
REVIEW
published: 05 August 2020

doi: 10.3389/fonc.2020.01298

Frontiers in Oncology | www.frontiersin.org 1 August 2020 | Volume 10 | Article 1298

Edited by:

Olivier Micheau,

Université de Bourgogne, France

Reviewed by:

Gabriel Ichim,

Institut National de la Santé et de la

Recherche Médicale

(INSERM), France

Elise Jacquin,

INSERM U1231 Lipides, Nutrition,

Cancer (LNC), France

*Correspondence:

Sandra Hodge

sandra.hodge@adelaide.edu.au

Specialty section:

This article was submitted to

Molecular and Cellular Oncology,

a section of the journal

Frontiers in Oncology

Received: 18 April 2020

Accepted: 22 June 2020

Published: 05 August 2020

Citation:

Asare PF, Roscioli E, Hurtado PR,

Tran HB, Mah CY and Hodge S (2020)

LC3-Associated Phagocytosis (LAP):

A Potentially Influential Mediator of

Efferocytosis-Related Tumor

Progression and Aggressiveness.

Front. Oncol. 10:1298.

doi: 10.3389/fonc.2020.01298

LC3-Associated Phagocytosis (LAP):
A Potentially Influential Mediator of
Efferocytosis-Related Tumor
Progression and Aggressiveness

Patrick F. Asare 1, Eugene Roscioli 1,2, Plinio R. Hurtado 1,3, Hai B. Tran 1,2, Chui Yan Mah 1,4,5

and Sandra Hodge 1,2*

1Department of Medicine, University of Adelaide, Adelaide, SA, Australia, 2Department of Thoracic Medicine, Royal Adelaide

Hospital, Adelaide, SA, Australia, 3Department of Renal Medicine, Royal Adelaide Hospital, Adelaide, SA, Australia, 4 South

Australian Health and Medical Research Institute, Adelaide, SA, Australia, 5 Freemasons Foundation Centre for Men’s Health,

Adelaide, SA, Australia

One aim of cancer therapies is to induce apoptosis of tumor cells. Efficient removal of

the apoptotic cells requires coordinated efforts between the processes of efferocytosis

and LC3-associated phagocytosis (LAP). However, this activity has also been shown

to produce anti-inflammatory and immunosuppressive signals that can be utilized by

live tumor cells to evade immune defense mechanisms, resulting in tumor progression

and aggressiveness. In the absence of LAP, mice exhibit suppressed tumor growth

during efferocytosis, while LAP-sufficient mice show enhanced tumor progression. Little

is known about how LAP or its regulators directly affect efferocytosis, tumor growth and

treatment responses, and identifying themechanisms involved has the potential to lead to

the discovery of novel approaches to target cancer cells. Also incompletely understood

is the direct effect of apoptotic cancer cells on LAP. This is particularly important as

induction of apoptosis by current cytotoxic cancer therapies can potentially stimulate

LAP following efferocytosis. Herein, we highlight the current understanding of the role of

LAP and its relationship with efferocytosis in the tumor microenvironment with a view to

presenting novel therapeutic strategies.
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INTRODUCTION

Induction of apoptotic cell death in tumors serves to promote the body’s main defense against
cancer. Therapeutic intervention that promotes the apoptotic death of tumor cells restricts their
growth, proliferation and survival and is a frontline strategy in anti-tumor therapy. However,
apoptotic cells can directly (and indirectly) influence tumor progression and survival. Studies
suggest that these effects are due to cellular events that are called in to remove dead or dying cells
from the tumor microenvironment. A significant consequence of these events is the production
of anti-inflammatory and immunosuppressive signals that then can facilitate the growth and
progression of tumor cells (1, 2). Therefore, a better understanding of the processes that lead to
the clearance of apoptotic cells may provide critical clues to help prevent the potential pro-tumor
actions of dead or dying cells. Here we discuss two such cellular events; efferocytosis and LC3
Associated Phagocytosis (LAP).
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Efferocytosis is a term coined by Peter Henson and colleagues
in 2003 to describe the engulfment and clearance of cells
undergoing apoptosis by phagocytes (3). Defects in efferocytosis
can result in the rupture of uncleared apoptotic bodies and
the subsequent leakage of cytosolic contents onto adjacent
cells and exposure of tissues to oxidants, harmful enzymes
and factors including caspases and other proteases (4, 5). This
can induce inflammation and tissue damage through a process
referred to as secondary necrosis (6, 7). Less understood is
that during efferocytosis, signals from neighboring cells can
initiate particular components of canonical autophagy to engage
with the phagosome to increase the efficacy of the digestion of
engulfed cellular cargo (8, 9). When components of autophagy
are recruited to cargo-containing single membrane phagosomes
to form LAPosome for digestion and clearance, the process is
called LAP. Hence, LAP is a form of non-canonical autophagy
that represents a hybrid between the processes governing the
autophagic clearance of intracellular factors and those that accept
extracellular cargos for degradation.

As the name suggests, a distinguishing feature of LAP is
the recruitment of microtubule-associated protein light chain
3 (LC3) to the phagosome membrane after internalization of
apoptotic cells or pathogens (10). In the normal situation, LAP
is vital to resolve inflammation, promote wound healing and
prevent auto-immunity and immune-mediated tissue damages
(11, 12). Reports by Martinez et al. show that dysregulation
of LAP impairs efferocytosis, culminating in necrosis of the
phagocyte that has engulfed the uncleared cell and uncontrolled
inflammation (12). These findings suggest that LAP may be
essential for efferocytosis and preventing the many deleterious
consequences of secondary necrosis. In support of this, Cunha
and colleagues demonstrated that defects in LAP restricts tumor
immunosuppression afforded by efferocytosis (13). Hence, these
studies provide evidence that LAP may also be an influential
contributor to the production of tolerogenic signals that are
activated upon engulfment of apoptotic cells during efferocytosis.
Martinez et al. further showed that in the absence of LAP,
phagocytosis of apoptotic bodies still occurs but the vesicles
remain in the phagocyte for a prolonged duration or are not
digested, and points to a critical role of LAP in finalizing
the intracellular digestion process (12). Hence, in the context
of cancer, defects in LAP have paradoxically beneficial effects
including the activation of tumor infiltrating lymphocytes (TIL),
enhanced effector T cells activity and elevated secretion of
inflammatory mediators including stimulator of interferon genes
(STING), type I interferons (IFNs) and tumor necrosis factor
alpha (TNF-α) (13). Taken together, these data suggest that, (1)
LAP is critical for governing the digestion of the engulfed cellular
debris and prevention of inflammatory and immune responses,
(2) internalization of dead or dying cells alone is not solely
responsible for immunosuppressive activities in the context of
clearing apoptotic cells, and (3) LAP activation plays a critical
role in immune tolerance. These recent findings of LAP as a
concomitant effector of efferocytosis brings new significance to
the processes that govern the clearance of apoptotic cells in
the tumor microenvironment (TME), where there is frequent
instances of programmed cell death. To that end, we discuss

recent findings for the LAP signaling network as another
mechanism that is hijacked by tumor cells to promote their
growth and aggressiveness.

OVERVIEW AND MOLECULAR
MECHANISM OF LAP DURING
PHAGOCYTOSIS OF APOPTOTIC CELLS

Apoptotic cells are cleared in a tightly controlled and coordinated
manner, to avoid damaging healthy tissues. The removal
processes can be partitioned into four functional stages: (1)
The release of chemoattractant “find me” signals (14) and
“good-bye” metabolites from cells undergoing programmed
cell death. “Find me” signals such as nucleotides (adenosine
triphosphate; ATP and uridine triphosphate; UTP), sphingosine-
1-phosphate (S1P), CX3Cmotif chemokine ligand 1 (CX3CL1 or
fractalkine) and lysophosphatidylcholine (LPC) and “good-bye”
metabolites including glycerol-3-phosphate (G3P), guanosine 5′-
monophosphate (GMP), spermidine, adenosine monophosphate
(AMP) and creatine (14) are released as demonstrated in
Figure 1A. This secretory activity promotes the recruitment
of phagocytes or neighboring cells to the area of cell
death in the tissue compartment. (2) The expression of
“eat me” signals on the surface of apoptotic cells regulates
the recognition by the phagocyte, subsequent engulfment of
the cellular debris and preparatory steps in the mechanisms
governing phagosome formation (Figure 1B). (3) Recruitment
of the LC3 conjugation system (Figure 1C) to the phagosome
including autophagy related proteins and factors (Atg)12-Atg5-
Atg16L1, Atg3, Atg7, NADPH oxidase 2 (NOX2), reactive
oxygen species (ROS), Phosphatidylinositol 3-kinase catalytic
subunit type 3 (PI3KC3 complex) comprising Beclin-1, Vacuolar
protein sorting 34 (VPS34), and UV radiation resistance
associated (UVRAG) and Rubicon (RUN domain Beclin-1-
interacting and cysteine-rich domain-containing protein) for
LAPosome formation (Figure 2) where the engulfed cellular
debris can be digested. (4) Post-digestion activities (Figure 1C)
including the release of inflammation-resolving cytokines,
immune tolerogenic signals, and exportation of breakdown
products into the cytosol for metabolic recycling that service
intracellular biosynthetic pathways (15–18). This previously
under-recognized phenomenon for efferocytosis; localization of
LC3 to phagosome, is now understood to be an essential step
for lysosomal trafficking and selective immunologically silent
removal of apoptotic cells (9, 12).

Finite steps involved in LAP are now being identified
(Figures 1B, 2). LAP is initiated upon engulfment of
apoptotic cells that have externalized eat me signals such
as phosphatidylserine (PtdSer) which binds to T-cell
immunoglobulin and mucin domain family of receptors
(TIM); TIM-1, TIM-3, and TIM-4 or stabilin-1, stabilin-2, and
the GPCR brain angiogenesis inhibitor 1 (BAI1). Alternatively,
phagocytes can employ tyrosine kinase receptors (TYRO3,
AXL, and Mer) also known as TAM receptors to bind to PtdSer
indirectly through bridging molecules such as Gas-6 and Protein
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FIGURE 1 | Clearance processes for apoptotic cell by phagocytes rely on

“find me” and “eat me” signals that signal their internalization (A) “Find me”

signal: apoptotic cells release signals that attract phagocytes to the site of

programmed cell death. These signals include nucleotides (UTP and ATP),

S1P, CX3CL1, and LPC. Phagocytes recognize the “find me” signals using

cognate receptors such as P2Y2, S1PRs, CXCR3, and G2A. (B) “Eat me”

signal: the apoptotic cells express “eat me” signals that allow phagocytes to

recruit surface receptors and bridging molecules to identify and engulf

apoptotic cells. PtdSer is a primary “eat me” signal expressed by phagocytes

and is directly recognized by phagocytic receptors including BAI, TIM4, and

stabilin 2. Phagocytes can employ avB3 and tyrosine kinase receptor such as

Mertk bind to PtdSer indirectly through bridging molecules such as MFG-E8

and Gas-6, respectively. (C) The engulfment process: after recruitment of

engulfment receptors via the CRKII-ELMO-DOCK180 complex within

phagocytes, rac-1 signaling pathway is activated for phagosome formation.

(Continued)

FIGURE 1 | Once the phagosome is formed, LC3 is recruited to phagosomes

(now the LAPosome) leading to lysosome-mediated digestion of the

internalized apoptotic body. Degraded products release fatty acids that

stimulate LXR and PPARγ for cholesterol efflux leading to the production of

anti-inflammatory cytokines such as TGF-β, IL-10 and IL-13. UTP, uridine 5′

triphosphate; ATP, adenosine 5′ triphosphate; S1P, sphingosine-1-phosphate;

CX3CL1, C-X3-C Motif Chemokine Ligand 1; LPC, lysophosphatidylcholine;

P2Y2, purinergic receptors; SIPRs, sphingosine-1-phosphate receptors;

CXCR3, C-X-C motif chemokine receptor 3; G2A, G-protein-coupled receptor;

PtdSer, phosphatidylserine; BAI, brain-specific angiogenesis inhibitor 1; TIM-4,

T cell immunoglobulin mucin receptor-4; avB3, alpha-v beta-3; mertk, mer

proto-oncogene, tyrosine kinase; MFG-E8, milk fat globule-EGF factor 8

protein; Gas-6, growth arrest-specific 6; ELMO, engulfment and cell motility

protein; DOCK, dedicator of cytokinesis; CRKII, chicken tumor virus no. 10

(CT10) regulator of kinase II; G3P, glycerol-3-phosphate guanosine; GMP,

5′-monophosphate; AMP, adenosine monophosphate; LC3,

microtubule-associated protein 1A/1B-light chain 3; LXR, liver X receptor;

PPARγ, peroxisome proliferator-activated receptor gamma; TGF-β,

transforming growth beta; IL-10, interleukin 10; IL-13, interleukin-13. *Created

with BioRender.

S. Interaction via these receptors stimulates the CRKII-ELMO-
DOCK180 complex within phagocytes to activate the rac-1
signaling pathway (Figure 1B) (19–22). This leads to cytoskeletal
rearrangement and internalization of the apoptotic cell resulting
in phagosome formation. Once internalized, the phagosome
recruits Rubicon which facilitates the activity of a Class III
PI3K complex containing UVRAG, but which lacks Atg14 and
Ambra 1 (used in canonical autophagy) (23). Consequently,
phosphatidylinositol 3-phosphate (PI3P) is generated on the
fully formed and sealed phagosome during LAP (10, 24). The
timing of PI3P generation during LAP is different from that of
canonical autophagy where PI3P is generated in some portions of
autophagophore for closure and autophagosome cup formation
(11, 25). This process is necessary to stabilize the NOX2 complex,
and thereby sustains the production of ROS which is crucial
for recruiting the LC3 conjugation system components such
as Atg5, Atg3, Atg12, Atg7, and Atg16. This leads to LC3
lipidation and its localization to the phagosome, as a necessary
prerequisite for the formation of the LAPosome and to promote
the fusion of lysosomes (Figure 2). The phagosomal content
can then be efficiently processed via enzymatic digestion, and
hence the immune response is better regulated to protect against
autoimmunity and inflammation.

Rubicon plays a critical role as a mediator of LAP. Rubicon
(via its binding to NOX2) favors the initiation of LAP-
associated non-canonical autophagic activities over canonical
autophagy (26), by reducing VPS34 lipid kinase activity, which
also promotes the production of PI3P on LAPosomes rather
than autophagosome (27–29). Hence, further requisites for LAP
is NOX2 and the production of ROS. The NOX2 subunit
p40phox binds to PI3P, effectively sequestering this factor
as a consequence of Rubicon activity. If ROS production is
dysregulated and p40phox subunit of NOX2 fails to associate
with LAPosome, leading to LAP impairment (23). Hence,
Rubicon-dependent production of PI3P is integral for these
processes. Further to this, Yang et al. recently showed that
Rubicon directly associates with the p22phox and gp91phox
subunits of NOX2 to stabilize the complex for optimum and
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FIGURE 2 | LC3-Associated phagocytosis (LAP). LAP recruitment process is triggered for degradation of the phagocytosed cargo following phagosome formation.

The cargo is recognized by cell recognition receptors such as TIM-4 which causes the cargo to be engulfed in a single membrane phagosome called LAPosome. This

process is initiated by recruitment of PI3KC3 complex consisting of Rubicon, vps34, beclin-1, and vps15 which enable PI3P to be localized to the LAPosomes. This

stabilizes the NOX2 complex to produce ROS which is necessary to recruit LC3-II to the phagosome (LAPosome). The LAPosome then fuses with lysosomes to

mature and to effective e digest the cargo. TIM-4, T-cell immunoglobulin and mucin domain family of receptors; PI3KC3 complex, Phosphatidylinositol 3-kinase

catalytic subunit type 3; Rubicon, Run domain beclin-1-interacting and cysteine-rich Domain-containing protein; VPS34, Vacuolar protein sorting 34; VPS15, vacuolar

protein sorting 15; PI3P, phosphatidylinositol 3-phosphate, NOX2, NADPH oxidase 2; ROS, reactive oxygen species; LC3-II, microtubule-associated protein

1A/1B-light chain 3-II. *Created with BioRender.

continuous production of ROS (30). Cells or mice altered to
lack Rubicon exhibit a destabilized NOX2 which thereby inhibits
ROS necessary for LAP. The consequent of this is inefficient
recruitment of essential LAP-related factors including ATG5,
ATG7, and LC3-II to the membrane of phagosome. Moreover,
cells deficient in NOX2 exhibit LAPosomes that incorporate PI3P,
and exogenous induction of superoxides that serve to enhance
LC3-II recruitment that initiates canonical autophagy instead of
LAP (23, 29, 31). Hence, the proper regulation and expression
of Rubicon is an integral part of LAP (i.e., PI3P produced via
Rubicon-dependent pathways), and the interaction of Rubicon
with NOX2 is a necessary event for this mode of non-canonical
autophagy. As a result, Rubicon represents a new and attractive
therapeutic target to specifically modulate LAP (vs. canonical
autophagy) in diseases such as cancer. Considering that Rubicon
and/or LAP forms a critical component of efferocytosis, we
next highlight correlative studies between tumor progression
and efferocytosis.

EFFEROCYTOSIS IN THE TME PROMOTES
TUMOR PROGRESSION AND METASTATIC
POTENTIAL

Women diagnosed with breast cancer within 5 years of
postpartum (which is characterized by massive cell death) have

highermortality rates, compared with nulliparous women (where
cell death is relatively low) diagnosed with breast cancer (32–
34). Additionally, breast cancer cells transplanted into involuting
postpartummammary glands grow and invademore rapidly than
do cells in the mammary glands of a nulliparous host, even when
corrected for age and histological grade (35, 36). This raises the
possibility that conditions in the postpartum breast increase the
aggressiveness of established tumors. Recently, massive cell death
and the subsequent efferocytosis in postpartum involution have
been identified as factors that are associated with the pro-tumoral
and metastatic features of breast cancers in parous women
(37). This is based on the observation that increased levels of
efferocytosis occurs during postpartum involution and facilitates
influx of wound-healing macrophages that are supportive of
tumor progression and metastasis (37, 38).

Postpartum involution links the growth and metastasis
of tumors to efferocytosis (37). This is consistent with the
observation that efferocytosis receptors TIM-4 and MerTK are
elevated in various cancer cells which is reported to correlate with
disease severity (39, 40). In addition, a scenario in which cancer
cells express MFG-E8 (41), NOX2 (42), PtdSer (21), in proximity
to M2 macrophages (43) correlates with tumor aggressiveness.
These observations suggest that phagocyte-homing in response
to debris generated by tumor cells contributes to tumor-
cell proliferation and may be heightened by the cytotoxic
effects of anti-tumor therapies (44). Further, the promotion
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of tumor cell death by radiotherapy and chemotherapy can
also lead to increased expression of efferocytic receptors
such as Mertk (45) and TIM-4 (46). These findings suggest
that targeting efferocytosis activity in the surrounding tumor
microenvironment may mitigate this phenomenon and heighten
the efficacy of conventional anti-tumor therapies.

Efferocytosis of dead or dying tumor cells is a rapid process
involving engulfment receptors required for efficient clearance
of the cellular debris. Several studies have shown that blocking
the incorporation of apoptotic cells by inhibiting engulfment
receptors such as TIM-4, MFG-E8, MerTK and its ligands
including Gas6 and protein S, is an effective strategy for the
treatment of tumors (41, 47–49). An emerging area of study is
the identification of targets critical for the degradation process
of engulfed cargoes during efferocytosis. Internalization of
apoptotic tumor cells per se, of course, does not influence tumor
progression. Immune tolerogenic signals released by the digested
apoptotic cells also contribute to a mechanism whereby tumors
are able to evade clearance by lymphocytes and monocytes
(13). LAP is a key mechanism involved in the final stages of
clearing apoptotic tumor cells (13). LAP activity in dendritic
cells and macrophages effectively clears cellular debris leading
to the secretion of anti-inflammatory and immunosuppressive
mediators (12, 50). Moreover, elevated expression of efferocytosis
receptors by tumor-derived apoptotic cells, in the absence of
LAP, can enhance tumor-progression. Hence, a more complete
understanding of LAP in the phagocytes that home to the tumor
microenvironment may offer new strategies for the management
of cancer.

THE ROLE OF LAP IN TUMOR
PROGRESSION

During efferocytosis, LAP facilitates the fusion of phagosome
to lysosomes to enhance hydrolytic digestion and elimination
of apoptotic cell constituents (23). Once apoptotic cells are
digested in phagolysosomes, phagocytes become burdened
with macromolecular digest components that they then either
use in biosynthetic processes or efflux to the extracellular
environment. An overload of cholesterol from degraded
apoptotic cells stimulates members of the peroxisome
proliferator-activated receptor gamma (PPARγ) and liver X
receptor (LXR) families of nuclear receptors as illustrated in
Figure 1. These nuclear receptors inhibit pro-inflammatory
cytokines and drive the polarization of M2-like phenotype which
can mediate the production of anti-inflammatory cytokines.
This is one important mechanism that reduces inflammatory
signals following the removal apoptotic cells (51, 52), with
immunogenic consequences including the suppression of tumor
immune responses and increased resistance to immunotherapies.

LAP activity in dendritic cells and macrophages enhances
phagocytic removal of pathogens and cells undergoing
programmed cell death (9, 50). This is evidenced in LAP-
deficient dendritic cells that exhibit impaired efferocytosis and
elevated expression of major histocompatibility complex class
I (50) that is needed for antigen presentation and anti-tumor

immunity (50, 53). Moreover, macrophages and mice altered to
obviate LAP, internalize and accumulate undigested apoptotic
cells. These cells exhibit STING-dependent IFN responses,
M1 polarization, pro-inflammatory mediators, granzyme B
and enhanced anti-tumor immune response (11, 13, 54, 55).
Further, DNA from apoptotic cells can activate STING and
mediate immune recognition of tumor cells (56) which can
also lead to interferonopathy and autoimmunity (57). This
suggests that while LAP-dependent degradation of the DNA
of engulfed apoptotic tumor cells counters the induction of
inflammation and autoimmunity, it can also suppress anti-tumor
immune responses. Hence, it follows that internalization of
apoptotic material per se, does not lead to M2 polarization and
immunosuppression. Rather it is the digested and degraded
products of apoptotic cells that induce immune tolerogenic
signals utilized by tumor cells to promote their growth and
progression during efferocytosis. As illustrated in Figure 3, LAP
facilitates digestion and removal of apoptotic tumor cells upon
phagosomal engulfment that has unfortunate consequence of
switching anti-tumor M1 macrophage phenotype to a pro-tumor
M2 phenotype, leading to tumor progression and severity (13).
This indicates that LAP participates in the regulatory events that
form a complex network of interactions that collectively enhance
anti-inflammatory and pro-tumorigenic effects of apoptotic
cells and efferocytosis. Therefore, targeting LAP provides the
attractive possibility of attenuating tumor progression and
potentially serves as a target that could be therapeutically
modulated to help prevent tumor aggressiveness.

LAP CONTRIBUTES TO TUMOR
PROGRESSION BY PROMOTING M2
MACROPHAGE POLARIZATION

Macrophages are immune cells that are widespread throughout
the body. They exhibit diverse functions including the regulation
of inflammation, homeostasis, and tumor immunity. They
are generally categorized into classically activated or M1
macrophages and alternatively activated or M2 macrophages.
M1 macrophages are activated by Th1 lymphocytes, interferon-
γ (IFN-γ), TNF-α, and natural killer cells (NK), while M2
macrophages are induced by cytokine signatures presented
by Th2 cells such as interleukin-13 (IL-13), IL-10, and IL-4.
Tumor-associated macrophages (TAMs) are usually triggered
by factors that polarize macrophages to M2 phenotype and
are often infiltrated into tumor sites to suppress the cytotoxic
function of anti-tumor immune cells (43, 58, 59). This leads
to dysregulation of tumor immune response contributing
to the immunosuppressive tumor microenvironment. Indeed,
observations from in vitro studies and clinical findings
from cancer patients show that increased TAM infiltration
correlates with poor prognosis (43). Accordingly, mitigating
TAM infiltration, by blockingM2 activation or stimulating a pro-
inflammatory M1 phenotype in TAMs, reduces tumor growth
and metastasis (59–61).

Importantly, M2 macrophages promote tumor aggressiveness
and progression. This phenomenon is exhibited through three
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FIGURE 3 | Engulfment of apoptotic tumor cells induces LAP to inhibit type I IFN response and polarize tumor associated macrophages toward the

immunosuppressive M2 phenotype. This process leads to suppressed TIL function, reduced anti-tumor response and ultimately, sustained tumor survival. LAP

deficiency leads to polarization of TAMs toward the pro-inflammatory M1 phenotype and stimulation of a STING-dependent type I IFN response, which enhances TIL

function and expression of IFNγ to inhibit tumor growth. Taken together, these mechanisms suggest that targeting the LAP pathway may have therapeutic potential.

IFN, interferon; TIL, tumor-infiltrating lymphocytes; STING, stimulator of interferon genes; IFNγ, interferon gamma. *Created with BioRender.

mechanisms as shown in Figure 4. Firstly, rapidly proliferating
tumor cells that outpace the rate of blood supply need to establish
new blood vessels through a process known as angiogenesis. M2
macrophages produce growth factors such as Epidermal Growth
Factor (EGF), Fibroblast Growth Factor (FGF) to promote
vascularization and allow highly proliferative tumors to obtain
adequate blood supply (62–65). This enhances metastatic spread
as it provides the principal route by which tumor cells exit
the primary tumor site and enter the circulation. Secondly,
secretion of matrix metalloproteases by tumor-infiltrating M2
macrophages has been shown to contribute to the degradation
of the Extra Cellular Matrix (ECM) which facilitates the invasion

and spread of cancer cells to distant sites within the body and
secondary metastasis (66). This phenomenon has been effectively
described in human tongue, squamous cell, and colorectal cancer
(67, 68). Thirdly, the production of anti-inflammatory cytokines
and chemokines can also shift the immune response toward an
immunotolerogenic phenotype, which is unable to sustain cell-
mediated tumor immunity (69–71). This antagonizes activities
of effector T cells and enhances tumor growth and survival, as
they are spared from immune destruction. For these reasons,
inhibition of M2 macrophages has shown therapeutic efficacy in
the management of several tumors (59, 72, 73), and provides
evidence that the characterization of factors that fine-tune M2

Frontiers in Oncology | www.frontiersin.org 6 August 2020 | Volume 10 | Article 1298

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Asare et al. LAP Mediates Efferocytosis-Related Tumor Progression

FIGURE 4 | Schema of mechanism by which LAP could facilitate metastatic potential of tumors via M2 polarization. M2 promotes tumor progression through IL-10,

IL-4, and TGF-β-mediated immunosuppression. They also trigger pro-survival signals such as MMPs and EGF to amplify metastatic potential of tumors by facilitating

the invasion and spread of cancer cells to distant sites within the body. IL-10, interleukin-10; IL-4, interleukin-4; TGF-β, transforming growth factor-beta; MMP, matrix

metallopeptidases; EGF, epidermal growth factor (74). *Created with BioRender.

macrophage polarization can provide novel therapeutic options
for promoting tumor immunity.

LAP has been identified as a new mechanism that participates
in M2 polarization, and promotes an immunosuppressive
environment that favors the tumor growth (13, 61, 75). Therefore,
the involvement of LAP inmacrophage function warrants further
elucidation. This is evidenced by pro-tumor events that are
established by LAP related to macrophage function. For example,
(1) markers of tolerance and the polarization of macrophages
to M2 phenotype is observed in LAP-sufficient tumor animal
models (13, 76–78), (2) the M2 phenotype correlates with poor
prognosis and promotes tumor progression (2, 79), and (3)
LAP-sufficiency in tumor mouse models has been shown to
accumulate M2 macrophages that support the pro-tumorigenic
effects of TAMs (13). Therefore, M2 macrophage accumulation
in tumors after chemotherapeutic treatment (80, 81) may be
linked to LAP when it is called to enhance the efferocytosis
of the apoptotic tumor cells. This causes the reduction of
cytotoxic T cell activity to limit tumor immune responses and
enhance the cancer cell proliferation (13, 82). Further, Cunha
and colleagues showed that genetic or pharmacological inhibition
of LAP overcomes some of the pro-tumor effects of TAMs
e.g., by increasing CD8+ T cells function and reducing M2
macrophage production (13). These observations point toward
an unrecognized target to combat the progression of tumors.

CHARACTERIZATION OF LAP AS A
DISTINCT PATHWAY REVEALS A NEW
THERAPEUTIC APPROACH TO CONTROL
TUMOR GROWTH

A current aim for cancer therapy is to target autophagy
in the tumor microenvironment (83, 84). For example, the
translocation of LC3-II to membranous structures, considered
to be a hallmark for autophagy, has been associated with
tumor progression (85). Further, inhibition of LC3 recruitment

can potentiate anti-tumor immune response and reduce tumor
growth (86, 87). Recent discovery that LC3 is recruited to
phagosome membranes via LAP provides evidence that at
least some pro-tumor functions of LC3 recruitment may be
specifically linked to LAP (10, 13). Indeed, pro-tumoral qualities
of some autophagy components have been associated with LC3
recruitment to phagosome membranes via LAP. Noteworthy,
translocation of LC3 to phagosomes is a reliable marker for
LAP, that distinguishes it from processes related to canonical
autophagy (23). Also, while LAP involves the recruitment
of LC3 to single phagosome membranes (10, 88), autophagy
utilizes LC3-enriched double membrane autophagosomes (89).
Hence, delineating between these two processes can be used
to identify unrecognized roles and contribution of LAP in
tumor progression.

A critical distinction between LAP and autophagy is that
while LAP requires Beclin-1, PI3KC3 complex, Atg5 and Atg7
for recruitment of LC3 to membranous structures, unlike
autophagy, LAP does not require Unc51-like kinase 1 complex
(ULK-1) or FAK family–interacting protein of 200 kDa (FIP200)
(90–93). Moreover, while both LAP and autophagy require
mediators such as SLAM (signaling lymphocyte-activation
molecule) receptors to interact with the PI3KC3 complex
to regulate phagosome and autophagosome maturation,
respectively, unlike autophagy, LAP employs Rubicon-
containing PI3KC3 and does not require Atg14 or ULK-1
to mediate LC3 recruitment process (23, 26). In fact, inhibiting
Rubicon specifically block LAP without inhibiting canonical
autophagy process.

Moreover, even though VPS34 activity is required for both
autophagy and LAP, VPS34 produced in the absence of Rubicon
triggers autophagy instead of LAP (23, 31). Conversely, Rubicon
swaps VPS34 activity on autophagosome for LAPosme (23, 26,
94). This again characterizes Rubicon as an indispensable and
specific component of LAP. These characterisations of LAP as
a distinct mechanism provides a new avenue to regulate tumor
growth without interfering with canonical autophagy processes.
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FIGURE 5 | Rubicon expression as a potential prognostic marker that has the power to predict survival outcome of some cancer patients. Representative images of

Rubicon expression and survival rate of patients with breast cancer, colorectal cancer, liver cancer, prostate cancer, stomach cancer, and testicular cancer. Cancer

patients overexpressing Rubicon have lower survival rate compared with patients with lower Rubicon expression. This demonstrates the need for further studies to

establish prognostic values of Rubicon in different types of cancers. Credit: Human Protein Atlas, www.proteinatlas.org/humancell (95). Image available at the

following URL: v19.proteinatlas.org/humancell.

TARGETING CORE COMPONENTS OF LAP
IN TUMORS

Given that LAP elicits pro-tumor effects in the context of cancer,
cancer cells expression of factors that lead to these phenomena

may have significant therapeutic value. The expression of
Rubicon is elevated in cancer and is strikingly associated with
poor prognosis in patients with breast cancer, endometrial
cancer, testicular cancer, liver cancer, colorectal cancer, and
stomach cancer as shown in Figure 5 (95). This clear link
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between the abundance of Rubicon and poor prognosis of
cancer (Figure 5), calls for a better understanding of the events
associated with the pro-tumor effects of Rubicon to inform
prognostic and therapeutic investigations. What is certain is that
Rubicon is associated with LAP and is a requisite member of
the LAP pathway (27). Further, Rubicon is upregulated following
internalization of apoptotic cells to recruit LC3-conjugation
system for LAP initiation and subsequent degradation of
apoptotic cells (23). This supports the view that Rubicon
expression forms a critical component of the processes required
to remove apoptotic cells. In fact, inhibition of Rubicon in
preclinical settings enhances immune activation and restricts
tumor growth by ablating LAP-mediated apoptotic cell removal.
Conversely, Rubicon expression increases tumor progression and
limits immune responses through LAP induction (13). This
suggests that LAP may be an influential pathway through which
Rubicon mediates tumor progression and decreases survival rate
in some cancer patients.

PtdSer is another integral component of LAP induction and
efferocytosis (9, 96). It is usually expressed on the surface of
apoptotic cells to allow phagocytes to remove the dead or dying
cells through efferocytosis and LAP (21, 97). It can be predicted
that its inhibition may ablate LAP and therefore many pro-
tumorigenic consequences as shown in Figure 6. For example,
pre-clinical models of B16F10 melanoma demonstrates that
inhibiting PtdSer receptor, TIM-4 is an effective approach to
reduce LAP and tumor growth (13). Indeed, expression of PtdSer
on the surface of apoptotic cell is an early event during apoptosis
and is markedly increased during chemotherapeutic treatment of
tumors (98). PtdSer is also overexpressed in different cancer types
such as glioblastoma, breast cancer and astrocytoma (99, 100).
Its inhibition could lead to LAP impairment and subsequently
result in a decrease inM2-like tumor associatedmacrophages and
a switch in the expression of immunosuppressive cytokines to
immunostimulatory cytokines (98). Indeed, Bavituximab which
blocks PtdSer is providing beneficial outcomes for some cancers
in phase II clinical trials (101, 102).

Moreover, several clinical studies are in progress to design
therapies that may have the potential to prevent the impact
of LAP in the tumor microenvironment. These include
Blocking TGF-β signaling to inhibit the growth and metastasis
of orthotopic mammary carcinoma (103). TGF-β is usually
upregulated and is integral for tumor immunosuppressive effects
of LAP (11, 13, 82), suggesting that targeting factors involved in
the initiation of LAP as well as its resultant effects could be an
effective strategy for tumor destruction.

IL-10, a further anti-inflammatory cytokine, is produced by
both M2 macrophages (104) and by the tumor cells (105, 106).
IL-10 can promote tumor growth and the clinical utility of
inhibiting this effect is widely reported (107–109). However, the
precise mechanism that informs IL-10 overexpression and its
pro-tumoral qualities remains to be completely elucidated. Data
from experiment settings link overexpression of IL-10 to the LAP
pathway and implicate this association in LAP-mediated tumor
progression (13). This underscores the role of LAP plays in IL-
10 expression and provides a potential target to regulating the
pro-tumor cytokine in tumor cells. Noteworthy, other biological

events may also contribute to IL-10 mediated tumor progression.
A better understanding of LAP as an influential driver in this
regard is crucial to discover a novel approach to block the
immunosuppressive and pro-tumor effects of IL-10 for effective
clinical management of tumors.

V-ATPase activity has recently been shown to be required
for LAP, and inhibiting V-ATPase following apoptotic cell
death prevents LAP by blocking lipidation of LC3 (110, 111).
This provides a further potentially novel therapeutic target for
regulating LAP. Additionally, studies by Fletcher et al. suggest
that WD repeat-containing C-terminal domain of ATG 16L1
inhibition arrests LAP (112). Blunting WD repeat-containing
C-terminal domain (WD 40 CTD) of ATG 16L1 blocks LC3
recruitment to endolysosomal membranes during LAP without
affecting canonical autophagy (112, 113).

The mode of cell death has a significant impact on the
immune tolerogenic effects of LAP. Non-apoptotic cell death
such as necrotic and necroptotic cells can also induce LAP to
complete the efferocytosis process (9). In contrast to apoptotic
cells, necrotic and necroptotic cells induce inflammatory
and immunostimulatory cytokines (114, 115) and can switch
macrophages from pro-tumoral M2 phenotype to anti-tumoral
and immunostimulatory M1 phenotype (116, 117). This is
because the extra cholesterol produced after the degradation
of necrotic cells does not stimulate cholesterol efflux pathway
(118) which is required for the release of anti-inflammatory
cytokines essential for M2 phenotype switching (119, 120). This
provides another promising approach for circumventing the pro-
tumoral effects of LAP. Noteworthy, induction of non-apoptotic
modalities of cell death such as necrosis or necroptosis as a
new therapeutic direction to potentiate anti-tumor immunity
has been suggested as a promising alternative (117, 121–123).
Therefore, further studies in this regard are warranted especially
as the effectiveness of non-apoptotic form of tumor cell death has
not been explicitly elucidated.

CONCLUDING REMARKS

A common effect of anticancer therapies is to induce apoptosis of
cancer cells. However, there is a surprising paucity of information
that considers the complex processes that are responsible for
clearing the cellular debris. In line with this, there is emerging
evidence that implicates the non-canonical autophagy pathway,
LAP, as an essential component involved in the coordinated
clearance of apoptotic cancer cells. However, unlike canonical
autophagy and phagocytosis, LAP-mediated efferocytosis elicits
an anti-inflammatory response in the surrounding environment
that may have significant implications for the evasion of
immune surveillance by cells involved in tumorigenesis. Indeed,
it has been shown that mice altered to abrogate LAP as a
part of the cell’s clearance response exhibit a reduction in
tumor growth, while the restoration of LAP influences tumor
progression. Further, cancer tissues overexpression of Rubicon
predicts adverse overall survival in many cancer patients (95).
These findings have several clinical implications: (1) Rubicon
expression in tumor tissues comprising infiltrated TAMs and
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FIGURE 6 | Consequences of inhibiting factors involved in efferocytosis and LAP. (A) Macrophages interact with PtdSer externalized on apoptotic cells through

efferocytic receptors on the surface of phagocytes. Many PtdSer receptors stimulate interactions to activate Rac1 and cytoskeletal arrangement for phagosome

formation and internalization. Once apoptotic cells are internalized in the phagosome, LC3-recruitment process through LAP is triggered to fuse LC3 to phagosomes

membranes, which facilitates phagolysosomal fusion and subsequent digestion apoptotic cell. This results in production of M2 macrophages and suppression of

tumor immune activation. (B) Inhibition of PtdSer leads to defects in the phagosome formation by preventing the cytoskeletal rearrangement through Rac-1 and

ELMO–DOCK180 interactions. This leads to inefficient clearance of apoptotic cells and polarization of M1 macrophages to release mediators that potentiate tumor

immune responses. PtdSer, phosphatidylserine; LC3, microtubule-associated protein 1A/1B-light chain 3-II; ELMO, engulfment and cell motility protein; DOCK,

dedicator of cytokinesis. *Created with BioRender.

other phagocytic cells can lead to modulation of LAP pathway in
the TME (13). This implies that LAP can specifically be targeted
in the TME to restrict tumor growth. (2) Rubicon expression
could be a prognostic marker in different types of cancers and
(3) Therapies that could inhibit Rubicon expression could be
incorporated into clinical trials as drugs that regulate LAP during
phagocytosis of apoptotic tumor cells. However, to the best of
our knowledge, there is no drug at present that could specifically
target Rubicon. Therefore, these findings point to a need to
clearly determine how LAP is regulated during the efferocytosis
of apoptotic tumor cells and whether alterations implicit with

uncontrolled carcinogenesis favor the survival of cells that
employ LAP to establish tumors of clinical importance. If so,
perhaps amore immediate priority is to identify those therapeutic
options which unwittingly potentiate cancer by overbalancing
the recruitment of phagocytes and/or that directly promote
LAP in cancer cells themselves. Given that LAP functions
to regulate inflammation and undesired immune responses,
inhibition of LAP while restricting tumor growth has the
potential to result in autoimmunity and chronic inflammation
(12). This provides a worthwhile consideration when inhibiting
LAP to control tumor progression. Herein, we discuss the current

Frontiers in Oncology | www.frontiersin.org 10 August 2020 | Volume 10 | Article 1298

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Asare et al. LAP Mediates Efferocytosis-Related Tumor Progression

understanding of LAP during the development of cancer, its
relationship with efferocytosis in the tumor microenvironment,
and suggest strategies that may inform current and novel
therapeutic approaches.

AUTHOR CONTRIBUTIONS

PA drafted the manuscript and revised it critically for
important intellectual content. ER, PH, HT, and CM
revised manuscript critically for important intellectual
content. SH revised manuscript critically for important
intellectual content and have final approval for submission.

All authors contributed to the article and approved the
submitted version.

FUNDING

PA was financially supported by the Adelaide Scholarship
International (ASI) at the University of Adelaide, Australia. ER
received grants from the Royal Adelaide Research Committee,
Royal Adelaide Hospital Research Fund, South Australia Health
Services Charitable Gifts Board, the Rebecca L Cooper Medical
Research Foundation, and salary from South Australia Health
during the conduct of this study.

REFERENCES

1. Kumar S, Calianese D, Birge RB. Efferocytosis of dying cells differentially

modulate immunological outcomes in tumor microenvironment. Immunol

Rev. (2017) 280:149–64. doi: 10.1111/imr.12587

2. Jones JD, Sinder BP, Paige D, Soki FN, Koh AJ, Thiele S, et al.

Trabectedin reduces skeletal prostate cancer tumor size in association with

effects on M2 macrophages and efferocytosis. Neoplasia. (2019) 21:172–

84. doi: 10.1016/j.neo.2018.11.003

3. de Cathelineau AM, Henson PM. The final step in programmed cell death:

phagocytes carry apoptotic cells to the grave. Essays Biochem. (2003) 39:105–

17. doi: 10.1042/bse0390105

4. Sarode GS. Efferocytosis in oral squamous cell carcinoma. J Oral Maxillofac

Pathol. (2016) 20:170–2. doi: 10.4103/0973-029X.185918

5. Vandivier RW, Henson PM, Douglas IS. Burying the dead: the impact of

failed apoptotic cell removal (efferocytosis) on chronic inflammatory lung

disease. Chest. (2006) 129:1673–82. doi: 10.1378/chest.129.6.1673

6. Proto JD, Doran AC, Gusarova G, Yurdagul A Jr, Sozen E,

Subramanian M, et al. Regulatory T cells promote macrophage

efferocytosis during inflammation resolution. Immunity. (2018)

49:666–77.e6. doi: 10.1016/j.immuni.2018.07.015

7. Tao H, Yancey PG, Babaev VR, Blakemore JL, Zhang Y, Ding L, et al.

Macrophage SR-BI mediates efferocytosis via Src/PI3K/Rac1 signaling

and reduces atherosclerotic lesion necrosis. J Lipid Res. (2015) 56:1449–

60. doi: 10.1194/jlr.M056689

8. Green DR, Oguin TH, Martinez J. The clearance of dying cells: table for two.

Cell Death Differ. (2016) 23:915–26. doi: 10.1038/cdd.2015.172

9. Martinez J, Almendinger J, Oberst A, Ness R, Dillon CP, Fitzgerald P,

et al. Microtubule-associated protein 1 light chain 3 alpha (LC3)-associated

phagocytosis is required for the efficient clearance of dead cells. Proc Natl

Acad Sci USA. (2011) 108:17396–401. doi: 10.1073/pnas.1113421108

10. Sanjuan MA, Dillon CP, Tait SWG, Moshiach S, Dorsey F, Connell S, et al.

Toll-like receptor signalling in macrophages links the autophagy pathway to

phagocytosis. Nature. (2007) 450:1253–7. doi: 10.1038/nature06421

11. Heckmann BL, Boada-Romero E, Cunha LD, Magne J, Green DR. LC3-

associated phagocytosis and inflammation. J Mol Biol. (2017) 429:3561–

76. doi: 10.1016/j.jmb.2017.08.012

12. Martinez J, Cunha LD, Park S, Yang M, Lu Q, Orchard R, et al. Noncanonical

autophagy inhibits the autoinflammatory, lupus-like response to dying cells.

Nature. (2016) 533:115–9. doi: 10.1038/nature17950

13. Cunha LD, Yang M, Carter R, Guy C, Harris L, Crawford JC, et al. LC3-

associated phagocytosis in myeloid cells promotes tumor immune tolerance.

Cell. (2018) 175:429–41.e16. doi: 10.1016/j.cell.2018.08.061

14. Medina CB, Mehrotra P, Arandjelovic S, Perry JSA, Guo Y, Morioka S, et al.

Metabolites released from apoptotic cells act as tissue messengers. Nature.

(2020) 580:130–5. doi: 10.1038/s41586-020-2121-3

15. Chekeni FB, Elliott MR, Sandilos JK, Walk SF, Kinchen JM,

Lazarowski ER, et al. Pannexin 1 channels mediate ‘find-me’ signal

release and membrane permeability during apoptosis. Nature. (2010)

467:863–7. doi: 10.1038/nature09413

16. Roszer T, Menéndez-Gutiérrez MP, Lefterova MI, Alameda D, Núñez V,

Lazar MA, et al. Autoimmune kidney disease and impaired engulfment of

apoptotic cells in mice with macrophage peroxisome proliferator-activated

receptor gamma or retinoid X receptor alpha deficiency. J Immunol. (2011)

186:621–31. doi: 10.4049/jimmunol.1002230

17. Yurdagul A Jr, Subramanian M, Wang X, Crown SB, Ilkayeva OR, Darville

L, et al. Macrophage metabolism of apoptotic cell-derived arginine promotes

continual efferocytosis and resolution of injury. Cell Metab. (2020) 31:518–

33.e10. doi: 10.1016/j.cmet.2020.01.001

18. Zhang S, Weinberg S, DeBerge M, Gainullina A, Schipma M, Kinchen JM,

et al. Efferocytosis fuels requirements of fatty acid oxidation and the electron

transport chain to polarize macrophages for tissue repair. Cell Metab. (2019)

29:443–56.e5. doi: 10.1016/j.cmet.2018.12.004

19. Gumienny TL, Brugnera E, Tosello-Trampont AC, Kinchen JM, Haney

LB, Nishiwaki K, et al. CED-12/ELMO, a novel member of the

CrkII/Dock180/Rac pathway, is required for phagocytosis and cell migration.

Cell. (2001) 107:27–41. doi: 10.1016/S0092-8674(01)00520-7

20. Grabiec AM, Denny N, Doherty JA, Happonen KE, Hankinson J, Connolly E,

et al. Diminished airway macrophage expression of the Axl receptor tyrosine

kinase is associated with defective efferocytosis in asthma. J Allergy Clin

Immunol. (2017) 140:1144–6.e4. doi: 10.1016/j.jaci.2017.03.024

21. Nishi C, Yanagihashi Y, Segawa K, Nagata S. MERTK tyrosine kinase receptor

together with TIM4 phosphatidylserine receptor mediates distinct signal

transduction pathways for efferocytosis and cell proliferation. J Biol Chem.

(2019) 294:7221–30. doi: 10.1074/jbc.RA118.006628

22. Park D, Tosello-Trampont AC, Elliott MR, Lu M, Haney LB,

Ma Z, et al. BAI1 is an engulfment receptor for apoptotic cells

upstream of the ELMO/Dock180/Rac module. Nature. (2007)

450:430–4. doi: 10.1038/nature06329

23. Martinez J, Malireddi RKS, Lu Q, Cunha LD, Pelletier S, Gingras S, et al.

Molecular characterization of LC3-associated phagocytosis reveals distinct

roles for Rubicon, NOX2 and autophagy proteins. Nat Cell Biol. (2015)

17:893–906. doi: 10.1038/ncb3192

24. Ellson CD, Anderson KE, Morgan G, Chilvers ER, Lipp P, Stephens LR, et al.

Phosphatidylinositol 3-phosphate is generated in phagosomal membranes.

Curr Biol. (2001) 11:1631–5. doi: 10.1016/S0960-9822(01)00447-X

25. Axe EL, Walker SA, Manifava M, Chandra P, Roderick HL,

Habermann A, et al. Autophagosome formation from membrane

compartments enriched in phosphatidylinositol 3-phosphate and

dynamically connected to the endoplasmic reticulum. J Cell Biol. (2008)

182:685–701. doi: 10.1083/jcb.200803137

26. Matsunaga K, Saitoh T, Tabata K, Omori H, Satoh T, Kurotori N,

et al. Two beclin 1-binding proteins, Atg14L and rubicon, reciprocally

regulate autophagy at different stages. Nat Cell Biol. (2009) 11:385–

96. doi: 10.1038/ncb1846

27. Wong SW, Sil P, Martinez J. Rubicon: LC3-associated phagocytosis and

beyond. FEBS J. (2018) 285:1379–88. doi: 10.1111/febs.14354

28. Masud S, van der Burg L, Storm L, Prajsnar TK, Meijer AH. Rubicon-

dependent Lc3 recruitment to salmonella-containing phagosomes

is a host defense mechanism triggered independently from major

Frontiers in Oncology | www.frontiersin.org 11 August 2020 | Volume 10 | Article 1298

https://doi.org/10.1111/imr.12587
https://doi.org/10.1016/j.neo.2018.11.003
https://doi.org/10.1042/bse0390105
https://doi.org/10.4103/0973-029X.185918
https://doi.org/10.1378/chest.129.6.1673
https://doi.org/10.1016/j.immuni.2018.07.015
https://doi.org/10.1194/jlr.M056689
https://doi.org/10.1038/cdd.2015.172
https://doi.org/10.1073/pnas.1113421108
https://doi.org/10.1038/nature06421
https://doi.org/10.1016/j.jmb.2017.08.012
https://doi.org/10.1038/nature17950
https://doi.org/10.1016/j.cell.2018.08.061
https://doi.org/10.1038/s41586-020-2121-3
https://doi.org/10.1038/nature09413
https://doi.org/10.4049/jimmunol.1002230
https://doi.org/10.1016/j.cmet.2020.01.001
https://doi.org/10.1016/j.cmet.2018.12.004
https://doi.org/10.1016/S0092-8674(01)00520-7
https://doi.org/10.1016/j.jaci.2017.03.024
https://doi.org/10.1074/jbc.RA118.006628
https://doi.org/10.1038/nature06329
https://doi.org/10.1038/ncb3192
https://doi.org/10.1016/S0960-9822(01)00447-X
https://doi.org/10.1083/jcb.200803137
https://doi.org/10.1038/ncb1846
https://doi.org/10.1111/febs.14354
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Asare et al. LAP Mediates Efferocytosis-Related Tumor Progression

bacterial virulence factors. Front Cell Infect Microbiol. (2019)

9:279. doi: 10.3389/fcimb.2019.00279

29. Boyle KB, Randow F. Rubicon swaps autophagy for LAP.Nat Cell Biol. (2015)

17:843–5. doi: 10.1038/ncb3197

30. Yang CS, Lee JS, Rodgers M, Min C-K, Lee J-Y, Kim HJ, et al. Autophagy

protein rubicon mediates phagocytic NADPH oxidase activation in response

to microbial infection or TLR stimulation. Cell Host Microbe. (2012) 11:264–

76. doi: 10.1016/j.chom.2012.01.018

31. SunQ, Zhang J, FanW,Wong KN, Ding X, Chen S, et al. The RUNdomain of

rubicon is important for hVps34 binding, lipid kinase inhibition, autophagy

suppression. J Biol Chem. (2011) 286:185–91. doi: 10.1074/jbc.M110.126425

32. Callihan EB, Gao D, Jindal S, Lyons TR, Manthey E, Edgerton S, et al.

Postpartum diagnosis demonstrates a high risk for metastasis and merits

an expanded definition of pregnancy-associated breast cancer. Breast Cancer

Res Treat. (2013) 138:549–59. doi: 10.1007/s10549-013-2437-x

33. van den Rul N, Han SN, Van Calsteren K, Neven P, Amant F. Postpartum

breast cancer behaves differently. Facts Views Vis Obgyn. (2011) 3:183–8.

34. Goddard ET, Bassale S, Schedin T, Jindal S, Johnston J, Cabral E, et al.

Association between postpartum breast cancer diagnosis and metastasis

and the clinical features underlying risk. JAMA Netw Open. (2019)

2:e186997. doi: 10.1001/jamanetworkopen.2018.6997

35. Schedin P, O’Brien J, Rudolph M, Stein T, Borges V. Microenvironment

of the involuting mammary gland mediates mammary cancer

progression. J Mammary Gland Biol Neoplasia. (2007) 12:71–

82. doi: 10.1007/s10911-007-9039-3

36. Daling JR, Malone KE, Doody DR, Anderson BO, Porter PL. The relation

of reproductive factors to mortality from breast cancer. Cancer Epidemiol

Biomarkers Prev. (2002) 11:235–41.

37. Stanford JC, Young C, Hicks D, Owens P, Williams A, Vaught

DB, et al. Efferocytosis produces a prometastatic landscape during

postpartum mammary gland involution. J Clin Invest. (2014) 124:4737–

52. doi: 10.1172/JCI76375

38. Martinson HA, Jindal S, Durand-Rougely C, Borges VF, Schedin P.

Wound healing-like immune program facilitates postpartum mammary

gland involution and tumor progression. Int J Cancer. (2015) 136:1803–

13. doi: 10.1002/ijc.29181

39. Wang Y, Moncayo G, Morin P Jr, Xue G, Grzmil M, Lino MM, et al. Mer

receptor tyrosine kinase promotes invasion and survival in glioblastoma

multiforme. Oncogene. (2013) 32:872–82. doi: 10.1038/onc.2012.104

40. Tan X, Zhang Z, Yao H, Shen L. Tim-4 promotes the growth of

colorectal cancer by activating angiogenesis and recruiting tumor-associated

macrophages via the PI3K/AKT/mTOR signaling pathway. Cancer Lett.

(2018) 436:119–28. doi: 10.1016/j.canlet.2018.08.012

41. Soki FN, Koh AJ, Jones JD, Kim YW, Dai J, Keller ET, et al. Polarization of

prostate cancer-associated macrophages is induced by milk fat globule-EGF

factor 8 (MFG-E8)-mediated efferocytosis. J Biol Chem. (2014) 289:24560–

72. doi: 10.1074/jbc.M114.571620

42. Harrison IP, Vinh A, Johnson IRD, Luong R, Drummond GR, Sobey

CG, et al. NOX2 oxidase expressed in endosomes promotes cell

proliferation and prostate tumour development.Oncotarget. (2018) 9:35378–

93. doi: 10.18632/oncotarget.26237

43. Jackute J, Zemaitis M, Pranys D, Sitkauskiene B, Miliauskas S, Vaitkiene S,

et al. Distribution of M1 and M2 macrophages in tumor islets and stroma in

relation to prognosis of non-small cell lung cancer. BMC Immunol. (2018)

19:3. doi: 10.1186/s12865-018-0241-4

44. Zhou Y, Yao Y, Deng Y, Shao A. Regulation of efferocytosis

as a novel cancer therapy. Cell Commun Signal. (2020)

18:71. doi: 10.1186/s12964-020-00542-9

45. Crittenden MR, Baird J, Friedman D, Savage T, Uhde L, Alice A,

et al. Mertk on tumor macrophages is a therapeutic target to prevent

tumor recurrence following radiation therapy. Oncotarget. (2016) 7:78653–

66. doi: 10.18632/oncotarget.11823

46. Baghdadi M, Yoneda A, Yamashina T, Nagao H, Komohara Y, Nagai S,

et al. TIM-4 glycoprotein-mediated degradation of dying tumor cells by

autophagy leads to reduced antigen presentation and increased immune

tolerance. Immunity. (2013) 39:1070–81. doi: 10.1016/j.immuni.2013.09.014

47. DeRyckere D, Lee-Sherick AB, Huey MG, Hill AA, Tyner JW, Jacobsen

KM, et al. UNC2025, a MERTK small-molecule inhibitor, is therapeutically

effective alone and in combination with methotrexate in leukemia models.

Clin Cancer Res. (2017) 23:1481–92. doi: 10.1158/1078-0432.CCR-16-1330

48. Cook RS, Jacobsen KM, Wofford AM, de Ryckere D, Stanford J, Prieto AL,

et al. MerTK inhibition in tumor leukocytes decreases tumor growth and

metastasis. J Clin Invest. (2013) 123:3231–42. doi: 10.1172/JCI67655

49. Loges S, Schmidt T, Tjwa M, van Geyte K, Lievens D, Lutgens E,

et al. Malignant cells fuel tumor growth by educating infiltrating

leukocytes to produce the mitogen Gas6. Blood. (2010) 115:2264–

73. doi: 10.1182/blood-2009-06-228684

50. Sil P, Suwanpradid J, Muse G, Gruzdev A, Liu L, Corcoran DL,

et al. Noncanonical autophagy in dermal dendritic cells mediates

immunosuppressive effects of UV exposure. J Allerg Clin Immunol. (2020)

145:1389–405. doi: 10.1016/j.jaci.2019.11.041

51. oseph SB, Castrillo A, Laffitte BA, Mangelsdorf DJ, Tontonoz P. Reciprocal

regulation of inflammation and lipid metabolism by liver X receptors. Nat

Med. (2003) 9:213–9. doi: 10.1038/nm820

52. Heming M, Gran S, Jauch S-L, Fischer-Riepe L, Russo A, Klotz L, et al.

Peroxisome proliferator-activated receptor-γ modulates the response of

macrophages to lipopolysaccharide and glucocorticoids. Front Immunol.

(2018) 9:893. doi: 10.3389/fimmu.2018.00893

53. Sloan JM, Kershaw MH, Touloukian CE, Lapointe R, Robbins PF, Restifo

NP, et al. MHC class I and class II presentation of tumor antigen in

retrovirally and adenovirally transduced dendritic cells. Cancer Gene Ther.

(2002) 9:946–50. doi: 10.1038/sj.cgt.7700509

54. Zhong X, Lee H-N, Kim SH, Park S-A, Kim W, Cha Y-N,

et al. Myc-nick promotes efferocytosis through M2 macrophage

polarization during resolution of inflammation. FASEB J. (2018)

32:5312–25. doi: 10.1096/fj.201800223R

55. Zhou Y, Fei M, Zhang G, Liang W-C, Lin W, Wu Y, et al. Blockade of

the phagocytic receptor MerTK on tumor-associated macrophages enhances

P2X7R-dependent STING activation by tumor-derived cGAMP. Immunity.

(2020) 52:357–73.e9. doi: 10.1016/j.immuni.2020.01.014

56. Woo SR, Fuertes MB, Corrales L, Spranger S, Furdyna MJ, Leung

MY, et al. STING-dependent cytosolic DNA sensing mediates innate

immune recognition of immunogenic tumors. Immunity. (2014) 41:830–

42. doi: 10.1016/j.immuni.2014.10.017

57. Ahn J, Gutman D, Saijo S, Barber GN. STING manifests self DNA-

dependent inflammatory disease. Proc Natl Acad Sci USA. (2012) 109:19386–

91. doi: 10.1073/pnas.1215006109

58. Lin Y, Xu J, Lan H. Tumor-associated macrophages in tumor metastasis:

biological roles and clinical therapeutic applications. J Hematol Oncol. (2019)

12:76. doi: 10.1186/s13045-019-0760-3

59. Ries CH, Cannarile MA, Hoves S, Benz J, Wartha K, Runza V,

et al. Targeting tumor-associated macrophages with anti-CSF-1R antibody

reveals a strategy for cancer therapy. Cancer Cell. (2014) 25:846–

59. doi: 10.1016/j.ccr.2014.05.016

60. Pyonteck SM, Akkari L, Schuhmacher AJ, Bowman RL, Sevenich L, Quail DF,

et al. CSF-1R inhibition alters macrophage polarization and blocks glioma

progression. Nat Med. (2013) 19:1264–72. doi: 10.1038/nm.3337

61. Yang M, Liu J, Piao C, Shao J, Du J. ICAM-1 suppresses tumor metastasis by

inhibiting macrophage M2 polarization through blockade of efferocytosis.

Cell Death Dis. (2015) 6:e1780. doi: 10.1038/cddis.2015.144

62. Ke X, Chen C, Song Y, Cai Q, Li J, Tang Y, et al. Hypoxia modifies the

polarization of macrophages and their inflammatory microenvironment,

and inhibits malignant behavior in cancer cells. Oncol Lett. (2019) 18:5871–

8. doi: 10.3892/ol.2019.10956

63. Roda JM, Wang Y, Sumner LA, Phillips GS, Marsh CB, Eubank TD.

Stabilization of HIF-2α induces sVEGFR-1 production from tumor-

associated macrophages and decreases tumor growth in a murine melanoma

model. J Immunol. (2012) 189:3168–77. doi: 10.4049/jimmunol.1103817

64. Huber R, Meier B, Otsuka A, Fenini G, Satoh T, Gehrke S, et al.

Tumour hypoxia promotes melanoma growth and metastasis via

high mobility group box-1 and M2-like macrophages. Sci Rep. (2016)

6:29914. doi: 10.1038/srep29914

65. Poh AR, Ernst M. Targeting macrophages in cancer: from bench to bedside.

Front Oncol. (2018) 8:49. doi: 10.3389/fonc.2018.00049

66. Vinnakota K, Zhang Y, Selvanesan BC, Topi G, Salim T, Sand-

Dejmek J, et al. M2-like macrophages induce colon cancer cell

Frontiers in Oncology | www.frontiersin.org 12 August 2020 | Volume 10 | Article 1298

https://doi.org/10.3389/fcimb.2019.00279
https://doi.org/10.1038/ncb3197
https://doi.org/10.1016/j.chom.2012.01.018
https://doi.org/10.1074/jbc.M110.126425
https://doi.org/10.1007/s10549-013-2437-x
https://doi.org/10.1001/jamanetworkopen.2018.6997
https://doi.org/10.1007/s10911-007-9039-3
https://doi.org/10.1172/JCI76375
https://doi.org/10.1002/ijc.29181
https://doi.org/10.1038/onc.2012.104
https://doi.org/10.1016/j.canlet.2018.08.012
https://doi.org/10.1074/jbc.M114.571620
https://doi.org/10.18632/oncotarget.26237
https://doi.org/10.1186/s12865-018-0241-4
https://doi.org/10.1186/s12964-020-00542-9
https://doi.org/10.18632/oncotarget.11823
https://doi.org/10.1016/j.immuni.2013.09.014
https://doi.org/10.1158/1078-0432.CCR-16-1330
https://doi.org/10.1172/JCI67655
https://doi.org/10.1182/blood-2009-06-228684
https://doi.org/10.1016/j.jaci.2019.11.041
https://doi.org/10.1038/nm820
https://doi.org/10.3389/fimmu.2018.00893
https://doi.org/10.1038/sj.cgt.7700509
https://doi.org/10.1096/fj.201800223R
https://doi.org/10.1016/j.immuni.2020.01.014
https://doi.org/10.1016/j.immuni.2014.10.017
https://doi.org/10.1073/pnas.1215006109
https://doi.org/10.1186/s13045-019-0760-3
https://doi.org/10.1016/j.ccr.2014.05.016
https://doi.org/10.1038/nm.3337
https://doi.org/10.1038/cddis.2015.144
https://doi.org/10.3892/ol.2019.10956
https://doi.org/10.4049/jimmunol.1103817
https://doi.org/10.1038/srep29914
https://doi.org/10.3389/fonc.2018.00049
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Asare et al. LAP Mediates Efferocytosis-Related Tumor Progression

invasion via matrix metalloproteinases. J Cell Physiol. (2017)

232:3468–80. doi: 10.1002/jcp.25808

67. Petruzzi MN, Cherubini K, Salum FG, de Figueiredo MA. Role of

tumour-associated macrophages in oral squamous cells carcinoma

progression: an update on current knowledge. Diagn Pathol. (2017)

12:32. doi: 10.1186/s13000-017-0623-6

68. Chiu KC, Lee CH, Liu SY, Chou YT, Huang RY, Huang SM,

et al. Polarization of tumor-associated macrophages and gas6/Axl

signaling in oral squamous cell carcinoma. Oral Oncol. (2015)

51:683–9. doi: 10.1016/j.oraloncology.2015.04.004

69. Li Z, Jiang J, Wang Z, Zhang J, Xiao M, Wang C, et al.

Endogenous interleukin-4 promotes tumor development by

increasing tumor cell resistance to apoptosis. Cancer Res. (2008)

68:8687–94. doi: 10.1158/0008-5472.CAN-08-0449

70. Zeni E, Mazzetti L, Miotto D, Lo Cascio N, Maestrelli P, Querzoli

P, et al. Macrophage expression of interleukin-10 is a prognostic

factor in nonsmall cell lung cancer. Eur Respir J. (2007) 30:627–

32. doi: 10.1183/09031936.00129306

71. Seifert L, Werba G, Tiwari S, Giao Ly NN, Nguy S, Alothman S,

et al. Radiation therapy induces macrophages to suppress T-cell responses

against pancreatic tumors in Mice. Gastroenterology. (2016) 150:1659–

72.e5. doi: 10.1053/j.gastro.2016.02.070

72. Gazzaniga S, Bravo AI, Guglielmotti A, van Rooijen N, Maschi F, Vecchi

A, et al. Targeting tumor-associated macrophages and inhibition of MCP-

1 reduce angiogenesis and tumor growth in a human melanoma xenograft. J

Invest Dermatol. (2007) 127:2031–41. doi: 10.1038/sj.jid.5700827

73. Chanmee T, Ontong P, Konno K, Itano N. Tumor-associated macrophages

as major players in the tumor microenvironment. Cancers. (2014) 6:1670–

90. doi: 10.3390/cancers6031670

74. Wang J, Li D, Cang H, Guo B. Crosstalk between cancer and immune

cells: role of tumor-associatedmacrophages in the tumormicroenvironment.

Cancer Med. (2019) 8:4709–21. doi: 10.1002/cam4.2327

75. Martinez J, Verbist K, Wang R, Green DR. The relationship between

metabolism and the autophagy machinery during the innate immune

response. Cell Metab. (2013) 17:895–900. doi: 10.1016/j.cmet.2013.05.012

76. Lee C, Jeong H, Bae Y, Shin K, Kang S, Kim H, et al. Targeting of M2-like

tumor-associated macrophages with a melittin-based pro-apoptotic peptide.

J ImmunoTher Cancer. (2019) 7:147. doi: 10.1186/s40425-019-0610-4

77. Vaught DB, Stanford JC, Cook RS. Efferocytosis creates a tumor

microenvironment supportive of tumor survival and metastasis. Cancer Cell

Microenviron. (2015) 2:e666. doi: 10.1016/B978-0-12-394447-4.30050-5

78. Biswas SK, Mantovani A. Macrophage plasticity and interaction with

lymphocyte subsets: cancer as a paradigm. Nat Immunol. (2010) 11:889–

96. doi: 10.1038/ni.1937

79. Li J, Xie Y, Wang X, Li F, Li S, Li M, et al. Prognostic impact of tumor-

associated macrophage infiltration in esophageal cancer: a meta-analysis.

Future Oncol. (2019) 15:2303–17. doi: 10.2217/fon-2018-0669

80. Brown JM, Recht L, Strober S. The promise of targeting

macrophages in cancer therapy. Clin Cancer Res. (2017)

23:3241–50. doi: 10.1158/1078-0432.CCR-16-3122

81. Hughes R, Qian BZ, Rowan C, Muthana M, Keklikoglou I, Olson OC, et al.

Perivascular M2 macrophages stimulate tumor relapse after chemotherapy.

Cancer Res. (2015) 75:3479–91. doi: 10.1158/0008-5472.CAN-14-3587

82. Heckmann BL, Green DR. LC3-associated phagocytosis at a glance. J Cell Sci.

(2019) 132:jcs222984. doi: 10.1242/jcs.222984

83. Amaravadi RK, Kimmelman AC, Debnath J. Targeting autophagy in cancer:

recent advances and future directions. Cancer Discov. (2019) 9:1167–

81. doi: 10.1158/2159-8290.CD-19-0292

84. Garufi A, Pistritto G, Baldari S, Toietta G, Cirone M, D’Orazi G. p53-

dependent PUMA to DRAM antagonistic interplay as a key molecular switch

in cell-fate decision in normal/high glucose conditions. J Exp Clin Cancer

Res. (2017) 36:126. doi: 10.1186/s13046-017-0596-z

85. Yoshioka A, Miyata H, Doki Y, Yamasaki M, Sohma I, Gotoh K, et al. LC3, an

autophagosome marker, is highly expressed in gastrointestinal cancers. Int J

Oncol. (2008) 33:461–8. doi: 10.1158/2159-8290.Cd-19-0292

86. Gong J, Muñoz AR, Chan D, Ghosh R, Kumar AP. ASTAT3 down regulates

LC3 to inhibit autophagy and pancreatic cancer cell growth. Oncotarget.

(2014) 5:2529–41. doi: 10.18632/oncotarget.1810

87. Lazova R, Camp RL, Klump V, Siddiqui SF, Amaravadi RK, Pawelek

JM. Punctate LC3B expression is a common feature of solid tumors and

associated with proliferation, metastasis, poor outcome. Clin Cancer Res.

(2012) 18:370–9. doi: 10.1158/1078-0432.CCR-11-1282

88. Gluschko A, Herb M, Wiegmann K, Krut O, Neiss WF, Utermöhlen

O, et al. The β(2) integrin Mac-1 induces protective LC3-associated

phagocytosis of listeria monocytogenes. Cell Host Microbe. (2018) 23:324–

37.e5. doi: 10.1016/j.chom.2018.01.018

89. Nguyen TN, Padman BS, Usher J, Oorschot V, Ramm G, Lazarou M. Atg8

family LC3/GABARAP proteins are crucial for autophagosome–lysosome

fusion but not autophagosome formation during PINK1/Parkin mitophagy

and starvation. J Cell Biol. (2016) 215:857–74. doi: 10.1083/jcb.201607039

90. Fazeli G, Wehman AM. Safely removing cell debris with LC3-associated

phagocytosis. Biol Cell. (2017) 109:355–63. doi: 10.1111/boc.201700028

91. Kim J-Y, Zhao H, Martinez J, Doggett TA, Kolesnikov AV, Tang PH, et al.

Noncanonical autophagy promotes the visual cycle. Cell. (2013) 154:365–

76. doi: 10.1016/j.cell.2013.06.012

92. Turco E, Witt M, Abert C, Bock-Bierbaum T, Su MY, Trapannone

R, et al. FIP200 claw domain binding to p62 promotes

autophagosome formation at ubiquitin condensates. Mol Cell. (2019)

74:330–46.e11. doi: 10.1016/j.molcel.2019.01.035

93. Nazio F, Carinci M, Valacca C, Bielli P, Strappazzon F, Antonioli M, et al.

Fine-tuning of ULK1 mRNA and protein levels is required for autophagy

oscillation. J Cell Biol. (2016) 215:841–56. doi: 10.1083/jcb.201605089

94. Zhong Y,WangQJ, Li X, Yan Y, Backer JM, Chait BT, et al. Distinct regulation

of autophagic activity by Atg14L and Rubicon associated with Beclin

1-phosphatidylinositol-3-kinase complex. Nat Cell Biol. (2009) 11:468–

76. doi: 10.1038/ncb1854

95. Uhlén M, Fagerberg L, Hallström BM, Lindskog C, Oksvold P, Mardinoglu

A, et al. Tissue-based map of the human proteome. Science. (2015)

347:1260419. doi: 10.1126/science.1260419

96. Segawa K, Suzuki J, Nagata S. Constitutive exposure of

phosphatidylserine on viable cells. Proc Natl Acad Sci USA. (2011)

108:19246–51. doi: 10.1073/pnas.1114799108

97. Birge RB, Boeltz S, Kumar S, Carlson J, Wanderley J, Calianese

D, et al. Phosphatidylserine is a global immunosuppressive signal in

efferocytosis, infectious disease, and cancer. Cell Death Differ. (2016) 23:962–

78. doi: 10.1038/cdd.2016.11

98. Huang X, Yin Y, Ye D, Brekken R. Thorpe phosphatidylserine-targeting

antibody induces M1 macrophage polarization, promotes myeloid derived

suppressor cell differentiation and boosts tumor-specific immunity. J

ImmunoTher Cancer. (2013) 1:P154. doi: 10.1186/2051-1426-1-S1-P154

99. Sharma B, Kanwar SS. Phosphatidylserine: a cancer cell

targeting biomarker. Semin Cancer Biol. (2018) 52(Pt 1):17–

25. doi: 10.1016/j.semcancer.2017.08.012

100. Vallabhapurapu SD, Blanco VM, Sulaiman MK, Vallabhapurapu SL, Chu Z,

Franco RS, et al. Variation in human cancer cell external phosphatidylserine

is regulated by flippase activity and intracellular calcium. Oncotarget. (2015)

6:34375–88. doi: 10.18632/oncotarget.6045

101. Jain M, Raizada N, Kuttan R, Shan J, Digumarti R. Phase II study

of bavituximab plus paclitaxel and carboplatin in locally advanced or

metastatic breast cancer: interim results. J Clin Oncol. (2010) 28(Suppl.

15):1062. doi: 10.1200/jco.2010.28.15_suppl.1062

102. Digumarti R, Bapsy PP, Suresh AV, Bhattacharyya GS, Dasappa L, Shan

JS, et al. Bavituximab plus paclitaxel and carboplatin for the treatment

of advanced non-small-cell lung cancer. Lung Cancer. (2014) 86:231–

6. doi: 10.1016/j.lungcan.2014.08.010

103. Nam JS, Terabe M, Mamura M, Kang M-J, Chae H, Stuelten C, et al.

An anti-transforming growth factor beta antibody suppresses metastasis

via cooperative effects on multiple cell compartments. Cancer Res. (2008)

68:3835–43. doi: 10.1158/0008-5472.CAN-08-0215

104. Montuenga LM, Pio R. Tumour-associated macrophages in nonsmall cell

lung cancer: the role of interleukin-10. Eur Respir J. (2007) 30:608–

10. doi: 10.1183/09031936.00091707

105. Hatanaka H, Abe Y, Kamiya T, Morino F, Nagata J, Tokunaga T,

et al. Clinical implications of interleukin (IL)-10 induced by non-small-

cell lung cancer. Ann Oncol. (2000) 11:815–9. doi: 10.1023/A:1008375

208574

Frontiers in Oncology | www.frontiersin.org 13 August 2020 | Volume 10 | Article 1298

https://doi.org/10.1002/jcp.25808
https://doi.org/10.1186/s13000-017-0623-6
https://doi.org/10.1016/j.oraloncology.2015.04.004
https://doi.org/10.1158/0008-5472.CAN-08-0449
https://doi.org/10.1183/09031936.00129306
https://doi.org/10.1053/j.gastro.2016.02.070
https://doi.org/10.1038/sj.jid.5700827
https://doi.org/10.3390/cancers6031670
https://doi.org/10.1002/cam4.2327
https://doi.org/10.1016/j.cmet.2013.05.012
https://doi.org/10.1186/s40425-019-0610-4
https://doi.org/10.1016/B978-0-12-394447-4.30050-5
https://doi.org/10.1038/ni.1937
https://doi.org/10.2217/fon-2018-0669
https://doi.org/10.1158/1078-0432.CCR-16-3122
https://doi.org/10.1158/0008-5472.CAN-14-3587
https://doi.org/10.1242/jcs.222984
https://doi.org/10.1158/2159-8290.CD-19-0292
https://doi.org/10.1186/s13046-017-0596-z
https://doi.org/10.1158/2159-8290.Cd-19-0292
https://doi.org/10.18632/oncotarget.1810
https://doi.org/10.1158/1078-0432.CCR-11-1282
https://doi.org/10.1016/j.chom.2018.01.018
https://doi.org/10.1083/jcb.201607039
https://doi.org/10.1111/boc.201700028
https://doi.org/10.1016/j.cell.2013.06.012
https://doi.org/10.1016/j.molcel.2019.01.035
https://doi.org/10.1083/jcb.201605089
https://doi.org/10.1038/ncb1854
https://doi.org/10.1126/science.1260419
https://doi.org/10.1073/pnas.1114799108
https://doi.org/10.1038/cdd.2016.11
https://doi.org/10.1186/2051-1426-1-S1-P154
https://doi.org/10.1016/j.semcancer.2017.08.012
https://doi.org/10.18632/oncotarget.6045
https://doi.org/10.1200/jco.2010.28.15_suppl.1062
https://doi.org/10.1016/j.lungcan.2014.08.010
https://doi.org/10.1158/0008-5472.CAN-08-0215
https://doi.org/10.1183/09031936.00091707
https://doi.org/10.1023/A:1008375208574
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Asare et al. LAP Mediates Efferocytosis-Related Tumor Progression

106. Vahl JM, Friedrich J, Mittler S, Trump S, Heim L, Kachler K, et al.

Interleukin-10-regulated tumour tolerance in non-small cell lung cancer. Br

J Cancer. (2017) 117:1644–55. doi: 10.1038/bjc.2017.336

107. Alas S, Emmanouilides C, Bonavida B. Inhibition of interleukin 10 by

rituximab results in down-regulation of bcl-2 and sensitization of B-cell

non-Hodgkin’s lymphoma to apoptosis. Clin Cancer Res. (2001) 7:709–23.

108. Horikawa M, Minard-Colin V, Matsushita T, Tedder TF.

Regulatory B cell production of IL-10 inhibits lymphoma depletion

during CD20 immunotherapy in mice. J Clin Invest. (2011)

121:4268–80. doi: 10.1172/JCI59266

109. García-Hernández ML, Hernández-Pando R, Gariglio P,

Berumen J. Interleukin-10 promotes B16-melanoma growth

by inhibition of macrophage functions and induction

of tumour and vascular cell proliferation. Immunology.

(2002) 105:231–43. doi: 10.1046/j.1365-2567.2002.0

1363.x

110. Florey O, Gammoh N, Kim SE, Jiang X, Overholtzer M. V-

ATPase and osmotic imbalances activate endolysosomal LC3

lipidation. Autophagy. (2015) 11:88–99. doi: 10.4161/15548627.2014.9

84277

111. Jacquin E, Leclerc-Mercier S, Judon C, Blanchard E, Fraitag S, Florey O.

Pharmacological modulators of autophagy activate a parallel noncanonical

pathway driving unconventional LC3 lipidation. Autophagy. (2017) 13:854–

67. doi: 10.1080/15548627.2017.1287653

112. Fletcher K, Ulferts R, Jacquin E, Veith T, Gammoh N, Arasteh JM,

et al. The WD40 domain of ATG16L1 is required for its non-canonical

role in lipidation of LC3 at single membranes. EMBO J. (2018)

37:e97840. doi: 10.15252/embj.201797840

113. Rai S, Arasteh M, Jefferson M, Pearson T, Wang Y, Zhang W, et al. The

ATG5-binding and coiled coil domains of ATG16L1 maintain autophagy

and tissue homeostasis in mice independently of the WD domain

required for LC3-associated phagocytosis. Autophagy. (2019) 15:599–

612. doi: 10.1080/15548627.2018.1534507

114. Orozco SL, Daniels BP, Yatim N, Messmer MN, Quarato G, Chen-

Harris H, et al. RIPK3 activation leads to cytokine synthesis that

continues after loss of cell membrane integrity. Cell Rep. (2019) 28:2275–

87.e5. doi: 10.1016/j.celrep.2019.07.077

115. Yang Y, Jiang G, Zhang P, Fan J. Programmed cell death and its role

in inflammation. Mil Med Res. (2015) 2:12. doi: 10.1186/s40779-015-

0039-0

116. Yang J, Zhao Y, Zhang L, Fan H, Qi C, Zhang K, et al. RIPK3/MLKL-

mediated neuronal necroptosis modulates the M1/M2 polarization of

microglia/macrophages in the ischemic cortex. Cereb Cortex. (2018)

28:2622–35. doi: 10.1093/cercor/bhy089

117. Lecis D, De Cesare M, Perego P, Conti A, Corna E, Drago C,

et al. Smac mimetics induce inflammation and necrotic tumour cell

death by modulating macrophage activity. Cell Death Dis. (2013)

4:e920. doi: 10.1038/cddis.2013.449

118. Kiss RS, Elliott MR, Ma Z, Marcel YL, Ravichandran KS. Apoptotic

cells induce a phosphatidylserine-dependent homeostatic response from

phagocytes. Curr Biol. (2006) 16:2252–8. doi: 10.1016/j.cub.2006.09.043

119. Gonzalez AN, Bensinger SJ, Hong C, Beceiro S, Bradley MN, Zelcer N,

et al. Apoptotic cells promote their own clearance and immune tolerance

through activation of the nuclear receptor LXR. Immunity. (2009) 31:245–

58. doi: 10.1016/j.immuni.2009.06.018

120. Sag D, Cekic C, Wu R, Linden J, Hedrick CC. The cholesterol transporter

ABCG1 links cholesterol homeostasis and tumour immunity. Nat Commun.

(2015) 6:6354. doi: 10.1038/ncomms7354

121. Wang Y, Hao F, Nan Y, Qu L, Na W, Jia C, et al. PKM2 inhibitor shikonin

overcomes the cisplatin resistance in bladder cancer by inducing necroptosis.

Int J Biol Sci. (2018) 14:1883–91. doi: 10.7150/ijbs.27854

122. Jin G, Liu Y, Xu P, Jin G. Induction of necroptosis in human breast

cancer drug-resistant cells by SMAC analog LCL161 after caspase inhibition

requires RIP3. Pharmazie. (2019) 74:363–8. doi: 10.1691/ph.2019.9307

123. Snyder AG, Hubbard NW, Messmer MN, Kofman SB, Hagan CE, Orozco

SL, et al. Intratumoral activation of the necroptotic pathway components

RIPK1 and RIPK3 potentiates antitumor immunity. Sci Immunol. (2019)

4:eaaw2004. doi: 10.1126/sciimmunol.aaw2004

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Asare, Roscioli, Hurtado, Tran, Mah and Hodge. This is an open-

access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Oncology | www.frontiersin.org 14 August 2020 | Volume 10 | Article 1298

https://doi.org/10.1038/bjc.2017.336
https://doi.org/10.1172/JCI59266
https://doi.org/10.1046/j.1365-2567.2002.01363.x
https://doi.org/10.4161/15548627.2014.984277
https://doi.org/10.1080/15548627.2017.1287653
https://doi.org/10.15252/embj.201797840
https://doi.org/10.1080/15548627.2018.1534507
https://doi.org/10.1016/j.celrep.2019.07.077
https://doi.org/10.1186/s40779-015-0039-0
https://doi.org/10.1093/cercor/bhy089
https://doi.org/10.1038/cddis.2013.449
https://doi.org/10.1016/j.cub.2006.09.043
https://doi.org/10.1016/j.immuni.2009.06.018
https://doi.org/10.1038/ncomms7354
https://doi.org/10.7150/ijbs.27854
https://doi.org/10.1691/ph.2019.9307
https://doi.org/10.1126/sciimmunol.aaw2004
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	LC3-Associated Phagocytosis (LAP): A Potentially Influential Mediator of Efferocytosis-Related Tumor Progression and Aggressiveness
	Introduction
	Overview and Molecular Mechanism of Lap During Phagocytosis of Apoptotic Cells
	Efferocytosis in the TME Promotes Tumor Progression and Metastatic Potential
	The Role of Lap in Tumor Progression
	Lap Contributes to Tumor Progression by Promoting M2 Macrophage Polarization
	Characterization of Lap as A Distinct Pathway Reveals A New Therapeutic Approach to Control Tumor Growth
	Targeting Core Components of Lap in Tumors
	Concluding Remarks
	Author Contributions
	Funding
	References


