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SOUHRN

Cilem ptedlozené experimentalni prace bylo studovat na potkannim modelu akutni
bunikami a protildtkami zprostiedkovanou imunitni reakci u piijemct $tépti biiSni aorty oSetfenych
novym standardizovanym klinickym kryokonzerva¢nim protokolem s pomalym rozmrazovanim
pouzivanym v ,,Programu transplantace cévnich §tépti v Ceské republice. Dal§im cilem nasi prace
bylo porovnat vliv dvou zakladnich typt konzervacnich protokolt pouzivanych v tomto programu
(kryokonzervacni protokol s pomalym rozmrazovanim a protokol konzervace chladem) na akutni
imunitni reakci po transplantaci takto oSetfenych $tépt bfisni aorty u potkanti.

Kryokonzervované §tépy bfisni aorty jsme transplantovali syngenné mezi potkany kmene
Lewis (skupina CRYO-ISO, doba kryokonzervace 172,6 dnll) a alogenné¢ mezi potkany kmenti
Brown — Norway a Lewis (skupina CRYO-ALO, doba kryokonzervace 179,3 dnt1).

Stépy jsme explantovali 30. pooperaéni den a nasledné vySettili histologickymi
a imunohistochemickymi metodami se zaméfenim na typické znamky akutni rejekce ve tiech
zakladnich vrstvach aortdlni stény. Sledovali jsme pfitomnost endotelovych bunék, znamky
intimalni hyperplazie, Sitku tunica media, pfitomnost nekr6z a ukladani protilatek tfidy G v této
vrstveé, pocet CD4+, CD8+ a LEW MHC II+ imunokompetentnich bunék v adventicialni vrstvé
aortalni stény. Protilatkovou imunitni odpoveéd’ piijemcti jsme sledovali vySetfenim koncentrace
donor specifickych protilatek proti MHC antigentim 1. a II. tfidy v periferni krvi pfedoperacné
a na 30. den po transplantaci.

Ziskana data jsme statisticky porovnali se zdkladnimi daty naSeho minulého experimentu
studujiciho akutni rejekci chladem konzervovanych §tépi bfiSni aorty na stejném zvifecim
modelu.

Kryokonzervované alo§tépy vykazovaly na 30. den po transplantaci normalni morfologii
aortalni stény se zachovalou diferenciaci vSech tii zdkladnich anatomickych vrstev. Tunica intima
kryokonzervovanych alostépti nevykazovala na rozdil od chladem konzervovanych Z4dné nebo
jen minimalni zndmky intimalni hyperplazie. Luminalni povrch byl pokryt endotelidlnimi
bunikami. Tunica media kryokonzervovanych alo$tépi nevykazovala na rozdil od chladem
konzervovanych zndmky nekr6z s uklddanim imunoglobulini G. Adventicidlni infiltrace
kryokonzervovanych aloStépt buntkami CD4+, CD8+ byla desetkrat niZsi ve srovnani s chladem
konzervovanymi aloStépy. Statisticky vyssi koncentrace ve srovnani s pfedoperacnimi hodnotami

u piijemct kryokonzervovanych alo$§tépli jsme zaznamenali pouze u protilatek proti MHC



antigentim 1. tfidy. U pfijemct chladem konzervovanych alostépti jsme zaznamenali na 30. den ve
srovnani s predopera¢nimi hodnotami statisticky vyznamné zvySeni koncentrace u obou tiid anti
MHC protilatek.

Zaverem nasi experimentalni studie je, Ze novy standardizovany klinicky kryokonzervacni
protokol s pomalym rozmrazovanim vedl 30 dnt po transplantaci alo$tépii bfisni aorty u potkant
ke snizeni jejich imunogenicity a vyraznému potlaceni znamek akutni rejekce téchto Stépt ve

srovnani s akutni rejekci chladem konzervovanych alostépa.

Klic¢ova slova: kryokonzervace, akutni rejekce, isogenni, alogenni cévni §t€p, myointimalni

hyperplazie, MHC protilatky tfidy I a II.



SUMMARY

The aim of the presented experimental work was to study an acute cell and antibody-
mediated immune response in recipients of abdominal aortic grafts treated by a new standardized
clinical cryopreservation/slow thawing protocol used in the "Vascular graft transplant program in
the Czech Republic" in a rat model. Another aim of our study was to compare the influence of two
basic types of conservation protocols used in this program (cryopreservation/slow thawing
protocol and cold-stored protocol) on the acute immune response after transplantation of such
treated abdominal aortic grafts in rats.

Cryopreserved abdominal aortic grafts were transplanted syngeneously between Lewis rats
(CRYO-ISO group, cryopreservation period 172.6 days) and allogeneically between Brown-
Norway and Lewis rats (CRYO-ALO group, cryopreservation period 179.3 days).

The grafts were explanted on day 30 after transplantation and subsequently examined by
histological and immunohistochemical methods, focusing on typical signs of acute rejection in the
three basic layers of the aortic wall. We monitored the presence of endothelial cells, signs of
intimal hyperplasia, tunica media thickness, the presence of necrosis and deposition of
imunoglobulin class G in this layer, the number of CD4+, CD8+ and LEW MHC II+
immunocompetent cells in the adventitial layer of the aortic wall. We monitored the recipient’s
antibody immune response by examining the concentration of donor-specific anti-MHC class
I and II antibodies in peripheral blood preoperatively and on day 30 after transplantation.

We compared the obtained data statistically with the basic data of our previous experiment
studying acute rejection of cold-stored abdominal aortic grafts on the same animal model.

Cryopreserved allografts showed regular aortic wall morphology with well-preserved
differentiation of all three basic anatomical layers on day 30 after transplantation. Tunica intima
of cryopreserved allografts showed no or only minimal signs of intimal hyperplasia, in contrast to
cold-stored allografts. The luminal surface was covered by endothelial cells. Compared to cold-
stored, tunica media of cryopreserved allografts did not show signs of necrosis and imunoglobulin
class G deposition. Statistically higher concentrations compared to preoperative values in
recipients of cryopreserved allografts were recorded only for anti-MHC class I antibodies.

Day 30 recipient sera of both cryopreserved and cold-stored allografts showed significant
higher inhibition of fluorescence-labelled MHC class I antibody binding to donor quiescent

splenocytes compared to preoperative values. However, the statistically higher inhibition of



fluorescence-labelled MHC class II antibody binding to donor quiescent splenocytes compared to
preoperative values was observed only in recipients of cold-stored allografts.

In conlusion, aortal wall histology of rat allografts treated by our new standardized clinical
cryopreservation/slow thawing protocol was comparable to that of the cryopreserved isografts on
day 30 posttranspant. The immunogenicity of cryopreserved aortal allografts was significantly

lower compared to that of cold-stored aortal allografts.

Key words: cryopreservation, acute rejection, isogenic, allogenic vascular graft, myointimal

hyperplasia, MHC class I and II antibodies
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SEZNAM POUZITYCH ZKRATEK

ABO — ABO systém krevnich skupin

ALO — allogenni experimentalni skupina

CRYO skupina — skupina s transplantovanym zmrazenym Stépem

COLD skupina — skupina s transplantovanym chladem konzervovanym $tépem
BN — potkani kmene Brown-Norway

CDA4+ - clusters of differentiation 4+ buiiky (pomocné T-lymfocyty)

CDS8+ - clusters of differentiation 8+ buriky (cytotoxické T-lymfocyty)

ISO — isogenni experimentalni skupina

anti-MHC — anti-major histocompatibility complex (protilatky proti hlavnimu
histokompatibilnimu systému)

MHC — major histocompatibility complex (hlavni histokompatibilni systém)
anti-HLA — protilatky proti hlavnimu histokompatibilnimu systému

IgG — imunoglobuliny G

IL-2 - interleukin 2

LEW — potkani kmene Lewis

KST — Koordina¢ni stfedisko transplantaci

SUKL — Statni ustav pro kontrolu 1é¢iv

EU — Evropska unie

1. LF UK - 1. 1ékatska fakulta Univerzity Karlovy

IU — mezinarodni jednotka (international unit)

CIT — cas studené ischemie (cold ischemic time)

DMSO - dimethyl sulfoxid

PTFE — polytetraflorethylen

POD — pooperaéni den
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1. UVOD

1.1.  Tepenné §tépy v 1écbé infekce cévnich nahrad

Infek¢éni komplikace protetickych rekonstrukci bfisni aorty provadénych oteviené jsou
v soucasné literatufe uvadény mezi 0.1-6.0 % (Moher et al., 2009). U endovaskularnich vykont
(EVAR) je incidence infekce stentgraftt mezi 0.2-0.7 % (Moher et al., 2009). V posledni dob¢
vzhledem k rostoucimu poctu endovaskularné provadénych vykoni u starSich nebo
imunokompromitovanych pacientll je popisovan nardst infekénich komplikaci endograftii
(O' Connor et al., 2006, Slim et al., 2009).

Infekce umélé cévni nahrady nebo stentgraftu v aortalni pozici je i v dne$ni dobé zatizena
vysokou morbiditou a mortalitou. Zakladem léby je odstranéni infikované cévni nahrady
a dokonaly debridément infikovanych tkani v okoli. Soucasti terapie je 1 dlouhodobé podavani
antibiotik (Chakfé et al., 2020). I kdyz existuje vSeobecny konsensus tykajici se nutnosti
odstranéni infikované protézy nebo stentgraftu a potieby dlouhodobého podavani antibiotik,
existuji rozdilné ndzory na typ nésledné revaskularizace (extra — anatomickd vs. in situ
rekonstrukce) (Chakfé et al., 2020) pro zajiSténi perfiize distalni ¢asti téla pacienta a volby pouzité
nahrady. S ohledem na technickou slozitost extra — anatomické rekonstrukce, suboptimalni pozdni
vysledky, riziko fatdlniho krvaceni z podvazaného pahylu aorty a panevni ischemie ziskdva na
popularité provedeni in situ rekonstrukci (Chakf¢ et al., 2020).

Volba vhodného typu ndhrady u in situ rekonstrukci je pak zcela zdsadni. Nejnovéjsi
metaanalyza publikovanych vysledki 1écby infekce cévnich protéz v aortalni oblasti uvadi jako
nejcastéji pouzivany materidl pro in situ rekonstrukce dacronovou protézu (antibiotiky nebo
stiibrem oSetfenou protézu), PTFE protézu, femoralni zilu, chladem konzervované tepenné nebo
zilni $tépy a kryokonzervované tepenné $tépy (Post et al., 2019).

Nejveétsi otazkou bezpecného pouziti kryokonzervovanych tepennych alostépta v 1écbe
infekci je kvalita, resp. stupen poSkozeni jejich stény procesem kryokonzervace a nasledného
rozmrazeni a téZ v Case probihajici zmény v dasledku rejekce transplantované cévy.
Kryokonzerva¢ni poSkozeni stény se milZze projevit v extrémnim piipad¢ jeji rupturou
v bezprostiednim pooperacnim obdobi (Lejay et al., 2017). Imunitni reakce pfijemce proti
transplantované allogenni cévé se téz miize projevit jako pozdni tromboza s klinickym obrazem
koncetinové ischemie a vysokym rizikem amputace (Lejay et al., 2017) nebo jako dilatace

s rizikem nésledné ruptury Stépu a fatalniho krvaceni (Lejay et al., 2017).
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Z uvedenych davodi je kvalita a imunogenicita kryokonzervovanych cévnich $tépti a jeji

ovlivnéni procesem kryokonzervace predmétem mnoha experimentalnich studii

1.2.  Experimentalni kryokonzervacni protokoly

Mezi prvni prace popisujici vliv kryokonzervace na imunologické vlastnosti Stépt patii
prace publikované Carrelem (Carrel et al., 1910) a nésledn¢ t¢z Bodem a Fabianem (Bode et al.,
1910) jiz na pocatku minulého stoleti. Tito autoii popsali akutni rejekci a Casné selhdni
transplantovanych §tépti kryokonzervovanych pfi teploté -3 °C.

Naprosta vétSina experimentalnich praci vSak byla publikovdna v letech 1995-2009
a souvisi samoziejmé s technologickymi moznostmi kryokonzervace. Byl pfi nich pouzit
kryokonzervacni protokol, ktery se v hlavnich rysech shoduje s protokolem pouzivanym
v soucasné dob¢ v klinické praxi. Jednalo se o jakési preklinické ovéteni pouzitych technologii.
Naprosta vétSina experimentalnich praci byla provedena na modelu laboratorniho potkana
(Motomura et al., 1995, Pascual et al., 2004), jen mala ¢ast z nich na ovcich (Nataf et al., 1995),
psech (J.R. Olmos-Zuiiiga et al., 2016) a krélicich (Kreitman et al., 1997). Experimenty byly
provedeny zejména na pracoviStich v Evropé (Gabriel et al., 2004, Vogt et al., 1997, Chiesa
et al., 1998), Spojenych statech Americkych (Brockbank KGM et al., 2007) a v Asii (Moriyama
etal., 2019, Saito et al., 2006, Motomura et al., 2019).

Nazory na ovlivnéni imunogenicity tepennych sté€pi procesem kryokonzervace vychazejici
z téchto experimentil jsou zna¢n¢ rozdilné. Nékteti autoii uvadéji, Ze imunogenicita $tépt zistava
procesem kryokonzervace nezménéna (Pascual et al., 2004, Moriyama et al., 2019, Bia et al., 2005,
Nataf et al., 2019). Existuji prace, které dokladaji, Zze kryokonzervace imunogenecitu tepennych
Stépl dokonce zvySuje (Solanes et al., 2005, Saito et al., 2006, Gabriel et al., 2006). NejveEtsi ¢ast
praci ale doklada pozitivni uc¢inek procesu kryokonzervace ve smyslu snizeni imunogenicity
tepennych $tépt (Giglia et al., 2002, Rodriguez et al., 2012, Knosalla et al., 1998, Motomura et
al., 2019). Rozdilné zavéry jednotlivych experimentii jsou z€asti podminény odliSnym
technologickym postupem nebo metodou vyhodnoceni zmén. Pro srovnani uvadime jednotlivé
kroky kryokonzervanich a rozmrazovacich protokolii nejvyznamnéjSich experimenti

provedenych na potkanech v tab. 1 a 2 a u ostatnich zvifecich modeli v tab. 3 a 4.
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Cas

Autor Zvite Typ transplantace Méiené parametry 1Oy studené Kryokonzervace Uskladnemv/dtl)ba RozmraZeni Krok 2 rozmraZeni Pied transplantaci
roztok . . uskladnéni
ischemie
DMSO byl odstranén ve
fyziologickém roztoku s klesajici
koncentraci
1.svételna mikroskopie kontrolovanou rychlosti s poklesem teploty , , L . o) <0/ N0/ 0
Motomura potkan hrudni aorta 2.imunohistochemické vySetfeni Médium RPMI 1640 neuveden o -1°C/min do -40°C v roztoku RPMI 1640, péry kapainého dusiku rychlé vodni fizei o eploté DMSO(5%.2,5%,0%.0%)
etal, 1995 . , teplota 37°C
10%DMSO a cefazolinu sodném .. ,
Stép byl ponechan v roztoku
RPMI pii teploté 4°C na
suchém ledu
ktivni medi 1
Moriyama sestupna aorta do kontrolovanou rychiostis poklesem teploty ary kapalného dusik l;?:t)rl:lrr(l);otw: ]fm?(;ililrrilcizrz
Vi
Y potkan P . svételnd mikroskopie neuveden neuveden 0 -1°C/min do -80°C v medin TC-199 P ry' P vk rychlé vodni lzeii o teploté 37°C . y]z ¢ ,
etal, 2001 podkozi dophnéném o 10% DMSO ¢as neuveden roztoku s klesajici koncentraci
P ° DMSO (5%, 10 2,5%, to 0%)
i automatické pomalé
kontrolovanou rychlosti s poklesem teploty Yonfrolované
Pascual énevni tepna do Lisvételn mikroskopie 0 10°C/min do -120°C v roztoku MEM, - péry kapaného dusiku rozmrazeni chlostf 0 1°C/min na odstranéni kryoprotektantu
et al. 2004 potkan P snevi t[; . 2.imunohistochemie Médium MEM  neuveden  10%DMSO0, 20% fetalniho bovinniho séra. ~ pfi teploté- 145°C CM25 P11 &4 Koiovou tenlofi ostunnd fpe denim
N P Py 3.prichodnost §tépti DMSO bylo pridavano po Smin ve 4 krocich 30 dnd - POy P postuptiym
ke snizeni cytotoxicit Carburos Meta licos
X .
ytotoxicity S.A., Spain
kontrolovanou rychlosti s poklesem teploty
Saito hrudni aorta do l.syetelna .mlkrosko.ple 0 -1°C/min do -40°C ‘a poté s poklesem par}v/. kapalnveho dusiku ' Koupel ve fyzologickém
potkan ., 2.imunohistochemie neuveden neuveden teploty 0 -5°C/min do -80°C v pfi teploté -170°C rychlé . e ,
etal, 2005 bri$ni aorty . K . . roztoku o teploté 37°C pridani 1,5ml roztoku laktatu po
3.PCR kryokonzervaénim mediu TC-199 doplnéném 7-14dna . L. .
dobu Imin, poté jeho odstranéni,
0 10'% DMSO .
cyklus opakovan 10x
o . kontrolovanou rychlosti, s poklesem teploty ~ po dosazeni teploty -
1.svételnd mikrosk .
Gabricl sy Stbrenilniaora do S"; ;v*:n rﬁ;séfp‘e emeden nouvedey | ©-11°C/min do-80°C v rozioku RPMI  80°C voreni do par - o st o 3o EPY optchnuty 3xve
etal, 2006 P subrenalni aorty . ‘;jame 1640, 10% DMSO, 10% fetalnihosera,  kapalného dusiku R P fyziologickém roztoku
-comp glutaminu a pyruvatu 10dni

Tab.1 — Experimentalni prace na potkanech s popsanou zvySenou imunogenicitou tepennych $tépi po jejich kryokonzervaci a nasledném rozmrazeni
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Autor

Motomura
etal, 1995

Giglia
etal, 2002

Nishizaki
etal, 2003

Rodriguez
etal, 2012

Ivire

potkan

potkan

potkan

potkan

Typ transplantace

descendentni aorta
do infrarendlni aorty

subrendlni aorta
do subrenalni aorty

hrudni aorta do
subrenalni aorty

ilicka tepna do
ilické tepny

Métené parametry

mikroskopické vySetfeni
Stepl

1. primér $tépu v systole a
diastole
2. kompliance
3. mikroskopické vySetfent

bunécna viabilita

mikroskopické vySetfeni
prichodnost $tépt

Konzervaéni roztok

Médium RPMI 1640

Dulbeccovo modifikované Eagle
medium(DMEM) a papaverin 0,12mg/ml

Tkanové kultivaéni medium - 199
(tissue culture medium)

MEM
(minimal essential medium)

Odbér- Odbér- Cas
konzervace konzervace studené
krok 1 krok 2 ischemie
neuveden
konzervaéni roztok inkubace v roztoku
o TT+4°C se
" N DMEM a
Stépyulozenna |, | 18-24hod
tc ld o dobu 15, ™ PENeY PO dobu
" dhod pii TT 37°
2hod od pii TT 37°C
minimalni
cas
neuveden
MEM
35-40min
teplota neuvedena

Kryokonzervace Uskladnénidoba Rozmrazeni
2 uskladnéni
kontrolovanou rychlosti s
poklesem teploty 0 -1°C/mindo )
-40°C v roztoku RPMI 1640, pawt:aij?jng%lSﬂ(u rychlé
10% DMSO, cefazolinsodno ¥
koncentraci 0.5g/l
kontrolovanou rychlosti s pary kapalného dusiku
poklesem teploty 0 0,5°C/min  piiteploté -160°C  rychlé na teplotu
do -60°C v roztoku DMSO, doba uskladnéni H°C
chondroitin sulfatua sera neuvedena
kontrolovanou rychlosti s ) )
poklesem teploty 0 -1°C/min do p:zek?; aé]l'l?l;g::;liﬂ;u
S0°C v rodoku mediu- 199, PP . "
5% hydroxy-ethyl-piperazon- 2
ethan sulfonové kyseliny a .
10% DMSO 30ini

kontrolovanou rychlosti s
poklesem teploty 0 -1°C do -
120°C v roztoku MEM, 20%

fetalntho bovinniho sera a 10% pary kapaincho dusku rommrazent
DMSO prdivancho ve 4 o teploté - 145°Cpo  rychlost vzestupu
Krocich po Smin do 10% dobu 30dni teploty o 1°C /min na
pokojovou teplotu

koncentrace ke snizeni
toxicity(2,5%,5%,7,5%,10%)

pomalé kontrolované

Krokvz , Pred transplantaci
rozmrazeni

odstranéni
kryoprotektiva ve
vodi lizefi o fyziologifk’ém rozt?klyl
tephté 42°C obsahUch@ Klesajici
koncentraci DMSO
(5%, 2,5%,1,25% a 0%
DMS0)
zbytkovy DMSO a
stépy ulozeny do manitol odtranén
roztoki DMEMa  fedénim v mediu
manitolu DMEM s Klesajici
koncentraci manitolu
vodni lazen o
teploté 40°C po
dobu Smin
odstranéni
kryoprotektantu
postupnym fedénim

Tab.2 - Experimentalni prace na potkanech, u kterych byla popsana snizena nebo nezménéna imunogenicita tepennych $tépti po jejich kryokonzervaci a
nasledném rozmrazeni
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Komervatni Uskladnéni/doba
Autor Zviie Typ transplantace Méfené parametry onzervad studené Kryokonzervace s ¢ Y ‘,) Rozmrazeni Krok 2 rozmrazeni Pred transplantaci
roztok . q uskladnéni
ischemie
DMSO byl odstrané
kontrolovanou rychlosti s poklesem teploty ' pary kapalného dusiku fyziolo ickénilrzztsokinserl‘d\eta .
Nataf et al., karoticka tepna do  1.svételn a elektronova mikroskopie Fyziologicky roztok 0-1,5°C/min do - 40°C a -5°C/mindo - pfi teploté -150°C az - ) e . yzolog , !
ovee L N e . 5 I rychlé vodni lazef o teploté 40°C koncentraci
1995 karotické tepny 2.prichodnost $tept o teploté +4°C 130°C v roztoku RPMI 1640, 4%lidského 170°C ”
. cor DMSO0(8%,6%,4%,2%) pi
albuminu a 10%DMSO 60mésict R
teploté 37°C
DMSO byl odstrang
. . kontrolovanou rychlosti s poklesem teploty  pary kapalného dusiku L yrodstanch ve .
L, 1.svételna mikroskopie . . . . . fyziologickém roztoku s klesajici
Nataf et al., karoticka tepna do . . oy 0-1,5°C/min do - 40°C a -5°C/mindo - pfi teploté -150°C az - , . o ,
ovee L 2.imunohistochemické vySetieni neuveden 5 o rychlé vodni lazen o teploté 40°C koncentraci
1995 karoticke tepny e 130°C v roztoku RPMI 1640, 4%lidského 170°C ..
3.funkéni vySetfeni . .. DMSO(8%,6%,4%,2%) pii
albuminu a 10%DMSO 3 mésice .
teploté¢ 37°C
pomalé dvoustupiiové
1.svételna mikroskopie pred rozmrazenim a
Solancs femoralni tepna do 2.imunohistochemie kontrolovanou rychlosti s poklesem teploty = po dosazeni teploty - implantaci byly $tépy Stepy fixovany v 10%
et al. 2005 prase femoralni tepny 3.Vysetteni P selektinu a exprese 5% Glukosa 2 0-0,7°C/min do - 75°C v Krebs- 70°C vlozenido par  ponechany 30minna  vodni lazef o teploté 37°C pufrovaném formalinu a
N NO synthasy Henseleitové roztoku a 12% DMSO kapalného dusiku suchém ledu a pak fyziologického roztoku
4.protilatky rychle rozmrazeny pufrovaném fosfaty
béhem 3 minut
Dekontaminace ve
fyziologickém 1.pomalé zbytkové DMSO bylo
roztoku s kontrolovanou rychlosti s poklesem teploty irv kanalného dusiku odstranéno ve ¢tyfech 10min
Bia ldsky povrchova stehenni ~ biomechanické vlastnosti a filtraéni ~ flukonazolem, onag |© -2°C/min do -40°C a poté 0 -5°C/min do - P rfyite ploté 142°C pii pokojové teploté 20°C/min  krocich s klesajici koncentraci
etal, 2005 tepna - odbér funkce penicilinem G, 90°C v roztoku 85% RPMI 1640, 5% P p3 Odu po dobu 30min DMSO ve fyziologickém
i
cefuroximem a roztoku lidského albuminu a 10% DMSO roztoku o teploté 20°C
gentamicinem o nakonec $t€p vlozen do
teploté 4°C 2.rychlé fyziologického roztoku
kontrolovanou rychlosti s poklesem teploty
-1°C/min do -70°C v roztoku CS-C media hydratace $tépi dni
. A 1.mikrobiologie ° . mln 0 Vi ,0 ; mev . pary kapalného dusiku Y rye y ! acevs e o vymyti DMSO ve
Olmos-Zuaiga leva plicnice do . . specifického pro endotelové buiky, doplnény = *. . rozmrazeni béhem  1azni o teploté 37°C po dobu LT L
pes L 2.prichodnost §tépt neuveden neuveden o, piiteploté -196°C . o fyziologickém roztoku o teploté
etal, 2016 levé plicnice 3 svételnd mikroskonic o endotelovy ristovy faktor, 10% DMSO a 15 dnii 30minut 30min a naslen¢ vlozeni do 3790
' P 20% Fetalni bovinni sérum a antibioticky- vodni lazné o teploté 37°C
antimykoticky kokteil

Tab.3 - Experimentalni prace na ostatnich modelech s popsanou zvySenou imunogenicitou tepennych $tépti po jejich kryokonzervaci a ndsledném rozmrazeni
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Autor Ivire
Boren et "
aem P

Knosalla
etal, 199
Kreitmann

kralk
etal, 196
Pukackiet .,
al., 2000 sy

Typ transplantace

karoticka tepna
do femoralni tepny

hrudni aorta do
subrenalni aorty

infrarenalni aorta do
infrarenalni aorty

neprovedena

Odbér- Odbér-
Méfené parametry Konzervacni roztok konzervace konzervace
krok 1 krok 2
histologické vySetfent
rﬁfhzd(;git thylsiear?ilm Stépy umistény do roztoku 15% DMSO +
P trombogenPcitaJ ! methylprednisolonu na dobu 5-10minut
1
Dekontaminace v
inkub
prichodnost Stépd roztoku s Rin erovgcrf)z\;()ku,
vyskyt anastomotickych T vankomycinem g
L polyethyelenglykol pfi teploté 4°C po dobu polyethylenglycolu
pseudovyduti 0.3mg/ml, ,
P 4hod . . o koncentraci 30g/l
stupef vhojent Stépu incomycinem 2 125% DMSO o
mikroskopicke vySetfeni (.125mg/ml po dobu ~ e P
dobu 120min
48hod
Dekontaminace v
mediu obsahujicim
. polymixin,
histoh Ii)cri?er seffeni Medium RPMI - 1640 o teploté 4C° vankomycin,
Beey cefoxitin a
lincomyein po dobu
6hod
RPMIE-I640 + 10% f;”;?“lggi"k“
v v ’ . I3 e + 0, -
Vyse“eml;:;i?cmh RPMI-1640 fﬁidkgée;u% 420 CA’ 10% FKS+20%
v
i DMSO0 po dobu
Y domin

Cas
studené
ischemie

neuveden

neuveden

4hod

lhod

Uskladnéni/doba

e
fyokomervace uskladnéni

nekontrolovana rychlost, rychlé pary kapalného dusiku
od Smin do 90dnt
teplota 150°C

mrazeni v parach kapainého
dusiku na teplotu -196°C

kontrolovanou rychlosti s
poklesem teploty 0 -1° C/min
na teplotu -40° C a -5° C/min  pary kapalného dusku

na teplotu -130° C vroztoku ~ teplota 150°C
polyethylenglykolu, Ringerova
toztoku a 12.5% DMSO
kontrolovanou rychlosti v
roztoku 10% DMSO a 4% , .
dského albumin péry kapaineho dustku
teplota 150°
konecna teplota a rychlost eplota 130°C
zmrazeni neuvedeny
kontrolovanou rychlosti s
ary kapalnéhy
poklesem teploty o 1K/min do - pa;ypl;zan;v:(iu[;ﬂ(u
° RPMI 1
80°C v roztoku 040, 1428 du

20%DMS0, 10%FKS

Rozmrazeni

rychlé

rychlé

rychle

rychle

Krok 2
rozmrazeni

vodni ldzefi o
teploté 37°C

vodni lazefi o
teploté 42°C

vodni lazefi o
teploté 37°C

vodni lazefi o

Pred transplantaci

$tépy oplachnuty ve
fyziologickém roztoku
obsahujici klesajici
mnozstvi
DMSO(8%4%,2%)

$tépy ihned oplachnuty
od DMSO a umistény
do media RPMI o
teploté +4°C

vymyti DMSO ve

teploté 37°Cpo  fyziologickém roztoku

dobu 15min

Tab.4 - Experimentalni prace na ostatnich modelech, u kterych byla popsana snizena nebo nezménéna imunogenicita tepennych $tépli po jejich
kryokonzervaci a nasledném rozmrazeni

po dobu 30min
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1.2.1. Hodnoceni rejekce

VétSina experimentalnich praci, které popisuji imunogenicitu kryokonzervovanych $tépi
nebo ji srovnavaji s imunogenicitou chladem konzervovanych S§tépti je zalozena na porovnani
histologického obrazu akutni rejekce a na imunohistochemickém vysetieni protilatek ptitomnych
v tunica media (Solanes et al., 2005, Pukacki et al., 2000, Saito et al., 2006, Gabriel et al., 2006,
Giglia et al., 2002, Motomura et al., 1995). Obecné se soudi, ze imunogenicita §tépti je dana
zejména bunécnou komponentou, zatimco extracelularni matrix ji prakticky neovlivituje (Matia
et al., 2007). Z tohoto divodu vidi fada autor hlavni cestu ke sniZeni imunogenicity
v decelularizaci cévni stény (Williams et al., 2008, Gui et al., 2008, Lin et al., 2018). Nejvétsi
vyznam v imunogenicité cévni stény je prisuzovan hladkym svalovym bunkdm tunica media.
Na vysledné akutni rejekci se navic podili i ischemicko-reperfuzni postizeni a inkompatibilita
v hlavnim histokompatibilnim systému. Jsou publikovany i prace, které porovnavaji vliv
kryokonzervace na funkéni a mechanické vlastnosti (Kreitmann et al., 1997, Pukacki et al., 2000,
Bia et al., 2005, Gabriel et al., 2006) a prace zkoumajici vliv na transkripci genid pro rustové
faktory ovliviiyjici imunologické reparacni pochody cévni stény (Nishizaki et al., 2003, Saito

et al., 2006).

1.2.2. Proces kryokonzervace

Experimentalni prace, které popisuji snizenou imunogenicitu kryokonzervovanych
tepennych S§tépli uvadéji velmi podobny proces kryokonzervace s pouzitim DMSO jako
kryoprotektiva a s minimalnimi rozdily v rychlostech poklesu teploty od 0,5 do 1 °C/min
(Motomura et al., 1995, Knosalla et al., 1998, Pukacki et al., 2000, Nishizaki et al., 2003, Giglia
et al., 2002, Pascual et al., 2004, Rodriguez et al., 2012). V téchto protokolech se vyuziva
kontrolovany automatizovany proces zmrazeni s cilovou teplotou mezi -60 °C az -130 °C
a nasledné uloZeni §tépu v parach kapalného dusiku. Vyjimkou je star$i prace Borena et al., ktery
popisuje rychlé nekontrolované zmrazeni $tépii na teplotu -196 °C (Boren et al., 1978). I pfesto
vSak hodnoti 90 % Stépii bez znamek akutni rejekce se zachovalou endotelovou integritou
a minimalni infiltraci adventicie lymfocyty. To pfispélo 1 k uvadéné lepsi prichodnosti
vySetfovanych $tépli v prvnich 3 mésicich po transplantaci. Podobné jako rychlost zmrazeni bylo
1 nasledné uchovani §t€pt v parach tekutého dusiku v téchto publikacich velmi podobné s cilovou

teplotou mezi -160 °C az -196 °C a dobou skladovani od n¢kolika dnli po nékolik tydnt. Autofi
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téz uvadi obdobnou délku studené ischemie Stépu, kterd nepiekrocila 24hod (Pukacki et al., 2000,
Giglia et al., 2002). K délce studené ischemie pted kryokonzervaci ptispéla skute¢nost, ze nékteii
autori zaradili do pripravy ke kryokonzervaci podobné jako v huménni praxi dekontaminaéni krok
ve smési antibiotik (Kreitmann et al., 1997, Knosalla et al., 1998, Giglia et al., 2002, Bia et al.,
2005). Jini autofi piidali antibiotika piimo do kryoprotektivniho roztoku (Motomura et al., 1995,
Olmos-Zuiiga et al., 2016), coz nebylo spojeno s prodlouzenim studené ischemie. Nejkratsi doba
studené ischemie byla uvedena v praci Rodriguezové a ¢inila 35minut (Rodriguez et al., 2012).

Takovéa délka studené ischemie ale v klinické praxi neni dosazitelna.

1.2.2.1. Proces vitrifikace

V experimentech studujicich kryokonzervacni protokoly se vyskytla téZ prace, jejiz autofi
pouzili pii zmrazovani postup vitrifikaéni (Brockbank KGM et al., 2007). Cévy byly vlozeny do
vitrifika¢niho roztoku (VS55) obsahujiciho vysokou koncentraci kryoprotektiva (24,2 % DMSO)
a zmrazeni rychlosti -2 °C/min na teplotu -100 °C, po kter¢ nastala faze pomalého (-0,2 °C/min)
zmrazeni na teplotu — 135 °C. Podstatou vitrifikaniho pfistupu je vylouceni tvorby krystald ledu,
jez vznikaji pti klasickych postupech kryokonzervace a které mohou vést k poskozeni struktur
extracelularniho matrixu a hladké svaloviny. Tim je moZno vysvétlit vyznamné uchovani viability
a funkéni aktivity $tépt, kterd je publikovana v nékterych experimentalnich pracich (Brockbank
KGM et al., 2007). Uskalim pouziti vitrifikaénich pfistupti je oviem skuteénost, Ze vznikla amorfni
struktura je nestabilni a ma tendenci se ménit na strukturu stabilnéjsi, tedy krystalickou. Tento
proces se nazyva devitrifikace a je to v podstaté krystalizace, ke které mize dojit pti neadekvatni
teploté skladovani nebo béhem rozmrazovani (Hunt et al., 1994, Pegg et al., 1997). Vyzkumna
skupina D. Pegga v poloviné 90 let minulého stoleti prokazala pti pokusech na krali¢im modelu
(Pegg et al., 1997), ze je to prave devitrifikace béhem rychlého rozmrazovani, kterd vede ke

vzniku obavanych mikrofraktur v cévni sténé.
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1.2.3. Proces rozmrazeni

Rozdily v publikovanych experimentalnich kryokonzervacnich protokolech se vyskytuji
zejména v rdmci procesu rozmrazovani S$t€pi. Mnoho autorti volilo pro rozmrazovani rychly
postup spocivajici ve vlozeni do teplé vodni lazné s teplotou 37 °C az 40 °C (Knosalla et al., 1998,
Pukacki et al., 2000, Giglia et al., 2002, Nishizaki et al., 2003), které zajiStuje podle zkuSenosti
z kryokonzervace bunécnych suspenzi optimalni preziti bun¢k. V polovin¢ 90 let minulého stoleti
publikoval Hunt (Hunt et al., 1994) z vyzkumné skupiny D. Pegga vysledky experimenti na
kréli¢ich arteriich, které prokazaly pfi rychlém rozmrazeni z teploty kapalného dusiku na jedné
strané vysoké preziti endotelidlnich bunék a bunék hladké svaloviny, na druhé strané ov§em vyskyt
fraktur cévni stény v 75 % piipadi. Ke frakturdm nedochazelo, pokud byly cévy zmrazené pouze
na teplotu —80 °C a poté rychle rozmrazeny. Mechanismus vzniku fraktur objasnil Pegg a spol.
v experimentech na krali¢im modelu v roce 1997 (Pegg et al., 1997). Pfi rychlém rozmrazeni
z teploty kapalného dusiku na teplotu -80 °C prokazal devitrifikaci, které bylo mozno zabrénit
pouzitim protokolu pomalého rozmrazovani. Z tohoto divodu néktefi autoii pouzili pii
kryokonzervaci cév v experimentech postupu pomalého rozmrazeni i s pouzitim specialnich
pfistroji, které umoziuji pomalé kontrolované rozmrazovani se vzestupem teploty
o 1 °C/min (Rodriguez et al., 2012). Jednou z experimentalnich praci, kterd ptimo srovnava vliv
pomalého a rychlého rozmrazeni na poskozeni $tépt je prace Novotného a kol. (Novotny et al.,
2017) 1 kdyZ na vzorku humanniho materialu (ascendentni aorty a srdecni chlopn¢). Na rozdil od
uvedenych praci Spadek et al. pii rozmrazovani Zilnich humannich §tépti neprokazali vyznamné
rozdily na morfologii cévni stény pii pomalém a rychlém zpisobu rozmrazeni, coz mize byt zEasti
dano rozdilnou histologickou stavbou Zilni a obvykleji studované tepenné stény (Spacek
komplikaci spojenych se strukturalni deterioraci transplantovanych Stépti, ktera je nékterymi

autory téz hodnocena (Giglia et al., 2002, Rodriguez et al., 2012).
1.2.4. Studena ischemie

Doba studené ischemie pfed zamrazenim §tépli se v experimentalnich pracich lisila od
n¢kolika minut (Gu et al., 2004, Gabriel et al., 2006, Rodriguez et al., 2012) do 24 hodin

(Moriyama et al., 2001, Bujan et al., 2001, Giglia et al., 2002). Popséna byla vSak i 96 hodin

trvajici doba studené ischemie (Pascual et al., 2002).
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Na dulezitost kontroly doby studené ischemie pied vlastni kryokonzervaci upozornili ve
své experimentalni praci na psim modelu Paral a kol. (Paral et al., 2000). Jiz 24hodinova expozice
fyziologickému roztoku pfi teplot¢ +4 °C vedla k vyraznému poskozeni az ztrat¢ endotelu
a vyraznému edému cévni stény. To vytvaii podminky pro jeji vyrazné poskozeni krystalizaci
a vznik ruptur po transplantaci.

Knight a kol. popsali ve své praci na potkanech, Ze 24 hodin trvajici studend ischemie
vyvolala vyznamné poskozeni jak u isograft, tak alograftli 4 tydny po transplantaci (Knight et al.,

2003).

1.3.  Klinické kryokonzervaéni protokoly ve svété

Kryokonzervované tepenné Stépy v 1écbé infekce cévnich protéz v klinické praxi byly
zavedeny Kiefferem a kolegy ve Francii koncem 80. let minulého stoleti (Kieffer et al., 2004). Do
roku 1996 byly touto skupinou pouzivany chladem konzervované arteridlni alostépy, které byly
skladovéany v konzerva¢nich roztocich pii teploté 4 °C v priméru 13 dni (proto oznacované téz
jako ,,Cerstvé‘ nebo ,,fresh aloStépy). V disledku legislativnich zmén vSak v dalSich letech byly
pro tuto indikaci pouzivany pouze kryokonzerované Stépy pfipravované Tkéanovou bankou
v Pafizi.

Trend v pouZivani kryokonzervovanych S§tépli misto $t€pi konzervovanych chladem
v feSeni infekci cévnich ndhrad se poté rozsifil i do dalSich zemi zdpadni Evropy (Chiesa et al.,
1998, Teebken et al., 2004, Gabriel et al., 2006), Severni a Jizni Ameriky (Brockbank KGM et al.,
2007, Rodriguez et al., 2012) a Asie (Moriyama et al., 2019). Techniky uchovavani chladem
konzervovanych arteridlnich aloStépli a téZ kryokonzervaéni a rozmrazovaci protokoly
publikované velkymi cévnimi centry jsou velmi nehomogenni (Chiesa et al., 1998, Teebken et al.,
2004, Touma et al., 2014, Harlander-Locke et al., 2014). Jednotlivé protokoly se vzajemné 1isi ve
vlastnostech konzervacnich roztokii, v c¢asech studené ischemie pied implantaci nebo
kryokonzervaci $tépt, a téz v samotnych technikach kryokonzervace a rozmrazeni (Kieffer et al.,
2004, Méricka et al., 2015). VSechny tyto aspekty mohou ovlivnit kone¢nou kvalitu
implantovanych arterialnich alostépti a zptisobit vyznamné rozdily v cCasnych a pozdnich
komplikacich souvisejicich s jejich implantaci (Novotny et al., 2017).

V soucasné klinické praxi se ve svete pouzivaji znacné odlisné kryokonzervaéni protokoly.

Ty se navzajem lisi ve vSech zakladnich bodech kryokonzervacniho protokolu jako jsou vlastnosti
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pouzitych konzervacnich roztoki, ¢as studené ischemie nebo zplsob rozmrazovani Stépu pied
transplantaci.

Zaveéry téchto praci s ohledem na vliv kryokonzervace na sniZzeni imunogenicity $tépa
a jejich kvality a tim 1 jejich pouziti v 1écbe infekce cévnich protéz a stentgraftii jsou znacné
rozdilné.

Nejveétsi Americkd multicentricka klinicka studie hodnotici uziti kryokonzervovanych
tepennych $tépl v piipad¢ infekce protézy v aortdlni pozici byla publikovana v roce 2014
a zahrnovala 220 pacientl ve 14 centrech. 60 % pacienti mélo infekci protézy s pozitivnim
bakteriologickym nalezem, 16 % infekci protézy bez pozitivniho bakteriologického nélezu, 15 %
aortoenterickou pistel a 4 % infekéni pseudoaneuryzma. U 24 % pacientll se po transplantaci
vyskytla komplikace spojena s uzitim alograftu. Jednalo se o trombosu §tépu (n=9), pokracujici
sepsi (n=17), rupturu S$tépu (n=8), rekurentni infekci (n=8), pseudoancurysma (n=6)
a aortoenterickou pistél (n=4). Obdobi bez komplikaci transplantovaného stépu byla 80 %,
explantace $tépu 88 % a amputaci koncetiny 97 % bchem 5 let. Priméarni prichodnost nové
rekonstrukce alograftem byla 97 %, mortalita pacientii po transplantaci 57 % bchem 5 let.
Vysledky této multicentrické studie podporuji teorii uziti kryoalogratu jako zlatého standardu
v 1é¢bé infekce cévni nahrady (Harlander-Locke et al., 2014).

V kryokonzerva¢nim protokolu této americké studie se vyuZziva procesu vitrifikace, kdy se
alo$tépy zmrazi v buné€ném mediu se sérem a dimethylsulfooxidem (DMSO) kontrolovanou
rychlosti s poklesem teploty o -1 °C/min a nasledné¢ se $tépy skladuji v parach kapalného dusiku.
Vzhledem ke skutecnosti, Ze tento proces vedl ke tvorbé ledovych krystali zptisobujich bunééné
poskozeni a naslednou tvorbu kalcifikaci v tepennych Stépech, zacala byt preferovana alternativni
metoda postupu zmrazovani bez ledu. Pfi ni je upraven pocatecni vitrifikani roztok (VS)
zvySenim koncentrace tii kryoprotektantii 1,2-propandiolu, formamidu a DMSO na 83 %, ¢imz je
riziko tvorby ledovych krystali vyznamné snizeno. VSechny kryografty jsou zmrazovany ve
vitfirikacnim roztoku VS 83 kontrolovanou rychlosti o -1 °C/ min a poté skladovany pfi teplot¢ -
180 °C az -196 °C. Rozmrazeny jsou ve vodni lazni pfi teploté 37 °C az 42 °C. Nasleduje vymyti
vitrifikacniho roztoku ze §t€pt v sedmi krocich béhem kterych jsou $tépy vlozeny na 15min do
Dulbeccova modifikovaného Eaglova kultivaéniho media o teploté 4 °C pied jejich implantaci.

Naproti tomu prace Toumy et al. z evropského pracovisté publikovanad ve stejném roce
popisuje neptiznivé vysledky v ptipade uziti kryoalografti v feSeni infekci nativni aorty a cévnich
nahrad v aortalni pozici (Touma et al., 2014). V randomizované skupiné€ bylo 54 pacienti, 45

muzil (83 %) a 9 Zen (17 %). Indikaci k transplantaci byla infekce aorty (n=17) a infekce aortalni
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rekonstrukce (n=37). 52 % pacientdl mélo €asnou pooperacni komplikaci a 7 % komplikaci
transplantované $t€pu. 30denni mortalita byla 28 % a celkova mortalita 39 % pfi primérné dobé
sledovani 12 mésici.

Alografty v této praci byly ziskdny od darcii s prokazanou mozkovou smrti. Po vymyti
Stéptt v heparinizovaném fyziologickém roztoku byly alostépy vlozeny do studené¢ho (4 °C)
transportniho média, které obsahovalo 0,9 % roztok NaCl a 0,2 % roztok glukézy (pH 6,8) bez
pfidanych antibiotik. Tepenné aloStépy byly poté skladovany pfi teploté 4 °C v roztoku SCOT
(Macopharma Laboratories, Tourcoing, Francie) obsahujicim gentamicin (50 mg / ml),
klindamycin (600 mg / ml) a vankomycin (500 mg / ml) a kryokonzervovany béhem 48—72 hodin.
V letech 1998 az 2002 se kryokonzervaéni roztok skladal z 90 ml 4 % roztoku lidského sérového
albuminu a 10 ml dimethylsulfoxidu (DMSO). Po 30 minutach kdy byly aloStépy uchovavany pii
teplot¢ 4 °C byly poté vaky umistény do par kapalného dusiku zmrazovaci komory (Planer,
Sunbury-on-Thames, Velka Britanie) a kryokonzervovany tizenou rychlosti s poklesem teploty
0 -1 °C / minutu az do teploty -50 °C a poté o -5 °C / minutu na teplotu -140 °C. Zmrazené S§tépy
se poté az do pouziti skladovaly v parach kapalného dusiku. V den transplantace byly zmrazené
tepny rychle rozmrazeny ve vodni lazni o teploté 40 °C. Po odstranéni kryoprotektantu byl §tép
uchovan ve 100 ml 0,9 % NaCl obsahujiciho 0,2 % gluk6zy az do doby implantace.

Od roku 2002 byly alostépy ponechany 20 minut pii teplot€¢ 4 °C v roztoku SCOT
obsahujicim 15 % DMSO a nasledné¢ zmrazeny na cilovou teplotu -80 °C bez kontroly poklesu
teploty a skladovany max. 2 roky. Rozmrazeni $tépii probihalo po dobu 10 minut pfi pokojové
teploté. Poté byl §tép vloZen do vodni lazné€ o teploté 37 °C. Nasledovalo postupné vymyvani
kryoprotektantu v heparinizovaném roztoku pii pokojové teploté.

Uvedené experimentalni i klinické prace demonstruji znacné rozdily v pohledu na
problematiku imunogenicity tepennych Stépi a jeji ovlivnéni pouzitym kryokonzervacnim
protokolem. Kromé samotného procesu zmrazeni a rozmrazeni, dob€ studené ischemie dle naSeho
nazoru hraje dilezitou roli i typ roztoku, ktery je pouZit pro transport z mista odbéru do tkanového

zafizeni.
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1.4. Soucasny stav klinického pouZziti tepennych §tépu v 1é¢bé infekce cévni protézy

v Ceské republice

V Ceské republice jsou chladem konzervované tepenné $tépy pouzivany v 1é¢bé infekce
cévnich protéz od 90. let minulého stoleti (Matia et al., 2007). Podobn¢ jako program organové
transplantace, je 1 program transplantace cév (tj. tkan) v tomto piipad¢ zastiesSen Koordinacnim
centrem transplantaci, které vede ¢ekaci listinu pro nemocné indikované k transplantaci chladem
konzervovaného nebo kryokonzervovaného cévniho §tépu (Spacek et al, 2018).

V klinické praxi v8ak mulze dojit k situaci, kdy po delsi dobu neni pfitomen vhodny
»cerstvy* alos$tép a u pacienta se rozvine akutni stav vyzadujici urgentni feSeni. K t€émto situacim
patii napt. akutni krvaceni z anastomoézy nebo krvaceni z aortoduodendlni pistéle. V téchto
situacich je pouziti a okamzitd dostupnost kryokonzervovaného tepenného nebo Zzilniho $tépu
zéasadni. Dal$imi indikacemi k elektivnimu nebo ¢asnému pouziti cévnich alografti je infekce
cévnich ndhrad, pfi které je nutné infikovany $tép v celém rozsahu explantovat a nahradit novou
rekonstrukci, nebo ptitomnost kritické koncetinové ischemie. I v téchto situacich je vzhledem
k riziku septického stavu nebo koncetinové amputace dostupnost vhodnich cévnich $tépt zasadni.
Za ucelem minimalizace rizika absence cévnich alo$tépt proto vznikl pod vedenim Pracovni
skupiny pro cévni nahrady a alotransplantace Ceské spole¢nosti kardiovaskularni chirurgie
(CSKVCH), ve spolupraci s Koordinaénim centrem transplantaci a Tkafiovou bankou FNHK
v CR v roce 2013 program kryokonzervace cévnich alostépt (Spacek et al., 2018).

DalSim diivodem k vytvofeni programu transplantace cévnich kryostépt byly legislativni
zmény, ke kterym doslo v roce 2004, kdy vesSla v platnost Smérnice Evropského parlamentu
a Rady (EU Directive 2004/23/EC) (Fellmer et al., 2011). Ta m¢la zajisStovat vysokou kvalitu
transplantovanych tkani a bunék. Tim doSlo k zastaveni do té doby provadénych transplantaci
chladem konzervovanych tepennych aloStépi v mnoha evropskych zemich (Francie Kieffer et al.
2004, Némecko Fellmer et al., 2011). V rdmci implementace evropské legislativy se tyto postupy
rozsifily do dal§ich zemi Evropske unie.

V Ceské republice je nakladani s tepennymi alografty stanoveno zakonem &. 285/2002 Sb.,
ktery umozituje pouziti chladem konzervovanych cévnich §tépii v rezimu transplantace organii do
48 hodin od odbéru (Spacek et al., 2018).

V disledku rozvoje programu transplantace kryokonzervovanych cévnich §tépti mohou byt
v soudasnosti pacienti indikovani k tepenné transplantaci v Ceské republice zafazeni na jednu

z dvou c¢ekacich listin. Rozhodnuti o zatfazeni pacienta na ¢ekaci listinu pro kryokonzervované
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nebo chladem konzervované $tépy je dano rozhodnutim indikujiciho cévniho chirurga. Po dvou
letech  existence programu kryokonzervace Stéptt byl pocet transplantovanych
kryokonzervovanych a chladem konzervovanych §tépti v Ceské republice prakticky stejny

(Spagek et al., 2018).

1.4.1. Novy kryokonzervaéni protokol v ,,Programu transplantace cévnich §tépi v Ceské

republice*

V roce 2011 byl v Ceské republice zahajen klinicky program transplantace
kryokonzervovanych cévnich §t€pi. VSechny arteridlni i zilni aloStépy zatazené do programu jsou
zpracovavany vyhradné v tkanové bance Fakultni nemocnice Hradec Kralové podle nového
standardizovaného protokolu kryokonzervace (Spa¢ek et al., 2019). Odbér uvedenych $tépi
probihd v ramci multiorganovych odbérti. Cévy se transportuji do Tkanové usttedny FNHK
v roztoku Custodiolu za nizkych teplot (3-5 °C) v co nejkratsi dobé po provedeném odbéru.

Kryokonzervace cévniho §tépu se provadi pomoci standardizovaného operacniho postupu
pozadovaného tkanového zafizeni (tkailovd banka Fakultni nemocnice Hradec Kralové) plné
licencovanou pfislusnym vnitrostatnim orgdnem (M¢ticka et al., 2011, Méficka et al., 2011). Pti
odbéru a zpracovani cév jsou povoleny pouze kvalitni materidly a 1éky pro humanni pouziti
a spliyjici pozadavky smérnice Evropského parlamentu a Rady ¢. 23/2004 / ES. Po vstupni
kontrole v tkanovém zafizeni jsou Sté€py zpracovavany v mistnosti Cistoty stupné A (podle
klasifikace EU GMP) s pozadim stupné B. Po dekontaminaci pomoci modifikované metody van
Katz (Vogt et al., 1998) jsou nddoby vloZeny do dvojité sterilnich jednordzovych plastovych sacki
(Eva Bags; Maco Biotech, Eckbolsheim, Francie) obsahujicich 50 ml pfedchlazeného 6 % roztoku
hydroxyethylskrobu s molekulovou hmotnosti 130 000 Da (Voluven 6 %; Fresenius Kabi, Bad
Homburg vor der Hohe, Némecko) a smisi se se stejnym objemem piedchlazeného
kryoprotektivniho roztoku (20 % dimethylsulfoxidu; WAK ChemieMedical GmbH, Steinbach,
Némecko). Vzorky roztoku pro bakteriologické a mykologické testy se odebiraji ze sbérného
roztoku a z kone¢ného baleni. Plastové sacky se uzaviraji tepelnym svafovanim. Sa¢ky uzaviené
ve vnéjSich kovovych kazetach se vlozi do mrazici komory programovatelného mrazédku a zmrazi
se rychlosti 1 K / min aZ na teplotu -90 °C (nésleduje 5 K / min na teplotu -150 °C). Stépy jsou az
do klinického pouziti skladovany v pardch kapalného dusiku v biologické nadob& vybavené

automatickym plnicim systémem s nepietrzitym monitorovanim teploty.
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Po vyjmuti ze skladovaciho kontejneru jsou kazety s vaky pfepraveny na operacni sal
v parach kapalného dusiku ve specialnim piepravniku (Dry shipper). Na operacnim séle jsou
kazety z ptepravniku vyjmuty a umistény na 2 hodiny do chladnicky s teplotou stoupajici z + 2 °C
na + 8 °C. Pokud je po vyjmuti z chladnicky v plastovych saccich stale n¢jaky led, mize byt dalsi
rozmrazovani dokonceno pii pokojové teploté. Thned poté, co zbyvajici led roztaje, jsou Stépy
asepticky vyjmuty z vakt a uloZeny v pfedchlazeném konzervacnim roztoku (Celsior; Genzyme)

az do jejich implantace.
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2. CIiLE DIZERTACNI PRACE

Mozné snizeni imunogenicity aloStépi bfiSni aorty procesem kryokonzervace bylo
opakované studovano v pokusech na zvifatech. Nékteré prace nepopisovaly zadny vliv
kryokonzervace na snizeni antigenicity tepennych alostépti. Naopak jiné studie zjistily snizeni
imunogenicity kryokonzervovanych alostépt ve srovnani s chladem konzervovanymi alostépy.
V jednotlivych experimentech vSak byly pouzity velmi nekonzistentni kryokonzervacéni protokoly,
které se vyrazné lisily v tak zasadnich bodech jako je napft. typ konzervacniho roztoku, ¢as teplé
a studené¢ ischemie, technika a délka kryokonzervace a nasledného rozmrazeni Stépd. Jako
nejvyraznéj$i faktor snizujici poSkozeni a antigenicitu S$tépi se ale jevilo jejich pomalé
rozmrazovani.

V klinické praxi ma mozné sniZeni antigenicity tepennych alo$téplti pouzitym typem
kryokonzerva¢niho a rozmrazovaciho protokolu velky vyznam. SniZeni antigenicity a nasledné
rejekce transplantovanych tepennych aloStépi vede jednak k vyrazné lepSim dlouhodobym
vysledkim a jednak k omezeni uzivani imunosuprese a jejich nezadoucich ucinkd.
Kryokonzervaéni a rozmrazovaci protokoly pouzivané v klinické praxi vyznamnych svétovych
pracoviSt jsou stejné jako v experimentalnich podminkdch velmi nekonzistentni a jejich
popisovany vliv na imunogenicitu transplantovanych tepen je znatné rozdilny. U vétSiny

soucasnych klinickych protokolt se ale pred vlastni transplantaci pouziva rychlé rozmrazeni §tépu.

Cilem nasi studie proto bylo:

1. pfevést vSechny jednotlivé kroky nového kryokonzerva¢niho protokolu s pomalym
rozmrazovanim pouzivanym v ,,Programu transplantace cévnich §t&pii v Ceské republice*
do experimentalnich podminek na potkannim modelu

2. studovat na potkanim modelu akutni buikami a protilatkami zprostfedkovanou imunitni
reakci u pfijemct $t€pi bfisni aorty oSetfenych timto novym standardizovanym klinickym
kryokonzervaénim protokolem s pomalym rozmrazovanim

3. porovnat vliv obou typt konzervacnich protokoll pouzivanych v ,,Programu transplantace
cévnich §tépti v Ceské republice” (kryokonzervaéni protokol s pomalym rozmrazovanim
a protokol konzervace chladem) na akutni buiikami a protilatkami zprostfedkovanou

imunitni reakci po transplantaci takto oSetfenych $té€pii bfisni aorty na potkanim modelu
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2.1. Hypotéza

Alostépy bfiSni  aorty potkanii zpracované vsouladu s novym klinickym
kryokonzervaénim protokolem spomalym rozmrazovanim pouzivanym v ,,Programu
transplantace cévnich §tépa v Ceské republice budou vykazovat 30 dni po jejich transplantaci
nizsi znamky rejekce ve srovnani s alo§tépy zpracovanymi v souladu s klinickym protokolem

konzervace chladem pouZzivanym ve stejném programu.
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3. MATERIAL A METODY

3.1.  Etické prohlaseni

V priubehu experimentu byly dodrzovany principy prace s laboratornimi zvitaty dle platné
evropské legislativy (Directive 2010/63/EU on the protection of animals used for scientific
purposes). Experiment byl téz schvalen Etickou komisi 1. 1¢kaiské fakulty Univerzity Karlovy

(¢.: UK 1. LF 563/13, MSMT-14808/2014-6).

3.2. Zakladni rozvrZeni experimentu

Jako darce S§tépil bfiSni aorty jsme v experimentu pouzili samce potkani kmene Brown-
Norway a Lewis. St&py subrendlni aorty jsme odebrali od zvifat v celkové intramuskularni
anestesii. Nasledné jsme $tépy zpracovali v souladu s novym kryokonzervaénim protokolem
s pomalym rozmrazovanim pouzivanym Tkanovou bankou Fakultni nemocnice Hradec Kralové
v ,,Programu transplantace cévnich $tépti v Ceské republice”. Aortalni §tdpy jsme po odbéru
uskladnili v tekutém dusiku stejnym postupem, jaky je uzivan v klinické praxi. Po 6 mésicich
kryokonzervace jsme Stépy rozmrazili v souladu s novym klinickym protokolem pomalého
rozmrazeni. Takto rozmrazené $tépy jsme transplantovali samcim potkan kmene Lewis. Ziskali
jsme tak isogenni (aorta kmene Lewis transplantovana piijemci kmene Lewis, skupina CRYO-
ISO) a alogenni (aorta kmene Brown-Norway transplantovand piijemci kmene Lewis, skupina
CRYO-ALO) uspotadani experimentalnich skupin.

Cely postup odbéru, kryokonzervace, uskladnéni, rozmrazeni a transplantace $té€pa biisni
aorty jsme rozdé€lili do Sesti Casové definovanych fazi. Ty jsme méfili a zaznamenali pro kazdy
Stép zvIast.

Kryokonzervované §tépy biisni aorty jsme explantovali 30. pooperaéni den. Stépy jsme
vysetfili histologickymi a imunohistochemickymi metodami se zaméfenim na typické znamky
akutni rejekce ve vSech zdkladnich vrstvach aortdlni stény. Sledovali jsme pfitomnost
endotelovych bunék, znamky intimalni hyperplazie, Sitku tunica media, pfitomnost nekréz
a uklddani protilatek tfidy G v této vrstvé, pocet CD4+, CD8+ a LEW MHC II+
imunokompetentnich bunék v adventicialni vrstve aortalni stény. Protilatkovou imunitni odpoveéd’

u pfijemcit kryokonzervovanych iso — a aloStépii bfiSni aorty jsme sledovali vySetfenim
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koncentrace donor specifickych protilatek proti MHC antigentim 1. a II. tfidy v periferni krvi
piijemcovskych zvirat pfedoperacné a na 30. den po transplantaci.

K zjisténi vlivu nového kryokonzervacniho protokolu na antigenicitu tepennych $tépti jsme
navzajem porovnali jednotlivé znamky rejekce mezi isogennimi a alogennimi S$tépy.

V posledni fazi experimentu jsme vzajemné srovnali histologické a imunohistochemické
znamky rejekce v potkanich stépech bfisni aorty osetfenych novym klinickym kryokonzerva¢nim
protokolem s pomalym rozmrazovanim z naSeho soucasné¢ho experimentu se znamkami rejekce
v potkanich chladem konzervovanych Stépech btiSni aorty. K tomu jsme vyuzili zakladni data
puvodniho experimentu Priv.-Doz. MUDr. habil Ivana Matiu, Ph.D., z kterého vychézel i nés

soucasny experiment.

3.3. Charakteristika experimentalnich skupin

K experimentu jsme pouzili samce potkani kmene Brown-Norway a Lewis ziskané
z chovné stanice Charles River v Némecku. Zvifata byla nasledné chovand podle pokynt
Nérodniho zdravotniho ustavu. Kazdé transplantované zvife bylo po celou dobu 30denniho
sledovani umisténo v oddé¢lené kleci. Zvifatim nebyla béhem experimentu poddvana zadna
imunosupresivni ani antiagregacni 1écba. Do studie jsme zahrnuli pouze zvitata, ktera prosla celym
sledovacim obdobim.

Samce potkani kmene Brown-Norway (BN, MHC haplotyp RT1) o hmotnosti 203 az
217 g (N = 3) jsme pouzili jako darce alotransplantati bfiSni aorty a samce potkani kmene Lewis
(LEW, haplotyp RT11) o hmotnosti 248 az 254 g (N = 3) jako darce isotransplantatu biiSni aorty.
Samce potkani kmene Lewis (LEW, haplotyp RT1l) o hmotnosti 191 az 250 g (N = 12) jsme
pouzili jako pifijemce §tépl biiSni aorty a ndsledné rozdélili do dvou skupin podle typu
transplantovaného subrendlniho $tépu biisni aorty. Skupinu CRYO-ISO tvofili pfijemci kmene
Lewis (LEW, haplotyp RTI1l) syngenné transplantovanych kryokonzervovanych S§tépil
(LEW —LEW, N = 6, hmotnost 191 az 250 g). Skupinu CRYO-ALO tvotili ptijemci kmene Lewis
(LEW, haplotyp RT1I) alogenné transplantovanych kryokonzervovanych Stépti (BN — LEW,
N = 6, hmotnost 193 az 245 g). Jednotlivé charakteristiky experimentalnich skupin jsou zobrazeny

v tab. 5.
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Tab.5 — Zakladni charakteristiky experimentalnich skupin

Darce Ptijemce
Skupina
Kmen Pocet Hmotnost Kmen Pocet Hmotnost
CRYO-ALO BN 3 203-217 g LEW 6 193-245 ¢
CRYO-ISO LEW 3 248-254 g LEW 6 191-250 g

CRYO — ALO — alogenni transplantace kryokonzervovanych $té€pii bfisni aorty
CRYO - ISO — isogenni transplantace kryokonzervovanych $§tépt biisni aorty
LEW —kmen Lewis

BN — kmen Brown-Norway

3.4. Chirurgicka technika odbéru Stépt briSni aorty

Vlastni odbé&r §té€pu biisni aorty v obou skupindch jsme provedli po zvaZzeni darcovskych
zvitat a jejich uvedeni do celkové anestesie pomoci intramuskularné (do stehenniho svalu)
aplikované smési ketaminu v davce 100mg/kg (Narkamon®, Spofa Ceska republika) a xylazinu
v ddvce 10mg/kg (Rometar®, Spofa Ceské republika). Kazdé zvite jsme poté ulozili na operaéni
desku s fixaci v§ech 4 koncetin. Nasledovala ptiprava opera¢niho pole na btiSe, kterd zahrnovala
jeji oholeni a desinfekcei. Poté jsme pomoci ntizek provedli stiedni laparotomii s odsunutim stiev
lateralné tak, abychom si zpftistupnili cévni struktury retroperitonea. (Obr. 1) Béhem vykonu jsme
pouzivali bézné chirurgické nastroje uréené k operacim na laboratornich zvifatech.
Po zpfistupnéni retroperitonea jsme jiZz za pomoci opera¢niho mikroskopu s 10nasobnym
zvétSenim provedli incizi zadniho listu pobfiSnice a poté preparovali subrendlni tsek bfiSni aorty
a prilehly tsek dolni duté zily za Gcelem ziskani §t€pu a nitrozilni aplikace heparinu. Ten jsme
podavali v davce 100IU/kg tak, aby po naloZeni svorky na aortu nedoslo k jeji tromboze. Aortu

jsme zasvorkovali po 3 min od instilace heparinu do dolni duté zily pomoci specialnich minisvorek
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a nasledné resekovali cca 2 - 2,5 cm dlouhy tusek. (obr. 2) Stép jsme ihned po jeho odbéru
proplachli 2ml roztoku Custodiol (Custodiol®, Dr. Franz Kohler Chemie GmbH, Némecko)
obsahujici heparin (100 IU/ml) a déle zpracovali v souladu s klinicky pouzivanym
kryokonzervaénim protokolem (viz nize). Darcovska zvifata jsme po odbéru St€pu eutanazovali
letalni davkou tiopentalu aplikovaného intrakavalné nebo intramyokardidlné (Thiopental®, Spofa

Ceska republika).

Obr.1
Preparace subrenalniho tiseku b¥iSni aorty v retroperitonealnim prostoru.
Strevni klicky jsme odsunuli lateraln¢€ a zabalili do teplého ctverce.
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Obr.2

Odbér §tépu ze subrenalni aorty.

Bfisni dutinu jsme si zpfistupnili pomoci specialnich kovovych retraktort a vlastni retroperitoneum
preparovali za pouziti vatovych §téticek, kterymi jsme ozfejmili dostatecné dlouhy usek bfisni aorty, ze
kterého jsme nasledné€ vytnuli 2 cm dlouhy segment.

3.5. Protokol kryokonzervace §tépu b¥riSni aorty

Novy kryokonzervacni protokol s pomalym rozmrazovanim pouzivanym v ,,Programu
transplantace cévnich §tépt v Ceské republice” (Spacek et al., 2020) jsme upravili a adaptovali do
experimentalnich podminek Fyziologického ustavu 1. lékaiské fakulty Univerzity Karlovy
v Praze. Pti odbéru §tépt biisni aorty potkant a jejich nasledném zpracovani jsme pouzili pouze
vysoce kvalitni material a farmaka pro humanni pouziti spliujici podminky smérnice Evropského
parlamentu a Rady ¢. 23/2004/ES. VSechna déarcovské zvifata z obou experimentalnich skupin
CRYO-ISO (N =3)a CRYO-ALO (N = 3) jsme operovali najednou. Kazdy $tép biisni aorty jsme
po odbéru proplachli 2 ml roztoku Custodiolu (Custodiol®, Dr. Franz Kohler Chemie GmbH,
Némecko) obsahujici 100 IU / ml heparinu a poté jsme ho umistili do 10 ml roztoku Custodiolu
o teploté 4°C. Nasledné jsme postupné odebirané Stépy biisnich aort skladovali pti teploté tajiciho
ledu v uzavtenych sterilnich certifikovanych plastovych nadobach (Medfor 250 ml Farnborough,
Velka Britanie) az do ukonceni odbéru vSech stépt.

Poté jsme je vlozili do dvojitych sterilnich plastovych sackt na jedno pouziti (CryoMACS
Freezing Bag 500, Miltenyi Biotec GmbH, Némecko) obsahujici 25 ml vychlazené¢ho 6% roztoku
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hydroxyethylskrobu o molekularni hmotnosti 130 000 Da (Voluven 6 %, Fresenius Kabi,
Némecko) doplnéného 20% roztokem kryoprotektantu dimethylsulfoxidu (DMSO, WAK
ChemieMedical GmbH, Némecko) a kazdy vak jsme nasledné uzavieli zatavenim ve svarecce
(STERISEAL B 83-R, Cevor s.r.o., Troubsko u Brna, Ceska republika). Do roztoku jsme
nepfidavali zadna antibiotika. Sacky jsme poté vlozili do specialnich kovovych kazet (ST 100,
Consarctic GmbH, Scholkrippen, Némecko) a wulozili pfi teploté tajiciho ledu az
do zacatku procesu zmrazeni (obr. 3). Nasledoval proces vlastniho zamrazeni, ktery probihal pti
kontrolovaném poklesu teploty v programovatelném zmrazovacim zatizeni KRYO — 10 (Planer,
Biomed, Sunburry on Thames, Velka Britanie) rychlosti — 1K/min do -90°C, a poté -5K/min
do -150°C. Thned po zamrazeni jsme kazety se zamrazenymi Stépy (obr. 4) prevezli
v transportnim boxu do kryokonzerva¢niho skladu Ustavu hematologie a krevni transfize v Praze,

kde jsme je uchovavali v parach tekutého dusiku a teploté -190°C az do doby jejich implantace.
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Obr.3

Priprava pred zamrazenim S$tépu.

Plastové vaky jsme oznacili Stitkem obsahujicim ¢islo §tépu a datum odbéru a nasledné je vlozili do
specialnich kovovych kazet umoziujici zamrazeni §tépu.

Obr .4
Zamrazeny §tép subrenalni aorty v plastovém vaku.

Vak obsahuje kryoprotektivni roztok. Kazdy vak jsme oznacili ¢islem a druhem potkana ze kterého byl
Stép odebran.
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3.6. Uskladnéni kryokonzervovanych $tépu biisni aorty

Po zamrazeni $tépt bfisni aorty jsme kovové kazety s cévami pievezli z opera¢niho salu
Fyziologického tistavu 1. LF UK do kryokonzervaéniho skladu tkafiového zafizeni Ustavu
hematologie a krevni transfuze v Praze. Zde jsme je skladovali v parach kapalného dusiku pfi
teplot¢ - 180 °C az do doby implantace, ke které jsme je ptevezli zpét na operacni sal
v transportnich boxech obsahujicich suchy led (obr. 5). Primérna doba uskladnéni

kryokonzervovanych §tépt bfisni aorty v parach dusiku byla 176 dnii. (Tab. 6)

Obr.5

Uchovavani kryokonzervovanych $tépi.

Odebrané §té€py biisni aorty jsme po dobu 6 mésicli uchovavali v zamrazeném stavu v tkanové bance
Ustavu hematologie a krevni tranfiize 1.LF UK v Praze.

3.7. Protokol pomalého rozmrazeni kryokonzervovanych $tépi bri$ni aorty

Kazety se Sté€py bfisni aorty jsme transportovali v den implantace v parach tekutého dusiku
z tkafiového zafizeni Ustavu hematologie a krevni transfuze v Praze na operaéni saly
Fyziologického ustavu. Zde jsme je vyjmuli z transportniho zafizeni a poté umistili do chladnicky
pii teploté + 4 ° C po dobu 60 minut. Stépy jsme nasledn& nechali po dobu 30 min p¥i pokojové

teploté. Po této fazi jsme Stépy biisni aorty vyjmuli z plastového vaku a kazdy st€p rozdélili na
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dvé stejn¢ dlouhé ¢asti, které jsme poté pouzili k transplantaci u dvou potkani. Oba §té€py jsme po
rozdéleni uchovavali odd€len¢ v 10 ml roztoku Custodiolu v lednici pfi teploté +4°C az do zacatku

transplantace. Do roztoku nebyla pfidavana zadna antibiotika. (Tab. 6)

3.8.  Chirurgicka technika transplantace §tépu b¥iSni aorty

K transplantaci $tépt jsme pouzili opticky mikroskop a 10nasobné zvétSeni. (Obr. 6)
Vlastni realizaci anastom6z jsme provedli pomoci nevstfebatelného monofilniho vlakna (10.0)
a technikou jednotlivé zaklddanych stehl tak, aby se co nejvice minimalizoval vznik sten6z
v anastomoézach a riziko trombdzy Stépu. (Obr. 7) Béhem vykonu bylo téz pecovano
o experimentélni zvife, které jsme za ucelem minimalizace perioperacniho stresu zahtivali
tepelnym zaticem.

Kazdého piijemce $tépt jsme pred vlastnim chirurgickym vykonem zvazili a nésledné
uvedli do celkové anestesie pomoci intramuskuldrné podané smési sufentanilu v davce 20 ng/kg
(Sufenta®, Janssen Pharmaceutica Inc., Belgie) a azaperonu v ddvce 1 mg/kg (Stresnil®, Janssen
Pharmaceutica Inc., Belgie). Tuto kombinaci anestetik jsme volili vzhledem k pozadavku na lepsi
buzeni zvifat po provedené transplantaci. Nésledovala ptiprava opera¢niho pole, laparotomie
s odsunutim klicek stfeva a preparace retroperitonea, ve kterém jsme vypreparovali dostatecné
dlouhy usek subrendlni aorty a pfilehlé dolni duté Zily. Po nalozeni svorek aproximétoru na
subrenalni tsek bfisni aorty jsme provedli isogenni nebo alogenni transplantaci $tépii pomoci
jednotlivé uzlenych nevstiebatelnych steht.

Po povoleni svorek jsme zkontrolovali tésnost anastomoéz, ulozili klicky stfeva zpét do
dutiny bfiSni a provedli suturu laparotomie. Potkany jsme poté oznaclili a ulozili do predem
oznacenych vyhtivanych kleci, ve kterych jsme je dale sledovali az do jejich spontdnniho

probuzeni.
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Obr.6

Vybaveni experimentalniho operac¢niho salu.

Experiment jsme provedli v prostorach fyziologického ustavu 1. LF UK v Praze za pouziti optického
mikroskopu.

Obr.7

Transplantace rozmrazeného Stépu.

Nasivani rozmrazeného §tépu subrenalni aorty do biisni aorty byla krucialni ¢asti experimentu. Vlastni
anastomozu jsme realizovali technikou jednotlivé uzlenych prolenovych stehti za pouZiti optického
mikroskopu a 10nasobného zvétseni. Pti realizaci anastomosy jsme pouzili specialni cévni svorku
(aproximator), kterd ndm umoznila nejen zasvorkovat proximalni a distalni ¢ast bfi$ni aorty, ale téZ
nasivat §tép jako interpozit bez nezadouciho napéti v anastomoze.
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3.9. Casové udaje kryokonzervace, rozmrazeni a transplantace $§tépu b¥iSni aorty

Cely proces zahrnujici odbér aorty, kryokonzervaci, skladovani, rozmrazovani
a transplantaci jsme rozd¢€lili do Sesti casovych usekt. Délku kazdého ¢asového obdobi jsme méfili
pro kazdy $tép bfisni aorty samostatné. Podrobné definice a trvani kazdého ¢asového obdobi jsme
shrnuli v tab. 6. Celkova doba studené ischemie kryokonzervovanych $tépti btisni aorty (pied
zmrazenim + po rozmrazeni) byla 313 + 62 minut pro isografty a 504 = 198 minut pro alografty.

Mezi obéma skupinami jsme nepozorovali statisticky vyznamny rozdil.
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Tab.6 — Definice a trvani jednotlivych ¢asovych usekii procesu kryokonzervace, uskladnéni,

rozmrazeni a transplantace Stépu briSni aorty

Faze procesu Kryostepy
Cislo Nazev Definice Alostépy Isostépy
1 Faze studené ischemie | Casové obdobi od nalozeni | 03:31 h 03:12 h
pred zamrazenim aortalni svorky (min 01:23, (min 02:54,
u darcovského zviiete do max. 04:45) max. 03:28)
vlozeni §tépt bfisni aorty do
roztoku DMSO. Stépy biisni
aorty byly v tomto obdobi
skladovany
v roztoku Custodiol pfi
teploté tajiciho ledu.
2 Faze DMSO Casové obdobi od vloZeni 00:38 h 00:40 h
Stépt bfisni aorty do roztoku | (min 00:19, (min 00:38,
DMSO do zahajeni max. 00:48)  |max. 00:42)
kryokonzervace v
programovatelném
mrazicim zafizeni.
3 Faze kryokonzervace Casové obdobi od za¢atku 02:38 h 02:38 h
kryokonzervace §tépt btisni
aorty v programovatelném
mrazicim zafizeni do
vloZeni kazet do tekutého
dusiku.
4 Faze skladovani v Casové obdobi od vloZeni 179,3 dnt 172,6 dni
parach dusiku kazet do tekutého dusiku do | (min 176, (min 171,
jejich vyjmuti. max. 181) max. 176)
5 Faze rozmrazeni Casové obdobi od vyjmutim | 01:25 h 01:33 h
kazet z par tekutého dusiku | (min 01:10, (min 01:10,
do jejich vlozeni do roztoku | max. 01:33)  |max. 01:45)
Custodiolu.
6 Faze studené ischemie | Casové obdobi od vloZeni 02:00 h 04:53 h
po rozmrazeni $tépt biisni aorty do roztoku | (min 00:58, (min 02:26,
Custodiolu do jejich max. 03:27) max. 07:07)
reperflze u piijemcovského
zvitete.

DMSO - dimethylsulfoxid
h — hodiny

min — minimum

max — maximum
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3.10. Pooperacni péce prijemcovskych zvirat

V pooperaénim pribéhu a dal§Sim sledovani jsme nepoddvali piijemcim zadné
antiagregacni nebo antikoagulaéni pfipravky. Transplantovanym zvifatim jsme nepodavali téz
zadna imunosupresiva. Potkany jsme na zac¢atku experimentu barevné oznacili, chovali jednotlivé
v klecich, vedli u kazdého z nich denni zaznam o celkovém stavu, hmotnosti, hybnosti
a provedenych odbérech. Zvitata jsme sledovali v mistnosti s pokojovou teplotou, zajist'ovali jim
dostatecny ptisun tekutin a potravy tak, abychom je co nejméné stresovali. Kazdy den jsme zvitata

vazili, kontrolovali jejich celkovy stav a prospivani. (Obr. 8)

a AT

Obr.8

Pooperacni péce transplantovanych zvirat.

Po provedené transplantaci a odeznéni celkové anestézie jsme kazdé zvife umistili do pfedem oznacené
chovné klece. V nich jsme zvifata uchovavali po celou dobu experimentu. U kazdého zvitete jsme
vedli denni zaznam o jeho hmotnosti, o aplikovanych 1écich a poopera¢nim prospivani.
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3.11. Odbér krevnich vzorku za uc¢elem stanoveni koncentrace donor specifickych

protilatek u prijemcu Stépu brisni aorty

Odbér krve za ucelem stanoveni koncentrace a dynamiky donor specifickych antit MHC
protilatek 1. a II. tfidy jsme provedli v obou skupinidch 3 dny pied transplantaci a 30. den
po transplantaci. Pied transplantaci jsme odbér provadéli punkci o¢niho sinu podle van Hercka
(van Herck H. et al., 1998) v celkové anestezii. Tticaty pooperacni den jsme krevni vzorky odebrali
pii  explantaci S$tépt punkci dolni duté zily. Vzorky jsme nasledn¢ odstiedili
v Eppendorfovych mikrozkumavkach a separované krevni sérum zamrazili az do doby vlastniho

stanoveni koncentrace protilatek.

3.12. Explantace $tépi briSni aorty 30. den po transplantaci

Explantaci §tépti jsme u ptijemct provedli 30. pooperacni den. Zvitata jsme piedoperacné
zvazili a nasledn¢ intramuskularné aplikovanou smési ketaminu v davee 100 mg/kg a xylazinu
v davce 10 mg/kg uvedli do celkové anestesie. Poté jsme provedli re-laparotomii a zpisobem
popsanym podrobné v kapitole o transplantaci odebrali transplantovany $t€p subrendlni bfis$ni
aorty. Pi preparaci jsme hodnotili ptipadné znamky rejekce $té€pi jako je aneurysmaticka dilatace,
pritomnost pseudovyduté v anastomoze nebo jeho uzévér. Tepny jsme poté piipravili na
histologické a imunohistochemické vySetteni. To zahrnovalo odstfiZeni té ¢asti §t€pu, kterd ptimo
naléhala na vlastni anastomozu, ve které by bylo hodnoceni zkresleno ptitomnosti cizorodého
materidlu. Béhem explantace jsme zvifatim téz provedli odbér krevnich vzorki do
Eppendorfovych zkumavek ke stanoveni koncentrace a dynamiky donor specifickych anti MHC
protilatek I. a II. Ttidy. (viz vySe) Zvitfata jsme nakonec eutanazovali letalni davkou thiopentalu

podanou do dolni duté Zily.

3.13. Histologické a imunohistochemické vySetieni explantovanych $tépi brisni aorty

Vsechny explantované $tépy jsme histologicky vySetfili. K vlastni analyze jsme odebrali
stiedni Gseky S$téph fixované v 10 % formolu, aby vySetfeni nebyla ovlivnéna hojivymi procesy
v oblastech anastoméz a reakci tkani na §ici materidl. Stépy jsme po explantaci za pouziti
opera¢niho mikroskopu ocistili od pfihojenych okolnich tkani, odstranili jsme obé anastomdzy

a po koneéné kontrole explantatli jsme pfistoupili k dalii p¥ipravé na histologické vysetieni. Césti

42



ocCisténych $tépit jsme ulozili do specidlnich plastovych boxt Sakura Finetek Tissue Tek©
Cryomold holders (Sakura Finetek, Tokyo, Japonsko) a zalili je gelovym fixacnim roztokem
Sakura Finetek Tissue Tek© O. C. T. compound (Sakura Finetek, Tokyo, Japonsko). Preparaty
jsme ve vani¢kach zamrazili v 1azni s 2-methylbutanem (Fluka Chemika, Buchs, Svycarsko)
pomoci tekutého dusiku a nasledné jsme vanicky s preparaty ulozili pii teploté -80 °C do dalsiho
zpracovani.

Histologické vySetieni jsme provedli po definitivnim zpracovani a zaliti do parafinu
z 5 pum tlustych parafinovych fezli za pouziti barveni hematoxylin-eosinem a barveni podle
Van-Giesona na elastickd vldkna. Hodnotili jsme S§ifku a kontinuitu intimy, rozsah intimalni
proliferace eventudln¢ destrukce a tloustku medidlni vrstvy. Tunica intima byla definovana
od povrchu intimalnich bun€k k vnitini hranici tunica media, §itku medialni vrstvy jsme méfili
mezi vnitini a vnéjsi elastickou membranou. Méteni jsme provadéli v ndhodnych lokalizacich
na 10 mistech v kazdém fezu. Primérnou hodnotu se standardni odchylkou jsme stanovili
pro kazdou aortu i1 skupinu zvIast. Preparaty jsme hodnotili naslepo tak, aby nebylo znamo,
ke které skupiné vySetfovany vzorek patii a byla tak zajiSt€éna nestrannost experimentu.
P11 histologickém vySetfovani jsme z preparat pofizovali fotodokumentaci.

Vzorky pro imunohistochemické vySetifeni jsme zpracovavali podobné jako u prostého
histologického vySetieni také ze stfedni ¢asti $tép, které jsme v plastovych boxech (Tissue Tek©,
Cryomold, Sakura, Japonsko) zalili gelovym fixaénim roztokem (Tissue Tek©, Cryomold, Sakura,
Japonsko). Boxy jsme nasledné vlozili do 1azné s 2-methylbutanem (Fluka, Chemika, Svycarsko)
a zamrazili pomoci tekutého dusiku. Po dobu, nez jsme provedli imunohistochemické vySettent,

byly boxy skladovany pfi teploté — 80°C.

3.13.1. Detekce CD4+, CD8+ pozitivnich bunék a bunék s von Willebrandovym

faktorem

Detekci imunokompetentnich bun€k jsme provedli dvojstupiiovou nepiimou metodou,
pii které jsme pouzili imunoenzymovy polymer.

Pro vySetfeni pfitomnosti a mnoZstvi imunokompetentnich bunék jsme pouzili 8 um silné
fezy, které jsme nejprve 10 minut fixovali chlazenym acetonem. Nasledné jsme preparaty osusili
a oplachli v 0,2 % roztoku Triton X 100 a ve fosfatovém pufru. Takto pfipravené vzorky jsme
60 minut inkubovali v roztoku s primarni protilatkou anti-CD4, (W3/25, Cymbus Biotechnology
LTD, Hampshire, Velka Britanie), anti-CD8 (OX-8, Cymbus Biotechnology LTD, Hampshire,
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Velké Britanie), anti-Von Willebrand factor (Dako Denmark A/S, Glostrup, Dansko). V dal§im
kroku jsme inhibovali endogenni peroxiddzu v 0,3 % peroxidu vodiku a v 70 % metanolu. Tato faze
probihala 30 minut. Nasledné jsme vzorky dalSich 30 minut inkubovali v roztoku se sekundarni
protilatkou (imunoenzymovy polymer Histofine® Simple Stain Rat MAX PO, Nichirei, Japonsko).
Pted finalnim obarvenim Harrisovym hematoxylinem a fixaci v Entellanu (Merck KGaA, Damstadt,
Némecko) jsme na vzorky 5 minut aplikovali 3,3 diaminobenzidin (Dako Liquid DAB + Substrate-
Chromogen System, Dako, Glostrup, Dansko).

Preparaty jsme hodnotili naslepo tak, aby nebylo znamo, ke které¢ skupiné vySetfovany
vzorek patii a byla tak zajiSténa nestrannost experimentu. Na vySetieni jsme pouzili mikroskop
s 1000nasobnym zvétSenim. Pocet bunék jsme stanovovali v péti zornych polich, ze kterych jsme

spocetli primérnou hodnotu.

3.13.2. Detekce Lewis MHC II pozitivnich bunék

Obdobné jako u detekce CD4", CD8" bunék jsme toto imunohistochemické vySetieni
provadeli na 8 pum silnych fezech. Pro vySetfeni jsme ovSem pouzili tfistupiiovou nepiimou
technikou. Vzorky jsme nejprve 10 minut fixovali v chlazeném acetonu, osusili a nasledné oplachli
v 0.2 % roztoku Triton X 100 a fosfatovém pufru. Dale jsme za pouziti setu Biotin blocking system
(Dako, Dansko) zablokovali endogenni biotin. Po inkubaci s 10 % koiiskym sérem jsme vzorky
60 minut inkubovali s primarni protilatkou. Dal§im krokem byla inhibice endogenni peroxidazy
v 0,3 % peroxidu vodiku a v 70 % metanolu. Poté probéhla tficetiminutova expozice
biotinylovanou kofiskou anti-mysi protilatkou (Vector Lab, Burlingame, VelkaBritanie).

V poslednich fazich celého procesu jsme preparaty inkubovali s R. T. U. Vectastain Elite
ABC Reagent (Vector Lab, Burlingame, Velkd Britanie) a poté jsme na vzorky na 5 minut
aplikovali 3,3 diaminobenzidin (Dako Liquid DAB + Substrate-Chromogen, Dako, Dansko). Po
kontrastnim dobarveni jsme vzorky zalili do Entellanu (Merck, Némecko). Preparaty jsme
nasledné "slep¢" hodnotili tak, aby vysledky vysetfeni nemohly byt ovlivnény.

Bunky jsme s¢itali v péti ndhodné vybranych zornych polich pfi pouziti vySetfovaciho

mikroskopu s 1000nasobnym zvétSenim. Z vysledkl jsme nakonec spocetli primérnou hodnotu.
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3.13.3. Detekce imunoglobulini tfidy G

Pfitomnost imunoglobulinli ve sténé $té€pi jsme zjistovali pfimou imunofluorescencni
technikou. Rezy 8 um silné jsme oplachovali ve fosfatovém pufru a dale susili na vzduchu. Dal3ich
tficet minut jsme vzorky inkubovali s primarni protilaitkou konjugovanou s fluorescein
isothiocyanatem (FITC, Chemicon International Inc, Temecula, Kalifornie, Spojené staty
americké). Vzorky jsme nésledné opét oplachli, fixovali v glycerinu a bezprostiedné poté hodnotili

za pouziti flourescencniho mikroskopu.

3.14. Detekce donor specifickych anti-MHC protilatek 1. a II. tfidy v periferni krvi

prijemci

Krevni vzorky jsme odebrali zvifatim v obou skupinach 3 dny pied transplantaci a 30. den
po transplantaci. Pied transplantaci jsme odbér provadéli punkei ocniho sinu podle van Hercka
(van Herck H. et al., 1998) v celkové anestezii. Tticaty pooperacni den jsme krevni vzorky odebrali
pfi explantaci $tépl punkci dolni duté Zily. Vzorky jsme nasledné odstiedili v Eppendorfovych
mikrozkumavkach a separovali tak krevni sérum, ve kterém jsme koncentraci protilatek dale

stanovovali.

3.14.1.  Ziskani splenocytii darcovskych zvirat k vySetieni periferni krve prijemct

pritokovou cytometrii

Jako zdroj splenocytii jsme pouzili sleziny od samct potkantt Brown-Norway (n = 10,
vaha 200-250 g) pochézejicich z chovné stanice Charles River (Wiirzburg, Némecko). Zvitata
jsme pred vykonem zvazili a uvedli do celkové anestézie pomoci intramuskularné aplikované
smési ketaminu v davce 100 mg/kg (Narkamon®, Spofa) a xylazinu v ddvce 10 mg/kg (Rometar®,
Spofa). Poté jsme nlizkami provedli stfedni laparotomii a pomoci retraktorti ziskali pfistup do
bfiSni dutiny, ze které jsme vyjmuli slezinu. Po odebrani slezin jsme zvifata eutanazovali
injekénim podanim letalni davky tiopentalu do dolni duté Zily. Odebrané sleziny jsme nasledné
zpracovali podle protokolu pro ptipravu splenocyti.

Sleziny jsme po odbéru rozdélili na mensi kousky a propasirovali sitkem pomoci pistu
injekéni stiikacky. Drt’ jsme poté promyli ve fosfatovém pufru (PBS — Phosphate buffered saline)

a vzniklou bunécnou suspenzi jsme dale smichali s Biocoll separa¢nim roztokem (BioScience,
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Nottingham, Velkd Britanie). Smés jsme 20 minut odstied’ovali pii 2000 ot. /min. a vznikly
supernatant jsme smichali s 10 % fetdlnim telecim sérem (FCS) a RPMI 1640 (Sigma-Aldrich
Chemie GmbH, Buchs SG, Svycarsko). Nasledné jsme smés odstiedili v Eppendorfovych
mikrozkumavkach pti 1200 ot. /min. po dobu 10 minut. Tento krok jsme provadéli dvakrat. Poté
nasledovalo secteni a kontrola viability bunék pomoci barveni tryptanovou modii. Buiiky pak byly
uloZeny v nadobkach s kryokonzerva¢nim roztokem (Iscove’s Modified Dulbecco’s Medium + 20

% FCS) v tekutém dusiku do dalsiho zpracovani.

3.14.2.  Vysetieni krevnich sér prijemci pratokovou cytometrii

Vazbu protilatek v pfijemcovskych potkanich sérech na klidové Brown-Norway
splenocyty jsme zjiStovali pritokovou cytometrii. Splenocyty jsme rozmrazili, promyli
ve fosfatovém pufru (PBS) a suspendovali v roztoku PBS s 1 % fetdlnim bovinnim sérem (FBS).
100000 bun¢k jsme pak po dobu 30 minut inkubovali pfi 4 st. Celsia s 10 pL piijemcovského
potkaniho séra. Bunky jsme poté dvakrat promyli v roztoku PBS s 1 % FBS a inkubovali
s origindlnimi protilditkami ke zjisténi exprese MHC. Jako primarni protilatky jsme pouzili
Biotin-MHC 1. tfidy (anti-RT1.Ac, OX-27, Acris Antibodies GmbH, Herford, Némecko) nebo
Biotin-MHC 1I. tfidy (anti-RT1.D, OX-17, BD Biosciences, Heidelberg, Némecko) a jako
sekundarni protilatky PE-Cy7-Streptavidin (BD Biosciences, Heidelberg, Némecko).
FACSCanto II flow cytometrem (BD Biosciences, Heidelberg, Némecko) jsme ziskali 10000
bunck a nasledné analyzovali pomoci FACSDiva™ programu (BD Biosciences, Heidelberg,
Némecko). Grafické zpracovani ndm umoznilo pfevedeni a zhodnoceni intenzity fluorescence.
Vazba MHC protilatek I. nebo II. tfidy na splenocyty, které nebyly inkubovany s potkanim sérem,
jsme nastavili jako 100 %. Protilatky pfitomné v sérech transplantovanych potkanti Lewis
se kompetitivné navazaly na molekuly MHC 1. a II. tfidy exprimovanych na splenocytech
z potkanli Brown-Norway. Kompetitivni inhibice vazby fluoresceinem oznacenych protilatek

MHC L. a II. tfidy tak ve vysledku sniZila naméteny fluorescencni signal.
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3.15. Statistické metody

Ziskana zékladni data z experimentu jsme statisticky zpracovali ve spolupréci
s profesiondlnim statistikem z technologického centra Akademie véd Ceské republiky.
Data jsme nejprve otestovali pomoci testi normality. Jako test normality jsme zvolili
Kolmogorovuv-Smirnoviv test a dale testy Sikmosti a Spicatosti rozd€leni dat. Jelikoz data
vykazovala jen nevyznamné odchylky od normality, zvolili jsme pro jejich popis a testovani
parametrické metody. Jako popisny ukazatel polohy souboru jsme zvolili aritmeticky pramér
a jako ukazatel variability jsme pouzili smérodatnou odchylku. Vysky sloupct u sloupcovych
grafil reprezentuji primeéry a chybové usecky symbolizuji 95 % konfiden¢ni interval. Vzhledem
k vyvazenému typu designu jsme primeéry vSech sledovanych parametri (CD4+ bunky, CD8+
buinky, MHC II+ bunky, anti MHC I a anti MHC II protilatky) mezi skupinami globalné
porovnavali pomoci jednofaktorové analyzy rozptylu (ANOVA). V ptipad€ vyznamnosti hlavniho
efektu (p <0,05) jsme nasledné provedli parové porovnavani dvojic skupin. K péarovému
porovnavani jsme pouzili Tukeyliv post-hoc test, ktery v sobé zahrnuje korekci p-hodnoty
vzhledem k mnohocdetnému porovnavani. Veskeré vypocty a testovani dat jsme provedli

ve statistickém programu STATA (verze 12.1).
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4. VYSLEDKY

4.1. Histologie a imunohistologie kryokonzervovanych alo§tépi (CRYO-ALO) a isoStépi
brisni aorty (CRYO-ISO) 30. den po transplantaci

Kryokonzervované alostépy bfisni aorty vysetfované 30. den po transplantaci vykazovaly
stejn¢ jako isoStépy pravidelnou morfologii aortalni stény s jasnou diferenciaci vSech tii
zakladnich anatomickych vrstev (obr. 9).

(obr. 10). U alostépti jsme detekovali jenom minimalni znamky intimalni hyperplazie. V tunica
intima alo$tépl jsme nezaznamenali zadnou infiltraci pfijemcovskymi MHC bunikami II. t¥idy.

Svalova vrstva alostépli nevykazovala 74dné znamky nekréozy nebo depozice
imunoglobulinu G (obr. 11, 12). Mezi alografty a isografty jsme nepozorovali Zadny statisticky
vyznamny rozdil v $ifce tunica media (tab. 7).

Infiltrace tunica adventitia kryokonzervovanych alo$tépti bfisni aorty pfijemcovskymi
MHC buiikami II. tfidy byla statisticky vyssi ve srovnani s infiltraci adventicialni vrstvy isoStépt
(obr. 13) (tab. 3). Stejné rozdily jsme pozorovali i pfi hodnoceni infiltrace tunica adventitia CD4+

a CD8&+ lymfocyty (obr. 14, 15) (tab. 7).
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Hematoxilin-eosin, 30. den po transplantaci |

CRYO-ALO CRYO-150

Obr g

CRYO-ALD — aledtépy wwkarzavaly pravidelnoue morfologil aortalni stény & jasnou diferenciaci wEech i zakladnich
anatomickich vesley, W lunica adventitia tichie £eph jsme pezorovali wiSi Koncentracl bunilk.

CRYO-150 —isostépy vykazavaly pravidelnou marfolegll acrtalni stény & jasnou diferenciaci vEech i zakladnich
anatermickych vrstey.

Zuvitsena 100w

Endotelové buiky, 30. den po transplantaci

CRYO-ALO CRYO-I50

Obr.10

CRYQ-ALD - Infralumindini povrch tunica intima alostépu byl pokryt sowvislou vrstvou endatelovich bungk,
CRY Q=150 - [ntralemindini povreh tenica intima isostépy byl pokryt scwvislow vrsivou endotelevych bunék,
Endotelové bufky zabarveny na hnédo.

ZvEtsena 100x

Prirnami protiaka: anli-Van Willebrand Taclor {Dako Denmark A5, Ghslg, Deamrark)

Sekundami protdaia; Hstoline® Simgle Stain Rat MAX PO (Hichirel Bascances Inc., Jegan)

Detekinl sysiém: Daka Liguid DAB+ Substrale-Chromogen Syalen (Daka Denmark AYS, Slostup, Danmeark)
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Van Gieson elastika, 30. den po transplantaci

CRYO-ALO | CRYO-IS0

Qkr.11

CRYQ-AL0 = narmalni merolagie muskuldmi vrstey s piitomnosti elastickych viaken v kryokonzensovanych alografid
CRY Q=150 = ngrmalni merclagie muskulami vrstvy s plitomnasti elastickych viaken v kryokonzenovanych isografti,
ZvEtseno 100x

Imunoglobulin G, 30. den po transplantaci

CRYO-ALO CRYO-ISO

Obri2

CRYO-ALD — Absence ukladani imunaglobulinu tridy G ve svalové vrslve U kryokonzersovanych akastépd.

CRYD-150 — Absence ukladani imunoglabulinu tidy S ve svalewd vrstve U kryokanzervevanych Isedtpd.

Zobrazeno pomaci fucrescenéni mikroskopie,

ZvEisena 100x

Primarni protidika: polkani 196G protidiky kenjugovand s lusrescein isothickyandtem [Chemicen Infernational Inc. Termecula, USA)




Lewis MHC I1 pozitivni buiiky, 30. den po transplantaci

CRYO-ALO CRYO-150

Obri3

CRYO-ALD — mimeé zvyfend infiltrace tunica adventitia pfijemeocvskyml (kmen Lewis) MHC 1l pozitivnimi butkami jake obraz
buikarmi zprostiedkovand rejekos téchlo alostépl.

CRYD-150 — minimdlni infitrace tunica adventitia piijamesvskimi (Kmen Lewis) MHC 1| peaitivimi bufikaml o isedtépd.
Pazitivni buAky zabarveny na hnéda.

Fviatsena 100x.

Frimami protilatka: antl RT1. Bu (MRC-0X3, Cedarlans Laboratonies Lid., Burlingion, Kanada)

Sekunddnmiprodilalia: horse anli mouse antibody (Weclar Lak, Burlingame, USaA)
Detekénisysiem: R.T.U. Veciasiain Eite ABC, Reagent (Wecior Lab, Burlingams, USA)

CD4 pozitivni bufiky, 30. den po transplantaci |

Qbr.14

CRYQ-ALD = zvidena infilttrace tunica adventitia CO4+ bufikami jako abraz bufikami zprostfedkovans rejekee alostépl
CRY Q=150 = minimalni infilirace funica adventitia CO4+ bufikami v iscdt&pa,

Faogitivni bufky zabarveny na hnédg,

ZvEisena 100x.

Frimami protdatka: anti-CD& (W25, Cymibus Biotechnology LTD, Hamgshire, LK)

Sekundarni protilatka: Hislofine® Smmple Stain Rat MaX PO (Michirsi Biosciences Inc., Japonsko)

Detekéni systém: Dako Ligwid DAB+ Substraie-Chromogen System (Dako Denmark A5, Glostrup, Dansko)
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CDS8 pozitivni bunky, 30. den po transplantaci

CRYO-ALO CRYQ-IS0

Qbr.15

CRYO-ALD = zviSena infitrace tunica adventitia CDE+ bufikami jake obraz bufikami zprestiedkovans rejekes alostéph.
CRY Q=150 = minimalni infilirace funica adventitia COE+ bufikami u iscdt&pd,

Pagzitivni bufiky zabarveny na hnédo

ZvEisena 100x

Primarni prefilatka: anti-C0E (OX-8, Cymbus Bislechnology LTD, Hamgshing, LK)

Sekunddmni protilatka: Histofine® Simple Stain Rat Max PO (Nichirel BiosciencesInc., Japonska)

Catekini systém: Dake Liguid DAB+ Subsirate-Chromogen Systern (Dako Denrmark A5, Glosirup, Danska)
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Tab.7 Histologické a imunohistologické parametry vySetfované u kryokonzervovanych

$tépiu brisni aorty 30. den po transplantaci.

KRYOSTEPY 30. POD
ALOSTEPY ISOSTEPY
(CRYO-ALO, (CRYO-ISO,
N=06) N=6)
Tunica intima Endotelova vrstva + +
Intimalni hyperpléazie - -
Nekréza svalovych bunék - -
Tunica media .
IgG depozita - -
Sitka tunica media 75.4+14.9 79.3 + 15.4
(mikrometry)
CDS8+ bunky 6.9 +£5.4* 22+27
Tunica adventicia
CD4+ bunky 9.6 +6.5% 39+2.6
LEW MHC II+ bunky 20.7 +6.7% 63+44

Alostépy bfisni aorty zpracované v souladu s novym klinickym kryokonzervacnim protokolem
s pomalym rozmrazovanim vykazovaly zachovalou morfologii aortdlni stény. Ve srovnani
s 1sosStépy vykazovaly aloStépy vyssi infiltraci tunica adventitia imunokompetentnimi bunikami
piijemcil.

* Celkové mnozstvi CD4+, CD8+ bun¢k a bunék Lewis MHC II. tfidy v adventicidlni vrstvé
kryokonzervovanych alostépli btisni aorty bylo vyznamné vyssi (P <0,05), nez jsme pozorovali

u kryokonzervovanych isostépu.
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4.2. Stanoveni koncentrace donor specifickych protilatek proti MHC antigeniim I. a II.

tiidy v sérech prijemcu kryokonzervovanych alo§tépu a iso$tépi brisni aorty.

U piijemct kryokonzervovanych alostépt bfisni aorty (skupina CRYO-ALO) vykazovala
séra odebrana 30. den po transplantaci vyssi inhibici vazby fluorescenné znacené protilatky na
MHC antigeny 1. a II. tfidy na darcovskych splenocytech ve srovnani se séry odebranymi pred
transplantaci. Statistickou vyznamnost (p> 0,05) jsme vSak pozorovali pouze u protilatek proti
MHC antigentim . tidy (tab. 8).

U pfijemci kryokonzervovanych iso$tépt bfiSni aorty (skupina CRYO-ISO) nevykazovala
jak séra odebrand pied transplantaci, tak séra odebrana 30. den po transplantaci zddnou inhibici
vazby fluorescenéné znafené protilatky na MHC antigeny 1. a II. tfidy na darcovskych

splenocytech.

Tab.8 Procento naméreného fluorescencniho signialu po smiseni klidovych splenocyti
potkani kmene Brown-Norway s vySetfovanym sérem Lewis prijemci aortalnich alo —
a isoStépi a s fluoresceinem znacenymi protilitkami proti Brown-Norway MHC antigenim

I a IL. t¥idy.

MHC 1. ttidy MHC 1I. ttidy
Den 0 Den 30 Den 0 Den 30
ALOSTEPY
(CRYO-ALO, N=6) 111 %+22 % 47419 %* 101+£42 % 6612 %
ISOSTEPY
(CRYO-ISO, N=6) 111 %+7 % 97 %+5 % 90 %=+20 % 98 %+7 %
*P>0.05
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4.3. Porovnani imunogenicity alo$tépa b¥iiSni aorty oSetienych novym
kryokonzerva¢nim protokolem s pomalym rozmrazovanim (CRYO-ALO)

a aloStépi oSetfenych klinickym protokolem pro uchovavani v chladu (COLD-ALQO)

Protokol pouZivany v ,,Programu transplantace cévnich §tépti v Ceské republice® pro
zpracovani chladem konzervovanych tepennych alostépti byl upraven do experimentéalnich
podminek a byl podrobné¢ popséan v nasi predchozi publikaci (Matia et al., 2007). Pavodni zakladni
data vySe uvedeného experimentu s chladem konzervovanymi alo§tépy bfisni aorty jsme porovnali
se zakladnimi daty naSeho soucasného experimentu. Na oba experimenty dohlizel stejny hlavni
tesitel. (Priv.-Doz. MUDr. habil. Ivan Matia, Ph.D.)

Pivodni skupinu chladem konzervovanych alostépti bfiSni aorty jsme pro potieby
srovnavani a statistického zpracovani oznacili v soucasném experimentu jako skupinu
COLD-ALO (darci alostépt byly potkani kmene Brown-Norway, piijemci alostépti byli potkani
kmene Lewis (N = 8) o hmotnosti 280 az 380 g).

4.3.1. Srovnani obou protokoli konzervace alostépu z hlediska jednotlivych ¢asi studené

ischemie

4.3.1.1.  Casové intervaly kryokonzervaéniho protokolu s pomalym rozmrazovanim

u aloStépu bris$ni aorty

Podrobné¢ definice a trvani kazdé casové periody kryokonzervace i1 pomalého
rozmrazovani jsou shrnuty v tab. 6. Primérna doba studené ischemie alostépu bfisni aorty pred
kryokonzervaci byla 3 hodiny a 31 minut. Alostépy byly poté uloZzeny v DMSO roztoku po
prumérnou dobu 38 minut (faze DMSO). Priimérnd doba samotného procesu kryokonzervace
alostépil byla 2 hodiny a 38 minut (faze kryokonzervace). Alostépy pak byly skladovany v parach
kapalného dusiku v priméru 179 dnd. Primérna doba pomalého rozmrazovani byla 1 hodina
a 25 minut. Primérnd doba mezi vloZenim rozmrazenych aortalnich $té€pti do roztoku Custodiolu®
a reperfuzi $tépl u piijemce (doba studené ischemie aloStépu po rozmrazeni) byla 4 hodiny
a 53 minut. Primérna celkova doba studené ischemie kryokonzervovanych alostépt bfi$ni aorty

(pfed zmrazenim a po rozmrazeni) tak byla 8 hodin a 24 minut.
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4.3.1.2. Casové intervaly protokolu pro uchovavani v chladu

Celkova doba studené ischemie chladem konzervovanych alostépti bfisni aorty
skladovanych v roztoku Custodiolu o teploté 4 °C byla v priiméru 33 hodin a 40 minut (minimalné

20 hodin 40 minut, maximalné 47 hodin 10 minut).

Kryokonzervované stépy Chladem konzervované stépy
| Explantace Transplantace Explantace Transplantace

k' Custodiol | DMSO | Rozmrazeni | Custodiol v h CUStOdiOI 4 oC J
H
1 1

Pary dusiku,-180°C

Kryokonzervace 176 dnu

CIT 3hod 31min| | CIT 4hod 53min

Obr. 16

Schématické zobrazeni adaptace klinickych konzervacnich protokol tepennych alostépti pouzivanych v ,,Programu transplantace
cévnich §t&pa v Ceské republice” do podminek naseho experimentu.

Kryokonzervované stépy - kryokonzervacni protokol tepennych alostépti s pomalym rozmrazovanim.
Chladem konzervované $tépy — protokol pro konzervaci tepennych alostépt chladem.

CIT —cas studené ischemie

4.3.2. Srovnani histologického obrazu kryokonzervovanych (CRYO-ALO) a chladem
konzervovanych alostépi brisni aorty (COLD-ALO) 30. den po transplantaci

Kryokonzervované alo$tépy biisni aorty (CRYO-ALO) vykazovaly ve srovnani s chladem
konzervovanymi alostépy (COLD-ALO) 30. den po transplantaci vyznamné niz8i znamky rejekce
ve vSech zékladnich anatomickych vrstvach jejich stény.

U kryokonzervovanych aloStépli jsme pozorovali jenom minimalni znamky intimalni
hyperplazie bez infiltrace této vrstvy pfijemcovskymi MHC bunkami II. tfidy. (Obr. 17)

Tunica intima chladem konzervovanych alostépli byla vyrazné hyperplasticka
a vykazovala zndmky masivni bunéén¢ infiltrace. (Obr. 17) U obou typt alostépi byla tunica

intima pokryta souvislou vrstvou endotelovych bunék. (Obr. 18)
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Tunica media kryokonzervovanych alostépti vykazovala normalni anatomickou strukturu bez
znamek nekréz nebo depozic imunoglobulinu G. Tunica media chladem konzervovanych alostépii
vykazovala znamky desintegrace, nekrdz svalovych bunék a vyraznou depozici imunoglobulini
ttidy G. (Obr. 19) Zaroven byla svalova vrstva chladem konzervovanych alostépt statisticky tenci
(P <0,05) ve srovnani se svalovou vrstvou kryokonzervovanych alostépt. (Tab. 9)
ptijemcovskymi MHC II+ buiikami, CD4+ a CD8+ builkami ve srovnani s chladem
konzervovanymi alostépy. (Obr. 20, 21, 22) (Tab. 9)
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Hematoxilin-eosin, 30. den po transplantaci |

CRYO-ALQ COLD-ALO

ObrAT

CRYO-ALO — tunica inlima Kryokenzersavanyeh aledtépd vwkaravala minlmdlnl zndmky intimalal hyperplazie
COLD-ALD —u chladem konzervouvanych aledtépd byly zramky intirmdinl hyperplazie ajeji infiltrace buikaml dalekeo
wyraznggEl.

Zwistsena 400

Endotelové builky, 30. den po transplantaci

CRYO-ALO COLD-ALO

Qbr.18

CRYO-ALD = Intralurmindini povreh funica infima Kryckonzeravanych aledbind byl pokryt souvision sestvou endobelovich Bungs,
COLD-ALD = Hyperplasticks funica infima shladem kenzervovanyeh alodbipd byla pokryla sousisioy vrstvou endstelovich bunak,
Pazitivri bufky zabarseny na hnddo,

Zvialiena £00x,

Frimami procidgga: anli-Vian Willabrand fecior (Deko Danmeark &5, Glostrup, Danmark)

Sakuncarni protlite: Hstafmed: Simpla Stain Rat Mas PO (Michirai Bioscances Ing., Jegan)

Dietakiénl systam: Deka Liguid D&B+ Substrale-Chromogen Sysiem (Dekao Danmark &¢5, Glostrup, Danmark)




| Imunoglobulin G, 30. den po transplantaci
CRYO-ALO COLD-ALO

'""';'w_—q_

Qbr.19

CRYQ-AL0 = Tunica media kryokonzervovanych alodtépd nevykazovala Zadné znamky ukladani imunaglabulinu tfidy G
nebo destrukei jeji anatomicks stavby,

COLD-ALO = Tunica media chladem konzersovanych alostépl vykazovala wiraznou destrukci jeji anatomicks stavhy s
masinim vkladanim imunoglobuling thidy G jake projevem protilatkami zprostfedkovang rejskce,

Zobrazeno pemaci flucrescenéni mikroskopie,

ZvEidena 200x

PFriméami protdatka: potkani g3 prot#atka konjugovana s fluorescein issthiokyanatsm (Shemicon International inc., Temecula, USA)

| Lewis MHC Il pozitivni bufiky, 30. den po transplantaci

CRYOQ-ALO COLD-ALD

Obr20

CRYO-ALD —iunica Intma ani unica media kryokonzervovanych alodtEpd nevykazovala Zadné znamky infilirace pfijemcovskymi
Imunokempstentnimi bwtkaml. Jefich wwEsi koncenirace byla zachycena ale v adventicialni vrstvé zejmeéna v oblastech sousedicich
E= gwalovou wrstvou Bortaini stény.

COLD-ALD — hypemplasticka iunica inima chladem konzersocvanych alodtépd wykazovala znadémou infilbraci prjemcovekymi
imunokempelentnimi Budkami, Jeich koncentrace v aortdini sténd bByla ale nejuyssi v advenbiciding vrstvé v oblasiech lasnd
sousedicimi S0 Svalovou vrilveu,

Pazilivhi buiky rabarsny na hadds,

Lvialiena £00x,

Primami protidd: anli BT Bu (MRC-0X3, Cadarlara Labaretaries Lid., Burlingtan, Kanada)

Sakundarni protldden; barse anli mouse antiicdy (Weclor Lab, Buringamea, US5A)

Dietakéni systam: RT.U. Vactastem Elile ABC, Reagant (Veclor Leb, Buringama, USA)
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CD4 pozitivni bufiky, 30. den po transplantaci |

CRYO-ALO COLD-ALO

Qbr21

CRYO-ALO —nejwySEi infilirace CO4+ bufikaml byla zachycena v adwenticialni vrstvé zejména v oblasti sousediciml s svalovou
wrsivow aarfdini $1@ny,

COLD-ALD — hyperplasticka tunica intima chladem konzervovanych aloétépd vykazovala znadnou infittraci S04+ bunkami. NejwysEi
infiltrace aortalni $1ény S04+ budkami byla zachyeena v adventicialni vrstvi v oblastech 1#snd sousedicimi s svaksvou vrsivau,
Fozitivni bunky zabarseny na hnédo.

Zudtiens 4000,

Frimarmi pratiléie: anti-C04 (W25, Cymbus Biechnology LTO, Hampshire, UK)

Sekunddrni pratiléike: Histofine® Simpla Stain Rel Mak PO {Nichirei Biosciancas Ing., Japansko)

Datekénisysidm: Dako Liquid DAB+ Substrate-Ghromogen System (Daka Denmark A5, Glostrup, Danska)

CD8 pozitivni bufiky, 30. den po transplantaci |

CRYO-ALO COLD-ALO

Qbriz

CRYO-ALD = nejuyddiinfilrace Kryskonzersovanyeh $tipd CD8+ bunikerni Byla zachycens v adventiciding vrsivé zejména v cblastech
sousedicich se svalowvow vrstvou acralni stény.

COLD-ALD = hyperplasticks funica intima chladem kKonzervevanysh alodbpd vykazovala infiltrasi CDE+ bufkari, Mejvldiinffrace aortain
siény CO8+ buhkami byla zachycena v adgventicialni wratvé v cblastech 1éené sousedicimi se svalowou vretwou.

Pazitivhi bufiky zabarveny na hnddo,

ZvitSeno d Gl

Primarni protigika anii-COB {0-8, Cymbaes Biolechnokay LTR, Hamgshire, L}

Sekundani profidtks Hilofine® Simple Slain Rat MAX PO Phchirei Siosciences ng,, Japoreko)

Cetekini sysiény Dako Licnid DAB+ Subsirabe-Chramogen Syatern (Diako Denmark A5, Gloasing, Dansko)
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Tab.9 Histologické a imunohistologické parametry kryokonzervovanych a chladem

konzervovanych alostépiu brisni aorty 30. den po transplantaci.

Alostépy biisni aorty potkanli zpracované v souladu s kryokonzervaénim protokolem

s pomalym rozmrazovanim pouzivanym v ,Programu transplantace cévnich §tépt v Ceské

republice vykazovaly 30 dni po transplantaci vyznamné mens$i zndmky rejekce ve vSech tiech

zakladnich anatomickych vrstvach cévni stény ve srovnani s aloStépy zpracovanymi v souladu

s klinickym protokolem konzervace chladem pouzivanych ve stejném transplantaénim programu.

ALOSTEPY 30. POD

, CHLADEM
KRYO (IégifAR:gVANE KONZERVOVANE
(COLD-ALO)
Endotelova vrstva + +
Intimalni hyperplazie - +
Tunica intima
LEW MHC II+ bunky - +
CD8+ lymfocyty - +
Nekroza svalovych bunék - +
IgG depozita - +
Tunica media
hd rvk t . .
Sifka tunica media 75.4 + 14.9% 613+11.1
(mikrometry)
. CDS8+ bunky 69+54 59.8+12.2
Tunica
adventicia
CD4+ bunky 9.6+6.5 108.8 £24.0

* Sitka medialni vrstvy kryokonzervovanych aloitépi b¥isni aorty byla signifikantné vyssi

(P <0,05) nez u alografti skladovanych v chladu.
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4.3.3. Srovnani koncentrace donor specifickych protilatek proti MHC antigenim I. a II.
tiidy v sérech prijemct kryokonzervovanych a chladem konzervovanych alos$tépu

bri$ni aorty na 30. den po transplantaci.

Séra ptijemct kryokonzervovanych i chladem konzervovanych alostépti vykazovala 30.
den po transplantaci vyznamné vyssi inhibici vazby fluoresceinem znacenych protilatek proti
MHC antigentim I. tfidy na darcovské splenocyty ve srovnani s ptredopera¢nimi hodnotami.
U protilatek proti MHC antigentim II. tfidy jsme statisticky vys$si inhibici vazby fluorescencné
znacenych protilatek na darcovské splenocyty ve srovnani s predoperacnimi hodnotami pozorovali

pouze u pfijemct chladem konzervovanych alostépii bfisni aorty (Tab.10).

Tab.10 Procento naméreného fluorescenéniho signalu po smiseni klidovych splenocyti
potkanii kmene Brown-Norway s vySetifovanym sérem Lewis pFijemcii kryokonzervovanych
(CRO-ALO) a chladem konzervovanych (COLD-ALO) aloStépi briSni aorty
a s fluoresceinem znacenymi protilatkami proti Brown-Norway MHC antigenim 1. a IL

tiridy.

MHC. tfidy MHC II. tiidy
Den 0 Den 30 Den 0 Den 30
KRYO -
, +70 410 0/ % +4) 0 1190
KONZERVOVANE | 1117 % 4719 % 101242 % 66+12 %
(CRYO-ALO)
CHLADEM
, 400 +3 0% 150 13 0%
KONZERVOVANE | /6% % 42£3 % 79 £5 % 56 +3 %
(COLD-ALO)
* P>0.05
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4.4. Porovnani histologického obrazu isoStépu briSni aorty oSetfenych novym
kryokonzerva¢nim protokolem s pomalym rozmrazovanim (CRYO-ISO) a iso$tépu

oSetfenych klinickym protokolem pro uchovavani v chladu (COLD-ISO)

Protokol pouZivany v ,.Programu transplantace cévnich §tépti v Ceské republice® pro
zpracovani chladem konzervovanych tepennych aloStépti byl upraven do experimentalnich
podminek a byl podrobn¢ popséan v nasi predchozi publikaci (Matia et al., 2007). Pavodni zakladni
data experimentu s chladem konzervovanymi isosStépy biisni aorty jsme porovnali se zdkladnimi
daty naseho soucasného experimentu. Na oba experimenty dohlizel stejny hlavni feSitel.
(Priv.-Doz. MUDir. habil. Ivan Matia, Ph.D.)

Pivodni skupinu chladem konzervovanych isoStépi bfisni aorty jsme pro potieby
srovnavani a statistického zpracovani oznacili v soucasném experimentu jako skupinu COLD-ISO
(darci isostépt byly potkani kmene Lewis, pfijemci isostépti byly potkani kmene Lewis (N = 4)

o hmotnosti 290 az 330 g).

4.4.1. Srovnani obou konzervacnich protokolii iso$tépi z hlediska jednotlivych ¢asi

studené ischemie

4.4.1.1. Casové intervaly kryokonzervaéniho protokolu s pomalym rozmrazovanim

u isoStépi brisni aorty

Podrobné definice a trvani kazdé asové periody kryokonzervace i pomalého rozmrazovani
1soStéptll jsou shrnuty v tab. 6.

Primérna doba studené ischemie iso$tépu biisni aorty pfed zmrazenim byla 3 hodiny
a 12 minut. IsoStépy byly poté uloZzeny v DMSO roztoku po primérnou dobu 40 minut (faze
DMSO). Primérna doba samotného procesu kryokonzervace iso$tépti byla 2 hodiny a 38 minut
(faze kryokonzervace). Isostépy pak byly skladovany v parach kapalného dusiku v praméru
172 dnti. Primérna doba pomalého rozmrazovani byla 1 hodina a 33 minut. Primérna doba mezi
vloZenim rozmrazenych aortalnich isostépt do roztoku Custodiolu a reperfuzi $tépl u piijemce
(doba studené ischemie isostépu po rozmrazeni) byla 2 hodiny. Priimérnd celkovéa doba studené
ischemie kryokonzervovanych iso$tépti bfi$ni aorty (pfed zmrazenim a po rozmrazeni) tak byla

5 hodin a 12 minut.
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4.4.1.2. Casové intervaly protokolu chladem konzervovanych iso§tépi b¥i$ni aorty

Celkova doba studené ischemie chladem konzervovanych isoStépti bfisni aorty byla

v priuméru 33 hodin a 41 minut (minimaln¢ 20 hodin 40 minut, maximalné 47 hodin 10 minut).

4.4.2. Srovnani histologického obrazu kryokonzervovanych a chladem konzervovanych

iso§tépu brisni aorty 30. den po transplantaci

Kryokonzervované i chladem konzervované isosStépy biiSni aorty vykazovaly 30. den
po transplantaci pravidelnou morfologii aortalni stény s jasnou diferenciaci vSech tii zakladnich
anatomickych vrstev. (Obr. 23) Tunica intima u kryokonzervovanych i chladem konzervovanych
isostépi byla pokryta jednou vrstvou endotelovych bunék. (Obr. 24) Znamky intimalni
hyperplazie jsme pozorovali jenom v histologickém obraze chladem konzervovanych isostépu.
V tunica media obou skupin jsme nepozorovali 7zddné znamky nekréz nebo ukladani
imunoglobulinu G. Mezi skupinami jsme nepozorovali ani statisticky vyznamné rozdily v Siice
tunica media. V tunica adventitia obou typu $tépa jsme pozorovali mirnou infiltraci CD4 i CDS8
pozitivnimi buiikami. Tato infiltrace byla ale u kryokonzervovanych isostépi statisticky nizsi

(P <0,05) ve srovnani s chladem konzervovanymi isostépy. (Tab. 11)
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Hematoxilin-gosin, 30. den po transplantaci

CRYO-IS0 COLD-ISO

Obr.23
CRYD-ISO = kryokenzervovand isodldpy vykazovely pravideinou morfelogi aoridini stény s jesnou diferenciaci viech fi
zakladnich amalemickyeh wrsheyv, Mepozarevali jsme znamky inlimaini hypersiazie,

COLD-IS0 - chladem konzervovand Iseitisy vykazovaly pravideinou merlolegli aendini stény s jasnou diferensiacl viech ffi
zakladnich amalermickyeh wrshey, Stepy ale vwiazovaly mimy stugeh inlindlni hyperplazie,

Zvildena 400K,

Endotelové builky, 30. den po transplantaci

CRYO-150 COLD-150

Qbr. 24

CRYOD-150 — Tunica intrma w kryokonzervovanych isoftépd byla poknyta jednouw wretvou endotelovych bundk a nevykezovala
Zadne znamky hyperplazie.

COLD-150 — Intraluminalni povrch tunica intfma chladem konzervovanych isoftépd byl pokngt souvislow wrstvou endotelovych
bunék. Siépy vykazovaly znamky mimé infimaini hyperplazie.

Endotslowe bufiky zabarveny na hnsdo.

ZvitSeno 400,

Primarpi preidata: anti-van Willekrand factaor (Dako Denmark A5, Glastrup, Denmark)

Sekundami protilatka: Histofine® Simple Stain Rat MaAX PO (Michirel Biosciences Inc., Japan)

Dedekdnl $ysidm: Dake Liguid DABR+ Substrale-Chromogen System (Daks Denmark ACS, Glosinig, Denmank )
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Tab.11 Histologické a imunohistologické parametry kryokonzervovanych a chladem

konzervovanych isoStépu brisni aorty 30. den po transplantaci.

Isostépy biisni aorty potkanli zpracované v souladu s kryokonzervacnim protokolem

s pomalym rozmrazovanim vykazovaly ve srovnani s chladem konzervovanymi isostépy 30. den

po jejich transplantaci signifikantné nizsi znamky aktivace imunitniho systému piijemce.

ISOSTEPY 30. POD

KRYOKONZERVOVANE CHLADEM
(CRYO-ISO) KONZERVOVANE
(COLD-ISO)
Endotelova vrstva + +
Tunica intima
Intimalni hyperplazie - +
Nekroza svalovych - -
bunék
Tunica media 1eG depozita i i
Siika tunica media 793+ 154 80.2+14.2
(mikrometry)
Tunica CD8+ bunky 22+2.7% 96+7.1
adventicia
CD4+ bunky 3.9+ 2.6% 253+8.8

* Celkové mnozstvi CD4-pozitivnich a CDS8-pozitivnich bun€k v adventicidlni vrstvé

kryokonzervovanych isografti biiSni aorty bylo vyznamné nizsi (P <0,05) nez mnozstvi

pozorované u chladem konzervovanych isografti.
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S. DISKUSE

V predlozené experimentalni praci jsme zkoumali vliv nového standardizovaného
klinického kryokonzerva¢niho protokolu s pomalym rozmrazovanim pouzivanym v ,,Programu
transplantace cévnich §tdpt v Ceské republice® na akutni rejekci kryokonzervovanych alo§tépt
biis$ni aorty na modelu laboratorniho potkana.

Pti pouziti tohoto protokolu jsme alostépy bfisSni aorty po jejich odbéru a kratké dobé
studené ischemie kryokonzervovali kontrolovanym pomalym procesem. Stépy jsme naslednd
uchovavali ptl roku v parach tekutého dusiku. Pfi jejich rozmrazovéni jsme pouzili protokol
s pomalym spontannim rozmrazovéanim s naslednou kratkou studenou ischemii. Pti pouZiti tohoto
protokolu byly aloStépy bfisni aorty ulozeny béhem obou fazi studené ischemie v modernich
kryokonzervacnich roztocich, které jsou standartné pouzivané pti organovych transplantacich.

Takto zpracované $tépy bfisni aorty jsme nasledné transplantovali alogennim i isogennim
pfijemciim, explantovali 30. pooperacni den a vySetfili histologickymi a imunohistochemickymi
metodami se zaméfenim na typické znamky akutni rejekce ve vSech zdkladnich vrstvach aortalni
stény. Tyto sledované¢ parametry jsme porovnali jednak mezi isogennimi a alogennimi
kryokonzervovanymy Stépy a jednak mezi kryokonzervovanymi a chladem konzervovanymi §tépy
z naSeho predchoziho experimentu.

Kryokonzervované alo§tépy bfisni aorty vykazovaly 30. den po transplantaci jen velmi
nizké znamky imunitn€ zprosttedkované destrukce cévni stény. Naproti tomu chladem
konzervované aloStépy biiSni aorty vykazovaly statisticky vy$S§i aktivaci imunitniho systému
pfijemce s vyznamnymi znamkami rejekce ve vSech tfech zdkladnich vrstvach cévni stény.
jejich kryokonzervace jsou vlastnosti konzervacniho roztoku a doba trvani studené ischemie
(Rodriguez et al., 2012). V literatufe bylo popséno, ze dlouhd doba studené ischemie vedla
k vyznamnému posSkozeni cévni stény s tim, Ze endotelialni buiiky jsou nejvice nachylné na délku
jejiho trvani (Pascual et al., 2002). Knight a kol. prokéazali u potkant, Ze 24 hodin trvajici doba
studené ischemie vedla jak u isotransplantatli, tak i1 alotransplantati 4 tydny po transplantaci
k pfetrvavajicim zndmkam posSkozeni cévni stény (Knight et al., 2003).

V nasem experimentu byly ¢asy studené ischemie ptred zmrazenim alo$tépt bfiSni aorty
3—4 hodiny. Kryokonzervované S§tépy jsme ulozili bezprostfedné po jejich ziskani do
vychlazeného konzervaéniho roztoku pouzivaného ke konzervaci solidnich orgéni. Je velmi

pravdépodobné, Ze tato velmi kratka doba studené ischemie vedla k vyznamné nizSimu poskozeni
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endotelu kryokonzervovanych §tépt pted transplantaci s ndslednou minimalni intimalni reakci
pozorovanou 30. den po transplantaci.

Rychlé rozmrazeni ve vodni 1azni o teploté 37 ° C je zminovano ve vétsSiné nedavno
publikovanych klinickych praci jako standartni metoda rozmrazovani kryokonzervovanych
arterialnich alostépt (Antonopoulos et al., 2019). Nedavné experimentalni studie vSak potvrdily
vysoky rozsah poskozeni morfologie stény takto rozmrazenych cévnich stépt (Bujan et al., 2001,
Novotny et al.,, 2017). Protokol, pfi kterém byly aloStépy rozmrazovany v pomalém
kontrolovaném rezimu vedl naopak jen k minimalni imunitni odpovédi ve srovnani s imunitni
odpovédi, kterou indukovali chladem konzervované alostépy bfisni aorty (Rodriguez et al., 2012).
V uvedeném experimentu byly kryokonzervované §tépy btiSni aorty pteneseny ze skladovaciho
do rozmrazovaciho zatizeni, kde probihal automaticky pomaly proces rozmrazovani s poklesem
teploty o 1 °© C / minutu az do dosazeni pokojové teploty. V dalsim kroku byl pivodné pouzity
kryoprotektant odstranén vymyvanim $tépu v postupné rostoucich fedénich.

Tento zplisob pomalého kontrolovaného rozmrazovani vSak neni vhodny pro klinické
vyuziti na operatnim sdle bchem piipravy kryokonzervovanych tepennych alostépt
k transplantaci. V klinické praxi pti pouziti kryokonzervovaného tepenného $tépu nejdiive stépy
rozmrazujeme v ledni¢ce béhem 2hodin a nasledné¢ S$tépy uklddame do vychlazeného
konzervaéniho roztoku az do doby jejich implantace (Spacek et al., 2018).

Zvysend regulace a exprese antigent hlavniho histokompatibilniho komplexu v dasledku
ischemického poskozeni §t€pl nebo vlastnim procesem kryokonzervace s rychlym rozmrazenim
vedoucim ke vzniku mikrofraktur mize vést ke zvySeni imunogenicity arteridlnich alostépi. A to
pravdépodobné zejména v piipadech, kdy mikrofraktury zasahuji aZ do medidlni vrstvy tepen
(Bujan et al., 2001). Tyto antigeny spoustéji silnou produkci aloprotilatek proti MHC antigeniim
I. a II. tfidy, kterd vede k apoptdze hladkych svalovych bunék s destrukci svalové vrstvy (Thaunat
et al., 2006). Medialni vrstva aloStépl bfiSni aorty oSetfenych nasim novym kryokonzervacnim
protokolem s pomalym rozmrazovanim nevykazovala 30 dni po transplantaci zadné znamky
destrukce detekovatelné svételnou mikroskopii, z4dné ukladani protilatek tfidy G a Zadné
"svrasténi". Tyto znamky hlubokého poskozeni cévni stény procesem kryokonzervace
a nasledného rychlého rozmrazeni mohou vést, kromé uvedené zvySené imunogenicity a rejekce
1 k fatalni ruptufe Stépu na podkladé prostého poSkozeni jeho mechanickych vlastnosti (Pukacki
et al., 2000). Zvyseni imunogenicity s naslednou rejekci vedou pravdépodobné v klinické praxi
pozorovanym pozdnim komplikacim pouziti tepennych alo$tépi jako jsou aneurysmata,

pseudoaneurysmata a pozdni ruptury cévnich alotransplantatt (Rodriguéz et al., 2012).

68



Statisticky vyssi koncentrace donor specifickych protilatek ve srovnani s pfedopera¢nimi
hodnotami u pfijemcti kryokonzervovanych alo§tépt jsme pozorovali pouze u protilatek MHC
L. tfidy. Antigeny MHC I1. tfidy jsou exprimovany na imunologicky aktivovanych endotelidlnich
buikéach a bunkéch hladkého svalstva (Lou et al., 1996). Je tedy mozné, ze nas kryokonzervacéni
protokol s pomalym rozmrazovanim inhiboval zvysenou regulaci a expresi antigenti hlavniho
histokompatibilniho komplexu v buitkach hladkého svalstva v pritbéhu prvnich 30 dnl po
transplantaci. Tuto hypotézu podporuje i absence ukladani IgG protilatek ve svalové vrstveé
kryostépu ve sledovaném obdobi. Utinek pozorované zvysené produkce donor specifickych
protilatek proti MHC antigeniim I. tfidy na dal8i prib¢h rejekce kryokonzervovanych alostépt
vSak znaseho experimentu neni jasny. Zkoumani tohoto ucinku si vyzaduje novy experiment
s delsi dobou ptezivani piijemcti tepennych alostép.

Urcitym limitem ptedlozené prace je vzdjemné srovnani parametri kryokonzervovanych
Stépi ze soucasného experimentu s parametry chladem konzervovanych tepennych alostépt
znaseho minulého experimentu. Pfijemcovska zvifata kryokonzervovanych $tépt bfiSni aorty
meli v nasi studii men$i hmotnost a nizsi v€k ve srovnani s pifijemci chladem konzervovanych
Stépa. Zjistili jsme vSak, ze rozdily v dopadu na rejekci aloStépu biiSni aorty mezi obéma
konzerva¢nimi protokoly jsou mnohem vyraznégjsi, nez jsme o¢ekavali. K definitivnimu potvrzeni
nasich pozorovani jsou ale nutné dalsi experimenty s pfimym porovnanim obou konzervacnich

protokolli pouZivanych v ,,Programu transplantace cévnich §tépli v Ceské republice®.
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6. ZAVER

Nase experimentalni studie prokdzala, ze aloStépy biiSni aorty potkanli zpracované
kryokonzervac¢nim prokolem s pomalym rozmrazovanim pouzivanym v ,,Programu transplantace
cévnich §tépt v Ceské republice vykazovaly v priibdhu prvniho mésice po transplantaci jen
minimalni znamky akutni rejekce a ve srovnani s isoStépy nevykazoval jejich histologicky obraz
vyrazné rozdily. Navic, kryokonzervované alostépy vykazovaly vyrazné niz§i imunogenicitu ve
srovnani s chladem konzervovanymi alostépy bfisni aorty zpracovanymi protokolem pouzivanym
ve stejném klinickém programu. K potvrzeni tohoto pozorovani jsou ale zapotiebi experimenty
s piimym srovnanim obou typl konzervacnich protokold. V klinické praxi mohou totiz jejich
pozitivni vysledky ovlivnit indika¢ni kritéria a imunosupresivni terapii ve zmifiovaném ,,Programu

transplantace cévnich $tépt v Ceské republice®.
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Abstract

Objectives and design

At the present time there are two waiting list for patients with vascular prosthetic infection
indicated for arterial transplantation in the Czech Republic. The inclusion of each patient for
cold-stored or cryopreserved arterial transplantation is the preference of indicating surgeon.
In this experimental work we studied the immunogenicity of rat aortal allografts treated by
our new clinical cryopreservation/slow thawing protocol.

Material and methods

Brown-Norway (BN) (N = 6, 203-217 g) or Lewis (LEW) (N = 6, 248-254 g) abdominal aortal
grafts treated in accordance with our new clinical cryopreservation/slow thawing protocol
were orthotopically transplanted to Lewis recipients (N = 12, 181-245 g). Aortal wall histol-
ogy and infiltration by recipientimmune cells, as well as donor specific anti MHC class | and
Il antibodies in recipient serum were studied in both isografts and allografts on day 30 post-
ransplant. Core data of cryopreserved allografts were compared to our previous data of
cold-stored aortal allografts treated in accordance with our clinical cold-storage protocol.

Results

Cryopreserved allografts showed regular morphology of aortal wall with clear differentiation
of all three basic anatomical layers on day 30 postransplant. Intimal layer showed no hyper-
plasia, luminal surface was covered by endothelial cells. No statistical difference was
observed in tunica media thickness between isografts and allografts. The medial layer
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showed no necrosis, shrinkage orimmunoglobuline G deposition in any experimental
group. The adventitial infiltration by immune cells was significantly higher {(P<0.05) in allo-
grafts. Cryopreserved allografts showed significant lower activation of both cell- and anti-
body mediated immunity compared to historical data of cold-stored allografts.

Conclusion

Aortal wall histology of rat allografts treated by our new standardized clinical cryopreserva-
tion/slow thawing protocol was comparable to that of the cryopreserved isografts on day 30
posttranspant. The immunogenicity of cryopreserved aortal allografts was significantly
lower compared to that of cold-stored aortal allografts.

Introduction

Incidence rates of aortic grafts infection in patients after primary aortic surgery in the current
endovascular era is considerable [1]. Major aortic graft infection is a life-threatening complica-
tion with high mortality and morbidity rates [2,3]. One of the most effective treatment modal-
ity of this devastating complication is the reoperation with replacement of an infected
prosthesis by a cold-stored [4] or cryopreserved arterial allograft [5].

The recovery techniques of arterial allografts and subsequent cold-stored or cryopreserva-
tion/thawing protocols published by large vascular centers are very inhomogeneous [6,7]. The
different properties of storage solutions, variation in cold ischemic time prior to implantation
(cold-stored allografts) or cryopreservation, different freezing and thawing protocols are used
worldwide [4-6]. All these aspects can influence the final quality of implanted arterial allo-
grafts and caused significant differences in the early and late graft-related complications [6].

In the Czech Republic, the cold stored arterial allografts are used as a substitute for infected
vascular prosthesis since middle 1990s [7]. Both solid organ and cold-stored arterial transplan-
tation programs are governed by the same legislation and managed by the “Transplantation
Coordination Centre of the Czech Republic”. Therefore, the cold-stored arteries ebtained dur-
ing multi-organ recovery from braindead donors are stored in organ conservation solutions
and must be transplanted to the patient included in the special “waiting list” within 48 hours
after recovery [8].

However, cold-stored allografts were not in sufficient abundance for all the patients on the
waiting list. Therefore, the clinical cryopreserved arterial transplantation program was started
in 2011, All of arterial allografts included to the national program are processed exclusively in
the Tissue Bank of The University Hospital Hradec Kralove under new standardized cryopres-
ervation/slow thawing protocol [9].

At the present time there are two waiting list for patients indicated for arterial transplanta-
tion in the Czech Republic. The inclusion of each patient for cold-stored or cryopreserved arte-
rial waiting list is the preference of indicating surgeon [9].

The experimental and clinical studies revealed strong antigenicity of both cold-stered and
cryopreserved allografts, respectively [10,11]. This immunogenicity is responsible for late
graft-related complication presented as graft dilatation, rupture or thrombosis [12]. In addi-
tion, this inmunogenicity is influenced by all procedure steps in their pretransplant history
(10].

Therefore the aim of our study was:
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1. to transfer all steps of the new national standardized clinical cryopreservation/slow thawing
protocol to the experimental settings,

2. to study acute immune reaction of rats recipients of cryopreserved arterial grafts treated by
this protocol,

3. to compare the data of current cryopreservation/slow thawing experiment to data obtained
previously by our cold-storage rat experiment to study the differences in immunogenicity
of both cryopreserved and cold-stored aortal allografts, respectively.

Material and methods
Ethics statement

Principles of laboratory animal care were followed, and applicable national laws observed dur-
ing the study. The study protocol was approved by the Committee on 1. Medical faculty of
Charles University in Prague (1.LF 563/13, MSMT-14808/2014-6).

Animals

Male Brown-Norway rats (BN) (RT1") (N = 3) weighting 203-217 g were used as donors of
abdominal aortal allografts, and male Lewis rats (LEW) (RT1%) (N = 3) weighting 248254 g
were used as donors of abdominal aortal isografts, respectively. The recipient animals of cryo-
preserved aortal grafts (male Lewis rats (LEW) (RT1%) were divided into two groups. Group
CRYO-ISO was that of cryopreserved isografts (LEW to LEW, N = 6, weighting 191-250 g),
group CRYO-ALLO was that of cryopreserved allografts (BN to LEW, N = 6, weighting 193
245 g).

Animals were obtained from Charles River, Germany and maintained according to the
National Institute of Health guidelines. Each transplanted animal was housed in a separate
cage during the entire 30-day follow-up period.

Operative procedure

All aspects of orthotopic abdominal acrtic transplantation was described in details in our pre-
vious publications [13,14]. The cryopreserved aortal grafts in recent experiment were trans-
planted by the same anesthesiological and surgical techniques used previously in our cold-
stored aortal grafts experiment. Both experiments were supervised by the same principal inves-
tigator (I.M.). Briefly, a 2-2.5 cm long segment of the infrarenal aorta was excised, prepared
and stored in accordance to cryopreservation protocol. Cryopreserved aortal grafts were
implanted orthotopically into the recipient’s infrarenal aorta after a midline laparotomy using
2 10/0 mono-filament interrupted suture. No anticoagulants or anti-platelet drugs were used
in recipients during the 30-day follow-up period.

Protocol of cryopreservation

The new clinical cryopreservation/slow thawing protocol was modified to experimental oper-
ating room conditions of Institute of Physiology of 1% Medical faculty at the Charles University
in Prague.

The all donor animals of each experimental group (CRYO-ISO (N = 3} and CRYO-ALLO
(N = 3) were operated at once. Each abdominal acrtal graft was flushed after the recovery with
2 ml of Custediol solution (Custodiol®, Dr. Franz Kéhler Chemie GmbH, Germany) contain-
ing 100 IU/ml of heparin and placed into 10 ml of pre-cooled Custodiol solution, thereafter.
Each graft was stored at the temperature of melting ice in closed sterile certified plastic jars
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(Medfor 250 ml Farnborough, UK) until finalization of all donor ‘s operations. Thereafter, the
aortal grafts were put into double sterile disposable plastic bags (CryoMACS Freezing Bag 500,
Miltenyi Biotec GmbH, Germany) containing 25ml of pre-cooled 6% solution of hydro-
xyethylstarch m.w. 130.000 Da (Voluven 6%, Fresenius Kabi, Germany). No antibiotics were
added. The content of the bag was subsequently mixed with pre-cooled 20% dimethylsulfoxide
(DMSO) (WAK ChemieMedical GmbH, Germany) in the 6% hydroxyethylstarch solution
(Voluven 6%, Fresenius Kabi, Germany) and each bag was closed by sealing at the sealing
machine (STERISEAL B 83-R, Cevor s.r.0., Troubsko u Brna, Czech Republic). The bags were
put into outer metal cassette (ST 100, Consarctic GmbH, Scholkrippen, Germany) and stored
at the temperature of melting ice until the beginning of freezing process. The controlled-rate
freezing by the rate of -1K/min to -90°C and -5K/min to -150°C was performed at the pro-
grammable freezer (Kryo-10, Planer Biomed, Sunbury on Thames, England). After completion
of freezing process, the cassettes were transferred in liquid nitrogen vapour phase to the Tissue
Establishment of the Institute of Haematology in Prague. The grafts were stored in this institu-
tion in liquid nitrogen vapour phase by temperature of -190°C until the day of implantation.

Protocol of thawing

The cassettes with aortal grafts were transported at the day of implantation in liquid nitrogen
vapour phase from the Tissue Establishment to the operating room of Institute of Physiology.
The cassettes were removed from the shipper in the operating room and placed for about 60
minutes into a refrigerator with temperature of +4°C and then were kept for about 30 minutes
by the room temperature. Subsequently, the aortal grafts were removed from the bag and each
graft was divided into two pieces of an identical length to be used in two rat recipients. After
dividing each aortal graft was stored separately in 10 ml of Custodiol solution in the refrigera-
tor with temperature of +4°C until the beginning of anastomosis in the recipient animal. No
antibiotics were added.

Time-periods of cryopreservation and thawing

The whole process of aortal recovery, cryopreservation, storage, thawing and transplantation
was divided into the six time-periods. The duration of each time-period was measured for
each aortal graft separately. Detailed definitions and duration of each time—period of the cryo-
preservation/slow thawing protocol for each experimental group are summarized in Table 1.
The individual data per aortal graft are given in §1 Table.

The total cold ischemic time of cryopreserved aortal grafts (pre-freezing + post-thawing
cold ischemic time) was 313162 minutes for isografts and 504+198 minutes for allografts,

respectively. No statistical difference was observed between both groups.

Blood samples

Blood samples for determination of donor specific anti-MHC Class I and II antibodies on day
0, and day 30 in all groups were collected by orbital sinus puncture as described previously
(13].

Aortal grafts explantation on day 30

After the blood samples collection (see abeve) a midline re-laparotomy was performed in
anaesthetized animals. Aortal grafts were excised after the administration of heparin (100 U/
kg). The animals were then euthanized by intracaval administration of a lethal dose of thiopen-
tal [13].
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Table 1. Time-periods of the cryoconservation/slow thawing procedure.

Time periods | Cryopreserved grafts
Number | Name | Definition CRYO-ISO | CRYO-ALLO
1 PRE-FREEZING Time period between aortal clamp in the donor animal and insertion of aortal 03:12 hours (min 03:31 hours (min 01:23,
CIT grafts to DMSO solution. Aortal grafts were stored in Custodiol solution at the 02:54, max 03:28) max 04:45)
| (cold ischemic time) | temperature of melting ice during this period.
2 DMSO time Time period between insertion of aortal grafts to DMSO solution and start of 00:40 hours (min 00:38 hours (min 00:19,
| ] cryoconservation at the programmable freezer. | 0038max00:42) | max 00:48)
3 CRYO time Time period between the start of cryoconservation of aortal grafts at the 02:38 hours 02:38 hours
| ] programmable freezer and insertion of cassetes to liquid nitrogen |
4 NITROGEN time Time period between insertion and removal of cassetes out of liquid nitrogen. 172,6 days (min 171, 179,3 days (min 176,
| | | max 176) | max 181)
5 THAWING time Time period between removal of cassetes out of liquid nitrogen vapour phase and 01:33 hours (min 01:25 hours (min 01:10,
| | insertion of aortal grafts to Custodio] solution. 01:10, max 01:45) | max 01:33)
6 POST-THAWING Time period between insertion of aortal grafts to Custodiol solution and 02:00 hours (min 04:53 hours (min 02:26,
CIT reperfusion of aortal graft in recipient animal. 00:58, max 03:27) max 07:07)

(cold ischemic time)

The process of recovery, cryoconservation, storage, thawing and transplantation of cryopreserved aortal grafts was divided into six defined and measured time periods.

CRYO-ISO—cryopreserved isografts
CRYO-ALLO— cryopreserved allografts

hitps://doi.org/10.137 1/journal.pone.0230234 1001

Parameters under study

Histological and immunohistological analysis of explanted aortal grafts. All histologi-
cal and immunohistological techniques used were identical to those used in cold-stored aortal
grafts experiment [13]. In short, the sectiens for histological and immunchistological analysis
were taken from the midportion of the graft. The sections were stained with a Hematoxylin-
Eosin and Van Gieson with elastica stain and analyzed using Olympus DP-Soft software.
Medial thickness were measured up to 10 locations in each section. The mean value and stan-
dard deviation (SD) (mean + SD) were calculated for each aorta as well as animal group. The
specific antibodies for detection of endothelial cells, CD4+, CD8+, Lewis MHC class 11+ cells,
immunoglebulins G were used for immunohistological examination of aortal grafts. Detailed
specifications of antibodies and immunochistolegical techniques are summarized in Table 2.

The slides were scored in a blinded fashion. CD4+, CD8+ and Lewis MHC class I1+ cells
were counted at 10 locations at x1000 magnification. The cellularity was defined as the mean
value of the cells counted.

Flow cytometry analysis of blood sample. In vitro binding of cryopreserved aortal grafts

recipient sera to quiescent Brown-Norway splenocytes was determined by flow cytometry, All
procedures were identical to those used previously in cold-stored aortal grafts experiment
[15]. Detailed specifications of antibodies used are summarized in Table 2.

Statistical analysis. The values in the text and tables are expressed as the meantstandard
deviation (SD). Comparisons of parameters under study between experimental groups (total
cold ischemic time, tunica media thickness, CD4+, CD8+, MHC I+ cells, anti MHC I and anti
MHC 11 antibodies) were performed using the analysis of variance (ANOVA), followed by the
Tukey HSD Multiple Comparisons test. All analyses were conducted in Stata (version 12.1).

Results
Animals

Twelve aortal grafts were successfully transplanted. All recipient animals survived the whole 30
day follow-up period.
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Table 2. Detailed specifications of antibodies and immunchistol ogical techniques used.

Histology of aortal grafts Hematoxilin eosin

‘Van Gieson elastic stain

Immunohistology of aortal grafts

Flow cytometry analysis of aortal grafts
recipients sera

CD4+ cells Primary antibody: anti-CD4
(W3/25, Cymbus Biotechnology LTD, Hampshire, UK)
Secondary antibody: Histofine® Simple Stain Rat MAX PO (Nichirei Biosciences Inc., Japan)
Detection system: Dako Liquid DAB+ Substrate-Chromogen System (Dako Denmark A/S,
| Glostrup, Denmark)

CD8+ cells Primary antibody: anti-CD8

(OX-8, Cymbus Biotechnology LTD, Hampshire, UK)
Secondary antibody: Histofine@® Simple Stain Rat MAX PO (Nichirei Biosciences Inc., Japan)
Detection system: Dako Liquid DAB+ Substrate-Chromogen System (Dako Denmark A/S,

| Glostrup, Denmark)

Endothelial cells Primary antibody: anti-Von Willebrand factor

(Dako Denmark A/S, Glostrup, Denmark)
Secondary antibody: Histofine® Simple Stain Rat MAX PO (Nichirei Biosciences Inc., Japan)
Detection system: Dako Liquid DAB+ Substrate-Chromogen System (Dako Denmark A/S,

| Glostrup, Denmark)

Lewis MHC class II | Primary antibody: anti RT1.B*
+cells (MRC-0OX3, Cedarlane Laboratories Ltd., Burlington, Canada)
Secondary antibody: horse anti mouse antibody (Vector Lab, Burlingame, USA)
Detection system: R.T.U. Vectastain Elite ABC
Reagent {Vector Lab, Burlingame, USA)
Immunoglobulines G | Primary antibody: anti rat IgG cunjugated with fluoroscein isothianate {Chemicon
| International Inc.,Temecula, USA)
MHC Class I Primary antibody: anti-RT1.Ac
(0X-27, Acris Antibodies GmbH, Herford, Germany)
| Secondary antibody: PE-Cy7-Streptavidin (BD Biosciences, Heidelberg, Germany)
MHC Class IT Primary antibody: anti-RT1.Dx
(OX-17, BD Biosciences, Heidelberg, Germany)
Secondary antibody: PE-Cy7-Streptavidin (BD Biosciences, Heidelberg, Germany)

Specification of monoclonal and polyclonal antibodies used for histological analysis of aortal grafts (30 days after transplantation) and flow cytometry analysis of

recipients sera (pretransplant and 30 days after transplantation, respectively).

hitps://doi.org/10.1371/journal.pone 0230234 1002

Histology and immunohistology of cryopreserved isografts and allografts
on day 30 posttransplant

The both isografts and allografts explanted on day 30 posttransplant showed regular morphol-
ogy of aortal wall with clear differentiation of all three basic anatomical layers (Fig 1A-1F}.
The luminal surface of tunica intima was covered by a monolayer of endothelial cells. No signs
of intimal hyperplasia and no Lewis MHC group II positive cells infiltration of intimal layer
were detected. The medial layer of both isografts and allografts showed no signs of necrosis or
immunoglebulin G depositions (Fig 1F}. Indeed, no statistical difference was observed in the
thickness of tunica media of both groups (Table 3). The adventitial infiltration with MHC class
11+ cells of Lewis origin, CD4+ and CD8+ cells was significantly higher in aortal allografts (Fig
1D and 1E) compared to isografts (Fig 1A and 1B) (Table 3).

Serum anti-MHC Class I and Class IT antibodies in recipients of

cryopreserved aortal isografts and allografts

Pretransplant as well as day 30 sera from isografted animals showed no inhibition of fluores-

cence-labelled MHC class I and class IT antibody binding to donor quiescent splenocytes.
Day 30 sera from allografted animals showed higher inhibition of fluorescence-labelled

MHC class I and class IT antibody binding to donor quiescent splenocytes compared to day 0
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Fig 1. a,b,c.d.ef. Representative light microscopic histological features of both isografts (a,b,c) and allografts
(d,e,f) treated by our new cryoconservation/slow thawing protocol and obtained on day 3¢ following
transplantation. Both isografts (Fig 1A, 1B, and 1C) and allografts (Fig 1D, 1E and 1F) showed clear differentiation of
all three basic anatomical layers with no signs of intimal hyperplasia. No signs of medial laver destruction with
immunoglobulins G deposition was detected in either isografts (Fig 1C) or allografts (Fig 1F). The adventitial
infiltration of cryopreserved allografts by CD4+ (Fig 1D) and CD8+ cells (Fig IE) (stained brown) was significantly
higher compared to isogratts (Fig 1A and 1B). Fig 1A and 1D - Anti-CD4 antibody, original magnification x 100,
positive cells stained brown. Fig 1B and 1E —Anti-CD8 antibody, original magnification x 100, pesitive cells stained
brewn. Fig 1Cand 1F - Anti TgG tluorescein isothiocyanate conjugated antibody, original magnification x 100.

https://doi.org/10.1371/joumal.pone.0230234.q001

sera. However statistical significance (p>0.05) was observed only by MHC class [ antibodies
(Table 4).

Comparison of immunogenicity of rat aortal allografts treated by new
clinical cryopreservation/slow thawing protocol to rat aortal allografts
treated by clinical cold-storage protocol

The protocol used in the clinical program of cold-stored arterial allografts transplantation in
the Czech Republic was modified to experimental operating room conditions and described in
details in our previous publication [13]. The original core dala of recent experiment were com-
pared to historical data of our cold-stored allografts experiment [13]. Both experiments were
supervised by the same principal investigator (LM.).

The cold-stored allografts showed significant higher inmunogenicity compared to cryopre-
served allografts on day 30 posttranspant. The hyperplastic intima was infiltrated by recipient
MHC class I+ cells and CD8+ cells. The medial layer showed signs of necrosis and deposition
of immunoglobulins G and was significantly thinner (P<0.05) compared to cryografts (Fig 2).
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Table 3. Histological and immunohistological parameters of cryopreserved aortal grafts under study on day 30 posttransplant.
CRYOGRAFTS on 30 POD

ISOGRAFTS ALLOGRAFTS
) (CRYO-ISO, N = 6) | (CRYO-ALLO, N = 6)
Intimal layer Endothelial layer + | +
| Intimal hyperplasia - | -
SMC necrosis - | -
Medial layer 1gG deposition - | -
| Medial thickness (mikrometer) 793+ 154 | 754 +14.9
CD8+ cells 22%2.7 | 6.9 + 54"
Adventitial layer CD4+ cells 39+26 _ 9.6 +6.5"
| LEW MHC class I+ cells 63+44 207 +6.7°

The rat aortal allografts processed in accordance with new clinical cryoconservation/slow thawing protocol showed normal anatomical structure of aortal wall with
higher concentrations of immunocompetent cells in adventitial layer compared to isografts.

* The total amounts of CD4+, CD8+ and Lewis MHC class IT+ cells in adventitial layer of cryopreserved aortal allografts were significantly higher (P<0.05) than those
observed in cryopreserved aortal isografts

hitps://doi.org/10.1371/journal.pone.0230234 1003

The adventitial layer of celd-stored allografts showed ten-fold higher infiltration by CD4+
and CD8+ cells when compared to cryopreserved allografts.

Day 30 recipient sera of both cryopreserved and cold-stored allografts showed significant
higher inhibition of flucrescence-labelled MHC class I antibody binding to donor quiescent
splenocytes compared to preoperative values. However, the statistically higher inhibition of
fluorescence-labelled MHC class 11 antibedy binding to donor quiescent splenccytes com-
pared to preoperative values was observed only in recipients of cold-stored allografts.

Discussion

The present study examined influence of the new standardized clinical cryoconservation/slow
thawing protocol used in the Czech naticnal “Cryopreserved vascular grafts program” on
acute immunogenicity of cryopreserved acrtal allografts in rats. This protecol allowed to pro-
cess the aortal allografts by short pre-freezing cold ischemia, controlled freezing process, slow
thawing process and short post-thawing cold ischemia as well. Indeed, using this protocol the
aortal allografts were stored in modern solid organ conservation solution during both cold
ischemic periods.

The rat cryopreserved aortal allografts showed only very low signs of immune mediated
destruction on day 30 posttranspant. Indeed, the arterial isografts treated by this protocol
showed only very small inflammatory reaction in their wall as well. Contrary, aortal allografts

Table 4. Percentage of fluorescence-labelled MHC class I and MHC class II antibody binding to Brown-Norway splenocyte in the presence of sera of Lewis recipi-
ents of aortal iso- or allografts.

MHC class 1 MHC class IT
| Day0 | Day 30 | Day 0 | Day 30
ISOGRATS 111%+7% 97%:+5% 90%:20% 98%:x7%
(CRYO-ISO, N = 6)
ALLOGRAFTS 111%+22% 47+19%" 101+42% 66+12%
(CRYO-ALLO, N = 6)
*P>0.05
hitps://doi.org/10.1371/journal.pone.0230234.1004
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Fig 2. Representative histological features of cryopreserved (A) and cold-stored aortal allografts (B) on day 30
posttransplant. Immunofluorescent staining for immunoglobulins G with a fluorescein isothiocyanate-
conjugated antibody. The rats aortal allografts processed in accordance with cryoconservation/slow thawing protocol
used in the Czech national “Cryopreserved vascular grafts program™ (A) showed clear differentiation of all three basic
anatomical layers with no intimal hyperplasia and no TgG deposition in the medial layer. The rats aortal allografts
processed in accordance with clinical cold-storage protocol (B) shewed significant signs of rejection in all three wall
laver represented by intimal hyperplasia (white star}, destruction of medial layer with massive deposition of TgG (white
arrows) and massive adventitial infiltration with immunocompetent cells of host origin. Original magnification x 100.
adventitia- Tunica adventitia media- Tunica media intima-Tunica media.

https:/fdoi.org/10.1371/joumnal.pone.0230234.0002

treated by cold storage protocol showed statistically higher activation of recipient s immune
system with significant rejection changes in all three basic wall layers.

The most important issues of cryopreservation/thawing procedure during the pre-freezing
period are both properties of conservation solution and duration of cold ischemia, respectively
wall and that the endothelial cells are most susceplible to cold ischemia [16]. Indeed, Knight
et al. have shown in rats, thal 24 hours of cold ischemia induced vascular disease in both iso-
and allografts at 4 weeks after transplantation [17].

In our experiment, pre-freezing ischemic times of aortal allografts were about 3-4 hours.
Indeed, the cryopreserved grafls were slored immediately afier recovery in pre-cooled organ
preservation solution. It is very likely that this very short cold-ischemic time resulted both in
significantly lower endothelial damage of cryopreserved grafts prior the transplantation and in
minimal intlimal reaction observed on day 30 postlransplant, respeclively.

The fast warming at 37°C in a water bath is mentioned in the most of recent published clin-
ical works as the standard thawing method of cryopreserved arterial allografts [2]. However,
recent experimental studies confirmed high damage level of rapidly thawed vascular tissues
118,19]. Contrary to this the slow thawing protocol diminished the immune response induced
by cold-stored rat arterial allografts and improved their behavior after implantation [10]. How-
ever, this protocol is not suitable for clinical condition in operating room during the prepara-
tion of cryopreserved aortal grafts for implantation. First, the cryopreserved arterial grafts
were transferred from storage tank to the freezer where they were thawed according to a slow
thawing program to room temperature at a warming rate of 1"C/minute. Second, the
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cryoprotectant was removed gradually in tapered dilutions. According to our clinical protocol,
the cassetes with cryopreserved grafts are thawed in a normal refrigerator within 2 hours and
they are stored thereafter in the pre-cooled conservation selution until implantation [8].

Upregulation of major histocompatibility antigens expression by both ischemic and cryo-
preservation/fast thawing injury with appearance of microfractures may increase the immuno-
genicity of arterial allografts [18]. These antigens trigger strong donor specific anti-MHC Class
T and anti-MHC Class 11 alloantibody production which drives the apoptosis of SMCs with
medial layer destruction [20]. The medial layer of aortal allografts treated by our new cryocon-
servation/slow thawing protocol showed no signs of destruction detected by light microscopy,
no IgG deposition and no shrinkage compared to isografts 30 days posttransplant. However,
in this work we didn 't use transmission electron microscopy to detect microfractures in aortal
wall.

The statistically higher concentration of denor specific antibodies compared to preopera-
tive values in recipients of cryopreserved allografts we observed only by anti MHC class I but
not by anti MHC class II antibodies. MHC class II antigens are expressed on immunologically
activated endothelial and smooth muscle cells [21]. So it is possible that our cryopreservation/
slow thawing protocel inhibited upregulation of major histocompatibility antigens expression
in medial smooth muscle cells during the 30 day follow-up period. This hypothesis can be sup-
ported with no appearance of IgG clusters in medial layer of cryopreserved allografts on day
30 posttransplant as well. However, the effect of these serum anti MHC class I antibodies on
immunological rejection of aortal allografts during the longer follow-up period is not clear.

The most significant limitation of this study is the comparison of current cryopreserved
allografts data with historical cold-stored allografts data only. Recipients of cryografts were
substantially smaller than the recipient of cold-stored allografts due to different ages of experi-
metal animals used in the two studies. However, the differences in the impact on aortal allo-
graft rejection between both preservation protocols have been found to be much more
pronounced than we expected. Therefore, further experiments with direct comparison of the
two clinically used protocols are needed to confirm our observations.

Conclusion

In conclusion, the present study considered that histological features of rat aortal allografts
treated by our new cryopreservation/slow thawing clinical protocol did not show significant
differences compared to isograft 30 day following transplantation. In addition, significantly
lower immunogenicity of cryopreserved allografts compared to historical data of cold-stored
allografts treated by clinical protocol was observed. However, other experiments are needed to
confirm this effect. In the end, their positive results can influence the indication criteria and
immunosuppressive therapy in the Czech national “Cryopreserved vascular grafts program” in
the future.

Supporting information

§1 Table. The individual data per aortal graft of all measured time-periods of the cryocon-
servation/slow thawing procedure.
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Abstract

Objectives and design

The aim of our study was to simulate in rats all aspects and techniques used in our new clini-
cal program of cryopreserved alloarterial transplantation and investigate the influence of two
immunosuppressive protocols with tacrolimus on acute rejection of these allografts.

Materials and methods

Cryopreserved abdominal aortic grafts were transplanted between Brown-Norway and
Lewis rals. Tacrolimus (0.2 mg/kg daily} was administered from day 1 to day 30 (TAC1) or
from day 7 to day 30 (TACT), respectively. No immunosuppressed isogeneic (1SO) and allo-
geneic (ALO) rats combination served as control. Aortal wall infiltration by immunocompe-
tent cells (MHC |1+ cells of recipient origin) was studied on day 30 after transplantation. Flow
cytometry was used for the analysis of day 30 sera for the presence of donor specific anti-
MHC class | and Il antibodies.

Results

The aortal allografts in both immunosuppressed groups showed regular morphology of aor-
tal wall with no depositions of immunoglobulin G on day 30. The adventitial infiltration of
non-immunosuppressed aortal allografts by MHC class Il positive cells of recipient origin
was significantly higher {ALO 20.746.7 cells, P<0.001) compared to both immunasup-
pressed groups (TAC1 5.945.5 cells, TACT 6.145.1 cells). Day 30 sera from the allogeneic
non-immunosuppressed animals decreased significantly the binding of flucrescence-
labelled MHC class | (46.9+19.4%) and class Il (65.8+11.9%) antibody to donors spleen
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cells compared with day 30 sera from both immunosuppressed groups (TAC1, anti-MHC
class | 102.4+4.2%, p<0.001, anti-MHC class |l 102.646.0%), (TAC7, anti-MHC class |
79.9+3.3%, p < 0.001, anti-MHC class 11 80.9+2.7%).

Conclusion

Both immunosuppressed protocols with tacrolimus (administration from day 1 or from day 7
following transplantation) were able to suppress acute cell- and antibody-mediated rejection
of cryopreserved abdominal aortic allografts processed in accordance with our new stan-
dardized clinical protocol.

Introduction

One of the most dangerous complication in vascular surgery is infection of vascular protheses

or stentgrafts [1]. Contemporary therapy of choice in this life-threatening condition is reoper-

ation with replacement of an infected foreign material with an arterial allograft [2]. The use of
cold-stored arterial grafts (conserved in storage medium by 4 “C) in the treatment of this com-
plication was successfully introduced by Kieffer in Paris in the late eighties of 20™ century [3].

Few years later was these method introduced in the Czech Republic as well [4,5].

However the implication of the Directive 2004/23/EC of the European Parliament and of
The Council on Setting Standards of Quality and Safety for the Donation, Procurement, Test-
ing, Processing, Preservation, Storage and Distribution of Human Tissues and Cells led to the
cessation of the further use of cold-stored arterial allografts in this indication in many Euro-
pean countries including France [1] and Germany [6] In accordance with this trend we intro-
duced the clinical program of cryopreserved alloarteries transplantation in the Czech Republic
in 2011 [7].

After transplantation of cold-stored and cryopreserved arteries we can observe immune
reaction similar to the rejection process in solid organ transplantation [8,9]. In patients after
transplantation of arterial allografts with no immunosuppression we can find a higher inci-
dence of graft related complication as graft ruptures, graft ancurysm formation or thrombosis
[2]. On the other hand there is a good long term patency rates and no aneurysmal formation
in patients after simultaneous organ and arterial transplantation with triple immunosuppres-
sion postoperatively [10,11,12].

Even though immunosuppression can improve results after allograft transplantation this
therapy is not generally accepted. This is probably caused by wariness to decrease immune
reaction in patients with florid infection [9,13].

In our previous experimental work we considered a positive effect of low-dose tacrolimus
immunosuppression on the inhibition of acute cell- and antibody-mediated rejection of cold-
stored arterial grafts in rats [13,14]. In addition, we confirmed a possibility of delaying the
administration of low-dose tacrolimus after an arterial transplantation for 1 week without any
negative influence on both types of rejection [14]. These conclusions led to introduction of
new standardized immunosuppressive protocols with low-dose of tacrolimus in patients after
cold-stored arterial transplantations in the Czech Republic [4].

Therefore, the aim of our study was to simulate in rats all aspects and techniques used in
our clinical program of cryopreserved alloarterial transplantation and investigate influence of
two immunosuppressive protocols with tacrolimus on the cell-mediated and antibody-medi-
ated rejection of eryopreserved arterial allografts processed by this protocol.
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Material and methods
Ethics statement

This study was carried out in strict accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was
approved by the Committee on the Ethics of Animal Experiments of Charles University, 1™
Medical Faculty (no. UK 1.LF 563/13, MSM'I-14808/2014-6)

Animals

Adult male inbred Brown-Norway (BN; RT1%) and Lewis (LEW; RTII] rats were obtained
from Charles River (Sulzfeld, Germany). Principles of laboratory animal care were followed
and all rats were maintained according to the National Institute of Health Guidelines. Male
LEW rats (n = 24, 191-250 g) were used as recipients of allogeneic or syngeneic cryopreserved
abdominal aortal grafts. Male BN rats (n =9, 191-254 g) were used as donors of allogeneic
cryopreserved abdominal aortal grafts. Male LEW rats (n = 3, 248-254g) were used as donors
of syngeneic cryopreserved abdominal aortal grafts, Each transplanted animal was held in a
separate cage during the 30-day follow-up period.

Only animals that passed the whole follow-up period were included into the study.

Operative procedure of donor animals

The donor animals were anaesthetized by an intramuscular injection of ketamine (Narka-
mon™, Spofa a.s., Prague, Czech Republic) at 100 mg/kg and xylazine (Rometar™, Spofa a.s.,
Prague, Czech Republic) at 10 mg/kg. A 1,5-2,0 cm long segment of the infrarenal aorta was
excised after the administration of heparin (100 IU/kg) via the inferior caval vein. The graft
was gently flushed with 2 m1 of Celsior™ solution (Genzyme, Netherlands) containing 100 1U/
ml of heparin, and prepared for cryoconservation as described below. The animals were then
euthanized by intracaval administration of  lethal dose of thiopental (Thiopental®, Spofa a.s.,
Prague, Czech Republic). There were excluded 2 recipients animals for not passing the whole
follow up period. Both of them died on 1. postoperative day. The necropsy showed no surgical
cause of death.

Protocol of cryoconservation

Cryoconservation of aortal grafts was performed by methods used in clinical practice of the
Tissue Bank of The University Hospital Hradec Kralove in the Czech Republic. This Tissue
Bank is fully licensed by the Czech national competent authority [15,16] and fully integrated to
the clinical program of cryopreserved alloarteries transplantation in the Czech Republic since
2011 [7]. The clinical methods were modified to correspond with the conditions of work in an
experimental operating room in which all bellow described procedures were performed. Only
high quality material and drugs for human use meeting the requirements of the Directive of
the European Parliament and Council No. 23/2004/EC were used by these procedures.

The 6-8 donor animals were operated at once. The flushed aortal gratt of each donor ani-
mal was immediately after excision placed into pre-cooled Celsior™ conservation solution
{Genzyme, The Netherlands). The grafts were then stored at the temperature of melting ice in
closed sterile certified plastic jars (Medfor 250 ml Farnborough, UK) until finalization of all
donor’s operations. T'he aortal grafts were subsequently put into double sterile disposable plas-
tic bags (CryoMACS Freezing Bag 500, Miltenyi Biotec GmbH, Germany) containing 25ml of
pre-cooled 6% solution of hydroxyethylstarch m.w. 130.000 Da (Voluven 6%, Fresenius Kabi,
Germany). Each bag contained two aortal grafts from two different donors. The content of the
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bag was subsequently mixed with the pre-cooled 20% dimethylsulfoxide (WAK ChemieMedi-
cal GmbH, Germany) in the 6% hydroxyethylstarch solution (Voluven 6%, Fresenius Kabi,
Germany). The plastic bags were closed by sealing at the sealing machine (STERISEAL B 83-R,
Cevor s.r.o., Troubsko u Brna, Czech Republic), put into outer metal cassettes (ST 100, Con-
sarctic GmbH, Schalkrippen, Germany) and stored at the temperature of melting ice until
freezing. The controlled-rate freezing by the rate of -1K/min to -90°C, -5K/min to -150°C

was performed at the programmable freezer (Kryo-10, Planer Biomed, Sunbury on Thames,
England). + The aortal grafts were stored in liquid nitrogen vapour phase by temperature of
-190°C until implantation.

Thawing protocol

The outer metal cassettes with bags containing the aortal grafts were transported at the day of
implantation in liquid nitrogen vapour phase from the "l'issue Establishment of the Institute of
Haematology in Prague to the operating room of Institute of Physiology of 1" Medical faculty,
Charles University in Prague. In the operating room were the cassettes removed from the ship-
per and placed for about 60 minutes into a refrigerator with temperature of +4°C and then
were kept for another 60 minutes by the room temperature. Subsequently, the aortal grafis
were removed from the bag and each of two grafts was divided into two pieces of an identical
length to be used in two rat recipients. After dividing was each aortal graft stored separately

in 10 ml of Custodiol solution (Custodiol ™, Dr. Franz Kéhler Chemie GmbH, Germany) in
the refrigerator with temperature of +4°C until the beginning of anastomosis in the recipient
animal.

Operative procedure of recipient animals

The recipient animals were anaesthetized with intramuscular injection of sufentanil (Sufenta %
Janssen Pharmaceutica Inc., Beerse, Belgium) at 20 pg/kg and azaperone (Stresnil ™, Janssen
Pharmaceutica Inc., Beerse, Belgium) at 1 mg/kg to ensure more natural awakening.

Following a midline laparotomy, the aortal grafts were transplanted orthotopically into the
recipient’s infrarenal acrta with an interrupted 10/0 mono-filament suture (Ethicon Inc., Som-
merville, New Jersey, USA). Neither anti-coagulants nor anti-platelet drugs were adminis-
trated during the transplantation or in the postoperative period.

Animal groups

The recipient animals of cryopreserved aortal grafts were divided into four groups according
to the postoperative immunosuppressive protocol: group 15O was that of isogeneic control
(LEW to LEW, n = 6, 191-250 g), group ALO was that of allogeneic control (BN to LEW,

n =6, 193-245 g) with no administration of tacrolimus; animals in group TACI1 (BN to
LEW, n = 6, 228-242 g) were immunosuppressed from day 1 to day 30; and animals in group
TACT7 (BN to LEW, n = 6, 195-212 g} were immunosuppressed from day 7 to day 30 after the
transplantation.

Immunosuppressive therapy

‘T'wo different protocols of tacrolimus immunosuppression (day 1-30 in the group TAC1 and
day 7-30 in the group TAC?7, respectively) were used in animals after allogeneic cryopreserved
aortal transplantation. l'acrolimus (Prograf™; Astellas Pharma Inc., T'okyo, Japan) suspended
in saline solution was administered intramuscularly in daily doses of 0.2 mg/kg. Pure saline
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solution in equivalent volume was administered intramuscularly daily for first 6 days in group
TAC7 animals and for 30 days in the non-immunosuppressed animals in group 18O and ALO.

Blood samples

Blood samples for determination of donor specific anti MHC antibodies on day 0, and day 30
in all groups and for determination of tacrolimus concentration on day 30 in immunosup-
pressed groups TACI and TAC7 were collected by orbital sinus puncture as described by van
Herck [17]. The animals were anaesthetized by an intramuscular injection of ketamine (Narka-
mon™, Spofa a.s., Prague, Czech Republic) at 100 mg/kg and xylazine (Rometar™, Spofa a.s.,
Prague, Czech Republic) at 10 mg/kg during this procedure.

Arterial grafts explantation on day 30

The animals were anaesthetized by an intramuscular injection of ketamine (Narkamon I
Spofa as., Prague, Czech Republic) at 100 mg/kg and xylazine {Rometar™, Spofa a.s., Prague,
Czech Republic) at 10 mg/kg on day 30. After the blood samples collection (see above) a mid-
line re-laparotomy was performed. Aortal grafts were excised after the administration of hepa-
rin {100 1U/kg) via the inferior caval vein in all experimental groups. The animals were then
cuthanized by intracaval administration of a lethal dose of thiopental (Thiopental™, Spofa a.s.,
Prague, Czech Republic).

Parameters under study

Animal weight. The animals body weight in all experimental groups was determined
daily before intramuscular injection of saline solution with or without tacrolimus.

Concentration of tacrolimus in peripheral blood

In animals of group TAC1 and TAC7, blood levels of tacrolimus were evaluated with an
enzyme enhanced immunoassay technique (Emit* 2000 Tacrolimus assay, Dade Behring Inc.,
Deerfield, lllinois, USA) on day 30 after transplantation,

Histologic analysis of explanted arterial grafits

The explanted aortal grafts were embedded in Sakura Finetek Tissue Tek Cryomold holders
(Sakura Finetek, Tokyo, Japan) and Sakura Finetek Tissue Tek O.C.T. compound (Sakura
Finetek, Tokyo, Japan). The samples were frozen in 2-methylbutane (Fluka Chemika, Buchs,
Switzerland), cooled with liquid nitrogen, and stored until processed at -80°C.

The sections for histological analysis were taken from the midportion of the graft to aveid
tissue that may have reacted to the suture material. The 5 pm thick cross sections were stained
with a Hematoxylin & Eosin and a Van Gieson with clastica stain.

Immunohistochemical analysis of explanted arterial grafts

The sections were taken from the midportion of the graft to avoid tissue that may have reacted
to the suture material.

Detection of CD4+ cells, CD8+ cells and Von Willebrand factor. Immunohistochemis-
try was performed on 8 pm thick sections with a two-step indirect method. Briefly, the sections
were fixed in cold acetone for 10 minutes. After rinsing in 0.2% 'I'riton X 100 and phosphate-
buffered saline, the specimens were incubated with a primary antibody (anti-CD4 (W3/25,
Cymbus Biotechnology L1, Hampshire, UK), anti-CD8 (OX-8, Cymbus Biotechnology
LTD, Hampshire, UK), anti-Von Willebrand factor (Dako Denmark A/S, Glostrup, Denmark)
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for 60 min. Endogenous peroxidase was blocked by incubating in 0.3% H,0, and 70% metha-
nol for 30 minutes. Next, the sections were incubated with a secondary antibody (Histofine d
Simple Stain Rat MAX PO, Nichirei, Japan) for 30 min, then incubated with Dako Liquid
DAB+ Substrate-Chromogen System (Dako Denmark A/S, Glostrup, Denmark) for 5 min.
The specimens were counterstained and dipped in Entellan {Merck KGaA, Darmstadt,
Germany).

The slides were then scored in a blinded fashion, Cells were counted at 5 locations at x1000
magnification. The cellularity was defined as the mean value of the cells counted.

Detection of Lewis MHC class 11 positive cells, Immunohistochemistry was performed
on 8 pm thick sections with a three-step indirect method. Briefly, the sections were fixed
for 10 minutes in cold acetone. After sections were rinsed in 0.2% Triton X 100 and phos-
phate-buffered saline, endogenous biotin was blocked with the Biotin blocking system (Dako
Denmark A/S, Glostrup, Denmark}. The tissues were then incubated in 10% horse serum
to prevent unspecific binding, and then a primary antibody was applied for 60 min. Then,
endogenous peroxidase was blocked in 0.3% H,0, and 70% methanol for 30 minutes. The
specimen was incubated with a secondary biotinylated horse anti-mouse antibody (Vector
Lab, Burlingame, California, USA), followed by an incubation with R.T.U. Vectastain Elite
ABC Reagent (Vector Lab, Burlingame, California, USA). Finally, specimens were incubated
for 5 min with Dako Liquid DAB+ Substrate-Chromaogen System (Dako Denmark A/S,
Glostrup, Denmark), counterstained, and dipped in Entellan (Merck KGaA, Darmstadt,
Germany).

The slides were then scored in a blinded fashion. Cells were counted at 5 locations at x100¢
magnification. The cellularity was defined as the mean value of the cells counted.

Detection of immunoglobulins

After processing, the 8-pm thick sections were rinsed in PBS and air-dried. The tissues were
then incubated with primary antibody directly conjugated with fluorescein isothiocyanate
(Chemicon International Inc, T'emecula, California, USA) for 30 min, The specimens were
then dipped in glycerine medium and immediately analysed under a fluorescence microscope.

Flow cytometry analysis of blood samples

Brown-Norway splenocytes were thawn, washed in phosphate-buffered saline (PBS) and
resuspended in PBS with 1% fetal bovine serum (I'BS). 100.000 cells were incubated for 30
min at 4°C with 10 pL of recipient serum. Cells were washed twice in PBS (1% FBS) and then
incubated with original antibodies as follows: MHC expression on quiescent BN splenocytes
was evaluated using a Biotin-MHC class I (anti-RT1.A¢, OX-27, Acris Antibodies GmbH,
Herford, Germany) or a Biotin-MHC class II (anti-RT1.D, OX-17, BD Biosciences, Heidel-
berg, Germany) primary antibody and a PE-Cy7-Streptavidin secondary antibody (BD
Biosciences, Heidelberg, Germany). 10.000 cells were acquired on a FACSCanto 11 flow
cytometer (BD Biosciences, Heidelberg, Germany) and analyzed using FACSDiva™ software
(BD Biosciences, Heidelberg, Germany). Graphic presentation in histograms allowed the
determination of mean fluorescence intensity on a log scale. MHC class I or class 11 antibody
binding on the cells without previous recipient s serum incubation was set to 100%. The
serum antibodies from allografted LEW rats, when presented, were bound comparatively to
MHC class I and MHC class II molecules an BN splenocytes. The inhibition of the fluores-
cence-labelled MHC class 1 and 11 antibody binding consequently decreased the measured
fluorescence signal.
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Statistical analysis

The values in the text and tables are expressed as the mean+standard deviation (SD). Bar charts
in graphs represent means and whiskers symbolize 95% confidence intervals (CI) in all graphs.
Comparisons of parameters under study between experimental groups (weight increase, CD4+
cells, CD8+ cells, MHC 11+ cells, anti MHC | and anti MHC 11 antibodies) were performed
using the analysis of variance (ANOVA), followed by the Tukey HSD Multiple Comparisons
test. All analyses were conducted in Stata (version 12.1). All charts were accomplished using
the Data-Driven Documents library in JavaScript (D3.js, version 3.0).

Results
Animals

An increase from pre-operative weight was observed in all groups on day 30. The weight
increase expressed as a percentage of preoperative weight was significantly higher (P< .05) in
both no immunosuppressed groups (group IS0 +47.1+10.5%, group ALO +46.1+10.8%) com-
pared to from day 1| immunosuppressed animals in group TAC1 (+29.7+4.4%). The weight
increase (+41.0+5.6%) in from day 7 immunosuppressed animals (group TAC7) was com-
pared to both no immunosuppressed groups (Fig 1) (S1 Table).

Immunosuppression with tacrolimus

Measurement for blood concentrations of tacrelimus were performed in order to assure ade-
quate tacrolimus concentrations of 3-7 ng/mL by daily doses of 0.2 mg/kg. The mean tacroli-
mus blood level on day 30 in from day 1 immunosuppressed animals of group TAC1 was
slightly higher (4.6+0.7 ng/mL) compared to from day 7 immunosuppressed animals of group
TAC7 (4.0£0.2 ng/mL) (P = 0.035) (Table 1). No adverse effects of the tacrolimus administra-
tion, such as diarrhea or a persisted weight loss, were observed in any of the experimental
animals.

Histology and immunohistology

The aortal grafts in both tacrolimus immunosuppressed groups (TACI, TAC7) on day 30
showed regular morphology of aortal wall with clear differentiation of all three basic anatomi-
cal layers—tunica intima, media and adventitia. The luminal surface of intima was covered
by a monolayer of endothelial cells. There were no signs of necrosis or destruction of tunica
media. No IgG depositions were detected in tunica media in both immunosuppressed groups.
The infiltration of tunica adventitia with mononuclear cells was comparable to isogeneic grafts
of group 150 (Fig 2a, 2b and 2c). The allografts showed normal histological feature of abdomi-
nal aorta with clear differentiation of all three basic anatomical layers, with no signs of intimal
hyperplasia, smooth muscle cells necrosis or higher adventitial cellular infiltration.
Surprisingly the histology of allogeneic no immunosuppressed cryopreserved aortal grafts
of group ALO showed regular morphology of aortal wall as well. All three basic layers were
well preserved as well. No IgG depositions were found in muscular layer of allogeneic grafts.
However, the infiltration of tunica adventitia with mononuclear cells was higher compared to
isogeneic and both immunosuppressed groups. (Fig 3)

Lewis MHC class II + cells, CD4+ cells, CD8+ cells in tunica adventitia

The adventitial infiltration by CD4+, CD8+, and Lewis MHC class II positive cells in both
immunosuppressed groups (group T'ACI and TAC7) on day 30 was comparable to the adven-
titial infiltration of isogeneic grafts in the group 15O,

PLOS ONE | https://doi.org/10.1371/joumnal. pone.0201984  Augusl 9, 2018 7T

96



.
@ PLOS ‘ ONE Tacrolimus after cryopreserved aortal allotransplantation in rats

Weight increase on day 30

P = 0.009**

P = 0.013*
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Fig 1. Weight increase on day 30 after transplantation of aortic grafts exp d asap ge of preoperative
weight. No immunosuppressed animals (group 150, group ALO) showed significantly higher weighl increase on day 30
when compared to from day | immunosuppressed animals (group TACI). owever, the weight increase in from day 7
immunosuppressed animals (group TACT) was compared lo animals withoul i ppression (group 150, group
ALO).

hitps:/fdoi.org/10.1371/jeunal.pone. 02019849001

The absence of immunosuppression in group ALO led to significantly higher infiltration of
tunica adventitia with immunocompetent cells compared to all other groups (Table 2, Fig 3).

Anti MHC class I antibodies in serum

Sera of isogeneic animals (group 18O, 97.1+4.7%) and from day 1 immunosuppressed animals
(group TACI, 102.4+4.2%) obtained on day 30 showed no change of inhibition of the binding
of fluorescence-labeled MHC class 1 antibody to BN-splenocyte compared to pretransplant
sera (group I1SO, 110.6£7.1%, group TACIL, 113.6+29.3%) (Fig 4).

Table 1. Basic characteristics of experimental groups.

Group Characteristic Tmmunosuppression . Cryoconservation {days) Weight increase on day 30 (%) Tacrolimus blood level on day 30
(ng/mL)
150 | LEWtwlLEW | no | 172.742.6 | 47.1£10.5 no
ALO | BNwlEW | no _ 1793426 | 46.1410.8 no
TACL BN to LEW Tacrolimus day 1-30 180.246.9 29,6244 4.620.7
TAC7 | DBNtoLEW | Tacrolimus day7-30 | 180.310.5 | 40.115.6 4.010.2

LEW—male Lewis rals
BN—male Brown-Norway rals

hitps:/fdoi.org/10.1371/journal.pone. 0201984.1001
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Fig 2. a, b, c. Representative light microscopic fe of i d cryopreserved aortal allografts obtained at 30 days following

Pp
transplantation. a—The allografts showed normal histological feature of abdaminal aorta with clear differentiation of all three basic anatomical layers,
with no signs of intimal hyperplasia, smooth muscle cells necrosis or higher adventitial cellular infiliration. (Hacmatoxilin-Eosin, original magnification
x 100). b—The luminal surface of allografts (arrow) was covered by monelayer of endothelial cells (stained brown). (Anti-Von Willebrand factor
anlibody, original magnification x 100). c—XNo deposilion of immunoglobulins G was detecled in the medial or intimal layer of cryopreserved
allografts. (Anti-IgG fluorescein isothiocyanate-conjugated antibody, original magnification x 44).

hitps-fidoi.org/10.1371/joumal.pone.0201%84.0002

Sera from day 7 immunosuppressed animals (group TAC7) obtained on day 30, showed
higher inhibition of the fluorescence-labeled MHC class I antibody binding to BN-splenocyte
(79.9+3.3%) compared to pretransplant sera (103.7+6.6%, p = 0.026) (Fig 4).

Sera of allogeneic non-immunosuppressed animals {(group ALO} obtained on day 30
after transplantation significantly decreased the binding of fluorescence-labeled MHC class
I antibody to BN spleen cells (46.9+19.4%), compared to pretransplant sera (110.8+21.9%,
p < 0.001) (Fig 4).

In addition, sera from the allogeneic non-immunosuppressed animals (group ALO)
obtained on day 30 showed significant inhibition of fluorescence-labelled MHC class I anti-
body binding to BN spleen cells (46.9£19.4%), compared with day 30 sera from the isogeneic
group (group IS0, 97.1+4.7%, p < (.001), as well as with both immunosuppressed groups
(group TACI, 102.4+4.2%, p < 0.001), (group TACT, 79.9+3.3%, p < 0,001} (Fig 4).

Anti MHC class II antibodies in serum

Isogeneic group sera (group 150) as well as both allogeneic immunosuppressed groups sera
(group TACI and TAC?) showed no inhibition of the fluorescence-labelled MHC class II anti-
body binding to BN-splenocyte during the entire follow-up period (Fig 5). By contrast, only
sera from allogeneic non-immunosuppressed animals (group ALO) obtained on day 30 after
transplantation showed inhibition (65.8+11.9%) of fluorescence-labelled MHC class 11 anti-
body binding to BN-splenocyte. However, this inhibition was not statistically significant com-
pared to pretransplant values in this group (100.5+41.9%) (Fig 5).

Discussion

The present study examined the effect of two immunosuppressive protocols with low dose
tacrolimus on rejection of cryopreserved abdominal aortic allografts in rats. Rat allografts were
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£t 1

Fig 3. al, a2, b1, b2. Representative light microscopic histological of ad 1 infiltration of cryop d allog; by lear
cell at 30 days following 1 ion. The adventitial infiltration of Brown-Norway eryopreserved aortal grafts by MHC class IT positive cell of

Lewis origin (stained brown) (Fig 3 al) was significantly reduced by both types of immunosuppressive protocols with tacrolimus (Fig 3 a2). The
adventitial infiltration of Brown-Norway aortal grafts by CD4+ cell (Fig 3 b1) was significantly reduced by both immunosuppressive protocols with
tacrolimus as well (Fig 3 b2). Original magnification =400,

https://doi.org/10.1371/joumal.pone.0201984.0003

processed in accordance to standardized cryoconservation and implantation protocol rou-
tinely used in the clinical setting in the Czech Republic since 2011. Both immunosuppressed
protocols with tacrolimus (administration from day 1 or from day 7 following transplantation}
were able to suppress cell-mediated and antibody-mediated rejection of cryopreserved abdom-
inal aortic allografts during the 30 day follow-up period.

The model of rat or mice aortal allotransplantation is routinely used in experimental trans-
plant medicine [18] and is closely related to the development of new immunosuppressive
drugs since the 1960s. The immunosuppressive protocols with azathioprine [19], azathioprine
and prednisone [20], 6-mercaptopurine [21], cyclosporine A [22], sirolimus [23], cyclosporine
with methylprednisolone and azathioprine [24], mycophenolat mofetil [25], tacrolimus [18],
15-deoxyspergualin [26], cyclosporine A and FTY720 [27], tacrolimus and FR260330 [28],
everolimus [29], everalimus with clopidogrel [30] were confirmed to be able to suppress to
some degree the immune-mediated destruction of arterial allografts.

Despite of it, is the use of immunosuppression in patients after clinical arterial allograft
implantation not generally accepted by vascular surgeons [1], This is probably caused by no
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Table 2. Assessments of rat cryopreserved aortic graft on day 30 after t pl ion into the abd | aorta.
Group | Characteristic 15 In_tima | \{edla Adventitia®
| Endothelial layer Intimal hyperplasia TgG deposition | SMC necrosis | LEW MHC class 1T+ cells™*  CD8+ cells  CDM4+ cells
180 | LEW Lo LEW no + - - - 6.3+44 22227 39826
ALO | BNtoLEW no + - - - 207167 69154' | 96165
TACI BN 1o LEW Tac + - - - 59+55 3.5+3.3 2.3+1.6
1-30
TAC7 | BNt LEW Tac + - - - 6.145.1 31438 20£1.5
7-30

! The total amounts of Lewis MEIC class 1T positive, CD8-positive and CD4-positive cells in tunica adventitia in group ALO were significantly higher (P<0.001) than
thase observed in all the other groups (IS0, TAC1, TACT).

+ positive finding, = negative finding

* Numbers of Lewis anti MHC class 11, CD8-posilive and CD4-posilive cells in one microscopic field viewed at a magnificalion of x1000

** Major histocompatibility complex class [1 posilive cells of Lewis origin

IS—immunosuppression

Tac—tacrolimus

hitps:fidoi.org10.1371/journal.pone.0201984.1002

anti-MHC class I

P=0.043*
T 1
P<0.001***
r 1
P<D.001*** P<0.001*** P=0.006**
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P<0.001**= P=0.026*
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IS0 ALO TAC1 TAC7

Fig 4. Anti MHC class T antibodies in serum. The percentage of binding of the anti-MTTC class T antibody {anti-RT1.
Ag, 0X-27) to quiescent BN splenocytes in the presence of sera obtained from recipicnt rats pretransplant (POD 0)
and on day 30 after transpl, ion (POD 30), 1SO—isogeneic group with no i ppression, ALO—allogenei
group with no immunesuppression. TAC1—from day 1 immunosuppressed allogeneic group. TAC7—from day 7
immunasuppressed allogeneic group.

https:/idol.org/10.1371/journal.pone.0201984.9004
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anti-MHC class I1
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Fig 5. Anti MHC class IT antibodies in serum. The percentage of binding of the anti- MHC class IT antibody (anti-RT1.D, OX-17)
Lo quiescent BN splenocyles in the presence of sera obtained [rom recipient rats pretransplant (PO 0) and on day 30 afler
transplantation (POD 30). ISO—isogeneic group with no i ion. ALO—allogeneic group with no

% Binding of fluorescence labeled Ab

immunosuppression. TACI —from day | immunosuppressed a]]oger;e.ic group. TACT—from day 7 immunosuppressed allogeneic
group.
hitps-#idoi.org/10.137 1/journal. pone. 0201 984.q005

acceptance of the antigenicity of arterial allografts by vascular surgeons [9] and/or a reluctance
to use immunosuppressive treatment in patients with ongoing infection [31]. However, if the
immunosuppressive therapy after clinical arterial transplantation is used, the drug most com-
monly used is cyclosporine A [32].

Recently, the most complex view on the use of cyclosporine A in patients after in situ
revascularisation with cold-stored arterial allograft in the treatment of aortic graft infection
represents the prospective, comparative, single-centre study published in 2011 by Pupka
etal. [2]. One group of patients was immunosuppressed with cyclosporine A. Second group
of patients had because of their own decision no immunosuppression, The immunaosuppres-
sive protocol was based on the administration of cyclosporine A on daily doses of 1-3 mg
per kg of body mass with serum concentration of 140-150 mg/L. The drug was taken until
the end of the study (mean follow up 22.8 months). The graft thrombosis (12%), rupture of
the graft (12%) with death of the patient (8%) and graft aneurysm (8%) was observed only in
non-immunosuppressed group. No adverse effects of immunosuppression were reported in
this study [32].

However, published data confirm considerable vascular [33] and metabolic [34] side effects
with the use of cyclosporine A. Indeed, in rat cardiac allografts led cyclosporine A to the
increase of transplant arteriosclerosis by the up-regulation of the expression of tissue growth
factor beta (I'GF-b) [35]. In rat aortic allografts led the therapy with cyclosporine A to
endothelialitis and accelerated arteriosclerosis [36]. In addition, the mice murine aortic
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allografts study published by Eckl et al. also revealed that monotherapy with cyclosporine is
not sufficient in preventing the formation of transplant arteriosclerosis [29].

An attractive alternative to cyclosporine A represents tacrolimus. T'acrolimus, a macrolide
compound isolated from Streptomyces tsukubaensis, is 10 to 100 times more potent than
cyclosporine A [37]. In clinical kidney transplantation resulted tacrolimus immunosuppres-
sion when compared with cyclosporine therapy in significantly reduced risk of graft failure,
without an increase in the incidence of adverse events associated with long-term immunosup-
pression [38]. Moreover, it was proven that tacrolimus (5.0 mg/kg/day, intramuscular applica-
tion, blood concentrations not determined) was able to enhance the viability and cellular
integrity characteristics of the donor cells in cryopreserved thoracic aortas transplanted
between Brown-Norway and Lewis rats [39].

All these facts about immunogenicity of arterial allografts, tacrolimus-based immunosup-
pression and our good results with triple immunosuppression in patients after simultaneous
organ and vascular transplantation [40] led our group to study the immunosuppressive proto-
col with tacrolimus after rat cold-stored abdominal aortic transplantation in 2002 [13]. Subse-
quently in 2004, we started to use in patients after replacement of infected vascular prosthesis
or stentgraft with cold-stored arterial allograft a standardized immunosuppressive pratocol
consisting of orally administered tacrolimus [4]. The drug is administered from day 7 after
transplantation and is given throughout the entire period of allograft patency. The usual start-
ing dose is 6 mg/day. The usual maintenance daily dose is 2 mg/day, respectively. The tacroli-
mus blood levels are determined periodically with blood concentration range between 4 and 7
ng/mL. No significant adverse effects of immunosuppression were observed in these patients.

In the present experiment we didn 't observed any clinically significant adverse effects of
immunosuppression with tacrolimus given intramusculary in daily doses of 0.2 mg/kg/day.
However, the postoperative weight increase in rats with administration of tacrolimus from day
1 after transplantation was significantly lower as in rats without immunosuppression or with
delayed administration of immunosuppression.

In the study of tacrolimus induced hypertension of Takeda et al [41] the rats have obtained
tacrolimus (5.0 mg/kg/day, peroral application, blood concentrations not determined) for 4
weeks. No surgery pracedure was performed in this study. No significant differences in body
weight at 4 weeks was observed in comparison with no treated rats. In the another toxicologi-
cal study of tacrolimus in the Lewis rats with no surgery [42] led the tacrolimus therapy (4.0
mg/kg/day, peroral application, blood concentrations not determined) to initial loss of bady
weight in the 30 day follow-up period.

In the work of Azuma et al. resulted doses of 1.0 mg/kg/day (intramuscular application,
blood concentrations not determined) in rats after aortal transplantation in adverse effects
such as diarhea and weight loss. In the followed aortal transplantation experiments was the
daily dosis of tacrolimus fixed at 0,2 mg/kg/day. However, no blood levels of tacrolimus was
measured in this study as well [18].

In our first experimental work with tacrolimus immunosuppression after cold-stored
abdominal aortic transplantation in rats was the daily dosis of tacrolimus given intramusculary
fixed on 0.2 mg/kg/day. The plasma concentration of tacrolimus on day 30 after transplanta-
tion was 5.0 £ 0.7 ng/mL. This protocol showed good immunosuppressive effect on acute cell-
and antibody-mediated rejection of cold-stored aortal grafts with no clinically manifested
adverse effects [13,14].

Our clinical immunosuppressive protocol in patients with vascular prosthesis infection
treated by transplantation of cold-stored arterial allografts consists of orally administered
tacrolimus given from day 7 after transplantation. The usual starting dose of tacrolimus is 6
mg/day. The usual maintenance daily dose is 2 mg/day, respectively. The tacrolimus blood
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levels are determined periodically with blood concentration range between 4 and 7 ng/ml. No
significant adverse effects of tacrolimus immunosuppression were observed in those patients
[4].

In this study we confirmed possibility to delaying of low dose tacrolimus therapy after cryo-
preserved rat abdominal aortic transplantation for 7 days without negative effect on their acute
cell- and antibody-mediated rejection. In the rat heart allograft transplantation model rescued
tacrolimus (1.28 mg/kg, intramuscular application, blood concentrations not determined)
given only on day four, five and six after transplantation all grafts and prolonged significantly
survival of heart allografts [43]. In addition, in the rat cold-stored carotid transplantation
model suppressed the low-dose of tacrolimus (0.2 mg/kg/day, intramuscular application,
blood concentrations not determined) immunologic reaction even with administration start-
ing on day 3 after transplantation [18]. However cessation of the use of tacrolimus led to severe
rejection of transplanted carotids with dense cell infiltration in adventitia and medial degener-
ation within 14 days.

The possibility of delaying immunosuppression was studied in cold-stored thoracic aorta to
abdominal aorta transplantation model in mice as well [30], 'The monotherapy with everoli-
mus {mammalian target of rampamycin inhibitor) reduced in daily doses of 0.05 mg/kg (intra-
peritoneal application, blood concentration of 10 + 1.0 ng/mL) the formation of transplant
arteriosclerosis on day 30 when therapy was only started on postoperative days 7 or 14. In
addition, delayed combined treatment with everolimus (0.05 mg/kg/day, intraperitoneal appli-
cation, blood concentration of 10 £1.0 ng/mL) and clopidogrel (1 mg/kg/day, intraperitoneal
application) administrated from day 7 or 14, reduced further the formation of transplant arte-
riosclerosis on day 30 after transplantation.

The antiplatelet therapy was in recipients of cryopreserved aortal allografts in our experi-
ment not administered. However, in our clinical practice is the antiplatelet therapy in patients
after cryopreserved arterial transplantation administered routinely.

In the end may this fact theoretically contribute to an increase in the immunosuppressive
effect of tacrolimus in this specific patient population.

In the recently published work of Konrad H. et al was clearly demonstrated that cryopre-
served arterial allografts used in clinical practice are highly immunogenic in terms of an HLA-
directed immune response. This allogeneic immune response does not lead to an acute graft
loss but to a chronic vascular degeneration process with clinically apparent thromboses with
subsequent medical interventions up to amputations [9]. The low dose immunosuppression
with sirolimus (mammalian target of rapamycine inhibitor} did not show any affective influ-
ence on antibody-mediated rejection of these cryopreserved arterial allografts. However,
closely specification of this immunosuppressive protocol in towards to dosage, timing and
blood concentration was not mentioned in this publication.

Our present study shows induction of donor specific anti MHC I and anti MHC I produc-
tion in non-immunosuppressed recipients of cryopreserved aortal allografts during the 30 day
follow-up period. Both immunosuppressive protocols with low-dose tacrolimus were sufficient
to suppress this antibody production. The massive donor specific alloantibody response in
mice recipients of cold-stored thoracic aortic allografts during the 30 day follow-up period was
observed in the work of Heim et al. as well [30], The delayed therapy with everolimus alone
(0.05 mg/kg/day, intraperitoneal application, blood concentration of 10 1.0 ng/mL) or in
combinations with clopidogrel (1 mg/kg/day, intraperitoncal application) reduced the amount
of donor-specific antibodies even if therapy was started on day 7 or on day 14. In our previous
work we confirmed the suppressive effect of tacrolimus (0.2 mg/kg/day, intramuscular applica-
tion from day 1 after transplantation, blood concentration of 5.57 + 0.96 ng/mL) on donor spe-
cific antibody production in rats recipients of venous allografts as well [44].
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In conclusion we have shown that low dese tacrolimus therapy was effective to suppress
cell- and donor-specific antibody-mediated rejection of cryopreserved abdominal aortic allo-
grafts. We believe that clinical use of presented tacrolimus-based immunosuppressive protocol
increase the success of the clinical program of cryopreserved alloarterial transplantation in the
treatment of vascular prosthesis and stentgrafts infection in the Czech Republic.

Supporting information

S1 File. In this file there are all basic data regarding number of animals weight on the day
30, cold ischaemic time of transplanted grafts, cryoconservation time, thickness of tunica
media on the day 30, number of CD 4 positive cells, as well as number of CD 8 positive
cells, tacrolimus concentration and comparison between groups are available [S1 Table].
(XLS)

Author Contributions

Conceptualization: Pavel Mericka, Ivan Matia, Miroslav Spacek.

Data curation: Rudolf Spunda, Jan Hruby, Kathrin Splith, Moritz Schmelzle, Felix Krenzien,
Ivan Matia, Miroslav Spacek.

Formal analysis: Jan Hruby, Ondrej Pecha, lvan Matia.

Funding acquisition: Mikulas Mlcek, Miroslav Spacek.

Investigation: Rudolf Spunda, Jan Hruby, Pavel Mericka, Mikulas Mlcek, Kathrin Splith,
Moritz Schmelzle, Felix Krenzien, Ivan Matia.

Methodology: Pavel Mericka, Mikulas Mlcek, Ondrej Pecha, Ivan Matia, Miroslav Spacek.
Project administration: Jaroslav Lindner, Ivan Matia, Miroslav Spacek.

Resources: Mikulas Mlcek, Moritz Schmelzle, Jaroslav Lindner, Mireslav Spacek.
Software: Ondrej Pecha.

Supervision: Pavel Mericka, Jaroslav Lindner, Ivan Matia, Miroslav Spacek.

Validation: Rudolf Spunda, Jan Hruby, Kathrin Splith, Ivan Matia.

Visualization: Jan Hruby, Kathrin Splith, Felix Krenzien.

Writing - original draft: Rudolf Spunda.

Writing - review & editing: Ondrej Pecha, Ivan Matia, Miroslav Spacek.

References

1. Kieffer E, Gomes D, Chiche L, Fleron MH, Koskas F, Bahnini A, Allograft replacement for infrarenal aor-
tic graft infeclion: early and late results in 179 palients. J Vasc Surg. 2004; 39(5):1009-17. https://doi.
org/10.1016/.jvs.2003.12.040 PMID: 15111853

2. PupkaA, Skora J, Janczak D, Plonek T, Marczak J, Szydelke T. In Situ Revascularisation with Silver-
coated Polyester Prostheses and Arterial Homografts in Patients with Aortic Graft Infection—A Pro-
spective, Comparative, Single-centre Study. Eur J Vasc Endovasc. 2011; 41(1):61-7.

3. Bahnini A, Ruotolo C, Koskas F, Kieffer E (1991) In situ fresh allograft replacement of an infected aortic
prosthetic grafl: eighteen months’ follow-up. J Vasc Surg 14: 98-102. PMID: 2061963

4. Matia |, Adamec M, Janousek L, Lipar K, Marada T, Klein D, et al. [Clinical experience with cold-preser-
vation of venous and arterial allografts. long-term outcomes]. Rozhl Chir, 2010; 89(1):45-54. PMID:
21351404

PLOS ONE | https://doi.org/10.1371/journal pone.0201984  Augusl 9, 2018 15/17

104



@PLOS | ONE

Tacrolimus after cryopreserved aortal allotransplantation in rats

10.

1.

12,

13.

14.

15,

16.

17.

18,

19.

20,

21.

22

23.

24.

25.

Sebesta P, Stadler P, Sedivy P, Zdrahal P, El Samman K, Jindrak V, et al. [Radical operation of infecled
aortofemoral prosthesis using fresh arterial allograft: our mid-term experience]. Rozhl Chir. 2011; 90
(1):4-13. PMID: 21634128

Fellmer P, Matia |, Tautenhahn H-M, Jonas S (2011) [Effect of legal regulations on the use of fresh arte-
rial homografls. Problems in clinical practice]. Gefasschirurgie 16: 403-406.

Spacek M., M&ficka P., Janoudek L. et al. Organization model for allotransplantations of cryopre-
served vascular grafts in Czech Republic. Cell Tissue Bank (2018). https://doi.org/10.1007/510561-
018-9691-4

Mirelli M, Stella A, Faggioli GL, Scolan MP, lannelii S, Freyrie A, et al. Immune response following fresh
arterial homografl replacement for aortoiliac gralt infection. Eur J Vase Endovase Surg. 1999; 18
(5):424-9. https://doi.org/10.1053/ejvs. 1999.0936 PMID: 10612643

Konrad H et al. Strong humoral anti-HLA Immune Response Upon Arbitrarily Chosen Allogeneic Arterial
Vessel Grafts. J Clin Cell Immunol 2017, 8:525

Matia |, Adamec M, Varga M, Janousek L, Lipar K, Viklicky O. Aortoiliac reconstruction with allograft
and kidney transplantation as a one-slage procedure: long term results. Eur J Vasc Endovasc Surg.
2008; 35(3):353-7. hitps:/doi.org/10.1016/.ejvs.2007.09.022 PMID: 18065247

da Gama AD, Sarmento C, Vieira T, do Camo GX. The use of arterial allogralts for vascular reconstruc-
tion in patients receiving immunosuppression for organ transplantation. J Vasc Surg. 1994, 20(2):27 1=
8. PMID: 8040952

Sebesta P, Stadler P, Sedivy P, Bartik K. The seven-year’ secondary patency of a fresh arterial allograft
in the femorocrural position in a heart transplant recipient. Annals of vascular surgery. 2010; 24(7):953
e7-e10.

Matia |, Lodererova A, Adamec M. Delayed administration of FK 506 is sufficient to suppress acute
rejection changes after aortal transplantation in rats. Transpl Int. 2007, 20(4):371-80. https://doi.org/10.
1111/],1432-2277.2006.00446.x PMID: 17326778

Matia |, Fellmer P, Splith K, Varga M, Adamec M, etal. (2014) Immunosuppressive protecol with
delayed use of low-dose lacrolimus after acrtic transplantation suppresses doner-specific anti-MHC
class | and class |l antibody production in rats. Ann Transplant 19: 225-232. https://doi.org/10.12659/
AQT.889870 PMID: 24815872

Méficka P, Spatenka J, Navratil P, Organization and surgical technique of the tissue harvest in multi-
organ harvests. In: Baldz P, Janek J, Adamec M (eds.). Organ harvest for transplantation. Karolinum:
Prague 2011: 240-251 [In Czech].

Méficka P., Strakova H., Stérba L., Schustr P, Ving M.: Cryobank of the Tissue Eslablishment Univer-
sity Hospital Hradec Kralové-Design and 10 year Experience of Operation, The thirteen Cryogenics
2014, lIR International Conference Proceedings, lcaris, Ltd. Prague, 2014, p. 177-182.

van Herck H, Baumans V, Brandt CJ, Hesp AP, Sturkenboom JH, van Lith HA, van Tintelen G, Beynen
AC. Orbital sinus blood sampling in rats as performed by different animal technicians: the influence of
technique and expertise. Lab Anim. 1998 Oct; 32(4):377-86. https://doi.org/10.1258/
002367798780599794 PMID: 9807751

Azuma N, Sasajima T, Kubo Y (1999) Immunosuppression with FK506 in rat arterial allografts: fate of
allogeneic endothelial cells. J Vasc Surg 29: 694-702. PMID: 10194498

Vickery CM, McCombs HL, Warren R (1965) Experimental Small-Artery Grafts in Dogs Treated with
Immunosuppressive Drugs. N EnglJ Med 272: 325-331. https://doi.org/10.1056/
NEJM196502182720701 PMID: 14239113

Todd |A, Boctor ZN (1966) Experimental homotransplantation of aneries. Transplantation 4: 123-130.
PMID: 5934344

Williams GM, ter Haar A, Krajewski C, Parks LC, Roth J (1975) Rejection and repair of endothelium in
major vessel transplants. Surgery 78: 694-706. PMID: 1188613

Schmitz-Rixen T, Megerman J, Colvin RB, Williams AM, Abbott WM (1988) Immunosuppressive lreat-
ment of aortic allografts. J Vasc Surg 7: 82-92. PMID: 3257275

Gragory CR, Huie P, Billingham ME, Morris RE (1993) Rapamycin inhibits anterial intimal thickening
caused by both alloimmune and mechanical injury. Its effect on cellular, growth factor, and cytokine
response in injured vessels. Transplantation 55: 1409-1418. PMID: 8516827

Lemstrom K, Bruning.J, Kogkinen P, Bruggeman C, Lautenschlager |, et al. (1894) Triple-drug immuno-
suppression significantly reduces chronic rejection in noninfected and RCMV-infected rats. Transplant
Proc 26: 1727-1728. PMID: 8030105

Hullett DA, Geraghty JG, Stoltenberg RBL, Sollinger HW (1986) The impact of acute rejection on the
development of intimal hyperplasia associaled with chronic rejection. Transplantalion 62; 1842-1846.
PMID: 8390374

PLOS ONE | https://doi.org/10.1371/joumnal. pone.0201984  Augusl 9, 2018 16/17

105



@PLOS | ONE

Tacrolimus after cryopreserved aortal allotransplantation in rats

26.

27.

28.

29,

30.

31,

32

33,

34,

35.

36.

37.
38.

39.

4,

Lacha J, Rossmann P, Lodererova A, Havliekova J, Vitko S (2000) LF 08-0298 in the prophylaxis and
treatment of chronic rejection in a rat aortic allograft model. Transpl Int 13 Suppl 1: S565-567.
Nikolova Z, Hof A, Rudin M, Baumlin Y, Kraus G, et al. (2000} Prevention of graft vessel disease by
combined FTY720/cyclosporine. A treatment in a rat carotid artery transplantation model. Transplanta-
tion £69: 2525-2530. PMID: 10910272

QuyangJ, XuD, Zhang X, Qi 5, Ma A, et al. (2005) Etfect of a novel inducible nitric oxide synthase inhib-
itor in prevention of rat chronic aortic rejections. Transplantation 79: 1386-1392. PMID: 15912108

Eckl S et al. Combination of clopidogrel and averolimus dramatically reduced the development of trans-
plant arteriosclerosis in murine aortic allografts. Transpl Int 23 (2010} 958-966. https://doi.org/10.1111/
1.1432-2277.2010.01072.x PMID: 20230539

Ch Heim. Et al: Delayed therapy with clopidogrel and everolimus prevents progression of transplant
arteriosclerosis and impairs humoral alloimmunity in murine acrtic allografts. EJCTS 47(2015) 180—
187

Harlander-Locke MP, Harmon LK, Lawrence PF, Oderich GS, McCready RA, et al. (2014) The use of
cryopreserved aortoiliac allograft for aortic reconstruction in the United States. J Vasc Surg 59: 669
67417 https://doi.org/10.1016/.jvs.2013.09.003 PMID: 24239113

Spunda R. et al. Cold-stored arterial allografts for in situ reconstruction of infected prosthetic gralts.
Review of immunosuppressive protocols used in clinical practice, Eur Surg (2016) 48 (Suppl2):S166—
S168

Freguin-Bouilland C, Godin M, Bellien J, Richard V, Remy-Jouet |, et al. (2011} Protective effect of
mycophenoclale mofetil on endothelial function in an aortic allografll model. Transplantation 91: 35-41
https://doi.org/10.1097/TF.0b013e3181fe12d6 PMID: 21441851

Tepperman E, Ramzy D, Prodger J, Sheshgiri R, Badiwala M, et al. (2010} Surgical biclogy for the clini-
cian: vascular effects of immunosuppression. CanJ Surg 53: 57-63 PMID: 20100415

Khanna AK, Hosenpud JS, Plummer M3, Hosenpud JD, et al. Analysis of transforming growth factor-
beta and profibrogenic molecules in a rat cardiac allegraft model treated with cyclosperine. Transplanta-
tion 2002; 73: 1543, PMID: 12042638

Mennander A, Paavonen T, Hayry P. Cyclosporineinduced endothelialitis and accelerated anteriosclero-
sis in chronic allograft rejection. Transplant Proc 1992; 24: 341-45 PMID: 1539306

Golo T. et al. FK 506:historical perspectives. Transplant Proc.1991, 23:2713-2717 PMID: 1721254

Vincenti F, Jensik SC, Filo RS, Miller J, Pirsch J (2002} A long-term comparison of tacrolimus (FK506)
and cyclosporine in kidney transplantation: evidence for improved allograft survival at five years. Trans-
plantation 73: 775-782. PMID: 11907427

Kiji T. et al: Enhancement of cell viability in cryopreserved rat vascular grafts by administration of regen-
erating gene (REG) inducers. J Vasc Res, 2003 Mar-Apr; 40(2):132-9. hilps://doi.org/10.1159%/
000070710 PMID: 12808349

Adamec M, Matia |, Janousek L, et al. Renal transplantation in patients with abdominal aortic anaurysm
—a new surgical approach. Transpl Int 2004; 17: 647 PMID: 15480566

Takeda Y. et al. Machanism of FK506-Induced Hypertension in the rat, Hypertension. 1999; 33: 130~
136. PMID: 9931093

Nalesnik et al. Toxicology of FK-506 in the Lewis rat. Transplant proc. 1987, 19 (5 Suppl 6):89-92.
PMID: 2445084

Murase N and Tedo S and Lee PH and Lai HS and Chapman F and Nalesnik MA and Makowka L and
Starzl TE (1987) Heterotopic heart fransplantation in the rat receiving FK-506 alone or with cyclospor-
ine. Transplant Proc, 19 (5 Supp). 71=75. ISSN 0041-1345

Splith at al. Antibody diated rejection of ialised venous allegrafls is inhibited by immunosuppres-
sion in rats. PLoS One. 2014 Mar 11; 9(3):e91212. https://doi.org/10.1371/journal.pone.0091212 eCol-
lection 2014 Plos one PMID: 24618652

PLOS ONE | https://doi.org/10.1371/joumnal. pone.0201984  Augusl 9, 2018 177

106



9.3.

Ptiloha III

. 4.1 ”
ELSEVI

Comparison of Different Thawing Protocols
in Human Cryopreserved Venous Grafts
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and Jaroslav Lindner, Prague, and Kralové, Czech Republic, and Vienna, Austria

Background: The aim of our study was to assess the impact of different thawing protocols on
morphological changes arising in cryopreserved human saphenous vein grafts.

Methods: The study was performed in 12 saphenous vein grafts harvested in brain death do-
nors. Storage in the vapor phase of liquid nitrogen for 3 or 5 years followed. Two thawing pro-
tocols were tested: slow thawing in a refrigerator at temperature +4°C for 2 hr and rapid
thawing—in a water bath at +37°C. Grafts were processed for scanning electron microscopy.
Comparisons of continuous parameters under study between experimental groups were per-
formed using the t-test (age, cold ischemia time, exposure to cryoprotectant, time of storage, to-
tal thawing time, mean thawing rate, morphclogy scoring of thawed HSVG) and the median test
(HSVG length). Categorical parameters (sex and blood group) were formally tested using the
chi-square test.

Results: All samples were evaluated according to morphological changes and scored in terms
of morphologically intact endothelium, confluent endothelium with structural inhomogeneity,
disruption of the intercellular contacts, separation of the endothelial cells, complete loss of the
endothelium, and damage of the subendothelial layers. There is no statistically significant differ-
ence between the sample sets at the significance level of 0.05. There was no association with

donors’ age, sex, and time of storage.
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Conclusions: Human cryopreserved saphenous vein grafts in our experimental work showed
no difference in terms of structural deterioration of the endothelial surface and basal membrane

depending on different thawing protocols used.

INTRODUCTION

Long-term storage of cardiovascular grafts in cryo-
banks was started before the end of the last millen-
nium. Development of storage of vascular tissue in
these banks was stimulated in the first decade of
the new millennium by the issue of EU Directives
and national harmenized norms such as Act. No
296/2008 Coll in the Czech Republic or the Tissue
Act in FRG aimed on assurance of high quality and
safety of cells and tissues used for transplantation
in a human.'” This law caused radical change in
standard procedures used in the tissue banks,
including harvest and processing of vascular tissue.

Cryopreserved saphenous vein grafts are used
worldwide for infrainguinal bypass grafting in pa-
tients with lack of autologous conduits, which is un-
available in up to 20% of patients.” Although these
grafts are associated with poor mid- and long-term
patency, limb salvage rates in 1 and 2 years are
acceptable.” Limited patency rates suggest that the
optimal selection of patients is needed to achieve
clinical benefit. A significant risk factor associated
with 30-day failure is ABO mismatch.” Another
limited, but feasible, alternative is to use
hemologous venous grafts for portal vein-superior
mesenteric vein reconstruction during pancreato-
duodenectomy for advanced pancreatic head cancer
or for venous reconstruction in liver resection
surgery.””

Although not all questions regarding immunoge-
nicity and optimal management have been solved,
extensive research of both basic and clinical issues
is being processed in recent years.”” This brings
also pracrical impacts into clinical practice such as
management of thawing procedures.”'°

There are different thawing protocols for cryopre-
served vascular grafts recommended in clinical prac-
fice. Most widely used Cryolife protocol using 37—
42°C water bath may result in overall structural dam-
age compared to thawing at room temperature in hu-
man aortic root allografts arterial wall.” Large
experimental data or recommendations for thawing
protecolsin human saphenous vein graftsare missing.

METHODS

The study was a part of standard validation of expiry
time required by the harmonized Czech legislation

Act No 296/2008 Coll, Decree of the Ministry of
Health No. 422/2008 Coll. and Internal Rule of the
State Institute for Drug Control No. VYR 39 version
3 from February 10, 2018. The obligation of the tis-
sue establishment to prove stability during the
whole shelf life of the product is mentioned in Sec-
tion 2.2.4 cof this rule. The inclusion criteria for do-
nors were set by the Decree of the Ministry of Health
and internal rules of the Tissue and Procurement Es-
tablishments: absence of systemic infections at the
moment of donation, absence of malignant disease,
absence of poisoning, no positivity in tests anti-
HIV], 2, HIV 1Ag, HTLV I, I, HBsAg, anti-HCV,
RRR, TPHA, no pathological or post-traumatic
changes of the vessel to be procured.

Allograft Processing and
Cryopreservation Protocol

The study was performed in 12 HSVG harvested in
brain death donors (multiorgan harvest) and sent
to the tissue establishment EU TE CODE CZ
000427 (TE) in the cooled (+4°C) organ preserva-
tion solution {Celsior, Genzyme, The Netherlands)
supplemented with Gentamycin and closed into
sterile certified plasticjars (Medfor 250 mL Farnbor-
ough, UK). All allografts were harvestedin the oper-
ation theater in patients that were organ donors and
were pronounced clinically dead with compliance to
the Czech Republic’s transplant law."” The jars
were transported to the TE at the temperature of
melfing ice within 12 hr after the harvest together
with the documentation of the harvest and samples
of the donor’s blood for performing serology tests in
the licensed diagnostic laboratories. (Table I).

After input control in the TE, the grafts were pro-
cessed in the clean room of grade A with the back-
ground B. After decontamination by a modified
method of van Katz,'" the vessels were putinto dou-
ble sterile disposable plastic bags (Eva Bags, Maco
Biotech, France} containing 50 mlL of precooled
6% solution of hydroxyethyl starch. m.w.
13,0000 Da (Voluven 6%, Fresenius Kabi, FRG)
and mixed with an equal volume of the precooled
cryoprotective solution: 20% dimethylsulfoxide
{(WAK-Chemie Medical, GmbH, FRG). The samples
of the selution for bacteriological and mycological
tests were taken from the collection sclution and
from the final package. The plastic bags were closed
by heat sealing. The bags closed into outer metal
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Table I. Basic data on donors, collected tissue and processing before freezing

Thawing protocol I

Randomized graft number Age (years) Sex Blood group HGSV length {cm) Cold ischemia time (hr)
1 44 M 0, Rh- 50 17

2 18 M A, Rh+ 35 20
7 28 M A, Rh+ 60 12

8 61 M 0, Rh+ 59 14
12 52 M O, Rh+ 65 15.5
9 18 M A, Rh+ 54 20
Mean 36.8 NA NA 53.8 16.4
sD l6.6 NA NA 2.7 30
Median 36.0 NA NA 56.5 16.3
Thawing protocol TT

Randomized graft Age (years) Sex Blood group HGSV length (cm) Cold ischemia time (hr}
number

3 21 M O, Rh+ 47 15
4 51 M O, Rh+ 60 14

5 47 M AB, Rh+ 59 92

6 17 M A, Rh+ 28 20
11 41 F O, Rh+ 60 23
10 52 F 0, Rh+ 60 15.5
Mean 382 NA NA 523 16.1
SD 14.1 NA NA 11.8 45
Median 4.0 NA NA 60.0 133

NA, not applicable; HGSV, human great saphenous vein.

cassettes were put into the freezing chamber of the
programmable freezer and freezing by the rate of
1 K/min to -90°C, —5K (/min to -150°C
followed).'™"*

Storage in the vapor phase of liquid nitrogen for
three or five years in the biclogical container
KRYO CE 10K, Taylor Wharton, with automatic
filling system and continuous temperature moni-
toring followed. Gralts selected for the study did
not meet the criterion of sterility; other criteria
required for clinical application were met. After
thawing and removal from the cryoprotective solu-
tion, the grafts were sent to the Imaging Methods
Core Fadility in the cooled (+4°C) organ preserva-
tion solution (Custodiol CE, Dr. Franz Kohler
Chemie, GmbH, FRG).'* The samples were random-
ized for choosing thawing protocol no. 1 or no. 2.

Thawing Protocols

Experimental work was based on investigating 12
HSVGs randomly divided into 2 groups, each con-
sisting of 6 samples. All allografts were thawed in
their original packaging (packed by a double-layer
technique and immersed in a cryoprotective

sclution containing 10% dimethylsulfoxide). Two
thawing protocols were tested:

Protocol 1—slow thawing routinely used in clin-
ical practice: 6 human cryopreserved saphenous
vein grafts thawed at a refrigerator +4°C. Thawing
times were as follows: median of 120 min.

Protocol 2—rapid thawing: 6 human cryopre-
served saphenous vein grafts were placed directly
into a water bath at +37°C and warming was
stopped at the moment when the last remnants of
ice disappeared. Thawing times were as follows:
minimum 4:20 min, maximum 9, median of 5 min
{Table II).

Specimen Preparation for (Scanning)
Electron Microscopy

Grafts were processed for scanning electron micro-
scopy (SEM) in the Imaging Methods Core Facility.
The specimens for SEM were prepared immediately
after the thawing procedure and transport. All grafts
were cut by razor into 1-cm long segments and fixed
for 24 hrin mixture of 2.5% glutaraldehyde and 2%
formaldehyde in 0.1 M cacodylate buffer. Before
postfixation in 1% osmium tetroxide, the specimens
were cut into smaller pieces by longitudinal cut.
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Table II. Data on tissue processing, storage, thawing, and results of scoring of the morphological changes

Thawing protocol 1

Morphology
Randomized Exposure to Time of storage Total thawing Mean thawing scoring of thawed
graft number cryoprotectant {min} {years) time {min} rate {"C/min} HGSV
1 15 5 5 39.6 4
2 20 5 4 49.5 ]
7 20 5 5 39.6 6
8 15 5 5 39.6 6
12 25 3 9 22 4
9 20 5 4 49.5 3
Mean 19.2 4.7 53 40.0 4.3
SD 34 0.8 I.7 22 L3
Median 20.0 5.0 5.0 40.0 4.0

Thawing protocol 11

Randomized Exposure to Time of storage Total thawing Mean thawing Morphology

graft number cryoprotectant {vears) dme (min) rate (*C/min} scoring of
{min}) thawed HGSV

3 20 5 120 1.65 3

4 15 5 120 1.65 6

5 20 5 120 1.65 3

6 20 5 120 1.65 5

11 25 5 120 1.65 6

10 25 3 120 1.65 4

Mean 20.8 4.7 120 1.7 45

SD 34 0.8 0.0 0.0 1.7

Median 200 540 1200 1.7 4.5

HGSV, Human great saphenous vein.

After dehydration in a graded ethanol series and
final transfer into 100% acetone, they were pro-
cessed by a critical-point drying process in Leica
CPD300 with CO; (critical-point dryer). The speci-
mens were mounted on regular SEM stubs using
conductive carbon and coated with 7 nm of plat-
inum in a Leica ACE600 (sputter coater). They
were observed in FEI Helios NanoLab 660 G3 UC
scanning electron microscope. SEM images were ac-
quired at 1 kV accelerating voltage and current
0.1 nA using an Everhart—Thornley detector
{ETD) detecting secondary electrons.

Evaluation of Morphological Changes

Scoring system

1. Morphologically intact endothelium—putative
physiological changes are not reflected in the su-
perficial morphology of the endothelial cells.

2. Confluent  endothelium  with  structural
inhomogeneity—irregularities in the form of in-
dividual cells and changes of their membranes
are detectable.

3. Disruption of intercellular contacts—continuity
of endothelial coverage is lost, endotheliocytes
shrink while still adhering to basal membrane.

4. Separation of endothelial cells—endotheliocytes
separate from the basal lamina. Initially, they
protrude by their intercellular edges into the
lumen.

5. Complete loss of endothelium—denudation of
the endothelial covering with the basal lamina
exposed.

6. Damage of subendothelial layers—the luminal
surface is covered only by remnants of basal
membrane, deeper fibrous structure may be
dissolved.

STATISTICAL ANALYSIS

The values in the text and tables are expressed as the
mean = standard deviation (SD} and median. Com-
parisons of continuous parameters under study be-
tween experimental groups were performed using
the ¢-test and the median test. Categorical parame-
ters were formally tested using the chi-square test.
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P-values of these comparisons are presented, and
P < 0.05 was considered as statistically significant.

RESULTS
Basic Allograft Characteristics

There were 12 HSVG samples analyzed. Basic char-
acteristics on donors, collected tissue, and process-
ing before freezing are shown in Table 1. There was
no statistically significant difference in terms of do-
nors” age, time of cold ischemia ol the gralt before
cryopreservation, or time of storage at liquid nitro-
gen temperatures. The mean thawing rate was
calculated for the temperature range—194 till +4°C.

Histological Analysis of the Human
Saphenous Vein Grafts Wall

Thawing protocol 1 (thawing in a refrigerator
+4°C). One-third of samples (2/6) showed disrup-
tion of the continuity of endothelial coverage,
with mostly intact endothelium on the majority of
surface (Score 3)—Figure 1. Initial separation of
endotheliocytes was seen in one-third ol samples
(2/6) with shrinking and commencing separation
of endothelial cells, patchy losses of endothelia
with no damage to the basal lamina (Score 4)—
Figure 2, Complete loss of endothelial covering
with damaged basal membrane exposing deeper
fibrillar structures was seen in one-third of samples
(2/6) (Score 6). It was usual that the same damage
was visible throughout the vein examined. The
microscopist had always examined several areas
and selected the average damage in the sample for
scanning.

Thawing Protocol 2 (Water Bath at
+37°C)

Very similar morphological changes were seen in
the group 2. One-third of samples (2/6) showed
morphologically almost intact endothelium or
confluent endothelium with rare structural inho-
mogeneity (irregularities in the form of individual
cells and changes of their membranes are detect-
able) with locally disrupted intercellular contacts
(Score 3). In one sample, we detected protrusion
of the intercellular edges of the endotheliocytes
into the lumen (separation) (Score 4). In one case,
there was complete loss of the endothelial covering
with exposed basal lamina, but no subendothelial
layers (Score 5), and once we have detected in this
group deeper fibrous structures (Score 6), as we
can demonstrate on Figure 3.
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Fig. 1. Tiles of flat endotheliocytes completely cover
luminal surface. Some of them are inflated (asterisks),
some with central pits (arrowkeads) giving probable evi-
dence of low potassium level in euter envirenment. Ran-
domized graft number 9.

The total score in both groups was 23 resp, 24
points (the sum of morphology scoring) for all 6
samples in each group, which shows very similar
result in terms of morphological changes seen by
the SEM after thawing.

We compared these findings to fresh saphenous
veins grafts harvested during standard coronary ar-
tery bypass grafting procedure, with subsequent
dilatation. These three samples were transported in
Custodiol and within 24 hr prepared for electron
microscopic scanning. We were surprised with the
obtained results showing more damaged endothelial
surface than thawed veins on average (Fig. 4). These
results are not fully comparable (fresh samples were
harvested and dilated by the surgeon during stan-
dard coronary artery bypass grafting procedure, us-
ing heparinized physiologic solution with blood.
Standard protocol of harvest of saphenous vein
gralts for cryopreservation includes the use of Cus-
todiol CE, no touch recovery and no dilatation.)
So, the samples were not cvaluated statistically.

RESULTS OF THE STATISTICAL
ANALYSIS

The values in the text and tables are expressed as the
mean + SD and median in Tables I and II. Compari-
sons of continuous parameters under study between
experimental groups were performed using the f-
test (age, cold ischemia time, exposure to a cryopro-
tectant, time of storage, total thawing time, mean
thawing rate, morphology scoring of thawed
HSVG) and the median test (HSVG Iength). Categor-
ical parameters (sex and blood group) were formally
tested using the chi-square test. However, all
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Fig. 2. Luminal surface in moderate condition. Shrink-
ing and commencing separation of endothelial cells (ar-
rowlheads). Patchy losses of endothelia in the right lower
quadrant (asterisks). Randomized graft number 11.

Fig. 3. Complete loss of endothelial covering with
damaged basal membrane (asterisks) exposing deeper
fibrillar  structures (arrowheads). Randomized graft
number 10.

frequencies must be greater than 5 for a 2 by 2 table.
For a larger table, 80% of all cells may have Ire-
quency greater than 5 (and the rest at least 1). These
assumptions were violated when # = 12, P-values of
these comparisons are presented, and P < 0.05 was
considered as statistically significant. Differences be-
tween groups are shown in Table 11T with adequate
p-values.

DISCUSSION

The transplantation of fresh or cryopreserved
vascular allografts in patients with a prosthetic graft
infection or critical limb ischemia is necessary for
their limb salvage and, in many cases, represents a
life-saving procedure. While transplantation of
fresh allografts has a long history in the Czech

Annals of Vascular Surgery

Fig. 4. Live sample for comparison—endotheliocytes are
missing; here, there is no intrinsic damage of basal mem-
brane. Longitudinal cracks with bridging fibers (white ar-
rowheads) were caused by uncoiling the venous segment
during preparation of specimen.

Republic, the standard use ol cryopreserved
vascular allografts was introduced into the clinical
practice in 2011."* Establishment of such a program
into a clinical practice led to both basic and clinical
research in terms of immunological response after
transplantation, Immunosuppressive treatment,
and also to a simple and practical management of
the gralt during handling—comparison of thawing
protocols.

In cryopreservation of cell suspensions, it is well
proved that faster thawing results in higher viability
of cryopreserved cells. In cryopreservation of solid
tissues, the situation is more difficult, as the process
must maintain original tissue integrity. In experi-
ments on rabbit arteries, it was proved by the group
of D. Pegg'” that rapid thawing caused microfractures
of the artery wall. In a clinical situation, such finding
may lead to early rupture of the transplanted artery.
For this reason, it is necessary to find a compromise
between preservation of cell viability and preserva-
tion of structural integrity of the cryopreserved tis-
sue. The results of D. Pegg'® were confirmed
recently in human arteries by Novotny.” The data
comparing slow and rapid thawing in venous grafts
were lacking and are presented in this paper.

Different results in the extent ol morphological
damage between veins and arteries may be caused
by differences in anatomical structures; crucial role
may be played by the thickness of the media layer.
There is practically no lamina elastica interna in
the saphenous vein. The intima of the vein is lined
with an endothelium differing from the endothe-
lium of the arteries, in that the cells are not elon-
gated in the direction of the vessel, but are rather
irregularly polygonal or even wider than longer.
Binding and elastic, very fine intimal filaments run
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Table III, Difference between groups

Variable 2 Statistical test
Age (years} 0.893 t-test
Sex 0.121 Chi-square test”
Blood group 0.300 Chi-square test*
HGSV length (cm) 0.558 Median test
Cold ischemia time (hr) 0.892 t-test
Exposure 0 0.458 f-test
cryoprotectant (min}
Time of storage (years) 1.000 f-test
Total thawing time <0.001 t-test
(min}
Mean thawing rate ("C/ <0.001 t-test
minj)
Morphology scoring of 0.837 t-test
thawed HGSV

“For a 2 by 2 table, all frequencies must be greater than 5. For a
larger table, 80% of all cells may have frequency greater than 5
(and the rest at least 1). These assumptions were violated when
n=12.

longitudinally. Externally, the intima is bounded
externally by a network of thicker, longitudinal
elastic fibers that—but imperfectly—may represent
an inner elastic blank; however, this blank is almost
missing; so, there is no sharp border between the in-
tima and the media. In the subendothelial layer of
certain veins, there are bundles of longitudinal mus-
cle fibers (v. saphena, v. iliaca, v. femoralis, v.
umbilicalis, and many others).'™'” Pits found on
the endothelial cells of Figure 4 are a manifestation
of hypokalemia, which show that vessel endothe-
lium and valves are very sensitive to environmental
changes.

It must be pointed out, that the presented study
was primarily focused on identifying microfractures
and significant damage of basement membrane,
which are crucial for good reendothelialization after
transplantation and for prevention of blood clotting,
which may lead to the graft failure. Long ‘cracks’ or
trenches on electrograms are not ‘fractures’ or
‘cracks’ caused by thawing samples. They are fixa-
tive (after immersion in the fixation fluid, smooth
muscle contraction occurs in the vessel wall) or pre-
parative (longitudinal incision and deployment of
the vessel into the surface) artifacts—this is particu-
larly visible in Figure 3, where ‘bridging’ fibers are
seen between 2 smooth muscle bundles at the depth
of the vessel wall.">'* We did not prove any micro-
fractures with the methodology used.

M’Bengue-Gavye et al."” in previous years clearly
demonstrated that the cryopreservation technique
in muscular vascular grafts (arterial} and conse-
quent thawing have impact on both allografts” dura-
bility and clinical performance. Such damage can be
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eliminated by manipulation of the rewarming pro-
cess. Sample contractility is an important point of
evaluation of morphological changes —the ability
of contractile smooth muscle in the vessel wall could
indicate tissue viability. Good preservation of
viability of cells of HSVG after long-term storage
was proven by our group recently.'” Thermal
stresses develop in the frozen material as a result
of differential thermal concentration and expansion
described by Pegg,"” due to devitrification occurring
in rapid thawing between —130 and —80°C. Clinical
practices based on pioneering work of Pegg, Hunt,
and Song'*'®?®*! and confirmed by our previous
study of Novotny et al.” recommend the slow thaw-
ing protecol for arterial grafts, and this opinion was
widely adopted.

Special caution during surgical handling should
be focused on no-touch harvest with both fresh
and cryopreserved vein grafts (use of heparinized
blood or Custodiol, no artificial dilatation, etc.)
—Figure 4. Also, no-touch fast saphenous vein har-
vest during multiorgan retrieval may be advanta-
geous in terms of vasa vasorum and subsequent
endothelial preservation compared to standard or
even minimally invasive surgical harvest.”” ™’

CONCLUSION

Human cryopreserved saphenous grafts in our
experimental work showed no difference in terms
of structural deterioration of the endothelial surface
and basal membrane depending on 2 different
thawing protocols used. Different strength of media
compared to human arteries, with less muscular
cells and their impaired function, may play a key
role in this process. There was no association with
donors’ age, sex and time of storage. Initial manage-
ment of the graft including no-touch harvest, avoid-
ing dilatation, preservation in Custodiol on 4°C, and
immediate transport to TE facility for cryopreserva-
tion are essential to prevent structural deterioration
of the graft, which may lead to unsatisfactory clin-
ical results.” According to the published data, we
do not plan to change the slow thawing protocol
in our clinical practice. This paper presents our
new results achieved in different veins thawing pro-
tocols and contributes to enlarging existing knowl-
edge in the optimal management of cryopreserved
allografts in clinical practice.

The authors would like to thank to Professor Pavel Martasek,
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Abstract

Introduction Strong antigenicity of arterial allografts
triggering immune response similar to rejection pro-
cesses evident in solid organ transplant recipients was
observed in animal experiments. A higher incidence
of graft-related death, graft ruptures or thrombosis
and graft aneurysm formation was observed in non-
immunosuppressed patients after arterial implanta-
tion.

Methodology The use of immunosuppression is not
generally accepted by vascular surgeons. In the cases
in which immunosuppressive therapy is administered,
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the drug most frequently used is cyclosporine A (CyA).
This therapy has shown good mid-term results with no
signs of recurrent infection. New immunosuppressive
protocols with tacrolimus or sirolimus were published
recently. These drugs are routinely used in solid organ
transplant patients and show some advantages, com-
pared to cyclosporine A, with respect to hypertension,
dyslipidaemia, and renal function.

Results The authors present available clinical im-
munosuppressive protocols in this indication and the
results. Moreover, our group has published good ex-
perimental and clinical results with immunosuppres-
sive protocal featuring the delayed use of tacrolimus
after transplantation of cold-stored arterial allograft.
Conclusion All this long-term experience with im-
munosuppression suggests the hypothesis that this
therapy has a place in the armamentarium of the vas-
cular surgeon performing arterial allograft implanta-
tions.

Keywords Vascular prosthesis infection - Stentgrafts
infection - Arterial allografts - Immunosuppression -
Tacrolimus

Introduction

Vascular prosthesis infection after aortoiliac recon-
struction is one of the most severe complications
that can occur in vascular surgery. Patients with this
complication are mostly threatened by bleeding, sep-
sis, or the formation of aortoenteric fistulas. One of
the recent types of management of this rare but life-
threating complication include the removal of the
infected prosthetic graft followed by in-situ recon-
struction with a cold-stored arterial allograft obtained
during multiorgan harvest.
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The use of cold-stored allografts started in the
1950s in the experimental work of Gutrie and Car-
rel; later in 1988 it was reintroduced by Kieffer et al.
as surgical treatment of infrarenal aortic prosthetic
graft infection. Later this technique was established in
many vascular centers. Although in clinical praxis and
animal experiments signs of immunological reaction
against implanted cold-stored allografts have been
found, the use of immunosuppression is not gener-
ally accepted by vascular surgeons. This is probably
caused by the reluctance to use immunosuppressive
treatment in patients with ongoing infection. It is also
due to the relatively little experience with immuno-
suppressive therapy in vascular surgery centers, a lack
of data/studies, and the small number of experimen-
tal studies in this field of vascular transplantations.
In the cases in which immunosuppressive therapy
is administered, the drug most frequently used is
cyclosporine A (CyA). Recently published immuno-
suppressive protocols with tacrolimus or sirolimus,
which are routinely used in solid organ transplants,
show good immunosuppressive results with fewer
side effects such as fibrotization of the graft wall,
hypertension, or hyperlipidaemia.

Immunogenicity of cold-stored allografts

In animal experiments there were both cellular and
humoral immunological reactions resulting from graft
failure. These reactions include intimal proliferation,
thickening of the tunica media, the presence of im-
munoglobulins in the muscular layer, and CD4, CD8
and MHC II cellular adventitial infiltration. More-
over, donor specific class I and class II anti MHC
antibodies were found in the plasma of the recipi-
ents of cold-stored allografts. These findings were as-
certained by histological and immunohistochemical
screening. Allograft failure was mainly found in ani-
mals without immunosuppression. This failure mani-
fests itself mainly as aneurysm formation or graft oc-
clusion [1].

There is little possibility to histologically screen
implanted allografts in clinical studies. However,
Mirelli et al. [3, 5] carried out a prospective study
that confirms immunological reaction against freshly
implanted arterial grafts. This reaction was demon-
strated both by an increase of CD3, CD4, and CD8
positive lymphocytes and by the increase of anti-HLA
antibodies directed against donor-specific antigens.
Moreover, CT scans showed a thickening of the graft
walls. The antibody response among patients who
received cyclosporine after transplantation was less
manifest and delayed.

Clinical use of immunosuppression after cold-
stored arterial allograft transplantation

Despite the experimentally confirmed inhibition of
arterial allograft destruction by immunosuppression,

the use of immunosuppression in patients after arte-
rial allograft implantation is not generally accepted by
vascular surgeons.

In 2011 Pupka et al. published a complex view on
the use of immunosuppression in patients after in-
situ revascularization with cold-stored arterial allo-
grafts in the treatment of aortic graft infection [2]. In
this perspective, a comparative, single-center study
was one group of (24) patients immunosuppressed
with cyclosporine A. A second group of (26) patients
decided not to have any immunosuppression. A third
group (27 patients) included patients for whom fresh
arterial homograft was not available (no donor) or
patients who did not agree with transplantation from
a dead donor. These patients were treated by the
implantation of a polyester collagen-sealed, silver
coated prosthesis. The immunosuppressive protocol
was based on the administration of cyclosporine A
in daily doses of 1-3 mg per kg of body mass with
a serum concentration of 140-150 mg/L. The drug
was taken until the end of the study (mean follow
up: 22.8 months). Graft thrombosis (12%), rupture
of the graft (12%) with death of the patient (8%),
and graft aneurysm (8 %) were observed only in the
non-immunosuppressed group. No adverse effects of
immunosuppression were reported in this study.

In 2005 Mirelli et al. published a study on 30
patients who had undergone ABO-compatible homo-
graft transplantation. Nine of these patients received
immunosuppressive treatment with cyclosporine in
doses of 1-3 mg/kg/day [3]. As mentioned above,
the authors observed a strong induction of anti-HLA
antibody response, similar to chronic rejection, in
spite of the immunosuppressive treatment. However,
compared to 21 non-immunosuppressed patients
the antibody response among patients treated with
cyclosporine A was less pronounced and delayed.
Clinically, no differences were noted between pa-
tients treated with or without cyclosporine, and no
patients had signs of recurrent infection upon late
follow-up.

In 2011 Sebesta et al. described good clinical results
and no deterioration of arterial allografts in 23 pa-
tients after substitution of infected aortofemoral pros-
theses with cold-stored allografts and immunosup-
pression by cyclosporine A (a serum concentration of
50-150 mg/L) [4].

In 1999 Mirelli et al. also described immune re-
sponse following fresh arterial homograft replace-
ment for aortoiliac graft infection and found them
to be immunogenic, inducing strong anti-HLA anti-
body response, similar to chronic rejection, in spite of
immunosuppressive treatment using cyclosporine A
(1-3 mg/kg/day) [5].

Moreover, the same group shown 1 year earlier
(1998) in a study investigating nine recipients of
aortic transplants that patients undergoing aortic
allotransplantation should have induced immunolog-
ical tolerance by appropriate immunosuppressants.
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This recommendation was obtained by detection of
mismatch specific IgG antibodies to HLA class I and
HLA class II antigens 1, 3, 6, and 12 months post
implantation.

Based on experimental experience with delayed ad-
ministration of tacrolimus, some European vascular
centers started to use an immunosuppressive proto-
col consisting of orally administered tacrolimus given
from day 7 post-transplant in patients after arterial
allotransplantation. The drug blood level generally
ranged between 4 and 7 pg/L. Tacrolimus is admin-
istered throughout the entire period of allograft pa-
tency and blood levels are determined periodically.
The average starting daily dose is 6 mg/day admin-
istered perorally and the maintenance daily dose is
2 mg/day.

Conclusion

Vascular allografts have their place in the treatment
of infection complications of standard materials used
in vascular reconstructive surgery, despite prosthesis
advancement. The understanding of pathophysiolog-
ical processes after vascular allograft transplantation
is important to minimize their deterioration and to
ensure good long-term patency rates and good quality
of life of every individual patient treated by this tech-
nique. The most frequent complication in long-term
vascular outcome (wall thickening, aneurysmatic di-
lation, stenosis) may occur through an immunological
mechanism. Experimental and clinical experiences
show that there is definitely place for immunosup-
pression in the armamentarium of vascular surgeons
performing vascular implantations. Moreover, ABO
compatibility between donor and recipient is also
recommended to decrease the immune-mediated
destruction of arterial allografts. Indeed, there is
a possibility to delay the administration of immuno-

suppression in patients after arterial transplantation
during the early postoperative period. This immuno-
suppressive protocol offers the possibility to treat
infection in the first days after allograft implanta-
tion without suppression of the recipient’s immune
system.
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