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in the B head/B stalk, « stalk/g stalk, and « cytoplasmic tail/g cytoplasmic tail interfaces are shown as a red bar. The eight cation-binding sites
are shown as white circles. Manganese ions are depicted as yellow circles. Destabilization and disruption of the interface are shown as a black and
a white break in the bar, respectively. The low affinity form is depicted as bent conformer. The high affinity form is depicted as extended, open,
unclasped conformer. The hypothetical intermediate affinity forms in B3 integrin are depicted as the bent, unclasped form. Alternatively, the
extended, closed, clasped form (in outside-in signaling) and the extended, closed, unclasped form (in inside-out signaling) shown within the broken
rectangle may be the predominant intermediates in other integrins. All conformers are in structural equilibrinm with each other. The presence of
ligands shifts the equilibrium toward the formation of the high affinity conformer.

change their relative distance or orientation on the cell sur-
face upon agonist stimulation of platelets (46). Thus, disrup-
tion of the calf~2/EGF4-8TD interface that follows the o/8
cytoplasmic tail separation triggers a cascade of structural
rearrangement of integrin extracellular domains in inside-
out signaling. Most likely, disruption of the calf-2/EGF4-8TD
interface would be required for the propagation of outside-in
signaling as well.

Based on the results from the current and previous studies,
we propose a relay switch model of integrin activation (Fig. 6).
The B stalk makes extensive interfaces not only with « stalk
but also with B head composed of BA and B hybrid domains.
These multiple interactions involving the 8 stalk seem to con-
strain integrin in the inactive form because disruption of vir-
tually any disulfide bridge in the four EGF domains constitu-
tively activates allbB3 (47). In this model, the o/8 stalk and the
B head/stalk interactions are physically linked, functioning as
a relay switch to transmit conformational signals from one end
to the other: disruption of the a/f stalk interface destabilizes
the B head/stalk interface and vice versa. In inside-out signal-
ing (Fig. 6, bottom panel), interaction of integrin cytoplasmic
tails with intracellular proteins such as talin disrupts the o/
cytoplasmic tail and the TM domain interfaces. This triggers
the disruption of the o/ stalk interface that would destabilize
the 3 head/stalk interface. Destabilization of the 8 head/stalk
interface releases the SA-hybrid domains from the constraint
that prevents the swing-out of the hybrid domain, thus greatly
potentiating integrin activation. However, this may not be suf-
ficient to induce extension because mAb cross-competition
studies implicate that «ITbB3 still assumes a bent conformer on
agonist-stimulated platelets (48). Consistently, agonist stimu-
lation alone is not sufficient but requires ligand binding to
induce LIBS epitope expression in platelet oIIbB3 (19, 49).
Thus, ligand binding and the associated swing-out of the hybrid
domain may give an additional push to the structural transi-
tion. Alternatively, o/ stalk separation may be able to induce
significant integrin extension without swing-out of the hybrid
domain (extended, closed headpiece), facilitating the access of
macromolecular ligands. In outside-in signaling (Fig. 6, top

panel), Mn®** binding to the BA domain may be able to induce
a conformational change in the B head sufficient to destabilize
the B head/stalk interface. This triggers destabilization of the
aff3 stalk interface, which further makes the B head/stalk in-
terface unstable, potentiating integrin activation. With in-
creased affinity, the binding of ligands facilitates swing-out of
the B hybrid domain (50), which would completely disrupt the
B head/stalk interface and allow the integrin to extend, fol-
lowed by complete separation of the /B stalk, exposing the
binding sites for signaling molecules in the cytoplasmic tails.
However, tight interaction in the calf-2/EGF4-8TD interface
prevents destabilization in the g head/stalk interface and keeps
integrin in the low affinity state in oIIbB3. Alternatively, Mn2*
alone may be able to induce integrin extension without releasing
the C-terminal clasp (extended, closed headpiece). Ligand bind-
ing following Mn2* occupancy induces swing-out of the B hybrid
domain that promotes the release of the C-terminal clasp
(extended, open headpiece). The extended, closed form may be
predominant in 81 and B2 integrins because Mn?* alone induces
significant LIBS epitope expression (42). By contrast, MnZ* does
not induce significant LIBS epitope expression in 83 integrins
(data not shown). This model explains how structural signals
initiated in the C-terminal tail and the N-terminal ligand-
binding head propagate to each other.

Our results suggest that any endogenous molecules or re-
agents that potentially affect o/f interface formation may mod-
ulate integrin activation. Indeed, CD151, platelet-derived
growth factor receptor B, vascular endothelial growth factor
receptor 2, and CD47 have been shown to associate with inte-
grin extracellular domains (51-54). These molecules may affect
integrin activation by interfering with or stabilizing intersub-
unit or intrasubunit interface formation by binding to integrin
stalks. Likewise, chemicals or reagents that cross-link and
stabilize the calf-2/EGF4-8TD interface will be able to selec-
tively inhibit inside-out signaling (and probably outside-in sig-
naling as well) without inhibiting low affinity ligand binding or
inducing LIBS epitope expression. Thus, membrane-proximal
o/ interaction can be a novel target for effective anti-integrin
therapies.
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ABSTRACT

In order to construct platelet substitutes that have hemostatic property at a wide range
of shear rates, we used on a fibrinogen fy-chain carboxy-terminal sequence;
HHLGGAKQAGDYV (H12), WhiCh recognized the activated platelets at low shear rates, and a
recombinant water-soluble moiety of the platelet glycoprotein (rGPIba), which recognizes
von Willebrand factor at high shear rates. Three kinds of samples were prepared for this
purpose: Hl12-conjugated latex beads (HI12-latex beads), rGPlba-latex beads, and
H12/rGPIboc-late):< beads and evaluated in thrombocytopenia-imitation blood at the various
flowing conditions. Based on ADP-induced platelet aggregation studies, the H12-latex beads
significantly enhanced platelet aggregation via H12 binding with GPIIb/IIla activated on the
sqrface of activéted platelets, whereas the rGPIba-latex beads did not support platelet
aggregation. In the case of the H12/rGPIba-latex beads, the function of H12 was suppressed
by the steric hindrance of the larger tGPIba bound to the latex bead. The mix;we' of the
H12-latex beads and the rGPIba-latex beads adhered to the collagen surface at a wide range
of shear rates. In particular, at a High shear rate, a cooperative effect tended to observe in the
enhancement of the platelet thrombus formation compared with H12-latex beads or
rGPIboc-latex beads alone. We propose that the mixed ssrstem of the HI12- and
rGPIba-conjugated nanoparticles is a more eﬂ‘éétive platelet substitute and has enhanced

platelet aggregation properties.



INTRODUCTION

Platelet transfusion plays an important role in the supportive therapy of
thrombocytopenia caused by cancer or hematologic malignancies, or in the perioperative
period. However, the shortage of platelet concentrates has always been a serious issue because
of the short storage period (three days in Japan), the insufficient donations, and imbalance of
demand and supply. Furthermore, there is the issue of the risk of viral and bacterial infections
by transfusion. For these reasons, a number of trials have been conducted to develop platelet
substitutes, such as, infusible platelet membranes (IPMs),! solubilized platelet membrane
protein-conjugated liposomes (Plateletsomes),” fibrinogen-bonded red blood cells,’
ﬁbrinogen-coated albumin microcapsules (Synthocyte),’ and arginine-glycine-asparaginic
acid (RGD) peptide-bound red blood cells (Thromboerythrocytes).” However, these platelet
substitutes consist of materials deléived from blood components.

We also conjugated ﬁbrinogen6 to biocompatible carriers such as polymerized albumin
particles (polyAlb)"® and i)hospholipid vesicles (liposomes).'%" | Fibrinogen-conjugates
facilitated platelet aggregation on an activated platelet-immobilized surface in vitro by the
recruitment of flowing platelets in the aggregates after their attachment.® However, fibrinogen
isolated from human blood tends to precipitate atbéll °C within a few hours.® Recently, we have
focused on ﬁbrinpgen dodgcapeptide (HHLGGAKQAGDV; H12)"*"® and confirmed that the

H12-conjugates showed minimal interaction with non-activated platelets'® and enhanced the



in vitro platelet thrombus formation on the collagen-immobilized plate under the flowing of
thrombocytopenia-imitation blood.”!® However, this effect was limited to low shear rates (e.g.,
150 5.

We also developed the water-soluble part of GPIba as a recombinant product
(rGPIba) as a key recognition site of platelet substitutes.2%? In previous studies we found that
rGPIba-polyAlb accumulated on the VWF-immobilized surface at high shear rates (e.g., 1600
s'l),lo reflecting the interaction of natural GPIbo with VWE. 226 Therefore, we consider that
H12- or rGPIba-particles alone would not be effective for the recognition of the sites of
vascular injury at a wide range of shear rates.

In this study, we selected H12 and rGPIba as recognition sites of platelet substitute
and prepared four kinds of samplés; HlZ/rGPIba-iatex beads, which conjugated both H12 and
rGPIba to the safne latex bead, H:12-latex beads, rGPIba-latex beads, and the mixture of the
H12-latex beads and the rGPIba-latex beads. Latex beads were very useful carriers for in
vitro studies because of their pniform size and ease of confirmation by microscopic

observation.



MATERIALS & METHODS
Reagents

Fibrinogen y-chain dodecapeptide with an added cysteine to the amino-terminal (H12;
C-HHLGGAKQAGDV) was synthesized using a solid-phase synthesizer by BEX (Tokyo,
Japan). Latex beads (Polybead™ or Fluoresbrite™, 1 pm diameter) and N-succinimidyl
3-(2-pyridyldithio) propionate (SPDP) were purchased from Polysciences (Warrington, PA)
and Pierce (Rockford, IL), respectively. An anticoagulant D~Phe—Pro-Arg—chlorome;thylketone
(PPACK) was purchased from Calbiochem (San Diego, CA). 3,3°-Dihexyloxacarbocyanine
iodide (DiOCg), which is a plateiet fluorescent dye, was purchased from Molecular Probes
(Eugene, OR). The monoclonal antibodies against rGPIba, GUR20-5, and horseradish
peroxidase-conjugated GUR8>3-35 were purchased from Takara Bio (Otsu, Japan).
Recombinant human serum albumin (tHSA) and purified rGPIba were kindly donated by

Mitsubishi Pharma (Osaka, Japan).

Preparation of H12- or rGPIbo-conjugated latex beads

Latex beads beat‘éng HI2: Late;( beads were mixed with an tHSA solution (50 mg/mL) and
iﬁcubated at room temperature (r.t.) for 2 hr to coat the surface of the latex bead with rHSA.
After the separation of the remaining rHSA by centrifugation (13000g, 5 min, 4 °C, 3 times),

the tHSA-coated latex beads were suspended in phosphate-buffered saline (PBS, pH 7.4). A
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