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CD16b is unique in that it is the only Fc receptor linked to the
plasma membrane by a GPI (glycosylphosphatidylinositol)
anchor. GPI-anchored proteins often preferentially localize to
DRMs (detergent-resistant membranes) that are rich in sphingo-
lipids and cholesterol and play an important role in signal trans-
duction. Even though the responses to CD16b engagement have
been intensively investigated, the importance of DRM integrity
for CD16b signalling has not been characterized in human neutro-
phils. We provide direct evidence that CD16b constitutively
partitions with both low- and high-density DRMs. Moreover, upon
CD16b engagement, a significant increase in the amount of the
receptor is observed in high-density DRMs. Similarly to CD16b,
CD11b also resides in low- and high-density DRMs. In contrast
with CD16b, the partitioning of CD11b in DRMs does not change

in response to CD16b engagement. We also provide evidence for
the implication of Syk in CD16b signalling and its partitioning
to DRMs in resting and activated PMNs (polymorphonuclear
neutrophils). Additionally, DRM-disrupting agents, such as
nystatin and methyl-β-cyclodextrin, alter cellular responses to
CD16b receptor ligation. Notably, a significant increase in the
mobilization of intracellular Ca2+ and in tyrosine phosphorylation
of intracellular substrates after CD16b engagement is observed.
Altogether, the results of this study provide evidence that high-
density DRMs play a role in CD16b signalling in human
neutrophils.
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INTRODUCTION

The PMN (polymorphonuclear neutrophil) is a phagocytic cell
that plays a pivotal role in acute inflammatory responses. PMN
involvement in a local inflammatory episode begins with a chemo-
tactic response and migration to the site of injury. This is ac-
companied by the priming and activation of PMNs, resulting in
adhesion to endothelial cells and eventual extravasation through
the blood vessel wall and into the tissue. On arrival at the site of
inflammation, PMNs engulf and destroy the initiating agent.

Phagocytosis at the inflammatory site involves, in part, the
participation of Fc receptors [1]. Fc receptors recognize and bind
the Fc region of immunoglobulins that opsonize the antigen. Two
different types of Fc receptors for IgG are constitutively expressed
on the surface of human PMNs, namely, Fcγ RIIA (CD32a) and
Fcγ RIIIB (CD16b) [2,3]. CD16b is exclusively expressed on
PMNs. A third type of Fc receptor, Fcγ RI (CD64), is strongly
expressed following PMN activation [4].

CD16b is unique amongst Fc receptors since it is linked to
the plasma membrane by a GPI (glycosylphosphatidylinositol)
anchor [5]. Proteins attached to the cell surface by GPI anchors are
thought to preferentially reside in dynamic assemblies of choles-
terol and sphingolipids that are located in the exoplasmic leaflet
of the membrane bilayer known as DRMs (detergent-resistant
membranes) (reviewed in [6,7]). Evidence has been obtained
indicating that, in some cases, DRMs behave like platforms within
which protein complexes form and transmit signals across the
plasma membrane upon receptor engagement.

Despite the lack of a physical link between DRMs and the inner
leaflet of the plasma membrane, GPI proteins trigger signalling
events within cells [8]. Multivalent cross-linking of CD16b, for
instance, elicits downstream signals, including the mobilization
of intracellular Ca2+ [9,10] and the phosphorylation of the Src
kinase Hck [11], ERK (extracellular signal regulated kinase)
[12,13], p38 [12,13] and the tyrosine kinase Pyk2 [13]. The
effector functions observed after CD16b cross-linking include
actin filament assembly [14], degranulation [15], phagocytosis
of concanavalin A-opsonized erythrocytes [16], activation of
respiratory burst [17,18], killing of chicken erythrocytes opso-
nized with anti-CD16b-Fab [4] and the recruitment of neutrophils
in immune-complex-mediated inflammation [19].

A possible mechanism through which signals are transduced
across the plasma membrane upon engagement of GPI-linked
proteins is through lateral membrane interactions with trans-
membrane receptors [20]. Previous reports provide evidence for
a possible role for CR3 (CD11b/CD18) as a transmembrane
partner of CD16b [21]. Several studies revealed that CD11b
is in physical proximity to CD16b on the plasma membrane
of resting PMNs [22,23]. Upon prolonged CD11b or CD16b
cross-linking, these two receptors co-cap on the surface of the
cell [24]. Moreover, CD16b-mediated phagocytosis in trans-
fected fibroblasts is dependent on the surface expression of
CR3 [25]. CD16b may also associate with other transmembrane
receptors for signalling across the plasma membrane, one of which
may be CD32a. Several reports provide evidence for a func-
tional relationship between CD32a and CD16b [11,17,26–28].
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The co-cross-linking of CD16b and CD32a, for instance, induces
a synergistic enhancement of Ca2+ transients and phagocytosis
[29].

Much effort has been made to characterize the signalling
pathways activated by the CD16b receptor. As yet, however,
the importance of DRM integrity for CD16b signalling has
been largely unexplored. Moreover, the distribution of CD16b
in DRMs of PMNs has not been fully characterized. It has only
been reported that superoxide generation induced by opsonized
zymosan in neutrophils through the co-operation of CD16b and
CR3 is resistant to methyl-β-cyclodextrin [30].

The present study was initiated to examine the distribution of
the CD16b receptor, as well as its presumed co-receptor (CR3) and
an associated signalling molecule, Syk, in DRMs in resting
and activated PMNs. By employing a gradient that extends beyond
the density range normally used to isolate DRMs, we report the
partitioning of the majority of CD16b receptors with DRM-H
(high-density DRMs) in human PMNs and the translocation of
the receptor to these membrane-skeleton-associated signalling
domains upon receptor activation. In contrast with CD16b, the
distribution of CD11b and Syk in DRMs does not change upon
CD16b cross-linking. The effect of cholesterol-disturbing agents
on CD16b signalling was also investigated. The results of the
present study provide evidence for the involvement of DRMs in
CD16b signalling in human PMNs.

MATERIALS AND METHODS

Antibodies

The mAb (monoclonal antibody) used to cross-link CD16b in
all our experiments was 3G8 F(ab′)2 (Ancell, catalogue number
165-520). The unconjugated AffiniPure F(ab′)2 fragment of goat
anti-mouse IgG, F(ab′)2 fragment-specific (catalogue number
115-006-072) was purchased from Jackson ImmunoResearch
Laboratories. The anti-CD16 mAb 7.5.4, raised against recombin-
ant CD16b extracellular domains, was prepared as described pre-
viously [31] and was used for immunoblotting. The anti-phos-
photyrosine mAb (catalogue number 05-321, clone 4G10) was
purchased from UBI, the mAb anti-flotillin-1 (catalogue num-
ber 610820) from BD Biosciences and the anti-Syk mAb
(MAB88906) from Chemicon International. Rabbit anti-CD11b
antibodies were raised against a synthetic peptide (KRQYKD-
MMSEGGPPG) corresponding to amino acids 1134–1148 of
the CD11b chain and purified by Protein A chromatography. The
secondary antibody, HRP (horseradish peroxidase)-labelled sheep
anti-mouse IgG (NXA931), was obtained from Amersham Bio-
sciences, and the donkey anti-rabbit HRP (catalogue number 711-
035-152) was from Jackson ImmunoResearch Laboratories.

Chemicals

Dextran T-500, Sephadex G-10 and Protein A–Sepharose beads
were purchased from Amersham Biosciences. Ficoll-Paque was
obtained from Wisent. DFP (di-isopropyl fluorophosphate)
was purchased from Serva Electrophoresis and the enhanced
chemiluminescence detection kit was obtained from PerkinElmer.
Nystatin, methyl-β-cyclodextrin, sodium orthovanadate, Triton
X-100 and OptiPrep density gradient medium were purchased
from Sigma–Aldrich. Aprotinin and leupeptin were obtained from
Roche Diagnostics. NP40 (Nonidet P-40) was purchased
from Calbiochem. Fura-2-acetoxymethyl ester was obtained from
Molecular Probes.

Isolation of PMNs

Blood was obtained from healthy adult volunteers in tubes
containing heparin. After sedimentation of erythrocytes in 2%
dextran, PMNs were purified by centrifugation at 350 g for
20 min on Ficoll-Paque cushions under aseptic conditions. Con-
taminating erythrocytes were removed by hypotonic lysis and
cells were resuspended in Mg2+-free HBSS (Hanks balanced salt
solution) containing 1.6 mM CaCl2.

Stimulation of cells with an anti-CD16b antibody

PMNs were incubated for 10 min at 22 ◦C with 1 mM DFP
before an incubation with 0.5 µg/ml 3G8 F(ab′)2 mAb per
2 × 106 cells. Cross-linking was subsequently performed with
5.8 µg/ml F(ab′)2, goat anti-mouse F(ab′)2 at the temperatures
and for the times indicated.

To determine the effect of nystatin on PMN signalling, PMNs
at 107 cells/ml were incubated in HBSS containing 30 µg/ml
nystatin per 5 × 106 cells for 1 h at 37 ◦C before CD16b receptor
engagement. Incubation of PMNs with 3G8 F(ab′)2 and the cross-
linking antibody were both performed at 37 ◦C. Since the stock
solution of nystatin was prepared in DMSO, PMNs were also
incubated in DMSO alone before CD16b receptor engagement as
a negative control. Similar experimental conditions were used for
methyl-β-cyclodextrin which was incubated for 30 min at 37 ◦C
with PMNs (107 cells/ml) in HBSS at a final concentration of
10 mM.

Isolation of DRMs

DRMs were isolated by sucrose-gradient ultracentrifugation
essentially as described by Robbins et al. [32]. Briefly, 2 ×
107 PMNs were pelleted at 400 g for 2 min at 4 ◦C, resuspended
and lysed in 1 ml of cold MBS buffer [25 mM MES (pH 6.5),
150 mM NaCl, 2.5 mM orthovanadate, 10 µg/ml leupeptin and
10 µg/ml aprotinin] containing 1% Triton X-100 for 30 min on
ice. The PMN lysate was then adjusted to 40% sucrose by adding
an equal volume of 80% sucrose in MBS buffer. An 800 µl
aliquot of lysate was overlaid with a discontinuous sucrose density
gradient (2.8 ml of 30% sucrose, then 0.4 ml of MBS lysis buffer)
and centrifuged at 43000 rev/min for 16 h in a SW60 rotor. As
described in [33], 300 µl fractions were collected from the bottom
of the gradient, and proteins were precipitated. Precipitated pro-
teins from each fraction were resuspended in 2 × Laemmli’s
sample buffer [1× is 62.5 mM Tris/HCl (pH 6.8), 4 % (w/v)
SDS, 5% (v/v) 2-mercaptoethanol, 8.5% (v/v) glycerol, 2.5 mM
sodium orthovanadate, 10 µg/ml leupeptin, 10 µg/ml aprotinin
and 0.025% (w/v) Bromophenol Blue]. The pellet of the gradient
was washed twice with cold HBSS and resuspended in 300 µl of
2 × Laemmli’s sample buffer. Samples were then heated for 7 min
at 100 ◦C before SDS/PAGE analysis.

To analyse the lipid raft components in the pellet of the sucrose
gradient, lysis of PMNs was performed in cold MBS lysis buffer
containing 0.1 M sodium carbonate (pH 11). The PMN lysate was
then passed ten times through a 22G needle to shear the DNA,
before the preparation of the sucrose gradient.

For the OptiPrep gradient experiments, 2 × 107 PMNs were
pelleted at 400 g for 2 min at 4 ◦C, resuspended and lysed in 500 µl
of cold lysis buffer [10 mM Hepes (pH 7.4), 150 mM NaCl,
2.5 mM sodium orthovanadate, 10 µg/ml leupeptin and 10 µg/ml
aprotinin] containing 1% (v/v) Triton X-100 for 30 min on ice.
The PMN lysate was then adjusted to 40 % (v/v) OptiPrep with
a stock solution (59.4% OptiPrep and 10 mM Hepes, pH 7.4).
Aliquots (700 µl) were transferred to 4 ml centrifuge tubes and
overlaid with 700 µl of ice-cold solutions of 35, 30, 25, 20 and 0%
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OptiPrep. The gradients were centrifuged at 348000 g
(80000 rpm) for 3 h at 4 ◦C in a TLA 100.4 rotor. A total of 13 frac-
tions of 300 µl were collected from the top of the gradients.
Proteins were chloroform/methanol precipitated as described
previously [33]. Precipitated proteins from each fraction were
resuspended in 2 × Laemmli’s sample buffer. Samples were then
heated for 7 min at 100 ◦C before SDS/PAGE analysis.

Isolation and stimulation of plasma membrane preparations

Isolated neutrophils were resuspended at 6–8 × 107 cells/ml in
RLB (modified relaxation buffer) and lysed by nitrogen cavitation
as described previously [34]. Purified membranes were resus-
pended in RLB at 2–2.5 × 107 cell equivalents/ml and then
incubated with 5 µg/ml 3G8 F(ab′)2 antibody for 5 min at
4 ◦C. A buffer composed of 2 mM ATP and 400 µM MnCl2

(final concentrations), was added at 22 ◦C 3 min before the
addition of 2 mM sodium orthovanadate and 50 µg/ml goat
F(ab′)2 directed against mouse F(ab′)2. The reaction mixture was
then incubated for 5 min at 22 ◦C. Plasma membranes were then
chilled on ice for 5 min and then incubated with 1% (v/v) NP40
for 20 min on ice. The solubilized membranes were then
centrifuged at 100000 g for 1 h and the supernatants and pellets
analysed by SDS/PAGE (10 % gels).

Immunoprecipitation

The CD16b receptor was cross-linked for 15 s at 37 ◦C on the
surface of PMNs after an incubation with 3G8 F(ab′)2 for 1 min at
37 ◦C. The immunoprecipitation was performed under denaturing
conditions as described previously [35]. Briefly, non-stimulated or
stimulated PMNs were lysed directly in modified 2 × Laemmli’s
sample buffer [125 mM Tris/HCl (pH 6.8) 6 % (w/v) SDS, 2%
(v/v) 2-mercaptoethanol, 17% (v/v) glycerol, 5 mM sodium
orthovanadate, 20 µg/ml aprotinin, 20 µg/ml leupeptin and
0.05% (w/v) Bromophenol Blue] and heated for 7 min at 100 ◦C.
Lysates were then filtered through a Sephadex G-10 column
to remove the denaturing and reducing agents. The filtered
lysates were adjusted to 1% (v/v) NP40, 0.005% (w/v) BSA,
2 mM sodium orthovanadate, 10 µg/ml aprotinin and 10 µg/ml
leupeptin. The antibodies (1.25 µg of anti-Syk/incubation) were
bound to Protein A–Sepharose by incubation in a 30% slurry
of Sepharose for 1 h at 4 ◦C. The antibody/Sepharose mixture
was washed once in washing buffer [62.5 mM Tris/HCl (pH 6.8),
1% (v/v) NP40, 1% (v/v)glycerol, 2.0 mM sodium ortho-
vanadate, 10 µg/ml leupeptin, 10 µg/ml aprotinin, 137 mM NaCl,
and 0.001% (w/v) BSA] and added to the lysates for immuno-
precipitation. Following immunoprecipitation for 3 h at 4 ◦C, the
beads were washed three times in washing buffer and solubilized
in 60 µl of sample buffer.

Immunoblotting

Samples were loaded on to SDS/7.5–20% polyacrylamide,
gradient gels. Separated proteins were transferred from the gels
on to Immobilon PVDF membranes as previously described [36].
The membranes were blocked with 2% (w/v) gelatin for the
anti-Syk and 4G10, and 5% (w/v) dried milk powder for anti-
CD11b and anti-flotillin-1, antibodies for 30 min at 37 ◦C. The
immunoblotting procedure for the 7.5.4 mAb involved blocking
in 10% (w/v) dried milk powder for 30 min at 37 ◦C. All the block-
ing agents were dissolved in TBS-Tween [25 mM Tris/HCl
(pH 7.8), 190 mM NaCl and 0.15 % (v/v) Tween 20]. The anti-
Syk, 4G10 and anti-flotillin-1 antibodies were diluted in TBS-
Tween and incubated for 1 h at 37 ◦C. The anti-CD11b and anti-
CD16 antibodies were diluted in 1% (w/v) dried milk powder

and incubated for 1 h at 37 ◦C. The membranes were then rinsed
three times in TBS-Tween and incubated with an HRP-labelled
secondary antibody for 30 min at 37 ◦C. After three washes in
TBS-Tween, membranes were developed using the enhanced
chemiluminescence detection system (Amersham Biosciences).

The antibody dilutions used were as follows, 1/500 for the anti-
flotillin-1 (0.25 µg/ml final concentration), anti-CD16b and
anti-CD11b antibodies, the anti-Syk antibody was diluted 1/2000
(0.1 µg/ml final concentration), and the 4G10 antibody was
diluted 1/4000 (0.25 µg/ml final concentration). The secondary
antibodies, HRP-labelled sheep anti-mouse IgG and donkey anti-
rabbit IgG, were used at a final concentration of 1/20000.

Measurement of Ca2+ mobilization

PMNs at a concentration of 107 cells/ml were incubated at 37 ◦C
with 1 µM fura-2-acetoxymethyl ester for 30 min. Extracellular
probe was removed by washing in HBSS and cells were re-
suspended at a concentration of 5 × 106 cells/ml. Cells were
stimulated with 2 µg of 3G8 F(ab′)2 mAb/107 cells followed
by cross-linking with 80 µg of F(ab′)2 goat anti-mouse F(ab′)2/
107 cells. Fluorescence was monitored at 37 ◦C in a fluorescence
spectrophotometer (SLM 8000C) at an excitation wavelength of
340 nm and an emission wavelength of 510 nm. The internal Ca2+

concentrations were calculated as described [37].

RESULTS

A fraction of CD16b constitutively resides in DRMs in human PMNs

CD16b is capable of transducing signals across the plasma mem-
brane as shown by the phosphorylation of intracellular substrates
[11–13] and mobilization of Ca2+ [9,10] upon its engagement.
To determine whether CD16b signals through DRMs due to its
GPI-anchor, we began by determining the distribution of CD16b
in DRMs in resting PMNs.

DRMs were isolated by sucrose gradient centrifugation after
cell lysis in cold 1% (v/v) Triton X-100 as described by Barabé
et al. [38]. The density range in the sucrose gradient was between 1
and 1.17 g/ml. This procedure separates the lipid-rich components
from the bulk of the Triton X-100-insoluble material in cell
lysates. The latter includes nuclear remnants and the cytoskeleton
that pellet upon sucrose gradient ultracentrifugation. The DRM
components band at a low density on a sucrose gradient, while
Triton X-100 soluble proteins band at a high density. As described
in other cell types [6], DRMs isolated from human PMNs could
be visualized as a band in the low-density part of the sucrose
gradient (results not shown).

The results in Figure 1 (upper panel) show that the majority of
CD16b receptors in non-stimulated PMNs reside in the soluble
fractions of the gradient (fractions 1–4), a portion in the pellet (P)
and a small amount in the low-density fractions of the gradient
(fractions 11–15) corresponding to DRM-L (low-density DRMs).
The CD16b in the pellet may localize to cytoskeletal components
that are known to be insoluble in Triton X-100, to DRMs that
non-specifically associate with pellet components during lysis as
described by Brown and Rose [39] or to DRM-H [40].

To determine whether the CD16b in the pellet localizes to
DRMs, cells were treated with a sodium carbonate-containing
buffer that is known to release DRMs from the pellet fraction by
interfering with protein–protein interactions [39]. Proteins associ-
ated with DRMs float to the top of the gradient upon sodium
carbonate treatment. The results shown in Figure 1 (lower panel)
show that sodium carbonate effectively releases CD16b from the
pellet. The observation that the released CD16b partitions with
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Figure 1 Localization of CD16b to DRM-L in non-stimulated PMNs

PMNs were lysed in cold lysis buffer containing 1 % Triton X-100 in the absence (−) or presence
(+) of sodium carbonate and overlaid with a discontinuous sucrose gradient (as described in
the Materials and methods section). Fractions were analysed by SDS/PAGE and immunoblotted
with the anti-CD16 7.5.4 mAb. Fractions 1–4 contain soluble cellular components, fractions 11–
15 contain DRM-L, and the remainder of the cellular components that partition in the pellet were
loaded in lane P. Molecular mass sizes are given in kDa.

cellular components that float in the sucrose gradient is strongly
suggestive that it is associated with DRMs. Moreover, the par-
titioning of these DRMs in fractions of a higher density than
DRM-L is indicative that they are probably DRM-H. Similarly
to DRM-L, DRM-H are rich in cholesterol [40]. What dis-
tinguishes DRM-H from DRM-L is that they are enriched in mem-
brane skeleton proteins. DRM-H are therefore a subset of sig-
nalling domains that are associated with the membrane skeleton.
Owing to their density, DRM-H do not float in the standard
sucrose gradient used to isolate DRM-L [41]. Instead, fractions
with densities corresponding to DRM-H are recovered in the pellet
of the sucrose gradient described in Figure 1. DRM-H can be more
conveniently isolated using an OptiPrep, rather than a sucrose,
gradient [34,40].

The observation that a portion of the CD16b receptors resides in
DRMs of higher density than DRM-L led to the following exper-
iments that confirm the partitioning of CD16b in DRM-H.
Briefly, PMNs were lysed in Triton X-100 as described in the
Materials and methods section and overlaid with an OptiPrep step
gradient. To validate our OptiPrep gradient, the distribution of the
lipid-raft-associated integral membrane protein flotillin-1 in
the fractions collected was determined. As shown in Figure 2(A),
flotillin-1 is enriched in fractions 2–5, 8 and 9. The density of
these fractions, 1.08–1.15 g/ml and 1.18–1.20 g/ml respectively,
indicates that DRM-L partition in fractions 2–5 and DRM-H in
fractions 8 and 9. Similar densities for DRM-L and DRM-H were
reported by Nebl et al. [40].

To determine the distribution of CD16b in DRM-L and DRM-H,
fractions collected from the OptiPrep gradient were immuno-
blotted with the anti-CD16 mAb. The results in Figure 2(B)
demonstrate that a significant amount of CD16b receptors localize
to DRM-H like the DRM-H marker flotillin-1 (fractions 8 and 9).
The remainder localizes to DRM-L (fractions 2–5) as well
as to fractions of the gradient containing cellular components
solubilized by Triton X-100 (fractions 10–13). Altogether, the
above observations provide direct evidence that CD16b resides
constitutively in DRM-L and DRM-H in resting human PMNs.
No CD16b was found in the pellet of the OptiPrep gradient (results
not shown).

CD16b translocates to DRM-H after ligation

Since DRMs are thought to act as platforms for signalling upon
cell activation [7], we hypothesized that the distribution of CD16b
within the distinct populations of DRMs would differ after its
cross-linking. As a first step to verify this hypothesis, the optimal

Figure 2 Localization of CD16b to DRM-L and DRM-H in non-stimulated
PMNs

PMNs were lysed in cold lysis buffer containing 1 % Triton X-100 and overlaid with a
discontinuous gradient of OptiPrep (as described in the Materials and methods section).
Fractions were analysed by SDS/PAGE and immunoblotted with an anti-flotillin-1 antibody
(A) or the anti-CD16 7.5.4 mAb (B). Fractions 2–5 contain DRM-L, fractions 8 and 9 contain
DRM-H, and fractions 10–15 contain the soluble cellular components. Molecular mass sizes
are given in kDa.

experimental conditions for the engagement of CD16b were
determined by analysing the kinetics of tyrosine phosphorylation
of intracellular substrates. The results in Figure 3(A) show that
the peak of tyrosine phosphorylation of intracellular substrates
under our experimental conditions is reached after approx.
3 min of CD16b cross-linking. If DRMs are important for
CD16b signalling, receptor translocation would occur before the
maximum peak of phosphorylation. Therefore a 1 min time point
was chosen to study CD16b translocation to DRMs.

The distribution of CD16b in DRM-L and DRM-H upon CD16b
cross-linking was examined using both the sucrose and OptiPrep
gradients. To simplify the experimental procedure, fractions were
pooled. For the sucrose gradient, fractions 1–5 (lane 1), 6–9
(lane 2), 10 and 11 (lane 3), and 12 –15 (lane 4) were pooled. For
the OptiPrep gradient, fractions 2–5 and 10–13 were pooled. The
results in Figure 3 show that, upon CD16b cross-linking, there is a
significant increase in CD16b in the pellet of the sucrose gradient
(Figure 3B) and DRM-H (fractions 8 and 9) in the OptiPrep
gradient (Figure 3C). A slight decrease in CD16b in DRM-L and
the soluble fractions in both gradients was also observed. The
above observations reveal that DRM-H are enriched in CD16b
upon receptor engagement, suggestive of a role of this subset of
DRMs in CD16b signalling.

To determine whether the increase in CD16b in DRM-H occurs
at the plasma membrane or on intracellular membranes, CD16b
cross-linking was performed on isolated PMN plasma membrane
preparations. The results in Figure 4 provide direct evidence that
a translocation of CD16b to a detergent-insoluble fraction can
be observed upon its cross-linking on plasma membranes iso-
lated from PMNs. Reblots of the same samples with an anti-
CD32a antibody revealed that the cross-linking of CD16b is not
associated with an equivalent insolubilization of CD32a (results
not shown).

Partitioning of CD11b to DRMs in human PMNs

Since CD11b has been hypothesized to be one of the trans-
membrane transducers of CD16b [21], we sought to determine
whether it also resides in DRMs in resting PMNs. For these exper-
iments, the OptiPrep gradient was used since DRM-L and DRM-
H are easily distinguishable with this experimental approach. Im-
munoblotting of the pooled fractions, collected from an OptiPrep
gradient of resting PMNs, with an anti-CD11b antibody revealed
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Figure 3 Distribution of CD16b receptors in DRM-L and DRM-H in activated
PMNs

(A) The kinetics of tyrosine phosphorylation after CD16b engagement were determined by
incubating PMNs for 15 min at 4◦C with the 3G8 F(ab′)2 mAb followed by cross-linking with an
anti-F(ab′)2 antibody for various periods of time at 22◦C. Samples were analysed by SDS/PAGE
and immunoblotted with the 4G10 anti-phosphotyrosine mAb (αpY). (B) PMNs were activated
for 1 min at 22◦C, as described in (A), lysed and overlaid with a sucrose gradient. (C) PMNs
were incubated for 1 min at 37◦C with 3G8 F(ab′)2, cross-linked for 1 min at 37◦C, lysed in
cold lysis buffer and overlaid with a discontinuous OptiPrep gradient. Fractions of non-activated
(Resting) and activated (Activated) PMN were pooled (as described in the Results section),
analysed by SDS/PAGE and immunoblotted with the anti-CD16 7.5.4 mAb. Molecular mass
sizes are given in kDa. WB, Western blotting.

Figure 4 Distribution of CD16b at the plasma membrane of resting PMNs
upon receptor engagement

Plasma membranes were isolated from PMNs and incubated without (Resting) or with (Activated)
the 3G8 F(ab′)2 mAb and goat F(ab′

2) anti-mouse F(ab′)2 as described in the Materials and
methods section. Following the solubilization of the plasma membranes in 1 % NP40
and centrifugation at 100 000 g, the pellet (P) and supernatant (S) were analysed by SDS/
PAGE and immunoblotted with the anti-CD16 7.5.4 mAb.

that the majority of CD11b resides in the soluble fractions (10–
13) of the gradient (Figure 5A). A small quantity of CD11b,
however, is detectable in DRM-L and DRM-H. Upon engagement
of CD16b, no significant increase in CD11b is observed in either
DRM fraction (Figure 5C).

Figure 5 Distribution of CD11b and Syk in DRMs in resting and activated
human PMNs

DRMs were isolated using an OptiPrep gradient from resting PMNs as described in Figure 2.
Fractions were pooled (as described in the Results section) and analysed by SDS/PAGE and
immunoblotted with the anti-CD11b (A) or anti-Syk (B) antibody. (C) The distribution of CD16b,
Syk and CD11b in DRM-H was determined in non-activated (Resting) and activated (Activated)
PMNs as described in Figure 3(C). The open bars represent DRM-H isolated from resting PMNs
and the closed bars show DRM-H from activated PMNs. This Figure represents the results of
six independent experiments. The statistical analysis was performed using Student’s paired t
test (P = 0.041). NS, statistically non-significant; *, statistically significant.

Figure 6 Tyrosine-phosphorylation status of Syk upon CD16b cross-linking

Resting PMNs (−) or PMNs activated with the 3G8 F(ab′)2 mAb (+) were lysed and immuno-
precipitated with an anti-Syk antibody under denaturing conditions (as described in the Materials
and methods section). Immunoprecipitated proteins were analysed by SDS/PAGE and im-
munoblotted with the anti-phosphotyrosine 4G10 (αpY) or anti-Syk (αSyk) antibodies. IPP,
immunoprecipitation; WB, Western blot.

Syk is tyrosine-phosphorylated upon CD16b cross-linking
and resides in DRMs

During the course of the present study, we also investigated
the possibility that Syk is involved in CD16b signalling. Syk
is known to participate in CD32a signalling upon CD32a cross-
linking [42] or heterotypic cross-linking of CD32a and CD16b
[43]. CD16b, however, can transmit signals independently of
CD32a [9]. To determine whether Syk is tyrosine-phosphorylated
upon CD16b cross-linking, the tyrosine-phosphorylation status of
Syk was determined in PMNs before and after stimulation with
the anti-CD16b antibody. As shown in Figure 6 (upper panel),
Syk phosphorylation could be detected after CD16b receptor
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Figure 7 Effects of nystatin and β-cyclodextrin on the tyrosine phos-
phorylation of intracellular proteins after CD16b engagement

(A) PMNs pre-incubated in HBSS containing 0.1 % (v/v) DMSO or 30 µg/ml nystatin for 1 h
at 37◦C were stimulated for various periods of time by cross-linking CD16b (1 min at 37◦C,
as described in the Materials and methods section). The cross-linking reaction was stopped
by lysing whole-cells directly in boiling 2 × Laemmli’s sample buffer. Samples were analysed
by SDS/PAGE and immunoblotted with an anti-phosphotyrosine 4G10 mAb (αpY). (B) Similar
experimental conditions as in (A) were used, with the exception that PMNs were incubated with
10 mM β-cyclodextrin at 37◦C for 30 min before CD16b cross-linking. Molecular mass sizes
are given in kDa. WB, Western blot.

engagement. The mechanism(s) through which Syk is tyrosine-
phosphorylated in response to the engagement of CD16b, a GPI-
anchored protein, remains to be established. It is highly likely that
Syk is phosphorylated by a transmembrane receptor that interacts
with CD16b.

Analysis of our OptiPrep gradient fractions with an anti-Syk
mAb revealed that Syk indeed resides in DRM-L and DRM-H
(Figure 5B) and that its distribution in DRMs remains the same
upon CD16b receptor engagement (Figure 5C).

Cholesterol-sequestering and -depleting agents enhance
CD16b signalling

The disruption of the integrity of DRMs with nystatin and methyl-
β-cyclodextrin is an approach that is often used to inves-
tigate the role of these membrane domains in receptor signalling.
We therefore next determined the effect of nystatin and methyl-
β-cyclodextrin on CD16b signalling. Nystatin is a choles-
terol-sequestering agent, and methyl-β-cyclodextrin is a
cholesterol-depleting agent [6]. The results in Figure 7(A) show
that PMNs, treated with nystatin before CD16b engagement,
exhibit a significant increase in the tyrosine-phosphorylation of
the intracellular pool of proteins shortly after CD16b engagement.
Similar observations were made when methyl-β-cyclodextrin was
used (Figure 7B).

Since CD16b cross-linking is known to mobilize Ca2+ [10],
we next investigated the effect of nystatin on the Ca2+ response.
In accordance with the effect of nystatin on the phosphorylation
of intracellular substrates, the results in Figure 8(A) show that
cross-linking of CD16b rapidly increased the concentration of
intracellular free Ca2+ and that this response was also enhanced
in the presence of nystatin. A similar increase in cytoplasmic-free
Ca2+ was observed in PMNs treated with methyl-β-cyclodextrin
(Figure 8B).

Figure 8 Effects of nystatin and β-cyclodextrin on the release of intra-
cellular Ca2+ stores after CD16b engagement

(A) The release of Ca2+ stores was determined in PMNs stimulated with 3G8 mAb F(ab′)2 after a
pre-incubation of 1 h in HBSS containing 0.1 % (v/v) DMSO or 30 µg/ml nystatin (as described
in the Materials and methods section). (B) Similar experimental conditions as in (A) were used,
with the exception that PMNs were incubated with 10 mM β-cyclodextrin at 37◦C for 30 min
before CD16b cross-linking.

The increase in CD16b signalling in the presence of DRM-
disrupting agents prompted an analysis of the effect of these
drugs on DRM integrity. DRMs were isolated from resting PMNs
incubated in HBSS containing methyl-β-cyclodextrin using an
OptiPrep gradient. As shown in Figure 9, the amount of the DRM
marker, flotillin-1, in DRM-L in PMNs incubated in the pre-
sence of methyl-β-cyclodextrin was significantly diminished in
comparison with PMNs incubated in buffer alone (compare
fractions 2–5 of ‘Resting’ gradients in the upper set of panels
of Figure 9). Similar results were obtained for CD16b (compare
fractions 2–5 of ‘Resting’ gradients in the lower set of panels
of Figure 9). The decrease in the flotillin-1 and CD16b signal
in DRM-L was statistically significant when the results of three
independent experiments were analysed. In contrast, the loss of
flotillin-1 in DRM-H is less pronounced than in DRM-L in the
presence of methyl-β-cyclodextrin (compare fractions 8 and 9
of ‘Resting’ gradients in the upper set of panels of Figure 9).
Statistical analysis of the results of three independent experiments
revealed that the decrease in the flotillin-1 signal is not statistically
significant in DRM-H in the presence of methyl-β-cyclodextrin.
A similar observation was made for CD16b (compare fractions 8
and 9 of ‘Resting’ gradients in the lower set of panels of Figure 9).
Although there is less CD16b signal in DRM-H in the presence of
methyl-β-cyclodextrin, statistical analysis of the results of three
independent experiments revealed that the decrease in signal is
not statistically significant.
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Figure 9 Effects of methyl-β-cyclodextrin on the distribution of flotillin-1
and CD16b receptors in DRM-L and DRM-H in resting and activated PMNs

PMNs were incubated in HBSS (−) or in HBSS containing 10 mM methyl-β-cyclodextrin (+)
at 37◦C for 30 min. CD16b was then cross-linked for 1 min at 37◦C (as described in the
Materials and methods section.) with the 3G8 F(ab′)2 mAb (Activated). As a control, PMNs were
also incubated in HBSS alone for 1 min at 37◦C (Resting). PMNs were then lysed in cold lysis
buffer containing 1 % Triton X-100 and overlaid with an OptiPrep gradient (as described in the
Materials and methods section). Fractions were pooled (as described in the Results section) and
analysed by SDS/PAGE and immunoblotted with an anti-flotillin-1 antibody (upper panel set)
or with the anti-CD16b 7.5.4 mAb (lower panel set). MbCD, methyl-β-cyclodextrin. Molecular
mass sizes are given in kDa.

The effect of methyl-β-cyclodextrin on the distribution of
CD16b in DRMs after CD16b engagement was then examined.
As shown in Figure 9, a decrease in CD16b signal was observed
in DRM-L in PMNs after CD16b cross-linking in the presence
of methyl-β-cyclodextrin (compare fractions 2–5 of ‘Activated’
gradients in the lower set of panels of Figure 9). Although a
decrease in CD16b signal is observed, statistical analysis of
the results of three independent experiments revealed that the
decrease in CD16b signal is close to being, but is not, statistically
significant. Similar results were obtained for flotillin-1 (compare
fractions 2–5 of ‘Activated’ gradients in the upper set of panels
of Figure 9). There was also no statistically significant difference
in the CD16b signal in DRM-H in the presence of methyl-β-
cyclodextrin observed in activated PMNs (compare fractions 8 and
9 of ‘Activated’ gradients in the lower set of panels of Figure 9). A
similar observation was made when flotillin-1 was used (compare
fractions 8 and 9 of ‘Activated’ gradients in the upper set of panels
of Figure 9).

DISCUSSION

CD16b is a unique Fc receptor since it is linked to the plasma
membrane by a GPI anchor and is only expressed on human
neutrophils. To further our understanding of how CD16b transmits
its signal from the surface to the inside of the cell, the role of
DRMs in CD16b signalling was investigated.

The novelty of our observations lies in the dynamic partitioning
of CD16b to DRM-H in PMNs. Owing to the higher density of
DRM-H (1.16 g/ml), these domains have generally been neg-
lected, since the density range of standard sucrose gradients is
usually between 1.02 and 1.16 g/ml and DRM-H will sediment in
the pellet of these preparations. Most published studies on DRMs
isolated from a sucrose gradient do not report the analysis of the
pellet of the gradient. DRM-H and DRM-L are distinct domains
found within the PMN plasma membrane [40]. DRM-L are the
DRMs that have been intensively investigated by the isolation

of cellular components that float in low-density fractions in a
sucrose gradient after cell lysis in cold Triton X-100. Similarly to
DRM-L, DRM-H also float in a sucrose gradient but in higher-
density fractions [40]. The major difference between DRM-L
and DRM-H is the enrichment in cytoskeletal proteins, such as
fodrin and supervillin, in the latter [40]. Flotillin-1 is also enriched
in DRM-H, as shown in Figure 2(A). PMNs therefore contain
distinct populations of CD16b+ DRMs of different densities that
differ in protein composition. A complete characterization of
these heterogeneous populations of CD16b+ DRMs in PMNs
will further our understanding of the role of DRMs in CD16b
signalling.

A variety of models on how lipid rafts may mediate cellular
signalling have been proposed [44]. In some models, signalling
occurs via receptors that constitutively reside in DRMs and in
others via receptors that translocate to or out of DRMs upon
cellular activation. We provide direct evidence that, first, CD16b
resides in DRM-L and DRM-H in resting PMNs and, secondly,
upon activation, a significant increase in CD16b receptors is ob-
served in DRM-H. This contrasts with CD32a, a receptor that is
recruited to DRM-H only after cross-linking [34]. These data
strongly suggest that DRM-H are implicated in CD16b sig-
nalling. Since DRM-H are enriched in cytoskeletal proteins, it is
reasonable to suggest that the association of CD16b with DRM-H
may implicate these membrane domains in the polymerization of
actin that is observed upon receptor activation. It has been sug-
gested that DRM-H may be involved in the active signalling
between chemotactic receptors and the actin cytoskeleton in
PMNs [40].

Further evidence for the involvement of DRM-H in CD16b
signalling was obtained by studying the distribution of CD11b and
Syk in DRMs before and after CD16b engagement. Previous
studies support the hypothesis that CD11b is a co-receptor
for CD16b [22–25]. None of these studies, however, provides
evidence of a link between CD16b and CD11b under conditions
directly related to the initiation of signalling induced upon CD16b
cross-linking. We therefore examined the distribution of CD11b in
DRMs in PMNs before and shortly after the cross-linking of
CD16b. Similarly to CD16b, the majority of CD11b in resting
PMNs is solubilized by Triton X-100 and a portion localizes to
DRM-H and DRM-L. Upon CD16b engagement, no significant
increase in the quantity of CD11b in DRM-H was observed. The
tyrosine kinase Syk, which is thought to be critically involved in
the phagocytic process, partitions similarly to CD11b in DRM-
H. Syk is constitutively present in DRM-H in resting PMNs and
no increase is observed in the amount of Syk in DRM-H upon
CD16b cross-linking. These observations suggest that CD16b
may translocate to a subset of DRM, DRM-H, that contains
the required proteins for CD16b signalling. A similar model has
been proposed for the EGF (epidermal growth factor) and PDGF
(platelet-derived growth factor) receptors [44].

The role of DRMs in CD16b signalling was studied further
by disturbing the integrity of DRMs with nystatin or methyl-β-
cyclodextrin. Neither nystatin nor methyl-β-cyclodextrin, at the
concentrations and incubation time utilized, affect PMN viability,
as determined by Trypan Blue exclusion as well as the ability
of the cells to maintain their cytoplasmic levels of free Ca2+

within the physiological range. Exposure of PMNs to either
nystatin or methyl-β-cyclodextrin before CD16b engagement
enhanced CD16b signalling (tyrosine phosphorylation) as well
as the mobilization of Ca2+ at an early time point after cross-
linking. Conventionally, DRM-disrupting agents have principally
been used to disrupt the integrity of DRM-L to examine the role of
DRM-L in a biological phenomenon. Since a portion of CD16b
resides in DRM-H, the effect of methyl-β-cyclodextrin on the
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distribution of protein markers of DRM-H was examined. As
predicted, in the presence of methyl-β-cyclodextrin, there is a
significant decrease in the quantity of marker protein, flotillin-1,
in DRM-L in resting PMNs. In contrast, a significant amount of
marker protein remained in the DRM-H fractions in the presence
of methyl-β-cyclodextrin. Similar observations were made for
CD16b. The persistence of CD16b in the DRM-H fraction after
methyl-β-cyclodextrin treatment may, in part, explain why an
increase in CD16b signalling is observed after treatment with
methyl-β-cyclodextrin.

Our observations are in accordance with those of Katsumata
et al. [30], who reported that methyl-β-cyclodextrin does not
inhibit the CR3/CD16b-dependent production of superoxide
in PMNs activated with opsonized zymosan. DRM disrupting
reagents do not therefore inhibit CD16b signalling or certain
effector functions, but do enhance the former upon CD16b cross-
linking with antibodies.

These observations contrast with those of the majority of
receptors whose signalling has been investigated in DRM-L. In
the presence of DRM-disrupting agents, the function of these
receptors is impaired [6]. The behaviour of CD16b, however, is not
unique, since several receptors that signal through DRMs exhibit
a similar increase in signalling after DRM disruption. Similarly
to CD16b, in the presence of cholesterol-sequestration reagents,
the release of Ca2+ from intracellular stores observed upon the
engagement of the B-cell receptor is strongly enhanced [45].
Cholesterol depletion also increases the signalling response
upon stimulation of CD32a [46] and of the EGF receptor [47].
Further biochemical analysis will reveal the underlying mechan-
isms involved in the augmentation of CD16b signalling upon
cholesterol depletion in PMNs.

Our observations that DRMs are involved in CD16b signalling
complement those of Green et al. [48] who demonstrated that
the GPI anchor of CD16b plays a role in signalling through this
receptor in fibroblasts. A synergistic rise in intracellular Ca2+

upon co-cross-linking of CD16b and CD32a is abolished when the
GPI anchor of CD16b is replaced with a transmembrane domain
[48]. Moreover, Seveau et al. [49] observed, by microscopy, the
presence of CD16b in detergent-resistant parts of the plasma
membrane in PMNs stimulated with fMLP (N-formylmethionyl-
leucylphenylalanine). Overall, these observations favour the
hypothesis that DRMs play a role in CD16b signalling and
function.

In summary, this is the first report of the preferential partitioning
of CD16b to DRM-H. Moreover, molecules involved in CD16b
signalling, such as CD11b and Syk, also partition to DRMs in
PMNs. Our observations lead to novel questions about the com-
position of DRM-H in human PMNs as well as the role of the
distinct populations of CD16b+ DRMs in PMN effector functions.
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