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Our strategy for development of platelet substitutes is
straightforward; biocompatible and biodegradable carriers such
as phospholipid vesicles (liposomes)'*'® and polymerized
albumin particles'”® are specifically accumulated at sites of
vascular injury by virtue of their own mass. To construct a
carrier having an accumulation ability specific to the activated
GPIIb/Illa, we conjugated an HI12 sequence instead of
fibrinogen to these carriers,'>*°?* because isolated human
fibrinogen is not stable.!” We recently reported that the H12-
conjugated liposomes dose-dependently reduced the bleeding
time in rats with moderate thrombocytopenia in vivo.'*
However, we have not previously confirmed by in vivo studies
whether the H12-liposomes are specifically accumulated at sites
of vascular injury.

N,N'-bis[2-hydroxy-1-(hydroxylmethyl)ethyl]-5-[(25)-2-
hydroxypropanoylamino]-2,4,6-triiodoisophthalamide (iopami-
dol) is a nonionic contrast dye and is used clinically for
ureterography and angiography.>* Furthermore, it is quite easy to
encapsulate iopamidol into the liposome, because iopamidol is a
water-soluble contrast dye.

The purpose of this study was to visualize specific
accumulation of the H12-liposomes as platelet substitutes at the
sites of vascular injury. In this study we prepared H12-liposomes
encapsulating iopamidol (H12-(iopamidol)liposomes), intrave-
nously infused the H12-(iopamidol)liposomes into rats, and
observed accumulation of the liposomes at jugular vein injured by
ferric chloride (FeCl3) and organ distribution using an eXplore
Locus computed tomography (CT) system (GE Healthcare UK,
Buckinghamshire, England).

Methods

Materials and reagents

1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC)
and cholesterol were purchased from Nippon Fine Chemical
(Osaka, Japan). 1,2-distearoyl-sn-glycero-3-phosphatidyletha-
nolamine-N-[monomethoxy poly(ethyleneglycol) (5000) (PEG-
DSPE, Mn 5.1 kDa) was purchased from NOF (Tokyo, Japan).
1,5-dihexadecyl-N-succinyl-L-glutamate (DHSG),** and HI2-
PEG-lipid,’* in which the fibrinogen vy-chain dodecapeptide (C-
HHLGGAKQAGDYV, Cys-H12) was conjugated to the mal-
eimide group at the end of the PEG-lipids, were synthesized in
our laboratory. N,N’-bis[2-hydroxy-1-(hydroxylmethyl)ethyl]-
5-[(28)-2-hydroxypropanoylamino]-2,4,6-triiodoisophthalamide
(iopamidol) as a contrast dye was purchased from Fuji Pharma
(Tokyo, Japan). Sephadex G25 for gel permeation chromatog-
raphy was purchased from GE Healthcare UK. FeCl; was
purchased from Sigma-Aldrich (St. Louis, Missouri).

Preparation of iopamidol-encapsulated liposomes carrying HI12

We prepared iopamidol-encapsulated liposomes carrying
H12 (H12-(iopamidol)liposomes) as follows. DPPC (100 mg,
136 pumol), cholesterol (52.7 mg, 136 umol), DHSG (18.9 mg,
27.2 umol), PEG-DSPE (5.2 mg, 0.90 pmol), and H12-PEG-
lipid (4.7 mg, 0.90 pmol) were dissolved in benzene and then
freeze-dried. The resulting mixed lipids were hydrated with

phosphate-buffered saline (PBS, pH 7.4) with an iopamidol
adjusted to an iodine concentration of 185 mg/mL, and the
resulting liposome dispersion was extruded with membrane
filters (pore size: 0.80, 0.45, and then 0.22 pm, Durapore;
Millipore, Tokyo, Japan). The liposomes were then washed
with PBS by centrifugation (100,000g, 30 minutes, 4°C). The
residual iopamidol was removed on Sephadex G25 (GE
Healthcare UK), and the H12-(iopamidol)liposome fraction
was collected. The particle diameter was analyzed by a
dynamic light scattering method (N4 PLUS; Beckman-
Coulter, Fullerton, Florida). Alternatively, we also prepared
(iopamidol)liposomes using mixed lipids in the absence of
H12-PEG-lipid.

Stability of the H12-(iopamidol) liposomes

The H12-(iopamidol)liposomes at a lipid concentration of 10
mg/mL were incubated at 4°C and collected over time. After
separation on Sephadex G25 (GE Healthcare UK), the H12-
(iopamidol)liposome fraction was collected. The liposomes were
dissolved by adding 2% (vol/vol) deca(oxyethylene) dodecyl
ether (final concentration: 1% vol/vol), and the solution was
heated at 42°C for 2 minutes to measure the amount of iopamidol
encapsulated. Topamidol was quantified by high-pressure liquid
chromatography on a TSK-GEL ODS-100V column (TOSOH,
Tokyo, Japan) with 4.6 mm outer diameter x 250 mm height
using a mobile phase of 97% (vol/vol) phosphoric acid (pH 7.0)
and 3% (vol/vol) methanol containing 30 mM triethylamine at 1
mL/min by the detection wavelength of 240 nm. In parallel, the
lipid concentration was quantified using a commercial kit (Wako
Pure Chemical Industries, Osaka, Japan).

CT imaging

All animal studies were approved by the Animal Subject
Committee of Keio University, School of Medicine. Male Wistar
rats (250-300 g; CLEA Japan, Tokyo, Japan) were anesthetized
with sodium pentobarbital at a dose of 30 mg/kg, and the H12-
(iopamidol)liposomes were infused into the tail vein at a lipid
dose of 130 mg/kg ([iodine] = 60 mg/kg) before induction of
thrombi with FeCls. For induction of thrombus formation with
FeCl, a 0.5 x 1 cm® rectangle of Whatman filter paper (GE
Healthcare UK, Buckinghamshire, United Kingdom) was
saturated with a 35% (wt/vol) solution of FeCl; and applied
beneath the jugular vein for 30 minutes. After killing the animal
the injured site was observed using an eXplore Locus computed
tomography (CT) system (GE Healthcare UK). (Iopamidol)
liposomes prepared without H12 ([lipid] = 130 mg/kg, [iodine] =
60 mg/kg) or iopamidol solution alone ([iodine] = 60 mg/kg)
were used as control groups. We also observed the various
organs 1 hour after infusion of the H12-(iopamidol)liposomes
using the CT system. Each experiment was performed at least
three times.

We calculated the amount of lipids accumulated at the
thrombus induced with FeCl; as follows: 1 mL of the H12-
(iopamidol)liposome dispersion at a range of lipid concentra-
tions (0.25-10 mg/ml) was added to 1.5-mL tubes. After
observation of the tubes by CT, the region of interest (ROI) was
outlined in the tube, and the outlined volume (mm®) and total
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number of voxels (arbitrary unit) were calculated. From the
outlined volume and a known lipid concentration in the tube,
the amount of lipid in the ROI was estimated; the amount of
lipid per voxel was then calculated from the amount of lipid in
the ROI divided by the total number of voxels. Alternatively,
the CT value per voxel was calculated from the average CT
value in the ROI divided by the total number of voxels. We
obtained a calibration curve of the CT value per voxel vs. the
amount of lipid per voxel (ng). Finally, the amount of lipid
accumulated at the injured jugular vein was calculated by
extrapolation from the calibration curve of the average CT value
for the total accumulation volume, from the three-dimensional
(3D) image (see later discussion of Figure 3, D).

Statistical analysis

Comparisons for the H12-(iopamidol)liposome group at the
injury site vs. the (iopamidol)liposome group at the injury site or
the H12-(iopamidol)liposome group at the noninjury site (see
later discussion of Figure 4, B) were carried out using Tukey-
Kramer tests. A P value of less than .05 was considered to be
statistically significant. Statistical analyses were performed using
Stat View software (Hulink, Tokyo, Japan).

Results

Topamidol, which is a water-soluble and nonionic contrast
dye used for ureterography, was encapsulated into the inner
aqueous phase of the liposome (the molar ratio of DPPC/
cholestero/DHSG = 5:5:1), and the liposome surface was
modified with PEG-DSPE (0.3 mol%) and H12-PEG-lipids (0.3
mol%). Indeed, the H12-(iopamidol)liposomes were success-
fully prepared to homogeneity with a mean diameter of 250 + 80
nm. The encapsulation ratios of iopamidol into the liposomes
were maintained when the Hi2-(iopamidol)liposomes were kept
at 4°C on days 0, 1, and 4. The ratios were calculated to be 100.0,
105.4, and 99.8%, respectively. Furthermore, endotoxin con-
tamination in the liposome dispersion at a lipid concentration of
10 mg/mL was below 0.25 EU/mL, which was regarded as
acceptable for an in vivo study.

First, iopamidol alone at an iodine dose of 60 mg/kg was
infused into rats, and its organ distribution was observed using
the eXplore Locus CT system (GE Healthcare UK). Iopamidol
was rapidly excreted into the bladder via the kidney and ureter,
because iopamidol is a water-soluble low-molecular-weight
compound (Figure 1). It was also obvious that iopamidol did not
stain blood vessels. In the case of the H12-(iopamidol)liposomes
at a lipid dose of 130 mg/kg ([iodine] = 60 mg/kg) 1 hour after
infusion, blood vessels and urinary organs such as kidney, ureter,
and bladder showed no evidence of staining. However, liver and
spleen were clearly stained (Figure 2, 4-C), as well as
(iopamidol)liposomes without H12 (data not shown). Further-
more, we confirmed that cardiac tissue was also clearly stained,
suggesting that the iopamidol was stably encapsulated into the
liposome, and the HI12-(iopamidol)liposomes were stably
circulating in blood. It was noted that encapsulation of iopamido]
into the liposome changed the organ distribution from ureter and
bladder to liver and spleen.

ureter

Figure 1. Abdominal CT images 5 minutes after infusion of an iopamidol
solution into the rat. (A) Two-dimensional (2D) CT image of kidney. (B) 3D
CT image of the kidney and ureter. (C) 2D CT image of the bladder. The
administered amount of iopamidol was 60 mg/kg equivalent of iodine.
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Figure 2. Abdominal CT images 60 minutes after infusion of the H12-
(iopamidol)liposomes into the rat. (A) 2D image of the liver and heart stained
with the liposomes. (B) 2D and (C) 3D CT images of the spleen stained with
the liposomes. The administered amount of the H12-(iopamidol)liposomes
was 130 mg/kg equivalent of lipid ([iodine] = 60 mg/kg).

Next, we tried to visualize the accumulation of the H12-
(iopamidol)liposomes at the injured sites of jugular vein. The
H12-(iopamidol)liposomes at a lipid dose of 130 mg/kg
([iodine] = 60 mg/kg) were infused into the tail vein. Five
minutes after infusion, a rectangle of Whatman filter paper
(0.5 x 1 cm?) saturated with a 35% solution of FeCl; was
applied beneath the jugular vein for 30 minutes. The jugular
vein turned black as shown in Figure 3, 4, indicating that the
injured jugular vein was occluded with thrombus and blood
clot. It was clearly shown by the CT system that the H12-
(iopamidol)liposomes accumulated at the 0.5-cm segment of
jugular vein exposed to FeCl;, whereas the other parts of the
jugular vein were not stained (background level) as shown in
Figure 3, B. The 3D CT image (Figure 3, C) also clearly shows
the accumulation of the HI12-(iopamidol)liposomes in the
injured jugular vein. When the (iopamidol)liposomes without
H12 were used there was no accumulation at the injured site
(Figure 3, D and E). Furthermore, it was also clearly shown
that the H12-liposomes infused intravenously were specifically
accumulated to a postcaval vein exposed by FeCl; and a 1-cm
length incision site of tail vein made by a no. 11 scalpel blade
(data not shown). The iopamidol solution did not stain the
injury site (Figure 3, F and G), because there was no

Figure 3. Specific accumulation of H12-(iopamidol)liposomes at the injury
site of rat jugular vein using an eXplore Locus CT system (GE Healthcare
UK). (A) Photograph of jugular vein on a 0.5 x 1 cm rectangle of Whatman
filter paper saturated with a 35% (wt/vol) solution of FeCl; after 30 minutes.
(B) A cross-sectional CT image of the side view of rat infused with H12-
(iopamidol)liposomes. (C) a 3D CT image of B. Arrowheads indicate the
accumulation points of the H12-(iopamidol)liposomes. (D) A cross-sectional
CT image of the side view of rat infused with (iopamidol)liposomes. (E) A
3D CT image of D. (F) A cross-sectional CT image of the side view of rat
infused with iopamidol solution. (G) A 3D CT image of F.

mechanism for specific accumulation and iopamidol itself
localized rapidly to the bladder as shown in Figure 1.
Consequently, we succeeded in specific visualization of the
accumulation of the H12-liposomes at the injury site using
iopamidol encapsulation.

Finally, we sought to calculate the amount of lipids
accumulated at the site of vascular injury. CT images of the
H12-(iopamidol)liposome dispersion showed the gradation
contrast images of the lipid concentration as shown in the inset
of Figure 4, 4. As indicated in the Methods section, we obtained
a calibration curve with a high correlation coefficient as shown in
Figure 4, A (the CT value per voxel vs. the amount of lipid per
voxel, in nanograms). When the (iopamidol)liposomes without
H12 were infused into rats the average CT value per voxel at the
injury site, as shown in Figure 3, E, was calculated to be 163 +
20 (Figure 4, B). This background level was equal to that
obtained for the noninjury site (147 * 6), suggesting that the
(iopamidol)liposomes did not accumulate at the injury site. In the
case of the H12-(iopamidol)liposomes as shown in Figure 3, C,
the average CT values per voxel at the injury site were



Y. Okamura et al / Nanomedicine: Nanotechnology, Biology, and Medicine 6 (2010) 391-396 395

g
(&3}
o
[aw]

400 | [
300

200 +

CT value per voxel {-)

100

O L 1 i i
0 2 10 6 8 10

Lipid per voxel (ng)

B s00

500

400 r

300 ¢

200+

CT value per voxel (-)

100 |

(iopamidol)liposome  H12-(iopamidol)liposome

Figure 4. (A) Correlation of average CT values per voxel with the amount of
lipid per voxel. Inset shows the CT images of the H12-(iopamidol)liposome
dispersion at a lipid concentration of 0.25 to 10 mg/mL. (B) Average CT
values per voxel at the injured jugular vein (gray columns) or noninjury site
{white columns) after infusion of H12-(iopamidol)liposomes or (iopamidol)
liposomes into the rats. *P < 0.05 vs. (iopamidol)liposome group at the injury
site; TP < 0.05 vs. H12-(iopamidol)liposome group at the noninjury site.

significantly increased to 489 + 61 over that at the noninjury site
(135 & 1) (Figure 4, B). After extrapolation from the calibration
curve of the values at the injury and noninjury sites, the amount
of lipids of the H12-(iopamidol)liposomes accumulated at the
injury site was estimated to be 127 + 27 pg.

Discussion

‘We confirmed elsewhere that fibrinogen ~y-chain dodecapep-
tide (H12)-conjugated liposomes maintained the ability to
specifically bind GPIIb/Illa on the activated platelet, and that
the H12-liposomes dose-dependently shortened the bleeding
time of rats with moderate thrombocytopenia as a platelet
substitute."* Our purpose in this study was to visualize the
specific accumulation of the H12-liposomes at the site of
vascular injury by iopamidol as a clinically used contrast dye.

We confirmed that the iopamidol was stably encapsulated
into the inner aqueous phase of the H12-liposome, because of
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Figure 5. Schematic images of accumulation mechanism of H12-(iopamidol)
liposomes at site of endothelial injury. PEG, poly(ethyleneglycol) (5000).

the stable membrane formation by DPPC and cholesterol, the
electrostatic repulsion of negatively charged DHSG, and the
excluding volume effect of the PEG chains on iopamidol
encapsulation. By infusion of the H12-(iopamidol)liposomes
into the rats, liver and spleen were shown to be clearly stained,
whereas blood vessels and urinary organs such as kidney,
ureter, and bladder showed no evidence of staining (Figure 2).
We have already shown using a radioisotope technique that
liposomes encapsulating hemoglobin as well as empty
liposomes are mainly distributed in liver and spleen, and the
liposomes containing hemoglobin and phospholipids readily
disappeared from Kupffer cells in liver and macrophages in
spleen within a week of administration to rats.”> These are
regarded as normal physiological pathways for the removal of
aged erythrocytes and would also be reasonable pathways for
the elimination of liposomes.?® On the other hand, the
iopamidol solution was rapidly excreted into the bladder via
the kidney and ureter (Figure 1), because iopamidol is a water-
soluble low-molecular-weight compound. Our experimental
protocol reproduced the clinical use of iopamidol for
ureterography. It was noted that encapsulation of iopamidol
into the liposome changed the organ distribution from ureter
and bladder to liver and spleen.

We succeeded in specific visualization of the accumulation of
the H12-liposomes at the injured site using iopamidol encapsu-
lation, based on no accumulation of the (iopamidol)liposomes
without H12 and the iopamidol solution at the injured site as
shown in Figure 3. This indicated that H12 on the surface of the
liposome reproduced the ability to bind GPIIb/Illa on the
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activated platelet, leading to adhesion and aggregation at the site
of vascular injury (Figure 5). In other words, we succeeded in
detection of the platelet thrombus formation by the H12-
(iopamidol)liposomes. This result provided the first direct
evidence that the H12-liposomes, which dose-dependently
reduced the bleeding time in thrombocytopenic rats,'* partici-
pated in hemostasis by specific accumulation in platelet
aggregates at the site of bleeding. Based on the calibration
curve of the values at the injury and noninjury sites, the amount
of lipids accumulated at the injury site was estimated to be 127 +
27 pg as shown in Figure 4, corresponding to approximately
0.4% of the total amount of lipid infused into the rats (33 mg).
Considering the relatively long blood circulation time (B-phase
half-life of HI12-liposome: 200 + 23 minutes) and the
accumulation behavior of the HI2-(iopamidol)liposomes in
liver and spleen as shown above, this amount of lipid
accumulation at the injury site seems to be reasonable.

In conclusion, we have succeeded in visualization of the
specific accumulation of H12-liposomes at a site of vascular
injury using iopamidol encapsulation and CT observation, and in
semiquantitative analyses of the H12-liposomes accumulated
into the injured site. These results constitute direct evidence that
the HI12-liposomes participated in hemostasis by specific
accumulation in platelet aggregates at the site of bleeding.
Thus, the H12-liposomes would be promising carriers as an ideal
synthetic platelet substitute that is specifically recruited to and
exerts a hemostatic activity at sites of vascular injury. In another
respect, it is interesting to note that the organ distribution of
iopamidol itself changes from ureter and bladder to liver and
spleen on encapsulation of iopamidol into the liposome. We
anticipate that H12-(iopamidol)liposomes will be used clinically
as diagnostic products for pathological thrombus detection and
as contrast dyes for hepatosplenography, and H12-liposomes
encapsulating antithrombotic drugs would be useful clinically as
therapeutic agents.
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Many compensatory mechanisms exit in hemorrhagic shock (HS). To characterize the
efficacy of the new artificial oxygen carrier, liposome-encapsulated hemoglobin (LHb), HS
was induced by withdrawing 20% of the total blood volume from rats. Rats received one of
five interventions: LHb resuscitation (LHb-G, n = 7), normal saline (Saline-G, n = 7), shed
autologous blood (SAB-G, n = 7), volume expander of 5% albumin (Albumin-G, n = 7), or
no treatment (Sham-G, n = 7). Heart rate variability (HRV) indices were measured, including
low frequency (LF, 0.10-0.60 Hz), high frequency (HF, 0.60-2.00 Hz), and the ratio of LF to
HF (LF/HF). LF and LF/HF following HS were lower in the LHb-G and SAB-G groups
when compared with the Saline-G, Albumin-G and Sham-G groups. LF and LF/HF following
HS in the LHb-G group were comparable with that of the SAB-G group. These data
demonstrate that HS-induced changes can be attenuated by resuscitation with LHb as well as
SAB. LHD could be used as a substitute for blood transfusion for HS.
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nervous system activity. Heart rate variability (HRV)
is a well known index that reflects the autonomic
Many compensatory mechanisms participate in  control of the heart,”® but changes in HRV in
the response to hemorrhagic shock, including neuro-  response to hemorrhagic shock remain unclear.
hormonal factors'™ mediated by pressure receptors Hemoglobin (Hb)-based O, carriers (HBOCs)
and chemoreceptors,*® and increases in sympathetic ~ have been developed as a substitute for red blood
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cells and some of them are currently in clinical trials
as oxygen therapeutics.”'” HBOCs are classified
into two categories; one is acellular Hb (polymerized
Hb, cross-linked Hb, PEG-modified Hb) and the
other is cellular Hb (liposome-encapsulated Hb
hemoglobin vesicles). It has been reported that the
acellular Hbs have a pressor effect on peripheral
vessels as nitric oxide (NO) scavengers, and sub-
sequent harmful effects on the microcirculationm,
because the acellular Hbs have a high affinity to NO
and thereby they combine with NO in the vessel
lumen and/or in the interstitial space after extrava-
sation of the acellular Hb.'>!'® In contrast, the
cellular Hbs have lipid bilayer membranes (lip-
osome) that prevent direct contact with blood
components and endothelium so that cellular Hbs
can attenuate this pressor effect of acellular Hbs.'#

Recently, the use of an artificial oxygen carrier
composed of polyethylenglycol-modified liposome-
encapsulated hemoglobin (LHb), which is classified
as the cellular Hbs, has been demonstrated to be
beneficial in the treatment of hemorrhagic shock in
animal models.”>"'? PFurther, this artificial oxygen
carrier may Ssignificantly affect changes in HRV
during hemorrhagic shock through its salutary effect
on the autonomic nervous system.

Therefore, the goal of the present study was to
investigate the influence of hemorrhagic shock on
autonomic nervous system activity assessed by HRV
and to characterize the therapeutic efficacy of the
newly developed artificial oxygen carrier, LHb, in an
animal model of hemorrhagic shock.

Methods

All animal procedures were conducted in accord-
ance with guidelines published in the Guide for the
Care and Use of Laboratory Animals (DHEW
publication NIH 85-23, revised 1996, Office of
Science and Health Reports, DRR/NIH, Bethesda,
MD, USA). The study protocol was approved by the
Committee on Animal Research of the National
Defense Medical College.

1. Materials and experimental preparation

Experiments were performed using 35 male
Sprague Dawley rats (weight range, 270-350g;
mean weight, 310g; Tokyo Laboratory Animal
Science, Tokyo, Japan). All rats were housed in
cages and provided with food and water ad libitum in
a temperature-controlled room on a 12-hr dark/light
cycle. Rats were anesthetized by intraperitoneal
administration of sodium pentobarbital (50 mg/kg
body weight) and then allowed to stabilize under
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spontaneous respiration on a heating blanket to
maintain a body temperature 37-38 °C. Needle-type
electrodes were inserted into the subcutaneous
area in both the front and hind limbs in order to
continuously record the electrocardiogram (ECG).
The left femoral artery and vein were cannulated
with polyethylene indwelling needles (27G, Terumo,
Co., Tokyo, Japan). Needles were placed into the
femoral artery and connected to a fluid-filled
manometer (ADInstrument BPump Utah Medical
Products Inc., Utah, USA) to monitor blood pressure.
ECG and blood pressure were continuously moni-
tored and recorded using a commercial laboratory
catheter system (RMC-3100, CardioMaster, Nihon-
Koden Inc., Tokyo, Japan).

LHbY was provided by Terumo Corp. (Tokyo,
Japan). Features of LHb are briefly summarized as

. follows: LHb was made of stroma-free hemoglobin

solution, which was obtained from outdated human
red blood cells and encapsulated by liposomes
(diameter, 220nm). The surfaces of encapsulated
liposomes were modified with 5-kDa polyethylen-
glycol in order to attenuate aggregation. LHb was
diluted with saline to 6 g/dl Hb in concentration. The
Psg (a measure of O, tension when the Hb binding
sites are 50% saturated) was adjusted to 40-50
mmHg by adding inositol hexaphosphate.'®

1) Hemorrhagic shock resuscitated with LHb,
normal saline and shed autologous blood (SAB)

The arterial line was used to induce hemorrhagic
shock by withdrawing 20% of systemic blood
volume over a period of 2min from the femoral
artery. Systemic blood volume was estimated at
5.6% of total body weight (56 ml/kg). Five minute
later, the same volume of LHb (LHb group, n = 7),
normal saline (0.9% NaCl; Saline group; n = 7) and
SAB (SAB group, n = 7) was infused through the
femoral vein for resuscitation. Seven rats did not
receive resuscitative treatment (Sham group).

2) Hemorrhagic shock resuscitated with either
LHb or volume expander

In order to separately evaluate the effect of LHb’s
oxygen carrying and volume expanding properties
during hemorrhagic shock, the following experiment
was additionally conducted. The arterial line was
also used to induce hemorrhagic shock by with-
drawing 20% of systemic blood volume over a 2 min
period from the femoral artery. Five minutes later,
the same volume of a 5% albumin volume expander
(Albumin group, n=7) was infused through the
femoral vein for resuscitation. The Albumin group
was compared with the LHb-resuscitated group
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C) Infusion of resuscitation fluid

B) Bolus withdrawing 20% of SBV

Figure 1

Typical real tracings of heart rate variability indices before hemorrhage (A), bolus withdrawing 20% of systemic
blood volume (SBV, B) and infusion of resuscitation fluid (C).
LF: low frequency spectra, HF: high frequency spectra, LF/HF: LF/HF ratio

prepared using the same method as previously
described (n = 7).

2. Measurement of the HRV indices and exper-
imental protocol

RR intervals were transferred to a personal com-
puter, and HRV indices were measured with com-
mercialized software (MemCalc/Tarawa, Suwa
Trust Inc., Tokyo, Japan) based on the RR intervals
of normal sinus beats obtained from the ECG
throughout the entire study period as previously
reported'” and sampling frequency of ECG for
measuring HRV indices was 1000Hz. For the
frequency domain analysis, online analysis was
performed for five consecutive RR intervals using
the modified Maximum Entropy Method. Low
frequency spectra (LF, 0.10-0.60Hz), and high
frequency spectra (HF, 0.60-2.00 Hz) were continu-
ously calculated. Thereafter, these values were
averaged over the subsequent 5 min from time points
that are described later. The ratio of low frequency
spectra and high frequency spectra was also meas-
ured as the LF/HF ratio. Heart rate, blood pressure,
and HRV indices were measured immediately before
hemorrhage (Pre), immediately after hemorrhage

(After bleeding), immediately after resuscitation with
LHb, normal saline, SAB or 5% albumin infusion
(Just after infusion), and 15 min, 30 min, 45 min and
60 min after resuscitation as shown in Figure 1.

All these experimental procedures were performed
during day time between 09:00 and 17:00 (light
cycle).

3. Statistics

Data are expressed as mean == SEM if not other-
wise indicated. Student’s t-test was used to compare
heart rate, blood pressure, and HRV indices between
two groups. Data among three groups were com-
pared by ANOVA with Scheffe’s correction. Tem-
poral changes in each parameter were compared by
repeated calculation of ANOVA if not otherwise
indicated. P < 0.05 was considered to represent
statistical significance.

Results

1. Hemorrhagic shock resuscitated with LHDb,
normal saline and SAB compared with Sham group
Induction of hemorrhagic shock resulted in a
decrease in mean blood pressure to almost same
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Figure 2
Temporal changes in mean blood pres-
sure (mmHg; pancl A) and heart rate

—+ LHb (beats/min; panel B) are illustrated in
-% Saline hemorrhagic shock resuscitated with
& Sham polyethylenglycol-modified liposome-
e- SAB encapsulated hemoglobin (LHb), nor-

mal saline (Saline) and shed autologous
Meant+SEM blood (SAB), and also in hemorrhagic

shock without
group).

LHb: LHb group, Saline: Saline group,
Sham: Sham group, SAB: SAB group,
Data are expressed as mean =+ SEM,
Pre: values measured immediately be-
fore hemorrhage, After bleeding: values
measured immediately after hemor-
rhage, Just after infusion: values meas-
ured immediately after resuscitation
with each infusion, 15min, 30min,
45 min and 60 min are indicated as time
elapsed after resuscitation.

resuscitation  (Sham

degree around from 101 = 2 mmHg to 35 &2 mmHg
in all four groups (Figure 2-A). Resuscitation resulted
in an abrupt increase in mean blood pressure to
80 + 8 mmHg, 70 & 8 mmHg and 101 &= 5mmHg in
the LHb, Saline and SAB groups, respectively
(Figure 1-A). Animals in the Sham group showed
spontaneously gradual recovery in blood pressure
despite the absence of resuscitative interventions.
When the temporal change in mean blood pressure
was compared, mean blood pressure in LHb and
SAB groups tended to be higher than those of
the other two groups. There was no significant
difference in shock-induced changes in heart rate
when comparing the three intervention groups
(Figure 2-B).

Temporal changes in HRV indices are shown in
Figures 3-A, B, C. Induction of hemorrhagic shock
resulted in significant and similar increases in LF
spectra in all four groups (Figure 2-A). After resusci-
tation or spontaneous recovery, the value of the LF
spectra in both Saline and Sham groups gradually
and significantly increased, whereas the value of the
LF spectra in the LHb and SAB group remained low.
As a result, the values of LF spectra at 60 min after
resuscitation was significantly lower in the LHb
and SAB groups than in the Sham and Saline
groups (0.04 4 0.01 ms*/Hz, 0.02 % 0.01 ms?/Hz
vs. 0.2240.08ms?/Hz and 0.12 & 0.03ms?/Hz,
P < 0.05). Further, values of the HF spectra tended
to be higher in the LHb and SAB groups when
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polyethylenglycol-modified liposome- 02 P<0.05 vs.Sham, Saline
encapsulated hemoglobin (LHb), nor- 0.0
mal saline (Saline) and shed autologous ’
blood (SAB), and also in hemorrhagic
shock without resuscitation (Sham
group).
Format and abbreviations are identical
to those in Figure 2.

compared with the Sham and Saline groups at most
time points, but this difference did not reach the level
of statistical significance (Figure 3-B). The LF/HF
ratio after resuscitation tended to be lower in the
LHb and SAB groups when compared with the Sham

and Saline groups (Figure 3-C). Further, the LF/HF
ratio at 60 min after resuscitation was significantly
lower in the LHb and SAB groups than in the Sham
and Saline groups (0.05+0.01, 0.11 £0.05 vs
0.60 +0.27, 0.48 £ 0.18, P < 0.05).
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Temporal changes in mean blood pres-
sure (mmHg; panel A) and heart rate
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400 hemorrhagic shock resuscitated with
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osome-encapsulated hemoglobin (LHb)
or volume expander of 5% albumin.
3501 LHb: LHb group, Alb: Albumin group,
Data arc expressed as mean + SEM,
Pre: values measured immediately be-
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% m B % H % — ot
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elapsed after resuscitation.

2. Hemorrhagic shock resuscitated with volume
expander

To compare the effect of volume expander with
that of LHb, the same data described above were
used for LHb group. Induction of hemorrhagic shock
resulted in a decrease in mean blood pressure to
almost same degree (from 100 & 3mmHg to 35£3
mmHg) in the two groups (LHb and Albumin
groups). In the LHb and albumin groups, resuscita-
tion resulted in an abrupt increase in mean blood
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pressure to 80 4+ 8mmHg and 82 £+ 5mmHg, re-
spectively (Figure 4-A). There was no significant
difference in shock-induced changes in heart rate
when comparing the two groups (Figure 4-B).
Temporal changes in HRV indices are shown in
Figures 5-A, B, C. The LF after resuscitation tended
to be lower in the LHb group than the Albumin
group. Further, the LF at 60 min after resuscitation
was significantly lower in the LHb group than in
the Albumin group (0.04 +0.01 vs. 0.19 £0.07,
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hemorrhagic shock resuscitated with ’
cither polycthylenglycol-modified lip-
osome-cncapsulated hemoglobin (LHb)
or volume expander of 5% albumin.
Format and abbreviations are identical
to those in Figure 4.

P < 0.05; Figure 5-A). Values of the HF spectra  points, but this difference did not reach the level of
tended to be higher in the LHb group when  statistical significance (Figure 5-B). The LF/HF ratio
compared with the Albumin group at most time  after resuscitation tended to be lower in the LHb
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group than the Albumin groups (Figure 5-C). In
addition, the LF/HF ratio at 60 min after resuscita-
tion was significantly lower in the LHb than in
the Albumin group (0.05£0.01 vs. 0.29 +0.14,
P < 0.05).

Discussion

The present study demonstrates that induction of
hemorrhagic shock resulted in changes in autonomic
nervous system activity, as evaluated by HRV. The
LF spectra and LF/HF ratio increased during
spontaneous recovery from hemorrhagic shock
(Sham group), which is consistent with previous
reports of augmented sympathetic nervous system
activity in response to hemorrhagic shock.'*® Fur-
ther, HRV changed during the recovery phase of
hemorrhagic shock without concomitant changes in
heart rate, which suggests that heart rate alone is not
a suitable proxy for sympathetic nervous system
activity, specifically, in the setting of 20% hemor-
rhagic shock recovery phase. '

The changes in LF and LF/HF ratio in the Sham
group over the time period of the study also suggest
that these observations -are the natural course of
HRYV indices during the sublethal hemorrhage. The
marked increase in the LF and LF/HF ratio
immediately after bleeding indicates the presence
of a compensatory sympathetic surge in response to
prompt bleeding and cardiovascular collapse. Sub-
sequent and transient decrease in the LF and LF/HF
ratio took place due to stoppage of bleeding. Finally,
gradual increases of LF and LF/HF ratio have
continued over the recovery phase of bleeding
compensating for blood loss in order to maintain
blood pressure.

In general, HRV reflects sympathetic nervous
system or vagal activity.”® However, confounding
factors, such as respiration and/or anesthesia, may
alter the relationship between HRV and autonomic
nervous system activity. In this study, LF spectra and
LFE/HF ratio changed during the recovery phase of
hemorrhagic shock despite use of general anesthesia
with spontaneous breathing. Thus, the power spectral
technique for measurement of HRV appears to be a
useful technique to assess changes in autonomic
nervous system activity during hemorrhagic shock
under general anesthesia without control respiration.

In addition, several compensatory responses in-
cluding both neural and humoral responses take
place after the significant hemorrhagic shock.
Among these mechanisms, following compensatory
responses are considered (1) prompt increase in
cardiac contraction with and without the modifica-
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tion of peripheral vascular tone through changing
autonomic nervous activities, (2) humoral changes in
order to preserve intravascular volume and salt, and
(3) changes in the regional microcirculation to
regulate organ blood perfusion. These phenomena
were mainly caused by two pathways; one is
autonomic nervous system and another is hypothala-
mic-pituitary adrenal axis. These systems are sig-
nificantly activated after hemorrhagic shock.’” The
relation between autonomic nervous system and
HRYV indices has already been discussed earlier. In
the hypothalamic-pituitary adrenal axis, compensa-
tory activity of the rennin-angiotensin system occurs
after hemorrhagic shock. Among HRYV indices, LF
has been influenced by rennin-angiotensin system
and the value of LF increase in accordance with
rennin-angiotensin system activation.>!” Our obser-
vation of compensatory increase of LF after hemor-
rhagic shock in Sham and Saline groups (Figure 3)
agrees with the earlier report.

According to a well-accepted concept,’” heart
rate and HRV are physiologically correlated with
each other. However, this correlation could deteri-
orate in the case of the alteration or collapse of
cardiovascular system as occurs during hemorrhagic
shock. The dissociation of heart rate and HRV
immediately after bleeding in this study can be
explained by the impairment of the harmonic
relationship between heart rate and HRV due to
cardiovascular collapse. The large values of LF and
LF/HF ratio despite bradycardia immediately after
bleeding suggest that the heart and vessels could not
respond properly to the sympathetic drive. After the
treatments or even with no treatment (Sham group),
the heart and vascular system could begin to
gradually respond to the sympathetic drive.

Many previous reports indicate that acute bleed-
ings of 20% of total body blood causes significant
hypotension up to the level of hemorrhagic shock.
According to the previous reports,”>”) a moderate
amount of rapid bleeding (ranging from 17% to
30%) can cause reversible hemorrhage shock that
is similar to the condition observed in this study.
In addition, as pointed out by Secher et al,?¥
the relative bradycardia can occur during hemor-
rhage?>?¥ while tachycardia is considered as the
typical feature for acute hemorrhage. Transient and
reversible hypotension as well as relative bradycar-
dia observed in this study are in agreement with
these reports.

Experimental findings from the present study are
consistent with those from past studies. For example,
previous studies have reported that the LF spectra
increased in response to hemorrhagic shock, whereas
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there was no consistent change in the HF spectra.2
In contrast, another study reported that the HF
spectra decreased in response to acute blood loss,
which suggests decreased vagal activity.?® Finally,
another group recently reported that the HRV is a
good indicator of the change in autonomic nervous
system activity during hemorrhage.” In this report,
central volume in the body is well reflected the
changes in the HRV indices.

The present study demonstrated that treatment
with LHb as well as SAB significantly attenuated
sympathetic nervous system activity during the
recovery phase of hemorrhagic shock. Indeed, the
LF spectra and LF/HF ratio during the recovery
phase of hemorrhagic shock were significantly lower
in the LHb and SAB groups than in the Saline and
Sham groups. In addition, HF spectra tended to be
higher in the LHb group when compared with the
Sham, SAB and Albumin groups. These observa-
tions are consistent with conventional knowledge
regarding the physiology of hemorrhagic shock. For
example, increases in vagal activity can counteract
the hemodynamic changes associated with hemor-
rhagic shock,**? and increases in vagal activity and
decreases in sympathetic nervous system activity
occur during the recovery from hemorrhagic
shock 634

The LF spectra and LF/HF ratio during the
recovery phase of hemorrhagic shock were signifi-
cantly lower in the LHb group than in the Albumin
group. These observations suggest that volume
expander of 5% albumin alone could not attenuate
sympathetic nervous system activity during the
recovery phase of hemorrhagic shock. Similar to
SAB, LHb might have a volume-expansive effect.
However, our results showed that volume expansion
alone did not attenuate sympathetic nervous system
activity so we presume that the oxygen carrying
capacity of LHb could cause attenuation of sympa-
thetic nervous system activity during the recovery
phase of hemorrhagic shock.

LHb has excellent oxygen-carrying capacity, and
its particle diameter is only 220 nm (nearly 30 times
smaller than a human red blood cell®), allowing it
to easily penetrate into the microcirculation, even
during hemorrhagic shock which may induce vaso-
constriction. These characteristics allow improved
oxygen delivery to tissues and may also LHb to
modulate autonomic control of the heart during
hemorrhagic shock via its direct effects on circu-
lation and its ability to inhibit chemo-reflex sensi-
tivity. Further study of the mechanisms by which
LHb modulates autonomic nervous system activity
during hemorrhagic shock would be of benefit.

Liposome-Encapsulated Hemoglobin in Hemorrhage

Study limitations: This study has several limita-
tions. We did not give liposome with the same
structure without oxygen carrying capacity to the
hemorrhagic shock rats. To clarify whether liposo-
mal capsules have volume-expansive effect and
induce elevation of blood pressure, and then mod-
ulate autonomic nervous system activity during
hemorrhagic shock, liposomal capsules with the
same structure without oxygen carrying capacity
should be studied in the future. Lastly, we only used
the MemCalc system to measure HRV indices that is
modified maximum entropy method. We presume
that either Fast fourier transform or complex
demodulation method can be applied to our exper-
imental model.
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Integrins are postulated to undergo structural rearrangement
from a low affinity bent conformer to a high affinity extended
conformer upon activation. However, some reports have shown
that a bent conformer is capable of binding a ligand, whereas
another report has shown that integrin extension does not abso-
lutely lead to activation. To clarify whether integrin affinity is
indeed regulated by the so-called switchblade-like movement,
we have engineered a series of mutant aIIbB3 integrins that are
constrained specifically in either a bent or an extended confor-
mation. These mutant allbB3 integrins were expressed in mam-
malian cells, and fibrinogen binding to these cells was examined.
The bent integrins were created through the introduction of
artificial disulfide bridges in the B-head/f-tail interface. Cells
expressing bent integrins all failed to bind fibrinogen unless
pretreated with DTT to disrupt the disulfide bridges. The
extended integrins were created by introducing N-glycosylation
sites in amino acid residues located close to the a-genu, where
the integrin legs fold backward. Among these mutants, activa-
tion was maximized in one integrin with an N-glycosylation site
located behind the a-genu. This extension-induced activation
was completely blocked when the swing-out of the hybrid
domain was prevented. These results suggest that the bent and
extended conformers represent low affinity and high affinity
conformers, respectively, and that extension-induced activation
depends on the swing-out of the hybrid domain. Taken together,
these results are consistent with the current hypothesis that
integrin affinity is regulated by the switchblade-like movement
of the integrin legs.

Integrin-mediated bidirectional signaling is closely associ-
ated with the structural rearrangement of integrin itself. During
inside-out signaling, talin has been shown to bind to the 8 cyto-
plasmic tail and to disrupt the endogenous interaction between
the a and B cytoplasmic tails (1, 2). The dissociation of the two
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tails induces a structural rearrangement of the extracellular
domains increasing the affinity to the ligand. During outside-in
signaling, ligand binding in turn induces the structural rear-
rangement of the extracellular domains. This structural change
propagates through the plasma membrane to separate the cyto-
plasmic tails, providing binding sites for numerous cytoplasmic
proteins (3). Thus, the two structures flanking the plasma
membrane affect each other. This structural rearrangement
can be detected using a group of monoclonal antibodies (mAbs)
that bind preferentially to the ligand-bound form (4). These
anti-LIBS? (ligand-induced binding site) mAbs have been used
not only to investigate the activation status of a specific integrin
but also to activate it (5). However, without information on the
actual three-dimensional structure, it is impossible to deter-
mine the specific conformation recognized by each anti-LIBS
mAb.

The first observation of the actual three-dimensional struc-
ture of integrin was made using conventional electron micros-
copy (EM) studies of olIbf3 purified from platelets (6, 7).
Although this modality had a relatively low resolution, aIIbf3
was shown to consist of a globular head with two short legs
extending outward. A crystal structure analysis of the extracel-
lular domains of aV33 integrin (PDB 1M1X) revealed that the
a-chain consists of the N-terminal S-propeller domain fol-
lowed by the thigh, calf-1, and calf-2 domains, whereas the
B-chain consists of the plexin-semaphorin-integrin domain,
BA domain, hybrid domain, four EGF domains, and ST domain
(8). The B-propeller and BA domains non-covalently associate
with each other to form the globular head that was observed in
the EM images. In contrast, the thigh, calf-1, and calf-2 domains
of the a-chain and the plexin-semaphorin-integrin, EGF, and
BT domains of the B-chain form the two leg-like regions,
respectively. Thus, the crystal structure is consistent with the
conventional EM image described above. However, a striking
difference in the orientation of the head was noted. In the crys-
tal structure, the two legs were folded backward, with a 135°
angle between the thigh and the calf-1 domains, unlike the
straight legs observed using conventional EM. Consequently,
the head region pointed downward, facing the plasma mem-
brane. The discrepancies between these two structures were
reconciled using high resolution EM images of the extracellular
domains of recombinant aVB3 integrin (9). This modality
revealed that aVB3 could adopt multiple distinct structures,

2 The abbreviations used are: LIBS, ligand-induced binding site; Fbg, fibrino-
gen; TEV, tobacco etching virus.
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including the bent and extended conformers observed in the
crystal structure analysis and the conventional EM study,
respectively. Because Mn>* and a ligand peptide significantly
increased the number of extended forms, the extended form
was suggested to represent a high affinity state, whereas the
bent form was thought to represent a low affinity state. Thus,
the transition from one conformer to another (or the so-called
switchblade-like movement) might regulate the affinity of inte-
grin to its ligand. Aside from this movement, substantial struc-
tural rearrangement has been observed in the head region (10).
A crystal structure analysis of the alIbB3 head region when the
molecule forms a complex with ligand mimetics revealed that
the B-hybrid domain swings outward upon ligand binding (11).
This movement is accompanied by the rearrangement of the
ligand- and/or cation-binding loops in the BA domain, thereby
regulating ligand binding (11).

However, contradictory reports suggest that integrin exten-
sion is not an essential event for ligand binding. Cryo-electron
microscopic observations of allbf3 purified from activated
platelets revealed that this molecule adopts a rather compact
structure, unlike the extended conformer (12). The crystal
structure of aVB3 complexed with a small peptide ligand
revealed that the bent conformer was capable of binding a
ligand (13). In this experiment, aVB3 was understandably
unable to undergo gross structural rearrangement upon ligand
binding because of the constraints of the crystal lattice. How-
ever, a single particle analysis of recombinant V3 complexed
with a fibronectin fragment has shown that «V3 can bind
macromolecular ligands while in a bent conformation in the
presence of Mn*" (14, 15). This evidence suggests that the bent
conformer is capable of binding both small ligands and macro-
molecular ligands without requiring substantial structural
rearrangements. .

In this study, we examined the relationship between the
three-dimensional structure of integrin and its ligand affinity.
Our findings provide evidence that the extended conformer
represents a highly activated state, whereas the bent conformer
represents a low affinity state. These results are consistent with
the view that the ligand binding activity of integrin can be reg-
ulated allosterically through the switchblade-like movement of
the legs of integrin, centering on the genu region.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents—Normal mouse IgG was purchased
from Sigma-Aldrich. Anti-allb mAb PL98DF6 (16) was a gen-
erous gift from Drs. J. Ylidnne (University of OQuly, Finland) and
L. Virtanen (University of Helsinki, Finland). Anti-B3 mAbs
anti-LIBS2 and anti-LIBS6 (17) were generous gifts from Dr.
Mark H. Ginsberg (University of California, San Diego, La Jolla,
CA). Anti-allbB3 complex-specific ligand-mimetic mAb
OP-G2 (18) was a kind gift from Dr. Yoshiaki Tomiyama (Uni-
versity of Osaka, Japan). Anti-allbB3 complex-specific func-
tion-blocking mAb A2A9 was purchased from Santa Cruz Bio-
technology (Santa Cruz, CA). Anti-aIlbB3 complex-specific
activating mAb PT25-2 and non-functional anti-3 mAb
VNR5-2 have previously been characterized (19). Anti-83 mAb
$Z21 was purchased from Beckman Coulter. Anti-FLAG mAb M2
was purchased from Sigma-Aldrich. R-Phycoerythrin-conju-
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gated goat anti-mouse polyclonal antibody was purchased from
BIOSOURCE (Camarillo, CA). Synthetic peptide Gly-Arg-Gly-
Asp-Ser (GRGDS) was purchased from Peptide Research Insti-
tute (Osaka, Japan). Fluorescein-isothiocyanate (FITC) was
purchased from Sigma-Aldrich. Human fibrinogen (Fbg) was
purchased from Enzyme Research Laboratories (South Bend,
IN). The tobacco etching virus (TEV) protease TurboTEV pro-
tease and peptide N-glycosidase F were purchased from Accela-
gen (San Diego, CA) and New England Biolabs (Ipswich, MA),
respectively.

Construction of Mutant odIb and B3 ¢cDNA Clones—The full-
length ¢cDNAs for the integrin allb and B3 subunits, generous
gifts from Dr. Joseph C. Loftus (Mayo Clinic, Scottsdale, AZ),
were cloned into the mammalian expression vector pBJ-1,
kindly provided by Dr. Mark Davis (University of California,
San Francisco). The cDNAs for the 83 mutants V332C, S367C,
G382C, S551C, T564C, S674C, S367C/S551C, G382C/T564C,
V332C/S674C, V332N, S674N/K676T, V332N/S674N/K676T,
and V359C and the ¢DNAs for the allb mutants T478N,
D58IN/H591T, Q595N/R597T, Q595A/R597T, Q595W/
R597T, Q595D/R597T, Q595N, R597T, Q595N/R597A,
Q595N/R597S, D319C, and Q595N/R597T/D319C were cre-
ated using the Transformer site-directed mutagenesis kit (BD
Biosciences). The cDNAs for 83 del 671-676 (del-CD) and B3
FLAG 671-676 (FLAG-CD) were also created using site-di-
rected mutagenesis and 5'-GATTCCAGTACTATTCCATC-
CTGTATGTG-3' and 5'-CAGATTCCAGTACTATTCCAT-
CCTGTATG-3' as mutagenic primers, respectively. The TEV
protease recognition site Glu-Asn-Leu-Tyr-Phe-Gln-Gly was
introduced to amino acid residues 475—481 of the 33 chain
(475TEV) using 5'-GTGTGAGTGCTCAGAGAACCTCTAT-
TTCCAAGGCCAGCAGGACGAATGCAGC-3' as a muta-
genic primer. Two additional mutations, C473S and C503S,
were introduced in 475TEV using site-directed mutagenesis
(475TEVCS). The S367C/S551C, G382C/T564C, or V332C/
$674C double mutations were introduced in 475TEVCS utiliz-
ing common restriction sites. To create the ¢cDNA for the
FLAG-alIb450 fragment, a FLAG tag sequence was inserted at
the 5" terminus of wild-type oIlb cDNA followed by a BstEII
restriction site using 5'-GCTGCCCCTCCAGCCTGGGCCG-
ACTACAAGGACGACGATGACAAGGGGTCACCATTG-
AACCTGGACCCAGTGCAGC-3' as a mutagenic primer
(FLAG-allb). Next, the BstEIl restriction site was introduced at
the 5’ side of Ala-450 using 5'-CCAGGTGGCTGGGTCACC-
AGCTCAGCCAGTG-3' as a mutagenic primer (aIIbBstE450).
Then, the cDNA for the FLAG-alIb450 fragment was created
by replacing the 5'-terminal BstEII/Bglll fragment of FLAG-
allb with the same fragment from olIbBstE450. Finally, the
¢DNA for the FLAG-allb450 fragment carrying the T478N,
D589N/H591T, Q595N/R597T, or R597T mutation was cre-
ated by combining these mutations using common restriction
sites.

Cell Culture and Transfection—Chinese hamster ovary
(CHO)-K1 cells were cultured in Dulbecco’s modified Eagle’s
medium (Invitrogen) supplemented with 10% fetal calf serum
(HyClone, Logan, UT), 1% penicillin and streptomycin (Invitro-
gen), and 1% non-essential amino acids (Sigma-Aldrich) and
maintained at 37 °C in a humidified incubator supplemented

JOURNAL OF BIOLOGICAL CHEMISTRY 38429

L1102 ‘gl ABN UO “4B1us) BIPS IYOBWIOURBUIYS ALSIOAIUN 018 18 B10-0q MMM WO papeojumo



Structural Requirements for Integrin Activation

with 5% CO,. Fifty micrograms of allb cDNA construct was
co-transfected with 50 ug of B3 cDNA construct into CHO-K1
cells using electroporation. After 48 h, the cells were detached
and used for further experiments.

Flow Cytometry—Cells were detached with phosphate-buff-
ered saline (PBS) containing 3.5 mM EDTA. After washing, the
cells were incubated with 10 ug/ml mAb in modified HEPES-
Tyrode’s buffer (5 mm HEPES, 5 mMm glucose, 0.2 mg/ml bovine
serum albumin, 1X Tyrode’s solution) supplemented with 1
mM CaCl, and 1 mm MgCl, for 30 min at 4 °C. In some exper-
iments, 1 mM GRGDS peptide was included together with the
mADbs. After washing, the cells were incubated with the R-Phy-
coerythrin-conjugated F(ab’)2 fragment of goat anti-mouse
IgG for 30 min at 4 °C. After washing, the cells'were resus-
pended in HEPES-buffered saline (10 mm HEPES, 150 mm NaCl
(pH 7.4)) containing 1 mm CaCl, and 1 mm MgCl,. Fluores-
cence was measured using a FACSCalibur (BD Biosciences). To
compare the binding of conformation-dependent mAbs among
cells expressing different alIbB3 mutants, each mAb binding
was normalized by the expression of alIb3 on the cell surface.
This relative mAb binding was calculated by dividing the mean
fluorescent intensity obtained for each mAb by the mean fluo-
rescent intensity obtained for the non-conformation-depend-
ent anti-83 mAb SZ21 or the anti-allbB3 complex-specific
mAb A2A9.

Fibrinogen Binding Assay—FITC labeling of human Fbg was
performed as described previously (20). Briefly, after adjusting
the pH of human Fbg at 1 mg/ml in PBS to 8.5 using 5%
Na,CO,, 1/100 volume of 10 mg/ml FITC in dimethyl sulfoxide
(DMSO) was added and incubated at room temperature for 10
min. FITC-labeled Fbg was separated from free FITC on a
PD-10 column (Amersham Biosciences, Uppsala, Sweden)
equilibrated with HEPES-buffered saline. The concentration
and fluorescence-to-protein ratio of FITC-labeled Fbg were
calculated as described previously. The typical concentration
and fluorescence-to-protein ratio were 3.4 mg/ml and 5.0-6.0,
respectively. Forty-eight hours after transfection, the cells were
detached and washed once with HEPES-Tyrode’s buffer. The
allbB3-transfected cells were incubated with non-functional
anti-allb mAb PL98DF6 followed by incubation with the ribu-
lose-phosphate 3-epimerase-conjugated F(ab’)2 fragment of
goat anti-mouse IgG. In some experiments, cells were treated
with dithiothreitol (DTT) prior to incubation with the mAbs, as
described previously (19). After washing, the cells were incu-
bated with 340 ug/ml FITC-labeled Fbg with or without 1 mm
GRGDS peptide in HEPES-Tyrode’s buffer containing 1 mm
CaCl, and 1 mm MgCl, or 1 mm MnCl, for 2 hat 4 °C. In some
experiments, the mAb PT25-2 was included at a concentration
of 10 pg/ml to activate oIIbB3. After washing, fluorescence was
measured using a FACSCalibur. The mean Fbg binding (FL1) to
cell populations expressing high levels of aIIb (FL2 > 500) was
calculated. Background binding in the presence of 1 mm
GRGDS peptide was subtracted to obtain the specific binding.

Immunoprecipitation—Biotin labeling of the cell surface
protein was done using Sulfo-NHS-Biotin (Thermo Scientific)
following the manufacturer’s instructions. Cells were lysed in 1
ml of lysis buffer (100 mm #-octylglucopyranoside, 20 mm
N-ethyl maleimide, 1 mm PMSF, 25 mu Tris-HCl, and 150 mm
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NaCl, pH 7.4). After removing the insoluble material by centri-
fugation, the supernatant was used for further analysis. Two
hundred microliters of cell lysate was precleared by adding 1 ug
of mouse IgG, together with 20 pul of protein G-agarose beads.
After centrifugation, the supernatant was recovered and fur-
ther incubated with 1 ug of PLO8DF6 or VNR5-2, together with
20 ul of protein G-agarose beads overnight at 4 °C. Then, the
supernatant was discarded, and the remaining protein G-aga-
rose beads were washed three times with washing buffer (25 mm
Tris-HCl, 150 mm NaCl, 0.01% Triton X-100 (pH 8.0)). The
protein G-agarose beads were resuspended in 10 ul of washing
buffer. The TEV protease digestion of the immunoprecipitates
was performed by adding 1 ul of TurboTEV to the suspension
with or without 1 mm DTT followed by incubation for 3 h at
30 °C. The peptide N-glycosidase F digestion of the immuno-
precipitates was done according to the manufacturer’s instruc-
tions except that the DTT was excluded from the denaturation
buffer. After digestion, the samples were subjected to 7.5 or 10%
SDS-PAGE, transferred to a polyvinylidene difluoride mem-
brane, probed with horseradish peroxidase-conjugated avidin,
and detected using chemiluminescence with West Pico chemi-
luminescent substrate (Thermo Scientific).

RESULTS

Bent Conformer of ollbB3 Represents a Low Affinity Form—
In the aVB3 crystal structure, in addition to the a-head and
B-head, the B-head and B-tail domains create a large interface
that keeps VB3 in a bent conformation (8, 13). To constrain
olIbB3 in this bent conformation, artificial disulfide bridges
were introduced at different locations in the B-head/B-tail
interface. As shown in Fig. 14, the amino acid residues Ser-367
and Gly-382 in the hybrid domain and Val-332 in the BA
domain are localized close to Ser-551 in the EGF-3 domain,
Thr-564 in the EGF-4 domain, and Ser-674 in the BT domain,
respectively. If these residues are simultaneously mutated to
Cys, a disulfide bride is expected to form. Thus, the resulting
$367C/S551C, G382C/T564C, and V332C/S674C double
mutations are expected to stabilize the hybrid/EGF-3, the
hybrid/EGF-4, and the BA/BT interfaces, respectively. In either
case, these mutations should prevent the 83 chain from adopt-
ing an extended conformation. These mutants were expressed
in CHO cells, and FITC-labeled Fbg binding to these cells was
examined using FACS. As reported previously, the wild-type
alIbB3 expressed in CHO cells is in a low affinity state and
requires activation by the anti-oIIb3 mAb PT25-2 to bind Fbg
in the presence of 1 mm Ca®*/1 mm Mg>* (20). Cells expressing
single Cys mutations, such as $367C, G382C, V332C, S551C,
T564C, or S674C, bound Fbg in the presence of PT25-2, albeit
slightly less than that observed in wild-type cells (data not
shown). By contrast, cells expressing double Cys mutations
were completely unable to bind Fbg unless they were pretreated
with DTT to disrupt the disulfide bridges (Fig. 1B). These arti-
ficially introduced disulfides did not affect PT25-2 binding to
allbB3 (supplemental Fig. S1). These results suggest that the
blocking effect of the double mutation is actually caused by
disulfide bridge formation between the mutated residues,
rather than a local effect of the mutation itself.
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FIGURE 1. Effect of B-head/B-tail interface stabilization on the allbf3-
Fbg interaction. A, crystal structure of the aV3 integrin. The entire &V chain
is shown as the gray ribbon. The BA and hybrid domains that compose the
head region of the 83 chain are shown as red and orange ribbons, respectively.
The EGF-3, EGF-4, and BT domains that compose the B-tail of the 83 chain are
shown as the green ribbon. The B-head/B-tail interface shown in the rectangle
is magnified in the right-hand panel. Amino acid residues Ser-367 and Gly-382
in the hybrid domain and Val-332 in the BA domain are shown as magenta
spacefill. These residues are closely located to Ser-551 in the EGF-3 domain,
Thr-564 in the EGF-4 domain, and Ser-674 in the BT domain, respectively,
which are shown as yellow spacefill. Only the residues in the B-tail are labeled.
To constrain allbB3 in its bent conformation, these four residue couples were
simultaneously mutated to Cys to facilitate disulfide bridge formation. B, Fbg
binding to cells expressing allbf3 constrained in the bent conformation in
the presence of 1 mmCa?*/1 mmMg?* and control antibody (solid column), in
the presence of 1 mm Ca®**/1 mm Mg?* and PT25-2 (hatched column), and
in cells pretreated with DTT in the presence of 1 mm Ca®*/1 mm Mg?* (open
column) is shown. MFl, mean fluorescent intensity. Error bars indicate S.E.

To examine whether these artificially introduced disulfide
bridges stabilize the B-head/B-tail interface, we introduced a
TEV protease recognition site between the head and tail regions
of the B3 chain (21). This mutation (475TEV) was designed to
separate the N-terminal head region (amino acids 1-480) from
the C-terminal tail region (amino acids 481-762) of the 33
chain upon TEV protease digestion. Because these two regions
are connected by a disulfide bridge formed by Cys-473 and Cys-
503, these residues were mutated to Ser (475TEVCS) to facili-
tate separation upon digestion. Then, we introduced S367C/
$551C, G382C/T564C, and V332C/S674C double mutations in
475TEVCS. These mutant 83 chains were expressed together
with wild-type llb in CHO cells. The surface-expressed 33
was immunoprecipitated with anti-83 mAb and analyzed using
SDS-PAGE. All the mutant 33 chains co-precipitated with aIlb,
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as did wild-type B3, with the exception that a slight differ-
ence in the electrophoretic mobility of the mutant B3 chains
was noted (supplemental Fig. S2A4). When digested with TEV
protease under non-reducing conditions, only 475TEVCS
generated a 70-kDa band in place of a 98-kDa intact 83 chain
(supplemental Fig. S2B). However, all but the wild-type
B3 generated 73- and 43-kDa bands in place of a 116-kDa
band when digested with TEV protease under reducing con-
ditions (supplemental Fig. S2C). The results indicate that
475TEVCS is indeed cleaved into a 73-kDa N-terminal head
region and a 43-kDa C-terminal tail region by TEV protease,
as expected. Because these two regions are still connected by
a disulfide bridge in 475TEVCS 367/551, 475TEVCS 382/
564, and 475TEVCS 332/674 as well as in 475TEV, the two
fragments could not separate from each other under non-
reducing conditions, although 83 was already cleaved by the
TEV protease treatment. However, under reducing condi-
tions, these mutant B3 molecules readily separated into two
fragments. These results prove that in S367C/S551C,
G382C/T564C, and V332C/S674C mutants, the disulfide
bridge actually ligates the head and the tail regions of the 83
chain, thereby stabilizing the B-head/B-tail interface.

BA/BT Interface Interaction Is Not Sufficient to Act as a
Deadbolt to Maintain Integrin in a Low Affinity State—Xiong et
al. (8) initially reported that the BA/BT interface interaction
might act as a deadbolt to keep integrin in a low affinity state by
preventing the movement of the «7 helix of BA, which is asso-
ciated with ligand binding. Indeed, stabilizing this interface
with a disulfide bridge (V332C/S674C) completely inhibited
ligand binding (Fig. 1B). To further examine this hypothesis,
amino acid residues 671- 676 of B3, composing most of the CD
loop (Fig. 24) that participates in BA/BT interface formation,
was either deleted (del-CD) or replaced with an irrelevant
FLAG tag sequence (FLAG-CD). When expressed in CHO
cells, the del-CD or FLAG-CD mutant did not bind Fbg unless
activated by PT25-2 in the presence of Ca®>*/Mg®*. One mm
Mn?* did not significantly increase Fbg binding in del-CD, as it
did in wild-type cells. However, cells expressing the FLAG-CD
mutant bound ~2.5 times as much Fbg as cells expressing wild-
type allbB3 (Fig. 2B). These results suggest that although the
endogenous BA/CD loop interface interaction alone does not
play a critical role in constraining «IIbB3 in a low affinity state,
alterations in its interactions might affect the activation status.
The FLAG tag sequence (DYKDDDDK) consists of 8 amino
acid residues when compared with the 6 residues in the wild-
type sequence. This may imply that physical separation of the
two domains can induce activation. To induce complete sepa-
ration, we attempted to insert a bulky spacer between the BA
and the BT domains. This would not only disrupt the BA/BT
interface interaction completely but would also affect the
hybrid/BT interface formation and slightly extend the integrin.
For this purpose, we created an N-linked glycosylation site
(NX(T/S) motif) at Val-332 and/or Ser-674 in the interface (Fig.
2A). When the 332VLS3 sequence in the BA was mutated to

3332VLS and 674SGK designate wild-type B3 sequences. The three letters
following the number represent the amino acid residues starting from the
position the number represents.
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FIGURE 2. Role of the BA/CD loop interaction in allb$3 activation. A, the
BA and BT domains are shown as red and green ribbons, respectively. The
BA/CD loop interface shown in the rectangle is magnified on the right-hand
side. Amino acid residues 671- 676 in the 83 domain that contain the CD loop
in the BT domain are shown in yellow. Val-332 in the BA domain and Ser-674
in the CD loop are shown as magenta and yellow spacefill, respectively. B, the
CD loop sequences were either deleted (del-CD) or replaced with an irrele-
vant FLAG tag sequence (FLAG-CD). MFl, mean fluorescent intensity. C, bulky
N-glycan-binding sites were introduced either at Val-332 (V332N) or at Ser-
674 (S674N/K676T), or in combination (332N/674N). Fbg binding to the cells
in the presence of 1 mm Ca®*/1 mm Mg®" and a control antibody and in the
presence of 1 mm Ca®*/1 mm Mg®* and PT25-2 is shown as the solid and
hatched columns, respectively. Fbg binding in the presence of 1 mm Mn?*
with control antibody is shown as the gray column. Error bars indicate S.E.

332NLS (V332N), it did not have any effect on Fbg binding in
the presence of Ca®>*/Mg**. However, cells expressing the
V332N mutant bound approximately twice as much Fbg as cells
expressing the wild-type in the presence of Mn®*. When the
674SGK sequence was mutated to 674NGT (S674N/K676T),
slight but consistent Fbg binding was observed in the presence
of Ca®>*/Mg?™" without any activators. The addition of PT25-2
or Mn** induced more robust Fbg binding than the wild type.
Combining these two mutations (V332N/S674N/K676T) had a
synergistic effect on constitutive binding, although it did not
further increase binding in the presence of Mn** (Fig. 2C).
These results suggest that the more the BA and 8T domains are
separated, the stronger the activation of allb$3. In other words,
integrin extension by itself may induce activation.

Extended Conformer of allbB3 Represents a Highly Activated
Form—The BA domain provides a part of the ligand-binding
site. Therefore, any direct change imposed on the SBA domain
might affect ligand binding. To induce integrin extension with-

- out directly affecting the ligand-binding domains, we intro-
duced N-linked glycosylation sites in allb amino acid residues
Asp-589, GIn-595, and Thr-478, which are located in the prox-
imity of the a-genu region where the integrin folds backwards
in the bent conformation. These residues are all located in the
thigh domain (Fig. 34). We have previously shown that swap-
ping the entire thigh domain between allb and &V did not have
asignificant impact on the alIbB3-Fbg interaction (22). Among
these residues, GIn-595 is located immediately behind the
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FIGURE 3. Effect of integrin extension on ligand binding. A, the three-di-
mensional structure of the aV chain is shown as semitransparent blue spacefill
with its backbone as a blue ribbon. The B3 chain is shown as a gray ribbon.
Structures around a-genu in the rectangle are magnified below. The posi-
tions of the amino acid residues Thr-466, Pro-583, and GIn-589, which are
homologous to Thr-478, Asp-589, and GIn-595 in allb, are shown as cyan
spacefill and labeled as such. Note that GIn-595 is located immediately behind
the genu. B, an N-glycosylation site was introduced at Thr-478, Asp-589, and
GIn-595 in the allb chain or at Ser-674 in the 83 chain. The resulting allb83
mutants T478N, D589N/H591T, Q595N/R597T, and S674N/K676T were
expressed in CHO cells. Fbg binding to cells in the presence of 1 mm Ca?*/1
mmMg?* and control antibody and in the presence of 1 mm Ca®*/1 mmMmMg>*
and PT25-2 is shown as the solid column and hatched columns, respectively.
Fbg binding in the presence of 1 mm Mn?* with control antibody is shown as
the gray column. MFI, mean fluorescent intensity. Error bars indicate S.E.

a-genu. When 595QTR* was mutated to 595NTT (Q595N/
R597T), robust Fbg binding was observed in the presence of
Ca®"/Mg?*, and the addition of PT25-2 did not significantly
increase the binding. When the 589DTH sequence located dis-
tal to the a-genu region was mutated to 589NTT (D589N/
H591T), it induced moderate Fbg binding, and PT25-2 signifi-
cantly increased the binding. In contrast, when 478 TKT, which
is located above the a-genu region, was mutated to 478NKT
(T478N), it did not affect Fbg binding at all (Fig. 3B). It is pos-
sible that these mutations affect ligand binding by directly alter-
ing the local structure of the alIbB3, regardless of the actual
N-glycan binding. To rule out these possibilities, the 595QTR
sequence was mutated. Mutating 595QTR to ATT, DTT,
WTT, NTR, QTT, or NTA did not induce significant activa-
tion. However, mutating 595QTR to NTS induced activation

4478TKT, 589DTH, and 595QTR designate wild-type allb sequences. The
three letters following the number represent the amino acid residues start-
ing from the position the number represents.
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