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Macrophages use phagocytosis to control the spread of pathogens
in the body, to clear apoptotic cells, and to aid in tissue remodeling.
The phagosomal membrane is traditionally thought to originate
from the plasmalemma and then go through a series of maturation
steps involving sequential fusion with endosomal compartments,
leading to the formation of a phagolysosome. A recent model
suggests that the endoplasmic reticulum (ER) is involved in the
maturation as well. Here we use stable isotope labeling and
multiple quantitative proteomic approaches to follow the dynamic
composition of the maturing phagosome in RAW 264.7 macro-
phage cells to a greater depth and higher temporal resolution than
was previously possible. Analysis of the results suggests that the
traditional model of a linear sequence of fusion events with
different compartments is more complex or variable than previ-
ously thought. By concomitantly measuring the degree to which
each component is enriched on phagosomes, our data argue that
the amount of ER involved in phagocytosis is much less than
predicted by the model of ER-mediated phagocytosis.

innate immunity � organelle � phagocytosis � stable isotope labeling �
latex bead vacuoles

Phagocytosis is the process by which cells engulf particles.
Primitive eukaryotes use phagocytosis primarily to obtain

nutrients (1), whereas in more complex organisms it serves
additional functions such as the clearance of apoptotic cells and
various pathogens (2). Internalized objects are contained in a
membrane-bound vacuole called the phagosome, and current
models have the phagosome traversing a complex maturation
process involving sequential fusion with early endosomes (EE),
late endosomes (LE), and ultimately with lysosomes (LS) (3, 4).
In this model, full maturation is characterized by luminal acid-
ification and acquisition of hydrolytic enzymes, which serve to
degrade or kill the cargo, typically microbes, within 2–4 h after
internalization (5). Previous studies have aimed to characterize
the phagosome proteomes in cell lines from mouse and fruit f ly,
as well as from Dictyostelium discoideum, Entamoeba histolytica,
and Tetrahymena thermophila (6–10). Of particular note, the
studies of Desjardins and colleagues (6) in mouse macrophages
led them and others to propose a role for the endoplasmic
reticulum (ER) in phagocytosis (11, 12), although this model has
been challenged recently (13). Here we apply stable isotope
labeling by amino acids in cell culture (SILAC) to develop a
comprehensive, quantitative model of phagosome maturation
that allows us to test several hypotheses suggested by current
models of the process.

Results and Discussion
Maturation into a phagolysosome is absolutely crucial for even-
tual destruction of phagocytosed objects, whereas the success of
pathogens such as Salmonella enterica and Mycobacterium tuber-
culosis depends largely on their ability to avoid phagolysosomal
killing. To gain a better understanding into the process of
phagosome maturation we used latex beads to model phagocy-
tosis in RAW 264.7 mouse macrophage cells and SILAC with an

LTQ-Orbitrap to measure the dynamics of the maturing phago-
somal proteome with unparalleled accuracy.

IgG was chosen as an opsonin rather than whole serum (6) to
reduce potentially confounding effects of phagocytosis through
different receptor systems. IgG-opsonized latex beads were
allowed to internalize for 10 min, and then latex bead-containing
vacuoles (LBVs) were harvested at seven different time points
(Fig. 1). We focused on events within 2 h of phagocytosis because
most internalized objects are dead or destroyed by this time and
there is no apparent physiological relevance to allowing vacuoles
containing inert latex to mature for longer periods. From at least
three biological replicates of each time point we identified 505
proteins associated with LBVs, 382 of which could be reliably
quantified across various time points [supporting information
(SI) Table 1]. Based on current models of phagosome maturation
(4), we expected to find a large influx of EE markers, followed
by LE markers and ending with a bolus of LS proteins. Certain
markers of these compartments did peak at the expected time
points, but endosomal proteins and the vesicle trafficking ma-
chinery as a whole did not arrive in three discrete packages, as
predicted.

Biochemical enrichment of an organelle is never perfect,
because complete separation from all other organelles is essen-
tially never achieved. Given what is known about phagosome
development, one can easily imagine a situation where the actin
mesh surrounding LBVs at certain stages could entrap pieces of
other organelles, leading to their apparent time-dependent
copurification with LBVs. In our experimental approach, one
would expect an unchanging SILAC profile over time if proteins
were enriched at the same time as LBVs but independent of the
LBV maturation itself. However, such is not the case for most
markers of other organelles that we have measured here (SI
Table 2). One possible explanation for this could be that some
organelles get trapped to varying degrees with the LBVs (e.g.,
caught in the surrounding actin mesh) at certain time points. An
alternative explanation could be that the cell lysis procedure
disrupts LBVs themselves, leading to some nonspecific associ-
ation of cytoplasmic proteins with the beads. Proteins from other
organelles should generally not affect profiles of LBV proteins,
however, except where a protein is shared between LBVs and the
copurifying organelle.

Multiple Visits to the LBV. One by one the movement of most
known endosomal markers has been followed on maturing
phagosomes using Western blotting (14). Our data set contains
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the majority of proteins these early studies focused on, and the
profiles measured by SILAC largely agree with those reported
previously. For instance, EE antigen 1 is most abundant at 30
min, Niemann–Pick C1 and charged multivesicular body protein
6 (CMVB6) peak around 60 min, and the LS-associated mem-

brane proteins (LAMPs) and cathepsins peak at 90 or 120 min
(Fig. 2). However, we also observed that many proteins, includ-
ing LAMP-1, heterotrimeric G proteins from the plasma mem-
brane, and some cathepsins, display a biphasic profile with a
smaller peak earlier in the time course. Although not explicitly
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Fig. 1. Application of SILAC to phagosome maturation. (a) IgG-opsonized, 0.8-�m latex beads were added to RAW 264.7 cells (T � 0) and allowed to phagocytose
for 10 min, at which point external beads were washed away and LBVs were allowed to mature for the times indicated by dashed gray lines. Because SILAC is
limited to a maximum of three conditions per experiment, one time point in each experiment was used to scale the other time points across experiments as
described in Materials and Methods. For instance, the 90-min time point was used to scale between experiments 2 and 3 in this example. (b) Measured spectra
for the [M � 2H]2� ion of ATIGADFLTK from Rab7 covering all seven time points in three experiments are shown. The abscissa scale for each peak cluster is m/z,
but note that the three clusters in each row are not ordered by m/z but rather by the time point that they represent. The ordinate axes on each have been corrected
by the isotope enrichment factor measured for each experiment. (c) The overall profile that would be calculated for ATIGADFLTK based on only the three
experiments shown. In reality the profile for a protein was the averaged, normalized intensity at each time point for each peptide identified from that protein.

Time (min)

L
o

g
10

(R
el

at
iv

e 
ab

u
n

d
an

ce
) 0.3

-0.3

-0.6

10 20 30 45 60 90 120

CathB

CathS

CathZ

LAMP2

CathA

LAMP1

NPC1

EEA1

CMVB6

Gβ1

Goα2

0

10 20 30 45 60 90 120

- CathA

Fig. 2. Endosomal proteins repeatedly move on and off LBVs. LBV profiles of several endosomal and plasma membrane proteins identified in this study are
shown. Cath, cathepsins; NPC1, Niemann–Pick C1 protein; CMVB6, charged multivesicular body protein 6. Shown are average profiles from at least three
replicates of each time point. (Inset) Western blot of CathA across the time points indicated.
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defining a biphasic profile, different studies have found LAMP-1
on phagosomes very early after phagocytosis (15) or at later
times (4). Many of the other proteins we measured also display
a similar pattern (Fig. 2 and SI Table 2), suggesting that the EE,
LE, and LS designations are too simplistic and that the concep-
tualized EE, LE, and LS compartments contain significant
heterogeneity. Although there is undoubtedly some ‘‘spillage’’ or
leakiness of even classical marker proteins such as LAMP-1 into
different compartments, this alone is insufficient to explain the
patterns we observe. The biphasic profiles observed are unlikely
to be artifacts of nonsynchronous internalization, the LBV
isolation procedure, or the quantitative MS approach for several
reasons: (i) timing of washes and harvesting varied by no more
than 3%, (ii) some of the profiles are confirmed by Western blots
(Figs. 2 and 3), (iii) the peaks and troughs of all of the profiles
do not align, and (iv) not all proteins show the biphasic profile.

One of the hallmarks of phagosome maturation is the steady
decline in the luminal pH, brought about by the acquisition of the
vacuolar ATPase (vATPase). Many subunits of the vATPase
were measured in this study, and as a group they peak at 90 min
(SI Fig. 6), as predicted. However, the vATPase subunits all show
a biphasic profile as well, with an earlier peak or plateau at 30
or 45 min. This suggests that the maturing phagosome initially
fuses with an LE- or LS-like compartment, which is then
followed by a larger influx of LE/LS proteins.

These conclusions are also supported by the LBV profiles of
the proteins with a mechanistic role in vesicle traffic, the
SNARE and Rab families of proteins. Participation of SNAREs
such as syntaxin 7 and vesicle-associated membrane protein 8
(VAMP8)/endobrevin in LE/LS fusion is well known (16), and
their LBV profiles reflect this action. Intriguingly, though,
several SNAREs (Fig. 3 and SI Table 2), including VAMP8, also
show a biphasic profile. There is still much debate as to whether
SNAREs alone are sufficient to dictate fusion of two specific
membranes (17); regardless, the biphasic profile of several
SNARE proteins suggests that certain classes of compartments
are fusing with the maturing LBV more than once.

Rabs. A number of Rab guanine triphosphatases are known to
localize to specific compartments in the endocytic pathway and
regulate membrane traffic (18). Our proteomic approach iden-
tified 20 Rabs on LBVs, 16 of which could be quantified
sufficiently to construct a time course. Of these 16, 12 were also
among the 48 Rabs examined for their phagosomal association
by Smith et al. (19). As shown in Fig. 4, the mass spectrometry
and microscopy profiles were largely congruous, at least with
respect to whether a protein was increasing or decreasing in
abundance at a certain time, if not in the actual magnitude.
There were a couple of notable exceptions, particularly Rabs 14,
27, and 35, where our approach detected a decreased level of
association in the middle time points relative to that measured

by Smith et al. (19), possibly because of differences in the
Salmonella-containing vacuole versus IgG-opsonized LBVs or
epithelial cells versus macrophages. Nonetheless, the LBV pro-
files of these and the other Rabs measured here support the
general conclusion that maturation involves more than just three
discrete fusion events. At least one Rab protein peaked in
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abundance at each time measured, except for 45 min, suggesting
that there are at least five discrete events or, more likely, a
continuum of fusion.

Unknown Players in Phagosome Maturation. Although we under-
took this study to try to address some hypotheses about phago-
some maturation, the depth and temporal dimension of our data
set also generate testable hypotheses by describing the phago-
somal dynamics of several proteins not previously predicted to
play a role in this process. To pick two of many examples,
annexins A2 and A7 were enriched on LBVs at 60 min (SI Table
2), suggesting that they arrive with LE or play a role in their
fusion with LBVs. Annexin A2 was previously shown to facilitate
endosome fusion (20) and biogenesis (21), whereas A7 may be
regulated by Mycobacterium avium (22). Because Mycobacterium
is known to prevent phagolysosomal fusion, our data suggest that
annexin A7 could be tested as a potential host target of
Mycobacterium effectors. Likewise, annexin A2 could be tested
as a more general regulator of LE traffic.

The Contribution of the ER. ER proteins in biochemically enriched
phagosomes were typically written off as contaminants until
Desjardins and colleagues (11) used electron microscopy to
argue that the ER itself could phagocytose particles and that
successive waves of ER interact with the maturing phagosome
(11). The role of the ER in phagocytosis is far from resolved,
however, because more recently Grinstein and colleagues (23)
proposed a diametrically opposed model where the ER plays at
most a very small role in phagosome maturation, leaving no

apparent middle ground to incorporate both theories. Several
testable hypotheses come out of this controversy; here we use
proteomic analysis of LBV preparations to address some of
them.

The ER is typically quite dense (24), so it should not migrate
at all close to latex beads in a density gradient. However, the ER
forms a reticular network throughout the cytoplasm, so if ER
membrane is not contiguous with the phagosomal membrane
then it is plausible that some of the ER gets trapped in the actin
mesh surrounding the LBV or is otherwise physically but not
functionally associated with vacuoles. To address the possibility
that ER proteins are not integral to the phagosomal membrane,
we quantified the effect of a pH 11.5 buffer on components of
the LBV purification. High pH is commonly used to strip away
nonintegral membrane proteins (25), so if pieces of the ER were
somehow contaminating the LBV preparation and not part of
the LBVs themselves then ER proteins would be expected to be
depleted in LBVs isolated in high pH. However, most common
ER marker proteins, with the exception of calnexin, were present
at equal levels in LBVs isolated at physiological pH and at pH
11.5, as were integral LBV membrane proteins such as the Fc�
receptor and the cation-dependent mannose 6-phosphate recep-
tor (Fig. 5a). This observation supports the conclusions of Garin
et al. (6) that ER proteins are integral to the vacuolar membrane.
That calnexin is increased with high pH suggests that a fraction
of it may reside on some ER membrane not integral to the
phagosomal membrane.

The surface area of an actively phagocytosing macrophage
stays approximately constant, or, if anything, it increases, despite
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needing to use an area of membrane equal to or greater than its
surface to engulf the particles (26, 27). This suggests that an
intracellular source of membrane is used in replenishing the
plasma membrane (PM) or in actually forming the phagosome.
Endosomal and post-Golgi membranes are known to be such
sources (14, 28), and Desjardins and colleagues (11) have
proposed that the ER may be directly involved in phagocytosis.
The area of the ER membrane is approximately twice that of the
PM in hepatic phagocytes (Kupfer cells) (29), so it is reasonable
to assume that the ratio would be similar in RAW cells. For each
of �300 proteins found on LBVs, we measured the portion of the
total complement of that protein actually found associated with
the vacuole. Approximately 10% of the PM was found on LBVs,
based on the enrichment of several PM markers (Fig. 5b), and,
given the assumed 2:1 ratio of ER:PM membrane, the ER-
mediated phagocytosis model would predict at least 20% of the
ER membrane to be present on LBVs. However, LBV prepa-
rations contained only �0.3% of the cellular total of five ER
marker proteins used by others (11, 23): protein disulfide
isomerases, calnexin, calreticulin, and Sec61 (Fig. 5b). These
data argue against the ER being a major source of membrane for
newly forming phagosomes, whether it is through direct inter-
nalization into the ER (11) or as a source for replenishing lost
PM. Our data do not, however, address the observation that the
ER may be involved in engulfing only large particles (30) or the
possibility that replenishment from the ER is required only after
long, sustained periods of phagocytosis.

Conclusions
The dynamic profiles of 382 proteins associated with biochemically
enriched phagosomes from RAW cells described here provide a
comprehensive view of the process of phagosome maturation at a
temporal resolution exceeding that of most previous studies focus-
ing on even single phagosomal proteins. Our data are largely
congruous with the few known markers of the process, but they also
suggest that maturation does not just proceed as three discrete
fusion events with EE, LE, and then LS. By directly measuring
enrichment of proteins on LBVs, our data shed light on the current
controversy surrounding the role of the ER in phagocytosis (11, 13)
by arguing strongly against the ER-mediated phagocytosis model.
Our data enhance the knowledge of the latex bead model of
phagocytosis and will hopefully open new avenues for understand-
ing pathogen-containing vacuoles.

Materials and Methods
Cell Culture and SILAC. RAW 264.7 mouse macrophage-like cells
were maintained as described (23) and split at a 1:4 dilution into one
of three SILAC media formulations: (i) normal isotopic abundance
arginine (42 mg/liter) and lysine (73 mg/liter), (ii) [13C6]arginine
(43.5 mg/liter; Cambridge Isotope Laboratories, Andover, MA)
and [2H4]lysine (75 mg/liter), or (iii) [13C6,15N4]arginine (44.5
mg/liter) and [13C6,15N2]lysine (77 mg/liter). All SILAC media were
based on arginine- and lysine-free Dulbecco’s modified Eagle’s
medium (Caisson Labs, North Logan, UT) supplemented with 10%
heat-inactivated, dialyzed FBS (Invitrogen), 1% L-glutamine, and
1% penicillin/streptomycin (ThermoFisher Scientific, Bremen,
Germany). Cells were passaged three more times in the above
media at a 1:4 dilution each time before use. In our experience these
labeling conditions led to 100% incorporation in most cell types, but
in RAW cells we found inconsistent levels of heavy isotope incor-
poration from experiment to experiment. We attribute this phe-
nomenon to the phagocytic capacity of these cells, which likely
allows them to scavenge substantial levels of amino acids from the
unlabeled proteins in serum. To compensate for incomplete label-
ing we analyzed 2 �g of the combined lysates from all three label
sets and used the incorporation levels measured in the lysate to
correct the ratios measured in each experiment individually. This
incorporation pattern meant that the ion intensity for the light form

of each SILAC triplet was typically higher than for the two heavier
forms. Accordingly, to avoid a bias in the data-dependent acqui-
sition the time point used for the light form was rotated from
experiment to experiment.

LBV Isolation. Six 14-cm plates of RAW cells were used per time
point in each experiment. To initiate internalization the growth
media were removed, the cells were washed once in PBS, and
then 10 ml of serum-free and arginine/lysine-free DMEM was
added to each plate. Mouse Ig-opsonized 0.8-�m latex beads
(Sigma-Aldrich) were added to the cells at a 1:400 dilution and
allowed to incubate for 10 min, at which time the bead solution
was aspirated, the cells were washed once with PBS, and then 12
ml of the appropriate SILAC media was added back for various
lengths of time. Each time point was measured between three
and six times. For normal time courses LBVs were isolated
essentially as described, using only the 10%, 25%, and 35% layers
on the discontinuous sucrose density gradient (31). The same
protocol was used to test the effects of high pH on LBVs except
that 100 mM Na2CO3 (pH 11.5) was used to lyse the cells instead.

LC/MS. Protein samples were solubilized in 1% sodium deoxy-
cholate and 50 mM NH4Cl, heated to 99°C for 5 min, and then
reduced, alkylated, digested, and analyzed on a linear trapping
quadrupole-Orbitrap mass spectrometer (ThermoFisher Scien-
tific) as described (32).

Formaldehyde Labeling. Formaldehyde isotopologues (33) were
used in place of SILAC to quantify the effects of high pH on
LBVs and the degree of enrichment of LBV components.
Briefly, peptides purified with C18 Stage Tips (34) were resus-
pended in 5 �l of 200 mM formaldehyde or deuterated form-
aldehyde (Cambridge Isotope Laboratories) and 0.5 �l of 1 M
sodium cyanoborohydride and incubated for 30 min at room
temperature away from light. The reaction mixture was then
adjusted to pH 7.5, and a further 5 �l of the respective
formaldehyde isotopologue plus 1 �l of 1 M cyanoborohydride
was added. The reaction was allowed to continue for a further 30
min before being quenched by addition of 6 �l of 2.5 M NH4Cl
for 10 min at room temperature.

Data Analysis. Fragment spectra were extracted as described (32)
and searched against the mouse International Protein Index data-
base supplemented with the sequences of all human keratins and
abundant bovine serum proteins (v3.25; 52,434 sequences) using
Mascot (v2.1; Matrix Science) and allowing only tryptic peptides
with up to one missed cleavage. MSQuant (http://msquant.source-
forge.net) was used to parse Mascot result files, to recalibrate mass
measurements, and to extract quantitative ratios (SI Table 2). The
final list of proteins was generated by using finaList.pl, an in-house
script available upon request. A false discovery rate for protein
identifications based on two or more peptides (SI Table 1) with a
measured mass accuracy �5 ppm (the overall average was 0.56
ppm), a Mascot score �26, and length of at least eight residues was
estimated to be �0.5% using reversed database searching. For Fig.
4, previously reported phagosomal association curves for Rab
proteins with �invA/Inv-containing vacuoles were extracted from
the original publication (19) using Photoshop (Adobe Systems) to
measure the density of the gray boxes for each time point. Rabbit
antibodies against CathA and VAMP4 and mouse antibodies
against N-ethylmaleimide-sensitive factor (NSF) were purchased
from Abcam.
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