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]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 c&gﬂ@g‘{)&éﬂe}ﬂ @g&(?%&ﬁ/@ﬂgﬁ@&g%&arbon 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 usgd@as @ PORRL X YEERSHRIMGII LI 6T be Stabiisediexayvadndsredibiviveaber

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.



WO 2011/149602PCT/US2011/032594 [0004]Naturally-occurring hemoglobin is a tetramer which Is
generally stable when present within red blood cellsHowever, when naturally-occurring hemoglobin is
removed from @8 E)Io%j C%”S, it becomes unstable in plasma and splits into two dimers. Each of these
diners is approximaf{ieiy'ffﬂ KDa in molecular weight. These dimers may cause dubatHisr réhal injury
when filtered through the 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 teghnigues te.areatedntamelrayla hondsvithin.theistiamerasvell @sintermolecular
bonds between the tetramers to form -polymeric hemoglobin. The prior art teaches that polymeric
hemoglobin is thesprefeited fermbipardetito increasercircuatonrhalf-lifecofithe hemaglobinis
However,as determined by the present inventors, polymeric hemoglobin more readily converts to met
-hemoglobin n Blood:difcutatiah bMet-hdimoglbbinmcanmet bikdioxygemand thenefore cannetioxygenate
tissue. Therefore, the cross-linking taught by the prior art that causes the formation of polymeric
hemoglobin is diprobldreiThetbcis almessg in therextfotela tdthniigue thatgelmitsdgiramblesular
crosslinking to create stable tetramers without the simultaneous formation of polymeric hemoglobin.
[0006]Further pBISIEMENFRHS e Tl ete B hstaBlizeibravgiobitiAerisansretrieon of
tetrameric hemaglobin that includes an unacceptably high percentage of di el units; the presence of
dimers makes ft é’"%’éﬁﬂ‘é@]‘%‘bi 5%%5%%%%&%%@%’98 PSR AR SO B IR 08 Hhe dimeric

form of the herpo%{obirq gan cause sever ;Eenal Therefore, there is a need in the art to create stable
UNSLIONAl 1 ODIN 11t Circu

tetramene hemoglobin with Iow unwanted dimieric form in the final product. [0007]Further problems

with priorattempig g cregfe stablenerpogloinipelde theresente: of pIgIEIRRMINIGS.SH-Gh as

immunoglobin G that can cau.se allergic effects
hemoglobin processing have incorporated various 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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in mammals. Therefore, there is a need in the art for a process which can produce stable tetrameric
hemoglobin without protein impurities. [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 molegule. Thus, iere s anged i ine ando seaaieasihiizes samaris hemoglobin that
0)

does not caus& VadSeonatriction fol wing transfusion. [0009]In addition to the above problems, there
is aneed in %%Jarﬂ%é‘itg;%as%maﬂ%%%@ﬂmﬂﬁl%bin that is phospholipid free and capable of

production on an industrial scale. Summary [000fiallM a first aspeec there is provided a method for
the preparatim(%a highl¥ner problems with prior art attempts to create stable hemoglobin include
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.



purified and high-temperature stableoxygen-oarrier-containinft pharmaceutical composition, the
oxygen-carrier ontaining pharmaceutical composition including hemoglobin, the method comprising a)
providing mammalian whole blood including at least red blood cells and plasma; 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 cytélysisiapgparatus at a flow rate of at 50-1000 liter/hr to create a solution comprising a

lysate of disrypted red blood cells; O performing filtration, to remove.at least a portion of the waste
retentate TOll\+7I thef{y}/sate; : a_ g) ‘ext'rla%tﬁ’hg‘a firs "ﬁ%nﬁo"&@ﬁ%"%ﬁt%h Hrom {’tpfg Véfgité‘ é nl#\}%
performing a first/uirafifteationgprovers tisitig amebitrafilvation-filterconfiguredito rémoveimpurities

having a highgy malecular weight than tetrameric hemoglabin o further removeany viruses and
residual waste re}[entate from the first hemoglobin solution to obtain a second hemoglobin sofution;
hemoglobin, the method comprising:

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

b} separating the red blood cells from the plasma i the mammalian whole blood:

¢) filtering the red blood cells that were separated from the plasma to obtain a
fiitered 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 hypotof-}i ¢ 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
fvsate;

g} extracting a first hemoglobin soiution from the lysate;

h) performing a first ulirafiltration process using an wltrafiftration filter confi gured
to remove mpurities having a higher molecular weight than i(—:t'rame_ric 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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i) performing fiowthrough column chromatography on the second hemoglobin solution to remove
phospholipids, protein impurities and dialer ¢ hemoglobin and to form a phospholipid-free, low protein
impurities and low dimer hemoglobin s lion; j) performing a second ultrafiltration process on the
phospholipid-flcelow protein impurities and low dimer hemoglobin solution using a filter configured to
remove impurities resulting in a concentrated purified phospholipid-free,ow protein impurities and low
dinner hemoglobin solution; 10 blocking the sulthydryl groups of hemoglobin molecules in the
concentrated purified phospholipid-free, low protein impurities and low dimer hemoglobin solution by a
sulfhydryl reagent in & fpdyooxygenatedenyirament shehitha e hemagiobinmolesuessach have at
least one cysteine moiety including a thiol-protecting group such that the hemoglobin molecules are
incapable of binding edotheliuphaehiviad delaxing factor]tat:thel dysteine siteglobin 1) CrogsHinking the
thiol-protected hemoglobin by bis-3,5-dibromosalicy fumarate to form high-temperature stable
_cross-linked tetraieric hembglobitt Witivutarafernation of folynericHehoglbbiasuch that the
molecular weight of the resultant cross-linked tctrameric hemoglobin is 60 - 70 kDa and consists
essentially of nonpolySHEBFoSS - inkEa ARG ENEMBHIGHTh: o0 Minphsiahainifid ersuitable
physiological buff%ri nf% thy%grgoggg"pk,eg- tetrameric Qjem‘o Ipbin; . ré) removing any residual

Heric hemoglobin and any resigdal tHEmickE By i8R S B) 'Sdiditfg N-acetyl

non-cross-linkéd tetrameric emog(fo

cys eme at a CWHI&@F‘%IHEQ %iod%(gﬁégn@zﬁe%rgumn}]eer ﬁ"}pﬁe&) J?Cglé)%}l?rég n]oa‘!%;: ]grl%r{lg‘xg]le_g I %%Etieg

met-hemoglobin oak p) adding the low d.imer, phospho protec g perature stable

up to a temperatyrgof 80, G Lrossshinked tetrae oglohin free from polymeric hemoglobin to a
pharmaceutically acceptable carrier. - second aspect, there is provided a. highly puma id

and high temperature stablieiaxyge noRkieH cantaininomphamase wlinakaemRpositiencomprising
hemoglobin, the hemoglobin consisting essentially of nonpolvmeric cross-linked tetrameric hemoglobin
formed by the prote$stasdiefinediaisoiey 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 cysteine 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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[0009c]In a third aspect, there is provided a method of oxygenating tissue comprising providing the
composition as defined above to the tissue ex vivo. [00010]The present disclosure provides a method
for producing high-temperature stable, purified, cross-linked tetrameric hemoglobin suitable for use in
mammals without causing severe renal injury, vascular detrimental effects, or other severe adverse
effects (including death). The disclosure also includes the high-temperature stable, purified,
cross-linked tetrameric hemoglobin and the use of the hemoglobin for oxygenation of in vivo and ex
vivo tissue. WO 2011/149602PCT/US2011/032594 [00011]The method includes a starting material of

mammalian whole blogd.iagiuding at least red blood cells and plasma. Red blood cells are separated
from the plasma in the mammalian whol blood fo Iéj\%necdrbg/dﬂﬂgrlor%g t‘c'”)'o(l):egt”éiirliﬁaz‘}ﬁ‘ltééfé‘ﬁ‘"r@éimood cell

fraction. The filteregsedblasd el fragtion.is washedrioremoye;plasma pratein impurities. The

washed red blood cells are disrupted by a controlled hypotonic’lysis for a time sufficient to lyse red
blood cells without lysingashite iload-cedisin, afmingtant eyIolisis:AppALALUS. a4 flow ate of at 5S0-1000
liter/hr. Filtration is performed to remove at least a portion of the waste retentate from'the Pysate. A first
hemoglobin softitibh i extracted fromithe TyseteC [CoRL2]A tinstuktratiitation proegssHs-pgrigrmed
using an ultrafiltration filter configured to remove impurities having a higher molecular weight than
tetramer ¢ herdBgiBSTH ARAT8ifFEr TehiBvecanyeviuses antiresidial waste rctentate from the first
hemoglobin solution to obtain a second hemoglobin solution. Flowthrough column chromatography is
performed on the second hemoglobin solution to remove protein impurities, dimeric hemoglobin and
phospholipidsp 8(1;(){_rrn a phospholipid-free and low dimer hemoglobin solution. A second ultrafiltration
process is performed on thd phoSphsfipieifteé atidiow dimer iermoglobinisolution-dsingda fiker
configured totemeve:impurities,resuiting in-a consaniated purified phospholipid-free and low dimer

W

hemoglobin %94%?3?5(%000&‘%]3“[fhyd,P" groups of hemoglobin moleciles are blocked thHEE
concentrated. pURASH PhoSShAid HER ANt oW i et Hemagiobin somtiohvbyeeacsutfoysiyiireagent in
a fully oxygenettethenvironmériiiiThernesuliant hemeglobin-maelecules.each have at least

[0009¢] In a third aspect, there is provided a method of oxygenating tissue
comprising providing the composition as defined above to the tissue ex vivo,

[60010] The present disclosure provides a method for producing high-temperature
stable, purified, cross-linked tetrameric 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.
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one cysteine moiety including a thiol-protecting group such that the hemoglobin molecules are
incapable of binding endothelium-derived relaxing factor at the cysteine site. [00014]At least the a-a

and/or 13-13 subunits,pfthg, thiol-protected hemoglobin are cross-linked by bjs-3,8sdipramasalicy
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 tetrameric
hemoglobin is 60 - 70 Wa. A suitable physiological buffer is exchanged for the cross-linked tetrameric
hemoglobin. Any residual non-cross-linked tetrameric hemoglobin and any residual chemicals are
moved by using taftgéntialztonvetitrdfiltiations Naatetyheystdintrisacddic:ataotosiceatrafieiingf 0.2-0.4%
to the cross-linked tetrameric hemoglobin to maintain a level of met-hemoglobin below 5%. The
phospholipid-freedewrdinbndidlsprotedted didtedenwd il erstadiaded JselinKetbletrame i
hemoglobin is then added to a pharmaceutically acceptable carrier; the pharmaceutically acceptable
carrier can be djsHyEbiYiKEe BbiRGeUmter foobEsTmslewhiytrmdibe relehd velditaAehemoglobin

is (Bptionally packaged in air-tight polyethylene, ethylene-vinyl-acetate, ethylene-vinyl alcohol (PE,
EVA, EVOL) inh iSOl SAUREGAEOTHS BAZRAGHG BAVEIS Rygeh LB RIEIBATNIA Fobis in the

formation of inagtive ey herealgbin. [D00IGTENS Wa-temperatie, stable. rpssiinked hemoglobin

produced by the above method s used Tor the treatment of vanbus cancers such as leu emia,

colorectal cancey; Jung. gancer. reashsansenNasaphayRdar! sancetand eserhageal sanger. The

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

sensitivity towagds,radiation.ang chemetherapeutis agents:iThe-pigh-nieraperaiwe stalle sross-linked
tetrameric hemoglobin is also used for preservation of organ tissue during transplant or for

preservation ofithevherrtiresiiuafions suhdrathere Bre laekaldiygenisopplycinrvire] sweh @s in an
oxygen-deprived heart. Brief description of the drawings
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
mmpurities resulting in a concentrated purifi%:d 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



[00017]FIG. 1 depicts the amino acid sequence alignment of different hemoglobins. [00018]FIG. 2 is a
flow-chart depicting an overview of the process of the present invention. [00019]FIG. 3 schematically

depicts an instagfeyielysiss@pparatus used in the process of the present invepfion,JQ00201E1G. 4 is a
graph showing the reaction of hemoglobin with sulfhydryl reagent in oxygenated and in deoxygenated

environments. [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-linked tetra eric hemoglobin. [00023]FIG. 7 shows a circular dichroism

(CD) spectroscopylanalysis for{ggbpurifiéthtemoglobiriisolutioneand! fh)grdssdinketdetrameric

hemoglobin. _
site.
{0.0GM} At least the c-o and/or B-B 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
concentration 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
mechanisim for destroying cancer cells is to improve oxygenation in tumor cells, thereby

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



[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 hemeglohiny glishe present invention. WO 2011/149602PCT/US20444082594:[09026]FIG.
10 shows the improvement of oxygenation in an extremely hypoxic tumor area using the cross-linked
tetrameric hemoglobin of the present invention. [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 is an elution profile for
flowthrou.gh colemmrerirométdgregshyitkec eimoghaisirheokilobiintsflowthrbughdrectben [0029]FIG.

13 schematically depicts a flowthrough CM column chromato%lrag
organ tissue during transplant or for preserva‘tion of cart in sifuations where there is

a lack of oxygen supply in vivo, such as in an oxygen-deprived heart.

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



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 tetrameric hemoglobin of
the present invétitidh ¥6tifiared to prior art hemoglobin. [00032] FIG. 16 is aRcHERAEF@&Sittion of an
infusion bag for the cross-linked tetra eric hemoglobin of the present invention. [00033]FIG. 17 is a
schematic depiction of an apparatus used to test the formation of met-hemoglobin in vitro. [00034]FIG.
18 depicts the rate of met-hemoglobin formation for polymeric hemoglobin and the inventive

'hemogl()bi.n_in 5@@@_@})&%}1}@ qfOFl,ﬁJ\AJJth@qml%@c%%ﬁpré@t%é) i}lﬁ}ﬁ%ngwalo&gaglgf rﬂgoﬁ]:l»ggm IS an
iron-containing oxygen-transport protein red blood cells of the blood of mammals and other animals.
Hemoglobin exhibits chanastenstics 0N Both wrameric hemoglobin of the present invention.
(000271  FIG. 11 shows the mean arterial pressure changes in a rat model of severe
hemorrhagic shock afier the treatment with the stabilized ecross-linked tetrameric
hemoglobin of the present invention,
100028]  FIG. 12 is an elution profile for flowthrough column chromatography; the
hemoglobin solution is in the flowthrough fraction.
[06029]  FIG. 13 schematically depicts a flowthrough CM column chromatography
system with ultrafiltration 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 thé heat stability of the cross-linked
tetrameric hemoglobin of the present invention compared to prior art hemoglobin.
[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



the tertiary and quaternary structures of proteins. Most of the amino acids in hemoglobin form alpha
helices connected by short non-helical segments. Hydrogen bonds stabilize the helical sections inside
the hemoglobin causing attractions within the molecule thereto folding each polypeptide chain into a
specific shape.%%mgé‘?ﬁ%n molecule is an assembly of four globular protelfy $H5ahits &8 th subunit
is composed of a. polypeptide chain arranged into a set of a-helix structural segments connected in a
"myoglobin fold" arrangement with an embedded heme group. [00036]The home group consists of an
iron atom held in a heterocyclic ring, known as a porphyrin. The iron atom binds equally to all four

nitrogen atomsyi theiGeries a&la&am#mtyﬁhey%m&mlwﬁQmecfaﬁﬁ&*yéﬂ@a'mg%im the iron
center perpendicular to the plane of the porphyrin ring. Thus a single hemoglobin molecule has the
capacity to combine.with feutdneleciiesialoxygenoPRIBZ]In-aduit:humans.thesmerst:aammon type of
hemoglobin is a tetramer called hemoglobin A consisting of two a and two [3 non-covalently bound
subunits desigtiatédias! a2iB32s éacheniadeobddhiand 346 amintacidtesitidesciespedtively. The size
structure of a and 13 subunits are very similar to each other. Each of the subunits ha.s a molecular
weight of aboutol&kDexfbr eetorabiivisledaiar weightiskifie tbarmer btabgdub®5kDeaTthé four
polypeptide chains are bound to each other by salt bridges, hydrogen bonds and hydrophobic
interaction. Tha%SHORERS 6t BodTe e MEBIBOTRTE EimiiaF o HUTHAH KemRgIsbM tarrasstidentity in a
chain; 84.35% identity in 13 chain). The difference is that the two sulfhydryl groups in the bovine
hemoglobin ar& B8sitiBHE 4P P EHs9 8- tites WS SIMASRIRA r A WerdBIosiARird A positioned
ata Cys 104, 13 Cys 93 and [3 1C6¥T%%(Jj,§ccrﬁscﬁ)ectivel . FIG. I shows the amino acid sequences

; e = £ ‘i P} 3 i . . .
alignment of bOVing. human, ¢anine. porcing it &4uine hemoglobin, respectively labeled B, H, C, P,

and E. The unifkgamino-Agids, from, yatioys spurees ate shaded. RIS, dindicates thathuman
hemoglobin shares high similarity with'bovine, canine, porcine and equme{hgmogfo%in when

comparing theif;aningracid SeRURNCSSOANRANN NIt AEACCHiipe: hemeglaRin.insidsmgd blood

cells, the association of an a chain with its corresponding P chain is very strong and does not
disassociate urdgrphyisialagicat eanditionseddaweverHbaassRCIatIRN; QR84S S Witk another
al3 dimer is fairly weak outside red blood cells. The bond has a tendency to split into two dimers each
approximately 82tkdarit e ske yoddsiredr dignéhs areispial@natighitenbe dilteted thy theakigneys and be
excreted, with the result being potential renal injury and substantially decreased intravascular retention
time. [00039] THEr&fBeeYithisoneredsarrte staniiize any hemoglobin that is used outside of red blood
cells both for efficacy and safety. The process for producing the stabilized hemoglobin is outlined
below; an oveie Bf th&FHIEE LY B el S CHIVBRHGHAS présaEabin the filrerastidirIG. 2.
[00040]Initially, a w og} blood source is selected as a source of hemoglobin from red blood cells.
Mammalian whSTBBIGBH 14 SRISIEEiR Ry Bt LIRE R D SUINE tH dFeia¥ @quine, and
canine whole blood,.-The red blood cells are sjgrgarated from the Blasma, filteliedTgnd .Washgzd to

remove plasmgbp(%ﬁ?gfneldr% punl‘]ﬁl éjs. amino acid residlies respectively. The size an
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



[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 invention uses lysis under
hyPotonic conditions in a manner which can be precisely controlled at volumes suitable for
industrial-scale Pradittitii® o this end, an instant cytolysis apparatus as s€&f #18/98%4¥used to
lyse the red blood cells. Hypotonic lysis creates a solution of lysate including hemoglobin and a waste
retentate. To enable industrial-scale production, the lysis is carefully controlled such that only red
blood cells are lysed without lysing white blood cells or other cells. In one embodiment, the size of the

instant cytolysig ARRaraiis iS.seiected - sueh hat the red.blagd cels tavesse 1hg apparausin

approximately 30 seconds and the instant cytolysis apparatus includes a Static mixer. Deionized and

distilled water ignusecias afiypatemnie selutionOf coukseitis undetstaed that the useef ather
hypotonic solutions having different saline concentrations would result in different time periods for red

blood cell lysishBesausentih®bontiolted hysis grodadurehreaksithe radiflpogdealls anlyeqntsvhite blood
cells or cellular matter, it minimizes the release of toxic proteins, phospholipids or DNA from white
blood cells andhereideiwhemiatterrRdwperonio soldtonisadded immediately after 30 seconds, that
is, after the red blood-cell containing solution has traversed the static mixer portion of the instant
cytolysis appardfisThe FegtfsHbheiragisbiir nag!abHighepariybiad iesller feversasiadontaminants
such as undesired DNA an phospholipidds than hemoglobin resulted from using other lysis

techniques. Unidiesifad hlitieie SSIECRBIWRiIt Bitd & C&fis Hrip ABS ReT BRI MPGARSS Wi hot

detected in the hemeoglobin solution by, polymerase chain.reaction (defection limit = 64 pg) and HPLC
(detection Iimitpi}‘ﬁ?ljéi()?%ll_c)dmtéotl?fgIt Orlgsp%(gﬁ\c/}é?{/’. [%%)612“ 3&8% I?%ﬂi}?a?%n(ﬁﬁ?&&@éf 1%.:1Orte1£|)r‘5e2? ormed; one

which removes;impugties having, mlecular weights oreatelmhan hemaglobin Rﬁf@ﬂ%'ﬂ%@?‘;“gh

column chromatography, and another which removes Impurities having molecular weights less than

hemoglobin afterftewthepughreelmachomaiograby.nlibelatterstatiiratiom pracess.concentrates
the hemoglobin. In some embodiments, a 100 kDa filter is used for the first ultrafiltration, while a 30

kDa filter is usédidorithe dbedodat wtrafiltvatiane 1004 8] Rlowthrbugihgolimanichremiaiggraphy is used to
remove protein impurities in
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 whole 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



the purified hemoglobin solution such as immunoglobin-G, albumin and carbonic anhydrase. In some
embodiments, column chromatography 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 coldith®htdii&tdgraphy is typically from 6 to 8.5. In one embodifieHUSfd@HHRFdUgh CM
column chromatography step is used to remove protein impurities at pH 8.0. Enzyme-linked
immunosorbent assay (ELBA) is performed to detect the protein impurities and phospholipids
remaining in the sample after elution from the column chromatography. This unique flowthrough

column chromajagianiiRRRAAIEN ANARIES f GaANRYONS sepAIARN, SERME enabling industrial scale

. 1C .
production. The ELISA result shows that the amount of these impurities are substan y?ow in the

eluted cross-linked tetramerisihemogiohin.(mmunedlobin:Gsi#4.3 naimbs albumin: 20.374ng/mL

carbonic anhydrase: 81.2 ughnf.). The protein impurities removal results using different kind_s of
column with differentipHesiuesdare shewnimsTakiedreleentd000441T ables it Ramaoval efidifferent

protein impurities using different on-exchange columns Column (pH condifion) Removal
percentage (% )€ & bonic hodiytiraseAlberhintt nelinoglobinGlIRERF (@t piHodiblkB312%BDFAF (at pH
78 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
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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 201171496062 PCT/GSI011/0325%4

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 ulirafiltration.

[06043]  Flowthrough column chromatography is used to remove protein impuritics in
the purified hemoglobin solution such as immunoglobin-G, albumin and carbonic
anhydrase. In some embodiments, column chromatography is carried out by using onc or
a combination of commercially available ion exchange columns such as a DEAE colomn,
CM cotumn, hydroxyapatite colunin, ctc. 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 protein impurities at pH 8.0. Enzyme-linked immunosorbent assay
{ELISA) is performed to detect the protein impurities and phospholipids remaining in the
sample after elution from the column chromatography. This unique flowthrough column
chromatography separation c::nab]es & continuous separation scheme enabling industrial-
scale production. The ELISA result shows that the amount of these impurities arc
substantially low in the cluted cross-linked tetrameric hemoglobin (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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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 a4 8action between hemoglobin and a sulthydryl reaBeRiUdrtideRGxygenated
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 ghie.qlkylaliqn rEcHaNFRRRRmANared Ry MgRsUINg ikdodide eleass, During a
time-course experiment, the alkylation reaction is performed taster and 'more e %lClent)fy in an
oxygenated envipitpent when compared to a deoxygenated environment, as indicated in FIG. 4 and
FIG. 14. The reaction time required to reach completion is reduced to under 5 hours in an oxygenated
gnvironment whgn compared to a deoxygenated environnet, A shetigLfeacrion time is very™
important for ag-idusirighscalgRragess- It also reduces reactions caused by unwanted impurities that
lead to adverse effects in the final product:z= @806 Following the Bultkiydry| réacionpragass the
hemoglobin is O-aa—aeHor{34 oss-linking-by-bis-3.5-dik ysali te
order to preven?fakmétion! 6f Polymeric hemoglobin, the reaction is 6arefifily controllzgldn a
deoxygenated envjron ith a molar ratio of hemoglobin to DBSF between 1:2.5 to 1:4.0 such that
the resultant a%%%g/%?ﬁﬁ;] \(l:%‘ ss-linked hemoglobin s tetrameric hégf%oglobin havinaoa9 molecular
weight of 60-70kDa. gemaonstrating that polymeric.hemoglobin is ngt present. The yielg of the DBSF
reaction is high, > 99% and the dimer concentration in the final product is lo in the context of this
invention, low diftidecaimteAt means less than 5% d@nd, more preferébh, less than 2% dimer. In one
embodiment, t ross-linking is ted such that the p-p cross-linked hemoglobin is greater than
50% of the totg—&%\%g?%%é% gﬂ?ﬁn?p% Ic hpmnglnﬁ?;tﬂ In EE)nI(J)thPr embotiment tﬁe Cragé’-?inkin(] is
selected such that the p-p cross-linked hemoglobin is 60% or greater of the total. Further, conditions
can be selectelﬁl ch that the p-p cross-linked hemoglobin is greater than 70% of the total tetrameric
hemoglobin. T Qé%@'ﬁ%] sorfe BUIeAETET Pieburdue ey Harhemepi sy Reve S oxygen
affinity than a-a cros%-li keg tﬁ)egrﬁmeriﬁjj;emo lobin. Th.erg ore, there may be situations in which a

AR TeBUBBIN S pate AT s B LB HERD fiobin to

higher percentage o 1313 cros&inke

enhance (he URIRDGY of eBERIERRFUINGLE:R GIRSTINKed Pemaipbin may, eyl n fewer

a-43 dimers which would assist in reducing rénal toxicity. etyl cysteine is added at

concentration af@:2-Aastorthena-a.aneher 3 arossdlinked tatra.mersmhemaglohin ta maintain a level
of met-hemoglobin below 5%. WO 2011/149602PCDUS2011/032594

hemoglobin and a sulfhydryl reagent under deoxygenated conditions. The present

invention demonstrates that the sulfhydryl reagent reacts faster and in completion with
the reactive sulthydryl groups of hemoglobin under an oxygenated condition. The
reaction of suithydryl reagent with sulfhydryl groups of hemoglobin producesiéodide.
Therefore, the completeness of the alkylation reaction can be monitored by measuring the
iodide release. During a time-course cxperiment, the alkylation reaction is performed
faster and more cfficiently in an oxygenated environment when compared to a
deoxygenated environment, as indicated in FIG. 4 and FIG. 14. The reaction time
required to reach completion is reduced to under 5 hours in an oxygenated cnvir.;)nment

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



[00048]Depending upon the final application of the hemoglobin, the purified, cross- Linked tetrameric
hemoglobin of the esinvention is optionally packaged in an air- tight package in a deoxygenated
environment. T, 9%%‘/(6}; é@? 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 %%Wf%’f?ﬁ%ﬁhe present
invention converts into inactive met-hemoglobin rapidly within few days under 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 inventigRsshenoxyoen satiercoataipingarossHinkedihemaalohin-containipg pharmaceutical
composition is delivered by intravenous injection. Therefore, the packaging design and material choice
are directed towaydstintrhvenediis #djectionr@pplieabionsalAmditi:layer package of EVA/EVOH material
is used to minimize the gas permeability and to avoid the formation of inactive met-hemoglobin. A 100
luta infusion bd§(désignehfarwirseliwithithedpinfisd: anph cross thnked: higohagiobin; eftthedpresent
invention is made from a five layers EVA/EVOH laminated material with a thickness of 0.4 mm that has
an oxygen persgabifity ofrOMOBR:13 DN pedib0drsguiare imches: 1BIE34 hdurs perapmosphere at
room: temperature. This material is a Class VI plastic (as defined in USP<88>), which meets the
in-viva BiologicAI"REK&VAYy PebiEid thanpelyBite-CRerifitaionest astréibuitaplértdlefabiicating an
infusion bag for intravenous injection purpose. This primary bag is particular useful to protect the a-a
and/or 13-3 créjs?gzﬁ?}ﬁﬁ%z&(iiﬁ% Qﬁ@"ﬁ‘gﬁ‘f GIBBI EoGHE Y RISy e gk g o Ekpodure fhat cause
its instability ar]% vquégaé% affects its therapeuti rog]grties. \%%50 g%é})lg{}i‘3%?_'02F.’CT/U82011/032594

[00050]For secondary profaction of blood Prodiets it has besn BIGniniRSYer rap to

protect against BRISAALH.(TRKA0, BRE 10 MAIIAN NG PIRdyst 10 8,8eagnalad BiRiR.towever

there is a potential of pin holes’in the aluminum™verwrap that compromise its air |£ﬁ ness and make

the product ungtabler.TheteforsepraspnkiyepHRNISES A3 38RANHRY Paskagingnaluminum

overwrap pouch which prevents oxygenation and also prevents light exposure. The composition of

over wrap poughniehudes Q.0T2mm:ofpalyethylene terephthalkate (PER). 0.QRZmMGH allminum (AL),
0.015min of nylon (NY) and 0.1mm of polyethylene (PE). The overwrap film has a thickness of

0.14mm and amcoxygendransmission rate ehd.006-crprgderabB0 $guanenchesdpe24 houss:per
atmosphere at room temperature. This secondary packaging lengthens the stability time for the
hemoglobin, estebdimestietir oderst Sidifalife sf0BOSI1IHI ipe torfhénseskiduktd¢iromatography (HPLC),
electrospray ionization mass. spectrometry (ESI-MS), and circular dichroism (CD) speetroscopy are
used to analyzZ&&Hd tHaRERAZR T Y-S aRdirble et hsree Riane decksioabsbifcror a bovine
blood source, FIG. 5 shows the composition of the product in terms of malecular weight distribution by
HPLC analysis AR HiBl: fgﬁa{m?ggft}é’?eiﬁ(gdﬂ?§{dgg§ 't@cd%ﬁ'& e BRRSEREOR (P RME SHd Bimer
respectively. Tge MORe phasgfor HEd Analvais contalns.magngsiy shiofide . ToManich can

; . - e
separate dimer, uncross-linked tetramer, and stabilized a-a and/or p-p cross-Tinked tetramer. For

promoting hen@aegl@,,hmqi%%q@antm shalless (agnesiimychlerids.is. apRroximately, 39 fimes more

effective than sodium chloride at the same me s ength. [00052]ESI-MS allows the analysis of very
large molecules:idtizamionizationtashniouathatanalyces.the;highemaolecilarweight compound by

ionizing the protein, and
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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then separating the ionized protein based on mass/charge ratio. Therefore, the molecular weight and
the protein interactions can be determined accurately. In FIG. 6, ES!-MS analysis result indicates that
the size of stabilized tetramer is 65 kDa. The far UV CD spectra from 190 to 240 mn reveal the
secondary struir&¥ 6H§f8hin portion of the hemoglobin. In FIG. 7, the consTStEAEF¥iNE Epectra of
the purified and cross-linked hemoglobin reveals that the hemoglobin chains are properly folded even
after the cross-linking by DBSE. The CD result shows that the cross-linked hemoglobin has around 42
% of alpha-helix, 38 % of beta-sheet, 2.5 % of beta-turn and 16 A of random coil. It further confirms

that cross-linking)step WiﬁﬁcRﬁ@iﬁg@ﬁQﬁ%Q&%ﬁ'Hﬁk@%tﬁ@#%%@%&ﬁ&%ﬁ@&?kﬂnﬂ%?ﬁ@&t affgct the

secondary structure of hemoglobin. [00053]The purified cross-linked tetrameric hemoglobin produced

by the process lefithepresent invepiionihas amealessanweight 9fH-AIkDaand:has at least one
cysteme moiety wherein said cysteine moiety includes a thiol-protecting group such that the

hemoglobin is indappdiieef bindindsendethelilmderivedirelakingdactaonatithel cysteine sitentFurther,
the cross-linked tetrameric hemoglobin is non-pyrogeriic, endotoxin free (< 0.05 EU/mL), and stroma
free (< 1%). [00052]Phe prdsessiof the prdserit-hventitniisdapphoabie tonlagesschbininaustrial
production of cross-linked tetrameric hemoglobin. In addition, the cross-linked tetrameric hemoglobin
in combination Wit pharmaesttical darsivtsigthwatare plhysiclbdicalrbusifer natapsule)dagssuitable for
mammalian use. [00055]The cross-linked tetrameric hemoglobin of the present invention is used for
tissue oxygendfiBh f5F Eamcshraasnbin oidth & tHuadRBrEs: 4pesggarTassRpaddirisBrger such as
hemorrhagic shack, an olﬁnh% PR Rl tion uangz?rr i 'Oﬁf\?ﬁy%e p-cont%gt e'];‘f"‘?”’g'e L9
hearplant). Thé'd0SAGE of crosi kEE et R hEHOGIAbiN g SEEEEH A% 8RcER i Pihge of
approximately (34,3 0/kq..[Q00RRIFOL 1S SANS B YRAURENt: Ihe gxyggn-carrier-containing
pharmaceutical

[00049]  In many embodiments of the prescnt invention, the oxygen-carrier-containing

cross-linked hemoglobin-containing pharmaccutical composition is delivered by

intravenous injection. Therefore, the packaging design and material choice are directed

towards intravenous injection applications. A mulii-layer package of EVA/EVOH

material is used to minimize the gas permeability and to avoid the formation of inactive

met-hemoglobin. A 100 mL infusion bag designed for use with the purified and cross-

linked hemeoglobin of the present invention is made from a five layers EVA/EVOH

laminated material with a thickness of 0.4 mm that has an oxygen permeability of 0.006-

0.132 em’ per 100 square inches per 24 hours per atmosphere at room temperature, This

material is a Class VI plastic (as defined in USP<88>), which meets the in-vive

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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composition of the present invention serves as a tissue oxygenation agent to improve the oxygenation
in tumor tissues, thereby enhancing chemo-setivity (e.g., sensitivity to chemotherapy) and radiation
sensitivity. [00057]FTC. 8 demonstrates the enhanced chemo-sensitivity of cancer tumor cells after
applying a comﬁ(?s?ﬂbﬂi\ﬁﬂaing cross-linked tetrameric hemoglobin in vitro. Fiv&/differentzsancer cell
lines (A) jurkat (leukemia), (B) HKESC1 (Esophageal cancer), (C) COL0205 (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 inventigiJafyibitign. of tumer cell growth isdeter inegyb / the ATP, tumor chemo-sensitivity
assay (ATP-TCA) (%]f furkat, %OLOZrS,Il,& ﬁ%}%}sgfdé%%)ﬁ&rﬁ- flﬁbl\]fc%ﬂ Iﬁ]eég)?8}0l§71‘ff0cé116
proliferation assay(ferElERE) celidling).Thgdesulis show dhatthe shemo-sensitivity is h 'ﬁ%h'y

enhanced by addition of the inventive cross-linked tetrameric hemoglobin in all canéer céll Tines
including two celldines;AB40/Gisp. aMEWMEGE-THADN, which:arg highly resistant in.chemathgrapy. The
" results in FIG. 8 show that as a result of the enhanced chemosensitivity by addition of the cross-linked
tetrameric hemogivbin thet treatmentefficaicyifbrieukemiastelts; esaphagealsancreepiis tdng cancer
cells, colon cancer cells, and breast cancer cells is greatly increased. [00058]In addition, the ability of
the inventive cRS¥inKe@BtRErichemsotlobinimiprove exygemation invnormalitisstiesi{ikhG. 9) and in
extremely hvpoxic tumor tissue (FIG. 10) (human nasopharyngeal carcinoma (CNE2)), is
demonstrated i THEHIEHIBIT Tharepreddrtanvd skl gaerefildammghisiiasicrackota human
CNE2 xenograft iscﬁrggc e J%%IS’ 10. Ox ge_r%gartial_pnres_sy(e within the tumor mass is directly

oA S e (OSIBH SAREHidhf oubRY R Higrsisbsitioning

monitored by a?%er-op IC oxygen sen

system (DTI Limited). ' Nou: 'n'1 o} (:1)1?1;(]5‘ /lf: 0 tnrée ss-linked tetrameric hemoglobin,
the median pogﬂ viag%)e(ﬁggyf?gf%y gzﬁﬁrﬁnl)l—%g&tg)gn mrjnz\’—ig w%jg{ ou@E h@f(ﬂ%fﬂ”ﬁ‘%ﬁ M & hdurs

respectively. Evemiasthe meshhynexis B%QL%H%-M%%Y&%%E%W%Tféoﬂﬁaig?%@%ﬁ%@r@?ﬁ%igm
n. No

composition of the present invention significantly increased oxygen tensi other similar

commercial produzishonany:exisiinghechnologiesshawas high ansfficacywhen %H@ﬂéﬁg to the
oxygen-carriercontaining pharmaceutical composition prepared in this invention. [%OO 9]For the use in

the treatment dfeoséyeiéit:- doprivatiorhdisogthdimanstindaatipsesriation,ithe oxygen-carrier-containing
pharmaceutical composition of the present invention serves as a blood substitute providing oxygen to
a target organ!iR%Sdime EBorrrfrertanahdigeichpbsitionisapsed(Bea@ardioplegiosotuticndar heart
preservation [00060]The mean arterial pressure changes in a rat model of severe hemorrhagic shock
(see Example T515) &V A% Resbmbnt itﬁ“@.?@R@rog%%%‘séquéﬁet‘étﬁaﬂem wsmisglobin of the
present invention are 'srglo_ ed itn FIG. 11. In a rat model of severe hemorrhagic shock, the mean
arterial pressute s TeflinSE BEER S e st Staktnk favsr g hrisimemisahsersietie Basaline after
treatment with,t n%t%p)ifl)igquu%[gs&gnﬁf‘% tety%meric hemoglopin. Following treatment with the
hemoglobin of the present mvention, the Feaction HMSYSPthy Meararrarprasehiractecrétum to

normal is ever, Soer A 14 0koHnG, AU (50 WhOlS g Wt sgrves, as @ posiive
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
sta’bi]}zed a-a and/or - 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.
[()005-2] 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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WO 2011/149602PCT/LTS2011/032594 control. The above results indicate thatvaso-active event after
the transfusion of the inventive hemoglobin is beneficial to maintain a stable and hemodynamic state.
Prior hemoglohin-based oxygen carriers caused many vasoconstriction events. For example, the
Hemopure(r) p%gﬁgf'](/é‘fg%}ére Co., USA) resulted in higher mean arterial préSSuFS {3 48ithHg) when
compared to the baseline (96 10 mmHg) as disclosed by Katz et al., 2010. [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 signifigantlincieased by infusinadifferent amounts.afthagrassslinked  tetrameric hemoglobin
(see Example 12). Thus the inventive hemoglobin is used as a treatment for hemorrhagic shock.
Examples [00062)the:fallowipg examplas:aie peavided-hyway of-deseribing specific embadiments of
the invention without intending to limit the scope of the invention in any way. [00063]Example 1
[00064]Overallqprdcess:foB065AIsc iewmiaticflowdiadiimdokthenpracessiofath& jprésebtinvention is
illustrated in FIG. 2. Bovine whole blood is collected into an enclosed sterile container/bag containing
3.8% (W/v) tri-soditih ErratE?8olutidh as amticebabulaenBisodtisaen intrabdiately vixed Well with
tri-sodium citrate solution to inhibit blood clots. Red blood cells (RBC) are isolated and collected from
plasma and otﬁ‘lé‘}ngﬁﬂgh]gr B}O%]é}cgnghﬁfaﬁnstcncy of the spectra of the purified and cross-linked

hemoglobin reveals that the hemoglobin chains arc properly folded even after the cross-
linking by DBSE. The CD result shows that the cross-linked hemoglobin has around 42
% of alpha-helix, 38 % of beta-sheet, 2.5 % of beta-turn and 16 % of random coil. Tt
further confirms that cross-linking step with DBSF to form cross-linked tetrameric
hemoglobin 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

16



apheresis mechanism. A "cell washer" is used for this procedure with gamma sterilized disposable
centrifuge bowl. RBC are washed with an equal volume of 0.9% (w/v sodium chloride) saline.
[00066]Washed RBC are lysed to release hemoglobin content by manipulating hypotonic shock to the
RBC cell memBt&hd Kidp¥eialized instant cytolysis apparatus for RBC lysis BEVEE28EMEIYH in FIG. 3
is used for this purpose. Following RBC lysis, hemoglobin molecules are isolated from other proteins
by tangential-flow ultrafilfiation using 100 kDa membrane. Hemoglobin in the filtrate is collected for
flowthrougli column chromatography and further concentrated to 12-14 gAIL by a 30 kDa membrane.
Column chromaiaaiapl iz rartied Qut Wgaemave.he projein iimpuritss. [000671The Gongentrated
hemoglobin solution is first modified by a sulfhydryi reagent (alkyl‘anon reaction under natural

oxygenated congitionsthen thecampershis-atrisaasied with.RRSE (e farm stable a-a and/or
cross-linked tetrameric hemoglobin molecules. [OOO68ﬁExampIe 2 [00069]Time & Controlled Hypotonic

lysis and filtratigi{66D70}Bovine whale:hlaadisdreshly collestedapddsansparted wrdenacool
condition. The red blood cells are separated from the plasma via a cell washer and subsequently with
a 0.65 gm filtratinpesfiemwadhingetiet redebloodscolts (RBO)fittrate: with O, 996satineythecfilirate is
disrupted by hypotonic lysis. The hypotonic lysis is performed by using the instant cytolysis apparatus
depicted in FIG 3 SPRERISTANTERD NsTecapiharditiscienides ehetaticcmiisitto(assistinitelhlysis. A RBC
suspension with controlled hemoglobin concentration (12-14 OIL) is mixed with 4 volumes of purified
water to gener&tEARBAESHE LIRS BBEI¥EN membranes. The period of hypotonic shock is
controlled to a Q%yawa ] |§%i5ﬁ0£1%?§§egb|[0_0d ?rellsmgn(]i glatglets..'l’.he potonic solution passes
through the static mixer portion of the Instant cytolysis apparatis ToF AbprOxiHStEN 36 s686nds. The
shock is termingted. Q -y mixj lysate with NO volume of hypertonic buffer as it
exits the staticnzf}n*g(idr. T Eg C;/%%e%%%lgiglgglﬁtligﬁr?l ggggﬁf?’%%%#&%‘g ate bla?ér()b 49 (&c 'PH 7.4. The

ins al cytolysis @ﬁ@@iﬁt@&&%@4&@%@@9@&5@5@&&%}?@%@§&f tﬁé{@%@ﬁﬂ%&&ﬂe?referably
at least 300 titers per hour in a continuous manner. [000711Following the RBC lysis, the lysatc of red
blood cells is filf€red0y aI2A gmceer), (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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filter to obtain a hemoglobin solution. Nucleic acid from white blood cells andi phospholipids impurities
are not detected in the hemoglobin solution by polymerase chain reaction (detection limit = 64 pg) and
HPLC (detection limit =1 Iig/mL) method respectively. A first 100 kDa ultrafiltration is performed to
remove impuriti&§ ARG higher molecular weight than hemoglobin. A flowBSrEE§RIEBIATH
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 hemoglobin' and for
concentration. [00072]Example 3 [00073]Viral clearance study on stroma-free hemoglobin solution

[0007alin ordeq i demansitale e safeht.of heRIaguet fem his ovenianing yius.emayal abiliies

of (1) 0.65 jim diafiltration step and (2) 100 kDa ultrafiltration step are” demonstrated by virus validation

study. This is done oy thendeNberaje-aniking: ol & dovwniscaled yersiom.ehinese W pracesses with
different model viruses (encephalomyocarditis virus; pseudorabies virus, bovine viral diarrhoea virus

and bovine parvius)l im This studyfour iypes ptvimsesisemihedolioningtabie @) wesadised These
viruses vary in their biophysical and structural features and they display a variation in resistance to
physical and chenficibagyenits ortesatments. (00076 Pable 2 Tergetd inesplinir 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 howrs 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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Structure Size [n ml Stahllite Hepatitis C virus (11C1V) Bovine v(BVDViral diarlrhea virus Fv. 'd
enveloped Encephalomyoeardilis

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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virus (13MCV) Pieor aa non-enveloped tl medium Parvovirus Bovine parvovmis Paiwiridae SSDNA
non-enveloped 18-26 very high

WO 2011/149602 PCT/AIS2011/032594

apheresis mechanism. A “cell washer™ is used for this procedure with gamma sterilized
disposable centrifuge bowl. RBC are washed with an equal volume of 0.9% (w/v sodium
chioride) saline.

[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 :nat'ural oxygenated condition, then the components
are reacted with DBSFE to form s?abi_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



Hepatitis B virus (MN' Pseudorabies virus (PRV) llerpesvindae _ enveloped 120-200 Low to medium
[00076]The virus validation scheme is briefly shown in the following table 3. [00077]Table 3

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

]



[00078]The summary of the log reduction results of the 4 viruses in (1) 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 removed by 0.65 um diafiltration and 100 kDa ultrafiltration. no residual infectivity
determined [OOW%?@%B% 4 [00081]Flowthrough column chromatography {6308 ZREREB I UMN
(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
NaC1 (pH 8.0). After the equilibration of the CM column with starting buffer, the protein sample is
loaded into the LokdmR The ARRUAG PIQIR IR IMPYHtiSs mc\%g%ﬂ@@ewﬁmé Bashe Gelumgyolume of
starting buffer. The elution is performed using 25% elution buffer (0-0.5M NaC1) in 8 column volume.
The elution profields shewn dntd€e 12 thehemagiobirsolutiondsimthe flowtaugh frastien.
[00083]The purity of flowthrough fraction is analyzed by ELISA The results are indicated in the
following tablesirW.R0EdHAS602RCIAIG204110B2B4{00084]ddble hie parvovirus). In this

study, four types of viruses (see the following table 2) werc used. These viruses vary in
their biophysical and structural features and they display a variation in resistance to

physical and chemical agents or treatments.

[
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o Immunoglobin-G Carbonic anhydrase Album Before CM column 1320 ng/mL 860.3 ug/m 435.2/mL
Flowthrough (contain hemoglobin) 44.3 og/mL

WO 2011/149602 PCT/US2611/032594

[00075]  Table 2

. . . Size -
Target Virus Model Viras Vaxonomy Genome | Structure [nm] Stability*
1
Hepatitis C | Bovine viral diayrhea virus
. i Flaviviridae ssRINA nveloped 40-60 I
virus {}ICV) (B\fDV) <] R enveiope i [BAY
Encephalomyocarditis . . . .
- v;rtzs ({LI\)E(L\;} ! Picornavirus $sRNA non-enveloped 25-30 medinm
Parvovirus Bovine parvovirus .. . .
B19 Y ( B};\;}Hmh Parvoviridae ssDNA non-enveloped 18-26 very high
Hepatitis B Pseudorabies virus . . Low ¢
Zopauts B PEUCOTUMES VUS| Herpesviridae | dsDNA | cuveloped | 120-200 oo
virus (HBV} {IPIRV) medium

[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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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 column
chromatography &y&t&H 4Kd the flowthrough tubing can connect to the secdid HiFHfREASH 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 performed in an
oxygenated enyingrgpentingontrast 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 sulfhydryl groups of hemoglobin. In this embodiment, the molar ratio of hemoglobin to
sulfhydryl reagent is HadQ 1:4. This regetion can elimipate the bindiﬁg‘ﬁ% end )thel(i};ﬁ{,-deri\; ed
relaxing factor which reacts with hemoglobin sulthydryl groups. Endothelium-derived relaxing factor
has been dempnstratedtd bind to the feactivé sulthyélryligrouips| of hermmoglobin, which|may dccount for
Lire obseryed after the in;g?io’r: of eatlier generations of hernoglok in-based

the increase of b&lg) ﬁ)r%si
. o peinl Dialilgration , 2
oxygen carriers. i0

e completion of{ the su thf/d(ryl reac CAn be monitorec (fay m‘"é%ukiﬁg’ 3tl*ge release
oot e R M Ul 7 T A ) Ao i ik
between react{on in an oxygenated envirgnment and reaction inja déo xygenated environment. FIG. 14
shows that the, reésiduiglsuifhigdny| reagenf kvels off at 3 hours in an oxysenated envikonment during a
time-course experimentelnigontiast, a lotoffunreacted sutfhydryl reagent remajns insaa@eoxyigenated
environment. Theaeld of the sulfhydryT réaction in an oxygenated environment 15 High (92.7%) after 4
hours of reaction. [00098]{&hbnCrogs-finking:¢eaction to form stable tetramers

[00080} Example 4

{00081]  Flowthrough column chromatography

[00082] A CM column (commercially available from GE healthcare) is used to further
remove any protein impuritics. The starting buffer is 20mM sodium acetate (pH 8.0), and
the elution buffer is 20mM sodium acetate, 2M NaCl (pH 8.0). After the equilibration of
the CM colurn with starting buffer, the protein sample is loaded into the column. The
unbound protein impurities are washed with at least 5 column volume of starting buffer.
The elution is performed using 25% 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.



[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 and/or ft-ft cross-linking within the tetramer.
Optionally, som&&Htiétie&inking is included within the tetramer. [00092]In #f3/&F oSN, the
molar ratio of hemoglobin and DBSF is between 5 to 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 powmgﬁi]: hepjgglabin is formed, This process is carried ou.t in an inert atmosphere of
nitrogen to prevent oxidation of the hemoglobin to form ferric met-hemoglobin which is physiologically
inactive. The ¢ompleteness of DBSHTeaction is v,,.i,w,#r.,W"_i._i,;‘_%,g,_WW sing
HPLC. The yield of DBSF reaction is high, > 99%. [00093]in one eémbodiment, the cross-linking

reaction is calfried out in a deoxygenafed,eNViraNMent EIsslYeH, pXyIen < AQphmg/t) atroom
temperature (L5 - 25C. DBSF k added to the hemoglopin solution to formjcross-linked tctrameric

hemoglobin; thiscesessiinkgghistrameric pemeglobin 1S ghatacieRized as SeLIH HEOW. Note that this
characterization is based on one embodiment only. The various proportions and types of cross-links
within the tetrafiewtambe controlled by the amount of DBSF used, the time and temperaturé of the
reaction., and; other process conditions. [00094]Whenichanging the molarf ratio of hemoglobip and
DBSF to 1:5.0 thenpercentage of octafder (480.kDa) is 8harpiyriicreased (A1 8%e/f00095](5br-1)
Electrophoretic analysis on cross-linked hemoglobin ysing 15% SDS- PAGE [00096]Cross-linked
hemoglobin spltfiiE W& mixed with an equal volume |of

[00085]  As the hemoglobin solution is in the flowthrough from the CM column
chromatography at pH & (not in the eluate), it is a good approach for continuous industrial
scale operation. The first ultrafiltration set-up is connected direc%ly to the flowthrough
CM column chromatography system, and the flowthrough tubing can connect to the
second ultrafiltration set-up for industrial scale operation. Thé 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



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 electtbPrROTEEEthe SDSPAGE gel was stained with 0.1% (w/v) CasHaszie iblersR350, 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-PAGE [N0R3SIRI0feln RANds WELE exGised 1om (e SPE-RICE gel, cutinto cupes (1 X 1

mm), destamed with 10% methano o acetic aci staine gel were redtice ' omM DTT

in 25mM NHAGQR and.allkyaiedwith BEMM,idgacetamide in: 25mMNHACOS for, 45 mmn.in dark, and
then in-gel digested with 20 ng/pL n%%difi(]ed tirypsin ir%ngi M NH4CO§ at%?‘é?%fé?nféﬁt.%&ﬁer trypsin

digestion, the trypsir-tligested peptides were axtracied bydifusion.inig 20%. (Yoo aseteniile and 1%
(v/v) trifluoroacetic acid (TEA). [00099](5b-3) Matrix-assisted laser dissociation/ ionization - time of
flight mass speotrometny(MALD TOFM S dhalysiscefity psmardigested proteishands -;029100] The
trypsin digested peptides extracted from the gel cubes were spotted onto Anchorehip plate, which was
pre-spotted wittFFpRiSRinatricavieitdm (esnd/mly H4C CATisatuTdte dimBO%acetonitrilefifdd TEA, and
allowed toair-dry. After drying, the sample spot was washed with 10mM monophosphate buffer and
recrystallized USRGY SofutfoR Ot ieiod Phcetnee. 5o TERqe 3 1or6b) MALBDK RO FNISEaralysis was
performed Withrazl !3”{ er ék}tofleé_lll (Bruker g?ajlltonic GmbH, Bremen, Germany) operated in the
SOver the miz YaHGE ST 8ot-3508 D4 Bhd thie harTRMstTs Hiere-Set #4118 ion

reflectron mode

source 25kV f%gig)ggjtége% rgrggfsogirﬁ%g{%ggtrgg!\ﬂga,i%nad %%gﬁgtg%% g@%}ll%\l/r gl?l’(% ePnl\t/l FF@:)?%?S [ calibration

was performed using Bruker Peptide Mix Ibration he peaks with Kover 4

were automatiq@{»ﬂl@ballQdeyuﬁ@ﬁ’ﬁEgég%&@w@BF??:F@_”A% FmhH, %@g@%&&gm%mgme. MS

data was further analyzed through T 2.2.04 and Biotools 2.1 softwares (Bruker altonic

GmbH, Bremeuny:Ggrmamy,cangdhese cataweressaaished roainshMammalianpigteinsNER!
nonreduntant (NC13Inr) database: The following parameters were used for database searches:

monoisotopic massnaciouradycxy2560appnparenicchaige viclinisSetk cleBNages kaction in an
carbamidomethylation of cysteine as fixed modification, oxidation of methionine as variable
modification. TH $&sesWithoproteinsdoshd thdbe) titm 67opso0:08)tsased 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 (by MALD1-TOF MS, the composition of cross-linked
hemoglobin is @é@%ne@ﬁ%{’ bﬁwlgkr@%dﬁ%(fuf’ﬁ%} PRt SERIHREE & oglobin is HI linked. [000102]

Example 6 [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:



[000103] Maintaining a low level of inactive met-hemoglobin in the product after formulation [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 cOMtdHe fa%vels of inactive met-hemoglobin molecules. In tREBHBHUiH#EME an
anti-oxidant such as N-acetyl cysteme is added at 0.2% to the cross-linked tetrameric 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 gregicgflisapnhan sed inment-(ROMAIELTe demansirale ihe.stahilty el the product

from this invention, a heat stability test is performed at 80C. The results are depicted’in &. 15. The

product made aiceQEdiRg IR IS PAGMF 49487 d-ARd IS RAtRt, 7804344 SRAVS A NI Iich is
met-hemoglobin content (22-28%). However, the product of the present invention shows a low level of

met-hemoglobinh{=iR)icfPGIRE]EExapterH{OR0R 7f Packagingid: Rrosusiostabilinn [oQe]e8] Because

the product of the present invention is stable under de-oxygenated conditions, the packaging for the

product is impoftarstduainkTz asdasHidrmdaisiliyl drdmiRGAventies applibatiéA’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 ox;ﬁﬂgﬁgﬁbrm@alﬁﬁﬁ/ SPOTOB8L0. ¥32 eifs-Bek 100 satire iffches per 29thdurs per

atmosphere at{goom temcgﬁerature. This s\zﬁecific material is a Class VI plastic (as defined in USP<88>),
0

which meets the HViTS BiofBYiEarREAL AR VESts Brdthe phi/didd-chbmIcE! PRl aré Suitable for
fabricating containers for.intravenous injection purpose (nate that other forms of pa.ckaging can be
%Qﬁ IS%SE] {L\ ﬁ%élcél %o lﬁe k?{:m%g[f;%n 58.&?3)11 l’lo Enmn(ji.oAS E"@\Sa

made from this material as well depending upon esired applicatio s8ESH a7 Bskkaging

aluminum overyap.RAHEs 21SQ anRlad-in e PHIATYAASKATIg.fusion, bag that prgyides

additional barrier in minimizing light exposure and oxygen diffusion. The composition of the pouch

consists of: 0.04ammnaf RalyetbyeneAeraphthalate (BE Dhdl-097mm af AlginumpAL),,Q15mm of
Nylon (NY) and 0.1mm of Polyethylene (PE). The overwrap film has a thickness of 0.14mm and

oxygen transmissionirateaod Gyp86Cm3speintOd shjuake inehes: par B4 houwrsipehatmospbake at room.
temperature. A schematic depiction of the infusion bag is depicted in FIG. 16. The overall oxygen
permeability fotidaBRfinfigdidheliaer frodriahizspuge i ilventitngs0OR6 erodeper @dikionrs per
atmosphere at room tem&erature [000109] A stability study is performed on the above packaging

material at 40" Y500 YBfaL R REREdIRF. TRETestiRsArédrtstabia inhe Bi6wing BiBletd: The

results demonstrate that the tpackalegin% material maintains a low level of met-hemoglobin over in
extended perid}&rccmagc of octamer (30 kDa) 1s 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.



WO 2011/149602PCT/1JS2011/032594 [000110] Table 6 Stability Study Conditions: Temperature 40
+/- 2 "C, Relative humidity 75 +/- 5"/0 Test hems Package Material Time Points Total lib Meb

Oxy-Hb _ )
WO 2011/149602 PCT/US2011/032594

[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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(g/dL) (04) (%) (EU/mL) 0 6.3 3.7 7.3 <0.02
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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.
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The overall oxygen permeability for each infusion bag from this present invention is
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.



6.4 0.8 6.4 <0.02 Ovenvrap

WO 2011/149602

[000110) Tahle 6

Stabilitv Study

PCT/US2011/032594

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 jugular

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




36.30.86.6<0.02 66.30.6

o

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
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 Analygis and Urine) and Uring)
Dav 1 (Water and Urine) collection. collection.
ay e fd
Y 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
Day 2 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
Dav & Move Animal to metabolic cages for urine coflection,
Da
Y 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
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5.2 .<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 and 4 in A ﬁcg) gg Hfoup. Normal saline (control), purified cross-linked tatfaHHAEREMoglobin 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 teyimers hemeg'abinix nfused da dhe als. o adRd ol aipals are closely
observed for the duratlon of 9 days [000114] Table 7 Study Groups Control (n=3) Low Ddse

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 1rc'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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(n=3) High Dose (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 Day 0 Randomization and Acclimatization, NS infusion for 24 hours

Day 1 Metabolic Analysis SWater and Urine) v
WO 2011/1496h2 PCT/US2011/032594

[000119] Cross-linked tetrameric 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 groups. Cardiopulmonary bypass is established in a
standard fashion with cannulation 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/di cross-linked tetrameric 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 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

dehydrogenase, creatine kinase MB and troponin-I when compared to the STS group.
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collection. NS Infusion Metabolic Analysis (Water and Urine) collection. 26.7 hours Hb infusion and
then 21.3 hours NS infusion Metabolic Analysis (Water and Urine)

WO 2011/1496062 PCT/US2011/032594

Moreover, the cellular swelling, fatty changes and hyaline changes are significantly
lessened in the 0.1% Hb group when compared to the STS group. The other measures,
including pulmonary artery pressure, pulmonary artery wedge pressure, mean artery
pressure and the cardiac water content, do not have significant differences among the 3
groups. Al the measures in this study of the 0.1% Hb group have no significant
difference as compared to the sham group. The 0.1 ¢/dl. cross-linked tetrameric
hemoglobin in STS during cardiopulmonary bypass exhibit a better cardiac protective

effect than that of STS (a current standard cardioplegic solution) and the outcome is aiso

comparable to the sham group.

[000121] Example 10

[000122] Studies on Tissue Oxygenation, normal and canéerous tissues

[000123] (10a) Improvement of oxygenation in normal fissue

000124] Some studies for the normal tissue oxygenation by cross-linked tetrameric
hemoglobin are carried out (as shown in FIG. 9). A comparative pharmacokinetic and
pharmacodynamic study is conducted i buffalo rats. Male inbred buffalo rats are
individually administered with 0.2 g/’kg cross-linked tctramefic hemoglobin solution or
ringer’s acctate buffer (control group), through intravenous injection. The concentration-
time profiie of plasma hemoglobin is determined by Hemocue™ photometer at 1, 6, 24,
48 hours and compared with the bascline reading. The mcthods are based on photometric
measurement of hemoglobin where the concentration of hemoglobin is directly read out
as g/dL.. Oxygen partial pressure (pO2) in the hind leg muscle of buffalo rats is directly

measured by the Oxylab™ tissue oxygenation and temperature monitor (Oxford Qptronix



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 Day 4 Stop NS infusion
Day 5 Remove jacket and seal the tube, return animals to normal cages Day 8. Move Animal to

metabolic cage G tiiH&aiection, PCT/USZ011/032594

Limited).  Rafs are anesthetized by intra-peritoneal injection of 30-30 mgkg
pentobarbitone solution followed by insertion of the oxygen sensor into the muscle. All
pOZ readings arc recorded by Datatrax2? data acquisition system (World Precision
[nstrument) in a real-time manner.

[060125]  As seen in FIG. 9, injection of 0.2 g/kg cross-linked tetrameric hemoglobin
solution demonstrate a correlation between the pharmacokinetic (plasma hemoglobin
conceniration) and pharmacodynamic {(delivery of oxygen fo muscular tissue) propertics
of the inventive cross-linked tetrameric hemoglobin solution. Importantly, a significant
increase in oxygenation is observed for a longer period of time compared with the plasma
hemoglobin level. Plasma hemoglobin concentration is seen in graph (A) and oxygen
delivery to muscle is seen in graph (B).

[000126] (10b) Improvement of oxygenation in extremely hypoxic tumor area

[000127] Improvement of oxygenation in an extremely hypoxic tumor area is 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 subcutaneously into 4- fo 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
Oxylab™ 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 recorded 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



and water consumed record Day. 9 Metabolic Analysis (Water and Urine) collection Euthanasia of
remaining animals Collection of blood (for both serum and plasma) Major organs preserved in formalin
*NS: normal saline, Hb: cross-linked tetrameric hemoglobin [000115] Blood samples are collected
from all study afiiE f6¢Yic pathology evaluations on Day 9. Urine is coll BEEEBA B0 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), organ weights, organ-to-body weight ratio,

organ-to-brain weight satig. gpssipeihalogy and.bistepathalagy Treatment with the,cross Jinked

tetrameric hemoglobin of the present invention does not result in mortality or adverse clinical findings

and no remarkable:gfiests ombady weighi:chang ey andivaterEenswmpton, of rats, j0994.16] There
are no obvious changes observed on clinical chemistry and hematology parameters related to the

treatment. UringgexéuainatioreshoWwsxthai:thie:Cantentrationefchloride aned patassivm-isdewer in
treatment group than that of the contrdl group on Day 2. Blood staining, higher protein concentration
and more red biogdieens inZutiie efefoandlindrieatment groupsdiiantcontrdigrell oniRays2 to 3.
Those observations all soon recover to normal. No significant difference is observed between
lung-to-body wBRIRAtBTHEHAg the sty RS Jnexped Yedmatintmé bbwivuscelirisatisigns of
toxicity are obs§{ved._Ag_ étionally, gross pathological and histological analysis reveals no major
abnormalities i b’z"él(iI“)"’ci)ﬂ’r&a' in ﬂ.lding lung, heart, liver, spleen and . kidneys (such abnormalities are
attributed to toxic side effects of infusion). [0001 7] Example 9 [000118] Heart preservation

[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,



[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 %%)ugs: sham, St. Thomas' solution (STS), and 0.1% of cross-linked tetrameric
hemoglobin grotpg® B4#df8puimonary bypass is established in a standard fa8higHS&HAEAMulation 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 cafgiagiBEiaR NG ding, (ARG PRTRUL P YRR Y, AP RRESSULRRYImoRary artery
wedge pressure, mean artery pressure, central venous pressure and heart rate, and the blood gas are
measured duripgreperfusion and compared to baseline. The release of cardiac enzymes, including
creatine kinase MB, lactate dehydrogenase and Troponin-1. are also measured as surrogate markers
of cardiac injurifiiderhatokydirhandi easinrstdining Hid sardiac Wakerldbntehtideiegtian aredgerformed to
determine the morphological and pathological changes of myocardium 120 minutes after reperfusion.
[000120] Undef tielsashiccdnditiony thelmeadires ofthe cardiacdlinetioncthledosyigen Yonsiimption and
the release of cardiac enzymes are similar among the 3 groups During reperfusion, the heart rate,
cardiac output HAG-céftrariarBu predsuns erbrtdiy dE&eudedinitie Sves grotifivAénompared to
the sham group,, I;Iigj)(yvgver,thji heart rate, cardiac cgugput, /central v?_nous pressure and cardiac oxygen

consumption aré §réatly raserdedif BI85 gritip, WhiRH i€ STHAFD HELETE a8k yroup. The
cross-linked tdirgmeric hemoglobin in STS also greatly reduces the gppearance of lactate
= . eﬁg? . é . y %’_ 5 g ] E}%e gﬁPg CravlQn a

dehydrogenase, creatine kinase and-troponin-1 when compared to group. ?\?Iagr'eover, the

cellular swelling . faty changes.anddvalingchandes ais significanilvessenediin g.9uxaHb group

when compared to the STS group. The other measures, including pulmonary artery pressure,
pulmonary artesyiNeAgeRiassdEe cReaNaRaryiRrassuie anddhe cardiag walglicontentidg,not have
significant differences among the 3 groups. All the measures in this study of the 0.1% Hb group have
no significant diffekAEe’ A5 ddrparédttothésBhansigroum denBilcQfy crhss-linketeframeric
hemoglobin in STS during cardiopulmonary bypass exhibit a better cardiac protective effect than that
of STS (a current standard cardiopleg c 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)[ %%@en@éﬁ?ﬁ’ﬁ%@genaﬁon in normal tissue [000124] Some studies for the normal
tissue oxygenaj; crgss-linked tetramenc hemoglobin are carried out (as shown in FIG. 9). A
comparative pﬁé(?r&ng%ok%’eﬁ?é%%ﬁ ﬁﬁéf%tﬁ SGRamC e ag5s ggﬁﬁlﬁ.cted in buffalo rats. Male inbred
b,UffaI? rats ar‘?d&‘ﬁ"s’ uawé%dmImlsltceEe%wgpﬁgdgigé(&ccrg%gﬁ{@1 adritce.gﬁloc eg‘lil C%I;Iilé) 9{'}07!9 i.n SO|Utio.n or
ringer's acetate buffer (control group), through intravenous |nJect|oéh. e concentration-time profile of
plasma hemoglobin is determined by HemocueTM photometer at 1, 6, 24, 48 hours and compared
with the baselif®¥&dding;FHavwsttrody siréthadddionm photometlitomeasued mentrofisgmoglobin where
the concentration of hemoglobin is directly read out as g/d.L. Oxygen partial pressure (p02) in the hind
leg muscle of B&fAIE %ﬂ?%ﬁfé&?&%@&@ﬁr@ﬁ“ﬁﬂ}*ﬁ?@@ Yesb TvPaaslselossyGaitasels ot tebnperature
monitor (Oxford %g)tr xﬂg 2011/149602ITT/ES2011/032594 Limited).Rats are anesthetized by
mtra—peritonearﬂ]njergﬁ/onl‘"c; BE g HE B R0 S h ived Y5 HsEitbH $ithe oxygen
sensor to the muscle. All p02 readings are recorded by Datatrax2 data acquisition system (World
Precision Instriidient]in @rrealitihexmanhegda0iastos seen in FIG. 9, injection of 0.2 g/kg
cross-linked tetrameric hemoglobin solution demonstrate a correlation between the pharmacokinetic
(plasmg hemo &ﬂi%ﬁqn&%%t)rg}i%q Ig{i]d QQ?H”&SS%%H%&“&Q@HV%% f oxygen to musc.ula.r.tissue)
properties of the inventive cross-linked fetrarmieric hem g% in solution. Importantly, a significant
increase in oxygenation is observed for a longer period of time compared with the plasma hemoglobin
level. Plasma R¥éfhoglobinreanéehtrativrds seemdnt ¢haphy (Ayarthioxygenmieliveontginbiiskle is seen in
graph (B). [000126] (10b) Improvement of oxygenation in extremely hypoxic tumor area [000127]
Improvement 6f ®akHON in an extremely hypoxic tumor area is evaluated by a human
nasopharyngeal carcinoma (CNE2) xenograft model. The CNEZ2 cell line is obtained from the
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 hemB§IGBIY  #&Mmedian p02 value rise from 0.2 mmHg to 3.9 mnitdd 28 HEHEY 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 cancefoel} Jijjesctapkemiaigsiking Llukay, seloncanel cellling (GORIRIR inAe
cisplatin-resistant lung cancer cell line (A549/Cisp) and adriamycin-resistant breast cancer cell line
(MCF-7/ADM) areqbtainggfrom Chinese Academy of Medical Sciences Cancer Institute. 8000 Jurkat
cells, 4000 COL0205 cells, 3000 A549/Cisp cells and 3000 MCF-7/ADM cells are seeded individually in
triplicate, onto a 96-well plate. After attachment, cells are incubated at 37C. with various

chemotherapeltit 4g8nt< S eS SFaREBHHEIMHTE WGHAL Brovdinmeadenirbiiédiemoglobin
solution. Jurkat cells are treated with vincristine sulfate at 0.31, 0.63, 1.25, 2.5, 5 and 1Q pg/mL;
COL0205 cells%@gﬁégt&ea%vlffﬂ%gﬁl&rgitf?/g(gilgé)td%yﬁlgfﬁs - .ﬁl,ng%‘%%% ?@?lgfﬁiﬁ;%@g‘gmisp cells
%;F-?/_AADM cglls are

are treated with Gisplatin aL0:33, Qo/fly A6, 313 Sop a0d %ﬁé%ggﬂhﬁgg M= HARM,

treated with adriamycin at 0.39, 0.78, 1.56, 3.13, 6.25 and 1 mL. Aftér treatment, inhibition of
cancer cell growthsisisletermnasdy:e,A TR 1ymar shemo-sensitvity assa (ATPIIUAMR0013 1]
Esophageal cancer cell line EIKESC-1 is obtained from Laboratory of Cancer Genetics, the University
of Hong Kong. 200 heincet celiscare: seaded-ante-ade-well pates After attasbment eallsiare
incubated at 37C with cisplatin alone, at 0.08, 0.4, 2, 10 and 50 pg/mE, or in conjunction with 3
ing/m.E cross-lilkeddetraréric helnaglobinrsofution. dafter inpulstid pacytotoxicitytisevdluated by MIT
cell proliferation assay. Results show that addition of the inventive cross-linked tetramenc hemoglobin
significantly entighess EHargdisertsitivityrindvabyieanesr telblidie s inehidiy 549G =End
MC17-7/ADM cells that are highly resistant to chemotherapy (shown in FIG. 8). [000132] Example 12
[000133] Treathght of AULEECSE e lE HieHErFRIYIRISA Sk [O LS APera TraktRe ke Br Alebie Severe
Hemorrhagic Sgock in eagle dogs%OOOlBﬁ] Ihé inventive cross-linkeld ﬁetrameric hemqoglobin is used
f

as a resuscitation agent I a model of Acute é)eo\?élrgaﬁeﬁr%%%sésgi‘(::hgf%c ATBSAg & 4o Bo Beagle

dogs are randagmly: divided;inia. 4,oups. according Lo sesusciiaion.agents. A.d9sdh sash group.
[000136] Grou% 1- Dextra (lNega%ive Coﬁfrol) - HE SRS e it e Sl
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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[000137] Group 2: Animal autologous blood (Positive Control) [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 establERed B itHdrawing animal whole blood at a volume of 50 nit/&k§ By &tk Ten
minutes after hemorrhagic shock established, Dextran (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, hereatfter, all
experimental animals are observed for 7 days. A panel of parameters is observed and analyzed during
the study periotPitiditiding sbiwi/al, body weight, electro-cardiography (ECG), blood pressure, heart
rate, resplratlon rate, body temperature, plasma hemoglobin concentration, hematology, arterial blood
gas, urinalysis, QWI 6“8 ché?ﬁ@ﬂ?t%@tﬁfaﬂ%%?@@&%w&@ns and adverse events Among all,

a ler h hemoglobin
treatment grouﬁ‘ﬁﬁ? a much hlgher surV|vaﬁ‘é‘t’é"@o“fﬂﬁé¢r“éd7 #itt the n%ﬁﬁé‘f”g'rﬁﬂﬁf%a fesautologous
blood group (as shown in the following table 8). [00X djlg)l] Table 8 [000142] C pe study in
hemorrhagic shock model GroupSurvival no. after aysSurvwaI rate after 7 ays (u=15) (3/4)

Dextran Negatiyex Lant @éa’[ive Control

Pog’s Autclogous Blood 12 80
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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46 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

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).



[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 SpragueDawley rats are randomly divided into 5
groups according to resuscitation agents, 16 rats in each group. [000145] Group lelate Ringer's
solution (Negath/& &&HEf000146] Group 2: Animal autologous blood (PosRIVEGa#itt$H2[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]
Acute severe hemorrhagic shock is established by withdrawing 50% of animal whole blood, which is
estimated as 350MiWkY of Haddy %veight. Ten minutes after hemorrhagic shock established, Lactate
Ringer's solutign, animal autologous blood, different doses of cross-linked tetrameric hemoglobin (0.1
g Hb/kg, 0.3 g Hb/kg, OB q@:ptU/Kg) are infisedvistedheanipaisuf he infusiamrata-akeregs:-linked
tetrameric hemoglobin is set at 5 mL/h hereafter, all experimental animals are observed for 24 hours.
A panel of parameters is observed and analyzed dérigithe study period includifigh SU val,
hemodynami rdial mechanics, cardiac.output, cardiac function, blood gas, tissue oxygen
delivery .& consumgﬁ%{"ﬁs%l?é"ﬁerfusion & oxygen ténsion (liver, kidney and Bfa), liver & renal
function, hemorhﬁolo (blood viscosity), mitochondrial respiratory control rate (liver, kidney and
brain). Among all; 8y Vﬁgéfﬁﬁ‘g?ﬁﬁmary end point. After 24 hours of observatiér;the inventive
cross-linked tetr e i t?(f@ I_(éginbiQ treatment group has much higher survival rate compared with the

normal group an fie al 0Q0 $Blood group (showi‘l in the following table 9). Wo
e
1110

2011/14961)2PGT/k; 94 [000151]Table 9, 75
(0.5 g Hb/kg)
Rat’s Autclogous Blood 10 62.5

*Hb: cross-tinked tetrameric hemoglobin

[000152]  Example 13: An Ju vitro met-hemoglobin formation study

[000153] The prior art has stated that high molecular weight polymerized hemoglabin
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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Croups Survival no, after 24-hour (n=16) 24-hour survival rate (A)) Negative control 3 1835 Low Dose
Treatment 6 37.5 (0.1 g Ht/kg

WO 2011/149602 PCT/US2011/032594

liquid pump rate is set at 30 mbL/min, and the sample is allowed to fill the circuit.
Throughout thf: experiment, the temperature of the sample reservoir is maintained af
37°C. To measure the met-hemoglobin level, 0.2 mL of test sample is collected from the
sample collection point for co-oximetry (IL-682, Instrumentation Laboratory).
Compressed air is then passed through the liqui-cel membrane contactor at flow rate 2.0
mL/ min to start oxygenation of the samples. A 0.2 mL sample is collected at 30-minute
intervals, After treatment for 5 hours, the met~hemoglobin fractions of the inventive
cross-linked tetrameric hemoglobin solution and the commercial available product
(Oxyglobin®) increase to 8.7% and 16.4%, respectively.  This demonstrates that the
inactive met-hemoglobin formation rate for polymeric hemoglobin is substantially greater
than that for the inventive cross-linked tetrameric hemoglobin (FIG. 18).

[000154] Whiié the foregoing invention has been described with respect to various
embodiments, such embodiments are not limiting.  Numerous variations and
modifications would be understood by those of ordinary skilt in the art. Such variations

and modifications arc considercd to be included within the scope of the following claims.
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Mid Dose Treatment 8 50 (0.3 g Fib/kg) High Dose Treatment 12 75 (0.5 g I-Ib/kg)

WO 2011/149602 PCT/US2011/032594

What is claimed:
1. A method for the preparation of a highly purified and high-temperature stable

Oxygen-carrier-containing  pharmaceutical composition, the OXygen-carrier-containing

L3
o

pharmaceutical composition including hemoglobin, the method COMPTISINg:

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

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

¢) filiering the red blood cells that were separated from the plasma to obtain a
iiltered red blood cell fraction;

d) washing the filtered red blood cell fraction to remove pl.asma_ 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 cozﬁpl‘ising 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 tetrame;*ic 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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Rat's Autologous Blood 10 62.5 *Hb: cross-linked tetra F C hemoglobin [000152] Example 13: An In
vitro met-hemoglobin formation study [000153] The prior art has stated that high molecular weight
polymerized heggglabin,splution is preferable because it results in longer p%)réjxslt_eqce in_circulation
Therefore, the stabilized cross-linked tetrameric hemoglobin of the present inveny%ﬁﬁw%%i:’ﬁ’f)ared 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 collectioni peinfeanthf e sesple dblekportdite copsemethemagiohin fermation of the
cross-linked tetrameric hemoglobin solution of the present invention is compared with a commercially
available produsti{@xyiglobinyarhichicdnidngapproximately 68%iatpolymenit-fractiond 428,000 MW).
Before the experiment, all samples are diluted to 5 gML and 50 mL of diluted sample is introduced into
_the sample reséRGirfrori thécsalnplarintér porurive atig iy pimp retevis@tiat@0tmk/min, and the
sample is allowed to fill the circuit. Throughout the experiment, the temperature of the sample reservair
is maintained at 37CT8TEEElife A SHA-REROHIGHT 18T1E0. 2MibeoPiestlsaimigiéris.coltected from
the sample coIIec]E'ion.%ointtfor co-%im iit}ggr(f):L-68 Instrumentation Laboratory). Compressed air is

then passed thiough the a8l menbrane CONTAtor I Patees 6 WL FeRfietsestsroRgisenation of

the samples. /0,210, Sampie‘s,colested Al S0-miaue Interals Aflel paiment for 5 hours. the
; ,

met-hemoglobin fractions of the inventive cross-linked tetramerie hemoglobin SortidAPARE the

commercial available praductLExygiobinlingrease to 8.7% and 16.4%, respectively. This
demonstrates that the inactive met-hemoglobin formation rate for polymeric hemoglobin is

substantially greater thamthatgderdhalimventive arpssinkaddetiamarichemaglabin(ElG,18). [000154]
While the foregoing invention has been described with respect to various embodiments, such

embodiments are st fimiihgliNdiherous vatiationsmand medifications:wad hevitndarstaosy by those of
ordinary skill in the art. Such variations and modifications are considered to be included within the
scope of the f@”cgwifﬁgdé}éiﬁ@gem 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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What is claimed: 1.A method for the preparation of a highly purified andtemperature stable
oxygenearriercontaining pharmaceutical composition,the oxygen-carrier-conta.ining pharmaceutical
composition inclyding hemaglobin, the method comprising;  a) providing mammalian whole blood
including at least red blood cells and plasma;  b) separating the red blood g&%iﬁ%%}t’ﬁﬁz%sma in
the mammalian whole blood; c) filtering the red blood cells that were separated from the plasma to
obtain a filtered red blood cell fraction; 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 hypefding lysisdor atimecsufficienttodysered bloedicells withgut lyisipg,white
blood cells in a.n instant cytolysis apparatus at a flow rate of at 50-1000 liter/hr to create a solution

comprising a lysdterofidibroptedired bloodcelsevel ofpetenmingfiltration 4o,repaove at least a portion
of the waste retentate from the lysate  g) extracting a first hemoglobin solution from the lysate;

h) performing a first ultrafiiffatiorpréveséusing amnittafittration filtéreonfigdred-torremavearimpurities
having a higher molecular weight than tetrangéjriq hemoglobin to further remove any viruses and
residual waste ?gﬁgﬁtﬁf’e frotn B firdt Frefiogibbin sBIttGRNES! ot sisdmsrretindinoftebicsolution:

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 stafic 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 OXy gen-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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i) performing fiowthrough column chromatography on the second hemoglobin solution to remove
phospholipids, protein impurities and dimeric hemoglobin and to form phospholl, low protein impurities
and low dimer h%% ?Ri@ﬁ%glution; j) performing a second ultrafiltrarion process on the’
phospholipicl-free, low protein impurities and low dimer hemoglobin solution Uiy HlitéPeshtigured to
remove impurities resulting in a concentrated purified phospholipid-free, low protein impurities and low
dimer hemoglobin solution k) blocking the sulthydryl groups of hemoglobin molecules in the
concentrated purified phospholipid-free, low protein impurities and low dimer hemoglobin solution by a
sulthydry| reagent imia ibhouyaRNaeg,eIROMER SUChUakibe-Nemaalohin maleskIcs Rach have at
least one cysteine moiety including a thiol-protecting group such that the hemoglobin molecules are
incapable of binding@mnttetheltis-deriveddelaxdng fagiohiatdhe: SyRiRine sites. 2 s-dblsressilinking the
thiol-protected hemoglobin by bis-3,5-dibromosalicy filmarate to form high-temperature stable
cross-linked tetramerit herndelobinastitheut:tive:formatieniafipalymeric hemoglobin such that the -
molecular weight of the resultant cross-linked tetrameric hemoglobin is 60 - 70 kDa and consists
essentially of nonpolymeric cross-linked tetrameric hemoglobin; m) exchanging a suitable
physiological buffer for the cross-linked tctrameric hemoglobin; n) removing any residual
non-cross-linked tettAfnBHE R I RbBiPaRer i redidnad Erasmicalisbyonastiagpharmacyugdaing N-
cetyl cysteine at a concentration ofé12-0.4_% to the cross-linked tetrameric hemoglobin to maintain a
level of 1.emogfSBIRBEIGN EekisnG wherely BudiryHeiéng anvdiiophasprdigilireeh thiblRdiotected
high-temperature sta}bl .up.to a temperature of 80 C cross-linked retramer ¢ hemoglobin free from
polymeric hemé’é(f(%lrlwn{%ng BrarAEcaticAIy Hdbe R R ESHIRFNE: The method for the preparation of
the oxyge camepharmaceutical composition of claim | wherein the instant cytolysis apparatus includes
a static mixer. 3. The method for the preparation of the oxygen-carrier-containing pharmaceutical
composition of glaimyLWhergin saicer Oﬁ%ﬂ%&&lt%tfi%%feér E&@Q@!&%@A&%ﬁ{%ﬁ«; Lrambavipe,

porcine, canine or equine hemoglobin.” 4. The meth he preparation o

oxygen-carrier-gayRniad phaimace Al Fomparilion el HAm mheain de.olum diomptooraphy

comprises.one or more cation-exchange columns and anion-exchange columns.
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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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. 6. The method for the preparation of the oxygen-carrier-containing
pharmaceutical composition of claim | wherein the hemoglobin cross-linking by bis-3,5-dibromosalicy
fumaratc includes at least a-a and/or (343 cross-linking, 7. The method for the preparation of an
oxygen-carrier-containing pharmaceutical composition of claim 6 wherein the cross-linking conditions
arc selected such that f3-43 cross-linking is greater than 50% of the total cross-linking, 8. The method
for the preparatioriofcaniexygerrtastier mentnng phaimasouicaksampaaiion REciaim 8 ysrein the
cross-linking conditions are selected such that p-p cross-linking is greater than 60% of the total
cross-linking. c8” Therh ethos fosrthdeprepadatian.of an oxygen-earner-containing pharmaceutical
composition of claim 6 wherein the cross-linking conditions are selected such that P-11 cross-linking is
greater than 70% of the total cross-linking. 10. The method for the preparation of an
oxygen-carrier-containing pharmaceutical composition of claim | wherein the pharmaceutically
acceptable cddier igta pighéioloyichkbutfed ohigatermbiraibe metbad forthe prpasalion:of.an;
oxygen-carrier-conta fling pharmaceutical composition of claim | further comprising packaging the
prepared conipeiitishical muitipgsitidexibienisision ipankalybinaving ahcaxygenipedpeabiity of less
than 0.0025 cm3 per 24 hours at ambient conditions. 12. A highly purified and high temperature stable
oxygen carriétEanedlningonamyaeitiealsedinpositionmnernphising e dghebia bthe:heroglobin
consisting essentially of nonpolymeric cross-linked tetrameric hemoglobin formed by the process of
claim 1. 13. #4&thod of oxygenating tissue comprising providing the composition of claim 12 to the
tissue ex vivo.

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

the tissue ex vivo,
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ABSTRACT OF THE DISCLOSURE

ABSTRACT OF THE DISCLOSIRE

A high temperature-stable and highly purified cross-linked (optionally = 70% B-f3
linked) tetrameric hemoglobin with high efficiency of oxygen delivery suitable for use in
mammals without causing renal injury and vasoconstriciion is provided. The dimeric
form of hemogiobin is degenerated and purification processes are performed on red blood
celis from whole blood. Controlied hypotonic lysis in an instant cytolysis apparatus
prevents lysis of white blood cells. Nucleic acids from white blood cells and
phospholipids impurities are not detected. Blocking of reactive sulthydryl groups by a
sulthydryl reagent is performed in an oxygenated environment. Flowthrough column
chromatography removes different plasma protein impurities. N-acetyl cysteine is added
to the cross-linked tetrameric hemoglobin to maintain a low level of met-hemaoglobin.
The stabilized hemoglobin is preserved in an infusion bag with aluminum overwrap to
prevent formation of inactive met-hemoglobin from oxygen intrusion. The product finds

use in tissue oxygenation and cancer treatment.

' Fig. 2

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 without causing renal injury and vasoconstriction is provided. The dim 'c form of
hemoglobin is degenerated and purification processes are performed on red blood cells from whole
blood. Controlled hypotonic lysis in an instant cytolysis apparatus prevents lysis of white blood cells.
Nucleic acids from white blood cells and phospholipids impurities are not detected. Blocking of reactive
sulfhydryl groups by a sulfhydryl reagent is performed in an oxygenated environment. Flowthrough
column chromatography removes different plasma protein impurities. N-acetyl cysteine is added to the
cross-linked tetrameric hemoglobin to maintain a low level of met-hemoglobin. The stabilized
hemoglobin is preserved in an infusion bag with aluminum overwrap to prevent formation of inactive
met-hemoglobin from oxygen intrusion. The product finds use in tissue oxygenation and cancer
treatment. Fig. 2



