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Phagocytosis is a key component of the innate immune response and of the clearance of apoptotic
bodies. Phagosome formation and subsequent maturation require extensive cytoskeletal rear-
rangement and precisely choreographed vesicular fusion and fission events. The objectives of this
review are to highlight the functional importance of lipids in the phagocytic process, to discuss
how pathogenic microorganisms can in some cases manipulate host lipid metabolism to either
co-opt or disrupt phagosome maturation and promote their own survival, and to describe how

defective phagosomal lipid metabolism can result in disease.

Introduction

Specialized cells of the immune system, such as macrophages and
neutrophils, engage and actively engulf invading microorganisms
into an intracellular vacuole by a process termed phagocytosis (1, 2).
Inside this vacuole, also known as a phagosome, the invading
organisms are killed and degraded by an array of microbicidal and
digestive mechanisms. Therefore, phagocytosis represents a vital
component of the innate immune response. In addition, because
itis triggered by surface receptors that elicit an exquisitely orches-
trated series of cytoskeletal and membrane remodeling events,
phagocytosis can also be regarded as a particularly useful para-
digm to investigate signal transduction.

Phagocytosis can be conceptually broken down into two mod-
ules: the formation of the nascent vacuole containing the ingested
particle (phagosome formation), and its subsequent evolution into
a degradative compartment (phagosome maturation) (Figure 1).
Maturation is required because the nascent phagosome is not
effectively microbicidal: its contents are a sampling of the innoc-
uous extracellular milieu and its membrane is derived from the
plasmalemma. Consequently, the phagosomal membrane and
luminal contents must undergo considerable remodeling to
transform the initially inert environment into a microbicidal
one. This maturation process not only helps quell infection,
but also generates and routes antigens for presentation on
MHC molecules in order to activate the adaptive branch of the
immune system (3).

Phagosome maturation is generally considered to involve pri-
marily a complex sequence of fusion and fission events with sub-
compartments of the endocytic pathway (Figure 1). In many ways,
phagosome maturation recapitulates the progression of cargo
along the endocytic pathway, with the added advantage that the
size of the vacuole enables detailed and unambiguous tracking of
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the maturing compartment by light microscopy. During and/or
immediately after phagosome closure, the phagosome fuses with
early endosomes, acquiring Rab5 and early endosome antigen 1
(EEA1) (1). Through fission events and subsequent interactions
with late endosomes, the phagosome divests itself of the early
endosomal markers and acquires a late endosome-like phenotype.
Late phagosomes are positive for lysobisphosphatidic acid (LBPA),
Rab7, and lysosome-associated membrane proteins (LAMPs).
Ultimately, the organelles fuse with lysosomes to form phagolyso-
somes. These phagolysosomes represent the decisive degradative
compartment, having amassed a potent antimicrobial repository
consisting of hydrolytic enzymes, cationic peptides, and a marked-
ly acidic luminal fluid (1). In the course of maturation, a powerful
oxidative system composed of the NADPH oxidase and ancillary
enzymes is also activated.

With the advent of proteomic and small, interfering RNA tech-
niques, hundreds of proteins have been linked to the processes of
phagosome formation and maturation (4-6). In contrast, much
less attention has been paid to lipids as co-directors of phagocy-
tosis. The past few years, however, have witnessed a remarkable
resurgence in the study of lipids in the phagocytic event. The
renewed interest in these historically neglected partners has been
fueled in part by the development of genetically encoded biosen-
sors to monitor lipid dynamics in live cells (7). Such sensors are
generally chimeric constructs composed of a fluorescent protein
in tandem with a domain that recognizes defined lipid head-
groups. This and other strategies have produced evidence that
lipids coordinate signaling, targeting, and trafficking events in
the course of phagosome generation and maturation (8). Lipids
underlie the formation of metastable, nanometer-sized micro-
domains within the plasma membrane (9), where signaling plat-
forms presumably assemble to initiate phagocytosis (10-12). In
addition, lipid species are required both as substrates for and as
activators of enzymes responsible for the generation of important
second messengers (8). Finally, specific lipid headgroups recruit
proteins possessing lipid-binding domains and/or confer curva-
ture and charge to the membrane surface, promoting electrostatic
attraction and retention of proteins. The objective of this review
is to highlight the importance of lipids as primary directors of
protein targeting and membrane trafficking, using phagosome
formation and maturation as a paradigm.
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Lipid metabolism during phagosome formation and
maturation
Lipids are key to normal phagocytosis. However, in several instances
pathogenic microorganisms either co-opt or disrupt lipid metabo-
lism to modulate phagosome maturation, and there are also cases in
which defective phagosomal lipid metabolism can result in disease.
To facilitate comprehension of the clinical abnormalities associated
with phagosome formation and maturation, we begin with a brief
description of lipid metabolism along the phagocytic process.
Phosphoinositide species. Phosphatidylinositol (PI) constitutes
approximately 10% of the total lipid on the inner leaflet of the
plasma membrane (8) and is thus a major component of the form-
ing phagosome. The inositol ring of PI can be phosphorylated at
any one of three positions (D-3, D-4, and D-5) to yield monophos-
phoinositides that can be further phosphorylated to bis- and tris-
phosphorylated species. Most, but not all, known phosphoinosit-
ide species have been identified on forming and/or maturing
phagosomes (8) and are briefly discussed below.
PI-4,5-bisphosphate [PI(4,5)P;] (Figure 2A) is constitutively pres-
ent in the plasma membrane, accounting for approximately 2% of
the inner leaflet (8). It undergoes rapid and transient accumulation
above basal levels at the site of particle engagement and propagates
with the pseudopods as they extend around the particle (Figure
2B). The transient accumulation of PI(4,5)P; is probably due to the
action of type I PI-4-phosphate [PI(4)P] 5-kinase (PIP5KI) (13). This
enzyme is constitutively associated with the plasma membrane
and is therefore present at the base of the phagosome when the
phagocytic target engages its receptors (13, 14). Although initially
quiescent, PIPSKI is activated by Rho-family GTPases and/or phos-
phatidic acid (PA), which is generated locally at the time of phago-
cytosis (15-17), resulting in the observed PI(4,5)P, accumulation.
As the pseudopods advance, P1(4,5)P, disappears from the base of
the forming phagosome (14), becoming undetectable in the sealed
vacuole (Figure 2B). PI(4,5)P; can be eliminated either by degrada-
tion or by phosphorylation to PI-3,4,5-trisphosphate [PI(3,4,5)P3]
(Figure 2A). The appearance of inositol-3,4,5-trisphosphate (IP3) and
diacylglycerol (DAG) at sites of phagocytosis implicates PLC, partic-
ularly they isoform (PLCy), but phosphatases could also contribute
to PI(4,5)P, hydrolysis. Degradation of PI(4,5)P, by phosphoinosit-
ide 4- and/or 5-phosphatases has been reported during endocytosis
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Figure 1

Stages of phagosome formation and maturation. Six stages of phago-
cytosis are shown: i, particle engagement; i, phagocytic cup formation;
iii, nascent phagosome (1-2 min after sealing); iv, early phagosome
(2—10 min after sealing); v, late phagosome (10-30 min after seal-
ing); vi, phagolysosome (>30 min after sealing). As the phagosome
matures, it undergoes multiple sequential interactions with early endo-
somes (EE), late endosomes (LE), and lysosomes (Ly).

(18), but has not yet been documented in phagocytosis. Of note, the
S-phosphatase synaptojanin 2 associates with Rac1 (19) and might
contribute to PI(4,5)P, removal during phagosome closure.

Significantly, some of the PI(4,5)P; escapes degradation and is con-
verted to PI(3,4,5)P; by class I PI3K. PI(3,4,5)P; is readily detectable
at the phagocytic cup shortly after particle engagement and remains
present in the phagosomal membrane for approximately 1 min after
sealing (Figure 2B) (20). Two molecules can terminate the accumula-
tion of PI(3,4,5)P3: SH2 domain-containing inositol 5-phosphatase
(SHIP; refs. 21-23), which is recruited to the phagocytic cup, and
phosphatase and tensin homolog (PTEN), a 3'-phosphatase. The
latter does not accumulate at sites of phagocytosis, which suggests
that this enzyme has a more global effect (24).

PI-3-phosphate [PI(3)P] (Figure 2A) is normally found on early
endosomes. It is first detectable on the phagosome within 1-2 min
of sealing and persists for approximately 10 min (Figure 2B)
(20). Phagosomal PI(3)P is generated largely by phosphorylation
of PI by the class III PI3K, hVps34 (25). Accordingly, injection
of inhibitory antibodies specific for Vps34 into phagocytic cells
precludes PI(3)P accumulation on phagosomes (20). The mecha-
nism whereby PI(3)P is removed from the maturing phagosome
remains unclear. It might simply revert to PI through the action of
3-phosphatases of the myotubularin family. Alternatively, PI(3)P
might be further phosphorylated to PI 3,5-bisphosphate [P1(3,5)P,]
(Figure 2A) by FYVE finger-containing phosphoinositide kinase
(PIKfyve), which is itself recruited to sites of PI(3)P enrichment by
its FYVE domain (Figure 2B) (26, 27).

Phosphatidylserine. Phosphatidylserine (PS) (Figure 2A) is enriched
in the plasma membrane, specifically the inner leaflet, where it con-
stitutes at least 15% of the lipid (28). In stark contrast, little PS is
detectable in the outer leaflet of healthy, quiescent cells (28). This
asymmetric distribution is lost during apoptosis, and appearance of
PS on the outer surface serves to identify cells destined for phagocy-
tosis and degradation (29). However, in addition to the transmem-
brane scrambling seen in the target apoptotic cell, externalization of
PS has also been suggested to occur in the membrane of the phago-
cytic cell (30). The ATP-binding cassette transporter 1 (ABC1) is
thought to mediate externalization of PS, and this event might be
an essential requirement for some forms of phagocytosis (30, 31).

At present, little is known about PS distribution, metabolism, and
function during the course of phagosome maturation. Gross bio-
chemical studies suggest that its levels remain relatively unchanged
between early and late phagosomes, at approximately 10% of the
total phospholipid content (32), but the transmembrane disposi-
tion of PS is not known. Potential roles of PS in phagosome matu-
ration are further discussed below with respect to surface charge.

PA. PA (Figure 2A) accounts for 1%-2% of cellular lipid (28) and
is now appreciated as an important second messenger involved in
cell survival and proliferation, vesicular traffic, and cytoskeletal
rearrangement (33). In mammalian cells, PA can be generated by
either phospholipase D-mediated (PLD-mediated) hydrolysis of
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phosphatidylcholine (PC) or phosphorylation of DAG by DAG-
kinase (33). The former pathway might be an important com-
ponent of a phagosomal lipid signaling loop in which PI(4,5)P,
activates PLD to produce PA, while PA stimulates type I PIPSKIs,
yielding more PI(4,5)P; (34). Aspects of the PLD pathway have been
studied in phagocytes (35, 36), but to date there are no definitive
measurements of the PA content of phagosomes and no quantita-
tive attribution of its source.

Cholesterol. The planar and rigid nature of cholesterol (Figure
2A) allows it to preferentially associate with sphingolipids in
membrane microdomains. These plasma membrane “rafts” have
been implicated in a multitude of cellular processes such as sig-
nal transduction and membrane trafficking (reviewed in ref. 9),
including membrane delivery to the phagocytic cup (37). Less
appreciated is the differential distribution of cholesterol among
different endocytic compartments. For example, lysosomes have
comparatively little cholesterol, whereas late endosomes are cho-
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Figure 2

Lipids dictate domain-specific targeting of pro-

teins during phagocytosis. (A) Structures of

the principal phospholipids within the plasma

and phagosomal membranes. The phospho-
O lipids have a glycerol backbone to which fatty
OH acyl residues are attached at the sn-7 and
sn-2 positions. For simplicity, in all cases the
common pairing of stearoyl and arachidonyl
fatty acids are depicted in the sn-1 and sn-2
positions, respectively. The headgroups that
define the lipid species attach to the glycerol
backbone at the sn-3 hydroxyl group. The
inositol ring of the phosphoinositides can be
phosphorylated at any one of three positions
(D-3, D-4, and D-5) to yield the various mono-,
bis-, and tris-phosphorylated species. DAG
and cholesterol (Chol) are also illustrated. PE,
phosphatidylethanolamine. (B) The stages of
phagocytosis from Figure 1 are shown, with
the presence of specific lipids illustrated by
the respective colors. Representative pro-
teins attaching to specific lipids are shown,
matched by color. Colored segments at stages
with multiple lipids do not reflect subdomains
or the relative abundance of the different spe-
cies. Myo10, myosin X. Btk, Bruton agagga-
globulinemia tyrosine kinase.

OH OH,

— PI(4.,5)P,
PI(3,4,5)P,
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PA

PI(3)P
PI(3,5)P,
Chol

htep://www.jci.org

lesterol rich. Most of the cholesterol in late endosomes is found in
the internal vesicles that have earned late endosomes the alterna-
tive designation multivesicular bodies (MVBs) (38). Moreover, various
microdomains on late endosomes, on both the limiting and the
intraluminal vesicle membranes, have been recently described (39).
They differ in their composition and physical properties, which
might have an impact on protein and lipid sorting. It is interesting
to consider whether a similarly rich network of microdomains is
present on phagosomes and whether cholesterol influences phago-
some motility and the partition of Rab proteins, as described for
endosomes (40). In this regard, maturing phagosomes have been
found to gradually accumulate cholesterol (Figure 2B), which seg-
regates in microdomains enriched with flotillin-1, heterotrimeric
G proteins, and subunits of the vacuolar-type ATPase (V-ATPase),
the proton pump responsible for phagosomal acidification (4, 32,
41, 42). These crude observations raise the tantalizing possibility
that signaling and ion transport platforms exist in phagosomes.
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Table 1
Lipids and the protein domains to which they bind

Species Protein-binding Representative  Reference
domain protein
PI(3)P PX p4Qphox 102
FYVE EEA1 52
PI1(3,4)P, PH TAPP1 115
PX p47phox 102
PI1(3,5)P, - Atg18 116
P1(4,5)P, PH PLD2 117
FERM Ezrin 118
ANTH AP180 119
ENTH Epsin 120
Tubby Tubby 121
AP2-a. AP2-a 122
Polycationic motif WASP 47
PI1(3,4,5)P3 PH Btk, myosin X 65, 123
DAG C1 PKCe 67
PS C2A PKC 124
F5F8 type C or Lactadherin, 91
discoidin-type C2 Factor VIII
PA - Raf1 79
Negative Polycationic motif +  RGK GTPases 89
surface hydrophobic residues
Polycationic motif + MARCKS 90
myristoylation
Polycationic motif + K-Ras4B 89
prenylation

ANTH, AP180 N-terminal homology; AP180, assembly protein 180;
AP2-a, adaptor related protein complex 2, a1 subunit; Atg18, autopha-
gy-related protein 18; Btk, Bruton agammaglobulinemia tyrosine kinase;
ENTH, epsin N-terminal homology; FERM, 4.1-ezrin-radixin-moesin;
PLD2, phospholipase D2; RGK, Rem1, Rem2, Rad, Gem, and Kir;
TAPP1, tandem PH domain—containing protein 1. AConventional C2
domains are not PS-specific, but recognize anionic lipids in general.

Protein recruitment to phagosomal lipids mediated by
lipid-binding modules

The lipids described above play multiple roles as determinants
of phagosomal formation and fate. Lipids serve these functions
in part by influencing membrane curvature and by contributing
predominantly to the surface charge of the bilayer. However, the
best studied and probably most important function of the lipids
is coordination of the recruitment and retention of key phagocytic
proteins. This is accomplished mainly by the selective interaction
between specialized protein modules and their target lipids.

Structural and Rinetic considerations. Lipid-binding modules rep-
resent a class of protein domains or motifs that reversibly bind
the headgroups of specific lipids (Table 1). In combination with
spatially and temporally restricted lipid metabolism, as described
above for phagocytosis, such modules target proteins to discrete
membrane surfaces and enable a coordinated signaling response.
Structural details pertaining to lipid-binding domains have been
recently reviewed (43, 44) and are not further discussed here.

A nimble signaling molecule must associate quickly with its tar-
get to initiate a response and should dissociate equally swiftly to
terminate it. To ensure proper specificity with rapid on/off kinet-
ics, it is more effective to have multiple, comparatively low-affinity
targeting determinants instead of a single, high-affinity one. The
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avidity of such an interaction is high only when multiple deter-
minants are ligated concomitantly. In this context, lipid-bind-
ing domains often function in cooperation with other targeting
domains as one part of a multicomponent detection system able
to recognize coincident membrane-targeting motifs (44, 45). By
continuously cycling between lipid-bound and unbound states,
lipid-targeting domains can effectively sample the local lipid con-
centration (43) and respond promptly to changes in lipid metabo-
lism. This might be particularly important in the case of the phos-
phoinositides, which are abundant on forming and/or maturing
phagosomes and have high turnover rates (46).

How individual lipids contribute to protein targeting depends
on their structure and relative abundance. These properties are
bestillustrated by the phosphoinositides and their respective bind-
ing domains. Because of the high abundance of PI(4,5)P,, proteins
that bind to it can have comparatively lower selectivity and affin-
ity (47). In contrast, domains that target rare 3-phosphoinositides
must do so with greater specificity and affinity. Pleckstrin homol-
ogy (PH) domains that bind PI(3,4,5)P; with high affinity deploy
multiple basic residues to engage the three phosphate groupsina
strong hydrogen bond network (48, 49). FYVE and Phox homology
(PX) domains, which recognize the monophosphorylated PI(3)P,
use different strategies. In these cases, increased affinity results
from simultaneous electrostatic interaction with the 3-phosphate
and penetration of the membrane by nonpolar residues (50, 51). In
the case of some FYVE domain-containing proteins, dimerization
increases binding avidity (52).

Despite its importance, no consensus PA-binding structure
has emerged to date. The known proteins that bind PA all pres-
ent basic amino acids at the lipid-interacting surface but have no
definitive sequence or structural homology. The propensity for PA
to form hydrogen bonds, along with its negative charge, have been
proposed as primary factors for making PA a favored docking site
for basic residues (53).

Lipid-binding modules in phagocytosis. Lipids play an essential role in
phagocytosis: recruiting, retaining, and functionally regulating the
activity of a myriad of proteins (8). PI(4,5)P; is key to cytoskeletal
remodeling during pseudopod extension and particle engulfment,
promoting de novo actin nucleation (54, 55), removing capping pro-
teins from the barbed ends of actin filaments (56), activating fila-
ment-severing proteins like gelsolin (57), and promoting filament
cross-linking (58). Many of the actin-regulatory proteins possess poly-
cationic motifs (59) that are attracted electrostatically to PI(4,5)P;.
Notably, in combination with GTP-bound Cdc42, PI(4,5)P; binding
activates the Wiskott-Aldrich syndrome protein (WASP) to induce
actin assembly. Mutations in the lipid-binding domain of WASP pre-
vent plasma membrane localization and cytoskeletal rearrangement
(60). In addition, PI(4,5)P, can be recognized stereospecifically by
PH, 4.1-ezrin-radixin-moesin (FERM), AP180 N-terminal homology
(ANTH), and epsin N-terminal homology (ENTH) domains (Table
1). Ezrin, a prototypical FERM domain-containing protein known to
anchor actin to membranes, has been detected on phagosomes (61)
and was implicated in modulating maturation (62). Identification of
additional PI(4,5)P; ligands at sites of phagocytosis is pending.

PI(4,5)P; is promptly removed from nascent phagosomes, which
coincides with actin disassembly. In its wake, PI(3,4,5)P; accumulates
and serves as a binding target for the PH domains of adaptor proteins
such as growth factor receptor-bound protein 2-associated binder
protein 1 (GAB1) and GAB2, which are crucial for the assembly of the
signaling platform generated by phagocytic receptors (63). Although
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its accumulation is short-lived, PI(3,4,5)P; serves as an important tar-
geting signal. It helps recruit WASP family verprolin-homologous
protein (WAVE; ref. 64) and myosin X (65) to forming phagosomes,
contributing to the assembly of the cytoskeletal machinery that
drives pseudopod extension and sealing (Figure 2B).

PI(3,4,5)P; also promotes recruitment to the phagocytic cup of
PLCy via its PH domain (66). PLCy stimulates further PI(4,5)P,
hydrolysis while simultaneously generating DAG. Confined to the
membrane of the forming phagosome (Figure 2), DAG serves as a
docking site for proteins possessing C1 domains, such as PKD, Ras-
GRP, DAG kinases, and, more notably, the classical and novel PKC
isoforms (67, 68), which can contribute to phagosome formation
and maturation and/or the inflammatory response (Figure 2B).

Phosphoinositides are also instrumental in the deployment of the
phagosomal antimicrobial armamentarium. The NADPH oxidase
complex responsible for superoxide generation assembles at the
membrane in a manner dependent on the PX domain of its p47phox
subunit (69), which is soluble prior to the onset of phagocytosis. The
PX domain of p47phx has preferential affinity for PI(3,4)P, (43).

PI(3)P, which appears shortly after the phagosome seals, serves
two primary functions in the course of maturation. The first
involves association with various effectors that recognize its head-
group and are recruited to phagosomes to coordinate fusion events
with late endosomes (1). EEA1 accumulates on early phagosomes
in part by binding to PI(3)P through its FYVE domain (Figure 2B),
and it is thought to both bridge and support the fusion of Rabs-
and Rab4-bearing membranes (25). Hepatocyte growth factor-reg-
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Figure 3

Contribution of phospholipid species to membrane composition and
charge. (A) Schematic representation of the lipid composition of the
plasma membrane. The color of the headgroup not only identifies the
different species, but is indicative of its charge. The relative mole ratio
of the lipids is shown in parentheses. (B) Anionic lipids dictate electro-
static targeting of proteins during phagocytosis. The stages of phagocy-
tosis from Figure 1 are shown, with the relative charge of membranes or
ligand proteins illustrated by color. Note that the plasmalemma is most
negative, and secretory membranes are least negative. The phago-
some membrane has an intermediate negativity, and polycationic pro-
teins are shown in varying shades according to their charges.

ulated tyrosine kinase substrate (Hrs) is similarly anchored to early
phagosomal PI(3)P through a FYVE domain (70). It mobilizes the
multimeric endosomal sorting-complex required for transport
(ESCRT), which propels inward membrane budding during MVB
formation (71). Although the multivesicular nature of the phago-
some is not well established, there is evidence of intraphagosomal
vesicles (72). Hrs has been directly implicated in phagosome matu-
ration: its depletion leads to a decrease in LBPA and abrogates the
luminal acidification seen in fully mature phagosomes (70).

PI(3)P also helps activate NADPH oxidase (73, 74). Oxidant gen-
eration by NADPH oxidase in phagosomes requires the p40 sub-
unit (p40rhox) which is recruited to the phagosomal membrane
via its PI(3)P-binding PX domain (Figure 2B) (73, 74). Rac initi-
ates and maintains the assembly of the active oxidase complex at
the plasma membrane, whereas other factors seem to be necessary
for oxidase function in the phagosome, ostensibly because Rac
detaches from the membrane of the phagosome after sealing (75).
p40rhox might substitute for Rac in maintaining the NADPH oxi-
dase active in the early phagosomes.

Because there are no known selective, high-affinity PI(3,5)P,-
binding domains, it has not yet been possible to visualize this lipid
over the course of phagosome maturation. For this reason, the exis-
tence of PI(3,5)P, on phagosomes, let alone its function, remains
speculative. Nevertheless, some indirect data provide hints of its
probable localization and function. The yeast homolog of PIKfyve,
Fablp, has been shown to be a regulator of vacuolar sorting (76,
77). Moreover, work in mammalian cells has implicated PI(3,5)P,
in the maintenance of endomembrane integrity, morphology, and
progression (26, 78). By extension, PIKfyve and its product PI(3,5)P,
are expected to contribute to phagosome maturation. A recently
characterized PIKfyve inhibitor should facilitate evaluation of the
function of the enzyme and its lipid product in phagocytosis (78).

In addition to the phosphoinositides and their degradation prod-
ucts, other lipids also feature prominently in protein recruitment
and activation on the maturing phagosome. PA is important in this
context because it contributes to the assembly and activation of
NADPH oxidase by interacting directly with p47pho and is a potent
activator of a number of protein and lipid kinases, including Fgr, the
type I PIPSKI, and sphingosine 1-phosphate kinase (79).

Curvature as a determinant of protein recruitment to the
phagosomal membrane

Membrane trafficking and remodeling often require the lipid sur-
face to undergo deformations. The resulting changes in curvature
are now understood to contribute to membrane dynamics by modu-
lating the local lipid composition, altering the exposure of hydro-
phobic moieties, and serving as a ligand for curvature sensors (44).
Volume 118
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Intracellular pathogens and their effectors that modulate phagosomal lipid metabolism

Pathogen Effector Effect Ref

Salmonella enterica SigD Phosphoinositide phosphatase that acts on PI(4,5)P, and PI(3,4,5)Ps to trigger 95, 96
invasion into the host cell, activate host cell survival pathways, and contribute to the
formation of a replicative vacuole

Shigella flexneri IpgD Phosphoinositide phosphatase that converts Pl(4,5)P, to PIP, thereby triggering 95
invasion and activating host cell survival pathways

Legionella pneumophila SidC and SidA  Proposed to bind PI(4)P and aid in the formation of the replicative vacuole 95,98
within the host cell

Mycobacterium tuberculosis LAM Glycosylated Pl analog that inhibits the activation of Vps34 to 100
limit PI(3)P production on the intracellular vacuole

SapM Phosphatase that converts PI(3)P to PI, contributing to phagosomal arrest 101

LAM, lipoarabinomannan.

PA exemplifies the role of curvature in modulating membrane
dynamics and protein recruitment. PA holds the distinction of
being the only anionic cone-shaped lipid (80), and in the presence
of divalent cations, it segregates into PA-rich domains (81). This
combination of negative curvature (bending the bilayer around
the lipid headgroup) and phase separation properties promotes
membrane fission in model systems (82, 83) and might drive simi-
lar processes in phagocytosis. Moreover, the negative curvature
induced in areas of PA aggregation increases the exposure of alkyl
chains to the surrounding environment. Because interaction with
the aqueous medium is thermodynamically unfavorable, alkyl
chain exposure promotes hydrophobic interactions between PA
and proteins. Not surprisingly, many PA-binding domains contain
hydrophobic residues. Of note, PA promotes the docking of traf-
ficking-related proteins, such as ADP-ribosylation factor (ARF),
kinesin, and N-ethylmaleimide-sensitive factor (NSF) (79).

LBPA is an example of an inverted cone-shaped, fusogenic lipid
whose capacity to induce positive membrane curvature (bending the
membrane away from the lipid headgroups) can modulate membrane
dynamics and function (84). In particular, this lipid has the intrin-
sic ability to drive membrane deformation and invagination in the
presence of a pH gradient similar to that generated by the V-ATPase
between the cytosol and the lumen of late endosomes (84). In fact, the
tendency of LBPA to segregate and induce invagination is thought to
underlie the formation of internal vesicles within late endosomes.

More generally, membrane curvature is itself a determinant of
membrane binding for some proteins with a unique banana-like
shape. For example, BAR (Bin, amphiphysin, and Rvs) domains
dimerize and assume a curved coiled-coil structure that abuts the
lipid bilayer. These domains are thought to either sense or stabilize a
curved membrane surface (44). Interestingly, BAR domains are often
found in close proximity to other lipid-binding domains, such as PH
and PX domains. Together, these lipid sensors might function as
a coincidence detection unit. For example, sorting nexin-1 (SNX1)
is targeted to the highly curved endosomal surface through the
joint activities of its PI(3)P-binding PX and curvature-sensing BAR
domains (45). Whether sorting nexins or similar coincidence detec-
tion units operate in phagosomes remains to be demonstrated.

Charge as a determinant of protein recruitment to the
phagosomal membrane

Approximately one-fifth of the plasma membrane consists of
anionic phospholipids, with most found at the inner leaflet (Fig-
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ure 3A). The anionic character of the lipids confers to the inner
surface an electrostatic potential. The biophysical implications of
a negative membrane surface are multiple and complex (see ref.
85 for theoretical details). Briefly, they produce an electric field
that attracts the cationic molecules, such as inorganic ions and
cationic peptides, within approximately 1 nm of the membrane (a
distance termed the Debye length). The electrostatic potential asso-
ciated with the electric field is termed the surface potential and is dis-
tinct from the more familiar transmembrane electrical potential
difference. The latter is an electrodiffusional voltage attributable
to differences in membrane permeability to various inorganic ions.
An integral membrane protein can sense the sum of the transmem-
brane potential and the difference in intra- and extracompartmen-
tal surface potentials. In contrast, peripheral proteins experience
only the electrostatic forces of the surface potential.

Lipids and proteins affect each other reciprocally within the
Debye length. Cationic peptides that interface with the mem-
brane, such as the cationic domain of the myristoylated ala-
nine-rich C-kinase substrate (MARCKS) protein, can attract and
sequester anionic phospholipids into functional pools; removal
of the peptide from the membrane releases the lipids to act on
downstream effectors, such as other lipid-binding domains (86).
Because of their greater responsiveness to electrostatic attraction,
the polyvalent phospholipids [such as PI(4,5)P,], and not monova-
lent lipids, are the primary targets of sequestration by membrane-
adsorbed polybasic peptides (87, 88).

On the other hand, the negative surface manifestly serves as a
targeting motif for various signaling proteins. A polybasic domain
alone, however, is insufficient to localize most proteins to the mem-
brane. Accordingly, the polybasic domain often works in conjunc-
tion with a second membrane-targeting motif such as myristoyl or
prenyl moieties or the side-chains of hydrophobic amino acids (89).
The electrostatic interaction with the surface charge provides cells
with a binary electrostatic switch to target cationic proteins to the
membrane in a regulated fashion (90). If the charge of the protein is
altered, its affinity for the negative surface diminishes, potentially
causing it to dissociate from the membrane. A reduction in the net
charge of a protein can be brought about by phosphorylation or by
its association with an anionic protein such as calmodulin.

Aless appreciated way to toggle the electrostatic switch is to alter
the surface charge through changes in lipid metabolism, such as
those experienced by the membrane during phagocytosis. To better
understand how lipid metabolism affects surface charge, our lab-
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oratory developed genetically encoded biosensors to quantify the
surface charge on the inner leaflet during phagocytosis in live cells
(75). In resting cells, the most cationic sensors exclusively target the
cytosolic leaflet of the plasma membrane, highlighting its anionic
nature. Strikingly, the surface charge of the invaginating phagosom-
al membrane was found to drop precipitously, whereas the unen-
gaged areas of the plasma membrane remained unaltered (Figure
3B). The alteration in charge was associated with, and is probably
attributable to, the drop in PI(4,5)P; levels described above (75).
Several questions follow from this initial observation. What is
the fate of the phagosomal surface charge along the maturation
pathway, and which lipids contribute to the evolution of charge of
the phagosome? Are the polyvalent phosphoinositides the primary
determinants of surface charge, as in the case of phagosome for-
mation, or are monovalent species (such as PS) responsible? The
cytosolic leaflet of the endocytic pathway was found to be negative-
ly charged, although less so than the plasma membrane (91). Inter-
estingly, this negativity was conferred to the phagosomes largely
by PS and not by phosphoinositides (91). That moderately cationic
proteins, such as c-Src, Rac2, and Cdc42, localized to membranes
rich in PS suggests that the accumulation of the anionic phospho-
lipid plays a direct role in protein targeting (Figure 3B) (91).
Other lipids must surely contribute to the adjustment of phago-
somal surface charge, although confirmation awaits the develop-
ment of suitable probes. The generation of the anionic PA through
the hydrolysis of the uncharged and highly abundant PC is expected
to increase the negative charge density, as would rare inositide spe-
cies like PI(3)P and PI(3,5)P,. At the late phagosomal stage, LBPA
would add its negative charges to the phagosomal surface, although
its presence on the cytosolic leaflet has not been verified directly.
The study of surface electrostatics in regulating phagocytosis is
still in its infancy, yet several examples of surface charge modulation
affecting phagocytosis have already been documented. Detachment
of membrane-associated MARCKS during phagosome formation
(Figure 3B) has been demonstrated (92), although its functional
significance remains unclear (93). Potentially more relevant are the
effects of surface potential on small GTPases, such as Racl, that
bear polycationic motifs in their hypervariable region (Figure 3B).
Activation of such GTPases by nucleotide exchange factors requires
prior dissociation from GDP dissociation inhibitor (GDI). We have
suggested that the surface charge of the plasma membrane func-
tions as the elusive GDI-dissociating factor (GDF), preferentially
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Figure 4

Intracellular bacteria co-opt or disrupt phagosomal lipid metabolism
as a survival strategy. M. tuberculosis secretes the glycosylated PI
analog lipoarabinomannan (LAM) to inhibit the production of PI(3)P by
Vps34 in addition to secreting the phosphatase SapM, which dephos-
phorylates PI(3)P. Together, these effectors decrease vacuolar PI(3)P
to arrest phagosome maturation and produce a favorable intracellular
niche for M. tuberculosis survival. S. enterica injects the effector SigD
into the cell. This phosphatase depletes PI(4,5)P, from the plasma
membrane, leading to bacterial invasion into the host cell. Once inside,
SigD has been suggested to dephosphorylate PI(3,4,5)P; to produce
PI(3)P. Alternatively, SigD products might modulate Vps34 in order to
increase vacuolar PI(3)P. These effects help the bacterium divert the
maturation of the invasion vacuole away from the conventional antimi-
crobial trajectory of phagosomes.

trapping the small fraction of spontaneously dissociating Rac1-
GDP at the plasma membrane, in the immediate vicinity of the
GEF(s) that are activated by phagocytic receptors (8). Conversely,
active Racl is expected to dissociate from the plasmalemma when
the surface charge drops upon PI(4,5)P, hydrolysis, and this has
been verified experimentally (75). Of note, constitutively active
mutants of Racl are also lost from sealing phagosomes with identi-
cal kinetics, implying that dissociation is not caused by GTP hydro-
lysis and therefore cannot be attributed to termination of exchange
factor activity or to activation of GTPases (75). These early data
point to surface charge as an important determinant of protein tar-
geting and dissociation along the course of phagocytosis.

Clinical examples of defective phagosomal lipid
metabolism and its subversion by pathogens

Bacterial interference with phagosomal lipid metabolism as a survival strategy.
Because lipids are key contributors to phagosome generation and
microbicidal function, it is not surprising that many pathogens have
evolved ways of either co-opting or obstructing phagosomal lipid
metabolism as a survival strategy (Table 2). A prototypical example is
Salmonella enterica, which injects into the host cells a phosphoinosit-
ide phosphatase, SigD (also known as SopB). This potent enzyme
rapidly degrades PI(4,5)P, on the host cell membrane to PI phos-
phate (PIP), thereby subverting cytoskeletal dynamics to facilitate
bacterial entry and diverting maturation of the invasion vacuole to
a nonlytic compartment. Although accumulated at the outer tips of
the invasion ruffles, PI(4,5)P; is depleted from the base of the ruffles
(94). Depletion of the inositide coincides with, and is thought to
contribute to, the dissociation of actin from the ruffle base, where
the bacteria enter the cell. Actin disassembly is required for closure
of the invasion vacuole and for its progression to become a bacterial
survival and replication niche. The disappearance of PI(4,5)P,and/or
the appearance of the products generated by SigD, most likely PI-
5-phosphate [PI(5)P], also play a key role in directing the traffic of
membranes that culminates in the formation of the spacious rep-
licative vacuole, where bacteria are sheltered from host bactericidal
factors (95). SigD has also been proposed to produce PI(3)P through
dephosphorylation of PI(3,4,5)P; (Figure 4) (96), thereby influencing
not only vacuole formation but also its maturation.

In a similar fashion, the causative agent of Legionnaire disease,
Legionella pneumophila, avoids the degradative phagosomal pathway
after entry into macrophages, diverting the invasion vacuole away
from lysosomes. The Legionella-containing vacuole (LCV) fuses
instead with the benign secretory pathway. As in the case of S. enterica,
phosphoinositides are central to the process whereby L. pneumophila
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reroutes intracellular traffic (95). PI3K has been implicated in LCV
trafficking as well as in intravacuolar bacterial replication (97). More
directly, the L. pneumophila effector protein SidC directly binds to
PI(4)P (98), which accumulates on the LCV. By anchoring to the LCV
via PI(4)P, this effector, along with its paralog SidA, is thought to link
with host cell proteins to commandeer vesicle trafficking (95).

Yet another example of phosphoinositide involvement in the
pathogenesis of infectious disease is provided by Mycobacterium
tuberculosis. M. tuberculosis is unable to invade cells actively, but is
internalized by macrophages into what is initially a conventional
phagosome. Shortly after ingestion, the bacteria deploy a num-
ber of weapons that enable them to arrest the maturation process
at an early stage, precluding progression to lytic phagolysosomes
(99). The bacteria generate a favorable intracellular niche, in part
by modulating the acquisition of PI(3)P by the vacuole (95). To
limit the production of this inositide, the bacteria secrete the
glycosylated PI analog lipoarabinomannan, which inhibits the
activation of Vps34 (100). In concert, the bacteria secrete the acid
phosphatase SapM, which dephosphorylates PI(3)P (101). The
combined actions of these two effectors lower the vacuolar con-
tent of PI(3)P and, in a manner that remains poorly understood,
contribute to the arrest of phagosomal maturation at an early
stage and favor intracellular survival of M. tuberculosis (Figure 4).
These are but a few of the strategies used by bacteria to survive
intracellularly; additional means of targeting host cell inositides
by other pathogens are likely to emerge with future studies.

Clinical paradigms of defective phagocytosis. Inborn errors in lipid
metabolism and/or signal modulation during the phagocytic
process are also encountered in the clinical setting. For example,
mutations that affect the binding of PI(3,4)P, to the PX domain
of p47rhox impede the generation of reactive oxygen species by
NADPH oxidase and can result in chronic granulomatous dis-
ease (102), a disease associated with recurrent and life-threatening
infections. Similarly, individuals with Wiskott-Aldrich syndrome
are immunodeficient and prone to autoimmune disease. In these
patients the inositide-regulated protein WASP is defective. Because
WASP is a key mediator of phagosome formation (103), Wiskott-
Aldrich patients exhibit impaired engulfment of opsonized par-
ticles and compromised removal of apoptotic cells (reviewed in ref.
104). The link between defective clearance of apoptotic cells and
autoimmune disease is further discussed below.

Hereditary lipid-storage disorders, such as Gaucher disease, can
impair phagocytic and bactericidal competence (105, 106). Gaucher
disease is an autosomal-recessive glycolipid storage disorder that
results from insufficient activity of lysosomal B-glucocerebrosi-
dase, the enzyme responsible for glucosylceramide hydrolysis. In
the clinic, Gaucher disease presents as a multisystem and hetero-
geneous disorder, with hepatosplenomegaly, anemia, thrombocy-
topenia, and bone pains. Particularly germane to this discussion,
patients with Gaucher disease have increased risk of chronic or
fulminant infections (105). Impaired macrophage and monocyte
function probably contributes to this increased susceptibility. The
suppressed f-glucocerebrosidase activity leads to the accumulation
of glucosylceramide and other lipids in lysosomes. The resulting
lipid-laden macrophages, termed Gaucher cells, are characteristic of
the condition. Monocytes and macrophages from patients with
Gaucher disease exhibit decreased bacterial killing and superoxide
generation compared with matched controls (105, 106). Remark-
ably, the capacity of Gaucher cells to generate reactive oxygen spe-
cies was restored to control levels by enzyme replacement therapy
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(105). Glucosylceramide has been implicated in regulating mem-
brane transport (107), and secondary biochemical pathways modu-
lating PC metabolism are known to be altered in macrophage mod-
els of Gaucher disease (108); however, the detailed mechanisms by
which phagocyte function is impaired remain elusive.

The clearance of apoptotic cells by phagocytosis during tissue
development, remodeling, and homeostasis has particular signifi-
cance in the contexts of resolution of inflammation and of autoim-
munity. Lipids are critically involved in these events. As described
above, the asymmetric distribution of PS in the plasma membrane
is lost during apoptosis, and the externalized phospholipid engages
PS receptors on macrophages (109-111) to initiate cell clearance.
The ingestion of apoptotic cells is both antiinflammatory and non-
immunogenic. In addition to protecting neighboring tissues from
exposure to the inflammatory contents of dying cells, the uptake
of apoptotic cells causes macrophages to secrete antiinflamma-
tory cytokines, such as TGF-f1 and IL-10, while suppressing the
secretion of the proinflammatory mediators TNF-o and IL-8 (29),
which are normally produced upon macrophage engagement with
pathogens. When apoptotic cells are no longer efficiently cleared,
secondary necrosis can ensue, leading to exposure to self antigens
and breaks in self tolerance. For example, mice lacking the protein
milk fat globule EGF factor 8 (MFGES) protein, implicated in PS
recognition, exhibit signs of autoimmunity attributable to defects
in apoptotic cell clearance (29). In humans, apoptotic cells repre-
sent the driving force behind the autoimmune response seen in
SLE (112). Macrophages from patients with SLE have a diminished
capacity to internalize apoptotic cells (113), the extent of which cor-
relates with disease progression (114). The case of SLE highlights
the necessity to effectively clear apoptotic cells by phagocytosis to
avoid adverse inflammatory and immunogenic responses.

Concluding remarks

Phagocytosis is an archetype of an intricate cellular process cho-
reographed by lipid metabolism. By serving as ligands for lipid-
binding domains and conferring curvature and negative charge
to the membrane, lipids coordinate the spatial and temporal
redistribution and the activation of multiple protein effectors.
In this fashion, lipids play a pivotal role in the generation and
transduction of signals, in remodeling the cytoskeleton, and in
guiding the fusion and fission events that define phagosome
maturation. Derangements in lipid metabolism can have dire
consequences on phagocytosis, which can result in infectious,
inflammatory, and autoimmune disorders.
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