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Abstract

Apoptosis is a cellular suicide process that quietly and efficiently eliminates unwanted or damaged
cells. In metazoans, cells that undergo apoptosis are swiftly internalized by phagocytes and
subsequently degraded inside phagosomes through phagosome maturation, a process that involves
the fusion between phagosomes and multiple kinds of intracellular organelles and the gradual
acidification of phagosomal lumen. In recent years, rapid progress has been made, in particular,
through studies conducted in the model organism, the nematode Caenorhabditis elegans, in
understanding the membrane trafficking events and molecular mechanisms that govern the
degradation of apoptotic cells through phagosome maturation. These studies revealed the novel
and essential functions of a large number of proteins, including the large GTPase dynamin,
multiple Rab small GTPases and their regulatory proteins, the lipid second messenger PtdIns(3)P
and its effectors, and unexpectedly, the phagosomal receptors for apoptotic cells, in promoting
phagosome maturation. Further, novel signaling pathways essential for phagosome maturation
have been delineated. Here, we discuss these exciting new findings, which have significantly
deepened and broadened our understanding of the mechanisms that regulate the interaction
between intracellular organelles and phagosomes.
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1. Introduction

1.1. Importance of the removal of apoptotic cells for animal development and health

During animal development and adulthood, a large number of unwanted cells are eliminated
via apoptotic cell death. Apoptotic cells display a number of morphological features,
including cellular shrinkage, chromatin condensation, nuclear fragmentation, and plasma
membrane blebbing yet maintain the integrity of the plasma membrane (Wyllie et al., 1980).
Cells undergoing apoptosis are removed by phagocytosis, during which a phagocyte
recognizes an apoptotic cell via a specific cell-surface receptor(s) and extends pseudopods
along the surface of the dying cell; the extending pseudopods eventually fuse, leading to the
scission of an apoptotic cell-containing membrane vacuole, known as a phagosome, from
the plasma membrane (Fig. 8.1). The lumen of a nascent phagosome resembles the
extracellular environment and lacks degradation capacity. Shortly after its formation, a
nascent phagosome undergoes “phagosome maturation,” a process that results in the
degradation of phagosomal contents. This process heavily relies on fusion events between
phagosomes and organelles in the endocytic pathway, which lead to the phagosomal
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acquisition of digestive enzymes as well as the gradual acidification of phagosomal lumen
(Fig. 8.1) (Kinchen and Ravichandran, 2008; Vieira et al., 2002; Zhou and Yu, 2008).

Phagocytic removal of apoptotic cells eliminates excessive, damaged, or harmful cells from
animal bodies and is important for organ sculpting, tissue homeostasis, immune tolerance,
and tumorigenesis surveillance (Henson and Hume, 2006; Vaux and Korsmeyer, 1999). The
efficient removal also prevents apoptotic cells from undergoing secondary necrosis and the
releasing of potentially immunogenic contents (Savill and Fadok, 2000). Moreover, in
mammals, the engulfment of apoptotic cells by macrophages induces the production of anti-
inflammatory cytokines to suppress inflammatory responses (Erwig and Henson, 2007;
Savill and Fadok, 2000). Defects in either engulfment or degradation of apoptotic cells
contribute to autoimmune diseases, suggesting that eating and digesting apoptotic cells are
both essential for proper immune responses (Elliott and Ravichandran, 2010; Nagata et al.,
2010). The importance of the apoptotic cell degradation is best illustrated by DNase 11
knockout mice, which lack a lysosomal enzyme that degrades the nuclear DNA of apoptotic
cells as well as nuclei expelled from erythroid precursor cells. The knockout mice suffer
improper activation of innate immunity and die at birth due to severe anemia (Kawane et al.,
2001; Yoshida et al., 2005a,b). The conditional knockout of DNase 11 in mice spleen and
bone marrow after birth led to the production of TNF-a and various other cytokines, which
resulted in the development of chronic polyarthritis (Kawane et al., 2006). Given that a large
number of cells are eliminated via apoptosis every day in a human body as a result of
physiological tissue turnover, understanding how apoptotic cells are degraded is of
fundamental significance to human health.

1.2. Membrane trafficking events as critical driving forces for phagosome maturation

The studies of phagosome maturation conducted in cultured mammalian phagocytes that
internalize latex beads or microbes have revealed a basic maturation route likely adopted by
all phagosomes, regardless of luminal contents, to progress into lytic and bactericidal
membrane compartments. After scission from the host cell membrane, a nascent phagosome
sequentially fuses with early (sorting) endosomes, late endosomes, and eventually
lysosomes (Fig. 8.2) (Desjardins et al., 1994; Vieira et al., 2002). This process enables
nascent phagosomes to gradually acquire the properties of the donor organelles, including
the distinct membrane markers and the progressively acidic pH value (Fig. 8.2). As a
consequence, a phagosome ultimately evolves into a hybrid intracellular compartment called
phagolysosome. Similar to lysosomes, phagolysosomes contain various digestive enzymes,
including proteases, nucleases, lipases, and glycosidases, which display optimal activities in
the highly acidic lumens of phagolysosome (pH<5.0) and efficiently degrade luminal
contents (Vieira et al., 2002). Phagosomes also actively recruit NADPH-oxidase complexes,
which mediate the killing of pathogens inside phagosomes (Underhill and Ozinsky, 2002).

During phagosome maturation, phagosomes actively remodel lipid composition and
membrane-associated proteins on their membranes. Several proteomic studies of isolated
phagosomes revealed the identities of hundreds of proteins that are associated with
phagosomes (Boulais et al., 2010; Garin et al., 2001; Shui et al., 2008; Stuart and Ezekowitz,
2008; Stuart et al., 2007). The continuous alteration of phagosomal-associating molecules is
believed to enable phagosomes to preferentially interact with distinct endocytic organelles
and in this manner drives the stepwise progression of phagosome maturation (Fig. 8.2). The
Rab small GTPases and the lipid second messenger phosphatidylinositol 3-phosphate
(PtdIns(3)P) play important roles in the maturation of phagosomes containing latex beads
and microbes (Fig. 8.2). Rab5, localized on early endosomes and early phagosomes, is
critical for endosome—phagosome tethering and fusion (Alvarez-Dominguez et al., 1996;
Duclos et al., 2000; Jahraus et al., 1998). Rab7, which is recruited to phagosomes at a later
stage than Rab5, is required for tethering and fusion between lysosomes and phagosomes
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(Harrison et al., 2003; Vieira et al., 2003). PtdIns(3)P, which is produced by class 111 P1 3-
kinase Vps34 on nascent phagosomes (Ellson et al., 2001a; Vieira et al., 2001), recruits
effector proteins that contain PtdIns(3)P-binding modules such as FYVE (Fablp, YOTB,
Vaclp, and EEA1) or PX (Phox) domain (Birkeland and Stenmark, 2004). Two FYVE
domain-containing proteins, EEA-1 and Hrs, were reported to participate in the maturation
of phagosomes-containing pathogens (Fratti et al., 2001; Vieira et al., 2004). p40Phox a PX
domain-containing protein and another PtdIns (3)P-effector, is part of the phagocyte oxidase
(Phox) complex that generates reactive oxygen species, which facilitates pathogen killings
(Ellson et al., 2001b; Kanai et al., 2001).

The acidification of phagosomes is established by the activity of vacuolar-type proton
transporting ATPase (V-ATPase), a multi-subunit transmembrane enzyme that uses the
energy from ATP hydrolysis to pump protons from the cytosol of the host cell to
phagosomal lumen (Fig. 8.2) (Beyenbach and Wieczorek, 2006). Both endosomes and
lysosomes have been reported to be the source for phagosomal V-ATPase (Beyenbach and
Wieczorek, 2006; Clarke et al., 2002; Sun-Wada et al., 2009).

1.3. Special features of the maturation of phagosomes containing apoptotic cells

Until recently, not much study has been devoted to understanding how apoptotic cells are
degraded inside phagosomes. Unlike macrophages that ingest bacteria, which elicit a
proinflammatory response, macrophages that engulf apoptotic cells secrete anti-
inflammatory cytokines and actively suppress the secretion of the proinflammatory
cytokines (Fadok et al., 1998; Freire-de-Lima et al., 2006; Serhan and Savill, 2005; Voll et
al., 1997). Further, recent studies revealed that phagosomes containing apoptotic cells or
opsonized living cells matured at different rates (Erwig et al., 2006). Study of apoptotic cell
degradation will help uncover the unique features of the maturation of phagosomes
containing apoptotic cells and reveal how phagocytes processing different phagosomal
cargos elicit different immunological responses.

Recently, genetic and cell biological studies in model animals, including the nematode, the
fruit fly, and the mice, as well as the biochemical studies in cultured mammalian cells, have
shed a great amount of light on how phagocytes engulf and degrade apoptotic cells, through
identifying new components of the clearance machinery, building up signaling transduction
pathways, and revealing the consequential immunological responses. These studies
deepened our understanding of phagosome maturation in general as well as unique
mechanisms utilized for degrading apoptotic cells inside phagosomes.

Here, we review the molecular mechanisms that regulate phagosome maturation and the
consequential degradation of apoptotic cells inside phagocytes by highlighting the critical
functions of Rab GTPases, PtdIns (3)P, the large GTPase dynamin, and phagocytic receptors
in promoting the interaction between intracellular organelles and phagosomes. We will
further explain the organization of the phagosome maturation pathways, which are
established by integrating the knowledge of the function and regulation of each phagosome
maturation factor.

2. Novel Players and Mechanisms That Drive Phagosome Maturation

2.1. Caenorhabditis elegans as a model organism for studying the engulfment and
degradation of apoptotic cells

2.1.1. Two partially redundant pathways that control the engulfment of
apoptotic cells—The nematode C. elegans, a small, free-living, round worm, is an
excellent model organism for studying apoptosis-related events due to its simple anatomy,
known cell lineage, well-established genetics, and easily distinguishable apoptotic cell
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morphology (Metzstein et al., 1998; Reddien and Horvitz, 2004). Apoptotic cells, often
referred to as “cell corpses,” are recognized within living animals under the Nomarski
Differential Interference Contrast microscope (Sulston and Horvitz, 1977; Sulston et al.,
1983). In C. elegans, cell corpses are rapidly engulfed and degraded by multiple types of
neighboring cells (Sulston and Horvitz, 1977; Sulston et al., 1983; Zhou et al., 2001).

Seven C. elegans genes, ced-1 (cell death abnormal), ced-2, ced-5, ced-6, ced-7, ced-10, and
ced-12, were identified from genetic screens for viable mutants that contain persistent cell
corpses (Reddien and Horvitz, 2004). These genes act in two partially redundant pathways
to control the engulfment of apoptotic cells (Ellis et al., 1991; Mangahas and Zhou, 2005),
which are briefly reviewed here because both pathways were recently found to have
additional functions in the subsequent degradation of apoptotic cells (Yu et al., 2008). In one
pathway, CED-2, CED-5, and CED-12 act together to regulate CED-10, a Rac GTPase,
which promotes cytoskeletal reorganization during engulfment (Reddien and Horvitz, 2004).
In recent years, additional players involved in this pathway have also been reported. An
UNC-73 (Trio homolog)-MIG-2 (RhoG homolog) signaling module was reported to
activate CED-10 through CED-12 (deBakker et al., 2004), although conflicting observations
were also reported (Lundquist et al., 2001). In addition, the Wnt pathway and an integrin-
controlled pathway were found to control engulfment through this pathway (Cabello et al.,
2010; Hsu and Wu, 2010).

The other pathway is composed of CED-1, CED-6, and CED-7. CED-1 is an engulfing cell-
specific, type | transmembrane protein that acts as a phagocytic receptor (Zhou et al., 2001).
CED-1 recognizes cell corpses, clusters to the region of the plasma membrane facing the cell
corpse, and initiates pseudopod extension in response to extracellular “eat me” signals, one
of which is phosphatidylserine (Venegas and Zhou, 2007; Zhou et al., 2001). CED-7, a
homolog of mammalian ABC1 transporters, is implicated in presenting the “eat me” signals
(Venegas and Zhou, 2007; Wu and Horvitz, 1998; Zhou et al., 2001). CED-6 acts
downstream of CED-1, possibly as an adaptor for CED-1, to activate the fusion of
intracellular organelles to phagocytic cups and the expansion of pseudopods during
engulfment (Liu and Hengartner, 1998; Su et al., 2002; Yu et al., 2006; Zhou et al., 2001).
An additional activity of CED-1 and CED-6 in actin reorganization mediated by CED-10
has also been proposed (Kinchen et al., 2005).

A new ced gene, dyn-1, which encodes the C. elegans large GTPase dynamin (DYN-1), was
identified from a genetic screen for a new class of mutants that were embryonic lethal and
contained persistent cell corpses (Yu et al., 2006). Dynamins are evolutionarily conserved
factors mediating multiple aspects of intracellular vesicle trafficking (Praefcke and
McMahon, 2004). C. elegans DYN-1 acts downstream of CED-6 to control both the
engulfment and degradation of apoptotic cells (Yu et al., 2006, 2008). In Section 2.5, we
discuss the molecular mechanisms that support these important roles of DYN-1.

2.1.2. Time-lapse imaging technique for monitoring the dynamics of multiple
cellular events during the removal of apoptotic cells—The study of apoptotic cell
removal traditionally focused on the engulfment process. Recently developed techniques
have helped reveal new functions in phagosome maturation for multiple factors, including
several factors previously thought to function only in engulfment (see sections below). A
time-lapse fluorescent microscopic imaging protocol has recently been developed that
allows the observation of the engulfment and phagosome maturation processes, as well as
the dynamic changes of the subcellular localization of GFP- or mRFP-tagged proteins, in
living C. elegans embryos (He et al., 2010; Lu et al., 2009, 2011; Mangahas et al., 2008; Yu
et al., 2006, 2008). The embryonic development of C. elegans follows the same cell division
lineage, making it possible to comparatively analyze the same apoptotic cells in wild-type
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and mutant backgrounds (Sulston et al., 1983). Thus, any defects observed in a mutant can
be unambiguously attributed to the genetic difference instead of individual variability of
different apoptotic cells or engulfing cells. In wild-type embryos, the engulfment process
lasts only 4-6min, whereas it takes 40-60min for a nascent phagosome to be degraded (He
etal., 2010; Yu et al., 2006, 2008). In developing embryos, what was learned through
observing the dynamics of multiple events occurring during phagocytosis and phagosome
maturation indicate that a largely similar series of cellular events occur during the
maturation of phagosomes containing apoptotic cells in C. elegans and phagosomes
containing opsonized cells in mammalian systems (Kinchen and Ravichandran, 2008; Vieira
et al., 2002; Zhou and Yu, 2008), although significant differences in the dynamics of certain
phagosome maturation events have also been observed (Yu et al., 2006, 2008).

2.1.3. Genetic approaches that identified a large number of novel phagosome
maturation factors—In the past 5 years, genetic screens conducted in C. elegans for
mutants defective in the removal of apoptotic cells have led to the identification of a number
of factors essential for promoting phagosome maturation (Table 8.1). These screens include
several classical random mutagenesis screens (Guo et al., 2010; Li et al., 2009; Lu et al.,
2008; Mangahas et al., 2008; Nieto et al., 2010; Yu et al., 2006), one genome-wide RNA
interference (RNAI) screen (Almendinger et al., 2011; Kinchen and Ravichandran, 2010;
Kinchen et al., 2008), and a couple of smaller-scale, candidate gene screens (Lu et al., 2011;
Xiao et al., 2009). Further, reverse genetic approaches, which focused on examining the null
mutant phenotypes of the C. elegans homologs of known mammalian phagosome maturation
factors, further determined the functions of a few factors in whole-animal and
developmental contexts (Kinchen et al., 2008; Yu et al., 2008). Genetic analyses, together
with cell biological characterizations, further ordered the phagosome maturation factors in
pathways. The genetic studies carried out in Drosophila, zebra fish, and mammals also
expanded the troops of phagosome maturation factors that regulate apoptotic cell
degradation. Below is a detailed discussion that integrates the knowledge learned from these
model organisms.

2.2. Rab GTPases: Running in order

Rab proteins are a large group of conserved small GTPases that act as tethering factors to
promote the homotypic and/or heterotypic fusion between intracellular organelles or
between an intracellular organelle and the plasma membrane (Stenmark, 2009). Rab
GTPases switch between an “inactive” GDP-bound state and an “active” GTP-bound state
(Stenmark, 2009). The conversion from the GDP-bound to the GTP-bound state is catalyzed
by guanine nucleotide exchange factors (GEFs), whereas the GTPase-activating proteins
(GAPs) stimulate the intrinsic GTPase activity of Rabs, converting the active form of a Rab
to its inactive form (Stenmark, 2009). Rab GTPases regulate a wide range of membrane
trafficking events by ensuring the delivery of cargos to the appropriate subcellular
destinations and by coordinating intracellular signaling events with membrane trafficking
(Stenmark, 2009). The diverse functions of Rab GTPases are mediated by Rab effector
proteins, a large group of heterogeneous proteins recruited to the target membrane by
interacting with GTP-bound Rabs (Grosshans et al., 2006).

Proteomic approaches have identified more than a dozen of Rab GTPases that are associated
with purified phagosomes containing latex beads or bacteria (Garin et al., 2001; Smith et al.,
2007; Stuart et al., 2007), suggesting that other Rabs in addition to Rab5 and Rab7 might
also be involved in phagosome maturation. Recent studies of the apoptotic cell removal in
C. elegans not only revealed the conserved essential functions of RAB-5 and RAB-7 in the
degradation of apoptotic cells (Kinchen et al., 2008; Yu et al., 2008) but also uncovered
novel functions of RAB-2 and RAB-14 in promoting phagosome maturation (Fig. 8.3, Table
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8.1) (Guo et al., 2010; Lu et al., 2008; Mangahas et al., 2008). Further, these studies
identified multiple regulators of RAB GTPases that control the localization and activation of
RABs on phagosome membrane (Kinchen and Ravichandran, 2010; Li et al., 2009; Nieto et
al., 2010). Together, these studies have revealed that different RABs associate with
phagosomes at different stages of maturation and act to facilitate the docking and fusion of
intracellular organelles of different identities to phagosomes.

2.2.1. Functions of RAB GTPases in the maturation of apoptotic cell-
containing phagosomes

RAB-5: Mammalian Rab5 plays an essential role in the endocytic pathway, facilitating the
tethering and fusion of endocytic vesicles with early (sorting) endosomes as well as the
homotypic fusion between early endosomes (Bucci et al., 1992; Gorvel et al., 1991). Rab5
also promotes the fusion of endo-somes to phagosomes containing latex beads or microbes,
both /n vitroand in vivo (Alvarez-Dominguez et al., 1996; Duclos et al., 2000; Jahraus et al.,
1998). Recent studies have found that the incorporation of early endosomes into
phagosomes is critical for the degradation of apoptotic cells (Yu et al., 2006), and that
RAB-5 is important for promoting the maturation of phagosomes containing apoptotic cells
(Kinchen et al., 2008; Kitano et al., 2008). It is thus plausible that RAB-5 specifically tethers
early endosomes to phagosomes that contain apoptotic cells through its conserved tethering
activity, regardless of the identity of the phagocytic cargos. Analogous with its function on
early endosomes (Christoforidis et al., 1999; Murray et al., 2002; Shin et al., 2005), RAB-5
might also participate in the recruitment and activation of class 111 PI3K VVPS-34, one of the
RAB-5’s effector proteins, that produces PtdIns(3)P on phagosomes (Fig. 8.4B).

RAB-7: Inactivating C. elegans rab-7by gene deletion or RNAI results in the arrest of
phagosome maturation (Kinchen et al., 2008; Yu et al., 2008). Like its mammalian homolog,
C. elegans RAB-T7 plays essential roles in the recruitment and fusion of lysosomes into
phagosomes (Harrison et al., 2003; Yu et al., 2008). During phagosome maturation,
lysosomes meet phagosomes in two alternative routes: random collision or phagosomal
tubule-aided attachment (Yu et al., 2008). Phagosomes frequently extend membrane tubules
that capture and recruit lysosomes from cytosol to phagosomal surfaces (Harrison et al.,
2003; Yu et al., 2008). In both C. elegans and mammalian cells, inactivating RAB-7
diminishes phagosomal tubules, resulting in an inefficient recruitment of lysosomes
(Harrison et al., 2003; Yu et al., 2008). Further, in C. elegans, inactivating RAB-7 impairs
the fusion between phagosomes and lysosomal particles that associate with phagosomal
membranes, regardless whether the particle is brought to phagosomal surfaces by membrane
tubules or not (Yu et al., 2008). The fusogenic activity of RAB-7 is reminiscent of its yeast
ortholog Ypt7, which is required for homotypic vacuole fusion (Cai et al., 2007). Together,
the severe defects in the recruitment and fusion of lysosomes to phagosomes resulted from
rab-7 deletion block the formation of phagolysosome and the consequential apoptotic cell
degradation (Fig. 8.4C; Table 8.1) (Yu et al., 2008).

RAB-2: RAB-2 (another name: UNC-108) was the first novel RAB GTPase for phagosome
maturation identified by forward genetic screens in C. elegans (Lu et al., 2008; Mangahas et
al., 2008). Like RAB-7, RAB-2 plays an important role in the recruitment and fusion of
lysosomes to phagosomes; however, unlike RAB-7, RAB-2 is also required for the
acidification of phagosomal lumen (Table 8.1) (Mangahas et al., 2008; Yu et al., 2008).
RAB-2 and RAB-7 might control lysosome—phagosome fusions in parallel; alternatively,
they might act at different stages in a series of membrane trafficking events that lead to
lysosome—phagosome fusions. Proteomic studies in Drosophilaand mammals have
identified Rab2 as a component of phagosomes (Garin et al., 2001; Stuart et al., 2007). It
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remains to be elucidated whether mammalian or Drosophila Rab2 plays a conserved role in
the maturation of phagosomes.

RAB-14: Like Rab2, mammalian and Drosophila Rab14 were also detected on phagosomes
by proteomic studies (Garin et al., 2001; Stuart et al., 2007). Both mammalian and
Dictyostelium Rab14 were known to be involved in phagosome maturation. Dictyostelium
Rab14 promotes the homotypic fusion between phagosomes (Harris and Cardelli, 2002),
whereas on phagosomes that contain pathogen Mycobacterium tuberculosis, mammalian
Rab14 stimulates the fusion between phagosomes and early endosomes (Kyei et al., 2006).
Genetic studies in C. elegans identified the role of RAB-14 in the degradation of apoptotic
cells (Guo et al., 2010). Similar to RAB-2, RAB-14 is required for the incorporation of
lysosomes to phagosomes and for the acidification of phagosomal lumen (Table 8.1) (Guo et
al., 2010; Lu et al., 2008; Mangahas et al., 2008).

RAB-2, RAB-7, and RAB-14—functional relationships: The rab-2,rab-14 double mutants
contained more persistent cell corpses than any single mutants, suggesting RAB-2 and
RAB-14 act in a partially redundant manner in degrading apoptotic cells (Guo et al., 2010).
By examining the differential roles of RAB-2, RAB-14, and RAB-7 in the formation of
phagolysosomes, Guo et al. (2010) concluded that RAB-2 and RAB-14 play partially
redundant roles in recruiting lysosomes and tethering lysosomes to phagosomes, whereas
RAB-7 acts subsequently to promote the lysosome—phagosome fusion (Guo et al., 2010).
This cooperative action is consistent with the concurrent enrichment of these three RAB
proteins on the phagosomes (Fig. 8.4A) (Guo et al., 2010; Mangahas et al., 2008; Yu et al.,
2008). On the other hand, further investigation is needed to integrate the lysosomes-
recruitment activities of RAB-2 and RAB-14 proposed by Guo et al. (2010) with the
membrane fusion activities observed from C. efegans RAB-2 and the mammalian and
Dictyostelium Rab14 (Harris and Cardelli, 2002; Kyei et al., 2006; Mangahas et al., 2008).

2.2.2. Regulation of RAB GTPase during phagosome maturation

2.2.2.1. RAB proteinsthat are sequentially recruited to the surfaces of phagosomes:
RAB-5, RAB-2, RAB-14, and RAB-7 are sequentially recruited to phagosomes undergoing
phagosome maturation (Guo et al., 2010; He et al., 2010; Mangahas et al., 2008; Yu et al.,
2008) (Fig. 8.4A). RAB-5 is detectable on phagosomal membranes immediately after the
sealing of phagocytic cups (He et al., 2010), followed by the nearly simultaneous
recruitment of RAB-2 and RAB-14 (Guo et al., 2010; Mangahas et al., 2008). RAB-7 is then
recruited to phagosome membrane, slightly lagging behind RAB-2 and RAB-14 (Yu et al.,
2008). Once recruited, RAB-7 maintains its association with a phagosome until the engulfed
apoptotic cell is completely degraded (Yu et al., 2008). In comparison, the localization
patterns of RAB-5, RAB-2, and RAB-14 on phagosomes are relatively transient (Fig. 8.4A)
(Guo et al., 2010; He et al., 2010; Mangahas et al., 2008). How the localization patterns and
activities of these RAB proteins are regulated is the theme of the following subsections.

2.2.2.2. Regulation of Rab5 on phagosomes: Although Rab5 is one of the best-
characterized Rab GTPases, how it is regulated during phagosome maturation is just begun
to be understood. Genetic studies in C. elegans demonstrated that the large GTPase DYN-1
plays a key role in recruiting RAB-5 (He et al., 2010; Kinchen et al., 2008). The inactivation
of DYN-1 severely delays the recruitment of RAB-5 onto phagosomes (He et al., 2010;
Kinchen et al., 2008). In cultured NIH/3T3 fibroblasts, Kinchen et al. (2008) observed that a
dominant-negative form of dynamin 2 prevented Rab5 from associating with phagosomes,
and that mammalian Vps34, the class 111 Pl 3-kinase, interacted with both Dyn2 and
Rab5CPP. Kinchen et al. proposed that Vps34 acted as a bridging molecule to facilitate the
recruitment of Rab5 by dynamin 2. This model appears to be different from the mechanism
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of Rab5 action learned from endocytosis, in which the active form of Rab5 (Rab5¢TP)
recruits Vps34 onto early endosomes through interacting with VVps34-interacting protein
Vps15 (Christoforidis et al., 1999; Murray et al., 2002; Shin et al., 2005). Further genetic
and biochemical studies are needed to integrate these two models.

In the search for the GEF protein(s) of Rab5, Kitano et al. (2008) identified Gapex-5 that
specifically activates Rab5 on phagosomes that degrade apoptotic cells (Kitano et al., 2008).
Kitano et al. further observed that microtubules and EB1, a microtubule-tip-associating
protein, interacted with Gapex-5 and were involved in the activation of Rab5 on
phagosomes. These observations led to the model that the dynamic microtubule network
delivers Gapex-5 to phagosomes to activate Rab5 (Fig. 8.4B). Interestingly, inactivating
three C. elegans \/ps9 domain-containing candidate GEFs for RAB-5 (RME-6, RABX-5,
and TAG-333), either individually or in combination, did not appear to affect the removal of
apoptotic cells, suggesting the existence of a novel GEF that activates RAB-5 on C. elegans
phagosomes (Kinchen et al., 2008).

After a transient association with nascent phagosomes, RAB-5 rapidly dissociates (He et al.,
2010; Kitano et al., 2008). The physiological importance of inactivating RAB-5 is
manifested by the observation that overexpression of RAB-5 (Q78L), the constitutively
active form of RAB-5 that associates with phagosomes for a prolonged period, prolongs the
cell-corpse removal process (Li et al., 2009). Most GAPs for Rabs contain a Tre/Bub2/
Cdc16 (TBC) domain that accelerates the GTP hydrolysis on Rab GTPases (Bernards,
2003). C. elegans TBC-2 was recently identified as a GAP of RAB-5 (Fig. 8.3) (Chotard et
al., 2010; Li et al., 2009). Inactivating tbc-2 by genetic mutations does not affect the
recruitment of RAB-5 onto phagosomes; rather, it delays the dissociation of RAB-5 from
phagosomal surfaces (Table 8.1) (Li et al., 2009). In tbc-2 mutants, several phagosome
maturation events, including the recruitment of RAB-7, the formation of phagolysosomes,
and the acidification of phagosomal lumen, are all defective (Table 8.1) (Li et al., 2009). As
a consequence, cell corpses are not properly degraded. This study highlights the importance
of the timely dissociation of RAB-5 from phagosome maturation.

Chotard et al. (2010) independently found that TBC-2 was able to specifically catalyze GTP
hydrolysis on RAB-5 /n vitro and inactivate RAB-5 on endosomes in C. elegans, which
further confirmed that TBC-2 acted as a RAB-5 GAP. Intriguingly, constitutive activation of
RAB-5 appeared to impair the recruitment of RAB-7 onto phagosomes but resulted in
hyperactivation of RAB-7 on endosomes (Chotard et al., 2010; Li et al., 2009), suggesting
that as a RAB-5 GAP, TBC-2 differently regulates endosome maturation and phagosome
maturation.

2.2.2.3. RAB-5to RAB-7 conversion: Rab5 and Rab7, which are enriched on early and late
phagosomes/phagolysosomes, respectively, were proposed to act coordinately to mediate the
early-to-late transition of phagosome maturation (Vieira et al., 2002). Recently, three groups
independently identified a protein complex that promoted the transition of endosomes and
phagosomes from the RAB-5(+) to the RAB-7(+) stage in C. elegans (Kinchen and
Ravichandran, 2010; Nieto et al., 2010; Poteryaev et al., 2010). This complex is composed
of two components, SAND-1 and CCZ-1, the C. elegans homologs of yeast and mammalian
Monl and Ccz1, respectively. The Mon1-Ccz1 complex was first identified in the budding
yeast, in which it mediated homotypic vacuole fusion (Wang et al., 2002, 2003). Inactivation
of C. elegans sand-1 or ccz-1 significantly increases the number of undegraded germ
apoptotic cells; in addition, in the above mutants, the number of RAB-5(+) phagosomes is
substantially increased while RAB-7(+) phagosomes are hardly observable (Kinchen and
Ravichandran, 2010; Nieto et al., 2010). Similarly, inactivating sana-1 results in the arrest of
endosomes at a RAB-5(+) but RAB-7(-) stage and causes the accumulation of endocytosed
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but undigested yolk protein in enlarged endosomes, a phenotype resembling that caused by
rab-7 (RNAI) (Poteryaev et al., 2007, 2010). Together, these phenotypes indicate that the
functions of SAND-1 and CCZ-1 are necessary for phagosomes to release RAB-5 and
acquire RAB-7 on phagosomes and endosomes (Fig. 8.4D).

SAND-1 and its mammalian homolog Mon1 were detectable on phagosomes (Kinchen and
Ravichandran, 2010). Mammalian Mon1 concurrently interacts with Ccz1 and the GTP-
bound form of Rab5 (Rab5¢TP), suggesting that Rab5C TP might play a role in recruiting
Mon1-Ccz1 complex (Fig. 8.4D) (Kinchen and Ravichandran, 2010). How does the
SAND-1-CCZ-1 complex regulate RAB-5/RAB-7 conversion on phagosomes? SAND-1 is
frequently detected on phagosomes that possess both RAB-5 and RAB-7, suggesting that
SAND-1 may act as a bridging molecule that simultaneously interacts with two RABs
(Kinchen and Ravichandran, 2010). Indeed, in addition to interacting with Rab5GTP, the
mammalian Mon1-Ccz1 complex, but not the Mon1 or Ccz1 subunits alone, is able to
interact with Rab7GTP or Rab7CPP (Kinchen and Ravichandran, 2010). The mammalian
Mon1-Ccz1 complex facilitates the dissociation of GDP-dissociation inhibitor from Rab?7,
and thus might be directly involved in the recruitment of Rab7 onto phagosomes (Fig. 8.4D)
(Kinchen and Ravichandran, 2010). In addition, the yeast Mon1-Ccz1 complex was recently
found to possess a novel GEF activity toward Ypt7, the yeast homolog of Rab7 (Nordmann
et al., 2010), indicating a similar GEF activity of this complex on phagosomes (Fig. 8.4D).

SAND-1/Monl is known to inactivate RAB-5 on endosomes by promoting the dissociation
of its GEF protein RABX-5 from endosomes (Poteryaev et al., 2010). However, RABX-5
and its mammalian ortholog Rabex-5 are not required for phagosome maturation (Kinchen
et al., 2008; Kitano et al., 2008). Therefore, it is currently unclear how the SAND-1-CCZ-1
complex inactivates RAB-5 during phagosome maturation.

2.2.2.4. HOPS complex: A candidate RAB-7 effector: The homotypic fusion and protein
sorting (HOPS) complex, composed of six subunits Vpsl11, Vpsl16, Vpsl8, Vps33, Vps39,
and Vps41, were first identified in the budding yeast as a complex that promotes homotypic
vacuole fusion (Nickerson et al., 2009). In C. elegans, inactivating each of the six subunits
of the HOPS complex affects the degradation of apoptotic cells (Kinchen et al., 2008; Xiao
et al., 2009). Further characterization of a vps-18 deletion mutant strain has suggested that
VPS-18 is required for the biogenesis of endosomes and lysosomes and for the fusion of
phagosomes with lysosomes (Xiao et al., 2009). Similarly, in fruit flies carrying a null
mutation of the full-of-bacteria (fob) gene, which encodes Drosophila\/ps16B, phagosomes
containing engulfed bacteria fail to fuse with lysosomes, rendering flies hypersensitivity to
infections with nonpathogenic bacteria (Akbar et al., 2011). Although it was reported that
Vps39p possesses a GEF activity for Ypt7p (yeast Rab7) (Wurmser et al., 2000), the
disruption of HOPS complex was shown to arrest phagosome maturation at a RAB-7(+)
stage (Akbar et al., 2011; Kinchen et al., 2008). Likewise, vps-39 (RNAI) does not affect the
enrichment of RAB-7 on intestinal endosomes of C. elegans (Chotard et al., 2010). These
observations suggest that the HOPS complex is likely to act at a step downstream of RAB-7
during phagosome maturation (Fig. 8.4C). Consistently, the HOPS complex is known as an
Ypt7p effector (Nickerson et al., 2009). In the yeast vacuole fusion system, HOPS facilitates
membrane tethering and promotes frans-SNARE complex formation, while Ypt7p
contributes to HOPS membrane association (Collins and Wickner, 2007; Hickey and
Wickner, 2010; Hickey et al., 2009). Whether RAB-7 and HOPS complex act in a similar
manner to promote the fusion of lysosomes with phagosomes needs to be tested.

Int Rev Cell Mol Biol. Author manuscript; available in PMC 2013 January 22.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Lu and Zhou

Page 10

2.3. Acidification of phagosomal lumen and vacuolar-type ATPase

The progressive acidification of phagosomal lumen is a hallmark and critical step of
phagosome maturation, as an acidic environment is optimal for the activities of hydrolytic
enzymes that degrade phagosomal contents (Beyenbach and Wieczorek, 2006; Steinberg et
al., 2007). The requirement of a few Rab GTPases for acidifying phagosomes containing
apoptotic cells has been recently examined in C. elegans. Mangahas et al. (2008) have
established an assay that measures the level of phagosome acidification using Lysosensor
blue/yellow DND-160, a dual-emission wavelength dye that displays strong yellow
fluorescence at pH<5.0. Using this assay, it was found that a loss-of-function mutation of
rab-2but not that of rab-7impaired the acidification of phagosomes (Mangahas et al., 2008;
Yu et al., 2008). The above results were confirmed by similar acidification assays using
Lysosensor green (Guo et al., 2010). Because RAB-7 is essential for phagosome—lysosome
fusion, these observations suggest that the acidification of phagosomes that contain
apoptotic cells does not appear to depend on efficient phagosome-lysosome fusion, a
conclusion consistent with a previous observation that phagosomal lumen is dramatically
acidified (pH~5) before phagosomes fuse with lysosomes (McNeil et al., 1983).

Although the function of RAB-7 is largely dispensable for the acidification of phagosomes
in C. elegans, the inactivation of mammalian Rab7, by overexpressing a dominant-negative
form of Rab7, inhibits acidification of phagosomes that contain latex beads (Harrison et al.,
2003). Consistently, mammalian Monl, a positive regulator of Rab7, is required for
phagosome acidification; whereas the inactivation of SAND-1, the C. elegans counterpart of
Monl, does not affect the phagosomal acidification (Kinchen and Ravichandran, 2010).
These observations suggest that the regulation of phagosome maturation varies in different
contexts and might depend on the identity of phagocytes and/or phagosomal cargos.

Like rab-2mutants, C. elegans rab-14 mutants displayed a defect in phagosome
acidification, which is further compromised in rab-2,;rab-14 double mutants, suggesting
again that RAB-2 and RAB-14 act partially redundantly to promote phagosome acidification
(Guo et al., 2010).

Notably, the role of the vacuolar-type ATPase (V-ATPase) in the acidification of
phagosome containing apoptotic cells or the degradation of apoptotic cells has not been
thoroughly tested. The only reported work examined a V-ATPase subunit in the degradation
of apoptotic cells in zebrafish. By directly visualizing the removal process of apoptotic
neurons in the intact brain of living zebrafish, Peri and Nusslein-Volhard (2008) found that
the al subunit within the VVO-complex of the VV-ATPase is essential for the degradation of
apoptotic neurons by microglia cells, resident brain phagocytes. Surprisingly, the depletion
of the al subunit by morpholino injection did not affect phagosome acidification; rather, it
impaired the efficient fusion between phagosomes and lysosomes (Peri and Nusslein-
Volhard, 2008). A role of the VO-ATPases in promoting membrane fusion has been
previously reported for synaptic transmission and yeast vacuolar fusion (Bayer et al., 2003;
Hiesinger et al., 2005; Liegeois et al., 2006). Thus, V-ATPase might have additional
functions besides acidifying phagosomes during phagosome maturation.

2.4. Lipid second messenger PtdIns(3)P and its effector proteins: Lipid—protein

interactions

2.4.1. PtdIns(3)P and its production on phagosomes—As a derivative of
phosphatidylinositol (PtdIns), Ptdins(3)P plays important signaling roles in intracellular
membrane trafficking events, which include endocytic trafficking, retrograde trafficking,
autophagy, and phagosome maturation (Backer, 2008; Di Paolo and De Camilli, 2006).
During the removal of apoptotic cells in C. elegans, PtdIns(3)P is dynamically enriched on
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maturing phagosomes (Kinchen et al., 2008; Mangahas et al., 2008; Yu et al., 2008). In C.
elegans embryos, PtdIns(3)P appears on phagosomal surfaces in two consecutive waves: the
initial burst of PtdIns(3)P, which appears upon the closure of a phagocytic cup and
dissipates after 10-15min, and a subsequent reappearance of a relatively weaker PtdIns(3)P
signal ~10min later, which lasts until an apoptotic cell is fully degraded (Mangahas et al.,
2008; Yu et al., 2008). A similar pattern of PtdIns(3)P oscillation has also been observed on
the surfaces of phagosomes containing pathogens (Chua and Deretic, 2004; Pattni et al.,
2001). However, the physiological significance of this oscillation phenomenon remains
unclear. Intracellular PtdIns(3)P pool enriched in endosomes, phagosomes, and
autophagosomes is thought to be largely produced by class 111 P1 3-kinase Vps34, which
phosphorylates the 3-hydroxyl group of the inositol ring of Ptdins (Backer, 2008;
Vanhaesebroeck et al., 2001). Inactivation of Pl 3-kinases in mammalian phagocytes by
using inhibitors wortmannin or LY294002, or specific inactivation of Vps34 through
injecting anti-Vps34 inhibitory antibody, greatly reduces the level of PtdIns(3)P on
phagosomes and inhibits latex bead phagosomes from acquiring late endosome and
lysosome markers, highlighting the important role of PtdIns(3)P and Vps34 in phagosome
maturation (Fratti et al., 2001; Vieira et al., 2001). Similarly, RNAi knockdown of C.
elegans vps-34 causes the accumulation of undegraded germ cell corpses in worm gonad,
suggesting that PtdIns(3)P is also required for the maturation of apoptotic cell-containing
phagosomes (Kinchen et al., 2008). However, animals treated with vps-34 RNAI or carrying
a null mutation in vps-34 only display a mild defect in the degradation of cell corpses
(Kinchen et al., 2008; Li et al., 2009). In addition, inactivating vps-34 does not completely
deplete PtdIns(3)P on phagosomes (N. Lu and Z. Zhou, unpublished results). These
observations suggest that in addition toVPS-34, there must be another P1 3-kinase(s) that
generates PtdIns(3)P on phagosomes.

2.4.2. Novel PtdIns(3)P effectors that promote the degradation of apoptotic
cells

2.4.2.1. Targeted genetic screensfor PtdIns(3)P effectors: As a common feature,
PtdIns(3)P recruits effector proteins with PtdIns(3)P-binding modules, such as the FYVE or
PX (Phox homology) domains, to particular membrane compartments enriched with
PtdIns(3)P (Birkeland and Stenmark, 2004). EEAL and Hrs1 are two well-studied PtdIns(3)P
effectors that play essential roles in endosomal trafficking (Saksena et al., 2007; Sasaki et
al., 2007). Mammalian EEAL and Hrs1 were reported to participate in the maturation of
phagosomes containing latex beads or pathogens (Fratti et al., 2001; Vieira et al., 2004).
However, inactivating genes encoding EEA-1 or HGRS-1, the C. elegans homologs of
mammalian EEA1 or Hrs1, respectively, did not result in any apparent defect in the removal
of apoptotic cells (Kinchen et al., 2008; Lu et al., 2011), suggesting that EEA-1 and
HGRS-1 are not required for the maturation of phagosomes containing apoptotic cells.

Guided by the hypothesis that each PtdIns(3)P-regulated cellular process is mediated
through a specific set of Ptdins(3)P effectors, a candidate genetic screen was carried out for
the identification of PtdIns(3)P effectors specific for cell-corpse removal. This screen
systematically examined the functional requirement of each C. efegans protein predicted to
possess FYVE or PX domains and identified SNX-1, SNX-6, and LST-4/SNX-9, three PX-
domain-containing proteins that belong to the sorting nexin family (Fig. 8.3), whose null
mutations caused the accumulation of persistent cell corpses in both embryos and adult
gonads (Lu et al., 2011). Both fluorescence microscopy and transmission electron
microscopy studies indicate that null mutations of these genes specifically impair the
degradation but not the engulfment of apoptotic cells (Lu et al., 2011). These three factors
were also identified as apoptotic cell removal factors in independent targeted RNAi-based
screens (Almendinger et al., 2011; Chen et al., 2010).
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2.4.2.2. Three sorting nexins that regulate multiple phagosome matur ation events as
PtdIns(3)P effectors: As expected, C. elegans SNX-1 and LST-4/SNX-9 both interact with
PtdIns(3)P /in vitroand are transiently localized on phagosomes in a manner dependent on
both their PX domains and the phagosomal PtdIns(3)P, indicating that they act as PtdIns(3)P
effectors (Lu et al., 2011). Interestingly, SNX-6 specifically interacts with SNX-1 and relies
on SNX-1 for association with phagosomes (Lu et al., 2011). Consistently, genetic epistasis
analysis revealed that these three sorting nexins act in two parallel genetic pathways to
promote phagosome maturation: SNX-1 and SNX-6 in one pathway, whereas LST-4/SNX-9
in the other pathway (Lu et al., 2011).

The three novel PtdIns(3)P effectors contribute to multiple molecular events involved in
phagosome maturation. First, they are essential for the phagolysosome formation. Mutations
in snx-1 or /st-4 significantly reduce the efficiency of the delivery of lysosomes into
phagosomes, which is nearly completely blocked in snx-1,/st-4 double mutants (Lu et al.,
2011). This phenotype is partially caused by defects in the generation of phagosomal
tubules, which act to capture and recruit lysosomes in the cytosol to the surface of
phagosomes (Harrison et al., 2003; Yu et al., 2008). The ability of SNX-1 and LST-4/SNX-9
to promote phagosomal tubule formation can be attributed to their BAR (Bin-Amphiphysin-
Rvs) domains (Fig. 8.3). SNX-1, SNX-6, and LST-4/SNX-9 all belong to the SNX-BAR
subfamily of sorting nexins that each possesses a BAR domain, a banana-shaped dimer
capable of interacting with negatively charged phospholipid head groups of lipid membranes
and able to sense and induce membrane curvature (Gallop et al., 2006; Peter et al., 2004).
Mutations of a few conserved basic residues in the BAR domain of SNX-1 or LST-4/
SNX-9, predicted to locate on the membrane-contacting surface, render a partial loss of
activities in phagosome maturation, suggesting that these proteins are likely to promote the
extension of membrane tubules from phagosomal surface through the functions of BAR
domains (Fig. 8.4E) (Lu et al., 2011). Consistent with this model, SNX-1 and LST-4/SNX-9
associate with phagosomal surfaces and are particularly enriched on phagosomal tubules and
the base of the tubules (Lu et al., 2011).

In addition to this tubule-generating activity, LST-4/SNX-9 is also needed for phagosomes
to acquire GTPases such as RAB-5 and RAB-7 (Almendinger et al., 2011; Lu et al., 2011).
The molecular basis for this function can be attributed to LST-4/SNX-9’s physical
interaction with DYN-1, the C. elegans large GTPase dynamin, which is an essential
organizer for many phagosome maturation events (see Section 2.5.). LST-4/SNX-9, like its
mammalian homolog SNX-9, SNX-18, and SNX-33, contains an SH3 domain on its N-
terminus and interacts with DYN-1 (Fig. 8.3) (Haberg et al., 2008; Lu et al., 2011,
Lundmark and Carlsson, 2004; Shin et al., 2007; Soulet et al., 2005). LST-4 and DYN-1
colocalize on phagosomes (Almendinger et al., 2011). In addition, LST-4 and DYN-1
depend on each other for their phagosomal attachment: in dyn-1(en9) mutants, in which a
DYN-1 point mutation abolishes DYN-1’s self-assembly activity and consequentially its
phagosome association, LST-4 fails to be recruited to phagosomes; and vice versa, in /st-4
null mutants, a premature dissociation of DYN-1 from phagosomes is frequently observed
(He et al., 2010; Lu et al., 2011). Since DYN-1 plays key roles in regulating the production
of PtdIns(3)P and the recruitment of RAB-5 and RAB-7 onto phagosomes (see Section 2.5),
the phagosome maturation arrest phenotype observed in /st-4 mutants is likely partly caused
by the reduced DYN-1 activity on nascent phagosomes, in addition to the lack of
phagosomal tubule extension (Lu et al., 2011). On the other hand, the dissociation of LST-4
from phagosomal surfaces relies on DYN-1’s GTP hydrolysis activity (Almendinger et al.,
2011). These observations suggest a mutual regulatory mechanism for DYN-1 and LST-4/
SNX-9 regarding their phagosome association and functions (Fig. 8.4E). In summary, these
three sorting nexins facilitate phagosome maturation through regulating phagosomal
membrane curvature and stabilizing DYN-1’s attachment to phagosomal surfaces.
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2.4.2.3. Do C. elegans SNX-1 and SNX-6 act as components of theretromer complex to
promote the removal of apoptotic cells?: Mammalian SNX-1 and SNX-6, homologs of C.
elegans SNX-1 and SNX-6, respectively, are components of the evolutionarily conserved
retromer complex (Bonifacino and Hurley, 2008). A mammalian retromer consists of two
subcomplexes, a membrane-deformation subcomplex composed of SNX-1 (or SNX-2) and
SNX-5 (or SNX-6), and a cargo-recognition subcomplex composed of VPS26, VPS29, and
VPS35, which recognizes the sorting motif within the cytoplasmic tail of membrane cargos
(Bonifacino and Hurley, 2008; Wassmer et al., 2009). The retromer complex mediates
endosome-to-Golgi retrieval of transmembrane receptors and other trafficking-related
proteins in mammals and worms (Coudreuse et al., 2006; Pan et al., 2008; Shi et al., 2009;
Verges et al., 2007; Yang et al., 2008). Recently, two groups independently examined
whether C. elegans SNX-1 and SNX-6 act as components of the retromer complex to
promote the removal of apoptotic cells and reported contradicting experimental results that
led to opposite conclusions (Chen et al., 2010; Lu et al., 2011). Chen et al. (2010) concluded
that SNX-1 and SNX-6 act in the C. elegans retromer complex to recycle phagocytic
receptor CED-1 from phagosomal surfaces back to the plasma membrane, and in this
manner facilitate apoptotic cell engulfment. This conclusion is made mainly based on the
following experimental observations: (1) snx-1 null mutant animals are primarily defective
in the engulfment of apoptotic cells; (2) a CED-1::GFP reporter persists for a longer period
of time on phagosomal surfaces in snx-1 mutant embryos than in wild-type embryos,
whereas CED-1 protein level is much lower in snx-1 mutant embryos than in wild-type
embryos; (3) SNX-1 is able to directly interact with the cytoplasmic tail as well as the
extracellular domain of CED-1 (CED-1EX); (4) overexpression of CED-1 is able to fully
rescue the apoptotic cell removal of snx-Z null mutants; and (5) inactivating each of VPS-26,
VPS-29, or VPS-35, the subunits of the C. eflegans cargo-recognition subcomplex caused
defective removal of germ cell corpses, although the defects are milder than that displayed
by the snx-1 or snx-6single mutants (Chen et al., 2010).

Many key results addressing the same issue, obtained by Lu et al. (2011) under highly
comparable experimental conditions, are different from those reported by Chen et al. (2010)
and do not support the above model.

First of all, Lu et al. (2011) found that, in contrast to Chen et al.’s observation, the functions
of VPS-26 and VVPS-35 are not needed for the removal of germ apoptotic cells in the worm
gonad. In addition, both Chen et al. and Lu et al. have reported that the cargo-selective
complex is dispensable for the clearance of somatic apoptotic cells in developing embryos.
These results strongly indicate that the retromer complex is unlikely involved in the removal
of apoptotic cells.

Second, as mentioned earlier, by both fluorescence and transmission electronic microscopy,
Lu et al. (2011) determined that the functions of both SNX-1 and LST-4/SNX-9 are
specifically needed for promoting phagosome maturation, not for the internalization of
apoptotic cells. This conclusion is consistent with the roles of SNX-1 and LST-4 as
PtdIns(3)P effectors, as PtdIns(3)P is not detected on phagosomal surfaces until engulfment
is complete and phagosomes are sealed (Mangahas et al., 2008; Yu et al., 2008). The
engulfment and degradation of phagocytic targets are two different cellular events that are
executed through distinct mechanisms (Caron, 2001; Vieira et al., 2002). Determining
accurately which of these two events the PtdIns(3)P effectors are involved in is pivotal for
further understanding their molecular functions.

More importantly, Lu et al. (2011) have reported different findings regarding whether
SNX-1 and SNX-6 mediate the recycling of CED-1 during apoptotic cell removal and
whether such recycling is necessary for CED-1’s apoptotic cell removal activities. As a
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type-I transmembrane protein, CED-1 performs two essential functions for the removal of
apoptotic cells: it acts as a phagocytic receptor that recognizes apoptotic cells and initiates
their engulfment and as a phagosome maturation initiator that triggers their phagosomal
degradation (see Section 2.6.1) (Yu et al., 2008; Zhou et al., 2001). Like Chen et al. (2010),
Lu etal. (2011) also observed the prolonged existence of CED-1::GFP on the surface of
phagosomes in snx-1 null mutant embryos. However, in contrast to Chen et al., Lu et al.
found that this prolonged presence of CED-1 on the phagosome did not appear to affect the
level of CED-1 on the plasma membrane of the host cells. Further, in developing embryos,
in particular during early to mid-embryogenesis, when most cell death events occur, the
overall levels of CED-1::GFP in entire snx-1, snx-6, or Ist-4single mutant embryos are
similar to that in wild-type embryos, observed in stage-by-stage comparisons (Lu et al.,
2011). Just as importantly, Lu et al. observed that the overexpression of CED-1 failed to
produce any rescuing activity toward the corpse removal defect of snx-1 or snx-6 mutant
embryos, in contrast to the full rescuing activity reported by Chen et al. (2010). Together,
these results indicate that the level of CED-1 on engulfing cell surfaces is not primarily
controlled by SNX-1 or SNX-6.

Chen et al. (2010) reported the direct interaction between SNX-1 and the cytoplasmic tail of
CED-1, as an evidence to support the model that the retromer complex acts to recycle
CED-1 from phagosomal surfaces. However, the same protein—protein interaction assay also
showed that SNX-1 and SNX-6 each interacts with the CED-1Ex (Chen et al., 2010). Given
that SNX-1 and SNX-6 are cytoplasmic proteins (not secreted proteins) and are thus not
expected to be in the extracellular space like CED-1Ex, which is extracellular during
engulfment and in the phagosomal lumen after engulfment, the observed interactions
between SNX-1 or SNX-6 and CED-1Ex raise the concern about the significance of this
particular assay.

The direct evidence that SNX-1 acts downstream of CED-1 comes from the observation
that, in snx-1 mutant embryos, the dynamic phago-somal enrichment patterns of DYN-1,
PtdIns(3)P, and RAB-5, three phagosome maturation factors that are dependent on CED-1
for their enrichment on phagosomal surfaces, occur in the normal manner (Lu et al., 2011).
These observations, together with our finding that snx-Z mutants are not defective in cell-
corpse engulfment, indicate that the function of CED-1 is not affected by the null mutation
in snx-1 (Lu et al., 2011). In addition, CED-1 controls the phagosomal recruitment of
SNX-1, which is likely attributed to CED-1’s ability to promote the Ptdins(3)P production
on phagosomes (Lu et al., 2011; Yu et al., 2008). The above results have established that the
SNX-1/SNX-6 complex acts downstream of CED-1 to control phagosome maturation (Fig.
8.5). Recently, several reports have revealed cases in which mammalian SNX1 regulates
membrane trafficking and membrane remodeling in retromer-independent mechanisms
(Gullapalli et al., 2006; Nisar et al., 2010; Prosser et al., 2010). Lu et al.’s finding that the
SNX-1/SNX-6 complex promotes the incorporation of lysosomes into phagosomes through
regulating phagosomal curvature and tubule formation has revealed a novel retromer-
independent function of the SNX-1/SNX-6 complex, a function regulated by the phagocytic
receptor and phagosome maturation initiator CED-1.

2.5. Dynamin, key organizer of phagosome maturation events

2.5.1. How does DYN-1 regulate the removal of apoptotic cells?—Dynamin is a
conserved large GTPase that plays pivotal roles in many membrane-related cellular
processes (Praefcke and McMahon, 2004). Dynamin and dynamin-related proteins displayed
a number of molecular functions, the best-studied being the membrane fission activity of
dynamin essential for the release of endocytic vesicles from plasma membranes (Schmid
and Frolov, 2011). In addition, dynamin and dynamin-related proteins also act to promote
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membrane fusion events during the fusion of mitochondria and yeast vacuoles (Hoppins and
Nunnari, 2009; Peters et al., 2004). A genetic screen for C. elegans mutants that contain a
large number of persistent cell corpses led to the isolation of 14 loss-of-function alleles of
dyn-1, which encode dynamin (Yu et al., 2006). Phenotypic and molecular characterization
revealed that dyn-1is essential for promoting both the engulfment and degradation of
apoptotic cells. During the engulfment of apoptotic cells, DYN-1 is transiently enriched on
phagocytic cups, where it promotes the recruitment and fusion of early endosomes to
extending pseudopods, providing lipid materials to support the rapid expansion of phagocyte
membrane along the surface of dying cells (He et al., 2010; Yu et al., 2006). Prior to the
discovery of DYN-1’s engulfment role, it was reported that the expression of a dominant-
negative mutant form of mammalian dynamin 2 (K44A) in macrophages prevents the
internalization of 1gG-coated particles (Gold et al., 1999). Together, these results
demonstrate an evolutionarily conserved role of dynamins in membrane fusion during
engulfment.

Another function of DYN-1 essential for the removal of apoptotic cells, the one that will be
discussed here in detail, is its pivotal role in phagosome maturation (Kinchen et al., 2008;
Yu et al., 2006, 2008). In dyn-1 mutants, phagosome maturation is greatly delayed or even
blocked (Kinchen et al., 2008; Yu et al., 2006, 2008). DYN-1 is required for the efficient
recruitment and fusion of endosomes and lysosomes to phagosomes, critical events that
drive the maturation of phagosomes (Yu et al., 2006, 2008). Two lines of evidence suggest
that DYN-1 acts on the surface of phagosomes for this function. First, DYN-1 is transiently
enriched on the surfaces of extending pseudopods and nascent phagosomes (Kinchen et al.,
2008; Yu et al., 2006). Second, the specific inhibition of DYN-1’s localization on
phagosomes without affecting DYN’s functions in other membrane trafficking events, as a
result of inactivating CED-1 and CED-6, two upstream regulators of DYN-1 (see Section
2.6.1), causes strong phagosome maturation defect similar to that observed in dyn-1 mutants
(Yuetal., 2008).

Although a complete understanding of the molecular functions of DYN-1 in promoting
phagosome maturation has not been reached, accumulative experimental evidence has
revealed several specific mechanisms. First, DYN-1 plays an essential role in facilitating the
production of PtdIns (3)P on the surfaces of phagosomes and consequentially the attraction
of PtdIns(3)P effectors (Fig. 8.5). In dyn-1 mutant embryos and adult gonads, the production
of PtdIns(3)P on phagosomal surfaces is largely inhibited, sometimes even abolished
(Kinchen et al., 2008; Yu et al., 2008). As described above, lacking phagosomal Ptdins(3)P
results in a failure in recruiting SNX-1, SNX-6, and LST-4/SNX-9, three PtdIns(3)P
effectors specific for phagosome maturation, to phagosomal surfaces (see Section 2.4.2).
Consistent with this role, DYN-1 directly interacts with class 111 Pl 3-kinase VPS-34,
implying that it might recruit VPS-34 to the surfaces of phagosomes (Kinchen et al., 2008).
In addition to Ptdins(3)P production, the recruitment of RAB-5 and RAB-7 also relies on
DYN-1 (He et al., 2010; Kinchen et al., 2008; Yu et al., 2008). Further, as mentioned above
(Section 2.4.2.2), DYN-1 on phagosomal surfaces acts together with PtdIns(3)P to attract
LST-4/SNX-9, one of the three PtdIns (3)P effectors, to the phagosomal surfaces. By
regulating the production and/or recruitment of multiple important regulators onto
phagosomes, DYN-1 becomes a key organizer of multiple signaling cascades that initiate a
variety of phagosome maturation events targeting intracellular organelles to phagosomes
(Fig. 8.5). This function of DYN-1 is a novel one independent of its documented membrane
fission or fusion activities.

In addition to acting as an organizer of phagosome maturation pathways, dynamin might
also directly participate in membrane remodeling events during phagosome maturation. In
the engulfing cells of dyn-1 RNAi-treated C. elegans, morphologically aberrant vesicles are
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often observed in the proximity of membranes that contact apoptotic cells (Yu et al., 2006).
Some of these vesicles remain connected to the membrane of phagocytic cups and
phagosomes while others are either abnormally large or interconnected via tubular structures
(Yu et al., 2006), indicating that loss of DYN-1 activity affects membrane fission and/or
fusion. Thus, DYN-1 might directly contribute to the fusion of intracellular vesicles to
phagocytic cups and phagosomes or facilitate the scission of vesicles from phagosomes as
they gradually shrink during degradation process.

2.5.2. Dynamic association of DYN-1 with phagosomes—Upstream regulators
and an autoregulatory loop—The dynamic association of DYN-1 to extending
pseudopods and nascent phagosomes is important for DYN-1"s functions in the removal of
apoptotic cells (Yu et al., 2006). A recent report revealed how the coordinated actions of
DYN-1’s two different molecular activities establish the transient association of DYN-1
with its target membranes (He et al., 2010). Dynamins are composed of five domains: an N-
terminal GTPase domain, a middle domain, a pleckstrin homology domain, a GTPase
effector domain, and a C-terminal proline-rich domain (Fig. 8.3). Using a number of well-
established /n vitro assays, He et al. (2010) have determined that a particular mutation
(1401F) in the middle domain specifically abolishes DYN-1’s self-assembly activity,
assembly-dependent liposome association, and assembly-stimulated GTPase activity. In
contrast, mutations in the GTPase domain specifically eliminate DYN-1’s GTP binding and
thus the GTP hydrolysis activities (He et al., 2010). Interestingly, the GTP binding and
hydrolysis activities are dispensable for the association of DYN-1 to lipid bilayer; rather,
they are essential for the disassembly of DYN-1 polymers and the dissociation of DYN-1
from phagosomal surfaces (He et al., 2010). Using a bimolecular fluorescence
complementation assay, the self-assembly of DYN-1 monomers has been detected, for the
first time, in living animals (He et al., 2010). Consistent with the molecular activity of each
domain revealed in vitro, live-cell imaging studies performed in C. elegans embryos have
discovered that the middle domain of DYN-1 is essential for DYN-1’s association with
phagosomal membranes, whereas the GTPase domain is needed for the subsequent
dissociation of DYN-1 from phagosomes (He et al., 2010). Phenotypic characterizations
have revealed that both domains are equally important for DYN-1’s function in animal’s
viability and for phagosome maturation (He et al., 2010). The above observations lead to a
model that DYN-1’s transient localization on target membranes, including that of
phagosomes, is likely to be controlled by an autoregulatory loop (Fig. 8.4F) (He et al.,
2010). According to this model, in response to an upstream signal from phagocytic receptor
CED-1 (see Section 2.6.1), DYN-1 monomers form polymers, which are subsequently
targeted to phagosomes; on the surfaces of nascent phagosomes, the self-assembly of
DYN-1 stimulates its GTPase activity, which hydrolyzes GTP and stimulates the
disassembly of DYN-1 polymers and the consequential dissociation of DYN-1 from
phagosome membranes. Such an autoregulatory mechanism ensures the precise timing and
duration of DYN-1"s phagosomal association (Fig. 8.4F). Moreover, recent studies have
shown that the association of dynamin polymers with membranes stabilizes membranes of
high curvature (Bashkirov et al., 2008). The disassembly of dynamin helix is also known to
promote membrane fission (Bashkirov et al., 2008; Pucadyil and Schmid, 2008). The self-
assembly and GTP hydrolysis activities thus might be the basis that supports DYN-1’s
function in remodeling phagosomal membranes.

2.6. CED-1 and Draper: Phagocytic receptors that initiate phagosome maturation

2.6.1. C. elegans CED-1—What is the upstream signal(s) that recruits DYN-1? dyn-1
acts in the same genetic pathway as ced-1, ced-6, and ced-7(Yu et al., 2006). Although
CED-1 is only transiently localized to the surfaces of nascent phagosomes, it coexists with
DYN-1 for a period of time (Fig. 8.4A) (Yu et al., 2006). Moreover, the localization of
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DYN-1 on phagocytic cups and nascent phagosomes is dependent on CED-1, CED-6, and
CED-7, indicating that CED-1, CED-6, and CED-7 are positive upstream regulators of
DYN-1 (Fig. 8.4F) (Yu et al., 2006). Therefore, in addition to their functions in engulfment,
CED-7, CED-1, and CED-6 may also promote the degradation of apoptotic cells by
promoting the localization of DYN-1 on phagosomes (Yu et al., 2006). To test this
hypothesis, using the time-lapse recording technique, Yu et al. (2008) monitored the
engulfment and degradation of cell corpses in living C. efegans embryos and found that the
null mutation in ced-1 not only greatly reduced engulfment efficiency but also significantly
delayed the degradation of engulfed apoptotic cells (Yu et al., 2008). Further, similar to
ayn-1 mutants, both ced-1 and ced-6 mutants displayed the defects in the incorporation of
endosomes and lysosomes to phagosomes (Yu et al., 2006, 2008). Last, a number of
DYN-1-mediated phagosome maturation events, including the production of Ptdins(3)P, the
recruitment of PtdIns(3)P effectors SNX-1 and LST-4/SNX-9, as well as the recruitment of
RAB-5 and RAB-7, are dependent on the functions of CED-1 and CED-6 (Lu et al., 2011,
Yu et al., 2006, 2008; Z. Zhou, unpublished results). These observations established that the
phagocytic receptor CED-1 and its adaptor CED-6 are not only required for the engulfment
but also required for the subsequent degradation of engulfed apoptotic cells through
recruiting DYN-1, the key phagosome maturation organizer, which in turn triggers a
signaling cascade that promote phagosome maturation (Fig. 8.5).

2.6.2. Drosophila Draper—The novel function of phagocytic receptors in initiating
phagosome maturation appears to be evolutionarily conserved. Draper, the Drosophila
ortholog of CED-1, plays an essential role in the engulfment of multiple targets, including
apoptotic cells and pruned axon fragments (Fig. 8.3) (Awasaki et al., 2006; MacDonald et
al., 2006; Manaka et al., 2004; Ziegenfuss et al., 2008). Recently, Kurant et al. (2008)
reported that inactivating Draper caused the accumulation of apoptotic neurons inside glia
cells, the resident phagocytes in the central nervous system, indicating that Draper is also
needed for the degradation of apoptotic cells. Kurant et al. (2008) further identified a novel
Drosophila phagocytic receptor called six-microns-under (SIMU) that mediated the
recognition and engulfment of apoptotic neurons. SIMU is a transmembrane protein that
contains an N-terminal EMI domain, an domain also found in CED-1 and Draper; however,
unlike CED-1 or its Drosophila and mammalian homologs, SIMU possesses four Nimrod
(NIM) repeats rather than the tandem repeats of a CED-type atypical EGF-like motif in its
extracellular domain (Fig. 8.3) (Callebaut et al., 2003; Kurant et al., 2008). The genetic and
cell biological characterization of draperand simu single mutants as well as the draper,simu
double mutants led Kurant et al. to propose that whereas in C. elegans, the functions of
recognizing, engulfing, and degrading apoptotic cells are all carried out by a single
phagocytic receptor CED-1, in Drosophila, which possesses a more complex phagocytic
system, these tasks are taken over by more than one receptor.

2.6.3. Intact apoptotic cells versus apoptotic cell bodies—The functions of
mammalian CED-1-like proteins in the removal of apoptotic cells are somewhat elusive.
Recently, Jedi-1 and MEGF10, two mammalian homologs of CED-1 (Fig. 8.3), have been
implicated in the engulfment of apoptotic neurons (Hamon et al., 2006; Wu et al., 2009). It
remains unknown whether Jedi-1 and MEGF10, like CED-1, also participate in the
degradation of engulfed apoptotic cells.

A recent study performed in the mammalian dendritic cell, an antigen-presenting phagocyte,
showed that intact apoptotic cells and apoptotic cell bodies generated through fragmentation
of apoptotic cells are degraded at different rates inside dendritic cells (Peng and Elkon,
2011). Dendritic cells isolated from wild-type mice efficiently engulfed intact apoptotic cells
and degraded them in phagosomes through a classical lysosomal-mediated pathway
(Delamarre et al., 2005; Erwig and Henson, 2008; Trombetta and Mellman, 2005). In
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contrast, dendritic cells isolated from mice deficient for MFG-ES8, a secreted protein that acts
as a bridging molecule mediating the recognition of apoptotic cells by phagocytic receptor
integrins a5 and a,f3 (Hanayama et al., 2002), were not able to swiftly engulf intact
apoptotic cells. As a consequence, the unengulfed apoptotic cell became fragmented
apoptotic cell bodies, which were somehow efficiently ingested by MFG-E8-deficiency
dendritic cells (Peng and Elkon, 2011). Peng and Elkon (2011) further observed that
phagosomes containing apoptotic cell bodies underwent a much slower maturation process
and failed to fuse with lysosomes after a longer period of time, in comparison to those
containing intact apoptotic cells. In mfg-e8(-/-) mice, the delayed phagosome maturation
correlated with the increased autoimmunity, which was attributed by authors to the
preservation of partially processed self-antigen for the access to the cross-presentation
machinery (Peng and Elkon, 2011). The engulfment of apoptotic cell bodies, which appears
to be independent of MFG-ES, is likely to involve a different mechanism from the
engulfment of intact apoptotic cells. The different fates of phagosomes containing intact
apoptotic cells versus apoptotic cell bodies further imply that different ligand—receptor pairs
on phagosomes govern the subsequent phagosome maturation modes.

2.6.4. Involvement of phagocytic receptors in the initiation of phagosome
maturation—The discovery of the novel function of phagocytic receptors in initiating
phagosome maturation has several important implications. First, this discovery reveals that
phagosome maturation is not a spontaneous process that occurs once a phagocytic target is
internalized into an engulfing cell; rather, it needs to be initiated by phagosomal-surface
receptors that recognize specific “molecular patterns” of engulfed particles, such as the “eat
me” signals on the surfaces of apoptotic cells. Consistent with this hypothesis, phagocytic
receptor CED-1 is transiently present on nascent phagosomes after apoptotic cells are fully
engulfed. Second, unlike other known phagosome maturation factors such as Rab GTPases,
PtdIns(3)P and its effectors, or dynamin, phagocytic receptors have an intrinsic ability to
distinguish “self” and “non-self” molecular patterns displayed on the surface of phagocytic
targets, such as the pathogen-associated molecular patterns on pathogens or “eat me” signals
on apoptotic cells (Blander and Medzhitov, 2006). Therefore, the engagement of different
phagocytic receptors in the recognition of pathogens or apoptotic cells could potentially
initiate different cellular signaling and elicit different inflammatory responses. Phagocytic
receptors for apoptotic cells might contribute to the induction of anti-inflammatory response
by acting on the surfaces of phagosomes. In addition to phagocytic receptors, certain
specific phagosomal-surface receptors have also been implicated for such a role.
Mammalian toll-like receptors (TLRs), which are not phagocytic receptors but able to
recognize the common cell-surface pattern of many microorganisms, are enriched on the
surfaces of phagosomes containing bacteria and induce the proinflammatory responses of
the host cells (Akira et al., 2006; Blander and Medzhitov, 2006). In summary,
transmembrane receptors that are able to recognize the distinct molecular natures of
phagocytic targets, including phagocytic receptors, might be key determinants of different
inflammatory responses elicit by host cells. CED-1’s mammalian homologs might act to
specifically label phagosomes that contain apoptotic cells and elicit apoptotic cell-specific
immune responses in mammals.

3. Concluding Remarks

In the past two decades, extensive studies of phagosome maturation conducted in cultured
mammalian cells have discovered a number of protein and lipid factors that promote
phagosome maturation. In the past 5 years, investigations using model organisms, in
particular the nematode C. elegans, have not only revealed multiple novel molecular
mechanisms that control the action of the known phagosome maturation factors, but, more
importantly, through systematic genetic approaches, identified numerous novel factors that
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mediate phagosome maturation and further placed them in genetic pathways that mediate
phagosome maturation (Fig. 8.5). These new studies have established the evolutionary
conservation of phagosome maturation mechanisms from simple to complex organisms,
have implied the involvement of the mammalian homologs of these novel factors in
phagosome maturation, and have demonstrated that studying the degradation of apoptotic
cells is effective in revealing basic molecular mechanisms that apply to the maturation of
phagosomes containing all sorts of cargos. These studies will also further our understanding
of membrane trafficking events utilized in multiple cellular events in addition to phagosome
maturation.

Further studies of the newly identified apoptotic cell-degradation factors are required for
answering many remaining questions regarding the basic molecular mechanisms of
phagosome maturation and membrane trafficking. For instance, the identification of the
differential functions of four Rab GTPases, RAB-2, RAB-5, RAB-7, and RAB-14, in
phagosome maturation cries for further investigation of the function and regulation of the
Rab GTPases, regarding aspects such as the identity of the mysterious GEF for RAB-5, the
effectors for RAB-7 (the HOPS complex as one promising candidate), and the phagosome-
specific regulatory proteins for RAB-2 and RAB-14, which have been less studied. In
addition, considering the idea that different Rab GTPases act as membrane tethering factors
for intracellular organelles of different identities, it is important to know that, among the 29
RAB GTPases in C. elegans, how many are involved in phagosome maturation and their
differential roles in phagosome maturation.

Regarding PtdIns(3)P, the lipid second messenger and essential initiator of phagosome
maturation, its production, turnover, and effectors all need to be further studied. Besides the
class 111 P1(3) kinase VPS-34, PtdIns(3)P production on phagosomal surfaces is likely to
involve a yet-to-be identified Pl 3-kinase(s). Just as importantly, almost nothing is known
about how PtdIns(3)P is downregulated during phagosome maturation or the physiological
significance of PtdIns(3)P turnover for phagosome maturation. Moreover, the molecular
mechanisms utilized by SNX-1, SNX-6, and LST-4/SNX-9, three PtdIns(3)P effectors, to
specifically promote phagosome maturation, in particular those utilized by LST-4/SNX-9,
which display multiple activities in generating and stabilizing membrane curvature and in
interacting with DYN-1, need to be further investigated. In addition, there might exist
additional effectors of PtdIns(3)P that act in phagosome maturation. Last but not least, as an
upstream regulator of Ptdins (3)P and the Rab GTPases, how DYN-1 acts to organize
multiple phagosome maturation events is far from being understood and needs to be
continuously investigated.

On the other hand, accumulative evidence also revealed the differential regulatory
mechanisms of phagosome maturation applied to phagosomes containing different kinds of
cargos, and occurring in phagocytes of different identities and in different organisms. These
distinct mechanisms are likely to have profound physiological significance. In this sense, the
finding that phagocytic receptors CED-1 and Draper act to initiate phagosome maturation in
addition to initiating engulfment provides a new clue for understanding the molecular
mechanisms behind the differential regulation of phagosome maturation and possibly behind
the differential immune responses elicited by phagocytes internalizing different targets. The
studies focusing on the degradation of apoptotic cells will continue to reveal unique
mechanisms underlying the differential processing of different phagocytic targets and by
different phagocytes.

Recently, phagocytic receptors CED-1 and Draper were shown to function in other
physiological contexts in addition to the removal of apoptotic cells. CED-1 has been
reported to contribute to the innate immunity of C. elegans against pathogen infection by
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regulating genes that control the unfolded protein response (Haskins et al., 2008).
Drosophila Draper was recently found to play a cell-autonomous role in inducing autophagy
in dying salivary gland cells (McPhee et al., 2010). Although the molecular mechanisms of
CED-1 and Draper in these events are largely unknown, it is conceivable that a cell-surface
receptor might recognize a diverse range of ligands through its different recognition
domains or through different coreceptors and, in this manner trigger distinct cellular
responses. The continuous investigations of the molecular mechanisms of phagocytic
receptors in different biological contexts will help us understand how phagocytes process
their meals in host defense and homeostasis.

In addition to the intracellular organelle/phagosome fusion events that are essential for
driving phagosome maturation, a recent report indicates that components of autophagosomes
(but not the intact autophagosomes) are associated with maturing phagosomes, and that the
autophagy machinery is involved in TLR-mediated phagosome maturation of pathogens
(Sanjuan et al., 2007). A comprehensive study of this phenomenon will reveal the
relationship between autophagy and phagosome maturation. Further, other cellular events in
addition to membrane trafficking might also be involved in the degradation of apoptotic
cells. For example, the rearrangement of the actin cytoskeleton was found to play important
roles in the maturation of phagosomes that contain pathogens, opsonized red blood cells, or
latex beads (Bohdanowicz et al., 2010; Marion et al., 2011). C. elegans CED-5, which was
implicated in actin reorganization, was also found to regulate the lysosomes/phagosome
fusion during the degradation of apoptotic cells (Table 8.1) (Yu et al., 2008). Given that
CED-5, CED-2, and CED-12 are in a complex that activates the CED-10/Racl GTPase, it is
possible that actin reorganization might play active roles in the degradation of apoptotic
cells.
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Apoptotic cells are removed by phagocytes through four distinct stages: (1) recognition—
apoptotic cells are recognized by phagocytic receptor(s) on the surface of phagocytes; (1)
pseudopod extension—the activated phagocytic receptor(s) stimulates the expansion of
plasma membrane and the reorganization of actin cytoskeleton (not shown), leading to the
extension of pseudopods around apoptotic cells; (111) phagosome formation—the tips of
pseudopods meet and fuse, completing the engulfment process, followed by the pinching off
of a phagosome that contain an apoptotic cell from the plasma membrane; and (1V)
phagosome maturation—the nascent phagosome subsequently undergoes the maturation
process and eventually fuses with lysosomes, resulting in the complete degradation of
apoptotic cells.
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Events occurring during phagosome maturation. The lumen of nascent phagosomes mimics
the extracellular environment and has a neutral pH value. Multiple molecules, such as the

lipid second messenger PtdIns(3)P and small GTPases Rab5 and Rab7, are produced/

recruited on the surface of phagosomes at different stages, driving the stepwise phagosome
maturation process. During phagosome maturation, nascent phagosomes sequentially fuse
with early endosomes, late endosomes, and lysosomes, forming early phagosomes, late
phagosomes, and phagolysosomes, respectively, and gradually acquire the membrane and
luminal properties of these organelles, including a variety of hydrolases. The phagosomal
lumen is continuously acidified owing to the activity of the V-ATPase, until reaching below
5.0, under which the hydrolysas are fully activated and result in the degradation of

phagocytic cargos.
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Figure8.3.

Domain structures of the important proteins described in this chapter. (A) CED-1 and its
homologs. EMI, Emiin, and multimerlin domain; CED-1-like EGF-like repeats, a motif
with the consensus sequence that include eight regularly positioned cysteines; NPXY and
YXXL motifs, potential tyrosine phosphorylation sites. (B) SIMU. NIM repeat, Nimrod
repeats. (C) DYN-1. PH, pleckstrin homology domain; GED, GTPase effector domain;
PRD, proline-rich domain. (D) The RAB GTPase family. (E) TBC-2. C-C, coiled-coil
domain; TBC, Tre-2/Bub2/Cdc16 domain. (F) Three SNX-BAR domain sorting nexins in C.
elegans. SH3, Src homology 3; PX, phox homology; BAR, Bin-amphiphysin-Rvs.
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Figure8.4.
Models depicting the novel molecular mechanisms that drive the maturation of phagosomes

containing apoptotic cells. (A) The temporal order of the phago-some localization of
multiple phagosome maturation factors and the incorporation of endosomes and lysosomes.
Data represent mean durations of GFP- or mRFP-fused reporters localized on pseudopods or
phagosomes, obtained from time-lapse imaging experiments monitoring the engulfment and
degradation of multiple apoptotic cells. “0 min” represents the time point when engulfment
begins. The transition from light to dark color indicates the gradual increase of signal
intensity. (B—F) The functions and regulations of Rab GTPase (B-D), PtdIns(3)P effectors
(E), and dynamin (DYN-1) (F) in the degradation of apoptotic cells. (B) A model illustrating
the regulation of Rab5 during phagosome maturation and the functional relationship
between Rab5 and Vps34 (see Section 2.2.2.2). (C) A model depicting that RAB-7 promotes
the extension of phagosomal membrane tubules that recruit lysosomes. RAB-7 is also
required for phagosome-lysosome fusion, possibly by recruiting the HOPS complex to
phagosomes (see Sections 2.2.1 and 2.2.2.4). (D) A model proposing that the RAB-5-to-
RAB-7 conversion on phagosomes is mediated by a SAND-1-CCZ-1 complex (see Section
2.2.2.3). (E) A model depicting the action of phagosomal Ptdins(3)P. PtdIns(3)P generated
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on nascent phagosome recruits its effectors SNX-1, SNX-6, and LST-4/SNX-9, which
promote the extension of phagosomal membrane tubules that recruit lysosomes. LST-4/
SNX-9 also interacts with DYN-1 and stabilizes DYN-1"s association with phagosomes (see
Section 2.4). (F) The dynamic association of DYN-1 with phagosomes is controlled by the
upstream regulators and an autoregulatory loop. DYN-1, transiently enriched on nascent
phagosomes, serves as an organizer for multiple downstream phagosome maturation events
(see Section 2.5).
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Figure 8.5.

The molecular mechanisms of phagosome maturation during the degradation of apoptotic
cells in C. elegans. (A) The dynamic localizations of multiple maturation-promoting factors
on phagosomes are illustrated to indicate their sequential and coordinated actions that drive
the stepwise progression of phagosome maturation. (B) An updated signaling network that
promotes the degradation of apoptotic cells, established by substantial genetic and cell
biological characterizations. See text for detail.
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