A METHOD FOR THE PREPARATION OF A HIGH-TEMPERATURE STABLE
OXYGEN-CARRIER-CONTAINING PHARMACEUTICAL COMPOSITION AND THE USE THEREOF
Cross-Reference to Related Application: [0001]This application claims priority of U.S. provisional
patent application number 61/348,764 filed on May 27, 20W and U.S. patent application serial no.
13/013,847 filed on 26 January, 2011, the disclosures of which are incorporated by reference.
Technical Field [0002]The present invention relates to a method for the preparation of a high-
temperature stable oxygen-carrier-containing pharmaceutical composition and the composition made
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organ preservation for humans and otheranimajse nvention [0003]JHemoglobin 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 to the body cells via blood circulation
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system, where the carbon dioxide is exhaled. Since hemoglobin has this oxygen transport feature, it
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61/348,764 filed on May 27, 2010 and U.S. patent application serial no. 13/013,847 filed

on 26 January, 2011, the disclosures of which are incorporated by reference.

Technical Field

[0002] The present invention relates to a method for the preparation of a high-
temperature stable oxygen-carrier-containing pharmaceutical composition and the
composition made by the process. The present invention also relates to the use of the
high-temperature stable oxygen carrier-containing pharmaceutical composition for cancer
treatment, oxygen-deprivation disorder and organ preservation for humans and other

animals.

Background of Invention

[0003] 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 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 potent oxygen supplier if it can be stabilized ex vivo and used in vivo.



[0004]Naturally-occurring hemoglobin is a tetramer which Is generally stable when present within red
blood cellsHowever, when naturally-occurring hemoglobin is removed from red blood cells, it becomes
unstable in plasma and ‘sgplits into two dimers. Each of these diners is approximately 32 kDa in
molecular Weig‘ﬁf? THédE dirmers may cause substantial renal injury when filtgﬁéyifﬁ?gﬁﬁﬁ%ﬁé kidneys
and excreted. The breakdown of the tetramer linkage also negatively impacts the sustainability of the
functional hemoglobin in circulation. [0005]In order to prevent breakdown of the tetramer, recent
developments in hemoglobin processing have incorporated various cross-linking techniques to create

intramolecular pnds withintharietramenagnelias:intermalesttas hends hetwagnthadetamers to

form -polymeric hemoglobin. The prior art teaches that polymeric hemoglobin is the preferred form in
order to increase:gisculatbiry halfdite of dbie hemoglobin. heweverasydetarriineddystheresent
inventors, polymeric hemoglobin more readily converts to met -hemoglobin n blood circulation.
Met-hemoglobmcannbfrbindwxiyigen arit thiebeforeceamaopbbxygehatetissuepfihenefore; the
cross-linking taught by the prior art that causes the formation of polymeric hemoglobin is a problem.
There is a neediincthe Fdhfort, shtechiiore thappenmitstitramdleculamorbsslinking tio.créatecstable
tetramers without the simultaneous formation of polymeric hemoglobin. [0006]Further problems with
the prior art attéfipts T3 stabifize HEHEY 5B Ritlude prodieas f sr@trdmsdeme megisbircthat includes
an unaccepta%ﬁhighag(@rcgn%?gg of di el units; the presence of dimers makes the hemoglobin
composition unSKilFEtSH Tot dainHIEPatidA R fndnmEtE T FHE Hitstic RSrir SHRETHERGGI5bin can
cause severer nall T e}reforc? there is a,need in the art to create stable tetramene hemoglobin with

mnetigna) hie b It X . .
low unwanted dimeric form i the fina I~|8lrlod ct. [0007]Further problems with priorattempts to create

stable hemoglohipdpclude thepresence af REatginRYites Y. ChASIMMUNAIRRIN.G.1hAL can cau.se
allergic effects in mammals. Therefore, there is a need in the art for a process which can produce
stable tetramerigniemeglofin: Witho Ut REOtRIN IP0RMEGI8Srious cross-linking techniques to create
intrarnolecolar bonds within the tetramer as well as intermolecular bonds between the
tetramers to form -polymeric hemoglobin.  The prior art teaches that polymeric
hemoglobin is the ..prcfcrz‘cd form i order to increase circulatory half-life of the
hemoglobin. However, as determined by the present inventors, polymeric hemoglobin
more readily converts to met-hemoglobin in blood circulation. Met-hemoglobin cannot
bind oxygen and thercfore cannot oxygenate tissue, Therefore, the cross-linking taught
by the prior art that cangcs the formation of polymeric hemoglobin is a problem. There is
a necd in the art for a technique that permits intramolecular crosslinking to create stable
tetramers without the simultaneous formation of polymeric hemoglobin.
10006] Further ﬁroblcms with the prior art attempts to stabilize hemoglobin include
production of tetrameric hemogiobin that includes an unacceptably high percentage of
dimer units; the presence of dimers makes the hemoglobin composition unsatisfactory for
administration to mammals. The dimeric form of the hemoglobin can cause severe renal

mijury in a mammalian body; this renal injury can be severe cnough to causce death.
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[0008]Other problems with prior art hemoglobin preparations include vasoconstriction following
transfusion in mammals. It has been indicated that this vasoconstriction is due to endothelium-derived
relaxing factor binding to reactive sulfhydryl groups of a hemoglobin molecule. Thus, there is a need in
the art to create a stabilized tetrameric hemoglobin that does not cause vasoconstriction following

ransfusion. (0009l adion o he ahoye pobleTs, o= aeediniieos @ sebiledich-ameic

hemoglobin s p?ios‘pﬁoﬁspfld?ree and capable of production on an industrial scale. Summary

[00CfiallM a f&%%%%@f%ﬁn@%?o%ﬁ%@ﬁﬁﬁﬂnﬁmd for the preparation of a highly purified and
high-temperature stableoxygen-oarrier-containinft pharmaceutical composition, the oxygen-carrier

ontaining phagmaseutical.gempesitien ineluging hemoglohin, thexmetitdd wampgiigingiajpioviding
mammalian wholé blood including at least red blood cells and plasma;
the presence of protein impurities such as immunoglobin G that can cause allergic effects
i mammals. Therefore, there is a need in the art for a process which can preduce gtable
tetrameric hemoglobin without protein impuritics.
10008] Other problems with prior art  hemoglobin preparations  include
vasoconstriction following transfusion in mamumals. It has been indicated that this
vasoconstriction is due fo endothelium-derived relaxing factor binding to reactive
sulfhydryi groups of a hemoglobin molecule. Thus, there 1s a need in the art to create a
stabilized tctrameric hemoglobin that does not cause vasoconsiriction following
transfusion.
[0G09] In addition to the above problems, there is a need in the art for a stabilized

tetrameric hemoglobin that is phospholipid free and capable of producticn on an

industrial scale.



h)separating the red blood cells from itole blood,; c) filtering the red blood cells that were separated
fromplasma to obtain a filtered red blood cell fraction; d) washing the filtered red blood cell fraction
to remove plasma protein resulting in washed red blood cells; e) disrupting the washed red Hood
cells by a controlled hypotonic lysis for a time sufficient to lyse red blood cells without Isksing white
blood cells in an instant cytolysis apparatus at a flow rate of at 50-1000 liter/hr to create a solution
comprising a lysate of disrupted red blood cells; O performing filtration to remove at least a portion of
the waste retentate TOM the ysate; g) extracting a first hemoglobin solution from the lysate h)
performing a firstargfiltration process using an ultrafilnation filter configured to remove impurities

having a highey pglecular weight thag tetrameric,nemegiobip.ip fuher femoxe,any vituses and
S ai

residual waste retentate from the first hemoglobi [ution to obtain a second hemoglo in solution;
i) performing fiewihfougst colugintehroniatographyion the secondihemoglobin sofitiondo:reémove

phospholipids. pleinpHilties.anddialet e hamaglobin Andi2.10im, 2 RAGSRRANGIC-flos, Jaw protein

impurities and low dimer hemoglobin s lion; j) performing a second ultrafiltration process on the
phospholipid-AEER proteii Eiﬁt‘ié?aﬁéj"lféw dimer hemoglobin solution using a filter configured to

remove impurities resulifadn@ epngentiatedpktfisd ehosahelibid:fiee.cuprgiein impurifigs and low

dinner hemoglobin solution; 10 blocking the sulthydryl groups of h emog obin molecules in the
concentrated pytified phospholipid-free, low protein impurities and low dimer hemoglobin solution by a
sulfhydryl reagent in a fully oxygenated environment such that the hemoglobin molecules each have at
least one cysteine moietyinchydingradthiol-pretecting group-such thatthehemoglahin-molecules are
incapable of binding endothelium-derived relaxing factor, at the cysteine site;
¢) 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 impuritics,
resulting in washed red biood cells;
e) disrupting the washed red blcod cells by a controlled hypotonic lysis for a time
sufficient to lyse red blood cells without Tysing white blood cells in an instant eytolysis
apparatus at a flow rate of at 50-1000 liter/hr to create a solution comprising a lysate of
disrupted red blood cells;
) performing filtration to remove at least a portion of the waste retentate from the
lysate;
g} extracting a first hemoglobin soiution from the lysate;
h) performing a first ulirafiltration process using an wltrafiftration filter confi gured
to remove impurities having a higher molecular weight than fetrameric hemoglobin to
further remove any viruses and residual waste retentate from the first hemoglobin

sotution to obfain a second hemoglobin solution;
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1) cross-linking the thiol-protected hemoglobin by bis-3,5-dibromosalicy fumarate to form
high-temperature stable cross-linked tetrameric hemoglobin without the formation of polymeric
hemoglobin such that the molecular weight of the resultant cross-linked tctrameric hemoglobin is 60 -
70 kDa and consists essentially of nonpolymeric cross-linked tetrameric hemoglobin; m)
exchanging a suitable physiological buffer for the cross-linked tetrameric hemoglobin; n) removing
any residual non-cross-linked tetrameric hemoglobin and any residual chemicals by washing; 0)
adding N-acetyl cys eme at a concentration of 02-0.4% to the cro. merle hemoglobin to maintaina level
of met-hemoglobin oak pefipadding dhehlowed. iroRinphosphelipidha-Milpretesiesihighdempgrature
stable up to a temperature of 80" C cross-linked tetrae oglohin free from polymeric hemoglobin to a
pharmaceuticaligi&seeptale sarrienholipids, protgecondraspect] thereiishpragtiechanbighlyrpuma id
and high temperature stable oxygen carrier-containing pharmaceutical compaosition comprising

_hemoglobin, theitieribgliobireonsisting essemtializofndnpolamericioraglinkddistrameric hemoglobin
formed by the process as defined above. [0009c]In a third aspect, there is provided a method of
oxygenating tissue cOMBHSHE Brobidig the KEmgastibrasdemied abeirsteciiadisste dxWivo.
[00010]The present disclosure pravides a method for producing high-temperature stable, purified,
cross-linked tetrameric Remog §8ﬂﬁ%§§%§) or t qgglirif ﬁ%’r‘%%}a‘%%ﬁﬁéﬁf CHRIRY Seleraidial injury,
vascular detrirr |, eff - he / I ffects (including death). The disclosure also
includes the hﬁ%@#ﬁ%eﬁ%ﬁ}rlgés%&é[%%ér%%a%gc\{f%ffﬁ j%ecég{)ét?qé}égéﬁ:%ﬁer%\ow iobin and the tise of the
hemoglobin for.xygenation of ipvive angdex vivo tissue.

k) blocking the sulfhydryl groups of hemoglobin molecules in the concentrated
purified phospholipid-free, low protein impurities and low dimer hemoglobin solution by
a sulfhydryl reagent in a fully oxygenated environment such that the hemoglobin
molecules each have at least one cysteine moiety including a thiol-protecting group such
that ‘éfu—: hemoglobin molecules are incapable of binding endothelium-derived relaxing
factor at the cvsteine site;

) cross-linking the thiol-protected hemoglobin by bis-3,5-dibromosalicy
fumarate 1o form high-temperature stable cross-linked tetrameric hemoglobin without the
formation of polymeric hemoglobin such that the molecular weight of the resultant cross-
linked tetrameric hemoglobin 1s 60 — 70 kDa and consists essentially of nonpolymeric
cross-linked tetrameric hemogiobin;

’ m) exchanging a suitable physiological buffer for the cross-linked tetrameric
hcmogiobin;

n) removing any residual non-cross-linked tetrameric hemoglobin and any

residual chemicals by washing;
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WO 2011/149602PCT/US2011/032594 [00011]The method includes a starting material of mammalian
whole blood including at least red 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 ate of at 50-1000 liter/hr.
Filtration is performed to remove at least a portion of the waste retentate from the lysate. A first
hemoglobin solution ig;e; ted_from.the lysate, [00012]A first ultrafilration process is performed
using an uItrafiItrationi%lfggi %%r?]ggiﬁfqér%itg?f"ebéﬁ%v% i%ﬁﬂ?ﬁ%%srﬁgﬁn%@%fgh%? rﬁoﬁ‘%‘é&%‘ﬁ*i‘/"\}é‘?&j?ﬁ than

tetramer ¢ hemeglabin-anete further remeye any.\inises.and residual waste rctentate from the first

hemoglobin solution to obtain a second hemoglobin solution. Flowt roug\ﬁ column chromatography is
performed on the segondiiemoglohinisatution fexgmavsprateindmpyrities, dimaric. hemoglobin and
phospholipids to form a phospholipid-free and low dimer hemoglobin solution. A second Ultrafiltration
process is perfiffiedibrithe phospholipidifre® and-ow: dimer hemeghebinselutien,using a filter
configured to remove impurities resulting in a concentrated purified phospholipid-free and low dimer
hemoglobin solGtidH TobOTSISEmYER Phfeuss OEhBMBgiobiblmolecules are blocked in the
concentrated, purified phospholipid-free and low dimer hemoglobin solution by a sulfhydryl reagent in
a fully oxygenated environment. The resultant hemoglobin molecules each have at least one cysteine
moiety includgﬂ%%_thiol-prqtecting group such that the hemoglobin molecules are incapable of binding
endothelium-dérived relaxifiy factor B ths sfsteifie sitds [000141At leastthie aparéing/ond3-4i3isubunits
of the thiol-protegted:hemagiebin: are:crosslinked:-by;pis-3,2:dibromosalicy fumarate to form
high-temperaég;e{g}a?le cg]%s-lipked tetrameric h_emé%lolgfr% &?/Ii%gtﬂ};] %ﬁe “f%%ﬁ%%f?ﬁ”bf{,&w}ﬁsé%
hemoglobin stich that tHe HioIdESAIBIGhEOT tHE s itasitettss-ihkaonesthametic kemogiabih is 60 -
70 Wa. A suitabtenphiysiologicalibutfendd exchapgead fordhe crogsdinked tetrameric hemoglobin. Any
residual NON-CrOSS: inked t}%trarq_gri_ hemoglogin_ and any residual chemicals are moved by using
tangential-flow ultrafiltration. N-acetyl CyStaind & adtdat dedon cBIsthfbre Do ol totthee
cross-linked Eetmeamisiie bremidglohin tomaisitain aslevahed me-bemeglobinhelow 5%. The
phospholipid ~ow dimer, thiol-protected high-temperature stable cross-linked tetrameric
hemoglobin |{SH§1ﬁe%P addez]%eap{)%sgglr%algé?ﬁgiél rgc‘:](@%tgﬁéel gﬁ%ﬁ HRWRH LR HRARAEEEeptable

carrier can b&ablshpsithedicabbutiekot w@tercric hemoglobin suitable for use in mammals without
causing severe renal injury, vascular detrimental effects, or other severe adverse effects
(mcluding death). The disclosure also includes the high-temperature stable, purified,

cross-linked tetrameric hemogiobin and the use of the hemoglobin for oxygenation of in

vive and ex vivo tissue.

3c



[00015]Following this procedure the resultant hemoglobin is optionally packaged in air-tight
polyethylene, ethylene-vinyl-acetate, ethylene-vinyl alcohol (PE, EVA, EVOH) infusion packages. The

packaging prevghis oxygdsn £ontamination which results in the formation of ingefive mgtahsgoglobin.
[000]6]The high-temperature stable cross-linked hemoglobin produced by the above method is used

for the treatment of various cancers such as leukemia, colorectal cancer, lung cancer, breast cancer,
nasopharyngeal cancer and esophageal cancer. The mechanism for destroying cancer cells is to
improve oxygenation in tumor cells, thereby enhancing the sensitivity towards radiation and
chemotherapeuti¢@géntsTihehigh-intemiperatine stableciad salinked itetramiric dudmagidhin is also
used for preservation of organ tissue during transplant or for preservation of the heart in situations
where there is atldekiotoRimgeirdlpply Mevivo, Budblsdredls esoytrenrdepited the atesBrief Bescription
of the drawings [00017]FIG. 1 depicts the amino acid sequence alignment of different hemoglobins.
[00018]FIG. 2 i@a%wl@haﬁﬂ%b%ﬂﬁéogﬁ%mm%%@ pRidessigie preskrdinvbioron
[00019]FIG. 3 schematically depicts an instant cytolysis apparatus used in the process of the present
invention. [0003GTEILH 15 SIGVARR SHDIARG the 1E AT o HErb BIBET Wit SRV edgént i

oxygenated a”%’%h%ﬁ?%‘é( %‘Iao%adtggigg}lelrgirs]m&g&sby a controlled hypotonic lysis for a time sufficient

to lyse red blood cells without lyeing white blood cells in an instant cytolysis apparatus at
a flow rate of at 50-1000 liter/hr. Filtration is performed {0 remove at least a portion of
the waste retentate from the lysate. A first hemoglobin selution is extracted from the
lysate.

[00012] A first ultrafiltration process is performed using an ultrafiltration filter
configured to remove impurities having a higher molecular weight than tetrameric
hemog]ol;in and to further remove any viruses and residual waste retentate from the first
hemoglobin solution to obtain a second hemoglobin solution. Flowthrough column
chromatography is performed on the second h@noglobin solution to remove protein
impurities, dimeric hemoglobin and phespholipids to form a phospholipid-free and low
dimer hemogiobin solution. A second ultrafiltration process is performed on the
phospi:alipid—ﬁee and low dimer hemoglobin selution using a filter configured to remove
impurities resulting in a concentrated purified phospholipid-free and low dimer
hemogio‘éin solution,

[00013] _ Sulthydryl groups of hemoglobin molecules are blocked in the concentrated,
purified phospholipid-free and low dimer hemoglobin solution by a sulthydryl reagent in
a fully oxygenated environment. The resultant hemoglobin molecules each have at least

one cysteinc moicty Including a thiol-protecting group such that the hemoglobin



[00021]FIG. 5 depicts high performance liquid chromatography analysis for cross- linked tetrameric
hemoglobin. [00022]FIG. 6 depicts electrospray ionization mass spectrometry (ESI-MS) analysts for

the cross-linkedygira grigdigamoglobin. [00023]FIG. 7 shows a circular dichroism-(CD)SReGsPScopy
analysis for (a) purified hemoglobin solution and (b) cross-linked tetrameric hemoglobin. [00024]FIG. 8

shows the chemo-sensitization effects of cross-linked tetrameric hemoglobin in vitro. [00025]FIG. 9
depicts the improvement of oxygenation in normal tissue using the cross-linked tetrameric hemoglobin
of the present invention. WO 2011/149602PCT/US2011/032594 [00026]FIG. 10 shows the
improvement ofroxiggelation inaaiexteé ety pokit:timodaieadusingithe mros siHitiked/teframeric
hemoglobin of the present invention.
sie.
{0.0GM} Al Jeast the o-o0 andfor 8:8 subunits of the thiol-protected hemoglobin are
cross-linked by bis-3,5-dibromosalicy fumarate to form high-temperature si;bie Cross-
linked tetrameric hemoglobin without the formation of polymeric hemoglobin such that
the molecular weight of the resultant cross-linked tetrameric hemoglobin is 60 — 70 kDa.
A suitable physiological buffer is exchanged for the cross-linked tetrameric hemoglobin.
Any residual non-cross-linked tetrameric hemoglobin and any residual chemicals are
removed by using tangential-flow ultrafiltration. N-acetyl cysteine is added at a
comcentratiqn of 0.2-0.4% to the cross-linked tetrameric hemoglobin to maintain a level
of mct~hemog1§bin below 5%. The phospholipid-free, low d'imer, thiol-protected high-
temperature  stable cross—linkc:dr tetrameric  hemoglobin -: is then added to a
pharmaceutically acceptable carrier; the pharmaceutically aéoeptable carrier can be a
physiological buffer or water.
{00015} Following this procedure, the resuitant hemoglobin is optionally packaged in
air-tight polyethylene, ethylene-vinyl-acetate, cthylene-vinyl alcohol (PE, EVA, EVOH)
infusion packages. The packaging prevents oxygen contamination which results in the
formation of inactive met-hemoglobin.
[00016]  The high-temperature stable cross-linked hemoglol_;ill produced by the above
method is used for the treatment of various cancers such as leukemia, colorectal cancer,
lung cancer, breast cancer, nasopharyngeal cancer and esophageal cancer. The

mechanism for destroying cancer cells is to improve oxygenation in tumor cells, thereby

cnhancing the sensitivity towards radiation and chemotherapeutic agents. The high-



[00027]FIG. 11 shows the mean arterial pressure changes in a rat model of severe hemorrhagic shock
after the treatment with the stabilized cross-linked tetrameric hemoglobin of the present invention.
[00028]FIG. 12 s elytisaprofile for flowthrou.gh column chromatography; the-hesmegiebisy solution
in the flowthrough fraction. [00029]FIG. 13 schematically depicts a flowthrough CM column
chromatography system with ultratiltration for an industrial scale operation. [00030]FIG. 14 is a
comparison between sulfhydryl reaction in an oxygenated environment and reaction in a
deoxygenated environment. [00031]FIG. 15 is a graph demonstrating the heat stability of the
cross-linked tettemmsriitheriobflo binsef e p lesere iy dntoslebin pards tesptidrraptdiensigiobin. [00032]
FIG. 16 is a schematic depiction of an infusion bag for the cross-linked tetra eric hemoglobin of the
present inventichefodoSs] g e rasalarHEnfa R eRepiation of tn espdratiieatient v tesh e formation
of met-hemoglobjn jn vitro. [00034]FIG. 18 depicts. the rate of met-he oglobin formation for polymeric
hemoglobin and iﬁ AVERIAE HERSGToBHT iR a%ﬁb?f&ﬁ@ﬁ%@vféﬁe ft. .

Brief description of the drawings
{00017]  FIG. 1 depicts the amino acid sequence alignment of different hemoglobins.
[00018]  FIG. 2is a flow-chart depicting an overview of the process of the present
invention.
[C0019]  FIG. 3 schematically depicts an instant cytolysis apparatus used in the process
of the present invention.
' [(}0020}. | FIG. 4 is a graph showing the reaction of hemoglobin with sulthydryl
) reagent in oxygenated and in deoxygeﬁated environments.
[00021]  FIG. 5 depicts high pcrfqrmance liquid chromatography analysis for cross-
~ linked tetrameric hemoglobin.
[00022]  FIG. 6 depicts electrospray ionization mass spectrometry (ESI-MS) analysis
for the cross-linked tetrameric hemoglobin,
'» [00023] FIG. 7 shows a circular dichroism {CD) spectroscopy analysis for (a) purified
. hemoglobin solution and (b) cross»link._cd tetrameric hemoglobin.
‘ [00024]  FIG. 8 shows the chemo-sensitization effects of cross-linked tetrameric
‘ hemoglobin in vitro.
- [00625]  FIG. 9 depicts the improx-fcmcnt of oxygenation in normal tissue using the

" cross-linked tetrameric hemoglobin of the present invention.

o



Detailed Description of Invention [00035]Hemoglobin is an iron-containing oxygen-transport protein red
blood cells of the blood of mammals and other animals. Hemoglobin exhibits characteristics of both
the tertiary and guaternary structures of proteins. Most of the amino acids in hemoglobin form alpha
helices connectel B X8 hon-helical segments. Hydrogen bonds stabilize B{& A&He41/88806Ns inside
the hemoglobin causing attractions within the molecule thereto folding each polypeptide chain into a
specific shape. A hemoglobin molecule is an assembly of 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 folqayapgermient withanembeddeddrme ey, JAAROINE NOME droyp cqsists of an

iron atom held In a heterocyclic ring, known as a porphyrin. iron atom binds eq to all four
nitrogen atomsiindhe.centerohtheding whichdiginene-plans, Oxpvaen.isthen.ahle.fo bind to the iron
center perpendicular to the plane of the porphyrin ring. Thus a single hemoglobin molecule has the
capacity to conbineavith foar moleculesob@eygenriGOSF]Ir aduihumans:the daost gersmon type of
hemoglobin is a tetramer called hemoglobin A consisting of two a and two [3 non-covalently bound
subunits desigiatedtasza2 182¢leaditimide ofatmdnand th4 @haminbibwid residdésedspactively. The size
structure of a and 13 subunits are very similar to each other. Each of the subunits ha.s a molecular
weight of aboutdBRIE Tor Ao PariH I BLEHIoReight of the tetramer of about 65 kDa. The four
polypeptide chajns_are bound to each other by salt bridges, hydrogen bonds and hydrophobic
interaction. Thi@%% ure' OF bovitie He BB FsiRtiile YRR HERb GBI (0874495 identity in a
chain; 84.35% f'l%%%tiwbilnn %qu%pairln).h;rpq Hci)ﬁ%{;;e@(:% |§ thl%t the two sulfhydryl groups in the bovine
hemoglobin are pos% joned at 13 éys 5(3 while the sﬁﬁﬁy’&'ryls in human hemoglobin are at positioned
ata Cys 104, 13ays) 93 ppdl [3; G¥felld LARPACHVRY: ﬁb%ﬂéﬁ@W%Eﬁ%é‘f%o &%%}ng(%gi%) (S

alignment of bovine, human, canine, porcirie and equine hemoglobin, respective yB, H, C, P,

and E. The unlikeaming. acidsifrem.vaniousseueasale shagdes. FIG. 1 indicates that human
hemoglobin shares high similarity with bovine, canine, porcine and equine hemoglobin when

comparing theifbé@miito acidisequéencesofHRERB}Inaatally:oreiringhemogiobin insigesed blood
cells, the association of an a chain with its corresponding P chain is very strong and does not
disassociate urderqemmiolodicardonditichexHoweseepitiassaciation of one 43 dimer with another
al3 dimer is fairly weak outside red blood cells. The bond has a tendency to split into two dimers each
approximately égqgﬁh. THE&e Lindesiréralintirsoapadingltehdiggh to bitititefeibyure-kidwdys and be
excreted, with the resul&}bein%gote tial renal injury and substantially decreased intravascular retention

time. [00039] THAFEISHS TFHRCRECHSSARF B SIEBIllE™MIY) AEMESTERIP Y brBSEide of

[00032}  FIG. 16 is a schematic depiction of an infusion bag for the cross-linked
tetrameric hemoglobin of the present invention.

[00033]  FIG. 17 1s a schematic depiction of an apparatus used to test the formation of
met-hemoglobin in vitro.

[00034]  FIG. 1§ depicts the rate of met-hemoglobin formation for polymeric

hemoglobin and the inventive hemoglobin in the apf}a.;'atus of F1(G. 17.

Dretailed Description of Invention
[00035]  Hemoglobin is an iron-containing oxygeén-transport protein in red blood cells

of the blood of mammals and other animals. Hemoglobin exhibits characteristics of both



red blood 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. [OOO40]]gnitiaI ,.a whole blood source is selected as a source of hemoglobin from red blood
cells. Mammali W\%ﬂ%ﬁ%‘yfﬁ%d is selected including, but not limited to, humah“BAAHE 136 he, equine,
and canine whole blood. The red blood cells are separated from the plasma, filtered, and washed to
remove plasma protein impurities. [00041]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 inventign yuses-ysis Hagefnlayfm;@&{%mr@mgl%@@%@ﬂ%rae{m%hdaag R, ARGisEly controlled
at volumes suitable for industrial-scale production. To this end, an instant cytolysis apparatus as seen
in FIG. 3 is used:ta lyskathetied bload-cellsy Hypotaninlysis cieatasa solution ohlysateingiuding
hemoglobin and a waste retentate. To enable industrial-scale production, the lysis is carefully
controlled suchithationlyscedoblond dels: arentyseth withoisl yeingiwhiteiblioat-calsanethareells. In one
embodiment, the size of the instant cytolysis apparatus is selected such that the red blood cells
traverse the appllatsiehappiosirtidee 530 selcondsanits thbainstanboyatidio apparatasineiudes a
static mixer. Deionized and distilled water is used as a hypotonic solution. Of course it is understood
that the use of BTHBIPRYBbIGHICSSIIUB TE HEYitPHIFErdiie S aMtE Colicesrrarehs woenéy pestificin different
time periods for red blood cell lysis. Because the controlled lysis procedure breaks the red blood cells
only, not white BB CHIROIESRASE P& EHTHIE SSHRETaIesE Sitdxit proteirsipkEEpholipids or
DNA from white blood cellsi%nd othggctﬁjecgﬂ!ar matter. A hypertonic solution is added immediately after
-cel

arrangeigent with an eipbe CInG Croun. . : : :
30 seconds, that 1S>after the réd Bloo containtfiy solution has traversed the static mixer portion of

the instant cyt bﬁ?ﬁ ppairﬁéq§. Th e ul(g N theqn,oglo in hasla}iai herh urity and lower levels of
contaminants guch g?é undesir((:endm3 r%%ﬁ(ﬁ Ehgsopﬁélilﬁ? sa%ﬁgnlﬁembalo tfﬁoréfgldﬁéalgfg?noﬁging other

lysis techniqueg, Mndasired nucleimasichframwhiteiblaod eslis.and. phaspRelipids impusitigs are not

detected in the hemoglobin solution by polymerase chain reaction ?detection limit = 64 pg) and HPLC
(detection limit-mdfighiak Jineihad pespecivebn [00Q421we wirafibralian presessesaraipgsormed; one

which removes impurities having molecular weights greater than hemoglobin before flowthrough
column chromatobgraphy, dnbegrotheriaviiich Teénscvesgimipunitids Hiavingaueleculier sigighisidess than
hemoglobin after flowthrough column chromatography. The latter ultrafiltration
combine with four moliecules of oxygen.
(000371  In adult humans, the most common type of hemoglobin is a tetramer called
hemoglobin A consisting of two o and two $ non-covalently bound subunits designated
as a2, each made of 141 and 146 amino acid residues respectively. The size and
structure of o and B subumits are very similar to cach other. Each of the subunits 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 hemoglobin is similar to
human hemoglobin (90.14% tidentity in o chain; 84.35% identity in B chain). The
difference is that the two sulfhydryl groups in the bovine hemoglobin are positioned at f
Cys 93, while the sulthydryls in human hemoglobin are at positioned at o Cys 104, B Cys

93 and B Cys 112 respectively. FIG. I shows the amino acid sequences alignment of



process concentrates the hemoglobin. In some embodiments, a 100 kDa filter is used for the first
ultrafiltration, while a 30 kDa filter is used for the second ultrafiltration. [00043]Flowthrough column
chromatography is used to remove protein impurities in the purified hemoglobin solution such as
immunoglobin-é?%dfﬁ??%d carbonic anhydrase. In some embodiments, cdtdi2RtEMEtbgraphy is
carried out by using one or a combination of commercially available ion exchange columns such as a
DEAE column, CM colu.mn, hydroxyapatite column, etc. The pH for column chromatography is
typically from 6 to 8.5. In one embodiment, a flowthrough CM column chromatography step is used to

remove proteinmiifieaAl b0 Eea R nkreimmunesRrueniansey (hRa)s pedopmed lo

detect the protein impurities and phospholipids remaining in thé sample after elution from the column

chromatographydThis unigu e flowthrough: column. chromatographyiseparation enables.agentinuous
separation scheme enabling industrial-scale production. The ELISA result shows that the amount of

these impuritiesrarenstibstayhiiatly dowein tihg eliséidrorossdinkeddetrameric heraglabin cquine
(immunoglobin-G: 44.3 ng/mL; albumin: 20.37 ng/mL carbonic anhydrase: 81.2 ughnf.). The protein
impurities remadyalagsbitsiisingedifferentkinds ofcoslidreeveithedifferent pH values are shown in Table |
below. [00044]Table 1: Removal of different protein impurities using different on-exchange columns
Column (pH ¢ 8%@3\) In naturall e pyERag %M@ﬁbiﬁ%‘;@ﬁﬂ)%@ cells, the association of
anliydraseAlbumintmmunoglobin-G DEAF éa& pH 7.5) 68 29.8

an o chain with its corresponding [ chain 1€ very strong and does not disassociate under
physiclogical conditions. However, the association of one off dimer with another of
dimer is fairly weak 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.

[60039]  Therefore, it is necessary tor:stabilize any hemoglobin that is vsed outside of
red blood 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.

[00040]  Initially, a whole blood source is selected as a source of hemoglobin from red
blood cells. Mammalian whaole blood 1s selected including, but not limited to, human,
bovine, porcine, equine, and canine whole blood. The red blood cells are separated from
the plasma, filtered, and washed to remove plasma protein impurities.

[00041] In order to releasc the hemoglobin from the red blood cells, the celi
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 production, To this end, an



DEAF (at pH 7.8) 60 50.9 CM (at pH 6.2) 32 21.8 CM (at pH 8.0) 5.6 53.2 66.4 Hydroxyapatitc (at pll
7.5)4.5

WO 2011/149602 PCT/US2081/032504

instant cytolysis apparatus as seen in FIG. 3 is used to lyse the red blood cells. Hypotonic
lysis creates a solution of Tysate including hemoglobin and a waste retentate. To enable
industrial-scaie production, the lysis is carcfully controlled such that only red blood cells
are lysed without lysing white blood cells or other cells. In one embodiment, the size of
the instant cytolysis apparatus is sclected such that the red blood cells traverse the
apparatus in approximately 30 seconds and the instant cytolvsis 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 sclutions having different saline
concentrations would result in different time periods for red blood cell tysis. Because the
controlled lysis procedure breaks 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 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 acid 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/mL} method respectively.

[00042]  Two wultrafiltration processes are performed; one which removes impurities
having molecular weights greater than hemoglobin before flowthrough column
chromatography, and another which removes impurities having molecular weights less

than hemoglobin after flowthrough column chromatography, The latter ultrafiitration

10



23.5 22.8 [00045]in order to prevent the binding of endothelium-derived relaxing factor to a cysteme
site of the hemoglobin causing undesirable vasoconstriction, the hemoglobin is subjected to a reaction
with a sulfhydryl reagent under oxygenated conditions. This is in direct contrast to the teachings of the
prior art which %”lﬁﬁﬂ%.‘éii%ﬁ?%action between hemoglobin and a sulthydryl reabfeFiisetieftersékygenated
conditions. The present invention demonstrates that the sulfhydryl reagent reacts faster and in
completion with the reactive sulfhydryl groups of hemoglobin under an oxygenated condition. The
reaction of sulthydryl reagent with sultltydryl groups of hemoglobin produces 'iodide. Therefore, the

completeness gfifie Alkylaian/eactioncan ke moniiared By measuing e ode elease, During a

time-course experiment, the a kylatlon reaction Is performed Taster and more e |C|entllly In an

oxygenated engiranment:when Gompaiediapdeoxygenatad.eAVIKQDMEN! . Agingicated in FIG. 4 and
FIG. 14. The reaction time required to reach completion is reduced to under 5 hours in an oxygenated

environment w4 mpareskieoa deoxyganatieshByikpRMNE RtcA SheHRK EeAGLAN; P& i YelY
important for an industrial-scale process. It also reduces reactions caused by unwanted impurities that
lead to adverséheffeotsind thenfindd prodoitiec|00G46]Eollowing thdisulihydsyhreactiandpresass the
hemoglobin is subjected to a-a and/or [343 cross-linking by bis-3,5-dibromosalicy fumarate (DBSF). In
order to prevertfforHiatioH P pelyrizetrahoyibbin, diemetatiarisic arefifilyo somtrolleg dncaor
deoxygenated environment with a molar ratio of hemoglobin to DBSF between 1:2.5 to 1:4.0 such that
the resultant a’s" 8RB HdRemkBE hemihboRP S tehrasret il Hath BB HaviHg almptecular
weight of 60-79:.J§Pa d?ﬁnPn tratin%ttpat ol me}ricﬁ}e_n%globiqis not present. The yield of the DBSF
reaction is high > 593 And the timer contantration i RHd Hrial BRI 18 aHRRE SOmEISF this
invention, low gigfie GriantMAANS, I6SS AR 2SN AIa RIETRIABY |ess than 346 dimet. In one

embodiment, the cross-linking is selected such that the p-p cross-lin emog%ﬁ?n 5 gPe%iter than

50% of the totakggogs-ipked telsamericnemediehin. npanether.enmbediment, the crass:linking is

selected such that the p-p cross-linked hemoglobin is 60% or greater of the total. Further, conditions

can be selecte@Esih)thatthapep erassdinkegrbrmaglobinds grepiek tham1R% af thedtatal tetrameric
hemoglobin. There is some evidence that p-f3 cross-linked hemoglobin may have a lower oxygen

affinity than a-seengssHinkddtietrémericcheinoglebinmtherefose, Tihenen ey fhevsitvatiooslimwhich a
higher percentage of 13-13 cross-linked hemoglobin is preferred to a-a cross-linked hemoglobin to
enhance the effiEiBHEYLETHXY A tHsPORICE Grisati nyqc repainke sk hemvoglabinamieguresdit in fewer
a-43 dimers which would assist in reducing renal toxicity. [00047]N-acetyl cysteine is added at
concentration SF4 2260 49 85 thEhg-& Ry oeraitcr Bresink d*@trﬁ%‘éﬂc%ﬁ%@ld@%ﬁﬁiﬁﬁaﬁfﬂain a level
of met—hemoglsc%}%irtmr Q&Iiﬁw 0%8. iV\/t ) 2 1t1/ 496Q%P,KC LiJVS_‘201]_,/O 2594I [00048]Depending upon the
final application oL gmogloibinf’tﬁeu Fe)urﬁxlgsas, lnked fctrameric hemog ¢bm (immunoglobin-G:

44.3 ng/mL; albumin: 20.37 ng/mL; carbonic anhydrase: 81.2 ng/mL). The protein
impurities removal results using different kinds of column with different pH values arc

shown in Table 1 below.
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Linked tetrameric hemoglobin of the esinvention is optionally packaged in an air- tight package in a
deoxygenated environment. The packaging used in the present invention results in the a-a and/or P-I3
cross-linked tetrameric hemoglobin being stable for more than two years. In contrast, the hemoglobin
of the present ifRAIA E6f%erts into inactive met-hemoglobin rapidly within RER AP iaes
oxygenated conditions. Prior art hemoglobin solutions have been packaged in PVC or Stericon blood
bags which have high oxygen permeability, thus shortening the life span of the product [00049]In many
embodiments of the present invention, the oxygen-carrier-containing cross-linked
hemoglobin-cofigining Phanaceutigal.amaasiion o deiveiediRy INaverons inisction, Herefore
the packaging design and material choice are directed towards intravenou.s Injection appii?tatlons. A
multi-layer packagg.ef EVA/EVOH material is used to minimize the gas permeability and to avoid the
formation of inactive met-hemoglobin. A 100 luta infusion bag designed for u.se with the purified and

cross-linked hemoglobin of the present invention is madﬁg@@ﬁmwated
material with a ghigkness Q9,4 mpm that has an oxygen permeability of 0OM060.132 em3 per 100
square inches per 24 hours per atmosphérsatrzomh tdayseraturalbiigzmate fialis: adglaiss ¥ plastic
(as defined in USP<88>)which-m the-in-viva-Biological Reactivithy 1S &
Physico-Chemi&lsFest abid’i§)suitable for fabricating an infusion baggfor intravenousgdrijection purpose.
This primary bag.i rticylar,useful to protect the a-a and/or 13-3 crgss-linked tetramerie hemoglobin
solution from |§2§%§%€ )l%{yZé) exposure that cause its instability and eventually affeltd its therapeutic
properties. W@ 204141486902PCT/US2011/032594 [00050]For secgndary protection;af blood
products, it has been known to use aluminum over rap to protect against potential air leakage and to
maintain the prodfticitinthid8oxygenated state. Héwever, there is a polential of pin hétes in the
aluminum overwrgpo)tihgt} Sompron ise.its air tightr}leés and make the product unstablez, Therefore the
present invention.uses as secondary backaging an ' ichpi

oxygenation and also prevents light exposure
of polyethylene terephthalate (PET), 0.007mm of aluminum (@L), 0.015min of nylon (NY) and 0.1mm
of ponetherné?@%&Théno (RpPHTH YRR B O e S HYCA T %3/ g8 s irdission rate
of 0.006 cm' per gtOO sguar I cges(%(?r 24 hours per c<§1"j[]r;glgisephere at room temperature, This secondary

packaging lengthens the stability tina %}ntﬁgtﬁlé}%gﬁ(ﬁobm, SIS THY Bt diesmataia. fooos1]High

performance liguigl Goioataaranhy (HE LG GIRATOSRIRYIONIAR1A0 Mass, SRECHOMAIN (ESI-MS)

and circular dichroism (CD) speetroscopy aré use analyze and characterize the a-a and/or [3-0

cross-linked tetriaspedsniasnaglabingEal AbANEDIRRH SOULER K 1Gnhshows.the compgsition of the
product in terms of molecular weight distribution by HPLC analysis. An HPLC analytical method is

used to detectlihearoimntof tetranierdand:dimer respecivelysdbemebiledhase far HRk&analysis
contains magnesium chloride (0.75M) which can separate dimer, uncross-linked tetramer, and
stabilized a-a andforq-donossstitkedtetramefh oy jproguting e fioglobid dissosjatiom intehdiallers,
magnesium chloride is approximately 30 times more effective than sodium chloride at the same me s
ength. [00052]ES|tRS R e EnalyYRs sHiverpRaighimensenles. prisertichizatidtidechnigue that
analyzes the high molecular, weight compound by ionizing the protein, and then separating the
ionized protein BAE&Y 8%%3&%%%%5@8% i RErsPe! e wbrichrarweiyRtp ase idtsin
interactions cap he determined accurately, In FIG..6, ESI-MS analysis result indicates that the size of
stabilized tetrgfﬁlércg)%S{]lq{%)(gmﬁ?gef}a?&U @‘fi)aé; e?‘%:t Fa reéﬁtwlﬁfb‘f)d?o% vilog lrquﬁ“r‘g\;’é’afflﬁ‘?éugéj@c%ﬁary
structures of glohin. To]s e h lobin. In EIG. 7, the consistency. of the spectra of the purified
and cross-linké%@ir%regé(%%i%%&%&%ﬂﬁ%ﬁ%ﬁ&&%ﬁ?ﬁﬁ ’c%girtlnsﬂj}éﬁ %%orﬁéﬁ]f ?ofdpéﬁzéac\}/lén nmgfter the
cross-linking by 2BSkd The£ R resuiishawsihatibensrassdinkeshhamaglaobin has.apupd.42 % of
alpha-helix, 38 % of beta-sheet, 2.5 % of beta-turn and 16 A of random coll. It further confirms that
cross-linking stepwith DB Sk todfomnerassiHinkeddetiamarie hemaglobinidgas netatfectthe secondary
structure of hemoglobin. .

required to reach completion is reduced to under 5 hours in an oxygenated environment

when compared to a deoxygenated environment. A shorter reaction time is very



[00053]The purified cross-linked tetrameric hemoglobin produced by the process of the present
invention has a molecular weight of 60-70 kDa and has at least one cysteme moiety wherein said
cysteine moietwgcliﬂgﬁ_swa thiol-protecting group such that the hemoglobin is inc%f)able of binding

3 atfamerre?

endothelium-derivéd rela>?|ﬁhzg factor at the cysteine site. Further, the cross-linked
hemoglobin is non-pyrogenic, endotoxin free (< 0.05 EU/mL), and stroma free (< 1%). [00054]The
process of the present invention is applicable to large-scale industrial production of cross-linked
tetrameric hemoglobin. In addition, the cross-linked tetrameric hemoglobin in combination with a

pharmaceutical,sasrigs:(® 8. WaakBhysielogicataufier i cansule}is suitabigfaropammalian use.
[00055]The cross-linked tetrameric hemoglobin of the present invention is used for tissue oxygenation,
for cancer treaiment;itortiael tsdatnent-of aiftoxygeis-deprivation disorder such as hemorrhagic shock,
and in heart preservation under a low oxygen content environment (e.g. hearplant). The dosage of
cross-linked tetfdi@&Hd hemdiglebip iscselfctéd atactonperion tangenof: approximatedyiQo3=4:3 g/kg.
[00056]For use in cancer treatment, the oxygen-carrier-containing pharmaceutical composition of the
present inventigiiseiiés assatissue bxjgehdtibhagesiticyimprove theBRygenationtinptumor tissues,
thereby enhancing chemo-setivity (e.g., sensitivity to chemotherapy) and radiation sensitivity.

formation of polymeric hemoglobin, the reaction is carcfully controlled in a

deoxygenated environment with a molar ratio of hemoglobin to DBSF between 1:2.5 o

1:4.0 such that the resultant a~o and/or (-B cross-linked hemoglobin is tetrameric

hemoglobm having a molecular weight of 60-70 kDa, demonstrating that polymeric

hemoglobin is not present. The yield of the DBSF reaction is high, > 99% and the dimer

concentration in the final product is low; in the context of this invention, low dimer

content means less than 3% and, more preferably, less than 2% dimer. In one

embodiment, the cross-linking is selected such that the $-B cross-linked hemoglobin is

greater than 50% of the total cross-linked tetrameric hemoglobin. In another embodiment,

the cross-linking is selected such that the B-p cross-linked hemoglobin is 60% or greater

of the total. Further, conditions can be selected such that the B-B cross-linked

hemoglobin is greater than 70% of the total tetrameric hemoglobin. There is some

evidence that ﬁ—B cross-linked hemoglobin may have a lower oxygen affinity than o-a

cross-linked tetrameric hemoglobin. Therefore, there may be situations in which a higher

percentage of B-B cross-linked hemoglobin is preferred to a-a cross-linked hemoglobin

to enhance the efficiency of oxygen transport. Further, 3-B cross-linked hemoglobin may

result in fewer - dimers which would assist in reducing renal toxicity.

[00047]  N-acetyl eysteine is added at a concentration of 0.2-0.4% to the a-o and/or -

f} cross-linked tetrameric hemoglobin to maintain a level of met-hemoglobin below 5%,
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[00057]FTC. 8 demonstrates the enhanced chemo-sensitivity of cancer tumor cells after applying a
composition winding cross-linked tetrameric hemoglobin in vitro. Five different cancer cell lines (A)
jurkat (Ieukemig% B) HKESC1 (Esophageal cancer), (C) COL0205 (Colon cancer), (D) A549/Cisp
(Lung cancer) %(2@}" MEHEL7/ADM (Breast cancer) are treated with various Rh&EhatHe{&Béttic agents
alone, or in combination with the cross-linked tetrameric hemoglobin of the present invention. Inhibition
of tumor cell growth is determined by the ATP tumor chemo-sensitivity assay (ATP-TCA) (for furkat,
COL0205, A549/Cisp, and MCF-7/ADM cell lines) or MTT cell proliferation assay (for EIKESCI cell
line). The resultgyehew that theichemossapsitivity isihighly &*}h@%ﬁ%@%@ﬁ%ﬂh@&? Inyentive

cross-linked tetrameric hemoglobin in all cancer cell lines including two cell lines, A549/Cisp and
MCF-7/ADM, whichiate-highly tesistantiio chemetheianyeihe esyits 1k G.B.shousthatas a result of
the enhanced chemosensitivity by addition of the cross-linked tetrameric hemoglobin the treatment
efficacy for leukigmiacéhgs esophageakcancércelioning.caheepetlsigolordcancer:celtsand breast
cancer cells is greatly increased. [00058]In addition, the ability of the inventive cross-linked tetrameric
hemoglobin imprové oxygehatio thinaoraral tisBiles ¢FHn G iandaineixtiemepdhupbxicztungde tissue
(FIG. 10) (human nasopharyngeal carcinoma (CNE2)), is demonstrated in this nvention. The
representative BXygeis profite alones thdtisstieestatk btmdslrhancCNERrrembiraftivshowedsn FIG. 10.
Oxygen partial pressure within the tumor mass is directly monitored by a fiber-optic oxygen sensor

(Oxford Optron¥LINAREY) BEUPE Hh L ARicH &G Ly Srelst peaerpsHeandxiear iRtiaenous
injection of 1.2 of the cross-linked tetrameric hemoglobin, the median p02 valug rises from 0.2
i (0 3.9 MR 4 HOGrL GHE OIS g b L rec eGB! e o FHbGE ypoxic
regions, the oxygen caristseapiaIniDaRaiAGsylieal GRTROSIOR. Ol e present invention

significantly incréased oxygen tension. No other similar co mermalpprogu(:ts or any existing
technologies shewsas high anefficacywben somnarechio s exy9rD:3uisTcaRtaIning Aharmaceutical
composition prepared in this invention. [00059]For the use in the treatment of oxygen-deprivation
disorder and inchgatinpesetvaiiombine xygen: Cariekreoniaining pharmaseutical gempesition of the
present invention serves as a blood substitute providing oxygen to a target organ. In some
embodiments, ithiercompositioios. U$ed: fisea bargioplegic éaligiomfonhesl preservatidird@6060]The
mean arterial pressure changes in a rat model of severe hemorrhagic shock (see Example 12b) after
the treatment UAth0IS gkgvefehe crssdinkaaietimeric’hemdgibhin ofatiegsredefi\MAVBNGSH are
showed in FIG. 11. In a rat mode| of severe hemorrhagic shock, the mean arterial pressure is returned
back to a safe BAGELBIETEVE S HiZiThs SetISERFPIHE Baddnme dftdbriosmrdom Withat stabilized
cross-linked tetrameric hemogjobin. Following treatment with the hemoglobin of the present invention,
the reaction tinqg%F%qu%é%niaﬁgﬁiﬁ%}gsussﬁrré %Sgrg%ﬁﬁ{]f BT 15 BVER BRIV BTN following

adminstration @fiiat WIRIEIRIAPD MINEML RSP 38 ARORTIYEAYR A0 ML A SRNEOE VL ED R 11032594

I . \ch YCES
control. The above results indicate thatvaso-active event after the transfusion of the inventive

hemoglobin is hepeficiahiemaiRiain aairRIS 3nd hemPdyPRIGSIAle L HARReMagIolighased oxygen

carriers caused many vasoconstriction events. For example, the Hemopure(r) product (Biopure Co.,
USA) resulted dn bigheT moesrn aiterial pressure (I249meaH g whiencampaeddptbabaseline (96 10

mmHg) as disclosed by Katz et al., 2010.
material is a Class VI plastic (as defined in USP<8&=>), which meets the in-vivo
Biclogical Reactivity Tests and the Physico-Chemical Test and is suitable for fabricating
an infusion bag for intravenous injection purpose. This primary bag is particular useful to

protect the a-a0 and/or B-f cross-linked tetrameric hemoglobin solution from long term

oxygen exposure that cause its instability and eventually affects its therapeutic properties.
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[000611Use of the inventive hemoglobin for infusion increases the survival rate in a shock model in
mouse (from 18% to 75%) and beagle dogs (from 46% to 97%). The survival rate of a severe
hemorrhagic shock animal model is significantly increased by infusing different amounts of the
cross-linked tetfahmdit Hétioglobin (see Example 12). Thus the inventive heRkjlshin isused as a
treatment for hemorrhagic shock. Examples [00062]The following examples are provided by way of
describing specific embodiments of the invention without intending to limit the scope of the invention in
any way. [00063]Example 1 [00064]Overall process [00065]A schematic flow diagram of the process

ofthe present inyeglen i JUSIBIAA. 152 Boying whole hlood is allepted into an enclosed serile

container/bag containing 3.8% (w/v) tri-sodium citrate solution as anti-coagufa

immediately mixachwall with.irizsadjumecitrate,soltion fosiphibit blagd glats; Red blood gells (RBC) are
isolated and collected from plasma and other smaller blood cells by an apheresis mechanism. A "cell

washer" is used fdrothigepracediure lvwgammaesterilizeghdispasableicenirifuge hawl; RBG are washed
" with an equal volume of 0.9% (w/v sodium chloride) saline. [00066]Washed RBC are lysed to release

hemoglobin contentiay tdmipulatingsciypeitonibshackdothie RBGrealldmembranerdgpedialized instant
cytolysis apparatus for RBC lysis device depicted in FIG. 3 is used for this purpose. Following RBC
lysis, hemoglobiiF i IEE{EL Arbsisotedcfrofrpthetkpeoteins biutaingentiabflow utradiifiation using 100
kDa membrane. Hemoglobin in the filtrate is collected for flowthrougli column chromatography and
further concentPated to 182 T2 Y By A5 B0 KIS hriéghbraims ne ofbhmpcehteriiatogf dphyvieeamied out to
remove the protein impyri ies0 (L(?QOG?]T e Forg:?ntrated hemo]globin solution is first modified by a
sulfhydryi pouch mcludes 0.012mm of polyethylenc terephthalafe (PET), 0.007mm of aluminum

(AL}, 0.015mm of nylon (N'Y) and 0.1mm of polyethylene (PE). The overwrap film has a

thickness of 0. 14mm and an oxygen transmission rate of 0.006 cm® per 100 square inches

per 24 hours per atmosphere at room femperature. This secondary packaging lengthens

the stability time for the hemoglobin, extending the product shelf-iife.

0006511  High performance lquid chromatography (HPLC), electrospray ionization

mass. spectrometry (ESI-MS), and circular dichroism (CD) spectroscopy are used to

analyze and characterize the o-a and/or B-8 cross-linked tetrameric hemoglobin. For a

bovine blood source, FIG. 5 shows the composition of the product in terms of molecular

weight distribution by HPLC analysis. An HPLC analytical method is used to detect the

amount of tetramer and dimer respectively. The mobile phase for HPLC analysis contains

magnesium chloride (0.75M) which can separate dimer, uncross-linked tetramer, and

stabilized o-o and/or B-B cross-linked tetramer. For promoting hemoglobin dissociation

into dimers, magnesium chloride is approximately 30 times more effective than sodium

chioride at the same ionic strength.

[()0052] ESI-MS allows the analysis of very large molecules. It is an ionization

technique that analyzes the high molecular weight compound by ionizing the protein, and
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reagent (alkyl:anon reaction) under natural oxygenated condition, then the components are reacted
with DBSF to form stable a-a and/or cross-linked tetrameric hemoglobin molecules. [00068]Example 2
[00069]Time & Controlled Hypotonic lysis and filtration [00070]Bovine whole blood is fresh_lgl collected
and transporteaV Gr4et ¥E881 condition. The red blood cells are separated frgﬁTfﬁézﬁfé@ﬁ?a dia a cell
washer and subsequently with a 0.65 gm filtration. After washing the red blood cells (RBC) filtrate with
0.9% saline, the filtrate is disrupted by hypotonic lysis. The hypotonic lysis is performed by using the
instant cytolysis apparatus depicted in FIG. 3 The instant cytolysis apparatus includes a static mixer to
assist in cell lysis,AJBBS: sUaRepsiom With.sanralled hemegiohingongeptration 41214 Qik) is mixed
with 4 volumes of purified water to generate a hypotonic shock to RBC cell membranes. The period of
hypotonic shockdggonitroliedinayoidmnwanted:lysis ofwhile-blead cells andmlateletss e hypotonic
solution passes through the static mixer portion of the instant cytolysis apparatus for approximately 30
seconds. The shalk:isrtenthindiedeafter 36 secontstdiylmiXing thedysate viith NG:Vatume ©f:hypertonic
buffer as it exits the static mixer. The hypertonic solution used is 0.1M phosphate buffer, 7.4% NacCl,
pH 7.4. The insiircEwdysis! dpparatlisrof FiGaB darrproriess arsotes1006Hitersroftiysaté per hour and,
preferably at least 300 titers per hour in a continuous manner. [000711Following the RBC lysis, the
lysatc of red bIBBCENE s MitEFEd byl Co¥ g i (o obesi L h &k ayrBbRd s“éﬁ:ﬁ@ﬁ?ﬂ&lﬂéc acid
from white blood cells andi phospholipids impurities are not detected in the hemoglobin solution by
polymerase ch?zla?ﬁl ?g;&%ﬁewéﬁ%’egﬁéﬁﬁ r?’ﬁ 2 @3[’616)%%3’ AR RGEe (ﬂréﬁdli?ﬁf?l:“ gt} Riethod
respectively. Afligh90 Kpauillisplion i arifarmadiio semaye (Mputiies faving a igher molecular

weight than hemoglobin. A tlowthrough column chromatography is followed to further purify the

hemoglobin solytign.Asesqnd 30 «Da ylizafiltationsis thenperormed (Q remeve mpUtitieshaving a
lower molecular weight than hemoglobin' and for concentration. [00072]Example 3 [00073]Viral

clearance studsu@ncstionta-hte e hemoglainsoltion:fa00Y4din arderto demansiatethesafety of the
product from this invention,the virus removal abilities of (1) 0.65 jim diafiltration step and (2) 100 kDa
ultrafiltration stegmamobin does not affect the secondary structure of hemoglobin.

[00053]  The purified cross-linked tetrameric hemoglobin produced by the process of

the present invention has a molecular weight of 60-70 kDa and has at Teast one cysteine

moiety wherein said cysteine moicty includes a thiol-protecting group such that the

hemoglobin is incapable of binding endothelium-derived relaxing factor at the cysteine

site. Further, the cross-linked tetrameric hemoglobin is non-pyrogenic, endotoxin free (<

0.05 EU/mL), and stroma free (< 1%).

[00054]  The process of the present invention is appii‘_cablﬁ to large-scale industrial

production of cross-linked tetrameric hemoglobin. In addition, the cross-linked tetrameric

hemoglobin in combination with a pharmaceutical carrier (e.g. water, physiological

buffer, in capsule) is suitable for mammalian use.

[00055]  The cross-linked tetrameric hemoglobin of the present invention is used for

tissue oxygenation, for cancer treatment, for the treatmént of an oxygen-deprivation

disorder such as hemorrhagic shock, and in heart preservation under a low oxygen
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demonstrated by virus validation study. This is done by the deliberate spiking of a down-scaled version
of these two processes with different model viruses (encephalomyocarditis virus; pseudorabies virus,
bovine viral diarrhoea virus and bovine parvo us). In this study, four types of viruses (see the following
table 2) were ued*thesEVtuses vary in their biophysical and structural featBfESEAM B Bsplay a
variation in resistance to physical and chemical agents or treatments. [00075]Table 2 Target Virus
linir Structure Size [n ml Stahllite Hepatitis C virus (11C1V) Bovine v(BVDViral diarlrhea virus

content enviromment (e.g. heart transplant). The dosage of cross-linked tetrameric
hemoglobin is selected at a concentration range of approximately 0.3-1.3 g/kg.

[00056]  For use in cancer treatment, the oxygen-carrier-containing pharmaceutical
composition of the present invention serves as a tissue oxygenation agent to improve the
oxygenation in tumor tissues, thereby enhancing chemo-sensitivity (e.g.. sensitivity to
chemotherapy) and radiation sensitivity.

[00057]  FIG. 8 demonstrates the enhanced chemo-sensitivity of cancer tumor cells
after applying a composition including cross-linked tetrameric hemoglobin in vitro. Five
different cancer cell lines (A) Jurkat (leukemia), (B) HKESC1 (Esophageal cancer), {C)
COLO205 (Colon cancer), (D) A549/Cisp (Lung cancer) and (E) MCF-7/ADM (Breast
cancer) are treated with various chemotherapeutic agents alone, or in combination with
the cross-linked tetrameric hemoglobin of the present invention. Inhibition of tumor cell
growth is determined by the ATP tumor chemo-sensitivity assay (ATP-TCA) (for Jurkat,
COLO205, A549/Cisp, and MCF-7/ADM cell Hines) or MTT cell proliferation assay (for
HKESC! cell line). The results show that the chemo-sensitivity is highly cnhanced by
addition of the inventive cross-linked tetrameric hemoglobin in all cancer cell lines
including two cell lines, A549/Cisp and MCF-7/ADM, which are highly resistant to
chemotherapy. The results in FIG. 8 show that as a result of the enhanced chemo-
sensitivity by addition of the cross-linked tetrameric hemoglobin, the treatment efficacy
for leukemia cells, esophageal cancer cells, lung cancer cells, colon cancer cells, and
breast cancer cells is greatly increased.

[00058]  Inaddition, the ability of the inventive cross-tinked tetrameric hemoglobin to

improve oxygenation in normal tissues (FIG. 9} and in extremely hypoxic tumor tissue
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Fv.'d enveloped Encephalomyoeardilis virus (13MCV) Pieor aa non-enveloped tl medium
Parvovirus Bovine parvovmis

WO 2011/149602 PCT/US2011/032594

(FIG. 10) (human nasopharyngeal carcinoma (CNE2)), is demonstrated in this invention.
The representative oxygen profile along the tissue track of a human CNE2 xenograft is
showed in F1G. 10. Oxygen partial pressure within the tumor mass is directly monitored
by a fiber-optic oxygen sensor (Oxford Optronix Limited) coupled with a micro-
positioning system (DTT Limited). After intravenous injection of 1.2 g/kg of the cross-
linked tetrameric hemoglobin, the median pO2 value rises from 0.2 mmHg to 3.9 mmHg
in 3 hours and 10.6 mmHg in 6 howss respectively. Even in the most hypoxic regions, the
oxygen carrier-containing pharmaceutical composition of the present invention
significantly increased oxygen tension. No other similar commercial products or any
existing technologies show as high an efficacy when compared to the oxygen-carrier-
containing pharmaceutical composition prepared in this invention.

[00059]  For the use in the treatment of 5xygcn.—deprivation disorder and in heart
preservation, the oxygen-carrier-containing pharmaceutical composition of the present
invention serves as a blood substitute providing oxygen to a target organ, In some
embodiments, the composition is used as a cardioplegic solution for heart preservation.
{00060]  The mean arterial pressure changes in a rat model of scvere hemorrhagic
shock (see Example 12b) after the treatment w';'th 0.5 g/kg of the cross-linked tetrameric
hemoglobin of the present invention are showed in FIG. 11. In a rat model of severe
hemorrhagic shock, the mean arterial pressure is returned back to a safe and stable level
and maintained below the bascline after treatment with the stabilized cross-linked
tetrameric hemoglobin.  Following treatment with the hemoglobin of the present
invention, the reaction time for the mean arterial pressure to return to normal is even

shorter than that following administration of rat whole blood which serves as a positive
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Paiwiridae ssDNA non-enveloped 18-26 very high Hepatitis B virus (MN' Pseudorabies virus (PRV)
llerpesvindae _ enveloped 120-200 Low to

WO 2011/149602 PCT/US2011/032594

control, The above resulés indicate that the vaso-active event after the transfusion of the
inventive hemoglobin is beneficial to maintain a stable and hemodynamic state. Prior
hemoglobin-based oxygen carriers caused many vasoconstriction events. For example,
the Hemopure® product (Biopure Co., USA) resulted in higher mean arterial pressure
{124 +9 mmHg) when compared fo the bascline (96 + 10 mmHg) as disclosed by Katz ¢t

al., 2010.

[00061]  Use of the inventive hemoglobin for infusion increases the survival rate in a
shock model i mouse (from 18% to 75%) and beagle dogs (from 46% to 97%). The
survival rate of a severe hemorrhagic shock animal model is significantly increased by
infusing different amounts of the cross-linked tetrameric hemogiobin (see Example 12).

Thus the inventive hernoglobin 1s used as a treatment for hemorrhagic shock.

Examples

1000621  The following examples are provided by way of describing specific
embodiments of the invention without intending to limit the scope of the invention in any
way.

[00063] Example 1

[00064}  Overall process

[00065] A schematic flow diagram of the process of the present invention is illustrated
in FIG. 2. Bovine whole blood is collected into an enclosed sterile container/bag
containing 3.8% (w/v) tri-sodium citrate solution as anmti-coagulant. Blood is then

immediately mixed well with tri-sodium citrate solution te inkibit blood clots. Red blood

cells (RBC) are isolated and collected from plasma and other smaller blood cells by an
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medium [00076]The virus validation scheme is briefly shown in the following table 3. [00077]Table 3
[00078]The summary of the log reduction results of the 4 viruses in (I) 0.65 urn diafiltration and (2) 100
kDa ultrafiltration is shown below in Table 4. All four viruses, BVDV, BPV, EMCV and PRV, were
effectively rem8V8dBYB%8*um diafiltration and 100 kDa ultrafiltration. no reidisinfeotisiog
determined [00080]Example 4 [00081]Flowthrough column chromatography [00082]ACM 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 (oH 8.0), e e, qhilkyation ah e, G column i staring,buffer the,ffotggfg ampleis

loaded into the column. The unbound protein impurities are wa

starting buffer. fihe elutionisingriormedusing 25%,elution buffer (0:0 9.8 SQlymn volume.

The elution profile is shown in FIG. 12. the hemoglobin solution is in the rowtluough fraction.
[00083]The purﬂiuj/oﬁﬂﬂpwthﬁpugh fraction is analyzed by ELISA The results are indicated in the
following tables.
[00066]  Washed RBC are lysed to release hemoglobin content by manipulating
hypotonic shock to the RBC cell membrane. A specialized instant cytolysis apparatus for
RBC lysis device depicted in FIG. 3 is used for this purpose. Following RBC lysis,
hemoglobin molecules are isolated from other proteins by tangential-flow ultrafiltration
using 100 kDa membrane. Hemoglobin in the filtrate is collected for flowthrough column
chromatography and further coneentrated to 12-14 g/dL by a 30 kDa membrane, Column
chromatography is carried out to remove the protein impurities,
[00067]  The concentrated hemoglobin solution is first modified by a sulthydryl
reagent (alkylation reaction) under natural oxygenated condition, then the components

are reacted with DBSF to form s?abl_c a-c and/or B-f cross-linked tetrameric hemoglobin

molecules,

[00068]  Example 2

[00069]  Time & Controlled Hypotonic lysis and filtration

[00070]  Bovine whole blood is freshly collected and transported under a cool
condition. The red blood cells ar{:: separated from the plasma vie a cell washer and
subsequently with a 0.65 um filtration. After washing the red blood cells (RBC) filtrate
with 0.9% saline, the filtrate is disrupted by hypotonic lysis. The hypotonic lysis is
performed by using the instant cytolysis apparatus depicted in FIG. 3. The instant

cytolysis apparatus includes a static mixer to assist in cell lysis. A RBC suspension with



WO 2011/149602PCT/US2011/032594 [00084]Table 5 o Immunoglobin-G Carbonic anhydrase
Album Before CM column 1320 ng/mL 860.3 ug/m 435.2/mL Flowthrough (contain

WO 2011/149602 PCT/US2011/032594

controiled hemoglobin concentration (12-14 g/dL} is mixed with 4 volumes of purified
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 approximately 30 seconds. The shock is terminated after 30 scconds by
mixing the lysate with /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
cytolysts apparatus of FIG. 3 ean process at 50 to 1000 liters of lysate per hour and,
preferably at least 300 liters per hour in a continuous manner,

[06071]  Following the RBC lysis, the lysate of red blood cells is filtered by a 0.22 pm
filter to obtain a hemoglobin solution. Nucleic acid from white blood cells and
phospholipids impurities are not detected in the hemoglobin solution by poiymerasér
chain reaction (detection limit = 64 pg) and HPLC (detection limit = 1 pug/mL)} method
respectively. A first 100 kDa ultrafiltration is performed to remove impurities having a
higher molecular weight than hemoglobin. A flowthrough column chromatography is
followed to further purify the hemoglobin solution. A second 30 kDa ultrafiltration is
then performed to remove impurities having a lower molecular weight than hemeglobin"

and for concentration.

[00072] Example 3
[00073]  Viral clearance study on stroma-free hemoglobin solution
f00074]  Inorder to demonstrate the safety of the product from this invention, the virus”

removal abilities of (1) 0.65 wm diafiitration step and (2) 100 kDa ultrafiltration step are
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hemoglobin) 44.3 og/mL 81.2 ng/mL 20.4 ng/mL [00085]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 first ultrafiltration set-up is connected directly to the
flow-through CM @4l Ehtomatography system, and the flowthrough tubing CHN PERHERES the
second ultrafiltration set-up for industrial scale operation The schematic industrial process
configuration is shown in FIG. 13. [00086]Example 5 [00087]Sull'hydryl reaction and cross-linking
[00088](5a) Sulfhydryl reaction [00089]In the present invention, reaction between hemoglobin and
sulfhydryl is peaf@ﬁmgggmmwg%ﬁtﬁqm%ﬁwnﬂﬁ@ti.J;rusg@H@%&é%éﬁﬁeigé%ﬁskﬂe%%%%’19r art, in

which the reaction typically takes place in an inert atmosphere such as nitrogen. An alkylating
sulfhydryl reagentlis added to alkylaie the-beessulfihvorgrouns ofihemaalebin.ls-this gmhodiment,
the molar ratio of hemoglobin to sulfhydryl reagent is 1:2 to 1:4. This reaction can eliminate the
binding of endothelium:déniviscs relaxingofactorivahidiareacts/imith aanboglobimswthydry hgraips.
Endothelium-dérived relaxing factor has been demonstrated to bind to the reactive sulthydryl groups of
hemoglobin, whiefyniayr deessuiit fordtie(ineréade! sibraodhhressure ossériddsaftenthesimfusion of
earlier generations of hemoglobin-based oxygen carriers. The completion of the sulthydryl reaction can
be monitored b@?ﬁe@gﬂ?ﬁ&%é%lé%‘é“é%?lpgﬁﬂﬁéﬁ Oth & FESTHRPAS GtHYRP Pe By BRISIBRLO (P
spectrometry, a%ZﬁSqu?a FAG- .1ﬁ i‘sy_a com arison between reaction in an oxygenated environment
and reaction in"a deoxygenated erviroAMeRt EiB™14 shows that the residual sulfhydryl reagent levels
off at 3 hours in an oxygenated environment during a time-course experiment. In contrast, a lot of
unreacted sulfhydryl reagent remains in a deoxygenated environment. The yield of the sulfhydryl
reaction in an oxygenated environment is high (92.7%) after 4 hours of reaction.

[
o]



[00090](5b) Cross-linking reaction to form stable tetramers [00091]The a-a and/or 13-ft cross-linking
reaction is carried out in a deoxygenated environment. Bis-3,5-dibromosalicy fumarate (DBSF) is
added to the hemoglobin solution to form cross-linked tetrameric hemoglobin that includes a-a
cross-linking a%%z’%ft HH4f84s-linking within the tetramer. Optionally, some aft Efo¥¢3IdHE4s included
within the tetramer. [00092]In this embodiment, the molar ratio of hemoglobin and DBSF is between
510 1:4.0. The DBSF stabilization procedure stabilizes the tetrameric form of hemoglobin (65 kDa) and
prevents dissociation into dimers (32 kDa) which are excreted through the kidneys. In this cross-linking
process, only tetrameric hemoglobin is formed; no polymeric hemoglobin is formed, This process is
carried ou.t in an inert atmosphere of nitrogen to prevent oxidation of the hemoglobin to form ferric
met-hemoglobimyehioh isphysiologically inactive. The completeness of DBSF reaction is monitored by
measuring the residual DBSF using HPLC. The yield of DBSF reaction is high, > 99%. [00093]in one
embodiment, {he crqsifstaslntnklng‘{%%Qtlon isc 1rJ]f|ed out I deoxyggnated envigam =nt SdISS blved

arget Vi rHCt Hity™
oxygen < 0.1mg/l)) at room temperature (1° ed 1o the herfroglo in | Sojutlon to form

cross-linked t¢ tﬁéﬁf@hé hléﬁiﬁ@l‘é&ﬁ““t‘ht@“b‘l‘c Sﬁzlm;K@Q tlet@merl namggiobln is@hgractgrized as set
forth below. Nipte“at thi xi.ﬂmﬂﬁg %Lq? tior-{s-based-op-one-embetdiment-gnty—The-varieusiproportions
and types of gross-tinks within;th @j@t{@mer canrbereontreiied hytherdmount20f DB SEdseq, the time
and temperatyreset.the reaction., sandather| process congj‘rljtg&ns. 00094$W'1en chahg mg} thé molar ratio

of hemoglobi andBDBSE to 1:5{@1the percentage of dctimer (130 K138 is|sharply lincressdd to 18%.

[00095](5b-1) E%R‘ﬁ‘b‘@noretic%ﬁ’éfyéf@%n crg&&&n@d hesaglpbin.using 15%.SD5- LF’MBE

Vljlus l IV =R VY MI\If\ Ir‘\ DY OOLL "\I Il Mf\ F Il]Cdiull}
[00096]Cr055 HRet ||cu|ug|uun| ouuuuun was-fxet-witi-afr-eguar-vvortme-of

[00076}  The virus validation scheme is briefly shown in the following table 3.

[00077]  Table 3

Diafiltration Ultrafiitration

Cell \f\/lashing Virus spiking
Virus spiking Ultrafiltration
Diafiliration l
l Virus tests
Virus tests

[00078]  The summary of the log reduction results of the 4 viruses in (1) 0.65 um
diafiltration and (2) 100 kDa ultrafiliration is shown below in Table 4. All fc;ur vIruses,
BVDV, BPV, EMCV and PRV, were effectively removed by 0.65 pm diafiltration and

100 kDa ultrafiltration.
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reducing sample buffer (62 mM Tris-HCI (pH 6.8), 10% (v/v) glycerol, 5% (v/v) mercaptoethanol and
2.3% (wfv) SDS), and heated at 95C for 10 min. The sample mixtures were resolved using a 15%
acrylamide slab gel with a 4% stacking gel. The electrophoresis was run with a constant current of 60
mA. After electtophorELi®the SDSPAGE gel was stained with 0.1% (wiv) CE6MHEESA B4R 350, 20%
(v/v) methanol, and 10% (v/v) acetic acid. The intensities of protein bands expressed in Black Light
Unit (BEV) were quantified using Bio-Rad Quantity One Software. WO
2011/149602PCUILIS2011/032594 [00097](5b-2) Trypsin Digestion of protein bands excised from
15% SDS-PAGH39998]Fyqtein bands were excised from the SDS-PAGE gel, cut into cubes (1 X 1
mm), destamed with 10% methanol/10% acetic acid. The destained gel were reduced with | OmM DTT
in 25mM NH4CO3 and alkylated with 55mM idoacetamide in 25mM NH4CO3 for 45 mmn in dark, and
then in-gel digested with, 20 ng/pL modifigd trypsin in 251 M NHACO3 gt 37C oyernight, Aftef trypsin
digestion, the frypsin-digested peptides were extracted by diffusjon into 50% (v/v) acetonitril¢ and 1%
(v/v) trifluoroadetic acid"PFEA). [00099}(5h-3) Matiix-dssisted lader Hissocidtion/ iorizatior? - tjime of

flight mass spe*cg%@etl%gMéﬂlzgl-TOFJ\/lS) gp@alysi%%f tlypqser-C i%g)sjte]clt 0grot_eir bands LOOO:.OO] The

2.0 2.0 5 .
trypsin digested peptf‘ Jes extracted from the gel cubes weré spatted or %%’chpre’ﬁ?p )Iét(B, vhich was

pre-spotted with f matrix solution (2 mg/mL H s ateolg in 90% acetonitrile/ 0,1%TEA, and
allowed toair-or\}.b gﬁéﬂdgﬁy‘i‘t‘nﬁg}f‘%“‘é Egrgﬁé) € s%%r?é\;v iS%%ﬁShG '%v%/itm 6’?’nM rﬁé%op h’()gﬁ%ate3 ‘b7uffer and
recrystallized ysifigraisotutiommof E{OH: acetdne; 0.1% TEA (6:3:1 ratie)7. MALDI-TOE MS andlysis was
performed with aBrukereAutoflex I‘I (BrukesDaltonic GmigH, Brgmen, &ermany) operated injthe
reflectron modg@vef e mM/z range of 8U0-3500 Da and the parameters Were Set as folfows: ion
source 25kV far peptidecsinag s:fingerpimnt-(RMF), and reflector 26.3 kV for PMF. External calibration
was performed using Bruker Peptide Mix Calibration Standard. The peaks with ratio of S/N over 4
were automatically labelled by Flex-Analysis (Bruker Daltonic GmbH, Bremen, Germany). The MS
data was furthé@oéiglyze@%@ﬁ MASCOT 2.2.04 and Biotools 2.1 softwares (Bruker Daltonic

GmbH, Breme %%er angi), and these Edata were searched against Mammalian proteinsNERI
nonreduntant & 3fnr) GEHABUSEEHSATREHA R G BYRETERYs were used for database searches:

monoisotopic (i CCURREY 1< AP P %F%”Pgﬁ%ﬂgbﬁl.g%sé%d?% BEER Hed to fusther
carbamidomet ylatl n of cysteine as fixed modification, oxidation of methionine as varlabfe

modification. The sesults withiRretginiscore,mae thar, &7 (R 700 Pasad QLRI Was cagsidered as

positive identification. Other criteria for confident identification were that the protein match should have

at least 15% segueneecaveiage @nst Ridich atieas! ApepiidesH001041 After sambinatian the

analysis results from (a) 15% SDS-PAGE and (by MALD1-TOF MS, the composition of cross-linked

hemoglobin is @let€ihinddni-ronh thetiesbitsicv.0% of exossdinkedhimbglobinds Hbikinkedr1{©00102]

Example 6 [000103] Maintaining a low level of inactive met-hemoglobin in the product after formulation
unbound protein impurities are washed with at least 5 column volume of starting buffer.

The elution is performed using 25% clution buffer (0-0.5M NaCl) in § column volume.
The elution Qx'oﬁlc is shown in FIG. 12; the hemoglobin solution is in the flowthrough
fraction,

[00083]  The purity of flowthrough fraction is analyzed by ELISA. The results are

indicated in the following table 5.



[000104] When compared to other oxygen carrier pharmaceutical products or a product formed in
accordance with the methods disclosed in US patent 7494974 B2 and US patent 7504377 B2, the
product from this invention contains low levels of inactive met-hemoglobin molecules. In this
embodiment, ait 2rifiid%it4ft such as N-acetyl cysteme is added at 0.2% to theTcksasLkfikedtetrameric
hemoglobin. Without adding the antioxidant, inactive met-hemoglobin is found at a high level
(12-20%). The product from this invention has a low level of inactive met-hemoglobin (< 5%) and it is
high-temperature stable resulting in greater efficacy when used in ment. [000105] To demonstrate the
stability of the Rbggyg fromthis invention, a heat stability test is performed at 80C. The results are
depicted in FIG. 15. The product made according to US patent 7494974 and US patent 7504377,

shows a high met-ne 2=2896). However teproduct of thep Frventton shows
a low level of met-hemoglobin (< 5%)). [000]06] Example 7 i300010]7]1 Packaging & Product stability
[000]08] Because the product of the PGSR IVGERLON iE FTabie dnderde-pxygeged C()ndi[i(‘i)ns, the
packaging for{the product is important to minimize gas permeability. For intravenous application a
custom desighed 0@ mldnigsion bag i magde from a fve Jayers EVATE Wi afpiated mar rial with

=

a thickness of 0.4 mm that has an oxygen permeability of 0.006 to 0.132 ¢m3 per 100 square inches
per 24 hours pétatmhasghere at room temperature. This specific materiallis a Class VI plastic (as
defined in USP<88>), which meets the in-vivo biological reactivity tests and the physico-chemical test
and are suitablesfotafabmdcating contairérsafiginihtravenplis injeatibn purpose{mate/tifat other forms of
pa.ckaging can be made from this material as well depending upon the desired application). A
secondary pack%mﬁoélﬂ}ninum overwrap pouch is al$o applied to the primary packaging infusion bag
that provides additional.barrier.in minimizing.light expasure and oxygen diffusion. The composition of
the pouch consists of: 0.012mm of Polyethylene terephthalate (PET), 0.007mm of Aluminum (AL),

0.015mm of N ora( Y) and g.l m of Polyethylene (PE). The overwrap film has a thickness of
0.14mm and oiy%éS rarisini &g{%‘?ﬁ%ﬂ&fbﬁ’é‘%lﬁi’n@ gBr 0TS HicHey pér Z4Mhawaper

atmosphere at rpom. temperafure. A schematic depiction of the infusjon bag is depicted in FIG. 16.
The overall oxyaeon oe ggﬁiﬁ%}? E{Otﬁa‘éh i%ug%ﬂ%?a% f‘romefhié%’rf’sdg F%ﬁ\?@%ﬂ%of? (0625%m | per 24
nours per aimAsARSIR AR THEMREIAUERANNN il NI RAHOIMCR, g Aove

epi ollowing table 6.

packaging material at 40C and 75% relative humidity. The results are cted in the

The results demonstiatenthat dhepackagingmaterial mam%i%@éﬁwd%%' elimskhemeglapin over in
extended period. WO 2011/149602PCT/1JS2011/032594 [000110] Table 6

second ultrafiltration set-up for industrial scale operation. The schematic industrial

process configuration is shown in FIG. 13.

[000806] Example §

[00087}  Sulflydryl reaction and cross-linking

[00088]  (5a) Sulfhydryl reaction

[00089]  In the present invention, reaction between hemoglobin and sulfhydryl is
performed in an oxygenated environment in contrast to the teachings of the prior art, in
which the reaction typically takes place in an inert atmosphere such as nitrogen. An
alkylating sulfhydryl reagent is added to alkylate the free ;qulﬂ}ydryl groups of

hemoglobm. In this embodiment, the molar ratio of hemoglobin to sulfhydryl reagent is



Stability Study Conditions: Temperature 40 +/- 2 "C, Relative humidity 75 +/- 5"/0 Test hems
Package Material Time Points Total lib Meb Oxy-Hb Endotoxin (month)

WO 2011/149602 PCT/US2011/632594

1.2 to 1:4. This reaction can eliminate the binding of endothelium-derived relaxing factor
which reacts with hemoglobin sulthydryi groups. Endothelium-derived relaxing factor
has been demonstrated to bind to the reactive sulfhydryl groups of hemoglobin, which
may account for the increase of blood pressure observed after the infusion of earlier
generations of hemoglobin-based oxygen carriers. The completion of the sulfhydryl
reaction can be monitored by measuring the release of product or the residual suifhydryl
reagent {by UV spectrometry, at 265nm). FIG. 14 is a comparison between reaction in an
oxygenated environment and reaction in a deoxygenated environment. FIG. 14 shows
that the residual sulfhydryl reagent levels off at 3 hours in an oxygenated environment
during a time-course experiment. In contrast, a lot of unreacted sutfhydryl reagent
remains in a decxygenated cnvironment. The vield of the sulfhydryl reaction in an

oxygenated environment is high (92.7%) after 4 hours of reaction.

[00090]  (5b) Cross-linking reaction to form stable tetramers

[00091]  The a-a and/or B-B cross-linking reaction is carried out in a deoxygenated
cavironment. Bis-3,5-dibromosalicy fumaratc (DBSF) is added to the hemoglobin
solution to form cross-linked tetrameric hemoglobin that includes o-o cross-linking
and/or B-f§ cross-linking within the tetramer. Optionally, some o-B cross-linking is
ixllcludcd within the tetramer,

[06092]  In this embodiment, the molar ratio of hemoglobin and DBSF is between
1:2.5 to 1:4.0. The DBSF stabilization procedure stabilizes the tetrameric form of
h'émoglobin (65 kDa) and prevents dissociation into dimers (32 kDa) which are excreted

through the kidneys. In this cross-linking process, only tetrameric hemoglobin is formed:



(g/dL) (04)
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no polymeric hemoglobin is formed. This process is carried out in an inert atmosphere of
nitrogen to prevent oxidation of the hemoglobin to form ferric met-hemaoglobin which is
physiologically inactive. The completencss of DBSF reaction is monitored by measuring
the residual DBSF using HPLC. The yield of DBSF reaction is high, > 99%.

[00093]  In one cmbodiment, the cross-linking reaction is carried out in a2
deoxygenated environment (dissolved oxygen < 0.1mg/L) at room temperature (15 —
25°C). DBSF is added to the hemoglobin solution fo form cross-linked tetrameric
hemoglobin; this cross-linked tetrameric hemoglobin is characterized as set forth below.
Note that this characterization is based on one embodiment only. The various
proportions and types of cross-links within the tetramer can be controlled by the amount
of DBSF used, the time and temperature of the reaction, and other process conditions.
[00094]  When changing the molar ratio of hemggiobin and DBSF to 1:5.0, the
pereentage of octamer {130 kDa) is sharply increased to 18%.

[00095]  (5b-1) Electrophoretic analysis on cross-linked hemoglobin using 15% $DS-
PAGE

100096} Cross-linked hemoglobin solution was mixed with an equal volume of
reducing sample buffer (62 mM Tris-HC! (pH 6.8:),, 1% (v/v} glycerol, 5% (v/v)
mercaptoethanol and 2.3% (w/v) SDS), and heated at 95°C for 10 min, The sample
mixtures were resolved using a 15% acrylamide stab gel with a 4% stacking gel. The
electrophoresis was run with a constant current of 60 mA. After electrophoresis, the SDS-
PAGE gel was stained with 0.1% (w/v) Coomassie blue R350, 20% (v/v) methanol, and
16% (viv) acetic acid. The intensities of protein bands expressed in Black Light Unit

(BLU) were quantified using Bio-Rad Quantity One Software.



(%) (EU/mL) 06.33.7 7.3<0.02 16.3 1.0 6.8 <0.02
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[00097]  (5b-2) Trypsin Digestion of proten bands excised from 15% SDS-PAGE
[00098]  Protein bands were excised from the SDS-PAGE gel, cut into cubes (1 X 1
mm}, destained with 10% methanol/10% acetic acid. The destained gel were reduced
with 10mM DTT in 25mM NH4COs and alkylated with 55mM idoacetamide in 25mM
NH4CO;3 for 45 min in dark, and then in-gel digested with 20 ng/ul. modificd trypsin in
25mM NH4CO; at 37°C overnight. After trypsin digestion, the trypsin-digested peptides
were extracted by diffusion into 50% (v/v) acetonitrile and 1% (v/v) triffluoroacetic acid
(TFA)}.

100099} (5b-3) Matrix-assisted laser dissociation/ ionization — time of flight mass
spectrometry (MALDI-TOF MS) analysis of trypsin-digested protein bands

[060100}  The trypsin digested peptides extracted from the gel cubes were spotted onto
Anchorchip plate, which was pre-spotted with 1 pL of matrix solution (2 mg/miL HCCA,
saturated in 50% acetonitriie/ 0.1% TFA, and allowed to air-dry. After drying, the sampie
spot was washed with 10mM monophosphate buffer and recrystallized using a solution of
EtOH: acetone: 0.1% TFA (6:3:1 ratio). MALDI-TOF MS analysis was performed with a
Bruker Autoflex IH (Bruker Daltonic GmbH, Bremen, Germany) operated in the
reflectron mode over the m/4 range of 800-3500 Da and the parameters were set as
follows: ion source 25kV for peptide mass fingerprint {PMF), and reflector 26.3 kV for
PMF. External calibration was performed using Bruker Peptide Mix Calibration Standard.
The peaks with ratio of S/N over 4 were automatically labelied by Flex-Analysis (Bruker
Daltonic GmbH, Bremen, Germany). The MS data was further analyzed through
MASCOT 2.2.04 and Biotools 2.1 softwares (Bruker Daltonic GmbH, Bremen,

Germany), and these data were scarched against Mammalian proteins in NCBI
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nonreduntant (NCBInr) database. The following parameters were used for database
searches: monoisotopic mass accuracy < 250 ppm, parent charge -+1, missed cleavages 1,
carbamidomethylation of cysteine as fixed modification, oxidation of methionine as
variable modification. The results with protein scorc more than 67 (p = 0.05) based on
PMF was considered as positive identification. Other criteria for confident identification
were that the protein match should have at least 15% sequence coverage and match at
least 4 peptides.

[000101]  After combination the analysis results from (a) 15% SDS-PAGE and (b}
MALDI-TOF MS, the composition of cross-linked hemoglobin is determined. From the

results, = 70% of cross-linked hemoglobin is B-P linked.

[000102] Example 6

[000103] Maintaining a low level of inactive met-hemoglobin in the product after
formulation

[600104]  When compared to other oxygen carrier pharmaceutical products or a product
formed in accordance with the methods disclosed in US patent 7494974 B2 and US
patent 7504377 B2, the produet from this jnvcntiou contains low levels of inactive met-
hemoglobin molecules. In this embodiment, an anti-oxidant such as N-acety] cysteine is
added at 6.2% to the cross-linked tc-:traméric hemoglobin. Without adding the anti-
oxidant, inactive met-hemogiobin is found at a high level (12-20%). The product from
this mvention has a low level of inactive met-hemoglobin (< 5%) and it is highe-
temperature stable resulling in greater efﬁcéoy when used in treatment,

[600105] To demonstrate the stability of the product from this invention, a heat

stability test 1s performed at 80°C. The results are depicted in FiG. 15. The product
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made according to US patent 7494974 and US patent 7504377, shows a high met-
hemoglobin content (22-28%). However, the product of the present invention shows z

low level of met-hemoglobin (< 5%).

[600106] Example 7

[000107] Packaging & Product stability

[000108] Because the product of the present invention is stable under de-oxygenated
conditions, the packaging for the product is important to minimize gas permeability. For
intravenous application a custom designed, 100 mL infusion bag 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 to 0.132 em® per 100 square inches per 24 hours per atmosphere at
room temperature. This specific material is a Class V1 plastic (as defined in USP<88>),
which meets the in-vivo biological reactivity tests and the physico-chemical test and are
suitable for fabricating containers for intravenous injection purpose (notc 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 nfusion bag that provides additional barrier in minimizing light
exposure and oxygen diffusion. The composition of the pouch consists of: 0.012mm of
Polyethylene terephthalate (PET), 0.007mm of Aluminum (AL), 0.015mm of Nylon (NY)
and 0.1mm of Polyethylene (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.

30



6.6 <0.02 6 6.30.65.2.<0.02 [000111] Example 8 [000112] Toxicity Study [000113] Experiments
are carried out to evaluate the potential toxicity of the purified cross-linked tetramei ¢ hemoglobin of
the present invention. 10 male Sprague-Dawley rats are assigned to 3 groups, 3 in control group, 3 in
low dose group’&htf 4 Hith dose group. Normal saline (control), purified crESEifkEd W8 americ
hemoglobin at a low dose (5.52 g/kg), purified cross-linked tetrameric hemoglobin at high dose (6.90
g/kg) are administered respectively to the rats via continuous intravenous infusion via the jugular vein
at an infusion rate of 3 mUkg/hr. The drug treatment schedule is shown in, the following table 7. The

cross-finked teﬁrﬁén&ré?aheg;ayglgkai&-&mﬁ%% 15 ARRIOL R ORI YR NG MRS 2re closely

observed for the duration of 9 days. [0001

0.0025 c¢m’ per 24 hours per atmosphere at room temperature.

[60010G] A stability study is performed on the above packaging material at 40 °C and
75% relative humidity. The results are depicted in the following table 6. The results
demonstrate that the packaging material maintains a low level of met-hemoglobin over an

extended period.



Study Groups Control (n=3) Low Dose (n=3) High Dose (n=4) Day -7 to Da_ty -6 Surgery on gnim_als
and then NS infusion for 24 hours Day -5 to Day -1 Daily injection of heparin Day 0 Randomization and

Acclimatization,
WO 2011/149662 PCT/US2011/032594

[000110) Tahle 6

Stability Study
Conditions: Temperature 40 +/- 2 °C, Relative humidity 75 +/- §%

Test Items
Package Materiaf| L Me OIS | TomiHp | Mewlib | Oxy-Hb | Endotoxin
. (month)
{e/dL) (%) (%) (EU/mE)
O 6.3 3.2 7.3 <0.02
1 6.3 1.0 6.8 <0.02
Infusion Bag &
Aluminum 2 6.4 0.8 6.4 .<0.02
Overwrap :
: 3 6.3 0.8 6.6 <0.02
6 6.3 0.6 52 <0.02

[0600111] Example 8

[000112} Texicity Study

[000113] Experiments are carried out to evaluate the potential toxicity of the purified
cross-linked tetrameric hemoglobin of the present invention. 10 male Spraguc-Dawley
rats are assigned to 3 groups, 3 in control group, 3 in low dose group and 4 in high dose
group, Normal saline (control}, purified cross-linked tetrameric hemoglobin at a low dose
(5.52 g/kg), purified cross-linked tetrameric hemoglobin at high dose (6.90 g/kg) are
administered respectively to the rats via continuons intravenous infusion via the juéu.lar

vein at an infusion rate of 3 mL/kg/hr. The drug treatment schedule is shown in the



NS infusion for 24 hours Day 1 Metabolic Analysis (Water and Urine) collection. NS Infusion Metabolic
Analysis (Water and Urine) collection. 26.7 hours Hb infusion and then 21.3 hours NS infusion

WO 2011/149602 PUT/US2621/0325%4

following table 7. The cross-linked tetrameric hemoglobin is infused to the rats for up to

33.3 hours. The animals are closely observed for the duration of 9 days.

[000114] Table 7

o

Study Centrol Low Dose High Dose
Groups (n=3) {(n=3) {(n=4)
Day -7 to Day -6 Surgery on animals and then NS infusion for 24 hours
Day -5 to Day -1 Daily injection of heparin
Randomization and Acclimatization,
Day 0 : .
NS infusion for 24 howrs
Metabolic Metabolic
Analysis (Water | Analysis (Water
Metabolic Analysis and Urine) and Uring)
Dav 1 (Water and Urine) collection. collection.
ay 1 coti . : :
_ collection. 26.7 hours Hb | 33.3 hours Hb
NS Infusion mfusion and then | infision and then
21 3 hours NS 14.7 hours NS
infusion infusion
Day2 Metabolic Analysis (Water and Urine} collection
Day 3 Metabolic Analysis (Water and Urine) collection
Day 4 Stop NS infusion
Remove jacket and seal the tube,
Day 5 .
return animals to normal cages
Move Animal to metabolic cages for urine coflection,
Day &
and water consumed record
Metabolic Analysis {Water and Urine) collection
‘ Euthanasia of remaining animals
Pay 9 .
Collection of blood (for both serum and plasma)
Major organs preserved in formalin

* NS: normai saline, Hb: cross-linked tetrameric hemoglobin

33



Metabolic Analysis (Water and Urine) collection. 33.3 hours Hb infusion and then 14.7 hours NS
infusion Day 2- Metabolic Analysis (Water and Urine) collection Day 3 Metabolic Analysis (Water and

Urine) collection Dae/ 4 Stoﬂp NS infusion Day 5 Remove jacket and seal the tube, return animals to
normal cages VO 20117149602 PCT/US2011/032594

[000115}  Blood samples are collected from all study animals for clinical pathology
evaluations on Day 9. Urine is collected on Day 0 to Day 3 and Day 9 for urinalysis.
Terminal necropsy i$ conducted on Day 9. Parameters evaluated include clinical
observations, body weights, body weight changes, water consumption, clinical pathology
(chematology, clinical chemistry and urinalysis), organ weights, organ-to-body weight
ratio, organ-to-brain weight ratio, gross pathology and histopathology. Treatment with
the cross-linked tetrameric hemoglobin of the present invention does not result in
mortality or adverse clinical findings and no remarkable effects on body weight changes,
and water consumption of rats.

[000116] There are no obvious changes observed on clinical chemistry and hematology
parameters related to the treatment. Urine examination shows that the concentration of
chioride and potassium is lower in treatment group than that of the contr{;l group on Day
2. Blood staining, higher protein concentration and more red blood cells in urine are
found in treatment groups than control group on Day 2 to 3. Those observations all soon
recover to normal. No significant difference is observed between lung-to-body weight
ratio. During the study, no unexpected deaths and no obvious clinical signs of toxicity are
observed. Additionally, gross pathological and histological analysis 179‘ycals no major
abnormalities in all organs including lung, heart, liver, spleen and.kidneys (such

abnormatlities are attributed to toxic side effects of infusion).

[000117] Example9

f000118] Heart preservation
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Day 8. Move Animal to metabolic cages for urine collection, and water consumed record Day. 9

Metabolic Analysis (Water and Urine) collection Euthanasia of remaining animals Collection of blood
(for both serum_and ﬁ)lazmg% Major organs preserved in formalin *NS: normal saline, Hb: cross-linked
bit{ 14560 115] Blood samples are collected from all study*arfifste éPeiHic

Hl

tetrameric hem‘ggl

pathology evaluations on Day 9. Urine is collected on Day 0 to Day 3 and Day 9 for urinalysis.

Terminal necropsy is conducted on Day 9. Parameters evaluated include clinical observations, body
weights, body weight changes, water consumption clinical pathology (chematology, clinical chemistry

and urinalysis);mygan weighis. graanstemhedy mﬁiggbmﬁeam%e@a@@mf%g

and histopathology. Treatment with the cross-linked tetrameric hemoglobin o

bt Faligueess pathology

the present invention

does not resultimoiertafity.ar pdverse alidigal findingsandne, refparkabie gffects:on bodyweight

changes, and water consumption of rats. [000116] There are no obvious changes observed on clinical

chemistry and ematologyopdraimededs el dtech tothddredimehinldtinelexamitibtiparshows tat the

Concentration of chloride and potassium is lower in treatment group than that of the control group on

Day 2. Blood st&ifirigiNsih Féieprateicemstentratiom arfdidoratieenblo da kel ssrvrinistardeifound in

treatment groups than control group on Day 2 to 3. Those observations all soon recover to normal. No
significant diffet8REE {4 BEEVAY SEtirdiTLrTgio et RERgRE ratBc 0 ARG e Siuass Bnexpected
deaths and no olvjous clinical signs of toxicity are observed. Additionally, gross pathological and
histological anﬁ?)(is}g r(-f-‘\f/:le]%féSj hég ﬁ%?gi‘fl%n%rﬁﬁ%ﬁiﬁ%stlﬁ %W%é%@’uﬁ%ﬁ&‘%m > R(j’

and . kidneys (ghgh,abnarmalities. frq aed 1e18xISRI0% SRS o infsiom-I0QPL 7l Fxample 9

[000118] Heart preservation

GSha&ey

et. spleen

aortic root after aortic clamping to achieve cardiac arrest that is maintained for 120
minutes. The cardiac function, including cardiac output, pulmonary artery pressure,
pulmonary artery wedge pressure, mean artery pressure, central venous pressure and
heart rate, and the blood gas are measured during reperfusion and compared to baseline.
The reie;lsc of cardiac enzymes, including creatine kinase MB, lactate dehydrogenase and
Troponin-1 are also measured as surrogate markers of cardiac injury. Hematoxylin and
cosin stalning and cardiac water content detection are performed to determine the
morphological and pathological changes of myocardium 120 minutes after reperfusion.

[600120] Under the basal condition, the measures of the cardiac function, the oxygen
consumption and the release of cardiac cnzymes are similar among the 3 groups. During
reperfusion, the heart rate, cardiac output and central venous pressure are greatly
dc—:crcasczii in the STS group when compared to the sham group. However, the heart rate,
cardiac output, central venous pressure and cardiac oxygen consumption are greatly
preserved in 0.1% Hb group, which is simifar to those of the sham group. The cross-
linked tetrameric hemoglobin in STS also greatly reduces the appearance of lactate

dehydrogenasc, creating kinase MB and troponin-I when compared to the STS group.
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[000119] Cross-linked tetramer ¢ hemoglobin can be used as a cardioplegic solution in a model of
heart preservation during cardiopulmonary bypass in Beagle dogs. 18 Beagle dogs are randomly
divided into 3 groups: sham, St. Thomas' solution (STS), and 0.1% of cross-linked tetrameric
hemoglobin gr%h%gf”(]:g?a?%ulmonary bypass is established in a standard fashioh ity Eritiulation of
the ascending aorta, superior and inferior vena cava, and left ventricle for venting. Except for the sham
group, STS without (STS group) or with 0.1 g/dIL cross-linked tetrat eric hemoglobin (0.1% Hb group)
are infused into the aortic root after aortic clamping to achieve cardiac arrest that is maintained for 120
minutes. The ceygiag fungiionsinGidingicardias oLiRkl. PUIMONAN, ArLE LeSRUTE. RYimanary artery
wedge pressure, mean artery pressure, central venous pressure and heart rate, and the blood gas are
measured duringstepéeriusiorn and igbmparedimhaselined Theselegse aficansiagienzymeaseincluding
creatine kinase MB, lactate dehydrogenase and Troponin-1. are also measured as surrogate markers
of cardiac injunpcHdmatoxyditnand eesinistaining @ricqandiactwaterdgntprtdete ctiom agrgeperformed to
determine the morphological and pathological changes of myocardium 120 minutes after reperfusion.
[000120] Undelifiaisaa dsneiitibic thacheaitivesofthéedrdiad fartidntra wxygernedhsdmption and
the release of cardiac enzymes are similar among the 3 groups During reperfusion, the heart rate,
cardiac output HAtPEerttal Ve iis Prestufbinrtigre sty e &b 4s & i i P& gPoup sIHE Yompared to
the sham grougl.fgl%wgv%r\,the hear r%te _ car%i’ac output, %%ntr(?ll ve% us pressure and cardiac oxygen
consumption are Greatly preservad in 0.185% 7 Brotls Whick is sinfiar t6 1o e o th& SHEM Group. The
cross-linked tdtr. i¢.he inin STS- atly, (ol earance of lactate
dehydrogenasé(,%:q?eggf%% ﬁ‘n%qslé;Ql%ﬂ%%nﬁ%b%%%%?%vyhgﬁ%% mgp%ige% %ggﬁe% I[SQIQ ‘%‘ ?;0815); Cﬁ%llgﬁeover, the
cellular swellingrfatiy changessard hyaling changes agosigpificantyesrenadindhe Ll b group
when compared to the STS group. The other measures, including pulmonary artery pressure,
pulmonary artegympedgr presswen mean artery pressure and the cardiac water content, do not have
significant differences among the 3 groups. All the measures in this study of the 0.1% Hb group have
no significant difference as compared to the sham group. The 0.1 OF cross-linked tetrameric
hemoglobin in STS during cardiopulmonary bypass exhibit a better cardiac protective effect than that
of STS (a curréftBeddaldasrdoifieg ¢ solution) and the outcome is also comparable to the sham
group. [000121% Example 10 [000122] Studies on Tissue Oxygenation, normal and cancerous tissues

[000123] (10a) 1B roveniEHliEt Bxydenatbn #HeioRan aELGE IO 614 SbrHiEsEfidies for the normal

tissue oxygenafion by cross-linked tetramenc hemoglobin are carried out (as shown in FIG. 9). A
comparative pi%@%é%okf?w@%%ﬁﬁp ﬁh%%é)(%é%%iﬁ{%%fﬁ891%355%1&cted in buffalo rats. Male inbred

buffalo rats argqpevigualy, administesd it 0,2.0/kg.cressalinked, rameric hemeglohinsolution or
ringer's acetate buffer (control group), through intravenous |ﬁjectlon; he concentration-time profile of
plasma hemoglohinistieterminasinHemagieTM Photometeratshr G4y e neurs,and gempared
with the baseline reading; The methods are based on photometric measurement of hemoglobin where
the concentratitnrof:bemegiobisig,directiydaad out Bstld. La©xygarn: parial prassurea(Q2) in the hind
leg muscle of buffalo rats is directly measured by the OxylabTM tissue oxygenation and temperature
monitor (Oxfordpiroiix 2WO201d 149602 TRIE 5201 1/032504ubimitdd)Ratsare d@nesthetized by
mtra-peritoneal injection of 30-50 mg/kg pentobarbitone solution followed by insertion of the oxygen
sensor to the ARS8 a0 PUERdIE drer teieb e Sy DA ldeei e qlisittoncepsusiontWorld
Precision Instrument) in a real-time manner. [000125] As seen in FIG, 9, injection of 0.2 g/kg
cross-linked tetPAMEPRIRSHTHIBBIALHIEo de Ardratite W drmstion BURiEBsHMhE pharfhacokinetic
(plasma hemoglqgbin concentratio ?k ‘?%1 armacod .ami delivery of o n to muscular tissue)
properties of tf%%r?\t}g’nﬁv&gp ‘sdé-%w%gl eettrgél?ﬁrglrji%]ﬁgﬁ%’glglﬁ%nn%%mtléﬁfﬁrﬁ%’%ﬁt Ry R GG ficant
increase in oxyaenaon= ARAEGIAr A1A09R periatalime sompatehulih s plasa pemoglobin
level. Plasma hemoglobin concentration is seen in graph (A) and oxygen delivery to muscle is seen in
graph (B). [00Qd26] (10R) tmprevemeast:afopyasnationimextemabihypoxdeivmar;aga[§00127]
Improvement of oxygenation in an extremely hypoxic tumor area is evaluated by a human
nasopharyngeatgarcihomac(CivER) keragrafy podeln The ©hE2 el tioeiisrebtainediasmithe
Laboratory of Cancer Genetics, University of Hong Kong. Approximately 1 x 106 cancer cells are
injected subcutaneously into 4- to 6-week-old inbred BALB/c AnN-nu (nude) mice. When the tumor
xenograft reaches a diameter of 8- 10 mm, oxygen partial pressure within the tumor mass is directly
monitored by the OxylabTM tissue oxygenation and;temperature monitor (Oxford Optronix Limited).
Oxygen partial pressure is measured along a tissue track with a filly computerized PTS30
Micro-positioning system (Discovery Technology International). All p02 readings are recorded by the
Datatrax2 data acquisition system (World Precision Instrument) in a real-time manner. When the p02
reading is stabilized, 1.2 g/kg the



nventive cross-linked tetrameric hemoglobin solution is injected intravenously through the tail vein of
the mice and the tissue oxygenation measured. Results demonstrate a significant increase of
oxygenation in most hypoxic tumor area. After intravenous injection of 1.2 g/kg of cross-linked
tetrameric hemSJIGHH ¥ median p0o2 value rise from 0.2 mmHg to 3.9 mnii4g/liRZ281488 S and 10.6
mmHg (in 6 hours), respectively (shown in FIG. 10). [000128] Example 11 [000129] Cancer treatment
study (Chemo-sensitization effects of cross-linked tetrameric hemoglobin) [000130] The
chemo-sensitization effects of the inventive cross-linked tetramenc hemoglobin are evaluated in

different cancey ggillines. keukemiacelbiine (Jurkat,colpnicanae! Gellling (GO mon,
cisplatin-resistant lung cancer cell line (A549/Cisp) and adriamycin-resistant breast cancer cell line
(MCF-7/ADM) pegrathiained framGhinese-Academyiof Madical seienses:Ganget Ipstitute 4000 Jurkat
cells, 4000 COLO205 cells, 3000 A549/Cisp cells and 3000 MCF-7/ADM cells are seeded individually in
triplicate, onto p(86welplatecAftesidtiddhmpnt;icells &re incylistied aty3iG. Witbrianoussion
chemotherapeutic agents alone, or in conjunction with 0.5 mg/mL cross-linked tetrameric hemoglobin
solution. Jurkat'séNsnare treated-iiith wiredstine sulfate at 0.31, 0.63, 1.25, 2.5, 5 and 10 pg/mL;
COL0205 cells are treated with 5- fluorouracil at 0.78, 1.56, 3.13, 6.25 and 12.5 flg/mL; A549/Cisp cells
are treated with 8f¥pfitin‘t 6690 0 781 P.56jcstry, .95 1o skt EvamMOremmibéells are
treated with adriamycin at 0.39, 0.78, 1.56, 3.13, 6.25 and 12.5 Jtg/mL. After treatment, inhibition of
cancer cell groq\ﬁTHUi Hd%‘fg}?ﬁﬁ]\%& B TRE AR S thé A oPEaHEOIP Sis 40 TP PPURS o8B0 13 1]
Esophageal capger gelline RIKESE:A 5 obiained from Laboratory of Cancer, Genetice, the Universiy
of Hong Kong. 2000 cancer cells are seeded onto a 96-well piate. After atachment ceiis sre

incubated at 3Zeqyuth Cisplatin Alofe, At z@t&%&i&h%n&@&ﬂﬁ' K9uRgm %B&;@n‘f&?j&‘_%ﬂ%‘fé{%h 3

ing/m.E cross-linked tetrameric hemoglobin solution. After incubation, cytotoxicity is evaluated by MIT

cell proliferationassayn Beswisehow dhat-addition sfdhe inentive.cressrinked tetiamanghemoglobin

significantly enhances chemo-sensitivity in various cancer cell lines including A549/Cisp and
MC17-7/ADM tells thdiaievhighharesidiant tdobhe toatherapydshowen in EtiphQ) (000132 Example 12
[000133] Treatment of Acute Severe Hemorrhagic Shock [000134] (12a)Treatment of Acute Severe
Hemorrhagic Skbekir@eagl dogs{00285]Fhe inventive cross-linked tetrameric hemoglobin is used
as a resuscitation agent in a model of Acute Severe Hemorrhagic Shock in Beagle dogs. 60 Beagle
dogs are rand &R/ dNid & B grs TS COMBRRTEO T ES GEEREEBNDABEHES D THHES in each group.
egative Control) [000137] Group 2: Animal autologous blood (Positive

[Cogr?t:kgg] Gr_ouﬁ)(% 19%(”?1‘1’1(}!)\3‘0‘98111@1{ of oxygenation 12 afl extremely hypoxic tumor area 1s evaluated
by a human nasopharyngeal carcinoma (CNEZ2) xenograft model, The CNE2 cell line is
obtained from the Laboratory of Cancer Genetics, University of Hong Kong.
Approximately 1 x 10° cancer cells are injected subcutancously into 4- to 6-week-old
inbred BALB/c AnN-nu (nude) mice. When the tumor xenograft reaches a diameter of §-
10 mm, oxygen partial pressure within the tumor mass is directly monitored by the
Oxy!abTM tissue oxygenation and temperature monitor (Oxford Optronix Limited).
Oxygen partial pressure is measured along a tissue track with a fuily computerized
PTS530 Micro-positioning system (Discovery Technology International),  All pO2

. readings are rccorded by the Datatrax2 data acquisition system (World Precision

~ Instrument) in a real-time manner. When the pO2 reading is stabilized, 1.2 g/kg the



[000138] Group 3: Low Dose Treatment (0.35 g cross-linked tetra eric hemoglobin/kg of body eight)
[000139] Group 4: Mid Dose Treatment (1.05 g cross-linked tetramcric hemoglobin/kg of body weight)
[000140] Acute severe hemorrhagic shock is established by withdrawing animal whole blood at a
volume of 50 nitRgBddy#cght. Ten minutes after hemorrhagic shock estabfiSAESE 2P¥8FEA4(50
mL/kg), animal autologous blood (50 mL/kg), different doses of cross-linked tetrameric hemoglobin (5
mL/kg, 15 mL/kg) are infused into the animals. The infusion ate of cross-linked tetrameric hemoglobin
is set at 10 mL/kg/h, hereafter, all experimental animals are observed for 7 days. A panel of

parameters is ghserved and. analyzed.during, (e sty poem%iEL,Ckuﬁé&gdsllﬁwm&oﬁagy@w&!eg@;iasma

electro-cardiography (ECG), blood pressure, heart rate, respiration rate, body temperatur

hemoglobin coneentration, hematology: ateriahbloeddase. Minalysis.alinical chamistiv,seagulation,
physical conditions and adverse events Among all, survival is the primary end point. After seven days
of treatment, thezerbss:inkechtetsdmeyriehamoglahinntreatimentigroup hasa much highenswvival rate
compared with the normal group and the autologous blood group (as shown in the following table 8).
[000141] Table'8fa00142]- CafkineStuey-imhahioreagic shiook nhodehGrowpBurivalahe:. after 7
daysSurvival rate after 7 days (u=15) (3/4) Dextran Negative Control 46

from 0.2 mmHg to 3.9 mmHg (in 3 hours) and 10.6 mmHg (in 6 hours), respectively

(shown in FIG. 10},

[000128] Exampie 11

[000129] Cancer treatment study (Chemo-sensitization effects of cross-linked
tetrameric hemoglcbin)

[000130] The chemo-sensitization effects of the inventive cross-linked tetrameric
hemoglobin are evaluated in different cancer cei:l lines. Leukemia cell line (Jurkat),
colon cancer cell line (COLO205), cisplatin-resistant lung cancer cell line (A549/Cisp)
and adriamycin-resistant breast cancer cell line (MCF-7/ADM) are obtained from
Chinese Academy of Medical Sciences Cancer Institute. 8000 Jurkat cells, 4000
COLO205 ceils, 3000 AS549/Cisp cells and 3000 MCF-7/ADM cells are seeded
individually in triplicate, onto a 96-well plate. A’ﬁ'er attachment, cells are incubated at
37°C with various chemotherapeutic agents alone, or in conjunction with 0.5 mg/mlL
cross-linked tetrameric hemoglobin solution. Jurkat cells arg freated with vincristine
sulfate at 0.31, 0.63, 1.25, 2.5 5 and 10 ug/mL_; COLO205 cells are treated with 5-
fluorouracil at 0.78, 1.56, 3.13, 6.25 and 12.5 ng/mL; AS49/Cisp cells are treated with
cisplatin at 0.39, 0.78, 1.56, 3.13, 6.25 and 12.5 ug/mL and MCF-7/ADM cells are

treated with adriamycin at 0.39, 0.78, 1.56, 3.13, 6.25 and 12.5 pug/mb. After freatment,



Dog's Autologous Blood 12 80 Low Dose Treatment 14 97 Mid Dose Treatment 15 100 [000143]
(12b) Treatment of Acute Severe Hemorrhagic Shock in Rats [000144] The inventive cross-linked
tetrameric hemoglobin is also used as a resuscitation agent in a model of Acute Severe Hemorrhagic
Shock in rats. 80°sPtadiawley rats are randomly divided into 5 groups actofdigHd/t&sdscitation
agents, 16 rats in each group. [000145] Group lelate Ringer's solution (Negative Control) [000146]
Group 2: Animal autologous blood (Positive Control)

mnhibition of cancer cell growth is determined by the ATP tumor chemo-sensitivity assay
(ATP-TCA),

{600131} Esophageal cancer cell line HEESC-1 is obtained from Laboratory of Cancer
Genetics, the University of Hong Kong. 2000 cancer cells are seeded onto a 96-well
plate. After attachment, cells are incubated at 37°C with cisplatin alonc, at 0.08, 0.4, 2,
10 and 50 pg/mL, or in conjunction with 3 mg/mL cross-linked tetrameric hemoglobin
solution. After incubation, cytotoxicity is evaluated by MTT cell proliferation assay.
Results show that addition of the inventive cross-linked tetrameric hemoglobin
significantly enhances chemo-sensitivity in various cancer cell lines including A549/Cisp

and MCF-7/ADM cells that are highly resistant to chemotherapy (shown in FIG. 8).

[000132] Example 12
[000133] Treatment of Acute Severe Hemorrhagic Shock

[000134] (12a) Treatment of Acute Severe Hemorrhagic Shock in Beagle dogs

(000135] The nventive cross-linked tetrameric hemoglobin is used as a resuscitation
agent in a model of Acute Severe Hemorrhagic Shock in Beagle dogs. 60 Beagle dogs are

randomly divided into 4 groups according to resuscitation agents, 15 dogs in each group.
[000136]  Group 1: Dextran (Negative Control)
[000137]  Group 2: Animal autologous blood (Positive Control)

[000138]  Group 3: Low Dose Treatment (0.35 g cross-linked tetrameric hemoglobin/kg

of body weight)
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[000147] Group 3: Low Dose Treatment (0.1g cross-linked tetrameric hemoglobin/kg of body weight)
[000148] Group 4: Mid Dose Treatment (0.3g cross-linked tetrameric hemoglobin/kg of body weight)
[000149] Group 5: High Dose Treatment (0.5 g cross-linked tetrameric hemoglobinkg of body weight)
[000150] Acuteg%%\?@r%iﬁ%(f%rrhagic shock is established by withdrawing 5093t &rithEfdle blood,
which is estimated as 35 mUkg of body weight. Ten minutes after hemorrhagic shock established,
Lactate Ringer's solution, animal autologous blood, different doses of cross-linked tetrameric
hemoglobin (0.1 g Hb/kg, 0.3 g Hb/kg, 0.5 g HU/Kg) are infused into the animals. The infusion rate of

cross-inked tejiaens hempglonimieset.ata, it hesaliar. alaxasimental atimals g pbserved

for 24 hours. A panel of parameters is observed an yzed during the study perio uding SU
val, hemodynaggigsgdymyaeridial mechanics, cardiac output, cardiac function, blood gas, tissue oxygen
delivery .& consumption, tissue perfusion & oxygen tension (liver, kidney and brain), liver & renal
function, hemorheology (blood viscosity), mitochondrial respiratory control rate (liver, kidney and

brain). Among KIPGRival S HE SrmsRPSHasib e A F 2P G s e BBRERERE iR iFhaltive
cross-linked tetrameric hemoglobin treatment group has much higher surviyal rate compared with the
normal group f}r]:%d0 fﬁgta%t%g%ué%)eugpb%ioaj%%{o%l%%go og\f\?tlfglﬁ';ﬁgnfo%%\ﬁﬁ&g? fe 8y W ° ook

2011/14961) 2R 5RA%3/0AZ5 b IAPALTLTANIE. o CIOHPS U3 PR AT 24U (FLE)

24-hour survival rate
cross-linked tetrameric hemoglobin (5 mbL/kg, 15 mL/kg) are infused into the animals.

The infosion rate of cross-linked tetrameric hemoglebin is set at 10 mL/ke/h, hereafter,
all experimental animals are observed for 7 days. A pancl of parameters is observed and
analyzed during the study period including survival, body weight, electro-cardiography
(ECG), blood pressure, heart rate, respiration rate, body temperature, plasma hemoglobin
concentration, hematology, arterial b!on gas, urinalysis, clinical chemistry, coagulation,
physical ceonditions and adverse events. Among all, survival is the primary end point.
After seven days of treatment, the cross-linked tetrameric hemoglobin treatment group
has a much higher survival rate compared with the normal group and the autologous

blood group {(as shown in the following table §),
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(A)) Negative control 3 1835 Low Dose Treatment 6 37.5 (0.1 g Ht/kg Mid Dose Treatment 8 50 (0.3

g Fib/kg)

WO 20117349602 PCT/US2011/032594

[000141] Table8

[000142] Canine study in hemeorrhagic shock model

Group Survival no. after 7 days Survival rate after 7 days
{n=15) (%)

Dextran Negative Control 7 46

iog’s Autelogous Blood 12 30

Low Dose Treatment i4 G7

Mid Dose Treatment 15 100

[000143]  (12b) Treatment of Acute Severe Hemorrhagic Shock in Rats

[00G144] The inventive cross-linked tetrameric hemoglobin is also used as a
resuscitation agent in a model of Acute Severe Homorrhagic Shock in rats. 80 Sprague-
Dawlcy rats arc randomly divided into 5 groups according to resuscitation agents, 16 rats

in each group.

[000145]  Group 1: Lactate Ringer’s solution (Negative Control)

[000146f  Group 2: Animal autologous blood (Positive Control)

[000147]  Group 3: Low Dose Treatment (0.1g cross-linked tetrameric hemoglobin/kg

of body weight)

[000148] Group 4: Mid Dose Treatment (0.3g cross-linked tetrameric hemoglobin/kg

of body weight)
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High Dose Treatment 12 75 (0.5 g I-Ib/kg) Rat's Autologous Blood 10 62.5 *Hb: cross-linked tetra F
C hemoglobin [000152] Example 13: An In vitro met-hemoglobin formation study

WO 2011/149602 PCT/US2011/232394

[000149]  Group 5: High Dose Treatment (0.5 ¢ cross-linked tetrameric hemoglobin/kg

of body weight)

[000450]  Acute severe hemorrhagic shock is established by withdrawing 50% of
animal whole blood, which is estimated as 35 mL/kg of body weight. Ten minutes after
hemorrhagic shock cstablished, Lactate Ringer’s solution, animal aufologons blood,
different doses of cross-linked tetrameric hemoglobin (8.1 g Hb/kg, 8.3 ¢ Hb/kg, 05 ¢
Hb/kg) are infused into the animals. The infusion rate of cross-finked tetrameric
hemoglobin is sct at 5 mL/h, hercafter, all experimental animals arc observed for 24
hours. A panel of parameters is observed and analyzed during the study period including
survival, hemodynamics, myocardial mechanics, cardiac output, cardiac function, blood
gas, tissuc oxygen de]ivcryi& consumption, tissue perfusion & oxygen tension (liver,
kidncy and bram), liver & renal function, hemorheology (blood viscosity), mitochondrial
respiratory control rate (liver, kidney and bram). Among all, survival is the primary end
point. After 24 hours of observation, the inventive cross-linked tetrameric hemoglobin
treatment group has much higher survival rate compared with the normal group and the

autologous blood group (shown in the following table 9).



[000153] The prior art has stated that high molecular weight polymerized hemoglobin solution is
preferable because it results in longer persistence in circulation Therefore, the stabilized cross-linked
tetrameric hemoglobin of the present invention is compared to high molecular weight polymerized
hemoglobin in Vittb*3141af)ze stability in conditions that simulate circulation E6fditions Fre4est circuit
is depicted in FIG. 17. In the met-hemoglobin formation by-pass circuit, A is the sample reservoir, B is
the sample' outlet port, C is the pump, D is Liqui-Cel contactor, E is a sample collection point and F is
a sample inlet port. Time course met-hemoglobin formation of the cross-linked tetrameric hemoglobin
solution of the present invention is compared with a commercially available product (Oxyglobin), which
contains approiiitdtely 68%efPpolymeric fraction (.128,000 MW). Before the experiment, all samples
are diluted to 5. gML and 50 mL of diluted sample is introduced into the sample reservoir from the
sample inlet port. The figeigkpump rate isetrat30nmlimin 2andihe sanmiedssaipwediofll the circuit.
Throughout the experiment, the temperature of the sample reservoir is maintained at 37C. To measure
the met-hemoglobin level, 0.2 MI-- of test sample igtcdfiected from the sample ¢dlection point for
co-oximetry (FL-682,.lnstrumentation | ahoratory). Compressed air is then passed through the liqui-eel
membrane contactdF&tfEwHEe!2.0 mL/ min to startioxygenation of the samplés7A 0.2 nth sample is
collected at 30-mjnute_intervals. After treatment for 5 hours, the met-hemoglobin fractions of the
inventive cross-limMREGRFafdHEHEmMoglobin solutiorf and the commercial avaifdble product
(Oxyglobinl incresﬁ% 0 &.79% ahd 16.4%, respectively. This demonstrates that the inactive

or

met-hemoglobin on.tafator polymeric hemoglobin is substantially greate?Qhan that for the
inventive cross-lip

. %m@ée) i _ an that fo

_ gl Eafp&ﬁ,%_&;%moglobm (FIG. 1@ [000154] While the fore%omg invention has
been described with fespeg/f@various embodiments, such embodiments are not limiting. Numerous
variations and medificatipns, wasilghhe understood by ghose of ordinary skill in the art. Such variations
and modifications are considered to be included within the scope of the following claims. What is
claimed: 1.A metnog ol g RreRarRian.of-gJNghly purifiedandtemperature stabte
oxygenearriercontaining pharmaceutical composition,the oxygen-carrier-conta.ining pharmaceutical
composition including 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 mammaliafMhold bldadmple ¢} fikeringthe med biondiobls thahsmriesseparated from the plasma to

obtain a filtered red blood cell fraction;
[000153] The prior art has stated that high molecular weight polymerized hemoglobin

solution is preferable because it results in longer persistence in circulation. Thérefore,
the stabilized cross-finked tetrameric hemoglobin of the present invention is compared to
high molecular weight polymerized hemoglobin in vitro to analyze stability in conditions
that simulate circulation conditions. The test circuit is depicted in FIG. 17. In the met-
hemoglobin formation by-pass circuit, A is the sample reservoir, B is the sample outlet
port, C is the pump, D is Liqui-Cel contactor, E is a sample collection point ancf Fisa
sample inlet port. Time course met-hemoglobin formation of the cross-linked tetrameric
hemoglobin solation of the present invention is compared with a commercially available
product (Oxyglobin®), which contains approximately 68% of polymeric f;:action
(128,000 MW). Before the experiment, all samples are diluted to 5 g/dL and 50 mL of

diluted sample is introduced into the sample reservoir from the sample 1nlet poft. The
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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 controlled hypoton c lysis for a time
sufficient to lyse red blood cells without lysing white blood cells in a.n instant cytolysis apparatus at a
flow rate of at S0°1J68 & hr to create a solution comprising a lysate of disrBpEH & B cells:

f) performing filtration to remove at least a portion of the waste retentate from the lysate Q)
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
tetrameric hemaglobin,9,ferthet remaverany wirksesangkresidyal wasis eientate fom;thg first
hemoglobin solution to obtain a second hemoglobin solution; i) performing fiowthrough column
chromatographshanthessecondhemeoglobin salptianto rermeve.phosphelipidsisprateiniimpuyrities and
dimeric hemoglobin and to form phospholl, low protein impurities and low dimer hemoglobin solution;
J) performing a¥e&€onth ultrafittrahio m:grocesg! ok therph 6 Sphdlipicbfreaniowiproteincimpurities and low
dimcr hemoglobin solution using a filter configured to remove impurities resulting in a concentrated
purified phosphig/ipid-fredleferiprotein ifpurites: artiriow diri8.hdnsoglobitrietutiorberatok)blocking
the sulfhydryl groups of hemoglobin molecules in the concentrated purified phospholipid-free, low
protein impuri&%"ﬁﬂ&*?ﬁgvab‘"iﬁﬁé?%ﬂ%ﬁfbiﬁwg@mﬁ%‘W‘&%W‘S}BﬁﬂCré%’&é?ff’i‘rﬁh%w-‘@ﬁfg@nated
environment SlglnC{l:l %Qat the hemotglobin m I%cules ach hg\ge at Ieastg%ne cysteine moiety including a

ol SicH thatthe REth SaiBbir ARtecdcl aPd inERBKDle OF B - muie

thiol-protecting group suc
endothelium-dgrived;relaxing factor, atthe.cysteing site.. , 1) crosszlinking the thiol-protected
hemoglobin by bis§-3,?5'-di'b'romé)salilggl1 filmarate té”fo}rgn ]h%ﬂ?%jéiﬂ?g)ebrlgtéreécsf%é Igt}itr]tgsélzllﬁqé‘éf tetrameric

hemoglobin withou!ithe.formation;of alymesis hemagiolinsieh thatthemoleglai weight of the

resultant cross-linked tetrameric hemoglobin is 60 - 70 kDa and consists essentially of nonpolymeric

cross-linked tetramedisikigmaglakinio 8.7Mkeschangingasuitable physielogical-huffer forthe

cross-linked tctrameric hemoglobin; n) removing any residual non-cross-linked tetrameric
hemoglobin and:atyerestdualghemicalsbyovashing potym @)cadeiog dbicatvlsystaing atdter

concentration of (12-0.4% to the cross-linked tetrameric hemoglobin to maintain a level of 1.emoglobin
below. 5%; an¢han that for the inventive crogs-linked tetrameric hemoglobin (FIG. 18).
[000154] While the foregoing invention has been described with respect to various
embodiments, such cmbodiments are not limiting.  Numerous variations and

modifications would be understood by those of ordinary skilt in the art. Such variations

and modifications arc considercd to be included within the scope of the following claims.
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p) adding the low dimer, phospholipid-free, thiol-protected high-temperature stable up to a temperature
of 80 C cross-linked retramer ¢ hemoglobin free from polymeric hemoglobin to a pharmaceutically
acceptable carrigig 24 he.pgethod for the preparation of the oxyge camepharmaceutical composition of
claim | wherein the instant cytolysis apparatus includes a static mixer. 3. The eI e
preparation of the oxygen-carrier-containing pharmaceutical composition of claim | wherein said
cross-linked tetramerie hemoglobin is derived from bovine, porcine, canine or equine hemoglobin. 4.
The method for the preparation of the oxygen-carrier-containing pharmaceutical composition of claim |
wherein the colbiimchrdaataigraphy comprises one or more cation-exchange columns and
anion-exchange columns. 5. The method for the preparation of the oxygen-carrier-containing
pharmaceutical compositiotiloficfaini4 whersindhe fonhexdhange colkmns.are 0pe HEMeLe DEAE
column, CM column and/or hydroxyapatite column. 6. The method for the preparation of the
oxygen-carrier-E8h&iniAg phetrifdeiti caleeo apasitbrrofetain .whereinythe-hemogiabingress-linking
by bis-3,5-dibrompsqlic fumaratc includes at least a-a and/or (343 cross-linking, 7. The method for
the preparation’of 3%‘18%5:8}1985‘??%?356?%{%%%W%?ﬁ%ﬁtﬁ@ﬁl‘“@@iﬁmtm@ﬁ&ﬂaim 6 wherein the
cross-linking conditions arc s Iepte%i%uqr}l.'that ]‘3-]_43 crois-linking is greater than 50% of the total
cross-linking, 8. The method for the preparaton 6 81 Bkybehdeiridrleetiaifine pharhacedtical
composition of&l%miﬁ wherein the cross-linking conditions are selected such that p-p cross-linking is
greater than 60% of the total cross-linking. 9. The method for the preparation of an

oxygen-earner-containjng,pharpacertical.compositionof glaim, 6 wherein the cross-linking conditions
are selected such that P-11 cross-linking is greater than %O% Cff the té?él]ﬂé?gs},dsrfli\ﬁﬁ%g%’ﬁfg’ The

method for the preparatitin:diamoxygean-earsar-cantaining Mharmassutical dergwao%'ti&qa r{ %Iaim I
wherein the pharmaceutically acceptable carrier is a physiological buffer or water. 11. The method for
the preparatioriib¢zar wxéygent calirigsecconta fling pharmaceutical composition of claim | further
comprising packagin(% the prepared composition in a
washing the filtered red blood cell fraction to remove plasma protein impurities,
resulting in washed red blood cells;
¢) disrupting the washed red blood cells by a controlled bypoto-z.}ic 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 at 50-1000 liter/ar to create a solution comprising a lysate of
disrupted red blood cells;
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 uitrafiltration process using an ulrafiltration filter conf gured
to remove impurities having a higher molecular weight than tetrameric hemoglobin to

further remove any viruses and residual waste retentate from the first hemoglobin

solution to obtain a second hemoglobin solution;
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multilayer, flexible infusion package having an oxygen permeability of less than 0.0025 cm3 per 24
hours at ambient conditions. 12. A highly purified and high temperature stable oxygen

carrier-containiggphaymaggutical composition comprising hemoglobin, the h%[&(g/%loat()}ir]g cgrlsisting
essentially of nonpolymeric cross-linked tetrameric hemoglobin formed by the proc%‘sg'é? ¢faim 1. 13.

A method of oxygenating tissue comprising providing the composition of claim 12 to the tissue ex vivo.
ABSTRACT OF THE DISCLOSURE A hid temperature-stable nd highly purified cross-linked
(optionally 70% 3-0 linked) tetrameric hemoglobin with high effic.ienc.y of oxygen delivery suitable for

use in mammals withoupeausing revatinjuph antrasoBRRSHEHAhIS Aravided.fhedim & farm of
hemoglobin is degenerated and purification processes are performed on red blood cells from whole
blood. ControllediHypotorsio dysistivsgirinstantoytolyisis aipparaitidipreuenis: ysis of avhite tolgod cells.
Nucleic acids from white blood cells and phospholipids impurities are not detected. Blocking of reactive
_sulfhydryl group$sypia sty reagent isiperdhredin an Grygénatet<énvirdnment. Flowthrough
column chromatography removes different plasma protein impurities. N-acetyl cysteine is added to the
cross-linked tetramerl¢ REMBEIBHIA (5 AT TAF A o 9BVBSE thethBmatiotirn T Eabilizead

hemoglobin is retserved inan E{{\Hgkgr&ib]?agei%l% (ﬁéj{)‘nmu overwrap to prevent formation of inactive

met-hemoglobin from Okygen intruSion. FinGs 148 1 s adl Bsrdiatich artmefcer
treatment. Fig'igxpurities resulting in a concentrated purified phospholipid-free, low protein impurities
and low dimer hemoglobin solution;
k) blocking the sulfhydryl groups of hemoglobin molecules in the concentrated
purified phospholipid-free, low protein impurities and low dimer hemoglobin solution by
a sulfhydryl reagent in a fully oxygenated environment such that the hemoglobin
molecules each have at least one cysteine moiety inchiding a thiol-protecting group such
that ﬂf;e hemoglobin molecules are incapable of binding endothelium-derived relaxing
factoriat the cysteine site;

1) cross-linking the thiol-protected hemogiobin by bis-3,5-dibromosalicy
fumarate to form high-temperature stable cross-linked tetrameric hemoglobin without the
formation of pelymeric hemoglobin such that the molecular weight of the resultant cross-
Einkcc% tetrameric hemoglobin is 60 — 70 kDa and consists essentially of nonpolymeric
cross-linked tetram&ic hemoglobin;

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

0} removing any residual non-cross-linked tetrameric hemoglebin and any

residual chemicals by washing;
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o) adding N-acetyl cysteine at a concentration of 0.2-0.4% to the cross-linked
tetrameric hemoglobin to maintain a level of met-hemoglobin below 5% and

p) adding the low dimer, phospholipid-free, thiol-protected high-ternperature

L]
w

stable up to a temperature of 80° C cross-linked tetrameric hemoglobin free from

polymeric hemoglobin to a pharmaceutically acceptable carrier.,

2. The method for the preparation of the oxygen-carrier-containing pharmaceutical

composition of claim 1 wherein the instant cytolysis apparatus includes a static mixer.

3. The method for the preparation of the oxygen-carrier-containing pharmaceutical
composition of claim 1 wherein said cross-linked tetrameric hemoglobin is derived from

bovine, porcine, canine or equine hemoglobin.

4. The method for the preparation of the oxygen-cairier-containing  pharmaceutical
composition of claim 1 wherein the column chromatography comprises one or more

cation-exchange columns and anion-exchange columns.
5. The method for the preparation of the oxygen-carrier-containing  pharmaceutical

composition of claim 4 wherein the ion exchange columns are one or more DEAE

column, CM column and/or hydroxyapatite column.
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6. The method for the preparation of the oxygen-carrier-containing pharmaceutical
composition of claim 1 wherein the hemoglobin cross-linking by bis-3,5-dibromosalicy

fumarate includes at least c-ce and/or B-B cross-linking,

7. The method for the preparation of an oxygen-carrier-containing pharmaceutical
composition of claim 6 wherein the cross-linking conditions are selected such that 3-8

cross-linking is greater than 50% of the total cross-linking.

8. The method for the preparation of an oxygen-carrier-containing pharmaceutical
composition of claim 6 wherein the cross-linking conditions are selected such that 3-p

cross-linking is greater than 60% of the total cross-linking.

8. The method for the preparation of an oxygen-carrier-containing pharmaccutical
composttion of claim 6 wherein the cross-linking conditions are selected such that B-p

cross-linking is greater than 70% of the total cross-linking.
10. The method for the preparation of an oxygen-carricr-containing pharmaccutical
composition of claim 1 wherein the pharmaceutically acceptable carrier is a physiclogical

buffer or water.

I1." The method for the preparation of an oxygen-carrier-containing pharmaceutical

composition of claim 1 further comprising packaging the prepared composition in a
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multilayer, flexible infusion package having an oxygen permeability of less than 0.0025

em’ per 24 hours at ambient conditions.

»

12 A highly purified and high temperature stable oxygen carrier-containing
pharmaceutical composition comprising hemoglobin, the hemoglobin consisting

essentially of nonpolymeric cross-linked tetrameric hemoglobin formed by the process of

claim 1.

13. A method of oxygenating tissue comprising providing the composition of claim 12 to

the tissue ex vivo,
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