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FIGURE 5. Changes in the plasma level of thromboxane By (TXB2) in
response to repeated injections -of liposome suspensions (first, 0.05
ml/kg; second, 0.5 mL/kg); closed circles, CL; open circles, EV, open
squares, HbV. Arrows indicate the time points of the first and the sec-
ond injections (0, 70 min). * p < 0.001 vs. EV and HbV; # p < 0.05 vs.
EV and HbV.

Improved surface biocompatibility of HbV and EV can pre-
vent complement activation, but they are nonspecifically
phagocytized by PIMs and induce mild pulmonary hyperten-
sion only at the first injection.

Many groups have tested so-called liposome-encapsu-
lated Hb (LEH) of various kinds. Generally, the lipid compo-
sition of liposomes includes a phospholipid, cholesterol, a
negatively charged lipid, and a surface modifier® A small
amount of a negatively charged lipid is required as one
component of a lipid membrane to minimize the lamellarity
(the number of bilayer membranes in a vesicle) to produce
large unilamellar vesicles (LUVs) with a larger inner aque-
ous volume, which is important to encapsulate a functional
material efficiently, a concentrated (35 g/dL) hemoglobin
solution.’”?® Commonly used negatively charged lipid
includes fatty acids and PG. However, rat experiments clari-
fied that PG induces complement activation.>?®*126-28 pape
et al?® described in their report that a top-load infusion of
LEH containing stearic acid in pigs induced “fatal” pulmo-
nary hypertension and right ventricular failure. A subdo-
main of complement component 1 (Clq) has a cationic
region that presumably interacts with negatively charged
vesicles®® that initiate the cascade of the classical pathway
of complement activation, producing anaphylatoxins such as
C3a and C5a, and which initiate a wide array of responses
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through their effect on mast cells, polymorphonuclear cells,
monocytes, and PLTs.?* Actually, in the present experiment,
we observed leukocytopenia and thrombocytopenia in the
CL group only. Arachidonic acid cascade is activated and
thromboxane A, (TXAZ2) is produced to induce strong sys-
temic vasoconstriction. This scheme of responses is evident
from the significant increases of plasma TXB2, a metabolite
of TXA2, and simultaneous hypertension, reduction of CO,
and increase of total peripheral resistance. All these sys-
temic cardiovascular and hematological responses repeat-
edly observed in the CL group at the first and second injec-
tion seem to be related to the complement activation.

In fact, we tried to measure serum complement titer in
pig plasma by the conventional reactive lysis method using
hemolytic assay of sensitized sheep RBCs because it would
be the direct evidence of the presence or the absence of
complement activation. However, that method was

FIGURE 6. Transmittance electron micrographs of a lung tissue in the
HbV group, which was sacrificed immediately after the experiment of
two injections of HbV. (a) Whole view of a pulmaonary intravascular
macrophage, PIM, and the surrounding tissues. “N” denotes the nu-
cleus of the PIM. RBCs are the red blood cells in the pulmonary capil-
laries. (b) A magnified view of the section in (a) surrounded by a
broken line. Individual HbV particles are apparent in the phagosomes
of the PIM, as indicated with white arrows. The large blackened parts
in the center and smaller ones are phagocytized senescent red blood
cells.
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ineffective in the case of pig plasma. Even so, we were able
to reproduce the experimental condition of Szebeni et al®
showing repeated anaphylactoid reaction at repeated injec-
tions in pigs. In fact, the surface of CL containing DPPG is
modified with PEG (0.3 mol %). It does not seem to prevent
complement activation in human plasma,*! in rodents,?® and
pigs, as shown in this study, even though a previous report
shows that dense PEGylation, like 5 mol % PEG,09o-DSPE,
prevented complement activation.”* However, we have al-
ready clarified, from experiments using rodents, that our
HbV and EV containing DHSG of a different negatively
charged lipid do not induce complement activation and
thrombocytopenia and do not induce significant cardiovas-
cular changes. Nevertheless, we did not know how pigs
would respond to the injection of HbV and EV.

This report is the first of a trial of HbV and EV injection
into pigs. At the first injection, they showed significant
increases in PAP and PVR but significantly smaller changes
in MAP and CO. Even though the CL group showed the max-
imum MAP and PAP 1 min after the first injection, the HbV
and EV groups showed slightly delayed responses; the maxi-
mum was visible 3 min after the first injection. At the sec-
ond injection, the HbV and EV showed minimal changes in
spite of 10 times’ larger dosage. The levels of TXB2 of the
HbV and EV were much lower than that of the CL group.
The responses to the injections of HbV and EV were appa-
rently different from those of CL, which showed repeated
responses at the second injection.

PIMs have been found only in pulmonary capillaries and
only in selected animal species such as ruminants and pigs
but not in humans.?? PIMs are actively phagocytic for circu-
lating particles including foreign materials such as lipo-
somes and colloids, and senescent erythrocytes (erythropha-
gocytosis). Such nonspecific phagocytosis by PIMs is much
greater than those of Kupffer cells and spleen macrophages,
which contrast against the systems found for rodents or
humans.?®** Injection of foreign particles into sheep some-
times induces pulmonary hypertension, suggesting that the
PIMs play a role in lung physiology and pathophysiologic
changes through release of vasoactive and inflammatory
mediators.®* Actually, in our experiment, we confirmed that
HbV particles were phagocytized by PIMs, as shown in TEM
(Fig. 6). TEM was an effective tool for detecting the HbV
particles in tissues.®® Usually detection of liposomes is diffi-
cult and requires a maker such as gold particles. The high
electron density of HbV caused by the highly concentrated
Hb solution in the inner aqueous phase of HbV as well as in
RBC provided sufficient contrast of the particle. It is specu-
lated that not only HbV but also EV and CL are phagocy-
tized by PIMs because of the same lipid composition and
the same surface properties of HbV and EV, and because we
confirmed that both HbV and Hb-encapsulated CL are simi-
larly phagocytized by rodent spleen macrophages and
Kupffer cells.33¢ Reportedly, injection of liposomes into
sheep also induces pulmonary hypertension because of
phagocytosis by PIMs and release of TXB2.3"~3° Even though
Szebeni et al.*® concluded that liposome-induced pulmonary
hypertension in pigs is related to complement activation,
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the involvement of phagocytosis by PIMs was not consid-
ered. Our results suggest that the pulmonary hypertension
and increase in peripheral and systemic resistances is
induced by the release of vasoactive TXAZ not only from
activated PLTs through complement activation but also from
liposome-phagocytizing PIMs. In our experiment, both HbV
and EV groups showed slight increases in TXB2 even though
it is much lower than that of the CL group. In the case of
TXA2 from PIMs, the amount would be small and the
affected range would tend to be localized in lung tissues.
The CL group showed the maximum changes in MAP and
PAP at 1 min after injection. However, other groups showed
maxima at 3 min. This slight delay would be explained by
the time course of reactions. Complement activation would
be initiated at the contact of blood and vesicles instantane-
ously from the injection site. In contrast, phagocytosis of
vesicles is initiated when the intravenously injected vesicles
come through the lung capillaries.

Reportedly, naturally occurring autoantibodies to choles-
terol might initiate complement activation, which associates
with anaphylactoid reactions.*® However, neither HbV nor
EV induces complement activation even though they contain
44 mol % of cholesterol in the lipid membrane, which is an
important component to reduce the curvature of vesicles
and to produce LUVs. Szebeni et al.” reported that injection
of their liposome induced arrhythmia, tachycardia, ST
depression, and T-wave changes in the ECG, implying car-
diac ischemia. In stark contrast, in our experiment, the ECG
showed no abnormality even in the CL group. This differ-
ence might result from the PEGylation of CL, well-regulated
particle size of our CL, or the lower endotoxin level of our
samples prepared in a sterilized condition**** A report
describes that liposomes without a negatively charged lipid
reduce pulmonary hypertension,®® probably because the lip-
osomes are less recognized by PIMs in sheep. As described
above, a negatively charged lipid, DHSG, cannot be excluded
for preparation of HbV because it is necessary to encapsu-
late a large amount of Hb molecules in the inner aqueous
phase of liposomes.

The presence of PIMs is species dependent.”®*3 A mor-
phometric study of human lung tissues showed no macro-
phages or macrophage-like cells in the pulmonary capilla-
ries.*® Therefore, such pulmonary side effects would not
usually appear with injection into humans. Most foreign par-
ticles injected intravenously into humans are taken up by
Kupffer cells and spleen macrophages. However, they are
rarely taken up by the lung when liver function is dam-
aged.”®?* Tt might be necessary to consider patients’ hepatic
condition before injection of liposomes.**

CONCLUSIONS

HbV does not induce significant anaphylactoid reactions in
pigs compared with CLs because of the different lipid com-
position. The changes that are apparent after the first injec-
tion relate mainly to the phagocytosis by PIMs, and it would
not relate to complement activation. Our previous report of
rodent experiments showed better biocompatibility with no
complement activation, in comparison to the CLs. In this
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study of pigs, we were able to reconfirm the biocompatibil-

ity
bec

of HbV. Pigs are often used for preclinical studies
ause of their similarity to humans in terms of their body

size, anatomical structure and physiological function. How-
ever, due attention must be given when a pig receives a lip-

0s0

mal suspension because of the different biodistribution

and cardiovascular responses.
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ARTICLE INFO ABSTRACT
Article history: Aims: Liposome-encapsulated hemoglobin (hemoglobin vesicles: HbV; diameter 250 nm) is reconstructed
Received 13 May 2012 from human hemoglobin and developed as an artificial oxygen carrier for use as a transfusion alternative.
Accepted 9 August 2012 Previous studies using rodent models closely investigated the safety of daily repeated infusions (DRI) of
HbV and reported that the reticuloendothelial system was physiologically capable of degrading HbV to main-
Keywords: tain plasma clinical chemistry within normal ranges. The present study examined the effect of DRI of HbV on
!;;rgr?agi‘zsm vesicles the pregnant rat mother and fetal development, focusing on placental transfer of HbV in pregnancy.
Development Main methods: Pregnant rats intravenously received HbV bolus injections at 2 ml/kg/day for the last 7 consec-
Placenta utive days till term. The cumulative infusion volume (14 ml/kg) was equal to 25% of the whole blood volume

(56 ml/kg).

Key findings: Maternal DRI of HbV had no obvious side effects on the pregnant mother or on fetal develop-

ment. Maternal vital signs, plasma clinical chemistry, and blood gas parameters were overall normal after

DRI of HbV. In addition, maternal/fetal transfer of HbV was limited to the placenta and HbV did not reach

the fetus. Histopathological examination with human hemoglobin antibody detected HbV accumulation in

the maternal spleen, liver, kidney, and placenta, but not in the fetuses. These results were also confirmed

by a pharmacokinetic study using '**I-labeled HbV.

Significance: This safety study of HbV use in the pregnant mother and fetus will contribute to a possible ap-

plication of HbV as a potential treatment for fetal hypoxia by supplying oxygen through the placenta.
Crown Copyright © 2012 Published by Elsevier Inc. All rights reserved.

Mother-fetus transfer

Introduction systems, with some already being approved for clinical use in antifungal
or anticancer therapies (Lian and Ho, 2001). In addition to their use for
transporting drugs, phopholipid vesicles encapsulating concentrated
hemoglobin (Hb) have also been developed as artificial oxygen carriers.
These so-called liposome-encapsulated Hb or Hb vesicles (HbV) have

been shown in several metabolic studies to be able to transport levels

Phospholipid vesicles or liposomes have been extensively studied
as potential carriers of functional (macro) molecules for drug delivery

Abbreviations: Hb, hemoglobin; HbV, hemoglobin vesicle(s); Hct, hematocrit; PEG,

polyethylene glycol; RBC, red blood cell count; WBC, leucocyte counts; PLT, platelet
counts; DR], daily repeated infusion(s); DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphati-
dylcholine; DHSG, 1,5-O-dihexadexyl-N-syccynyl-L-glutamate; MAP, mean arterial
pressure; HR, heart rate; AST, aspartate aminotransferase; ALT, alanine aminotransfer-
ase; LDH, lactate dehydrogenase; CPK, creatine phosphokinase; TG, triglyceride; FFA,
free fatty acid; UA, uric acid; BUN, urea nitrogen; CRE, creatinine; UIBC, unsaturated
iron binding capacity; IP, inorganic phosphorus; PT, prothrombin time; APTT, activated
partial thromboplastin time; SP-A, surfactant protein-A.

* No placental transfer of HbV from mother to fetus.

* Corresponding author at: 4-1-1 Ogawa-higashi-machi, Kodaira 187-8553, Japan.
Tel./fax: +81 42 346 2158.

E-mail address: hideohta@ncnp.go.jp (H. Ohta).
! These authors contributed equally to this work.

of oxygen comparable with those of blood (Djordjevich et al,, 1987;
Chang et al., 1992; Izumi et al., 1997; Phillips et al., 1999; Sakai et al.,
2004a). Possible applications for treatment of hypoxia-induced pathol-
ogy such as brain ischemia have also been clarified in animal models
(Komatsu et al,, 2007).

In HbV safety studies using adult rodents, it has been clarified that
the cellular structure and the size of the HbV are advantageous for
maintaining a steady blood circulation without vasoconstriction and
hypertension (Sakai et al,, 2000a) and that the surface modification of
HbV with polyethylene glycol (PEG) is beneficial not only for providing
a longer circulation time (Phillips et al., 1999) but also for its ability to

0024-3205/% — see front matter. Crown Copyright © 2012 Published by Elsevier Inc. All rights reserved.
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suppress intervesicular aggregation of HbV for years during storage and
also during the plasma phase in peripheral tissues after intravenous
infusion (Sakai et al., 1998, 2000b). In the degradation and excretion pro-
cesses of the HbV components also, the reticuloendothelial system has
been reported to have sufficient physiological capacity, even at doses
greater than putative clinical doses, to maintain plasma iron and bilirubin
levels within normal ranges (Sakai et al., 2004b; Taguchi et al., 2009a, b).

To date, no safety study of HbV use in pregnant mothers and
fetuses has been reported. The aim of the present study is to investi-
gate the effects of HbV on the physiology of the pregnant mother and
on placental/fetal homeostasis, as well as to identify any potential
side effects, for possible future clinical applications of HbV during
the perinatal period. These applications could include the provision
of HbV to supply oxygen through the placenta as a treatment for
fetal hypoxia. A rat placental model was selected due to its broad
application in the study of placental development and reproduction.
For the period for HbV application in pregnant rats, we chose the
middle-late stage of pregnancy, in which the rat chrioallantonic pla-
centa begins differentiating into two distinct zones: the maternal-
facing junctional zone for the endocrine/invasive functions, and the
adjacent fetal-facing labyrinthine responsible for maternal-fetal
exchange (Soares, 1997). Since the rat placental barrier is not fully
differentiated until the latter period of pregnancy, the last trimester
was selected for this study of HbV infusion. From embryonic day 16
(E16) to E22, HbV was administered at a daily dose of 2 ml/kg,
which had been previously investigated as a possible treatment for
acute brain ischemia in adult rat models (Kakehata et al, 2010;
Sakai et al.,, 2004c). The present study is the first to report the safety
and possible side effects of HbV applications on the pregnant mother
and fetus, and closely examines maternal-fetal transfer of HbVv.

Materials and methods
Preparation of HbV suspension

The test fluid, the HbV suspension, was prepared under sterile
conditions as reported previously (Sakai et al, 2000b; Sou et al.,
2003). Human Hb was purified from outdated donated blood provid-
ed by the Hokkaido Red Cross Blood Center (Sapporo, Japan) and
the Japanese Red Cross Society (Tokyo, Japan). The encapsulated
Hb (38 g/dl) contained 14.7 mM pyridoxal 5'-phosphate (Aldrich
Chemical Co., Milwaukee, WI) as an allosteric effector at a molar
ratio of pyridoxal 5’-phosphate/Hb = 2.5. The lipid bilayer was com-
posed of a mixture of 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcho-
line (DPPC), cholesterol, and 1,5-0-dihexadecyl-N-succynyl-L-glutamate
(DHSG) at a molar ratio of 5:5:1 (Nippon Fine Chemicals Co., Osaka,
Japan), and 1,2-distearoyl-sn-glycero-3-phosphatidylethanolamine-N-
PEG5000 (NOF Co., Tokyo, Japan). Thus, the vesicular surface is covered
with PEG chains. The molar composition of DPPC/cholesterol/DHSG/
1,2-distearoyl-sn-glycero-3-phosphatidylethanolamine-N-PEG5000 was
5:5:1:0.033. HbVs were suspended in normal saline, sterilized using filters
(pore size, 0.45 um, Dismic; Toyo Roshi Co., Tokyo, Japan), and deoxygen-
ated with bubbling N, for storage (Sakai et al., 2000b). The physicochem-
ical parameters of the HbV are as follows: particle diameter, 252 + 53 nm;
[Hb], 10 g/dI; [lipids], 6-7 g/dl; and oxygen affinity (Pso), 25-28 Torr. The
endotoxin content was measured by a modified Limulus amebocyte lysate
gel-clotting analysis (Wako Pure Chemicals, Tokyo, Japan) and was
less than 0.2 endotoxin unit/ml.

Daily repeated infusion (DRI) of HbV

Animal care and use were reviewed and approved by the Commit-
tee for Animal Research of Tohoku University (approval#2010-73
medical school), Kumamoto University (approval#C22-161) and the
National Center of Neurology and Psychiatry (approval#2011023).
The experiments were carried out using timed pregnant Wistar rats

(vaginal smear positive, day O; term, day 23) purchased from Japan
SLC, Inc. (Hamamatsu, Shizuoka, Japan). All the rats were provided
with food and water ad libitum in a temperature-controlled room
on a 12-h light/dark cycle.

On day 12 of pregnancy, rats were anesthetized by isoflurane
inhalation and then pentobarbital sodium ip. and the catheter was
surgically secured in the internal jugular vein. From days 16 to 22
of pregnancy, rats received daily repeated injections (DRIs) of HbV
(n=5) or saline (n=75) via the catheter at a dose rate of 2 ml/kg
body weight with an injection rate of 1 ml/min. The total volume of
the infused HbV into each rat over 7 days reached 14 ml/kg, which
was equal to 25% of the actual blood volume of the rat (56 ml/kg).
The total infused HbV is calculated to be 1400 mg Hb/kg (2 ml/kg/
day x 7 days), because [Hb] of the HbV fluid is adjusted to 10 g/dl. The
rats were sacrificed on day 23 of pregnancy, 1 day after the final 7th
infusion.

Radio-telemetry monitoring of maternal blood pressure and heart rate

The Dataquest IV telemetry system (Data Sciences International,
St. Paul, MN, USA) was used for measurement of systolic pressure,
diastolic pressure, mean arterial pressure, and heart rate. The moni-
toring system consists of a transmitter (radio frequency transducer
model TA11PA), receiver panel, consolidation matrix, and personal
computer with accompanying software. Before the device was
implanted, calibrations were verified to be accurate within 63 mm Hg.
On day 10 of pregnancy, rats were anesthetized by isoflurane inhalation
and then pentobarbital sodium, and the flexible catheter of the trans-
mitter was surgically secured in the abdominal aorta just below the
renal arteries and pointing upstream (against the flow). The transmitter
was sutured to the abdominal wall. Rats were housed in individual
cages after the operation. Each cage was placed over the receiver
panel, which was connected to the personal computer for data acquisi-
tion. The rats were unrestrained and free to move within their cages.
Hemodynamic data were sampled every 5 min for 10 s. Preliminary
experiments showed that blood pressure and heart rate took up to
4 days to stabilize postoperatively. Therefore, HbV treatment was com-
menced 4 days after surgery and telemetry data were collected until the
day of necropsy.

Hematological test of maternal blood

Mother rats were sacrificed on day 23 of pregnancy, 1 day after
the 7th day of DRJ, and a one-time collection of 5 ml of blood was
made from the abdominal aorta for hematological examination,
blood gas analysis, plasma chemical examination, blood coagulation
test and fibrinogen concentration measurement. 500 Ul of the drawn
blood was collected in an EDTA tube and a complete blood count
was run by a commercial laboratory (Mitsubisi Chemical Medience,
Tokyo, Japan). In detail, total leucocyte counts (WBCs) were deter-
mined by flow cytometry; red blood cell counts (RBCs) and platelet
counts (PLTs) were determined by electronic impedance counting
method; total hemoglobin was determined by sodium lauryl
sulfate-hemoglobin (SLS-Hb) method; and the hematocrit (Hct)
value was determined by RBC pulse wave-height detection method.

Maternal hemodynamic and blood gas parameters, blood glucose level,
and urinalysis

For the blood gas analysis, 200 1l of the 5 ml maternal blood drawn
onday 23 of pregnancy was injected into the cartridge of a pH/blood gas
analyzer (HPM3600A i-STAT hand held blood analyzer; Hewlett
Packard, Les Ulis, France) for analysis of the arterial blood O, tension, ar-
terial blood carbon dioxide tension, pH, base excess, and lactate. Urinal-
ysis was performed by dip-stick testing (UA-LO8M; Terumo Co., Tokyo,
Japan) as a qualitative measurement. A urine specimen of each rat was
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collected in a transparent plastic bag, and a test stick was dipped into
the collected urine. For each measured item, the level was judged by vi-
sual examination of the color identification after a specific time of expo-
sure according to the instructions. Items were measured in the
following order; protein (10 s), pH (10 s), occult blood (20 s), ketone
body (20 s), urobilinogen (20 s), glucose (30 s), nitrite (30 s), and bili-
rubin (40 s).

Plasma clinical chemistry in maternal blood

Two m! of the 5 ml maternal blood drawn on day 23 of pregnancy
was centrifuged to obtain plasma, as described in previous studies
(Sakai et al,, 2003, 2004d). The obtained transparent plasma speci-
mens were stored in a freezer at — 80 °C until the clinical chemistry
tests were performed at a commercial laboratory (Nagahama Life Sci-
ence Laboratory, Oriental Yeast, Tokyo, Japan). The selected analytes
were total protein, total bilirubin, aspartate aminotransferase (AST),
alanine aminotransferase (ALT), lactate dehydrogenase (LDH), amy-
lase, creatine phosphokinase (CPK), lipase, total cholesterol, choles-
terol ester, free cholesterol, triglyceride (TG), free fatty acid (FFA),
phospholipids, total lipids, uric acid (UA), urea nitrogen (BUN), creat-
inine (CRE), Na™, K*, CI™, Ca*™, inorganic phosphorus (IP), unsatu-
rated iron binding capacity (UIBC), and Fe3+.

Maternal blood coagulation test and fibrinogen concentration

To test for blood coagulation following a 7 day DRI of HbV or saline,
1.8 ml of the 5 ml maternal blood drawn on day 23 of pregnancy was
immediately mixed with 0.2 ml of 3.8% sodium citrate solution. The plas-
ma fraction, obtained by gentle centrifugation, was analyzed for pro-
thrombin time (PT), activated partial thromboplastin time (APTT), and
fibrinogen at a commercial laboratory (Mitsubishi Chemical Medience,
Tokyo, Japan).

Histopathological examination in maternal and fetal organs

On day 23 of pregnancy, the animals were finally sacrificed by acute
bleeding from the abdominal aorta, and the liver, spleen, kidneys,
placenta and pups were resected for weight measurements, while the
remaining organs were obtained for histopathological study. They
were fixed in 10% buffered formalin (Wako Pure Chemicals) immedi-
ately after removal, and the paraffin sections were stained with hema-
toxylin and eosin, and Berlin blue.

Another immunohistochemistry was also performed to detect
human Hb from the injected HbV in the spleen, liver and placenta of
the maternal pregnant rats and fetal liver. Four-micrometer-thick paraf-
fin sections were mounted on 3-aminopropy! triethoxysilane-coated
glass slides. The sections were treated with 0.03% H,0, in methanol for
10 min at room temperature to block endogenous peroxidase activity.
For antigen retrieval, the sections were also treated with proteinase K
(0.4 mg/ml; Dako Cytomation California Inc, Carpinteria, CA) for
10 min at room temperature, The sections were treated with 5% normal
swine serum for 30 min at room temperature and reacted with rabbit
polyclonal antibodies against human Hb (1:500 dilution; Dako
Cytomation A/S, Glostrup, Denmark) for 60 min at room temperature.
They were further incubated with alkaline phosphatase-conjugated
swine antibodies against rabbit immunoglobulins (1:100 dilution;
Dako Cytomation A/S). Color development was performed using a
New Fuchsin Substrate kit (Nichirei Co.), and the sections were
counterstained with hematoxylin.

Pharmacokinetic analysis of maternal/fetal transfer of HbV
Administration and collection of blood and organs from rats

HbV labeled with iodine125 (2°]-HbV) was prepared as previous-
ly described (Taguchi et al,, 20093, b). Before the pharmacokinetic

studies using '2°I-HbV, five pregnant Wistar rats were given water
containing 5 mM sodium iodide (Nal) to avoid specific accumulation
of the isotope in the glandula thyreoidea throughout the experiment.
All rats were anesthetized with isoflurane and received a single injec-
tion of 1?°I-HbV in the tail vein (1400 mg of Hb/kg), which is equiva-
lent to the total volume of a 7 day DRI Twelve hours after '5I-HbV
injection, blood was collected from the inferior vena cava, and plasma
was obtained by centrifugation (3000 g, 5 min). After collection of
blood, the animals were sacrificed for collection of organs, which
were then rinsed with saline.

Measurement of '2°I radioactivity

To remove degraded protein and free '2°I, 1% bovine serum albu-
min (BSA) and 40% trichloroacetic acid (TCA) were added to the plas-
ma, and pellets were obtained by centrifugation (1000 g, 10 min).
The organs were weighed on an electronic balance. '2°I radioactivity
was counted using a liquid scintillation counter (ARC-5000; Aloka,
Tokyo, Japan).

Surfactant protein-A (SP-A) immunoblot analysis of fetal lung for
assessing fetal maturation

Rat amniotic fluid (AF) was aspirated from exposed amniotic sacs
of the rats on day 23 of pregnancy using a sterile 22-gauge half-inch
needle. The AF was fractionated in gradient polyacrylamide gels
(Invitrogen) and transferred onto Hybond-P (Amersham Pharmacia),
as described previously (Condon et al., 2004). Blots were probed
using a rabbit monoclonal antibody for SP-A (kindly donated by
Dr. Kuroki, Sapporo Medical School, Japan); and with horseradish
peroxidase-conjugated goat anti-rabbit IgG (1:5,000) (Amersham
Pharmacia) as the secondary antibody. Immunoreactive bands were
visualized by using ECL-detection (Amersham Pharmacia).

Data analysis

Differences between the control and the treatment groups were
analyzed using a one-way analysis of variance followed by Fisher's
protected least significant difference test. The changes were consid-
ered statistically significant if p<0.05.

Results
Body weight of pregnant rat mother and fetus

The body weight of pregnant rats in the saline control (baseline:
0 day, 243.24-26.0 g) and HbV groups (baseline: 0 day, 265.6+
12.2 g) showed significant increases after the 7-day DRI period and
reached 299.84+19.8 g and 315.8+38.5 g, respectively (Fig. 1a;
one-way ANOVA followed by Tukey's test, p<0.01); no statistical dif-
ference was noted in maternal body weights between the saline and
HbV group on both O day (E16) (saline 243.2+26.0¢g vs HbV
265.64+12.2 g) and 7 days (E23) (299.8419.8 g vs 315.8+385 g)
of HbV DRI (Fig. 1a; one-way ANOVA).

Organ weights

A previous study indicated that spleen and liver were the main or-
gans that trap and degrade HbV. As shown in Fig. 1d and e, however,
no significant weight differences between the saline and HbV groups
were observed, indicating no splenomegaly or hepatomegaly after the
7 day DRI. No weight difference between the saline and HbV groups
was detected after the 7 day DRI in other organs including the kidney
(Fig. 1f, t-test, p>0.05).
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Hematological tests group with no statistical significance: Hcts (%) were 32.0+1.5 for
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No significant difference was detected in Hct, WBC, RBC and PLT were 109.20+£8.23 for the saline group and 136.204+18.90 for
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(x10%/ul) were 62.7+9.9 mg/dl for the saline group and 80.8+
6.1 mg/dl for the HbV group.

Coagulation test

No significant difference was detected in APTT, PT, and fibrinogen
concentration between the saline and HbV groups although relatively
large individual variations were observed in APTT: APTTs were 22.0 &
1.4 s for the saline group and 17.8 + 6.5 s for the HbV group; PTs were
8.340.7 s for the saline group and 8.2 & 0.6 s for the HbV group; and
fibrinogen concentrations were 264 + 23 mg/dl for the saline group
and 281 £ 45 mg/dl for the HbV group (Fig. 2).

Blood pressure, heart rate, and blood gas parameters

Table 1 summarizes the blood gas parameters, blood glucose level,
mean arterial pressure (MAP), and heart rate (HR) after the 7 day DRI
of HbV or saline. There was no significant difference in any of the
parameters between the saline and HbV groups. All parameters were
within normal ranges.

Urinalysis

Table 2 summiarizes the results of the urinalysis. The color of the
urine was normal for all groups and there were no signs of hemoglo-
binuria. Both the HbV and saline groups showed a low level of the
proteinuria, which is consistent with a previous report (Sakai et al,,
2004b). Urobilinogen and bilirubin were within the normal range in
spite of the large amount of HbV infused.

Plasma clinical chemistry

The HbV particles in the plasma are easily removed from the plasma
by ultracentrifugation (50,000 g; 20 min) (Sakai et al,, 2003), and any
interference effect of HbV is avoided in the colorimetric and turbidimet-
ric analyses in the plasma clinical chemistry. The parameters for the
liver function (total protein, albumin, AST, ALT) did not show any signif-
icant differences between the saline and HbV groups (p>0.05)
(Fig. 3a).

The parameters affecting the function of the kidneys (CRE, uric acid,
and BUN) and those reflecting the heart and skeletal muscle (CPK)
varied within normal ranges and no statistical differences were
detected between the saline and HbV groups (p> 0.05). The parameters
of pancreatic function, amylase activity, also did not show any signifi-
cant changes between the saline and HbV groups (p>0.05) (Fig. 3a).

The concentrations of the cholesterol component (total, free and
HDL-cholesterols), lipids (triacylglycerol, free fatty acid, total lipids)
and glucose were not significantly different between the saline and
HbV groups after the 7 day DRI (Fig. 3b). No differences were also
observed in bilirubin and ferric iron (Fe>*+), which should be released
from Hb decomposition. UIBC (unsaturated iron binding capacity)
also did not differ between the saline and HbV groups. The electrolyte
concentrations varied within the normal range.

Table 1
Blood gas parameters, blood glucose level, MAP, and HR after the 7 day DRI of HbV or
saline (value: average +s.d.).

Parameters Saline HbV

pH 7.44+0.02 7.454+0.05
PaCo, (Torr) 36£2 35+5
Pa0, (Torr) 93+12 944-20
Lactate (mM) 1.784+0.59 2.144+0.73
Base excess (mM) 0.6+2.1 -04+18
Glucose (mg/dl) 91410 116420
MAP (mm Hg) 103+£3 11249
HR (beats/min) 388434 405448

Table 2
Urinalysis for the HbV and saline control groups after the 7 day DRI of HbV or saline
(n==5 for each group.).

Parameters Levels N=5/5 N=5/5
After the 7 day DRI

Saline HbV

Protein -
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+++
pH 5
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o+ o+
+
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Histopathological examination

After 7 days of DRI, immunohistochemical analysis using anti-
human Hb-antibody causing human Hb in HbV to show up as pink
areas detected human Hb in the maternal liver, spleen, kidney and
in the junctional zone or labyrinth of the placenta, but could not
detect HbV in any organs of the fetus such as the fetal liver (Fig. 4).
In addition, Berlin blue staining, which detects hemosiderin, indicated
Hb decomposition in the spleen, liver, kidney and junctional zone of
the placenta, but could not detect hemosiderin in the labyrinth of the
placenta or fetal liver (Fig. 5).

Pharmacokinetic analysis of maternal/fetal transfer of HbV

The fate of the 1*>-HbV administered to pregnant rats was evalu-
ated as residual TCA-precipitable radioactivity in the plasma. Fig. 6
shows the tissue distribution in each organ 12 h after injection of
1251.HbV. '?°I-HbV was distributed mainly in the plasma, spleen,
and liver in rat mothers while the distribution of '?°I-HbV was signif-
icantly low in most other organs. Significantly low distributions of
1251_HbV were also observed in the fetal organs such as the fetal
liver, suggesting no maternal/fetal transfer of HbV but possible trans-
fer of 12 detached from HbV.

Augmented secretion of SP-A into AF during late gestation

SP-A gene expression serves as an excellent marker of fetal lung
maturity (Mendelson and Boggaram, 1991). No significant difference
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Fig. 3. a and b. Plasma clinical chemistry tests of pregnant rats after the 7 day DRI of HbV or saline (n
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Fig. 4. Inmunohistochemical staining for human Hb antibody in HbV in the spleen (a), liver (b), kidney (c), junctional zone (d) and labyrinth (e) of the placenta of pregnant rats
and fetal liver (f) after the 7 day DRI of HbV. The tissues were stained with human Hb antibody. The pink-colored areas indicate the presence of a large amount of HbV. Scale bar,

100 pm.

in SP-A protein was detected between the saline and the HbV group
(Fig. 7) on day 23 of pregnancy, the day of the expected birth
(one-way ANOVA).

Discussion

The present study examined the effects of maternal intravenous
administration of HbV by 2 ml/kg/day for 7 days on pregnant rats
and fetuses. Our primary finding is that all the pregnant rats and
fetuses tolerated DRI (daily repeated infusion) of HbV well with no
deteriorative signs in maternal organ functions or fetal development.
In addition, we have demonstrated that the placental transfer of HbV
did not occur after the 7 day DRI of HbV at the late stage of pregnancy.

In the pregnant rat mothers, the body weights increased in the
same manner from E16 to E23 between the saline and HbV groups
during DRI and no significant difference in maternal weights between
the groups was detected. In maternal general conditions, HbV
infusion induced no signs of hypertension or blood hyperviscosity.
In the complete blood counts, none of the parameters showed any
difference between the groups. The leukocyte cell and platelet counts
slightly increased for the HbV group with no statistical difference, and
CRP, an inflammation-induced peptide, did not increase and remained

negative. No splenomegaly or hepatomegaly was recognized after the
7 day DRI in the present study. A large amount of HbV accumulated in
the red pulp zone of the spleen and in Kupffer cells of the liver, however
levels of hepatic enzyme concentrations were found to be normal. In
renal functions, no abnormal values were noted for CRE, UA, or BUN,
although urinalysis showed a slight increase in protein levels. The
mesangial cells in the renal glomerulus entrapped HbV in their intracel-
lular spaces as detected by anti-human Hb-antibody staining. In lipid
metabolism, the plasma lipid components did not differ between the
two groups although relatively high individual variations were found
in TG and FFA.

In fetuses, like pregnant mother rats, body weights did not differ
between the saline and HbV groups after DRI nor was any significant
difference detected between the placenta weights of the two respec-
tive groups. Fetal maturation assessed by SP-A in the amniotic fluid
showed no significant difference between the HbV and the saline
group, indicating that HbV may not have a negative influence over
fetal lung maturation. Corresponding to fetal lung maturity, SP-A
mRNA is first detectable in rodent fetal lung at the late stage of preg-
nancy and increases to term (Mendelson and Boggaram, 1991; Alcorn
et al,, 1999). SP-A protein in rat amniotic fluid was reported to be ev-
ident at 18 days of pregnancy and increased markedly through term

Fig. 5. Immunohistochemical staining for hemosiderin by Berlin blue in the spleen (a), liver (b), kidney (c), junctional zone (d) and labyrinth (e) of the placenta of pregnant rats and

fetal liver (f) after the 7 day DRI of HbV. Scale bar, 100 pm.
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Fig. 6. Tissue distributions of '“*I-HbV at 12 h after administration to pregnant rats.
Rats received a single injection of '**I-HbV from the tail vein of a dose of 1400 mg/kg.
12 h after injection, each organ was collected (n =5 for each group; value: average 4 s.d.).

(Sakai et al., 1994). Since fetal lung maturation is one of the most im-
portant indicators reflecting fetal development, these data suggest
that rat fetuses generally developed well during the 7 days of HbV
infusion.

Regarding placental transfer of HbV, the present in vivo examina-
tion using '?°[-HbV demonstrated that significantly low signals were
detected from fetal liver, indicating that HbV did not cross the placen-
ta after a dose of 1400 mg/kg, which is equivalent to the total applied
during the full 7 days of DRL In the full-term placenta of the rat,
horseradish peroxidase, a tracer of the diameter of approximately
0.6 nm (Osicka and Comper, 1998), does not penetrate beyond the
layer 1], the main barrier of the rat placenta (Metz et al,, 1978; Tomi
et al,, 2011). Since the hemoglobin vesicle (HbV; diameter 252 4
53 nm) has an approximately 400 times larger molecular size than
the horseradish peroxidase, the HbV are not likely to be transferred
from maternal to fetal compartments through the rat placenta.
The result of the '2°I-HbV study showing no placental transfer of
HbV was also supported by immunohistochemical analysis using
anti-human Hb-antibody, which detected no HbVs in the fetal organs
such as the fetal liver. This is also consistent with the results of Berlin
Blue staining portions, which reflect the presence of excessive
amounts of hemosiderin, most likely to be from HbV, in the maternal
spleen, liver, kidney and placenta but not in the fetal liver. In
pregnant rat mothers, a relatively large amount of the 25-HbV
dose was distributed in the plasma, spleen and liver, which is consis-
tent with a previous report (Taguchi et al., 2009a, b; Taguchi et al,,
2011). Since HbV possesses a liposome structure, they are expected
to be captured by the MPS (mononuclear phagocyte system) in the
spleen and liver (Kiwada et al., 1998). Although phospholipid and
other hemoglobin-deprived proteins decomposed from HbV are
reported to be safely metabolized in the MPS (Sakai et al., 2008;
Taguchi et al,, 2009a), further studies are still required to examine
the effects of these decomposed substances on the fetus, which pass
through the complex placental transport system which includes
enzymes, transporters and channels.

Conclusion

In conclusion, we have shown that the pregnant rats and fetuses
tolerated daily repeated infusion (DRI) of HbV with no detrimental
signs to pregnancy or organ functions and also that no detectable
placental transfer of HbV occurred during the late stage of pregnancy.
Although further investigations are required to elucidate whether the
same effects occur in humans, our results are the first to report the
safety of Hb-based oxygen carriers including HbV for application to
pregnant mothers and fetuses using an animal model, and have also
provided important information for possible HbV clinical applications

SP-A

/S'alme Hb\/ BL |
Amniotic Fluid

Fig. 7. Fetal lung maturation assessed by surfactant protein-A (SP-A). Amniotic fluid
isolated from pregnant rats at 23 days of pregnancy was analyzed for SP-A by immuno-
blotting. Shown is a representative immunoblot of amniotic fluid from the saline and
the HbV group, and of bronchoalveolar lavage (BL) from an intact rat as a positive con-
trol. No clear difference in the amount of SP-A between the saline and the HbV groups
was observed, suggesting that the fetuses in the HbV group had as matured lungs as
those in the saline group (n=>5 for each group).

for addressing fetal hypoxic conditions induced by pathogenic pla-
centa during pregnancy.
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Abstract

Hemoglobin-vesicles (HbV) are a cellular type hemogiobin-based oxygen carrier in which a concentrated
| hemoglobin solution is encapsulated within a phospholipid vesicle (liposome). Although it was previously revealed
| that HbV possesses a higher biocompatibility, low toxicity and no accumulation in the body in an animal model,
these assessments were limited to the use of rodents, including mice, rats and rabbits as models. The aim of this
study was to observe the effects of the administration of HbV in a nonhuman primate. For this purpose, cynomolgus
monkeys were used as the model and the systematic response, serum biochemical analysis and pharmacokinetic
properties were monitored for 14 days after a massive intravenous injection of HbV at a putative dose (1400 mg Hb/
kg, 17.5 mL/kg). All of the monkeys tolerated the massive amount of injected HbV and survived, and no abnormal
behavior was observed. The systematic response and serum biochemical analysis were overall normal, except for a
transient elevation in alanine aminotransferase levels. In addition, the levels of phospholipids, total cholesterol and
total bilirubin, metabolites of hemoglobin and lipid components of HbV, were increased after HbV administration.
In the pharmacokinetic study, HbV was retained for a sufficient period to permit it to function as an alternative to
red blood cells and showed good metabolic properties without accumulation in the bloodstream. in conclusion,
this is the first report of biological reactions and a pharmacokinetic evaluation for a 14 day period after a massive
intravenous injection of HbV in a primate. The results obtained in this study provide useful information, not only for
the development of further optimized HbV but also for designing relevant and rational protocols for clinical trials.

Keywords: Hemoglobin; Liposome; Artificial blood; Cynomolgus
monkey

Abbreviations: RBC: Red Blood Cells; HBOCs: Hemoglobin-
Based Oxygen Carriers; HbV: Hemoglobin-Vesicles; Hb: Hemoglobin;
PEG: Polyethylene glycol; DPPC: 1,2-dipalmitoyl-sn-glycero-3-
Phosphatidylcholine; DHSG:  1,5-bis-O-hexadecyl-N-succinyl-L-
glutamate; PaO,;: arterial blood oxygen tension; PaCO,: arterial blood
carbon dioxide tension; AST: Aspartate Aminotransferase; ALT:
Alanine Aminotransferase; y-GTP: y-glutamyltransferase; ALP:
Alkaline Phosphatase; BUN: Blood Urea Nitrogen; TG: Triglyceride;
HDL-Cholesterol: ~ High-Density  Lipoprotein, MCV: Mean
Corpuscular Volume; MCH: Mean Corpuscular Hemoglobin; MCHC:
Mean Corpuscular Hemoglobin Concentration; MPS: Mononuclear
Phagocyte System

Introduction

There is now little doubt that the transfusion of red blood cells
(RBC) is an indispensable procedure in the treatment of patients
with massive hemorrhages. However, conventional RBC transfusions
still have the potential for blood-type mismatching, infections by
unrecognized pathogens, hepatitis, human immunodeficiency virus
or West Nile virus etc. In addition, it is difficult to maintain a steady
supply of RBC at a time of a disaster during military conflicts and
problems associated with its short 2-3 week preservation period. To
overcome these problems, various artificial oxygen carriers, such as
perfluorocarbon-based oxygen carriers, synthetic Fe** porphyrin-based
materials, acellular type hemoglobin-based oxygen carriers (HBOCs)
and cellular type HBOCs, have been under development worldwide
[1-4]. Pre-clinical and clinical trials dealing with the above systems

indicate that perfluorocarbon-based oxygen carriers can induce chronic
pneumonitis due to their insufficient excretion from the body and their
accumulation in the lung [5], and some acellular type HBOCs lead to
the development of myocardial lesions and an increase in mortality
rates in humans [6]. Therefore, perfluorocarbon-based oxygen carriers
and acellular type HBOCs can be excluded as possible candidates for
artificial oxygen carriers even though they proceeded to the stage of
clinical trials.

Hemoglobin-vesicles (HbV) are a type of cellular type HBOC:s in
which a concentrated human hemoglobin (Hb) solution is encapsulated
in a liposome, the surface of which is covered with polyethylene glycol
(PEG) [7]. The cellular structure of HbV most closely mimics the
characteristics of a natural RBC such as the cell membrane function,
which physically prevents Hb from coming into direct contact with
the components of the blood and vasculature during its circulation. In
addition, HbV has been shown to possess several superior characteristics
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to RBC transfusions including the absence of viral contamination [8],
a long-term storage period of over 2 years at room temperature [9] and
no need of cross-matching etc. Furthermore, the transport of oxygen by
HbV is equivalent to RBC, after adjusting for the amount of allosteric
effector [10], and HbV and RBC have comparable pharmacological
effects in hemorrhagic shock animal models [11-13]. Based on these
facts, HbV appears to have potential for use as an alternative to RBCs,
and has considerable promise for use in clinical settings.

Since the dosage of HbV for use as asubstitute for RBCis significantly
greater than that for other commercial drugs, comparatively massive
amounts of HbV and its associated components, including Hb and
lipids, are introduced into the body. Because of the fact that massive
amounts of HbV are used, Hb and lipids derived by HbV during
metabolism and disposition could result in the accumulation of such
components in blood or organs, and might cause a variety of adverse
effects, such as hypertension, renal disease, arterial sclerosis and
hyperlipidemia [14,15]. Therefore, it becomes necessary to develop
an in-depth understanding of the biological reactions associated with
a massive HbV administration at the preclinical trial stage. To date,
several preclinical trials have evaluated the histology, biochemical
analysis and pharmacokinetic properties after the administration of
a putative dose of HbV. The results show that HbV possesses a low
toxicity and is promptly metabolized (no accumulation in the body)
even after a massive infusion [16-21]. Although pre-clinical studies
(toxicity, pharmacology and pharmacokinetic etc.) have been carried
out in multiple species including rodents, domestic animals and
nonhuman primates, all of the aforementioned in vivo studies of HbV
were limited to the use of rodents, such as mice, rats and rabbits. In
considering nonhuman primates as animal models, rhesus monkeys
and cynomolgus monkeys are particularly good models for observing
the biological reactions of drugs at the preclinical trial stage. In
addition, the results of such studies can be helpful in designing the
most relevant and rational protocols for clinical studies. Therefore,
before HbV proceeds to the stage of clinical trials, biological reactions
after the administration of a massive amount of HbV need to be done
using nonhuman primates.

Based on this background, we conducted the further evaluations of
systemic response, serum biochemical analysis and pharmacokinetic
properties for 14 days after massive intravenous injection of HbV at a
putative dose in cynomolgus monkeys.

Materials and Methods

All studies were conducted at the Shin Nippon Biomedical
Laboratories (Kagoshima, Japan). The study protocol was approved
by the Shin Nippon Biomedical Laboratories Animal Care and Use
Committee (IACUC707-004). All experiments were performed
according to the guidelines, principles, and procedures for the care and
use of laboratory animals of Shin Nippon Biomedical Laboratories.

Preparation of HbV particles and HbV test solution

HbV particles were prepared under sterile conditions, as
previously reported [22]. Briefly, an Hb solution was purified from
outdated donated blood provided by the Japanese Red Cross Society
(Tokyo, Japan). The encapsulated Hb (38 g/dl) contained 14.7 mM
of Pyridoxal 5-phosphate as an allosteric effector to regulate oxygen
affinity (P,;). The lipid bilayer was a mixture of 1, 2-dipalmitoyl-sn-
glycero-3-phosphatidylcholine (DPPC), cholesterol, and 1, 5-bis-O-
hexadecyl-N-succinyl-L-glutamate (DHSG) at a molar ratio of 5/5/1,
and 1, 2-distearoyl-sn-glycero-3-phosphatidyl-ethanolamine-N-PEG
(0.3 mol%). The HbV particles were suspended in a physiological salt

solution, filter-sterilized (Dismic, Toyo-Roshi, Tokyo, Japan; pore
size, 450 nm), and nitrogen gas was bubbled through the solution for
storage. The properties of the HbV solution used in this study (Lot #:
1010) are shown in Table 1. Before the experiments, the HbV solution
was mixed with a 25% recombinant human serum albumin solution
(Nipro Corp., Osaka, Japan) to adjust the albumin concentration of
the vesicle-suspension medium to 5 g/dL. Under these conditions,
the colloid osmotic pressure of the suspension is maintained constant
at approximately 20 mm Hg [22]. This solution was used for all
experiments as the HbV test solution.

Animal and HbV test solution injection

Four cynomolgus male monkeys (5.57-5.93 kg) were treated with
HbV test solution. From at least 10 days before the HbV administration,
all animals were acclimatized to experimental conditions, such as
fixture to a positioner, administration, blood sampling, and were
maintained in a temperature-controlled room with a 12-hrs dark/light
cycle with ad libitum access to water. The food intake was restricted to
approximately 108 g per day with treats twice per week.

On day 0, the monkeys without anesthesia were fixed to the
positioner. Subsequently, intravenous cannula were introduced into
the cephalic vein of the forearm for infusion, and each animal received
a single intravenous infusion of the HbV test solution, administered
as a transfusion of 17.5 mL/kg (1400 mg Hb/kg), representing
approximately 20% of total blood volume, at a rate of 1 mL/min as well
as previous studies [4,19,21].

Measurement of blood pressure

Under unanesthetized conditions, monkeys were fitted with a
blood pressure cuff on the upper arm, and both systolic and diastolic
blood pressure were measured using a non-invasive blood pressure
monitor (BP-8800NC, Omron Colin, Tokyo, Japan) at 7 days before
administration (baseline). And 1,6 hour, 1, 3, 7, 14 days after HbV test
solution administration.

Blood sampling and measurement of blood gas, hematology
and serum chemistry

At 7 days before administration (baseline), 1, 3, 7 and 14 day after
the HbV test solution administration, arterial blood samples were
collected from the femoral artery. Immediately after withdrawal, the
arterial blood oxygen tension (PaQ,), arterial blood carbon dioxide
tension (PaCO,), the pH of all arterial blood samples were measured
using a blood gas analyzer (i-STAT 300F; Abbott Point of Care Inc.,
Princeton, NJ). The venous blood samples were collected from the
femoral vein at 7 days before administration (baseline), 7 and 14 day
after the HbV test solution administration for the evaluation of serum
chemistry. The venous blood was centrifuged (1710 g, 10 min) to obtain
serum. The serum samples were then ultracentrifuged to remove HbV
(50000 g, 30 min), because HbV interferes with some of the laboratory
tests [23]. All serum samples were analyzed by a JCA-BM6070 or JCA-
BM6050 (JEOL Ltd., Tokyo, Japan) instrument. The analyses performed
were total protein, albumin, aspartate aminotransferase (AST), alanine
aminotransferase (ALT), y -glutamyltransferase (y -GTP), alkaline

Solution Hemoglobin | Lipids P Diameter = Methemoglobin

L . (g/dL) (grdl) | (mm Hg) (nm) RO
HbV 10.1 9.8 20.2 252.8 74

P, arterial blood oxygen tension at which hemoglobin is half-saturated with

oxygen

Table 1: Solution properties of Hemoglobin-vesicles (HbV).
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phosphatase (ALP), blood urea nitrogen (BUN), creatinine, uremic
acid, lipase, amylase, triglyceride (TG), phospholipids, total cholesterol,
high-density lipoprotein (HDL)-cholesterol, total bilirubin, sodium,
potassium, calcium, chloride, glucose and inorganic phosphate.

Pharmacokinetic study

Under unanesthetized conditions, blood samples were collected
from the femoral vein at multiple time points after administration
of the HbV test solution (7 days before administration (baseline),
immediately after finishing the administration (~1 min), 10 min, 30
min, 1, 3, 6, 12 hrs, 1, 2, 3, 7 and 14 days after administration) and
the plasma was separated by centrifugation (1710 g, 15 min). The
concentration of HbV in the plasma was evaluated by measuring the
concentration of Hb in plasma, because HbV remains in the plasma
phase after centrifugation. The Hb concentration of HbV in plasma was
determined by a cyanomethemoglobin method (hemoglobin B test kit
Wako: Wako Chemicals, Saitama, Japan).

Data analysis

Friedman’s test was used for comparison of baseline and
subsequent values. Data are means * SD for the indicated number
of animals. A probability value of p<0.05 was considered to indicate
statistical significance.

Results and Discussion

Body weight and behavior

All monkeys survived up to 14 days after HbV administration and
none were on the verge of death. Body weight before administration
was 5773 + 161 g, which increased slightly to 5893 + 206 g at 14 days
after HbV administration. These data indicate that the effect of HbV on
physiological functions and the suppression of growth are negligible.
Moreover, no abnormal behavior was observed, i.e., no changes in
appearance of any reduction in appetite after HbV administration.
It can therefore be concluded that HbV is not toxic to the cerebral
nervous system.

Arterial pressure

Table 2 shows average values for systolic blood pressure and
diastolic blood pressure for the 14 day follow-up period for the animals.
Similar to reported data for the previous study [24], no significant
changes were observed in either systolic or diastolic blood pressure
immediately after HbV administration and during the experiment.
It has been reported that acellular type HBOCs such as polymerized
HD or intramolecular cross-linked Hb can induce hypertension due to
scavenging of the endogenous vasorelaxation factors nitric oxide and
carbon monoxide [25-27]. On the other hand, the similarity of the HbV
structure to RBC prevents the Hb from contact with endothelial cells,

which retard the reaction with endogenous nitric oxide and carbon
monoxide [28,29]. Therefore, changes in systolic and diastolic blood
pressure after HbV administration would not be expected.

Blood gas parameters and electrolytes

Table 3 summarizes the blood gas parameters for the 14 day follow-
up period. No abnormal values or significant differences between
before and after HbV administration were observed. In addition, no
changes in electrolytes were observed during the experiment except for
inorganic phosphate (Table 4). Although inorganic phosphate levels
were significantly different at 14 day after HbV administration as
compared to before HbV administration, these changes were within the
normal range. Previous reports also showed, in the case of the healthy
rat, that HbV administration did not affect blood gas parameters and
electrolytes even though they infused HbV (950 mg Hb/kg/day) for 14
consecutive days, which was equal to 2.5 times the actual blood volume
[18]. These collective findings indicate that HbV administration has
no effect on blood gas parameters and electrolytes in all mammalian
species.

Serum laboratory test

In a previous study, it was reported that an HbV suspension
showed considerable interference effects in some analysis including
colorimetric and turbidimetric analyses and chemical reactions that
occur in some assays [21]. However, they can be easily removed from
the plasma by ultracentrifugation, which substantially diminished
these interfering components in clinical chemistry [23]. Therefore,
no interference by HbV was detected in 22 serum laboratory tests,
including electrolytes, as shown in Table 4, since it was removed from
the serum by ultracentrifugation.

The parameters reflecting liver function (total protein, albumin
AST, ALT, y-GTP and ALP) are shown in Figure 1. Among these
parameters, no changes in total proteins, AST, y-GTP and ALP were
found at 7 and 14 days after HbV administration. While ALT was
slightly increased at 7 day after HbV administration, their values
returned to original levels within 14 day after HbV injection. Sakai et al.
(2004) previously reported, in a healthy rat model, that ALT increased
slightly after an HbV infusion at a dose of 2000 mg Hb/kg [16]. The
liver is one of the main organs of the metabolism of HbV, because HbV
particles are ultimately captured by the mononuclear phagocyte system
(MPS), such as Kupffer cells [17-19]. Therefore, an extra load on the
liver during the metabolism of the massive amounts of HbV might
result in elevated ALT. In addition, albumin was also slightly changed
at 14 days after HbV injection. However, it is possible that the effect of
HbV administration on liver function was of no consequence, because
these changes of ALT and albumin were transient and/or normal range
and no changes in other parameters reflecting liver function were
found (Figure 1).

after HbV administration
Pre (hour) (day) B
1 ? 6 1 3 7 , 14 B
Systolic blood pressure (mmHg)
Ave. 118.56+8.3 1245+47 123.3+154 109.3 £ 11.1 1105+ 14.3 104.3+10.3 109+ 10.1
(range) (110-130) (120-129) (103-139) (99-125) (94-129) (93-114) (101-122)
‘Diastolic blood pressure (mmHg) ’
Ave. 64.3+4.9 66.8+5.7 66.316.6 56.3+9.1 63.3£10.0 56.5+5.1 55.3£6.1
(range) (58-70) (60-72) (57-71) (48-69) (63-77) (53-64) (50-64)

Data are mean + S.D. (n=4)

Table 2: Changes in mean systolic and diastolic blood pressure after hemoglobin-vesicle administration at a dose of 1400 mg Hb/kg in male cynomolgus monkeys.
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e Day after HbV administration
‘PO, (mmHg) )
Ave. 96.3+4.9 93.3+2.2 93.846.2 98.5£6.0 90.8+17.7
(range) (90-101) (90-95) (87-100) (92-106) (66-107)
PCO, (mmHg) I B
Ave. 29.7+2.4 319423 = 31.0%2.1 30.5+2.9 28.5+1.8
(range)  (27.1-32.9) (29.4-34.9) (28.0-32.8) (26.3-32.9) (26.3-30.6)
pH
Ave. 7.36£0.09  7.4420.07 = 7.47£0.02  7.44£0.02  7.3840.08
(range)  (7.26-7.48) (7.36-7.52) (7.44-7.49)  (7.41-7.45) (7.27-7.47)

Data are mean + S.D. (n=4)

Table 3: Changes in arterial blood oxygen tension (PaO,), arterial blood carbon
dioxide tension (PaCO,) and pH after hemoglobin-vesicle administration at a dose
of 1400 mg Hb/kg in male cynomolgus monkeys.

Day aft’é”r’ HbV administration

um (mEgq/dL)
Ave. 153.9+1.5 146.9+2.1 7+2.4
(range) _ (152-155) _ (145-152) (144-150)
Pottasium (mEg/dL) ,
Ave. 4.3+0.5 3.9+0.2 4.4+04
(range) (3.6-4.7) (4.1-5.1) (3.7-4.4)
Calcium (mEq/dL)
Ave. 10.3x1.5 10.8+1.7 9.9+14
__(range)  (8.3-12.0) (8.3-11.3} (94-129)
‘Chioride (mEq/dL) o
Ave. 112.2¢2.0 108.8+1.8 112.4+3.6
(range) (111-115) (107-115) (106-111)
. Glucose (mg/dL)
Ave. 91.8+24 4 91.5+10.2 91.0£24.9
. (range) (12-122) (70-127) (80-102)
Inorganic phosphate (mgfdL) R
Ave. 5.2+0.9 5.7£0.7 6.0+0.8**
__ (range) (4.0-5.9) (5.066) . (47-84)

** p<0.01 vs. pre-treatment. Data are mean + S.D. (n=4)

Table 4: Summary of electrolytes after hemoglobin-vesicle administration at a dose
of 1400 mg Hb/kg in male cynomolgus monkeys.

It is well-known that the Hb derived from hemolysis causes renal
toxicity by the dissociation of tetramic Hb subunits into two dimers,
extravasaion, and precipitation in tubules [15]. In the present study,
BUN, creatinine and uremic acid levels, which reflect renal function,
were slightly changed during the 14 days after the HbV injection,
but these changes were still within the normal ranges (Figure 2).
This could be due to the characteristics of HbV in which its structure
is maintained intact in the circulation, while Hb derived from HbV
was completely degraded by MPS. In fact, several results observed in
this study (as well as in previous reports) support this conclusion: (i)
there was no evidence of the presence of Hb in the supernatant after
ultracentrifugation and hemoglobinuria in this study (data not shown),
(ii) HbV is circulated in the form of stable HbV in the blood circulation
until metabolized by MPS [19].

Amylase and lipase activity was measured to analyze pancreatic
function (Figure 2). Amylase levels were essentially unchanged. On
the other hand, lipase levels were temporally increased seven days
after HbV, but returned to the basal level within 14 days. The same
tendency was observed in a previous report using healthy rats [16]. This
elevated lipase activity could be due to the damage to the pancreas by
HbV. However, when the pancreas is damaged (e.g. acute necrotizing
pancreatitis), lipase activity typically becomes dramatically elevated
from 10 to 475-540 IU/L [30]. Thus, the small elevation in lipase levels

observed here can likely be attributed to the induction of pancreatic
enzymes by the presence of a large amount of lipids associated with
HbV. This speculation was also supported by our present results
that only lipase activity increased followed by elevation of TG and
phospholipid shown in Figure 4, but amylase did not.

The concentration of the TG and HDL-cholesterol were increased
slightly, and thelevels of phospholipids and total cholesterol, metabolites
of the lipid components of HbV, were significantly increased after HbV
administration (Figure 3). In addition, total bilirubin, which is related
to the metabolic routes of Hb, were temporarily increased at 7 days
after HbV administration, but returned to basal levels within 14 days
after the HbV administration (Figure 3). They are likely derived from
the HbV particles because they contain a large amount of cholesterol
(1200 mg/dL), DPPC (1840 mg/dL) and Hb (10000 mg/dL). During
the metabolism of Hb derived from RBC, bilirubin is released and
excreted in the bile. In this study, total bilirubin increased at 7 day
after HbV administration, indicating that Hb derived from HbV is
metabolized and excreted via the normal pathway. On the other hand,
cholesterol of the vesicles should reappear in the blood mainly in the
form of a lipoprotein-cholesterol complex after entrapment in the
Kupffer cells and should then be excreted in the bile after entrapment
of the lipoprotein cholesterol by hepatocytes [31]. Furthermore, it was
reported that phospholipids in liposomes are metabolized in MPS
and reused as cell membranes or are excreted into the bile [32,33]. In
a study using healthy mice and rats, we demonstrated that the outer
lipid components, especially cholesterol, were mainly eliminated in the
feces via biliary excretion after metabolization by MPS [19]. Therefore,
it would be desirable to understand whether the lipid components in
HbV behaved the same as endogeneous lipid after the metabolization

of HbV in MPS.
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Figure 1: Serum laboratory tests representing liver function after the
administration of hemoglobin-vesicles at a dose of 1400 mg Hb/kg in
cynomolgus monkeys.

Data are mean + SD. (n=4) * p<0.05, ** p<0.01 vs. pre-treatment.

The individual values are representing as following symbols (o; No.1, o; No.2,
A; No.3, 0; No.4).

AST; aspartate aminotransferase, ALT; alanine aminotransferase, y--GTP;
y-glutamyltransferase, ALP; alkaline phosphatase. !
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Figure 2: Serum Ilaboratory tests representing renal and pancreatic
function after hemoglobin-vesicle administration at a dose of 1400 mg
Hb/kg in cynomolgus monkeys.

Data are mean + SD. (n=4) * p<0.05 vs. pre-treatment.

The individual values are representing as following symbols (o; No.1, o; No.2,
. A; No.3, 0; No.4).

. BUN; blood urea nitrogen.
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. Figure 3: Serum laboratory tests representing the metabolism of lipid and
hemoglobin after hemoglobin-vesicle administration at a dose of 1400 mg
Hb/kg in cynomolgus monkeys.

Data are mean + SD. (n=4) * p<0.05, ** p<0.01 vs. pre-treatment.

The individual values are representing as following symbols (o; No.1, o; No.2,
A; No.3, 0; No.4).

. TG; triglyceride, T-cholesterol; total cholesterol, HDL-cholesterol; high-density
. lipoprotein cholesterol, T-bilirubin; total bilirubin.
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Figure 4: (A) The appearance of plasma before hemoglobin-vesicle
administration (left), immediately after finishing administration (middle)
and 14 days after hemoglobin-vesicle administration (right). (B) Time
course for plasma concentration of hemoglobin represents hemoglobin-
vesicle concentration in plasma after hemoglobin-vesicle administration
at a dose of 1400 mg Hb/kg in cynomolgus monkeys.

The individual values are representing as following symbols (o; No.1, o; No.2,

A; No.3, 0; No.4).

Pharmacokinetics

Since HbV is known to be dispersed in the plasma, we measured
the Hb concentration in plasma using a cyanomethemoglobin method
to examine the retention of HbV in the circulation in cynomolgus
monkeys. Figure 4B shows the time course for the concentration of
Hb in plasma after the administration of HbV at a dose of 1400 mg
Hb/kg in cynomolgus monkeys. Although the plasma concentration
of Hb varies widely among individuals, HbV is sufficiently retained in
the blood in the monkey (Half-life; 47-72 hour). On the other hand, no
Hb was detected in plasma when analyzed by the cyanomethemoglobin
method (data not shown) and its appearance (Figure 4A) at 14 days after
HbV administration was the same as that before HbV administration.
Therefore, HbV appears to be completely cleared from plasma within 14
days after HbV administration. Interestingly, in the present study using
nonhuman primates, a saturation phenomenon for HbV elimination
was observed for the first 12 hour after HbV administration (Figure
4B), and the plasma HbV concentration started to decrease following
a 1-compartment model at 12 hour after HbV administration. HbV
in the bloodstream is finally captured and metabolized by phagocytes
in the MPS, especially Kupffer cells in the liver [17,19]. Therefore, the
saturation phenomenon observed in this study appears to be due to
the saturation of Kupffer cells. These data indicate that HbV possesses
both good retention in the blood and metabolic properties even in a
nonhuman primate.

Conclusions

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 [34], wound healing in critically ischemic skin [35], acute
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ischemic strokes [36] and as a radiation therapy agent [37]. Therefore,
HbV has considerable promise for use in the clinic in the future. This
study is the first report about the observation of biological reaction
and pharmacokinetic evaluation after massive intravenous injection of
HbV ata putative dose in a nonhuman primate. As a result of this study,
no severe adverse effects were observed in terms of systemic response
and in serum biochemical analyses. In addition, pharmacokinetic
evaluation showed that HbV is retained in the blood long enough to
function as an RBC substitute in nonhuman primates as well as rodents
[19,38-40]. The results obtained in present study not only clarify the
effect of HbV on physiological responses in primates but also provide
helpful information related to designing the most relevant and rational
protocol for a clinical study.
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