell receptors, and Fc receptors. While a typical ITAM contains two tyrosines that are used for signaling, the motif in Dectin-1 has a single tyrosine residue and is thus referred as a “hemITAM” [25,26]. Upon pathogen recognition by the extracellular domain of Dectin-1, the tyrosine residue within the cytoplasmic hemITAM is phosphorylated [25,27] by Src family kinases, which then recruit and activate spleen tyrosine kinase (Syk) [28]. These kinases trigger recruitment and activation of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase [29], which leads to release of antimicrobial reactive oxygen species (ROS) into the phagosome. Further Dectin-1 activation triggers inflammatory responses, including production of the cytokines, TNF-α and IL-12 [30], through activation of nuclear factor of activated T cells (NFAT) and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) as well as phagosome maturation, a process of acidification and lysosomal fusion [31]. Several transmembrane TLRs including TLR1, TLR2, TLR4, and TLR6 coordinate with Dectin-1 for fungal recognition [32]. Interestingly, TLR9, which is located on intracellular membranes, has also been implicated in antifungal defense involving C. albicans [33]. Although the best-known PAMP for TLR9 is unmethylated bacterial and viral CpG-rich DNA, TLR9 has been shown to be present on phagosomes containing C. albicans [34,35]. Recognition of β-1,3-glucan by Dectin-1 triggers localization of TLR9 to phagosomes. Furthermore, TLR9-dependent changes in gene expression are specifically regulated by Dectin-1 [36].




3. Autophagy


Autophagy is an intracellular degradation system that delivers cytoplasmic materials to lysosomes (Figure 1). There are three different types of autophagy: macroautophagy, chaperone mediated autophagy, and microautophagy. In mammalian cells, macroautophagy, herein referred to as “autophagy”, is characterized by the formation of double membrane vesicles termed autophagosomes, which sequester damaged organelles, protein aggregates, or invading pathogens for degradation. Constitutive autophagy is required for cellular housekeeping such as removing damaged organelles and as a protective mechanism against cellular stress. The autophagy pathway can be initiated by various stimuli, such as starvation, and these triggers are transduced through the suppression of mammalian target of rapamycin (mTOR), which induces the formation of an isolation membrane or “phagophore” and involves multiple components including ULK1 (Unc-51-like kinase1). This process leads to the recruitment of the class III phosphatidylinositol-3-OH kinase (PI(3)K) complex, which includes VPS34, Beclin-1, and promotes the formation of the autophagosome. A complex of the Atg proteins, Atg12-Atg5-Atg16L1, is present on the outer membrane and the microtubule associated protein1 light chain 3 (MAP1 LC3 known as LC3-II) is present on both inner and outer membrane of the isolation membrane. The lipidated form of LC3, termed LC3-II, is conjugated to phosphatidylethanolamine, and is the most commonly monitored autophagy related protein.



Once cellular contents are enclosed within an autophagosome, the outer membrane of the autophagosome may fuse with endosomes and ultimately lysosomes, forming the autolysosomes that degrade the autophagolysosomal contents.



There is a growing appreciation for the complex role of autophagy proteins in immunity and inflammation. Autophagy plays a direct role in host defense by promoting the elimination of pathogens and indirectly by tight regulation of the innate and adaptive immune signaling pathways [37,38,39]. Engagement of various families of innate immune PRRs such as membrane-bound TLRs or cytosolic NOD-like receptors (NLRs) by pathogen ligands leads to the induction of autophagy. Detecting LPS from Gram-negative bacteria by TLR4 in macrophages drives TRAF-6-mediated ubiquitination of Beclin-1 [40]. Other TLR family members (TLR3, TLR5, TLR6, and TLR7) also induce autophagy through interaction of MyD88 and/or TRIF adaptor proteins with Beclin-1 [41,42]. Intracellular NLRs for bacterial peptidoglycan fragments Nod1 and Nod2 recruit the autophagy protein Atg16L1 to the plasma membrane at the bacterial entry site and promote wrapping of invading bacteria by autophagosomes [43]. In addition to PRRs, several pro-inflammatory cytokines including TNF-α, IL-1β, and both type I and type II interferons can induce autophagy and control infection [44,45,46]. On the other hand, autophagy negatively regulates activation of the inflammasome, which is formed after stimulation of NLR family receptors, and limits sequential IL-1β release through removal of damaged mitochondria and aggregated inflammasome structures. Therefore, the role of autophagy proteins in immunity and inflammation is complex and influences multiple pathways.



Autophagy and autophagy proteins are an important defense mechanism against many intracellular pathogens [47]. However, Atg-dependent defense mechanisms do not always involve autophagosome formation. Stimulation of autophagy by IFN-γ or rapamycin causes recruitment of Beclin-1 and LC3-II to Mycobacterium tuberculosis-containing phagosomes, which leads to the delivery of mycobacteria to mature double-membrane autophagolysosomes. Thus autophagy suppresses intracellular survival of mycobacteria in macrophages [48] and suppresses bacterial burden in vivo [49]. Sensing Shigella flexneri by Nod proteins also induces canonical autophagy and delivery of invading bacteria to autophagosomes [43]. IFN-γ/LPS-induced autophagy protein Atg5 is essential for in vivo resistance to Listeria monocytogenes and Toxoplasma gondii. Through the autophagosome-independent mechanism Atg5 recruits Irga6 GTPase to bacteria-containing or parasitophorous vacuole membrane and induces IFN-γ-mediated clearance of pathogens [50].



During viral infections, triggers such as cell stress (ER stress [51] and ROS [52]), viral ligands for PRRs [41,53], and cytokines [54] can induce autophagy in the cell. Canonical autophagy controls viral replication directly through removal of viral particles, proteins or replication complexes by degradation in lysosomes [55,56]. Additionally, autophagy machinery components have also been shown to play a role in the delivery of viral components to TLR-signaling or major histocompatibility complex (MHC)-loading compartments, which induce IFN type I [57,58] production and MHC class I and MHC class II antigen presentation [59,60,61].



Overall, autophagy is a dynamic process that operates at a basal level to promote general cellular homeostasis and it can also be induced in response to cellular stress. Autophagy proteins can contribute to many cellular processes outside of canonical autophagy signaling and are an active area of research. Further investigation is necessary to uncover the complex and influential role of autophagy and autophagy proteins in cell biology.




4. LC3-Associated Phagocytosis (LAP)


More recently, it has become apparent that autophagy proteins such as LC3 and Atg5 are involved in broader processes of membrane trafficking and organizational events in cells. These proteins have now been linked to internalization of microbial and self-particles in a process termed LC3 associated phagocytosis (LAP). This process involves single membrane phagosomes that directly associate with LC3, ultimately leading to the degradation of the phagosomal contents. Several features distinguish LAP from autophagy: LAP lacks the double membrane autophagosome and autophagy requires activity of a pre-initiation complex (including ULK1) but LAP does not. However, LAP requires the components of autophagy pathway such as Beclin1, Atg5 and Atg7. Class III PI3K associated protein Rubicon (RUN domain protein as Beclin-1 interacting and cysteine-rich containing) has also been shown to be important for LAP [13].



LAP occurs in response to engagement of particles that stimulate cell surface receptors such as TLRs and Fc receptors [62] (Figure 2). LAP is also apparent upon engulfment of dying cells by TIM4 [13], engulfment of living cells by mammary epithelial cells [63], and through fungal antigen recognition by Dectin-1 (Figure 2). Functionally, LAP has been implicated in accelerated phagosome maturation in the context of particles containing TLR ligands [64], for optimal degradation of dead cell cargo in macrophages [65] and degradation of photoreceptor outer segments by retinal pigment epithelial cells [66]. Therefore, LAP is a widespread mechanism for processing and degradation of cargo in phagocytic cells.




5. Role of LAP during Host Response to C. albicans


More details describing the mechanisms of fungal-initiated LAP has emerged from studies indicating roles for Syk kinase through the Dectin-1 signaling pathway (see Table 1 for summary of studies). Studies by Ma et al. showed that Dectin-1 triggered by fungal antigens in DCs led to recruitment of LC3 to C. albicans containing phagosomes. Although this pathway showed no difference in TNF-α and IL-6 production or C. albicans killing, it did facilitate MHC class II presentation of fungal antigens. This Dectin-1 triggered LC3 recruitment required Syk phosphorylation and ROS production by NADPH oxidase. In macrophages, however, our group showed a difference between LC3β−/− and wild type primary macrophages in TNF-α, IL-6, and IL-1β production and C. albicans survival [10]. In contrast to studies in DCs, recruitment of LC3 to fungal phagosomes is important for fungicidal activity and expression of pro-inflammatory cytokines in macrophages. The distinct consequences of LC3 recruitment between DCs and macrophages could be due to the differences in phagosome maturation between the two cell types. NOX2 activity in macrophages generates a respiratory burst for effective microbicidal activity, and in DCs, ROS controls the redox potential and pH. As a result, relevant antigens are not rapidly degraded and can be loaded onto class I MHC molecules seen in cross-presentation and class II MHC molecules in the endolysosomal compartment.



These studies also link ROS production by phagosomal NADPH oxidase as a key signal for LC3 recruitment downstream of Syk activation. The role of ROS generation in leading to LC3 recruitment is also supported by other studies looking at antibacterial autophagy [67]. There is precedent for ROS signaling in starvation-induced autophagy and in this context the LC3 lipidation factor Atg4 is regulated by ROS [68] thus linking ROS generation to LC3 lipidation. More recent work by Ma et al. has also identified other autophagy related proteins such as FYCO1 that is recruited via this process to the fungal phagosome [69]. These studies allow us to put together a model in which Syk activation by cell surface receptors such as Dectin-1 could lead to ROS generation and recruitment of autophagy proteins to the phagosomes. These findings are important for our understanding of how the two ancient mechanisms of autophagy and phagocytosis intersect for efficient processing and clearance of bacterial and fungal pathogens, including C. albicans, and self derived particles.



The role of autophagy proteins in in vivo C. albicans infection models has been considered controversial. Autophagy proteins have shown to play protective role in host defense as seen in an in vivo murine C. albicans infection model [6,15] while some reports have shown that autophagy proteins are not critical for human host protection in C. albicans infection [8,9]. Nicola et al. showed that knockdown of Atg5 in J774.16 macrophages decreased LC3 recruitment to C. albicans containing phagosomes, and mice conditionally lacking Atg5 in myeloid cells, which include macrophages, DCs, and neutrophils, showed increased susceptibility to C. albicans. In contrast, upon stimulation with C. neoformans, the same J774.16 macrophages showed little LC3 recruitment, and there was no increased susceptibility to C. neoformans in mice conditionally lacking Atg5. Although Smeekens et al. show no difference in susceptibility to C. albicans in mice conditionally lacking autophagy-related protein 7 (Atg7), this group used a different strain of C. albicans and a conditional knockout mouse for a different autophagy protein. Nonetheless, these findings suggest that the role of autophagy proteins in host protection against fungal pathogens depends on the fungal species and may rely on specific autophagy components.



Another report also confirms the involvement of autophagy in murine host protection against C. albicans and sheds more light on the mechanism by which macrophages are involved in this process. Kanayama et al. used C. albicans to infect mice conditionally lacking Atg7 in myeloid cells, and these mice had decreased survival and increased fungal load in the spleen and kidney compared to their wild type counterparts [6]. Interestingly, a significant difference in weight reduction was seen 1–2 days post infection, which implicated the role of Atg7 in myeloid cells in host protection in early stages of fungal infection. The authors observed that autophagy was induced by C. albicans in macrophages, and autophagy proteins enhanced production of neutrophil chemoattractants in vivo, resulting in increased neutrophil recruitment. In addition, Atg7-deficient macrophages showed decreased NF-κB activity compared to wild type. NF-κB induces gene expression that promotes chemokine production, and Kanayama et al. further show that autophagy regulates chemokine expression by sequestering the NF-κB inhibitor, A20. Indeed, Atg-7 deficient macrophages had higher levels of A20 protein expression compared to wild type macrophages. The authors also show an association of A20 to p62 using confocal microscopy and immunofluorescence. p62 is an adaptor protein that sequesters and delivers proteins to the autophagosome, and p62 deficient macrophages showed increased levels of A20, which resulted in reduced chemokine production. In total, these results suggest a model by which C. albicans induces autophagy in macrophages upon infection, whereby p62 sequesters A20 in the autophagosome, induces NF-κB, and subsequently secretes chemokines to recruit neutrophils for fungal clearance.



Although autophagy is necessary for host protection in murine C. albicans infection models, different effects may be seen in humans. Smeekens et al. observe strong recruitment of LC3-II to C. albicans-containing phagosomes in HeLa cells [9]. However, following stimulation of C. albicans to human peripheral blood mononuclear cells, they did not see any effect on phagocytosis, cytokine production (TNF-α, IL-6, and IL-1β), or ability to kill the organisms upon autophagy inhibition in these cells. Other reports [8,9] further assessed the influence of autophagy in anti-Candida host defense by examining whether polymorphisms in autophagy genes correlated to susceptibility to Candida infections. Cells with genetic variations in ATG16L1 showed a significant difference in C. albicans-induced TNF-α production [8], but no differences in the production of 6 other cytokines. Another study examined 18 SNPs (single nucleotide polymorphism) in 13 different autophagy genes, and none were significantly associated with susceptibility to disseminated candidiasis. Furthermore, none of the 18 SNPs studied correlated with circulating cytokine concentrations in patients with candidemia or clinical outcome of disease. Results from this single study suggest that autophagy may be redundant for human host response against systemic C. albicans infections, but further investigations are necessary.




6. Role of Autophagy Proteins in Aspergillus Infections


In addition to pathogenic yeast, autophagy is involved in the control of invasive mold species (Table 1). Recent data suggests that autophagy plays a central role in the control of the most common mold infection, Aspergillus fumigatus (A. fumigatus). Patients at high risk for A. fumigatus infection include individuals with acquired immune deficiencies including the use of long-term corticosteroids, as well as individuals being treated for specific myeloid malignancies, such as acute myelogenous leukemia, where chemotherapeutics have rendered patients neutropenic or the malignancy itself is a functionally neutropenic state [70,71]. Finally, we also encounter rare patients with congenital immune mutations that result in increased susceptibility to invasive mold infection such as defects in NADPH oxidase complex manifesting clinically as chronic granulomatous disease (CGD) with marked impairment in neutrophil oxidative burst [72,73].



In a recent study by Kyrmizi et al. [11], the relationship between autophagy and A. fumigatus is explored. The pathogenesis of many mold infections, unlike yeasts, is through sinuopulmonary exposure of conidia or spores. Using co-cultures of human monocytes and A. fumigatus conidia, Kyrmizi et al. demonstrate that conidia are avidly phagocytosed with LC3 recruitment shown 2 h later by microscopy. Biochemical analysis for active, lipidated LC3 (LC3-II) confirms only live A. fumigatus conidia, but not killed spores, are capable of eliciting LC3-II formation peaking at 2–4 h following phagocytosis [11]. The cell wall of Aspergillus conidia is composed of a hydrophobic protein, rodA. Following phagocytosis, conidia have been observed to “swell” changing the cell wall ultrastructure to a composition more heavily decorated with carbohydrates including galactomannan and β-glucans. The authors show that indeed only conidia pre-treated to induce swelling are capable of activating LC3-II. Moreover, blocking monocyte recognition of β-glucans with competitive inhibitors or enzymatic digestion of β-glucans resulted in lower LC3-II suggesting a link between receptor-mediated recognition of β-glucans as a critical step in the activation of the autophagy pathway.



Dectin-1 is the dominant receptor used by the innate immune system for recognition of β-1,3- glucan. Using monocytes from patients with known Dectin-1 deficiencies, Kyrmizi et al. confirm that Dectin-1 recognition of A. fumigatus conidia is required for LC3-II formation but not TLR 2 or TLR4. The authors use chemical blockade of Src and Syk kinases, both essential for Dectin-1-mediated cell signaling to investigate the potential role of Dectin-1 between Aspergillus conidia and autophagy. Following chemical blockade of Syk and Src in wild-type monocytes incubated with swollen conidia, LC3-II formation was significantly abrogated [11]. The generation of ROS in response to Candida regulates autophagy through a Dectin-1-Syk dependent mechanism [10]. CGD patients harbor one of several mutations in the NADPH oxidase complex resulting in diminished ROS production and increased susceptibility to invasive fungal infections. Using primary monocytes from CGD patients, the authors determine that CGD monocytes co-cultured with A. fumigatus conidia fail to elicit or recruit LC3-II to swollen conidia. Furthermore, the authors silence transcription of Atg5 a key autophagy component, as well as inhibit ROS production using corticosteroids, both of which result in abrogation of LC3-II recruitment. Collectively, these data support activation of autophagy within monocytes in response to A. fumigatus conidia through a Dectin-1-Syk-ROS dependent mechanism.



LAP is involved in the elimination of molds including A. fumigatus. PRRs are the phagocytic trigger for LAP similarly to traditional phagocytosis. Recent work by Martinez et al. [13] demonstrates an essential role for Rubicon in LAP of A. fumigatus. Rubicon associates with the class III PI3K complex and negatively regulates autophagosome and endosome formation [13,74]. Using CRISPR-Cas9 to delete Rubicon had no affect on phagocytosis rates compared to wild-type, although LC3 is no longer recruited to ingested particles. Rubicon−/− animals crossed to LC3-GFP mouse show an increased number of LC3 puncta suggesting that Rubicon can cross-regulate autophagy. To further define the influence of Rubicon on recruited host proteins, proteomic analysis was performed on purified LAP phagosomes, which revealed decreased Beclin-1, Atg7, UVRAG, VPS34 and LC3-II [13]. Moreover, the recruitment of Rubicon to LAP phagosomes was found to be dependent on PI(3)K complex; interruption of VPS34, a critical stability component for the PI(3)K complex shows absence of Rubicon recruitment to LAP phagosomes. Phagosome maturation of LAP phagosomes requires ROS through NOX2 (gp91PHOX). Martinez et al. find that ROS is required for successful LAP through the use of NOX2−/− cells or chemical inhibition of ROS generation. In addition, phagosome maturation, the process of lysosomal fusion, was found to be dependent on active LC3-II through an unidentified mechanism [13]. These data define an essential role for Rubicon in LAP.



Martinez et al. extend their observations to demonstrate that control of A. fumigatus requires functional LAP. Macrophages deficient in Rubicon, Beclin-1 and NOX2 or Atg7 were capable of phagocytosing equivalent amounts of A. fumigatus conidia, but did not recruit LC3 to the phagosome. To determine if LAP was clinically significant, Beclin-1flox/flox, Rubicon-1−/−, and Atg7flox/flox mice were challenged intranasally with A. fumigatus. A marked increase in IL-1β, IL-6, IL-12 and TNF-α was noted in LAP-deficient mice as compared to wild-type control. In addition, lung homogenate analysis revealed higher fungal colony forming units with delayed control of pathogen burdens critically linking LAP with control of A. fumigatus [13].



The association of LC3 and A. fumigatus was further extended by de Luca et al. to demonstrate a role for LC3-dependent inflammasome regulation. In CGD patients with NADPH oxidase mutations, de Luca et al. [12] explored the role of ROS production with autophagy as it relates to the control of A. fumigatus. The loss of ROS production was associated with higher levels of inflammasome/caspase activity as measured by IL-1β. In addition to enhanced caspase activity, a decrease in LC3 recruitment to A. fumigatus conidia was observed. In fact, p47phox−/− mice, a model of CGD, reveal higher fungal burdens in a model of pulmonary aspergillosis establishing a link between NADPH oxidase/ROS production with LC3 and clearance of Aspergillus conidia [12]. Interestingly, use of anti-IL-1 receptor antagonist therapy (Anakinra) resulted in decreased A. fumigatus burden from the lung in a pulmonary model of invasive Aspergillus, suggesting that the dysregulation of caspase activity due to loss ROS by p47phox can be corrected [12]. de Luca et al. also demonstrate that in CGD patients with related colitis–an inflammatory bowel disease that has been related to dysregulation of autophagy and ROS production–is ameliorated following blockade of IL-1. In addition, the authors demonstrate restoration of LC3 localization to A. fumigatus conidia in monocytes from CGD patients treated with IL-1 receptor antagonist therapy. These data strongly link loss of NADPH oxidase activity to defective autophagy through inflammasome over activity; moreover the data show that interruption of the IL-1 receptor not only restores LC3–and presumed autophagy activity–but reestablishes control of fungal burden. The role of autophagy versus LAP in this process remains is an area for future study [12,14].




7. Conclusions


In recent years, proteins originally considered exclusive to macroautophagy are actively being redefined in the context of the host immune response to pathogenic fungi. Elucidating the role of autophagic proteins in the host response is still in its early stages, but the field has started to uncover how these proteins may function to protect the host against the threat of infection. Autophagic proteins were traditionally considered proteins that form autophagosomes to degrade intracellular microbes and organelles, but we now understand that these proteins can also affect phagocytosis and eventual killing of pathogens. However, the role of autophagic proteins depends on several variables in the context of infection: host species (e.g., mouse or human), type of fungal organism (e.g., C. neoformans or C. albicans), and even the strain of fungal organism (e.g., C. albicans SC5314 or UC820). Although further effort is required to elucidate the molecular details to LAP, these advances are defining how autophagic proteins function in immune signaling pathways and pathogen control. Continued research in this area will uncover new ways in which autophagy, an ancient cellular degradation system, functions in host fungal immunity.
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Abbreviations


The following abbreviations are used in this manuscript:



	LC3
	Microtubule-associated light chain 3



	LAP
	LC3-associated phagocytosis



	Syk
	Spleen tyrosine kinase



	Atg
	Autophagy-related gene



	APC
	Antigen presenting cell



	DC
	dendritic cell



	PAMP
	Pathogen associated molecular pattern



	CLR
	C-type lectin receptor



	NADPH
	Nicotinamide adenine dinucleotide phosphate



	NF-κB
	Nuclear factor kappa-light-chain-enhancer of activated B cells



	NFAT
	Nuclear factor of activated T cells



	NLR
	Nod-like receptor



	TLR
	Toll-like receptor



	PRR
	Pattern recognition receptor



	ITAM
	Immunoreceptor tyrosine-activation motif



	ULK1
	Unc-51-like kinase1



	ER
	Endoplasmic reticulum



	ROS
	Reactive oxygen species



	PI3K
	Phosphatidylinositol-3-OH kinase



	Rubicon
	RUN domain protein as Beclin-1 interacting and cysteine-rich containing



	mTOR
	Mammalian target of rapamycin



	MHC
	Major histocompatibility complex



	SNP
	Single nucleotide polymorphism



	CGD
	Chronic granulomatous disease









References


	



Pfaller, M.A.; Diekema, D.J. Epidemiology of invasive candidiasis: A persistent public health problem. Clin. Microbiol. Rev. 2007, 20, 133–163. [Google Scholar] [CrossRef] [PubMed]

	



Gudlaugsson, O.; Gillespie, S.; Lee, K.; Vande Berg, J.; Hu, J.; Messer, S.; Herwaldt, L.; Pfaller, M.; Diekema, D. Attributable mortality of nosocomial candidemia, revisited. Clin. Infect. Dis. 2003, 37, 1172–1177. [Google Scholar] [CrossRef] [PubMed]

	



Stuart, L.M.; Ezekowitz, R.A. Phagocytosis and comparative innate immunity: Learning on the fly. Nat. Rev. Immunol. 2008, 8, 131–141. [Google Scholar] [CrossRef] [PubMed]

	



Vyas, J.; Van Der Veen, A.; Ploegh, H. The known unknowns of antigen processing and presentation. Nat. Rev. Immunol. 2008, 8, 607–618. [Google Scholar] [CrossRef] [PubMed]

	



Levine, B.; Mizushima, N.; Virgin, H.W. Autophagy in immunity and inflammation. Nature 2011, 469, 323–335. [Google Scholar] [CrossRef] [PubMed]

	



Kanayama, M.; Inoue, M.; Danzaki, K.; Hammer, G.; He, Y.-W.; Shinohara, M.L. Autophagy enhances NFκB activity in specific tissue macrophages by sequestering A20 to boost antifungal immunity. Nat. Commun. 2015, 6, 5779. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Ma, J.; Becker, C.; Lowell, C.A.; Underhill, D.M. Dectin-1 triggered recruitment of LC3 to phagosomes facilitates MHC class II presentation of fungal-derived antigens. J. Biol. Chem. 2012, 287, 34149–34156. [Google Scholar] [CrossRef] [PubMed]

	



Rosentul, D.C.; Plantinga, T.S.; Farcas, M.; Oosting, M.; Hamza, O.J.M.; Scott, W.K.; Alexander, B.D.; Yang, J.C.; Laird, G.M.; Joosten, L.A.B.; et al. Role of autophagy genetic variants for the risk of Candida infections. Med. Mycol. 2014, 52, 333–341. [Google Scholar] [CrossRef] [PubMed]

	



Smeekens, S.P.; Malireddi, R.K.; Plantinga, T.S.; Buffen, K.; Oosting, M.; Joosten, L.A.B.; Kullberg, B.J.; Perfect, J.R.; Scott, W.K.; Van De Veerdonk, F.L.; et al. Autophagy is redundant for the host defense against systemic Candida albicans infections. Eur. J. Clin. Microbiol. Infect. Dis. 2014, 33, 711–722. [Google Scholar] [CrossRef] [PubMed]

	



Tam, J.M.; Mansour, M.K.; Khan, N.S.; Seward, M.; Puranam, S.; Tanne, A.; Sokolovska, A.; Becker, C.E.; Acharya, M.; Baird, M.A.; et al. Dectin-1-Dependent LC3 Recruitment to Phagosomes Enhances Fungicidal Activity in Macrophages. J. Infect. Dis. 2014, 210, 1844–1854. [Google Scholar] [CrossRef] [PubMed]

	



Kyrmizi, I.; Gresnigt, M.S.; Akoumianaki, T.; Samonis, G.; Sidiropoulos, P.; Boumpas, D.; Netea, M.G.; Van De Veerdonk, F.L.; Kontoyiannis, D.P.; Chamilos, G. Corticosteroids block autophagy protein recruitment in Aspergillus fumigatus phagosomes via targeting dectin-1/Syk kinase signaling. J. Immunol. 2013, 191, 1287–1299. [Google Scholar] [CrossRef] [PubMed]

	



De Luca, A.; Smeekens, S.P.; Casagrande, A.; Iannitti, R.; Conway, K.L.; Gresnigt, M.S.; Begun, J.; Plantinga, T.S.; Joosten, L.A.B.; Van Der Meer, J.W.M.; et al. IL-1 receptor blockade restores autophagy and reduces inflammation in chronic granulomatous disease in mice and in humans. Proc. Natl. Acad. Sci. USA 2014, 111, 3526–3531. [Google Scholar] [CrossRef] [PubMed]

	



Martinez, J.; Malireddi, R.K.S.; Lu, Q.; Cunha, L.D.; Pelletier, S.; Gingras, S.; Orchard, R.; Guan, J.-L.; Tan, H.; Peng, J.; et al. Molecular characterization of LC3-associated phagocytosis reveals distinct roles for Rubicon, NOX2 and autophagy proteins. Nat. Cell Biol. 2015, 17, 893–906. [Google Scholar] [CrossRef] [PubMed]

	



Van De Veerdonk, F.L.; Dinarello, C.A. Deficient autophagy unravels the ROS paradox in chronic granulomatous disease. Autophagy 2014, 10, 1141–1142. [Google Scholar] [CrossRef] [PubMed]

	



Nicola, A.M.; Albuquerque, P.; Martinez, L.R.; Dal-Rosso, R.A.; Saylor, C.; De Jesus, M.; Nosanchuk, J.D.; Casadevall, A. Macrophage Autophagy in Immunity to Cryptococcus neoformans and Candida albicans. Infect. Immun. 2012, 80, 3065–3076. [Google Scholar] [CrossRef] [PubMed]

	



Lai, S.-C.; Devenish, R.J. LC3-Associated Phagocytosis (LAP): Connections with Host Autophagy. Cells 2012, 1, 396–408. [Google Scholar] [CrossRef] [PubMed]

	



Ma, J.; Underhill, D.M. β-Glucan signaling connects phagocytosis to autophagy. Glycobiology 2013, 23, 1047–1051. [Google Scholar] [CrossRef] [PubMed]

	



Brown, G.D. Dectin-1: A signalling non-TLR pattern-recognition receptor. Nat. Rev. Immunol. 2006, 6, 33–43. [Google Scholar] [CrossRef] [PubMed]

	



Tsoni, S.V.; Brown, G.D. beta-Glucans and dectin-1. Ann. N. Y. Acad. Sci. 2008, 1143, 45–60. [Google Scholar] [CrossRef] [PubMed]

	



Riggi, S.J.; Di Luzio, N.R. Identification of a reticuloendothelial stimulating agent in zymosan. Am. J. Physiol. 1961, 200, 297–300. [Google Scholar] [PubMed]

	



Cunha, C.; Di Ianni, M.; Bozza, S.; Giovannini, G.; Zagarella, S.; Zelante, T.; D’angelo, C.; Pierini, A.; Pitzurra, L.; Falzetti, F.; et al. Dectin-1 Y238X polymorphism associates with susceptibility to invasive aspergillosis in hematopoietic transplantation through impairment of both recipient- and donor-dependent mechanisms of antifungal immunity. Blood 2010, 116, 5394–5402. [Google Scholar] [CrossRef] [PubMed]

	



Ferwerda, B.; Ferwerda, G.; Plantinga, T.S.; Willment, J.A.; Van Spriel, A.B.; Venselaar, H.; Elbers, C.C.; Johnson, M.D.; Cambi, A.; Huysamen, C.; et al. Human dectin-1 deficiency and mucocutaneous fungal infections. N. Engl. J. Med. 2009, 361, 1760–1767. [Google Scholar] [CrossRef] [PubMed]

	



Iliev, I.D.; Funari, V.A.; Taylor, K.D.; Nguyen, Q.; Reyes, C.N.; Strom, S.P.; Brown, J.; Becker, C.A.; Fleshner, P.R.; Dubinsky, M.; et al. Interactions between commensal fungi and the C-type lectin receptor Dectin-1 influence colitis. Science 2012, 336, 1314–1317. [Google Scholar] [CrossRef] [PubMed]

	



Ariizumi, K.; Shen, G.L.; Shikano, S.; Xu, S.; Ritter, R.; Kumamoto, T.; Edelbaum, D.; Morita, A.; Bergstresser, P.R.; Takashima, A. Identification of a novel, dendritic cell-associated molecule, dectin-1, by subtractive cDNA cloning. J. Biol. Chem. 2000, 275, 20157–20167. [Google Scholar] [CrossRef] [PubMed]

	



Rogers, N.C.; Slack, E.C.; Edwards, A.D.; Nolte, M.A.; Schulz, O.; Schweighoffer, E.; Williams, D.L.; Gordon, S.; Tybulewicz, V.L.; Brown, G.D.; et al. Syk-dependent cytokine induction by Dectin-1 reveals a novel pattern recognition pathway for C type lectins. Immunity 2005, 22, 507–517. [Google Scholar] [CrossRef] [PubMed]

	



Underhill, D.M.; Rossnagle, E.; Lowell, C.A.; Simmons, R.M. Dectin-1 activates Syk tyrosine kinase in a dynamic subset of macrophages for reactive oxygen production. Blood 2005, 106, 2543–2550. [Google Scholar] [CrossRef] [PubMed]

	



Herre, J.; Marshall, A.S.J.; Caron, E.; Edwards, A.D.; Williams, D.L.; Schweighoffer, E.; Tybulewicz, V.; Reis E Sousa, C.; Gordon, S.; et al. Dectin-1 uses novel mechanisms for yeast phagocytosis in macrophages. Blood 2004, 104, 4038–4045. [Google Scholar] [CrossRef] [PubMed]

	



Hara, H.; Ishihara, C.; Takeuchi, A.; Imanishi, T.; Xue, L.; Morris, S.W.; Inui, M.; Takai, T.; Shibuya, A.; Saijo, S.; et al. The adaptor protein CARD9 is essential for the activation of myeloid cells through ITAM-associated and Toll-like receptors. Nat. Immunol. 2007, 8, 619–629. [Google Scholar] [CrossRef] [PubMed]

	



Gantner, B.N.; Simmons, R.M.; Canavera, S.J.; Akira, S.; Underhill, D.M. Collaborative induction of inflammatory responses by dectin-1 and Toll-like receptor 2. J. Exp. Med. 2003, 197, 1107–1117. [Google Scholar] [CrossRef] [PubMed]

	



Hernanz-Falcón, P.; Joffre, O.; Williams, D.L.; Reis E Sousa, C. Internalization of Dectin-1 terminates induction of inflammatory responses. Eur. J. Immunol. 2009, 39, 507–513. [Google Scholar] [CrossRef] [PubMed]

	



Mansour, M.K.; Tam, J.M.; Khan, N.S.; Seward, M.; Davids, P.J.; Puranam, S.; Sokolovska, A.; Sykes, D.B.; Dagher, Z.; Becker, C.; et al. Dectin-1 activation controls maturation of β-1,3-glucan-containing phagosomes. J. Biol. Chem. 2013, 288, 16043–16054. [Google Scholar] [CrossRef] [PubMed]

	



Inoue, M.; Shinohara, M.L. Clustering of pattern recognition receptors for fungal detection. PLoS Pathog. 2014, 10, e1003873. [Google Scholar] [CrossRef] [PubMed]

	



Miyazato, A.; Nakamura, K.; Yamamoto, N.; Mora-Montes, H.M.; Tanaka, M.; Abe, Y.; Tanno, D.; Inden, K.; Gang, X.; Ishii, K.; et al. Toll-like receptor 9-dependent activation of myeloid dendritic cells by Deoxynucleic acids from Candida albicans. Infect. Immun. 2009, 77, 3056–3064. [Google Scholar] [CrossRef] [PubMed]

	



Kasperkovitz, P.V.; Cardenas, M.L.; Vyas, J.M. TLR9 is actively recruited to Aspergillus fumigatus phagosomes and requires the N-terminal proteolytic cleavage domain for proper intracellular trafficking. J. Immunol. 2010, 185, 7614–7622. [Google Scholar] [CrossRef] [PubMed]

	



Kasperkovitz, P.V.; Khan, N.S.; Tam, J.M.; Mansour, M.K.; Davids, P.J.; Vyas, J.M. Toll-like receptor 9 modulates macrophage antifungal effector function during innate recognition of Candida albicans and Saccharomyces cerevisiae. Infect. Immun. 2011, 79, 4858–4867. [Google Scholar] [CrossRef] [PubMed]

	



Khan, N.S.; Kasperkovitz, P.V.; Timmons, A.K.; Mansour, M.K.; Tam, J.M.; Seward, M.W.; Reedy, J.L.; Puranam, S.; Feliu, M.; Vyas, J.M. Dectin-1 Controls TLR9 Trafficking to Phagosomes Containing β-1,3 Glucan. J. Immunol. 2016, 196, 2249–2261. [Google Scholar] [CrossRef] [PubMed]

	



Nedjic, J.; Aichinger, M.; Emmerich, J.; Mizushima, N.; Klein, L. Autophagy in thymic epithelium shapes the T-cell repertoire and is essential for tolerance. Nature 2008, 455, 396–400. [Google Scholar] [CrossRef] [PubMed]

	



Paludan, C.; Schmid, D.; Landthaler, M.; Vockerodt, M.; Kube, D.; Tuschl, T.; Münz, C. Endogenous MHC class II processing of a viral nuclear antigen after autophagy. Science 2005, 307, 593–596. [Google Scholar] [CrossRef] [PubMed]

	



Saitoh, T.; Akira, S. Regulation of innate immune responses by autophagy-related proteins. J. Cell Biol. 2010, 189, 925–935. [Google Scholar] [CrossRef] [PubMed]

	



Shi, C.-S.; Kehrl, J.H. TRAF6 and A20 regulate lysine 63-linked ubiquitination of Beclin-1 to control TLR4-induced autophagy. Sci. Signal. 2010, 3, ra42–ra42. [Google Scholar] [CrossRef] [PubMed]

	



Delgado, M.; Elmaoued, R.; Davis, A.; Kyei, G.; Deretic, V. Toll-like receptors control autophagy. EMBO J. 2008, 27, 1110–1121. [Google Scholar] [CrossRef] [PubMed]

	



Shi, C.-S.; Kehrl, J.H. MyD88 and Trif target Beclin 1 to trigger autophagy in macrophages. J. Biol. Chem. 2008, 283, 33175–33182. [Google Scholar] [CrossRef] [PubMed]

	



Travassos, L.H.; Carneiro, L.A.M.; Ramjeet, M.; Hussey, S.; Kim, Y.-G.; Magalhães, J.G.; Yuan, L.; Soares, F.; Chea, E.; Le Bourhis, L.; et al. Nod1 and Nod2 direct autophagy by recruiting ATG16L1 to the plasma membrane at the site of bacterial entry. Nat. Immunol. 2010, 11, 55–62. [Google Scholar] [CrossRef] [PubMed]

	



Singh, S.B.; Ornatowski, W.; Vergne, I.; Naylor, J.; Delgado, M.; Roberts, E.; Ponpuak, M.; Master, S.; Pilli, M.; White, E.; et al. Human IRGM regulates autophagy and cell-autonomous immunity functions through mitochondria. Nat. Cell Biol. 2010, 12, 1154–1165. [Google Scholar] [CrossRef] [PubMed]

	



Hartman, M.L.; Kornfeld, H. Interactions between naïve and infected macrophages reduce Mycobacterium tuberculosis viability. PLoS ONE 2011, 6, e27972. [Google Scholar] [CrossRef] [PubMed]

	



Mostowy, S.; Sancho-Shimizu, V.; Hamon, M.A.; Simeone, R.; Brosch, R.; Johansen, T.; Cossart, P. p62 and NDP52 proteins target intracytosolic Shigella and Listeria to different autophagy pathways. J. Biol. Chem. 2011, 286, 26987–26995. [Google Scholar] [CrossRef] [PubMed]

	



Orvedahl, A.; Levine, B. Eating the enemy within: Autophagy in infectious diseases. Cell Death Differ. 2009, 16, 57–69. [Google Scholar] [CrossRef] [PubMed]

	



Gutierrez, M.G.; Master, S.S.; Singh, S.B.; Taylor, G.A.; Colombo, M.I.; Deretic, V. Autophagy is a defense mechanism inhibiting BCG and Mycobacterium tuberculosis survival in infected macrophages. Cell 2004, 119, 753–766. [Google Scholar] [CrossRef] [PubMed]

	



Castillo, E.F.; Dekonenko, A.; Arko-Mensah, J.; Mandell, M.A.; Dupont, N.; Jiang, S.; Delgado-Vargas, M.; Timmins, G.S.; Bhattacharya, D.; Yang, H.; et al. Autophagy protects against active tuberculosis by suppressing bacterial burden and inflammation. Proc. Natl. Acad. Sci. USA 2012, 109, E3168–E3176. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, Z.; Fux, B.; Goodwin, M.; Dunay, I.R.; Strong, D.; Miller, B.C.; Cadwell, K.; Delgado, M.A.; Ponpuak, M.; Green, K.G.; et al. Autophagosome-independent essential function for the autophagy protein Atg5 in cellular immunity to intracellular pathogens. Cell Host Microbe 2008, 4, 458–469. [Google Scholar] [CrossRef] [PubMed]

	



Smith, J.A.; Turner, M.J.; Delay, M.L.; Klenk, E.I.; Sowders, D.P.; Colbert, R.A. Endoplasmic reticulum stress and the unfolded protein response are linked to synergistic IFN-beta induction via X-box binding protein 1. Eur. J. Immunol. 2008, 38, 1194–1203. [Google Scholar] [CrossRef] [PubMed]

	



Scherz-Shouval, R.; Elazar, Z. ROS, mitochondria and the regulation of autophagy. Trends Cell Biol. 2007, 17, 422–427. [Google Scholar] [CrossRef] [PubMed]

	



Acharya, M.; Sokolovska, A.; Tam, J.M.; Conway, K.L.; Stefani, C.; Raso, F.; Mukhopadhyay, S.; Paul, E.; Savill, J.; Hynes, R.O.; et al. αv Integrin-Triggered Association of Autophagy Components With Toll-like Receptors Regulates B cell Responses. Nat. Commun. 2016, 7, 10917. [Google Scholar] [CrossRef] [PubMed]

	



Deretic, V.; Levine, B. Autophagy, immunity, and microbial adaptations. Cell Host Microbe 2009, 5, 527–549. [Google Scholar] [CrossRef] [PubMed]

	



Orvedahl, A.; Levine, B. Autophagy and viral neurovirulence. Cell. Microbiol. 2008, 10, 1747–1756. [Google Scholar] [CrossRef] [PubMed]

	



Orvedahl, A.; Macpherson, S.; Sumpter, R.; Tallóczy, Z.; Zou, Z.; Levine, B. Autophagy protects against Sindbis virus infection of the central nervous system. Cell Host Microbe 2010, 7, 115–127. [Google Scholar] [CrossRef] [PubMed]

	



Lee, H.; Lund, J.; Ramanathan, B.; Mizushima, N.; Iwasaki, A. Autophagy-dependent viral recognition by plasmacytoid dendritic cells. Science 2007, 315, 1398–1401. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, D.; Kang, K.H.; Spector, S.A. Production of interferon α by human immunodeficiency virus type 1 in human plasmacytoid dendritic cells is dependent on induction of autophagy. J. Infect. Dis. 2012, 205, 1258–1267. [Google Scholar] [CrossRef] [PubMed]

	



Schmid, D.; Münz, C. Innate and adaptive immunity through autophagy. Immunity 2007, 27, 11–21. [Google Scholar] [CrossRef] [PubMed]

	



Uhl, M.; Kepp, O.; Jusforgues-Saklani, H.; Vicencio, J.-M.; Kroemer, G.; Albert, M.L. Autophagy within the antigen donor cell facilitates efficient antigen cross-priming of virus-specific CD8+ T cells. Cell Death Differ. 2009, 16, 991–1005. [Google Scholar] [CrossRef] [PubMed]

	



Yordy, B.; Tal, M.C.; Hayashi, K.; Arojo, O.; Iwasaki, A. Autophagy and selective deployment of Atg proteins in antiviral defense. Int. Immunol. 2013, 25, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Henault, J.; Martinez, J.; Riggs, J.M.; Tian, J.; Mehta, P.; Clarke, L.; Sasai, M.; Latz, E.; Brinkmann, M.M.; Iwasaki, A.; et al. Noncanonical Autophagy Is Required for Type I Interferon Secretion in Response to DNA-Immune Complexes. Immunity 2012, 37, 986–997. [Google Scholar] [CrossRef] [PubMed]

	



Florey, O.; Kim, S.E.; Sandoval, C.P.; Haynes, C.M.; Overholtzer, M. Autophagy machinery mediates macroendocytic processing and entotic cell death by targeting single membranes. Nat. Cell Biol. 2011, 13, 1335–1343. [Google Scholar] [CrossRef] [PubMed]

	



Sanjuan, M.A.; Dillon, C.P.; Tait, S.W.G.; Moshiach, S.; Dorsey, F.; Connell, S.; Komatsu, M.; Tanaka, K.; Cleveland, J.L.; Withoff, S.; et al. Toll-like receptor signalling in macrophages links the autophagy pathway to phagocytosis. Nature 2007, 450, 1253–1257. [Google Scholar] [CrossRef] [PubMed]

	



Martinez, J.; Almendinger, J.; Oberst, A.; Ness, R.; Dillon, C.P.; Fitzgerald, P.; Hengartner, M.O.; Green, D.R. Microtubule-associated protein 1 light chain 3 alpha (LC3)-associated phagocytosis is required for the efficient clearance of dead cells. Proc. Natl. Acad. Sci. USA 2011, 108, 17396–17401. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.-Y.; Zhao, H.; Martinez, J.; Doggett, T.A.; Kolesnikov, A.V.; Tang, P.H.; Ablonczy, Z.; Chan, C.-C.; Zhou, Z.; Green, D.R.; et al. Noncanonical autophagy promotes the visual cycle. Cell 2013, 154, 365–376. [Google Scholar] [CrossRef] [PubMed]

	



Huang, J.; Canadien, V.; Lam, G.Y.; Steinberg, B.E.; Dinauer, M.C.; Magalhaes, M.A.O.; Glogauer, M.; Grinstein, S.; Brumell, J.H. Activation of antibacterial autophagy by NADPH oxidases. Proc. Natl. Acad. Sci. USA 2009, 106, 6226–6231. [Google Scholar] [CrossRef] [PubMed]

	



Scherz-Shouval, R.; Shvets, E.; Fass, E.; Shorer, H.; Gil, L.; Elazar, Z. Reactive oxygen species are essential for autophagy and specifically regulate the activity of Atg4. EMBO J. 2007, 26, 1749–1760. [Google Scholar] [CrossRef] [PubMed]

	



Ma, J.; Becker, C.; Reyes, C.; Underhill, D.M. Cutting edge: FYCO1 recruitment to dectin-1 phagosomes is accelerated by light chain 3 protein and regulates phagosome maturation and reactive oxygen production. J. Immunol. 2014, 192, 1356–1360. [Google Scholar] [CrossRef] [PubMed]

	



Pagano, L.; Caira, M.; Candoni, A.; Offidani, M.; Martino, B.; Specchia, G.; Pastore, D.; Stanzani, M.; Cattaneo, C.; Fanci, R.; et al. Invasive aspergillosis in patients with acute myeloid leukemia: A SEIFEM-2008 registry study. Haematologica 2010, 95, 644–650. [Google Scholar] [CrossRef] [PubMed]

	



Perkhofer, S.; Lass-Flörl, C.; Hell, M.; Russ, G.; Krause, R.; Hönigl, M.; Geltner, C.; Auberger, J.; Gastl, G.; Mitterbauer, M.; et al. The Nationwide Austrian Aspergillus Registry: A prospective data collection on epidemiology, therapy and outcome of invasive mould infections in immunocompromised and/or immunosuppressed patients. Int. J. Antimicrob. Agents 2010, 36, 531–536. [Google Scholar] [CrossRef] [PubMed]

	



Marciano, B.E.; Spalding, C.; Fitzgerald, A.; Mann, D.; Brown, T.; Osgood, S.; Yockey, L.; Darnell, D.N.; Barnhart, L.; Daub, J.; et al. Common severe infections in chronic granulomatous disease. Clin. Infect. Dis. 2015, 60, 1176–1183. [Google Scholar] [CrossRef] [PubMed]

	



Bortoletto, P.; Lyman, K.; Camacho, A.; Fricchione, M.; Khanolkar, A.; Katz, B.Z. Chronic Granulomatous Disease: A Large, Single-center US Experience. Pediatr. Infect. Dis. J. 2015, 34, 1110–1114. [Google Scholar] [CrossRef] [PubMed]

	



Sun, Q.; Zhang, J.; Fan, W.; Wong, K.N.; Ding, X.; Chen, S.; Zhong, Q. The RUN domain of rubicon is important for hVps34 binding, lipid kinase inhibition, and autophagy suppression. J. Biol. Chem. 2011, 286, 185–191. [Google Scholar] [CrossRef] [PubMed]

	



Smeekens, S.P.; Ng, A.; Kumar, V.; Johnson, M.D.; Plantinga, T.S.; van Diemen, C.; Arts, P.; Verwiel, E.T.; Gresnigt, M.S.; Fransen, K.; et al. Functional genomics identifies type I interferon pathway as central for host defense against Candida albicans. Nat. Commun. 2012, 4, 1342. [Google Scholar] [CrossRef] [PubMed]








[image: Pathogens 05 00034 g001 1024] 





Figure 1. Simplified model of canonical autophagy that leads to degradation of cellular components. 
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Figure 2. Cell surface receptors recognize a variety of particles inducing LAP. Initiation of LAP leads to ROS generation and subsequent LC3 processing and recruitment of LC3-II to the phagosomal membrane. The phagosome then matures and fuses with the lysosome to form the phagolysosome for particle degradation. 
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Table 1. Role of autophagy proteins in fungal infections.
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Fungi

	
Effects of Autophagy Proteins

	
Reference






	
Candida albicans

	
Candida albicans induces a shift of LC3-I to LC3-II in macrophages.

	
[7,10,75]




	
LC3 is recruited to phagosomes in macrophages infected with Candida albicans.

	
[7,10,15]




	
LC3-II recruitment to phagosomes requires Dectin-1 –dependent Syk phosphorylation.

	
[7,10]




	
LC3-II recruitment to phagosomes is required for killing of Candida albicans by macrophages.

	
[10]




	
Knockdown of Atg5 in macrophages in vitro results in reduced phagocytosis and killing of Candida albicans. The conditional knockout of Atg5 in murine myeloid cells increases mortality in response to Candida albicans in vivo.

	
[15]




	
Atg7 is essential in mouse myeloid cells for host resistance to Candida albicans by enhancing neutrophil recruitment in vivo.

	
[6]




	
Conditional knockout of Atg7 in mouse myeloid-cells did not lead to increased mortality due to Candida albicans.

	
[9]




	
Aspergillus fumigatus

	
LC3-II is recruited to phagosomes containing Aspergillus fumigatus.

	
[11,13]




	
LC3-II recruitment is Dectin-1 dependent and regulated by Syk kinase dependent ROS production.

	
[11]




	
Knockdown of Atg5 in human macrophages results in a reduction in the number of fungal spores contained within acidified lysosomes and reduced fungal killing.

	
[11]




	
Macrophages deficient in autophagy proteins (Beclin-1, Rubicon, Atg7, and NOX2) fail to recruit LC3-II to pathogen containing phagosomes and display defects in pathogen clearance.

	
[13]




	
Human monocytes from CGD patients (defective ROS production) and CGD murine macrophages have minimal LC3 recruitment and increased release of IL-1β in response to Aspergillus fumigatus. Inhibition of IL-1β in CGD mice increases LC3 recruitment and autophagy gene expression, and protects CGD mice from invasive aspergillosis.

	
[12]
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