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METHOD FOR TREATING PATIENTS WITH MASSIVE BLOOD LOSS

RELATED APPLICATION

|0001] This application claims the benefit of U.S. Provisional Patent Application Serial

No. 60/415,935, filed October 3, 2002.

BACKGROUND OF THE INVENTION
Field Of The Invention

[0002] The invention relates to the use of hemoglobin solutions to treat patients 1n need of
blood or other oxygen carrier. More specifically, the invention relates to the administration of a

hemoglobin solution to patients suffering from massive blood loss.

Description of the Related Art

[0003] The following description refers to a number of references by numeral in
parentheses. Complete citations to the references may be found in the section entitled

“References” immediately preceding the claims.

[0004] The critical issues in resuscitation from acute blood loss in frauma and surgery are
restoration of total blood volume and maintenance of sufficient oxygen-carrying capacity to
avoid inadequate delivery of oxygen to tissues. (1, 2, 3, 4) Inadequate volume replacement
leads to a fall in blood pressure and eventual hypovolemic shock. Insufficient red cell

replacement may lead to critical levels of anemia, irreversible ischemia, and death. (5, 6)

[0005] The physiologic consequences of profound anemia are well understood. In a
bleeding but otherwise healthy surgical patient, cardiovascular compensation should be

adequate until red blood cell (RBC) hemoglobin concentration falls below of 5 g/dL. (26) As

blood loss continues and the RBC hemoglobin concentration falls further, the compensatory
1
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responses begin to fail. (7, 8, 29, 31) Cardiac compensatiofi' bécomées itiadediiate Wheh"RBC™
hemoglobin concentration falls below 3.5 g/dL, (32, 33, 34, 35) with reported mortality rates
ranging from 50-95% when the RBC hemoglobin concentration falls below 3 g/dL. (9, 10, 11,

12,13, 14, 29)

[0006] Current resuscitation methods involve initial asanguineous (non-blood) volume
replabement with salt solutions, followed by red cell transfusions when compatible blood 1s
available and adequate in supply. (1, 2) The goal of current treatment methods 1s to restore

ufficient blood volume to maintain a mean arterial pressure above 60 mmHg, and to replace

sufficient red cells to maintain a circulating hemoglobin level above 6 g/dL according to the
American Society of Anesthesiologists (ASA), (7) or between 7-10 g/dL according to the
National Institutes of Health (NIH) Consensus Conference. (8) However, there are occasions
when red cells are temporarily unavailable, inadequate in supply, or cannot be used due to

incompatibility or religious objection. This may lead to urgent, life-threatening situations, with
reported mortality rates of 50-95% for hemoglobin levels <3 g/dL. (9, 10, 1,12,13, 14) What

-« needed in these situations is a substitute for whole blood such as a solution for restoring
volume as well as oxygen carrying capacity. Moreover, considering the risks of infection or
other toxicity associated with blood replacement therapy, patients may choose an oxygen cartier

solution to restore volume and oxygen carrying capacity, even when whole blood is available.

[0007] Prior to the present invention, the benefits of using a polymerized hemoglobin
solution as a treatment for massively bleeding patierits had not been studied. While U.S. Patent
No. 6,498,141 teaches that up to 5L of a hemoglobin solution may be administered to a patient,
there has been no suggestion of the use of a polymerized hemo globin solution to treat patients
suffering from massive hemorrhage, including those patients having total Hb less than 7 g/dL.
It had been reported that nearly all patients with Hb level less than 5 g/dL, who decline blood

transfusion, die without the use of extreme measures such as hypotensive anesthesia,
2
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hypothermia, muscle paralysis and sedation. (29) HoweVet-despitéitheiesd tor asnen-Blodd
therapy to treat massive hemorrhage, the use of a substitute for blood, such as an oxygen

carrying polymerized hemoglobin solution, has not been addressed for such treatment.

[0008] What is needed is an alternative oxygen-carrier that can be administered in large
5  quantities and provide immediate life-sustaining therapy until adequate red blood cell

hemoglobin levels (RBC hemoglobin concentration) can be restored.

SUMMARY OF THE INVENTION

[0009] In on aspect, the invention provides a method for treating a mammal suffering
from a life threatening level of red blood cell hemoglobin (RBC Hb) as the result of blood loss.

10  The method includes administering to the mammal a polymerized hemoglobin solution.

(0010] In another aspect, the invention provides a method of preventing anemia,
irreversible ischemia, or hypovolemic shock in a patient suffering from massive blood loss.
The method includes administering to the patient a volume of a polymerized hemo globin

solution sufficient to maintain total Hb above 5.0 g/l and arterial pressure above 60mmHg.

15  [0011] In a further aspect, the invention provides a method of maintaining mean
circulating Hb levels above 5.0 g/dL in a patient suffering from massive blood loss. The
method includes administering to the patient a polymerized hemoglobin solution in an amount

of at least one blood volume of the patient.

[0012] Still further, the invention provides a method for treating a human having a
20  hemoglobin concentration below about 7 g/dL as the result of a massive blood loss. The

method includes administering to the human a polymerized hemoglobin solution.

100131 In yet another aspect, the invention provides a method for sustaining life m a

human suffering from massive blood loss. The method includes preventing hypovolemic shock

3
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and further decrease in blood pressure by administering o the Hufnah'apolyriterized.

hemoglobin solution.

[0014] In the various aspects of the invention, the hemoglobin solution may be an
acellular solution comprising an essentially tetramer-free, cross-linked, polymerized
hemoglobin solution which is substantially free of stroma and other contamimnants. The
hemoglobin solution may be administered in an amount of at least 5L or at Jeast one blood
volume of the patient. The administration of the hemoglobin solution may maintain a mean
circulating hemoglobin level greater than 5.0 g/dL and arterial pressure above 60 mmHg. The
hemoglobin solution may be administered at a rate of at least 2 units per minute and may avoid
the toxicities associated with vasoconstriction, and renal, pancreatic, gastromtestinal and

cardiac dysfunction.

[0015] In addition, the polymerized hemoglobin may have a molecular weight distribution
of:
(a) from about 5-30% by weight of polymerized hemoglobin of polymer having a
molecular weight of about 128 KDa;
(b) from about 15-3 5% by weight of polymerized hemoglobin of polymer having a
molecular weight of about 192 KDa; and
(¢) from about 35-75% by weight of polymerized hemoglobin of polymer having a

molecular weight of about 256 KDa.

BRIEF DESCRIPTION OF THE FIGURES

[0016] Specific embodiments of the invention are described with reference to the

following drawings, wherein:
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[0017] Figure 1 is a graph depicting the mean (+ SB) plasing hehtdglobin-toficehtration.
versus dose of polymerized hemoglobin solution. One unit of the polymerized hemoglobin

solution contains 50 g polymerized hemoglobin in 0.5 L.

[0018] Figure 2 is a graph depicting the mean ( SD) total hemoglobin concentration

(solid line) and RBC hemoglobin concentration (dashed line)versus dose of a polymerized
hemoglobin solution. The shaded area represents 7 -10 g/dL guideline according to NIH
Consensus Statement. The dotted line represents life threatening level of 3 g/dL. One unit of

the polymerized hemoglobin solution contains 50 g of polymerized hemoglobin in 0.5 L.

[0019] Figure 3 is graph depicting individual patient data for 40 patients with nadir RBC
hemoglobin solution < 3 g/dL, showing the total hemoglobin concentration as the sum of RBC

hemoglobin concentration and plasma hemoglobin concentration. The line represents life-

threatening level of 3 g/dL.

[0020] Figure 4 is a logistic regression showing mortality in patients who recetved
PolyHeme® and in historical controls. Mortality mcreases in both groups as RBC hemoglobin -
concentration falls. Curves begin to separate at RBC hemoglobin concentration of about 7.0
o/dL and become significantly different (p < 0.05) at RBC hemo globin concentration below

about 5.0 g/dL.

DETAILED DESCRIPTION

[0021] Before describing the present invention in further detail, a number of terms will be
defined. As used herein, the singular forms "a," "an,"and "the" mclude plural referents unless

the context clearly dictates otherwise.

(0022] As used herein, the term "cross-linked" means the chemical emplacement of

molecular "bridges" onto or into a molecule, or between molecules with the purpose of altering

S
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may be polymerized or non-polymerized, i.e., cross-linked molecules may be tetrameric.

[0023] As used herein, the term "tetramer" refers to hemoglobin molecules having a

molecular weight of about 64 KDa; that is, the term refers to both native and mtramolecularly

5  crosslinked hemoglobin molecules.

10024] As used herein, the term "essentially tetramer free" denotes the level of purity with
respc;ct to tetramer contamination at which certain biological responses to tetramer administered
into a mammal are no longer present. A main criterion is the absence of alterations in renal
function when pharmaceutically effective amounts are infused, that s, at a level of purity of

10  about 99% or better (less than about 1% of tetramer is present). The preferred product produced
Ey the inventive process contains no more than about 0.8% tetramer based on the weight of
total hemoglobin (THb). In other words, an essentially tetramer-free product according to the
invention contains no more then physiologically acceptable amounts of unpolymerized
hemoglobin tetramer. Particularly preferred products of the invention contain less than about

15  0.5% tetramer; the most particularly preferred products of the invention contain about 0.3-0.4%

tetramer. Such amounts of tetramer have been found to be physiologically acceptable.

10025] As used herein, the terms "ultrapurified product” or "purified product" have the

same meaning as the term "essentially tetramer-free."

10026} As used herein, % total hemoglobin (THb) is defined as grams of hemoglobin/100

20  mL of solution.

10027] As used herein, the term "polymerizing solution" means a solution containing a
"cross-linking" or polymerizing agent, such as glutaraldehyde, imido esters, diaspirin or others,

1n a biochemically suitable carrier.
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[0028] As used herein, the term polymerized mears tig plateinetit 0f moiecuiarbridges’
between molecules or tetrameric subunits where the size and weight of the resulting

polymerized molecule is increased with respect to native or tetrameric hemoglobin.

Polymerized hemoglobm 1s not tetrameric hemoglobin.

[0029] Patients suffering from massive blood loss are i immediate need ot blood or an
alternative oxygen carrier. It has been found that polymerized hemoglobin solutions can be
used to treat such patients in lieu of providing asanguineous solutions followed by RBCs
infusion. In the method of the invention, it has been discovered that up to at least twenty units
(10 L), or about two blood volumes of a patient, with a polymerized hemoglobin solution can
be administered to massively bleeding patients, in lieu of red cells, as their initial oxygen-
carrying replacement. The method can sustain life during rapid, massive hemorrhage n
patients with life-threatening RBC hemoglobin concentration levels who do not receive red
cells. Alternatively, polymerized hemoglobin may be administered according to the mvention
i combination with red blood cells. The administration of polymerized hemoglobin can be at
approximately the same time, or substanfially before or after the administration of red blood

cells.

[0030] In order to be uselul for treating patients with massive blood loss, the polymerized
hemoglobin solution is preferably an oxygen-carrying resuscitative fluid, universally
compatible, immediately available, and disease-free. The solution is preferably capable of
being infused rapidly and in massive quantities, and the solution must avoid the toxicities
observed historically with unmodified hemoglobin (16, 17, 18, 19) and in recent trials with
modified hemoglobins (20, 21, 22, 23). These foxicities include vasoconstriction and renal,
pancreatic, gastrointestinal, and cardiac dysfunction. The small molecular-weight tetrameric

species of hemoglobin have been associated with these unacceptable adverse effects.
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10031] In one aspect of the invention, the polymerizedhemOglobiii sotutiondrasithe »

following general characteristics shown in Table 1.

Table 1
Total Hemoglobin (g/dl)* 9.5-12.0
Methemoglobin (% of total Hb' < 8.0

. — di— Svp— py— P e S— pp— i p— o, i S S Rl o - Sodul hih—

Carboxyhemoglobin (% of total Hb)' <35.0

Pso (torr)’* 23-32
Osmolahity (11:1—11'11r01/-Kg)2 - o 280-360
Sodium (mmoV/L)? - 135-155
, P;ta;s;mzn;ngi/L)3 3.5-4.5 i
Chloride (mmol/L)’ - 85-110
_ F;eg Tron (ppm)” < 2.0
Molecular \?—‘.ft. Dis‘.[-. - ;28 I.<Da peak (%);— - 5-30 -
Molecular Wt. Dist. - 192 KDa peak (%)° 15-35
Molecular \K_f; D-i_st. - 256 KDa peak (%)’ - 35-75
Tetramer (64K) (%) __< 1.0
Phospholipids ng/Hb° <50 )
Glyco.lipic;s (ng/Hb;6 | H — i o <2
1 determined spectrophotometrically.
2 determined by osmometry.
3 determined by ion specific electrode.
4 determined by atomic aborption.
5 Determined by size exclusion-HPLC, % by weight of polymerized hemoglobin.
6 Determined by HPTLC
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[0032] One example of a hemoglobin solution useful in the invention is PolyHeme®
(Northfield Laboratories, Inc., Evanston, Illinois). PolyHeme® is a sterile, pyrogen-free,
isotonic, and isooncotic hemoglobin solution. The solution loads and unloads oxygen similarly
to red cells, the basic requirement for any oxygen carrier. (15, 24, 36, 37). Some properties of

a unit of this hemoglobin solution are summarized 1n Table 2

Table 2
Characteristics of PolyHeme®

Index (per unit) Measurement
Volume 500 mL
Mass Hemoglobin 50¢g
Concentration Hb 10 g/dLL
Pso 26 — 32 mm Hg
Concentration MetHb (w/w) < 8.0%
Concentration Tetramer (w/w) < 1.0%

24 hours
half life (t;)

> 1 year
Shelf-life

I——

Pso= oxygen tension at 50% hemoglobin saturation

|0033] The preparation of PolyHeme® is designed to avoid the toxicities commonly
associated with hemoglobin solution, and involves polymerization with glutaraldehyde and
subsequent purification to remove all unpolymerized tetramer. Early experience demonstrated
that infusion to six units (300g, 3L) of PolyHeme® in urgent blood loss was well tolerated, and
avoided the toxicities as sociate with hemoglobin solutions. (24, 25) Preparation of suitable

hemoglobin solutions, such as PolyHeme®, can be prepared as shown in Example 8.
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10034] One unit of PolyHeme® is a solution containing 50 g of Hemfioglobifi i 500 ML
(10 g/dL). This is equivalent to the mass of hemoglobin functionally delivered in a 1-unit red

cell transfusion. PolyHeme® has a shelf-life of greater than one year at 2-8 °C.

[0035] Other hemoglobin solutions are known to those in the art including hemoglobin
solutions derived from non-human blood. These solutions may be useful for the method of the
present invention provided they are capable of being infused rapidly and in massive quantities,
and the solutions avoid the toxicities commonly associated with hemoglobin solutions. In

addition, such solutions should load and unload oxygen similar to red cells.

10036] Patients suffering from life threatening massive blood loss are generally

recognized as those patients having lost at least about sixty percent of one blood volume, or

typically about one full blood volume (one full blood volume is about 5 L in a 70 kg man). The
volume will vary depending upon the size and other factors. Blood loss of this quantity is
typically the result of trauma, hemorrhage or surgery. Patients suffering from massive blood
loss may receive a hemoglobin solution in lieu of red cells as an initial oxygen-carrying
replacement. Rapid administration of the hemoglobin solution may be accomplished by
methods readily employed for infusion/transfusion therapy. It has been found that patients
suffering massive blood loss tolerate polymerized hemoglobin infusion at rates of two units or

more per minute.

[0037] Where red cells are temporarily unavailable or cannot be used, infusion of a

hemoglobin solution, such as PolyHeme®, has been shown to improve survival in patients

having RBC hemoglobin concentrations below about 5 g/dL prior to infusion. In various
embodiments of the invention, a patient may receive up to 20 units (1000g, 10L) of a

hemoglobin solution, such as PolyHeme™. Since the average blood volume in a normal human

10
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is approximately 10 units or 5 liters, this represents a massive transfusion of about a two total

blood volume exchange.

[0038] According to the present invention, infusion of a polymerized hemoglobin solution

maintains the total hemoglobin concentration in therapeutically adequate range (>5.0 g/dL)

even though patients have RBC hemoglobin concentration levels <3 g/dL. Figure 3 shows the

substantial hemoglobin concentration reserve provided by PolyHeme® 1n each of various

individuals at such critically low RBC hemoglobin concentration levels.

[0039] Figure 4 shows a comparison of the mortality of patients receiving no treatment
and patients receiving PolyHeme®. Although mortality increases as RBC hemoglobin
concentration falls in both groups, the curves begin to separate as hemoglobin concentration
falls below about 7 g/dL and become significantly different below hemoglobin concentration of
5 g/dL where the mortality rate 1s improved for patients recerving PolyHeme®. This
observation is consistent with the physiologic observations documenting adequate

cardiovascular compensation to hemoglobin concentration of 5 g/dL. (26)

10040] Hemoglobin solutions can stmplify and facilitate the early treatment of urgent
blood loss by permitting immediate, rapid, and simultaneous volume expansion and
hemoglobin replacement without red cell transfusion. Such solutions have the ability to avoid
‘the onset of life-threatening anemia and subsequent mortality until critical bleeding can be
surgically controlled and red cell transfusions are available. The use of hemoglobin solutions to
provide life-sustaining therapy by maintaining adequate total hemoglobin concentration during
urgent hemorrhage is appropriate, even if the follow-up period requires subsequent transfusion
with red cells. Additional benefits of the use of hemoglobin solutions over RBCs are prolonged

storage capability, safety during administration, and the avoidance of clerical errors during such

ongoing massive hemorrhage.

11
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Examples

Example 1 — Study populations

[0041] 30-day mortality in patients receiving PolyHeme® was compared to a historical
control group of patients who declined blood transfusion for religious reasons. Male and
female patients at least 18 years of age were eligible based on the following inclusion criteria:
urgent blood loss due to trauma and/or surgery, clinical decision for urgent transfusion in
anticipation of low hemoglobin concentration, and /or systolic blood pressure <100 mmkg due

to blood loss. The exclusion criteria included: severe head trauma (Glasgow Coma Scale score
<), lack of acute blood loss, signs or symptoms of severe organ dysfunction, or pregnancy.

The study was conducted at American College of Surgeons certified Level I trauma centers and

tertiary care referral institutions.

[0042] There are numerous reports in the literature describing the pooled outcome in
bleeding patients who refuse blood due to religious objection. A single study was chosen as the
basis for comparison because the data are from a single investigator and, thus, the methodology

used in collection and analysis of the data are standardized. (29) In addition to being the largest
series of patients (n=300) with hemoglobin concentration <8 g/dL, the actual individual patient

hemoglobin concentration measurements are used, unlike the pooled classification in other
reports. The common demographic and medical characteristics in the treatment and historical
control groups were age, ASA physical status score, cardiovascular risk or history, date of
admission, gender, race, and hospital site. Although the two groups differed on all of these
parameters, supportive modeling determined that none of these parameters altered the outcome
of the original analysis. The important similarity is the progressive blood loss in the surgical

setting unaccompanied by red cell replacement. While there have been advances in critical care

12
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in recent years, there remains a high mortality associated with progressive anemia, particularly

hemoglobin concentration levels <3 g/dL.

Example 2 — Methods

[0043] All PolyHeme® patients received the same treatment following the Advanced
Trauma Life Support and American Association of Blood Banks guidelines on fluid and
transfusion therapy, except that PolyHeme® was infused in hieu of red cells when a clinical
decision was made that transfusion of oxygen-carrying therapy was indicated. All patients
received infusions of 1-2 liters of crystalloid as their initial volume replacement. The indication
for and rate of infusion of PolyHeme® depended upon the patient’s clinical status. Patients
were eligible to receive up to 1, 3, 6, 10, and finally 20 units (1000g, 10L) of PolyHeme® as
the allowable dose escalated. If patients required additional oxygen-carrying therapy after the
maximum dose of PolyHeme® was reached, red cells were transfused as mdicated. Clotting

factors and platelets were administered when indicated following high volume blood loss.

PolyHeme® was 1infused preoperatively, mtraoperatively, and postoperatively to awake and

anesthetized patients in emergency rooms, operating rooms, and infensive care units.

Example 3 -- Hemoglobin Determinations

[0044] As shown 1n the equation below, following infusion of PolyHeme®, the fotal
hemoglobin 1s equal to the sum of the hemoglobin carried by the red cells and by the

PolyHeme® 1n the plasma.

[0045] Total hemoglobin concentration = RBC hemoglobin concentration + Poly

hemoglobin concentration

13



10

15

20

CA 02499459 2005-03-17

WO 2004/037279 PCT/US2003/031377

[0046] The plasma and red cells were separated to quantify the hemoglobin carried by
each component. Total hemoglobin concentration and plasma hemoglobin concentration were
determined on whole blood and plasma samples, respectively, using automated cell counters.
The RBC hemoglobin concentration was derived from the hematocrit (Hct), measured by the
cell counter, as Hct/3. It was therefore possible to document the progressive fall in RBC
hemoglobin concentration that occurs due to ongoing blood loss not treated with red cell
replacement, and observe the impact of the PolyHeme® i the plasma in maintaining total

hemoglobin concentration.

Example 4 -- Statistical Analysis

[0047] The mean and standard deviation are reported for contmuous variables, and the

frequency and percent are reported for nominal variables.

10048] Logistic regression was used to analyze mortality. Terms for treatment group
(PolyHeme® or historical control), nadir RBC hemoglobin concentration, and their interaction
were used. The interaction between RBC hemoglobin concentration and treatment group 1s
considered appropriate for analysis of mortality because at sufficiently high hemoglobm
concentration the patient will not be at risk of death due to énemia, and as hemoglobin
concentration decreases the risk of death is expected to increase. Patients whose RBC
hemoglobin concentration was >8 g/dL. were not included as they were not at risk of death due

to anemia.

10049] A supportive analysis was run to test if any differences observed could be due to
demographic/medical characteristic parameters. The parameters available in the treatment and
historical control groups were age, ASA physical status score, cardiovascular risk, gender,
hospital, race, and year of operation. Each of these parameters with their interaction with RBC

14
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: T

hemoglobin concentration and treatment was tested separately in preliminary models.
Subsequently, all significant demo graphic parameters were included m a full logistic regression

analysis.

Example 5 -- Results

[0050] The 171 patients ranged in age between 17 and 85 years. The etiology of blood
loss in these patients included blunt trauma (n=86), penetrating trauma (n=41), and non-
traumatic origin(n=44). The dose of PolyHeme® received by the 171 patients 1s shown in
Table 3. The maximum rate of infusion was approximately 2 units (100g, 1L) per minute 1n
uncontrolied hemorrhage.

Table 3

Dose of PolyHeme® Infused

Units Mass (g) Volume (L) Recipients
1 -2 50— 100 0.5-1.0 45
3—-4 150 —-200 1.5-2.0 45
5-9 250 — 450 2.5-4.5 47
10—20 500 — 1000 5.0-10.0 34
[0051] The hemoglobin relationships are demonstrated in Figures 1, 2, and 3. The

increase in plasma hemoglobin concentration with increasing doses of PolyHeme® 1s shown 1n
Figure 1. The maximum plasma hemoglobin concentration was 8.0 g/dL in a smgle patient who

received 8 units (400g, 41) of PolyHeme®. The maximum mean plasma hemoglobin

15
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concentration was 5.9 = 1.1 g/dL in the group of patients who received 20 units (1000g, 10L) of

10

15

20

PolyHeme®, reflecting the equilibrium between ongoing blood loss and replacement.

[0052] The relationship between total hemoglobin concentration and RBC hemo globin
concentration for all patients 1s shown m Figure 2. The figure illustrates that as RBC
hemoglobin coﬁcentration falls due to progressive hemorrhage without red cell transfusion,
total hemoglobin concentration 1s maintained in the 7-10 g/dL range by the imnfusion of
PolyHeme®. With hemorrhage requiring more than six units (300g, 3L) of PolyHeme®, the

RBC hemoglobin concentration falls below the life-threatening level of 3 g/dL.

[0053] There were 40 patients who had a RBC hemoglobin concentration < 3 g/dL.
Figure 3 shows the total hemoglobin concentration for each individual patient as the sum of
RBC hemoglobin concentration and plasma hemoglobin concentration. The patient on the far
right had a RBC hemoglobin conéehtration of 0.2 g/dL, with a total hemoglobin concentration
of 7.5 g/dL. Twenty-nine patients had to;cal hemoglobin concentration >6 g/ dL. Of the 11
patients with totai hemoglobin concentration <6 g/dL, only two patients received the full 20

unit dose (1000g, 10L). All patients had total hemoglobin concentration considerably greater

than the critical 3 g/dL level.

[0054] The mortality data are shown in Table 4. There were 18 deaths overall out of 171
patients for a mortality of 10.5%. Although mortalityincreased as RBC hemoglobin

concentration fell, there was no further mcrease as the RBC hemoglobin concentration fell

below 3 g/dL. Nine of the 12 patients with RBC hemoglobin concentration <1 g/dL survived.
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Table 4

Cumulative Mortality by Nadir Post-Infusion RBC
Hemoglobin Level in PolyHeme Recipients (N = 171)

RBC moglobin

concentration Deaths /

(g/dL) _  Patients  Mortality(e) = 95%CI(%)
<12.0 18 /171 10.5 6.4 to 16.1
<11.0 18 /170 10.6 6.41t0 164
<10.0 18/165 10.9 6.6 to 16.7

<9.0 - 18/158 11.4 6.910 17.4
< 8.0 16/150 10.7 6.2 t0 16.8
<7.0 15/ 133 11.3 : 6.51t0 17.9
<6.0 14 /100 14.0 7.81022.2
<5.0 14 / 84 16.7 9.3 t026.1
<4.0 13/62 21.0 11.5 10 32.7
<3.0 10 /= 40 25.0 | 12.7 to 41.2
<2.0 8 /30 267 - 12310459
<10 3/12 250 0 5510572

CI = confidence interval.

[0055] Ten deaths occurred at an early stage (Day 0 — Day 1), all due to cxsanguination,

including one that was the result of an annown pre-existing liver disease which cqmpromised
hemostasis. Three deaths occurre:d at an intermediate stage (Day 1 — Day 7). One was due to
exsanguination, and the othef two were due to the presenting injury. Five deaths occurred at a
~ late stage (Day 7 or later). Foui: were due to multiple organ failure, and one was due to

complications from pre-existing pulmonary fibrosis. None of the deaths was considered due to

PolyHeme®.

17



10

15

CA 02499459 2005-03-17
WO 2004/037279

Example 6 -- Historical Controls

PCT/US2003/031377

[0056] Table 5 shows the mortality data for the 300 historical control patients. There

were 48 deaths overall for a mortality of 16.0%. There is a marked increase in mortality as

RBC hemoglobin concentration falls, with no survivors at RBC hemoglobin concentration < 2

o/dL.
Table 5
Cumulative Mortality by Nadir Post-Infusion
RBC Hemoglobin Level in Historical Controls ( N = 300)
RBC Hemoglobin
Concentration (g/dL) Mortality (%) 95% CI (%)
Deaths / Patients

< 8.0 48 /300 16.0 12.0 t0 20.6
<7.0 48 /201 23.9 18.2 t0 30.4
< 6.0 43 /145 29.7 22.4 t0 37.8
<5.0 38 /91 41.8 31.5 to 52.6
<4.0 27159 45.8 32.710 59.3
<3.0 20 /31 64.5 45.4 to 80.8
<2.0 717 100.0 59.0 to 100.0

Example 7 -- Mortality Comparison

[0057] The logistic regression produced two different curves (Figure 4), one for each

treatment group. Although mortality increased in both groups as RBC hemo globin

concentration decreased, the mortality in the PolyHeme® group was lower than the historical
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controls at all RBC hemoglobin concentration levels below 7.3 g/ dL. This reduction reached

significance at all RBC hemoglobin concentration levels below 5.3 g/dL (p < 0.05).

[0058] The two groups differed on the following demo graphic and medical
characteristics: age, ASA physical status score, treatment group, nadir RBC hemoglobin
concentration, and their interaction (p<0.05). However, supportive modeling determined that

none of these parameters altered the outcome of the original analysis.

Example 8 — Preparation of Hemoglobin Solutions

[0059] PolyHeme® can be prepared by the following methods. Various modifications to

the process are described in U.S. Patent No. 6,498,141, the disclosure of which is incorporated

herein by reference i its entirety.
1. Cell Aspiration and Filtration

[0060] Donor bags of outdated blood are punctured and about 150 ml of a 1% (W/v)
aqueous sodium chloride solution is introduced into the bag. The bags are aspirated under
reduced pressure or vacuum. The aspirated blood is passed through three leukocyte adsorption
depth filters. Typically, about 225 units of outdated whole blood are aspirated, filtered and

subsequently transferred to Tank 1. The filters are then rinsed with about 75 liters of a 1%

(w/v) aqueous sodium chloride solution.

2. Cell Wash and Lysis

[0061 ] Prior to the introduction of the blood into Tank 1, Tank 1 is charged with about 40-
50 L of a 1% aqueous sodium chloride solution. After all 225 units of outdated whole blood
have been aspirated, filtered and transferred, and the filters have been rinsed, the tank and
associated piping contains about 365-390 liters of' a 4% total hemoglobin solution. During the

aspiration and filtering steps, Tank 1 1s maintained at a reduced pressure, i.e., a vacuum of 20-
19
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28" He. Once all the outdated blood has been transferred to Tank 1, the vacuum is switched off
and carbon monoxide is introduced into the tank so that the tank contains an atmosphere of

carbon monoxide.

[0062] Tank 1 is coupled to a 0.65n tangential flow filter. The initial charge of 365-390
liters of 4% total hemoglobin solution is concentrated to approximately 215-225 L of an 7%
total hemoglobin solution by microfiltration through the tangential flow filter. The pH of the
hemoglobin solution at this point is about 6 to 6.5. Subsequent to concentrating to 7% total
hemoglobin, the solution is washed by adding a 1%(w/v) sodium chloride solution, diafiltering
and removing the filtrate at the same rate sodium chloride solution 1s added. The 215-225 L of
hemoglobin solution is typically washed with about 8 volumes of the 1% sodum clﬂoride
solution (about 1,800 L). Subsequent to washing, the solution 1s concentrated to about 90-95
L, i.e., about 16% total hemoglobin, and "water for injection" (WFI) 1s added to bring the
volume of the solution up to about 220 L. With the addition of the WF], the cells swell and
rupture releasing hemoglobin into solution. The concentration of the resulting hemoglobin

solution is about 7% total hemoglobin (THDb).

10063] The resulting solution is clarified while still in Tank 1. The solution 1s first
concentrated to about 90 L and the filtrate transferred to Tank 2. As the solution 1s pumped
across the filter, red blood cells stroma contaminants and cell wall matenal 1s retained and
removed by the filter. The remaining 90 L of solution in Tank 1 is washed (diafiltered) with
about 280 I. of WFI. This volume of wash is added to Tank 2. The volume resulting in Tank 2

is about 405-415 L of a 3.3% total hemoglobin solution.

3. Heat Treatment

10064 ] The resulting solution of stroma-free hemoglobin is then heat treated 1 Tank 2 at a

temperature of about 60-62°C over a period of about 10 hours. During this time, the solution 1s
20
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moderately agitated. As the solution is heated and passes a temperature of about 55°C, a

precipitate forms.
4. Clarification and Viral Reduction

[0065] The resulting 3.3% THDb (w/v) stroma-free, heat treated hemoglobin solution is

then filtered through a 0.2 pre-filter followed by a 0.1u pre-filter and then pumped through a

100 kDa viral reduction ultrafilter into Tank 3.

5. UltraFiltration Concentration

[0066] The filtered hemoglobin solution is then concentrated to 85-105 liters (about 14%

THDb) and subsequently washed and diafiltered with 4 volumes of WFI (350 L). The
concentration and diafiltration is accomplished using a 10 kilodalton (kDa) molecular weight
ultrafilter. A drain associated with ultrafilter collects filtrate. At this point, the hemoglobin
solution contains less than 50 ng of phospholipid per gram of hemoglobin and less than 2 ng of
glycolipid per gram of hemoglobin (as measured by TLC), less 'than 1% methemoglobin (as

measured by co-oximetry), less than about 0.03 endotoxin units of endotoxin per milliliter at a

pH of about 6 to 6.5. This hemoglobin in the solution is primarily carboxyhemoglobin.

6. Degassification

[0067] The resulting carboxyhemoglobin solution is then transferred to a 175L vessel
(Tank 4). Oxygen is sparged through the solution at a 66 L/min for 18 hours at 10°C. The

resulting solution contains less than 5% carboxyhemoglobin based on the weight of total

hemoglobin.
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[0068] After oxygenation, the solution is sparged with a similar flow of nitrogen for about

3 to 3.5 hours at 10°C until less than 10% oxyhemoglobin based on the weight of total

hemoglobin remains 1n the solution.
7. Chemical Modification

10069] The deoxyhemoglobin solution is transferred to Tank 5 for chemical modification.
To Tank 5 containing the deoxyhemoglobin at about 4°C solution is then added an aqueous
solution of pyridoxyl-5-phosphate (P5P) (93.75 g/L) ata 1:1 to 3:1 P5P to hemoglobin molar
ratio. A 2:1 molar ratio of P5P to hemoglobin is preferred. The pyridoxylation 1s conducted at

a temperature of about 4°C. The P5P solution is typically added over about 1 minute and mixed
for approximately 15 minutes, after which a sodium borohydride/sodium hydroxide solution 1s
added to the hemoglobin solution at a molar ratio c;f sodium borohydride to hemoglobin of
about 20:1. A suitable aqueous sodium borohydride/sodium hydroxide solution contains 0.8 g of
sodium hydroxide per 2 liters and 90.8 g of sodium borohydride per 2 liters. The borohydride
solution is added as rapidly as possible over a period of about 1 minute and then stirred for one

hour.
. Reactant Removal

[0070] The resulting 150 L solution of pyridoxylated hemoglobm is subsequently
diafiltered using 10K Dalton ultrafilter to remove excess reactants with 4 volumes (600 L) of

WPFL A drain associated with the ultrafilter collects the filtrate from the filter.
9. UP poly concentration

[0071] To Tank 5 containing the pyridoxylated hemoglobin is added sufficient WFI to
prepare a 4.5% total hemoglobin solution (about 265 L of hemoglobin solution). A

clutaraldehyde solution is added to the pyridoxylated hemoglobin solution at a molar ratio of
22
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glutaraldehyde to hemoglobin of about 24:1. The glutaraldehyde solution is typically added
over a period of about 2.5 hours by metering pump to the hemoglobin solution. The
polymerization reaction 1s allowed to proceed for about IS-i 8 hours. The target molecular
weight distribution is about 75% polymer and 25% tetramer. The target polymers have
molecular weights of less than about 600,000 with a predominant fraction of the molecular

weights residing in the 100,000-350,000 range.

[0072] When the polymerizatibn rea:ction reaches the target molecular weight distribution
(aftef about 15-18 hours), aqueous glycine (about 166 g/L) is added (as a quench) to the
hemoglobin solution af a 140:1 molar ratio of glycine to hemoglobin. The solution pH at this
point 1s 8.9. The resulting solution is then mixed for about 30-40 minutes after which a sodium
borohydride sodium/ hydroxidé solution (having the concentration 1dentified above) 1s added to
the hemoglobin solution at a 28:1 molar ratio of sodium borohydri'de to hemo globin. This :
resulting mixture 1s stirred for about 1. hour. The solution is then concentrated to about 150 L
by ultrafiltration and washed with 4 vblumes (600 L) of WFL. An addﬁitional aliquot of sodium
borohydrde at the same molar ratio as indicated above is added to the concentrated solution
and again mixed for 1 hour. The iresulting solution is washed with 4 volumes of WFI (600 L)

resulting in polymerized, pyridoxylated, stroma-free hemoglobin that has been heat treated.

[O 073] 'The résulting solution is oxygenated by allowing the solution to stand under an

oxygen atmosphere and is subsequently transferred to a filtration recycle vessel (Tank 10). The

hemoglobin is then diluted to about 4% THb. The 4% THb solution is then diafiltered using 10

mM NaCl/20 uM NaOH and a 300,000 molecular weight filter commercially available from

. Millipore Corp. The filtration is continued until about 97% of the hemoglobin material passes

through the filter and into Tank 11 where it is continuously concentrated to 4-8% THDb using a

70 kDa ultrafilter. (About 3% of the material, i.e., high molecular weight polymers is retained
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in Tank 10). The amount of hemoglobin is determined spectrophotometrically using a

cooximeter.

[0074] The resulting material in Tank 11 is about 4-8% THDb and contains about 25%

tetramer based on THb. The hemoglobin solution 1s transferred to Tank 12 and 1s then

diafiltered using 10mM NaCl/20 uM NaOH buffer and a 100,000 molecular weight filter
commercially available from Pall-Filtron. The filtration 1s continued until the levell of tetramer,
as determined by size exclusion chromatography using a TOSO BioSep TSKG-3000 SWXL
300 x 7.8 mm column i1s less than 1.0.% (typical 0.3%):0f the hemoglobin mass by weight. The
resulting purified hemo globin solution remains mitially n Tank 11 and 1s subsequently

 transferred to gas exchange Tank 8 for deoxygenation.
10. Deoxygenation

[0075] (Gas exchange Tank 8 1s equipped 1n essentially the same fashioﬁ as gas exchange
Tank :4. Deoxygenation is accomplished in about:2.5z hours with a nitrogen sparge at about :

10°C and a solution pH of about 8.8. Nitrogen sparging is continued until less than about 16% :
oxyhemoglobin, based on the weight of total hemoglobin, remains in the solution. The

resulting deoxyhemoglobin solution is subsequently transferred to Tank 9 for fomlulation.

11. Formulation

[0076] @ In formulation Tank 9, the solutio’ﬁ is first concentrated to about 7% total
hemoglobiﬁ. Electrolyte solutions are then added to the hemo globin soluﬁbn. Glucose é.nd
glycine are added to achieve final concentrations of about 1 g/L and 3.5 g/L respectively.
Potassium chloride is added to the solution to obtain a potassium concentration of about 3.5 to

4.5 mM. 3 M sodium chloride is then added to obtain a 85-110 mM chloride concentration.

Sodium lactate is subsequently added to obtain a 135-155 mM concentration of sodium ion. A

24



CA 02499459 2005-03-17
WO 2004/037279 _ PCT/US2003/031377

......

1000 mg/L. Ascorbic acid is added as a preservative/ antioxidant for storage. The pH 1s

adjusted to 8.7-9.1 @10-15° C using 0.22 M NaOH. The resulting hemoglobin solution has a

final osmolarity of about 280-360 mmole per kg.

5 [0077] The formulated hemoglobin solution is then concentrated to about 10% total
hemoglobin using a filter associated with a trap and the 10% hemoglobin solution 1s then

sterilized by filtration and aseptically filled into pre-sterilized bags.

[0078] In view of the wide variety of embodiments to which the principles of the present
inven’;ion can be applied, it should be understood that the illustrated embodiments are

10  exemplary only, and should not be taken as limiting the scope of the present invention. The
claims should not be read as limited to the described order or elements unless stated to that

effect. Therefore, all embodiments that come within the scope and spirit of the following

claims and equivalents thereto are claimed as the mmvention.
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What 1s claimed 1s:

1. A method for treating a mammal suffering from a lite threatening level of red blood
cell hemoglobin (RBC Hb) as the result of blood loss comprising administering to the mammal

a polymerized hemoglobin solution.

2. The method of claim 1 wherein the hemoglobin solution is an acellular solution
comprising an essentially tetramer-iree, cross-linked, polymerized hemoglobin solution which

is substantially free of stroma and other contammants.

3. The method of claim 1 wherein the blood loss 1s a massive blood loss.

4, The method of claim 1 wherein the hemoglobin solution 18 administered 1n an

amount of at least SL.

5. The method of claim 1 wherein the hemoglobin solution 1s administered 1n an

amount of at least one blood volume of the mammal.

6. The method of claim 1 wherein the administration of the hemo globin solution

maintains a mean circulating hemoglobin level greater than 5.0 o/dL.

7. The method of claim 1 wherein the administration of the hemo globin solution

maintains arterial pressure above 60 mmkilg.

8. The method of claim 1 wherein the hemoglobin solution 1is administered at a rate of

at least about 2 units per minute.

0. The method of claim 1 wherein the solution avoids the toxicities associated with

vasoconstriction, and renal, pancreatic, gastrointestinal and cardiac dysfunction.
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10. A method according to claim 1, wherein the polymerized hemoglobin has a

molecular weight distribution of:

(a) from about 5-30% by weight of polymerized hemoglobin of polymer having a

molecular weight of about 128 KDa;

5 (b) from about 15-35% by weight of polymerized hemoglobin of polymer having a

molecular weight of about 192 KDa; and

(c) from about 35-75% by weight of polymerized hemoglobin of polymer having a

molecular weight of about 256 KDa.

11. The method of claim 1 wherein the life threatening level of RBC Hb 1s less than 3.0
10  g/dL.
12. A method of preventing anemniia, irreversible ischemia, or hypovolemic shock mn a

patient suffering from massive blood loss comprising administering to the patient a volume of a

polymerized hemoglobin solution sufficient to maintain total Hb above 5.0 g/l and arterial

pressure above 60mmHg.

15 13, The method of claim 12 wherein hemoglobin solution is an acellular solution

comprising an essentially tetramer-free, cross-linked, polymerized hemoglobin solution which

is substantially free of stroma and other contaminants.

14. The method of claim 12 wherein prior to treatment the patient’s level RBC Hb 1s
less than 5.0 g/dL.
20 15. The method of claim 12 wherein prior to treatment the patient’s level RBC Hb 1s

less than 3.0 g/dL.

16. The method of claim 12 wherein the hemoglobin solution is administered i an

amount of at least SL.
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17. The method of claim 12 wherein the hemoglobin solution is administered in an

amount of at least one blood volume of the mammal.

18. The method of claim 12 wherein the administration of the hemoglobin solution

maintains arterial pressure above 60 mmkg.

19. The method of claim 12 wherein the hemoglobin solution is administered at a rate of

at least about 2 units per minute.

20. The method of claim 12 wherein the solution avoids the toxicities associated with

vasoconstriction, and renal, pancreatic, gastrointestinal and cardiac dysfunction.

21. A method according to claim 12, wherein the polymerized hemoglobin has a
molecular weight distribution of:

(a) from about 5-30% by weight of polymerized hemoglobin of polymer having a

molecular weight of about 128 KDa;

(b) from about 15-35% by weight of polymerized hemoglobin of polymer having a
molecular weight of about 192 KDa; and

(c) from about 35-75% by weight of polymerized hemoglobin of polymer having a

molecular weight of about 256 KDa.

22. A method of maintaining mean circulating Hb levels above 5.0 g/dL in a patient
suffering from massive blood loss comprising administering to the patient a polymerized

hemoglobin solution in an amount of at least one blood volume of the patient.

23. The method of claim 22 wherein hemoglobin solution is an acellular solution
comprising an essentially tetramer-free, cross-linked, polymerized hemoglobin solution which

is substantially free of stroma and other contaminants.
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24, A method according to claim 23, wherein the polymerized hemoglobin has a
molecular weight distribution of:
(a) from about 5-30% by weight of polymerized hemoglobin of polymer having a
molecular weight of about 128 KDa;
(b) from about 15-35% by weight of polymerized hemoglobin of polymer having a
molecular weight of about 192 KDa; and
(¢c) from about 35-75% by weight of polymerized hemoglobin of polymer having a

molecular weight of about 256 KDa.

25. The method of claim 22 wherein the hemoglobin solution 1s administered m an

amount of at least 5L.

26. The method of claim 22 wherein the hemoglobin solution is administered in an

amount of at least one blood volume of the mammual.

27. The method of claim 22 wherein the administration of the hemoglobin solution

maintains arteral pressure above 60 mmHg,

28. The method of claim 22 wherein the hemoglobin solution 1s administered at a rate of

at least about 2 units per minute.

29, The method of claim 23 wherein the solution avoids the toxicities associated with

vasoconstriction, and renal, pancreatic, gastrointestinal and cardiac dysfunction.

30. A method for treating a human having a hemoglobin concentration below about 7
g/dL as the result of a massive blood loss and, comprising administering to the human a

polymerized hemoglobin solution.
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31. The method of claim 30 wherein hemoglobin solution is an acellular solution
comprising an essentially tetramer-free, cross-linked, polymerized hemoglobin solution which

is substantially free of stroma and other contaminants.

32. The method of claim 30 wherein the hemoglobin solution is administered in an

amount of at least 51..

33. The method of claim 30 wherein the hemoglobin solution is administered in an

amount of at least one blood volume of the mammal.

34, The method of claim 30 wherein the administration of the hemoglobin solution

maintains a mean circulating hemoglobin level greater than 5.0 g/dL.

35. The method of claim 30 wherein the administration of the hemoglobin solution

maintains arterial pressure above 60 mmkEg.

36. The method of claim 30wherein the hemoglobin solution is administered at a rate of

at least about 2 units per minute.

37. The method of claim 30 wherein the solution avoids the toxicities associated with

vasoconstriction, and renal, pancreatic, gastrointestinal and cardiac dysfunction.

38. A method according to claim 30, wherein the polymerized hemoglobin has a
molecular weight distribution of:
(a) from about 5-30% by weight of polymerized hemoglobin of polymer having a
molecular weight of about 128 KDa,;
(b) from about 15-35% by weight of polymerized hemoglobin of polymer having a
molecular weight of about 192 KDa; and
(c) from about 35-75% by weight of polymerized hemoglobin of polymer having a

molecular weight of about 256 KDa.
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39. A method for sustamning life in a human suffering from massive blood loss
comprising preventing hypovolemic shock and further decrease in blood pressure by

administering to the human a polymerized hemoglobin solution.

40. A method according to claim 39, where and the human has a hemoglobin

concentration below about 7 g/dL.

41, The method of claim 39 wherein hemoglobin solution is an acellular solution
compﬁsing an essentially tetramer-free, cross-linked, polymerized hemoglobin solution which

is substantially free of stroma and other contaminants.

42. The method of claim 39 wherein the hemoglobin solution is administered in an

amount of at least 5L.

43, The method of claim 39 wherein the hemoglobin solution is administered m an

amount of at 1least one blood volume of the mammal.

44, The method of claim 39 wherein the administration of the hemoglobin solution

maintains arterial pressure above 60 mmHg.

45. The method of claim 39 wherein the hemoglobin solution is administered at a rate of

at least about 2 units per minute.

46. The method of claim 39 wherein the solution avoids the toxicities associated with

vasoconstriction, and renal, pancreatic, gastrointestinal and cardiac dysfunction.

47 . A method according to claim 39, wherein the polymerized hemoglobm has a
molecular weight distribution of:
(a) from about 5-30% by weight of polymerized hemoglobin of polymer having a
molecular weight of about 128 KDa;
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(b) from about 15-35% by weight of polymeiizgg hemoglobin of polymer having a
molecular weight of about 192 KDa; and
(c) from about 35-75% by weight of polymerized hemoglobin of polymer having a

molecular weight of about 256 KDa.
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FIG. 3

O Total [Hb]
W RBC [Hb]

r ..
e nnmanansAbdAAARAasasaaaa ey ¥
. s 2 sen ’ -
" v, - .
v = '
! -
o ) : Pih ae .
ot A N
(S Ny Fasr
v
. -
T " .
Y
LT [N - -
- M . -
h A )
-1 - Yei™d, - ' P
' - - LRI - v ' L

verrirrvrrrrreey

T Ry ARA

a1 aadadd sl
L rag n
.

Ny, s

LA d rrLPPFITTTITTITTYTY L e e d B
'
" -,\
. ‘-\
'
. - UL - .
vV S
=TT . '
5 - — >
'
ey -t . = m mme '
. .. U
-
.
o m m . ) ~ - v,
'
. . - . . e

T vPTYPrTTTITTTTTITITITITTYTYYYYy

N A "

1

(p/6) [aH

jents

ividual pat

Ind



CA 02499459 2005-03-17

WO 2004/037279 PCT/US2003/031377
4/4
FIG. 4
100
S
* ™\ Historical
> N
— A Y N
& 60 N
) N §
£ o
S 40 .~
POlyHeme - - -
20 RN
~ - —_— 3
: 8.0
0.0 1.0 2.0 3.0 4.0 5.0 8.0 7.0 .
RBC [Hb] (g/dL)

Figure 4.



	Page 1 - abstract
	Page 2 - abstract
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - claims
	Page 34 - claims
	Page 35 - claims
	Page 36 - claims
	Page 37 - claims
	Page 38 - claims
	Page 39 - claims
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings

