
INTRODUCTION

Phagocytosis, the process by which particles of 1.0 µm or
greater are engulfed, is a receptor triggered, actin-driven
process, involving membrane extension or addition to create an
intracellular compartment with an acidified lumen (Aderem
and Underhill, 1999; Allen and Aderem, 1996b; Brown, 1995).
It involves the coordinated action of cell surface receptors,
signaling molecules, cytoskeletal proteins, and trafficking
components. Macrophages, generally considered voracious
‘professional’ phagocytes, engulf particles via a number of
phagocytic receptors, including the mannose receptor (yeast),
Fc receptor (IgG coated particles) or complement receptor
(C3bi opsonized particles). A number of previously
characterized components have been localized to macrophage
phagosomes. These include phagocytic receptors, actin, actin-
associated proteins, signaling molecules such as PKC, and
regulators of membrane traffic including rabs 5 and 7 (Allen
and Aderem, 1995, 1996a; Desjardins et al., 1994a,b;

Greenberg et al., 1991, 1994; Swanson et al., 1999). Phagocytic
uptake and phagosome maturation result in a mature
phagolysosome, characterized by an acidified lumen and
degradative enzymes. Maturation is reflected by acquisition of
the H+/ATPase and lysosomal markers by the phagocytic
compartment (Desjardins et al., 1994a,b; Mayorga et al., 1991;
Pitt et al., 1992a,b). 

Different downstream signaling events are triggered by the
individual phagocytic receptors. For example, the tyrosine
kinase syk is required for Fc receptor phagocytosis (Crowley
et al., 1997; Greenberg et al., 1994, 1996). Macrophages from
syk knockout mice are unable to engulf IgG opsonized
particles, but can phagocytose the yeast cell wall particle,
zymosan (Crowley et al., 1997; Greenberg et al., 1994, 1996).
The divergent signaling cascades triggered by different
phagocytic receptors cause differences in inflammatory
outcome: ligation of the complement receptor does not trigger
the pro-inflamatory signals that are observed after ligation of
the Fc or mannose receptors (oxidative burst, arachidonic acid
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In order to identify novel proteins associated with various
stages of macrophage phagocytosis, we have generated
monoclonal antibodies that recognize phagosomes. Purified
Fc receptor-mediated phagosomes, isolated by feeding
IgG-conjugated magnetic beads to LPS-primed murine
peritoneal macrophages, were used as the immunogen. An
immunofluorescence screen was used to isolate and single-
cell clone ~150 monoclonal antibodies that recognize mouse
macrophage phagosomes as well as labeling other cellular
components in patterns which are frequently distinct from
those observed with previously characterized phagosome-
associated proteins. Predominant morphological categories
(in addition to phagosome labeling) include staining of one
or more of the following: cytoskeletal patterns, vesicular
patterns and plasma membrane localization. In this
paper, we describe the antibody screen, preliminary
characterization of the antibodies and our identification of
the antigens for three representative monoclonal antibodies.

These antibodies identify a plasma membrane associated
receptor (Mac-1, a subunit of the complement receptor),
an actin binding protein (coronin-2) and a vesicular
protein (amphiphysin II). Some of the antibodies recognize
many cell types, whereas other antibodies are apparently
macrophage specific as assessed by flow cytometry and
histology. Remarkably, several of the antibodies cross-
react with the phagocytic slime mold, Dictyostelium
discoideum, recognizing phagosomes and other cellular
elements as assessed by immunofluorescence and
immunoblots. These results indicate that macrophage
phagocytosis has both conserved ancestral features and
unique specialized aspects associated with the role of these
phagocytes in immunity. 
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release and cytokine secretion; Aderem et al., 1985). The
heterogeneity downstream from phagocytosis mediated by
distinct receptors is also evident in differences in the protein
content and organization on maturing phagosomes. For
instance, Fc receptor-mediated uptake recruits vinculin and
paxillin to the nascent phagosome, proteins that are not found
on phagosomes containing zymosan. Other components (actin,
α-actinin, talin, MARCKS and PKC-α) are found on both
zymosan and IgG particle containing phagosomes (Allen and
Aderem, 1995, 1996a). Most strikingly, in complement
receptor mediated uptake, a subset of the proteins associated
with the phagosomes are organized into discrete foci on the
phagosome surface rather than being circumferentially
distributed on the phagosome membrane as in Fc or mannose
receptor uptake (Allen and Aderem, 1996a). This punctate
organization of cytoskeletal elements is hypothesized to reflect
engulfment by insertion of new membrane into the phagocytic
cup, allowing the particle to sink into the macrophage. Thus,
the constellation of molecules which confer organellar identity
on the phagosome is not invariable, but is dictated by receptor-
ligand interactions, temporal conditions (maturation) and,
undoubtedly, the activation state of the macrophage.

This paper describes the isolation of a panel of monoclonal
antibodies that recognize macrophage phagosomes. These
antibodies identify both general elements of phagosomes,
including proteins apparently conserved in Dictyostelium, as
well as macrophage-specific components. We show the general
morphologies of the antibody staining and cross-reacting
Dictyostelium samples. The cognate antigens for three of the
antibodies are presented here. These antibodies label the
plasma membrane and phagosomes (M17B1); ruffles at the
plasma membrane, an internal perinuclear pool and
phagosomes (M22F11); and plasma membrane ruffles, an
endosomal pattern and phagosomes (M8D10). They identify
(respectively) the complement receptor (Mac-1), the actin
binding protein coronin-2, and amphiphysin II, an essential
component of the endocytic machinery.

MATERIALS AND METHODS

Isolation of antigen
Macrophages were isolated from ICR mice (Charles River) by
peritoneal lavage with 5 ml of ice-cold calcium, magnesium free PBS
per animal. The macrophages were spun at 1,000 rpm for 10 minutes
at 4°C and resuspended in DMEM with 10% heat-inactivated fetal
calf serum (Hyclone) with pen/strep. Macrophages were allowed to
adhere to 60 mm dishes for two hours at 37°C, non-adherent cells
were removed by two washes with PBS and the cells were incubated
overnight at 37°C. The next day, the cells were washed twice with
PBS and incubated for four hours in medium with 100 ng/ml LPS
(List). IgG-conjugated 3 µm magnetic beads (Dynal) were spun onto
the cells at 2,000 rpm for 2 minutes at 4°C, the cells were then washed
in PBS, and fresh warm medium was added. After internalization for
set amounts of time at 37°C, IgG bead phagosomes were isolated.
Phagosomes were isolated at early (2 minutes), intermediate (10
minutes) and late (15 minutes) times for generation of the phagosome
immunogen.

To isolate IgG bead phagosomes, macrophages were rinsed twice
in PBS and scraped into 0.5 ml/dish ice-cold homogenization buffer
(250 mM sucrose, 10 mM HEPES, 1 mM EDTA, pH 7.2;
supplemented with protease inhibitors PMSF, leupeptin, aprotinin and
DFP). The cells were sonicated briefly (~10 seconds) in a water bath

sonicator. Bead phagosomes were pulled from the cellular debris
using a magnet and were washed twice in 0.5 ml of homogenization
buffer. Phagosomal antigens were removed from the beads by
sonication (2 minutes with cooling on ice). The beads were collected
with the magnet, and the solubilized material from phagosomes at
various stages of maturation was pooled to collect 1.4 mg of total
protein.

Immunization and hybridoma generation
Purified phagosomal antigen was injected into a Lou/MNCr rat
(National Cancer Institute). The initial intraperitoneal injection of 200
µg protein (emulsified in Freund’s complete adjuvant) was followed
two weeks later by 200 µg protein in Freund’s incomplete adjuvant
subcutaneously injected. After two more weeks, 200 µg protein in
incomplete adjuvant was intraperitoneally injected, and, finally, the
animal was boosted two weeks later by intravenous injection of 200
µg of material in PBS. Three days later, the hybridoma fusion was
carried out using YB 2/0 myeloma cells (ATCC) and established
protocols (Harlowe and Lane, 1988). The hybridomas were grown in
complete hybridoma medium (90% DMEM, 10% NCTC
supplemented with 20% fetal calf serum, 2% Origen, OPI, pen/strep
and 2× glutamine). After growth under selection for nine days,
approximately 3,000 wells containing hybridomas were screened by
immunofluorescence (see below). Positive hybridoma lines were
expanded into 2 ml hybridoma medium without selection and were
frozen without single-cell cloning. Sets of cell lines were thawed and
lines which continued to show phagosome labeling were single-cell
cloned by limiting dilution.

Immunofluorescence screening
Mouse peritoneal macrophages were isolated (as above) and adhered
to sterile glass slides in 150 mm dishes. Macrophages from three mice
were used to cover five slides. Macrophages were allowed to adhere
for one hour, the slides were washed, and the cells were incubated
overnight and primed as above. Antibody opsonized zymosan
(Molecular Probes) was internalized without centrifugation for ten
minutes at 37°C to produce a variety of stages of phagosome
maturation within a single microscope field. After fixation in 4%
paraformaldehyde in 100 mM phosphate buffer, pH 7.2 (10 minutes,
RT) and permeabilization in 0.25% Triton X-100 in PBS (20 minutes,
RT), the slides were washed twice in PBS and put into home-made
gaskets which allowed screening of 12 hybridoma supernatant
samples per slide. The slides were incubated with conditioned
medium for 1 hour at RT and washed for 10 minutes in PBS. The
slides were incubated with FITC-conjugated, affinity-purified, anti-rat
secondary antibody (Cappel) for 1 hour, washed for 10 minutes in
PBS, rinsed briefly in distilled water and mounted in a polyvinyl
alcohol-based mounting medium (Harlowe and Lane, 1988). Samples
were screened for phagosomal labeling using a Zeiss Axiophot
microscope.

Immunofluorescent characterization
Mouse peritoneal macrophages were isolated and adhered to acid-
washed, sterile coverslips as above. After an overnight incubation,
these cells were treated with 100 ng/ml LPS for 4 hours to prime the
cells. Synchronized phagosomes were created by centrifuging
zymosan onto the cells at 2,000 rpm and 4°C for 2 minutes. After
washing with PBS, the cells were incubated in pre-warmed medium
for times ranging from 2 minutes to 1 hour at 37°C. The cells were
fixed, stained and mounted as above. All confocal images were
obtained on a Zeiss Axiovert microscope equipped with Bio-Rad
Confocal optics. 

Dictyostelium discoideum axenic suspension cultures were plated
onto glass coverslips in HL5 medium and allowed to settle for 30
minutes. After being fed zymosan for 30 minutes, they were fixed in
15% picric acid, 2% formaldehyde in 10 mM PIPES, pH 6.1, for 15
minutes, RT. The coverslips were then washed three times in PBS with
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100 mM glycine and post-fixed in 70% ethanol for 10 minutes at RT.
After three more washes in PBS/glycine, they were incubated in
primary antibody for 1 hour, RT. After three washes in PBS/glycine,
they were incubated in FITC anti-rat secondary antibody (Cappel),
washed three times in PBS/glycine, rinsed in dH2O and mounted as
above.

Flow cytometry
Resident peritoneal macrophages were isolated by peritoneal lavage,
as above. Blood was collected by cardiac puncture and the red blood
cells were removed by hypotonic lysis. Approximately 1×106 cells
from each sample were fixed in 1% paraformaldehyde for 10 minutes
on ice. Cells were washed once in staining buffer (PBS/2% FCS/5
mM NaN3) and blocked with 50% normal mouse serum for 30
minutes on ice. Conditioned supernatants from the anti-phagosome
hybridoma lines were then added to the cells and incubated on ice for
30 minutes. Cells were washed once in staining buffer and incubated
with a FITC goat anti-rat IgG secondary antibody (Caltag) for 30
minutes on ice. Prior to staining with other rat derived monoclonal
antibodies (i.e. anti-F4/80, B220 and Gr-1), the cells were blocked
with 10% normal rat serum for 30 minutes. Cells were then incubated
for 30 minutes with biotinylated anti-F4/80 (Caltag) and either anti-
B220-PE (Pharmingen) or anti-Gr1-PE (Pharmingen) for resident
peritoneal cells and blood, respectively. Cells were washed, stained
with SA-PerCP (Becton-Dickenson), washed and fixed again in 1%
paraformaldehyde. These samples were analyzed on a FACScan with
Cell Quest software (Becton-Dickenson). One-parameter histograms
were generated, gating on the F4/80 positive populations to identify
resident macrophages and monocytes, Gr-1 positive cells to identify
neutrophils, and B220 positive cells to identify B cells.

Histology of fresh frozen sections
Mice were perfused with heparinized saline, then perfusion fixed with
4% paraformaldehyde in 100 mM cacodylate buffer, pH 7.4. Organs
were removed and fixed overnight in 4% paraformaldehyde in
cacodylate buffer at 4°C. The organs were transferred to 1% sucrose
in cacodylate buffer, infiltrated overnight at 4°C, then flash frozen in
a dry ice/ethanol bath in tissue tek (OCT). These samples were stored
at −80°C until use. Sections of 0.5 µm were cut on a Bright cryotome
and air-dried on slides at RT overnight. The sections were blocked in
10% rabbit serum in PBS for 1 hour, RT. After a 1 hour incubation in
conditioned medium, the slides were washed in PBS, three times for
15 minutes. Samples were incubated in the anti-rat biotinylated
secondary antibody (Vector) for 1 hour, RT, then were washed three
times, for 15 minutes in PBS. The biotinylated secondary antibody
was detected with an alkaline phosphatase biotin/streptavidin kit
(Vector) with a fluorescent substrate. Sections were counterstained
with hematoxylin and mounted in Crystalmount (Biomedia).

Library screening
Ascites from the hybridoma lines M8D10, M17B1 and M22F11 were
used to screen a λ ZAP cDNA expression library made from
thioglyolate-elicited peritoneal macrophages (Stratagene). Detection
on filters used a biotin-conjugated secondary antibody and a
streptavidin-conjugated peroxidase with a DAB color reaction
(Vector). Plaque-purified positives were excised and the DNA purified
and sequenced using Big Dye (ABI). Sequences were searched with
the BLAST Program (NCBI, NIH).

RESULTS

Generation of the monoclonal antibodies
In order to identify previously unrecognized components of
phagosomes and to characterize novel elements associated with
macrophage phagocytosis, we have produced a panel of

monoclonal antibodies. Synchronized populations of Fc
receptor phagosomes were isolated after various times of
particle internalization. By using IgG-conjugated magnetic
beads as the phagocytic particle, we were able to isolate a
relatively pure phagosomal fraction from cellular debris within
a few minutes. This rapidity of purification may allow the
preservation of weakly associated peripheral components that
could dissociate during the more extensive purification
required for latex bead phagosomes. Additionally, IgG beads
are taken up by Fc receptor phagocytosis, the best
characterized phagocytic pathway. Individual monoclonal
antibodies were screened for phagosomal localization by
immunofluorescent labeling of LPS-primed mouse peritoneal
macrophages containing IgG opsonized zymosan. Conditioned
medium from 2,880 hybridoma lines were screened, 733 lines
were expanded and frozen without single-cell cloning and
~150 lines were recovered after thawing and single-cell
cloning. 

Characterization of the monoclonal antibodies
The ~150 antibodies have been grouped into six general
categories based on the subcellular distribution of the antigens
that they recognize. In addition to phagosomal staining, these
antibodies also localize to: (I) the plasma membrane; (II) the
plasma membrane and Golgi; (III) cytoskeletal elements; (IV)
vesicular patterns; (V) cytosolically-dispersed staining
(enriched on phagosomes); and (VI) plasma membrane ruffles
and vesicles (Fig. 1). 

Category I: These antibodies label the plasma membrane and
are enriched on phagosomes. (Fig. 1, I A-C). 

Category II: These antibodies label phagosomes and localize
to a discrete perinuclear structure (most likely the Golgi body).
They also stain the plasma membrane of a subset of murine
peritoneal macrophages. The underlying cause of this
heterogeneity of plasma membrane staining is not yet
understood (Fig. 1, II A-C). 

Category III: These antibodies label a variety of cytoskeletal
structures in addition to the phagosome. Diverse fluorescent
morphologies resemble actin microfilaments, microtubules and
intermediate filaments and include vesicle patterns that appear
associated with these elements (Fig. 1, III A-C).

Category IV: These antibodies stain with vesicular patterns
including lysosomal patterns (perinuclear vesicles) and
endosomal patterns (Fig. 1, IV A-C). 

Category V: These antibodies identify cytosolically
dispersed antigens that are enriched on phagosomes (Fig. 1, V
A-C). 

CategoryVI: These antibodies label endosomes and
membrane ruffles in addition to phagosomes (Fig. 1, VI A-C).

A detailed description of the antibodies is shown in Table 1. 

Identification of antigens recognized by the
antibodies
We are using expression library screening to identify and
characterize the cognate antigens for these antibodies. We have
used a macrophage cDNA library to identify the proteins
recognized by three of the anti-phagosome antibodies as Mac-
1 (a receptor), coronin-2 (a cytoskeletal protein) and
amphiphysin II (a trafficking molecule). For example, the
antibody M17B1 labels the plasma membrane of macrophages
and phagosomes (Fig. 2A-C). This antibody, as well as two
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Table 1. Anti-phagosome monoclonal antibodies
Name Morphology Time Antigen identity Name Morphology Time Antigen identity Name Morphology Time Antigen identity

Category I: PLASMA MEMBRANE AND PHAGOSOME LABELING:                 
M2H11* PM/PS U Undetermined M12E6* PM/PS E/M Mac-1 M23C9 PM/PS Undetermined
M4B10* PM/PS E/M Undetermined M13B5* PM/PS E/M Undetermined M25D7* PM/PS Undetermined
M6C7 PM/PS E/M Undetermined M14F12 PM/PS U Undetermined M27C8* PM/PS E/M Mac-1
M6F11 PM/PS E/M Undetermined M15B4 PM/PS E/M Undetermined M27G10* PM/PS E Undetermined
M6H5 PM/PS E/M Undetermined M15B6 PM/PS Undetermined M28B2* PM/PS Undetermined
M7D1* PM/PS U Undetermined M15F2* PM/PS E/M Undetermined M29D1* PM/PS U Undetermined
M9A6 PM/PS E/M Undetermined M17B1* PM/PS Mac-1 M30B1 PM/PS Undetermined
M9D9* PM/PS E Undetermined M17F8 PM/PS E/M Undetermined M30H7 PM/PS Undetermined
M9E10 PM/PS Undetermined M18D9 PM/PS Novel M30H11 PM/PS Undetermined
M12E3* PM/PS E/M Mac-1 M21E1 PM/PS Undetermined

Category II: PLASMA MEMBRANE, GOLGI AND PHAGOSOME LABELING:         
M11B11* PM/G/PS E Undetermined M13E4* PM/G/PS E/M Undetermined M24C2* PM/G/PS U Undetermined
M11E2* PM/G/PS L Undetermined M13E11* PM/G/PS Undetermined
M11F1* PM/G/PS U Undetermined M13F4* PM/G/PS Undetermined

Category III: CYTOSKELETON AND PHAGOSOME LABELING:         
M1G8 MS/PS E Novel ankyrin M15A10 CYS/VES/PS Undetermined M26E3 IF/PS Undetermined
M3A6 POD/PS Undetermined M17C2 CYS/VES/PS U Undetermined M27A2 MF/PS E/M Undetermined
M5D4 IF/PS U Vimentin M17H8 CYS/VES/PS M Undetermined M27F5 VES/PM/PS E Coronin-2
M10B2 G/CYS/PS U a-actinin M22D6 POD/PS Undetermined M27F11 VES/PM/PS E Undetermined
M11E4 CYS/PS/VES Undetermined M22F11 VES/PM/PS E Coronin-2 M28G12 CYS/PS Undetermined
M14C1 CYS/PS/VES Undetermined M22G10 MT/OC/PS Novel MAP
M14H3 CYS/PS M Undetermined M24C4 CYS/PS E Undetermined

Category IV: VESICLE AND PHAGOSOME LABELING:         
M2F6 LS/PS M/L Undetermined M12A9 VES/PS L Undetermined M22D9 LS/PS M Undetermined
M3A8 ES/PS Undetermined M13C5 VES/PS E/M Undetermined M22H7 VES/PS Undetermined
M5B12 LS/PS L Undetermined M13H6 VES/PS L Undetermined M23F8 LS/PS Undetermined
M5C8 VES/PS L Novel M13H11 VES/PS L Undetermined M23H3 VES/PS Undetermined
M6E5 ES/PS Undetermined M15A9 VES/PM Undetermined M23H7 VES/PS Undetermined
M6G12 ES/PS M/L Undetermined M15C3 VES/PS M/L Undetermined M24E9 ES/PS U Undetermined
M6H3 ES/PS Undetermined M15D11 VES/PS Kinectin related M26B3 VES/PS Undetermined
M7C4 ES/PS M/L Undetermined M15G3 VES/PS M/L Undetermined M26D3 ES/PS Undetermined
M7G6 VES/PS Undetermined M16D11 VES/PS M/L Undetermined M26D5 ES/PS L Undetermined
M8C7 ES/PS Undetermined M16E5 ES/PS M/L Undetermined M27C7 VES/PS U Undetermined
M9A1 POD/PS Undetermined M17D2 ES/PS Undetermined M27H10 VES/PS Undetermined
M9A2 ES/PS Undetermined M17G6 VES/PS Undetermined M29E9 ES/PS Undetermined
M10D11 VES/PS Undetermined M18A7 VES/PS L Undetermined M30C10 VES/PS Undetermined
M10H1 NE/VES/PS Undetermined M18B5 VES/PS E/M Undetermined
M11C3 VES/PS U Undetermined M18B7 LS/PS L Undetermined

Category V: CYTOSOLICALLY DISPERSED AND PHAGOSOME-ENRICHED LABELING:         
M1A11 CYP/PS Undetermined M13G3 CYP/PS E Undetermined M27C6 CYP/PS Undetermined
MIDI CYP/PS Undetermined M17D7 CYP/PS Undetermined M29C3 CYP/PS Undetermined
M6G9 ER/PS U Undetermined M23G4 CYP/PS Undetermined M29D4 CYP/PS Undetermined
M10D2 VES/PS Undetermined M23G10 CYP/PS Undetermined M30H10 NE/VES/PS Undetermined
M11C2 CYP/PS U Undetermined M25F9 CYP/PS U Undetermined

Category VI: RUFFLES, VESICLES AND PHAGOSOME LABELING:         
M7E3 PM/VES/PS M/L Undetermined M14A4 PM/VES/PS E Amphiphysin II M22B5 PM/VES/PS L Undetermined
M8A4 PM/VES/PS E Amphiphysin II M14C7 PM/VES/PS Undetermined M22D3 PM/VES/PS Amphiphysin II
M8D10 PM/VES/PS E Amphiphysin II M15B5 PM/VES/PS U Undetermined M26G10 PM/VES/PS Undetermined
M8D12 PM/VES/PS E Amphiphysin II M16D2 PM/VES/PS Amphiphysin II M26H12 PM/VES/PS Undetermined
M9E5 PM/VES/PS E/M Undetermined M16E6 PM/VES/PS M/L Undetermined M29F2 PM/VES/PS Undetermined
M9F5 PM/VES/PS Undetermined M16H2 PM/VES/PS Amphiphysin II M30E11 PM/VES/PS Amphiphysin II
M11D5 PM/VES/PS E Amphiphysin II M17B4 PM/VES/PS L Undetermined M30F11 PM/VES/PS E Amphiphysin II
M13H9 PM/VES/PS E Amphiphysin II M19B3 PM/VES/PS L Undetermined

CYP cytoplasmic distribution IF intermediate filaments NE nuclear envelope E early association (1-3 minutes)
CYS cytoskeletal distribution LS lysosomes OC MT organizing center M intermediate association (10 minutes)
ER endoplasmic reticulum MF microfilaments PM plasma membrane L late association (after 30 minutes)
ES endosomes MT microtubules PS phagosome U unchanged
G Golgi body MS microspikes VES vesicles * macrophage specific sub-populations
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other monoclonals (M12E3, M27C8),
identifies Mac-1, a subunit of
complement receptor 3. Another
antibody, M22F11, labels a punctate
perinuclear pattern, membrane ruffles
and early phagosomes (Fig. 2D-F). We
have determined that M22F11
identifies murine coronin-2, a homolog
of the actin binding protein first
identified in Dictyostelium discoideum.
This protein is distinct, but highly
related to coronin-1/p57, a previously
identified component of neutrophil
phagosomes encoded by an
independent gene (Grogan et al., 1997).
Lastly, the M8D10 antibody labels
endosomes as well as membrane ruffles
in macrophages (Fig. 2G-I). It stains
early phagosomes in a punctate
fashion, and in expression screens
identifies amphiphysin II, a peripheral
membrane protein associated with
vesicle budding in neurons.

Flow cytometry and histology
A subset of the surface-labeling
antibodies (categories I and II) appear
to uniquely identify cells of the
monocyte/macrophage lineage (Fig. 3).
Fig. 3A shows flow cytometry of blood,
with monocytes identified by F4/80 (a
monocyte/macrophage marker; left
column) and granulocytes by Gr-1 (a
granulocyte marker; middle column).
Cells not labeled by either of these
markers are shown in the right-hand

Fig. 1. Examples of the six categories of
phagosome-specific monoclonal
antibodies. (A) Cell body focal plane;
(B) phagosome focal plane (with arrows
indicating phagosomes) and (C) phase-
contrast image of the macrophages with
zymosan-containing phagosomes. (I A-
C) M12E6 labels the plasma membrane
and phagosomes. (II A-C) M11B11 labels
a discrete perinuclear structure (most likely
the Golgi body) and phagosomes. It also
stains the plasma membrane of a sub-
population of peritoneal macrophages:
compare labeling of the left-hand cell
(bright) with the right-hand cell (not
stained) in IIA. (III A-C) M22G10 labels a
protein that localizes to microtubules in a
punctate fashion and also labels the
microtubule organizing center and
phagosomes. (IV A-C) M12A9 labels a
vesicular pattern. (V A-C) M23G4
identifies an antigen that is dispersed
throughout the cytosol and enriched on
phagosomes. (VI A-C) M8D10 labels an
endosomal pattern and membrane ruffles,
as well as staining phagosomes. 
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column and are mostly lymphocytes. Each of the three cell
populations was assessed for labeling with surface-associated
monoclonal antibodies. Mac-1, a positive control for
macrophage staining, is bright on monocytes, low on
granulocytes and negative on other cells. The monoclonal
M2H11 specifically labels monocytes in the blood, as does
M11B11. In contrast, M9A6 is present on the surface of all cell
populations in the blood. FACS analysis of resident peritoneal
cells using F4/80 (right column) and B220 (a B cell marker;
left column) with monoclonal antibody labeling was used to
identify macrophage-specific monoclonal antibodies in
peritoneal populations (Fig. 3B). As was observed in the blood
samples, M2H11 and M11B11 specifically label macrophages,
and M9A6 labels all cells (mainly peritoneal macrophages and
B cells). In both blood monocytes and peritoneal macrophage
populations, M11B11 labels the surface with variable
expression levels. This heterogeneity in surface labeling
observed with M11B11 (and the other antibodies in category
II) is also evident by IFA, as in Fig. 1, IIA. 

Immunohistochemistry further demonstrates that some of the
antibodies recognize different populations of macrophages. For
example, in the spleen, M2H11 labels the red pulp macrophages
(Fig. 3C-D) similar to F4/80 staining (not shown). M11B11
labels a smaller number of red pulp cells in the spleen (Fig. 3E-
F). In the liver, M2H11 labels Kupffer cells (Fig. 3G-H) similar
to the pattern seen with F 4/80 staining (not shown). In contrast,
M11B11 does not label cells in the liver (Fig. 3I-J). These
observations suggest that these antibodies are novel probes of
distinct macrophage populations. 

Cross-reactivity with Dictyostelium
Remarkably, we have discovered that a number of the anti-
phagosome monoclonal antibodies cross-react with the slime
mold Dictyostelium discoideum. The free-living amoebae of

Dictyostelium feed by engulfing bacteria or fungi and
phagosomes containing phagocytosed zymosan are specifically
labeled with a number of the anti-phagosome antibodies
isolated against macrophage proteins (Fig. 4). Indeed, current
screening of a Dictyostelium expression library with the
M12A9 monoclonal (Fig. 4E-F) has identified a novel
Dictyostelium homolog of an adaptin, a member of a family of
membrane trafficking molecules (A. Ozinsky, N. Morrissette
and A. Aderem, unpublished observation). 

DISCUSSION

In order to identify novel components associated with
macrophage phagosomes, we have generated monoclonal
antibodies that recognize phagosomes at various stages of
maturation. A group of ~150 hybridoma lines have been
isolated that produce monoclonal antibodies recognizing
distinctive cellular patterns and phagosomes. The antibodies
have been grouped into broad morphological categories
labeling phagosomes, with other cellular staining localizing to:
(I) the plasma membrane; (II) the plasma membrane and Golgi;
(III) cytoskeletal elements; (IV) vesicle populations; (V)
cytosolically-dispersed antigens; and (VI) an intracellular
vesicle population and membrane ruffles. These different
morphological categories are likely to represent distinct classes
of proteins involved in phagocytosis. For example, antibodies
that localize to the plasma membrane (categories I and II)
may represent receptors or associated signaling molecules.
Cytoskeletal staining patterns reflect proteins that are involved
in the mechanical and adhesive properties of phagocytosis,
such as actin, talin and paxillin. Lastly, the antibodies that have
a vesicular distribution (categories IV and VI) may identify
molecules that regulate membrane trafficking. 

N. S. Morrissette and others

Fig. 2. Some of the anti-phagosome
antibodies recognize characterized
proteins such as the complement receptor,
coronin-2 and amphiphysin II. 
(A-C) M17B1 labels the plasma
membrane and phagosomes of
macrophages and identifies the
complement receptor (Mac-1). 
(D-F) M22F11 labels a punctate
perinuclear pattern and early phagosomes
and identifies coronin-2. (G-I) M8D10
labels endosomes, membrane ruffles and
phagosomes in macrophages. It stains
phagosomes in a punctate fashion and
identifies amphiphysin II, a peripheral
membrane protein associated with vesicle
budding in neurons. Left column: cell
body focal planes; middle column:
phagosomal focal planes with arrows
indicating phagosomes; and right column:
phase contrast images of the cells.
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Despite a unique phagocytic capacity, microbicidal abilities
and antigen presenting activity, very few macrophage-specific
proteins have been identified which localize to the maturing
phagosome. Previously identified proteins include macrosialin
(a macrophage-specific member of the
LAMP family), NRAMP-1 (the product of
the bcg/ity/lsh locus which is associated
with innate immune responses) and a
macrophage-specific isoform of annexin
III, a protein implicated in membrane
interactions (Gruenheid et al., 1997;
Hackam et al., 1998; LeCabec and
Maridonneau, 1994; LeCabec et al., 1992;
Rabinowitz et al., 1992; Searle et al., 1998).
A subset of the surface-labeling antibodies
(i.e. those in categories I and II) appear to
identify distinct subpopulations of cells of
the monocyte/macrophage lineage as
assessed by flow cytometry profiles and
immunohistochemistry. Characterization
of macrophage-specific antigens on
phagosomes may reveal additional proteins
with specialized roles in microbial killing
and antigen presentation by macrophages. 

Using a cDNA expression screening
strategy to identify the cognate antigens for
these monoclonals, we have identified
antibodies that recognize the alpha subunit
of complement receptor 3 (Mac-1), coronin-
2, and amphiphysin II. It is surprising that
we have identified several antibodies to the
complement receptor since these antibodies
were made against material purified from
Fc receptor phagosomes and screened on
zymosan-containing phagosomes. However,
the complement receptors are all members
of the integrin superfamily of proteins that
are known to interact with the actin
cytoskeleton. Mac-1 internalization on Fc or
mannose receptor phagosomes may reflect
its association with cytoskeletal elements
that mediate common interactions
underlying phagocytosis. Indeed, in both
neutrophil and monocyte phagocytosis,
Mac-1 blocking antibodies decrease the
efficiency of Fc receptor mediated
phagocytosis without affecting particle
binding (Brown et al., 1988; Graham et al.,
1989). Alternatively, the presence of the
complement receptor on phagosomes
containing IgG opsonized particles or
zymosan could suggest that Mac-1, a
prominent protein on the surface of
macrophages, is not efficiently sorted out of
phagosomes mediated by other receptors.

Amphiphysin II has been characterized in
neuronal endocytosis. It functions as an
adaptor protein, binding to clathrin,
synaptojanin, and the GTPase dynamin
(David et al., 1996; Grabs et al., 1997).
Amphiphysin II is responsible for directing

dynamin to the necks of endocytic vesicles so that the dynamin
GTPase may mediate the final scission of the endosome from
the plasma membrane (VanderBliek et al., 1993). We have
established that amphiphysin II and dynamin play essential

Fig. 3. Flow cytometry and histological data suggest a subset of the monoclonal antibodies
that recognize surface antigens identify macrophage specific cell subpopulations. (A)
Flow cytometry of blood labeled with F4/80 to identify monocytes (left column) and with
Gr-1 to identify granulocytes (middle column). Cells not labeled by either of these
markers are shown in the right-hand column and are mostly lymphocytes. Top row: Mac-
1, a positive control for macrophage staining. Second row: M2H11 staining; third row:
M9A6 staining and bottom row: M11B11 staining. The dashed lines in each box represent
an irrelevant negative control antibody. (B) Flow cytometry of resident peritoneal cells.
Macrophages are identified by F4/80 labeling (left column) and B cells with the B220
marker (right column). Top row: Mac-1 staining; second row: M2H11 staining; third row:
M9A6 staining and bottom row: M11B11 staining. Broken lines in each box represent an
irrelevant negative control antibody. (C,D) A spleen section labeled with M2Hll is
identical to F4/80 staining (not shown). (C) Hematoxylin labeled image with red pulp
(RP) and white pulp (WP) regions of the spleen marked. (D) Fluorescent labeling with
M2H11 is associated with cells in the red pulp but not white pulp. (E,F) Spleen sections
labeled with M11B11. (E) Hematoxylin stained tissue and (F) fluorescent image of the
same field shows that M11B11 labels a sparser subpopulation of cells in the red pulp
relative to M2H11 labeling. (G,H) A liver section stained with M2H11 mirrors F4/80
labeling (not shown) of the resident macrophages known as Kupffer cells. (G)
Hematoxylin stained image and (H) M2H11 stained fluorescent image shows labeling of
the sinusoidal Kupffer cells. (I,J) Liver sections labeled with M11B11. (I) Hematoxylin
tissue staining and (J) M11B11 labeling shows that M11B11 is not associated with
Kupffer cells.
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roles in macrophage phagocytosis (E. S. Gold et al.,
unpublished observations). 

Coronin-2 is a murine homolog of an evolutionarily
conserved protein, first characterized as a component of
Dictyostelium acto-myosin complexes (deHostos et al., 1991,
1993). In Dictyostelium, coronin plays a critical role in
phagocytosis; coronin null amoebae have impaired
chemotaxis, cytokinesis and phagocytosis (Maniak et al.,
1995). A distinct mammalian coronin homolog, coronin-1/p57
was previously identified on neutrophil phagosomes,
complexed with p40phox, a component of the NADPH oxidase
that generates the microbicidal oxidative burst (Grogan et al.,
1997). We have tested Dictyostelium amoebae for labeling with
the anti-coronin-2 antibody, M22F11. This antibody does not
cross-react with Dictyostelium either by immunoblots or
immunofluorescence (data not shown). However, we have
discovered that a significant number of the other anti-
phagosomal antibodies do cross-react with Dictyostelium
discoideum. Both our cloning of coronin-2, a murine homolog
of a Dictyostelium protein essential for phagocytosis, and our
observation that a number of the monoclonal antibodies
label Dictyostelium phagosomes indicates a tremendous
conservation of phagocytic proteins and mechanisms
underlying this process. Dictyostelium can obtain nutrients by
either phagocytosis or endocytosis and has a strong genetic
system permitting insertional mutagenesis. We anticipate that
it will be possible to knock out Dictyostelium homologs of the
cross-reacting proteins and assay phagocytosis in the resulting
lines to test the roles of the various proteins in phagocytosis. 

By generating shotgun monoclonal antibodies against
purified macrophage phagosomes, we have used a unique
strategy to illustrate the enormous diversity of proteins
associated with phagocytosis. In vertebrate organisms,
macrophage phagocytosis is critical to both innate and acquired
immunity. During the early innate immune response,
macrophages recognize the terminal sugars of bacteria and
yeast, and engulf these pathogens so that they are contained,
then killed by a unique arsenal of microbicidal mechanisms
within the phagosome. Macrophage phagocytosis also plays a
critical role in acquired immunity by delivery of antigens

derived from engulfed pathogens to MHC class II for antigen
presentation on the cell surface. These unique microbicidal and
antigen presenting activities are consistent with a role for
macrophage-specific phagosomal proteins. Phagocytosis is
also an ancient behavior, used by single celled eukaryotes such
as Dictyostelium to obtain nutrients for growth. The ancient
origins of this process are revealed by the conservation of
phagocytic elements between primitive and specialized
phagocytes.
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