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Blood Substitutes: The Future Is Now

Ernest E Moore, MD, FACS

I thank you for the tremendous honor of presenting this
prestigious lecture. As eloquently stated by those preced-
ing me, there is no greater professional satistaction than
to be recognized by your peers. Clearly no one stands
here without the enduring support and counsel of those
more capable and wise. My inventory of those to whom
I am forever indebred is extensive. At the top of the list
are Dr John H Davis, Dr Ben Eiseman, Dr Alden H
Harken, and especially my incredibly patient and in-
sightful spouse, Dr Sarah Van Duzer. Twould like to take
a moment, on behalf of the extended trauma commu-
nity, to express gratitude to and remember Dr C James
Carrico not only for his enormous contributons to
trauma care but also for the ideals he exemplified as a
loving husband, caring father, altruistic academic leader,
and unselfish colleague. Today I am going to resist the
overwhelming desire to lament the escalaring crisis in
US health care, bur rather share with you what I believe
is one of the most exciting research developments in my
lifetime for care of the injured patient.

Trauma surgeons, perhaps more than any other health
care providers, recognize the tremendous potential clin-
ical benefit of a blood substirute (Table 1). Whether
locally—the high school massacre in  Denver’
nationally—the tragic 9/11 events in New York City and
the Pentagon,® or internationally—the ongoing war
against terrorism,? there is a sense of urgency to develop
this life-sustaining resource. I believe the day this clinical
benefit will finally be realized has arrived and, conse-
quently, have chosen to review at this forum the scien-
tific background, current status, and future application
of blood substitutes in trauma care. This will be a biased
perspective, because it is based principally on my oppor-
tunity to work closely with Steven A Gould, MD and
Northfield Laboratories, Inc (Fvanston, IL), in the in-
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sinuation of their human polymerized hemoglobin (Hb)

solution, PolyHeme, into the care of the injured patient
over the past decade.*® The current generation of blood
substitutes undergoing US Food and Drug Administra-
tion (FDA) phase 11T clinical testing are red blood cell
(RBC) substitutes and fundamentally provide the respi-
ratory function of hemoglobin. Agents have been devel-
oped to replace platelets”™ and plasma coagulation fac-
tors;'? their combination with an RBC substizute will
be a welcome refinement for the treatment of advanced
hemorrhagic shock in the future. The most promising
RBC substitutes at this time consist of extracted Hb
from lysed RBCs, often referred to as hemoglobin-based
oxygen carriers (HBOCs).

Hemoglohin physiology (Fig. 1)

Hemoglobin is recognized as essential for the transport
of oxygen (0,)."" Adult human Hb consists of two 2w and
two 3 polypeptide chains, each bound to a heme group
capable of binding one molecule of O, (1 g of Hb binds
1.39 mL of O,). The molecular weight of the Hb tet-
ramer is 64,500. The globin subunits of deoxyhemoglo-
bin are held by electrostatic forces in a tense conforma-
tion with a relatively low affinity for O,. When O, binds
to 2 heme group, mechanochemical stresses weaken the
electrostatic forces, resulting in a relaxed conformation;
this exposes remaining binding sites and increases O,
affinity 500-fold. The Hill coefficient reflects the coop-
erative effect of multiple O, binding sites on Hb, re-
sponsible for the sigmoid shape of the oxyhemoglobin
dissociation curve. The Hill coefficient of the adult RBC
is 2.7 (range 2.4 t0 2.9). Facrors that modify O,-binding
affinity include RBC 2,3-diphosphoglycerate (2,3-
DPQG) content, the concentration of carbon dioxide and
hydrogen ion in blood, and body temperature. Binding
of 2,3-DPG between the B chains of Hb stabilizes the
tense conformation and reduces affinity for O,. Con-
versely, loss of 2,3-DPG increases O, affinity; ie, it shifts
the oxyhemoglobin dissociation curve to the left as de-
fined by a reduced Psg. P, is the O, tension when the
Hb binding sites are 50% saturated; the normal P, in
adults at sea level is 26.3 mmHg. The addition of hy-
drogen ion or carbon dioxide to blood also reduces the
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Abbreviations and Acronyms
DCLHb = diaspirin cross-linked hemoglobin
2,3-DPG = 2,3-diphosphoglycerate

Hb- = hemoglobin

HBOC = hemoglobin-based oxygen carzier

IL = interlenkin

1SS = Injury Severity Score

MOF = multiple organ failure

NO = nitzic oxide

Py = (0, rension when hemoglobia binding sites are

50% saturated
PMN = neurrophil

O,-binding affinity of Hb, known as the Bohr effect;
oxygenation of Hb reduces its affinity for carbon
dioxide—the Haldane effect. Only 10% of carbon diox-
ide is exported from tissue as carbaminohemoglobin;
80% is transported as bicarbonate, and 10% in physical
solution. Finally, decreased core temperature increases

the affinity of Hb for O,; ie, it reduces the Ps,,.

Hemoglobin interaction with nitric oxide (Fig.
2)

The interaction of Hb with nitric oxide (NO) is pres-
entdy undergoing intense investigation, and is conspicu-
ously relevant to the efficacy and safery of Hb solutions
used in trauma care.’ Hb is known to bind NO through
high-affinity ferrous (Be* ™) sites on heme. When NO
binds to the heme iron, it can engage in redox reactions
with the metal jon, leading to the production of methe-
moglobin (Fe*™ ™), with nitrate, and the formation of
additional reactive O, species. Recently, a different in-
teraction between NO and Hb has been described by a
second binding site at the 8 93 cysteine residue on the

Table 1. Potential Clinical Benefits of Hemoglobin-Based
Oxygen Carriers
Availabiliy
Abuadant supply
Universally compatible
Prolonged shelf-life
Storage at room temperature
Safety

No disease transmissions

No antigenic reactions

Ne immunologic effects

Efficacy
Enhanced cxygen delivery
Improved rheologic properties

Figure 1. Adult human hemoglobin consists of two « and two
pelypeptide chains, each bound to a heme group capable of binding
ong molecule of oxvgen.

globin chain. Stamler and colleagues™* propose this
S-nitrosylation reaction as a key physiologic process de-
signed to transport this vasoactive agent cooperatively
with Q,. At high O, saturation, Hb assumes the relaxed
conformation in which thiol affinity for NO increases,
so both O, and NO are loaded onto Hb. At low O,
levels, NO is unloaded along with O, from the alloster-
ically modified tense Hb form, which exposes the §93
cysteine site. Gladwin and associates'® argue that heme
nitrosylation (Hb Fe' "NO) is the predominant NO
transport mechanism for Hb in the human circulation,

NO

NO,

NO

NO

HbBeyst93 .. SNO-Hb

Figure 2, Aduit human hemoglobin can transport nitric oxide by
heme nitrosylation (HhFe™™ NO) or binding to the 8 93 cysteine
residue on the globulin chain (Hb B cyst 93). HbFe™ ™™, methemo-
globin; NO, nitric oxide; NOg, nitrate; SNO-Hb, Snitrosylation.
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Table 2. Evolution of Hemoglobin-Based Oxygen Carriers

1. Hemolysates

Bovine hemolysates into dogs/cats: preservation of neurologic function, maintenance of oxygen consumption 1933 Amberson er al,

Science!®

Human hemolysares into pasienss: transport Os, observed “pressor effect” 1949 Amberson et al, J Appl Physio

120

II. Modified hemolysates

Human filtered hemolysates into humans: renal dysfunction 1951 Miller et al, J Clin Invesc™

Iil. Tetrameric hemoglobin

Human Hb terramer into dogs: no renzl dysfunction 1967 Rabiner et al, ] Exp Med™

Human Hb tetramer into humans: renal toxicity, hypertension, abdominal pain 1978 Savitsky et al, Clin Phamacol Ther™

V. Modified tecrameric hemoglobin

Human modified Hb into animals: improved survival as low-volume resuscitation agent, but concern for systemic and pulmonary

193

vasoconstriction 1993 Hess et al, ] Appl Physio

Human medified Hb into trauma patients: increased mortality 1999 Sloan et al, JAMA™

V. Polymerized hemoglobin

Human glutaraldehyde polymerized heméglobin 1984 Gould et al, Surgery™

Bovine glutaraldehyde polymerized hemoglobin 1989 Vahakes et al, Eur ] Casdiovasc Surg™

Human p-raffinose pelymerized hemoglabin 2000 Carmichael et al, Crit Care Med*?

and additionally this complex facilitates O, delivery by
an enhanced Bohr effect. Whether carried on heme
Fe*™ or B chains, it is now clear that human Hb can

tratfic NO, not just consume it.

History of hemoglobin-based oxygen carriers
{Table 2)

Sellards and Minot'” infused lysed RBCs into humans in
1916, bur their intent was to evaluate the tolerance to
hemolysis. Recognizing that extracellular Hb exists in
certain invertebrares, Amberson and associares,' at the
University of Tennessee in Memphis, are credited with
the first in vivo studies to establish cthe ability of Hb
solutions to transport O, in mammals. In 1933, using a
bovine hemolysate, they reported successful exchange
transfusions in cats and dogs with intact neurologic
function. Perhaps most noteworthy was the preserved
ability of cats to land on their feet when dropped upside
down. They further observed, “Such animals finally die,
after five or six hours, not because the hemoglobin is
unable to carry on its respiratory function, but because it
leaves the blood stream.” A year later they confirmed
maintenance of normal O, consumption in a series of
experiments using the same animal models."”” In 1949
this group® reported their collected clinical experience
with lysed human RBCs infused into 14 patients, con-
cluding that “dissolved Hb transports O, much as it
does when confined to the RBC.” The most dramatic
response was the life-restoring infusion of 2,300 mL
(250 g Hb) into a 22-year-old with massive postpartum

hemorrhage; unfortunately she died on day 9 with renal
failure. Of interest, Amberson and colleagues also ob-
served a “chemical pressor principle.” Shortly after, sev-
eral groups®"™ provided conclusive evidence that human
hemolysates produced renal dysfunction and specufated
that the RBC membrane (stromal lipid) was the toxic
factor. Moss and coworkers® also provided experimental
evidence that stromal contamination provoked intravas-
cular coagulation. These observations led to the devel-
opment of stroma-free Hb, pioneered by Rabiner and
colleagues?*?¢ at Michael Reese Hospital in Chicago. De
Venuto and associates” at the Letterman Army Institute
of Research produced a stroma-free Hb solution based
on crystallization as a purification method. Stroma-free
Hb appeared promising in extensive preclinical work,
but in 1978 the meticulous clinical trial by Savitsky and
associates,” infusing only 250 mL (16 g Hb) of stroma-
free (99%) Hb into eight healthy volunteers, docu-
mented transient renal dysfunction, hypertension, and
abdominal pain. With the virtual elimination of the
RBC membrane, these adverse effects were attributed to
instability of the Hb tetramer; ie, spontaneous dissocia-
tion into dimers and monomers. Additional limitations
of stroma-free Hb included reduced O, affinity second-
ary to the loss of 2,3-DPG (Ps, = 12 mmHg); relatively
short intravascular recention {<C6 hours), and relatively
low colloid osmotic activity (COP = 20 mmHg at 7
g%).

Recognizing the life-sustaining potential of Hb solu-
tions but unacceptable toxicity and physiclogic short-
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Table 3. Potential Role of Hemoglobin-Based Cxygen Carri-
ers in Trauma Care i

Application Location
L. Perioperative applications
Conserve stored RBCs ED, angiography, OR, ICU

Reduce allogeneic RBC ED, angiography, OR, ICU

transfusions

11 Acute hemorrhagic shock
When stored RBCs Field, ED, OR, ICU, remote
unavailable hospiral, disaster, military
Field, ED, OR, ICU, remote
- hospital, disaster, mifitary

More efficient resuscitation

M1 Regional perfusion

Enhance O, delivery
Ischemic reperfused tissue OR, ICU
Inflamed tissue - OR,ICU
Ex vivo organ perfusion OR, ICU

ED), emergency department; OR, operating room.

comings of unmodified Hb tetramer, private industry, in
the 1980s, embarked on a vigorous search for a viable
option through several diverse conceptual modifica-
tions. To address O, affinity, there were at least four
approaches: 1) compensate for the loss of 2,3-DPG by
stabilization of deoxyhemoglobin—a common agent
used was pyridoxal 5! phosphate, which binds to the 3
chain-valine 1;*% 2) internal cross-linking of the Hb
tetramer under deoxy conditions, such as diaspirin
cross-linking of the a chains-lysine 99;** 3) recombi-
nant DNA technology and site-directed mutagenesis—
for example, the N108K mutation in the B chain was
introduced into the human Hb gene constructed in £
col5%** and 4) nonhuman Hb with a lower O, affinity
(eg, bovine).”*¢ Prolonging intravascular retention was
achieved by internal cross-linking of the Hb tetramer
biochemically or with DNA technology;*** surface
conjugation of the Hb tetramer to polymers, such as
polyethylene glycol or polyoxyethylene;”** encapsula-
tion of the Hb tetramer within a liposomal envelope;*
and polymerizing Hb tetramers. Glutaraldehyde,” in-
teracting with any of the 44 lysines in the Hb tetramer,
and ring-opened raffinose™ resulted in intratetrameric
and intertetrameric cross-linking. Polymerizing tet-
rameric Hb also reduced colloid osmotic activiry, per-
mitting higher circulating concentrations of the Hb so-
lution. Tetrameric Hb at a concentration of 7 g% exerts
an oncotic pressure equivalent to normal plasma; poly-
merized Hb can be loaded at 12 g% without excessive
colloid osmotic pressure.”

FDA guidelines to evaluate hemogiobin-based
oxygen carriers (Table 3)

Approval for the clinical use of HBOCs is being pursued
internationally, but for practical reasons I will confine
my discussion to the regulatory efforts within the US.
FDA approval of a new product generally proceeds
through phase I, II, and III studies designed to establish
safery and efficacy. FDA regulation defines efficacy as
follows: “Effectiveness means a reasonable expecration
that. . .pharmacologic or other effects of the biologic
product. . .will serve a chemically significant function in
the diagnosis, cure, mitigation, treatment or prevention
of disease in man.”* The Center for Biologics Evalua-
tion and Research (CBER) is the review body for the
FDA in the arena of biologies and has published a com-
prehensive listing of “points to consider in the safety
evaluation of HBOCs.”® These points encompass char-
acterization of the product, animal safety testing, and
human studies. These address the theoretic concerns of
Hb solutions raised in previous reviews,**® including
pulmonary and systemic hypertension, organ dysfunc-
tion, oxidative tissue injury, synergy with bacterial
pathogens, and immunomodulation,

In 1994 CBER convened a workshop with the Na-
tional Heart, Lung and Blood Institute and the Depart-
ment of the Army to develop “points to consider in the
efficacy evaluation of HBOCs.” Clinical trial end-
points were divided into two categories. Direct measures
of clinical benefit included improved patient survival
and reduced complications; an example of a surrogate
endpoint was a laboratory measurement expected to cor-
relate meaningfully with clinical benefit. Documenting
a direct clinical endpoint for HBOCs was viewed as
challenging because this endpoint had never been es-
tablished for RBCs. Specific recommendations for
clinical studies were in three areas: perioperative ap-
plications, acute hemorrhagic shock, and regional
perfusion. Field trials for severe trauma, where RBCs
are not available, were labeled as difficult because of
safety and ethical issues. Decreased perioperative al-
logeneic RBC transfusion was regarded as a clinical
benefit, but the potential risks of HBOCs would have
to be defined and evaluated as well. Examples for
regional perfusion studies included enhanced tumor
radiosensitivity and an adjunct during coronary an-
gioplasty (the FDA had approved Fluosol DA in 1989
as an O,-carrying drug for this setting).

T

™
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Stored RBCs: The control group (Table 4)

An obstacle to designing clinical trials with HBOCs
compared with stored RBCs is the lack of agreement on
a transfusion trigger; ie, the maintenance of sufficient
circulating (,-carrying capacity to ensure adequate O,
delivery to tissue. Isovolemic anemia in healthy volun-
teers is tolerated at 5 g%, the American Society of
Anesthesiologists’ recommendation is more than 6 g%,
the National Institutes of Health consensus is between 7
and 10 g%, and in certain high-risk patients the sug-
gested threshold is more than 10 g%.% The other side of
the risk-to-benefit equarion remains equally perplexing.
Although the risk of transmitted disease appears to be
declining® (excepting the recent West Nile virus), the
list of immunologic consequences appears to be expand-
ing. The concept of transfusion-related immunodys-
function stems from the 1973 report by Opelz and as-
sociates,” who identified a relationship between
pretransplant transfusion and renal allograft survival.
Subsequently, perioperative transfusion was associated
with tumor recurrence®® and postinjury and postopera-
tive infecrions.’™ Transfusion-related, ceil-mediated
immunosuppression is multifactorial and includes de-
pletion of cytotoxic T lymphocytes, reduced
T-lymphocyte blastogenesis, altered cytokine response
of recipient T cells {favoring release of interleukin {IL},,
1L, and IL,, over IL, and y-intesferon}, reduction in
CD4-+ cells, increased suppressor T-lymphocyte activ-
ity, impaired natural killer cell activity, and depressed
macrophage function.®**

We have been interested in the potentally adverse
proinflammatory effects of stored RBCs and, specifi-
cally, the capacity to provoke neutrophil (polymorpho-
nuclear [PMNT) cytotoxicity. The PMN is a key cellular
mediator in the pathogenesis of postinjury multiple or-
gan failure (MOF). Consequently, PMN functional re-
sponses aze evaluated as a clinical surrogate for the two-
event model of MOF; ie, inflammatory priming and
subsequent activation.®** In our ongoing epidemio-
logic studies, we have shown that more than six units of
RBC transfusion within the first 12 houss postinjury is
an independent risk factor for MOE® Previous studies
in our center have shown that after severe injury, patients
at high risk for MOF have circulating PMNs thart are
primed for cytotoxicity within the first 6 hours postin-
jury, as marked by the increased surface expression of

CD11b/CD18,% p38 MAPK activation,® release of cy-

Table 4. The Risks and Benefits of Stored Red Blood Celis
Elusive transfusion trigger
Healthy volunteets (>>5 g%)
American Society of Anesthesiologists (>>6 g%)
NIH (7-10 g%)
Cardiopulmonary disease (=10 g%)
Disease transmission
Human immunoedeficiency virus
Human T-cell lymphotrophic vizus
Hepatitis B, C viruses
West Nile virus
Yersinia, malaria, babesia, chagas
? Variant Creutzfeldt - Jacob disease
RBC membrane comparibility
Hemolyric reactions
Allergic response
Fever, rash, bronchospasm, anaphylaxis
Immunodysfunction
Decreased allografi rejecrion
Increased tumeor recurrence

Increased postoperative infection

Transtusion-related acute lung injury

Increased postinjury multiple organ faifure
Compromised O, delivery

Reduced RBC deformability

Decreased 2,3-diphosphoglycerate

totoxic products in response to fIMLE* and delayed ap-
optosis.” The precise mechanism(s) linking RBC trans-
fusion and PMN priming remains to be established, but
it is generally believed that passenger leukocytes accom-
panying RBCs in storage are important in the genera-
tion of proinflammatory agents.”’”* Plasma from stored
RBCs primes PMNs in vitro, and this effect increases
progressively from 14 to 42 days of storage.””> Shanwell
and associates™ have incriminated cytokines {TNF-<,
IL,, 1L, ILg) generated during storage, and we have
focused on proinflammatory lipids presumably gener-
ated from the RBC membrane.””” Metabolites of the
arachidonic acid cascade have been strongly implicated
in the pathogenesis of transfusion-related acute lung
injury.®# Although prestorage leukoreduction of RBCs
decreases the generation of cytokines,™ this process does
not eliminate PMN priming.*® Another emerging con-
cern regarding stored RBCs is their altered rheologic
state. Notable RBC shape changes occur by the second
week of storage and progress during longer preserva-
tion.?** The effects of reduced RBC deformability on
microcirculation have been documented experimentally,
and include impaired tissue access of the stiff RBC and
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RBC entrapment resulting in microvascular obstruc-
tion.***” These experimental findings might explain the
observation that blood transfusion failed o improve O,
consumption in critically ill and injured patients®** and
in one study appeared to induce splanchnic ischemia.”
Collectively, these in vitro, in vivo, and clinical studies
invoke the untimely transfusion of stored RBCs in the
pathogenesis of dysfunctional immunoinflammartion
that ultimately culminates in postinjury MOE

Clinical evaluation of modified
tetrameric hemoglobin
Of the modified Hb tetrameric solutions that looked
promising in the late 19805, only one formulation
was authorized by the FDA for a phase III study in
trauma, and this product failed notoriously.” Regarded
by some as a major setback for the clinical implementa-
tion of HBOCs, it is important to emphasize that this
US multicenter trial of diaspirin cross-linked b
(DCILHD) for the treatment of severe traumatic hemor-
thagic shock was based on the explicit proposal that
“DCLHb was tested not as a substitute for blood but
rather as an adjuncr to the currently used therapies for
enhancing oxygen delivery: fluids, blood, and operative
intervention.” Although an unexpected outcome raises
the issue of comparable study groups,” the difference in
the primary study endpoint was alarming: the 28-day
mortality for the DCLHb group was 46% (24 of 52),
compared with 17% for the the control (normal saline}
group (8 of 46). Much expert thought and preparation
went into the study design of this human trial, but the
scientific rationale of using a vasoconstricting agent for
the initial resuscitation of acute hemorrhagic shock was
questionable. The study objective was to determine if
the infusion of up to 1,000 mL DCLHb (100 g Hb)
during the first 2 hours of hospitalization could reduce
28-day mortality in injured patients with evidence of
persistent hypoperfusion secondaty to acute blood loss.
The control was an equivalent volume of normal saline.
The authors justified this study design because in pre-
clinical trials “DCLHDb has been shown to be effective in
enhancing perfusion in small volumes, suggesting a
pharmacologic effect that is independent of hemoglo-
bin.” But the pharmacologic effect was not always re-
ported as beneficial. '

In 1993, Hess and coauthors,”® at the Letterman
Army Institute of Research, reported that in a swine
model of hemorrhagic shock DCLHb infusion doubled

systemic and pulmenary vascular resistance, and these
responses were associated with a fall in cardiac outpue. In
fact, these changes were equivalent to resuscitation with
unmodified tetrameric Hb {stroma-free Hb). The au-
thors concluded, “T'he decrease in cardiac output- 2580~
ciated with the vasoconstriction in the Hb-treated ani-
mals was equal to the increase in oxygen-carrying
capacity—crystalloid or colloid solutions provided
equally rapid correction of the elevated whole blood lac-
tate.” In a followup study,” the infusion of low-dose (4
mL/kg = 14 g Hb) DCLHD into swine subjected to
hemorrhagic shock prompted the authors to further
warn “pulmonary hypertension and low peripheral per-
fusion may offset benefits for trauma patients.” In an
animal model of pulmonary contusion, Cohn and col-
leagues” observed that DCLHb resuscitation led to
“pulmonary hypertension, greater pulmonary contusion
size and stiffer lungs.” Finally, in a trial of critically ill
patients, DCLHb was reported to have a “marked vaso-
pressor action, allowing norepinephrine requirements to
be reduced,” but at 7.5 hougs after DCLHb administsa-
tion there was increased pulmonary vascular resistance
with decreased cardiac index and O, delivery®—a fa-
miliar theme with this product. Although the authors of
the DCLHDb trial cited several animal models that ap-
peared to support their study hypothesis, none of these
models replicated their study design-—a lesson for future
conduct of clinical trials with HBOCs. Of note, the
mechanisms responsible for the vasoconstriction result-
ing from DCLHDb administration were elucidated before
the trauma clinical trial. The increased vascular resis-
tance was shown to be predominantly mediated by the
scavenging of NO with an additional composnent of en-
hanced endothelin release.®”® Production of DCLHb
has been terminated, but the relevance of these basic
mechanisms to trauma care with HBOC:s is clear.

Clinical evaluation of polymerized hemoglobin:
Safety

At this moment, the most successful HBOCs clinically
are polymerized Hb solutions (Table 5). Perhaps a coin-
cidence bur, as discussed earlier, polymerization ad-
dresses several of the problems inherent in tetrameric
Hb: enhanced intravascular resention and reduced col-
loid osmotic acrivity. Polymerization also appears to at-
tenuate vasoconstriction associated with the infusion of
Hb solutions. In fact, PolyHeme, which contains less
than 1% tetrameric Hb, is devoid of vasoconstriction in
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Table 5. Current Hemoglobin-Based Oxygen Carriers Undergoing FDAiApprO\ied Phase HI Clinical Trials

-

Hemoglobin
Product Manufacturer source Polymerization Status in USA
Hemolink Hemosol Inc, Mississanga, ON Human o-Raffinose —_
Hemopure Biopute Corp, Cambridge, MA. Bovine Glutaraldehyde BLA filed-at FDA
PolyHeme Northfield Lab, Fvanscon, IL Human Gluzazaldehyde BILA filed at FDA

BLA, Biclegical License Application.

our clinical experience with this product over the past
decade.** A proposed explanation is that tetrameric Hb
(65 KDa) extravasates through the endothelium to bind
abluminal NO, leading to unopposed vasoconstriction;
but polymerized Hb (>130 KDa) remains in the vascu-
lature to0 bind only luminal NO.* Of interest, Hb of the
common earthworm, Lumbricus ierrestric, is a polymer
with a molecular weight of 400 KDa that circulates ex-
tracellularly.'® Mice and rats undergoing exchange
transfusion with this naturally occurring polymeric Hb
showed no changes in behavior, and nuclear magnetic
resonance spectroscopy of the heart confirmed normal
O,-carrying capacity. ™' Polymerized HBOCs have un-
dergone extensive preclinical and clinical testing; Poly-
Hesme is the only product to be evaluated in severely
injured patients in the US to date. This is likely because
of the anticipated challenges in designing clinical trials
in trauma identified by the FDA.* Hemopure (Biopure
Corp, Cambridge, MA), a polymer of bovine Hb, has
been used successfully to reduce allogeneic RBC trans-
fusion in elective cardiac,'™ aortic,'® and hepatic'™ sur-
gery. One study with abdominal aortic reconstruction
raised concern about increased systemic vascular resis-
tance,’” an effect identified in normal volunteers.’® He-
mopute has also been evaluated for efficacy with in
vitro'” and in vivo'®*'*® regional reperfusion models;
these studies suggest an advantage over stored RBCs.
Animal studies designed to replicate prehospital hypo-
tensive resuscitation for hemorrhagic shock have been
encouraging,'!®*!!! although the issue of compromised
tissue perfusion because of vasoconstriction has
surfaced.”*'** Hemopure has been approved for replace-
ment of acute blood [oss in South Africa, but thereare no
published results to date.

Clinical testing of Hemolink (Hemosol, Inc, Missis-
sauga, Ontario, Canada), o-raffinose polymerized Hb,
has targeted conservation of allogeneic RBC transfusion
through enhanced intraoperative autologous donation
during coronary artery bypass grafting.'**"'® The pul-
monary and systemic vasoconstrictions associated with
Hemolink infusion'"” is attenuated by general anesthe-

sia.!'® Assessment of Hemolink for hemorrhagic shock'?
and regional reperfusion has been limited but promis-
ing.'* The mechanism(s) responsible for vasoconstuc-
tion after infusion of Hemopure and Hemolink has not
been established. NO binding appears to be involved
burt alternative mechanisms have been proposed, includ-
ing increased endothelin, release-enhanced adrenergic
receptor sensitivity, and reduced arterial wall shear
stress.'?! The relative proclivity for increased pulmonary
and systemic vascular resistances with the various poly-
merized Hb solutions might be explained by the amount
of residual tetrameric Hb after polymerization and pu-
rification (Table 6). Additional issues reported with the
clinical use of polymerized Hb solutions include inter-
ference of laboratory tests that are based on colorimetric
changes from dissolved plasma Hb, inaccuracy of O,
saruration monitoring because of methemoglobin, mild
elevations of serum amylase (but without evidence of
pancreatitis), and skin rashes. None of these have been
considered clinically important adverse events.

Our experience is limited to PolyHeme, and investi-
gation with this polymerized Hb has focused on its po-
tential role in trauma care. Gould and colleagues' es-
tablished the safety of infusing 1 unit {50 g) of
PolyHeme in healthy volunteers. Under FDA guidance,
we initiated clinical trials in trauma to confirm safety
with escalating doses of PolyHeme and to explore study
endpoints to establish efficacy. In the firsc clinical trial,*
39 patients received 1 (n = 14), 2 (n = 2), 3 (n = 15),
or 6 {n = 8) units of PolyHeme instead of stored RBCs
as part of their initial resuscitation after acute blood loss.
Infusion rates ranged from 1 unit in 175 minutes to 6
units (300 g) in 20 minutes. Although the RBC Hb feil
to 2.9 & 0.2 g%, total Hb was maintained at 7.5 = 0.2
g% with PolyHeme. With respect to safery, the patient’s
temperature, mean arterial pressure, heart rare, and cre-
atinine clearance did not change during the 72-hour
study period. Liver function tests and amylase varied
substanrially because of patient injuries. Excluding pa-
tients with abnormal preinfusion values, there were no
notable changes in these serum enzymes. Transitioning
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Table 8. Characteristics of Polymerized Hemoglobin Solutions Versus Stored Red Blood Cells

Characteristic * Hemeopare Hemaslink PolyHeme RBCs
Hemoglobin (g%) 13 g% 10 g% 16 g% ’ 13 g%
Unit equivalent (g) 30¢g 25¢g stg S0g
Molecular weight (> 64 KDa) =95% =65% =99% 1H00%
Ps, (mmHg) 38 34 29 26
Hill coefficient 1.4 1.0 1.7 2.7
Oncotic pressure {(mmHg) 25 24 23 25
Viscosity 13 cp L.lcp Z1lcp {whole blood
= 5-10 ¢p)
Methemoglabin (%) - <10 <7 <8 <1
Halflife 19k i8h 24k 51d
Shelf-life @ 4° C ‘ =3y =1y =15y 424d
Shelf-life @ 21° C =2y - =6 wk <Gh

cp, centipoise; Psq, O, rension when hemoglobin-binding sites are 50% saturated.

from safety to efficacy, the O,-carrying capacity from
infused PolyHerme versus the patients’ RBCs was derer-
mined by simultaneous assessment of the O, content of
these compartments in venous and arterial blood. O,
utilization was 27% = 3% for RBCsand 37% =+ 2% for
PolyHeme (Fig. 3}, a finding consistent with previous
work in healthy volunteers ateributed to the mildly ele-
vated Ps,. Relevant to potential endpoints for efficacy,
23 patients (59%) avoided allogeneic RBC transfusion
during the first 24 hours.

Cognizant of the vasoconstriction associated with the
DCLHb clinical erial, we designed a study to specifically
evaluate the vascular response to PolyHeme infusion in
acutely injured patients.'” Parients requiring urgent
transfusion were randomized to either PolyHeme {(up to

PaiyHeme

Cireulatiog Cirtulatiug
RBCg RBCs

Volunieers Trauma Patishis

Figure 3. Oxygen utilization was compared between circulating RBC
Hb and PalyHeme in healthy volunteers and acutely injured patients.
The increased oxygen utilization: for PolyHeme might be in part from
tha mildly increased Pgg (29 mm). Pgo, O, tension when hemoglobin-
binding sites are 50% saturated.

6 units) or stored RBCs during their initial resuscitation.
Systemic arterial pressure, pulmonary arterial pressure,
cardiac index, and pulmonary capillary wedge pressure
were measured every 4 hours postinfusion. There were
no major differences between the groups for these indi-
ces or the calculated systemic or pulmonary vascular

resistance (Table 7).

Clinical Evaluation of Polymetized Hemoglobin:
Efficacy :

Perioperative applications: Reduce allogeneic
RBC transfusions

Prompted by the FDA guidelines to demonstrate effi-
cacy (Table 3), all HBOC companies have pursued what
appeared to be the simplest clinically; ie, to reduce the
need for allogeneic RBC transfusions, Northfield Labo-
ratories has been the only one to focus on trauma so far.

In collaboration with David B Hoyt, MD, and the

University of California at San Diego, we conducted a .

randomized trial in patients requiring urgent transfu-
sion.” The 44 trauma patients (Injury Severity Score
[1SS] = 21 * 1.3) were allocated to receive stored RBCs
or up to 6 units of PolyHeme as their initial blood re-
placement. The RBC Hb was equivalent preinfusion
(10.4 £ 0.4 g% versus 9.4 % 0.3 g%); at end infusion,
the RBC Hb of the PolyHeme patients fell to 5.8 = 0.5
g% versus 10.6 = 0.3 g% in the control. The Polyl{eme
group received 4.4 *+ 0.3 unis, resulting in a plasma Hb
of 3.9 = 0.2 g%. The total number of allogeneic RBC
sransfusions for the control versus PolyHeme was
10.4 *+ 0.9 units versus 6.8 + 0.9 unics (p < 0.03), re-
spectively, through day 1, and 11.3 % 0.9 units versus

T T
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Table 7. Pulmaonary Vascular Resistance after PolyHeme Infusion for Acute Blood Loss

Group +4 h +8h +12 h +16 h
Pulmenary Vascular Resistance Index
PolyHeme 288.0 = 34.4 3112352 278.4 + 42.1 293.0 £ 61.7
RBC 232.7 = 597 231.8 £ 440 3126 £ 62.6 2514+ 356

7.8 £ 0.9 units (p = 0.06), respectively, through day 3

(Fig. 4). After the inital phase, infusion of 4.6 units of -

stored RBCs in the control group was equivalent to che
5.2 units in the PolyHeme group. Both volumes pre-
sumably represent the infused RBCs or PolyHeme lost
during the acute hemorrhage. Subsequent replacement
volumes were the same, ultimately sparing the Poly-
Heme group approximately four units of allogeneic
RBC transfusion. .

As mentioned previously, other polymerized HBOCs
have been used in elective surgery to achieve a similar
study endpoint, %1131 The primary conceptual dif-
ference is that these HBOCs were used to augment pre-
or intraoperative autologous donation in the controlled
setting of elective surgery. Similar to our trauma study,
these randomized trials with other polymerized HBOCs
demonstrated a compelling reduction in allogeneic RBC
transfusion. But at this time, because of the logistic
problems in conducting this trauma study, including the
inability to obtain waiver of informed consent, we pur-
sued an alternative study design. Because of our long-
term interest in the pathogenesis of postinjury MOE our
revised study hypothesis became PolyHeme, in lieu of
stored RBCs during initial resuscitation, which would
attenuate the adverse immunoinflammarory effects of
allogencic RBC transfusion.

In preparation for these clinical trials, we conducted
in vitro studies to test our hypothesis that PolyHeme—
free of inflammarory cytokines and lipids—would elim-
inate the PMN priming previously docamented with
stored RBCs.””* Human PMNs were isolated from
healthy volunteers and the plasma fraction was separated
from packed RBCs at 42 days of storage in our blood
bank (the last day stored RBCs can be transfused clini-
cally, but often the first RBCs infused into trauma pa-
tients).'** The isolated PMNs were incubated with
either RBC plasma or PolyHeme at concentrations cal-
culated to be equivalent to 8 units of transfusion. The
plasma fraction from three or more units of stored RBCs
primed the human PMNs for enhanced superoxide pro-
duction and elastase release (Fig. 5). Because activated

vascular endothelium interacts with primed PMNs easly
in the pathogenesis of postinjury MOF, we further com-
pared the effects of PolyHeme versus stored RBCs on
endothelium in vitro.'* Human microvascular endothe-
lial cells were incubated with the plasma fraction of
RBCs at 42 days storage in concentrations simulating
transfusion of 2, 4, or 8 units, or with PolyHeme at
similar transfusion volumes. Intercellular adhesion mol-
ecule 1 (ICAM,) the counterligand for the CIX11b/
CD18 adhesion molecule on the primed PMN, was
measured as a marker of endothelial activation. ICAM,
surface expression was increased twofold after endothe-
lial exposure to stored RBC plasma but was not altered
by PolyHeme (Fig. 6). With this supportive in vitro
work, we proceeded to test our hypothesis in trauma
patients.

In our clinical trial, injured patients requiring urgent
transfusion were administered either PolyHeme (up to
20 units = 1,000 g) or stored RBCs for their initial re-
suscitation.'” PMN priming was determined by the sur-
face expression of CD11b/CD18 and superoxide pro-
duction. The study groups (stored RBC [n = 10] versus
PolyHeme [n = 9]) were comparable with respect to
injury severity {ISS = 27.9 * 4.5 versus 21.9 = 2.7),
physiologic compromise (emergency department pH =

14 5

12 4

16 4 CRLloss

Units RBCs

—3—Siored RBCs
—i— PelyHeme

Sr ' 2Hr ' 24Hr ‘ ToHr

Hours Post-transfusion
Figure 4. Acutely injured patients were randomized to receive
stored RBCs or up to 6 units of PelyHeme as their initial blood
replacemeant. The net difference in allogeneic RBC transfusion per-
sisted for 72 hours, and was due to the initial operating room loss.
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Figure 5. Isolated human neutrophils (PMNs) were incubated with
efther the plasma fraction from stored RBCs or PolyHeme at con-
centrations equivalent to one through eight units of acute transfu-
sien. {A) PMN superoxide production; (B} PMN elastase releass.
MLP, formyl-methionyl-leucyl-phenyialaning; PAF, platelet activiting
factor.

7.22 = 0.04 versus 7.19 * 0.08), and Hb cransfusion
in the first 24 hours (units = 14.1 * 2.0 versus
14.5 = 1). Circulating PMNs from patients resusci-
tated with stored RBCs manifested evidence of priming
through increased CD11b/CD18 expression and en-
hanced superoxide production (Fig. 7). All patients in
the PolyHeme group survived; three (30%) in the stored
RBC group died of MOE

To further investigate the impact of early resuscitation
with PolyHeme in lieu of stored RBCs, we extended our
clinical trial to evaluate the systemic levels of proinflam-
matory cytokines (IL;, ILg), counterregulatory cyto-
kines {IL,g, IL,), and markers of endothelial activation
(sSICAM, sE-selectin).® The study groups (stored RBC
[n = 7] versus Polyleme [n = 18]) were comparable
with respect to injury sevesity. Patients resuscicated with
stored RBCs had higher levels of the preinflammatory
cytokines IL; and ILg, and higher levels of the counter-
regulatory cytokine IL,, (Fig. 8), with a trend toward

MFI

2z 4 [ Stored RBCs

@ PolyHeme

0 g T 1
0 2 4 8
Equivalent Units of Blood Transfused

Figure 6. Human microvascular endothelial cells (HMVEC) were
incubated with either the plasm & fraction from stored RBCs or
Polytleme at concentrations of 2, 4, and 8 units of acute transfu-
sion. MFI, mean fluorescence intensity.

higher sICAM, and sE-selectin levels. We have not en-
rolled a sufficient number of injured patients to defini-
tively address the ultimate study objective—reduction
of postinjury MOE Bur the incidence of MOF in the
acutely injured patients given PolyHeme during their
initial resuscitation for whom we had complete data
(n = 20) was 15%, contrasted with a predicted inci-
dence of 37% (p << 0.05) based on our MOF prediction
model (age X 33.25, ISS X 27.25, units X 18.05, base
deficit X 8.94, lactate X 4.30).%° In sum, these clinical
trials in trawma patients suggest that PolyHeme, used in
the eatly resuscitation of patients with hemorrhagic
shock, will attenuate the immunodysfunction associated
with stored RBC transfusion and reduce the risk of
postinjury MOE

Acute hemorrhagic shock: When stored RBCs

are unavailable

The most compelling indication for an HBOC is the
scenario in which stored RBCs ase unavailable. This
potential benefit for military use has largely driven the
development of HBOCs, but there are also a number of
key applications in civilian trauma care. Most conspicu-
ous is the role in prehospital care, particularly for ex-
tended transport times. But there are also remote hospi-
tafs throughout the country in which stored blood is
simply not available or is rapidly depleted when multiple
casualties are encountered. There have been a number of
well-designed animal models that strongly suggest pre-
hospital low-volume resuscitation with HBOCs can save
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Figure 7. Circuiating neutrophils (PMNs) from injured patlents who
ungderwent initial resuscitation with either stored RBCs or PolyHeme.
(A} PMN CD11/CD18 receptor expression; (B) PMN superexide
production. (From: Johnson JL, Moore EE, Cffner PJ, et al. Resusck
tatjon with a blood substitute abrogates pathologic postinjury neu-
trophil cytotoxic function. J Trauma 2001;50:449-458, with per
mission.}

ives. Despite the appeal, the scientific design and ethical
conduct of clinical trials to establish efficacy of HBOCs
when RBCs are unavailable remain a challenge. To best
approximate this scenario, we compared the 30-day
mortality in 171 trauma patients given up to 20 units
(1,000 g) of PolyHeme, compared with a historic con-
trof of 300 surgical patients who refused stored RBCs on
religious grounds.® The traumna patients received rapid
infusion of 1 to 2 units (n = 45), 3 to 4 units (n = 4.5),
5 to 9 units (n = 47), or 10 to 20 units {n = 34} of
PolyHeme; 40 patients had a nadir RBC Hb =3 g%
(mean = 1.5 = 0.7 g%). Total Hb was adequately
maintained {mean = 6.8 £ 1.2 g%) by plasma Hb
added by PolyHeme. The 30-day mortality was 25.0%
(10 of 40 patients), compared with 64.5% (20 of 31

10000 + - [~ stored RBCs
8000 —@ PolyHeme
&
Hours Postinjury
A
2000 -
8000 -
7000
_ 6000 +
£ 5000 - —M— Stored RBCs
= 4000 - ~@&—PolyHeme
3000 -
2000 4
0 3 6 12 18 24 36 48 72 120
Hours Postinjury
B
800 '
700
800
2 500 —#— Stored RBCs
‘22 400 —&— PolyHeme

300 B
200 £
100

0 3 6 12 18 24 36 48 72 120
Hours Postinjury
C

Figure 8. Systemic interleukin |Lg, iLg, and IL.q from injured pa-
tients who underwent initial resuscitation with either stored RBCs or
PolyHeme. (A) ILg, (B) ILg, and {C} interfeukin 10 ILyq. (From: John-
son Ji, Moore EE, Gonzalez RJ, et al. Aferation of the postinjury
hyperinflammatory response via resuscitation with a red celf substi-
tute. J Trauma [in press]; with permission.}

patients) in the control patients at these RBC Hb levels
(Fig. 9). '

1 want to share a personal experience with PolyHeme
in our institution that convinced me the time has arrived
for the FDA approval of an HBOC for trauma care. An
18-year-old man arrived by ground ambulance at our
emergency department in excremis after a gunshot
wound to the abdomen with a high-velocity elk-hunting
rifle (30.06, hollow soft point 220 gr, muzzle energy
2,840 ft/1b). Because of immediate availability, 10 units
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Figure 9. The 30-day mortality {M} is compared in patients who
refused stored RBC transfusion versus injured patients who were
initially resuscitated with PolyHeme. Mortality was significantly less
in the PolyHeme group when RBCHb = 5.3 g%. {(From: Gould SA,
Moore EE, Hoyt DB, et al. The life-sustaining capacity of human
polymerized hemoglobin when red cells might be available. J Am Coll
Surg [in press]; with permission.}

of PolyHeme were administered during the first 14 min-
utes of in-hospital resuscitation, representing greater
than 91% of total circulating Hb at end infusion (RB-
CHb = 0.7 g%). The missile entered the left mid-
abdomen and exited directly posteriorly. At laparotomy,
we encountered an avulsed shattered left kidney with

secondary aortic and vena caval perforations, a partially -

transected superior mesenteric vein, and destructive in-
juries to his distal duodenum, proximal jejunum, mid-
ileumn, and descending and sigmoid colon. In addition,
he had massive soft tissue loss in the retroperitoneum,
including the psoas and paraspinous muscles, and suf-
fered a concussive spinal cord lesion with resultant para-
plegia. The patient received an additional 40 units of
packed RBCs during initial laparotomy but ultimately
this gentleman survived to discharge without organ fail-
ure. We believe the immediate infusion of this HBOC
was pivotal in maintaining sufficient O, delivery during
the critical period of massive blood loss to save this man’s

life.

Hemoglobin-based oxygen carriers in trauma
care: the future is now

War on terrorism

I encourage the ongoing collaboration of the US mili-
tary, FDA, and private industry to deploy HBOC:s for
use in the current Middle East conflict. (Northfield Lab-
oratories and the US Army are working together on a
treatment investigational new drug application for com-

bat casualties.) The US Army recognizes an evolving
paradigm shift to a “dispersed battlefield,” where pro-
longed evacuation will become the rule rather than ex-
ception. The reduction in overall mortality from combat
wounds in our lifetime has been largely from improved
care after evacuation from the barttlefield. Bellamy™ has
projected that the percentage of wounded soldiers who
die in the field (killed in action) will increase from 20%
with evacuation times less than 2 hours, to 26% with 6
hours, to 32% with 24 hours. The majority of soldiers
killed in action are anticipated to die from acute blood
loss and the sequelae of hemorrhagic shock when evac-
uation is delayed. Kaytchuch and Sullivan'® estimare
that more than one-third of combat casualties are poten-
tially salvageable with earlier intervention at the point of
wounding or far-forward in the continuum of care.
One-fifth of modern battlefield deaths attributable to
acute blood loss are from compressible wounds; ie, those
accessible for direct pressure. The US Army has already
devised methods to improve survival in these soldiers,
including more efficient multitiered combat medical as-
sistance, hemostatic pressure bandages, and more effec-
tive tourniguets.

Addressing the noncompressible life-threatening
wounds (chest, abdomen, and pelvis) remains a chal-
lenge. Enhanced hemostasis through intraosseous or in-
gravenous infusion of procoagulants {factor VII a, factor
Xa, phospholipids, desmopressin, etc) and antifibrino-
lytics (aprotinin, €-aminocaproic acid, tranexamic acid,
etc) is an attractive concept, but restoring O,-carrying
capacity is equally compelling. Perhaps a combination of
these modalities will be more effective. ™!

Homeland security

Preparing for disaster is now virtually a daily exercise in
traumna centers throughout the country.'® Although sys-
tematic planning for chemical, biologic, and nudear
weapons is clearly essential,’ it is important to remem-
ber that the incomprehensible devastation and wide-
spread chaos generated by powerful explosions have
made this the most common means of inflicting terror
worldwide.'* The events of 9/11 illustrated the fragilicy
and inflexibility of the current blood reserve in the US.
Extensive blood donation represented impressive public
support for victims of the World Trade Center and Pen-
tagon calamities, but relatively little blood was used be-
cause of the extreme lethality of the massive detonations
and building collapses. In addition, the end result was
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the loss of massive quantities of human blood that be-
came outdated. At the World Trade Center, where more
than 3,000 were killed, the dead-to-wounded ratio was
an astounding 5 to 1. The blast outside the Murray
Pederal Building in Oklahoma City, by contrast, re-
sulted in 167 deaths with a dead-to-wounded ratio of
nearly 1 to 5. This relative proportion of seriously
injured patients is more typical of natural disastess, such
as earthquakes.? So, the acute demand for blood wiil
vary considerably depending on the inciting mecha-
nism, population density, physical setting, and access to
traumma care. The universal compatibility and shelf-life
of HBOCs of more than 1 year make them particulasly
attractive in disaster preparation, along with the stock-
pile of antibiotics, antidotes, and immunizations.

Civilian trauma care :

The existing safety profile and emerging data on efficacy
for HBOCs {Table 1) warrant continued active clinical
investigation in the three areas outlined by the FDA
(Table 3). The pressing question is: Is it time for the
FDA to approve one or more of these HBOC:s for clin-
ical use? I submit thar the current generation of HBOCs
can save lives and should be licensed, in limited quanti-
ties, for scenarios where stored blood is not available
within the hospital.

Compassionate - use when blood could not be
matched' or for critically injured patients who refused
blood on a religious basis™*® is very compelling. We re-
cently transfused 18 units of PolyHeme, over 2 weeks,
into a 39-year-old Jehovah’s Witness and mother of four
young children. This woman was transferred to our in-
stitution with a Hb = 2 g%, heart rate > 135/minute,
and acute ST segment depression on her electrocardio-
gram after a class 11 abruptio placentae with feral de-
mise, disseminated intravascular cogulation, ARDS, and
ruptured uterus, She survived urgent abdominal hyster-
ectomy and had an otherwise uneventful recovery
{manuscript in progress).

Trauma surgeons will attest that delays in blood avail-
ability for acute life-threatening hemorrhagic shock oc-
cur in urban trauma centers today, and there are cer-
tainly remote hospitals where multiple casualties can
rapidly deplete the blood reserve. There is always con-
cern about off-label use and abuse, but this is a challenge
with any product newly licensed by the FDA. Extension
of clinical investigation to prehospital care is well

founded by appropriately designed animal models. The

Israel Defense Forces Medical Corps has been adminis-
tering type O packed RBCs for more than a decade.'
But a major impediment to establishing the scientific
basis for the appropriate use of HBOGC:s in the field is
waiver of informed consent.'®%! Unfortunately, acutely
injured patients who are most likely t benefit from
prehospital infusion of HBOCs are incapable of provid-
ing informed consent and proxy consent is logistically
impractical. Undoubtedly, the trauma experience with
DCL Hb will encumber the waiver of consent issue.
Another confounder is the study control; ie, when is it
ethical to withhold treatment that is proved beneficial to
the patient?*#? Finally, the potential efficacy of HBOCs
expands well beyond the temporary replacement for
stored RBCs. Hemoglobin solutions might ultimately
prove superior in delivering O, to ischemic or injured
tissue."*® An undisputable byproduct of the intense com-
petition to license HBOCs for clinical use is the en-
hanced knowledge of the fundamental physiofogy of he-
moglobin. Although the current generarion of HBOCs
can save lives today, the next generation might be bio-
chemically railored for specific clinical indications.™
In sum, the development of HBOC:s spans 70 years
but the progress in the last decade has been meteoric.
Indeed, with FDA approval, this might represent the
next chapter in transfusion medicine as blood banking
worldwide has evolved from whole blood to component
therapy and now the integration of HBOGs. As aca-
demic trauma surgeons, my colleagues and I have had
the unique opportunity to participate in the translation
of basic science to saving lives; that is the ultimare reward

of academic medicine.
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