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Abstract

Epitopes for a panel of anti-aV3 monoclonal antibodies (mAbs) were investigated to explore the activation mechanism of
aVB3 integrin. Experiments utilizing oV/allb domain-swapping chimeras revealed that among the nine mAbs tested, five
recognized the ligand-binding B-propeller domain and four recognized the thigh domain, which is the upper leg of the aV
chain. Interestingly, the four mAbs included function-blocking as well as non-functional mAbs, although they bound at a
distance from the ligand-binding site. The epitopes for these four mAbs were further determined using human-to-mouse oV
chimeras. Among the four, P3G8 recognized an amino acid residue, Ser-528, located on the side of the thigh domain, while
AMF-7, M9, and P2W7 all recognized a common epitope, Ser-462, that was located close to the a-genu, where integrin
makes a sharp bend in the crystal structure. Fibrinogen binding studies for cells expressing wild-type o3 confirmed that
AMF-7, M9, and P2W7 were inhibitory, while P3G8 was non-functional. However, these mAbs were all unable to block
binding when aVB3 was constrained in its extended conformation. These results suggest that AMF-7, M9, and P2W7 block
ligand binding allosterically by stabilizing the angle of the bend in the bent conformation. Thus, a switchblade-like
movement of the integrin leg is indispensable for the affinity regulation of aVB3 integrin.
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introduction quently, the head region points downward, facing the plasma
) ) o membrane. The discrepancies between these two structures were
Integrins are a family of o/ B heterodimeric transmembranc cell ' reconciled by a high-resolution EM image of the extracellular
surface receptors that mediate the cell-extracellular matrix and domains of recombinant aVB3 integrin [5]. These observations
. . gy . . . o) N o
.ccll-ccll.mtcrfn(:tlon.s, The ha]vlmark of 1nthllIl-deC-I'ldCth adhesive revealed that oVP3 could adopt multiple distinct structures,
interactions is their regulation by intracellular signaling events including the bent and the extended conformers observed in the
(1‘n31dcjout 51gn.ahng): Ig a.Ld.dmo.n to gleshatmg adhesive mterac- crystal structure and conventional EM studies, respectively. Since
tions, liganded integrins initiate signals inside the ccll to modify cell Mn?* and ligand peptide significantly increased their number, the

behavior (outside-in signaling) [1]. This integrin-mediated bidi-
rectional signaling is closcly associated with the structural
rearrangement of the integrin itself. The crystal structure of the
extracellular domains of VB3 and oIIbfB3 integrin revealed that
the o chain consists of the N-terminal B-propeller domain followed
by the thigh, calf-1, and calf-2 domains and that the B chain
consists of the PSI, BA, hybrid, four EGF, and BT domains [2,3].
The B-propeller and the BA domains non-covalently associate with
each other to form a globular head that is observable using
conventional electron microscopy (EM) [4]. By contrast, the thigh,
calf-1, and calf-2 domains of the o chain and the PSI, hybrid,
EGF, and BT domains of the B chain form a leg-like region,
respectively. The most striking feature revealed in the crystal
structure is the orientation of the head. The two legs in the crystal
structure fold back at a 135-degree angle between the thigh and
the calf-1 domains and between the EGF-1 and EGF-2 domains,
unlike the straight leg observed using conventional EM. Conse-

extended form appceared to represent the high-affinity state, and
the bent conformer was thought to represent the low-affinity state.
Thus, the transition from one conformer to the other (the so-called
switchblade-like movement) might account for the affinity
regulation of the integrin. Consistent with these findings,
genetically engineered olIbB3 constrained in the bent state
interfered with the binding of macromolecular ligands, while
allbB3 constrained in the extended state cxhibited maximal
activation [6,7]. Finally, aIIbB3 embedded in nanodiscs under-
went extension in the presence of a talin head domain that binds to
the B3 cytoplasmic domain, suggesting that the switchblade-like
transition actually occurs during inside-out signaling [8]. Aside
from the switchblade-like movement, substantial structural rear-
rangement has been observed in the head region. An EM study of
a5B1 integrin complexed with a fibronectin fragment revealed that
the B hybrid domain swings out upon ligand binding [9]. The
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crystal structures of allbP3 head regions complexed with short
ligand peptides or ligand mimetics have provided detailed
information [3,10]. This swing-out movement is accompanied by
the rearrangement of the ligand-binding and/or cation-binding
loops in the PA domain, thereby regulating ligand binding. In
agreement with these findings, attempts to constrain the move-
ment of the hybrid domain in a swing-out (open headpiece) or a
swing-in (closed headpiece) position revealed that this movement is
critical not only for B3 integrin activation [7,11], but also for 1
and B2 integrins [12-14]. Thus, thesc results suggest that
extension and an open headpiece conformation are independently
required for high-affinity ligand binding.

However, contradicting reports have suggested that integrin
extension is not an essential event for ligand binding. The crystal
structure of oVP3 complexed with a small peptide ligand revealed
that the bent conformer is capable of binding a ligand [15].
Understandably, aVB3 was unable to undergo gross structural
rearrangements upon ligand binding under the constraints of the
crystal lattice in this experiment. However, a single particle
analysis of VB3 complexed with a recombinant fibronectin
fragment has shown that VB3 can bind to a macromolecular
ligand when it is in a bent state in the presence of Mn* [16]. The
measurement of fluorescent energy transfer between the mAb
bound to the B-propeller domain and the plasma membrane in
live cells revealed that VB3 remains in a bent conformation when
activated by Mn”* or an activating mutation [17]. These lines of
evidence suggest that the bent conformer is capable of binding not
only small ligands, but also macromolecular ligands without
undergoing substantial structural rearrangements of oVf3 inte-
grin.

Most of the structural and/or functional studies on integrins
described above have been performed using genetically manipu-
lated molecules. Thus, it is impossible to negate the possibility that
those manipulations could have an unexpected effect on the
folding/gross structure of the molecule. If this were the case,
interpretation of the whole data would be jeopardized. For these
reasons, alternative approach is required to investigate the
mechanism of integrin activation. In this study, we examined
epitopes for numerous anti-oV 3 monoclonal antibodies, some of
which have been known to interfere with the aV[3-based
functions of cells. To our surprise, some of the function-blocking
mAbs bound to the thigh domain of the oV chain, which does not
contain a ligand-binding site. Further investigation using cells
expressing human-to-mouse oV chimeras revealed that three
mAbs shared an amino acid residue located above the o-genu as a
common epitope. These mAbs inhibited fibrinogen binding to
oV B3-expressing cells to varying extents. To elucidate the blocking
mechanism of these mAbs, «VB3 constrained in the extended
conformation was engineered. This mutant «VB3 was highly
active, compared with the wild-type, and bound fibrinogen even in
the presence of Ca®*, which is known to inhibit oVB3-ligand
interactions. All the genu-binding mAbs failed to inhibit fibrinogen
binding to the mutant oVP3, suggesting that these mAbs block
ligand binding allosterically by restricting the angle of the bend.
Our findings are consistent with the hypothesis that the ligand-
binding activity of integrin can be regulated by the switchblade-
like movement of the leg structure of integrin centering on the
genu.

Materials and Methods

Antibodies and Reagents

Normal mouse IgG was purchased from Sigma-Aldrich (St.
Louis, MO). The mAbs against oV (CD531), B3 (CD61), or a V(3
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complex (CD51/CD61) were obtained from the following sources.
Non-functional anti-B3 mAb VNRS3-2 has been previously
characterized [18]. Anti-B3 mAb SZ21 and anti-oV mAbs
AMF-7 [19] and 69-6-5 [20] were purchased from Beckman
Coulter (Fullerton, CA). Anti-oV mAbs 17E6 [21] and P2W7 [22]
were purchased from Calbiochem (La Jolla, CA) and R&D
Systems (Minneapolis, MN), respectively. Anti-oV mAbs P3G8
[23], M9 [24], and anti-atV 3 complex-specific mAbs LM609 [25]
were purchased from Chemicon International (Temecula, CA).
Anti-oVB3 complex-specific mAb 23C6 [26] were purchased from
BD Pharmingen (San Diego, CA). Hybridomas producing anti-B3
mAb 7E3 [27] and anti-oVB3 complex mAb 10C4.1.3 [28] were
obtained from the American Type Culture Collection (Manassas,
VA). RPE-conjugated goat anti-mouse polyclonal antibody was
purchased from Biosource (Camarillo, CA). The synthetic peptide
Gly-Arg-Gly-Asp-Ser (GRGDS) was purchased from the Peptide
Research Institute (Osaka, Japan). Fluorescein-isothiocyanate
(FITC) was purchased from Sigma-Aldrich (St. Louis, MO).
Human fibrinogen was purchased from Enzyme Rescarch
Laboratories (South Bend, IN).

Construction of Mutant aV ¢cDNA Clones

The full-length ¢cDNAs for the integrin oV, ollb and (3
subunits, which were generous gifts from Dr. Joseph C. Loftus
(Mayo Clinic Scottsdale, AZ), were cloned into the mammalian
expression vector pBJ-1, which was kindly provided by Dr. Mark
Davis (University of California, San Francisco). The ¢cDNAs for
the oV/allb domain-swapping chimeras VT, VC1, and VC2
were created using the overlap extension PCR method. The
c¢DNAs for the B/V, V/B, T, Cl, and C2 chimeras have been
described clsewhere [29]. The domain boundarics for each
chimera were set as shown in Fig. 1. The cDNAs for the
human-to-mouse oV mutants 1441V, T460ICP (T4601/5462P),
T4601, S462P, V486T, N492H, E496DV (E496D/L497V),
Y515HN (Y515H/S516N), S520V, N524T, 1527VF (1527V/
S528F), 1527V, $528F, L532Q), 1539V, Y3565Q, T571A, and
1586V and the ¢cDNA for oV-to-allb mutants Q456P, D457A,
N458V, T460S, G465Q), A467K, L468T, and K469P and the
cDNA for oV mutant Q58INAT (Q58IN/H591T) were created
using site-directed mutagenesis and a Transformer Site-Directed
Mutagenesis Kit (BD Biosciences, San Jose, CA).

Cell Culture and Transfection

Chinese hamster ovary (CHO)-K1 cells, obtained from the
American Type Culture Collection (Manassas, VA), were cultured
in Dulbecco’s modified Eagle’s medium (Invitrogen, Carlsbad,
CA) supplemented with 10% fetal calf scrum (Hyclone, Logan,
UT), 1% penicillin and streptomycin (Invitrogen, Carlshad, CA),
and 1% non-essential amino acids (Sigma-Aldrich, St. Louis, MO)
and maintained at 37°C in a humidified incubator supplemented
with 5% CO,. Fifty micrograms of oV or ollb ¢cDNA construct
was co-transfected with 50 pg of B3 cDNA construct into CHO-
K1 cells using electroporation. After 48 hours, the cells werc
detached and used in further experiments.

Flow Cytometry

Cells were detached with phosphate-buffered saline (PBS)
containing 3.5 mM EDTA. After washing, the cclls were
incubated with 10 ug/mL of mAb in modified HEPES-Tyrode
buffer (HTB; 5 mM HEPES, 5 mM glucose, 0.2 mg/mL bovine
serum albumin, 1x Tyrode’s solution) supplemented with 1 mM
CaCly and 1 mM MgCl, for 30 min at 4°C. After washing, the
cells were incubated with an RPE-conjugated Fab’), fragment of
goat anti-mouse IgG for 30 min at 4°C. After washing, the cells
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Figure 1. Schematic representation of aV/ullb chimeras. The abbreviations P, T, C1, C2, and TC in the figure stand for B-propeller, thigh, calf-1,
calf-2, and transmembrane-cytoplasmic domain, respectively. The numbers indicate the domain boundaries used to create the chimeras.

doi:10.1371/journal.pone.0066096.g001

were resuspended in HEPES-buffered saline (HBS; 10 mM
HEPES, 150 mM NaCl, pH 7.4) containing 1 mM CaCly and
I mM MgCly; the fluorescence was then measured using a
FACSCalibur (BD Biosciences, San Jose, CA).

Fibrinogen Binding Assay

FITC labeling of human fibrinogen was performed as previ-
ously described [30]. Forty-cight hours after transfection, the cells
were detached and washed once with HTB. The oV B3-transfected
cells were incubated with anti-B3 mAb VNR5-2 followed by
incubation with an RPE-conjugated F(ab')s fragment of goat anti-
mouse IgG. After washing, the cells were incubated with 340 pg/
mL of FITC-labeled fibrinogen with or without 1 mM GRGDS
peptide in HTB containing 1 mM CaCl, and 1 mM MgCly or
containing 2 mM MgCl; and 5 uM EGTA for 2 hours at 4°C.
After washing, fluorescence was measured using a FACSCalibur.
The mean Fbg binding (FL1) to cell populations expressing a high
B3 (FL2>1000) was calculated. Background binding in the
presence of 1 mM GRGDS peptide was subtracted to obtain the
specific binding. In the monoclonal antibody inhibition assays,
after staining with primary and secondary antibodies, the cells
were resuspended in HTB. Then an equivalent volume of 200 pg/
mL mAbD solution in PBS was added to yield a final concentration
of 100 pg/mL. As a control, an equivalent volume of PBS was
added instead of the mAb solution. Then FITC-labeled fibrino-
gen, MgCly, and EGTA were added at concentrations of 340 pg/
mL, 2 mM, and 5 pM, respectively. The specific fibrinogen
binding was normalized using the expression of aV3 on the cell
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surface and by dividing the MFI (FL1) obtained in the presence of
each mAb by the MFI (FL2) of the gated cell population.

Immunoprecipitation

Biotin labeling of the cell surface protein was performed using
Sulfo-NHS-Biotin (Thermo Scientific, Rockford, IL), following the
manufacturer’s instructions. Cells were lysed in 1 mL of lysis
buffer (100 mM n-octylglucopyranoside, 20 mM N-cthyl malei-
mide, 1 mM PMSF, 25 mM Tris-HCIL, and 150 mM NaCl,
pH 7.4). After removing the insoluble material by centrifugation,
the supernatant was used for further analysis. Two hundred
microliters of cell lysate was precleared by adding 1 pg of mouse
IgG, together with 20 pL. of Protein G agarose beads. After
centrifugation, the supernatant was recovered and further
incubated with 1 pg of VINRS-2, together with 20 pL of Protein
G agarose beads overnight at 4°C. Then the supernatant was
discarded, and the remaining Protein G agarose beads were
washed 3x with washing buffer (25 mM 'Iris-HCI, 150 mM
NaCl, 0.01%TritonX-100 [pH 8.0]). After washing, the samples
were subjected to 7.5% SDS-PAGE, transferred to a polyvinyli-
dene difluoride membrane, probed with horseradish peroxidase-
conjugated avidin, and detected using chemiluminescence with the
West Pico Chemiluminescent Substrate (Thermo Scientific, Rock-
ford, IL).
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Table 1. MAb binding to cells expressing tail-swapping chimeras.

23C6 LM609 17E6 69-6-5 AMF-7 M9 P2w7 P3Gs8 sZ21
S T
BB - 49.89
Vs Can
alip3 58.25 51.73
e @1 e ; 36 s
BN ’k 4.24 51.6 63.63 573 71 6.44 58.39 63.47 49.97 55'.63 ‘ 49.16

doi:10.1371/journal.pone.0066096.t001

Results

Epitope for functional anti-aV mAb is localized close to
the a-genu

To probe the regulatory mechanism of integrin activation,
epitopes for numerous anti-oVB3 mAbs were examined. For this
purpose, we gencrated a series of aV/allb chimeras. The B/V,
V/B, T, Cl, and C2 chimeras have been previously described
[29]. Additionally, we created the VT, VC1, and VC2 chimeras in
the present study (Fig. 1). These chimeric o chains were expressed
together with the wild-type B3 chain in CHO cells, and the
binding of a panecl of mAbs to these cells was examined using
FACS. All nine anti-oVB3 mAbs that were tested bound to cells
expressing wild-type oV 3 but not to cells expressing alIbB3 or to
parent CHO cells, with the exception of 10C4, 23C6, and LM609,
which showed a partial reactivity with cells expressing oIIbB3
(Table 1). However, the MFI values obtained for these 3 mAbs
with allbB3-expressing cells were significantly lower than the MFI
values obtained with oVB3-cxpressing cells (data not shown). In
addition, these 3 mAbs also bound to cells expressing wild-type 3
alone. These results suggested that 10C4, 23C6, and LM609 cross-
reacted with the hamster oV/human B3 hybrid. The other mAbs
(AMF-7, M9, P2W7, and P3G8) bound to cells expressing B/V,
but not to cells expressing V/B. In contrast, 17E6 and 69-6-5
bound to cells expressing V/B, but not to cells expressing B/V
(Table 1). These results clearly indicated that the epitopes for
mAbs 17E6 and 69-6-5 are contained in the N-terminal -
propeller domain and that the epitopes for mAbs AMF-7, M9,
P2W7, and P3G8 are contained in the C-terminal leg region,
consisting of the thigh, calf-1, and calf-2 domains. On the other
hand, the mAbs 10C4, 23C6, and LM609 bound to cells
expressing B/V as well as those expressing V/B. The MFI
obtained with B/V was equivalent to the value obtained with cells
expressing B3 alone and was significantly lower than that obtained
with V/B (data not shown). These results suggested that the
epitopes for 10C4, 23C6, and LM609 are localized in the B-
propeller domain, but not the leg region.

Understandably, all the head-binding mAbs block ligand
binding. However, some of the leg-binding mAbs also reportedly
block cell adhesion, despite the fact that they bind to sites distant
from the ligand-binding domain. To explore the mechanism by
which these mAbs affect the oV 3-ligand interaction, we decided
to further localize the cpitopes for these mAbs. To determine
which domains these four leg-binding mAbs bind, individual
domain sequences were exchanged between the oV and the ollb
chains. The resulting domain-swapping chimeras (T, C1, C2, VT,
VC1, and VC2) were expressed together with wild-type B3 in
CHO cells. The reactivity of these mAbs with «VB3 was lost only
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MAD binding to cells expressing wild-type human B3 (B3), wild-type human aVf3 («VB3), wild-type human ollbf3 (ailbf3), tail-swapping mutants (V/B, B/V), and to
parent CHO cells (CHO) was examined. The numbers represent the percentage of the cell population stained with each mAb.

when the oV thigh domain sequences were replaced with the
corresponding ollb sequences (VT). In contrast, these mAbs
gained reactivity with ollbB3 when the allb thigh domain
sequences were replaced by the corresponding oV sequences (1)
(Table 2). These results clearly indicated that the epitopes for the
leg-binding mAbs are entircly confined in the thigh domain of the
oV chain, and not in the calf-1 or calf-2 domains.

To further localize the epitopes for these leg-binding mAbs,
short stretches of amino acid sequences in the thigh domain of
human oV were replaced with the corresponding mouse oV
sequences. The amino acid sequences of the mouse oV thigh
domain differ from those of the human oV at 18 positions (Fig. 2).
We initially created 14 human-to-mouse oV mutants and
expressed them with wild-type B3 in CHO cells. As shown in
Table 3, AMF-7, M9, and P2W7 failed to bind to cells expressing
the T460ICP mutant, whercas P3G8 did not bind to cells
expressing the 1527 VF mutant. None of the other mutations had a
significant impact on the binding of these mAbs. The amino acid
residues in the 460462 and 527-528 regions were individually
mutated to the corresponding mouse residues to identify the
individual amino acid residucs that were essential for the binding
of these mADbs. As a result, S462P significantly blocked the binding
of AMF-7, M9, and P2W7; S528F significantly blocked the
binding of P3G8.

Sharing a common epitope does not necessarily imply that
AMF-7, M9, and P2W7 bind to exactly the same site. The binding
interfaces of AMF-7, M9, and P2W7 were further investigated
using oV/allb chimeras. Although Ser-462 is located in a

Table 2. MAb binding to cells expressing domain-swapping
chimeras.

AMF-7 M9 P2W7 P3G8 17E6 SZ21

migG

5.6 68.11 7841 63.75 6797 7632 5923

10.88 82.45 9034 717 7644 9039 839

c2

5.16 6.57 8.25 6.8 71.52

The numbers represent the percentage of the cell population stained with each
mAb.
doi:10.1371/journal.pone.0066096.t002
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human oV 441 ITVNAGLEVYPSILNQDNKT&SLPG’I‘ALKVS('ZFNVRF(IILKADGKGVLPRKLNFQVELLLD 500
mouse oV 441 Veeteeonaronannnnns N Tevenn H...DV... 500
human allb 454 VKASVQ.L.QD.-..PAV.S.V..Q.KTP..... IQOM.VG.T.HNI-.Q..SLNA..Q.. 511
human oV 501 KLKQKGAIRRALFLYSRSPSHSKNMTISRGGLMQ(IZEELIAYLRDESEFRDKLTPITIFME 560
mouse aV 501 TN HN...V...T..VF...Q...... Ve ettt teennneannnanns 560
human allb 512 RQ.PRQG~-..V.L.G.QQAGTTL.LDLGGKHSPI .HTTM.F....AD..... S..VLSLN 571

human aV 561
mouse aV 561
human allb 571

593
VS.PPTE.~----.MA.AVVLHGDTHVQE.TR.V 599

Figure 2. Comparison of amino acid sequences comprising the thigh domains. We show the amino acid residues 441 to 593 of the human
and the murine oV chain compared with the homologous residues 454 to 599 of the human allb chain that differ from the human aV residues. The

line connecting two Cys residues represents a disulfide link.
doi:10.1371/journal.pone.0066096.g002

disulfide-bonded loop, any involvement of other residues in the
binding of these mAbs was impossible to determine using human-
to-mouse chimeras. For this reason, amino acid residucs 456469
were mutated to the homologous residues in ollb (Fig. 2) and
expressed together with wild-type B3 in CHO cells. As shown in
Fig. 3, these oV-to-allb mutations affected mAb binding
differently. The binding of AMF-7, M9 and P2W7 were all
impaired by G465Q and A467K. In addition, K469P significantly
attenuated P2W7 binding. In the crystal structure, the disulfide-

Table 3. MADb binding to cells expressing human-to-mouse
oV mutants.

AMF-7 M9 P3G8 17E6 SZ21

migG

6.8 74.11 85.85 8347 87.07 7141

T460ICP  5.15 5.84 3.26 7072 7752 65.15

5462P 552 14.66 375 66.41 76.18

Y515HN

65.03 57.98

66.37

N524T 1298  60.75 69.31

1527V 75.57 7778 836 67.47

1532Q 2668  62.2 7722 582 6238 7684 71.26

7263

80.13

70.1 7722 6452 7132

Y565Q

11.64

1586V 9.99 70.96 78.21 61.16 7096 6854 7634

The numbers represent the percentage of the cell population stained with each
mAb. Bindings significantly lower than those for 17E6 or $Z21 are marked in
red.

doi:10.1371/journal.pone.0066096.t003
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bonded loop including Ser-462 is located above the o-genu (Fig. 4).
Although Asp-457, Ala-467, and Lys-469 were separated in the
primary structure, they were all located close to Ser-462 in the
tertiary structure. On the other hand, Ser-528 was located on the
side of the thigh domain distal to the a-genu (Fig. 4).

MADbs that bind to the a-genu affected ligand binding
differently

To confirm the effect of these leg-binding mAbs on aVB3-ligand
interactions, fibrinogen binding to oVB3-transfected cells was
examined in their presence. FITC-labeled fibrinogen was incu-
bated with oVB3-expressing cells, and bound fibrinogen was
measured using FACS. However, cells expressing the wild-type
VB3 did not bind fibrinogen in the presence of 1 mM Mg”* and
1 mM Ca®". Ca®" is known to block oVB3-ligand interactions,
while Mg®* supports such interactions, For this rcason, 2 mM
Mg?* was utilized together with 5 uM EGTA to remove residual
Ca® from the buffer. Under this cation condition, wild-type oVf3
exhibited modest fibrinogen binding (Fig. 5A). Next, the effect of
the ant-aVB3 mAbs was examined using the same cation
condition. The function-blocking anti-B3 mAb 7E3, which binds
to the ligand-binding BA domain, significantly inhibited fibrinogen
binding to cells expressing wild-type «VB3. In contrast, anti-oV
mAb P3G8 did not affect the binding. All three mAbs that bind
above the a-genu blocked binding, albeit not as potently as 7E3
(Fig. 5B). A high-resolution EM study of rccombinant oVp3
revealed that the leg of the oV undergoes a bending/extending
movement at the genu. These results suggest the possibility that
the three mAbs might regulate the activity of VB3 by stabilizing
the angle of the bend in favor of the bent conformation. To
examine whether this situation actually occurs, fibrinogen binding
was cxamined on cells expressing oVB3 constrained in the
extended conformation. To constrain V3 in the extended state,
an N-glycosylation site consisting of an N-X-T/S motif was
introduced at amino acid residue GIn-589 of oV, which is located
at the back of the genu (Fig. 4). The resulting Q589NAT mutation
was thus expected to prevent aVB3 from adopting a bent
conformation. An SDS-PAGE analysis of the VB3 that immu-
noprecipitated with the anti-oV mAb revealed that the oV chain
with the Q58INAT mutation migrated slightly more slowly than
the wild-type oV, indicating the attachment of an extra glycan to
the mutant (Fig. 6A). The homologous Q395NT'T mutation in
allb has been shown to constitutively activate ollbB3 [7].
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Figure 3. Effect of aV-to-allb mutation on the binding of the leg-binding mAbs. The amino acid residues 457-467 of the oV chain were
individually mutated to the corresponding allb residues. The mutant oV was transiently expressed together with wild-type B3 in CHO cells, and the
binding of mAbs to these cells was examined by FACS. The ratio of the MFI obtained from the whole cell population with each mAb to that obtained
with 7E3 is shown as normalized binding. Asterisks indicate binding that was less than 50% of the wild type.

doi:10.1371/journal.pone.0066096.g003

Likewise, cclls expressing the Q58INAT mutation exhibited
robust fibrinogen binding, compared with cells expressing wild-
type aVP3 (Fig. 6B). Finally, the effect of anti-aVB3 mAbs on
fibrinogen binding to Q589NAT was examined using the same
cation condition. As in the wild type, anti-83 mAb 7E3
significantly blocked binding. In contrast, the mAbs AMF-7,
M9, and P2W7 all failed to inhibit binding, as did P3G8 (Fig. 6C).
It appeared possible that the Q589NAT mutation might directly
affect the binding of these mAbs. To exclude this possibility, the
reactivity of these mAbs was compared between cells expressing
wild-type VB3 and cells expressing Q58INAT mutation. The
result confirms that the Q58INAT mutation did not have any
effect on the binding of AMF-7, M9, P2W7, or P3G8, as the
binding of 7E3 (Fig. 7).
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Discussion

We previously reported that extended olIb3 had a high affinity
for fibrinogen, whercas bent olIbf3 had a low affinity [7]. This
previous study was based on a comparison of genetically
engincered olIbB3, in which the three-dimensional structure was
constrained either in the extended or bent conformation.
However, these artificially engineered conformers do not neces-
sarily represent native conformations that wild-type proteins adopt
during physiological activation. For this reason, we used another
approach to investigate the role of integrin extension in affinity
regulation. In the present study, we showed that 1) the epitope for
a group of anti-oV mAbs is located above the a-genu at which the
leg of the integrin molecule bends, 2) these mAbs had a partial
blocking effect on the o«VB3-ligand interaction, 3) constraining
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affinity for ligands), rather than the dead-bolt theory (in which
integrin activation is restrained by the PA/BT interaction, the
disruption of which activates integrin without causing substantial
\ cxtension).

a-genu Among the nine anti-otV B3 mAbs that we tested, five of them —
10C4, 23C6, LM609, 17E6, and 69-6-5 — bound to the B-
propeller domain, which composes a ligand-binding site with the
BA domain. Consistently, thesc mAbs rcportedly block the
function of VB3 integrin [20,21,25,28]. On the other hand,
among the four mAbs that bound to the thigh domain, AMF-7
B-propeller reportedly inhibits ccll adhesion [19] and M9 inhibits cell
migration [24]. In contrast, P3G8 does not inhibit cell attachment
to adhesive ligands [23], and no functional role has been reported
for P2W7. We found these results surprising, since the thigh
domain is located at a distance from the ligand-binding site. A
fibrinogen binding study confirmed that AMF-7, M9, and P2W7
have a blocking effect on ligand binding, while P3G8 docs not
have any such effect (Fig. 5B). The effects of these mAbs were
Figure 4. Locations of the critical residues for mAb binding in  statistically significant. Notably, the function-blocking mAbs
the thr‘ee-Adimensional aVi3 structure..The crystal str}lcture.of the recognized the amino acid residuc Ser-462, which is located
oV chain is shown by the blue spacefill representation, with its within the disulfide-bonded loop above the ar-genu, as a common

backbone shown by the ribbon. The B3 chain is shown by the gray . o )
ribbon, The epitope residues Ser-462 and Ser-528 are highlighted in red cpitope (Fig. 4). How can these genu-binding mAbs block ligand

and magenta, respectively. Gly-465 and Ala-467 — which create a binding even though they bind at a site distant from the ligand-
binding interface for AMF-7, M9, and P2W7 — are highlighted in yellow. binding site? The genu-binding mAbs might block fibrinogen
Lys-469, important for P2W7 binding, is highlighted in orange. Residues  binding directly, depending on the orientation of the bound mAb.

that did not affect mAb binding when mutated are highlighted in white However, experiments using ¢V/ollb domain-swapping chimeras

(see text). GIn-589 is highlighted in cyan. Note that Ser-462 is located . ) .. .
above the a-genu, while Ser-528 is located on the side of the thigh suggest that the epitopes for the genu-binding mAbs arc contained

domain distal to the s-genu. entircly within the thigh domain. These results indicate that the
doi:10.1371/journal.pone.0066096.g004 orientation of the bound mAbs relative to the bound ligand or the
ligand-binding sites remains the same, regardless of the bent/
extended states. If true, the genu-binding mAbs would likely block
the extended aVB3 as well. However, the results of our mAb
blocking study on Q389INAT mutation suggest otherwise (Fig. 6C).
These results scemed to indicate that the mAbs affected ligand
binding via an allosteric mechanism, presumably by restricting the

calf-1

VB3 in its extended conformation resulted in robust activation,
and 4) genu-binding inhibitory mAbs failed to block ligand binding
to the extended VB3 molecule. Our results are consistent with the
switchblade hypothesis (in which integrin extension incrcases the
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Figure 5. Effect of anti-aV3 mAbs on fibrinogen binding. A. FITC-fibrinogen binding to cells expressing oV3 in the presence of 1 mM Ca
and 1 mM Mg?* (open column) or in the presence of 2 mM Mg®" and 5 uM EGTA (hatched column) is shown. The ratio of the MFI (FL1) to the MFI
(FL2) in the gated cell population was used to normalize the binding with the expression of aVB3 on the cell surface. B. FITC-fibrinogen binding to
cells expressing wild-type VB3 in the presence of 2 mM Mg?* and 5 uM EGTA was examined. Binding in the presence of 100 pg/mL of the indicated
mAb is shown in the hatched column. An equivalent volume of PBS, instead of the mAb solution, was included to obtain the control bmdlng The
asterisks indicate statistically different binding abilities, compared with the control (*P<0.01, **P<0.05).

doi:10.1371/journal.pone.0066096.g005
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Figure 6. Effect of integrin extension on the function of the anti-aVB3 mAbs. A. SDS-PAGE analysis of aVB3 expressed on CHO cells. Cell
lysates from biotin-labeled cells expressing aVB3 were immunoprecipitated with anti-aV mAb P2W?7. The precipitates were subjected to a 7.5% non-
reducing gel and visualized using chemiluminescence. The positions of the molecular weight markers are shown on the left side of panel. Lane 1,
parent CHO; lane 2, wild-type oVB3; lane 3, Q589INAT. Note that the oV carrying the Q589NAT mutation (arrowhead) migrated more slowly than the
wild type. B. FITC-fibrinogen binding to cells expressing aVf3 carrying the Q589NAT mutation was examined as described in Fig. 4A. Binding in the
presence of 1 mM Ca®" and 1T mM Mg?* (open column) or in the presence of 2 mM Mg** and 5 uM EGTA (solid column) is shown. C. The effect of the
anti-aVB3 mAbs on fibrinogen binding to cells expressing «VB3 carrying the Q589NAT mutation was examined, as described in Fig. 5B. Among the
mAbs, only 7E3 significantly inhibited binding.

doi:10.1371/journal.pone.0066096.9006

angle of the bend. However, we lack conclusive evidence that
Q589INAT mutation actually adopts an extended conformation at
this point. Although our conclusion is based on a recasonable
assumption, further investigation is required to confirm our claim.
Consistent with this idea, the binding interfaces of these mAbs
were located close to the possible thigh/calf-1 interface in the
extended conformation (Fig. 4). This mechanism might partly
explain why the blocking effects of these mAbs were relatively
weak compared with that of 7E3, which binds to the BA domain
and inhibits ligand binding competitively [31]. Interestingly,
cpitope residues for an activating mAb against the o chain of

1.0

aLB2 integrin have been mapped to the back of the thigh domain,
which is shielded in the bent conformation [32]. These previous
results complement the present findings.

Numerous studies have shown that integrin extension is a
prerequisite for integrin activation. A genetic approach in which
integrin is constrained in a bent or extended conformation or in an
open or closed headpiece conformation in alIbB3 and aLB2 has
indicated that both extension and an open headpicce are required
for the binding of macromolecular ligands [6,7,13]. In agreement,
another approach in which the oXB2 conformation was
constrained using functional mAbs has shown that an extended
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Normalized mAb binding

7E3

AMF7 M9

P2w7 P3G8

Figure 7. Effect of integrin extension on the binding of the anti-aVB3 mAbs. Wild-type oV or oV carrying the Q589NAT mutation was
transiently expressed together with wild-type B3 in CHO cells. The binding of function-blocking mAbs to these cells was examined by FACS. The MFI
obtained from the whole cell population with each mAb was normalized by the MFI obtained with an anti-aV mAb 17E6 that represents the oV
expression. There was no significant difference in the binding of leg-binding mAbs in cells expressing Q589NAT (solid column) as compared with cells
expressing wild-type oV (hatched column).

doi:10.1371/journal.pone.0066096.g007
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and open headpicce conformation represents a high-affinity state
[14]. These studies clearly indicated that the extended conforma-
tion has a higher affinity for ligands than the bent conformation.
Our results showed that VB3 was no cxception. A substantial
increase in fibrinogen binding was observed when oVB3 was
constrained in the extended conformation (Fig. 6B).

In contrast, several studies have suggested that the above is not
true for oVB3 integrin. Among them, the most compelling
cvidence showed that recombinant soluble VB3 could bind a
fibronectin fragment while in a bent conformation [16]. This
finding suggests that a bent and closed headpicce conformation
represents a high-affinity state in oVB3, which is completely
opposite to the above-described results. The key to resolving this
discrepancy may reside in the experimental conditions used in the
experiments. As Blue et al. pointed out, whether integrin extension
is required for ligand binding depends on the size of the ligand [6].
This situation probably arises because small ligands can gain
access to a ligand-binding site in the proximity of the plasma
membrane more easily than large ligands when the integrin is in its
bent conformation. In other words, extension may regulate the
accessibility of the ligand to integrin on the cell surface. If this is
the case, extension might no longer be required in the absence of a
plasma membrane. In agrcement with this hypothesis, the
recombinant oV 3 lacked a transmembrane-cytoplasmic domain
and the FNIII; o fragment used in their experiment was relatively
small and bound to aVf3 at the C terminus, which would not
interfere with the plasma membrane in the first place. However,
considering the fact that FNIII;. g is located in the middle of the
molecule, not at the terminus, the presence of the plasma
membrane would hinder the binding of a native fibronectin
molecule in the bent conformation. Thus, extension would be
required for aVB3 on the cell surface to interact with native
fibronectin. Another important point is how the integrins are
activated. In most experiments, Mn®* is used to “activate” oVB3
integrin. Although Mn®* has been shown to induce extension in
recombinant soluble aVB3 [5], this might not be true for aV3
expressed on the cell surface with an intact interaction between the
transmembrane-cytoplasmic domains of the o and the B subunits.
Consistent with this idea, the height of alIbB3 reconstituted in
liposomes did not change after Mn®" activation [33]. In our
experiments, the expression of an anti-LIBS epitope, which is
preferentially expressed in liganded integrins, was not observed
after Mn?' activation, suggesting that extensive structural
rearrangement did not occur because of Mn?* alone (unpublished
data). A comparison of the crystal structures of liganded and
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unliganded VB3 has revealed that the rearrangement of the
cation/ligand binding sites occurs without a swing-out in the
presence of Mn?* [2,15]. A similar rcarrangement was accompa-
nicd by the swing-out of the hybrid domain in a liganded olIbB3
headpiece that lacked the lower leg region in the presence of
Ca?/ Mg2+ [3]. These results suggest that although an open
headpicce conformation might be required for activation in Ca®*/
Mg?*, such a conformation might not be nccessary in Mn?*, If this
is the case, a bent and closed headpicce conformation could bind
macromolecular ligands as long as the proximity of the plasma
membrane did not prevent ligand access. Thus, integrins could
bind ligands in the bent and closed headpiece conformation under
specific  experimental  conditions. However, in  physiological
settings, cxtension and open headpicce conformation arc both
indispensable for high-affinity ligand interactions. It would be
interesting to examine whether a closed headpicce conformer
binds ligand in the presence of Mn®*. In addition, the direct
interaction of a soluble bent conformer with a ligand would have
to be established to substantiate the hypothesis described above.

Our results and those of others indicate that the extended
conformation has a higher affinity for ligands than the bent
conformation, and nothing more. Although integrins fixed in a
completely bent or extended conformation can be engincered and
examined, the intermediate conformations between these two
extremes are difficult to recreate experimentally. For this reason,
no information is available regarding how much extension is
needed to allow ligand binding. In other words, complete
extension may not be necessary for initial ligand binding. This
idca may explain why no substantial differences in the fluorescent
donor-accepter separation distance between the fluorescent dye-
labeled membrane and the fluorescent dye-labeled mAb bound to
the B-propeller domain were detected between wild-type and a
constitutively active mutant of aVB3 [17]. Instead, an external
force applied to the head region may be required to accomplish
extension, as simulations of the molecular dynamics of V3 have
suggested [34]. Such forced extension may greatly stabilize
integrin-ligand interactions [35]. Taken together, the present
findings suggest that the switchblade-like movement of the integrin
leg regulates the oV B3-ligand interaction.
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Pharmacokinetic Study of Adenosine Diphosphate-Encapsulated
Liposomes Coated with Fibrinogen y-Chain Dodecapeptide as a
Synthetic Platelet Substitute in an Anticancer Drug-Induced
Thrombocytopenia Rat Model
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ABSTRACT: A fibrinogen y-chain (dodecapeptide HHLGCGAKQAGDV, H12)-coated, adenosine diphosphate (ADP)-encapsulated liposome
[H12-(ADP)-liposome] was designed to achieve optimal performance as a homeostatic agent and expected as a synthetic platelet alternative.
For the purpose of efficient function as platelet substitute, H12-(ADP)-liposomes should potentially have both acceptable pharmacokinetic
and biodegradable properties under conditions of an adaptation disease including thrombocytopenia induced by anticancer drugs. The
aim of this study was to characterize the pharmacokinetics of H12-(ADP)-liposomes in busulphan-induced thrombocytopenic rats using
14C, 3H double radiolabeled H12-(ADP)-liposomes, in which the encapsulated ADP and liposomal membrane (cholesterol) were labeled
with *C and 3H, respectively. After the administration of H12-(ADP)-liposomes, they were determined to be mainly distributed to the liver
and spleen and disappeared from organs within 7 days after injection. The encapsulated ADP was mainly eliminated in the urine, whereas
the outer membrane (cholesterol) was mainly eliminated in feces. The successive dispositions of the H12-(ADP)-liposomes were similar
in both normal and thrombocytopenic rats. However, the kinetics of H12-(ADP)-liposomes in thrombocytopenic rats was more rapid,
compared with the corresponding values for normal rats. These findings, which well reflect the clinical features of patients with anticancer
drug-induced thrombocytopenia, provide useful information for the development of the H12-(ADP)-liposomes for future clinical use. ©
2013 Wiley Periodicals, Inc. and the American Pharmacists Association J Pharm Sci 102:3852-3859, 2013

Keywords: liposome; adenosine-diphosphate; dodecapeptide; disposition; thrombocytopenia; platelet substitute; biocompatibility;
disease state; cancer chemothrapy

INTRODUCTION

Platelet transfusion represents one of the most essential pro-
phylactic or therapeutic treatments for patients with throm-
bocytopenia caused by hematologic malignancies, or caused as
a result of intensive chemotherapy and radiation used in the
treatment of solid tumors. However, platelet transfusion can in-
troduce a variety of complications such as virus infections, aller-
gic reactions, and acute lung injuries. In addition, the shortage
of donated platelets for blood transfusions has also become a
serious issue because of the short shelf life of such products

Abbreviations used: ADP, adenosine diphosphate; H12, dodecapeptide
(19OHHLGGAKQAGDV4Y), AST, aspartate aminotransferase; ALT, alanine
aminotransferase; BUN, blood urea nitrogen; CRE, creatinine; #14, half-life;
MRT, mean residence time; AUC, area under the concentration—time curve; CL,
clearance; Vyss, distribution volume; MCV, mean corpuscular volume; MCH,
mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentra-
tion; HbV, hemoglobin vesicles; MPS mononuclear phagocyte system.
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(4 days in Japan and 5-7 days in the USA and Europe) and our
aging society and the need for a stable supply in an emergency
situation such as disasters and pandemics. To overcome these
problems, attempts have been made to develop various platelet
substitutes (artificial platelets), which consist of materials de-
rived from blood components,! such as solubilized platelet
membrane protein-conjugated liposomes (plateletsome),? in-
fusible platelet membranes,® fibrinogen-coated albumin mi-
crocapsules (synthocyte),® red blood cells (RBC) with bound
fibrinogen,® liposomes bearing fibrinogen,® arginine-glycine-
aspartic acid peptide-bound RBC (Thromboerythrocyte)” and
fibrinogen-conjugated albumin polymers.®

Adenosine diphosphate (ADP)-encapsulated liposomes mod-
ified with a dodecapeptide (***HHLGGAKQAGDV*!! H12) in
the carboxy terminus of the fibrinogen y-chain [H12-(ADP)-
liposome] were developed as a new type of synthetic platelet
alternative. The modification of H12-(ADP)-liposomes such as
H12 and encapsulation with ADP enable them to specifically
interact with activated platelets and stimulate platelet aggre-
gation. It is well known that H12-(ADP)-liposomes bind to
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glycoprotein IIb/IIIa on activated platelet membranes and ac-
cumulate between adherent platelets, analogous to fibrinogen
in in vitro studies.®'! Furthermore, it was also reported that
H12-(ADP)-liposomes specifically accumulate at the site of an
injury in vivo and were reported to decrease bleeding time in
a dose-dependent manner in both thrombocytopenic rat and
rabbit models.>' On the basis of these findings, it would be
reasonable to conclude that H12-(ADP)-liposomes may be clin-
ically acceptable for several disorders, such as injury, acute
thrombocytopenic trauma with massive bleeding, and throm-
bocytopenia induced by drugs, as a platelet alterative.

Before new drugs are approved for clinical use, they are
required to undergo a wide variety of evaluations, including
physicochemical tests, preclinical studies, and clinical trials.
Despite the accumulated basic evidence for the pharmaco-
logical effectiveness of H12-(ADP)-liposomes in the preclini-
cal stage,''® the pharmacokinetics of H12-(ADP)-liposomes
have not been well characterized. Pharmacokinetic studies of
H12-(ADP)-liposomes that have been reported to date have
evaluated only their dispositions in normal animals includ-
ing mice, rats, and rabbits.'” In previous studies, it was re-
ported that clinical conditions can affect the pharmacokinetics
of liposomes.'®?° Furthermore, Frank and Hargreaves reported
that safe/toxicology and pharmacokinetic data, which are used
to estimate pharmacokinetic studies in preclinical stages, ac-
counts for approximately 40% of the failed attempts to develop
new drug projects during clinical development.?! Therefore,
clarifying the pharmacokinetics of H12-(ADP)-liposomes in ani-
mal models of an adaptation disease (thrombocytopenia) should
provide useful information, such as dosing regimens required
for future clinical applications. In addition, the characteristics
of the H12-(ADP)-liposomes developed in this study suggest
that not only better pharmacological effects could be obtained,
but the product may well have acceptable biodegradable prop-
erties (no accumulation or retention). These effects, however,
need to be documented even under conditions of an adaptation
disease (thrombocytopenia).

In the present study, we report on an evaluation of the
pharmacokinetic properties of H12-(ADP)-liposomes and com-
ponents derived from them in thrombocytopenia model rats
produced as the result of anticancer drug therapy, which is a
candidate for a disease that could be treated with H12-(ADP)-
liposomes. For this purpose, we first created thrombocytope-
nia model rats induced by treatment with busulphan, anti-
cancer drug used in the treatment of hematologic malignan-
cies. We then evaluated the pharmacokinetic properties of the
H12-(ADP)-liposomes and components in the thrombocytope-
nia model rats using *C, *H double radiolabeled H12-(ADP)-
liposomes, in which the encapsulated ADP and membrane com-
ponent (cholesterol) were labeled with *C and H, respectively,
and subsequently compared with the findings for those ob-
tained using normal rats.

MATERIALS AND METHODS
Reagents

Cholesterol  and  1,2-dipalmitoyl-sn-glycero-3-phosphati-
dylcholine were purchased from Nippon Fine Chemical
(Osaka, Japan), and 2-distearoyl-sn-glycero-3-phosphatidy-
lethanolamine-N-[monomethoxypoly(ethyleneglycol)] (5.1
kDa) was purchased from NOF (Tokyo, Japan). 1,5-

DOI! 10.1002/PS.23692

93

3853

Dihexadecyl-N-succinyl-L-glutamate and H12-
polyethyleneglycol (PEG)-Glu2C18, in which the fibrinogen
y-chain dodecapeptide (C-HHLGGAKQAGDYV, Cys-H12) was
conjugated to the end of the PEG-lipids, were synthesized
as reported previously.’® Busulphan was obtained from
Sigma-Aldrich (St Louis, Missouri).

Animals

All animal experiments were undertaken in accordance with
the guidelines, principles, and procedures of Kumamoto Uni-
versity for the care and use of laboratory animals. Experiments
were carried out with male Sprague-Dawley rats (Kyudou
Company, Kumamoto, Japan). All animals were maintained
under conventional housing conditions, with food and water ad
libitum in a temperature-controlled room with a 12-h dark/light
cycle.

Preparation of Thrombocytopenic Rats

Thrombocytopenic rats induced by busulphan were created as
previously reported by Yang et al.?? with minor modifications.
Typically, a busulphan solution was prepared at a final concen-
tration of 10 mg/mL in PEG (average molecular weight 400).
Rats were anaesthetized with ether and intraperitoneally in-
jected on days 0 and 3 with equal amounts of a total dose of
busulphan of 20 mg/kg.

Blood Sampling, Measurement of Hematology, and Serum
Chemistry

At stipulated dates (0-14th day, 16th day, 18th day, and 20th
day) after busulphan administration, blood samples (approx-
imately 100 pL) for cell counts were obtained from the tail
veins of ether-anaesthetized rats. Hematology analyses of ve-
nous samples were performed using KX-21NV (Sysmezx, Kobe,
Japan). The remaining venous blood samples obtained at days
0 and 10 after busulphan administration were centrifuged
(1710g, 10 min) to obtain serum, which was used for the eval-
uation of serum chemistry [aspartate aminotransferase (AST),
alanine aminotransferase (ALT), blood urea nitrogen (BUN),
and creatinine]. AST and ALT activities levels were determined
by using a transaminase C-II test kit from Wako Chemicals
(Saitama, Japan). BUN and creatinine were determined by us-
ing a urea nitrogen-B test kit and LabAssay creatinine test kit
from Wako Chemicals, respectively.

Preparation of "*C, *H Double-Labeled H12-(ADP)-Liposomes

14C-labeled H12-(ADP)-liposomes were first prepared under
sterile conditions, as previously reported.'® The diameter and
Zeta potential of the “C-labeled H12-(ADP)-liposomes used in
this study are regulated at 250 + 50 nm and — 10 = 0.9 mV, re-
spectively. The ®H labeling of *C-labeled H12-(ADP)-liposomes
was carried out according to a previous report.!” Before being
used in pharmacokinetic experiments, all of the samples were
mixed with unlabeled H12-(ADP)-liposomes.

Pharmacokinetic Studies in Thrombocytopenic Rats

Ten days after the administration of busulphan, 16 thrombo-
cytopenic rats were anesthetized with ether and given a sin-
gle injection of *C, ®H-labeled H12-(ADP)-liposomes (10 mg
lipids/kg). In all rat groups, four rats were selected to un-
dergo a plasma concentration test. Under ether anesthesia,
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approximately 200 pL blood sample from all administered
groups were collected from the tail vein at multiple time points
after the injection of the C, *H-labeled H12-(ADP)-liposomes
(8, 10, and 30 min; 1, 2, 3, 6, 12, and 24 h), and the plasma was
separated by centrifugation (3000g, 5 min). After collecting the
last blood sample (24 h), the rats were sacrificed and selected or-
gans (kidney, liver, spleen, lung, and heart) were excised. Urine
and feces were collected at fixed intervals in a metabolic cage.
In addition, the four thrombocytopenic rats were randomly sac-
rificed and organs (kidney, liver, spleen, lung, and heart) were
collected at 2 and 6 h and 7 days after an injection of C, *H-
labeled H12-(ADP)-liposomes at a dose of 10 mg lipids/kg.

Measurement of '*C and *H Radioactivity

Plasma samples were solubilized in a mixture of Soluene-350
(Perkin Elmer, Yokohama, Japan) and isopropyl alcohol (at ara-
tio of 1/1) for 24 h at 50°C. The organ samples were rinsed with
saline, minced, and solubilized in Soluene-350 for 24 h at 50°C.
Urine and feces were also weighed and solubilized in Soluene-
350. All samples were decolorized by treatment with a hydro-
gen peroxide solution after the Soluene-350 or isopropyl alcohol
treatments. The “C, ®*H radioactivity was determined by liquid
scintillation counting (LSC-5121; Aloka, Tokyo, Japan) with
Hionic Fluor (Perkin Elmer).

Data Analysis

A noncompartment model was used for the pharmacokinetic
analysis. Each parameter, half-life (£15, h), mean residence
time (h), area under the concentration—time curve (AUC, h %
of dose/mL), clearance (CL, mlL/h), distribution volume (mL),
was calculated using the moment analysis program available
on Microsoft Excel.?® Data are shown as the mean =+ SD for the
indicated number of animals.

RESULTS AND DISCUSSION
The Creation of Thrombocytopenic Rats Induced by Busulphan

All rats survived the busulphan treatment and none were on
the verge of death. Although the body weight of nontreat-
ment rats were increased from 236.7 £+ 5.8 to 310.6 + 13.3 g,
the weights of the busulphan-administered rats (thrombocy-
topenic rats) were only increased slightly, from 235.0 + 4.2 to
289.5 + 9.3 g at 10 days after busulphan administration.
Platelet counts of the rats that had been treated with busul-
phan were 91.0 + 5.8 x 10* per microliter before busulphan
administration, and declined significantly to 27.7 + 2.7 x 10*
per microliter at 10 days after busulphan administration, which
meets the clinical criterion for thrombocytopenia (Fig. 1c). This
severe thrombocytopenia was consistent with results reported
in previous studies for busulphan treated rats at 10 days af-
ter busulphan administration.'*'® Furthermore, the number of
white blood cells and RBC slowly begun to decrease from 1 day
after busulphan administration (Figs. 1a and 1b). In associa-
tion with the decrease in RBC, the hemoglobin and hematocrit
values were also altered (Table 1). However, the RBC-related
parameters, including the mean corpuscular volume, mean cor-
puscular hemoglobin, and mean corpuscular hemoglobin con-
centration were not changed between before busulphan admin-
istration and 10 day after busulphan administration (Table 1).
These results indicate that thrombocytopenia model rats are
associated with the adverse effect (pancytopenia) of busulphan.
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Figure 1. Time course for number of white blood cell (a), red blood
cell (b), and platelet (¢) in normal rats (open circle) and rats treated by
busulphan at a total dose of 20 mg/kg (closed circle). Busulphan was
interperitoneally injected to rats on days 0 and 3 with equal amounts of
a total dose of busulphan of 20 mg/kg. Each point represents the mean
£+ 8D (n=4).

In clinical situations, patients with cancer, such as hemato-
logic malignancies, receiving anticancer drugs frequently, need
therapeutic platelet transfusions to counteract the effects of
the anticancer drugs. Busulphan, one of the anticancer drugs
used in the treatment of hematologic malignancies, induces
thrombocytopenia as an adverse effect. Furthermore, the pu-
tative strategy for using H12-(ADP)-liposomes in a clinical
situation is to alleviate the thrombocytopenia induced by anti-
cancer drugs. Taken together, the rat model of thrombocytope-
nia created in the present study acceptably reflects this clinical
situation. Therefore, a pharmacokinetic study of H12-(ADP)-
liposomes was performed using busulphan-induced thrombocy-
topenia model rats at 10 days after busulphan administration.
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Table 1. Changes in Hemoglobin, Hematocrit, and Other Red Blood
Cells-Related Parameters in Normal Rats and Thrombocytopenic Rats
at 0 and 10 Days After Busulphan Administration

Nontreatment Rats Thrombocytopenia Rats

Day (0) Day (10) Day (0) Day (10)
Hemoglobin (g/dL) 13.1 £ 0.3 133 +£ 1.4 135 + 0.3 11.1 &+ 0.2
Hematocrit (%) 392 +£ 04 379 +£ 03 405 + 09 326 £+ 0.7
MCV (fL)) 71.0 £ 1.7 725 +£ 1.0 716 +£ 1.0 737 + 0.8
MCH (pg) 23.7 £0.9 242 £+ 02 240 + 04 251 £ 04
MCHC (g/dL) 36.7 + 1.2 367 + 04 368 + 03 373 £ 0.7

Blood samples (~100 pL) for cell counts were obtained from ether-
anaesthetized rats treated with or without busulphan from a tail vein. Red blood
cells-related parameters of venous samples were analyzed using automated blood
cell counter.

Each value represents the mean + SD (n = 4).

MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin;
MCHC, mean corpuscular hemoglobin concentration.

Table 2. Serum Biochemical Parameters Representing Hepatic and
Renal Function in Normal Rats and Thrombocytopenic Rats at 0 and
10 Days After Busulphan Administration

Nontreatment Rats Thrombocytopenia Rats

Day (0) Day (10) Day (0) Day (10)
AST (IU/L) 32.0 £ 32 410+56 310+ 18 278 +33
ALT (IU/L) 824+ 22 122+ 1.1 77 +22 125+ 16
CRE (mg/dL) 0.91 + 0.05 1.08 £ 0.22 0.93 £+ 0.17 0.90 + 0.13
BUN (mg/dL) 157 £ 05 151 +£08 172+ 3.1 166 + 3.1

Each value represents the mean + SD (n = 4).
AST, aspartate aminotransferase; ALT, alanine aminotransferase; CRE, cre-
atinine; BUN, blood urea nitrogen.

Serum Chemistry

It is well known that hepatic and renal function can have an
effect on the pharmacokinetics of hepatic and renal clearing
drugs, including liposomes. For example, the pharmacokinet-
ics of hemoglobin vesicles (HbV), the liposomal characteris-
tics of which are similar in terms of the liposomal structure
to H12-(ADP)-liposomes, were reported to be altered in a rat
model of chronic liver cirrhosis.?* Our previous report demon-
strated that the ADP encapsulated in H12-(ADP)-liposomes
was mainly eliminated in the urine after being metabolized
to allantoin, whereas the lipid components (cholesterol) were
mainly eliminated in feces via bile.!” Therefore, it is important
to consider the effect of busulphan administration on hepatic
and renal function before collecting pharmacokinetic data for
thrombocytopenic rats induced by busulphan treatment.

In the present study, no changes in the parameters reflect-
ing liver function (AST and ALT) were found at 10 days after
busulphan administration (Table 2). In addition, BUN and crea-
tinine levels, which reflect renal function, were also unchanged
at 10 days after busulphan administration (Table 2). These re-
sults indicate that busulphan administration had no effect on
the pharmacokinetics of H12-(ADP)-liposome with respect to
changes in hepatic and renal function in busulphan-induced
thrombocytopenia model rats.
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Figure 2. Plasma concentration curve of (a) 1*C and (b) 3H radio-
labeled H12-(ADP)-liposome after intravenous injection at a dose of
10 mg lipids/kg to normal rats (open circle) and thrombocytopenic
rats (closed circle). The data for the normal rats were cited from
our previously reported paper.!” Each point represents the mean +
SD (n = 4).

Pharmacokinetics of H12-(ADP)-Liposome Components in
Normal and Thrombocytopenic Rats

Plasma Concentration

Figure 2 shows the time course for the plasma concentra-
tion of the *C, ®H-labeled H12-(ADP)-liposomes that were in-
jected into normal rats and thrombocytopenic rats at a dose
of 10 mg lipid/kg, which was lowest recommended dosage to
exert enough hematostatic effect in thrombocytopenic rats,'416
and Table 3 lists the pharmacokinetic parameters calculated
from the data shown in Figure 2. The plasma concentration
curves and pharmacokinetic parameters for *C radioactivity
and 3H radioactivity were different between normal rats and
thrombocytopenic rats (Fig. 2 and Table 3). Accompanied by
the change of plasma concentration curve, the 1 for both 14C
radioactivity and 3H radioactivity in thrombocytopenic rats
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