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IMPROVING THE EFFICIENCY OF OXYGEN
CARRIERS FOR BLOOD SUBSTITUTES

Marcos Intaglietta
Department of Bioengineering, University of California,
San Diego, La Jolla, California

The safety and efficacy of hemoglobin-based oxygen
carrying blood substitutes have made continuous progress,
resulting in compounds that are not vasoactivity and show
minimal or no side effects. These compounds comprise
polyethylene glycol conjugated hemoglobin, hemoglobin
vesicles and large hemoglobin polymers. To the present
they utilize human hemoglobin, therefore their use may
impact the blood transfusional supply, unless they are
formulated in such a fashion that their efficacy in restoring
circulatory carrying capacity is increased relative to an
equivalent amount of blood, allowing their use at
significantly lower hemoglobin concentrations than normal
blood. This goal is attainable by lowering hemoglobin p50,
while maintaining some degree of cooperativity.
Formulations that increase viscosity may also provide
additional benefits in preserving microvascular function,
particularly perfusion and functional capillary density.
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PEG-BSA RESUSCITATION MAINTAINS
FUNCTIONAL CAPILLARY DENSITY (FCD)
IN SEPSIS

Nanae Hangai-Hoger, Pedro Cabrales,

Amy G. Tsai and Marcos Intaglietta

Department of Bioengineering, University of California,
San Diego, La Jolla, California

Microvascular impairment due to sepsis is treated by
fluid administration to treat collapsed capillaries due to
vascular leakage and tissue edema. Maintenance and
restoration of FCD can be targeted by using polyethylene
glycol modified albumin, a fluid with plasma expansion
capacity that does not extravasate, and has high viscosity,
which is beneficial in maintaining FCD.

Sepsis was induced by LPS (E. coli) injection in the
hamster window model. Fluid treatment was instituted
with Dextran 70 (DEX-G) or 25% PEG-BSA (PEG-G). Fluid
was infused for 1 hour, after LPS injection. Blood pressure
(BP), hear rate (HR) and FCD were measured at t = 2, 6, 12
and 24 hrs after LPS injection. BP was significantly lowered
in control, no treatment (t = 6, 12 and 24) and DEX-G (t = 6
and 24). HR did not change in any group. Control FCD
reduced to 9.5% (t = 2), 6.7% (t = 6), 9.4% (t = 12) and 16.2%
(t = 24) from baseline. In DEX-G, FCD reduced to 43.6 % (t
= 2), 425% (t = 6), 223% (t = 12) and 29.4% (t = 24) from
baseline, which were significantly lower than baseline and
significantly higher than control (t= 2 and 6). In PEG-G,
FCD was reduced to 68.3% (t = 2), 36.4% (t = 6), 69.8% (t =
12) and 83.5% (t = 24) from baseline, which were significantly
lower than baseline at t = 2, 6 and 12, while significantly
higher than control at all time points and higher than DEX-
Gatt =2 12 and 24. In conclusion PEG-BSA resuscitation
maintained BP and FCD during sepsis treatment.

This study was supported in part by the NIH grants
R24-HL 64395, RO1-HL 62318 and RO1-HL 62354 to MI.
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LIPOSOME-ENCAPSULATED HEMOGLOBIN
POTENTIATES RADIATION THERAPY TO
SUPPRESS CANCER GROWTH IN MICE

Akira T. Kawaguchi”, Chieko Murayama™,

Youji Tsutsui”, Yoshitaka Ogata™, Munetaka Haida"),
Yukihiko Ohizumi®

Tokai University School of Medicine™, Terumo Co Ltd™

Background. Liposome-encapsulated hemoglobin (NRC,
Terumo Co, Ltd) has been modified to have a high-O,-affinity
(P*=10 mmHg, hNRC) to increase O, delivery to hypoxic
tissues such as neoplasm. We hypothesize that targeted O,
delivery to neoplasm by hNRC may potentiate radiation
therapy and test effects of hNRC and radiation on cancer
growth in mice.

Methods. In order to determine optimal dosage, hNRC
(0.5%, 1%, 2% of body weight) was intravenously infused 30
minutes before radiation therapy (20 gray) on transplanted
squamous cell carcinoma (SCCVII) in mice (C3H/HeN, n=7 in
each group). Tumor size was monitored daily thereafter to
titrate suppression on tumor growth. In order to determine
optimal interval, 1% body weight of hNRC was infused 30,
60, 90 and 120 minutes before a same radiation therapy (n=7
in each group). Tumor size was monitored daily to measure
the period of time required to duplicate tumor mass by 5
times. In other mice, hNRC or empty liposome (1% of body
weight) were infused without radiation and tumor excised 1,
3, 6, 24, 48 and 72 hours later (n=5 in each group) for
histochemical staining for HIF peptide.

Results. hNRC was most effective when 1% of body weight
was infused as compared to empty liposomes or 0.5% or 2%
of hNRC. Tumor growth was most suppressed when
interval between hNRC infusion and radiation was shortest,
30 minutes. As the result, 1% hNRC infusion 30 minutes
prior to radiation elongated 5-times tumor duplication time
from 15 days (no treatment) to 21 days, modifying factor
1.40. HIF expression showed no difference before 6 hours,
but started decreasing in the tumor of hNRC-treated mice
24 to 48 hours after administration.

Conclusion. hNRC was effective to potentiate radiation
therapy against tumor growth in mice. Decreased expression
of HIF in hNRC-treated tumor may suggest targeted tumor
oxygenation as a potential mechanism, and possible
synergistic effect in cancer chemotherapy as well. Optimal
dose, timing and O,-affinity need to be further defined.
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IMPROVEMENT OF TISSUE pO, BY HEMO-
GLOBIN SITE SPECIFICALLY PEGYLATED
AT CYS-93(8 ) DURING EXTREME HEMOD-
ILUTION STUDIED IN HAMSTER WINDOW
CHAMBER

Pedro Cabrales, Belur N. Manjula?, Amy G. TsaiY,
Seetharama A. Acharya? and Marcos Intaglietta?
Department of Bioengineering, University of California,
San Diego, La Jolla, CA?Y, Departments of Medicine and
of Physiology and Biophysics, Albert Einstein College of
Medicine, Bronx, NY?

The oxygen transport capacity of non-hypertensive
polyethylene-glycol (PEG) conjugated hemoglobin solutions
was investigated in the hamster chamber window model.
Microvascular measurements were made to determine
oxygen deliveries in conditions of extreme hemodilution.
Two isovolemic hemodilution steps were performed with 6%
Dextran 70 (70 kDa MW) plasma expander until hematocrit
(Hct) was 35% of control. Isovolemic blood volume exchange
was continued using two surface modified pegylated
hemoglobins (P5K2, P,, = 8.6, and P10K2, P50 = 8.3) until
hematocrit Hct was 11%. P5K2 and P10K2 are PEG
conjugated hemoglobins that maintain most of the
hemoglobin allosteric properties, and have a cooperativity
index n = 2.2. The effects of these molecular solutions were
compared to those obtained in a previous study using MP4,
a PEG-modified hemoglobin whose P,, was 5.4 and
cooperativity was 1.2 (Tsai et al, 2003). Tissue oxygen levels
were higher after P5K2 (7.0 + 25 mmHg) and P10K2 (6.3 +
2.3 mmHg) vs. MP4 (1.7 + 05 mmHg) or the non-oxygen
carrier Dextran 70 (1.3 £+ 1.2 mmHg). Microvascular oxygen
delivery was higher after P5K2 and P10K2 (2.22 and 2.34
mlO,/dl,,,) compared to MP4 (1.41 mlO,/dl,,,) or Dextran 70
(090 mlO,/dl,,,,), however all these values were lower than
control (7.42 mlO,/dl,,,). The total hemoglobin in blood was
similar in all cases; therefore the improvement in tissue pO2
and oxygen delivery appears to be due to the increased
cooperativity of the new molecules.

This study was supported in part by the NIH grants
R24-HL 64395, RO1-HL 62318 and R01-HL 62354 to MI.
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MICROVASCULAR REPONSE TO EXCHANGE
TRANSFUSION WITH STORED RBC: PERFUSION
AND OXYGEN DELIVERY

Amy G. Tsai, Pedro Cabrales, and Marcos Intaglietta
Department of Bioengineering, University of California,
San Diego, La Jolla, CA 92093-0412

BACKGROUND: Transfusions are intended to augment
oxygen carrying capacity. The ability of fresh and stored
RBCs to maintain microvascular perfusion and oxygen
delivery to the tissue has not been directly measured.
STUDY DESIGN AND METHODS: Microvascular responses
to exchange transfusion with fresh and stored RBCs after
acute isovolemic hemodilution with a plasma expander were
investigated using the hamster window chamber model. In
vivo functional capillary density (FCD), blood flow, and high-
resolution oxygen distribution in microvascular networks
were measured by noninvasive methods.

RESULTS: Exchange transfusion with an RBC suspension
after a 60 % isovolemic hemodilution with dextran 70
(MW=70 kDa) resulted in a hematocrit of 18% (56 + 02 g
Hb). All other systemic parameters were unchanged.
Stored RBCs (28 days in CPDA-1) resuspended in FFP
matched to the Hct/Hb concentration were exchange
transfused until 25% of the circulating RBCs were Stored
RBCs. Stored RBCs reduced microvascular flow and FCD
by 63% and 54% respectively of the level achieved when
Fresh RBCs were exchange transfused. Microvascular
oxygen extraction by the Stored RBC was 54% lower than
that of the Fresh RBCs. Tissue oxygen level was 35 and
14.4 mmHg for the Stored and Fresh RBC respectively.
CONCLUSION: Circulation of stored RBC in a hemodiluted
animal resulted in significantly malperfused and under
oxygenated microvasculature which was not detectable at
the systemic level.

This study was supported in part by the NIH grants R01-HL
76182 to AGT, R24-HL 64395, RO1-HL 62318 and RO1-HL
62354 to MI.
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LIPOSOME-ENCAPSULATED HEMOGLOBIN
ALLEVIATES MYOCARDIAL ISCHEMIA AND
REPERFUSION IN THE RAT

Akira T. Kawaguchi?, Teruhisa Tanabe?,
Munetaka Haida®, Yoshitaka Ogata?
Tokai University?, Terumo Corporation?

Background. We tested a hypothesis that liposome-
encapsulated-hemoglobin (LEH, diameter 200 nm) may
deliver oxygen beyond blockage through collaterals, improve
microcirculartion and limit ischemic damages after acute
myocardial ischemia and reperfusion.

Methods. Pressure-volume loops were analyzed 10 and 40
minutes after occlusion of the left anterior descending artery
and 10 and 40 minutes after reperfusion in rats. LEH (LEH+,
n=5) or empty liposome solution (LEH-, n=5) of 1% body-
weight was infused 5 minutes before (Pre) or 10 minutes
after onset of ischemia (Post). End-diastolic and end-systolic
pressure-volume relationships were defined in each occasion
and left ventricular size and function were analyzed before
and after onset of ischemia and reperfusion.

Results. Although end-diastolic (EDV) or end-systolic (ESV)
left ventricular volumes were not significantly different,
stroke volume (SV), end-diastolic pressure (EDP) and ejection
fraction (EF) were significantly higher in LEH+ rats after
onset of ischemia and reperfusion. LEH 10 minutes after
onset of ischemia showed similar protective effects with less
significance.

Conclusion. LEH before (pretreatment) or after onset of
myocardial ischemia (therapeutic use) appeared to be
effective in preserving stroke volume and ejection fraction
in the rat. Since percutaneous coronary intervention and/or
coronary bypass surgery always involve myocardial
ischemia, pretreatment with LEH may be useful to reduce
iatrogenic risk and damage. LEH may also be useful as an
emergency treatment after onset of myocardial ischemia
before definite therapy intervenes.
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LIPOSOME-ENCAPSULATED HEMOGLOBIN
LIMITS AREA OF CEREBRAL INFARCTION
IN THE RAT

Akira T. Kawaguchi?, Munetaka Haida®, Hideo
Tsukada?, Yoshitaka Ogata®

Tokai University?, Hamamatsu Photonics?,
Terumo Corporation?

Background. Treatment of cerebral infarction (Cl) has been
limited to indirect therapies aiming at reduction of edema or
oxygen demand. We tested a hypothesis that liposome
encapsulated hemoglobin (LEH) with a high (P,=10 mmHg)
or low (P,,=45 mmHg) oxygen affinity may ameliorate tissue
hypoxia and limit ischemic damages in a photo-induced
thrombosis (PIT) model of the middle cerebral artery in the
rat.

Methods. LEHs were intravenously infused 1% of body
weight 5 minutes after PIT occlusion of the right middle
cerebral artery in SD rats. Twenty-four hours later, rats
were killed and area of Cl was determined in 6 frontal plane
slices of the whole brain using TTC staining. Extent of Cl
was compared with control Cl rats treated with the same
amount of empty liposome solution.

Results. High- and low-oxygen affinity LEH were both
effective in significantly reducing area of Cl in the cortex
but not in the basal ganglia as compared to CI rats receiving
empty liposome solution. Extent of Cl in the basal ganglia
was comparable among CI rats regardless of treatment,
suggesting consistent creation of Cl by the PIT method.
There was no significant difference in improvements
between LEHs with a high- and a low-oxygen affinity.
Conclusion. Nanometer-sized LEH with a high- or low-
oxygen affinity were effective in reducing area and/or
extent of infarction mainly in the cerebral cortex after PIT
occlusion of the middle cerebral artery in the rat.

ARTIFICIAL BLOOD Vol. 12, No.2, 2004

LIPOSOME-ENCAPSULATED HEMOGLOBIN
SUPPRESSES VULNERABILITY AND IMPROVES
REVERSIBILITY OF VENTRICULAR FIBRIL-
LATION IN ISCHEMIC CANINE MYOCARDIUM

Akira T. Kawaguchi?, Kazutane Usui?,
Teruhisa Tanabe", Yoshitaka Ogata?, Munetaka Haida®
Tokai University School of Medicine?, Terumo Co Ltd?

Background. Liposome-Encapsulated Hemoglobin (NRC,
Terumo Co, Ltd) has been modified to have a high O,-affinity
(P;,=10 mmHg, hNRC) to increase O, delivery to hypoxic
tissues such as ischemic myocardium. We hypothesize that
targeted O, delivery by hNRC may suppress arrhyth-
mogenecity and improve reversibility in caine myocardium
under ischemia.

Methods. Empty liposome or hNRC (0.5% of body weight)
was infused 5 minutes after occlusion of the left anterior
descending artery (LAD) in open chest dogs. Ten minutes
after LAD occlusion, programmed electric stimuli on the left
ventricle were started to titrate vulnerability for ventricular
fibrillation (VF). Once VF is induced, LAD occlusion is
released and defibrillated by direct current cardioversion
using 1, 3, 5, 7 and 10 J. Ten minutes after reperfusion, the
same VF induction/reversal study was repeated using the
alternate solution, empty liposome or hNRC.

Results. While hNRC increased VF threshold and decreased
energy for defibrillation in each animal (n=3), empty
liposome failed to change vulnerability or reversibility of VF
in any of the animals (n=3) regardless of order of
administration, empty liposome or hNRC.

Conclusion. Liposome-Encapsulated Hemoglobin with a
high O,-affinity appears to be effective to suppress
vulnerability, and improve reversibility of VF in ischemic
canine myocardium. Optimal dose, timing and O,-affinity
need to be defined.
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