A METHOD FOR THE PREPARATI ON OF A H GH TEMPERATURE STABLE
OXYGEN- CARRI ER- CONTAI NI NG PHARMACEUTI CAL COVPCSI TI ON AND THE USE THEREOF
Cross- Reference to Rel ated Application: [0001] This application clains
priority of U S. provisional patent application nunber 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.
Techni cal Field [0002] The present invention relates to a nethod for the
preparation of a high- tenperature stable oxygen-carrier-containing

phar maceupi METHODFOR TIHID PREP ARELTIONOS Al HIGHTRESTPERATORY SPABEE The
present i px8GERICARRIEREEONIAINING® HPRRVIAERBTRCAR; t FOMPOSITEON ab! e

oxygen cagwﬁmggﬁg%%@har maceuti cal conposition for cancer treatnent,

oxygen-deprivation r and organ preservation for humans and ot her

ani mal s. Background of Invention [0003] Henogl obin plays an inportant role
in nost verte tes for sequs .exchange between the vascul ar system and
tissue. | r?s§'q*e %rﬁgﬁf‘sﬁotﬁ‘gg‘f@%l)@é{ﬁ%“ng oxygen fromthe respiratory system
to the bogﬁ fells via bl ood ?LrguLatio? and al.so carrying, the ne%gbolic
wast e proti8t] car BBhaRR G Icde AR PrieT Ml hoohPrRuriPrl patetappleaion namaes,

system where the carbon dioxide is exhal ed. Since henoglobin has this
oxygen traH3pore4 filedouMay 3% 2@Hhandd) §seatery eppliqgtion srriabry: g 13 ddpifilesk if it
can be stabilized ex vivo and used in vivo. 11111111111111111111 1 sjco SO_
1111111114126 Jahary120011the dis¢lpgures efsgigcipare 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 vertebratés 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 supplicr if it can be stabilized ex vivo and used in vivo.
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[ 0004] Nat ural | y-occurring henoglobin is a tetranmer which is generally
stabl e when present within red blood cells. However, when
natural | y-occurring henoglobin is renmoved fromred blood cells, it becones
unstable in plasma and splits into two a-13 diners. Each of these diners is
approximately 32 |IcDa in nolecular weight. These dinmers nmay cause
substantial renal injury when filtered through the kidneys and excreted.
The breakdown of the tetraner |inkage al so negatively inpacts the

sust ai nabj .1ty of..the functional h lobjn in circul ation. 05] 1 n order
to pr evenlltol()b)%]eak%Wa@f'ofﬁ’fg"fggﬁ%?é&g%Se%{éaﬁfim e‘{}’é cgﬁ%%‘?ﬁegaﬂ?'r‘?gag’%n% 1"obi n
processi ng have .incorpqrated various cross-|inki t echni ques .Create
Pt T anol eugrEl HEHUSCOD celfe. FBNCARerIR BT SR HTER MSTBEP onds
between the tetramers to form pol yneric henogl obin. The prior art teaches
t hat pol yiegwoived freroedotiped pellsy Hebospmese pnséable gt plapma apd plits gnion@ioeade |
circulatory half-life of the henogl obin. However, as determ ned by the
present idivert ddash ofahgseradimershis napptaxidmatelyo32 kDaaidi thylecdawv eeight.t dhese

met - henogl obin in blood circul ation. Met-henogl obin cannot bind oxygen and
t her ef or egigRRNALy QX¥OQIbLRLAl ir&RURjury RAke FittRd HrbeslCthe kRinbysHhdnrgckrught by
the prior art that causes the formation of polyneric henoglobinis a

probl em FhepRak®wd 1086 tdtfanieP Gnidek amrnegabt}i@wﬁﬂmu% thO SstRRIMY Df the

i ntranol ecul ar crosslinking to create stable tetranmers w thout the

si mul t ane : ' - i ¢ henogl obin. [0006] Further problens wth
t he priorR%?FLgig%%%@%”?%“ﬁ%&%ﬁﬁ?ze henogl obi n i ncl ude production of
tetrameri nogl.obin that includes,an u cept.ably high . percentage of
i rer o (2005 e il 08 e BEERRacHh, JE 6 S8 AREY el BB SRR E,
unsati sfactory for adm.nistration to mral s. The dineric. formof the
herogl obi FEREIORIY RIRCCSURE have é‘ifélfpolr?{f‘g’r%”?‘ﬁ EropuiEng ArFhBisSS 1 KT enal
injury can be severe enough to cause death. Therefore, there is a need in
the art twtameleedansbesls avithin theicirpmen anygl obiintcrnelpeulashogdadpiean dicrer i c
formin the final product. [0007] Further problenms with prior art attenpts
t o creat eteghmbisetchdomy| mitymericn demdglobine prhes price aof tqachaseihat i pebyménid es such
as i mmunogl obin G that can cause allergic effects in mamuals. Therefore,
t here i s bemegbobin ns tthe meferredrfomn pnoedss tavhnabase anrqplatdy clalShifgbb e the
tetranmeric henogl obin wi thout protein inpurities. [0008] O her problens with
prior arthdiesgiehiebiHowavepas dtictnitied b lthidprevems @Aty ipolyneiic fieidoglvbig
transfusion in mammals. It has been indicated that this vasoconstriction is
due to enggthhiidntdetity Rtmbhaddodid ACEI6d birdithitidd. tMetliRailob &danbhydryl
groups of a henogl obin nolecule. Thus, there is a need in the art to create
a stabili rd i ; S Lt 1 on

! Bﬁ@g%géénaaﬁi% th&f%g%gﬁnﬁpg%e&@é ti&QES TheferGraUne cHRSARARS tilsfi | O]

following tr usi on. 09] tion to the above p ens, there is a
need int Q}? th%rpgio]; 2k afe gz}u"él&' tl}é Fo%qlation of polymeric hemoglobin is a problem. There is

a need in the art for a technique that permits intramolecular crosslinking to create stable
tetramers without the simultaneous formation of polymeric hemoglobin.

[0006] Further problems with the prior art attempts to stabilize hemoglobin include
production of tetrameric hemoglobin 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 scvere renal

injury in a mammalian body; this renal injury can be severc enough to causc death.



tetrameric henogl obin that is phospholipid free and capabl e of production
on an industrial scale. Summary of Invention [00010] The present invention
provi des a nethod for produci ng high-tenperature stable, purified,
cross-linked tetrameric henogl obin suitable for use in mammual s wi t hout
causi ng severe renal injury, vascular detrinental effects, or other severe
adverse effects (including death). The invention also includes the

hi gh-tenperature stable, purified, cross-linked tetraneric henogl obin and

the use ofhdrbRrd)an®eli®Rideed Of 1RXX@a0 FrdBNst@ble i thrarhdtR RMbRIbIY Wi fowssue.
[ 00011] The nethod includes a starting material of manmmalian whol e bl ood

i ncl udi ngyAbadk&Pdiefi€ il iR Gl poagitd plasma. Red blood cells are
separated fromthe plasna in the mammal i an whol e bl ood foll owed by
filteri ng[dO?Z]gb Ut ey {)llol)lteﬁmégﬂ{hr O& orbalrtoang%?sl 1!0 cfréa(flcc %t'gﬂg -hler-r{rlgglglgl :%cglrlge?_h;ed

bl ood cel ction 1s was renove plasma protei

washed red bl ood cells .are disrupted.by a controlled hypotonic lysis for a
e sut £ Mepapes iy da i BatiTS SR CE e B ERBG Lol d6rels e Sel 1s T
an instant c tol%si agparﬁtus at(g,fIOM/r?te of at 50-1000 liter/hr.

Fil trati off PaMPalst dhmsrre-dhire hod Beedin theadt fog apreceoihish camprodussistablet ent at e
fromthe I¥sate. A first henoglobin solution is extracted fromthe |ysate.

[00012] A fefrpgerighemegiohin withpy Presein d@BYErities. per f or ned usi ng an

ultrafiltration filter configured to renove inpurities having a higher

mol ecul ar [0888ght @then pebicarser woh hemrmgl olri nhemoglolonf uprereatione mondudmny
viruses and residual waste retentate fromthe first henoglobin solution to
obt ai n a ssoomdtriveéom gblddving Scinsfusion. in Rhawmials o u fthhasobesmmindkredahatgthéphy i s
performed on the second henogl obin solution to renobve protein inpurities,

di meri c hempedmictioand qRosPRedIRIRN-UQivEr MaRingh @=RRObinding - for e@cand | ow
di mer henogl obin solution. A second ultrafiltration process is perfornmed on

t he phospiainyBiyil gfduBs o PR dehOMoBth MRl RO RIhBreSO b Web P M8 aRTo drchicl 4 er
configured to renove inpurities resulting in a concentrated purified

phosphol i gi s ARckc0 ' - h I DS [ 3] Syl hydr yl
gr oups ofghgﬁ%% ggln ﬁ%lggﬂ?ég&grgﬂgﬁ%%ge mi%E# egggﬁ%gﬁg%g%eg#bgﬁﬁgfied
phospholig&%ﬁkgee and | ow di ner henogl obin solution by a sul fhydryl reagent

in a full y"6XY§ehat ed environnent. The resul tant henpgl obi n nol ecul es each

hav I n ein i i ncludin hi al - in : h

t ﬁa,? ? L e @ﬁéblo o pﬁ%éﬁltn%n tg thrEDab%tvg prob?enlljs(,:i thege ?s z} neec()i in F%{xeo En% %r a gtalglllilgeudo suc
tetrameric hemoglobin that is phospholipid free and capable of production on an

industrial scale.

Summary of Invention

[00010] The present invention 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 invention 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.



nol ecul es are incapabl e of binding endotheliumderived relaxing factor at
the cysteine site. [00014] At | east the a-a and/or 13-13 subunits of the

t hi ol - protected henogl obin are cross-1inked by bis-3,5-di bronosalicy
fumarate to form hi gh-tenperature stable cross-linked tetraneric henogl obin
wi thout the formation of polyneric henoglobin such that the nol ecul ar

wei ght of the resultant cross-linked tetraneric henoglobin is 60 - 70 kDa
A suitabl e physiological buffer is exchanged for the cross-I|inked

tetrameri l.ob i I dt | obi
R R A A T R
| t filt t | t ei d at t t f 0.2-0.4%
Lo e oIt Rl arEhy P et s P ot o2

met - henogl obi n_bel ow 5% The phospholipid-free, |ow diner, thiol-protected
hi gh- t enpasmmalian whelp |b&s>0érf@lé@wd| Iykilieringtte ahier & fikerad siddtped ¢cdl frassAnadded t o
a pharmaceutically acceptable carrier; the pharmaceutically acceptable
carri er cHre blecred pidylipasl edii Gadtiobus feshed to wemeyve, plpsdBONS]cip impwitey khsi s
procedure, the resultant henoglobin is optionally packaged in air-tight

pol yet hylwemsbed eddhld @heelly iareydisrapted ay @, coetrdiidderypotonmylysiafarahiohe §uPlcicHVA,

EVCOH) infusion packages. The packaging prevents oxygen contam nation which
resul ts i 1yeacd Blob@ELRRVitHout &Gk white BRYod lelDiglaglihstant ERORR laphgatus at

hi gh-tenperature stable cross-|inked henogl obin produced by the above

met hod i s, H§QGatb QF af H&: 1 60CREIBNFiRfati¥REd QRSN Efcthodtl Ghleas al RGN,
col orectal cancer, lung cancer, breast cancer, nasopharyngeal cancer and

esophageay, Q@a@fée{etcn{g&efrﬁﬁcﬂg o erﬁrgﬁ?&ﬁ&Ydm SRAGETs. Stabidd ida hel MPr OVe
oxygenation 1 n tunor s, thereby ‘enhancing { Re sensitivity towards
radlatloqk%gd chenot herapeutic agents. The high- tenperature stable
cross-lin tetraneric henogl obin is al so used for preservation of organ

tissue du trans | an reser.vati t he hea i tuations
wher ot neloB0Ry' 5 B BhoeBliith BOGRT S erOmus w0 e aiag o’ B
oxygen- deprlved heart Brief description of the drawings [00017]FIG 1
depi cts t¥@ lameﬁowawvgéaweﬁté@ Bivingh pe Righer maplechisr evrie | teiEIpREiC
[00018]FIG 2 is a flowchart depicting an overview of the process of the
present i haneazldbimand @O repvanycHBKes indartiguali sghte referipteifiom Btfirgtyt ol ysi s
apparatus used in the process

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 phospholipids to form a phospholipid-free and low
dimer hemoglobin solution. A second ultrafiltration process is performed on the
phospholipid-free and low dimer hemoglobin solution using a filter configured to remove
impurities resulting in a concentrated purified phospholipid-free and low dimer
hemoglobin solution.

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

one cysteine moicty including a thiol-protecting group such that the hemoglobin



of the present invention. [00020]FIG 4 is a graph showi ng the reaction of
henmogl obin with sul fflydryl reagent in oxygenated and i n deoxygenated
environnents. [00021] FIG 5 depicts high performance |iquid chromatography
anal ysis for cross- linked tetraneric henogl obin. [00022]FI G 6 depicts

el ectrospray ionization nmass spectronetry (ESI-MS) analysis for the
cross-linked tetraneric henogl obin. [00023]FIG 7 shows a circular

di chroi sm (CD) spectroscopy analysis for (a) purified henogl obin solution

and (b) chR&Rulet BieRciRblcadTaihdind) SARGAPRINIderVOPPA4ifg Gctdt shRVSydidife
cheno-sensitization effects of cross-linked tetrameric henoglobin in vitro.

[ 00025] FI G, 9 depicts the inprovenent of oxygenation in normal tissue using
the cross-linked tetranmeric henoglobin of the present invention.

[00014] At least the a-a and/or B-B subunits of the thiol-protected hemoglobin are
cross-linked by bis-3,5-dibromosalicy fumarate to form high-temperature stable cross-
linked tetrameric hemoglobin without the formation of polymeric hemoglobin such that
the molecular weight of the resultant cross-linked 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 met-hemoglobin below 5%. The phospholipid-free, low dimer, thiol-protected high-
temperature  stable cross-linked tetrameric hemoglobin is then added to a
pharmaceutically acceptable carrier; the pharmaceutically acceptable carrier can be a
physiological buffer or water.

[00015] Following this procedure, the resultant hemoglobin is optionally packaged in
air-tight polyethylene, ethylene-vinyl-acetate, ethylene-vinyl alcohol (PE, EVA, EVOH)
infusion packages. The packaging prevents oxygen contamination which results in the
formation of inactive met-hemoglobin.

[00016] The high-temperature stable cross-linked hemoglobin produced by the above
method is used for the treatment of various cancers such as leukemia, colorectal cancer,
lung can;:er, breast cancer, nasopharyngeal cancer and csophageal cancer. The
mechanism for destroying cancer cells is to improve oxygenation in tumor cells, thereby

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



[ 00026] FI G 10 shows the inprovenent of oxygenation in an extrenely hypoxic
tunor area using the cross-linked tetraneric henogl obin of the present

i nvention. [00027]FIG 11 shows the nean arterial pressure changes in a rat
nodel of severe henorrhagi c shock after the treatnent with the stabilized
cross-linked tetraneric henogl obin of the present invention. [00028]FIG 12
is an elution profile for flowthrough col um chronmat ography; the henogl obi n
solution is in the flowmhrough fraction. [00029]FIG 13 schematically

depicts fl owt hrough CM ol u chromat ography. systemwith ultrafiltration
for an'i naterina SHHE TRl TfPEo S RPR s % B8t bl ot heen
sul fhydryl reactiqgn.in an oxygenated envirgnnment and reaction in a,
deoxygenatr& Bithe Aorraetrnsplaps e pFsrafigniod the hgae oy Siaigs Y hefe ihege e heat
stability of the cross-linked tetrameric henpglobin of the present
i nvent i ord Rephexyach Yrplyi isrivar tuch ahpginghy gen-depoigedharte) G 16 is a schematic
depiction of an infusion bag for the cross-linked tetraneric henogl obi n of
the present invention. [00033]FIG 17 is a schematic depiction of an
apparatus used to test the formation of met-henoglobin in vitro.

Brief description of the drawings

[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 instant cytolysis apparatus used in the process
of the present invention.

[00020]  FIG. 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 chromatggraphy analysis for cross-
linked tetrameric hemoglobin.

[00022 FIG. 6 depicts electrospray ionization mass spectrometr)‘/ (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-linked tetrameric hemoglobin.

[00024]  FIG. 8 shows the chemo-sensitization effects of cross-linked tetrameric
hemoglobin in vitro.

[00025] FIG. 9 depicts the improvement of oxygenation in normal tissue using the

cross-linked tetrameric hemoglobin of the present invention.



[ 00034] FIG 18 depicts the rate of net-henoglobin formation for polyneric
henogl obi n and the inventive henoglobin in the apparatus of FIG 17.
Det ai | ed Description of Invention [00035] Henogl obin is an iron-containing
oxygen-transport protein in red blood cells of the blood of manmal s and

ot her ani mal s. Henogl obi n exhi bits characteristics of both the tertiary
and quaternary structures of proteins. Myst of the amno acids in

henogl obi n form al pha helices connected by short non-helical segnents.

Hydr ogen [poogds] stEID. l10zghobahd@hpatmefcdfl ygehdtivhde dnhextReEnghgpixic causi ng
attractions wthin the nolecule thereto folding each pol ypeptide chain into

a Spec f1 fnRIaRs usfhe ARBGLANKE! FBLEEHL Ferh 1Al BBRETRAInGRv . o obul ar

protein subunits. Each subunit Is conpose a polypepti ai n arranged

into a Sef]009§7]a' 'ﬁH.>i1SSBBMEQ%Lﬁkansm%ﬁef%ggg@a%%g%i%g rrrzg &S&%ﬁ’%?@e?‘e fol d’

arrangenent w'th an enbedde ene group. roup consists of

an iron atom held i hgt er,ocyclic rin nown..as.a_ por rin, The iron
at om bi nd C‘E%faﬁlgrcy S{ll?ﬁaf’ﬁerf S ¥rﬁfltfnr68£)e‘ﬂ htt W%Hl?ﬂecrg%shl?r@éd oFITERES | ng
which lie in qqg pﬁ@ne. Oxygen:.is then able to bind to the iron center

per pendi cOfBe8leyn PRIC PresFRiINentiols hor phyrin ring. Thus a singl e hempgl obin
nol ecul e has the capacity to conbine with four nol ecul es of oxygen.

[00037] | n[0982%) K, is PR euipn: PreBlenton floyrongh pelnmyl Ematpgraphys éhe aner
cal l ed henogl obin A consisting of two a and two O non-coval ently bound
subuni ts Hbemegiekin selutien ia e flowslrbughelgaction. 141 and 146 ani no aci d resi dues
respectively. The size and structure of a and 11 subunits are very simlar
to each of(0629] Eaddk. dB dchemgicbhlynidepictias flawttnbieghuChlt covemmghdhrahatagrapity 16 kDa
for a total nolecular weight of the tetraner of about 65 kDa. The four

pol ypept i skateph@ith sltafi@rdtion fisk anan®rR6hl Sakespehyiosal t bridges, hydrogen bonds
and hydrophobic interaction. The structure of bovine henoglobin is simlar
to human g obFiG. (190is14%ongRALIH Yetwed salfRydlyl Rhctdn¥in d8NEAyig¥ndtdd 13
chain). The difference is that the two sul fhydryl groups in the bovine
henogl obi el t j he sul fhydryls in human
hennglobi%“éPgngggggéggﬁgh@ﬁ“%%xg¥%§§§E%%th%n%ys 93 and 13 Cys 112
respectiv FI h ] i nces:.al i f Vi ne,
naman,  canOgal g IS End th ARG BE MR, VENF el 1 ¢
P, and E. The unhikelﬁgin hacids ironmvarious(ﬁgunces ﬁregﬂ aded. FIG 1

i ndi cat es'TREETH{THRS ?rﬁgﬁ 6B ARCBLOTHT GHPAEIHP PHPY 3 "N BBvi ne, cani ne,
por ci ne and equi ne henpgl obi n when, conparing their am no acid sequences.

[ 00038] | n[4P82r al TR b6 s sehergrticelenighionpian lﬁgist?é bag forihogassclatked, 't he

associ ation of ) ) )
tetrameric 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 hemoglobin in the apparatus of FIG. 17.

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

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



an a chain wth its corresponding 13 chain is very strong and does not

di sassoci at e under physiol ogi cal conditions. However, the association of
one 41 dimer with another 43 dimer is fairly weak outside red bl ood cells.
The bond has a tendency to split into two 43 diners each approxi mately 32
kDa. These undesired diners are small enough to be filtered by the kidneys
and be excreted, with the result being potential renal injury and
substantial ly decreased intravascular retention time. [00039]Therefore, it
is necess; xzto st used ou e

he d bl d
col l's bott &Ja%e?? i e PR, MBb et e 5, Bbhch A mBrgbR” ™' o

stabilize inis outlined belo overvi ew of t ess of the
or esent i AVEMA Pgesp‘foagiﬂﬁdle ¥ Short R botisa] espeniso F gfoeen DondY TR
[00040]In|t|all , & whol e blood source is selected as a source of

henogl obithe helmr yestons| ipyde the hemoglbimransiahatiiacsions Bihsdthe smodesulecthergto

i ncluding, but not limted to, human, bovine, porcine, equine, and cani ne
whol e bl dotilingThechr pelypdptidel chaih| istoap espsaparshaned 4 homoglebinpingleele ifidnt er ed,
and washed to renpve plasna protein inpurities. [00041]1n order to rel ease
t he henogdsedmbly fof donrtgiebulae cpriteimodibutsl Eactt fibuoelid corepdsediné aipelylpystett.

Al t hough various techni ques can be used to Iyse red blood cells, the

present i dMAdri@Ped!BBSa kot D &-MMF &irudtiROE R chits CORMctddANS “inky olobBIaR Whi ch
can be precisely controlled at volunmes suitable for industrial-scale

producti ﬁ”?ggn&nbﬁmgﬁgnbloo ﬁ%%ﬂhlcytoly5|s apparatus as seen in FIG 3

is used to se the re protonlc | ysis creates a solution of

| ysate i ng Iobln and. a

| dustr1 apotf e THETRRs R el SR GRS PR o s RES e 0o ¢
only red bl ood ceII are | t hout mhlte bl ood. cel | s ar, ot her
cel 1s. | eGHTREd HEHED a{Obe‘& Sz%lua#y M%‘Sﬁlowg?‘gﬂ%enc%}?rm WP%C%‘?SQ?H’FUS i's
sel ected such that the red blood cells traverse the apparatus in

appr oxi mefitg yhish lisdr sneiplanndvgen isribemphle &, bind ja ths iggsrenisr aerpeiicuildes a
static mxer. Deionized and distilled water is used as a thotonlc

sol uti on. to@he plons feth¢ porpkyrimudies. Shuod sinplathemhglobimematcude hasrthtgapeeivhioc
solutions having different saline concentrations would result in different
time periodwifiowith &dir blobasdles ef dxyiggsi s. Because the controlled lysis
procedure breaks the red blood cells only, not white blood cells or

cel lul ar [®003Ar, Ihtadoit Aimhze shet ostlcomaaseypd of heth@lgintiea nsranehoslpddol i pi ds
or DNA fromwhite blood cells and other cellular nmatter. A hypertonic

sol ution hsnRuh Al RBdiRt 6 thodd bEd DB $8620¢HentlyNBundl Subudit Qsigdagedr ed
bl ood-cel | containing solution has traversed the static m xer portion of

the i nstant, gyl olysho aRPALRLYS. 1 ENGESHEd Ao BETRALARLE. RS chigher

purl ty an%f ? contam nants sucC

phosphoI| ids th objn resulted from.usi s techni ques.
Cndent 1 eCtHGRIG PR 40T 4 FHORITHE DE LG CarFs %ﬁ% %wB ot w"b}l%rgs Bdurities
are not detected in the henogl obin solution by polynerase chain reaction
(det ect i omolepylpr weighgpf p@gutéﬁgmm@ f@@étr@éqcukahwmgm Qf the tetragerafjabertttiod
respectively. [00042] Two ultrafiltration processes are perforned; one which
renoves ikiparThe fosr ipalypegidendhemslaze bomidytnt sachrabdreby sdiabritgsphydsbgen bef or e
f1 owt hrough col uimm chronat ography, and anot her which renoves inpurities
havi ng nob@aeslaad hdiophtlsc ligssction. The structure of bovine hemoglobin is similar to

human hemoglobin (90.14% identity in o chain; 84.35% -identity in B chain). The
difference is that the two sulfhydryl groups in the bovine hemoglobin are positioned at
Cys 93, while the sulfhydryls in human hemoglobin are at positioned at a Cys 104, B Cys

93 and B Cys 112 respectively. FIG. 1 shows the amino acid sequences alignment of



t han henogl obin after flow hrough col um chromat ography. The | atter
ultrafiltration process concentrates the henoglobin. In sonme enbodi nents,
a 100 kDa filter is used for the first ultrafiltration, while a 30 kDa
filter is used for the second ultrafiltration. [00043] Fl owt hr ough col um
chromat ography is used to renove protein inpurities in the purified
henogl obi n sol ution such as i munogl obi n-G al bum n and carboni ¢ anhydrase.
In some enbodi ments, colum chronat ography is carried out by using one or a
conbi nat i Béviey, hamanEdagingd) porciay and eduie hedibetobih) atpectbelyurbdeSBCH, aspa DEAE
colum, CM colum, hydroxyapatite columm, etc. The pH for col um

chromat ogEaPRY ThS uhviRd &ﬁﬂnb Yac{dk GFOnd v‘hﬁ’mﬁ sourckd aRNG a8 FIG "B NhdicAed Ihait hr ough
CM col utm chr omat ogr aphy step is used to renpve protein inpurities at pH

8. 0. E”Zyﬂﬁnﬁ rﬁgﬁgglo ?e(grﬁg{;'tsuﬁ \(vﬁrlb%'%‘ neI Ta ﬁéf&rgﬁ? 4 ?@&Ea the

protein inpurities”an |p| enalnlng in e af %l ution

f romt he ﬁ0| 18@1}8[@5&? rm%h% 1 ammo acﬂls%l%nf l owt hr OUgh COl urm
chronatograd%@ separaf ﬁes 4% EoneT hadEe: separation schenme enabling

ndustri a roduc ELI A. 1 es at t he anpunt . of
L hone T rolioDsfts R SO iAo PPR e dab A Rath of

tetranmeric hepogl ohin (i munaogl oabin-G 44.3 ng/n; al bumn: 20.37 ng/nm;

car boni ¢ &hAyHrEIE! wozrefwﬁwg)ﬁ chefiuisyient %forﬁ‘gﬂﬁétﬁiPF*t not glisagsopigiel unfdé%m ts

using different kinds of colum with different pH val ues are shown in Table

1 bel ow. Plysialesieal Condiipns dlevsyerlith¢ @sspeiation of one af dimeRevity aothrsrafent age

(1)/0) Carbonic anhydraseAl bum nl munogl obi n-G DEAE (at pH 7.5) 68 29.8
dimer is fairly weak outside red blood cells. The bond has a tendency to split into two off

dimers each approximately 32 kDa. These undesired dimers are small enough to be
filtered by the kidneys and be excreted, with the result being potential renal injury and
substantially decreased intravascular retention time.

[00039]  Therefore, it is necessary to stabilize 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 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 is 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 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 production. To this end, an



DEAE ( at pH 7.8) 60 50.9 CM (at pH6.2) 32 21.8 CM (at pH 8.0) 5.6 53.2
66. 4 Hydroxyapatite (at pH 7.5 4.5

instant cytolysis apparatus as seen in FIG. 3 is 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
arc lysed without lysing white blood cells or other cells. In one embodiment, the size of
the instant cytolysis apparatus is selected such that the red blood cells traverse the
apparatus in approximately 30 seconds and the instant cytolysis apparatus includes a
static mixer. Deionized and distilled water is used as a hypotonic solution. Of course it
is understood that the use of other hypotonic solutions having different saline
concentrations would result in different time periods for red blood cell lysis. 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 l.ower 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 det_ected in the hemoglobin
solution by polymerase chain reaction (detection limit = 64 pg) and HPLC (detection
limit = 1 pg/mL) method respectively.

[00042]  Two ultrafiltration processes are performed; onc which removes impurities
having molecular weights greater than hemoglobin before: flowthrough column
chrorﬁatography, and another which removes impurities having molecular weights less

than hemoglobin after flowthrough column chromatography. The latter ultrafiltration
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23.5 22.8 [00045]In order to prevent the binding of endotheliumderived
relaxing factor to a cysteine site of the henogl obin causi ng undesirable
vasoconstriction, the henoglobin is subjected to a reaction with a
sul f hydryl reagent under oxygenated conditions. This is in direct contrast
to the teachings of the prior art which enphasize reaction between
henogl obi n and a sul fhydryl reagent under deoxygenated conditions. The
present invention denonstrates that the sul fhydryl reagent reacts faster

and i n coppt&s icomteniritbs thb Gemealebiny b skl diysidyrher@¢, QUIDS kKDa fliesFeghRBifer under
an oxygenated condition. The reaction of sulfhydryl reagent with sulfhydryl

groups of th'émgﬂtpa@ﬂt?atﬁ)hoﬂhlﬁeeém ok ﬁﬁer iy RRIEHOHE secbRuRARRIGbeNESs of the
al kyl ati on reaction can be nonitored by neasuring the iodide rel ease.

During a 1co r t d
faster angj %r e tﬂf cr e ﬁr°§ﬁirﬁﬂl (glrrt&g%/%] #@y %ﬁ@i%@%ﬁ%@@%&t?ﬁ%ﬁ%gﬁd to a
deoxygenaf ed i.ndi ca i.n d FIG 14, e reaction
e requth B BEEREIa i R SRE R ifimbnS¥ia ke pPuTinapd. Sienle
oxygenat ed Vi ronnment mhen conpared to a deoxygenat ed en |rqnnent. A
il ot A Ftt SR ﬁ%maﬁentaagf%ﬁﬁg et U Y EEE 87 Pocess.

It al so reduces reactlons caused unwanted inpurities that lead to

adver se ef faBbgation aficemmercal ypf’r"éti%ﬁ? lon[cxeings eIPmaniuch at AR colyapy|
reaction process, the henoglobin is subjected to a-a and/or 3-13

cross-|i nﬂ\’hgﬂ@yn Biydrogy gpatiiasobmes gid. de pldrfar eofem cigsmptography isaepically pr event
formation of polyneric henoglobin, the reaction is carefully controlled in
a deoxygeframed tee i kronmeermbadimbntaa rfvivalirongtt CHM oblulmendgérodspgraply 9BSE bet ween
1:2.5t0 1: 4.0 such that the resultant a-a and/or 13-13 cross-|inked

henogl obi tseldstot @vaegroteinh@ipugitiebian pHag 0N gE azyimd- Bkl ainniiogbrberaf aséh- 70 kDa,
denonstrating that polyneric henoglobin is not present. The yield of the

DBSF r eactBIgBA) § fir@hmedto Wt eind Picﬁ@n Ahp@itics @ﬁ@ﬁlmsf)l@&llpﬁlﬁ reRainhig ihieal

product is low, in the context of this invention ow di ner content neans

I ess thangpiganfer diRIGH fnrnetrﬁ:ralmdn cﬂr‘é‘t%%to%%ﬂy 2 iRl A& WnAREheoRadi ment,

the cross- Ilnklng is selected such that the 13-13 cross-|inked heanIobln

is great e%}gé@?gg 15‘,8% Q{Pafalﬁ%n e% Eﬁl%ucﬁsn& {l&'} g&@}%& ﬁ%ﬁ{%goﬁb&tﬂf I

anot her e cross I'S se ed suc

cross-1linke h lobr Wbor eat t he tot Further condrtrons
can be sef? Tﬁ‘gtﬁrﬁg‘ ie§m1 8YV§) éatl‘{hﬁ gr?gg‘P‘E?B. IPRUETIES &% or t han
70% of the totaI tetra bin, There is so i dence that 13-13
cross- | i nR®EREHYgIBbih %@uhgréosa?tnk%retewger'realpsmnt ?j'mrrﬁaﬁg igbig
cross-linked tetrameric henpgl obin. Therefore, there may be situations in
whi ch a h4Rere/pbr ebwmige2®37 18mlz earbeyc |anhr<&ereh§rtague?/ Biln. iTheprre®brred to
a-a cross-linked henogl obin to enhance the efficiency of oxygen transport.
Furt her, I3iBitics omwovial rekelts dsenepdjffotsnhkindy of eduin with diéfarnt pld-veBiediareer s

whi ch woul d assist in reducing renal toxicity. [00047] N-acetyl cysteine is
added at shomonaedlabkdtbetow.of 0.2-0.4%to the a-a and/or 13- 13 cross-1linked
tetrameric henoglobin to maintain a | evel of net-henogl obin bel ow 5%

[ 00048] Dependi ng upon the final application of the henoglobin, the
purified, cross- linked tetraneric henogl obin of the present invention is
optionally packaged in an airtight package in a deoxygenated environnent.
The packagi ng used in the present invention results in the a-a and/or 13-0
cross-linked tetrameric henogl obin being stable for nore than two years. In
contrast, the henoglobin of the present invention converts into inactive
net - henogl obin rapidly within few days under oxygenated conditions. Prior
art henogl obi n sol uti ons have been packaged in PVC or Stericon bl ood bags
whi ch have hi gh oxygen perneability, thus shortening the |ife span of the
product .
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[ 00049] I n many enbodi nents of the present invention, the
oxygen-carrier-containing cross-1linked henogl obi n-cont ai ni ng pharmaceuti cal
conposition is delivered by intravenous injection. Therefore, the packagi ng
design and material choice are directed towards intravenous injection
applications. A multi-layer package of EVA/EVOH material is used to
mnimze the gas perneability and to avoid the formati on of inactive

nmet - henogl obin. A 100 niL infusion bag designed for use with the purified
and crossqLhhked lobi n_.ofc & nt. i nventjon § de froma five

| ayers E\}Xb % I%%{gr)llgtl{%gl O%togrdls%%@vip?ﬁglg I?ﬁﬁ%ﬁe%yssglgo éﬂgﬁ lﬁrrlﬁe’t“%gltlg%has an
oxygen perneability of 0.006- 0.132 cnB per 100 square inches per 24 hours
per atnns%ﬁE at roomtenperature. This rmaterial is a Class VI plastic (as
defined in USP<88>) which npets theo in-vivo Biglogical Reoactivity Tosts
and the Physico-Chem cal Test and is sui Remoealfpgrcengdgei(¥@t i ng an i nf usi on
bag for i gblvave SoddiMi@Nt i on purpose. This primary bag is particular

useful to prot eg?yt he afig andCabongsmhydease - | | pdbumiret r admmunoglobityCobi n
sol ution , , = oxvgen ovngsure thg ause its jnstabi |l an

event ual |DE§£IET%§;§I$ 7ishs therapeutic properties. [g¥050] For segpgdary
protection of blood products, it has been known to use al um num overwap to
prot ect aDEAfskt pgdfénti al air | eakage and to nmi nfitai n the profugt in a
deoxygenat ed state. However, there is a potential of pin holes in the

al um num eYbhwpBE®-Dhat conpromise its air tightne¥s and nake £2h& product
unstabl e. Therefore the present invention uses as secondary packagi ng an

al um num 6YeEPHES Bouch whi ch prevehfs oxygenati 8h2and al so pPedents |ight
exposure._ The conposition _of the overwap pouch [nc¢ludes 0.01 of

pol yet hyl Bjdroxgna Wﬁﬂéﬁg?é)(PET), 0£%O7nn1of aIuh?ﬁun1(AL), Og 5mm of
nyl on (NY) and 0. 1nm of polyethylene (PE). The overwap filmhas a

t hi ckness of 0.14nm and an oxygen transm ssion rate of 0.006 cnB8 per 100

squar e i NEBessIPern2AddraY preRef thatUIRERE BT Snd¥ihdliBRDArRBP EIMIHE Bactortb
secondary pacKagi ng | engthens the stability time for the henogl obin,

ext endi ”gcﬁ{le%eps?ﬁ%‘lfgf A Agl?ﬂiﬁ fc&sir%%%éila's‘ie%sé’c%&%{i‘aﬂQ}?e ﬂlén%gléi)i? Bs - g

chr omat ography gctrospray ionization nass spéctronetry

and circular di;chrql .

char act or TOIHEO R MR P TEIGPRRARK BE- URIRA0 BMUEE TRt ror
bovi ne blgod source, FgG. 5 sh9m§ he conposition of the %{odugt in terns
of ol ecufiEt EPGHE Qi 6F rFAsBED P HYC MBCE Ah 2L TP ZEPEECOR PR Ll

met hod is used to detect the anmount of tetranmer and dj nmer respectively. The
mobi | e phBdeegiehin gvd e shdnxdeylsreagint indsr Aegyvestatas eeditqnge ES? PR Mhi ch
can separate diner, uncross-linked tetraner, and stabilized a-a and/or

13- 13 cr osgentionidsmongtratesntbpt thegplfinidsyioesgest rraets Jastisi anddn sempicaipn oYithi nt o

di mers, magnesiumchloride is approximately 30 tines nore effective than
sodi um chther icddivat sulfigdyh rasouips néfc herhogolbjn hunde 0 @0 5RyESatdds candivas Thve
analysis of very large nolecules. It is an ionization technique that

anal yzes tdaetidni gfhsubfhlyéryli rcagemew i sulfiompd undupsyof lemogidabin pleelupasobeida, and

t hen separating the ionized protein based on mass/charge ratio. Therefore,

t he ol ecyh@tfone ighiompiierncbieoIROLIRY1Bdn He&itida ch® BS moAiorBE bl fHe@uling ek
accurately. In FIG 6, ESI-MS analysis result indicates that the size of

stabi | i zeg iRt LRIRS DwRind2 KiR.colRE ehkidrintd¥t, HHe SPEGHITR £5Q1%N L PetBmtd0 nm
reveal the secondary structures of globin portion of the henoglobin. In
FIG 7, t ons| he. spe t he. LEi s:]inked
heanIobi%g?gfggl§%§ﬂ§¥ﬁ§%gbh§hﬁglg%%%m%:%i%@“gﬁé&%rggg?ﬁ%nﬁ%ﬁﬂeglében
after the cross-L'

i.nki ng by DBSE. ..The, CD_resylt hat the.cross-1inked
nerogl obi ACHAETaIRg T Rt diiSthdr FIGS Fytng BUE L T, ESh 1%, o
beta-turn and 16 % of random.coil. It fyrther confirns that cross-1inking
step wit i Bt o8t rodkisd ‘PéP‘HS‘ngﬁ?‘ES Hb%awmﬁe%%%mn%naf fect
t he secondary structure of henogl obin. [0005§4The purified cross-Ilinked
t et r amer i Where rregIPaIsi ntop g oditexBeenBigd t pRyireRHerts A ghoxtere rqgeteeie MMy #y &A1Y on has
a nol ecul ar wei ght of 60-70 kDa and has at | east one cysteine noiety
wherein said cysteine noiety includes a thiol-protecting group such that
t he henogl obin is incapabl e of binding endotheliumderived rel axing factor
at the cysteine site. Further, the crd8s-linked tetraneric henoglobin is
non- pyrogeni ¢, endotoxin free (< 0.05 EU L), and stroma free (< 1%.

[ 00054] The process of the present invention is applicable to | arge-scale
i ndustri al




production of cross-linked tetraneric henoglobin. In addition, the
cross-linked tetraneric henoglobin in conbination with a pharnaceuti cal
carrier (e.g. water, physiological buffer, in capsule) is suitable for
mammal i an use. [00055] The cross-linked tetraneric henogl obin of the present
invention is used for tissue oxygenation, for cancer treatnent, for the
treatnent of an oxygen-deprivation disorder such as henorrhagi ¢ shock, and
in heart preservation under a | ow oxygen content environnment (e.g. heart

t ranspl annporthhefor a8 dis@ihl-SdaRSSrobds 1 K BhidoBIH AT et HRREAL QDN Nudwand&l ect ed
at a concentration range of approximtely 0.3-1.3 g/kg. [00056] For use in

cancer trgﬁ&gﬁg§ﬂmg@§1Qémgggfgﬂk&hﬁﬁﬁggﬁg@bg&gg phar maceuti cal conposition

of the present 1nvention serves as a tissue oxygenation agent to inprove

t he oxyge Lan in . tumor tissues, thereby enhancin heno-sensitivity
(oo SaRBOMT: prbH TR bn AR ARy Eortp Posar b Tl FruPEYS st ) Fi o
8 denonstrates éhe enhanced cheno-sensitivity of cancer tunor cells after
appl yi ng @4Yrhb Sresssmkingdydus-hg-dibrewesalicn fwparpe(PRE)- B oiderdgIpstyient i n
vitro. Five different cancer cell lines (A) Jurkat (leukem a), (B) HKESC1
( Esophagefirmatigic etf) poly@jerico hemogobiao|they teagiicar )is  ¢anjfulig 4o9ngiodipd (inureg
cancer) and (E) MCF-7/ ADM (Breast cancer) are treated with various

chenot her dguapgineted goemirennadnd math aomolan rationddiheatogbhinyiot DB hbetwreos $:2.5 mked
tetrameric henogl obin of the present invention. Inhibition of tunor cel
growt h i s1dex sioni thal thy rdstiRarf TRl WRD6r BIPBRsSHAIGIAL hathdglobla Sig Vet &ricT CA)
(for Jurkat, COL0O205, A549/C sp, and MCF-7/ADM cell lines) or MIT cell
proliferahidbigis Mving A nfdterlal Wbkt dfi RI0 KDRAC deRSMtafing W fdddherdd®

cheno-sensitivity is highly enhanced by addition of the Tnventive

cross-lin . 1.C.. { N d . | & i hel udi ng two
cel 111 nobinoghdfh BTRE bERVRE SRl B Besy SERGEE Gk AP I BE gl

chenot herapy. .The results .in ElG. show, t hat  as resul t.of .the.enhanced
chenosenst TFGTEAIOBy* SRirTH oRroftTin & B Belat Ehicllo Cubs Meri<d: Hmaf, n. t he
treatnment efficacy for | eukem a cells, esophageal cancer c¢ells, |lung cancer
cells, coF%ﬁmﬁdﬁﬁé§ legy fhan gﬁda%ﬁéﬁgﬁ B@%ﬁ@ﬂﬁc§¥$§h?§ %réapwy ilAcPased.
"[00058] I n addition, the ability of the inventive cross-linked tetraneric
henogl obi pmbeslimagsy Bigecrossygéingt i selested peshntipt the S erosy-Hnlgd lemaglabin i
extrenmely hypoxic tunor tissue (FIG 10) (human nasopharyngeal carcinona
(CNE2)), gmadetiom§Yoaf gt thtal ¢rhisslinkad eattaimgric hdtheglopr bsawttar embodimygten
profile along the tissue track of a human CNE2 xenograft is showed in FIG
10. Oxygethepasstiliakinpriesdected such thanthiclPep tros® linkeddemoglodin 8 €0y ommredtéror ed by
a fiber-optic oxygen sensor (Oxford Optronix Limted) coupled with a

m cr o- posbf itknitaral. SYEir@et, (Ehbitlohendagdie séibéted subh rtBmefmRUB-f Risstind of 1.2
g/ kg of the cross-linked tetraneric henogl obin, the nmedian p02 value rises

from 0.2 napigidiin 3s YrefEGhad 762:NO0he B tdfinfritHdhdoDbkh. hAWER eRRCL i vely.
Even in the nost hypoxic regions, the oxygen carrier-containing

phar maceugi.cal conpasition of .the present invention signidicantly increased
oxygen t eRATGIe NG ot RGP Lrar BSrogBRTEReY Aot batrecever SRy Elim g

t echnol ogi es ow as high an efficacy_when co red to the . ,
oxygen- caFrP?%ﬁ’Q@ﬁlﬁ%ifameH hﬁ%aglﬁﬂeeﬁﬁf%&re’e}eﬁ%% ?F sitbatipasiarvdch fhighets

i nvention. _ o
percentage of B-f cross-linked hemoglobin is preferred to a-o cross-linked hemoglobin

to enhance the efficiency of oxygen transport. Further, B-f cross-linked hemoglobin may
result in fewer a-B dimers which would assist in reducing renal toxicity.
[00047] N-acetyl cysteine is added at a concentration of 0.2-0.4% to the a-a and/or B-

B cross-linked tetrameric hemoglobin to maintain a level of met-hemoglobin below 5%.
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[ 00059] For the use in the treatnent of oxygen-deprivation disorder and in
heart preservation, the oxygen-carrier-containing pharnaceutica

conposition of the present invention serves as a blood substitute providing
oxygen to a target organ. In sonme enbodi nents, the conposition is used as a
cardi opl egic solution for heart preservation. [00060] The nean arteri al
pressure changes in a rat nodel of severe henorrhagi ¢ shock (see Exanple
12b) after the treatnent with 0.5 g/kg of the cross-linked tetraneric
henogl obi th resent in ion are. sh d,.inh ELG 1. 1 [ nodel

of "sver dORE:  BFERER budl Ve CeRES PO ol A puli B ehBly Dack <0
a safe and stable | evel ap%.n%ggtained.belaw t.he baSﬁqugaaf er tr.eatnent
with the Sikgpiteamsgic epogiobimplatie PEISFANBYSHOR dh BB MBI PAE3ET LI Hy?f T eat ment
wi th the henogl obin of the present invention, the reaction time for the
mean art elighy| Pagkagesiir @ deoxyganaied ewyiraemeRtl Tihe Ragkagingdwedrn tthaPressak
follow ng adm nistration of rat whol e bl ood which serves as a positive
control . ifhent@bavslts @s thet @-oi andic@ - ctdsglinkdieterasariabimogioten bping afabkr  t he
transfusion of the inventive henoglobin is beneficial to maintain a stable
and henodfppaiore thah ake .yedts.i Oh doatiigl thb hembglskid ofxomBscatmvetion wavuged nmany
vasoconstriction events. For exanple, the Henopure(r) product (Biopure Co.,

USA) r esuintEfladtive h@RBRoBBIA rasille Witdin RWESSAH uRddr b dgShatddidandinbignpeanpar ed
to the baseline (96 10 mrHg) as disclosed by Katz et al., 2010. [00061] Use

Shock. modt] oot SRAbAR Ry e ALABEE T bPE T SRERoh BT BEt MR "o 0
The survi I\ﬁa+ O)E){ag%g Ip(e)rfmeaa it V%u%fsﬂc%‘%ﬁr{gzkﬁgifi% %E‘rﬁ%hé‘ﬁkﬁ%&. A
y e | rfreren

significan éase nfusing amounts of the cross-Iinked
tetrameri gl.obin (see Exanpl.e 12). Thus the inventive.henoglobin is
ised as. ol 0OPEY SR ey ErREHERR R T I hsak Gty e S BOTETITRE A B Roi ng
exanpl es are provided hy way of ,describing specific, enbadi nents of the

i nvent i oncr@fstidgd  hemeslabiAoR3ningy Ifhafrﬂ%ce%@gecwmsrf@ni ivefAelvsedi Yany way.
[ 00063] Exanple 1 [00064] Overall process [00065] A schematic flow di agram of
t he procewgauhouhmigstieschicrifprge Hici nankdging dqsignt andtmaeferia] dipice ar diglddne whol e
blood is collected into an enclosed sterile container/bag containing 3.8%
(W v) tritosedisumtei¢noas dnotion iappli@tomnt A - molgleyanpackBgood EYAYHREGH
imediately mxed well with tri-sodiumcitrate solution to inhibit bl ood

cl ot s. Reghatatislog ussl toamipEEs thargs ipsohabiidy ambitocabldetht éenfatiomopimastive and
ot her smaller blood cells by an

met-hemoglobin. A 100 mL infusion bag designed for use with the purified and cross-
linked hemoglobin of the present invention is rﬂade from a five layers EVA/EVOH
laminated material With a thickness of 0.4 mm that has an oxygen permeability of 0.006-
0.132 cm’ per 100 square inches per 24 hours per atmosphere at room temperature. This
material is a Class VI plastic (as defined in USP<88>), which meets the in-vivo
Biological Reactivity Tests and the Physico-Chemical Test and is suitable for fabricating
an infusion bag for intravenous injection purpose. Thi§ primary bag is particular useful to

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

oxygen exposure that cause its instability and eventually affects its therapeutic properties.
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apheresis nechanism A "cell washer- is used for this procedure with gamm
sterilized disposable centrifuge bowl. RBC are washed with an equal vol une
of 0.9% (wW v sodium chloride) saline. [00066] Washed RBC are |ysed to

rel ease henogl obi n content by mani pul ati ng hypotoni c shock to the RBC cell
menbrane. A specialized instant cytolysis apparatus for RBC | ysis device
depicted in FIG 3 is used for this purpose. Follow ng RBC | ysis,

henogl obi n nol ecul es are isolated fromother proteins by tangential-flow
ul'trafilteosen UsdrNgcdRAnK PRoBRIFAT 8N 8loolepRah@di i Had 8RR Krowh' &f Gsd S

col l ected for flowthrough colum chromatography and further concentrated to

12-14 g/ dlyyf¥mfn §9er!§r_% Jgﬁg@éﬁagi%sggg&;wgngm @zﬂ{d‘%B*&Yi%gin‘ﬂge{ %11881%?&“ to

renove the protern | es. ntrate no I'n solution
is first nodified b sul.f hydryl, reagent | at.iqn,reacLio under

natur o obyseiia Sy ot HORERE tnehs ROS el S A R s M ERsr ¢ o
formstable a-a and/or 13-13 cr o.sa-l i nked tetraneric her@gla?ﬁgie? rm{) ecul es.
[ 00068] ExHPIEPINRIFEBRE HsHls &I E8RPFSSIa a‘l%ﬁ‘&%rﬂﬂ‘tﬂl‘%i‘ ATErEPetPSt i on

[ 00070] Bovi ne whole blood is freshly collected and transported under a cool
condi t i onPreYHE IPERUBR JiSEF REPFeONdATY RakAging & AUWRHAYR HRYCHY B rReUGh aviicle el |
washer and subsequently with a 0.65 gmfiltration. After washing the red

bl ood cel PEV¢RBEyYgenationznd algp prevontg dighigxpagire.tThe comppsitiereof the gvemiugnt ed by
hypotonic |ysis. The hypotonic lysis is performed by using the instant

cyt ol ysi speyspaineludes Q8pimmed polychyBne3erephibaliarstPET). ¢.90Dhmsofsalappanat us
includes a static mxer to assist in cell lysis. A RBC suspension with
control | edalhe0mdbmbi of nytoma@ivt)raat Ddmnf dPpdlyethylcte) (PES. TheXxeerwahh flndhasadl unes  of
purified water to generate a hypotonic shock to RBC cell nmenbranes. The
period of (HiypedsuTioc 450 ekd drso5R8t frshfdidnGaR\W@0DoE WA REEMO! V§hrs itheithi t €

bl ood cells and platelets. The hypotonic solution passes through the static

m xer por biomh Rburd B dcdiRle AUbRhNShSerMRRAMRIUS ok kth g Rng1h¥ns30
seconds. }%he shouékBi S tt erp?% rfat ed aftelrgerBO secobndg b?ﬁ%l% %Tﬁetgglh%g%te with

1/ 10 vol uge Of.: r j . |t exd t .4 C mxer. The

hypert oni (E:}E sbgﬁfblljlwgﬁlehfg@hg%l%ﬂ%élﬁwSeﬁgéggwgﬁ%e %ﬂ?&gﬁé@?%% NaCl, pH 7.4. The

i nstant c i s;apparatus of.. Fl 3 can ocC t 50 to 1000.1j.ters of
yeate pel0RSlE" SHARPR Bt i endabisBiS EILCE oBFrisprd Pizatcs
continuous manner. [00071] Foll ow ng the RBC lysis, the |ysate of red bl ood
cells is fafY éxee@HOIH%t% @%é&ﬁbm? P fatar, icBisar F ARSTHEICOBY s dpest fon.
Nucleic acid fromwhite blood cells and phospholipids inpurities are not

det ect ed Aperlydgeandedkrargligbzanthsal-at andfor ByB susiss-tinkedststrarerinherecgiebinnfqrdet ect i on
limt = 64 pg) and HPLC (detection imt = 1 ug/nm) method respectively. A

first 100b&bac blobd adirtd, F&G Hshows thecdmypasitidntod thieoprothet inmetihs of @slebdwd ng a
hi gher nol ecul ar wei ght t han henogl obin. A fl owthrough col um

chr omat oghaphy disgibhobd BVEIRPLTCanklykkNa&h HPWIG fnalyitRel MemB@isoRed te@wdtiten. A
second 30 kDa ultrafiltration is then performed to renove inpurities having
a | ower nmphgahloRterMRIeIMd difeNreRUREIP IR rRdtilc pREse FHMEBINE LAkl Geontains

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

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

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

chloride at the same ionic strength.

[00052] 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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[ 00072] Exanpl e 3 [00073]Viral clearance study on stronma-free henogl obin
solution [00074] I n order to denonstrate the safety of the product fromthis
i nvention, the virus renoval abilities of (1) 0.65 umdiafiltration step
and (2) 100 kDa ultrafiltration step are denonstrated by virus validation
study. This is done by the deliberate spiking of a down-scal ed version of
these two processes with different nodel viruses (encephal onyocarditis
virus, pseudorabies virus, bovine viral diarrhoea virus and bovine

parvovirus). |In this stud four, types of wviruse e the follow,ng table
D were bbiiserirtiBe b PR otfE B e i Gl LIRS et
features and they display. a variation in resistance to [

cheni cal Wgghtan WeﬂF'ﬁPn@ﬁ?@?mnTﬁﬁbg%fWﬁﬂ?@aga?ﬁVﬁ@F'VF?ﬁg'ﬁgégﬁﬁ%irus

Taxonony Cenone Structure Size . . i
analysis result indicates that the size of stabilized tetramer is 65 kDa. The far UV CD

spectra from 190 to 240 nm reveal the secondary structures of globin portion of the
hemoglobin. In FIG. 7, the consistency of the spectra of the purified and cross-linked
hemoglobin reveals that the hemoglobin chains are properly folded even after the cross-
linking by DBSF. 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. It
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 least one cysteine
moiety wherein said cysteine moiety 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 applicable to large-scale industrial
production of cross-linked tetrameric hemoglobin. In addition, the crosé-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 treatment of an oxygen-deprivation

disorder such as hemorrhagic shock, and in heart preservation under a low oxygen
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Inm Stability* Hepatitis C virus (HCV) Bovine viral diarrhea virus (BVDV)
Fl avi vi ri dae ssRNA envel oped 40-60 | ow Encephal onyocarditis virus (EMV)

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

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

[00057]  FIG. 8 demonstrates the enhanced chemo-sensitivity of cancer tumor cells
after applying a composition including cross-linked tetrameric hemoglobin in vitro. Five
different cancer cell lines (A) Jurkat (leukemia), (B) HKESC1 (Esophageal cancer), (C)
COLO205 (Colon cancer), (D) A549/Cisp (Lung cancer) and (E) MCF-7/ADM (Breast
cancer) are treated with various chemotherapeutic agents alone, or in combination with
the cross-linked tetrameric hemoglobin of the present invention. Inhibition of tumor cell
growth is determined by the ATP tumdr chemo-sensitivity assay (ATP-TCA) (for Jurkat,
COLO205, A549/Cisp, and MCF-7/ADM cell lines) or MTT cell proliferation assay (for
HKESCI cell line). The results show that the chemo-sensitivity is highly enhanced 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] In addition, the ability of the inventive cross-linked tetrameric hemoglobin to

improve oxygenation in normal tissues (FIG. 9) and in extremely hypoxic tumor tissue
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Pi cornavi rus ssRNA non-envel oped 25-30 nedi um Parvovi rus B19 Bovi ne
parvovints (BPV) Parvoviridae ssDNA non-envel oped 18-26 very high

(FIG. 10) (human nasopharyngeal carcinoma (CNEZ2)), is demonstrated in this invention.
The representative oxygen profile along the tissue track of a human CNE2 xenograft is
showed in FIG. 10. Oxygen partial pressure within the tumor mass is directly monitored
by a fiber-optic oxygen sensor (Oxford Optronix Limited) coupled with a micro-
positioning system (DTI 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 hours respectively. Even in the most hypoxic regions, the
oxygen carricr-containing pharmaccutical composition of the present invention‘
significantly increased oxygen tension. No other similar commercial products or any
existing technologics 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 oxygen-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 severe hemorrhagic
shock (see Example 12b) after the treatment with 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 baseline after treatment with the stabilized cross-linked
tetrameric hemoglobin. Following trcatment 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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Hepatitis B virus (HBV) Pseudorabies virus (PRV) Herpesviridae dsDNA
envel oped 120-200 Low to nedium [00076] The virus validation schene is
briefly shown in the followi ng table 3. [00077] Table 3

control. The above results indicate that the vaso-active event after t'he 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 to the baseline (964 10 mmHg) as disclosed by Katz et

al., 2010.

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

Thus the inventive hemoglobin is used as a treatment for hemorrhagic shock.

Examples

[00062] The following ecxamples are provided by way of describing specific
embodiments of the invention without intending to limit the scope of the invention in any
way.

[00063] Example1

[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 anti-coagulant. Blood is then
immediately mixed well with tri-sodium citrate solution to inhibit blood clots. Red blood

cells (RBC) are isolated and collected from plasma and other smaller blood cells by an
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Diafiltration Utrafiltration Cell Washing 1 Virus spiking 1 Diafiltration
IVirus Virus tests Virus Utrafiltration spiking 1 1 tests

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] Waéhed RBC are lysed to rclease 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 concentrated to 12-14 g/dL by a 30 kDa membrane. Column
chromatography is carried out to remove the protein impurities.

[00067] The concentrated hemoglobin solution is first modified by a sulthydryl
reagent (alkylation reaction) under natural oxygenated condition, then the components
are reacted with DBSF to form stable a-a and/or B-B 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 are separated from the plasma via a cell washer and
subsequently with a 0.65 pm filtration. After washing the red blood cells (RBC) filtrate
with 0.9% saline, the filtrate is disrupted by hypotonic 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



[ 00078] The sunmary of the | dg reduction results of the 4 viruses in (1)
0.65 gmdiafiltration and (2) 100 kDa ultrafiltration is shown below in
Table 4. Al four viruses, BVDV, BPV, EMCV and PRY, were effectively
removed by 0.65 gmdiafiltration and 100 kDa ultrafiltration. [00079] Tabl e
4 Viruses BVvDv BPV EMCV PRV Run 1 2 1
controlled 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 bloéd cells and platelets. The
hypotonic solution passes through the static mixer portion of the instant cytolysis
appératus for approximately 30 secconds. The shock is terminated after 30 seconds by
mixing the lysate with 1/10 volume of hypertonic buffer as it exits the static mixer. The
hypertonié solution used is 0.1M phosphate buffer, 7.4% NaCl, pH 7.4. The instant
cytolysis apparatus of FIG. 3 can process at 50 to 1000 liters of lysate per hour and,
preferably at least 300 liters per hour in a continuous manner.
[00071]  Following the RBC lysis, the lysate of red blood cells is filtered by a 0.22 um
filter to obtain a hemoglobin solution. 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 ug/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 hemoglobin

and for concentration.

[00072] Example 3
[00073]  Viral clearance study on stroma-free hemoglobin solution
[00074]  In order to demonstrate the safety of the product from this invention, the virus

removal abilities of (1) 0.65 um diafiltration step and (2) 100 kDa ultrafiltration step are
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21212065 [tmDafiltration 2.69 3.20 3.73 3.53 3.25 >3.90

demonstrated by virus validation study. This is done by the deliberate spiking of a down-
scaled version of these two processes with different model viruses (encephalomyocarditis
virus, psecudorabics virus, bovine viral diarrhoea virus and bovine parvovirus). In this
study, four types of viruses (sec the following table 2) were 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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2.67 2.63 100 kDa U trafiltration ?4.68 >4.38 5.87 5.92 3.60 3.43 >6.05
3.27 Cunul ati ve maxi num > 7. 88

[00075]  Table 2

Target Virus Model Virus Taxonomy Genome Structure [i llzne] Stability*
isC | Bovine viral di -
Hepafitis C | Bovine viral diarrhea virus | ) :iiine | ssRNA | enveloped | 40-60 low
virus (HCV) (BVDV)
Encephalomyocarditis Picornavirus ssRNA non-enveloped 25-30 medium
i virus (EMCV) feott ope v
P - Bovi —
ar\éolxgrus ova:Bp;{;)owrus Parvoviridae ssDNA non-enveloped 18-26 very high
Hepatitis B Pseudorabies virus . Low to
Herpesvirida dsDNA loped 120-200
virus (HBV) (PRV) erpesvincae enveiope medium

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

[00077]  Table 3

Diafiltration Ultrafiltration
Cell Washing Virus spiking
Virus spiking Ultrafiltration
Diafiltration l
l Virus tests
Virus tests

[00078]  The summary of the log reduction results of the 4 viruses in (1) 0.65 pm
diafiltration and (2) 100 kDa ultrafiltration is shown below in Table 4. All four viruses,
BVDYV, BPV, EMCYV and PRV, were effectively removed by 0.65 um diafiltration and

100 kDa ultrafiltration.
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9.65 > 7.50 > 8.72 Curnul ative mnimum> 7.07 9.40 6.68 5.90 Annotation:
no residual infectivity determ ned [00080] Exanple 4

[00079]  Table 4

Viruses BVDV BPV EMCY PRV

Run 1 2 1 2 1 2 1 2

0.65 um Diafiltration 2.69 3.20 3.73 353 | 325 | 2390 267 | 2.63

100 kDa Ultrafiltration | >4.68 | >4.38 5.87 5.92 3.60 3.43 >6.05 | 3.27

Cumulative maximum >7.88 9.65 ' >7.50 >8.72

Cumulative minimum >17.07 9.40 6.68 590
Annotation:
> no residual infectivity determined

[00080] Example 4

[00081]  Flowthrough column chromatography

[00082] A CM column (commercially available from GE healthcare) is used to further
remove any protein impurities. The starting buffer is 20mM sodium acetate (pH 8.0), and
the elution buffer is 20mM sodium acetate, 2M NaCl (pH 8.0). After the equilibration of
the CM column with starting buffer, the protein sample is loaded into the column. The
unbound protein impurities are washed with at least 5 column volume of starting buffer.
The elution is performed using 25% elution buffer (0-0.5M NaCl) in 8 column volume.
The elution profile is shown in FIG. 12; the hemoglobin solution ié in the flowthrough
fraction.

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

indicated in the following table 5.
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[ 00081] Fl owt hr ough col unm chr omat ography [ 00082] A CM col um (comrercially
avail able from CGE healthcare) is used to further renove any protein
impurities. The starting buffer is 20nmM sodi um acetate (pH 8.0), and the
elution buffer is 20nmM sodi um acetate, 2M NaCl (pH 8.0). After the

equilibration of the CMcolum with starting buffer,

the protein sanple is

| oaded into the colum. The unbound protein inpurities are washed with at

| east 5 colum volunme of starting buffer.
25% el ut i

shown in
[00083] T
are indi
| nmunogl

The elution is perforned using

obMf f efapids 0. SM NaCl) in 8 colum volune. The elution profile is
| G -12; the henoglobin solution is in the flowthrough fraction.

bbi n- G Car boni ¢ aphydrase—Al-bum-n—Before CMcol um

e puriTty of fTowtmoogiTfractTor Hﬁwﬁﬁﬁ
cated in the foll ow ng table 5. ITB ﬂéﬂ? Fe 5 Protein i mp

results
urities

'Immunoglobin-G | Carbonic anhydrase | Albumin

Before CM column 1320 ng/mL 860.3 ng/mL 435.2 ng/mL
Flowthrough
(containing 44.3 ng/mL 81.2 png/mL 20.4 ng/mL

hemoglobin)

[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 flowthrough
CM column chromatography system, and the flowthrough tubing can connect to the
second ultrafiltration set-up for industrial scale operation. The schematic industrial

process configuration is shown in FIG. 13.

[00086] Example 5

[00087]  Sulfhydryl 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 sulthydryl reagent is added to alkylate the free sulfhydryl groups of

hemoglobin. In this embodiment, the molar ratio of hemoglobin to sulfhydryl reagent is
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1320 ng/ L 860.3 p.g/nL 435.2 ng/ mL. Fl owt hr ough (cont ai ni ng henogl obi n)
44.3 ng/m. 81.2 lig/nL 20.4 ng/nL [00085] As the henopglobin solution is in
the fl owm hrough fromthe CM col unmm chronmat ography 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 flowt hrough
CM col umm chr omat ogr aphy system and the flowthrough tubing can connect to
the second ultrafiltration set-up for i ndustri al scale operat i on. The
schemati ¢ | ndust pr.ocess canfi qura £S shown in FIG

[ 50085] Exkint L5 ThdguBisarAparys Tl SHaTer Gesrisdcisnedone) (sa)
Sul f hydryl reaction 00089 In the present invention, reaction between
henogl obi ¥ high geagty fvﬁbd}emog ofin sulfhydryl groups. Endothellum derived relaxing factor

has been demonstrated to bind to the reactive sulfhydryl groups of hemoglobin, which
may account for the increase of blood pressure observed after the infusion of earlier
generations of hemoglobin-based oxygen carriers. The completion of the sulfhydryl
reaction can be moni.tored by measuring the release of product or the residual sulfhydryl
reagent (by UV spectrometry, at 265nm). FIG. 14 is a comparison between reaction in an
oxygenated environment and reaction in a deoxygenated environment. FIG. 14 shows
that the residual sulfhydryl reagent levels off at 3 hours in an oxygenated environment
during a time-course experiment. In contrast, a lot of unreacted sulthydryl reagent
remains in a deoxygenated environment. The yield of the sulfhydryl reaction in an

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

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

[00091] The a-a and/or B-B cross-linking reaction is carried out in a deoxygenated
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 B-B cross-linking within the tetramer. Optionally, some a-f cross-linking is
included within the tetramer.

[00092] 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
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;
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performed in an oxygenated environnent in contrast to the teachings of the
prior art, in which the reaction typically takes place in an inert

at nosphere such as nitrogen. An al kylating sul fhydryl reagent is added to
al kyl ate the free sul fhydryl groups of henoglobin. In this enbodi nent, the
nmol ar ratio of henoglobin to sulfhydryl reagent is 1:2 to 1:4. This
reaction can elimnate the binding of endotheliumderived rel axi ng factor
whi ch reacts with henogl obi n sul fhydryl groups. Endotheliumderived

rel axi ng f@g810mcAdRerea6bif AR atifpbesPistdmd Jubf dnSiast htvrﬁ)sﬁrreré bydryl

groups of henogl obin, which may account for the increase of blood pressure

b d
oxygen caltPErs e BRI SRR RO oA RF R IR LR FERRLAMIER T o1 ca

by measur %l??%{otl%ef\carllg iRy OIfhel.gPapPegeAless of1 Iﬂ?SPLr T Z!r‘tgolglla'ﬁ n‘goglft&geég)y rrg%%ll?r? ent (by

WV spectr a conp in an
oxygenat ed env t an I on ena jronment. FIG 14
shows tha&efﬁeth@ggﬁgﬂnggﬂﬁﬁ?ﬁ%@Vw(gggg%§§F@ n§°h@g ggé hours in an
oxygenat ed envrronnent during a tine-course experinent. In contrast, a |ot
of ~unr eact®@83ul 1Ry @rg| e‘r‘@‘&b@ﬁ@t r BfaFie8s-inking d’@%%&i’@eh%rt‘@&‘%\ﬂ“r‘ ofneht . The
yield of the sulfhydryl reaction in an oxygenated environment is high

(92. 7% aflecxyganated anyirenmens fdistadyed PoEEYO] 85mg/1€)r disepom feripgtptyredddion to
formstable tetraners [00091] The a-a and/or 13-13 cross-linking reaction is
carried o25°C).nDiSHe ox ydfed ato ethe elmmagbobrine sblutiBn o fobm dérbssalinksd | tegymériemar at e
(DBSF) is added to the henogl obin solution to formcross-linked tetraneric
henogl obi Rethdidbin;nbiswdes-laked erramsrid hétkogighiaidétarac@dided 60sS fortnbdlong. Wi t hi n
the tetranmer. Optionally, sone a-13 cross-linking is included within the

tetraner. NhDROGRAZ]thR thirsct@PRESH T8 NYased RE HR 3mbbdinicAt Qﬂ‘nghermgé Qljipysand DBSF
is between 1:2.5 to 1:4.0. The DBSF stabilization procedure stabilizes the

tetraneri gro 9&1%9£ncfﬁﬁﬁ&gdf@és§-lﬁlﬁ5wlﬁ%)th@F&‘ijra%ﬁyﬁlnéegco‘ﬁ’t@ﬁ&ﬂ)}afh'eQlﬁlo'uﬁ'tt 0
dimers (3 Da) whi are excreted through the kidneys

Cross-| nléf ]BESEBQG%E?Y% 't enzin& térﬁ;gcerzﬂﬂr%rolf ?her}gzﬂ}?l% Oal?lld %tﬂe? prfo%gsg%gn(%ltl no pol yrer i ¢

henogl obin' T's ess is carrred out ITnTanrtnert a nDsphere of
ni t rogen datro of e ob| to for rri

et - norogl DOFHvVbrT syt gl T serepbi #hg BSE e E30s deor pesr
reaction i s nonit red ring the residual DBSF using HPLC. The yield
of DBSF rBEIEEUR F SO Ug&@éﬂé sr%'@g@qrr%ugwel%bod. ment, the
cross-linking reaction is carried out in a deox enated envi r onment

(di ssol vetP08Rlgen(Sk-10 Edastyophoreftc anakysis toa repess Ainke %nlcgloblmse)lg 168sD$s added
to the henogl obin solution to formcross-linked tetrameric henoglobin; this
cross-|i nRAGE: et raneri ¢ henogl obin is characterized as set forth bel ow
Note that this characterization is based on one enbodi nent only. The

vari ous p[oopRé]t i dbresalitket] yipsmsoghdbirc rsobsioh | wiss mikddhiwitht e cqedlr astemeceh be
control led by the anount of DBSF used, the tinme and tenperature of the

reaction, re@ﬁﬁn%}tsbﬁhblepbﬁﬁ@S@QC&Ml'ltrlsCHl@l RO 1be v e hangcny shewm)l ar
ratio of henoglobin and DBSF to 1:5.0, the percentage of octaner (130 kDa)
i's sharpl jetaplobRSEA dn@ 1BA0 (w/v) SDS), and heated at 95°C 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 electrophoresis, the SDS-
PAGE gel was stained with 0.1% (w/v) Coomassic blue R350, 20% (v/v) methanol, and

10% (v/v) acetic acid. The intensitics of protein bands expressed in Black Light Unit

(BLU) were quantified using Bio-Rad Quantity One Software.
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[ 00095] (5b-1) El ectrophoretic analysis on cross-I|inked henogl obin using 15%
SDS- PAGE [ 00096] Cross-1i nked henogl obin solution was m xed with an equal
vol une -of reducing sanple buffer (62 mM Tris-HCL (pH 6.8), 10% (v/vV)
~glycerol, 5% (v/v) nercaptoethanol and 2.3% (wv) SDS), and heated at 95C
for 10 mn. The sanple m xtures were resol ved using a 15% acryl am de sl ab
gel with a 4% stacking gel. The el ectrophoresis was run with a constant
current of 60 mA. After el ectrophoresi s t he SDSPACE gel was stained with

0.1% (w 50,. 20 LV t hanol % (v/v) acetic
acid.  Tabpifnersy Zﬁﬂa Spis! ‘?1“% b R SRS el e RDRHAGE Ut (BLU)
were quantified using 0- Rad Quan y One _Sof t war e. %OOOW%@Sb 2) Trypsin
Di gest i on[08998;1rotPé?tﬁmHD&ﬁ%Wés@cqxgéad frpsmhizﬁd%ssbéGﬁmc[ otostPssdief 1 bands
were excised fromthe SDS-PAGE gel, cut into cubes (1 X 1 mm), destained
with 10% med.hdastaiedowittsd 8% methenal/10%h acetie srcish. dd dssteingd el methutsdacesi t h 10nv
DTT in 25nM NHACO3 and al kyl ated with 55mM i doacetam de in 25mM NHACCB f or
45 m n i nwidlad @nVapd Tt in€2PmiM-NBICQl gelsaliedated twhth285nm/ idoacetadiidd sd23mMpsi n i n
25mMM NHACOB3 at 37C overnight. After trypsin digestion, the trypsin-di gested
pepti des MHEEO£fr Machiadn kyrkdbid theh dngelntigestedXitv20shg/ aEeﬁ(ﬁhlféd’lr‘hﬁlrﬁmd 1%
(v/v) trifluoroacetic acid (TFA). [00099] (5b-3) Matri x-assisted | aser
di ssoci at &) ¢l vérnPat. A fidr lthypbih dTRSSorS RRCHYRIEAiEYstdd\RbBlics TOF MS)
IHINT NRITGA4139°C ovérniph v9 E%ﬁooiom@l[ﬁ b¥stdd\ip

anal ysis of trypsin- dlgested protein bands 10 e trypS|n di gested
pepti des gxtra dfr lcn6 0 d t\0 iR plate
whi ch was erre ee"%a&?dt%% % gil% SO/JR'n@t%?tQSg@E %?gn/ %2 )mﬁ nﬁrolg—f&é& saturat ed
in 50% ac n|tr|Ie/ 0. 1%TFA and allowed to air-dry. After drying, the
sanpl e sp s washed with 10nmM nonophosphate buffer and recrystallized
using a solution of EtOH. acetone: 0. 1% TFA (6:3:1 ratio). NALDI - TOF MS
anal ysi s WA er f(oh-AbMatfix-rssistad ey d‘ﬁ?@@f‘P'@:{x‘OP’IZPtI‘(‘Br (ikas obdlighinmassgnH,
Bremen, Gernany) operated in the reflectron node over the nz/z range of
800- 3500 hactzarect PEIOFEYIS) anebysisoétrypsin-tigestedprotdimbangdsur ce 25kV f or
pepti de mass fingerprint (PMF), and reflector 26.3 kV for PMF. External
cal i br at i [6#A01093 ﬂéﬂeﬁryrpsiediigcsied@emid@kextr@ethfrm the gel Calbeis breat smmtteGoatedar d.
The peaks with ratio of S/N over 4 were automatically | abelled by

Fl ex- Anal ya¢hordhiy pikel whizh twak ipge-$pataeld widh @ N of atiRastion ThagMil. HTGA wWas
further analyzed through MASCOT 2.2.04 and Biotools 2.1 softwares (Bruker
Dal t oni ¢ Gihbieq ﬁrmaeet&ﬁﬁf@@m)% TRADaABRG AR &irWR) ARFARAEtheARbRS

Manmal i an proteins in nonr edunt ant (NCBI nr) “dat abase.” The fol | owi ng

par anet er %)a\."%sew %&' W 1tﬂr1 H{M %ﬂ§@10§@%‘i§ﬂﬁ"§er aﬁ@&@fg@%ﬁ&?& ﬁmﬁ?ﬁ §?19E&P£facy <

250 ppm rent charge + m sse eavages 1 am do ation of

cysteine i xed t hi,oni ne as.varia

cyst el e RybisEin R BRI ] SEALOLIEE VEDPILUE SRR S e
on PMF onsj der ed S|t ve id atlon QO her criteria for

Cont 1" dem Brigneieris 10 s PHES BT B G oGP VD HE | cast
15% sequence coverage and match at | east 4 peptides. [000101] After

conbi nat i BHCeR mAdT PEsrsthe awy | reager oToBH-3500L By andshe mapameirs (sye ML - TOF
M5, the conposition of cross-Ilinked henoglobin is determ ned. Fromthe
resul ts, followefionsaygse Pk é&d paptidsghessifimgerpriot (PMI); A deflector 26.3 kV for

PME. External calibration was performed using Bruker Peptide Mix Calibration Standard.
The peaks with ratio of S/N over 4 were automatically labelled by Flex-Analysis (Bruker
Daltonic GmbH, Bremen, Germany). The MS data was further analyzed through
MASCOT 2.2.04 and Biotools 2.1 softwares (Bruker Daltonic GmbH, Bremen,

Germany), and these data were secarched against Mammalian proteins in NCBI



[ 000102] Exanple 6 [000103] Maintaining a |low | evel of inactive

nmet - henogl obin in the product after fornulation [000104] Wen conpared to
ot her oxygen carrier pharnmaceutical products or a product formed in
accordance with the nethods disclosed in US patent 7494974 B2 and US pat ent
7504377 B2, the product fromthis invention contains |ow |evels of inactive
nmet - henogl obi n nol ecules. In this enbodi nent, an anti-oxi dant such as
N-acetyl cysteine is added at 0.2%to the cross-linked tetraneric

hermogl obi fonMiiinRa t(N@iﬁhrg gdatteh)@sea NEHOKId /e phr@f‘h@{eks\/ e Lsde FROHRMYaE 1 S

found at a high |evel The product fromthis invention has a | ow

vl o gl T b b B g ﬁarawf‘[%%@&%&“ab'e
dennnstrate th | .i of the pr [ n1th|s nvent a.heat
L
Shous & P BHIHROHGRBG R Bl B RIBNZ60F MPSUBYES Gt RO BOUELOL |t he
present invention shows a | ow | evel of net-henpglobin (< 5% . [000106]
Exanpl e 7PMiDB2osqnsidsek #gipagtie lﬂﬁ%ﬁr@fw%t%bwqﬂfeyla[feoeqrtfeirngé@wf%ﬂ%e
product of th?mp&fsent |nve£t£?£dks st%blelugder de- oxygeniégd cogdltlons
t he packa@jierigthpothe tpheteiproetale she aysosttleast 16% seiwingd zevegegs gadrmatelbial ity
For intravenous application a custom designed, 100 niL infusion bag is nade
from a fi leastldgyeptidesEVA/ EVOH | ami nated material with a thickness of 0.4 mm
that has an oxygen perneability of 0.006 to 0.132 cnB per 100 square inches
per 24 ho@o®10Hr Afevosqlsingioat the caBlytie rpaiEtftsme.(a) ns% SPSPAGE afat@yial is
a Cass VI plastic (as defined in USP<88>), which neets the in-vivo

bi ol ogi calMAEBLTOYI V¥, theTbmpaditod HecrBRVRIke@ heRENLEAs iSeimiARS Feéf Ryl t abl e
for fabricating containers F i ntravenous |nject|on pur pose (note that

ot her for 6 ﬂﬁﬁ material as well depending
upon the s@%e éﬁ%%#%%ﬂﬁgaﬁﬂ%% se?bn&pgg packagi ng al um num overw ap
pouch is also applied to the primary packaging infusion bag that provides
additional barrier in mnimzing |light exposure and oxygen diffusion. The
conpositiBHX%QNth%‘HBﬂ%ﬁ consists of: 0.012mm of Polyethylene terepht hal ate
(PET), 0.007mm of Alumnums‘w , 0.015nmm of &#Ion and 0. 1mm of

Pol yet hyl &4910HE) Mai{ainingoa dgva fevel ofninpetive.methRemegdahin dn the prmdychatieroxy gen
transm ssion rate of 0.006 cnB per 100 square inches per 24 hours per

at nospher éormulatiom t enperature. A schematic depiction of the infusion bag
is depicted in FIG 16. The overall oxygen perneability for each infusion
bag from (000304r ewdnt compeat ioanhdr ox Pecd@2friec pBarmaceuidal poetiustspe b paddwospher e

at roomtenperature. [000109] A stability study is performed on the above

packagi ng foraic@rih alccartiant® Wattlabt moodelivtlbsdd RUDS Gatent 77978 eB2IbAS LY €
depicted in the following table 6. The results denonstrate that the

Bgcrzlkggl NG pAeAte7S50a4 7B th@bRRAud tViliSHRtn R RtilaBRALRIN 5 BY&ve AbreXt ended
hemoglobin molecules. In this embodiment, an anti-oxidant such as N-acetyl cysteine is
added at 0.2% to the cross-linked tetrameric hemoglobin. Without adding the anti-
ox.idant, inactive met-hemoglobin is found at a high level (12-20%). The product from
this invention has a low level of inactive met-hemoglobin (< 5%) and it is high-
temperature stable resulting in greater efficacy when used in treatment.

[000105] To demonstrate the stability of the product from this invention, a heat

stability test is performed at 80°C. The results are depicted in FIG. 15. The product
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[ 000110] Table 6 Stability Study Conditions: Tenperature 40 +/- 2 C,
Rel ative humdity 75 +/- 5% Package Material Tinme Points (nonth) Test Itens
Total Hb Met-Hb Oxy-Hb Endot oxin '

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 a

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

[000106] 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 cm® per 100 square inches per 24 hours per atmosphere at
room temperature. This specific material is a Class VI plastic (as defined in USP<§8>),
which meets the in-vivo biological reactivity tests and the physico-chemical test and are
suitable for fabricating containers for intravenous injection purpose (note that other forms
of packaging can be made from this material as well depending upon the desired
application). A secondary packaging aluminum overwrap pouch is also applied to the
primary packaging infusion bag that provides 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.Imm 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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(g/dL) (yo) (0/0) (EU L) Infusion Bag & Al um num Overwap 0 6.3 3.2 7.3
<0. 02

The overall oxygen permeability for cach infusion bag from this present invention is
0.0025 cm’ per 24 hours per atmosphere at room temperature.

[000109] 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.

31



16.31.06.8<0.02 26.40.86.4<0.02 36.3

[000110] Table 6

Stability Study

Conditions: Temperature 40 +/- 2

°C, Relative humidity 75 +/- 5%

Test Items
Package Material| L.7€ Points | TotalHb | Met-Hb Oxy-Hb | Endotoxin
(month) _
(g/dL) (%) (%) (EU/mL)
0 6.3 32 73 <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

[000111] Example 8

[000112] Toxicity Study

[000113] Experiments are carried out to ecvaluate the potential toxicity of the purified

cross-linked tetrameric 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 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 continuous intravenous infusion via the jugular

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




0.8 6.6 <0.02 6 6.3 0.6 5.2 <0.02 [000111] Exanple 8 [000112] Toxicity
Study [000113] Experinents are carried out to evaluate the potenti al
toxicity of the purified cross-linked tetraneric henogl obin of the present
i nvention. 10 rmal e Sprague-Dawl ey rats are assigned to 3 groups, 3 in
control group, 3 in |l ow dose group and 4 in high dose group. Normal saline
(control), purified cross-linked tetranmeric henoglobin at a | ow dose (5.52
g/ kg), purified cross-linked tetraneric henogl obin at high dose (6.90 g/kg)

are adm nf&b%@gdrasl%w%& b8 Mnkked t&t%arﬁt&m\ég%bmaﬁﬁfﬁé&% tmtafsaf\éﬁ}@%bs
infusion via the jugular vein at an infusion rate of mL/ kg/ hr. The drug

treatment 5 | d | The cross-1inked
tetraneric %E&ﬁ%’élﬂblaﬁ [lﬁggwr%fchdgeeg%%ge{{'% ljofr)gﬂ[esﬁg aBS‘Q 199 E?YSSS. 3 hours. The
animals are closely observed for the duratlon of 9 days

[000114] Table 7

Study Control 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 e
NS infusion for 24 hours
Metabolic Metabolic
Analysis (Water | Analysis (Water
Metabolic Analysis and Urine) and Urine)
Dav 1 (Water and Urine) collection. collection.
a .
Y collection. 26.7 hours Hb | 33.3 hours Hb
NS Infusion infusion and then | infusion 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 collection,
a
Y and water consumed record
Metabolic Analysis (Water and Urine) collection
Euthanasia of remaining animals
Day 9 )
Collection of blood (for both serum and plasma)
Major organs preserved in formalin

* NS: normal saline, Hb: cross-linked tetrameric hemoglobin
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[ 000114] Table 7 Study G oups Control (n=3) Low Dose (n=3) H gh 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 O

[000115] Blood samples are collected from all study animals for clinical pathology
evaluations on Day 9. Urine is collected on Day 0 to Day 3 and Day 9 for urinalysis.
Terminal necropsy 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 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 watcr-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
chloride and potassium is lower in treatment group than that of the control 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 reveals no major
abnormalities in all organs including lung, heart, liver, spleen and kidneys (such

abnormalities are attributed to toxic side effects of infusion).

[000117] Example 9

[000118] Heart preservation



Random zati on and Acclimatization, NS infusion for 24 hours Day 1 Metabolic
Anal ysis (Water and Urine) collection. NS Infusion Metabolic Analysis
(Water and Urine) collection. 26.7 hours Hb infusion and then 21.3 hours NS

[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/dL 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 release of cardiac enzymes, including creatine kinase MB, lactate dehydrogenase and
Troponin-1 are also measured as surrogate markers of cardiac injury. Hematoxylin and
cosin staining and cardiac water content detection are performed to determine the
morphological and pathological changes of myocardium 120 minutes after reperfusion.

[000120] Under the basal condition, the measures of the cardiac function, the oxygen
consumption and the release of cardiac enzymes are similar among the 3 groups. During
reperfusion, the heart rate, cardiac output and central venous pressure are greatly
decreased 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 similar 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-1 when compared to the STS group.
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i nfusi on Metabolic Analysis (Water and Urine) collection. 33.3 hours Hb

I nfusion and then 14.7 hours NS infusion Day 2 Metabolic Anal ysis (Water
and Urine) collection Day 3 Metabolic Analysis (Water and Urine) collection
Day 4 Stop NS infusion Day 5 Renove jacket and seal the tube,

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. All the measures in this study of the 0.1% Hb group have no significant
difference as compared to the sham group. The 0.1 g/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 also

comparable to the sham group.

[000121] Example 10

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

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

[000124] Some studies for the normal tissue oxygenation by cross-linked tetrameric
hemogiobin are carried out (as shown in FIG. 9). A comparative pharmacokinetic and
pharmacodynamic study is conducted in buffalo rats. Male inbred buffalo rats are
individually administered with 0.2 g/kg cross-linked tetrameric hemoglobin solution or
ringer’s acetate buffer (control group), through intravenous injection. The concentration-
time profile of plasma hemoglobin is determined by Hemocue'" photometer at 1, 6, 24,
48 hours and compared with the baseline reading. The methods 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 Optronix
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return animals to normal cages Day 8 Move Animal to netabolic cages for
urine collection, and water consuned record Day 9 Metabolic Analysis (Water
and Urine) collection Euthanasia of renmaining aninals Col |l ection of blood
(for both serumand plasma) Major organs preserved in formalin *NS: nornma
saline, Hb: cross-linked tetranmeric henoglobin [000115] Bl ood sanples are
collected fromall study animals for clinical pathology eval uati ons on Day
9. Uine is collected on Day 0 to Day 3 and Day 9 for urinalysis. Term nal
necropsy pimigpductad 88 BRxilezddang MedRL SerfMRhlahReidin Jrude-sol infd/ea!
observations, body wei ghts, body wei ght changes, water consunption,

clinical g%mlr@% %@ﬁ%@?&l{g%é{b Ghdefon @ thd\GMYosh ohs BN tcihl RlsYR! SYy  Or gan
wei ght s, rgan-to-%o y wel ght ra¥|o, organ-to-graln wel ght ratro, gross

pat hol ogy d_nhi.st opat hol e TE ment. wth the cross-1ink etrameric
henogl obi Régfmfl (?{gésprggs eft %%vbeyn |a?§ltrt1ra oedsa\{gngfqurlsétéouq tsys?%m ndn\'??rquipir%/cl%?n adver se
clinical @% diq%i.and ne remar kabl e effects on body wei ght changes, and

wat er - con RB?I N} TP 3818 MRB%G116] There are no obvi ous changes observed
on clinical chem stry and hemat ol gy paraneters related to the treatnent.
Urine exa[\qoi%%ﬁonA% FGRaN thhdt 74 lﬂ@cfc%e&%?rgélfa grassoinked | tefrangsicdisaoglabis si um i s
| ower in treatnment group than that of the control group on Day 2. Blood

st ai ni ng, sHptvedempenstraicn comelatrny hetveen Hivd Phasmacakérptip| (lseme dicmoglobinur i ne
are found in treatnment groups than control group on Day 2 to 3. Those

obser vat i onsemtrdtiospaml phacosedytaminddatimbry dMoxsggniof imesanlar dssfuteprepaées s
observed between | ung-to-body weight ratio. During the study, no unexpected
deat hs andf the immniiocisrosd-limkedattramagicsheafogiobid siltitionarienpottsstyy @adignificant

Addi tional ly, gross pathol ogi cal and hi stol ogi cal analysis reveals no major

abnor mal i {rcRfsd i okl ten@fi@ARDbbdMeddUd N hnbsM@riol8Afite chhpfitd wiRHIREFagd
ki dneys (such abnormalities are attributed to toxic side effects of

i nf usi on) 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 arca
[000127] Improvement of oxygenation in an extremely hypoxic tumor area is evaluated
by a human nasopharyngeal carcinoma (CNE2) 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- 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
Oxylab™ tissue oxygenation and temperature monitor (Oxford Optronix Limited).
Oxygen partial pressure is measured along a tissue track with a fully computerized
PTS30 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
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[000117] Exanple 9 [000118] Heart preservation [000119] Cross-Iinked
tetraneri c henogl obin can be used as a cardioplegic solution in a nodel of
heart preservation during cardi opul nonary bypass in Beagle dogs. 18 Beagl e
dogs are randomy divided into 3 groups: sham St. Thomas' sol ution (STS),
and 0.1% of cross-linked tetraneric henogl obin groups. Cardi opul nonary
bypass is established in a standard fashion with cannul ati on of the
ascending aorta superior and inferior vena cava, and left ventricle for

venting t for. the sham ho t. (ST r.wth 0.1

o7 dL oF od BN SEPor-UDFSH EPREE e RBRHR St B8 e iegieg e Ph RiE] | i o
the aortic root af%er aort| cl anping to achieve c%rdlac arrest that is

mai nt ai nelic foveimof fertice and tedh e RVSET R ct mE#surgdn RFBithEcRAIHMEE out put
pul nonary artery pressure, pulnonary artery wedge pressure, nean artery

pr essur e, signsficanhlincyean f oxgenasionan Ahel mestkXpoKist lemop atkat Hfids| inrevegelss ar e
nmeasured during reperfusion and conpared to baseline. The rel ease of

cardi ac engytiesef 1.Ad/kalphgoss el neranmiadenivBlobin thamedide pPdrogenase and
Troponin-1 are al so neasured as surrogate markers of cardiac injury.

Hemat oxy| firém &2l neaidg o 3i9%ammiHg(iardhars)dindcl (v iredHe dint € hdurshe resptdtionlyar e
performed to determ ne the norphol ogi cal and pat hol ogi cal changes of

nmyocar di ughdw®inIGUI@®s after reperfusion. [000120] Under the basal
condition, the neasures of the cardiac function, the oxygen consunption and
the rel ease of cardiac enzynes are simlar anong the 3 groups. During
reperfusion, the heart rate, cardiac output and central venous pressure are

greatly STS group when conpared to the sham group.
However, q?ﬁ ﬁﬁia%P& tlpiﬁlcardlac out put, central venous pressure and

cardi ac tlon ar a reserve whi ch is
simlar t@&ﬁ%&e%ﬂ dr %ﬁﬁ'&ﬁ?‘éfﬁﬁ‘? t(#'ﬁggﬁls‘&sénﬁagﬂ %l?e[cg gnggfsoﬁllﬂﬁeﬂogl obi n
in STS also greatly reduces t he appearance of |actate dehydrogenase,
creatine ¥efREesicsmaglebinohoni n- 1 when conpared to the STS group.

Moreover, the cellular swellin fatty changes and hyaline changes are

si gni fi cafPPL30] eddenehemonsepsitiz om%fﬁtswgpédbe viRestixe resessddked tERENGSTES gr oup.
The other neasures, including pul nonary artery pressure, pulnonary artery
wedge pre@mmﬂg@bﬂn@ahe%wuw@ﬁympﬁﬁbgntGMQHUthénGar@ﬁd@m%ameﬁ1@@#@@hﬂ) do not
have significant differences anong the 3 groups. Al the neasures in this
study of ¢dien Cantép ddibl IGreo(@OIIRROS), nospdatmprricistemniungl icdrfcer exic BnabA &OMsp)ed t o
the sham group. The 0.1 gAIL cross-linked tetrameric henogl obin in STS
during caindi a@idniRnarygishypassseshidat tcch et (CICFcAAMMY apy @bedicdvomf f ect
than that of STS (a current standard cardiopl egic solution) and the outcone

is al so compaeaBkfichy bhmah@dm Wiciees AQQ 1ddifexargpbe Jhtkak QRAL 22400St udi es

on Tissue Oxygenation, normal and cancerous tissues [000123] (10a)

| mpr oveneaby ho9X%AEN3hAP M 449,98 N®is LindSY60d A4CE2AADRP RIS LI RS4ds0r the

normal tissue oxygenatlonq%y cross-linked tetrameric enngfo bin are carried

out (as Sh F\é (]A ﬁﬁ)h%gtﬁ 6A?lt8 AgRAL At k)}élfepﬂﬁ cil%@'ﬁ?l’ﬁa S1s 3D 111%[1&&&?& dynarmi c

study is COI’] rats. O rats are

i ndi vi dua m ni.stered with 0.2 g/ kg cross-linked tetr gl obin
solut i on St &r'fv}’i aprigus;chemafherapgRic, ptto oHPorTgraipietin 584 g lenous

i nj ection. The concentration-time rof | asma henmogl obin is

det er mi nefossylinisadetiamavic p}I‘f‘é‘!‘Iﬁ@’t“éﬁOl&FO‘& JBrkatZQCHMzSe Hesated %Wu VEKHHHICed Wit h
t he baseline reading. The nethods are based on otonetric nmeasurenent of
herogl obi shlfateeiteD. ﬁhe‘) ebnbehtZ-atd end dP Hﬂéfﬁbgp&il(f?oﬁsceﬂﬁ e tredfed 84l ut as
g/dL. Oxygen partial pressure (p02) in the hind |l eg nuscle of buffalo rats
i s directflyorneasilined 78yl .56 . 10 Yl 23bank 12.5 ggenloxy @ Gasp oellsaanel tieatapevitht ur e
monitor (Oxford Optronix Limted).Rats are anesthetized by

i ntra- pertisgaéaht 03pe0178oM.56f 330; BQS ndk. Hqugtrmb anbli MORe7/ADMitck i afeol | owed
by insertion of the oxygen sensor into the nuscle. Al p02 readings are
recorded hyaidpdah hdrfdny@at & B9 0I7R1 115613, 8y K BMAIION3 do/RiL € CA fibrQFeatrigitf Uunent )
in areal-time manner. [000125] As seen in FIG 9, injection of 0.2 g/kg
cross-linked tetrameric henogl obin solution denonstrate a correl ation

bet ween the pharnmacoki netic (plasma henogl obin concentration) and

phar macodynam ¢ (delivery of oxygen to nuscul ar tissue) properties of the
inventive cross-linked tetranmeric hen8gl obin solution. Inportantly, a
significant increase in oxygenation is observed for a |onger period of tine
conpared with the plasma henogl obin | evel. Plasma henogl obin concentration
is seen in graph (A and oxygen delivery to nuscle is seen in graph (B).
[000126] (10b) Inprovenent of oxygenation in extrenely hypoxic tunor area
[000127] Inprovenent of oxygenatlon |n an extrenely hypOX|c tunDr area |s
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inventive cross-linked tetrameric henogl obin solution is injected

i ntravenously through the tail vein of the mce and the tissue oxygenation
is neasured. Results denonstrate a significant increase of oxygenation in

t he nost hypoxic tunor area. After intravenous injection of 1.2 g/kg of
cross-|linked tetraneric henogl obin, the nedian p02 value rise fromO0.2 mg
to 3.9 mmHg (in 3 hours) and 10.6 mmHg (in 6 hours), respectively (shown in
FIG 10). [000128] Exanple 11 [000129] Cancer treatnent study

( Cheno- sepmitiliadt @QRc@ bR glowiRfs EhQ@BBrcityKBd AtretilABREHmNS AN BPASy

[ 000130] The chenp-sensitization effects of the inventive cross-|inked
tetranerlg ff Iobln are evaluated in different cancer cell I|ines.

Leukem a Ilne (Jurkat) col on cancer ceII i ne (COLO205),

SL?PL%LWO?E@%?% USRS aEPe birsCr] sisteed f%é’rﬁbe?orsw SECHIRRd from
Chi nese Acade dlcal |en Cgﬁggr Instlgute 0 Jurkat éells
4000 anoéége‘ggvl §, ‘%YF(BWYA% Sngol ARreR6e ?\/ﬁrﬁf’eﬁﬁ B %L 1PV

seeded indjvidually in trlpllcate onto a_ 96-wel| plate. After attachnent
cells ar epiaﬁcu‘b%qrea@a%hm@? celif p15 ipenbpisd st éﬁ@n’dt‘héﬁa B elone. o O8s Oh dne, or
in conjunction with 0.5 ng/nL cross-linked tetraneric henogl obin sol ution.
Jurkat cel gndp@ pgfralat erdn\goriinetioncwitls 8img/md ugrpsstlenksd tgragiericthegglobims, 2. 5,
5 and 10 1.1g/nmL; COLO205 cells are treated with 5- fluorouracil at 0.78,
1.56, 3. 1lutger25Adnd irtibdion, tybdiokicitAS« oFMisgd bpIMET arH rroléfatacidn whdalk.
cisplatin at 0.39, 0.78, 1.56, 3.13, 6.25 and 12.5 gg/m, and MCF-7/ ADM
cel | s ar eRequdtat sibwi thit additieanyefi theatin@nB9e dPosé8inkdd S@trameric3, hemoghband 12. 5
gg/ m.. After treatnment, inhibition of cancer cell growth is determ ned by

the ATP tbﬁg@.&'cﬁhﬁ/r&hﬁﬁeﬂﬁm%ns@&@am VaAd iR bféor-cell BAQLAdLIES ABRag8egyl cancer

cell line HKESC-1 is obtained fromLaboratory of Cancer Genetics, the

Uni ver si t xnmdmgdﬁ@ adls RAQR BANG 8siseh {osc}@ﬁl%m%ﬁaw %glo%tlﬁ FRG 9§ wel | plate.
After attachment, cells are incubated at Cwth cisplatin alone, at 0.08,
0.4, 2, 10 and 50 ug/mL, or in conjunctlon mnth 3 ng/ mL cross-1|inked
tetraneric henogl obi n solution. After incubation, cytotoxicity is eval uated
by MIT ceh{ g@ﬁlléeratlﬁg assay. Results show that addition of the

i nventive ép trameric henogl obin significantly enhances

cheno- ngfltIVIty in various cancer cell lines including A549/C sp and

MCF- 7/ ADMQO8I$Y  t Fegatment of AgHie Severe Hemeogrhagic Shackot her apy (shown in FIG
8). [000132 Tgle 12'{000133] Treat ment of Acute Severe Henorrhagic
Shock [ 008094341 1339)Tr e akreatmenioif Asgin SeveeHamorthegisShackgindBeslseiess n Beagl e

dogs [000135] The inventive cross-linked tetranmeric hempglobin is used as a

reSUSC|ta t in a nodel cute Severe mar r hagi ¢ Shock in Beagle
dogs. 60 HoBTHE° G iR Srmsnibe LelhaeR Foceabinoie S B o

resu50|tat|on agents, 15 dogs in each group. [000136] G oup 1: Dextran
(Negat i ve2&Shitropydgt eééig?ﬁetﬁrwsmwrhm %mckaﬂﬁs%@é‘w of) Benglq s atg ve

Control)
randomly divided into 4 groups according to resuscitation agents, 15 dogs in each group.

[000136] Group 1: Dextran (Negative Control)
[000137] Group 2: Animal autologous blood (Positive Control)

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

of body weight)
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[ 000138] Goup 3: Low Dose Treatnent (0.35 g cross-linked tetraneric
henogl obi n/ kg of body weight) [000139] Goup 4. Md Dose Treatnent (1.05 g
cross-linked tetrameric henogl obi n/ kg of body weight) [000140] Acute severe
henorrhagi ¢ shock is established by w thdrawi ng ani mal whol e blood at a

vol ume of 50 nlL/kg body weight. Ten m nutes after henorrhagi c shock
establ i shed, Dextran (50 nlL/kg), animal autol ogous bl ood (50 ni/kg),

di fferent doses of cross-linked tetranmeric henoglobin (5 ni/kg, 15 ni/kg)

are infus into the i s. .The infuysjon rate of cross-linked tetrameric

erogt ob; 110985 a0t SOV bkt e msRddmisal croSr kg smian haRogapiEs ar o

observed for 7 d%%a. A panel of paraneters is observed and anal yzed duri ng
cl

the st udyfhery vai udi ng survival, body wei ght, el ectro-cardi ography
(ECG, blood pressure, heart rate, respiration rate, body tenperature,

I h | abi trati .h I . i.al. bl.ood .

i marys TR0 A ik erp SR et e RS oS Rare R ke

d . A LI ival is th i d. poing. Af

days of tHH AbACONIHR: ob BB IErkEN VoEbLTsh EIMHIETURLAFHOTFEZt AR or oup
has a much higger survival rate conpared with the normal group and the

aut ol ogowestablighsd. Pexdep (Phmliidvinimal aufpdogoys Plogi k0 mbbied dfferentdysesiofl] Tabl e

8 [000142] Canine study in henorrhagic shock nodel G oupSurvival no. after
7 daysSurarpssdinkedtetragfetie hemoglabm (S5(mEA®) 1§ adyk@exe rinfisadeigin theean@oals.r ol 7 46

The infusion rate of cross-linked tetrameric hemoglobin is set at 10 ﬁ1L/kg/h, hereafter,
all experimental animals are observed for 7 days. A panel of parameters is observed and
analyzed during the study period including survival, body weight, electro-cardiography
(ECQ), blood pressure, heart rate, respiration rate, body temperature, plasma hemoglobin
concentration, hematology, arterial blood gas, urinalysis, clinical chemistry, coagulation,
physical conditions and adverse events. Among all, survival is the primary end point.
After seven days of treatment, the cross-linked tetrameric hemoglobin treatment group
has a much higher survival rate compared with the normal group and the autologous

blood group (as shown in the following table 8).
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Dog' s Aut ol ogous Bl ood 12 80 Low Dose Treatnent 14 97 M d Dose Treatnent 15
100 [000143] (12b) Treatnent of Acute Severe Henorrhagic Shock in Rats

[ 000144] The inventive cross-linked tetrameric henoglobin is also used as a
resuscitation agent in a nodel of Acute Severe Henorrhagic Shock in rats.
80 SpragueDawl ey rats are randomy divided into 5 groups according to
resuscitation agents, 16 rats in each group. [000145] G oup 1l: Lactate

Ri nger's solution (Negative Control) [000146] G oup 2: Animal autol ogous

bl ood (Positive Control) [000147] G oup 3: Low Dose Treatnent (O0.1g

cross- | i nK®4141dt r'Eatde Bc henogl obi n/ kg of body wei ght)

[000142] Canine study in hemorrhagic shock model

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

Dextran Negative Control 7 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

[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 Sprague-
Dawley rats are randomly divided into 5 groups according to resuscitation agents, 16 rats

in each group.
[000145] Group 1: Lactate Ringer’s solution (Negative Control)
[000146] 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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[000148] G oup 4: Md Dose Treatnent (0.3g cross-linked tetrameric

henogl obi n/ kg of body weight) [000149] G oup 5: Hi gh Dose Treatnment (0.5 g
cross-linked tetrameric henogl obi n/ kg of body weight) [000150] Acute severe
henorrhagi ¢ shock is established by w thdrawi ng 50% of ani mal whol e bl ood,
which is estimated as 35 nL/ kg of body weight. Ten m nutes after

henorrhagi ¢ shock established, Lactate Ringer's solution, animl autol ogous
bl ood, different doses of cross-linked tetraneric henoglobin (0.1 g Hb/Kkg,

0.3 g Hb/ Hb/ fused jnto the mal s. The infusion rate
o “cF oss- KPR Bebbsoiies BisrgriRe §3 e spigafRredbaapllia |
experinental anipals are observed for 24 hours. A panel of paranmeters is

observed #Hed &Mf%bi)ed during the study period including survival,
henodynam cs, nyocardi al nmechani cs, cardi ac output, cardiac functl on, bl ood

gas, tiss ge CdlgEI i very unpt i.on, S8 erf on. & ge
Pensi on_ (1000 B0 RRaiSo R hemaPRRR TROM, R chaarey Bt i et hes ogy
(bl ood vi scos t.oc drl al nt rol .rate (liver, .kidney
and br ai nﬂn‘mﬁtPBﬁ é??nOd |4 'r“ ‘?/Sﬁtm?aéedts%e{sp?ﬁ%r‘ff Y “ﬁfﬁhﬁt]eenmp S3%%hours of
observation, the inventive cross-linked tetranmeric henogl obin treatnent
group hashemesthagicgshack sqstablishet, FagtatecRivger e dolifion W@alnawﬁ&goger slpgdand t he
aut ol ogous bl ood group (shown in the following table 9). [000151] Table 9
G oups Sudifiereat desgs o&fross-lipkedremamgrie=hanogbabim Gt eibAE AP g Hbkg( A2
Negati ve control

Hb/kg) arec infused into the animals. The infusion rate of cross-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 during the study period including

survival, hemodynamics, myocardial mechanics, cardiac output, cardiac function, blood

gas, tissue oxygen delivery & consumption, tissue perfusion & oxygen tension (liver,

kidney and brain), liver & renal function, hemorheology (blood viscosity), mitochondrial

respiratory control rate (liver, kidney and brain). Among 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).

42



3 18.75 Low Dose Treatnent 6 37.5 (0.1 g Hb/kg) M d Dose Treatnent 8 50
(0.3 g Hb/kg)

[000151] Table9

Groups Survival no. after 24-hour 24-hour survival rate
(n=16) (%)
Negative control 3 18.75
Low Dosc Treatment 6 37.5
(0.1 g Hb/kg)
Mid Dose Treatment 8 50
(0.3 g Hb/kg)
High Dose Treatment 12 75
(0.5 g Hb/kg)
Rat’s Autologous Blood 10 : 62.5

*Hb: cross-linked tetrameric hemoglobin

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

[000153] The prior art has stated that high molecular weight polymerized hemoglobin
solution is preferable because it results in longer persistence in circulation. Therefore,
the stabilized cross-linked tetrameric hemoglobin of the present invention is compared to
high molecular weight polymerized hemoglobin in 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
poﬁ, C is the pump, D is Liqui-Cel contactor, E is a sample collection point and F is a
sample inlet port. Time course met-hemoglobin formation of the cross-linked tetrameric
hemoglobin solution of the present invention is compared with a commercially available
product (Oxyglobin®), which contains approximately 68% of polymeric fraction
(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 inlet port. The
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Hi gh Dose Treatnment 12 75 (0.5 g Hb, 19) Rat' s Aut ol ogous Bl ood 10 62.5
*Hb: cross-linked tetraneric henogl obin [000152] Exanple 13: An In vitro
nmet - henogl obi n formati on study [000153] The prior art has stated that high
nmol ecul ar wei ght pol yneri zed henogl obin solution is preferable because it
results in | onger persistence in circulation. Therefore, the stabilized
cross-linked tetraneric henoglobin of the present invention is conpared to
hi gh nol ecul ar wei ght pol yneri zed henoglobin in vitro to analyze stability

in conditions that sinulat ircul.atiop.conditions, The tegt . circuit is
depi ot ed HHEPED 19 el AL b ERufoaROaTn e Fin el p BRamE et ' A i s
the sanple reservoir, B.is the sanple outlet port, Cis the punp, Dis
Li qui - Cel ThEpy#hQEt g‘r",ex@ei“ge% D}wme@mrf é)&ttﬁ%ﬁg‘%l? rESCAYRET B F‘égléa‘ le inlet
port. Time course net-henoglobin formati on of the cross-linked tetrameric
henmogl obi 37°SolTgtmessursthe met-hamogtabin Jen¢lef2ingn of tgstsgmplerie golgeted fgom the
commercially avail able product (Oxyglobin(r)), which contains approximately
68% of paolayply | elitetint inpint( {a28cc0POMEAY . (IBebPx e Inskrumentpaon nbahoratally). sanpl es
are diluted to 5 g/dL and 50 nL of diluted sanple is introduced into the
sanpl e r eBanpessed hir asnbich pasadrireughntheliqpiaret memibeane 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] While the foregoing invention has been described with respect to various

embodiments, such embodiments are not limiting.  Numerous variations and

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

and modifications are considered to be included within the scope of the following claims.

44 .-



" This denonstrates that the Inactive net-henbglobin fo

liquid punp rate is set at 30 nL/min, and the sanple is allowed to fill the
circuit. Throughout the experinent, the tenperature of the sanple reservoir
is maintained at 37C. To neasure the net-henoglobin level, 0.2 nL of test
sanple is collected fromthe sanple collection point for co-oxinetry
(I'L-682, Instrunmentation Laboratory). Conpressed air is then passed through
the liqui-cel nenbrane contactor at flowrate 2.0 nL/ mn to start
oxygenation of the sanples. A 0.2 nlL sanple is collected at 30-m nute

i nt er val swiNtligdlainte@at nrent for 5 hours, the net-henoglobin fractions of the
inventive cross-linked tetraneric henogl obin solution and the commerci al

avai | abl e produg ty 3ty #l A4 Pebdrhiidd 6 £ 8 nguﬁ%%f/axﬂl”ﬁgﬂ-@en%%%arﬁx%%‘%&ﬂ ¢ ely.

mation rate r

pol ymeri c LN d.s sub iall t. t b far the. inventive
cross-li nﬁgggpg% I(r?ghg?ét%nﬁ’gwﬁ%ﬁ%%%eﬁhf% gﬁ%@ﬁon[ 3@%10%‘21?‘5\7&3?{'%'%‘3‘%‘% egoi ng
i nvention _has been ldescri.bed. %h resge@g t@f:vari Qus enbodi ments, such
embodi menPRRAEUTEY RS iioNycluding hemaslobin Be msod LORPHEEE i cat i ons woul d
be understood hy those of ordinary skill |in the art. Such variations and
modi fi cations % BOvKhRg qarmserliap Wels blgodywgludingnitnleptiered chiped 6flly prd
followng clains. Wat is clainmed: 1. A nethod for the preparation of a
hi ghly puPi¥P#&d and hi gh-tenperature stable oxygen-carrier-contai ning
pharmaceutical conposition, the oxygen-carrier-containing pharnaceuti cal
conposi ti on i nk)sgparagngberngl béxidells fremrthe plosing ortpe imsinmaplian whole blad;
provi di ng mammal i an whol e bl ood including at | east red blood cells and

pl asng; c)bfiltgmgahatédblobdecliscthativoedcksepahicd ffonoithet plesnpd asotstainm t he
manmal i an whol e bl ood; c) filtering the red blood cells that were

separ at edfifttredvddodd @fTRctién;obtain a filtered red bl ood cell fraction;
d) washing the filtered red blood cell fraction to renove plasna protein

inpurities, r QﬁWaEl’uH? tHeFINARINBH b1o8d Ol 88Hiohed tethove plasma pteidliidpiidsng t he
washed red bl ood cellTs by a controlled hypotonic lysis for a tine

suffici entocti@inb VoGadhd rddl 9 &Rl s Wi thout [ysing white blood cells in an
instant cytolySis apparatus at d flowrate of at 50-1000 liter/hr to create

7 0 L1 oML XA RS B LORR B BBl
lysate; sufﬁcientgt)o 155Xet rreceil %E()ioggceﬁls Iviit[]gl}t lyr/]s?rgrgo %Llct)g iblnooa %lellljst 1jn0arr]1 i];gtgrg? ctypo?yslisy sate;
apparatus at a flow rate of at 50-1000 liter/hr to create a solution comprising a lysate of
disrupted red blood cells;
f) performing filtration to remove at least a portion of the waste retentate from the
lysate;
g) extracting a first hemoglobin solution from the lysate;
h) performing a first ultrafiltration process using an ultrafiltration filter configured
to remove impurities having a higher molecular weight than tetrameric hemoglobin to
further remove any viruses and residual waste retentate from the first hemoglobin

solution to obtain a second hemoglobin solution;
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h) performng a first ultrafiltration process using an ultrafiltration
filter configured to renpve inpurities having a higher nol ecul ar wei ght
than tetraneric henoglobin to further renove any viruses and residual waste
retentate fromthe first henoglobin solution to obtain a second henogl obin
sol ution; i) perform ng flow hrough col um chromat ography on the
second henogl obin solution to renove phospholipids, protein inpurities and
di meric henogl obin and to forma phospholipid-free, low protein inpurities

and | ow di ner he | abi n, sqJ uti.on; i erform a secand .
'trafilrai dh iggRRss s tmuet RumnostrphdoBRRe”of oiF sRsRETRMORSHn i es
and | ow di ner henogl obin soj.ution using a filter configured tg renove

i mpur i ti el¥es e r5mRy cinhosphelipide PEGteln dUPWtiss end dimasts H)@g{ogmnﬂﬁ% m gy
protein inpurities and | ow di mer henogl obin solution; k) blocking the
sul f hydr y# Phpspgdpidfresdoip grostin Hprsitise andlow Hmehkenpephetimselaiey purifi ed
phosphol i pid-free, low protein inpurities and | ow di mer henogl obi n sol ution
by a sul f hydryi) pefageing 4 nccand ullirsfiloatyaye peocess emvhia phosphelipgdrdiee,t hiatv t he
henogl obi n nol ecul es each have at | east one cysteine noiety including a

t hi ol - pr opreedin imgpugitiosgn dslaehldimbigiienidgéobivesabati ombisingrafiles wbefguacdetoireraayrabl e of
bi ndi ng endot helium derived relaxing factor at the cysteine site; 1)
cross- | i nigipigitied feshifin@lim PeoicRatrael peifal phospholiyidbirse; Jow-pblomopasitiscy
fumarate to form hi gh-tenperature stable cross-linked tetraneric henogl obin

wi thout t ey HRTARL IRMR{obRPloiTRLI ¢ henmpgl obin such that the nol ecul ar
wei ght of the resultant cross-linked tetraneric henoglobin is 60 - 70 kDa

ght o .' . c hergl o .
nemoghobi i - ookl i QmARIEIOHEEDS SorfdaRts R (B AERRRLFed 1
-1ink | obj n; . .. ' . i dual

non: or os DY GO HRD P B o NGRS bl P dhar bt e Yy,

washi ng; 0) addi ng cetyl cysteine at a cqncentration .0.2-0.4%
to the cr 6§§1¢Y4{K]eéea§%‘ttr‘§nérl\$@yh‘€éﬁar ‘ﬁ“‘f‘ﬁ’“ﬁﬁflhts‘é‘ﬁht tt ?/éHe“‘Gf%ﬁ’fbm

nmet - henogl obi n bel ow 5% and _p) adding the | ow diner,

phosphol i polectleeeachigypptlgash prcexsteing moictydnrpading artbiokprafsicing group sych
temperature of 80 C cross-linked tetranmeric henoglobin free from polyneric
henogl obi that thezhemeiabit apldcoleh |aye insergblcapl bindmer ¢ndptheligm-detiecdreeldront f or t he
preparation of the oxygen-carrier-containing pharmaceutical conposition of
cl ai m 1 whetoehntht bstéimsdimnt cyt ol ysis apparatus includes a static m xer.

3. The method for the preparation of the oxygen-carrier-containing

phar maceut i cal 1ca@Rgdinkingn thd  ticipiatdcth elicehoglcbm dber bisS;3-dibkegbshiedyr anmer i ¢
henogl obin is derived from bovi ne, porcine, canine or equine henogl obin.

4. The nefigatt @ forchigH-@RPeRAIr® Rallt ckRElIaRINeRarB&d he@dogfoditt Rithéud the
pharmaceutical conposition of claim1l wherein the colum chromat ography

conpri sesRgH A of Pl A HRRp b AN thaf He HBIScuRR W ATH: BPMHEXGRARAS Q! uMms.

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 tetrameric
hemoglobin;

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

residual chemicals by washing;
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5. The method for the preparation of the oxygen-carrier-containing

phar maceuti cal conposition of claim4 wherein the ion exchange columms are
one or nore DEAE col unmm, CM col unm and/ or hydroxyapatite col um. 6. The
met hod for the preparation of the oxygen-carrier-containing pharnmaceuti cal
conposition of claim1 wherein the henogl obin cross-1inking by

bi s- 3, 5-di bronosalicy fumarate includes at | east a-a and/or 13-13
cross-linking. 7. The nethod for the preparation of an

~oxygen-carriergcaiimt NidegtyP iR atlhi eatenBMROST H24Rf toCthaicisE-1ink&r ei n t he
cross-linking conditions are selected such that 13-13 cross-linking is

greater ti&ﬁ@m?x@c/ﬁé?ﬁ >(g§1/$’|ﬁn tHh@htafl PRSa1l A H&no%@bm];%w“?% for the

preparation of an oxygen-carrier-containing armaceuti cal conposition of
claim 6 wher ei S k|n ele e ch that 13-13
cross-1inking @swﬁ ttger ﬁ?\k m&b%hogg‘lohlé d?tn‘f;sa%l%l rOte ed Egﬁ%mpgamrleh

nmet hod for, t.he repa atio oxygen-carrpier cont i ni h ceuti cal
conposi t i SRCIGFUPC O engﬁgV (ﬁq§%e6088? "ﬁ?ﬂ??“@nﬁﬁhg?P?%ﬁ@g ggﬁggpbcted
such that 1313 .c oss I|nk|n s greater than 70%of the total

cross- | i nRexgeric hggnogiohi I%H&n?wt%lé AGEBRERICLRITER of an
oxygen-carrier-containi ng pharnmaceutical conposition of claiml1l wherein the
pharmaceutically acceptable carrier is a physiological buffer or water.

11. The method for the preparation of an oxygen-carrier-containing

phar maceuli dh¢ regshgbdort thenpwbaretiar wif 1thé wxy par-cacuerpronsimige phakwgeutgat he
prepared conposition in a multilayer, flexible infusion package having an
oxygen pecamaiitiontoy clafm Il edsrdihtha itM0 250 IgAB aparat@dinbladessa sdticaniaeent
conditions. 12. A highly purified and high tenperature stable oxygen
carrier-containing pharmaceuti cal conposition conprising henogl obin, the
henogl obi n consi sting essentially of nonpolyneric cross-linked tetraneric

henogl obi 8. fra¢ Rehdy f&m;epf)&?ﬁﬁﬁorpfof%@ldxyéen cala%r-c/c\nﬁﬁﬁ‘k@h%a%m@lnat ing
tissue conprising providing the conposition of claim12 the tissue
either i NedthyRitldh oFX1afh i Qwherein said cross-linked tetrameric hemoglobin is derived from

bovine, porcine, canine or equine hemoglobin.

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

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

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

column, CM column and/or hydroxyapatite column.

47



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

fumarate includes at least a-a and/or B-f§ cross-linking.

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

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

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

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

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

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 1 wherein the pharmaceutically acceptable carrier is a physiological
buffer or water.

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

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

cm’ per 24 hours at ambient conditions.

12. A highly purified and high temperature stable oxygen carrier-containing
pharmaceutical composition comprising hemoglobin, the hemoglobin consisting
essentially of nonpolymeric cross-linked tetrameric hemoglobin formed by the process of

claim 1.

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

the tissue either in vivo or ex vivo.

49



