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Abstract

We investigated the protein composition of J774-E clone mac-
rophage phagosomes isolated at different stages of phagolyso-
some biogenesis. Phagosomes formed by internalizing anti-
body-coated Staphylococcus aureus for 3 min followed by chase
for 0, 4,9, or 15 min were isolated by density gradient centrifu-
gation. Enrichment and purity of the phagosome preparations
were quantitated by radiolabeled ligand recovery, enzyme
markers, and electron microscopy. One-dimensional SDS-
PAGE analyses of the isolated phagosomes revealed virtually
identical protein compositions. However, Western blot analy-
ses with antibodies directed against selected proteins of known
itineraries along the endocytic pathway demonstrated distinct
differences in phagosome protein compositions. Accumulating
within the maturing phagosome were the 31-kD subunit of the
vacuolar proton pump, cathepsin D, 8-glucuronidase, the cation
dependent mannose 6-phosphate receptor, and LAMP-1. De-
creasing within the maturing phagosome were the FcII recep-
tor, the mannose receptor, and alpha-adaptin. These results
indicate that although the macrophage phagosome’s total pro-
tein composition changes little during phagolysosome forma-
tion, the maturing phagosome both receives and eliminates,
possibly by protein recycling, specific membrane and seques-
tered proteins. (J. Clin. Invest. 1992. 90:1978-1983.) Key
words: phagocytosis * endocytosis * protein sorting  vesicle fu-
sion ¢ vesicle maturation

Introduction

Phagocytosis, a process used by specialized cells termed phago-
cytes, describes the engulfment of relatively large extracellular
particles (1). The resulting intracellular vacuole, the phago-
some, is subsequently transformed into an acidic, oxidizing,
and hydrolase-rich phagolysosome. The transition from early
phagosome to phagolysosome involves both the influx and ef-
flux of material. Recently, Mayorga et al. described the sequen-
tial fusion in vivo of endosomes and lysosomes to phagosomes
(2). Muller et al. provided evidence for recycling of membrane
protein from phagosome by demonstrating that within 30 min
at 37°C, a majority of the phagosome’s iodinatable proteins
can relocate to the plasma membrane (3). In addition, we re-
cently showed that phagocytosed protein can migrate to and
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mix with endosomal compartments (4). Because phagosome
maturation appears to involve extensive interactions with
other intracellular vesicles, we have examined whether specific
changes in phagosome protein composition accompany phago-
some maturation. Herein we report that the changing protein
composition of maturing phagosomes is similar to the changes
that occur in endosomes during lysosome biogenesis.

Methods

Biological materials. J774-E clone, a mannose receptor-positive mac-
rophage cell line, was grown in suspension in minimum essential me-
dium containing Earle’s salts and supplemented with 10% FCS. Before
use in an experiment, the cells were pelleted and resuspended in a
minimal volume of buffer. Secondary antibodies, Staphylococcus au-
reus, and purified protein A were radiolabeled with '2I using chlora-
mine T (5). Plasma membrane was radioiodinated as previously de-
scribed (6). Protein concentration was measured according to Brad-
ford using BSA as a standard (7). The following reagents were kindly
provided by the indicated persons: mouse monoclonal anti-bovine
proton pump antibody (S. Gluck, Washington University, St. Louis,
MO); rabbit-anti-mouse S-glucuronidase (R. Ganshow, Children’s
Hospital Medical Center, Cincinnati, OH ); goat anti-human mannose
6-phosphate receptor (W. Sly, St. Louis University, St. Louis, MO);
mouse monoclonal (AP.6) anti-bovine alpha-adaptin (F. Brodsky,
University of California, San Francisco, San Francisco, CA ). Monoclo-
nal antibody 2.4G2 (rat anti-mouse Fc receptor II) was obtained from
American Type Culture Collection, Rockville, MD. Monoclonal anti-
body 1D4B (rat anti-mouse LAMP-1) was obtained from the Develop-
mental Studies Hybridoma Bank maintained by the Department of
Pharmacology and Molecular Sciences, Johns Hopkins University
School of Medicine, Baltimore, MD, and the Department of Biology,
University of Iowa, Iowa City, IA, under contract NO1-HD-6-2915
from the National Institute of Child Health and Development. Rabbit
anti-goat IgG, rabbit anti-rat IgG, rabbit anti-mouse IgG and IgM,
and protein A were purchased from Accurate Chemical and Scientific
Corp. (Westbury, NY).

Phagocytic probe. Formaldehyde-fixed S. aureus (IgGsorb; The
Enzyme Center, Boston, MA ) was washed with HBSA' (Hanks’ bal-
anced salt solution buffered with 10 mM 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid (Hepes) and 10 mM 2-[2-hydroxy-1,1-bis(hy-
droxymethyl)ethyl]-aminoethanesulfonic acid pH 7.4 and supple-
mented with 0.1% BSA). After incubating 200 ul of S. aureus (10%
suspension, ~ 4 X 107 particles/ul, 2 mg of IgG /ml-binding capacity)
with 200 ug of rabbit anti-mouse IgG polyclonal antibody (IgG frac-
tion; Organon Teknika Corp., Rockville, MD) for 1 h at 20°C, the
particles were washed three times in HBSA and thereafter incubated
with 100 pg of mouse IgG (IgG fraction; Sigma Chemical Co., St.
Louis, MO) for 1 h at 20°C. Coated S. aureus was washed three times
and resuspended in HBSA.

Phagosome isolation. JT74-E clone macrophages (3 X 102 cells)
were incubated with antibody-coated S. aureus (100 ul) for 1 h at 4°C.
Uptake was initiated by the addition of prewarmed HBSA. After 3 min

1. Abbreviations used in this paper: HBE, Hepes-KOH pH 7.2; HBSA,
HBSS buffered with 10 mM 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid.



at 37°C, the incubation was stopped by the addition of 4°C HBSA.
Cells were subsequently washed three times in HBSA at 4°C and then
chased by the addition of prewarmed HBSA for 0, 4, 9, or 15 min. After
cooling with HBSA at 4°C, the cells were washed two times in 250 mM
sucrose, 0.5 mM EGTA, 20 mM Hepes-KOH pH 7.2 (HBE), resus-
pended in HBE to 2 X 108 cells/ml, and then homogenized with 30
strokes of a ball bearing homogenizer. A protease inhibitor cocktail
consisting of 2 ug/ml aprotinin, | mM PMSF, 2 ug/ml antipain, 2
ug/ml leupeptin, 2 ug/ml pepstatin A, and 0.1 mM EDTA was in-
cluded throughout the phagosome isolation procedure. Homogenates
were centrifuged at 400 g for 3 min to eliminate nuclei and intact cells.
The postnuclear supernatant was next centrifuged at 12,000 g for 1.5
min at 4°C. The pellet was resuspended in HBE and loaded onto a
sucrose cushion (65% sucrose, 20 mM Hepes-KOH pH 7.2, 0.5 mM
EGTA) and centrifuged at 150,000 g for 45 min at 4°C. The resulting
pellet was used as the phagosome fraction. The phagosome preparation
was resuspended in HBE and stored at —20°C until use. The total
protein amount in each phagosome preparation was identical regard-
less of chase time. The efficiency of the phagosome isolation procedure
was estimated by quantitating antibody-coated '2I-S. aureus through-
out the isolation procedure (see Results). Phagosomes isolated for elec-
tron microscopic examination were isolated after phagocytosis of pre-
bound antibody-coated S. aureus for 15 min at 37°C.

Western blotting. Equivalent protein aliquots of each phagosome
fraction were solubilized in reducing sample buffer, boiled for 3 min,
and separated by reducing SDS-polyacrylamide gel electrophoresis.
Proteins were subsequently transferred to 0.22 um nitrocellulose in
20% methanol, 20 mM Tris pH 9.4, and 100 mM glycine at 50 V for 5
h. Blots were blocked overnight at 4°C in blotto (5% Carnation instant
milk, 0.05% Triton X-100, 50 mM Tris pH 7.2, 0.03% Antifoam-A).
Blots were incubated with primary antibodies in blotto for 1 h at 20°C
followed by washing three times in blotto for 20 min. Blots were then
incubated with radioiodinated secondary antibody and washed as de-
scribed above. Blots were exposed to Kodak XAR 5 film at —80°C.
Developed films were analyzed by densitometry followed by excising
and weighing densitometric peaks.

Results

To quantitate alterations in the protein composition of matur-
ing phagosomes we developed a phagosome isolation proce-
dure which takes advantage of both the large size and heavy
density of the phagocytic particle, .S. aureus. Biochemical and
morphological characterization of isolated phagosomes indi-
cates that the procedure yields very pure preparations of phago-

somes with little contamination by membranes of the endo-
somal/lysosomal pathway. To assay for contamination of
nonphagosomal membranes during this procedure, the distri-
butions of both plasma membrane and lysosome markers were
assessed. As shown in Table I, >*I-labeled plasma membrane
was unable to pass through the sucrose cushion. Because many
intracellular vesicles (e.g., endosomes, Golgi, and trans-Golgi
reticulum) are very similar in density to plasma membrane,
this result suggests that most organelles do not pellet through
the sucrose cushion. Very little B-hexosaminidase activity (a
lysosomal marker enzyme) pelleted when homogenates were
prepared from cells which had not internalized antibody-
coated S. aureus (Table I), indicating that lysosomes do not
pass through the sucrose cushion. However, 24% of the 8-hexo-
saminidase activity passed through the sucrose cushion when
samples were prepared from cells which had internalized anti-
body-coated S. aureus for 15 min (data not shown). Therefore,
B-hexosaminidase activity appears to pellet through the sucrose
cushion only when contained within a phagosome. The effi-
ciency of the phagosome isolation procedure was determined
by isolating phagosomes which had internalized prebound, an-
tibody-coated '*’I-S. aureus for 15 min (see Methods). As
shown in Table I, 30% of antibody-coated '’I-S. aureus origi-
nally located in the postnuclear supernatant pelleted through
the sucrose cushion. In addition, electron microscopic exami-
nation of the phagosome preparation demonstrated that it con-
sists almost entirely of phagosomes. Fragments of nuclei were
occasionally observed (arrowheads, Fig. 1 A). Damage to pha-
gosomes during the isolation procedure is exemplified by the
presence of non-membrane-bound S. aureus (small arrow,
Fig. 1 B) as well as S. aureus incompletely surrounded by
membrane (/arge arrow, Fig. 1 B). When postnuclear superna-
tants from surface radioiodinated cells were mixed with anti-
body-coated S. aureus and centrifuged onto the sucrose cush-
ion, no radioactivity was detected in the final pellet (data not
shown ). This result strongly suggests that very little nonspecific
sticking of nonphagosome membrane to free S. aureus occurs.
Thus, the membrane partially surrounding the S. aureus in Fig.
1 B most probably represents disrupted phagosomal mem-
brane. Taken together, these results demonstrate that the pha-
gosome isolation procedure described herein yields phago-
somes of high purity.

Table I. Analysis of Distribution of J774 Macrophage Subcellular Fractions during the Phagosome Isolation Protocol

125]_Plasma B-Hex
membrane activity 131.S. aureus Protein
Cell fraction (percentage of total) (percentage of total) (percentage of total) (percentage of total)
Postnuclear supernatant 100 100 100 100
12,000 g phagosome pellet 50 38 91 54
65% sucrose pellet 0.51 0.14 30 4

The isolation of phagosomes initially involved homogenizing cells followed by low speed centrifugation of homogenate to remove unbroken cells
and nuclei thereby yielding a postnuclear supernatant. Postnuclear supernatants were subsequently centrifuged at 12,000 g for 1.5 min. to
purifiy phagosomes partially. Lastly, the membrane pellet (containing most of the phagocytic particles) was resuspended, loaded onto a 65% su-
crose cushion, and centrifuged 150,000 g for 45 min. The resulting pellet was used as the phagosome fraction. The distributions of plasma
membrane and lysosomes at three stages of this protocol (the stages are identified in the left column) were determined by performing the above
isolation protocol on a population of cells that did not phagocytose S. aureus. Fractions were then assayed for both the distribution of radioio-
dinated plasma membrane and f-hexosaminidase activity (lysosome marker). The yield of phagosomes at these three steps of the protocol was
determined by assaying for the presence of the phagosome marker, '?°I-S. aureus, in subcellular fractions of another population of J774

macrophages that had internalized prebound antibody-coated '#’I-S. aureus for 15 min at 37°C.
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Figure 1. Electron micrographs of a phagosome preparation obtained as described in Methods. Arrowhead in A depicts fragments of nuclei. Small
arrow in B identifies S. aureus not surrounded by membrane. Large arrow in B identifies S. aureus partially surrounded by membrane. Bar in

A=1pm;barin B=0.5 um.

Previous studies in our laboratory showed that within 10
min of phagocytosis, both endosomes and lysosomes fuse to
phagosomes (2). In addition, extensive recycling of phagoso-
mal contents occurs and hydrolytic activity increases within
this time period (4). The functional and morphological
changes occurring in the maturing phagosome suggest that dif-
ferences in the phagosome’s proteins composition also arise
during this time period. Thus, to analyze the effect of increas-
ing times of phagocytosis on phagosomal protein composition,
phagosomes were isolated after 3-18 min of phagocytosis and
subjected to both SDS-PAGE and Western blot analysis. J774-
E clone mouse macrophages internalized S. aureus for 3 min at
37°C after which the cells were washed and reincubated at
37°C for 0, 4, 9, or 15 min. Phagosomes isolated from these
cells were subjected to one-dimensional SDS-PAGE followed
by silver staining. As shown in Fig. 2, despite different times of
phagocytosis, the phagosomal protein compositions are largely
identical. Western blot analysis of the isolated phagosomes,
however, reveals relative increases and decreases in antigen sig-
nal intensities (Fig. 3). Antigens whose signals decrease with
increasing chase time are alpha-adaptin, the mannose receptor,
and the FcllI receptor. Alpha-adaptin and mannose receptor
signal intensity falls most dramatically while the FclI receptor
signal falls slightly. Antigens whose signals increase with in-
creasing chase time are the 31-kD subunit of the proton pump,
cathepsin D, 8-glucuronidase, LAMP-1, and the cation-depen-
dent mannose 6-phosphate receptor. Thus, while results from
SDS-PAGE analysis reveal few differences in the total protein
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composition among phagosomes of different maturity, West-
ern blot analyses reveals that phagosomes undergo substantjal
changes in their content of specific proteins. -

Discussion

Professional phagocytic cells internalize large extracellular par-
ticles into intracellular vacuoles termed phagosomes. In macro-
phages, a newly formed phagosome functionally transforms
into a degradative compartment termed a phagolysosome (1,

Figure 2. SDS-PAGE
and silver stain of pha-
gosome preparations.
Phagosome prepara-
tions (3 ug), were iso-
lated after 3 min inter-
nalization and 0 (lane
1), 4 (lane 2), 9 (lane
3), or 15 (lane 4) min
of chase. The total
membrane fraction ob-
tained by high speed
centrifugation of a post-
nuclear supernatant is
separated in lane 5.
Molecular weight
markers in kilodaltons
are given on left of lanes.
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Figure 3. Western blot analyses of phagosome preparations. Phago-
somes were isolated after three minutes of internalization at 37°C
followed by 0, 4, 9, or 15 min of chase at 37°C. Equal amounts of
phagosome proteins were separated by SDS-PAGE and transferred
to nitrocellulose. Following blocking of nitrocellulose in blotto, pri-
mary antibodies and radioiodinated secondary reagents were sepa-
rately incubated with the blots. Autoradiographs shown are from
western blot analysis of alpha-adaptin (4 ) and cathepsin D (B). From
left to right, lanes represent chase times of 0, 4, 9, and 15 min. (C)
Quantitation of Western blots of phagosome preparations. Autora-
diographs of blots were quantified by cutting out and weighing densi-
tometric peaks. Values are normalized by setting the largest value in
each experiment to 1.0.

4, 8-10). Recent biochemical and morphological studies re-
vealed that the transformation process includes an initial pe-
riod of extensive phagosome-endosome fusion followed by ex-
tensive phagosome-lysosome fusion (2). These results suggest
that phagosomes initially acquire endosome functions, such as
protein recycling, and then, following lysosome-phagosome
fusion, acquire the degradative functions of lysosomes. Consis-
tent with this model for phagolysosome biogenesis are demon-
strations that newly formed phagosomes, like early endosomes,
recycle phagocytosed material to the cell surface (3, 4). If pha-

gosome and endosome fusion is continuous as well as exten-
sive,-one would predict that compositional changes occurring
in maturing phagosomes parallel compositional changes ob-
served in maturing endosomes. Thus, to investigate the effects
of phagosome maturation on phagosome protein composition,
isolated phagosomes of different maturity were isolated and
examined by SDS-PAGE and western blot analysis. The results
indicate that numerous phagosomal proteins can increase or
decrease in abundance during phagosome maturation. Further-
more, the phagosome compositional changes parallel protein
compositional changes known to occur in maturing endo-
somes.

With increasing times of phagocytosis, we observed a de-
crease in phagosomal Fcll receptor, mannose receptor, and
alpha-adaptin. Mellman and colleagues previously demon-
strated that while aggregated IgG targets cell surface Fcll recep-
tor to lysosomes, endocytosis of monomeric IgG results in
rapid recycling of the receptor through endosomes (11, 12).
Although the phagocytic particles in the present study initially
contained aggregated IgG, we observed a moderate decrease in
FclI receptor in our Western blots (50% at 15 min), suggesting
that some Fcll receptor recycling occurred. However, we previ-
ously demonstrated that upon phagocytosis in our experimen-
tal system, a fraction of the antibody coating the phagocytic
particle is proteolytically separated from the particle (4). Thus,
monomeric antibody generated within the phagosome may
subsequently signal phagosomal Fcll receptor to recycle, and
thus explain the observed Fcll receptor loss.

The mannose receptor mediates endocytosis of mannosy-
lated proteins ( 13). It constitutively recycles from endosomes
to the plasma membrane at a rate of ~ 7 min/cycle. Although
phagocytosis in the experiments reported herein was Fc recep-
tor mediated, the mannose receptor also entered phagosomes.
As seen in Fig. 3, phagosomal mannose receptor decreased 65%
during the first 4 min of chase. This rate of decrease approxi-
mates the rate at which the mannose receptor recycles from
endosomes. A plausible mechanism responsible for mannose
receptor loss is a protein recycling mechanism similar to that
employed by the endocytic pathway.

Adaptins are a family of peripheral membrane proteins that
serve to link clathrin lattices to specialized receptors of plasma
and trans-Golgi reticulum membranes (14, 15). Alpha-adap-
tin specifically associates with plasma membrane clathrin coats
and appears to dissociate after removal of the clathrin coat
(16). Earlier studies from our laboratory and others demon-
strated that forming phagosomes contain clathrin lattices on
their surface but that they are quickly lost upon completion of
particle engulfment (4, 17). Thus, the very rapid decrease (¢, ,
= 2 min) in phagosomal alpha-adaptin seen in Fig. 3 is consis-
tent with earlier studies on phagosome-associated clathrin lat-
tices.

While protein recycling from the phagosome may account
for the observed losses in antibody recognition of the mannose
receptor, the Fcll receptor, and alpha-adaptin, proteolytic deg-
radation of the antigens may also occur. However, for several
reasons, we believe it is unlikely that these antigens are being
degraded during the course of the experiment. First, no degra-
dation products were observed on any of the Western blots.
Second, alpha-adaptin is a peripheral membrane protein and
thus should not be affected by the introduction of proteases
into the maturing phagosome. Third, the mannose and Fcll
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receptors normally are recycling receptors that continually cy-
cle through protease containing (endosomal/lysosomal) com-
partments yet are not significantly degraded. Thus, 18 min of
internalization is unlikely to account for the substantial losses
observed in Figure 3. ‘

Western blot analysis also demonstrated the accumulation
of several proteins in phagosomes. The 31-kD subunit of the
vacuolar proton pump increased 2-3-fold during the initial 4
min of chase (Fig. 3). The increase in the proton pump signal
as phagosomes mature is consistent with previous reports on
the increase in acidity from endosomes to lysosomes (18). The
acid proteases, cathepsin D and 8-glucuronidase, increased ap-
proximately 2-3-fold during the 15 min of chase (Fig. 3). The
difference in the rate of increase of the proteases compared to
that of the proton pump is consistent with the finding of
McNeil et al. who showed that phagosome acidification pre-
cedes the onset of proteolysis (19).

The cation-dependent mannose-6 phosphate receptor and
LAMP-1 displayed similar rates of increase during phagolyso-
some formation. LAMP-1 is a heavily glycosylated membrane
protein of unknown function located primarily in lysosomes
and endosomes (20). Its presence in phagosomes is relatively
low after 3 min of internalization but quickly increases to near
maximal levels by 7 min. This distribution is similar to the
findings of August et al. who showed that LAMP-1 increases in
abundance from endosomes to lysosomes (21 ). The cation-de-
pendent mannose-6 phosphate receptor also shows a marked
increase between 3 and 7 min of phagocytosis. Von Figura and
colleagues localized the majority of this receptor predomi-
nantly to vesicles surrounding the trans-Golgi reticulum as well
as late endosomes (22). Possibly, efficient receptor recycling
from late endosomes results in its absence from lysosomes
(23). Because we did not observe a decrease in cation-depen-
dent mannose-6 phosphate receptor receptor after its initial
rise, our results suggest that either phagosomes cannot effi-
ciently recycle this receptor or that phagosomes do not fully
mature into phagolysosomes within the 18 min of phagocytosis
observed herein.

Phagocytic particle opsonization may influence phago-
some protein compositional changes. Joiner et al. recently re-
ported that neutrophil phagocytosis of particles opsonized with
C3 fragments leads to decreased specific granule-phagosome
fusion compared to particles opsonized with antibody (24). As
a consequence, phagosomes containing antibody-coated parti-
cles may contain more specific granule components than pha-
gosomes containing C3b-coated particles. The extent of azuro-
philic granule-phagosome fusion was the same with both op-
sons. Also, microscopic and biochemical examination of
vacuoles in Fc receptor-transfected fibroblasts reveals great dif-
ferences depending on whether cells phagocytose uncoated or
antibody-coated Toxoplasma gondii (25). While antibody-
coated particles enter degradative compartments surrounded
by protein-rich membrane, uncoated Toxoplasma gondii enter
compartments that are both bounded by protein-poor mem-
brane and contain less hydrolytic activity. Active participation
of Toxoplasma gondii is thought to contribute to this phenom-
ena. Thus, changes in the phagosome protein composition, as-
sayed as described in this report, may differ when examined
together with different phagocytic particles.

Our results from SDS-PAGE analysis of isolated phago-
somes indicate that the phagosome protein composition re-
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mains relatively constant during phagosome maturation, sug-
gesting that only a minority of phagosomal proteins are respon-
sible for phagosome-specific functions. In a related study,
Muller and colleagues demonstrated that after intraphagoso-
mal radioiodination, most of the radiolabeled proteins exited
the phagosome within 15-30 min at 37°C(3). Taken together,
our results suggest that the majority of vesicles that fuse to
maturing phagosomes are similar in protein composition to the
recipient phagosomes. As a result, the vesicle-phagosome fu-
sions associated with phagosome maturation do not greatly
change the phagosome protein composition. Our results are
consistent with those of Enrich et al. who, using density gra-
dient centrifugation, observed that the protein compositions of
hepatocyte early and late endosomes are very similar (26). To
the contrary, Schmid et al., reported that Chinese hamster
ovary early and late endosomes isolated by free flow electropho-
resis display different protein compositions (27). These con-
trasting results possibly reflect differences in the vesicle isola-
tion protocols used by ourselves and others.

In conclusion, the data presented in this report demonstrate
that the phagosome protein composition changes during its
transformation into a phagolysosome. Furthermore, the ob-
served compositional changes and the rates of these changes
are largely consistent with a maturational model for phagolyso-
some formation whereby early phagosomes interact exten-
sively with endosomes and lysosomes, thereby acquiring their
characteristic proteins, membrane constituents, and physiologi-
cal functions.
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