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Phagocytosis and antigen presentation

in dendritic cells

Summary: Like macrophages and neutrophils, dendritic cells (DCs) are
considered professional phagocytes. Even if the three cell types
phagocytose parasites, bacteria, cell debris, or even intact cells very
efficiently, the functional outcomes of the phagocytic event are quite
different. Macrophages and neutrophils scavenge and destroy phagocy-
tosed particles, a critical step in innate immunity. DCs, in contrast, have
developed means to ‘preserve’ useful information from the ingested
particles that serve to initiate adaptive immune responses. Thus, both
phagosomal degradation and acidification are much lower in DCs than in
macrophages or neutrophils. Reduced degradation results in the conser-
vation of antigenic peptides and in their increased presentation on major
histocompatibility complex class I and II molecules. In this article, we
review the mechanisms that control this delicate equilibrium between
phagosomal degradation/cytotoxicity and antigen presentation in the
different families of phagocytes.

Keywords: dendritic cells, antigen presentation, phagosomal pH, phagosomal degradation,
cross-presentation

Introduction

Phagocytes represent a heterogeneous family of cells that

includes neutrophils, macrophages, and dendritic cells (DCs).

The first two cell types are critical effectors of innate immunity.

They are both involved in the immediate clearance of pathogens

through local inflammatory responses. DCs entered the

exclusive club of phagocytes more recently. Unlike other

phagocytes, DCs are not directly involved in immediate

pathogen clearance. From this perspective, they cannot be

considered ‘conventional’ effectors of innate immunity. Like

macrophages, DCs are present in all peripheral tissues and

accumulate at the sites of pathogen entry. DCs express a large

array of phagocytic receptors and efficiently phagocytose

pathogens. DCs also express a variety of Toll-like receptors

(TLRs) and other pattern recognition receptors (PRRs). Various

PRRs are selectively expressed in particular DC subpopulations,

where they initiate different developmental programs (often

143



referred to as ‘maturation’). During maturation, DCs produce

cytokines and chemokines. They also undergo a series of

phenotypic and functional modifications, depending on the

type of PRRs they encounter (1).

Contrary to other phagocytes, however, DCs are potent

antigen-presenting cells, the only ones capable of activating

resting T cells and of initiating primary and memory immune

responses. After taking up pathogens, infected cells, or

apoptosing cells, DCs process antigens derived from these

particles into peptides and load these peptides on major

histocompatibility complex (MHC) class I or MHC class II

molecules. Although other phagocytes are also capable of

presenting antigens on MHC class I and II molecules, they do so

quite inefficiently and are not capable of initiating primary

immune responses. Therefore, DCs take up pathogens in

peripheral tissues, undergo particular maturation programs

selectively in response to different pathogens, migrate to

lymphoid organs, and present antigen to T lymphocytes to

initiate antigen-specific immune responses. The type of

immune response initiated by DCs ultimately depends on the

type of maturation signal and thereby of pathogen or of tissue

environment encountered. The specificity of pathogen recog-

nition by the adaptive arms of the immune system depends on

the way DCs present pathogen-derived antigens on their

surface. Thus, DCs are specialized in linking innate and adaptive

immune responses, rather than directly eliminating pathogens.

The primary function of most phagocytes is to destroy

pathogens. Neutrophils rely primarily on their potent oxidative

burst, which generates a variety of anti-microbial weapons

including toxic oxygen radicals and chloride derivatives, as well

as the proper environment for proteolytic enzymatic activity.

Macrophages rely on their potent lysosomal proteolytic activity

to eliminate pathogens. After engulfment, they rapidly acidify

their phagosomes. The concomitant recruitment of abundant

lysosomal proteases results in a highly degradative environment

that kills pathogens efficiently.

Neutrophils and macrophages rely on different phagocytic

strategies for pathogen killing. Their respective phagocytic

pathways are organized accordingly, and precise transcriptional

programs determine the expression of the molecular players

involved. From this point of view and considering that DC

phagocytic function responds to different purposes, as

compared with neutrophils or macrophages, one could predict

a quite different organization of the phagocytic pathway. This

review summarizes some of the recent advances in the

understanding of the DC phagocytic pathway, as compared

with macrophages and neutrophils. We underline how DCs

have developed strategies to adapt their phagocytic pathway to

their main function, i.e. antigen processing for presentation to

T lymphocytes.

Phagosomal degradation

‘Proteolysis’ is the molecular mechanism by which proteins are

consecutively cleaved in shorter fragments by hydrolysis

reactions until totally broken into their constituent amino

acids. Although the hydrolysis of peptide bonds is thermody-

namically favored, such hydrolysis reactions are extremely

slow.Without additional help, the half-life for the hydrolysis of

a typical peptide at neutral pH is estimated to be between 10 and

1000 years (2). In this context, the digestion of a microbe or an

apoptotic cell, in these conditions inside of phagosomes, could

take a time totally incongruous for the biological purposes.

Indeed, peptide unions are hydrolyzed within milliseconds in

some biochemical processes. Proteases facilitate and promote

very fast peptide bond cleavage, acting as highly efficient

catalysts (2). Although it is most likely that it initially developed

for nutrition purposes, phagocytic proteolysis also serves other

functions in mammals. Macrophages and neutrophils use

proteolysis to clear damaged, apoptotic, and senescent cells,

as well as foreign microorganisms or other potentially

dangerous particles. After phagocytosis, the ingested particles

encounter a hostile environment that will ultimately result, in

most cases, in their total degradation. Different phagocytes,

however, use different strategies to achieve this fatal program.

Neutrophils

Neutrophils show a potent arsenal of anti-microbial com-

pounds that include toxic reactive oxidant species (ROS) and

molecules such as proteases and bioactive peptides. The

neutrophil response to microbes is often referred to as

‘oxidative burst’ (3). During the oxidative burst, ‘specific’

granules containing the cytochrome b558 [the transmembrane

component of the nicotinamide adenine dinucleotide phos-

phate (NADPH) oxidase 2 (NOX2), composed by two

membrane subunits gp91phox and p22phox], fuse with the

forming phagosomes (4). This fusion event is accompanied by

the activation of the oxidase complex, through the recruitment

of the cytosolic subunits (p40phox, p47phox, and p67phox) to the

central transmembrane core (5, 6). Other cytosolic proteins, the

low-molecular-weight guanosine triphosphatases (GTPases)

Rac1/2, are required for the optimal activation of NOX2 (7).

Once fully activated at the phagosomal membrane, NOX2

transfers electrons from the cytosol to the phagosomal lumen,

where they are used to originate superoxide through a series of

molecular reactions that consume oxygen (3). Superoxides
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constitute the first wave of toxic molecules formed in

neutrophil phagosomes. Myeloperoxidase (MPO), another

enzyme released into the phagosome by the fusion of azurophil

granules, catalyzes the transformation of superoxide into

a variety of toxic molecules for microorganisms, such as

hypochlorous acid, chlorines, chloramines, hydroxyl radicals,

and single oxygen (8).

Killing of microorganisms, however, is not only because of

the direct toxicity of NOX2 products. The proteolytic activity of

neutrophil phagosomes is very high. During the oxidative burst,

proteases and anti-microbial peptides (including defensins) and

bactericidal/permeability-increasing proteins stocked in azur-

ophil and gelatinase granules are rapidly recruited to phag-

osomes (9, 10). The activation of the phagosome’s proteolytic

content is dependent on the electrogenic activity of NOX2,

which provokes an important influx of Kþ from the cytosol into

phagosomal lumen (11) and generates a hypertonic intra-

lumenal environment (12). The increase of the phagosomal Kþ

concentration disaggregates the anionic proteoglycan matrix in

which proteases are entrapped in azurophil granules, thus

facilitating their release into the phagosome and consequently

the activation of the recruited proteases. These proteases directly

alter microorganism integrity and also process or activate other

anti-microbial proteins or proteases in the phagosome lumen,

thus enhancing further microbe damage (11, 13).

The physiological relevance of proteolysis in pathogen killing

in neutrophil phagosomes has been shown using different

protease-deficient mice. In these mice, pathogens such as

Klebsiella pneumoniae, Staphylococcus aureus, and Candida albicans show

much more virulence than in normal mice because of the

inefficient bacteria clearing by neutrophils (11, 14, 15). The

crucial importance of NOX2 in pathogen killing has been

largely evidenced in patients bearing mutations in some of the

subunits of the oxidase complex, causing partial or total

inactivation. These patients, whose neutrophils fail to eliminate

pathogens, suffer fromchronic granulomatous disease, a disease

characterized by severe widespread infections affecting princi-

pally childhood and often resulting in early death (16, 17).

Macrophages

Macrophages, in cooperation with neutrophils, fight against

microbes providing an innate, antigen non-specific, first line of

defense. Macrophages also participate actively in the removal of

dead cells. After recognition, macrophages engulf their ‘prey’

into phagosomes, which mature to digestive organelles

(phagolysosomes) by interchanging membrane and soluble

material with different intracellular compartments. Macro-

phages lack azurophil, specific granules, and secretory vesicles

found in neutrophils (18, 19). Consequently, phagosome

maturation in macrophages differs in quality and kinetics from

that in neutrophils. Even if macrophages bear intracellular

vesicles containing the cytochrome b558 as well as the cytosolic

components of NADPH oxidase, the potency of the oxidative

burst is much lower than in neutrophils. Surprisingly from this

perspective, the microbicidal activity of macrophages is

extremely high.

Membrane dynamics during phagosome maturation in

macrophages have been studied for many years. Membrane

exchange between phagosomes and endocytic compartments

occur very early during phagocytosis, including during

engulfment, and proceeds for several hours after the uptake

(20, 21). Endocytic compartments fuse dynamically with

phagosomes, following a process referred to as ‘kiss and run’

(22). Early phagosomes actively exchange material with early

endosomes, before active membrane exchange with late

endosomes and then with lysosomes. Thus, phagosomes

progressively acquire the lysosomal degradative enzymes and

the acidificationmachinery present in endocytic compartments.

Among enzymes delivered to macrophage phagosomes from

endosomes and lysosomes are glycosidases (such as galactosi-

dase, mannosidase, glucuronidase, and hexosaminidase) and

proteases (including cathepsins B, L, H, and S, furin and

dipeptidyl peptidase II). Some of these proteases, such as

cathepsins H and S, reach phagosomes early (from 20 min to

2 h after engulfment), while other cathepsins and hydrolases

only show complete activity after several hours (20). Early after

phagocytosis, phagosomes also exchange membrane compo-

nents with the endoplasmic reticulum (ER) (23, 24), although

the function of ER compounds in phagosomes is still debated

(25). Phagosome maturation into phagolysomes is precisely

orchestrated by small GTPases of the Rab family. Rab5 controls

the early phases of phagosome maturation, while Rab7

determines later fusion events with late endosomes and

lysosomes (26, 27). Phagosome maturation requires the

retrieval (recycling) of certainmembrane compounds, a process

that involves Rab11 (28). The lipid composition of the

phagosomal membrane is also critical for the interaction of

phagosomes with other intracellular compartments and with

the cytoskeleton (to allow phagosome intracellular move-

ments) (29, 30).

Dendritic cells

DCs also have high phagocytic activity, both in peripheral

tissues and in secondary lymphoid organs. Phagocytic DCs are

referred to as immature. Upon encountering inflammatory

signals or TLR ligands, immature DCs enter a developmental
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program called maturation that ultimately results in the loss

of the phagocytic capacity because of the changes in the activity

of Rac and Cdc42 (31). Immature DCs express a large array of

phagocytic receptors, including lectins, scavenger receptors,

and pathogen receptors (32). Both peripheral tissues and

secondary lymphoid organs contain various subpopulations of

DCs. Selective expression of different phagocytic receptors on

these DC subpopulations results in the selective uptake of

different particles. For example, splenic CD8þ DCs take up

apoptotic bodies much more efficiently than other DCs in the

spleen (33). CD8– DCs, in contrast, phagocytose Leishmaniamore

efficiently than the CD8þ subset (34).

Very little, however, is known about phagosome maturation

in different DC subsets. Most of the studies were made in bone

marrow-derived DCs (in mice) and monocyte-derived DCs (in

humans). DC phagosomes bear various endopeptidases,

exopeptidases, estearases, and reductases, such as lysosomal

thiol reductase (35, 36). Nevertheless, the majority of the

proteases in DCs belongs to the group of cysteine proteases,

such as cathepsins S, B, H, and L; the aspartate proteases

cathepsins D and E; and the asparagine endopeptidase (AEP)

(37, 38). Although DCs express a variety of proteases, their

potency for degradation is much lower than that of macro-

phages (39). The recruitment of lysosomal proteases to

phagosomes is not efficient in mouse DCs (37). The low

proteolytic activity of DC phagosomes is, at least in part, as

a result of the reduced concentrations of lysosomal proteases

(which are also low in endosomes and lysosomes). Delamarre

et al. (39) have shown that DC lysosomes contain reduced levels

of AEP and cathepsins S, D, L, and B, as compared with

macrophages. Interestingly, DCs also express several members

of the cystatin family of protease inhibitors that inhibit

lysosomal protease activity by obstructing their active site

(40, 41). Some of them are present in lysosomes andmost likely

contribute to restricting proteolytic activity in DC lysosomes

and phagosomes. Nevertheless, the role of lysosomal proteases

in DCs is not limited to antigen processing. AEP, for example, is

required for the processing of cathepsins L, B, and H (42, 43).

Cathepsin S and AEP as well as cystatin C control the processing

of the Ii chain and, thereby, MHC class II intracellular transport

and antigen presentation to CD4þ T lymphocytes (44–46).

The studies summarized above suggest that phagocytic–

endocytic proteolysis in DCs is aimed at degrading proteins

‘partially’ (processing) rather than ‘totally’, as is the case in

macrophages and neutrophils. This is true for antigen

processing, a process aimed to produce peptides of several to

several tens of amino acids, and for the Ii chain, which

undergoes controlled proteolysis including several discrete

intermediates (38, 47). To achieve partial or controlled

proteolysis in their endocytic pathway, DCs have developed

various specializations of their endosomal and phagosomal

pathways, including a tight control of the pH.

pH regulation in phagosomes

Two critical rate-regulating factors for protease activity are the

concentrations of the reactants and the pH of the fluid where the

reaction occurs. Primarily, an acidic pH helps to disorganize and

denature proteins, making them accessible to the action of the

proteolytic enzymes, which themselves are unaffected by acid

denaturation. The pH also determines the dissociation state of

several chemical groups (acidic and basic) on proteins. In most

cases, the different possible ionic forms are differentially

susceptible to a particular reaction. The pH, thereby, determines

the amount of the reactive species present that are sensitive to

the attack by the enzyme. As a consequence, each enzyme

present along the phagocytic and endocytic pathways shows

a specific range of pH where its activity is optimal. Optimal pH

values have been determined in vitro for several lysosomal

enzymes using defined substrates. For example, the optimal pH

for b-glucuronidase, a-manosidase, and a-galactosidase is

around 4.5 and 5 for b-hexosaminidase (20). Cathepsins B and

L, b-glucosidase, and AEP are most active at pH 5.5 (48), while

the optimal pH for cathepsin B is around 6 (49). Other proteases

exhibit their best activity at higher pH (20). Cathepsin H, furin,

and cathepsin S show optimal activities at pHs 6.8, 7, and 7.5,

respectively (49, 50). This variability in the optimal pH for the

proteolytic activities of different proteases provides the system

with an important versatility, suggesting that by regulating the

phagosomal pH, the efficiency and specificity of proteolysis

may be tuned. Indeed, the pH in phagosomes is regulated

differently in neutrophils, macrophages, and DCs.

Neutrophils

In neutrophils, a 100-fold increase of oxygen consumption

occurs following the activation of NOX2 during the respiratory

burst (11, 51). The electrogenic activity of NOX2, a conse-

quence of the movement of electrons across the phagosomal

membrane, generates superoxide anions. This translocation of

charges results in an important chemical gradient, which must

be compensated inside phagosomes. Themechanisms proposed

for charge compensation during the oxidative burst have

important consequences on phagosomal pH. This compensa-

tion is, at least in part, achieved by the influx of protons pumped

through the V-ATPase or other Hþ voltage-gated channels

(52–54). Moreover, it has been suggested that gp91phox (one of
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the two transmembrane subunits of NADPH oxidase) itself may

function as an Hþ channel (55–57). An important consumption

of protons, partially as a result of the dismutation of ROS into

peroxides, causes an increase of the phagosomal pH, whereas

the cytosol suffers a transient acidification because of the

generation of Hþ as result of the reduction of NADPH by the

oxidase (11, 58). Several studies have shown that phagosomal

pH undergoes a biphasic behavior in neutrophils (Fig. 1A).

Initially, phagosomes alkalinize, reaching values around 8

during the first 10–15 min after engulfment (11, 59, 60),

which facilitates the release of proteolytic enzymes delivered by

the fusion of different subset granules. The attenuation of the

NOX2 activity over time, concomitantly with the continuous

and increasing acquisition of V-ATPase or other proton

channels, causes a rapid rise in the concentration of Hþ and

a strong acidification of the phagosomal lumen (61) (Fig. 1A).

This acidification favors the action of proteolytic enzymes to

complete the killing of microbes. Supporting these views,

neutrophils from patients with chronic granulomatous disease

do not show the initial transient alkalinization of the

phagosomal lumen (5).

Macrophages

Although macrophages can also trigger a respiratory burst, the

scenario in terms of pH is significantly different to that

described in neutrophils. First, the activity of NOX2 is lower

than in neutrophils (62). Second, in macrophages, ROS

production seems to take place mainly at the plasma membrane

rather than at phagosomalmembrane (19, 63). ROS production

at plasma membrane in macrophages could contribute to tissue

Fig. 1. NADPH oxidase and V-ATPase replicate

phagosomal pH in phagocytes. The regulation of
phagosomal pH during phagocytosis in neutrophils,
macrophages, and DCs is controlled through the
recruitment to phagosomes of two multisubunit
complexes, the NADPH oxidase (NOX2) and the
V-ATPase. (A). In neutrophils, the massive recruit-
ment of NOX2 to early phagosomes during the
oxidative burst causes an important peak of proton
consumption in phagosomes, resulting in a transient
alkalinization (up to pH 8) of the phagosomal lumen
in the first 15 min after engulfment. The subsequent
recruitment of the V-ATPase to phagosomes con-
comitantly with the inactivation of NOX2 results in
a rapid and important acidification, as the pH drops
to 5–4.5 in the first 60 min. (B). In macrophages,
the respiratory burst is triggered during engulfment;
however, the majority of ROS production takes place
at the plasma membrane instead of phagosomes,
where NOX2 activity is much less important than in
neutrophils. Additionally, a massive recruitment of
the V-ATPase to phagosomes is observed very early
during phagocytosis, resulting in a very strong
acidification of the lumen. (C). In DCs, a discrete
(compared with neutrophils) but sustained recruit-
ment of NOX2 to phagosomes together with low
levels of V-ATPase activity provoke a stabilization of
the phagosomal pH above neutrality for several
hours.
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inflammation (64). The role of NOX2 in regulating the

phagosomal pH is almost insignificant in macrophages. The

main protagonist in pH control in macrophage phagosomes is

the V-ATPase (65, 66). The kinetics of V-ATPase acquisition in

macrophage phagosomes is extremely rapid. Early studies have

shown that within minutes after phagocytosis of a bacteria, the

pH in phagosomes decreases from 7.4 (similar to extracellular

milieu) to 6.5, reaching values below 6 at 20 min after

engulfment (Fig. 1B). Acidification proceeds at a decreasing rate

of 0.2–0.4 units of pH/minute (65). Interestingly, in a recent

study by Yates et al. (67), macrophages were shown to reduce

the phagosomal acidification after activation. The pivotal role

for the V-ATPase in the concentration of Hþ into phagosomes in

macrophages was evidenced by pharmacological blocking of

the V-ATPase. Bafilomycin A and concanamycin B, two

inhibitors of the pump, neutralize the phagosomal pH (68,

69). Several microorganisms, such as Mycobacterium tuberculosis,

survive in macrophage phagosomes by interfering with the

insertion of the V-ATPase in phagosomes, thus avoiding

phagosomal acidification (70). Interestingly, in none of the

situations in which the V-ATPase is either absent from or

inactive in the phagosomal membrane is alkalinization of the

phagosomal compartment observed. These results suggest that

macrophages, even if they express NOX2, are incompetent to

use NOX2 activity for phagosomal alkalinization, as compared

with neutrophils.

Dendritic cells

In DCs, the mechanisms of phagosomal acidification and

degradation in DCs had not been analyzed until recently.

Trombetta et al. (71) performed the first series of studies aimed

to analyze endosomal and lysosomal acidification in this cell

type. They showed that the V-ATPase cytosolic component (V1

sector) is inefficiently assembled to the membrane subunits on

lysosomes in immature DCs. This incomplete assembly results

in a partially inactive V-ATPase and poor lysosomal acidification

in vitro. The V-ATPase, however, fully assembles in mature DCs,

while efficient acidification is restored (71). It is most likely,

although not yet documented, that the same mechanism limits

acidification in immature DCs phagosomes. Indeed, we found

that during at least 3 h after engulfment, no effective

acidification was observed in DC phagosomes as the pH was

maintained between 7 and 7.5 (72) (Fig. 1C). Our results,

however, indicate that ineffective acidification is due not only

to low V-ATPase activity but also to the presence of active and

sustained alkalinization of the phagosomal lumen. Indeed, the

V-ATPase inhibitor concanamycin B caused significant alkalin-

ization of phagosomes in DCs, while it only produced

neutralization in macrophages. We concluded that DC phag-

osomes bear an active system of alkalinization, which is only

evident upon inhibition of the Hþ income.

As described for phagosome alkalinization in neutrophils, we

found that the NADPH oxidase plays a role in modulating the

pH in DCs phagosomes. Very little is known about NADPH

oxidase activity in DCs. One report from Elsen et al. (73) showed

that DCs show an almost insignificant activity of NADPH

oxidase compared with neutrophils (after stimulation by

phorbol myristate acetate). They suggested that ROS generation

in DCs is ‘cryptic’ because of the presence of endogenous

inhibitors that prevent its activation and proposed that such

inhibition would be relieved by proinflammatory cytokines.

Other groups have also shown that low ROS production in DCs

can be increased by TLR ligands (74) or when DCs interact with

antigen-specific T cells (75). A role for NADPH oxidase in

phagosomal function was also reported because NADPH

oxidase activity was required to the efficient killing of

intracellular Escherichia coli in human DCs (74).

Using bone marrow-derived DCs generated from mice

lacking gp91phox, one of the oxidase subunits, we showed that

the phagosomal alkalinization observed in normal DCs was lost.

Phagosomal pH acidified over the timewhenNOX2was absent,

indicating that the oxidase influences significantly the regula-

tion of the pH in DC phagosomes. Even in the absence of NOX2,

however, acidification in DCs was not as effective as in

macrophages, indicating that the pumping activity of the V-

ATPase is limited, as proposed by Trombetta et al. (71). We also

showed that gp91phox was recruited to DC phagosomes over

time, generating an oxidative environment essential tomaintain

a sustained phagosomal pH between 7 and 7.5 during several

hours. Taken together, these findings indicate that the

phagosomal pH in DCs is controlled through an equilibrium

of the activities of twomultimolecular complexes present on the

membrane of these compartments: the NADPH oxidase NOX2

and V-ATPase. Decreasing the activity of these complexes in DC

phagosomes, either by specific inhibitors or genetically, results

in strong changes in the phagosomal pH (between 1 and 2 pH

units).

Therefore, DCs and neutrophils but not macrophages share

the ability to alkalinize phagosomes through the activity of the

NADPH oxidase. The kinetics and intensities of phagosome

alkalinization in neutrophils and DCs are, however, very

different. While in neutrophil phagosomes alkalinization

reaches values higher than 8 within 15 min, the pH in DC

phagosomes remains between 7 and 7.5 for several hours. These

differences in pH regulation reflect differences in NOX2 activity

and recruitment in the two cell types. In neutrophils, a massive
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recruitment of NOX2 occurs through the fusion of specific

granules with incoming phagosomes. Using the same protocol

used for the subcellular isolation and purification of different

granules in neutrophils (76), we attempted to purify the

compartments bearing cytochrome b558 in DCs. We were

unable to isolate a fraction corresponding to specific granules

described in neutrophils (the main source of cytochrome b558

in this cell type) from DCs lysates. Additionally, MPO activity,

which is amarker of azurophil granules, was not detected in any

of the fractions purified (our unpublished results). Instead, we

found that cytochrome b558 in DCs is stored in a population of

vesicles that also bear lysosomal membrane glycoprotein 1

(Lamp1) and Lamp2 (two conventional markers of late

endosomes and lysosomes) as well as Rab27a (a conventional

marker of lysosome-related organelles) (77). Rab27a controls

the recruitment of NOX2 to DC phagosomes. In Rab27a-

deficient DCs, the acquisition of NADPH oxidase by phag-

osomes is delayed, resulting in a less oxidative and more acidic

phagosomal lumen (the phagosomal pH is at least 1 unit less

than normal cells) (77). One consequence of increased

phagosomal acidification in the absence of NOX2 activity (both

in gp91phox-deficient and Rab27a-deficient DCs) is an increase

in protein degradation. As Rab27a is considered as a marker of

lysosome-related organelles in many cell types (78), we

proposed to call this novel population of NOX2-containing

vesicles ‘inhibitory lysosome-related organelles’ because the

recruitment of these vesicles to phagosomes continuously limits

acidification and protein degradation (Fig. 2A,B).

The regulation of the pH and superoxide production in

neutrophils, macrophages, and DCs follow distinct schemes. In

neutrophils, the massive recruitment of NOX2 to phagosomes

during the oxidative burst causes an important peak of proton

consumption in phagosomes, resulting in a transient (around

15 min) but potent alkalinization (up to pH 8) of the

phagosomal lumen (Fig. 1A). The subsequent recruitment of

the V-ATPase to phagosomes, however, rapidly results in

a strong acidification as the pH drops to 5–4.5 in the first

60 min (Fig. 1B). In macrophages, in spite of an effective

respiratory burst, but less important than in neutrophils, no

alkalinization of the phagosomal lumen was reported. This

outcome is probably not exclusively as a result of a massive

recruitment of the V-ATPase because only neutralization and no

Fig. 2. NOX2 is efficiently recruited and assembled at phagosomal

membranes during phagosome maturation in DCs. (A). Contrary to
neutrophils, the transmembrane component of NOX2 (cytochrome
b558) in DCs resides in a population of vesicles bearing both lysosomal
markers (Lamp1/2) and the small GTPase Rab27a (and possibly V-
ATPase), suggesting that these vesicles belong to the family of
lysosome-related organelles. The acquisition of the cytochrome b558
by phagosomes is regulated by Rab27a. (B). The fusion of cytochrome
b558/Rab27a-containing vesicles with phagosomes leads to the
recruitment of the cytosolic subunits of NOX2, assembling the active
complex. Upon activation, NOX2 consumes oxygen (O2) and Hþ

(pumped by V-ATPase and probably also contributed by other
channels) to produce ROS in the phagosome lumen. Consequently,
a rise of the pH is maintained for several hours. Because NOX2 limits
acidification and degradation in DC phagosomes, we propose to call
this population of cytochrome b558/Rab27a-containing compartments
in DCs as ‘inhibitory lysosome-related organelles’.
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alkalinization is observed, even in the presence of a V-ATPase

inhibitor. In macrophages, NOX2 is mainly assembled at the

plasma membrane and not in phagosomes, most likely limiting

the impact of ROS production on the phagosomal pH. In DCs,

low levels of NOX2 and V-ATPase are simultaneously recruited

to phagosomes. The simultaneous activity of the twomembrane

transporters at the phagosomal membrane maintains the pH

above neutrality for several hours (Fig. 1C). As expected,

sustained neutral pH affects phagosomal function in DCs,

including proteolysis. What, then, are the consequences of this

sustained neutral pH on antigen presentation?

Antigen presentation and phagocytosis in DCs

The initiation of adaptive immune responses requires CD4þ and

CD8þ lymphocytes to recognize short peptides associated with

MHC class II or class I molecules on the cell surface of DCs. Only

a few peptides from any complex protein are effectively

recognized by T cells. It is therefore critical that these

‘immunogenic’ peptides are not destroyed in phagosomes

before associationwithMHCmolecules.MHC class-II-restricted

antigen presentation ismainly restricted to internalized proteins

(47, 79). The processing of exogenous antigens occurs in the

phagosomal/endosomal compartments as a result of the action

of proteases that partially digest antigens along the internali-

zation route. The same compartments contain MHC class II

molecules. Relatively large antigen fragments (several tens of

amino acids) are loaded on MHC class II molecules after

degradation of the associated Ii chain. These large fragments are

then further processed on the MHC class II molecules into 10–

20 amino acid peptides. The peptide-loaded MHC class II

molecules are translocated to the cell surface where they are

recognized by CD4þ T cells. MHC class I presentation is

classically restricted to antigens synthesized by the antigen-

presenting cells (endogenous antigens). Defective ribosomal

products are digested by the proteasome into small peptides

(eight to nine amino acids) (80) that are translocated into the ER

through ER transporters associated with antigen presentation

(TAP1/2). Once in the ER, the peptides are loaded onMHC class

I molecules with the help of the MHC class-I-loading complex

and are transported to the cell surface.

There is, however, one major exception to this unifying

scheme. In DCs, and under certain circumstances in other cell

types, exogenous antigens can be presented on MHC class I

molecules, a process called ‘cross-presentation’ (81, 82). Cross-

presentation is required for the initiation of cytotoxic immune

responses against bacteria, tumors, and certain viruses, as well

as for the maintenance of tolerance to self-antigens. Phagocy-

tosis and macropinocytosis are the major routes for antigen

uptake for MHC class I cross-presentation, but receptor-

mediated endocytosis also results in efficient cross-presentation

(1). After internalization, protein antigens are partially

degraded into large fragments that are exported into the cytosol

for processing by the proteasome, before translocation by

TAP1/2 into the ER and loading on MHC class I molecules (83–

85). The recent, although still debated, observation that

phagosomes in macrophages and DCs recruit ER-resident

proteins early after engulfment suggested a model for antigen

export to the cytosol, involving the retro-translocation activity

of sec61. Sec61 mediates both the translocation of newly

synthesized leader-peptide-bearing proteins into the ER and

the dislocation of improperly folded proteins from the ER

into the cytosol for degradation by the proteasome. Like retro-

translocation from the ER, retro-translocation from mixed ER–

phagosome compartments requires p97 ATPases (86).

In the cytosol, exported antigens are degraded by the

proteasome into eight to nine amino acid peptides. The site of

peptide loading onto MHC class I molecules during cross-

presentation is still unclear. Because cross-presentation is in most

cases TAP dependent and because TAP was initially thought to be

present exclusively in the ER, the peptides generated in the

cytosol during cross-presentation were naturally assumed to be

translocated into the ER for loading onto MHC class I molecules.

The reported recruitment of TAP (along with other ER residents)

to phagosomes (83) suggested that the peptides generated by

the proteasome during cross-presentation could be retro-

translocated back into the lumen of ER–phagosome-mix com-

partments rather than to the ER (Fig. 3). There is no direct

experimental evidence for MHC class I loading of peptides in the

ER or in phagosomes. It is therefore very difficult to estimate the

respective contribution of ER versus phagosomal MHC class I

loading during cross-presentation. In any case, it is clear that

while antigens are in the lumen of phagosomes, they are exposed

to degradation by lysosomal proteases. Destruction of potential

MHC class-I-binding peptides (which are rather scarce in most

proteins) can only be detrimental to the efficiency of cross-

presentation. In contrast, proteins from dying cells or from

microorganisms have to be dislocated and sometimes partially

degraded to be exported into the cytosol. It is therefore most

likely that antigen degradation is tightly regulated to avoid the

potential destruction of CD8þ T-cell epitopes.

Likewise, if peptide loading during cross-presentation

indeed occurs in phagosomes, once the proteasome-derived

peptides are transported back from cytosol into phagosomal

lumen, the phagosomal milieu has to be compatible with

peptide loading on MHC class I molecules. Certainly, an acidic
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pH does not favor loading of peptides on MHC class I. From this

point of view, the neutral pH found in DC phagosomes during

the first few hours after phagocytosis and the low proteolytic

activity should favor loading on MHC class I molecules in DCs,

as compared with macrophages (87).

In DCs lacking or with reduced NOX2 activity (like in

gp91phox–/– mice or Rab27a–/– mice), the pH in phagosomes is

more acidic by 0.5–1.5 pH units (72, 77). In both mice, this

acidification of the phagosomal lumen reduced the efficiency of

the cross-presentation of two antigens, ovalbumin andHY, both

in vitro and in vivo. The reasons for decreased cross-presentation in

these mice are probably complex. Both the neutralization of the

phagosomal pH (by NH4Cl or ConB) and the partial inhibition

of proteolysis (by a mix of protease inhibitors) restored cross-

presentation in the mutant mice. These results suggest that

decreased pH and enhanced degradation account, at least in

part, for reduced cross-presentation in the absence of NOX2

activity in phagosomes. The effects of these drugs, however, are

diverse. These results, therefore, do not exclude that other steps,

such as transport to the cytosol or peptide loading in

phagosomes, are not affected as well.

It is surprising, however, that a 1–1.5 pH unit difference in

the phagosomal pH can decrease the overall efficiency of the

cross-presentation process by over 60%. Why is cross-

presentation reduced, rather than delayed? These observations

are consistent with amodel illustrated in Fig. 3. Proteins released

from phagocytosed particles (latex beads in our case) are

exposed to various proteases in the phagosomal lumen. Cross-

presentation requires these proteins or large peptides derived

from these proteins to be released into the cytosol. The kinetics

of degradation of these proteins will determine their chance to

be exported to the cytosol. If degradation is too efficient, then

the class I epitopes may be destroyed and cross-presentation

becomes ineffective. From this perspective, degradation and

transport to the cytosol would ‘compete’: export from the

phagosomal lumen rescues certain peptides from degradation,

thus allowing cross-presentation. If proteins or large protein

fragments are degraded too rapidly, they ‘miss’ their chance to

be exported and there is no second chance, i.e. degradation

destroys the potential class I epitopes. Supporting this notion,

Accapezzato et al. (88) have shown that limiting antigen

degradation improves human CD8þ T-cell responses against

soluble antigens both in vitro and in vivo. An additional level of

complexity arises from the suggestion that antigen export to the

cytosol is selective for ‘early’ phagosomes (as suggested by the

likely role of ER-derived molecules in this process) (83–85). If

such was the case, then it is essential that export to the cytosol

occurs before the capacity of the phagosomes to export proteins

to the cytosol is lost.

We have shown that the efficiency and the speed of transport

to the cytosol are lower for high-molecular-weight molecules.

Molecules below 50 kDa are transported to the cytosol more

efficiently and quicker than 500-kDa molecules (86). There-

fore, the partial proteolysis of large proteins should favor their

transport to the cytosol and thereby cross-presentation. Which

proteases, then, could perform this partial degradation during

cross-presentation? The sustained high pH encountered in DC

Fig. 3. Phagosomes have been proposed to behave as autonomous
compartments for antigen cross-presentation in DC-phagosomes.

Internalized antigens find an environment propitious for an initial
degradative processing to generate the fragments that will be exported
to the cytosol (probably through sec61). This initial enzyme attack
must be tightly regulated to avoid destroying potentially important
sequences for T-cell recognition. Once in the cytosol, exported peptide
fragments are further digested by the proteasomes. The final products
of this cytosolic proteasomal degradation are transported back into the
phagosomes through TAP. The eight to nine amino acid peptides are
then loaded onto MHC class I molecules and transported to the plasma
membrane.
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phagosomes during the first hours after engulfment suggests

that only certain proteases with optimal pH around or above

7 (such as cathepsin S) contribute importantly to cross-

presentation. Proteases with optimal activity at lower pH would

most likely be detrimental to cross-presentation if they were

fully active (as they would be in neutrophil or macrophage

acidic phagosomes). Even if the overall effect of high

phagosomal pH reduces protein degradation, the activity of

certain proteases (such as cathepsin S) is enhanced. The selective

control of the proteolytic activity in DC phagosomes probably

contributes to the efficiency of cross-presentation.

The processing of protein antigens for presentation on MHC

class II should follow different rules. MHC class II molecules bind

relatively large protein fragment (up to several tens of amino

acids), suggesting that MHC class II molecules ‘protect’ the

relevant epitopes from degradation. Delamarre et al. (39) showed

recently that antigens resistant to degradation are more

immunogenic, suggesting that they are better presented on

MHC class II molecules. The same group showed that the

proteolytic capacity of DCs is limited both by a low level of

expression of lysosomal proteases and by low levels of V-ATPase

activity in immature DCs (71). These results suggest that too

much degradation is also detrimental for MHC class-II-restricted

presentation. Here too, MHC class II molecules and lysosomal

proteases would compete for proteins or large peptides. The

outcome of this competition would determine presentation or

degradation. Because MHC class II molecules can themselves

protect peptides from degradation, the prediction is that

presentation to CD4þ T cells is not as sensitive to phagosomal

pH or to the efficiency of degradation as cross-presentation to

CD8þ T cells. In other words, if large peptides are generated later

during phagocytosis, when the phagosomal pH is already acidic,

MHC class II may still bind to the peptides and protect them from

degradation. At this point, it is most likely that phagosomes have

lost their capacity for export to the cytosol.

This model for MHC class-I- versus MHC class-II-restricted

processing in phagosomes allows for certain predictions. The first

one is that processing for MHC class I and MHC class II

presentation occurs, at least in part, in separate compartments.

Early phagosomes, in which proteins are only partially degraded

and that contain ER-resident proteins, would be competent for

export to the cytosol (cross-presentation). Although the large

peptides generated in early phagosomes could potentially bind

MHC class II molecules (89–91), the nearly neutral pH

encountered at this point and the low levels of H2-M in early

phagosomes most likely does not favor loading on MHC class II

molecules. Processing for MHC class-II-restricted presentation

may occur inmoremature phagosomes, in which the pH is lower

and that contain higher levels of H2-M. The second prediction

relates to the origin or subcellular location of the antigens

presented onMHC class I and MHC class II molecules. If transport

to the cytosol is indeed more effective from early phagosomes

(that contain ER-derived proteins), then proteins available for

export at this stage of phagosome maturation should be better

cross-presented. Secreted or external proteins from microorgan-

isms, for example, should be available for transport to the cytosol

in early phagosomes. Internal, non-secreted microbial proteins

that requiredmore extensive degradationof themicroorganism to

be released, in contrast, may not be available for export to the

cytosol in time. The predictionwould therefore be that external or

secreted proteins should be better cross-presented than other

proteins from the samemicroorganisms. Proteins requiringmore

extensive degradation of the microorganisms to be released

should be better presented on MHC class II molecules.

From this perspective, the DCs’ endocytic and phagocytic

pathways seem to be extraordinarily well adapted to cross-

present antigens to CD8þ T cells efficiently. First, the

recruitment of lysosomal proteases to phagosomes is much

slower in DCs than in macrophages. Second, phagosomes have

a remarkably prolonged early phase. The pH remains neutral for

several hours in DCs, while it acidifies very rapidly (within

30 min) in macrophages (72). Finally, the presence of ER-

derived proteins last much longer in DCs (up to 2 h) (83, 84),

as compared with macrophages (less than 1 h) (23, our own

unpublished results). Altogether, these observations suggest

that by slowing down the degradation of ingested particles and

by prolonging the early phases of phagosome maturation, DCs

optimize the chances for antigens to be exported to the cytosol

and thereby to be cross-presented. This would not hamperMHC

class-II-restricted presentation, at least when DCs also receive

a maturation signal. In this case, the increased activity of the

V-ATPase would allow a progressive increase of acidification,

a slow degradation of the microorganism, and efficient

presentation to CD4þ T lymphocytes.

The working model described above was drawn from results

obtained with immature bone-marrow-derived DCs and resting

bone-marrow-derived macrophages. It does not take into

account the complex environment that surrounds both cell types

in vivo or the existence of various subpopulations of cell types. It

was shown recently, for example, that lipopolysaccharide (LPS)-

activated macrophages acidify their phagosome less efficiently

than resting macrophages, suggesting that they may cross-

present antigens more efficiently (67). If, as proposed by various

groups recently, certain DC subpopulations are more efficient at

cross-presenting antigens than others, then phagosomal matu-

ration and function should also be different among them.
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Although they do so less efficiently than DCs, macrophages

(and very rarely, neutrophils) are competent for both MHC

class-I- and class-II-restricted presentation. This lower effi-

ciency for antigen presentation, as compared with DCs, was

observed in vitro and in vivo using inert particles or apoptotic

bodies (33, 92–94). The situation with infectious agents is

more complex, and in general, it is very difficult to compare the

efficiency of antigen presentation between different cell types.

Indeed, most microbes infect or are phagocytosed differentially

by different phagocytes, making any conclusion about antigen

presentation (rather than targeting) difficult. In addition, most

pathogens interfere with the phagosomal function as a survival

strategy, resulting in the inhibition of phagosome–lysosome

fusion. This inhibition has different effects on the phagocytic

pathway of macrophages or neutrophils, including the

inhibition of protein degradation, of acidification, or of

superoxide production. In doing so, microorganisms certainly

also influence antigen presentation. The analysis of the effects of

these microorganisms on phagosomal function in DCs is only

starting to be considered as a major issue. It will certainly be

very exciting, in the next few years, to uncover how the effects

of microorganisms on the phagocytic pathway of DCs

influences the intracellular pathways involved in antigen

presentation and cross-presentation.

Signaling through TLRs is one aspect of microorganism

sensing by DCs that has started to be analyzed recently. Several

groups showed that in DCs, LPS initiates antigen presentation to

CD4þ T cells (95–97). The engagement of TLR4 in individual

phagosomes was suggested to determine the presentation of

antigens contained within that individual phagosome but not

from other phagosomes in the same cells (97). Themechanisms

underlying these effects of TLR ligands are starting to be

analyzed. LPS-treated DCs acidify their lysosomes more

efficiently because of a better assembly of the cytosolic subunits

of the V-ATPase on lysosomes (71). The immediate effect of LPS

on acidification and phagosome maturation in macrophages

and DCs, however, remains a matter of debate. LPS was shown

to accelerate the recruitment of lysosomal markers and

lysosome-tropic dyes to phagosomes in DCs (98). However,

it has also been suggested that TLR4 engagement has an

inhibitory effect on phagosome–lysosome fusion in macro-

phages (99). More recently, Yates and Russell (69) showed that

LPS does not affect the extent or kinetics of early acidification in

the macrophage phagosome. Future studies should address the

effects of TLR engagement in phagosomal functions in DCs and

investigate in more detail how the quality of the cargo in

phagosomes determines the type of immune response that will

be triggered.

Conclusions

DCs play a critical role in the initiation of CD8þ T-cell-mediated

cytotoxic immune responses. In the cases of immune responses

against certain bacteria, against viruses that do not infect DCs

directly, or against tumors, DCs must present internalized

antigens on MHC class I molecules. Certain studies, however,

suggest that the role of cross-presentation is critical even for

viruses in principle capable of infecting DCs (100, 101). It is

remarkable, in any case, to see how different the functional

organization of the DC phagocytic pathway is compared with

macrophages or neutrophils. The ability to export proteins from

phagosomes to the cytosol (87), recruitment of certain ER-

resident proteins (83), the inefficient assembly of the V-ATPase

(71), and the efficient assembly of NOX2 (72) all contribute to

provide DC phagosomes with a unique competence for cross-

presentation. Nevertheless, all these specializations of endo-

somes and phagosomes, so far, have been characterized in

‘artificial’ DCs (derived from the bone marrow or from

monocytes in vitro) and, for the most part, using artificial

phagosomes (containing latex beads, not real microorganisms).

From the very incomplete and biased picture available today,

the DC phagocytic pathway could be viewed as a combination

of certain traits frommacrophages and others from neutrophils.

From macrophages, DCs have borrowed the overall structure

and morphology: the two populations of myeloid cells are only

distinguished by a few surface markers. Their respective

anatomical distributions, their migratory capacities, and, most

importantly, their main biological functions are very different.

Although there is a lot still to do before a complete picture of the

DC’s phagocytic pathway can be drawn precisely, the results

available show important differences. The macrophage phago-

cytic system seems adapted for a unique main function:

destroying the engulfed particle. The main effector system used

appears to be proteolysis. An extremely high concentration of

proteolytic lysosomal enzymes, which are very active at the very

pH encountered in macrophage’s phagosomes (around 4.5),

make macrophage phagosomes a ‘dangerous place for bugs to

be’. Although the underlying mechanisms may not be exactly

the same, the overall situation in neutrophil phagosomes seems

to be quite similar: the main purpose of phagocytosis is

destruction. Although the respective role of reactive oxygen,

chloride derivatives, and proteases in the killing of microbes is

still debated, the efficiency of the cytotoxic process is not in

question. The initial rise in the pH observed in the first minutes

of the oxidative burst is probably part of a complex series of

ionic fluxes that finally allow the freeing of and the activation of

proteases that participate to the killing process.
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The situation in DCs is quite different. What we know so far

about the DC phagocytic system suggests that the main function

of phagocytosis is not killing microbes. DC phagosomes rather

seem to function as ‘peptide factories’ for adaptive immune

recognition. They put microorganisms in an environment that

combines nearly neutral pH, limited proteolytic activity, and low

levels of oxidation. This kind of environment is probably

sufficient to limit the proliferation ofmicrobes and perhaps cause

their partial degradation to liberate individual proteins that could

serve as potential antigens for T-cell recognition (andmaybe also

for B-cell recognition). Themain adaptation of theDCphagocytic

pathway to this role in adaptive immunity seems to be the

remarkable delay in phagosome maturation. The initial phase of

phagosome maturation, neutral or alkaline pH, and low

proteolytic activity, which in both macrophages and neutrophils

lasts for minutes, is prolonged in DCs for hours. This important

delay in phagosomematuration gives the antigen processing and

presentationmachinery of DCs a better chance to extract (protect

from degradation) potential peptides for immune recognition.

Some of the molecular mechanisms underlying this delay have

been showed in the past few years. Many of them as well as their

role in effective antigen recognition are still to be uncovered.

Strategies for the attenuation of protein degradation seem to

constitute the delicate ‘bridge’ that antigen-presenting cells have

developed to go through from innate destructive immunity to

effective adaptive immune responses (Fig. 4).
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