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Safety Evaluation of Artificial Red Cells (Hemoglobin-Vesicles)
as a Transfusion Alternative
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Abstract

A fluid of artificial red cells (hemoglobin-vesicles, HbV)is being developed as a transfusion alternative that comprises concentrated
particle dispersion ([Hb]=10g/dL, occupied particle volume=40%) with comparable characteristics to those of blood. Encapsulation
of a concentrated Hb solution with phospholipid vesicles can shield the toxic side effects of Hb. We have studied production
methods, safety and efficacy of artificial red cells since 1997 under Health and Labour Sciences Research Grants. Efficacies of
HbV as a resuscitative fluid for hemorrhagic shock resuscitation, priming fluid for extracorporeal circuit, and other uses have
been clarified through in vivo evaluation. Moreover, the unique HbV characteristics of small particles, adjustable oxygen affinity,
high viscosity, and CO binding are especially effective for therapeutic and surgical treatments(tumor, ischemic disease,
reperfusion injury, and organ transplantation). We have particularly devoted attention to HbV-related safety issues because it
is expected that the injection amount of HbV as a transfusion alternative would result in a massive dose such as 2-3 liters per
patient. In fact, artificial red cells will become a newly categorized pharmaceutical drug. There is no manual for a safety study.
We have considered the optimal protocols of safety evaluations as prospective studies. This report summarizes preceding
studies of the HbV safety evaluations. The obtained results attest to the safety of HbV. However, we welcome suggestions for
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additional necessary safety studies. Through confirmation of HbV safety as a prospective avenue of research step-by-step, we
intend to prepare for the preclinical and clinical stages of HbV development with GLP and GMP standards.

Keywords

blood substitutes, artificial oxygen carriers, liposome, hemoglobin, hemoglobin-vesicles, preclinical studies
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BI-, ‘H- SkIBERB SRR TH o2 2D, NEFBE
VNBARZ MR CIEBR S 3 IOMRE LTHERL TS
ZENFo T, ANEZOE VNBRIZEICE, BBICBT
L, WEANEZ70¥ i35 BRI, BEERS (2V A7
T—b) 14 BRI L DR LA 2, AHEsh
TenNEFUE Y RRERRS (AVAFE—-V) BEE
hBICEREFRRPROCERICHRHES N A Z L A%b o
7z,

9) RIEHES5HE

BWE : Wistar 37 v + ()

BERE AT VMR [Hb] =10g/dL

#5& 10mL/kgx 14 H (BH%58 40mL/kgid, v+
FERIMAE 56 mL/kg O 25 £%)

FRBE SR — 7 OVEREE, Z OBk sevoflurane Wk A FREE

BeoRER  BEIR

BN  RE5PM 4 B0HLHEIC14H

WeEE &\, mIREF, MEEEERE (APTT, PT, 74
TV Y, BEER (TR R T, RRE @b
HbVEE, A< 7Yy b, mMEELERE B&EH, 7
V73 ¥, AST, ALT, LDH, y-GPT, LAP, ChE, #%
EYWVEY, Fe, 7L 75 =Y, BUN, UA, 73I5—¥,
Yr—¥, 7MFZRFuY, CPK, K* Ca®*, inorganic
phosphate, a2V AFu—), BHEILAFO—L, IL
AFYNTZRATN, HDLIVAFur—L, BYKREH, TG,
Y VIRE, EHERVE, REBE), LBME sSra-x2, M
WA AR, WE, OHE, H&EE 0F, B % W O
% H/E, NEVFVY V), REHMARE (HO-1Hk b
b Hb $ifk)

EWHTT  BERBRFESR

A ¢ Sakai H, Masada Y, Horinouchi H, Ikeda E, Sou K,
Takeoka S, Suematsu M, Takaori M, Kobayashi K, Tsuchida

AT Vol. 21, Nol, 2013



E. Physiological capacity of the reticuloendothelial system
for the degradation of hemoglobin vesicles (artificial oxygen
carriers) after massive intravenous doses by daily repeated
infusions for 14 days. J] Pharmacol Exp Ther. 2004 Dec; 311
(8): 874-84.

FERFR 14 HEOMRIC X > THRMEED 25 O ANTH
MEROTEEEZIF 5D, v MIEREMNL, %t
RIEHET REUMHBE) AFLE FEBEOBXS
BHETH oA, BERTHO 14 BB LARITZIERHE
ICR-> T, #ERTESE, WERALERECTE, ek
B-alVA7u—VREL Y S—Eh Bk ER Ui
FICRERL, BHBRRBICOMBREVEEZ o, HK
BoO2 77 7 -V RATHRMIROEENBD SR2H, 14
HBBIZIXHEE, ~NEVFY Ol R bhik, HO-1 0
RAVPBOOLN, "AORFPATELTVBEEZ BN
VY LE VBER LRSS, MY, RRECIREE 25
FRRGEL. ERRT 1 HRICAPTT OERBENYD - 72
PHEEBZIEL, TL-UHBLCRERMICEL WA
Fibrinogen 23%& T3 A L7z, ME, OHE, MmILA ZHRK
WRELRL. Dol ihb, KEESLAZBEFICIBVT,
MM R R AN LRIMIROFHIE - 7HE2 LTBY, T4ICF
BHANCHLZEFEZ BN

10) REVERS SFUT LI —ERIEDHE

WAL : NIBS 7% ()

BERE - NES Y M, [Hb]=10g/dL s & LT
Zo/Nafk, B XU DPPG &8T5/ etk

#5.8 : 1@EH 005mL/kg, 70 22 05mL/kg

BB D N,O : 0,=2:1 DRAHF R / 2-3% Isoflurene WA R

BERER © RERERIR

BIEIRER : 2 M H 0 5-0% 60 4

HWEHE « mE (CRREESRE), O OB, MWERE,
ELENE, FHAELERE, MHBE, £xnEE, £
MAERES, MR (MR, BHEk), mb bR 39>
B2, MMRREE, BOHLERE FEBEERE

EHHA : HERASL AV —F 2V 77—

SRR © Sakai H, Suzuki Y, Sou K, Kano M. Cardiopulmonary
hemodynamic responses to the small injection of hemoglobin
vesicles (artificial oxygen carriers)in miniature pigs. J
Biomed Mater Res A. 2012 Oct; 100(10): 2668-77.

FERE  ERBYOPTH T IIEHAREEIC X 2 ERBED
FE BUT7F749FV—RIb) PERLHVI EPRL
MoNTWA, 22T, NEFTE VARE HbV), Hb
EEAFLBVEONE (EV), BLUHBEENERET S
ZEBRLALATWSIEE (DPPG) bR H1ERD/NE
1% (CL) o5&k ofz, H#5E 1 EICHL 2 BT, 1
|l B % 005mL/kg, 70 512 10 5 E D 05mL/kg 25 L
Jz. CLoO#5 iz, —BEoOWSRED LA, KBIRED
EH, MHEBOET, LHHBEOET, HERLo LA
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EHNEERO LA, 1mMEo#ks, 2EEORSHET
FRCH Sz, TR, WMEBOET, ARk
&T&, PuryKRFH B2 (TXB2) OHEEF L LAFED
Shiz. i, HbV, EV Tik, 1EE &S CIEMERE
EARBIREN LA L2000, MIHEICERERIZEY -
72, i, M/MREOEKTIREL, TXB2O LA IBMT
Hoiz. 2EHEOES T, MEBRED LABIREEL, CL
HH5 LW OIIICREE > TV, HbV, EV IZEERIEEIZE
(FRREL) EEZONDAY, HOEN~IO7 7 —Y
CHRSNABICHBIRESLRELZbDEEZ SN,
P-T, BfTO Hb /MabRk i, &0 EAEAEICER
BT ERHELMPR T,

1) MARRER (Hicxd 3i5), Emikse L35

B Wistar 29 v ¢ (D)

BEHE  ANEFuE VMR E 5% VIV EF Y FPT AT R
Vi24Ek, [Hbl=86g/dL

#E5RE1mLoOfiE, 1mL OB ERYEL, BRI
WED 0% T EHRTSH. FHRERWNIC 224mL/kg ODESRITER
5 (FEBRIMMHE I 56mL/kg). ONEE, 773 VB
5. 14 B RILEREZ 7V 7 I Y I2HhEEE b 0)

BB © IS & R ZERE O A Sevoflurane W A KR

5% HER> S L &S

R « MEMRETH 14 B

WEHH : AE, BEEEOKREITTIHE, A2y
b, MERE, =V RAuRZFY, MBEEERE (7I5—
B, V=¥ BalAru—, EEILVIFT—N,
HDL a2 VA Fu-—nN, BUREHR, TG Y YEH, #E#E
g, BRI, UMY, Fe), HgimE OB, T,
B KA@M, _LVY TV -Yef), RERAYRa
(HO-1%ifk, & b Hb Hifk),

EWHT © BRERBREES

SRR © Sakai H, Horinouchi H, Yamamoto M, Ikeda E,
Takeoka S, Takaori M, Tsuchida E, Kobayashi K. Acute 40
percent exchange-transfusion with hemoglobin-vesicles

(HbV)suspended in recombinant human serum albumin
‘solution: degradation of HbV and erythropoiesis in a rat
spleen for 2 weeks. Transfusion. 2006 Mar; 46(3): 339-47.
FEER  MEMRE, AEEHEN BEEERESIHAR
Y¥—2%mRL, ZOBRRDY. 7VT7I VRS, RERMLER
BEHECTHRBERFOBRIIALR:, AT MYy M
7TECEEHEICELL ZYARRIFYRT7VTI VS
BT1HRZIEDTEWE (300mIU/L) Z2/RL724S, AL
FRIMMERZE G TR ZOETRETH o7z, MPEELFETIE,
ALHRMmMERESH T, 3HEZYS—¥DLR, aLVRT
=D LERAVPRONMMIFCREIRDO O o7
MR T, Hb MNIAEPEEShTwARE, FRFHRM
RERBEINZZ., 9y VO%E, BEIEELbITEbRT
BY, METANES Y VNREORIRS G L B OTE A
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ThbhTni, RERLRESH, ATRLRESHED
ICHEBRIIAEYFY YPRBI A2 e b, ATHRIMERIE
ZARMEROFIRSBRBE L ARORBEZWLZ EF-EZD
.

12) WS 3 v VFERER

By : Wistar 25 v b (&)

BEBRR AU VMR E 5%V IV EF Y T AT
Y24k, [Hb]l=86g/dL

HE5E BROLERO 0% OBM (28mL/kg), 155 #HIZH
BOATRMERE &5, RBHEHRLEORS (&)

BREe: MMy a2 v 7BRABRORE, BLUBREEROA
Sevoflurane W A FE#:

588« KBaER

BN BRETTHRRERI4HE

WEHE  AFE, FE, N - WREEOKEIIN T 5 HE,
MFE, DA%, MEAAEE, Vva—RX, A b2U v b,
HERE, =V AuRIF, MmEEEERE (AST, ALT,
LDH, 73I5—%, Y,8—¥, CRE, UA, BUN, a2V X
Fa-—J, pYREH, Y VEE YYNVEY, F¥), M
BomdE (R, T, B8 Sa¥ft, vy v 7o),
MRS 4 b h 4 VBE (L-1a, -1B, -2, -4, -6, -10,
GM~CSF, IFN-y, TNF-o), ### % (H/E, Berlin blue,
9L PEG itk detn | JFRR, RN

KRBT | BERBRPEESI

XS : Sakai H, Seishi Y, Obata Y, Takeoka S, Horinouichi
H, Tsuchida E, Kobayashi K. Fluid resuscitation with
artificial oxygen carriers in hemorrhaged rats: profiles of
hemoglobin-vesicle degradation and hematopoiesis for 14
days. Shock. 2009 Feb; 31(2): 192-200.

FEER  BROLBEDS0% ZHMT 52 LIk ) HELRE
ME, BB R -7, ATRMROEEICL>TIND
FHEsh, RLFOMEICETED, REoks L R%T
Hol. AEFLHMBPORS LEASTH -7, BRERE
SHBICY -2 %R, ZOBKTLAE A< bhZ Uy
MEATRMERDOFEEIZ X o THEHROBEIZ L Y ERT
2%, 1 ABTRIEE-> /2. IWMIELBRICIVETT 2
2%, 3HBICWXEFMEICHELZ. AST, ALT, LDH »#4E
IBBICEAT S, BRkSEHEASTHY, Wik
VavroRELEZONZ. RaAVAFE—, pYRE
H231 BRRICWR LR Z20BIEEMICELE. ¥4 b 44
VUNVEMERER L, MBRREL Y, ATRMIREHIR
Lzzzurr—2id 14 HBIZIFHELTW:., PEG b 14
HBEIIEHER L Tw.

13) HMs v VE—EHHEERR

By -7k (&)

BEFE  ANESRE VMK E SRV IVEF Y P TATI
VIZ4Ek, [Hbl=86g/dL

42

Be5E 1) SFEY  BROKE (86mL/kg) @ 50% DJFIlL,
60 S HICHBEO ALRLIREZ S, HBEHEIRLEOES
GEM), EICmiTEREL B, 2) RUAE : HROKED
0% DRI, REOANTLRNERE XS5

BREE : Bty 2 vy 7 BRABARE, BIXUBRERLREOA
Sevoflurane T A bk B

LR KBEEHR

ISR - BR4ESE T2 365 HFY

fEHEE : (B> =3 v 7 -BRER) IE, ERE, .08
IRE, BOEDIREEAE, Dd0%, OMEE, MmEERR 2%
MEE, BEEER BREIERE (RHAFH) #E
AR MYy b, MERE, mEA{LFEE#E (AST, ALT,
LDH, 735 —¥, Y ,2X—¥, CPK, LAP, CRE, UA,
BUN, &L x7u—i, pUKEH, VY VRE, HHEED
B, YUYNMEY, Fe, Cu, K, IP, Mg, Ca), ™A (1,
TR, B, M, B, O

EHIRAT © BRERBARFRER

B Ikeda T, Horinouchi H, Izumi Y, Sakai H, Tsuchida
E, Kobayashi K. Cellular-type Hemoglobin-based oxygen
carrier as a resuscitative fluid for hemorrhagic shock: Acute
and long-term safety evaluation using beagle dogs. In:
Hemoglobin-based oxygen carriers -principles, approaches
and current status(Kim HW, Greenburg AG eds)Springer-
Verlag, Germany, in press.

FERER A0 VNERIZ L ABETERER. KE
OBMABR SRz, MBEAELETIRIBERS ORI 5-#
LABTRONEGD, ZORKTT S, hBRoOBOME®REH
LRAEOWRER L., TOMEELR L. BIAERL MR
PRHB LA - IVATENEZS T VAR SHICHE)
IRIE D— @t EAAEE S n222", BRERHL WY
AEBREF VT, MERO LR TR o7

14) FIREFIVREZRSHE

B Wistar 27 v b () MIR12HE

BERE  AES0Y MMk, [Hbl=10g/dL (RhiesE, 4
HAEK)

#5E  2ml/kg x 7H (Bi5E 14mL/kgix, 5 v bOE
BRI E 56mL/kg ® 25%)

kB  isoflurane Wt ABREE

BERER Bk (W 7—7VEE)

Bl S5 HE7EMoHLEICLH

fEHE : BAE, BEAE RREE BAEHRERE (W
Mg, ), A~ b2 U v b, MERE, HbBE, mksE
BB (APTT, PT, 74 7Y /5 V), RBEE mp
HbViRE, mEAE{ERE (B&EHR, 7V 73 Y, AST,
ALT, LDH, y-GPT, LAP, ChE, £ ¥ U L ¥ ¥, Fe,
7V75 =, BUN, UA, 73 5—¥, y,—¥, CPK,
K*, Ca®", inorganic phosphate, UIBC, &2 L X5 —J,
WHE2LVAFa—, aVAFTYIVZRAFIV, HDL2V R
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Fu—nN, BYREH, TG, Y VIRE, EHERDRE, KB,
FLERME, N a—X, M7 AR, ME, A%, ik
B (NEYFY Y, Hik - Hb HifheiEied « B, T
Me st A aRhr, MiRXEE, MBI, I-5 ~ Hb /A~
FatkokpuEhRg (e, R JFR, R W, O R
BRIV, BEMOY—7 v2 5 NEHA (SP-A) BHE

EWHF : RERFEER, ELEMARERNELY 5 —,
REA K IR 2R

B - Kaga M, Li H, Ohta H, Taguchi K, Ogaki S, Izumi
H, Inagaki M, Tsuchiya S, Okamura K, Otagiri M, Sakai H,
Yaegashi N. Liposome-encapsulated hemoglobin (hemoglobin-
vesicle)is not transferred from mother to fetus at the late
stage of pregnancy in the rat model. Life Sci. 2012 Oct 5; 91
(11-12): 4208

EEHRE RS v M5 7 HEOBHIZ &L - THRBRIK
BO /4 D ALHFMROPE % %172, v MIFEH
mu, &fFEFLL. BEERE REER, M4,
MmxRE, Rk, WiTHERE, COBEE b RROEAE
ARBFERF LR L THBEREMIZED - 72 B O RRE,
T Hb /MR 2R L2~ 2 u 7 7 — VoGP EDH S h
7228, PRPEYREER Tk, ATRMEREER T TRBITTS
A, BRIZEBHFLCORWI L 2R L. BEKOY—
Ty sy MEH (SP-A) BRBICHOEFEIEL, BEA
DHBEIR LN h o

15) B EF L

e : Wistar 25 v b (&)

BE#HE  ANEFOE VN E 5%V IV EF Y PT AT R
2ok, [Hb]l =86g/dL (JLEREE, He¥iRIMLERZ FARICH
BsEibo)

P58 20l

kB : sevoflurane W& A JFRE

B - W 28G St R LTS

HBIENER c 28 HFY

Thoms, BEXE, wkED), PEsrE H/E i
v b Hb JifkfeiEgets, 3t HO-1 JifhmEdett, 3L GFAP
HuiksaiEdets, Berlin blue), BFSRMEEEHE

EWHT : BEZRBRFESR

PR : Sakai  H,Okamoto  M,Ikeda
H,Kobayashi K,Tsuchida E. Histopathological changes of
rat brain after direct injection of Hb-vesicles (artificial
oxygen carriers) and neurological impact in an intracerebral
hemorrhage model. ] Biomed Mater Res A. 2009 Sep 15; 90
(4): 1107-19.

TR ¢ I A3 D MR B Ak L 7R T A TR
MERAFEG SNHE, BAEREEMT LR, @
LPOWEES 2 AWEEND L. 22T, BABIILEFV
ELTHEBDATHRIERE MEBICHEATHEREERL

E,Horinouchi

ARTIFICIAL BLOOD Vol. 21, No., 2013

7o, HBE LTy v PRERILERE H Wz, BREIZERL
B, BECEEBREVWEZZ Oh TEENBEECEY
THHRBBE LR L TRICHEE 2o 2. MSHETIE,
LR B STICAF P ER S U 22 25 ISk U7z, MY
HFUICIX A TARIMERADS 28 HEZICH B Sz, ks
1883 (gliosis) WCIRFICHEBIIA SN Ed o7, RERT
W ATRIMERIC & 2 BEBIRED Shikdh ol

16) BT EFILAQHEOBRSREB

By : Sprague-Dawley %27 v I+ (&) ZHL, b9
o X% (CC4) 400mg/kg JEREM#E (GAE3E) %# 8#
BISEHE LIFREZS & 70V 2R

BEHE  NEF 0¥ VAR, [Hb]l=10g/dL 2 rHSA %
WL bo.

#E5 R 14mL/kg (—%B *H-cholesterol % ¥#iM)

FEBE : =—F

P GRR  KEEFRIR

BIEEER]  Be5 % 14 H

WEHEH - kA bPERE BEH, 7V 73>, AST, ALT,
y -GTP, ALP, BUN, CRE, lipase, TG, V Y gE, £z 1
AFua—, HDL-a VA5 u—J, REY VL, EEY
YNEY, BEEYVE Y, Fe), MMHE (XL YT -
Betn, NFNE, W), RHLMRILME (Potential anti oxidant,
PAO), F4 21NV EY —VERFSYE (Thiobarbituric Acid
Reactive Substances , TBARS), MEE X CIFBADET
B /BCRT VS FF bk, 24 BE%B X U 48 BRI 0 °H
NSRS

EHHIT : RRAKRFIEEI

FSCHE © Taguchi K, Miyasato M, Ujihira H, Watanabe H,
Kadowaki D, Sakai H, Tsuchida E, Horinouchi H, Kobayashi
K, Maruyama T, Otagiri M. Hepatically-metabolized and
-excreted artificial oxygen carrier, hemoglobin vesicles, can
be safely used under conditions of hepatic impairment.
Toxicol Appl Pharmacol. 2010 Nov 1; 248(3): 234-41.

IR FBEEFAT Y PRAES v VMakEHRE L
7o, MEALEMETIE, U2—¥, EYLEY, alL X
Fu—VO—@tk LASR LN, 14 BEIQRETLZ.
ZOMDINTG A -5 TEEELL. ARE T, W W
i, EER, M, ORBIOERSENREE L. IR L MEICA
EVFY YIREVRD SN, BIEHA P L AOIBERS
A—FICEEREL. ANBHBFMG S, “HIEEICTRE M
oL, 7 HRRICERICHREES NS Z L7, B
L&), FEEEFNVIZBWTYH, ~NEFat v fixs
RS NS Z Lo T2,

17) MEHREE (HMcHd 54%5), SBAHMESR
B : Wistar 25 v b (&)
TERE  NEF U VRMAE, [Hb]=10g/dL, B X UEHE
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RAmMER (e Fo¥y=F VR ¥ —F HES, 3H, BEY
59 ¥ MFG, VaY¥F ¥ 7T 3 ¥ rHSA)

#E5E  ImL o s, ImL ORAMFHOES EREL,
BERILEED 60% % B3 2 (MEHR). ZodbL, Hb
Mk %E 20mL/kg 53 5.

ke : Sevoflurane W A JFRHE

R HBR, ORE

BIEHER] © Hb Dk 5% 4 R

WEHE : A= 27U v b, ME, OHE M#ES 2K
(Pa0,, PaCO,, BE, pH, Lactate, PvO,, PvCO,, HLHEKEEE)

LG BERBRPZEER

S ¢ Sakai H, Miyagawa N, Horinouchi H, Takeoka S,
Takaori M, Tsuchida E, Kobayashi K. Intravenous infusion
of Hb-vesicles(artificial oxygen carriers)after repetitive
blood exchange with a series of plasma expanders(water-
soluble biopolymers)in a rat model. Polymer Adv Technol
2011 Nov; 22: 1216-22

FEFR B TFEHESHBES MFGBHIIANEZBE ¥
Makito@Hsesr e RBEMEER (depletion
interaction : JEWEY DEREH AN T H O FIRITHLE
TEILEY (MEB), 2OHEBZLELLEIET AN
(BET) BRETD) Lo ThBRAERED THV
flocculation (§8%8) # BRI 2L BWESP I o72DT,
FNDMATERICE 2 2B L A5 720, Hb Mok
FAMAEH L OBt RRBREE_L 72, EoRBMERZ 0L
7Z5ED Ty MIARARE L. MATERE, mBy HmiR
LHIRELEZHER L. #- T, flocculation DFE
EREFVERTRBED ONEP 72,

18) BBRNDRE

BhipfE c WKAH 5 v b

TEERE  ABAEEKIIGBLNEZ T VNG [Hb] =
10g/dL

B5E  FRLEED 20% (V/V)

FREE ¢ T — T IV RRBE

B5REE  BEIR

EEE:  HV (HAVIERZBVRY—L) 2HEL, BHICK
AEHBL, HMaRER: Lo, THROEKREW
mitogen (Concanavalin A; Con A) THIEL, I T #ilgo
W2 ET 5.

flsEFHE : DNA ~® *H-Thymidine O Y A&k

ERSEA ¢ LEER TR E Y 5 —

FCHE @ Takahashi D, Azuma H, Sakai H, Sou K, Wakita D,
Abe H, Fujihara M, Horinouchi H, Nishimura T, Kobayashi
K, Ikeda H. Phagocytosis of liposome particles by rat splenic
immature monocytes makes them transiently and highly
immunosuppressive in ex vivo culture conditions. J Phar-
macol Exp Ther. 2011 Apr; 337(1): 42-9.

FERR AT/ UE VMG LRSS LS HOB T Mk

WHIE2 Y PV ERRTERICHH ST, 2ol
WEE#£ 3 BICRBRIALY, THHIEREZE2ICEBEL
Tw, EHPKKLH (Keyhole Limpet Hemocyanine)
RN L THBREERIGD ARCRE#3 BTl S
NTW2A 7 HICRZEEICEEBELTW, BYEY—L (N
ESREVERELTWEVWYEY —L) OFSTHHERED
HePBEsns oL, ~Eru vtk (or
ZYRY—L) REELRIO 77— Vh—BEIIC, fE
WHIRREA BIET 2L IR LI LPERTHEZ L, 20
R = 707 7—-VOEET S NO P E5 LT HE
HobsrEzHELL —F, EAPKETH S KLHIZH
TAPMRELES L, NEFuY VMRSl AHEE
ZiF ol Yoz lhs, ~AEFuV/akoiks
THEARO—EO~ 7 07 7 — VHGBHI R 2855
TS H 52, HLETTHL—BUETHY, EFNLMIER
I LT, EELEELEZ 2 WEBEIED TRy LR
Ihi.

19) M#FEFM%ET (1) b bSHEFHIRAOFE

MRS e P AARRR

AR AErsOE Y Mk (Fu by 47, DPPG 24H),
[(Hb] =10g/dL

EBFE b MRMILA S BEEL - PEBBEFRIRIC, &R
0.6% DT 30 HEMER S &, itk ¢ NS BBIFRERD
1% 1L #) N-formyl-methionyl-leucyl-phenylalanine (fMLP)
FIB O KIS~ OFRE OB E RS,

HEEE R EERTORHE, BUBRES, BN

EWB  ALiEF T RMEE v 5 —

B © Ito T, Fujihara M, Abe H, Yamaguchi M, Wakamoto
S, Takeoka S, Sakai H, Tsuchida E, Ikeda H, Ikebuchi K.
Effects of poly(ethylene glycol)-modified hemoglobin vesi-
cles on N-formyl-methionyl-leucyl-phenylalanine- induced
responses of polymorphonuclear neutrophils in vitro. Artif
Cells Blood Substitutes Immobilization Biotechnol. 2001; 29
(6): 427-437

FEFHR  IMLP FIBUC X 257 PEROBEREFME & LT, FrhEk
DEALEE, B4 VT 7Y Y THBCDIb OERH, BLEK
12& B 729 matrix metalloproteinase-9 OBH, HHEBRED
EEOWThOBEBIIBNTSH, NEF v VDR
BEOREIALNE P Tz,

20) IMARAUARE (2) b HEES M OsEMmERHAE

MIRAE : v PEER ML ORI / Bl BRI

AP ANE®F O YNRAE, [Hb]l=10g/dL

FEEFE ¢ MERILY S48 L 2 CD34 MR % & A%
BE, BB &Y A b4 R RML BRI
BEL, 2N R4 ERERCLYERLLa -0
BENET S, E5ICCD3M4 B Z BAEETICTAE
rav A ERINL, RFERR T GERIRROMEEAN
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DO E RS, WINT HNEZ T Y VMNIAORR
BEX3% (v/v) &7 5.

FERFAT : B TR Y 5 —

LA - Yamaguchi M, Fujihara M, Wakamoto S, Sakai H,
Takeoka S, Tsuchida E, Azuma H, Ikeda H. Influence of
hemoglobin vesicles, cellular-type artificial oxygen carriers,
on human umbilical cord blood hematopoietic progenitor
cells in vitro. ] Biomed Mater Res A. 2009 Jan; 88(1): 34-42,

FEHER i vitro OFSRICBWT, Hb /Mahz BRI
bl B L RFsE s L, ElFEMkoz o
= —JERREER, HRFIRFR T /IZERIRROMIEA O BIE %
HL722% Hb AL oRFHHB3EMETTHNE,
BEIMATFEAE O 0 v = —BREE R, RIFIRR T 2T IHRERR
OB~ OBFAN DB P v 2 L AR E N7z,

21) MAEFHBE 3) b rESMOSEMmE  HiERMAL

FHRAAE © © MWL O ML / iR

R ~EeZu MRk [Hbl=10g/dL

EBOFE b MERWMLH K CD34 BN L SR ER b o—
MR L ® 14 BRI OLRERICE Y, EinEgiin 3 py Rk
ML % MBS 5 RICANEZ 2 VNBERZEH 88, R
HEME, EMFRREOFEEZE TS, WINTENEY
TYV/MNBERORRKBEZ 3% (v/v) £T5.

KRR ¢ AiEE R v 7 —

WX ¢ Yamaguchi M, Fujihara M, Wakamoto S, Sakai H,
Takeoka S, Tsuchida E, Hamada H, Azuma H, Ikeda H.
Biocompatibility study of hemoglobin vesicles, cellular-type
artificial oxygen carriers, with human umbilical cord
hematopoietic stem/progenitor cells using an in vitro
expansion system. ASAIO J. 2009 May-Jun; 55(3): 200-5.

FEER v MEWIMmE S CD34 A Btk b o—
RO EBERRICAT T T VNEIEERR 14 HRE
B AL, B, & a5 o BB s h
2. NEFUEVEEERVEO/NIROSEE, WHIRR
PRRT B ERD, NEFEVOEHIVRRER. —
B, NEFRE VN ORENIHE E TOEMETDH
T MR, AT SRR ORI B2 S i hnwe
EEHLPE L7

22) MAESHREEE (4) b b m/vR

HUBAE © & bR

BB A'F O VNEf, [Hb]l=10g/dL

EBHEE In vitro 12Tk P/MMREANETT B Y V/NREE O,
20, 40% (vol/vol) T1IERA ¥ Fax—T 3L, MM
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Chapter 6

Biocompatibility of a
Highly Concentrated Fluid
of Hemoglobin-Vesicles as a

Transfusion Alternative

Hiromi Sakai**

1. Introduction

Blood transfusion systems have greatly benefited human health and
welfare. Nevertheless, some problems remain: possibility of infection,
blood type mismatching, immunological response, and a short shelf
life that is insufficient for stockpiling for emergency situations.
Realization of artificial O, carriers is anticipated to solve such prob-
lems. The most abundant protein in blood is Hb ([Hb] = 12-16g/dL
in healthy human blood), indicating that oxygen transport to tissues
is the most important function of blood. To design an oxygen-carry-
ing fluid to substitute the function of blood, the Hb concentration of
the fluid should be high and comparable with that of blood Hb con-
centration. Chemically modified and cell-free Hb-based oxygen carri-
ers (HBOCs), such as intramolecularly crosslinked, polymerized, and
polymer-conjugated Hbs, were synthesized to prevent toxic effects of
cell-free Hbs.! The hydrodynamic radius of such cell-free HBOCs is
less than 20nm. On the other hand, hemoglobin-vesicles (HbV) or
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TOrganization for University Research Initiatives, Waseda University, Tokyo, Japan.
tDepartment of Chemistry, Nara Medical University, Kashihara, Japan.
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so-called liposome-encapsulated Hb, which encapsulate a concen-
trated Hb solution in phospholipid vesicles, are developed.*® One
particle of about 250-280 nm encapsulates nearly 30,000 Hb mole-
cules. In the case of the chemically modified cell-free HBOCs, they
are “dissolved” in aqueous solutions like plasma proteins. On the
other hand, HbV as a cellular HBOC is “dispersed” in aqueous solu-
tions like blood cells. The difference between dissolution and disper-
sion results in a considerable difference in physicochemical
characteristics of the fluids containing a high concentration of Hb.
The fluid properties should be adjusted within the biocompatible and
physiological conditions for a massive blood exchange. In this chapter
I first summarize some views of physicochemical differences between
cell-free and cellular HBOCs. Second, biocompatibility of the dis-
persed particle is of course important. The blood compatibility, bio-
degradability, excretion, and immunological responses to the massive
injection of such dispersed small particles are summarized.

2. Biocompatible Solution Properties @
of HbV Fluids

2.1. Colloid Osmotic Pressuve

Albumin, dissolved in a blood plasma at ca. 5g/dL, provides sufficient
colloid osmotic pressure (COP, ca. 20 Torr) to play an important role
in equilibrating COP between blood and interstitial fluid, thereby main-
taining the overall blood volume. This COP is one requisite for a trans-
fusion alternative to sustain blood circulation for transporting oxygen
and metabolites. The extremely high concentration of the HbV suspen-
sion ([Hb]) 10 g/dL; [lipids] 6g/dL, volume fraction, ca. 40 vol %
imparts an O, carrying capacity that is comparable to that of blood. The
HbV suspension does not possess a colloid osmotic pressure (COP),
because one HbV particle (ca. 250 nm diameter) contains about 30,000
Hb molecules. In fact, HbV acts as a particle, not as a solute. Therefore,
HbV must be suspended in or coinjected with an aqueous solution of a
plasma substitutes. This requirement is identical to that for emulsified
perfluorocarbon, which does not possess COP*%; it contrasts to charac-
teristics of other Hb-based O, carriers, intramolecular cross-linked Hbs,

b1569_Ch-06.indd 2 @ 6/25/2013 1:16:54 PM



b1569  Selected Té@cs in Nanomedicine 3rd Reading

Biocompatibility of n Highly Concentrated Fluid of HbV 3

80 ;
/ ® PEG-PLP-Hb
4+ XLHb
/ ® HES-XLHb
60} 1 /
/@ Poly-XLHb ;
/@ Hbv/saline
g / B HbV/HSA
& 40t / .
5 /
g
\!{
2
PN w,{:}«wmw R
o “. w,.,nw,,,,,w%; 5 |
i ° 10 15

Hb concentration {g/dL)

Fig. 1. Colloid osmotic pressures of cell-free and cellular HBOCs. COP of HbV
is determined by the suspending medium. For example, 5% albumin has 20 torr
COP. It does not exceed the physiological condition at any b concentration.

polymerized Hbs, and polymer-conjugated Hbs, which all possess very
high COP as protein solutions® (Fig. 1). These chemically modified
Hb solutions can be categorized as “O,-carrying plasma expanders™
because they have the oxygen-carrying capacity and colloid osmotic
pressure. However, the problem with PEG-modified Hb solutions is
that the COP is too high such that the Hb concentration of the result-
ing fluid is as low as 4-6g/dL. On the other hand, HbV suspended in
any plasma expander shows COP of the suspending medium, at any Hb
concentration. When HbV is suspended in 5%-human serum albumin
solution (HSA), COP is nearly 20 mmHg, which is in a physiological
range of COP.

According to the guideline for safer blood transfusion, a transfusion
trigger (the critical Hb level) is 6 g/dL to minimize unnecessary trans-
fusion strictly or to avoid allogeneic transfusion as long as possible. But
the problem of HBOCs with low Hb concentration is that injection of
HBOCs cannot increase blood Hb level. In fact, according to the ret-
rospective description of Nosé, pyridoxalated Hb polyoxyethylene
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conjugated (PHP) had the same problem, and it was not easily
approved for clinical study during the negotiation of the FDA® The
Hb concentration of HbV is adjusted to 10 g/dL, which is higher than
the concentration of transfusion trigger.

2.2. Flocculate Formation and Viscosity Increase
in the Presence of Plasma Expanders

Animal tests of HbV suspended in plasma-derived HSA or recombi-
nant HSA (rHSA) showed an O, transporting capacity that is compa-
rable to that of blood.!*" We reported that HbV suspended in
plasma-derived HSA or rHSA was almost Newtonian: no aggregation
was detected microscopically.'*** In Japan, rHSA was very recently
approved for clinical use, in May 2008, but various plasma substi-
tutes are used worldwide, such as hydroxylethyl starch (HES), dextran
(DEX), and modified fluid gelatin (MFEG). The selection among these
plasma substitutes is best determined not only according to their safety
and efficacy, but also according to their associated price, experience of
clinicians, and customs of respective countries. Water-soluble polymers
generally interact with particles such as polystyrene beads, liposomes,
and RBCs to induce aggregation or flocculation.’®'® As for the cell-
free HBOC:s dissolved in saline, they are Newtonian fluids, and do not
interact with plasma expanders. In the case of cellular HBOC dis-
persed in saline, it is important to determine the compatibility of HbV
with these plasma substitutes. With that background, we studied rheo-
logical properties of HbV suspended in these plasma substitute solu-
tions using a complex rheometer and a microchannel array.’” The
rheological property of an HBOC is important because the infusion
amount is expected to be considerably large, which might affect the
blood viscosity and hemodynamics. The HbV suspended in rHSA was
nearly Newtonian (Fig. 2). Its viscosity was similar to that of blood,
and the mixtures with RBCs at various mixing ratios showed viscosities
of 3—4 cP. Other polymers, HES, DEX, and MFG, induced floccula-
tion of HbV, possibly by depletion interaction, and rendered the sus-
pensions as non-Newtonian with the shear-thinning profile. These
HDbV suspensions showed high viscosity and a high storage modulus (G”)
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Fig. 2. Shear-thinning profiles of HbV suspended in a series of plasma expanders.
[Hb] = 10 g/dL.”

because of the presence of flocculated HbV. On the other hand, HbV
suspended in rHSA exhibited a very low G’. The viscositics of HbV
suspended in DEX, MFG, and high-molecular-weight HES solutions
responded quickly to rapid step changes of shear rates of 0.1-100 s™
and a return to 0.1 s7, indicating that flocculation formation is both
rapid and reversible. Microscopically, the flow pattern of the floccu-
lated HbV perfused through microchannels (4.5 um deep, 7 um wide,
20 cmH, 0O applied pressure) showed no plugging.

The mechanism of flocculate formation of liposome is controver-
sial.'® However, we believe PEG-modified liposomes are flocculated
by depletion interaction. The flocculation level increased with hydro-
dynamic radius (R,) or radius of gyration (R,) of series of HES or
DEX with different molecular weights at a constant polymer concen-
tration (4 wt%). However, the flocculation level differed markedly
among the polymers (Fig. 3). A crowding index (C) representing the
crowding level of a polymer solution is defined as (excluded volume of
one polymer) x (molar concentration) X Avogadro’s number, using R,
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