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

i nventi on 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 ecule (Velnma et al ., Science 259:381- 384, 1993% It has also been
suggest ed t hatCATRBONMRNXIREe IMPROVES QUICHMES INELSSAHANTHEREAN e i n t he
brain (l1d.) and as a ﬂéh%%s%lnﬁﬁé‘ﬁlwﬁb’HBRQQSéESlWQhBOESIS‘pOt hal anus (Pozzol i
et at., Endocrinology 735:2314-2317, 1994). Like nitric oxide (NO, carbon
nonoxi de is a snooth nuscle relaxant (Utz et at, Bi ochem Pharnacol.

47:195- 201, 1991; Christodoul i des et a' , C| rcuI at| on 97:2306-9, 10 1995)
and i nhibits platel et aggel@imanbes Lo Xpge: pjored) Researph onb Haem)st

48: 286-8, 1982). I have
anti-inflammtory T %é@sﬂl ‘IQJI’% ng%jr?evgw d;og\éﬁ% {)Juf)gq mcfef Rt%rggnr?zbqsm t| onis a
vi abl e treatfeshl Gfaor Noh ¢ILarBeB8.0T lzet GCorermpfent lyqse:eﬂtamlngmehxem]s(lhaayxon et al.,
Annu. Rev. Immnol., 2:183-98, 1984; Wir et at., J. Am Optom Assoc.
69:727-32, 15 2000; Berney et at, Langenbechs Ar ch. Surg. 385: 378-8, 2000;
Shapiro et at, N Engl. J. Med. 343: Zechnigal Bield0) . However the processes of
clinical islet tFrﬁQ%PJeﬁ't%narEl'a{%E‘toatrh@ Qﬂg‘?eﬁ' £ & %&Qlltsu number of factors.
One factor is primry nonfunction { Ta graft. Another is the need
for high nunbers of donor islets needed for a successful reversal of

di abetes (Shapiro er at, N Engl J. MpQekeraifhd: 230-8, 2000). Both situations
reflect the sane pat hophy5| the substantial cell 20 loss in the graft
within the firstC wée'kgwaw@r(chaa%mpaﬁmws Hnhigingensenteatignss plamevar itdmow sl et s
suffer % i & cpd

vascUl a i Za o B e B S A PR ittt
to pro- |nf|aﬁﬁﬁ9@rsygwteémah@§bmorqu@é aptgds &AFusonal miesssRga] Malestermtie Bpitages
in the mcr Va!nH%'zI'#éNro-@deoErh}?e ﬁné&ﬁa’i&'xﬁ'ﬂ{e h@%mlmw Pohzdhler 3L, ErB‘o@rQ\bFoFf
48:1223-9, 1999; Kaufrman et al. 772:291-302, 1990; et
al ., Proc. TR&gP4- %d&dl99S\:|LﬂESAtF%*X1drﬁ% carhgy Fiongride §5 pyMQals g relpxant {
macr ophages (Mgl URodReMI FheRnacst wtlgs 901, hoou BRtistoddRdée £1. BBircul R 97 /9FYSh et

at, J. din Invest, 702:516-26, 1998). The
10 1995) and inhibits platelet aggreganon (Mansouri et al., Thromb Haemost. 48:286-8, 1982).

Inhalation of low levels of CO has been shown to have anti-inflammatory effects in some
models. 4 |

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 e al., J. Am. Optom. Assoc. 69:727-32,

15 2000; Bemney et al., Langenbechs Arch. Surg. 385: 378-8, 2000; Shapiro et al., 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 (Shapirc et al., N Engl.
J. Med., 343:230-8, 2000). Both situations reflect the same pathophysiology: the substantial cell

20 loss in the graft within the first weei;s after transplantation. Afier transplantation, islets suffer a
variety of stress factors such as hypoxia before secondary vascularization (Carlsson et a/.,
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.,

l



toxic effects of imMmunosuppressive drugs as well as rejection (Wir ei al.,
D abetes 46:1247-56, 5 1997) also contribute to islet cell loss. The

exi stence of PNF after experinmental syngeneic islet transplantation (Nagata
et at, Transplant Proc. 22:855-6, 1990; Arita et at, Transplantation

65: 1429-33, 1998) indicates that non-specific inflanmation plays a mjor
role in this scenario. Survival of a transplanted organ is thought to
relate mainly to the success of inmunosuppression, in terns of blocking the
i mmune r lesproﬂsaei km122|369ﬁd899;¢(agﬁﬁintet Ezejdjeﬂxpimm. 77209 IFBOE 1 89Q; Qokbelt@sal., Proc.
previously heen shown that transp ted organs can protect thenselves from
vascul ar i 3 fyA‘qag'a%g‘] HéAt%)‘Wéj@cl&%ga’?%ﬁ’%éﬁ?’dﬂ‘éﬂé&’ﬁ?‘é@lg}aéﬁ fandpypdorise ve
genes" (Se€y o2, O ImmuRACRd07als2. N7UR G WMRE -0/ 37 106 RO (91 ki @s Srales et
al ., Nature Med. 4:1073-1077, 19_98). One such gene, heme oxygenase-1

(HO 1), cat'ebslsfeets ohimmpuriopuppraskive Jmgsisivelfasge edtion fWairde: @D Diglasestign@A7-66, at
Proc | i : - 1968). . Y.. The. pr nt _1iavention
o based, | W oRbrre comuicr ik Re PR ke BN R SR et ¥, o1
functi on of trowspglamatien SNep&a ean., TransplantiPdecal2:8£4-6, 1190&nApkanias, TAapandiiogl y, in

one aspect, . & e .invention provides, a nethod of adm nistering to a
t ranspl ant %%E@ija? Eﬁ%ﬁ ngcéﬁf it”@gfm{gfﬂ?ﬁg%i"ﬁaﬂwg@%ﬂ’ Yhi H@%é‘pﬁéfht ﬁﬁﬁ%ﬁ??ﬂe,
obt ai ning an or gityivald a trassplidedrorgalis tholighoro tehe elainlto tdcdesasrspl anting
the organ, tissue or cells int o%@ rec“gl ent, e anmpunt 8f .carbon

where t
monoxi de adii oS ERPEGSIPY P rEmE ghYpeking Be P Eied AP OPsS tgﬁH%ﬁ?&é" AT HSFEP Y or

functi@n of HbWeveRigR previcusly®eedihobAlthad radspRitell bARAPLAYratettQRerhdelves ko8
reci.pient. The pharmaceutical, conmposition can be adm nistered to a live

donor, to av#fUFHYBAERdIREREFIECISN (RIGUEHEE BERET OB Of oRrOteE  YrRsNFOIfSBniidrg brai n

death. 25 QpidnQal,Naturk MedO8 9961202 99B); indestad ef 41., Biatulte Medl o THONAY, 18306} OF

ex viva with a ghar maceut i cal co.ra%om tion conprising carbon nonoxide, The
i

met hod can Br&sYcagens papseiyeeass AL Udetabplzes pepe Bto BidineTHins & it & Q ne

reci pi ent a(TefREHRAY: ANBFRBNERIULd2adci UOABOSUL 785 1bB& | ncl udes carbon
nonoxi de, before and/or during and/or after the step of transplanting the

organ or tissue into the recipient. 2 In this or any of the methods
descrifsed herein, the organ or tissue SEMM®RENYy organ or tissue which can
be transpl ant ed, n spal |

i ntestine, and/o e, ?Sﬁ?tq%vlr?hg‘?r?lfé bg.sc? ﬁ;)i?'%%’honggg%asreéhg%égﬁ%? d? rfSOP’ é’%é Irt# R
t hat of t heandagifimcging pf @gar, hesue,cbmd didi@dngh! teietransglagms.ent can be of the sane
species. The donlgcrco?‘cﬁ'rggl);, rllne orgeea%gapcit,et\pé pr(e:saégt ig\%nrt]iortlj %roQ'Pc{e's 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 moﬁoxide administered to the donor is sufficient to enhance survival or
function of the organ, tissue, or cells afier transplantation into the recipient.
The pharmaceutical composition can 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.



5 human ani mal s or humans. Alternatively, the donor can be a non-hunman

ani mal such as pig, and the recipient can be a human. I n another aspect,
the invention provides a nmethod of transplanting an organ, tissue or cells
whi ch includes providing an organ, tissue or cells of a donor, adm nistering
ex vivo or in situ to the organ, tissue or cells a pharnmaceutica

conposition that includes carbon nonoxide, 10 and transplanting the organ,
tissue, or cells . nt (Ao 2] e t of carbon nonoxide is
sufficient to ent{grtlrﬁ(:lgogaunrry\?a?\k}gl’ﬁég}?O#g%g{‘?ég&e%&’{%e@%ggoéﬁf‘w iC%nsgeeanérorg@%lofs in
the recipi emsue Whichnz lentnep laeed, £.5t hévphakidegeuhtaah porermegsi lLhg emils

adm ni stered . per fysi t he rgan or tissue in.sit ile .the organ or
Crosue.i o 1 imeReRmt Rt e P Rs chawoas LarrherTde BhRe seab: B
adm ni st er i ngpnbparddiBe FLPidht Emtoeal tReaNEspediss. PIRIIFAGIQRE ieatci SRANAS bdth 88 non-
cont ai ni ng carbon nponoxi de before and/or during and/or after. )

t r anspl ant athiGHIGRIMAECTJIGRRS. of FRAILEY: thaffof F heddlopiheman apima) ach ang e et
aspect, the hoyeMdn®ParlyeOMi@as. a method of transplanting an organ, tissue or
cells that includes the steps of providing an organ, tissue or cells of a
donor, transpl antlh Agetheid@spesh Jrnnveniigspravides agedtheyd ¢fritapsplanting aprzan. tsandr
before, and/ Qs GMichMeh1,d@09/ 91618 4 & cab N s S & Rel i he organ,
tissue or cel Fss ?{r?%l(r])l’gjtlhdg %c{ E)rlgent ,gag’(kil‘ms%lt s?gﬁconfé%toh&fa;ﬁ%%g%b?gxn‘%woaonr anmount
of a phar nageuti teathe ergap disiueiop pells rphearmac qwgj cd apippesi amrtbatiinbéu des £ érba@i remrtoxtde,
enhance survj val f tJ. n, .tikssue or

ol s 1%t nnd S5 aRpe e HBRL b, Bieb o 4 RORRL MR B BB B0UE {1 on
can be adm mistogrdeds §ubfi¢itre to etiapicenitvivalwt fimanion of the 2fgadaissye @ .cells inviiet hin |,

2, 4, 6, 8, 10.. 12 14 18 . 0Or fter the.organ has been 5.

transpl ant ed e'f'%‘ter(]:l}‘ tlﬂgnéree'{:ll?dgf”é%t’%gﬁ %‘ qhot qécra Fc@ﬁrfggaflgr%%ta?m%%ﬂﬁ??g\‘ ?’reéé g el
conposi ti on drgaradnissuest reehiteaht brear edispieanin thd ddneast once, e.g., multiple
times or continugusl frram the ti i_nni 21. days ter.the step, of
transpl anti ng thgﬂ%?é%l’%¥ C%%@G@’?ﬁwgpﬁﬁéngg%%?gﬁen¥%Fﬁa%"?8Hﬁ?agfmﬁ%eded
to ensuse sphainvabutahl dorepogjrien tantaleg pianmnBeey tde baforcanpositinpanddaniidre
adnln|stergqﬁmgqmﬁg%nr?ﬁkqhgﬁkwﬂggnhge&¥;&§naklon that the transplanted
organ or tissug s un erg0|%g or - apout Tt o I)é%]undergo rejection, e.g.,
chroni c rejecti ofin pet apathereaspesy, ehotinomtioBpropiiesonmtthyd of trraspiwttingdn oggan, ftissucer
 nol ude the sfep.OfRUTWY SLRLEASLALLAS AR, SRCHId AL IRGENL, Al
conposi tion containing car on nox| gé pri or to ob aining the ofrgan, tissue
or cells fr @mgdhessdoororells ifea seipend aphiaforecandtor deringe ardio sitei tha stemnf be

adm ni Sz%er eq*ratn?plﬁuinlg ith\é%rgag{lggsuggr cteﬂs 1%tobthg‘i‘e@fpge%?;qmqg)@s%ﬂng to the recipient an amount
of a pharmaceutical composition containing carbon monoxide sufficient 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 1, 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, ¢.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 about to

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



5 The nethod can include the step of admnistering to the organ a second
phar maceuti cal conposition containing carbon nonoxide in situ in the donor
and/ or ex vivo. In another aspect, the invention provides a nethod of
enhanci ng the survival and/or function of a donor organ, tissue or cel

whi ch includes providing an organ, tissue or cell of a marginal donor and
exposi ng the organ, tissue or cell to an anount of a pharmaceutical 10
conposition containing carbon nonoxi de sufficient to enhance the survival

and/ or function af . the donor or ., ti.,ssue or cell. | n another aspect, the
i nvention provi q@gt’%[’aﬂéttﬂ%ﬂ‘e%gﬁ%ﬁéﬂ?‘éﬁ’h’i‘ e 4BF PR el maRtFn{ovhe 408 & hat
i ncludes prexbrll PiinAad@s e koSt RbMEnAgREBSES HohdAde S8 1§ PBbininRGhisies,
carbon nonoxi de gas, providing an isolated cell in vitro, wherein,the cell

is a prinar{Sseery ceds ot denar. Theteeensi rigmasentics! gompssitien gascbegdmiristerad torre

vessel to forduae: &t dRRhelE.d k. | ncl udes carbon nonoxi de gas, and
| cell i [

mai nt ai ni ng the ani m In vitro in the presence of the atnobsphere that

i ncl udés car bon Thronetkpdleangngude the gepst adthinisterengtelthe argm ¢ feeondoghatmamsjkiant ed
into a recipient..The cell may be obt.ained .froma donor that is not the

reci pi ent, gormﬁotsmrcr)ﬁfo RS A] 83%‘0{‘ cr”é?n': Vit il g:o%or{ta."d/?ﬁ?‘twéor, a carbon 20
monoxi de conposi Iniandtheasrpbe, thalitivenition proviliet o meldro€entpanang thersupival nd/a@nd/ or
during, andfor.after the transplantati.on step. Thi.s. conposition wl

ot cai 1y bEAFIST §18 doPreTgR AFRF Rt Gt 0 PrOYGPRaT SERBOUTRAREE! Pite

ani mal cel | magimbieionand txmbna AR, tyudoritell kosh idiaint of NsHatdRSutical

adm ni stering a conposition conpri si.netgﬂlgtar,bon noxi de tao the donor and
obtai ni®ng  FHRPASBIOP CPRBITTE PTO8R negid 1Yn & ¢ SHRRSUTHVRRPGRIugFas of
provi-des a iRelubRst Bfanimisit aideling an aninal cell in vitro that includes
providing a culture nmedium containing an effective amunt of carbon
monoxi de, for exZAgPler agpectthejayengionpyidgs £ayeiof ! Pamtannsan aH@ahss! M ¥irdi ng
an i sol at edineghtiulidd grd8diNEdivedit] cOR@inRG peBsureR2a paOMbBhOudds QarbeX HERbBde Bk,

| east 0.0002, 0,0004, 0.0006, 0.0008,, 0.0010, 0.0013, 0.0014, 0.0015

0.0016, 0. OPFe¥iding a50siatedcedgn virragwheysin therelaoa Primagysl or gemeolh relgaseshe
0, 0032;5 0. 0B3Guriddd fs §03the Pes145ornR 2R Arospktire thaDRdd& LDod AdnoxiABEisURG 4

Further, the jnvention provides a nethod of enhancing survival of an ani nal
cel | after MriBaRag the apimal cdlinairg Rt RIEErsRiShadimpesnstedhat prplidss s2rpenve or
brai n-dead gleraiidegdehar maceutical conposition conprising carbon nonoxi de,
and obtaining an isolated cell fromthe do maceut i cal

conposi tion can thaesied,thegelisap é"fen%ﬂﬁ‘l‘ﬁp@g“ﬁ%‘f’ ﬁgg’?ﬂfz'?ﬁh%%“ selpmaxhephtdied gas
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 cell in vitro that incjudes
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,

30 0.0037, 0.0040, 0.0042, or 0.0044 g CO/100 g medium.



5 suitable for inhalation by the donor. The nmethod can further include the
step of maintaining the cell in vitro in the presence of a second

conposi tion containing carbon nonoxide. Wile in vitro the cell may be

di sposed in a liquid nedium In such a case, the step of exposing the cel
to the second carbon nonoxi de conposition can be perfornmed by providing a
to source of pressurized carbon nonoxi de gas and contacting the liquid
medi um wi t h carbon nonoxi de gas rel eased fromthe source. The |iquid nmedium
itself may al so beurphenvhededndsn provides draethstosfexhaeing eumpnai dfiaarenintal €elj afat t h

car bon nonoxi de sol ved there Further, the invention provides a nethod
of transpl anrtefnr‘?ég;??r%lﬁfjﬂ%ﬂr”&f‘él’\‘:lug?fzﬁdml”ﬂﬁ?rﬂ’@éga i or Wrpigsiead fononAPRATRAEHYG E

a live or br@mipodRad c6apSdinPcafda MR aue af@bbt&EiARAR isbiaa CPMBH 1 Bhor. 1hhe
car bon nonoxi de, obtaining an isolated cell fromthe donor, and

transpl ant i rRparRRCcEE cqrRasitign carctep fos Arampith sunpedial the born okhpkesusBehgasied from

a donor gt hatsugtgblg%r %ﬁb t{oﬁ% PleS3kor OF it may be obtained fromthe
reci pi ent esire a ca bon nonoxi de corrp05| tion can be adm nistered to

the recipient priBre m@hmmfmmdumﬂmge Grdepe! miinemingtbe telanspraintiztprensoép.
The inventi Opsfg!"fsran }ll'ugx??o(ﬁaxm{a%pa%ion%on%%%@nc' ng survival or function of an

ani mal cell a recipient that includes the steps of
transpl anti ng an Whllﬂml vieethe celhtnay be dxqmsqnh ipptiquiemekdhed. oImeuc}daucasaghe md:/for

after the trans t| n téeg C‘f Sb %ht hedreciﬁ) int t n ano of
car bon nmonoxi 88 e§u 19 10F EHPPG B ARKRRECS YS! Pnfﬁ'" ed’ﬁ FB ST s

t ransplant edsooeielofpftsiuhew d’aﬁﬂ:lnpﬂzcelﬁixde 'g'dsamtadsrbmrmgmiaommden@a&n ed@h cheosuppl i ed
in the formof a.yessel n as t i ncl.udes rbon
monoxi de. | nMMBMRIEES ! ??é?‘f{]}r HIS g‘é’?‘f eﬁﬂ‘ %Hseé@n?ynals‘p ReRIOYide d

at nospher e CoffdnirioidgideabMess: theanioeivelth qanoﬁlmdnexmhelsion\&a?arwramt st ep For
exanpl e, the ani ai he i nctle udes

at least at | eastg%lhﬁr(ﬂg’f ‘ﬁven'é%{‘rpd%ﬂg??ﬁH’E)%%e?ffﬁﬁgpbmﬂ%?’lﬁﬂ”?g Cﬁmhaé‘cnc|“8%f§
about 0. 0002step3.0 Q8tAinistrB@Qb a 1i¥e OHIHn-d0adddbhOr a plhrfkESticalediblAitioR C&Qﬂ:ﬁmg
0. 0016, 0 O(()fgg), 0. 0020, c8)t0021 0. 100921 N % 8_‘24 0. 0%26 Fg (202?}& 0930
0. 0032,750. OCFERONGNYGR Fe. iR an Bolaish o<l frgm Hiesloner Pdiarsrimtgetisdiell5io230 The
met hod can Qp&lpﬁﬁalrhya ahined] elPmbyige dbtaiied FoneX Pl gt is 6t tielekipiadt, ar RatayoB
nonoxi de OSI on .ex Vi.vo, i.or, to the transpl anting st 5 The carbon
Tonoxi de. gac AT R LRt H B IaE RO ARG REME mBOE A
and/ or afterthé hﬁ;;ﬁd’n&lﬁﬁqﬂ{ taAbdlbr AnS hreipor afttrahanaryplantaédr stéppy be obt ai ned from
a donor that is ient, or it be obtained from
recipient. A pha?ﬁﬁd’évlfml .Teis Cpgwﬁgeglatr?e }hod ofrgg}}/ancmg survival or(;unctlon oftan animal cell
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 afmosphere comprising carbon monoxide prior to the transplant step. For example,

the animal cell can be maintained in a liquid medium that includes at least 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 6.0044 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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conpri sing carbon nonoxi de can be adm nistered to the donor prior to and/or
during renoval of 5 the cell fromthe donor. In another aspect, the

i nvention provides a nmethod of inproving survival of a transplanted cell in
a recipient that includes adm nistering to the recipient before and/or
during and/or after transplantation of the cell into the recipient, an

ef fecti ve anount of a pharnmaceutical conposition conprising carbon nonoxide
gas. 10 In any of the above nethods of the invention, the survival effect
may be enhanced Bye carherumpriyidetzas eambdgremitesteek pgbmrsigien! prion@ ad/drduanglonor

or recipienf, & Ger tHqungpq%\?\MoE thgeﬁe amrnﬁ%gly tb@% amgé/trgtﬁe&%ﬁgr fgnnones,

nitric oxide, endotoXins I'rradiation, tat Ione ors;  or via
heat shock. ukmemhendonmnuySuchamnﬂﬂmﬁnhnrnmnmodbﬂnmnmxommtanmmndmning
removal the organ %ssue or cel i,nduction, c

t
occur, pri of"FRTIBRFATHY MEloxFs cf”b}f’el W w@t%e?i%@gﬁéﬁﬂrﬁg%tﬁ a”&?’f %‘F}{‘éff%ﬁa{/" t he

enzyne san b@cbmﬂmmemn&he or gan, tissue, or cells ex vivo, prior to
transplantation into the recipient, The invention further provides an
article of manuf Htaeher £3R5E. t?’ﬁé’t"&‘a@ﬁ PEOYsS & gtethod of qPRTPYigE sy eakafrii zed gas,

that contai pg,Blantash ifa Q:Qx%erPt'Hht ificl@des a%tnls?&@ﬁ%t@#ﬂ@%m&em bOrexfAd/ol Bing 150,
200, 250, 300, 500, 1000 000, 5000, 10,000, 100,000, 200,000, 300, 0(%

400, 000, 50@@@@ﬁeaﬁanswmzeort of the gdionoae rp@inteehﬁrbeffpcm@m@éof aphiTaack uisel
descri bi ng g&g o} “JT%%F%%?‘“&Q’S)M%‘; &Lg Lvival of isolated aninal cells,
i or fte

tissues, uring or after transplantation of the cells,
tissue®, or i sI bt myiofthe aao‘tratmbms of Mesuveniierhithe sutveval affentmiap he ﬁ@aacegtbserl | e

cel |l medium t hat |tnclnggrels &yeto,r(%geeg%%_lls%id :ft)pl ef‘d°95f°f%£7%8é ng%ged wgh game cell

in culture T R out carbon nonoxi I um
e.g., at |ebstvyindif2ytoRindfBdimdde)B06¢ Oﬂdﬂeﬁtﬂatm@n@m;radlam{tﬁz gl0taixhd,

0. 0030, 0’ 0BT B eas gl h i el el o Pl AR e ur

It may al sotheonga, fissaniomatllsc &l the recmlmtshddmdtictmalcmtmcm, goran cbmmgredr cell in

vitro %nd t Poer‘loa'l apaxgélgrr&ta (9 A]Ie{naﬁvé}%qﬁ)e %g%db dnc-im:%d E}}%F IS l%dersceltt%on

st eps Of provi con ur|ze as con
nonoxi de gaex vips, mnodtongpnmiama;iohamtedleamlwaﬂt cell in vitro, vvherel n t he cell

is disposed in a 18t cont.al ns Vi r el easi ng
t he pressurized 5’“" " ?“g‘r%“t mwd?s mGB(?é]éS?ngParﬁﬁgﬁﬁg% Bl%pmﬁ%e cvc??rsbcl coglla’nd"g
car bon rmnomies@ngai;gasnthatruomtams ageashé,otibbpbm|erg.,td’q®a§1rabsmricé0 60, 1athé50, 200,

at mosphere; , and b SRIBMYdoB%cbBE 0%Rb! 10008, 20'086! F09Bb; 400,000, 500,000, and up
20 to 1,000,000 ppm carbon monoxide, and a label describing use of the gas to enhance survival of
isolated animal cells; tissues, or islets befot'e,' during or after transplantation of the cells, tissues,
or islets into a patient. ‘ v
Also within the invention is a sterile cell medium that includes nutrients suitable for
maintaining an animal cell in culture and at least about 0.0001 g carbon monoxide/100 g
25 medium, e.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, 0.6021, 0.0022, 0.0024, 0.0026, 0.0028, 0.0030, 0.0032, 0.0035, 0.0037, C.C040,
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 vessel containing pressurized gas containing
30 carbon monoxide gas; providing an isolated animal cell 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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In any of the above aspects or enbodinents of the invention, the cell can be
any cell. For exanple, the cell can be an animal cell such as a prinmary,
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, a Fibroblast, a bone marrow cell, a neuronal cell, a nyocyte, a

| ynphocyte, or a stemcell. In each of the ex vivo nethods of the

i nvention, tthdotm srsuewiswleprcemeha'bg yarham mixboa Gid ganmmnnmgm cellliit the @rekdncasty
whol e bIood han t ﬁ cel ﬁ are pre 3? % not. d bl ood cells and are not
acconpani ed "Hy SB‘@%?P? AP 2RI ?ce n édﬂBP %d cells. 10 Unl ess otherw se

defined, all techni:gabf @Bebosebrtts bi entimEsest ihednabn thayel dahee saMell. For
meani ng as conmonly understood b ng of ordinary skill in the art to which

this .nvent.awmpﬂfeﬁﬁﬁ&écawetan&a b $YoRIES HRTUNARETINA Y Wichi!NgF cdl As another

equi val ent 1 0hieseredes e RSN SLRraARiRe « AN ThbEPLAGIREE O LS T N0
of the pr esent 1 nvention, sul t abl e nmet hods an materials are describ

bel ow. Al | pegbl i btoppisa bmtn@mowwﬁl 3 eardneesll, paveaytes 2 amphoorthesr arseeﬁrecreélnces

ment i oned 151n %Eh%ﬂh?&%&oﬁﬁé?ﬁ&d% o }{%qm@ﬁn&{e Heltf gﬁqs [Brgfe%a}gﬁyl rgot%loodra% %(ertal 44 case
of conflict, esent speC|f|cat|on |ncIu I ons

control . Thehtmranfeahy a,lhsle mmmmshe @ihiel aexpaafpblidg naxrred bliobd tidls aad aneerooatkoymmnedd not
intended to e I| g ﬁ d% aturﬁs and advantages of the invention wll
be appar ent %”? PTG PR&P &Fed description, and fromthe clains.

20 DESCRI PTI O\I G:lJrDRAWH‘dGSsd:de@ned al\tdcniaal land sopna ibitetatised hktest aat @8 sinie
effect of treatnent of 3TC3 With i.ncreasing. concentr.ations of TNF-a.
PocCl B o BevRneemmor TP CCaEY Ot A PRIET T g R Eh b BrraligR & of
DNA fr agrrenbsa&ﬂg@nmﬂoxgi@emek brd xﬁahﬂmy\mgartdreammaﬁ toMhofe dEBBbad hetbinkirbe | C

is a bar graph that illustrates the effect aof co- ans 3TC3 wWth a
(3-gal expr E‘é"g iThige PREYSOT SRR ORTgRERY Iy an. SRR eo'f’et;‘b‘%lﬂﬂa%) ateriglygre
treat ment w gddctiedbelowt P81 pub REAYARE paehtribplRiatiats, patdatsVhhdddfer (r€8renges enfidhed

caspase-8 inhi bitor, 1ETD hi s; ogr represent untreated
3- (F:)el | & and"BFERHE ‘ﬂﬁ"é‘t%ﬂ%o fgfsed?éé’b‘%” izelY fé“g? °8Hﬁ'§)'r{ PIfRE- 4 for 24
hours. Resul {pzcisibaion, incledibhiée Mmins, sillaoated d THEMatatia 19 indilicas) Hid gk argtsarsvel | s
30 taken from one re re ntative.e rinment out of three. 7 Fig. 2Ais a
bar graph shtAWFFIVE ARy fﬁﬁ@ﬁ%ﬁ%d&‘$§5W“W%nOX|de can substitute for HO 1
(hemeoxygenase- 1) OthreBathiel indadvintagdey of the Il ation chill as appalensfrogniendllsepg esent

untreated ( 3detal‘ed 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 BTC3 cells following treatment with TNF-a.

25 Fig. 1C is a bar graph that illustrates the effect of co-transfecting fTC3 with a f—gal
expressing vector (pcDNA3/B—gal) plus control (pcDNA3), and treatment with either the
caspase-3 inhibitor Z-DEVD-FMK (C3-1) or the caspase~8 mhibitor IETD-CHO (C8-1). Gray
histograms represent untreated f—cells and black histograms represent p—cells treated with
TNF~a 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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and bl ack histograns represent (3-cells treated wwth TNF--a 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 representation of a FACScanTM anal ysis of DNA
fragmentation in (3TC3 cells follow ng 24 hour treatnment with carbon
nonoxi de after treatnment with TNF-ra. Fig. 2Cis a bar graph illustrating

that exogenous caifQR BRBEXirdeh ok RahA ekoke@lslcirobh AP @RePEAShSstihile hEO-1
absence of HOI. (3TC3 cells were transfected with (3-gal expressing vectors

10 and wer e (Bxpex¢eenase-Exwraidds! waivibol binsheski ey higiograntsirepresgniainyestehh-eskint
untreated p-cells, .and bl ack histo HeR[ERgAL 3-cells treated with
TNF-a or et (fﬁgsbllaéé hS OSSR G é?)cggg{rrr%ﬁe]d Wﬁ@pri Va (lgroeﬁ(’pa?é‘df ﬂrdfugﬁftég.to RSl ts

shown are meaBrvaicanfaddhs dipuirpire @tal £ ORhAHPEd AR OR] Dld&licatt@-&@ﬂk thiEAHoRShe
representative EX&%I’I ment out of three. Fig. 3 is a fragnentation

anal ysi § by IFRCSERITHVEAPEAMERt Rt ebhess. t hat exogenous i s carbon nonoxi de
protects nurine i - ] : b = C i.mde.
0. Canis a bar gFaon PRI e T e TN kLA
exogenous cd¥hdnceii frdboivite J4shome deauhed Wiy cgrbanyloatade yitdr asetmaat wivtaT NP, ODQ =
guanyl yl cycl asedj_nhi bi tgr CDde Fi ? 4B is a bar graph i|lustrati ngl t hat
CGWP anal ogue ca g ¢t p PR R Bt emﬁi’%‘é‘ﬂ?% ”b‘f‘”&f‘@ﬁﬂ’f‘ﬁﬁ‘%ﬁféﬁf%m
apopt osi s. 8B GEVRRE VN RRRHRIUE pGCBLel s KdYPrarPecldiGyindl h]sexgreps%%g QLRRN
illustrating that cGW-dependent protein kinases (cX) rregl at t he

ant i - apopt otand vefd epbsedfto expbuyus wanhox mdeoxideT CBay kislogrames irepressat unaag éift-teelds

wi th (9-gal Xpressing vector. For. Figs. 4A- ray histogra repr esent
nt reat od - BRI ARTEB G TPt GoPSRE T PR SReobarPeoh S BRF i Aar LT
TNF-a. Resuldeprishiowis RtRa0® aResult SHFha e elear Béthiiard ddvRibl BB dupliGteVdlss
taken from one representative experinment out of three. KT protein kinase 25

G i nhi bi t or tmm O'Mrﬁ?’eSA‘_af@c exnsameR ot tB%ewi ng that one hour of carbon
monoxi de exposur gid 3 iSHDNACK Sbentdion BAEYANy FARLAB Sat ifditatesaBat lefo@n AT

. graph show ng that carbon nonoxide protects 1-cells after induction of
apopt o$fs. &apog magexifgprategtsmyngdtets plolanaef e dTomh PRAPHETH £H0N C¥F e fdhon

nonoxi de prevent §iD4@aal i bargPsht iQ8dtStind @bt thd Si-apaprotc eg&wfé}éo%&r@gs 84fon
represent untreated a-cells and bl ack histograns_ represent R-cells treated
with Thy'-. "Resgideds ebidted By auanylaie cysleserigihyadiope PP T 8Hany Pdfyclase inhibitor ODQ.

Fig. 4B is a bar graph illustrating that cGMP analogue can substitute for carbon
monoxide in protecting cells from apoptosis. §—Br—<GMP=cGMP analogue 8-Br—<GMP.

20 Fig. 4C is a bar graph illustrating that cGMP-dependent protein kinases (cGK) mediate
the anti-apoptotic effect of carbon monqxide. BTC3 cells were co-transfected with f—gal
expressing vector. For Figs. 4A-C, gray histograms represent untreated B—cells and black
histograms represent B—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
io prevent apopiosis.
Fig. 5B is a bar graph showing that carbon monoxide protects B—cells after induction of

apoptosis.



duplicate wells taken fromone representative experinent out of three. 5
Fig. 6Ais a line graph indicating that exposure of nmurine islets to carbon
nonoxi de i nproves survival and function follow ng transplantation, Fig. 6B
is aline graph that indicates the probability of recovery (bl ood glucose

| evel below 200 ng/dl) for animals receiving islets pre-exposed to carbon
nonoxi de or control islets. *P = 0.001 versus control. 10 Fig. 7 is a bar

graph that illustrates expression of HO 1 in nouse hearts transplanted into
CVF plus CsA-trebBed s bar Bl sk rBGeLPriasdatiompEh FAPeaC MY PFae’ts Predt ed

at the ti ”Egé’d;p:osﬁsf q.\gw% 'zr;strﬁagit %%Yﬂ;’s\ﬁ{o{gﬁa%lg%fs‘éﬁﬂ%@eiz@&B%ég%@@gg?|h%§o§?ag§ks' y

treat nents er trans osporin A pression of

HO 1 and R- agptdsantBRMAIsweE ©d dehelNed. [ResREsROMR: ard frean syrEhédrd déviationdiogat es RNA
fromHO 1 -/- nouse hearts used as a negative contral. Histograns 15
represent rQYRICRGEIISAKED BPMIGNE [EFSRREIVEENP EERIbA 6 HHER | zed for expression

of 13-agtin tnRNAg 6Kl iR drSHan&edinihPBlpodirdBSufihd MRISHALABG § &7k eNPPI X
inhibits HO 1 enzymatic activity in “vivo. Muse hearts were transpl anted

i nt o unt r eatrepfoyestsyrvival yndofungtipndolioatiag transplertdtion t h, CVF and CsA (111) plus
FePPI X (1V) or SNPPAX:( - ack i ! i pi arts
was nmneasured 2 gigy(%sﬁ(gfa&r}e g?%ﬁé%@ﬁ%ge%ithgﬁ;%bﬁgﬁltg}gﬁf;}géoé’g%bgoﬁgngcgslgtlﬂ%e
activity i nbeowr?Q mepdlsfor amthaaOegeatinhielatsipss-expesgdde tirvend yofdxjde dResnitd sleshown
are the neap, dard. jation (SD) of three animals analyzed for each
treatnment. S aﬁ'@i%ﬁﬁqsgﬁ]\éﬁo@ses wer e conducted by using unpaired Wlsh t
test. ko g. 9 is Bigsets adfar piapletigr dpfismtdslek pretsiomtal -1 atmoSrBPANS tanspldéreddRhiX do

not .interfere w.t t he neration, of anti-graft antibodies S) . use
g t o vor o CREmiTe e O RRT R&BEndins Rl alble Afla JR YR blimne P

descri bed ahewgianasmmith esteb vaforafatior gIVH)tplusgi]bsatinasts efverltiaadpeai tdoyn evith

cel lul ar ELI SA. Bi.ndi of..rat .conpl nt, .conponent C3 to S thel i al
cells was &VAPSRSPR (gg/‘)ceﬁ"lpmséf?“ EE‘F@T“&&%EEH@??Ar‘%’é%‘f%@l"’ég‘tﬁ%y%&bﬂ)
was eval uat egniv -Aindsdages B AN rERAD- t-i- encdseStaeydrts ies ub b segaticadonatle Hiktegraman  SD
(n=3). Fig. 1CAis.a,set of bar_graphs illustrati t hat .exagenaus does
hot ai fect fiveesgmrrri(r 19 oBgOR BRI Gt i e SRESER T Rer TR
Mouse hearts wer pigt§ Brspl ke graphistiDudtrating thateSaPPIX inMbits HOVF e fidythati €sdiviay tis
SNPPI X (11) or %PPI X an

donors'  and "PBcMAUEHEs %&rﬁaéépg%a%%gtug&eﬁng r?tgﬁq\;ﬁl’rteiﬁ‘to\sgg fr?%%lq?‘gir”g%&/a@qé’ldgf ter
t ranspl ant atGsaqi)ipls FRREPDV/(IVY oi SHPBIX (€Y. Eotal Hpeeiivienia doas aad rpafeadhatt vabasal
HO activity niegsur}gc{ﬁalys gRelﬁr%nshp‘?aanrtgtfgon (ar:l'c} ¢ompared 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 CVT plus CsA, as described above. Serum level of anti-graft IgM Abs was evaluated by a
celiular ELISA. Binding of rat complement compenent C3 tc 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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rat hearts (l), or livers (1), according to the sanple analyzed. Results
shown are the nean SD of three aninmals anal yzed for each treatnent.
Statistical anal yses were conducted by using 5 unpaired Wlsh t test. Fig.
OB is a bar graph that illustrates that exogenous CO does not affect the
ability of SnPPIX to suppress HO I activity. The aninmals used to generate
the data of Fig. 10A were analyzed for carboxyhenogl obin content 2 days
after trans ' ' ; : = ol is a
e graph | TCORTy any Rl b AU SR e [(80s 2eldterrktp ahen. O

i nhi bits platietein ddétrevapecomensvas sempFePBitke haet HO) dcavitycialnbenslerasd ehtts (1),

untreated (NI), or re.treated wth PPl X.(50M_16_h).tq up-requl ate 1
activity, Snrf’é?eﬁnf @’E’&&Bh%@i’ ERgTYne 5)(??? Vi %’fg Wﬁfﬁ %ESLM ?%03{% %‘%&W“{%g@ 12
h) plus SnPRIhreSEhiRbs adalkedtfor @otréamhmedt OB atibtecal SRGCES Wérk tyndabteEoPRing i N
up-regul ating HO a]cti vity. Rat platelets were isolated, overlaid onto 15
the mouse entBeFEl VS EESls for 5 min, and tested for aggregation after

stinulation with g2 Ybgfis 2 B8RRHI R nﬂis%@sszams(@ge(nfa&%o,dagnot%‘?red't $hedubPRY ofdr aph
illustrating that carbon nonoxi de suppresses endot helial cel apopt osi s.

Gray hi st ogr¥WBL¥ &pruppeat HOe) pctivity. eBtecaimgly ¥seddq smeeteohedatmdf bigaldd were
o . ) cHe d
i stogr ans %g@?@os{sm arsﬁéry&ég?&%@%eﬁ%bgaé%frepzrgtos%a[}ﬁ ag R &gugg}&&l e

endot hel i al s were t e PLX and expose
exogenous Can¢ahQt G pats per nmillion (ppm). DETAILED DESCRI PTI ON The

term "carbon ”D”%é;q?'}s {Rle %&qi)uu&ﬁti}{gﬁgtdl‘p‘?rregmp&eéﬁ%ﬁq% er'Fé%'zﬁe‘ﬁgf &is %%‘{fbgso.”
nonoxi dé in its gaseous state, conpressedinto Iiquid form or i SsolVed i n
aqueous sol utlatelat actifaient eMeuse 2E-ABlrodothaliaboelld e/ eoolefiasir¢atinNTandwere

" phar maceutica '

co 3 o sing _carbr. .25 naxide: e used
t hr oughout ttﬁeéleg%’ i clﬁié?t( iclgon“ Wé@s‘&”?ﬁe@%%gg ébg(g',&?"i%%fgaos%wrﬁs,s B 1sem -
sol i d conposdctivion(56 M, diérh)ng CeRPO (5 0mdhd2i bl @lus [EaP P& (50 b, aidh)itt taitet fdtHeo a
donor patient, ..cad I r_animal . t n organ: or to a partion of anp
or gan, pe. g. ,SpF?lg%’??'eo?ﬁgofp?Pgé" r'be%fm%grﬁo?]na&g?'/‘%ﬁng?t Pl IfE ‘s”f’%t’ﬁ%?tecﬂﬁﬁglab‘{;o"f%e
or gan, &. g. ,thaswneradothdpatdbybeSminyattyitasior bgiregssion ofterissnalatiocelthd udigh as
a pancreatic 0-celcld. h-g? (lg(léHpgd practitioner will recognize which form of
the 10 phar n%&’écffﬂ ¢H cpglr?% ron, e.g., gaseous, liquid, or both gaseous
and liquid forns,Fig.92s bargad illdsorating thitwethom ppinbcidé suppressel endogrelisl cell

ef fective agpunt: and vef fective. L Pc ke wi A LIRS Back BLELHG &7
represent cells treated with Act.D plus TNF-ac Where 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 “CO”) 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, €.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 $-cell. The skilled practitioner will recognize which form of the



or concentration of carbon nonoxide utilized for period of tinme (including
acute or chronic 5 adm nistration and periodic or continuous adm ni stration)
that is effective within the context of its admnistration for causing an

i ntended effect or physiological outcome. Effective anbunts of carbon
nmonoxi de for use in the present invention include, for exanple, anounts that
are effective for enhancing survival and/or inproving function of organs or
cells in vivo and/or in vitro. Wthin the context of transplantation of

i ndi vi dual cgidmaciuticassrgosafoncet | gsedds,giquidl biegtsiphatdus danngud Idmandpeferred
reci pi ents, ?n effectlve anount of carbon nonoxide is that anount
admi ni st er ed' ¥ Y58 aPR{cal¥pl ant donor and/or recipient sufficient to enhance
survival of the cehd e@ds ‘RBE&IVOEmERI! $nd SfBetivo teRIUSTsddBR iR retNE af Shbunt OF
mass of cells, and/or to inprove functional perfornance of a transpl anted
cel | or a mREsCORfendialionsol caPORMeneYide waiaekler peyod afdiatei (inglugiglasuie gt direfés a
body, g. I an
e P3T nThBlupRalis kAo tbCErk ARk OLi i B8 § o ERRLAN ALy, °
ar e i ncubat eits admisistrated fDrncaosmI@m 1bmnmwfnd@rph&@ogﬁ ootnorog. Effe:uvcehctunts of
and/or to reduce ce S vi osi and/ or ance..
functi on. wosren preededituss i B reredh BuiRe SRBI B Staripin emant LS T Ak e

e.g., transploasthaicingavivatkdndfor irgeéoyih@funstionadT or@nk ecdelly & rapDantdtor of viear bon

nonoxi de i s fhat anount mnistered to.the transplant donor and/ or

ol ot Sulbitn BRESTE 8P et Gyl e Psaiet o f 08 e Oingplany congys

i nteresfo, €. ghd/orlrecipiedls)h effodie 2ot oc&lrﬂ)cﬁl thé % dshé Gl drhRnOddgaRslefed td R UE 1S
conposed, and/or to, inprove functlop performance of —an organ. Wthin the

cont ext of tF¥4PRAYFRPIAIEr recipddf,adligent (uerhancasupivab ot the pd! %rt*mSéaf GHs a8l

for transpl gatalib@ns tRnteBf dretkd R cRyRMMT 10impRN & BRI e @fninke 8Ma anount
sufficient to enhance survival and/or function of the organ or tissues. As

used her ei n, traielapied /el oramass of ¢rds. PValbintheconters PAYTaBE F9ls Oide® begy. £ &d ik ng,

preventing, Qiisad b&ii@icdnddAr e tafPlanfiiiof 88 % (fe&ivd amoRROPEASbPmororide W
gases, effective anounts_ of carbon-nonoxi de generally fall within the range
S

of abouts 0. OBCRERRITOA S WAt ke (5i18Ys HiFuhatsdftsiored i ordentarmhancsgpreserapiif e 259
by weight, péeafseﬁ@bwraiuce L@ﬂsss a?OIéES WHa b%sisCar@l/or t@énhh®RFhn@ioR0BAthinAnd10%
0.02% 0.025% 0.03% 0. 04% 05% -0.06% 0.08% 0.10% O0.15% .0.20%
0.22% or 0.2AghHe! m@m‘a‘&“ Oéézfg&w%ﬁﬁs‘eF fe2» TAPFRIPE ApRags #EYRIECIRIFNIS 4} hon

nmonoxi de i ncéradavakastint 8f &Pbch%dnoxial Quhat Amedibadad@sitre®1 06 dsplasiioabisE/or
0.22% about 0.01 %tq about 0.20% and about 0.01 %1t o _about 0.1% by

wei ght. O heﬁ“‘Pp‘inéf%ﬁ?'@H ¢ gﬁ’@%%e shpyyal Rfdhe, prgaR. tesusEs o6t O MEER SeB-IA M Ut BSt
0.01 % 3,0 ab&lﬂellg’&gﬂ%hx@btﬁblbrgaﬂ-&r th&L5%rﬂﬁbs€@QH&/oQt03Q fove@AfhcBeperRrldddbe t O

about 0. 1% by wei ght .  For qU|d sol utions of . ective anounts
general |y faf ofgt-hivithipiae ?oaffgbo fgreatinteigans, \eers %elat%ﬁltw@ troseredereesdisn g

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 O.ZS% 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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liquid, e.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, 5 or 0.0042 g CO 100 g
aqueous solution. Preferred ranges include, e.g., about 0.0010 to about
0.0030 g CO' 100 g liquid, about 0.0015 to about 0.0026 g CO 100 g liquid, or
about 0.0018 to about 0.0024 g CO 100 g liquid. A skilled practitioner wll
appreci ate that amounts outside of these ranges nay be used, dependi ng upon
the application. The term"patient” is used throughout the specification to
descri be an0&nf¥ebd abdunfraA%oend abouinbStumeabputtlol Xt metgheaFordiquidsotibodiof g, o

the nethods Qf the present i.n tion is prowvided. terin pplications
are clearly® %?’ivﬁfﬁ’gi”gﬁgwmkl%\e‘ﬁg?% 8 ffie riaﬁg;eo:ﬁtag%“ﬁ.O'O?ﬁgtotaebromaq'%oc“?fgﬁle@? u§ is
not |imtediiggidbd.g ds,ledseROIOR £EO0GNDODGE, BITS08, AITD1 0ENRE SO.061.400.00 J0BOIS, Ot her
pri mat es, pi{%&éigﬁ)rodents such as m ce rats i ui nea pi

Cc , o

and rabbits, g Q;%S
hansters, B 0B A §002d 0§ 8924 9(982)6’8@82?@&9@9’.0@[@@7 9-80%, O4bHoP 004
"donor pati gng HosasSy 8RB0 REESINs SQEEIS HrbreRdY aﬁgez%cmfeyagnawm@@glokéa fran)
from whom an organ, tissue or individual cells can be oBtained for the
pur poses of 0.083Qg §§%1 Wraligwd, ebam §P08htoaabowr). @368 GR/dPD & diquidpertabewtd.00The t er m
“recipient"” 0’0854 Pi ' y & a0 n- hrman)
nto whi ch es00BEs BCRRooRAR A iRl plalidoheP Rl ilont Wb Rl SRR BY
t r ansf er r edthefhengesmay tdivadse t @xhding uporgtbmeppdicatieer m t o descri be di abetic

di sorders as they, are 20 recogn.zed in t art. . g.. .Di apetes.Mllitus.
D abetes Ml li tuzh? %m(]: B st ésg{lgéﬁu%ufﬂ 8%%%%5?’&%?9 t? %esrc Sgeu;fna%“ém%’l }5151(5‘“ or
gl ucose | eveabshurihe té whornositmpntecadréing té thp estiols di thb ptesantdmentanavroaged ype |

and Type 11| Q’di abétes...ln Type.l, or .i.nsu(g' n- dependent di abﬁ%es (.l t.he
pancr ohe N SEARRY epaice oA S Pt R b BIRE ToeR O o o eby
cel | s have hegmitkRiab bivye ebptile) alphébidnt, andrmantridls, e | hiufrad € peveel priirhatel, piggt es (N
DDM), the pancreas makes sqnme insulin.but.the insulin is nr 25 effective,
The | er m al SHCBRGETACE R AL RSP LR BRI S 67t 8 S8R 08y SHFRBH es,
both acut egefigl THy temi Gonér”@r \‘dokionpeicht a€ 0s8d lhefeirt e RSO 4. imal (Hpngloyeani a
and hyperglycem g, retinopathy, angiopathy, neur t hy, n& nephr opat hy.
The { it * cBIRER)rom, pRom i Rigen. tispye )0 aaeR) ket e PEsRied B Gegaimng of ype of
ani mal cel | storagk Bed/ordiangpl@ititizalio & edcipierss patieab| Eheftenin ‘tredpiepl” @nt@tipem patlére”
cells are typicall rimary cells obtai.ned .30 froman ani mal donor, but can
be secondar VF/E&19 J%Fmgw@&r PN BEmAR) IBQINEA AHEEAT, Higue) Para of Gleﬁ]éﬁr are
optional ly tiddmisfaecéiRdarebe tvanvierred.t h an expression vector that alters their
function in some_ 12 way. The cells jnclude, hut.are not limted to, e.g.,
islet cells, e. g'_I‘},ue 18811 | %atzﬂ.ﬁscﬁ aagregerﬁiat'ﬁfm B)fdeeécnl?)c dxa%etlc gllsorders as ts:ey are
20 recognized in the art, e.g., Diabetes Mellitus. Diabetes Mellitus is characterized by an inability
to regulate blood glucose levels. The two most prevalent types of diabetes are known as Type |
and Type II diabetes. In Type 1, or insulin-dependent diabetes (IDDM), the pancreas makes little
or no insulin because the insulin-producing beta cells have been destroyed. In TypeII, or
noninsulin-dependent diabetes (NIDDM), the pancreas makes some insulin but the insulin is n¢
25 effective. The term also 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 vivo with an expression vector that alters their function in some
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pancreatic islet, and liver cells, fibroblasts, bone marrow cells, nyocytes,
and stemcells, and cells (e.g., neurons) of the central nervous system

i ncluding the spinal cord. The term"islet <cell(s)" is used throughout the
specification as a general termto describe the clunps of cells 5 within the
pancreas known as islets, e.g., islets of Langerhans. Islets of Langerhans
contain several cell types that include, e.g., $-cells (which nake
insulin), a-cells (which produce | ucagons), -y-cells (which nake

sonat ost at i ny2y. Fheek|lsinthtid, dht 3¢ wgeetepbmnergeaﬁlqteelbot gpegiisivdedh are part of a

ent er OChrO ﬁf ﬂatf’cqglf anaﬂpve?@elﬂrmblggsdss?&%trg c:elllg)P Co%'y‘{e? a%gq Rl ﬁ:se!mds The
term"stemc an art recogni ze erm r e e o ceI aving the,
ability to diells degf, ammmgﬂeﬁhm@mpmmdsystam nmclmduigttw isddoddo "ﬁge wenfislse to

specralrzedc ed within.this termare, for, examle, . ot ent,
pl uri potent, ﬁ'r(_f‘l t‘rsﬁﬁ)"tde‘h’to"g}é?ﬁfj‘hﬁﬁ?eﬁﬁicethot“ S eSMLY toéie%j”%nﬁé"lf ‘B?Pélotfceﬂf' ver,
nuscl e, sand wheRwHeqRAteLs1GoFh aMseal £.8., isRy flLS@geﬂ{aﬁﬂ BRY of LlafgdiRMB EortaAt t he
cell is renoved fromthe tissue or (or its predecessor)

nat ur al | y ocEU§ral, celh typs thapigplugie ejgusﬁtcegwrh i rﬂg)(erreﬁurlm adefly Grhichtpsodag ur al
mlieu gca@@nsgeyemg(eréPJnQ@eesgmatoEt%n)eP(ml(@hrcﬁﬂrddﬂé%cﬂgaﬁ:?ol)ﬁémdc)r ot

Langerhans i's considered to be nade up o i sol ated ,
i s renoved fendedirqraatin eells (ah@hemuﬁeﬁe{?m@c&? tojls gep R atlésd The e “‘oehetil” is

islets. The geld r%co%fmz@@t fef&g @A fie &bilf Nnggxmgrfopg@gffmtgéerfod:pﬂrtI al

organ such as a pi‘ece o ood vesse f e not “consi dere sol at ed
cel | s" whi | ecudtuieland pagive oie to lapecatigaieellsT Haclidedwithon tastesn 4rej r esmthld, hr oughout
t he specific ener al 20 anat om cal part or
rrerrber havi ngLPa(9 é poge Pgnnugt ROEJCE& |rmr]1(ti g&%& m\“ﬂgur%’h“eer‘m.“ﬂ*c V‘”efa““’ tA n t he
meani ng of tlimnsatdperemanem cgllost anti al portions of organs, e.g., cohesr ve

ti ssues obtai ned from 5 ch, or gans de .but are not dto
ki dney, liver, h ar tlsaaﬁ?ﬂce?ﬂ gr{mmﬁ%aﬂh r'e reemé)rveCl H?raltli’e PRP% etV HE, in b@'ﬁl&?eas
and | ungs. Hor tthmdecaxsbn)dadrailm otdurs mlea‘llr qahtbie@m mreallqueﬁea&dmbismeﬂral widiesel s,

e.g., aortrctrasl nt. he ter "tr n" s us hr oughout
the speCificat bSEE %%eaa % é“ ta ortee(rarr’?f)g]b %“ gt[‘taﬁ%cr secsf’gs@?recf 1H5F Bi#YS ng
an organ, ti rasmre‘;solmg celfs, aeb the isletris remzbwd ﬁlmala pamdréas ancmtm te phpatallerstpzraﬁde
term"transp ant i ed.in the ar thetra er 0

ti ssues or ¢ ?rf'g ef ﬁﬁl;éls ﬁﬁ&eﬁ of ‘“é“r"ef m?uén df’er?“%rhe | Nt e atmalﬁrga?sughas

mai nt ai ni ng ii&lecefafracbﬂaodnadselramlegrcomsydem‘d to he' rsdzlatadrsq)lsanmedstmpm‘utftl&mrgael s in

EQE r e%?tﬁnkegzgﬁxgﬁer?abogran{]grls use%i? l(l)i.ra/J [hf\ls%‘efgliﬁg%y&él% etg%ﬁherzrrl terrnqo dgsgnl?Be a%gls
tr anspl ant atdarer'mical partisredertter bugrhwuwetllﬁe figpecon hitbadrimal. Mergmimeawlthlenhn to

describe the Qzlx’ncx)fgeo%?hlg ren% laraérlﬁbs%{nﬂllapp%rt%ns %?organs e.g., cohesive tissues obtained from an
" organ. Such organs include but are not limited to kidney, liver, heart, intestine, e.g., large or
small 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 f)roccss of implanting an organ, tissue, mass of cells, or individual cells inte 2
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 (see, e.g., The Merck Manual, Berkow, Fletcher, and

30 Reers, Eds., Merck Research Laboratorics, Rahway, N.JI., 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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| east one cell, e.g., an islet cell(s), to a patient. For exanple, such
transpl antation can be perfornmed by renmoving the Qcells (or intact islets)
froma donor's pancreas and putting them into a recipient patient whose
pancreas cannot produce sufficient insulin. The terns include all

categories of transplants known in the art, except blood transfusions.
Transpl ants are categorized 5 by site and genetic relationship between donor
and recipient. The termincludes, e.g., autotransplantation (renoval and
transfer of i,S 0 t anme or
anot her | ocatFe ?%r?ﬁ%%“t’%é %H&r?%é} C%t@eﬁﬁ)d aB&fil g?&éﬁ@gﬁaﬁ? gkr?%h a%?’}’é{tr]\%&bgnt ation
bet ween nenpefemed by renovargehsfedisds)intaansletx)einah rRansls patcadas @nd putting them
(transpl antations between nmenbers of dlfferdent speci e ,g The ter

"organ rej ectTOR™CPIg} BAIER] BhRse PUICERE ROt RipAUCE é‘j’fgﬁ’ﬁ“d uligy hea']’efmsr’éﬁ%rﬁ”zed
and are useehtégahewhfaugplmwkrmqhiue@at £RBptdTood tHBETRIGHs. tTednbpIhs flesatobged he
process of rejection of an rgan, tissues, or cells in a recipient.

| ncl ude@ wi thywetaﬁéga@fmmletiqﬁﬁhlab@we%c%oneméﬁreplemhrTéetenm includsiitetgor ns of

r el ection t hﬁ}tot%?plhﬁﬁ{?olnl(yerﬂdifgrgn!dfn'aﬁﬁer dJ? cgls o'?'ng'ﬁ ]&c@txom&pg(%(érlﬂ Ci(?the
rejection, acute Tejection, and chronic rejection zse

Text book of Surregerayothwmmlsn amthe veth¢ patignty,. allott& s Phehiatiah (Uianspbnsmmyb@wws

- 1994). The ter ) rgan r sed herein as
 genetal ter ngeer SEGEHAREsrIARE b uendilee IRISh Mo B R RERRR
render its ué:éfetem@etmanspl antation pr ocedure Iess than optimal . For

exanpl €, & mar gi donqr_can.i ncl,ude ol der n ears
ol dr Tor® hat 1 o o PR COreA (U Aok hr CHFE T Selod” PRy A ECE g AR
funct i on, e. gre usedQh@ughoat B8 spddifidariditasal gepdiell termioadescribAtHEer @lessadf r@Edgiam of &,

f or ~exanpl e, an or an from such onor.,. qQr ..an_organ that has
exper | onbed PEBh GaEn CLa bR BT BeHash R federbiSf uf. B St
presents Wlht banﬁﬁgfo()fﬂ d’éﬁtn haNoE Uﬁﬂall% idestified. @cl;mearm}dcu@nﬁyﬁmkﬁue 23] ecu?]g&sak S,
eg,lnte i.dne tatcanrnert I‘I’laStOITDSlSI [

with evi denc’(?leﬁfmhta s Efﬂ%'gf”? |gaéﬂ'2§ g?oz‘fﬁ%’g?ei@m% Maé‘pgysatl on
of Ease@us C‘ggﬁﬂﬁuﬁ,waﬂsx[ﬁeﬁaHMm MoNOXi ge conposi tion gay be a ]galseousth

car bon nmonoxi de conposition or.pressuyized gas. useful in e
net hods of the m%?ﬁ‘f’?"énmé%ﬁ’l“aﬂ)go%{% E mF’rgBW'{%rﬁﬁﬂ Elf%Hﬁfﬁ?‘&’Fﬁ’Ias%‘Eﬁ’@éeméF?d in
any type of J@&HRla RBST R RFdadpfestingStidIProtdehOMRY REGR s daSn 2 kadspRAtagxanpl e,
conpressed or pressuri zedgrqases can be obtai neg from an source .t hat

suppl i es c oPFpresutedess B ptimal, ier xampys, g FRreing) Oﬂ%‘&?’éé‘l‘: uded donpr hah QI  zed
gas i ncl udi NG & RARs 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 (e.g., small and multiple vessels, e.g., in the
kidney) that can render the vascular anastomosis difficult, 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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14 nonoxi de used in the nethods 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 sane vessel. If
desired, the nethods of the present invention can be perfornmed using
mul ti pl e vessel s containing individual gases. For exanple, a single vessel
can be provided 5 that contains carbon nonoxide, with or w thout other
gases, the contents of which can be optionally mxed with roomair or with
the cont ent gnoabxiat Hel iy 8e$dusods 6f Be preVedb:@Lrdios QR Bd roiged QXN 8RNal Pt FaRN,
carbon di oxi de, conpressed air, or any other suitable gas or m xtures

t her eof . Gasewsd feeir?ﬁ@@pml@«h@gad?@md epreprtiondlYdd Herndae €6 tirpgited t he
present inv C % 9

hout 21 % 1o aE B B R RO a s oL B0 6 P R o
0. 3% by wei ghtlg (rwbrpﬂfemsmtﬂjwngmtxmg lab(msﬂtml&aﬁsllemqampleeasmglt vmsd*:i)caxtbe;abud@
3,000 ppm c¢a n .o de. Preferabl & arunt, n.in

gaseousp coﬁrqu)(é?ntt‘ﬁil%sncaf Nabe rﬁ’f“d‘?‘a‘“)é}boyr ‘%//\éllbl T Ehs ™ n%‘ifﬁ?engffo(?g“ifgecﬁn % about
21% by wei ghpncamdy triveed varmmam afxfor 0th biercoRBME T ctter \&ssahoug 0ese10dndiing@bout
0. 25% by welg The armulgléElt ar bon ?ralpnom de is pref (Ii‘l‘ abl y at | east about
0.001% e. gOXYasEP: PESEEN CARANIIQK b BURPTEsSesak, Oh2yYPer $% 1A feens 95 mixtyauiPeTseinags
0.05% O. 06% 0. 88% ueohi}sritiOnslaaifinieréd®Ga n@x?t%tcd?ﬂm tozl‘ﬂle/ RYent WEEARN-

Preferred ranges of- carbon nonoxi de incl ude about 01% 0 about 0.24%
about 0. 005w dy aprdtin OBk tR2dgutIBHbBY VFigh orPee, a%ﬁ@l%tcze%m H0RY Apweish0. 015%

to aboyf O. %{%é%x anaﬂ@aoqhéooédoom@%@poﬁmg“&?g‘iﬁ%%e&%@%d‘%% ﬁﬁ,fp (g,

COHDOSItIOﬂS avilin concentrations of car nonoxi de Feater t
(such as 1%l qvpb}gnoemléﬁ)OOwamibearb@eﬁmomde sﬁréfqra%brth@mm{néofgmrogvnen be g&5e2G f ew

breat h | f
reaths), app{?ﬁ@&htf&19%&}1%‘/@b?%l?hoﬁﬁute'a%umy?%%&w‘r‘s %GMI‘WL?%?%QE% or

ex Vvivo atlons ere car N NONOXI de polsoning IS not I sk. Were
the gas i s aseunttofcirbenmmanoxidetifrakoph@P@01op abedtii 3554 boveight. Jak kmoim offarpag,

the gas can caglal B faLho Sl 850eldo. 4 Rl IR Biged B 9H of the

medi um The ca I OXl can be present or exanp 10
comonlty 5%0.08§%we Pt 0.08%, POYaskis Od)éi‘/do@rio%oﬁdﬁ%d@: 2@%:1‘2)2)%%t0r&1’24ﬁ@§/y be used

to create ag, g IORPRALE LA or HRHPEbRS R RALLIRDIH I8 483w oAoaLERSPheT €

that includes ppropriate-leve on nonoxi de gas can be ¢reated, for
exanpl e, by Of06%itelrbmgt 8. 29%s gwlut @8 HI alorrbeig 02034, @5d abduy @@15;:%@ ateehpihodiyng

car bon m)n‘”&} f’gﬁsﬁpgﬁﬁ no?e'a%z{t LEBS Aok 'Hﬁn&&&’es ﬂo%i"%“@r%gagx chEQemgt }4?§f5cea|rboh”t 0

a chanber ace to for an at nosphere t i nc t he car on nonoxi d
gas inside mtv@08©e gragiatiban 68 %g(pesbes l%lotelfehfat)lw Qﬁ,uscm@fg@s"e@ﬂeme Be0h@¢r@ased

into ar, app%v@t:}é%!h&)h@peﬁd‘!hm%ttﬁéap&)ﬂcaﬁon. They are particularly useful for ex vivo

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 appropniate 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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breat hi ng mask or breathing tube, thereby creating an atnosphere conpri sing
carbon nonoxide 15 gas in the breathing mask or breathing tube and ensuring
the patient is the only person in the roomexposed to significant |evels of
car bon nonoxi de. Carbon nonoxide |levels in an atnosphere or a ventilation
circuit can be neasured or nonitored using any nethod known in the art.
Such net hods include el ectrochem cal detection, 5 gas chromatography,

radi oi sot ope counting, infrared absorption, colorinmetry, and el ectrochem cal
met hods based on sel ective nmenbranes (see, e.g., Sunderman et at, Cin.

Chem 28: 20360 diRmeathigg mask pigireashingtube pd aovrinEGhSBBie849the DOD@ErsOSUBEPar t S
per mlli on I ected by, eg., gas

chr omat ograp %sed”ﬁ@%?%%é@‘é%gﬁﬁ% Rgﬂ%ﬁ&ret her, it is known in the art

t hat car bon nonoXetien neweiigde lepelt imemsubosppm bammukzam biecuireas b¢ mdasiifid ion

bi ol ogi cal tls ue . by a mdinf Morimpt o et al

Am J. Phys{8f" Orﬁ@é‘{%’f’g any(f’FE J%P?Wé]l %ﬁ“ef@OEF&B’? tﬁﬂcggnﬁfg(ﬂe)moﬁﬁ%@ dsigstioRi de
sensor ss andg@asucdﬁztt@g:rtap}anadﬁ)\/slo(b@s c@\fnﬂng,%f?@kd’ab@&r@hérﬁ'@bl%nfn@@fﬂaH@ny comer ci al
sources. Prepar agl on of Liquid Conposjtions 15 A carbaon nonoxi de composition

may al so bee1§°‘F‘i HPEaErﬁF‘B% bﬁﬁﬁ&ﬁlsﬂéc”d&ﬁ'ﬁ&qrﬁebﬁee A8 Is‘la‘iﬁ”@%é{rﬂl belifrgdiemi nt o
a carbon nmonephHL) GNP tigPh ADYNARYN f@zj“sosiazkm@w sln);szl?@ hilfid cartG@USI NG
gases to becone di ssolved in liquids. For exanpl e, FqU| can be pl aced
in a so- camoeeridgiopels prrusdictseted Bnd: ge@bg@am@r@grapk@mwurm@a@opd epwnide. car bon
monoxi de un $hb6H in GORE BAL Latld t he
liquid As glrl{]g%e lggexarrgln t, ?% 4 n%%gxd?g%@g%mggﬁa( r%gﬁgﬁggﬁ% llrrgdct |y
into the |igquidogitlitissyentey m@:mwdm@emﬂml o, Mf)nmatotm)nl AronioRhykéol i Heatthe
liquidis r %ﬁglﬁg@o %30 ﬁ@%&SSOEO(ﬁ ﬁ:ﬂgonngngggéx& eltxso%tangans g)e?ecgl é)vuyeedel ha
gi ven aqueous solut1on i ncreasés w't ecreasin ure AL CSE

anot her exawpledy, aailablafpmomny abmmieiciplisahremmy be passed through tub| ng t hat
allows gas diffusion, where the tubing runs through an atnosphere

conpri sing carbon nDnOX|de (e.g., utilizing a device such as an 25

ext racor por Bebarggof I oge :*:1'«11 ). The carbon nonoxi de diffuses into the
liquid,to creat e a qui d nOXI e 0Sht] The. e
any i qsru d known tobf) hosoélo’% mplofl %ls%g? np%m%éars%n T Ae Cgmpos’gon Ab
adm ni st r at lignd tan qmamactxnn@ a(cgrben nfoooxrw@mmoapoﬂf ar}dnélfbodhmh mfhe&ntrfgrer Y,
Morris and Malt f .V 4 ntalnlng
organs, ti ssalﬂ]és egt ?ec%egsgol‘pg or|c 1‘1&3 c%x cP é)e pla[:? 1Be

aqueous sol cﬁlie@ﬁCOEmnlpyiteg angf e)@poiedtto a)r:matmnonlsuw d?hal&ptnatoeoﬂdﬁ freil adeﬁaﬂl ne

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, Morris 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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(PBS), CelsiorTM solution, PerfadexTM solution, Collins solution, citrate
solution, and University 16 of Wsconsin (UWN solution (Oxford Textbook of
Surgery, Mons and Malt, Eds., Oxford University Press, 1994), The liquid
conposi tions can include carbon nonoxide at concentrations in the range of
about 0.0001 to about 0.0044 g CO100 g liquid, e.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, 5 0.0026, 0.0028, 0.0030, 0.0032, 0.0035,

0. 0037, 0.004 .or 0. Ca 10 aquepus_sol utjon, fe ed ranges

i ncl ude, e. g% "&bYLED ngg“‘i°8 (éb@&ﬁ%@gﬁfﬁur@fﬁ"fde”ﬁ apg&ﬁil‘dégsab%’tﬁ‘ 0. 0015
to about 0.0RRGrsGy PrIs 0994, IThelkdsld coipoafiond ca0 iRAk3 chiBoRRRHExife quﬂtegtra%J
00 g liquid. For water at OC, the saturation 6)0| nt is about 0.0044 g CO 100
g nmedi um  Ani tBeifanah abpp A9 eaaboneld- Qg g GRA A0 £ §wdeses. 2 bareehiG0Rt §.8W4of

car bon nmonox f [ e b

t hat have beggg%yugﬁpfgg%cogﬁ&rﬂmgm%oo@t]g?g]@@tgtol%% OB?% Uﬁg ld?) Cﬂé)gf,t())%@%
nmonoxi deé can0.B6e2qi86028,A0080,4x @32,dH1036) 0.8 7 dbe& Ocerr. 1942 gcl{)/é0@glagrieaus solution.

measur enent s a o131 meabl i r bI nb ane dto
a carbon rmlrjlr\g%”ﬁg ?‘"%%?sz‘écrie &y PRt |tgr?§wct§r?bm% @ g&)t%ﬂ%iue g%‘g%gﬁse‘&l ve
concentrati omﬁJuameZéngitﬁtlaD peduid] ortahest®.(0e¥ & sboutl mOdI@tgFC(D/ll q0lgdiq\axﬂd aseeus
conposi tions e.inc u i on.of, the I i um can inprove carbon
nonoxi de del ?\pelf}y‘hFBa‘Pﬁ o ‘i"’é%ﬂ%%b%'fég(ﬁ“&ré@ﬂg@gﬂc %hent of Patients with
Car bon Mbnoxi de Qsmmﬁuabkqq\s:dmebepsmsaemtolarsvmmeanamrﬁfeﬁmbﬁh@milli@wg@ of
car bon nonoxi de coggosm jons to tre reci pi.ents, organs, .tissues,

no
masses Bf cefifsers iyl GRaYVAR RAedReds S‘g\é‘fqné E%Yﬁ?“é’t‘é’ﬁ“@fwf“iﬁ@leﬂ FREXajRSt | ng,

stofage and fel,A0§Pdadtn ErR%RS San NS, JRdurale donBEIUE dog JARSS a&Hfieve@hlaS, oOr
i ndi vi dual cells %/ be harvested from. a donor, treated with .a carbon
S

monoxi de conPE¥PEEmSAiseRthA &2 PEeable Ak iAMEEMGRE A MemPrane siseted inaftsn, and

transpl ant edypRéRdaraBeérPisBRtionsAhh BE Slrhté@lydeired dffec ddihdetatidnB@ndr gan,
tissue, mass of cells, or individual cc] Is can be treated in situ, while

still in th@2marse at @15?‘1 Ieess: II§7b°‘51’6%‘956‘?\%?6%)5%80%‘&%’6@? {clysiop ghthp iert
adm ni s{er edgdsaelildd cheFigpd RITarbBh MOhoMde deliverdus th@@ssu@@@lﬂ'a‘ﬂrorﬁnt er the surgery:
e.g., after an organ is reperfused with the recipient's blood. The carbon
nonoxi de conposition nmay al so be adm nistered to the donor prior to or

during the p{eamsomanaawﬂsbamgnM’eaogag@amp&dnso%ye mass of cells, or
i ndividual cells. _Organs, tissues, masses of cells, and/or i solated cells

can be harvest ed THEGHFSEIRNFAHOLIMA emPialeidha USROA EATRRA TRPRPXHSCABALS TS ihireeb

those of ski bénol'sl"retcﬁ‘ﬁen@r Brgﬁ@ﬁssués%aﬁ&ﬁffﬁkl@s ahdérOhdlvidBal Teld Napkstef oS gery,
Morri s and Mal t, Eds. dord University Press {19943)%usThe skil | ed

harvesting, storage and transplant process. “An organ, a tissue 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 orin

addition, the organ, tissue, mass of cells, or individual cells can be treated in situ, while still in

L

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 prior to or dunng 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, Mortis and Malt, Eds., Oxford University Press (1994)). The skilled
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17 practitioner will recognize that nethods for harvesting and

transpl antation may vary dependi ng upon nany circunstances, such as the
type of organ, tissue or cells and the type of donor. It is further

contenpl ated by the present invention that the nethods described herein can
be used with organs, tissue, nmasses of cells or isolated cells ex vivo,

e.g., bioartificial organs, 5 such as a bioartificial liver, kidney or
pancreas (see, e. g , Sanbanis et al, Cytotechnology 15: 351 - 363, 1994). The

organs, tissues, ijl | s {ﬁgr mas esﬁ?f cel | sé n be treated with carbon
nmonoxi de ei Prﬁ@r‘“%‘zf‘ﬁ 608 haﬁﬁleﬁﬁg r Ry gsgn cansplgptaiipn may Yae gergpeng
utilized i nuSdiemanieBmst@ices, ROk as tht 1y8E axaérgéﬁehysu%r ¢ls aldink 'tﬂ;@’ofﬁ&%r donor

ani mal can be adm ni stered carbon nonoxide prior to renoval ‘of the organ,
tissue, mass of Y& fughergpntempiated bydhe Eféﬁeh‘smftwﬂoms‘@t tha metfwdel desced HEGin can

Al ternat] veby. 06 i ROILIAR, ncgEbl el S, cuLiNEed, B, Sescrlhed below and

transpianted | nto a ent can
nonoxi de com@bsasBbwartb}maahwrnleﬁrlrﬂydarlpamns (sme, etgheSaarbtanio s ﬂd@’ylldesﬁfﬁl’dgjﬂgS gaises

d/ I t Th t h t
i i st at 16 18707 Tt BB a0 BL TR i g R RO RS FRBEH 1 BAETED pati ont &

(e.g., by lmoh&iad aﬂabﬂﬁhdlﬁdﬁmﬁng tmgmshmm):wcarddwhhe:hte?me%lxz@eﬂlmtm &Mtatolron of
t he conp03|t|ons to tﬁ%gatlent S gans,or tissues in situ (e.g
i ngestion, PHHBUMFRERY OrdhaFghon, she i oR) C%?%ﬂ%élsgmﬁfh@mmmeﬁ% mrw

System c Delo' réR6Yal Of tHedr ¥ ek ler s, @aﬁegmap&n?@d? WIDRAQKL @i Lonposi tions
can be delivered systemcally to a patient, e. patient undergoi ng or

in neetP of a trafignatively %&ﬁf?%&?ﬁb@"ﬁeﬁ@%f%ﬁcﬁﬁm@ﬂ btlewgndtrenspiayted cal | y
adm ni st er egh by dcpfat.ati on through the mouth or nasal passages to the lungs,
where the carbon nonoxide is readily absorbed into the patient's

bl oodst ream TheA®atfdé pnbsttieated 3fithaactarhps mopergo cATRIPISTOp biyteny megdd kpovtthia

t her apeut i cthg%ﬁ%@u&nmmggageeanmht uqio%m@,ﬂﬂleae %%%F&Eﬂt%\len?& éyn&Hp\a?égtl}'l

i nacti vati on, and excreti on enera ough respl rati on rates o
carbon ron®eieauc admipisirationof ﬂwéror sa&?@w@rbr@nmomée £oTORASitighs tokdalients (g-gt, e

art. lisis {QaBfod dﬁﬁfopﬁ{geQBQ? fafd Qx@q%pluq%mltnmra@&yofw é&gﬂk@hﬁu% cm s

speci fic dosage regi nmens usted over tinme according t I vi dual
need and th@rgpms(ﬁréxg%lr'bwamj(m&g ingessiontinwifirsion.ondiad irftreiductioniintg tlvrabdommal
supervi si ngcatvh9 adm ni stration of the conpositions, and that the
concentration fanges set forth herein are 30 exenplary only and are not
intended to limt the scope or practice of the clained invention. Acute,

sub-acute and chgQpiGe BEIR SEEAEdPoRSxigar bon nonoxi de are contenpl ated by

t he present
20 Gaseous 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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18 invention, depending upon, e.g., the severity or persistence of the

di sorder in the patient. Carbon nonoxide can be delivered to the patient
for atinme (including indefinitely) sufficient to treat the condition and
exert the intended pharnacol ogical or biological effect. The follow ng are
exanpl es of some nethods and devices that can be utilized to 5 adm nister
gaseous carbon nonoxi de conpositions to patients. Ventilators Carbon
nonoxi de (concentrations can vary) can be purchased m xed with air or

anot her  oxydevendod)idapending ugas eigh tiee stanhgar skréiadnke of the dixprdesisest gasnt ( €arGon
21% 02, 79% N2). ]t is non 10 reactive, and the cance t atigns that are
required for THOXHECHRBSIGYERE 1T BUERL T HUBARETDRT AR @ideifey) seiio\ny thiseat the

conbusti bl e _rc%nmor(alrQP/exmu@iaﬁr)mdehrphMQ@e%&ﬁbr si6lokicAkffcte gas presumably
will be delivered to the bedside where it will be m xed with oxygen or

house air in a bl dnEéiotinepreesmpid of somrmrbeditindAeyiqeehayatt entiliggd P i nhal e
the 9as i Xt Ujoehifille0ob.8 HEEH btk RlercoBbsilonthd daBfisset Lo a flow rate

based on patient confort and needs. I's determ ned by pul nonary graphics
(i.e., 15 respiratory rate, tidal volunmes, etc.). Fail-safe nechanisnm(s) to
prevent the patient, from unnecessarily receiving greater than desired
anounts of carbon nonoXi de can be designed into the delivery system The
patient's carbon farioxineokidv doncarrativas nonary)redbbdyursiiasel/mixgd (vth air or another

car boxyhenogl obin (COHB), which can. b asured.in venays, hl wand. (2
xhal e car OERATOATAL eshih Bap i i TR oEPra g b (o AiRe Oy dRfm Bis b

Car bon nnoxidgtiex pas theeot@ntrhins R@r aejedsiteidobias atthydosf thhprepat ineditios aeal t h
sachos one SR Ry TR Regin ) BEFSR S imons FRARA S22 O
nmonoxi de i s ndlivéred @hnd bedside whird &, wivihba inexedrwittsoxypéradbradusd did inWltieno@atied yeshed
exhal ed except for

a ry smal | .percenta e.th%%uis converted t C@)ﬁ Car bon
nmonoxi de can CzSP%eB"ﬁtéonm@éga%“f WiLRGale | 5\?@59'"8‘1*“ ?‘t?hﬁr"(?\}‘ﬁa[@r’t"ﬂ‘écg‘avﬁ gigtoa
delivery of cvbat tapson pdenticb it and aBsieqTRIS is deterinyH20 ¥ @ ulmdparg @raphics QBS .
Face Mask and Tent A car.% n_nonoxi de-cont ai ni ng. mxture is.prepared as
above to'al | JFRARY A% B ?B?/l“mf”hétcgall: ia‘g'ﬁ:t ¢ Osf 'Sg'?fié%grﬁﬁ%’ﬁ%ﬁrpai‘gﬁggmme
concent r at i ornunnedessagly rea@ivitpegrehangaetdesina aareuntef Sbavarabresk idettian by desighgal iyito
swi t chi ng oveé 5(; 10(;% 02. A nai 1 otri n of carl.?g@v c%)réi de Jte%ﬁ?é S V\Aoul d 19
occur at or rB&PYHE SHETR 6P REERR G PR SF SAHRERRAIYA PR WUl d
prevent too hilpartikykemoglobin (COHb), which can be measured in venous biood, and (2) exhaled

carbon monoxide collected from a side port of the ventilator. Carbon monoxide exposure can be
20 adjusted based upon the patient’s health status and on the basis of the markers. If necessary,
carbon monoxide can be washed out of the patient 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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concentration of carbon nonoxi de from being inhaled. Portable inhaler
Conpressed carbon nonoxi de can be packaged into a portabl e inhal er device
and inhaled 5 in a metered dose, for exanple, to permt intermttent
treatment of a recipient who is not in a hospital setting. D fferent
concentrations of carbon nonoxi de could be packaged in the containers. The
device could be as sinple as a small tank (e.g., under 5 kg) of
appropriately diluted COwith an on-off valve and a tube fromwhich the
patient takes a whiff of CO accordi .fo_a standard regjnmen or as. peeded.
10 | nt r avenotfSVAFT PP mﬁﬁ‘r&ﬁ‘%W&F?ifﬁq‘%ﬂfea@eqth&ﬂ@m(”&‘&QPH&%VF”H‘QW%OF br gas
exchange in ¢diRea066bf desindnetbxiderirodlveifl@hhat@ry and CO2 renoval can be used
for carbon nonoxi de delivery. The catheter, when inplanted, resides in one
of the |arge vei n®or&fde whilkd be able to deliver carbon nmonoxide at 15 given
concent rati ons. ei ¢hekrels0h osthH HBhdidtehh YEOK BeaFhio B pbAAR infliLLac, FOGLIRNIKET Y
can be a local delivery of a high concentration of carbon nonoxide for a
short péri odingfmetened dage, for spanplé,ite pginitante(mitiers tiaatgientodnaenpiestvions wo i @
rapidly be dj j tre or arelatively |onger, systemc
exposur e tod}éésﬁéag?t%g%n%gﬁ?ﬂgf ?rlc?g&g ’%r(]:saoﬁrg%fr?orr'rﬁnr?g&’f’%eco pé%? ‘}gé‘fagg.e? B t1er et
al ., Artif. cditgedns THR(dbiice 808d 8d 2 sihfio4s a andll @ak (dg. ainded 5 kg) ASAY D Ipriately

47(5):432-437, .2 ).....20 Nor ari g chanmber In certain instances t would
be desirabl e ’E‘Be‘g%&l@ Wé"?/\‘ﬁg%?ée g @Wﬁ@%‘”b&}“f&’bﬁ?*‘“ﬁ%ﬁ?f aév.h’f?ﬂfec?é‘t% B
woul d be i nsjodestadadiregimghbr vredar that woul d be fl ooded with carbon
nonoxi de (at a | evel that does not endanger the patient, or at a |level that
poses df acceptable ri 25 without the risk of bystanders being exposed).
Upon conpl etion Oh b @o8X PeFidlaELuighe chanber could be flushed with air
(e.g., 21% 02, 79% N2),. and sanples could be anal yzed by carbon nonoxide
anal yzers to ensufe2iidcichiups 2 sriistsk ferace faheassachyatondhetlpediidpyened dorst i ent

to exit thed@XRPOSHATEYShOVN calbeARLERH SarR HbnR e dLherPr BieedithetenMBHRE T ON
further contenpl ates that aqueqQus sol utions conpr|S|n86carbon nonoxi de can

be created fiplanids essides BanevEMy larae vemsand aippld e ajle to fefpveppagborgappayise gt

and/or BY  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 ef al., ASAIO J. 47(5):432-437, 2001).

20
Normobaric chamber
In certain instances, it would be desirable 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 ri"
25 without the risk of bystanders being exposed). Upon completion of the exposure, the chamber

could be flushed with air (e.g., 21% O, 79% N,), and samples could 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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5 injection into the body, e.g., intravenously, intra-arterially,
intraperitoneally and/or subcutaneously. Preservation buffers and culture
media can be saturated to a set concentration of carbon nonoxide via gas

di ffusers or pre-made stock solutions that have been quality controlled to
contain set |evels of carbon nonoxide. Accurate control of dose can be

achi eved via 10 neasurenents with a gas perneable, liquid inperneable
menbrane connected to a carbon nonoxide anal yzer. The buffers and sol utions
can be saturated to desired effective concentrations and maintai ned at
these | evels. For procedures that require perfusion of a given organ,
tissue, or cell pHepauatsiunspre-mde saturated sol utions can be on hand to

maintain the |evels of carbon oxi de. |f carbon nonoxide |evels drop

fresh sol uti ons cahe Bréseéaaléwargf o} BlempeIsHRR @aymut @lwﬁbwpﬁw&@ﬁfa@n
concentrati ORRBRME & RRPELd @@Qeﬁwh@ieﬁ%@??&rﬁdn@ﬂ 0%, td?%ra @a%@,maﬁo?@ye or
cell has been acconplished, it can be maintained in"the solution in an
airtight5 cortedtieanntp gie btoriar%pomtfaveﬂqtiélygﬂ%@méﬂmfImtrmmoneaﬂtv agdisr hel i um
makes uptakemﬁku&g(ggﬁ nonoxi de nore efficient. 20 Topical Treatnent of
Organs, Tissues solated Cells with Carbon Monoxide in situ and ex
vivo. The presentPﬁmmenkmdmﬂ¥@aﬂ®mé®mneﬂh0@sbgﬁmUmadS@baﬂtbmgmamomp@aﬂ@s)

;![ Z;ugfs egggzqeo%o%fd %%lrasg(%r(lt?sg tpre %gée stloc(ﬂ sol%llons thz;lt_rllx?]'ent?grl;]aya%nftlza‘og]giﬂge?jl %dgeﬁ s
to a carbon mn@mwdtaemm@aibbm mnnqzmdeorAdcuraMcamsqdIoamcbsatcnmb\e acAlv&indh exposures

can occur in situ and/or, ex Vvivo. S tis es and/ or, i sol at ed

Can ol | et P She et loiu AR e S R i RSB 6 4
i ﬁui d car bOﬂaolﬁBﬁﬂxhllﬁia@zeﬁOmg@Sfféns@ﬁd sofuti®ns cad blelsgtuta&ajpe%sll»ﬁﬁgﬁccﬁsé or age

sol uti on, Or was sol ution avl car Nnoxi i ssol ved therein

both. Exposuf¥GRIEnsayRe tf’mf%]%é F:ESQIF ”g‘ihpc‘i“ég‘}’s Wa‘rfﬁ%%pa'g”%?i‘rﬂ&ﬁ‘fef‘ons
IC:an be 30I pebfgﬁhﬂﬁdu@)sr A&l \Bepandlb g fprd- xlﬂ?é?d stamad@e;e @nyiopetdhad oKh@%ﬂolnﬁhlﬁtﬁﬁt}@rt
or exanpl e the ex sure ertor ex VIivo,l n chanper, or Space
vl o £ Ve o P H ey d R Mo R <V Stgp st SP e A aEe ESRBIooL o1 3
or partial |y repidtetiitSe @BE Qb ODMONDKER OMEARSIdnk Bive dP@p&ﬂlODh&l’the @r)épdmloa,ofthlae

organ may be exposed to rbon nono e Cco OSltIO Iac t he . gan
in any suitaH ‘&SB%%{.CF\@P“ 5%“&8{0‘2’ ﬁ@éjtnl‘fé“ P’SW‘WQ%%C g8ty
"wash over" theaifedanranssiit THelpadsedcbef e Grn gas h&kpomeitks uptake @faﬂtblomumusmad ow

of the carbon nDWQXIde conposi tien.
more efhcient

20 Toﬁical Treatment of Organs, Tissues. and Isolated Cells with Carbon Monoxide in sitw 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 cells to a carbon monoxide composition prior to transplantation.

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

Exposure of an organ or tissue to liquid carbon monoxide compositions can be
30 performed ex vive 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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5 Alternatively, the organ may be perfused with a carbon nonoxi de
conposition. The term "perfusion” is an art recognized term and relates to
t he passage of a liquid, e.g., a carbon nonoxide conposition, through the
bl ood vessel s of an organ or tissue. Methods for perfusing organs ex vivo
and in situ are well known in the art. An organ can be perfused with a
carbon nonoxi de conposition ex vivo, for exanple, by continuous hypothermc
machi ne perfusion (see 10 Oxford Textbook of Surgery, Mrris and Malt, Eds.,
Oxford UnlverS|ty Press inin situ or ex vivo

perfusi ons, PHa16F B%FHeccé?H’p%ée%% I%é"é]éf W‘F%Caéb%‘i’f‘oé’éif:ﬁ?m%%moé‘ ds anexgr

solution wi Em%le GRE 5Qn Fﬁ@?@é(é)@%sedm)'aQErbBerBﬁ&LB%%o%o‘é%Erhb} BRCiGAHRRean in
nonoxi de conposition, to renove the donor's blood fromthe orgah. Such a

process coul dnm%iltpblﬁfcéﬁtﬁ@dr eyl cpupingl thesaper mom@nd¢ mpoglapmmw“wmhoxqrdélel@y%an he
donor S hermgll ?}q}lé} thm&?}l{] SC(PBtal C%H ID&OQ?QX\@%?I %%LT%TO}I 91% ﬁﬁ (t? os&i?n Car bon

nonoxi de conposition ropriate | tubi
that all®ws gas dittfasvan thetdngzm mambdngarﬁmﬁsvxtmxmtgim raasnoatdlmspxlpemtmn The term

conpri sing carb npnoxi de anber u

ext r acor por eaf " 1r?i‘)’r e Wy%fgﬂ‘gf‘? SH", "ﬁggéﬁ"’%ﬁ’tg &“fﬁgaafaf%‘aab% a%br?Bm de
conposi ti on, maAbgide BBYpdshtm, tb@u@m&ﬁewbddmegsemf@xﬁ gehh (Qisgue. NAGhbdiTether Mtifg t he
organ by connecting the t ubi ngrév o .the or 20 The organ_or tissue may be
pl aced, e.g. rEahbAeRYRHNd i fiearhaGH KRR N F%léﬂof%afa’d‘?fd?f%‘td withhg faRs

carbon nmNOXifeoxialdorRpRaRA ek Diva 6NSERBIe, B?@&ntﬁﬁ&@%%otﬁé}%@c AReHittePtision ( see
solution to a carbon nonoxi de-cont ai ni ng at nosphere. Alternatively or

addi ti oh? caftnd derbeakdd Serasry pomsing BYid Eds. n@be{dHémﬁ%!éﬁm?ﬁe%ﬁ]%%P u@Pwa”n,

situ exposures;can oPEx 141223 fné?fug%ﬁs e REh &ﬁ%@ﬁ&ﬁm’é&‘@ WA 2 lwsth fkﬁur?cfnt egeUgv’ sol@¥ni N
situ’flushing or perfusion of the organ wt Uld car bon nmonoxi de 25

conposi ti on Pdbeutritendnonexide FERT @fPCBCHfF‘@'éW}}h thqmafbpg meRexilAFeMPIEHien, o GRAYF d
Uni versity P'i}ﬁescﬁmor ;91%69 frorh iR &ﬁﬁﬁ%%h by Y&@gs'c%'ld%@BEﬁMeé?@%oﬁ&“?&n;ﬁm{or%r al |

of the above nethods for exposing ? an or tissue to a liquid carbon
nmonoxi de conpybpmr menoxige by the Qﬁ?hls hgmosleblﬁer\g an‘g‘hef@ﬂ?tlofpéhefwhﬁglutlewﬁn@é aused

in a giyen ”?xﬁéﬁ%%ﬂ&é EH?ngBExﬁGx?dMﬁ pr§&1aT@lb%u‘?J F¢he AéEE\élq b e Ldl8 blows

cont errpl at es at a solid sem -so car nonox OSI tl on can be
created. For sesdiffpsien; this tubingiranstthepueh an atmosptistrromprisine a@rb@romsmldq (©18, tla@ughzz

descri bed aDQUfunAT D WAPCHAL Apefohl il S5TmA0N! @ FATPARLL oo

whi ch an organ or tissue verlald or ternati vel
semi-solid canobewdpremmsu@nc\ﬂnﬁb@iar then be asss¢sbintg szqjsa@de Brnperfysee inte @aﬁrgalsbh d

or sem -solid,composhl (@0 1SA8 oRgnjrede, for exanple, by adding a

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. Altematively or in addition, carbon monoxide can be
"bubbled” into the medium or solution. /n 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 Malt, 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, e.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, 2s
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solidifying agent such as a gellingagent (e.g., collagen or alginate) to the
liquid. 5 Cell Culture The present invention features a nethod of

mai ntai ning or culturing an animal cell in vitro. The method can incl ude the
steps of providing a vessel containing a pressurized gas conprising carbon
nonoxi de gas, providing an animal cell in vitro and rel easing the
pressurized gas fromthe vessel to forman atnosphere that includes the
carbon nonoxi de gas. The animal 10 cell is then cultured or sinply

mai ntai ned in the presence of the atnosphere conprising carbon nonoxide
gas. The met hisscrivad by epmnbomaeed itz sy o beamitselid ormpnsidios, is wilicibinergaoor tissue
creating an atnospher.e that .iLncl udes appropriate, | gvel s of..carbon. nonoxi de
gas. Such chaWe?es&Sgalg85%%%“?0?10@3&(%%‘“@99? sl,%mll'rsl%lbdo%l or' é?onﬁf(gleﬁanl’:%;ftioﬂaaélﬁ?,
and any vessehfused ihahheodger. Slikitonsdnigodd cdropaditiogs eaalbe Snade, ¥br S14611eaBy ddaihk @r
bottles, cell fI: | ture flasks, tri dishes, and test tubes. For exanple, a
C2 i ncubat oP Y H8enLEE" 2 8RB OL Faforf OHBRTB LT B8Ngis5 0 the Uil ied in a
continuoys flow ¢ a vessel that contains the gas. As another exanple, a
roller bottle may be used, wherein carbon nonoxide is included to create an
appropriate at nosphePEstHh&varionHeatyes ¢ methpd pf maintaimeg aiepityred asraatmdl edloner

w || appreciate; r L fn L : -

sel ect ed and?’%)?lz{/égﬁhg l‘egéﬁ"dﬁ’ﬁg‘qt%‘gﬁaﬁ%‘é’e?@ég”@?‘mﬁs{e dtﬁ(E)a ”éé:g ietpsﬁpze%%fssee,
for exanpl e, ©elprising ferboraiyoncaxidsraps, veaviding arSpealeell dmdire endwedeasing Bd pressuttoddd
Spring Harbor_L r ' I bor YOr. 19 .. Far
exanpl e, the as?ﬁg%etﬁ% g%%el]Fo:lﬁﬁn%a%%Og?qeﬁﬁgh%%t%f)%%ﬁ?b%ﬁr é’ﬂg’ggﬁg\%i 3%2 rP‘"ﬁnny)
can be incubadedids ihen tuwtniediof Fiegh bRei0RRIE Srithe presaice 87k afitveptand cxmiprisial barbaay be
di sposed, e.qg. sudspended or bathed in, a liquid nedium The 25 nedium can
be any medi unT ¥ 8B those of skill in the art to be suitable for
culturing, preserikengthodicamasterfognédie acetiambef on sphaerseisibld e ereatimgranexanpl e,

Cells: A Laboratory .Manual ,. Spect.or,an ei_ nwand S. d, Spri ng Harbor
Labor at ory Praé@gs,ph&:}%t §!8lru|d?fga? PBEF _,lcv \R/kca#g?rkrfoﬁoé%)g?s‘sﬁgh_c{‘yggés ngpaﬁ%sdi a
i ncl ude, but ia¢lede)el., incobadied nii®ing ¢ glindetss ariuhy @esel skauhllefos culmiring oBhold#ssels, al
medi um ( MEM , | becc t di,\fi e agle' s.mniml, essenti al di 30
(VM B Reebrs AR 8T P BT BT b ER T PRt O

al so conpri senadppr opy batsed supdie cabdsmomxgle,gad stsapplisd i nensietaunloBo)n a
i ndi vi dual am no i icS s. For ex

medi um can beveﬁM%gﬁggaiﬁl%r&tfgg%O%iﬂoéhe%'g’éﬁlf’%’ g{ﬁ? nécié f"g‘wé]“éﬁae B ?rnglﬂlgwéw?g?k)
suppl ement ed mbridxid2 inivtlhd gl tot @atrian eppraftthtd dtmbsphereiindidd theiroler bottle.
The skilled practitioner will appreciate that culture conditions, e.g., temperature, can be
20 selected and/or varied depending upon the.type of cell to be cultured (see, for example, Cells: A
Laboratory Manual, Spector and Leinwand, Eds., Cold Spring Harbor. Laboratory Press, Cold
Spring Harbor, New York, 1997). For example, the murine insulinoma cell line 8TC3 (DSMZ,
Braunschweig, Germany) can be incubated in humidified 5% CO,/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: A 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 ammo acids, antibiotics,
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100 Um streptonycin and 10% Fetal Calf Serum (FCS) (Life Technologies). In
those enbodinents of the present invention wherein the cells are in a
liquid nedium the cells can be 5 exposed to a carbon nonoxi de conposition
by contacting the liquid nediumw th pressurized gas conprising carbon
nonoxi de, e.g., with carbon nonoxide gas rel eased froma source of

pressuri zed gas in accordance with the nethods of the invention. |In another
enbodi ment of the present invention, the liquid nmediumitself is a carbon
nonoxi de co |t N abev; iU L nfused
W th carbon Rea bl Fuf BLAHIESERRE L SRREROYEme N IBOUHE ERRG8HET, e
medi um The QuaresBlahd, Mesekibikd sufplantdned va ot eNpL gtesminbalto0 &)/spénttildn G,

sem -solid ' can be . cr inth ljd or sem-solid mediumis
a carbon rmﬁg&mgﬁ YERSIYI a&ﬁ%%’g’ie\mgﬁéﬁw 8:5’331?“1‘3‘? ﬁe%‘gPﬂFﬁ%t I’Ya‘go?es a
car bon noONOXiHBEdERARAT iileiPRenidbvaass Whher iahaye areGAR 1RG4 EaAS:, tR]1acA 8k d

or seni-solid medium in which cells may be overlaid or enbedded. Such a 15
pr ocessS can ekROSEHY § @bIUBONOKYIE camppgiian bylwpnigetiigrie R ye Meiling: wigepresssnias as

col | agen, al,gi - ; i - Cop ds
Associ at ed \%n%t Wﬁofycag%g?eo%ﬁ?ﬁ%’%’&i Eﬂeﬁa%nng{)ﬁggﬂgﬁgg%geégp rraentuscggg Al so
cont enpl at egrdsyurizaé gprie sewntrdanps enh thomstlpds hithe mgotisron or expr essi on of
heneoxygenase-1 (HQ in i i i.t.h adm nistration of. rban

Tonos e, Ho 1 o Shesker sRoGRRENT e iR AT MR RENR R AR 1o
in the pati efinoxiae chrypasitivnnersited asnigscrivxd gieveu$héHDediuth cap bt infused withearpat | ent .
As used herein, th erm "I nduce N ans.to cause _increased production of
a protéfn, é“.od’.o,’“dﬁ%@}f,re ‘irrgc’laoswdp% C&:dgfzoé’eq?ﬁée Ghs o e@@?’lugl' of a tissue, organ or
25 <agi mal husi ng WHEpQQ&ﬁItO fiverRibh fgﬂ]ﬁkbggﬂ&ﬂ%latéet}gt a sdli@ror @siowhi mam%n gene trd171t
encodes the protein. . 1.can be induced in a patient, e.g.,.a nor and/ or
reci pi ent, E%awl}?ﬁ"hg‘& S?J%WeF‘hso@H’écdé‘F‘ﬂ Is are3rbon,meRgKide C‘ﬁng‘&fUE’f‘i A of HO 1
can be i nducgghnpi, Nefdidmediimithf s Pe2e80ARMITBRME icBmp&itiorP¥s de0hel above, can be

pr ot opor phyrin. A variety of non-hene ,a%gmls i ncrudi ng heavy netals

cyt oki nes,  THEFABAASONAriSEE S ReIY ch SR PBK PO %R d0E SPPHEE KSR A al so
st rong 45 NdUeescessfan b drigDoR XRF Ssiph) by Gddigd bg&lﬂr&iﬁgeﬂ{ such &@olldgenPRY Sk br

Lung Cell Mdl. Physiol. 279:1L1029-L1037, 2000; o er al., Am J. Respir.
Cel ' Mol . BiegrtopanediuPy  1996: Mai nes, Annu. Rev. Pharmacol. 24 Toxicol .
37:517-554, 1997; and Tenhunen et al., J. Lab. din. Md. 75:410-421, 1970).

HO I is also highly induced_ by a variety of .agents and conditions that
create oxi d@%&_ﬂg@@g{lﬁﬁ#@@pﬁé}ﬂs Associated with Hemoxygenase-1, and Other 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.l
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 protoporphynn, or
by cobalt protoporphyrin. A variety of non-heme agents including heavy metals, cytokines,
hormones, nitric oxide, COCI;, endotoxin and heat shock are also strong inducers of HO-1
30 expression (Otterbein er al., Am. J. Physiol. Lung Cell Mol. Physiol. 279:L1029-L1037, 2000;
Choi er al., Am. J. Respir. Cell Mol. Biol. 15:9-19, 1996; Maines, Annu. Rev. Pharmacol.
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hydr ogen peroxi de, gl utathione depletors, I1JV irradiation and hyperoxia
(Choi et al., Am J. Respir. Cell MIl. Biol. 15: 9-19, 1996; Mines, Annu.
Rev. Pharnmacol. Toxicol. 37:517-554, 5 1997; and Keyse et a!., Proc. Natl.
Acad. Sci. USA 86:99-103, 1989). A "pharmaceutical conposition conprising
an i nducer of HO|" neans a pharnmaceutical conposition containing any agent
capabl e of inducing HO- | in a patient, e.g., any of the agents described
above, e.g., henmin, iron protoporphyrin, and/or cobalt protoporphyrin. HO1
expression i I V. e I er t he
eXPression MxRop 9 230, oot 161 apeid, o0 EYATGLED S s AL ResELY

e.g., HO | aisotheghty tnidmged bpaivenétpbBakent ehd sonditiob hibatoedat esoxadatiae EtreSSlm&JudCﬂ’ggan

or aninal usi an exo en usL adnj ni s ne . rec I nant
gene). The M’%gmpeﬁ%’%‘g *i*§“ﬁpfﬁje§’reé%w‘“aﬁ’g?%a@eéefgﬁéé%% e’(agb ¢™ Jhunan,
nouse, rat Regpi€.Oeliadolt Bﬁbl tl'5391$9|1@96 Mﬂﬁéspm{ht ReV.lPhechRb1. T6xibd 1N 7 ;z8 sany

i mmune reaction. Expression could be driven by a constitutive prom)ter

(e.g., &yt or8g 41289 Kevss ehrlbohsee el AadaSq Wik ge: g?}é@::t fIPE91B prherpRcsetictle. g.
m |k whey prg ﬁagggﬁorf&hpﬁaﬂgaﬁm@ér'm{@n " AHITL Prdb Q0L 6 cérf?;sosldo\{%smﬁg,gg

An appropriate gene therapy vector (e.g., retrovirus, adenovirus
associ at ed \hy agen( garehle opioguciggtig: | m\Aaz@mnme@) apy plihe abentedesi e abdefd ency

S B fl
s vt S Wb B R SR a0 REBRRIAE (B V1S, U M

adm ni stered to el pyireseit i0& aéll oan bbynciaades | va genm;ramferby\sluande‘cetmmmhcaéma

| ocati qn 20..*) (igd ,,ate far treatrre%&}?rod Cbcr)rgin | ant rej Partlcila y

preferréd is HARSRT SPAY B RRE B R0 8?85?{”’ RRISH

cells to be ctengadsrsmﬁ &dit efh tiwie, begah hemmhleusmfg ah heogen@n@pddamxsmmd gbtdeg. a

recipient. Simlarl I ec ors .enc r apo-ferritin can be
Lo P ot o cdecompan?segB). REHD-YRRkc £ PERRIA % farfd o G Gmnb e G6

Further, exqgeaoyss tl‘ﬂ@trﬂ.nsﬁraﬁttretlﬁleﬁtam dreerdd matinlzy apgimmibftredceon.t Bxplespigh k@ by
any met hod .25 known in the art ‘i@ enous 1 can be |rectl adn ni stered

in addition chS’“V*Ei’rbya%c%ﬁ‘m‘é‘letpé?rﬁﬁtt: » SYBME °"”F|‘Eiﬁ£°t”i°6"ﬁ oF aé‘)%?ﬁ‘teég%ﬁ

HO 1 inst he ppathbient. g@-&um%ﬁ&lphﬁﬁbt&b'@l\/rﬁamﬁmﬂ@ cleﬂ}o]r alu@mﬁ ?ﬂoﬁo@‘@ﬁbrbﬁer@%ll!)V%ed
to a patient, for exanp in |iposones, f usi Qntﬁgrot ein,

as a TAT. fusaPB’HP'b?“E)E@Fr‘PC(?é Vet B TREieu AH KR peRp SeRER DI AT TS5,

2001) . Alterpal vieinya) irus, ﬁuxas}diinimmademwcptlrﬁshamf aukindte Qfmsﬂ@ftrﬁlb@'hbpﬁaﬁm;by
HO 1, e.g. b|||ruH|n ﬁ rdin, .iran, a]nd/or ferr g g
adnmi ni st er ed Yi§"san B?WZ%WE“S 6@8?1 Rl GRS 3 e’b‘f‘”mﬁset“é P-1 ¥ deBim

monoxi de i n vulkese zldﬁmﬂﬁta‘éd?ftithebaﬁeheéfall)t B¢ 1rd;mmsrd@r by I§ectibiesta 1bdagopr esent
invention 25 conte | ates t bi ndi n cul es other than ferritin,
e.qg. st era(BR'Qﬁf‘ﬂ% Went q?’érﬁ.nsp?ant re_yectloﬂ g1’ax‘t1cuﬁrly preferred is [ocal adrmmstrahon
directly to the donor's organ, tissue or cells to be transplanted, or to the site of the utransplant n
the recipient. Similarly, plasmid vectors encoding HO-1 or apo‘-fem'tin can be administefed,
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, tb 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, e.g.,
as a TAT-fusion protein (see, e.g., Becker-Hapak er 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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dextran, and/or apoferritin, can be admnistered to the patient. Any of the
above conpounds can be admnistered to the patient topically and/or

system cally. Also contenplated by the present invention is the

adm nistration of nitric oxide (NO to a 5 patient, organ(s), tissue(s)
and/or isolated cells in conjunction with adm nistration of carbon
nonoxi de, HO- | and/or HO | associated conpounds. This technique includes
providing NOto the donor, the recipient, or the gorgan, tissue or cell ex

ViVvo, in conjunctj on W th adm njstratjion.of . HO-l and/or an all of
the product SOBf™R FFé“baéﬁP%gﬁ’gi”@ﬁ”Oleéuksom a0 {5ty & Bqlides e iR FPIIg I%B b "%n,

and fetritiRexddh Il B6MIH, Edrive 8% riRered @fthe Dielent. 360 statk S&n@t&nﬁﬁﬁf&&bpes
nol ecular nitric oxide in its gaseous state or dissol'ved in aqueous

sol uti on. GhSeguinitoapEshe PHIFE! ‘é?jﬁﬁilrya@iifﬁgsmmﬁiﬁéy typi cal ly adm ni stered by
| nhal at i on_thr oughso! iy o n A58k RASHBARSNE b itOS mmh% 8t 8¢ bl 09

may exert its effect y “or readi |y absor
bl oodst B eampatlmrqngzexééemssm(s)pné'ssim ated ckl lgas;oreurgtlon N&@@ﬁdﬁﬂf&t]@fbfmon
met hods, of

described in furth ove ef ul t h

i nvention cdiB&' d&ﬁ%g élg/'Of rom gﬁ%/d’%tg rp&m&‘? S@Lﬁtc‘?‘g‘” 'HH S ﬁdeéﬁvvtw&%fo
Vﬁssel appr apg daabe tfeotecipient; Bnge g@fgm gsaecr Gilsex vlvlb ﬂ&?hfuﬁdlont\fllﬁi thet hods of
the present invention n erfor using nmul tiple vessel s cantaining

i ndi vi dual gd@uustraipy 8Fﬁ§t1i v@f@&nmaﬁrﬁg RO of ée‘EBHTﬁ’ﬁjé‘éfOPrFé’ee Cs(?’ngl e
vessel , di | wiip@rdif, bsiaSbiheeon, Bndlrritnert gas. NO for i nhal at| on is avail able
commercially (e. NO Ther apeuti cs Cinton, NJ). The

NOTRX
gas may°be obt ai %éﬁ‘Woﬁi‘%b%? é?raIN%Gﬁb‘i‘sleélhe"tey‘pqeé%ﬂ'qef/m&ﬁcca]aﬁi”%'tctﬂxéjedﬁ it900-

800 _ppm NO igdsd3u¢ fatbldr Bidsolved € agslsGOIuBEn. NG ol C}B%p%§§€fﬂtc'oﬁ‘lpln)!méw/2ré\lo or
diluted with N2 or any other inert gas (e.g helifum to any desired

concent r at i dypicalky ap%"ﬂ)f‘f’é‘l‘ by Wéi‘f"a‘f‘ﬁ’éhﬂ% e ”'t%‘t‘}h‘?’ﬁ‘@é?l&ﬁﬁa%eﬁé‘? @6 lypgs. avhgietkur e

free of any r®MHa9Rkid Hg:cp@r&ﬂ){]&'!ﬂ:h@d’dll?%b%ﬂ%d‘?ﬁto@ﬁéﬁéﬁgﬁ%blo&ﬁG%e such
hi gher oxi des of "nitrogen (which can ormg@reactlon of 02 with NO are 25

potent i al | y Geamaessid ATPTEEHFod BEstiesNO(RARIST Pt dessiibrd ip furtherdetaiiabarsy uisél!

demonstgat edn Wethhethdad @Mink MHUAEHCEA 68 oRARALY S5 myébme}em@mrs@amqgny RpLof to
adm ni stration to the patient. Chem | um nescence NO NO, analyzers are

comer ci al | yesokappeppriate fer. sgonngmenessz%as Theégsired: tirppthedsrad ibcaliresepisoyeahemt s,

Franklin, My, pré?folNQea\l?.s 9 PbMbR vERYIs b&[Qhﬁgmv,mgn Ra@0 QRema@Ri2cH A9 NGRS
(e.qg., 100%02 or air) just grlor to inhal ation by the patient, ‘using, for

exanple, a 3@ é&F‘i“btr'&ftde'a appggristsel dilned if esdrep doan ipaMticakat ed previously with a
spironeter. The No®k mhqgn&ﬁataoﬁrab@raomnemlﬂyqetgh@\r@ﬁﬁfﬁmmg THeMp&lities, BRY be

verified with a chem cal or

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 NO) 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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chem | um nescence technique well known to those in the field (e.g., Fontijin
et al'., Anal Chem 42:575, 1970). Alternatively, NO and NO2 concentrations
may be nonitored by neans of an el ectrochem cal analyzer. Any inpurities
such as NO2 can be scrubbed by exposure to NaOH solutions, baralyne, or
sodalinme. As an additional control, the Fi02 of the final gas mxture may 5
al so be assessed. Pharnaceutical conpositions conprising NO can be

adm ni stered using any nmethod in the art for adm nistering gases to

patients. Saf [ b L0 [ ) Y Al l.ation
are descri bef%fﬁﬂqrgﬁfég&ﬁ%%%gg% eg?%ﬁ{%%g?%mégéhah(gg gaﬂilﬁe[%d.mgl%em
5,904, 938; ard®: 5™ b&0¢l Altetatiadly, NCiand dCatoraant@8io 2088y BOAdTitct&By. m&Sanef an
exenpl ary net hods for. adm nisteri.ng 10 gases uch. as ) {0 patients are
doscri bed 1 n GRURFI B e 2o BAR BRI SG 2 0 CRrE Bt Sroperey xSy

net hods and dewitieRs birfapineCatoBRimel iAsiafQ8d;fiéhaaelFD], HeS OPSFIROHSal gas mixture may
phar maceuti cal conpositions conprising NOto patients 1nclude ventilator's,

face masRs arfdsotksiesssedortable inhalers, intravenous artificial |ungs (see,

e.g., Rattler et hmg%\glhiicgl-cogbgﬁt%s %%ﬁnﬁ@h%ﬁ%ﬂ%&ggééred%gﬂé% r'tﬂﬂg&jtliga/ g

ASAI O J., 47(5):432-437, 2'001) , and nor ers. Howev

properties ofthf@t frapdmirlistanbp gesss & taties. stufeandedicftiveandtimds 6fr admasgratet (o,

In a hospital, or rge ~field sit i hpLstratd on, of ~can be

acconpl i hed, e SR aRaEcRgEh B, £ St able o, AT B S S1rsRs By BT, 8,

and a second Rrandl] aefal. p€yapéanion 83203 803G4F eTHIN2 Somt Etertpdary Siathbdafor adrhinjstetifg an

i nhal er designed to, m as fromt sour.ces. . controlling.,the .flo f

gas 11 ol eacrEXBUrER = ERBORSHETRPT AreBRUF IRE FIME 20 o8P e IneruRt okt pe

mai nt ai ned 20Eainp#ed 0O Pieihbdsl ant @vdtes tNNOcmabe vailisal tbedminidd pideblls pHagRacaitical USi ng

a standard | owfl ow bl ender. 89 Bi rd Bl ender, Palm Springs, CA). NO can
NOuPp gorsafeey

be gener at ed PFERTRPSLREPDR"E atigntsyngide yept § ARE RIS RZARE at or .
A sui t abl e NGhgfaelimtarendus atiisial ub@d sdeNe. b), SattBlod @Nt AMNG.Oran3A@(188206-k12, 1994:

addi tion, NO c rovj internitt fraom an .i nhal er equj pped with a
source of NO¥ g:f‘f’?‘%afg“g&%ﬁgggééfw%'ﬁgghbiﬁ)e ﬁoemfw&;g?‘?&béfsog%op“%ﬁg’ 1IQII%e of
aﬂ inﬂalj@r e o periqRAF NIOGH yadllby//r%&safh}lﬁﬁh&gﬁw_ f‘ﬁcaiién aftﬁﬁeﬂﬂdioﬁﬂwml pilaorg. , a
pnospno | esterase 1 nhi.hitor as escril.ne urt her e | el o | S
Do ey ot e By sy Ptiom A ation i gt G Bt PesAmR e ARREPIE. b
Preferably, iaﬁ‘ta&xi@ﬁtﬁﬂ&_@i&@frﬂp?‘e@#edml Sh Niz,_cmd@géﬂahdi gh?gf&@gaa&, agxtd’i@gegi?g
concentrati on at 1 tipe of | alatlo 1 S . about . pmtoaout . ppm
e.g., 0.5 ppwv&raﬁb%rﬂr>»19@lﬁgﬂfrtd&ﬂgrf@oo waS§T°5bPHq%Brﬁs% AR ing 3 t o

200 ppm or Ilfbwpemngat GohQBcHNdRce, tHe @nkentRtidrEo XY YhBled B theAtie @hhIey maktkihebd! €
nistere
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dosage can vae,, Berd®lender, Palm Springs, CA). NO can be generated from N, and O, (i.e., 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., a phosphodiesterase inhibitor as described in further
detail 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, €.g., 0.5 ppm to 290 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, e.g.,
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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
treati ng physician nay deemrel evant. Acute, sub-acute and chronic

adm ni stration of NO are contenpl ated by the present invention. NO can be
delivered to the patient for a time (including indefinitely) sufficient to
treat the condition and 5 exert the intended pharmnacol ogi cal or bi ol ogi cal
effect. The concentration can be tenporarily increased for short periods of
time, e.g., 5 mn at 200 ppm NO. This can be done when an i mediate effect
i s desired. @@@ﬁérmlodéﬁlpwsde@f?ﬂqlmm ﬁéﬁg@mc@ud@%bf@epatuqnemfnc digrageOr
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effects t hat m ght occur. ch nonitoring is al so useful adj usti ng dose
| evel , dur at jeenh onglapuf.recppd hf@g} spfhonthirptrigast enetdagnatdéasy mavc*@lg mwka foyF weeks,

i ndi vi dual . FRSROUSNR AR, B LB AN B LA RINAINP RO T, Pac 06l i Lz T
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ti ssue or celehss fiex ysarsy dThegrtians ead tecex PG ep by tha glencanhase gantinoeusty @suterniitensyt u.
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herne, bi | i ver ubli sira ofong
benefi ci al eCOEc:IrS)eo)ﬁa $pahaheeds NiGnedhenical veftdatpat i ent . | n determi ning how to

prolong the benefwgclanall zﬁgc{ﬁat? cﬁ%ms&pe%blt? Jﬂﬁ’rablé toI rgor{i"%r Eﬂe effteas 89 er that

one of the in vivo e on of guany
cycl ase, whi imhalgtianm8uel meniRGing cadbetsednn epani@vir indtvidughsd vcsdymes«xrhblt hféects

benefi cj al e fdic dscnpfy uNﬁ)es%e s:ﬁsgtlf%]cts&;xgtm ke 00Cl§l!t %E{I) om(?onn is C]@Pseful in

bi osynt Tesi s“CARLTTY I'est érase i n

adm ni ster edadmtmg;dpagrlmel dmrawnt hldl\ﬂequmaloaadmumsmtwmdrf 1b‘naﬂedt1ﬁ© nrba eakdown of
cGW by endo uI's phosphodi est erases. The phosphodi est erase inhibitor can
be int roducecrj‘ O a patient by.any suitable nmethod, 30 including via an
oral, trans wcosamaseomtwmmsolwm manu@msbdnglors@btmléznébuﬂ;mdpm. For

intraperit Ongx%lmple, such 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/or 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 NO, it is useful to consider that one
of the in vivo effects of NO 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 a 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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route. Alternatively, the inhibitor can be inhaled by the patient. For

i nhal ati on, the 28 phosphodi esterase inhibitor is advantageously fornul at ed
as a dry powder or an aerosolized or nebulized solution having a particle
or droplet size of less than 10 mfor optinmal deposition in the alveoli,
and may optionally be inhaled in a gas containing NO It may be desirable to
prolong the beneficial effects of inhaled NOw thin the patient. In 5
determ ning how to prolong the beneficial effects of inhaled NO it is

useful to copsi : : i [V, f i i vation of
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2- 0- pr opoxyp - 8- i.ne- - one; Rhone- Poul enc Rorer, Dagenham Essex,
UK) . Zag)ri na%sngﬁ%gﬁ%ﬁiésgﬁﬁébi ts the hydrolysis of cGW with m ninal
effects on the brBzkihomhodiEsterdgngsbitae carybd introtRedintooqurrdistat aay iswitabrsosttodr

snoot h nuscl | s, (.1r | o Phar r : . :
arri s o at PRy Sl BlnsBhedily i (URLRGRlnulet iy SElnnefi 2P Rrogpet i
Phar macol  3fsule7 43terria@88y, tSomhidger cah bainhalgd by thelpatiema clodr i98147i28,thd 989) . Wien
usi ng Zapri nast I nga -t o thi s, | ' r 0 :
i i ot 1 at | ooy R AL ks Wik U A 18 B FREIEPE: Loh 580 o
det er m ed byetohizedobluopulhavarge mktidd oridnopl¢teizanf lessAhat Idokm $wloptinehdepdsition in

Zaprinasto ' b O ] ck can then be diluted
w th Ri nger @Iaﬁg?@%ﬁ)g?g}%fo&ﬁhﬁe IP%%A\{HE%%*%J%H%{@Z@H nast
concentration, i nivediabteghyspbediosterasgsahibiFhisZaprivastil (M&BI2AHE-ppaetiyeiedyd-t h

o et BRSPS AR L AR Ry i, MRSSBROCL B SEISDLBL RS,
and t heophy! thie hgdrojxsis @f ¢@YP evithoninenad kfferindmihs brealtdowm ofadenssing eMslie dose range
can be 20 monophosphate in vascular smooth muscle cells (Trapani et a/., ] Pharmacol Exp Ther 258:269,
1991; Harris ef al., ] Pharmacol Exp Ther 249:394, 1989; Lugnier ef al., Biochem Pharmacol
35:1743, 1986; Souness ef al., Br ] Pharmacol 98:725, 1989). When using ZaprinastO 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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30 determ ned by one of ordinary skill in the art. 29 Adm nistration of NO
w t h phosphodi esterase inhibitors can be perfornmed as follows. The NOis
adm nistered at 20 ppmin air for 45 mn. At the start of the 45 m n period,
1.0 ng of ZaprinastQO per kg body weight is adm nistered by intravenous

i nfusion over 4 mn, followed by a continuous infusion of 0.004 ng/kg/mn
for the rest of the 45 mn period. Alternatively, at the 5 start of the 45
m n period, 0.15 ng di pyridanol e per kg body weight is adm ni stered over 4
mn, followed b G L NKAUS f | t of
the 45 mn peri oé(.h%llgﬁgml apri né”"s‘?(%%éfﬂﬂd pyerri% 1&59{%953%@%{)@%&%33”0%
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Conpared t o-ottrer rrequem used trans a-cell trnes such as R INnbF

and H T, | eRglciomBuyival A ansplabtatonar e closer to normal O-cells in 30 the
| 3TC3 ceII line. Thus, these ceIIs are useful for studying O-cell regulation
and gene

Cell cultures

20 . The murine insulinoma cell line BTC3 (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/ml streptomycin and 10%
Fetal Calf Serum (FCS) (Life Technologies) and incubated in humidified 5% CO2/95% air at
37°C. This murine S-cell line, derived from transgenic mice carrying a hybnd 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 I and I in a
marnner comparable to S-cells in vivo and are inducible up to 30 fold by glucose (Efrat er 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 normal 3-cells in

30 the BTC3 cell line. Thus, these cells are useful for studying B-cell regulation and gene
expression (D'Ambra et al., Endocrinology 726:2815-22, 1950).

30



expression (D Anbra et al., Endocrinology 726:2815-22, 1990). 30 Pancreatic
islets of Langerhans of C57BL/6 mce were supplied by the islet isolation
core facility of the Joslin D abetes Center. Crystal violet vital staining
5 (3TC3 were seeded at 2 x 105 cells (Nunc, Marsh Products, Rochester, NY,
USA). Cells were washed once with 500 | PBS and stained with 200 | 0.05%
Crystal Violet in 20% ethanol for 10 mn at RT. Crystal Violet was rinsed.
To elute stain fromcells, 100 gl 50% acetic acid were added to each well.
50 gl were transf @aneeaticnlas af 146 guvdhds ofMCETBL/b hfite Pérabgpabdby dackiMidolitian core
mcrotiter plate reader (EL 340 %okl netics reader, Bio-Tek Instrunents) at
an absorbancéacélftyfg?}?fd?“ aﬁﬁfr Kfon pl asm ds The (i -gal act osi dase
expression vector (Contech Laboratories, Palo Alto, California) was cloned
into the pcDNA3 vector (Sato et al., J. Im*runol. 166: 4185-4194, 2001). 15

(I nvitrogen, Q!:aﬁlabbla&tv'@:dlsi-’ﬂwﬂgn a). A 1.0 kbp Xhol -Hi ndl || fragnment encodi ng

the full Iength ?al@ € h
al .,.J. | ochem gzgj%felsf% , %38) &ée{%h“lg{)pb&%g%ﬁéﬁg}l%tp\o%ﬁ%%r %@%\/ec or
Transi ent tr awesd wexhecbuscez\ﬁﬂj SIQQ&I \RBSendseadeﬂwm 2@ N 010050 GejsﬂaBVloﬁbl I6200uethavel | s

and transfected 15.t ._US| L pof.ectam ne plust-' reagents
(Life Technol'® |Oer§’na§§gr sltlal ‘Hae" ”ﬁﬁ%?@cehﬁ?g?m o %@f’r@ht“?%@?ceﬁ*ﬁg%{f] DNA
was mai nt ai n@dr&@dﬂ&ﬂ aﬂftacbl&uehgsaammye paldNARd et 86 well hcroper siewhagr0%itvaabl e
cell's was assessed by norpali zj t.he .perc vi abl e cells of each

DNA pr epar at i”BFfOf‘E?’P?‘/?ée ™ (eérL%‘;&q’é‘H‘fﬁeP ref&éﬁé‘?i&‘f &H‘”&'@F’?‘ a\‘/\f’t thsetaicral
apopt otisg sStisgphgs 25 (100% viability) (Snares et al., Nature Md.
4:1073-1077, 1998; Sato et al., J. Imunol. 166:4185-4194, 2001). Flow
Cytonetry (ITC3 cultures were incubated with reconbi nant TNF-a (500 or 1000
Um) (R&D 3K Sysgiog?,)snﬁw 24 hours and islet cultures were stinmulated with

~ TNF-E (5000U/ Systens) and_cycl ohexam de q/ m@%ﬁ for 48
hours. (3TC3 or i eﬁsg%%%’dﬁ%?re\#éefwves@fa?%'ﬁeﬁh Ora\‘of‘iéé’aiorf‘ kemémol |

and suspended, elo%u\msot @k pEmgAPVES &4 PBS1, BHmindhol Q86 B8k 1Y, 2001).
15 (Invitrogen, Carlsbad, California). A 1.0 kbp Xhol-Hindlll fragment encoding the full length
rat HO-1 cDNA was cut from the prHO-1 vector (Shibahara er al., J. Biochem. 113:214-218,
1993) and sub-cloned 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 ef al., Nature Med. 4:1073-1077, 1998; Sato et al., J. Immunol.
166:4185-4194, 2001).

Flow Cytometry
BATC3 cultures were incubated with recombinant TNF-a (500 or 1000 U/ml) (R&D
30 Systems) for 24 hours and islet cultures were stimulated with TNF-E (5000U/ml) (R&D
Systems) and cyclohexamide (CHX) (50 ug/ml) for 48 hours. STC3 or islets were harvested,

31



0.1% Triton X-100, 0,1 nM EDTA, 50 yg/m propidiumiodide, 50 ng/ M Rnase
A). DNA content was anal yzed on a FACScanTM anal yzer equi pped with Cell
Questb Software (Becton Dickinson, Palo Alto, CA). Cells with a normal DNA
content (2N) were scored as viable, 5 whereas cells with a hypopl oid DNA
content (<2N, ternmed A) were scored as apoptotic. To exclude debris and
apoptotic cell-free fragnents, all events with an FL-2 area profile bel ow
that of chicken erythrocyte nuclei were excluded fromanalysis. Cell

0 Sool ved | nOBREC KT DOV RS, EEF Al BUR. hAB HARE  AoneF dLf curnie
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DVMSO and addefictideh keytivué temelarpdreemtpd@0frddhndysisour s af t er transfectl on,
The cQGW anal ogue 8- bronmopguanosi ne-3'-5'-cyclic-nmonophosphate (8-Br-cGwW)
(Sigm) was 20 dissolved in water and added to the culture medium (10 VM 30
m nut es bef oRllitrduatitandatageapopt osi s. The protein kinase G inhibitor

e culture nmediu

(16 M0 e hours: SR TecpEReRA R READ STl e Saoietit PR A RraPebe Heor o
exposed to 1%&@%&11%&9@%9@0!& &ﬂlﬂﬁrrﬁ}&ﬁ@ﬁi(ﬁﬁiné?ﬁl arao@dnmmurs aiterC02, as
descri bed el sewhere (see, Qterbein et al ure Med 422-428

2000). Isl et éran%ﬁﬂ@n' pROyIT ‘ﬁh RSB DnkMiF é“ds%if £t whtwerrTMHO

monoxi de (4 (EANBERENT)8En DikYo &lliforkikh &k MiskAIved WQihALYISuBho3dGDNIS O &S
t r eat ment WI'?% 1I%CO 5%Cg was cg@ntl nuled 30l ceh%ndlél %duﬁ%n olgma)am

di abet es Mal edded tmihesulie é‘cﬁ)‘ﬂF’c(ﬁ%ie}%anldrlth@P&F‘f‘€§1YRNFE‘P°UE5atkf6‘P’aF6?tF’é§‘ with
W | , r a 3
(WImngt ﬁPH rsx%he'\/‘%%?ﬁr%{% BW(SWW&‘FP%E fE' ﬁeui%g s%'% dekd Qgs

fromthe exper | ts were a by t stltumna Ani
Care and Use nBd)nimi 11003@4 NaQHU@)i adR@(ﬁlmsmﬂemrmfe@Som\teelkcscxmhté)mm (F0arMder ed

di abetic by %‘heS Igt?agxygil cyc ase l%ﬁfb'n%?ﬂ?[? 2, J n)l %Fatzélgﬂl 3( zﬁqumngall (CS)IBQ Calbiochem) was
dissolved in DMSO and added to the culture medium (100 uM) 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 uM) 6 hours after transfection.

CO exposure

25 Cells and islets were exposed to 1% carbon menoxide in compressed air balanced with
5% CO,, as described elsewhere (see, e.g., Otterbein et 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,
2



Streptozotocinb (Signma) dissolved in citrate buffer. Mce received
transplants if 2 consecutive 5 non-fasting blood glucose |evels of greater
than 350 ng/dl were obtained froma whole blood sanple. Islet isolation
Pancreatic islets of Langerhans (C57BL/6 mce) were provided by the Islet
Core 10 Laboratory of the .TDRF Center for Islet Transplantation at Harvard
Medi cal School and isolated as described previously (Gotoh et at,

Transpl antati on 40:437-438, 1985). Syngeneic margi nal nass islet
transplantation 250 islets 150-250 imin diameter were hand-pi cked using a
di ssecti ng mMaseshogeeas) dndlhetised irldcoveie e tmita RS ledies édmuhe 8ITHL Mae kipdrigyntcapsul e

as described previpusly (Kauf et , J. . 172 302, 1990).
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function was defined as the point when the first of three consecutlve days

of non- fast |SH§P‘BFQ56%I”%K$J§@éH‘FéVé‘F@Qimwfeﬁl Mjggd cqeivge heapsp Fpe HfFraopsspyyive
endpoi nt; of tpe rs'smglbto%@%fucos\é@aeﬁ%ffgﬂggr%ssdffﬁg/tjpwer%ga éx(fx%m?whoeblood

Statisti cal anal ysis 25 ood glucoSe data were summari zed as nean standard
devi ati on of simele. receiving untreated or treated islets. Tine to recovery
of islet function was cal cul ated using Kaplan-Meier |ife tables and

di fferences between groups tested using a log-rank test, with the three

i sl et prepaifsttisvigtiéon eat ed as separate strata in the analysis, and the

nedian tine to recovery, .with.95% .co erval ort 0 33
- TNF-a i nduces apoglta%cgf%’ci'#tfﬁ 8%@??52&%%?@ We"fp“ﬂ\lﬁe yotrt?eg%ﬁ:g%%el s was
i nvest i gat ed.Laldvatorpbf tbe W DRIF p:remexefdursm;”rmrpezmanﬂbn lai H e arkd M g2 u Séttoe! ind esothddda
illustrated in,Figs. IA-C Fg. |A wer e t fe i ncreasing
concentrati oﬁ%dﬁg%ﬂrév.'o\ﬁya{ﬂ%éc’hceéf’f'g@@?'@“?f’%ﬂ 72%8\,\%% after activation

by 5 crystal violet. The extinction was rreasured at 562 rimand nornmalized
to untreated cells, C3 were treated with TNF-a, stained by

propi di um i oY Bgensi 'Hﬁiﬁ?%ailné?ﬁég'eéﬂd‘"s‘ﬁﬁ‘&ﬂ’/%d for DNA fragmentation
(FACScanTM . Fi g. 25€islensT(38-250118 i OraieRnNs e Ghedpidkddhusig a dissecting microscope. Islets

15 were transplanted under the kidney capsule as described 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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p-gal expressing vector (pcDNA3/p-gal) plus control (pcDNA3). Wen

indicated, cells were treated with the caspase-3 inhibitor Z-DEVD FMK
(C3-i) or the caspase-8 inhibitor IETD 10 CHO (C8-i). G ay histograns
represent untreated 0O--cells and black histograns represent p-cells treated
with TNF-a for 24 hours. Results shown are the nean standard deviation from
duplicate wells taken fromone representative experinment out of three. TNF-a
i nduced high I evels of cell death in the insulinoma cell line pTC3, in a
dose- depend manner Ste &ﬂeab , Endocrinol ogy 140: 3219- 3227, 1999)
(Fig, | A. aigdWFééH@ﬁ s’ Byemonstrated by propidi umiodide (PI)

staining (Fig. 1B)rhe SHeQQSTNAG: drhBLCITNHs dad indaieesed- Titeetbllo wigadphock i Qughe
apoptosis. TNF-a nedi ated apoptosis was strictl dependent on the

activation ofitiiaghagengatg g dﬁ@r‘t“i%ﬂate? igBgen defht TY-@nlﬁh&Twae@aepta@m as

Il d by the findin 8
i bi or - ( 1EFEEE G SRRt S Oht BT ORUE AR CF GRS ARFIoE B EE ng

caspase- 3 by cBysSddBididh | ThEASPASR-Was2kabudbd QIS'SDhm(aZd BEMD:hENKbo dh'ir@él@ﬂieﬂﬁ
apopt osi s onlé partially (53% i nhibition) (Fi . Car bon nonoxi de
protects t4TERJ& IBg%‘étrﬁg?“@‘ﬁﬁ’é%s%%ﬁ“ﬁéﬁymi‘i@e0‘%‘6@1?‘6*‘%’ peEewmdp- cel | s

i1 ged t o GueER fo! PNESHR o FlSeatl Pia GBI HRUMpR gL ee ver e
Exogenous COpeghl xplesding vec@r {peDNAG/B—gah)@iusidaktio! edDNAL)Y When ibditm&cedéllsprEES
expr easi ng RGBSR ET TG C-ERY DAL (553) SoliSeaterat ¢ mobby Eien

i ndi cated, H@Ho emyr@ftayﬁxs@ ahté'r&MeéUﬁtSudt@hbd)BL&ﬂsmﬁElhdk H§ S RROFpRYdNE N
(SnPP) When |nd| cat ed, s were osed to exogenous carbon nonoxi de

(1% as descifrbdb t@ateﬁuwelg Mﬂé@b@‘t ?npuet sults sRew e teaeargt stgndapddeapgon from
2000).. Gay fﬁk@&?&{@ﬂﬁaﬂeﬁ% @He#%kﬁﬁx‘ée g&%gﬁ%lt ot ﬁ!rep' ack histograms

represent s treate ovvn are nmean standard
devi ati on from dufiNFeatiedused high letvalkeﬁceﬂlrd@ath@xmélenmyhe@emeathmeﬁ’r@peraldmmt out
of three. Fi

Qus, carbaon noxi.de ( e

apoptosis in ?\%’%Wafn 3 }te"fl};ag g‘ﬂ% C)?E?lggy Bizly(gl\%e%tr%?’tlrggg)t@ OSP\I‘%‘I\H’
Directlysaft EffagﬁtehﬂalurbraWas(mmoﬁ’sTﬁ&dermowdlpmsaﬂM @FTestagiep Okig. tBa)rhlgglestmg"lthXﬂ de
for 5 24 hour, n e treat ut not exposed
to carbon rmrt@f ﬂénc}“cﬁfq_@? F%ﬁ“h‘é’[ﬂ”%" épe‘:’lp’?eo lSV\g?\%h %t’%?%’r%ge& a8°ﬂﬁ?%\5?saﬁ‘ Vi odi de
and anal yzed depéndeiNAn fitieagtivdtibAabl mpﬁﬂ—&aandﬁéﬁﬁdﬁﬂaﬂ‘&tdﬁit gn thACof dadRERB0d4S
car bon nonoxi.de protects -ce rom apop, S in. bsence (3TCS
her ot anof ediGaiE ok Tegingine T bibekiof R POEL Sa 3 sk et Sy ST
exogenous CHO) prevented apoptosis (96% inhibition) while elocklng caspase—3 by a specific caspase-3

20 inhibitor (Z-DEVD-FMK) p“revented apoptosis only partially (53% inhibition) (Fig. 1C).

Carbon monoxide protects STC3 cells
Whether exogenous carbon monoxide could protect 8—cells from apoptosis was

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

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

| is blocked. BTC3 were co-transfected with a B—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, f—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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car bon nonoxi de (Stephens et al., Endocrinology 740:3219-27, 1999). G ay

hi stograns 10 represent untreated (3-cells and bl ack hi stograns represent
(3-cells treated with TNF-a or etoposide or subjected to serum deprivation
as indicated. Results shown are nean standard deviation fromduplicate
wel s taken fromone representative experinment out of three. To evaluate
whet her expression of HO 1l would protect O-cells from TNF-a nedi at ed
apoptosis, PTC3 cells were transiently transfected with a HO | expression

vector and tested for. .15 thejr,abjlity to surviye en exposed.to TNF-a.
Over - expr es |‘8F\ﬁsotfea%6“(‘%}b%€’é%t%ﬁuk}ﬁé@xwgrﬂwﬁﬁﬁ%mﬁé@idﬁ“ t)é‘%a%%ij‘bog'f:?e wel's
(Pileggi et taiten, frdh aREleBfesdnlitil0 8drediBR 0u200hlee( VA BUEVH geAbus\e@bEMOonck3%0 | N
control) (Fig. 2A). Wien HO | activitE;l was bl ocked by tin protoporphyrin LX

(SnPPI X)  ( Kapiges Peellafrom apepiativingey DASBEIBARtion goljsis. fRE3 drteitrealgdpitbt i c
ef fect was ngEp_re d.(Fig. . . S sting that the generation of at |east
one of the en par'z%ﬁ% té/ ag?r sﬁé@emggt abol 1 €M fsf—(%of?ogefgusic.a%b.onin}OB%’flgebf?Ti rubi n

and/or GO, i3 HeaUiTeeof ®TCI Wereamhted AROPLAHel riarndiiid nbinexpéded t@rHdY PRENEEL. S
that the anti-apoptotic effect of HO 1 could be nedi ated by carbon
nonoxi de, whdiHer heRisssly were staied B Avaisivmiogisls 2 Avplyzee f%ﬁm fragmaptaionpea f or

HO-1 in pr ' (B cetl o b Sxi £5lhe agtian. of
101 vas SuppReseag b e &b e R A Mol S s bR SR Nh R
medi at ed apoptti3+is AT 3awet radsfactadxtieint—galsexBles i@ Yec(olrs and w4y exphsegd os exogertoos

exogenous car hon nonoxi | one rotective %,..apoptotic cells
vorSus. 20, SHERRCOIER oF LRy o e o gy M2 e PR by S
fragnmenfoat i agpragual Witfestet Bi-gells 2R) bladk KIbth @Y reptelert §-telB ROt OS IS TNRAUGEd by

et oposi de or serum starvation was suppressed by carbon nonoxi de exposure
(Fig. 20). 3%Pnosdaer supirctst Horam deprDeHeT ¥ indierime igspitrihe v sdrear & sPRdiFbnged
Islet Graft SuLubygbm d\G\PﬁéaEEe\Lellsqg&ﬁtﬂ'o%r@ré'ﬂ?ééent‘a@ve_?_éﬁc@@ﬁrﬁcrﬁ@ﬁit_orfﬂﬁéep' ent s

woul d protect 1slet cel %Fafts was | nvesti gat ed. foll owm ng procedures

were utilized to Tgevaluaeavhether expreasips pUBOT hvedldiprrteca Bicells from BEFsynediatedbuse

B A L T R G e S
cel | i sl at ither atReyitpsemive when exploetd to NF-qgr @f erexpresseort of dHd-d chratedtddl fLOERPFr(n20
on days 1, o oAl §KE5L witpey of hpelly SO IR oo TRSHIANR T GBS O
expressi on 3% anenoxly (feg29e- WHenl® ). aciivtyTeds| tdodked bigtic prompoxph - IX (SnPEXNor s
and Reci pi ertk%p}%‘aesae gl.,&%pﬁ%f%'g??%%?&hﬁl1@54)thfexxtxti-§;5‘|JpY<§ti\éaélffcctwas suppressed (Fig. 2A),

suggesting 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 B—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, B—cell apoptosis induced by etoposide or serum

starvation was suppressed by carbon monoxide exposure (Fig. 2C).
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Treatnment No. of Islets Rejection day MeanSD Rejection/ Total CoPP 20 ng/ kg
x 5 350-400 17, 33, 33, 48, >58x2, >67x | 44.6517.81 4/7 CoPP 10 ng/ kg x 10
350-400 30, 30, >51 x2 40.512.12 2/4 Control 350-400 8,8, 15, 15, 16, 22, 26
15.716,65 7/7 Listed under "rejection day" are the days to which islets
survived. For instance, ">51 x2", neans that islets in 2 recipients were
still surviving after 51 days. The nean date of rejection is 15 shown in
the fourth colum. These data denonstrate that induction of HO-1 results in

| onger survival of islets after transplantation. Exogenous carbon nonoxi de
protects nudnhectiogiestH@dlip Doppesmanddtasirieitsl vivstin Brolenasd dsiet/Srafay woivahonoxi de
protects nurine i [ (Fig.
3). The follow ng@l S%E)eée u%@% C@Begﬁ?@#@gse \P&% %Jﬁi\?%%lggmh&yg% % ﬂ stt at ed
in Fig. 3. irApepdaos Mﬂlqmd@m&duns%&&hﬂwed rscgbmdradthrmdmanéusnrstleehrsTable1

C57BL/6) b timyl ation ctI af t er
gtl nul at |) on)é lssI ggé“?/&f? Eog‘?(lp aéé’&’\l %egaf%&tgﬁg?%ﬂmenéab%%s %é?x%eaﬁwfﬁrtrefﬁ Kbbr s.
Controls i sl eb@almbﬁﬁbﬂpﬁﬁxﬁ(ﬂt&ﬂ) Rbengiayenderien ety tufdre Mt cEXROBESH. rt[;ﬁsttwn
nonoxi de. After 48 hours cells werc?J anal yzed on a FACScanTM f or

fragment at i 67¢ CPhEL I8 ¥5ET ForiadtY el "B AR medtied 7SRiPEhIYAdidaYS hgup shefrieh CoPP
resul ts. EXPFGSH@?(g% OnGFebOR AR des f05 1341i‘ql5r§1dﬁr70‘r?e%¥r€&ln Wﬂ'@?@%dﬁk@s' ne
(C57/BL6) islets o Langerhans from TNF-a’ pl'us cycl ohexi m de (CHX) nedi at ed
apopt osi s ( BAprPSE S rewe peyaeaised (Hfktlsus 20.3%in controls not exposed to
CO as assayed by DNA fragnmentation analysis (Fig. 3). 36 The
anti-apoptotic effect of exogenous carbon nonoxide is nedi ated by guanyl ate
cycl ase activation and signals through G@NPldependant protein kinases (cGK)
Whet her the ant iy, apagk ofi6- IShiRsbrs Qs RAGAON TRRRY] AR Aeledicr bAAgHvat i on of
soluble guanylate cyclasé (s and generation o was vesti gat ed
(Figs, 4A-Q). Threafmdnitowi hiyo. & lgetoq Betiecten Waye ut i | | MeinttSDgeRejeatia/ The’ dat a
il lustrated] i¢pPFi2gswkdns G HSera004A: 1TRR3aME PS8ahofi o] i4e8effact of ewogenous
car bon nonoki &P iGmefeediat ed BHQuanyd At eSlad/cl ase actidpdtizdp, | pTCH4uere
transf ect ed wit hCpamghal exlpr e5&#Wg yEEIhid6.288 exposkd sféésoljenous "car ban
nonoxi de (1% . Were indicated, pTC3 were treated with the guanylyl cycl ase
i nhi bitor ODQ  Fiskq hBer ¥ &%a@,ﬂ%@ﬂueam@wmh%ets mvz@rpo@%bﬁg& RONQxi de
in protecting from apopt oSt s, 10 were transfected wth expressing
vect ors. \Whareans thefiiglats &2 T%W‘Wésﬁkﬂé‘éé’dgtﬂﬁer %)@dg%nﬁﬁsn@ardbter@fmb&ﬂ de.

Wiere indi cat&eh inRHERMRESuIhChRE a¥h bbb {62 VR i RRBE ABHRIO-1 results in fonger

survival of islets after transplantation.

Exogenous carbon monoxide protects murine islet cells from :‘apo‘ptosis
Whether exogenous carbon monoxide 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 exogeno.
carbon monoxide for 24 hours. Control islets were treated in the same manner but not exposed
to carbon monoxide. Afier 48 hours cells were analyzed on a FACScan™ for DNA
25 fragmentation. This experiment was done twice with indistinguishable results.
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 cells
versus 20.3% in controls not exposed to CO) as assayed by DNA fragmentation analysis (Fig. 3).
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8-Br-cGW but not exposed to carbon nonoxide. Fig. 4C. cQGW-dependent
protein kinases (cGX) nediate the anti-apoptotic effect of carbon nonoxi de.
pTC3 were co-transfected with 3-gal expressing vector. Wen indicated, pTC3
wer e exposed to exogenous carbon nonoxi de. 15 Wen indicated, cells were
treated with the protein kinase G inhibitor KT5823 (KT). Gay histograns
represent untreated 3-cells and bl ack hi stograns represent 0--cells treated
with TNF-c.. Results shown are nmean standard deviation fromduplicate

wel |'s taken from one representative experinment out .of three. Wether the

anti - apopt ot i (r-:l% HEURY ngd?'éée?‘ggtnoqr%o 5272 Lhgod OQ/?xé&edéfT\QSH‘f"idg)ny grodafesprase 20

guanyl at e cyclaadeatimcngaig@nitth oougbfcCMMRefaadashegmotdibeibaied (G Ky obl ast s) was

investigated (Petr Cq'%lﬁ'lﬁ at, Am .J. Physiol. Lung, Cell Ml . Physiol.

278: L312-319, 2000)" " HAIMGiFTGRORIC it A etPer PYnByaitirdivie6tvian AbseAbien

(ODQ suppr essashyifiec @Mt (AORKObrerabh 6CicMp “@Qénveﬁlggt_ggﬁfi gsngﬁ]@atm@f&newgl e
e Tn thi's

guanyl ate cyclase is a nmajor nediator for carbon nonoxi ‘ _
experi nment al Sy PG Ltihgmy to gHeTaiake date illparaied adigs. 4nhdl duselA: §hemntic GVP,
suppressed 25,1 f aRRPIRSL S b & aSism | rbon
nmonoxi de (Fi ga£4ﬁé§;¥t Al so, %Dé:\eﬁl bidtaifbc()ﬁ)%)ﬁg%&%T@égﬁ%ﬁl{%e%?%?%?g{ﬂaﬁ%%t{?\ggogs by
t he specific PAkiBbvarorancis®a Jvidpgelesseshingt veetoesnind capoat tek cgeabfsaatbomf

exogenous carbon nmonoxi d Fig.,.40),, esting. that the anti- apoptotic
effect of car B&?Oﬁlﬁﬁgg’{(’h:\”ﬁge _%@b‘iaﬁ%iewsﬁ‘g"dﬁb’ﬁa‘?‘iﬂ“g&ei&‘}%&yﬁlﬂﬁyﬁ?secb’ﬁ’_ébnﬁfODQ-
several cGWPrgependeptMprakiBput dih BEREGte 3caFBURGREHM Rle i r@gair[/ngm tosis.
provi ded anti-apoptotic protection under various protocols 37 The ability

of carboi mon&Ji(der troirgiserese tvith R-gal paregsingatectorrd hare indispteq RSB osirs expassd 10

i nvestigated ([ SA: i 0 SR o
generate the %g!f%%mllsl ﬁbg%] ' ézgﬁd%'%?}gs’m%%dw g?agﬁ{egﬁgkﬁ%eu@g}f) E”%elaﬂ"ﬁ%n
nonoxi de expo$uBe<iGMRBuftinpcixpoted tocgpbanvaortoxalpopigodC s cGCMPEBpeveied rotangineet ed
with (i-gal e Si ectors, opt. OSi f p-cells 5 i nduced .
TNF-a. | medi gf(é?imgé} g\r(he'laﬁ '-ago%@i)cl va tlso i ,ar%g%ﬁogo%?'eyx@p%ggao'frﬁnsﬁwegé?tgon

monoxi de for ‘pagyicRprefaip vectsr. (WhedindiRuted BTS¢ O poRtHGS exdefouk Eadbedonoride he
sane manner but we exposed to carbon nonoxi survival was

r.e npt de, . Cel |
det er ni néd 24 Vr%‘ﬂ‘rlgd‘&"f‘*fche‘EMﬂf? Eettonth 1Be Prefgin ginase;Gyinhibpor Kha¥3a 4Ky fRY de
protects (3-cefdserahd Rpretentlitftich@d pofeld RIS Hsto a}gﬁreﬁl@é&n plicangtactat W th
Apoptosi s was i nduced by TNF-a. After varying 10

(3-gal expressing vectors. ICH :
periods (0. 5- 112411%@1-1 Resulashewrnre atear ¥ stapderd deyiation dsoppduplicato v es telantiom one
monoxi de (Ot erhelhiafde experiment out of three.
Whether the anti-apoptotic effect of carbon monoxide acted via activation of soluble
20 guanylate cyclase and generation of cGMP (as dcscribgd in fibroblasts) was .investigated
(Petrache ef al., Am. J. Physiol. Lung Cell 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 cGK activator/cGMP analogué, 8—Br—<GMP, 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 thronjgh the activation of one or several
cGMP-dependent protein kinases. ' '
30

Exogenous carbon monoxide provided anti-apoptotic protection under various protocols
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at, Nat. Med, 6:422-428, 2000). Control pTC3 were treated in the sane manner
but were not exposed to carbon nonoxide. Cell survival was determ ned 24
hours after application of TNF-a. Fig. 5C. Preincubation with carbon
nonoxi de prevents 3-cell apoptosis. PTC3 were transfected with 13-gal
expressing vectors and apoptosis was induced by 7NF-a. 1TC3 were 15
pre-exposed to | % carbon nonoxi de for one hour. Control PTC3 were treated in
the sane nmanner but were not exposed to carbon nonoxide. 1-6 hours after

termnation of the Tpe@biligXHREH6E moaPHRE RS r8leddBSeilNEeE afiubyon BNEp btostd vAK
hi stograns represent untreated O- Cf| | s, and Dbl ack histograns represent
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treat ment w t Rragefebediwitdo p@4l dpresSing e ses saitapoprosds ead iadhidedtby TeiFatd weLy were ef
treatment with carbon nmopoxide can act in an anti- a%_l(();ot otic manner and t hat
this anti’®apop¥oeIROses!P d& captiopmeneyide {Q5ong fousy CopERIP I 3mkerp Beatestin thepgBesur e

of nurine islefmntObut AeRMI POLRNIE BarbsMONRKel IL8howy ENrMaHinaRSE bORe pre-
following transplantation To determ ne whether carbon nonoxide could al so

i nprove sl et eypesure. ARAROSTS OYFS indueqdiy, TRF -1 (3ram higtogeamsireprétentitdesated P-zsids and
handpi cked i shef g &SIt 30SRIANS-8dNd PeaftdSVRIBREILE BXREERowR STOHEL + standard

deviation from duplicate wells taken from one representative experiment out of three.

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

To investigate whether carbon monoxide exposure can block ongoing apoptosis, B—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. 5B).
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 f—cell
30 apoptosis (data not shown). To evaluate for how long this effect would last when the time
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for primary non-function (Berney et at, Transplantation 71:125-32, 2001);
Kauf man et al!., D abetes 43:778-83, 1994). Transplantation of a margi nal
(e.qg., sub-optimal) nunber of islets (a "marginal nass") into a diabetic
syngenei c recipient causes a delay in the return to nornoglycem a w thout
the effects of rejection or recurrence of auto-immune disease. In 15

determ ning what would be a marginal islet mass in the C57/BL6 syngeneic
system it was observed that transplantati on of 500 handpi cked i sl ets under

the kidney capsies pRlinduBstdeekPhéEHoptoli€dinkQud R &idn8td RO R M@MF%@@Wr
(1.5t 0.5 days (n=4)) whereas transplantation of 250 islets resulted in a

significant dekagu(tddO2one2o8is t@a;@e(om@)igcnofrhﬁspoxv%(s wigh Bis-ongne SGef Omedduas
a marginal s _manner .does not invplve

rej ection or o it ﬁt&‘g‘ \g}éhngrr%} f&wgﬁdf Wg@e‘g s‘eegs"*@o‘(‘%%? Ryl lpttimyflated with

Transpl ant at iTNF_GlevdRBrold Anre R0 afiYRIAE BT G2 6RQRUTRRANK dewRE @aerhCrH@r@HdQn of
islet grafts prior to transplantation results in better functional

per f or marice iThesd dein ingisate alrstaligely dref(Rpigrent 8ith ByrborTmend add wwiacign prr otiedur es
were utili Zed % ogce ?nn@rt dttpa? tlﬂ?‘grﬁl Apohtgﬁ%rgé ?Q/llll edﬂo §r| e§AndFBd UI'EIC A T\/\p

hundred and ¥ res y I sol ated pi C rom L/6 mce
wer e i ncubat dﬁkpiosmmdmmnnnpﬂseets?& cabar mbeakidd impro%esdsle tsamnyinmfaxettha {bXbawibgvo
hours at 37C. Con}r islets were treated in the same manner but were not
exposed to cdftBR aﬁg’l%% de. The islets were transpl anted under the ki dney
capsul e of the di abeltetleﬁmengaheioertroeoiopbﬁmé &u&ﬁal@temmrb\tbedetpg&eﬁ/ﬁmmnyu vikd, taer

transplantatlon re determ ned on a dail asi s,
totar of 16 drRarsse el TRt sl P B R G ar e e s motel
transpl ant ed. fomenaylhmfuneme(evmg erprzemxmmlo_amuszlseizszazbngmaonn@leya/a of
non- exposure rel atecd1 g Era S easons acg_ uded in the stati tlc
anal ysis as c¥AR3FE’ ﬁg 9 QST ansplapiaiigp r?db"lf?‘r’i‘f‘l R e TR AR A ‘6\/&3
the first daynpkgidf marypg ydewatia syleheac ﬁeeleaheau@esasaemamthesEramdard
deviations. Fig i ndi cat es e [pr.obabi lity of cove bl ood ucose
over bol ow TSBPAETIY TWothive RHPGS o SHeR pRing {-UrBice o pav TBUBOLEaE o Ear bon
NONoXi dejsor  Cddnhflingivilativeuld bPa mgifkd) Islet @Tasia 6005 7/BL6 sBasedc ORictR was
om0 b SRR o BRSPS TE bRl bPDe i
pre-treat mentledvotrapic axbio o nom@bgytaea (et Orsalayhm=aporeadas C*aerlaﬁMhNSoMSO islets
applied) is anti optotic ( et her e ts to
car bon m)noxﬂaﬁ‘lﬁgﬁ' j S fbﬂ?gtc{:glge(f?gﬁtz\?%ﬁys@n%ﬁo&h‘l’%égﬁsggf eéffiﬂf}@lc‘ﬁ

transpl antati xﬁﬂgmsmzey axuuag ethargindi®iagiin dlis inshret do@set inaslve rejued ol antcﬁdemuader

T’QSCEI g(r)]z(r%?lmgla @gtrch 151%%9ils%aa% eeanep%,%t gﬁqean%plgr?tgtll n ‘ﬁnh% 135“?00‘65 me needed to

Whether carbon monoxide pre-incubation of islet grafts prior to transplantation results in
bette.r functiona) 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 experiments was the first day of
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10 highly significant manner (P = 0.0011) when islets were pre-incubated for

two hours in nmedium 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

t hese experinments. There was no statistically significant difference in the

time to nornoglycema for islets anong these 15 three preparations (P >
0. 25). Carbon nonoxi de exposures For cell culture experinents, 5% CO2 was
present for Baﬂ‘@lﬂcﬁ@w&ﬂﬁ?Téﬁ@’ft“sasff@@atstaadard:dmﬁwmaﬁgoﬁﬁ ofndll"%f( e, 000

ppm in ponp??o%%ﬁxq ec\@@%’é%%ﬁgﬁgg {gg‘ﬁore V@d]?/f&"a%u%a recaindds epsgolflg oce

|nasta|nlesste m Xi € exposur
chanber. FI Om}icntabtotdafboﬂn%ﬂeilﬂé!orpioetmlgdlass'Pa#’lﬁ) 0@1 vaharbefolwas mai nt ai ned at

12 L/rriin and into the 1. tur hanmber at a flow of. 2 L/ mn.
The cell culture @ﬁéﬂﬁ@r‘he\ﬁééerﬁfﬂﬁ”g’?af }hécﬁwgﬁjlﬂo Oﬁt“é‘?“r‘?é‘g e yeatmpps lash fesap
anal yzers (| negesddnimeGabs Wogs. BA aQP\E) MRS A 86ki ey BRRADHL e afzhint WS on

continuously in tge chanbers. npl es were taken by the analyzer through

a port i 25 PRROF b(bGFWfH‘éaB‘FPé%éPg‘“B‘F isppligdd 1593 irappp Rfin(Fagh & Canshse reny

el ectrochem eglostloe&ldiOB catbbh hofoxi&ehs luhbr\ébé ¥ e@Eur&QaiﬁaQ@/oPmucﬁpﬁﬂmhg ation

| evel s were neasured hourly. There were no fluctuations in the
concent rat i ofanSHHEElioMEag salated. Neroersigel islptonass eas rapspleoted rcra«ﬂeelﬂye lgdrmy K3psule

Ani TRl 5 v oA eddfingic AR ohe SY0ZIE |LRA XEHERSclia dal LYY £ Of

12 liters/minin a foot glass exposure s were
suppl i etp fooblghhcﬁlmammemed(ﬁf AGOL 1N avhewx jstesuwers precirubiated fergmodntsat ngturof

1% (10, 000 p a!tur;'aagoo\gnﬁ 9&§%%Jx1d@@§ da t?:ﬁeﬂcwédlgncegﬁ %{9 ng—@d%s 4%5% rrwlllpgrgc? to

steel m xing c riror to ente exposure ¢
the flow rat ecsnmﬂ isEB nqnipa apesemtwad@n@dnondeﬁw daynSehit qoafidons 1rnle1val\1é1=168d to

t he exposur Qa}{éggﬂg%s pftr bl %Q% 1%Jﬁﬁq%8%$ %%%%n& Qg‘\re ulsedVY r tt%gse € er a{n sn%lerley

determ ned by was change e the
di fferent comeene statistionlly smaﬂlﬁueréﬁertzr@etlmme tmcpommgtﬁamb\épr xs@r& among these

concent t| o] ol agwp jere determ ned using a gas spectroneter. 5
Cel | Isl'r ati gﬁép{ﬂgﬁ u?‘g The fs |l owi ng exanple illustrates a protocol used

for the isolation of islet cells fromrats or nmce. One bottle of Rat

Li beraseO (f =9 gﬁ&&;&%eéﬁwggl rn/Roche cat. # 1 815 032) was dissolved

in 4 m of steri ed on ice for 30 mn, aliquoted into 0.5 m
al i quots, and 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-fi’ plexiglass animal chamber was maintained at }2 L/min and into the 1.2-f*
cell culture chamber at a flow of 2 L/min. The cell culture chamber was humidified and
maintained at 37°C. A CO analyzer (Interscan, Chatsworth, CA) was used to measure CO
levels continuously in the chambers. Gas samples were taken by the analyzer through a port

25 the top of the chambers at a rate of 1| L/min and analyzed by electrochemical detection, with a
sensitivity of 10-600 ppm. Concentration levels were measured hourly. There were no
fluctuations in the CO 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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to stored at -20C. To each 0.5 ml aliquot, 33 m of nedium e.g., M99, HBSS
or RPM 1640 wthout calf serum was added. Rats were overdosed with
anesthesia (.1 m plus .1 mM/I OOy body weight of Nenmbutol |.P.). For nmce,
3m syringes were prepared with 2 ml of Liberase solution with a 27 g-needl e
bent at a 90-degree angle. For the surgery, 2 pairs of scissors were used;
one large pair for the 15 abdom nal cut and one fine pair to snip the bile
duct. Two pairs of forceps were used for excision of the pancreas One
henost at was us duct . The abdo and the
pancreas was g% Q;é%ﬁ gt %%5%65 O[t&gglgdl %Fe e Gaids tFlrgconcen agﬁ?‘g% ({]Wcéih 9 ower
abdonen. The eﬂ;stemeahmbaﬂu@te auasolmkialmpmﬂsahé Nbwirkth was pemeslly Ak tebhine@t8he OF a
smal | bulldog clanmp in mce) at its duodenal insertion, taking care not fo
injure the 20ﬂ§m Pt Hiti Gifg) Fiperwes elanied tojsgraraie UeHifTasent eorhgntratisas d¢liveleatodtic at

t he proxi nmal e n Ki re
ot o punct ur RS pare) O EMEEHaaR LR ATE e A T LB AR R
one thirds of the vvay across and the cannula was inserted in the duct. The
cannula was h q t he duct by clanping the duct lightly with forceps.

Li ber ase0 sol f'dﬁo?/\‘zh‘g’?“’ﬁﬁdé‘é‘f ed rapidly. The pancreas appeared to be

di stended and ful | yhdiohiah eaérﬁ;ﬁénﬁstmt& arotbtdlinekdor thBjBkibRBf isleNcdll §6m riihe
needl e was inserted into t duct as_proximal to the liver as possible and

Li ber aseO sol OY IS (a8 dPIKF e&B@oUbeméOﬁ%qm Srehrngee™arlsinRephesae i 1 # W Zhbyas

cutting the diaphitagms na;rb@st@ﬁ@rﬁmr clﬂﬂé&&ncea‘fotrgb mhih Qﬂ&@é@domlorﬁsmgﬁ&ube%dt he
pancreas was rem)ved starti na y r enovi ng romt he I nt esti nes,

st omach ahd t Heredta 08B epach | gliquotpihet elagedius, ea&ﬂaﬂéﬂ%dwﬁﬂgrwlt IﬁéO 30
bile duct, |tm§ulccgffsgu;,, 9fs 4ghgq.rat. The pancreas was placed in a 50 m
coni cal tube and E aced in a water bath at 37C for 30 mn. 41 Fol | ow ng

i ncubation, 20 m B#ts wsth ayedesericahpaeshesddd dnk pused o/ 100 body Twraght @fibiemileel  of

the ol at i on, pas g,«ea,gggegt,,gqﬁ%eg@@repm,@@amrzemﬁmlse&amo@agﬂwmg% yslaye for

5-10 seconds ti ssué. The islets were was severa t1 nes
to renove thebmtbm %Gsé@«ierﬁnale Ep1 the uBerp.emais Phgfessers ZWSOOusedmne daspy . forltBo

xg) for 120 Sg& g{xna]r%Q%BPE@ £APRES snig R (Fﬂg)iuétof’wg a,§seo<f(§or1 %vfb'r‘@t?!eﬁ'?otrant was

pour ed of medi 'um was added and vortexe ntly (about 1/2
max, ). The ceexqijipuefdhs parcrsase Predsmpstplorasaged tpdlmﬂthbyllv\élsqﬁl ng 2-3 tines.

The tissue was r e?h@ﬁ@@ﬂ@ﬂw%&@ed@nd%e ﬂzﬁghé&%aﬁ%’osw&‘s miHPE %Es@ﬁe K\@rﬁakmg

filtered through a 400 im dianmeter wire nesh (Thonas scientific nesh
cat. # 8321- MeX)cut gom é}qu\éertah@om@nﬂ“hﬁ‘ppfg:reanc 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 proximal 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. LiberaseO 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 Liberased 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 ml conical tube, and placed

in a water bath at 37°C for 30 min.
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undi gested tissue, fat and |l ynph. 5-10 m nore was added to the tube to wash
any remaining i p islets off and filter through the nesh. The cells were
pell eted by spinning at 1200 rpm for 90 sec. The supernatant was renoved,

| eaving as little excess nmedium as possible. To nmake the gradient, the

pell et was resuspended in 10-15 m Hi stopaque 10770 (Sigma cat # H 1077)
and vortexed until the suspension was honbgeneous (sane as for washes). 10
m t 5 of nediumwas overlaid, wthout NCS bei ng careful to maintain the
sharp interface b en the Hi st ueO medi ym, The nedi um was added
by pipetting sl ovwef'lfwgiﬁ’m "E%Batéﬂ“dgda’&? ‘Frﬁ Jﬂ\é(“es YHE Gisir&Ath Whs CuntTatdrged
for 20 m nut a5 ol 2400, HRTELA%ACH (& AOE WiVt ¥y LAY AGES BF 3bon,And
no braking. Followng centrifugation, the islet |ayer vvas col lecte romt he
i nterface w tth bacaR @p dhestzogalilhe 151®x:we:$e\ras}badg;|ezerqdmpestcere(riéak dﬁﬂ))berﬁnaﬂ ined aced

in 50 cc coni ubes, Islets were washed _several tines to renove the
Hi st opaqueO méf&iﬁeﬁ@" foge B8 B0GHPMyRPRIRE IFE AR LIfRF Jrz%éSor THY pry @pripx. 200 Xg) for

centi f ugati onygags wiﬁmggm%é%g&% mé 9% 33 b t%QHtwatsrlﬁ a%%gaa@a genyly

centri fujatl ons were ornme 0 sec. e 3 was

wer e resuspendedst b2 rpixppetThe aenttifagaitth sdap\was ?ep’hﬁ)(edfﬂfol&ﬂw@elﬂ wahmgtz Brimed) THA
sterile culture dishes for hand picking. 25 Hand picking of islet cells was
per f or ned u3|‘W@“eawisdes‘ist’engfdellnlzpémﬁlf 1t”§‘ gdythe &ﬁa@sw& W%@W()"é’d@ﬁé@ E0rHm

i slet was pi | t ssue.
only those 1 ol B2 DOt S Gt R el gl ap2) AT s R Bk ane
round or ovalundidastpitissee,datpnd kwoph. 42! OExlangyk evat ddde@aw the mublvbio eweside: ySeppniesses

t he Rejection of rdi c Transpl ants Ani mal s BALE/ ¢ nobuse
hearts were USEH©° 2@‘"3%&5‘8?}‘@%}&&@8 transpl antation into inbred adult male
Lewi s rats (Harl anmhoReROuee RN 8%y spindingBERA0insm fdrido-seANTHEBdLpeMRER WioUSEd in
5 accordance with guidelines fromthe American Association for Laboratory

Ani mal Car e, ramdveds le8wiag enitpe @tce‘éov%ﬂl%ﬁsepcéﬁ)‘b}eoved by the I nsti tutl onal

ani mal Care and Usg CRTTLEgsen e LR BRD.hapael, Reacanasa Med oal, Geoter

Sur gi cal nodel Ani anes Ize i'nat’ion
( Pi t man- Moor eat # HO OWund@lvadtexed ki)l tha h@dpatsnmanﬂmpgmsanba&hhé ad fof Ahﬁmest)t 10 m]
North “Chi Cagoof nlcla?uma&/asaov(gﬂgg velfthout NCS, being careful to maintain the sharp interface between the
15
HistopaqueO and the medium. The medium was added by pipetting 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 Histopaqued by adding 25-35 ml of the medium + NCS. The initial
centifugation was performed at 1200 rpm for 2 min., but the subsequent centrifugations were
performed for 90 sec. Afier the 3 washes, the islets were resuspended by pipetting up and do
7-10 mi 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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50 ng/kg i.p. during all procedures. Heterotopic cardiac transplants were
performed as described previously (Berk et at, Physic] Rev. 8:999-1030,
2001; Petkova et al., J Biol. Chem 276:7932- 7936, 2001). Graft survival
was assessed daily by pal pation. Rejection was di agnosed by cessation of
ventricul ar contractions and confirmed by histol ogi c exam nation. 25
Experi nental reagents Cobra venom factor (CVF;. which bl ocks conpl enent
activation) (Quidel, San D| ego, CA) was adninistered i.p. on day -1 (60
U kg) and on ) 1 DEC ‘

(day 0). Cyc | , ;
cell 20 acti vatdimals was adm ni stered | m (15 ng/ kQ) startl ng at day 0 and
daily thereafter t he end of each experinment t opor p

(8nPbi 3 cobart pROLEAUPSHS Pri EsER %dxonah%{gwéw *rﬁaﬁpd@aﬁmﬂw%d@gé‘pmx

Por phyri n Pr ociugd Sewid @ Far AR pritgie €D 2k 1¢ W irRichnb o113 0f0) v NedHw bR 1ausedtipck
solution of 50 mM and kept _at -70C until used. Light exposure was I|mted as

nuch as %ossiPBIoEangsoy ih @HM“F‘(S om ‘}Fma{)\/éﬁ@%ﬂ% for Selaragry Apmal Gge, 12M kg)
in PBS. FePPI Rk S, f d
-1 (30 uM kg) %asgdd}g}%éﬁoﬁggr elc):%ég?'gn% at ?!ﬁé&ﬁglﬁﬁékgnﬁ?%ﬁgglggﬁt@tacfﬁ%ﬁm 8{13':}9)
and dai |y theBstflsee!l JReonkgsiiydicabCertshosure Briefly, CO at a concentration
of 1% (10, 000 gﬁ}qn%e&r mllion; ppm in conpressed air 30 was mxed with
bal anced air F oxygen) in a stainless steel mxing cylinder before '
entering the expowmlmnbmst.hecbmn@enbmatqnmﬁsxewmxefhumGPdtrrﬂaad/ldaye,var yi ng

the flowrat emfdglg%%) m@mragg md 'entgngl 4 pﬂ@o(r? «PREQL %hg%oibys;%g%gsftopﬁ%w only

chanber. Because et erm ne
t he CO fl ow was ngiarige during aﬁeﬂrmcvdanest Hetefqtamct cacOmcteartsplants emre ;arfoheem pestbe

chanber. A Cngle%géﬁégxé?r ez”atz%ﬁis%’? R99ra°§b’9alto'rsrgnzoopgéh$o‘00 L 1 G '2'%%&‘2

nmeasure CO I nuous I'n the ¢cha &ohor & Wer's pI ace
t he CO ex posuresé; beoithehrab sxi}vday\sastaesfessreé dmr)ems;pﬂl;anbat Re)ennoﬁarvm‘stdxagm@bﬁnt S
were placed in thte e)t(e VLS ?arcox%act ns af onﬁ &, % hxst 0 cexrg anspl antati on
and were kept SFHURE" EXPESUT SOTHENDES fﬂ 253 2 n(a = 3) days. CO
concentredi on was mnai nt ai ned between 250 and 400 ppmat all tinmes. Animls
were renoved a| I% rrpateklll chanber to assess graft survival and to
adm ni st er ¥ePPI X, as described above. 10

Cobra venom factor (CVF; which blocks complement activation) (Quidel, San Diego,

CA) was administered i.p. on day -1 (60 U/kg) and on day O (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 thereafler until the end of
éach experiment. Tin‘protoporphyﬁn (SnPPIX), cobait protoporphyrin (CoP-PIX), and iron
protop.orphyrin (FePPIX; 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 uM/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).

CO exposure
Briefly, CO at a concentration of 1% (10,000 parts per million; ppm) in cornpressed air

30 was mi'xed 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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HO enzymatic activity HO enzymatic activity was neasured by bilirubin
generation in heart and liver mcrosones. Aninals were sacrificed, and the
liver and hearts were flushed with ice-cold PBS and frozen at -70C until
used. Organs were honogeni zed in four volunmes of sucrose (250 mm 15
Tris-HA (10 mM L) buffer (pH 7.4) on ice and centrifuged (28,000 RPM 3X, 20
mn, 4C). The supernatant was centrifuged (105,000 RPM 3X, 60 mn, 4C), and
the m crosomal peIIet vvas resuspended in MyCl 2 (2 mV - pot assi um phosphate
(100 M) buffer (pH 7. and sonicated on ice. The sanples

prot ei n) wer’é“‘é.’éf’d@ﬂmtj%r b@FRé" AYbEDi t8heRhaT beTe Besryer ‘th)qOY!d?fFafi Rﬂfﬁﬁﬂ)f é%‘e”ﬂ*ﬁm@er
cytosol (2 n@,tﬂecgmwom)y thd @GR w28 c'hMgedQ&QQ%hgﬁﬂhg&R?rﬂﬁlo% fﬁ%’txpos re
gl ucose- 6 20 ‘phosphat & déhydr ogenase (0 U, 4 i

at 37C i n t hehatdek A COhsalytep(imteaschi Compatation, \ﬁ.‘é.mstswnh dot)edaswistdtogidasuro £6r m and
, OD was neasur 1 464-.5 e tion ¢ 40 MM cm for

bi Iirubin). Ve]gg"“q‘“” ol ?ﬂq‘i %%Eérr )egs”igg"”‘”s We’9§ Ao ‘“‘?’befcot?i“?‘isé’{?ﬁfmﬁm?%r med
per mllsi gr alni:gfs bpfooé &amppetrauﬁo (Emaﬁ réqiedtd wgk Ip)acedTinehedex@b Qirdceatbeciin altdin
was determ ped by the bicinchoninic acid otel | ergce,

Geor get own) . @H‘é 'éé@l?&?lﬂﬁﬁt?“\ﬁﬁg yire epRHIe FRIHT 9 W%?rgébgr? S WBdSih=thi s
assay were pPédy ShQSQQnEd’nQ’ml(ﬁl Qi diSlained Bdtveen M¥0)and 40P RS &t DL tBEWASEmals were

i ndi cat ed. Carbox hem) | obin was nmeasured 2 days after transpl antation by

usi ng a Comi KE8 BaShapRSF Yo spest @aﬁﬁvwal AR Iyster fasds AEHUZ ettt s
Gener al Hospidpry, %%m% afdor. 44 Histonorphonetric analysis Grafts were
harvested 3 days after transplantation, enmbedded in paraffin, fixed in
formal i, and serially sectioned (5 |r'r) intoto fromthe apex to the base.
Ten sections per slide in a total of about 20-25 slides. Every
fifth slide %&g@mkg&ﬂﬁ% hemat oxylin and eosin (H&E) for

hi st onor phonet r i cH@reatyeitis activiy Wararraspreshy blinbio ageereticndpheareenddiveusi ng a

Ni kon Ecl i pss&E@sQ%s Maﬁ %&esam&se%d Nﬁlh\%nl A hemw&%)n&feﬁ Sinlil &M»ﬁ@ch'

3- CCD Col or mer a o, Japa to a Power
Maci nt oshO 7@@0‘#@@@%&5%@\@@ useéﬁ@;ﬂaes wnbwn@semz%peﬁom Yrdumesmf swme;ﬁb&h%)t h
| PLab ectr4 M/TYRS I

Vi ennaSgVA) out ‘50%| mage'gagﬁgiril(e)jc l(i:)\gﬁ lﬁer%’g %rom eac%%%%)?%}irﬁggf(gﬁ{ g{
fromtwo to supFetannvasseririfged GI05080 hhijé§0\N@ﬂe4°&hean9ﬂwnbgpsmﬂlmllet was
segnent ati on I f (Fr%ﬁﬁ for

and | eft vengteﬁs@ﬁﬂeag] Mgg}ic Bg‘}(ia)ggcﬁ%ﬂﬁﬁ rh g%rs%tgc()?dr espoﬁg{fﬁ??g Q%ggb&%

noni nf ar ct edicei Beyemples € roaptrrpiging overpadd¢dfp i reaction mixture (400 i) 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 464-530 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. Carbbxyhemog]obin 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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i mgi ng software as nunber of pixels corresponding to those areas. Infarcted
and noninfarcted is areas were then cal cul ated as percentage of total area.
Pool ed data for each group, expressed as area in pixels or as percentage of
infarction, was anal yzed by using ANOVA. Results obtained in this manner
were simlar whether using either pixels or percentage of infarction and
only the results obtained using percentage of infarction are shown (see
Table I1). Results are expressed as nean = SD. 20 | nmunohistology Gafts
were harvested 3 days after transplantation, snap-frozen in liquid nitrogen,
and stored at -80C. Cryostat sections were fixed and stained as descri bed
previously (S$hswewrpbometric amalysise Med. 4: 1073, 1998). Rat | eukocyte

popul ati ons were 0

Cons: Oy, po TR FERpR e 1R Rl € AR AR O g L
(NKR-P1; 3.2. f&)nahandndl\dmél&%a;onausmn,) immahsfrdnSete @pexcip tﬂdajahanrdalsrapro@dwetes for
Sci ence, Ind| napol i ct f . fikrin/ |br|n0 en .wa ducte
using a Fabbl ace H'f’ S ‘ﬂﬁf%to?,)@lai% t1‘28t')7r%0 Sr{’gg)selrlFrvﬁ%’l HURC Nﬁ“(‘ h Rematoxy in
Carpinteria, atdtosid m&ﬁgfoaﬁistoﬁﬂmb&m&tana]?&i rrwatlﬂn@g} sndetvefsat@gtubad H4Sisig a
anti-rat CIXBSThe Bi ndiing Site, Birm gham i D 11; Serotec

or C5b-9 rnABNikemkelipse R§P0Q ramme&fétk@e’tbéavww&% W&”TCFF@ tﬁﬁé%@c%zn’r? lPaﬁolqrgM

mAD MARM- 4 ( &gl Rl riid del Hvtciér Hitkkhi, B&%i4) Ja;}dnj éﬁ%ﬁ@h ‘PMwé}fMla&MMs%id\noszU@ %&%pﬁm
Bel gi unm). |sotype- 45 matched mAbs ‘or  puri f g as well as a control for
B¢

resi dual enddgepie PG upasiac.ded) thyed wv@ﬂ’éab %E’cﬁ‘glfﬁl ERtEn esefeelerent .
Detectlo of t t IK=Tel o optosi s
dotecti of ki ( SERRARIALREEERALD Mledid RY AELTA ARER TR copline bl AAOP

i nstructi ons.trabspCongsd ksagdiomhieMend Yﬁecﬁnaséayef d)namfgmadﬁedéb’@ad@fh ned as
the dilution &Qgﬂen%.o%e& J BOMEAEL 1A p@%@gﬁ RO LT et S Bvrcles i

Ab-sensitize ery rocytes. Brie sensitized eep eryt rocy es
(I x 10 cel les¢hdecti@®i- gyreds comesponidineub inferdted 301 nrnmfargEE)issne tarer cat cudatad tpm digital

gel atin Ver On?])agp,gf §8Lard Qs LA of% &[@oncé&mlﬁ%\’b@ﬁ&e ke %@cﬁi afYWhnin farcted

henogl obin re was neasured Background was neasured in

t he absemce oifreas weepther wwmqs@srcgnaaewfﬁqﬁ@ areBs Bpled defta fozeapin gpnd, expoissedzst ed

fromall Sanpalrg.sm pixels or as percentage of infarction, was analyzed by using ANOVA. Results obtained in
this manner were similar whether using either pixels or percentage of infarction and only the
results obtained using percentage of infarction are shown (see Table IT). Results are expressed as
mean = SD.

20

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). Detecticn 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-S mAb (Dako). RatIgM 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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Cellular ELISA is Serumlevels of rat anti-nouse Abs were neasured by

cellul ar-based indirect ELISA. The nouse 2F-2B endothelial cell line
(CRL-2168; Anerican Type Culture Collection (ATCC), Manassas, VA) was used
as an antigenic target. Briefly, 2F-2B cells were cultured in DVEM (Life
Technol ogi es, Rockville, M), 10% FCS, 100 U nil penicillin, and 100 ig/m
streptonmycin (Life Technol ogies). 4 utaral dehyde-fixed 2F-2B cells were

i ncubated (1 h, 37C) in the 20 presence of rat serumserially diluted in PBS
0. 05%ween 20 (Sigma) and rat anti-nmouse Abs were detected by using nouse
anti-rat | gMn(amFeg/mb,s or g fiedNpRseHas ajcgumd fqrves dprbertpgenopgrezpxidavaRaiB) |

or 1g&c ( MARR.C- 1 i 0 . i j I - in,
Br useol 5,  Belgrum N toe ane el REE e ooty Lo el S Yyl pecp Y
goat anti- nousepdpals!s ddepliatled WkomBkithargturg, Yylleymswding &cthe wiany facQret'si g/ M, |
h, roomterrperg,%%re's Pierce, , 25 Rockford, IL). HRP was reveal ed by using
ort ho- phenyl o e (Sigm) and H202 (0.03% in citrate buffer (pH 4.9).
Absor barce was neasured at t= 490 rim The relative anmount of circulating
anti-graft Abs in the serumwas expressed as OD (Y= 490) taken from one
serial dil utq°6?’P'F'He'{‘H’é"}‘W'HE&“arya(ﬁg’éobf the assay (1: 32 - 1: 1024). Binding

of rat C3 to museﬁeo@ﬁhmye@kﬁwakﬁlevuaq%rm@%mﬂmbgéq@rm@%fdd%@e §®k Hdkidfal
ELISA 30 with nmouse 2F-2B endothelial cells as antigenic targets (Mygtake

et al, J. | myiadfAbleasididibheepkd@RpcytBy. i Bridfly, Aboaisitivedsi2Ep eBtleadodskiek il @l

cells were in ated in the pre e of serum 46 serj al diJuted in GVB
" buffer (I ﬁ,gl&é%?tigfgr@él“ieée ‘\ﬂgurbééﬁ el E@%é”;,“% %Cfg%mglpﬁf%ﬁﬁllvééw&‘{{gr and rat
C3 deposd ti onGwas”; dedne)t €dlldyerel sénmifugedamdtemaplobinrrélbases agMzadubed @f €630 nm).

Pl at el et aggregati on assay 5 Mouse 2F-2B_endothelial cell re cyltured, on
0. 2% gol at | n HeSK B Wb e B-1DEASench P FIEEP FrTBHRHREN e prsgnce of senim and
Technol ogi eskubtd04 FCH {1FaMples100 U/ m penicillin, and 100 ig/m

streptomycin (Life Technol ogi es). Confluent endothelial cells either were

| eft untreated or were treated with the HO i nducing agent CoPPI X (50 IM 18
h), the HO i ihukidr@rLi®APPI X (50 iM 18 h), or both CoPPI X (50 iM 15 h) and

g LR ST RE T R
platel et's (3 The Mduseir-3B Rhothwik el @it EPRDAE6E; | Aindritad T feaCul(uBe QomualibiNalHCES,
0,8, ™0 2t T dertrone B S Sl L CE A
endot hel i al ¢Eid $echasidgips, Roetelle, MDY, SPAHAY) 1 8T AYISenicillin, and 100 ig/ml streptormnycin
(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), IgGl (MARG!-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/ml, 1 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 I= 490 nm. The relative amount of
circulating anti-graft Abs in the serum was cxpréssed as OD (I= 490) taken from one serial
dilution 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 al, J. Immunol. 160:4114,
1998). Briefly, nonfixed 2F-2B endothelial cells were incubated in the presence of rat serum
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wer e conducted as descri bed before (Kaczmarek et a!, J. Biol. Chem

271: 33116, 1996) by using 15 an aggregoneter (Chrono-Log, Harestown, PA) and
ADP (0.5 - 4 M as an agonist. Cell extracts and Western bl ot anal ysis
Endot helial cells were washed in PBS (pH 7.2), harvested by scraping, and
lysed in Laenmi buffer. Electrophoresis was conducted under denaturing
conditions with 1004, 20 polyacrylam de gels. Proteins were transferred onto
a pol yvinyl difluoridine membrane (Inmobilon P; MIlipore, Bedford, MA) by

electroblottln n cl onal .. di rect

human HO- i ﬁl&@?&i’ L%fdtl@?i@ Vgl\}%r g'r' ?ZJC ﬁ%lfd“ée)re ﬁ?edéﬁggéubpﬁo%g? ﬁ?ﬁ Hber
Mannhei m lvarwhheamz dpbimbyyas deredte@ibRasiMeh oVieSifilratZAE0n AY (Skbweg. HRP-

conj ugat ed donkey anti-rabbit 1gG or goat anti-nouse 1gG (Pierce) and the
ECL assay 25 (Amersham Life Science, Arlington Heights, IL) according to
manuf act ur er 'ﬁa{emta h@dtSassaylr @ansi ent transfecti oos and apoptosis assay

The murine 2F-2B en eli al ceI | Tine (ATCC) was transiently transfected as
described el seV\héﬂ@USGQE:%Be@d@belaﬁﬂ cellgaerg @ultvsd on 2:2Ypgedatin(§i8n2) Bradedaydwelt  at |
. Exp. Med. %D b R 8
after transf %lgsol}l’%/d ﬁlﬁi ?%%)T acﬁybaél?%?éﬁqpect ed@dgz %gw\/\é?%e% zlggc%ndd()&ynm
descri bed eI se\eptemcx@i"abefc Eechatlogies). Natweat dviddtheldal $€1163thér3@Be leBruntraatel aziwered 7

by eval uat | nd B VIR ED P an e BeTaLaa ey brboBg et StEER RER e

nor mal nor phq{)ogyooascdmxr(sdnm ISGA sﬁmﬂmx((m 6‘5h)%ﬂ’la&lletmch@ta@rh@%@btamed
4:1073, 1998; Brouard et al 1015, ZOQO The nunber of
random fiel dstc‘ifﬂHtf\é%f“%éz98€tgerrﬁ%d9t® °|4§9’é“aérahi’ﬁf%’ﬁ‘13o§/° Seu iR S
transfected ce II r 6on rol,well. The f C I

nor mal i zed fd’r ISESR? Blrsgl&tvrvgtelreglﬁs todeltghei;ﬁtr}RJ (Sg)fmlf/ﬂrrga%&s e’C?e 2@?250
counted in thesaMdaassgf2.8he }aﬁbmlmsns}%mMMgﬂg 129gaMtN:(C]10[I?/ﬁ1M HBPEI) Y) .

Al'l experinents re erf d.at. .Least th ree

Acti nonycin glf‘tﬁ\ sW oﬁré}‘?g?m\kﬁsﬂ LIPS S }ISE% frlus a%‘fi@@ﬁ%? SPEHRBIMATYS e
medi um (10 i\gérekamcﬂéteh affidse@ibet] bafosf (Eatinoamek &mEB’JBﬁo(. Raerphg/mia31 B, aded) tos using s
di ssol ved (10 i in 100 1 and se t. -2 until| used. SnPPI X
was added to ac“ffyg?ﬁ?’i“ﬁt?re(%&f)a‘f%g(}éﬁi’i\f)’w%%%sa é%@% @‘Péﬁé’?@c "B AL man
recombi nant TNF-a (R&D Syst ens, M nneapolis, MN) was dissolved in PBS, 1 %

BSA, and adde ur.e 10 - 100 ng/m) 24 h after
transfecti on. ge'iﬁ?ﬂf)“?fr%'% \;ve“ ?ta o) (s'ciot helial cells to CO 15 Cells were

exposed to conpr esi&ddthalial cals Wﬁae: yhshgd TR A2) barveafed BPs¢r2mog and lysed in
Laemmli buffer. Electrophoresis was conducted under denaturing conditions with 10%
20 polyacrylamide gels. Proteins were transferred onto a polyvinyldifluoridine membrane
(Immobilon P; Millipore, Bedford, MA) by electroblotting and detected with rabbit polycjonal
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.

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

cells were detected as described elsewhere (Soares et al., Nature Med. 4:1073, 1998; Brouard et
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10, 000 ppnm), as described el sewhere (Oterbein et al., Nature Med. 6:422,
2000; and Brouard et at, J. Exp. Med. 192:1015, 2000). Aortic transpl ant
nodel 20 Aortic transplantation was carried out done as described el sewhere
(Plissonnier et at, Transplantation 60:414-424, 1995). Briefly, the aorta
and the inferior vena cava were cut to be bled after heparinization. After
additional left thoracotony, three or four pairs of the inter-costal
arteries were ligated using 7-0 nylon suture (Keisei Medical Industrial Co.,

LTD, Tokyo, alapakp. MeaNh22 0¢5m 2000} erdgscesdiing: aus as WasssaasVeshechy dhe
graft was inserted between the renal 25 arteries and the aortic blfurcatlon

by standar d Tdebeis-gurgosidestpT RIS g SEisghD reaiRgd pmalmapaglosy Bt derirdadrm
ELRi con, | NGeiseRRBRIALALE:: JhNGIRNGEY k.1 07119 00 Br e B DART 13, PP %88 5, | eft

after bot h e ges were |ligate concéntration parts
per mllion; ZOQQh)Themumivmpcrfesrmm Bélds wmsted miax dderwiindd th abence thirmim o( 2%piable

oxygen) ;as desc revi o terbe| Si.C

1): L688°L69 ‘% CCIE %%‘§°l¥%1’nsp?ea“’r-?f°eﬂ§8"e?f“‘%bﬁ ?etﬁséf’c?ﬁBP‘é’ er fob‘Taé’&ég’(
the CO Charrhﬁdfpa'tal\lbnd@yﬁ nbﬁ:f)élfcff ttaneacad c&lﬂb aduntdd.in BeGbpdned bSth¥vesoptdelsasciding n
t he chamber |mre§j¢iq,} )é\}\)ééB foll ow ng transpl ant at,{sgn and kept there 56
days. CO corf@EM{I A% s ARi FPEFRESs Werepstopsthat spstiree 1PRYE duplfdict mal e
(250-3509) Bfaem h@&Acﬁ@%x@%MﬂﬁﬂﬁoN&@ﬂlFﬁﬁm@raﬁﬂéatgrtﬁé‘ctultdﬁri@édﬁmﬂﬂ
adult male (250-350g) Lewis rats & as recipients (Charles Rive

W | i ngt on, &Ml 24h RRsrdrasfersions S"é)lﬂx Porpkpgn Bl’9§“¢t5)ﬁmsld‘%‘fpk‘fé‘j (8il) ﬁUWQH‘H@ed

f T om Jagks On AP aRRLHsdvEBAT 204 BRI used %p&%smzoﬁhe cafltiie! mm&ﬁ%wq
generated as previously described (Lu et . 18:1845-18 999)

M ce were aldfewsahsfastion climan r@ccfrobm@néme@(&lwtSmstFr@@Lé%tnnemhﬁ P\ \mtd@ﬁolv@d
libitum 10 dﬁﬁear A'% SR X@d%d?@mgmﬁxﬁgnéﬁﬁ 1 (1 BN R 1 adf QERS?JAﬁon.

transpl ante y 'usi ng an ext ractl g kit, according t
manuf acturer's instructions (Q agen, Chatsworth, CA) Primers used for

nmouse O-acti GCGTGGCTACAGC (SEQ ID NGO 1);
anti sense (ﬁp@% OAMMK%{&T QID NO 2); and for 15 nouse HO 1:
sense (%' -3'), TG@@A@MMW@SQG&@HW@)nceramlpsefr@@(ﬁ@ahdS ),
GGA‘TTTGGG(J ) 1@%%; I(&es(ﬁg(% éle%QCA(buerbem et al., Nature Med. 6:422, 2000; and Brouard et

al., J. Exp. Med. 192:1015, 2000).

Aortic transplant model

20 | Aortic transpiantation was carried out done as described elsewhere (Plissonnier et af.,
Transplantation 60:414-424, 1995). Briefly, the aorta and the inferior vena cava were cut to be
bled afier 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., LTD, 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
(Ethilon™, 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 a/., Am J Physiol

30 276(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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Enzymatic activity is critical to suppress acute vascul ar rejection Muse
hearts transplanted into untreated rats underwent acute vascul ar rejection
2-3 days 20 after transplantation, an observation consistent with previous
reports (Soares er al., Nature Med. 4:1073, 1998; and Koyanmada et a!.,
Transpl antation 65:1210, 1998). Under cobra venom factor (CVF) plus
cyclosporin A (CsA) treatnent, nouse cardiac graft s survived long term (see
Table I'l, below), a finding al so consistent with previous reports. Under CVF

plus CsA  trealgBal, tra‘ﬂgpﬁﬁrﬁat%‘rlra}'fﬁ)(?ﬂt th‘é@c%é%%?%@tc@&cmatugpuﬂs &%M%lap@sogofpﬁm

expr essi on by graft 25 ‘endot hel i al" and th nuscl | s as wel
cardi ac nyocytted t{nsg. 7). EXpI’eSSI on of HO MRNA vvas det ect ed by RT- PCR

12 - 24 h after trg mp,%%nt(fgo f‘é‘%w'#% yrarsgk?l %ver u&e astaog(g B OHSR ¥le HO

transpl antation (Fi ermgra I'val
i nhi bitor SnPRIuX madas'zf'adrmgml&t\aeymd (R?Dl Lt eediiierng (CGhatlestiesr Ifab. Whlemxﬁgwi pisnt,

wor o 1 oj et ocilF GBI e ( TS T mIONEF abor REATABEC DT Hibsh e by yragr
pr ot opor phyr i pie)hahe m@§3< h%lllnﬂbd Wik gberA&d ds\rdvyous B dsdBtd 1984 of ENgBef 1
rejection (Table Il ble 11 Inhibition of HO'1 activity by SnPPI X

preci pi tates bF&§45-t e@??bﬁ“‘ce T rued toggelipaiafor vpeyweckoyith thdey shovsand(watg)
CVF + CsA + Fgfﬂ)@nﬁo (n=4) CVF + CsA + SnPPIX 3, 4, 5 (n=2); 6 (n=4); 7
(n=2) 5 To generate the data in Table I, nouse hearts were transpl anted
into CVF plus CsA- treated rats. Gaft recipients were treated with FePPl X
or SnPPI X, Trggtpept with SnPPIX induced graft rejection 3-7 days after
transplantation (p < 0.0001 as conpared to rats treated wth CVF plus CsA
al one or with CVF RTFSERCeA phdusteBaPRBYA isstativn Foincthe transplagtsébeame bpusieg mi ed

out using Fi Sﬁﬁ'}\'_%r?éfhgtkltt £3brdireQo 2 ﬂﬁ@&%{eﬁﬁh@tr&éﬁ% n@f h%ha@%nﬂoé A

FePPI X, bl ocked nction 1M vivo It act
quantified i nPrtxmarmypﬂdafntredusarﬁchhewpl gnse (Iﬁeér)t@C?Gd§§i§ﬁa$¢@TGGC§A§[&ICéZnt ation

(Fig. 8). Nal 2] QALC 35ce | r
ml1igram of t gt%:;)%\é)f)g 3 q?urgggprml /An%?(ﬁtgg&%? %@ﬁ@.%’g fc\)/\r/a
signi ficantl ympmr}é%sle@mmﬁMOSE%&G$§AQG%WEG\€66 (FRQADU? B p attednse 98
7.21 pol /ng/ By 5B, G5A199B66EM GRS TR & (5ESTHSED 1),

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 e al., Nature Med.
4:1073, 1998; and Koyamada e? al., Transplantation 65‘:12‘10, 1998). Under cobra venom factor
(CVF) plus cyclosporin A (CsA) treatment, mouse cardiac graﬂs survived long term (s;ee
Table 11, 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 grafi 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 grafi rejection

(Table II).
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15 (98.3 7.23 pmoUngfh), or CVF plus CsA plus FePPl X-treated (77.3 5.51
pnol/nmg/h; p = 0.0009) rats, as conpared with naive hearts (Fig. 8). HO
activity was inhibited to basal levels, as present in naive hearts, in
nouse hearts transplanted into rats treated with CVF plus CsA plus SnPPI X
(32.37 7.23 pmoU ng/ h). This represented a highly significant inhibition as
conpared with nouse hearts transplanted into untreated (p = 0.0009), CVF
plus CsA-treated 20 (p = 0.0009), or CVF plus CsA plus FePPl X-treated rats
(p = 0.0018; Fig. 8. HO activity in the recipient's livers was al so
up-regul ated after transplantation in a manner that m m cked that of the
transpl anted hearts (data not shown). Ho N8 1 this was not the case for the
recipient's ou heart, in which HO activity was not up-regul ated foll ow ng
transplantation (Fig. 8r)h1b1hnn gﬂé@tlsactltllt)abf}sﬁ)’lP&IﬁK@decnpmfams pnRPkBeetioneat ed rat s,

t here was pregresst »'%my' [Ccn ti-at—nf-aret-Hor—whi-eh—25-becare—apparent as
early as 2 dhys—after AEUMEAL ot i on—(datal not showBrYVEhiWe g not
observed in tﬁ/gf# EALQI"IQ’\' anted into caontr ?ng rg)'rrpa'r ed with FePPl X (data
not shown). |EVEasCet aJieRRRXy been shown thht5¢@Fd) that receive a nouse
cardi ac graf { CYAdeESATYESNBPIé ™ CsA treat nent | dehér(atd; aa=4)Mdosd Abs that are
exclusively of the IgMisotype (Koyamada et al., Transplantation 65:1210,
1998) . Addi ti onal Tt geataterite daiatiin T8&R] Mowse hEaRRY e dankphmted iilo IOVH ple @@ -t hi s

Ab response neration of an f orrel at ed.
conpl enent ;re?tigq/éa?gl oc'r\rGg %C'%%%wgre?refat %Wgél?%?@b%c%\?? Pg {rSﬁtmr‘?Bh%‘é%“P%X
endot hel i al ¢edukad grift eejecOipn 3Neddys efter tBnPRINKtiOR (EePPDO()lta’seaﬁuﬁﬁadl tol ras kregtic ed
C3 deposition. use_endpt hel i IIs us CO full
substrtut es Pal G PREED B o B SR AR Crautlinf S BRER Soelitn pie cimed
rejection Al bunmsitgidhess txact fegtnspl anted into rats treated WI th SnPPI X and
exposed to CO 49 ved e Table 111, bel
The dosé®of CO usgﬂ d?’ﬁ%“@ﬁd}mﬁ%ﬁfﬁ&)l’wé’gb%‘%ggxtQO%E%&i 5‘5\‘8?'&/'“ ohE: ’t%ﬁ‘tl eth
of h_t B'e | et halengmed c k€lpi@ m@hummw)n.traﬂgﬁlmedlegldaedpxeﬁmaxgwﬁ@edﬁérceraﬁﬁl@ltadomot
exhi bit untoward_ reactions xposyr.e was di scontjnu 0
Ch'="5) e (Bier oy RER v PR PORGH GRS PR aBHE PGt e e St oS! | e
%r( afts CO?:to b?ﬁ#élifilpérologﬂ@ﬁidl/ﬁiw @lg. 8501(daMﬁm§/T\a£Is&nldch,r)uv '-Fafbic@d td theuks® hearts

ogenous u ubsti tutes n sup ressing graft rejection
Treat nent SufPsP “‘é'%“?'ﬂ%ﬁ/@)@ t\/FZlJP""@é/ n%?’P@d BC%PI“SCS(‘FFWC) 6 (n =
4); 7 (Rs= 2)98.3 z 7.23 pmol/mg/h), or CVF plus CsA plus FePPIX-treated (77.3 % 5.51 pmolU/mg/h;

p = 0.0009) rats, as compared with naive hearts (Fig. 8). HO activity was inhibited to basal

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 transplanted 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—reguléted after transplantation in 2 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 early as 2 days afier transplantation (data not shown). This was not observed
in graﬁs 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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CVF + CsA + SnPPIX + CO > 50 (n = 6) To generate the data in Table II1I,
nouse hearts were transplanted into CVF plus CsA- treated rats. Wen

i ndicated, graft recipients were treated with SnPPI X with or w thout
exposure 20 to CO Gaft rejection observed in SnPPlI X-treated rats was
suppressed under exposure to exogenous CO ( p < 0.0001 as conpared to
recipients treated with CVF plus CsA plus SnPPI X). Statistical analyses were
carried out using Fisher' exact test To det erm ne whet her exogenous CO
interfered with inhi bltlon enzymatic 25 activity by SnPPI X, which
coul d accountnfence Hes éBl"FSPf’%?e &[f‘gé(b pé“%ﬂkﬁ’ﬁroéé%"%%%f‘Fs ‘?’@jcéifﬁllab’ﬁ withcorglgment

I nvestigat ed phehhgr . (nhnbedes CQALBANSR rﬁox%@reﬁdé'tﬂe}’ia cBl] m@% H$ Neither
transpl anted into SnPPl X- treated rats. As shown in Fig his was not

t he case. Tot%iPPROoeheRiRttregireast infiienged @3 Herprition on mnsmnémh@dl atld élriz. SHPPI X
treatment (32.37 7.23 pnol/ng/h) was not significantly different fromthat
of hearts transplanted into rats treated with SnPPlI X and exposed to CO (43.6
t 30 7.5% prml[m;/ehousrf@ fOLUN OPstitufésdor HO) 1 exfGiy matiabcthdsyuh kisp pressin gadeh @ivaediair n
the recipient’'s I|vers and 51 hearts (Fig. 10). Exogenous CO may substitute
for HO I actl'ifi'etcy' Pn preventing graft rejection. This might work by a
nmechani sm t hat i nvol #RSse HeaRdlirdhgplanéd xemg@rk@mdmswpmaab aiped forg® RBC and
t hen dellveL(y through the circulation into the graft at an adequate

concent r at i orf30ARBr GPHE) 146V 1Y ¢} Ign&sleh 565 §ab19\HEﬁeI€WdoB]éen%%°fl—@9 pseddti ity is
bei ng i nhi bi t &g ;Jam%aﬁ&lp&;ds%gﬂﬁmmst nwérﬁlemmfmeqethmo@f(ﬁggho&mown> Rats
endogenous CO that is produced when enzymatic activity i s not

i mpai r ed!® Expidupiee G?fpof%iéotcpaﬁéﬁP'aer’ff“br‘é‘Eioma £2qignu de pESBE ek digentrersd 0O

i ncreased Car(lﬂoxy)lorlb?ﬁmgb Q@s@ﬂérﬁ%;@an@tknlv t@c@ttn(?ﬂlﬁgclﬁg graﬁs&'@v(ai:'xg iR . The
fact~“that the transplanted hHearts survived in animals éxposed C% even
under these s@pﬁﬁ‘@é’s‘io\fémé@ﬂ&ﬁéoéﬁy%ﬁm MD- may 10 indicate that th| s |evel
of CO was sufficient to adequately "charge" RBC, deliver COinto the graft,
and suppress graft rejection (Fig. 10). Alter natlvely, car bon nonoxi de may
be delivered to the graft, and all tissub®Iol t he body, dissolved in

pl asma. het her exoge@%@&@é@lﬁﬁ@%&%%:&h&ﬁ@ﬁ%h@gﬁ@gﬁ ngramfagﬁfo?“ al

infarction that characterizes graft rejection in reated rats was
investigated. Grafts Were W{Nmehd 15 3 0ayS al & ~Vabhme @@yt | on and
quantified for tr@vpgrcggru PRI ITfarcred aRed.s [Ea5) § (J LaIRhamed ijnto
untreated rats SHOWEH RN EpFRIATGTE trdnsrgr%%_r@f)dr(:t omnm of the 1Tght

To generate the data in Table 111, 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 cartied 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 grafl 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 7.5;1 pmol/mg/h; p = 0.1095; Fig. 10). Similar results were obtained in the recipient's livers and
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ventricle (87.1t 4.9%of the right ventricle area) with extensive
endonmyocardi al and transnural infarction of the left ventricle (32.0 f 6. 7%
of the left ventricle area; data not shown). Infarctions showed nonvi abl e
eosi nophi ¢ myocardium | acking nuclei with interstitial 20 henorrhage, edens,
and neutrophils. Left ventricle infarctions were always endonyocardial wth
transnural extension depending on the degree of infarction, and those in the
right ventricle were nore diffuse in origin. The percentage of infarcted
area in both ventricles generally increased fromthe apex to the base of

t he heart. Fﬂﬁmmsﬁﬁga@$planted into CVF plus CsA-treated rats shomed onIy

smal |, diffuse, nqntrans £as of rction in the ri

bu* 25 not in the Xé?\g?“oﬁlggb ma?'Sf %mt?/é%}{g ilaé““@'éémféﬁ}‘@glgv% é Thlfié%i%‘
transpl ant ed vidik ®y@\redahriism tHasvevess | &Rl ¥f éxroga{o@sicoaiﬁnﬁﬂm&dm@ m@ld and then
di ffuse areas_ of |nfarct|on inthe right (12.2 9.5% but not in the left

(0.7 1.39% \WERY§TYtreughtthpsigeujaypn ‘“T%@@@aﬁfeﬂélat‘édW?téC?ﬂﬁﬂﬂlﬁCﬂlPhng%@m@tf“ﬁom
th t | ot |
ose transplant-ed,ieRteAdde Vol s 1 Gafvity i eaLiSH: &@ﬁ@q ng%?f( iﬁ%g?r{gﬁgl X_”eat o

(data not shown) Hearts transplanted 1nto
rats showed smlgmfhe@émt of eadegenouaCO3batris mﬂumémhlen H@- hpnzynfaac ettivons neR6. 1 f

Ilﬁf ;(r)/%t :MOLQ ?%E?ggédf %ggj%)&yt g{n%lﬁll\;}) gc@%er%tﬂc?‘@%nﬁlot{%% enougl&e)tmcreaseéicarboxy]
i ndi sti ngui shabloglobinafimrt at: 1.572 to82.headr 2% (Elgdmprmadhatmmﬂrmﬁlmad ledrts at s
(data not shown

These | esion ecjfi,c to the. trans heart .
" The recipi ent’ gr‘)%egtp\‘?%mﬁ’ arr ¥y O\c,};eéloetve'ggwéfg‘ﬁ meﬁfva?reéfﬁé% gg‘gﬁggpré?ycent age
of infangt ed iadieae that meaéxteSoﬁ(r@mpkna’ﬁtxeﬂ tb BdequiiaPtRérid" RBE dicliadr £ONASD the
significantly h < 0,001). rdvvlt tht of hearts
transpl ant ed & ?flf’g‘“gé‘fpé’%tsf g4t &deqfie EF' ﬁﬁ%mﬂfé"ﬁ PHMBROXIF & TABLRE delpssidie
treat ment (TahégrahMnd dHeRsides ot thabaiy| ai@aomdnmplasr&]PPl X treated rats that
recei ved exogenou i nfarction 8.4 5.3%

showed v littl
na T ert (108 oS G i S PRt S P et PR &Y PO PHAR HER 5451 o | o
to L hose of fwaramniers@mpkjgmoadn SﬂRR]%(-thEdphtﬁ&mQ&ﬁeiti’g@ﬁﬂeGrd’fﬁt»&rﬁ:’\thﬁg
w t hout FePPI X treat nent ata npt skl . . The perce infarcted area
in heart'd tranifa ‘iré{i‘"fpﬁ%’&“%?’ﬁ%ﬁf‘?tg%ﬂmFQF@ RO ’gg'éleGé‘Beae%ﬁ@)@nous CO
was 10 not Sitﬂalﬂi;ﬁlhrﬁaj]h{OWnd'E:ftécEﬂaaﬁhoWd’dOﬁhﬂhadm;ﬂﬁtehﬁﬁd’nﬁl&altlﬂﬁmlbhanihEﬁgli)mtO CVF
pl us CsA-treated. reat nent .. Howev

per cent age of"ei“ﬁ‘l’:&a(%?'é\g"ﬁ/ égf ﬁhﬁwﬁ%gggt%ﬁ‘ggfpﬁgi é\i/bé§’“egsl"@°n‘fnldf"8§?ftalr ald‘f“% FEPBHE! (p
< 0.001) fr onhfabvdibn Gflhbﬁbfﬁl’\teﬁtnTCYeE(BIBpEW/Gdf thi Cker vetnh&lesaae dhta @@t ¢Mewh). but  t hat
did not r eceiIXFarc?ft(n? I?Je/lélgnonwab CSCO;I;g(?[lth myocaMDugqacﬁg nuclel w1ah }/ntcrsmxal
20 hemorrhage, edema, and neutrophils. Left ventricle infarctions were always endomyocardial
.with transmural extension depending on the degree 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 right (4.5 + 4.9%) bu’
25 not in the left (0.7 £ 2.1%) ventricle (see Table IV, below). Hearts transplanted into CVF plus
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 IV). 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 left

ventricular infarctions (37.6 £+ 15.5%) (Table [V) in a pattern that was indistinguishable from that
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Treatment Right Ventricle Left Ventricle CVF+CsA 4.54.9 0.712.1
CVF+CsA+FePPLX 12.29.5 0.71.3 CVF + CsA + SnPPLX 26.1 12.7* 37.6 15.5*
CVF+CsA+SnPPI X+CO 8.45.3 1.83.4 To generate the data in Table IV, nouse
hearts were transplanted into (n = 3 per group) 20 CVF plus CsA-treated
rats. When indicated, graft recipients were treated with FePPI X or SnPPI X
and exposed to CO Results are shown as percentage of infarcted area.
Statistical analyses were carried out using ANOVA test. An asterisk

i ndi cates significant difference as conpared to all other treatnents. 25
Exogenous Cox sexpip trasspdsntedasto uhaeatddivate idacsios stama).nDiresc ietions ware spgifage the
infiltration th?t haraﬁ]tgeri.ze acute vasqu ar re'l ection Myuse_hearts were
transpl ant ed 2R IEERT Lie TEPASHY BAVE Beastdld NSSBIIR 5y TEERIK Reercentage

adni ni st er edr Hicigd afeh il RGHPIr&RHIENME I SHPTRdald rdi {2501 4A0y H'xgﬁ@r- Gafts
were harvested 3 days after transplantation (n = 3 group) and stai ned

. (n : er )

for rat |gM® FaC0ANE PBRawd *athpiad REhmerts tsansplegied g ragﬁ@atﬁ@,m@ PlspleeiAn, rat
and mouse f B RASILBL! FRPE B reaaRth: [ Alb1IV4 S HEARNEAS 4% i
hearts transpl ant ed into C\/ligc pl ustl(CsAe-nt?;}egl?ed tr at§ds \%I tlht%%?\g\nb% ﬁgﬂ%d\{%g%%i_x
treat ment skOARE exaesrisw® shavedves dillearfagtipos] the oeht 684 ket 3 % yMddefd(1G 4 ¢
(data not shoun) : . , .
N T R ot LR St o S
muscl e cel | €VdsplueCsA-grsatedratarith aovitmpoidiePBEX (erment (dita shiobuwn). Thepacenage
~only m nimal -vas r.thr Si Ldnfdl tj.on st | eukocytes usually

associ ated W {nhar%g‘%:grlea mghregxg}sjg%nfs al‘“ﬁf dalrngot $'bptr}1jﬁ€§f§? 'gd ?%t‘pagﬁ%‘iﬁﬂfa eﬁ%’?%us\&wisow
but detect ahbesigiSaindy tiffereax foore siwit ofheans tramsplamtad htd @Y F ¢ hd @s Aatrdatadrdtshaitimomot

hown). Hearts t ted . into CVF pl A-treat t d
Thni bl 1 on SRR TEPBBE PO o Reia S Peatbe L Ererf S Thege TR vas

i ntravascul aignidiepoBi differant{p <of00l pivbraicht &f paastraspipaedchdat thh sara tréhent but

" FePPlI X-treated rats and no dete babl e 1gG C3, or C5b-9 (data not shown).
There was MW&Q‘BI"B&&W&%W#W“E@ bnbosi s of |arge coronary vessels
associated wth P-sel ectin-expressing platel et aggregates and intravascul ar
fibrin. Thronbi we consistently observid?li R/l arge coronary vessels at the
base of’the heart. There were no der\tdgc% Bl & " p- sel ectin-expressing platel et

. : rphomelne analysis .
aggregates in the mcrovascul ature (d’é’ a not “shroWwn). There was 15 extensive
o :

graft infi !{%atiror;r b;/ ..G§% et Gthﬁj gsviel 1—as—by b4 icn?\y\, €5
expr essi ng Hhe reatmen : ghi Ventricle eft Ventricle
CVEF + CsA 45+49 0.7%2.1
CVF + CsA + FePPIX 122+ 9.5 0.7x13
CVF + CsA + SnPPIX 26.1+£12.7* 376+ 155"
CVF + CsA + SnPPIX + CO B4+£53 , 1.8+34

To generate the data in Table [V, mouse hearts were transplanted in'to {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 afier transplantation (n = 3 per group) and stained for rat IgM, rat and mouse complement
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nmonocyt e/ Mb mar ker CD68/ ED-1 and MHC class fl Ags (data not shown).
Infiltrating nmonocytel Mb were found near arterioles and scattered

t hroughout the nyocardium associated wth areas of infarction. Hearts
transplanted into SII1 PPl X-treated rats that were exposed to CO were ess
niially 20 indistinguishable fromthose transplanted into rats treated with
CVF plus CsA with or without FePPDC (data not shown). These hearts showed
simlar level of IgMand C q vascular deposition as conpared with hearts
transplanted into recipients treated with SriPPI X but not exposed to CO
(data not shgwyp)rat ahlt‘hdxbnse&%@ecﬁm,sruraad ntohh@er Borwefiierinogers iagd sat D45 a8 prgdsvg

t hronbosi s as reveal ed by the bl e, P-sel ecti n-expr.essi_n
pl at el et aggleakpeyss W“@Eﬁefrﬁﬁtf‘a&@é igjo é?gf’ﬁ’ﬁ Cop-izeajed ¢35 Withed ‘S?‘égf}g)dxon

the graft vaggduhat s%wéatea@hsxwmrm@a@u\a@ﬁosm%frzlt qumlan@t | FRARLNd Shov but no
infiltration associated with snmall focal areas of infarction (data not

shown) . Up- r éxedtadis B 68, OGS 9|(ﬁatén@rdbwén)| &lO-@ellPs!, ianh femtitis wptealetskied in grafl
aggr egatg on 3k (Fe¥ank E}ﬁo&‘ﬁ)ﬁ‘é‘%?@ce%%o?\ka mgslxﬁtcar%gig )@%@@ rz}la EI%% There was

transplanted 1nto rats expose ther e
endot hel i al edy hsmmmadcummrbmbosm mlefﬁlettlcmqgrl@gdtml@nwenumatly essoaisted 54h focal

i nvesti gat ed, o e e were 0 P X or SnPPI X
i nduce or suf)rﬁ?seo ity (téi?awtfslfllo‘lg g5 ‘?‘IV'B fsc(r%gejesc agéetqlp\slé?cym eﬁ???éﬂ”é’?sme\/\ere

overl ai d on t&seulenaiddtheiviraldataabl §hoan}j Hdaetstremlspfaorethelo’v}a;hué CtA-tlemer@ggr egat e

o81 s o codReb AR Ty b bSO Sl R PO Sl
pl at el efos WepEIgRKPRATE at eorquat\hﬁl ¢atroCRdPPSX rfetted £ad £ b debecfableRRG XC3, or

pl at el et aggregati on anced as, conpared with platelets exposed to
it reat ed ondStALIIERO! Sk ?’ﬁfawai‘r desPrfRa Sy o ?%?10‘] TH@F EPRYY YHER'S

untreat ed eng@bdigtkd #ith pgakammmsmms@iet iggv@tesﬁnd-lara@atstmrltf?bnnp rm&mmay
se cells (Fig

attributable to constitut reSS|on

Wien pl at el %‘t’@’%@‘l‘)é"bé%st’égaf VHRASY H%Fa%m?‘l_ge?ﬁs%°b‘§‘§g?%t"@&’wwﬁ “@8@?&‘%‘8

pl atel et aggpagatiintdkpmesingd fatsleCpigfdgaadin tile rh[ﬂ%xﬁb&u@ﬂur@%dﬁ@ﬁmaﬁ&dn)wmae was

pl atel ets exposed to untreated or SnPPI X-treat edtPy endot.helial cells I
a

). Thi'$ i nh%msawaé‘r'fl@&ffm%é’g hogish Rl 25 e 2 ?Bﬁ%t ée%%ef»e%ﬁ&sgséw ”P"o

endot hel i al  g@hdStelMPahLKEr W6/ Eptlfhn@wﬂE’CXiaam A%@l?ﬂt%&tlih@wn)llaﬂtrﬁmgh CoPPI X
and SnPPI X up-re uI ated the expression of in cul tured endot heli al

cel | s (data MEROYHON) Wergiiund gparragersies apd S&ar"r:éeet*%f%sshoelh@wwﬁfﬂb%ﬁsa?ry%tfﬂhs
_sho_ul d be at (i hrebestitfarctibte ability of SnPPI X to act 15 as a potent
' nhibitor of HO 1H§£1§Xmspfmteg?nttol gnP}yD( treated rats that were exposed to CO were essentially
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 transplanted into recipients treated with SnPPIX but not
exposed to CO (data not shown). Under CO exposure, there were no signs of vasqular
thrombosis as revealed by the lack of detectable P-selectin-expressing platelet aggregates or
25 intravascular fibrin. P-selectin was detected on the graft vascular 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
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HO 1 generates CO that suppresses endothelial cell apoptosis One of the main
features that characterizes the rejection of nouse hearts transplanted into
rats treated with SnPPI X is the w despread apoptosis of endothelial cells
and cardi ac nyocytes 20 (Fig. 12). Apoptosis did not occur in nouse hearts
transplanted into rats treated with FePPDS (Fig. 12). Gven the ability of
HO- I to suppress endothelial cell apoptosis in vitro (Soares ei ol., Nature
Med. 4,1073-1077, 1998; and Brouard et al., J. Exp. Med. 192: 1015, 2000),
whether this cytoprotective effect was nediated via the generation of CO
was i nvest i gaireestigaipdpVossesendpttieindtells oeouaxposed roUskP IXea SnBP X @nspicamtsepbresat o
rats treated wh, . SnPPl X and, exposed,t ). suqgest,i. t t hi s, was the
Case (Fio.  12)10 R eE Rd Bt Bavaein Tt T RHH O Sn i il iheta el v

HO- | acti vit yestay fonkd 2%ilit@ xOg@rQuts oSimolulish HrAVRI(L uwendphiietd @lerigigbhs from
under goi ng TNF- 8- gedé 6%?0' &Eopt osis. The data illustrated in Fi %é 6_suggest
that this is tHEaEEsedoks/atex'dreResats nommalimahen SUppried $a AnFTae ndyi Ybed
endot hel il  C@lale)dPRBE 0ic3ed UG RS al dell@SeHESed With HEPHIXESISREE Rl egation was
actinonycin D (Fig. 12). The antiapoptotic effect of HO 1 is nediated
through its efpneedias cBopated Vil pipte pesed expiysaiedengpthefd sele(Figll e dhiss t o
SnPPLX bl ocked kheahianopiatineat] SRbu0f o8 v okl gy
i nhi bition of I—%} I tlaclt Fl\(lat y gy n r61P_PI X te>9<l(l)ag_énous CO (10, Oeéég%grﬁyn\q@uppressed
TNF- E- nedi at edresypogdl o sitrsbutahligigesnstitigive berredsion of §0ppmdheseselsr{fig hbl iVdlencel |
apoptosis via i i : L resses

t he devel oprreﬁtangeflsg\t%r}g%% gﬁ&ogggogc%{ag eg%p%rg%aéerdﬁgg%{: g&g)s(fngﬂgﬁ g%ﬁg%g&m\g%?
aortas wer e t sigmépdnalptirdabiiedt & cBmpeavad Noh phelatatxpo{ed ym gmresied or Sulfit[Xaatbied

Lew s rats (all pgeneic or \Lew,s r X car i.de (250 m
a1 1 ogena o w EMTENFSEIS (EBh AL defe Pakory S8 S8 Rariala s BAREL Rk B2 A0

t ranspl ant at i emlodnrtiaistids tnmackdbyithebotnOdt FIK edd 8hRAIXi(Eigt | Bs lBotMECRIK ahd BdiRlENe,
or by eosin hepat oxyl.in.  Brown y.aqrti e nts. tra | apt.ed into
Ceui s rats devereueriat ari oLt AP AL end oI ButnaBlRBET e

t hose associ atigfirentislleffedis ofithesegratborptatiacshoald bE datiuterbto thdamiity of JHRPEE to act

| esi ons becane_ apparent. . 20- days after transplantation and were

signifi caht | yasn%)'?ogenﬁan}Pétﬂﬁgfe%Bblye%m%& agg\ﬁ}b' (data not shown). For this
reason, all analyses were carried out 56 days follow ng transpl antati on.
These | esions e characterized by intimal.h | asi a, | oss of nedial
snoot h nuscl eﬁ(@gﬁ Iggn";{%ei ébd)hagﬁuc?pé%ls(s:ﬁr%ﬂ 4 ﬂgﬁl’@f&;&gﬁ%gcyt es in the
adventitia, and weDse sfohe maisdeanges that charntterizepthe r¢jectioh pAmOpiecieirts tembghingaatinto
(data not showp),..Ng »\%Ihgi}%pﬁf RS Riel Pl PSR & e%&ﬁeﬁi}{f&ll@@f& roal{ @%2%‘8‘3
segnments were Efranspl anted into syngenel c' reciplents. To tes Whet her

woul d suppr ess¢Fig.H&). Apoptosis did not occur in mouse hearts transplanted into rats treated with FePPLX

(Fig. 12). Given the ability of HO-] to suppress endothelial cell apoptosis in vitro (Soares et al.,
Nature Med. 4,1073-1077, 1998; and Brouard er 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). It 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

_actinomycin D (Fig. 12). The antiapoptotic effect of HO-1 is mediated through its enzymatic
30 activity because exposure of endothelial cells to SnPPIX blocked the antiapoptotic effect of
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devel opment of these |lesions, aortic grafts were transplanted into

all ogeneic recipients that were then exposed to CO (250 ppn) imredi ately
followi ng transplantation and for the subsequent 20 56 days. Inti nal

hyperpl asia was inhibited-in aortic grafts transplanted into recipients
exposed to CO, as conpared to those transplanted into recipients exposed to
air, as was the accunulation of |eukocytes into the adventitia (data not
shown). CO had no significant effect on loss of nedial SMC as conpared to
grafts transE%?nted into untreated recipients (data not shown 25 Exanpl e

I'11. Protocol¥-féFig he. Tindariphitionp! P daass vidhey THFE et osendme (10Qﬁ%|pem)
Reci pi ent f.o
illustrates plﬁd@?oco(f ?ﬂ?% %ggg&{j lr%égt %ggg ﬁ’?%t(}){r%;}ﬁo % hfi’}é’%s@e?&%ﬂﬂﬂh%el
recipi ent mnhhxnambwatmnmmNBMendﬁK]@g;a21ransplantatron procedure. Any one,
or nore of the follow ng procedures may be used in a given transplantation
procedure. 30 56 Treatnent of a Donor Prior to harvesting an organ or
tissue, 4he ¢uppso GMokRebiAtRE e BEVeldphthedr Gandpid - RS SriédR0lepRy) for
one hour. Treatnent can be adm nistered at doses varying fromb5 10 ppmto
1000 ppm for ti meSTHR PoMRYraeseh el Hplanted inde Bravguiiarvag rats (yn gameich Hptrgaged
period from th %Qﬁmgteﬁ‘é?é%noﬂﬂewbs%@@%s%%bmoﬁ rﬁo%;rj@etsog; B, %!1 ed88dim
(cadaver) donor to the tine the or is renoved. Treatne P uld start as
soon as possisben reNPudEnFamples dere hamattebid dawa@ﬂ%nenwlammhnd §lap1r:fe§3emt I n
some appl !l cali i errstlmrsuP%ags%ﬁ AR, afbye%ngeHa @,rrr?némlaﬁrfx%r@ag%
deat h. For non-human ani ma , pigs e used’as xenotransplantation
donor s, 1¢ he Is¢gmeentsOtransp lastked mmms rarsalgv e opediartariessleadticu edigns i ag brel coveétent fith
|nhaled carb i . I
produced doedibriageif yiRIn R o dthsichion GREnaPhobdlf, BRIPIIRBIRAEC, .
transpl ant ed ZO-BOrdagsxmqnInenspbnetiwomddvqns!égﬂi Beaztly ngarreartoeourtcmihy 5060 ppm(dza g. ,
1000 ppm or her I r brlef 15
Tr eat ment of hombﬁorrtﬁgmﬁon’ %’ a?-rgg's&g%@r%?a%é%d 19‘}8{ ﬁéi% ﬁgw' r”(%rr’ﬁpaanvgﬁ)(’)r it
can be flus he‘demltdnora veayt charaoterizes by.intimal hbpﬁrblesla,dossnﬁmedm smwdth owiscle eedlsbl ood
cells mhlle i h mnth
2 sol uti %n Sé% t edacvc{’nurinhﬂgsanr lg& es Jg'\% ad%dﬁr v&e?e rgrjt%gperve% in Borj’rag%Pt
nonoxi de at mssmﬂwr escipaent [rata rtom:howa) Ummmrrdxhqse leel@ni ernrte obeermwdnsheatrat aortic
saturation. Flushin i
m nutes, e. g'segrrien'rt]s g?rg%gns %@1%{1 Pr{}@%’?xégn%c r(e) Bx%nEs %.f%g%% erc&O q}ould ﬁgéresjs(?hc
development of these lesions, aortic grafis were transp]anted into a]]ogenexc recipients that were

then exposed to CO (250 ppm) immediately following transplantation and for the subsequent

20 56 days. Intimal hyperplasia was inhibited-in aortic grafts 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 grafls transplanted into untreated recipients (data not shown).

25 Example I1I. 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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shoul d ideally deliver the highest concentration of carbon nonoxi de possible
to the cells of the organ. Treatnent of an Organ or Tissue 25 The organ or
ti ssue can be preserved in a nmediumthat includes carbon nonoxide from the
time it is removed fromthe donor to the tine it is transplanted to the
recipient. This can be perfornmed by maintaining the organ or tissue in the
medi um conprising CO, or by perfusing it wth such a nedium Since this
occurs ex vivo rather than in an aninmal, very high concentrations of CO gas
can be used (e.g., 10,000 ppmto keep the medium saturated with CO. 30 57
Treatment of a Recipient The recipient can be treated with carbon nonoxi de.
Tr eat nent cafrbsgent oha Doeorday of transplantation at |east 30 m nutes
before surgery begi.ns. Al ternativel it could begin at |east 5 30 mnutes
bef ore re-perfusi %HOB‘I" hlaﬁvés%gé‘&r?rglaﬂ)éf Hesug- dos %P%rncta.g thtrC%%anﬁé inbalSe AP f or
at | east 30 midhdkRis (299 fpm) fdr dAOHEur. Cadabifdht PONR*dEhiclose st ddeésvasinglopm and
3000 ppm can be delivered for varyi n(% tinmes, e.g., mnutes or hours, and
can be atni ni'8Pareq 18H prve adrcataning Tom ongdpyr p SKINGHISNY for WaspiraReredifom
For exanpl e, (& heqtRivaRh iHREhdINBLRI80GRICLE hhth PR a@ve§ ALRA N0 HIRRR G gan
e.g., 3000 ppm for three consecutive 10 second breath holds. Alternatively,
the io recipieismoredh Tradakrt shad star@sqoprs pessibigrfokowian thedetlartion dadirins 20
days. Carboxy ol 1n CONE BILEALRO RSy e b o8l 1B RnChl] r
appropriate agﬁlggslg‘gt rati o% o(??ﬁg’e{r%on ronoxi cfteag{ao ‘a p%t frenpgn%gtogﬁ’{ﬁ death.
treatnents for redppiarienaghomals (agt prga) tede vsadroxyivdrmgplabition denas, shedbove
t hose cqpsidered.to : t . i i iLh_need .of a
trancpl an. Py ke PERESAR RN B [aEe Bhnd AP TR SR B f e
i nventi on hass beearbdegermiopledinisn podngeadriots an compronfdeche detityl apd ficeSardfpiei on
t hereof, the for i description i,s intended to.illustrate -and not [imt
the scope oforqaﬁgglg?]g%ﬁ ?‘?)tﬁc,i' k liC ‘l’lg’ 03815?”2(2556336/ e%sl‘%eag%élﬁ)aé‘ 5(;%1‘0 pPWe(e'éppended
- clai ms. O herl0as pe bshighadand b ag €% 000grpeh, paxdic & lkdyafor brisf tames). Wi t hi n t he scope
of the following clains. 58 THE CLAI M5 DEFI NI NG THE | NVENTI ON ARE AS
FOLLOWS: 1. Use of carbon nonoxide in the manufacture of a pharmaceuti cal
conposi s on floeatndeat bf thaborgamtineftu chroni c rejection in a patient undergoi ng
or abQUt to Before an organ is harvested from a donor, it can be flushed with a solution, e.g,, 2
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 monoxide 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

organ.

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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undergo chronic rejection of a transplanted organ or tissue. 2. The use
according to claim1l, wherein the pharmaceutical conposition is in gaseous
form 3. The use according to claim2, wherein the carbon nonoxide is
present in the gaseous conposition in an amount from 0.001 ppmto 3000 ppm
4. The use according to any of clainms 1-3, wherein the organ or tissue is
liver, kidney, heart pancreas, snmall intestine, or skin. 5. Carbon nonoxide
when used for use for the treatnment of chronic rejection in a patient

under goi ng or about to undergo chronic rejection of a transplanted organ or
tissue. 6. Carbon nonoxi de when used for the use according to claimb§5,

wherein the dl is used in the formof a gaseous conposition.
7. Carbon nﬁﬂ%g%p%qwﬂgﬁgégggtfor the use according to claim®6, wherein the

car bon nonoxi de The pecgrsemtan tre ttdaedgaaﬁlemt&n crwmrpxislie t Teatment can tapinwntthef da@ ot

Lo any of charie e iR ® e s RRaREPE Anet bt AT ue R el ol B A 0iehrt

pancreas, sSrBlrhiniufat esfbienepedisicikdfihe &@Pan in the recipient. It can be continued for at least
30 minutes, e.g., | hour. Carbon monoxide doses between 10 ppm and 3000 ppm can be
delivered for varying times, e.g., minutes or hours, and can be administered on the day of and on
days following transplantation. For example, a recipient can inhale a concentration of carbon
monoxide, €.g., 3000 ppm, for three consecutive 10 second breath holds. Alternatively, the

10 . recipient can inhale, say, 200 ppm for an extended time, such as 20 days. Carboxyhemoglobin

concentrations can be utilized as a guide for appropriate administration of carbon monoxide to a
patient. Usually, treatments for recipients should not raise carboxyhemoglobin levels above

those considered to pose an acceptable risk for a patient in need of a transplant.

15 Other Embodiments

It is to be understood that, while the invention has been descnbed 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.

58



THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. Use of carbon monoxide in the manufacture of a pharmaceutical
cormposition for the treatment of chtonic rejection in a patient undergoing or about to

undergo chronic rejection of a transplanted organ or tissue.

2, The use according to claim 1, wherein the pharmaceutical composition is in

gaseous form,

3. The use according to claim 2, wherein the carbon monoxide is present in the

gaseous composition in an amount from 0.001 ppm to 3000 ppm.

4. The use according to any of claims 1-3, wherein the organ or tissue is liver,

kidney, heart pancreas, small intestine, or skin.

5. Carbon monoxide when used for use for the treatment of chronic rejection
in a patient undergoing or about to undergo chronic rejection of a transplanted organ or

tissue.

6. Carbon monoxide when used for the use according to claim 5, whexein the

carbon monoxide is used in the form of a gaseous composition.
7. Carbon monoxide when used for the use according to claim 6, wherein the
carbon monoxide is present in the gaseous composition in an amount from 0.001 ppm to

3000 ppm,

8. Carbon monoxide when used for the use according to any of claims 5-7,

wherein the oxgan or tissue is liver, kidney, heart pancreas, small intestine, or skin.
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