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Abstract

Although glycosylphosphatidyl—inositol (GPI) linked membrane proteins do not possess transmembrane or
cytosolic sequences they elicit transmembrane signals. Using microscopic fluorescence imaging and resonance energy
transfer (RET) techniques we have shown that certain pro-inflammatory GPI-linked membrane proteins can interact
with leukocyte f, integrins (complement receptor type 3 (CR3) and 4 (CR4) and the leukocyte function-associated
antigen-1 (LFA-1)). For example, physical associations between CR3 and FcyRIIIB, CR3 and urokinase receptors,
and CR3 and CDI14 (lipopolysaccharide receptor) have been found. Although FcyRIIIB appears to be constitutively
associated with CR3, urokinase receptors and CD14 associations with CR3 are influenced by their ligation status and
cell function (e.g. adherence and locomotion). CR3-to-urokinase receptor interactions have been confirmed by
immunoprecipitation techniques. Immunoprecipitation of CR3 from Brij-58 lysates after biotinylation of neutrophil
membranes revealed proteins of M, = 40000, 50000, 74 000 and 120000, in addition to bands corresponding to the
integrin o and # chains. Cell functions such as transmembrane signaling and superoxide release/priming have been
linked to these interactions. Importantly, reagents that affect the lectin-like site of CR3, such as N-acetyl-D-glu-
cosamine, a-methyl-D-mannoside and f-glucan alter these interactions and, in parallel, leukocyte functions. Thus, the
interactions of GPI-linked proteins and integrins can be highly dynamic events linked to cell activities. Our studies
suggest that it may be possible to develop new drugs directed at the lectin-like site of f#, integrins that block
GPlI-linked protein-to-integrin coupling thereby controlling inflammatory cell processes including cell adherence,
locomotion and activation. Such drugs may be useful in clinical conditions such as ischemia-reperfusion injury, sepsis,
arthritis and others. © 1997 Elsevier Science B.V.
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1. Introduction

Conventional biological membrane signal trans-
* Corresponding author. duction is generally envisioned as a ligand—recep-
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Table 1

Lateral interactions of public transducers in membrane signaling

Public transducer Private receptor Expression Reference
CR3 FcyRIIIB GPI [14-17]
Soluble [27]
uPAR GPI [18-21,56.61]
CD14 (LPS/LBP) GPI [22]
FeyRII Transmembrane [73,76]
FceRII Soluble [78]
gp130 IL-6 Transmembrane [2-4]
Soluble (3]
IL-11 Transmembrane [2,4]
Oncostatin M Transmembrane [2,4]
Leukemia inhibitory factor Transmembrane [2.4,80]
Ciliary neurotrophic factor GPI [2,4,80,83]

tor binding event followed by a transmembrane
signal that triggers chemical changes at the inter-
nal face of a membrane. For example, insulin-to-
insulin receptor binding leads to phosphorylation
reactions and catecholamine binding to adrenergic
receptors activates intracellular G proteins [1].
This conventional paradigm, however, has re-
cently been challenged by a variety of experimen-
tal findings. A common theme among these newer
signaling schemes is that one plasma membrane
receptor with a single or ‘private’ specificity recog-
nizes a ligand whereas a second receptor or
protein acts as a ‘public’ transducer of multiple
signals (Table 1). Genetic complementation stud-
ies have suggested that the transmembrane inter-
leukin-6 (IL-6) receptor, and other receptors as
well, mediate ligand binding while another mem-
brane protein, gpl130, mediates signal transduc-
tion [2—4]. The conventional paradigm has also
been challenged by studies showing that glyco-
sylphosphatidyl-inositol (GPI)-linked membrane
receptors, which lack transmembrane and cyto-
plasmic sequences, elicit transmembrane signals
and physiological functions [5-11]. The public
transducers for several GPI-linked leukocyte re-
ceptors have been found to be leukocyte integrins
(CR3 and CR4) [12-22]. Thus, membrane signal-
ing involves both lateral and transmembrane
mechanistic steps (Fig. 1).

In this paper we will review studies focusing on
the role of leukocyte integrins as public transduc-

ers for a heterogeneous variety of private mem-
brane receptors, including GPI-linked receptors.
Although this field is rapidly expanding, CR3 has
already been shown to act as a public transducer
for numerous private receptors (Table 1). In addi-
tion to its broad public functions, CR3 also pos-
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Fig. 1. A schematic illustration of transmembrane signaling
mechanisms, During conventional transmembrane signaling a
ligand binds to a receptor to elicit a signal (top). However,
certain GPI-linked proteins signal by first binding to a
transmembrane protein (bottom). In this second mechanism,
lateral interactions among membrane proteins are believed to
play a crucial role.
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Table 2
Experimental tools to study lateral receptor interactions

Methods Example(s)

Co-capping [14,18]
Resonance energy transfer [15,18,21,22]
Fluorescence photobleaching recovery  [15]

Immunoprecipitation [3,20]
Flow cytometry [27,43]
Genetic complementation [76,81]

sesses broad private recognition abilities including
the ability to bind iC3b, fibrinogen, factor X,
intercellular adhesion molecule 1 (ICAM-1), §-
glucans, zymosan, E. coli, and Leishmania [23].
These multiple specificities can be accounted for
by the fact that many of these components (GPI-
linked receptors, f-glucans, zymosan, E. coli and
others) may interact with the same lectin-like site
on CR3. In this article we will focus on the ability
of CR3 to bind other receptor molecules, not
exogenous molecules or organisms.

2. Experimental tools

A variety of experimental tools have been uti-
lized to detect lateral associations of membrane
receptors. These tools include cell biological, bio-
physical, biochemical and genetic methods (Table
2). Early experiments employed receptor co-cap-
ping to detect receptor—receptor associations
[12,14]). Capping studies remain a useful method
to screen for these interactions. More sophisti-
cated experiments relying upon resonance energy
transfer (RET) between membrane-associated
chromophores [15,18-21] have been utilized to
detect lateral proximity relationships between re-
ceptors in cell membranes. Fluorescence recovery
after photobleaching (FRAP) can be used to de-
tect receptor—receptor interactions if one of the
receptors rapidly diffuses in cell membranes (e.g.
a GPI-linked protein) and the second receptor
(e.g. an integrin) is a large slowly diffusing mem-
brane protein. When a GPI-linked protein be-
comes tethered to a large slowly diffusing
membrane protein, it assumes the smaller diffu-
sion coefficient of its membrane partner; thus

providing a means to detect their interaction [15].
The great advantages of co-capping, RET and
FRAP experiments over other experimental tech-
niques are: (1) intact, living cells are analyzed,
thus avoiding potential artifacts due to cell lysis
and solubilization, and (2) studies can be per-
formed in real time, thus revealing the dynamic
aspects of receptor—receptor interactions. Flow
cytometry methods have been used to detect the
binding of soluble receptors to leukocyte inte-
grins. Recently, mild immunoprecipitation experi-
ments have been used to co-precipitate uPAR
with various integrin classes. In addition to these
methods, traditional genetic complementation ex-
periments, reverse genetic complementation exper-
iments relying upon site-directed mutagenesis
studies and cotransfection, and chimeric receptor
constructs have been employed to test for recep-
tor—receptor cooperation. A key point here is that
receptor—receptor interactions have been verified
using a broad battery of scientific tools. We will
now discuss specific receptor—receptor interac-
tions, focusing largely on GPI-linked membrane
receptors.

3. Static and dynamic associations of GPI-linked
proteins with integrins

Dozens of GPI-linked membrane proteins have
been shown to elicit transmembrane signals [12-
22]. This, of course, raises a fundamental para-
dox: how can receptors lacking transmembrane
segments elicit transmembrane signals? In this
section we will explore the role of integrins as
public transducers for private GPI-linked recep-
tors.

3.1. FeyRIIIB-f, integrin interactions

FcyRIIIB is an extensively glycosylated GPI-
linked membrane protein (M, ~50-70 kDa)
[24,25]. FcyRIIIB triggers cytoplasmic calcium
changes, degranulation, actin polymerization and
IL-6 and IL-8 production [8,9,26,27]. Early stud-
ies suggested that complement receptors may co-
operate with Fc receptors to effect cell function
[28,29]. For example, IgG-dependent phagocytosis
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is inhibited by Fab fragments directed against
CR3 [29]. Moreover, leukocyte adhesion defi-
ciency (LAD) patients, who lack 2 integrins,
display aberrant IgG-dependent functions [30,31].
Functional studies have also suggested that FcyRs
interact with CR3 [32-35]. Furthermore, ligation
of FcyRs with surface attached immune com-
plexes triggered the formation of new cytoskeletal
associations between CR3 and microfilaments,
not FcyRs and microfilaments [13].

We first proposed that FcyRIIIB physically in-
teracts with CR3 to elicit cellular responses
[12,13]. Early experiments showed that FcyRIIIB
co-capped with CR3 [13]. Importantly, these stud-
ies also indicated that co-capping could be specifi-
cally inhibited by certain saccharides, including
N-acetyl-D-glucosamine and «-methyl-D-man-
noside. This result suggested a mechanism
wherein a carbohydrate chain of FcyRIIIB binds
to CR3. Ross et al. [36,37] had previously shown
that CR3 possesses a lectin-like site with this same
specificity. Kimberly’s group has also shown that
FcyRIIIB binds to lectins of similar specificity
[38,39]. Although these facts suggested a simplify-
ing new paradigm, one could not rule out the
possibilities that another protein ‘glued” FcyRIIIB
to CR3 or that another transmembrane protein
caused FcyRIIIB to co-cap with CR3 via cy-
toskeletal links.

To better understand FcyRIIIB-to-CR3 inter-
actions, we studied their interaction in the absence
of capping stimuli. RET, which is sensitive to the
lateral proximity of membrane receptors, was
used to detect FcyRIIIB-to-CR3 proximity on
living cell membranes. Specific FcyRIIIB-CR3
proximity was detected on neutrophil membranes
in the absence of a capping stimulus [40]. To
further characterize these interactions, we trans-
fected genes encoding CR3 and FcyRIIIB into a
murine fibroblast cell line. Again, RET was ob-
served between FcyRIIIB and CR3 [15]. To
provide another means of FcyRIIIB-to-CR3 in-
teraction, we studied the lateral diffusion of
FcyRIIIB in the presence and absence of CR3
using fluorescence recovery after photobleaching
(FRAP) [15]. These experiments showed that CR3
significantly reduces the mobile fraction of
FcyRIIIB in transfectants expressing both recep-

tors. Two experimental lines of evidence suggested
that FcyRIIIB and CR3 interact with a 1:1 stoi-
chiometry. This included both pairwise RET ex-
periments and parallel reductions in the mobile
fraction as judged by FRAP experiments. This is,
of course, consistent with the fact that only one
lectin-like site has been associated with CR3. Fur-
thermore, these data allowed estimates of recep-
tor—receptor lateral dissociation constants to be
made. Thus, CR3 tethers FcyRIIIB in cell mem-
branes.

Several lines of evidence have indicated that
carbohydrates play a central role in FcyRIIIB-
CR3 interactions (as well as CR3 interactions
with other GPI-linked proteins, see below). As
previously mentioned, we have speculated on the
basis of saccharide and polysaccharide inhibition
data that the lectin-like site of CR3 was responsi-
ble for FcyRIIIB binding. Recent mapping stud-
ies have localized CR3’s lectin-like site and its
region which participates in binding to FcyRIIIB
to the same vicinity [41,42]. Using a panel of
monoclonal antibodies, Stockl et al. [41] found
that the C-terminal region of CR3’s «, chain was
responsible for FcyRIIIB binding. Furthermore,
NADG inhibited the binding of antibody VIMI12
to the C-terminal region the «y; chain; thus the
binding of VIM12 and FcyRIIIB to CR3 are both
inhibited by the hapten sugar NADG. Impor-
tantly, CR3’s lectin-like site [36,37] has recently
been mapped to the C-terminal domain of the ay
chain using a panel of monoclonal antibodies and
chimeric integrin subunits [42]. The lectin-like re-
gion of CR3 thus plays a crucial role in binding
FcyRIIIB.

Further evidence supporting the proposed inter-
actions between FcyRIIIB and CR3 comes from
studies using soluble FcyRIIIB (sFcyRIIIB). Us-
ing flow cytometric methods, Teillaud et al. [43]
showed that sFcyRIIIB specifically binds to hu-
man leukocytes. Recent studies by Galon et al.
[27] have shown that both native and recombinant

- sFcyRIIIB molecules bind to CR3 and CR4.

Moreover, binding could be inhibited by antibod-
ies directed against specific epitopes of CR3 or
specific carbohydrates including NADG and «-
methyl-D-mannoside (see below). Thus, a wide
variety of experimental designs support the pro-
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posed FcyRIIIB-CR3 association and their pro-
posed mechanism of interaction.

Although FcyRIIIB interacts with CR3 in cell
membranes, the interaction is not necessarily
physiologically relevant. As mentioned above,
early evidence for functional cooperation between
CR3 and FcyRs came from patients deficient in
CR3 and antibody inhibition experiments [29,30],
although these experiments did not address the
mechanism of receptor cooperation. To address
this issue, the signaling and functional activities of
FcyRIIIB were explored under conditions which
affected FcyRIIIB-to-CR3 interactions. Zhou and
Brown [44] have shown that FcyRIIIB and CR3
cooperate with FcyRII in generating a respiratory
burst and tyrosine phosphorylation signaling. Pre-
vious studies by Kimberly et al. [8] showed that
FcyRIIIB in neutrophil membranes is capable of
generating a cytoplasmic calcium signal. To deter-
mine if lectin-like sites participate in physiological
actions, we treated cells with several types of
monosaccharides and polysaccharides [16,45].
NADG, mannose and a-methyl-D-mannoside sig-
nificantly reduced immune complex-induced cyto-
plasmic calcium signals in neutrophils [16],
although a panel of control monosaccharides had
no effect. These reagents similarly affect superox-
ide anion production and cannot be explained as
an effect on FcyRII [16]. Furthermore, the anti-
CR3 antibody VIM12, whose binding is blocked
by NADG, mimics FcyRIIIB-mediated activation
(intracellular calcium rise, actin polymerization,
and granule component release) [41]. Neutrophils
from LAD patients expressed diminished capacity
to trigger intracellular calcium signals and super-
oxide production. Mannan and chitin, which are
polymers of mannose and NADG, respectively,
were unable to stimulate superoxide production.
The polysaccaharides inhibited the production of
superoxide by immune complex-stimulated neu-
trophils, but not PMA stimulated cells [45]. Since
these polysaccharides did not inhibit immune
complex binding, they may be interferring with
FcyRIIIB-to-CR3 binding. Indeed, we and others
have shown that certain polysaccharides, espe-
cially f-glucans, can compete with GPI-linked
proteins for CR3 [27]. Acemannan immunostimu-
lant, an anti-inflammatory polysaccharide com-

posed of =~ 75% acetylated mannan, affects S,
integrin function [46] and may function by a
similar mechanism blocking pro-inflammatory
GPl-receptor signaling. - Thus, there is good evi-
dence supporting a role of CR3’s lectin-like site in
neutrophil function.

To provide another line of evidence supporting
the physiological importance of FcyRIIIB-to-CR3
interactions, we transfected the genes correspond-
ing to these receptors into murine fibroblasts [17].
Cells transfected with CR3 were capable of inter-
alizing f-glucan particles, but were not capable of
binding IgG-coated red cells. Cells transfected
with FcyRIIIB were capable of IgG-dependent
binding, but not phagocytosis. In contrast, cells
transfected with both FcyRIIIB and CR3 were
capable of both IgG-dependent binding and
phagocytosis. This reconstitution study shows
that FcyRIIIB can cooperate with CR3 in a well-
defined non-hematopoietic system and suggest
that these two proteins are sufficient for phago-
cytic signaling.

3.2. uPAR-f, integrin interactions

Urokinase-type plasminogen activator (uPA)
binds to cell surface uPA receptors (uPAR),
which are extensively glycosylated GPI-linked
membrane proteins (M, = 55000) [47—-49]. On the
exoplasmic side of cell membranes, uPA catalyzes
the activation of zymogen plasminogen and latent
enzymes such as procollagenases, thus initiating
the powerful proteolytic cascade required for cell
migration in vivo {50]. uPA is also competent to
generate cytoplasmic signals and physiological re-
sponses in leukocytes. Cytoplasmic signals include
calcium responses and tyrosine phosphorylation
[19,51]. uPA is chemotactic and mitogenic for
leukocytes [52,53]. As described above for
FcyRIIIB, leukocyte integrins play an important
role in uPAR-mediated signaling.

The first evidence supporting a physical interac-
tion between uPAR and CR3 came from co-cap-
ping and RET studies [18]. These experiments
showed that uPAR and CR3 were in close physi-
cal proximity on neutrophil membranes and that
capping was not a condition for receptor associa-
tion. Subsequent experiments from other labora-
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tories confirmed uPAR —CR3 co-capping [20]. Im-
portantly, Bohuslav et al. [20] developed a CR3
immunoprecipitation  protocol that retains
uPAR-CR3 interactions. Thus, several indepen-
dent lines of evidence agree that CR3 and uPAR
interact in leukocyte membranes.

CR3-uPAR interactions are not a static, un-
changing property of these receptors, but rather
are dynamic associations linked with cell activi-
ties. During co-capping experiments we noticed
that as neutrophils polarize for locomotion, CR3
trafficked to the uropod while uPAR moved to
the lamellipodium of the cell [21]; these facts were
previously noted in individual labeling studies
[54,55]. This phenomenon was observed during
several labeling protocols. Quantitative kinetic
RET studies provided further evidence that CR3
and uPAR uncouple as cells begin polarization
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Fig. 2. Kinetic studies of several receptor—receptor interac-
tions. The relative RET intensity is shown at the ordinate;
time is plotted at the abscissa. Each receptor type was sepa-
rately labeled with donor or acceptor chromophores (Table 2).
Trace a shows the dissociation of CR3—uPAR complexes as
neutrophils begin locomotion. Trace b illustrates the reassocia-
tion of CR3 and uPAR as cells stop locomotion. Trace ¢
shows the dissociation of CR3 and lipopolysaccharide-loaded
CDIl14 as cells adhere to a substrate. Panel d shows the
oscillatory interaction between CR4 and uPAR on migrating
cells. However, when cells are fixed with paraformaldehyde,
CR3 and uPAR do not dissociate (trace e). Bar =30 s for
traces a, b, ¢. Bar =10 s for trace e.

(Fig. 2a) and reassociate as cells become station-
ary (Fig. 2b). Thus, CR3 is associated with uPAR
on adherent neutrophils, but releases uPAR dur-
ing cell locomotion. This, of course, raises the
issue of how uPAR, a GPI-linked protein, is
restrained at the lamellipodium during cell migra-
tion. This question is at least partially answered
by the homologous integrin CR4, which accumu-
lates at the lamellipodium during locomotion.
RET experiments have shown that CR4 and
uPAR are in close physical proximity on migrat-
ing neutrophils; however, the RET signal does not
reach a stable level, but rather oscillates (Fig. 2d)
[56]. These observations have been linked to intra-
cellular metabolic oscillations [56]. (Several other
leukocyte functions such as actin assembly and
oxidant production also oscillate with the same
period [57,58].) Thus, CR3 and CR4 contribute to
the neutrophil’s axis of polarity and reversibly
interact with uPAR, depending upon physiologi-
cal conditions.

The physiological importance of integrin—
uPAR interactions on leukocyte membranes has
found support from several standpoints. The mi-
croscopic studies reported above unambiguously
link specific integrin—uPAR associations with cell
adherence or locomotion. For example, CR4 fo-
cuses uPAR at the lamellipodium of migrating
neutrophils [59]; in parallel, pericellular prote-
olytic activity is also focused at the lamellipodium
(unpublished). In additional functional studies,
intact uPA was found to heighten intracellular
calcium levels in human neutrophils [19]. Two
lines of evidence suggest that these calcium
changes require CR3: (1) LAD neutrophils do not
exhibit increased calcium levels in the presence of
exogenous uPA; and (2) transfection of both
uPAR and CR3, but not either receptor alone,
leads to a uPA-mediated calcium sensitivity in
fibroblasts [19]. Although uPA does not trigger
superoxide production by neutrophils, it does
prime neutrophils for superoxide production; thus
the dose-response curve for N-formyl-met-leu-
phe-mediated superoxide release is shifted almost
100-fold toward lower doses [19]. uPAR antisense
oligonucleotide treatment reduces chemotaxis [59].
Similarly, specific saccharides affecting CR3-
uPAR interactions also block chemotaxis [60],
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suggesting that these interactions play a funda-
mental role in leukocyte motility. In addition to
CR3’s role as an effector for uPAR, uPAR can
regulate CR3’s private adherence function [61].
Monocyte treatment with antisense uPAR
oligonucleotides reduces CR3-dependent, but not
CR3-independent, adhesion. Thus, the f, inte-
grin—uPAR collaboration plays an important role
in leukocyte function.

3.3. uPAR-f3,, B, integrin interactions

Just as uPA-uPAR complexes are required for
leukocyte migration, uPA—-uPAR complexes are
required for tumor cell metastasis [62]. uPA and
uPAR are known to cluster at sites of tumor cell
adherence [63-65]. Since integrins also cluster at
adherence sites [1], we tested the hypothesis that
tumor cell integrins interact with uPAR. Using
co-clustering, RET, and f, integrin immunopre-
cipitation techniques, we have shown that certain
integrins are associated with uPAR when fibrosar-
coma cells are adherent to specific extracellular
matrix components [66]. Cell adherence to
fibronectin, laminin, and vitronectin, but not
polylysine, leads to g, integrin-uPAR associa-
tion. However, only vitronectin triggered f, inte-
grin—uPAR proximity. « chain specificities were
consistent with the af, fibronectin receptor and
the laminin and vitronectin receptors as uPAR
partners [66]. Saccharide-mediated inhibition of
co-clustering and RET were noted, suggesting
that extracellular matrix-inducible lectin-like inte-
grin—uPAR interactions may participate in regu-
lating the spatial distribution of pericellular
proteolysis of tumor cells.

3.4. CD14-f, integrin interactions

CD14 is another GPI-linked protein expressed
on leukocytes [67]. When lipopolysaccharide
(LPS)-lipoploysaccharide binding protein (LBP)
complexes interact with CDI14, transmembrane
signals including tyrosine phosphorylation of spe-
cific proteins and NF-kB translocation to the
nucleus are observed [68,69]. From a physiologi-
cal standpoint, CD14 participates in: (1) cytokine
production; (2) cell adherence; and (3) non-op-
sonized internalization of bacteria [69-71].

Integrins may participate in some forms of
CD14-mediated physiological signaling [69,70].
We have recently shown that LPS and LBP trig-
ger an association between CD14 and CR3 [22].
However, the CD14—-CR3 interaction rapidly dis-
appeared as neutrophils adhered to substrates
(Fig. 2, trace c¢). As previously stressed for uPAR,
the CD14-CR3 interaction is transient. This in-
teraction may transiently increase CR3’s avidity
for substrates thus potentiating cell adherence.
CR3 (and/or CR4) may also participate in non-
opsonized internalization of bacteria. Preliminary
studies in this laboratory have shown that NADG
and f-glucan, but not a panel of unrelated sac-
charides, are capable of reducing or eliminating
the non-opsonized phagocytosis of E. coli. In the
case of the monosaccharide NADG, a high degree
of phagocytic inhibition ( &~ 80%) was achieved in
the absence of any affect on the total number of
bacteria bound. This suggests that integrins may
play a role in non-opsonized particle internaliza-
tion. Since LPS can also interact with CR3 and
CR4 [69,72], potential mechanisms involving a
direct physical interaction between receptors dur-
ing phagocytosis or the crosslinking of CDI14 to
integrins via LPS-containing bacterial membranes
are possible. However, soluble LPS-LBP com-
plexes can trigger physical interactions between
CD14 and CR3.

4. Non-GPI-linked receptors can also associate
with g, integrins

In the preceding paragraphs we stressed the
ability of GPI-linked receptors to physically and
functionally interact with integrins. However,
CR3’s receptor—receptor interactions extend be-
yond GPI-linked membrane proteins. These addi-
tional CR3-binding receptors are all Fc receptors:
FcyRII (CD32), soluble FcyRIIIB and FceRII
(CD23).

As mentioned above, the ability of Fc receptors
to cooperate with complement receptors has been
well-known. The ability of FcyRIIIB to physically
interact with CR3 [12-17] suggested that other
FcRs may physically interact with complement
receptors. Using K562 cells, which express
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FcyRII, CR3 and CR4, Annenkov et al. [73]
showed that anti-FcyRII antibodies specifically
inhibit CR3-mediated cell adhesion. Functional
interactions of FcyRII with CR3 and FcyRIIIB
have been suggested in the respiratory burst and
tyrosine phosphorylation signaling [44]. Physical
proximity between FcyRII and CR3 in neutrophil
membranes has been demonstrated in preliminary
studies [40]. Functional cooperation between
FcyRII and CR3 has also been observed in
eosinophil membranes, which do not express
other FcyR classes. In these studies presentation
of FcyRII and CR3 ligands in close physical
proximity elicited synergistic functional responses
[74,75]. Functional cooperation beween FcyRII
and CR3 has been demonstrated in transfectants.
Reverse genetic complementation studies were
performed using a phagocytosis-defective tail-mi-
nus form of FcyRIIA [76]. Although this defective
FcyRIIA-tail mutant was unable to mediate 1gG-
dependent phagocytosis in transfectants [76,77],
co-transfection with CR3 was sufficient to trigger
antibody-dependent phagocytosis [76]. RET ex-
periments showed close physical proximity be-
tween CR3 and FcyRIIA in transfectant
membranes, suggesting that the mechanism of
complementation apparently involves physical
contact between these two receptors. However,
this mechanism differs from those presented
above since a role for the lectin-like site of CR3
has not been observed. Thus, FcyRIl, a
transmembrane protein, can interact with CR3 in
leukocyte and transfectant membranes.

Soluble forms of FcRs have been observed in
vitro and in vivo. As briefly mentioned above,
sFcyRIIIB binds to CR3 and CR4 to elicit cy-
tokine production [27]. sFceRII, a low affinity
receptor for IgE, interacts with CR3 and CR4 of
monocytes to elicit cytokine and oxidant produc-
tion [78]. Thus, soluble forms of FcRs may play a
crucial role in regulating inflammatory responses
via their interaction with leukocyte integrins.

5. Inter-receptor dysfunction disorder

We have recently identified a patient diagnosed
with pyoderma gangrenosum who has exhibited

skin ulceration due to mild bruises throughout her
14 year lifetime; on one occasion she exhibited a
septic shock-like disorder without sepsis. Neu-
trophils from this patient fail to polarize and
migrate normally in vitro. Abnormal migration in
vivo was also demonstrated using skin window
assays. Neutrophils from this patient display
highly clustered f, integrins and aberrant oxidant
production. Concommitantly, CR3 interactions
with FcyRIIIB and uPAR are significantly re-
duced, whereas CDI14-CR3 interactions are in-
creased (unpublished). Occult bacterial infection
has been clinically ruled out as a potential stimu-
lant source. Furthermore, addition of serum from
the patient or LPS to normal neutrophils failed to
reconstitute the observed celtular defects. Prelimi-
nary studies suggest that this may be due to an
aberrant form of CDI18, although molecular bio-
logical analyses are currently underway. We have
found that cooling cells to 34°C returns CR3 to
its normal distribution and allows normal neu-
trophil polarization and migration in vitro. Local
hypothermia has been found to be effective in
managing skin involvement.

6. Biochemical survey of CR3 membrane
associations

As mentioned above, it is now possible to pre-
serve inter-receptor interactions during immuno-
precipitation using the mild detergent Brij-58
[20,66]. To inventory membrane proteins interact-
ing with CR3, we biotinylated cell membranes
followed by extraction using Brij-58 as described
by Bohuslav et al. [20]. Fig. 3 shows representa-
tive results after SDS-PAGE and Western blotting
using avidin reagent. In addition to bands repre-
senting the o and f chains of CR3, bands of
approximate M, = 40000, 50000, 74000, and
120000 were observed. Notably, cytoplasmic
actin is absent from these luminograms. The dif-
fuse band at a~ 50000 contains uPAR, as shown
by Western blotting (unpublished). Thus, several
membrane proteins interact with CR3 in cell
membranes. Several previous studies have iden-
tified cytoplasmic proteins (e.g. p16, p60™™, p53/
567, p58/64h°k and p59®) that are associated
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Fig. 3. Analysis of membrane proteins co-immunoprecipitating
with CR3 from human neutrophils. Neutrophil membrane
proteins were labeled with a membrane-impermeable biotin
reagent. Cells were then lysed and immunoprecipitated using a
solution containing Brij-58. After SDS-PAGE, samples were
analyzed by Western blotting using an avidin—peroxidase con-
jugate. In the absence of specific anti-CR3 antibody, only one
non-specific band is observed (lane A). In the presence of
specific anti-CR3 antibody, both integrin subunits and several
additional proteins are found (lane B). Thus, the mild deter-
gent Brij-58 preserves multiple protein—protein interactions
during immunoprecipitation.

with CR3-containing membrane
[20,79].

complexes

7. Comparison with other lateral membrane
associations in signal transduction

Lateral interactions between membrane
proteins to mediate signaling are not limited to
integrins. Indeed, in recent years lateral interac-
tions have been discovered in a variety of signal
transduction systems. A public transducer system
similar to integrins was identified in cytokine and
neurokine signal transduction (Table 1). Kishi-
moto and others showed that gp130 is a public
transducer for receptors recognizing 1L-6, IL-11,
oncostatin M, leukemia inhibitor factor, and cil-
iary neutrotrophic factor (CNTF) [2-4,80-82].

Interestingly, the CNTF receptor is a GPI-linked
membrane protein [83]. The gp130 public trans-
duction system, however, differs from the integrin
public transduction system since the f, integrins’
private receptor counterparts (e.g. FcyRIIIB,
uPAR, etc.) bind their ligands with the same
affinity in the presence and absence of integrins.
Public transduction of physiological signals in the
presence of IL-6 were observed for the wild-type
IL-6 receptor, a truncated form lacking the cyto-
plasmic domain, and a soluble form of the recep-
tor [3]. Thus, public transducers such as gpl30
and integrins may be of broad importance in cell
function.

Lateral interactions in signaling, however, are
broader than the private receptor—public trans-
ducer paradigm. For purposes of comparison, we
have classified these additional lateral interactions
as: (1) composite receptor signaling mechanisms
and (2) lateral exchange mechanisms (Table 3,
Fig. 4). These systems are much too complicated
to review in detail here and references to the
literature can be found in Table 3. Our purpose
here is to briefly compare strategies used for
lateral membrane signaling. In composite receptor
mechanisms, the affinity of a receptor for a ligand
could be below the physiologically-relevant re-
gion, but is increased by the presence of a second
membrane protein. For example, the human IL-5

Table 3
Examples of composite and lateral exchange interactions in
membrane signaling

Ligand Recognition and trans- Reference(s)

duction elements

A. Composite signaling apparatus
IL-2 IL-2R «, f, v [93]

TGF-§ TGFA-RIL, TGFS-RI  [85]
Heregulin erbB2, erbB3, erbB2, [94]
erbB4
1L-3 IL-3R, KH97 4
IL-5 IL-5R, KH97 [4,84]
GM-CSF GM-CSF, KN97 [4]
B. Lateral exchange mechanism

TNF TNFRg,, TNFR, [86]
LRP- uPAR, LRP [87,88]
uPA-PAI-1
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A. Composite Receptor Signaling

TGFp

TGFP-RIL

B. Lateral Exchange Mechanism
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Fig. 4. Schematic illustrations of other types of lateral mem-
brane interactions in signaling. In panel A the signaling mech-
anism of the TGFf receptor is illustrated. This composite
receptor signaling mechanism requires the presence of a ligand
to complete the assembly of a functioning receptor. Panel B
shows the lateral exchange mechanism of transmembrane sig-
naling for the TNF receptors. In this mechanism the ligand
first binds to one plasma membrane component which then
transfers the ligand to a second receptor which elicits a
transmembrane signal.

receptor is of low affinity unless it is co-expressed
with its # chain, KH97 [84]. Another slightly
different example of a composite receptor system
is the TGF-f (transforming growth factor-f) sig-
naling apparatus. TGF-§ is recognized by two
receptors (TGF-f-RII and TGF-g-RI). TGF-f
binds to TGF-g-RII which then forms a ternary
complex with TGF-#-RI. The intracellular do-
mains of both TGF-§-RI and TGF-£-RII then
participate in signal transduction [85]. In this case
no public transducer is involved; signal transduc-
tion is mediated by the physical and functional
cooperation of two private membrane receptors.
The second additional class of lateral membrane
interactions in signaling is lateral exchange mech-
anisms. In these cases ligands are transferred from
one membrane receptor to a second membrane
receptor. One example of this type of mechanism
is illustrated by TNF receptors. Cells express two
forms of TNF receptors (TNFRg, and TNFR,).
As illustrated in Fig. 4, TNF first binds to
TNFRg, TNF is then transferred to TNFR,

which mediates signal transduction [86]. Another
example of a lateral exchange mechanism is the
exchange of uPA-PAI-1 (plasminogen activator
inhibitor-1) complexes from uPAR to LRP (lipo-
protein receptor-related protein) to mediate inter-
nalization [87,88]. Thus, lateral membrane
interactions leading to physiological processes
have been observed in many receptor systems.

8. Conclusions

Studies in our laboratory and many others have
identified novel sets of lateral membrane interac-
tions. These lateral protein—protein interactions
have been shown to play a crucial role in the
transduction of signals across biological mem-
branes (Tables 1 and 3).

Our studies of GPI-linked protein signal trans-
duction apparently resolve the long-standing
problem of how GPI-linked proteins elicit
transmembrane signals and physiological re-
sponses in neutrophil membranes. The integrin
system is unique since its mechanism of interac-
tion with GPI-linked proteins, which involves
CR3’s lectin-like site has been identified. Thus, it
is possible to direct rational drug therapy at this
molecular site. Although we have shown inte-
grin—uPAR interactions in tumor cell membranes,
these integrin interactions have not yet been
shown to be a general property of eukaryotic
cells. The lateral interactions of integrins (and
potentially other systems as well) may provide
useful new sites for rational drug development.
Indeed, several previously described compounds
including indomethicin [56], #-glucan and its frag-
ments [89], and acemannan [46] may influence
inter-receptor interactions of integrins [56].
Molecules such as f-glucan (and related materi-
als) and acemannan affect leukocyte function and
receptor—receptor interactions by binding to the
lectin-like site of integrins. Compounds that act as
agonists at this site may be useful in enhancing
host resistance to tumors [89], as has already been
clinically shown for pg-glucans [90-92]. Com-
pounds that act as antagonists may be useful in
controlling inflammatory  processes during
arthritis, septic shock, ischemia-reperfusion injury
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and other conditions. Since these interactions,
which have only recently been discovered, have
already been shown to: (1) function at the cellular
level; (2) be affected in a pyoderma gangrenosum
patient; and (3) be pharmacologically relevent,
they are likely to have long-term clinical rele-
vance.

Acknowledgements

This work was supported by grants from the
NIH (HRP and RFT), American Heart Associa-
tion of Michigan (HRP) and by sabbatical sup-
port from the WSU Research Stimulation Fund
and the Tokyo College of Pharmacy and Life
Sciences (YA).

References

[1] H.R. Petty, Molecular Biology of Membranes: Structure
and Function, Plenum Press, New York, 1993.

[2] T. Kishimoto, T. Taga and S. Akira, Cell, 76 (1994)
253-262.

[3] T. Taga, M. Hibi, Y. Hirata et al, Cell, 58 (1989) 573-
581.

[4] T. Kishimoto, S. Akira and T. Taga, Science, 258 (1992)
593-597.

[5] P.J. Robinson, Immunol. Today, 12 (1991) 35-41.

[6] P.J. Robinson, in M. L. C. de Almeida, (Ed.) GPI Mem-
brane Anchors, Academic Press, San Diego, 1992, pp.
22-28.

[7]1 P.J. Robinson, M. Millrain, J. Antoniou, E. Simpson and
A.L. Mellor, Nature, 342 (1989) 85-87.

[8] R.P. Kimberly, J.W. Ahistrom, M.E. Click and J.C.
Edberg, J. Exp. Med., 171 (1990) 1239-1255.

[9] T.W.J. Huizinga, K.M. Kolman, N.J.M. van der Linden
et al., J. Immunol., 144 (1990) 1432-1437.

[10] L.S. David, S.S. Patel, J.P. Atkinson and P.E. Lipsky, J.
Immunol., 141 (1988) 2246-2252.

[11] G.F. Fischer, O. Majdic, S. Gadd and W. Knapp, J.
Immunol., 144 (1990) 638 -641.

[12] M.J. Zhou, R.F. Todd, J.G.J. vandeWinkel and H.R.
Petty, FASEB J., 5 (1991) A1463.

[13] M.J. Zhou, H. Poo, R.F. Todd and H.R. Petty, J. Im-
munol., 148 (1992) 3550-3553.

[14) M.J. Zhou, R.F. Todd, J.G.J. van de Winkel and H.R.
Petty, J. Immunol., 150 (1993) 3030-3041.

[15] H.R. Poo, J.C. Krauss, L. Mayo-Bond, R.F. Todd and
H.R. Petty, J. Mol. Biol., 247 (1994) 597-603.

[16] G. Sehgal, K. Zhang, R.F. Todd, L.A. Boxer and H.R.
Petty, J. Immunol., 150 (1993) 4571-4580.

[17) J. Krauss, H. Poo, W. Xue, L. Bond, R.F. Todd and
H.R. Petty, J. Immunol., 153 (1994) 1769-1777.

[18] W. Xue, A.L. Kindzelskii, R.F. Todd and H.R. Petty, J.
Immunol., 152 (1994) 4630-4640.

[19] D. Cao, L.F. Mizukami, B.A. Garni-Wagner et al., J.
Immunol., 154 (1994) 1817-1829.

[20] J. Bohuslav, V. Horejsi, C. Hansmann et al, J. Exp. Med.,
181 (1995) 1381-1390.

[21} A.L. Kindzelskii, Z.0. Laska, R.F. Todd and H.R. Petty,
J. Immunol., 156 (1996) 297-309.

[22] D.M. Zarewych, A.L. Kindzelskii, R.F. Todd III and
H.R. Petty, J. Immunol., 156 (1996) 430-433.

[23} H.R. Petty and R.F. Todd, J. Leuk. Biol.,, 54 (1993)
492-494.

[24] P. Selvaraj, W.F. Rosse, R. Silber and T.A. Springer,
Nature, 333 (1988) 565-567.

[25] T.W.J. Huizinga, C.E. van der Schoot, C. Jost et al.,
Nature, 333 (1988) 667-669.

[26] J.E. Salmon, N.L. Grogle, J.C. Edberg and R.P. Kim-
berly, J. Immunol., 146 (1991) 997-1004.

{27] J. Galon, J.F. Gauchat, N. Mazieres et al., J. Immunol.,
157 (1996) 1184-1192.

[28] A.G. Ehlenberger and V. Nussenzweig, J. Exp. Med., 145
(1977) 357-370.

[29] M.A. Arnaout, R.F. Todd, N. Dana, J. Melamed, S.F.
Schlossman and H.R. Colten, J. Clin. Invest., 72 (1983)
171-179.

[30] S. Kohl, L.S. Loo, F.S. Schmalstieg and D.C. Anderson,
J. Immunol., 137 (1986) 1688-1694.

[31] D.C. Anderson, F.C. Schmalstieg, M.A. Arnaout et al., J.
Clin. Invest., 74 (1984) 536-551.

[32} E.J. Brown, J.F. Bohnsack and H.D. Gresham, J. Clin.
Invest., 81 (1988) 365--375.

[33] I.L. Graham, H.D. Gresham and E.J. Brown, J. Im-
munol., 142 (1989) 2352-2358.

[34] I.L. Graham, J.B. Lefkowith, D.C. Anderson and E.J.
Brown, J. Cell Biol., 120 (1993) 1509.

[35] H.D. Gresham, I.L. Graham, D.C. Anderson and E.J.
Brown, J. Clin. Invest., 88 (1991) 588-597.

[36] G.D. Ross, J.A. Cain and P.J. Lachmann, J. Immunol.,
134 (1985) 3307-3315.

[37] G.D. Ross, J.A. Cain, B.L. Myones, S.L. Newman and
P.J. Lachmann, Complement, 4 (1987) 61-74.

[38] R.P. Kimberly, N.J. Tappe, L.T. Merriam et al., J. Im-
munol., 142 (1989) 3923-3930.

[39] J.E. Salmon, S. Kapur and R.P. Kimberly, J. Exp. Med.,
166 (1987) 1798-1813.

[40] A.L. Kindzelskii, R.F. Todd, L.A. Boxer and H.R. Petty,
FASEB J., 8 (1994) A501.

[41] J. Stockl, O. Majdic, W.F. Pickl et al., J. Immunol., 154
(1995) 5452-5463.

[42] B.P. Thornton, V. Vetvicka, M. Pitman, R.C. Goldman
and G.D. Ross, J. Immunol., 156 (1996) 1235-1246.

[43) C. Teillaud, J. Galon, M.-T. Ziber et al., Blood, 82 (1993)
3081-3090.

[44] MJ. Zhou and E.J. Brown, J. Cell Biol, 125 (1994)
1407-1416.



1416 H.R. Petty et al. /J. Pharm. Biomed. Anal. 15 (1997) 1405-1416

[45] K. Zhang and H.R. Petty, J. Cell. Biochem., 56 (1994)
225-235.

[46] R.A. Bowden, I.R. Tizard and C.W. Smith, FASEB J., 10
(1996) A1150.

[47] M. Ploug, N. Behrendt, D. Lober and K. Dano, Semin.
Thromb. Hemostasis, 17 (1991) 183-193.

(48] I.LF. Mizukami, S.D. Vinjamurin, R.D. Trochelman and
R.F. Todd III, J. Immunol., 144 (1991) 1841-1848.

[49] H.Y. Min, R. Semnani, L.LF. Mizukami, K. Watt, R.F.
Todd III and D.Y. Liu, J. Immunol., 148 (1992) 3636-
3642.

[50] J.C. Kirchheimer and H.G. Remold, J. Immunol., 143
(1989) 2634--2639.

{511 L. Dumler, T. Petri and W.-D. Scheleuning, FEBS Lett.,
322 (1993) 37-40.

[52] M.D.P. Boyle, V.A. Chiodo, M.J.P. Lawman, A.P. Gee
and M. Young, J. Immunol., 139 (1987) 169-174.

[53] M.A. Wainberg, E. Israel and R.G. Margolese, Immunol-
ogy, 45 (1982) 715.

[54] J.W. Francis, R.F. Todd, L.A. Boxer and H.R. Petty, J.
Cell Physiol., 140 (1989) 519-523.

[55] A. Estreicher, J. Muhlhauser, J.-L. Carpentier, L. Orci
and J.D. Vassalli, J. Cell Biol., 111 (1990) 783-792.

[56] A.L. Kindzelskii, M.M. Eszes, R.F. Todd III, and H.R.
Petty, Blood, 86 (1995) 426a.

[57] M.P. Wymann, P. Kernen, D.A. Deranleau and M. Bag-
giolini, J. Biol. Chem., 264 (1989) 15829-15834.

{58] M.P. Wymann, M.P., P. Kernen, T. Bengtsson, T. An-
dersson, M. Baggiolini and D. Deranleau, J. Biol. Chem.,
265 (1989) 619-622.

[59] M.R. Gyetko, R.F. Todd, C.C. Wilkinson and R.G.
Sitrin, J. Clin. Invest., 93 (1994) 1380-1387.

[60] M.R. Gyetko, R.G. Sitrin, J.A. Fuller, R.F. Todd iII, H.
Petty and T.J. Standiford, J. Leuk. Biol., 58 (1995) 533
538.

[61] R.G. Sitrin, R.F. Todd III, H.R. Petty et al., J. Clin.
Invest., 97 (1996) 1942-1951.

[62] L. Ossowski, J. Cell Biol., 107 (1988) 2437--2445.

[63] J. Pollanen, K. Hedman, L.S. Nielsen, K. Dano and A.
Vaheri, J. Cell Biol., 106 (1988) 87-95.

[64] G.L. Ciambrone and P.J. McKeown-Longo, J. Cell Biol.,
111 (1990) 2183-2195.

[65] K. Takahashi, K. Ikeo, T. Gojobori and M. Tanifuji,
Thrombosis Res. (Suppl. X) (1990) 55-61.

[66] W. Xue, B.A. Garni-Wagner, R.F. Todd and H.R. Petty,
9th Int. Congr. Immunol., (1995) 541.

[67] A. Haziot, S. Chen, E. Ferrero, M.G. Low, R. Silber and
S.M. Goyert, J. Immunol., 141 (1988) 547-552.

[68] J. Han, J. Lee, P.S. Tobias and R.J. Ulevitch, J. Biol.
Chem., 268 (1993) 25009-25014.

[69] R.R. Ingalls and D.T. Golenbock, J. Exp. Med., 181
(1995) 1473-1479.

[70] P.A. Detmers, D. Zhou and D.E. Powell, J. Immunol.,
153 (1994) 2137-2145.

[71] P.K. Peterson, G. Gekker, S. Hu et al., Inf. Immunol. 63
(1995) 1598-1602.

[72] S.D. Wright, S.M. Levin, M.T.C. Jong, Z. Chad and L.G.
Kabbash, J. Exp. Med., 169 (1989) 175-183.

[73] A. Annenkov, S. Ortlepp and N. Hogg, Eur. J. Immunol.,
26 (1996) 207-212.

[74] L. Koenderman, S.W. Hermans, P.J. Capel and J.G.
vandeWinkel, Blood, 81 (1993) 2413-2419.

[75] T. van der Bruggen, P.T.M. Kok, J.LA.M. Raaijmakers,
J.W.J. Lammers and L. Koenderman, J. Immunol., 153
(1994) 2729-2735.

[76] R. Worth, L. Mayo-Bond, J. van de Winkel, R.F. Todd
and H.R. Petty, 9th Int. Congr. Immunol., (1995) 539.

[77] W.B. Tuijjnman, P.J.A. Capel and J.G.J. van de Winkel,
Blood, 79 (1992) 1651-1656.

[78] S. Lecoanet-Henchoz, J.F. Gauchat, J.P. Aubry et al.,
Immunity, 3 (1995) 119-125.

[79] EJ. Messika, O. Avni, R. Gallily, E. Yefenof and M.
Baniyash, J. Immunol., 154 (1995) 6563-6570.

[80] N.Y. Ip, S.H. Nye, T.G. Boulten et al., Cell, 69, (1992)
11211132,

[81] M. Hibi, M. Murakami, M. Saito, T. Hirano, T. Taga
and T. Kishimoto, Cell, 63 (1990) 1149-1157.

[82] M. Murakami, M. Narazaki, M. Hibi et al., Proc. Natl.
Acad. Sci., USA, 88 (1991) 11 349--11 353.

[83] S. Davis, T. H. Aldrich, D.M. Valenzuela et al., Science,
253 (1991) 59-63.

[84] J. Tavernir, R. Devos, S. Cornelis et al., Cell, 66 (1991)
1175-1184.

[85] F. Lopez-Casillas, J.L. Wrana and J. Massague, Cell, 73
(1993) 14351444,

[86] M. Grell, E. Douni, H. Wajant et al., Cell, 83 (1995)
793-802.

[87) M.Z. Kounnas, J. Henkin, W.S. Argraves and D.K.
Strickland, J. Biol. Chem., 268 (1993) 21 862-21 867.

[88] A. Nykjaer, C.M. Petersen, B. Moller et al., J. Biol.
Chem.. 267 (1992) 14 543-14 546.

[89] V. Vetvicka, B.P. Thornton and G.D. Ross, J. Clin.
Invest., 98 (1996) 50-61.

[90] K. Gomaa, J. Kraus, F. Robkopf, H. Roper and G.
Franz, J. Cancer Res. Clin. Oncol., 118 (1992) 136.

[911 A. Kosaka and A. Yamashita, Int. J. Immunother., 9
(1993) 111.

[92] T. Ochiai, K. Isono, T. Suzuki et al., Int. J. Immunother.,
8 (1992) 161.

[93] T. Taniguchi and Y. Minami, Cell, 73 (1993) 5-8.

[94) M.X. Sliwkowski, G. Schaefer, R.W. Akita et al., J. Biol.
Chem. 269 (1994) 14 66114 665.



