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Abstract

LC3-associated phagocytosis (LAP) is a novel form of non-canonical autophagy where LC3
(microtubule-associated protein 1A/1B-light chain 3) is conjugated to phagosome membranes
using a portion of the canonical autophagy machinery. The impact of LAP to immune regulation is
best characterized in professional phagocytes, in particular macrophages, where LAP has
instrumental roles in the clearance of extracellular particles including apoptotic cells and
pathogens. Binding of dead cells via receptors present on the macrophage surface results in the
translocation of the autophagy machinery to the phagosome and ultimately LC3 conjugation.
These events promote a rapid form of phagocytosis that produces an “immunologically silent”
clearance of the apoptotic cells. Consequences of LAP deficiency include a decreased capacity to
clear dying cells and the establishment of a lupus-like autoimmune disease in mice. The ability of
LAP to attenuate autoimmunity likely occurs through the dampening of pro-inflammatory signals
upon engulfment of dying cells and prevention of autoantigen presentation to other immune cells.
However, it remains unclear how LAP shapes both the activation and outcome of the immune
response at the molecular level. Herein, we provide a detailed review of LAP and its known roles
in the immune response and provide further speculation on the putative mechanisms by which
LAP may regulate immune function, perhaps through the metabolic reprogramming and
polarization of macrophages.
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Introduction

Traditional macro-autophagy (autophagy hereafter) has long been implicated in regulating
multiple facets of the immune response including pathogen capture, metabolic regulation,
and cellular homeostasis. Autophagy is best described as “self-eating”, and is a critical
mechanism that cells utilize under conditions of nutrient deprivation and stress to
compensate and preserve homeostasis. Activation of the autophagic pathway leads to both
the en masse and selective capture and degradation of cytosolic components in a signaling
dependent fashion [1, 2], resulting in energy production derived from the recycling of
organelles, proteins, amino acids and other macromolecules. The ability of the autophagic
pathway to govern metabolic status is of particular interest for cells of the immune system.
Immune cells including lymphocytes and phagocytic cells such as macrophages require a
fluidity in their energy architecture as they respond to activation signals [3, 4]. While both
quiescent and activated immune cells require ATP, the transition in response to immune
perturbation necessitates the appropriation of nutrients into varying pathways to support or
direct functional alterations [3]. As expected, major energetic pathways including glycolysis,
the tricarboxylic acid (TCA) cycle, the pentose phosphate pathway, fatty acid oxidation,
fatty acid synthesis, and amino acid metabolism play vital roles in sculpting the energetic
profile of individual immune cells [5]. Autophagy also plays a prominent role in facilitating
these primary energetic pathways through the production of metabolic substrates and/or the
quality control of organelles. While the autophagy pathway is the only known mechanism to
dispose of and recycle intracellular organelles, multiple unique forms of autophagy exist.
These divergent forms, deemed non-canonical autophagy, differ in their requirements for
specific autophagy proteins (ATGs) required for the canonical autophagy pathway. These
studies reveal limitations in our knowledge of how individual components function in either
canonical or non-canonical autophagy. Perhaps it should not be surprising that components
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of a molecular pathway that has existed for aeons might acquire new roles in related
processes.

One such form of non-canonical autophagy is present in phagocytic cells, including
macrophages, epithelial cells, and endothelial cells. This novel pathway of hon-canonical
autophagy utilizes components of the canonical autophagy machinery including a subset of
the ATGs to conjugate the microtubule-associated protein 1A/1B-light chain 3 (LC3) to
phagosome membranes [6]. As such, this process of non-canonical autophagy is called LC3-
associated phagocytosis (LAP). Unlike other forms of non-canonical autophagy, LAP is
unique in that it is an autophagosome-independent process that results in the formation of
LC3-positive phagosomes called LAPosomes. Animals deficient in the LAP pathway have a
propensity to develop autoimmunity, particularly systemic lupus erythrematosus (SLE) as
discussed below [7]. Additionally, LAP has been shown to have an obligatory function in the
efficient clearance of dying cells by macrophages, and likely serves in dampening pro-
inflammatory responses. Importantly, this ability for LAP to quench inflammatory responses
results in a shaping of the immune response towards anti-inflammation.

In this review we provide an overview of the LAP pathway, signaling to LAP, and the role of
LAP in not only the clearance of dying cells and other phagocytic substrates, but further
speculate on the potential for LAP to be a mechanism for the metabolic reprogramming of
immune cells including macrophages in a variety of both physiological and pathological
scenarios.

LAP bridges phagocytosis and autophagy

To understand LAP, we must first distinguish how cells, in particular phagocytes, identify
potential cargo to be internalized. Surface receptors at the plasma membrane of phagocytic
cells, including macrophages, can be engaged by ligands that are present on target particles.
This binding event can result in the activation of the traditional phagocytic pathway,
characterized by cytoskeletal rearrangements that mechanically pull the particle into the cell,
leading to the formation of a phagosome enclosing the cargo for degradation [8]. In
subsequent steps, the phagosome acquires hydrolytic capacity through fusion with
lysosomes leading to the destruction of the phagocytosed material [9]. On their route to the
lysosome, and depending on the engulfed material, certain phagosomes will recruit members
of the autophagic machinery that are responsible for conjugating LC3-family proteins to
lipids at the phagosome membrane, the process of LAP (Figure 1). A livery of plasma
membrane receptors are involved in cargo sensing and particle uptake leading to LAP.
Pattern recognition receptors (PRR) such as toll-like receptors (TLR, in particular, TLR1/2,
TLR2/6, and TLR4) able to sense diverse pathogen-associated molecular patterns (PAMPS),
immunoglobulin (1g) receptors that recognize foreign particles opsonized by the immune
system, and receptors mediating the clearance of cell corpses such as TIM4 that binds
phosphatydilserine (PtdSer) scrambled to the outer leaflet in the plasma membrane upon cell
death, are major cell surface receptors that have been shown to participate in cargo sensing
during LAP [6, 7, 10-14]. A currently unexplored facet of the LAP mechanism is whether
soluble signals, such as “find me” signals, released by dying cells [15] or soluble PAMP
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moieties from extracellular pathogens are required to prime LAP or to regulate LAP
outcome prior to the cell encountering any potential extracellular phagocytic cargo.

While receptors that engage LAP have been identified, it remains unclear how these signal
to initiate LAP. In the case of TLRs, the signaling molecules MyD88 and TRIF are
dispensable for LAP [10]. LAP induced by zymosan is dependent on TLR2 [10], but may
also rely on Dectin-1 signaling to DAPK1 [16]. While LAP is induced by TLR 1/2, TLR2/6,
and TLR4 [10], it is not induced by TLR ligation [13]. In the latter case, LAP was not
required for delivery of IgG-DNA complexes to TLR9 in plasmacytoid dendritic cells, but
FcR-mediated LAP was involved in the formation of the acidic TLR9 interferon-signaling
compartment [13].

Phagosome maturation, mediated by the fusion of phagosomes to lysosomes, is facilitated
by LAP following TLR stimulation [10, 17] and the uptake of dying cells [6, 7]. However, it
appears to be dispensable for phagosome maturation following FcR-mediated phagocytosis
[18].

PI3K and Rubicon are required for LAP

Following the recognition of phagocytic cargo and after phagosome formation, the
phosphatidylinositol 3-kinase complex (PI3KC3) is the first multi-protein complex involved
in LAP regulation (Figure 1, ypper insef). As such, it is the most upstream complex shared
between LAP and the canonical autophagic pathway. The core components of the PI3KC3
complex are VPS34, VPS15 and Beclinl [19]. VPS34 is the catalytic subunit in the complex
that phosphorylates the inositol ring of phosphotidylinositides (PtdIns) at the 3-position to
produce phosphatidylinositol 3-phosphate (PtdIns3P) [20]. VPS15 (also known as p150 or
PI3KR4) is a pseudokinase that is myrostylated at the amino-terminus and regulates VPS34
activity [21]. Beclinl (ATG6/VPS30) is a coiled-coil and BH3 domain containing protein
that regulates VPS34 lipid kinase function and is involved in autophagic regulation from
yeast to mammals [22, 23]. Inhibitors of PI3BKC3 function or genetic deficiency in the core
components Beclinl and VPS34 abrogate LAP [6, 10, 17]. In addition to Beclin 1 and
VPS15/34, the PI3KC3 complex requires additional subunits to be fully functional. UVRAG
and Rubicon are required for LAP whereas ATG14L and AMBRAL1 (required for canonical
autophagy) are dispensable, arguing that a specific Rubicon-containing complex initiates the
LAP pathway [17]. Rubicon is a RUN domain-containing protein that has been previously
reported to inhibit PI3P production and LC3-lipidation during canonical autophagy [24, 25].
Rubicon deficiency reduces PI3P generation by VPS34 on phagosome membranes upon
LAP induction, influencing downstream events such as reactive oxygen species (ROS)
production and LC3-lipidation [17]. Furthermore, Rubicon deficiency in mice phenocopies
deficiencies in other proteins involved in LAP regulation, whereas ATG14L, involved in
canonical autophagic regulation, does not [7].

PI3KC3 serves as a molecular signaling platform by generating PI3P within the phagosome
membrane. However, the means by which the LAP signal is transduced from diverse
receptors, such as TLRs, FcRs or TIM4 to a common hub remains elusive. The AMPK-
mTOR-ULK1 axis is the primary regulator of PI3KC3 activity and autophagosome initiation
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during canonical autophagy induced by starvation [26—28]. Inhibition of mTOR using
rapamycin or starvation does not impact LAP, and deficiency of either the serine/threonine
kinase ULKZ1, or its accessory subunits FIP200 or ATG13 does not disrupt LAP function [6,
13, 17, 29]. The absence of mMTOR-ULK1-ATG13 mediated regulation of PI3KC3 activity
during LAP might be explained by the necessity for maintaining LAP function, which is
important for pathogen clearance and elimination of cellular debris, irrespective of
nutritional status within the phagocyte.

Some evidence suggests that signaling events related to phagosome cup formation, cargo
engulfment, and early phagosome maturation might regulate PI3KC3 activation, and
plausibly, LAP initiation. For instance, Dynamin is a GTPase involved in phagosome
sealing, and is required for VPS34 recruitment to phagosome membranes in C. elegansin a
process mediated by the small GTPase Rab5 [30-32]. Rab5 activity has long been correlated
to VVPS34 function and PI3P generation on phagosome membranes [33-36]. Additionally,
upon engulfment of yeast particles by phagocytes or in response to A. fumigatus monocytic
infection, the kinase Syk regulates downstream LAP signaling events such as ROS
production and LC3-lipidation [12, 37] [11]. SRC family kinases are also activated early
during phagosome maturation [38]. Like Syk, Src kinases are involved in ROS production
and LC3-lipidation during phagocytosis [11]. Moreover, PI3KC3 subunits are post-
translationally modified upon autophagic induction [39]. It is alluring to speculate that signal
transduction from upstream receptors may involve protein kinases including Src and Syk,
that in turn may regulate the PI3KC3 complex upon LAP initiation through specific post-
translation modifications. Inositide signaling can regulate early phagocytic events [40, 41]
and diacyl-glycerol, produced by phospholipase C (PLC) from PI(4,5)P, after phagosome
closure, regulates ROS production and phagosome LC3 conjugation in response to L/steria
monocytogenes [42] and Legionella dumoffii [43] infections. Whether these signaling
moieties participate in all LAP-mediated processes is currently unknown. Similarly, their
functional relationships within the LAP machinery and the order of events in the putative
signaling pathway remain unaddressed questions.

An often-overlooked disparity between LAP and canonical autophagy is the timing of PI3P
generation. During LAP, VPS34 activity produces PI3P in the outer leaflet of the phagosome
membrane once the cargo has been engulfed and the phagosome fully sealed [10, 13, 36,
44]. Conversely, upon autophagic stimulation, PI3P is generated in certain portions of the
endoplasmic reticulum in one of the first steps of canonical autophagy [45, 46]. In LAP, the
timing of PI3P generation suggests that early phagosome events such as cargo recognition,
phagosome cup formation, membrane elongation and cargo engulfment are processes most
likely independent of VVPS34 activity or PI3P production. In this regard, during the
phagocytic clearance of apoptotic bodies in C. efegans, an event that involves LAP [10], the
overexpression of a PI3P phosphatase that dephosphorylates PI3P to PIP, abrogates
phagosome maturation without affecting phagosome formation [32]. On the other hand,
during canonical autophagy, the VPS34 activity helps in localizing the phagophore to the
precise site where it will elongate [45]. Overexpression of PI3P phosphatases abolishes the
complete assembly of the autophagosome in both mammalian cells [47, 48] and C. elegans
[49], indicating that PI3P is important for autophagosome closure and elongation.
Interestingly, despite PI3P being generated prior to autophagosome sealing and the
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observation that PI3P may freely diffuse between the inner and the outer membranes; the
majority of PI3P resides in the outer leaflet of the autophagosome following closure [50].
This localization is consistent with what occurs during LAP, suggesting a common function
for PI3P following vesicle closure.

PI3P serves as a platform for the recruitment of effector proteins into membranes where it is
generated. While many effector proteins use PX or FYVE domains to bind to PI3P [51], the
primary PI3P effectors during canonical autophagy are the WIPI proteins that utilize an
alternative lipid binding domain, the WD B-propeller PROPIN [52]. In early autophagosome
structures WIPI2 simultaneous binds to PI3P generated by VPS34 and to ATG16L1 [53].
Since ATG16L labels the membrane site where LC3-lipidation will take place [54], WIPI2
links two important signaling platforms: the PI3KC3 and the lipidation machinery. In
contrast, WIPI2 is dispensable for LAP [17], while LC3-lipidation depends on PI3P
generated on the phagosome [6, 10, 17]. Interestingly, EEAL, a FYVE domain containing
protein that participates in phagosome maturation [55], and the FYVE-containing protein
FYCO1 have been shown to negatively regulate ROS production during LAP [56]. Whether
these or other P13P-binding proteins involved in autophagy regulation bridge the two
signaling platforms upon LAP induction is an idea that requires further attention.

NOX2, ROS and LC3-lipidation in LAP

In addition to PI3P, we likewise have eluded to the importance of ROS in LAP activation.
The nicotamide adenine dinucleotide phosphate (NADPH) oxidase-2 (NOX2) generates
ROS during phagosome maturation in macrophages [57, 58] and both NOX2 function and
ROS are indispensable for LAP [17, 42, 59]. NOX2 is a multiprotein complex comprised of
both membrane-bound and cytosolic subunits (Figure 1, middle insef). The membrane-
bound cytochrome b-245 is a heterodimer of two transmembrane proteins: gp91Ph°X that has
electron transferase activity from NADPH to oxygen (O, + e~ -> O,7) and p22Ph0X that
facilitates the reaction and serves as a docking site for the cytosolic subunits. The regulatory
subunits p67PhoX p47PNOX and p40PNOX aid in complex assembly with the small GTPase Racl
and are required to fully trigger the ROS generating activity of NOX2 [60, 61]. The p67Pnox
subunit participates in the catalysis reaction by promoting electron transfer from NADPH
and FAD. Interestingly, p40P"°% has a PX-domain with the ability to bind PI3P [62, 63],
however this binding site is masked under resting conditions. In early phagocytic events,
inositide signaling activates PKC that in turn phosphorylates p471°%, exposing the PX-
domain in p40Pho%, The licensed p40P"°X protein is then able to interact with PI3P generated
in phagosome membranes [64—66] and brings together the remaining regulatory subunits.
After the translocation of the regulatory subunit, the complex is rearranged to achieve full
oxidative capacity [60]. NOX2 produces a superoxide anion (O57) that is rapidly dismutated
to hydrogen peroxide in the phagosome lumen (O,~ + ¢ + 2H* -> H,0,), this and other
forms of ROS can cause oxidative damage, particularly relevant to the killing of certain
bacteria [67]. To offset this form of immune response, some pathogens have been shown to
express proteins that abrogate NOX2 assembly or function [68]. In addition to ROS
production, NOX2 contributes to the alkalinization of phagosome and phagolysosomal
lumens through the consumption of protons to dismutate superoxide anions. This event
limits the activity of acidic lysosomal proteases. This event promotes antigen presentation to
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adaptive immune cells [69]. Furthermore, concomitantly to ROS production, the electron
transferase activity of NOX2 generates an electric potential across the phagosome membrane
that is buffered through ion exchange [70].

As mentioned above, NOX2 activity and ROS production are important for LC3-lipidation
during LAP [17, 42, 59]. However, the signaling events that link NOX2 activity to
downstream events such as recruitment of the conjugation machinery or LC3-lipidation
remains obscure. Oxidation of lipids at the phagosome membrane has been implicated as a
putative signaling modality in LAP [17], but the molecular mechanism has yet to be
characterized. Alternatively, ROS produced in the phagosome lumen can diffuse to the
cytosol where it may activate cytosolic enzymes required for LAP. ROS are also generated
during canonical autophagy following induction by different stimuli as reported previously
[71], and interestingly, the delipidation activity of ATG4 is inhibited by ROS [72], extending
the presence of LC3 proteins in the autophagosomal membrane and favoring autophagy.

LAP requires the autophagy conjugation system

While it remains unclear how the conjugation machinery is recruited to the phagosome
membrane, the two ubiquitin-like (UB-like) conjugation systems required for LC3
conjugation during canonical autophagy [73] are also involved in LAP (Figure 1, fower
insel) [6, 10, 13, 17]. Briefly, in the first UB-like conjugation system, the exposed terminal
glycine in ATG12 is covalently linked to an internal lysine in ATG5 through isopeptide
bonding [74]. ATG7 and ATG10 function as the activating (E1) and the conjugating
enzymes (E2) respectively [75, 76]. Under physiological conditions, most ATG5 and ATG12
proteins within the cell are conjugated in the form of a stable heterodimer that cannot readily
be de-conjugated [74]. Further, the majority of ATG5-ATG12 conjugates are bound to
ATG16L to produce the ATG16L complex [77]. In the second UB-like system, a glycine in
the carboxyl-terminal tail of the UB-like proteins from the LC3 family are covalently
conjugated to the polar head of a phosphatidylethanolamine lipid molecule within an
(auto)phagosome membrane [78, 79]. Using a similar molecular mechanism [73], ATG7
again possesses the E1 activity for LC3 whereas ATG3 participates as the E2 enzyme in this
system [76, 80]. Finally, LC3 is transferred from the ATG3-LC3 heterodimer to the lipid,
using the E3 ligase activity of the ATG16L complex [81]. An important prerequisite for LC3
conjugation is the exposure of a glycine residue in the carboxy-terminal tail of LC3 [82].
ATG4 comprises a family of cysteine proteases that cleave LC3 proteins releasing a small
oligopeptide (or a single amino acid), thus exposing the glycine residue required for lipid
conjugation [83].

It is noteworthy that in stark contrast to the first system, some functional redundancy occurs
in the second UB-like system. In the mouse genome four ATG4 proteases are encoded
(ATG4A-D) that can cleave with low specificity, and at least five LC3 paralogs (LC3A,
LC3B, GABARAP, GABARAPL1 and GABARAPL?2) have been identified. Additionally,
the E3 ligase activity is encoded in two proteins (ATG16L1 and ATG16L2). Most of these
proteins are ubiquitously expressed in different tissues and the function of this redundancy
remains unclear. One can speculate that a different combination of proteins might be
required for specific autophagic processes (basal autophagy, nutritional autophagy,
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mitophagy, xenophagy, LAP) or might be differentially localized within the cell, generating
spatially separated mechanistic pools. Importantly, upon LAP induction, several LC3
paralogs have been identified in phagosome membranes, but deficiency in either ATG16L1
or ATG4B seems to completely block LAP [17].

The complicated multistep mechanism described above has the sole purpose of LC3-
lipidation and despite it being well conserved from yeast to mammals, the function of
lipidated LC3 proteins in canonical autophagy is far from fully understood. Three main
functions have been proposed for LC3 proteins: these include mediating cargo selection,
favoring autophagosome closure, and facilitating membrane fusion. LC3 proteins are
involved in autophagic cargo selection as certain cargo adaptor proteins including p62,
NRB1, NDP52 and OPTN can simultaneously bind to LC3 proteins and ubiquitinated
cargoes during the elongation and closure of the autophagosome [84] which enables cargo
encapsulation. Different pathogens have been reported to induce LC3-lipidation when the
bacteria still reside in single membrane vesicles during LAP or processes resembling LAP.
However, due to the fact that LC3 is lipidated at the phagosome membrane after phagosome
closure [10] and that the bacteria enclosed in such phagosomes are typically ubiquitin-
negative, it seems improbable that cargo adaptors function during LAP.

Timing is everything

It is important to bear in mind, as exemplified above, the differences in the timing of
lipidated LC3 production between LAP and canonical autophagy, and the functions derived
from this divergence. LC3 is lipidated when the phagosome is fully sealed [10], and the
lipidation machinery is most likely attached to the membrane after phagosome closure.
Conversely, LC3 is conjugated during autophagosome membrane elongation [78, 79] and the
ATG16L complex is released from autophagosome precursors just after or at approximately
the same time as autophagosome closure [77]. Interestingly, the overexpression of a non-
functional ATG4 mutant protein lacking the ability to process LC3 proteins precludes
autophagosome closure [85], suggesting that lipidated LC3 proteins might be involved in
autophagosome membrane elongation and/or closure. Nevertheless, LC3 lingers in the outer
autophagosome membrane after autophagosome sealing, at least until autophagosome-
lysosome fusion [86], pointing to additional functions. Interestingly, lipidated LC3 proteins
have also been shown to be involved in hemifusion between membranes /in vitro [87].
Cytosolic expression of the Legionella effector protein RavZ that specifically cleaves LC3-I1
from membranes [88], delayed the acquisition of the lysosomal marker LAMP1 during LAP
[17], arguing for a role of lipidated LC3 during phagosome-lysosome fusion.

LAP promotes differential outcomes during immune activation

Upon fusion of the phagosome with the lysosome, luminal acidic hydrolases degrade the
engulfed material and transmembrane pumps in the lysosomal membranes aid in the
recycling of sugars, amino acids, lipids and nucleotides to replenish cellular stores. These
surplus molecules generated from extracellular material are reminiscent of amoeboid
nutrition and can potentially be used as building blocks and energy sources within the
phagocyte. Therefore, while LAP most likely impacts cellular metabolism, how the
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phagocyte responds to the extra nutrient supplies has usually been overlooked. Furthermore,
the ultimate goal of phagocytosis is the degradation of extracellular particles, but the final
outcome in the phagocyte greatly varies in a cargo-dependent manner. It is intriguing to
speculate that this control of phagocytosis and degradation of pathogenic cargo generates
metabolites or triggers signaling pathways that reshape metabolic architecture, and
ultimately, regulate the immune response. LAP-deficient mice develop an auto-
inflammatory, lupus-like syndrome with aging, which can be recapitulated by chronic
exposure to apoptotic cells [7]. Also, LAP-deficient mice fail to efficiently clear Aspergillus
fumigatus infection [17, 89]. Thus, it is clear that defects in the LAP mechanism can have a
breadth of immunological consequences.

A role for LAP in antigen presentation and pathogen clearance

Activation of the C-type lectin receptor Dectin-1 or TLR2 leads to recruitment of LC3 to
phagosomal membranes [37, 90, 91]. It has been well characterized that activation of
Dectin-1 occurs in response to fungal infections and fungal-derived antigens. This
mechanism of LAP activation promotes the sustained presentation of antigen by MHC-1I
[37]. Further evidence supporting a function for LAP in antigen presentation stems from
work performed in human macrophages and dendritic cells, showing TLR2 activation leads
to LAP engagement and preservation of antigen presentation through the sequestration and
binding of “LAPosomes” to TLR containing endosomes [90, 92]. Additionally, this process
was shown to be ROS and NOX2 dependent, further confirming LAP activation and not
another form of non-canonical autophagy. While these studies were conducted in
macrophages and bone-marrow derived dendritic cells, the findings are consistent with, and
may in part explain why LAP-deficient mice have a reduced capacity for clearing fungal
infections.

Moreover, it has long been established that selective autophagy can participate in the
clearance of microbes through a process known as xenophagy [93]. Likewise, it has been
proposed that LAP can similarly function in the clearance of pathogens not just through
altering antigen presentation and immune activation as described above, but through direct
engulfment and trafficking for lysosomal degradation and by virtue of ROS production [59,
94, 95]. As described previously, NOX2 and ROS are essential for LAP and are likewise
central components for the ROS-dependent killing of phagocytosed pathogens [59].
Interestingly, other NOX enzymes can promote selective xenophagy and ROS mediated
killing of pathogens such as Sa/monella Typhimurium in non-phagocytic cell types,
suggesting that the role and function of NOX2 in LAP is restricted to professional
phagocytes, while other NOX/autophagy dependent mechanisms exist for the clearance of
pathogens in divergent cell types [59].

LAP in efferocytosis

The connection of LAP with immune regulation is even more evident in the elimination of
apoptotic cells by macrophages, a process known as efferocytosis. At any given time,
professional phagocytes, specifically macrophages, efficiently patrol and eliminate dead
cells to prevent the release of inflammatory signals by cell corpses, and thus protect tissue
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homeostasis. Although efferocytosis is generally defined as an ‘immunologically silent’
process, the engulfment of apoptotic cells orchestrates a potent regulatory mechanism that
actively induces the production of anti-inflammatory cytokines (IL-10, TGF-B) and inhibits
the production of inflammatory cytokines and chemokines such as IL-6, IL-1p, CCL-2,
CCL-3, CCL-4 and CXCL-10 [96-100]. Ultimately, efficient engulfment and elimination of
cellular debris prevents the development of autoimmune syndromes, as accumulation of
dead cells in the circulation and in the lymph nodes as well as serum levels of antibodies
generated against self-antigens are pathological signatures of patients with SLE [101]. LAP
mediates immunoregulation in response to apoptotic cells, and mice that are deficient for
LAP, but not canonical autophagy, accumulate apoptotic bodies in their tissues and within
the cytosol of phagocytic cells. Importantly, a polymorphism in ATG5 was identified in
lupus patients by GWAS, suggesting a putative role for LAP in preventing autoimmunity in
humans [102, 103]. Additionally, patients with chronic granulomatosis, a syndrome caused
by mutations in NOX2, a major component of LAP signaling cascade detailed above, have a
high occurrence of lupus [104-106].

Metabolic reprograming in macrophage functional polarization

The link between LAP and clearance of apoptotic cells by efferocytosis hints at a deeper
involvement for LAP in the regulation of macrophage metabolism and polarization.
Macrophage functions are defined in response to microenvironmental cues, such as
recognition of dying cells, that drive the acquisition of a spectrum of polarization states that
find their extremes in either a pro-inflammatory, pathogen eliminating direction (M1,
classically activated) or antiinflammatory, immunosuppressive and wound-healing response
(M2, alternatively activated). M1 prototypic macrophages are induced by Th1 inflammatory
cytokines (IFNy, TNFa), damage-associated molecules (e.g., ATP, alarmins, HMGB1) and
pathogen-associated molecular patterns (e.g., LPS), and are characterized by secretion of
inflammatory cytokines including IL-1f, TNFa, IL-6, IL-12 and production of antimicrobial
nitric oxide (NO). M1 macrophages also express higher levels of MHCII and co-stimulatory
CDB80 and CD86 on their surface. In contrast, Th2 cytokines (IL-4, IL-13) activate M2
macrophages, generally characterized by secretion of anti-inflammatory IL-10 and TGF-p,
low expression of inflammatory cytokines, and high expression of mannose and galactose C-
type lectins (dectin-1, CD206, CD301) and arginase-1 activity [107]. Since efferocytosis is
typically immunologically silent, an anti-inflammatory M2-like response is observed in
response to apoptotic cells. However, mice that are LAP-deficient tend to have a pro-
inflammatory response when challenged with dead cells, leading to autoinflammation as
detailed above.

To sustain a heterogeneous functional repertoire that encompasses various activation states,
it is important that a metabolic plasticity exists and allows for the establishment of a
renewed homeostatic state, providing energy and catabolites for macromolecule
biosynthesis. Metabolic reprogramming not only supports the energetic demands of different
macrophage polarization phenotypes, but also dictates the signaling pathways that confer
functional specificity to these cells. For instance, the metabolism of arginine, a hallmark
distinction between M1 and M2 macrophage subsets, is essentially a metabolic mechanism
of functional polarization toward pathogen elimination. M1 macrophages convert arginine
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into microbicide NO and citrulline through induction of nitric oxide synthase (iNOS) while
in M2 macrophages arginine is metabolized by arginase-1 (Arg-1) into ornithine and urea
[108-110].

Overall, inflammatory macrophages are characterized by high glycolytic rates, an increased
pentose phosphate pathway (PPP), disturbed TCA cycle and impaired mitochondrial
oxidative phosphorylation (OXPHOS). Anti-inflammatory M2 macrophages are also
energetically demanding cells, but require an efficient electron transport and oxidative
phosphorylation to supply this demand and dictate M2 polarization [111]. Finally, metabolic
circuits that control the utilization and synthesis of lipids and amino acids to sustain these
metabolic pathways also participate in regulation of the immune response and macrophage
function, as discussed below.

Implications of LAP in macrophage immunometabolism

Upon engulfment of apoptotic cells, macrophages upregulate fatty acid oxidation, raising the
possibility that metabolic changes contribute to the immune response to efferocytosis
described above [112]. Whether LAP-dependent immunoregulation in macrophages upon
engulfment and degradation of apoptotic cells is ultimately driven by metabolic
reprogramming is still a matter of speculation, but some interesting studies suggest a
possible relationship. Efferocytosis induces IL-4 production in response to apoptotic cells
and this pathway is defective in macrophages of NOX2 defective mice [113]. The tryptophan
(Trp)-metabolizing enzyme indoleamine 2,3 dioxygenase 1 (IDO1) is rapidly induced by
phagocytosis of apoptotic cells, leading to consumption of tryptophan and activation of
general controlled non-repressed 2 (GCN2). The activity of GCN2 is important for the
production of IL-10 by macrophages following engulfment of apoptotic cells, and lupus-
prone mice lacking myeloid GCN2 function develop an age-related autoimmune syndrome
[114].

Another possible association between LAP and macrophage activation upon engulfment of
apoptotic cells is the role of members of the nuclear receptor superfamily of transcription
factors that regulate lipid homeostasis, including peroxisome-proliferator-activated receptors
(PPAR isoforms -y and p/6) and liver X receptor (LXR). Binding of ligands such as fatty
acids and oxysterols as well as recruitment of co-factors induce the expression of a plethora
of genes involved in lipid metabolism [115-117]. Different studies have shown that PPAR
and LXR are activated in macrophages in response to apoptotic cells and express genes such
as the cholesterol transporter ABCAL and phospholipid transporter, phospholipid transfer
protein 1 (PLTP1). Moreover, PPAR and LXR activity upregulate the expression of
phagocytic receptors (Mer, CD36 and Axl) and opsonins (C1gb, Gas6, MFG-ES8,) that
support phagocytic activity and continuous engulfment of apoptotic bodies [118, 119].
Perhaps the most interesting feature of PPAR and LXR activation in response to
efferocytosis that points towards a putative role in macrophage function is the induction of
anti-inflammatory IL-10, and prevention of inflammatory cytokine production [120-122]. A
mechanistic link between nuclear receptor activation in response to apoptotic cells and
cytokine production is has not been established, however. While PPAR and LXR
heterodimers with RXR are described to cis-repress NF-xB transcription, no evidence of
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such mechanisms operating during efferocytosis have been described. Importantly, genetic
ablation of PPARYy, PPARS, or LXR impairs phagocytic clearance and renders mice
susceptible to age-related development of autoimmune disease, in a manner similar to LAP-
deficient mice [120-122].

The LAP-dependent engulfment and clearance of apoptotic bodies raises other important
questions: how is macrophage homeostasis affected by the extra content of engulfed cells?
Do derived metabolites from the degradation of dying cells alter metabolic pathways of the
macrophages? And do these derived metabolites, such as lipids, directly regulate immune
signaling pathways? These questions further lead to a broader theme regarding the putative
role of macrophage LAP in response to other stimuli, not only apoptotic cells and
pathogenic perturbations such as bacterial infection.

LAP as a potential regulator of vascular inflammation

It is well established that macrophages constitute a large portion of immune cells found in
atherosclerotic plaques. Additionally, macrophage specific depletion of Atg5 in an
atherosclerotic mouse model increases atherosclerotic lesion size, at least in part due to an
increase in infammasome activation, a defect in cholesterol efflux, an increase in ER/
oxidative stress and a defect in efferocytosis [123-125]. Since Atg5 is a known regulator of
both LAP and canonical autophagy, we can speculate that LAP-deficiency may contribute to
the increase in atherosclerotic lesions and associated symptoms. Mareover, non-resolving
inflammation during atherosclerosis progression is partly attributed to a defect in the
clearance of dead cells by efferocytosis [126], correlating to what is observed in the LAP-
deficient mouse model that develops SLE, described above.

Consistent with this notion, patients with SLE are at a high risk for prematurely developing
an accelerated form of atherosclerosis [127, 128]. Since defects in LAP are involved in the
pathogenesis of an SLE-phenotype, we can hypothesize that LAP-deficiency might
accelerate the progression of atherosclerosis at different stages of the process.
Atherosclerosis is defined as a non-resolving chronic inflammatory disease that
progressively leads to functional alterations in medium and large arteries. From the
traditional view of a passive lipid accumulation in the arterial wall, atherosclerosis has
emerged in the last two decades as a more complex process where both innate and adaptive
immunity play key roles in the pathophysiology of the disease [129]. Most atherosclerotic
lesions remain silent through life, but in some individuals an erosion or a rupture of the
plaque occurs, leading to two acute thrombotic complications, coronary artery disease and
stroke [130].

LAP may function in vascular macrophages to clear modified lipids and lipoproteins in an
immunologically silent manner. During acute or chronic hyperlipidemia, cholesterol
transported on low-density lipoproteins (LDL) infiltrate the arterial wall, are trapped in the
intimal extracellular matrix, and become more susceptible to diverse modifications such as
oxidation and proteolysis [131]. Retention of modified lipids and lipoproteins synergized by
a disturbed blood flow in branching points of the arterial tree activates endothelial cells via
an upregulation of leukocyte adhesion molecules such as E-selectin, VCAM-1 and
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chemokines such as CCL2 and CX3XCL1, which attract monocytes, T-cells, and dendritic
cells to the sub-endothelial space of the arterial wall [132, 133]. LDL retention and
leukocyte activation/transmigration are the first hallmarks of vascular inflammation. In a
LAP-deficient setting, the clearance of madified lipids and lipoproteins could lead to the
establishment of a pro-inflammatory response, much like what is observed when LAP-
deficient macrophages are exposed to dying cells [6].

During early atherogenesis, bone marrow-derived monocytes are recruited and differentiate
into macrophages in response to macrophage colony stimulating factor produced by
endothelial cells or smooth muscle cells [134, 135]. Genetic lineage-tracing experiments
demonstrated that the subsets of arterial macrophages are more heterogeneous than
previously thought, both in terms of origin and activation. Embryonic CX3CR1* precursors
mainly from the yolk sac and to a less extent from the fetal liver flt3* cells, give rise to
resident arterial macrophages which proliferate postnatally, sustaining the homeostasis of
arterial macrophage pools [136]. Using parabiosis techniques, accumulation of macrophages
in the vascular wall during atherosclerotic development have been shown to primarily arise
from macrophage proliferation [137]. Even though exogenous Th2-cytokines such as 1L4
have been implicated in tissue resident macrophage self-renewal [138], the mechanisms by
which resident foam cell macrophages proliferate is not fully understood. Deficiency in
autophagy markers such as p62, Beclin-1 or Ambra-1 stimulates cell migration and
proliferation in MEFs and in different human carcinoma cells [138-141]. However, it is
largely unknown whether the autophagic machinery shared by LAP can also be involved in
regulating differentiation and proliferation of resident macrophages.

Even though it is unclear if LAP is able to impact the expansion of resident macrophages, it
has been well characterized that both resident and bone-marrow derived macrophages can
ingest modified lipoproteins and lipids such as oxidized LDL and cholesterol crystals
through binding to scavenger receptors and ultimately become foam cells [142, 143].
Whether arterial macrophage foam cells give rise to a more pro-inflammatory response
which would be consistent with a deficiency in LAP, is still under debate, since genetic
deletion of the scavenger receptors in atherosclerotic mice models showed conflicting results
regarding the progression of the disease [144]. A dynamic view of vascular inflammation
has been proposed to include a crosstalk between the hypoxic environment, macrophage
foam cells, and T-cells (T-reg and Th17), which are known to mutually engage vascular
macrophages with a high degree of plasticity [145]. LAP-deficiency is likely to be found in
macrophages associated with advanced atherosclerotic plaques, which are characterized by
the presence of a large necrotic core and an accumulation of dead cells in the vascular wall
[130]. If LAP governs the clearance of these dead cells, then the loss of LAP may account
for the finding that key markers of efferocytosis such as Tg2, MER-TK, MFG-E8, Clq, and
Cdkn2b are decreased in a mouse model of atherosclerosis [146]. An increase in the size of
the necrotic core has also been observed in atherosclerotic mice with macrophage-specific
depletion of Atg5 [123]. Whether LAP, which again also requires ATG5, might represent a
protective mechanism by which an escalation in vascular inflammation could be dampened,
remains an open question.
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With heightened risk for the development of atherosclerosis in SLE patients and the recent
studies linking accumulation of apoptotic bodies as a contributing factor to atherosclerotic
lesion establishment, it is tempting to further speculate on the clinical importance of LAP.
While many unanswered questions remain regarding when, how, and why LAP is activated,
it has now been established that LAP tends to promote an anti-inflammatory response
following activation with a variety of stimuli. The SLE disease that develops in LAP-
deficient mice as they age is clearly a result of apoptotic corpse accumulation and
inflammatory activation. Moreover, this autoimmune phenotype has the potential to have
global impact, as is observed in SLE patients with atherosclerosis. Interestingly, SLE
patients are also at a 15% increased risk of developing cancer and an even higher incidence
of type-Il diabetes, possibly linked to the increased adiposity and adipose macrophage
infiltration as described below. Even though many studies have evaluated the secondary risks
stemming from SLE, studies directed at the underlying molecular mechanisms responsible
for these correlations are less prevalent.

LAP in adipose tissue macrophages and insulin resistance

SLE patients in particular are at a high propensity to have increased visceral adiposity and
epicardial fat accumulation [147]. Since LAP promotes anti-inflammation, it is possible that
adipose-infiltrating macrophages, which display profound pro-inflammatory characteristics,
have either a restriction or deficiency in LAP. As is the case with generalized obesity,
establishment of this inflammatory milieu in the adipose tissue has been directly linked with
insulin resistance and type-I1 diabetes [148]. This may in part explain the increased risk SLE
patients face with regards to developing insulin resistance and cardiac dysfunction.

While the role of adipose infiltrating macrophages and the correlation to insulin resistance
has been well studied over the past few years, the relationship is still inadequately
understood. A primary function for adipose tissue macrophages, specifically in the context
of fat expansion and obesity, is to promote the clearance of dead and dying adipocytes
through efferocytosis. However, unlike the canonical efferocytosis of dying cells that is
described previously as being LAP-dependent and immunologically silent, the process in
adipose tissue is categorized by pro-inflammatory cytokine release [149], suggesting a
possible impairment in LAP. It is generally accepted that the presence of these pro-
inflammatory macrophages around dead adipocytes reflects the inability of the macrophages
to efficiently clear the adipocyte corpses, producing a pro-inflammatory response similar to
what is described for macrophages in atherosclerosis mentioned above [149, 150]. Likewise,
it is tempting to speculate that a defect in the LAP pathway may be a causative factor in not
only adipose tissue expansion, but also insulin resistance as a result of the inflammatory
response that is observed. Therefore, it is not out of context to imagine that macrophages
with an intact and functioning LAP pathway may be suppressive against adipose expansion
and ultimately obesity. These however are hypotheses that will required further investigation
to fully delineate, yet it may be prudent to simply evaluate LAP in adipose tissue
macrophages from lean, obese, and SLE patients or animal models in an effort to identify
any correlation that may exist between the LAP pathway and clinical metabolic pathology.
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Conclusions and Outlook

The functions of LAP in inflammation and autoimmunity, taken in combination with the
important role of LAP in mediating bacterial clearance and antifungal host defense,
reinforce the broad importance of this form of non-canonical autophagy to not only cell, but
organismal homeostasis. As shown in Figure 2, the capacity for cells to engage LAP is a
critical determinant of autoimmunity in response to apoptotic cells. In this model, a
perturbation of LAP is likely a contributing factor to the establishment of SLE,
atherosclerosis, visceral adiposity, and insulin resistance as discussed above. More
importantly, it is evident that the function of LAP can be both “good” or “bad” depending on
the context in which it is activated. As observed in autoimmunity, LAP activation dampens
the inflammatory response and is beneficial (Figure 2), yet we can hypothesize that LAP
activation may promote the establishment of the tumor microenvironment, which is
characterized by anti-inflammatory M2-like macrophages [151]. It is important to note that
most of the current work has been directed at investigating LAP in murine macrophages.
The hyperinflammatory response that occurs when LAP is abrogated could be unique to the
loss of LAP in macrophages specifically. Modulation of LAP in other cell types may
produce distinct outcomes. As detailed above, in human macrophages and both conventional
and plasmocytoid dendritic cells, “LAPosomes” seem to be preferentially stabilized and can
fuse to TLR containing endosomes [90, 152]. These differing fates for LAPosomes across
cell types may impact physiological outcomes including inflammatory responses and
antigen presentation as detailed previously. Additionally, it is important to bear in mind that
activation of canonical autophagy can suppress inflammasome activation [153]. Therefore,
future studies investigating LAP and the inflammatory response should take caution in
demarcating the contributions of not only LAP versus canonical autophagy, but cell
specificity as well.

Due to the discrepancies in LAP function across tissues and settings, it will be of significant
importance to identify the upstream signaling components that delineate activation of LAP
versus traditional phagocytosis. Moreover, the differentiating signals between canonical
autophagy and LAP will be of major interest, as the two pathways share a unique intimacy
yet are distinct from one another. The primary void in the pathway to date is the absence of a
factor controlling signal transduction following surface receptor engagement to Rubicon and
the required PI3KC3 complex detailed herein. It would be fascinating if the identification of
the signaling effector(s) in this pathway leads to the development of novel therapeutics
whereby we can modulate LAP activity in a targeted fashion. Rubicon may prove a viable
target for inhibition of LAP, as it is absolutely required for LAP function. However, Rubicon
is not sufficient to induce the LAP pathway, and therefore would be an unlikely candidate to
target for activing LAP.

As new aspects of both LAP signaling and mechanistic regulation are revealed, we believe
that the importance of LAP to both normal physiological homeostasis as well as pathological
insult will be further elucidated. The studies that detail the vital function of LAP in immune
regulation provide a foundation upon which to continue investigation into the direct role of
LAP in the modulation of immune metabolism, and how LAP is indeed a key player in
shaping the immune response to infection, autoimmune regulation, and cancer.
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Highlights
- Comprehensive overview of LC3-associated phagocytosis (LAP)
- LAP bridges the phagocytic and autophagic pathways

- Signaling to LAP and regulation of LAP activation by the canonical
autophagy machinery

- LAP guenches inflammation and shapes the immune response towards anti-
inflammation

- LAP promotes the immunosilent clearance of dying cells and prevents
autoimmunity
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Figure 1. Overview of LC3-associated phagocytosis
Molecules on the surface of cargo are detected by receptors located in the plasma membrane

of the phagocyte (such as TIM4 for PtdSer, FcR for Ig-opsonized particles, or TLRs and
other PRR for PAMPs). The cytoskeleton rearranges and curves the plasma membrane to
produce the phagosome cup. When the plasma membrane closes around the extracellular
cargo (not depicted), the phagosome cup is sealed into an early phagosome produced in the
cytosol of the phagocyte. Then, the early phagosome matures to become a late phagosome in
a process involving membrane modifications and ROS generation. Lysosomes contain
hydrolases and by fusion to the late phagosome, these are transferred to the phagosome
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lumen and the enclosed phagosome cargo is degraded producing nutrients and second
messengers. The three panels in the inset depict the molecular machinery in the pathway: the
PI3KC3 complex (upper panel) produces PI3P, the NOX2 complex (middle panel) is
responsible of the oxidative burst. The two UB-like conjugation systems (lower panel)
lipidate LC3 proteins on the phagosome membranes. See text for further details.
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Figure 2. Physiological outcomes of LC3-associated phagocytosis in autoimmunity
Macrophages that are sufficient in the LAP pathway are able to efficiently clear apoptotic

cells and pathogens. There is a rapid lysosomal fusion and degradation of target cargo that
occurs. This timing results in the production of anti-inflammatory cytokines and dampening
of the immune response, leading to a decreased risk of autoimmunity. In contrast,
macrophages deficient in LAP have an abrogation in the clearance of apoptotic cells.
Moreover, the reduced rate of phagosome-lysosomal fusion results in the establishment of a
more pro-inflammatory cytokine profile. Additionally, in the absence of LAP there is likely
an increased amount of autoantigen presentation. Taken together, these factors greatly
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increase the risk for developing autoimmunity, as is evident in the establishment of SLE in
LAP-deficient mice.
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