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enging. For example, endogenous carbon monoxide (CO) is pro-
duced by constitutive hemeoxygenase-2 in hepatocytes. It serves as
a vasorelaxation factor in hepatic microcirculation. Small molecular
Hb permeates across the fenestrated endothelium, scavenges CO,
and induces constriction of sinusoids and augments peripheral re-
sistance [20]. Oversupply of O, induces autoregulatory vasocon-
striction to regulate the O, supply [42]. Injection of small HBOCs
induces vasoconstriction, probably because of the facilitated O,
transport [43). These reports imply the importance of studying the
reaction profiles of HBOCs with NO, CO, and O, in microvessels,

Stopped flow-rapid scan spectrophotometry and flash photoly-
sis are common methods to define the binding and dissociation rate
constants of Hb [39,40,44,45]. However, the Hb concentration in a
cuvette must be diluted extremely, e.g.. to 2 uM heme concentra-
tion ([Hb] = 0.003 g/dL). In contrast, a gas-permeable narrow tube
(a model of microvessel) cnables the measurement of the
0,-releasing rates of HBOCs and RBCs during their flow through
the tube at a practical Hb concentration (e.g. 6—13 g/dL) [43,46,47]
(Fig. 4). We used gas-permeable narrow tubes (25 um inner diame-
ter) made of perfluorinated polymer to study not only O,-release
but also NO-binding and CO-binding profiles. We examined these
gas reactions when Hb-containing solutions of four kinds were
perfused through the tubes at a practical Hb concentration (10
g/dL). Purified Hb solution. PolygHb. encapsulated Hb (HbV.
279495 nm), and RBCs were perfused at | mm/s centerline veloc-
ity. The level of reactions was determined microscopically based on
the visible-light absorption spectrum of Hb. When the tube was
immersed in NO and CO atmospheres, both NO-binding and
CO-binding of deoxygenated Hb and PolygHb in the tube were
faster than those of HbVs and RBCs, and HbVs and RBCs showed
almost identical binding rates. When the tube was immersed in a N,
atmosphere, oxygenated Hb and PolygHb showed much faster
0,-release than did either HbVs or RBCs. PolygHb showed a [aster
reaction than Hb because of the lower O, affinity of PolygHb than
that of Hb [48].

The diffusion process of the particles was simulated using Na-
vier-Stokes and Maxwell-Stefan equations (Fig. 4). Results clarified
that small Hb (6 nm) diffuses laterally and mixes rapidly. However,
the large-dimension HbVs show no such rapid diffusion. The NO
and CO molecules, which diffuse through the tube wall and enter
the lumen, would immediatcly rcact with Hb-containing solutions at
the interface. Therefore, fast mixing would be effective to create
more binding sites of these gas molecules. In the case of Oy-release,
the O, can be removed more easily at the tube wall. where the O,
concentration gradient is the greatest. Fast mixing would create a
higher concentration gradient and rapid Oz transfer.

It is also speculated that there is a threshold particle diameter to
penetrate across the perforated endothelial cell layer to approach a
space (such as the space of Disse near the sinusoidal endothelial
layer in a hepatic microcirculation. or the space between the endo-
thelium and the smooth muscle). where CO or NO is produced as a
vasorelaxation factor [20,36]. Because the particle size of HbV is
obviously much larger than the Hb tetramer both the retardation of
NO reaction and the larger particle diameter arc inferred to be keys
10 suppress vasoconstriction and hypertension induced by HBOCs.

The purely physicochemical differences in diffusivity of the
particles and the resulting reactivity with gas molecules are factors
supporting the biological vasoconstriction of HBOCs.

5, HBOCS AS CARRIERS OF CO AND O,

Actually, CO, biliverdin, and bilirubin are all produccd during
oxidative heme degradation that is catalyzed by a single siress pro-
tein: heme oxygenasc (HO). They mediate anti-oxidative,
anti-proliferative, and anti-inflammatory effects [49]. Endogenous
CO shows a vasorelaxation effect, as does NO [50]. Motterlini e al.
synthesized a series of CO-releasing metal complexes and clarified
some pharmacological effects [S1. 52]. Despite the poisonous effect
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of CO gas, low-concentration CO inhalation (250 ppm) was tested
in animal models of hemorrhagic shock, septic shock, and ische-
mia-reperfusion [53). Some cyloprotective effects were obtained.
Their mechanisins have been studied extensively. Cabrales et al.
[54] reported CO-bound RBC injection to hemorrhaged hamsters
and clarified its cytoprotective effect in subcutaneous microcircula-
tion. These studies have led us to test intravenous injection of CO
as a ligand of heme in HBOCs that have been studied extensively as
transfusion alternatives.

A traumatic hemorrhage might cause a shock state, which sub-
sequently causes a systemic inflammatory response, leading in
some cases to multiple organ failure (MOF). Resuscitation with
transfusion or HBOCs with an Q,-carrying capacity induces reper-
fusion injury [17]. Activated neutrophils and macrophages produce
reactive oxygen species (ROS) [55], in which NADPH-oxidase is
involved as a major source of ROS by reacting with O, at reperfu-
sion. Actually, we observed elevation of plasma enzyme levels 6 hr
after resuscitation from hemorrhagic shock by administration of O,
bound RBCs and HbVs in a rat model [16]. It is expected that
co-injection of cytoprotective CO would improve resuscitative ef-
fects. For this study, using the same experimental model, we tested
injection of CO-bound HbVs for the first time as an exogenous CO
supplier for fluid resuscitation (Amount of injection fluid, 28
mL/kg body weight; concentration of Hb in the fluid, 8.6 g/dL:
concentration of CO in the fluid, 5.3 mM). As comparative experi-
ments. we also tested empty vesicles (EV), which carry neither O,
nor CO, and CO-bound RBC. All fluids showed restoration of
blood pressure and blood gas parameters, and the rats survived fora
6 hr observation period. No remarkable difference was found
among the groups, except that the EV group showed marked hy-
potension. Plasma enzyme levels (AST and ALT) were elevated,
especially in the O,-HbV, 0,-RBC, and EV groups. They were
significantly lower in the CO-HbV and CO-RBC groups than in the
O,-bound fluids. Blood HbCO levels (26-39% immediately after
infusion) decreased to less than 3% at 6 hr, whereas CO was ex-
haled through the lung, as detected by gas chromatography. Both
HbVs and RBCs gradually gained the O, transport function. Ac-
cordingly, both CO-HbV and CO-RBC showed a resuscitative ef-
fect for hemorrhagic-shocked rats. They reduced oxidative damage
to organs, as shown as reduced plasma enzyme levels, in compari-
son to O,-HbV and 0,-RBC. Adversc and poisonous effects of CO
gas were not evident in this experimental model [27]. CO report-
edly interacts with heme proteins such as NADPH-oxidase and NO
synthase that relate to the production of O, and NO. The possibility
exists that the injected CO reduces production of both NO and O,’,
along with its resultant ONOO". Actually, our immunohistochemi-
cal observations of the liver and lung clarified that injection of
CO-HbV and CO-RBC reduced the formation of nitrosotyrosine on
the proteins [27].

The HbCO levels in the CO-HbV and the CO-RBC groups
immediately after infusion were 26%-39%, but they decreased
rapidly and became less than 3% within 6 hr (Fig. 8). The equilib-
rium constant of HbCO is well known as 200 times greater than that
of HbO,. However, this is calculated under equal concentrations of
0, and CO. A rapid ligand-exchange reaction from HbCO to HbO,
oceurs because the rats inhale atmospheric air; fundamentally, the
amount of O, is much greater than that of CO in the rat circulating
blood. The in vitro rapid CO exchange reaction, which is shown to
occur within | min from HbV to RBC, also supports an in vivo
rapid ligand exchange among Hbs in HbVs and RBCs and heme
proteins in tissues.

This study is the first reported to use an HBOC to administer
CO in a shock state for a pharmacological effect. Although further
research is necessary to clarify the mechanism and clinical rele-
vance of our experimental results obtained using small animals, the
data suggest that both RBCs and HBOCs can be effective CO carri-
ers. Vandegriff et al. also reported that CO-bound PEG-Hb reduces
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Fig. (4). {A) Left: Experimental setup of a gas-permeable artificial narrow tube immersed in a water bath made by the gap between two transparent acrylic
plates with a rubber supporting plate. One end of the narrow tube was connected to a reservoir of the Hb-containing suspension. Then the suspension was
perfused through the tubc at 1 mo/s. (B) The change of the level of ligand reactions of the Hb containing fluids, HbV, PolysHb solution, Hb solution, and
RBC with traveling distance; (left) Levels of O release; (right) Levels of NO-binding. (C) Schematic representation of the simulated density distribution and
track of HbV (left) and Hb (right) in a narrow tube (< 100 um traveling distance). We assumed that two different solutions with the same physicochemical
properties enter and flow through the same tube. The tube radius was [2.5 pm: component-1 (blue color) enters the core of the tube (radial distance from the
centerline, 0—11 pm), and component-2 (red color) enters near the wall (radial distance from the centerline, 11-12.5 um). Finally, both components are mixed
completely. The diffusivity of HbVs is much slower than that of Hb, resulling in the retarded gas reactions in niicrovessels. The Hb concentration is expressed
as the heme concentration ([Hb] = 1.55 mM at 10 g/dL) [48]. (Reproduced with permission from Am J Physiol Heart Circ Physiol 2010; 298: H956-H965).

myocardial infarction [56]. Advaniages of CO-bound HBOCsS in- able; and (v) the fluid functions initially as a CO-carrier to prevent
jection are the following: (i) the oxygen carrying function, which is pro-oxidative damage, after which it functions in succession as an
unnecessary at the beginning of resuscitation, is masked by carbon- Qs-carrier.

ylation; (ii) carbonylhemoglobin is sufficiently stable for longer ;
term storage; (iii) special equipment to inhale CO gas is unneces- 6. CONCLUDING STATEMENT

sary in cmergency situations; (iv) the CO dosage is strictly defin Historically, the starting point of the development of HBOCs

was the simple aim of transporting oxygen to peripheral tissues as
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Fig. (5). Time coursc of HbCO levels in blood (A) and CO levels in the
trachca (B) before and after injection of CO-HbV as a resuscitative fluid for
hemorrhagic shock in rats. B denotes the baseline. CO-HbV released CO
and gradually became O: carricrs. In addition, some released CO was ex-
haled through a lung and detected in the trachea. Most of the injected CO
became undetectable in the body within 6 h [27]. (Reproduction permission
obtained from Lippincott Wiltiams & Wilkins).

blood does. However, its development became complicated after
the discovery of endogenous NO and CO. which have strong affin-
ity to HBOCs, and which influence their safety and efficacy as
oxygen carriers. Actually, RBCs are cvolutionally designed to “re-
tard” the gas reactions. Therefore, we must reconsider the physio-
logical importance of the RBC structure when designing HBOCs.
Oxygen should be transported to a site where oxygen is necessary.
Oversupply engenders other problems. “Targeted oxygen delivery”
using a HBOC is desirable by shifting the oxygen equilibrium curve
1o the left (high oxygen affinity) [57.58]. In addition to HbVs, new
encapsulated Hbs without liposomes, such as polymersomes [59]
and PEG-poly(e-caprolactone) copolymer nanoparticles, have
emerged recently from the use of advanced nanotechnologies [60].
Encapsulation of I1b can reduce the toxicity of cell-free Hbs by
regulating the reactions with gaseous molecules. However, numer-
ous hurdles must be surmounted to realize encapsulated Hbs be-
cause of the components of the capsules themselves and their
structural complexity as a molecular assembly. especially on blood
compatibility (absence of complement activalion, platelel activa-
tion, aggregation, embolism, etc.). It is also important to consider
the larger dosage requirement of encapsulated Hb for blood substi-
lution than those of conventional drug delivery systems, which
require no large dosage. In fact, the main concern of the side effect
of HbV is splenchepatomegaly caused by the accumulation of a
large amount of HbV in RES [33,61]. We confirmed it is transient
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and reversible without inducing systemic immunosuppression. This
is a common issue of injecting a large amount of nanoparticle sus-
pension, and we have to observe carefully the impact of this side
effect in the ongoing preclinical research. Even so, we believe HbV
is the most advanced cellular type HBOCs in terms of safety and
stability of the capsules. We also demonstrated the possibility of
HBOCs as a CO-carrier. Although CO is a toxic gaseous molecule,
it shows a cytoprotective effect depending on the dose.

Gas bioengineering using HbVs can supply, adjust, or prevent
gaseous molecules that are vital or toxic to the human body. Our
research specifically emphasizes the discovery of new clinical ap-
plications of HbVs.

ACKNOWLEDGMENTS

The authors are grateful to Prof. Eishun Tsuchida, who pro-
moted the research of artificial red cells. The authors also ac-
knowledge the scholars (A, Sato and N. Okuda) for coniribution to
the physicochemical analyses of artificial red cells. This work was
supported in part by Health and Labour Sciences Research Grants
(Health Science Rescarch Including Drug Innovation) from the
Ministry of Health, Labour and Welfare, Japan (Principal Investi-
gator, Dr. Hirohisa Horinouchi), Grants-in-Aid for Scientific Re-
search from the Japan Society for the Promotion of Science
(B19300164, B22300161, C18500368), and a Supporting Project to
Form Strategic Research Platforms for Private University: a
Matching Pund Subsidy from Ministry of Education, Culture,
Sports, Science and Technology.

REFERENCES

[1] Tsuchida E (ed.), Artificial Red Cells. John Wiley & Sons. Chich-
ester, 1995.

[21 Vandegriff K, Winslow RM. Haemoglobin-based blood substitutes.
Chem Industry 1991; 14: 497-504.

3] Natanson C, Kem SI, Lurie P, Banks SM, Wolfe SM, Cell-free
hemoglobin-based blood substitutes and risk of myocardial infarc-
tion and death: a meta-analysis. JAMA 2008; 299: 2304-12.

4] Tsuchida E, Sou K, Nakagawa A, Sakai H, Komatsu T, Kobayashi
K. Artificial oxygen carriers, hemoglobin vesicles and albu-
min-hemes, based on bioconjugate chemistry. Bioconjug Chem
2009; 20: 1419-40.

51 Chang TMS. Blood substitutes based on modified hemoglobin
prepared by encapsulation or crosslinking: An overview. Biomater
Artif Cells Immobilization Biotechnol 1991; 20: 159-82,

6] Bangham AD, Horne RW. Negative staining of phospholipids and
their structure modification by surface-active agents as observed in
the electron microscope. J Mol Biol 1964; 8: 660-8.

7] Djordjevich L, Miller JF. Lipid encapsulated hemoglobin as a syn-
thetic erythrocyte. 1977; 36: 567.

8] Gaber BP, Yager P, Sheridan JP, Chang EL. Encapsulation of
hemoglobin in phospholipid vesicles. FEBS Lett 1983; 153: 285-8.

9] Djordjevich L, Ivankovich AD. Liposomes as carriers of hemoglo-
bin, In: Liposomes as Drug Carriers. G. Gregoriadis (Ed.). John
Wiley & Sons 1988; Chapter 39, pp.551-67.

[10] Hunt CA, Bumette RR, MacGregor RD, et al. Synthesis and
evaluation of prototypal artificial red cells. Science 1985; 230:
1165-8.

[11] Sakai H, Sou K, Tsuchida E. Hemoglobin-vesicles as an artificial
oxygen carrier. Methods Enzymol 2009; 465: 363-83.

[12] Rudolph AS, Klipper RW, Goins B, Phillips WT. In vivo biodis-
tribution of a radiolabeled blood substitute: *"Tc-labeled
liposome-encapsulated hemoglobin in an anesthetized rabbit. Proc
Natl Acad Sci USA 1991; 88: 10976-80.

{13]  Szebeni J, Fontana JL, Wassef NM, et al. Hemodynamic changes
induced by liposomes and liposome-encapsulated hemoglobin in
pigs: a model for pseudoallergic cardiopulmonary reactions to
liposomes. Role of complement and inhibition by soluble CR1 and
anti-C3a antibody, Circulation 1999; 99: 2302-9.

[14]  Tsuchida E (Ed.), Blood substitutes: Present and future perspec-
tives, Elsevier, Chichester, 1998.

[15]  Yamazaki M, Aeba R, Yozu R, Kobayashi K. Use of hemoglobin
vesicles during cardiopulmonary bypass priming prevents neuro-
cognitive decline in rats. Circulation 2006; 114(1 Suppl): 1220-5.



2358

[16]

07

(18]

[19]

[20]

[21]

[22]

[23]

[24]

{25}

[26]

1273

[28]

{29]

[31]

[32]

Current Pharmaceutical Design, 2011, Vol. 17, No. 22

Sakai H, Masada Y, Horinouchi I, et al. Hemoglobin-vesicles
suspended in recombinant human serum albumin for resuscitation
from hemorrhagic shock in anesthetized rats. Crit Care Med 2004;
32:539-45.

Sakai H, Seishi Y, Obata Y, et al. Fluid resuscitation with artificial
oxygen carriers in hemorrhaged rats: Profiles of hemoglo-
bin-vesicle degradation and hematopoiesis for 14 days. Shock
2009; 31: 192-200.

Taguchi K, Maruyama T. Iwao Y. et al. Pharmacokinetics of single
and repeated injection of hemoglobin-vesicles in hemorrhagic
shock rat model. J Control Release 2009; 136: 232-9.

Taguchi K, Ogaki S, Watanabe H, et al. Fluid resuscitation with
hemoglobin-vesicles prevents Escherichia coli growth via comple-
ment activation in a hemorrhagic shock rat model. J Pharmacol Exp
Ther2011:337: 201-8.

Goda N, Suzuki K, Naito M, et al. Distribution of heme oxygenase
isoforms in rat liver. Topographic basis for carbon monox-
ide-mediated microvascular relaxation. I Clin Invest 1998; 101:
604-12.

Verdu EF, Bercik P. Huang XX, ct al. The role of luminal factors
in the recovery of gastric function and behavioral changes after
chronic Helicobacter pylori infection. Am J Physiol Gastrointest
Liver Physiol 2008; 295: G664-70.

Komatsu H, Furuya T, Sato N, et al, Effect of hemoglobin vesicle,
a cellular-type artificial oxygen carrier, on middle cerebral artery
occlusion- and arachidonic acid-induced stroke models in rats.
Neurosci Lett 2007; 421: 121-5.

Plock JA, Tromp AE, Contaldo C, et al. Hemoglobin vesicles re-
duce hypoxia-related inflammation in critically ischemic hamster
flap tissue. Crit Carc Med 2007; 35: 899-905.

Plock JA, Rafatmehr N, Sinovcic D, et al Hemoglobin vesicles
improve wound healing and tissue survival in critically ischemic
skin in mice. Am J Physiol Heart Circ Physiol 2009; 297: [1905-10.
Cabrales P, Sakai H, Tsai AG, Takcoka S, Tsuchida E, Intaglietta
M. Oxygen transport by low and normal oxygen affinity hemoglo-
bin vesicles in extreme hemodilution. Am | Physiol Heart Circ
Physiol 2005; 288: 11885-92.

Yamamoto M, Izumi Y, Horinouchi H, et al. Systemic administra-
tion of hemoglobin vesicle elevates tumor tissue oxygen tension
and modifics tumor response to irradiation. J Surg Res 2009; 151:
48-54.

Sakai H, Horinouchi H. Tsuchida E. Kobayashi K. Hemoglobin
vesicles and red blood cells as carricrs of carbon monoxide prior to
oxygen for resuscitation after hemorrhagic shock in a rat model.
Shock 2009; 31: 507-14.

Tiwari VN, Kiyono Y, Kobayashi M, et al. Automatic labeling
method for injectable “O-oxygen using hemoglobin-containing
liposome vesicles and its application for measurement of brain
oxygen consumption by PET. Nucl Med Biol 2010; 37: 77-83.
Sakai H, Sato A, Takeoka S, Tsuchida E. Mechanism of flocculate
formation of highly concentrated phospholipid vesicles suspended
in a series of water-soluble biopolymers. Biomacromolecules 2009;
10: 2344-50.

Sakai H, Miyagawa N, Horinouchi H, et al. Intravenous infusion of
Hb-vesicles (artificial oxygen carriers) after repetitive blood ex-
change with a series of plasma expanders (water-soluble bio-
polymers) in a rat model. Polymers Adv Technol 2011 (in press)
(DOI: 10.1002/pat.1964).

Sakai H. Sato A. Takeoka S, Tsuchida E. Rheological properties of
hemeglobin vesicles (artificial oxygen carriers) suspended in a sc-
ries of plasma-substitute solutions, Langmuir 2007:23: §121-8.
Sou K. Klipper R, Goins B. Tsuchida E. Phillips WT. Circulation
kinetics and organ distribution of Hb vesicles developed as a red
blood cell substitute. J Pharmacol Exp Ther 2005: 312: 702-9.
Sakai H, Horinouchi H, Tomiyama K. et al. Hemoglobin-vesicles
as oxygen carriers: influence on phagoeytic activity and histopa-
thological changes in reticuloendothelial system. Am | Pathol
2001; 159: 1079-88.

Taguchi K, Urata Y, Anraku M, et al. Pharmacokinetic study of
enclosed hemoglobin and outer lipid component after the admini-
stration of hemoglobin-vesicles as an artificial oxygen carrier. Drug
Metab Disposit 2009; 37: 1456-63.

Sakai H, Cabrales P, Tsai AG, Tsuchida E, Intaglictta M. Oxygen
release from low and normal Py, Hb vesicles in transiently occluded
arterioles of the hamster window model. Am J Physio} Heart Circ
Physiol. 2005: 288: H2897-903.

[36]

[37]

[38]

[39]

(40}

[41]

[42]

(43]

(44

(45]

[46]

[47]

(48]

Sakuaiet al,

Sakai H, Hara H, Yuasa M, et al. Molecular dimensions of
Hb-based O, carriers determine constriction of resistance arteries
and hypertension. Am J Physiol Heart Circ Physiol 2000; 279:
H908-15.

Sakai H, Hamada K, Takeoka S, Nishide H, Tsuchida E. Functional
evaluation of hemoglobin- and lipidheme vesicles as red cell sub-
stitutes. Polymers Adv Technol 1996; 7: 639-44.

Vaughn MW, Huang KT, Kuo L, Liao JC. Erythrocytes possess an
intrinsic barrier to nitric oxide consumption, J Biol Chem 2000;
275:2342-8.

Sakai H, Sato A, Masuda K, Takeoka S, Tsuchida E. Encapsulation
of concentrated hemoglobin solution in phospholipid vesicles re-
tards the reaction with NO, but not CO, by intracellular diffusion
barrier. } Biol Chem 2008; 283: 1508-17.

Sakai H, Sato A, Sobolewski P, et al. NC and CO binding profiles
of hemoglobin vesicles as artificial oxygen carriers. Biochim Bio-
phys Acta 2008; 1784 1441-7.

Rudolph AS, Sulpizio A, Hieble P, et al. Liposome encapsulation
altenuates hemoglobin-induced vasoconstriction in rabbit arterial
segments. J Appl Physiol 1997; 82: 1826-35.

Harder DR, Narayaran J, Birks EK, et al. Identification of a puta-
tive microvascular oxygen sensor, Circ Res 1996; 79: 54-61.
McCarthy MR, Vandegriff KD, Winslow RM. The role of facili-
tated diffusion in oxygen transport by cell-free hemoglobins: im-
plications for the design of hemoglobin-based oxygen carriers.
Biophys Chem 2001; 92: 103-17.

Olson JS, Foley EW, Rogge C, Tsai AL, Doyle MP, Lemon DD.
No scavenging and the hypertensive effect of hemoglobin-based
blood substitutcs. Free Radic Biol Med 2004; 36: 685-97.

Rohlfs RJ, Bruner E, Chiu A, et al. Arterial blood pressure re-
sponses to cell-free hemoglobin solutions and the reaction with ni-
{ric oxide. J Biol Chem 1998;273: 12128-34.

Sakai H, Suzuki Y, Kinoshita M, Takeoka S, Maeda N, Tsuchida
E. O, release from Hb vesicles evaluated using an artificial, narrow
Os-permeable tube: comparison with RBCs and acellular Hbs. Am
1 Physiol Heart Circ Physiol 2003: 285: H2543-51.

Page TC, Light WR, McKay CB, Hellums JD. Oxygen transport by
erythrocyte/hemoglobin solution mixtures in an in vitro capillary as
a model of hemogiobin-based oxygen carrier performance. Mi-
cravasc Res 1998; 55: 54-66.

Sakai H, Okuda N, Sato A, Yamaue T, Takeoka S, Tsuchida E.
Hemoglobin encapsulation in vesicles retards NO- and CO-binding
and O,-release when perfused through narrow gas-permeable tubes.
Am J Physiol Heart Circ Physiol 2010; 298: H956-65.

Ryter SW, Alam J, Choi AM. Heme oxygenasc-1/carbon monox-
ide: from basic science to therapeutic applications. Physiol Rev
2006; 86: 583-650.

Morita T, Perrella MA, Lee ME, Kourembanas S. Smooth muscle
cell-derived carbon monoxide is a regulator of vascular cGMP.
Proc Natl Acad Sci USA 1995; 92: 1475-9.

Motterlini R, Clark JE, Foresti R, Sarathchandra P, Mann BE,
Green CJ. Carbon monoxide-rclcasing molecules: characterization
of biochemical and vascular activities, Circ Res 2002; 90: e17-24.
Motterlini R, Otterbein LE. The therapeutic potential of carbon
monoxide. Nat Rev Drug Discov 2010; 9: 728-43.

Morse D, Pischke SE, Zhou Z, et al. Suppression of inflammatory
cytokine production by carbon monoxide involves the JNK path-
way and AP-1. ] Biol Chem 2003; 278: 36993-8.

Cabrales P, Tsai AG, Intaglietta M. Hemorrhagic shock resuscita-
tion with carbon monoxide saturated blood. Resuscitation 2007; 72:
306-18.

Jacschke H. Farhood A. Neutrophil and Kupffer cell-induced oxi-
dant stress and ischemia-reperfusion injury in rat liver. Am J
Physiol Gastroenterol Liver Physiol 1991;260: G355-62.
Vandegriff KD, Young MA, Lohman J, ct al. CO-MP4, a polyeth-
ylene glycol-conjugated haemoglobin derivative and carbon mon-
oxide carrier that reduces myocardial infarct size in rats. Br J
Pharmaco} 2008; 154: 1649-61.

Sakai H, Tsuchida E. Hemoglobin-vesicles for a transfusion alter-
native and targeted oxygen delivery. J Liposome Res 2007: 17:
227-35.

Tsai AG, Vandegriff KD, Intaglietta M, Winslow RM. Targeted O,
delivery by low-Ps, hemoglobin: a new basis for O, therapeutics.
Am ] Physiol Heart Circ Physiol 2003; 285: H1411-9.



Gas Bioengineering Using Hemoglobin-Vesicles For Versatile Clinical Applications

[59] Rameee S, Alosta H, Palmer AF. Biocompatible and biodegradable [61]
polymersome encapsulated hemoglobin: a potential oxygen carrier.
Bioconjug Chem 2008; 19: 1025-32.

[60] Zhao J, Liu CS, Yuan Y, Tao XY, Shan XQ, Sheng Y. Wu F.
Preparation of hemoglobin-loaded nano-sized particles with porous
struciure as oxygen carriers. Biomaterials 2007; 28: 1414-22.

Received: May 12,2011 Accepted: June 24,2011

Current Pharmaceutical Design, 2011, Vol 17, No. 22 2359

Takahashi D, Azuma H, Sakai H, et al. Phagocytosis of liposome
particles by rat splenic immature monocytes makes them tran-
siently and highly immunosuppressive in ex vivo culture condi-
tions. J Pharmacol Exp Ther. 2011; 337 :42-9.



27

Hemoglobin Vesicles as a
Cellular-type Hemoglobin-based
Oxygen Carrier

. . 12 . , . . . » s . . .
Hiromi Sakai'?, Hirohisa Horinouchi®, Eishun Tsuchida®* and Koichi Kobayashi®

YWaseda Bioscience Research Institute in Singapore,
Singapore, Republic of Singapore
2Research Institute for Science and Engineering, Waseda University,
Shinjuku, Tokyo, Japan.
3 Department of Surgery, School of Medicine, Keio University,
Shinjuku, Tokyo, Japan

27.1 Introduction

Hemoglobin (Hb) is the most abundant protein in bloed (12-15 g/dL), and should be the
most essential protein. However, Hb becomes toxic once it is released from red blood
cells (RBCs), which is evident in some pathological hemolytic diseases. Chemically mod-
ified cell-free Hb-based oxygen carriers (HBOCs), such as intramolecularly crosslinked,
polymerized, and polymer-conjugated Hbs, have been synthesized to prevent the toxic
effect of cell-free Hbs, However, no product is commercially available yet. Some safety
issues arose during the final stage of clinical trials. It seems difficult to completely
eliminate the side effect of cell-free Hbs by chemical modification. Now is the time to
reconsider the physiological importance of the cellular structure of RBCs. Why is Hb
compartmentalized in RBCs with such a complicated corpuscular structure? Hb vesicles

* Emeritus Professor Eishun Tsuchida passed away during the submission of this manuscript.
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(HbVs) are artificial oxygen carriers encapsulating concentrated Hb solution (35 g/dL)
with a phospholipid bilayer membrane. HbVs are designed to mimic or overcome the
function of RBCs. In this chapter, we focus on the concept of Hb encapsulation and
recent topics concerning HbVs, especially reactions with gaseous molecules (O, NO,
CO), which greatly relate to its safety and a new application.

27.2 The Concept of Hb Encapsulation in Liposomes

Hb encapsulation was first performed by Chang in the 1950s [1], using a polymer
membrane. Some Japanese groups also tested Hb encapsulation with gelatin, gum
Arabic, silicone, and so on. Nevertheless, it was extremely difficult to regulate the
particle size to be appropriate for blood flow in the capillaries and to obtain sufficient
biocompatibility. After Bangham and Horne reported in 1964 [2] that phospholipids
assemble to form vesicles in aqueous media, and that they encapsulate water-soluble
materials in their inner aqueous interior, it seemed reasonable to use such vesicles for
Hb encapsulation. Djordjevici and Miller (3] prepared a liposome-encapsulated Hb
(LEH) composed of phospholipids, cholesterol, fatty acid, and so on. Since then, many
groups have tested encapsulated Hbs using liposomes [4-7]. Some failed initially, and
some are progressing with the aim of clinical usage. The Naval Research Laboratory
presented remarkable progress on LEH [8], but it suspended development about 10
years ago. What we call HbVs with high-efficiency production processes and improved
properties have been established by our group, based on nanotechnologies of molecular
assembly and pharmacological and physiological aspects [91. In spite of such a large
number of studies of HBOCs in general, no product has so far been tesied clinically
because of the difficulty of the production method. Chemically modified cell-free
HBOCs are much easier to produce, therefore more researchers have tested the cell-free
types, and they have been more advanced than the cellular type in entering clinical
trials. However. during the long history of R&D, some unexpected problems arose for
cell-free HBOCs, presumably due to the direct exposure of Hb to vasculature.

1t has been well understood that the compartmentalization of Hb in RBCs is important
for: (i) prevention of extravasation or excretion through renal glomeruli; (i) preserva-
tion of the chemical environment in cells, such as the concentrations of electrolytes and
enzymes; and (ili) rheology control of blood, an RBC dispersion, to a non-Newtonian
viscous fluid. Moreover, for us it seems that RBCs arc evolutionally designed for: (iv)
retardation and targeting of Oy unloading at microcirculation to avoid autoregulatory
vasoconstriction; (v) reduction of a high colloidal osmotic pressure of Hb solution to
zero, to increase blood Hb concentration; and (vi) modulation of reactions with NO as an
endothelium-derived relaxation factor (EDRF). Now we have to consider the physiologi-
cal importance of RBC structure, and mimic the structure to design the optimal HBOCs.

Our HbVs are artificial oxygen carriers encapsulating concentrated Hb solution
(35g/dL) with a phospholipid bilayer membrane [7]. Concentration of the HbV
suspension is extremely high ([Hb) = 10 g/dL, {lipids] =6 g/dL, volume fraction ~40%).
HbV has an oxygen-carrying capacity that is comparable to that of blood. HbV is much
smaller than RBCs (250 vs 8000 nm), but it recreates the functions of RBCs, as has
been confirmed by many animal experiments testing its effectiveness as a resuscitative
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Table 27.1 Preclinical studies of HbV as a transfusion alternative and for
other therapeutics.

Indication Ref.
1. Resuscitative fluid for hemorrhagic shock [11-13]
2. Hemodilution (14
3. Priming fluid for extracorporeal membrane oxygenator [10]

(ECMO) for cardiopulmonary bypass ’

4. Perfusate for resected organs [15, 16]
5. Oxygenation of ischemic brain (stroke) (17}
6. Oxygenation of ischemic skin flap (plastic surgery) [18,19]
7. Tumor oxygenation for irradiation sensitization [20]
8. CO carrier for cytoprotection at reperfusion [21]
9. Measurement of brain oxygen consumption by positron [22]

emission tomography (PET)

fluid for hemorrhagic shock, hemodilution, and a prime for cardiopulmonary bypass
[10-12] (Table 27.1). Other characteristics similar to those of RBCs include: (i) the rate
of O unloading is slower than Hb solution [23]; (ii) colloid osmotic pressure is zero at
[Hb] = 10g/dL, and it has to be co-injected with or suspended in a plasma substitute
such as albumin or HES [24]; (iii) the resulting viscosity of an HbV suspension is
adjustable to that of blood [25]; (iv) HbV is finally captured by RES and the components
are degraded and excreted [13, 26, 27]; (v) the HbV particle of itself is not eliminated
through glomeruli [28]; (vi) PLP is co-encapsulated as an allosteric effector, instead
of 2,3-diphosphoglyceric acid, to regulate oxygen affinity [18, 29]; (vii) no hemolysis
occurs during circulation and the lipid-bilayer membrane prevents direct contact of Hb
and vasculature; and (viii) reaction of NO is retarded to some extent by an intracellular
diffusion barrier, and HbV does not induce vasoconstriction [30-32].
In the next section we focus on the gas reactions of cell-free Hb and cellular HbV.

27.3 Hb Encapsulation Retards Gas Reactions

The major remaining hurdle before clinical approval of the earliest generation of HBOCs
is vasoconstriction and resulting hypertension, which is presumably attributable to the
high reactivity of Hb with NO [33]. It has been suggested that Hbs permeate across the
endothelial cell layer to the space near the smooth muscle and inactivate NO. However,
cellular HbVs induce neither vasoconstriction nor hypertension [30]. A physicochemical
analysis using stopped-flow rapid-scan spectrophotometry clarified that Hb encapsulation
in vesicles retards NO binding in comparison to Hb because an intracellular diffusion
barrier of NO is formed. The requisites for this diffusion barrier are (i) a more concen-
trated intracellular Hb solution and (ii) a larger particle size [31, 32] (Figure 27.1a). Even
though various kinds of liposome-encapsulated Hb have been studied by many groups
[7}, our HbV encapsulates a highly concentrated Hb solution (>35 g/dL.) with a regulated
large particle diameter (250-280nm) and attains 10 g/dL. Hb concentration in the sus-
pension. The absence of vasoconstriction in the case of intravenous HbV injection might
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Figure 27.1 Encapsulation of Hb in vesicles retards NO binding. (a) Schematic two-
dimensional representation of the simulated time courses of distributions of unbound free NO
and unbound free heme (deoxy form) in one HbV (250 nm) after immediate mixing of NO and
HbV by stopped-flow method. Computer simulation shows that both free NO and unbound
hemes are distributed heterogeneously. The concentration changes gradually from the surface
(0 the core. The determinant factor of retardation of NO binding should be the intracellular
diffusion barrier, which was induced by: (i) intrinsically larger binding rate constant of NO
to a heme in an Hb molecule; (ii) numerous hemes as sites of gas entrapment at a higher
Hb concentration; (iii) a slowed gas diffusion in the intracellular viscous Hb solution; and
(iv) a longer gas diffusion distance in a larger capsule [31]. (b) Schematic representation
of the simulated density distribution and track of HbV (left) and Hb (right) in a narrow
tube (<100um traveling distance). We assumed that two different solutions with the same
physicochemical properties enter and flow through the same tube. The radius of the tube
was 12.5 wm: component 1 (blue color) enters the core of the tube (radial distance from the
centerline, 0—11 um) and component 2 (red color) enters near the wall (radial distance from
the centerline, 11~12.5 um). Finally, both components are mixed completely. The diffusivity
of HbV is much slower than that of Hb, resulting in the retarded gas reactions in microvessels.
The concentration of Hb is expressed as heme concentration ([Hb]=1.55mM at 10g/dL)
[39]. (Reproduced with permission from Am | Physiol. Heart Circ. Physiol., 298, H956-H365
2070).

For a better understanding of the figure, please refer to color plate 6.

be related to the lowered NO binding rate constant, though it is much larger than that of
RBCs, and the lowered permeability across the endothelial cell layer in the vascular wall.

The proposed mechanism of vasoconstriction induced by HBOC:s in relation to gaseous
molecules is not limited to NO scavenging. For example, endogenous carbon monox-
ide (CO) is produced by constitutive hemeoxygenase-2 in hepatocytes, serving as a
vasorelaxation factor in hepatic microcirculation. Hb permeates across the fenestrated
endothelium, scavenges CO, and induces comstriction of sinusoids and augments periph-
eral resistance [15]. Oversupply of O, induces autoregulatory vasoconstriction to regulate
the Oy supply [34]. Injection of small HBOCs induces vasoconstriction, probably because
of the facilitated O transport [35].
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These reports imply the importance of studying the reaction profiles of HBOCs with
NO, CO, and O,. Stopped-flow rapid-scan spectrophotometry and flash photolysis are
common methods of defining the binding and dissociation rate constants of Hb {31, 32,
36, 37]. However, Hb concentration in a cuvette must be diluted extremely, for example
to 2uM heme concentration ([Hb] = 0.003 g/dL). On the other hand, gas-permeable nar-
row tubes enable the measurement of the O»-releasing rates of HBOCs and RBC's during
their flow through the tubes at a practical Hb concentration (6-13 g/dL) [23, 35. 38].
We used gas-permeable narrow tubes made of perfluorinated polymer to study not only
Os-release but also NO-binding and CO-binding profiles. We examined these gas reac-
tions when Hb-containing solutions of four kinds were perfused through artificial narrow
tubes at a practical Hb concentration (10 g/dL). Purified Hb solution, polymerized bovine
Hb (PolygHb), encapsulated Hb (HbV, 279 nm), and RBCs were perfused through a gas-
permeable narrow tube (25 pm inner diameter) ai 1 mm/second centerline velocity. The
level of reactions was determined microscopically based on the visible-light absorption
spectrum of Hb. When the tube was immersed in NO and CO atmospheres, both NO
binding and CO binding of deoxygenated Hb and PolygHb in the tube were faster than
those of HbV and RBCs, and HbV and RBCs showed almiost identical binding rates.
When the tube was immersed in an N atmosphere, oxygenated Hb and PolygHb showed
much faster O; release than did HbV and RBCs. PolygHb showed a faster reaction than
Hb because of the lower O affinity of PolygHb than of Hb [39]1.

The diffusion process of the particles was simulated using Navier~Stokes and
Maxwell-Stefan equations (Figure 27.1b). Results clarified that small Hb (6nm)
diffuses laterally and mixes rapidly. However, the large-dimension HbV shows no
such rapid diffusion. The NO and CO molecules, which diffuse through the tube wall
and enter the lumen, would immediately react with Hb-containing solutions at the
interface. Therefore, the fast mixing would be effective in creating more binding sites
of these gas molecules. In the case of O, release, O, can be removed more easily at the
tube wall, where the O, concentration gradient is the greatest. The fast mixing would
create a higher concentration gradient and fast O, transfer. The purely physicochemical
differences in diffusivity of the particles and the resulting reactivity with gas molecules
are one factor inducing biological vasoconstriction of HBOCs.

27.4 HBOCs as a Carrier of not only O, but also CO

CO, biliverdin, and bililubin are produced during oxidative heme degradation that is
catalyzed by a stress protein: heme oxygenase (HO). They mediate antioxidative, antipro-
liferative, and anti-inflammatory effects [40]. Endogenous CO shows a vasorelaxalion
effect, as does NO [41]. Motterlini ef al. [42] synthesized a series of CO-releasing metal
complexes; subsequent in vivo studies clarified some pharmacological effects. Despite
the poisonous effect of CO gas, low-concentration CO inhalation (250 ppm) was tested
in animal models of hemorrhagic shock, septic shock, and ischemia-reperfusion [43].
Some cytoprotective effects were obtained and the mechanism has been studied exten-
sively. Cabrales er al. [44] recently reported CO-bound RBC injection to hemorrhaged
hamsters and clarified its cytoprotective effect in subcutaneous microcirculation. These
studies have led us to test intravenous injection of CO as a ligand of heme in HBOCs
that have been extensively studied as transfusion alternatives.
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A traumatic hemorrhage might cause a shock state, which subsequently causes
a systemic inflammatory response, in some cases leading to multiple organ failure
(MOF). Resuscitation with transfusion or HBOCs with an O,-carrying capacity induces
reperfusion injury, as evidenced by elevations of plasma enzyme levels and tissue
cytokine levels [12, 45, 46]. Actually, we observed elevation of plasma enzyme levels 6
hours after resuscitation from hemorrhagic shock by administration of O,-bound RBCs
and HbVs in a rat model [11]. It is expected that co-injection of cytoprotective CO
would improve resuscitative etfects. For this study, using the same experimental model,
we tested injection of CO-bound HbVs for the first time as an exogenous CO supplier
for fluid resuscitation. In comparative experiments, we also tested empty vesicles (EVs)
which carry neither O, nor CO, and CO-bound RBCs. All fluids showed restoration of
blood-pressure and blood-gas parameters, and the rats survived for 6 hours of obser-
vation period. No remarkable difference was found among the groups, except that the
EV group showed significant hypotension. Plasma enzyme levels (AST and ALT) were
elevated, especially in the Op-HbV, O2-RBC, and EV groups. They were significantly
lower in the CO-HbV and CO-RBC groups than in the Op-bound fluids. Blood HbCO
levels (26—39% immediately after infusion) decreased to less than 3% at 6 hours, while
CO was exhaled through the lung, as detected by gas chromatography. Both HbV
and RBC gradually gained the O transport function. Accordingly, both CO-HbV and
CO-RBC showed a resuscitative effect for hemorrhagic-shocked rats. They reduced
oxidative damage to organs in comparison to Op-HbV and O-RBC. Adverse and
poisonous effects of CO gas were not evident in this experimental model [21].

Hemorrhagic shock and resuscitation typically entail systemic ischemia-reperfusion
injury. Activated neutrophils and macrophages produce reactive oxygen species (ROS)
[47], with NADPH-oxidase involved as a major source. This enzyme contains two hemes
that catalyze the NADPH-dependent reduction of oxygen to form 0O,~ [48]. However,
CO can bind to the hemes and modulate the enzymatic activity [49]. During hemorrhagic
shock, there should be an initiation of inflammatory cytokine production and NO release
from the inducible form of NO synthase (NOS) in organs such as the liver and lung.
In fact, CO gas potently inhibits the conversion of L-arginine to NO and citrulline by
neuronal and macrophage NOS because two heme moieties are contained in the active
enzymes. CO would modulate overproduction of NOS-derived NO [50]. Together, O3~
and NO react to form peroxynitrate, ONOO™, a potent cytotoxic molecule that promotes
nitration of tyrosyl residues in proteins [S1]. The possibility exists that the injected
CO reduces production of both NO and O,7, and the resultant ONOO™. Actually,
our immunchistochemical observations of the liver and lung clarified that injection of
CO-HbV and CO-RBC reduced the formation of nitrosotyrosine on the proteins.

To our knowledge, the present study is the first to use an HBOC to administer CO in a
shock state for a pharmacological effect. Although further research is definitely necessary
to clarify the mechanism and clinical relevance of our experimental results using small
animals, the data would suggest that both RBCs and HBOCs can be effective CO-carriers.
Vandegriff er al. also reported that CO-bound PEG-Hb reduces myocardial infarction
[52]. The advantages of CO-bound HBOC injection are: (i) carbonylhemoglobin is stable
for a longer-term storage; (ii) special equipment to inhale CO gas is not necessary in an
emergency situation; (iif) the CO dosage is strictly definable; and (iv) the fluid functions
initially as a CO carrier to prevent pro-oxidative damage and then as an O, carrier.
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27.5 Conclusion

Historically, the starting point of the development of HBOCs simply aimed at trans-
porting oxygen to peripheral tissues as blood does. However, the development became
complicated after the discovery of endogenous NO and CO, which have strong affinity
to HBOCs and influence on their safety. Actually, RBCs are designed to retard the gas
reactions, and we have to reconsider the physiological significance of the RBC structure
when designing HBOC:s. In this chapter, we also demonstrated the potential of HBOCs
as CO carriers. Of course, CO is a toxic gaseous molecule, but it shows cytoprotective
effect depending on the dose.
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29.1 Introduction

Over the last 30 years, researchers in academia and industry have tirelessly worked
together to achieve the goal of developing successful hemoglobin-based oxygen carri-
ers (HBOCs) as safe and clinically effective therapeutics for the treatment of hemor-
rhagic shock, acute anemia, ischemia, and other conditions. Some leading products have
reached the final stages of the development process and are closer than cver before
to regulatory approval. However, higher incidences of adverse events (AEs) in the
HBOC-treated group than in controls in recent clinical trials have hampered further
progress of these candidate HBOCs toward regulatory approval {1-6]. In an effort to
help identify the causes of HBOC-mediated AEs and to find ways to alleviate them, a
FDA~NI1H-sponsored workshop was recently held [7]. Publicly available information on
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the characteristics and clinical profiles of leading HBOC products were reviewed and
potential mechanisms of toxicity discussed. The workshop concluded with a recommcen-
dation that further basic research is needed to identify the cause(s) of the AEs observed
with current candidate HBOC products and to develop a new generation of safer and
more effective products [7].

To elucidate the pathophysiologic mechanisms of AEs observed with HBOCs, it is
essential to understand how HBOCs affect key organ systems and their physiologic
function, not simply in normal subjects but in patients; studies conducted in models of
healthy animals have failed to predict the pathophysiologic responses observed in actual
patients, who often present with multiple comorbidities. It is essential that preclini-
cal safety studies are conducted in animal models that closely simulate target patient
conditions. Further investigations are required to establish the causality of AEs to an
individual HBOC tested in clinical trials and to determine the mechanism involved.
Only when armed with accurate knowledge of pathophysiologic mechanisms can we
make appropriate modifications to the current HBOC products or develop new, safer
products. However, there are barriers to investigations. The goal of this chapter is to
initiate a constructive discourse on new ideas in academia—industry collaboration, in
order to break down the barriers that impede development of viable HBOC products.
Toward this goal, this chapter will: (i) briefly review and discuss generic issues in current
academia—industry collaboration practices in a broader field; (ii) discuss issues relevant
to academia—industry collaboration in HBOC development; and (iii) propose a new
conceptual model for academia—industry collaboration.

29.2 Generic Issues in Academia~Industry Collaboration

To facilitate technology transfer, in 1980 the US government enacted an amendment to
the Patent and Trademark Law (commonly known as the Bayh—Dole Act) which per-
mits universities, small businesses, and nonprofit institutions to patent inventions arising
from government-funded research [8]. The Bayh—Dole Act has made a significant impact
on the academia—industry relationship as industry can no longer monopolize the bene-
fits from research inventions. The benefits of academia—industry collaboration include
pooling of expertise and resources (allowing increased chance of new and improved
product development) and enhanced productivity and problem-solving capability. For
an academic collaborator, industrial funding also allows support for additional students
and sta{f to advance the research and increase productivity. On the other hand, such an
industrial sponsorship may have a potentially detrimental effect on free scientific com-
munication and the objectivity of research results. Of particular concern is that industrial
priority on the protection of proprietary rights (‘proprietary science’) may impose con-
straints on free communication of new knowledge to peers, the scientific community,
and the general public (‘public science’). Such constraints make it more difficult, if not
impossible, for independent investigators to validate research results and expand and
develop new applications [9]. Dissemination of study results (presentations and/or pub-
lications), even if allowed, is often delayed until well after project completion. If study
results are negative or perceived as counterproductive, the sponsor may be less inclined
to publish them, unless a priori agreement was explicitly made in the research contract to
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allow publication regardless of study outcome. In general, industry-sponsored research
contracts are short-term, often narrowly defined, and allow only limited flexibility in the
conduct of research.

The primary rationale for the Bayh—Dole Act is to facilitate technology transfer and
. the commercialization of research results for the public good. Technology transfer is
typically achieved through creation of start-up/spin-off companies or by partnering with
an established industry that has the expertise and resources to quickly bring the research
results to marketable products. Indeed, the enactment of the Bayh—Dole Act considerably
enhanced academia—industry collaborations, resulting in a remarkable increase in the
patent and licensing activitics of universities and nonprofit research institutions. Recently,
however, the heightened interest of academic institutions in intellectual property (IP)
rights has caused an increasing number of disputes. Emphasis on IP has raised concerns
regarding the core values of academic research, as securing IP rights often restricts frec
and objective communication of research results [10].

A variety of collaboration models (sponsored research, research partnerships/consortia,
consulting, etc.) with various IP arrangements (joint ownership, licensing, first-refusal
rights, etc.) are being evaluated to mitigate such conflicts and facilitate research
collaboration and technology transfer. A key factor in a successful collaboration is
building mutual trust based on understanding of the needs and expectations of the other
party/ies) involved.

Another disadvantage of academia—industry collaboration is potential conflict of inter-
est (COI). In a typical academia—industry research collaboration, academic investigators
receive research funds from their industrial sponsor; they may thus be biased to pro-
duce and interpret research results that are more agreeable to that sponsor. In addition,
academic collaborators often serve as a consultant or member of the board at a spon-
soring company. In return, they may receive direct and indirect benefits (monetary and
nonmonetary), raising further COI concerns. Growing emphasis on academia—industry
collaboration, IP rights, and the commercialization of research findings have increased
public awareness and concern about COI issues. In medical research, any serious com-
promise in research integrity could have grave consequences for patient treatment and
public health in general. Recently, serious concerns about COI have been raised regard-
ing pharmaceutical company-sponsored medical research/education and faculty/officers
of medical institutions serving as paid consultants or as members of companies’ boards
[11, 12]. To protect study subjects/patients and preserve the integrity and objectivity
of scientific research, the Association of American Medical Colleges (AAMC) and the
Federation of American Societies for Experimental Biology (FASEB) recently issued
a strong call for implementation of rigorous COI policies and guidelines in academic
institutions [13, 14].

29.3 Academia-Industry Collaboration in HBOC Development

As in other fields, there are limitations and barriers to optimal academia-industry
collaboration in HBOC development. First, thorough investigation of HBOC-mediated
pathophysiologic responses requires full and detailed information concerning the
observed AEs. including patient’s clinical history, HBOC dose and rate, circumstances
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around the incident, time course of events, concomitant medications, and other relevant
information. Unfortunately, much of this information is often not made fully public.
Of note, there is a strong ongoing ethical argument to disclose all adverse effects in
clinical trials [15]. In addition, because test HBOCs are not yet commercially available,
they are not generally available to independent investigators who might help raise and
resolve the issues. Understandably, to protect proprietary information from competitors,
HBOC producers rarely share their products with ‘outsiders’ beyond the circle of a
small number of close collaborators who are bound by confidentiality agreements. A
working group workshop organized by NIH-NHLBI in 2006 [16] explicitly discussed
these issues and recommended, among other things, (i) funding of the production and
distribution of highly purified ‘gemeric’ HBOC solutions in sufficient quantities to
support research by independent investigators and (ii) that the FDA investigate ways
of making information publicly available regarding the nature and incidence of AEs
observed in clinical trials. Advancing these objectives would require breaking down
the barriers between and improving the cooperation of both the HBOC producers and
the academic investigators, However, because of the unique challenges involved in
developing HBOCs as therapeutics, the current industry-driven collaboration model has
so far not been able to produce a viable HBOC product even after decades of efforts
and substantial private-sector investments, :

To date, there have not been many notable IP right disputes in the HBOC field, perhaps
in part due to a lack of successfully marketed products. However, COI is of concern since
many academic HBOC experts often receive research funds and/or provide compensated
services on behalf of one or more companies. Further, lack of transparency and clear open
communications regarding some recent negative clinical results has fostered skepticism
that HBOC products may have serious safety issues. Indeed, a recent study based on a
mela-analysis of pooled AE data from 16 different clinical trials of five past and current
HBOC products reported that use of HBOCs was associated with increased risk of serious
cardiovascular events and death [17]. Pooling of data conducted with different HBOC
formulations of distinct chemical compositions and physico-chemical characteristics is
highly controversial. In addition, negative publicity in the media led to diminishing public
trust and confidence in the whole class of HBOCs as potential oxygen therapeutics. This
negative climate, coupled with recent economic downturn, seriously hampers further
development of a safer new generation of HBOC products.

Notable academia~industry relationships began to develop in the early 1980s, when
the first HBOC companies emerged (Baxter, Hemosol, Northfield, Biopure). Typically,
researchers at academic institutions developed a noble idea of 4 new HBOC, did ini-
tial proof-of-concept work, and obtained IP rights. Later, the inventor(s) either started
a new company or worked with an established company to develop further the work
into a candidate therapeutic product, which had to meet the rigorous regulatory stan-
dards for biologic products. HBOC development efforts followed a typical academia to
industry technology transfer pattern and stages. The leading role shifted from academia
to industry as product development progressed from basic proof-of-concept work to
developmental work for a marketable product that met GMP and other regulatory cri-
teria (new ideafinvention — proof-of-concept — further development — scale-up —
product safety and effectiveness testing — regulatory approval). Both academia and
industry play integral components in the development process. There can be no separate
‘academic approach’ and ‘industrial approach’ in HBOC development.
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Despite the limitations, academia—industry collaborations have contributed greatly
to HBOC development. Examples include: University of Chicago/Michael Reese
Hospital-Northfield Inc., Letterman Army Institute of Research—Baxter Inter-
national, Inc., University of California, San Diego—Sangart, Inc., University of
Maryland—OxyVita, Inc., Texas Tech University—HemoBiotech, Inc., Naval Medical
Research Center—Biopure Corp., Waseda and Keio Universities—industries. The achieve-
ments of the Waseda University—Keio University-initiated research collaborations
have been remarkable and particularly productive. With continued government support
and strong complementary expertise in sophisticated biosynthetic organic chemistry
and animal experimentation, they have produced a host of promising candidate blood
substitutes, including Hb-vesicles (HbVs), albumin-heme, and platelet substitutes, over
the last 25 years (see Appendix). The EuroBloodSubstitutes consortium is a more recent
effort, begun in 2004, consisting of 13 European academic and industrial teams aiming
to develop improved blood substitutes. In just a few years, this effort produced new
recombinant Hbs and Euro-PEG-Hb (see Appendix). Although these two efforts have
not yet conducted any clinical trials, the entire HBOC community may benefit from
their successful research collaboration experiences. Therefore, these two historic cases
of HBOC research collaboration are described in more detail in the Appendix.

294 Proposal for a New Academia—Industry Collaboration Model
in HBOC Development: an HBOC Research Consortium
(a Conceptual Model)

29.4.1 Mission

« To facilitate development of candidate HBOCs to approved and clinically accepted
therapeutic products.

« To resolve issues with current HBOC products collectively, and to identify clinical
indications for which these products may be of therapeutic value.

+ To develop a new generation of products with acceptable safety and efficacy profiles
for one or more clinical indications.

29.4.2 Guiding Principles

« Sound scientific and ethical principles.
« Integrity and objectivity (avoid COI).
¢ Free and timely communication of research results.

29.4.3 Key Objectives

» Secure research funding (e.g. government and nonprofit foundation grants) for HBOC
research.

» Develop standardized research designs/study protocols for key studies common (o all
HBOC products.

» Build a universally accessible repository for all consortium-generated research data
and results for members of the consortium and for timely dissemination to the public.



