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ASSIGNMENT OF PATENT NO. U& 6,894,150 B1

WHEREAS, I, Ross Walden Tye, Inventor, being a citizen of the United States of
America, residing at 3 Solar Estates Drive, Chico, California (US) 95928-6950, have made new
and useful improvements in NON-PYROGENIC, ENDOTOXIN-FREE, STOMA-FREE
TETRAMERIC HEMOGLOBIN, for which an application for Letters Patent of the United
States was filed on October 1, 1999, as Application No. 09/411,006, and to which said patent
was accepted on May 17, 2005, as Patent No. US 6,894,150 B1, a copy of which is hereto
attached.

WHEREAS, IKOR LIFE SCIENCES, LLC, A South Dakota Limited Liability
Company, having a principal place of business at 116 South Main Street, Third Floor,
Aberdeen, Brown County, South Dakota, and who, to gether with its successors and assigns
(“Assignee”) is desirous of acquiring the title, rights, benefits, and privileges hereinafier recited.

NOW, THEREFORE, for valuable consideration furnished by Assignee to me, receipt
and sufficiency of which we hereby acknowledge, I hereby, without reservation:

1. Assign, transfer, and convey to Assignee the entire right, title, and interest in and to
said application for Letters Patent of the United States, including all claims, if any, for
infringement prior to the date of this assignment, the inventions and discoveries deseribed
therein, any and all other applications for Letters Patent on said inventions and discoveries in
whatsoever countries, including all divisional, renewal, substitute, continuation, and Convention
applications based in whole or in part upon said inventions or discoveries, or upon said
applications, and any and all Letters Patent, reissues, and extensions of Letters Patent granted
tor said inventions and discoveries or upon said applications, and every priority right that is or
may be predicated upon or arise from said inventions, said discoveries, said applications, and

zaid Letters Patent.

2. Authorize Assignee to file patent applications in any or all countrics for any or all of

said inventions and discoveries in my name or in the name of Assignee or otherwise as
Assignee may deem advisable, under the International Convention or otherwise,

3. Authorize and request the Commissioner of Patents and Trademarks of the United
States of America and the empowered officials of all other governiments to issue or transfer all
said Letters Patent to Assignee, as assignee of the entire right, title, and interest therein or
otherwise as Assignee may direct.

4. Warrant that I have not knowingly conveyed to others any right in said inventions,
discoveries, applications, or patents or any license to use the same or to make, use, or sell
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anything embodying or utilizing any of said inventions or discoveries; and that I have good right
to assign the same to Assignee without encumbrance.

3. Bind my heirs, legal representatives, and assigns, as well as myself, to do, upon
Assignee’s request and at Assignee’s expense, but without additional consideration to me or
themn, all acts reasonably serving to assure that the said inventions and discoveries, the said
patent applications, and the said Letters Patent shall be held and enjoyed by Assignee as fully
and entirely as the same could have been held and enjoyed by me, my heirs, legal representatives,
and assigns if this assignment had not been made; and particularly to execute and deliver to
Assignee all lawful application documents including petitions, specifications, and oaths, and all
assignments, disclaimers, and lawful affidavits in form and substance as may be requested by
Assignee; to communicate to Assignee all facts known to me relating to said inventions and
discoveties or the history thereof to fumnish Assignee with any and all documents, photographs,
models, samples, and other physical exhibits in my control or in the control of my heirs, legal
representatives, or assigns which may be useful for establishing the facts of my conception,
disclosures, and reduction to practice of said inventions and discoveries; and to testify as to the
same in any interference or other litigation.

EXECUTED BY ME, the undersigned, on the date below written adjacent to my

signature.
Date: July 4 , 2005 Signed: WQ/%

Ross Walden Tye tor
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NON-PYROGENIC, ENDOTOXIN-FREE,
STROMA-FREE TETRAMERIC
HEMOGLOBIN

FIELD OF THE INVENTION

The invention relates 1o a blood substituic capable of
being used it hurmans or other mammals to pmvide oxyeen
to tissue and 1o deliver carbon dioxide o the lung. More
specifically. the invention provides a process for producing
# cross-linked (eirameric hemoglobin preparation that is
non-pyrugenic, endotoxin-froe and stroma-free such that it is
capable of in vivo use in a human or other mammals,

BACKGROUND OF THE INVENTION )

It is not always practical or safe to trans[use a patient with
donated blaod, One of the limitations on the use of lleod in
an emergency setting % the requirement 19 type and cross-
match the blood 1o minimize the risk of wansfusion rejee-
tiot. Saline cross-matching requires at least 10 minutes and
a complete type and ¢ross-match ean take up to an hour,
Furthermare, the risk of MIV transmission has Been esti-
mated to be 1 in 500.000 units of blood and the risk of
hepatitis C transmission has been estimated o be 1 in 3,000
units. Schreiber et al,, M. Engl 7. Med. 334: 1685-80 (1996),
incorporated by reference in its entirety,

Therefore, a red blood cell (“RBC™) substitute has long
been sought aficr. To be effective as a substitute for rad
blood cclls, an RBC substitute ideally will meet several
requiremnents. Tt must be virus-free, non-toxic and non-
irnmunogenic and it should have satisfaciory oxypen carry-
ing capacity and circulatory persistence to permit efective
oxygenarion of tissues. Preferably, the oxygen affinity
shauld be close to that of whole biood (p50=28 mmHg a1 37°
C.) (Ogden, I. E. ct al., Vox Sang 69:302-308 (1093)).

Three general classes of blood substituies have been
investigaied: perfluorcarbons, liposome encapsulated hemo-
globin and hemoglotrin ded vatives. Perfluorcarbons are inert
chamically synthesized compounds thar dissolve oxygen.
Perfluorcarbons suffer from the disadvantage that they are
immiscible in aqueous solutions and thus must be emulsified
with lipids before being introduced into the blood stream.
Liposomes suffer from structural rigidity, and from a low
effective hemoglobin concentration,

Because hemoglobin mediates the delivery of oxygen
from the lunzs to the tissues, purified hemoglobin has heen
extensively invesiigacd as a possible blood substitute,
Hemwoglobin is reported to be approximately 97% pure
inside the ved blood cell. Human hemoglobin is a protein
having a molecular weight of 64 kD, and it consists ol four
subunits, two alpha polypeptide chains and two beta
polypeptide chains. Each of the subunits contains a single
iron-containing heme prosthctic group thar binds and
releases oxygen, Hemoglobin exhibits cooperative binding
of oxygen by the four subunits of the hemoglobin molecule,
and this cooperatively facilitaes oxygen transport. When
hemoglobin binds oxygen. it shifts from the high encrpy
“tense” or YT state (deoxygenated) to the lower energy
“relaxed” or "R state (pxygenated). Human alpha and beta
globin genes have been eloned and sequenced (Liekhaber ot
al. Proc. Natl Acad Seci. (U.SA). 77:7054-58 (1980);
Maraua ¢t al., J. Biel Chem. 252:5040-43 (1977): and
Lawn ct al.. Cell 21:647 (1980}, all of which are incorpo-
rated by veference in their entirery),

Because of its natural role in axygen delivery. hemoglobin
has long been the target of cfforts to develop a bleod
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substitute. The membrancs of red blood cells, which are
refeered 1o as ghosts or strama, contain all of the blood type
antigens, Rabiner el al, first demonstraed that some of the
ioxic properties ol hemolyzed red hivod cells wers related to
the raernbranc (stroma) of red blood cells and their related
lipids. Rabiner et al.,, J. Exp. Med 126:1127 (1967), The
membranes are destroyed by freczing so that storage
requirements for blood require climate controlled refrigera-
lign, In addition, many of the human vical diseases trans-
mitted through blood transfusions adhere to the stroma of
red blood cells. Thus, in view of the immunogenie properties
of the cell membrancs of red blood eells, and the problems
of viral contamination, siroma-free bemoglobin (“SFT™)
was initially selocted for therapeutie rescarch,

An effective siroma-free hemoglobin biood substitise
therapy would offer several advamages over conventional
blood replacement therapies. Sipnificamily, the use of
stroma-free hemoglobin blood substitutes iz predicted to
reduce the extent and scverity of undesited immune
responses, and the risk of transmission of viral diseases,
including hepatitis and HIV. Moreover, in contrast to the
limited storage capacity of erythrocytes, stroma-free hemo-
globin blood substitutes ave predicted to exhibit an extended
shelf life, and 1o require less rigorous storage Facilities,

However, several problems plagusd siromal-free hemo-
globin isolation procedurcs. In particular, it was found that
the 3FH must be free of any parl of the red cell membrane
as it is the red cell membranc which causes the immune
response. Thus complete purification from the stroma was
reguited,

Additionally, once outside of the red blood cell, hemo-
Elobin was found 10 have such a high affinity for oxygen tha
it would not release it o the tissues under physiological
conditions. 5FH was also found to possess only a limited
half-life in the body, and to be rapidly cleared from the bloed
by glomular filtration, This disrupts the ability of the kidney
to conceniraie urine and results in the rapid removal of
hemoglobin from the ntravascular volume. Excessive fil-
tration of the alpha/beta subunit by the glomendus in the
kidncy can cause osmotic diuresis, In viveo, the retention
time of stroma-free Buman hemoglobin is on the order of
14 hours, De Yenuto at al., Transfusion 17:555 (1977).

The rapid clearing of SFH by the kidney is a consequence
of ita quaternary molecular arrangemeni, As indicated
above, natural hemoglobin is composed of a tetrameric
arrangement of alpha and beta polypeptide chains, Within
the RBC, the association of the alpha chain with its corre-
sponding beta chain is very strong and does not disassociale
under physziological conditions, The association of one
alpha/Meta dimer with another alpha/beta dimer, howeaver, is
fairly weak and outside of the RBC. the two dimers disas-
sociate even under physiological conditions. Upon
disassociation, the dimer {s filtered through the glomerulus.

To avoid such removal, SFH has becn chemically cross-
linked ta form a stable tetramer. Several chemical agenis
have been used to cross-link hemoglobin alpha/beta dimers
and prevent their filiration by the glomerulus into the urine,
and yet maintain the oxygen wransport propentics of native
hemnglobin, Bis dibromo salicyt fumarate (BDBF) is an
activated diester of fumaric acid that has been used as a
cross-linker to cross-link hemoglobin (Tye, 1.5. Pat. No,
4,528,719, hareby incorporated by referenee in its entirety).
Fumaric acid 15 4 four carbon straight chain unsaturated
rans 2,3 dicarboxylic acid which is capable of interacting
with the aspinn binding silc of both alpha/beta dimers. This
maintains the two dimets in proper ovientation for cross-
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linking with lysinc residucs. A slight molar cxcess of BDBF
cross-linker to hemoglobin (1.2;1.0), under sub-optimum
conditions. has becn reported to yield 70% cross-linked
hemoglobin moleculcs.

The tewramere structure of hemoglobin provides a bind-
ing sitc for 2,3-diphosphoglyceraie, Inside red blood cells,
the binding of 2,3-diphosphoglycerate to hemoglobin
deereases the hemoglobin's oxygen affinity to a level com-
patible with oxygen transport, The binding of 2.3-
diphosphoglycerate 10 hernoglobin is very weak and reguires
very high concentrations {i.e.. concentrations approaching 1
M or more) in order to modify the affinity of hemoglobin for
nxygen, Thus, when the red blood cells are ruptared w
produce SFH, the 2.3-diphosphoelycerate is not retained in
¢lose proximity to the hemoglobin and disassociates from
the hemoglobin, As 4 consequence. unless further modified,
SFH exhibits a higher affinity for oxygen than docs hemo-
globin in RBCs, The increased affinity of the SFH for
oxygen is quite significant since, under physiological
conditions, it is unable 1o release the bound oxygen to the
lizszucs, Bovine hemeplobin does not require 2.3-DPG to
maintain a p30 for oxygen in the range of 30 mm,

Cross-linking the alpha or beta chains of hemeglobin will
pravem disagsociation of the tetramer. It is the dizassociation
of R state hemoglobin into dimers which allows hemoglobin
in the plasma to be fltered by the glomembus into urine and
removed by haptoginbin into the reticuloendathelial system.

The tetrameric structure of T state deoxyhemoglobin has
increased stability from six iomic bonds and while in the T
state, hémog]obin is effectively prevented from disassociat-
ing into dimers. Td this conformarion, the beta cleft contact
arca between the two beta chains (alse known as the beta
pocket, phosphate pocket, and 2,3-diphosphogtycerate bind-
ing site) in deoxyhernoglobin is substantially different than
in oxyHemoglobin. The changed conformation of the beta
cleft in| the T state is believed o explain the decreased
oxygen |affinity stabilized by 2,3-diphophoglycerate. The T
state of hemoglobin is stable and resistant 1o denaturation.
Thus, cross-linking the SFH addresses both the problem of
oxygen|affinity and the problem of rapid filtravon by the
kidney.

(Other blood substitutes have been described (Tye. U5,
Pat. Nol 4,529,719), and may be employed in cases of acute
and severe blood loss, However, a need still exists for a
blood spbstitute that exhibits even lower pyrogenicity, and
which may therefore be employed in non acute cases or in
cases of less severe need, or for chronic, long term or
non-cmergency ransfusion use. The present invention pro-
vides stich an improved blood substituie.

SUMMARY OF THE TNVENTION

This [invention is directed to a method feor producing a
purifiad preparation of an endotoxin-free, stroma-free,
ernss-linked tetrameric hemeglobin, and 10 an endotoxin-
free, stoma-free, cross-linked tetrameric hemoglobin.

In detail, the invention provides, a non-pyrogenic,
endotoxin-Tree, oxygen-froe, stroma-free, ¢ross-inked (ot-
rameric hemoglobin. The invention particularly concerns the
embodiments in which the hemoglobin has been crogs-
linked with bis dibromeo salicyl fumarate and/or has been
modificel by reaction with pyridoxal-5'-phosphate. The
invention particularly concerns the embodiments in which
the hemoglobin is human hemoglon, or 13 hovine or
porcine hemoglobin. Such molecules may be obtained from
any of |a variety of sources (for example, from animal
sourees, via reeombinant technology, from chemical
synthesis, eic.).
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The invention also provides a non-pyrogenic, endotoxin-
lree, oxygen-free. stroma-free, cross-linked telrameric
hemoglobin.

The invention further provides a blood substitute compo-
sition comprising a preparation of non-pyrogenic,
endotoxin-free, stroma-free, cross-linked tetrameric
hemoglobin, and a pharmaceutically acceptable carrier

The invention further provides a method of supplement-
ing the blood of a marmal which comprises administering
tor the marmmal a blood substitute composition comprising a
preparation of non-pyrogenic, endotaxin-free, strama-free,
crogs-linked tetrametic hemogiobin and a pharmaceutically
acceptable carmier.

The invention further provides a preparation of non-
pyvrogenic, endotoxin-free, stroma-free, cross-linked toe-
rameric hemoglobin produced by the procoss comprising the
steps of:

{A) removing endotoxin from a preparation containing

red blood cells:

(B) removing oxygen from the preparation containing red

blood cells; and

{C) lysing red blood cells; or the steps of

(A7) removing endotoxin from a preparation confaimng

red blood cclls:

(B lysing red blood eells; and

{C') removing oxygen from hemoglobin of the lysed red

blood ealls.

The invention particularly concerns the sub-embodiments
wherein in process step (B) or (C7), the oxygen is removed
by eentrifuging the red blood cells under vasuum,

The invention additionally concerns the sub-embodiment
wherein the process Tor preparing such non-pyrogeric,
cndotoxin-free, stroma-free, cross-linked tetrameric hemo-
glpbin additionally comprises the steps of:

{D) separating hemoglobin from the stroma of the lysed

red blood cells; and

(E) eross-linking the separated hemoglabin,

The invention particularly concerns the sub-embodiment
wherein process stap (A) additionally comprises washing
surfaces and cquipment that will come into contact with the
eross-linked hemoglobin with a dilute solution of hemoglo-
b,

The invention particularly concerns the sub-embodiments
whertein process step (B} or (C') comprises subjecting the red
blood cell preparation 1o a vacuum sufficient to remove
oxygen from the preparation. The invention further conccrns
the sub-embodiment wherein procass step (B) additionally
comprises centrifuging a selution of the eells under vaguum
at a speed sufficient to produce a force preater than the
surface tengion of the solution,

The invention particularly concems the embodiment
whetein the preparation of endotoxin-free, stroma-free,
cross-linked tewrameric bemoglobin addidonally containg a
pharmaceuiically acceptable carrier

The invention also provides a method for producing a
non-pyrogenic, endotoxin-free, stroma-free, cross-linked
tetrameric hemoglobin comprising the sieps of:

(A) ramoving endoloxin Fom a preparation containing

red Blood cells,

(B) removing oxvgen from the preparation contaiming red

blood cells; and

{C) lysing red blood cells;

or the steps of

{A"Y removing endotoxin from 2 preparation containing

red blood cells:
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(B') lysing red hlood cells: and

(C') removing axygen from hemoglobin of the lysed red

blood cclis.

The invention also concerns the embodiments of such
methods wherein in step (B) or (C7), the oxypen is remover!
by centrifuging the red blood e2lls under vacuom,

The invention also concerns the embodiment of such

methed wherein the method additionally comprises the steps
of:

(I} scparating hemoglobin from the stroma of the lysed

red blood cells; and

(E) cross-linking the separated hemoglobin.

The invention particularly concerns the sub-embodiment
wherein method step (A) additionally comprises washing
surfaces and equiprnent that will come into comact with the
;TDSS-]inkcd hemoglohin with a dilute solution of hemoglo-

in.

The invention particularly concerns the sub-embodiments
wherein methed step (B) or (C) comprises subjecting the e
blood cell preparation to a vacuum sulfigient to remove
oxygen from the praparation, The invention further concerns
the sub-embodiments wherein method step (B) or (C)
additionally comprises centrifuging a solution of the cells
under vacitur at a speed sufficient to produes a force preater
than the surface tension of the solution.

The invention also provides 2 method of increasing the
oxygen carrying capacity of an individual which comprises
administering to the individual a non-pyrogenic, endotoxin-
free, stroma-free, cross-linked tetrameric hemoglobin. The
invention particutarly concerns the embodiment wherein the
non-pyrogenic, endotoxin-lree, stroma-free, cross-linked
letrametic bemoglobin is administered hy transfusion or
injection.

The invention further concerns the method for mereasing
an individusl’s oxygen carrying capacity, wherein the non-
pvrogenic, cndotoxin-free, stroma-free, cross-linked tet-
tameric hemaoglobin is produced by a process comprising the
steps:

(A) removing endolngin [rom a preparation containing

red blood cells;

(B) remaving oxyeen from the preparation containing red

blood cclls; and

(C) lysing red blood cells; or the sieps of

(A") removing endotoxin [rom a preparation containing

red blood cells;

(BY lysing red blood cells; and

{C') removing oxygen from hemoglobin of the lysed red

blood cells,

The invention particularty concerns the sub-crobodiments
wherein in process step (B) or {C7. the oxygen is removed
by centrifuging the ted blood cells under vacuum.

The invention additionally concerns the sub-crnbodiment
wherzin the process for preparing such non-pyrogenic,
cndotoxin-free, stroma-frec, cross-linked ieirameric hemo-
globin additionally comprises the steps of:

(D)) separating hemaoglobin from the stroma of the lysed

red blood cclls; and

(B) cross-linking the separated hemoglobin.

The invention particularly concemns the sub-cmbodiment
wherein process sicp (A) comprizes washing surfaces and
cquipment that will come into contact with the cross-linked
hemoglohin with a dilule solution of hemoglobin.

The invention particularly concerns the sub-emboditienis
wherein process step (B) or (') comprises subjecting the red
blood cell preparation to a vacuum sufficient 1o remove
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oxygett from the preparation. The invertion further conesrns
be ‘sub-cmbodiments whoerein process step (B) or ()
additionally compriscs centrifuging a szolution of the cells
under vacuurn at a speed sufficient to producc a force groater
than the surface tension of the solution.

The invemiion also provides a container containing a
non-pyrogenic, endotaxin-free, stroma-free, cross-linked
tetrameric hemoglobin composition. The invention particu-
larly concerns the embodiments in which the container is an
anoxic container composed of polycthylene terephihalate, or
is an implamable delivery device thai delivers a non-
pyrogenic, endotoxin-free, stroma-free, cross-linked let-
rameric hemaglobin composition to a recipient.

The invention particularly contcmplates that the non-
pyrogenic, endotoxin-free, stroma-free, cross-linked tet-
rameric hemoglobin contained in the container is produced
through the process coruprising the steps ol

(A) removing endotoxin from a preparation containing

ted blood cells;

(B} removing oxypen from the preparation eontaining red

blood cells;

(C) lysing red blood eells:

(D) separating hemoglobin from the stroma of the lysed
red blood cells; and

(E} cross-linking the separated hemoglobin; or

(A" removing endotoxin from a preparation containing

red blood cells;

(B") lysing red blood cells;

(C') removing oxygen from hemoglabin of the lysed red

blood cells;

(I} scparating hemoglobin from the stroma of the lysed

red Blood cefls, and

{E") cross-linking the separated hemoglobin.

The invention particularly concemns the embodiments
whetein the hemoglobin of such non-pyrogenic, endotoxin-
free, oxygen-frec, stroma-free, cross-linked tetrameric
hemoglobin has been cross-linked with his dibromo salicyl
[umarate, and/or whercin the hemoglobin has been modified
by reaction with pyridoxal-5'-phosphate.

The invention particularly concerns the cmbodimnents
wherein the hemnoglobin of such non-pyrogenic, endotoxin-
free, oxygen-free, stroma-free, cross-linked tetramerie
hemoglobin is human. bovine or percine hemoglobin. Such
maolecules niay be obtgined from any of 4 varicty of sources
(for cxample, from animal sources, via recombinant
technology, from chemical synthesis, ets,),

DETAILED DESCRIPTION QF THE
INVENTION

The present invention concetnsg i non-pyrageniec,
endotoxin-free purified prepararion of cross-linked. stroma-
free hemoglobin. As used herein, a preparation of hemoglo-
bin 15 said to be “non-pyrogenic™ if it may be adminisierad
inta an individual of the same species as that from which the
hemoglobin was derived (i.e., 2 human for human-derived
hemoglobin, etc.) withoul causing an immunolagic ot pyro-
genic reaction (such as inflammatien, agglutination, clotting,
etc). Any of a variety of assays may he empioved to
demonstrate the non-pyrogenicity ol the compositions of the
present invention: interleukin-6 and other cytokine induc-
tion (Pool, E. ). et al., J munoassay 10:95-111 (1998),
Poole, S. et al., Dew Bigl Siend 62:121-123 (1988));
human monocytoid cell line assays (Epcron, 8. et al., /
Immurol Meth, 207:135-143 (1997), Taktak. ¥, 5. et al,, 1.
Pharm. Pharmacol. 43;578=5382 (1991)); the Limulus Amoe-
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bocyle Lysate (LAL) tost (Fujiwara, H. et al., Yokugeks
Zasshi 110:332-40 (1990), Martc! F. et al., Rev Fr Trangfus
fmmunohematol 28:237-250 (1983)) and the rabbit pyrmogen
tost (Blecker W, K. ot al., Prog Clin Binl Res 189:293-303
{1983), Siman, 3, ¢t al.. Dev. Biol. Stand 34;75-84 {1977);
Allison, E, 3. et al, Clin. Sei Mol Med, 45449-458
(1973)). all herein incorporated by reference. The rabbit
pyrogen test is the preferrad pyrogemicity assay.

As used herein, a preparation of hemoglobin is said o be
“stroma-free” if the hemoglobin has been treated to remowve
substantially all strotnal material, such that the preparation
no longer exhibits the immwmoreactivity to blood type
antigens characteristic of RBCs. Stroma-free hemoglobin
thus substantially lacks the ipxie and/or pyrogenic properties
associated wilth preparations of hemolyzed red blood ealls,
ard thus can be administered to an individual without
causing toxicity or inflammatory reaction. As used herein, a
preparation of hemoglobin is said to be “endotoxin-free” if
the hemoglobin has been wreated to remove substantially all
endotoxin, Thus, for the purposes of the present invention,
endotoxin-free hemoglobin has an amount of endotoxin
ranging from 0-10%, and more preferably from 0-1%, of
the amoutl of endotoxin present in USP water. In a preferred
method for forming such endotoxin-free, stroma-fre¢ cross-
linked heroglobin, the hemoglobin iz deoxygenated to
rendet it “oxygen-free,” As used herein, a preparation of
hemoglobin is said to be “oxygen-free™ if the hemoglobin
has been treated to remove substantially all oxygen.
Qxygen-free hemoglobin thus is substantially or completely
in the higher encrgy “tense™ or "I canfiguration.

Although DBEDF cross-linked hemoglobin appearad to be
very promising basced upon it's initial characterization, prior
preparations of DBDF cross-linked hemoglobin were found
to lack clinical efficacy. The present invention has identified
sevaral of properties DBDF cross-linked hemoglobin that
have reduced the clinical efficacy of the molecule, and the
present invention provides an improved DBDF ergss-linked
hermoglabin (FXSFH) for overcoming the deficiencies of the
prior preparations. Principally, the hemoglobin derfvative
must he prepared m o the absence of oxygen. Inorganic
phosphate, which binds tightly to the hemoglobin molecule
and interferes with the cross-linking reaction, must he
removed to increase yicld. Endotoxins, which bind tghtly to
the hemoglobin melecule and become & hepatic toxin when
the hemoglobin is metabolized, must not be allowed to
eotitact the hemoglabin,

Hermoglohin that has been purificd from the stroma in the
absence of oxygen is referred to as “stroma-fres deoxyhe-
moglonn™ (“d5FH'™ and is in the higher cnergy “tense™ or
“T" configuration. Hemoglobin cross-linked in the presence
of oxygen binds oxygen very tightty and will not refeage the
oxygen to the tissue under physiological conditions.
Remaoval of oxygen from the hemoglobin solution prior to
reaction with DBDF has been very difficult. Concentrated
protein solutions froth amd foam when oxygen is removed by
bubbling nitregen through the solution or removal of oxygen
by placing a vacuum gver the solutign, COne of the problems
the art has faced is the lack of an endpoint to discern when
all of the oxygen has becen removed. When oxygen is
removed. there is a change in the pH of the solution which
must be compensated Tor while the reaction occurs, Foaming
can ke conlralled bricfly by the addition of a surfactant, but
that can introduce additional endotoxins into the final prod-
uel, Foarming causcs denatured protcin; surfactant adds
cndotoxin.
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I. Prefcrred Method for Producing FXSFH

A. Bourees of Hemoglobin

The cross-linked stroma-free hemoglobin ("FXSF") of
the present invention can be prepared in a single worling
day with a properly equipped laboratory, Although the
chemical reaction itself is extremely rapid, much of the time
is spent concentrating hemoglobin, removing reaction
products, or equilibrating with physiologieal buaffers.

Stroma-free hemoglohin may be obtained from a variety
of mammalian sources, such as, for example, human,
bovine, pving, or poreine seurces. Alternatively, the stroma-
frce hemogiobin of the presest invention may be syntheti-
cally produced by a bacterial, or more preferably, by & yeast,
mammalian cell, ot insect ecll cxpression vector system
(MefTman, 8, 1, et al., U.5, Pat. No. 5,028,588 and Hoffman,
ct al., WO 90/13645, both herein incorporated by reference.
Altemnatively, hemoglobin ¢an be oblained from transgenic
animials; such animals can be engincered to axpress pon-
endogenous hemoglobin (Logan, J. 5. at al, PCT Application
No. PCT/USS2/05000; Townes, T. M. et al., PCT Applica-
tion No. PCT/US/09624, both herein incorporated by
reference).

Preferably, the siroma-free hemoglobin of the present
invention is isolated from bovine or human source, and most
preferably a human source.

Such hemoglobin, whather derived from an animal, syn-
thetic or recombinant, may be composed of the “naturally
existing” hemoglobin protein, or may contain some or be
cntircly composed of, a mutant hemoglobin protein. Pre-
ferred mutant hemoglobin proteins include those whose
mutations result in more desirable oxygen binding/release
characteristics. Examples of such mutant hemoglobin pro-
teins include those provided by Hoffman, S. L. et al. (U.S.
Pat. Nos, 5,028,588 and 5,776.890) and Anderson, D. C. et
al. {U.5. Pat. Nos.: 5844000 and 5,599.907), all herein
incorporated by refcrence.

B. Cleansing of Membranes and Equipment

Sinee eodotoxins ave highly undesirable, it is preferred
that all membranes, and equipment nsed to produce the
FX3FH of the present invention be ¢ieansed in a manner
sufficient to cause the removal ar elimination of endotoxin
that may be present on such materials and esquipment.

Preferably, such cleansing is accomplished by pre-
washing surfaces and equipment that will come into contact
with the FXSFH of the present invention using a dilute
solution of hemoglobin, Such a solution serves to bind
endotoxin and hence to remove residual endotoxin that may
he prasent on such metmbranes o equipment, The dilute
solution of hemoglobin is preferably discarded after each
use,

C. Removal of Oxyzen

The erythrocyte preparation that is to be nsed as the
source of the hemoglobin of the present invention 1% treated
under conditions sufficient to remove oxygen present in the
preparation, One aspect of the present invention congerns an
improved process for removing oxygen from SFH prepara-
tions, Such deoxygenation may be performed cather prior to,
or subsequent to erythrocyte membrane disruption.

The remaval of contaminating oxygen during the hamo-
globin isolation is probably the most critical step in the
formation of FX3FH. This step is difficult to accomplish,
and most investigators erroneously believe that merely by
bubblimyg nitragen through the solution for 15-30 minutes
they will have removed substandally all of the oxyeen
present Additionally, investigatars do not measure the levels
of oxygen in the selution nor do they estimate the amount of
“T stale hemoglobin present in their teaction vessels.
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The exlent of deoxygenation can be measursd by gas
chromalograph, zirconinm-based deiecior (e.3.. 2
"MOQUCON" analyzer (Mocaon. Minneapolis. Minn.}, by mea-
suring pl), or by measuring the spectral shift that is char-
acteristic of deoxyhemoglobin Formation.

1. Removal of Oxygen Prior to Ervibrocyte Membrane
Dismiption A prelerred method i3 to remove the oxygen from
the red biood cells that have been washed in isotonic saline
prior to hypotonic lysis, The cells still have a large intrac-
ellular concentration of 2,3-DPG and thus a lower affinity
for oxygen. The cell membrane prevents the hemoglobin
protzin from foam denaturation,

In this embodiment. oxygen removal is cffected by sub-
Jecting the erythrocyte preparation to a vacuum sufficient w
termove oxygen from the preparation, In a highly preferred
cmbodiment, oxygen remaval is accomplishied by agitating,
or even more preferably. by centrifuging, the cells while
under vacuum, Such treatmemt takes advantage of the fact
that oxygen has a looser affinity for hemoglobin contained
within cellular membranes than it does for free hemoglobin.
By eonducting the oxygen removal prior to erythrocyts
membrane disruption (i.e., while the hemoglobin is within
intact erythrocyres) undesired side effects, such as bubbling
or foaming uf the protein, andfor its denaturation are avoided
or minimized. Centrifugation should be sufficiently exten-
sive to allow deoxypenation, but sufficiently gemie to avoid
unacceptable lysis of fragile erythrocytes. Heat may be
praovided to prevent the solution from freezing, In peneral, it
i5 preferred to Keep the cells at room emperature and o
cmploy a vacuum sufficient w equal the vapor prassure of
waier at the solution af the temperature. Alier the removal
of oxygen, all further steps arc conducted in the absence of
oxygen. In a preferred embodiment, such further sicps are
conducted under nitrogen {or other inert gas) positive pres-
surg in the absence of oxygem.

Emphasis is to bc made that while this embodimen
pravides a significantly improved method [or deoxygenating
hemoglobin, carg must be made 1w be very thorough in the
removal of all traces of oxyeen.

Cells that have been treated in the gbove manner are then
lysed by addition of approximately 10 volumes of
deoxygenated, endotoxin-free water, The water may he
deoxygenated by application of a vacuum and warming of
the solution, preferably to its boiling point. The red cell 1ysis
ia allowed to proceed and the stroma is subscquently
removed by ulirafltration. After such treatment, the wem-
peraturcs are equilibrated below room temperature.

All subssquent steps are carried out in the absenee of
oxygen, maintained by what ever means is desired. A
preferred methad s the use of a nilrogen positive pressurs
environmental glove box. Other inert gases (e.g., argon) may
be aquivalently employed in lieu of nitrogen,

2. Removal of Oxygen Subseguent, to Erythrocyte Mem-
brane Dizruption

In an aliernate preferred embodiment, the erythrocyte
membranes are distupted prior to the deoxygenation proce-
dure. Tn this embodiment, the 3FH has becn separated from
the stroma prior to demcygenation, and has also been sepa-
rated from the high concentration of 2"3' DFG found within
red gells, Doe to the lowered (or absent) 2"3 DPG
concentrations, this SFH will have a relatively high afBnity
for oxygen. As such, it is subject to foam densturation during
the removal of oxygen.

Accordingly, the erythrocyie preparation js preferably
subjected (o hypotonic lysis. and the lysate or reteniate is
then filtered to #emove the stroma. Oxygen ¢ontaminating
the resulting material is removed by vacuum, and more
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preferably by vacuurm centrifugation. The SFH uscd may be
an ultrafileration obtained from the femoval of stroma
(dilule) or a retentate from the ultraflration of the second
stage wltrafiltration conducied 1o concentrate the hemaglo-
bin to approximately 10% (w/v}. Either of these solutions of

SFH can be readily deoxygenated by applying a vacuum,

sufficient o equal the partial pressure of water at the
temperature of the solution, while the solution is centrifoged
ar 3 speed sufficient to produce a force greater than the
surface tensgion of the solution, These are generally low
speeds and can easily be met with preparatory centrifuges,
or those of a contnuous flow variety. It is desirable to
consider the geometry of the containers of the 8FH to insurc
that there will be adequate surface area for gas cxchange,
angd that the temperature can be maintained and the solution
not ailowed w freeze.

The d3FH prepared in the manner deseribcd gbove is
preferably maintained in its inert environrnent and the pH of
the prepararion is preferably adjusted to a range hetween 6.0
and 8.5, and most preferably about pH 7.2, The pH of the
solution is preferably adjusted using dilute 0.1 N HCI or 0.1
M MNaQH that has been previously determined Lo be free of
endotoxin,

Where dilution, stuspension, or addition of water
(including buflers, ctc.) for other purposcs is desired, such
water should be deoxygenaied and be free of endotoxin. The
water may be deoxygenated as deseribed above. All subae-
guent steps are carried oul in the absence of oxygen,
maintained by whar ever means is desired, As indicated
above, a preferred method involves the use of a nitrogen
positive pressurc environmental glove box., however, other
inert gases may he eguivalently employed.

. Membrane Distuption

Hemoglohin may be released from the erythrocyte by
hypotonic lysis in twenty volutnes of deionized water. Other
methods of erythrocyie lysis, such as “'slow hypotonic lysis”
ot "[regze thaw™, may alsa be emploved. See, e.g., Chan ot
al., J. Cell Physiol. 85:47-57 (1975), incorporated by ref-
ersnce in its entirety. Under one of the preferred embodi-
ments of the present invention, the cells are lysed by flow
mixing deoxygenated red blond ¢ells in isotonic saline with
12 volumes of deoxygenated, deionized, endotoxin-free
water and subjeeting the cells to pentle agitation.

In order to collect the crythrocyies, the deoxygenated
blood samplcs are washed several dmes with an isotonic
solution and the plasma is separated hy centrifugation at
3,000 rpm. Preferably, the 1sotonic solution used 13 a saline
solution. Preferably. the cells are waghed at least three times,
rinsed between each centrifupation, and resuspended in a
final volume of an equal volume of isotome solution.

The vse of a sonicator is discouraged as it makes mem-
brane gpheree (often referred to as “dust™). Agitation meth-
ods suitable for use in the present inventiop include a
magnetic stir bar and a mechasical rocker or shaker,

E. Separation Of Stroma From Hemoglobin

The stroma may be removed by ultrafiitration of the
oxygen-froe hemolysate over a 0.5y filter which retains the
cellular components and passes the hemoglobin.
Alternatively, the ecllular debris is removed by subsequent
Alagion through a 0.2p Alter, Ulrafilration membrancs
suitable for vsc in the presert invention are commetcially
gvailable from, for example, Millipore Corporation. This
step is preferably performed at 4° C. as rapidly as possible
after hemolysis of the erythrocyte, and in an oxygen-frec
environment, It i$ understood that other methods of remov-
ing the stroma may also be used in the present ittvention,

F. Removal of Phosphate Ion PKTE
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Bueci ¢ al, (1.5, Pal. Ne, 5.290,919) have reported that
removal of organic phosphates. e¢.g., 2.3-
diphosphoglycerate, is necessary in buman hemolysates
because the sitc of the cross-linking reaction is the same as
that occupied by 2,3-diphosphoglyecrate in hemoglobin.
Accordingly, in a preferred embodiment, the A5FH that has
passed through the filter is then ueated to exchange phos-
phate for chloride. For this purpose, the dSFH is passad, in
the absence of pxygen, through an ion exchange colump that
has been previougly prepared and equilibrated with chioride.
Effi¢acy of this step is measured by total inorganic phos-
phate analysis. Suitable iotic resing are cormmercially avail-
ablc from Pharmacia and Waters. The ionic resin removes
phasphate thal ¢ompetes for the aspirin binding site during
the reaction with BDBE

G. Concentration of SFH

After such treatment, the stroma-free hemolysate is con-
centrated by a membrane that does oot allow for the pasaage
of hemorlobin. Prefembly. the stroma-free hemolysate is
concentrated using a filter having a 30,000 MW cut-off.
Preferably, the stroma-free hemalysate is concentrated to 2
1%-20% (g/1) solution, More preferably, the stroma-free
hermalysate is concentrated 10 about 5 10 about 10%, Most
preferably, the stroma-free hemolysate is concentrated to
abaut 109%.

The concentrated solution should he equilibrated with
buffer and the pH should be adjusted. Preferably, the pH is
adjusted to a pH of 7.40. However, a pH of between about
6.5 and about 8.5 can bc uscd in the presemt invention.

H. Cross-Linking with BDBF and Reaction with PLP

The complaely deoxygenaed, phosphare-free SFH is
cross-linked to form tetrameric hemoglobin, In a prefermed
cmbodiment, the d3FH is cross-linked with bis dibromo
salicyl fumarate {BDBF) {Tye, U.5, Pat. No. 4,529,719,
hereby incorporated by referenee in ity entirety). To aceom-
plish this, BDBF cross-linker is added, with stiming to
provide mixing, to the d3FH preparation at 2 molar vatio of
BDRBF crasslinker d8FH of greater than 1:1, Prior to such
addition, the pH of the d35FH preparation is adjusted to
match that of the BDBF The pH of the reaction mixture is
carcfully maintained by the addition of acid or base since the
solution is not buffered. This reaction is very quick, taking
5 minutes ot less. The reaction is permitted to go to
completion (approximately 5 minutes),

Pytidoxal 5 phosphate (PLI) has the ability to modify
hemoglobin by introducing a negative charze near a penul-
timate beta chain histidine residue and by removing a
positive charge at the amino terminal cod of the same chain.
These charge changes stabilize a new molecular configura-
tion that is similar 10 the hemoglobin-DFG
{diphosphoglycerate) complex. Significantly, the hemoglo-
bin of this new comfiguration has an oxygen affinity resem-
bling that of native hemogiobin within the red cell. The
product may have one or two PLP molecules attached per
tetramer, Although prior PLP-hemoglobin preparations had
a satisfarctory oxygen affinity profile, the intravascular reten-
tion time was too shor o permil such preparations to be
acceptable as a resuscitation fluid, Additionally, they were
found to cause osmolic diuresis.

Accordingly. after the cross.linking reaction has been
completed, pyridoxal 5 phosphate (PLP) is added to the
dSFH preparation, The PLE is reduced with sodium boro-
hydride and then permitted to rcact with the cross-linked
dSFH and to fortn FXSFH-pyridoxal-5'-phosphate (FXSFH-
PLF) using the methods deseribed by Benesch st oal
(Benesch et al, Biochemistry 11:3576 {1972) Benesch et
al., Biochem. Biophys, Res, Commun, 63{4):1123-9 (1573);
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Benesch ot al., Methods Engymol, 76:147-59 (1981); Ben-
esch et al., J. Biol Chem. 257(3):1320-4 (1982); Schnack-
ery et al,, J, Biol, Chem. 258(2):872-3 (1983), all of which
references are incorporated by reforence in their entirety)
with the change thar all reagenms are [ree of cndotoxin and
oxygen and the reaction occurs in the absence of oxygen.

Although the properiies of deoxvegenated stroma-free
human hemoglobin benchit from the above-described pyri-
doxal 5 phosphate reaction, deoxygenated stroma-free
bovine hemoglobin doas nol require this swp.

I. Eguilibration

FXSFH can be eguilibrated with lactated Ringers solu-
uon, After equilibration, the solution is sterile filtercd into
suitable infusion containers. Infusion conamers suitable for
use in the present invention include, but are not limited 10,
sterile [V baps. Preferred infusion containers prevent pas
exchange {i.c., impaermeable to oxygen) and the FXSFH is
stored in the absence of oxygen. This is expected to prevent
the heme oxidation to form methemoglobin.

1. Formulatipns of Blpod Substitute Compositions

The FXSFH of the present invention can be formulatcd
into a blood substitute. Such formulations can include other
components in addition to the FX3FH., For example, a
paronteral therapeutic composition can comprise & sterile
isotonic saline salution. The formulations can be either in a
form suitable for direct administration, or in a concentrated
form requiting dilution prior to admunistration. The formu-
lations of the present invention can thus conmtain between
0.0019% and 90% (w/v) FXSFH. Suitable compositions can
also include 0-200 mM of one or more buflers (for example,
acetate, phosphate, citrate, bicarbonate. or Good's bullers).
Salis such ag sodium chlaride, potassium chloride, sodinm
acetate, calcium chloride, magnesium chloride can also be
included in the compositions of the invention at concentra-
tions of 0-2 M. In addition, the compositions of the inven-
tion can inelude 0-2 M of one or more carbohydrates (for
example, reducing carhohydrates such as glucose, maltose,
lactose or non-reducing carbohydrates such as sucrose.
trehalose, raffinose, mannitol, isosucrose or stachyose) and
0—-2 M of one ar more aleohols or poly alcohols (such as
polyethylene glycols, propylenc glycols, dextrans, o
polyals), The FXSFH of the present invention canm also
contain 0.005-1% of onc or more surfactants and 0-200 mM
of one or more chelating agents (for cxample, ethylenedi-
amine tetrageetic acid (EDTA), ethylene glycol-bis (beta-
aminocthyl ether) N,N,N'N'-tetraacetic acid (EGTA),
ophenanthroline, diethylamine triapune pentascetic acid
(DTPA also known as pentaacetic acid) and the like). The
compositions of the inventipn can also be at about pH
§.5-9.5.

The FXSFH of the prasent invention may contains 0-300
mM of onc or more salts, for cxample ehlotide salts, 0~100
mM ol onc or more non-reducing sugars, 0—100 mM of one
or more buffers, 0.01-0.5% of one or more surfactants, and
N—150 mM of one or more chelating agents. In a still further
cmbodiment, the composition contains 0150 mM NaCl,
0-10 mM sodium phosphate, and 0.01-0.1% surfactant, and
0-50 pM of onc or more chelating agents, pH 6.6-7.8. The
formulation may contain 5 mM sodium phosphate, 150 mM
MaCl, 0.025% to 0.08% palysorbate B0, and 25 uM EDTA,
pH 6.37.5.

Additional additives to the formulation can include anti-
baclarial agents, oncotic pressure agents {c.g. albumin or
polyethylene glyools) and other formulation acceptable
salts, sugars and excipients known in the art, Each formu-
lation according to the prosent invention can additionally
comprise constituents including carricrs, diluents, fillers,
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salty, and other rnaterials well-known in the art the selection
of which depends upon the partieular perpose to be achieved
and the propetties of such additives which can be readily
detcrmined by one skilled in the ary,

The compositions of the present invention can be formu-
lated by any method known in the art. Such formulation
methods include, for example, simple mixing, sequential
addition, emwlsification, diafiltration apd the like,

Tl. Congiderations for Production of FXSFH

A, Elimination or Reduction of Endowzin Contamination

Scrum lipases, such as lipase A, do not inartivate endot-
oxins bound 1o the hemoglohin molecule. Therefore, endar-
pxins romatn active toxing when taken up by the hepatocyte
metabolizing the hemoglohin, Foedman, H, [, et al. reponed
wriad hepatoxicity in a rat medel consistent with this theory
(See. Friedman, H, 1. et al., Lab favest 39;167=77 (1978).

Rausch et al. (U.S. Pa.. No. 5,084.558) have reparted a
substantially endotoxin-free hetmoglobin blood substitute,
Colpan et al. (U.8. Pat. No. 5,747,663) have teported g
process for reducing or remaving endotoxins from g collular
lysate solution, Wainwright ct al. (U5, Pat. No. 3,627,266)
have described an endotoxin binding protein immobilized to
a solid support and the use of this molecule in the remaval
of endatoxins from solution,

Under one preferred embodiment, the climination of
contamination with endotoxing is ¢nsured by proventing the
addition of endotoxins to the chemical processes of the
present invention. Typically, endotoxins are added inadvert-
ently hy using endotoxin contaminated water. Generally,

rgscarchers are more concerned with sterility than endotox- 3

ins. Measurement of endotoxins is difficult, and standard
LAL binding assays do not work in the presence of hemo-
globin. Indeed, because cndotoxin hinds strongly to
hemeglobin, endotoxin levels cannot be aceurately mhea-

sured psing the LAL assay in the presence of hemoglobin,

Water is the most likely candidate for introduction of
endotoxins because researchers have long recognized that
increased number of skeps in the preparation of hemoglobin
increased the level of toxicity, Preparatons using diatysis
and filtration methods could easily have exposed the herno-
globin to a thousand volumes of water/buifer contaminated
with endotoxin.

The water and the reagents nsed in the present invention
must he substantially free from endowoxin contaminatiot.
Preferably. the water and the reagents used in the present
invention are completely free from endolozin contamina-
tion. Preparation of FXSFH in the absence of endotoxin is
extremnely difficult to prepare on the beneh top, but in a
closed system dedicated to FXSFH manufacmire, exclusion
of endotoxin would be casicr

One way to reduce the risk of endotoxin contamination is
to reduce the amount of water and reagent buffers exposed
to the hemoglobin prepazadon Therefore. under ane pre-
ferred embodiment of the present invention, the hemoglobin
preprarations are made using counter-flow or counter-current
dialysis for equilibration of buffers and/or removal of reae-
tion products. Counter flow dialysis methods ars suitable for
use in the present invention arc commereially available (g.g.,
VariPerm M. hitop, Witten (see. ¢.g.. Schwarz, T. ct al,
Electrpphoresis 15:1118-1119 (1994)), Specirum
Laboratories, Inc., Laguna Hills, Calif., etc.). It is estithated
that the hollow f[begr technigue witl yicld a FXSFY prepa-
ration that has a 100 {fold reduction in the amount of
endotoxin a9 compared to standard synthesis techniques.

B. Reduction or Elimination of Contaminating Phosphate

Because inorganic phosphate interfores with the eross-
Yinking reaction, it needs to be removed from the hemogio-
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Bin in ovder for the reaction to provide a satisfactory yickd,
This ran be accomplished using a suilable exchange resin
wilh chloride jon. A hufler must he provided if there is a
substantial change in the exchange of the phosphate isn for
the chloride ion. Prefergbly, phosphate buffers are not
cmployed during any of the processing steps of the present
invention.

Under onc embodiment of the present invention, the
dSFH solution is substantfally frec from inorpanic phos-
phaie. Preferably, the ASFH solution af the present invention
is free from inorganic phosphate, One way of removing
inorgani¢c phosphaie from the dSFH solution is to pass the
SFH solution over an {on exchange matrix equilibrated with
chipride, Such a process removes phosphaie by compeling
with phosphate for the aspirin binding site of hemoglobin.
This is done in a nitrogen atmosphere. The solution i3 then
concencrated to the desired 0% range and cross-Iinked
using the BDBF cross-linker, at standard atmospheric pres-
sure. If human hemaglebin is used, then the reaction with
pyridoxal 5 phosphate and borohydride is carried out under
nitrogen in the ahsence of oxygen.

Preferably, any fon removal or buffer equilibradon is
performad wsing counter flow dialysis so as to prevent
aceumulation of ¢ndotoxin in the subsequent product. The
material i$ then sterile Aliered into a suitable contaner.

A second problem has been reporied to occur in the
preparation of crass-linked hemoglobin for infusion as the
phosphate ion wust be replaced pror to infusion to prevent
binding & buffered speqics in plasma,

Oxygen affinity of the hemoglobin derivative of the
present invention can be measure using the Hemoxyalay-
set™ (TCS-Medical Products) or the Gill cell describad by
Dolman et al,, Anal. Bischem. 87.127 (1978), incorporated
by teference in its entirety,

C. Nitrons Oxide Repulation of Arterial Blood Supply

Nitrous oxide is an important regulaior of the arteriz)
perfusion of any tissue. Nitrous oxide is synthesized and
released by the endothelivm in the arterial wall and bhinds o
the bemoglobin in red blood cells, When a tissue i recziviag,
too mbch oxygen, milrous oxide is ot relcased and the
aricrial wall musele contracts making the vessel diamcter
smaller, thus decreasing perfusion. When dermand for oxy-
gen increases, the desaturated hemoglobin releases nitrous
oxide, which causes vasodilatation. The nitrous oxide con-
trol of arterial perfusion works over small distances in the
arterial supply, Because nitrous oxide binds 10 hemoglobin
ingide the red blnod ecll. it is expecied that the nitrous oxide
will bind FXSFH as well,

It has been observed that FXSFH infusion canses vaso-
constriction of the blood vessels, resulting in exuemely high
blood pressures in the affected aress, This can make the
affected blood vessels very porous. and the FXSFH solution
can leak into the surrounding tissues cauwsing ihe tissues to
turn purple. In rabbit models, transfusion of FXSFH through
the ear wve¢in has cavsed cercbral vasculature ischemia and
death. Therefore, it is important to minimize the impact of
administration of FASFH on the arerial system during
administration,

Under a preferred embodiment of the present invention,
nitrons oxide or 2 vasoatiive agent such as verapamil,
Atenocard, etc., i5 administered to the patlent prior to
FXSFH infusion. This is intended to ensure that the arterial
systcm is minimally changed during infusion, Nitrous oxide
and verapamil arc preferred vasoactive agents.

Under another preferred embodiment, the infusion rate of
the FXSFH solution is slowed down to prevent substantial
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caleiwm hlockers (ar a selective inhibitor of eyclic guanosing
monophosphate (eGMP)-specific phosphodiesierase type §
(PDES). such as sildenafl cilale) may also be helpful in the
prevention of the scvere vasoconsidction, However a
slower infusion rate may not be preferred with respect o a
trauma patignl,

D. Packaging and Storage of FXSFH

The FXSFH of the present invention may be stored in
cotwventional, and preferably oxygen impermesble contain.
ers (for cxample, stainless steel tanks, oxygen impermeable
plastic bags, or plastic bags overwrapped with low pxygen
permeably plastic bags wherein an oxygen scavenger is
placed between the internal plastic bag and the overwrapped
plastic bag. In another embodimem, the sworage stable
hemoglobin solutions can be stored in oxygen permeable or
oxygen impermeable (“anoxic™) conlainers o an oxygen
controlled environment. Such oxygen controlled environ-
ments can include, for example. glove boxes. glove bags,
incubators and the like, Prefcrably the oxygen content of the
oxygen controlled environment is low relative 1o atmo-
spheric oxygen concentrations (sce. Kandler. K. L. et al,,
U.5. Pat. No. 5,352.773; berein incorporatad by reference),
In a preferred embodiment, the FXSFH of the present
invention will be packaged in sealed Tyvek®. or Mylar®
(polyethrylene terephthaiate) bags or pouches. In a second
preferred embodiment, the FXSFH of the present invention
will be lyophilized and stored as a powder.

The preparations may be stored at room or elevaied
temperature (Kandier ot al., PCT Publication No. WO
92/02239; Nho, PCT Fublication No. WO 92/08478, both
herein incorporated by referenee), or more preferably under
refrigeration.

In one embodiment, one or more antaxidants such as
ascorbate (Wiesehahn, G. P, et al., U.5. Pat, o. 4,727,027;
Kerwin, B. D. et al., [I.5. Pat. Mo. 5.929.031); glusthione,
acctylesyteine. methionine, tocopherol, butyl hydroxy
wiuene, butyl hydroxy anisole, or pholic compounds.
Osterber et al., PCT Publication No. WO 94/26286; Kerwin,
B. D etal,, US Pat, No, 5.525,031) may be added to further
stabilize the preparation (all such references herein incor-
poraed by referatice).

Alternatively, and mote preferably, the FXSFH of the
present irvention will be lvophilized and atorsd as a powder,
or will be packaged in scaled Tyvek®, or Mylar®
(polyethylene terephthalate} hags or pouches, Packaging
such Kerwin, B. D. et al., U.5. Pat. No. 5,929,031, herein
incorporated by reference),

In a preferred embodiment, the FXSFH of such storage
containers will be subjocted 10 irradiation or other sicriliza-
tion treatment sufficient to extend the sheli-life of the
compositions,

I0. Pharmaceatical Uses of the Compositions of the Present
Invention

The FXSFH of the present invention may be used to form
pharmaceutical compositions that may be adminisiered to
regipienis, for example, by infusion, by intravenous or
intra-arterial injection, or by other means.

The FXSFH formulations of the present invention can be
used in compositions useful as substitutes for red blood cells
m any application that red blood eclls are wsed, Such
compositions of the present inventon formulated as red
blood cell substitutcs can be used for the treatment of
hemorrhage where blood volume is lost and both fuwid
volume and oxygen caTying capacity must be replaced.
Moreover, because the FXSFH of the present invenlion can
bhe made pharmaceuticaily acceptable, the (permlations of
the present invention can be used not only as blood substi-
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tutes that deliver axygen bl also as simple volume expand-
crs that provide oncotic pressure due to the presence of the
large hemoglobin protein molecule. The FXSPFH of the
present invention can thus be uscd as replacement Mot blood
that is removed during surgical procedurss where the
palicnt’s biood is removed and saved for reinfusion at the
end of surgery or during recovery (e.g., acute normovalemic
hemodilution or hernoaugmentation, etc.).

A typical dose of the FXSFH of the prescat invention as
a blood substitute is from 10 mg to 5 grams or more of
extracellular hemoglobin per kilogram of patient body
weight, Thus. a typical dose [or a human patient might be
[rom a few grams o over 350 grams. It will he appreciatcd
thai the unit content of active ingredients contained m an
individual dose of cach dosage form need not in itself
constitute an offective amoont since the neccssary effective
amount could be reached by administeation of a plirality of
adrninistrations as injections, etc. The selection of dosage
depends upon the dosage form utilized, the condition being
treated, the particular purpose to be achicved according to
the determination of the ordinarily skilled artisan in the fiald,

Admimistration of the FXSFH of the prescent invention can
veeur for a period of seconds to hours depending on the
purpose of the hemoglobin usage, For example, a3 a blowd
delivery vehicle, the usual time course of administration is
as rapid as possible. Typical imfusion rawes for hemoglobin
solutions as blood replacements can be from about 100 mi
to 3000 ml/hour. However, when used io stimulate
hematopoicsis, administration can last only seconds to five
minutes and therefore administration rates can be slower
because the dosage of the FXSFH of the present invention
may be much less than dosages that can be required to treat
hemorrhage.

T & further embodiment, the FXSFH of the prosent
invention can be used to treat anemia, by providing addi-
tional oxypgen carrying capacity in & patient that is suffering
from anemia, by stimulating hematopoiesis, and by serving
a8 an adjuvant to erythropoiciin therapy. Likewise, the
FX3SFH of the present invention can be used io provide
additional oxygen carrying capacity to an individual (such as
an athelete, soldier, mountaineer, aviator, smoke victim, etc.)
desiing such additional oxygen carryving capacity. The for-
mulations of the present invention thus are useful in treating
hypoxia and ischemuia

In addition, because the distribution in the vasculature of
the FXSFH of the present invention is not limited by
viscosity or by the size of red blood cells, the compositions
of the present invention can be used to deliver oxygen to
areas that red blood cells cannot penetrate. These areas can
include any Lssue arcas that are located downsteeam of
obstructions to red blood cell flow, such as areas down-
streatn of thrombn, sickle cell occlusions, arterial occlugions,
angioplasty balloons, surgical instrumentation and the like.

In a further embodiment, the FXSFH of the present
inventon ¢an be nsed w rest excess nitric oxide concen-
trations, Excess nitric oxide has been implicaied in condi-
tions ranging from hypowension o sepog shock. Becansa the
hemoglobin of the present inventon can bind nitrdc oxide
and ather pon-oxygen ligands as well as oxygen, the FXSFH
of the present invention can be used to cffect the removal
excess nilric oxide (or such non-oxygen ligands), or to
attenyate the concentration of such nitric oxide and non-
oxygen lipands, Such treatment can be accomplished either
by administration of FXSFH to the patient, or in an ex vivo
manner {as by contacting the patient’s blood with immabi-
lized FXSFH. cte.).

The FXSFH of the present invention contains iron, and as
such, may be detecied via MRI (magnetic resonance
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imaging). Thus, in a further embodiment, the present inven-
tion comtemnplates the use of FXSFH as an imaging agent.

Although humans have four main red cell antigens (A, B,
O and Eh}, accounting for 12 main blood 1ypes, non-human
animals ¢xhibit far preater blood type diversity, The cxist-
¢nce of larger numbers of bleod types has complicaied the
use of donaled blaod in non-human animal transfusions
(Hale, A. 5., Vet Clin North Am Small Anim Pract
25:1323-1332 (19335);, Harrell, K. A, et al.. Vet Clin North
Ar Small Anim Pract 23:1333-1364 (1993), both mferenocs
herein incorporated by reference. The FXSFH formulations
of the present inventiot. which can be used regardless of the
blood type of the recipicnt, thus finds additional wtility as a
Wood substitute for non-human animals (e.g.. dogs, horses,
calg, ene,),

The present inventien also concerns implantable delivery
devices (such as eartridges. implants, cic) that contain
FXSFH. and that are capable of releasing FXSFH ine the
circulation in response to a sensed need for incroased
oxygen carrying capacity. In onc embodiment, such devices
will deliver FXSFH at a constant rate, so as to facilitate
erythropoicsis (either alone, or in combination with
erythropoietin). In a second embodiment. the devices will be
controlled by sensing means (such as electronic probes of
hemoglobin, O, level, CO, level, ete) so a8 © deliver
FXSFH at a rate commensurate with the patient's oxygen
carrying capacity needs. Such sensing means tay b them-
selves implantable, or part of the implanted device, or may
be located extracorporeally, Tn a further sub-cmbodiment,
such deviees may be used to accomplish or facilitate the
hemo-diagnosis of individuais.

TV. Non-Fharmacentical Uses of the Compositions of the
Present Invention

The FXSFH of the presen], invention may 250 be vsed 1o
form non-pharmaceutical compositions that can be used, for
examnple, as referenee standards for analytical instrumenta-
tion needing such reference standards, reagent solotions,
control of gas cantent of ¢ell cultures, for cxample by in
vitro delivery of oxygen to a cell culture, and removal of
oxygen from solutions,

Additionally, the FXSFH of the present invention may be
used 1o oxygenate donated tissues and organs during trans-
port.

In a preferred non-pharmaceutical use, the FXSFH of the
present invention may be used to scavenge endotoxin from
surfaces or liquids. The invention thug contemplales devices,
such as cariridges, filters, beads, columnos, tubing, and the
like that contain the FXSFH of the present invention.
Liquids, such as water, saline, cubture medium, albumin
solutions, etc,, may be treated by passage over or through
such deviees in order to remove endotoxin that may be
present in such liquids, or to legsen the congentration of
endotoxin present in such liquids. The FXSFH of such
devices is preferably immobilized (as by affinity, ionic, or
covalent bonding, ¢ie,} o solid supporis present in such
devices. In one sub-embodiment, the FXSFH is bound to
beads that may he added to the liquids being treated. and
then subscquently removed (as by filtration. or affinity
immobilization}. Tn a further sub-emnbeodiment, the beads
megy be of ferromagnetic or paramagnetic metal, or may be
themselves magnetic, such that they may be readily scpa-
tated [torm the treated liquid by magnetic means.

Likewisc, the FXSFH of the present invention may he
adsorbed or hound to toweling, air fAliers, ce. so that
endotaxin present on surfaces or in air may be removed or
its concentration lesscned.

Tn a similar manner, the FXSFH of the present invention
can be used to remove oxygen from solutions requiring the
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removal of oxygen, and as celerence standards For analytical
assays and instrumentation.

The FXSFH of the present invention can also be used in
vitro to enhance cell growth in eell culture by maintaining
oxygen levels.

Iv will be apparent to those skilled o the ar. that various
modifications may be made in the prasent invention without
departing from the spirit and scope of the present invention.

1p It will be additionally apparent to those skilled in the art that
the basic eonstruction af the preseot invention is intended to
cover any variatons, uses or adaptations of the invention
following, in general, the principle of the invention and
ngluding such departurcs from the present disclosure as

15 gome within known or customary practice within the ar to
which the invention pertains. Therefore, it will be appreci-
ated that the scape of this invention 15 10 be defined by the
claims appended hereto, rather than the specific embodi-
ments which have been presented g8 examples.

What iz claimed is:

1. A methed for producing a non-pyrogenic, endotoxin-
free, stroma-free, cross-linked letramieric harmoglobin com-
prising the steps of:

25 (A) removing endotoxin from a preparation containing
red blood cells;

(B) removing oxygen from sajd preparation containing
red blogd cells, wherein said oxygen is removed by
centrifuging the red blood cells under a vacnum suffi-
cient 1o remove oxygen from the preparation; and

(C) lysing ted hlood cells.

2. The methed for producing a non-pyrogenisz, endotoxin-
frac, stroma-free, ¢ross-linkcd tetrameric hemoglobin of
35 claim 1, wherein said methed additionally comprises the

steps of:
(I1) separating hemoglobin from the stroma aof said lysed
red blood cells; and

(E) cross-linking said separated hemoglobin.

3. The methed of claim 1, wherein said process step (A)
additionally comprises washing sutfaces and squipment that
will come into contact with the eross-linked tetrameric
hemaglotan with g dilute solution of a hemoglobin,

45 4. The method af elaam 1. whercin said process step (B)
additionally cormprises centrifuging a solution of said cells
under vacuurm at a speed sufficient to produce a force greater
than the surface tension of the solution.

5. The method of claim 2, wherein said hemoglobin is

%0 human hemoglobin.

6. The methad of ¢laim 2, whercin said hemoglobin i3
bavine ar poreine hemoglobin,

7. A methad for producing a non-pyrogenic, endotoxin-
froe, stroma-free, dross-linked tetrameric hemeglobin com-
prising the sicps of;

{A) removing endotoxin from a preparation containing

red Blood cells:

{B) lysing rod blood cells; and
60 {C) removing oxygen from hemoglobin of said lysed red

blood cells, wherein said oxygen is removed by cen-
i fuging the red blood cells under 3 vacuum sufficient
to remove oxygen from the preparation.

8. The method for producing a non-pyrogenic, endoloxin-

65 frec, stroma-frec, cross-linked tetrameric hemoglobin of

claim 7, wherein said method additionally comprises the

sleps of:
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(T)) separating hemoglobin from the stroma of said fysed under vacuumn at a speed sufficient to produce a force greater
red blood cells: and than the surface ension of the solution,

(E) cross-linking said separated hemaoglobin,
9. The method of claim 7, whensin said process step (A)
comprises washing surfaces and cquipment that will come

11. The method of claim 8, wherein said hemoglobin is
human hemoglobin.

into contact with the cross-linked tetrameric hemoglobin 12, The method of claim 8, wherein said hemoglobin
with 2 dilute golution of a2 hemoglobin. bovine or porcine hemoglobin.
10. The method of claim 7, wherein said process step (C)
additionally comprigses centrifuging 4 solution of said cells L
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