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Technical Field

20 [0001] The present invention relates to a method for the preparation of a heat stable oxygen-
carrier-containing pharmaceutical composition and the composition‘ made by the process. The
present invention also relates to the use of the heat stable oxygen carrier-containing
pharmaceutical composition for cancer treatment, oxygen-deprivation disorders and organ

preservation for humans and other animals.



[0002] Hemoglobin plays an important role in most vertebrates for gaseous exchange between the
vascular system and tissue. It is responsible for carrying oxygen from the respiratory system 5 to the
body cells via blood circulation and also carrying the metabolic waste product carbon dioxide away
from body cells to the respiratory system, where the carbon dioxide is exhaled. Since hemoglobin has
this oxygen transport feature, it can be used as a pptent oxygen supplier if it can be stabilized ex vivo
and used in vivo. [0003] Naturally-occurring hemoglobin is a tetramer which is generally stable when
present 10 within red blood cells. However, when naturally-occurring hemoglobin is removed from red
blood cells, it becomes unstable in plasma and splits into two a- dimers. Each of these dimers is
approximitehgmrdafilrstéular weight. These dimers may cause substantial renal injury when
filtered through heggineys and excreted. The hreakdown of the tetramer linkage also negatively
impacts iR A A &Y e A ABRGTRITHEIR Ty 0BT YRAGRERSHISh SHSTISTAT ASfulT it Ebive the
problem,tﬁeecent evel%pmer}it%in Q_e %qlobin ﬁbrnef%%si%%have incorporated various cro§s-linking

. Vascular system and Tiss Spo g oxyeen from the respirafory sysiem
technlques to createylntramo ecular OI’]GSSRNR | e tetr raswellas inter o?ec%l%sbonds between

the tetrameris, 9ROV S A RAMR N ENG BrIQL A JeBEhES I PONBETiENeMQalghin is the

preferred form in order to increase circulatory half-life of the hemoglobin. However, as determined by

the presefisinventasspRlRSSichemagionipiRbRaieEradicomessyin Mekiemogalahitin blood
circulation. Met-hemoglobin cannot bind oxygen and therefore cannot oxygenate tissue. Therefore, the

cross-linkingethergbg byithepititr antdivat capsa Siiterfoimatiba vEpalymershemeasglebiplisrafproblem.
There is a need in the art for a technique that permits intramolecular crosslinking to create stable
tetramerd vABsUtahdi g dreadsfedrimtivn of polymeric hemoglobin. 3 [0005] Further problems
with the prior art attempts to stabilize hemoglobin include production of tetrameric hemoglobin that
includes HAGhARSEBABI; GH HEFEHAHE of dintdrtaitsvhitd preseredoriliterd MarEsIHe

hemaoglobin compositign unsatisfactory for administration to mammals, The dimerjc_form of the
heﬂgglogfﬁ%@aﬁeggz%%gsce%p re’ TORET TR Th A RSHER S %Wﬂﬂ%@ rédaMRYETy E4R BE severe

enoughté] caus death. Therefore, there is a need.in the art to create stable tetrameric hemoglobin
i BT R A B ot GO RS 3L Aok SRS At moglobir

products,haaifia Horeacs IRALARARRMTe Ao NG ACIID BRI, LDl Reteh Yazgeonstrction

events have been récorded from older generation of hemoglo ased oxygen carriers. For instance,

the HemepeHalneRiaI6L A0 BIRRUESGRd LieAltestited inigher sneanararialipessirg 124 9
mmHg) or 30% higher when compared to the baseline (96 10 mmHg) as disclosed by Katz et al.,

2010. Pregatteinpigpbots dlyeutumpsdijernthanamcatied msdlbydiylieageiats to react with hemoglobin
sulfhydryl groups, allegedly to prevent endothelium-derived relaxing factor from binding to the

sulfydryfPeRblirs orlentver] thahgseroflsuifrpceyt tewtlorentrdids peovedding stepssingsbiting in added
cost 15 and impurities which must be later removed from the hemoglobin composition. Thus there is a

need in {RECHETEFhVBFONE SRS Rk ar B el sh iR B e et snbrrdy adbes fsRi®R%Nd high

I [ L. 7] Furth I ith pri
blood pressule hen anplisd 1o 4 mammal,f0007] Rurther problems With prigrat empts to reate

art teaches that polymeric hemoglobin is the preferred form in order to increase circulatory half-
life of the hemoglobin. However, as determined by the present inventors, polymeric hemoglobin
20 more readily converts to met-hemoglobin in blood circulation. Met-hemoglobin cannot bind
oxygen and therefore cannot oxygenate tissue. Therefore, the cross-linking taught by the prior
art that causes the formation of polymeric hemoglobin is a problem. There is a need in the art for
a technique that permits intramolecular crosslinking to create stable tetramers without the

simultaneous formation of polymeric hemoglobin.



of protein impurities such as immunoglobin G that can cause allergic effects in mammals. 20Therefore,
there is a need in the art for a process which can produce stable tetrameric hemoglobin without protein
impurities. [0008] In addition to the above problems, there is a need in the art for a stabilized
tetrameric hemoglobin that is dimer free, phospholipid free and capable of production on an industrial
scale. 4 Summary of Invention [0009] The present3nvention provides a method for processing a

nonpolymeric, heat stable purified cross-linked tetrameric hemoglobin suitable for use in mammals
without da0kFhg e eroblemsaidhjtry pvias il atteraninie ftabidae Branasgip el SR dRnts
including death. The present invention removes the dimeric form of hemo%:)éllin, uncross:linked

tetramerRE HEFABEISHRTIISRRM Sl dec B PR BIR SRR TPk eRISA REHEEHASS, tha B s¥HEn¥htion uses
(I) an instant cytolysjs apparatus for precise,and controlled hypotanic lysis a flowthrough column
chromatBB?r%B%%/,Oéﬁl‘é{’ﬁ%)ﬂéﬁfpéﬁ%ﬁf%o PR R %%%%sr% lhcggosflroﬁe%t)n B?gglgggl%; %he 10

nemoglopin soltion e RUINGAIGNLIBRESR I EMOUE LG UACESIARIR AoR salilieddimers o

hemoglo‘glﬂn and to remove the protein impurities, for example immunoglobin-G, so that renal injury,

vascplangdgtrigentakefissts andolbentoxisith reasicnasan haaveidedernd {4raniaitight infusion
bag packaging to avoid oxygen intrusion into the product. [0010] The method includes a starting

‘material gfcreanvnalinrohele: blosshissiuding atleastveditEiidodrcellbafichpasie. Red blood cells
are separated from the plasma in the mammalian whole blood followed by filtering to obtain a filtered
red blooghted] fraction. fThelfitteradh redoblat cheri fabiioprisustsisedl toddamavegsisinalppotein
impurities. The washed red blood cells are disrupted by a controlled hypotonic lysis for a time sufficient
to lyse racissdoienseigsstiniysHenrw M pRASH LRIRSIAsHirioaarE KRRt P flow rate of
50-1000 liters/hr. Filtration is 20performed to remove_ at least a portion of the waste reteptate from the
lysate. At BRERTBABHM 8¢ 1B B&i?ﬁ&%%?ﬁb%’?ﬁeésb/g%‘ié‘?s[%ﬁiﬁfw ﬂ#&?’ﬁm‘éﬁ rgﬁ%#f)trocess is

performed using an ultrafiltration filter configured to remove impurities having a higher molecular
3 mmf—?gq of gﬁa {;uj:rgher

weilfht tHRIPREFerid HomoYIGEimaHEPRS Fifaerterial pressure 124 =

when compared to the baseline (96 £ 10 mmHg) as disclosed by Katz et al., 2010. Prior attempts

to solve this problem have relied on sulfhydryl reagents to react with hemoglobin suifhydryl

groups, allegedly to prevent endothelium-derived relaxing factor from binding to the sulthydryl

groups. However, the use of sulfhydryl treatment adds processing steps, resulting in added cost
15 and impurities which must be later removed from the hemoglobin composition. Thus there is a

need in the art for a process to prepare hemog]bbin which will not cause vasoconstriction and

high blood pressure when applied to a mammal.

[0007] Further problems with prior art attempts to create stable hemoglobin include the presence

of protein impurities such as immunoglobin G that can cause allergic effects in mammals.
20  Therefore, there is a need in the art for a process which can produce stable tetrameric

hemoglobin without protein impurities,

[0008] In addition to the above problems, there is a need in the art for a stabilized tetrameric

hemoglobin that is dimer free, phosphelipid free and capable of production on an industrial scale,



remove any viruses and residual waste retentate from the first hemoglobin solution to obtain a 5
second hemoglobin solution. Flowthrough column chromatography is performed on the second
hemoglobin solution to remove protein impurities, dimeric hemoglobin and phospholipids to form a
phospholipid-free hemoglobin solution. A second ultrafiltration process is performed on the
phospholipid-free hemoglobin solution using a filtegconfigured to remove impurities Sresulting in a
concentrated purified phospholipid-free hemoglobin solution. [0012] At least the a-ct subunits of the
purified hemoglobin are cross-linked by bis-3,5- dibromosalicyl fumarate to form heat stable
cross-linked hemoglobin without the formation of polymeric hemoglobin such that the molecular weight
of the restiitamesbapBIyAIERE cross-linked tetrameric hemoglobin is 60 - 70 kDa. The expression
"nonpolymeric” as used herein, refers to 10 tetrameric hemoglobin that is not intermolecularly
cross-linkEu with StREFHERBGIBISH MOTEES &y BinkPRBA e mBYIBBIMAHe AR sERA as PEG. A
suitable ph}/i%igcl%%%s‘?—lli%}é;?{eﬁgf%%%?%h%SPhate bugc d saline (PBS), lactated Ringer's solution,

r S),
]1:1\51 mogiobin suitabje dF F u%ﬁ n m(aml aﬂ wg QO tcausn% ﬁevere .
acetated iIngers solution, or er 1s exchanged for the cross-linked tetrameri emoglobln. Any

residyal cemigals, aRdRPAVELUSING fROgSRILTAN AN TR Ao ing bz Augpedure, the

cross-linked hemoglobin is heat-treated to remove any residual non-cross-linked tetrameric
hemoglohineaiish arRybeR-stabilizrd hesmagleivmian sample she dimeriatonm ofhamegiahin, and any
other protein impurities. Prior to the heat treatment N-acetyl cysteine is optionally added at a
concentrationiefiajpirexdmatelin Gr28arid:th e Adasknliike dhte semerimbhemagiahino preuamformation of
met-hemoglobin. Immediately 20 following heat treatment and cooling, N-acetyl cysteine is added at a
concentrafioly ot approtimdtel\pBsiseo and0 e eddaringrioreydrsifortiatiofofthetdiermglobin. The
heat treatment is preferably a high temperature short time treatment conducted at approximately 70C
to 95C fEHIPEEERIS16°3 hEiHS HRSHESRBhtESoIRGTD Zprerans 4 EethbstessmEs 6 during

the heat treatment are removed by centrifugation or a filtration apparatus to form.a clear solution
thereafte}}‘?'m}é?f r ﬁoj{lgﬁ?ﬁé’?—fﬁgé’,&é’%gﬁ%ﬂﬁﬁqﬁég,rﬁP(?f@iﬁhﬁﬁﬁg?ﬁ'i@é?@@?'ﬁé%%ﬁié‘?ﬁ@npoIymeric

cross-linked tetr nge;]ric emo lobin is then added to a.pharmaceutically acceptable,carrier, 5[0015]
Thereaftgr, ?he eat sta Ig,rc?é(}svs?-ﬁ}ﬁ(%@?teé?rgn g%eﬁ’ei;%oego rfeién}rcl}rurlﬁ%lﬂg%ela %héO Eg%iléegngld ina

custom-mage aad ai- tehiRolelivienegthranssyiny!eealate cailensiviaylaicehAl{BE, EVA,

EVOH) infusion bag. The packaging prevents oxygen contamination which results in the formation of
inactive mgt-hensogloainatbdinl Ihedieakstablp eioss ket ebameric hemoglobin produced by the
above method is
[0010] The method includes a starting material of mammalian whole blood including at least red
15  blood cells and plasma. Red blood cells are separated from the plasma in the mammalian whole
blood followed by filtering to obtain a filtered red blood cell fraction. The filtered red blood cell
fraction is washed to remove plasma protein impurities. The washed red blood cells are disrupted
by a controlled hypotonic lysis for a time sufficient to lyse red blood cells without lysing white
blood cells in an instant cytolysis apparatus at a flow rate of 30-1000 liters/hr. Filtration is
20 performed to remove at least a portion of the waste retentate from the lysate, A first hemoglobin
solution s extracted from the lysate.
[0011] A first ultrafiltration process is performed using an ultrafiltration filter configured to

remove impurities having a higher molecular weight than tetrameric hemoglobin and to further

remove any viruses and residual waste retentate from the first hemoglobin solution to obtain a



10 used for the treatment of various cancers such as leukemia, colorectal cancer, I_ung cancer, br(_aast
cancer, liver cancer, nasopharyngeal cancer and esophageal cancer. The mechanism fqr destroying
cancer cells is to improve oxygenation of tumors in a hypoxic condition, thereby en.hancmg the '
sensitivity towards radiation and chemotherapeutic agents. 'I_'he heat stable cross-linked tetrameric
hemoglobin is also used for preservation of organ tissue during transplant_or for 15preservat_|on of the
heart in situations where there is a lack of oxygen supply in vivo, such as in an oxygen-deprived heart.

Brief Descapidrahi Brawingss (104G L dinietenibie amianaddapaence afgnmentof different

hemoglobins. 20[0018] FIG. 2 is a flow-chart depicting an overview of the process | the present
invention.hmm@kﬁﬁ@sa&mem&tiwlMdetpiﬁtsnmﬂrﬂi‘éhamrﬁyiQM&lﬁl@@mfﬁaﬁg gﬁg@h@ﬁngr{aceSS of the
present invention. [0020] FIG. 4 depicts high performance liquid chromatography analysis for (a)
non-heat {reateaherpBslinitkderedransiolirmintgiobin sendd o)t atablecsss pi@eiel americ
hemoglobjn which has undergone a heat treatment at 90C for 45 seconds to 2 minutes or 80C for 30

minutes. f @ﬂfﬁ@ﬁgiéﬁgﬁﬁ %T@éﬁégbl%?/”ﬁfﬂzsaﬁé%g; giﬁigﬁefﬁrﬁfﬁaﬁgmﬁs for the
2522521%5%?%%85‘:‘%% gg%%}é%{gdﬁéﬁé6;%%%6%??%%%?8ﬂ?ﬁ’f‘?%ﬁflﬂ‘f{%fﬁé‘é%tablIe_ cross;li_nk(?[_d ;egfagnzeri/i
et Sl erOge e e AR GaIGBn bl o VAGHRY T &'SGHGHRY HePoabe ) placma
hemoglohinceReaRrAHRR.ARI &B}o%%%%Psqg)ljgec%stsgilnnklégclla%h}%g?j)%?niﬁv%t Lan e formation of
polymeric hemoglobin such that the molecular weight of the resultant nonpolymeric cross-linked
tetrameric hemoglobin is 60 — 70 kDa. The expression “nonpolymeric” as used herein, refers to
10 tetrameric hemoglobin that is not intermolecularly cross-linked with other hemoglobin molecules
or any other non-hemoglobin molecules such as PEG. A suitable physiological buffer such as
phosphate buffered saline (PBS), lactated Ringer's solution, acetated Ringer's solution, or Tris
buffer is exchanged for the cross-linked tetrameric hemoglobin. Any residual chemicals are
removed using tangential-flow filtration.
15 [0013} Following this procedure, the cross-linked hemoglobin is heat-treated to remove any
residual non-cross-linked tetrameric hemoglobin and any non-stabilized hemoglobin, for
exampie the dimeric form of hemoglobin, and any other protein impurities. Prior to the heat
treatment N-acetyl cysteine is optionally added at a concentration of approximately 0.2% to the
cross-linked tetrameric hemoglobin to prevent formation of met-hemoglobin. Immediately
20 following heat treatment and cooling, N-acetyl cysteine is added at a concentration of
approximately 0.2 % to 0.4% to further prevent formation of met-hemoglobin., The heat

treatment is preferably a high temperature short time treatment conducted at approximately 70°C

to 95°C for 30 seconds to 3 hours with subsequent cooling to 25° C. Any precipitates formed



10oxygenation is observed for a longer period of time compared with the plasma hemoglobin level.
[0024] FIG. 8 shows an improvement of oxygenation in hypoxic tumor tissue. Injection of 0.2g/kg heat
stable cross-linked tetrameric hemoglobin solution results in a significant increase in oxygen delivery

- to the head and neck squamous cell carcinoma (HNSCC) xenograft. [0025] FIG. 9 shows partial tumor
shrinkage in rodent models of (A) nasopharyngeal garcinoma 15(NPC) and (B) liver tumor. [0026] FIG.
10 demonstrates the mean arterial pressure changes in a rat model of severe hemorrhagic shock after
the treatmheitgwith e heanstable cross:linkecteifagatricdrenfoghobmadf2¥} Fl @rilaislamr elution
profile for fiowthrough column chromatography; the hemoglobin solution is in the flowthrough fraction.
20[0028]sPigion thersaéenatically depicts a flowthrough CM column chromatography system with
ultrafiltration for an industrial scale operation. [0029] FIG. 13 is a schematic depiction of an apparatus

used for ET Readiresitirenmhrsebddnity&iepPratqho sy itss frtiehfith Siblfe S B8R ature profile
in the HTST processing apparatus, gnd the time.taken to remove. unstabili tetramer (dimer) in the
cystom AP B LA BUEr O DR T OO I 1% oS SE ORE rate o

met-hem in,formation; i S B int Ar i us of FIG.
g S e e e e R S

tetramerig, lemooiphin.efihepiesent inyantionBelailec Darcription pf invaatien1810833HHemoglobin

IS an iron-containing oxygen-transport protein in red blood cells of the blood of mammals and other
animals. dtemoghahinexhibitogharacieristigs 0fchalitdhiad enary e gua@manmatioctateshof proteins.
Most of the amino acids in hemoglobin form alpha helices connected by short non-helical segments.
Hydrogeresdiads theafoitizei the hishicat seetibasdghitie.the hemoglobin causing attractions within the

“molecule thereto folding each polylpeptide chain into a . )
[0016] The heat stable cross-linked tetrameric hemoglobin produced by the above method is

10  used for the treatment of various cancers such as leukemia, colorectal cancer, lung cancer, breast
cancer, liver cancer, nasopharyngeal cancer and esophageal cancer. The mechanism for
destroying cancer cells is to improve oxygenation of tumors in a hypoxic condition, thereby
enhancing the sens'itivity towards radiation and cf]emotherapeutic agents. The heat stable cross-
linked tetrameric hemoglobin is also used for preservation of organ tissue during transplant or for

15  preservation of the heart in situations where there is a lack of oxygen supply in vivo, such as in

an oxygen-deprived heart.

Brief Description of the Drawings
[0017] FIG. 1 depicts the amino acid sequence alignment of different hemogliobins.

20 [0018] FIG. 2 is a flow-chart depicting an overview of the process of the present invention.
[0019] FIG. 3 schematically depicts an instant cytolysis apparatus used in the process of the
present invention.

[0020] FIG. 4 depicts high performance liquid chromatography analysis for (a) non-heat treated

cross-linked tetrameric hemoglobin, and (b) heat stable cross-linked tetrameric hemoglobin



15 specific shape. A hemoglobin molecule is assembled from four globular protein subunits. Each
subunit is composed of a polypeptide chain arranged into a set of a-helix structural segments
connected in a "myoglobin fold" arrangement with an embedded heme group. [0034] The heme group
consists of an iron atom held in a heterocyclic ring, known as a porphyrin. The iron atom binds equally
to all four nitrogen atoms in the center of the ring which 20 lie in one plane. Oxygen is then able to
bind to the iron center perpendicular to the plane of the porphyrin ring. Thus a single hemoglobin
moleculevtiaehthes capiacity ¢cachrabinetwitht foUR0TDIEcUESaiotydger?. [0086} lor £806 Hoamiihs, the most
common type of hemoglobin is a tetramer called hemoglobin A consisting of two a and two
non-covalsRggsbound subunits designated as a22, each made 9 of 141 and 146 amino acid residues
respectively. The size and structure of a and, subunits are very similar to each other. Each subunit has
a molecdﬁé\lﬂeﬂﬁt OfIaBI55t 1o RETAT RS r A EHEPRTBRSE SREFOBIGHY SFH R tRt RIS DFULBELEY kDa. The
four poly&g‘%‘tﬁi:je ch insdatre% bound, to ea]%tgigther by salt bridges, hydrogen bonds and hydrophobic

interaction. 1he structire o H(’3‘3\1;}f;leelg'gqr%emogIobin is similar to human hemoglobin (90.14% identity in a

chain; 8 identity.d i ifference.| 3 g j iBg,emoglobin
posiﬁong[é%g?% %%s g?f }H%vﬁrftﬂggl%?@ég r%rlgﬁ}n %E%n%gg %m%%h%%%rggzﬁggﬁ%m%g%i?&s 104, Cys

93 and Gysibh2aAe SRRy 8l IE sd 1B R HRg aMingnasiguiequences alignment of bovine, human,
canine, porcine and equine hemoglobin, respectively labeled B, H, C, P, and E. The unlike amino 10

acids fropnoeaiious. sothksesaarenphadedn-Go:ly iedicateR thainblear. Hefnoglobir atre ddagh similarity
with bovine, canine, porcine and equine when comparing their amino acid sequences. [0036] In
naturallystbbuering figebigliobisindideatichiedBiviod seiiks ihe sigsduiationcedasmin @aitesoith its
corresponding_chain is very strong and does not disassociate under physiological conditions.
HoweveSHesidp crafieti e dY diflePWRRradsther al® difietss fairkEiiBeadt 1598R8fdéred blood

cells, The bond has, a tendency to split intg two _af3 dimers each approximately 32 kDa. These
unofeosire%ﬁfﬂ@f%f%%ﬁ?m@fﬁwg‘ﬁ%%eﬁﬁ ARy fﬁ@?&&‘ﬁ*e%ha‘ﬁgpg%s@%%%&%?)ﬁﬁ%& result being
potential sesg) ity and.ubetantialv deerepsed ntaveseylar elention fme (0034 Thegefore, it is
nece_ssaLy to tag‘:lize any.hemoﬁoobln that is USEd outside of red biood 20 cells Bioth tor efficacy and
safety. Té!;?%ﬁ{g‘}‘q@étss{%lp@%@ﬁﬁeﬁ‘%ﬁﬁ@ié%@xﬁ@gﬁgm%Qiﬂtﬂén%%ﬂﬂ?%bﬂ s FRBRVYRGgW of the

process of the present invention is presented in thé flow chart of FIG. 2. [0038] Initially, a whole blood

source isnselegiedan ayseureneihamegiokindiems w@d et eelisTiManmalianathole blood is selected
including, but not limited to, human, bovine, porcine, 10
[00257 FIG. 9 shows partial tumor shrinkage in rodent models of {(A) nasopharyngeal carcinoma
15  (NPC) and (B) liver tumor.
[0026] FIG. 10 demonstrates the mean arterial preésure changes in a rat model of severe
hemorrhagic shock after the treatment with the heat stable cross-linked tetrameric hemoglobin.
{00271 FIG. 11 is an elution profile for flowthrough column chromatography; the hemoglobin
solution is in the flowthrough fraétion.
20 [0028] FIG. 12 schematically depicts a flowthrough CM column chromatography system with
ultrafiltration for an industrial scale operation.

[0029] FIG. 13 is a schematic depiction of an apparatus used for HTST heat treatment

processing step.



equine, and canine whole blood. The red blood cells are separated from the plasma, filtered, and
washed to remove plasma protein impurities. [0039] In order to release the hemoglobin from the red
blood cells, the cell membrane is lysed. Although various techniques can be used to lyse red blood
cells, the present invention uses lysis under hypotonic conditions in a manner which can be precisely
controlled at volumes suitable for industrial-scale pgoduction. To this end, an instant cytolysis
apparatus as seen in FIG. 3 is used to lyse the red blood cells. Hypotonic lysis creates a solution of
lysate indiididigthe midglebimstruka tivaste retemtateoillo rnabldliftystiialstentepramisclidngthe lysis is
carefully controlled such that only red blood cells are lysed without lysing white blood cells or other
cells. In difee 1genibsrimpentnsibiSied stumeeirdizst)oytdly sistep pafiiisaisi S6féced ths yebsthat the red
blood cells traverse the apparatus in 2 to 30 seconds or otherwise a time sufficient to lyse the red
blood cell8"5fipreferably, 30 seconds. The instant cytolysis apparatus includes a static mixer.

Deionize istill ater is used as a hypotonic solution. Of course it is understood that the use of

other hy&%}rﬁcﬂs@lu |o(r%igsln}93\sltlﬁaée%l &ren %%1 iy %ﬂ%@%@%ﬂ%ﬁéﬁmm st R dYet Bfle 15

periogls fgged, %9%@?4H&?%k%mﬁ?&@%é?&&?%ﬁ?&”%'ed lysis procedure lyses the red blood cells only,
llular nfatte es |

not white blood cells or ce r, It minimizes the release of toxic proteins, phospholipids or DNA
from whitedatgad Gells and qm%gﬁdlw@fﬁmﬁeff A hypgiianicSelutian iraddegimmedialiely after 30
seconds, that is, after the red blood-cell containing solution has traversed the static mixer portion of
the instanteytelysisranpasatus Adhgréestbianhhismoglobin 20 has a higher purity and lower levels of
contaminants such as undesired DNA and phospholipids than hemoglobin resulted from using other
lysis techniques. Undesired nucleic acids from white blood cells and phospholipids impurities are not
detected in the hemoglobin solution by polymerase chain reaction (detection limit = 64 pg) and high
performafitaiifgUte ChmBitatBoBYM¢RPLC, detection limit = 1 g/ml) method respectively. 11 [0040]
qu ultrafi sses are performed: one which removes impurities having molecular weights

_grea?e_r_ i@gﬁ Ie%wgg%r %%%ﬁ"ﬂ%}a@rg%é?ﬁfﬁqmoéﬁﬁ?ﬂiﬁ%ﬁﬁ@ﬁﬁfﬁ@ifﬂﬁﬁﬁ hiradsideh imilpcrtemoves
s RSB B AR s e i ropria

The latter ultr ration process concen S emogio ome
fiter 1S ugeakiAthedistitrafitraion, while & 3Khadais usedgLife grandllraliaton. [0041)

Flowthrough column chromatography is used to remove protein impurities in the purified hemoglobin

solution sseleas iy RtIOgakinG! by, and:6ath0nigPaidrase: hBsaracembadinents, column
chromatography is carried out by using one or a combination of 10 commercially available ion

exchangewoliiphitscsushgstee@BAR thiurha rOMcokl drmatochpstiaxyapatitdyeaitenhats. iffe: pH for
column chromatography is-typically from 6 to 8.5. In one embodiment, a flowthrough CM column
chrbmatfFaph sisrep 4s issetid e mooeupsr dtairrtmpedifien dopte RO Enpipiss inkedimAashosorbent
assay (EL1SA) is performed to detect the protein impurities and phospholipids remaining in the sample
after elutS O tHERSSRTGE 4 sUrreRtidtogrprrarend mpquestishenhsliytastumhserroriatography
separation enables agpontinuoug sgparation scheme for industrial-scale production. The ELISA result
shows tiEPTREAMGUT S HPBEL p AR ARE B S BB HtAMARSH AtA & 8Red hemoglobin

(immun in-G: 44.3 na/ml; albumin; 20.37 ng/ml: carhonic anhydrase: 81.2 g/ml). The protein

' impuritiggé |8e ng\}%l ﬁ:%ngﬁl %@n@oﬁ?ﬁesr@nt indg o tggﬁj%ln v%/?tﬁzjlﬁ%%(mcgﬁ R}Ié%g%]%r s??o&n in Table 1

20 belo‘ﬁam Tﬁpli‘?oilt 5&9‘9\4@! 9&5&1‘5‘?{8&% ﬁ%} nitrogen atoms in the center of the ring which

20 lie in one plane. Oxygen is then able to bind to the iron center perpendicular to the plane of the

porphyrin ring. Thus a single hemoglobin molecule has the capacity to combine with four

molecules of oxygen.
[0035] In adult humans, the most common type of hemoglobin is a tetramer called hemoglobin

A consisting of two o and two 3 non-covalently bound subunits designated as ¢2p2, each made



Column (pH condition) Carbonic anhydraseAlbuminimmunoglobin-G 12 DEAE (at pH 7.5) 68 29.8
DEAE (at pH 7.8) 60 50.9 CM (at pH 6.2) 32 21.8 CM (at pH 8.0)
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of 141 and 146 amino acid residues respectively. The size and structure of o and B subunits are
very similar to each other. Each subunit has a molecular weight of about 16 kDa for a total
molecular weight of the tetramer of about 65 kDa. The four polypeptide chains are bound to each
other by salt bridges, hydrogen bonds and hydrophobic interaction. The structure of bovine
5  hemoglobin is similar to human hemoglobin (90.14% identity in a chain; 84.35% identity in B
chain). The difference is the two sulthydryl groups in the bovine hemoglobin positioned at § Cys
93, while the sulfhydryls in human hemogiobin are at positioned at a Cys 104, B Cys 93 and B
Cys 112 respectively. FIG. 1 shows the amino acid sequences alignment of bovine, human,
canine, porcine and equine hemoglobin, respectively labeled B, H, C, P, and E. The unlike amino
10 acids from various sources are shaded. FIG. | indicates that human hemoglobin shares high
similarity with bovine, canine, porcine and equine when comparing their amino acid sequences.
[0036] In naturally-occurring hemoglobin inside the red blood cells, the association of an « chain
with its corresponding P chain is very strong and does not disassociate under physiological
conditions. However, the association of one off dimer with another uff dimer is fairly weak
15 outside red blood cells. The bond has a tendency to split into two off dimers each approximately
32 kDa. These undesired dimers are small enough to be filtered by the kidneys and be excreted,
with the result being potential renal injury and substantially decreased intravascular retention
time,
{0037] Therefore, it is necessary to stabilize any hemoglobin that is used outside of red blood
20 cells both for efficacy and safety. The process for producing the stabilized hemoglobin is
outlined below; an overview of the process of the present invention is presented in the flow chart
of FIG. 2.
[0038] Initially, a whole blood source is selected as a source of hemoglobin from red blood cells.

Mammalian whole blood is selected including, but not limited to, human, bovine, porcine,



5.6 53.2 66.4 Hydroxyapatite (at pH 7.5) 4.5 23.5 22.8 [0043] Following the column chromatographic
process, the hemoglobin is subjected to cross- linking by bis-3, 5-dibromosalicyl fumarate (DBSF). In
order to prevent formation of polymeric hemoglobin, the reaction is carefully controlled in a
deoxygenated environment (preferably less 5 than 0.1 ppm dissolved oxygen level) with a molar ratio
of hemoglobin to DBSF between 1:2.5 to 1:4.0 for @yperiod of time from 3 to 16 hours at ambient
temperature (15-25C), preferably at a pH of around 8-9, such that the resultant cross-linked
hemoglobivisctetrdmaeiie Wbnoblekin Haviedgdomblelulas weightdfr60-10 KB dinondfeaiing that
polymeric hemoglobin is not present. The yield of the DBSF reaction is high, > 99% and the dimer
concentratRshehieankE P e oElRIN s Shtionally, the present process does not require sulfhydryl
treatment reagents such as iodoacetamide to react with the hemoglobin before cross-linking as used

in varioud 9ndt LrPpsidadsisas sy nadnhin B Srosdhitebirtsrdi salimee sy, i hi¥siological
o d for th -linki [uti [dual chemical db
buffer 'Sﬁﬁg&?”%e o0y ttic‘@%@g%ﬁ%?%s% %é%“f"é‘eargg Slodd el ‘%ﬁqi%ﬁg%ﬁﬁ%fﬁ%?ﬁ@%gg%%ﬁ gy OBSE

tangential flow ﬂtrg{lon. owIng the process of &rdrse: ing o

g ion 1 invent . . or th
undey a degxvaeRaiad conaiion; Q%Bﬁﬁ&’%%x'&vgﬁgﬁ{}é%ﬁgétgﬁd&ﬁm@& B@&%&%@‘&ﬁéﬁ% f. e

cross-linked tetrameric hemoglobin solution in a environment. P_rlor to heat treatment,
N-acetyl gysi@inedseniisnaioaddedie prevenhiompation af mekhemaalohin(inactive legpoglobin).

After the heat processing step, the solution is cooled and N-acetyl cysteine is immediately added to
13 to lyse the red blood cells. Hypotonic lysis creates a solution of lysate including hemoglobin and
a waste retentate. To enable industrial-scale production, the lysis is carefully controlled such that |
only red blood cells are lysed without lysing white b}oodl celis or other cells. In one
10 embodiment, the size of the instant cytolysis apparatus is selected such that the red blood cells
traverse the apparatus in 2 to 30 seconds or otherwise a time sufficient to lyse the red blood cells
and preferably, 30 seconds. The instant cytolysis apparatus includes a static mixer. Deionized
and distilled water is used as a hypotonic solution. Of course it is understood that the use of
other hypotonic solutions having different saline concentrations would result in different time
15 periods for red blood cell lysis. Because the controlled lysis procedure lyses the red blood cells
only, not white blood cells or cellular matter, it minimizes the release of toxic proteins,
phospholipids or DNA from white blood cells and other cellular matter. A hypertonic solution is
added immediately after .30 seconds, that is, after the red blood-cell containing solution has
traversed the static mixer portion of the instant cytolysis apparatus. The resultant hemoglobin
20 has a higher purity and lower levels of contaminants such as undesired DNA and phospholipids
than hemoglobin resulted from using other lysis techniques. Undesired nucleic acids from white
blood cells and phospholipids impurities are not detected in the hemoglobin solution by
polymerase chain reaction (detection limit = 64 pg) and high performance liquid chromatography

(HPLC, detection limit = 1 pg/mi) method respectively.



maintain a low level of met-hemoglobin. If N-acetyl cysteine is added before and after heat treatment,
the amount added before heat treatment is approximately 0.2%, while the amount added after heat
treatment is approximately 0.2 to 0.4%. However, if N-acetyl cysteine is added only after heat
treatment, then the amount added is 0.4%. 5[0046] In some embodiments, the cross-linked tetrameric
hemoglobin solution is heated in a deoxygenated @rvironment (less than 0.1 ppm dissolved oxygen
level) under a range of temperatures from 50C to 95C for durations from 0.5 minutes to 10 hours. In
some emifodiinents heftrossdinkect istsameerdiemay|abin solidhiorishaategunder avange of
temperatures from 70C to 95C and for durations from 30 seconds to 3 hours. In some preferred 10
embodinféniesuiie weamis|igkedridtramenedheiimobidiin Solthionds helated dneert8@pior 30dninutes.
And yet in other preferred embaodiments, the linked hemoglobin solution is heated to 90C for 30
seconds B8 RRintiEs, ﬂ?@ﬁ%l&?‘&&éﬂ%&%% wrksplexivaghly Jsschibpsrnstabieyds to 30

secondsﬂandhthe acF'%l cy. teine is added as set forthg e. A very low amount of met-hemoglobin
results, for SRS, ISt AR 3PS RARBUL the i BINVARERITA IS RISHS, ARRSARYGHS: dbe

met-gemoglah) ?Ogbﬁgrm%%@ RRHIALSH YL ENHAACCER RPN DI REESARIAAS K Rba pace. e

applications. [0047] High performance’liquid chromatograp electrospray ionization mass

spectromgihysiesis Ml s el dichiRisik &GN spectroscopy and Hemox Analyzer for p50
measurement are used thereafter to analyze and characterize the heat stable cross-linked 20

tetrameri@vampigiobinuEot dusevinebigog sourtaasiginaiadhemeghoRip.flés i4 sbowsibat the
dimeric form of hemoglobin is undetectable in a HPLC system (detection limit: 2.6 ug/m1 or 0.043%)
for hemogiobiiokiniclkhasnundbrgerimaunegitraaliimeiuati® 08 fardbsecongdris=2 niingteseor 80C for
30 minutes. The cross-linked nonpolymeric tetrameric hemoglobin is found as heat stable at 80 or 90
C for a pEPeRfHte cTHEhedt processriigh TamperiUieyStore Dae Tume, T8iNptesp o a powerful

stea[i to denature the natural unreacted tetrameric form and dimeric form of hemo{%lobln [0048] To

{ze REBETCBHYe BRI e StekrngeH BN aliiRaPtnétHIRAE usdirte: defdceolumn,

hydroxyapatite column, ete. The pH for column chromatography is typically from 6 to 8.5. In
one embodiment, a flowthrough CM column chromafography step is used to remove protein
impurities at pH 8.0. Enzyme-linked immunoserbent assay (ELISA) is performed to detect the |
protein impurities and phospholipids remaining in the sample after elution from the column
15 chromatography. This unique flowthrough column chroxﬁatography separation enables a
continuous separation scheme for industrial-scale production. The ELISA result shows that the
amount of these impurities are substantiaily low in the eluted hemog]_obin (immunoglobin-G:
44.3 ng/ml; albumin: 20.37 ng/ml; carbonic anhydrase: 81.2 pg/ml). The protein impurities
removal results using different kinds of column with different pH values are shown in Table 1
20 below.

[0042] Table 1

Removal percentage (%)

Column (pH condition)
Carbonic anhydrase Albumin Immunoglobin-G




the amount of dimer after this heat process step. The mobile phase for HPLC analysis contains 5
magnesium chloride (0.75M) which can separate dimer (non-stabilized tetramer) and heat stable
cross-linked tetrameric hemoglobin. For promoting hemoglobin dissociation into dimers, magnesium
chloride is approximately 30 times more effective than sodium chloride at the same ionic strength. The
heat processing step also acts as a denaturation stgp to dramatically remove those unwanted protein
impurities in the cross-linked tetrameric hemoglobin (undetectable in 10 immunoglobin-G;
undetectalplgpn-alumey; 99.99% decrease.in carbonic anhydgase). Enzymeslinked immunosorbent
assay (ELISA) is performed to detect the protein impurities in the sample. Thus the purified, heat
stable cré¥adnfeeaHet®Emeric hemoglobin solution has an urffetectable levef®f dimer (below detection
limit: O.Ofﬁo{)&i a%déi@munoglobin-G, and a very low amount-of albumin (0.02,pg/m1) and carbonic
anhydrase 868 ug/m1l). Table 2 shows the experimental 15 results regarding the protein impurities
and dimeryemagyakly the HTST heat procggsing step. This33BST heat step@nables the selective
separation of heat stable cross-linked tetramer from unstable tetrarner and dimer. 15 [0049] Table 2
Sample ébHEMBRPRISIEIPFhpatities (By EPIBA) By HPLC p%é%\t 37C (mmH@'SImmunoglobin- G

[0043] Following the column chromatographic process, the hemoglobin is subjected to cross-
linking by bis-3, 5-dibromosalicyl fumarate (DBSF). In order to prevent formation of polymeric
hemoglobin, the reaction is carefully controlled in a deoxygenated environment (preferably less
5 . than 0.1 ppm dissolved oxygen level) with 2 molar ratio of hemoglobin to DBSF between 1:2.5
to 1:4.0 for a period of time from 3 to 16 hours at ambient temperature (15-25°C), preferably at a
pH of around 8-9, such that the resuitant cross-tinked hemoglobin is tetrameric hemoglobin
having a molecular weight of 60-70 kDa, demonstrating that polymeric hemoglqbin is not
present. The yield of the DBSF reaction is high, > 99% and the dimer concentration in the final
10 product is low. Optionally, the present process does not require sulfthydryl treatment reagents
such as jodoacetamide to react with the hemoglobin before cross-linking as used in various prior
art processes. |
[0044] At this point phosphate buffered saline (PBS), a physiological buffer, is exchanged for
the cross-linking solution and any residual chemicals are removed by tangential flow filtration.
15 [0045] Following the process of cross-linking of the hemoglobin by DBSF under a deoxygenated
condition, the present invention provides 2 heat processing step for the cross-linked tetrameric
hemoglobin solution in a deoxygenated environment. Prior to heat treatment, N-acetyl cysteine
is optionally added to prevent formation of met-hemoglobin (inactive hemoglobin). After the

heat processing step, the solution is cooled and N-acety! cysteine is immediately added to



(ug/m1) Albumin (ug/m1) Carbonic anhydrase (1g/m1) Tetramer (A) Dimer (%) No heat treatment
0.36 0.57 355.41 90
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maintain a low level of met-hemoglobin, If N-acetyl cysteine is added before and after heat
treatment, the amount added before heat treatment is approximately 0.2%, while the amount
added after heat treatment is approximately 0.2 to 0.4%. However, if N-acetyl cysteine is added
only after heat treatment, then the amount added is 0.4%.

5 [0046] In some embodiments, the cross-linked tetrameric hemoglobin solution is heated in a
deoxygenated environment (Jess than 0.1 ppm dissolved oxygen level) under a range of
temperatures from 50°C to 95°C for durations from 0.5 minutes to 10 hours. In some
embodiments, the cross-linked tetrameric hemoglobin solution is heated under a range of
temperatures from 70°C to 95°C and for durations from 30 seconds to 3 hours. In some preferred

10 embodiments, the cross-linked tetrameric hemoglobin solution is heated under 80°C for 30
minutes. And yet in other preferred embodiments, the linked hemoglobin solution is heated to
90°C for 30 seconds to 3 minutes, then rapidly cooled down to approximately 25° C in

~ approximately 15 to 30 seconds, and the N-acety] cysteine is added as set forth above, A very
fow amount of met-hemoglobin results, for example, less than 3%. Without the use of N-acetyl

15 cysteine, the amount ‘of met-hemoglobin formed is approximately 16%, an unacceptably high
percentage for pharmaceutical applications.

[0047] High performance liquid chromatography (HPLC), electrospray ionization mass
spectrometry (ESI-MS), circular dichroism (CD} spectroscopy and Hemox Analyzer for p50
measurement ére used thereafter to analyze and characterize the heat stable cross-linked

20 tetrameric hemoglobin. For a bovine blood source originated hemoglobin, FIG. 4 shows that the
dimeric form of hemoglobin is undetectable in a HPLC system (detection limit: 2.6 pg/ml or
0.043%) for hemoglobin which has undergone a heat treatment at 90°C for 45 seconds to 2
minutes or 80°C for 30 minutes. The cross-linked nonpolymeric tetrameric hemoglobin is found

as heat stable at 80 or 90 °C for a period of time. The heat process (High Temperature Short



5.4-38 80C for 10min Not detectable 0.33 0.032 92.7 3.4 No data 80C for 15min Not detectable 0.14
0.02293.32.9
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Time, HTST) step is a powerful step to denature the natural unreacted tetramefic form and

dimeric form of hemoglobin.
[0048) To analyze the outcome of this HTST step, a HPLC analytical method is used to detect
the amount of dimer afier this heat process step. The mobile phase for HPLC analysis contains
5 magnesium chloride (0.75M) which can separate dimer (non-stabilized tetramer) and heat stable
cross-linked tetrameric hemoglobin. For promoting hemoglobin dissociation into dimers,
magnesium chloride is approximately 30 times more effective than sodium chioride at the same
ionic strength. The heat processing step also acts as a denaturation step to dramatically remove
those unwanted protein impurities in thé cross-linked tetrameric hemoglobin (undetectable in
10 immunoglobin-G; undetectable in albumin; 99.99% decrease in carbonic anhydrase). Enzyme-
linked immunosorbent assay (ELISA) is performed to detect the protein impurities in the sample.
Thu:; the purified, heat stable cross-linked tetrameric hemoglobin solution has an undetectable
level of dimer (below detection limit: 0.043%), and immunoglobin-G, and a very low amount of
albumin (0.02 pg/ml) and carbonic anhydrase (0.014 pg/ml). Table 2 shows the experimental
15 results regarding the protein impurities and dimer removal by the HTST heat processing step.
This HTST heat step enables the selective separation of heat stable cross-linked tetramer from

unstabie tetramer and dimer.



No data

80C for 30min Not detectable 0.03 0.014 96.6 Not detectable 32

[0049] Table 2

15

Protein impurities (By ELISA) By HPLC
Sample Immunoglobin-  Albumin Carbonic Tetramer Dimer p30 at
condition G (ng/mb) anhydrase (%) (%) 37°C
(ng/ml) (ng/ml) (mmHg)
No heat 0.36 0.57 35541 90.1 54 38
treatment
80°C for 10min Not 0.33 0.032 92.7 34 No data
detectable
80°C for 15min Not 0.14 0.022 93.3 2.9 No data
detectable
80°C for 30min Not 0.03 0.014 96.6 Not 32
detectable detectable
No heat 0.29 0.52 261.80 91.8 53 38
treatment
90°C for 1.0min Not 0.21 >0.063 93.4 2.0 29
detectable
90°C for 1.5min Not 0.04 0.022 94.9 0.6 31
detectable
90°C for 2.0min Not 0.02 0.016 96.1 Not 31
detectable detectable

[0050] Following the heat processing step for the cross-linked hemoglobin under a deoxygenated

condition, the heat stable cross-linked tetrameric hemoglobin is ready for pharmaceutical

formulation and packaging. The present invention describes an air-tight packaging step of the

heat stable cross-linked tetrameric hemoglobin solution in a deoxygenated environment. Heat

stable cross-linked tetrameric hemoglobin in the present invention is stable under deoxygenated

condition for more than two years.



No heat treatment 0.29 0.52 261.80 91.8 5.3 38 90C for 1.0min Not detectable 0.21 >0.063 93.4 2.0
29 90C for 1.5min
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[0051] In this invention, the oxygen carrier-containing pharmaceutical composition is primarily
intended for intravenous injection application. Traditionally, prior products use conventional
PVC blood bag or Stericon blood bag which has high oxygen permeability which will eventually
shorten the life span of the product since it turns into inactive met-hemoglobin rapidly (within a
"5 few days) under oxygenated conditions. |
[0052] The packaging used in the present invention results in the heat stable cross-linked
tetrameric hemoglobin being stable for more than two years. A multi-layer package of
EVA/EVOH material is used to minimize the gas permeability and .to avoid the formation of
inactive met-hemoglobin. A 100 ml infusion bag designed for use with the purified and heat
10 stable cross-linked tetrameric hemoglobin of the present invention is made from a five layers
EVA/EVOH laminated material with a thickness of 0.4 mm that has an oxygen permeability of
0.006-0.132 cm® per 100 square inches per 24 hours per atmosphere at room temperature. This
material is a Class VI plastic (as defined in USP<88>), which meets the in-vivo Biological
Reactivity Tests and the Physico-Chemical Test and is suitable for fabricating an infusion bag for
15 intravenous injection purpose. This primary bag is particularly useful to protect the heat stable
cross-linked tetrameric hemoglobin sclution from long term oxygen exposure that cause its
instability and eventually affects its therapeutic properties.
[0053] For secondary protection of blood products, it has been known to use aluminum overwrap
to protect against potential air leakage and to maintain the product in a deoxygenated state.
20 However, there is a potential of pin holes in the aluminum overwrap that compromise its air
tightness and make the product unstable. Therefore the present invention uses as secondary
packaging an aluminum overwrap pouch which prevents oxygenation and also prevents light
exposure. The composition of the overwrap pouch includes 0.012mm of polyethylene

terephthalate (PET), 0.007mm of aluminum (Al), 0.015mm of nylon (NY) and 0.lmm of



Not detectable 0.04 0.022 94.9 0.6 31 90C for 2.0min Not detectable 0.02 0.016 96.1 Not detectable
31
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polyethylene (PE). The overwrap fiim has a thickness of 0.14mm and an oxygen transmission
rate of 0.006.cm3 per 100 square inches per 24 hours per atmosphere at room temperature. This
secondary packaging lengthens the stability time for the hemoglobin, extending the product
shelf-life.

5 [0054] The hemoglobin of the present invention is analyzed by various techniques, including
ESI-MS. ESI-MS enables the analysis of very large molecules. It is an ionization technique that
analyzes the high molecular weight compound by fonizing the protein, and then separating the
ionized protein based on mass/charge ratio. Therefore, the molecular weight and the protein
interactions can be determined accurately. In FIG. 5, ESI-MS analysis result indicates that the

10  size of heat stable cross-linked tetrameric hemoglobin is 65 kDa (nonpolymeric hemoglobin
tetramers). The far UV CD spectra from 190 to 240 nm reveal the secondary structures of globin
portion of the hemogiobin. In FIG. 6, the consistency of the spectra of purified hemoglobin
solution and heat stable cross-linked tetrameric hemoglobin reveals that the hemoglobin chains
are properly folded even after the heat treatment at 90°C. The CD result shows that heat stable

15 cross-linked tetrameric hemoglobin has around 42 % of alpha-helix, 38 % of beta-sheet, 2.5 % of
beta-turn and 16 % of random coil. It further confirms that the cross-linked tetrameric
hemoglobin is heat stable,

[0055] The process in this invention is applicabie to large scale industrial production of the heat
stable cross-linked tetrameric hemoglobin. In addition, the heat stable cross-linked tetrameric

20  hemoglobin in combination with a pharmaceutical carrier (e.g. water, physiological buffer, in
capsufe form) is suitable for mammalian use.

[0056] The present invention further discloses the uses of the oxygen carrier-containing
pharmaceutical composition in improving tissue oxygenation, in cancer treatment, in the

treatment of oxygen-deprivation disorders such as hemorrhagic shock, and in heart preservation



[0050] Following the heat processing step for the cross-linked hemoglobin under a deoxygenated 5
condition, the heat stable cross-linked tetrameric hemoglobin is ready for pharmaceutical formulation
and packaging. The present invention describes an air-tight packaging step of the heat stable
cross-linked tetrameric hemoglobin solution in a deoxygenated environment. Heat stable cross-linked
tetrameric hemoglobin in the present invention is sigble under deoxygenated condition for more than
two years. 16 [0051] In this invention, the oxygen carrier-containing pharmaceutical composition is
primarilyrinfendko foriptravenousrinjectioni(pglibatio rafydelitio naH yloprisripreldeietsta e sonventional
PVC blood bag or Stericon blood bag which has high oxygen permeability which will eventually
shorten taqmeistien ofngre pforerdinesli thas-Matbanythvemisiusimdgiomh Esidatvitlin a Sfew
days) under oxygenated conditions. [0052] The packaging used in the present invention results in the
heat stabie (GEL R B8 meric hemoglobin being stable for more than two years. A multi-layer
package /EVOH material is use minimize the gas permeabilit ' formation of
inactive @éﬁ%éﬁro%ﬁ%sn}ﬁc 190" %%%i%gﬁ %’é?’gg%‘e%?gh“’é'g 8?%%%\/5%{%%?1%%%%#%3%%%5 Be(czs:'illt 10 stable

crosg-linked, teframeric hemaglahin, ofthe present Joyention.lsmads frem a]éiv)%gwéc%\éﬁ/EVOH

laminated material with a thickness of 0.4 mm that'has an oxygen permeability of 0.006-0.132 cm3 per

100 squaiginehes D24 Mo PRE alRsRAGIR @) 10radienperatitieisT his material is a Class VI
plastic (as defined in USP<88>), which meets the in-vivo Biological Reactivity Tests and the

Physico-Ob&hiealdBatmard isbdititalilerédretabridting adinkbdsigripagdoentgfrale mopsitjection
purpose. This primary bag is particularly useful to protect the heat stable cross-linked tetrameric
hemoglobingsoititionidromohdisere G5dfgen exdosursttiaebabseoitis ingtasilitf ShF bvertimily affects its
therapeutic properties. [0053] For secondar proteic_:tion, of bloodfprodu,cts, it has bgen known to use
aluminurtFERRBARIAS D FHSIRAINA GRIHEE HotEmiar Hir IRRk Ko e R TSRt Mal InE Y5¥5tct A&
deoxygenated state. 20 Howe%:fer, t ere}%’s a.gote{]tia}(l OE %Euhole%w% aI(%JrlgerglfSrl”ls vernyrap that
conProrRE SR AN e lsPAN HEAS (HHE Brodutintanis Prhcrerore thathresent invention uses as
secondapypICkRINA BRANTIAT RYSIVARPAUSIINIGILPIEYENS AAVGRIBNO Afetalag prevents
light exposure. gco?‘nposﬁlon of the verwrap pouch includes 0.012mm of polyethylene .
terephthalate (PETL O CREMMS AIMRIRUMLAY) A BkammmohnyRRo(pb¥iliame O s semol DTI
Limited). After intravenous injection of 0.2g/kg of the heat stable cross-linked tetrameric
hemoglobin, the median pO; value rises from baseline to about two-fold of relative mean oxygen
15  partial pressure within 15 minutes and extends to 6 hours. Further, the oxygen level on average
still maintains a level of 25% to 30% above the baseline value 24 to 48 hours post infusion. No
commercial products or existing technologies show as high an efficacy when compared to the
oXygen carrier-containing pharmaceutical composition prepared in this invention.
[0059] For tumor tissue oxygenation, a representative oxygen profile of a human head and neck
20 squamous cell carcinoma (HNSCC) xenograft (FaDu) is shown in FIG. 8. After intravenous

injection of 0.2g/kg of the heat stable cross-linked tetrameric hemoglobin, a significant increase

in the mean pO, of more than 6.5-fold and 5-fold is observed at 3 and 6 hours, respectively (FI1G.

8).



17 polyethylene (PE). The overwrap film has a thickness of 0.14mm and an oxygen transmission rate
of 0.006 cm3 per 100 square inches per 24 hours per atmosphere at room temperature. This
secondary packaging lengthens the stability time for the hemoglobin, extending the product shelf-life.
5[0054] The hemoglobin of the present invention is analyzed by various techniques, including ESI-MS.
ESI-MS enables the analysis of very large moleculgs. It is an ionization technique that analyzes the
high molecular weight compound by ionizing the protein, and then separating the ionized protein
based ori(déEFohangeicatiosT hersfore, thretmole ctiaroveight antetimepeotel Mierastobsatan be
determined accurately. In FIG. 5, ESI-MS analysis result indicates that the 10 size of heat stable
cross-linkewretiaeneric he misgiobii SRk DU FfoAD Gl BE OB ERRIIOni ALl dMmEPSTOThe!far UV CD
spectra from 190 to 240 nm reveal the secondary structures of globin portion of the hemaglobin. In

FIG. 6, tHEE5RISRNEy Bftffe Spttha BFRURIRUHEMbIBBIP stfiof AAR RS SRR crob-linked
e o i e R LB e N MOROPI (RIS e DRoREm IRl gea Yan AEr e heat

on ] Q mo .
treatmencf aﬂ% . € OWSs that heat's e cross-linked tetrameric ]Iln’emogliobln has

around 429 of alphashalit, 33% ohbalassheet, 28 Yoo be BN ARALLH Yot randamyeal. It further

confirmsthat the cross-linked tetrameric hemoglobin is heat stable. [0055] The process in this

inventionigapplicAble to iaspserlaindusiab Pradustion:ofdhe heatstabip, sraasalinked:tatrameric

hemoglobin. In addition, the heat stable cross-linked tetrameric 20hemoglobin in combination with a
pharmaceiticil-carrigsne. (CGvatet, physiolbgicahbuffir, e chpsuteiitr mids suitab|ecfommdmmalian
use. [0056] The present invention further discloses the uses of the oxygen carrier-containing
pharmademiegibbiorfisasiitn. ih Igtke ovity tiestebsyygessdtibnd iivtesmrrty heawetebnt sinkestadatment of
oxygen-deprivation disorders such as hemorrhagic shock, and in heart preservation 18 under a low
oxygen cBRISFREAVIIBIHETR0ESS SRR R ARSDIRL bene 888 oL dRt PR IbFE Y T htentration

range of approximately 0.2-1 .3g/kg with an infusion rate of less than 10 ml/hour/kg body weight.
[Oogol] FB?rﬂgls@’m’%%’fyé’gf‘ﬁsé)&ﬁ?féﬁ?eﬁL8%%@8?\%egﬁ% “containing pharmaceutical composition

[0061] In one embodiment, significant liver tumor shrinkage is observed after injecting the
| corhposition, in conjunction with a c?;emotherapeutic agent. In FIG. 9B, the representaﬁve chart
shows significant tumor shrinkage in a rat orthotopic liver cancer model. Buffalo rats bearing a
liver tumor orthograft {CRL1601 cell line) are treated with 3mg/kg cisplatin alone, or in
15 combination with 0.4g/kg of the heat stable cross-linked tetrameric hemoglobin (Cisplatin+Hb).
Administration of the heat stable cross-linked tetrameric hemoglobin before cispiatint injection
results in a partial shrinkage of the liver tumor.
[0062] For the use in the treatment of oxygen-deprivation disorders and for heart preservation,
the oxvgen carrier-contzining pharmaceutical composition of the present invention serves as a
20  blood substitute providing oxygen to a target organ.
[0063] The mean arterial pressure changes in a rat model of severe hemorrhagic shock after
treatment with 0.5g/kg of the heat stable cross-linked tetrameric hemoglobin are shown in FIG.
10. In a rat model of severe hemorrhagic shock, the mean arterial pressure is returned back to a

safe and stable level and maintained at or about the baseline after treatment with the heat stable



50f the present invention serves as a tissue oxygenation agent to improve the oxygenation in tumor
tissues, thereby enhancing chemosensitivity and radiation sensitivity. [0058] In addition, the ability of
the heat stable cross-linked tetrameric hemoglobin to improve oxygenation in normal tissues (FIG. 7)
and in extremely hypoxic tumors (FIG. 8), human nasopharyngeal carcinoma (using CNE2 cell line) is
demonstrated in this invention. The 10 representagiye oxygen profile along the tissue track of a human
CNE2 xenograft is showed in FIG. 8. Oxygen partial pressure (p02) within the tumor mass is directly
monitoreddsy-dofibtesprinoiy Jemedpeior (@J&W@ﬁ@ﬁﬁ@m%ﬂfﬁﬁgd‘ﬁ‘éoﬁﬁfeéﬁﬁﬂw A9FEssbsitioning
system (DTI Limited). After intravenous injection of O.2g/k§60f the heat stable cross-link?qstetrameric

hemoglolSHRECTheRegiobin (aIGasises rehi Babe Mt B60H: BT 5id DI FRIAHI B4 Sxygen
15partial pressure wjthin 15 minutes and extends, t wrs.. Further, the oxygen level e average still
maintain%vﬁnlé?}%ﬁff %%%ﬁ‘%g‘@b%a%%%t%g%lgs% iﬁ%@gl‘?své@%tsoeﬂgsh%uar Cf)%%%r? J%.Sqﬁ.?ﬁ% commercial
products or existing teahnologies ghowas hial.an &fMcac WD eRLMPAURIIGHNEG OXKIR:

carrier-containing pharmaceutical composition prepared in this invention. [0059] For tumor tissue
oxygenation. 2 feRIEeAtBINE Qxvgen puile of a human head and neck 20 squamous cell carcinoma
(HNSCC) xenograft (FaDu) is shown in FIG. 8. After intravenous injection of 0.2g/kg of the heat stable
cross-linkggdgameric hemoglobin, a significant increase in the mean p02 of more than 6.5-fold and
5-fold is observed at 3 and 6 hours, respectively (FIG. 8). 19 [0060] For applications in cancer
treatmerff)tw] Bkydeitoednderaopitaimingrphidehbreviticel GomipistiorciiaandgEatsinékfon serves
as a tissue oxygenation agent to improve the oxygenation in tumor tissues, thereby enhancing chemo-
and radidtisntsarigithay inerdnrgin Srohhagrors 8y Hialsi AR dth& Heat stable cross-linked
tetrameric hemoglobin, tumor 5 growth is delayed. In FIG. 9A, the representative curves show
significant tumor shrinkage in rodent models of nasopharyngeal carcinoma. Nude mice bearing CNE2
xergog%ra?cos ggﬁ] eate?e' ith X-ray alone (2Gy) or in combination with the heat stable cross-linked
tetramer (he o)éffo In (2Gy+Hb). 1.2g/kg of the heat stable cross-linked tetra eric hemoglobin is
injected I H@ﬁj%ﬁgggygug%mouse approximately 3 to 6 hours before X-ray irradiation and results in
a 10partial shrinkage of nasopharyngeal carcinoma xenograft. [0061] In one embodiment, significant
liver tumgpghrinkagersRFRsesales friRGliog:the Lampesiiony tbonmskosith BIG. 2.
chemotherapeutic agent. In FIG. 9B, the representative chart shows significant tumor shrinkage in a
rat orthofpindiveéiobaiiced medékiBliialanats beedisigdelivetdumbrp rindgrafe (L8072 €ell line) are
treated with 3mg/kg cisplatin alone, or in 15 combination with 0.4g/kg of the heat stable cross-linked
tetrameriodiemotiabiso [ Ciepkatiit HpISHarhiFiSeais A ot IRBHEC StaBIs RSk Ed 18 i Meric

hemoglobin before cisplatin injection results in a partial shrinkage of the liver tumor,
15 citrate solution to inhibit blood clotting. Red biood cells (RBC) are isolaled and collecied from

plasma and other smaller biood cells by an apheresis mechanism. A “cell washer” is used for this

procedure with gamma sterilized disposable centrifuge bowl. RBC are washed with an equal

volume of 0.9% (w/v sodium chloride) saline.

[0068] Washed RBC are Iysed to release hemoglobin content by manipulating hypotonic shock
20 to the RBC cell membrane. A specialized instant cytolysis apparatus for RBC lysis device

depicted in FIG. 3 is used for this purpose. Fo.ilowing RBC lysis, hemoglobin molecules are

isolated from other proteins by tangential-flow ultrafiltration using a 100 kDa membrane.

Hemoglobin in the filirate is collected for flowthrough column chromatography and further



[0062] For the use in the treatment of oxygen-deprivation disorders and for heart preservation, the
oxygen carrier-containing pharmaceutical composition of the present invention serves as a 20blood
substitute providing oxygen to a target organ. [0063] The mean arterial pressure changes in a rat
model of severe hemorrhagic shock after treatment with 0.5g/kg of the heat stable cross-linked
tetrameric hemoglobin are shown in FIG. 10. In a t&t model of severe hemorrhagic shock, the mean
arterial pressure is returned back to a safe and stable level and maintained at or about the baseline
after treatmentrasith the hbky/stabyea 20 kRsssumkeasefrelericRentRgsBRY BotBRiAPHeRtiment with
the heat stable cross-linked tetrameric hemoglobin, the time required for the mean arterial pressure to

return toreBRhRIEVEH SRBYERfan administrating autologous rat's blood which serves as a positive
control. The results indicate that a vasQconstriction event dpes not fter the tran ion of the
heat SStéQﬂégér&%-?WEHrﬁé‘ffjaE‘?g}%ﬁ% Ph S&f%tﬂfi’ﬁ. léﬁarsrg 6?5%%%6%&] ?%gﬁroﬁ’o%% %ﬁ?gr%% egs are
provided by way of describing specif menis-afdhis inysntionwihoubiniandinge,imit the
scope of 1 |§V¥}§l\¥§%tﬁ%tﬁa?ﬁegﬁr}/%vva§% %‘[&%%?%%%Ie 1 [O%}JG%] Process Overview [0067] A schematic

flowdiagramof,the,eraeess &fdheipsesamkinyptian dasiiustratae ind-iorisBovine wialreblood is
collected into an enclosed sterile container/bag containing 3.8% (w/v) tri- sodium citrate solution as

anti-coagutarts RipReisibaen inipediately. mixed well with tri-sodium 15 citrate solution to inhibit blood
clotting. Red blood cells (RBC) are isolated and collected from plasma and other smaller blood cells by
an apheresis mechanism. A "cell washer" is used for this procedure with gamma sterilized disposable
centrifuge bowl. RBC are washed with an equal volume of 0.9% (w/v sodium chloride) saline. [0068]
Washed(fB0 &=aypledito release hemoglobin content by manipulating hypotonic shock 20 to the
RBC cell membrane. A specialized instant cytolysis apparatus for RBC lysis device depicted in FIG. 3

is used OO HarpSsE e rERBGART PSR 1 HEsHBR BYISNH molecules are isolated from other proteins
e o 202 AP ARG, HEGRIBPI 0.1 e {5 Ggllected for
10°C). The red blood cells are separated from the plasma viz a cell washer and subsequently with
a 0.65 pm filtration. After washing the red blood cells (RBC) filtrate with 0.9% saline, the
filtrate is disrupted by hypotonic Iysis. The hypotonic lysis is performed by using the instant
cytolysis appafatus depicted in FIG. 3. The instant cytolysis apparatus includes a static mixer to
15 assist in cell lysis. A RBC suspension with controlled hemoglobin concentration (12-14g/dL) is
mixed with 4 volumes of puﬁﬁed water to generate a hypotonic shock to RBC cell membranes.
The period of hypotonic shock is controlled to avoid unwanted lysis of white blood cells and
platelets. The hypotonic solution passes through the static mixer portion of the instant cytolysis
apparatus for 2 to 30 seconds or otherwise a time sufficient to lyse the red blood cells and
20  preferably, 30 seconds. The shock is terminated after 30 seconds by mixing the lysate with 1/10
volume of hypertonic buffer as it exits the static mixer. The hypertonic solution used is 0.1M
phosphate buffer, 7.4% NaCl, pH 7.4. The instant cytolysis apparatus of FIG. 3 can process at 50

to 1000 liters of lysate per hour and, preferably at least 300 liters per hour in a continuous

manner.



21 concentrated to 12-14g/dL by a 30 kDa membrane. Column chromatography is carried out to
remove the protein impurities. [0069] The concentrated hemoglobin solution is first reacted with DBSF
to form heat stable cross-linked tetrameric hemoglobin molecules under a deoxygenated condition. A
heat treatment 5step is then performed under deoxygenated conditions at 90C for 30 seconds to three
minutes before final formulation and packaging. [0870] Example 2 [0071] Time & Controlled Hypotonie
lysis and filtration 10[0072] Bovine whole blood is freshly collected and transported under a cool
condition[{27%] 6y~ Tgelre@ Bldbdicells fraseparatbtbiomithe flasmicbyia 8.2 kwvdshertand
subsequently with a 0.65 um filtration. After washing the red blood cells (RBC) filtrate with 0.9% saline,
the filtratetigigis hepregidynriphsionidNaric THésHipotshiie Netd rsierid phetinyiRishigrmaiinstant

cytolysis apparatus depicted in FIG. 3. The instan:g%/tolysis apparatus includes a static mixer to 15
Ay

assist in BEIMY/sTEAREE the SFRNEIBRTIRNESH PSR RS IO bR BB PLBRIGTaRS is mixed
ith 4 vol ified . h ic shock B | . Th iod of
with 4 voumes &‘iv%'gé@tqf"&g}ﬁ%?t ge gg@;@%@%ﬁ%@ggeﬁﬁ@c. }g%ﬁﬁ)‘é‘iﬂg‘&fi‘g&%@%‘gs € period 0

hypo_tonigo hock iscontrolied to gvoi_ ited 1ysis 6w & bl6o ce Is"and pla $7Mhe hypotonic
Solution REgsAERNRUAANG > ﬁ;ggggieaw 0] of, {he INFIARLAYIQNAIR ARRARINS [RE4: {0 R0 seconds

or otherwise a time sufficient to e red blood Cells and 20 preferably, 30 seconds. The shock is

terminateg afigs39 seeapdsidHRbINgADe YAt Mt HiByqlme @t hypriPBIA buiigbasAt exits the
static mixer. The hypertonic solution used is 0.1M phosphate buffer, 7.4% NaCl, pH 7.4. The instant

cytolysis sapparatuisDef FHafi Braduh psabes sealobfldd thGeR dite ispiryisatenpap hduwanaopraferably at least
300 liters per hour in a continuous manner. 22 [0073] Following the RBC lysis, the lysate of red blood
cells is filsreld hyraheuRhirfiftal i obtedntatiiemoglobin solution. Nucleic acids from white blood cells
and phospholipids impurities are not detected in the hemoglobin solution by polymerase chain reaction
(detection limit = 64 pg) and HPLC (detection limit = 1 pg/m1) method respectively. A first 100 kDa
ultrafiltration is 5 performed to remove impurities having a higher molecular weight than hemoglobin. A
flom}tﬂroda%ﬂlg‘r’fﬁ{"dﬂ?osmatography is followed to further purify the hemoglobin solution. A second 30
IcDa uItr@Bgiignéfcq%en erfc%rr;ged to remoye irﬁgugtil% .hangg a lower molecular weight than

I aralice study on stroma-iree heémoglobin solution
hemoglobin or concentration.

[0076] In order to demonstrate the safety of the product from this invention, the virus removal

abilities of (1) 0.65 um diafiltration step and (2) 100 kDa ultrafiltration step are demonstrated by

virus validation study. This is done by the deliberate spiking of a down-scaled version of these

15 two processes with different model viruses (encephalomyocarditis virus, pseudorabies virus,

bovine viral diarrhea virus and bovine parvovirus). In this study, four types of viruses (see Table

3) are used, These viruses vary in their biophysical and structural features and they display a

variation in resistance to physical and chemical agents or treatments.



10[0074] Example 3 [0075] Viral clearance study on stroma-free hemoglobin solution [0076] In order to
demonstrate the safety of the product from this invention, the virus removal abilities of (1) 0.65 pm
diafiltration step and (2) 100 kDa ultrafdtration step are demonstrated by virus validation study. This is
- done by the deliberate spiking of a down-scaled version of these 15 two processes with different
model viruses (encephalomyocarditis virus, pseudggabies virus, bovine viral diarrhea virus and bovine
parvovirus). In this study, four types of viruses (see Table 3) are used. These viruses vary in their
biophysi¢at @i drsttedtural features and they display a variation in resistance to physical and chemical

the following

Table 4.

Virus spikiRg ..«

irus tests

agents or treatments. 23 [0077] Table 3 [0078] The validation scheme is briefly shown in
ODZQpT able 4 DlaflltratlonUItraflltratlon Cell Washing Virus splkifgDiafiltratjon \
[ F Virus Taxonomy | Genome %tructurep St gtagii?ty*
[rm]
Hepatitis
Bovine viral diarrhea o
C virus Flaviviridae | ssRNA | enveloped | 40-60 low
virus (BVDV)
(HCV)
Encephalomyocarditis non- .
- Picornavirus | ssRNA 25-30 | medium
virus (EMCV) enveloped
Parvovirus| Bovine parvovirus .. non- .
Parvoviridae | ssDNA 18-26 | very high
B19 (BPV) enveloped
Hepatitis L.
Pseudorabies virus 120~ Low to
B virus Herpesviridae | dsDNA | enveloped )
(PRV) 200 | medium
(HBV)

[0078] The validation scheme is briefly shown in the foliowing Table 4.

[0079] Table 4

Diafiltration Ultrafiltration
Cell Washing Virus spiking
Virus spiking Uttrafilration

Diafiltration J»
l Virus tests
Virus tests

[0080] The summary of the log reduction results of the 4 viruses in (1) 0.65 um diafiltration and

(2) 100 kDa ultrafiltration is shown in the following Table 5. All four viruses, BVDV, BPV,

EMCV and PRV, are effectively removed by 0.65 pm diafiltration and 100 kDa ultrafiltration.



1 Ultrafiltration 1 Virus tests [0080] The summary of the log reduction results of the 4 viruses in (1)
0.65 um diafiltration and (2) 100 kDa ultrafiltration is shown in the following Table 5. All four viruses,
BVDV, BPV, EMCV and PRV, are effectively removed by 0.65 pm diafiltration and 100 kDa
ultrafiltration. 24 [0081] Table 5 Annotation: no residual infectivity determined 5[0082] Example 4
[0083] Flowthrough column chromatography [008434A CM column (commercially available from GE
healthcare) is used to further remove any protein impurities. The starting buffer is 20mM sodium
acetate (j#s8]10)atdad the elution buffer is 20mM sodium acetate, 2M NaC1 (pH 8.0). After the
equilibration of the CM column 10 with starting buffer, the protein sample is loaded into the column.

The unbpund preteiRdinpurities arepvashed with at fgsst 5 calumrnewattine of startiFgysbufferl The
elution ig_performed using 25% elution buffer {0-0 5M NaC1).in-8.column volume. The elution profile is
shown ir] FIG. 11R#& hemoglobirt solutio is in tHe flowtfrough fraction 2Thel pudty df the fipwthrough
fraction IS anAVZe0 B ELRA Thegepulsare indigatedyin the toflowingd Iable §.¢; 1 5 63
100kDa Ultrafiltration | = 4.68 | =4.38 | 5.87 592 | 3.60 3.43 =6.05 | 3.27
Cumulative maximum ‘
> 7.88 9.65 > 7.50 > 8.72
Cumulative minimum
>7.07 9.40 6.68 5.90
Annotation:
> no residual infectivity determined
5  [0082] Example 4

[0083] Flowthrough column chromatography

[0084] A CM column (commercially available from GE healthcare) is used to further remove

any protein impurities. The starting buffer is 20mM sodium acetate (pH 8.0), and the elution

buffer is 20mM sodium acetate, 2M NaCl (pH 8.0). After the equilibration of the CM column

10

with starting buffer, the protein sample is loaded into the column. The unbound protein

impurities are washed with at least 5 column volume of starting buffer. The elution is performed

using 25% elution buffer (0-0.5M NaCl) in 8 column volume. The elution profile is shown in

FIG. 11; the hemoglobin solution is in the flowthrough fraction. The purity of the flowthrough

fraction is anaiyzed by ELISA. The results are indicated in the following Table 6.



25 [0085] Table 6 Protein impurities Immunoglobin-G Carbonic anhydrase Albumin Before CM
column 320 ng/ml 860.3 pg/ml 435.2 ng/ml Flowthrough (containing hemoglobin) 44.3 ng/ml 81.2
ug/ml ' '

25

[0085] Table 6

Protein impurities
Immunoglobin-G | Carbonic anhydrase Aloumin
Before CM column 1320 ng/ml 860.3 pg/ml 435.2 ng/ml
Flowthrough
. ) 44.3 ng/ml 81.2 ng/ml 20.4 ng/ml
~ {containing hemoglobin)

[0086] As the hemoglobin solution is in the flowthrough from the CM column chromatography
at pH 8 (not in the eluate), it is a good approach for continuous industrial scale operation. The
5  first ultrafiltration set-up is connected directly to the flowthrough CM column chromafography
system, and the flowthrough tubing can be connected to the second ultrafiltration set-up for

industrial scale operation. The schematic industrial process configuration is shown in FIG. 12.

[0087] Example 5
10 [0088] Preparation of heat stable cross-linked tetrameric hemoglobin
[0089] (5a) Cross-linking reaction with DBSF
[0090] The cross-linking reaction is carried out in a deoxygenated condition. DBSF is added to
the hemoglobin solution to form cross-linked tetrameric hemoglobin without formation of
polymeric hemoglobin. DBSF stabilization procedure stabilizes the tetrameric form of
15 hemoglobin (65 kDa) and prevents dissociation into dimers (32 kDa) which are excreted through
the kidneys. In this embodiment, a molar ratio of hemoglobin to DBSF of 1:2.5 is used and the
pH is 8.6. This process is carried out for a period of 3-16 hours at ambient temperature (15-
25°C) in an inert atmosphere of nitrogen to prevent oxidation of the hemoglobin to form ferric

met-hemoglobin which is physiologically inactive (dissolved oxygen level maintained at less



20.4 ng/ml [0086] As the hemoglobin solution is in the flowthrough from the CM column
chromatography at pH 8 (not in the eluate), it is a good approach for continuous industrial scale
operation. The 5 first ultrafiltration set-up is connected directly to the flowthrough CM column
chromatography system, and the flowthrough tubing can be connected to the second ultrafiltration
set-up for industrial scale operation. The schematiggndustrial process configuration is shown in FIG.
12. [0087] Example 5 10[0088] Preparation of heat stable cross-linked tetrameric hemoglobin [0089]
(5a) Croskatinkingmeaclibn witlp BIBSE [60 00 SFhe ctoss lrkimdasdchpmigasairie the uesiigal
deoxygenated condition. DBSF is added to the hemoglobin solution to form cross-linked tetrameric
hemogloBRSKitstgtHEFrhatibn s p oRHcPB HeltrsisbinhiBB 3 E%tabilization procedure stabilizes the
tetrameric form of 15 hemoglobin (65 kDa) and prevents dissociation into dimers (32 kDa) which are
excreted through the kidneys. In this embodiment, a molar ratio of hemoglobin to DBSF of 1:2.5 is

used ani&gﬁaﬁ{?#g@%TEgglgrocesstés carried out for a period of 3-16 hours at ambient temperature

(15- 25C)’In mosp é(?{ée%sfsnlfjrogen to prevent oxidation of the hemoglobin to form ferric

met-flempegiohin %ﬁ%&ﬁ@%ﬁ?&oﬁ%ﬁ"Yilﬂé‘_‘%ﬁ"f%@iﬁ&&%@ﬂ%&gf&&&@\@sm@}ﬁ“ﬁi ed aklegs 26 than

0.1 ppm). The completeness of DBSF reaction is monitored by measuring the residual DBSF using

HPLC. Thawiglgrefdhe RBSR reaction it Righ «1A0%: 099l (ah) HTRT-heatiprecessstencs [0092] A
High Temperature Short Time (HTST) processing apparatus is shown in FIG 13. A heating process

using thextikgShbinodeshing epndeaths isopéirfornfed lent threaoress Hnke'd téiraifiesicondsnagdbin. In this
example, the condition for heat treatment is 90C for 30 seconds to 3 minutes, and preferably 45 to 60

seconds ralthitasgindeferdiditfolestamcoads aliditagh axhai sond gt wrsoVee aplecthe [aplaretsd modified

accordingly. A solution containing cross-linked hemoglobin . . .
above and the apparatus modified accordingly. A solution containing cross-linked hemoglobin

10 optionally with 0.2% of N-acetyl cysteine added thereto is pumped into a HTST processing
apparatus (first section of the HTST heat exchanger is pre-heated and maintained at 90°C) at a
flow rate of 1.0 liter per minute, the residence time of the first section of the apparatus is between
45 to 60 seconds, then the solution is passed through at the same flow rate into another section of
the heat exchanger that is maintained at 25°C. The time required for cooling is between 15 to 30

15 seconds. After cooling down to 25°C, N-acetyl cysteine is immediately added at a concéntration
of 0.2% to 0.4%, i)l'eferably at 0.4%. This chemical addition after the HTST heating process is
very important to maintain met-hemoglobin (inactive hemoglobin) at a low level. The set-up of
the processing apparatus is easily controlled for industrial operation. A temperature profile with
dimer content i.s shown in FIG. 14. If the hemoglobin is not cross-linked, it is not heat stable and

20  forms a precipitate after the heat step. The precipitate is then removed by a centrifugation or a
filtration apparatus to form a clear solution thereafter.

[0093] During the HTST heating process at 90°C, met-hemoglobin (inactive hemoglobin) is
increased (shown in FIG. 15). After immediate addition of N-acety! cysteine, a low level of met-

hemoglobin, approximately less than 3%, can be maintained.



10 optionally with 0.2% of N-acetyl cysteine added thereto is pumped into a HTST processing
apparatus (first section of the HTST heat exchanger is pre-heated and maintained at 90C) at a flow
rate of 1.0 liter per minute, the residence time of the first section of the apparatus is between 45 to 60
seconds, then the solution is passed through at the same flow rate into another section of the heat
exchanger that is maintained at 25C. The time reggired for cooling is between 15 to 30 15 seconds.
After cooling down to 25C, N-acetyl cysteine is immediately added at a concentration of 0.2% to 0.4%,
preferablipea40. 186 fdlhisich Sabéal atidiiohafterttheikfiBTlideatings provesseishie,ipiiportant to
maintain met-hemoglobin (inactive hemoglobin) at a low level. The set-up of the processing apparatus
is easily esheofleahivhise adrindenekieopn-Aabhivsd iatinach s fleopiiairer et fReskidivn in FIG.
14. If the hemoglobin is not cross-linked, it is not heat stable and 20forms %preci itate aftgr the heat

step. Th& FrEwpitite idtham Pemh ol aaB astity fa GHIGH 0TS At H BOYAFSR A S A S clear
solution thereaft 93] During the HTST heating process at 90C, met- lobkin (inactive
hemoglo%slhrﬁgigi}r?é’crfége)lgse%lzg %vﬁ %Pr? It—lﬁfr%l’fl Alter wﬁlr_nl(sag?gggn adic |t|}i’3yn33f %g?e%ﬁ%%tgﬁg, a low level
of met-hemeglgbin. prprgximately less thamak. ranRrimaintainer. 2 7IgP9ALT e felipying Table 7
shows that protein impurities such as immunoglobin-G, albumin, carbonic anhydrase and undesirable
non-stabilizeskteirareah O5ehmers arenteoved aftey the heatfseaunenbsiem pheamesatof
immunoglobin-G, albumin and carbonic anhydrase are measured using an ELISA method, while the
amount gitdiinel ibdlRtempicidd yhaoHP Afidtpdatbheduritysofdddat stbteograsshinkedstetrameric
hemoglobin is extremely high after the HTST heating processing step, in the range of 98.0 to 99.9%.
The p50waitteineskyserrparisitpte siurarddavtiich theuhémogichinhsatingonris¢sat $5698) sedurated)
measured by a Hemox Analyzer, is maintained at around 30 to 40 mmHg throughout the HTST

heating [hereERSiter dresh tratrdrsrerdiethistrantrir diuteertadads mabbadetPameric hemoglobin is stable at
90(31010[8)%8?]] _‘l[%l?éeﬂ Sample condition Protein impurities (by ELISA) By HP LC p50 at 37C (mmHgQ)

Protein impurities (by ELISA) By HPLC
Sample Immunoglobin-  Albumin Carbonic Tetramer Dimer p50 at
condition G (ng/ml) anhydrase (%) (%) 37°C
(ng/mi) . (pg/ml) (mmHg)
No heat 0.29 0.52 261.80 91.8 5.3 38
treatment
90°C for Zmin Not 0.02 0.016 96.1 Not 31
| detectable detectable
Removal (%) 100.0 96.15 | 9999 | - 100.0 | s

{0096] Example 6

[0097] Packaging

[0098] Because the product of the present invention is stable under deoxygenated conditions, the
15  packaging for the product is important to minimize gas permeability. For intravenous

application, a customn designed, 100 ml infusion bag is made from a five-layer EVA/EVOH



Immunoglobin-AlbuminCarbonic G0.1g/m1)anhydrase (ug/m1)018/m1) Tetramer (A) Dimer (%) No
heat treatment 90C for 2min 0.290.52261.80 Not0.020.016 detectable 91.8 96.1 5.3

28

laminated material with a thickness of 0.4 mm that has an oxygen permeability of 0.006 to 6.132
cm® per 100 square inches per 24 hours per atmosphere at room temperature. This specific
material is a Class VI plastic (as defined in USP<88>), which meets the in-vive biclogical
reactivity tests and the physico-chemical test and are suitable for fabricating containers for

5 intravenous injection purpose (note that other forms of packaging can be made from this material .
as well depending upon the desired application). A secondary packaging aluminum overwrap
pouch is also applied to the primary packaging infusion bag that provides an additional barrier,
minimizing light exposure and oxygen diffusion. The layers of the pouch comprise: 0.012mm of
Pofjfethylene terephthalate (PET), 0.007mm of Aluminum (Al}, 0.015mm of Nylon (NY) and

10 0.Imm of Polvethylene (PE). The overwrap film has. a thickness of 0.14mm and oxygen
transmission rate of 0.006 cm’ per 100 square inches per 24 hours per atmosphere at room
temperature. A schematic depiction of the infusion bag is depicted in FIG. 16. The overall
oxygen permeability.for each infusion bag according to the present invention is 0.0025 cm’ per
24 hours per atmosphere at room temperature.

15

[06099] Example 7

[00100] Improvement of oxygenation
[00101] (7a) Improvement of oxygenation in normal tissue
[00102] Seme studies for the normal tissue oxygenation by heat stable cross-linked

20  tetrameric hemoglobin are carried out (shown in FIG. 7). A comparative pharmacokinetic and
pharmacodynamic study is conducted in buffalo rats. Male inbred buffalo rats are individually
administered with 0.2g/kg heat stable cross-linked tetrameric hemoglobin solution or ringer’s
acetate buffer (control group), through the penile vein of the rats by bolus injection. The

concentration-time profile of plasma hemoglobin is determined by Hemocue ™ photometer at 1,



Not detectable 38 31 Removal (%) 100.096.1599.99 100.0 [0096] Example 6 [0097] Packaging
[0098] Because the product of the present invention is stable under deoxygenated conditions, the
15packaging for the product is important to minimize gas permeability. For intravenous application, a
custom designed, 100 ml infusion bag is made from a five-layer EVA/EVOH 28 laminated material
with a thickness of 0.4 mm that has an oxygen permeability of 0.006 to 0.132 cm3 per 100 square
inches per 24 hours per atmosphere at room temperature This specific material is a Class VI plastic
(as definedli) £13SP=88m) cathighehegtstiihédsemeodaibheyidalermattidityebiscdd thetphgsito-chemical
test and are suitable for fabricating containers for

measurement of hemoglobin where the concentration of hemoglobin is directly read out as g/dL.

Oxygen partial pressure (pO,) is directly measured by the Oxylab™ tissue oxygenation and

temperature monitor (Oxford Optronix Limited) in hind leg muscle of buffalo ras. Rats are

5  anesthetized by intra-peritoneal injection of 30-50mg/kg pentobarbitone solution followed by

insertion of oxygen sensor into the muscle. All pO; readings are recorded by Datatrax2 data

acquisition system (World Precision Instrument) in a real-time manner. Results demonstrate that

after an intravenous injection of 0.2g/kg of the heat stable cross-linked tetrameric hemoglobin,

the mean pQ; value rises from baseline to about two-fold of the relative mean oxygen partial

10 pressure within 15 minutes and extends to 6 hours. Further, the oxygen level on average is still

maintained at 25% to 30% above the baseline value 24 to 48 hours post injection (FIG. 7B). .

[00103] (7b) Significant improvement of oxygenation in extremely hypoxic tumor area
[00104] Imp_fovement of oxygenation in an extremely hypoxic tumor area is evaluated by
15 ahuman head and neck squamous cell carcinoma (HNSCC) xenograft model. A hypopharyngeal
squamous cell carcinoma (FaDu cell line) is obtained from the American Type Culture
Collection. Approximately 1 x 10° cancer cells are injected subcutaneously into four to six
week-old inbred BALB/c AnN-nu (nude) mice. When the tumor xenograft reaches a diameter of
8-10 mm, oxygen partial pressure (pO;) within the tumor mass is di;ectly monitored by the
20 Oxylab™ tissue oxygenation and temperature monitor (Oxford Optronix Limited). All pO;
readings are recorded by the Datatrax2 data acquisition system (World Precision Instrument) in a
real-time manner. When the pO; reading is stabilized, 0.2g/kg heat stable cross-linked tetrameric
hemoglobin solution is injected intravenously through the tail vein of the mice and the tissue

oxvgenation is measured. Results demonstrate that after intravenous injection of 0.2g/kg of the



5 intravenous injection purpose (note that other forms of packaging can be made from this material as
well depending upon the desired application). A secondary packaging aluminum overwrap pouch is
also applied to the primary packaging infusion bag that provides an additional barrier, minimizing light
exposure and oxygen diffusion. The layers of the pouch comprise: 0.012mm of Polyethylene
terephthalate (PET), 0.007mm of Aluminum (Al), 03015mm of Nylon (NY) and 10 0.1mm of
Polyethylene (PE). The overwrap film has a thickness of 0.14mm and oxygen transmission rate of
0.006 cmBiprd G0 sguaresiiickas tpemin baropleb atra csphibeenatiroemetanibe ratarep P sthematic
depiction of the infusion bag is depicted in FIG. 16. The overall oxygen permeability for each infusion
bag accordifdies the fold seatiidntiobstsveddo 5 ehid pes.2asherirs WeF Kimdsphere at room
temperature. 15 [0099] Example 7 [00100]improvement of oxygenation [00101](7a) Improvement of
oxygenation in normal tissue [00102]Some studies for the normal tissue oxygenation by heat stable
cross-liri)&%é %eat&aqle%ic hemoglobin are carried out (shown in FIG. 7). A comparative
pharmacokinetic and pharmacodynamic study is conducted in buffalo rats. Male inbred buffalo rats are
individually admigistared with Q2ukgbe ahsiableriassdinkad leiamerichemaglabin aglution or
ringer's acetate buffer (control group), through the penile vein of the rats by bolus injection. The
concentratipistime profile of plasma hemoglobin is determined by HemocueTM photometer at 1, 29 6,
24, 48 hours and compared with the baseline reading. The methods are based on photometric
measureitieni of figrifeglobimadebrntheedenbemiratidieoideim agioimihdirectiyereadsditkas g/dL.
Oxygen partial pressure (p02) is directly measured by the OxylabTM tissue oxygenation arid
temperatetremaonitem@kfoi Ofstiomii Lipnisptipnhinth | Sgravustiéisfpuifalo e, Ratsurens
anesthetized by intra-peritoneal injection of 30-50mg/kg pentobarbitone solution followed by insertion
of oxygePPEUREBIERG fRE- IRIBRIZTRITBB IeHi GO RIR P cordBEPLY B Ekat ax 2 d 4B SR ftilition system

(World Precision Instrument) in g real-time manner. Results demonstrate that after gn jntravenous
injelcﬁion 6%%%5?1‘!9‘8#&5%8&? tg%af)‘@%%eé’}ff élg(iefﬁlgr%oe?% Weergr]%](bog?to%llr{ ?&%A%%%’n%rﬁg"%lue rises
from baseline to. abawt two-fold of the relative xygen partial Sure within. 15 minutes and
extends %uge %‘%%%Hg?e t% %&t%gﬁr evléelaégle%:gg?ggeglsos%i I marﬁ;rﬁg%{rl?gd at 259 5.t0 3006 above the

baseline.yalygi24 {4 hauR pRskiniggiien (FIG. 7B). [00103](7b) Significant improvement of
oxygenation in extremely hypoxic tumor area [00104]Improvement of oxygenation in an extremely

hypoxic tumor area is evaluated by 15 a human head and neck squamous cell carcinoma (HNSCC)
xenograft model. A hypopharyngeal squamous cell carcinoma (FaDu cell line) is obtained from the
Americaf0 ToA) & CuiturR Beties tioretAppiiexifialiely 1 x 106 cancer cells are injected subcutaneously
into four to six week-old inbred BALB/c AnN-nu (nude) mice. When the tumor xenograft reaches a

diabetet BE 81 {oawmi: Buwerars pesiats Brésstremorpdiries thexumor mass is directly monitored by the

[0105] Group 3: Heat stable cross-linked tetrameric hemoglobin + X-ray irradiation (2Gy+Hb)
[0106] Nude mice bearing CNE2 xenografts are irradiated with X-irradiation alone (Group 2) or
in combination with heat stable cross-linked tetrameric hemoglobin (Group 3). For X-ray
irradiation {Groups 2 and 3), mice are anesthetized by an intra-peritoneal injection of 50mg/kg
20  pentobarbitone solution. 2 Grays of X-ray is delivered to the xenograft of tumor-bearing mice by
a linear accelerator system (Varian Medical Systems). For Group 3, 1.2g/kg heat stable cross-
linked tetrameric hemoglobin is injected intravenously through the tail vein into the mouse
before X-ray treatment. Tumor dimensions and body weights are recorded every alternate day

starting with the first day of treatment. Tumor weights are calculated using the equation



20 OxylabTM tissue oxygenation and temperature monitor (Oxford Optronix Limited). All pO2 readings
are recorded by the Datatrax2 data acquisition system (World Precision Instrument) in a real-time
manner. When the p02 reading is stabilized, 0.2g/kg heat stable cross-linked tetrameric hemoglobin
solution is injected intravenously through the tail vein of the mice and the tissue oxygenation is
measured. Results demonstrate that after intraver®us injection of 0.2g/kg of the 30 said heat stable
cross-linked tetrameric hemoglobin, a significant increase in the mean p02 of more than 6.5-fold and
5-fold is bBE&Yeedtier8laznd SMiprssene dpcictivdlprEradB p[Ge0oh exmmp e B8f0edby edigitd treatment
studies: A significant tumor shrinkage in Nasopharyngeal Carcinoma JlOlOZ] A significant tumor

shrinkagel P BUdEEy afier Blirinishatich ¢ haestame ér 8k sdte fatrEtEsahtegiEbin solution in
combination wijth X-ray irradiation (FIG. 9A). A human nasopharyngeal carci a xenograft model is
cmploy EoRbASHIR LA 1 & LG CARCRPEATE AL RISF SRR ar e SR SUBEUERTbBusly o
four to six week-old inbred BALB/C ANN:DY (pyde) ”‘s's?.ﬁﬁ%yc!“%% %%YEQTH&M%%QQQV Jt‘?@t‘f‘gﬁs a

. 55
diameter of 8-1 iﬁ%rrrr%fcteumor-abearlng mice are randomized into three groups as follows: [0103] Group

1. R'gngeg&ﬁ%{%ﬁgwﬁ[&g&qgﬁ%ﬁ[{@%@ Sreup @4 RRinger's acetate buffer + X-ray irradiation (20y)
[0105] Group 3: Heat stable cross-linked tetrameric hemoglobin + X-ray irradiation (2Gy+Hb) [0106]

Nude mice bearing CNE2 xenografts are irradiated with X-irradiation alone (Group 2) or in combination
with heat stable cross-linked tetrameric hemoglobin (Group 3). For X-ray irradiation (Groups 2 and 3),
mice ard@ri&$ibatimpld By an intra-peritoneal injection of 50mg/kg 20 pentobarbitone solution. 2 Grays
of X-ray is delivered to the xenograft of tumor-bearing mice by a linear accelerator system (Varian
Medical (888 faanceroirafmep 3 ruding/iesisatiiwmbibrarbage inkivartatragheric hemoglobin is injected
intravenousI%/-throu h.the tail vein into the mouse before X-r%reatme,nt. Tumor dimensions and body

weights EHEP PR RSt a e renifisarh faen Brakass WitPtHa s San s B HskHfENeE PEh SFaREights are

calculated using the equation 31 1/2L. W2, where L and,W represent the.le Wig:h f the tumor
ma@i, mcégss*,sﬂrlé%e g}}egr%fjgﬁtiglq&ea ||8§er itﬂﬁ%lf}grb%l, C\Iocl)jﬁ%llg?tﬁggﬁ%a(iISeDaacthnrﬁggéure nen .régroup 1is the

o LER D R S O or s el Saniea apeoe or e
solution A luciferase gene (CRL1601-Luc) are injected into the left lobe of the liver in a buffalo rat.
Tumor growth is monitored by a Xenogen in vivo imaging system. Two to three weeks after
injection, the tumor tissue is harvested, dissected into small pieces and orthotopically implanted
15  into the left liver lobe of a second group of rats. Rats bearing liver tumor are randomized into
three groups as follows:
[0110] Group 1: Ringer’s acetate buffer (Control)
[0111] Group 2: Ringer’s acetate buffer + cisplatin (Cisplatin)
[0112] Group 3: Heat stable cross-linked tetrameric hemoglobin+ cisplatin (Cisplatin+Hb)
20 [0113] Rats implanted with liver tumor tissue are treated with 3mg/kg of cisplatin alone (Group
2) or in conjunction with heat stable cross-linked tetrameric hemoglobin (Group 3). For groups 2
and 3, rats are anesthetized by an intra-peritoneal injection of 30-50 mg/kg pentobarbitone

solution and cisplatin are administered vig the left portal vein. For Group 3, 0.4g/kg heat stable

cross-linked tetrameric hemogiobin is injected intravenously through the penile vein of the rat



5conjunction with X-irradiation (Group 3, FIG. 9A). [0107] Example 9 [0108] Cancer treatment studies:
a significant shrinkage in liver tumor [0109] In addition, significant tumor shrinkage is observed after
administration of heat stable 10 cross-linked tetrameric hemoglobin solution in combination with
cisplatin (FIG. 9B). A rat orthotopic liver cancer model is employed. Approximately 2 x 106 rat liver
tumor cells labeled with luciferase gene (CRL16013Ruc) are injected into the left lobe of the liver in a
buffalo rat. Tumor growth is monitored by a Xenogen in vivo imaging system. Two to three weeks after
injection btferturinpintis suetischiarGested, dibsectetidrtocshsalitpibes it srianiopicaty implanted 15into
the left liver lobe of a second group of rats. Rats bearing liver tumor are randomized into three groups
as followsrjokeegEhsti RN GEFE iletatec bt (esewmtrah 819 5roup 2: Ringer's acetate buffer +
cisplatin (Cisplatin) [0112] Group 3: Heat stable cross-linked tetrameric hemoglobin+ cisplatin
(Cisplatin+Hb) 20 [0113] Rats implanted with liver tumor tissue are treated with 3mg/kg of cisplatin
alone (G[Siﬁ@@&é” i%qlajunction with heat stable cross-linked tetrameric hemoglobin (Group 3). For
groups 2'and ‘3, rats are anesthetized by an intra-peritoneal injection of 30-50 mg/kg pentobarbitone

solugon an gisniafiparerdminisiered vienbeaftieialvaindor Group 3, 0.4g/kg heat stable
cross-linked tetrameric hemoglobin is injected intravenously through the penile vein of the rat 32

before cisplatin treatment. Group 1 is the non-treatment control group. Importantly, a significant

shrinkagt’ braivaraLTtBleisTapstirled) SUpats htersidiftifeteiqured 88) Tt ERA%RIE 1 ¢ 5[0115]
Treatment of Acute Severe Hemorrhagic Shock in Rats 6] Heat stable cross-linked tetrameric
omoaloBaT S b et THE AR thay SEEh T B e B e e e RS Shock i

rats. 50 SRiAgHEDAEK, (a5 AR PN AISIAD R KRR ARSI g resusciation agents, 16
to 18 rats’in each group.

[0117] Group 1: Lactate Ringer’s solution (Negative Control, 16 rats)
10 [0118] Group 2: Animal autologous blood (Positive Control, 16 rats)

{0119] Group 3: Heat stable cross-linked tetrameric hemoglobin treatment group (0.5 g Hb /kg of

body weight, 18 rats)

[0120] Acute severe hemorrhagic shock is established by withdrawing 50% of animal whole
blood, which is estimated as 7.4% of body weight. After hemorrhagic shock is established for 10
I5  minutes, Lactate Ringer’s solution, animal autologous blood, or 0.5 g Hb/kg of heat stable cross-
linked tetrameric hemoglobin are infused into the animals. The infusion rate of heat stable cross-
linked tetrameric hemog]obin' is set at 5 ml/h, thereafter, all experimental animals are observed
for 24 hours. A panel of parameters is observed and analyzed during study period including
survival, hemodynamics, myocardial mechanics, cardiac output, cardiac function, blood gas,
20  tissue oxygen delivery & consumption, tissue perfusion & oxygen tension (liver, kidney and
brain), liver & renal function, hemorheology (blood viscosity), and mitochondrial respiratory

control rate (liver, kidney and brain). Above all, survival is the primary end point. After 24 hours



[0117] Group 1: Lactate Ringer's solution (Negative Control, 16 rats) 10[0118] Group 2: Animal
autologous blood (Positive Control, 16 rats) [0119] Group 3: Heat stable.cross-linked tetrameric
hemoglobin treatment group (0.5 g Hb /kg of body weight, 18 rats) [0120] Acute severe hemorrhagic
shock is established by withdrawing 50% of animal whole blood, which is estimated as 7.4% of body
weight. After hemorrhagic shock is established for3¥ 15 minutes, Lactate Ringer's solution, animal
autologous blood, or 0.5 g Hb/kg of heat stable cross-linked tetrameric hemoglobin are infused into the
animals. dfhéserfeasion ihechedt sl sstapielroskthnkea e hameibindresgiotiariysdaae Swih, thereafter,
all experimental animals are observed for 24 hours. A panel of parameters is observed and analyzed

during stiig) % EHBEVH dRizIFRBERRAVEIHEfbRRHERIEET YO Ki ATrER A RiELE iR iP A ut, cardiac
function, plood gas, tigsue oxygen deljvery & con (on, tissue perfusion & oxygen tension
(liver, kicfﬁgﬁué?%gé? ﬁﬁ%qa@f’@ﬁ%&‘f?&ﬂéh%ﬁ%%@ﬁ?@ri%b@%éy (blood viscosity), and mitochondrial
respiratory control rate (liver, kidney and brain). Above all, survival is the primary end point. After 24

hours 3300 blgBsriection, the heat stable cross-linked tetrameric hemoglobin treatment group has a
much higher survival rate compared with the Lactate Ringer's solution or negative control group and

the autologous bigeshigsoup (shown irbtheifelleawinficr b @i [0121}4Fable Sr@relipg&(iGurvival no.
after 24-hour 24-hour survival rate (%) 18.8

Negative control 3 in 16 rats 18.8
" Rat’s Autologous Blood 10 in 16 rats 62.5
0.5 g Hbvkg 13 in 18 rats ' 72.0

5 *Hb= heat stable cross-linked tetrameric hemoglobin

[0122] While the foregoing invention has been described with respect to various embodiments,
such embodiments are not limiting. Numerous variations and modifications would be
understood by those of ordinary skill in the art. Such variations and modifications are considered

10 to be included within the scope of the following claims.



62.5 72.0 Negative control Rat's Autologous Blood 0.5 g Hb/kg 3 in 16 rats 10 in 16 rats 13 in 18 rats
5*Hb= heat stable cross-linked tetrameric hemoglobin [0122] While the foregoing invention has been
described with respect to various embodiments, such embodiments are not limiting. Numerous
variations and modifications would be understood by those of ordinary skill in the art. Such variations
and modifications are considered 10to be included3within the scope of the following claims.

What is claimed:

1. A method for the preparation of a highly purified and heat stable oxygen carrier-containing

pharmaceutical composition, the oxygen -carrier-containing pharmaceutical composition

including hemoglobin, the hemoglobin consisting essentially of nonpolymeric cross-linked
5 tetrameric hemoglobin, the method comprising:

a) providing mammalian whole blood including at least red blood cells and plasma;

b) separating the red blood cells from the plasma in the mammalian whole blood;

c) filtering the red blood cells that were separated from the plasma to obtain a filtered red
blood cell fraction;

10 d) washing the filtered red blood cell fraction to remove plasma protein impurities,
resulting in washed red blood cells;

e) disrupting the washed red blood cells by a precise and coptrolled hypotonic lysis fﬁr 2
to 30 seconds or a time otherwise sufficient to lyse the red blood cells in an instant cytolysis
apparatus to create a solution comprising a lysate of disrupted red blood cells at a flow rate of

15 50-1000L/hr;

f) performing filtration to remove at fsgst a portion of the waste retentate from the lysate;

g) extracting a first hemoglobin solution from the lysate;

h) performing a first ultrafiltration process, using an ultrafiliration filter configured to
remove impurities having a higher molecular weight than hemoglobin to further remove any

20  viruses and residual waste retentate from the first hemoglobin solution to obtain a second
hemoglobin solution;

i) performing flowthrough column chromatography on the purified hemoglobin solution

to remove protein impurities;



34 What is claimed: 1.A method for the preparation of a highly purified and heat stable oxygen
carrier-containing pharmaceutical composition, the oxygen carrier-containing pharmaceutical
composition including hemoglobin, the hemoglobin consisting essentially of nonpolymeric cross-linked
5tetrameric hemoglobin, the method comprising: a) praviding mammalian whole blood including at
least red blood cells and plasma; b) separating thesged blood cells from the plasma in the mammalian
whole blood; c) filtering the red blood cells that were separated from the plasma to obtain a filtered
red blood cell fiaptiderriog pvwestihglthd filtdracbreceisiosid cell Maefibriton &i\wopiasmmta Brotein
impurities, resulting in washed red blood cells;_ e) disrupting the washed red blood cells by a
precise dAECCEHRBIEERYPOIO SRRSO yirddeBraL YR a%iH&otherwise sufficient to lyse the red

blood cells in an instant cytolysis apgaratus to create a solution comﬁ)ri ing a lysate of jserted red
R

blood cells at dIFRPFEbRE550 1985 OIS PR PG ARTLRSP TS 24P A Hdttion of the

waste retentate from the Iysarie; 0) ext%actlng a, first hemoglobin solution from %pee yg%t_e; h)

performitt AR URPERIGESAHIELAEEOEEMY h LSS R R OB LreE T remove Impurities
s RO AL o0 DR s gy 20 and esalvast
I} exchanging a suitable physiological buffer for the cross-linked tetrameric hemoglobin;
m) removing any residual chemicals by tangential flow filtration;
n) heat treating the cross-linked hemoglobin in a deoxygenated environment to denature
and precipitate any residual non-reacted hemoglobin, non-stabilized hemoglobin (dimer) and
10 any other protein impurities such that the resulting heat stable cross-linked tetrameric
hemoglobin has an undetectable concentration of dimer and consists essentially of nonpolymeric
cross-linked tetrameric hémogiobin;
o) adding N-acetyl cysteine immediately following heat tréating the cross-linked
tetrameric hemoglobin to maintain a low level of met-hemoglobin;
15 p) removing precipitate by a centrifugation or a filtration apparatus to form a clear
solution; and

q) adding the purified and heat stable cross-linked tetrameric hemoglobin to a

pharmaceutically acceptable carrier.

20 2. The method for the preparation of a highly purified and heat stable oxygen carrier-
containing pharmaceutical composition according to claim 1 wherein the heat treating is a high
temperature short time process conducted at approximately 70°C to 95°C for 30 seconds to 3
hours foliowed immediately by cooling and the N-acety! cysteine in an amount of 0.2 to 0.4% is

added immediately following the coeling.



i) performing flowthrough column chromatography on the purified hemoglobin solution to'remove
protein impurities; 35 J) performing a second ultrafiltration process using an ultrafiltration filter
configured to remove impurities and to concentrate the purified hemoglobin solution; K)
cross-linking at least a-a subunits of the hemoglobin by bis-3,5-dibromosalicyl fumarate to form
cross-linked hemoglobin in a deoxygenated enviroggnent wherein the cross- 5linked hemoglobin is
nonpolymeric cross-linked tetrameric hemoglobin; 1) exchanging a suitable physiological buffer for the
cross-linked tetrameric hemoglobin; m) removing any residual chemicals by tangential flow
filtration; n) heat treating the cross-linked hemoglobin in a deoxygenated environment to denature
and precq?pitatejaﬁynf‘é@i@fh5%&??—@&8%5%%@8[&&? NSRS ed0is el HeTHO IBiFEENFREFISENd 10 any
other protein jmpurities such that the resulting heat sta%l_e cross-linked tetr %ric emoglobin has an
undetectaBIE B RRIFREHIAURABPBHIPE SRS 2L SRITRI, BrFHERY W;?i Tﬁ 5 Sn#" %%aél’tetrameric

hemogIoE)(i)l;inne 0oc)I %dgéggyégge&%!ec‘xggfg%? ior@mediately following heat treating the cross-linked
tetrameric hemgg 6bin o mamtain & low level of met-hemoglobin; 15p) removing precipitate by a

centgfugation or a filtration apparatus to form a clear solution; and q) adding the purified and heat
stable cross-linked tetrameric hemoglobin to a pharmaceutically acceptable carrier. 202.The method

for the preparatipn ptadigbly Buriieshandheat skabiy GuygRa aadri: camainiRgphagnaseutical
composition according to claim 1 wherein the heat treating is a high temperature short time process

conductedrasiajppropinatelsuiod ted@EsionB0 secaims to3 Houms follewkediimnrediatelyby cooling and

the N-acetyl cysteine in an amount of 0.2 to 0.4% is added immediately following the cooling.
chromatography comprises one or more cation-exchange columns or anion-exchange columns.

105 The method for the preparation of a highly purified and heat stable oxygen carrier-
containing pharmaceutical composition according to claim 4 wherein the chromatography

column is one or more DEAE column, CM column and/or hydroxyapatite column.

6. The method for the preparation of a highly purified and heat stable oxygen carrier-
15 containing pharmaceutical composition according to claim 1 wherein the pharmaceutically

acceptable carrier is a physiological buffer or water.

7. A highly purified and heat stable oxygen carrier-containing pharmaceutical composition
comprising hemoglobin, the hemoglobin consisting essentially of nonpolymeric cross-linked

20 tetrameric hemoglobin formed by the process of claim 1.

8. A method for the preparation of a highly purified and heat stable oxygen carrier-containing

pharmaceutical composition, the oxygen carrier-containing pharmaceutical composition



36 3.The method for the preparation of a highly purified and heat stable oxygen carrier- containing
pharmaceutical composition according to claim 1 wherein the whole blood is human, bovine, porcine,
canine or equine whole blood. 5 The method for the preparation of a highly purified and heat stable
oxygen carrier-containing pharmaceutical composition according to claim 1 wherein said column
chromatography comprises one or more cation-exglhiange columns or anion-exchange columns.
105.The method for the preparation of a highly purified and heat stable oxygen carrier- containing
pharmacetichig drempogition. abeobdinegzicbulapensisiiie ressentiellshedmatoghapencceioimmiigashe or more
DEAE column, CM column and/or hydroxyapatite column. 6. The method for the preparation of a
highly puiifiaeraisd tiaegiebabl@omsgid edREEI"® containing pharmaceutical composition according to

claim | wherein the pharmaceutically acceptable carrier is a physiologjcal buffer or water. 7. A highly
purified and heét %ﬁ%@é%’éﬁ%&ﬁi‘@@%ﬁl&?ﬁiHﬁ%ﬁ‘ﬁ%ﬁ%&%ﬁﬁ%%%é’#\%%@iﬁ%ﬁﬁpé%sﬁ?&rising hemoglobin,

the hemoglobin,consisting gesertalls ol IoNRONIALS Grass I nked 20 eliamag emoglobin formed

by the process of ¢ method Tfor the preparation of a highly purified and heat stable oxygen

carrigr-containipgepbarmaceution] compogition.theaxveen sate seentan g.Rharmacatical
composition 37 includihg hemoglobin, the hemoglobin consisting essentially of nonpolymeric
cross-linkegdelmmesniehemoglobin, the method comprising:
d) washing the filtered red blood cell fraction to remove plasma protein impurities,
resulting in washed red blood cells;
e) disrupting the washed red blood cells by a precise and controlied hypotonic lysis for 2

10 | to 30 seconds or a time otherwise sufficient to Iyse the red blood cells in an instant cytolysis
apparatus to create a solution comprising a lysate of disrupted red blood cells at a flow rate of
SO-IOOOL/hr;

| f) performing filtration to remove at least a portion of the waste retentate from the lysate;
g) extracting a first hemoglobin solution from the lysate;

15 h) performing a first ultrafiltration process, using an ultrafiltration filter configured to
remove impurities having a higher molecular weight than hemoglobin to further remove any
viruses and residual waste retentate from the first hemoglobin solution to obtain a second
hemoglobin solution;

i) performing flowthrough column chromatography on the purified hemoglébin solution

20 to remove protein impurities;

j) performing a second ultrafiltration process using an ultrafiltration filter configured to

remove impurities and fo concentrate the purified hemoglobin solution:



a) providing mammalian whole blood including at least red blood cells and plasma; b) separating
the red blood cells from the plasma in the mammalian whole blood; 5c) filtering the red blood cells that
were separated from the plasma to obtain a filtered red blood cell fraction; d) washing the filtered
red blood cell fraction to remove plasma protein impurities, resulting in washed red blood cells; e)
disrupting the washed red blood cells by a precise3nd controlled hypotonic lysis for 2 10 to 30
seconds or a time otherwise sufficient to lyse the red blood cells in an instant cytolysis apparatus to
create a solutiok) compiiskigeadydate af-disuipted red] thtobeanoetlstat il ovsrAtediirbdk800¢/hr; f)
performing filtration to remove at least a portion of the waste retentate from the lysate; Q)
extractinduanfirast hembgiobiresolinfied frempgheblysates 18toxperforedirgarfinstanitrafiieraiioritsrocess,
using an ultrafiltration filter configured to remove impurities having a higher molecular weight than
hemogloBfifsiRihsrardye st wrediescdier et o APneeid ¥etentate from the first hemoglobin

solution to obtajn a secaond hemoglobin solution; 1) performing flowthrough column
chromatography it ﬁ‘égb’ﬁﬁffélﬁa%gerﬁgﬁ?@é%’ﬁ]%%ﬁgﬂ %tg‘erézfﬂf)g\? ”;lffgttgfﬁaWBﬁLhﬁ@g?b 1 performing a

second uItraflltraélon rocess u5|1r1%%aqrghultraﬂf§r%tlc%n flltezr f%rg}w?gi(t)%remove impurities and to

conc%ntrate the'} ﬂ?fﬂe‘&%ea%rgﬁso n soFﬁTtlllg%; 8 ang%%ross-lllnf(mg at least a-a subunits of the

hemoglobin by gi%étﬁfﬂﬁﬁgm%@thﬁwm%g@omr&gr%%f-;u%@g bempgiakindn ageexygenated
environment wherein the hemoglobin is nonpolymeric cross-linked tetrameric hemoglobin;
95° C to denature and precipitate any residual non-reacted hemoglobin, non-stabilized
hemoglobin (dimer) and any other protein impurities such that the resulting heat stable cross-
linked tetrameric hemoglobin has an undetectable concentration of dimer and consists essentially
10 of nonpolymeric cross-linked tetrameric hemoglobin z;nd immediately cooling to approximately
25°¢C;
0} adding N-acetyl cysteine immediately following heat treating the cross-linked
tetrameric hemoglobin to maintain a low level of met-hemoglobin;
p) removing precipitate by a centrifugation or a filtration apparatus to form a clear
15 solution; and

q) adding the purified and heat stable cross-linked teframeric hemoglobin to a

pharmaceutically acceptable carrier.

9. The method for the preparation of a highly purified and heat stable oxygen carrier-
20 containing pharmaceutical composition according to claim 8 wherein the heat treating is

performed in a deoxygenated environment.

10.  The method for the preparation of a highly purified and heat stable oxygen carrier-

containing pharmaceutical composition according to claim 8 wherein the heat treating is



[) exchanging a suitable physiological buffer for the cross-linked tetrameric hemoglobin; m)
removing any residual chemicals by tangential flow filtration; n) heat treating the cross-linked
hemoglobin at a temperature of approximately 90 C to 95 C to denature and precipitate any residual
non-reacted hemoglobin, non-stabilized hemoglobin (dimer) and any other protein impurities such that
the resulting heat stable cross-linked tetrameric heggoglobin has an undetectable concentration of
dimer and consists essentially 10o0f nonpolymeric cross-linked tetrameric hemoglobin and immediately
cooling to apgdnokitnfte B02&Gnds to G) addirg Kiaocety| oysteline i edicitely fodlolvrnig-neatitreating the
cross-linked tetrameric hemoglobin to maintain a low level of met-hemoglobin; p) removing
precipitatechyeanedntrfgeniv o atilf-ation asisaiatmsdiattdyivdoviedrtisushinion; and q) adding the
purified and heat stable cross-linked tetrameric hemoglobin to a pharmaceutically acceptable carrier.
9.The method for the preparation of a highly purified and heat stable oxygen carrier- 20containing
pharmaceuytical. compositio cordln tQ C|al 8 Wh rein the heat reatln erformed.in a

Hred BRI oL fof 5

deoxygenated envwonmen E‘"I'P]mpmgt ¢ the ]Uh aration 6f & islgsnafy purxf‘féof1 acr:%Theat stable

0xygen Caietsd ARRMEIRELIOL 30 ﬁ%%%@%otx%ﬁ?ig’g&%%ﬁﬁ Ioleued immedieiaivby.saling ond the

N-acetyl cystein€ in an amount t00.4% Is a iImmediately e cooling. ~ 11. The
method fgsdhe, preRaLatiemebakighikpyriiind.and heat stable oxygen carrier- Scontaining

pharmaceutlcal composition according to claim 8 wherein the whole blood is human,
12, The method for the preparation of a highly purified and heat stable oxygen carrier-
containing pharmaceutical composition according to claim 8 wherein said column

10 chromatography comprises one or more cation-exchange columns or anion-exchange columns.

13. The method for the preparation of a highly purified and heat stable oxygen carrier-
containing pharmaceutical composition according to claim 12 wherein the chromatography

column is one or more DEAE column, CM column and/or hydroxyapatite column.
14 A highly purified and heat stable oxygen carrier~containing pharmaceutical composition
tetrameric hemoglobin formed by the process of claim 8.

20 15, A method for the preparation of a highly purified and heat stable oxygen carrier-containing
pharmaceutical composition, the oxygen carrier-containing pharmaceutical composition
including hemoglobin, the hemoglobin consisting essentially of nonpolymeric cross-linked
tetrameric hemoglobin, the method comprising:

a) providing mammalian whole blood including at least red blood cells and plasma;



bovine, porcine, canine or equine whole blood. 12. The method for the preparation of a highly
purified and heat stable oxygen carrier-containing pharmaceutical composition according to claim 8
wherein said column 10 chromatography comprises one or more cation-exchange columns or
anion-exchange columns. 13. The method for the preparation of a highly purified and heat stable
oxygen carrier-containing pharmaceutical composimn according to claim 12 wherein the
chromatography column is one or more DEAE column, CM column and/or hydroxyapatite column. 15
14A highly puritiee:pardtine alissiabtécon yginfearnire-sianiai ning: phatmacautiosk edsposition comprising
hemoglobin, the hemoglobin consisting essentially of nonpolymeric cross-linked tetrameric hemoglobin
formed by the protésingfintaid BoRDasdls shahettrodeimrtied firaptrapiosmafta digityegurifietrahd heat
stable oxygen carrier-containing pharmaceutical composition, the oxygen carrier-containing

pharmac ééFHdCFﬁﬁt%i'tion including hemoglobin, the hemoglobin consisting essentially of
nonpolymeric crEss-Ii ked tetrgmeric he%ﬁ%obi , the method comprising: a) providing. mammalian

whole blood indidiRY A8 s Hea 584 &R0 Biadiofh toatsmove Ll PO BT Sfood cells

fromstheI% ) 'ix'?\}h& a lian whole blood; c) filtering the red blood cells that were separated
from the p%g : glto oabtagﬁwrga;ﬁt%?% ervl\iztsd blood cell fraction; d) washing the filtered red blood cell

faction to remayeiplasima LIRSS SIRSUING AR T iRADIONARBI i B) disrunting

the washed red blo ells by a precise and controlled hypotonic lysis for 2 to 30 seconds or a time
otherwise siffisientiioolysei e qaeieosierlisinanyastantey iyais AR Ussaneraatdygsolution

comprising a lysate of disrupted red blood cells at a flow rate of 50-1000L/hr; 100 performing filtration
to removarpdritEstcacpritionsahithe waste sieteniztetérofmlitneplydate; blood cells at a flow rate of
50-1000L/hr;

10 f) performing filtration to remove at least a portion of the waste retentate from the lysate;

g) extracting a first hemoglobin solution from the lysate;

h) performing a first ultrafiltration process, using an ultrafiltration filter configured to
remove impurities having a higher molecular weight than hemoglobin to further remove any
viruses and residual waste retentate from the first hemoglo’oiﬁ solution to obtain a second

15 hemoglobin solution;

i) performing flowthrough column chromatography on the purified hemoglobin solution
to remove protein impurities;

) performing a second ultrafiltration process using an ultrafiltration filter configured to
remove impurities and to concentrate the purified hemoglobin solution;

20 k) cross-linking at least o-o subunits of the hemoglobin by bis-3,5-dibromosalicyl
fumarate to form cross-linked hemoglobin in a deoxygenated environment wherein the cross-
linked hemoglobin is nonpolymeric cross-linked tetrameric hemoglobin;

1) exchanging a suitable physiological buffer for the cross-linked tetrameric hemoglobin;

m) removing any residual chemicals by tangential flow filtration;



g) extracting a first hemoglobin solution from the lysate; h) performing a first ultrafiltration process,
using an ultrafiltration filter configured to remove impurities having a higher molecular weight than
hemoglobin to further remove any viruses and residual waste retentate from the first hemoglobin
solution to obtain a second 15hemoglobin solution; i) performing flowthrough column
chromatography on the purified hemoglobin solutiérn to remove protein impurities; j) performing a
second ultrafiltration process using an ultrafiltration filter configured to remove impurities and to
concentrate the)pdiierfiemod opinisolatibn c20kK) ioksdsdiriiagcahdmastodia subbertdrettine hemoglobin
by bis-3,5-dibromosalicyl fumarate to form cross-linked hemoglobin in a deoxygenated environment
wherein th%cé%‘?sb'ﬂllfﬁﬁéﬁnpf&%@l@bmt¢§%ﬁﬁfﬂ%@?%0&5§£¢hhg@oct&r%srﬁQriE ﬁ%?ﬁ&j%’b?i‘”ﬁq)
exchanging_ a suitable physiological buffer for the cross-linked tetrameri¢c hemoglobin: . g removing any
residual Chaiieae 5§ %ﬂﬁ&ﬁiﬁ?ﬁé\’/\?ﬂﬁ?ﬁﬁoﬁy 4{_6‘[51dua?,{)ogﬁgﬁﬁ%ﬁg}}g@%{}sté&,{gs{gbﬁ f:g‘reoss-linked

tetramerjc herﬁ‘%’@@%‘%@é}%@ﬁﬁgg fip r%Q%;gé%e%%ﬂiﬁéeQu&emﬁgi?eb%‘s%% t%’%&?%@&fér%r%s_

approximatery In a deoxygena nvironment to denature ahd precipitate any residual

non-yeagigd hemoglebin. nonsiakilized RemegioRiB(imen ansk amy.Pthe T pregindsepysities such that

the resulting heat stable cross- 5linked tetrameric hemoglobin has an undetectable concentration of

dimer ang ronRisis frsapiiallyieliranpolimeiit e1ass; linked tetrameric hemoglobin; 0) adding
N-acetyl cysteine immediately following heat treating the cross-linked tetrameric hemoglobin to

maintain a lowdeughofgniétshemoglabim immediap)yefvidwimgephedipitatinpy eheentrifesglation or a
filtration apparatus to form a clear 10solution; and q) adding the purified and heat stable
cross-linkedmetiahserieinbimsyiabiveio alphdgvabetuachayedelptable carrier.
p) removing precipitate by a centrifugation or a filtration apparatus to form a clear
10 solution; and

q) adding the purified and heat stable cross-linked tetrameric hemoglobin to a

pharmaceutically acceptable carrier.

16. The method for the preparation of a highly purified and heat stable oxygen carrier-
15 containing pharmaceutical composition according to claim 15 wherein the heat treating is
conducted for 30 seconds to 3 hours followed immediately by cooling to 25° C and the N-acetyl
cysteine in an amount of approximately 0.2 to 0.4% is added immediately following the

cooling.

20 17.  The method for the preparation of a highly purified and heat stable oxygen carrier-
containing pharmaceutical composition according to claim 15 wherein addition of N-acetyl

cysteine prior to heat treating is in an amount of approximately 0.2%.



16. The method for the preparation of a highly purified and heat stable oxygen carrier- 15 containing
pharmaceutical composition according to claim 15 wherein the heat treating is conducted for 30
seconds to 3 hours followed immediately by cooling to 25 C and the N-acetyl cysteine in an amount of
approximately 0.2 to 0.4% is added immediately following the cooling. 2017. The method for the
preparation of a highly purified and heat stable oxygen carrier- containing pharmaceutical composition
according to claim 15 wherein addition of N-acetyl cysteine prior to heat treating is in an amount of
approximately 012%med2dl 8T tie: methroatifor tie prepbraticiict adighly pablfeekagah aatistable oxygen
carrier- containing pharmaceutical composition according to claim 15 wherein the whole blood is
human, lsewiRiaingopbrigaeeHiph GPEBRFEWRASE RO SO Kghibepiriies ahahddedatle oxygen
carrier-containing pharmaceutical composition comprising hemoglobin, the hemoglobin consisting
essential B EAPBRRRSAR &rEE8 Sk SR ANT R ¥ moglobin formed by the process of claim 15.

5 19. A highly purified and heat stable oxygen carrier-containing pharmaceutical composition
comprising hemoglobin, the hemoglobin consisting essentially of nonpolymeric cross-linked

tetrameric hemoglobin formed by the process of claim 15.



