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Summary

The clearance of dead and dying cells, termed efferocytosis, is a rapid and efficient
process and one that is critical for organismal health. The extraordinary speed and
efficiency with which dead cells are detected and engulfed by immune cells within
tissues presents a challenge to researchers who wish to unravel this fascinating pro-
cess, since these fleeting moments of uptake are almost impossible to catch in vivo.
In recent years, the fruit fly (Drosophila melanogaster) embryo has emerged as a pow-
erful model to circumvent this problem. With its abundance of dying cells, special-
ist phagocytes and relative ease of live imaging, the humble fly embryo provides a
unique opportunity to catch and study the moment of cell engulfment in real-time
within a living animal. In this review, we explore the recent advances that have come
from studies in the fly, and how live imaging and genetics have revealed a previously
unappreciated level of diversity in the efferocytic program. A variety of efferocytic
strategies across the phagocytic cell population ensure efficient and rapid clearance
of corpses wherever death is encountered within the varied and complex setting of a

multicellular living organism.
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1 | INTRODUCTION

Throughout our lifetime, the body removes unwanted and po-
tentially harmful material through programmed cell death. This is
most abundant during embryogenesis, when the embryo initially
produces an abundance of cells and then selectively eliminates
them to sculpt the different organs. Dead cells must be removed
by the remaining healthy cells of the tissue, which internalize the
cellular debris through engulfment. Programmed cell death and the
associated cell clearance continues to be important after birth in
order to maintain tissue homeostasis and health, since the process

of engulfment is also required for the clearance of dead cells aris-
ing in an unpredictable manner through injury and disease. While
many cells have a basal ability to clear cellular debris, many multi-
cellular organisms have evolved specialized cells dedicated to this
role, known as phagocytes. While phagocytes can engulf a variety
of particles, the clearance of dead and dying cells is specifically
known as “efferocytosis”. Efferocytosis as a process is highly con-
served throughout evolution, from fruit flies to humans, which al-
lows researchers to utilize more simplistic models to investigate
the underlying mechanisms of this fascinating and fundamental
aspect of biology.
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In this review, we will highlight the contribution of the fruit fly
embryo in advancing our understanding of efferocytosis in vivo. In
particular, we will demonstrate that efferocytosis is not the homo-
geneous process that it is often considered to be. In fact, we now
know that this is an incredibly diverse process, complicated by an
ever-increasing number of distinct ways for cells to die, disparate
phagocytes, distinct modes of engulfment, redundant efferocytic
receptors, and divergent pathways for corpse degradation. The
genetic tractability of Drosophila makes it substantially easier and
faster to identify and study underlying molecular pathways than
it would be in mammals. For this reason, the fly has been used as
a model for biological research for over a century. In fact, to date,
six Nobel Prizes in Physiology or Medicine have been awarded to
10 researchers that have made their ground-breaking discoveries
using Drosophila. Seminal work on the Drosophila embryo in par-
ticular revealed the Nobel prize winning role of the segmentation
genes in defining the dorsal-ventral body axis.* Furthermore, one
of the developmental genes identified as part of these embryonic
screens, toll, ultimately led to another Nobel prize for its distinct role
in pathogen recognition in immunity.? As such, the humble fruit fly
remains a genetic powerhouse in current biomedical research.

The diversity and complexity of efferocytosis makes it difficult to
fully recapitulate in vitro, necessitating in vivo models. Furthermore,
precise examination of this highly dynamic process demands live
imaging. As such, these conflicting requirements make the study of
efferocytosis a challenging undertaking. Drosophila is the simplest
genetic model that possesses professional phagocytes. By utilizing
the translucent fly embryo, the phagocytes can be visualized in vivo
and in real-time, capturing their role in the clearance of the pro-
nounced cell turnover associated with development. Furthermore,
the embryo can also be readily and reproducibly wounded, allowing
for the study of how phagocytes clear dead cells within damaged tis-
sue. Combined with the unrivaled genetics of the fly, the Drosophila
embryo is perfectly positioned to unveil the role of phagocytes in
clearing dead and dying cells. Here, we bring together a wealth of
research that has used Drosophila embryos to contribute to our re-
cent understanding of the process of efferocytosis, following the
cell corpse in a journey from its death to its degradation within the
innards of a phagocyte. At each stage of this journey, we will high-

light the diversity inherent to efferocytosis in all its complex glory.

1.1 | Diversity in cell death

Cell death is synonymous with life and is required for normal devel-
opment and homeostasis as well as occurring during infection and
disease. Indeed, abnormally high levels of cell death are the ultimate
causative agent of pathology. Regardless of whether cell death oc-
curs in sickness or health, it is phagocytes that are enlisted to clear
the resulting cellular debris. Originally, it was believed that cells
could only die by either programmed apoptosis or accidental ne-
crosis.® However, recently, many more distinct cell death modalities
have been identified.* While many of these different forms of cell

death have yet to be directly visualized in vivo, it is already clear that
there are far more ways for a cell to die than originally appreciated
(Figure 1). This diversity undoubtedly presents a huge challenge to
the phagocytes tasked with clearing the dead cells, especially since
many modes of cell death arise in an unpredictable way (e.g., in re-
sponse to unexpected injury). Therefore, phagocytes must be highly
versatile in order to maintain their crucial clearance function in the
face of so many different types of cell death.

The Drosophila embryo has long served as a powerful model
to study cell death and how it impacts the remaining healthy tis-
sue left behind. Ultimately, the Drosophila embryo provides a ge-
netically tractable and optically translucent in vivo setting in which
to interrogate different modes of cell death and their clearance by
phagocytes. In this section, we will highlight the diverse range of dif-
ferent types of cell death and how Drosophila and, in particular, the

Drosophila embryo have contributed to our understanding of them.

1.1.1 | Apoptotic cell death

Apoptosis is a programmed form of cell death, wherein the cell
undergoes a deliberate and highly orchestrated demise.* It can be
induced by a wide range of different cellular stresses, including tis-
sue damage, infection, and oncogenic transformation, but also as a
normal part of organismal development and tissue homeostasis. As
such, apoptosis has a wide range of molecular triggers. However, all
these apoptotic pathways converge on the caspases, proteolytic en-
zymes which evolved with the specific purpose of promoting a pro-
grammed cell death.® Caspase activation instigates the cleavage of a
multitude of intracellular targets, which lead to a controlled demoli-
tion of the cell. Ultimately, nuclear condensation and cellular frag-
mentation break the apoptotic cell down into small, self-contained
apoptotic bodies, a process that is generally assumed to aid clear-
ance by phagocytes.

While these cell autonomous aspects of apoptosis can be readily
recapitulated in vitro, the full role of apoptosis is only evident when
considered within the context of a living organism. When apoptosis
occurs within a tissue, it is actively extruded by its healthy neigh-
bors, again presumably to aid engulfment.6 Furthermore, the apop-
totic cell can release factors to stimulate regenerative proliferation
(termed “apoptosis-induced proliferation”) in order to ensure re-
placement of the lost cell and thus maintain tissue integrity.7'9 Once
extruded from the tissue, the apoptotic corpse is cleared via effero-
cytosis, often through the recruitment of professional phagocytes
such as macrophages.10 Finally, even after engulfment, the apoptotic
corpse can influence the behavior of the phagocyte it is internal-
ized within. For example, the uptake of apoptotic corpses by macro-
phages is known to alter the behavior of these cells making them less
inflammatory and more regenerative (“M2-like polarization”).%*?
Thus, apoptosis can directly stimulate regeneration, through re-
lease of proliferative factors, or indirectly, through modulation of
the phagocyte they are internalized within. These attributes mean
apoptosis has conventionally been considered “inflammatory-silent”,
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FIGURE 1 Diversity of cells death modalities. A viable cell (gray) can die by different means, including apoptosis (green) and multiple
types of necrosis, such as necroptosis (yellow), pyroptosis (dark orange) and ferroptosis (light orange). An overview of the apoptotic signaling
pathway is shown (dashed green rectangle). At the onset of apoptosis, Dark (main component of the apoptosome) activates the initiator
caspase Dronc, which in turn leads to the activation of the effector caspase DCP-1. In the presence of apoptotic triggers, expression of hid,
rpr and grim leads to degradation of DIAP1, which in turn allows Dronc activation.

whereby cell death does not trigger an aggressive recruitment of im-
mune cells as seen during necrotic tissue damage. Although it has
recently been shown that some forms of apoptosis can be “immuno-
genic”, developmental apoptosis is undoubtedly non-inflammatory,
so as to avoid damaging the very tissues the developing organism
is endeavoring to sculpt.* Nevertheless, apoptosis is still actively
cleared by phagocytes, including immune cells, wherein cells such as
macrophages are recruited to engulf the cellular debris.° The impor-
tance of this engulfment is underlined by autoimmune pathologies,
such as lupus, where accumulating, uncleared apoptotic corpses
trigger chronic inflammation. Aging apoptotic cells will eventually
lose their cellular integrity and become necrotic, a process known as
“secondary necrosis”.!® Therefore, the timely clearance of apoptotic
debris is a crucial aspect of the ability of apoptosis to kill cells with-
out triggering inflammation.

Drosophila melanogaster, alongside Caenorhabditis elegans, has
contributed enormously to our understanding of in vivo apoptotic
cell death. For example, the study of the developmental apoptosis
occurring during Drosophila embryogenesis revealed the transcrip-
tional control of apoptosis via the Reaper family of genes.** The
delineation of how the expression of these genes induced pro-
grammed cell death converged with the discovery of proteins that
actively inhibit apoptosis (Figure 1). Such proteins were originally

identified in viral pathogens, which suppressed apoptosis in order
to avoid elimination of infected cells by the host.*> One such pro-
tein identified from baculovirus was named Inhibitor of Apoptosis
(IAP). Subsequently, a Drosophila homologue of IAP was discovered,
named DIAP1, and loss of diap1 resulted in catastrophic apoptosis
within the whole Drosophila embryo.*®Y It quickly became evident
that the viral IAP had evolved to mimic the role of DIAP during infec-
tion to prevent infection-induced apoptosis, aiding viral replication
and dissemination.'® DIAP acts as a failsafe mechanism to prevent
unintentional activation of apoptosis, as this constitutive inhibition
must be relieved to allow apoptosis to proceed.®? DIAP1 achieves
its anti-apoptotic role by targeting the initiator caspase Dronc for
degradation, ensuring that activated Dronc cannot accidently initiate
the caspase cascade.'®2° This inhibition is overcome through Reaper
family expression, which target DIAP1 for degradation, allowing suf-
ficient Dronc for activation. This failsafe anti-apoptotic mechanism
is conserved in mammals, where IAP proteins have also been iden-
tified.?* Although regulation of mammalian IAPs has shifted from
the nucleus to the mitochondria, the mechanism is otherwise highly
conserved.?>?% As such, Drosophila Reaper expression is sufficient
to trigger apoptosis in mammalian cell culture.?*%

Apoptosis can be classified as extrinsic or intrinsic, based on
whether it is receptor- or mitochondrially activated.* While extrinsic
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apoptosis has not been as extensively studied in the fly, there are
strong parallels between fly and mammals in caspase activation
during intrinsic apoptosis (Figure 1). In both, it is the apoptosome
that acts as a platform to activate the initiator caspases, which trig-
gers the caspase cascade. In Drosophila, the APAF-1 homologue,
Dark, forms the main structure of the apoptosome.?® However, a
key difference between fly and mammalian intrinsic apoptosis is
the lack of a requirement for mitochondrial release of cytochrome
c for apoptosome assembly in the former, which is consistent with
the nuclear control of Drosophila apoptosis.27'28 However, curiously,
Drosophila possess two well-conserved BCL-2 homologs.?’=! In
mammals, BCL-2 family proteins can be both pro- and anti-apoptotic,
and regulate the release of pro-apoptotic factors (including cyto-
chrome c) from the mitochondria in order to initiate intrinsic apop-
tosis.” Drosophila embryos mutant for both BCL-2 family homologs
exhibit no abnormality in developmental apoptosis, which is consis-
tent with a lack of mitochondrial control of apoptosis in the fly.?
Therefore, quite why Drosophila possess a BCL-2 family remains a
mystery. Confusingly, mammalian BCL-2 family members appear
functional in Drosophila, whereby pro-apoptotic mammalian Bax in-
duces apoptosis when expressed in the fly embryo.33 It is possible
Drosophila BCL-2 family members nonessentially support apopto-
sis, contribute to certain types of stress-induced apoptosis, or are
involved in unrelated mitochondrial remodeling.34 Alternatively,
mitochondrial permeabilization contributes to many other distinct
modes of cell death.* Due to the overriding role of the BCL-2 family
in mammalian apoptosis, it has been difficult to untangle the role
of these proteins in non-apoptotic forms of regulated cell death.
Therefore, Drosophila may prove a powerful model to cleanly dissect
the role of BCL-2 family members in different modes of cell death.
Furthermore, as our appreciation of programmed necrosis and its
different inflammatory outputs has grown, there is a real need for
genetically tractable models to explore these diverse death modali-
ties in vivo. With its unrivaled genetics, excellent optical properties
for in vivo imaging and ease with which necrosis can be triggered
through laser-ablation, the Drosophila embryo could serve as a pow-

erful platform to meet this need.

1.1.2 | Necrotic cell death

Historically, necrosis was considered an unregulated event, wherein
cell lysis caused cellular swelling and the uncontrolled release of in-
tracellular contents. Many of the factors released during necrosis
are known to trigger inflammation and drive the recruitment of im-
mune cells, even in the absence of pathogens. As such, and in stark
contrast to apoptosis, necrosis had long been considered an acciden-
tal and undesirable cell death, little more than a physical rupturing of
the cell.® However, more recently, it has been discovered that necro-
sis can be triggered in a regulated way. In fact, many, distinct forms
of regulated necrosis have been identified, each driven by different
(although sometimes overlapping) toxic cellular processes.* In some
cases, the extent of regulation even reaches what could be defined as

“programmed”, wherein molecular pathways have evolved with the
specific purpose of inducing a defined mode of necrosis.” Examples
of these include necroptosis and pyroptosis, which both diverge off
from the caspase cascade. Other forms of regulated necrosis do not
quite reach this definition (or at least not yet) and are somewhere
in-between.’ An example is ferroptosis, caused by the overwhelm-
ing accumulation of lipid peroxidation.®>3¢ While pathways exist
to detoxify lipid peroxidation and therefore prevent ferroptosis, an
initiator with the specific purpose of triggering ferroptosis has not
yet been clearly identified.3”~%? More and more molecularly defined
ways to kill cells in vitro are being discovered and proposed as new
forms of regulated cell death.* What has lagged behind is direct
proof of their existence in vivo, especially live cell imaging demon-
strations. This is primarily due to a lack of probes and genetic tools
to specifically induce, label and manipulate a given form of necrosis.

The Drosophila embryo has served as a powerful model to gen-
erate necrotic tissue damage. Laser ablation can be used to gener-
ate sterile necrotic wounds in order to study both the inflammatory
and wound healing responses.*® Importantly, these wounds are en-
tirely necrotic, exhibiting no evidence of the caspase activity that
characterizes apoptosis.41 As will be discussed in later sections, this
necrosis is highly inflammatory, resulting in the immediate influx of
macrophages, which are recruited to the wound to clear the necrotic
debris.*® However, until recently, it has only ever been possible to vi-
sualize this necrotic tissue damage indirectly, delineated by the clos-
ing wound edge and the encircling macrophages. Lacking a means
to directly label the necrosis, the wound itself has remained a “black
void” despite its central role in orchestrating this sterile inflamma-
tion. Recently, we and others have been able to microinject fluores-
cent necrotic dyes into the embryo in order to reveal the necrosis
within these wounds.***® Furthermore, the use of the far-red ne-
crotic dye, DRAQY7, has allowed us to visualize this necrosis through
three-color, live imaging.43 This dye rapidly enters lysed cells and
is a general necrotic marker rather than distinguishing any specific
form of regulated necrosis. While it is likely that the labeled necrosis
at the center of the wound is unregulated necrosis, caused by laser-
induced lysis of the cells, it remains entirely possible that there are
other, distinct forms of necrosis occurring during such acute tissue
damage. For example, mathematical modeling of calcium signaling
in the immediate aftermath of wounding in the Drosophila pupa has
predicted the requirement for both immediate and slower necro-
sis.***> Necrotic tissue damage results in protease release, the enzy-
matic activity of which ultimately triggers the latter of two calcium
waves through the surrounding tissue, which is needed for inflam-
mation. A delayed form of necrosis, with a longer, slower release of
proteases, was determined to be necessary to sustain this calcium
signaling. Moreover, calcium signaling is known to act upstream of
reactive oxygen species (ROS) generation in wounded Drosophila
embryos.*® The high levels of ROS present in the wounds of both
Drosophila and vertebrates could contribute to other forms of regu-
lated cell death.*”*® For example, the combination of ROS and iron
can fuel the Fenton chemistry that drives lipid peroxidation, the
causative agent of ferroptosis.* It has been demonstrated that there
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is a ferroptotic component to mammalian tissue damage, including
murine models of kidney ischemia/reperfusion injury.*®*° While
lipid peroxidation has been implicated in inflammatory signaling em-
anating from zebrafish wounds, and the presence of ferroptosis has
been hinted at in various Drosophila models, there has been no direct
in vivo visualization of ferroptosis in wounded Drosophila embryos or
any other model.>°-%2

The existence of programmed necrosis in Drosophila is even less
clear. Drosophila lacks identifiable homologs of gasdermins, which
are the pore-forming proteins acting downstream of inflammatory
caspases during pyroptosis. However, it has been recently shown
that even bacteria have a functional gasdermin ortholog, which
is sufficient to induce bacterial cell death.>® Drosophila also have
several understudied caspases, with the possibility that these are
the equivalent of the inflammatory caspases.54":’5 However, this re-
mains in the realm of speculation and awaits further study. As for
necroptosis, one study has suggested the existence of a Drosophila
necroptotic pathway, which branches off the initiator caspase
Dronc.*® Interestingly, the role of Dronc in triggering this cell death
was independent of its caspase activity and the resulting cell death
was necrotic, as visualized by the uptake of necrotic dyes. However,
Drosophila lacks an ortholog of MLKL, the activity of which induces
necroptosis.* Interestingly, the conservation of MLKL, even across
very closely related mammals, is highly variable.>” Therefore, it re-
mains possible that there are other implementers of necroptosis.
As such, Drosophila may possess a rudimentary form of necropto-
sis or, alternatively, this may represent some other form of pro-

grammed necrosis.

1.1.3 | Autophagic and lysosomal cell death
Autophagic cell death is a distinct form of cell death that is asso-
ciated with autophagy.* While there is currently no evidence of it
occurring in the embryo, autophagic cell death is well characterized
in the Drosophila salivary glands.58 The giant cells that make up this
larval gland die at the onset of metamorphosis, exhibiting numerous
autophagosomes. Inhibition of either autophagy or caspases sup-
presses cell death in the metamorphosing salivary gland, whereas
combined inhibition of both strongly promotes survival.’® This im-
plies an autophagic and an apoptotic component acting in unison
during salivary gland cell death. It is interesting to speculate on the
prominent role of autophagic cell death in metamorphosis, whereby
autophagy may be deployed to recoup as many nutrients as possible
from the turning over tissue. However, as there has not yet been a
role identified for autophagic cell death in Drosophila embryogen-
esis, we will limit our discussion of this mode of cell death. However,
its existence further testifies to the diversity of cell death faced by
phagocytes during development.

Similarly, lysosomal cell death is not currently known to occur
in the Drosophila embryo, but has a prominent role in developmen-
tal cell death within the Drosophila egg chambers.”? The large nurse
cells of the egg chamber provide nutrients to the developing oocyte,

Immunological Reviews mWYA| LEYy-2

climaxing with cytoplasmic dumping of the contents of the nurse
cells into the growing oocyte. Afterward, the remains of the nurse
cells are removed through cell death and clearance by follicle cells,
the semi-professional phagocytes acting in the “immune-privileged”
egg chamber.?® While caspases and autophagy contribute to this
developmental cell death, the combined inhibition of both did not
completely block nurse cell removal.®! Interestingly, developmental
nurse cell death required acidification, implicating lysosomal cell
death.”? Again, we will limit our discussion of lysosomal cell death,
so as to focus on the embryo. However, of particular note, many dis-
tinct types of cell death occur within the Drosophila egg chambers,
both during development and in response to stresses such as starva-
tion (reviewed in detail here®?). As such, this tissue alone highlights
the variety of cell death, which ultimately presents different chal-

lenges to the phagocytes tasked with clearing the remains.

1.2 | Diversity of phagocytes

The high volume of developmental apoptosis occurring within
the Drosophila embryo is cleared by two distinct phagocytes: the
macrophage-like embryonic plasmatocytes and the phagocytic glia
of the central nervous system (Figure 2).%% In this section, we will
describe these different cell types, compare and contrast their effe-
rocytic behavior, and highlight how the study of the Drosophila em-
bryo has contributed to our appreciation of the diversity of in vivo

cell death and its clearance.

1.2.1 | The distinct phagocytes of the
Drosophila embryo

The embryonic plasmatocytes represent the vast majority of the
hemocytes, which fulfill the same role as the white blood cells in
higher eukaryotes. The plasmatocytes are the functional equivalents
of the macrophage and will be referred to as such for the rest of this
review. Like their mammalian counterparts, Drosophila macrophages
play a vital role in clearing the cellular debris generated during devel-
opment, both during embryogenesis and metamorphosis. These two
distinct developmental stages sculpt (and then re-sculpt) the organ-
ism into two contrasting entities. Unsurprisingly, both life stages are
associated with a high burden of developmental apoptosis, the clear-
ance of which is a critical function of the macrophages. These impor-
tant cells also serve as the immune sentinels of the fly and, as such,
rapidly respond to tissue damage in order to clear necrotic debris
and pathogenic invaders at sites of insult. Consequently, these mac-
rophages are extremely phagocytic. Furthermore, in contrast to lar-
val and adult stages, where the macrophages are passively pumped
around the body in the blood-like “hemolymph”, both embryonic and
pupal macrophages exhibit high motility.®4~%

In the embryo, macrophages originate from the head meso-
derm and migrate along three main routes during embryonic de-
velopment to populate the animal.®”~®’ The macrophages that
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FIGURE 2 Diversity of phagocytic cells and modes of engulfment. (A) Schematic representation of a stage 15 Drosophila embryo (gray).
The ventral aspect is highlighted by the dashed gray rectangle, and the CNS-resident glia (cyan) and macrophages (magenta) indicated.
Apoptotic corpses are shown in yellow. (B) Representative images from a super resolution, in vivo, real-time video showing an embryonic
macrophage (top) and a glial cell (bottom) expressing an F-actin marker (green) and an apoptotic corpse marker (magenta). Arrowheads
indicate the lamellipod extended by the macrophage and the filopods extended by the glia, respectively. Scale bars represent 10 mm.

(C) Schematic representation of lamellipodial phagocytosis (left, magenta box) by a spatially-unrestricted macrophage, and filopodial
phagocytosis (right) typically extended by a spatially-confined macrophage (magenta half) or a CNS-resident glia (cyan half).

traverse around the dorsal side of the embryo have an arduous
migration, requiring invasion into the germ band.”®”’? While this
dorsal migration likely involves the clearance of apoptotic corpses,
the majority of studies on embryonic efferocytosis has been
conducted on the ventral side of the embryo due to the ease of
imaging and high levels of apoptosis (Figure 2). Here, the macro-
phages migrate along the length of the developing central nervous
system (CNS), before spreading out to populate the entire ventral
side of the embryc».“’w3 This ventral migration is exquisitely cho-
reographed to coincide with a wave of apoptosis during mid-late
embryogenesis.®”””47> The majority of embryonic apoptosis occurs
in the developing CNS, with up to 30% of neurons dying through
apoptosis.”®”78 As the macrophages disperse through an intersti-
tial cavity between the outermost epithelium and the CNS, they
actively engulf this developmental debris. The dispersal of the
macrophages is largely independent of this apoptosis and instead
is orchestrated by a series of PDGF/VEGF (Pvf) ligands expressed
along the midline.®® However, it has been demonstrated that the
absence of apoptosis can lead to subtle changes to macrophage
dispersal.*?

These ventrally placed macrophages cannot penetrate deeper
into the CNS and are limited to clearing the apoptosis at the in-
terface between their interstitial cavity and the developing nerve

cord.”® Instead, as in mammals, Drosophila has tissue-resident phago-
cytes that clear debris within the “immune-privileged” CNS. In the
Drosophila embryo, these are the phagocytic glia (Figure 2). Glia is an
umbrella term for all of the non-neuronal cells in the nervous system
that play supporting roles for the neurons, including the clearance of
unwanted neuronal debris. In vertebrates, phagocytosis in the CNS
is primarily performed by specialist, tissue-resident macrophages
known as the microglia (non-glial, despite the name), with help from
glial cells called astrc»cytes.79’83 Drosophila does not have microglia,
so the phagocytic functions in the CNS are performed solely by the
tissue-resident phagocytic glia.”#84-8¢ Although not macrophage in
origin, vertebrate microglia and Drosophila phagocytic glia are similar
molecularly, morphologically and physiologically.®”-?° These cells are
generally classified as “semi-professional phagocytes”; however, this
term greatly undersells their phagocytic capability. Like the macro-
phages, phagocytic glia are more active during the developmental
stages of embryogenesis and metamorphosis, when more cell clear-
ance is required. However, unlike the macrophages, phagocytic glia
are immotile and remain resident in the nervous system throughout
all stages of life. Accumulating evidence shows that the phagocytic
activity of these glia is comparable to that of macrophages, and con-
sequently, these cells deserve to be considered as a second profes-

sional phagocyte in Drosophila.”®%*7>



HERON ET AL.

The macrophages and phagocytic glia of the Drosophila embryo
co-operate to clear apoptosis within the developing CNS (Figure 2).
This is underscored by the overburdening of macrophages in em-
bryos that lack all glia.”® However, the macrophages and the em-
bryonic glia are strikingly different phagocytes. Most obviously, the
macrophages are highly motile cells, which actively seek out and
migrate toward apoptotic corpses, even over long distances.*® In
contrast, the phagocytic glia are immotile and embedded within the
embryonic CNS.”®

A crucial advance in our ability to track efferocytosis has
been recently made thanks to the generation of transgenic flies
expressing a novel biosensor, named CharON.*® This probe com-

bines a caspase-activated GFP, which specifically labels apoptosis,

Target binding

(A) Pre-engulfment

| FwiLey-L2

and a pH-sensitive red fluorophore, which exhibits increased flu-
orescence within the acid environment of the phagolysosomes.
Development of this novel, genetically encoded biosensor provided
the first opportunity to visualize all stages of efferocytosis in vivo,
from apoptosis, through recognition and uptake of the corpse, to
its final digestion (Figure 3). Through the use of CharON, the global
pattern of efferocytosis within the fly embryo has now been ana-
lyzed. Efferocytosis deep within the CNS is stochastic throughout
mid-late embryogenesis, indicative of a steady rate of continuous
uptake by the phagocytic glia. In contrast, the clearance at the
hemocoel-CNS interface rapidly increases at the same develop-
mental stage, reflecting a defined wave of efferocytosis by the dis-
persing macrophages.
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FIGURE 3 Real-time tracking of apoptotic corpses and diversity of corpse processing. (A) Representative images from in vivo, real-time
video of a Drosophila embryonic macrophage (MF) and a developmentally-induced, CharON labeled apoptotic corpse (AC) prior to their
interaction (Pre-engulfment), during the initial contact (Target binding), upon internalization (Engulfment) and processing (Acidification).
GFP (top panel) labels both the MF and the AC as it undergoes apoptosis and is engulfed. Phlorina (magenta, bottom panel) labels the AC
once it has been acidified within the phagolysosome of the phagocyte. Scale bar represents 10 mm. (B) During canonical phagocytosis (left),
the internalized cargo fuses to a lysosome to form a phagolysosome, where degradation occurs. During LC3-Associated Phagocytosis (LAP,
center), LC3 decorates the phagosome, setting it on a fast-track for lysosomal fusion and degradation. During gastrosome formation (right),
phagolysosomes originating from distinct events of engulfment converge within a single compartment.
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The differential identity of phagocytic glia is distinguished from
the macrophages by the expression of the homeodomain transcrip-
tion factor repo.97 However, these distinct phagocytes express a
similar suite of efferocytic receptors. For example, macrophages
and phagocytic glia express the Nimrod-family receptors SIMU and
Draper, which are utilized by both phagocytes during the clearance
of developmental apoptosis.*>7878 The role of these phagocytic re-
ceptors in corpse uptake and processing will be discussed in more
detail in Section 1.3. However, of important note here is the differen-
tial regulation of these receptors within these phagocytes during the
acquisition of their phagocytic identity. For example, the expression
of SIMU and Draper in phagocytic glia is controlled by the key regu-
lator of glial cell fate Repo.”* Furthermore, FGF receptor signaling is
another recently identified pre-requisite for establishing the effero-
cytic identity of these phagocytic glia‘99 In contrast, the upregulation
of Draper in embryonic macrophages is triggered by exposure of the
naive macrophages to apoptosis as they first emerge during their ven-
tral dispersal. More specifically, it is the uptake of the initial apoptotic
corpse that increases Draper expression and triggers maturation, or
“priming”, of the embryonic macrophages.** Furthermore, engulf-
ment also appears to drive upregulation of the efferocytic receptor
Croquemort.100 Corpse uptake by macrophages triggers a transient
increase in intracellular calcium within the engulfing cell, which leads
to increased c-Jun N-terminal kinase (JNK) signaling and culminates
in the increased expression of Draper.* While the expression of
SIMU and Draper is hard wired into phagocytic glia and does not
require priming, their upregulation also appears to involve JNK sig-
naling, in this case, acting downstream of Repo.!®! It is interesting to
consider why embryonic macrophages require priming, whereas the
phagocytic glia do not. One potential explanation lies in the different
patterns of efferocytosis revealed by CharON discussed above.*®
The phagocytic glia exhibit a constant rate of stochastic efferocy-
tosis throughout mid-late embryogenesis. In contrast, macrophage
efferocytosis occurs within an extremely acute developmental win-
dow, triggered when they emerge on the ventral side of the embryo
and are first confronted with a dense field of apoptosis. Therefore,
it is possible that the initial exposure to apoptosis is a useful cue for
the need to rapidly upregulate their suite of efferocytic receptors.

Glia also utilize their phagocytic machinery for the clearance of
axonal and dendritic branches as well as excessive presynaptic in-
puts during neuronal and synaptic pruning.°?2% These processes
are essential for the formation and strengthening of functional neu-
ronal circuits in the developing CNS. Evidence from glial phagocy-
tosis during metamorphosis in the pupa shows that the efferocytic
pathways utilized by glia are dependent on the nature of the neuro-
nal debris to be cleared. More specifically, distinct phagocytic path-
ways are activated for the removal of pruned neurites compared to
the clearance of apoptotic neuronal cell bodies, even if they both
derive from the same neuron. For instance, Draper is essential for
clearance of neuronal cell bodies, while elimination of neurites solely
requires Crk/Mbc/Ced12 signaling.®®

Despite their obvious differences, the phagocytes of the em-
bryo share many similarities, and comparing and contrasting their

efferocytic behavior has greatly advanced our understanding of the
clearance of developmental apoptosis. Furthermore, the unique in
vivo context provided by the Drosophila embryo has offered the op-
portunity to explore how diverse phagocytes co-operate to fulfill
their critical clearance function.

1.2.2 | Clearance of necrosis within the embryo
Phagocytic cells are also important for the clearance of necrotic de-
bris following tissue damage. When a wound is created in the epithe-
lium of the Drosophila embryo, macrophages rapidly migrate toward
the injury site and phagocytose the resulting cellular debris.#10°
While wounds can still close in the absence of macrophages, these
phagocytes are required for the clearance of the necrotic debris and
any invading pathogens.40 Interestingly, if the embryo is wounded
before the developmental dispersal of macrophages is complete, the
macrophages will ignore the wound and prioritize the clearance of
developmental apoptosis.*® This is due to the fact that, as mentioned
above, embryonic macrophages cannot recognize and respond to
inflammatory stimuli (e.g., wounds) until they have engulfed apop-
totic debris,*! meaning that developmentally-induced apoptosis is
required for sensitizing macrophages to necrotic tissue damage. Of
important note, too much apoptosis is as detrimental to inflamma-
tion as too little, as the high levels of uncleared apoptosis in simu mu-
tant embryos distract macrophages from responding to wounds.*?
Interestingly, there is no difference in wound recruitment between
wildtype macrophages carrying a high load of internalized apoptotic
corpses versus those carrying a low burden.*® This might suggest
that the chemotactic factors released by the uncleared apoptotic
corpses (“Find Me” signals) within the simu mutant compete with the
inflammatory factors released at wounds.*® Alternatively, the aging,
uncleared apoptosis may well be undergoing secondary necrosis and
confounding the inflammatory recruitment of macrophages to acute
injury.

Although the exact chemoattractant that guides macrophages to
wounds is still to be determined, hydrogen peroxide release during
wounding is important for triggering the inflammatory response,
from Drosophila to humans. 14647106107 | the fly, this is detected by
a redox-sensitive cysteine within the src family kinase Src42a, which
then phosphorylates Draper.8* Draper activation is associated with
receptor clustering, which involves the recently identified inflam-
matory regulator Pez.2%81%? This activation of Draper leads to the
recruitment of the downstream effector kinase Shark.”® While the
precise details remain uncertain, Shark activity then feeds into the
cytoskeletal machinery to promote guided migration of the macro-
phage toward the wound.

The phagocytic glia have not yet been implicated in the clear-
ance of necrosis during embryonic wounding. However, in the
adult fly, glia utilize Draper to engulf debris in response to damaged
neurons as well as during neuronal pruning.g“'102 Interestingly, an
inhibitory splice variant of Draper (Draper-ll) is also expressed
in phagocytic glia after the recruitment of these cells to severed
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axons and acts in a feedback loop to suppress Draper activity.!°

This is understood to prevent excessive and damaging glial activ-
ity in the CNS. This same feedback loop has also been implicated
in macrophages of the Drosophila embryo, whereby increased ex-
pression of Draper-Il in the macrophages impaired inflammatory
migration to wounds.”®

1.2.3 | Phagocyte heterogeneity

Recently, Drosophila immune cells have been extensively profiled
by single-cell RNA sequencing, revealing interesting heteroge-
neity across the cell population.!'*'** However, these studies
were restricted to larval stages of development and, to date, the
analysis of embryonic immune cells has been limited to bulk RNA
sequencing, highlighting their developmental role as opposed to
their anti-microbial specialization required in the larva.'** Another
study used an alternative approach to identify different mac-
rophage subsets in the embryo,'*> but whether this represents
truly distinct cell types or rather plasticity amongst the one popu-
lation of embryonic macrophages, remains unclear. In a separate
study, through the use of the efferocytic biosensor CharON, it
was recently demonstrated that embryonic macrophages exhibit
a striking heterogeneity in the final number of apoptotic corpses
internalized per cell.** While this might suggest different sub-
populations of macrophages, with differing phagocytic ability,
computational modeling suggested otherwise. In fact, it appears
that all embryonic macrophages possess a near equal efferocytic
potential, an extremely high phagocytic capacity, and essentially
compete for the available apoptotic corpses. Increased apoptotic
corpse burden did not impair the recruitment of wildtype mac-
rophages to necrotic wounds, but, interestingly, a high corpse bur-
den did suppress further uptake of necrotic debris once at sites of
tissue damage. The same study showed longer-term adaption of
macrophages to high corpse burden, consistent with macrophages
being highly plastic rather than sub-specialized.

Less is known regarding heterogeneity amongst the phago-
cytic glia of the embryo. Furthermore, our knowledge is hampered
by a poor understanding regarding the developmental connection
between the phagocytic glia of the larvae and the efferocytic glia
in later life stages. For example, the secondary astrocyte-like and
ensheathing glial cells that form during the late larval stages are
also phagocytic.'*®'Y” These cells are important for efferocytosis
during metamorphosis and, in fact, they become the main phago-
cytic cells within the CNS of the pupa and adult. These differ from
phagocytic cells in the Drosophila embryo in that they do not ex-
press SIMU. Draper, however, remains crucial for the process of
efferocytosis at this stage.”>'1%118 Whether the origins of these
secondary astrocyte-like glia can be identified, and what becomes
of the phagocytic glia of the embryo at later stages, remains unclear.
However, given the diversity of the glia and their vital and exclusive
role in supporting the neurons, it is highly likely that other subtypes
of glia are also efferocytic.
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1.2.4 | Other Drosophila phagocytes

While the Drosophila embryo currently has only two established
phagocytes, later life stages of the fly possess some truly diverse
phagocytes, which will be briefly highlighted here. While later life
stages possess distinct, very large hemocytes (known as lamello-
cytes) for encapsulating parasitic wasp eggs, these have not been
shown to engulf cellular debris. As introduced in Section 1.1, the
Drosophila ovary provides a unique insight into the interaction be-
tween phagocytes and dying cells. Like the CNS, the Drosophila
ovary is considered “immune-privileged”, with macrophages
largely excluded. In this environment, it is the phagocytic follicle
cells that clear dying nurse cells, relying on the same efferocytic
pathways as the glia and the macrophages, including Draper and
dCED12.60:119120 However, as discussed in Section 1.1, nurse cells
use distinct methods, including a death that is not entirely de-
pendent on apoptosis nor autophagy.61 Instead, the follicle cells
seem to use their phagocytic machinery to actively induce the
death of nurse cells in a process referred to as “phagoptosis”.t*’
The exact method by which the follicle cells trigger death of nurse
cells is not yet clear, but it appears to require the lysosomal path-
way.b51%? Although phagoptosis has not been demonstrated in
other phagocytic cells within the fly, these studies using follicle
cells demonstrate that phagocytes can play a far more active role
than previously thought in inducing the cell death that they are
tasked with clearing.

Another distinct and unexpected phagocyte within the fly is the
fat body cell, the Drosophila equivalent of the liver and adipose tissue
combined. Surprisingly, live imaging in the Drosophila pupa revealed
that fat body cells become motile and can actively migrate toward
wounds.*?! Furthermore, these cells migrate using a strikingly dif-
ferent method to macrophages, utilizing an adhesion-independent,
actomyosin-driven, peristaltic mode of movement. Interestingly,
once recruited to the wound, the fat body cells co-operate with mac-
rophages to clear necrotic cell debris. Whether these cells are capa-
ble of clearing developmental apoptosis remains an open question.

1.3 | Diversity of engulfment

Different phagocytes have a predisposition to clear cellular debris in
certain morphologically distinct ways, determined by their specific
characteristics. For example, the phagocytic glia of the Drosophila
embryo are immobile and so cannot utilize protrusive-based motil-
ity to move toward and envelop apoptotic corpses they are charged
with clearing.78 Furthermore, the microenvironment the phagocytes
reside in also dictates the phagocytic behavior that is achievable.
For instance, the aforementioned embryonic glia are embedded
within the developing CNS, where space to move and engulf debris
is severely limited.”® Phagocytes have evolved to function within the
distinct tissues they inhabit, requiring diverse phagocytic behaviors
and strategies. However, this tissue-specific context is impossible to
fully replicate in vitro and is also difficult to capture using any other
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technique than live imaging. As such, the Drosophila embryo offers a

unique model with which to dissect in vivo phagocytosis.

1.3.1 | Phagocytes exhibit distinct
modes of engulfment

As introduced in Section 1.2 and discussed above, the phagocytic
glia of the Drosophila embryo clear apoptosis from the developing
CNS.”8 They are embedded within a tightly packed tissue, where
they are, unsurprisingly, immobile. Morphologically, they are highly
spiky cells, closely resembling the microglia, which are the resident
macrophages of the vertebrate CNS.122123 Furthermore, like the mi-
croglia, the Drosophila phagocytic glia appear to use their spiky, “filo-
podial” protrusions to reach out and grasp cellular debris (Figure 2).78

While embryonic glial phagocytosis appears to be morpholog-
ically homogeneous, engulfment throughout embryogenesis can
be far more diverse, as exhibited by the very dynamic and multi-
functional macrophages. On the ventral side of the Drosophila
embryo, these professional phagocytes clear developmental apop-
tosis arising at the interface between the hemocoel (the intersti-
tial “blood-cavity”) and the underlying CNS.*®¢7 Like many motile
cells, macrophages move by extending large, sheet-like protrusions
known as lamellipods (Figure 2).4% These highly dynamic structures
are extended through actin polymerization, which is mediated by the
actin nucleator Arp2/3 complex.12#12> The Arp2/3 complex is re-
cruited and activated at the leading edge of cells by the nucleation-
promoting factor SCAR (also known as “WAVE”).2?% The retrograde
flow of this actin away from the cell edge is what propels the cell
forward.'?” The dendritic network of polymerized actin generated
by the Arp2/3 complex is then remodeled into linear, cross-linked
actin bundles, which act to reenforce and enhance lamellipod ex-
tension.’® A distinct actin nucleator, Ena (also known as “VASP”)
acts upstream of actin cross-linkers such as Fascin and Fimbrin
during bundling of the actin network within the lamellipod.}?%1%0
Ena acts at the protrusive edge of the cell, capturing the growing
ends of branching actin networks and elongating them processively,
allowing the actin bundlers to cross-link the filamentous actin into
bundles.*%33! These same actin bundles also underlie the extension
of thin, spiky protrusions called filopods, which can be generated by
Ena or by another actin nucleator, Dia.?®>133 Together, the Arp2/3
complex, Ena and Dia can be considered the principal actin nuclea-
tors within Drosophila, whereby the former generates the branched
actin underlying lamellipod formation, while the other two create
linear actin bundles found within lamellipods and filopods.

The embryonic macrophages appear to primarily utilize their
Arp2/3 complex-dependent lamellipods to move toward and en-
velop apoptotic debris, presumably due to their inherent motility
(Figure 2). However, it had been noted that these macrophages
could also engulf apoptotic corpses through the use of protrusions
that are more filopodial in morphology.41 This was of particular
interest due to work in mammalian macrophages demonstrating

Arp2/3 complex-independent phagocytosis, up ending decades of

conventional thinking.*** The molecular mechanism of engulfment
in the absence of the Arp2/3 complex remained uncertain. However,
the low cytoskeletal redundancy of Drosophila combined with its
powerful genetics, offered a unique opportunity to investigate dis-
tinct forms of macrophage phagocytosis. Furthermore, the in vivo
setting, wherein macrophages can be studied within the context of
a developing embryo, allowed an exploration of why macrophages
possess different modes of engulfment.

As observed in mammalian macrophages, Drosophila macro-
phages with suppressed Arp2/3 complex activity were still capable
of particle uptake.1%>134135 These macrophages lack lamellipods and
exhibit poor motility, adopting a spiky morphology resembling that
seen in many different models.'®¢"138 Nevertheless, these macro-
phages could maintain their critical clearance function by reaching
out with phagocytic filopods and drawing material back into their
immobile cell body.105 These phagocytic filopods were also occa-
sionally observed during wildtype macrophage engulfment, particu-
larly during the early stages of their developmental dispersal. These
filopods were projected toward their target in a highly directed man-
ner, implying they could detect and be guided toward the cellular
debris. We concluded that macrophages possess two morphologi-
cally distinct modes of engulfment, which we named “lamellipodial
phagocytosis” and “filopodial phagocytosis” (Figure 2). Consistent
with their established roles in filopod formation, both Ena and Dia
localized to the phagocytic filopods of Arp2/3 complex-deficient
macrophages. Furthermore, the combined inactivation of both Ena
and Dia was sufficient to suppress phagocytosis in Arp2/3 complex-
deficient macrophages. This implied that lamellipodial phagocytosis
and filopodial phagocytosis were not merely morphologically dis-
tinct, but were also distinct at the molecular level. However, incred-
ibly, the combined loss of all three of the principle nucleators within
Drosophila was not sufficient to fully abolish all phagocytosis. This
remarkable robustness suggests there may yet be other modes of
engulfment available to macrophages, and is a testament to the cy-
toskeletal plasticity of these phagocytes.

Having established lamellipodial phagocytosis and filopodial
phagocytosis as distinct modes of engulfment, the immediate ques-
tion became why did macrophages require different means of taking
up cellular debris. The independence of filopodial phagocytosis from
motility was one telling difference, allowing immobile phagocytes
to reach cellular debris that were not in their immediate proximity.
Consistent with this hypothesis, the non-motile phagocytic glia,
which are buried within the embryonic CNS, utilize filopodial phago-
cytosis.*>’8 However, the embryonic macrophages are highly motile,
so why might they resort to filopodial phagocytosis? The break-
through came through the use of the developmental slit mutant,
wherein the cavity through which the macrophages disperse fails to
open correctly.’® In this mutant, the macrophages that had forced
themselves the furthest around the blocked embryo were engulf-
ing debris through filopodial phagocytosis.'®® This suggested spatial
constraint could be one reason that macrophages might switch to
utilizing filopodial phagocytosis. Indeed, when fluorescent dextran
was injected into wildtype embryos to visualize the extracellular
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space surrounding macrophages during their developmental en-
gulfment, macrophages adopted filopodial phagocytosis when they
were spatially constrained. More specifically, when a macrophage
encountered an apoptotic corpse located at the bottom of a nar-
row, dextran-filled channel, it would extend a phagocytic filopod to
grab this otherwise unreachable debris. Therefore, we concluded
that macrophages resorted to filopodial phagocytosis to overcome
the spatial constraint frequently encountered within their complex
environment in vivo. Again, this was consistent with the filopodial
phagocytosis exhibited by the phagocytic glia embedded within
the compact CNS.”® Another established reason for cells adopting
a filopod-dominated, dendritic morphology includes tissue surveil-
lance, which allows sentinel resident macrophages to monitor a large
area without resorting to motility.!?%*° This behavior can allow
tissue-resident macrophages within the mouse to respond to limited
“micro-lesions”, without triggering full-scale inflammation and the
collateral damage this entails.'** Furthermore, the phagocytosis of
particles varying in size and opsonization differed in their require-
ment for the Arp2/3 complex.?®* This suggests that distinct forms of
engulfment are best-suited for different target particles.

In the Drosophila embryo, the macrophages exhibit a remark-
able ability to dynamically switch between lamellipodial and filo-
podial phagocytosis to fulfill their critical clearance function within
the “obstacle course” encountered in vivo.1%® This underscores the
phagocytic plasticity required by macrophages and goes some way
to explain the necessity of the cytoskeletal robustness, wherein
macrophages can blend the activities of different actin regulators
to generate a diverse range of protrusive shapes. Furthermore, this
work highlights the strengths of the Drosophila embryo for providing
an in vivo context to better understand macrophage behavior.

1.3.2 | Phagocytes possess a diverse repertoire of
efferocytic receptors

Not only do phagocytes exhibit distinct modes of engulfment, but
they also possess a complex collection of efferocytic receptors.
In mammalian cells, this represents a truly bewildering array of
phagocytic receptors with overlapping activities (reviewed in Refs.
[142,143]). This redundancy has rendered the investigation of mam-
malian efferocytic receptors problematic. These receptors can be
broadly divided into three types. “Tethering receptors” lack signifi-
cant intracellular domains and help the phagocyte engage with the
corpse during engulfment. In contrast, “docking receptors” possess
substantial intracellular domains, which trigger internal signaling to
promote engulfment. “Bridging molecules” are secreted proteins
that opsonize cellular debris and are subsequently recognized by
the other efferocytic receptors to facilitate phagocyte-corpse en-
gagement. Drosophila also possess numerous phagocytic receptors
and their individual and collective functions remain far from clear.
However, the reduced redundancy and genetic tractability of the
fly offers a foothold to address this challenge. In particular, the
Drosophila embryo and the clearance of developmental apoptosis
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therein, has been used to identify receptors required for efferocy-
tosis. Notably, the discovery of the CD36 homologue Croquemort,
and its requirement for macrophage-mediated uptake of apoptosis,
was an early demonstration of the power of using the Drosophila
embryo and its phagocytes to study efferocytosis.’®® Integrins
have also be implicated in Drosophila efferocytosis, consistent with
their role in mammalian enguh‘ment.144 However, it is the Nimrod
superfamily that contains the largest collection of Drosophila phago-
cytic receptors.“s'146 Several members of this family are involved
in the macrophage-mediated clearance of microbial pathogens.**’
However, long before they were grouped within the Nimrod family,
Draper and SIMU had been implicated in the engulfment of cellu-
lar debris in multiple Drosophila phagocytes.#>°078148 Both of these
receptors have been reported to bind phosphatidylserine, the clas-
sic “Eat-me” signal exposed on the outer membrane of apoptotic
corpses. 2150 However, these two receptors have very different
intracellular domains. Like Croquemort, SIMU, has an extremely lim-
ited intracellular domain and is considered a tethering receptor.”® In
contrast, Draper has a substantial intracellular domain and can be
considered a docking receptor. Interestingly, within the Drosophila
embryo, Draper is not essential for macrophage or glial apoptotic
corpse uptake and instead appears necessary for subsequent corpse
processing.”®?® However, this is not clear cut and Draper does ap-
pear to contribute to corpse uptake in other contexts and devel-
opmental stages.}*81%1152 Nevertheless, for the phagocytes of the
embryo, it is SIMU that appears to be more generally required for
apoptotic corpse uptake.78 Given the absence of any intracellular
domain in SIMU, there is presumably a need for as yet unidentified
docking receptor(s) to promote corpse uptake. Furthermore, SIMU
has been implicated in retaining macrophages at necrotic tissue
damage in wounded Drosophila embryos.*? Since necrotic cells do
not actively expose phosphatidylserine and there is no apoptosis in-
duced during wounding of the embryo, it is unclear how SIMU con-
tributes to this process.

The Nimrod family member NimB4 has been identified as a se-
creted bridging molecule necessary for efficient clearance of apop-
totic corpses in Drosophila embryos and larval brains.*>* NimB4 was
found to bind apoptotic corpses and enhances efferocytosis, but not
necessary for phagocyte-corpse engagement, consistent with it act-
ing as a bridging molecule. The precise efferocytic receptor(s) NimB4
interacts with to aid uptake remains unknown. Furthermore, this
work also revealed a role for the microbe-clearing NimC1 and Eater
in apoptotic corpse uptake, further complicating our understanding
of efferocytic receptors in Drosophila. Finally, the chemokine-like
Orion was recently identified as another bridging molecule, which
supports the interaction of Draper with phosphatidylserine during
clearance of dying neurons.!>®

As observed in mammals, Drosophila phagocytes possess a di-
verse repertoire of efferocytic receptors with overlapping activities.
Collectively, all these receptors undoubtedly help the different phago-
cytes fine tune their efferocytic ability to help them accommodate
the wide range of cell death they can encounter in vivo. Furthermore,
these different receptors might drive distinct forms of engulfment to
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help phagocytes clear the same type of debris in drastically different
tissue environments. There is much still to learn on this complicated
topic. However, with its many highlighted advantages, the Drosophila
embryo offers a powerful platform to help tackle this challenge.

1.4 | Diversity in corpse processing
Our current understanding of how engulfed apoptotic corpses are
processed has in part been inferred from studies on pathogen clear-
ance conducted in Drosophila as well as in other in vivo and in vitro
systems. Simply put, there are two key events that newly-formed
phagosomes must undergo to ensure effective degradation of their
content. Firstly, they must fuse to pre-existing endosomes and lys-
osomes. Secondly, they must progressively acidify their lumen pH.
Fusion events allow exposure of the phagosome content to a va-
riety of degradative enzymes (e.g., cathepsin and DNAses). As these
degradative enzymes are not initially present in the newly-formed
phagosome, fusion enables their introduction to the engulfed mate-
rial. The different fusion steps (from tethering to early endosomes to
formation of phagolysosomes) are mediated by different members of
the Rab family, notably Rab5 and Rab7, which sequentially localize to
the phagosome membrane.?®* While the role of the Rabs on patho-
gen clearance has been assessed in Drosophila macrophages,155 far
less is currently known about their role in efferocytosis, particularly
during embryonic development. However, Drosophila embryonic
macrophages expressing a dominant negative version of Rab5 ap-

pear more vacuolated than their wildtype counterparts,**®

strongly
supporting a role for Rab5 in apoptotic corpse degradation in flies.

Another crucial step for cargo degradation is the progressive re-
duction of the phagolysosome lumen pH. Acidification allows lyso-
somal hydrolases to reach their peak enzymatic activity while also
weakening the interaction between internalized ligands and recep-
tors, so that the latter can be effectively recycled back to the plasma
membrane. Acidification is mediated by a large protein complex
termed the Vacuolar ATPase (V-ATPase), which pumps H* across the
phagosome membrane into the lumen in an ATP-dependent fashion.
To date, while the role of V-ATPase during pathogen clearance in
Drosophila macrophage-like S2 cells has been explored, its involve-
ment in corpse processing has yet to be shown.>%1%7

As for the ultimate fate of acidified apoptotic corpses, again,
little is currently known about the steps that follow phagolyso-
some formation in fly embryonic macrophages. Pioneering work
on the highly phagocytic single celled organism Dictyostelium, later
supported by observations in cultured mammalian macrophages,
suggests that a late neutralization phase takes place.®®'> The in-
crease in pH is mediated by the actin nucleation-promoting factor
WASH (encoded by washout in the fly), which actively removes the
V-ATPase from the phagolysosome membrane, therefore arresting
the proton influx. Potential evidence in support of the occurrence
of a neutralization phase in Drosophila comes from a study using cul-
tured fly macrophages fed with pHrodo-labeled bacteria, which ex-
hibit increasing fluorescence intensity in progressively acidic cellular

compartments. Unlike controls, WASH-depleted cells maintain a

steadily increasing fluorescence emission profile,*¢°

suggesting that,
in the absence of WASH, phagolysosomes may not undergo neu-
tralization. Interestingly, despite the complete collapse of the endo-
somal system in wash-deficient mammalian cell lines, washout is not
essential for fly viability.**>%! Therefore, the precise role of WASH

in Drosophila remains unresolved.

1.4.1 | Efferocytic receptors contribute to corpse
degradation

As emphasized in Section 1.3, how Drosophila embryonic mac-
rophages process engulfed apoptotic corpses is still far from fully
elucidated. There is, however, substantial evidence supporting a role
for a number of phagocytic receptors belonging to the Nimrod su-
perfamily during efferocytosis in the developing embryo.
Interestingly, despite being the homologue of the canonical ef-
ferocytic receptor, CED-1, Draper is not required for corpse uptake
in either the macrophages or the phagocytic glia of the embryo.”®%8
Instead, Draper has been implicated in corpse processing due to at
least two lines of evidence. Firstly, macrophages expressing a mu-
tated version of Draper or subjected to RNAi-mediated reduction
of endogenous Draper levels appear hypervacuolated, suggesting
impaired corpse turnover.”® Secondly, macrophages expressing
a mutated version of Draper fail to achieve phagolysosome for-
mation, as demonstrated by the lack of co-localization between
LysoTracker and Lampl (phagosomal and lysosomal markers re-
spectively).*>! Importantly, Draper has also been shown to mediate
apoptotic debris clearance by Drosophila embryonic glia, but does
so downstream of the tethering receptor SIMU.”® More specifically,
loss of simu, but not draper, impaired apoptotic corpse uptake by
phagocytic glia within the embryonic CNS. However, double simu;
draper mutant glia resembled simu mutants and lacked internal-
ized corpses, implying SIMU acts upstream of Draper during en-
gulfment. More recently, NimB4, another member of the Nimrod
superfamily and a secreted bridging molecule, has been shown to
regulate apoptotic corpse processing in Drosophila embryonic mac-
rophages and in the larval glia.151 NimB4 has been demonstrated to
control the fusion step between phagosomes and lysosomes, and
its loss remarkably recapitulates the phenotype observed upon loss
of Draper function.*®! To date, why different efferocytic receptors
are required for corpse processing rather than corpse recognition

remains unclear.

1.4.2 | Alternative corpse degradation pathways

Adding to the glaringly fragmented knowledge of how Drosophila
embryonic phagocytic cells process engulfed material is the stead-
ily increasing evidence that these cells possess many more deg-
radation pathways than originally appreciated. In fact, over the
last few years, novel pathogen and cell death processing modes
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have been uncovered. Here we briefly focus on two of them:
LC3-Associated Phagocytosis (LAP) and gastrosome formation
(Figure 3).

LAP entails the conjugation of LC3/Atg8 on single membrane

162 1ts discovery

vesicles originated from events of phagocytosis.
upturned the long-standing notion that LC3 is exclusively involved
in autophagy and solely found on double-membrane intracellu-
lar vesicles known as autophagosomes. Despite obvious molecu-
lar overlaps, LAP differs from autophagy. For instance, the ULK1/
Atg1l-containing pre-initiation complex is only strictly required for
the latter to occur,*®® whilst Rubicon and Atg16L1 are absolutely es-
sential only for LAP to take place.X®*¢> LAP has been demonstrated
to occur in mammalian macrophages both in vivo and in vitro, and
to modulate their inflammatory behavior during clearance of dead
cells/pathogens and tumor progressi(:»n‘l“"}166

The term gastrosome refers to a single and morphologically
unique vesicle that has recently been described in zebrafish microglia
and shown to accommodate the content of multiple mature phagoly-
sosomes.*®” Much about the gastrosome has still to be unveiled, yet
the potential implications of its existence are great. For instance,
given the fact that the gastrosome appears to be enriched in mem-
branes and lipids and that its size and overall morphology have been

shown to affect microglia functionality,'®”

gastrosome abnormalities
may underpin a wide range of human diseases. So far, LAP and the
gastrosome have been observed in experimental systems other than
the fly (although excitingly, while this review was in revision, LAP
was demonstrated to be required in glia for the removal of axonal
debris in clipped Drosophila wings).¢® Understanding whether they
occur in Drosophila phagocytic cells, during embryogenesis or later
developmental stages, would provide an additional and valuable ex-
perimental set-up to further explore their dynamics and functional
relevance in vivo.

Ultimately, whilst underscoring the incompleteness of our
knowledge, the discovery of LAP and the gastrosome prompts us
to ask why phagocytic cells may have evolved different routes to
degrade engulfed corpses. To date, it is widely accepted that tar-
geting LC3 to phagosomes sets ingested material on a fast-track
for degradation, highlighting the remarkable ability of phagocytic
cells to assign a “priority code” to engulfed particles.'®> However,
crucially, what dictates the urgency in processing ingested material
in vivo remains to be determined at this stage. Equally, gastrosome
discovery challenges the longstanding dogma that phagolysosomes
are a terminal compartment, the ultimate cradle of processed ma-
terial, once again highlighting how fragmented our understanding
of corpse processing still is. While the existence of a gastrosome in
Drosophila has yet to be investigated, it is worth pointing out that
fusion events between pre-existing phagolysosomes containing
an apoptotic corpse and newly-internalized necrotic debris have
recently been reported in macrophages at embryonic wounds.*?
Whether this is strictly a gastrosome remains to be shown, but this
finding demonstrates that fly macrophages also possess an intra-
cellular compartment where the content of multiple phagosomes
can converge.
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1.4.3 | The unresolved outcome of engulfed corpses
While many fundamental aspects of corpse processing in Drosophila
embryonic phagocytic cells remain far from elucidated, it appears
clear that the fly embryo provides a perfect experimental system to
dissect the process of efferocytosis in vivo.

A powerful example of how the Drosophila embryo can
help us interrogate and unravel the complexity and diversity of
corpse clearance in vivo is the newly-engineered CharON probe
(Figure 3).* From a corpse processing point of view, CharON has
made a series of intriguing observations possible. For instance,
we now know that corpse acidification occurs at a significantly
slower rate than the initial phagocytosis and that the presence of
apoptotic corpses in the process of being degraded does not pre-
vent macrophages from engulfing additional apoptotic debris. This
implies that embryonic macrophages are capable of “prioritizing”
the removal of developmental apoptosis, swiftly clearing even the
most densely packed field of apoptosis, presumably to prevent de-
layed clearance and the accompanying risk of inflammatory sec-
ondary necrosis. Interestingly, macrophages that have engulfed
many apoptotic corpses can adapt to their high burden with in-
creased corpse acidification, suggesting an increased rate of deg-
radation. Interestingly, Drosophila embryonic macrophages must
also upregulate their cytoprotective defenses to protect against
the elevated ROS generated during the degradation of these en-
gulfed apoptotic corpses. This highlights that the clearance of this
cellular debris presents a significant challenge even long after its
uptake.'®?

Many questions arise from these newly-found answers. Future
research should aim to understand how the phagocytic burden
within an individual macrophage can influence macrophage identity
and/or behavior. In fact, it has long been known that recognition
and engulfment of dying cells has a profound impact on the inflam-
matory behavior of macrophages,'?'7° but whether the number of
ingested apoptotic corpses can modulate macrophage function in

vivo has only just begun to be explored.*®

Another interesting open
question is how long macrophages hold on to their corpse burden,
and what the ultimate fate of the engulfed material is. To address
some of these points, the ability to live image macrophages in vivo
beyond embryogenesis, into later developmental stages, becomes
paramount. Given the fundamental importance of these questions,

the technical challenges to overcome will likely be worth the effort.

2 | CONCLUSION

There has been a tendency to dismiss efferocytosis as a mundane
and uninteresting task, an afterthought to the cell death process.
However, it is now clear that in vivo efferocytosis, with its intrin-
sic diversity, represents a significant challenge to the phagocytes
tasked with clearance.

The efferocytic heterogeneity exists at every step of this pro-
cess. For instance, we now know that cell death itself is extremely
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varied, with different modalities posing unique challenges to the en-
gulfing cells. Furthermore, the purpose and circumstances of the cell
death also vary, including developmental apoptosis, cell turn over
during homeostasis and tissue damage during acute injury and pa-
thology. To ensure successful clearance of this diverse cell death in a
manner that is appropriate to the tissue context, phagocytes must be
highly plastic. For example, the clearance of apoptosis during devel-
opment must be inflammatory silent to ensure no collateral damage
to the nascent tissue. In contrast, the clearance of necrotic debris
at wounds, relying heavily on the recruitment of inflammatory cells,
often comes at the cost of further damage to the tissue.'** While
excessive phagocyte activity has its costs, it is also true that failure
to clear cell death underpins different pathologies, including chronic
inflammation and autoimmunity. Further underscoring the diver-
sity of efferocytosis in vivo is the existence of distinct phagocytes,
which have undoubtedly evolved to adapt to the staggering com-
plexity and variety of the tissues that exist in vivo. These phagocytes
possess multiple means of engulfing cellular debris, conferring them
with additional phagocytic flexibility. In order to fulfill their critical
clearance function under all the complex and varied circumstances
encountered in vivo, phagocytes possess a highly dynamic cytoskel-
eton and a wide array of different efferocytic receptors. These me-
diate an extremely sophisticated interaction between phagocytes
and corpses, and often work beyond simple uptake, shepherding
the debris through the subsequent degradation process. Lastly, in-
ternalized corpses can be degraded in multiple ways involving very
different intracellular pathways. Crucially, the uptake of debris sub-
sequently influences the behavior of the phagocyte, with a change
in any one of the above highlighted factors capable of completely
changing the phagocytes' identity and response. Ultimately, which-
ever aspect of this process we study, we are confronted with an
ever-increasing diversity and complexity, often leaving us with more
questions than answers. Nevertheless, we are undeniably advanc-
ing our understanding of cell death and its clearance, greatly aided
by simpler in vivo models such as the Drosophila embryo. Thanks
to its genetic tractability and live imaging potential, the fly contin-
ues to uncover unexpected diversity in the efferocytic program in
vivo, from mechanisms of clearance to the types of cells that can
carry out this critical function. Future live cell imaging studies in the
Drosophila embryo are likely to continue to implement our under-
standing of this fascinatingly complex process, finding very much
needed answers to the many open questions that remain.
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