that HbV is pharmacologically efficacious in a rat model
of HS induced by massive hemorrhage (Sakai et al.,
2004b, 2009) is retained for a sufficiently long period to
meet oxygen-delivery demands until autologous blood
volume and oxygen-carrying capacity are restored.

Pharmacokinetic properties of HbV in the
condition with chronic liver failure

As mentioned above, the liver is the determinant for
the pharmacokinetic properties of HbV, because HbV
is mainly degraded by Kupffer cells, and the lipid com-
ponents of HbV, especially cholesterol, are excreted to
the feces via biliary excretion (Sakai et al., 2001; Taguchi
et al., 2009b). Consequently, HbV can be classified as
a hepatically cleared and excreted drug. In the case
of other hepatically cleared and excreted drugs, some
are contraindicated for a person with a hepatic injury.
Because hepatic impairment affects the pharmacokinet-
ics of drugs, including their metabolism and excretion
(Okumura et al., 2007), these changes have the potential
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to induce toxicity and accumulate in the body, subse-
quently causing unexpected adverse effects. Thus, if HbV
and its components show the changes of pharmacoki-
netic properties under conditions of liver failure, it may
also be contraindicated for a person with liver impair-
ment under such conditions. Therefore, we investigated
the pharmacokinetic properties of HbV using a chronic
cirrhosis rat model with fibrosis induced by the adminis-
tration of carbon tetracholoride, which is categorized as
Child-Pugh grade B (Taguchi et al., 2011b).

After the administration of HbV to chronic cirrhosis
rats, the plasma concentration of HbV varied widely
among individuals, similar to their liver function. To
clarify the effect of hepatic impairment on the plasma
concentration of HbV, the clearance and the area under
the concentration-time curve values for HbV, as calcu-
lated from the plasma concentration curve, were plotted
against plasma aspartate aminotransferase (AST) levels.
As aresult, a good, negative correlation was found for the
clearance of HbV with changes in plasma AST levels. In
addition, the hepatic distribution of HbV was negatively

3H-HbV
Qutside membrane

Good blood
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(t1/2=30.9 hour)

Temporarily
accumulation in
organs, but
completely
excretion within
14 day

- .

lipid component
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Excretion into feces
within 14 day

1257

HbV and *H-HbV, After circulating in the form of stable HbV, it is distributed to the liver and spleen, where it is degraded by MPS. Finally,
the enclosed Hb and outer lipid components are mainly eliminated to the urine and feces, respectively.
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correlated with plasma AST levels, but this was not
found for the spleen. Moreover, carbon clearance, which
serves as a measure of phagocyte activity in Kupffer cells
(Zweifach and Benacerraf, 1958), was also negatively cor-
related with plasma AST levels. Therefore, the changes in
HbV pharmacokinetic properties were significantly influ-
enced by a reduction in liver function and were especially
dependent on a decrease in phagocyte activity by Kupffer
cells in the chronic cirrhosis rat.

In addition, the excretion of lipid components (e.g.,
cholesterol) in feces was also negatively correlated with
plasma AST levels. The cholesterol of the vesicles should
reappear in the blood mainly as lipoprotein cholesterol
after entrapment by Kupffer cells and should then be
excreted in the bile after entrapment of the lipoprotein
cholesterol by the hepatocytes (Kuipers et al., 1986).
Therefore, the extent of damage to parenchymal cells
also affects the pharmacokinetic properties of HbV com-
ponents. Such a suppressed elimination of HbV compo-
nents may have an impact on their tissue accumulation.
However, the lipid components, especially cholesterol,
nearly completely disappeared from organs after 7 days
in the chronic cirrhosis rat. Further, our recent study
showed that the plasma levels of other lipid components,
such as phospholipids, was temporarily increased after
the administration of HbV at a dose of 1,400mg Hb/kg
in the chronic cirrhosis rat, but recovered to baseline
levels within 14 days (Taguchi et al., 2010). In addition,
if the metabolic and excretion performance of HbV
were reduced by chronic cirrhosis, tissue damage could
be induced, resulting in a change in blood biochemi-
cal parameters. However, the morpholgical changes
in organs were minimal (Figure 6), and only negli-
gible changes in plasma biochemical parameters were

100

Plasma concentration(% of dose)
=

-@- Normal
- Hemorrhagic shock

0 24 48 72
Time (hr)

Figure 5. Relative plasma concentration of *I-HbV after
administration of 1,400 mg Hb/kg via injection of normal (filled
circles) or hemorrhagic shock rats (open circles). After inserting
polyethylene catheters into the left femoral artery, SD rats received
a single injection of '*I-HbV to the left femoral artery at a dose
of 1,400mg Hb /kg. Blood was collected from the tail vein under
ether anesthesia, and a plasma sample was obtained. Each point
represents the mean + SD (n=5).

observed after an HbV injection at a dose of 1,400 mg Hb/
kg in the chronic cirrhosis rats. Based on these findings,
it can be concluded that the pharmacokinetics of HbV
were altered by hepatic impairment, and these changes
can be attributed to a decrease in Kupffer-cell phagocyte
activity (Figure 7). However, HbV and its components
were completely metabolized and excreted within 14
days, and a temporary accumulation did not cause any
obvious adverse effects.

Pharmacokinetic properties of HbV after
repeated administration in mice

HbV is modified by PEG to prolong its half-life and pre-
vent aggregation during long-term storage, etc., as well

Normal 1 day

14 day

Liver Kidney

Spleen

Figure 6. Light micrographs of kidney, liver, spleen, lung, and
heart in CCl,-treated rats after an HbV injection stained with
hematoxylin and eosin (X100). Chronic cirrhosis model rats
received a single injection of HbV at a dose of 1,400mg Hb/kg.
No noticeable changes were observed in all organs after HbV
injection.

Reduction of
distribution in the liver

Chronic cirrhosis

Figure 7. Representation of the pharmacokinetic properties
of HbV in a rat model of chronic cirrhosis. Hepatic impairment
altered the pharmacokinetic properties of HbV, such as blood
retention, hepatic distribution, and fecal excretion, by a reduction
in Kupffer cell phagocyte activity and damage to parenchymal
cells.
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as other liposome preparations. However, it was reported
that repeated intravenous injection of PEGylated lipo-
somes causes the second dose of liposomes to lose their
long-circulating characteristics and accumulate exten-
sively in the liver, when they are administrated at the
same dose for the second time to the same animal within
a several-day interval [referred to as the accelerated
blood clearance (ABC) phenomenon] (Dams et al., 2000;
Ishida et al., 2003a). The time frame between administra-
tion of the first and second dose for this to occur depends
on the experimental animal, for example, 4-5C]days for
the rat and 7-10 days for the mouse. Repeated HbV injec-
tions of high doses would be routinely used in clinical
practice for an RBC substitute. Therefore, the possibility
remains that repeated injections of HbV could induce
the ABC phenomenon in a clinical situation. If the ABC
phenomenon were induced by repeated injections, then

Pharmacokinetic properties of hemoglobin vesicles 369

the pharmacological action of HbV could be influenced.
Therefore, we investigated the issue of whether HbV
induces the ABC phenomenon in mice at a low dose
(0.1 mg Hb/kg), a dose that is generally known to induce
the ABC phenomenon (Ishida et al., 2003a), or a high
dose (1,400 mg Hb/kg), the putative dose for clinical use.

At 7 days, in which the ABC phenomenon in mice
is typically observed the most strongly (Ishida et al.,
2003b), after the first injection of nonlabeled HbV (0.1
or 1,400 mg Hb/kg), the mice received '*I-HbV. At a low
dose (0.1 mg Hb/kg), plasma HbV in the second injec-
tion was rapidly cleared, compared to that in the first
injection. In contrast, at a high dose (1,400 mg Hb/kg),
the pharmacokinetics of HbV were negligibly affected
by repeated injections (Taguchi et al., 2009c). The liver
and spleen are the major distribution organs for HbV
(Taguchi et al., 2009b) and are related to the induction of
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Figure 8. (A) Uptake clearance of HbV in the liver and spleen after 1 or 2 injections of *I-HbV. Uptake clearance for each organ was
calculated by integration plot analysis at designated times from 1 to 30 minutes after injection. Each bar represents the mean + SD (n=4).
(B) Determination of IgM against HbV after a single intravenous injection of saline (gray bars), HbV at a dose of 0.1 mg Hb/kg (open bars),
or 1,400 mg Hb/kg (closed bars) in mice. (C) Determination of the specific recognition site of IgM against HbV after a single intravenous
injection of HbV at a dose of 0.1 mg Hb/kg (open bars) or 1,400 mg Hb/kg (closed bars) in mice. DAY mice were injected with saline or
HbV (0.1 or 1,400 mg Hb/kg) containing 5% rHSA to the tail vein. At 7 days after an injection of saline or HbV, blood was collected from the
inferior vena cava, and plasma was obtained. IgM against HbV and each lipid component were detected by ELISA. Each bar represents the
mean + SD (n=4).
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the ABC phenomenon (Ishida et al., 2008). Ata low dose,
the hepatic and splenic CL,_ . for the second injection
was 8.5 and 4.5 times higher than that for the first injec-
tion, respectively (Figure 8A), whereas at a high dose, the
hepatic and splenic CL_ ., for the second injection was
little changed, compared to that for the first injection
(Figure 8A, insert). In addition, Ishida et al. proposed
a mechanism for the ABC phenomenon as follows:
Immunoglobulin M (IgM), produced in the spleen by
the first injection with PEGylated liposomes, selectively
binds to the PEG on the second injected PEGylated
liposome, and subsequent complement activation by
IgM results in an accelerated clearance and enhanced
hepatic uptake of the second injected PEGylated lipo-
some (Ishida et al., 2006a, 2006b). Therefore, we exam-
ined whether IgM against HbV is elicited by an initial
injection of saline or HbV at a low or high dose. At 7 days
after the HbV injection, IgM against HbV appeared at
both the low and the high dose (Figure 8B). Moreover,
the specific recognition site of IgM against HbV strongly
bound to DSPE-PEG, and other lipid components
(DPPC, cholesterol, and DHSG) were negligible at both
the low and high dose (Figure 8C). These results indi-
cate that repeated injections of HbV to mice at a dose of
1,400mg Hb/kg did not appear to induce the ABC phe-
nomenon, even though the plasma levels of IgM against
HbV are elevated. Therefore, these data suggest that a
clinical dose of HbV is not likely to induce the ABC phe-
nomenon due to the saturation of phagocytic processing
by the MPS.

Pharmacokinetic properties of HbV after
repeated administration in hemorrhagic
shock model rats

Because there are limited data available for the ABC
phenomenon under various disease conditions, we
also investigated whether the ABC phenomenon
would be induced in the rat model of hemorrhagic
shock induced by a massive hemorrhage, when HbV
is injected at a dose of 1,400 mg Hb/kg at hourly inter-
vals, typical conditions for transfusions of patients with
massive hemorrhage.

The plasma concentration of HbV was prolonged in
the second injection, compared with the first injection,
and it was recovered to that in normal rats (Figure 9A).
As mentioned above, Ishida et al. reported that a dos-
ing interval of approximately 5 days induced the ABC
phenomenon in rats, accompanied by the production of
antiliposome IgM, which elicits aresponse by the spleen
(Ishida et al., 2006b; Wang et al., 2007). Therefore, the
inhibition of anti-HbV IgM production by short inter-
vals appears to prevent induction of the ABC phenom-
enon. In fact, anti-HbV IgM was detected at 5 days after
the administration of HbV to normal rats at a dose of
0.1 mg Hb/kg, but was not detected at 1 hour after HbV
administration to hemorrhagic shock rats at a dose of
1,400 mg Hb/kg (Figure 9B). Therefore, it appears that

the repeated administration of HbV under conditions
of hemorrhagic shock has negligible effect on the phar-
macokinetics of HbV, when short dosing intervals are
involved. However, our recent study showed that the
repeated injection of HbV induced the ABC phenome-
non in the case of a longer dosing interval (4 and 7 days)
accompanied by the production of antiliposome IgM
and increased phagocyte activity (Taguchi et al., 2011a).
Therefore, in a clinical setting, it would be necessary to
consider the dosing regimen and interval for patients
with hemorrhagic shock in the base where a longer dos-
ing interval was used.
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Figure 9. (A), Plasma concentration of **I-HbV as the percent of
postinjection dose after the first (open symbol) or second dose
(filled symbol) of *I-HbV to hemorrhagic shock rats at a dose
of 1,400mg Hb/kg for each injection. Each point represents the
mean + SD (n=5). Plasma concentration percentage profile for
the first dose (0) was obtained from injection of a dose of **I-HbV
administered after hemorrhagic shock. The profile for the second
dose () was obtained from the injection of a dose of *I-HbV 1
hour after injection of the first dose of nonradiolabeled HbV
administered after hemorrhagic shock. (B) Determination of IgM
against HbV 5 days after a single intravenous injection of HbV
to normal rats at a dose of 0.1 mg Hb/kg (closed bars) or 1 hour
after a single intravenous injection of HbV to hemorrhagic shock
rats at a dose of 1,400mg Hb/kg (open bars) in mice. IgM against
HbV were detected by ELISA. Each bar represents the mean + SD
(n=3-5).
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Extrapolation to human subjects

From the viewpoint of future clinical applications, pre-
dictions of human pharmacokinetics based on data
obtained from animal studies—so called, “animal scale-
up”—is important for the determination of optimal doses
and intervals (Izumi et al., 1996). Thus, we attempted to
predict the half-life of HbV in humans using an allometric
equation that is generally used in animal scale-up stud-
ies. Using the relationships observed for mice (Taguchi
et al., 2009b), rats (Taguchi et al., 2009a), and rabbits
(Sou et al., 2005), the half-life of HbV in healthy humans
was predicted to be approximately 96 hours. In addition,
based on half-life data and percent of injected dose val-
ues obtained from pharmacokinetic studies of HbV in
rats and rabbits, Sou et al. also predicted that the half-life
of HbV in healthy humans would be approximately 72
hours (Sou et al., 2005). Further, the half-life of liposomal
preparations is empirically 2-3-fold greater in humans
than in rats (Gabizon et al., 2003). In fact, the half-life of
liposomal doxorubicin (Doxil formulation) in rats and
humans is 35 and 56-90 hours, respectively (Gabizon
et al., 2003). Therefore, the half-life of HbV in humans
would be predicted to be 3-4 days (Sou et al., 2005). For
HbV to function as an artificial oxygen carrier, it is desir-
able that intravascular persistence be atleast equal to the
time required to regenerate RBCs (Sehgal et al., 1984).
Following a massive hemorrhage, the lost blood volume
and oxygen-carrying capacity is replaced within approxi-
mately 5 days (Hughes et al., 1995; Awasthi et al., 2007).
Because the half-life of HbV in humans was estimated
to be approximately 3-4 days, HbV would function as
a temporary oxygen carrier until a blood transfusion is
available or until autologous blood is recovered after a
massive hemorrhage.

Conclusion

Like other drugs, a pharmacokinetic evaluation is an
important issue for the development of HbV as a substi-
tute of RBC. In fact, though the perfluorocarbon-based
oxygen carriers and acellular-type HBOCs were moved
into the clinical trial stages, these artificial oxygen car-
riers dropped from further clinical development due to
severe and unexpected side effects, which might have
been predicted from pharmacokinetic analysis data.
Therefore, it is also necessary to conduct an in-depth
pharmacokinetic study of HbV before moving on to the
clinical trial stage.

Our recent preclinical study of HbV clearly demon-
strated five major findings on pharmacokinetic profiles.
First, HbV and its components have favorable metabolic
and excretion profiles in mammalian species, similar to
endogeneous substances. Second, HbV is safe and useful
under conditions of a massive hemorrhage. Third, HbV
did not show any toxicity and accumulation in the body,
even under conditions of hypometabolism and excretion
(i.e., hepatic cirrhosis). Fourth, HbV has the potential to
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induce the ABC phenomenon, but the repeated use of
HbV at a putative dose would not be expected to induce
the ABC phenomenon in a clinical situation. Finally, HbV
has a good retention in the blood circulation, and the
half-life of HbV in humans was estimated to be approxi-
mately 3-4 days, which is sufficient for it to function as
an oxygen carrier. These findings support previous views
related to the pharmacological efficacy and safety of HbV
in normal and hemorrhagic shock model rats from the
view point of pharmacokinetics.

In addition to functioning as a substitute for RBCs, HbV
would be expected to have a variety of other applications,
based on its oxygen transport characteristics, such as in
cardiopulmonary bypass priming solutions (Yamazaki
et al., 2006), wound healing in critically ischemic skin
(Plock et al., 2009), and as a radiation therapy agent
(Yamamoto et al., 2009). Therefore, this issue deserves to
be studied further, with further data collected in preclini-
cal pharmacokinetic studies for future applications of
HbV in the clinic.
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Figure1l Artificial platelets.

Artificial platelets are classified into platelet prod-
ucts and artificial particles coated with fibrinogen or
related peptides. The latter (artificial platelets by
narrow definition) are produced using components
derived from human or totally synthesized.
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Figure 2 Platelet aggregation and artificial plate-
lets.

Platelet aggregation is induced by bridging adjacent
platelets with binding of plasma fibrinogen to acti-
vated GPIIb-IIla complex on the cell surface.” The
binding sites on the ligand for the receptor are local-
ized at sequence of H12 or RGD. Fibrinogen or the
synthetic peptide-coated particles reinforce platelet
aggregation by receptor-ligand interactions being
more multivalent than fibrinogen itself.
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Figure3 H12-(ADP) liposome.

H12-(ADP) liposome, one of the developing artificial platelets
is surface-coated with polyethylene glycol to ensure its blood
compatibility and dispersibility. H12 peptide is covalently con-
jugated to the tip of polyethylene glycol moiety as a target
molecule of activated platelets. ADP, a physiologically impor-
tant platelet agonist stored in platelet alpha granules is stably
encapsulated into the inner space of the liposome.
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Figure 4 Evaluation of lyophilized fixed platelets (Stasix®)
as an infusible hemostatic agent in experimental non-com-
pressible hemorrhages* in swine.”

Using a non-compressible liver hemorrhage swine model, the
effect of lyophilized fixed platelets (Stasix®) on survival was
compared with normal saline. As a result, the survival rate in
the Stasix group (80%) was significantly higher than that in the
control (20%).
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Figure 5 Comparison of hemostatic effects of H12-(ADP) liposomes with those of
platelet-rich plasma in severely thrombocytopenic rabbits.”

The hemostatic effect of H12-(ADP) liposome was compared with that of platelet rich
plasma in severely thrombocytopenic rabbit models induced by busulphan. Ear bleeding
time of busulphan-induced thrombocytopenic rabbits was measured 30 min after infu-
sion of platelet preparation or the liposome. Indeed, platelet transfusion effectively cor-
rected the prolonged bleeding time in a dose-dependent fashion. Similar correcting
effect was also observed with H12-(ADP)-liposomes in a dose-dependent fashion. The
extent of correction by the liposome was just comparable to that obtained by platelet
transfusion, indicating that H12-(ADP)-liposome exhibits in vivo hemostatic ability as

efficiently as platelet transfusion.
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Figure 6 Effect of RGD-PLGA particles on bleeding time in rat femoral
artery injury model.'®

Using a rat femoral artery injury model, the effect of RGD peptide-coated
PLGA particles (4600-RGD, 4600-RGDS and 4600-GRGDS) on bleeding time
was evaluated by comparison with control treatments (Normal saline: Saline,
recombinant coagulation factor VIIa: rFVIIa, RGD-uncoated particles; PEG
4600 and RGD reverse peptide-coated particles: 4600-GRADSP). The hemo-
static ability of these RGD-PLGA particles was found to be significant as com-
pared with saline control. In addition, the effect of RGD-PLGA particles was

significantly higher than a clinically useful hemostaic agent rFVIIa.
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Artificial platelets are classified into lyophilized products derived from human platelets and fibrinogen or related

peptide-coated microparticles made from blood-compatible materials such as albumin. The artificial platelets are substi-

tuted for platelets in transfusions for treatment or prevention of bleeding in patients with thrombocytopenia; they reinforce

the hemostatic abilities of residual platelets. Although some of the products have been tested in early phase clinical trials,

none of them have yet been approved for clinical use.
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