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Abstract. Cooperation among plasma membrane 
receptors in activating signal transduction cascades is 
not well understood. For almost 20 years, it has been 
clear that when a particulate foreign body is opsonized 
with complement as well as IgG, the efficiency of IgG 
effector functions is markedly enhanced. However, the 
molecular mechanisms involved in cooperation be- 
tween IgG Fc receptors and complement receptors 
have not been elucidated. In this work, we show that 
when human neutrophils (PMN) are plated on a sur- 
face coated with both anti-CR3 and anti-Fc3~RIII anti- 
bodies, the respiratory burst which occurs is equiva- 
lent to that stimulated by anti-Fc3,RII. The CR3 ligand 
iC3b is as effective as anti-CR3 for cooperating with 
anti-Fc~RJII in generation of a respiratory burst. The 
synergy between CR3 and Fc'yRIII for activating the 
NADPH oxidase is abolished by Fab of anti-Fc-tRII. 
Nonetheless, the observed synergy is not an artifact of 
unintended Fc,yRII ligation, since (a) only this combi- 
nation of antibodies works to generate H202; (b) coat- 
ing plates with either of the antibodies alone cannot 
activate the respiratory burst at any dose; (c) LAD 
(CR3 deficient) cells, which are perfectly competent to 

mount a respiratory burst when Fc~RII is engaged, 
are incapable of activating the respiratory burst when 
adherent to wells coated with anti-Fc.yRIII and anti- 
CR3; (d) direct engagement of Fc3,RII activates the re- 
spiratory burst by a pathway pharmacologically distin- 
guishable from the synergistic respiratory burst. 
FcTRIII/CR3 synergy is abolished by cytochalasin B 
and herbimicin, suggesting that both the actin 
cytoskeleton and tyrosine phosphorylation are neces- 
sary for activation of the synergistic respiratory burst. 
Further analysis shows that CR3 and Fc3,RIII have dis- 
tinct roles in activation of this Fc.gRII-dependent as- 
sembly of the NADPH oxidase. Ligation of CR3 is 
sufficient to lead to FeyRII association with the actin 
cytoskeleton on the adherent PMN surface. Coligation 
of Fc3,RIH is required for tyrosine phosphorylation of 
Fc3,RII. These data are consistent with a model in 
which phosphorylation of Fc-yRlI or a closely as- 
sociated substrate initiates activation of a signal trans- 
duction pathway leading to oxidase assembly. These 
are the first data to demonstrate a molecular mecha- 
nism for synergy between IgG Fc and complement 
receptors in activation of phagocyte effector functions. 

INCE the work of Ehlenberger and Nussenzweig al- 
most 20 years ago (17), it has been clear that when 
a particulate foreign body is opsonized with comple- 

ment as well as IgG, the efficiency of IgG effector functions 
is markedly enhanced. The Ehlenberger-Nussenzweig hy- 
pothesis was that the role for complement interaction with 
complement receptors was to increase the efficiency of pre- 
sentation of IgG to phagocyte Fc receptors. The implication 
of this hypothesis was that complement receptors did not 
contribute to the signal transduction which led to phagocyto- 
sis, degranulation, respiratory burst, and leukotriene pro- 
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duction which occurred upon Fc receptor ligation. The lack 
of a role for complement receptor signaling in these func- 
tions has been supported by several studies (1, 42). However, 
recent studies have suggested that complement receptors 
may have a direct role in signal transduction in some phago- 
cyte Fc receptor-mediated functions (10, 22, 25, 38). Bio- 
physical studies from Petty's laboratory have shown that 
complement receptor 3 (CR3), 1 a member of the/32 integrin 
family, cocaps with Fc'yRIII, the phosphoinositol glycan- 

1. Abbreviations used in this paper: CR3, complement receptor 3; DFP, di- 
isopropyfluorophosphate; DOC, deoxycholic acid; LAP, integrin-associated 
protein; KRPG, Krebs buffer with glucose; PIG, phosphoinositoi glycan; 
PBS Tween, phosphate buffered saline with 0.5% Tween 20; PMN, poly- 
morphonuclear leukocytes; RM, reaction mixture. 
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linked Fc receptor on polymorphonuclear leukocytes 
(PMN), and that this cocapping can be inhibited by N-acetyl- 
d-glucosamine (43). From these data, Petty has hypothe- 
sized a direct physical interaction between Fc~,R/II and CR3 
(38). 

Together, these experiments suggest that when CR3 is 
ligated alone, signal transduction pathways may not be acti- 
vated, but it has an important and necessary, but unex- 
plained, role in signal transduction resulting from Fc recep- 
tor ligation. Despite these advances, direct tests of 
complement receptor-dependent signal transduction have 
been lacking. PMN express several complement receptors 
which recognize similar or identical ligands and also express 
at least two Fc receptors with similar ligand specificity. The 
resultant complexity of ligand-receptor interactions has 
made dissection of collaboration in signal transduction ex- 
tremely difficult. Recently, an assay system using PMN 
adhesion to specific monoclonal antibodies has been devel- 
oped which allows dissection of signal transduction phe- 
nomena (4, 44). In this work, we have used this assay system 
to understand Fc receptor-complement receptor collabora- 
tion in generation of a respiratory burst. We have found that 
the combination of anti-Fc,yR/II and anti-CR3 (or the CR3 
ligand iC3b) leads to activation of a PMN respiratory burst, 
while neither antibody alone, nor iC3b alone, can do so. 
Anti-Fc3,RII, on the other hand, is competent to stimulate 
a respiratory burst on its own. Surprisingly, the respiratory 
burst stimulated by synergy between Fc~,RIII and CR3 is 
completely inhibited by Fab of anti-Fc~,RII. The synergistic 
respiratory burst is abrogated by cytochalasin B and by her- 
bimicin, an inhibitor of tyrosine phosphorylation. Further 
analysis reveals that ligation of CR3 is sufficient to cause 
Fc3,RII association with the actin cytoskeleton, but that 
Fc-yRII is phosphorylated on tyrosine only when both CR3 
and Fc3,RIII are ligated. These data are the first to provide 
a mechanism for cooperation between Fc receptors and com- 
plement receptors in phagocyte effector functions. We hy- 
pothesize that FcTRIII and CR3 have distinct roles in this 
collaboration, that ligation of CR3 signals an association of 
Fc-vRII with the actin cytoskeleton, and ligation of Fc~,RIII 
on the same adherent surface leads to tyrosine kinase activity 
in proximity with Fc3,RII. We suggest that this two-receptor- 
dependent coordination off enzyme and substrate initiates a 
pathway for assembly of the NADPH oxidase. 

Materials and Methods 

Monoclonal Antibodies 
The following mAbs were used in these studies: IB4 (anti-CD18) (4D; 3D9 
(anti-CD 35) (33); W6/32 (anti-HLA) (2); B6H12 and 2D3 (anti-lAP, 
CD47) (11, 24); 3G8 (anti-CD16) (20), KuFc79 (40), and IV.3 (anti-CD32) 
(31). IB4, 3D9, 3G8, Ku79Fc, and IV.3 IgG were purified from ascites using 
octanoic acid as described (22). W6/32, B6H12, and 2D3 IgG were pre- 
pared using an Amicon Bioreactor (Amicon Inc., Danvers, MA) according 
to manufacturer's instructions. SDS-PAGE of all purified IgG preparations 
showed them to be >90% IgG. 4G10 (anti-phosphotyrosine, IgG2b) was 
from UBI (Lake Placid, NY). Fab fragments of W6/32, IV.3 and OKM1, 
F(ab92 fragments of 3G8 and 2D3 were prepared as described (34). FITC- 
conjugated antibody fragments were prepared as described (43). Immuno- 
precipitation studies have shown that there is no cross-reactivity between 
anti-FcTRII mAb and Fc~,RIII, or between anti-Fc,yR/II mAb and FcvRII 
(19, 31, 40). 

Buffers and Other Reagents 
Phosphate buffered saline was from Biowhittaker, Walkersville, MD. Krebs- 
Ringer buffer (KRPG) was 145 mM NaCI, 4.86 mM KCI, 1.22 mM 
MgSO4, 5.7 mM Na2HPO4, 0.54 mM CaCI2, and 5.5 mM glucose, pH 7.4. 
Reaction mixture (RM) consisted of 37.5/~M scopoletin, 1.25 mM NAN3, 
1.25 U/ml HPO in KRPG. Other reagents were obtained from standard 
sources as previously described (44). 

PMN Isolation 
Human PMN were isolated by dextran sedimentation and Ficoll-Hypaque 
density centrifugation as described (43). Normal human PMN express 
~I0-30 x 103 Fc~/RII, 150-300 x 103 FcTRIII, and 150 x 103 CR3 (3, 
23, 27, 39). PMN were obtained from two/~2 intagrin-deficient (leukocyte 
adhesion deficient, LAD) patients followed at Baylor College of Medicine. 
Both patients are characterized as having the complete deficiency pheno- 
type. Expression of Fc3,RII and Fc3,RIII on these patients' cells was normal, 
while CR3 was undetectable (not shown), The patient blood and a normal 
control were transported and the PMN prepared as described (25). 

Preparation of Coated Plates 
96-well tissue culture plates (Costar Corp., Cambridge, MA) were coated 
with protein A, and then mAb IgG essentially according to the method of 
Berton et al. (4), with modifications as described (44). When anti-CR3 
OKM1 and anti-Fc~,RIII were combined with each other or other mAbs, 10 
/~g/rnl of OKM1 and 20/~g/ml of 3G8 were used unless otherwise indicated. 
This combination of anti-CR3 and anti-FcyRIII led to an optimal respira- 
tory burst. When these antibodies and other mAbs were used individually 
to coat plates, 30 #g/ml of IgG were added. To prepare surfaces coated with 
iC3b and antibody, 50/~g/rnl each of protein A and human IgM were added 
in PBS to wells activated with poly-L-lysine and glutaraldehyde. After 4 h 
incubation at room temperature, the plates were blocked with casein, in- 
cubated with 20 tzg/ml mAb or buffer as a control, and with 10% heat- 
inactivated FCS as described (4, 44). Finally, the plates were incubated with 
5% fresh human serum in veronal-buffered saline with 1 mM Mg 2, 0.15 
mM Ca 2, and 0.1% gelatin at 370C for 90 rain to deposit complement. The 
deposition of C3 fragments upon serum incubation with the IgM-coated 
plates was verified by ELISA with rabbit anti-human C3. The wells coated 
with human IgM alone or combined with protein A plus anti-FcyRIII 3G8 
demonstrated similar C3 deposition, while surfaces coated with protein A 
alone or with 3G8 (anti-FoyRIID did not activate C3 deposition (data not 
shown). 

H:02 Assay 
The microwell H2(Yz assay was adapted from the method of De la Harpe 
and Nathan (16), as modified by Berton et al. (4). Data were collected and 
analyzed exactly as p~viously described (44). In each experiment, data 
were averaged from triplicate wells, which generally varied from each other 
by <10%. For surfaces coated with human C3, the assay was performed in 
the presence of 5/~g/ml of anti-CPO mAh 3D9, which is sufficient to block 
ligand binding to CR1, the C3b receptor of PMN (9). Unless otherwise 
stated, H202 accumulation was measured after 60 rain of PMN incubation 
in wells. 

Pretreatment of PMN 
PMN at 2.5 × 106 cells/ml in KRPG were pretreated with 5 #g/mi of Fab 
or 2.5/~g/ml of F(ab')2 of various mAb at 4°C for 15 rain. Without wash- 
ing, PMN were added to antibody-coated plates containing RaM (44). For 
treatment with pharmacologic agents, PMN were preincubated with her- 
bimicin at 10 pg/ral or H-7 at 300 nM at 37°C for 15 rain, and then added 
to RM containing the same concentration of the indicated agent. To pretreat 
PMN with pertussis toxin, cells in KRPG were incubated with 2 pg/ml of 
pertussis toxin at 37°C for 45 min. In experiments examining the effects of 
cytochalasins, PMN were pretreated with 2.5 ~g/ml cytocbalasin B or D 
and added to RM containing no additional drug. In all experiments, control 
PMN were incubated with an identical concentration of nonaqueous diluent 
as the PMN receiving any drug. 

Immunofluorescence 
4-well chamber slides (Nunc, Naperville, IL) were coated with mAbs as de- 
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scribed above for the 96 well plates. 2.5 x 105 PMN in KRPG were al- 
lowed to adhere to mAb-coated chamber slides at 37"C for 30 rain, and the 
nonadherent cells were removed by briefly washing with PBS. The adherent 
cells were extracted with 0.5% Triton X-100 in extraction buffer (10 mM 
Hepes, pH 7.2, 300 mM sucrose, 100 mM KCI, 3 mM MgCI2, 10 mM 
EGTA, 1 mM PMSF, and 2 mM diisopropyfluorophosphate [DFP]) for 5 
rain, and rinsed with extraction buffer once, and then fixed with cold metha- 
nol on ice for 20 min. Under this extraction condition, there were no resid- 
ual granules or nuclei in the Triton-insoluble PMN ghosts visible under the 
phase contrast microscope. After rehydration in PBS, the slides were in- 
cubated with 0.5% BSA and 0.5% gelatin in PBS at room temperature for 
30 min, and then with 10 t~g/ml FITC-conjugated IV.3 (anti-Fc-rRlI) Fab 
or W6/32 (anti-HLA) Fab as a control. After washing with PBS Tween, 
slides were mounted in 90% glycerol in PBS with I mg/ml OPD, and exam- 
ined with a Nikon epifluorescence microscope with excitation of 485/30 um 
and emission of 530•30 urn. To quantitate Fc3,RII fluorescence, 2.5 x 106 
PMN were allowed to adhere to wells of 24-well plates coated with mAb 
as above, and then subjected to the same extraction and staining procedures. 
The immunofluorescence was quantitated using a Cytofluor 2300 plate 
reader (Millipore, Bedford, MA). In each experiment, the fluorescence of 
triplicate wells, which generally varied by <10 %, were averaged. To com- 
bine data from different experiments, IV.3 Fab fluorescence on wells coated 
with other mAb was always compared to IV.3 Fab fluorescence in wells 
which had been coated with KuFc79, an anti-Fc"/RII mAb which does not 
compete with IV.3. 

Immunoprecipitation 
5 x 106 PMN in KRPG were allowed to adhere at 37°C for 30 rain to 
6-well tissue culture plates coated with various mAb as above. The adherent 
cells were extracted with detergent as described above, following which the 
plate was rinsed with 0.15 M sodium phosphate buffer containing 2 mM 
DFP and 0.2% Triton X-100 once. Proteins remaining adherent were radio- 
labeled in 500 t~l of the same buffer by sequential addition of 50 #l of 22.5 
mg/ml chloramine T and 5 tzl of 100 mCi/ml 125I. After three minutes, 50 
#l of metabisulfite followed by 50/~l of 150 mM NaI were added to each 
well to quench the labeling reaction. After washing with the sodium phos- 
phate buffer three times, the residual cytoskeletons were solubilized with 
solubilization buffer (20 mM Tris, pH 8.0, 150 mM NaCl, 1% Triton X-100, 
1% DOC, 0.05 % SDS, 10/zg/ml each of aprotinin, leupeptin and pepstatin 
A, 1 mM PMSF, 2 mM DFP) at 4*(2 for 60 rain with shaking. The insoluble 
materials were removed by centrifugation in an Eppendorf 5415C microfuge 
(Brinkman Instruments, Westbury, NY), at top speed at 4°C for 10 min. 
The labeled lysate was then preelcared with Sepharose-anti-murine IgG 
(mIg) at 4°C for 60 min. The precleared iysate was incubated with anti- 
FcTRII IV.3 IgG captured by Sepharose-anti-mlg at 4"C for 2 h. The 
Sepharose mixture was washed once with solubilization buffer, and then six 
times in the same buffer without DOC, SDS, and protease inhibitors, con- 
taining 5 mM KI. The Sepharose-bound radiolabeled proteins were ana- 
lyzed by SDS-PAGE as described (12). To determine the effect of addition 
of Fab of anti-Fc~RII IV.3 on association of Fc3,RII with the Triton- 
insoluble cytoskeleton, the same protocol was performed using PMN 
treated with 5 #g/ml of anti-Fc3,RII IV.3 Fab or with buffer during PMN 
adherence to antibody-coated plates. In these experiments, Fc-tRII was im- 
munoprecipitated with KuF~9. 

1)~osine Phosphorylation 
5 x 106 PMN in KRPG with 0.1 mM sodium vanadate were allowed to ad- 
here to mAb-coated 6-well plates at 4°C for I0 rain, and then at 37°C for 
15 rain. The nonadherent cells were removed by washing with cold PBS. 
The adherent cells were lysed with the cold solubilization buffer plus 1 mM 
sodium vanadate, 1 mM sodium pyrophosphate, 0.1 mM sodium molyb- 
date, 100 #M phenylarsine oxide, 10 mM NaF. After immunoprecipitation 
and 10% SDS-PAGE, the immunoprecipitated proteins were transferred to 
polyvinylidine difluoride (MiUipore, Bedford, MA). The membranes were 
incubated overnight in blocking buffer (10 mM Tris, pH 7.5, 150 mM NaCI, 
2% BSA, 0.5% NP-40), and then with 1 #g/ml anti-phosphotyrosine mAb 
4G10 (UBI, Lake Placid, NY) in blocking buffer for 2 h at RT. The mem- 
branes were washed with the same buffer without BSA for four times, and 
incubated with HRP-conjugated anti-mouse IgG2b (Caltag Laboratories, 
South San Francisco, CA) at 1:1,000 dilution in blocking buffer at RT for 
1 h. After three washes, the blots were developed using a chemilumines- 
cence kit (Amersham Corp., Arlington Heights, IL). 

Results 

Costimulation of CR3 and Fc~RIII with Surface 
Bound mAbs Activates the Respiratory Burst in PMN 

Neutrophils express all three/32 integrins, CR3, LFA-1, and 
p150,95. Although CR3 are the most abundant, ligation of 
CR3 does not trigger a respiratory burst, while ligation of 
either LFA-1 or p150,95 does (4). Similarly, although Fc3,RIII 
molecules are 10-15 times more abundant than Fc,yRII mole- 
cules on PMN, ligation of Fc3,RII, but not FcqcRIII, initiates 
the respiratory burst (27, 28). Using mAb specific for 
Fc3~RII, Fc~Rm, and CR3 to coat surfaces, we confirmed 
that anti-Fc'yRII, but not anti-Fc-yRIII or anti-CR3, could 
stimulate a PMN respiratory burst (Fig. 1 A). Increasing or 
decreasing the antibody concentration with which the plates 
were coated by up to 10-fold did not induce a PMN respira- 
tory burst from PMN adherent to anti-CR3 or anti-Fc-rRIII. 
Surprisingly, when wells were coated with both anti-Fc'yRIII 
and anti-CR3, PMN produced H202 (Fig. 1 A). The effect 
of activating the respiratory burst was specific for engage- 
ment of this combination of receptors, since neither anti- 
Fc~/RIII nor anti-CR3 could stimulate a respiratory burst in 
combination with anti-HLA (Fig. 1 A) or in combination 
with anti-CR1 (not shown), both of which are prominent 
plasma membrane molecules of PMN. A second anti-CR3 
mAb (10B5 [21]) also did not activate the respiratory burst 
when used alone, but did synergize with anti-Fc-tRIII (not 
shown). Activation of H202 production required that both 
anti-Fc~/RIU and anti-CR3 antibodies be adherent to the tis- 
sue culture dish. Addition of Fab or F(alY)2 of either anti- 
body in the fluid phase did not activate the respiratory burst 
in cells adherent to wells coated with the other antibody, 
even when the antibodies bound to the apical plasma mem- 
brane were cross-linked with F(ab3~ anti-mouse IgG at a 
concentration sufficient to activate an increase in [Ca÷2]i 
from the 3G8 F(ab'h (Fig. 1 B) (35). 

The dose response for this synergistic respiratory burst ac- 
tivation was biphasic for both antibodies (Fig. 2); all further 
experiments were done using wells coated with 20 t~g/ml 
3G8 (anti-Fc3,RIII) and 10/zg/ml OKM1 (anti-CR3), which 
led to optimal H202 production, or with 30 #g/ml of in- 
dividual antibodies. The respiratory burst stimulated by the 
combination of anti-CR3 and anti-Fc-tRIII mAbs could be 
specifically inhibited by anti-CR3 Fab or anti-Fc~/RIII 
F(alY): alone, but not by anti-HLA Fab (Fig. 3 A). This in- 
dicated that both CR3 and Fc~RIII are directly involved in 
signal transduction for the respiratory burst. Surprisingly, 
the respiratory burst activated by synergy between CR3 and 
Fc~RIII also was inhibited by anti-Fc3,RII Fab (Fig. 3 A). In- 
hibition of this synergistic activation of the respiratory burst 
was specific, since anti-Fc3,RII (IV.3) Fab did not inhibit 
H202 production by PMN adherent to IB4- (anti-/32 [4]) or 
B6H12- (anti-IAP [44]) coated surfaces (Fig. 3 B). These 
results suggest that Fc3,RII is required for the respiratory 
burst induced by synergy between Fc3,RIII and CR3. 

To determine whether natural ligand for CR3 would work 
similarly to antibody, PMN were adhered to microtiter wells 
coated with complement. 1-1202 production was detected 
only when anti-Fc~/RIII also was present on the adherent sur- 
face (Fig. 4 A). Like the synergistic respiratory burst on 
antibody-coated surfaces, the respiratory burst generated 
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Figure 1. Activation of a PMN respiratory burst by adhesion to 
surface-bound mAb. The generation of H202 by normal PMN in- 
cubated in microwells coated with various mAbs alone and in 
combination is compared. PMN were incubated for 60 min on 
mAb-coated plates. IV.3 is anti-Fc3,RII, OKM1 is anti-CR3, 3G8 
is anti-Fc3,RRI, and W6/32 is anti-HLA. Data are means + SEM 
of three independent experiments, each performed in triplicate. In 
B, PMN were allowed to adhere to microwells coated with anti- 
CR3 or anti-Fc3,RIH alone. F(ab')2 anti-Fc3,RIII was then added 
at 2.5 #g/ml to PMN on the anti-CR3-coated surface, and anti- 
CR3 Fab at 5 #g/ml to PMN on the anti-Fc-rR.lH-coated surface. 
Cross-linking of antibody on the apical plasma membrane was 
achieved by addition of rabbit anti-mIg at 2.5 #g/ml. Data are 
means + SEM of three independent experiments, each performed 
in triplicate. Anti-Fc3,RII can stimulate a respiratory burst when ad- 
herent to a surface, as can the combination of anti-CR3 and anti- 
FcvRIII. Both anti-CR3 and anti-Fc-yRRl must be surface-associ- 
ated to synergize for stimulation of a respiratory burst. 

from PMN adhesion to plates coated with anti-Fc-tRIII and 
complement was inhibited by anti-Fc~R/II 3G8 F(ab)2,  by 

anti-CR30KM1 Fab, and by anti-Fc-rRII IV.3 Fab (Fig. 4 
B). Thus, iC3b ligand and anti-CR3 antibody have the same 
ability to synergize with ligation of Fc-yRIII for signaling ac- 
tivation of the PMN respiratory burst and show the same in- 
hibition by IV.3 Fab. 

One possible explanation for the effect of anti-FcvRII Fab 
in this system is that Fc3,RII is engaged by Fc fragments of 
mAb on the adherent surface which have not been suflicienfly 
blocked by the protein A on the plate. Engagement of Fc-rRII 
is a potent agonist for I-I202 generation (Fig. 1 A). Against 
this possibility are the observations that only one combina- 
tion of antibodies is able to induce the respiratory burst and 
that neither of these antibodies alone can activate the respira- 
tory burst at any dose; and that Fab or F(ab')2 of either 
mAb can inhibit the respiratory burst, suggesting that both 
membrane ligands must be engaged. Unfortunately, coating 
wells with Fab or F(ab')2 of mAb is ineffective at activating 
the respiratory burst in this experimental system ([4] and our 
unpublished results). To definitively rule out this artifact as 
the explanation for Fc3,RII involvement in the synergistic re- 
spiratory burst, we examined PMN of two LAD patients 
(Fig. 5). Although both patients made a normal respiratory 
burst on surfaces coated with anti-Fc3,RII, neither was able 
to generate H202 in response to surfaces coated with anti- 

e 4  

e q  

E 

1.0" 

0.8 ¸ 

0.6'  

0.4 '  

0.2 

0.0 

A 

v 

o l o  2 0  3 0  , o  5 o  

3G8 concentrat ion (ug/mi) 

6 o  

B 
1.2 

/ = ~  ~ 20 ug/ml 3G8 
1 B0 

/ $ 
ml 3G8 

0.8 
t q  

=. 
0.6 

O 

0.4 

0.2 

0.0 , , , , 
0 10 20 30 40 

OKM1 concentrat ion (ug/mi) 

Figure 2. Dose dependence of anti-CR3 and anti-Fc3,RI/I for 
respiratory burst activation. In A the dose response for 3G8 (anti- 
Fc3,RIII) in the presence (n) or absence ( . )  of a constant amount 
of OKM1 (anti-CR3) is presented. A similar dose response for 
OKM1 in the presence (n) or absence ( , )  of a constant amount 
of 3G8 is shown in B. All antibodies were surface-adherent. The 
data are from a single experiment performed in triplicate, rep- 
resentative of at least five experiments. Neither antibody alone was 
able to stimulate a respiratory burst at any concentration tested. 
The optimal concentrations of anti-CR3 and anti-Fc3,RIII for coat- 
ing plates to achieve a maximal synergistic respiratory burst are 
10 #g/ml and 20 #g/ml, respectively. 

Fc3,RIII and anti-CR3. Thus, CR3 must be expressed on the 
PMN to activate the synergistic respiratory burst. I f  the syn- 
ergistic effect were merely the result of Fc3,RII engagement 
by exposed Fc fragments on the plate, LAD cells should re- 
spond normally, even if Fc3,RII/Fc~RIII cooperation (36) 
were required. This rules out involvement of Fc3,RII in the 
synergistic respiratory burst by receptor engagement with 
known ligands on the activating surface. 
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Figure 3. mAb inhibition of the synergistic and the anti-Fc3,RII- 
stimulated respiratory burst. (A) PMN, pretreated with 5 #g/ml of 
Fab fragments (W6/32, IV.3, and OKM1), or 2.5/~g/ml of F(ab)2 
fragments (B6HI2 and 3G8) or 5 #g/ml intact IgG1 (3D9) at 4°C 
for 15 min, were incubated in wells coated with anti-Fc-yRII (dark 
bars) or the combination of anti-CR3 and anti-Fc3,RIII (light 
bars). The amount of H2Oz generated at 60 rain is presented as 
the % of control PMN which were pretreated with buffer contain- 
ing no mAb (1.33 + 0.29 nmol in microwells coated with anti- 
Fc~RII and 1.21 + 0.28 nmol microwells coated with anti-FcyPdlI 
and anti-CR3). Data are means 5: SEM of three independent ex- 
periments. (B) PMN, pretreated with IV.3 Fab, were incubated in 
wells coated with IB4 (anti-CD18) or B6H12 (anti-lAP), both of 
which are known to initiate a respiratory burst (4,44). A single ex- 
periment, performed in triplicate is shown. 

Direct Activation of FcyRII-mediated 
Respiratory Burst Is Pharmacologically Distinct 
from the Synergistic CR3-FcTRIII-mediated 
Respiratory Burst 
To begin to understand the signal transduction pathways in- 

Figure 4. iC3b and anti-Fc~/RIII synergize to stimulate a PMN 
respiratory burst. (A) Adherent surfaces were opsonized with se- 
rum alone (S); IgM alone (lgM); IgM + serum (IgM +S); 3G8 
anti-Fc3,R/R + serum (3G8 + S); IgM + 3G8; IgM + 3G8 + 
serum (IgM+3G+S); or OKM1 anti-CR3 + 3G8, as described in 
Materials and Methods. H202 was assayed 60 min after addition 
of PMN to the various wells in the presence of a blocking concen- 
tration (5 ~g/ml) of 3D9 anti-CR1. Wells which were incubated 
with IgM and serum (:1:3C-8) had detectable deposition of C3; the 
other conditions did not lead to C3 deposition (not shown). Data 
are mean + SEM of three independent experiments, each per- 
formed in triplicate. In B, PMN were pretreated with Fab or 
F(ab')2 fragments of various mAb as in Fig. 2, and then assayed 
for H20: production after 60 min incubation microweUs coated 
with IgM, serum, and 3G8 as in A. A single experiment, per- 
formed in triplicate is shown. 

volved in the synergistic respiratory burst, we compared the 
effects of  several inhibitors on the synergistic respiratory 
burst with the burst directly activated by anti-Fc-yRII. As 
shown in Fig. 6, NADPH oxidase activation by either adher- 
ent stimulus was markedly diminished by both the ser- 
ine/threonine kinase inhibitor H7 and by the tyrosine kinase 
inhibitor herbimicin. All known pathways for oxidase activa- 
tion are inhibited by H7, presumably because assembly of the 

Zhou and Brown Molecular Mechanism of CR3/FcTRIII Cooperation 1411 



Figure 5. mAb-stimulated respiratory burst in LAD PMN. The 
generation of H20: by PMN incubated in microwells coated with 
various mAbs alone and in combination is compared for normal 
(control) and/32 deficient (LAD) PMN. H202 generation was as- 
sessed after 60 rain incubation. A single experiment, in triplicate, 
was performed on PMN from each of two LAD patients and the 
normal controls which accompanied them. Anti-Fc3,RII stimulated 
a normal respiratory burst in LAD PMN but neither anti-CR3 nor 
anti-Fc3,RIII individually, nor their combination, led to a respira- 
tory burst in LAD cells. 

Figure 6. Direct activation of Fc3,RII-mediated respiratory burst is 
pharmacologically distinct from the synergistic CR3-Fc,yR/II- 
mediated respiratory burst. PMN were treated with various phar- 
macologic inhibitors as described in Materials and Methods and 
incubated for 60 min at 37°C in mAb-coated wells. Data are pre- 
sented as the % of control PMN which were incubated with vehicle 
or buffer. The respiratory burst stimulated by Fc3,RII and CR3/ 
Fc3,RIII without drugs was 1.34 + 0.36 and 1.18 5:0.26 nmol, re- 
spectively, at 60 min. Data are the means 5: SEM of three indepen- 
dent experiments. 2.5 #g/ml Cytochalasin D gave identical results 
to cytochalasin B (data not shown). 

oxidase requires protein kinase C-mediated phosphorylation 
of p47p h°x (32). However, herbimicin is selective, since the 
respiratory burst upon LRI/IAP ligation is insensitive to 
tyrosine kinase inhibitors (44). This suggests that both direct 
activation of Fc~/RII and its indirect activation through 
simultaneous ligation of Fc3,RIII and CR3 require tyrosine 
phosphorylation for generation of the respiratory burst. Ac- 
tivation of the respiratory burst by direct ligation of Fc'yRII 
was sensitive to pertussis toxin, consistent with the possibil- 
ity that a trimeric G protein is required for activation. In con- 
trast, the synergistic respiratory burst from ligation of CR3 
and Fc'yRIII was insensitive to pertussis (Fig. 6). Con- 
versely, cytochalasins B and D did not affect the respiratory 
burst stimulated by direct ligation of Fc3,RII, but totally 
abolished the synergistic respiratory burst (Fig. 6). These 
data suggest that NADPH oxidase activation is dependent on 
G protein activation when Fc-yRII is ligated directly and on 
assembly of the actin cytoskeleton when the Fc~/RIII/CR3 
pathway is activated. 

PMN Adhesion via CR3 Causes Colocalization of  
Fc~/RH with the Actin Cytoskeleton 

To determine how Fc3,RII became involved in the synergistic 
respiratory burst, we tested for its presence on the adherent 
surface after solubilization of PMN with Triton-X100. When 
the Triton-insoluble cell ghosts were stained with Fab of 
IV.3, marked fluorescence was detected on cells adherent to 
surfaces coated with KuFc79 (anti-Fc-/RID (Fig. 7 A); no 
fluorescence was seen on plates coated with anti-Fc3,RIII 
(Fig. 7 B), anti-HLA, anti-CD35, or anti-lAP (data not 
shown). However, significant fluorescence was observed on 
plates coated with anti-CR3 alone or in combination with 

anti-Fc3,RIII (Fig. 7, C and D). No fluorescence was seen 
with W6/32 (anti-HLA) Fab or 2D3 (anti-lAP) F(ab'): on 
plates coated with KuFc79 or OKM1 (not shown), demon- 
strating that not all membrane proteins were insoluble in 
Triton-X100 in PMN adherent to these surfaces. The assay 
could be made semi-quanttafive by measuring the total 
fluorescence in each well with a fluorescent plate reader 
(Fig. 8). When PMN were adherent to anti-Fc-yRIII/anti- 
CR3-coated surfaces, significant FcyRII was found associ- 
ated with the Triton-insoluble cytoskeleton (Fig. 8). This 
was ,,o30% of the Fc3,RII associated with the adherent sur- 
faces of PMN in wells directly coated with anti-FcyRII mAb 
(Fig. 8). Anti-Fc'yRIII was neither necessary nor sufficient 
for this localization of FcyRII to the detergent insoluble 
cytoskeleton. Anti-CR3 alone or in combination with the ir- 
relevant anti-HLA caused equal retention of Fc3,RII after 
Triton solubilization (Fig. 8). No Fc),RII above background 
was found associated with the Triton-insoluble cytoskeletons 
of PMN adherent to anti-Fc3,RIII, with or without anti-HLA 
(Figs. 7 and 8). 

To confirm the data from the fluorescence assay, the 
Triton-insoluble cytoskeletons were radiolabeled with ~25I, 
solubilized, and immunoprecipitated with anti-Fc,yRII mAb. 
As shown in Fig. 9, Fc3,RII could be immunoprecipitated 
from the Triton-insoluble ghosts of PMN plated onto wells 
coated with anti-CR3, with or without coligation of Fc'yRIII 
or HLA. No Fc3,RII could be immunoprecipitated from the 
same preparations of PMN adherent to anti-Fc3,R]II or anti- 
HLA-coated surfaces. 

These data demonstrated that attachment of PMN to anti- 
CR3 induces Fc3,RII to become associated with the adherent 
membrane in a Triton=resistant manner. To determine 
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Figure 7. Immunofluorescence stain of 
Fcq, RII on mAb-coated slides. PMN 
were allowed to adhere to wells coated 
with anti-Fc,yRII KuFc79 (A), anti- 
Fc3,RIII 3G8 (B), anti-CR30KM1 and 
anti-Fc3,RIII (C), or anti-CR30KM1 
(D) at 37°C for 30 min. After extrac- 
tion, the Triton-insoluble PMN ghosts 
were probed with 10 pg/ml of anti- 
Fc'tRII IV.3 Fab fragments directly la- 
beled with FITC. A marked Fc3,RII 
fluorescence was seen in ghosts from ad- 
herent to surfaces coated with KuFc79; 
no fluorescence was seen on plates 
coated with anti-Fc3,RIII (b), anti-HLA 
and anti-IAP (data not shown). Fc~/RII 
was found associated with the Triton- 
insoluble cytoskeleton on plates coated 
either with anti-CR3 alone or its combi- 
nation with anti-Fc~/RIII. Fluorescent 
Fab of W6/32 did not stain Triton- 
insoluble ghosts of PMN plated on 
KuFc79, 3G8, OKM1, or the combina- 
tion of these antibodies (data not 
shown). 

Figure 8. Measurements of Fc3,RII retention with Triton-insoluble 
cytoskeleton. Adherent PMN ghosts were prepared, extracted, and 
stained with IV.3 Fab as described in Fig. 7. The total Fc~/RII 
fluorescence on each well was determined as described in Materials 
and Methods. The data for each mAb-coated surface were com- 
pared to wells coated with KuFc79. Data shown are the means + 
SEM of three independent experiments, each performed in 
triplicate. 

whether this association was affected by inhibitors of the re- 
spiratory burst, Triton-insoluble Fc-tRII was determined in 
PMN treated with herbimicin, H7, pertussis toxin, and 
cytochalasins B and D. Herbimicin, pertussis toxin, and H7 
had no effect on Fc3,RII retention in the Triton-insoluble 
ghosts in PMN adherent to anti-CR3 coated wells (Fig. 10). 
However, cytochalasin B markedly diminished Fc3,RII reten- 
tion (Fig. 10), demonstrating that the actin cytoskeleton is 
required for stable localiTation of Fc3~RII to the adherent 
membrane of PMN attached to a CR3 ligand. Whether or 
not anti-Fc3,RIII also was present on the adherent surface 
made no difference to the effects of these pharmacologic in- 
hibitors on Fc-yRII localization. No pharmacologic reagents 
which inhibited the respiratory burst had any effect on 
Fc,yRII retention on anti-FcTRII-coated wells (Fig. 10). In- 
cubation of PMN with IV.3 Fab, which inhibited the respira- 
tory burst (Fig. 3), also inhibited OKMl-dependent localiza- 
tion of Fc~/RII to the Triton-insoluble cytoskeleton, as 
assayed by immunoprecipitation with the noncompeting 
anti- Fc3,RII mAb KuFc79 (not shown). 

Ligation of Both CR3 and FcTRIII Is Required for 
1)~osine Phosphorylation of FcTRH 
The data suggested that adhesion via CR3 is sufficient to 
mobilize Fc'yRII to the actin cytoskeleton, but is not enough 
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Figure 9. Immunoprecipitation of FcTRII from Triton-insoluble 
PMN ghosts. Triton-insoluble ghosts of adherent PMN, prepared 
as described in Materials and Methods, were radiolabeled with 
~2~I, solubflized and immunoprecipitated with anti-Fc'yRII mAb. 
Each lane is an immtmoprecipitation from PMN ghosts plated onto 
a different mAb-coated surface. (Lane 1) Whole cell lysate; (lane 
2) anti-CR3 and anti-Fc3,P-dlI; (lane 3) anti-CR3 alone; (lane 4) 
anti-Fc-cRIII alone; (lane 5) anti-CR3 and anti-HLA; (lane 6) anti- 
Fc-yRIII and anti-HLA; (lane 7) anti-HLA alone. Fc3,RI/could be 
immunoprecipitated from the Triton-insoluble ghosts of PMN onto 
wells coated with anti-CR3, with or without coligation of FcTRIII 
or HLA. The arrow indicates intact Fc~RII. 

to activate an Fc3,RII-dependent respiratory burst. Since ad- 
ditional adhesion via Fc3,RIII is also necessary to activate the 
respiratory burst, and since the synergistic respiratory burst 
can be inhibited by herbimicin, we tested whether Fc,yRIII 
ligation might induce tyrosine phosphorylations required for 
respiratory burst activation. Since Fc3,RII is tyrosine- 
phosphorylated by cross-linking (13, 26), we examined 

Figure 10. Effects of pharmacologic agents on FcTRII retention in 
the Triton-insoluble cytoskeleton. PMN, pretreated with various 
agents as described in Materials and Methods, were processed ex- 
actly as in Fig. 7. In each case, the IV.3 Fab fluorescence of Triton- 
insoluble ghosts from PMN treated with various pharmacologic 
agents was compared to vehicle- or buffer-treated controls for PMN 
plated onto KuFc79- and 3G8 + OKMl-coated plates. Data are the 
means + SEM of three independent experiments, each performed 
in triplicate. Cytochalasin D gave identical results to cytoehalasin 
B (data not shown). 

Figure 11. Tyrosine phosphorylation of Fc~RII. PMN were adhered 
to wells coated with immune complexes (lane 1); anti-Fc~tRIH 
(lane 2); anti-CR3 and anti-Fc3,RIl/0ane 3); anti-CR3 0ane 4); 
anti-HLA 0ane 5); anti-HLA and anti-CR3 (lane 6); anti-HLA and 
anti-Fc3,RIII (lane 7). After solubilization and immunopreeipita- 
tion with anti-Fc~,RII, phosphotyrosine was detected with anti- 
phosphotyrosine mAb. The arrow indicates intact Fc,yRII. The star 
indicates the heavy chain of IV.3 IgG. 

Fc'tRII tyrosine phosphorylation after PMN adhesion to sur- 
faces coated with anti-Fc3,RIII, anti-CR3, or the combined 
ligands. Adherent cells were lysed, immunoprecipitated with 
anti-Fc3,RII, and then blotted with anti-phosphotyrosine 
mAb to detect tyrosine phosphorylation of Fc3,RII. Tyrosine 
phosphorylation of Fc3,RII was enhanced only when both 
ligands were present or when PMN were exposed to immune 
complexes (Fig. 11). 

Discussion 
IgG antibody and complement component 3 (C3) are the two 
major opsonins in human serum. Although collaboration be- 
tween receptors for antibody and complement is likely to 
have an important role in host defense, and synergy between 
antibody and complement in activating effector functions of 
phagocytes has been known for 20 years, the molecular 
mechanisms involved in this interaction are completely un- 
known. In the last few years, a molecular description of the 
various receptors for IgG Fc and C3 has been completed. 
This detailed understanding of the receptors has allowed a 
finer analysis of the effector functions triggered by these 
receptors. In this work, we have examined the contribution 
of CR3 and Fc3,RIII to assembly of the NADPH oxidase. 
Previous work has shown that ligation of Fc3,RII, but not 
Fc~/R1]I or CR3 leads to activation of the respiratory burst 
(4, 27, 28). Surprisingly, we found that when mAb specific 
for FcTRIII and CR3 were both used to coat a surface, 
significant H202 generation occurred, comparable to the 
amount produced when PMN were stimulated by anti- 
Fc3,RII. Activation of the respiratory burst was specific for 
this combination of antibodies, since neither anti-HLA nor 
anti-CR1 could substitute for either anti-Fc'tRIH or anti- 
CR3; activation also required both mAb to be on the tissue 
culture dish. Strangely, the respiratory burst generated by 
synergy between Fc3,RHI and CR3 ligation was completely 
inhibited by Fab of anti-Fc'yRII. This led us to consider the 
possibility that the synergistic effect was an artifact of en- 
gagement of Fc~/RII by free Fc fragments of the antibodies 
used to coat the activating surfaces. However, the evidence 
against this artifact is very strong: (a) only this combination 
of antibodies works, since a variety of isotype controls and 
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mAb which bind PMN alone and in combination could not 
activate the respiratory burst; (b) coating plates with either 
of the antibodies alone could not activate the respiratory 
burst at any dose; (c) the dose response curves for the syner- 
gistic effect showed inhibition at high doses for both antibod- 
ies, which is a circumstance in which exposed Fc fragments, 
if significant, should be increased; and (d) LAD cells, which 
were perfectly competent to mount a respiratory burst when 
Fc3,RII was engaged, were incapable of activating the respi- 
ratory burst when adherent to wells coated with anti-Fc-yRIII 
and anti-CR3. Moreover, anti-Fc'gRIII could synergize with 
deposited iC3b as well as anti-CR3 for assembly of the 
NADPH oxidase. Finally, direct engagement of Fe3,RII acti- 
vated the respiratory burst by a pathway that was pharmaco- 
logically distinguishable from the synergistic respiratory 
burst. While H~O2 production in response to direct Fc3,RII 
ligation was inhibited by pertussis toxin, the synergistic re- 
spiratory burst was not; conversely, synergistic activation of 
the NADPH oxidase was inhibited by eytochalasin B, while 
activation in response to direct Fc~RII ligation was not. 
Thus, these data demonstrated that the synergistic respira- 
tory burst requires engagement of both Fc-yRIII and CR3 and 
uses a pathway which involves Fc3,RII but is distinct from the 
signaling cascade engaged by direct ligation of Fc3,RII. 

Inhibition of the synergistic respiratory burst by cytocha- 
lasin B and herbimicin suggested that, in addition to Fc3,RII, 
both the actin eytoskeleton and tyrosine phosphorylation 
were important in signal transduction for this pathway of ac- 
tivating the NADPH oxidase. We examined colocalization of 
Fc3,RII with the Triton-X100-insoluble eytoskeleton in PMN 
adherent to surfaces coated with either anti-Fc~RIII or anti- 
CR3. These experiments demonstrated that some Fc'yRII be- 
came Triton-X100-insoluble when PMN were adherent to 
anti-CR3-coated surfaces, and the presence of eytoskeleton- 
associated Fc~RII was unaffected by whether or not anti- 
Fc~,RIII was also present. Since Fc~RII colocalization with 
CR3 was abolished by eytochalasin B, it is more likely that 
these receptors are indirectly associated, through linkage to 
the eytoskeleton, than that a stable direct intermolecular in- 
teraction between Fe3,RII and CR3 exists, as has been pro- 
posed for CR3 and Fc3,R/II (43). Finally, since Fc~RII as- 
sociation with the actin eytoskeleton was signaled by 
adhesion via CR3 but H~O2 production was not, we 
hypothesized that eytoskeletal association of Fc3,RII was 
necessary but not sufficient for an Fc3,RII-dependent respira- 
tory burst. 

Fc~RIII on PMN is a phosphoinositol glycan (PIG)- 
linked, and not a transmembrane, protein (39). Recently, ex- 
perimental data from several groups have suggested an as- 
sociation of PIG-linked proteins with particular membrane 
domains rich in tyrosine kinases (8, 37). Indeed, cross- 
linking of PIG-linked proteins can lead to tyrosine phos- 
phorylation and cell proliferation (7). Since it is known that 
Fc-yRII can itself become phosphorylated upon ligation, we 
reasoned that the role for Fc-yRIII in the synergistic respira- 
tory burst might be to initiate Fc3,RII functions by inducing 
tyrosine phosphorylation on the adherent cell surface. In- 
deed, tyrosine phosphorylation of CR3-immobilized Fcq, RII 
occurred only when Fc-yRIII also was ligated on the basal 
PMN surface. Although Fc3,RII is not necessarily the tyro- 
sine kinase target required for oxidase assembly, there is no 
evidence against this possibility. Certainly, the proximity be- 

tween Fc3,RII and a tyrosine kinase is required for initiation 
of NADPH oxidase assembly by either Fcq, RIII/CR3 syn- 
ergy or direct activation of Fc'yRII. Thus, we suggest that the 
mechanism by which Fc'yRIII and CR3 cooperate in genera- 
tion of the PMN respiratory burst is that CR3 ligation in- 
duces cytoskeletal association of Fc'tRII, and FcvRIII is re- 
quired for a critical tyrosine phosphorylation, of Fc,yRII 
itself or of some substrate closely associated with Fc'yRII. 

When the synergistic respiratory burst is activated, the as- 
sociation of Fc-yRII with cytoskeleton is correlated with sig- 
naling for NADPH oxidase assembly. In contrast, when 
Fcq, RII is ligated directly, there is an alternative, pertussis 
toxin inhibitable, pathway for tyrosine kinase activation, not 
inhibitable by cytochalasin B. Whether the tyrosine kinase(s) 
involved in the two pathways are identical is unknown. The 
association of tyrosine kinases with PIG-linked proteins is 
likely to be independent of the exact nature of the extracellu- 
lar domain, since the PIG anchors are quite similar among 
this protein family (15, 18). However, antibody to decay ac- 
celerating factor, another PIG-linked protein on PMN, can- 
not substitute for anti-FcvRIII in the synergistic respiratory 
burst (unpublished data). This may imply that there are addi- 
tional requirements for activation of the respiratory burst, 
such as interaction between the extracellular domains of 
Fc-yRIII and CR3 (43). In addition, Fc,yRIII ligation can ini- 
tiate signal transduction and affect Fc-yRII function, presum- 
ably without the participation of CR3 (6, 29, 36). There are 
about 10-fold more Fc,yRIII than Fc~,RII expressed on PMN 
(27). Thus, a pathway of PMN activation involving coliga- 
tion of Fc-yRIII and CR3 is likely to be critically important 
in circumstances in which IgG opsonization is limiting. This 
would be most likely early in the immune response, when 
the class switch from IgM to IgG is just beginning and when 
IgG affinity is low, but complement activation is efficient. 
However, it is notable that the PMN respiratory burst in- 
duced by binding to adherent immune complexes is per- 
tussis-insensitive (5, 14), suggesting that the synergistic 
pathway for oxidase activation may be of even more general 
significance. This synergistic pathway for respiratory burst 
activation also may be critical for PMN tumor cytotoxicity 
for which CR3, Fc~/RII, and Fcq/RIII are all required (30). 
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