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Summary

Receptors for the Fc portion of immunoglobulin (Ig)G (FcyR) mediate phagocytosis of 1gG-
opsonized particles by a process that can be divided into four major steps: receptor—ligand
binding, pseudopod extension, internalization, and lysosomal fusion. We have expressed single
classes of FcyR in COS fibroblasts to examine the structural determinants necessary to com-
plete the four steps of phagocytosis. Using phase contrast, fluorescence, confocal, and electron
microscopy we have demonstrated that FcyR-expressing COS cells can phagocytose in a man-
ner similar to that of professional phagocytes. We have further analyzed the capacity of the
three classes of FcyR to phagocytose, placing special emphasis on the FcyRIA—y chain com-
plex, which allowed us to examine independently the roles of the ligand-binding unit (FcyRIA)
and the signaling unit (y chain). We found that receptor complexes containing a conserved ty-
rosine activation motif (ITAM), as found in the cytoplasmic domain of FcyRIIA and in the -y
chain associated with FcyRIA and FcyRIIIA, readily internalized target particles. In contrast,
FcyRIA alone, having no ITAM, was unable to internalize target particles efficiently, but did
mediate pseudopod extension. Cotransfection of vy chain with FcyRIA restored the ability of
the receptor to internalize target particles. A mutant FcyRIA in which the cytoplasmic domain
had been deleted was also capable of mediating pseudopod extension, showing that neither the
~ chain nor the cytoplasmic domain of FcyRIA were required for this step. Cytochalasin D, an
inhibitor of actin polymerization, blocked particle internalization by all FcyR, but did not
block pseudopod extension. Staining the FcyRIA COS cells for F-actin and for tyrosine phos-
phoproteins, we found that actin did not polymerize during FcyRIA-mediated pseudopod ex-
tension, nor were tyrosine kinases activated. Our data suggest that pseudopod extension and in-
ternalization are functionally distinct steps mediated through different pathways.

Fc receptor for IgG (FcyR)-mediated phagocytosis is the
process whereby 1gG-coated particulate pathogens are
internalized and moved to lysosomes for degradation. The
mechanism requires fine coordination of the action of a va-
riety of molecules including cell membrane receptors, sig-
naling molecules, and cytoskeleton components. The re-
ceptors initiate the process by a zipper mechanism whereby
sequential interaction of particle-bound IgG with phago-
cyte FcyR stimulates the spreading of pseudopods around
the particle resulting in its eventual engulfment (1). Com-
plete circumferential coating of the target particle by ligand
is required, and FcyR additional to those involved in the
initial binding of the particle are recruited during the pro-
cess (2).

Several characteristics of the intracellular mechanism of

FcyR-mediated phagocytosis have been described. Engulf-
ment of attached particles requires actin polymerization as
demonstrated by the blockade of phagocytosis by inhibitors of
actin polymerization such as cytochalasin D. Along with
F-actin, tyrosine phosphoproteins accumulate beneath at-
tached IgG-coated particles before FcyR-mediated internal-
ization. Both F-actin accumulation and particle internaliza-
tion can be blocked by tyrosine kinase inhibitors, indicating
that the signal pathway requires tyrosine kinases (3). Indeed,
several nonreceptor tyrosine kinases of the src and syk fam-
ily have been coisolated with FcyR, and their activities
have been shown to increase after FcyR clustering (4-6).
Other signaling molecules such as protein kinase C and
phosphoinositide-3 kinase have also been implicated in
FcyR-mediated phagocytosis (7, 8).
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FcyR comprise a family of integral membrane glycopro-
teins with three standard components, i.e., an extracellular
ligand-binding portion consisting of two or three Ig-like
domains, a short hydrophobic transmembrane region, and a
cytoplasmic tail. In humans, three classes (I, Il, and 111) of
these receptors have been characterized, differing in fine
structure and affinity for 1gG, and within these classes a to-
tal of eight subclasses (A, B, C) exist, each encoded by a
separate gene (9). Of the eight FcyR in humans, three have
convincingly been shown to mediate phagocytosis (FCyRIA,
FcyRIIA, and FcyRINIA; reference 10). Two of these three
associate noncovalently with a common subunit, vy chain.
A common amino acid sequence is present in the vy chain
associating with FcyRIA and FcyRIINA and in the cyto-
plasmic tail of FcyRIIA. This conserved motif, designated
immunoreceptor tyrosine activation motif (ITAM), links
receptor clustering to the activation of tyrosine kinases (11—
13). Upon FcyR clustering, the tyrosines of the ITAM are
phosphorylated (6, 14, 15) and, in turn, serve as docking
sites for signaling proteins containing src homology 2 do-
mains (16, 17).

Analyzing the phagocytic mechanism of a single FcyR
class has been difficult because monocytes and macrophages
generally express multiple classes of FcyR. Therefore, struc-
ture—function studies of individual receptor classes have re-
quired expression of single FcyR classes into FCyR nega-
tive cells such as COS cell fibroblasts. This approach has
allowed analysis of the phagocytic capacities of each recep-
tor, the identification of receptor-associated molecules re-
quired for function (12, 18-20), and of receptor structural
sequences necessary for phagocytosis (21-24).

However, we have questioned two aspects of this model;
first, whether phagocytosis by COS cells mimics the pro-
cess as it occurs in a professional phagocyte, and second
whether phase contrast and fluorescence microscopy alone
are adequate indicators of bona fide phagocytosis. There-
fore, before embarking intently upon the study of the COS
cell model of phagocytosis, we critically scrutinized in these
cells the four major steps of FcyR-mediated phagocytosis:
receptor-ligand binding, pseudopod extension, internaliza-
tion, and fusion of the phagosome with lysosomes, with
four microscopic methods: phase contrast, fluorescence, con-
focal, and electron microscopy. Here we show that COS
cells indeed complete these four steps in a manner morpho-
logically similar to professional phagocytes, and we validate
that phase contrast and fluorescence microscopy are reason-
ably accurate methods for estimating phagocytosis.

We then focused on the signaling complex of FcyRIA
with the v chain to examine independently the effects of
the ligand binding unit, FcyRIA, and the signaling unit, v
chain, in driving pseudopod extension and internalization.
We found that although efficient particle internalization by
the receptor complex requires the -y chain, pseudopod ex-

1 Abbreviations used in this paper: DAB, diaminobenzidine; FcyR, Fc recep-
tor for 1gG; HRP, horseradish peroxidase; ITAM, immunoreceptor ty-
rosine activation motif; Pl, phagocytic index.
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tension is mediated in the absence of y chain and by a tail-
less FcyRIA. Moreover, pseudopod extension mediated by
FcyRIA is not blocked by cytochalasin D, and F-actin does
not polymerize nor do phosphotyrosine residues accumu-
late adjacent to pseudopod extensions. These data suggest
that these two phases of phagocytosis, pseudopod extension
and internalization, are functionally distinct steps mediated
by different mechanisms.

Materials and Methods

Cells and Cultures. COS-7 cells (American Type Culture
Collection, Rockville, MD) were maintained in DMEM (GIBCO
BRL, Gaithersburg, MD) supplemented with 10% fetal calf se-
rum (Hyclone, Logan, UT), 2 mM I-glutamine, 100 1U/ml pen-
icillin, and 100 wg/ml streptomycin. The THP-1 monocytic cell
line (gift from Dr. Paul Guyre, Dartmouth University, Lebanon,
NH) was grown in RPMI 1640 supplemented as above with the
addition of 2-mercaptoethanol at 5.5 X 1072 mM. 48 h before
experiments with THP-1 cells, 100 U/ml recombinant human
interferon y (Genentech, Inc., San Francisco, CA) was added to
the culture medium to enhance FcyRI expression.

¢DNAs and Transfection of COS-7 Cells. The FcyRIA cDNA
(25) was cloned into the pCDM expression vector for transfec-
tion into COS-7 cells. The human FceRI—y chain cDNA cloned
into the expression vector pSVL was a gift from Dr. J.-P. Kinet
(Harvard University, Cambridge, MA). The FcyRIIA cDNA
cloned in the expression vector pCEXV3 and the FcyRIIA
cDNA were provided by Dr. J. Ravetch (Rockefeller University,
New York). FcyRITIA cDNA was further cloned into the ex-
pression vector pPCDNA-1 (Invitrogen, San Diego, CA). The
FcyRIA tailless mutant was constructed by deletion of the 3’ end
of the cDNA corresponding to the 61 amino acids from the
COOH terminus of the protein (26). COS-7 cells were trans-
fected with 3 g of plasmid DNA/10-cm dish by the diethyami-
noethyl-dextran method as described previously (12) and ana-
lyzed for receptor expression and phagocytosis after 2 d.

Preparation of Phagocytic Targets. Sheep RBCs, (Colorado Se-
rum, Denver, CO) were washed three times in PBS (145 mM
NaCl, 20 mM phosphate buffer, pH 7.4) to remove serum, and
labeled by incubation with 0.1 mg/ml FITC in PBS overnight at
4°C. After four washes with PBS, FITC-labeled RBCs were in-
cubated with a subagglutinating dose of rabbit anti-sheep RBC
IgG (Diamedix, Miami, FL) at 37°C for 1 h. The RBCs were
washed four times to remove excess 1gG and were then used in
phagocytosis assays.

Fluorescent latex beads, 2 wm in diameter, with a carboxylate
coupled surface (Molecular Probes, Eugene, OR), were co-
valently coated with streptavidin (Pierce Chemical Co., Rock-
ford, IL) using a carbodiimide procedure as specified by Molecu-
lar Probes. Purified human IgG (Cappel, Cochranville, PA) and
BSA (GIBCO BRL) were biotinylated using NHS-LC-biotin
(Pierce Chemical Co.) as specified by the manufacturer. The
streptavidin-coated latex beads were mixed with either biotiny-
lated 1gG or BSA in PBS and incubated for 4 h. The beads were
then washed four times in PBS to remove unbound protein, re-
suspended at 1% solids in PBS with 1 mg/ml BSA, and stored at
4°C until use. Nonfluorescent beads, 2 wm in diameter, (Poly-
sciences, Warrington, PA) with a carboxylate-coupled surface
were coated with human 1gG or BSA using a carbodiimide pro-
cedure as specified by the manufacturer.



Phagocytosis Assay: Phase Contrast and Fluorescence Microscopy.
1 d after transfection, COS cells were seeded and grown over-
night on glass coverslips in 24-well plates for analysis of phagocy-
tosis. In other experiments, cells were grown on tissue culture
plates for 2 d and then removed by trypsinization for analysis in
suspension. FITC-labeled RBCs opsonized with 1gG were gently
pelleted onto the COS cells in culture medium by low speed cen-
trifugation for 3 min. To study binding of RBCs to COS trans-
fectants, cells were incubated together at 4°C for 1 h and were
then washed in PBS and fixed with 1% paraformaldehyde in PBS.
300 cells were counted per condition by phase microscopy and
the percentage of cells binding three or more RBCs was defined
as rosetting activity. To study phagocytosis, cells were incubated
with RBCs at 37°C for 1 h. The cells were then washed in PBS
and subjected to a 45-s hypotonic shock to lyse externally bound
RBCs; this treatment does not lyse COS cells or internalized
RBCs. The cells were fixed in 1% paraformaldehyde and stained
for fluorescence microscopy with 20 wg/ml ethidium bromide in
PBS for 20 s. The cells were then mounted in glycerin-PBS media
on slides and examined by phase contrast or fluorescence micros-
copy with a Zeiss microscope. 300 cells were examined per con-
dition and scored for the number of phagocytosed RBCs. The data
were expressed as a phagocytic index defined as the number of RBCs
internalized per 100 FcyR-expressing COS cells. Expression of re-
ceptor was estimated by rosetting activity from parallel samples incu-
bated at 4°C. In experiments where cytochalasin D (Sigma Chemical
Co., St. Louis, MO) was used, the inhibitor was added at 1 p.g/ml
just before the RBC target. Cell viability was scored by trypan
blue exclusion before and after incubation with cytochalasin D.

Phagocytosis Assay: Confocal Microscopy.  Phagocytosis assays were
carried out in suspension as described above. The cells were then
fixed in 1% paraformaldehyde and labeled with rhodamine-
conjugated wheat germ agglutinin (Pierce Chemical Co.) to mark
both the COS plasma membrane and any externally bound
RBCs. The cells were immobilized on coverslips using poly-
I-lysine. Cells were examined by confocal microscopy (MRC 600,
BioRad Labs., Hercules, CA) and optical sections were taken in
series every 0.5 pm in two fluorescent channels through single
cells. 100 cells were examined per condition and the number of
RBC:s internalized was scored. Three-dimensional reconstruc-
tions using two-color fluorescence were accomplished using a
Silicon Graphics Iris workstation with VVoxelview software (Vital
Images, Fairfield, I1A). Measurements between internalized RBCs
and the COS membrane were done on three-dimensional recon-
structions in three axes of the cell (x, y, and z) from each individ-
ual RBC internalized for 10 representative COS cells.

F-actin Staining: Confocal Microscopy. Transfected COS cells
were grown overnight on glass coverslips in 24-well plates before
the addition of nonfluorescent 1gG-coated beads. Cells were in-
cubated at 37°C with the bead targets for varying periods of time
ranging from 10 to 40 min, and were then washed two times in
DMEM and fixed in 3% paraformaldehyde in PBS for 15 min at
4°C. The cells were then permeabilized with 0.001% Triton X-100
in PBS for 7 min at room temperature, washed three times in
PBS, and stained with FITC-phalloidin (Molecular Probes) di-
luted 1:20 in PBS for 45 min at room temperature. The cells
were washed three times in PBS and were mounted in Mowiol
medium (Polysciences) and viewed by confocal microscopy. To
determine whether F-actin polymerization was triggered by par-
ticle binding, the density of stain was quantified by measuring the
pixel intensity in the area 4 um subjacent to the perimeter of the
bound bead. This value was compared to background cortical
F-actin staining taken at several areas of the cell devoid of particle
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binding to establish a baseline intensity value. Comparison of the
values obtained from bead binding to baseline levels yields a nu-
merical fold increase value which reflects the net increase in F-actin
triggered by bead binding for each cell examined. Morphological
criteria were also used to judge whether bead binding triggered
assembly of F-actin extensions around target beads.

Lipid Labeling. To examine pseudopod extension in parallel
with F-actin measurements, transfected COS cells were labeled
with a sulfonated Dil derivative (Molecular Probes) that is soluble
in aqueous solutions. Cells were incubated with 1gG-coated
beads for various time periods and were washed in DMEM and
fixed with 3% paraformaldehyde in DMEM for 15 min at 4°C.
The lipid portion of the cell membranes was then labeled by in-
cubation with 10 wM Dil in DMEM at 37°C for 20 min. After
labeling, the cells were washed three times in DMEM and were
postfixed in 1% paraformaldehyde before mounting in Mowiol
and analysis by confocal microscopy.

Antiphosphotyrosine Staining.  Transfected COS cells adherent
to glass coverslips were challenged with 1gG-opsonized RBCs or
IgG-coated nonfluorescent beads for 7 to 15 min at 37°C. The
cells were then washed two times in DMEM and were fixed in
cold acetone for 6 min. After fixation, the cells were washed with
DMEM and incubated with 0.1% BSA in DMEM for 15 min at
4°C. Antiphosphotyrosine antibody 4G10 (UBI, Lake Placid,
NY) or PY-20 (Santa Cruz Biotechnology, Santa Cruz, CA)
were incubated with the cells at 2 wg/ml for 1 h at 4°C. The cells
were then washed four times and incubated with a secondary
FITC-conjugated F(ab)'2 donkey anti-mouse IgG (Jackson Im-
munoresearch, West Grove, PA) diluted 1:100 adsorbed against
human, rabbit, and sheep serum proteins to prevent cross-reactiv-
ity. After 1 h at 4°C, the cells were washed three times and were
mounted in Mowiol for viewing by confocal microscopy.

Phagocytosis Assay: Electron Microscopy.  Transfected COS cells
detached from plates by trypsinization, or THP-1 cells, were
mixed with either 1gG- or BSA-coated fluorescent latex beads at
4°C for 30 min to allow binding and to synchronize phagocytosis.
In other experiments, 1gG-opsonized RBCs were used as targets
and cell sorting was omitted. To test the specificity of binding,
1gG- or BSA-coated beads were incubated with THP-1 cells and
analyzed by flow cytometry. Results indicated that 92% of the
THP-1 cells bound 1gG beads, whereas only 4% bound BSA beads,
confirming specificity. Mock-transfected COS cells bound 1gG-
or BSA-coated beads at background levels ranging from 1 to 4%,
and did not internalize any beads. In experiments where cytocha-
lasin D was used, the inhibitor was added before addition of tar-
get beads. After 30 min, the cells were then centrifuged to a pellet
and the medium containing excess beads was removed. Cells were
resuspended in complete DMEM and incubated at 37°C for 1 h
to allow phagocytosis to occur, and were then washed in PBS
three times to remove serum and unbound beads. Cells were
fixed with 1% glutaraldehyde (EM grade; Polysciences) in 0.1 M
sodium cacodylate buffer, pH 7.3, at 4°C for 1 h. Fixed cells were
washed twice in sodium cacodylate and in PBS, and stored at 4°C
before sorting. The cells were then sorted based on their ability to
bind or internalize the fluorescent latex beads with an Elite EPICS
fluorescence activated cell sorter (Coulter, Hialeah, FL) and col-
lected for further processing. Sorted cells were labeled with a
wheat germ agglutinin—horseradish peroxidase (HRP) conjugate
(Pierce Chemical Co.) to mark the external membrane surface
and then washed and attached with 2.5% glutaraldehyde to 3-cm
culture dishes that had been coated with 0.25% poly-1-lysine for
1 h. To form an electron-dense label at the external membrane
surface, the wheat germ agglutinin-HRP—-labeled cells were re-



acted with a 0.5 mg/ml diaminobenzidine (DAB) solution con-
taining 0.01% hydrogen peroxide in Tris-HCI, pH 7.6, buffer for
20 min and processed as described previously (27). The cells were
then fixed in 1% osmium tetroxide (Polysciences) in 0.1 M ca-
codylate buffer for 1 h, and then washed in cacodylate buffer be-
fore dehydration in a graded ethanol series and embedding in
EPON epoxy resin. Thin sections were cut on a Reichart ultrami-
crotome, counterstained with uranyl acetate and lead citrate (Poly-
sciences), and then viewed on an electron microscope (Philips EM
300; Philips, Eindhoven, The Netherlands) operated at 60 kV.
Acid Phosphatase Localization. Transfected COS cells were in-
cubated as described above with IgG-coated fluorescent latex
beads for 1.5 h at 37°C. The cells were washed twice in PBS fol-
lowed by cacodylate buffer and subsequently fixed in 1% glutaral-
dehyde with 5% sucrose in 0.1 M cacodylate buffer for 30 min at
4°C. After fixation, the cells were washed in cacodylate buffer
and then sorted for their ability to bind or internalize the fluores-
cent latex beads on a fluorescence-activated cell sorter (Coulter).
Sorted cells were washed twice in 0.1 M sodium acetate, pH 5.0,
buffer with 5% sucrose, and then incubated in a cerium-based re-
action media to detect acid phosphatase and processed as previ-
ously described (28). In brief, the reaction medium consisted of
2 mM cerium chloride (Alfa Products, Danvers, MA), 2 mM of
B-glycerophosphate as substrate, and 0.005% Triton X-100 to
permeabilize the cells, in 0.1 M sodium acetate buffer, pH 5.0,
with 5% sucrose. Samples were incubated without substrate to as-
sess specificity of the reaction. The cells were then fixed with 2%
osmium tetroxide for 45 min at room temperature and processed
for electron microscopy as described above. 1gG-coated bead tar-
gets were scored to determine whether they colocalized with the
electron-dense reaction product produced during the enzyme cy-
tochemical reaction. Control samples in which substrate was not
present showed no reaction product, confirming specificity.

Results

FcyR-transfected COS Cells Complete All Steps of
Phagocytosis in a Manner Similar to Professional Phagocytes

Using four different microscopic approaches, we found
that FcyR-transfected COS cells indeed phagocytose in a
manner similar to professional phagocytes. FcyR-transfected
COS cells were incubated with 1gG-opsonized FITC-labeled
sheep RBCs under phagocytosing conditions, were sub-
jected to a brief hypotonic lysis to remove external RBCs,
and were then fixed, stained, and viewed by phase contrast
and fluorescence microscopy to assess phagocytosis. By
phase contrast microscopy, the RBC targets appeared in-
ternalized, compressed, and compacted, suggesting that they
were contained within vesicles exerting a restrictive force
on the RBC shape (Fig. 1 A). By fluorescence microscopy,
the RBC targets, resistant to hypotonic lysis, appeared in-
side vesicular structures within the COS FcyR transfectants
(Fig. 1 B).

To precisely distinguish internalized from surface-bound
RBCs that may have survived the hypotonic lysis, a two-
color fluorescence confocal strategy was used, labeling the
RBCs with FITC and the COS cells with wheat germ ag-
glutinin—rhodamine to mark the plasma membrane. The
resulting sectional images in three axes show internalized
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RBCs clearly within the COS cell borders (two axes are
shown in Fig. 1, C and D). Three-dimensional reconstruc-
tion, allowing measurement of the distance between the
edge of internalized RBCs and the COS plasma mem-
brane, further confirmed the intracellular location of the
phagocytosed RBCs. 40% of the RBC targets were =1
pm inside the COS plasma membrane in all three axes,
clearly indicating that they were internalized. For the re-
maining 60%, the absence of overlap between the two flu-
orescence signals strongly suggested that the targets were
internalized, but the distance between the RBCs and COS
membrane was within 0.5 wm in at least one axis. Because
the 0.5 wm measurement approaches the limit of resolution
of our technique, internalization was not unequivocally de-
monstrable for 60% of the targets.

To determine definitively whether internalized targets
were sealed within phagosomes, we evaluated phagocy-
tosed IgG-coated latex bead targets by electron microscopy
after labeling the exposed COS cell membrane surface with
a wheat germ agglutinin-HRP conjugate and DAB peroxide.
Such surface labeling of external membranes differentiates
between truly internalized beads and beads that are sur-
rounded by COS membrane but are not completely sealed
inside a phagosome. Although, as illustrated in Fig. 2 A, some
beads are found inside the cell border by position, they are
not sealed inside the cell as indicated by the presence of the
DAB label around the beads. However, other beads are
completely internalized by the cell as indicated by the lack
of the DAB staining, illustrated in Fig. 2 B. Thus, COS
FcyR transfectants are capable of internalizing 1gG-opsonized
targets into sealed phagosomes, much like professional phago-
cytes, but not all targets that appear internalized by phase,
fluorescent, confocal, and electron microscopy are neces-
sarily sealed within phagosomes.

To determine conclusively whether transfected COS cells
could complete the final step of phagocytosis, fusion of phago-
some with lysosome, we colocalized a lysosomal marker
with target beads by electron microscopy. Transfected COS
cells, after phagocytosing 1gG-coated latex beads, were pro-
cessed to detect acid phosphatase activity using an enzyme
substrate and cerium metal to form an electron-dense pre-
cipitate at sites of enzyme activity. A majority of internal-
ized bead targets, but not all, were found colocalizing with
acid phosphatase (Fig. 2 D), demonstrating that FcyR COS
transfectants sort targets to lysosomes to complete the pro-
cess of phagocytosis.

Quantification of the Differential Ability of the Three FcyR
to Mediate Phagocytosis in COS Cells

To examine whether each of the three classes of FCyR
mediates phagocytosis, we transfected COS cells with the
cDNA for each class of FcyR and analyzed the process of
phagocytosis by phase contrast, fluorescence, confocal, and
electron microscopy, quantifying the process at each stage.

FeyRIA.  FcyRIIA COS transfectants were capable of
phagocytosing 1gG-opsonized targets, as shown by conven-
tional fluorescence and confocal microscopy (Table 1),
phagocytic indices (Pls) being similar by both methods, 277



Figure 1.
FITC-labeled sheep RBCs opsonized with 1gG at 37°C for 1 h to allow internalization to occur. The cells were then subjected to a brief hypotonic lysis
to remove externally bound RBCs and were fixed and stained to mark the COS plasma membrane. A and B illustrate a single FcyRI1A-expressing cell
stained orange with ethidium bromide examined by both phase contrast and fluorescence microscopy that has internalized several RBC targets (arrows) into
large vesicles. In C and D, confocal sections in two axes of the same cells show green RBC targets that appear within the COS membrane labeled with a
WGA-rhodamine conjugate appearing red. C shows several sections in the z-axis, whereas D shows the y-axis of the same cell. The third axis, x, is sim-
ilar to D and is not shown. Bar, 10 wm.

+ 152 and 244 + 81, respectively. Mock-transfected cells
did not bind or phagocytose opsonized RBCs. Analysis of
transfected cells by electron microscopy indicated that 22%
(16 of 72 cells examined) of FcyRIIA expressing COS cells
were capable of complete phagocytosis, i.e., capable of mov-
ing beads into sealed phagosomes showing no DAB stain.

FcyRINA.  FeyRINA cotransfected with its associated
subunit, vy chain, supported phagocytosis as determined by
fluorescence and confocal microscopy, showing phagocytic
indices of 235 = 68 and 178 = 95, respectively (Table 1).
These values are similar to the results obtained with Fcy-
RIIA (Table 1), indicating that both receptors mediate phago-
cytosis to a similar extent in the COS cell system.

FcyRIA.  On the other hand, while FcyRIA COS
transfectants bound lIgG-coated targets avidly both at 4°C
and 37°C (not shown), they phagocytosed poorly, showing
Pls of 28 = 6 by confocal and 61 = 39 by fluorescence mi-
croscopy (Table 1), clearly distinguishable from mock
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Analysis of FcyR-mediated phagocytosis by phase contrast and confocal microscopy. FcyR-transfected COS cells were incubated with

transfectants, which did not phagocytose at all. However,
the efficiency of FcyRI-mediated phagocytosis was signifi-
cantly increased when FcyRI was cotransfected with + chain
(PI of 270 £ 35), approaching levels achieved with Fcy-
RIIA. Analysis by electron microscopy confirmed that only
3.6% (4 of 110 cells assessed) of FcyRIA-expressing cells
were capable of phagocytosis, whereas COS cells cotrans-
fected with both FcyRI and -y chain showed 27% (18 of 66
cells examined) of the transfectants to be phagocytosing beads.
Using acid phosphatase activity as a lysosomal marker, we
found that FcyRIA—y chain cotransfectants localized three-
fold more target beads to lysosomes than FcyRIA alone (16
versus 5%).

To determine whether the cytoplasmic domain of Fcy-
RIA collaborated with the «y chain to mediate phagocyto-
sis, we used a tailless FcyRIA mutant cDNA. Expressing
the tailless mutant alone in COS cells, we found avid bind-
ing of 1gG opsonized targets, but minimal phagocytosis; the



Figure 2.

FcyR-transfected COS cells internalize targets into sealed phagosomes that subsequently fuse with lysosomes. Transfected COS cells were

incubated with 1gG-coated latex beads at 37°C to allow phagocytosis to occur. The cells were then fixed and processed for electron microscopy. In A and
B, the plasma membrane was labeled with a WGA-HRP conjugate and reacted with a DAB peroxide solution resulting in an electron-dense band at the
membrane surface. A illustrates target beads that have been bound but not sealed within the cell as indicated by the presence of the external membrane la-
bel around the beads (arrows). B shows a target bead that has been internalized within a sealed phagosome showing no membrane label, whereas the
plasma membrane is densely stained. In C and D, the cells were processed to detect acid phosphatase activity, a lysosomal marker. C shows a bead target
that has not been sealed within the cell and does not localize with acid phosphatase activity. D illustrates a bead target that has been internalized and does
colocalize with the electron-dense reaction product of acid phosphatase (arrowheads), indicating lysosomal fusion. Bar, 1 pm.

Pl (40 = 25) was similar to that observed with the intact
FcyRIA (Table 1). However, cotransfection of the tailless
receptor with -y chain greatly increased phagocytosis (P1 of
400 = 133, Table 1). Thus it would appear that the y chain
greatly enhances the FcyRI phagocytic signal and that the
cytoplasmic domain of FcyRI is not required for this pro-
Cess.

Pseudopod Extension Is Independent of the Cytoplasmic
Domain of FcyRIA

We analyzed by electron microscopy how FcyRIA and
FcyRIIA direct the first three steps of phagocytosis, namely,
(a) binding of ligand-coated beads to receptors on the cell
surface, (b) pseudopod extension with formation of a phago-
cytic cup, and (c) internalization resulting in a sealed phago-
some. The three phases, surface attachment, cup formation,
and phagosome sealing, were defined (Table 2) by the posi-
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tion of the target beads relative to the COS cell plasma
membrane identified by wheat germ agglutinin-peroxidase,
and by the morphology of the surrounding structure. Using
these criteria, we found that FcyRIA and FcyRIIA COS
transfectants displayed a different distribution of cell-associ-
ated targets in these three phases of phagocytosis. FCyRIA
COS cell transfectants showed minimal internalization of
bound targets after 1 h (4%), but were capable of extending
pseudopods around 52% of the targets (Table 2). Cotrans-
fection of y chain with FcyRIA increased internalization to
26%, yet the percentage of targets in the cupped phase re-
mained high (63%) at the expense of surface-bound beads.
In contrast, FcyRIIA COS cell transfectants internalized
20% of bound targets after 1 h, with only 5% of the targets
remaining in the cupped phase, whereas the majority of
targets (75%) were bound at the surface of the cells provok-
ing no apparent pseudopod extension (Table 2). To deter-



Table 1. Phagocytic Activity of the Three FcyR Classes Expressed in COS Cells

Phase and fluorescence Confocal
PI* PI*
Cytochalasin D Cytochalasin D

COS transfectant - + - + -
Mock 0 0 0 0
FcyRIA 203 16 =1 61 = 39 1+1 286
FcyRIA tailless 18 =3 19 +£2 40 = 25 3+1 ND
FcyRIA + vy chain 10 2 11+4 270 = 35 2+1 135 = 56
FcyRIA tailless + -y chain 16 + 4 15+4 400 = 133 4+1 ND
FcyRIIA 16 £ 2 16 £ 3 277 = 152 3£2 244 = 81
FcyRINA + v chain 11 *2 9x1 235 + 68 0 178 + 95

COS cells were incubated in the presence or absence of cytochalasin D with FITC-labeled RBCs opsonized with 1gG for 1 h and were subjected to
a brief hypotonic lysis to remove external RBCs, and were then fixed. 300 cells were examined per condition by phase and fluorescence microscopy
and were scored for the number of phagocytosed RBCs. Data represent the mean and SD of three experiments.

*RA (rosetting activity) was determined from cells not subjected to hypotonic lysis and is defined as the percentage of cells that bound three or more

RBCs.

*PI is defined as the number of RBCs ingested by 100 FcyR-expressing COS cells.
8Confocal PI is the PI derived from three experiments analyzed by confocal microscopy.

mine if the cytoplasmic domain of FcyRIA was involved in
directing pseudopod extension, we tested the mutant tail-
less receptor for the ability to induce cupping and found
that it induced cupping of 48% of bound targets, similar to
the 52% induced by the wild-type receptor (Table 2).

To study the process of pseudopod extension in a profes-
sional phagocyte that naturally expresses FCyRIA, vy chain,
and FcyRIIA, the monocytic cell line THP-1 was used.
The monocytic cells were processed in the same manner as
the COS cells using identical 1gG-coated bead targets and
were examined by electron microscopy. The THP-1 cells
internalized 64% of targets bound after 1 h, and extended
pseudopods around 34% of the targets (n = 70).

We also examined the process of pseudopod extension
by electron microscopy using 1gG-opsonized RBC targets
in both THP-1 cells and COS transfectants to rule out any
effects due to the nature of the IgG-coated latex beads.
Both cell types were processed identically after 45-min and
1-h incubations to allow a direct comparison of morpho-
logical differences between monocytic cells and COS fi-
broblasts transfected with FcyRIA. In both cell types, mor-
phologically similar pseudopod extensions were observed
extending around the RBC target particles (Fig. 3). These
extensions did not follow the contours of the RBC targets
as tightly as those observed with the latex bead targets in
both cell types. This slight difference may reflect the rigid
nature of the beads and the possibility that the RBC targets
may shrink during the electron microscopy fixation proce-
dures, whereas the solid beads do not. We did not quantify
the samples in which RBCs were used as targets since COS
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Table 2. Location of Target Beads Relative to the COS Plasma
Membrane after 1 h

Distribution of beads by
location:

% of total number Total No. of
beads associated
COS transfectant ~ Surface* Cupped* Sealeds with cells
FcyRIA 44 52 4 125
FcyRIA tailless 51 48 1 93
FcyRIA + ychain 11 63 26 9%
FcyRIIA 75 5 20 72

COS cell transfectants were incubated with 1gG-coated latex beads at
37°C for 1 h and were then fixed and processed for electron micros-
copy. The position of individual beads was determined relative to the
labeled COS cell plasma membrane. The combined data from two ex-
periments sort into three categories that define the position of the bead:
*Surface: the bead is bound to the external membrane surface with little
or no pseudopod advancement. The measured arc of contact between
the COS cell membrane and bead was 90° = 30° for 30 beads exam-
ined in this category.

*Cupped: the bead is enveloped by pseudopods covering 50% or more
of the bead circumference. The measured arc of contact between
pseudopods and bead targets was 280° = 60° for 30 beads examined in
this category.

§Sealed: the bead is sealed inside the cell as shown by a lack of external
membrane staining around the bead.



Figure 3.
transfectants (C and D) were incubated with 1gG-opsonized sheep RBCs at 37°C for 45 min (A and C) or 1 h (B and D). The cells were then fixed, la-
beled with a WGA-HRP conjugate, and processed for electron microscopy as described in the legend to Fig. 2, A and B. In A, a THP-1 monocyte has
extended fine pseudopods around an RBC target in an early phase of the phagocytic process. B shows a later phase of pseudopod extension in which the
THP-1 cell has drawn the RBC target almost completely into the cell. In C, an FcyRIA COS transfectant has extended fine pseudopods around the
RBC targets in an early phase of the process, whereas D shows a later terminal phase in which the RBC is surrounded by the cell, but not sealed within
a phagosome. Bar, 1 pm.

transfection efficiencies ranged from 20 to 30%, making
analysis by electron microscopy very difficult. In experiments
using fluorescent latex beads as targets, this problem was
circumvented by sorting by flow cytometry only those cells
that had bound beads. Regardless of whether 1gG-opsonized
RBCs or latex beads were used as target particles, pseudo-
pod extensions were morphologically similar in both cell

types.

The Role of Actin Polymerization in Phagocytosis

We examined the role of actin polymerization in the first
three phases of phagocytosis by incubating COS cell trans-
fectants with cytochalasin D. Cytochalasin D blocked in-
ternalization to near zero by all three classes of FcyR in
COS cells, as measured by fluorescence microscopy (Table
1). Rosetting activity, however, which measures binding of
IgG-opsonized targets, was unaffected (Table 1), and cells
remained viable by the criterion of trypan blue exclusion
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THP-1 monocytes and COS transfectants extend morphologically similar pseudopods. THP-1 monocytes (A and B) and FcyRIA COS

(97% before, 96% after treatment). Remarkably, cytochala-
sin D had little or no effect on the ability of pseudopods to
move around target particles, as evaluated by electron mi-
croscopy (Fig. 4). Although variations in the appearance of
pseudopod extensions were common in both untreated
(Fig. 4, A B) and cytochalasin D-treated samples (Fig. 4, C
D), movement of the extensions around target particles was
unaffected. We directly measured the quantitative extent of
pseudopod formation in both untreated and cytochalasin
D-treated cells expressing FCyRIA and FcyRIA + chain, as
illustrated in Fig. 4 D. The extent of pseudopod formation
was measured in degrees as the arc of the bead target cov-
ered by pseudopods. Measurements of 50 beads showing
pseudopod formation in both untreated and cytochalasin
D-treated samples gave a mean and standard deviation of
270° = 60° and 240° = 70°, respectively, indicating no sig-
nificant difference in the degree of pseudopod extension.
In analyzing the qualitative effect of cytochalasin D on
the phase of pseudopod extension, we determined the per-



Figure 4. Electron micrographs of FcyRIA (A-C) and FcyRIA—y chain (D) COS transfectants engaged in the cupping phase of phagocytosis. Cells
were incubated with or without cytochalasin D for 1 h at 37°C and were then processed for electron microscopy. The cupping phase is observed in the
absence (A and B) and presence (C and D) of cytochalasin D. Variations in morphology of the pseudopods were common, as illustrated in A and B in
which both examples were not treated with cytochalasin D. D illustrates the method used to measure the extent of pseudopod formation. The circumfer-
ence of the bead covered by pseudopods is measured in degrees, indicated by the inset white area. Bar, 1 pm.

centage of targets found in the cupped phase with and
without treatment. COS cells transfected with FcyRIA alone
displayed pseudopod extension in 63% of bound targets
without cytochalasin D and 54% in the presence of the in-
hibitor (Table 3). Likewise, FcyRIA—y chain cotransfec-
tants exhibited 59% of bound targets cupped without in-
hibitor and 62% with cytochalasin D treatment. Consistent
with results assessed by fluorescence microscopy, electron
microscopy showed that cytochalasin D treatment blocked
internalization from 30% down to 3% of cell-associated
beads in the FcyRIA—y chain cotransfectants (Table 3).
FcyRIIA transfectants also showed a blockade of internal-
ization from 20% down to 0% with cytochalasin D treat-
ment, with an accompanying shift of targets to the cupped
phase from 4% to 17% with treatment. Thus, in COS cells
transfected with either the FcyRIA complex or FcyRIIA,
cytochalasin D blocked internalization but did not block
pseudopod extension.

To determine whether pseudopod extension is necessar-
ily associated with F-actin polymerization, we stained COS
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transfectants with FITC-phalloidin and analyzed by confo-
cal microscopy both pseudopod extension and internaliza-
tion during phagocytosis of 1gG-coated beads. The density
of actin filaments extending around the beads was quanti-
fied by measuring the pixel intensity of staining in a 4-pum
area photometrically (Table 4). In COS cells expressing
FcyRIA, only 1% of cell-associated beads showed subja-
cent accumulation of F-actin at 15 min of incubation. This
same pattern was also observed at 40 min; only 1 of 241
beads was rimmed with polymerized F-actin. In contrast,
45% of beads associated with FcyRIIA cells were rimmed
with F-actin at 15 min, with F-actin stain density being 9 =
4-fold above background cortical F-actin density (Table 4).
These differences are illustrated in Fig. 5 where F-actin
bundles can be seen rimming beads in FcyRII1A-expressing
cells (Fig. 5 A), whereas no such F-actin extensions are seen
in FcyRIA-expressing cells (Fig. 5 C). To monitor pseudo-
pod extension in this experiment, parallel samples were
processed and fixed identically and then stained with a Dil
derivative that labels lipid in membranes (Fig. 6). We were



Table 3.

Cupping Is Not Inhibited by Cytochalasin D in COS Cells

Distribution of beads by location: Total No.

% of total of beads

Cytochalasin D associated

COS transfectant +/— Surface Cupped Sealed with cells
FcyRIA — 36 63 1.5 80
FcyRIA + 46 54 0 95
FcyRIA + vy chain - 11 59 30 148
FcyRIA + vy chain + 35 62 3 107
FcyRIIA - 76 4 20 25
FcyRIIA + 83 17 0 53

COS transfectants were incubated with 1gG-coated latex beads with or without 1 pwg/ml Cytochalasin D at 37°C for 1 h. Cells were processed as de-
scribed in Materials and Methods, and were viewed by electron microscopy. The data sort into three categories, described in the legend to Table 2,

that define the position of the bead relative to the COS cell membrane.

unable technically to combine lipid and F-actin staining in
the same sample. Analysis by confocal microscopy revealed
that FcyRIA-expressing COS cells showed vigorous pseudo-
pod extension around attached beads (Fig. 6 C) similar to
results observed by electron microscopy (Fig. 4). These data
suggest that pseudopod extension mediated by FcyRIA does
not require detectable F-actin polymerization.

FcyRIA-mediated Pseudopod Extension Is Not Associated
with Tyrosine Phosphorylation

We next asked whether pseudopod extension is neces-
sarily associated with the accumulation of tyrosine phos-
phoproteins beneath bound particles, assessing transfectants
presented with either IgG-coated RBCs or beads. First,
transfected COS cells were incubated with 1gG-coated
RBCs, fixed, stained with antiphosphotyrosine antibody,
and then evaluated by confocal microscopy. We found no
accumulation of tyrosine phosphoproteins around RBCs
bound to 100 COS cells expressing FcyRIA (0/100) or the
FcyRIA-tailless mutant (0/100). In contrast, of 100 Fcy-
RIIA transfectants rosetting opsonized RBCs, 39 showed the
accumulation of tyrosine phosphoproteins beneath bound tar-
gets (Fig. 7 A). Similar results were obtained using 1gG-coated
beads as targets. There was no accumulation of tyrosine phos-
phoprotein around beads bound to 25 FcyRIA-transfected
cells (0%), despite our observation with the lipid stain that
these beads are enveloped by pseudopods, whereas 9 out of
29 (31%) FcyRI1A-expressing cells showed beads with ty-
rosine phosphoprotein accumulation. These data would in-
dicate that pseudopod extension need not be associated
with the accumulation of tyrosine phosphoproteins.

Discussion

We derive three main points from the data presented in
this study. First, we establish that FcyR-transfected COS
cells phagocytose in a manner that appears similar both
morphologically and biochemically to professional phago-
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cytes. We have scrutinized the entire four-step process of
phagocytosis using phase contrast, fluorescence, and confo-
cal microscopy, and using electron microscopy we have ap-
plied two well-accepted criteria for phagocytosis, viz, ex-
ternal membrane staining to demonstrate internalization, and
acid phosphatase colocalization to identify lysosome—phago-
some fusion. All of these approaches converge to indicate
that FcyR-transfected COS cells perform all four steps of
phagocytosis, namely, receptor—ligand binding, pseudopod
extension, particle internalization, and lysosome fusion in a
manner that we cannot distinguish morphologically from the
process observed in phagocytes.

Reconstitution of the FcyR-mediated phagocytic path-
way in the COS cell, a simian kidney fibroblast, implies that

Table 4.  Analysis of F-actin Polymerization following 19G-coated
Bead Binding

Beads
triggering
F-actin Total No. Fold increase
—— ofbound in F-actin staining
COS transfectant No. % beads intensity*
FcyRIA 6 1 432 3x1
FcyRIIA 104 45 230 9+

COS cells were incubated with IgG-coated beads for 15 min at 37°C
and were fixed and then stained with FITC-phalloidin to detect actin
filaments. The cells were analyzed by confocal microscopy and F-actin
staining subjacent to bound beads was analyzed for the presence of
F-actin extensions around target beads. A 4-pum area beneath bound
beads was also measured for F-actin staining intensity and was compared
against background cortical F-actin of the same cell to determine a fold
increase value. The data are derived from 35 cells for each condition
from two experiments. The increase in F-actin staining intensity ob-
served for FcyRIIA compared to FcyRIA is significant (P = 0.02).
*Fold increase value derived only from beads which triggered F-actin
accumulation.



Figure 5.
coated beads for 15 min at 37°C and were then fixed, permeabilized, and stained for F-actin using FITC-phalloidin. A and C show 0.5-pm~thick single con-
focal sections of F-actin staining, whereas B and D are companion nonconfocal transmitted light phase contrast sections. In A, an FcyRIIA transfectant
shows F-actin extensions surrounding bound beads, whereas the parallel B provides the position of the beads. In C, an FcyRIA transfectant does not
show an F-actin extensions or increases in F-actin due to target binding above background levels, whereas the parallel D shows the location of the beads.
Cells were examined in all planes of focus to detect F-actin extensions as quantified in Table 4. Arrows, F-actin extensions in A, and associated beads in B.
Bar, 5 pm.

the process in both phagocytes and fibroblasts may use com-
mon cellular components. Indeed, fibroblasts are consid-
ered nonprofessional phagocytes under certain conditions
(29). For example, fibroblasts can phagocytose apoptotic
neutrophils through a vitronectin receptor (30) and Con
A—coated yeast by cross-linking of unidentified surface gly-
coproteins (31). Moreover, in murine macrophages, talin
and paxillin, two fibroblast proteins associated with focal
adhesion plaques, localize to phagocytic cups before inter-
nalization of 1gG-opsonized targets (32, 33) suggesting the
use of common pathways by the two cell types to mediate
different functions. Another fibroblast cell line, the murine
3T3, has also been shown to mediate phagocytosis when
transfected with FcyRIIA (34). However, not all fibroblast
lines are capable of reconstituting FcyR-mediated phago-
cytosis; for instance, Chinese hamster ovary (CHO) cells
transfected with FcyRIIA do not phagocytose (21), yet are
capable of sorting the parasite Toxoplasma gondii to lyso-
somes after infection when expressing FcyRIIB (35). This
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Confocal analysis of F-actin after 1gG-coated particle binding to FcyR COS transfectants. Transfected COS cells were incubated with 1gG-

suggests that although basic intracellular mechanisms can
support phagocytosis, critical factors coupling FcyR with
the phagocytic response may be missing in some cells. COS
fibroblasts, however, appear to possess the necessary factors,
and therefore may represent an appropriate model system
for the analysis of the proximal steps of FcyR-mediated
phagocytosis.

The second main point to be drawn from our data is that
although previous studies of phagocytosis by FcyR-trans-
fected COS cells (18-20, 36) have yielded valuable infor-
mation, they have used methods that either assumed that
particles appearing intracellular by phase contrast or fluo-
rescence microscopy were indeed internalized, or failed to
prove definitively that the targets were internalized. We
have addressed and resolved these two issues. Quantitative
measurements of COS cell phagocytosis by phase contrast,
fluorescence, and confocal microscopy were similar when
expressed as Pls. Confocal microscopy did not improve the
results of phase and fluorescence in that 60% of the appar-



Figure 6.
were incubated with IgG-coated beads for 15 min at 37°C and were then fixed and stained with a Dil derivative to label the membranes of the cells. A
and C show single confocal sections of Dil lipid staining, whereas B and D show companion nonconfocal phase contrast sections. In A and B, an FcyRIIA-
transfected cell shows two beads with associated pseudopod extensions in the process of closure, whereas in C and D an FcyRIA-transfected cell shows
several terminal pseudopod extensions around bound beads that do not fuse. Arrowheads, beads with associated pseudopod extensions. Bar, 5 pwm.

ently internalized targets were so close to the COS plasma
membrane as to be unresolvable. However, electron mi-
croscopy, with plasma membranes marked by wheat germ
agglutinin-HRP, indicated that not all, but certainly the
vast majority, of the apparently internalized beads were
truly sealed from the exterior of the transfected COS cell.
Likewise, colocalization of internalized beads and acid
phosphatase by electron microscopy showed that most, but
not all, bead-containing phagosomes had fused with lyso-
somes during the time course of the experiment. Thus,
since our studies show that phase, fluorescence, or confocal
microscopy come very close to approximating a true PI as
determined by electron microscopy, we would conclude
that the methodologic assumptions in these earlier studies
are valid and that the results, therefore, are well grounded.
Our data support earlier studies showing that the ITAM
is critical for phagocytosis (18, 22, 36). We show that effi-
cient phagocytosis is mediated only by FcyR associated
with the conserved tyrosine signaling motif, ITAM, impli-

172 FcyR-mediated Phagocytosis

Analysis of pseudopod extension by confocal microscopy. Parallel samples of transfected COS cells from the experiment described in Fig. 5

cated in signal transduction of several other immune system
receptors (14, 37, 38). Others have shown that mutation of
critical tyrosine residues in the ITAM of both vy chain and
FcyRIIA block phagocytosis (22, 23, 39). Functionally, the
ITAM provides a means of linking receptor clustering to ty-
rosine kinase activation required for FcyR-mediated phago-
cytosis (3). We have extended this observation by showing
the accumulation of tyrosine phosphoproteins around op-
sonized particles being phagocytosed by FcyRIIA-trans-
fected cells. Others have demonstrated that directly linking
the tyrosine kinase syk to an FcyR extracellular domain re-
sults in a chimera capable of phagocytosis (40), reinforcing
the central role of tyrosine kinase activity in directing phago-
cytosis.

The third and most novel aspect of our study is the use
of the transfected complex of FCyRIA and vy chain to ex-
amine independently the effects of the ligand-binding unit,
FcyRIA, and the signaling unit, -y chain, in driving pseudo-
pod extension and internalization. We found that pseudo-



Figure 7.
with 1gG-opsonized RBCs for 10 min at 37°C and were then fixed and stained with antiphosphotyrosine mAb 4G10 followed by a secondary FITC-
conjugated donkey anti-mouse 1gG for detection. A and C show anti-phosphotyrosine staining, whereas B and D show companion nonconfocal phase
contrast sections. In A, an FcyRIIA-expressing cell displays tyrosine phosphoprotein accumulation at sites of 1gG-opsonized particle binding, indicating
triggered tyrosine kinase activity. In B, several cells not expressing FcyR (n, nuclei) can be seen that show only background staining for phosphotyrosine
in A, confirming specificity. C and D show an FcyRIA-expressing cell that has bound many 1gG-opsonized RBCs, but does not show any phosphoty-
rosine staining above background levels. Bar, 10 pum.

pod extension and internalization could be uncoupled.
COS cells expressing either FcyRIA alone or a tailless Fcy-
RIA were capable of pseudopod extension, yet incapable of
particle internalization. However, cotransfection of -y chain
with FcyRIA to form an FcyRIA—y chain complex in-
creased dramatically the internalization of cell-associated
particles while pseudopod extension remained essentially un-
changed. Kinetic studies of phagocytosis >4 h (not shown)
indicated that the percentage of phagocytic cells and the
phagocytic index reached maximal levels at 30 min for Fcy-
RIA and FcyRIIA COS transfectants, indicating that
pseudopod extension was not an artifact of early sampling.
Moreover, cupping by a monocytic cell line, THP-1, indi-
cated that the phenomenon is not peculiar to transfected
COS cells. Therefore, we would propose that the ITAM
containing v chain functions largely to mediate the inter-
nalization phase of phagocytosis, whereas pseudopod ex-
tension is primarily driven by the FcyRIA ligand-binding
unit. In the case of FcyRIIA, where both the ITAM-sig-
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Antiphosphotyrosine staining of FcyR-transfected COS cells after 1gG-opsonized particle binding. Transfected COS cells were incubated

naling unit and the ligand-binding unit are contained in the
same molecule, pseudopod extension and internalization
are sequentially coupled events. At early time points, F-actin—
rich pseudopods are observed by confocal microscopy (Fig.
5 A) extending around particles. As the process continues,
these particles are internalized as observed by electron mi-
croscopy (Table 2) such that after 1 h, particles are either
completely internalized or remain surface bound with no
apparent pseudopod extension, indicating that the two
steps are coupled for FcyRIIA.

The role of actin polymerization in pseudopod extension
and particle internalization was examined using two ap-
proaches. First, we found that an inhibitor of actin poly-
merization, cytochalasin D, blocked internalization of 1gG-
coated targets by COS cells transfected with any of the three
classes of FcyR, consistent with findings of others (18, 41).
It was remarkable, however, that although cytochalasin D
blocked internalization of particles, it did not block pseudo-
pod extension mediated by either FcyRIA or FcyRIIA



(Table 3). The effects of cytochalasin D on COS cell trans-
fectants were seen in THP-1 cells as well, indicating that
pseudopod extension in the presence of cytochalasin D is
not cell-type specific. Second, we directly assayed F-actin
polymerization in response to lgG—particle binding at sev-
eral early time points by staining transfected cells with
FITC-phalloidin and analyzing them by confocal micros-
copy. This approach revealed that FcyRIIA was capable of
triggering F-actin polymerization, but FcyRIA was not
(Table 4). Pseudopod extension around the particles was
confirmed in parallel samples stained with the fluorescent
Dil lipid label. Consideration of both the electron micros-
copy data and the F-actin confocal data for FcyRIA indi-
cated that ~50-60% of bound particles show pseudopod
extension that is neither blocked by cytochalasin D nor as-
sociated with circumferential actin polymerization. The
role of tyrosine kinases in the process of pseudopod exten-
sion and internalization was evaluated in similar fashion.
We saw that tyrosine phosphoproteins were not found in
the cups of FcyRIA-transfected cells, but were easily visi-
ble around particles being phagocytosed by FcyRIIA trans-
fectants. These data suggest that pseudopods can extend in
the absence of tyrosine kinase activity and subsequent F-actin
polymerization.

Others have recently described the separation of pseudo-
pod extension from internalization, underscoring the mul-
tistep nature of the phagocytic process. A recent study of
macrophages has shown that the step from pseudopodia ex-
tension to fusion, resulting in particle internalization, re-
quires phosphoinositide 3-kinase (PI3-K), but pseudopod
extension itself is not blocked by PI3-K inhibitors (42).
Similarly, a B lymphocyte line (DT40) transfected with ei-
ther FcyRIIA or an FcyRIIA—y chain chimera manifests a
block between pseudopod extension and internalization
(43). These cells are able to form pseudopods and polymer-
ize actin in response to an IgG-opsonized particle, yet are
incapable of internalization, illustrating a further complex-
ity in the stepwise mechanism of phagocytosis.

Work in another system has suggested that the two
phases of phagocytosis, pseudopod extension and internal-
ization, are functionally distinct. Studies in which the force
of contraction in single granulocytes was measured during
engulfment of large yeast pathogens found that the phago-
cytic response occurs as a sequential two-step process. Dur-

ing the first step, the phagocyte spreads rapidly over the
yeast particle without contraction of the cell body. Then,
when spreading has stopped, contraction force increases (44).
The observed two-step process may reflect a functional di-
vision of the actions of a ligand-binding unit and a signaling
unit of phagocytic receptors that is transmitted to the cell.

The simultaneous occurrence of F-actin accumulation
and pseudopod extension in macrophages and B cells has
been interpreted as indicating that F-actin polymerization
drives pseudopod extension (3, 43). However, our findings
would suggest that pseudopod extension is not necessarily
dependent on the polymerization of F-actin. The forma-
tion of a pseudopod may result initially from the sequential
interactions of receptor-ligand binding events that draw
the cell membrane up around the particle. This process
may only proceed to a certain degree without the support
of the F-actin cytoskeleton, which is required to complete
closure and internalize the particle. Whether this initial pro-
cess reflects simply the receptor-ligand binding event or
other possible signaling events that may be triggered through
the receptor extracellular or transmembrane regions is not
clear.

Methodological differences between our model and other
models may explain why the separation of pseudopod ex-
tension from internalization has only recently been de-
scribed. We and others (42) have used high-resolution tech-
niques such as electron microscopy and Dil lipid labeling
with confocal microscopy to observe fine membranous
pseudopods, whereas earlier studies used phase contrast or
fluorescence microscopy, which do not easily visualize these
structures. The COS transfection system also allowed us to
separate the effects of the ligand-binding unit from the sig-
naling unit without the use of inhibitors that may have un-
desired effects on cellular functions.

This study provides further evidence for the functional
separation of pseudopod extension from internalization dur-
ing the process of phagocytosis. The case of the FcyRIA—y
chain complex highlights this point and raises several possi-
bilities as to how pseudopod extension is driven. It will be
of interest to examine how the ligand-binding unit of Fcy-
RIA mediates pseudopod extension to gain insight into the
various mechanisms at work during FcyR-mediated pha-
gocytosis.
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