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ABSTRACT

Phagocytosis is an evolutionarily conserved mechanism that plays a key role in both host defence and tissue homeostasis in multicellular organisms. A range of
surface receptors expressed on different cell types allow discriminating between self and non-self (or altered) material, thus enabling phagocytosis of pathogens and
apoptotic cells. The phagocytosis process can be divided into four main steps: 1) binding of the phagocyte to the target particle, 2) particle internalization and
phagosome formation, through remodelling of the plasma membrane, 3) phagosome maturation, and 4) particle destruction in the phagolysosome. In this review, we
describe our present knowledge on phagocytosis in the fruit fly Drosophila melanogaster, assessing each of the key steps involved in engulfment of both apoptotic cells
and bacteria. We also assess the physiological role of phagocytosis in host defence, development and tissue homeostasis.

1. Introduction

Phagocytosis is defined as the cellular uptake of particles bigger
than 0.5pum through the formation of a membrane derived vesicle
known as the phagosome. Its first description dates back to over 100
years ago, when the Russian zoologist Elie Metchnikoff observed that
specific cells in starfish larvae were able to engulf foreign objects. This
very simple observation turned out to be a crucial milestone in the
history of cellular innate immunity. Phagocytosis is an ancient and
evolutionarily conserved process performed by unicellular organisms
and different metazoan cell types. In the former case, phagocytosis
represents an important feeding mechanism (Cosson and Soldati, 2008).
In higher organisms, instead, phagocytosis is mediated by dedicated
cells, called phagocytes, which are able to digest both pathogens and
“altered-self” particles. In this way, phagocytosis not only represents a
crucial first line of defence but, importantly, also mediates tissue
homeostasis via the clearance of apoptotic and necrotic cells. Despite
major breakthroughs made after its discovery, the detailed molecular
mechanisms underlying phagocytotic processes remain poorly under-
stood. Mammalian systems are characterized by highly complex and
redundant phagocytic components, which complicates addressing the
specific role of each protein. Therefore, in the last decades, researchers
have expanded their studies of phagocytosis to genetically tractable
model organisms, such as the fruit fly Drosophila melanogaster (Droso-
phila). Drosophila relies entirely on the innate immune response to fight
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infections (Lemaitre and Hoffmann, 2007). It has a less redundant
genome, which has been fully sequenced and extensively annotated,
and exhibits powerful genetic and molecular techniques. These reasons
made Drosophila an attractive and suitable model system to study the
complex process of phagocytosis. The main objective of this article is to
provide an up-to-date review of phagocytosis in this insect. After de-
scribing the nature of the cells that are capable of phagocytosis, we
describe phagocytic receptors and opsonins that initiate the process of
engulfment as well as the cellular machinery that internalizes particles
and leads them to destruction. In the second part of this review, we
analyse how phagocytosis contributes to development, maintenance,
and host defence at the organismal level.

2. Professional and non-professional phagocytes in Drosophila

Different cell types have been reported to engulf foreign materials in
Drosophila. In particular, we can distinguish between professional
(globally called macrophages) and non-professional phagocytes (tissue-
resident neighbouring cells). Drosophila possesses specialized hemo-
cytes (i.e. blood cells) named plasmatocytes or macrophages that
function as professional phagocytes. They engulf pathogens, apoptotic
cells and dendrite debris. In addition to their phagocytic tasks, plas-
matocytes also produce antimicrobial peptides, clotting factors, cyto-
kines, and extracellular matrix components making them important
players in the fruit fly immune response (Martinek et al., 2008;
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Samakovlis et al., 1990; Theopold et al., 2014; Vanha-aho et al., 2016).
Non-professional phagocytes are usually tissue-resident cells, which in
addition to their established tasks can also engulf foreign particles, in
environments where circulating macrophages are less accessible.
However, non-professional phagocytes frequently display decreased
phagocytic abilities compared to macrophages, with respect to the
variety and efficiency of particles they can take up. Nevertheless, the
recognition and signalling machinery appear similar in both cell types.
Several cell types have been shown to function as non-professional
phagocytes in Drosophila (Shklover et al., 2015a), mainly mediating
apoptotic cell clearance (a process also described as efferocytosis). Glial
cells are one of the best characterized non-professional Drosophila
phagocytes which mediate the shaping of the central nervous system
(CNS) in developing embryos. Ovarian follicle epithelial cells are an-
other well studied example of non-professional phagocytes. In parti-
cular, they mediate efferocytosis of nurse cells inside the egg chamber
during Drosophila oogenesis (Serizier and McCall, 2017).

3. Phagocytic receptors and opsonins in Drosophila

Phagocytosis is usually initiated by dedicated receptors that bind to
molecules exposed on the surface of pathogens or apoptotic cells. Well-
established microbial associated molecular patterns (MAMPs) re-
cognized by phagocytic receptors are bacterial peptidoglycans, lipo-
polysaccharides (LPS), or fungal 3-1,3 glucans. Apoptotic cells are often
decorated by phosphatidylserine (PS), a membrane phospholipid spe-
cies usually found in the inner leaflet of the plasma membrane, but
exposed on the surface of cells undergoing apoptosis (Segawa and
Nagata, 2015). Upon ligand recognition, phagocytic receptors directly
or indirectly engage downstream signalling pathways that initiate the
uptake of the particle. Studies have identified a plethora of receptors
with a putative role in phagocytosis, based on their similarity with
engulfment receptors in other species. While some may be true pha-
gocytic receptors, others may indirectly affect phagocytosis or be in-
volved in the downstream steps. In the following paragraphs, we pro-
vide a critical summary of the main phagocytic receptors and potential
opsonin molecules functioning in bacterial phagocytosis and apoptotic
cell clearance in Drosophila (Fig. 1).

3.1. Scavenger receptors

Scavenger receptors (SRs) are transmembrane proteins expressed by
both invertebrate and mammalian professional phagocytes. Their ac-
tivity was first identified in mammalian macrophages where they en-
docytose modified low-density lipoprotein (mLDL) (Brown and
Goldstein, 1983). In addition, SRs are also able to bind to polyanionic
ligands and function as pattern recognition receptors (PRRs), mediating
phagocytosis of microbes and dying cells in many species. One of the
first SRs discovered in Drosophila is class C Scavenger receptor I (dSr-
CI). The class C Scavenger receptor family counts four members in
Drosophila (dSr-CI, dSr-CII, dSr-CIII, dSr-CIV). dSr-CI is specifically ex-
pressed on plasmatocyte surfaces and was shown to possess a similarly
wide ligand recognition spectrum as mammalian class A SR (Pearson
et al., 1995). In vitro studies demonstrated its importance in bacteria
binding and phagocytosis of both Gram-positive and Gram-negative
bacteria, but not yeast (Pearson et al., 1995; Ramet et al., 2001).
Moreover, after bacterial challenge, transcription of dSr-CI is upregu-
lated, further supporting its role in host defence (Irving et al., 2005).
Interestingly, the dSr-CI locus presents a high polymorphism, likely a
consequence of positive selection (Lazzaro, 2005). This feature could be
the consequence of an arms race as often observed for host-pathogen
interactions. However, the role of dSr-CI in bacterial phagocytosis has
never been properly confirmed with the use of null mutations.

The Drosophila genome encodes twelve class B SRs with homology
to the mammalian CD36, which was initially discovered in apoptotic
cell clearance (Savill et al., 1992). Many of the class B SRs are expressed
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in the fly gut, but their function is poorly characterized (Herboso et al.,
2011). One CD36 member, Croquemort (Crq), is specifically expressed
in plasmatocytes and has been shown to function as a receptor for
apoptotic cells (Franc et al., 1999, 1996). However, the molecular
mechanisms underlying its action and its cognate ligand on apoptotic
cells are still unknown. Further in vitro work in Drosophila S2 macro-
phage-like cells has revealed the involvement of Crq in Staphylococcus
aureus recognition and uptake (Stuart et al., 2005). Adult crq knockout
flies show protracted and increased Diptericin and Unpaired3 expression
during microbial infections and under unchallenged conditions, sug-
gesting that Crq might indirectly alter the humoral response (Guillou
et al., 2016). Nevertheless, the role of Crq as an engulfing receptor has
been recently challenged by several subsequent studies, which revealed
a contribution of Crq in phagosome maturation rather than in particle
recognition (Guillou et al., 2016; Han et al., 2014; Meehan et al., 2016).
Finally, RNAi-mediated silencing of crq in plasmatocytes was shown to
block lipid uptake, suggesting that Crq may be involved in the acqui-
sition of lipids, as shown for other CD36 members (Woodcock et al.,
2015). Considering that lipid metabolism plays a key role in various
aspects of phagocytosis (e.g. phagosome formation and maturation)
(Yeung et al., 2006), it cannot be ruled out that Crq involvement in lipid
scavenging might indirectly affect the phagocytic process. Several RNAi
based screens on S2 Drosophila cells have identified another class B SR,
Peste, as specifically required for the engulfment of Mycobacterium
fortuitum and Listeria monocytogenes, but not Escherichia coli or S. aureus
(Agaisse et al., 2005; Philips et al., 2005). The lack of Peste null mutants
did not allow to validate these RNAI studies and fully test the relevance
of this receptor in host defence.

3.2. Peptidoglycan recognition proteins (PGRPs)

PGRPs form a family of pattern recognition receptors involved in
the detection of the bacterial cell wall component peptidoglycan (PGN).
Some PGRPs possess enzymatic activities (amidase), cleaving pepti-
doglycans into non-immunogenic fragments (Mellroth et al., 2003).
Other non-catalytic PGRPs can bind peptidoglycan but cannot cleave it
as they lack a critical cysteine in the catalytic pocket. In insects, these
non-catalytic PGRPs function as pattern recognition receptors dedicated
to the identification of bacteria upstream of Toll and Imd pathways, two
NF-kB pathways involved in the regulation of antimicrobial peptide
genes (Royet et al., 2011). Early RNAI screens in S2 cells identified
PGRP-LC as a key molecule involved in the uptake of Gram-negative,
but not Gram-positive bacteria (Rdmet et al., 2002). PGRP-LC is a
pattern recognition receptor that recognizes DAP-type peptidoglycan
found in the wall of Gram-negative and certain Gram-positive (Bacillus)
bacteria (Stenbak et al., 2004). In contrast to the initial results obtained
by RNAI, following studies using either RNAi approaches (Kocks et al.,
2005) or PGRP-LC null mutant (Melcarne et al., unpublished), failed to
confirm a major role of PGRP-LC in the phagocytosis of Gram-negative
bacteria.

3.3. Nimrods

An interesting and relatively newly discovered family of phagocytic
receptors in Drosophila comprises proteins characterized by the pre-
sence of the so-called Nimrod (NIM) repeats. The NIMs are a subtype of
the epidermal growth factor (EGF) repeat, which often function in ad-
hesion, coagulation, and receptor-target interactions (Bork et al., 1996).
The Nimrod gene family comprises twelve members, ten of which
cluster on the second chromosome, and two, eater and draper, on the
third chromosome. According to their domain structure, proteins be-
longing to this family can be classified into different categories. The
draper-type genes (NimA and draper) encode proteins that carry only
one NIM domain, followed by several EGF repeats, and one Emilin
(EMI) domain at their N-terminal end (Callebaut et al., 2003). The
Draper protein was initially identified in a genetic screen as being
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Fig. 1. Plasma-membrane phagocytic receptors and opsonins in Drosophila.

Graphical illustration of the main Drosophila phagocytic receptors involved in microbe engulfment and efferocytosis. The role of Eater, NimC1, Draper, NimC4/SIMU,
PGRP-LC and Crq has been extensively characterized by using null mutants, the function of dSr-CI and Integrin was analysed solely by RNAI silencing (See main text
for further details). The dashed box represents potential secreted opsonins mediating phagocytosis in Drosophila. Dashed arrows on Eater and NimC1 indicate the

synergistic action of those receptors in bacterial phagocytosis.

regulated by Glial Cells Missing (Gcm), a key glial transcription factor
(Freeman et al., 2003). It is expressed on the surface of Drosophila
plasmatocytes and several non-professional phagocytes, such as glia
and epithelial cells. Draper possesses 15 extracellular EGF repeats, a
single transmembrane domain, and a signalling cytosolic tail. Draper
has been reported to recognize apoptotic cells by interacting with either
phosphatidyl serine (PS) or the endosomal protein Pretaporter, that are
found on the surface of dying cells (Kuraishi et al., 2009; Tung et al.,
2013). During development, Draper mediates not only the removal of
dying neurons, but it is also involved in neuronal pruning and synapse
clearance (Awasaki et al., 2006; Kurant et al., 2008; Logan et al., 2012;
Manaka et al., 2004; Ziegenfuss et al., 2008). Moreover, it plays a key
role in nurse cell clearance by epithelial follicle cells in the Drosophila
ovary (Serizier and McCall, 2017). The role of Draper in apoptotic cell
clearance is evolutionarily conserved. Homologues of Draper are CED-1
in C. elegans (Mangahas and Zhou, 2005), MEGF10 in humans and JEDI
in mouse (Hamon et al., 2006). Subsequent studies implicated Draper in
the phagocytosis of both S. aureus and E. coli bacteria (Cuttell et al.,
2008; Hashimoto et al., 2009; Shiratsuchi et al., 2012). In particular,
Hashimoto et al. identified bacterial lipoteichoic acid as a ligand for
Draper in S. aureus engulfment by plasmatocytes (Hashimoto et al.,
2009).

Another Nimrod sub-family, the Nimrod C-type (Nimrod C1-4,
Eater) proteins, are transmembrane receptors containing multiple NIM
domains and lacking the classical EGF repeats. Previous studies have

implicated some Nimrod C-type proteins in the phagocytosis of apop-
totic cells (NimC4, also called Six-Microns-Under (SIMU)) (Kurant
et al., 2008) and bacteria (Eater and NimC1) (Kocks et al., 2005; Kurucz
et al., 2007).

SIMU (NimC4) is highly expressed on embryonic macrophages, glia,
and ectoderm. SIMU acts upstream of Draper, triggering the engulfment
of apoptotic cells through PS recognition (Kurant et al., 2008; Shklyar
et al., 2013). However, the detailed molecular mechanisms of interac-
tion between SIMU and Draper remain poorly understood, since no
direct interaction between the two proteins has been proven. This
would suggest that other factors might be required for the SIMU/
Draper-mediated embryonic efferocytosis.

So far, Eater and NimC1 represent the best characterized Nimrod-C
type receptors for bacterial uptake. Eater has initially been identified by
Kocks and colleagues in a genetic screen as a target of the transcription
factor Serpent, which is necessary for bacterial phagocytosis (Kocks
et al., 2005). Eater possesses 32 NIM repeats in its extracellular region
and has a small cytosolic tail with unknown function (Kocks et al.,
2005), although predicted phosphorylation sites are present. This re-
ceptor is specifically expressed on both larval and adult Drosophila
plasmatocytes, as well as in S2 cells. Several studies using RNAi or an
overlapping set of deficiencies removing eater and 7 flanking genes,
have pointed to its crucial role in the phagocytosis of Gram-negative
and Gram-positive bacteria (Horn et al., 2014; Kocks et al., 2005;
Nehme et al., 2011), as well as the elimination of bacteria entering the
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hemolymph by crossing the gut (Nehme et al., 2011). By using a soluble
Fc-tagged receptor variant, Chung et al. reported that Eater directly
binds to Gram-positive bacteria, and also to Gram-negative bacteria
after Cecropin A pre-treatment. Nevertheless, the specific bacterial
molecules recognized by Eater remain unknown (Chung and Kocks,
2011). Recently, an eater deficient mutant generated by homologous
recombination confirmed the importance of Eater in the phagocytosis of
Gram-positive, but not Gram-negative bacteria (Bretscher et al., 2015).
Moreover, eater null plasmatocytes are not sessile and less adhesive
(Bretscher et al., 2015). Nevertheless, how the Eater-mediated adhesion
properties relate to its phagocytic ability is unknown.

NimC1 was initially identified as a target of P1, a plasmatocyte-
specific antibody (Kurucz et al., 2007). NimC1 has 10 EGF-like repeats,
a single transmembrane domain, and a cytosolic region with predicted
phosphorylation sites. Initial RNAi studies on NimC1 provided evidence
for its involvement in the phagocytosis of S. aureus bacteria (Kurucz
et al.,, 2007). Moreover, immunofluorescence-based flow cytometry
assays showed that NimC1 binds to bacteria in vitro (Zsamboki et al.,
2013). A NimC1 null mutant was recently generated by homologous
recombination, revealing that NimCl1 is required for the phagocytosis of
latex beads and yeast zymosan particles, but is dispensable for phago-
cytosis of Gram-negative and Gram-positive bacteria (Melcarne et al.,
2018). A role of NimC1 in the phagocytosis of latex beads is also sup-
ported by an independent study using an in vivo RNAi approach (Hao
et al., 2018).

Use of NimC1,eater double mutants reveals that NimC1 does con-
tribute to phagocytosis of both Gram-negative and Gram-positive bac-
teria but its function is masked by Eater. Accordingly, NimC1,eater
double mutant is deficient in the phagocytosis of all types of bacteria.
This suggests that Eater and NimC1 are the two main phagocytic re-
ceptors for bacteria in Drosophila and that each receptor has distinct
role in microbial uptake (Melcarne et al., 2018).

3.4. Integrins

Integrins are heterodimeric proteins composed by a and (3 subunits,
and are involved in a wide range of cellular processes, such as cell
spreading and motility. In addition to their adhesion tasks, integrins
were shown to mediate phagocytosis of different types of particles in
several organisms. The Drosophila genome encodes five a- and two [3-
integrin subunits (Brown et al., 2000). In 2011, Nagaosa and colleagues
showed the implication of Bv integrin in the phagocytosis of both
apoptotic cells and S. aureus in Drosophila (Nagaosa et al., 2011).
Moreover, by using cell wall deficient bacteria, the authors revealed
peptidoglycan as the surface determinant recognized by integrins
during phagocytosis. Genetic and biochemical studies have subse-
quently revealed that the aPS3 and v integrin subunits function as a
heterodimer in the phagocytosis of both apoptotic cells and S. aureus
bacteria (Nonaka et al., 2013).

3.5. Opsonins in Drosophila

Opsonins are molecules that bind to microbes and favour their en-
gulfment by macrophages. In mammals, complement factors C3b or
antibodies efficiently opsonize microbes promoting their uptake by
macrophages through dedicated receptors. Little is known on the role of
opsonins in microbial phagocytosis in Drosophila. However, the
Drosophila genome encodes six thioester-containing proteins (Teps)
structurally related to the mammalian complement factor C3 family.
Tep genes are specifically expressed in plasmatocytes, fat body, and
some barrier epithelia (Bou Aoun et al., 2011). Four of them, Tepl-
Tep4, contain a signal peptide, indicating that they are secreted pro-
teins and could function as opsonins. Tep5 is thought to be a pseudo-
gene (Bou Aoun et al., 2011), while Tep6 (also called Mcr) plays a role
in gut septate junctions (Batz et al., 2014) and is therefore unlikely to
play any role in phagocytosis, although one study suggested otherwise
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(Stroschein-Stevenson et al., 2006). Three members of this family
(Tepl, Tep2 and Tep4) show a strong upregulation after bacterial
challenge, because they are regulated by the stress-responsive JAK-
STAT pathway (Lagueux et al., 2000). The importance of the Tep pro-
teins in insect phagocytosis has been first demonstrated in the mosquito
A. gambiae (Blandin et al., 2004). A further RNAi study in Drosophila S2
cells (Stroschein-Stevenson et al., 2006) shed light on the function of
some Tep members in binding and enhancing phagocytosis of E. coli
(Tep2), S. aureus (Tep3) and Candida albicans (Tep6). Additional evi-
dence in support of opsonisation in insects comes from work using a
compound mutant lacking the four immune-inducible Teps (i.e. Tep1-4)
(Dostalové et al., 2017). The authors found that Teps operate in both
the humoral and cellular response of Drosophila immunity, by pro-
moting Toll pathway activation and phagocytosis of Gram-positive
bacteria (Dostalova et al., 2017). Therefore, it is likely that some Teps
can bind to microbes and promote phagocytosis, as recently reported
for Tep4 in P. aeruginosa infection (Haller et al., 2018). Despite these
recent results, the specific receptors mediating the uptake of Teps re-
main unknown.

Another class of potential secreted opsonins are the Nimrod B type
proteins, whose function remains to date poorly characterized. This
subclass comprises five Nimrod B members (NimB1-B5) that contain
multiple NIM domains. Close relatives of the Drosophila NimB genes
with immune functions are found in other insect species (Estévez-Lao
and Hillyer, 2014; Ju et al., 2006; Matsunaga and Fujiwara, 2002;
Midega et al., 2013). Moreover, Drosophila NimB1 and NimB2 proteins
have been shown to bind bacteria in vitro (Zsamboki et al., 2013). A
recent study has shown that NimB5 is produced by the fat body to
regulate plasmatocyte adhesion and proliferation rate. NimB5 is in-
duced upon starvation and adjusts plasmatocyte numbers to the meta-
bolic state of the host. Phagocytosis is however normal in NimB5 defi-
cient larvae (Ramond et al., submitted). Finally, evidence from the
literature points to a potential role of PGRP-SC1A as a secreted opsonin
for S. aureus bacteria and Toll pathway activation (Garver et al., 2006).
Use of null mutations in the PGRP-SC1 gene cluster did not reveal any
role in Toll activation (Paredes et al., 2011). As PGRP-SC degrades
peptidoglycan, it might nevertheless affect bacterial cell wall structure
and consequently phagocytosis.

3.6. Down syndrome cell adhesion molecule 1 (DSCAM1)

Dscaml1 is part of the Immunoglobulin (Ig) family, and possesses 95
variable exons, grouped into clusters. These clusters are in turn flanked
by constant exons, leading to about 36000 potential isoforms due to
alternative splicing (Armitage et al., 2012; Moller et al., 2013). Dscam1
has initially been implicated in the development of the nervous system
and neuron wiring, where isoform-isoform specific interactions shape
the dendritic pattern. (Wojtowicz et al., 2004; Zhan et al., 2004). In
2000, Schmucker and colleagues proved that infection leads to the
production of specific secreted isoforms, with different potential “re-
cognition abilities” that can be detected in the Drosophila hemolymph
(Schmucker et al., 2000). However, a recent study did not reveal any
change of Dscam1 splicing upon infection (Armitage et al., 2014). Use of
an RNAI targeting all Dscam isoforms in whole flies or plasmatocytes
showed that Dscam1 is involved in binding and uptake of E. coli by
hemocytes, and suggested that this protein might act as an opsonin
(Watson et al., 2005). Moreover, Dscam isoforms have been implicated
in the immune response of the mosquito Anopheles gambiae (Dong et al.,
2006). Although conceptually appealing, the implication of Dscam in
the fly immune response awaits further confirmation.

4. Uptake machinery and phagosome formation
Particle engulfment through phagocytosis implies an active and

dynamic remodelling of the plasma membrane, which is mainly guided
by the actin cytoskeleton (Fig. 2). Past studies on mammalian
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(1-2) Recognition of the target particle by surface receptors on Drosophila professional phagocytes leads to F-actin branching at the engulfment site, resulting in the
formation of the so-called phagocytic cup. Actin polymerization progresses around the particle, until the phagocytic protrusions fuse at the leading edges, generating
a newly formed phagosome. This initial plasma membrane-derived vacuole does not have the ability to digest the internalized material. (3) Newly formed pha-
gosomes, indeed, undergo a series of subsequent fission and fusion events (called phagosome maturation) with cellular organelles (early endosomes, late endosomes
and lysosomes) (3). Rab5 is a key regulator of the initial fusion events. Another GTPase, Rab7, is needed for the late phagosome-lysosome fusion. Phagosome
maturation culminates in the formation of a highly acidic phagolysosome (4). During this last step, the phagolysosome acquires important components for the final
particle destruction step, such as DNAses and proteases. Boxes for each step show the main factors that have been involved in Drosophila phagocytosis.

phagocytosis have shown that the engulfment of a receptor-bound
particle can happen via different movements of the plasma membrane:
i) “zippering”, typical for IgG-opsonized Fcy-mediated phagocytosis, ii)
“sinking” C3-mediated phagocytosis, or iii) “triggered” bacterial inter-
nalization by macropinocytosis (see (Flannagan et al., 2012) for a de-
tailed review). Particle internalization by Fcy receptor (FcyR) is the
most well characterized mechanism of engulfment yet. In 2003, Pearson
and colleagues proved morphological similarities between Drosophila
plasmatocyte- and mammalian macrophage-mediated phagocytosis
(Pearson et al., 2003). They observed that engulfment of S. aureus
bacteria was primarily mediated by zippering of the plasma membrane
around the microbe, suggesting that bacterial uptake occurs mainly via
receptor clustering and activation. However, macropinocytosis-like and
sinking (i.e. without pseudopod formation) uptake events of bacteria
were also observed. Those data indicate that similar mechanisms to the
mammalian C3-mediated phagocytosis exist in the fruit fly, and that
Drosophila plasmatocytes might be able to induce bacterial engulfment
without formation of a phagocytic cup. In the same study, by per-
forming a genetic screen for hemocyte phagocytosis mutants, the au-
thors identified various proteins required for efficient bacterial en-
gulfment, previously known to be involved in mammalian cytoskeletal
reorganization. They demonstrated that the nucleation-promoting fac-
tors D-SCAR and D-WASP are important in the engulfment of S. aureus.
Those proteins are the Drosophila homologues of WAVE and WASP,
which activate the Arp2/3 complex responsible for F-actin generation
at the engulfment site. Other regulators of the actin network dynamics

have been identified to mediate bacterial phagocytosis in Drosophila,
such as the Rho GTPases Cdc42, Racl, and Rac2 (which activate the
nucleation factors D-SCAR and D-WASP), the Arp2/3 complex and
Profilin (Agaisse et al., 2005; Avet-Rochex et al., 2005; Pearson et al.,
2003; Philips et al., 2005; Stroschein-Stevenson et al., 2006; Stuart
et al., 2005). Besides factors regulating membrane rearrangement, the
coat-protein complex I and II (COPI, COPII) (Ramet et al., 2002; Stuart
et al., 2007), as well as the exocyst complex (Stuart et al., 2007), have
been shown to act as potential regulators during Drosophila phagocy-
tosis.

Actin polymerization and plasma membrane remodelling around
the targeted particle are tightly regulated by specific signalling path-
ways, which are triggered after the engagement of the engulfing re-
ceptor. Draper signalling following bacteria or apoptotic cell binding is
one of the most well characterized intracellular cascades in Drosophila
(Cuttell et al., 2008; Etchegaray et al., 2012; Hashimoto et al., 2009;
Ziegenfuss et al., 2008). When glial cells phagocytose apoptotic cells,
Draper induces Src42-mediated phosphorylation of the ITAM motifs
located in the intracellular domain of the receptor. Next, Shark (the
Drosophila homologue of the Syk kinase) binds via its SH2 domain to
Draper's phosphorylated sites, thereby activating other downstream
signals needed for apoptotic cell engulfment (Ziegenfuss et al., 2008).
Draper-mediated phagocytosis of apoptotic cells is also coupled with
Ca®* release from the endoplasmic reticulum via the Ryanodine re-
ceptor Rya-r44F (Cuttell et al., 2008). This event leads to extracellular
Ca®>* influx, which is regulated by the Drosophila junctophilin
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Fig. 3. Physiological roles of phagocytosis in Drosophila.
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Professional (red cell) and non-professional (brown cell) phagocytes contribute to fly homeostasis and survival against infections. Bacterial clearance is mainly
performed by the macrophage-like plasmatocytes (red). However, Drosophila possesses several types of non-professional phagocytes (brown) that regulate diverse
aspects of fly development. During development, phagocytosis represents a key determinant for remodelling and shaping several organs. Starting at embryogenesis,
mainly glia plays a critical role in CNS maturation by removing apoptotic neurons and pruned neuronal branches. Finally, recent evidence supports the existence of
phagocytic cell death in the Drosophila ovary, where the epithelial follicle cells surrounding the egg chamber induce nurse cell death.

Undertaker, Ca?™ channels, and the Ca®™ sensor dSTIM (Cuttell et al.,
2008). Interestingly, a recent study showed that Draper transcriptional
levels in glia are induced by a signalling pathway downstream of Toll-6
upon binding with its ligand Spz5. As Spz5 is produced by dying neu-
rons, this suggest a mechanism by which apoptotic cells prime glial cells
to promote their efferocytosis (McLaughlin et al., 2019). Upon S. aureus
uptake, Draper signals via Racl or Rac2, which are required for bac-
terial engulfment. Nevertheless, this study did not uncover any down-
stream role of Shark during Draper-mediated Gram-positive bacterial
phagocytosis (Hashimoto et al., 2009).

5. Phagosome maturation and microbe destruction

Newly formed phagosomes undergo a maturation process in order
to acquire bactericidal activity. The phagosome matures through fusion
with endosomes and lysosomes. These organelles release their hydro-
lase content into the phagosome lumen (Fig. 2), a process involving
small GTPases of the Rab family (Kinchen and Ravichandran, 2010; Li
et al., 2009; Nieto et al., 2010). Interestingly, a comparative proteomics
analysis revealed that a high percentage of phagosome-associated
proteins, including Rabs, are conserved between mammals and Droso-
phila S2 cells, making these cells a suitable model for phagosome ma-
turation studies (Stuart et al., 2007). Rab5 is generally considered a
regulator of the initial fusion events, by tethering early endosomes to
the newly formed phagosome (Alvarez-Dominguez et al., 1996; Duclos
et al., 2000; Jahraus et al., 1998; Kinchen et al., 2008; Kitano et al.,
2008; Vieira et al., 2001). Both in vitro and in vivo works on Drosophila
confirmed the role of Rab5 in the initial steps of bacterial phagocytosis
and phagosome maturation (Agaisse et al., 2005; Cheng et al., 2005;
Horn et al., 2014; Peltan et al.,, 2012; Philips et al., 2005). As the
phagosome matures, Rab5 is replaced by Rab7 in a process called Rab
conversion. Different studies in worms, yeast and Drosophila have
shown that Rab conversion might be regulated by the Rab5 effector
complex Sand-1/Monl-Cczl (Kinchen and Ravichandran, 2010;
Poteryaev et al., 2010, 2007; Wang et al., 2002; Yousefian et al., 2013).
However, a study in Drosophila plasmatocytes revealed that Rab7 re-
cruitment to the phagosome might be regulated by Rab14. This GTPase
localizes to both early Rab5-and late Rab7-positive S. aureus

phagosomes, and mutant flies for rabl14 show impaired phagosome
maturation (Garg and Wu, 2014). Once recruited, Rab7 is responsible
for inducing phagolysosome formation. This final part of the process
involves a complex of proteins named HOPS (Homotypic Fusion and
Protein Sorting), which is composed of the six subunits: Vpsl1, Vps16,
Vps18, Vps33, Vps39 and Vps4l (Akbar et al., 2011; Kinchen et al.,
2008; Nickerson et al., 2009). Mutations affecting the full-of-bacteria
(fob) gene, encoding the Vps16 Drosophila homologue, cause defects in
phagosome-lysosome fusion and increase susceptibility to bacterial in-
fection (Akbar et al., 2011; Vieira et al., 2003). A characteristic protein
present on the phagolysosome membrane in mammals is Lysosomal-
associated membrane protein 1 (LAMP1), which is needed for lysosome
fusion with the phagosome (Garin et al., 2001; Huynh et al., 2007;
Peltan et al., 2012). A Drosophila homologue of Lampl exists but has
not been tested for its involvement in phagocytosis.

A key feature of phagosome maturation consists of its progressive
lumen acidification, which is allowed by the activity of proton pumping
vacuolar ATPase (V-ATPase). V-ATPases are found on the phagosome
from the initial stages of its formation and their activity allows reaching
a final pH of around 4.5-5. This final phagosome acidification is es-
sential for proper activation of lysosomal hydrolases and consequent
microbe destruction. In Drosophila, several V-ATPase subunits have
been involved in phagosome acidification, and therefore bacterial
clearance inside the phagocytes (Cheng et al., 2005; Philips et al.,
2005). Proteases, notably cathepsins, are other important factors ac-
quired through phagosome-lysosome fusion, and required for particle
degradation. Cathepsin activity has been detected in Drosophila S2 cell
phagosomes, suggesting that these cysteine proteases might be active in
lysosomal compartments and participate in the fly's microbe destruc-
tion (Kocks et al., 2003). In addition, DNase II, an enzyme involved in
DNA degradation, was shown to participate in bacterial clearance in
phagolysosomes of adult flies (Seong et al., 2006). By using fluorescent
probes, Myers et al. revealed a hemocyte reactive oxygen species re-
sponse following bacterial infection. In particular, the authors could
distinguish between an early ROS response, which was more pro-
nounced in non-phagocytic cells, and a late and protracted response
specific for hemocytes that have engulfed bacteria (Myers et al., 2018).

Finally, a putative glutamate transporter named Polyphemus
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(Polyph) is required in plasmatocytes to successfully control bacterial
growth during an infection. polyph mutants show altered intracellular
transport of glutamate in plasmatocytes, leading to higher internal ROS,
decreased phagocytosis ability, and resistance to pathogenic infection
(Gonzalez et al., 2013).

6. Physiological roles of phagocytosis in Drosophila

Phagocytosis by Drosophila professional and non-professional pha-
gocytes has critical impacts on the animal's survival, development, and
homeostasis (Fig. 3). In the following paragraphs, we will describe the
physiological relevance of phagocytosis during i) macrophage-mediated
bacterial destruction (Shandala et al., 2013), ii) elimination of apop-
totic neurons by glia (Etchegaray et al., 2016), iii) neuronal pruning by
epidermal cells (Han et al., 2014), and iv) germline cell clearance by
epithelial cells in the ovary (Meehan et al., 2016).

6.1. Phagocytosis of bacteria and fungi during the cellular immune response

Drosophila lives in a microbe-rich environment, and therefore needs
powerful defence mechanisms to fight invading pathogens.
Phagocytosis constitutes a major cellular branch of the innate immune
response, which is mediated by the plasmatocytes (Figs. 3 and 4).
Studies in mutant larvae and in phagocyte-depleted flies have demon-
strated the importance of Drosophila phagocytosis in the survival
against certain microbes including yeast, Gram-negative and -positive
bacteria (Braun et al., 1998; Charroux and Royet, 2009; Defaye et al.,
2009; Elrod-Erickson et al., 2000). In 2007, Brennan and colleagues
identified a mutation called psidin (phagocytes signalling impaired) that
affects a plasmatocyte lysosomal protein required to destroy inter-
nalized bacteria. Interestingly, this protein was also required for the fat
body-mediated expression of Defensin upon septic injury, demon-
strating that plasmatocytes contribute to Defensin expression in the fat
body during both Gram-positive and Gram-negative infections
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(Brennan et al., 2007). Other studies found that plasmatocytes are also
required for the activation of a systemic antimicrobial response in the
fat body upon oral but not systemic infection (Basset et al., 2000;
Charroux and Royet, 2009). It has also been proposed that plasmato-
cytes clear the hemolymph from the entry of intestinal microbiota or
pathogens. Indeed, plasmatocyte deficient flies have higher numbers of
bacteria in the hemolymph and are more susceptible to oral infection
with Serratia marcescens (Braun et al., 1998; Nehme et al., 2007).

Plasmatocytes might rely on different recognition and signalling
processes in order to efficiently clear the infection. It has been sug-
gested that two receptors, Draper and an integrin, mediate the phago-
cytosis of the Gram-positive bacterium S. aureus in a dual recognition
mechanism, by respectively recognising lipoteichoic acid and pepti-
doglycan (Shiratsuchi et al., 2012). Interestingly, a recent study pro-
posed a model of bacterial phagocytosis where the Eater and NimC1
proteins function as tethering and docking receptors, respectively
(Melcarne et al., 2018). The authors suggest that Eater works as the key
engulfing receptor, recognising specific motifs found on the microbial
surface. NimC1, on the contrary, functions in the subsequent in-
tracellular signalling cascade, likely as a subunit of a bigger macro-
molecular complex.

Past studies in S2 cells allowed to identify important genes involved
in the Drosophila cellular immune response against fungal pathogens
(Levitin et al., 2007; Stroschein-Stevenson et al., 2006). An RNAi ap-
proach in S2 cells has identified specific genes required for successful
recognition and uptake of C. albicans (Stroschein-Stevenson et al.,
2006). Microarray studies allowed to identified a translational reg-
ulator, d4E-BP, as a key player in host defence against C. albicans
(Levitin et al., 2007). d4E-BP is encoded by the Thor gene, which was
found to be one of the most up-regulated genes in S2 cells co-incubated
with C. albicans (Levitin et al., 2007). Drosophila d4E-BP™ flies showed
increase sensitivity for C. albicans, but not Saccharomyces cerevisiae in-
fection (Levitin et al., 2007). Moreover, the importance of phagocytosis
in fly defence against fungal pathogens, has been observed upon

Fig. 4. Plasmatocyte-mediated bacterial phago-
cytosis.

(A) Plasmatocytes are Drosophila professional pha-
gocytes, sharing functional features with mammalian
macrophages. This scanning electron micrograph
shows a plasmatocyte (red) from a third instar w'!*8
Drosophila larva engulfing S. aureus bacteria (purple).
(B-C) Transmission electron micrographs of w'!’®
third instar larvae engulfing S. aureus (B) and E. coli
(C) bacteria. The electron micrographs were taken in
collaboration with the BioEM facility at the Ecole
Polytechnique Fédérale de Lausanne.
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Zygomycetes infection (Halder et al., 2008).

Finally, it is noteworthy to mention that even though plasmatocytes
have been described as the first line of defence in bacterial clearance,
several pathogens have evolved strategies to escape destruction by
phagocytosis. In this scenario, the phagocyte rather becomes a host cell
for bacteria to proliferate in and establish the infection. Drosophila
plasmatocytes can harbour several intracellular bacteria, in particular
M. marinum and L. monocytogenes (Dionne et al., 2003; Mansfield et al.,
2003). Interestingly, phagocyte-mediated sequestration of Salmonella
typhimurium bacteria (also called “phagocytic encaspulation”) was
shown to act as a powerful resilience mechanism (Shinzawa et al.,
2009). Phagocytic encapsulation of intracellular pathogens, which is
dependent on the Drosophila p38 MAP kinase (Dmp38b), limits the
exposure of host tissues to bacteria, and thus severe pathogenic da-
mage. As a consequence, Dmp38b-mediated tolerance extends host
survival without targeting the bacterium (Shinzawa et al., 2009).

6.2. Efferocytosis during Drosophila development

Clearance of apoptotic cells by phagocytosis is an important com-
ponent of Drosophila development that ensures the remodelling and
shaping of different organs, such as the CNS or imaginal discs.
Moreover, phagocytosis of apoptotic cells by embryonic plasmatocytes
is required for their maturation with regards to the tissue damage re-
sponse and bacterial infection (Weavers et al., 2016).

Defects in the clearance of apoptotic cells have pathological con-
sequences. For example, draper mutant flies accumulate undegraded
apoptotic neurons inside glial cells throughout the lifespan, which leads
to age-dependent neurodegeneration (Etchegaray et al., 2016). In the
following paragraph, we describe the well-characterized maturation of
the CNS via glial phagocytosis.

6.2.1. Glial phagocytosis during Drosophila nervous system maturation
The development of complex nervous systems is characterized by
the generation of surplus neurons which are eliminated through
apoptosis and subsequent phagocytic clearance. In parallel to the ad-
justment of neuronal cell number, shaping of the CNS in both verte-
brates (O'Leary and Koester, 1993) and invertebrates (Tissot and
Stocker, 2000) involves the removal of excessive neuronal branches, a
process called pruning. In the Drosophila CNS, neuronal cell number is
adjusted throughout the fly development at three main stages: embry-
ogenesis, metamorphosis and emerging adult (Abrams et al., 1993;
Rogulja-Ortmann et al., 2007; Tissot and Stocker, 2000; Togane et al.,
2012). Glia of ectodermal origin are considered the main phagocytes
responsible for shaping the CNS (Kurant et al., 2008), similar to their
vertebrate counterparts, microglia and astrocytes (Fig. 5). During the
late stages of Drosophila embryogenesis, around 30% of neurons un-
dergo apoptosis (Abrams et al., 1993; Rogulja-Ortmann et al., 2007)
and are efficiently removed by glial cells (Kurant et al., 2008). The
phagocytic ability of embryonic glia to engulf and degrade apoptotic

apoptotic
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neurons is determined by the phagocytic receptors SIMU and Draper,
whose genes are regulated by two transcription factors Gem and Repo
(Shklyar et al., 2014). Different studies performed in simu and draper
mutant embryos have demonstrated that SIMU is required for re-
cognition and engulfment of apoptotic neurons by glia, whereas Draper
is mostly needed for their degradation (Freeman et al., 2003; Kurant
et al., 2008; Shklyar et al., 2014). It has been shown that the Drosophila
JNK pathway in glial cells can enhance clearance of apoptotic neurons,
by promoting their degradation without interfering with the expression
of SIMU and Draper (Shklover et al., 2015b). During metamorphosis,
CNS development is characterized by two different types of neuronal
efferocytosis: phagocytosis of apoptotic neurons and neuronal pruning.
Removal of apoptotic neurons in pupae takes place during the first
quarter of metamorphosis, and it is also mediated by glial cells (Hilu-
Dadia et al., 2018; Tasdemir-Yilmaz and Freeman, 2014). Professional
phagocytes seem not to be involved in efferocytosis in the CNS at this
developmental stage (Cantera and Technau, 1996; Hilu-Dadia et al.,
2018; Tasdemir-Yilmaz and Freeman, 2014). Interestingly, recent work
has shown that Draper is required for both engulfment and degradation
of dying neurons by glia (Hilu-Dadia et al., 2018; Tasdemir-Yilmaz and
Freeman, 2014). On the contrary, SIMU, although highly expressed at
this developmental stage, is not present in glia but rather on macro-
phages outside the CNS. The authors suggest that Draper might activate
two distinct signalling pathways to trigger removal of apoptotic neu-
rons. One is the JNK pathway in astrocytes and in ensheathing glia,
while the other is still unknown (Hilu-Dadia et al., 2018). Pruning of
larval axons during metamorphosis is mediated by the glial receptor
Draper and Ced-6, and is not caspase dependent (Awasaki et al., 2006).
Interestingly, the more recent studies demonstrate that astrocytes use
distinct molecular programs to engulf neuronal debris originated from
neuronal death or local pruning (Hilu-Dadia et al., 2018; Tasdemir-
Yilmaz and Freeman, 2014). The last phase of neuronal elimination
takes place in emerging flies (Peterson et al., 2002). However, the cells
responsible for neuron removal are still unknown. A mechanism pro-
posed by Kato and collaborators suggested that dying neurons are able
to induce proliferation of the surrounding glia, which eventually par-
ticipate in their engulfment (Kato et al., 2009). Flies deficient for the
two main receptors for apoptotic cells, draper and simu, are however
viable but their lifespan is reduced and their CNS shows accumulation
of apoptotic bodies.

6.2.2. Peripheral dendrite clearance by epidermal cells

In Drosophila, peripheral neurons undergo dendrite and axon
pruning as part of developmental apoptosis during metamorphosis. In
this context, the degenerating dendrites are efficiently removed by
epidermal cells, rather than by professional phagocytes or glia, even
though plasmatocytes are found in contact with those neurons (Han
et al., 2014). Recognition of the degenerating dendrites by epidermal
cells is mediated by the engulfing receptor Draper. Interestingly, loss of
function of crq in epidermal cells does not affect dendrite uptake, but

Fig. 5. Phagocytic cell populations in the late
Drosophila embryo.

(A) Schematic ventral view of stage 16 embryo,
showing that at this developmental stage apoptosis is
largely restricted to the CNS (thin dashed oval).
Large dashed oval depicts ectodermal cells, red dots
represent AnnexinV-labelled apoptotic cells (inside
or outside green-labelled phagocytes), glial cells are
depicted as green network inside CNS, macrophages
are shown as big green cells outside CNS, showing
that they do not enter the CNS at this stage. (B)
Confocal snapshot of stage 16 live embryo at the area
depicted as black frame in A. Ectoderm (e), glia (g)
and macrophages (m) are labelled with a simu-

cytGFP transgenic construct. Apoptotic cells are labelled by injected fluorescent AnnexinV (red). Most of AnnexinV-positive cells are found inside phagocytic glia and

macrophages (arrows). Circles highlight unengulfed AnnexinV-labelled cells.
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Table 1

Phagocytic receptors and opsonins in Drosophila.

Name

Phagocytic function

References

Drosophila Scavenger
receptor C1

Gram-positive
Gram-negative

Pearson et al. (1995)
Rameét et al. (2001)

Croquemort Apoptotic cells Franc et al. (1996)
Gram-positive (S. Stuart et al. (2005)
aureus)

Peste Mycobacterium Philips et al. (2005)
fortuitum
Listeria monocytogenes Agaisse et al. (2005)

PGRP-LC Gram-negative Rameét et al. (2002)

Draper Apoptotic cells Freeman et al. (2003)
Gram-positive Cuttel et al., (2008),

Hashimoto et al., (2009),
Gram-negative Shiratsuchi et al. (2012)

Eater Gram-positive Kocks et al., (2005),
Gram-negative Bretscher et al. (2015)

NimC1 Latex beads Kurucz et al. (2007)
Zymosan particles Melcarne et al. (2018)

Hao et al. (2018)

Integrin Gram-positive Shiratsuchi et al. (2012)
Apoptotic cells Nagaosa et al. (2011)

NimC4/SIMU Apoptotic cells Kurant et al. (2008)

DSCAM1 Gram-negative (E. coli) Watson et al. (2005)

TEP2 Gram-negative (E. coli)  Stroschein-Stevenson et al.

(2006)

TEP3 Gram-positive (S. Stroschein-Stevenson et al.
aureus) (2006)

TEP6 Yeast (C. albicans) Stroschein-Stevenson et al.

(2006)

TEP1-4 Gram-positive Dostalova et al. (2017)

Nimrod B Potential opsonins

PGRP-SC1 Gram-positive (S. Garver et al. (2006)

aureus)

rather phagosome maturation. The authors also identified an additional
CD36 family protein, Debris Buster, required for late stages of phago-
some maturation (Han et al., 2014).

6.2.3. Phagocytosis mediated-cell death in Drosophila, an insight from the
fly ovary

Since its discovery, phagocytosis has always been thought to be a
beneficial mechanism to remove unwanted cells or infecting microbes.
However, recent advances in the phagocytosis field have shed light on
specific mechanisms whereby living cells can be taken up by phago-
cytes. One of those processes has been named “phagoptosis”, or “pri-
mary phagocytosis” (Brown and Neher, 2012). Phagoptosis has been
defined as phagocyte mediated cell death, where phagocytes induce
death of living cells by mediating their engulfment. It has been sug-
gested that phagoptosis is used among several multicellular organisms
to mediate both homeostatic functions and cellular stress responses
(Brown and Neher, 2012). However, if not tightly regulated, pha-
goptosis can lead to pathological states. A well characterized me-
chanism of mammalian phagoptosis is given by microglial engulfment
of viable neurons, leading to their “killing” and consequent neurode-
generative conditions. In Drosophila, phagocytic receptor expression in
glia must be tightly regulated, as expression of SIMU in adult glia
(where it is not normally expressed) or overexpression of Draper trig-
gers neuronal degeneration by phagoptosis of living cells (E. Kurant,
personal communication). This study reveals that dysregulation of
phagocytic receptors in glia can promote neurodegeneration by indu-
cing neuronal loss.

Recent studies on the Drosophila ovary have given a first hint of the
presence of phagoptosis in that organ (Etchegaray et al., 2012;
Timmons et al., 2016). The Drosophila ovary represents a well-estab-
lished system for studying efferocytosis mediated by non-professional
neighbouring cells, since no circulating macrophages are present in that
organ. The egg chamber is the single unit of the ovary, and it consists of
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three main cell types: nurse cells, oocyte and follicle cells. While nurse
cells and oocyte are germline-derived, follicle cells are somatic epi-
thelial cells that form a protective barrier around the egg chamber. Late
oogenesis in Drosophila is characterized by a developmental form of
non-apoptotic death of the nurse cells. In this physiological context,
Timmons and colleagues showed that the phagocytic machinery of the
follicle cells is required to induce the death of the nurse cells, as well as
their subsequent removal (Timmons et al., 2016). As a further proof of
this mechanism, inhibition of the phagocytosis genes in follicle cells
impaired germline death and clearance. These findings indicate that
phagoptosis might occur in Drosophila as a physiological mechanism of
developmental cell death.

7. Conclusions

Phagocytosis represents a complex and vital mechanism in the life
of multicellular organisms. 100 years after its discovery, we have
gained an enormous knowledge of its underlying molecular mechan-
isms, and its diverse implications in development and tissue home-
ostasis. The use of modern molecular biology tools and simple but
powerful tractable model organisms such as Drosophila has contributed
significantly to our recent advances in the phagocytosis field. Since
2001, many phagocytic transmembrane receptors, potential opsonins,
and in some cases their ligands, have been discovered (Table 1). Among
them, the Nimrod family, which contains key phagocytic receptors and
potential opsonins, deserves special interest as accumulating genetic
and biochemical evidence points to their critical role in phagocytosis of
both bacteria and apoptotic cells. Future research should narrow down
at which step these receptors are working, how they collaborate be-
tween each other, and the downstream components mediating the en-
gulfment process. Past RNAi screens and proteomic studies have
strengthened our knowledge on the molecular mechanisms underlying
both particle uptake and phagosome maturation. Nevertheless, the
Drosophila signalling processes that connect particle recognition with
downstream engulfment events are globally poorly understood. For
instance, the mechanisms that contribute to microbe or apoptotic cell
digestion are barely defined. How phagocytosis is coupled to plasma-
tocyte or glia metabolism is an interesting future line of research. Are
ingested microbes fuelling the metabolism of plasmatocytes or rather
evacuated as waste? Understanding how phagocytic ability develops
during differentiation should provide insight into what makes a cell
competent for phagocytosis. For instance, is the expression of phago-
cytic receptors sufficient to turn a cell into a professional phagocyte?
How should the level of phagocytic receptors be adjusted to prevent
phagoptosis while efficiently removing apoptotic cells? Integrating
phagocytosis with physiology, in both normal and pathological con-
texts, is likely to be important. Hemocytes have recently been im-
plicated in Drosophila models of cancer, neurodegeneration and aging,
and it would be insightful to understand how phagocytosis per se con-
tributes to these conditions.
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