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Abstract

LC3-associated phagocytosis (LAP) is a process wherein elements of canonical autophagy 

conjugate LC3 to the membranes of phagosomes, facilitating maturation upon fusion to 

lysosomes. Here, we characterize the molecular requirements for LAP, and identify a protein, 

Rubicon, required for LAP but not canonical autophagy. During LAP, Rubicon is recruited to the 

LAP-engaged phagosome (“LAPosome”) and is required for the activity of a Class III PI3K 

complex containing Beclin-1, UVRAG, and VPS34, but lacking the canonical autophagy 

components ATG14 and Ambra1. This allows for the sustained localization of PI(3)P, which is 

critical for the recruitment of downstream autophagic proteins and the stabilization of the NOX2 

complex to produce ROS. Both PI(3)P and ROS, as well as ATG7, ATG3, ATG5, ATG12, and 

ATG16L, are required for the conjugation of LC3 to the LAPosome and subsequent association 
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with LAMP1+ lysosomes. LAP is also induced by engulfment of Aspergillus fumigatus, a fungal 

pathogen that commonly afflicts immunocompromised hosts, and is required for its optimal 

clearance in vivo. Therefore, we have identified molecules that distinguish LAP from canonical 

autophagy, thereby elucidating the importance of LAP in the response to Aspergillus fumigatus 

infection.

Introduction

Macroautophagy (herein, autophagy) is a catabolic, cell survival mechanism activated 

during nutrient scarcity involving the degradation and recycling of unnecessary or 

dysfunctional cellular components1. The proteins of the autophagy machinery often interact 

with pathogens, such as Salmonella enterica, Listeria monocytogenes, Mycobacterium 

tuberculosis, Aspergillus fumigatus2, and Shigella flexneri3, and function to quarantine and 

degrade the invading organism (xenophagy)3. LC3, the mammalian homologue of Atg8, is 

the most commonly monitored autophagy-related protein, and its lipidated form, LC3-II, is 

present on autophagosomes during canonical autophagy4.

LC3-associated phagocytosis (LAP) is a process triggered upon phagocytosis of particles 

that engage cell surface receptors such as TLR1/2, TLR2/6, TLR4, TIM4, and FcR5–7, 

resulting in the recruitment of some, but not all, members of the autophagic machinery to the 

stimulus-containing phagosome6,8,9, facilitating rapid phagosome maturation, degradation of 

engulfed pathogens, and modulation of the immune response5–10. We6–8 and others9 have 

demonstrated that LAP and autophagy are functionally and mechanistically distinct 

processes. While the autophagosome is a double membrane structure, the LAP-engaged 

phagosome (LAPosome) is composed of a single membrane5,8,11. Autophagy requires the 

activity of the pre-initiation complex12, while LAP proceeds independently of the pre-

initiation complex7,8. However, LAP requires some autophagic components, such as the 

Class III PI3K complex7,11, and elements of the ubiquitinylation-like, protein conjugation 

system (ATG5, ATG75–7,9,13).

There remains a significant gap in our ability to differentiate the LAP pathway from 

canonical autophagy, in terms of molecular mechanisms and specificity. Here we identify 

the Class III PI3K-associated protein, Rubicon, as a molecule required for LAP, yet non-

essential (indeed, inhibitory) for autophagy. Rubicon facilitates VPS34 activity and 

sustained PI(3)P presence on the LAPosome and stabilizes the NOX2 complex for ROS 

production, both of which are critical for the progression of LAP. Furthermore, Rubicon and 

the LAP pathway function in the clearance of Aspergillus fumigatus, a fungal pathogen that 

commonly infects immunocompromised hosts.

Results

Rubicon is required for LAP

We used a Stable Isotopy Labeling of Amino acids in Cell culture (SILAC)-based approach 

to profile the proteome of LAPosomes upon engulfment of inert beads versus beads 

conjugated to Pam3csk4 or IgG6,8. From this study, we identified Rubicon (RUN domain 
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protein as Beclin-1 interacting and cysteine-rich containing) as a protein associated with 

LAPosomes but not conventional phagosomes (Supplementary Table 1). Rubicon associates 

constitutively with the UVRAG-containing Class III PI3K complex14. Silencing of Rubicon 

results in an increase in the number of autophagosomes, indicating that Rubicon negatively 

regulates autophagy, via its inhibition of VPS3414,15 or by blocking GTPase Rab7 

activation16 in autophagosome maturation.

We silenced Rubicon using shRNA in RAW-GFP-LC35 cells and observed that Rubicon-

shRNA treatment abrogated the recruitment of GFP-LC3 to the phagosome, yet enhanced 

the formation of GFP-LC3+ puncta upon autophagy induction with rapamycin, as previously 

reported14 (Figure 1a). Immunofluorescent staining revealed that endogenous LC3 was 

recruited to LAPosomes, in a manner similar to GFP-LC3 (Supplementary Figure 1a).

The recruitment of the LAP proteins to LAPosomes is a process distinct from conventional 

phagocytosis, as phagosomes containing inert beads fail to contain LAP-associated proteins 

(Supplementary Figure 1b). Time-lapse imaging of GFP-LC3 recruitment to the LAPosome 

showed that approximately 73% of zymosan-containing LAPosomes were GFP-LC3+, 

compared to 3% of inert bead-containing phagosomes (Supplementary Figure 1c). We also 

used flow cytometry to quantify the amount of lipidated GFP-LC3 (LC3-II) associated with 

LAPosomes. Brief digitonin treatment resulted in the release of non-lipidated GFP-LC3 

(LC3-I) from the cell, and thus the only GFP-LC3 detected after digitonin treatment was 

LC3-II, as confirmed by western blot analysis (Supplementary Figure 1d).

To characterize the role of Rubicon in LAP, we used CRISPR/Cas9-mediated gene 

targeting17–19 to generate a Rubicon-deficient (Rubicon−/−) mouse. This targeting 

successfully deleted Rubicon expression from all tissues examined (Supplementary Figure 

2a–b). We obtained viable, fertile Rubicon−/− animals at Mendelian ratios (Supplementary 

Figure 2c). Rubicon−/− mice exhibited normal numbers of B cells, T cells, and NK cells in 

their spleens and lymph nodes and normal T cell subsets in their thymuses (Supplementary 

Figure 2d–f).

Bone marrow-derived macrophages from GFP-LC3-transgenic20 Rubicon+/+ and Rubicon−/− 

littermates were examined for their capacity to undergo canonical autophagy and LAP. In 

agreement with previous studies14,15, rapamycin-treated or nutrient-deprived Rubicon−/− 

macrophages exhibited increased numbers of LC3 puncta, compared to wild-type 

macrophages (Figure 1b–d). However, Rubicon−/− macrophages were unable to translocate 

LC3 to the LAPosome, despite equivalent phagocytosis (Figure 1b–d, Supplementary Figure 

2g). Previous work indicates that during autophagy, Rubicon prevents endosome maturation 

via binding to GTP-bound RAB716. However, LAPosomes from both scrambled and RAB7 

siRNA-treated RAW cells contained Rubicon upon LAP stimulation (Supplementary Figure 

2h). Therefore, the recruitment of Rubicon to the LAPosome is independent of RAB7.

Purified LAPosomes from Rubicon+/+ macrophages contained Beclin-1, UVRAG, VPS34, 

and Rubicon to the LAPosome as detected by immunoblot (Figure 1e). However, in the 

absence of Rubicon, Beclin1, UVRAG, and VPS34 recruitment was reduced, suggesting that 
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Rubicon plays a role in the retention of the complex at the LAPosome. Recruitment of 

ATG7 and LC3-II were also compromised in Rubicon−/− macrophages (Figure 1e).

We next examined the recruitment of Rubicon to the LAPosome in the absence of 

components of the pre-initiation complex (ULK1 and FIP200) or the Class III PI3K complex 

(Beclin1, VPS34). Beclin1, VPS34, UVRAG, Rubicon, and LC3-II were associated with 

LAPosomes from wild-type, ULK1−/−, and LysM-Cre+ FIP200flox/flox macrophages 

(Supplementary Figure 3a–d). In the absence of VPS34, no recruitment to the LAPosome 

was observed for Beclin1, UVRAG, or Rubicon (Figure 1f). These data indicate that the 

stability of the Class III PI3K complex relies on VPS34, consistent with data demonstrating 

that loss of VPS34 results in the loss of the Class III PI3K complex as a whole in 

autophagy21. VPS34 and Rubicon, but not UVRAG, were present on the LAPosome in the 

absence of Beclin1 (Figure 1f). Therefore, while the formation and stability of the Class III 

PI3K complex is dependent on VPS34 and Beclin1, VPS34 appears to play a role in 

targeting the complex to the LAPosome.

We examined the ability of macrophages from genetically-deficient animals to generate 

PI(3)P, which is crucial for the recruitment of the downstream autophagic machinery22. 

Both wild-type and LysM-Cre+ FIP200flox/flox macrophages displayed increased VPS34 

activity associated with the LAPosome (Figure 1g). LysM-Cre+ Beclin1flox/flox, LysM-Cre+ 

VPS34flox/flox, and Rubicon−/− macrophages did not demonstrate any VPS34 activity 

associated with the LAPosome (Figure 1g). As expected, LysM-Cre+ ATG5flox/flox 

macrophages displayed wild-type levels of VPS34 activity on the LAPosome (Figure 1g). 

These data indicate that while Rubicon inhibits VPS34 activity during canonical 

autophagy14,15, VPS34 activity on the LAPosome requires Rubicon.

LAP utilizes a UVRAG-containing Class III PI3K complex

Canonical autophagy requires the activation of the pre-initiation complex, comprised of 

ULK1/2, FIP200, and ATG1312, while LAP does not8,9. LysM-Cre+ FIP200flox/flox 

macrophages translocate LC3 to the LAPosome but are unable to form LC3 puncta in 

response to rapamycin or starvation (Supplementary Figure 3a–c). This result is consistent 

with the observation that FIP200 is not required for PI3K complex activity on the 

LAPosome (Figure 1g). Canonical autophagy requires the ULK1-dependent release of a 

Beclin1-activating cofactor, Ambra1, from the dynein motor complex23, and the function of 

WIPI224. Scrambled control, Ambra1 siRNA-treated, and WIPI2 siRNA-treated RAW-

GFP-LC3 cells5 were competent for LAP but Ambra1-silenced cells were unable to undergo 

autophagy in response to rapamycin or starvation (Supplementary Figure 3e–h). These data 

support the idea that LAP does not require the activity of the pre-initiation complex6–9, 

Ambra1, or WIPI2.

While all Class III PI3K complexes contain Beclin1, VPS34, and VPS15, it can differ in 

additional components25. We confirmed the requirement for Beclin1 in LAP using LysM-

Cre+ Beclin1flox/flox macrophages, which failed to translocate LC3 to LAPosomes or form 

GFP-LC3 puncta in response to autophagic stimuli (Figure 2a–b, Supplementary Figure 4a–

b). The presence of PI(3)P on LAPosomes has been described5, and using LysM-Cre+ 
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VPS34flox/flox macrophages, we found that VPS34 is required for LAP, as well as autophagy 

(Figure 2c–d, Supplementary Figure 4c–d).

ATG14 and UVRAG are mutually exclusive in their association with the Class III PI3K 

complex during autophagy26, and silencing of either ATG1415,26 or UVRAG27 inhibits 

canonical autophagy. We examined the effect of silencing ATG14 or UVRAG on the 

translocation of LC3 to LAPosomes. Both LysM-Cre+ ATG14flox/flox macrophages and 

UVRAG siRNA-treated RAW-GFP-LC3 cells demonstrated defective autophagy in 

response to rapamycin or starvation. LysM-Cre+ ATG14flox/flox macrophages were able to 

translocate LC3 to the LAPosome, indicating that LAP does not require ATG14 (Figure 2e–

f, Supplementary Figure 4e–f). Conversely, UVRAG siRNA-treated RAW-GFP-LC3 cells 

were compromised in their ability to undergo LAP, as well as canonical autophagy (Figure 

2g–j, Supplementary Figure 4g–h).

While wild-type macrophages translocated Beclin1, UVRAG, Rab5, ATG7, and LC3-II to 

the LAPosome, ATG14 was not present on the LAPosome, despite high expression in cell 

lysates (Figure 2i). Beclin1-deficient macrophages failed to recruit UVRAG or any other 

downstream components of the LAP pathway to the LAPosome (Figure 2i). Likewise, WT 

macrophages robustly recruited Beclin-1, UVRAG, and VPS34, but not ATG14, to the 

LAPosome as detected by immunofluorescence (Supplementary Figure 4i–j). These data 

clearly demonstrate that while multiple Class III PI3K complexes are utilized by canonical 

autophagy26, the LAP pathway only requires the activity of the UVRAG-containing Class 

III PI3K complex, with which Rubicon associates. We conclude that the activity of the 

UVRAG-containing, ATG14-deficient Class III PI3K complex involved in LAP depends on 

the presence of Rubicon.

NOX2 is downstream of the Class III PI3K complex and is required for LAP

NADPH oxidase-2 (NOX2, or gp91PHOX) is the only NADPH oxidase expressed in 

phagocytes28. NOX2 and p22PHOX are constitutively associated and located primarily in 

the membranes of intracellular vesicles. Generation of reactive oxygen species (ROS) 

requires translocation of cytosolic factors, p47PHOX, p40PHOX, p67PHOX, and Rac to the 

NOX2/p22PHOX complex28. Signaling via TLR or FcγR during phagocytosis can activate 

the assembly of the NOX2 complex and produce superoxide in the phagosomal lumen29. 

NOX2 has been linked to translocation of LC3 to TLR- or FcγR-engaged phagosomes and 

appears to play a signaling role in the recruitment of autophagy machinery to a localized 

target10. We similarly observed that NOX2−/− macrophages were unable to undergo LAP, 

yet were able to engage canonical autophagy in response to rapamycin or starvation (Figure 

3a–b, Supplementary Figure 5a).

Previous reports suggested that NOX2-mediated ROS production is upstream of the function 

of Beclin110. However, NOX2−/−, LysM-Cre+ VPS34flox/flox, and LysM-Cre+ 

Beclin1flox/flox macrophages all failed to produce ROS in response to zymosan stimulation 

(Figure 3c–d, Supplementary Figure 5b). Macrophages deficient for FIP200 or ATG7 were 

capable of producing ROS in response to zymosan (Figure 3d, Supplementary Figure 5b). 

Further, Rubicon−/− macrophages also failed to produce ROS in response to zymosan 

(Figure 3e, Supplementary Figure 5b), and Rubicon was effectively recruited to the 
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LAPosome in wild-type and NOX2−/− macrophages, but reduced in phagosomes from 

LysM-Cre+ Beclin1flox/flox macrophages (Figure 3f). Immunofluorescent staining revealed 

that LAPosomes from NOX2−/− macrophages contain wild-type levels of Beclin1, UVRAG, 

and VPS34 (Supplementary Figure 4i–j). NOX2−/− macrophages also displayed wild-type 

levels of VPS34 activity (Supplementary Figure 5c). Finally, ATG5-ATG12 and ATG16L, 

members of the downstream conjugation systems in autophagy22, were recruited to 

LAPosomes in wild-type macrophages, but absent from those from Rubicon−/− and 

NOX2−/− macrophages (Figure 3g). These data place NOX2 and its activity downstream of 

the Class III PI3K complex and upstream of ATG7 in the process of LAP.

In addition to its interaction with the Class III PI3K complex, Rubicon can also translocate 

to the NOX2 complex upon zymosan stimulation13. Rubicon directly interacts with the 

p22PHOX subunit of NOX2 via its serine-rich domain (aa 567–625), a domain separate 

from the CCD domain (aa 515–550) responsible for its interaction with Beclin113 and the 

RUN domain (aa 49–180) responsible for its interaction with VPS3430. Rubicon stabilizes 

NOX2, resulting in maximal ROS production13. Of note, the p40PHOX subunit of NOX2 is 

a PI(3)P binding protein, and its ability to translocate to the NOX2 complex on the 

phagosome is impaired in the presence of wortmannin, an inhibitor of PI3K activity31.

We therefore examined the assembly of the NOX2 complex in the absence of Class III PI3K 

complex components. Purified LAPosomes from wild-type and ULK1−/− macrophages 

contained the constitutively membrane associated subunit, p22PHOX, and the translocated, 

PI(3)P-binding subunit, phosphorylated p40PHOX (p-p40PHOX) (Figure 3f, Supplementary 

Figure 5d). LAPosomes from NOX2−/− macrophages contained dramatically reduced levels 

of both subunits, consistent with the role of NOX2 in the stability of its other components28 

(Figure 3f, Supplementary Figure 6a). While LAPosomes from LysM-Cre+ Beclin1flox/flox 

macrophages contained normal levels of p22PHOX, they lacked p-p40PHOX (Figure 3f). 

LAPosomes from Rubicon−/− macrophages also lacked p-p40PHOX, despite normal levels 

of p22PHOX (Figure 3h, Supplementary Figure 6a). Collectively, these data suggest that 

Rubicon promotes the association of the active Class III PI3K complex with the LAPosome, 

and stabilizes the NOX2 complex. VPS34 produces PI(3)P on the LAPosome, which further 

stabilizes the active NOX2 complex and promotes ROS production (Supplementary Figure 

6b).

PI(3)P and ROS are both required for LAP

To examine the presence of PI(3)P on the LAPosome, bone marrow-derived macrophages 

were transiently transfected with a mCherry-fluorescent probe derived from the PX-domain 

of p40PHOX32. Whereas wild-type and NOX2−/− macrophages displayed equivalent levels 

of PI(3)P on the LAPosome, PI(3)P was not present on LAPosomes from LysM-Cre+ 

Beclin1flox/flox, LysM-Cre+ VPS34flox/flox, or Rubicon−/− macrophages (Figure 4a–b, 

Supplementary Figure 7a). Rubicon−/− macrophages displayed increased PX-mCherry+ 

puncta throughout the cell, indicative of increased VPS34 activity, compared to wild-type 

and other deficient macrophages (Figure 4b–c). These data suggest that in the absence of 

Rubicon, there exists an increased cellular level of VPS34 activity, as described33, but 

Rubicon, is required to localize PI(3)P on the LAPosome.
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One effect of ROS production is the oxidation of membrane lipids34. Immunofluorescent 

staining revealed that both wild-type and ULK1−/− macrophages displayed oxidized low-

density lipoproteins (OxLDL) on the surface of LAPosomes, while LysM-Cre+ 

Beclin1flox/flox and NOX2−/− macrophages did not (Supplementary Figure 7a). PI(3)P 

decorated the LAPosome5,6 of wild-type, ULK1−/−, and NOX2−/− macrophages, yet was 

absent from the LAPosomes of LysM-Cre+ Beclin1flox/flox macrophages (Supplementary 

Figure 7a). These data support the placement of NOX2 complex function downstream of the 

Class III PI3K complex in the LAP pathway.

We investigated the effect of pharmacologically-modulated ROS levels on the translocation 

of LC3 to the phagosome. RAW-GFP-LC3 cells were treated with the ROS inducer, tert-

butyl hydroperoxide (TBHP), concurrently with inert beads. Co-treatment of inert beads 

with TBHP resulted in ROS production (Supplementary Figure 7b) and an increase in LC3-

associated phagosomes (Figure 4d). Conversely, ROS production and LC3 translocation to 

zymosan- or Pam3csk4-bead-containing phagosomes was inhibited using Tiron, a ROS 

scavenger (Figure 4d, Supplementary Figure 7b–c). Similar effects were observed with 3-

MA treatment, which inhibits VPS34 activity5,8,35 (Figure 4d, Supplementary Figure 7b–c).

We next fed horseradish peroxidase (HRP)-coated latex beads to RAW-GFP-LC3 cells to 

induce intraphagosomal ROS production in the absence of a LAP engagement signal. This 

resulted in both ROS production (Supplementary Figure 7d) and LC3 translocation to the 

bead-containing phagosome (Figure 4e). Both wild-type and NOX2−/− macrophages were 

able to translocate GFP-LC3 to the HRP-bead-containing phagosome, whereas LysM-Cre+ 

Beclin1flox/flox, LysM-Cre+ VPS34flox/flox, and Rubicon−/− macrophages were not (Figure 

4e). These data suggest that while Rubicon is needed for ROS production, exogenous ROS 

does not bypass the need for Rubicon, consistent with its requirement for PI(3)P generation.

LAP was analyzed in response to beads coupled to Pam3csk4 or to Pam3csk4 and catalase 

(which reduces H2O2 to H2O36), which successfully reduced ROS levels during LAP 

(Supplementary Figure 7e). Beads coated with both Pam3csk4 and catalase failed to recruit 

LC3 to the phagosome (Figure 4f–g). Therefore, both PI(3)P and ROS are required for 

successful LAP, and modulation of these signaling molecules can affect the outcome during 

phagocytosis.

LAP-induced phagosome maturation requires LC3-II

The translocation of LC3-II to the LAPosome is also a defining characteristic of LAP4. 

There exist at least three families of LC3-related proteins: microtubule-associated protein 1 

light chain 3 (LC3, including LC3A, LC3B and LC3C); Golgi-associated ATPase enhancer 

of 16 kDa (GATE16); and γ-aminobutyric-acid-type-A (GABAA)-receptor-associated 

protein (GABARAP). Members of all three families have been identified on 

autophagosomes37. SILAC analysis revealed that LC3B, GABARAP, and GATE16 

associated with LAPosomes (Supplementary Table 1). Immunoblot analysis (Figure 5a) 

confirmed that LC3A, LC3B, GABARAP, and GATE16 associated with LAPosomes 

containing Pam3csk4-conjugated beads.
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The molecular mechanisms that mediate LC3 conjugation are well described for 

autophagy22. While both ATG75,8 and ATG57,8 are required for both autophagy and LAP, 

the roles of other the components of the conjugation systems in LAP are unknown. LysM-

Cre+ ATG5flox/flox, LysM-Cre+ ATG12flox/flox, and LysM-Cre+ ATG16Lflox/flox 

macrophages all failed to undergo both LAP, in response to zymosan, or autophagy, in 

response to rapamycin or starvation (Figure 5b–g). Macrophages expressing the murine 

ATG16L T316A mutation, homologous with the human polymorphism associated with 

Crohn’s disease38, however, displayed marginal defects in LAP and canonical autophagy, 

suggesting that this single-nucleotide polymorphism has little or no effect on the LAP 

pathway in murine bone marrow-derived macrophages (Figure 5h–i).

The conjugation of LC3 to lipid (LC3-II) requires processing of the LC3-precursor to LC3-I, 

a process mediated by ATG422. ATG4B+/+ macrophages displayed GFP-LC3 puncta 

formation in response to rapamycin or starvation conditions, as well as rapid translocation of 

GFP-LC3 to the LAPosome. ATG4B−/− macrophages, however, failed to undergo canonical 

autophagy or LAP (Figure 6a–b). Similarly, LysM-Cre+ ATG3flox/flox macrophages did not 

form GFP-LC3 puncta in response to autophagic stimuli, nor did they undergo LAP in 

response to zymosan stimulation (Figure 6c–d). However, ATG4B-or ATG3-deficient 

macrophages displayed equivalent levels of phagocytosis (Figure 6e–f).

The lipidated, membrane-associated LC3-II is associated with both the outer and inner 

autophagosomal membranes and remains on the autophagosome during its formation, its 

completion, and its fusion with the lysosome39,40. To determine the role of LC3 in the 

maturation of the LAPosome, we utilized the Legionella pneumophila effector protein, 

RavZ, which is a cysteine protease that specifically targets LC3-PE (LC3-II) and generates 

an unlipidated LC3 product that lacks the essential C-terminal glycine required for re-

lipidation41. The presence of RavZ resulted in an absence of both LC3-II (Figure 6g) and 

LAMP1 (Figure 6h–i) on the LAPosome, while RavZ-GFP rapidly translocated to the 

LAPosome (Figure 6h–i). Cells expressing the nonfunctional mutant, RavZC258A-GFP, 

however, contained LC3-II+, LAMP1+ LAPosomes (Figure 6g, j–k). Collectively, these data 

suggest that the ATG5-12 and LC3-PE conjugation systems function to target lipidated 

LC3-II to the phagosome during LAP and that LC3-II facilitates the fusion of LAPosomes to 

lysosomes.

Clearance of Aspergillus fumigatus requires LAP

Patients with X-linked chronic granulomatous disease (CGD) commonly have mutated or 

deleted gp91PHOX, p22PHOX, and p47PHOX NOX2 subunits42. These patients can 

develop colitis and are susceptible to invasive fungal infection, such as Aspergilliosis.43. 

Macrophages from p47PHOX−/− mice and blood monocytes from CGD patients display 

reduced translocation of LC3 to phagosomes containing Aspergillus fumigatus spores2. In 

order to examine the ability of A. fumigatus to induce LAP, macrophages from various 

genetically-modified animals were cultured with A. fumigatus spores in vitro. Both wild-

type and LysM-Cre+ FIP200flox/flox macrophages recruited LC3 to the pathogen-containing 

phagosome. Macrophages deficient for Beclin1, Rubicon, NOX2, or ATG7 failed to 

translocate LC3 to the A. fumigatus-containing phagosome, suggesting that this pathogen 
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triggers the LAP pathway (Figure 7a, Supplementary Figure 8a). Notably, macrophages 

from all genotypes exhibited equivalent levels of phagocytosis (Supplementary Figure 8b). 

Wild-type and LysM-Cre+ FIP200flox/flox macrophages exhibited robust clearance (Figure 

7b) and killing (Supplementary Figure 8c) of A. fumigatus in vitro after 2 and 8 hours. 

However, LysM-Cre+ Beclin1flox/flox, NOX2−/−, Rubicon−/−, and LysM-Cre+ ATG7flox/flox 

macrophages, were less able to clear A. fumigatus in vitro (Figure 7b, Supplementary Figure 

8c).

We then challenged mice intra-nasally with A. fumigatus and monitored for weight loss, 

local fungal growth, cytokine production, and lung histopathology. Wild-type, LysM-Cre+ 

FIP200flox/flox, and ULK1−/− mice did not lose weight (Supplementary Figure 8d) and were 

able to control fungal growth at 3 and 7 days post-infection (Figure 7c). LysM-Cre+ 

Beclin1flox/flox, Rubicon−/−, and LysM-Cre+ ATG7flox/flox mice displayed mild weight loss 

(Supplementary Figure 8d) and were delayed in their ability to restrict fungal growth in the 

lung at 3 and 7 days post-infection (Figure 7c). Lung tissue was analyzed for up-regulation 

of inflammatory cytokine genes at day 3 post-infection by qPCR. Lungs from LysM-Cre+ 

Beclin1flox/flox, Rubicon−/−, and LysM-Cre+ ATG7flox/flox mice revealed increased levels of 

IL-1β, IL-6, IL-12(p40), and TNFα, compared to wild-type, LysM-Cre+ FIP200flox/flox, and 

ULK1−/− mice (Figure 7d). This upregulation of pro-inflammatory cytokines was also 

evident in the serum at day 7, as LysM-Cre+ Beclin1flox/flox, Rubicon−/−, and LysM-Cre+ 

ATG7flox/flox mice all displayed increased serum levels of G-CSF, IL-1α, IL-1β, IL-6, and 

KC (Supplementary Figure 8e). Histological analysis of infected lungs revealed that LysM-

Cre+ Beclin1flox/flox, Rubicon−/−, and LysM-Cre+ ATG7flox/flox exhibited increased 

presence of Aspergillus fumigatus, inflammation, and granulomas at days 3 and 7 post-

infection, compared to wild-type, LysM-Cre+ FIP200flox/flox, and ULK1−/− mice (Figure 

7e–f). Collectively, these data demonstrate that LAP is critical for the efficient clearance of 

Aspergillus fumigatus and prevention of inflammation and granuloma formation.

Discussion

LAP is a unique pathway that links signaling during phagocytosis with recruitment of some 

members of the autophagy machinery. Here we found that LAP, like autophagy11,22, 

requires the activity of the ATG5-12-16L and LC3-PE conjugation systems, and that the 

presence of LC3-II on the LAPosome is crucial for lysosomal fusion and maturation of the 

LAPosome22,39. These observations provide insight into the role of LC3-II on the 

LAPosome, demonstrating that LC3-II is an active partner in the maturation process (Figure 

8).

We identified, in association with the Beclin1-VPS34-UVRAG-containing Class III PI3K 

complex14, as a molecule required for LAP but not autophagy. While Class III PI3K 

complexes lacking Rubicon were present at the LAPosome at low levels, it appears that this 

association is not sufficient for PI(3)P generation or LAP to progress. The recruitment of the 

Beclin1-VPS34-UVRAG-Rubicon complex (active only in LAP) is required for activity of 

the downstream conjugation systems to proceed, and reduced levels of localized PI(3)P at 

the LAPosome were observed in Rubicon−/− macrophages. Our data suggest that a Class III 
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PI3K complex containing Rubicon and UVRAG is recruited to the LAPosome and promotes 

the generation of PI(3)P.

Rubicon is also an important partner in promoting the production of ROS via the NOX2 

complex13. We and others10 observed that NOX2 and ROS are required for LC3 

translocation to the zymosan-containing phagosome. Further, ROS production in response to 

LAP stimuli requires Rubicon and the Class III PI3K complex. Consistent with previous 

reports13,28,31,32, LAPosomes from Beclin1-, VPS34-, or Rubicon-deficient macrophages all 

displayed reduced levels of localized PI(3)P, and subsequently, the PI(3)P-binding subunit 

of the NOX2 complex, p-p40PHOX, failed to stably associate with these LAPosomes. 

Rubicon allows for sustained PI3K activity at the LAPosome, and stabilization of the NOX2 

complex via its binding to p-p40PHOX. It is possible that Rubicon itself stabilizes the 

NOX2 complex, thus promoting ROS production13, although our analysis cannot 

discriminate such an effect from its role in generating PI(3)P. Therefore, Rubicon mediates 

the crosstalk between the Class III PI3K and NOX2 complexes, resulting in lipid oxidation 

and PI(3)P generation, both required for conjugation of LC3 to the LAPosome.

There are multiple possible mechanisms by which ROS can promote LC3-II translocation. 

One study reports that ROS, in the form of H2O2, directly inhibits the deconjugating activity 

of the cysteine protease, ATG4, which can cleave LC3-II into LC3-I and release it from the 

membrane33,44. While this study reported ROS production under starvation conditions, we 

did not observe substantial ROS production with rapamycin or starvation. Further, inhibition 

of ROS resulted in a failure of ATG7 to translocate to the LAPosome, indicating that the 

role of ROS during LAP is likely to be independent of ATG4. Another effect of ROS 

production is the oxidation of membrane lipids34, which can acquire uncharacteristic 

biological activities45. LAPosomes from WT and ULK1−/− macrophages contained robust 

levels of oxidized low-density lipoproteins (OxLDL), while LysM-Cre+ Beclin1flox/flox and 

NOX2−/− macrophages did not.

Previous work has demonstrated that LAP plays a critical role in the degradation of engulfed 

organisms, such as intraphagosomal yeast5, and is also a key player in the processing of 

phagocytic cargo and shaping of the innate immune response6,8,9. We found that clearance 

of Aspergillus fumigatus requires LAP, but not canonical autophagy, and animals defective 

for LAP exhibit increased pathological inflammation, pro-inflammatory cytokines, and 

fungal burden in vivo. Significantly, CGD patients with defective components of the NOX2 

complex (required for LAP) are often plagued by Aspergilliosis43. This suggests that the 

inflammation, granulomas, and infectious susceptibility associated with CGD may be 

partially attributable to a defect in LAP.

Defects in autophagic machinery have been linked with aberrant host defense, inflammatory 

disease, and age-related disorders3,46–54. While initial interpretation of the above studies 

implicates autophagy, it is possible that a defect in LAP, rather than autophagy, accounts for 

some of these pathological conditions. It appears that there are “cassettes” of autophagy 

proteins that function, or not, in the control of different infections53,54, some of which may 

be attributable to LAP. Characterization of the molecular mechanisms of LAP, in terms of 
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its divergence from autophagy, will allow us examination of pathologies linked to the 

autophagic machinery in a new light.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Rubicon is required for LAP

(a) RAW-GFP-LC3 cells were transduced with lentiviral constructs for Scrambled shRNA 

or Rubicon shRNA. At 72 hours after transfection, cells were left untreated (NS) or treated 

with 200 nM rapamycin (Rapa.) or fed Alexa Fluor 594-zymosan (Zymosan). GFP-LC3 

puncta was assessed at 18 h, and translocation of GFP-LC3 to the LAPosome was assessed 

at 1 h. (b–d) Rubicon+/+ GFP-LC3+ and Rubicon−/− GFP-LC3+ bone marrow-derived 

macrophages were left untreated (NS) or were cultured with 200 nM rapamycin (Rapa., b), 

starvation conditions (c), or Alexa Fluor 594-zymosan (Zymosan, b–c). GFP-LC3 puncta 
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was assessed at 18 h, and translocation of GFP-LC3 to the LAPosome was assessed at 1 h 

by confocal microscopy (b) and flow cytometry (c). Filled grey histogram represents inert 

bead. (d) The mean fluorescence intensity (MFI) of membrane bound GFP-LC3 was 

determined using flow cytometry under starvation conditions (left) and zymosan feeding 

(right). Data are presented as mean ± SD of three independent experiments (*p < 0.05, **p < 

0.001). (e–f) Bone marrow-derived macrophages from Rubicon+/+ and Rubicon−/− mice (e) 

or WT, LysM-Cre+ VPS34flox/flox, LysM-Cre+ Beclin1flox/flox, and Rubicon−/− mice (f) 

were allowed to phagocytose latex beads coated with Pam3csk4 for 1 hr. Phagosomes were 

purified using sucrose gradient as described in experimental procedures. Phagosome 

proteins were solubilized in SDS-PAGE and blotted with the indicated antibodies. The 

results presented are representative of three independent experiments. (g) Bone marrow-

derived macrophages from genetic knockout strains were fed Pam3csk4-beads (30 minutes). 

mVPS34 was immunoprecipitated from the purified LAPosomes, and equivalent amounts 

were used in the Class III PI3K Activity assay. Data, as pM of PI(3)P, is presented as mean 

± SD of three independent experiments (**p < 0.001).
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Figure 2. LAP utilizes a UVRAG-containing Class III PI3K Complex

(a–b) Bone marrow-derived macrophages from LysM-Cre− Beclin1flox/flox GFP-LC3+ and 

LysM-Cre+ Beclin1flox/flox GFP-LC3+ mice were left untreated (NS) or were cultured with 

200 nM rapamycin (Rapa., a), starvation conditions (S, b), Inert beads (I, b), or Alexa Fluor 

594-zymosan (Zymosan or Z, a–b). (c–d) Bone marrow-derived macrophages from LysM-

Cre− VPS34flox/flox GFP-LC3+ and LysM-Cre+ VPS34flox/flox GFP-LC3+ mice were left 

untreated (NS) or were cultured with 200 nM rapamycin (Rapa., c), starvation conditions (S, 

d), Inert beads (I, d), or Alexa Fluor 594-zymosan (Zymosan or Z, c–d). (e–f) Bone 
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marrow-derived macrophages from LysM-Cre− ATG14flox/flox and LysM-Cre+ 

ATG14flox/flox mice were transfected with GFP-LC3. After 48 hours of transfection, cells 

were left untreated (NS) or were cultured with 200 nM rapamycin (Rapa., e), starvation 

conditions (S, f), Inert beads (I, f), or Alexa Fluor 594-zymosan (Zymosan or Z, e–f). (g–h) 

RAW-GFP-LC3 cells were transfected with Scrambled or UVRAG siRNA oligonucleotides. 

After 48 hours of transfection, cells were left untreated (NS) or were cultured with 200 nM 

rapamycin (Rapa., g), starvation conditions (S, h), Inert beads (I, h), or Alexa Fluor 594-

zymosan (Zymosan or Z, g–h). GFP-LC3 puncta was assessed at 18 h, and translocation of 

GFP-LC3 to the LAPosome was assessed at 1 h by confocal microscopy (a, c, e, g) and flow 

cytometry (b, d, f, h). Data are presented as mean ± SD of three independent experiments 

(**p < 0.001). (i) Bone marrow-derived macrophages from LysM-Cre− Beclin1flox/flox and 

LysM-Cre+ Beclin1flox/flox mice were allowed to phagocytose latex beads coated with 

Pam3csk4 for 1 hr. Phagosomes were purified using sucrose gradient as described in 

experimental procedures. Phagosome proteins (left), as well as whole cell lysates from non-

stimulated cells (right), were solubilized in SDS-PAGE and blotted with the indicated 

antibodies. The results presented are representative of three independent experiments.
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Figure 3. NOX2 is downstream of the Class III PI3K Complex and required for LAP

(a–b) Bone marrow-derived macrophages from NOX2+/+ GFP-LC3+ and NOX2−/− GFP-

LC3+ mice were left untreated (NS) or were cultured with 200 nM rapamycin (Rapa., a), 

starvation conditions (S, b), Inert beads (I, b), or Alexa Fluor 594-zymosan (Zymosan or Z, 

a–b). GFP-LC3 puncta was assessed at 18 h, and translocation of GFPLC3 to the 

LAPosome was assessed at 1 h by confocal microscopy (a) and flow cytometry (b). (c–e) 

Bone marrow-derived macrophages from genetic knockout strains were fed inert beads or 

Alexa Fluor 594-zymosan and analyzed for ROS production at 1 h by flow cytometry using 
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dihydroethidium (DHE). Data are presented as mean ± SD of three independent experiments 

(**p < 0.001). (f–h) Bone marrow-derived macrophages from WT, NOX2−/−, and LysM-

Cre+ Beclin1flox/flox mice (f), Rubicon+/+ and Rubicon−/− mice (g), and WT, Rubicon−/−, 

and NOX2−/− mice (h) were allowed to phagocytose latex beads coated with Pam3csk4 for 1 

hr. Phagosomes were purified using sucrose gradient as described in experimental 

procedures. Phagosome proteins were solubilized in SDS-PAGE and blotted with the 

indicated antibodies. The results presented are representative of three independent 

experiments.
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Figure 4. PI(3)P and ROS are both required for LAP

(a–c) Bone marrow-derived macrophages from genetic knockout strains were transiently 

transfected with PX-mCherry. After 48 hours of transfection, cells were fed inert beads or 

Pam3csk4-beads for 30 minutes. PI(3)P on LAPosomes was analyzed by flow cytometry (a) 

or confocal microscopy (b–c). Yellow asterisks indicate internalized beads. Representative 

images and signal intensity profiles for PX-mCherry across phagocytosed beads are 

quantified and shown graphically (n ≥ 25 / genotype) (b). Masks were generated around 

whole cells and the MFI of PI(3)P within the cell was quantified using Slidebook software. 
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Data are presented as mean ± SD of three independent experiments (**p < 0.001) (c). Data 

are presented as mean ± SD of two independent experiments (n ≥ 25 / genotype). (d) RAW-

GFP-LC3 cells were fed inert beads or zymosan, in the presence or absence of tert-butyl 

hydroperoxide (TBHP, 100 µM, 50 µM), Tiron (1 mM, 0.5 mM), or 3-MA (25 mM, 5 mM). 

Translocation of GFP-LC3 to the LAPosome was assessed at 1 h by flow cytometry. (e) 

Bone marrow-derived macrophages from GFP-LC3+ genetic knockout strains were fed inert 

beads, Alexa Fluor 594-zymosan, or HRP-coupled beads. Translocation of GFP-LC3 to the 

LAPosome was assessed at 1 h by flow cytometry. Data are presented as mean ± SD of three 

independent experiments (**p < 0.001) (f–g) RAW-GFP-LC3 cells were fed inert beads (I), 

Pam3csk4-beads (P), Catalase-beads (C), or Pam3csk4+Catalase-beads (PC). Translocation 

of GFP-LC3 to the LAPosome was assessed at 1 h by immunoblot analysis of purified 

phagosomal proteins (f) and flow cytometry (g). Data are presented as mean ± SD of three 

independent experiments (**p < 0.001).
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Figure 5. The ATG5-12-16L and LC3-PE conjugation systems are required for LAP

(a) RAW cells were allowed to phagocytose inert beads or Pam3csk4-beads for 1 hour. 

Phagosomes were purified using sucrose gradient as described in experimental procedures. 

Phagosome proteins (left), as well as whole cell lysates from non-stimulated cells (right), 

were solubilized in SDS-PAGE and blotted with the indicated antibodies. The results 

presented are representative of three independent experiments. (b–c) Bone marrow-derived 

macrophages from LysM-Cre− ATG5flox/flox GFP-LC3+ and LysM-Cre+ ATG5flox/flox 

GFP-LC3+ mice were left untreated (NS) or were cultured with 200 nM rapamycin (Rapa., 
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b), starvation conditions (S, c), Inert beads (I, c), or Alexa Fluor 594-zymosan (Zymosan or 

Z, b–c). (d–e) Bone marrow-derived macrophages from LysM-Cre− ATG12flox/flox and 

LysM-Cre+ ATG12flox/flox mice were transfected with GFP-LC3. After 48 hours of 

transfection, cells were left untreated (NS) or were cultured with 200 nM rapamycin (Rapa., 

d), starvation conditions (S, e), Inert beads (I, e), or Alexa Fluor 594-zymosan (Zymosan or 

Z, d–e). (f–g) Bone marrow-derived macrophages from LysM-Cre− ATG16Lflox/flox GFP-

LC3+ and LysM-Cre+ ATG16Lflox/flox GFP-LC3+ mice were left untreated (NS) or were 

cultured with 200 nM rapamycin (Rapa., f), starvation conditions (S, g), Inert beads (I, g), or 

Alexa Fluor 594-zymosan (Zymosan or Z, f–g). (h–i) Bone marrow-derived macrophages 

from ATG16L+/+ and ATG16L T316A mice were transfected with GFP-LC3. After 48 

hours of transfection, cells were left untreated (NS) or were cultured with 200 nM 

rapamycin (Rapa., h), starvation conditions (S, i), Inert beads (I, i), or Alexa Fluor 594-

zymosan (Zymosan or Z, h–i). GFP-LC3 puncta was assessed at 18 h, and translocation of 

GFP-LC3 to the LAPosome was assessed at 1 h by confocal microscopy (b, d, f, h) and flow 

cytometry (c, e, g, i). (j) ATG4B+/+ and ATG4B−/− macrophages were fed Alexa Fluor 594-

zymosan, and the percent of phagocytosis (% Phagocytosis, left) and the extent of 

phagocytosis (MFI of Phagocytosed Zymosan, right) was quantified by flow cytometry. (k) 

LysM-Cre− ATG3flox/flox and LysM-Cre+ ATG3flox/flox macrophages were fed Alexa Fluor 

594-zymosan, and the percent of phagocytosis (% Phagocytosis, left) and the extent of 

phagocytosis (MFI of Phagocytosed Zymosan, right) was quantified by flow cytometry. 

Data are presented as mean ± SD of three independent experiments (**p < 0.001).
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Figure 6. LAP-induced phagosome maturation requires LC3-II

(a–b) Bone marrow-derived macrophages from ATG4B+/+ and ATG4B−/− mice were 

transfected with GFP-LC3. After 48 hours of transfection, cells were left untreated (NS) or 

were cultured with 200 nM rapamycin (Rapa., a), starvation conditions (S, b), Inert beads (I, 

b), or Alexa Fluor 594-zymosan (Zymosan or Z, a–b). (c–d) Bone marrow-derived 

macrophages from LysM-Cre− ATG3flox/flox and LysM-Cre+ ATG3flox/flox mice were 

transfected with GFP-LC3. After 48 hours of transfection, cells were left untreated (NS) or 

were cultured with 200 nM rapamycin (Rapa., c), starvation conditions (S, d), Inert beads (I, 
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d), or Alexa Fluor 594-zymosan (Zymosan or Z, c–d). GFP-LC3 puncta was assessed at 18 

h, and translocation of GFP-LC3 to the LAPosome was assessed at 1 h by confocal 

microscopy (a, c) and flow cytometry (b, d). Data are presented as mean ± SD of three 

independent experiments (**p < 0.001). (e–h) RAW cells were transfected with RavZ-GFP 

(e–f) or RavZC258A-GFP (g–h). After 48 hours of transfection, cells were fed inert beads or 

Pam3csk4-beads for 1 hour. Immunofluorescent staining was performed for LAMP1 and 

analyzed by microscopy. Representative images (e, g) and signal intensity profiles (f, h) for 

RavZ, RavZC258A, and LAMP1 across phagocytosed beads are quantified and shown 

graphically (n ≥ 20 / genotype). Data are presented as mean ± SD of two independent 

experiments. (i) RAW cells were transfected with RavZ-GFP or RavZC258A-GFP. After 48 

hours of transfection, cells were allowed to phagocytose inert beads or Pam3csk4-beads for 

1 hour. Phagosomes were purified using sucrose gradient as described in experimental 

procedures. Phagosome proteins (left), as well as whole cell lysates from non-stimulated 

cells (right), were solubilized in SDS-PAGE and blotted with the indicated antibodies. The 

results presented are representative of three independent experiments.
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Figure 7. Clearance of Aspergillus fumigatus requires LAP

(a) Bone marrow-derived macrophages from GFP-LC3+ genetic knockout strains were fed 

live A. fumigatus-dsRed at an MOI of 5, and translocation of GFP-LC3 to the LAPosome 

was assessed at 1 h by confocal microscopy. Representative images are shown (n ≥ 20 / 

genotype). (b) Bone marrow-derived macrophages from different genetic knockout strains 

were fed live A. fumigatus at an MOI of 1, and colony-forming units per ml (cfu/ml) of cell 

lysate was measured at 2 and 8 hours post-infection. Data are presented as mean ± SD of 

three independent experiments (*p< 0.05, **p < 0.01). (c–f) Mice of different genetic 
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knockout strains were infected intranasally with live A. fumigatus conidia. A. fumigatus cfu 

per mg of lung tissue was measured on days 3 and 7 post-infection (c). Relative mRNA 

levels of IL-6, IL-1β, IL-12p40, and TNFα in infected lung tissue homogenates at day 3 

post-infection were quantified by real-time PCR. Data normalized to actin. Data are 

presented as mean ± SD of three independent experiments (*p< 0.05). Lung histopathology 

[H&E staining, (e) and Gomorri staining (f)] on days 3 and 7 post-infection. Representative 

images are shown of 10× magnification. Scale bars represent 100 µm.
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Figure 8. Proposed Model of LC3-Associated Phagocytosis

Recruitment of the Rubicon- and UVRAG-containing Class III PI3K complex allows for 

sustained VPS34 activity at the LAPosome, resulting in significant PI(3)P deposition on the 

LAPosome membrane. This PI(3)P allows for the recruitment of autophagic downstream 

conjugation systems to the LAPosome and stabilizes the NOX2 complex via its binding to 

p-p40PHOX. Rubicon itself also stabilizes the NOX2 complex, promoting optimal ROS 

production. Both PI(3)P and ROS are required for the recruitment of the downstream 

conjugation systems. LAP requires the activity of ATG5-ATG12-ATG16L complex, as well 
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as ATG3 and ATG4, all of which are critical to the lipidation of LC3. Importantly, the 

maturation of the LAPosome requires the presence of LC3-II, as macrophages that express 

the Legionella effector protease, RavZ, fail to mature into LAMP1+ LAPosomes.

Martinez et al. Page 29

Nat Cell Biol. Author manuscript; available in PMC 2015 October 20.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t


