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Summary

Phagosomes were traditionally thought to originate
from an invagination and scission of the plasma
membrane to form a distinct intracellular vacuole. An
alternative model implicating the endoplasmic reticu-
lum (ER) as a major component of nascent and matur-
ing phagosomes was recently proposed (Gagnon et
al., 2002). To reconcile these seemingly disparate
hypotheses, we used a combination of biochemical,
fluorescence imaging, and electron microscopy tech-
niques to quantitatively and dynamically assess the
contribution of the plasmalemma and of the ER to
phagosome formation and maturation. We could not
verify even a transient physical continuity between
the ER and the plasma membrane, nor were we able
to detect a significant contribution of the ER to form-
ing or maturing phagosomes in either macrophages
or dendritic cells. Instead, our data indicate that the
plasma membrane is the main constituent of nascent
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and newly formed phagosomes, which are progres-
sively remodeled by fusion with endosomal and eventu-
ally lysosomal compartments as phagosomes mature
into acidic, degradative organelles.

Introduction

Phagocytosis of invading pathogens by neutrophils and
macrophages is an essential component of the immune
response. Engulfment is initiated by interaction of re-
ceptors on the surface of phagocytes with ligands on
the target particles. Receptor activation triggers a com-
plex signaling cascade that culminates with the exten-
sion of pseudopods and the ingestion of the particle
into a membrane bound vacuole known as the phago-
some (Greenberg and Grinstein, 2002; Silverstein et al.,
1977). Newly formed phagosomes undergo acute re-
modeling by an orderly sequence of fusion events with
organelles of the endocytic and biosynthetic pathways,
while keeping their surface area nearly constant through
concomitant fission of membrane vesicles (de Chastel-
lier et al., 1995; Desjardins et al., 1994b; Pitt et al., 1992;
Steinman et al., 1983). The net result of this process is
an extensive restructuring of the membrane and
contents of the phagosome (de Chastellier et al., 1995;
Desjardins et al., 1994b; Lang et al., 1988) that is char-
acterized by the acquisition of lysosomal enzymes, the
ability to generate reactive oxygen intermediates, and
luminal acidification (Tjelle et al., 2000; Vieira et al.,
2002).

For nearly four decades, the dominant paradigm was
that the membrane of nascent phagosomes originates
primarily from the plasma membrane (Silverstein, 1977;
Ulsamer et al., 1971). Indeed, the major glycoproteins
of phagosomes were found to be largely identical to
those found on the cell surface (de Chastellier et al.,
1995, 1983; de Chastellier and Thilo, 2002; Muller et al.,
1980b). Recently, however, an alternative model was
proposed implicating the endoplasmic reticulum (ER) in
phagosome formation. Using electron microscopy (EM)
and glucose 6-phosphatase cytochemistry, Desjardins
and colleagues (Gagnon et al., 2002) suggested that
during phagocytosis, the ER is recruited to sites of par-
ticle ingestion, where it fuses with the plasma mem-
brane. Fusion was proposed to establish continuity be-
tween the two compartments, creating an opening at
the junction that allows the particle access to the lumen
of the ER. Resealing of the plasma membrane was en-
visaged to complete the entry process (Desjardins,
2003; Gagnon et al., 2002). The concept of ER-medi-
ated phagocytosis is appealing because it helps ex-
plain how phagocytes are able to internalize multiple
large particles without a correspondingly large de-
crease in surface area. Even more provocatively, it pro-
vides a framework for understanding how antigens de-
rived from internalized material might be presented by
MHC class I molecules, a process known as antigen
cross-presentation and most often associated with
dendritic cells (DCs) (Guermonprez et al., 2003; Houde
et al., 2003).
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Until now, cross-presentation of most peptide anti-
gens was thought to involve the egress of antigens
from endocytic compartments (e.g., phagosomes) into
the cytosol by an unspecified mechanism. Once in the
cytosol, they would be digested by proteasomes and
translocated into the ER by the ATP-dependent TAP1/
TAP2 peptide transporter (Watts and Amigorena, 2001).
Peptide loading onto MHC class I molecules would
then take place in the ER lumen. By placing ER compo-
nents in the phagosome, the new model allows for spa-
tial coordination of the cross-presentation machinery.
Although this scheme would not obviate the need for
antigen egress into the cytosol, the Sec61 translocation
channel, an ER protein, was proposed to fulfill this
function (Desjardins, 2003; Wiertz et al., 1996).

The work of Gagnon et al. (2002) was based largely
on a detailed proteomic analysis of isolated phago-
somes containing latex beads, combined with static
electron microscopic determinations. However, none of
these data attempted to quantify the contribution of the
ER to the membrane of phagosomes or define the ki-
netics of ER recruitment. Due to the profound implica-
tions of the new paradigm, we sought to characterize
the role of the ER in phagocytosis by undertaking a
quantitative assessment of the contribution of the plasma
membrane, endocytic compartment, and the ER to the
composition of the nascent and maturing vacuole.

Results

Contribution of the Plasma Membrane
to Early Phagosomes
To quantify the contribution of individual compartments
to the phagosomal membrane, we imaged phagocyto-
sis in living cells labeled with organelle-specific probes.
First, RAW264.7 macrophages stably expressing GPI-
GFP as a marker of the plasma membrane were al-
lowed to internalize IgG-coated latex beads (Figure 1A)
or IgG-coated red cells (Figure S1 in the Supplemental
Data available with this article online), and the distribu-
tion of the fluorescent marker was monitored by confo-
cal microscopy. Live-cell imaging (Movie S1) revealed
that GPI-GFP was readily detectable on the membrane
of sealed phagosomes where it persisted for several
minutes. A quantitative assessment of the density of
GPI-GFP on the phagosomal membrane, relative to its
density at the plasma membrane, was performed on
fixed samples at defined time points after completion
of phagocytosis, using image analysis. Note that fixa-
tion dissipates phagosomal proton gradients, obviating
pH-induced changes of GFP fluorescence. Representa-
tive images are illustrated in Figure 1A, and a summary
of 200 independent measurements is presented in Fig-
ure 1C. Phagosomal sealing was defined as the time
when fluorescence formed a continuous ring around
the particles and was confirmed by exclusion of anti-
bodies or of FM4-64 added extracellularly. The density
of GPI-GFP, which is comparable at the phagocytic cup
to the rest of the plasma membrane, decreased only
modestly (w25%) over the first 2 min following phago-
cytosis. The probe disappeared gradually from the
phagosomes at longer times (Figures 1A and 1C). The
presence of GPI-YFP in the phagosomal membrane
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as confirmed by immunoelectron microscopy (im-
uno-EM) using anti-GFP antibodies (Figure 1D). Quanti-

ication of the density of gold particles indicated that
he phagosomal membrane retained z50% of the GPI-
FP 5 min after particle ingestion (Figure 1E), in good
greement with Figure 1C.
Since GPI-GFP may associate with specialized lipid
icrodomains on the plasma membrane, which might
e segregated during Fc receptor-mediated phagocy-
osis (Kwiatkowska et al., 2003), we repeated these ex-
eriments using a second plasmalemmal marker. Mac-

ophages were transfected with YFP-GT46, a chimeric
onstruct that is targeted to the plasma membrane, yet

s excluded from lipid microdomains (Kenworthy et al.,
004). The behavior of YFP-GT46 was indistinguishable
oth qualitatively and quantitatively from GPI-GFP (Fig-
res 1B and 1C). These observations imply that compo-
ents derived from the plasma membrane comprise a
izable fraction of the early phagosomal membrane,
etting an upper limit to the contribution of the ER.

ontribution of the ER to Early Phagosomes
o quantify the contribution of the ER to phagosome
iogenesis, we examined various markers of the ER
uring the course of particle engulfment. RAW macro-
hages expressing either luminal (GFP-KDEL) or inte-
ral membrane markers (Sec61α-GFP) of the ER were
llowed to internalize beads. To ascertain the location
f the phagosomal membrane the cells were also la-
eled with either FM4-64 or with fluorophore-conju-
ated B subunit of cholera toxin (CTxB), a ligand of
xofacial gangliosides. Remarkably, even after re-
eated imaging of living cells by spinning disk or scan-
ing confocal fluorescence microscopy (Figure 2;
ovie S2), we failed to detect colocalization of ER
arkers with the limiting membrane of the phagosome.
his impression was validated by quantitative analysis
f colocalization (Figures 2A and 2B), yielding small or
egative Pearson’s coefficients, indicative of no signifi-
ant (p > 0.10) overlap of ER and phagosome markers.
imilar quantitative analyses in phagosomes from over
0 cells in four experiments yielded equally insignifi-
ant Pearson’s coefficients for several combinations of
hagosomal and ER markers (Table S1). These findings
ere not the consequence of overexpression of ER
arkers, as immunostaining for an endogenous ER com-

onent (protein disulfide isomerase [PDI]) produced sim-
lar negative results (Table S1). The observation that the
R is not a major component of the phagosome mem-
rane was not limited to RAW cells, as identical experi-
ents performed in J774 murine macrophages and mu-

ine DCs yielded virtually identical results. Quantitative
olocalization analysis of GFP-KDEL with either CTxB
Figures S2A and S2C) or FM4-64 (Figure S2B) yielded
nsignificant Pearson’s coefficients (Table S1).

The ability to detect colocalization was verified by
taining the phagosomal membrane with FM4-64 in
AW cells transfected with either GPI-YFP (Figure 2C)
r with a GFP-tagged version of the human FcγRIIA re-
eptor, both of which localized primarily to the plasma
embrane and the early phagosomal vacuole. In addi-

ion, transferrin receptors were found to colocalize with
ewly formed phagosomes (Figure 2D). Quantitation of



Matters Arising
159
Figure 1. Contribution of the Plasma Membrane to Phagosome Formation

Confocal microscopy was used to monitor the distribution of the plasmalemmal markers GPI-GFP (A) and YFP-GT46 (B) in RAW cells. Images
were acquired 2, 5, and 10 min after initiation of latex bead (3 �m) engulfment.
(A and B) Representative images. Scale bars represent 5 �m.
(C) Quantitation of >200 phagosomes (asterisks). Data in (C) were normalized to the fluorescence intensity of the surface membrane of the
same cell. Relative fluorescence intensity of unsealed phagocytic cup or phagosomes at various times after sealing shown.
(D) Immunogold localization of GPI-YFP following phagocytosis. Arrows indicate location of gold particles. PM = plasma membrane ; LB =
Latex bead ; C = Cytosol.
(E) Quantification of the density of gold particles per �m on the plasma and phagosomal membranes.
Data in (C) and (E) are the means ± SE of the number of cells (n).
these and other data is summarized in Table S1, which
demonstrates that plasmalemmal and early endosomal
markers were readily detectable in early (2–5 min)
phagosomes, while ER-derived components were not.

A closer inspection of the relationship between the
ER and the phagosomal membrane was performed by
immuno-EM. Cryosectioned samples of RAW and J774
macrophages that had previously ingested latex beads
for 5 min were labeled with antibodies to either the lu-
minal or cytosolic domain of calnexin, an ER-resident
protein. Despite the fact that the ER cisternae were
extensively labeled, calnexin could not be detected on
the phagosomal membrane (Figures 3 and S3). Quanti-
tative analysis of multiple sections revealed that the
density of gold particles per unit of phagosomal mem-
brane was insignificantly small, comparable to the gold
associated nonspecifically with extracellular beads that
were not ingested or organelles not expected to con-
tain calnexin (Figure 3B). Similar results were obtained
in J774 cells using antibodies to another endogenous
ER marker, PDI (Figure 3D).

The sensitivity of immunofluorescence or immuno-
gold labeling may be insufficient to detect a compara-
tively scarce component of phagosomes. For this reason,
immunocytochemical staining for the ER marker glucose
6-phosphatase (G6Pase), as used by Gagnon et al.
(2002), was employed as a third approach to assess the
presence of ER in phagosomes. As illustrated in Fig-
ures 4A–4D, reaction products that appear as electron-
dense deposits were readily detected on the nuclear
membrane and in branching tubules indicative of the
ER in all cells analyzed. That the method is sufficiently
sensitive to detect phagosomes that fuse with the ER
was shown in macrophages that had ingested Brucella
abortus. This bacterium reroutes the normal maturation
of the phagosome, dictating its fusion with components
of the ER-to-Golgi intermediate compartment (Celli et
al., 2003). As demonstrated recently, G6Pase activity
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Figure 2. Assessment of the Contribution of ER to Phagosomes by Fluorescence Microscopy

RAW cells expressing GFP-tagged organellar markers were allowed to internalize IgG-opsonized beads. In (A) and (C), FM4-64 was present
at the time of engulfment to label the phagosomal vacuole. In (B) and (D), the plasma membrane was prestained with Alexa 555-conjugated
B subunit of CTxB. Images were acquired 2–5 min after particle engulfment.
(A) Comparison of GFP-KDEL (green) and FM4-64 (red).
(B) Sec61α-GFP (green) and CTxB (red).
(C) GPI-YFP (green) and FM4-64 (red).
(D) Transferrin receptor-GFP (TfR-GFP; green) and CTxB (red). Phagosomes are indicated by asterisks. Middle panels show a magnified
version of the indicated phagosome. The rightmost panels are scatter plots of green vs. red fluorescence of individual pixels in the area
shown in insets. Colocalization Pearson’s coefficients (r) are shown for each set of markers.
Scale bars represent 5 �m.
was clearly detectable in phagosomes 24 hr after in-
gestion of B. abortus (Figure 4A). In contrast, phagoso-
mal cups (Figure S4A) or phagosomes studied 15 or 30
min after uptake of latex beads were unlabeled (Figures
4 and S4B). Similar negative results were obtained in
J774 cells (Figures 4F and S4) and in primary, bone mar-
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ow-derived murine macrophages (Figure 4E), whether
he beads were or not IgG-opsonized (Figures 4E and
F) and regardless of whether their surface was hy-
rophobic (Figure 4C) or hydrophilic (Figure 4D). No sig-
ificant phagosomal staining was observed using
ither small (1 �m) or large (3 �m) latex beads (Figure
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Figure 3. Immunogold EM of Phagosomes in Macrophages

(A) Immunogold localization of calnexin (CNX) in RAW cells containing latex beads. An antibody recognizing the luminal domain of calnexin
was used.
(B) Quantification of CNX in different organelles of RAW and J774 cells using antibodies directed to the luminal domain or cytosolic domain
of CNX.
(C) Immunogold localization of PDI in human DCs following uptake of latex beads (LB). Arrowheads: sites of apparent membrane fusion.
(D) Summary of quantitation of gold particles for the indicated structures in J774 and human DCs using the method of Mayhew et al. (2002).
PM = plasma membrane; N = nucleus; LB = Latex bead.
4E), indicating that particle size is not a critical determi-
nant of ER association with the phagosome. Moreover,
negative results were also obtained when Mycobacte-
rium avium was used as prey (Figures 4B and 4E).
Jointly, these findings suggest that the ER is not a nor-
mal component of the phagosome, though it can be
actively recruited by effectors of certain bacteria to pre-
clude phagolysosome formation. Accordingly, G6Pase
activity was not detected in phagosomes containing
B. abortus mutants lacking VirB, the virulence factor
that directs fusion with the ER (Celli et al., 2003).

Contribution of ER to Early Phagosomes
in Dendritic Cells
We next examined the ER during phagocytosis in mu-
rine bone marrow-derived DCs by live-cell imaging.
GFP-KDEL was expressed by retroviral infection (Chow
et al., 2002), while the plasma membrane was visual-
ized using CTxB (Figure S2C). As found for RAW macro-
phages, the early phagosomal membrane in immature
DCs was rich in the plasma membrane marker, but con-
tained no detectable ER marker. Quantitative colocali-
zation analysis of over 20 phagosomes yielded a Pear-
son’s coefficient of 0.065 (p > 0.10; Table S1), indicating
no significant overlap. Furthermore, EM analysis of im-
munogold labeled samples confirmed the absence of
the ER marker from phagosomes, while lgp120/LampI,
a late endosomal/lysosomal marker, was readily de-
tected on late phagosomes (data not shown). There-
fore, the ER did not appear to be a major contributor
to the formation of early phagosomes in mouse DCs.

We also examined the contribution of the ER in DCs
derived from human monocytes. The distribution of PDI
was visualized by immuno-EM in cells that had in-
gested latex beads. As shown in Figure 3C, abundant
labeling of typical ER elements was observed, while the
label associated with phagosomes was negligible and,
after quantitation, indistinguishable from the back-
ground (Figure 3D). The PDI content of phagosomes
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Figure 4. G6Pase Staining in Macrophages

Bone marrow-derived macrophages (A–E) or J774 cells (F) were allowed to internalize particles, fixed and stained for G6Pase activity.
(A) Macrophage containing Brucella abortus, fixed 24 hr after infection.
(B) Macrophage containing Mycobacterium avium fixed after 2 hr of uptake.
(C) Macrophage containing hydrophobic latex beads (LB), fixed after 30 min.
(D) Macrophage containing hydrophilic (carboxylated) latex beads, fixed after 10 min.
(E) Quantitation of G6Pase activity; 30–50 phagosomes counted per condition.
(F) Quantification of G6Pase in J774 cells.
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remained insignificant regardless of the duration of the
phagocytosis pulse (0–30 min). By contrast, fusion of
PDI-negative tubulovesicular structures was commonly
seen (arrow Figure 3C), and immunogold-labeled trans-
ferrin receptors were also readily observed in phago-
somes (data not shown).

Is the Forming Phagosome Ever Continuous
with the ER?
Experiments were designed to determine if the ER even
transiently fused with forming phagosomes, perhaps
failing to deliver the bulk of its contents. For this pur-
pose, we turned to the dye FM4-64, which should dif-
fuse into the ER membrane even if fusion created only
a small or evanescent fusion pore (see Figure 5A). Mac-
rophages stably transfected with GFP-KDEL were ex-
posed to opsonized beads in the presence of a high
concentration (10 �M) of the dye, which was kept in the
medium during particle uptake to increase its opportu-
nity to access the ER. A representative experiment is
illustrated in Figure 5B, which demonstrates that, while
FM4-64 stained the plasma membrane and reached all
aspects of the phagosomal membrane, it was never
found to enter the ER.

Conceivably, fusion of the ER with the phagocytic
cup during particle internalization may have been too
transient to allow detectable amounts of FM4-64 to en-
ter its lumen. Indeed, Gagnon et al. (2002) found that in
normal cells, sites of apparent continuity between the
ER and the phagocytic cup were difficult to observe.
These authors found that arresting phagocytosis with
wortmannin was able to stabilize the apparent connec-
tions, facilitating their visualization by EM. We therefore
tested the effects of the inositide kinase inhibitor on the
distribution of FM4-64. In agreement with earlier re-
Figure 5. Monitoring Accessibility of Extracellular Probes to the ER during Phagosome Formation

(A) Schematic representation of the experimental protocol. FM4-64 was present at the time of particle ingestion to monitor the continuity of
the phagosomal membrane with the ER. RAW cells expressing GFP-tagged markers were used to visualize the ER.
(B) FM4-64 (red), GFP-KDEL (green).
(C) FM4-64 (red), Sec61α-GFP (green).
(D) Cells transfected with Sec61α-GFP (green) were allowed to internalize latex beads and were gently permeabilized using 0.01% Triton
X-100 before addition of FM4-64. (B)–(D) are representative of R3 experiments each. Scale bars represent 5 �m.
ports (Cox et al., 1999; Ninomiya et al., 1994), we found
that wortmannin halted phagocytosis following exten-
sion of incipient pseudopods. FM4-64 was readily able
to reach the base of such aborted phagosomal cups,
implying that diffusion of the dye into the cleft is not
restricted. Nevertheless, despite the sustained arrest of
phagocytosis, the dye never reached any aspect of the
ER (Figure S5). We repeated these experiments using
Sec61α-GFP, an ER integral membrane protein. As
shown in Figure 5C, neither did Sec61α-GFP enter the
phagosome, nor did FM4-64 reach the ER. That FM4-
64 could partition detectably into the ER was shown by
gently permeabilizing the cells with 0.01% Triton X-100
(Figure 5D).

The inability to detect FM4-64 in the ER following
phagocytosis might conceivably reflect an unsuspected
subcompartmentalization in which only a specialized
and small region of the ER engages in phagosomal fu-
sion. Such as possibility would require that the ER itself
be discontinuous, which is inconsistent with previous
observations in nonphagocytic cells (Lippincott-Schwartz
et al., 2003; Nehls et al., 2000). To assess the continuity
of the macrophage ER during phagocytosis, we moni-
tored the distribution of GFP-KDEL fluorescence after
repeated photobleaching of one half of a cell (Figure
S6). The ER behaved like a single continuous structure,
as there was no detectable residual GFP-KDEL fluores-
cence in or around the phagosome formed in the un-
bleached area (asterisk, Movie S3). Therefore, any FM4-
64 entering through the putative fusion pore should
have access to ER elements spread throughout the cy-
toplasm. Because this was not observed even in cells
treated with wortmannin, it is unlikely that physical con-
tinuity between the phagosomal cup and the ER was
ever established.
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The ER Does Not Fuse with the Plasma Membrane
during “Frustrated Phagocytosis”
We next used a biophysical approach to assess whether
the contents of the ER are released to the medium
through the connection proposed to form with nascent
phagosomes. Due to the ephemeral nature of the con-
nection and the unpredictable site of phagocytic events
in cells ingesting small particles, we imaged fusion dur-
ing “frustrated phagocytosis” (Figure 6A). Abortive pha-
gosomal “cups” can be induced by plating macro-
phages on IgG-coated coverslips, which engage Fc
receptors at the attached surface (Marshall et al., 2001;
Silverstein et al., 1977). These surrogate cups are sus-
tained for long periods and form at a predetermined
focal plane, facilitating analysis by total internal reflec-
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Figure 6. Assessment of ER Fusion Using TIR-FM

(A) Schematic representation of experimental protocol. Suspended macrophages expressing GFP-KDEL sedimented onto IgG-coated cover-
slips to induce sustained frustrated phagocytosis at a defined focal plane. Release of fluorescent probes is monitored by TIR-FM.
(B) Visualization of GPI-YFP over time (in min).
(C) Time-lapse sequence of a cell expressing GFP-KDEL acquired by TIR-FM during spreading.
(D) Time-lapse sequence of acridine orange in a spreading cell acquired by TIR-FM. The left-most panels in (C) and (D) show a whole cell,
whereas the subsequent panels are of higher magnification. Numbers in (C) and (D) are time in min after acquisition was initiated.
(E) Quantitation of organelle fusion events in >40 cells during frustrated phagocytosis. Left bar: cells expressing GFP-KDEL that were also
stained with acridine orange (AO). Right bar: cells expressing GFP-KDEL only (bar is not visible, mean = 0). Scale bars in (B) and (C) represent
5 �m and in (D), they represent 0.5 �m.
ion fluorescence microscopy (TIR-FM). The suitability
f this model was verified using cells expressing the
PI-YFP. As shown in Figure 6B, cell spreading was
learly evident and sustained for many minutes. To as-
ess the appearance of a connecting pore between the
R and the frustrated phagocytic cup, cells expressing
FP-KDEL were allowed to interact with the opsonized
urface. No fusion events, defined by the sudden ap-
earance of a radially diffusing cloud of fluorescence

Fix et al., 2004), were detected (Figure 6C; Movie S4).
owever, fusion events could be readily observed when
ndosomes/lysosomes were loaded with acridine or-
nge (Figure 6D; Movie S5), consistent with earlier re-
orts (Braun et al., 2004; de Chastellier and Thilo, 1997;
iedergang and Chavrier, 2004). Quantitation of fusion
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events (Figure 6E) indicated that between one to two
fusion events involving endosomes/lysosomes could
be detected every 10 s, while in the same cells fusion
of ER elements was never observed.

Biochemical Assessment of ER
and Phagosome Interaction
To address the possibility of intermittent ER-phago-
some fusion during maturation, we determined the de-
livery of a soluble ER marker to the lumen of formed
phagosomes using a biochemical method that would
record and integrate any such interactions over time.
The experimental design and rationale are depicted in
Figure 7A. Briefly, macrophages were stably trans-
fected with avidin-KDEL, a soluble marker of the ER,
which was shown to be properly targeted to PDI-con-
taining ER elements (Figures 7B and 7C). The cells were
Figure 7. Assessment of ER Fusion by Fractionation and Flow Cytometry

(A) Experimental protocol: RAW cells stably expressing an ER-targeted form of avidin (Avidin-KDEL) internalized IgG-opsonized biotinylated
beads. After 15 min, the cells were homogenized and phagosomes purified on a sucrose gradient. Beads were permeabilized and immuno-
stained with anti-avidin and secondary antibodies. The amount of avidin-KDEL bound to the biotinylated beads was quantified by flow cy-
tometry.
(B) Distribution of PDI.
(C) Distribution of avidin-KDEL in cell shown in (B), revealed with anti-avidin antibodies.
(D) Distribution of avidin internalized by fluid-phase uptake. Cells preincubated with soluble avidin (50 �g/ml, 20 min at 37°C) were allowed
to engulf IgG-coated beads for 15 min. Asterisk = phagosome, magnified in inset. Scale bars in (B)–(D) represent 5 �m.
(E) Typical flow cytometry profiles from phagosomes prepared as in (A), with the following modifications. Profile 1: negative control. The
beads were added to avidin-KDEL cells in the presence of excess (10 mM) free biotin. Excess biotin was also present during lysis to prevent
binding of avidin released upon ER disruption. Profile 2: experimental sample. Beads were added to avidin-KDEL cells in the absence of free
biotin to allow interaction with avidin during maturation. Excess biotin was added during lysis to prevent binding of avidin released upon ER
disruption. Profile 3: positive control. Beads added to avidin-KDEL cells, which were then lysed with Triton X-100 to allow interaction of avidin
with the beads.
(F) Summary of flow cytometric quantitations. Mean fluorescence from experiments like that in (E). To assess endosomal fusion with phago-
somes, cells were allowed to take up avidin as in (D), processed as described for profile 2, and normalized according to the amount of total
intracellular avidin. Data are the means ± SE of R4 experiments of each type.
next allowed to ingest biotinylated beads, homoge-
nized, and phagosomes were isolated by sucrose gra-
dient centrifugation. These were then washed several
times in PBS containing Triton X-100 to permeabilize
their membranes and eliminate any adherent contami-
nants. Finally, the association of avidin with the beads
was monitored by immunostaining with anti-avidin anti-
bodies using flow cytometry.

The sensitivity of the system was first tested by ly-
sing the cells with detergent following phagocytosis,
thereby releasing the avidin-KDEL into the medium and
allowing its unrestricted interaction with the biotiny-
lated beads. Such beads displayed readily detectable
fluorescence, indicating that they had bound avidin
(curve 3; Figures 7E and 7F). Next, the specificity of this
association was evaluated by adding an excess soluble
biotin at the time of bead ingestion, as well as during
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lysis. Only background levels of fluorescence were de-
tected under these conditions (curve 1; Figures 7E and
7F). Finally, we assessed if beads that had undergone
phagocytosis gained access to avidin trapped in the
ER by allowing bead ingestion in the absence of biotin.
Curve 2 in Figure 7E and the blue bar in Figure 7F indi-
cated that no avidin was detectable on the beads. Sim-
ilar negative results were obtained when phagosomes
were allowed to mature for up to 4 hr.

We used an analogous approach to assay the fusion
of endosomes with phagosomes. Endosomes of RAW
macrophages were loaded with avidin by fluid phase
pinocytosis (Figure 7D). When such preloaded cells in-
gested biotinylated latex beads, avidin was consis-
tently detected in the immediate vicinity of the internal-
ized particles (Figure 7D). That the probe had in fact
reached the lumen of phagosomes was verified using
the purification and flow cytometry approach described
above. Endosomal avidin associated with the internal-
ized biotinylated beads was readily detectable (Figure
7F), despite the fact that the total amount of cellular
avidin trapped in endosomes was substantially lower
than that trapped in the ER in the preceding experi-
ments.

Use of pH-Sensitive Proteins to Probe Association
of Phagosomes with the ER
One of the defining characteristics of normal phago-
somes is their ability to undergo rapid acidification
shortly after formation. Any components of the ER de-
livered to the lumen of the phagosomes would there-
fore experience an acute change in pH. We took advan-
tage of the pH sensitivity of GFP and its derivatives
(Tsien, 1998) to assess the fusion of phagosomes with
the ER by an independent approach. Macrophages sta-
bly expressing the exofacial plasma membrane marker
GPI-YFP, or the luminal ER marker GFP-KDEL, were al-
lowed to internalize latex beads. The location of these
probes with respect to the lumen of the phagosome
can be defined by monitoring the fluorescence changes
induced by rapidly dissipating the acidic pH of phago-
somes. This can be simply accomplished by acute ad-
dition of permeant weak bases, like NH3. As illustrated
in Figures S7A and S7B, the emission of GPI-YFP lo-
cated in endosomes and phagosomes increased mark-
edly upon addition of NH3, indicating their presence in
an acidic compartment. Ratio imaging of the fluores-
cence before and after addition of NH3 yielded a 1.5-
to 2.5-fold increase in emission intensity (Figures S7C
and S7D).

By contrast, addition of NH3 had no effect on the
fluorescence of GFP-KDEL either in the immediate vi-
cinity of phagosomes or elsewhere in the cell (Figures
S7E–S7H). The failure to see fluorescence changes
cannot be attributed to insensitivity of GFP-KDEL to
pH, since manipulation of the intracellular pH between
5.5 and 7.5 caused pronounced changes in emission
(Figures S7I–S7K). These findings are consistent with
earlier conclusions that the ER is not acidic (Wu et al.,
2001, 2000) and failed to give any indication of fusion
of phagosomes with the ER.
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uantitative Assessment of the Contribution
f Endosomes to the Phagosomal Membrane
hile we were unable to detect a significant contribu-

ion of the ER to the membrane of phagosomes, we
evertheless found a comparatively rapid disappear-
nce of plasmalemmal components from the vacuole,
uch that only z30% could be accounted for by plas-
alemmal components after 10 min (Figure 1). We

herefore sought to determine the source of membrane
nvolved in this remodeling. Because the classical
hagocytosis and maturation model postulates the in-
olvement of endosomes (Lang et al., 1988; Pitt et al.,
992), we devised a method for the quantitation of the
raction of the phagosomal area contributed by endo-
omal membranes. We selectively labeled endosomes
y incubating macrophages at 37°C with FM4-64 for
5 min prior to phagocytosis (Figure 8B), followed by
elective removal of remaining plasma membrane FM4-
4 by repeated washing in medium devoid of dye. Sub-
equent addition of opsonized particles revealed that
M4-64 was rapidly delivered to the phagosomal mem-
rane, verifying the occurrence of fusion between en-
osomes and phagosomes (Figure 8C). The area of en-
osomal membrane delivered to phagosomes was next
pproximated by comparing the intensity of phagoso-
al FM4-64 fluorescence with plasma membrane fluo-

escence of the same cells incubated with FM4-64 at
°C (Figure 8A). These calculations suggested that the
ontribution of endosomes to the phagosomal mem-
rane increased between 2–10 min, from w40% to
60%. When added to the fraction contributed by the

emaining plasma membrane, the endosomal contribu-
ion accounts for most of the phagosomal area and
ets a very modest upper limit to any possible contribu-
ion by the ER.

iscussion

he ability of macrophages and dendritic cells to elimi-
ate invading microorganisms and to process their
ntigens for presentation relies on the dynamic remod-
ling of the membrane and contents of their phago-
omes. Most of the functions attributed to phagosomes
ere thought to result from a maturation process in-
olving sequential fusion to endosomes and lyso-
omes. Recently, however, an alternate model was pro-
osed by Gagnon et al. (2002), invoking fusion of the

orming phagosomes with the ER. This model is sup-
orted by earlier observations that Dictyostelium mu-
ants lacking calreticulin and calnexin have reduced
hagocytosis (Muller-Taubenberger et al., 2001) and is
lso consistent with recent findings of Becker et al.
2005) that impairment of the function of ERS24/
ec22b, a SNARE protein of the ER, reduced the en-
ulfment of 3 �m (but not 0.8 �m) particles by macro-
hages. The possibility that the ER fused with the
lasma membrane during phagocytosis had immense
ppeal in the context of antigen cross-presentation. As
result, several recent reports focusing on the capabili-

ies of phagosomes to process antigen for MHC class
presentation emphasized the ER-mediated phagocy-

osis model (Ackerman et al., 2003; Guermonprez et al.,
003; Houde et al., 2003). Finally, the ER has also come
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Figure 8. Quantitation of Endosomal Contribution to the Phagosome Membrane

(A) Labeling of the plasma membrane of RAW cells with FM4-64.
(B) Labeling of endosomes with FM4-64 following incubation with dye for 15 min at 37°C and subsequent removal of the plasmalemmal FM4-
64 by washing.
(C) Endosomal fusion with phagosomes, assessed after labeling with FM4-64 as in (B), followed by ingestion of beads for 10 min. Scale bars
in (A)–(C) represent 5 �m.
(D) Mean phagosomal FM4-64 fluorescence/pixel measured as in (C) is expressed relative to the plasmalemmal FM4-64 fluorescence, mea-
sured in the same cells as in (A). Normalized fluorescence intensities are illustrated (dark bars). Data are the means of 40 experiments. For
reference, the contribution of the plasma membrane to the phagosomes (open bars) is replotted from Figure 1.
to be viewed as providing a quantitatively important
reservoir of membrane inserted for the internalization
of large particles (Brode and Macary, 2004; Desjardins,
2003; Niedergang and Chavrier, 2004).

On the other hand, several considerations make it
difficult to conceive that the ER would fuse directly with
the plasma membrane during particle uptake. A major
contribution of the ER to the phagosomal membrane
is difficult to reconcile with the well-established rapid
acidification of the phagosomal lumen. The membrane
of the ER is devoid of active proton-pumping V-ATPases
and is extremely leaky to proton equivalents (Paroutis
et al., 2004; Wu et al., 2001). It was also unclear how
the proposed connection of the ER with the base of the
forming phagosome would alter the ability of the ER
to retain calcium, or nascent and misfolded secretory
proteins contained within its lumen.

This led us to reexamine the role of the ER during
phagocytosis. We devised six independent and quanti-
tative methods to explore if the ER provides a substan-
tial contribution to phagosomes in different cell types
from two species. Our experiments failed to produce
any evidence in support of fusion of the ER with either
nascent or maturing phagosomes. It is noteworthy that
we used phagocytic targets of various kinds that were
of similar size those employed by Gagnon et al. (2002)
and that we tested primary and immortalized macro-
phages, as well as dendritic cells. Therefore, neither dif-
ference in particle size or cell type can readily account
for the apparent discrepancies. By contrast, we could
easily document the presence of plasmalemmal rem-
nants in the early phagosomes as well as the fusion of
endosomes/lysosomes by several different approaches.
The progressive replacement of plasma membrane
components by endosomal membranes was verified in
experiments like that of Movie S6. The rapid and grad-
ual insertion of membranes of the endocytic pathway,
which are endowed with V-ATPases and relatively tight
to protons is eminently consistent with the develop-
ment of phagosomal acidification.

The original hypothesis of ER-mediated phagocyto-
sis stemmed from biochemical determinations of the
protein composition of purified phagosomes (Desjar-
dins et al., 1994a; Garin et al., 2001). As in any other
biochemical purification procedure, contaminants are
an inevitable component of the final preparation. Owing
to its abundance, the ER is the most likely source of
contamination of particulate preparations, and may ac-
count for the observed presence of the ER proteins in
immunoblots and mass-spectroscopy analyses of phago-
somes. Accordingly, treatment of “purified” phagosomes
with ATP led to a 5- to 10-fold decrease in the content of
ER markers and a concomitant enrichment for cathepsin
D, a bona fide marker of phagolysosomes (Gotthardt et
al., 2002). These observations imply that biochemical
detection of ER markers on phagosomal preparations
is not necessarily evidence that the phagosome mem-
brane is made up largely, or even partly, of ER.

Although contamination by ER may account for some
of the biochemical observations, it cannot explain the
evidence obtained by Gagnon et al. (2002) using EM.
The striking observation of products of G6Pase in close
association with the phagosome membrane appears to
lend strong support to the theory of ER-phagosome fu-
sion. These findings contrast with our inability to detect
markers of the ER within the phagosome by EM (Fig-
ures 3, 4, S3, and S4). Cytochemical reactions such as
the cerium capture used for G6Pase determinations are
often more sensitive than immunogold, possibly ex-
plaining the differential results. However, such reac-
tions are not nearly as specific as immuno-EM and may
reflect a minor nonspecific contribution of other en-
zymes, particularly in tissues with low G6Pase activity.
The hydrolysis of glucose 6-phosphate can also be cat-
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alyzed by other enzymes, including alkaline and acid
phosphatases, which are enriched in the plasma mem-
brane and lysosomes, respectively (Matsubara et al.,
1999; Nichols et al., 1984; Ulsamer et al., 1971). In our
experiments, alkaline phosphatase activity at the plasma
membrane was not detectable, and reaction product
due to lysosomal acid phosphatase was rarely seen.
Under these conditions, we consistently failed to detect
G6Pase activity in phagosomes formed by ingestion of
different types of particles, while clear and reproducible
staining of the nuclear membrane and of the ER was
obtained routinely (Figures 4 and S4). Therefore, our
observations are more consistent with previous studies
reporting low G6Pase activity in phagosomal mem-
branes, while finding a 10-fold enrichment of plasma-
lemmal NADPH oxidase and 5#-nucleotidase activity
(Bellavite et al., 1982; Berton et al., 1982).

While our quantitative determination of the composi-
tion of the phagosomal membrane leaves little room for
ER components, it does not rule out fusion of phago-
somes with a small amount of ER, or the possibility that
the phagosome communicates with the ER by alterna-
tive pathways of vesicular traffic. Even a small frac-
tional contribution of the ER to the membrane of the
phagosome is compatible with its proposed role in
cross-presentation by MHC class I (Ackerman et al.,
2003; Guermonprez et al., 2003; Houde et al., 2003).
Alternatively, antigen-containing vesicles may pinch off
the phagosome and undergo retrograde transport to
the Golgi complex and ultimately the ER, as has been
shown for material that is internalized by endocytosis
(Miesenbock and Rothman, 1995; Sandvig and van
Deurs, 2002). In this regard, it is noteworthy that com-
ponents of the COPI coatomer system that mediates
retrograde transport from Golgi to the ER are also
found on endosomes (Aniento et al., 1996; Daro et al.,
1997; Whitney et al., 1995) and can affect the matura-
tion of both endosomes and phagosomes. Material in-
ternalized by caveolar endocytosis can be delivered
more directly to the ER, possibly bypassing the Golgi
complex (Pelkmans et al., 2001), and a similar route
may apply to vesicles derived from phagosomes, which
appear to contain caveolar components (Dermine et al.,
2001). Moreover, selected components of the ER could
be delivered to the maturing phagosome via the trans-
Golgi network in a manner akin to the delivery of newly
synthesized proteins to prelysosomes. Lastly, cross-
presentation can also occur by the novel process
described recently by Neijssen et al. (2005), whereby
peptides are delivered by other cells to the cytosol of
antigen-presenting cells via gap junctions.

Our observation that the contribution of the plasma
membrane to phagosome formation decreases over
time, together with the notion that the total surface area
of macrophages remains constant (Hackam et al.,
1998), or even increases (Holevinsky and Nelson, 1998),
during particle engulfment, is suggestive of a mecha-
nism for the recycling of plasmalemmal components
back to the cell surface following phagosome for-
mation.

The concept of phagosome membrane recycling
back to the cell surface is not without precedent, as
studies by Muller et al. and by de Chastellier et al. dem-
onstrated that early phagosomes efficiently recycled
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125I]-labeled or [3H]galactose-labeled glycoconjugates
ack to the cell surface (de Chastellier et al., 1983;
uller et al., 1980a).
It is important to note that the contribution of indi-

idual cellular compartments to forming phagosomes
s likely to vary with particle size (Cox et al., 1999). In
he case of Fc receptors and particles of 1–3 �m in
iameter, such as those used in our studies, the contri-
ution of the plasma membrane and endosomes to the

orming and maturing phagosome appears indisput-
ble. However, other compartments, possibly including
he ER, may play a more important role for phagosomes
f other sizes or those induced by different receptors

Cox et al., 1999; Henry et al., 2004). Therefore, the in-
olvement of the ER in phagosome formation and mat-
ration cannot be discounted, but direct demonstration
hat ER-to-phagosome fusion occurs and that it is re-
uired for phagocytosis must be established on a case-
y-case basis.

xperimental Procedures

ell Culture and Transfection
AW264.7 and J774 macrophages obtained from ATCC were cul-

ured in DMEM with 10% heat-inactivated fetal calf serum. Bone-
arrow-derived mouse macrophages and DCs were obtained and

ultured as in (de Chastellier et al., 1995; Chow et al., 2002). RAW
ells stably transfected with GPI-GFP, GPI-YFP, GFP-KDEL, or avi-
in-KDEL were selected using G418. Clones stably transfected
ith avidin-KDEL were identified by immunostaining, using anti-
vidin D antibody (Vector; 1:1000 dilution). Retroviral infection was
sed for expression of GFP-KDEL in J774 macrophages and GFP-
DEL and lgp120-GFP in DCs, as described by Chow et al. (2002).

hagocytosis
olystyrene beads (Bangs; 3.1 �m) were opsonized with 1 mg/ml
uman IgG (Sigma) in PBS for 1 hr at room temperature. To induce
hagocytosis, opsonized beads were added to cells and adher-
nce synchronized by centrifugation for 20 s at 200 g. Adherence
o DC was induced by incubation with beads for 10 min at 4°C.
fter completion of phagocytosis at 37°C, extracellular beads were

dentified by incubation with 1:500 dilution of Cy3-conjugated anti-
uman antibody (Jackson). Where indicated, unopsonized hydro-
hilic or hydrophobic latex beads (1 or 3 �m; Sigma) or sheep red
ells (MP Biomedicals) opsonized with rabbit anti-sheep IgG (1:50;

CN Biomedicals) were used. Bone-marrow-derived macrophages
ere incubated for 15 or 30 min at 37°C with the different types of
eads or infected as previously described with Mycobacterium
vium (de Chastellier et al., 1995) or Brucella abortus (Celli et al.,
003).

abeling and Immunostaining
o label the plasma membrane, cells were incubated with 1 mg/
l of Alexa 555-conjugated B subunit of cholera toxin (Molecular
robes) for 2–5 min prior to phagocytosis. Alternatively, a 10 �M
olution of FM4-64 (Molecular Probes) was present during phago-
ytosis. To label endosomes prior to phagocytosis, RAW cells were

ncubated with 2 �M FM4-64 in Hepes-buffered RPMI at 37°C for
5 min, followed by washing to remove residual plasmalemmal dye.

mmunostaining of PDI was performed by incubating with a 1:500
ilution of monoclonal anti-PDI antibody (Stressgen), followed by
y3-conjugated goat anti-mouse antibody (Jackson). Avidin-KDEL
as detected using a 1:1000 dilution of a anti-avidin D antibody

Vector) followed by a Cy3-coupled anti-goat (Jackson). Fluores-
ence microscopy and image analysis were essentially as de-
cribed (Marshall et al., 2001).

rustrated Phagocytosis and TIR-FM
etached RAW cells were allowed to spread onto IgG-opsonized
lass coverslips and analyzed by TIR-FM using an Olympus micro-
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scope IX-70 equipped with TIRF accessories. To monitor fusion of
acidic organelles, macrophages were incubated with 5 �M acridine
orange for 5 min and washed prior to deposition onto coverslips.

Immunogold Labeling, Immunocytochemistry, and EM
Preparation of RAW, J774 cells and murine DCs for immuno-EM,
cryosectioning and immunolabeling was as described before
(Folsch et al., 2001). Cells were fixed for 1 hr in 4% paraformalde-
hyde, followed by overnight fixation in 8% paraformaldehyde at
4°C. Human DCs were fixed with 2% paraformaldehyde and pro-
cessed as described (Peters and Hunziker, 2001). Quantification of
gold particles was according to Mayhew et al. (2002). Staining for
G6Pase was performed as described by Griffiths et al. (1983) with
the modifications of Celli et al. (2003).

Biochemical Assessment of ER-Phagosome Fusion
RAW cells stably expressing avidin-KDEL were plated onto 10 cm
petri dishes and allowed to ingest biotin-coated polystyrene beads
(3.0–3.9 �m) opsonized with 0.1 mg/ml IgG. Phagocytosis was ter-
minated, and the cells were harvested with 1 ml of 0.25 M sucrose,
3 mM imidazole, (pH 7.4) and disrupted using a Dounce homoge-
nizer. Unless otherwise indicated, excess biotin (10 mM) was pres-
ent during and after homogenization to prevent binding of avidin
released upon disruption of the ER. Phagosomes were isolated as
described (Gagnon et al., 2002), permeabilized, and washed with
0.1% Triton X-100, and immunostained with anti-avidin followed by
Alexa 488-conjugated secondary. Endosomes were loaded by fluid
phase uptake of 1 mg/ml avidin for 20 min at 37°C.

Supplemental Data
Supplemental Data include seven figures, one table, Supplemental
Experimental Procedures, and six movies and can be found with this
article online at http://www.cell.com/cgi/content/full/123/1/157/DC1/.
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