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Phagocytosis is the mechanism used by specialized cells

such as macrophages, dendritic cells and neutrophils to

internalize, degrade and eventually present peptides derived

from particulate antigens. This process relies on profound

rearrangements of the actin cytoskeleton and the plasma

membrane to engulf particles. Recent work has highlighted

the early recruitment of internal membranes derived from

endocytic compartments and from the endoplasmic reticulum to

allow plasma membrane extension at the onset of phagocytosis.

This ensures that the phagosome is rapidly provided with

the machinery appropriate for later phagocytic functions,

including particle degradation and antigen presentation.
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Abbreviations
ARF ADP ribosylation factor

CR complement receptor

ER endoplasmic reticulum

FcR Fc receptor

GEF guanine nucleotide exchange factor

Ig immunoglobulin

ITAM immunoreceptor tyrosine-based activation motif

MHC major histocompatibility complex

PH domain pleckstrin homology domain

PI3K phosphatidylinositol 30-kinase

PI3P phosphatidylinositol 3-phosphate

PIP2 phosphatidylinositol 4,5-bisphosphate

PIP3 phosphatidylinositol 3,4,5-trisphosphate

PIPKIa phosphatidylinositol-4-phosphate 5-kinase Ia
RNAi RNA interference

SNARE soluble N-ethylmaleimide-sensitive factor attachment

protein receptors

TAP transporter associated with antigen processing

VAMP vesicle-associated membrane protein

WASP Wiscott–Aldrich syndrome protein

Introduction
In mammals, phagocytosis is a hallmark of macrophages,

dendritic cells and polymorphonuclear neutrophils, all of

which play a crucial role in inflammatory and immune

responses [1,2]. In addition to these professional phago-

cytes, many cell types are also able to phagocytose targets,

for example when dead neighboring cells need to be

cleared off [3]. Lower eukaryotes such as the mold

Dictyostelium discoideum use phagocytosis for feeding.

Phagocytosis is triggered by engagement of receptors

on the surface of the phagocyte after recognition of

cognate ligands on the particle. Among a variety of

phagocytic receptors, including receptors for mannose

residues, phosphatidylserine and C-reactive protein, the

best-characterized are receptors for opsonins such as

immunoglobulins (Ig) and complement. Signal transduc-

tion leads to actin polymerization, which is thought to

be the driving force for membrane extension around

the particle. To accommodate pseudopod extension,

membranes from internal stores are recruited to sites of

phagocytosis at the plasma membrane. Phagocytosis ulti-

mately leads to degradation of internalized particles as a

result of the activity of lytic enzymes and the phagocyte

oxidase complex.

In this review, we will discuss recent data describing the

signaling network downstream of receptor triggering, the

biology of phagosome formation and maturation, and

recent developments concerning antigen presentation,

with a focus on macrophages and dendritic cells.

Signaling and actin: the family picture
Signals downstream of FcRs

Ligation and clustering of the Fcg receptors triggers actin

polymerization, which remains restricted to the site of

particle attachment and is biphasic: the actin cup forms

within seconds upon receptor engagement and disassem-

bles within one to five minutes (first reported by [4] and

recently revisited by [5–7]). Src-family kinases are acti-

vated upon receptor ligation and phosphorylate the

immunoreceptor tyrosine-based activation motif (ITAM)

of the cytoplasmic regions of the clustered FcgRs. Phos-

phorylated ITAMs serve as binding sites for a variety of

cytosolic enzymes and adaptors including the tyrosine

kinase Syk and type I phosphatidylinositol 30-kinases

(PI3Ks), which are required for phagocytosis. These, in

turn, trigger the tyrosine phosphorylation of multiple

proteins and the local accumulation of PIP3, respectively

(for review see [8–10]). Control of actin filament poly-

merization in the phagocytic cup depends on Cdc42 and

Rac, two Rho family GTPases that have recently been

shown to be rapidly and transiently activated during FcR

phagocytosis [11,12�] (for review see [13]). In addition,

the ADP-ribosylation factor (ARF)6 GTP-binding
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protein is activated by GTP loading during FcR phago-

cytosis, displaying similar kinetics, which raises the pos-

sibility that members of the Rho and ARF subgroups act

cooperatively during phagocytosis [11]. However, there

are still gaps in our understanding of the cascade of events

leading to Rho and ARF family GTPase activation during

phagocytosis. Vav, a Dbl-family Rho GEF (guanine

nucleotide exchange factor), was recently identified as

a Rac activator during FcR phagocytosis ([12�]), but the

GEFs responsible for Cdc42 and ARF6 activation remain

unknown. The nucleotide exchange activity of Rho and

ARF6 GEFs can be modulated by tyrosine phosphoryla-

tion and/or binding of their pleckstrin homology (PH)

domains to phosphoinositides (for review see [14,15]).

However, the rise in PIP3 production that occurs at the

onset of phagocytosis does not appear to play any role in

activation, as GTP loading on Rac and ARF6 is not

affected by the PI3K inhibitor wortmannin (Niedergang

and Chavrier, unpublished). PIP3-independent activa-

tion of Rac is in line with the previous observation that

PI3K activity is not required for actin filament assembly

underneath the phagocytic cup [16]. ARF6 activity,

although required for engulfment, does not control actin

assembly and is instead involved in focal delivery of

recycling membranes at the site of phagocytosis

([11,17] and see below).

In their GTP-bound conformation, Rac and Cdc42 inter-

act with downstream effectors that are directly involved

in the regulation of actin filament assembly, such as the

Wiscott–Aldrich syndrome protein (WASP), which is

recruited to the nascent phagocytic cup by interacting

with GTP-bound Cdc42 [18,19]. In turn, WASP interacts

with and activates the actin-nucleating Arp2/3 complex,

which is necessary for the assembly of actin filaments at

phagocytic cups [20]. In addition, a complex consisting of

WASP, the adaptor proteins Fyb/SLAP, Nck and SLP-76,

and the cytoskeletal Ena/VASP proteins is assembled

during FcgR phagocytosis and localizes to the forming

cup [19]. Recruitment of VASP to the phagocytic cup

requires the activity of Rho proteins [19], and may also

involve a direct interaction with WASP [18]. Although the

precise role of Ena/VASP proteins is still a matter of

debate, these proteins are clearly involved in actin

dynamics and recruitment of VASP to the nascent cup

is essential for engulfment [19,21].

Phosphoinositide signaling in the phagocytic cup

Phosphoinositide kinases and phosphatases, which are

known effectors of Rho GTPases, may also participate in

the regulation of phagocytosis downstream of Rho.

Biphasic accumulations of PIP2 and PIP3 that are con-

fined to the phagocytic cup have been documented using

specific lipid-binding domains fused with GFP (for

review see [8]). Interestingly, PIPK-Ia and the p110b-

catalytic subunit of PI3K, which synthesize PIP2 and

PIP3 respectively, are enriched in the cup and inhibition

of their activity leads to a significant reduction of FcR

phagocytosis in macrophages [6,22]. Loss of PIP2, which

coincides with phagosome closure, involves PLCg,

whereas control of PIP3 levels is achieved by SHIP, an

SH2-domain-containing inositol 50-phosphatase that also

localizes to the cup [23,24]. The observation that inhibi-

tion of PIPK-Ia interferes with actin filament assembly in

the cup is a strong indication that PIP2 is involved in actin

remodeling during phagocytosis, probably through its

regulation of many cytoskeletal proteins such as WASP

([6] and references therein). These data contrast with

reports of persistent actin polymerization in the absence

of PIP3 accumulation at the cup (i.e. in the presence of

PI3K inhibitors), leading to the conclusion that PI3K

products are instead involved in membrane pseudopod

extension (recently reviewed in [8,10]). Myosin-X, which

is recruited to the phagocytic cup through binding of

PI3K products by its PH domain, is a key downstream

effector of PI3K required for optimal extension of pseu-

dopods during FcR phagocytosis [25�]. Other myosin

motors are also involved in the generation of contractility

in the phagocytic cup, which is necessary for particle

engulfment and phagosome closure [26�,27,28]. Similarly,

the adaptor protein Gab2, which is targeted to the cup

through its PH domain, may further contribute to PIP3

production by interacting with PI3K [29].

Signaling via the complement receptors

Complement receptor (CR)3-mediated phagocytosis,

initiated by recognition of complement fragment C3bi

by aM/b2 integrins (also known as CR3 or Mac1) on the

phagocytic cell surface, utilizes RhoA, and not Cdc42/Rac

[30]. Recently, we have become aware of additional

players in the pathway with the finding that the RhoA

effector Rho-kinase (ROK) and its downstream target

myosin-II regulate the Arp2/3 complex and F-actin accu-

mulation [26�]. In addition, activation of CR3 requires

extra stimulation called inside-out signaling, which

results in conformational change of the integrin receptors.

Integrin activation is taken over by the small GTP-

binding protein Rap1 (for review see [31]). A recent report

demonstrated that FcR ligation may be one such signal; it

impinges on CR3’s capability to bind C3bi-coated targets

by promoting clustering of CR3 into high-avidity com-

plexes [32]. What these findings also illustrate is that

phagocytosis mediated by either FcR or CR alone is very

unlikely to occur, and that phagocytosis will rather be the

consequence of multiple engagements of various types

of receptors that cooperate to ensure efficient clearing of

pathogens and cell debris.

Focal exocytosis during phagocytosis
Until recently, it was assumed that phagosomes formed

simply from sealing of the plasma membrane around the

particle and that unfolding of plasma membrane ruffles

would be sufficient to extend the membrane around the

particle. Capacitance measurements however indicated
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that the surface of the plasma membrane, instead of

decreasing as a result of massive internalization of parti-

cles, is instead increased [33]. Grinstein and colleagues

showed that the SNARE (soluble N-ethylmaleimide-

sensitive factor attachment protein receptor) fusion

machinery was necessary for phagocytosis to proceed,

supporting the notion that internal membranes are

recruited to and fuse with the plasma membrane at the

site of phagocytosis in a process called ‘focal exocytosis’

[34]. Several intracellular compartments contribute to the

formation of the phagosome, including recycling endo-

somes [35], the endoplasmic reticulum (ER) [36�], and

late endosomes (V Braun and F Niedergang, unpublished

data). Recycling endosomes bearing transferrin receptors

and the v-SNARE VAMP3 (vesicle-associated membrane

protein 3) fuse with phagosomes before closure [35].

Direct fusion of the ER and forming phagosomes has

been observed by Desjardins and colleagues [36�]. Last

but not least, we have further shown that VAMP7/

TI-VAMP-positive late endocytic compartments are

exocytosed at the site of phagosome formation (V Braun

and F Niedergang, unpublished; see Figure 1). Why and

how so many intracellular compartments contribute to

the formation of a ‘mosaic’ phagosome has now to be

investigated. In addition to providing membranes, these

internal compartments also deliver specific proteins that

build the phagosome and initiate its maturation.

Focal exocytosis of intracellular membranes relies on

several steps, including vesicle budding from a donor

compartment, transport along cytoskeletal tracks and

fusion of vesicle with a receptor compartment. A role

for the clathrin adaptor AP1 has recently been highlighted

during phagocytosis in D. discoideum [37]. This is intri-

guing in the light of the recent results showing that

clathrin is not involved in phagocytosis in macrophages

[38] or in Drosophila S2 cells [39�], although a previous

study showed that phagocytosis was inhibited in alveolar

macrophages by antibodies directed against clathrin [40].

Deletion of the eCOP subunit of the COPI coat in

macrophages results in deficient phagocytosis and

impaired VAMP3-positive endomembrane recruitment

[41]. Consistent with this, depletion of b- or dCOP by

RNAi leads to a defect in phagocytosis in Drosophila [39�].
COPI recruitment and coatomer assembly depends on

the small GTP-binding protein ARF1, and is sensitive to

BFA, an inhibitor of the GTP exchange factors of the Arf

family. Although it was initially reported that BFA had no

effect on phagocytosis [17], more prolonged treatment of

the cells with this drug depressed phagocytosis [41]. All

these results are indicative of an indirect role for ARF/

COPI in homeostasis of the intracellular compartments

rather than a direct role in vesicle budding from recycling

endosomes to sites of phagocytosis. Dynamin II is

recruited to nascent phagosomes via its interaction with

amphiphysin IIm, and both proteins (but not dynamin I)

are required for phagosome formation [38,42]. Dynamin

II, which is located on tubular recycling endosomes [43],

was shown to participate in vesicle budding and fission

from internal compartments during focal exocytosis in

phagocytosing macrophages [44�]. Additional roles for

dynamin II in actin remodeling in the phagocytic cup

can also be envisaged.

Vesicle transport to the plasma membrane is poorly

characterized. Microtubules and actin microfilaments

are necessary for the early steps of phagosome formation

[45]. Several myosin motors, including myosin X, that are

recruited to the phagosome could play a role in phago-

some formation ([28], and see above).

Fusion of internal membranes to the site of phagocytosis

may require SNARE-dependent machineries under the

control of Rab GTPases. A role for VAMP3 in the delivery

of recycling endosomes has been proposed [34]. How-

ever, phagocytosis of opsonized particles was normal in

macrophages from mice deficient in VAMP3, suggesting

that compensatory mechanisms may exist [46]. In addi-

tion, we have shown that the SNARE protein VAMP7/

TI-VAMP controls exocytosis of the late endocytic com-

partment and is required for phagosome formation

(V Braun and F Niedergang, unpublished data). Notably,

VAMP7 is part of a complex containing syntaxin 7,

syntaxin 8 and Vti1 that is involved in macropinocytosis

in D. discoideum, a process related to phagocytosis [47]. So

far, it has not been possible to demonstrate that ER fusion

is necessary for phagocytosis and that this process relies

Figure 1

Focal exocytosis during phagocytosis. Many intracellular

compartments are recruited to the plasma membrane at the onset of

phagocytosis: recycling endosomes bearing the VAMP3 protein [35],

late endosomal compartment expressing TI-VAMP/VAMP7 (Braun

and Niedergang, unpublished) and the ER [36�], to which no fusion

complex has been functionally linked so far. The relative contribution

of all these compartments to phagosome formation is still unclear.
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on SNARE recognition. An interaction of ER Sec22 with

plasma membrane Sso1/Sec9c, recently documented in

yeast, may be the subject of further investigations in the

context of phagocytosis [48].

The role of the small GTP-binding proteins of the Rab

and Arf families in phagosome formation has been inves-

tigated. The small GTP-binding protein ARF6, and

presumably also Rab11, control recruitment of mem-

branes from recycling endosomes to nascent phagosomes

[11,49] (Figure 2). Interestingly, recently characterized

effectors common to Rab11 and ARF6 called arfophilins

could be a link between ARF6 and Rab11 pathways [50].

Rab5 (which controls homotypic early endosome fusion)

and Rab7 (which regulates trafficking to and from late

endosomes) do not participate in phagosome formation,

but rather play a role in its maturation (see below and

[38,51,52].

Phagosome maturation
After closure, the phagosome matures via a series of

fusion events with organelles of the endocytic pathway

(Figure 3). Ultimately, this leads to the insertion of

lysosomal membrane proteins (LIMPII, Lamps) in the

phagosomal membrane and to the delivery of lysosomal

lytic enzymes into the lumen of the phagosome [7,53,54].

In the endocytic pathway, fusion and fission events are

regulated by Rab and SNAREs proteins and it is assumed

that phagosome maturation is similarly orchestrated,

although the role of these proteins in phagosome matura-

tion has only recently started to be studied. Syntaxin 13,

located on recycling endosomes, and syntaxin 7, present

on late endosomes, are involved in phagosome maturation

[51]. Rab7 is required for phagosome maturation in

D. discoideum [55] and in macrophages [56]. Interestingly,

in the latter case Rab5 is necessary for Rab7 recruitment

and function [52]. Accumulation of PI3P produced by

VPS34 type III PI3K on the phagosomal membrane

occurs soon after phagosome closure and is essential for

phagosome maturation [57,58]. The role of PI3P could be

mediated by FYVE-domain-containing proteins such as

Hrs1, whose depletion arrests phagosomal maturation at

an early stage [58] (Viera et al., unpublished). PI3P

synthesis on the phagosomal membrane may be regulated

by Rab5, which interacts with VPS34 PI3K [59].

During the course of maturation, phagosomes migrate on

microtubules from the cell periphery to a perinuclear

Figure 2

ARF6 activity is required for membrane extension during phagocytosis.

Scanning electron micrograph of RAW264.7 macrophages

expressing a dominant-negative mutant of ARF6 (ARF6-T27N) and

incubated with IgG-opsonized red blood cells for 60 min at 378C. In

these cells, phagocytosis is blocked as a result of inhibition of focal

recycling of VAMP3-positive membranes and impaired membrane

extension around particles, although actin polymerization still occurs

[11]. It is interesting to note that phagocytosis is blocked at a similar

stage when PI3K, dynamin II, amphiphysin Iim or myosin X are

inactivated, suggesting that all these proteins contribute to

pseudopod extension. Scale bar, 1 mm.

Figure 3

Phagosome maturation and antigen processing and presentation.

The phagosome undergoes a series of fusion events with the

endocytic compartments (early endosomes, late endosomes,

multivesicular bodies [MVBs] and lysosomes). Peptides generated

from the degradation of the internalized particle are then loaded on

MHC class II (MHC-II) molecules, mainly acquired from endocytic

compartments storing newly synthesized MHC-II (MVB). Fusion with

the ER delivers the MHC class I (MHC-I) presentation machinery

to the phagosome [65��–67��]. Peptides generated by degradation in

acidic phagolysosome are exported to the cytosol via the Sec61

complex, ubiquitinated, processed by the proteasome and

transported back via TAP into the phagosome lumen where they are

eventually loaded onto MHC-I molecules. Peptide:MHC-I/II

complexes are then exported to the cell surface by a pathway that is

poorly defined at the molecular level.
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location. A Rab7 effector, the Rab7-interacting lysosomal

protein (RILP), which interacts with the dynein–dynac-

tin complex, may be the link between the migrating

phagosomes and microtubules [56]. Actin nucleation,

observed on phagosomes, might allow migration, contact

and eventually fusion of phagosomes with late endocytic

compartments [60,61].

The phagosomal content may ultimately be recycled to

the outside of phagocytes and this property, long con-

sidered a peculiarity of D. discoideum, has recently been

observed in macrophages, where egestion of polystyrene

beads is under the control of syntaxin 3 [62]. Microtubules

participate in the egestion process, whereas cortical actin

prevents it [45].

Antigen presentation
Hydrolases delivered to the phagosomal lumen by late

endosomes and lysosomes contribute to the degradation

of the ingested material. Peptides derived from proces-

sing are then loaded onto major histocompatibility

complex (MHC) class II molecules, originating mostly

from newly synthetized pools stored in endocytic com-

partments (late endosomes or multivesicular bodies, as

well as lysosomes or lamellar bodies). MHC class II

molecules are then expressed on the surface of the

phagocytic cell to activate CD4þ T lymphocytes (for

a review, see [63]). Phagocytosed antigens can also be

presented by MHC class I molecules and activate

cytotoxic CD8þ T lymphocytes in a process called

‘cross-presentation’ (for a review see [64]). Peptide

loading on MHC class I molecules normally occurs in

the ER after translocation of the peptides processed via

the cytosolic degradative proteasome complex (for a

review see [64]). Recently, a missing link between

exogenous antigens and the MHC class I presentation

machinery has been unraveled. Indeed, fusion of pha-

gosomes with the ER provides this organelle with

components of the class I presentation machinery:

Sec61 transporters, proteasome subunits and TAP

(transporter associated with antigen presentation) pro-

teins have been found associated with the phagosome

[65��-67��]. These data suggest that an antigen is retro-

translocated through the Sec61 channel to the cytosol,

where it undergoes proteasomal degradation and then

remains in the vicinity of the phagosome it originates

from; it is next translocated back to the phagosomal

lumen via TAP transporters, and is eventually loaded on

MHC class I molecules (Figure 3). This set of data

sheds new light on the mechanism of cross-presentation

of phagocytosed material [64].

Conclusions
This review focuses on recent data concerning phagocy-

tosis in macrophages and dendritic cells. The mechan-

isms of phagocytosis might differ slightly in other

professional phagocytes, such as polymorphonuclear

neutrophils (for a review, see [68]) and in non-profes-

sional cells ingesting apoptotic debris (for a review, see

[3]). New insights can be expected in the coming years

from global analyses of phagosomes by proteomics in

macrophages and in D. discoideum, as well as from

RNAi-based screening in Drosophila [39�,53,69]. It will

then be possible to analyze how fine-tuning of phagocy-

tosis is achieved when multiple receptors are simulta-

neously engaged under physiological situations.

Unraveling the mechanisms of phagosome formation

and maturation would provide a unique opportunity to

understand the coordination between actin and mem-

brane dynamics, which are also crucial for other cell

functions including cell migration and cell–cell adhesion.

Update
New light has been shed recently on the cooperation

between receptors on the surface of macrophages. This

work showed that engagement of Toll-like receptors

(TLRs), known to induce pro-inflammatory signals, also

influences the maturation of phagosomes via a cascade

involving the MyD88 adaptor and p38 mitogen-activated

protein kinase [70��].
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