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Abstract

LC3-associated phagocytosis (LAP) exists at the crossroads of the two evolutionary pathways of 

phagocytosis and autophagy. When a phagocyte engulfs an extracellular particle that engages 

receptor signaling, components of the autophagy machinery and Rubicon are recruited to the 

cargo-containing phagosome or LAPosome. Formation of the LAPosome is critical for both cargo 

clearance as well as mediating the proper signaling cascade. Globally, LAP functions as an 

immunosuppressive mechanism, as LAP deficiency often results in hyperinflammation. As defects 

in the autophagy machinery have been long associated with aberrant immune responses and 

autoimmune disorders, it is vital that we now revisit these associations with forms of non-

canonical autophagy, like LAP, in mind.

Introduction

“A long time ago in a galaxy far, far away” – opening crawl

Within a cell, the natural consequence of time and function is the accumulation of damaged 

or unnecessary components, and in order to maintain homeostasis, cells employ degradative 

pathways to rid their environment of this waste, often recycling these components into basic 

building blocks for future use. One of these critical degradative pathways is macroautophagy 

(herein autophagy), a catabolic and cannibalistic process, classically triggered during times 

of nutrient deprivation or other stress, by which cells sequester portions of their own 

cytoplasm within a double membraned structure (autophagosome) which ultimately fuses 

with the lysosome to facilitate degradation and recycling of components for use by the 

nutrient-limited cell [1]. From the Greek for self-eating, the term autophagy was first coined 

by Christien du Nuve in 1963, and the groundbreaking work by Yoshinori Ohsumi 

delineating the molecular mechanisms that govern autophagy were honored with the 2016 

Nobel Prize in medicine [2]. Autophagy is largely controlled by the ATG (AuTophaGy) 

family of proteins, and progress in six phases: inactivation of mTOR and pre-initiation 

complex activation, phagophore nucleation, vesicle curvature and elongation, 
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autophagosome closure/formation, lysosome fusion, and component degradation [3]. The 

process of autophagy is highly conserved across all eukaryotic cells, suggesting that this 

mechanism is critical enough for cellular quality control and survival to withstand the rigors 

of evolutionary selection.

Considering autophagy’s importance across a wide swath of organisms, it is unsurprising 

that this machinery also participates in non-canonical functions outside the realm of non-

specific scavenging during starvation. Evidence for non-canonical roles of autophagic 

machinery is strengthened by the diverse biological processes it is involved in and the 

differential roles that each component plays in development and disease pathology. 

Oftentimes, the deletion of even a single autophagy gene results in embryonic or perinatal 

lethality, though the difference in timing of lethality highlights key differences among 

autophagy molecules [4]. One such example of this dichotomy is Beclin1, wherein 

homozygotic deletion results in embryonic lethality after approximately E7.5 and 

heterozygotic deletion results in spontaneous tumor development [5]. Deletion of more 

downstream autophagy genes, such as Atg5 or Atg7, do not impede development, yet 

deficient pups die around P1–2. Moreover, animals heterozygous for Atg5 or Atg7, or other 

autophagy genes, have not been reported to be susceptible to spontaneous tumor 

development [4]. Thus, it is apparent that the requirement for genes such as Beclin1 

supersede the requirement for more downstream autophagy genes, potentially placing 

Beclin1 (and others) in non-canonical roles.

The autophagy machinery can also be targeted specifically to damaged organelles (such as 

damaged mitochondria via mitophagy), protein aggregates (via aggrephagy), and 

intracellular pathogens (via xenophagy) [6]. In addition to these intracellular substrates, we 

now appreciate that this crucial autophagy machinery is also recruited to phagosomal 

membranes containing extracellular cargo that engage receptor signaling during its 

phagocytosis, in a recently defined pathway called LC3-associated phagocytosis or LAP [7–

10]. During LAP, the power of the autophagic process is harnessed during phagocytosis to 

rapidly and efficiently process intraphagosomal contents and mediate the subsequent 

immune response. In this review, we will examine the unique molecular mechanisms that 

underlie LAP, the substrates that trigger this pathway, its role in shaping immunity, and its 

biological relevance in pathology.

Molecular differences between LAP and autophagy

“These aren’t the droids you’re looking for.” – Obi-Wan Kenobi

While canonical autophagy and LAP share many ATG components, LAP is a molecular 

distinct pathway in multiple ways. Under homeostatic conditions, autophagy is held in an 

inactive state by mTORC1, which phosphorylates ULK1 at Serine757 of the pre-initiation 

complex. Under starvation conditions, however, AMPK is activated and its kinase activity 

both inhibits mTORC1 (thus releasing ULK1 from inhibition) and activates ULK1 via 

phosphorylation at Serine317 and Serine777 [11]. LAP, on the other hand, does not require 

the pre-initiation complex [8,10,12], nor is LAP inhibited by starvation or mTOR inhibition 

with rapamycin [7]. The most upstream complex known to be required for LAP is the Class 

III PI3K complex, composed of the core components VPS34 (the Class III PI3 kinase), 
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Beclin 1, and VPS15 [10]. Autophagy also requires either ATG14 or UVRAG in association 

with the Class III PI3K complex, and deletion of either results in autophagic defects, though 

recent evidence suggests that UVRAG is more important for endosomal maturation [13]. 

LAP, however, functions independently of ATG14 and exclusively requires UVRAG [10].

LAP also requires the activity of Rubicon (RUN domain protein as Beclin-1 interacting and 

cysteine-rich containing). Originally identified as a negative regulator of autophagy 

associated with the UVRAG-containing Class III PI3K complex, it has now been clearly 

demonstrated that LAP is a Rubicon-dependent process, whereas autophagy is not [9,10]. 

Thus, Rubicon deficiency provides the opportunity to study the mechanisms and roles of 

LAP without the confounding factor of concurrent autophagy deficiency. Rubicon’s function 

in LAP is two-fold. First, Rubicon is required for localization and stabilization of the Class 

III PI3K complex at the LAP-engaged phagosome, a structured termed the LAPosome. This 

association allows for efficient and localized generation of the phosphatidyl inositol 

(PI[3]P), which serves as a recruitment signal for downstream autophagic [10].

Second, Rubicon is required for the assembly and function of NADPH oxidase 2 (NOX2), 

the primary NADPH oxidase in phagocytic cells. Upon TLR or FcR stimulation, the 

cytosolic NOX2 components, p40phox, p47phox, p67phox, and Rac1, assemble at the 

phagosome with membrane bound p22phox and gp91phox (or NOX2). This complete 

complex is now capable of generating reactive oxygen species (ROS) to destroy invading 

pathogens and mediate signal transduction [14]. Rubicon binds to and stabilizes p22phox, as 

well as facilitating the production of PI(3)P, which binds and activates p40phox [10,14]. 

Both of these functions are required for optimal ROS production, and the absence of ROS 

results in defective LAP [10].

Both PI(3)P and ROS are uniquely required for recruitment or activation of the downstream 

ubiquitin-like conjugation systems, the ATG5-ATG12 conjugation system and the LC3-PE 

conjugation system [3,10]. These conjugation systems are required for and function 

similarly in both autophagy and LAP ATG7, an E1-like enzyme, activates ATG12, which is 

then transferred to the E2 enzyme, ATG10. ATG12 is then conjugated to ATG5, allowing for 

further association with ATG16L1 to form the multimeric ATG15-ATG12-ATG16L1 

complex. This ATG5/12/16L1 complex also exhibits E3 enzyme activity and is critical for 

the generation of the lipidated and autophagosomal membrane bound form of LC3 (LC3-II). 

Cytosolic LC3 is cleaved by ATG4 and conjugated to phosphatidylethanolamine (PE) via the 

activity of ATG7 and the E2-like enzyme ATG3 [3]. LC3-II association with the LAPosome 

is required for fusion to the lysosomal and thus successful processing of the engulfed cargo 

(Figure 1) [10].

LAP-engaging stimuli and the immune response

“How you get so big eating food of this kind?” - Yoda

LAP is triggered by receptor engagement of extracellular particles during phagocytosis 

(Figure 2). Pathogens represent a critical threat to homeostasis. Phagocytes surveil the body 

to identify, contain, and alert in the event of foreign pathogen invasion. Equipped with 

pathogen recognition receptors (PRRs), such as Toll like receptors (TLRs), these phagocytic 
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cells are designed to seek out and destroy non-self entities [15]. Engagement of TLR1/2/4 is 

capable of initiating LAP in response to fungi (zymosan, Aspergillus fumigatus) or bacteria 

(Legionella dumoffii, Mycobacterium tuberculosis) [7,10,16–19]. In the absence of LAP, 

control of these pathogens in compromised and production of pro-inflammatory molecules, 

such as IL-6, and IL-1β is significantly increased [10,18].

In addition to TLRs, engagement of Fc receptors (FcRs) can also trigger LAP. Immune 

complexes (IC) are autoantibodies bounds to self-antigens, such as DNA, and are common 

in patients with autoimmune disorders, such as systemic lupus erythematosus (SLE) [20]. 

Engagement of immune complexes with FcγR on plasmacytoid dendritic cells (pDCs) 

results in robust production of type I interferons, such as IFNα, which is preceded by and 

requires LC3 translocation to the IC-containing phagosome in an ATG5- and ATG7-

dependent, but ULK1-, FIP200-, and ATG13-independent manner [12,13]. LAP deficiency 

results in a failure of the phagosome to mature into a late-endolysosomal phenotype, and 

subsequently a failure to form the signaling compartment required to activate interferon 

regulatory factor 7 (IRF7). Thus, LAP-deficient pDCs fail to produce IFNα in response to 

DNA-ICs, indicating that inhibition of LAP in pDC could lead to possible therapeutic 

options for SLE patients [12]. Recent work demonstrates that LAP also participates in TLR9 

signaling, independently of FcγR engagement. Upon stimulation with the synthetic TLR9 

agonist, CpG-ODN, both LC3 and the kinase IKKα were recruited to TLR9-containing 

endosomes in a LAP-dependent manner. Strikingly, IKKA contains three putative LC3-

interacting regions (LIRs) that are required for further association with TRAF3 and IRF7 for 

IFNα production [21].

Phagocytes also employee a variety of receptors that are capable of distinguishing living 

cells from dying cells that require clearance. Programmed cell death, most commonly 

apoptosis, is required for proper development, cellular homeostasis, and immunity, yet the 

responsibility of silently and efficiently removing these cellular corpses falls to the cells of 

the phagocytic system. The sheer power of the phagocytic system is highlighted by the fact 

that is rare to observe uncleared dead cells under normal physiological conditions, despite 

constant turnover of cells [22]. During the lifespan of an organism, this need for dying cells 

clearance, a process termed efferocytosis, is both normal and reoccurring and must occur in 

an immunological silent manner, so as to not inappropriately alert the immune system [23]. 

Uncleared apoptotic cells or cells that have undergone necrotic forms of cell death (like 

necrosis, necroptosis, or pyroptosis, reviewed [24]) can release potentially immunogenic 

intracellular contents, such as nucleic acids.

Efferocytosis generally occurs via 4 main steps. The first step is the recruitment and priming 

of phagocytes by “find-me” signals (such as CX3CL1, ATP, UTP, Lysophosphatidylcholine 

[LPC], sphingosine-1-phosphate [S1P]) released by dying cells. These signals are sensed by 

cognate receptors on phagocytes and mediate their migration to sites of cell death and 

prepare the phagocyte for engulfment. The second step is recognition of dying cells by “eat-

me” signals, which allow for the discernment of dead cells from viable cells. The most well-

characterized “eat-me” signal is phosphatidylserine (PtdSer), a lipid maintained on the inner 

leaflet of the plasma membrane in healthy cells, but actively flipped via caspase-dependent 

activity to the outer leaflet during apoptosis [22]. Necrotic cells also inadvertently “expose” 
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PtdSer via plasma membrane rupture. Phagocytes recognize exposed PtdSer via membrane 

receptors, such as T cell immunoglobulin mucin receptor 4 (TIM4), brain-specific 

angiogenesis inhibitor 1 (BAI1), and stabilin-2, or bridging molecules, such as milk fat 

globule-EGF factor 8 (MFG-E8) and Gas6, that mediate engulfment by linking to surface 

receptors such as integrin αvβ3, αvβ5, or Tryo3-Axl-Mer (or TAM) receptors [25].

Engagement of these receptors results in the third step, cytoskeletal rearrangements that 

facilitate the engulfment of the cellular corpse. The final step is the digestion, degradation, 

and processing of the cellular corpse. Fusion with lysosomes provides acidic proteases and 

nucleases to process engulfed dying cells into their basic cellular components. How 

phagocytes handle the metabolic stress of essentially doubling its content of cellular 

components is one mechanism by which they mediate an immunologically quiescent 

response to apoptotic cells. Efferocytosis results in the activation of peroxisome proliferator-

activated receptor γ/δ (PPARγ/δ) and liver x receptor (LXR) families, both important 

regulators of cellular lipid homeostasis and immunotolerance [26]. Moreover, the expression 

of pro anti-inflammatory cytokines, such as such as tumor necrosis factor (TNF), IL-1, and 

IL-12 are actively suppressed [27].

Studies have demonstrated that engagement of PtdSer by dying cells results in the rapid 

recruitment of LC3 to the dying cell containing phagosome (REF) in a Rubicon-dependent 

manner [8,28]. In the absence of LAP, dying cells are not degraded and persist within 

phagosomes in the phagocyte. Subsequently, LAP-deficient macrophages fail to initiate an 

anti-inflammatory immune response, and instead produce significant amounts of pro-

inflammatory molecules, such as IL-6 and IL-12 [8]. The molecular mechanisms that 

underlie LAP’s promotion of the immunotolerant response during efferocytosis remains to 

be explored, though we now appreciate the pathophysiological role of LAP in mediating 

immunosuppression in a variety of circumstances.

LAP and disease pathology

“Now, witness the firepower of this fully armed and operational battle station.” – Emperor 
Palpatine

Recent studies have identified LAP as a critical component of host defense. Mice deficient 

for components of the LAP pathway, such as Rubicon, fail to effectively control Aspergillus 
fumigatus infection in vivo and display increased tissue and serum levels of pro-

inflammatory cytokines, such as IL-6 and IL-1β [10]. Mechanistically, it was demonstrated 

that A. fumigatus melanin sequesters calcium within the phagosome to inhibit calmodulin 

signaling and subsequently LAP, which implicates calcium signaling in the LAP pathway 

and fungal disease pathogenesis [29]. The intracellular vacuolar pathogen, Legionella 
dumoffii, is specifically targeted by LAP in a Dot/Icm T4SS-dependent manner [16]. LAP 

has also been implicated in the control of Mycobacterium tuberculosis via the activity of 

LRRK2, a gene commonly associated with Parkinson’s disease. LRRK2 kinase activity 

inhibits phagosome maturation via the recruitment of Rubicon to the Tb-containing 

phagosome in macrophages. Moreover, inhibition of LRRK2 kinase activity resulted in 

enhanced mycobacterial control independently of autophagy, suggesting that Rubicon can 

play critical roles outside of the autophagic realm [19]. M. tuberculosis employs an active 
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strategy to avoid LAP via CpsA, an exported virulence factor found widely in Gram-positive 

bacilli, interferes with the recruitment of NOX2 to the mycobacterial phagosome [17]. Viral 

pathogens have also been demonstrated to engage LAP components. Hepatitis C virus 

(HCV) induces Rubicon and UVRAG expression, with Rubicon promoting HCV replication, 

and UVRAG suppressing HCV replication [30]. Rubicon can also act as a negative regulator 

for virus-triggered type I IFN, and as a result, Rubicon-deficient cells were able to more 

efficiently control influenza or VSV infection in vitro [31]. In addition, it was demonstrated 

that Rubicon can interact with IRF3, thus preventing IRF3 dimerization and and subsequent 

type I IFN production [32]. Thus, evasion of LAP is an evolutionarily important function for 

pathogens, highlighting LAP’s critical role in host defense.

Phagocytes outside of the immune system also undergo LAP. The uptake and processing of 

photoreceptor outer segments (POS) by the retinal pigment epithelium (RPE) is fundamental 

to vision. Indeed, RPE phagocytosis of POS triggers LAP, and mice with LAP-deficient RPE 

cells that showed evidence of disrupted lysosomal processing. These mice also exhibited 

decreased retinoid levels and subsequently decreased photoreceptor responses to light 

stimuli, demonstrating that LAP is required for homeostatic maintenance in the eye [33,34]. 

Efferocytosis of apoptotic germ cells by Sertoli cells also triggers LAP, which is vital for 

germ cell development and differentiation [35]. Other studies have demonstrated that 

Rubicon was also up-regulated in livers of mice fed a high-fat diet (HFD), and hepatocyte-

specific Rubicon knockout mice were significantly protected against liver steatosis and 

injury associated with HFD [36]

Defects in the clearance of dying cells have long been associated with autoimmune 

disorders, as have defects in autophagic machinery [25]. The generation of the Rubicon 

deficient mouse model has allowed researchers to examine the effect of LAP on pathology 

without the confounding factor of concurrent loss of autophagy. LAP deficient animals 

develop spontaneous lupus-like syndrome with age, with increased serum levels of pro-

inflammatory cytokines, increased circulating autoantibodies, increased autoantibody 

deposition in the glomeruli of the kidney, and increased evidence of kidney damage and 

dysfunction. Broadly, aged Rubicon-deficient mice contain elevated titers of autoantibodies 

to over 95 autoantigens associated with SLE. Importantly, the onset of this autoinflammatory 

phenotype could be linked to defects in efferocytosis, as chronic administration of dying 

cells hastened and exacerbated pathology [9]. Interestingly, while LAP is required in pDCs 

for type I IFN production in response to ICs, aged Rubicon-deficient mice still display an 

enhanced IFN signature, characteristic of SLE. It is worth noting, however, that mice with 

myeloid-specific LAP deficiency, such as LysM-Cre+ Becn1flox/flox mice, displayed a more 

pronounced IFN signature, indicating that LAP can play different roles in different cell types 

[9]. While LAP may be critical for IFNα production by pDC, its role in phagocytic cells, 

such as macrophages or conventional DCs, seems to be primarily that of suppressing 

inflammation. As different autoimmune pathologies involve both different cell types at 

different levels, it will be of great interest to explore how LAP functions in different 

scenarios [37].
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Conclusions

“I am altering the deal, pray I don’t alter it any further.” – Darth Vader

The participation of the autophagic machinery in processes outside the purview of its 

canonical role in survival and stress response highlights its importance in the homeostasis 

and host defense of an organism. The autophagic machinery is capable of multi-tasking, 

contributing to starvation response, organelle quality control, and expediated clearance and 

processing of extracellular threats. However, we must now re-examine the pathways and 

pathologies that we have long associated with so-called autophagy defects and determine 

whether the perpetrator is canonical or non-canonical autophagy. Further understanding of 

how these non-canonical autophagic pathways, like LAP, function can lead to develop of 

targeted therapies that, for example, modulate LAP but do not disrupt the quality control 

aspect of autophagy. Genome wide association studies (GWAS) that can correlate LAP 

dysfunction with disease can help guide this avenue of research. Together, we can harness 

the Force of LAP.
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Highlights

• LC3-associated phagocytosis (LAP) is a form of non-canonical autophagy 

that requires the activity of Rubicon.

• LAP is triggered by the engulfment of pathogens, immune complexes, and 

dying cells via engagement of TLRs, FcRs, and PtdSer-Rs, respectively.

• LAP is an important mediator of immunosuppression, and defect in LAP 

often result in exacerbated inflammation and autoimmune disorders.
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Figure 1: The molecular mechanisms of LC3-associated phagocytosis (LAP).
Upon engagement of TLRs, FcRs, or PtdSer-Rs, the Class III PI3 K complex, comprised of 

Beclin 1, VPS34, UVRAG, and Rubicon, is recruited to the cargo-containing phagosome or 

LAPosome. This complex is required for the sustained and localized production of PI(3)P at 

the LAPosome. Rubicon also interacts with and stabilizes the NOX2 complex (via 

interaction with p22phox) for the production of ROS. Furthermore, PI(3)P binds and 

activates p40phox of the NOX2 complex for efficient ROS production. Both ROS and PI(3)P 

are required for the recruitment of the downstream LAP machinery (such as ATG5, ATG12, 

ATG16L, and ATG7) and successful LC3-II decoration of the LAPosome, which is required 

for fusion to the lysosome and maturation of LAPosome.
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Figure 2: LAP as an immunological rheostat in response to multiple stimuli.
A) Engulfment of pathogens, such as A. fumigatus, L. dumoffii, and M. tuberculosis, that 

engage TLRs can trigger LAP and is required for suppression of inflammation and pathogen 

clearance. B) Uptake of immune complexes via FcRs can trigger LAP, which is required to 

establish the IRF7 signaling compartment for production of IFNα in pDC. C) Efferocytosis 

triggers LAP, which is required for an immunotolerant response. LAP-deficient cells have a 

hyperinflammatory response to dying cells and contribute to autoimmunity. D) Viral 

stimulation or CpG DNA stimulation triggers the formation of the LAPosome, wherein LC3 

directly interacts with IKKα via LIR domains to promote further association with TRAF3 

and IRF7 for IFNα production.
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