
Chimeric Receptors Composed of Phosphoinositide 3-Kinase
Domains and Fcg Receptor Ligand-binding Domains Mediate
Phagocytosis in COS Fibroblasts*

(Received for publication, June 3, 1998, and in revised form, July 6, 1998)

Malcolm B. Lowry‡, Anne-Marie Duchemin§, K. Mark Coggeshall¶, John M. Robinsoni,
and Clark L. Anderson‡**

From the ‡Department of Internal Medicine, §Department of Psychiatry, ¶Department of Microbiology, and iDepartment of
Cell Biology, Neurobiology, and Anatomy, Ohio State University College of Medicine, Columbus, Ohio 43210

Receptors for the Fc portion of IgG (FcgR) initiate
phagocytosis of IgG-opsonized particles by a process
involving the assembly of a multi-molecular signaling
complex. Several members of this complex have been
identified, including Src family kinases, Syk/ZAP 70
family kinases, and phosphoinositide 3-kinase (PI3-K).
To test directly the role of PI3-K in mediating phagocy-
tosis, we assessed the phagocytic ability of chimeric re-
ceptors composed of FcgR extracellular and transmem-
brane domains fused to regions of the p85 subunit of
PI3-K. We found that chimeric receptors with cytoplas-
mic tails composed of the entire p85 subunit of PI3-K or
the inter-Src homology 2 portion of p85 triggered phag-
ocytosis in transfected COS fibroblasts. These two chi-
meras also showed phosphoinositide kinase activity in
vitro when immunoadsorbed. In contrast, a chimera
containing only the carboxyl-terminal Src homology 2
domain of p85 that does not interact with the catalytic
p110 subunit of PI3-K did not trigger phagocytosis, nor
did it show kinase activity in vitro. These data suggest
that localization and direct activation of PI3-K at the
site of particle attachment is sufficient to trigger the
process of phagocytosis.

Fc receptors for IgG (FcgR)1 trigger cellular processes that
mediate the crucial protective functions of antibodies. Our un-
derstanding of one such cellular process, namely phagocytosis,
by which IgG-coated pathogens are engulfed and degraded, is
beginning to yield to intense molecular dissection. This process
is initiated by ligation of FcgR with IgG-coated particles and
proceeds by the spreading of pseudopods around the particle,
with receptors binding ligands in a zipper-like fashion (1). A
multi-molecular signaling complex assembles beneath the
membrane at the site of particle attachment that induces re-
modeling of the actin cytoskeleton required to complete the
internalization process (1, 2).

The earliest identifiable signal associated with receptor clus-
tering is tyrosine kinase activity, which is necessary for phag-
ocytosis to proceed (3, 4). The cytoplasmic portions of FcgR do
not contain intrinsic tyrosine kinase activity. Instead these
receptors either contain (FcgRIIa) or associate with an auxil-
iary molecule that contains (FcR g-chain) a conserved amino
acid motif that upon phosphorylation of critical tyrosine resi-
dues serves as a docking site for Src homology 2 (SH2) domain-
containing proteins (5). This docking site is designated immu-
noreceptor tyrosine activation motif (ITAM).

Our major working hypothesis explaining signal transduc-
tion leading to phagocytosis states that, immediately after re-
ceptor clustering, the ITAM is phosphorylated by one or an-
other member of the Src family of tyrosine kinases. Src kinases
have been co-isolated with FcgR in the resting state (6), and
their activities appear to increase following receptor clustering
(7–11). The phosphorylated ITAM then recruits other SH2
domain-containing signaling molecules including the tyrosine
kinase Syk (9–11), a member of the Syk/Zap70 family of non-
receptor tyrosine kinases central to the signal generation of
several other immunoreceptor molecules (12, 13).

A variety of observations confirm the requirement of Syk
kinase in the signal pathway leading to phagocytosis. First,
Syk-deficient lymphocytes failed to trigger significant F-actin
assembly after clustering of ITAM-containing receptors (14).
Second, chimeric receptors composed of FcgR extracellular do-
mains fused to Syk kinase cytoplasmic tails triggered phago-
cytosis quite successfully in COS fibroblasts (15). Recently,
macrophages derived from Syk-deficient mice were found to be
incapable of completing phagocytosis, manifesting only partial
pseudopods that contained F-actin beneath the attached parti-
cles but failed to mature into enveloping pseudopods and in-
ternalized phagosomes (16). Of special interest to our study,
these Syk-deficient cells showed no association of the p85 sub-
unit of phosphoinositide 3-kinase (PI3-K) with tyrosine-phos-
phorylated proteins, indicating that recruitment of PI3-K to
receptor complexes did not occur. Furthermore, the block in
phagocytosis exhibited by these Syk-deficient macrophages
morphologically resembled the effect of the PI3-K enzyme in-
hibitor wortmannin on normal macrophages (16). These data
place Syk kinase upstream of PI3-K in the signaling pathway
and would suggest that the role of Syk kinase in phagocytosis
is to allow the recruitment and activation of PI3-K.

FcgR clustering leads to the association of PI3-K with recep-
tor complexes and to an increase in PI3-K activity in various
cell types (11, 17). PI3-K has been implicated in the process of
FcgR-mediated phagocytosis in neutrophils (17) and macro-
phages (18) through the use of inhibitors of PI3-K catalysis
such as wortmannin. Wortmannin not only blocks phagocytosis
in these cells, it also blocks granule exocytosis and cell killing
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directed through FcgR in NK cells (19), indicating a conserved
role for PI3-K in FcgR signaling. The enzyme phosphorylates
phosphoinositides at the D-3 position of the inositol ring, pro-
ducing phosphatidylinositol (3,4)-bisphosphate and phosphati-
dylinositol (3,4,5)-trisphosphate that act as second messengers
(20, 21). The particular isoform of PI3-K associated with FcgR
is a heterodimer composed of a regulatory subunit designated
p85 and a catalytic subunit designated p110. The several func-
tional domains of the p85 subunit include a Src homology 3
domain, a breakpoint cluster region, two SH2 domains, and an
inter-SH2 (iSH2) domain (Fig. 1). The two SH2 domains direct
the interaction of PI3-K with activated receptors (22, 23),
whereas the breakpoint cluster region domain may bind small
G-proteins such as Rac (24). The iSH2 domain, required for the
enzymatic activity of PI3-K, binds to the p110 subunit to form
a constitutively active enzyme (25).

To test directly the role of PI3-K in mediating phagocytosis,
we assessed the phagocytic capacity of three chimeric receptors
composed of the extracellular and transmembrane domains of
FcgRIa fused to regions of the p85 subunit of PI3-K. The
chimeras were designed to mimic the recruitment of PI3-K to
immune complex-induced FcgR clusters without the need for
additional proteins of the proximal signal cascade, specifically,
FcR g-chain and its ITAM, members of the Src family that
phosphorylate FcR g-chain, and Syk. The three chimeras are
depicted in Fig. 1. The cytoplasmic portion of the first chimera
is composed of the wild type p85, which contains several known
functional domains of PI3-K. The tail of the second contains
only the iSH2 region, which is responsible for binding the
catalytic p110 subunit of PI3-K causing constitutive kinase
activity (26). The third chimera includes only the carboxyl-
terminal SH2 region (SH2-C) of p85, which is not capable of
binding the p110 subunit. These chimeras allow us to separate
the contributions of p85 adaptor functions from enzymatic in-
duced functions of PI3-K. Using a model system that we have
characterized extensively (27), we transiently transfected these
chimeric receptors into COS cells to examine their capacity to
mediate phagocytosis. We herein show that chimeric receptors
that localize PI3-K enzymatic activity to the site of particle
attachment mediate phagocytosis in COS fibroblasts and cir-
cumvent the need for ITAMs and associated Src and Syk ki-
nases acting upstream.

EXPERIMENTAL PROCEDURES

Cells—COS-7 cells (ATCC, Rockville, MD) were maintained in Dul-
becco’s modified Eagle’s medium (DMEM, Life Technologies, Inc.) sup-
plemented with 10% fetal calf serum (HyClone Laboratories, Logan,
UT), 2 mM L-glutamine, 100 IU/ml penicillin, and 100 mg/ml
streptomycin.

Antibodies—The anti-FcgRI monoclonal antibody 32 was kindly sup-
plied by Medarex (Annandale, NJ). The anti-HA epitope monoclonal
antibody 12CA5 was obtained from Boehringer Mannheim. F(ab)92 frag-
ments of goat anti-mouse IgG and FITC-conjugated forms were ob-
tained from Pierce.

cDNAs and Transfection of COS-7 Cells—The cDNA for FcgRIA (28)
was cloned into the pCDM expression vector for expression in COS-7
cells. The FcgRIIA cDNA cloned in the pCEXV3 expression vector was
kindly provided by Dr. J. Ravetch (Rockefeller University, New York,
NY). The three chimeric receptors composed of the FcgRIA extracellular
and transmembrane regions fused to constructs of the p85 subunit of
PI3-K were constructed by joining the constructs at a XbaI site intro-
duced into FcgRIA by PCR. Two different primers were used to intro-
duce the XbaI site into human FcgRIA to allow the reading frame to be
compatible with the different p85 constructs, which all contain a XbaI
site near the start of the protein sequence. The first primer, 59 CGT
CTA GAC ACC CAG AGA AC 39 on the antisense strand, was used to
construct the FcgRIA XbaI segment joined to create the Ia-p85 and
Ia-SH2-C chimeras. The second primer, 59 GTT CTA GAC GTA TTG
TCA CCC 39 on the antisense strand, was used to construct the FcgRIa
segment joined to create the Ia-iSH2 chimera. Nucleotides changed
with respect to the wild type FcgRIA sequence are italicized. The

PCR-modified FcgRIA was first cloned into T-vector (Invitrogen, San
Diego, CA), and then shuttled into pBluescriptSK (Stratagene, La Jolla,
CA). The wild type murine p85, iSH2–2 construct, and SH2-C construct
(29) used to create the chimeras were kindly provided by Dr. A. Klippel
and Dr. L. Williams (University of California, San Francisco, CA). The
chimeras were shuttled into the pCDNA-1 vector (Invitrogen) for ex-
pression in COS-7 cells. The reading frame of the chimeras was con-
firmed by DNA sequencing. COS-7 cells were transfected with 3 mg of
plasmid DNA/10-cm dish of cells by the diethylaminoethyldextran
method as described previously (30) and were used for functional assays
2 days after transfection.

Preparation of Phagocytic Targets—Sheep RBC (Colorado Serum,
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 RBC were incubated with a sub-agglutinating dose
of rabbit anti-sheep RBC IgG (Diamedix, Miami, FL) at 37 °C for 1 h.
The RBC were washed four times to remove excess IgG and were then
used in phagocytosis assays. Non-fluorescent beads, 2 mm in diameter
(Polysciences, Warrington, PA), with a carboxylate-coupled surface
were coated with human IgG or bovine serum albumin using a carbo-
diimide procedure as specified by the manufacturer.

PI3-K Assay—Transfected COS cells were removed from culture
plates by trypsinization, and were resuspended in DMEM. The cells
were incubated with anti-FcgRI mAb32 for 20 min on ice, and were then
warmed to 37 °C for 10 min. A secondary F(ab)92 goat anti-mouse IgG
(Pierce) was added to cross-link the receptors for 3 min at 37 °C,
followed by addition of 1% Triton lysis buffer containing PBS (145 mM

NaCl, 20 mM phosphate buffer, pH 7.4), 10 mM EDTA, 1 mM sodium
orthovanadate, 2 mM phenylmethylsulfonyl fluoride (Sigma) to lyse the
cells. The lysates were clarified by centrifugation at 13,000 3 g for 10
min, and the resulting supernatants incubated with anti-HA antibody
(Boehringer Mannheim) and protein G-Sepharose to immunadsorb the
chimeric receptors. As a control, COS cell supernatants were also incu-
bated with anti-p85 serum to adsorb native PI3-K. The adsorbates were
washed four times in lysis buffer, followed by three washes in 10 mM

Hepes-KOH, pH 7.4. Substrate phosphatidylinositol liposomes were
prepared by resuspending vacuum-dried phosphatidylinositol in assay
buffer (30 mM Hepes-KOH, pH 7.4, 30 mM MgCl2, 1 mM EDTA, 50 mM

ATP) and sonicating on ice for 5 min at 50 MHz. The washed adsorbates
were resuspended in 40 ml of assay buffer to which 10 mCi of [g-32P]ATP
in 20 ml of phosphatidylinositol liposomes was added. The reactions
were allowed to proceed at RT for 30 min and were terminated by the
addition of 100 ml of 1 N HCl. Lipids were extracted with 300 ml of
CHCl3:CH3OH (1:1), removing the organic phase, which was then dried
under vacuum. The lipids were resuspended in 50 ml of CHCl3:CH3OH
(2:1) and were spotted on Silica Gel-60 HP-TLC plates (Merck, Darm-
stadt, Germany). The lipid products were separated by thin layer chro-
matography in a chloroform:pyridine:boric acid:formic acid:water sol-
vent system as described previously (31) and were visualized by
autoradiography. PI3-K products were identified by their sensitivity to
wortmannin and by their migration RF values in this solvent system.
The solvent system allows separation of the singly phosphorylated
forms PtdIns3P and PtdIns4P, based on the ability of borate to retard
the migration of the 4P form.

Phagocytosis Assay—Transfected COS cells were removed from cul-
ture plates by trypsinization and were resuspended in DMEM. FITC-
labeled sheep RBC opsonized with IgG were added, and the cells were
gently pelleted by low speed centrifugation for 3 min. To study binding
of the RBC targets to COS cells, the cells were incubated at 4 °C for 1 h
and were then washed in PBS and fixed in 1% paraformaldehyde in
PBS. Three hundred cells were counted per condition by phase micros-
copy, and the percentage of cells binding 4 or more RBC was defined as
rosetting activity. To study phagocytosis cells were incubated at 37 °C
for 1 h. The cells were then washed in PBS and subjected to a 30-s
hypotonic shock to lyse externally bound RBC; this treatment does not
lyse COS cells or internalized RBC. The cells were then fixed in 1%
paraformaldehyde and were analyzed by phase and fluorescence mi-
croscopy. One hundred COS cells per condition that had bound RBC
targets identified by fluorescence microscopy were scored for the num-
ber of internalized RBC. The data were expressed as a phagocytic index
defined as the number of RBC internalized by 100 FcgR-expressing
cells. To determine statistical significance of the results, the data were
analyzed using a Student-Newman-Keuls multiple comparisons test. In
experiments using cytochalasin D (Sigma), the inhibitor was added at 1
mg/ml just prior to the addition of the RBC targets. In experiments
using wortmannin (Sigma), the inhibitor was added at a final concen-
tration of 100 nM 15 min prior to addition of the RBC targets.
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Measurement of Receptor Expression—Transfected COS cells were
removed from culture plates and incubated with anti-FcgRI mAb32 at
5 mg/ml for 1 h on ice. The cells were washed three times in PBS
supplemented with 0.1% bovine serum albumin, and were then incu-
bated with a FITC-labeled F(ab)92 goat anti-mouse IgG for 1 h on ice.
Following three washes, the cells were fixed in 1% paraformaldehyde in
PBS and were analyzed for receptor expression on an Elite EPICS
fluorescence-activated cell sorter (Coulter, Hialeah, FL). Data from
10,000 cells per condition were recorded yielding the percentage of cells
expressing receptor as compared with IgG isotype controls, as well as
the mean fluorescence intensity of the expressing cells. As the same
primary antibody was used to detect the chimeric receptors, the mean
fluorescence intensities indicate relative receptor densities of the vari-
ous constructs as shown in Table II.

F-actin Staining—Transfected COS cells were grown overnight on
glass coverslips in 24-well plates prior to addition of nonfluorescent
IgG-coated beads. Cells were incubated at 37 °C with the bead targets
for 15 min and were then washed twice 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) diluted 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.

RESULTS

The three chimeras depicted in Fig. 1 were transiently trans-
fected into COS cells to examine phagocytosis in this model
system. First, we tested the functional ability of the expressed
chimeras to bind IgG-coated particles in a rosette assay. Cells
expressing all three types of chimeras were capable of binding
FITC-labeled IgG-coated RBC to form robust and stable ro-
settes that were morphologically indistinguishable from ro-
settes seen with COS cells expressing wild type FcgRIa. Thus,
the chimeras were functional by the criterion of ligand binding.

Because linking the p85 subunit to a receptor at the mem-
brane introduces a new physical constraint on the p85 subunit
that could affect the assembly with the catalytic p110 subunit
of PI3-K, we assayed whether the chimeric receptors were still
capable of forming a functionally active inositol kinase. COS
cells cotransfected with the chimeras and the p110 subunit
were incubated with anti-FcgRI antibody, the receptors were
clustered with a secondary antibody, and the cells were then
lysed. The chimeric receptors were immunoadsorbed with an
anti-HA epitope antibody recognizing the HA tag present at the
carboxyl terminus of each chimera, and the adsorbates were
subjected to a PI3-K assay using phosphatidylinositol lipid

micelles and 32P-labeled ATP. We found that both the Ia-p85
and the Ia-iSH2 chimeras reconstituted enzymatic activity
(Fig. 2), as predicted by their described ability to bind the p110
subunit (29). The Ia-SH2-C chimera, which cannot bind the
p110 subunit (29), did not show PI3-K activity. Wild type
FcgRIa also did not show PI3-K activity (data not shown), as
expected because FcgRIa in the absence of g-chain does not
mediate phagocytosis.

To examine the phagocytic ability of the chimeras, we quan-
tified by microscopy the capacity of transfected COS cells to
phagocytose RBC opsonized with IgG. Cells were incubated at
37 °C with FITC-labeled RBC opsonized with IgG and were
then subjected to a brief hypotonic shock to lyse externally
bound RBC. The samples were fixed and examined by phase
and fluorescence microscopy for internalized RBC. Phagocy-
tosed RBC were readily apparent in cells transfected with the
Ia-p85 and Ia-iSH2 chimeras but not in cells expressing the
Ia-SH2-C chimera (Fig. 3). Internalized RBC were counted for
each transfectant and expressed as a phagocytic index (PI). The
data are tabulated in Table I. The chimeras were compared in
each experiment to wild type FcgRIa, which shows little or no
phagocytosis, and to FcgRIIa, which shows efficient phagocy-
tosis. FcgRIa expressed alone does not contain an ITAM re-
quired for phagocytosis and thus serves as a base line, while
FcgRIIa contains an ITAM and can recruit Syk kinase family
members as well as PI3-K (11). Comparing the Ia-p85 chimera
to FcgRIIa showed that the chimera was capable of mediating
phagocytosis at levels similar to FcgRIIa (PI 170 versus 153).
Cotransfection of the p110 subunit with the Ia-p85 chimera
raised the phagocytic index to levels significantly above that of

FIG. 1. Schematic diagram of the three receptor chimeras. The
diagram depicts the chimeras formed by fusing the extracellular and
transmembrane domains of FcgRIa with various regions of the p85
subunit of PI3-K. Domains depicted: FcgRIa, extracellular and trans-
membrane regions of FcgRIa; SH3, Src homology 3; BCR, breakpoint
cluster region; SH2-N, amino-terminal SH2 domain; iSH2, inter-SH2
domain; SH2-C, carboxyl-terminal SH2 domain.

FIG. 2. PI3-K assay of chimeric receptors expressed in COS
cells. Transfected COS cells were activated by clustering the chimeric
receptors with an anti-FcgRI antibody and a cross-linking secondary
antibody and were then lysed. The chimeras were immunoadsorbed
with the antibody indicated beneath the lanes and the adsorbates were
then subjected to a PI3-K assay. The adsorbates were incubated with
phosphatidylinositol micelles in the presence of [g-32P]ATP, and the
lipid products were extracted and separated by thin layer chromatog-
raphy. The resulting autoradiograph is shown, with O indicating the
origin and P indicating the PI3P product. In lane 1, mock-transfected
COS cells were adsorbed as a control for specificity. In lane 2, wild type
p85 was immunoadsorbed from mock-transfected COS as a positive
control for PI3-K activity. In lane 3, 100 nM wortmannin (W) was added
to the adsorbed wild type p85 in vitro to inhibit PI3-K activity and its
product (P) as a standard. In lanes 4–6, the chimeras were co-trans-
fected with the p110 subunit and the indicated chimeric receptors were
adsorbed with the anti-HA antibody. Only the Ia-iSH2 and the Ia-p85
chimeras show PI3-K activity (lanes 5 and 6). We have not identified the
intermediate spots.
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FcgRIIa (PI 268 versus 153), indicating very efficient phagocy-
tosis. The Ia-iSH2 chimera also triggered phagocytosis, al-
though at levels slightly lower than that of FcgRIIa (PI 108
versus 153) or the Ia-p85 chimera. Cotransfection of the p110
subunit with the Ia-iSH2 chimera increased the phagocytic
index to levels similar to FcgRIIA (PI 153 versus 153). The
Ia-SH2-C chimera did not support phagocytosis except at base-
line levels, much like FcgRIa alone (PI 16 and 26). Co-trans-
fection of the Ia-SH2-C chimera with p110 only slightly in-
creased the mean phagocytic index (PI 36).

To consider whether receptor densities of the expressed chi-
meras accounted for their phagocytic capacities, we measured
in parallel both receptor expression by flow cytometry and
phagocytosis. Surface expression of the chimeras was analyzed
using an antibody that recognizes the extracellular region of
FcgRIa. The data from two experiments are shown in Table II.
We found that wild type FcgRIa, which mediates minimal
phagocytosis, is expressed in a higher percentage of cells and at
a greater relative density than any of the phagocytic chimeras.
The expression of the p110 subunit with the Ia-p85 chimera

FIG. 3. Phagocytosis of the receptor chimeras. COS cells transfected with the three receptor chimeras were incubated with FITC-labeled
RBC opsonized with IgG at 37 °C for 1 h to allow phagocytosis to occur. The cells were then subjected to a brief hypotonic shock to lyse externally
bound RBC and were fixed and examined by phase and fluorescence microscopy. Panels A, C, and E are phase contrast micrographs; panels B, D,
and F are fluorescence micrographs of the same cells detecting the FITC- labeled RBC targets. In panels A and B, internalized RBC targets can
be seen clearly in a COS cell cotransfected with the Ia-p85 chimera and p110 subunit. In panels C and D, internalized RBC are also readily
apparent in a cell cotransfected with the Ia-iSH2 chimera and p110 subunit. In contrast, panels E and F show a COS cell transfected with the
Ia-SH2-C chimera and p110 subunit that does not show any internalized RBC but shows lysed RBC ghosts bound to the surface visible only by
fluorescence microscopy. Bar 5 10 mm.
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appears to increase the density of the Ia-p85 chimera, but has
no apparent effect on the expression of either the Ia-iSH2 or the
Ia-SH2-C chimeras. Parallel phagocytosis experiments show
that a high density of receptor does not correlate with phago-
cytic ability. Specifically, FcgRIa-transfected cells show the
lowest phagocytic index despite having the highest relative
density of receptor. In contrast, the Ia-iSH2 chimera coex-
pressed with p110 confers a high phagocytic index while ex-
pressing only a very low receptor density. The Ia-SH2-C chi-
mera transfected with or without p110 confers a low phagocytic
index similar to FcgRIa while expression is commensurate with
the other chimeras. The phagocytic index of 59 for the Ia-
SH2-C chimera transfected with p110 noted in experiment 2
was the highest observed value of four experiments, which
averaged 36, not significantly different from FcgRIa (Table I).
Thus, the differences found in the phagocytic capacity are
attributable to the signaling capacity of the receptors and not
simply to receptor density. We suggest that receptor density
plays a role in influencing the ability of the transfected cells to
bind IgG-coated targets. Cells with a density of receptor too low
to permit RBC binding are not considered functional in this
assay as only cells capable of binding the IgG-coated RBC are
examined.

To determine whether actin was polymerized during chime-
ra-mediated phagocytosis, we evaluated the effect of cytocha-
lasin D, an inhibitor of F-actin polymerization that blocks
phagocytosis in professional phagocytes and in COS cells ex-
pressing functional FcgR (32). As seen in Table III, part A,
cytochalasin D blocked internalization of IgG-coated RBC
while leaving unaffected the binding of IgG-coated RBC to the
chimera-expressing cells. We also analyzed directly whether
actin was polymerized in response to particle binding by stain-
ing actin filaments with FITC-phalloidin early in the course of
phagocytosis and examining cells by confocal microscopy.
Transfected COS cells were incubated with IgG-coated beads
for 15 min at 37 °C and were then fixed and stained to detect
actin filaments. As illustrated in Fig. 4, COS cells cotransfected
with the Ia-p85 chimera and p110 subunit show accumulations
of F-actin in cuplike structures beneath bound beads, while
wild type FcgRIa alone does not show any F-actin accumula-
tions due to bead binding. Thus, the chimeric receptors, like
competent FcgR, activate the actin cytoskeleton during the
course of phagocytosis.

Inhibitors of the enzymatic activity of PI3-K have been
shown to block FcgR-mediated phagocytosis in professional
phagocytes such as neutrophils (17) and macrophages (18). To
examine whether phagocytosis mediated by the chimeric recep-
tors was also sensitive to PI3-K inhibitors, we evaluated the
effect of wortmannin. Wortmannin blocked the phagocytic ca-
pacity of the chimeric receptors and of FcgRIIa, which has been
shown previously to be wortmannin-sensitive (17). The degree
of inhibition varied between a 70% to 85% decrease in the
phagocytic index as compared with untreated cells (Table III,
part B). Binding of the IgG-opsonized RBC as measured by
rosetting was unaffected by wortmannin treatment (0–2%
change).

DISCUSSION

We have demonstrated that chimeric Fcg receptors with
cytoplasmic tails composed of domains of the p85 subunit of
PI3-K trigger phagocytosis in COS fibroblasts. Specifically,
chimeric FcgR containing either the entire p85 subunit of
PI3-K or the inter-SH2 portion that conveys constitutive enzy-
matic activity to the p110 subunit of PI3-K (26) were phago-
cytically active when expressed in COS cells and showed phos-
phoinositide kinase activity in vitro when immunoadsorbed. In

TABLE I
Phagocytic capacity of the receptor chimeras expressed in COS cells
COS cells transfected with the above noted constructs were incubated

with IgG-opsonized RBC targets for 1 h at 37 °C to allow phagocytosis
to occur. The cells were subjected to a brief hypotonic shock to lyse
externally bound RBC and were then fixed and viewed by phase and
fluorxescence microscopy. The number of RBC internalized by 100
receptor-expressing cells (mean 6 S.D.) was expressed as the phago-
cytic index. *, the phagocytic indices of these receptors are significantly
greater than that of FcgRIa (p , 0.01 for all indicated receptors). ‡, the
increase in phagocytic index upon co-transfection of the p110 subunit
with Ia-p85 is significant (p , 0.001).

COS transfectant Phagocytic index No. of experiments

FcgRIa 26 6 17 8
FcgRIIa 153 6 55* 8
Ia-p85 170 6 47*‡ 6
Ia-p85 1 p110 268 6 67*‡ 6
Ia-iSH2 108 6 19* 5
Ia-iSH2 1 p110 153 6 34* 5
Ia-SH2-C 16 6 5 5
Ia-SH2-C 1 p110 36 6 19 4

TABLE II
Parallel analysis of phagocytosis and receptor expression

COS cells transfected with receptor chimeras were analyzed in par-
allel for phagocytic capacity and receptor expression. Receptor expres-
sion was measured by flow cytometry using an anti-FcgRIa antibody.
The mean fluorescence intensities of the expressing cells of each chi-
mera were compared to estimate relative receptor densities. The same
cells were analyzed for phagocytic capacity expressed as a phagocytic
index as described in Table I. The data from two experiments are
shown.

COS transfectant Phagocytic
index

Percentage of cells
stained positive

Mean fluorescence
Intensity

Experiment 1
FcgRIa 20 41 59
Ia-iSH2 112 10 4
Ia-iSH2 1
p110

184 10 4

Ia-p85 1
p110

127 20 22

Experiment 2
FcgRIa 10 30 34
Ia-p85 83 14 4
Ia-p85 1
p110

119 11 12

Ia-SH2-C 19 18 6
Ia-SH2-C 1
p110

59 18 8

TABLE III
Cytochalasin D and wortmannin block chimera-mediated phagocytosis

Cells were incubated with IgG-opsonized RBC at 37 °C with or with-
out cytochalasin D in A or wortmannin in B for 1 h. The cells were then
subjected to a brief hypotonic shock to lyse externally bound RBC and
were analyzed by phase and fluorescence microscopy to measure phag-
ocytosis. Binding of the RBC to the cells was measured by rosetting of
the RBC in parallel samples incubated at 4 °C.

A.
COS transfectant

Percentage of
cells forming
rosettes with

cytochalasin D

Phagocytic index
for cytochalasin

D

2 1 2 1

FcgRIa 37 34 27 0
FcgRIIa 32 29 174 0
Ia-p85 25 24 164 0
Ia-p85 1 p110 26 27 284 0

B.
COS transfectant

Percentage of
cells forming
rosettes with
wortmannin

Phagocytic index
for wortmannin

2 1 2 1

FcgRIa 38 40 38 18
FcgRIIa 27 26 107 32
Ia-iSH2 1 p110 12 10 122 24
Ia-p85 1 p110 21 20 116 26
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contrast, a chimera composed of the SH2-C region of p85 that
does not interact with the p110 subunit did not trigger signif-
icant phagocytosis nor did it show PI3-K activity in vitro. These
data, combined with our observation that the mediation of
phagocytosis by both of these chimeras was inhibited by wort-
mannin, would indicate that the enzymatic activity of PI3-K is
a critical mediator of phagocytosis and that the other adaptor
domains of p85 are not essential for this function. Furthermore,
our results would indicate that specific upstream signaling
molecules essential for PI3-K recruitment to the active receptor
complex can be effectively bypassed. Specifically, neither FcR
g-chain with its ITAM, nor the Src kinase responsible for ITAM
phosphorylation, nor the non-receptor tyrosine kinase Syk
would appear to be required for the phagocytic responses that
we have measured. Simple localization and direct activation of
PI3-K at the site of particle attachment appears to be sufficient
to trigger the process of phagocytosis in COS cells. Our findings

thus implicate the products of PI3-K enzymatic activity as
central messengers in activating the process of phagocytosis.

For the purpose of this study, we have defined the term
phagocytosis to be particle internalization inhibited by cytocha-
lasin D as judged by phase and fluorescence microscopy. We did
not examine further subtleties of the phagocytic process such
as the ultrastructural details of phagosome formation, the
movement of targets to lysosomes, and the possible modulation
of phosphoinositide kinase activity. Our data, therefore, do not
rule out the contributions of other signaling molecules of the
FcgR complex in mediating these more subtle details of
phagocytosis.

How the enzymatic products of PI3-K might mediate phag-
ocytosis is largely unknown. Studies using macrophages
treated with wortmannin suggest that PI3-K acts to promote
closure of apposing pseudopods during phagocytosis (18). This
step may involve actin polymerization leading to remodeling of

FIG. 4. Confocal microscopy of F-actin triggering following particle binding. Transfected COS cells were incubated with IgG-coated
beads for 15 min at 37 °C to allow the initial steps of phagocytosis to proceed. The cells were then fixed and stained with FITC-phalloidin to detect
actin filaments and were examined by confocal microscopy. Panels A and C show the fluorescent actin filament staining of the cells, while panels
B and D show companion non-confocal phase contrast images to locate the beads. In panels A and B, a COS cell cotransfected with the Ia-p85
chimera and p110 subunit displays actin filaments accumulating beneath bound beads in cuplike structures (arrows in A, corresponding beads in
B), indicating triggered actin polymerization. In panels C and D, a COS cell transfected with FcgRIa alone does not show any triggered actin
polymerization beneath bound beads, reflecting the inability of the receptor to mediate internalization. Bar 5 5 mm.
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the cytoskeleton, and it may require active contraction of the
cytoskeleton. Additionally, the membrane lipid fusion step re-
quired for pseudopod closure may require PI3-K, as suggested
by the implication of PI3-K in endosome fusion events (33).

Other biological systems suggest how PI3-K might initiate
FcR-mediated phagocytosis. For example, transient expression
of a constitutively activated form of the p110 subunit of PI3-K
in fibroblasts leads to F-actin membrane ruffling and stress
fiber breakdown that mimics the effects of insulin treatment
(34). Similarly, in adipocytes, an activated p110 is capable of
inducing membrane ruffles, while a kinase-deficient form of
p110 cannot (35). Treatment of 3T3 fibroblasts with the lipid
product of PI3-K, PtdIns(3,4,5)P3, increases cell motility in a
chemotaxis assay, implicating directly the lipid products as
mediators of cytoskeletal changes (36). The lipid products of
PI3-K may regulate several molecules that modify the F-actin
cytoskeleton, such as gelsolin and profilin. These two proteins
regulate F-actin filament growth and stability. In studies
measuring F-actin elongation rates, PtdIns(3,4)P2 shows a high
affinity for profilin that results in removal of profilin from
F-actin filaments and a net increase in filament growth (37).
Similarly, PtdIns(3,4)P2 is an effective inhibitor of the actin
severing activity of gelsolin (38). The lipid products of PI3-K
have different affinities for profilin, with PtdIns(3,4)P2 show-
ing the highest affinity, followed by PtdIns(3,4,5)P3 and
PtdIns(4,5)P2 (37) found in resting cells, implying that the
levels of the various lipids may modulate the elongation and
capping of F-actin filaments. Thus, several effects of PI3-K on
the cytoskeleton can be correlated with our observations show-
ing mediation of phagocytosis.

There are several effectors downstream of PI3-K that may
transduce the signals needed to remodel the actin cytoskeleton.
Two proteins identified as essential for phagocytosis in leuko-
cytes are the small GTPases Rac1 and Cdc42. Dominant neg-
ative mutants of both these molecules expressed in a mouse
macrophage line block FcgR-mediated phagocytosis (39). These
members of the Rho family have been shown previously to have
distinct properties in regulating the actin cytoskeleton in fibro-
blasts, with Cdc42 promoting filopodia and Rac1 promoting
lamellipodia (40). The dominant negative mutants of Rac1 and
Cdc42 display different abilities to inhibit the formation of
F-actin rich pseudopods, implying that they have non-overlap-
ping functions during phagocytosis. As the inhibition of F-actin
polymerization by Rac1 and Cdc42 is incomplete, likely other
molecules are involved in transducing the signals to remodel
the cytoskeleton.

Members of the PKC family have also been implicated in the
process of phagocytosis. Studies in monocytes have shown that
PKC is enriched in phagosomes during FcgR-mediated phago-
cytosis, and that PKC inhibitors block phagocytosis in these
cells (41), as well as in macrophages (42). A related observation
in fibroblasts implicates PKC family members in mediating
chemotaxis induced by treatment with the lipid products of
PI3-K (36). This and other observations in cells stimulated
through the platelet-derived growth factor receptor indicate
that some PKC family members are activated downstream of
PI3-K (43–45).

The pathway from PI3-K enzymatic activity to activation of
these potential downstream effectors is not clear. However, the
activation of Rac1 through the exchange of GDP for GTP has
been shown to be dependent on PI3-K function (46). One pos-
sible model that may link PI3-K to the Rho family GTPases
involves recruitment of guanine nucleotide exchange factors
containing pleckstrin homology domains. In this model, pro-
duction of Ptdlns(3, 4, 5)-P3 at the membrane leads to recruit-
ment of an exchange factor through the binding of its pleckstrin

homology domain to the lipid in a specific manner. The ex-
change factor in turn activates the Rho family member which
then leads to effector function. One such family of proteins has
been identified that includes the proteins Grp-1, cytohesin-1,
ARNO, and Cts18 (47). These proteins contain not only pleck-
strin homology domains but also Sec7 domains that stimulate
GDP exchange by small GTPases. It is possible that related
proteins may provide a similar link between PI3-K and down-
stream mediators of phagocytosis such as Rac1 and Cdc42.
Localization of effector proteins by binding to the lipid products
of PI3-K at the membrane may be a general strategy used to
recruit the machinery needed to complete the process of
phagocytosis.
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and Kinet, J.-P. (1994) J. Biol. Chem. 269, 5918–5925
13. Weiss, A., and Littman, D. R. (1994) Cell 76, 263–274
14. Cox, D., Chang, P., Kurosaki, T., and Greenberg, S. (1996) J. Biol. Chem. 271,

16597–16602
15. Greenberg, S., Chang, P., Wang, D., Xavier, R., and Seed, B. (1996) Proc. Natl.

Acad. Sci. U. S. A. 93, 1103–1107
16. Crowley, M. T., Costello, P. S., Fitzer-Attas, C. J., Turner, M., Meng, F. Y.,

Lowell, C., Tybulewicz, V. L., and DeFranco, A. L. (1997) J. Exp. Med. 186,
1027–1039

17. Ninomiya, N., Hazeki, K., Fukui, Y., Seya, T., Okada, T., Hazeki, O., and Ui,
M. (1994) J. Biol. Chem 269, 22732–22737

18. Araki, N., Johnson, M. T., and Swanson, J. A. (1996) J. Cell Biol. 135,
1249–1260

19. Bonnema, J. D., Karnitz, L. M., Schoon, R. A., Abraham, R. T., and Leibson,
P. J. (1994) J. Exp. Med. 180, 1427–1435

20. Whitman, M., Downes, C. P., Keeler, M., Keller, T., and Cantley, L. (1988)
Nature 332, 644–646

21. Carpenter, C. L., Duckworth, B. C., Auger, K. R., Cohen, B., Schaffhausen,
B. S., and Cantley, L. C. (1990) J. Biol. Chem. 265, 19704–19711

22. Hu, P., Margolis, B., Skolnik, E. Y., Lammers, R., Ullrich, A., and Schlessinger,
J. (1992) Mol. Cell. Biol. 12, 981–990

23. Klippel, A., Escobedo, J. A., Fantl, W. J., and Williams, L. T. (1992) Mol. Cell.
Biol. 12, 1451–1459

24. Diekmann, D., Nobes, C. D., Burbelo, P. D., Abo, A., and Hall, A. (1995) EMBO
J. 14, 5297–5305

25. Klippel, A., Escobedo, J. A., Hirano, M., and Williams, L. T. (1994) Mol. Cell.
Biol. 14, 2675–2685

26. Hu, Q., Klippel, A., Muslin, A. J., Fantl, W. J., and Williams, L. T. (1995)
Science 268, 100–102

27. Lowry, M. B., Duchemin, A.-M., Robinson, J. M., and Anderson, C. L. (1998)
J. Exp. Med. 187, 161–176

28. Ernst, L. K., Van de Winkel, J. G., Chiu, I. M., and Anderson, C. L. (1992)
J. Biol. Chem. 267, 15692–15700

29. Klippel, A., Escobedo, J. A., Hu, Q., and Williams, L. T. (1993) Mol. Cell. Biol.
13, 5560–5566

30. Ernst, L. K., Duchemin, A.-M., and Anderson, C. L. (1993) Proc. Natl. Acad.
Sci. U. S. A. 90, 6023–6027

31. Walsh, J. P., Caldwell, K. K., and Majerus, P. W. (1991) Proc. Natl. Acad. Sci.
U. S. A. 88, 9184–9187

32. Indik, Z., Kelly, C., Chien, P., Levinson, A. I., and Schreiber, A. D. (1991)
J. Clin. Invest. 88, 1766–1771

33. Jones, A. T., and Clague, M. J. (1995) Biochem. J. 311, 31–34
34. Martin, S. S., Rose, D. W., Saltiel, A. R., Klippel, A., Williams, L. T., and

Olefsky, J. M. (1996) Endocrinology 137, 5045–5054
35. Martin, S. S., Haruta, T., Morris, A. J., Klippel, A., Williams, L. T., and

Olefsky, J. M. (1996) J. Biol. Chem. 271, 17605–17608
36. Derman, M. P., Toker, A., Hartwig, J. H., Spokes, K., Falck, J. R., Chen, C. S.,

Cantley, L. C., and Cantley, L. G. (1997) J. Biol. Chem. 272, 6465–6470
37. Lu, P. J., Shieh, W. R., Rhee, S. G., Yin, H. L., and Chen, C. S. (1996)

PI3-K-mediated Phagocytosis 24519



Biochemistry 35, 14027–14034
38. Hartwig, J. H., Kung, S., Kovacsovics, T., Janmey, P. A., Cantley, LC, Stossel,

T. P., and Toker, A. (1996) J. Biol. Chem. 271, 32986–32993
39. Cox, D., Chang, P., Zhang, Q., Reddy, P. G., Bokoch, G. M., and Greenberg, S.

(1997) J. Exp. Med. 186, 1487–1494
40. Nobes, C. D., and Hall, A. (1995) Cell 81, 53–62
41. Zheleznyak, A., and Brown, E. J. (1992) J. Biol. Chem. 267, 12042–12048
42. Allen, L. A., and Aderem, A. (1996) J. Exp. Med. 184, 627–637
43. Akimoto, K., Takahashi, R., Moriya, S., Nishioka, N., Takayanagi, Kimura, K.,

Fukui, Y., Osada, S., Mizuno, K., Hirai, S., Kazlauskas, A., and Ohno, S.
(1996) EMBO J. 15, 788–798

44. Moriya, S., Kazlauskas, A., Akimoto, K., Hirai, S., Mizuno, K., Takenawa, T.,
Fukui, Y., Watanabe, Y., Ozaki, S., and Ohno, S. (1996) Proc. Natl. Acad.
Sci. U. S. A. 93, 151–155

45. Toker, A., Meyer, M., Reddy, K. K., Falck, J. R., Aneja, R., Aneja, S., Parra, A.,
Burns, D. J., Ballas, L. M., and Cantley, L. C. (1994) J. Biol. Chem. 269,
32358–32367

46. Hawkins, P. T., Eguinoa, A., Qiu, R. G., Stokoe, D., Cooke, F. T., Walters, R.,
Wennstrom, S., Claesson-Welsh, L., Evans, T., and Symons, M. (1995) Curr.
Biol. 5, 393–403

47. Klarlund, J. K., Guilherme, A., Holik, J. J., Virbasius, J. V., Chawla, and
Czech, M. P. (1997) Science 275, 1927–1930

PI3-K-mediated Phagocytosis24520


