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Summary
Liver cell transplantation provides clinical bemefio patients with congenital metabolic
abnormalities and currently represents an altareati orthotopic liver transplantation or at least
interim measure for unstable patients awaitinggpéantation. Our team and others have already
demonstrated that transplanted hepatocytes caevachietabolic control in the short or medium
term. The quality of transplanted cells remainsftist limiting factor for the success of liver tel
transplantation. Because the use of freshly isolatells is restricted by contemporary organ
donation cryopreservation remains necessary for long-teorage and permanent availability of
the cells.
In this thesis, we have first reviewed and discdssstablished hepatocyte cryopreservation
protocols, especially the cooling procedure, andehfacussed on thi vitro andin vivo assays
used for the evaluation of post-thawing hepatoquiaity.
Amongst 9 cell transplanted patients in our cerdgeveral received exclusively or predominantly
cryopreserved/thawed hepatocytes. We demonstraistdtnansplantation benefits of using these
cells in control patients with congentital abnoritied in the urea cycle, particularly with resptxt
clear evidence of cell engraftment athel novoappearance of enzyme activity. However, despite
these clinical benefits, we found anvitro relationship between the low post-thawing quadity
cryopreserved /thawed hepatocytes and an alteratigheir mitochondrial function. This post-
thawing mitochondrial damage was already evidetdr ahe first-20°C cryopreservation step of
our protocol, suggesting it occurrs early in thegess, around the nucleation point, by intracellula
ice formation. Cellular impairment could therefdre possibly explained by mechanical alteration
of mitochondria due to water crystallisation duritfge cryopreservation process or thawing
procedure. We also observed a poor efficacy ofpmggerved/thawed hepatocytes (as compared to
freshly isolated cells) when used liver engraftmartivo mice transplantation models. The marked
reductions in intracellular ATP concentrations atfe decreases in oxygen consumption by

hepatocytes were therefore used as markers faevtl@ation of the effects of several compounds
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such as bilobalide, hyperosmotic or anti-oxidantaooles, pore transition permeability inhibitors,
and for the evaluation of the resistance of setkdiepatocyte subtypes to cryopreservation
protocols.

We also demonstrated that isolated hepatocytes essuwe factor-dependent pro-coagulant activity,
which may contribute to the early loss of infusetisc We observed that the addition of N-acetyl-
L-cysteine to hepatocyte suspensions inhibits claéign activation.

In conclusion, this work has identified several wag improve the clinical benefit of liver cell
transplantation, including new cryopreservationatsigies, such as vitrification. In addition,
modulation of the pro-coagulant activity induced dsll infusion with N-acetyl-L-cysteine might

beneficially enhance cell engraftment.
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Résumé
La transplantation d’hépatocytes est une nouvgllgrarhe thérapeutique pour le traitement des
maladies métaboliques. Elle peut étre proposédtemative a la transplantation de foie entierau,
tout le moins, en attente de celle-ci chez lesep#i instables, a risque de décompensation
meétabolique. Les essais cliniques effectués cheati@nts aux cliniques St Luc ainsi que ceux
publiés dans la littérature démontrent I'intérétialéransplantation de cellules hépatiques a aeturt
moyen terme.
La qualité de la suspension cellulaire transplamg&ste le premier facteur limitant pour le
développement clinique de la technique. La cryapxedion reste le moyen le plus approprié pour
la conservation a long terme des cellules. Elleng¢de constituer une banque de cellules pouvant
étre utilisées a tout moment.
Nous avons d’abord analysé les protocoles de cégepvation décrits dans la litérature, ainsi que
leurs limites tant au niveau de la préservatioadgualité cellulaire aprés décongélatianvitro
gu’apres transplantatian vivo.
Dans ce travail, nous avons déemontré l'intérétiliser des cellules cryopréservées/décongelées,
afin de stabiliser des patients atteints de madadiiecycle de l'urée, avant la greffe de foie entie
Les tests de contréle de qualité effectués suicektsles ont cependant montré une altération aux
niveaux biochimique et cellulaire, aprés décong#iatNous avons ainsi démontré une chute des
concentrations intracellulaires d’ATP, signe d’'uadieinte mitochondriale. Nos travaux ont
également permis de mettre en évidence une diroimulie la consommation d’oxygéne des
hépatocytes en suspension, due plus particulierememe atteinte du complexe 1 de la chaine
respiratoire. Cette atteinte mitochondriale peujadétre observée aprés lincubation de la
suspension cellulaire a —20°C. Aux alentours déedeimpérature critique se fait le passage de
'état agueux a I'état cristallin suggérant que tigyats mitochondriaux observés sont dés lors
vraisembablement dus a la formation de glace iali@aire durant le processus de

cryopréservation ou de décongélation. Diversesatiets visant & améliorer les parametres
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mitochondriaux affectés par le processus de cotiggldécongélation par I'addition d’'agents
protecteurs du complexe 1 (Bilobalide), d’ inhibite du pore de transition de perméabilité
(Ciclosporine A), d’ anti-oxydants ou encore deusiohs hyperosmotiques a la solution de
cryopréservation, n’ont pas permis d’améliorer laalgé cellulaire. Le tri de sous-types de
populations hépatocytaires ou l'isolement de fdiépatectomisés n’ont pas permis de révéler de
différences de capacité de résistance a la cryegatson.

Toujours dans le but d’améliorer le rendement dedasplantation d’hépatocytes et d’augmenter
I'efficacité d'implantation dans le parenchyme nemgr, nous avons démontré dans la deuxiéme
partie de la thése la capacité des hépatocytes ésiso(fraichement isolés ou
cryopréservés/décongelés) a induire un phénomemeatpilation dépendant du facteur tissulaire.
Cette activité pro-coagulante, inhibée in vitro e N-acetyl-L-cystéine, pourrait étre le point de
départ d’'une réaction inflammatoire aspécifiquaumficant ainsi la réussite de la transplantation
cellulaire.

En conclusion, nous proposons dans ce travailrdiftés stratégies en vue de I'amélioration du
rendement de la thérapie cellulaire. La vitrifioati autre technique de cryopréservation, permettrai
d’éviter la formation d’eau intracellulaire. Enfia modulation de I'activité pro-coagulante par lka N
acetyl-L-cystéine, due a la transplantation ceitalaconstitue une piste intéressante pour essayer

d’améliorer I'implantation des cellules transplagét ainsi le rendement de la greffe.
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Abbreviations
acute liver failure (ALF), cryopreservation/thawingC/T), cytochrome P450 (CYP),
deoxyribonucleic acid (DNA), differential scanningalorimetry (DSC), dimethylsulfoxide
(DMSO), fetal calf serum (FCS), hypothermosol (HTt}racellular ice formation (IIF), lactate
dehydrogenase (LDH), liver cell transplantation T)Cmitochondrial membrane potential¥),
oxygen consumption ratd@,), phosphate-buffered saline (PBS), reactive oxygmaties (ROS),
ribonucleic acid (RNA), university of Wisconsin (UW2,4-dinitrophenol (DNP), N, N, N’, N’-
tetramethyl-1,4-phenylenediamine (TMPD), 3-(4,5-elihyl-2-thiazolyl)-2,5-diphenyl-2H
tetrazolium bromide (MTT), 3-0-methyl glucose (30M®G0% of hepatocytes which showed IIF

(50TIIF).
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1. Foreword
The liver performs many functions that are esskfurdife, the most crucial being its role in body
metabolism. Congenital metabolic abnormalities oaswapproximately 1 in every 900 live births.
Most of these conditions are rare, but any physiwdl encounter patients affected by one or other
of these diseases. Management of patients withboktadiseases is often complex and includes
the use of orphan medications, highly specific dd&d special education. The quality of life of
both the patients and their families is often paduwe to anorexia, naso-gastric feeding, poor
variability of diet and severe diet restrictioncesd eviction, special education requirements and
frequent hospitalizations. Liver transplantatiom fuch patients has become a very successful
procedure, with over 90% of children now achievileng term survival (110). However,
transplantation remains a radical treatment, andyndlactors and patients are reluctant to undergo
this operation for a non-life-threatening conditiém addition to short-term complications, chronic
graft hepatitis, fibrosis and progressive cirrhasiay develop later in a significant proportion of
transplanted children (41). Furthermore, shortafyelomor organs for this procedure remains a
major obstacle, with about 15% of patients in ne&dlver transplantation currently dying while
waiting for a donor graft (117).
Liver cell transplantation (LCT) can be used totaes both congenital or acquired deficienies in
liver function, and currently represents the mastpsing alternative (2,34,74,90,91). Unlike organ
transplantation, this procedure is less radicas lmvasive, potentially less expensive and fully
reversible. Indeed, case reports have shown tmatethnique is feasible and well tolerated in
humans (24,43,57).
The LCT procedure involves the transfer of an isaldhepatocyte suspension [freshly isolated or
cryopreserved/thawed (C/T)] into the diseased Wwaithe portal vein system. The technique
requires intact vascular access to the liver, depto allow the infusion of hepatocytes into the
recipient hepatic sinusoids for subsequent engeaftiwithin the recipient liver parenchyma.

Infused hepatocytes cause both portal hypertermsidriransient ischaemia-reperfusion injury. The
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portal hypertension is usually resolved within Zwe@irs with no obvious long term detrimental
effects; even microcirculatory abnormalities disagapwithin 12 hours (50). Initial microcirculatory
disruption in the liver, followed by opening of atlohal vascular channels is thought to account for
this transient response. However, in addition &s¢htransient changes, the interference in blood
flow due to the infusion is sufficient to causedbischaemia reperfusion events. Ischaemia
reperfusion is also associated with activation opHer cells, and consequently release of
cytokines.Activated Kupffer cells may play a positive roleibgreasing endothelial permeability
and improving the access of transplanted cellbediver plate. Cells become adherent to the
endothelium, which is itself activated and allowtssehment via specific integrins. The result ig tha
endothelial cells separate to allow transplantdid t@ pass into the liver plate. After a few hqurs
the process is terminated and the plasma membtartuses are reconstituted so that the liver
plate is remodelled to accommodate the transplaselsland polarity is restored (51). However,
activated Kupffer cells may also act to increagaradnce of ‘foreign’ cells (66).

The hepatocytes are obtained from cadaveric dawersl using a two-step collagenase perfusion
technique, and can either be infused immediatelgr a6olation, if kept in a cold solution of
University of Wisconsin (104), or cryopreserved fiarther transplantation. Because LCT is still in
its development phase, there is no access to theentional pool of organ donors within the organ
allocation systems and the availability of fresldplated cells therefore does not match with
simultaneous recipient presentation. Therefore, thm&or challenge is to maintain isolated
hepatocytes viable and functional until a recipieandidate presents predominantly through
cryopreservation and storage. Cryopreservatiorepatocytes therefore represents an essential step
for the success of LCT.

This technique still faces many hurdles and effotgently focus on improving the technique to
enable validation of its clinical use. Researchnderway to identify ways in which to improve the
viability and quality of hepatocytes after cryomestion. Having reviewed the state of the art with

respect to “C/T and hepatocytes” (Section 2.1.h)s tthesis will present the study of the
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consequences of C/T on hepatocyte suspensionyguakd for LCT as the main theme (Section
4.1). As preventing the rejection and/or loss ahgplanted freshly isolated or C/T hepatocytes to
increase durability of the results remains anothallenge, we also investigated the pro-coagulant
effects of the infused hepatocyte suspension, assthrting-point for an aspecific inflammatory

reaction (Section 4.2).
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2. Introduction
2.1  The consequences of cryopreservation/thawing tvepatocytes used for Liver Cell

Transplantation
The use of freshly isolated cells remains restlidig both organ shortage and the limited quantity
of cells that can be infused in a single sessidme Juccess of LCT, as evaluated by engraftment
yield and liver repopulation capabilities, also ens closely dependent on the quality of the
transplanted hepatocytes. Cryopreservation remhaenly practical method for hepatocyte long-
term storage and many studies have been undertakiglentify an efficient protocol which will
preserve the quality of the hepatocytes after thgwiNevertheless, an international panel of experts
recognised in 1999 that “research should contitmiémprove the cryopreservation procedures”
(76).
The incorporation of C/T hepatocytes in both tolagical studies and the bioartificial liver has led
to major advances being identified for the C/T pss; namely in the maintainance of high
metabolic quality of the cells, especially with pest to the important phase | and Il metabolism
enzyme pathways and response to inducers (78,Ci8)ent C/T protocols and the subsequent
analysis of the post-thawing quality were reviewdbothin vivo andin vitro models. However,
although abundant, the provided data on isolatpdtioeytes still remain conflicting.

2.1.1 State of the art

2.1.1.1 Classical factors for a successful hep&tooyopreservation protocol
In this chapter, we describe the steps, proposethenliterature, as required for an efficient
cryopreservation protocol.

2.1.1.1.1 Isolation and pre-culture
An initial high cell quality is essential prior tryopreservation. Key factors that compromise the
guality of the hepatocytes, prior to C/T, includghhfat content in the liver, prolonged storageaft

organ removal and prolonged warm ischemia (76).
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Liver isolation is performed using two-step collagse perfusion (taking around 10 minutes/step)
at 37°C. The first step involves the use of a smutontaining a calcium chelating agent, which
removes calcium ions and disrupts the desmosomaitgtes. This is followed by a second solution
which contains the digestive enzyme, collagenasé,calcium which is essential for its activity.
After mechanical disaggregation, filtration and |l®peed centrifugation, the obtained isolated
hepatocyte suspension is removed (86).

Detachment from the extracellular matrix, whichasprincipal occurrence during hepatocyte
isolation, has been described as promoting apaptdkis early cell death (known as anoikis) can
not be totally rescued by the vitro culture of hepatocytes under attached conditionts cells
which undergo this process will die in the houttofeing the isolation procedure (108,138).

To promote recovery from this cell trauma and t@riave their post-isolation quality, freshly
porcine isolated hepatocytes were pre-incubate@7aC for different periods of time before
cryopreservation. These data demonstrated thab@éspre-culture in a spinner bioreactor led to
higher albumin production after C/T as comparecbéth non pre-cultured and 48 hours pre-
cultured porcine hepatocytes. Nevertheless, thenaltb production level remained markedly lower

following cryopreservation as compared to freskhylated cells, even with 24 hours pre-incubation
(0.21% 0.24 mg/ml/h vs 0.8& 0.62 mg/ml/h) (23,58).

The effect of pre-culture before cryopreservatioasvalso investigated in rat, dog and human
hepatocytes. Gomez-Lechon et al. obtained highitguadst-thawing cells as evaluated by viability
assays, adaptation of hepatocytes to culture, adreigbolizing capability and cytochrome P450
(CYP) induction (47). However, these results weog oonfirmed by Lloyd et al. using pig
hepatocytes cultured in a bioartificial liver (78).

2.1.1.1.2 Freezing solution

2.1.1.1.2.1 University of Wisconsin

University of Wisconsin (UW) solution is the golthsdard cryopreservation medium for isolated

hepatocytes. Originally developed as a cold storagkition for transplant organs, UW is
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intracellular-like solution in composition and itsnportant components have been widely
investigated. Molecules such as Lactobionate (1B),ma large molecular weight anion, which is
impermeable to most membranes and capable of sgwpgehypothermia-induced cell swelling, or
Raffinose (30 mM), which provides additional osmm@upport, have been proposed as the principal
cryoprotectants of the UW solution. In additionxamethasone stabilises cell membranes (73,115).
In an interesting study, four different media werempared for the cryopreservation of rat
hepatocytes: Dulbecco's modified Eagle's mediunplsapented with 10% fetal bovine serum and
12% dimethylsulfoxide(DMSO); UW solution supplemented with 12% DMSO aRdother
commercial solutions (Cell Banker). Parametersuidiclg viability, plating efficiency, lactate
dehydrogenase (LDH) release, ammonia removal &est, lentiviral gene transfer were highly
maintained when hepatocytes were cryopreserved Withsolution (5). The effectiveness of UW
solution as a cryopreservative agent, suggestdttatmetabolic and ultrastructural factors may be
important in the effective cryopreservation of panyiisolated hepatocytes (1).

2.1.1.1.2.2 HypoThermosol
HypoThermosol (HTS), a dextran-based intracelltyae solution, has also been used, as a carrier
solution of the freezing medium. Freshly isolateat thepatocytes cryopreserved in HTS
supplemented with 10% DMSO showed high viabilignd-term hepatospecific function, and a
favourable response to cytokine challenge postitigpas compared to supplemented culture media
(114). If further studies confirm these resultsgrira decrease in the DMSO levels within the
cryopreservation solution might be possible. Thaee currently no data comparing UW and HTS
available in the literature (6,7).

2.1.1.1.2.3 Type of cryoprotectant
Two classes of cryoprotectants are described, pmge (DMSO, glycerol) or non permeating
[polymers (Dextran), oligosaccharides (Trehalos®) sugars such as glucose, sucrose or fructose].

The non permeating cryoprotectants will be disadi$geher in Section 4.1.3.2.
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DMSO is an important polar permeating aprotic sotwehich is less toxic than other members of
this class. The use of DMSO in medicine dates fesound 1963, when a team of workers at the
University of Oregon Medical School discovered thiatcould penetrate the skin and other
membranes without damaging them and could carmrathmpounds into a biological system. As a
cryoprotectant, DMSO is able to enter cells andicednjury by moderating the increase in solute
concentration during the freezing process. In rsastlies, DMSO has been identified as being the
ideal cryoprotectant, notably by resulting Iin the esb plating efficiency
(16,44,56,80,100,109,111,114,122). A final concdmin of 10% DMSO is typically described and
although there are some exceptions, a higher ctratiem has a potential toxicity due to high
osmolarities (55). The rate of addition of the gnaiectant also appears important for the outcome
of cryopreservation; some authors have advocatdosh@dhe permeating cryoprotectants slowly to
cell suspensions in order to avoid damage relaieasimotic shock and to a lesser extent cellular
dehydratation (55,80,130). Freezing should alsstaged as soon as possible after the addition of
the cryoprotectant to reduce the possibility ofiddy; it has been recommended that DMSO should
be added at 4°C, as a DMSO-associated toxicitydeasonstrated at 25°C and 37°C. Some authors
proposed to add permeating cryoprotectants sloovtiae cell suspension in order to avoid damages
related to osmotic shock and cellular dehydrataf8130) which seems to be a minor point (55).
The cryoprotective effects of glycerol and glyclmetaine are based on a mechanism similar to the
well documented stabilization of complex enzymeairag} dissociation into subunits at high salt
concentrations by preventing dissociation of thepberal cold labile proteins. The binding of
glycine betaine and glycerol molecules is limitenl the water lipid interface of thylakoid
membranes (96).

2.1.1.1.2.4 Serum
Human application does not tolerate the use of aharigin products because of possible zoonosis
contamination or an immune response to animal pm®{@03), but fetal calf serum (FCS) or human

albumin are classical ingredients of experimentgbpreservation solutions. A wide range of
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concentrations (10 to 90%) have been used and st published studies, no significant differences
were noted while varying the percentage of seruyi6(37,42,80,111,118).
Nevertheless, some authors have successfully a@gepred porcine hepatocytes without serum and
noted that after thawing, the addition of condiednmedium derived from hepatic non-
parenchymal cells improved attachment and funabioimepatocytes [urea production, CYP activity
(89)1.

2.1.1.1.3 Concentration of hepatocytes and via¢typ
In most published studies, hepatocyte concentrstivaried from 10 to 10 cells/ml of
cryopreservation medium (124).Lloyd et al. did not find a significant superioritgf any
concentration whilst evaluating pig cell return fpog/opreservation, hepatocyte attachment, LDH
leakage, bilirubin conjugation or CYP 3A4 activif¥8). However De Loecker et al. reported that
cell viability increased as cell density decrea@sdimated by the viability trypan blue test) (29,3
High cell density may increase membrane-membranéacts and cell damage. Therefore, unless
high cell density will save space and is of intefescell banking, cryopreservation at a low dénsi
(less than 1ell/ml) is recommended. No new data have beenighéd recently as hepatocyte
concentration is considered a minor factor in aghgpthe best post-thawing quality.
Vial type may also potentially influence post-thagicell quality. Although few data are available
in the literature, 50ml bags appear to give bgitest-thawing hepatocyte quality than 100 ml bags
(134).

2.1.1.1.4 Cooling process
Slow freezing protocols are considered to be th& bwategies for cryopreservation of mature
hepatocytes. Early methods included the use ofapropanolol cooler device, placed in a —80°C
freezer, giving a constant temperature decreasel GC/min down to =70 or —80 °C (20). Other
slow freezing protocols have been described inliteeature, varying temperatures from -1 to
=5°C/min up to — 40° or —-80°C, before storage a®6°C (79). A decrease in temperature at

—1.9 C/min from 4 to —30 °C and then —30 C/min fre80 to —150°C has been adopted by many
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authors (31,37,107). More specific techniques hmaen described by Diener et al. and Hengstler et
al. (35,54,130). In their studies, freshly isolatatihepatocytes were submitted to several prasopcol
where the temperatures of the vial and of the assgrving solution were controlled. Initially,
shock freezing in liquid nitrogen dramatically dessed cell viability, despite the presence of 10%
DMSO. A slow freezing protocol of —2°C/ min led mouch better viability than a cooling rate of
-38°C/min. While using this protocol, they deterednthat at approximately —20°C, the cell
suspension became supercooled. Indeed, when tisstiah commenced, the latent heat of fusion
was released and the cell sample warmed. This seeled heat was considered potentially
deleterious; therefore they developed a freezingggam with shock cooling. Their protocol
achieved the best post-thaw hepatocyte quality (8&%ility vs 79% achieved by the slow linear
protocol). It has been reported that the same rmgahock can be obtained by clamping the vials,
with forceps cooled in liquid nitrogen (28). Howeyvéloyd et al. (LDH release, cell return,
attachment, and biochemical assays) and our teamsqipal contribution) have failed to show any
difference between computer-controlled freezing,rdbhe Nalgen propan-2-ol device or simply
using —20°C and —-80°C freezers (78).

Storage of hepatocytes at —20°C or —80°C remailetet@us for cell function as several proteases
might remain active at these temperatures. Howeter130°C, no chemical reaction may occur as
there is no more thermal energy and furthermoreyaisr exists in the vitreous or crystalline states
at this temperature, no liquid water is preseneré&fore, —140/-150°C° is the minimum acceptable
temperature for long-term storage of cryopreservegatocytes (31,92,100). At —140°C (vapour
phase of liquid nitrogen) or —196°C (liquid phaddiquid nitrogen), cells can be stored for long
term periods (31,37,76). However, it is the passafgeater from one state to another that is the
critical point for cell quality rather than the dtion of the storage.

A summary of several cooling process describetierliterature is presented in Table 1.
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Freeze rate Storage

Temperature

References

Human

DMSO

—-1°C/min -80°C

(20)

Rat

DMSO

—1°C to —38°C (withLiquid nitrogen
cooling shock) then
liquid nitrogen

(28)

Dog, monkey,
human

DMSO

—-1.9°C/min from 4 Liquid nitrogen
to —30°C, then —

30°C from -30°C to

—150°C

(31)

Rat

DMSO

1. -38°C/min

2. —2°C/min

3. Slow variable
4.0Optimized variable
rate

Liquid nitrogen

(35)

Human

DMSO

—1.9°C/min from 4 Liquid nitrogen
to —30°C, then
-30°C from -30°C
to —150°C

(37)

Rat

DMSO

Cooling in 10 min  Liquid nitrogen
down to 0°C, 8 min
at 0°C, in 4 min
down to -8°C, in 0.1
min down to —28°C,
in 2 min down to
-33°C, in 2 min up
to —28°C, in 16 min
down to -60°C, in 4
min down to —100°C
(variable rate)

(54)

Human

DMSO

Variable rate Liquid nitrogen

(76)

Dog, monkey,
human

DMSO

—1.9°C/min from 4 Liquid nitrogen
to —30°C, then

-30°C from -30°C

to —150°C

(107)

Rat

DMSO

Variable rate Liquid nitrogen

(130)

Pig

DMSO

1. (35) optimised  Liquid nitrogen
2. Modified variable

Table 1: Summary of freeze rate comparison studies

(134)
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2.1.1.1.5 Thawing procedure
Rapid thawing at 37°C to minimize cellular damage tb reformation of intracellular ice has been
found to enhance viability. The critical point dfig procedure is again to avoid the deleterious
phenomenon of intracellular ice formation (lIF). Asr cooling, a slow dilution of the
cryoprotectant at 4°C is recommended, to avoid ésnshock damage and toxicity due to the

cryoprotectant (55).
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2.1.1.2 “Literature based” cryopreservation protdooisolated hepatocytes

Good quality liver
no high fat content,
no prolonged removal or warm ischemia

Two-step collagenase perfusion

Pre-incubation at 37°C

l

Cryopreservation at 1F-10"/ml
UW solution + 10% DMSO + 10% human albumin

l

Slow-freezing protocol
-1°C to -5°C up to -40°C or -80°C
Cooling shock
Storing at < -140°C

l

Rapid thawing
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2.1.1.3In vitro evaluation of hepatocyte quality after cryopreagon/thawing

2.1.1.3.1 Plating
Thein vitro attachment of isolated hepatocytes to plasticedist widely used for the evaluation of
their quality. Low plating efficiency which is oftedocumented in cryopreserved cells, remains a
major problem because engraftment of the transpdariiepatocytes in the recipient liver
parenchyma is also dependent on these proteingaatitey with the extracellular matrix
(5,73,92,106,121). Structural membrane damage wddeafter cryopreservation may contribute to
such alteration. Dhawan et al. recently demongir#ttat the process of cryopreservation leads to
downregulation of cell adhesion molecules at theegand cellular level (127However, pre-
culture of hepatocytes or the addition of trehdlolsesaccharides to the freezing medium seemed to
improve the attachment of cells to substrates asatollagen (69,87,120).

2.1.1.3.2 Hepato-specific functions
Conjugation and secretion of biliary acids is maiméd following C/T of human hepatocytes. The
uptake activity of taurocholate in C/T hepatocyess found to range from 10 to 200% of that
observed in freshly isolated cells immediately rafit@awing (105).
The characterization of freshly isolated and C/Tnkey hepatocytes demonstrated that various
hepato-specific functions were maintained but lmweer level of activity. Indeed, in this study, the
ability for synthesis, (proteins, glucose, glucésphosphatase activity) was decreased after deep
freeze storage (16). Concerning protein synthesitg from the literature show that this important
hepatic function is often impaired in hepatocytésraC/T. For example, albumin production in
cryopreserved human hepatocytes was shown to ha abb that of freshly isolated hepatocytes
(28).
Glycogen synthesis in cryopreserved porcine hegtsovas found to be reduced to about 30%
after 24 hours and to 47% after 48 hours of cultasecompared to freshly isolated hepatocytes.
Reduced basal levels of glycogen and of glycogernhggis could be explained by an increased

energy demand in cryopreserved hepatocytes requioedthe repair damage caused by
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cryopreservation. Glycogenolysis was reduced touts®% in cryopreserved hepatocytes and
gluconeogenesis to about 40% of glucose produdatidreshly isolated hepatocytes at day 1 and 2
post-thawing. Incubation with glucagon (90 min) remsed the glucose production from
glycogenolysis and gluconeogenesis in both fresialated and cryopreserved hepatocytes (81).

According to the literature, urea production aleerss to be reduced following C/T (16).
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Hepato-specific ~ Relative assays  Impairment
functions following C/T

Reference

Human

Taurocholate and estradidRadioactivity counted No
uptake using a liquid
scintillation counter

(105)

Pig

1) Protein synthesis 1) Leucine Yes

2) Urea synthesis incorporation into

3) Glucose synthesis proteins, NH4CI

4) Glucose-6 phosphataseincubation and

activity measurement of urea
concentration in
supernatant
2) Incubation with
fructose and
measurement of
glucose concentration
in supernatant
3) Quantitation of
phosphoric acid
formed after addition
of glucose-6-
phosphate

(16)

Human

Protein synthesis Incorporation of  Yes
radiolabeled
isoleucine into
proteins

(28)

Pig

1) Glycogen synthesis 1) Incubation with Yes

2) Glycogenolysis insulin and glucose

3) Gluconeogenesis and glycogen formed
evaluated after
digestion by
aminoglucosidase and
measurement of
glucose
2) Incubation with
glucagon, evaluated
by glucose release.
3)Incubation with
glycerol (glucose
precursor) and
glucagon, evaluated
by glucose release.

Table 2: Hepato-specific function and their relative assays

(81)
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2.1.1.3.3 Drug-metabolizing enzyme activities
There are no apparent significant changes in dratalnolizing enzyme activities between freshly
isolated and cryopreserved hepatocytes for the majaug-metabolizing pathways. The
cryopreservation of human hepatocytes isolated fighdonors did not alter their capability to
metabolize substrates for the major CYP isoform¥ RCA2, CYP2A6, CYP2C9, CYP2CI9,
CYP2D6, and CYP3A4) as well as the phase Il enzyte® glucuronyltransferase, and 7-HC
sulfation for sulfotransferase, as compared to hfsessolated hepatocytes (77). Consensus
regarding the phase Il enzymes remains unclearebhd phase | drug-metabolizing enzyme
activities analyzed in cryopreserved human, rad, mouse hepatocytes are very similar to those of
freshly isolated hepatocytes, while phase Il enzyangvities are affected by cryopreservation
(116). Other studies show better stability of dmgtabolizing activities in monkey than in rodent
hepatocytes. After thawing, Phase | and PhasetiVies (CYP, ethoxycoumarin-O-deethylase,
aldrin epoxidase, epoxide hydrolase, glutathioaedierase, glutathione reductase and glutathione
peroxidase) were well preserved (32). The docundedderease in the activity of phase Il enzymes
may be related to the loss of the correspondingatofs although a hypothesis of physical cell
alteration is not excluded (116). As the microsomaimbrane may offer some protection (20), the
cytosolic enzymes are probably more sensitivedezZie-associated damage (notably glutathi®ne
transferase), because of greater exposure toyseatdamage,.

2.1.1.3.4 CYP induction
If C/T hepatocytes cultures are sensitive to CYBuaers (rifampicin, rifabutin, phenobarbital,
omeprazole, beta-naphthoflavone) the induced #gtiremains lower as compared to freshly
isolated cells with an increased delay inductiomet(54,67,76,82,98,101,106).

2.1.1.3.5 Hormone responsiveness
Few data are available regarding hormone respamssgeof C/T hepatocytes. In a dog model,
freshly isolated hepatocytes showed significanpoases to botl;- and p-adrenergic agonists

with little indication of dedifferentiation in thescultures, while cryopreserved cells showed no
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response to either agonist (107). This indicateeyation in cell membrane to receptor expression
and/or their intracellular transduction systems.

2.1.1.3.6 Gene expression
Cryopreservation could also potentially affect théerentiation state of isolated hepatocytes.
Recently published results showed that the geneesgin pattern in freshly isolated human
hepatocytes was similar to that of the intact livasrthermore, gene expression in isolated human
hepatocytes was not affected by cold storage aympoeservation. However, the gene expression
was profoundly affected in monolayer cultures afpmting. Specifically, the gene expression
changes, observed in cultured suspensions of hinegatocytes, are involved in cellular processes
such as phase I/l metabolism, cell membrane gygldatty acid and lipid metabolism, apoptosis,
and proteasomal protein recycling. An oxidativeess$r response has been suggested as being
partially involved in these changes (99).

A summary ofin vitro evaluation of post-thawing hepatocyte qualityrssgnted in Table 3.
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Impairment No impairment References
protocol following C/T following C/T
Rat and human Pre-incubation Plating CYP induction (106)
20°c, —70°c, liquid
nitrogen
Porcine Slow freezing protocol Trypan blue exclusion (73)
up to —-80°c test
Plating
Ammonia clearance
Rat Slow freezing protocol Trypan blue exclusion (5)
up to —-80°c test
Plating
Ammonia clearance
Human 20% DMSO, 40%FCS Trypan blue exclusion ATP (92)
Slow freezing protocol test Urea synthesis
Plating
LDH release
MTT
Porcine Freezing boxes or slow CYP Plating (81)
freezing protocol Glycogen synthesis
Glycogenolysis
Gluconeogenesis
Rat and mouse Slow freezing protocol Plating (121)
Uptake of neutral red
Protein synthesis
Porcine Immediate Protein synthesis  Trypan blue exclusion (16)
cryopreservation Gluconeogenesis test
Serum free CYP activity
Urea synthesis
Monolayer culture Not available Protein synthesis (28)
post-thawing
Human Storage in liquid nitrogen Conjugation and (105)
secretion of biliary
acids
Human Slow freezing protocol CYP activity (77)
Phase Il enzymes
Human, ratand Slow freezing protocol Phase Il enzymes Phaseyireeg (116)
mouse
Monkey Slow freezing protocol LDH release Phase | enzymes (32)
Plating Phase Il enzymes
Human Storing at —80°c Cytosolic enzymes CYP agtivi (20)
Rat Slow freezing protocol CYP induction (54)
Human Slow freezing protocol CYP induction (67)
Rat Slow freezing protocol CYP induction (82)
Human Not available CYP induction (98)
Human Not available CYP induction (101)
Human, dog and Slow freezing protocol Hormone (107)
monkey responsiveness
Human Pre-incubation Gene expression (99)

Freezing boxes or slow
freezing protocol

Table 3:In vitro evaluation of post-thawing quality of hepatocytes
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2.1.1.4In vivo models
Data published in the literature differ about thféceency of C/T hepatocytes to engraft and
repopulate the recipient liver. In the eighties|léfuet al. described a rat model in which fewer
cryopreserved hepatocytes cells were detected Ithnmost-transplantation in the recipient liver
after intrasplenic transplantation, as comparefiigshly isolated cells (46). This was confirmed in
Nagase analbuminemic rats after the evaluationngfagtment and albumin production in C/T
hepatocytes transplanted rats. If clusters of @fIsavere detected in the recipient liver, themesi
and their number were significantly lower as corepgaio freshly isolated hepatocytes. In addition,
no significant production of albumin was detectedhe C/T transplanted rats. In rats treated with
D-galactosamine, the survival of rats transplanseth C/T hepatocytes following intrasplenic
transplantation improved to 60% after 7 days (ampared to 100% with freshly isolated
hepatocytes) (25,26).
C/T hepatocytes have been shown to possess ideciboal replicative potential to that of freshly
isolated cells indicating that they could provide iateresting cell source for LCT. Indeed, C/T
hepatocytes constituting 0.1% of total adult hepg® number recipient ones could repopulate a
mean of 32% of recipient liver parenchyma (61). rtkermore, transplantation of woodchuck
hepatocytes into the liver of urokinase-type plasgen activator/recombination activation gene-2
mice, a model of liver regeneration, demonstrated tryopreserved cells retained the ability to
divide and to extensively repopulate a xenogemierliNotably,in vivo susceptibility to infection
with woodchuck hepatitis B virus and proliferatieapacity of C/T woodchuck hepatocytes in
recipient mice were identical to those observedh Wwigshly isolated hepatocytes (21).
Dunn et al. showed in the Dalmatian dog model geduential intrasplenic LCT provided a
significant but transient (22 days) correction ghary uric acid excretion that was similar to eith
freshly isolated or C/T hepatocytes (38). Papatbial. demonstrated that simple cryopreserved pig
hepatocytes, at -20°C, have sufficient viabilityeafl month of storage to support the hepatic

function of animals with severe acute liver fail(e8).
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The efficiency of C/T human hepatocytes has alsnbevaluated in NOD/SCID mice model. In
this study, Cho et al. demonstrated that followiransplantation (engraftment in the peritoneal
cavity and the liver), cryopreserved human livdisceetained hepatic function (glycogen storage,
glucose-6 phosphatase activity) and proliferatetesponse to liver injury by carbon tetrachloride

(17). The above informations are summarized in &4bl
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LCT model LCT protocol Effect post-LCT with References
C/T hepatocytes
Rats Intrasplenic autologous -Low detection level 46)(
Analbuminenic rats Intrasplenic rat hepatocytesLow engraftment efficacy (25,26)
transplantation -No albumin production
Mice with transgene induced Intrahepatic mice -Identical clonal replicative (61)
liver hepatocytes transplantation potential
Urokinase-type plasminogen Intrasplenic woodchuck -ldentical proliferative (22)
activator transgenic mice  hepatocytes transplantation capacity
Dalmatian dog Multiple intrasplenic  -Identical transient correction (38)
healthy mongrels in urinary uric acid excretion
hepatocytes transplantation
Toxic acute liver failure (rats) Intrasplenic parei -ldentical hepatic function (93)
xenotransplantation support
Carbone tetrachloride treated Intrasplenic or -Retain hepatic function a7
NOD/SCID mice intraperitoneally human -Proliferate

hepatocytes transplantation

Table 4:In vivo evaluation of the quality of post-thawed hepatodgs
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2.2 Study of the pro-coagulant activity of the celpreparation

Haemostasis is maintained by the activation of dbagulation cascade upon vessel injury. The
coagulation cascade is triggered by two distindhyways: either tissue factor-dependent (the
extrinsic pathway) or tissue factor-independenrg (titrinsic pathway, contact activation), where the
tissue factor is a 47-kDa transmembrane glycoprofBissue factor is constitutively expressed by
cells in the adventitia of blood vessels. It isrfdun richly vascularised tissues such as the careb
cortex, renal glomeruli, and lungs. Normally, cedlgposed to blood (such as endothelial cells and
monocytes) do not express tissue factor, but certaiflammatory stimuli including
lipopolysaccharide, immune complexes and cytokoaes induce tissue factor expression in these
cells. Tissue factor is strictly regulated by asuis factor pathway inhibitor in the blood. Both
pathways converge at the activation of the coamuldtactor X to factor Xa in the generation of
thrombin. Thrombin cleaves fibrinogen to fibrin whiinduces the formation with platelets of an
insoluble thrombus in order to stop the bleedir®).(Additionally, tissue factor appears to promote
inflammation with thrombin and is known to activagpeotease-activated receptors (19). This
activation of protease-activated receptors elitits production of proinflammatory cytokines and
promotes leukocyte rolling in venules. Bennet ehale described a thrombotic reaction following
islet cell transplantation, which is elicited whéslets come into direct contact with ABO-
compatible blood (8). This phenomenon has beeredtatstant blood-mediated inflammatory
response and is characterized by the activatidotif the coagulation and the complement systems
and by a rapid binding of activated platelets te idlet surface. More recent studies performed in
Sweden associate instant blood-mediated inflammagsponse with early beta cell activity (88).

To our knowledge, pro-coagulant activity relatedissue factor has not yet been evaluated in other

cell transplantation models and more specificaitythe liver.
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3.  Aims of the study
We evaluated the use of C/T hepatocytes in LCTabikze patients with urea cycle disorders who
were awaiting orthotopic liver transplantation. Thbility of C/T hepatocytes to engraft the
recipient liver and to improve the impaired metabphrameters was investigated. For a variety of
metabolic disorders, a small percentage (<10%af/me activity allows the modification of the
phenotype from a severe to a moderate or even foild of the disease. However, a higher
proportion of liver cell engraftment is sought.
We assumed that successful engraftment was closleled to the liver cell quality and remaining
C/T hepatocytes, and for disponibility reasons, #q@propriate cell source. Based on our
preliminary viability results obtained with C/T hepcyte suspension used in two urea cycle
disorders patients, which showed marked reduciio®sI P concentrations, we studied in detail the
mitochondrial biochemical functions of C/T hepatiesy as compared to freshly isolated ones.
Thereafter, we determined the timing of the mitouhrtal damage and investigated strategies to
improve these parameters mainly by changes in thiepreservation medium composition or
selection of hepatocyte sub-populations that mambee resistant to the freezing related damage.
Another approach to improve cell engraftment inedhstudying early mechanisms of cell rejection
and cell death occuring in LCT. It was demonstrdbed pancreatic islet infusions were responsible
for a tissue factor pro-coagulant activity, whicancbe the starting-point of an unspecific
inflammatory reaction which can impair the longatesuccess of transplantation. We therefore
evaluated tissue factor dependent pro-coagulaivitgan both freshly isolated and C/T hepatocyte
suspensions and their modulation by pharmacologacgants. This approach will help us to
understand the early mechanisms of cell rejectrmh cell death that may occur in LCT and hence

may lead to design strategies for the improvemeéoelb engraftment.
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4. Results and discussion
4.1  Consequences of cryopreservation/thawing on hajocytes used for liver cell

transplantation

4.1.1 Results

4.1.1.1 Cryopreserved/thawed cells used to briggptable urea cycle disorder patients to

orthotopic liver transplantation
Limited information is available about the potehtiae of C/T hepatocytes in humans for metabolic
disorders. All published case reports, to our kmalgk, have infused at least some proportion of
freshly isolated hepatocytes, preventing any caicturegarding the respective efficiency of C/T
versus freshly isolated cells. The effect of LCTagute liver failure (ALF) was evaluated by Bilir e
al. in five patients with severe ALF who underwaeritasplenic and/or intrahepatic LCT with C/T
hepatocytes. Three of the 5 patients who survi&taurs after LCT had substantial improvement
in encephalopathy scores, arterial ammonia leegld, pro-thrombin times. Clinical improvement
was paralleled by an increase in aminopyrine anffeice clearance. All 3 patients lived
substantially longer than expected based on cliexperience after LCT but eventually died. Post-
mortem examination showed the presence of transulamepatocytes in the liver and spleen by
light microscopy and FISH analyses (119). HowewerALF, the demonstration of the LCT
efficacy remains difficult. Studies into inheriteaktabolic diseases have also used freshly isolated
hepatocytes, which makes it difficult to specifigagirove the efficacy of C/T hepatocytes.
In Sections 4.1.1.1.1 and 4.1.1.1.2 (articles 1 @pdwe demonstrate the potential of C/T
hepatocytes to stabilize unstable, metabolic deemsgttion in urea cycle disorder patients while
waiting for a liver graft.

4.1.1.1.1 Cryopreserved liver cell transplantatiocontrols ornithine transcarbamylase-

deficient patient whilst awaiting liver transplaitan
In this Section (Article 1), we demonstrate thatopreserved cells allowed metabolic control and

urea synthesis in a male ornithine transcarbamda$eient patient who was waiting for
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orthotopic liver transplantation. This patient vedabilized during the entire waiting time leading u
to the transplantation. In addition, a patient fr&mg’s College Hospital (UK), with an inherited
factor VII deficiency, was exclusively transplantedth C/T hepatocytes and experienced a

transient 20% reduction in factor VIl therapy requient (34).
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Article 1: Cryopreserved Liver Cell Transplantatioontrols Ornithine Transcarbamylase deficient
patient while waiting Liver Transplantation. Amearc Journal of Transplantation, 2005 Aug;

5(8):2058-61.
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Cryopreserved Liver Cell Transplantation Controls
Ornithine Transcarbamylase Deficient Patient While
Awaiting Liver Transplantation

Xavier Stéphenne, Mustapha Najimi, Francoise
Smets, Raymond Reding, Jean de Ville de Goyet
and Etienne M. Sokal™

Pediatric Research Laboratory and Pediatric Liver Unit,
Université Catholique de Louvain, Cliniques St. Luc,
Brussels, Belgium

*Corresponding author: Etienne M. Sokal,
sokal@pedi.ucl.ac.be

Liver cell transplantation was performed in a child
with urea cycle disorder poorly equilibrated by con-
ventional therapy as a bridge to transplantation. A
14-month-old boy with ornithine transcarbamylase
(OTC) deficiency received 0.24 billion viable cryopre-
served cells/kg over 16 weeks. Tacrolimus and steroids
were given as immunosuppressive treatment while
the patient was kept on the pre-cell transplant ther-
apy. Mean blood ammonia level decreased signifi-
cantly following the seven first infusions, while urea
levels started to increase from undetectable values.
After those seven infusions, an ammonium peak up to
263 ng/dL, clinically well tolerated, was observed. In-
terestingly, blood urea levels increased continuously
to reach 25 mg/dL, after the last three infusions. Even-
tually, he benefited from elective orthotopic liver trans-
plantation (OLT) and the post-surgical course was un-
eventful. We conclude that use of cryopreserved cells
allowed short- to medium-term metabolic control and
urea synthesis in this male OTC-deficient patient while
waiting for OLT.

Key words: Children, liver cell transplantation, met-
abolic disease, pediatric medicine, urea cycle
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Introduction

The urea cycle is the final and crucial pathway for the
metabolism of waste nitrogen in humans. Hence, an al-
teration of this pathway causes an accumulation of am-
monia, which has been described to cause several dele-
terious effects of the brain, for instance neurological dam-
age and cognitive deficits. Urea-genesis is liver-based and
hepatocyte is the single cell able to express the ornithine
transcarbamylase (OTC) gene, and by this way fully elimi-
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nate ammonia. Male patients with OTC deficiency, which
is a severe form of urea cycle disorder presenting from
birth, are at high risk of severe brain damage due to hyper-
ammonermia. Management by diet protein restriction and
use of ammonium scavengers are not always sufficient to
control the disease and stahilize the patient (1), and ortho-
topic liver transplantation (OLT) becomes then the ultimate
treatment to avoid repeated encephalopathic episodes and
irreversible brain damage (2).

Rapid transplantation is imited by the organ shortage and
long waiting time, during which irreversible brain damage
may occur and jeopardize the long-term psychomotor de-
velopment.

Liver cell transplantation (LCT) has been shown to restore
partial metabolic activity in various animal models of inborn
errors of metabolism (3,4). Because human trials have al-
ready reported short or medium metabolic effects in differ-
ent inborn metabolic diseases, such as Crigler—Najjar dis-
ease (b), Glycogen storage type 1a disease (6) and Refsum
disease (7), this alternative therapy has been proposed as
a bridge during his waiting time for OLT. Moreowver, in LCT,
cells can be made available without competing with whole
organs, by using resected segments of reduced livers or
even segment four obtained from split livers (8). One ad-
ditional advantage of LCT is the possibility to cryopreserve
cells that are available for infusions when required.

In a previously reported OTC patient, Horslen et al. have
recently demonstrated that using fresh and cryopreserved
cells, isolated from 10 different livers, only a short-term
(11 days) metabolic stabilization has been observed with
a normal protein intake during this short period. The child
was subsequently transplanted after this LCT trial {9).

In the current study, we show that LCT with cryopreserved
cells can be successful to stabilize an OTC-deficient patient
for as long as & months, providing metabolic control and
urea synthesis while waiting for OLT.

Patient and Methods

A 14-month-old boy (10 kgl with a urea cycle disorder was referred to our
unit for liver transplantation. He had experienced numerous attacks of hy-
perammaonemia since birth, when he presented with acute encephalopathy



and ammanium level of 548 uafdL. He had positive crotic aciduriaand aliver
biopsy confirmed OTC deficiency (enzymatic activity assay). The child had
impaired psychomotor development and was maintained on a restricted
protein intake (1 g/ka/day), sodium benzoate therapy (250 ma/kaiday) and
argining/citrulling supplementation. He was hospital bound most of the time
because of recurrent episodes of encephalopathy and hyperammaonemia.

His parents were not considered as living donor candidates, and the boy
was registered in the Burotransplant waiting list. In view of his unstable
condition, and following parental information and institution review board
approval, a program of LCT was proposed in order to stabilize the child
while waiting, as a bridge to transplantation. Mo contra-indication to LCT
was found, and left to right cardiac shunt was amongst others excluded.

A port-a-cath device was inserted surgically in the portal system according
to the technique described elsewhere (10) and allowing repetitive infusions.
The last injection was made after direct portal puncture during surgery to
remave the port-a-cath, whichwas no more in the portal system. During the
ninth cell injections with port-a-cath, an ultrazound wazs performed before
and after each infusion to control the catheter position. Maoreover, contrast
Doppler ultrazound was applied in order to follow flow direction befare infu-
sions, while the portal pressure was monitored before and after infusions.
Central venous pressure, blood pressure, pulse rate, temperature and oxy-
gen saturation were also monitored during infusions.

Cell isolation

Cell isolation procedure has been reported earlier (7). Briefly, hepatocytes
were isolated at the liver cell transplantation center at the St. Luc Hospi
tal, Université Catholique de Louvain using the classical two-step perfusion
method under good manufactory practice guidelines. In this case, 5.4 bil
lion hepatocytes with a viability of 82% estimated by the trypan blue exclu-
sion (TBE) method (plating: 42 %) were izolated from one ABO compatible
19-yearold boy reducediver (no fatty infiltration) recovered postmortem.
Serologic tests for hepatitis B, hepatitis C, HIV and ChV were negative.

Cryopreservation and thawing

Isolated cells were frozen in an University of Wisconsin sclution with 5 mh
Hepes, 20 mg/L dexamethasone, 40 |IJ/L insulin, 1 M glucose, 3.75% hu-
man albumin and 10% DMSO by controlled rate freezing as demonstrated
by a consensus on liver cells cryopreservation (11). After cryopreservation in
liquid nitrogen, cells were rapidly thawed in a 37°C water bath and washed
twice in a stable solution of plasmatic proteins (85 % of albumin) containing
bicarbonate {0.84 mg/L), glucose (2.5 g/L) and 10 IU/L heparin. After two
centrifugations at 1200 rpm and 4°C, cells were resuspended in the same
solution at the desired concentration for injection. Viability of the thawed
cells was estimated by TEE method and additional functional tests including
intracellular adencsine triphosphate assay and tetrazolium =alts reduction
test (succinate deshydrogenase activity) were also performed. The infused
cell suspensions were constituted by ~25% of albumin pesitive cells jwith
hepatocyte morphology) as demonstrated by immunocytochemical studies.
In primary cultures, these cells were also able to produce albumin and to
synthesize urea as demanstrated by biochemical assays (data not shown).

Cell infusion

The child received 3.5 billion cryopreserved cells (2.4 billion viable cryopre-
served cells). The median viakility as determined by TBE method was 70%
{range: 50-84%). The cells were given in 10 successive infusions over 18
weeks. Each infused cell suspension contained 30 to a maximum of 100
= 107 cellsfkg body weight, to reach 5-10% of the total liver cells number
(5,6,12). A first series of seven infusions (71% of total infused cells) was
performed during 1 month when he arrived in our unit. Three last infusions
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were performed in 15 days while he came back to hospital for follow-up 2.5
months later.

He was maintained on the same dietary and medical management as be-
fore. Mevertheless, the controlled diet was probably not followed during
the period between the two steps of infusions. Immune suppression in-
cluded stercids given at a dose of 1 mgikg progressively tapered to reach
0.25 mafkg at 1 month and tacrolimus (Prograft, Fujisawa, Berlin, Ger-
many] to reach a through level of 6-8 ng/mL. Befare each cell infusion,
intravenous hydrocortisone (10 makal waz administered. The patient was
maintained under the same immunosuppressive and metabolic treatment
until a post-mortem graft became available & months after the first infusion
and 2 months after the last one. The post-CLT immunosuppressive treat-
ment included tacrolimus monotherapy according to our immunosuppres-
sive OLT protocol. To evaluate immunization against infused cells, donor-
HLA-antibodies were measured 2 months after the end of the infusions just
before OLT. The patient had orthotopic transplant & months after the first
infusion.

Biochemical monitoring

Due to the deleterious effect of hyperammonemia episodes, plasma am-
maonia was followed on a regular basis before and after infusions. Elood
urea nitrogen was monitored as a final product of the urea cycle activity.
Additional ammonia measures were done whenever the patient was un-
well.

The engraftment of the transplanted cells was not followed on liver biopsies
to avoid unnecessary invasive exams, as this therapy was proposed as a
bridge to liver transplantation.

The explanted liver was not analyzed for cell engraftment due to lack of
infarmed consent.

Psychomotor development
The patient was evaluated using the early cognitive development rating
scales (EEDCP 2000).

Statistical analysis
The data were analyzed using the Student's - test (paired).

Results

The infusions were perfectly tolerated without any acute
adverse events. Clinical parameters remained within nor-
mal range and no important changes in liver function
tests were observed (Table 1. Pre- and post-cell-transplant
Coppler ultrasound of the portal system and hepatic artery
neither show any change of portal pressure nor blood
flow.

Before LCT, several episodes of hyperammonemia oc-
curred reaching 548 ug/dL at birth (7 days of live) and 422
ug/dL 5 months later. The patient had recurrent episodes
of severe psychomotor decompensation, while under diet
and treatment. During first month, the patient received a
first series of seven infusions with atotal of 1.7 billion viable
cells. During this period, analysis of blood ammonia (ug/dL}
showed a significant decrease in its mean level 71.4 £ 7.7
(median: 73; range: 38-131) (n = 32) as compared to the
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Table1: Ammonia, AST inormal AST laboratory values: 14-63 ILUYL) and ALT levels inormal ALT laboratory values: 6-33 Iu/L) were followed
during the pre-transplant pericd, first series of infusions, post first series period, second series of infusions and the last period, free of
infusions, while waiting OLT. Data are presented as mean £+ SD. Slight increase in AST and ALT levels was recorded during the two
infusions periods with a maximurn of 151 and 130 [U/L, respectively. These values returned to control levels 2 days after the last infusion

of each series

Tst Post 1st 2nd Post 2nd
Pre-transplant series series series series
Ammonia levels jug/dl) 118.0£11.7 4ax77 110.8 £358.3 B27+275 1386+ 49
AST (UL 235+£26(n=11) 760+138in=24) 546+344in=11) 828+£326(n=7) 385+203in=12)
ALT (UL) 368+27(n=11) 7.7+ 118(n=24) 405+118(h=11) B97+316Ih=7 393+79(h=12)
mean value before LCT 118.0 &£ 11.7 (p = 0.0048) (median: -
oLT

96; range: 25-548) (n = 58). - -
After the first series of infusions, when he left hospital, %
transient hyperammonemia episodes, clinically well toler- 2 204 Ist series ond
ated, up to 263 ng/dL (2 months after the seventh infusion) = — =
were detected biochemically, related to decreased compli- °
ance to treatment and diet or to possible rejection of the % 154
cells Imean ammonia for this period: 110.9 £ 39.3) (me- %
dian: 101.5; range: 43-263) (n = 13). A second series of .

three infusions was then made in 15 days. Mean ammo-
nia levels during this period decreased to 82.7 + 27.5 with
no statistical significance (p = 0.514) (median: 80; range:
41-132) (n = 8). Later, respectively, 5 days and 2 months
after the last infusion, two hyperammonemia episodes oc-
curred up to 338ug/dL during intercurrent infection, being
well tolerated clinically (mean ammonia levels of this pe-
riod: 138.6 + 4.9) (median: 110; range: 46-338) (n = 24).
During these two episodes, the diet was reduced to 0.5
g/kg until ammonia levels returned again to normal values.
The rest of the treatment was not modified.

In parallel, we evaluate the levels of urea as a probable in-
dicator of metabolically active engrafted cells. Urea starts
to become detectable 1 month after the first infusion,
at the end of the first infusion series {two peaks up to
13 mg/dL). These significant urea levels were maintained
up to 2 months before decreasing to reach undetectable
values. Importantly, urea levels increased again after the
last infusions and reached the highest value of 25 mg/dL.
The post-LCT average was 12.3 + 0.6 (n = 40) as com-
pared to undetectable pre-LCT values (n=12) {(p = 0.0008)
{Figure 1).

From the end of the first infusion series, the child psy-
chomotor development markedly improved, according to
EEDCP scales, with acquisition of sitting position and
speech, which had disappeared earlier. No psychormotor
decompensation occurred during post-LCT hyperammone-
mia episodes unlike pre-LCT episodes.

Following LCT and before the planned OLT, there was no
evidence of sensitization to donor HLA's as shown by neg-
ative panel reactive antibodies. Six months after first infu-
sion, when a post-mortem graft was available, he was liver
transplanted. Following OLT, ammonia and urea levels re-

2060

Ai4d #

Pre- Post-transplant

Figure 1: Follow-up of urea levels in an OTC deficient patient.
In the pre-transplant period, the urea levels were undetectable.
The first series of infusions (seven infusions in 1 month) was fol-
lowed by three additional infusions performed in 15 days (second
series of infusions). Infusion of cryopreserved cells is symbolized
by a black arrow.

turned within the normal range, and the post-transplant
course was uneventful.

Discussion

While waiting for OLT, this patient received safely 0.24 bil-
lion viable cryopreserved cells/kg. Cells were infused over
a period of 16 weeks in two different series. Single donor
origin aimed to avoid immune sensitization in view of the
planned OLT.

We demonstrate that cryopreserved cells can be used for
elective LCT, and exert metabolic control. Indeed, the first
series of infusion (1 month—71% of all infused cells) led
to the control of ammonia levels, which remained within
normal ranges. This immediate and transient result con-
firms the data obtained by Horslen et al. (9) using a larger
number of cells from different donors as well as prior ob-
servations from our center showing that metabolic control
can be obtained immediately following infusion of a large
cell mass (7).

American Journal of Transplantation 2005; b: 2068-2061
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Our patient required, however, a second series of infusion
when ammonia levels increased again. This secondary loss
of effect was probably due to non-permanent engraftment
or rejection of a part of the infused cells. Indeed, animal
studies have shown immunogenicity of infused murine
hepatocytes (13). The increased ammonia levels may also
be explained by a decreased compliance to diet following
the first infusions, as the patient was not hospital bound in
this period. Nevertheless, the port-a-cath access allowed
us to plan additional infusions, leading again to normaliza-
tion of ammonia levels during the infusion period.

Whereas the ammonia levels can be influenced by several
parameters, urea synthesis is a more significant indicator of
rmetabolically active engrafted cells. Urea levels increased
progressively in blood to reach the highest detected value
5 months after the first infusion. This result indicates that
donor liver cells were engrafted and had become metabol-
ically active. This allowed to stabilize the patient further
and to protect him against encephalopathic episodes while
waiting for OLT.

Previous animal studies have demonstrated that the effi-
ciency of cryopreserved cells can be comparable to that
of freshly isolated cells. Fresh or cryopreserved cells re-
sulted in similar decrease in urinary uric acid excretion
in dalmatian dogs (14). Liver repopulation with cryopre-
served/thawed hepatocytes was demonstrated in mice
rmodel (15,16). The cryopreserved cells have also the abil-
ity to retain hepatic function and to respond to liver injury
as it was demonstrated in immunodeficient mice {17). In
humans, Baccarani et al. described use of cryopreserved
cells in a bioartificial liver as a source of human liver cells
to bridge a patient, affected by fulminant hepatic failure, to
emergency liver transplantation (18). Nevertheless, exclu-
sive use of cryopreserved cells was to our knowledge not
yet reported in LCT.

We conclude that cryopreserved/thawed hepatocytes can
be safely infused to achieve metabolic control. We showed
immediate efficacy in ammonia levels and medium-term
efficacy in urea synthesis as well as improved psychomo-
tor development. LCT should be considered as a bridge to
transplantation for OTC deficiency patients to avoid neuro-
logical decompensation.

Acknowledgments

The authors thank the UCL pediatric radiclogy unit for the medical support,
IWagda Janssen, Annick Bourgois, Céline Caillau and Khuu Ngoc Dung for
their collaboration. This work was supported by a grant Télévie for liver cells
cryopreservation and by grant WALED. LCT program is supported by agrant
from DGTRE, Région Wallonne, WALEQ/HEPATERA.

American Journal of Transplantation 20058; 5: 2008-2061

LCT to Stabilize an Urea Cycle Deficient Patient
References

1. Leonard JV, McKiernan PJ. The role of liver transplantation in urea
cycle disorders. Mol Genet Metab 2004; 81: 574-578.

2. Whitington PF, Alonso EM, Boyle JT et al. Liver transplantation for
the treatment of urea cycle disorders. J Inherit Metab Dis 1998;
21:112-118.

3. Burlina AB. Hepatocyte transplantation for inborn errors of
metabolism. J Inherit Metab Dis 2004; 27; 373-283.

4. Najimi M, Sokal E. Update on liver cell transplantation. J Pediatr
Gastroenterol Mutr 2004; 39: 311-319.

5. FoxlJ, Chowdhury JR, Kaufman S5 et al. Treatment of the Crigler-
Majjar syndrome type | with hepatocyte transplantation. N Engl J
Med 1998; 333: 1422-1426.

6. Muraca M, Gerunda G, Meri D et al. Hepatocyte transplantation as
a treatment for glycogen storage disease type 1a. Lancet 2002;
358: 317-318. Erratum in: Lancet 2002; 359: 1528.

7. Sokal EM, Smets F, Bourgois A et al. Hepatocyte transplantation
in a 4-year-old girl with peroxisomal biogenesis disease: tech-
nique, safety, and metabolic follow-up. Transplantation 2003; 76:
735-728.

8. Mitry RR, Dhawan 4, Hughes RD et al. One liver, three recipients:
segment IV from split-liver procedures as a source of hepatocytes
for cell transplantation. Transplantation 2004; 77: 16814-1616.

9. Horslen SP, McCowan TC, Goertzen TC et al. Isolated hepatocyte
transplantation in an infant with a severe urea cycle disorder. Pe-
diatrics 2003; 111: 1262-1267.

10. Darwish A&, Sokal E, Stephenne X, Majimi M, de Ville de Goyet
J. Reding R. Permanent access to the portal system for cellular
transplantation using an implantable port device. Liver Transpl
2004;10: 12131215,

11. Li AP, Gorycki PD, Hengstler JG et al. Present status of the ap-
plication of cryopreserved hepatocytes in the evaluation of xeno-
biotics: consensus of an international expert panel. Chern Biol
Interact 1999; 121: 117-123.

12. Gupta S, Jansen PLM, Klempnauer J, Manns MP. Hepatooyte
transplantation, Vol. 126 Falk Symposium. Kluwer Academic
Publishing, 2002.

12. Bumgardner GL, Li J, Heininger M, Ferguson RM, Crosz CG.
In vivo immunogenicity of purified allogeneic hepatocytes in a
murine hepatocyte transplant model. Transplantation 1998; 65:
47-52.

14, Dunn TE, Kumins NH, Raofi \ et al. Multiple intrasplenic hepa-
tocyte transplantations in the dalmatian dog. Surgery 2000; 127:
193-199.

15. Jamal HZ, Weglarz TC, Sandgren EP. Cryopreserved mouse hep-
atocytes retain regenerative capacity in vivo. Gastroenterology
2000; 118: 390-294.,

16. Dandri M, Burda MR, Gocht A et al. Woodchuck hepatocytes
rermain permissive for hepadnavirus infection and mouse liver
repopulation after cryopreservation. Hepatology 2001; 34:; 824—
833,

17. Cho JJ, Joseph B, Sappal BS et al. Analysis of the functional in-
tegrity of cryopreserved hurman liver cells including xenografting
in immunodeficient mice to address suitability for clinical applica-
tions. Liver Int 2004; 24: 361-370.

18. Baccarani U, Donini &, Sanna A et al. First report of cryopreserved
hurman hepatocytes based bioartificial liver successfully usedasa
bridge to liver transplantation. Am J Transplant 2004; 4; 286-289.

2061



63

4.1.1.1.2 Sustained engraftment and tissue enzgtivityaafter liver cell transplantation for

argininosuccinate lyase deficiency
In this Section (Article 2), we focused on the efgnent capacity of C/T hepatocytes (64% of total
infused cells), in parallel to metabolic improverhand psychomotor development. We were able
to demonstrate sustained engraftment of donor logdls in repeated biopsies, correlated with
recovery of argininosuccinate lyase activity, argjly absent, measurable in different biopsy
samples. In parallel, LCT improved the clinical abtchemical conditions of the patient,
transforming a severe neonatal to the equivalenioflerate late-onset disease as observed in

patients with residual, around 1%, enzyme activity.
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Article 2: Sustained engraftment and tissue enzwutévity after liver cell transplantation for

argininosuccinate lyase deficiency. Gastroentergl@§06 Apr; 130(4):1317-23.
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Background & Aims: Donor cell engraftment with ex-
pression of enzyme activity is the goal of liver cell rans-
plantation for inborn errors of liver metabolism with a
view to achieving sustained metabolic control. Methods:
Sequential hepatic cell transplantations using male and
female cells were performed in a 3.5-year-old girl with
argininosuccinate lyase deficiency over a period of 5
months. Beside clinical, psychomotor, and metabolic
follow-up, engraftment was analyzed in repeated liver
biopsies (2.5, 5, 8, and 12 months after first infusion) by
fluorescence in situ hybridization for the Y-chromosome
and by measurement of tissue enzyme activity. Results:
Metabolic control was achieved together with psy-
chomotor catch-up, changing the clinical phenotype
from a severe neonatal one to a moderate late-onset
type. The child was no longer hospitalized and was able
to attend normal school. Sustained engraftment of male
donor liver cells was shown in repeated biopsies, reach-
ing 19% at 8 months and 12.5% at the 12-month follow-
up. XXYY tetraploid donor cells were mainly detected
during the infusion period (2.5 and 5-month biopsies),
whereas in the follow-up 8-month and 1-year biopsies,
diploid donor cell subpopulations had become domi-
nant. Moreover, argininosuccinate lyase activity, origi-
nally absent, became measurable in 2 different biopsy
samples at 8 months, reaching 3% of control activity,
indicating in situ metabolic effect and supporting the
clinical evolution to a moderate form of the disease.
Conclusions: Liver cell transplantation can achieve do-
nor cell engraftment in humans in a significant propor-
tion, leading to sustained metabolic and clinical control
with psychomeotor catch-up.

wver cell transplantation (LCT) can provide partial
me:mboljc control in various human inborn metabolic
diseases. !4 Beside the demonstrarion of a metabolic
effect and its durability, the challenge of LCT in man is
the demonstration of long-term engraftment and repopu-
lation of the recipient’s liver by donor hepatocyres ex-

pressing the deficient enzyme in parallel ro merabolic
improvement.

In urea-cycle disorders, the neurologic outcome afrer
orthotopic liver transplantation (OLT) is closely related
to sequelae of hyperammonemic episodes occurring be-
fore transplanrarion.®® Wairing time on the pretrans-
plant list currently exceeds | year in the Eurotransplant
network, and LCT may avoid further brain damage
caused by recurrent hyperammonemia episedes.” Such
metabaolic control can be achieved with cryopreserved
cells, making scheduled sequenrial infusions possible.® In
necnatal onset argininosuccinate lyase (ASL) deficiency,
patients have an absence of enzyme activity, being at
particular risk of hyperammonemic brain  damage,
whereas parients with lare-onser ASL deficiency express
resiclual acrivity and are at lower risk.

Hereafter, we report long-term chimerism of donor
and recipient hepatocyres afrer LCT in a neonaral form of
ASL deficiency, with parallel phenotypic changes in met-
abolic control, clinical control, and psychomotor carch-

up.

Patient and Methods
Case

A 42-month-old girl weighing 13.5 kg had ASL de-
ficiency with secondary psychomotor retardation because of
recurrent episodes of hyperammonemia. The diagnosis of urea-
cycle disorder was established shortly after birch after hyper-
ammonemic coma (NH;%: 700 pe/dL, normal levels <0125
Peg/dL) associated with significant argininosuccinic acid (ASA)
levels in serum and urine. Complete absence of ASL activity

Abbreviations used in this paper: ASA, argininosuccinic acid; ASL,
argininosuccinate lyase; CH-7, cytokeratin-7; FISH, fluorescence in situ
hybridization; LCT, liver cell transplantation; OLT, arthotopic liver trans-
plantation.

@ 2006 by the American Gastroenterological Association Institute

0016-5085/06/$32.00
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was confirmed on o liver biopsy (Laboratoire de Biochimie
Meédica

logical fibrosis.

e, Hopital Necker, Paris, France), There was no histo-

The child was treated by appropriate dietary protein restric-
tion (L glkgid), phenylbutyrace (300 mg/lg/d) (Ammonaps;
Orp
(3% 300 mg/d), bur she sull experienced episodes of hyper-

an Burope, Paris, France), and arginine supplementation
ammuonemia with peaks =400 pwe/dL during her 3 hrst years
of life. The child was registered on the Eurotransplant liver
transplant waiting list, and LCT was considered with the aim
to improve metabolic control and avoid furcher brain damage

while waiting for a graft.

The hospital ethical review board approved the project. No

contraindicarion to LCT was found.

Cell Handling

Liver cells were isolated from 3 different cadaveric
donor livers as previously described.’ ® Viability estimated by
the trypan blue exclusion technique reached 819 to 90%.

Ocher qualicy control tests of fresh and cryopreserved cells
were performed as reporced earlier.®

Cells were nfused when eicher fresh or alter cryopreserva-

tion and thawing.® A Port-a-Cath system (Smichs Medical, St
Paul, MN) was p
sequential infusions.®

First series of infusions. The patient recerved 1.7

billion cryopreserved/thawed cells from a 19-year-old male

aced in the portal system for easy access and

postmortem donor liver in 7 infusions over 1 month.
Second series of infusions. Two and a half months
from che hrse infusion, the patient received che lasc cell infu-

sion from che brse liver (0.3 billion cells). Furthermore, the

next day, she received 0.7 billion fresh female liver cells

obtained from a 35-year-old postmortem donor.
Third series of infusions. Two months
system, the patient

ater, because

the Port-o-Cach was no longer in the porta
received under direct portal percutanecus puncrure 1 billion
fresh cells from a male S-year-old postmortem donor. To reach

9% of her total hepatic mass, during surgery performed to

remowve the Porr-a-Carh, she received a last infusion of I billion

cryopreserved cells obrained from the same donor (last infusion

of the third series) 1 week later.

(.35
|

system did not

The total number of cransplanted cells chus reached

billion'kg infused over —3 months, All infusions were we

tolerated. Doppler ultrasound of the porta
show any How change.
Immune suppression treatment included tacrolimus (blood

through level of 6 to 8 ng/mL) and prednisolone, progressively
tapered to reach (.25 mg/kg/d, according to the local OLT
transplant protocol. Betore each cell infusion, intravenous hy-
drocortisone (10 mg/lg) was admimistered . The pre-LCT met-
abolic treatment and diec were maintained during the whole

posttiansplant period.

Biochemical Monitoring

The ammonia level in plasma was measured by using
an ammonia reagent by a timed endpoint method (Synchron

GASTROENTEROLOGY Vol 130, No. 4

LX System, Fullerton, CAY (nl <123 pe/dL). Blood and urine
ASA were analyzed by ion (cationj-exchange resin chromatog-
raphy. Liver funcuon tests and alpha-fetoprotein levels were
routinely followed up.

Liver Biopsies: Fluorescence In Situ
Hybridization

Liver biopsies (n = ) were performed 1, 2.5, 3, 8, and

12 months after the hrst infusion (3 and 7 months after last

wfusion for the 2 latter biopsies). The Huorescence 1n situ

hybridizacion (FISH) analysis was performed on liver-biopsy

hngerprines mounted on slides. Transplanted male cells were
detected by using a probe specific to the SRY gene labelled
with a SpectrumOrange (LSI SRY), wich a CEP X Spec-
trumGreen controle probe, and centromeric probes specific to
(CEP12, CEPL6, and CEPLS; Vysis Product,
Downers: Grove, ILL Hybridized slides were examined by

Altosomes

an 2

using either a DMEB microscope (Leica) or an axiop
microscope (Zeiss, Berkshire, UKD equipped wich single-by-
pass filters for excitation of DAPI (Sigma, Bornem, Belgium),

FITC. and rhodamine; double bypass hlters for excitation of
FITC/rhodamine; and triple bypass bleers for exciacion of
DAPIFITC rhodamine. Images were captured by using a Pho-
ometrics (Downingrown, PA) camera and processed by Isis
software ( Metasystem. Germany), For each hybridization, 200
cells in interphase were analyzed. The curoll level for each

probe was determined by scoring 200 intct nuclel in biopsies

obtained from 4 healchy donors plus | biopsy of the patient
betore LCT to ser the baseline based on the mean plus 3
standard deviations. The thresholds of detection for che 1-
2.5-, and S-month biopsies (hybridizacion with probes for
chromosomes X and Y were 4.0% for XY cells, 6.9% for
KXY cells, and 2.1% for XXYY cells, respectively.

To evaluate cell plowdy, the 8-monch and L-year biopsies
were incubated wich probes specifc for the X, Y, and 18
chromosomes, The thresholds of detection were 4.29% for
18,18, XXY and 0% tor 18, 18, XXYY subpopu

According to previous protocls, '™ albumin and cyrokeratin-7

arions.

(CK-7) staining was performed on liver biopsy fingerprines to
determine the hepatocyte lineage of the cells found on che

hngerprints.
Tissue Enzyme Activity

The ASL activity was evaluated on hepatic biopsies by
conversion of arginine (Sigma) and ["Cl-fumarate (Sigma) in
[MCASA. [MCl-fumarate and [Y'C]-ASA were separared by
ange resin chromatography and the [MC]-ASA quancified.

EXC

A normal ASL activity was measured as a posicive contral of

the reaction, whereas argimnosuccinate synchase activity was

evaluated as a contral of qualicy of the biopsy.

Psychomotor Development

The patient’s psychomotor development was evaluared

by the same psychologist before and after LET in the pediacric

newrology unit using the early cognitive development rating

es (2000,

SO
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Figure 1. This 42maonthaold -E | | |
ASLsficient patient received 11 & 2007
cell infusions over a perod of 5 E 250+
maonths (black awows: cryopre- < spp-
served cells, red anows: fresh 150-
isolated cells). The ammonia leyv-
els summarized 3.5 years before 100+
LCT decreased significantly after 50+
the infusions. A perod of fluctu- o m EI
atlngdaénn_wnf Ievil_ls Eﬂfthw ‘
senved during 4 months, en 3.4 i & ronths 4 months e T
ammania levels normalized dur-
ing the |ast & months of follow-
up. Black lines symbaolize the dif-
15 months

ferent biopsies.

Statistical Analysis

The data were analyzed using the Student ¢ test (un-
patred test for post-LCT “ammonia level population” com-
pared with pre-LCT "ammonia level population.” mean £

standard deviation).

Results
Metabolic Follow-up

Ammonia levels. Three severe reported episodes
of hyperammonemia (400 pg/dL) occurred  beftore
LCT. even under appropriate metabolic treatment (Fig-
ure 1) Mean ammonia levels obtained during the 3.5
years betore infusions were 249.37 & 173,00 pg/dL(n =
L6 and decreased after LCT ro 11827 & 50018 pg/dL (n
= &1) (P < .0001) (Figure 1),

During the infusion period, ammonia levels remained
within the normal limirs (average ammonia levels: 99.62
* 41,52 pg/dL, n =48, P <T .0001), except for 1 value
up to 305 pg/dL clinically well tolerated during an
infective episode. After the last infusions, ammonia levels
Huctuared during 4 months (average ammonia levels:
165.25 * 51.51 pg/dL, n = 20, P = .0462). For the last
G-month follow-up period, ammoma levels eventually
remained within the normal laborarory limits range even
during a gastroenreriris episode (average ammonia levels:
L1485 £ 51.56 pg/dL, n = 13, P = 0101

Blood and urine argininosuccinic acid. There
were no staristically significane differences in blood and
urine mean ASA levels: serum levels changed from 389

* 1380 pmol/L (o = 4) o 2443 * 1238 pmoel/L (n
= 17. P = .0626), whereas urine levels changed from
14,246,350 £ 77530 mmol/mol creatinine (n = 2) be-
fore infusions to 12,311.73 = 6347.79 mmol/mol cre-
atinine {n = 11} afrer infusions.

Liverfunction tests and alpha-fetoprotein. Liver
tests, serum aspartate aminotransterase, and alanine ami-
notransferase were slightly increased before infusions
(1.5% upper limit of normal). No significant alterations
were noted in liver-funcrion tests, and alpha-feroprotein
levels remained within oormal values throughour che

study period i(dara not shown .
FISH and Enzyme Activity

Infusion period. FISH analysis did not derecr Y-
positive cells on the 1-month biopsy. XX/AXYY chi-
merism appeared on the 2.5-month biopsy, with 4.7%
Y-positive cells (blank 2.1% ) iFigure ZA and B). Sec-
ondary hybridizarion with probes for aurosomes 12 and
16 shows by position correlation the rerraploid (4N)
status of those cells (Figure 200, Five monchs afrer the
hrst infusien, AN XXYY cell population was 5.5%
thlanke 27%) and a marginal percentage of 2N XXY cells
appeared. Y-chromosome real-time semiquanticative
polymerase chain reaction confirmed presence of the Y
chromosome (data not shown),

Follow-up (infusion free) period. Three monchs
after the last infusion, 2N XXY cells reached 149 (vs
blank: 4.2% with triple hybridization? and 2N XXYY
cells 5% (vs blanle: 09 ) (Figure 3A and B). Those 2
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Figure 2. (4 and B) FISH ¥ chromosome on liver cells obtained by
biopsy performed 2.5 months post-LCT in the ASL-deficient patient
showing 4.7% of XXYY cells. Red: SRY (chromosome ¥) and green:
D¥Z1 (chromosome X-CEP X1 (C) Hybridization with centromeric
probes specific of autosomes (CEP12, CEP18) of the 2.5month
biopsy fingerprints where XYY cells were found in significant propor-
tion, confirming the tetraploid status of XXYY cells. Red: CEP12
{chromosome 12) and green: CEPLE (chromosome 16).

subpopularions had | pair of chromosomes 15, Albumin
and CK-7 staining on liver biopsies showed that 937% ol
the analyzed cells were albumin positive and CK-7 neg-
ative (Figure 4A). Five percent of the analyzed cells were
albumin negarive and CK-7 positive (Figure 48). Fur-
ther FISH analysis showed thar by positien correlarion,
the Y-positive cells were albumin positive and CK-7
negative, confirming their hepatocyre lineage. The last
biopsy, taken | year atrer the first infusion (7 monchs free
from infusion). showed durable presence of [1% 2N
XXY cells {vs blank: 4.29% ) and 1.5% 2N XXYY cells
ivs blank: 0% ).

FISH on donor cells. FISH for chromosomes X,
Y, and 18 was also applied on the male-infused liver cells
showing 8% tetraploidy from the first male donor. Tet-
raploid cells were absenr from the second male donor. No
Y-positive cells were found in che infused female liver
cells.

Tissue enzyme activity. Liver-tissue ASL acriviry
was measured on 2 samples of the 5-month biopsy whose
fingerprints had shown the Y-positive FISH sraining,.

ASL  activity  reached (.15 and 034 nmol/
L.min™! . mg™!, respectively (vs 11.70 and 9.00 nmal/
L.min~! . mg~!as ASL positive concrols; ie, 1.3% and

3.8% of control activity). Argininosuccinate synthase
acriviry was measured as quality concrol of the biopsy
L1.10 nmal/
. respectively, similar o controls. The

and reached normal values of [2.80 and

L.min~! . mg™!

e of

ASL acrivity of the l-year biopsy again reached 2.¢

GASTROENTEROLOGY Vol. 130, No, 4

1 1

control activity (0.78 vs 3004 nmol/L - mun™!' - mge 7! as
ASL positive control). The pre-LCT ASL activity was
underectable, whereas argininosuccinate synthase activ-
|

ity was normal (6.90 nmol/L . min™! - mg ™!,

Clinical Evolution and Psychomotaor
Development

The child’s psychomoror development was mark-
edly impaired before LCT; uprighr position was acquired
at the age of 20 months and she had no acquisition of
speech. Her developmental age ar 3.5 years was evaluared
at 20 months by using the Psyche Educarional Profile
Revised (PEP-R) test for global mortility. language, per-
sonal-social behavior, and adaptive behavior.

After LCT, psychomotor development improved re-
markably according ro both parenrs and the nursing
ream. Wichin che year afrer infusions, the child acquired
fecal and urinary continence, was able to dress alone, was
able to perform some difheult puzzle exercises, and en-
elemenrary Psvchomaror
(PEP-R performed by the same psychologist, 14 months
after the frst infusion, showed a 13-month catch-up in &

rerec school. evaluarion

months time {or global evaluation and an 18-month
catch-up in & months rime for evaluation of items in
development.

Discussion

The most important inding of this study is che

demonscration of successfully engrafred donor heparo-
cyres in 4 successive biopsies raken up o | year after the
first infusion and up to 7 monchs after the last infusion
The high percentage and durable presence of Y -positive
cells are significant achievemenrs in comparison with

results obrained in successtul animal studies withour

arrificial regenerative stimuolos.H-1e Moreover, the ob-
rained percenrage of engrafted donor cells measured does
not account for the female donor cells infused. not de-
tectable by the FISH rechnique used. This is the hrst

Figure 3. (4 and B) FISH Y-1& chromosomes on liver cells obtained by
biopsy performed & months post-LCT in the ASL-deficient patient
indicating a significant percentage of 2N XXY, 2N XXYY. Red: SRY
{chromosome Y), green: DXZL (chromosome X-CEP X), and blue: CEP
18 (chromosome 18).
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Figure 4. (4) Albumin (in green)
ancl CK-T (in red) staining of cell
fingerprints from Y-positive biop-
sies indicating a 95% panel of
albumin-positive, CK:-7 negative
cells (47, &ciamiding-2-phenylin-
dole nuclei staining in blug). ()
Five percent of cells being albou-
min negative and CK-7 positive
on cell fingerprints from Y-posi-
tive biopsies (4" Ediamidino-2-
phenylindole nuclei staining in
blue).

dernonscration with a direct proof of long-term liver cell
engrafrment in humans. Human stodies have reporred
indirect arguments of around 19 of engrafted donor
cells, more precisely donor DNA. 10 early postrransplant
biopsies by using donor Y-real-time polymerase chain
reaction in a Refsum parient and shorr randem repears
analysis in 2 adult patients with acure heparic failure. 3.1
These observations were made soon after the infusions
and did not enable conclusions to be drawn concerning
stable and long-rerm engraftment.

It was important to confirm in our patient that en-
grafted cells had a hepatocytic phenotype because infused
human liver cells are a mixed suspension of different cell
rypes. 19 Coimmunostaining showed thar cells found
on several biopsies were predominantly albumin pesitive,
CK-7 negative, and had a hepatic morphology.

Transplanred adule rar heparocyres in mixed suspen-
sion can rapidly engraft, maintain normal funcrion, and
survive in the liver up to 1 year after LET. 2" These cells
maintain a growth potential and are able ro replicare in
the recipient’s liver in an ammal model.#! Monse adulr
heparocyres are capable of repopulation with up ro 69
cell doublings withour loss of funcrion and withour loss
of differentiation or dysplasia.*?

We derecred a significant percentage of rerraploid
cell population in the successive biopsies taken 2.5
and 5 months after the Arst infusion. A second diploid
subpopularion XXY appeared at month 3 and became
more prominent in the last 2 biopsies, whereas the 4N
cells disappeared. Diploid XXYY-accompanying cells
emerged in the s-month and l-vear biopsies. Ep-
stein®® showed that up o B0% of the nucler of adult
mammalian liver parenchymal cells are polyploid. Be-
ginning in young adulthood, average heparocyre DNA
content increases because of polyploidization, whereas
diploid hepatocyres become a minority. Polyploidiza-
rion is a general straregy of cell groweh rhar enables an
increase in metabolic outpur, cell mass, and cell

CELL ENGRAFTMENT AND ENZYME ACTIVITY AFTER LCT 1321

size 2% This may constimre an alternative o cell

division. Weglarz er al®® showed also thar mouse
polyploid hepatocyres are potential progenitors for
regenerating foci in damaged liver afrer LET. Furcher-
more, i1 the hereditary mouse model of tyrosinemia,
small hepartocytes separated by cell density have lower
repopulation capacity compared with medium-sized
and large cells, showing thatr regular, binucleared, and
large-differentiated hepatocyres have the best repopu-
lation potential.?” Tetraploid hepatocytes found in
signilicant proportions in donor cells betore and afrer
LCT may suggest that these cells” suspension have an
engraftment advantage. However, this hypothesis 1s
not supported by other studies in animal models atrer
regenerative stimuli 2% The 2N XXY and 2N
XXYY cells found in our patient, after cell infusions
from 2 male livers, could occur from division of the
tetraploid cells obtained from the first male-infused
cells. Another pessibility is that we miss the rer-
raploid genotype of those 2 subpopulations because of
technical limutations. We cannot exclude eicther that
the 4N XXYY cells and the 2N XXY/2ZN XXYY cell
mosaicism found later were not obrained by fusion
between host and male donor cells. However, there 1s
no indicarion from animal studies char marure hepa-
rocyres fuse with narive host cells.

In parallel. LCT significantly improved the child’s
clinical and biochemical conditions. Ammeonia levels de-
creased significantly during rhe infusion period excepr
during an inrercurrent infecrive episode. This early effect
was interprered as being linked to the important infused
cell mass, as already observed in our previous Refsum
parient.* Ammonia levels afrerwards Qucruared during 4
months, possibly because of the decrease of immediare
mass effect.™® Later on, 9—15 months after the hrst
infusion, ammonia levels remained permanently below
the roxiciry threshold. even during an episode of gastro-
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enteritis, suggesting efficient engraftment and repopula-
tion. These resulrs correlated with the derection of tissue
enzyme activity, which was sufficient to maintain am-
monium levels within the normal values, whereas ASA
was still produced in signihcant amounts by a recipient’s
liver cells.

The patient’s clinical condition was transformed from
a severe neonatal form to the equivalent of moderate
late-onset disease as observed in patients with residual
enzyme acriviry, which could also be measured around
193030 These late-onset patients, with normal psy-
chomortor development, also excrete high concentrations
of ASA in urine, leading authors to conclude thar this
compound is not respensible for the neuroroxicicy.0-31
Nevertheless, other reports stare thar despite ammonium
metabolic control, the long-rerm neurologic ourcome of
ASL-deficient patients remains unsatisfactory,3? justify-
ing the planned OLT.

Furthermore, liver histology of an ASL-deficient pa-
rient shows often diseased pale hepatocyres with abnor-
mal glycogen deposition and progressive fibrosis.®® The
success of LCT in this parricular case of ASL may possibly
be explained by a proliferative advanrage of the trans-
planted cells on the diseased host heparocyres.

In conclusion, the FISH technique can be applied o
show engrafrment after LCT in cases of sex-mismarched
LCT #4355 LCT in humans can procure persisting engraft-
ment of transplanted cells parallel ro rissue enzyme ac-
riviry, transtorming a severe disease into a moderare form
of this urea-cycle disorder. This led ro significant psy-
chomotor and clinical progress in our parient. Furure
developments should aim to increase engraftment by
procuring selecrive advantage to the transplanted cells in
human LCT.

References

1. Majimi M, Sokal E. Update on liver cell transplantation. J Pediatr
Gastroenterol Nutr 2004,39:311-319.

2. Fox 11, Chowdhury 1R, Kaufman S5, et al. Treatment of the
Crigler-Majjar syndrome type | with hepatocyte transplantation.
M Engl J Med 1998;338:1422-14 26,

3. Sokal EM, Smets F, Bourgois A, et al. Hepatocyte transplantation
in a d-year-old girl with peroxisomal biogenesis disease: tech-
nique, safety, and metabolic follow-up. Transplantation 2003;76:
736-738.

4. Muraca M, Gerunda G, Meri D, et al. Hepatocyte transplantation
as a treatment for glycogen storage disease type 1a. Lancet
2002;359:317-218.

. Whitington PF, Alonso EM, Boyle JT, Molleston JP, Rosenthal P,
Emond IC, Millis JW. Liver transplantation for the treatment of
urea cycle disorders. J Inherit Metab Dis 1998;21(Suppl 1):112-
118.

6. Leonard IV, McKiernan PJ. The role of liver transplantation in urea

cycle disorders. Mol Genet Metab 2004;81(Suppl 1):574 -578.

o

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

5.

26.

27.

GASTROENTEROLOGY Vol. 130, No. 4

. Horslen 5P, McCowan TC, Goertzen TC, Warkentin P, Cai HE, Strom

SC, Fox 1), Isolated hepatocyte transplantation in an infant with a
severe urea cycle disorder, Pediatics 2003;111:1262-12E7.

. Stéhenne X, Majimi M, Smets F, Reding R, de Ville de Goyet J,

Sokal EM. Cryopreserved liver cell transplantation controls arni-
thine transcarbamylase deficient patient while waiting liver trans-
plantation. Am J Transplant 2005;5:2058-2061.

. Darwish a4, Sokal E, Stephenne X, Najimi M, de Ville de Goyet J,

Reding R. Permanent access to the portal system for cellular
transplantation using an implantable port device. Liver Transpl
2004;10:1213-1215.

Majimi M, Maloteaux JM, Hermans E. Pertussis toxin-sensitive
modulation of glutamate transport by endothelin-1 type A recep-
tors in glioma cells. Biochim Biophys Acta 2005,1668:195-202.
Ponder KP, Gupta S, Leland F, et al. Mouse hepatocytes migrate
to liver parenchyma and function indefinitely after intrasplenic
transplantation. Proc Natl Acad Sci U S A 1991,88:1217-1221.
Wang L1, Chen YN, George D, Smets F, Sokal ENM, Eremer EG,
Soriano HE. Engraftment assessment in human and mouse liver
tissue after sex-mismatched liver cell transplantation by realtime
quantitative PCR for ¥ chromosome sequences. Liver Transpl
2002,8:822-828.

Mas VR, Maluf DG, Thompson M, Ferreira-Gonzalez A, Fisher RA.
Engraftment measurement in human liver tissue after liver cell
transplantation by short tandem repeats analysis. Cell Trans-
plant 2004;13:231-236.

Kano 1, Noguchi M, Kodama M, Tokiwa T. The in vitro differenti-
ating capacity of nonparenchymal epithelial cells derived from
adult porcine livers. Am 1 Pathol 2000;156:2033-2043.

Suclo R, lkeda S, Sugimoto S, et al. Bile canalicular formation in
hepatic organoid reconstructed by rat small hepatocytes and
nonparenchymal cells. J Cell Physiol 2004;159:252-281.
Harada K, Mitaka T, Miyvamoto 5, et al. Rapid formation of
hepatic organcid in collagen sponge by rat small hepatocytes and
hepatic nonparenchymal cells. ] Hepatol 2003;39:716-723.
Rosenthal M. Prometheus’'s vulture and the stem-cell promise.
M Engl J] Med 2003;349:2687-274.

Wang X, Foster M, Al-Dhalimy N, Lagasse E, Finegold M, Grompe
M. The origin and liver repopulating capacity of murine oval cells.
Proc Natl Acad Sci U S A 2003;100(Suppl 1):11881-11888.
He ZF, Tan WQ, Tang YF, Zhang HJ, Feng MF. Activation, iscla-
tion, identification and in vitro proliferation of oval cells from adult
rat livers. Cell Prolif 2004;37:177-187.

Gupta S, Aragona E, Vemum RF, Ehargava KK, Burk RD. Perma-
nent engraftment and function of hepatocytes delivered to the
liver: implications for gene therapy and liver repopulation. Hepa-
tology 1991;14:144-149,

Rhim JA, Sandgren EP, Degen L, Palmiter RD, Erinster RL.
Replacement of diseased mouse liver by hepatic cell transplan-
tation. Science 1994,263:1149-1152.

Overturf K, Al-Dhalimy M, Ou CM, Finegold M, Grompe M. Serial
transplantation revals the stem-cell like regenerative potential of
adult mouse hepatocytes. Am 1 Pathol 1897;151:127 3-1280.
Epstein CJ. Cell size, nuclear content and the development of
polyploidy. Proc Matl Acad Sci U S A 1987,57:327.

Ravid K, Lu 1, Zimmet J, Jones M. Roads to polyploidy: the
megakaryocyte example. J Cell Physiol 2002;190:7-20.
Guidotti JE, Bregerie O, Robert &, Debey P, Brechot C, Desdouets
C. Liver cell polyploidization: a pivotal role for binuclear hepato-
cytes. J Biol Chem 2003;278:18095-19101.

Weglarz TC, Degen JL, Sandgren EP. Hepatocyte transplantation
into diseased mouse liver. Kinetics of parenchymal repopulation
and identification of the proliferative capacity of tetraploid and
octaploid hepatocytes, Am J Pathol 2000;157:1983-197 4.
Overturf K, Al-Dhalimy M, Finegold M, Grompe M. The repopula-
tion potential of hepatocyte populations differing in size and prior
mitotic expansion. Am 1 Pathol 1999;155:2135-2143.



73

April 2006

28.

29.

30.

31

32,

33,

Gorla GR, Malhi H, Gupta 5. Polyploid associated with oxydative
injury attenuates proliferative potential of cells. J Cell Sci 2001;
114:2643-2951.

Sigal HS, Rajvanshi P, Gorla GR, et al. Partial hepatectomy-
induced polyploidy attenuates hepatocyte replication and acti-
vates cell aging events. Am J Physiol 1999;276:1260-1272.
Widhalm K, Koch 5, Scheibenreiter S, Knoll E, Colombo JP,
Bachrmann C, Thalhammer 0. Long-term follow-up of 12 patients
with the late-onset variant of argininosuccinic acid lyase defi-
ciency: no impairment of intellectual and psychomaotor develop-
ment during therapy. Pediatrics 1992;89:1182-1184,

Walker DC, McCloskey DA, Simard LR, Mcinnes RR. Molecular
analysis of human argininosuccinate lyase: mutant characteriza-
tion and alternative splicing of the coding region. Proc MNatl Acad
Sci U S A1990,87:9625-9829.

Saudubray JM, Touati G, Delonlay P, et al. Liver transplantation in
urea cycle disorders. Eur J Pediatr 1999;158{Suppl 2):555-558,
Mori T, Nagai K, Mori M, Magao M, Imamura M, lijima M, Koba-
yashi K. Progressive liver fibrosis in late-onset argininosuccinate
lyase deficiency. Pediatr Dev Pathol 2002;5:597-601.

CELL ENGRAFTMENT AND ENZYME ACTIVITY AFTER LCT 1323

34, Mitchell C, Mallet VO, Guidotti JE, Goulenok C, Kahn A, Gilgen-
krantz H. Liver repopulation by Bclx(L) transgenic hepatocytes.
Am J Pathol 2002;160:31-35.

35. Mg lD, Chan KL, Shek WH, Lee JM, Fong DY, Lo CM, Fan ST. High
frequency of chimerism in transplanted livers. Hepatology 2003;
38:989-998.

Raceived October 7, 2005, Accepted Decamber 21, 2005,

Address requests for reprints to: Etienne M. Sckal, MD, PhD, Pae-
diatric Hepatolegy and Liver Transplantation, Universite Catholique de
Louwvain, Cliniques 5t Lue, 10 av. Hippocrate, B-1200 Brussels, Bel-
gium. e-mail: Sokal®pediucl.ac be; fax: (32) 2-764-8209.,

The Liver Cell Transplantation Program is supperted by the DGTRE,
région wallonne (Grant WALEQ/HEFATERA). The Cell Cryopresemvation
Program is supported by a Grant-Télévie-Fonds National de la Recher-
che Scientifique.

The authors thank the UCL paediatric radiology unit for the medical
suppeort; Magda Janssen, Céline Caillau, Elisabeth Wyns, and Khuu
Ngoc Dung fer their collaberation; and Annick Bourgois for close
collaboration and dedication to the patient.



74



75

4.1.1.2In vitro quality of cryopreserved/thawed hepatocytes

4.1.1.2.1 Cryopreservation of human hepatocytessathe mitochondrial respiratory-chain

complex 1
The dramatic reduction in ATP levels observed follgy C/T in human hepatocytes used for LCT
recipient patients led us to study in detail mitmatirial functions, this key cellular organelle lzgin
the principal ATP producer under aerobic conditioi® demonstrated in this Section (Article 3) a
functional and morphological impairment of mitocdoa following C/T. These changes could
explain the cytosolic release of the pro-apoptptimtein cytochrome c in cryopreserved cells, the

probable starting-point of cellular death which wrscwithin hours following thawing.
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Article 3: Cryopreservation of human hepatocyteteral the mitochondrial respiratory-chain

complex 1. Cell Transplantation, 2007; 16(4):409-19
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Cryopreservation of Human Hepatocytes Alters
the Mitochondrial Respiratory Chain Complex 1
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Transplantation of human hepatocytes has recently been demonstraled as a safe alternative to parhially corvect
liver inborn errors of metabolism. Cryopreservation remains the most appropriate way of cell banking. How-
ever, mitochondrial-mediated apoptosis has been reported after cryopreservation and Litle 15 known on the
involved molecular mechanisms. The aim of this study was o investigale mitochondrial functions of freshly
1solated and cryopreserved/thawed hepatocytes from mice and humans. We reporl here that cryopreservation
induced a dramatic drop of ATP levels in hepatocyles. The oxygen consumplion rale of cryopreserved/
thawed hepatocyles was sigmflicantly lower compared to fresh cells. In addition, the uncouphng effect of
2 4-dimtrophenol was lost, in parallel with a reduction of mitochondrial membrane polential. Furthermore,
a decrease in milochondrial respiratory rale was evidenced on permeabilized hepatlocyles in the presence of
substrate for the respiratory chain complex 1. Interestingly, this effect was less marked with a substrate for
complex 2. Electron microscopy examination indicated that mitochondria were swollen and devoid ol cristae
after cryopreservation. These changes could explan the cylosolic release of the proapoplolic protein cylo-
chrome ¢ in cryopreserved cells. Nevertheless, no caspase 9-3 activabion and only few apoptotic and necrolic
cells were found, indicating that the subsequent cell death program was nol yel evidenced. Our resulls
demonstrale that cryopreservation of hepatocyles induced alteration of the mitochondrial machinery. They
also suggest that, mn addition to lechmeal progress in the cryopreservation procedure, protection of the resp-

ratory chain complex 1 should be considered to improve the quality of cryopreserved hepalocyles.

Key words: Hepalocyle: Cryopreservation; Liver cell transplantation; Milochondria; Complex

INTRODUCTION

Partial correction of inborn errors of metabolism can
be obtained after liver cell transplantation (LCT), lead-
ing to propose LCT as an alternative, or at least as a
bridge, to orthotopic liver transplantation (e.g., to avoid
irreversible brain damage in patients suffering from se-
vere urea cycle disorders) (5.6,35.37.38). However, the
use of freshly isolated cells is restricted by organ short-
age and the limited quantity of cells that can be infused
in one single session. At present, cryopreservation re-
mains the only practical method for long-term storage
and permits the development of a readily available cell
bank. even in emergency cases (37). If a imited percent-
age of engrafted cells is sufficient to restore partially the
deficient function, it 1s clear that many infused cells do
not engraft into the recipient liver, lose viability, and are

cleared by the reticulo-endothelial system. Initial high
quality of cells is therefore crucial to enhance hepato-
cyte engraftment and subsequent repopulation of the re-
cipient liver. Beyond their useful purpose in LCT, cryo-
preserved hepatocytes may also constitute an interesting
tool in other domains, like toxicological studies and bio-
artificial liver, where high functional quality of cells is
also required (1,36).

While induction of cell death was described follow-
ing cryopreservation and thawing (C/T). after at least 12
h of culture, the mechanism by which cryostorage trig-
gers cellular damage in isolated hepatocytes is still un-
clear (8). The mitochondrion is a key player in the initia-
tion of cellular death (15). and recent studies highlighted
its role in C/T-induced cellular damage (24.45). Indeed,
disruption of mitochondrial membrane potential (A%)
was reported following C/T (24). This mitochondrial
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damage 1s followed, within hours after thawing. by cas-
pases’ activation leading to DNA fragmentation and ulti-
mately apoptosis (24). Because mitochondria are the
major source of reactive oxygen species (ROS). induc-
tion of apoptosis by oxidative stress was also proposed
to be involved in the impairment of hepatocytes after
CIT (9).

The aim of this study was to investigate the effects
of C/T on mitochondrial functions in hepatocytes iso-
lated from mice and humans. Therefore, oxygen con-
sumption rate (JO,) was measured on intact and perme-
abilized hepatocytes before and after C/T. This approach
was completed with morphelogical analysis of mito-
chondria by electron microscopy and determination of
various parameters involved in the mitochondria-medi-
ated cellular death. Based on our findings, we proposed
that protection of the mitochondrial respiratory chain
complex | could constitute an original way to prevent
hepatocyte damages after C/T, and improve their func-
tional capacity in LCT.

MATERIALS AND METHODS
Ethical Considerations

All experiments performed in animals and all proce-
dures on human tissue have received approval from the
university and hospital ethical review boards.

Animals

Male C57BL/6 mice were used at 8—12 weeks of age.
All animals were housed in controlled light and temper-
ature environment with ad libitum access to chow and
water.

Cell Isolation and Cryopreservation/Thawing
of Mouse and Human Hepatocytes

For mice, hepatocytes were isolated by collagenase
A (Roche) (3,12). For humans, the hepatocytes isolation
procedure was done on whole livers or liver segments
not used for transplantation, as previously reported (35).
Briefly, hepatocytes were isolated in the cell bank isola-
tion facilities using the classical two-step perfusion method
(collagenase P, Roche). Immediately after isolation, he-
patocytes were resuspended either in serum-containing
Williams® E medium (Invitrogen) or gently mixed at
5 % 10° cells/ml in a 3.6-ml freezing tube containing cry-
opreserving solution (University of Wisconsin solution,
25% fetal calf serum or human albumin, 10% DMSO,
11 mM glucose, 0.15 U insulin, 20 mg/L. dexametha-
sone), as previously reported (1). The freezing protocol
of murine hepatocytes consists of 20 min at —20°C fol-
lowed by 2 h at —80°C before storing in liquid nitrogen
as reported (21.22). In parallel, human hepatocytes were
cryopreserved according to a computer-controlled cool-
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ing process previously described (37) by using a cryo-
zon (Cryo 10 series, Planer Biomed).

After cryopreservation and storage for 24 h in liquid
nitrogen, hepatocytes from humans or mice were thawed
in a water bath at 37°C and cell suspension was supple-
mented with 11 mM glucose, | mM HCO,~, and a solu-
tion of human plasma proteins, as previously described
(8). The cells were then low speed centrifuged twice to
remove cryoprotectants and resuspended in serum-
containing Williams™ E medium.

Determination of Cell Viability

Cell viability was evaluated by the trypan blue dye
exclusion test (0.4%, w/v), the lactate dehydrogenase
(LDH) leakage enzymatic assay (Roche), and the 3-(4,5-
dimethyl-2-thiazolyl)-2.5-diphenyl-2H tetrazolium bro-
mide (MTT) assay (Sigma), as previously described
(10,23). Intracellular ATP concentrations were measured
using bioluminescence assay (Perkin Elmer).

Determination of Mitochondrial Oxyeen Consumption
Rate in Intact and Permeabilized Hepatocytes

Hepatocytes (4.5 % 10%ml) were incubated in a shak-
ing water bath at 37°C in closed vials containing Wil-
liams” E medium saturated with a mixture of O4CO,
(19:1). After 10 mun, the cell suspension was transferred
in a stirred oxygraph vessel equipped with a Clark oxy-
gen electrode. The oxygen consumption rate (JO,) was
measured at 37°C before and after successive addition
of 0.5 UM oligomycin (inhibitor of the FO subunit of the
ATP synthase), 150 UM 2.4-dinitrophenol (DNF), 0.15
pg/ml antimycin (inhibitor of mitochondrial respiratory
chain complex 3). and 1 mM N, N, N N -tetramethyl-1 .4~
phenylenediamine (TMPD) plus 5 mM ascorbate (sub-
strate of the mitochondrial respiratory chain complex 4).
For permeabilized hepatocytes, intact cells (10f/ml)
were Incubated for 10 min as described above, then pel-
leted by centrifugation and carefully resuspended in me-
dium (125 mM KCI, 20 mM Tris/HCl, | mM EGTA.
and 5 mM Pi/Tris, pH 7.2) containing 200 pg/ml digito-
nin. After 3 min at 37°C, the permeabilized hepatocytes
were transferred in the oxygraph vessel. As indicated, 5
mM glutamate/Tris plus 2.5 mM malate/Tris (substrate
of the mitochondrial respiratory chain complex 1), or 5
mM succinatefTris plus 0.5 mM malate/Tris (substrate
of the mitochondrial respiratory chain complex 2), plus
1.25 UM rotenone (inhibitor of mitochondrial respiratory
chain complex 1) were added. JO, was measured before
and after the successive additions of | mM ADP/Trs.
0.5 pg/ml oligomycin, 50 uM DNP, 0.15 pg/ml anti-
mycin, and 1 mM TMPD plus 5 mM ascorbate, permit-
ting to determine the phosphorylating (state 3), the non-
phosphorylating (state 4) and the uncoupled mitochondrial
respiratory rate, and the maximal activity of cytochrome
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oxidase, respectively. In all experiments, the antimycin-
sensitive JO,, which corresponds to mitochondrial respi-
ration, was calculated by subtracting the antimycin-
insensitive JO, from the total JO..

Determination of Mitochondrial Membrane
Patential (A')

Evaluation of A on intact cells was based on the
uptake of the cationic fluorescence dye Rhodamine 123
(Rh 123), which accumulates into energized mitochon-
dria proportionally to their negative inside membrane
potential (28). Hepatocytes (2 x 10%ml) were incubated
at 37°C in Williams® E medium supplemented with 1
UM Rh 123 and with or without 300 pM DNP. Afier 10
min of incubation, the cells were washed three times and
the fluorescence was monitored (excitation and emission
wavelengths at 498 and 524 nm, respectively).

Determination of Permeability Transition
in Permeabilized Cells

Viable hepatocytes (2.5 x 10%/ml) were incubated for
5 min in Williams™ E as described above. The cells were
then centrifuged and resuspended in buffer containing
250 mM sucrose, 10 mM MOPS, 1 mM Pi/Tris, and 50
ug/ml digitonin (pH 7.35). Measurements of free cal-
clum {Ca™) were monitored spectrophotofluorimetri-
cally in the presence of 0.25 uM Calcium Green-5N (ex-
citation and emission wavelengths at 506 and 532 nm,
respectively) (13). Cyclosporin A (CsA, 1 uM), the ref-
erence inhibitor of permeability transition pore {(PTP)
(28), or the vehicle (DMSO) were added to permeabil-
ized hepatocytes and, after signal stabilization, pulses of
5 ul of 1 mM Ca? were successively added at 2-min
intervals until the opening of the PTP, as indicated by
the release of Ca™ in the medium.

Determination of Cell Death

Western Blot Analysis. After cell fragmentation us-
ing the digitonin method (13), cytosolic and mitochon-
drial proteins (50 Llg) were separated by SDS-PAGE and
transferred to nitrocellulose membranes. Mitochondrial
and cytosolic proteins were assayed by the Lowry method.
Cytochrome ¢ content was assessed in both compart-
ments by immunoblot using specific primary antibody
(Becton Dickinson) and secondary goat anti-mouse cou-
pled to horseradish peroxidase. Quantification was per-
formed by densitometry using Image J 1.32 (NTH).

Caspase Activify. Caspase 3 and caspase 9 activities
were measured on total protein extract (S0 pg) with spe-
cific substrate (Gentaur) using a spectrophotofluoro-
meter (excitation and emission wavelengths at 360 and
480 nm, respectively).

DNA Fragmentation. DNA fragmentation was as-
sessed by DNA agarose 1% gel electrophoresis after DNA
purification using apoptotic DNA ladder Kit (Roche).

Flow Cyfometry. Early apoptotic cell death was de-
termined by flow cytometry using a double staining with
fluorescein isothiocyanate (FITC)-stained annexin V and
PE-APC-stained propidium iodide {Roche). Data acqui-
sition (~ 10,000 cells) was carried out in a FACScalibur
flow cytometer using CellQuest software (Becton Dick-
inson Bilosciences).

Transmission Electron Microscopy

Hepatocytes were fixed in 0.1 M sodium cacodylate
medium (pH 7.4) containing 2.5% glutaraldehyde for 48
h and then 4 h in 1% osmium tetroxyde before embed-
ding in Epoxy Embedding Medium (Fluka). Ultrathin
sections were stained with toluidine blue and uranyl ace-
tate/lead citrate. Images were obtained with a Zeiss 109
transmission electron microscope (Carl Zeiss Inc.) at a
magnification of 4140x.

Statistics
Results are expressed as mean + SEM and significant

differences were assessed by paired or unpaired Stu-
dent’s f-tests.

RESULTS
Evaluation of Cellular Viability Before and After
Cryopreservation in Mouse and Human Hepatocytes

We first tested the effect of 24-h cryopreservation by
a two-step process (—20°C/—80°C) on cellular viability
evaluated by trypan blue exclusion test, lactate dehydro-
genase (LDH) leakage, MTT reduction, and intracellular
ATP concentration in mouse hepatocytes. The viability
estimated by the classical trypan blue assay was signifi-
cantly reduced after /T, while no apparent medifica-
tions were observed on the release of LDH and on MTT
reduction (Table 1). Moreover, a dramatic decrease in
intracellular ATP concentration was evidenced follow-

able 1. Evaluation of Cellular Viamlity of Freshly Isolated
and Cryopreserved/Thawed Mouse Hepalocyles

Cryopreserved/
Fresh Thawed
Trypan blue (% viable cells) 92.6 +1.0 526 t44%
LIDH extra/L.DH intra 0.27 £0.02 (L.28 + 0,07
MTT test (a.u.) 06 0.0 05 £l

ATP (nmol 10" uclls") 36 1.6 1 £0.0#

The extracelular and intracellular LIDH contents were comparable be-
tween freshly isolated and cryopreserved/thawed hepatoeytes. The re-
sulls are expressed as mean £ SEM (n= 5}

#p < (.05 compared with fresh cells.
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ing C/T. A similar fall in ATP was also observed using
computer-controlled cooling process on both mouse
(data not shown) and human hepatocytes (2.8 £ 0.1 vs.
0.4+ 0.0 nmol 10° cells™, p< 0.05, n=5).

Crvopreservation Decreases Cellular Respiration
in Mouse and Human Hepatocyies

In order to investigate if modifications of mitochon-
drial oxidative phosphorylation {OXPHOS) could ex-
plain the intracellular ATP drop following C/T, we mea-
sured the cellular JO, of fresh and cryopreserved/thawed
hepatocytes from mice and humans (Table 2). Under
basal conditions (i.e., in the absence of any drug addi-
tion}), JO, of eryopreserved/thawed hepatocytes was sig-
nificantly reduced compared with fresh cells in both
mice and humans (Table 2). This difference was not
present after addition of oligomycin. Indeed, the calcu-
lated oligomycin-sensitive JO, was reduced following
C/T in both species (7.4 +2.3 vs. 17.5 £ 2.9 nmol O,
min~ 10° cells in mice and 3.3 £ 0.5 vs. 7.8 £ 1.2 nmol
O, min' 10¢ cells in human hepatocytes, p < 0.05),
suggesting that the effect of C/T was likely due to the
alteration of a mitochondrial process linked to ATP syn-
thesis.

Interestingly, while DNP addition induced stimula-
tion of JO, in freshly isolated cells, this uncoupling ef-
fect was abolished following C/T in murine and human
(Table 2) hepatocytes. Furthermore, the mitochondrial
AY evaluated by the uptake of Rh 123 was severely
reduced following C/T in basal conditions (Fig. 1). The
addition of DNP to the cells, which was able to signifi-
cantly decrease AY in fresh mice hepatocytes, had no
effect in cryopreserved/thawed hepatocytes, confirming
an almost total A collapse in these cells.
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Figure 1. Effect of cryopreservation/thawing on mitochondrial
membrane potential in isolated mouse hepatocytes. The mto-
chondrial membrane polential (AY) was evaluated on freshly
1solated (filled bars) and cryopreserved/thawed (open bars) he-
patocyles by the uplake of the cationic probe Rhodamine 123
{(Rh 123). Cells were incubated at 37°C for 10 mun i Wil-
llams”™ E medium containing Rh 123 and in the presence or
not of DNP. After 10 man of incubation, the cells were then
carefully washed and the fuorescence corresponding to the
AW-driven milochondrial accumulation of the probe was mon-
itored using spectrophotofluonimeter. Resulls were expressed
as mean = SEM (r =3). *p < (.05 compared with basal, #p <
0.05 compared with fresh cells.

The maximal activity of cytochrome ¢ oxidase was
measured by recording JO, in the presence of saturating
concentrations of TMPD/ascorbate and after addition of
antimycin. No decrease in the mitochondrial respiratory
chain complex 4 activity was observed following C/T
(Table 2). Comparable results on cellular respiration
after C/T of mouse hepatocytes were also obtained using
a computer-controlled cooling process (data not shown).

Table 2. Oxyzen Consumplion Rate of Freshly Isolated and Cryopreserved/

Thawed Hepalocyles

JO, (nmol O, min™' 10° cells™

Basal Ohgomycin DNP TMPIV/ Asc
Human
Fresh 10.6+ 1.1 L9007 140+14 491+ 33
Cryopreserved/thawed 53117 20108 42£1.1% 402+ 47
Mouse
Fresh 250+ 4.9 T3x04 40.1 £6.3 2157+ 236
Cryopreserved/thawed 12,3 £ 3.5% 6.5+10.3 TAX14® 1903187

Freshly isolated and eryopreservedithawed hepatocyles (4.5 x 10° cells'ml) from human or
mouse were incubated in closed vials at 37°C in Williams® E medium saturated with a mixture
of OJCO, (19:1). After 10 min, cxygen consumption rate (JO.) was measured in an oxygraph
vessel coupled with Clark electrode before and afler the successive addiions of oligomycin,
DNP, antimycin, and TMPD + ascorbale. The antimycin-sensitive JO. was caleulated and the

results are expressed as mean + SEM (n= 51

#p < 0.05 compared with fresh cells.
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Crvopreservation Decreases Mitochondrial Oxygen
Consumption Rate in the Presence of Respiratory
Chain Complex I Substrate

We further investigated mitochondrial respiratory
rate after digitonin permeabilization of hepatocytes, al-
lowing mitochondrial OXPHOS to be investigated in
situ. Antimycin- and oligomycin-sensitive mitochondrial
respiratory rate measured in fresh and eryopreserved/
thawed hepatocytes from both mice and humans are pre-
sented in Table 3. In the presence of glutamate/malate,
a significant decrease in mitochondrial state 4 JO, (Le.,
in nonphosphorylating condition) was evidenced follow-
ing C/T in both murine and human cells (Table 3). This
lower mitochondral JO, persisted in the presence of
ADP (state 3) or in an uncoupled state (DNP addition).
However, as already found in intact cells, C/T did not
affect the respiratory rate in the presence of TMPD-
ascorbate.

In contrast, when mitochondria were energized by
succinate/malate, no difference was observed in state 4
respiratory rate (Table 3). However, state 3 and the un-
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coupled state remained affected in murine and human
cryopreserved/thawed hepatocytes. These results on in
situ mitochondria confirmed those obtained in intact
cells, showing that C/T induced mitochondrial alteration
and AW collapse, but also demonstrated that the mito-
chondrial respiratory chain complex | was more affected
than complex 2. This latter finding was evidenced by an
increase in complex 2-to-complex | respiratory rate ratio
(Table 3).

Crvopreservation Alters Mitochondrial Ultrastructures

In order to investigate if the alteration of mitochon-
drial machinery was related to mechanical disruption of
mitochondrial ultrastructures following C/T, we per-
formed electron microscopy. Mitochondria were se-
verely damaged following C/T in mouse (Fig. 2A, B)
and human (Fig. 2E, F) hepatocytes. Indeed, while mito-
chondrial content was not affected (Fig. 2C. G), those
organelles exhibited a partial loss of cristae and ap-
peared swollen (Fig. 2D, H) compared to fresh hepato-
cytes in both mice and humans.

Table 3. Oxygen Consumplion Rate in Permeabilized Hepatocyles From Freshly Isolated

and Cryopreserved/Thawed Hepaltocyles

JO, (nmol atoms O, min™" 10° cells™)

State 4 State 3 DNP TMPD/ Asc
Human
Glutamate/malale
Fresh 30+ 06 266 97 3.5+ 162 1349+ 438
Cryopreserved 1.2£ 0.6% 33t 1.53# 1.1+ 0.6* 937 £29.3
Succinate/malate
Fresh R 6.1 145 TO.4+ 181 143.1+31.3
Cryopreserved 150+ 3.2 253+ 6H6% A0+ 2.6 100.0+204
Complex 2/complex 1
Fresh 50+ 18 i3t 08 26+ 1.0 .1+ 03
Cryopreserved 52.313288F  l44+% 59% 73t l6dE 12+ 0.4
Muouse
Glutamate/malale
Fresh 91f 1.2 51.3f 4.2 405+ 23 3317204
Cryopreserved 35% 04% 134 L 63% 114+ 37% 2054%256
Succinate/malale
Fresh 494+ A5 90.2+12.3 29+21.3 2754+ 124
Cryopreserved 432+ T8 Tlit244 S84+237% 2367+ 147
Complex 2/complex |
Fresh 54+% 1.3 17 1.0 252 08 0.8t 02
Cryopreserved 123+ 3.6% 53+ 1.2% 51+ 1.9# 0.8+ 0.1

Permeabilization of Iteshly isolated or eryopreserved hepaloeytes (107 cells'ml) rom human or mice
was achieved by digitonin after a 10-min preincubation in Williams® E medium as described in the
legend of Figure 3. Permeabilized cells were then incubated in the presence of either glutamate +
malale or succinale + malale + rolenone. The mitochondrial respitatory rate was measured before and
after the successive additions of ADPYTris, oligomycin, DNP, antimycin, and TMPD + ascorbate.
The antimycin- and oligomycin-sensitive JO, was caleulated and the results are expressed in nmaol
O, min' 10° hepatocyles™ as means £ SEM (n = 5).

=p2 005 compared 1o fresh cells.
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Figure 2. Morphological allerations induced by cryopreservation/thawing in mice and human he-
palocyles. The morphology of mouse (A-D) or human (E-H} hepatocyles was evalualed before
and after cryopreservation/thawing by electron microscopy as described in Malterials and Methods.
Typical images ol freshly 1solaled (A, E) and cryopreserved/thawed (B, F) hepatocyles are shown
al a magnification of 4140x and are representalive of three experiments. The number (C, G) and
diameter (13, H) of milochondna were assessed in both fresh and cryopreserved hepatocyles. More
than 500 mitochondria were counled and analyzed on random fields in each condilion. #p < .03
compared wilh [resh cells.
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Lack of Mitochondrial Calcivm Uptake
After Cryopreservation

The regulation of the mitochondrial PTP, which is
involved in the mitochondrial-mediated apoptosis, was
assessed in digitonin-permeabilized hepatocytes (Fig. 3).
PTF opening was induced by repetitive addition of Ca*
pulses until induction of permeability transition, as as-
sessed by fast release of Ca®. In fresh murine and hu-
man cells, in situ mitochondria took up and retained Ca®
(Fig. 3A, C, trace a). In the presence of UsA, the Ca®
requirement for achieving the permeability transition
was significantly increased in both mouse (+31%., p<
0.01) (Fig. 3A trace b, B) and human fresh hepatocytes
(+86%, p = 0.01) (Fig. 3C trace b, D). However, no cal-
clum retention was evidenced in cryopreserved/thawed
cells (Fig. 3A, C, lower panel) and CsA had no effect.

The Cytosolic Release of Cytochrome ¢ Following
Crvopreservation Was Not Asseciated With Caspases
Activation, DNA Fragmentalion, and Apoplosis
Because the PTP, together with other factors, 15 in-
volved in the release of cytochrome ¢ from mitochondria
to the cytoplasm, the content of this proapoptotic protein
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involved in the commitment to cell death was assessed
in both compartments by Western blotting. While cyto-
chrome ¢ was hardly detectable in the cytoplasm of fresh
murine hepatocytes, C/T significantly increased its cyto-
solic level (Fig. 4A). However, the mitochondrial con-
tent of cytochrome ¢ was not significantly affected (data
not shown), indicating that only a small fraction was
released into the cytoplasm following cryopreservation/
thawing. Despite cytochrome ¢ release, caspase 3 and 9
activities (Fig. 4B) and genomic DNA fragmentation
(Fig. 4C) were not modified after C/T.

Finally, the effect of C/T on the number of necrotic
and apoptotic cells was evaluated by annexin V/propid-
wm iodide staining. As shown in Figure 4D, C/T had
no apparent effect. Indeed, only few apoptotic cells were
detected and necrosis was rather low, estimated at 4.3 +
0.1 in both fresh and cryopreserved/thawed hepato-
cytes.

DISCUSSION

The scarcity of liver donors is a major obstacle to
the general application of LCT. However, this limitation
could be overcome by the use of cryopreserved hepato-
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Figure 3. Effect of cryopreservabion/thawing on mitochondrial permeability transition in permeabilized mouse or human hepato-
cyles. After 10 min of preincubation in Williams® E medium at 37°C, mouse (A, B) or human (C, [)) hepatocyles (5= 10° cells)
were added in a medivm contaimng 250 mM sucrose, 10 mM MOPS, | mM Pi-Tns, 25°C (pH 7.35). The medium was supple-
mented with succinate, Calcium Green-5N followed by the addition of vehicle (A and C, traces a and ¢) or CsA (A and C, lraces
b and d). Experiments were started 3 min afler permeabilization with digitonin. Where indicated, 5 pl of 1 mM Ca™ pulses were
added every 2 min (arrows) until opening of PTP, as observed by the release of Ca® into the medium. Typical expeniments are
shown in {A) and {C) and comparison ol the effect of cryopreservalion/thawing on the Ca® relention capacity of permeabilized
mouse hepatocyles i1s presented in (B) and (D) (filled bars, basal; open bars, cyclosporin A) as mean £ SEM (n = 3). *p < 0.05

compared with [resh cells, #p < 0.05 compared wilh basal.
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shown and are representative of three experiments.

cytes (16), which have been reported to be able to repop-
ulate part of the recipient liver of mice with genetically
induced hepatic disease (17) and of children with inborn
errors of metabolism (37). However, the quality of
thawed hepatocytes leaves much to be desired., even
though the conditions of the most efficient cryopreserva-
tion have been extensively studied (21,22). For instance,
several studies have shown an increased rate of mito-
chondria-related cell death after cryopreservation of
liver cells (8,24.45), in line with the widely described
difficulty to freeze differentiated cells.

The aim of this study was to investigate the effect of
C/T on hepatocytes from both mice and humans, princi-
pally on mitochondrial functions, to further provide new
trails to Improve viability and functionality following

cryostorage. The important finding of our work was that
C/T altered the mitochondrial machinery, notably at the
level of the respiratory chain complex 1. This was ob-
served on both mouse and human hepatocytes and what-
ever the cryopreservation procedure used.

Our study of cell viability after C/T provided appar-
ent conflicting results (Table 1). The extracellular-to-
intracellular LDH ratio was not modified by C/T. sug-
gesting that the plasma membrane integrity was not
sufficiently altered and is probably a late event follow-
ing more subtle cellular damages. Moreover, no modifi-
cation of MTT reduction was evidenced following C/T.
The MTT test measures several mitochondrial dehydro-
genases activities (25) and is an indirect marker of mito-
chondrial content rather than a viability test itself. In-
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deed, these results are redundant with those obtained by
oxygraphy on the maximal activity of mitochondrial cy-
tochrome ¢ oxidase (complex 4), which is also generally
used to assess the mitochondrial content in intact and
permeabilized cells (27.30). By contrast, intracellular
ATP concentration was dramatically decreased after
C/T, in relation with a reduced viability estimated by the
trypan blue exclusion test. Taken together, our results
indicate that LDH and MTT tests do not adequately as-
sess viability and that intracellular ATP concentration
is probably the most sensitive parameter to detect early
cellular damages related to cryostorage (44).

We found that /T decreased cellular respiration.
This effect was evidenced on oligomycin-sensitive res-
piration, suggesting that it could result from alteration
of a mitochondrial process linked to ATP synthesis
rather than an intrinsic modification of mitochondrial
membrane proton permeability (leak). Moreover, AY
was reduced after C/T, as previously reported (24.45),
and the uncoupling effect of DNP was abolished. The
cationic agent DNP is a protonophore, which increases
the proton permeability of the mitochondrial membrane
and thus decreases A%W. Uncoupling stimulates mito-
chondrial respiration and abolishes ATP synthesis (14,
39). Because functional proton pumps (complexes 1, 3,
and 4) and mitochondrial substrate subservience are re-
quired for mitochondrial OXPHOS, alteration of one or
more of these complexes and/or a decrease in mitochon-
drial substrate supply linked to the AY drop could ex-
plain the absence of uncoupling effect of DNP.

In permeabilized hepatocytes (in situ mitochondria),
the activity of the mitochondrial complexes | and 2 can
be tested in the presence of appropriate substrates. The
basal mitochondrial respiratory rate (state 4, which is
due to passive reentry of protons through the mitochon-
drial inner membrane) increases upon addition of ADP
(state 3, respiration coupled with ATP synthesis) and 1s
further enhanced by the uncoupler DNP in freshly 1so-
lated cells. With glutamate/malate as substrate for com-
plex 1, a marked impairment of mitochondrial OXPHOS
following C/T was observed under state 4, state 3, and
uncoupled conditions. Interestingly, the inhibition of
state 4 respiration was not present with complex 2 sub-
strate, whereas both reduction of state 3 and abolition of
the uncoupling effect of DNP were still present. The
difference in inhibition of state 4 respiration depending
on the substrates indicates that C/T altered complex 1,
but not complex 2. Furthermore, the inhibition of state
3 respiratory rate and the lack of uncoupling effect of
DNP, whatever the substrates used to energize the mito-
chondria, suggest that other modifications of the respira-
tory chain did occur. The fact that state 4 in presence
of succinate was not affected after C/T indicated that
complexes 2, 3, and 4 were unaffected. By contrast,

complex 5 (ATP synthase) was also probably altered be-
cause state 3 respiration was decreased whatever the
substrate used. Similar results were recently reported on
mitochondria 1solated from cryopreserved/thawed preci-
sion-cut rat liver slices (42) and on permeabilized myo-
cardial fibers from rat heart transplant after cold ische-
mia-reperfusion (19). Complex | and 5 have been
identified as the two more fragile mitochondrial respira-
tory chain complexes (11.19.31,32.43). Indeed, the ac-
tivity of complex | 1s rapidly altered following cold 1s-
chemia of whole organs (19,31}, by a still unknown
mechanism. The respiratory chain complex 1 is one of
the largest known membrane proteins complexes (4) and
also the major source of mitochondrial ROS (20). Thus,
specific alterations by O/T of complex 1 subunit(s),
which consist of the hydrophilic domain containing the
redox centers of the enzyme (33), and/or deregulation of
ROS production leading to oxidative stress could consti-
tute one of the starting points of the C/T-induced de-
crease in JO, and AY¥. leading to ATP depletion.

Using mitochondrial calcium challenge, which is
known to induce the opening of the PTP, we demon-
strated that mitochondrial calcium uptake and retention
were abolished after C/T. This result might be related to
the decrease in AY¥, because the calcium uptake by the
mitochondria is electrogenic (2.29), and/or to an in-
creased mitochondrial permeability, due to opening of
the PTP. In agreement with the latter hypothesis and
previous observations (24.45). cytosolic cytochrome ¢
increased in cryopreserved/thawed hepatocytes, suggest-
ing that C/T induced mitochondrial permeability transi-
tion, which 1s known to be involved, at least in part, in
the mitochondrial release of this proapoptotic protein.
Classically, the formation of apoptosome by the ATP-
dependent oligomerization of cytochrome ¢ with Apaf-1
allows the recruitment of caspases 9 and the subsequent
activation of caspase 3, leading to the commitment of
the apoptotic cascade (15). However, in our conditions,
the mitochondrial release of cytochrome ¢ was neither
assoclated with activation of caspases 9 and 3, nor with
DNA fragmentation and apoptosis. To explain this unex-
pected result, we could suggest that the massive drop
of ATP induced by C/T could have prevented caspases
activation by an impairment of the ATP-dependent for-
mation of the apoptosome (34). In addition, these apo-
ptosis-related parameters were measured in isolated he-
patocytes immediately after thawing. Thus. in these
conditions, the early effect of C/T (A% drop, PTP open-
ing, and cytochrome ¢ release) could be evidenced but
experimental evidence for apoptosis probably required
longer incubation period. Indeed. caspase 3 activation
and apoptotic cells were reported in porcine cryopre-
served hepatocytes but only several hours after post-
thawing on primary culture (24.45).



Improvement of viability and attachment efficiency
were recently reported for rat hepatocytes’ preincubated
with cytoprotectants prior to cryopreservation (40.41).
However. in our conditions, we failed to demonstrate
any improvement of the various mitochondrial parame-
ters affected by cryostorage in the presence of PTP in-
hibitor (CsA), antioxidant molecules (N-acetyl-1-cyste-
ine, ascorbic acid, or ascorbic 2-glucoside acid) or by
changing the concentration of DMSO, albumin, glyc-
erol, and/or glucose in the cryopreservation medium
(data not shown). However, protection of the ischemia-
induced alteration of the mitochondrial respiratory chain
complex 1 has been demonstrated in liver following pre-
incubation with bilobalide (18) or melatonin (7). Thus,
the use of those compounds in the hepatocyte cryopres-
ervation medium might be considered as potential inter-
esting cytoprotectants for future investigation.

Finally, cellular impairments could be explained by
alteration of mitochondria induced by water crystalliza-
tion during cryopreservation. Indeed, while matrix swell-
ing could be the consequence of the opening of the PTP
leading to osmotic damages, the massive alteration of
mitochondrial ultrastructures evidenced by electron mi-
croscopy in cryopreserved/thawed hepatocytes (Fig. 4B,
F) could also suggest mechanical disruption related to
ice crystal formation. Thus, it appears that technical im-
provement of cryopreservation remains one of the cor-
nerstones of LCT in the future, permitting to limit or
prevent irreversible damages due to ice crystallization.

In summary, we report here that /T induces loss of
mitochondrial function and severe ATP depletion in he-
patocytes. While ATP synthase damages are probably
present, this cryopreservation-induced deleterious effect
1s related to a predominant alteration of the mitochon-
drial respiratory chain complex 1, leading to significant
decrease in cellular JO, and mitochondrial AW. These
results suggest that, in addition to technical progress in
the cryopreservation process, physical and/or chemical
protection of the mitochondrial respiratory chain com-
plex 1 may be considered as a new approach to improve
the quality of hepatocytes following cryopreservation.
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4.1.1.2.2 Kinetics study of complex 1 impairmemirgduthe cryopreservation process

4.1.1.2.2.1 Introduction

Crystallisation starts aroun@0°C, which constitutes the nucleation point. Wivdi Diener et al.
showed that around this temperature, the cell sisspe becomes supercooled, the latent heat of
fusion is released and the cell sample is warmbi®ich may be deleterious for the cell quality.
We studied the kinetics of the mitochondrial dameégscribed in Section 4.1.1.2.1 by evaluating
intracellular ATP levels, trypan blue viability, édnoxygen consumption of thawed mouse
hepatocytes after the20°C or -80°C step of the cryopreservation process. Theltsesvere
compared to those obtained using freshly isolatd#ld and C/T hepatocytes data.

4.1.1.2.2.2 Results and discussion

Mouse hepatocytes were isolated and cryopresenauding to the protocols described in Section
4.1.1.2.1. The freezing-protocol of hepatocytessiad of 20 min at-20°C followed by 2 h at
-80°C before storage in liquid nitrogen. After th20°C step, —80°C step and cryopreservation-
storage for 24 hours in liquid nitrogen, the hepgtes were thawed.

As shown in Tables 3-6, the mitochondrial damagkovwieng C/T, ATP depletion, oxygen
consumption and complex 1 impairment, was alreadgalable after the20°C step, and of course
thawing (Tables 5-6-7-8). A dramatic decrease imagellular ATP concentration was indeed
observed following the —20°C and80°C steps (Table 5). Under basal conditions (ire.the
absence of any drug addition), oxygen consumptiate JO2) of —20°C and —-80°C C/T
hepatocytes was significantly reduced compared frétsh cells (Table 6). This difference was not
present after addition of oligomycin. The additmin2, 4 dinitrophenol (DNP) induced stimulation
of JO2 in freshly isolated cells, but this uncouplinijeet was abolished following —20°C and
—80°C C/T. The maximal activity of cytochrome c cas#® was measured by recordii@dR in the
presence of saturating concentrations of N, N, N-tetramethyl-1,4-phenylenediamine

(TMPD)/ascorbate and after addition of antimyciro Mecrease in the mitochondrial respiratory

chain complex 4 activity was observed following 2Q@&nd —80°C C/T.
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In the presence of glutamate/malate, a signifid@etease in mitochondrial statd@2 (i.e., in non
phosphorylating condition) was evidenced follow#20°C and —80°C C/T (Table 7). This lower
mitochondrial JO2 persisted in the presence of ADP (state 3) oannuncoupled state (DNP

addition). However, as already found in intact £ett20°C and—80°C C/T did not affect the

respiratory rate in the presence of TMPD/ascorbateontrast, when mitochondria were energized
by succinate/malate, no difference was observethite 4 respiratory rate (Table 8). However, state
3 and the uncoupled state remained affected inG-20W —80°C C/T hepatocytes.

These results suggest that the cryopreservatioraglaraccurred early in the process, around the
nucleation point and IIF. IIF may also occur durthg thawing process. Cellular impairments could
therefore possibly be explained by mechanical aitem of mitochondria induced by water

crystallisation during the cryopreservation proagsthawing procedure.
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ATP (nmol.10° cells?) Trypan Blue (% viability)
Fresh 2.7+0.8 85.4+ 5.6
Cryopreserved 0.1+0.0* 59.5 + 3.3*
-20°C 0.1+0.0* 69.4+ 5.2*
-80°C 0.1+0.0* 61.5+ 4.3

Table 5: Evaluation of cellular viability of freshly isolated and cryopreserved/thawed 20°C, -80°C, liquid
nitrogen) mouse hepatocytes
Results are expressed as mean = S.E.M. (n=5). 8p<@mpared with fresh cells.
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Basal Oligomycin DNP TMPD/Asc
Fresh 18.3+4.5 7.3x£1.2 30.8+45 130.7+ 15.9
Cryopreserved 8.1+2.3* 49+1.7 7.1+2.3* 125.6+ 13.6
-20°C 10.3+3.5* 5.3+1.6 11.1+ 3.5* 129.3+12.6
-80°C 7.5+x1.7* 4.8+0.9 7.3£3.3* 120.7£ 9.3

Table 6: Oxygen consumption rate of freshly isolattand cryopreserved/thawed {20°C, -80°C, liquid nitrogen)
mouse hepatocytes

Freshly isolated and cryopreserved/thawed humaatbeptes (4.5 10cells/ml) were incubated in closed vials at 37 °C
in Williams’ E medium saturated with a mixture 03/00, (19:1). After 10 min, oxygen consumption rai®4 nmol
0,.min™.10° cells') was measured in an oxygraph vessel coupled watk@lectrode before and after the successive
additions of 0.5 pM oligomycin, 150 pM DNP, 0.1/ml antimycin and 1 mM TMPD+5 mM ascorbate. The
antimycin-sensitive]JO, was calculated and the results expressed as mé&Rk.M. (n=3). * p<0.05 compared with
fresh cells.
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State 4  State 3 DNP TMPD/Asc
Fresh 15.6+ 3.7 409+ 7.4 38.8+2.3 199.6+17.8
Cryopreserved 6.5+2.1*% 13.9+ 7.4* 12.6+4.1* 183.2+ 15.8
-20°C 8.3+ 3.3* 18.9+ 6.8* 15.5+ 3.2* 189.1+ 13.6
-80°C 5.9+ 2.0* 13.8+ 2.3* 11.6+ 3.9* 191.6+10.8

Table 7: Oxygen consumption rate in permeabilized wuse hepatocytes (freshly isolated and
cryopreserved/thawed {20°C,-80°C, liquid nitrogen)) energised by glutamate/malge.

Permeabilization of freshly isolated or cryopresenhepatocytes (2@ells/ml) was achieved by digitonin after a 10-
min pre-incubation in Williams’ E medium as desedhin legend of Figure 3. Permeabilized cells vikes incubated
in the presence of 5 mM glutamate + 2.5 mM malGkte mitochondrial respiratory ratdQ nmol Q,.min™.1¢ cells?)
was measured before and after the successive @auditif 1 mM ADP/Tris, 0.5M oligomycin, 50uM DNP, 0.15
pg/ml antimycin and 1 mM TMPD+5 mM ascorbate. Th&maycin- and oligomycin-sensitiv8O, was calculated and
the results expressed in nmol.@in™*.10° hepatocyte§ as means + S.E.M. (n=3). * p<0.05 compared tchfadls.
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State 4  State 3 DNP TMPD/Asc
Fresh 35.1+7.9 62.9+ 9.6 69.3+ 15.3 250.3+ 6.6
Cryopreserved 31.5+5.8 55.2+ 6.3 30.4+ 4.6* 252.8+11.2
-20°C 32.3+4.7 50.7+ 4.9 29.6+ 3.5* 210.8+7.2
-80°C 34.8+ 3.5 57.3+5.9 28.3+ 7.1* 215.1+ 6.8

Table 8: Oxygen consumption rate in permeabilized wuse hepatocytes (freshly isolated and
cryopreserved/thawed 20°C, -80°C, liquid nitrogen)) energised by succinate/mata.

Permeabilization of freshly isolated or cryopresenhepatocytes (2@ells/ml) was achieved by digitonin after a 10-
min pre-incubation in Williams’ E medium as desedhin legend of Figure 3. Permeabilized cells vibes incubated

in the presence of 5 mM succinate + 0.5 mM malate2bpuM rotenone. The mitochondrial respiratory rai®4 nmol
0,.min™.10° cells’) was measured before and after the successivéamdof 1 mM ADP/Tris, 0.5M oligomycin, 50
UM DNP, 0.15pg/ml antimycin and 1 mM TMPD+5 mM ascorbate. Th&maycin- and oligomycin-sensitivéO, was
calculated and the results expressed in nmohid*.1¢° hepatocyte§ as means + S.E.M. (n=3). * p<0.05 compared to
fresh cells.
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4.1.1.3In vivo evaluation of cryopreserved/thawed hepatocytes

4.1.1.3.1 Introduction
Since data from the literature are conflicting abitwe post-thawing quality of C/T hepatocytas
vivo, we evaluated their potential to engraft in annaimodel of LCT (metabolic disease) in
comparison with freshly isolated hepatocytes. Im@d2 -/- mice model, corresponding to the
progressive familial intrahepatic cholestasis tgp@vIDR3 deficiency), we evaluated the potential
of C/T hepatocytes to produce phospholipids in (& 60).

4.1.1.3.2 Material and Methods

4.1.1.3.2.1 Animals

See Material and Methods (Section 4.1.1.2.1).
Mice from the mdr2-/- strain (gift from Professolfdtink—Amsterdam Liver Center, Amsterdam,
Netherlands) were used at 8-12 weeks of age in legCipients.

4.1.1.3.2.2 Isolation and cryopreservation/thawirianouse hepatocytes

See Material and Methods (Section 4.1.1.2.1). Jpakocytes used for transplantation showed a
marked decrease in ATP concentration as compariddioly isolated cells.

4.1.1.3.2.3 Intrasplenic hepatocyte transplantation

Freshly isolated or C/T (2*£00 pl PBS) mouse hepatocytes, from wild-type micere
transplantedvia intrasplenic injection on 8 to 12 week old féenandr2 -/- mice (n=3). Mice
transplanted with physiological serum were usedeggtive controls.

4.1.1.3.2.4 Phospholipids dosage

We evaluated the bile phospholipids levels usinghaspholipids B assay kit (Wako Chemicals,
Neuss, Germany) at four weeks post-transplantafiotal cholesterol levels were measured by a
routine technique using a Beckman automatic anael&gsckman, Namur, Belgium).

4.1.1.3.3 Results and discussion
As reported in Table 9, in the MDR3 equivalent mdi2mice model, we were able to detect

phospholipids in the bile samples from the freshblated hepatocytes transplanted mice (14.3 +/-
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1.0 vs 0 nmol/min 100g tissue in negative contphly§iological serum transplanted mice), 34% of

positive control (wild type mice)), but not with TChepatocytes transplanted mice.

Phospholipids Total cholesterol
(nmol/min/100g) (nmol/min/100g)
Wwild type 42.1+2.3 0.4+0.1
mdr2 -/- Tx Physio 0.0+ 0.0* 0.4+ 0.2
mdr2 -/- Tx fresh 14.3+ 1.0* 0.3+0.1
mdr2 -/- Tx C/T 0.0+ 0.0* 0.4+ 0.1

Table 9: Biliary total cholesterol and phospholipid levels in freshly isolated or C/T hepatocytes tresplanted
mdr2 -/- mice

Our results confirmed the poor quality of the C/patocytesn vivo when compared to freshly
isolated cells. In the mdr2-/- mice model, C/T hHepgtes were unable to allow recovery of the

deficient function, i.e. production of phospholipith bile.
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4.1.1.4 Improvement of mitochondrial parametersaimga after cryopreservation/thawing
4.1.1.4.1 Evaluation of cryopreservation mediumpdaiments

4.1.1.4.1.1 Introduction

Based on the results presented in Section 4.1, @ Tirst evaluated if C/T induced mitochondria
damage could be prevented by supplementation of ¢hgpreservation medium with
pharmacological agents. We tested a complex 1 gmoteanti-oxidant molecules, pore transition
permeability inhibitors or hyperosmotic solutio@nkgo biloba extract demonstrates anti-ischemic
properties attributable to the terpenoid fractiominly due to the presence of bilobalide. By
protecting complex | and IlI activities, bilobalidgdows mitochondria to maintain their respiratory
activity under ischemic conditions as long as saxggen is present, thus delaying the onset of
ischemia-induced damage (12,62-64). We also evadutie influence of potential cryoprotectants
added to the cryopreservation medium: anti-oxidaotecules, as complex 1 is a major reactive
oxygen species (ROS) producer, (ascorbic acid, dédyat-cysteine) (45); mitochondrial
permeability transition pore inhibitors (Ciclospo\) (95) or hyperosmotic sucrose (50, 100 and
200 mM) (125,126) to dehydrate cells before theoali—20°C temperature.

Hepatocytes were isolated and cryopreserved acuprth the protocols described in Section
4.1.1.2.1. Isolation and/or cryopreservation medge supplemented by bilobalide (1 pg/ml). We
also tested the effect of 1 hour bilobalide (1pg/pre-incubation at 37°C following the isolation
procedure on the C/T induced damage. Hyperosmotimse (50, 100 and 200 mM), anti-oxidant
molecules such as ascorbic acid (ImM) and N-adetysteine (5 mM) or permeability transition
pore inhibitors (Ciclosporin A 0.1 uM) were addeml the cryopreservation medium. Freshly
isolated and C/T hepatocytes with non supplementedia were used as controlstracellular
ATP levels andlO2 in both intact and permeabilized hepatocytesevesaluated according to the

protocols described in Section 4.1.1.2.1.
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4.1.1.4.1.2 Results and discussion

We failed to see any improvement in mitochondriatgmeters by the inclusion of bilobalide
irrespective of the conditions used, drug in isofat pre-culture and/or cryopreservation media
(Tables 10-11-12-13).

In addition, no improvement in intracellular ATP svabserved following the addition of other
“cryoprotectants” to the cryopreservation mediunalffé 10).JO2 of intact hepatocytes remained
affected by C/T with all the “cryoprotectants” us@able 11). State 4, state 3 and uncoupled state
of permeabilized hepatocytes energized by glutaimalate were also decreased after C/T in all the
tested conditions (Table 12). When mitochondriaenerergized by succinate/malate, no difference
was observed in state 4 respiratory rate (Table H8)vever, state 3 and the uncoupled state were
affected in supplemented cryopreservation mediumhepatocytes.

By using classical methods of C/T recommended m literature, we failed to improve the
mitochondrial parameters. In conclusion, based wnpoeliminary results, none of the proposed
cryoprotectants, avoided the C/T related impairmehhepatocytes. A mechanical alteration due to

lIF is probably responsible for the observed damage
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ATP (nmol.10° cells™) Trypan blue (% viability)

Fresh 3.2+ 0.9 89 5+ 2.4
Cryopreserved 0.1+0.0* 65.8+ 3.9*
Bilobalide 0.1+0.0* 61.5+ 4.6*
Bilobalide (+ isolation) 0.1+0.0* 67.8+2.1*
Bilobalide (+isolation, +pre- 0.1+0.0* 58.4+ 2.6*
culture)

Ascorbic acid 1 mM 0.1+£0.0* 62.7+5.2*
N-acetyl-L-cysteine 5mM 0.1+£0.0* 68.7+7.3*
Ciclosporin A 0.1uM 0.1+0.0* 60.3+ 4.5*
Sucrose 50 mM 0.1+0.0* 30.9+ 4.8*
Sucrose 100 mM 0.1+0.0* 25.8+1.2*
Sucrose 200 mM 0.1+0.0 * 20.4+ 1.6*

Table 10: Evaluation of cellular viability of freshly isolated and cryopreserved/thawed mouse hepato®s with
or without “cryoprotectants”

Results are expressed as mean + S.E.M. (n=30dsh fand cryopreserved samples, n=3 for cryoprotecsamples).
*p<0.05 compared with fresh cells.
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Basal Oligomycin DNP TMPD/Asc
Fresh 20.3t3.3 5.2%1.0 41.6+6.7 176.4+ 15.9
Cryopreserved 10.7£3.5* 4.8£0.9 8.2+ 1.8 165.2+ 17.3
Bilobalide 9.6+32.3* 4.4x14 7.8+1.3* 169.3+ 14.2
Bilobalide 8.3t4.1* 3.1x0.8 6.9+ 1.1* 158.1£9.1
(+ isolation)
Bilobalide 11.5£2.1* 4.9+0.8 8.9+ 0.8* 176.4+ 10.3
(+isolation, + pre-culture)
Ascorbic acid 1 mM 11.6+3.4* 52+14 7.8+1.3* 171.0+ 18.6
N-acetyl-L-cysteine 5mM  11.0+2.8* 4.9+16 9.0+ 1.5 166.1+ 13.8
Ciclosporin A 0.1 uM 9.8+ 2.6* 4.1+0.6 7.3+1.8* 175.2£12.6
Sucrose 50 mM 6.7+1.2* 51+1.0 5.3+ 0.9* 149.2+9.1
Sucrose 100 mM 5.6+2.8* 4511 5.1+0.9*% 165.2+ 14.3
Sucrose 200 mM 45+1.0* 3507 4.4+ 0.6 157.1+18.4

Table 11: Oxygen consumption rate of freshly isol&d and cryopreserved/thawed mouse hepatocytes withr

without “cryoprotectants”

Freshly isolated and cryopreserved/thawed humaatbeytes (4.5 10cells/ml) were incubated in closed vials at 37 °C
in Williams’ E medium saturated with a mixture 0§/O0, (19:1). After 10 min, oxygen consumption rai®©{ nmol
0,.min™.10° cells') was measured in an oxygraph vessel coupled watk@lectrode before and after the successive
additions of 0.5 pM oligomycin, 150 pM DNP, 0.1/ml antimycin and 1 mM TMPD+5 mM ascorbate. The
antimycin-sensitive]O, was calculated and the results expressed as m&ab.M. (n=30 for fresh and cryopreserved
samples, n=3 for cryoprotectants samples). * p<@diBpared with fresh cells.
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State4  State 3 DNP TMPD/Asc

Fresh 13.1+1.8 51.7+2.0 42.1+3.5 321.9+24.3
Cryopreserved 3.8+£05*  20.7+5.3* 10.9+ 3.1* 298.2+ 20.0
Bilobalide 3.9+1.4*  21.6x4.9* 12.1+ 4.5* 310.5+ 16.3
Bilobalide 41+0.6*  17.6x4.3* 13.1+ 4.7* 308.7+19.0
(+ isolation)

Bilobalide 4.0+0.9*  23.0+6.8* 12.6+ 2.5* 311.9+10.8
(+isolation, + pre-culture)

Ascorbic acid 1 mM 42+0.6* 22.1+3.7* 13.9+ 3.8* 301.6+ 16.9
N-acetyl-L-cysteine 5mM  4.1+05*  19.7+5.0 11.6+2.8* 264.9+12.5
Ciclosporin A 0.1 uM 4.3+0.9* 24.7+2.3* 12.3+ 3.5* 301.3+21.5
Sucrose 50 mM 3.2+ 0.4*  19.2+4.9* 8.2+ 2.5* 274.2+13.2
Sucrose 100 mM 29+09*  17.7+3.9* 7.8+2.9* 312.6+21.6
Sucrose 200 mM 2.8+1.0*  16.5£3.3* 7.5+ 2.4* 327.4+ 16.4

Table 12: Oxygen consumption rate in permeabilizediepatocytes energised by glutamate/malate from fraky
isolated and cryopreserved/thawed mouse hepatocytedth or without “cryoprotectants”

Permeabilization of freshly isolated or cryopresenhepatocytes (2@ells/ml) was achieved by digitonin after a 10-
min pre-incubation in Williams’ E medium as desedbin legend of Figure 3. Permeabilized cells vikes incubated

in the presence of 5 mM glutamate + 2.5 mM malGkte mitochondrial respiratory ratdQ nmol Q,.min™.1¢ cells?)

was measured before and after the successive auditif 1 mM ADP/Tris, 0.5M oligomycin, 50uM DNP, 0.15
pg/ml antimycin and 1 mM TMPD+5 mM ascorbate. Thé&maycin- and oligomycin-sensitiv8O, was calculated and
the results are expressed in nmalmn'.10° hepatocyte$ as mean + S.E.M. (n=30 for fresh and cryopreserved
samples, n=3 for cryoprotectants samples). * p<@diBpared to fresh cells.
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State4  State 3 DNP TMPD/Asc
Fresh 482+56  82.8+12.6 95.7+13.1 331.3+15.6
Cryopreserved 46.2+3.4  64.3x7.9 53.8+ 9.7* 305.6+ 10.9
Bilobalide 445+27  61.7+8.9 55.4+ 6.3* 312.6+8.9
Bilobalide 483+4.4  68.3+10.3 57.3.+ 8.6* 321.3+125
(+ isolation)
Bilobalide 475+45 67.1x7.0 56.9+ 7.5* 298.6+12.8
(+isolation, + pre-culture)
Ascorbic acid 1 mM 48.1+25 67.9+8.2 56.3+ 6.2* 325.6+13.2
N-acetyl-L-cysteine 5mM  44.3t25  63.2¢6.7 54.3+ 6.5* 319.0+13.1
Ciclosporin A 0.1 uM 442+ 3.0 61.3+6.5 51.2+ 8.5* 298.6+ 10.1
Sucrose 50 mM 453+2.9 61.7+5.9 49,9+ 6.7* 281.1+12.3
Sucrose 100 mM 41.3+36 69.3x75 44.6%11.3* 271.3+11.3
Sucrose 200 mM 495+29  65.4+6.8 51.1+11.3* 281.3+10.5

Table 13: Oxygen consumption rate in permeabilizedhepatocytes, energised by succinate/malate from &kly
isolated and cryopreserved/thawed mouse hepatocytedth or without “cryoprotectants”

Permeabilization of freshly isolated or cryopresenhepatocytes (2@ells/ml) was achieved by digitonin after a 10-
min pre-incubation in Williams’ E medium as desedbin legend of Figure 3. Permeabilized cells viken incubated
in the presence of 5 mM succinate + 0.5 mM malate2bpuM rotenone. The mitochondrial respiratory rai®4 nmol
0,.min™.1° cells’) was measured before and after the successivéamdof 1 mM ADP/Tris, 0.5M oligomycin, 50
UM DNP, 0.15ug/ml antimycin and 1 mM TMPD+5 mM ascorbate. Théraycin- and oligomycin-sensitivéO, was
calculated and the results expressed in nmpmid’.10° hepatocyte as mean + S.E.M. (n=30 for fresh and
cryopreserved samples, n=3 for cryoprotectants kng p<0.05 compared to fresh cells.
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4.1.1.4.2 Evaluation of the resistance of hepatcytsub-populations to
cryopreservation/thawing

4.1.1.4.2.1 Introduction

The liver contains hepatocytes with varying ploidyd gene expression, separable by Percoll
gradient and centrifugation. Gupta et al. showed #pecific fractions are enriched in polyploid
(H2 fraction) or diploid (H3 and H4 fractions) ra¢patocytes containing glycogen and glucose-6-
phosphatase activity. H4 fractions containing tioid cells are relatively smaller with greater
nuclear/cytoplasmic ratios, less complex cytoplaang higher serum albumin or ceruloplasmin
biosynthetic rates. H2 fraction cells, with polyplp cells, were larger with lesser
nuclear/cytoplasmic ratio, more complex cytoplaamg higher CYP activity. Phenotypic marking
shows that H4 cells originated in zone one and &l ¢n zones two or three of the liver lobule
(97).

We have evaluated the resistance of cryopreservakimmages of these sub-populations in a rat
model.

Resistance to freeze impairment of mice hepatoagtesoliferation, isolated 48 hours after partial
hepatectomy, was also analyzed.

4.1.1.4.2.2 Material and Methods

4.1.1.4.2.2.1 Animals
See Material and Methods (Section 4.1.1.2.1).
We isolated hepatocytes from Sprague-Dawley rarsivfor Percoll experiments. Cell return with
mice liver was indeed insufficient.
4.1.1.4.2.2.2 Isolation and cryopreservation/thgwahrat hepatocytes
See Material and Methods (Section 4.1.1.2.1).
4.1.1.4.2.2.3 Isolation of hepatocyte sub-popultetioy Percoll gradient
Percoll (1.129 g/ml; Pharmacia Inc., Uppsala, Swedes diluted with PBS, pH 7.4, containing 5

mg/ml bovine serum albumin (Sigma) to 70, 52, 4] 80% Percoll solutions. The gradients were
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freshly made in 15-ml polystyrene tubes by firgtelang 1 ml 70% Percoll followed by 3 ml 52%,
4 ml 42%, and 5 ml 30% Percoll, from the base upsarespectively. Hepatocytes (&6lls) were
suspended in 1 ml Williams* E medium and loadedoattie top of the gradients per tube and
centrifuged under 10@0for 30 min at 4°C (97). Cell fractions in discrddands were isolated by
pipetting and washed twice in Williams’E medium.

4.1.1.4.2.2.4 Isolation of hepatocytes after phhigatectomy
Partial hepatectomy in mice was performed and dotsti ~50-60% hepatectomy (132). All
animals resumed normal activities promptly afterokeering fromanesthesia, and no mortality or
morbidity wasencountered. Livers were isolated 48 hours (peaONA synthesis) following
hepatectomy according to Material and Methods ({Seet.1.1.2.1).

4.1.1.4.2.2.5 Hepatocyte viability evaluation
See Material and Methods (Section 4.1.1.2.1).

4.1.1.4.2.3 Results and discussion

We first confirmed the presence of 4 distinct hepgite populations in a rat model. While
cryopreserving these hepatocyte sub-populationsplgerved no resistance to freezing damage,
despite the ATP ratio prior to cryopreservatiomigeaigher in the H2 fraction (Table 14).
Hepatocytes isolated following hepatectomy did sbbw any freeze resistance in terms of
intracellular ATP levels (Table 14).

In conclusion, these subtypes of hepatocytes,telay Percoll and following hepatectomy did not

show any freeze resistance.
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ATP (nmol.10° cells?) Trypan blue (% viability)
Fresh H1 1.9+0.5 50.1+ 9.2
Cryopreserved H1 0.1+0.0* 30.5+ 4.3*
Fresh H2 3.6+15 75.6+ 7.8
Cryopreserved H2 0.1+0.0* 41.3+3.2*
Fresh H3 2.1+05 95.4+ 3.1
Cryopreserved H3 0.1+0.0* 51.3+ 2.1*
Fresh H4 26x04 93.1+4.2
Cryopreserved H4 0.1+£0.0* 49.8+ 5.6*
Fresh hepatectomy 1.6+0.3 69.1+ 7.8
Cryopreserved hepatectomy 0.1+0.0* 40.5+ 3.9*

Table 14: Evaluation of cellular viability of freshly isolated and cryopreserved/thawed hepatocyte sub
populations after Percoll gradient (H1, H2, H3 andH4) or following hepatectomy
Results are expressed as mean = S.E.M. (n=5). @p<tmpared with fresh cells.
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4.1.2 Discussion
The post-thawing quality of C/T hepatocytes remaiatected using the current protocols of C/T,
and despite using the best isolation protocol, Uptemented with FCS, 10% DMSO as freezing
solution, slow freezing and rapid thawing protocdle failed to avoid mitochondrial damage (the
critical point according to our data) with compleyrotector, hyperosomotic solutions, anti-oxidant
molecules, or permeability transition inhibitors. this section, the literature describing cell teat
and cryopreservation will be summarized and dissdis¥he importance of our results (complex 1
impairment) will be integrated in this literaturevrew. This will lead us to analyze the IIF
phenomenon during the cryopreservation process.

4.1.2.1 Cryopreservation and cell death
Necrosis, described following C/T (44) begins watth impairment of the cell’s ability to maintain
homeostasis, leading to an influx of water andaggllular ions. Intracellular organelles, most
notably the mitochondria, and the entire cell svalt rupture (cell lysis). Due to the ultimate
breakdown of the plasma membrane, the cytoplaswonteats including lysosomal enzymes are
released into the extra-cellular fluid. This pheoiwn has been tested predominantly by measuring
LDH release from the cytoplasm to the extra-cetlut@dium and reflects cell membrane integrity.
With the current C/T protocols, we demonstratedt thBH release and 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H tetrazolium bromide (MY Bssays are unaffected by C/T and do not
adequately assess viability after C/T. We also detnated that intracellular ATP concentration,
which is an indirect mitochondrial marker, is prblyathe most sensitive parameter to detect early
cellular damages related to cryostorage, showiegirtiportance of the choice of the cytotoxicity
test to be used for evaluation of C/T protocolx{ea 4.1.1.2.1).
Apoptosis, a programmed cell death, was also destifiollowing C/T. Cells undergoing apoptosis
show characteristic morphological and biochemieakdres which include chromatin aggregation,
nuclear and cytoplasmic condensation, partitioydbplasm and nucleus into membrane bound-

vesicles (apoptotic bodies), morphologically intactochondria and nuclear materibd.vivo, these



109

apoptotic bodies are rapidly recognized and phagmy by either macrophages or adjacent
epithelial cells. Due to this efficient mechanisr fapoptotic cells removal no inflammatory
response is eliciteth vivo. In vitro, the apoptotic bodies as well as the remainingfcajments
ultimately swell and finally lyse. This terminal gde ofin vitro cell death has been termed
“secondary necrosis”. Apoptosis was described agtlé2 hours post-thawing as demonstrated by
Annexin V staining, in situ TUNEL assay combinedhwtonfocal laser scanning microscopy or by
deoxyribonucleic acid (DNA) fragmentation (6,44,136

The mitochondrion is a key player in the initiatiohcell death and recent studies have highlighted
its role in C/T-induced cellular damage (48). Indleelisruption of mitochondrial membrane
potential AW) was reported following C/T. This mitochondrialndage is followed, within hours
after thawing, by cytoplasmic cytochrome c releasel caspase-3 activation leading to DNA
fragmentation and ultimately apoptosis. Additioncakpase inhibitors (IDN-1965 or ZVAD-fmk)
in the medium during cryopreservation and statituce rescued cells from apoptosis and was
associated with increased Phase 1 and Phase 2at&atafB85,136).

As mitochondria are the major source of ROS, indacof apoptosis by oxidative stress was also
proposed to be involved in the impairment of hepgis after C/T (39,45). Combination of
antioxidant medium and caspase inhibitors allowaphificant improvement in viability and
function in treated rat hepatocytes (45). In thenesaway, other authors proposed adding
S-adenosylmethionine to the cryopreservation medionavoid glutathione decrease, during cold
preservation or cryopreservation in liquid nitrogdalutathione plays a critical role in cell
protection against oxidant stress The addition -aid8nosylmethionine attenuated the decrease in
both viability and GSH content, observed after timaw(131).

In our study (Section 4.1.1.2.1e found that C/T, according to a computer-congaltooling
process by using a cryozon or a freezing-protodotkvconsists of 20 min at20°C followed by 2

hours at -80°C before storing in liquid nitrogeecteased mitochondria related cellular respiration

and oxygen consumption rate. This effect was ewiddron oligomycin (ATP synthase inhibitor)-
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sensitive respiration suggesting that it could Itefsom alteration of a mitochondrial process lidke
to ATP synthesis rather than an intrinsic modifmat of mitochondrial membrane proton
permeability (leak). In permeabilized hepatocytesrked impairment of mitochondrial oxidative
phosphorylation following C/T was observed undettesid (basal mitochondrial respiratory rate),
state 3 (respiration coupled with ATP synthesis)l amcoupled conditions with substrates for
complex 1. Interestingly, the inhibition of staterdspiration was not present with complex 2
substrates, whereas both reduction of state 3 habitian of the uncoupling molecule were still
present. The respiratory-chain complex 1 is ornth@largest and sensible mitochondrial respiratory
chain complex, and constitutes also the major soafenitochondrial ROS (94,102). Thus, specific
alterations of complex 1 subunit(s) and/or derdguiaof ROS production leading to oxidative
stress could constitute one of the starting-pdmtshe C/T-induced damage. This may explain the
decrease in oxygen consumption rate a, leading to ATP depletion and ultimately to
cytochrome c release and apoptosis.
However we failed to improve any of these affeat@tbchondrial parameters using the addition of
bilobalide to the isolation and/or cryopreservatioedia (Section 4.1.1.4.1).
We note that the mitochondrial damage, followin@ ,CATP depletion, oxygen consumption and
complex 1 impairment, were already observed follmnhe step 1 of the cryopreservation process,
the -20°C level, and of course thawing (Section14212). This suggests that the cryopreservation
damage occurred early in the process, around tokeation point and IIF. Cellular impairment
could possibly be explained by the mechanical aiten of mitochondria, induced by water
crystallisation during the cryopreservation or thayprocedures.

4.1.2.2 Intra-cellular ice formation
IIF was already evaluated during the cryopresemwagprocess. It was demonstrated that for
cryopreservation of cells or tissues, each systamits specific optimal cooling rate, showing a
decreased survival at both too low (slow coolinghdge) and too high cooling rates (fast cooling

damage).
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During freezing, the transition phase of water $e@d a decrease in the extra-cellular water
potential. Since water can pass through the plaserabrane, this will in turn lead to water efflux
and cell dehydration. Slow cooling damage has latitbuted to such phenomena as the increase
in the external and internal solute (salt) conaian, the small size of the channels of unfrozen
solution or the mechanical stress of cell shrinkage destabilisation of membranes and proteins at
low water potential. At high cooling rates, therawellular dehydration (by water efflux) cannot
keep pace with the extra-cellular dehydration (Inage transition of water). As a consequence,
higher cooling rates result in higher levels ofranatellular supercooling, high trans-membrane
differences in osmotic pressure and solute conagoiis, and high rates of water efflux through the
membrane. This fast cooling damage seems to be&yarty due to IIF. In a rat model, ab0
°C/min and below, none of the hepatocytes undeniEntwhereas at150 °C/min and above, IIF
was observed throughout the entire hepatocyte popaol The temperature at which 50% of
hepatocytes showed IIF (50TIIF) was almost constatit an average value ef7.7°C. Different
behaviour was seen in isothermal subzero holdimgpégatures in the presence of extra-cellular ice.
50TIIF from isothermal temperature experiments a@sroximately-5°C as opposed te7.7°C for
constant cooling rate experiments. These expersnelg@arly demonstrated both the time and
temperature dependence of IIF. On the other handoaling experiments in the absence of extra-
cellular ice, IIF was not observed until approxigiat-20°C (at which temperature the whole
suspension was frozen spontaneously) suggestingntr@vement of the external ice in the
initiation of IIF. The effect of DMSO on IIF wassal quantified. 50TIIF decreased frem.7 °C in

the absence of DMSO tdl6.8°C in 2.0 M DMSO for a cooling rate of 400°C/imHowever, the
cooling rate (between 75 and 400°C/min) did nonisicantly affect 50TIIF £8.7°C) in 0.5 M
DMSO.

Other authors have attributed membrane damageetdityh trans-membrane osmotic pressure
difference resulting in a very high rate of tranembrane water flux. Alternatively, fast cooling

damage could result from the fact that the ceklssaibjected to very sudden changes in size, shape
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and ultrastructure due to the rapid efflux of watand the shrinking of the cells
(22,53,59,68,128,129). Despite this debate, onesaammarize that all the mechanisms of slow and
fast cooling damage mentioned above relate to sineotic changes during freezing and thawing,
and the resulting flux of water across the memhbrdims was studied by a differential scanning
calorimetry (DSC) coupled with a cryomicroscope.(d&n provide information on energy flow
associated with state transitions in a specimennguthermal processing. DSC quantitatively
records the collective (aggregate) behaviour opecisnen, but does not resolve the details of
individual components such as cells. The cryommops, on the other hand, can provide
information on the transient morphologies and stmgs for a small number of individual cells.
However, quantitative analysis of cryomicroscopioddta usually requires compromising
assumptions such as extrapolation of three dimaabkaell geometry from two-dimensional images
to extract transient volumetric data from microdrapduring freezing and/or dehydration. The
integration of cryomicroscopy and DSC to perfornthbmeasurements simultaneously on a single
experimental specimen of interest would provide @arcomprehensive and quantitatively robust
description of organic system response to theritnats. The cell size would influence initial cell
volume, surface area, and water content, which umn,t influence freezing response.
Cryomicroscopic measurements of the cell/mitochiandolume as a function of temperature is
obtained through image analysis of the freezingedarments. Authors observed that there is a
decrease in cell volume as a function of tempeeatig cells attempt to efflux water to obtain
equilibrium with the increasingly concentrated extellular solution. The IIF, which results from
the increase in the undercooling of the cytoplasmlined with the catalysis of ice formation by
structures within the cell, will be function of botime and temperature. For sufficiently high
cooling rates, there will be probably insufficietitne for water transport across the plasma
membrane (137).

In order to avoid damage due to lIF, cells musbbee sufficiently dehydrated before reaching the

temperature range at which IIF can be observed. cbmebination of high temperatures for IIF
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combined with rapid decrease in hydraulic perméglals the cell is cooled implies that achieving
sufficient dehydration to avoid IIF remains a chafie. Also, the technical problem of thawing
must be solved, to avoid the problem of re-crystation, which is also probably a main source of
cell damage in the C/T protocol.

4.1.3 Perspectives
According to the current cryopreservation protocalgl based on our results, C/T hepatocytes
quality is not satisfactory. In each model, in eatidy, at least one post-thaw hepatocyte quality
parameter is impaired by the C/T process. IIF, iasudsed earlier, probably remains the critical
damaging factor principally at the structural leudéreafter, we review new strategies of interest t
cryopreserve hepatocytes: new hepatocytes confignsaapplicable for LCT, new cryoprotectants
or new cryopreservation protocols such as vitrifaratrying to avoid IIF.

4.1.3.1 New hepatocyte culture configurations

4.1.3.1.1 Encapsulation: in vitro, in vivo
Encapsulation, by conferring a mechanical protectwas recently investigated for hepatocyte
cryopreservation protocols. From several studiesapsulation of hepatocytes in specially designed
multi-component capsules (alginate, cellulose satiph and poly(methylene-co-guanidine)
hydrochloride) retained their specific functionartsaminase activity, urea synthesis and protein
secretion-over the first days of culture. Sevefdhe most detoxifying enzymes were expressed, in
alginate-entrapped hepatocytes, at levels closethtse found in corresponding unfrozen
encapsulated hepatocytes (15). Long-term preservafi drug metabolism and transport activities,
up to 120 days of cryopreservation, was recentiyatestrated in microencapsulated rat hepatocytes
(70). Finally, cold-induced apoptosis in hepatosytan be significantly reduced following their
entrapment within alginate gel beads, as demoestriay measurement of caspase-3-like activity
(83).
To extrapolate the use of C/T encapsulated hepa®cyor LCT consideration, the de-

differentiation problem must be adresséu.vivo, the first use of encapsulated hepatocytes was



114

documented in 1993, in the Gunn rat model, in whibk authors demonstrated that the
intraperitoneal transplantation of cryopreservedingte-encapsulated hepatocytes, significantly
reduced hyperbilirubinemia as well as freshly isdaencapsulated hepatocytes, up to 28 days
following transplantation (36). In a liver failurenodel, two-stage 95% hepatectomy, with
xenogenic hepatocytes and without immunosuppressinother advantage of the encapsulation,
authors demonstrated the interest of encapsulagpdtbcytes (4). More recently, Mai et al.
demonstrated that cryopreserved or fresh encapsulaident hepatocytes showed a progressive
decrease of albumin secretion over 1 week in celtim contrast, C/T or fresh encapsulated
immortalised human hepatocytes using lentiviraltmex showed minimal, but stable albumin
secretion. Transplantation of C/T or fresh encagisdl rat hepatocytes significantly increased
survival rate to 66% and 80% in ALF model (acetaopimen administration and 30% hepatectomy).
Transplantation of C/T or fresh encapsulated imntatiaed hepatocytes improved survival to 50%
and 55%, respectively. Histopathology revealed ématapsulated hepatocytes were viable, but in a
limited period, up to 2 weeks post-transplantatidhis time-limited effect explains that last
publications of transplantation on encapsulatedhtoeyytes only concern ALF models (3,84).
In conclusion, cryopreservation of encapsulated atoggytes is a promising tool for the
establishment of banks for the supply and storddepatocytes, but the efficacy of transplantation
remains time-limited. This kind of cell configurati also limits the LCT indications (type of liver
disease).
Therefore, new projects must in the future evaldla¢einterest of co-encapsulation of hepatocytes
with mesenchymal bone marrow cells or pancreattsisas a new type of feeder cells.

4.1.3.1.2 Hepatocyte spheroids
Hepatocyte spheroids were successfully cryopredenve UW solution and no significant
differences with freshly cultured hepatocyte splisrowere noticed in terms of cell viability and
functionality. UW solution was described to be sugeto other tested cryopreservation solutions

(Williams’E medium, fetal bovine serum or mixturétbe several components) (75). A study by
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Korniski et al. has been conducted to examine bimaitsport characteristics of pig hepatocytes
cultured as spheroids. The spheroids were disagtgegand low-temperature cryomicroscopy
experiments were performed to examine the transpudt IIF characteristics. The results infer a
decrease in the temperature range over which lIBbserved compared to freshly isolated pig
hepatocytes. The technique of freeze substitutias wsed to examine the structure inside the
spheroid during freezing and shows the locationicef in freezing hepatocyte spheroids and
increased amounts of intercellular ice. It confirthat cells cultured as spheroids do not transport
water in the same manner as that of isolated ¢élls Further studies are needed to assess the
optimal methods of culture and of cryopreservatmvironments including the freezing rate or
cryoprotectant from damage during freezing.

4.1.3.2 New cryoprotectants

4.1.3.2.1 Pre-incubation
Maintenance of ATP levels allows the recovery gbdtecytes from the isolation “trauma” and has
been shown to be crucial during cryopreservatioendd, ATP cellular boosters or antioxidants
have been proposed to supplement pre-incubatiomumeaind to potentialize the beneficial effects
of pre-culture. Two hours hyperosmotic (100 - 30M)glucose pre-incubation improved the
viability and attachment efficiency of rat hepatmsyand improved the viability and reduced LDH
leakage of human hepatocytes. In parallel, frucfeeincubation (100 - 300 mM) improved both
the viability and attachment efficiency of rat hegggtes but only the attachment efficiency of
human hepatocytes. Pre-incubation with anti-oxidaoch as alpha-lipoic acid (0.5 - 5 mM),
improved the viability and attachment efficiencybwith rat and human hepatocytes (125,126). The
beneficial effects of this pre-treatment (at lowencentration: 15 mM glucose for 30 min at 37 °C)
in human hepatocytes were confirmed by Silva e{146). They found that the response of CYP
enzymes to typical inducers was significantly imy@® in the pre-incubated hepatocytes. If pre-
incubated C/T human hepatocytes had similar vigléind urea production than in freshly isolated

hepatocytes, they also showed a significant higheting efficiency than C/T hepatocytes without
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pre-incubation. Quality of C/T cells after this n@we-incubation protocol needs to be evaluated in
terms of mitochondrial functions.

4.1.3.2.2 Non permeating cryoprotectants
Oligosaccharides (trehalose and related oligosaicids) in addition to DMSO give a significant
higher viability after thawing in primary rat or iman hepatocytes cooled in a controlled rate
freezer, as estimated by trypan blue exclusion. tfseligosaccharides with higher molecular
weights resulted in greatest improvement in viabilMoreover, attachment and survival rates in
plastic dishes of rat hepatocytes were approximaieR-1.8-fold greater after freezing in the
presence of di-, tri-, and tetrasaccharides. Imgmuant of plating was not confirmed with human
hepatocytes (87). Furthermore, the use of trehakrs®@ DMSO for cryopreserving human
hepatocytes resulted in a significantly increasedl forotein level, higher secretion of albumin and
lower aspartate aminotransferase level in the lathcells after thawing (69). These works were
inspired from data demonstrating the influencerealose on cell quality on bull sperm (14,133).
Finally, a novel method for the cryopreservatiorhepatocytes, using a hon-metabolizable glucose
derivative in an attempt to mimic the natural cmgipctive adaptations observed in freeze-tolerant
frogs, was recently proposed. Primary rat hepagscywere loaded with 3-O-methyl glucose
(30MG) through endogenous glucose transportersowittevident toxicity and cryopreserved
according to a controlled rate freezer program dtawB0 °C before storing in liquid nitrogen. In
this study, hepatocytes cryopreserved with a rathtismall amount of intracellular 30OMG (<0.2
M) showed high post-thaw viability and maintainetd-term hepatospecific functions, including
synthesis, metabolism, and detoxification. Metabaliptake and secretion rates were also largely
preserved in the C/T hepatocytes (120). In the rhetare, mitochondrial functions, including
complex 1 activity, must be evaluated after C/Thvatfreezing medium including non permeating
cryoprotectants, such as trehalose or non metaddizglucose. Indeed, protection delivered by

non-permeating cryoprotectants, needs to be ewluatterms of cell death.
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4.1.3.2.3 Wheat extracts

A recent report proposed the use of wheat proteiraets for long-term storage and recovery of
large quantities of healthy cells that maintainhhinggpatospecific functions (52). In primary culture
the morphology of hepatocytes cryopreserved witleattprotein extracts was similar to that of
freshly isolated cells. Furthermore, hepatospecitiactions such as albumin secretion and
biotransformation of ammonium to urea were wellmened during 4 days in culture. Inductions
of CYP1A1l and CYP2B in hepatocytes C/T with whedtats were also similar to those in freshly
isolated hepatocytes. However, viability and plgtiof C/T hepatocytes remained lower as
compared to freshly isolated cells.

4.1.3.3 New cryopreservation strategies: vitrificat
Since the major problem with the current protoc@mains IIF, alternatives such as vitrifying
hepatocytes are an interesting strategy to redmstpost-thawing cell quality. Vitrification (from
the Latin, vitreus, glassy) is essentially the dibtation of a supercooled liquid by adjusting the
composition and cooling rate such that the cryptahse is avoided. The process involves a
progressive and marked increase in viscosity ducmgling and prevention of ice nucleation and
growth. The system is stabilized in the glassyestat translational molecular motion is essentially
halted. Vitrification eliminates the biologicallyathaging effects associated with freezing. No
appreciable degradation occurs over time in livingtter trapped within a vitreous matrix, and
vitrification is potentially applicable to all biofjic systems.Vitrification of precision cut-slices,
tissue engineered pancreatic substitute, jugularsixessels constructs, embryonic kidneys was
already performed allowing the absence of ice itlte vitrified samples and an excellent
post/thawing quality and/or viability (11,13,27,402,113).
Classically, tissues (vessels constructs, embryddoeys are vitrified at cooling rates of
>40°C/min in a specific solution, which consisted30l0 mM/L DMSO, 3.10 mM/L formamide
and 2.21 mM/L 1,2-propanediol in EuroCollins sabuti(VS55) or a polyethylene formulation

consisting of 5M propanediol, 1M DMSO and 12% pttygeneglycol 400 (11,40). Best viability
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results were obtained with the VS55 solution. Tdaob cooling rates of >40°C/min, tissues
contained in vials, were cooled +#©€00°C in a isopentane bath (conductive coolinggZmg point
-160°C) placed in a135°C freezer, removed from the 2-methylbutane bathvitrified to-120°C
in the-135°C freezer (convective cooling).
Re-warming was performed under controlled cond#jand the chemicals removed in a stepwise
manner. However de-vitrification may occur duringmming from the vitrified state. To prevent de-
vitrification, the vitrified material must be warmhauniformly as quickly as possible [slowly re-
warmed to -100°C using convection followed by ramedvarming achieved by placing the vial in a
DMSO/H20 mixture at room temperature (225°C/mim)fisat ice does not have the opportunity to
form in significant quantities.
Vitrification of encapsulated hepatocytes in M orc@lagen was recently proposed as an
alternative to classical freezing protocol (72). \tual. proposed a rapid stepwise introduction of
microencapsulated hepatocytes to vitrification soiu(40 volume/volume % ethyleneglycol 0.6M
sucrose in medium) and their direct immersion puilll nitrogen. Using this technique, they
obtained 100% retention of hepatocyte function,related to an excellent viability and no
detectable microcapsule damage (135). Further figat®ns are however needed to confirm the
potential of vitrification for pharmacological stied as for LCT protocols.

4.1.4 Conclusions
Using current protocols, C/T of hepatocytes induceb alteration, mainly at the level of the
mitochondria, with marked impairment of the mitooHaal respiratory chain complex 1 activity.
Cytochrome c release will lead to cell death withours by apoptosidn vitro functions of C/T
hepatocytes remain poorer than those of freshllatisd hepatocytes, while the efficary vivo
seems to be time-limited both in animal models iarttbmans.
The IIF remains probably the major factor that elehe quality of the cells.
Protection delivered by non permeating cryoproteistan terms of cell death and mitochondrial

functions should be evaluated in future.
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New perspectives such as vitrification, to avoic tbrystalline state, coupled or not with
encapsulation should be investigated in the futwrele considering the problem of hepatocyte de-
differentiation during the long term in this configtion. The current developments of stem cells,

that are able to self renew, may allow resistandesezing damage and alternative use for LCT.
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4.2  Study of the pro-coagulant activity of the celpreparation
Low engraftment of transplanted hepatocytes is gmanit of LCT. Indeed, the majority of
transplanted hepatocytes (70-80%) are cleared bgrbhagocytes and macrophages in the hepatic
vascular spaces. Preventing this early cell logsires not only the improvement of the quality of
transplanted hepatocytes but also the understarafitige role of hepatocytes and other resident
liver cells in the induction of immunologic evenliswas recently demonstrated that pancreatic islet
transplantation, a therapeutic modality for typedidbetes, induces activation of coagulation
cascade. Tissue factor synthesized by beta celis darct cells contaminating clinical islet
preparations is directly implicated in this pro-gokant activity (8,10). This may compromise the
outcome of islet transplantation by early graftsl¢85,88). We therefore determined if hepatocytes,
freshly isolated or C/T, also express tissue faatat are responsible of a pro-coagulant activity.
Since N-acetyl-L-cysteine derivative inhibits tisslactor-dependent pro-coagulant activity of islet
preparations (9), we also investigated the potenfidN-acetyl-L-cysteine to inhibiin vitro pro-
coagulant activity associated with hepatocyte susipes.

4.2.1 Results

4.2.1.1 Tissue factor-dependent pro-coagulantictf isolated human hepatocytes:

relevance to liver cell transplantation
Increasing the quality and the replicative advaataigthe transplanted cells is likely to improve th
yield of engraftment and subsequent repopulatiaheftecipient liver. Tissue factor dependent
activation of coagulation was found to contribuddaw rate of beta cell engraftment in pancreatic
islets transplantation. In this Section (Article W demonstrated that human hepatocytes either
fresh or C/T exerin vitro andin vivo tissue factor-dependent pro-coagulant activitgsiie factor
expression on hepatocyte preparations was assegseadv cytometry, reverse-transcription
polymerase chain reaction and immunofluorescenec®agulant activity depending on tissue

factor was evaluated in human plasma and in wholedosystems.
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The thiol-containing drug N-acetyl-L-cysteine irfe¥es with the tissue factor-dependent pro-
coagulant activity of isolated hepatocytes. Thisildarepresent candidate for a pharmacological

modulation of the coagulation process.
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Article 4: Tissue factor-dependent pro-coagulanivag of isolated human hepatocytes: relevance

to liver cell transplantation. Liver Transplantatj@007 Apr; 13(4):599-606.
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Liver cell transplantation (LCT) aims to correct inborn liver function defects by infusing metabolically active cells into the
diseased liver. Further improvement in LCT might depend on the prevention of early loss of transplanted cells. As tissue
factor (TF)-dependent activation of coagulation was found to contribute to a low rate of beta cell engraftment in islet
transplantation, we investigated the potential procoagulant activity (PCA) of hepatocyte preparations. TF expression on
hepatocyte preparations was assessed by flow cytometry, reverse-transcription polymerase chain reaction and
immunofluorescence. PCA depending on TF was evaluated in human plasma and in whole blood systemns. Coagulation
parameters were followed by routine techniques in a LCT recipient Crigler-Majjar patient. We determined that hepatocytes
express soluble and membrane-bound forms of TF. We showed that hepatocytes exert a TF-dependent PCA. In parallel,
delayed increase in D-dimer levels was observed following the hepatocyte infusions in the Crigler-Najjar patient.
Furthermore, in vitro experiments demonstrated that TF-dependent PCA of hepatocytes is inhibited by MN-acetyl-L-
cysteine. In conclusion, hepatocytes exert TF-dependent PCA, which may contribute to early loss of infused cells.
Addition of M-acetyl-L-cysteine to the suspensions of hepatocytes might be beneficial in LCT by inhibiting activation of

coagulation. Liver Transpl 13:599-6086, 2007, « 2007 AASLD.
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[n various human inborn metabolic diseases, liver cell
transplantation (LCT) can provide medinm-term partial
metabolic control.'™ LOCT also aims to bring immediate
temporary lunctional support for the treatment of pa-
tients affected by flminant hepatic failure, although
demonstration of its efficacy remains difficnlt in this
condition.® Increasing the quality and the replicative
advantage of the transplanted cells is likely to improve
the percentage of engraftment and subsequent repopu-
lation of the recipient liver by the infused cell popula-
ticon.

Pancreatic islet transplantation, a therapeutic mo-
dality for type 1 diabetes, induces activation of coagu-
lation cascade. Tissue factor [TF) synthesized by beta

cells and duct cells contaminating clinical islet prepa-
rations is directly implicated in this procoagulant activ-
ity (PCA)."® This may compromise the outeome of islet
transplantation by early graft loss.®'® Therefore, the
lirst aim of this study was to determine if isolated hepa-
tocytes, fresh or crvopreserved, also express TF. After
demonstrating the presence of TF in hepatocytes, we
analyzed the PCA of hepatocyte suspension in several
in vitro coagulation assays. Following in vitro demaon-
stration of TF-dependent PCA, we urther explored co-
agulation parameters of a 9-month-old Crigler-Najjar
patient before and after cell infusions. Since we recently
observed that N-acetyl-L-cysteine (NAC) derivative in-
hibits TF-dependent PCA of islet preparations.!! we
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also investigated the potential of NAC to inhibit in vitro
PCA associated with hepatocyte suspensions.

MATERIALS AND METHODS

The protocol, including all experiments on human and
animal samples, the blood investigation in the patient,
and the LCT protocol were approved by the institution
ethical review board.
Cell Preparations

Liver isolation and hepatocyte cryopreservation/thaw-
ing procedures were previously published in detail. *®
After isolation or thawing, cells were suspended in a
stable solution of plasmatic proteins (85% of albumin)
containing bicarbonate (1 mmaol /L), glucose (11 mmol /
L), and 10 U/mlL heparin (infusion medium). When not
specified, experiments were performed with human
cryvopreserved/thawed hepatocytes (Trypan blue viabil-
ity around S0%4).

The human adenocarcinoma cell line CAPAN-2 was
used as a positive TF control in the several experiments
as previously described.®

TF Expression of Human Hepatocyte
Suspension

Immunofluorescence studies were performed to evalu-
ate the presence of TF. For this, fresh hepatocyles were
placed on cover slips and fixed by paratormaldehyede 4%
(Merck, Darmstadt, Germany) for 20 minutes, Then,
these cells were incubated with Triton X-100 [Sigma,
Bornem. Belginm) 1% in Tris base sodinm buffer (50
mmol /L Tris-HCI pH 7.4 and 150 mmaol/L NaCl) (Or-
ganics [VWR], Leuven, Belgium) lor 15 minutes and
then with milk 3% in Tris base sodium buller for 1
hour® The primary antibodies, monoclonal mouse an-
ti-human cytokeratin-18 antibody (Progen, Heidelberg,
Germany) and polyclonal rabbit anti-TF monoclonal
antibody (mAb) (immunoglobulin [Ig]G 1 nd509; Ameri-
can Diagnostica, Andresy, France] were diluted (1 /100
and 1 /60, respectively) in Tris base sodinm and incu-
bated with cells for 1 hour. The secondary antibodies
used were cyanine 3-conjugated anti-mouse 1gG (Jack-
son Immunoresearch Laboratories, West Grove, PA)
and fluorescein isothiocyanate conjugated anti-rabbit
[g6 (Sigma). The nuelei were revealed by 4', 6-dia-
midino-2-phenylindole (DAPL Sigma) staining. Nega-
tive experimental controls were performed (absence of
primary or secondary antibodies).

Presence of the classical membrane-bound (TF) and
the recently new described soluble (alternatively spliced
TF: as-TF) forms was analyzed by reverse-transcription
polvinerase chain reaction [RT-PCR). Messenger ribo-
nucleic acid (mRNA) was extracted from 0.5 x 109
hepatoeytes using the Tripure isolation reagent kit
(Roche Applied Science, Brussels, Belginml following
the manufacturer's instructions. One-step RT-PCR was
pertormed on a Thermoceyeler instrument [ Applied Bio-
systems, Lennik, Belginm) with primers synthesized at
[nvitrogen. RT-PCR for TF or glveeraldehyde 3-phos-

phate dehvdrogenase was realized with the following
primers:

TF sense primer, 5-TOGAATGTOGACCGTAGAAGATGA-
a4

TF antisense primer,
TCT-37:%

Glveeraldeliyde 3-phosphate dehvdrogenase: sense
primer, 5-COGCACTCAACGGATTTGGTCGTAT-37

Glveeraldehyde S-phosphate dehydrogenase: anti-
sense primer, 5-AGCCTTCTCCATGGTGGT-3.

Products were separated by electrophoresis on 1%

agarose gel and visualized with ethidium bromide un-
der ultraviolet lamp.
We also realized a real-time KT-PCR for TF, as-TF, and
B-actin on a Lighteyeler instrument (Roche Applied Sei-
ence] with primers svnthesized at Biosource Europe,
Nivelles.

Belgium as previously described.® mRNA was ex-
tracted from 0.5 x 10% hepatocytes with the MagNA
Pure mRENA extraction kit on the MagNA Pure instru-
ment (Roche Applied Science) following the manufac-
turer's instructions. Primers were as follows:

TF sense primer: 5-GGOANTTCAGAGAANTATTUTA-
CATCA-3";

TF antisense
GGA-3';

as-TF sense
AMTATTCT-37

as-TF antisense primer: 5 -CCAGGATGATGACAAG-
GATGA-3"

probe: 5 -TGOAGCTGTGGTATTI TG TGGTCA-3'

B-actin sense primer: 5-GOGTCAGAAGGATTCCT-
ATG-3"

B-actin antisense primer:
TCTGGG-37

The presence ol membrane-bound TF was also con-
firmed by flow cytometry analysis. Thereflore, cells were
washed in phosphate-buffered saline supplemented
with 1% bovine serum albumin and 10% pooled human
serum and incubated for 20 minutes at +4°C with
the (lnorescein isothiocyanate-conjugated 1gG1 mAb
against TF no. 4508CJ [American Diagnostical or the
corresponding  isotvpe-matched control mAb (Dako,
Heverlee, Belginm). Cell fluorescence was analvzed us-
ing a Cyvan {low cytometer (Dako].

B-GOAGTTCTCCTTCCAGC-

primer: B'-TAGCCAGGATGATGACAA-

primer: bB'-TCTTCAAGTTCAGGAMAG-

B-GOTCTCAAMACATGA-

TF-Dependent PCA of Human Hepatocyte
Suspension

PCA Assay

PCA was determined in duplicate by a single-stage clot-
ting assay on cell suspensions in phosphate-butfered
saline. A total of 100 pL of each sample was incubated
at +37°C for 1 minute with 100 pL of normal citrated
plasma before the initiation of clotting by the addition of
100 pL of 25 mmol /L CaCly,. Clotting time was recorded
with a KC10 apparatus [Amelung, Lemgo, Germany)
and PCA in mU/ml was determined by reference to a
standard curve generated by serial dilutions of a com-
mercial rabhit thromboplastin (Excel SA: Organon
Teknica, Turnhout, Belgium). The amount of thrombo-
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plastin that vielded a clotting time of 12.4 seconds was
assigned a value of 1 unit. To determine the role of the
TF/factor VII pathway in the PCA, additional experi-
ments  were  performed using factor VI-delicient
plasma (Dade Behring, Marburg, Germany). The num-
ber of cells was determined by simple counting,.

Tubing loop model

A whole-blood experiment protocol was adapted from a
model previously described.®!° Loops made of polyvinyl-
chloride tabing (inner diameter 6.3 mm, length 290 mim)
and treated with a Corline heparin surlace were pur-
chased from Corline (Uppsala, Sweden). Loops were sup-
plemented with cell samples suspended in phosphate-
bullered saline before blood addition. To ascertain the role
of TF in this model, cells (0.5 % 10% hepatocytes| were
preincubated at room temperature for 10 minutes with
either 0.2 mg/ml mAb anti-human TF IgG1 (American
Diagnostica) or 0.2 mg/ml. mAb monse [gGl (clone
11711.11: RnD Systems, Abingdon, United Kingdom) be-
fore extensive washing in phosphate-buflered saline and
tubing loop assay. Five ml of non-anti-coagnlated blood
from healthy volunteers was then added to each loop. To
generate a blood flow of about 45 mL/minute, loop de-
vices were placed on a platform rocker inside a +37°C
incubator. Blood samples were collected into ethylene
diamine tetraacetic acid (4.1 mmol/L final concentration)
and citrate (12.9 mmol/L final concentration) tubes he-
fore and 30 minutes after start. Platelets were counted on
a CellDyn 4000 automate (Abbott Laboratories, Abbott
Park, IL) and D-dimers were evaluated by immunoturbi-
dimetric assay (Liatest D-DI: Diagnostica Stago, Asnieres
sur Seine, France),

Viscomeliry measurement

ReoRoxd is a free oscillation rheometer, a device that
enables to monitor blood viscosity over time in small
bload volumes. 2 It is based on the recording of mag-
neticallv-induced oscillations: during the coagulation
process, increase in viscosity (as a consequence of co-
agulation) results in a transient increase of oscillation
damping. Human citrated blood samples were recalei-
fied extemporaneously with a solution of 25 mmol/L
Ca**. Reaction was started by adding 400 pl human
citrated blood to cups containing 210 pl of Ca®* solu-
tion and increasing the nmumber of hepatocytes sus-
pended in 40 pL of phosphate-buffered saline.

Where specilied. graded doses [1-25 nunol/L) of NAC
[Lysomucil: Zambon, Brussels, Belginm) were added.

Follow-Up of Coagulation Parameters in a
LCT Recipient Child

A 9-month-old girl (7.5 kgl with Crigler-Najjar disease
was relerred to our unit for LCT. A Broviac catheter
device was inserted surgically in the portal system, al-
lowing repetitive infusions as reported.!® The child re-
ceived 2.6 billion cells (2.2 billion cryopreserved/
thawed cells) in 14 successive infusions (2 infusions per
day) over 2 weeks, in 3 steps ol infusions (3 consecutive

dayvs for the Hrst step, 2 consecutive days for the 2
others). Each cell-infused suspension contained 60 to a
maximum of 250 = 10° cells, suspended in 25 mL of the
infusion medium. given at a rate of 50 mL/minute. We
[ollowed the coagulation parameters, including fibrino-
gen, international normalized ratio of prothrombin
[prothrombin time), activated partial thromboplastin
time, D-dimers on a CA7000 automated coagulation
analyzer (Sysmex. Barchon, Belginml), and platelets on
a Advia 120 analyzer (Bayer, Brussels, Belgium): before
infusion. alter 15 minutes of infusion. and at the end of
infusion in peripheral blood. We also followed those
parameters in portal blood at the end of infusions.

Statistcs

Results are expressed as mean + standard error of the
mean or mean + standard deviation, and statistically
significant (*P < 0.05, **P < 0.01, ***P < 0.001] differ-
ences were assessed by Wilcoxon or Mann-Whilney
tests.

RESULTS

Cryopreserved Hepatocytes Express
Functional TF

TF expression was lirst documented on fresh hepato-
evies by immunofluorescence. As shown in Figure 1A,
we found that all cells express TF constitutively (uni-
form cytoplasmic staining). In parallel, the coexpres-
sion of TF and cytoleratin-15 of these cells confirmed
their hepatocyte lineage. We also assessed the expres-
sion of TF at the mENA level on hepatocytes using
RT-PCE (Fig. 1B). Interestingly, both the membrane
lorm and the alternativelv-spliced variant of TF mRNA
were expressed. [nnadditional experiments, we used re-
al-time RT-PCR to quantily TF and as-TF mRENA levels
in hepatocytes. As shown in Figure 1C, the as-TF vari-
ant was predominantly expressed with an ~2-fold mag-
nitnde. Furthermore, low cytomeltry analyvsis of hepa-
tocytes conlirmed a positive and specific staining for TF
(Fig. 113).

We then assessed PCA of hepatocytes in human
plasma. As shown in Figure 2A, we observed that he-
patocyte preparations exert significant PCA that was
dependent on the number of cells engaged. The PCA of
the hepatocyvie suspensions was [actor VII-dependent
since it was not observed in factor VII-depleted plasma
and demonstrated the involverment of TF (Fig, 2B).

PCA of Hepatocytes in Whole Blood
Preclinical Model

To further investigate the PCA of hepatocytes in a model
closer to the in vivo sitnation, we adapted the tubing
loop system that was used to demonstrate the throm-
botic reaction induced by islet preparations? and duct
cells.® This model is based on the injection of non-anti-
coagulated blood in plastic loops in which the inner
surface was coated with heparin to prevent contact-
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Figure 1.
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TF expression on hepatocytes. [A] Immunofluorescence for (1) TF (green) and (2) cytokeratin- 18 [red) was performed

o fresh hepatocytes placed on cover slips and fixed by paraformaldehyde. (3] A merging image of CH-18 and TF staining is also
presented (magnification 20x ). The nuclei were revealed by (DAPI) (blue) staining. (B) mRNA exiracted from 2 cell preparations
was analyzed by RT-PCR for glyceraldehyde 2-phosphate dehydrogenase [1-2) and for TF (3-4). The conditions 1 and 3, and 2 and
4 were obtained from fresh and cryopreservedfthawed cells, respectively. One representative experiment out of 3 is shown. Arrows
indicate the size of either classical mRNA (407 bp) encoding the membrane form (TF) or the as-TF (247 bp) encoding the soluble
form. (C) Guantification of TF and as-TF mRNA using real-time RT-PCR. Results ave expressed per 10° mRNA copies of f-actin.
Data represent mean * standard error of the mean of 5 independent experiments. (I Hepatocytes were analyzed by Oow
cytometry after staining by either anti-TF mAb (gray histogram), corresponding control isotype mAb (white histogram, thick line)

or unstained cells (white histogram, dotted line). One representative experiment out of 2 is shown.

dependent blood coagnlation, thus allowing the inves-
tigation ol coagulation in the presence ol platelets.
Blood coagnlation was assessed by macroscopic exam-
ination lor the presence of clots and by monitoring
platelet counts and D-dimer levels, which decrease or
increase as a consequence of coagulation activation,
respectively. We show that 5 % 107 hepatoeytes added
to 5 mL of blood were sufficient to induce clot formation
within 30 minutes. This was associated with a dramatic
drop in platelet counts (Fig, 3A] and increased D-dimer
levels (Fig. 3B). To demonstrate the role of TF, pretreat-
ment of hepatocytes with an anti-TF mAb was per-

formed in these settings: this led to the prevention of

the lormation ol visible clots, prevention of the drop in
platelet counts, and prevention of the increase in D-
dimer levels. This was not observed with an isotvpe-
matched control mAb (Table 1).

The PCA of hepatocytes in whole blood was also as-
sessed by Iree oscillating rheometry, another global co-
agnlation measurement technigue. As shown in Figure
4, we were able to confirm that the addition of nereas-
ing number of hepatoeytes to citrated blood in the pres-
ence ol Ca ' resulted in the activation of coagulation. We
abserved that as few as 107 cells were sufficient (o
promote d slatistically significant induction of human
blood coagulation.

D-DMmers Increased Following LCT

To demonstrate PCA of infused hepatoeytes in vivo, we
also evaluated coagulation parameters in an LCT recip-
fent patient. When the Broviac was surgically placed in
the portal system and belore infusions, D-dimer levels
[ng/mlL fibrinogen equivalent unit [F.E L] were mea-
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oo Figure 3. PCA of hepatocytes in whole blood [tubing loop
9 4 model). Hepatocytes were added to 5 mL whole blood incu-
- bated in tubing loops under agitation at +37°C. Platelet count
i d * (A] and D-dimer levels [B] were monitored after 30 minutes of
incubation in the absence or presence of increasing concen-
0 — % trations of hepatocytes (10%, 5 x 10%, and 10°). Data repre-
1 2 sent mean * standard deviation of 3 to & independent exper-

Figure 2. TF-dependent PCA of hepatocytes in plasma. (A)
PCA was assessed in plasma after addition of hepatocytes
(8.25, 12.50, 25.00 x 10%mL). Data represent mean = stan-
dard error of the mean of 4 independent experiments. *P <
.05 compared with normal citrated plasma. (B) PCA of hepa-
tocytes in presence of factor VII-deficient plasma (£) was de-
termined and compared to PCA assessed in human plasma (1).
Data represent mean + standard error of the mean of 4 inde-
pendent experiments. *F < 0.05 compared with normal ci-
trated plasma.

sured in Crigler-Najjar patient peripheral blood and
were considered as normal (335 ng/mL F.E. .. normal
values: =500 ng/ml F.EU.), The D-dimer values re-
mained within normal laboratory range during the first
of the 14 infusions in peripheral and portal blood (575
ng/mbL F.E.U. in peripheral blood, 344 ng/mL F.E.U. in
portal blood). Interestingly, we observed an incerease in
D-dimer levels the day following the 2 first infusions,
before infusions of the second day (lirst step] 865
ng/ml FEL in peripheral blood). No further increase
in D-dimer values was observed during the infhisions of
the second day (573 ng/mL F.E. 1L in peripheral blood.
and 855 ng/ml F.E.UL in portal blood. ) The increase in
D-dimer levels was also conlirmed on Blood samples

iments. *P < 0.05 compared with platelets count in absence of
cells.

takern the day alter the second step infusions, at which
time D-dimer values up to 1,374 ng/mlL F.IE1. were
measured. One week alter all the infusions, the
D-dimer levels returned within normal values (397
ng/mbL F.ETLL All the other coagulation parameters
remained within normal laboratory ranges during ancd
alter the infusions, in peripheral or portal blood [data
not showr.

NAC Inhibits TF-Related PCA of Hepatocytes
Without Inducing Toxicity

According to the modulation of the hemostatic param-
eters described in healthy subjects ailer intravenous
infusion with NAC, ™ this compound was tested lor its
capacity to inhibit the PCA induced by hepatocytes. We
first investigated the capacity of graded doses of NAC (o
impair the PCA in human plasma. As shown in Figure
BA, we abserved a dose-dependent inhibition of hepa-
tocyte-induced PCA with an elfect already statistically
significant at 10 mmol /L. We then assessed the capac-
ity ol graded doses of NAC to impair the PCA in the
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TABLE 1. TF-Dependent PCA of Hepatocytes in Whole Blood (Tubing Loop Model)

Platelet count (107 /pL) D-dimers ing/mL F.E.11)

Cells Time (minutes) mAb Experiment 1 Experiment 2 Experiment 1 Experiment 2
0 0 Nex 204.5 294.5 85.0 85.0
8] a0 No 252.0 252.0 105.0 105.0
5 x 108 30 No 86.3 1.6 1265.0 870.0
5 10" 30 Anti-TF 241.2 385.0 305.0 415.0
5 x 10° a0 I=otype control 0.7 2.8 9650 a80.0

D-dimer levels.

NOTE: Hepatoeytes (5 3 10%), pretreated for 10 minutes at room temperature with anti-TF mAb or isotype-matched control
mAb, were added to 5 mL ofwhole Blood and incubated in tubing loops under agitation at +37°C. Platelet count and D-dimer
levels were monitored prior to the assay and after 30 minutes incubation in the presence or absence of cells. Resulis of 2
experiments performed on 2 independent blood samples are shown. Data represent the mean value for platelet count and

RS

lonl

ETRL
cedl number {1 10°)

Figure 4. PCA of hepatocytes in whole blood (ReoRox model).
Viscosity was assessed using free oscillating rheometry (Reo-
Roxd) in 600 pL of recalcified human citrated peripheral
blood after addition of hepatocytes (10, 10°, 5 x10°, and
10%). Data vepresent mean = standacd error of the mean of 4
to 8 independent experiments. *P < 0.05, **P < 0.01, ***P <
©0.001 compared with control (absence of hepatocytes). Coag-
ulation induction fold was calculated by dividing the coagula-
tion time of the blood in absence of hepatocytes by coagulation
time of the blood with the determined number of cells.

human whole blood model. NAC dose-dependently pre-
vented the drop in platelet count induced by hepato-
cvies and the increase in D-dimer levels. The effect of
NAC was already significant at the dose of 10 mmol/L
IFig. 5B).

These inhibitions were not doe to a toxic eflect of
the compound as no toxicity related to several concen-
trations of NAC was evidenced in murine hepatocytes
In = 31

DISCUSSION

The important {inding of this study is the demonstra-
tion ol hepatocyte suspension TF-dependent PCA. This
invitro observation has a practical eonsequence in vivo,
since we observed a modilication of the eoagnlation
parameters, delaved D-dimer increase, in a LCT recip-
ient patient. Based on its ability (o inhibit TF-depen-

dent PCA of hepatoeyte suspension, we may larther
consider, to ameliorate LOT engraliment, addition ol
NAC to the hepatocyle suspensiorn.

Indeed, low cell engraltment rate represents a major
limitation of LOT, resulting in limited correction of the
metabolic inborn defect.® Activation of the coagulation
cascade was evidenced and associated with negative
clinical outecome alter pancreatic islet transplantation.
[t has been demonstrated that islet preparations. beta-
cells, and contaminating duct cells exert a TF-depen-
dent PCAL Activation of coagulation could not only lead
to thrombotic events, but also elicit inflanmatory reac-
tons involving upregulation of adhesion molecule ex-
pression and chemokine production.® = We therelore
hvpothesize that a similar mechanism may occur lol-
lowing LCT. In rat liver transplantation, PCA is postu-
lated to be important in acute rejection {immune cell
adherence. vascular thrombosis, and delaved-tyvpe hy-
persensitivity] of allograft.'® In an animal model, fibrin
deposition in the hepatic sinusoids, associated to a
hypercoagnlative state, is also demonstrated atter liver
transplantation.’” In humans. modification of pro-
thrombin plasma level might be considered to evaluate
rejection alter liver transplantation.™ Furthermore,
several LOT stadies demonstrate, on animal models,
that allogenic hepatocytes are highly immunogenic and
stimulate strong cell-mediated immune responses. '™ !

In the 1990s, 2 ndependent studies showed either
weal or no TF expression by hepalocytes using irmin-
nohistochemistry on human liver [rozen sections, al-
though TF is known to be present in the HepG2 hepa-
toblastoma cell line #2324

Therelore. we have lirst determined if isolated hepa-
tocytes express TF. The majority of our experiments
were performed on crvopreserved /thawed hepatocvies,
which represent the main cell source in LCT. Both
membrane-bound forms and soluble TF forms were
found inisolated hepatoeytes, but in low concentration
as vompared to islet preparations or the CAPAN cell
line.® We also showed that expression of TF in hepato-
cvies induces coagulation invitro, With the plasma PCA
measuring technigque, we determined that the PCA ae-
tivity of the hepatocyte suspension was factor VI-de-
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Figure 5, Modulation of TF-dependent PCA of hepatocytes by
NAC. (A) PCA of hepatocyie suspension in human plasma.
Graded doses of NAC were added to 90 pL of hepatocyte sus-
pensien (0.5 x 10%/mL) before PCA was measured. Data rep-
resent mean + standard deviation of 4 independent experi-
ments. P < 0.05 compared with absence of NAC. (B,C) 5 x
10" hepatocytes were added to 5 mL whole blood incubated in
tubing loops under agitation at +37°C. Graded concenira-
tions of NAC were added to the loops extemporaneously. Plate-
let count (B) and D-dimer (C) levels were monitored after 30
minutes of incubation. Data represent mean * standard error
of the mean of § independent experiments. *P < 0.05 com-
pared with absence of NAC.

pendent and thus related to TF. The tubing loop tech-
nique, which mimics whole blood coagulation, allowed
us to demonstrate that human hepatocytes do exert a
PCA in physiclogic context, Finally, we confirmed these
results on whaole eitrated blood and in presence of Ca™
by viscomelry measurement. Taken todether. these in
vitro resulis can possibly be correlated to the portal How
modifications, the decreased number of platelets,
and/for the portal presence of hepatocyte-containing
thrombi deseribed by Muraca et al2® after intraportal
hepatocyte transplantation in the pig. We also observedd
a delayed D-dimer increase [ollowing hepatocyte infu-
sions in a Crigler-Najjar patient. Interestingly, the other

coagulation parameters [ollowed were not alfected by
the hepatocyle infusions, suggesting that the PCA in
vivo can be reduced to an infraclinical level or that
cell-dependent coagulation oceurs mainly in small liver
sinusoids. being therefore undetectable in the high pe-
ripheral and portal lows. Similar observations. isolated
inerease in D-dimers, were noled during the painful
coagulation crisis olvenons skin mallormations or alter
islet transplantation. ®#27

NAC is olten used in adult and pediatrie treatment of
paracetamol intoxication and is considered as safe in
human and particularly in children.?® Furthermore,
acetaminophen cell njury in cultured mouse hepato-
cvies 1s prevented by NAC, probably through a mito-
chondrial permeability transition inhibition #3% We
also demonstrated in this study that several concentra-
tions of NAC, lower in concentration than that used in
paracetamol intoxications, were not toxic tor cultured
hepatic cells. Recent works also demonstrated that
NAC corrects the TF-PCA on TF-expressing pancreatic
islets and duct cells. ' NAC is also proposed to amelio-
rate the early lnction of the hepatic graft. being able (o
limit the rate of acute rejection.® Clinical studies of
NAC in liver transplants show better liver microciren-
lation without affecting early funetion.®3* Finally,
NAC is kpown to modulate the vitamin-E-dependent
hemostatic proteins and, therefore coagulation, in
paracetamol overdose patients but also in healthy sub-
jects." In our study, we highlighted the anticoagulant
effect of NAC, as this drug was able to prevent the
TF-dependent PCA in vitro.

In conclusion, we demonsirate the TF-dependent
PCA of a hepatocyte suspension. As in pancreatic islet
transplantation, we may postulate that hepatocyte-re-
lated PCA may interfere with hepatocyte engraltment.
This phenomenon is probably clinically expressed, alter
hepatoeyte  infusions, as we observed a  delayed
D-dimer inerease following LOT in a patient. Further
imvestigations are needed to evaluate the consequences
ol hepatocytes TI-dependent PCA on cell engraliment
and rejection in vive and ta determine the potential
clinical benelit of NAC,
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4.2.2 Discussion and perspectives

As observed for islet pancreatic cells, isolatethan hepatocyte population expresses tissue factor
and induces am vitro dependent pro-coagulant activity, inhibited by ¢&tgl-L-cysteine. This has
clinical implications since we observed a delayediler increase in a hepatocyte transplanted
patient. Such phenomenon may impair hepatocyteaéinggnt and promote early rejection. This
work represents a starting point for a LCT rejettgiudy. Indeed, LCT efficiency remains time
limited and rejection pathways for hepatocyte saosmas may differ from those involved in solid
organ or islet allografts transplantation. Evidentéhe tissue factor induced pro-coagulant agtivit
and its consequences on cell engraftment, notaplgtbdying inflammatory reaction, must be
evaluatedn vivo. Hepatocyte encapsulation may represent, in aaidit freeze damage resistance
and absence of tissue factor pro-coagulant actiaty alternative to protect the cells against
immunologic response. The understanding of theip@émmunogenicity of isolated hepatocytes
may be helpful for the development of future sugalstrategies (generation of specific

immunosuppressants or co-transplantation of hepta®sevith other tolerigenic cell populations).
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5. General Conclusion
LCT with C/T hepatocytes provides short to medienm metabolic improvement and is an
efficient bridge for unstable patients to orthotolprer transplantation. Improvement of
engraftment and durability of its effect remainaalito consider LCT as a full therapeutic option.
We provide in this work several ways to enhanckargdraftment, acting on cell suspension.
Quality of infused cells is essential for clinisaiccess while cryopreservation remains widely
necessary. However, C/T causes significant dan@atietcells and may interfere with LCT
success. Cryopreservation induces a dramatic drég® levels in hepatocytes. The oxygen
consumption rate of C/T hepatocytes is also sicguifily lower compared to freshly isolated cells,
in parallel with a reduction @f\V. Furthermore, a decrease in mitochondrial respiyatate was
evidenced on permeabilized hepatocytes in the pcesef substrate for the respiratory chain
complex 1. Interestingly, this effect was less nedrivith a substrate for complex 2. Electron
microscopy examination indicated that mitochondréae swollen and devoid of cristae after
cryopreservation. IIF occurs probably during thgopreservation and/or thawing process and
induces mitochondrial damages at the level of ragmiy chain complex 1 that cannot be avoided
using the current C/T protocols. New perspectiveh as vitrification, coupled or not with
encapsulation, are potential explorative ways &vent IIF.
Isolated hepatocytes, whether or not C/T, are edsponsible for a tissue factor pro-coagulant
activity that may interfere with cell engraftmely the induction of an aspecific inflammatory
reaction. Modulation of this phenomenon with N-gtétcysteine makes this drug valuable for

additionalin vivo studies
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Annex: Radiotherapy, a Liver Cell Transplantation recipient pre-conditioning
Another way to improve engrafment and subsequerdp@ation is to prepare the recipient liver.
Radiotherapy, by inhibiting cell cycle, may provisielective advantage to the transplanted cells as
compared to the diseased host cétlactivation of passenger lymphocytes, which hédpprevent
early steps of rejection of the infused cells soao be considered. This was evaluated earlier on
animal models with high dose radiotherapy givingcgl and a replicative advantage to the
transplanted cells (49,123). Inocuity of radiotipgraeeds to be evaluated before eventual clinical
use. We therefore retrospectivaly reviewed safatyefficacy of low dose radiotherapy as rejection
rescue treatment of orthotopic liver transplantediemts. Low dose radiotherapy was not yet
evaluated as recipient liver pre-treatment in LEGhnique in vivo models.
Liver allograft radiotherapy to treat rejection in children: efficacy in orthotopic liver
transplantation and long-term safety
In this annex (article 5), we demonstrated by snglya retrospective cohort of orthotopic liver
transplanted patients that low dose radiotherapeaned efficient and safe as an acute rejection’s
rescue treatment. However, this is a retrospe@wuaduation with all the limitations related to this
kind of study. No data are available in the LCErigture with low dose radiotherapy as a pre-
conditioning recipient treatment. Furthemore, ia #mimal models used, radiotherapy is combined
with another preparation of the recipient liverrt@ hepatectomy or liver Fas-induced apoptosis,
to obtain a beneficial effect. However, they arifialilt to extrapolate to human application. Less
invasive procedures are expected. Finally, radraghe has no good reputation in the general

population and the use of radiotherapy will beidiflt to introduce in clinical trials.
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Article 5: Liver allograft radiotherapy to treatjeetion in children: efficacy in orthotopic liver

transplantation and long term safety. Liver Intéioreal, 2005 Dec; 25(6):1108-13.
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Liver allograft radiotherapy to treat
rejection 1n children: efficacy in orthotopic
liver transplantation and long-term safety

Stephenne X, Najimi M, Janssen M, Reding R, de Ville de Goyet ], Sokal
EM. Liver allograft radiotherapy to treat rejection in children: efficacy in
orthotopic liver transplantation and long-term safety.
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Abstract: Background: We studied, retrospectively, the efficacy to control
rejection and long-term safety of liver allograft radiotherapy (RT) performed
in 14 children. Long-term safety data were collected with the prospect of
possible use of RT in liver cell transplantation (LCT). Methods: Immune
suppression included cyclosporine, azathioprine and prednisone. In case of
intractable rejection, low-dose allograft RT was administered daily for 3
days, and short-term efficacy was evaluated by liver enzyme assays and
histology. The long-term outcome was compared with that of 122 patients
undergone transplantation and who had similar treatment, but no RT.
Resufrs: Survival at 15 years was 71.4% vs 69.7% in the comparison group.
In the RT group, rejection control was complete in six of 14 children and
partial in two, all being alive and well 14-18 years later. Ten of 14 children
had follow-up hiopsy. Six children had normal histology and four had mild
unspecific fibrosis. The long-term follow-up biopsy in the comparison group
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proposed in human liver cell transplant programmes.

Calcineurin inhibitors have paved the way towards
the era of routine solid-organ transplantation, but
intractable rejection with subsequent graft loss
remains common, requiring additional rescue
treatments such as OKT3, anti-thymocyte globu-
lins (ATGs), anti-IL2 receptor antibodies and later
switching to newer drugs such as tacrolimus,
mycophenolate mofetyl, and sirolimus (1-3).
Graft-targeted radiotherapy (RT) has been
reported and has been shown to be efficient in
adult renal transplantation, but not in liver
transplantation or in paediatric solid-organ trans-
plantation. Safety concerns about liver graft RT
may be unjustified and have not been properly
evaluated, especially in the context of the heavy
morbidity of multiple drug immune suppression
used in the case of rejection. We therefore retro-
spectively reviewed the immediate efficacy
of graft RT in liver-transplanted children. We
also evaluated its safety by comparing their long-
term follow-up with that of patients who had
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showed fibrosis in 42 of 85 children. The incidence of complications was
similar in both groups. Conclusions: This series shows that, such a RT
regimen appeared to be efficient and safe as a rescue treatment for acute
rejection. Provided that further investigations in animal models show a
certain benefit of low-dose irradiation around LCT, such a regimen could be
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orthotopic liver transplantation (OLT) during the
same period.

Although RT is not currently used in paediatric
solid-organ transplantation, this experience in 14
children had to be reported, also because emer-
ging techniques such as liver cell transplantation
(LCT) may require pre-LCT-RT to facilitate
engraftment and long-term success (4-8).

The underlying idea is that, RT will confer
selective advantage to the transplanted cells as
compared with the diseased host cells by inhibit-
ing the cell cycle. An additional benefit could be
the inactivation of passenger lymphocytes, help-
ing to prevent early steps of rejection of the
infused cells.

Patients and methods

Subjects

Between 1986 and 1990, 14 liver-transplanted
recipients among a total cohort of 136 children



who had undergone transplantation during the
same period received RT as a rescue treatment to
control rejection after OLT.

The median age of subjects at the time of OLT
in this group was 3.12 years (range: 0.99-12.88
years) as compared with 2.39 years (range: 0.70
14.44 years) in the comparison group (n = 122).
In five of 14 (36%) subjects, the pretransplant
diagnosis was biliary atresia, and in nine of 14
(64%) subjects, the pretransplant diagnoses were
miscellaneous diseases including tyrosinaemia
(n=2), Wilson’s disease (n= 1), Crigler Najjar
disease (n =1), type I glycogenosis (n = 1), pro-
gressive familial intrahepatic cholestasis (n = 2),
cryptogenic cirrhosis (= 1) and acute liver fail-
ure (i =1). In the comparison group, 91 of 122
(75%) subjects had transplantation for biliary
atresia, while most other indications were chronic
liver diseases and acute liver failure in four cases.

Immunosuppressive treatment

At the time of transplantation, patients in the two
groups received a triple immune suppression
therapy consisting of cyclosporine (to reach the
plasma trough level of 100 ng/ml), azathioprine
(1.5 mg/kg) and prednisone (0.5 mg/kg).

Treatment of rejection initially included high
doses of methylprednisolone (1g/1.73m~ body
surface area) (9). All patients in the RT group
received steroids bolus. In addition, 13 of 14
patients in the RT group received one or more
courses of muromonab-CD3 {(OKT3, Ortho Di-
agnostic Systems, Inc., Raritan, NJI), a mouse
monoclonal antibody against the CD3 complex
of T lymphocytes, for a median of 10 days (range:
1-26) as compared with 22 of 122 patients in the
comparison group: 12 of 14 patients also received
ATGs (Fresenius, AG Hoeschst, Bad Homburg,
Belgium), a polyclonal preparation against T
lymphocytes (3). for a median of 8 days (range:
1-17) when liver enzyme levels were elevated and
biopsies showed rejection (D2-D3) (43 of 122 in
the comparison group). Three of 14 patients had
already undergone re-transplantation before RT,
two for chronic rejection, one for graft venous
occlusion.

After failure of more intense immunosuppres-
sive treatment (steroids bolus, OKT3 and ATG)
in 14 patients, it was decided to use liver RT as a
salvage treatment for untractable rejection (D2
D3). RT use was based on the experience in renal
transplantation, as most of the immunosuppres-
sive medications. Hundred and fifty centi-Gray
(cGy) was administered for 3 consecutive days
(Cobalt, Mevatron, Saturne- Co60, X&, X18)
within 45 days from transplant surgery. The
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children were not sedated or anaesthetised.
Four of 14 patients received RT within 15 days
following OLT, five of 14 within 15 days and 30
days following OLT and the last five patients
received it between 30 and 45 days post-OLT. No
curie therapy was administered. As tacrolimus
(Fujisawa, Berlin, Germany) became available,
all patients in both groups, were switched to this
drug as rescue treatment (2, 10).

Efficacy to control rejection was evaluated
by serum enzyme measurements and histology.
Treatment was considered efficient if no further
rejection treatment was required following RT
and if there was no subsequent graft loss.

Long-term follow-up

Long-term safety was compared with that of the
time-matched cohort. For the two groups, patient
survival and long-term complications were re-
viewed. The data analysed included causes of
death, incidences of re-transplantation, posttrans-
plant Iymphoproliferative disease (PTLD) and
Epstein-Barr virus (EBV)-related lymphoma,
adenovirus infection and posttransplant hepatitis
C infection. Liver biopsies were performed during
routine posttransplant follow-up visits, and were
evaluated by the same pathologist for inflamma-
tion and fibrosis using Batts and Ludwig’s score
(one grading system used for assessing inflamma-
tion and fibrosis) (11), with particular attention to
possible RT-induced sequellae.

Statistical analysis

The data were analysed using Fisher’s exact test.
Patient survival was calculated by the Kaplan
Meier method.

Note: It is important to mention that the heavy
immune suppression schema of this early trans-
plant era is no more in use today.

Results
Efficacy on rejection

Rejection control categorisation was based on
results of hepatic enzymes levels and histology.
Following RT, full rejection control was achieved
in six patients, partial control in two, while two
had ongoing rejection. All subjects are alive and
well at the 2004 follow-up; one subject was
suffering from chronic hepatitis C. One of the
subjects with partial rejection control had experi-
enced acute limited adenovirus infection, and one
has received chemotherapy for EBV-related
Hodgkin's disease 96 months after RT. The two
patients with partial control of rejection were
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later switched to tacrolimus. The two remaining
survivors with ongoing rejection received addi-
tional OK T3, and were later switched to tacroli-
mus. RT was judged as the ultimate treatment to
control rejection in six patients, and as a partial
control and bridge to newer drugs without
re-transplantation in the remaining four.

Early acute adverse events

The RT administration was well tolerated
without any skin rash. nausea or liver enzyme
elevation.

Survival and death

Long-term 15-year survival in the RT group is
71.4% (seven of 14) as compared with 69.7% (85
of 122) in the comparison group (P =0.891),
within the range of transplantation survival at
that time (Fig. 1).

In the RT group, four patients died: one of
adenovirus infection 2 months post-OLT, one of
autoimmune hepatitis recurrence (1 month post-
OLT), and two following re-transplantation be-
cause of peroperative complications (third graft).

In the comparison group, 37 patients died: 15
(40.5%) from bacterial, fungal or viral infections,
15 (40.5%) from peroperative complications, two
(5.4%) from tumoral diseases, two from cerebral
oedema (5.4%). one (2.7%) from intracranial
haemorrhage and two (5.4%) from other causes.

Long-term adverse events

Posttransplant lymphoproliferative disease

One of 14 patients in the RT group developed
EBV-related cervico-mediastinal Hodgkin's dis-
case 96 months post-OLT. Successfully treated
with chemotherapy. the patient is alive and well
14 years later (12). Four of 122 (3.3%) patients in
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Fig. 1. Comparative survival of the two groups with or without
radiotherapy.
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the comparison group developed EBV-related
PTLD, 948 months post-OLT. Three responded
to reduction of immune suppression being alive
and well on follow-up, while one died of multiple
organ failure. At the 15 year follow-up, three are
alive and well The incidence of EBV-related
lymphoproliferative disorders (3.3%) is in agree-
ment with incidences reported in other studies
(13, 14). The difference in incidence of PTLD
between the RT and the comparison group was
not significant (P = 0.424). No other malignancy
was observed in either of the groups at the time of
the 2004 follow-up.

Adenovirus infection

Five patients in the total cohort (136) experienced
acute adenovirus hepatitis after OLT: two of 14
(14.2%) in the RT group and three of 122 (2.5%)
in the comparison group (P = 0.083) (9).

All had received the classical immunosuppres-
sive treatment including cyclosporine, azathiopr-
ine and prednisone. Despite this treatment, each
presented a first episode of rejection. The two of
14 with steroid-resistant rejection received addi-
tional immune suppression, including an initial
10-day course of ATG and OKT3 monoclonal
antibody. The same treatment was administered
to two patients of the comparison group; the
remaining acute adenovirus case in the compar-
ison group did not need this particular treatment.
One patient in each group died of acute hepatic
failure, both with the most elevated liver enzymes
of the subjects discussed. Others recovered
after cessation of immune suppression. Adeno-
virus infection was related to excess of immune
suppression.

Hepatitis C

This cohort had OLT before the implementation
of systematic screening of donors for hepatitis C
virus, and 13 of 136 (9.6%) developed chronic
hepatitis C (15). Twelve of 122 (9.8%) were
hepatitis C positive in the comparison group as
compared with one of 14 (7.1%) in the RT group
(P =0.855).

Re-transplantation

Re-transplantation was performed in three of 14
(21.4%) in the RT group vs 26 of 122 (21.3%) in
the comparison group (P = 1.000). The mortality
rate among re-transplantation subjects in the RT
group was 66.7% (two of three) as compared
with 42.3% (11 of 26) in the comparison group.
Re-transplantation occurs before RT treatment.

Histology

Ten patients in the RT group survived and had
long-term follow-up biopsy, up to 152 months



after RT (range: 25-152 months). Six of 10 had
normal histology and four had mild fibrosis, one
related to hepatitis C. The biopsies of these four
patients were classified according to Ludwig,
P2L2S1. P1L282, P2L2S2, P2L.282, with minimal
piecemeal necrosis in one case and mild piecemeal
necrosis in the three other cases. Lobular inflam-
mation and necrosis with little hepato-cellular
damage were observed in four cases, while fibro-
sis was demonstrated in the portal space in the
biopsy of one patient, and was extended to the
peri-portal zone in the three other biopsies. The
long-term follow-up biopsy in the comparison
group showed mild (82) to moderate (83) fibrosis
in 41 of 85 (48.20%) (P =0.748), 12 of them in
relation to hepatitis C. Severe fibrosis (S4) was
observed in one of 85 patients. There was no
significant difference in the incidence of mild to
moderate fibrosis between the two groups.

No other RT-related specific histological signs
were observed (Tables 1 and 2).

Discussion

The present experience in 14 children who re-
ceived RT to treat intractable graft rejection is
unique, and can be considered as a pilot study to
control rejection and demonstrate the long-term
safety of RT. Nevertheless, this is a retrospective
study, with a limited number of patients, with
all the limitations associated with this kind of
analysis.

RT has not been reported so far for liver graft
rejection treatment, probably because of increas-
ing availability of new anti-rejection drugs and
cytokines. RT was proposed as a last-resort
treatment of rejection in our patients, based on
the data available on renal transplantation. The
14 patients were compared with 122 patients who
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Table 1. Clinical characteristics of 14 patients who received radiotherapy

Liver radiotherapy to control rejection

Table2. Safety (infections, re-transplantation and liver fibrosis) was
compared with that of the time-matched cohort

RT group Comparison

(%) aroup (%) Pvalue
FTLD 71 33 0424
Adenovirus 14.2 25 0.083
Hepatitis C 71 9.8 0.855
Re-transplantation 21.4 213 1.000
Mild to moderate fibrosis 40 482 0.748

RT, radiotherapy; PTLD, posttransplant lymphoproliferative disease.

had undergone transplantation during the same
period under the same immunosuppressive treat-
ment. RT was followed by full or partial control
of rejection in 80% of survivors. Nevertheless, it
is difficult to prove the independent beneficial
effect of RT, because this rescue treatment was
administered only after the failure of other im-
munosuppressive drugs.

In parallel, no long-term side effects were
observed, and adverse events in this group were
not different in nature or more frequent than in
the comparison group.

Long-term histological evaluation of the liver
in the RT group did not show any different
pattern as compared with the period-matched
group. In addition, there was no increased in-
cidence of infectious or degenerative diseases
including PTLD or lymphomas, known to be
facilitated by RT. Between 1986 and 1990, heavy
immune suppression was used and this was re-
sponsible for severe infectious and PTLD pro-
blems, which we extensively reported (12, 16-18).
Over the years, immune suppression protocols
have been alleviated to move towards tacrolimus
mono-therapy in all these children (19).

In accordance with our data, one case report
of liver targeted high-dose (24 Gy delivered in

Graft no. RT OKT3 ATG FTLD Adenovirus Hep € Retx Liver fibrogis* Death
304 Yes Yes Yes P1L151

274 Yeg Yeg Yes ND Yes
63 Yes Yes P1L151

303 Yes Yes Yes Yes P1L151

2649 Yeg Yeg Yes Yes ND Yeg
232 Yes Yes Yes P2L251

259 Yes Yes Yes Yes P1L151

335 Yes Yes Yes Yes ND Yes
275 Yes Yes Yes P1L252

143 Yes Yes Yes ND Yes
N Yes Yes Yes P1L151

338 Yes Yes Yes P2L252

254 Yes Yes Yes Yes P2L252

39 Yes Yes Yes P1L151

ND, not done; RT, radiotherapy; ATG, anti-thymocyte globuling; PTLD, posttransplant lymphoproliferative disease. *Batts and Ludwig histological score

of the biopsies (9).
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fractions of 2Gy) RT proposed as treatment of
post-OLT portal hepatic region PTLD was re-
ported. This patient did not show any radio-
induced damage during the 19-month follow-up
(20).

High-dose RT may induce different kind of
cancers especially when associated with concomi-
tant use of cytostatics drugs (21) (virtual risk:
10% of radioinduced cancers after 1 Gy of total
irradiation). Five Gy in full-body irradiation
represents 50% lethal dose (the dose that may
cause death in 50% of cases during the 15 days
following RT). The liver is not a radiosensitive
organ, as are the lungs and the bone marrow. but
every organ may develop RT-induced damages
such as fibrosis. X-ray-induced hepatitis is ex-
pected after 25Gy of RT directed to the liver,
while loss of liver function occurs from 45 to
350Gy, far higher than the doses used in the
present series.

In renal transplantation, RT was shown to be
effective against rejection in 60 of 72 patients with
no radiation-related toxicity (local irradiation:
8.0Gy), while OKT3 and pulse of steroids were
ineffective. Thirty-five of the 60 patients had no
more episodes of rejection following RT (22).
Other trials failed, however, to confirm any
benefit from local graft irradiation as an adjuvant
treatment of rejection (23). The authors have
concluded that RT in kidney graft rejection is
best indicated as a last-resort treatment of rejec-
tion, using a response-predicting score (24-26).
Endolymphatic irradiation was also performed in
some centres in preparation for renal transplan-
tation. Patients in the treated group received
lipoiodine containing ' with specific activity
ranging between 4 and 6 mCi/ml. After a 26-year
follow-up, the authors concluded that this tech-
nique was safe with no increase in tumour in-
cidence and could be indicated for cadaveric
renal recipients (27). In renal transplantation as
in liver transplantation, Iymphoproliferative
diseases and de nove malignancies are related
to immune suppression in general, and not speci-
fically to RT (28).

Besides the potential to control rejection in
OLT, pretransplant RT is of potential benefit in
LCT. Indeed., LCT in animal models without
selective advantage to the transplanted cells is
followed by a limited engraftment. RT is known
to inhibit the cell cyele and in this way may confer
an advantage to the transplanted cells if RT is
applied on host liver. Known data on RT and
LCT were obtained using high-dose RT, not
compatible with human care. Guha et al. evalu-
ated the effect of high-dose RT (50 Gy) on the
host liver before LCT in animals. Partial hepa-
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tectomy (PH), RT and then LCT into the spleen
of rats led to an increased recipient survival as
compared with PH or RT alone. Rats with PH
and RT developed RT-induced liver damage
(portal fibrosis and bile duct proliferation) and
steatosis, while additional LCT could prevent
onset of portal fibrosis, bile duct proliferation
or steatosis (8). The same team achieved re-
population of Gunn rat liver subjected to PH/
RT (50 Gy) using wild-type rat hepatocytes (29).
RT associated with Fas Ligand-induced apopto-
sis before LCT led to re-population of the Gunn
rat livers by the infused hepatocytes (30).

Thus, in these animal studies, RT was required
to block the cell cycle, while liver re-population
was facilitated by a mitotic stimulus (PH).

Another beneficial aspect of RT would be the
inactivation of the passenger lymphocytes to
prevent early steps of rejection of transplanted
liver cells.

Because the available data obtained on animal
models have only used high-dose of RT, further
animal studies are required to confirm the benefit
of low-dose RT regimen in LCT before extra-
polating any data at the human level.

We conclude that clinical use of low-dose RT
was possibly efficient in controlling resistant
rejection and was safe for the patients, although
prospective studies with larger numbers may be
required to confirm these data. This information
remains an important background if the use of
RT is considered in human LCT programmes.
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