CARBON MONOXI DE | MPROVES OQUTCOMES | N Tl SSUE AND ORGAN TRANSPLANTS AND
SUPPRESSES APOPTOSI S Statenent as to Federally Sponsored Research This

i nvention was nmade with Governnment support under National Institutes of

Heal th Grant Nos. HL 58688. The CGovernment has certain rights in this
invention. Technical Field This invention relates to the field of enhancing
cell survival. Background Carbon nonoxide (CO gas is poisonous in high
concentrations. However, it is now 5 recogni zed as an inportant signaling
nol ecul e (Ver QARRBONMONDXEDE EMPROVESL083EOMBS BY TISSUhaaND @rRteen

suggest ed that carbon TRANSPUANTSIANBSURPRESSESAlPOPITEIRger nol ecule in the
brain (l1d.) and as a neuro-endocrine nodul ator in the hypothal anus (Pozzol i

et at, Endocrinology 735:2314-2317, 1994). Like nitric oxide (NO, carbon
monoxi de is a snooth nuscle relaxant (Utz et al., Bi ochem Pharnacol .
47:195-201, 1991; Chri st @cieshendessto Fededdily Spbisoeed Ratdamh 97: 2306-9, 10 1995)

and inhibits platelet aggregatjon (Mansouri et al., Thro Haenost .

48: 286-8, 1982) é‘th'SH}WFaP Ve T eTa SBPP%“HE&J%'@&%%%MH o have
anti - i nf | anAedi@Grar Noe. HIS5§688 STREGoVEBREhGhas kétag! rightd in thik aveRloant ation is a
viable treatnment for the anelioration of type | diabetes (Lacy et al.,

Ajinu. Rev. Imunol., 2:183-98, 1984; Wir et al., J. Am Optom Assoc.
69: 727-32, 15 2000; Berney et al., Ldedeniddidid Arch. Surg. 385: 378-8, 2000;

Shapiro et at, Engl . .J. d 43: 230-8,. 2000). . However, the processes of
clinical islet {\b“éfdgﬁnﬁ?ﬂrﬁl\éﬁ%ﬁd t&?(’i}elﬁﬁﬁﬁaﬁl‘?% cc?ﬁls%wﬁfﬁ ‘a nunber of factors.
One factor is primary nonfunction (PNF) of the graft. Another is the need
for high nunbers of donor islets neeg fRhga successful reversal of

di abetes (Shapiro et a!'., N Engl. J. ., 343:230-8, 2000). Both

situations ref| diarbonmongdde(GAtdassippsonvusgyhigh deacantrbtitnantiowkvecal ik n®0 | oss in
th t withi f.] | ant at.] \ :
L r anop ant atPmted &g bl SEtln b Bhut (ARRRLA SELRB2Eb 4 l8s 19931 s o

bef or e secoaistalregn suggestadalnat zaxbéromor{oaie lagts an meuroenhl messdnigetradlesiledid tHe®Rain 32,
1998) and exposur ro:-infl r. i N d free radicals:- released
from macr opﬁgg%n? &?ﬁ%?%rg-cﬁg‘ogﬁxgeerﬁégﬂﬁ%%&% H’t%%?olﬁéaﬁ%ﬁfs?g%zsz B{' In“’[[" é)f)liu}?zo\%iyt ch et
al ., 1 D ab®52314:83 172234, Lik@8ifjc dkaief(WOM cetbomimonoxideHix p sivboth magQe 2R%an802,
1990; -Corbe et . r 108%@d C : 1731,- 993)..,.3 rom
resident is et% et rgéii%:g%%&g@én?wgl\ﬁgt. 6 %S_ %foiu}%ﬁhthr'ié%o%)des e?’a]l., %ircu]lanon)?/.-%-g,

10 1995) and inhibits platelet aggregation (Mansouri ef al, Thromb Haemost. 48:286-8, 1982).

Inhalation of low levels of CO has been shown to have anti-inflammatory effects in some
models.

Islet cell transplantation is a viable treatment for the amelioration of type I diabetes (Lacy
et al., Annu. Rev. Immunol., 2:183-98, 1984; Weir et al, I. Am. Optom. Assoc. 69:727-32,

15 2000; Berney et al., Langenbechs Arch. Surg. 385: 378-8, 2000; Shapiro et o/, N Engl. J. Med.,
343:230-8, 2000). However, the processes of clinical islet transplantation are made difficult by a
number of factors. One factor is primary nonfunction (PNF) of the graft. Another is the need for
high numbers of donor islets needed for a successful reversal of diabetes (Shapiro et al., N Engl.
J. Med., 343:230-8, 2000). Both situations reflect the same pathophysiology: the substantial ceil

20 loss in the graft within the first weeks after transpiantation. After transplantation, islets suffer a
variety of stress factors such as hypoxia before secondary vascularization (Carlsson et al.,
Diabetes 47:1027-32, 1998) and exposure to pro-inflammatory cytokines and free radicals

released from macrophages in the microenvironment of the transplant (Rabinovitch er al.,
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et al., J. Immunol. 739:4077-82, 1987; Amush et al., J. din Invest.
702:516- 26, 1998). The toxic effects of imunosuppressive drugs as well as
rejection (Wir et al., D abetes 46:1247-56, 5 1997) also contribute to
islet cell loss. The existence of PNF after experinmental syngeneic islet
transpl antation (Nagata et al., Transplant Proc. 22:855-6, 1990; Arita et
al ., Transplantation 65:1429-33, 1998) indicates that non-specific

i nflammation plays a major role in this scenario. Survival of a transplanted

organ is thabab g 288 P399, RBdaY ef Q. § B Mg GeS39 0802, | TUCOHERE L SBIoON, N
terns of bl ocking the i mune resgonse that leads to graft rejection. to

However , ilfathAsadhSei V34 80y Thkén 3N omdesidentinishnaamersasas(Mandur Berigsnot ect
themsel ves,f§ onAak! ‘?"9:4'0‘?7-‘85,% 95%9*1&& ol &, 1CEE v ER 70Bis96.98 1@6@. ! essi on
e Bach et "al Na 3:196- 20

of "protective genes" (see, e.g., I, ture Med. 2
(1997) ; andxigsHeusofdmminosuppizssiveainigsds wall 30FBctic® T Weirkp@l3)Diabe@ad6:4UhScgene,

henme oxyge - , | ] i Liiverdin ee_iraop_and CO
(Tenhihon D75t dopiiohles ¥ S0k Hhe BEERCE SE P LA (Ridulhyal b SEens'dliimmmy
The pr esentranspie@atianaiVagsa & &d eTranspianplrot. 22 8A5-6 990 Aeirawd bl CTransplasthti 6O
pronotes the I\l and/ or function. of ,organ | ssue, and. individual cell
transpl ant@s.e‘l‘égéérg@hbﬁ"@’,‘:atﬁthﬁtrpémﬁgﬁg&’?ﬂaf“?fg&ﬁpé’Laé?ﬁ "ﬂ?&éﬂ? 1S5S B*BY%es a
met hod of adm rfustiedloNgtrirdplanted 6xgas i3 ltisaghtde retite Mmaiplyas MaGettessadl conposi tion
cont ai ni ng, carbon nonoxi de Otg’ltb iR.i ng an or%an, tgsﬁ%ﬁ or cells fromthe
donor, and™PYURSEPIESTOT Y EiRs 8"& INg feJUPENGESPOBT taal ety 0BT Wt . wher e
t he appunt Hekeven idiAB plEvIBEsY BenaRdWmihattRanglanted ofduds CPOdtedt ShetsélvdsFopnt to
enhance survival ,or = function of the#ﬁ{sgean, [ or cellgs after

tissye, :
t ranspl ant YEFWA KDJeAIRE 10 EscHPR thoug bW&?SWQGiHLR‘P@QP“&%‘EOESF% #8n can be

admi ni st er ggthtePaia Nan¥€MIQII196-102 (8997%; ahdS 6@ @r okl Dafiire MRA. 4: 7816771Q09R). pri or
to and fol |l ow nggbr in death. 25 t1 onal n can_be treated in
(+

ly, .the_ or ;
situ in t hENGURbEeENREMSOX X8l -éhcaab%ﬁﬁﬁlﬁaemg@a&rrd'eo%dgqnt%ﬁo
conpri si NgTeAKUARK e BRNPYSE Batl AERESHRISA08 : 181y 53 @ez(?or alternatively include the
step of adm nistering to the recipient a second pharmaceutical conposition

that includes carbon nonoxi de, before and/or during and/or after the step
of trensplanting the organ or tissueSUMMARYe recipient. 2 In this or any of

the methods desgLibed: IGkiddis b4, A S odthe bbiAMRori ke D SoMoR! $25uAVal
and/or function of organ, tissue, aﬁd individual cell transplants.
Accordingly, in one aspect, the present invention provides a method of administering to a
transplant donor a pharmaceutical composition containing carbon monoxide, obtaining an organ,
20 tissue or cells from the donor, and transplanting the organ, tissue or cells into a recipient, where
the amount of carbon monoxide administered to the donor is sufficient to enhance survival or
function of the organ, tissue, or cells after transplantation into the recipient.
The pharmaceutical composition canr be administered to a live donor, to a brain-dead
donor, or to the donor prior to and following brain death.
25 Optionally, the organ can be treated in situ in the donor and/or ex vivo with a
pharmaceutical composition comprising carbon monoxide.
The method can also or alternatively include the step of administering to the recipient a
second pharmaceutical composition that includes carbon monoxide, before and/or during and/or

after the step of transplanting the organ or tissue into the recipient.



ti ssue which can be transplanted, e.g., a liver, a kidney, a heart, a
pancreas, a lung, small intestine, and/or skin, and the donor can be of a
species different fromthat of the recipient, or the donor and the

reci pient can be of the same species. The donor and the recipient can both
be non 5 human animals or humans. Alternatively, the donor can be a

non- human ani mal such as pig, and the recipient can be a human. | n anot her
aspect, the inv |on rovides, a hod, ,of trans Ian tlssue or
ol TS whi ch 1 nonh ot sPht b s etk oL LB ke frbednifi o

adm ni st er |tr:g:eemm dan betransplasied,Le.g, altvla:eahrdgema htanss phcrehs, @ehrigSsnaall

phar maceuti.cal sition, that incl ud carb

transpl anti Hﬁstl"ﬁ °§15}H" apd b?%gnm(ﬁ?"%e P SPECIfE &' 81}{5"%@?"64@5?‘- ‘&W@P‘é?‘ o the
anount of cahBiodRd tHexeEpiestean Beamﬁa‘sambemle& OTIHIAGGAd SHdIratipiedt cif bothbCiohon  of
the organ, tissue or cells in the pient. In one enbodi nent, the

phar maceut |}E'§|a“éﬁ‘ﬁ’ﬁ‘g‘s°i’$f“8?'f‘sl é\l‘%ﬁ’i“’ﬁ[ys SENPT KR Bserondiman i"HE‘akﬁ‘ﬂhﬁ P& 284 ssue
in situ wWhith€retiBRnOEABB aBlimbd, SSUe is in the donor. Optionally, the method
can include the step of admnjstering to the recipient a second 15

phar naceut i cal (‘:‘bi‘ﬁ?&er 25PET theRYEItiAn PGV HBRhobdsenpianteg &y weamisset odur i ng

and/ or  af t glejis §Aidh HHelud e RbVidiRg & orgihenﬂ[lQ@rrl:cﬁ’Jofta'd%ﬁél'eadrﬂ‘fﬁlgleﬁﬁgeexrv@g'op' ent. In
yet anot her aspect, the invention provides a net of transplanting an

organ, tisgnelne thewsans tishaer eict H@wcsw@alsep@pgﬂm that dnpludienearken mongaide,
tissueqor Gk h%nsgganﬁngiﬂé‘ anfu'és%l?%?kamﬁxﬂg réct];‘?ent thﬂéﬁ}mé &ﬁ&}h?oﬂfarbgﬁ' I's into a

reC|p|ent and ore duri ng, fter the step of
t ranspl ant m@;wmelsmu@’awnt t0|esbamec BIrvival pr @n¢twp@fthn@rgagdiquc@ngeﬂsaumw ni stering

to the recilant, AroRTHBmeR! 1 RRALIREAHLISRLGRITRARILR0: KARIALA A0

car bon nonoxi ficient to enhance surviv unct
t he. t r ans plaaganed tigsug arsitutwhils the opgan eelissue is in thiydonogci pi ent. | n one enbodi ment,

t he pharmaceuti _@gho& mynﬁéhEme&caﬁmim zmmp E§&@%§Qﬁﬁ£zot@&e&§ﬁég@i g&tna wi thin

0 to 20 days, ays, after
t he organ msmbeenwalzgmp@sampmwmd cwh@rbmpm:deéefom aadior duringand/oradier

enbodi nent ’tra}lgﬁ"an%%ﬁ WFU&E\QQUSWTH%& kQRedeS @dm nistered to the recipient

at | east once, tiple times or continuously, fromthe tine
begi nni ng 21 daiasmmélnermwctswepwe\ﬂwnpemﬂﬂ amethad ot traaspdangiag awergen, sisweof nt o

the reci pi &0k hindfiel M Gtep &5t pREA ggim-soq ﬁ.négﬁ@o&uﬁsvaf\s%n&fuammslsgiﬁe The

phar nmaceuti ca COh‘pOSI tron ca dm n Sf ered he recl PI ent pon
det er mi nat ioogant tisgee arisellx inQragpripienteand befgesnansfor dhming, and/as afierdbe geriafg or about

to 30,und dnfihE Bk offdn, Rl &ﬁﬁ%‘k fe r& t 'df?.fh s‘?é %J € rdcipidaf
Opt i onal I y',%[agﬁ’l f ?ﬁo cant urt I nc}ﬂ Jdcgﬂt 5 st : nn mrr‘l:lﬁjslt egr"? ﬁ’g"“t"g he
donor a of a pharmaceutical composition contammg carbon monoxndc sufﬁc:cnt to enhance survival

and/or function of the transplanted organ, tissue or cells in the recipient.
In one embodiment, the pharmaceutical composition can be administered to the recipient

within 0 to 20 days, e.g., within |, 2, 4, 6, 8, 10, 12, 14, 18, or 20 days, after the organ has been
25 transplanted into the recipient. In another embodiment, the pharmaceutical composition is

administered to the recipient at least once, e.g., multiple times or continuously, from the time

beginning 21 days after the step of transplanting the organ or tissue into the recipient for as long

as needed to ensure survival of the graft. The pharmaceutical composition can be administered

to the recipient upon determination that the transplanted organ or tissue is undergoing or zbout to

30 undergo rejection, e.g., chronic rejection or acute rejection.



second pharmaceutical conposition containing carbon nonoxide prior to
obtaining the organ, tissue or cells fromthe donor. The second

pharmaceuti cal conposition can be adm nistered to a |ive donor or to a

brai n-dead donor. 5 The nmethod can include the step of admnistering to the
organ a second phannaccutical conposition containing carbon nonoxide in
situ in the donor and/or ex vivo. In another aspect, the invention provides
a nmet hod of enhancing the survival and/or function of a donor organ, tissue
or cell which |ncI udes provi di ng_an Orq tissue or cell of a marginal
donor and exposPriipnalls thsrrethpd can Suther iprludedhs sterofadministniag tothe donor a

phar maceut iegld AR eRaa| Johfbﬁsnﬁ&ﬂéoﬂlamu{'ggza%ﬁ lﬂ%oﬂ@é‘ﬂ%ﬂr ‘E’c?obié{ﬁlﬁé fHe @Fan O
enhance the survival and/or function of° the donor organ, tissue or cell. In
anot her aspset or aeHe fpmviksdanen e évpa@ehaanm@tmbcompomwm@aubn pdrginisteredrip aml

cell in vi gvedonBP@-ttoa'BFaJ:ﬂJ%g db§Qvi ding a vessel containing a pressurized gas
that includes carbon nonoxide gas, providing an isolated cell in vitro,

wher ein t he cel Theimethodwan mmehugde thalstep of admiwistenng fo, the @kacessecxndiphambseutical
D | 2 hrBSiuah eRRRe YR chol 8id: Of MR 4B RRANGLE, (AR | et udes car bon
nonoxi de gas, hd & £ 1P Pt¥0"°h the presence of

t he at nosphere Mhabthemlbaadﬁre1mnﬂ1mrprovrdna@meatmdgx§snhahémglmssmredal anter cel | can
then be tr ed into reC|p ined froma

1
hoonr 't har Petereatondi g dishior R Bhich RAGaEFrailRY alfrefty SRuE RecnGER ot ant
Furt her, amﬁltgi‘rhbdbnoﬂ Ehdexpesinigthe orga) dssut bosell Ccaan dmoundod arphstrﬁcamlcilo t he

recnp|ent rior af t tran tion step.
Thi 5" o imaeson Foraipipg Fhgh osidR AotRkn o piene e S ifal Faditiicton of

anot her enmedbmmtgmtcheueadalcaal cell is obtai ned froma donor by a net hod
that includes adm | steri a corrp05|‘§| on r| si ng .car bon ?XI de to the
donor and obt aiRi*AY crtaﬁ%ecbaﬁgl'“vf’r“b%pé"‘f‘ °tfﬁ’é“ Bﬂfa“‘i“ﬁ““rfmg BNt i on

al so provi d;eﬁnaumtpmw:@g a memecmmﬂga ﬁﬂssaﬁtdﬂ'ﬁghs &8 ihclides Varbéroméddaideighd; | udes

provi ding a cul ture e cont ai.ni n an effectl ve anount of ar bon
monoxi de, PEYiding éﬁﬁ"&"e"‘eﬁ“{n i e vherehie ol ieaPrTely cﬁ?ﬁ’éﬁ?"ﬁﬁil Asifg et ai ni ng
an i se at egregs@hzedigas frb@ theddksdNo erheanrmﬂospmre ﬂanmem&sa;mrbon fefioxgdeiaBlapd at

| east 0.0002, 0.0004, 0.000Q6, 0.00 ?)(O ER%‘ éé 0 0015
0.0016, 0. maR@iniag e seimgl Gy virg i QE“’S"G" éh@altsw sis thae) ¢ CaOROR0.
0. 0032, O. QQ,&,‘Smdcgag) 0. 0037, 0.0040, 0.0042, or 0.0044 g CO 100 S nedium 4

Further, the i nyention pr Vld s a net hod f enhanci ng, survi v f an ani nal
cell after }(8 SEI'BC? héj ccﬁcant en be transp antcdqmtoarcggmnt Q’hc cell mayabe ogtamed

from a donor that is not the recipient, or it may be obtained from the recipient. Further, a carbon

20 monoxide composition can be administered to the recipient prior to, and/or during, and/or after
the transplantation step. This composition will typically be in the form of an inhaled gas.

In another embodiment, the animal cell is obtained from a donor by a method that
includes administering a composition comprising carbon monoxide to the donor and obtaining
the cell from a tissue of the donor.

25 The invention also provides a method of maintaining an animal cel! in vitro that includés
providing a culture medium containing an effective amount of carbon monoxide, for example, at
least 0.0001 g CO/100 g medium, and maintaining an isolated cell in the medium. The medium
can contain, for example, at least 0.0002, 0.0004, 0.0006, 0.0008, 0.0010, 0.0013, 0.0014,
0.0015, 0.0016, 0.0018, 0.0020, 0.0021, 0.0022, 0.0024, 0.0026, 0.0028, 0.0030, 0.0032, 0.0035,

a0 0.0037, 0.0040, 0.0042, or 0.0044 g CO/100 g medium.



removal from a donor that includes admnistering to a live or brain-dead
donor a pharmaceutical conposition conprising carbon nonoxi de, and
obtaining an isolated cell fromthe donor. The pharnmaceutical conposition
can be, for exanple, supplied in the formof a pressurized gas 5 suitable
for inhalation by the donor. The nethod can further include the step of

mai ntaining the cell in vitro in the presence of a second conposition
cont ai ni ng carbon nonoxide. VNle in vitro the cell may be disposed in a

li qui d medi um IFartketche Mvedde proviles SietRodéf enMpdg sutgivalg ak ehimalcell ahe second

car bon nonoxi de conposition.c be perfornmed b roviding a 10 source of
pressur | zede’@aY%gﬂmr?df?B%i ‘g@‘ i@e%??ﬁﬁ’eaﬁ‘ﬂ%wﬁ@jg?'ﬁ’éa'?'id.ﬁﬁﬂi%f’ gmasFiRtlcar bon
nonoxi de gagmipsli@@s@rhphEiaptirbeh ek @€, and bR athingddh AoBR calFrb kSR dondrBYh&l SO be
provi ded as a carbon nonoxi de conposition, i.e., wth carbon nonoxide

di ssol ved tvareacepticm fompesitiontcar bs, fRrexamrls spardicd @dhe lgrmaf hergssufized ganspl ant i ng

an ani el cglilpid RRtnnhBGIHAARe dda6r. Steps of administering to a live or
br ai n-dead donor a pharnmaceutical conposition conprising 15 carbon

nmonoxi de, obt ai Ahpgedad paoahes inchidr thesiep Af mpatamngche cellme vitnoambp Pesancnef t he
cell into aasreq?&xid%ﬁg&itio-ﬂrlﬁntﬁ’iﬂbgﬁﬁrb&?ﬁlbn be obtained froma donor that is
r it my

not the recipient, obtained fromthe recipient. If desired, a
car bon nonoxi de VWalegosipitiared aay be disphsedingtligniddnedivm. tlh sucheriagei dastepef or to

and/or duri egg?s?}%g‘ngéellg% Lh rsectoﬁc?cirﬁmﬁ&'oﬁiﬂg ?tyrj%&t@itiﬁﬁ é‘zﬁ’n-be}gﬁo&ﬂ}}{ Sgg%o‘?@é %: S

provi des a anci ng surviva unction of an ani

t r ansploant eduice bfpressurnesi pirbent mervaide igesand dentactingths figwd mefliuny withsq@knt i ng an
animal cell_int I Dl ME. i Ng. ﬂqg( fter.

transpl ant inrllcg’:]m%({ ég?"r'g%sg‘? ﬁgﬁ'tt%%a?rég?{a%e]ﬁtm%#%ﬁgiee ar){%([;ls‘r)r%ﬁﬁfowd%‘?%caar bon
nmonoxi de gasrteufrfongxidetontpositerh ancwitlsearhonadnoxide dissobed dwereaf. t he transpl ant ed

cell in the regl e inlhfof HobAL SMORK H5aRn i AR sH BRI badndili e o m
of a vessel contal ning pressurized gas that [Ncludes carbon Nonoxide. I n one
enbodi nent ,stephef aiglihistering@i altvaionbrdinAisad doner ¢ plamavedtivabiompephi@r @mpoisipg | Si ng
car bon, monoxiyde RLL ke bshAS o [BARRLAN ko ROl AATRI Rng vk B6) B! el |
can be’’mai nta N&G TR At qued nmedirumtha e yand UaP-rlahag e el B8 0. 0001
g carbon rmesipieatd @hd 0mgj cakkdiay he ¢teaiged, froam a Hems thatib octtthereCGPRA, orQt MBOKE

0. 0006, 0.0008 . 0010, 0,00 0 14, 0. 0015,.0. 0016,.. 0. 0018, 0..002
00021 0 BiEted Gropybg recigie Jhdtsiged tnon R 3ie cmpRinon s Wby o) 0040
0, 0042, or tBe @Cipiknpricd blandOr durimg dndier)afte3Be Firwplambtivodtepan opti onal |y i ncl ude

the step of expggl [}.Ige&iﬁﬁ afs& Ellovitdgs @&R&J’&Qw@@aﬂé LiGival SR RRGF L dr QR afihialdef O
prior to the transplanting Step,

20 transplanted into a recipient that includes the steps of transplanting an animal cell into a recipient
and before, during, and/or after the transplanting step, causing the recipient to inhale an amount
of carbon monoxide gas sufficient to enhance survival or function of the transplanted cell in the
recipient. The carbon monoxide gas can be supplied in the form of a vessel containing
pressurized gas that includes carbon monoxide. In one embodiment, the cell is maintained

25 in vitro in an aﬁnosphere comprising carbon monoxide prior to the transplant step. For example,
the animal cell can be maintained in a liquid medium that includes at {east at least 0.0001 g
carbon monoxide/100 g medium (e.g., at least about 0.0002, 0.0004, 0.0006, 0.0008, 0.0010,
0.0013, 0.0014, 0.0015, 0.0016, 0.0018, 0.0020, 0.0021, 0.0022, 0.0024, 0.0026, 0.0028, 0.0030,
0.0032, 0.0035, 0.0037, 0.0040, 0.0042, or 9.0044 g CO/100 g medium).

30 The method can optionally include the step of exposing the cell to a carbon monoxide

composition ex vivo, prior to the transplanting step.
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The carbon nonoxi de gas can be adm nistered to the recipient prior to and/or
during and/or after the transplantation step. The aninmal cell may be
obtained froma donor that is not the recipient, or it nay be obtained from
the recipient. A pharnmaceutical conposition conprising carbon nonoxi de can
be adm nistered to the donor prior to and/or during renoval of 5 the cel
fromthe donor. In another aspect, the invention provides a nethod of

i mproving survival of a transplanted cell in a recipient that includes

admi ni stering tBhedasdonaminpiiengasioat wradminidéred todbe iecigientgpmas orandfot during
transpl antatj o c [ ent ctive a
pharnaceut?ggraﬁgwhsn%“Pﬁnm“ n%rﬁggﬁasgh Sﬁynﬁﬁq%ﬂﬁdeggdoTﬁq?Fmgﬁ& of the
above met hihd secifiert e i rﬁal}ejttdbaﬂned 1ﬁha zhwcmpmad Aeﬁlfaeﬁatcem&yl dampesnhanced by

i nduci ng the enzyme hemeoxy ena ﬁ a donor, or %f Rlent e.

| nduced wi FHPIEIS SSroRE ORI in be «drpiisiereAa the Ahrariaio s e dvEhpiEmge of -

endot oxi NSthe M1 Ebmakk &dnbOn, oOr glutathlone depl etory; or via heat shock. In
t he donor, such induction can occur prior to or during reanaI t he organ,
tissue, or cel |§.anpHeragRech Bieiipieatn praYidss aimdhndiof srpreving BEEwA of prior to,

during, orydnapfafted 6 NG rédifie MaBintialdsQBminfWdrRg PRtk Y& pYent $d16re SR Ririg@N be
i nduced in the organ, tissue, or cells ex vivo, prior to transplantation

into the reygia8ettranyplantatiopofthe 6 ‘F’l?r‘{‘%’@F'P'GF‘bW efésstivaamauns of a@hemagsuticdl act ur e

that incl udgs,RitibRESR meango,u&g surized gas, that contains at |east
0.001 ppm €.g. . at Rprdftabont 1 50, 100, 150, 200, 250, 300, 500,

1000, 2000, 500@ anxetf tho above gthodmef tlzvoovmm tiggerpebefsna 0enheeel W00, and
up 20 to 1, OX 68 ; | ri the
P 1n99c9n§ e v o %g@ba&ééqa&of( 1) fﬁ’}%ﬁor o?pé?:tplé?@% 2 Supfuggj \H§1 €

gas to enhance ani mal tiSs
bef ore, duhdanpmotaisa¢iekines: oropieamitac owide, GﬂdqtmnSeHM lgadmuosscméutatmome i sI ets

into a pat hcﬁ:nétors’%lr%ﬂ h\%t sﬁ+& ﬁxe 'dS%? rLL&rP Hdﬁc?io@ca?mto% ﬁoﬁgl }'dm(g'ca'ﬁ(}\;ahat

i ncl udes nutrients sulta mal ’ntal ning an anl cel ure and
at | east a&gutgaG,tGQGlo EUarIbdn: recipionti el inddctign 2& qeevki prinr te dgring, et | east

0905% 0 G0 A ot R oLt F RS

0. 0035, 0 @Oﬁﬂ?,pooﬂowsplaﬂtammthﬂfegp@mM g CO 100 g nedium It may al so
I l. ' d
contain ani m ﬁ'ﬁll\‘&ml& ﬂﬁ{\é}gpovﬂies W&gél@b%%f&%@@hl nletﬁ:SLx'VdS c%t%:ﬁxglgagf

then transplanting 1t is a rovid es t
provi di ng pressoszead|gas dhat edntdimspt bm%@é)@i PR cE-gys leagnabeait i WQSQOOQ,aIrSﬁdﬁ)OHDnoxi de

gas; provi E’ﬂd‘@o@@?p %96(?‘22@ 364074, 0065 1 do,dob 260 6,31 g"b@é %6‘066‘30&6‘60'

di sposed in contai’'ns’ dléso1ve on ‘nonoxi §|ng t he
presseri zew 109,000 opmickrbony mopaxide, and a label describing use of the gas to enhance survwal of

isclated animal cells, tissues, or islets before, during or after transplantation of the cells, tissues,
or islets into a patient.
Also within the invention is a sterile cell medium that includes nutrients suitable for
maintaining an animal cel! in culture and at least about 0.0001 g carbon monoxide/100 g
25 medium, ¢.g., at least 0.0002, 0.0004, 0.0006, 0.0008, 0.0010, 0.0013, 0.0014, 0.0015, 0.0016,
0.0018, 0.0020, 0.0021, 0.0022, 0.0024, 0.0026, 0.0028, 0.0030, 0.0032, 0.0035, 0.0037, 0.0040,
0.0042, or 0.0044 g CO/100 g medium. It may also contain animal cells.
A method of maintaining an animal cell in vitro and then transplanting it is also provided.
The method includes the steps of providing a vesse! containing pressurized gas containing
30 carbon monoxide gas; providing an isolated animal ceil in vitro, wherein the cell is disposed in a

medium that contains dissolved carbon monoxide; releasing the pressurized gas from the vessel
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6 to form an atnosphere conprising carbon nonoxi de gas; maintaining the cell

in the presence of the atnosphere; and transplanting the cell into a
recipient. In any of the above aspects or enbodi nents of the invention, the
cell can be any cell. For exanple, the cell can be an animal cell such as a
primary, secondary, or cell line cell. As another 5 exanple, the cell can
be part of a pancreatic islet, e.g., a 6-cell. The cell can also be, e.g., a

liver cell, tafofhbn atblosgtere camposiag mtrmmwnme‘tid gasanxietuinmgahe «=dlid the prepanocytt e, a
| ynphocyte, or . a s he. ex, vivo nethods of the

. . I-He tIRos, é macglrl ] lfa.lgt'n ﬁecell 1o @ reci

i nvention, tHETTRLTE PEHRAED BfS&Fand contains little if any
whol e bl ood, andintdig ot bivvatspeqs a‘fﬁl’bablh#ntﬁﬁfthé attedioaptle e daf baury can eFgrot
acconpani ed by a significant nu r of red blood cells. Unl ess erw se
of ned. ol PR RCE conis 28 er Bl 1eieuH asp REmGuC MR F LB e AS e

neani Ngsas eI ki clME8Y 12 bR df DyanoRtiCIEt0f 8| NEtyl. Stielckll tdh s ®e,arlg, atiQephi ch
this invention belongs. Although nethods and materials simlar or

equi val ent £¢h ?ﬁ’@@éla&eéé‘m‘:tﬁ@ﬂ'W&cF%ﬁrﬂe&r&ﬁa'5%" 2 FREY 13 YRRIOBY & oh it mbiellt est i ng

of the presgniach BMBOL! Qb mahdds3PIne ifVRhdbAdfe Bk i @'?Fe%rm} Rotdfided ablE@alaldyed
bel ow. Al publications, patent anI i cations, ents, and ot her references

ment i oned 1Bttledf anywhaled!qodcand thrcstieare wferaéfym%fféélqod cellsang argmef Jceanmpanied case
of conflict bygQ@nl%&?gmbcrgﬁggmfob@@g“son including definitions, wll
e ods

control. Th rra and exanples are illustrative only and not
i ntended to be IUmr&suoﬁgnv:@tdqréned‘ elhteohnical anddcignifigriermgaseddkreithiave e eamd on wi | |

be apparent I | ai nms.

20 DRBcRI PR AER Qe lood ¥R oPShatlery S @i PR TR DL

ef fect of t belatgseAlthoigh@EGRdE yid rsateriatssinilac progayivalgnt te thesedeseribed barein 9én BENF- a.
Fi.IBis t al 5|sof
DAR 1 r gt BEBlaEs of ERART MetisoBll bbbt SO Bl SRR N0 V2! ©

Cis a bar desapbedibaiaw. iAll publicationss paténs agplitations, pitenss-and atherfrefetenery mRAERIcd t h a
o7 2 D! RERI O S HDARL Rl B 5Ll R QR o
i nhi bi t or | EFEDICHON(i@eludipg de@initipns, Mlﬁpmhrﬁcmmﬂebsncthtm{aﬂ@atml@ -acel |s and
bl ack hi stog[umwggﬂgﬁqe%t‘m%ndgﬂ b%dlﬁ'{]iltﬁ@:[ ed with TNF-ct for 24 hours.

Resul ts shown are mean stan eviation fromduplicate wells 30 taken
from one repr ese@thertfeateressndadyamtages afthe imfentidn widl be apparent from the following

detailed description, and from the claims.

20 DESCRIPTION OF DRAWINGS
Fig. 1A is a bar graph that illustrates the effect of treatment of BTC3 cells with increasing
concentrations of TNF-a. .
Fig. 1B is a graphical representation illustrating a FACScan™ analysis of DNA
fragmentation in PTC3 cells following treatment with TNF-a.

25 Fig. 1C is a bar graph that illustrates the effect of co-transfecting TC3 with a f—gal
expressing vector (pcDNA3/B-gal) plus control (pcDNA3), and treatment with gither the
caspase-J inhibitor Z-DEVD-FMK (C3-1) or the caspase—8 inhibitor [ETD-CHO (C&-i). Gray
histograms represent untreated B—cells and black histograms represent p—cells treated with
TNF~-c for 24 hours. Results shown are the mean * standard deviation from duplicate wells

30 taken from one representative experiment out of three.
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Fig. 2A is a bar graph show ng that exogenous carbon nonoxi de can substitute
for HOO1 (heneoxygenase-1) when HO 1 activity is blocked. Gay histograns
represent untreated (3-cells and black histograns represent (3-cells
treated with TNF-0 or etoposide or subjected to serum deprivation. Results
shown are nean standard deviation fromduplicate wells taken fromone 5
representative experinent out of three. Fig. 2B is a graphical

representat i on qfg 2ARACHEANTNARARY BaxShen bRl HERANAL L8 st HGoce! | S

follow ng 24 hour” treatnent with carbon noxide after treatnment wt NT- a.
Fig. 2C is (herheoxygpnagehl )inthien 8104 aethvity istdacked ogmm bisko grans iepnesamniokéathd pedisect s

-cells from,apopiosis in the abs e of | PTC3 cells re transfected
W th Regal 0 BREbRe s dersre Prer T et I p st S ariosruetied 3o
nonoxi de.  @egyvaibst REFANThoWARFARQN T stinlfre abeioR e8] duplica\WelkltAGK FBinTnegr ans
represent (3--cells treated with TNF-a or etoposide or subjected to serum

depri vati orrerssenigdy capertmenresiaf thiees hown are mean standard deviation from
duplicate wellsgd aken, fLoma s 87 614 PACYSAKRRIATE DN aofnbiUrSE. Fi O

3 is a DNA fragnentati oh ana y FACScanTM t hat I cat es "t hat exogenous
15 car bon ritixiedefoipwing 28 Somtreatmeni wikhetagbonfmdpaxige aften rsatfentrwidyiofft-osi s.  CHX

= | ohexi mde.. FLg. A4A i bar . hillustrati that th
ant ) ~apopt ot | ¢ Ei& BEE 1 a5B A ELE MR o R arolee B8 G0y at ¢

cycl ase actip¥abdiPm thddBsdnce BHROYI. YR Ty P% bre krafNrRAddQith@Eh1 kp@ssifiBedisrsa bar
graph illustrating that cGW anal ogue can substitute for carbon  nonoxide in
pr ot ect0i ng apéMers expead RO BBONSCAr®n BronexiiP-Grax/Pistogrms gepeeseniBatreagedPeel B0 Fi g.
4C is a bar hillu t] t -.eﬂ@pdet rotei n ki nases (cGK)
nedi at e thaé’g-gﬁpf }-"5185%% Is)h%(r:éséﬁfﬁ ec%(t)r a%(?z“r’&b{‘on rr’i@an%xﬁtopé’?laﬁr(fﬁ&ée}qutg Hele

co- t r ansf ecdepfivatibi bs ifdigatd. Fesplisashswingre wead Hbtandaed ddviagion frdM-dGplicaieaklls

hi st ograns represent untreated (3-cell Saﬁtﬂ%pbl ack histograns represent

Rcel I's trd2BEOW G PREscRat g eEpaTment o, e nean standard deviation from
dupl i cate wel | sFigak@m DNAM@Rentatdw B8998 B FACSQNPehatRdiéatéuliat efogbituee.

NI N L A T N T
apopt osi s. Fi g. Figl Aiisa #hr Rruph QRus@dling kHavdhe gnti- Rithptotia e fTed of @xdgenofecaffoat ect s
b R RS o B b S s i BB STS8
Fig. 4B is a bar graph illustrating that cGMP analogue can substitute for carbon
monoxide in protecting cells from apoptosis. §-Br—cGMP=cGMP analogue 8-Br-<GMP.
20 Fig. 4C is a bar graph illustrating that cGMP-dependent protein kinases (¢GK) mediate
the anti-apoptotic effect of carbon monoxide, BTC3 cells were co-transfected with f—gal
expressing vector. For Figs. 4A-C, gray histograms represent untreated —cells and black
histograms represent f—cells treated with TNF—a. Results shown are mean + standard deviation
from duplicate wells taken from one representative experiment out of three. KT=protein kinase
25 G inhibitor KT5823.

Fig. 5A is a bar graph showing that one hour of carbon monoxide exposure is sufficient
to prevent apoplosis.
Fig. 5B is a bar graph showing that carbon monoxide protects f—cells after induction of

apoptosis.



apoptosis. For Figs. 5A-C, gray histogranms represent untreated P-cells and
bl ack histograns represent P-cells treated with TNF--a. Results shown are
mean standard deviation from duplicate wells taken fromone representative
experinment out of three. 5 Fig. 6Ais a line graph indicating that exposure
of murine islets to carbon nonoxide inproves survival and function
following transplantation, Fig. 613 is a line graph that indicates the

probability of covery (bl oo | ucose | evel, bel ow 200 ng/dl) for_ani mals
receiving islet g‘gp%e( SHIoEaR S‘Bg’g‘érﬂﬁ%WCWB%R?'H%‘%?”%H’EWBF“IF gleuynds Prcelp =

0.001 t 7 ] e |
o Ho. }/elr r5] ‘dmcg&g. Egg }rTxtgéL@AF(': %ray hidtSershn P@;E ehARR étQﬁB-c'eué dhad blaR¢ ﬁ?jl %}?{ ession

s “transpl anted CVF plus CsA-treate Mouse
hearts wer eeprasem$ptalatreded witlhh TNAts R&"selatsbdwmremen t stamdaof deviariamB@hant at i on

wi th cobra  venom fac CVI d trea after transplantation
with cycl Sg’ﬁlff‘ﬁeﬁ’eﬁ\ E"‘&“Aé‘)m Eﬁ%&%%ef‘gﬁ P %H{&%%m&ctl n mRNA were detected
by RT-PCR Ile Flgyﬂﬁbmalnkgrapﬁmdmaﬁr%&hi?%o%ﬂﬁﬁfhﬁ}me islets 1 @aLtoR nfRaiie used as
a negative. control . resent relative level of HO 1 nRNA

expr essi on”HUPYFéISFQ’é"G ?‘9@%9 @’ilg'f”'&ﬁ PR h niRNA. Fig. 8 is a set of

bar graphs il usigres isgint Babh ﬁaﬁﬁ’al&wsnhud@bsaﬁumfﬂre@m&wﬁbw 1kd Mbdly i n
vivo. Mouse hearts were transplanted into untreated rats % or into rats

treated w PHOwEORMEAY foranimyly ressivipe (sietspappipsed|tg/sarhen 'B?WP@XO(WW%‘F%I HO
activity i mpdQy@) veRds dgbiPi ent hearts was neasured 2 days after

transpl antati on_and conpared with basal HO activity in normal nouse and 20
rat héfrts, resPechisgdpysrenhthaliflusisatesexpietsifn oA FO-1 Hempnse hears fransalapigd iewi at i on

(SD) of tht@@,ﬁ&lm Beafd Y ZOude REarR ke M@ﬁ&d@%w rath ﬁ&dt&idmﬁé't:uﬁ@' yes were
conducted by using unpaired Welsh i test. is a set I'i ne graphs

i |1 ustrati HansphaRtiahth sebgatenema IﬁWDFOX(GI\SF)rPd)‘tS qaﬂx @w@%s affer Hansplhretatg@n@ﬂat i on of
anti-graft c?d“éﬁtpmm E@sﬁ()AlﬂﬁﬂmssMﬂlé? S ODERIFBackiR HRNA @Qﬁ%@&%f ‘FtP@:gkr
treated 25w eve anti-graft

A, as descri bed above. Serum

| gM Abs wasyr@bpérfu»afi@erew*fé from HQt lay- rpqupeieantpised phayneghtivegonidnpistagrams

conpongnt RN I | SA.
Compl efrent RS 'P%"%‘i"é‘;%?f‘%ﬁ?ﬁ;é wffp&%z“%@gnﬁ"é%é”&“gieg%sﬁzh BRI Vi i o
Sihustra

assay. Resul t s BE(MH aa?‘é’f?‘ﬁé'f g thet SaPBIX infribys HD- Igmzymatig asévitygft bar
graphs illyggr mmgmmr@%wﬁme@mmnﬂm rgmn)a& i fard e@ithl EVFQhg 30

SnPPI X to suppress enzymatic acti Vi use hearts were’ transpl anted

into rats €8 éﬂléalus \ﬁFEW@ﬁ %Su%Pl&éw Eptaéﬁérmvnwo denos ndIRPEEK heprts GO (111) .
Total HO aglehibdd¥ dafSafitPRstdpattattbn and compared with basal HO activity in normal mouse and

20 rat hearts, respectively (I). Results shown are the mean * standard deviation (SD) of three
animals analyzed for each treatment. Statistical analyses were conducted by using unpaired
Welsh ¢ test.
Fig. 9 is a set of line graphs illustrating that SnPPIX and FePPIX do not interfere with
the generation of anti-graft antibodies (Abs). Mouse hearts were transplanted into rats treated
25 with CVF plus CsA, as descnibed above. Serum level of anti-graft IgM Abs was evaluated by a
cellular ELISA. Binding of rat complement component C3 to mouse endothelial cells was
evaluated by cellular ELISA. Complement hemolytic activity (CH50) was evaluated by a
standard hemolytic assay. Results shown are the mean + SD (n = 3).
Fig. 10A is a set of bar graphs illustrating that exogenous CO does not affect the ability of
30 SnPPIX to suppress HO-1 enzymatic activity. Mouse hearts were transplanted into rats treated
with CVF plus CsA plus SnPPIX (II) or SNPPIX and CO (III). Total HO activity was measured
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in donors' and recipients' hearts as well as in recipients' livers 2 days
after transplantation. HO activity in different speci nens was conpared with
basal HO activity in normal nouse hearts (1), rat hearts (1), or livers
(1), according to the sanple anal yzed. Results shown are the mean SD of
three aninmals anal yzed for each treatnent. Statistical analyses were
conducted by using 5 unpaired Wlsh t test. Fig. | OB is a bar graph that
illustrate YA PPl X~t 0
suppr cse. 105 (1R EHURGAEHE OIS CO RS 20k AU GEL 1S B bl BN O ) 0
were anal yazmdtyflmdlfﬁcantnpxgmnmgalsabmnarcdmnbhzsalzﬁfaaytsmatfm ewrrrtahamsphamsalt)j on.
Resul ts shq a I|

illustrati n\émltc S%I) mwerngﬁaifcfdgﬁmg?o ﬂ&g%“ﬁlcnmg u"ﬁ B A eaBQrSsD

pl at el et acolftmatanmmls zMalysed BFea&B(remheﬂithétanalcabaexlalyses\nmecdneﬁdtedwytmmgt ed (NT)
or were treated e@h PPIX (50 AM 16 h) to up-regulate HO 1 activity,
SrLPPI X t o “8bR35 Pg’ “| activity (50 AM 16 h), or CoPPIX (50 jiM 12 h)

pl us SnPPI X (50F{§MOB4|s|a)aai Qaﬁﬂhﬁtﬁmlstrﬁt% thitRogen POTH d6dstnipt afecGaLHiltyon
elets were isolated, overlaid onto is

up-regul ati activity.

t he mouse éﬁg@sﬁe spRpress BQ- § 2gtipty. STIEﬁ W'm%ﬁ‘ﬂ;e? fsgeaerat she daaidimd VA NeH t er

stinmul ati oRpAided fot tﬁ%bghcmaglﬁﬁlﬂ%bﬁlaﬂQ'dﬁfm&hﬁirﬁplﬁrﬁw&n Rekiblis slcdvil dte fhebar
o

graph illustrat |Smg t hat carbon nonoxi de suppresses endot helial cell
apopt osi s. ™Ay S @toYr ans represent cells treated with Act.l) alone and

bl ack {gi st ogr arrslg r1e.9a¢1§@?xtap1@ﬂiuk@mhgaﬁwpdre lhﬁbn’%}'ﬁi@lmé@ofﬁHﬁ'l gells MRYi R
i ndi cat ed, endot hel i al s were treated 20 with SnPPI X (50 AM and exposed

to exogenowiiatehactigtior Mpuse 2E-25andohelial esls pistsis§ untpetrANEDFPRSCRI PTI ON The
term "car ben.a@afK cdpPrd @b MoTEh) A% uéﬁ%@ﬁbﬁ .{&ndﬁf ‘SBPﬂ?(Sm@EH ?e%yhérl car bon

nonoxide inits aseous st at e, corrpr essed into quid form di ssol ved in

aqueous s 0lagHVigH50 LMW ES R)ePrfEoPPER (oM Riug §ﬂ8%é% BM, ) tﬂa\‘-nt!ll'ol for the
" phar mceu%?ﬁﬁicx&@ﬁ@&%‘ﬂ(‘xﬂ Bp %gmhhgﬁogl LA, gfs&wwelsam Oéflégﬂd onto

t hr oughout e specification t'o deScri be a ‘gase or semn -
sol i d 16onpdks mwﬁhcmﬁvhﬁlwrlﬁﬁgfocémﬁn%ﬁwﬂoales@'mtwrtmr Eién'défm"n’ﬂg'ft?e#f‘édf to a

donor pati eag;msmg@gﬁagsﬁmﬁmﬂm mal ; to an organ; or to a portion of an
organ, e.g., tissues of t or gan, i ndi vidual cell(s) that make up the

organ, e.g., nefligohkis aﬁé&ﬁ%ﬁ@ﬂﬂ%‘ﬁ"“ﬂ@é@@%morl%’il@,ft%lppremﬂ epdetheliabedll s such as
a pancreat i, Erd:ftémscﬁr!l)i m;ggg;paay}@&saﬁeats'uteh@mmwclb oﬁsmlm hY%HOgt? d orm of

the 10 pharmeceutic osition . aseous I qui d, gaseous
and | i qui d réroesant celissiragied withrAqy.D plus ere indicated, endothelial cells were treated

20 with SnPPIX (50 uM) and exposed to exogenous CO (10,000 parts per million (ppm)).

DETAILED DESCRIPTION
The term “carbon monoxide” (or “CQO”) as used herein describes molecular carbon

monoxide in its gaseous state, compressed into liquid form, or dissolved in aqueous solution.

The terms “carbon monoxide composition” and “pharmaceutical composition comprising carb~~
25 monoxide” are used throughout the specification to describe a gaseous, liquid, solid, or semi-

solid composition containing carbon monoxide that can be administered to a donor patient,

cadaver, or animal; to an organ; or to a portion of an organ, e.g., tissues of the organ, or

individual cell(s) that make up the organ, e.g., neurons, hepatocytes, myocytes, islets, or islet

cells such as a pancreatic 8-cell. The skilled practitioner will recognize which form of the



for a given application. The terns "effective ambunt” and "effective to
treat," as used herein, refer to an anount or concentration of carbon
nonoxi de utilized for period of time (including acute or chronic 5

adm ni stration and periodic or continuous adm nistration) that is effective
within the context of its admnistration for causing an intended effect or
physi ol ogi cal outcone. Effective anobunts of carbon nonoxide for use in the
present invention include, for exanple, anounts that are effective for
enhanci Ng ik a¥éticARGhSsitiofPd ©\Vdabduf, HGEH] BBoMfgaRb 0N 118hidF8rhls Sis hrafeby O
and/or in vitro. Wthin the context of transpl antation of individual cells
or nasses JPF%%Y@S&,PPJ@E‘QW transpl ant donors 10 and/or recipients, an

eff ective amountryofe £arpeniERRcHrdSd SrthAt SHDVALs ROMALIALERE] aTn Qb
transpl ant donor and/or recipient sufficient to enhance survival of the cell
or mass of a&grcgntragiogyof qagpon megeidde Ytdised far peried ofeme (incdydingargtesf cheei¢ s | and/ or
to inprove aﬁHﬂﬁ%n‘aﬁ&%md %ﬁécﬁ:% SR uBls afamlrf {tﬁaﬂé 2t ee?fe&EJe w;ﬁ’ﬁn tﬂe &E?&t

cells. Wthlnt e cont xt of treating cells odtside g.,

cells to bdtsedhninstratdorafintitaysingigadtendsd effecios phyaiotogicalomcoms. Efff:‘exyt amemasmcﬁunt of
car bon nonoxi Fany ceII are | d..or
stored in or&ggn}ogoén %ﬂ@stg lpr Erg%e\?a n}’%ﬂ\é\@ n%[]uﬁg f}g, exf"f'%l aﬁ"c?ﬁgérsm%gggéﬁﬁg‘ée cel |
| oss, e.qg. ,fol anhmcmgauapxapmd&'r sypreviog fanctioo oénﬁgmmecéllsrmctiv@md/dﬁrtzmrm t he
context of fran of or sues trans nt .donors
and/ or reci plidht cco%ﬁx ?’?’Eg |t3/té°%anb"&hv’&i“8¥ cei]ﬁ?'b%%fs??ﬁgﬁwsdce téz?’fpﬁ dAREunt
adm nist er efd/boretib@ents) aaresipdteva amaokor of caatrod/rmunoxndesm]mt aenbdurs udrhingieedtio the enhance
survival of _th an i Ssue i nterest ce loss 20
of cel s 1 R aror sy grbforfifet et S Ras o sl e BEGaE s
functional rpdiké es@hivecetfor naass mcglzlmandﬂwrumlmpréhefumnﬁaepérfcmﬁmﬁceeai| ng or gans,
ti ssues or vo tQ or tr t t|on

ef fective éﬁﬁ{fﬁiﬂtegﬁelxgr%'gﬁsﬁgﬁg% %& acﬁ)" ‘ifj até’lﬁfc " ‘{] d%ﬁﬁah%eé
survival ardiaw bt oiltirddnd/of used éor aagphanatior, as sffeetve aeﬁouusactaﬂheﬁ fibfxidelie term
"inhibiting"' include t he onset of ucin reventin

al | evi'dti nghaé“-'BP'&ﬂ‘ 8’@@6"&1”%6%"5@%? “5“%8“’% °é5l8bef’d%?rg“ t?%'%\"—‘Bﬁ? pgj%f‘g’ggm“gﬂ‘(fhéctl ve
anounts of cely dndfor toasduc delt lganes. anolssywi q:lobtom;tahu/ar folzhane fihactivh. ML the

0. 0000001% t o _ab 0. by we 001% t o about 0..25% by wei ght,
b 6f o abi y ARt HRL TP BT of s And 5yt gy piaglapt e aOH oty SigHE . 0204

0. 025% 0. 03%e&ive4fifbint @5 LarbonlndnoRide 6. thi8 Unotht AdiEinistredito B%raﬂsp&ﬁ%on@rﬁﬁ% or

0. 24% by wei ht of carhon nono Xi .ed ran €S of carb tﬁ %nox i de

ref er
i ncl ude abd ‘Ef“é‘t‘)ffs) © ST SHY Q’&V“E%‘HET“’ SHB RN H O AR S og 8% O%¥hout
0. 01%Zc0 alwdudlls@EorDVhickatke ofglamuzttrs@ueﬂé.%rﬁp@sabm&/or(ﬂo ihYgrdne fw&:lngﬂﬂnﬂ perfanha’rce of

0
gr g;% r :gor an?qes W&]xnljtge con ex%J of treatcl)rpgSOr/gz;[ug 'u%sbu(t?'.slsJ or cells ex{%vo"% ge stored or useg P o about

transplantation, an effective amount of carbon monoxide is an amount sufficient to enhance
survival and/or function of the organ or tissues. As used herein, the term “inhibiting” includes
delaying the onset of, reducing, preventing, or alleviating a biological process, e.g., apoptosis.
25 For gases, effective amounts of carbon monoxide generally fall within the range of about
0.0000001% to about 0.3% by weight, e.g., 0.0001% to about 6.25% by weight, preferably at
least about 0.001%, e.g., at least 0.005%, 0.010%, 0.02%, 0.025%, 0.03%, 0.04%, 0.05%,
0.06%, 0.08%, 0.10%, 0.15%, 0.20%, 0.22%, or 0.24% by weight of carbon monoxide.
Preferred ranges of carbon monoxide include about 0.001% to about 0.24%, about 0.005% to
30 about 0.22%, .about 0.01% to about 0.20%, and about 0.01% to about 0.1% by weight. Other
preferred ranges include about 0.005% to about 0.24%, about 0.01% to about 0.22%, about
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0.015% to about 0.20% and about 0.025%to about 0.1% by weight. For liquid
solutions of CO effective anobunts generally fall wthin the range of about
. 0001 to about 0.0044 g CO 100 g liquid, e.g., at least 0.0002, 0.0004,

. 0006, 0.0008, 0.0010, 0.0013, 0.0014, 0.0015, 0.0016, 0.0018, 0.0020,

. 0021, 0.0022, 0.0024, 0.0026, 0.0028, 0.0030, 0.0032, 0.0035, 0.0037,
.0040, 5 or 0.0042 g CO 100 g aqueous solution. Preferred ranges include,
.g., about 0.0010 to about 0.0030 g CO' 100 g liquid, about 0.0015 to about
.0026 g CO 100 g liquid, or about 0.0018 to about 0.0024 g CO 100 g
liquid A &K @dabputal:m% iapcharout®.025% mmbewilalt®e by weighiafouhiqsd sktengdel @,

t hese rang sed 1n h cat patient”
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t er m *di ab@mégrmapstoavhg@rt@mment wrorling teibs mefhods of thprreseat ayepgpaispeovideds hey are
20 recogni & b |

characteri ‘gggmLPy : ﬁfa?\’glt‘sl aIn?dgaﬂytdc;)?hr gg‘E@%’t %{E h}%&ggﬁaexﬁg gs Zﬂfév/rg/ﬁhuaéﬁh%t e

nmost prevarad htmtf:gl/fyéardafremeammblwswrmmnas ey pumans, ethef prigiates.ipigsdi abet es.

In Type 1, i ( , e C anfttle
or no i nsufEn et Bref pRRE bnic) AR M, o ARG RN Y oy el
In Type | |goat;r ThetermSddnon-aaé é@wemenduaab@tiésrememanmhmalp(hmmsxomakes
some jnsul onpasses
t he rri/rl a J&%ﬁﬁdﬁ soréggr%sg%%smecﬁégﬁfl g‘lﬁgtgg‘%’ %:sgbuglgtdhf‘é‘r ﬂ].—é& chroni c,
e.g., di abserpge m%ptrmmtam to@ rgnpletﬁngt ykherttrm ‘le'b@r“gﬁcgme@nmtem

retl nopat r cell(s)"

"ani mal cgléfc(?‘?%g@%&é‘é‘nﬂﬁ%@ﬁq\?@&%@gﬁ OH@%’; P pe o?c Ja;ﬁssn%%mor

i ncl udi ng iadividua! celdy 4an be transégsted. f or transplantation. The cells are typically
primary cells o @nStisbell- i¢ Dind Ak fsedes&m@%wta%sot@cps Afesgrondary cells
or even cells of an established ce I'1 ne. are optionally transfected
ex vi o wiretpairedinghest egn Diabstes Mellitus: l%wlte@qsé\dqlm“sctlermrtﬂzembywswm

to regulate blood glucose levels. The two most prevalent types of diabetes are known as Type [

OD®DOOOO

and Type II diabetes. In Type I, or insulin-dependent diabetes (IDDM), the pancreas makes little

or no insulin because the insulin-producing beta cells have been destroyed. In Type Il, or

noninsulin-dependent diabetes (NIDDM}, the pancreas makes some insulin but the insulin is n¢
25 effective. The term alsc encompasses the myriad secondary disorders caused by diabetes, both

acute and chronic, e.g., diabetic complications, e.g., hypoglycemia and hyperglycemia,

retinopathy, angiopathy, neuropathy, and nephropathy.

The term “cell(s)” or “animal cell(s)” as used herein refers to any type of animal cells,

including animal cells suitable for transplantation. The cells are typically primary cells obtained

30 from an animal donor, but can be secondary cells or even cells of an established cell line. They

are optionally transfected ex vive with an expression vector that alters their function in some
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12 way. The cells include, but are not limted to, e.g., islet cells, e.g.,
cells which are part of a pancreatic islet, and liver cells, fibroblasts,
bone marrow cells, mnmyocytes, and stemcells, and cells (e.g., neurons) of
the central nervous system 'including the spinal cord. The term"Islet
cell(s)" is used throughout the specification as a general termto describe
the clunmps of cells 5 wthin the pancreas known as islets, e.g., islets of
Langerhans. |Islets of Langerhans contain several cell types that include,
e.g., O celas. Tidcetle inrtude bunse hotiimiteditos ekl, sie(vdﬂboa‘g,pewum% arg barcafgons) ,
-y-cells (wh F.ce roduc ancr eat|c

pol ypept i dB?mreaEﬁ{sg"? 68%?%?4 hbrg%el?ﬁts b?magﬁ& QSUWB, )8%'5 Hﬁc?ﬁ:f'hc)e B85 cell s
anfjl DI hcel leslls (Etge nﬁe:rom) sﬁ:eraaaml fetv o}ussysamda:?mdmgmgpmmgrd; elmmetghatsiler efers fj 0
cell's havin e ability to divi or indefinite periods in 10 culture an
to give ri §%1(f)o ‘Ss‘ﬁ'é‘%fhéq‘ﬁg%’dthéé?fcg%mf%ﬁﬁé&'lfrwef'ﬁl‘?\g frke therlpmpgod celis oy

exanpl e, Wﬂhhﬂﬁé ﬁdh&seaﬂhféivhﬁ@ls&&t 3 grTidieIs'oPQ&r%@x%ansa']ﬂetklafmgé‘r%s%érﬁ‘m cells,
e.g., neuronal, liver, nuscl her nat opoi etic stemcells. By "isolated

cel | " is meatsral peilypesitat E'élulde-lesg ﬁéﬁﬂ%f@ﬂ“"ﬁ"r"éﬂ#ﬂﬁ\é‘"’ai aseqlls (WhichoRrgései n which it
(or its prgﬁﬁsgaaﬁ%);em%mmnlawe é’c}ﬁﬁ!éﬁétm)AF &k twnﬁanprb&icu hc&aﬁéﬁ&fﬂeyudw“ fied

fromits natural 'm|l deened "i sol at ed. an i ntact
i sl et of Laﬁg@ﬁlﬁaﬁsfﬁns:e’éﬂwélcb@F@HCQSGWES’@‘W@GU%)W@*¢e§®I'§hCéW ‘Stemice” isonce

the islet g gf.ﬁggeﬁ&dftérm A 180 EASHANY (RARiRE U3 @?l 'dxﬁfﬁt@g@ﬁo%md from

ot her |slets cells of an Intact ordgan such as a heart or a
parti ab or galtursyulito give rise toispesialiofd egllp| loddeded ovithisy thartfammm, fqr@mmrdlered to be

e oanes Witpbin Mlkbdied chlilipRBh and b 4B TREnbEL), IO ARCR)na' o Used

t hr oughout € Specification as 'a gener termto-describe ah
anat om cal hpantbpcmtlcmrbteﬂs havi ng a speci fic function in the an| mal . Further

el uded W ENi ) o1, R Q-1 Bly b1V,fe J50ALGAHIS AR L BRLH SRR

organs, e.g., coheSive fissueS obtal ne rom an gans i ncl ude
but ar e noteriispradeststog) daiuckilyyecurd. werell damhe fust pantaéspurrfe;i ﬁ@mgts natuaeﬂ gnixe@r

Sl | kO3 AecRBNGLR% - 300NN FULLAG ] ORHURT: LOhbhg ISThaL 0N

are boﬁes and Vess ans Re S
"t r anspl anupbf Gsvlateds cu&echqemreodghoumomiefr@pegutrmmd@an hespias:gajhesr;atat&der mto

e e ol MBS R, O R A 1 ARar A BPEL o BRI U DF 2 il 65l

i ndi vi dual Tt patien |ned in
the art asatleee ofradﬂecfdefessof arg mmcngslderqumbs“lsﬂatcdedellé whileanil am'dazfnhurorgan a

recipient. Wt hrjigt Ak £00u00 (BLALA ARG SR BLegEd oy of the

transpl ant ed ti ssue or eci pi nual ,
Ber kowep Fl etadreicy) pan dr BemBedrwng Espacific Marida iRéwaamsh hamexrlatlmded e«aththdnway,

N.J., 1992)n-iear-1|;:r1]éa o(ttﬁx rt@rm%?e Jubé:&%@ﬁﬁ%'n?o'?& gf érgﬂw, e.g., cohesive tissues obtained from an
organ. Such organs include but are not limited to kidney, liver, heart, intestine, e.g., large or
smaill intestine, pancreas, and lungs. Further included in this definition are bones and blood
vessels, e.g., aortic transplants.

25 The term “transplantation” is used throughout the specification as a general term to
describe the pmccss of implanting an organ, tissue, mass of cells, or individual cells into a
patient. The term “transplantation” is defined in the art as the transfer of living tissues or cells
from a donor to a recipient, with the intention of maintaining the functional integrity of the
transplanted tissue or cells in the recipient (sce, e.g., The Merck Manual, Berkow, Fletcher, and

30 Beers, Eds., Merck Research Léboratories, Rahway, N.J., 1992). The term “cell transplantation’

is used throughout the specification as a general term to describe the process of transfernng at
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I's used throughout the specification as a general termto describe the
process of transferring at 13 |east one cell, e.g., an islet cell(s), to a
patient. For exanple, such transplantation can be performed by renoving the
O-cells (or intact islets) froma donor's pancreas and putting them into a
reci pient patient whose pancreas cannot produce sufficient insulin. The
terms include all categories of transplants known in the art, except bl ood
transfusions. Transplants are categorized 5 by site and genetic relationship
bet ween do eclp g[eY 0 antation
(renoval nlggst ?%gcs?p gé #“ R Cle-mg d ﬁ gseﬁté%f’ 'lrj%(r;h% i Su?h trar’f?%?tooﬁ’%a'?g%t lent to
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margi nal organ’l's, for exa L) an organ from suc
or gan -t hat waasmeﬁWmmndtm apsrughadly gdeniti Giedrimclimical pradtides hyperarute tejesien, a@ne (3) an
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vessel s, e. hat anast’onosi s
di f i cul t, Oxfordi Urhvarsitydeess,d994). at her oscl erostic plaques on graft vessels.

25 Preparation g, Gaseans ﬁ?ﬁ%ﬂ«?ﬂ(%"% &%RQ@WQQ&&'&:&R@PQ&EEH Rin{BY be a

gaseous carbon rionoxi de o) ed or pressuri gas usef ul
in the met hizsgiboh dbime or mganprps;ntmgmttbproblbmathaedndu oswsanya rgepimgatginal

sour ce, - andy, | 0330Yest 4RSS PG SkaRRR RirhRl Soh S cad Wb PP OPREES 568, LS.

For
than 50 years old, or that is afflicted with a chronic disease that may affect graft function, e.g,,

20 diabetes, HTA and alcohol intake. A marginal organ is, for example, (1) an organ from such a
donor, or (2) an organ that has experienced prolonged warm or cold ischemia times, or (3) an
organ that presents with anatomical abnormalities (¢.g., small and multiple vessels, e.g., in the
kidney) that can render the vascular anastomosis difficuit, or with evidence of atherosclerostic
plaques on graft vessels.

25
Preparation of Gaseous Compositions

A carbon monoxide composition may be a gaseous carbon monoxide composition.
Compressed or pressurized gas useful in the methods of the invention can be obtained from any
commercial source, and in any type of vessel appropriate for storing compressed gas. For
30 example, compressed or pressurized gases can be obtained from any source that supplies

compressed gases, such as oxygen, for medical use. The pressurized gas including carbon
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30 exanpl e, conpressed or pressurized gases can be obtained from any source
that supplies conpressed gases, such as oxygen, for nedical use. The
pressuri zed gas including carbon 14 nonoxi de used in the methods of the
present invention can be provided such that all gases of the desired final
conposition (e.g., CO and 02, and optionally N2, He, and/or C02) are m xed
together in the sanme vessel. If desired, the nethods of the present
invention can be perfornmed wusing nultiple vessels containing individual
gases. For mamnple@sedin shenfidtkods @Sthe presaninbamtipt canitd@cbvided bash ticap all gdsessofaigy bon

nonoxi de, with o i t hout, ot her.gases, the.coptents of ' can he

optional | y\,\aﬁs%@cf{'\ﬂwl’i"%‘ﬁ? P& %&%ﬁzha”tdﬁ@“%ﬁfggt%’ mwmp”\‘?é’é’? s, e.g.,
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D5 0° 09504 TR EehaB Y g@%@%&@%@%@%"@%ﬁ%wﬁh@&f o 185 e Dlo6 by
wei ght 10 Pr efxggeneadd pizag 6 S08F00t Yrtbghoutibifo Ry weighnshmespondingue al@u0dI®hpo @bout

0. 24% abou 005%-t 0 % 200 about
0. 015% to. abBR ORI ipo By byporrfihor BE Db b f Bt linS D 4B 00
conposi t i or®nipasiiiongs algyut 2976 by tieht the famgent bbexygerois ebauti21%g bg aeight anbiaie 0. 3%
(such as 10/11%@%&%%8& )non debtga%ﬁ%j.o 0?% l§ u‘ 0.9%'1:9‘3«% ?."ﬂje’ %an o?tr: gl n20 few
breat hs), dependi ng upon e appl1cation. ey are particu gFﬁy gsef " for
ex vivo appénoxaleisgrsferablyst ast abduo® 0RidH @i, delemo rand.685%, .M, 042%] sk. Where
the gas is f,0 pher.e,, f o IoV A0 oCeldS.in vitro,

t he gai‘r’ can&?i‘%%t' gl%% A’C%%%EO'%?%'XF e/‘{? g'sog\ﬁéﬁ(,)g'?ddwh)"é’fbpjo /pn'gg%f' a?rnd‘f“r#’eb)bH of the
medi um ThewaghtbBrefetiied xinges of aarblremproagle irtchiie abdud P.0eM0a mpdbeyt 012424, abdlD %
comonly 5% i D 0 i it y be used
to create é%mg%%ﬁggﬂgpgz%hgéug@gﬁggﬁgégﬁggp‘gﬁﬂﬁ%ﬂgéfﬁg%gggpukﬁpé?ﬁbsphere

t hat i ncl udesgtappicomtidadha ghseved erbofi moamddterromponuons Havigp®ncairatyes of @gtoed, f or

exanpl e, by_providi 1 i_nj i as._.conprising
car bon' rongRisgis feis Gy 63ASnd At Aok bialed Bl B2 4h G SherPBRonf BTN B, 1
a 20 few breaths), depending upon the application. They are particularly useful for ex vive

applications, where carbon monoxide poisoning is not a risk. Where the gas is used to form an
atmosphere for cultivation of cells in vitro, the gas can contain carbon dioxide as well, to help
maintain the pH of the medium. The carbon dioxide can be present at, for example, 1% to 10%,
commonly 5%, by weight.

25 A gaseous carbon monoxide composition may be used to create an atmosphere that
comprises carbon monoxide gas. An atmosphere that includes appropriate levels of carbon
monoxide gas can be created, for example, by providing a vessel containing a pressurized gas
comprising carbon monoxide gas, and releasing the pressurized gas from the vessel into a
chamber or space to form an atmosphere that includes the carbon monoxide gas inside the

30 chamber or space. Alternatively, the gases can be released into an apparatus that culminates in a

breathing mask or breathing tube, thereby creating an atmosphere comprising carbon monoxide
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chanber or space to forman atnosphere that includes the carbon nonoxi de gas
i nside the 30 chanber or space. Alternatively, the gases can be rel eased
into an apparatus that culmnates in a breathing mask or breathing tube,

t hereby creating an at nosphere conprising carbon nonoxide 15 gas in the
breat hi ng mask or breathing tube and ensuring the patient is the only person
in the roomexposed to significant |evels of carbon nonoxi de. Carbon

nonoxi de | evels in an atnosphere or a ventilation circuit can be nmeasured or
nmoni tored using any nethod known in the art. Such nethods include

el ect r ochegisamthe betathing roask or Bregjhing tthe ambenogring pliieypaticra dhi th¢ erdy ppeondothet i ng,
infrared absorption, col. el ectyochem cal nethods based on
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becone dissolved in |iquids. For exanple the liquid can pl aced in a so-

cal | ed® " COR biglegiesh tissue by pEidindraedass se5Ser (886rf8-MOTTOP leb: eﬁm dRhyeinl. Hearbxi de
until a degjL ?‘ﬂyﬁ:&@%?ﬂki flagnoe). e%@pﬂmﬁmmk&erslaﬁd %ﬁ%ﬁ!&&%n‘d@v&&%{ré i quid.

As anot her exanpl e, carbon 20 nonoxi de gas can be blecr* directly into

t he |i qui dwidstyidvailahie fepasmpycormecas spyedSon of car bon monoxi de in the |iquid
is reached. The anount of carbon nonoxi de that can be dissolved in a given
aqueous solution increases with decreasing tenperature. As still another
exanpl e, aPrepaugtionefLignidCampesitienstay be passed through tubing that allows gas

di ffugd on, wherg céﬁlfx"( rBéH%kx'ag cb moh 'ﬂ{ag Ugh b@Ql:@é@PﬁPJﬁ%&oﬁﬁW&&@sﬂgncﬂr bon

nonoxi de (e g., utilizing a ce su as an' 25 extracorporca menbr ane
oxygenat or hquidi¢pa be m‘aﬁmtmad;md@ongmm cqsmmpmbbartmeetmddmpwn ighepefare a

liquid Car.%qglpgp %b@@aoﬁ%’ﬁ?égél%d i3 hqui geFdr'T; rthﬁ aYe hh&liH, own to

t hose of sKi art to be suita nlstratlonto patients
(see, for elahif@ m@bﬁ'@l’"dmfr exosesoR a@fmt@mlgéw, ofrombpm mopgxidevnlita deBidesd |

concentration of carbon monoxide is reached in the liquid. As another example, carbon

20 monoxide gas can be “bubbled” directly into the liquid until the desired concentration of carbon
monoxide in the liquid is reached. The amount of carbon monoxide that can be dissolved in a
given aqueous solution increases with decreasing temperature. As still another example, an
appropriate liquid may be passed through tubing that allows gas diffusion, where the tubing runs
through an atmosphere comprising carbon monoxide (e.g., utilizing a device such as an

25 extracorporeal membrane oxygenator). The carbon monoxide diffuses into the liquid to create a
liquid carbon monoxide composition.

The liquid can be any liquid known to those of skill in the art to be suitable for
administration to patients (see, for example, Oxford Textbook of Surgery, Mormris and Malt, Eds.,
Oxford University Press, 1994) or for maintaining organs, tissues or cells ex vivo. In general, the

30 liquid will be an aqueous solution. Examples of solutions include Phosphate Buffered Saline

(PBS), Celsior™ solution, Perfadex™ solution, Collins solution, citrate solution, and University
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Oxford University Press, 1994) or for maintaining organs, tissues or cells
ex vivo. In general, the 30 liquid will be an aqueous sol ution. Exanples of
sol utions include Phosphate Buffered Saline (PBS), Celsior"msolution,

Per f adexTm sol ution, Collins solution, citrate solution, and University 16
of Wsconsin (UW solution (Oxford Textbook of Surgery, Mrris and Mlt,
Eds., Oxford University Press, 1994). The liquid conpositions can include
carbon nonoxi de at concentrations in the range of about 0.0001 to about
0.0044 g CO 100 g liquid, e.g., at_least 0.0002, 0.0004, 0.0006, 0.0008,
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di ffusers. ternativel pre- |.ution at ee ual i

control | ed lrecfcréegr{?“aseﬁmgléfie’ °Ig6\9gcﬁ1§ﬁ‘gﬁl%ctgf‘fﬁod‘ﬁE'Pr@%c%(?ﬁaggﬁﬁqﬂg’ ﬂﬂg@(ﬁ):otoﬁ:@ur ate

f:pnt r gl ~of adme.OT)amg bgt/)l@otgiitquﬂdor\abmt orme&mraemgtoszw\g thla)pégaiﬁuilaelrmabdee,
iquid inper e nenbrane .cqnnected t carbon nonoxi de anal yzer.

Sol uti ons @5&%3"?&?’5‘1"3‘3 B?imt‘%a’&@%@oé‘g ge(ﬁ/ g%otg Wg‘gﬁrﬂncent rations and

mai nt ai ned at t Aageuilabi¢@ihsid chibedatubtddits u ke canenthlice OlQrHRAMeastild vngas t he

inclusion of .the ipert. 15 gas heliumcan . ove carbon noxi de delivery to
Lhe 11198 ue BB G T ErHE RGNS Bt Toup bt AR CABUR WEROA tFe

Conposi ti ongeillbecibasRiHoxide ¢ aibe Q& CRRLRIRLALE ST dd3ecdhIR abhicvedwfon nmonoxi de
conpositions to treat,, donors, regj E’i ents, qrgans, tissues, nmasses of cells,
and/ or i ndimFRREenEEY 2 gas PETRFRNE-diguidAmpaTEeTYF RefpRraRa SoORRECted {8 SERenand

transpl ant RneGas snalydér. GoB@bns can bé Sbidfed 1B JBRRE e Féctiv@tdnSent@liordsAAd Vi dual cells
may be harvested froma dongr, treated with .a carbon npnoxide composition

ex vivo i n MaERidcel e IGiels, Ip hesh fjud and easeny RTRGRionsn the irckiSiop OE ¥ nt o a
reci pisgnt. oM keBlmdhh rovearboR moRckidel deQiery toRe s QRNR( art brggdle, nass of cells,
or individual cells can'be treated in situ, while still in the donor.
Optionally, a carbon nonoxi de conposition can be adm nistered to the

reci pi ent Pirda@thent 5f PaientslWith T@boR MIhNidaE drisositiBes surgery: e.g., after an
organ is reperfused with the recipient's blopod. The c¢arbon nonoxide

conposi tion may B FEeHdnEaHeHsoaieaiplaies thy ush el GURE MoppYids compositiony ig 53y ¢ he
process of JBadry, @&dipidhi, bigensOfi@ady, mhds&Sof CellsBdfor @ldividtal &ils Many Rép ¥igial cel | s.

Organs, tissues, nasses &)f cells, and/or isolated cells can be harvest ed
fr om 229dondRrvestige, storage and transplant process. An organ, a tissue, a mass of cells, or individual cells

may be harvested from a donor, treated with a carbon monoxide composition ex vivo in

accordance with the present invention, and transplanted into a recipient. Altematively or in
addition, the organ, tissue, mass of cells, or individual cells can be treated in situ, while still in
the donor. Optionally, a carbon monoxide composition can be administered to the recipient prior
25 to, during, and/or after the surgery: e.g., after an organ is reperfused with the recipient’s blood.
The carbon monoxide composition may also be administered to the donor pnor to or during the
process of harvesting the organ, tissue, mass of cells, or individual cells.
Organs, tissues, masses of cells, and/or isolated cells can be harvested from a donor and
transplanted by any methods known to those of skill in the art (see, for example, Oxford
30 Textbook of Surgery, Morris and Malt, Eds., Oxford University Press (1994)). The skilled
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transpl anted by any nethods known to those of skill in the art (see, for
exanpl e, Oxford 30 Textbook of Surgery, Mrris and Malt, Eds., Oxford
University Press (1994)). The ski lied 17 practitioner will recogni ze that
met hods for harvesting and transplantation may vary dependi ng upon nmany

ci rcunst ances, such as the type of organ, tissue or cells and the type of
donor. It is further contenplated by the present invention that the nethods
descri bed herein can be used wi th organs, tissue, masses of cells or
isolated cells ex vjvo bloart|f|C|aI organs, 5 such as a

bi oartifi cP'Ei*Ff"IKI“\?'é‘?"“ ’E?‘lﬁﬁ'é‘;‘/ tfm mefRods ferfarvesting and ransplaniatianReisvagy degending

Cyt ot echnol,ggymdny: ciedmstafe s, sﬁeﬂ%)he tﬁl%f@(g%@ésuetol‘@e‘ﬂ@%ﬁdth@'iyp‘é%“io?lm( or masses
of cells) can be’treated with carbo nonoxi de eit prior to putting them

in the device, Bisfuphdreonteraplatsd by memrqsngmom@t a@mﬁ@ds descripdthirein can
Al ternati vel yseQhy lﬂh%r%agg'uts ugn?aasgé}%fggﬁ%' 13919{6%Lllsce§@:vge %‘ arx]'{ ﬁ&ﬁr gggnsc,ar bon
th T cells,

nonoxi de prior tor ana e organ, tissue,
i ndi vi @ual swblas 8 bjoartifigiabliven kidney depancrsas (468, NtSam’camswedlyCﬁoreMnolagbdl 3R, a

cel || oan DSeEUbL4Y o0 BaAeRGlL 08T hEL AN ANDLLATON AN Ede WL SR T OCT Pl ent.

A patient Can be’tre N NMONOXI e conp any net hod
known in trimeo:adetelmér Ia'mnorpmrgrthmglrghsmlca,rm‘/vdnle theglaredmhtﬁi ipaieldevits or The

present inye n_contenpl at gs t syst.e tion of liquid or
gaseous ca ?)tg (rf}ﬁrﬁauve oré%?f{)ﬁ'sol"t tlng °"°¥8m g’t‘iaﬁﬁ T‘B‘SE"’% BU°% 8P B on
and/ or i ngesteinovy! of e drgah,eissuepinasalof aelis mrﬁh\ndnai CHllls(ﬁfr ubdi@ thodgers.i t i ons to t he
patlent s org or.tissues, in sit . 0., by ingesti in ufflatl

and/ or'? i nt roduchﬁ?fﬁa"ivﬁ{y(?' {Wdﬁlﬁﬁ'oarﬁené%eb%gwrféﬁ g‘%ﬁ@%ﬁaé‘” BRY frapspignt Car bon
Monoxi de ZGmGa&e@uatcarbon monoxi de conpositions can be delivered
systemcally to at i e atient.undergoin in need of a
transpl ant . ‘3851 E’Srtfeﬂﬁ‘ﬂg%’ aé“rg%%'éqxfdi%ﬂ@p%l‘t@"%@’)?ﬁl’ mthpd knesiR iR st er ed
by i nhal at 'tlﬁﬁrttolﬂﬁ(ﬁﬂghtei'lhggﬁwirhfoeElqﬁi3§ta|pam&3agﬁf‘présenttlﬂi\&nﬁmﬁtemm&& thet he
car bon nonoxi de | readllygﬁﬁﬁﬁrbed into thg%gatlent S Ioodstrean1 The

concent r at FGHFTE 2 aiton @ RiBaseaLs cathqm morioxid ﬁ°"f‘l’f§“'t°ﬂ%?°a°ﬁ%’d‘fsl (&-8y8%eous
COMposs t i Ofhhwalidn M€ Ridesdion)q BRIAh topieal administtatibn of1Hé EdhipositiBMQb khéphiients and

excretion ener al | t hr i.ratio rates of the, carban noxi de as
oal T s ot HAR o SEEL el EHNGT BORign andipr HsduEion o e sbdag

further unegftgf.ood that for any particul ar subject, specific dosage
regi mens be adjusted over time according to the individual need and the
prof essi onal judgnment of the person adm nistering or supervising the
admi ni strati on SfstetrieDél idatben MomdRide t hat t he concentration ranges set

forth 251 erern ar&aseous carbon monoxide compositions can be delivered systemically to a patient, e.g., a
patient undergoing or in need of a transplant. Gaseous carbon monoxide compositions are
typically administered by inhalation through the mouth or nasal passages to the lungs, where the
carbon monoxide is readily absorbed into the patient’s bloodstream. The concentration of active
compound (CO) utilized in the therapeutic gaseous composition will depend on absorption,

25 distribution, inactivation, and excretion {generally, through respiration) rates of the carbon
monoxide as well as other factors known to those of skill in the art. It is to be further understood
that for any particular subject, specific dosage regimens be adjusted over time according to the
individual need and the professional judgment of the person administering or supervising the
administration of the compositions, and that the concentration ranges set forth herein are

30 exemplary only and are not intended to limit the scope or practice of the claimed invention.

Acute, sub-acute and chronic administration of carbon monoxide are contemplated by the present
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30 exenplary only and are not intended to limt the scope or practice of the
clainmed invention. Acute, sub-acute and chronic adm nistration of carbon
nonoxi de are contenpl ated by the present 18 invention, dependi ng upon, e.g.,
the severity or persistence of the disorder in the patient. Carbon nonoxide
can be delivered to the patient for a tinme (including indefinitely)
sufficient to treat the condition and exert the intended pharnacol ogi cal or
bi ol ogi cal effect The foll owi ng are exanpl es of sone nmethods and devi ces

t hat can be ut| 5 ] N [..gase ,tions
o pat: ent s ol Fekfue el he bR AR S bR R B BT e °Fe
pur chased rnmoedmm daln baideliveredanthe haienoﬁoygeme ommmnmlnmgingds) surfﬁcaacnstoamtahd t ank
of conpressed 1% 9% 0 reactive, and the
concent rat i 6W¢ {qqg%gg?egtpfea{fp&é@hm%m c”ilrgrttﬂ?)] §’°§fefffﬁj{e present invention
are well bel ow waefonmbglsmebdrﬁplésaﬂg@m(xiaa%dsmmadev)ces thaecah @8 piilizad toSet t i ng,

t he gas pres%}F lk% Wi || b% dellv%red to.the bedside where it wll be m xed
with ox§gen TP §8CsCaroan DORPRIGH FOMPPNIADS IRANENY  concentration. The
patient will inhale the gas m xture through a ventilator, which will be set
toa flowrate hased on patient confort and needs. This is determ ned by
pul monary gr aphi b&i{dtors 15 respiratory rate, tidal volumes, etc.).

Fai | -safe nmec hance%ﬁamﬁdmd@r(@o\semrame Rl B Rhn e fUiRhatéd rﬁﬁfémmw ahdil Vi ng
greater than desired amounts of carbon nonoxide can be designed into the
del i very sy$Srxgi-ca{ainisggasdine sendast ool roreeryde sesdeel 2L 8" niini Loy - by
studying (1 eaEt?JebQ?&Mﬂt?éBﬂgén?rQﬁdﬁs (40 Yequitdl @hh@ﬁi@thgﬁ’s JTRRSHERA usvemvo%raws

bl ood, and “@Q exhal ed carbon ernOX|e§e collected froma side port of the
ventil at or . bpey thrtembuablesnigss ii% it e hopitad epttings Bel strcpsesamebhowilk ee
patient’ s NGalelsatd e yesRRAHeR it Vi 3Rk Alh dhEerTRRIRE Sir if { bIBREAS 33kdred

car bon nonoxi de can washed out of patiént by switching to 100% 02

i nhal ati on. cangemgHon. nﬁmllﬁem%lﬂhﬁﬁ thmwwmrq@cpugh A Hentilaggravkiciewil b va‘tﬁhal ed
will ultin B b aldQkedd. THEfOeRfink

convert ed ttgg%éatp % hﬁrr%ﬁéx e cane% stc{)? eer&h xel dl\?ﬁkﬁ'ﬁany %‘\%}(1 O to
provi desst herr@plemrbfcatdélﬂalwehweefet@aEb&nafmmre@(wctmwm the patietjuremt | al
hypoxic: — 29,condity AR GreMMRsK et ahRRhes Ay GRSAGRLnBRAL Xnde wbOPEA| NY 9as
m xture is p?g%ag%f as g%ggé €0 éﬁ?OMIIEﬁmrgﬁfon b ngﬁe pgtlgntgﬁgrhg a
facemask or theailiverymsustemo Tbe naticat's esrbonmeapeide levl carebeshemigesd bysddes be 30
vashed out by o5 BRnkmSHblif (OO fich bh bk ARLRZ: in VaRULE Blobd)Andf2) ERREN

nonoxi de | evels wo
carbon monoxlde collected from a side port of the ventilator. Carbon monoxide exposure can be

20 adjusted based upon the patient’s heaith status and on the basis of the markers. If necessary,
carbon monoxide can be washed out of the paticnt by switching to 100% O; inhalation. Carbon
monoxide is not metabolized; thus, whatever is inhaled will ultimately be exhaled except for a
very small percentage that is converted to CO,. Carbon monoxide can also be mixed with any
level of O to provide therapeutic delivery of carbon monoxide without consequential hypoxic

25 conditions.

Face Mask and Tent
A carbon monoxide-containing gas mixture is prepared as above to allow inhalation by
the patient using a facemask or tent. The concentration inhaled can be changed and can be

30 washed out by simply switching over to 100% O;. Monitoring of carbon monoxide levels would
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19 occur at or near the mask or tent with a fail-safe nmechani smthat woul d
prevent too high of a concentration of carbon nonoxi de from bei ng inhal ed.
Portabl e i nhal er Conpressed carbon nonoxi de can be packaged into a portable
i nhal er device and inhaled 5 in a nmetered dose, for exanple, to permt
intermttent treatnent of a recipient who is not in a hospital setting.

D fferent concentrations of carbon nonoxi de coul d be packaged in the

contai ners. The device could be as sinple as a small tank (e.g., under 5 kg)
of appropriately diluted COw th an on-off valve and a tube from which the
pati ent takessurst gnperf the maghprdent oithiardeyl-safomechanish dut woyld giewem tasrhigheorfneeded.

10 Intrave Ao d¢C ; T o l ung (a catheter device for gas
exchange ir%?ﬁegﬁ%t?dgodé)%ﬁgﬁngﬁ%aéﬁo?&%éégéIgll'eﬁ%ld\'/ery and CO2 renoval can be used
f or carbon nonoxiedebidétirieery. The catheter, when inplanted, resides in one
of the large vei pyer [ . oxide at .15 given
concentrations é::% ?rwgér!&fd\g?%éeg{a g%é% cgg?’?P/ééi'?%ge%fﬁ“%?g%rpal%%c‘éﬂ%?esr;&fvé‘?e a’i‘%‘]é&a‘é ivery
can besa | doalmetated dosefyr eaimpletp gbrmuoneemtiea treomenifof @ aachyismt whe 3xibde af or a

short periqd of  time af.a I fic sit this high ncentrat.i on woul d
rapidly beq’&s ?IL# & ‘%?} lffeﬁerﬁﬁgg CF%%‘ &t ?f’éﬁﬁ!#? m8?°xéé°?°é’f'@t| @%ﬁ%gﬁ%d% & systenic
exposur e t coatalnesseThe devicercbuldbe assimpleans boall mmin@xl,daddrS&g) ofappropridrayt | er et
al., Artif. O s..18(11),806-812, 1994: and Golob et al.,. 10 J. ..
47(5): 432- &‘7‘,“"’%8‘3‘_’}“} S g A S o PR e e %%Plﬁ?@@, 29 difBul d
be desi r ablte atsen®itPagindnlte asvdelel. pati ent to carbon nonoxide. The patient
woul d be inside an airtight chanber that would be fl ooded with carbon
monoxie (at a | evel that does not endanger the patient, or at a |evel that

poses an accept gRtdekdus ArdiadLiapout the risk of bystanders bei ng exposed).
Upon conpl etion of the expgsure, the chanber could be flushed with air

(e.g., 21% 02, 7T9RrREoyallupgda lrir deviesfar gpsisuchapes iy shedlagg) desieneshior Ronoxi de
anal yzers tfieas sdeCOLremdVd) Qth BAREK for GarbH HRoddRide QEIVeR,. Ak Qhi&, W& pati ent
to exit the exPosur_e system 20 Aqueous So| utions _ i

implanted, resides ini one of the large veins and would be able to deliver carbon monoxide at

15 given concentrations either for systemic delivery or at a local site. The delivery can be a local

delivery of a high concentration of carbon monoxide for a short period of time at a specific site

(this high concentration would rapidly be diluted out in the bloodstream), or a relatively longer

systemic exposure to a lower concentration of carbon monoxide (see, e.g., Hattler er al., Artif.

Organs 18(11):806-812, 1994; and Golob et af, ASAIO I. 47(5):432-437, 2001).

20
Normobaric chamber
In certain instances, it would be desirabie to expose the whole patient to carbon
monoxide. The patient would be inside an airtight chamber that would be flooded with carbon
monoxide (at a level that does not endanger the patient, or at a level that poses an acceptable n—"
25 without the risk of bystanders being exposed). Upon completion of the exposure, the chamber

could be flushed with air (e.g., 21% O3, 79% N3), and sampies couid be analyzed by carbon
monoxide analyzers to ensure no carbon monoxide remains before allowing the patient to exit

the exposure system.
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The present invention further contenpl ates that aqueous sol utions conpri sing
carbon nonoxide can be created for systemic delivery to a patient, e.g.,
for oral delivery and/or by 5 injection into the body, e.g., intravenously,
intra-arterially, intraperitoneally and/or subcutaneously. Preservation
buffers and culture nedia can be saturated to a set concentration of carbon
nonoxi de via gas diffusers or pre-made stock solutions that have been
quality controlled to contain set |evels of carbon nonoxi de. Accurate
control of dose can be achieved via to neasurenents with a gas perneabl e,

l'i quid inperneabl e nenbrane connected to a carbon nonoxide anal yzer. The
buf fers and sol Wyi.omsssiasnde saturated to desired effective concentrations
and mai ntai ned at these levels. For procedures that require perfusion of a
given organ, til&gpEsenpinverdion lefSThé‘b‘;&f‘gt“PBF?s that upRHIsole ANy CHPRHFINGSPBPT ons can
be on hand hoRRie Birfbe il fod SHBhR d@ifwega«elaganeﬁoré%'r&eoralldén»@am@ﬁarHPHOXI de

| evel s drop, fresh solutions can repl ace those wher'e carbon
monoxi de ORGP ithsrhodh e "éifadﬁ}?éﬂy. igprcRsteriplly, priepetitencplrangfer t he  or gan,

ti ssue or %‘ﬁh&utiﬁ@&xs@ee” acconplished, it can be maintained in the solution
in an airtight container for transport. The presence of the inert gas

hel i um makes uptPzdservaiondufiers andriyitueimedia capbesabfritedioarstt cop@nTopn obtaroneat ment
of Organs, I ty and ex
Vivo, “The guB3NE i EAMAR Fpffmidt o tibdbrBbpl: MURIIF el 2T

ti ssues, nuassemn sgn‘levqbeiflcsrbarnntbmmdesdslcatradcwablsf donf\@nrbetactiMSd dan i ncI ude a
step of, exposindnl sewf?hg %rlneane%?qu mpoﬁ%ﬁe%f Bt 8 a”‘?edgga lated cells

| onnec ?.I' (hn
to a carbon Tonoxi de CO on ransp an a 1 on ucn exposures

can occur imomixide aaahyiéanhebufﬁ:rvand sbhosrogmbé sa)uratbd esltdsedaffebtioe | sol at ed
cells my bhe e n. sph [ rbon X

liquid car &5 8HCCH‘§B on? %é maxﬁamgc} %I?hcgenlgve S. Cl%”Bro acg tlg?bcgwfeupsé s10n C}ea ea e

sol ution, Oj’rgat\!aﬁshus oi wlhpmpahavn - madetaamraredrmlnude cardb&ﬁﬂiaudaﬁb rhzhlﬁﬂlﬁltlﬂ: or
bot h. Exposur N, Qraan, o ti,ssue to carhbon. nonoxi osi tions
can be 30 38""? o'ﬁﬁ%r °ne’>r<'°V|x\'/d5 gtfnafbg? mloﬂoxs"iletlﬁv ydqo Je ﬁ’éﬁ?&&“ﬁfﬁa&ﬁ“% “he art.
For exsnpl egplideshax pbst csbomyndmiepmcﬁ:mratmnk taxe rmoma?edl IOnasie plaparieih obthespace

havi ng sufficient volu r ti.ssue letely
or partial 3788 WSpeA cglgﬁ b%e"rrﬂoc ROXT geygﬁapnosf?am Al tge s8§"}‘1’8? n aB)?HH%ﬁ t he
organ may benminpobethnspora ’lﬁmpbasmccmhhmndm gasdnpmslmakarnpm)ce pfﬂﬂioﬁg'lohhﬁdtﬂl’ gan

in more efficient.

20 To ‘ ical Treatment of Organs, Tissues, and Jsolated Cells with Carbon Monoxide in situ and

ex vivo, _

The present invention features methods of transplanting an organ(s), tissues, masses of
cells and/or isolated cells. The methods can include a step of exposing the organ(s), tissues,
mass of cells and/or isolated ceils to a carbon monoxide composition prior to transplantation.

25 Such exposures can occur in situ and/or ex vive. The organ(s), tissues and/or isolated cells may
be exposed to an atmosphere compnising carbon monoxide gas, to a liquid carbon monoxide
composition, €.g., a liquid perfusate, storage solution, or wash solution having carbon monoxide
dissoived therein, or both.

Exposure of an organ or tissue to liquid carbon monoxide compositions can be

30 performed ex vivo and/or in situ by any method known in the art. For example, the exposure

may be performed ex vivo in any chamber or space having sufficient volume for submerging the
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any suitable container, and causing the carbon nonoxi de conposition to "wash
over" the organ, such that the organ is exposed to a continuous flow of the
carbon nonoxi de conposition. 5 Alternatively, the organ nay be perfused with
a carbon nonoxi de composition. The term "perfusion” is an art recogni zed
term and relates to the passage of a liquid, e.g., a carbon nonoxide
conposition, through the bl ood vessels of an organ or tissue. Mthods for
perfusing organs ex vivo and in situ are well known in the art. An organ

can be perfused with a carhon npnoxide c ositign ex vivo, for exanple, by
cont i nuous ?fﬁﬂb‘frﬁﬁf‘}ﬁ’80’?192?}%?’%%%3?@%?%38’588’%6” FogPgs Yt HATRMEGE  Sur gery,
Morris and Mahiple, fid organ @l @€ dxpdeddve hsirbdn MbMSEde cdBdltionBytpiR B heYorganiif i N

situ or ex vivo perfusions, the organ can be .qurfuse_d with a wash sol ution,
e.qg., UW sodlsrisable cantanshiand SAupig thisAGRR tenoxids compptiqnde { ashawennithe preane

carbon nonoxjcHehatRERARN Y QPosed B 7 RUBMBus AGR o AP Arboh hARMe LERMAsaR. OF gan.
Such a process could be perfornmed to avoid conpetition for carbon nonoxide

by the Tonor's Helieseatiplyrthe ggarmax brarerfygediveth, 2 cathon wesexidotampiosios afhetiema 15
carbon nmonoxj. e conpes it ffdbni ARPnARLL j AU : S rough

t ubi ng tha?aggﬂﬁ%&g gas i%lhzsg?gn; ’p{nhi S t%tgiﬂ#d r a%s@ﬁ}qgﬁggg'éigg?%sphere
conpri si ng wmandxide compositietethfaugh the bidedyasshls obarcirganiye tissus.ubtethads far pérfusing

ext racor por r : i .t e i qui oxi de
conpositi on‘?r%‘}ﬁc’{%ﬁnﬁ%ﬁﬁnﬁg%g%g@ggé%%%tfr?ﬁ %{a‘%]i %F%’alnah?gb%ﬁ%%%gwﬁg%g& nto the
organ by cmomedde cogpbsition exbyivagiot exatiple, by gamtihuou? Bypbihermaic geechioe parfusaéesray be
pl aced, . e.g ) r sl J | Ut hat . dges el ude

P s bon ConoQuae TS sun? MU TN, B3R, I UoAtsi B2 196, BEpAal,

sol uti on t oindan sicasrlzemivoperfusiots -tiomgai can hgpafusaiypities washAblugom algi, LBV yolotion n
addi tion, cargoon ngnoxi d§. n

an. "bubbl ed” into the dium or solution. |
situ exposu?’g W& %nem%%or *dg’rpr?éag%bnfrfgﬁ?/“ ﬁgﬁjﬂ‘éaﬂi’%%%‘”‘ﬁ p W@oséfﬂ": to@f.‘"@?f’ by in
situ fl ushi thg deorpdidod Sioornthobdrgit eSudh g arocess téuldbd payivirediia nibbaid corppeoixioa éoy 25
conposition (see Oxfar ext bopk of rger Morris and |t .. Eds.,, Oxford
ol vor &1 t o aragnonoy ey BESRES heRbelibih I8k hiad bhsh, AR Sl olnipRSEi be i 0" a1
of t he:j eﬁboveum_trimdsidt OOMEINOS.| ﬁg amoprﬁ:)egmima){ begassed tm;wgh!tﬂbq\g' tﬁatcaag\mn g
nonoxi de co si.tion,.e.g. i u rqi ng, .or erfusin ca e .use
'h a given BPSHSBIORNis e HPOROYEY i a8 PRed Ot oo aiOBHe (e E raen
cont enpl at escHaker, suchab with extrseporesiohdntbraeros ggenammn) o create a tigudsarberon can be
created. For exa ar.bon m)ngxi de fco os%tion as 22

. lr% s‘?tioli lic mthﬁ-;[enisa%lto g .
described aBSURXIAeEQHPRY ﬁh‘gg an’% a é?)??sﬂ’ JPIO2R 91830 (9§ PEHYTRS JLP e stsan oy
whi ch an or ¢anedifg thesshig to the organ).
20 The organ or tissue may be placed, e.g., submerged, in a medium or solution that does not
include carbon monoxide, and placed in a chamber that exposes thee medium or solution to a
carbon monoxide-containing atmosphere. Altemnatively or in addition, carboa monoxide can be
“bubbled” into the medium or solution. In situ exposures can be performed by any method
known in the art, e.g., by in situ flushing or perfusion of the organ with a liquid carbon monoxide
25 composition {see Oxford Textbook of Surgery, Morris and Mait, Eds., Oxford University Press,
1994).
The present invention contemplates that any or all of the above methods for exposing an
organ or tissue to a liquid carbon monoxide composition, ¢.g., washing, submerging, or
perfusing, can be used in a given transplantation procedure.

30 The present invention further contemplates that a solid or semi-solid carbon monoxide

composition can be created. For example, a liquid that is a carbon monoxide composition, as
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may be overlaid or enbedded. Alternatively, a sem -solid carbon nonoxide
conposition can be infused into the organ. Solid or sem -solid conpositions
can be made, for exanple, by adding a solidifying agent such as a

gel lingagent (e.g., collagen or alginate) to the liquid. 5 Cell Culture The
present invention features a nethod of maintaining or culturing an ani mal

cell in vitro. The nethod can include the steps of providing a vessel
containing a pressurized gas conprising carbon nonoxi de gas, providing an
animal cell in vitro and releasing the pressurized gas fromthe vessel to

form an at mesysribedeabovmtan heanadgénio @ pdiden sasinolirbemeositiory iswhithen erednrmaltissie cel |

|5 hen cul (R o0l 1M Ak BB DRALASH T, SR IRR06 Bl S BLIRARAE

conpri sing carbon ~ nonoxi ornmed In an hanbe
or space suiitfafgdéntd dre ocgaea5¢1rdgaraﬂm at:drw@osamens danbe mad)d totesanayin b pddmag €

level s of C%Elpdgﬂnn& a lﬁaﬂ:g aggﬁeuuﬁgégcnt (Ee %/esﬁaegl%n ar al?ﬂ%?ﬁo#l}g: ng{ﬁlr?ﬁn € 9.,

i ncubat ors Sul ng or
holdlngscelmkuCum&-such as roIIer bottles cell culture flasks, petri

di shes, and test.tubes used wher ei n
carbon nonoxi de E'étsprfs?"t 'B"eﬁ ?“e n}ﬁ)"ﬁs gmfg'(:é)zﬁﬂﬂﬁtgl qgtﬁ’\’i\/°‘l'lfu5'\ﬂlﬁé“a’§}@§l§§' t hat
cont ai ns t hen gas. Themehed ke linctidarhizlseeps of proliding abeistll ent@mingheréssigided yger ei n
carbon nonoxide.is i.ncluded,to creat.e an :ﬁ ropriate her e |nslde t he

ol 1'erbott FETPRAE PR MEoTf 1 T GHER S TA SRR eRTARd IR E G et greed
condi tions, g8s Som tHe®BRENA FdHnQn aGRRphtee thmn@ﬁee&iees&baﬂﬂwaldéagu erhedspRndi ng

upon the type of cell to be uItured e, for Cells: /A Laboratory
Manual ,'0 Spe&tlbis tERGUIEEhASIRPLY Eﬂ’é’tameéﬁﬂ '3 E‘ﬁfei"ﬁbm)liﬁ"r%l’sﬂl_’%(ﬁ?'at’%"lﬂ cpibag s

Col d Sprlnguhaﬁbp % BEM/Ybrk 1997). For exanple, the nurine |nsuI|nona
cell line 13TC3 % Braunsgen i g, Gernan{é can be jncubated in
humi di fied 5% CO ?%G)é%ﬂ qan §¢ pefarmedrinany Fiambet éP?ceﬂﬁvbksém’cﬁr@BB%% e.g.,

suspended OfyrRabkEeShhtinclied hpedpdialdBelield BF calbth meiexide gt BustPdhaRBerd bysphdgi um
known to those of skill in the art to be suita gle for culturi

preservi ng, iMiUdGsv IRGLRIAE RSy indersyindagy vespd suitable for qultumag %%0'@@8 eells,. A

Labor at@ry Nahuakoller Sues! @1t caliie B Weiichishes Snd ze&‘@&b@s Sm leRgngiahlrey,
Laboratory Press, Cold S ri ng Harbor, New York, 19 . Such t pes of media

i ncl ude, buﬂncabaéorﬁwheluﬁﬁw F‘BcafP%W?‘B'EPé“dS&H‘éF%PP' '@Iaé"’%“““ﬁi’ %f“"éésentlal

nedi um ( MEMyessEihdp 66i20MNBE gD Als hidkbr Bashpte, § rdlieRbatad m@ﬁ&ﬁfkfedl A hef¥RCHakbdh 30
(DVEM, or Roswell Pané Menorial Institute dium Such nedia may

al so conpri SWNOHEGH HlsMIsH 8 CEH{S I SRRIpRTAte %’"@s"ﬁP‘Fé‘is}ﬂe thegotissdotier um (FBS),
i ndi vi dual am noTRCkilRd pRABitidAkOLiliIGEpreddde that culture conditions, e.g., temperature, can be

20 selected and/or varied depending upon the type of cell to be cuitured (see, for example, Cells: 4
Laboratory Manual, Spector and Leinwand, Eds., Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, New York, 1997). For example, the murine insulinoma cell line STC3 (DSMZ,
Braunschweig, Germany) can be incubated in humidified 5% C0./95% air at 37°C.

The animal cell may be disposed, e.g., suspended or bathed in, a liquid medium. The

25 medium can be any medium known to those of skill in the art to be suitable for culturing,
preserving, or washing the cells of interest (see, for example, Cells: 4 Laboratory Manual,
Spector and Leinwand, Eds., Cold Spring Harbor Laboratory Press, Cold Spring Harbor, New
York, 1997). Such types of media include, but are not limited to, various buffers, Eagle’s
minimal essential medium (MEM), Dulbecco/Vogt modified Eagle’s minimal essential medium

30 (DMEM), or Roswell Park Memorial Institute (RPMI) Medium. Such media may also comprise

appropriate supplements, e.g., fetal bovine serum (FBS), individual amino acids, antibiotics,
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and/ or vitam ns. For exanple, the nediumcan be RPM nedium 1640 (Life
Technol ogies, G and |Island, New York) supplenmented with 2 nM L-gl utarni ne,
100 UJm penicillin G 100 Um streptonycin and 10% Fetal Calf Serum ( FCS)
(Life Technologies). In those enbodinents of the present invention wherein
the cells are in aliquid nedium the cells can be 5 exposed to a carbon
nonoxi de conposition by contacting the liquid mediumw th pressurized gas
conpri sing carbon nonoxide, e.g., with carbon nonoxi de gas rel eased froma
sour ce of ssurlze as | ccordance, W t he nmet hods f th i nvention.
I'n anot her 2XHYOUPRENR ngﬁwggplﬁ‘égléﬁf‘m cﬁ\‘@#‘f’ghme He 1I64Q181 Ftself is

a carbon menAXsARI, mwmﬁk)tmmcmmaamﬂz AM ﬂgmlb@dowbmgxmmmm gedi um can
i de_before _or. follow dition of t he

be infused with carbon ng)e})

cells to th¥ H@Eﬁsﬁfﬁ?“"‘l‘ﬁ"é“ﬁ‘i etal - erush (G tr s Teeoiasiss) 48 &9S¢ hat a solid
or sem - SokihBodiRehts 8T heprefrdt inGéridh GlerthiQhdels kb éh §94dlaﬂmeam§em cdlRlchbdmedi um
is a carbon nonoxi de conposition. For exanple, lTquid nediumthat is a
car bon$ nonesaosed te @aehen mopeKideLompasiien lb’ef@“taﬁm%éhe lisurd mediumuadth prastusized sol i d
or sen - SOLiL ottt barbdh MbHolleSEL | Bit ohq'nd?i 845%9& FREAdEt ofuch a 15
process ca arrred out, for exarrp a ge I'ng agent such as
col | agen, tegqunaQ@a@nnaca‘gdmctwhthmmlmij@elmnthermxygenase 1, Conpounds
Associ ated w thy ﬁ&m 20 Al so
-cont enpl at ed by Ijﬁgmgg%gbgﬁlﬁﬁpﬁ%%wgs%ﬁhgwp " (r%g@g{% %efldrhg? Eeﬁ)i?(il £r ggagklg on of
herreoxygenas:ee:hde( tdDpbyitiom createfl andssiried abave. Abmedieh cat beonﬁ.nsefd widr dacn

nonoxi de. n j t nduci ng or expressing HO 1
in thégpat e ?xlgeabcf e or @ﬁlg%ingggdrlﬁ%oq‘t%?ctoehg{rzfo%eg%mrﬁ directly to the patient.
As used herein, Tlhehfresemnmehiimdﬁmb(rd)aﬁtemplanasthtma athISEseml-ISﬁ:lrdaaﬁiadn parggtuct i on of
a protein, oat s.or_the organ or

25 ani nal ﬁ??‘%&“’f‘ﬁ'é‘“]"éﬁ ﬁogd ovw%méﬁgog%% H1 isaeagpon nﬁ’Bﬂx' e%°(5'ﬁ'8f’h%'ht) Tgene t hat
encodes t hexam;ﬂé ailiquid nidﬁ}uin thatris Hearbandnaedide morapqsatoneastdpscﬁbgt aboee, dayter and/ or

reci pi ent t.he.art. For .exa ti.on of HO |
Can be’ i naBlERe FOPAT o pefmy b st P Se SPRaigr Sgtde Stk o

pr ot oper ph)éfdcé’ss cdh Msa’arr&ﬂy)uofor REINHIE b addigni gellingCdgetisag 43 @aNagenTalgiate, or

cyt oki nes, rompnes, nitric oxide, COCl2, endotoxin and heat shock are al so
strong ind %"é% of %1 30 expression (Octerbeln et al., Am J. Physiol.
Lung Cell Mol. Physiol. 279:LI1029-L1037,2000; Choi et al., Am J. Respir.

Cel | M. %se of I-Ie:l'rr?ox9 g‘n%ﬂe-ll%%rrf OUl sRssdcm'téé "With Hemox sz:]lgsren'aco Oth%r4 Compounds

and Treatments

20 Also contemplated by the present invention is the induction or expression of
_hemeoxygenase-1 (HO-1) in conjunction with administration of carbon monoxide. HO-1 can be
provided to a patient by inducing or expressing HO-1 in the patient, or by administering
exogenous HO-1 directly to the patient. As used herein, the term “induce(d)” means to cause
increased production of a protein, e.g., HO-1, in isolated cells or the cells of a tissue, organ or
25 animal using the cells’ own endogenous (e.g., non-recombinant) gene that encodes the protein.
HO-1 can be induced in a patient, e.g., a donor and/or recipient, by any method known in
the art. For example, production of HO-1 can be induced by hemin, by iron protoporphyrin, or
by cobalt protoperphyrin. A variety of non-heme agents including heavy metals, cytokines,
hormeones, nitric oxide, COCl;, endotoxin and heat shock are aiso strong inducers of HO-1
30 expression (Otterbein et al., Am. J. Physiol. Lung Cell Mol. Physiol. 279:11029-1.1037, 2000;
Choi et al., Am. ]. Respir. Cell Mol. Biol. 15:9-19, 1996; Maines, Annu. Rev. Pharmacol.
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Toxi col . 37:517-554, 1997; and Tenhunen et al., J. Lab. din. Med.
75:410-421, 1970). HO | is also highly induced by a variety of agents and
conditions that create oxidative stress, including hydrogen peroxide,

gl ut at hi one depletors, WV irradiation and hyperoxia (Choi et al., Am J.
Respir. Cell MIl. Biol. 15: 9-19, 1996; WMines, Annu. Rev. Pharnmacol.
Toxicol . 37:517-554, 5 1997; and Keyse et al., Proc. Natl. Acad. Sci. USA
86:99-103, 1989). A "pharnaceutical conposition conprising an inducer of

HO L Toans AicB13f SRR L9l wROMRASI LA, £OI BBl Nk 180029608 GREDI § Of

i nduci ng n"a patieént, 'e.g., the agents escrl ove, e.g.,
henmi n, i ronlsprhighbpiodyskd by nvarahddf@gemalc@ndpms Wploargake/xidativéKDresd, inedapmgssi on

ina Cel ! %Ero?rgn aﬂeré%{aee élgt(;th\{c;ng dgpqagrs,elé@néad tio éﬁi lfrgef'rgmggét%l Doal tRm } erm10

"express(e ause 1 ncreas Ion ot ein, ., HO1
or ferritiRespin Geﬁmﬂﬁt&dl 1564155 19416 Mae:es;elnhus R@f/ Pa:anmasslu@ox;mgarﬁlwsam mal

using an e |st ' r i pant gene The HO 1

or ferfiti ﬁggg #gf%s Iﬁ‘ﬁg%g‘:ﬁg ﬁ&%@?@%sgﬁwmﬁ%ﬁ%g‘ rat,

etc.) as themb?ﬁlftﬁlﬁo&ghsm@m 1ﬂﬂ|&ﬂiofﬂml’0mdﬁsabﬁaﬂﬁhf&(ﬁal@orﬁ@jitibﬁ%lﬂﬁmﬁ@act| on.
Expressi on cou e constjtutive pronmoter (e.q.

cyt omegai oY BETHABARE ‘é‘lrlg uc&gﬁﬁtl L3 patietneg i 4y of Wé?f“é’%c‘% BboY® &-Bri | k whey

pr onot er fq,remnamﬁmoge,lphﬁ-“gan@&rtwsanrpr@a@m{yﬁﬁ for liver cells). An

appropriate gene t erapy vector, (e.g., retrovirus, adenOV|rus adeno

associ at ed vi r uliQ hgpressipgin 2 qell cp b be' eeasehyia pengitranser. v esd herRu ST i ency

virus gHJV) exﬁrésgea) ﬂﬁbra@stM'cﬁdé&w@feaéHd‘bﬂ)duﬁ%H%HEﬂoﬁ:m BgV HOIS or feuh U Nbfuadi I US,
Her pes Sinpl ex Virus- and lentivirus) .encoding HO'1 or ferri t| n woul d be

adni ni st er éG”%QJ'ﬂ?"rfé”i)%ﬁalt@FHC’ orea $ryanink usingag exegeBpLslyRdmIsteTed gerei(oR. At a

| ocation 2Q.QRiMARN deAd)E ThOHOL I SatriiR s féferabFBPME SdMe p8I&GE RO RumBambleul arl y
preferred is local admnistration directly to the donor's organ, tissue or

cell's to beak plahasthamiepiant Secinientyip grdsy o nipimizeriay {RBPRSSFaskon. | Bxprestign could

recipient. b'éldmrﬁwayoond@.lnﬁﬁ;mpﬁbrﬁb@&t(@gscﬁdmghbﬂalsla%rﬁotergrora@@sué%5Jcmcl n can be
adm ni stered, e.d., as naked DNA, r1n’liposones, or in mcroparticles.

Furt he, exrseaeigie eH-milk wheypremates s magmary esils eralbuaip progiotsr &1 lives callpadnent by

any nethod ,, Jmpmeu@mwee@&t(eg%ﬁﬂe%emrhs Gdeno RGoclhe@bilsyARYNIJ3k st er ed
in addltlon or as an -alternative, to the induction or expression of

HO-1 in théﬂﬁaﬁcé‘ﬁia) uisus cfauran imgwnedsiciancy vius (HEY). thegpigpieviuc et herstilis/ er ed

to a pati er vinfsOh6p2dMhS; HérPes! SiRpRL Wis-1 %H@leﬁﬁwﬂr%) éhc&dié?g HO ler(PérﬁluF' €. g.
as a TAT-fusion protein (see, e.g., Becker-Hapa hods 24: 247- 256

2001). Al t evawd besdmjnissired 19 thagatient orally gy nklation,or bv W&%a‘é‘flo%?fabol i sm by

HO 1, 8- 9. apBiobhidié!for Beatmdfl obiriﬂsm%mjeonohrp&.cmr;/p%feﬁe%ng iokdl radmmaazhﬁ
adnm ni stered to a patient in conjunction wth, i nst ead car bon

nonoxi de i rAirsetrep theodqspes,span. tysug reslls tofhe “6‘?58'6?‘6%@‘ topthe $iteef thct“l%‘ipbﬂb@ent

i NVention ihe recipient. Similarly, plasmid vectors encoding HO-1 or apo-ferritin can be administered,
e.g., as naked DNA, in liposomes, or in microparticles.
Further, exogenous HO-1 protein can be directly administered to a patient by any method
25 known in the art. Exogenous HO-1 can be directly administered in addition to, or as an
alternative, t6 the induction or expression of HO-1 in the patient as described above. The HO-1
protein can be delivered to a patient, for example, in liposomes, and/or as a fusion protein, ¢.g.,
as a TAT-fusion protein (see, e.g., Becker-Hapak e al., Methods 24:247-256, 2001).
Alternatively or in addition, any of the products of metabolism by HO-1, e.g,, bilirubin,
30 biliverdin, iron, and/or ferritin, can be administered to a patient in conjunction with, or instead

of, carbon monoxide in order to prevent or treat the disorder. Further, the present invention
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25 contenpl ates that iron-binding nolecules other than fenitin, e.g.,
desfcroxam ne (DFO), iron dextran, and/or apoferritin, can be adm ni stered
to the patient. Any of the above conpounds can be adm nistered to the
patient topically and/or systemically. Al so contenplated by the present
invention is the admnistration of nitric oxide (NO to a 5 patient,
organ(s), tissue(s) and/or isolated cells in conjunction with adm nistration
of carbon nonoxide, HO 1 and/or HO 1 associ ated conpounds. This techni que

i ncl udes providing NOto the donor, the recipient, or the gorgan, tissue or

cell ex vivo, in conjunctjon vvitg the admnistration of HO 1 _and/or any or
al | of the SBRGBDIAteS U3t irpnabiadigeBpleeules it than (emitinge g, dgsferpxamips (EFQ; 9ty ubi n,

iron, and f@kidnt idfd/orbofdiein! QR B addhihislefed e BatichO AnyNiPitle A3vet2Rboltask 8N
describes nolecular nitric oxide inits aseous state or dissolved in

aqueous solbgaiBinistaededrpatieitirpidatly endbor exsfgRirdiyng NO are typically

adm ni stered by i h@hbRiRdbhie : 3 TN a] N - ; Eg‘-r}dg ung$,
where th- NO.naylgeal}grt_ Ptg ePf e?’?éga#t:&géﬁyt‘%rh be i?’%ggﬁ‘#;ﬁg’ggg%% [ ?%Lthe
pati ent' s (pabetisrgasts riissucShapyaswitedoellson esyunction with adminestrgtion dlicrbemd/ or  CO,
as describ 1.0 1 il ) I L0t he met hods

i nvention ?gor{‘l oglgg'o (?g?ayﬁggle#‘réolnﬁs %ﬁ&ycggwgpglThg%tﬁ%h@é%ueé"ﬁdﬁe%&gﬁgﬁg gl\@;‘%of
vessel appnipddnat, crefredipisttamritimgocganptisesse delharsvivol in emheted, withhiee et hods of

t he present .invent.ion n erf usi,n |tipgle vessel s _containing
i ndi vi dual 2§Riy Rl s ey vl f G aepi i P BesfadafiaR Sen B ngl e
vessel , di Ibiltveellin, biliketsin,ried, and faritin.nert gas. NO for inhalation is avail able
commercially (e.g., |NOmXTM,, erapeytics, lnc., .20 d.inton, NJ). The
gas may be obt aiﬂlﬂ%ﬁ”f‘r'afﬂcc%m%h’%g ’dﬁgﬁ%ﬁ’é?"t%?'@ﬁ F’;?'eﬁ'éla’d"‘ﬁfﬁi"a?@‘ﬁf 200-
800 ppm NO gaseopsstfte bRdigalved i vquepasisat@iont GhSocsudmpesitssebinbaditg/NG@RY% NO, or
diluted with . N r.an t her i.nert e.qg., heliu to any desjre
concent r at itiﬁi‘?aﬁP’l"gff‘g"s\'}%?d%y lp%éa[nog %O%gﬁﬁénoﬁ?rdlaﬁaé(ﬂaﬁ sé"t‘ﬁ? E‘Bgsag’h%fe %’xt ure
free of anyN® ey axarniatidifeg ditéctlyror be gadily abydrberiSin@fthdpdtiemGleodstha@ause such
hi gher oxi des of nitrogen (which for y reaction O Q2 w, are 25
potent i ar | AR O P 526 Skl (POLIE0) 1olfecrye gty SrHLAQEr g e
denonsisr at gfl thainidthods bEthE Inuéntide SaEicblatRa Ffi Sy commdgilk v, ARtihafsypdyri or to
adm nistration to the Pati ent. Chem | uljp nes&'{glr]]ce NO%) , analyzers are
commer ci al 1%/5S5\ARPIORBE lor stogng conpiessedigan If derteddhe methods af tepressot Iy inent s,
(Fr ankl i 2 bog}ﬂﬁ%be Jéﬂﬁn{h@) UNthg it fiplé eesw;obﬁinlmgaﬂdeidgwguhts.amtga_aanve@m@!aﬂd nof gas
e.g., 0 or air)just prior fo inhalation by the patient, using, for
exampl e, a° g%%ﬂ"i"b?‘*&t“&eﬁ'?@?é?fé“t’e&'“f"ﬂ degjzed B AU 8PS dated previously with a
spironet er. TheND fofinhalation is available commercially (e.g., INOmax™, INO Therapeutics, [nc.,

20 Clinton, NJ). The gas may be obtained from commercial supplier typically as a mixture of 200-
800 ppm NO in pure N; gas. The source of NO can be essentially 100% NO, or diluted with N;
or any other inert gas (e.g., helium) to any desired concentration. It is vital that the NO be
obtained and stored as a mixture free of any contaminating O; or higher oxides of nitrogen,
because such higher oxides of nitrogen (which can form by reaction of O; with NQ) are

25 potentially harmful to lung tissues. If desired, purity of the NO may be demonstrated with
chemiluminescence analysis, using known methods, prior to administration to the patient.
Chemiluminescence NO-NO, analyzers are commercially available (e.g., Model 14A, Thermo
Environmental Instruments, Franklin, MA). The NO-N; mixture may be blended with an O,-
containing gas (e.g., 100% O or air) just prior to inhalation by the patient, using, for example, a

30 calibrated rotameter that has been validated previously with a spirometer., The final

concentration of NO in the breathing mixture may be verified with a chemical or
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concentration of NOin the breathing m xture may be verified wwth a chem cal
or 26 chem | um nescence techni que well known to those in the field (e.qg.,
Fontijin et al., Anal Chem 42:575, 1970). Alternatively, NO and NO2
concentrations may be nonitored by neans of an el ectrochem cal anal yzer.
Any inpurities such as NO2 can be scrubbed by exposure to NaOH sol utions,
baral ynme, or sodaline. As an additional control, the FiQ2 of the final gas
m xture may 5 al so be assessed. Pharnaceuti cal corrposi tions conprising NO
can be adm nistered u5| hod in. the ar eri ases to
patients. E\mﬁrﬁlﬂw ?Fcé h{}'«gxe&'ml S t%fho%ldflnt st d (51'31’ g%"mé 'Aﬂéﬁq?*ﬁﬁ‘m ation
are descri b&x575)]197).0A ltertdtiSely ReD amnd NNpconBcrﬁZﬁhxﬁ&&y bbmbnitdrad Bihealof an

5,904, 938; and Fraostell et al G rcul i 83 2038- 2047, 1991. So

cxenpl ary rEESGETIG i AV AP oh 25 80: (R SERHLBRY S AL RATE ar e
descri bed i gldRhabirapheyes, soﬁﬂﬁheC AB 2P edditRtl coRra (At RIS bethe ¥Rl gadiXiatd Bgy Of
nmet hods and deV| ces that can be utilized to adm ni ster gaseous

phar maceut i sq ”éi?ﬁi?ém tions conprising NO to patients include ventilators,
face masks and tﬁﬁﬁ&ceﬁ@ilk@ﬁb&tt:ﬁ?%ﬁﬁﬁﬁ quéaﬁ%):'@(ﬁ}@i‘rl%te?erdtdsfng%%ethéﬂms (see
e.g., Hattler et al Artif. Organs 18(11):806-8 1994, b el al.
ASAIO J., 4thesf for 3gminisiering geses to Pamtméﬂfmnépﬁ@nmnfb@iss’or qdmv@hon RO 15
properties 95{ mhmtlmxsr@demwémcsg SUts2b ferit NEBs, 5RLghi GRL bAlhe R, 5 btﬁ%@s IR hods.

In a hospitdl or energenc situation, adm nistration NO gas can be
acconpl i shebrostelber aéxﬁn?)lllaélon B3:2038t 2042, Hi9R &meamkmdﬁrymﬂmeﬁxe@mmegas in Nr,

and a %econgaa gishq; cez%gsne ! ar@8esO0ed GNUND: abmech%n SéPls'feB tcfiasdnﬁlé iEke NGO an

i nhal er des romtwo sources. contro fl ow o
gas from eaBirmpbesiof methpdsaand dersernthabeandn ufa)lﬁzeiil@ adnhmbtetgatppw ﬂﬁmpatut@ait can be

* ot ai ned .
st andard TOUer It gl NO R Flientilc Rl AR Sk il e ARBIE 11100
be gener at emhﬁlpr&mtmcmdamﬂméi 1“@5 seaiad, Hwﬂﬂ.asl qigAna‘nOQIa!ECItS(ild 3048 e tR9vat or .
A SUTLabl e N3 @RIE 81 0hs iy BR5EUDS8y7 S RSl e 9002wl

addi tion, e provi ‘ermttent roman in er equi pped with a
sour cetof N@opartds of h‘@m@riﬂ)lpwéseﬁdsm@ngcmdéﬂcémmmifdiemghm@r bt aohospieher use of

an i nhal et gnyhe, Rak UhaHbA LhinfBa A R NGABE il LodnpiORANG, COMBAUAA (e 0., 2

phosphodi esterase’ in escrib
admi ni st er edtackingé lapk ofrcommpreisseh AChgas amiN:, ard Teengndrianki drxygicn he arm;yg@{Nz

Preferably, {hrg(sggﬂ{s%f?&% ﬁﬁJler(a 2 kémagkégsm&&g&d%&ﬁgr%g lthngthg 00

concentration at t 1 on about pm

e.g_, 0.5 pilew pbeasGOmpeh sotred thraencentrap@®! pighinhaicddyythe mtim@arppmanm@mppm t 0
200 PpR or atm o&ﬂml tl&el;"% B8 Wso bl bt with$bém 9?1(,3{1951@2 s@hdard low-flow blender

(e.g., Bird Blender, Palm Springs, CA). NO can be generated from N; and O; (i.¢., air) by using

an electric NO generator. A suitable NO generator is described in U.S. Patent No. 5,396,882, In
addition, NO can be provided intermittently from an inhaler equipped with a source of NO such
as compressed NO or an electric NO generator. The use of an inhaler may be particularly
25 advantageous if a second compound (e.g., 2 phosphodiesterase inhibitor as described in further
detatl below) is administered, orally or by inhalation, in conjunction with the NO.
Preferably, in a pharmaceutical composition comprising NO gas, the NO concentration at
the time of inhalation is about 0.1 ppm to about 300 ppm, e.g., 0.5 ppm to 230 ppm, 1.0 ppm to
280 ppm, 5 ppm to 250 ppm, 10 ppm to 200 ppm, or 10 ppm to 100 ppm, in air, pure oxygen, or
30 another suitable gas or gas mixture. A suitable starting dosage for NO administered by

inhalation can be 20 ppm (see, e.g., INOmax™ package insert), and the dosage can vary, .g.,
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30 another suitable gas or gas m xture. A suitable starting dosage for NO
adm ni stered by inhalation can be 20 ppm (see, e.g., |NOmxTM package
insert), and the dosage can vary, e.g., 27 fromO0.1 ppmto 100 ppm
depending on the age and condition of the patient, the disease or disorder
being treated, and other factors that the treating physician may deem

rel evant. Acute, sub-acute and chronic adm nistration of NO are

contenpl ated by the present invention, NO can be delivered to the patient
for atinme (including indefinitely) sufficient to treat the condition and 5
exert the ifrdnefdedmpbadhponldegrndiag oonthebgoiragionditiord fthepaticithibe doesent r at i on
can be tempgerarily _jncreas eri. f.tine, e. q in _at 200
pprn No. - Theries ke bEHiGA ARher B Rl RESLRE B ieiah oS e ey el 1 e
peri ods of submeuté ard chxgmizsadménigifation pEYO erttcohembiatedibychedeseatinveneas tN@baan hour ,

e.g., at least.six haours: | east,. one. day; .at . |.east. one week, t weeks,
fogr weeksjar’e dghiveretida ,4%7’@%%‘ a&%l@',"mﬁ‘é’ﬁ “'@5@{%@“‘8?”&\%}5[’\}8 “\ﬁﬂé@&‘f"“&ﬁc’q #st one
year; at | easi tHeWhtentRad phirmadttbgidal Irbidlen&l effécy. eTheERASentrdthtd RAbE RAbo@ARy be

exposed to the atposphere continuous]y, or interpmttently during such
periods. THBCEASRA g? 51{)"i“é’tef‘6 031"'“&&&11%%&)@&?@%Ppwppﬁv%qaaﬁsdwwﬁwgﬁl ng NO

(and/or  COnnfeaiaeR@redl i@déﬁéﬁ?tmﬂ%eﬂwm@ihﬁ%ﬁﬁhoéﬁ%ﬂa|p%ﬁér@fb NOiRndeRhal ed
NO is adm nistered, it is desirable to nonjtor the effects of the NO

i nhal at i on.leastRMs heBhFEort RS BaRouss aijsrstions daygat feastione eeks tyharsksdom weeks

verify desig.ahlds @idheabeks, tbowadRd of QvelvdQibitst Xt IBROGRIeADh8ead I8 ol GRd & t hat
m ght occur. Such nonitoring is also useful in adjusting dose’level,

dur at i ®n arleest fiegisaric yhopatigesrmbaeipated dhthe ptmasphereepniimyonsly ar ropsitiently _
i ndi vi dual . (35 ag)@cmfas.cm B8 nquuaﬁalm df%ﬂar&ﬁ%cé:lﬁt!c'ﬁ%ﬁpésﬂlc?% !:d?ﬁbrisﬁmg‘ild’(ah%?ed In

that form For npl e, such a so ution could be used to bat an' organ,
ti ssue or ceP)aan g vigispentangpus9s mgchapicglyepdatiaise an organ or tissue in situ.
fne solutlon camitilel N RelmMtdnte 1 A0RRIDISH bR 42 e,
biliverdin, and/or bi !er S‘g?n Tt m;y ’_be efs?%r a%l e to“g%)f{ond)f&ﬁemgenefi ci al

ef fects of inkatptlondSeed manithfing qanbe psedi in aparticylar igdividual vivegfylgsirabls effeess ong t he

benefigi al a%ﬁtc?ﬁ&?if%%ldeﬁmie fhel¥Rectt that rﬁigHﬁsda:EidJé Shéh ﬁgrflﬁairiqgfs A3qkeNR  of the

invivo effects o I's activation of soluble guanylate’cyclase, which

sti mul at es ZBsingoipseieredusgtiop anpirequendy of admigisiratiopfof irhele Bifbinjagiveh - ef f ect s of
NO may resyldivifiigmits stimulation of cGNT biosynthesis. Accordingly, a
phosphodi esterase inhibitor can be admnistered in conjunction with NO

i nhal ation to i fiakd9ns NOrren be disselyodin aghequesglutinn, andibiged-in that form. For

phosphodi esctx%ﬁ‘iﬁ,%%ch a solution could be used to bathe an organ, tissue or cells ex vivo, or used to
20 perfuse an organ or tissue in situ. The solution can contain other active agents such as CO, HO-
1, heme, biliverdin, and/cr bilirubin.

It may be desirable to prolong the beneficial effects of inhaled NO within the patient. In
determining how to prolong the beneficial effects of inhaled NOQ, it is useful to consider that one
of the in vivo effects of NQ is activation of soluble guanylate cyclase, which stimulates

25 production of cGMP. At least some of the beneficial effects of NO may result from its
stimulation of cGMP biosynthesis. Accordingly, a phosphodiesterase inhibitor can be
administered in conjunction with NO inhalation to inhibit the breakdown of cGMP by
endogenous phosphodiesterases.

The phosphodiesterase inhibitor can be introduced into 2 patient by any suitable method,

30 including via an oral, transmucosal, intravenous, intramuscular, subcutaneous or intraperitoneal

route. Alternatively, the inhibitor can be inhaled by the patient. For inhalation, the
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The phosphodi esterase inhibitor can be introduced into a patient by any
suitable nethod, 30 including via an oral, transmucosal, intravenous,

i ntranmuscul ar, subcutaneous or intraperitoneal route. Aternatively, the

i nhi bitor can be inhaled by the patient. For inhalation, the 28

phosphodi esterase inhibitor is advantageously fornulated as a dry powder or
an aerosolized or nebulized solution having a particle or droplet size of
| ess than 10, um for optinmal deposition in the alveoli, and may optionally

be inhaled in as contai.ning NO It be desirable to prolong the
benefi ci al P&P?PZ‘B%ES‘HPS%'?ma%ﬂ°élfq‘ﬂlt9"\‘zﬁgf‘rﬂsﬁe}¥wf)%§ta? BADY Popder of 2y areRFstichg how
to prol ong debgie@nhidimavingh pe6is otdropitiiak 8BledN@rani 10 wnSfob sGinH! dépdsicensi der
that one of the in vivo effects of is activation of soluble guanylate

cycl ase, whihcHVveoli #af BaYePtpRady betnhalpd e aesgmiainde N@ast some of t he

beneficial effegtgaofe XBRYo prdfHb thelbemiclal Stec8bf HiIEd NOWitin &M Tient. 1n
bi osynt hesis. Accordingly, a phosphodi esterase inhibitor can be

C ph : bi ;
adni ni §t er égterminingrijotrie piodme thetisnaloial phfesisf inbaled YO, itk useful toisensisieetdiidonn of
CONT by  1Qg qufvagﬁ@c@mﬂq@masﬁsmﬁsre_g:mﬁxmﬁga{yghﬁﬁ5@5@555 i nhi bi t or
abl'e nethod, udi

can be introduced into a patient by any suit including via an
oral , tranmeduosa of cOME: AMdersisomeofithe AensEcial effects ofNQ magnesoli frowrits

intraperit . | i yel.Vs i i b . i | ed by the
pat i ont . Fanlsiof e SRR ARokingy)S philBheMoBlssE ARG B8 2 emusl'y

f or mul at ed adsurasteted inpomdeation with NQiishastwnite mdibd the biGkdeiudfi cGdP mol ut i on
having_a particle o t size of less than 10 ILmfor optinal deposition
in tﬂ‘g al f@%?qe?ouéﬁéosgé@ﬁ%%ﬁs%haI ly be inhaled in a gas containing NO A

sui t abl e phosphdte pistsphodgeraseiniobitapican ks idiaqiucaiast @ patidaBb Y &348itable method,

2- 0- propoxyphenyl -.8-_a rine-§-one; one-Poul.enc.Rarer, Dagenham Essex,
0. zapr Hadveds g BEr RS SRt B R SR e RO o

ef fects onrbhe Ahaeakivelpntheomhiieras bemhalydby the gdienn Fopinbs pivmi taei N vascul ar
snmoot h nuscl e cel.l T ni.et al,  J Phar I Ther 258:269,. 1991;

an s el aphospyeditslers iRBROLs ShoeRlapea) yb R EIRR] oy SI5 PR oF ShpetSibtzedd ochem
Phar masol ndtulikedidlutibl 8&ingSopanéirdesorairopddt size B les3 thah A 0 pncfot opfiial 2dposii@39) . When
usi ng Zaprijnast 6..accordin o this invention, .t preferred Youtes of

adnmi ni st r at?%o Vegpbquﬁ'faly 33@"#3&%&0?}”3?& 2 gﬁ%’"@tﬁ"f ‘e dose range may be

det erm ned by oAeubdblophdiphadiystakselithibitor istEapamastd (M8 22948 SBb-ptapexypbényl-8-
Zaprinast (5 may 25 be prepared ibn 0.05 N H. tock .can then be diluted
W th R nger=Puraceans REGRDANERe RrpiraserbabEdy. YRR AbBii it oA
concent r at itieehydtohysischif aGBIPywiliahimingal effects chithsbreakdewn ofaderaine bgcljpr acti ced wit h

ot her zghos %t]o%gbi%%h%[ealg gaslclrﬂgrl SPT!OEJI rn%ﬁscl\é%gliscllllapani et al., ] Pharmacol Exp Ther 258:269,

1991; Harris ef al., ] Pharmacol Exp Ther 249:394, 1989; Lugnier ef al., Biochem Pharmacol
35:1743, 1986; Souness et al., Br J Pharmacol 98:725, 1989). When using Zaprinastd according
to this invention, the preferred routes of administration are intravenous or oral. The suitable dose
range may be determined by one of ordinary skill in the art. A stock solution of ZaprinastO may
25 be prepared in 0.05 N NaOH. The stock can then be diluted with Ringer's lactate solution to the
desired final Zaprinast concentration, immediately before use.
This invention can be practiced with other phosphodiesterase inhibitors. Various
phosphodiesterase inhibitors are known in the art, including Viagra® (sildenafil citrate)
dipyridamole and theophylline. A suitable route of administration and suitable dose range can be

30 determined by one of ordinary skill in the art.
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phosphodi esterase inhibitors are known in the art, including ViagralD
(sildenafil citrate) dipyridanole and theophylline. A suitable route of

adm ni stration and suitable dose range can be 30 determ ned by one of
ordinary skill in the art. 29 Adm nistration of NO with phosphodi est erase

i nhibitors can be perfornmed as follows. The NOis adm nistered at 20 pprn
inair for 45 mn. At the start of the 45 mn period, 1.0 ng of ZaprinastO
per kc, body weight is adm nistered by intravenous infusion over 4 mn,

fol I owed by a continuous jnfusion of 0.004 ng/kg/mn for the rest of the 45
mn period. Al t APmystpEgn of N with phasphodiesteragg i H\é"’ﬂg‘mrﬁeri’eﬁ%?‘leéds fofjows.5 ny

di pyri daﬁvlrﬁewmmniagfiyedvxewmm nS2i 14 Sl @\rt%s&‘ft%rfttﬂe@rﬂn erﬁdal l@\wg,dofby a
continuous infusion of 0.004 ng[kg/m n for the rest of the R peri od.

The Zapri ﬁamr@s@rpedkao%ﬂdembl i8 adrgingtpnddrbiyd atesv enpup rnﬁwosneqvprn"emmoqupwmwbya n the
cont ext of | t \, | r S that
ot her proc%a'{ﬁlpzdé} Eﬂgl@ﬁbﬂr?oﬁ@aéﬁ ﬁﬁﬁ%%heﬁtaogﬁeng%lpgﬁ&guﬁl\%ﬁ@a ﬁﬁttg i on can
be used al euagof\ﬁhbHSthpermﬂ Gkt thg dp yddapoild ;lmelsig hcaiyevmght Budmipstaedaisr emm

i ncl ude, utare.not i e th pi.es. and d

speci fic tréﬁs gb gﬁ%“Tﬁéﬁ'ﬁhéfbr exa Hﬁﬁp mm S1° &P 8%‘%&WPRH¥Fe 8 to a
reci pi ent ﬁﬁ;brﬁfastﬁ@r dcﬂmdm@laneurmms&fddeﬁ atzhm saiumoml strati on of CO HO- 1,

ot her hene-asso ted

o ni st rat | on. Dangemex RSl Pl e Spfor GRME <RRERP AT Paaient

descri bed bﬁ:ﬁ:aiulﬁcs i@ovwin eheat for athandig grah eurvival/fursition S, beasell Adngafithafie

transpl antati o Pancreatic 3cta

Ol 1200 F o TIRHEH: PEbed Ao SE A oGP b g, KTy G (P mmAp g gppressive

Transpl ant aferapies efd aonawpwﬁe&argﬂnsmhe(nmrs) Ror bXafipld, B DST caebd adnlifi@efd o3 ( DSV,
Braunschwei g, . Ger man

red i.n.  Dul becc dified Eagle' s Medium
(DVEM) (Li f@ﬂf@&ﬁ%ﬂ%&fﬂé aﬁiﬁenﬂa agmipistgagon ?féfi? @/Ep%hféﬁerﬂf -adoueth 2m M
L- gl ut ami n?rodnl&@%cﬂbrm’@m ﬁelnlpiem @ucﬂmmazmreegotaaﬂ%ﬁstﬁuarnslfd@f%omg Cal f
Serum (FCS) (Life Technol ggl es) and incubated in humdified 5% 5% air

at 3 71C. & tregfmeRkdesqrib quﬂv’.ca’ébe BAERTARILPF I dindpTing axleTiaferirep langtiopi ng a
hybrigsinsulin-promoter 25 siman virus 40 tunor antigen, is known to

mai ntai n the features of dlfferentlated $ cells for about 50 passages in
cul ture. TR sCa : atic Beta Gells from Apoptasisiand, impraves slet

manner corrpa,;calgé$u,tug,apA§@Iﬂr§,s¢1ﬂ,tmo\ﬁo and are inducible up to 30 fold by
gl ucose (Efrat el at Proc. Nati. Acad. Sci. USA 85:9037-41, 1988).
Conpared to other frequently used transforned

Cell cultures

20 The murine insuiinoma cell line STC3 (DSMZ, Braunschweig, Germany) was cultured in
Dulbecco's Modified Eagle's Medium (DMEM) (Life Technologies, Grand Island, NY, USA}
supplemented with 2mM L-glutamine, 100U/ml penicillin G, 100U/mi streptomycin and 10%
Fetal Calf Serum (FCS) (Life Technologies) and incubated in humidified 5% C01/95% air at
37°C. This murine 8-cell line, derived from transgenic mice carrying a hybrid insulin-promoter

25 simian virus 40 tumor antigen, is known to maintain the features of differentiated B-cells for |
about 50 passages in culture. The cells produce mature insulin from proinsulin [ and II in a
manner comparable to S-cells in vivo and are inducible up to 30 fold by glucose (Efrat et al,,
Proc. Natl. Acad. Sci. USA 85:9037-41, 1988). Compared to other frequently used transformed
B-cell lines such as RIN-m5F and HIT, levels of secreted insulin are closer to normaj 8-cells in

30 the 8TC3 cell line. Thus, these cells are useful for studying f-cell reguiation and gene
expression (D'Ambra et al., Endocrinology 726:2815-22, 1990).
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O-cell lines such as RINnbF and HI T, |evels of secreted insulin are closer
to normal O-cells in 30 theTrC3 cell line. Thus, these cells are useful for
studyi ng #-cell regul ation and gene expression (D Arnbra el alL,

Endocri nol ogy 726:2815-22, 1990). 30 Pancreatic islets of Langerhans of
C57BL16 m ce were supplied by the islet isolation core facility of the
Joslin Diabetes Center. Crystal violet vital staining 5 i3TC3 were seeded at
2 x 105 cells (Nunc, Marsh Products, Rochester, NY, USA). Cells were washed

once wth 500 t'pﬁ&z@m@ﬁgﬁ@B@'J&ggrg%{}és\%g%g@ﬁlmcg &@@@%@ FnethigiBlatloR <507

ethanol for 10 mn a was rinse estaln rom
cells, 100 AtilisOshteeckesircDiabdtes Canter.e added to each wel | . 50 AI wer e
transferred into a 96 well mcrotiter plate and read with a microtiter

pl ate reader (EL 340 bi okinetics reader, Bio-Tek Instrunments) at an

absor bance Qfysid) viodet vitahstdiipg essi on pl asmi ds The 0-gal act osi dase expression

vector (C ontech bor at ori es orni a 0 into the
pcDNA3 Yector ( Ve seded g2 x|l ﬁTﬁng\{ﬁu“i % d%fg%go‘:hﬁﬁ?ﬁ Qg &a

( Ihnv; t lr loglenwer@?rakrsda@dce ae $doqn PB8 )and s@alaﬁmmommbmo@dx Ntcflét&?%(ﬁxﬂﬁthﬁmﬂ odi ng
the fu engt rat was cut fromthe pr vect or I bahara et
al.,.J. Bi ofR&kMINaRT; ﬁfy 52‘113}"3A letywas ginsedn o gl s(‘ﬁ"bﬁ%‘ﬂ celi 0l e0BeeNsRCdect or .

Transient taesheats 08 wlfl IR waE @arﬁfé&é@ﬁhoad%inéﬂ iRt plate dnf rch® witnavel | s
and transfected 15 to 20 hours later. usin pof ectam ne plusTM reagents

(Li f e Techn@ieyfitad)atercadst filntf O Riokinelicsratisr &E?'%ﬁﬂstﬁlmwgi‘raae?wmce ofotal DNA
was maint ai ged,gonstant using enpty pcDNA3 vector. The percentage of viable
cells mas assessed by normalizing the percentage of viable cells of each

DNA preparation to the nunber of control-transfected cells w thout the

apoptotic Skkﬁp&s‘n’oﬁ: %53,,(,3@0% viability) (Soares et al., Nature Med.
4:1073-1077, 1998; Sato et al J. Imunol. 166:4185-4194, 2001). Flow

Cytonetry / TI 7C3TheBgalaatasidagerax piessiantsetot Giintdsh Labaseipniasalblo Kmfah(om@ or 1000
Um) (R&D i imulated with
TNF- E (5000?1%59313%4’ E{E%“gy‘?fi‘éﬁé"i*%"ﬁ%ﬁ%%’ﬁq oﬁ&’g’{rﬁ‘%@%@x “'Y\%{ 50@'2/ m) for 48

hour s. 10OTC3(lovitrpgehcCaslshady Califormiagsh dd@ kbp Xhol-Hindlll fragment encoding the full length
rat HO—1 ¢cDNA was cut from the prHO-1 vector (Shibahara ef a/., J. Biochem. 113:214-218,

1993} and sub-cioned into the pcDNA3 vector.

Transient transfections

20 BTC3 were seeded at 3 x 10° cells in 16 mm wells and transfected 15 to 20 hours later
using Lipofectamine plus™ reagents (Life Technologies) according to the manufacturer’s
instructions. Total DNA was maintained constant using empty pcDNA3 vector. The
percentage of viable cells was assessed by normalizing the percentage of viable cells of each
DNA preparation to the number of control-transfected cells without the apoptotic stimulus

25 (100% viability) (Soares et al., Nature Med. 4:1073-1077, 1998; Sato et al, J. Immunol.
166:4185-4194, 2001).

Flow Cytometry
ATC3 cultures were incubated with recombinant TNF-a (500 or 1000 U/mi) (R&D
30 Systems) for 24 hours and islet cultures were stimulated with TNF-E (5000U/mi) (R&D
Systems) and cyclohexamide (CHX) (50 ug/ml) for 48 hours. STC3 or islets were harvested,
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31 dispersed, fixed in 70% et hanol, and suspended in DNA staining buffer
(PBS, pH 7.4, containing 0.1 % Triton X- 100, 0.1 nM EDTA, 50 ] g/m

propi diumiodide, 50 ng/mM Rnase A). DNA content was anal yzed on a
FACScanTM anal yzer equi pped with Cell QuestO Software (Becton D ckinson,
Palo Alto, CA). Cells with a normal DNA content (2N) were scored as viable,
5 whereas ceI s with a hypoploid DNA content (<2N, ternmed A) were scored as
apoptoti c. excl ude debris and apoptotic cell-free fragnents, all events
with an FL-

2 ar r af w t hat en. er cI ei .were
vl udod T AoReRRanpErTe TG sEd S et n PN S DS, Fi VB
Tld\lg S (R&Dr?Sy/smlem)x VRSO, dlnﬂxs@:lnmdso D%/BBﬁo\Mdtdm llo&’odb,@whrﬁpml B.ﬁisum .ablwun n and
added to the cul tur .5 = 500 urs afte
transf ect i GRRERFREs é%’ﬁé‘g é‘ﬁ%‘faﬂf'ﬁ%ﬁ‘@e’ qﬂk‘%{‘ha(ﬁﬂl Oc%’g‘ﬁé?éBg"?%hl bi t or
| ETD- CHO Wuﬁbﬁ’%ﬁﬂluﬁ@ﬂ) [2e8g ith @RbinfaP DRiASJonieRY @NGlive & QkorEasi vinbeh, et hy |
sul phoxi de ( DMSO anu. added to the culture nmedium (10 Mand | M

respecki vel fe@%/\i?”h&ﬂl‘é WRAPIHEDNAC Pt £2Nyiterrmed A ITwEEe scorerl a§ apasitispdPphyr i n

(SnPPLX)  ( Rodsigddebils 436 QpHedt cel-88@ Ragridnahdl] $WRsts d,luﬁsabz%réalﬁommlowawo mv
NaOH and added 6 hours after transfection to the culture nedium (50 p. M.

The guany| pf chisken asgreaytsinyrlebivers pEcluded fipmsaaelieis ol of 4, 3- a] qui noxal i n- I (0ODQ
Cal bi ochen) was dissolved in DMSO and added to the culture nedium (100 pM
6 hours after transfection. The cGW anal ogue

8- br onoguaksyitreatraentynd geagedte - ronophosphate (8-Br-cGW) (Sigma) was 20

di |.yed bef
nduction of apupERraREEE TR S DR5 g R HIURCkp Ml pill) T BURRD: ohery
was di ssol ¢edmiabublifofadadded taﬁd@dlmrenteﬂuemc(mmug/ml mﬂDqu boss 0 6 hours
after transfoellion 160, cxPOSYGBP2GSLY S AR dhd 8L SolSl £infkROSE Dt At

carbon mondXide TH conpresse a|r ance escri
el sewher e (Sabkiocteny San Mepw abiomigtwesd dissoNad ur dimbfbgl. suf@héha&emo 26)@@@) and sl ets

b RP ted wi d
overni ght . s fhe Culre FEa T PR anRl b Eredieciils) i PR beIRE ReAen I 196 o
5% COZswas ToFRhLI MitestotopdpiviiagSaPEX) (PAphini OProdicts] Lagm! BahMMsalissav&l(16 were

purchased from Charles R ver Laboratories (WI mngton, 32 Massachusetts)

and housed ™M) ind89 rihNa@Hwnd pdded b heyrs akes trepsieptionte therpltureeediuep S0iMMht s wer e
The guanylyl cyclase inhibitor 1H[1,2,4Joxadiazolo[4,3-a]quinoxalin-1 (ODQ; Calbiochem) was

dissolved in DMSO and added to the culture medium (100 pM) 6 hours after transfection. The

cGMP analogue 8-bromoguanosine-3’-5’-cyclic-monophosphate {8-Br-cGMP) (Sigma) was
20 dissolved in water and added to the culture medium (10 uM) 30 minutes before induction of

apoptosis. The protein kinase G inhibitor KT5823 (Calbiochem) was dissolved in DMSO and

added to the culture medium (1.6 pM) 6 hours after transfection.

CO exposure

25 Cells and islets were exposed to 1% carbon monoxide in compressed air balanced with
5% CO,, as described elsewhere (see, e.g., Otterbein er al.,, Nature Med. 6:422-428, 2000). Islets
were incubated in RPMI medium pre-saturated with carbon monoxide (4 °C overnight, 1% CO,

5% CO,) for two hours at 37°C while treatment with 1% CO, 5% CO, was continued.

30 Mice and induction of diabetes
Male C57BL/6 were purchased from Charles River Laboratories (Wilmington,
32



approved by the Institutional Animal Care and Use Commttee (I ACUC).

Reci pient mce (8 weeks old) were rendered diabetic by a single

i ntraperitoneal injection (220 ng/kg) of Streptozotocini 5 (Signa)
dissolved in citrate buffer. Mce received transplants if 2 consecutive 5
non-fasting bl ood glucose |evels of greater than 350 ng/dl were obtained
froma whole blood sanple. Islet isolation Pancreatic islets of Langerhans
(C57BL/6 mice) were provided by the Islet Core 10 Laboratory of the JDRF
Center for N&kﬂthufetama:m h’mmkﬁtiix antodhncklavitt goidelives froml theQCHD OThearpbringenlsateed  as

descri bed previo t al Transpl antati o . A37-438, 1985) .
Syngenei ¢ mErRIPYF: g%y#f Sti“é‘l"@? Amp<areant Z{gf gﬁmﬁ‘gffei%ﬁ%g{é %3‘(3’“’2%5’ 'Smin

di anet er we(EweRkpedpiveteeschddit ARbAIcDyISREleliMepErt6HcabiaRPEon (230 Ak%g) kD were
transpl ante under ITI%% Ki dng%?i:agsul e as gescrl bed. previously_ (Kaufnman et

al . . AR locPASizgp) ved gefyate Buflsm Mige Fecewpd tra 514 FOHFCLRE same
nunber Ss of ﬁ@mrammg S glich QAL VERYT orddieMbiS 3 SUBhEdIW RO SHLiALY @&ln a @halkbiood
functional outcome analysis 20 Graft function was defined as the point when

the first of2®Mfee consecutive days of non- fasting blood glucose |evels
<200ng/ dl was reached. The primary endpoint of the experinment was defined
as tine to nornoglycema. Statistical analysis 25 Blood glucose data were
sumari zed Mdetiwlptionst andard devi ati on of mice receiving untreated or

treated islets. giRaf SR GPLAIRY g.te t§+w6w9am$rawu%d%§kmhago¢ usi ng

Kapl an-Meier |ife tables and rences betimveen groups”tested using
| og-rank t eseboratprytef thed DRIrCeater @r bslet Trangpbratation @trﬂamr@btteéxqala%h@épmlaqlaem rata

i the anal ysicserRRgd s VRN e ok MFads ol GROVAY My M g §5% conf i dence

interval, reporte F-a |nduce apopt osi's I'n cells The effect
of TNF-a on QIC3 cells was investigated. The follow ng procedures were

utilized Foﬁﬂﬁlﬁgighﬁréilﬂ?l ﬂ?srs‘fslétltnla\{?élfarﬂgﬁ in Figs. IAC Fig. IA PTG were

treated wit ncreasfng concentrations of TNF-a. Viable cells were stained
24 hours after a2X0iislets il ¥h2{)imEn diapwteniverg hatdzpicked isingx tissectingmiciaprekksr ed

at 562 fun @/@g tx[mgpmud%ﬁgerttﬂ)e ﬂ&ﬂc&%ﬂ}sﬁg a.&?ésLﬂcb'ed previously (Kaufman et al., J. Exp.
Med. 172:291-302, 1990). From each islet preparation the same numbers of control and

treatment animals were transplanted.

Graft functional outcome analysis
20 Graft function was defined as the point when the first of three consecutive days of non-
fasting blood glucose levels <200mg/dl was reached. The primary endpoint of the experiment

was defined as time to normoglycemia.

Statistical analysis

25 Blood glucose data were summarized as mean * standard deviation of mice receiving
untreated or treated islets. Time to recovery of islet function was calculated using Kaplan-Meier
life tables and differences between groups tested using a log-rank test, with the three islet
preparations treated as separate strata in the analysis, and the median time to recovery, with 95%
confidence interval, reported.
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Fig. 1 B RTC3 were treated with TNF-a, stained by propidiumiodide 24 hours
| ater and analyzed for DNA fragnentation (FACScanTM. Fig. IC RTC3 were
co-transfected with a {3-gal expressing vector (pcDNA3/0-gal) plus control
(pcDNA3). When indicated, cells were treated with the caspase-3 inhibitor
Z- DEVD- FMK (C3-i) or the caspase-8 inhibitor IETD to CHO (C8-i). G ay

hi st ograns represent untreated O-cells and bl ack histograns represent
(i-cells treated with TNF-a for 24 hours. Results shown are the nean

standard deyjation from dupli e |I's taken from one representative
experi ment Xh?’%‘l“gi'ﬁerség?ptﬁ%"maﬁf@gd high levels of cell death in the
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Car bon nonoxi protects fTC3 cells Whether exogenous car bon nonoxi de could
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192: 1015- 108643 iR ok %*2&0@%; Regl's Sh%%ﬁ*ﬁ“@aaéﬁ@w%?mw fifimoi t ed
by tin protapuefdyweliisntakeRHm) one WiegehttiliceRpeRichenPout 6£thtes. Were  exposed to
exogenous car bon_npnoxi de (,10/%”as described earlier (Oterbein et al.,

Nat ure Med. 30 6:NFrs.induged Bighylsyels ofgelldeath inthe)inginoma splb iesA T tnracdesed

3-cel |'s andydpkeft MirhbQSlepiths EAR! EadRtinoldeylidoae!d.5247 eopkipii b ONK- - a.
Results shown are nmean standard deviation fromduplicate wells taken from
one repf esefitEneptaion ¥peiemepsitated by patridipm indidePY stamning (Figo 4B siegesting Heh

nonoxi de ec f I Skl ; LON

anal ysi s. gfr%%\c/}g‘r&glﬁ%gk g%mvﬁsﬂm%giogg m%c%%at%gyo%? P}grrﬂ%tg%t!yon, 13TC3
wer e expos edepensiertondraiastivation pbeaspaserrond dartially deperientrauthas of Goprse-3) asPTC3 wer e

treated in g 830 . ﬁ{% tlpd't'BloE'QIc'Aﬁ %nﬁé%&?_qv'hpa LiRe Q?M@it%@ﬂr 24
hours cells were stal ned By propi dif um i odi de and analyze or
f ragment at | ©dOppreyented apoptosis (96% inhibition) while blocking caspase-3 by a specific caspase-3

20 inhibitor {Z-DEVD-FMK) prevented apoptosis only partially (53% inhibition) (Fig. 1C).

Carbon monoxide protects STC3 cells
Whether exogenous carbon monoxide could protect B—cells from apoptosis was

investigated (Figs. 2A-C). The following procedures were utilized to generate the data

25 illustrated in Figs. 2A-C. Fig. 2A: Exogenous CO can substitute for HO—1 when HO-1 activity

| is blocked. PTC3 were co-transfected with a f—gal expressing vector plus control or HO-1-

expressing rector (Brouard et al., J. Exp. Med. 192:1015-1026, 2000). When indicated, HO-1
enzymatic activity was inhibited by tin protoporphyrin (SnPP). When indicated, B—cells were
exposed to exogenous carbon monoxide (1%} as described earlier (Otterbein et al,, Nature Med.

30 6:422-428, 2000).. Gray histograms represent untreated B—cells and black histograms represent
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FACScanTM Fig. 2C. Exogenous carbon nonoxi de protects li-cells from
apoptosis in absence of HO 1. PTC3 were transfected with 13-gal expressing
vectors and were exposed to exogenous carbon nonoxi de (Stephens et al.,
Endocri nol ogy 740:3219-27, 1999). Gay histograns 10 represent untreated
13-cells and bl ack histograns represent R-cells treated with TNF- CL or

et oposi de or subjected to serumdeprivation as indicated. Results shown are
nmean standard deviation from dupI icate wells taken from one representative

experinment put of thre al uat.e whet her expr.essi an. of
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0-cel | apopfedsiisn fréifl HGRIdatd WeR$ ﬁmdixeo&rre;&egeﬂmwesetx rbdnt QR of@fe. SUPPr essed by
car bon nonoxi de exp sure n_Donors and
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HO 1 in donggsiod)8TCS CéiRivRRS PandiemtlydtrAtfedi@bivith & HEL 1 CRirkssiOh Acto? aNREsted for
investigated, The follow ng procedures were utilized to generate the data

i |l usttat edhqurnabﬂabmesum/we wWhen uposed 9ot g e ngustexprsssiqntaf BO-& grotesied HE3 from
exper i ment SI'N'IDQ?rﬂﬁﬁteQ ciéy%s%t(Pﬁ@%gléaY"%ﬁthJs%tl@ 3¥%dlhzoo§ ((39‘9:%Lrtvlval versus .

pr ot opor phyrin once per re1oa] SR E T S5 % i on,
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0o, ) gy 4 b e T RS S5 A Y,
oxygenase |suggq@|r[g)that the generation of at least one of the end products of heme catabolism by HO-1,
20 i.e. iron, bilirubin and/or CO, is required for its anti-apoptotic function.
On the hypothesis that the anti-apoptotic effect of HO-1 could be mediated by carbon
monoxide, whether exposure to exogenous carbon monoxide would substitute for HO-1 in
protecting f—cells from apoptosis was tested. When the action of HO-1 was suppressed by
SnPPIX, carbon monoxide exposure suppressed TNF—a mediated apoptosis to a similar extent as
25 HO-1 (Fig. 2A). Exposure to exogenous carbon monoxide alone was protective (11.7%
apoptotic cells versus 20.3% in controls not exposed to CO), as demonstrated by DNA
fragmentation analysis (Fig. 2B). Similarly, f—cell apoptosis induced by etoposide or serum

starvation was suppressed by carbon monoxide exposure (Fig. 2C).
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10 Table I Induction of HO-1 in Donors and Reci pients Leads to Prol onged
Islet Graft Survival TreatnentNo. of |sletsRejection dayMeani SDRej ecti on/
Total CoPP 20 n*kg x 5350-40017, 33, 33, 48, >58X2, >67x |144.8517.81417 COPP
10 Mg/ kg x 1035040030, 30, >5 1 x240.512.122/4

Cont r oi 350- 4008, 8, 15, 15, 16, 22, 2615. 716, 657/ 7 Li sted under "rejection day"
are the days to which islets survived. For instance, K>5 | x2", neans that
islets in 2 recipients were still surviving after 51 days. The nean date of

rejection is is shown in the fourth colum. These data denonstrate that

i nduct i on &fduction of HEY] insDenprs yuigRecipienss Leagsto Brolonged sdet LFral Survival

transpl ant at i onyyEXeGRARKS sm@qnn BBl Sechi QLS Td FRfeb et cBll gsang@k{ s from
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anal yzed o(nlOang%g)Smaﬂﬂ'deiﬁmn WI 25 55T, agrend,ds) o 17 Thteamexpeith Oeflt indwess done
twice with indistipguishabl e re Exposure to carbon nonoxi de for 24
hours prot 8’81’?5‘0118@? NCleadchilan! %if} 3L6) islets of Langerhans from TNF--a
pl us cycl ohexi m de (CHX) nedi ated apoptosis (11. 7% apoptotic cells versus
20.3% in controls not exposed to CO a al ayed by DNA fragnentation
analy8fs (Fig. 3). 36 The anti-apoptoti Eb ‘éffect of exogenous carbon nonoxi de

is nediated by@uarlcdHD-EHCDaBE and ®etipidhts QBad@lﬂﬁPr&slcﬁglﬁﬂ 18let GvaR 8GR val
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Fig 4A _Control ., [, . 350 .2,81515182776 | 15 71+6.85 i dels rediat ed
. . I\r CATTCT U-PUTJI. UI. | 7 A>3 \wA VA Ul CITUB’C]I'UUJ \>2 LB AYAN] TTUTTOUNT OC T LIL]

by guanylate cyclase activation. PTC3 were transfected with 3-gal

expressi ng vectkised amidr exjpainday’ Dmemgmauwh&aﬁd@ﬂﬂsuMW)Fodﬂstéﬁlc%">5W2€r e

i ndi cat ed, 3T reat.ed with uan e i nhi bit Fi g.
4B A o PR R B SRR ST SRR BONT ShoHHGR. TG e (ACIGEE IR 1 ¢ o
apopt @si S. shown in the fourth column. These data demonstrate that lnducnon of HO-1 results in ionger

survival of islets after transplantation.

Exogenous carbon monoxide protects murine islet cells from ;poptosis
Whether exogenous carbon rmonoxide protects murine islet cells from apoptosis was also
20 investigated (Fig. 3). The following procedures were utilized to generate the data illustrated in
Fig. 3. Apoptosis was induced in freshly isolated murine islets (C57BL/6) by stimulation with
TNF—a and cycloheximide (CHX). Directly after stimulation, islets were exposed to exogenou.
carbon monoxide for 24 hours. Control islets were treated in the same manner but not exposed
to carbon monoxide. After 48 hours cells were analyzed on a FACScan™ for DNA
25 fragmentation. This experiment was done twice with indistinguishable resuits.
Exposure to carbon monoxide for 24 hours protected isolated murine (C57/BL6) islets of
Langerhans from TNF—a plus cycloheximide (CHX) mediated apoptosis (11.7% apoptotic celis
versus 20.3% in controls not exposed to CO) as assayed by DNA fragmentation analysis (Fig. 3).
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to 13TC3 were transfected with p-gal expressing vectors. Were indicated,
1TC3 were exposed to exogenous carbon nonoxi de. Were indicated, (3TC3 were
treated with the cGw anal ogue 8--Br-cGW but not exposed to carbon

nonoxi de. Fig. 4C. cQGW-dependent protein kinases (cGK) nediate the
anti-apoptotic effect of carbon nonoxi de. PTC3 were co-transfected with
3-gal expressing vector. Wen indicated, RTC3 were exposed to exogenous
carbon nonoxi de. 15 Wen indicated, cells were treated with the protein
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generate the data illustrated in Figs. 5A-C. Fig. 5A: one hour of carbon

monoxi de expbsHresPESngPStPE i Whin indcandebEnt werg sEpsserkip sxoggnoregarpsy onoxide.
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i nduced by TNF-a. Immedi ately after TNF-a activation, cells were exposed to

1% car bon ﬁnﬂwmeﬂmenv'anwtn@&ﬁeﬂi asd laclohizwetamg rrwyese@ﬁmqlls)m#ﬂ@@lhmer e
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survival was determ ne ours a € FrCatT on car bon
nonoxi de pr aegredestai @ exptrirsenabdtef thregduct i on of apoptosis. aTC3 were

Whether the anti-apoptotic effect of carbon monoxide acted via activation of soluble

20 guanylate cyclase and generation of cGMP (as described in fibroblasts) was investigated
(Petrache et al., Am. J. Physiol. Lung Cel! Mol. Physiol. 278:L312-319, 2000). Inhibition of
sGC activity by oxadiazoloquinoxalin (ODQ) suppressed the anti-apoptotic effect of CO,
suggesting that a soluble guanylate cyclase is a major mediator for carbon monoxide in this
experimental system (Fig. 4A). The ¢GK activator/cGMP analogUE, 8-Br-cGMP, suppressed

25 BTC3 apoptosis to an extent similar to that seen with carbon monoxide (Fig. 4B). Also,
inhibition of cGMP-dependent protein kinases by the specific inhibitor KT5823 suppressed
the anti-apoptotic effect of exogenous carbon monoxide (Fig. 4C), suggesting that the anti-
apoptotic effect of carbon monoxide is mediated thrm;gh the activation of one or several
cGMP-dependent protein kinases. ' |
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Exogenous carbon monoxide provided anti-apoptotic protection under various protocols
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transfected with a-gal expressing vectors. Apoptosis was induced by TNF-a.
After varying 10 periods (0.5-12 hours, as indicated), aTC3 were exposed to
1% car bon nonoxide (Qtterbein es al:, Nat. Med, 6:422-428, 2000). Control
aTC3 were treated in the sanme mariner but were not exposed to carbon

nmonoxi de. Cell survival was determ ned 24 hours after application of TNF-a.
Fig. 5C. Preincubation with carbon nonoxi de prevents a-cell apoptosis, PTC3
were transfected with a-gal expressing vectors and apoptosis was induced by
TNF-a. aTC3 wer eméaqdﬁtgoémmenbrtoaidb%mmeh@meMXirﬂectfoopf aetohiowas Cont r ol

PTC3 were treated | ner of eX osed car.bon
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apoptosis by TNF-a. E 25 when exposed two hqurs after TNF-a stinul ation,
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i nvestigate kR el

a-cel | ng r ol apg63 ég:hgur’s%@%&g%ﬁﬁggﬁmgg?%%ﬂgﬁ%ﬁﬁdrﬂ@mx' gﬁeﬁj % ett
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bet ween pr e-TINF-ab Fig. 60 arbducmlmmmtmbmmsﬁdxmlpwemp-&ntaﬁmmk pFCGaletes were
preexposed for one hour to CO one to six hours before |nductjon of

apopt osi s wittepsfaatgs with (g3l gxpreseing vesiors aed apopigsis preindyred By I NERe W T4 ¥ hon
monoxi dg pr %V@aspeﬁdfté z%%hﬂbomemx@&: r érﬂ h6&! (ConRs1ipTe3aienittddtin nd Mm@ even

two to threé hours after the end of the one-hour treatnent with carbon
monoxi de. 5%@@"@&?’&"9&?@!!’%&4@@#&@ moapxade. \ie Jousy pler ierminationsefithedire-h car bon

nonoxi de can I?D% re OE'[BSIQQH .nd%&?i?{ Ak Ca. n@ﬂgg&w@gﬂs r@ﬁﬁ:seﬁt ﬁeﬁéhtd-cé}l%% jotic

effect wll an exten I me peri osure of nmurine 1s etsto
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deviation from duplicate wells taken from one representative experiment out of three.

20 BTC3 were exposed to carbon monoxide for different time periods (1-24 hours)
immediately after the addition of TNF— and tested for apoptosis 24 hours later. One hour of
carbon monoxide exposure was sufficient to prevent f—cell apoptosis (Fig. 5A).

To investigate whether carbon monoxide exposure can block ongoing apoptosis, f-cells
were exposed for one hour to CO, 0.5 to 12 hours after induction of apoptosis by TNF-a. E

25 when exposed two hours after TNF-a stimulation, carbon monoxide was still able to suppress

B-cell apoptosis (Fig. 5SB).
To investigate whether pre-incubation with carbon monoxide would protect f—ells from
apoptosis, fTC3 were exposed to carbon monoxide for 0.5 to 3 hours before apoptosis induction.
One hour pre-incubation in the presence of carbon monoxide was sufficient to prevent 8—cell
30 apoptosis (data not shown). To evaluate for how long this effect would last when the time
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To determ ne whet her carbon nonoxi de could also inprove islet graft function
inviva, a 10 marginal islet mass of 250 handpicked islets was transpl anted
in a syngeneic system a nodel for primary non-function (Berney et al.,
Transpl antation 71:125-32, 2001); Kaufman et al., Diabetes 43:778-83,

1994). Transplantation of a marginal (e.g., sub-optimal) nunber of islets (a
"margi nal nmass") into a diabetic syngeneic recipient causes a delay in the
return to nornoglycem a without the effects of rejection or recurrence of
aut o- i mune,dll, &aaLincdbBtichoand eepBht A MR v a YOl B e B féthpdssd R NMBSS
in the C57/BL6 syngeneic system it was observed that transplantatlon of
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better functional performance in viva was investi gat
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endpoi nt of cﬂ?e%‘éce ex er‘?or‘@h 56&% %?ﬂ%n?&”fcu “ceqff @‘g"'ﬁ&”ﬂ% ycér!ﬁ‘a Dat a
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fol | owf n
Whether carbon monoxide pre-incubation of islet grafis prior to transplantation results in

benc; functional performance in vivo was investigated (Figs. 6A-B). The following procedures
were utilized to generate the data illustrated in Figs. 6A-B. Fig. 6A: Two hundred and fifty
freshly isolated and hand-picked islets from C57BL/6 mice were incubated in medium pre-

25 saturated with 1% carbon monoxide for two hours at 37°C. Control islets were treated in the
same manner but were not exposed to carbon monoxide. The islets were transplanted under the
kidney capsule of the diabetic syngeneic recipients as described previously. After
transplantation, blood glucose levels were determined on a daily basis. A total of 16 animals
(8 with pre-exposed islets; 8 controls) were transplanted. One animal receiving pre-exposed

30 islets died on day 3 of non-exposure related technical reasons and was included in the statistical

analysis as censored animal. The primary endpoint of these expeniments was the first day of
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transpl antati on was evaluated. A marginal islet mass was transpl anted under
t he kidney capsule of diabetic syngeneic recipients. The tinme needed to
reach nornogl ycemi a was reduced in a 10 highly significant nmanner (P =
0.0011) when islets were pre-incubated for two hours in nmedi um
pre-saturated with carbon nonoxide (7 days, 95% confidence interval: 6-8
days) as conpared to control islets not pre-exposed to carbon nonoxi de (14
days, 95% confidence interval 12-18 days) (Fig. 6). In total, three
different islet preparations were used for these experinents. Illere was no
st ati st i calroymeglypainta. Qe arelstfofvaraemesn + startdasl deviatiortso FigofBogldiceeniha for islets
anong t hese
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were no fluctuations in the CO concentrations once tthe chanber had

equi | i Br at ddghlapp Bsarhmensies (A= DML} when islgts svergenre-insyubaserdelar twe heuggumediumr  98%
02 + CO m xtu - 0f lgsbg 1 0 | 2 40 i O | ass
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exposur es. oo islels aal mesedspessd tomrbon monggida (4 deys. pPayorfidenssnperaldddifai r was
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Becausg t hg,fl SoRk{ marily determned by the 0, flow, only the CO
flow V\1/§s chglfﬁggégp{r%;ogse er at gj the different concentrations delivered to the

exposure chanber. Oz concentrations in the chanber were determ ned using a

gas spectrqgg{)ggmoﬁog?“x L’ﬂﬂk’ati on Procedure The foll ow ng exanpl e
illustrates a protoco uSe or the isolation of islet cells fromrats

For cell culture experiments, 5% CO, was present for buffering requirements. CO at a
concentration of 1% (10,000 ppm) in compressed air was mixed with compressed air with or

20 without CO, in a stainless steel mixing cylinder before delivery into the exposure chamber.

Flow into the 3.70-ft’ plexiglass animal chamber was maintained at 12 L/min and into the 1.2-ft*
cell culture chamber at a flow of 2 L/min. The cell culture chamber was humidified and
maintained at 37°C. A CQO analyzer (Interscan, Chatsworth, CA) was used to measure CO
levels continuously in the chambers. Gas samples were taken by the analyzer through a port i

25 the top of the chambers at a rate of 1 I/min and analyzed by electrochemical detection, with a
sensitivity of 10-600 ppm. Concentration levels were measured hourly. There were no
fluctuations in the CQO concentrations once the chamber had equilibrated (approximately 5 min).

Animals were exposed to > 98% O or 98% O, + CO mixtures at a flow rate of

12 liters/min in a 3.70-cubic-foot glass exposure chamber. Animals were supplied food and

30 water during the exposures. CO at a concentration of 1% (10,000 ppm}) in compressed air was

mixed with >98% O, in a stainless steel mixing cylinder prior to entering the exposure chamber.
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or mce. One bottle of Rat Liberaseb (from Boehringer Manhei ni Roche cat. # 1
815 032) was dissolved in 4 mM of sterile HBSS, chilled on ice for 30 mn,
aliquoted into 0.5 m aliquots, and 10 stored at -20C. To each 0.5 ni
aliquot, 33 m of nedium e.g., M99, HBSS or RPM 1640 w thout calf serum
was added. Rats were overdosed with anesthesia (.1 m plus. 1 m/100g body
wei ght of Nenbutol LP.). For mce, 3nl syringes were prepared with 2 m of
Li berase solution with a 27 g-needle bent at a 90-degree angle. For the

surgery, 2 i . .SSQLS " | i for, abdomi nal
cut and one i{? r? tlhgﬁf) ‘% r%%f‘iog\%@mg?ﬁe@méi%gg l.m{%rl\gg"pcg'?}faéwrgfge%lg'{?%déﬁih%were used
for exci si orxpdsutelvharpban ereeaontrdizd. Bemusttizxt flosastewss gritnarniyldarpmioéd byttheObi | e

duct. The abdonen was_opened aFnd t he pancreas was exposed as nhuch as

possi bl e by [okPhy theLLQ flpyjwag wrie ensiasy thadiifersat foncenEatioan dslveed 1o tiict  was

cl anped of f ckphstift BarSHOBL AdncédiralicHs $n th EhathbBIWRrk dOHiAIRGsRE 3RS dpbtidine®). at
its duodenal 1nsertion, téklng care not to injure the 20 surroundi ng

pancreatic tissue. The bile duct was isolated at the proximal end. Fat was
renmoved bef(peryﬁséhg%erl;rloggjutrpe cannul a, meking sure not to puncture the

portal vein. AT WS MUt with the fine scissors one third of the way

across and t he c@hafllawingsximdellugotes A ptdteobused for Teasolaiamnfisiat setisfrdrelrads | n
t he duct by cl anpi t he ol é Lt h .for . _|J beraseb6 | é'on was
i nj ected ragt gy d%%@"%ﬁﬁ@#%&“s"’%%% f%@’\c/i\b?e - %ﬁs eé’ﬁja@(ﬁﬁea‘}?g%f h?\%y(ﬂ 1 V4t ed
after 6 m s diskoliédind % f stafile ¢IHSSNchilled omiicedor I0heinnagdbted vas0.§ m$ digue, andt 0 t he
duct as proximal to.rhe |iyer possj.ble.and. Libe gnuti
i nj ect €. Tﬁ@?%aﬁt '?@r&-ngﬁsaé}{%s"qf%@%‘ﬁ?&d?‘ﬁ‘% 'él‘mb?g‘c&ﬁ? §§8§ 1<) R@Sﬂdﬁ?@gm and
heart or aondithoutalfesruk] Weraddeb infiltration, the pancreas was renoved,
starting by renoying fromthe .intesti.n t he tIZe st opach ang tq?en t he
spl een. Wen t he&ﬁﬁ%’&eﬁgmﬂif@ wé{htaﬁ%sﬁ"éﬂ“ giﬂ’ip ﬂt'ﬂ 100g §ody; yeiehy gEembutol o5 cut
out of the n#) Fohmicpndls@afges\acre preparedwith2 anlDOLibkrasediution withbe? g-aeddie! aced
in a water %at %%@aga? f or, 38 n‘%n. 41 10 15 20 25 Fol | ow ng i nCL}balt,li on, 20
m of medi ubFl RELHEETE R8ae A% " IR £ BB STPHEORNE ftgiirone aige pai for the
15 abdominal cut and one fine pair to snip the bile duct. Two pairs of forceps were used for
excision of the pancreas. One hemostat was used to clamp off the bile duct.
The abdomen was opened and the pancreas was exposed as much as possible by making
a v cut from the lower abdomen. The pancreatic duct was clamped off (with a hemostat in rats
or a small bulldog clamp in mice) at its duodenal insertion, taking care not to injure the
20 surrounding pancreatic tissue. The bile duct was isolated at the proximai end. Fat was removed
before inserting the cannula, making sure not to puncture the portal vein. The duct was cut with
the fine scissors one third of the way across and the cannula was inserted in the duct. The
cannula was held in the duct by clamping the duct lightly with forceps. LiberaseQ solution was
injected rapidly. The pancreas appeared to be distended and fully dilated after 6 mls of fluid
25 injection. In mice, the needle was inserted into the duct as proximal to the liver as possible and
Liberased solution was injected. The rat or mouse was then sacrificed by cutting the diaphragm
and heart or aorta,
After Liberase infiltration, the pancreas was removed, starting by removing from the
intestines, then the stomach and then the spleen. When the pancreas was attached only by the
30 bile duct, it was cut out of the rat. The pancreas was placed in a 50 mi conical tube, and placed

in a water bath at 37°C for 30 min.
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of the isolation was conpleted on ice. Tubes were shaken by hand vi gorously
for 5-10 seconds to break up the tissue. The islets were washed several
times to renove the LiberaseOin a clinical centrifuge at 800 rpm (appr ox.
180 xg) for 120 sec or 1200 rpm (approx. 200 xg) for 90 sec. The supernat ant
was poured off and 25-35 m of nedium was added and vortexed gently (about
1/2 max.). The centrifugation step was repeated, followed by washing 2-3
times. The tissue was resuspended in 20 nl of medium and the suspension
was filtered through a 400 im_dianmeter wire nesh (Thomas scientific nesh 35
cat. # 8321- Mp2)Follewhgrsyiatione Opgpd meting + Nhdiwgessadden tojeaeh tube. fThe remadndey nph.
5-10 m nor s added to th 1 [ ni. sl ets,off and
filter thr o‘ﬁélilv:g? ?"}emr?e“s’ﬁconf‘ ‘ég%éﬁl‘jl%g 3@'%“%% “1@%&3%@ ng 5?"%%&‘5#?5]"%1 1 260" pm f or

90 sec. Theao%taR P HeaRiueWd e isle8iRr€dashbE VeI th tenidve RN GRSSIRA UM as
possi bl e. To make the gradient, the pellet was resusq;}gnded in 10-15 m

H st opaque clOFRbeepisifpgpet B%Pmﬁaﬂﬂfq’ﬁ?% xg) Aer 1¢ 8 paceox 4 00mm (Rparete 28053 d0fsi on was
honogeneou _faf ' | ai d. without

NG, hdi ng Nebar T Dt Na Bt ot pras- B T AT IR A o Sros b et s
and t he nmedebsit 1/Eheaxie dhe tanwifsganidml eep Bys lepqaet] follgwad W 3shi@van3 tifes. SThde  of
the tube. The gradient was centrifuged for 20 m nutes _at 2400 rpm (900 Q)
at 10C wi t Hisgesryesdpompendadan 2@ map] BfuMend PesHSpRsieR Wasdillersd; iygueh a 400 im
centrifugaty; i : C j W ih a
di sposabl e di%@%erts@rﬂo géaﬁihdgﬁg{‘%ﬁeéﬁ? Ir:l%lg%:%ﬁ ,.qg%%zlgffg@ggr%nﬁryvggﬁeggﬁgﬁé cal
t ubes. | sl eirdigestedtissas lfie and lympler $10 tnl mese Vo addatinw dhettite thivastoqgognedniby addi ng

25-35 m of, the i.um + N The initial centifugation was perforned at
1200 rmmde]e‘EOﬁﬂT‘%g,ﬁHHJ{"Wﬁ@th% §bquent centrifugations were performed for

90 sec. After th%c%eﬂ’ﬁ%h@;%]lel%@@gé gﬁmgsatm@rpmspmadmmerﬁim%éng up and

do', 7-10 m each were put on mmsterile culture dishes for hand
pi cki ng. Haewoyidclerying erlitiiesgxeess medium agRasspde-f or med using a 10011 sterile

pipette tip, under a. i ¢ HF%QJ%«;& o] .'n?ivi Jﬁdﬁle and
care was taken ﬁ% VG @gg{dfe%d@%%re i ssﬂes. P cﬁ?%‘ﬁ%ﬁé?ﬁ's#o@ uel:%g we S}rlgngo and
225 fin in «dt AHEMRT) sl horexed agil ahsswpinkionnds iamtpdnedis Quae as Hhaphes)e(Em!
pi cked: 42 I%xa le I1. 1r ban l\&lgﬁ\l de Sup Lesses the Rejection of
Mouse- tso- Reftl MSqrt ¥es oFFretidpnEpNCnIPRE FEBACE A AE (iehifpp eriacobruedidly as
donor or gangisfboRiqut® aNSRL ABdiaH! The hidilmivwiRRELdBY Pletting slowly down the side of the
tube. The gradient was centrifuged for 20 minutes at 2400 rpm (900 g) at 10°C with very slow
acceleration and no braking.
Following centrifugation, the islet layer was collected from the interface with a
20 disposable 10cc serologic pipette (Falcon), and placed in 50 cc conical tubes. Islets were washed
several times to remove the HistopaqueQ by adding 25-35 ml of the medium + NCS. The initial
centifugation was performed at 1200 rprn for 2 min., but the subsequent centrifugations were
performed for 90 sec. Afier the 3 washes, the islets were resuspended by pipetting up and dov
7-10 ml each were put on 60 mm sterile culture dishes for hand picking.
25 Hand picking of islet cells was performed using a 100 il sterile pipette tip, under a
microscope. Each islet was picked individually, and care was taken to avoid all other tissue.

Only those islets between 50 and 225 im in diameter exhibiting a smooth and round or oval

shape were picked.
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male Lewis rats (Harlan Sprague-Daw ey, Indianapolis, IN, Animals were
housed in 5 accordance with guidelines fromthe Anerican Association for
Laboratory Animal Care, and research protocols were approved by the
Institutional Animal Care and Use Conmittees of the Beth |Israel Deaconess
Medi cal Center. Surgical nodel Aninmals were anesthetized by a conbination of
nmet hoxyfl urane (Pitman-More, 10 Mindelain; IL) inhalation and

pent obarbital (Abbott, North Chicago, IL) at a dose of 30 50 ng/kg i.p.

during al | proeaddr @%rbo#‘ﬁoﬂﬁﬂ&@ﬂjg&re§§£ﬁﬂe@Gie&tfe‘f}'&fﬁMo@f&t@-%t&dﬁ@"l‘f-a‘ﬂg%ﬁ as
described previousTy erk et at, Physio ev. 8. - ) ; Petkova et
at, J Biol. A@neah 276:7932- 7936, 2001). Gaft survival was assessed daily
by pal pation. RegerChi-onuiBRat SE489889s Bohor %%Htﬂﬂﬂ)@iﬂta\(%gxﬁd e Gdult

contractions and confirmed by histologic eirg'm nation. 15 Experinental

reagent s Cobelg Lewksonis (iertan SpagvrEDaviy, dindisriapadissiNG o Apimatserare beus¢daat i on)
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Cycl ospor i nredeafdBptgtodids mere approved b the Iisniutizmal Kamih) Carshang sbConkgteds ofélel 20
activati on, adny ni e 15 ng/ kg) starting at day O and daily
thereafter gé\{?ﬁir“??gacé’ﬁé&?o P'g"%lac te(%'xperi ment. Tin protoporphyrin (SnPPI X),
cobal t prot Sgiqahpodd ( CoP- PLX), and iron protoporphyrin (FePPlX; Porphyrin

Products, Logan,, UT), were di | ut in 100 oV to.a ck sol ution of 50
mM and kept at -%E)a‘ﬂﬁvteﬁ anghs ?‘G%L|ygﬁ""&?ﬁ‘boé‘uo:}%%éQqﬁr?ﬂeﬁtﬁ“ﬁ'é%ﬁfﬁh as

possi bhe. BptuRdshiikRL)XinbaigtiohePpestobarbaal g hban, Nomk Shicagopll) @B0dope 8430g) i n PBS.
FePPI X and SnPPt X, wer e, adm ni stered to the dongr at da -2.and - 30
AV ko) and SGmBle pfiEs ShBoR R A G n® s RS b PR pRAS By

dai | y ther epdetietsly @k &£ JRhysiokKavedkpers 1036, BOL;cHetkpya &Y. al BRl. Chert 3T617833-0n of
1% (10, 000 t er.mlli.on: in conpressed air .. 30 s mxed with

bal anced ai ?%2%%%%‘;& 'ﬁqw&p %?%F?ﬁlldé‘&gg?@ 1O gﬁj?fgo'&VﬁV\ﬁ%@Psa@g’P’ ore
entering tbasatispotuneicclansvheicriods@nd osriemed by hisobgieexaniaaidhs ol | ed by varying
the flowrates of COin a 43 mxing cylinder before delivery to the chanber.

Becaus& the flow rate is primarily determned by the 02 flow, only the CO
fl ow was chBrgeimdndaldedgewssr the final concentration to the exposure

ﬁgggﬁ?; Cg o ara)lb¥azvee¥mrgl Iszch? r(é& ﬁnwh%ﬁgcrkggérgpqémgg génsv\:{\txx)c{ns r(buitge::'la,\)San Sxeglél,s ed to

CA) was administered i.p. on day -1 (60 U/kg) and on day 0 (20 U/kg) with respect to the day of
transplantation (day 0). Cyclosporin A (CsA; Novartis, Basel, Switzerland), which blocks T cell

20 activation, was administered i.m. (15 mg/kg) starting at day 0 and daily thereafier until the end of
each experiment. Tin‘protoporphyrin (SnPPIX), cobah protoporphyrin (CoP-PIX), and iron
protoporphyrin (FePPLX, Porphyrin Products, Logan, UT) were diluted in 100 mM NaOH to a
stock solution of 50 mM and kept at -70°C until used. Light exposure was limited as much as
possible, Both SnPPIX and FePPIX were administered i.p. (30 pM/kg) in PBS. FePPIX and

25 SnPPIX were administered to the donor at days -2 and -1 (30 uM/kg) and to the recipient at the

time of transplantation (day 0} and daily thereafter (30 uM/kg).

CQ exposure
Briefly, CO at a concentration of 1% (10,000 parts per million; ppm) in compressed air
30 was mixed with balanced air (21% oxygen) in a stainless steel mixing cylinder before entering

the exposure chamber. CO concentrations were controlled by varying the flow rates of CO in a
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| evel s continuously in the chanber. G aft donors were placed in the CO
exposure chanber 5 2 days before transplantation. Gaft recipients were

pl aced in the exposure chanber imediately follow ng transplantation and
were kept in the exposure chanmber for 14 (n = 3) or 16 (n = 3) days. CO
concentration was mai ntai ned between 250 and 400 ppmat all tines. Aninals
were renoved daily fromthe chanber to assess graft survival and to

adm ni ster CsA, SnPPEX, or FePPlI X, as described above. 10 HO enzymati c
activity HOenz sured i rubi.n tion in heart
and |iver Fogg}lr%gbc?o %Fﬁ!ﬁ%é t%fé;ﬂg"écrl fcge% t}?e dv'iage 'S gﬁﬂ%a‘erts
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pr ot ei n), hem n (50 1M, glucose-6- [ghospha | ucose-6 20 phosphate

dehydr ogendas. (Cé) gswty)tra"ahmawprne 5@ Eﬂfd 8 pnmﬁ?alﬂ tigee Animglp&etar k.

The formedehiJeh bbiP} floris cBarheR e é%gesé"krtaﬁ' s&bllvgragﬁwmgler%!;a WRsprREaSUr ed at
464-530 rim (extinction coefficient, 40 mMMcmfor bil n Enzyrre

activity i SeBRI%: asdeseribsd abaveorol es of bilirubin forned per m | 1'i gram of
protei,p per 60 mn (prol/nglh). The protein concentration was determ ned by
t he bicinchoninic acid protein assay (Pierce, Georgetown). The background
wac 25 -5 [i@enzygnatic apdivityr eagents used in this assay were purchased from

O (S SouL g Mohmarc A SR WIGIISS il Aol ng%@ﬁ@w obi n vas

measured 2 days after transplantation usin | ood gas

anal yzer ( Ghirmsamgs. @h@ﬁisﬂergﬁacﬂms&a@ﬁ[hséwc@ﬂdaémalerd-ﬁ)&mdt\wh ice-Bid PBA, MA) .
44 H istor 75 f

tr anspl ant o BaendF O E AT BACORal ek Rl AR YL Blimds GO 08 mp,
secti ofed (TsisiHf (lmmWL)chﬁCtimﬁth@ aaesentd mmﬁ@g@dé&OOOmPMs?é%ﬂo ouirs 40 Ehc5

pl aced per E’L ant B .,Lﬁ?itﬁ?g'ed Qfos %B@Rﬁ’?{%%)%ﬁ {rﬁuln 885 and %€ F"FY1 r&éo{ﬁl’beﬁlshg Was

stai ned wit rrato xylrn eosi n hi'st ono ric anaﬁyas.
Two i mages resespeadaddeMgEld2 g@@}mgﬂubyhg@hng(lﬁo mM) buffer (pH 7.4) and sonicated on

ice. The samples (1 mg of protein) were added to the reaction mixture (400 il) containing rat
liver cytosol (2 mg of protein), hemin (50 IM), glucose-6-phosphate {2 mM), glucose-6-

20 phosphate dehydrogenase (0.25 U), and NADPH (0.8 mM) for 60 min at 37°C in the dark. The
formed bilirubin was extracted with chloroform and | OD was measured at 464530 nm
(extinction coefficient, 40 mM/cm for bilirubin). Enzyme activity is expressed as picomoles of
bilirubin formed per milligram of protein per 60 min (pmol/mg/h). The protein concentration was
determined by the bicinchoninic acid protein assay (Pierce, Georgetown). The background was

25 ~5 pmol/mg/h. All reagents used in this assay were purchased from Sigma (St. Louis, MO),
unless otherwise indicated. Carﬁoxyhemoglobin was measured 2 days after transplantation by
using a Corning 865 blood gas analyzer (Clinical Chemistry, Massachusetts General Hospital,
Boston, MA).
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Ni kon Eclipse E6000 m croscope (N kon, Melville, NY) connected to a Hitachi
3-CCD Col or Canera (nodel Hv-C20; Hitachi, Tokyo, Japan) and to a Power
Maci nt oshO 7300/ 200 conputer (Apple Conputer, Cupertino, CA) equipped with
| PLab Spectrum digital imaging software 10 (Signal Analytics Corporation,

Vi enna, VA). About 50 inmages were captured fromeach transplanted heart
fromtwo to three animals per group. |Inages were anal yzed by manual
segnentation, tracing the infarcted and noninfarcted areas fromthe right
and left ventricles in each section. Areas corresponding to infarcted and
noninfarcted tissue were calculated by digital imaging software as nunber
of pixels C@riﬂembmﬁiimynimau)hhse areas. Infarcted and noninfarcted i5 areas

wer e then cal cul d a erce e of tot rea. Ppol ed data for. each
O oup. expr 6ssedOEs vErulEverEhs S0F % da5 Pt AnntBoL B PP Soflin s
anal yzed by fatialig) aANGWAIly Regotet $5 mhtlmtom@bm {he apdXi16 tHEMAKRE TeNVOéctiofi wirk ar
whet her usin? elther pi xel s or age of infarction and only the

aq

resul t s5obt &laREPegidign péal @ﬁ%@@b{%ﬁ flides ke difthatide Weigined s hFE'&Pé}"ﬂ)

Resul ts ar e ,gXgysRSEREE)Fsr hidiGiAdipiometdic a%gyélme(?ﬁhg%g gércme wi esdﬁ&ea«/sy Bsing a
harvested 3 days after transpl antation, snap rozen in |jiqui mtrogen and

stored at - d0ion Eolipesch60o0 guwrescentd NiloneMelviledV Rrrgnascisd e eHHachy 34D belar
previously (Gpgf] ﬁw@&l H"\J’ 820 Ntk eT N8, saghn)£hd3o a ﬁgﬁé)MacB@Jshb YRRt &m &r

popul ati ons were ana using anti-rat 25 | eukocyte conmon Ag (
CD45; OX- 1) (Apple ¢o]npetmﬁw'¢n¢am§equmpsq witliglPd ap Ppqctrpmsimpal in@ging 39fiwak cel |

(NKR- P, g gﬂw& ﬁ%la)mmm(s%% %e@@ete‘@fy&lﬂ:ﬁ fRnPERducts for

Sci ence napo tection of fibrin/Tibrinogen was conducted by
using a rabtmansplaawduhcmmr\?q llgrtliuﬁ# friipglp mgmpdmag@slwammectbamwual

Ca t : t f nfar t

ot pe et o ethistpl Ak e nGeRR LA TR r A6} et ot gy A0l B8 Rl 1S, 9, &0
or C5b-9 nAbac(hBatk@)'l ARag cormgsonging Wanfatsted dndyoninfireigd tissue wengsaicuiaed by digitlgM
mAb MARM 4 Q;%%%Jb%ééﬁtg)aﬁe asqﬁm@r%gxe@%e yﬂggaetﬁés'eta%a.g)fm ¥PInl noh Sl S

Bel gium). Is S or gf as well as a control for
resi duak endogewesshepsriowpladascrerentagd nyolal agser Bodlerbdatroforieach groupiexprepsed psrent .

Detection of, {eagrgﬁ&a%&seg@éﬁe@ge o ithrQh, D36 a8 LORARTABBY AL RS WoARARLOS! S

detection Ki rsburg, M) accofding to t actur er
i nstructi onghis Manner were similar whether using either pixels or percentage of mfarctlon and only the

results obtained using percentage of infarction are shown (see Table II). Results are expressed as

mean = SD.

Immunohistology
Grafts were harvested 3 days after transplantation, snap-frozen in liquid nitrogen, and

stored at -80°C. Cryostat sections were fixed and stained as described previously (Soares et al,
Nature Med. 4:1073, 1998). Rat leukocyte populations were analyzed by using anti-rat

25 leukocyte common Ag (LCA, CD45; OX-1), Eé TCR (TCREé-chains; R73), B cell (CD45RB;
0X-33), NK cell (NKR-P1; 3.2.3), and M® (CD68; ED-1), mAbs (Serotec, Harlan Bioproducts
for Science, Indianapolis, IN). Detection of fibrin/fibrinogen was conducted by using a rabbit
anti-human fibrin/fibrinogen polyclonal Ab (Dako, Carpinteria, CA). Intragraft complement
activation was detected by using an anti-rat C1q {The Binding Site, Birmigham, U.K.), C3

30 (ED11; Serotec), or C5b-9 mAb (Dako). Rat IgM was detected by using the mouse anti-rat IgM
mAb MARM-4 (a kind gift of Dr. H. Bazin, University of Louvain, Brussels, Belgium). Isotype-
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Conmpl enent benol ytic assay (CH50) CH50 units were defined as the dilution of
rat serumrequired to produce 50% maxi mal |ysis of Ab-sensitized sheep
erythrocytes. Briefly, Ab-sensitized sheep erythrocytes (1 x 108 cells/n;
Sigma) were incubated (30 min, 37C) with rat serumin gelatin Veronal buffer
io (GvB}; Sigma). Cells were centrifuged and henogl obin rel ease was
measured (I | = 550 nn). Background was neasured in the absence of sheep
erythrocytes or in the absence of serumand subtracted fromall sanples.

Cel | ul ar ELIS er u s of .rat anti=nouse Abs were neasured.b

ol |l ar - bR TP PR s Mol h o) PSR e RITSE A Sri A
(CRL-2168; wereliichialed ydach Epktiniere. Oolettimtoll aybp(odit GG carriddidb$ asing NAYpTeES irused
.as an antlgenlct%rkgs Brled% /%F 2B cel Were cultured in DI\/EM (Life
Technol ogi ¥ 3RBRIGSIT Fatestion ) (Orfep SeighersbyggMy) arcopiing 'eithe mapu lasheers 00 i g/ m

st rept onyci iRstrdckibdse Technol ogi es). d ut ar al dehyde-fi xed 2F-2B cells were

i ncubated (1 h, 37C) in the 20 presence of rat serumserially diluted in PBS
0. 05%keen 20 (Sigma) and rat anti-nouse Abs were detected by using nouse

anti-rat |gpl RGg/ﬁMﬂnemamﬁassxywﬁm@ 2), lg@a (Marg2a-1), 1gGb (MARGH-8),

or 1g&c (MA ift's fromProf. H Bazin, University of Louvain,

Brussel s, Bel gi 3 0 Wtb‘aS’éfeéiﬁflmﬁdraafheﬂﬁgtlmféaidé?@d?%e%ﬁ predugg S amé| ed

goat anti- nous ted f anti_rat cros act|V|t ig/im, |

h, room t en¥&F Sf’ﬁ? éens’lyiz%cf%‘é rﬁ&lﬁsf ﬂy’l‘%;se"ﬂﬁz e%kf@%?%{@(f?ﬁ)]fouy ng

Xlr) t hobpheny&edb/am mgn()&@m)ubang é:(t)ﬂ&% wﬁ@a%. lrdt Berurfiiin gedtia \Eﬂ?rfaﬁbuf(’e[:) HI 4.9).
sorbance was ,me sure = n e relatiye anpunt o i rcul ating

et~ oftart dnee Trotghy” Selmratrian dried SmadoRiyds garear ke T Fesimone

seri al di |B£dk§ﬁuhd1w§§}ﬂeasﬁr9d3ﬁhrthé MIgRe Of shbdieerphiaytes okin e absedée okQetth.andi Ndi NQ

of rat C3 to nouse end thellal cells was neasured by a nodified cellular

ELI SA 30 wiubHaqifeam slEsaslesndot hel ial cells as antigenic targets (M yatake

et al, J. Imunol. 160:4114, 1998). Briefly, nonfixed 2F-2B endot heli al

cells were incubated in the presence of rat serum46 serially diluted in GVB

++ buf fer (FellarFdSA Col|s were fixed in PBS, 0.05% gl utaral dehyde, and

rat C3igdepositi %nif@&v@l?éﬁﬁttﬁﬂ rﬁmsa;sbmman{m&@ b¥REMtdrasddIndiRbr K1FSKOL eC) .
Pl atel et aggregation assay F-2B endothelial cells were cultured on

0.2% gel at i %@‘@ﬁ&‘f'zgﬁ‘i%”éi el e (C%Fhﬁseweﬁcagéfoxpwmrs Epligetion (ATCC),
Technol ogi efhnasddd X KfSPas(skds. an hidfheblc Mrgf e BHEfY, RENB @NweQulhBédth DMEM

(Life Technologies, Rockville, MD), 10% FCS, 100 U/mi penicillin, and 100 ig/m] streptomycin
(Life Technologies). Glutaraldehyde-fixed 2F-2B cells were incubated (1 h, 37°C) in the |

20 presence of rat serum serially diluted in PBS 0.05%Tween 20 (Sigma) and rat anti-mouse Abs
were detected by using mouse anti-rat igM (MARM-4), IgG1 (MARG1-2), IgG2a (Marg2a-1),
1gG2b (MARGD-8), or IgG2c (MARG2c-5) (kind gifts from Prof. H. Bazin, University of
Louvain, Brussels, Belgium). Mouse anti-rat Abs were detected by using HRP-labeled goat anti-
mouse Fab’ depleted of anti-rat Ig cross reactivity (0.1 ig/mi, | h, room temperature; Pierce,

25 Rockford, IL). HRP was revealed by using ortho-phenyldiamine (Sigma) and H,0, (0.03%) in
citrate buffer (pH 4.9). Absorbance was measured at [= 490 nm. The relative amount of
circulating anti-graft Abs in the serum was expressed as OD (I= 490) taken from one serial
djlution in the linear range of the assay (1: 32 - 1: 1024).

Binding of rat C3 to mouse endothelial cells was measured by a modified cellular ELISA

30 with mouse 2F-2B endothelial cells as antigenic targets (Miyatake et a/, J. Immunol. 160:4114,
1998). Briefly, nonfixed 2F-2B endothelial cells were incubated in the presence of rat serum
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streptomycin (Life Technol ogies). Confluent endothelial cells either were

| eft untreated or were treated wth the HO i nducing agent CoPPI X (50 IM 18
h), the HO inhibitor SnPPI X (50 iM 18 h), or both CoPPI X (50 iM 15 h) and
SnPPI X (50 1M 3 h). Platelet-rich plasma was obtained 10 by centrifugation
(290 - g, 12 min, 19C) of nornmal rat plasma in 3.8%sodiumcitrate. Rat
platelets (3 - 10 6 cells mM) were resuspended in HT buffer (8.9 mM NaHCGCS,
0.8 mM KH2PO, 5.6 nmM dextrose, 2.8 mM KCl solution, 0.8 nmM MgCl 2, 129 nM

NaCl, 10 nmM HEPES) . . .Plafel.et Querl gid in,_ 37C) .on. nou

endot hel i al 5355:':;1 ‘S?"‘cgdﬁ C;S{Bat 3#‘@?‘@&&%@#%Wﬁfgzﬁégi'" P\Egr &bégﬁa’tﬁa&?@%@%

descri bed bgliqaecydepesiticials defectad by ubingBiduse &Atiea CRhAL 3&kd@s). 1996) by using
15 an aggregoneter (Chrono-Log, Harestown, PA) and ADP (0.5 - 4M as an
agonist. Cell extracts and Western bl ot analysis Endothelial cells were
washed in PEgieidtBhgregdation3ayest ed by scraping, and lysed' in Laenmi buffer.
El ectrophoresi s was conduct ed under denat uriqr;lg) conditions with 10% 20

pol yacryl ani de déouse 2PREeadaikelipkqels werg ulfussdraad. hedatin (Signy) conaddixwelbr i di ne

ot ect od wi TRCT gy MM ifeAsfioiggRS), RO OB A bbb 900l

( St r essGen, stivbtemyrin ALifecheshuriygies). €onflubnilendotheliBrely dithereverd/Rftnintéatad dvarhei m

Germany). Protsei Y i e} - .i at e .

L TP B e s -
mer sham @ , iM, m i iritly ptasmare rer's

instructions. Transij.en ransf ect | nd_apopt osi s ay..The murjne 2F-2B

endot hdl | o SisePrERliEh 2Rk CE) Tade | FET el e ML PAaden st Ked

Ved.  Top: 10RBRIRE St mesd Ralbthae ki shirel BV AUSOS oS ppRanpgy, B

transfecti ohé ,rrédgaﬂtra@% 8 Sined KClisplavirt, 8 8tradd Mg(@i, 129 bt NaGlet broMIdERES)descr i bed

Bp. Nod. 193D B (SR BT Bl moleddoihoitPay ok PHAIeE aiherlon s
eval u?ti ng wére condustixbes dsfcndedybefore (Karizuparsk easl Jr Bisvéi(ihgmcb'dlti’éltﬂaaﬂﬁ‘ﬁ)bygéimd
21073 1058 egofer Rh)-PEE jafeebA R ok M @5 F il gp MGE TE 00 o

random fi el ds counted was determ ned to have a m ni mum of 200 viable 5

transfect ed?ﬁFLJchcﬁearB&%’&UrQ'bl&ﬁulgsig-he percentage of viable cells was

normal i zed ToOr eac _ preparatidon to the number of transfected cells
counted in the disdethelal edlls wiaes washrdtin 8BS (pHhddk iharyesteddberseragin@eod yseadon| i ty) .

AT exper i B SV 6itfer. PALAAPRBE ki Ak as! ERRKtel IRERE ddrafRig bohaflioh! &Rt

20 polyacrylamide gels. Proteins were transferred onto a polyvinyldifluoridine membrane

(Immobilon P; Millipore, Bedford, MA) by electroblotting and detected with rabbit polyclonal
Abs directed against human HO-1 or HO-2 (StressGen, Victoria, Canada) or é-tubulin
{Boehringer Mannheim, Mannheim, Germany). Proteins were visualized by using HRP-
conjugated donkey anti-rabbit IgG or goat anti-mouse IgG (Pierce) and the ECL assay

25 (Amersham Life Science, Arlington Heights, IL) according to manufacturer's instructions.

Traasient transfections and apoptosis assay
The murine 2F-2B endothelial cell line (ATCC) was transiently transfected as described
elsewhere (Soares et al., Nature Med. 4:1073, 1998; Brouard et al., J. Exp. Med. 192:1015,
30 2000). All experiments were conducted 24 - 48 h after transfection. é-galactosidase-transfected

cells were detected as described elsewhere (Soares et al., Nature Med. 4:1073, 1998; Brouard et
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Actinonycin D (Act. D, Sigma) was dissolved in PBS and added to the culture
medium (10 ig/m) 24 h after transfection. SnPP1lX (Porphyrin Products) was
di ssolved (10 iM in 100 nM 10 NaCH and conserved at -20C until used.

Sn. PPt X was added to the culture medium (50 iM 6 h after transfection.
Human reconbi nant TNF-a (R&D Systens, M nneapolis, MN) was dissolved in
PBS, i % BSA, and added to the culture nmedium (10 - 100 nglm) 24 h after
transfection. Exposure of cultured endothelial cells to CO 15 Cells were

exposed to cC r concent.ration of 250 and 10, 000
ppm, as S T ﬁ?e%lsgﬁsgg éf&o‘tf% %Erf; gf‘g%licel “’faﬁ?sée%déy%alﬁg? 8%900; and
Brouard et nungter ofelgalEm:daM%d(prelQRg dd]]iﬁzat r2a0ed norﬁmrﬁqb@hblagynamleaﬁbedmdel 20
Aortic transpl ant gtl on V\g C ed gqu&t done_as descri bed el sewhe

(Pl i ssonni revgregRoares erpbhuaipra Med: + 73600 80U &t dlodchip. Med dFP15: he aor t a
and the i nf@uj. orhevrﬁme:cmﬂmwfﬁla%%uﬁtw\b@dedahﬂﬂec%th%e DRRGhIAbLERI0W@Re Af ter
additional left thaoracotony, three or four pairs of the inter-costal

arterifes viansteried selis@ercanig mlb Ty Peraensage of walixes!ls eyas peiabizad ferpaelsPNMal Co. |
LTD, TokyOprephaRR ko the ABMber of Fabected @elflas Gkt Mk 9L, 901;']\@@ ads }!1?%&1%9“% Igtel o

graft was |nserted between the renal 25 arteries an trc
by st andarageni(E0Q% viabdity). AdenpirigneatsysraperdmedNy least thrge imessin dyichie] onT" ',

Ethi con, | Rgin g%rny Ack% sl‘@ga%%%sy&mdmﬁsmd a\asmaml?{)@#ﬂ@lo%n?%&a%@ﬂs | ef t

after both ed ges were at a concentration parts
per mlli oug/mlbib‘h)l aﬁﬁ t@mﬁ:mless§nPPéLKr(PMB|$Ynnrﬂro@‘eldt5Wasrdlisalwam@é@MhmrlOQml\%

oxyge a i Qusl ( Physi ol 6(4 Pt
1): 06 -Leﬁgfslﬁ rhas ol étu}rﬁélnsq[ SrPPROwE "‘“ﬁ‘éj’r"é{f"{'A s ey (80 ﬁ‘?}é Bd in
the CO ChafﬁtetraﬁsfaBtloia)Budmfrea’ombtﬂaan’EIﬁF-ar(R&DlSyﬂtemR@ﬂlnpeapﬁhstBrvas pissoted 1 n

t he chanber el ow,n [ Ia i 0 d kept rhere 56 days.
CO concentlr"<'§Jtl':'g Ei \ést r%q ?ﬁ%gé he%“[lm%gb ’] @ %’“‘t‘rﬁ %\rﬂ}baﬂe%‘gﬂs{: U e
(250-350g) Brown Norway rats (RT1 were used as aortic graft donors and
adult mal e, (250- 350 Lew 1).,2s recipients (Charles River Lab.

W I ni ngtonE’gﬂ\‘}ﬂf"e"z %‘f%sfﬁ%ﬁqﬁ'?“&g to and p53' "* null nice were purchased
from #ackson Laleils mmreypz(saato coapheesed anrMEywigieodV&Kaixe:) of T tzsmame wer e
gener at ed rev u et al 1857, 1999).
Mce were ﬁf?(@ ﬁﬁ%"g‘%srfgﬁewgfr&(ék gt W%'Wﬁdé i¢2 %ﬁ% Y&t ad

l'i bi tum  af., J. Exp. Mcd. 192:1015, 2000).

Aortic transplant model

20 Aontic transplantation was carried out done as described elsewhere (Plissonnier er al.,
Transplantation 60:414-424, 1995). Briefly, the aorta and the inferior vena cava were cut to be
bied after heparinization. After additional left thoracotomy, three or four pairs of the inter-costal
arteries were ligated using 7-0 nylon suture (Keisei Medical Industrial Co., L.TD, Tokyo, Japan),
and 2 cm of the descending aorta was harvested. The graft was inserted between the renal

25 arteries and the aortic bifurcation by standard microsurgery technique using 9-0 Nylon sutures
(Ethilonm, Ethicon, Inc, Somerville, New Jersey). The native abdominal aorta was left after
both edges were ligated.

CO at a concentration of 1% (10,000 parts per million; ppm) in compressed air was

mixed with balanced air (21% oxygen) as described previously (Otterbein ef al., Am ] Physiol

0 276(4 Pt 1):L688-L694, 1999). For the transplant model, graft donors were placed in the CO

chamber two days before transplantation. Recipients were placed in the chamber immediately
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10 RT-PCR RT-PCR was conducted after RNA isolation fromthe transpl anted
hearts by using an RNA extracting kit, according to the manufacturer's
instructions (Q agen, Chatsworth, CA). Priners used for nouse O-actin were:
sense (5 -3"), CCTGACCGAGCGIGGCTACAGC (SEQ ID NGO I); antisense (3 -5"),
AGCCTCCAGGECATCGGAC (SEQ ID NO 2); and for 15 nouse HOl: sense (5 -3"),
TCCCAGACACCGCTCCTCCAG (SEQ ID NG 3); antisense (3'-5'),
GGATTTGGEGECTGCTGGTITTC (SEQ ID NO 4). Enzymatic activity is critical to

SUPPr ess acgig.¥i g%&mp%mms,n il BNn DS E g._egbtcéncreamphamqmsn@a s}p#ghgﬁa_t ed

rats underwent acute vascul ar rejection days 20 after trans ation,
an observat #@H tiowasi stent with previous reports (Soares et al., Nature Med.

cobr & venom t act o HEkRSar o By KA RARTR deELaBPac Sl et DY, o
grafts survadubdandlof§0-8edgnlewsaatTdilidad rb(;lplblﬁk (WherlessRikerrigb n\yllmirfgmncl‘dmsl st ent
assoc af ed UM QB a2 att g o 3B 1 8 purbbEf BiFhecs L boR el a2
gpd Hérm(it h mnascrbe M&Ith asl! uuaielweasg(e:ggtztga{awbraGous“gaﬁseﬂrneﬁ ((Uﬁlega! EM;S(F)G?S?\ZI on
FO1 pr ot of 1RSSR MiER v el acr e Brgee vy BTaBeE g peie

survi val di gt mgiumoccur when the HO inhibitor SnPPLX was adm nistered to the
donor and then to the. recipient, despite treatnment with CVF plus CsA.  Under
t hese conditions, all grafts were rejected in 3-7 days (Table Il1). Control
treat ment wWehpSR FePPl X, a prot oporphyri n that does not inhibit HO
activity, did n°t1'1=§§d to graft re ctlon Table I1). 49 Table 11

I nhibition of H® 435 £9 uﬁﬁds‘wp % isplation fomyifie kansplagted hearteby ysigig an

Tr eat ment SURNhVeﬁhach'ngﬁltCﬁ\e/&:orﬁn%éﬂar(uﬁht&ﬁer@\flrﬁcti@ﬁﬁ(ﬁaé%ﬁRﬁ‘a?ﬁ:@% g4) CVF +
CsA + SnPPI X3, 4, 2); 4); e data in Table
|1, nouse hBAPETS “%érf‘é’ ft‘?“&ﬁ@'ﬁ?‘a‘n‘l"‘é?j SF‘”H?E)S é\)FCEF%%éQAGCEGB%@GBA%@Q G aft
recipients P%t;ﬁrd weab; eaelnmehz F?E’Bldt@rc@neebzﬁmmm itd znb zgraﬁ’ﬂ&

i nduced graft é_{ectl on 3-7 Cy after ansg antation 001 as
conpar 83 t ompPYe Q-1 esgpsss’-3') T CCAGACACCGCTC TCCAG (SEQ NO 3) antisense

(3'-5"), GGATTTGGGGCTGCTGGTITC (SEQ ID NO:4),

Enzymatic activity is critical to suppress acute vascular rejection
Mouse hearts transplanted into untreated rats underwent acute vascular rejection 2-3 days
20 after transplantation, an observation consistent with previous reports (Soares et al., Nature Med.
4:1073, 1998; and Koyamada er al., Transpiantation 65:1i10, 1998). Under cobra venom factor
(CVF) plus cyclosporin A (CsA) treatment, mouse cardiac graﬁé survived long term (see
Table II, below), a finding also consistent with previous reports. Under CVF plus CsA
treatment, graft survival was associated with up-regulation of HO-1 expression by graft
25 endothelial and smooth muscle cells as well as by cardiac myocytes (Fig, 7). Expression of HO-
1 mRNA was detected by RT-PCR 12 - 24 h after transplantation and HO-1 protein 24-72 h after
transplantation (Fig. 7). Long-term graft survival did not occur when the HO inhibitor SnPPIX
was administered to the donor and then to the recipient, despite treatment with CVF plus CsA.,
Under these conditions, all grafts were rejected in 3-7 days (Table II). Control treatment with
30 FePPIX, a protoporphyrin that does not inhibit HO activity, did not lead to graft rejection
(Table II).
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with CVF plus CsA alone or with CVF plus CsA plus FePPI X). Statistical

anal yses were carried out using Fisher's exact test. 10 To denobnstrate that
SnPPI X, but not FePPl X, blocked HO I function in vivo, total Hk enzymatic
activity was quantified in transplanted and recipient hearts 2 days after
transplantation (Fig. 8). Naive nouse hearts produced 35.5 t 4 piconols of
bilirubin per mlligramof total protein per hour (pnol/ng(h; Fig. 8. HO
activity was significantly increased in nouse hearts transplanted into
untreated (98 7.21 prnol/ng/h; p = 0.001), CVF plus CsA-treated 15 (98.3 t
7.23 pnol /mg/ h), or CVF plus CsA plus FePPlI X-treated (77.3 5.51 pnoUng/ h;

p = 0.0009) rats, as conpared with naiv[e Ih(-ﬂarts (Fig. 8). HO activity was
inhibited to basal I|evels, as present R nai ve hearts, in nouse hearts
transplanted into I‘atlﬁhlbtﬂlembﬁdowatﬂiNl@\ﬁESIﬂPElE(pr@SﬁthIﬂngSaﬁSEj?Blo)i (32.37 7.23
mol / | h)—Fh-s—epresentet-a—ht-ghlty—sheri-Heart—tnhibi-ti-or—-as—conpar ed
\?\Ath m)ngse hearts *r;ﬂgl;f FUMERL | ot o untrdated ¢ S“W"”#\ ﬂ‘;L, aV/ =l an’p
CsA-treat eq m’ SA 0 0oy o Q\FE n| us ﬁéﬂ(?ﬁ s FePPl X-treat F\(‘l rats (p =
0.00 18: Fi r‘"VER* Cshyh EePPIX | ¢ ty in t he redi04u)s |jvers was also

up-regul at eV t EsASRE ant ation in a nenAet (ARG (pid)iTlead) that of the
transpl anted hearts (data not shown). However, this was not the case for the
reci pient's ovATomgmme therdatahm T#ble-HD raaisé bdmy\mmrmqﬂaqu-imeglwaﬂﬂd:sﬂel | owi ng
transpl ant SnPPI Xt d rats,
there was g?egf%re @raﬁ%gc Opnénri's ‘ggr?trgaq da\¥_ll(t: aﬁesf'l%l[}@ Wf] t e n‘ew%]b%g’?gﬁt as
early as 2 idduesd g‘hﬁe«rjemlpaas‘pdiamwnmp(adtmen & Oﬂoom)cpmlihned;tovm treandd
observed in. I anj e 0 th FePPl.X, (dat a
ot shown) - HEERE bR CoBIRRE BEMEECKF bts SRR pRFePERY. SRER-Fantivina® shtee
cardi ac gra:futumplﬁsheCVEantust. CsA treatment generate ant| -rmuse Abs that are

excl usjvely of | gM, i sot I l.ant ati on 1210,
1998) . "Addi t i on;rp%f?‘g%%rﬁ%g?g\%ﬁgﬁ%@%ﬁg%gmy %’gqﬁf@f”’%ﬁ YR Pﬂ“gﬁbe this
Ab r esponsengfrhdgic aBjvityGes qnaﬂiiﬁemmmfan@mteg fand teciphent haags T adys Qﬁa‘ttﬁdsp\l'ﬁntah on
conpl enment tion t.r by C3,deposit.ion o
endot hel i aI(Fl,geP)r \s(\?a(‘iflr&dusfﬁcagf\lgfc’ e % g%ﬁﬁﬁ%?”b‘}ls ‘ﬂg’%ﬁl’_‘bﬂ??r@éﬂﬂ fe‘?’l‘lf’ll uenced
C3 deposi t @ﬂe@peﬂﬂﬂﬂﬁ@n&ﬂl’d@ﬂﬁe‘lg 8). Hi®hdtisity wWagsigificanfly xReRoalGodsOniak | y
substitutes for i Vi e e v scul ar
rejection AAHBIR é"'ﬁélﬁﬁlag%t(?g 2% g'\él#‘ Lég@ )s%vfé’gllszc%g\/\ﬁa {4snPPI X and
exposed to (@03 (720 Prymdimg/H), AW muy CsAveas FePBOX trested (738& STﬂbﬂtﬁoMn‘iglfh bel ow) .
The dose of 400 500 .p corres I OXi ope-twentieth
of the |etHaT %4 @2 ra(tst(‘léf QIPaTed “ﬁ%ﬂ)" 2%, W R0 fy was Tt Bitch S0

levels, as present in naive hearts, in mouse hearts transplanted into rats treated with CVF plus

CsA plus SnPPIX (32.37 £ 7.23 pmol/ mg/h). This represented a highly significant inhibition as

compared with mouse hearts transpianted into untreated (p = 0.0009), CVF plus CsA-treated

20 (p = 0.0009), or CVF plus CsA plus FePP[X-treated rats (p = 0.0018; Fig. 8). HO activity in the

recipient's livers was also up-regulated after transplantation in a manner that mimicked that of

the transplanted hearts (data not shown). However, this was not the case for the recipient's ow
heart, in which HO activity was not up-regulated following transplantation (Fig. 8). In grafts
transplanted into SnPPIX-treated rats, there was progressive myocardial infarction, which
25 became apparent as carly as 2 days after transplantation (data not shown). This was not observed
in grafts transplanted into control rats treated with FePPIX (data not shown).
It has previously been shown that rats that receive a mouse cardiac graft under CVF plus
CsA treatment generate anti-mouse Abs that are exclusively of the IgM isotype (Koyamada et
al., Transplantation 65:1210, 1998). Additional treatment with SnPPIX or FePPIX did not
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10 and m ce exposed to CO did not exhibit untoward reactions. CO exposure
was discontinued 14 (n = 3) or 16 (n = 3) days after transplantation

wi t hout influencing graft survival, i.e., grafts continued to function for
>50 days (Table Il11). Table 11l 15 Exogenous CO fully substitutes for HO 1
in suppressing graft rejection TreatnentSurvival Tine (days) CVF + CsA +
SnPPI X3, 4, 5 (n=2); 6 (n=4); 7 (n =2) CVF+CsA+SnPPI X+CO>50(n=6 To
generate the data in Table Il1, nouse hearts were transplanted into CVF plus

CsA- treated yats.,. n_indicated, ~graft reci.pi wer e at.ed with SnPPI X
o eh or oo gl AR Pespie f3E &L offeRlibn bER BaR Be® e Lol SR R bl RO L
rats was supfivesaeds dendastraeedigIibr depdsition@x ogeseandotbilal cefls (Fif) IPO0Vdithas conpar ed

to recipients eate i th CVF pl us lus SnPPI X). Statistical analyses.
were carri eé'ﬁg} BSE feaigesnt @H“Eé&%?gﬁqeggi‘t.mw& WX%TW%%‘%%%mg 9g‘xogenous
COinterfered with inhibition of HO-1 enzymatic 25 activity by SnPPI X, which
coul d account for thg abili t(V! of CO to suppress graft rejection, it was

i nvest i §at e&*odsaPYRr Odplntubstitutes fdi QriApzumatic activity ingsypprgssitgacute vascular
transpl ant edejbdifog SnPPI X- treated rats. As shown in Fig. 10, this was not
the case. Total HO enzymatic activity in hearts transplanted under SnPPI X
treat ment (32. 37Al mpysedieaty tragsrigntedinto sys treatedrivith IRAPS gndgxpgsed ©fi0 from t hat
of hearts t@p?mn?ab% &d?\g%ldggrgg?tertgi{g@éﬁﬂlé’ﬁl'fs&léUbPH*hé(d&@gf@éQgéﬂ% .0 CO (43.6

f 30 7.57 p mg/ h; p = . 10). Simlar results were obtained in
t he reci pi eAf0 ppm)icpEEspondido BPrHamptely opgiwgntietlypf thelegbdrseisla@monspwalReatsi t ut e
for HO1 activi . g ‘ : . : . .
rechant Sm £ N B b b e D Pkt it B o
then del i véry3xdrriéunh 3b tays afterciahsiantstion witbout influenciniisradisupvivah deqerate
concentrati ; j [ btye,%y, when endogenous HO- 1 activity is
bei ng i nhi b?@‘é‘ﬁ%wsﬂ}ﬁ%%%?&ggggiyﬁgﬂi'co'wou| d nimc the effect of
endogenous CO that is produced when HO-1 enzymatic activity is not

i npai red. Exposure of the transpl ant rgg’bgilgnt to 400 ppm of exogenous CO

i ncreased carboxyl henoglobin fromO. 1.5%to 32.1 6.9% (Fig. 10). The
fact that the transgxesenews Gfearly subsiyteyifardtO-il in supprsssing geafyeisetibnt o CO, even
under these suppressive effects of SnPPLX, nay

Treatment Survival Time (days)
CVF + CsA + SnPPIX 3,4,5,(n=2);6(n=4); 7(n=2)
CVF + CsA + SnPPIX + CO > 50 (n=6)

To generate the data in Table III, mouse hearts were transplanted into CVF plus CsA-
treated rats. When indicated, graft recipients were treated with SnPPIX with or without exposure
20 to CO. Graft rejection observed in SnPPIX-treated rats was suppressed under exposure to
exogenous CO ( p < 0.0001 as compared to recipients
treated with CVF plus CsA plus SnPPIX). Statistical analyses were carried out using Fisher’s
exact test,
To determine whether exogenous CO interfered with inhibition of HO-1 enzymatic
25 activity by SnPPIX, which could account for the ability of CO to suppress graft rejection, it was
investigated whether CO affected HO enzymatic activity in hearts transplanted into SnPPIX-
treated rats. As shown in Fig. 10, this was not the case. Total HO enzymatic activity in hearts
transplanted under SnPPIX treatment (32.37 £ 7.23 pmol/mg/h) was not significantly different
from that of hearts transplanted into rats treated with SnPPIX and exposed to CO (43.6 £

30 7.57 pmol/mg/h; p = 0.1095; Fig. 10). Similar results were obtained in the recipient's livers and
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10 indicate that this |level of CO was sufficient to adequately "charge" RBC,
deliver COinto the graft, and suppress graft rejection (Fig. 10).

Al ternatively, carbon nonoxi de may be delivered to the graft, and all

ti ssues of the body, dissolved in plasma. Wet her exogenous CO suppressed

t he devel opment of nyocardial infarction that characterizes graft rejection
in SnPPI X-treated rats was investigated. G afts were harvested 15 3 days
after transplantation and quantified for the percentage of infarcted area.
Hearts transplanted into untreated rats showed nearly conpl ete transnural
infarction (hEarisl’(E1g[i@ht ventricle (87.1 4.9%of the right ventricle area)

with extensive epdo dla n tra i.nfarction of the |
ventricle (32.0 X% @}63 O pp%sy étft‘f“e\;%rﬁ%{;m@F‘é"‘ﬂﬁ’é@'ﬂ"?ﬂl&f‘&g’ﬁgtm%“lﬁ‘ f’“s might

I nfarctions yaaeves meevisatthf @emmmrg," BY 8@@EduTD 3G KHaRE oA FERC WA then
interstitial 20, henorrhage, edema, and neutrophils. Left ventricle

i nfar cti ons dAkYEEY BrQueh ShesHEHAPGAHP Hegratt atn ﬂ‘l‘?qtl?tﬁwwlmbxfb“éﬁ@lnéﬁo dispendi ng
on the degr eﬁeogf wlhe.i ardsgengﬁs H@nqicﬁwhﬁfsx?béx fnBiBited B aPPERk b Ehbus CRPL Gy 0" ©

diffuse in orig ercent a E%cte area i n both ventricles
general |l y m&m@éseﬁeeﬂﬁ PEFAOUS th@fo\s pWéuqségéwroHOrh@wmmacuwa$ vy

t | t

nont r anemur a7 Paiel, EXbes e 4P T plaitk B! G PUFoBlbls COMctesrlabliSR, o
left (0.7 Znem%lolverﬁtom &3 & 15%e 3741 ®@% \Fighd).oWe fa¢tdkat the txtarlmhspﬂ acﬁtﬂ@d into
CVF pl ' f

ot arct on AT B fiphtdd ¥ 66 hih Spdy MAEC Ry At S Sy PEB Bafl
ventricbe (Tadiaee thM)tl‘us e o€ CRewastssifin@ntao ladmtuabiiyr'igui-gBhRBICedél‘wam:O frinothe

t | ant ed t-0 h

ot shown) . EARAR Srpr R SRei PR B ot tie et ironifimerot FRAEE ot s
showed si gnitld geaftand alhvisnasofithe 36dy, ldgkulvedemplmmajl ar | nf arctl ons (26.1 f

12.7% with exte ul ar

: ive endomyocardi al nsnura{ ntri
infarctions (37. gﬁe\i"ﬁf BoF" a‘gﬁéuﬁp{ﬁsse%ﬁhe Jcﬁ%?‘frg?"ﬁ ’Hé?caf/%%l Lt Ei‘?°§({?aﬁgw shabl e
fromthat 52hgfciérzas traft tejetispinanPRPIX-iredt s mwaea:wadlgmad SGl(aﬁﬂtv&e mmt:essdanvm)
These IeS|osvvere ecific to.the nspl ant ar.t %’ |ents'
nati ve "Rear t<2H ﬂlcﬁﬁglsa%?}atf%‘pmgﬂgﬁ"f'ﬂ?%@ﬁ?‘Pé’ﬁrce'ﬁ?ﬁg E I 55@ | nf arct ed
area i n heandafsplancedsmb amteardd rand sho\SaPEHab{y tmmﬂtt@danm{@almcamgcrﬂtﬁd righnt | y
hi gher (p < 0.001 red %’1 f.Ee res tr nspl dntor
treated wt He'&vgl qfé* %%m) ﬂWln[ VePt aﬁ??é)lf" it é%ﬁ’l‘:‘f(’ G Fal"gﬁ’iagsnﬁ‘)ra
Hearts transphetérest thenrt':ﬂo véﬁtﬂd?é?@xow ®@ 70 @fithe ddfevenitinle aréaedm uadhcﬁ»mgenous CO
showed very q;“tle nf of th@ igt;t%ééA.S.B(V%. 1(18 3.4%
ventricles (RAsPeS;S qﬂ%’t‘%@?ﬁ r{Rep deckimgimpelp i ‘Pﬁ?i‘g%a of hearts
t r ansplzant edeinbirkage, Gﬂﬁnp Ian&ne@sé\plﬁls . bifedentrict sinfiirdtionOwerdlialwags endbmilasdial
treatment ( datt]'h%ranngntmra Ron cilégcend egro%efﬁet cﬁ:%rei\ze of infarction, and those in the right ventricle

were more diffuse in origin. The percentage of infarcted area in both ventricles generally
increased from the apex to the base of the heart. Hearts transplanted into CVF plus CsA-treated
rats showed only small, diffuse, nontransmural areas of infarction in the nght (4.5 £ 4.9%) bu*
25 not in the left (0.7 + 2.1%) ventricle (see Table IV, below). Hearts transplanted into CVF pius
CsA plus FePPIX-treated rats showed small diffuse areas of infarction in the right (12.2 £ 9.5%)
but not in the left (0.7 £ 1.3%) ventricle (Table V). These hearts were indistinguishable from
those transplanted into CVF plus CsA treated rats without FePPIX treatment (data not shown).
Hearts transplanted into CVF plus CsA plus SnPPIX-treated rats showed significant transmural
30 right ventricular infarctions (26.1 = 12.7%) with extensive endomyocardial and transmural lefi

ventricular infarctions (37.6 = 15.5%) (Table [V) in a pattern that was indistinguishable from that
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of infarcted area in hearts transplanted into SnPPLX-treated rats that

recei ved exogenous CO was 10 not significantly different fromthat of hearts
transplanted into CVF plus CsA-treated rats with or without VePPl X
treatment. However, the percentage of infarcted area in these hearts was
significantly different (p < 0.001) fromthat of hearts transplanted under
the sanme treatnent but that did not receive exogenous CO Table W

Mor phornetric anal ysis Treatnment R ght VentricleLeft Ventricle CVF + CsA4.5
4.90.7 2.1 CVF + CsA + FePPI X12.2 9.50.7 1.3 CVF + CsA + SnPPI X26. 1

12. 7* 37. 6 of hEarBra@pianted @yAuntre@lePPitX(data @BGhawn)5 TBest les®ns werB specifo tgdwmer at e t he
data in Tabl e I | nt.o pe roup) 20
CVF pl us a'&sgl dth@gHslg'teéec §s X\@%gp%g? H@%Oﬂ%&??p&n fa‘l(cg?l sﬂl er‘:e'?rgeﬂat ed

Wi t h FePPLloX ifarctst Bfeh o iseads maqspjsmeﬂ ho SﬁEPDHeemldtras aIEESlg'hlﬁ)Mﬂtl)aBigmr cent age of

ot or sk G B eried PuanE B AR G i e 1R GF b o

treat ryﬁnt SmtiQ&fvEngﬂ:fWBS( &?ump p)Lamsres Nass Uhr&plaﬁtbd RESHPPEX ededranaayt el
macrophage in filtrati at characterize _.acu ScC j ection Muse
oo 5 norEeed FROHERTE S TG LSRR (0 SR PedeBi bt S oLsmB I FePpl X
was adm rymweaﬁhc&ndmreaw vnep;lamraﬂm Weed @mBXNO sk 6f@e&é@tk35p@amem9mppm
Gafts were harvested 3 ys ai fter transpl antation group) and

stai ned fdrVFas F@Mreaﬂac{ fa%?ﬁ'd‘hrﬂsa’“é‘é°\‘3£ﬁ%ﬁ%ﬁi§ﬁ‘f“5‘3(d€a P°‘cfh°‘1"3t Thherrrouse

P-sel ecti nyriffartted Bida OAEERs thdnbiylamiéd 1htarsnppu@@eanean@ls that re€a eQIPRA&ES T \Was
| eukocytes. Mouse hearts transplanted into S CsA-treated rats with or

wi t hoit Feppigniigantixdifisient %%Wéﬂofémféﬁw%mﬁqtlref%g{?oqﬂSé}sAd‘éﬂa&Qm o rat
lgM and C ‘.htﬂ?out(lf@?ﬁ( GEH&méﬂOWB\)/eJ@HtlherH!rceﬁigéeedﬁirﬁ'm@d h@%in tﬁ\é.e héirtsGaP- 9 (data

not shown) and ferritin were detected in aft 5 endot heli al
and snoot rﬁlswfsceméy ‘Eff?ff-‘%* (s 081 frogs thetpf agarisitigpspiaplse ydes gf(&davatrmerg hehwn) .

There was , Qidnobtebliv@ixoy@inestdr thronmbosis or infiltration by host

| eukocytes usually assocrated with focal areas of infarction (data not
shown) .. There was | ow but detectable P-selectin expression on the vascular
endotnel i um (data not shown). Hearts fd,@®pl anted into CVF plus CsA-treated

rats, Morphometric analysis

Treatment Right Ventricle Left Ventricle
CVF + CsA 4549 0.7x2.1
CVF + CsA + FePPIX 122£9.5 07£13
CVF + CsA + SnPPIX 26.1 £ 12.7* 37.6+ 15.5*
CVF + CsA + SnPPIX+CO [ 84153 18£34

To generate the data in Table IV, mouse hearts were transplanted into {n =3 per group)
20 CVF plus CsA-treated rats. When indicated, graft recipients were treated with FePPIX or
SnPPIX and exposed to CO. Results are shown as percentage of infarcted area. Statistical
analyses were carried out using ANOVA test. An asterisk indicates significant difference as

compared to all other treatments.

25 Exogenous CO suppresses vascular thrombosis and monocyte/ macrophage infiltration that
characterize acute vascular rejection
Mouse hearts were transplanted into CVF plus CsA-treated rats. SnPPIX or FePPIX was
administered and graft recipients were exposed to CO (250 —400 ppm). Grafts were harvested

3 days after transplantation (n = 3 per group) and stained for rat IgM, rat and mouse complement

53



under inhibition of HO-1 activity by SnPPI X, showed simlar |evels of

i ntravascul ar deposition to of IgMand G q as conpared with control

FePPl X-treated rats and no detectable 1gG C3, or C5b-9 (data not shown).
There was wi despread vascul ar thronbosis of |arge coronary vessels
associated wth P-sel ectin-expressing platel et aggregates and intravascul ar
fibrin. Thronmbi we, consistently observed in |arge coronary vessels at the
base of the heart. There were no detectable P-selectin-expressing platelet
aggregates in the mcrovasculature (data not shown). There was 15 extensive
graft infilGinaet ad WS%&S@‘CWM??@SMOPSF fehsinjfibininoges, dnd rarsABA 5 ee‘mcéﬁé‘ﬂﬁt es

eXPr €551 10 1, IORASS MBS I6REs CRRHE B b RN IR SR vkt 2 not

shown) . ng nonocy t were f near ar erl o es an attered
t hr oughout utektmemysbommhxmwamg@msaﬂ@depcmtmtnoénaeaM oid Gan(dztmnotchnwdﬁbatmos

transpl ant rats th [e

essl, nti al ﬁjg/twgﬂgl% St ?rngfé?gg(ﬁﬁgpms ?'wnr% ose ﬁ@gs‘gﬁf‘évcfrecﬁe\é\{e? &2} eat ed
with C¥F plebld?atm amitsﬂnomh mukdlhealls as %€ PRliXcdrdiat a:ym}'tesfédmw\m)t shol@SEheheakd S
showed sim| e vascyl ar osition as conpared wth
oo ts ¢ afeBmER RE REBR A S R o oSt G aror wE febd o
CO (data naieagmmmammdarnoaaoenpq&ufea«asuchema déREEY 18 B-s8le@lhSexPlessiATRmUh AN

t hronbosi s as reveal ed by the ack}:ﬁi det ect abI P- sel ecti n- expressing

pl atel et ag@druigasndethghumtsaja ot showa). Heafts 'F?"BP'F’H‘" Pl Eetus fsdheetebiatet ed on

the graft vasquninssieidie la¢umy b'rrBﬁF’P&XV\ﬂa%de)ﬂﬁnlaﬂ 1@0@4 o fQhtrdVRRRARY deBbsit\h
infiltration associated with focal areas of infarction (data not

shown)'® Upof @%M?Wafmmﬁwvhﬁ%ﬁa‘oﬁeﬁw ipatedapts and ppdesctablerGy el ot

aggregat i oirsglh (Ghey 86t sﬁm)abﬁ@aa@s Qfdeﬁy‘re"&ﬂ QhRLIPBH B bPRrdeRo@h A L&seis
transplanted into rats exposed whet her expression_of HO 1

endot hel i al3sseeipted WiR & rsﬂle?‘ﬁ’l'ﬁ"ﬁf"f“?ﬁ %{T‘@Fagg‘égijifseﬁj'ﬂt"itﬁﬁaﬁchlavmt% T\Rﬁ%“bs&’ e
i nvest i gat @ensidAU§ SoseREPin 1Bk Bdrofdy VetselEdt heDARATRE Hert CORRL KeRho 2RERILY: t O

i nduce or sup Eéess HO activity in these cells, respectively, Platelets were
‘overlaid oR-Selfetinpxpaissias platlerasieTegatasia thaaistoxaschlgiurg (date mokshp i) \Thets waggr egat e

on sti,gul ati @R aﬁﬂﬁﬁﬁ,%umy hoSt &h@ép@.ﬁ@asqvaris@y%m* 1%&@@%&%@%%@6' i al

cel'l s aggregate norrra 'y when stinul at ed

pl atel ets mnecwwsreaker&l%ﬁ%@ﬂeqnmﬂfééﬂass& ﬁs&(dua@apb@owm Hnfjystmex, pl at el et
aggr egat i on, @S e/ W@@ﬁ%rﬁ%eﬁ%gﬁ&é‘s%%&hex@b &l eBbit e RRREdinD s4hL5ERt ed

endot hel i al cells 11). This observation i1 ndicates that untreated
endot hel i alWithergago aﬁa@tlan basal | evel of HO activity presumab[y attributable

to constituti VeH%‘Bﬁl@ﬁs%laﬁﬂd SHto g@ﬁxitﬂa&@%hﬁ%ércsc@aeg'to Ed)werdiCRall y

20 indistinguishable from those transplanted into rats treated with CVF plus CsA with or without
FePPIX (data not shown). These hearts showed similar level of IgM and Clq vascular
deposition as compared with hearts transpianted into recipients treated with SnPPIX but not
exposed to CO (data not shown). Under CO exposure, there were no signs of vascular
thrombosis as revealed by the lack of detectable P-selectin-expressing platelet aggregates or

25 intravascular fibrin. P-selectin was detected on the graft vascuiar endothelium. There was some
level of monocyte/ M® infiltration associated with small focal areas of infarction (data not

shown).

Up-regulation of HO-1 in endothelial cells inhibits platelet aggregation
30 Given the absence of platelet aggregation in grafts transplanted into rats exposed to CO,

whether expression of HO-1 in endothelial cells would inhibit platelet aggregation in vitro was

54



pl atel ets were exposed to cridothelial cells pretreated with CoPPI X,

pl at el et aggregation was 10 significantly inhibited as conpared with

pl atel ets exposed to untreated or SnPPD(-treated endotheliall cells (Fig.
11). This inhibitory effect was suppressed when platel ets were exposed to
endothelial cells treated wth both CoPPl X and SnPPI X (Fig. 11). Both CoPPLX
and SrLPPLX up-regul ated the expression of HO 1 in cultured endotheli al
cells (data not shown). The differential effects of these protoporphyrins
shoul d be attributed to the ability of SrIPPI X to act 15 as a potent

i nhi bi t or ofinysedigatede oypegridathelial m}%wre erpysed G&rpEF LY eSTERIX waeﬂd@aswé@@%s

endot hel i al H—‘(S*!aénvﬂ?ﬁﬂa&%'c§llsqé§‘pe9tﬂvei)hQ’IJIR&tE‘w@r%%DéHa?cForFtﬂ@End&h@fxﬁ‘EElf’srah&es the

rej ection of nouse rts transplarited into rats treated wth SnPPI X is the
wi despread agtgdtiosther dfilits oasgreaite an siredlptondn dARPAR dMic Plyjdgyoveslaidon( Fig. 12).
Apopt osi s di r ed wth
Foppl X (Fi gl ARGHE RIEBLE ARl ARRR R A BE AR Rl
apopt osiss i rplaveiltts oeleSppased toendahelial ceNpprairetel/math SAPRIDY platedit Zgerd@6@; wand
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not occur |o|bsdnmsmddeaues Huatunanaipi andotbelial cetflo havatadatal Eatled HA dchiviBaPPl X and
dt 25 t hi
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t 6dihakial del! This itkigi 8 ed whenpl Refefekgbsedltd) .
?E\gpagf: Zpo;dtd h?ﬁgdchseg?ﬁggﬁl_‘%?g}b tgoy € ;g%gg?ﬁrgﬁ Pw felas e‘§8| Eﬂ)ﬁs-eg 13)
activity beceéagfée ialos s rakedgyithd #%ﬁé? & % L%FQM@&“%
gnt IS apopt ot nq;a reguﬂ@edthoéxp%sabﬂﬂﬂoﬁllgculﬂ;?e)d.enddmewm tdlB i(duitd Ao Bho@n). Hel activity
PPI X, . TNF- t t
sﬁgggstl ng t l%enou fcgtﬁﬁé\}‘égfé’é%w@pﬁ‘%f‘ﬁ%%@?E‘Est%ferf “t"a;%Efg@FI ¢ ggppatﬁég Rt

gener at{s0n Gk a poleftimidbitot 3] HOS dnayhale abivigxi de suppresses the devel opnent of
transpl ant - associ ated arteriosclerosis Brown Norway aortas were
transplanted into Brown Norway rats (syngeneic), untreated Lewis rats

(al | ogenei C)HOArgehérates Otnihat mpmeesea ehdotiaiaban mﬁmﬁk de (250 ppm allogeneic
wi th carbon non de re harvested. 56 er tra | ant ation
and st ned by aOMBL mad TS P FrreQTeIS G heT SR GRS Pirgg whL i
hemat oxyl i n.radBtreadd et SPPL@ the widdépread gpapiisis of éraiaﬂaplxﬂlaél&dnii Bir@iad AYécStek at S
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(Fig. 12). Given the ability of HO-1 to suppress endothelial cell apoptosis in vitro (Soares er al.,

Nature Med. 4,1073-1077, 1998, and Brouard et al., J. Exp. Med. 192:1015, 2000), whether this

cytoprotective effect was mediated via the generation of CO was investigated. Apoptosis did not

occur in mouse hearts transplanted into rats treated with SnPPIX and exposed to CO, suggesting

25 that this was the case (Fig. 12). Tt was investigated in vitro whether under inhibition of HO-1

activity by SnPPIX, exogenous CO would prevent endothelial cells from undergoing TNF-E-

mediated apoptosis. The data illustrated in Fig. 6 suggest that this is the case. Overexpression of

HO-1 suppressed TNF-a-mediated endothelial cell apoptosis, such as it occurs in the presence of

actinomyein D (Fig. 12). The antiapoptotic effect of HO-1 is mediated through its enzymatic

0 activity because exposure of endothelial cells to SnPPIX blocked the antiapoptotic effect of
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those associated with chronic graft rejection (data not shown). These

| esi ons becane apparent 20-30 days after transplantation and were
significantly nore pronounced by 50-60 days (data not shown). For this
reason, all analyses were carried out 56 days follow ng transpl antati on.
These | esions were characterized by intiml hyperplasia, |oss of nedial
snmoot h nmuscle cells 15 (SMC) and accunul ati on of | eukocytes in the
adventitia, and Were not observed in aortas of the transplant recipient
(data not shovvn&__ gns., th | esi.ons were observed when rat aortic
segment s wefle-t Figdp) éﬁldéﬂnll"ﬁ't“&“ EWBérPéi’Y:“Yr‘ﬁ’cﬁnﬁf’Qﬁt%Oge’F@“t%gf‘O\HH%PW@} CO
woul d suppr gggrekde® TNEEY. &l GiRER ijopbis sh @@ndgqﬁatcma s@;ﬂﬁésk& eHEGhdiidl upr €
transpl anted 1 nto all ogeneic reci |en s that were then exposed to CO (250
ppm | medi @peqoysmlth@mnpr@uwé #idkion and for the subsequent 20 56
days. Intimal hyperplasia was inhibited in aortic grafts transplanted into
reci pients exposed to CO as conpared,to those transplanted into recipients
exposed to éﬁnbOHaBOnﬂaEletSh@rmcﬁuhuﬂateloomenbﬁtrmkboyasccnhmd @rtetiescldesént i ti a

(data not shown)g. Qf‘)}n n I

conpared to gr af TS T anspl 8“ ”ringaﬁé\t Qre'éé)%é recl plyrﬁ{)és)flgg}gg?nofwgﬁqom)
25 Exanpl e Ld\ms ra'ﬁr((atlmodns) tlirdrewrushetsfx;e»atdrtenarboxi menaided 2 snghnT;i alsgeesic withDonor ,
and a Reci p| Tra Asp tatl on Pro exanpl e
i |l ustrates® °8t °"8f“§jn? b frﬁ ?W%Sé? dra ﬁtgﬁk?mplﬁﬂta“%lrﬁ'gﬁ ﬂgy

reci pi ent wnbdifiehelboia namassrdeucwrumgorabytqoan&arhani)ahl Gfoviad Nﬁ@dw’aechny one,
or nore of the follow i

du t ti
b ocedlr e, ETERS SrISREHERIRGHEG B eI B BT RalC LSe i Sy
ti ssEe themds&rmiocn&ﬂwbtﬂchroﬁgtgﬁm r\tjetthni(ddwhcﬂdhmﬂbmﬁeseHﬂaiib?xbéiemé aareppm for
one hour nt .can adm ni,st ered oses var r mto
2000 pprm f of - F58 0& KRR R o Fep L R Rineg by S0 Ahe (et 1 o
period f rOﬁhottsHitﬁvﬂTDBﬂﬂhlsvdiﬁm al[anb@'mm&:se qaerslidat ssdta@s rmleaztngarabfpwmde.ad
(cadaver) gnor to the t e .or. IS renm tment shoul d, start as

ne, t. Tr
soon as pos Rest LeSipny ‘T"?ﬁ\f'ﬁéﬂc °Hé=d&§dﬁﬂé{?°df‘mﬁ’ ?ﬁﬂaa¥°sf)?%fpf‘f?ﬁd'§'3? "?”§°'E)Fé§ent. In
3 omehaﬂslp; | i C@M@)ﬁﬁd al:dunﬂii&}dorbﬁ' lelkeé el meTad)veb&@aB And wezgha&fbkerba:‘ iARertd3rodthe
eat or non-hunman .ani to be used as xen anspl antati on
Gonor s, |+ helMRRIEN TE RN K R gt N EHPR Rt ders e disgr o Bhen BASTS. of
i nhal ed car @At RexitAfsplanted GRS syngéeheicxecipiomg Tca&sttmtrﬁacmlmeﬁpgleﬁbhdﬂ SO
produced does not cogﬁ)ﬁe ese t he. vi b| | it %gd function of th bgan to be

t ranspl ant etfVIRRPeRL °S108% dORi§ ﬁvs‘fé" fréecypig 18$3“F‘ﬁé?f"§?5’(§5 M%. g. ,

then exposed to CO (250 ppm) immediately following transplantation and for the subsequent

20 56 days. Intimal hyperplasia was inhibited in aortic grafis transplanted into recipients exposed
to CO, as compared to those transplanted into recipients exposed to air, as was the accumulation
of leukocytes into the adventitia (data not shown). CO had no significant effect on loss of

medial SMC as compared to grafts transplanted into untreated recipients (data not shown).

25 Example II1. Protocols for the Treatment of Organs and Tissues, a Donor, and a Recipient

During Transplantation Procedures.
The following example illustrates protocols for use in treating a donor, and organ, and a

recipient with carbon monoxide during a transplantation procedure. Any one, or more of the
following procedures may be used in a given transplantation procedure.
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1000 ppm or higher, and up to 10,000 ppm particularly for brief tines). 15
Treatnent of the organ in situ Before an organ is harvested froma donor, it
can be flushed with a solution, e.g., a buffer or nmedium wthout red bl ood
cells while it is still in the donor. The intent is to flush the organ with
a solution saturated with carbon nonoxi de and maintained in a carbon
nonoxi de atnosphere so that the carbon nonoxi de content renains at
saturation. Flushing can take place 20 for a tine period of at |east 10

m nutes, e.g., 1 hour, several hours, or longer. The solution should

ideal ly deliver the_ highest concentration of carbon nonoxi de possible to the
cel I s of thEreagpepsala Ppeati rent of an Organ or Tissue 25 The organ or tissue

can be preserve¢ﬁbpto%awe§ingm5&aﬁ o tREleUHE BoroRENAR BB itH anble@Brbdahe time it
is removed fromthe donor to the tinme it is transplanted to the recipient.

Thi's can bemonside? Ve for9ae PRUA hicpigrenttan be sfnistered pkdoges Yapyingrfeormedi um
conpri sl ng ﬁgaﬁnp{o,lbbfolpp‘?ﬁfo!ﬂ%@&?vdr;in %r}\gﬂéh%htoasim&}rs!ﬂﬂ?foﬁlh?%%gkgérr%d%?&‘rS ex

vivo rather than in an animal, very hi concentrations o gas can be
used (e.g.,thanooet wismitibgcdues possipie tntredt @bratmdead dtadelenidonor@ojhe @G tHe7organ

Treatment of A d3Ee ! ek TS 661 B 50 SANMRPLIEERL A SbillibRRRARIONOXI de.

Treat nent can begin ont transplantation m nut es

bef or e sur gizath ibpgients .In sdreappbdations, i may be desirbtde todggin trastmiesdsfore Brad@earh.nut es
before re-perfusion af the .or in_the ipient. |t n continued for
at |least 30 ninz%égy'gﬁﬁp?mﬁmgggg?m&%#%%%%%%%%gpggméggggmﬂg@%ﬁ%h°iﬁ°ppn1and
3000 pfam ceamirad cardisd treated edthfredative brhyghrlgvels afigdialeéd caybon mpmuidesasalesited, s dgngand
can be adm nistered .o hgtion.

n_the f on follow.ng transpl a
For exanpl € U§ PR }ECB’HF'O@&%@FW %ﬁegggesélgtncge%%/or%%% %lﬁw\é\f?ln%aar"ggﬁ' ¢ 10%020)5 de,
e.g., 3000 gpm tobermrarsplamted. clom sxanptlé, vae bOldsse emes pregert tharh©lOgem (At er nat i vel vy,

the 10 recipi.ent can inhale, .s 2 m tended tinme, such as 20
days. Car bo@?ﬁg%é’f%ﬁ# W "8(5’ éoeﬁbggoeoltp?%hgﬁécé%% ggrlr}tn? |"9eésg as a guide for
appropriate adm nistration of carbon nonoxide to a patient. Usually,

treatments i ents sho.yul d not rai se carboxyhenogl obin | evel s above

1 . C)rt r%?iglothe organ in si ; h .
t hose Consi deP &Y pose an acceptable risk for a patient in need of a

transplant. 15 @efoesankovpands harvested from a donor, it can be flushed with a solution, e.g., a
buffer or medium, without red blood cells while it is still in the donor. The intent is to flush the
organ with a solution saturated with carbon monoxide and maintained in a carbon monoxide
atmosphere so that the carbon menoxide content remains at saturation. Flushing can take place

20 for a time period of at least 10 minutes, e.g., 1 hour, several hours, or longer. The solution
should ideally deliver the highest concentration of carbon monoxide possible to the cells of the

orgar.

Treatment of an Organ or Tissue

25 The organ or tissue can be preserved in a medium that includes carbon monoxide from
the time it is removed from the donor to the time it is transplanted to the recipient. This can be
performed by maintaining the organ or tissue in the medium comprising CO, or by perfusing it
with such a medium. Since this occurs ex vivo rather than in an animal, very high

concentrations of CO gas can be used (e.g., 10,000 ppm to keep the medium saturated with CO).
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It is to be understood that, while the invention has been described in
conjunction with the detail ed description thereof, the foregoing description
is intended to illustrate and not limt the scope of the invention, which
is defined by the scope of the appended clains. O her aspects, advantages,
and nodifications are wwthin the scope of the following clains. 58 CLAIMS 5
1. Use of carbon nonoxide for the preparation of a pharmaceutical
conposition for enhancing survival or function of an organ after
transplantation into a recipient, characterized in that (a) the

phar maceut i cal conposition is adm nistered to a donor, (b) an organ sel ected
fromthe grou mcon aﬁ&cp ki dney, liver, heart, skin, small intestine,
and pancrea§ S oobt i he ron1the donor, and (c) the organ is transpl anted
into a reci p| enthe r&ﬂplﬁnt cainke mmdo'fltmdad:omrfnnoxfiherhismmbnlnea:pbammeuﬁdyoﬁl

conposition is, ad 'ni dto ve he
CoaPor o olaishiaRR i TS b Ra bt Syrp S oA Bl B CRRR EBR S s bon
monoxi sle i 30 admmibefwmecbetf@sldsmmwgin iptHeqecipientamidah b¢ tonvihued foralicastdeat h. 15
4. The useagf,aQ% one 3 mhereln}%he h ceutlcal

utesy

conposi tio ffsl °"Bh§?’lr‘?ﬁ%@8?‘?xéda‘1d°&?§rl?ﬁ%”§ie? Pﬁ'@rcarbl%f‘nprl si ng

treating thawefegzm viaPyirggl tirtlesi agtdﬂemzedanmurswaﬁdbaabseaaﬂlmmepdaafnrm@@%rml on
conposition co S|n car bon qpnOX|de 20, 5. The use of any. one of clains 1

to 4, furt Ao R4avRg € @a&t?t@&u ALeXamBlent GiRIeRYC2p iR3le a copgepiratiog of gasbon

transpl ant fHoh&dé &8P 3000 fph, %r&l@e@mks&hwenmewnu@?Aamqmmaom&ﬂnﬁmepyon@rI sing
carbon nonoxi de. 6., .The use of apy one of c¢la wherein the

phar md@eut Fecipient eARIBRAS sayn2¢prm @f frygxtenged ‘b’ﬁ&rsHﬂ’c"é@pldé%f‘f @pnpygsmepishinand

further copgHckmtafiong iR béLi@Re@bs ﬁgﬂa%ﬁiﬂfdpﬁgtetaﬂmm'ﬁﬁ'aﬁ&%mh@@ﬁ mBnS@fapd
phar maceuti cal conposition conprising, carbon nonoxi de before step (c),

during st epateal Usipip freatmgrys (‘E)V“'Pb“é‘ﬁﬁhé“léﬁﬁt rAlSe Faskpryhempetabin leffé“f"(‘j’Pée and

after stepmok&donsiBbred@RffELan Mkptabt isRIsk aatiilt iPARR of £iransP@nt/. The use of any
one of clains 1 to 6, wherein the organ is a liver, a kidney, a heart a

15 Other Embodiments

It is to be understood that, while the invention has been described in conjunction with the
detailed description thereof, the foregoing déscription is intended to illustrate and not limit the
scope of the invention, which is defined by the scope of the appended claims. Other aspects,

advantages, and modifications are within the scope of the following claims.
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pancreas, a small intestine, or skin. 59 5 8. 109. 10. 1511. 12. 2013. 14.
25 15. 3016. The use of any one of clains 1 to 7, wherein the donor and the
recipient are of the sane or of different species. The use of any one of
claims 1 to 8, wherein both the donor and the recipient are humans or

non- human ani mal s or wherein the donor is a non-human ani mal and the

reci pient is a human. Use of carbon nonoxide for the preparation of a

phar maceuti cal conposition for enhangppgMée survival or function of an
organ after transplantation to a reciprent, characterized in that (a) an
organ of a donor is provided, (b) the pharnaceutical conposition is.

admi ni st dred tUset dlecarbemrmo e {a)thehwepargion pE at phaimisreuiical compesition for

21BNt TSR A gl Sl e P e e LB

wherein step charaterigéd ihithgt out ex vivo. The use of claim 12, further
conprising the steps of, prior to step (b), admnistering to the donor a
secohd pharmaceuti dal cdhppkarmagerticalgampsisiigndapdipinistered e adonetnd  renovi ng

the organ fromthe nor_.. T f [ wh .0t congl
phar maceutical co g iti"lé)lnmjiégrl égrﬁha%lds@elﬁetg% Boup"88:Hithg' 8 &R fver, hear,

skin, small intestine, and pancreas is obtained from the donor, and

© the organ is transplanted into a recipient.

10 2. The use of claim 1, wherein the pharmaceutical composition is administered to a live

donor or a brain-dead donor.

3. The use of claim 1, wherein the pharmaceutical composition comprising carbon
monoxide is administered to the donor prior to and following brain death.
15
4. The use of any one of claims 1 to 3, wherein the pharmaceutical composition is a first
pharmaceutical composition and further comprising treating the organ in situ in the

donor with a second pharmaceutical composition comprising carbon monoxide.

20 5. The use of any one of claims 1 to 4, further comprising treating the organ ex vivo,
prior to the transplantation step, with a second pharmaceutical composition comprising

carbon monoxide.

6. The use of any one of claims 1 to 5, wherein the pharmaceutical composition is a first

25 pharmaceutical composition and further comprising the step of administering to the
recipient a second pharmaceutical composition comprising carbon monoxide before

step (c), during step (c), after step (c), before and during step (c), before and after step

(¢), or before, during, and after step (c).

30 7. The use of any one of claims 1 to 6, wherein the organ is a liver, a kidney, a heart, a

pancreas, a small intestine, or skin.
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to a live donor or a brain-dead donor. The use of claim 13, wherein the
second pharnmaceutical conposition is admnistered to the donor prior to and
followi ng brain death. the recipient a second pharnaceutical conposition
conpri sing carbon nonoxi de before step (c), during step (c), after step
(c), before and during step (c), before and after step (c), or before,
during, and after step (c). The use of any one of clainms 10 to 15, further
conprisi gg t hegpgti@e FfanddRetifsdAnisNOtd @, Rflerkify thERINYP An@ith@R¢iNaR & ofthRi MB
10 to 16, wherein the ofgan is a liver, a kidney, a heart, a pancreas, a

| ung, a snal | sameesof differant spicias. 5 18. The use of any one of claims 10 to
17 wherein the donor and the recipient are of the sane or of different
species. 10 15 20 25 19. Use of carbon nonoxide for the preparation of a
phar macegt i calTheoR Qs dnyOdhef OF claRRANGI Q) Gvisdiéini ot tIRf déndr! BHASThe aBEiBRnOA@AN
in a recipient, characterized in that (a) an organ is provided froma_ donor,
(b) & he or gan humaps gnsph-hrmed animals o1 vdergin e donords gaontimangshanimat engd theal
conposition is_adm nhistered to the recipient before (b), during (b), after
(b), before a ﬁ“@ﬁ@ﬁﬁﬁhﬁéf?'before and after (b), or before, during, and
after (b). 20. The use of claim 19, wherein the pharnmaceutical conposition
is admnistered to the recipient within 1 to 20 days after (b), at |east
once witRPn t Rdsepedr pashom erenenidegfor 1the Qugparatianepf @ppharmacevtical porapesitians fasr

craims 1 of Srisihe UR AP eERUAGN M 4y ol anef vlBhp biigt b soRERRE, o

t he1g eci pi ent chpadtegidehihatati on that the transplanted organ i s undergoi ng
or about to undergo chronic rejection, or upon determnation that the
transpl ant ed or g@h anoreapriardosonty nsevidesbut t o undergo acute rejecti on.

(b) the pharmaceutical composition is administered to the organ; and

(c) the organ is transplanted into a recipient.

15 11.  The use of claim 10, wherein step (b) is carried out by perfusing the organ in situ

while the organ is in the donor.
12. The use of claim 10, wherein step (b) is carried out ex vivo.
20 13.  The use of claim 12, further comprising the steps of, prior to step (b), administering to

the donor a second pharmaceutical composition comprising carbon monoxide; and

removing the organ from the donor.

14. The use of claim 13, wherein the second pharmaceutical composition is administered
25 to a live donor or a brain-dead donor.
15. The use of claim 13, wherein the second pharmaceutical composition is administered

to the donor prior to and following brain death.

30 16.  The use of any one of claims 10 to 15, further comprising the step of administering to
the recipient a second pharmaceutical composition comprising carbon monoxide
before step (c), during step (c), after step (c), before and during step (c), before and

after step (c), or before, during, and after step (c).
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22. The use of any one of clains 19 to 21, further conprising the step of,
prior to obtaining the organ fromthe donor, admnistering to the donor a
second pharnaceutical conposition conprising carbon nonoxide. 30 23. The
use of 22, wherein the second pharmaceutical conposition is adm nistered to
a live donor or to a brain-dead donor. 61 24, The use of claim19, further
conprising the step of, prior to (b), admnistering to the organ a second
phar maceutical conposition conprising carbon nonoxi de. 25. The use of claim
24, wherein the second pharnaceutical conposition is admnistered 5 to the
organ in $itu The ushefdoyone ahdhims Hxtoviéy hettn thehegarsis adfveara/kidney, etheart,a ns
19 to 25, wherein the orgqan is.aliver, a kidney, a heart, a pancreas, a
lung, a smal | RaAFEaLiadun ’8r5“?i]ilﬁt.eg‘tir€?’2r7§k1¢he use of any one of clainms 19 to
26, wherein the donor and the recipient are of the sanme or of different
species. 28. Use of carbon nonoxide for the preparation of a pharnmaceuti cal
conp®dsi tildn f ofhe wehdrany ngetdfeldiom dOi torl 7ofhacidahe donergand, the regipienteare p€the n
that 15 (a) an organ_.qf..margi nal donor is provided, and (b) the organ is
exposed to théamg%rﬁﬁggfﬁ?rggpecd?ﬁmosi tion. 29. A method of maintaining an
animal cell in vitro, the nethod conprising: 20(a) (b) 25(c) (d) providing a
vessel containing a pressurized gas conprising carbon nonoxi de gas;

provi di ng%n S af earborlthonexidd ferothewprepaation o€ ac phdrmiageutiopt icompysiten Iforor

ctem cell’ 1ol chaiog, Lis Bl seueeh R Lian e et o g
in yhptro in the RERSERES gfprgﬂge@frmmbg conpri sing carbon nonoxi de gas.
(b)the organ is transplanted into a recipient; and
(c) the pharmaceutical composition is administered to the recipient before (b),
during (b), after (b}, before and during (b), before and after (b), or before, during,
and after (b).
15
20.  The use of claim 19, wherein the pharmaceutical composition is administered to the
recipient within 1 to 20 days after (b), at least once within the period beginning 21
days after (b), or multiple times or continuously during the period beginning 21 days
after (b).
20
21. The use of claims 19 or 20, wherein tﬁe pharmaceutical composition is administered to
the recipient upon determination that the transplanted organ is undergoing or about to
undergo chronic rejection, or upon determination that the transplanted organ is
undergoing or about to undergo acute rejection.
25
22.  The use of any one of claims 19 to 21, further comprising the step of, prior to
obtaining the organ from the donor, administering to the donor a second

pharmaceutical composition comprising carbon monoxide.

30 23.  The use of 22, wherein the second pharmaceutical composition is administered to a

live donor or to a brain-dead donor.
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30. A nethod of maintaining an aninmal cell in vitro, the method conpri sing:
30(a)providing a culture medium conprising at least 0.0001 g CO 100 g

medi um and (b)nmaintaining an isolated cell in the nedium 62 31. Use of
carbon nonoxi de for preparing a culture nmediumfor naintaining an ani nal
cell prior to transplanting it into a recipient, characterized in that the
mai ntai nin the cell is performed as described in claim30. 5 32. The
use of clafm SIhCW@@’éPhﬁlmH@ anthen comprising shogepoharfiar te b}, pdministeringt ther
froma donor t T 1 or 32,
further conpri érg% g(r:ﬁn(r%\ll sagr%|ach'3§'8‘|:egi C% 051?&%%%@?85388%& r]i%glnéto t he

reci pient prior to transpl anti ng, dur| ng transplanting, after 10
transplanting, prior to and follow ng transplantin or prior to, during

and fol | o%#ng TE@ s pf slaim g, wheregy theysgeongdsphasinacquiicah cpmpagHiangs §d ’anIéStEWFlrral
cell gds obtain A nprising: (a) admnistering a
corrpoé5| tion co?rfogtrhlp's%g&a"c?g? 8élt}%odﬁggpﬁ*d?§}gextv 123 donor; and (b) obtaining the
cell froma tissue of the donor. 35. The nethod of any one of clainms 29 to
30, wherein the anima|l cell is part _of a 20 pancreati.c |slet a liver cell,

a pancreatfc RIBepse Ofaam’%ecﬂfl%lﬁls 19 o dhewhaipinghe eaan is a live arkddnsy, eheart, ag
nmyocyte cell St e of any one of clainms 31-34,
wherein the ani3 ?e éﬂnn% égma&%?&gg‘p%}ﬁsglr eatic islet, aliver cell, a
pancreatic R-cell, a fibroblast, a bone marrow cell, a neuronal cell, 25 a
nyocyte cell, or a stemcell 37, Use of carban monoxide for the preparat| on

of al%har dkceut he d5e ebapoeRe Phelaimsy 19 Entfarthengn dhe donpaiand thefecimentare elkthe
after renoval e[xxg%laot‘jzﬂﬁgfe t%ﬂ; al.acterized in that: 30(a)the pharnmaceuti cal
a 0

conposition is mnistere a live or brain-dead donor; and (b)an
isolated cell is obtained fromthe donor.
28.  Use of carbon monoxide for the preparation of a pharmaceutical composition for

enhancing the function of a donor organ, characterized in that
15 (a) an organ of marginal donor is provided, and

(b) the organ is exposed to the pharmaceutical composition.

29. A method of maintaining an animal cell in vitro, the method comprising:
(a) providing a vessel containing a pressurized gas comprising carbon
20 monoxide gas;
(b)  providing an isolated cell in vitro, wherein the cell is a primary cell or
stem cell;
(c) releasing the pressurized gas from the vessel, to form an atmosphere
comprising carbon monoxide gas; and
25 (d)  maintaining the animal cell in vitro in the presence of the atmosphere

comprising carbon monoxide gas.

30. A method of maintaining an animal cell in vitro, the method comprising:
(a) providing a culture medium comprising at least 0.0001 g CO/100 g
30 medium; and

(b)  maintaining an isolated cell in the medium.
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63 38, The use of claim 37, wherein the pharnmaceutical conpositionis a
pressuri zed gas. 39. The use of clains 37 or 38, further conprising: (c)

mai ntaining the cell in vitro in the presence of a second pharnmaceuti cal
conposition conprising carbon nonoxide. 5 40. The use of claim 39, wherein
the cell of (c) is disposed within a liquid medium 41. The use of claim40
wherein step (c) is performed by providing a source of pressurized carbon
nonoxi de Pyas ansk SOMrBEA mtthoklR fot PripdrinEdi dituyd hiedias PONmARRLNIngCand@fimall O
rel eased fromthe source of pressurized carbon nonoxi de gas. 42. The use_ of
cl ai m 40, wherasilrpridido|trapgplantig it uniocd rasinients chagadierizedon dhatdhe ramntaiming ok e
of any one of tﬁlczcaéﬂns ?é7fo¥03€2s é'\hr?re%iiHcEari]r% ell is part of a pancreatic
islet, a 15 I'Tvey e} %H%P%a?lc n-cell, a fibroblast, a bone marrow
cell, a neuronal cell, a nyocyte cell, or a stemcell. 44. Use of carbon
nonoxi de for the preparation of a pharnaceuti cal Qoggosition for enhancing

survfval BF a Tl useafficdainy 2hovherein tpanimabrelt is elraingd frem thedesipienher froma ( a)
t he pharnaceut | ) i S, adm nistered to a live or brain-dead
donor, (b) an 4@%*%]%{;%%%2#%“?@13%@& ned fromthe donor; and (c) the cell is
transplanted into a recipient 25 45. The use of claim44, wherein the donor

is not the recipient or the donor and the recipient are the sane aninmal.
46. The uSe ofThe vsengf glpimp Hsor 2y fusier compripiar RYmMinistesingpa ¢arbenMARAkids i ng

a second har tica . L1on_ G i SJ o] 0xl h
r eii pi ent Bri o%%g{nlﬁg %ﬂ)ctg Egﬁggllgéﬁlt %Itqﬂggrr?\ps %r%gla%?}b?ng "ﬁﬁé ??tgsﬁlsaé?l Bért %P Fon
stepo fol | ow ngankplanting riol antaad felloveihe Pransplantig, bP pabddtd, Aukiayl Ag follewing

transpl antation step, or prior to, during, and follow ng the
transpl ant at i GFNSRIARLING4 47, The use of any one of clains 44 to 45, wherein

the:cell is part of a pancreatic islet, a l|iver cell, a pancreatic n-cell,
a fibroblast, a bone marrow cell, a neuronal cell, a nyocyte cell, or a
stem cel 134.5 The use of claim 31, wherein the animal cell is obtained from a donor by a method
comprising:
15 (a) administering a composition comprising carbon monoxide to the donor;

and

(b) obtaining the cell from a tissue of the donor.

35.  The method of any one of claims 29 to 30, wherein the animal cell is part of a
20 pancreatic islet, a liver cell, a pancreatic (-cell, a fibroblast, a bone marrow cell, a

neuronal cell, a myocyte cell, or a stem cell.

36.  The use of any one of claims 31-34, wherein the animal cell is part of a pancreatic
islet, a liver cell, a pancreatic B-cell, a fibroblast, a bone marrow cell, a neuronal cell,

25 a myocyte cell, or a stem cell.

37.  Use of carbon monoxide for the preparation of a pharmaceutical composition for
enhancing survival of an animal cell after removal from a donor, characterized in that:
(a) the pharmaceutical composition is administered to a live or brain-dead
30 donor; and

(b)  anisolated cell is obtained from the donor.
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48. Use of carbon nonoxide gas for the preparation of a pharnmaceuti cal
conposition for enhancing survival or function of an animal cel
transplanted into a recipient, characterized in that (a) the animal cell is
transplanted into the recipient; and 10 (b) the recipient is caused to

i nhal e the pharmaceutical conposition before, during and/or after the
transpl anting step. 49. The use of claim48, wherein the carbon nonoxi de gas

is supplizd i nrgch@efeemmfi7awhyREsdt Pﬁ&ﬂ&a@éﬁﬂcagccnﬁmwﬂ B APraatriLQdEALI Si ng
carbon nmonoxi de. 15 50. The use of claim 48, further conprising the step of
exposing the cell to a carbon nonoxide conposition ex vivo, prior to the

transpl aniy ng step. 51. .The._use 0f. any one.of clains 48.t0o,50,,,wherei.n prior
Lo the trisher DR RrgT Staipt ST S B aRY siPrdne e LB dipinertad o B

nedi um t hat  coffdeh8&8f Aecbf@ pharthab@italcor@iodRtion ORIPRSINZaM HomBxedeum  52.
The use of claim48, wherein prior to the transplanting step, the cell is

mai nfained in vitro in an atnosphere conprising carbon nonoxi de. 25 53. The

use of any, one.,of cl ai to 52 .whetein.the cell is.obt.ai.ned fromthe
reci pi ent%‘or hegtie @ G@BHBﬁgt Wﬁ‘frefrgthﬁ(‘i?eﬁ ?#1‘2:) }Secgfpp‘%ss‘i%*’.‘tﬁgh? hcﬁl}gnﬂl &"Bf any one
of claims 48 to 53, wherein the cell is renoved froma donor prior 30 to
being transplanted into the recipient; and a pharnmaceutical conposition
conpri si rff. carBernseoi olein & 0 whexeinistepdckis parfounediey provisling? seurce of pragsunzed
during renmoval _qf the cell fromthe dongr...65.55. .. The e _qf any one of
Clai e 48 o SADWHRPRPOE s enf iconcy fhe fididd Buecival i athopndnckids Gay
cel ho a pancr aalehgedRrdiflhe soardd STppik@siedGatton o gir row cel |, a neuronal
cell, myocyte cell, or a stemcell. 5 56. Use of a carbon nonoxi de gas for

the preparation of a pharmaceutical conposition for inproving survival of a

that ¢ e nar nicctt PR ERDR Bk R G iR bR SRR R mARRRE T 7 "

43.  The use of any one of claims 37 to 42, wherein the cell is part of a pancreatic islet, a
15 liver cell, a pancreatic B-cell, a fibroblast, a bone marrow cell, a neuronal cell, a

myocyte cell, or a stem cell.

44,  Use of carbon monoxide for the preparation of a pharmaceutical composition for
enhancing survival of a cell after removal from a donor, characterized in that:
20 (a) the pharmaceutical composition is administered to a live or brain-dead
donor,
(b) an isolated cell is obtained from the donor; and

(c) the cell is transplanted into a recipient

25 45.  The use of claim 44, wherein the donor is not the recipient or the donor and the

recipient are the same animal.

46.  The use of claims 44 or 45, further comprising the step of administering a second
pharmaceutical composition comprising carbon monoxide to the recipient prior to the

30 transplantation step, during the transplantation step, following the transplantation step,
prior to and following the transplantation step, or prior to, during, and following the

transplantation step.
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before, during, or after transplantation of the cell into the recipient. 10
57. An article of manufacture that includes a vessel containing pressurized
gas conprising least 0.001 ppm carbon nonoxi de and a | abel describing use
of the gas to enhance survival of isolated aninmal cells before, during or
after transplantation of the cells into a patient. 15 58. A sterile cel

medi um conprising: (a) nutrients suitable for maintaining an animal cell in
culture and (b) at |east about 0.0001 g carbon nonoxi de/ 100 g medium 59. A
met hod of maintaining in vitro an isolated aninmal cell suitable for

transpl andat i ofhe ugoof sny emst dibdaiondst fosthgvhepdin thy cqdl isvpadi ofcp pancecatie fislet, a
cont ai ning pressurized gas conpgi sin ar.hon noxi de gas;. (b royi ding an
i sol ated ani naﬁv‘?e?qﬁiang%rfclr?ag{c é\ﬁghegﬁﬁﬁr‘?@"‘%’ef‘{%ﬂg THRIEIQS & ’(aiﬁ)‘nmgm?f‘l(‘ffhng
conpri sing di sgQbMad QRrPANIRRAKI de; (c) releasing the pressurized gas from
the vessel, to form an atnosphere conprising carbon nonoxide gas; and (d)

mai ntsai ning the cell in the presence of the atnosphere. 60. Use of carbon
nonoxi de gas fpr eparing a medi ump for maintaini n aninmal. cell .30 prior
Lo transplant i HG® Pl CTRER MOrOXKIepSaS ioT e PAPRAR I SickiPhemARGHb e EOmBgSHaR 197 ng
of the cell i éﬂﬁﬁEi‘hQr §Rdivap HeRmLEOEDA B Gn@thA 28 %sﬁﬂante@?&t@fa EEQCiﬁi@htr,m'

cell maintained in accordance with claim 30 for the preparation of a

phar maceut i cal clooamposiediimthat or transpl antation. 62. Use of an animal cell

mai nt ai ned in accordance with.claimb59 for the preparafion of a 5
phar maceut i cal cgﬁ)pg@iaf’f%w‘ cI‘eﬂrlS tr %?%P%&Bﬁ‘?&@?‘ﬁ’ arid
10 (b) the recipient is caused to inhale the pharmaceutical composition before, during

and/or after the transplanting step.

49.  The use of claim 48, wherein the carbon monoxide gas is supplied in the form of a

vessel containing pressurized gas comprising carbon monoxide.

15
50.  The use of claim 48, further comprising the step of exposing the cell to a carbon
monoxide composition ex vive, prior to the transplanting step.
51, The use of any one of claims 48 to 50, wherein prior to the transplanting step, the
20 animal cell is maintained in a liquid medium that comprises at least 0.0001 g carbon
monoxide/100 g medium.
52. The use of claim 48, wherein prior to the transplanting step, the cell is maintained in
vifro in an atmosphere comprising carbon monoxide.
25
53.  The use of any one of claims 48 to 52, wherein the cell is obtained from the recipient
or from a donor that is not the recipient.
54.  The use of any one of claims 48 to 53, wherein the cell is removed from a donor prior
30 to being transplanted into the recipient; and a pharmaceutical composition comprising

carbon monoxide is administered to the donor prior to and/or during removal of the

cell from the donor.
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57.

58.

59.

60.

The use of any one of claims 48 to 54, wherein the cell is part of a pancreatic islet, a
liver cell, a pancreatic P-cell, a fibroblast cell, a bone marrow cell, a neuronal cell,

myocyte cell, or a stem cell.

Use of a carbon monoxide gas for the preparation of a pharmaceutical composition for
improving survival of a transplanted cell in a recipient following transplantation
characterized in that the pharmaceutical composition is administered to the recipient

before, during, or after transplantation of the cell into the recipient.

An article of manufacture that includes a vessel containing pressurized gas comprising
least 0.001 ppm carbon monoxide and a label describing use of the gas to enhance
survival of isolated animal cells before, during or after transplantation of the cells into

a patient.

A sterile cell medium comprising: (a) nutrients suitable for maintaining an animal cell

in culture and (b) at least about 0.0001 g carbon monoxide/100 g medium.

A method of maintaining in vitro an isolated animal cell suitable for transplantation,
the method comprising: ‘
(a) providing a vessel containing pressurized gas comprising carbon
monoxide gas;
(b)  providing an isolated animal cell in vitro, wherein the cell is disposed
in a medium comprising dissolved carbon monoxide;
(c) releasing the pressurized gas from the vessel, to form an atmosphere
comprising carbon monoxide gas; and

(d) maintaining the cell in the presence of the atmosphere.

Use of carbon monoxide gas for preparing a medium for maintaining an animal cell
prior to transplanting it into a recipient, characterized in that the maintaining of the

cell is performed as described in claim 59.
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61.

62.

Use of an animal cell maintained in accordance with claim 30 for the preparation of a

pharmaceutical composition for transplantation.

Use of an animal cell maintained in accordance with claim 59 for the preparation of a

pharmaceutical composition for transplantation.
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