
CORRECTION

Correction: LC3-associated phagocytosis at a glance
(doi:10.1242/jcs.222984)
Bradlee L. Heckmann and Douglas R. Green

There was an error in J. Cell Sci. (2019) 132, jcs222984 (doi:10.1242/jcs.222984).

Unfortunately, the second bilayer membrane in the diagram illustrating autophagosome formation was omitted. The print and online
versions of the article and poster have been corrected accordingly.

This change has no impact on the concepts presented in this article.

The authors apologise to the readers for any confusion that this error might have caused.
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CELL SCIENCE AT A GLANCE SUBJECT COLLECTION: AUTOPHAGY

LC3-associated phagocytosis at a glance
Bradlee L. Heckmann1,2 and Douglas R. Green1,2,*

ABSTRACT
Classically, canonical autophagy has been considered a survival
mechanism initiated in response to nutrient insufficiency. We now
understand that autophagy functions in multiple scenarios where
it is necessary to maintain homeostasis. Recent evidence has
established that a variety of non-canonical functions for autophagy
proteins are mechanistically and functionally distinct from autophagy.
LC3-associated phagocytosis (LAP) is one such novel function for

autophagy proteins and is a contributor to immune regulation and
inflammatory responses across various cell and tissue types.
Characterized by the conjugation of LC3 family proteins to
phagosome membranes, LAP uses a portion of the canonical
autophagy machinery, following ligation of surface receptors that
recognize a variety of cargos including pathogens, dying cells,
soluble ligands and protein aggregates. However, instead of affecting
canonical autophagy, manipulation of the LAP pathway in vivo alters
immune activation and inflammatory responses. In this Cell Science
at a Glance article and the accompanying poster, we detail the
divergence of this distinctive mechanism from that of canonical
autophagy by comparing and contrasting shared and unique
components of each pathway.
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Introduction
Autophagy, or ‘self-eating’, has long been recognized as a vital
mechanism for the regulation of cellular homeostasis through
energy regulation, intracellular signaling and protection from
damaged or malfunctioning organelles. The mechanistic insights
obtained from the use of Saccharomyces cerevisiae have revealed a
detailed pathway of key autophagy-related genes (ATGs) that
function in a well-choreographed performance for the activation,
engulfment and degradation of a variety of intracellular cargos
(Ohsumi, 2014). We generally classify canonical autophagy into
three groups, including macro-, micro- and chaperone-mediated
autophagy. Here, we are concerned only with macro-autophagy, and
will use the convention of referring to this simply as ‘autophagy’.
Increasing evidence supports the presence of a variety of
‘autophagy-like’ pathways that are characterized by the shared
usage of the autophagy machinery and distinct components that
serve unique cellular locations and/or settings (Codogno et al.,
2011; Dupont et al., 2017). Over the past decade, these distinctive
functions for autophagy proteins have been referred to as non-
canonical autophagy, although technically these do not involve
‘self-eating’ (hence our preference for referring to such processes as
‘non-canonical functions of autophagy proteins’). New roles for
such non-canonical functions, including modulation of the host–
pathogen interaction, regulating neuronal signaling and contribution
to anti-cancer immunity, are being elucidated.
The pathway of LC3-associated phagocytosis (LAP) is one such

non-canonical function for the autophagy proteins. This pathway
utilizes components of the canonical autophagymachinery, including
a subset of the ATGs to conjugate the family of microtubule-
associated proteins 1A/1B light chain 3 (MAP1LC3A, MAP1LC3B,
MAP1LC3C, referred to collectively here as LC3) to phagosome
membranes (Martinez et al., 2011; Martinez et al., 2015; Sanjuan
et al., 2007). As illustrated in this Cell Science at a Glance article and
poster, the LAP pathway and that of canonical autophagy share
several keymolecular regulators andmachinery; nonetheless, they are
distinct pathways that have critical functions in normal physiology
and disease pathology.

Activation of LAP versus canonical autophagy
It has long been recognized that basal levels of canonical autophagy
are present in most cell types (Mizushima, 2005). This constitutive
activation andmaintenance of low levels of autophagic degradation is
most closely associated with the regulation of cellular homeostasis
and organelle and/or protein integrity (Jin, 2006). The most well-
characterized stimulus for autophagy activation over the basal state is
starvation or nutrient deprivation. Nutrient sensing is largely
governed by the mammalian target of rapamycin (mTOR) complex
1 (mTORC1) (Efeyan et al., 2015). mTORC1 is downstream of a
multitude of nutrient signaling modalities responsive to growth
factors, amino acids, hypoxia, hormones and ATP, to name a few, and
inhibits autophagy by phosphorylation of ATG13 in the ULK1–
FIP200–ATG13–ATG101 complex. Therefore, inhibition of mTOR
activity (such as by amino acid deprivation) results in activation
of autophagy (see poster). Similarly, the activation of adenosine
5′-monophosphate (AMP)-activated protein kinase (AMPK) by low
levels of ATP can also induce autophagy, both by inhibition of
mTOR, and also by phosphorylation of ULK1 and ATG13 (at a site
distinct from that of mTORC1), thereby directly promoting
autophagy (Egan et al., 2011; Mao and Klionsky, 2011).
In contrast to canonical autophagy, LAP is not dependent on the

AMPK–mTORC1–ULK1 axis and does not appear to be responsive
to nutrient status or intracellular stress sensing (Heckmann et al.,

2017; Kim et al., 2013; Martinez et al., 2011; Martinez et al., 2015).
Since conjugation of LC3 to phagosomal membranes is the
hallmark of LAP, it is not surprising that the activating stimulus
stems from the exterior of the cell, upon induction of phagocytosis
(see poster). A variety of ligands, including pathogen moieties,
dying cells and immune complexes, have been shown to promote
the recruitment of LC3 to the phagosome. Ligation of surface
receptors, including pattern recognition receptors (PRR) such as
toll-like receptors (TLRs; in particular, TLR1–TLR2 heterodimer,
TLR2–TLR6 heterodimer, and TLR4), immunoglobulin (Ig)
receptors that recognize opsonized foreign particles, and receptors
mediating the clearance of cell corpses such as TIM4, are events that
participate in cargo recognition (Henault et al., 2012; Kyrmizi et al.,
2013; Martinez et al., 2011; Martinez et al., 2016; Sanjuan et al.,
2007; Segawa and Nagata, 2015; Tam et al., 2014). Although a
variety of receptors and ligands that activate LAP have been
identified, it remains unclear how these ligation events lead to the
recruitment of LAP regulators to the phagosome.

A divergence in machinery
While it remains unclear how the ligation of receptors stimulates the
recruitment of the LAP effectors to the phagosome, LAP shares a
variety of key regulators with canonical autophagy across various
steps of the process culminating with lysosomal degradation.
Following an activating stimulus, autophagy and LAP can
essentially be delineated into three common stages, followed by
lysosomal fusion, with both shared and unique components (see
poster).

The first stage is phagophore formation, also referred to as
nucleation (in the case of canonical autophagy) or phagosome cup
development (for LAP), both of which serve as a scaffold for the
assembly of the upstream regulatory kinase complexes in each
pathway. Interestingly, the particular events that promote
phagophore formation in canonical autophagy and the mechanism
by which this is accomplished remains a fundamentally elusive
question in cell biology. What is evident is that signaling from
nutrient sensing leads to the formation of the initiation kinase
complex that is composed of ULK1, FIP200 (also known as
RB1CC1), ATG13 and ATG101, which is required for autophagy,
but dispensable for activation of LAP (Martinez et al., 2011). In
comparison to canonical autophagy, which is characterized by a
double-membrane autophagosome, LAP is characterized by a
single-membrane phagosome. Phagosome biogenesis that precedes
LAP is governed by the same mechanisms that regulate canonical
phagocytosis, and phagosome formation occurs prior to the
recruitment of downstream regulators and LC3 conjugation as
reviewed elsewhere (Heckmann et al., 2017; Mehta et al., 2014;
Münz, 2017; Romao and Münz, 2014; Wong et al., 2018).

The second stage is characterized by the assembly of the
multimeric phosphotidylinositol 3-kinase complex (PI3KC3) (see
poster). In LAP, this is the first multi-protein complex involved in the
regulation of the process. While the PI3KC3 complexes between
autophagy and LAP are similar, they vary in certain components. The
core components of the PI3KC3 complex are BECN1, VPS15 and
VPS34, and these are shared between both autophagy and LAP
(Backer, 2016). BECN1 is a coiled-coil BH3 domain-containing
protein that regulates the lipid kinase function of VPS34 and is
involved in autophagic regulation from yeast to mammals (Kametaka
et al., 1998; Liang et al., 1999). VPS15 (also known as PIK3R4 in
mammals) is a pseudokinase that regulates VPS34 activity, and
VPS34 (also known as PI3KC3 in mammals) is the active catalytic
subunit of the complex (Petiot et al., 2000). VPS34 functions by
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phosphorylating the inositol ring of the phosphotidylinositides
(PtdIns) to produce phosphatidylinositol 3-phosphate (PI3P, also
known as PtdIns3P), which is required for both autophagy and LAP
(Heckmann et al., 2017; Martinez et al., 2015). Accordingly,
inhibitors of PI3KC3 function or genetic deficiency in the core
components BECN1 and VPS34 abrogate both autophagy and LAP
(Martinez et al., 2011; Martinez et al., 2015; Sanjuan et al., 2007).
In addition to the shared core components described above, the

PI3KC3 complex that participates in LAP includes UVRAG and
RUBCN, whereas in canonical autophagy, it contains the subunits
ATG14L and AMBRA1 that are dispensable for LAP, supporting the
idea that a unique RUBCN-containing PI3KC3 complex exists and is
required for LAP (Martinez et al., 2015). RUBCN is a RUN-domain-
containing protein that has been best characterized as an inhibitor of
canonical autophagy by abrogating PI3P production by the PI3KC3
complex (Matsunaga et al., 2009; Zhong et al., 2009). In contrast,
upon induction of LAP, RUBCN is required for the generation of
PI3P by VPS34 on phagosome membranes, resulting in downstream
events, including reactive oxygen species (ROS) production by
nicotamide adenine dinucleotide phosphate (NADPH) oxidase-2
(NOX2) and LC3 lipidation (Martinez et al., 2015).
One intermediate stage that is exclusive to the LAP pathway is the

necessity to produce ROS at the phagosome membrane (see poster).
ROS are not required for the formation of the autophagosome or
lipidation of LC3 in canonical autophagy. ROS production in LAP
occurs prior to LC3 lipidation, but subsequent to PI3KC3 assembly
(Heckmann et al., 2017). NOX2 is a multiprotein complex that
associates with the phagosome membrane and consists of multiple
subunits, including RAC1, p22, p67 and p40, the last of which can
bind membrane PI3P at the phagosome as reviewed in detail
elsewhere (Bedard and Krause, 2007; Heckmann et al., 2017; Tian
et al., 2008). NOX2 is responsible for the generation of ROS during
phagosome maturation in macrophages and is a critical regulator of
phagosomal pH (Bedard and Krause, 2007; Lambeth and Neish,
2014). Furthermore, activity of NOX2 is required for the
recruitment of the LC3 conjugation machinery (the third stage,
discussed below); however, this recruitment also requires PI3P
generation. Thus, the precise role of NOX2 in LAP remains obscure.
Oxidation of lipids at the phagosomal membrane occurs at the early
stages of LAP, but it is not clear whether this or some other function
of ROS is required for LAP (Martinez et al., 2015). Alternatively,
ROS produced in the phagosomal lumen can diffuse to the cytosol
where they might activate cytosolic enzymes that are required for
LAP. Although NOX2 is indispensable for LAP in macrophages,
NOX2 could be compensated for by other NOX family members, or
possibly other forms of ROS in other cell types.
The third stage is assembly of the conjugation systems that

participate in the processing and ligation of LC3 to either the
phagophore (autophagy) or phagosome (LAP) (see poster).
Components of these ubiquitin-like systems include ATG3, ATG5,
ATG7, ATG10, ATG12 and ATG16L. ATG7 and ATG10 function as
activating E1 and conjugating E2 enzymes, respectively, to produce
isopeptide bonding between ATG12 and ATG5, which form a stable
heterodimer. ATG5–ATG12 is then able to bind to membrane-
associated ATG16L (recruited as described below), thereby forming
the ATG16L complex, which functions as an E3 ligase in a second
ubiquitin-like conjugation system, composed of ATG7, ATG3 and the
ATG16L complex. Again, ATG7 functions as an E1 ligase for LC3
family members, whereas ATG3 serves as the E2 enzyme. LC3 is
transferred from the ATG3–LC3 heterodimer to the lipid by the
ATG16L complex (Nakatogawa, 2013). This second conjugating
system is recruited to either the phagophore (autophagy) or

phagosome (LAP) via membrane-localized PI3P that has been
generated by the PI3KC3 complex described above. In canonical
autophagy, PI3P acts as a platform and binds to the WIPI family
protein, WIPI2, a WD β-propeller PROPPIN that utilizes an
alternative lipid-binding domain from the common PX or FYVE
domains (Proikas-Cezanne et al., 2015). WIPI2 is then able to
associate with ATG16L, effectively labeling the membrane site where
LC3 lipidation will occur. Interestingly, the WIPI proteins are
dispensable for LAP, leaving the bridging mechanism between
PI3KC3 and the lipidation machinery in LAP an open question. In
addition, the WD repeat-containing C-terminal domain of ATG16L is
essential for LC3 recruitment to endolysosomal membranes during
non-canonical forms of autophagy including LAP, but dispensable for
canonical autophagy (Fletcher et al., 2018). It is clear, however, that
prior to LC3 conjugation, ATG4 has an important role in both
pathways as it acts as a cysteine protease that cleaves LC3 (generating
LC3-I) and reveals the glycine residue required for lipidation
(generating LC3-II) (Fernandez and Lopez-Otin, 2015).

Another difference between canonical autophagy and LAP is the
rate at which LC3 lipidation occurs. Recent evidence has
demonstrated that LC3 is rapidly lipidated once the phagosome
membrane has fully sealed and the lipidation machinery likely
remains attached to the phagosome (Sanjuan et al., 2007; Martinez
et al., 2015). Conversely, in canonical autophagy, LC3 conjugation
occurs during membrane elongation of the phagophore (Kabeya
et al., 2000; Kabeya et al., 2004). Moreover, in canonical autophagy,
the ATG16L complex is likely released simultaneously to
autophagosome formation and does not linger (Mizushima et al.,
2003). LC3 likely serves various functions unique to each pathway. In
canonical autophagy, LC3 is thought to have three primary roles;
these include participating in cargo selection, promoting
autophagosome closure and facilitating membrane fusion (Lee and
Lee, 2016). Owing to the differences with regard to where cargo is
selected in LAP, i.e. intra- versus extracellularly, it is unlikely that
LC3 functions here in mediating cargo selection. Likewise, because
LC3-conjugation occurs after phagosomal sealing in LAP, it does not
function in promoting membrane closure. LC3 does function in
downstream events of LAP, including phagosomal–lysosomal fusion
(Martinez et al., 2015) and possibly phagosome–endosome fusion
events (Henault et al., 2012).

Roles of LAP in immune regulation and inflammation
Following lysosome fusion in both canonical autophagy and LAP,
luminal acidic hydrolases degrade the engulfed material and
transmembrane pumps present in the lysosomal membrane
facilitate the recycling of a cohort of nutrients, including sugars,
lipids, amino acids and nucleotides to replenish intracellular stores.
In LAP, this surplus in molecules derived from extracellular material
is evocative of amoeboid feeding and can plausibly be utilized as
energetic substrates within the phagocytic cell, suggesting that LAP
can play a role in cellular metabolism (although this has not been
explored).

The primary goal of phagocytosis is the degradation of
extracellular cargo, including infectious agents, and the role of
LAP in such degradation can therefore help to control infection. For
example, LAP-deficient mice fail to efficiently clear Aspergillus
fumigatus infection (Martinez et al., 2015; Sprenkeler et al., 2016),
demonstrating that defects in the LAP pathway can indeed have
immunologic consequences. Depending on the cargo, phagocytosis
can also have inhibitory effects on the immune system. For example,
engulfment of outer membrane vesicles from Bacteroides fragilis by
dendritic cells induces regulatory T cells that control inflammatory

3

CELL SCIENCE AT A GLANCE Journal of Cell Science (2019) 132, jcs222984. doi:10.1242/jcs.222984

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce



bowel disease, and this process appears to be dependent on LAP
(Chu et al., 2016).
The connection between LAP and the immune response is

involved in the elimination of apoptotic cells by macrophages in a
process known as efferocytosis (see poster). This homeostatic
process does not normally elicit an immune response; it is therefore
regarded as immunologically silent and is characterized by the
inhibition of pro-inflammatory cytokines, including IL-6, IL-1β and
CXCL-10 (Fadok et al., 1998; Kim et al., 2004; Martin et al., 2014;
Mukundan et al., 2009; Xiao et al., 2008). LAP mediates this
immunoregulation in response to dying cells, and is obligatory for
the immune-silent, anti-inflammatory response of efferocytosis. For
instance, mice that are LAP-deficient but can undergo canonical
autophagy accumulate apoptotic bodies within their tissues and
within phagocytic cells (Muñoz et al., 2010). These LAP-deficient
mice spontaneously develop an auto-inflammatory, lupus-like
syndrome upon aging that can be accelerated by chronic exposure
to apoptotic thymocytes (Martinez et al., 2016).
Another example of how LAPmodulates immunity is with regard

to antigen presentation and pathogen clearance, and a number of
studies have elucidated the importance of LAP in host–pathogen
defense (Gluschko et al., 2018; Hubber et al., 2017; Lam et al.,
2013; Mitchell et al., 2018; Oikonomou et al., 2018; Sprenkeler
et al., 2016). LAP activation is important for promoting TLR
signaling through IRF7, leading to a type-I interferon response, a
process that promotes discrimination of self versus pathogenic DNA
and is important for host–pathogen defense (Acharya et al., 2016;
Hayashi et al., 2018; Henault et al., 2012; Raso et al., 2018). LAP-
mediated activation of the C-type lectin receptor Dectin-1 (also
known as CLEC7A) promotes the recruitment of LC3 to
phagosomal membranes (Ma et al., 2012; Münz, 2015; Romao
et al., 2013). Dectin-1 activation occurs in response to fungal
infections and upon exposure to fungal-derived material. LAP
activation in this setting promotes MHC class II recruitment to the
phagosome, leading to sustained antigen presentation (Ma et al.,
2012). These findings are consistent with and may in part explain
why LAP-deficient animals show a reduced capacity in clearing
fungal infections. Mice that are deficient in LAP also have
difficulties in clearing other types of pathogens, including Listeria
monocytogenes, Legionella dumoffii, Toxoplasma gondi and
Helicobacter pylori (Deen et al., 2015; Florey et al., 2015;
Oikonomou et al., 2018).

Differential roles for LAP in disease
As discussed above, LAP both contributes to immune regulation
and is protective against autoimmunity in mice. The roles for LAP
in disease may not be restricted to its functions in immune
regulation, however. Studies investigating the convergence of
autophagy and phagocytosis in retinal pigment epithelium (RPE)
identified LAP as a protective mechanism that supports vision
(Ferguson and Green, 2014) (see Box 1 and the poster for details of
the role of LAP in the vision cycle).
In contrast to the beneficial effects of LAP, it is possible that this

process opposes effective immune responses to cancers. The
activation of LAP in tumor-associated macrophages (TAMs)
following engulfment of dying cells promotes the production of
anti-inflammatory cytokines in the tumor microenvironment, which
leads to the establishment of immune tolerance through the
suppression of T lymphocytes. Abrogation of LAP in TAMs
imparts control of tumor growth upon phagocytosis of dying tumor
cells (Cunha et al., 2018). In addition, the impairment of LAP in
TAMs promotes the expression of pro-inflammatory genes and a

STING-mediated type I interferon response that promote activity of
tumor-infiltrating T lymphocytes, required for the control of tumors
in LAP-deficient animals. These studies demonstrate that LAP is a
dynamic mechanism that regulates immune system function and can
be either beneficial or detrimental in a cell- and tissue-specific
manner.

Conclusions and future directions
The importance of canonical autophagy to cellular homeostasis
and the pathological consequences of autophagic perturbation
have been recognized for decades. Congruent with the importance
of canonical autophagy, the roles for LAP in inflammation,
autoimmunity, pathogen clearance and host defense, reinforce the
broad significance of this non-canonical use of autophagy proteins
to not only immune, but cellular and organismal homeostasis and
health as a whole.

The mechanistic divergence from canonical autophagy is an ideal
starting point for specifically exploiting LAP as a putative treatment
modality. While activation or inhibition of LAP would be
dependent on the specific setting, manipulation in either direction
can likely be achieved. Another aspect that should receive intense
focus is the lack of mechanistic insight into the regulation of
receptor ligation and the recruitment of RUBCN and the PI3KC3
complex. Elucidation of this dynamic signaling cascade will not
only improve our understanding of how and why LAP diverged
from canonical autophagy, but will further our ability to target this
fascinating and important biological mechanism, one that is
instrumental in shaping the immune response to cancer,
autoimmunity and beyond.
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Box 1. The role of LAP in the vision cycle
The shedding and phagocytic clearance of photoreceptor outer
segments (POS) is a vital daily process that allows for renewal of the
photoreceptor disks and thus helps to maintain vision. The clearance of
POS remnants by retinal pigment epithelium (RPE) cells thus is a
homeostatic process that also functions to replenish necessary
components of the visual cycle including retinoic acid as described
below (Kim et al., 2013). In cultured RPE cells, LC3 is recruited to
phagosomes that contain POS. LC3 recruitment is abrogated when there
is a deficiency in either ATG5 or BECN1, but not ULK1, FIP200 or
ATG13, indicating that LAP is activated in these conditions and not
canonical autophagy (Kim et al., 2013).
Melanoregulin is an intracellular cargo-sorting protein that is required

for the activation of LAP in order to phagocytose POS (Frost et al., 2015).
Melanoregulin-mediated activation of LAP promotes the maturation of
POS-containing phagosomes, their degradation and nutrient recycling
(Frost et al., 2015). These findings are further corroborated in mice that
lack ATG5 in RPE cells, which have reduced visual capacity owing to the
inadequate recovery of retinoids (Zhang et al., 2017). In the visual cycle,
all-trans retinal (ROL) is used to synthesize the chromophore 11-cis
retinal (RAL). 11-cis RAL is converted to all-trans RAL following
exposure to light and is released from opsin and reduced to ROL. ROL
is then recycled to the RPEwhere it is used for de novoRAL synthesis. In
the absence of ATG5, recovery of ROL by the RPE was diminished,
resulting in suppressed RAL synthesis (Kim et al., 2013). This phenotype
is not present in ULK1-deficient animals, which have normal vision. POS
phagocytosis has been implicated in contributing to the recovery of ROL
and thus indicates a correlation with LAP (Kim et al., 2013). Furthermore,
POS-induced LAP is dependent on RUBCN, confirming a bona fide role
for LAP as a protective mechanism in the visual cycle (Muniz-Feliciano
et al., 2017).
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