
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Experimental treatment modalities for liver failure

Sosef, M.N.

Publication date
2003
Document Version
Final published version

Link to publication

Citation for published version (APA):
Sosef, M. N. (2003). Experimental treatment modalities for liver failure. [Thesis, externally
prepared, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:26 May 2023

https://dare.uva.nl/personal/pure/en/publications/experimental-treatment-modalities-for-liver-failure(b5534c3f-6898-4392-864e-35712fd9bb21).html


EXPERIMENTA LL  TREATMEN T MODALITIE S 

FORR LIVE R FAILUR E 

CSBKxS S 

^ K J ^ j r r 

MEINDER TT SOSEF 



Stellingen n 
behorendee bij het proefschrift 

Experimentall  treatment modalltiea for  liver  failur e 

Hett totale hepatectomie model met gebruik van een starre 3-weg vaatprothese is een betrouwbaar 
enn goed reproduceerbaar diermodel van acuut leverfalen. 
(dit(dit proefschrift) 

Behandelingg met de AMC-BAL verlengt de overleving van anhepatische varkens. 
(dit(dit proefschrift) 

Dee biologische massa in de AMC-BAL synthetiseert stollingsfactoren in vivo, 
(dit(dit proefschrift) 

Studiess gericht op cryopreservatie van levercellen voor gebruik in kunstlevers dienen altijd 
gegevenss te bevatten over totaal celverlies en minimaal 24-uurs overleving, gerelateerd aan die van 
versee cellen. 
(dit(dit proefschrift) 

Gecontroleerdee cryopreservatie van rattenhepatocyten in HypoThermosol en DMSO resulteert in 
eenn hoge lange-termijn overleving van de cellen, met een morfologie en hepatospecifieke functie 
diee sterk overeenkomen met niet-bevroren hepatocyten. 
(dit(dit proefschrift) 

Behandelingg van patiënten met acuut leverfalen met de AMC-BAL is veilig en haalbaar, hetgeen 
dee weg vrij maakt voor een gerandomiseerde gecontroleerde klinische studie. 
(MP(MP van de Kerkhave et al. Int J Artif Organs 2002) 

Iss er lever na uw dood? Wie zich niet als orgaandonor liet registreren heeft belangrijk bijgedragen 
aann het ontstaan van dit proefschrift 

Bijj  wetenschappelijk onderzoek zijn er drie essentiële vraagstukken: Waar komen we vandaan? 
Waarr gaan we naar toe?., en wat eten we vanavond? 
(vrij(vrij  naar Woody Allen) 

Dee gulden middenweg in de chirurgie is vaak net zo dun als het mes zelf. 

Amsterdam,, 16 december 2003 
Metndertt Sosef 
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1.. GENERAL INTRODUCTION 

Acutee liver failure is a complex and devastating consequence of acute liver 
injury.. It is characterized by hepatic encephalopathy, jaundice, coagulopathy and high 
mortalityy rates. Emergency liver transplantation is currently the only effective treatment 
forr those patients who are unlikely to spontaneously recover. Donor shortages however 
remainn a serious problem as the number of patients requiring orthotopic liver 
transplantationn has far outpaced the number of donor livers and many patients die before a 
suitablee organ is identified. This has generated interest in designing devices that would 
supportt or replace normal liver function until a donor liver became available for liver 
transplantation,, or the patient's own liver recovered. In this chapter, an overview is given 
off  hepatic failure, liver transplantation and possible alternative treatment modalities 
includingg bioartificial liver support and hepatocyte-transplantation. In addition, 
complexitiess in storing hepatocytes, crucial for BAL-systems to proceed from laboratory 
too clinical practice, will be discussed. 

2.. ACUTE LIVER FAILURE 

A.. Epidemiology 
Liverr failure is a major cause of mortality. About 30,000 patients die each year 

fromm end-stage liver diseases in the U.S. About 80% of these patients have 
decompensatedd chronic liver disease and are often too ill to tolerate a liver transplantation 
procedure.. The other 20% die of acute liver failure primarily due to acetaminophen 
poisoning,, viral hepatitis, severe sepsis, insufficient remnant liver function after liver 
surgery,, and alcoholic liver disease1". Less frequent causes include exposure to toxins 
(e.g.. Amanita phalloides mushroom poisoning), idiosyncratic drug reactions, Wilson's 
diseasee and pregnancy-related acute fatty liver. The nature of the initiating event is an 
importantt factor influencing both the rate of progression of the clinical syndrome and its 
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prognosis.. Geographic differences are considerable in the etiology of acute liver failure. 
Acetaminophenn poisoning (associated with either therapeutic or (para)suicidal intent) is 
noww the most common cause in many Western countries, especially in the UK (accounting 
forr 60%-70% in some series). Hepatitis B and hepatitis E are particularly prominent in 
Francee and India, respectively. Children have unique etiologies, with indeterminate causes 
accountingg for more than 50% of pediatric cases3. 

B.. Clinical syndrome 
Thee most common clinical features of liver failure are abnormal liver chemistries, 

coagulationn disorders, jaundice, susceptibility to bacterial and fungal infection and, by 
definition,, hepatic encephalopathy. When these symptoms occur in previously healthy 
individualss with normal livers, it is termed acute liver failure (ALF). Fulminant hepatic 
failuree (FHF) is a more severe form of ALF characterized by a rapid onset of hepatic 
encephalopathyy (<2 weeks)4. The presence of hepatic encephalopathy is the essential 
clinicall  feature that differentiates ALF from acute severe hepatitis. Its pathophysiologic 
basiss is poorly understood and multifactorial: ammonia accumulation, increased GABA-
ergicc tone, accumulation of false neurotransmitters and endogenous benzodiazepines are 
thoughtt to play an important role.5'7 

Acutee liver failure results in a sudden and profound decrease in the synthesis of 
coagulationn proteins, which is manifested by the prolongation of prothrombin time. 
Recentt studies highlight the prognostic value of vitamin-K dependent factor V . Factor 
VII II  however, also synthesized in the vascular endothelium and kidney, can be markedly 
elevatedd in ALF cases. A factor VIII/ V ratio of more than 30 has been reported as 
associatedd with poor prognosis9. Coagulation disorders in ALF are complex as not only 
procoagulant,, but also anticoagulation factors such as protein C and protein S are 
synthesizedd in the liver, and many of the activated clotting factors are removed from the 
circulationn by the liver as well. Hypoglycemia also is frequently seen in ALF and is 
causedd by a depletion of glycogen stores and impaired gluconeogenesis . 

Thee leading cause of death for patients with ALF is progressive cerebral edema 
resultingg in brain herniation. Irreversible brain injury occurs in nearly all cases of 
prolongedd severe increase in intracranial pressure (more than 50 mmHg) and reduction in 
cerebrall  perfusion pressure below 40 mmHg for more than 2 hours109. The high mortality 
ratess associated with ALF are caused by the complications of ALF, which include the 
developmentt of cerebral edema, renal failure, sepsis, and cardiopulmonary collapse that 
resultt in multisystem organ failure. 

Liverr failure in patients with pre-existing chronic disease (e.g. cirrhosis) is called 
acute-on-chronicc liver failure. This acute decompensation is often induced by a 
superimposedd complication, such as viral or bacterial infection, ischemia due to portal 
veinn thrombosis or by variceal bleeding etc. 

Naturall  history studies before the era of liver transplantation showed that with 
medicall  treatment alone, seventy-five percent of patients with ALF die due to life-
threateningg complicationsu. Presently, survival rates are significantly higher as a result of 
betterr diagnostic and treatment options in specialized liver intensive care units. 

12 2 



3.. REPLACEMENT OF LIVER FUNCTION 

A.. Liver transplantation 
Orthotopicc liver transplantation (OLT) has become an integral part of the 

managementt of acute liver failure, and currently is the only clinically proven effective 
treatmentt for patients with end-stage liver disease. Acute liver failure accounts for 
approximatelyy 11% of all liver transplant activity in Europe, and 5% in the USA. 
Selectionn criteria for OLT are based on indices identifying the severely affected group, 
whoo have a poor prognosis with medical management atone. O'Grady and colleagues 
developedd the King's College prognostic criteria, a model for the selection of patients for 
liverr transplantation based on early prognostic indicators, that has been adopted in most 
centers1".. It is based on pH, prothrombin time and serum creatinine in acetaminophen 
patients,, and -in nonacetaminophen patients- on prothrombin time > 6.5 (INR), or any 
threee of the variables: age, duration of jaundice, prothrombin time > 3.5 (INR) or serum 
bilirubin.. Another set of criteria are the Clichy criteria, listing hepatic encephalopathy in 
combinationn with age and coagulation Factor V levels'". 

Onee of the largest published series on LT for FHF recently described the 
outcomess after liver transplantation for fulminant hepatic failure (n=204): 1- and 5-year 
survivall  rates were 73% and 67% (patient) and 63% and 57% (graft), respectively. The 
primaryy cause of patient death was sepsis, and the primary cause of graft failure was 
primaryy graft nonfunction". 

Whilee many patients' lives are saved each year by OLT, this treatment is limited 
byy the availability of organ donors and many patients die before an organ becomes 
accessible.. In the western world, approximately 50% of the patients admitted with acute 
liverr failure underwent an OLT, while up to 20% of patients died before an organ became 
available12.. The total number of deaths on the waiting list for liver transplantation in the 
USAA were 1784, 2012, 1756 in the years 2000, 2001 and 2002 respectively (based on the 
Organn Procurement and Transplantation Network (OPTN) data as of August 3, 2003: 
www.optn.org).. In The Netherlands, the number of cadaveric donor livers that were 
transplantedd increased slightly from 89, 100, 95, 126 to 110 in the years from 1998 to 
20011 respectively, while at the same time the number of patients on a waiting list for OLT 
greww from 27, 33, 47, 60 to 86 (Jaarcijfers Nederlandse Transplantatie Stichting: 
www.transplantatiestichting.nl).. Apart from donor shortages, two other important 
problemss associated with liver transplantation are high cost and the requirement of life-
longg immunosuppressive drugs. 

Living-relatedd donor liver transplantation (LRLT) has changed the landscape of 
pediatricc transplantation in the last years and is becoming an accepted procedure in adults. 
LRLTT has the potential to improve survival rates and concurrently decrease the strain on 
thee organ pool. In addition, it has gained rapid popularity in countries where retrieval of 
cadavericc organs is hampered by religious and cultural restraints. Nevertheless, it 
representss only about 3% of the total number of transplants performed in the United 
States'' . In addition, living donor methods are inherently limited because they represent a 
significantt risk for the donor (mortality 0.5 - 1%)1S. Other ways of expanding the donor 
pooll  are by using marginal donors (e.g. non-heartbeating donors), split liver 
transplantationn and domino transplantation. Although these options are all feasible and 
moree frequently employed in clinical practice, their effect will be too limited to 
realisticallyy solve the donor organ shortage16. 
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B.B. Liver-assist devices and hepatocyte transplantation 
Overr the past 10 years, replacement of liver function in various forms has been 

promotedd as temporary liver support in patients with ALF, with the goal of providing 
'functionall  liver mass' until the native liver regenerates or a donor organ becomes 
available. . 

Bioartificiall  livers are techniques using porcine or human liver cells maintained 
inn a bioreactor through which patient plasma or blood flows in a manner similar to 
hemodialysis.177 Transplantation of human hepatocytes directly into the spleen has also 
beenn performed with some success18. 

Purelyy artificial support systems remove toxins through hemodialysis, 
hemofiltration,, or hemoperfusion". More recent systems combine hemodialysis with 
adsorptionn to charcoal or albumin (e.g. the MARS system)1921. Although a recent 
systematicc review suggested that artificial support systems reduced mortality in acute-on-
chronicc liver failure compared with standard medical therapy, these systems did not 
appearr to affect mortality in acute liver failure2223. Conversely, purely biological 
approachess have shown encouraging results in some cases but have been difficult to 
implementt in the clinical setting. These include whole organ perfusion, perfusion of liver 
slices,, and cross hemodialysis2. Xenotransplantation, using a transgenic pig modified to 
preventt hyperacute rejection, is also under investigation for the treatment of ALF . A 
moree comprehensive discussion of purely artificial or biological supporting therapies is 
beyondd the scope of this chapter. 

BALBAL devices 
Thee liver is one of the most complex and metabolically active organs in the body 

andd has a number of crucial functions that are carried out by hepatocytes. It is generally 
believedd that there is currently no other option than the application of viable hepatocytes 
inn a bioreactor in order to replace the broad range of liver functions. The full spectrum of 
cellularr functions required in BAL devices to effect positive clinical outcomes has not 
beenn determined. To address this problem, it is generally believed that the biological 
componentt of a BAL should express maximum levels of each known class of liver-
specificc functions that typically include phase I and phase II detoxification, synthesis of 
albuminn and coagulation factors, gluconeogenesis, and (if possible) biliary excretion. The 
implicitt assumption is that hepatocytes capable of a wide array of known functions will 
alsoo express those unmeasured (or unknown) functions that are essential to their metabolic 
role25. . 

Buildingg a device to replace liver function is a formidable challenge that requires 
thee interdisciplinary efforts of the fields of medicine, biology and engineering26. 
Temporarilyy liver function support ideally could bridge patients until a liver graft has 
becomee available for transplantation, or could provide liver support allowing the diseased 
liverr to recover through parenchymal regeneration Several important issues need to be 
addressedd in the design of BAL systems: (1) how to support a large cell mass without 
substratesubstrate limitations so that the cells function with maximum efficiency, (2) how to 
maintainn long-term functional stability of hepatocytes in inhospitable environments, (3) 
howw to promote biliary excretion, (4) how to scale up the system while keeping acceptable 
primingg volumes, and (5) what is the best type of cell for a BAL bioreactor. Furthermore, 
effortss are made to maximize biocompatibility and facilitate logistics in preparation and 
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transport.. Testing the clinical efficacy of bioartificial livers in clinical trials is a major 
challenge,, as the proven efficacy of treatment with a liver transplantation will prohibit 
randomizedd allocation to either transplantation or BAL treatment when a donor organ is 
availablee for liver transplantation. Performing trials in patients with end-stage chronic 
liverr disease could partially solve this problem, as these patients will spent more time on 
thee waiting list for transplantation, and thus are more suitable for follow-up. 

Inn the basic BAL device a large mass of viable hepatocytes is housed in an 
extracorporeall  bioreactor, which is perfused with the patient's blood or plasma. The large 
numberr of bioreactor designs that has been described can be categorized in four main 
types:types: (1) hollow fiber, (2) flat plate and monolayer, (3) perfused beds/scaffolds, and (4) 
encapsulatedd and suspension25,26. Most well-known bioartificial support systems that are 
currentlyy under clinical evaluation are based on the hollow fiber design"'"30. Advantages 
off  this design are the large attachment surface and matching cell mass, and the potential 
forr immunoisolation or internal oxygenation. These four BAL systems will be discussed, 
ass well as one particular design yet in a preclinical phase of development, but having 
undergonee extensive characterization. 

Hepatassistt The HepatAssist is a porcine-hepatocyte based bioartificial liver, 
whichh was developed by Demetriou and coworkers31 and currently is the most widely 
clinicallyy tested device. In this system containing five billion cry op re served, microcarrier 
attachedd hepatocytes, a charcoal column is added to the extracorporeal perfusion circuit. 
Holloww fiber technology is used to separate cellular and perfusion compartments and to 
providee a basic scaffold for hepatocyte attachment. Dogs with complete liver ischemia 
treatedd with the HepatAssist showed significant neurological and biochemical 
improvements,, but life could not be prolonged32. In a temporary liver ischemia model in 
pigss however, BAL treatment was shown to lower intracranial pressure and prolong life33. 
Inn a phase I clinical trial, 31 patients in three groups were treated with the HepatAssist34. 
Inn the first group of fulminant hepatic failure patients, 16 were successfully bridged to 
liverr transplantation and one spontaneously recovered without a transplant; in the second 
group,, all three patients with primary nonfunction of a transplanted liver were 
successfullyy bridged to retransplantation; in the third group of 10 patients with acute 
exacerbationn of chronic liver diseases only two were supported to recovery and successful 
transplantss at later dates, the other 8 patients were not eligible for transplantation and died. 
AA large multicenter phase II/II I clinical trial supported by Circe Biomedical is currently 
underr way. An interim analysis (N=171) showed disappointing data with only in 
subgroupss a significant improvement in 30-day survival and time-to-death over control. 
Thee results however were confounded by the impact of transplantation and variation in 
diseasee etiology35. 

ELADD The Extracorporeal Liver Assist Device, introduced by Sussman et al, 
utilizess four hollow fiber cartridges each containing approximately 100 grams of 
hepatocytess from the C3A human hepatoblastoma cell line3637, or primary human 
hepatocytes38.. Animal studies in six anhepatic dogs showed improved metabolism of 
anestheticss in the animals, but there was no survival benefit.39 Several case reports showed 
safetyy of treatment with the ELAD, biochemical evidence of improved hepatic function 
andd bridging to successful transplantation3840. A larger multicenter trial is currently 
underwayy in the US and UK under the direction of Vitagen. 

Thee high oxygen uptake rate of hepatocytes4142 and the relatively low solubility 
off  oxygen in aqueous media deprived of oxygen carriers makes oxygen transport the most 
constrainingg parameter in the design of bioartificial liver devices. Thus, to improve 
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oxygenn delivery, novel designs using fibers that carry gaseous oxygen straight into the 
devicee have been developed. 

MELSS The Modular Extracorporeal Liver System (MELS) developed in Berlin 
byy Gerlach and colleagues comprises three sets of interwoven capillaries that create a 
three-dimensionall  extracapillary space to house hepatocytes. One set of capillaries 
providess an efficient internal oxygenation supply, and the remaining two sets control 
infloww and outflow of plasma. Using this approach, Gerlach and colleagues were able to 
demonstratee that hepatocytes could express differentiated functions over several 
weeks2* 43.. Treatment of anhepatic pigs with the MELS containing 10 billion pig 
hepatocytess showed an improvement in blood ammonia, phenylalanine and lactate levels, 
butt there was no survival benefit compared to the control group44. The complexity of the 
Gerlachh bioreactor seems to be its major disadvantage. 

AMC-BALL In order to overcome the substrate transport limitations associated 
withh bioreactors in which hepatocytes and plasma are separated by hollow-fiber 
membranes,, Chamuleau, Flendrig and co-workers in Amsterdam developed the Academic 
Medicall  Center-Bio Artificial Liver. The bioreactor consists of a polysulfon dialysis 
housingg and incorporates a spirally wound polyester matrix sheet that includes an 
integratedd hollow-fiber compartment for oxygenation (Fig. 1). The unique feature of this 
bioreactorr is the direct contact between the perfusing plasma and the hepatocytes that are 
seededd on the matrix in high density in the extrafiber bioreactor space. Semipermeable 
filterss (molecular weight cut-off of approximately 100 kDa) between the bioreactor and 
thee patient prevent cells and cell fragments to enter the patients' circulation. It has been 
shownn that the hepatocytes in the AMC-BAL generate metabolic function in in vitro 
studies45,46.. It also has been shown that the AMC-BAL achieves prolonged survival in the 
totall  liver ischemia model in rats47, as well as in pigs48. Fourneau and coworkers in 
Leuvenn evaluated the AMC-BAL in a potentially reversible model of acute liver failure, 
basedd on transient ischemia of the liver. Evidence for the efficiency of the BAL was 
givenn by a significant prolongation of survival time, improvement of the neurological 
statuss and signs of regeneration on histological examination in the treated group (n=6) 
whenn compared to control (n=5)49. 

Flatt plate BAL. In the Center for Engineering in Medicine (Boston, USA) a 
microchannell  flat-plate bioreactor with an internal membrane oxygenator was developed 
inn which porcine or rat hepatocytes are cultured as a monolayer on a collagen coated glass 
surfacee in coculture with fibroblasts. Cell distribution and microenvironment are well 
controlledd and have been extensively characterized in this system50"55. Rats with GalN-
inducedd FHF that were treated with the BAL device seeded with porcine hepatocytes 
showedd a significant reduction in plasma ammonia levels and prothrombin times, and a 
significantlyy higher survival (50.0%) than the control animal group treated with an 
unseededd BAL device (11.1%). Histologically, liver damage was reduced in the animal 
groupp treated with the hepatocyte-based BAL device56. The major advantage of flat plate 
bioreactorss is that hepatocytes can be studied in detail in their artificial 
microenvironments,, gaining valuable insights in maintaining hepatocyte phenotypes under 
differentt conditions. The complex scaling-up with a potential large dead volume appears a 
largee barrier to overcome before the system can be applied clinically. 
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Figuree 1. 
Thee AMC-BAL bioreactor at cross-section, the outside, and an EM-view of matrix and hollow-fiber 
A:: Housing C: Hollow-fiber membranes (02 / C02 ) 
B:: Polyester matrix D: Hepatocyte compartment (plasma) 

Biologicall  Component 
Criticall  Cell Mass. The minimum cell mass required to support an animal model 

off  hepatic failure has not been systematically determined. Prior studies have shown 
significantt improvements in various parameters using as low as 2-3% of the normal liver 
masss of the animal  57. Devices which have undergone clinical testing have used 6x10 -
1x10""  porcine hepatocytes"18 or 4xl01() C3A cells 29 36-',9. In an ischemic model of hepatic 
failure,, treatment with the AMC-BA L containing 6x l09 pig hepatocytes (about 3-5% of 
thee liver mass) showed significantly improved survival times. Assuming that the cell 
masss necessary to support a patient undergoing acute liver failure is about 10% of the total 
liverr weight (average 1500 grams), this yields a bioartificial liver containing 
approximatelyy 15 x 10 cells' . 

Celll  Source. When choosing the type of hepatocyte for use in a BAL system, it is 
importantt to be aware that several risks need to be balanced. The primary human 
hepatocytee seems to be the cell of choice for a BAL . However, time for sufficient quality 
controll  is limited, immune rejection and transmission of infection or malignancies arc not 
ruledd out and they are scarce due to a competing demand of livers for orthotopic 
transplantation.. Proliferative capacities of human hepatocytes in vitro as well as the ability 
too cryopreserve these cells are inadequate up til l now. When considering alternatives, 
importantt safety concerns include immune reactions to foreign antigens, xenozoonoses 
andd escape of tumerogenic cells. 

XenogenicXenogenic hepatocytes. Currently the first alternative is to use hepatocytes from 
otherr species, particularly pigs. Xenogenic hepatocytes offer no risk of transmitting 
malignanciess to the patient, whereas a paramount advantage of utilizing porcine 

17 7 



hepatocytess is their nearly unlimited supply. Immune reactions to xenogenic antigens may 
onlyy pose a significant role in repetitive applications of BAL therapy, as high titers are not 
generatedd for 1 week (IgM) to 3 weeks (IgG)61'62. Nonetheless, to date no adverse 
immunologicc reactions have been reported with repeated use of these systems over a 
prolongedd period of several days, possibly because patients with ALF are relatively 
immunosuppressedd and are unable to mount significant immune responses63'64. Although 
thee risk of transmission of zoonosis in general may be substantially reduced using SPF 
(Specifiedd Pathogen Free) herds, a number of studies also suggested a risk from agents 
suchh as PERV (porcine endogenous retrovirus), which is ubiquitous in the genome of bred 
pigss \ In the many examples of xenotransplantation with porcine tissues though, 
inductionn of porcine retroviral expression has never been proven in humans66. Two recent 
clinicall  studies on the use of porcine-hepatocyte based BAL systems indicated that 
humanss may be nonpermissive for this infection through BAL treatment 67'68. On the other 
hand,, the issue of possible cross-species PERV transmission is also relevant from the 
publicc point of view. This is the key argument at this moment for imposing a complete 
bann on xenotransplantation (including porcine-hepatocyte based BAL systems) for the 
treatmentt of patients in several countries including The Netherlands. A final consideration 
onn the use of porcine hepatocytes is the potential mismatch between xenogenic and human 
liverr functions. The limited number of studies available that compare pig and human 
hepatocytess tend to show similar or higher liver specific metabolic activities in pig 
hepatocytes6970. . 

Tumor-derivedTumor-derived cell lines. The well-known cancer-derived C3A hepatocyte line71, 
aa clonal derative of the hepatoblastoma-based HepG2 cell line, is the only human cell line 
thatt has been extensively used in clinical trials (the ELAD system) 293659. C3a cells offer 
ann unlimited supply without the disadvantages associated with using xenogenic cells. 
Metabolicc studies have shown high levels of such synthetic functions as albumin and 
alpha-fetoproteinn production, but also demonstrated a crucial disadvantage as the C3a 
cellss appear to underperform in P-450 IA1 activity, ammonia removal and ainino-acid 
metabolismm when compared to primary human-, pig- or rat hepatocytes72 74. 

ImmortalizedImmortalized cell lines. The prospect of an infinite source of safe and fully 
functionall  cultured human hepatocytes for BAL systems is very attractive and hopefully is 
onlyy a matter of time to become reality. So far, one immortalized human hepatocyte cell 
linee has been tested in BAL setting75,76. A recent study reported a newly developed 
conditionallyy immortalized human cell line, NKNT-3, that was generated by retroviral 
transferr in normal primary adult human hepatocytes of an immortalizing gene that can be 
subsequentlyy and completely excised by Cre/Lox site-specific recombination. These cells 
havee been shown to express highly differentiated liver-specific function. When 
transplantedd into the spleen of rats under transient immunosuppression, reversibly 
immortalizedd NKNT-3 cells provided life-saving metabolic support during acute liver 
failuree induced by 90% hepatectomy77. Replication of the reported in vitro studies in other 
laboratiess appears to be complicated and laborious, and obviously more experience should 
bee obtained before this cell line can be used in BAL devices. 

StemStem cells. Clearly, availability of embryonic or adult human stem cells that can 
proliferatee yet retain the ability to differentiate would provide an ideal source for BAL 
devices.. Although both processes recently have been described in literature78'79, further 
researchh has to be undertaken to define the factors that efficiently induce hepatic 
differentiationn of stem cells.79'80 
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Hepatocytee transplantation 
Hepatocytee transplantation (HcTx) has been proposed as an aid or as an 

alternativee to whole-organ transplantation to support different forms of liver diseases 
includingg acute liver failure, as the HcTx procedure is much less invasive and less 
expensivee for patients than OLT. 

Thee scopes of liver cell transplantation and liver-directed gene therapy are 
different,, but overlapping. Liver cells can be used as vehicles for introducing normal 
geness into the liver of a subject with inherited acquired liver diseases. On the other hand, 
genee therapy can be used effectively to aid liver cell transplantation by opposing allograft 
orr xenograft rejection and promoting repopulation of the liver by the transplanted cells. 

Acutee or chronic liver failure As mentioned earlier, at least 10% of the normal 
hepatocytee mass is required to support a patient with ALF. Unfortunately, the number of 
hepatocytess that can be realistically transplanted in patients has been limited to less than 
2-5%% of the recipient original liver mass (vide infra). Regardless of these limitations, 
severall  clinical trials have been performed to 'bridge' patients with ALF to OLT ' ". A 
remarkablee prospective controlled trial was reported by Strom in 1997, comparing 
transplantationn of human hepatocytes with standard medical therapy in bridging FHF 
patientss to OLT18. A splenic arterial infusion technique was used, administering 
approximatelyy 3xl07 hepatocytes. None of the four control subjects survived over three 
days,, but all five hepatocyte-treated patients were successfully bridged to OLT, and 3/5 
aree doing well with more than 20 months of follow-up. Nevertheless, one must be careful 
inn evaluating the clinical efficacy using this approach because the number of patients in 
thesee studies were insufficient and were not randomly assigned to treatment groups. 
Furthermore,, in acute liver failure, regardless its cause, the efficiency of engraftment is 
generallyy quite low and a lag time, which may be as much as 48 hours, has to be awaited 
beforee any clinical benefit occurs83. This may be too long in a rapidly deteriorating 
patient.. Important characteristics to be determined in further HcTx studies are amongst 
otherss the optimal number of hepatocytes to transplant, and the route of transplantation 
thatt would allow more cells to be infused84. 

Metabolicc disorders. For the treatment of inherited metabolic deficiencies, e.g. 
Crigler-Najjarr Syndrome or rAntitrypsin deficiency, the normal genes can be 
introducedd simply by transplanting normal hepatocytes from allogeneic donors85. This, 
however,, would require immunosuppression for the prevention of allograft rejection 
(similarr issues are also involved in the treatment of liver failure). Alternatively, 
hepatocytess can be harvested surgically from an affected individual with an inherited 
metabolicc disease. These cells can next be transduced in culture with a therapeutic gene 
andd transplanted back in the subject84'86. It is important to understand how many cells are 
neededd for achieving this therapeutic goal, how to solve the problem of repopulation of 
thee liver, and how many cells can be transplanted safely at one time. Especially if the 
transplantedd cells have a survival advantage (e.g. in inherited tyrosinemia type I) smaller 
numberss of transplanted hepatocytes—potentially, as few as 2% of the host hepatocyte 
celll  mass—may be sufficient. 

Sitee of implantation. The success of transplantation strategies for isolated 
hepatocytess depends in large measure upon the site chosen for transplantation. In early 
studies,, the choice of the transplantation site was dictated by accessibility and ease of the 
procedure,, as well as by spatial considerations: the pulmonary vascular bed, dorsal and 
inguinall  fat pads, and peritoneal cavity were preferred choices, due in large part to the 
availabilityy of anatomical space within which transplanted hepatocytes might proliferate 
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andd survive. Later studies, however, demonstrated additional requirements for optimal 
functionn and differentiated gene expression of transplanted hepatocytes that are not met in 
somee of the aforementioned ectopic sites. A microenvironment resembling that of liver 
wass found to be optimal; such a microenvironment would include a basement substrate to 
promotee hepatocyte anchorage and a venous blood supply mimicking the mechanical and 
biochemicall  environment of the hepatic sinusoids. The splenic pulp and the host liver 
itselff  thus came to be choice sites for transplantation of large numbers of hepatocytes in 
smalll  rodents. Only a few studies have been performed on hepatocyte transplantation in 
largee animals, such as in pigs, and these studies also mainly focus on intraportal and 
intrasplenicc transplantation 7" 9. With intraportal transplantation however, the infusion of 
largee cell numbers is associated with portal vein thrombosis and pulmonary embolism90, 
whilee intrasplenic transplantation has resulted in similar complications, with a large 
proportionn migrating out of the spleen into the portal circulation. 

Ectopicc hepatocyte transplantation, defined here as a transplantation site for the 
hepatocytess other than the liver or the spleen, can potentially provide more space to 
transplantt a greater number of donor hepatocytes, without the complications as described 
withh intraportal or splenic transplantation. Another advantage of ectopic transplantation 
fromm an experimental point of view is that donor cells can be readily distinguished from 
hostt cells, which makes it easy to evaluate the status of the cells in biopsy specimens. 

Inn summary, although extensively tested and developed in small animals, HcTx 
iss still in die early stages of development to be used as a clinical procedure for liver 
disorders.. Nevertheless, there have been several clinical reports of successful treatments 
off  FHF or inherited liver disorders. Translating successful research in rodents to the 
clinicall  treatment of patients could be served by an evaluation of the HcTx procedure in a 
largee animal model. One of the important issues in this field is finding the optimal route 
forr transplantation and exploring the limits to the number of hepatocytes that can be 
transplanted. . 

4.. HEPATOCYTE CRYOPRESERVATION 

Forr both BAL and hepatocyte transplantation to fully reach their clinical 
potential,, isolated hepatocytes need to be successfully preserved for significant periods of 
timee so that they can be isolated at convenient times, appropriately banked and distributed 
forr on demand utilization at the clinical site. In addition, cellular preservation would allow 
forr extensive testing and validation of cell sources to assess the safety and efficacy of the 
bioproduct,, primary hepatocytes as well as cell lines. According to Euro transplant data 
20-25%% of reported donor livers are not procured or transplanted, due to factors such as 
steatosiss or cirrhosis13. If primary human liver cells from transplant discards could be 
successfullyy cryopreserved after isolation, purification and extensive testing, they could 
playy a substantial role as cell source in BAL-devices. 

Cryopreservationn and thawing In freezing, ice formation begins at a nucleation 
sitee that can be a randomly occurring cluster of molecules in the liquid phase. The 
nucleatedd ice crystal forms into an ice front expanding through the liquid until 
solidificationn is complete. Ice crystals preferably develop in the extracellular liquid, 
causingg the partially frozen extracellular solution to be more concentrated than the 
intracellularr compartment. Rates of freezing that are too fast or too slow contribute to cell 
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destructionn by causing intracellular ice crystal formation and/or cellular dehydration 
whilee the cell attempts to maintain its osmotic balance during the freezing process. The 
optimumm rate of cooling varies with the cell type and for hepatocytes is estimated to be 
betweenn -1 C and -10 C per minute, preferably by computer-controlled stepwise 
freezing92. . 

Dimethyll  sulfoxide (DMSO) reduces intracellular ice formation and osmotic 
changess during freezing and is considered the most suitable cryoprotectant93. Seeding is a 
techniquee used to deliberately induce extracellular ice formation in solutions that have 
alreadyy been cooled just below the solution melting point. Samples can frequently be 
damagedd by 'supercooling' during freezing, as ice formation will occur at random, 
unpredictablee temperatures. Seeding, typically by touching the sample with a needle, can 
minimizee this damage and is, therefore, often essential for cell survival. To allow this 
crystallizationn process to complete, and to thermally and chemically equilibrate the 
samplee after the release of solutes and heat of fusion resulting from ice formation, it is 
commonn to hold the specimen at the seeding temperature for some time before continuing 
thee cooling protocol. 

Althoughh temperatures below -80 C are generally required for successful 
preservationn of cells and tissues for extended periods of time, shelf life increases 
dramaticallyy as the storage temperature is reduced. At -196 C (the boiling point of liquid 
nitrogen)) there is insufficient energy for chemical reactions, and the only deterioration 
thatt can occur in a biological sample is DNA damage by background radiation and cosmic 
rays.. The shelf-life of cells stored at liquid nitrogen temperatures has been estimated to be 
off  the order of 103 years94. 

AA second mechanism for cell damage during cryopreservation involves 
recrystallization.. This is defined as the tendency of very small ice crystals that may have 
formedd intracellularly during the cooling phase, to increase in size during the wanning 
stage95.. Under such circumstances, slow warming rates may be harmful since they allow 
timee for recrystallization to occur96. 

Hepatocytess in suspension Various strategies have been described over the last 
255 years for cryopreserving hepatocytes. Reports on cryopreservation of isolated primary 
hepatocytess demonstrate high viability, ranging from 30-90% immediately post thaw97,9 

10~,, and reveal a continuous decline in cell number within a few hours103. Additionally, 
manyy investigators have reported that despite high viability, few hepatocytes were able to 
attachh to culture surfaces and survive for extended periods of time104. Reports detailing 
assessmentt of cellular function (protein secretion, urea synthesis, P450 activity) have also 
focusedd on short-term (hours, 1-2 days) analysis. The use of post-thaw processing, such as 
centrifugationn in Percoll gradients, has resulted in selected assessment of viable cell 
functionn and when unqualified, fails to provide an accurate evaluation of the efficacy of 
aa given cryopreservation protocol. Overall, every study that carefully described survival 
andd function of entire populations of cryopreserved isolated hepatocytes indicated low cell 
recoveryy and greatly impaired metabolic activity. 

Culturedd hepatocytes Though there are rather discouraging results for freshly 
isolatedd cells, a number of investigators has demonstrated the long-term survival of 
culturedd hepatocytes after cryopreservation105106. Borel Rinkes and coworkers developed 
aa cryopreservation protocol for rat hepatocytes cultured in a sandwich configuration, that 
resultedd in a 75% recovery of long-term protein secretion, and morphology for at least 2 
weekss post-thawing107. Porcine hepatocytes are also cultured on microcarriers and frozen 

21 1 



forr use in a BAL device32Am. Immediate post-thaw viability of these hepatocytes ranged 
betweenn 80-85%. Long-term viability and hepatospecific function were not reported. 
Inn summary, cryopreservation is a technology with potentially far reaching implications 
forr the clinical use of bioartificial livers and hepatocyte transplantation. Although there 
hass been reasonable progress in cryopreservation of cultured hepatocytes, the goal of 
freezingg primary isolated hepatocytes while maintaining high viability and intact 
biologicall  function has not yet been reached. 

5.. AIM AND OUTLINE OF THE THESIS 

Onn its road to clinical application, the AMC-Bioartificial Liver had to pass many 
checkpointss on safety, feasibility and efficacy issues. The first studies in this thesis 
describee the final major, pre-clinical test: assessment of its activity in the anhepatic pig 
modell  of hepatic failure. Known total hepatectomy procedures appeared not to answer the 
requirementss for testing BAL devices, as the animals succumb to surgical bleeding 
problemss instead of liver failure in itself. For this purpose, we designed and tested a new, 
rigidd vascular prosthesis for 3-way portal-caval reconstruction. The surgical procedure is 
describedd in detail in chapter  2, including a characterization of the postoperative course 
off  the animals until death. The actual assessment of benefit of the AMC-BAL in anhepatic 
pigs,, focusing on survival and blood biochemistry, is set out in chapter  3. Served by the 
totall  absence of liver tissue in the animal, the same experimental setup is used in chapter 
44 to study the synthetic function of the BAL itself in vivo, by extensive measurements in 
thee animal of blood coagulation parameters produced inside the bioreactor. 

Inn chapter  5, an attempt is made to explore new routes for the transplantation of 
isolatedd hepatocytes in the pig, serving as an intermediate stage between studies in rodents 
andd utilization in clinical practice. 

Successfull  cryopreservation of hepatocytes will greatly facilitate the widespread 
usee of BAL devices as well as hepatocyte transplantation. Trying to push aside numerous 
reportss of unsuccessful attempts, chapter  6 focuses on a newly developed way to 
cryopreservee hepatocytes, describing in detail long-term overall survival as well as 
hepatospecificc function. In chapter  7, cryopreserved hepatocytes are further studied in 
coculturee with fibroblasts. This is a culture system suited for use in an (experimental) 
BAL.. The effects of cryopreservation on hepatocytes are taken from a functional to a 
geneticc level in chapter  8, using microarray analysis to study gene expression changes 
followingg cryopreservation and thawing. 
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ABSTRACT T 

Totall  hepatectomy in animals provides an irreversible model of acute liver failure. 
Vascularr reconstruction in this model of acute liver failure was modified and 
characterizedd for the use of assessment of liver support systems. 

Pigss underwent total hepatectomy and a rigid 3-way transparent polyethylene 
vascularr conduit was used to replace the retrohepatic caval vein and to shunt the portal 
venouss blood to the caval vein. Placement of the vascular conduit in conjunction with 
excisionn of the liver was completed in 10-22 minutes without the need of a temporary 
veno-venouss bypass. A survival study conducted in five animals showed a mean survival 
timee of 46  6 hours. Baseline and 4 hours postoperative hemoglobin levels were not 
different,, and plasma ammonia levels rose to more than 30-fold of baseline values. All 
animalss died of cardiac arrhythmias and irreversible shock. 

Totall  hepatectomy in the pig using a 3-way, portal-venous conduit is a reliable 
andd well-reproducible animal model of acute liver failure for evaluation of liver assist 
devices. . 

INTRODUCTION N 

Inn the development of a bioartificial liver (BAL), one of the essential steps to be taken 
beforee clinical application is assessment of its efficacy and safety in a large animal model 
off  fulminant hepatic failure. A variety of animal models of hepatic failure have been 
elaboratedd in the past, based on liver devascularization, total hepatectomy, the 
administrationn of hepatotoxic drugs or a combination of surgical and intoxication models. 
However,, none of these models is able to entirely mimic the pathophysiology of fulminant 
hepaticc failure in humans and is sufficiently reproducible as well. 

Thee total hepatectomy model renders an anhepatic animal. Advantages of the 
anhepaticc model are its clarity, reproducibility and its potential to assess the biochemical 
capacityy of a bioartificial liver device in vivo in the absence of toxic products leaking out 
of,, or produced by the native liver. Obviously, the release of products of necrosis and 
signall  transmitters, seen as an important factor in the pathophysiology of fulminant liver 
failure,, is absent in the anhepatic model. 

Applicationn of the anhepatic model in pigs requires reconstruction of the caval 
veinn in combination with drainage of the portal venous system to prevent splanchnic 
congestion.. The intrahepatic part of the caval vein is either dissected off the liver in 
combinationn with a portocaval shunt, or is excised in conjunction with the whole liver, 
followedd by reconstruction of vascular portal-caval and caval-caval continuity. Usually, a 
Dacronn prosthesis has been used as a vascular conduit[l,2]. 

Inn an initial study, the anhepatic pig model as described by Mazziotti was used in 
ourr institution to evaluate a newly devised, bioartificial liver (AMC-BAL)[1] , A total 
hepatectomyy was performed after construction of a portocaval shunt. Caval continuity was 
restoredd with use of a Dacron prosthesis. In order to assess at least 24 hours of treatment 
withh the AMC-BAL , the animals remained anaesthetized and mechanically ventilated 
untill  death. All four animals of this series showed severe coagulation disorders after 24-30 
hours,, with continuous and diffuse bleeding through the vascular anastomoses and 
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throughh the mesh of the dacron prosthesis. This limitation of the animal model prompted 
uss to develop a technique of vascular reconstruction using a rigid polyethylene three-way 
prosthesis.. The concept is based on the Y-shaped Pyrex-glass cannula as used by Firor 
andd Stinson in 1929 with total hepatectomy in dogs[3]. 

Thee aim of this study was to assess the efficacy of a self-made, three-way 
prosthesiss after total hepatectomy in pigs and at the same time, characterize this anhepatic 
modell  for prolonged assessment of liver assist devices. 

METHODS S 

Adultt white female pigs were used, weighing between 37 and 71 kg (mean 51  9 kg). All 
proceduress were approved by the institutional guidelines of the Animal Ethical Committee 
off  the University of Amsterdam. 

Anesthesia a 
Afterr fasting overnight, induction of anesthesia was achieved with intramuscular 
administrationn of ketamine (10mg/kg; Nimatec®, Eurovet, Bladel, the Netherlands), 
azaperonn (2 mg/kg; Stresnil®, Janssen Pharmaceutica, Tilburg, The Netherlands) and 
atropinee (0.02 mg/kg). After inhalation of a mixture of 02:N02 (2:3) and isoflurane (0.4-
1%,, Abbott Laboratories Ltd., Queensborough, UK), pigs were intubated with a cuffed 
endotracheall  tube and ventilated on a mixture of 02 and air. Anesthesia was maintained 
byy intravenous administration (0.5 ml/kg/hour, after total hepatectomy 0.2 ml/kg/hour) of 
aa mixture of sufentanilcitrate (20mg/l, Janssen-Cilag, Tilburg, the Netherlands) and 
ketaminee (20g/l). Muscle relaxation was obtained by intravenous administration (2ml/h) 
off  pancuronium bromide (2 mg/ml, Organon Teknika B.V., Boxtel, The Netherlands). 
Arteriall  and venous lines were inserted in the right axillary artery and internal jugular vein 
forr blood sampling and for continuous monitoring of arterial pressure and central venous 
pressure,, respectively. 

Surgicall  procedure 
AA laparotomy was performed using an abdominal midline incision. A urine catheter was 
suturedd in the bladder in order to monitor urine production. The liver was freed of all 
peritoneall  attachments. The common bile duct and hepatic arteries were ligated and 
transected.. The suprahepatic cava, suprarenal cava and portal vein were dissected free, 
withh careful ligation of the remaining lymphatic tissue in the hepatoduodenal ligament. 
Thee vascular prosthesis used was 15 cm long, made of transparent polyethylene with an 
innerr diameter of 12 mm (caval vein junction sites) and 10 mm (portal site). Parts were 
gluedd together, and a Luer Lock connection point in the portal part allowed temporary 
insertionn of a Ch 6 occlusion balloon in the caval part. The prosthesis was sterilized in 
glutaraldehydee solution, washed thoroughly and flushed with a heparin solution (10 U/ml, 
Leoo BV, Weesp, The Netherlands) before use. 

Thee portal vein was cross-clamped and cannulated (marking the start of the 
anhepaticc state) after which the liver was flushed with 1000 ml of cold (4° C) Ringers 
glucosee solution (NPBI, Emmer Compascuum, the Netherlands). After subsequent 
temporaryy clamping of the suprahepatic and infrahepatic caval vein, the rigid three-way 
prosthesiss was inserted upwards through a caval venotomy, passing the entry sites of the 
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hepaticc veins and fixed cranially and caudally of the liver with tourniquets around the 
cavall  vein. Caval blood flow was restored after desufflation, unclamping and retraction of 
thee occlusion balloon in the portal part of the prosthesis. Portal blood flow was 
subsequentlyy shunted to the systemic circulation by connecting the portal vein to the side-
portt of the prosthesis, after which the balloon could be removed (figure 1). The liver was 
removedd in toto after incising the circumferences of suprahepatic and intrahepatic caval 
veinn and in between these margins, the posterior wall of the caval vein. The transparency 
off  the prosthesis allowed visual assessment of portocaval blood flow. No decompressive 
venouss bypass was required. No blood transfusions were given during the procedure. 

Figuree 1. 

Schematicc drawing of the rigid prosthesis, serving as a vascular conduit between portal and caval 
veinss after total hepatcctomy. 

37 7 



Postoperativee care 
Postoperatively,, all animals were kept under full anesthesia until death. Fluids were 
administeredd intravenously as clinically indicated (electrolyte solutions and Ringers 
lactate,, NPBI, Emmer Compascuum, The Netherlands; eloHaes, Fresenius BV, 's-
Hertogenbosch,, The Netherlands). Phenylephrine (10 mg/ml; 2-25 ml/h) was administered 
intravenouslyy when necessary to maintain mean arterial blood pressure above 55 mmHg. 
Animalss were kept on volume controlled, positive pressure ventilation during the 
experiment.. Inspiratory peak pressure, capnography, direct arterial blood pressure, and 
centrall  venous blood pressure were monitored continuously and corrected to physiological 
values.. Body temperature was maintained at 38° C using a heated mattress. A 20% 
glucosee solution was infused when plasma glucose levels fell below 8 mmol/1. Every 12 
hours,, the animals received 1 gram of ceftriaxon iv (Roche, Basel, Switzerland). Autopsy 
wass ultimately performed in all animals. 

Laboratoryy assessments 
Arteriall  blood samples were obtained preoperatively, at the moment of total hepatectomy 
(definedd as t=0 h) and at 4 hourly intervals post-hepatectomy until death, for 
determinationn of hemoglobin, leukocyte and thrombocyte count, albumin, lactate, 
kreatinin,, BUN, AST, ALT, ammonia and prothrombin time by standard laboratory 
techniques.. Ammonia was measured by means of a spectophotometric method (ACA SX, 
Dupont). . 

RESULTS S 

AA total hepatectomy with use of the rigid prosthesis was performed in 20 animals. The 
surgicall  procedure proved to be relatively easy and straightforward, with a short learning 
curvee of 2 to 3 animals. Time between clamping of the portal vein and complete 
restorationn of portocaval blood flow was 1 6 +4 minutes (mean  SD; range 10-22 
minutes).. Intraoperative blood loss was 270  225 ml, including electrolyte solution 
leakingg out of the cava during excision of the liver. During clamping of the caval and 
portall  veins progressive hypotension and tachycardia was observed, with mean arterial 
pressuress of approximately 40 mmHg after 8-10 minutes. After restoration of flow, a good 
hemodynamicall  recovery was seen in all animals. Bowels regained their normal color 
withinn 2 minutes after unclamping the portal vein. 

Technicall  problems let to the termination of the experiments in three animals: 
onee caval lesion during dissection prior to placement of the prosthesis, one portal vein 
lacerationn and one gastric congestion and bleeding after tying the splenic vein (learning 
curve).. Two experiments were terminated because of infectious complications: one 
pneumonia,, and one Pseudomonas spp. septicemia. Five anhepatic animals received 
postoperativee supportive treatment until death including positive pressure ventilation, and 
showedd a mean survival time of 46  6 hours (37,41,50, 50 and 51 hr). In order to control 
hypotension,, phenylephrine was administered starting 20-24 hours after hepatectomy, 
resultingg in a progressive tachycardia (figure 2). Eventually, all animals died due to 
irreversiblee shock or cardiac arrhythmias. 

Hemoglobinn levels 4 hours post-hepatectomy did not significantly differ from 
baselinee values (5,0 vs 5,1 mmol/1 resp.). Baseline and postoperative laboratory values are 
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reportedd in table 1. Hemoglobin, thrombocyte count and albumin show a gradual decrease 
too 35-45 % of baseline values just before death. Blood ammonia levels gradually rose 
moree than 30-fold, while lactate levels only increased a few hours before death when the 
animalss became hemodynamical unstable and required high dose of inotropics 
vasopressorr agents. 

Att autopsy, no signs of portal congestion were noticed. 100-350 ml of 
serosanguinolentt fluid was found in the abdominal cavity of all animals. All grafts were 
patentt without signs of thrombosis and there were no signs of bleeding from the 
connectionn sites between prosthesis and veins. Brain autopsy was not performed. 

Thee remaining 10 animals were connected to the AMC-bioartificial liver for 
evaluationn of its efficacy in the anhepatic pig as has been reported elsewhere[4]. 
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Figuree 2. 
Meann (  SD) arterial pressure (mmHg. lower line) and heart-rate (bpm. upper line) after total 
hepatectomyy (at T = 0 h). Phenylephrine was used when clinically indicated. 
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Hemoglobinn (mmol/1) 

Leucocytess (10E9/1) 

Thrombocytess (I0E12/1) 

Albuminn (g/1) 

Lactatee (mmol/1) 

Kreatininn ( g/]) 

BUN N 

AST(U/1) ) 

ALTT (U/l) 

Ammoniaa {  mol/1) 

FTT (sec) 

Baseline e Td-36 6 Td-24 4 Tj-122 Td-4 

5,144  0.51 4,76  1.23 4,46  0.96 3,93  1.23 2,78 5 

122 4 

2677  68 

288  2,9 

288 1 

4 4 

177 9 

333  11,6 

1611 4 

155 0 

1,100 7 1.54 8 1,75 7 

822  17 955  17 800  15 

2,844  1.30 1.22  0,82 1,08  0,55 

255  12 

388  12 

577  32 

111  0,4 

1988 4 

366  12 

3722  94 

199 4 

2200 5 

355  14 

3222  96 

>40 0 

288  12,7 27 7 

1311 8 106  19 

155 8 12 2 

1,955 6 2,55 2 

1211 8 153 8 

1,255 3 1,50 5 

2800  109 253 6 

344  12 27 0 

6366 9 1347 8 

>> 40 > 40 

T j j 

2,333 7 

233 8 

955 3 

100 3 

5,633 1 

1866  67 

1,700 9 

2588 1 

266 9 

18433 5 

>40 0 

Tablee 1. 
Baselinee laboratory blood values compared with values at different time points (hours) before death 
(Tj).. No blood transfusions or albumin suppletion were given. 

DISCUSSION N 

Thiss study describes a modified surgical technique of performing a total hepatectomy in 
pigs,, to serve as an animal model of acute liver failure that is suitable for testing of 
temporaryy liver support treatments. For a limited number of animals, the postoperative 
coursee until death is reported in detail. 

Unfortunately,, there is no animal model of acute liver failure that is 
pathophysiologicc ally and metabolically identical to fulminant hepatic failure in humans, 
andd is at the same time well reproducible and potentially reversible. Specific study 
objectivess and questions will ultimately lead to the choice of a suitable animal model. The 
mostt frequently employed models use high doses of hepatotoxins such as galactosamine 
andd acetaminophen, or are based on surgical anhepatic or devascularization procedures. 

Drug-toxicityy models probably provide the most clinically relevant models for 
studiess on the disease itself. An important disadvantage which is especially relevant in 
controlledd treatment studies, is the difficulty of reproducibility and extrahepatic 
hepatotoxicity[5].. Surgical models have less pathophysiologic similarities with fulminant 
hepaticc failure than toxic models, but are easier to reproduce and, in case of total 
hepatectomy,, offer a way to measure absolute function of a bioartificial liver device in 
vivo.. They can be separated into those that provide functional hepatectomy, leaving 
ischemicc liver in situ deprived of its afferent blood supply, or techniques that involve 
anatomicc excision of the liver. Functional hepatectomy involves creating a terminal 
portal-cavall  shunt and (in a one-stage procedure or in separate steps) skeletonizing the 
wholee liver with ligation of the hepatic artery and all other, collateral arterial branches. 
Thiss complete liver ischemia model resembles clinical fulminant failure to the extent that 
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thee failing liver remains in situ and is allowed to release products of necrosis in the 
systemicc circulation, which allegedly are responsible for the toxic syndrome of acute liver 
failure.. Survival times of up to 33.1  3 h hours (mean  SEM) have been shown in pigs 
withh complete liver ischemia[6], as compared to survival times of up to 27 hours in pigs 
renderedd anhepatic[2]. 

Mannn and Magath, in 1921, were the first to perform a total hepatectomy in 
dogs[7],, and were followed by other groups reporting on total hepatectomies in rats[8,9] 
andd pigs[2,10,l 1]. The main objectives of the earlier studies were to study metabolism of 
thee liver and the pathophysiology of the anhepatic state. Development and refinement of 
treatmentt regimes of hepatic failure were a second objective, now experiencing renewed 
interestt with the recent development of bioartificial livers. The pig is the most suitable, 
largee animal to evaluate liver support systems because of, among other reasons, its close 
anatomical,, physical and biochemical resemblance to humans. The use of a knitted, 
Dacronn prosthesis for vascular reconstruction after total hepatectomy in pigs, led to severe 
bleedingg complications after 24-30 hours of anhepatic state, imposing significant 
limitationss to the model and therefore, was abandoned in this study. 

Thee procedure described in this study proves to be straightforward and safe. The 
limitedd variation in survival times and the continued, postoperative supportive care offer a 
therapeuticc window suitable for assessment of treatment with a bioartificial liver. The 
hepatectomyy involved a relatively minor surgical trauma as demonstrated by the rapid 
stabilizationn of the animal after surgery. Blood transfusions were not necessary owing to 
minimall  intraoperative blood loss and flushing of the liver prior to clamping of the caval 
veins.. The significant decrease in albumin levels can be attributed to lacking production of 
albuminn as well as intra-abdominal leakage of lymphatic fluid, despite accurate ligation of 
thee lymphatic vessels in the hepatoduodenal ligament and the peritoneal adhesions. 
Assessmentt of ICP was attempted in the initial series but was relinquished because of 
severee bleeding problems at the craniotomy site with prolonged duration of the anhepatic 
state. state. 

Terblanchee and coworkers stated six criteria for a satisfactory animal model of 
fulminantt hepatic failure: 1. Reversibility (animals should be able to survive if a suitable 
treatmentt were to be utilized), 2. Reproducibility, 3. Death from liver failure, 4. Adequate 
therapeuticc window (large enough to assess effects of treatment), 5. Large animal type of 
modell  and 6. Minimal hazard to personnel[12]. Clearly, the first criterion cannot be 
matchedd in the anhepatic model. Our data show that the employed technique of total 
hepatectomyy in pigs meets the other five criteria. Advantages of our prosthesis are the 
simplee procedure for insertion combined with minimal blood loss, and its transparency in 
orderr that blood flow can be checked after placement. Furthermore, there is no need for 
temporaryy venous decompression owing to short clamping times. The tight tourniquets 
thatt fix the prosthesis to the veins abolish bleeding complications even in situations after 
prolongedd anhepatic state when blood coagulation is close to absent. 

Inn conclusion, application of a 3-way, polyethylene vascular prosthesis in 
conjunctionn with total hepatectomy provides a reliable, safe and effective animal model of 
acutee liver failure allowing the evaluation of liver assist devices for an extended period of 
time.. Longer survival times have been achieved with this prosthesis, when compared with 
thee knitted, Dacron prosthesis. 
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ABSTRACT T 

Thee anhepatic pig model was used to evaluate a bioartificial liver developed in our 
institutionn (AMC-BAL) , based on oxygenated plasma perfusion of porcine hepatocytes 
attachedd to a polyester matrix. 

Pigss (n=15) underwent total hepatectomy with restoration of caval continuity using 
aa polyethylene, three-way prosthesis. In group I, pigs received limited intensive care 
underr continuation of general anesthesia (n=5). Group II (n=5) underwent in addition, 
extracorporeall  plasma perfusion of a AMC-BAL without hepatocytes (device control 
group).. In group III (n=5), plasma perfusion took place of a BAL loaded with autologous 
hepatocytes.. Groups II and III were connected to the extracorporeal system 24 hours after 
hepatectomy,, for a period of 24 hours. Main outcome parameters were: survival time, 
liverr enzymes (AST, ALT), blood ammonia and total/direct bilirubin. 

Survivall  (mean  SD) of the anhepatic pigs was significantly increased in the 
BAL-treatedd group (group III : 65  15 hours), as compared to the control groups (group I: 
466  6 hours and group II: 43  14 hours). Mean blood ammonia levels during BAL-
treatmentt were significantly lower in the BAL-treated group in comparison to both control 
groupss (p=0.02). Total and direct bilirubin levels gradually increased after hepatectomy 
andd reached maximum values of 1.98 mg/dl and 1.50 mg/dl, respectively, showing no 
differencess between the three groups. 

Wee conclude that treatment of anhepatic pigs with the AMC-BAL containing 
autologouss hepatocytes significantly increases survival time which is associated with a 
significantt decrease in blood ammonia. Anhepatic pigs demonstrate increasing direct 
bilirubinn levels as a result of extrahepatic bilirubin conjugation. 

INTRODUCTION N 

Fulminantt hepatic failure is a dramatic clinical syndrome, which is associated with 
significantt mortality despite advances in medical management and liver transplantation( 1-
3).. There is no question about the urgent need for liver-assist devices to bridge patients 
untill  a liver graft has become available for transplantation, or to provide liver support 
allowingg the diseased liver to recover through parenchymal regeneration^). We devised a 
neww bioartificial liver (AMC-BAL) based on a bioreactor loaded with porcine 
hepatocytes.. The bioreactor consists of a spirally wound, non-woven polyester matrix in a 
cartridge,, in which the hepatocytes are allowed to attach to the matrix as described 
previously(5).. The hepatocyte system is oxygenated by hollow-fibers that are integrated in 
thee windings of the polyester matrix. The unique feature of this bioartificial liver is that 
thee plasma of the patient has direct contact with the hepatocytes, thereby reducing the 
diffusionn distance and allowing mass exchange similar to the situation in the sinusoids of 
thee intact liver parenchyma. 

Itt has been shown that the hepatocytes in the AMC-BAL generate metabolic 
functionn in in vitro studies(5). It also has been shown that the AMC-BAL achieves 
prolongedd survival in the total liver ischemia model in rats(6), as well as in pigs(7). In the 
presentt study, the AMC-BAL was tested in a total hepatectomy model in pigs. This is a 
puree model of acute liver failure because there is simply no liver to sustain life. An 
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importantt difference with the liver ischemia model is the absence of the release of toxic 
productss resulting from hepatic necrosis(8). The main objectives were to evaluate the 
AMC-BALL in this pre-clinical study design by assessing metabolic function and treatment 
efficacyy in terms of extension of survival of the anhepatic animals. 

MATERIAL SS AND METHODS 

Thee anhepatic model in the pig 
155 adult white female pigs were used, weighing between 37 and 57 kg (mean 48  4.9 kg, 
noo differences between groups). All procedures were approved by the institutional 
guideliness of the Animal Ethical Committee of the University of Amsterdam. 

Afterr fasting overnight, induction of anesthesia was achieved with intramuscular 
administrationn of ketamine (10mg/kg; Nimatec®, Eurovet, Blade], the Netherlands), 
azaperonn (2 mg/kg; Stresnil®, Janssen Pharmaceutica, Tilburg, The Netherlands) and 
atropinee (0.O2 mg/kg). After inhalation of a mixture of 02:N02 (2:3) and isoflurane (0.4-
1%,, Abbott Laboratories Ltd., Queensborough, UK), pigs were endotracheally intubated 
andd ventilated with a mixture of 02 and air. Anesthesia was maintained by intravenous 
administrationn (0.5 ml/kg/hour, after total hepatectomy 0.2 ml/kg/hour) of a mixture of 
sufentanilcitratee (20mg/l, Janssen-Cilag, Tilburg, the Netherlands) and ketamine (20g/l). 
Musclee relaxation was obtained by intravenous administration (2ml/h) of pancuronium 
bromidee (2 mg/ml, Organon Teknika B.V., Boxtel, the Netherlands). Arterial and venous 
liness were inserted in the right axillary artery and internal jugular vein for blood sampling 
andd for continuous monitoring of arterial pressure and central venous pressure, 
respectively. . 

AA laparotomy was performed using an upper abdominal midline incision. The 
liverr was freed of all peritoneal attachments. The common bile duct and hepatic arteries 
weree ligated and transected. The portal vein and caval vein were dissected free, with 
carefull  ligation of the remaining lymphatic tissue in the hepatoduodenal ligament. The 
portall  vein was cross-clamped and cannulated (marking the start of the anhepatic state) 
afterr which the liver was flushed with 1000 ml of cold (4° C) Ringers glucose solution 
(NPBI,, Emmer Compascuum, the Netherlands). After subsequent temporary clamping of 
thee suprahepatic and infrahepatic caval vein, a self-made, rigid polyethylene, transparent 
three-wayy prosthesis was placed in the retrohepatic caval vein through a small venotomy 
andd fixed cranially and caudally of the liver. The vascular prosthesis was flushed with 
heparinn (10 U/ml, Leo BV, Weesp, The Netherlands) before use. Portal blood flow was 
shuntedd to the systemic circulation by connecting the portal vein to the side-port of the 
prosthesiss in an end-to-side fashion. The time between clamping of the portal vein until 
restorationn of blood flow in the portal and caval veins was 11-16 minutes. The liver was 
removedd after a posterior longitudinal incision of the retrohepatic caval vein. 

Postoperatively,, all animals were kept under full anesthesia until death. Fluids 
weree administered intravenously (electrolyte solutions and Ringers lactate, NPBI, Emmer 
Compascuum,, The Netherlands; eloHaes, Fresenius BV, 's-Hertogenbosch, The 
Netherlands).. Phenylephrine (10 mg/ml; 2-25 ml/h) was administered intravenously when 
necessaryy to maintain mean arterial blood pressure above 55 mmHg. Animals were kept 
onn volume controlled, positive pressure ventilation during the experiment. No blood 
transfusionss were given. Inspiratory peak pressure, capnography, direct arterial blood 
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pressure,, and central venous blood pressure were monitored continuously and corrected to 
physiologicall  values. Body temperature was maintained at 38° C using a heated mattress. 
200 % glucose was infused when plasma glucose levels fell below 8 mmol/1. Every 12 
hours,, the animals received 1 gram of ceftriaxon iv (Roche, Basel, Switzerland). Post 
mortemm examinations were performed in all animals. 

Porcinee hepatocyte isolation and preparation of the bioreactor. 
Hepatocytess were isolated according to a modified method as described by Seglen(9), by 
perfusingg the portal vein of the excised livers with 3 liters of an oxygenated Ca2+-free 
solutionn (37 Celsius) and a digestion buffer that contained 0,00625% (w/v) Liberase RH 
(Roche,, Almere, The Netherlands), instead of collagenase (fig 1). The capsule of the liver 
wass opened and the digested parenchyma was collected on ice after filtration through 
surgicall  gauze. The cell suspension was diluted with ice-cold Hanks' buffer solution and 
washedd 3 times through centrifugation at 4°C and 50g for 3 min followed by resuspension 
inn Hanks' buffer solution. Cell counts were determined after the third centrifugation. 
Finally,, a last centrifugation was performed, after which the cells were suspended in 
culturee medium. The culture medium consisted of Williams' E medium, supplemented 
withh heat inactivated fetal calf serum (10%(v/v), glutamin (2mM), insulin (lmlU/ml, 
Actrapid®,, Novo Nordisk A/S, Bagsvaerd, Denmark), dexamethason (50 g/ml, 
Centrafarmm (Etten-Leur, The Netherlands), penicillin (100U/ml), streptomycin (100 U/ml) 
andd fungizone (0,25 g/ml, Diflucan®, Pfizer Inc. New York, USA). Williams' E medium, 
fetall  bovine serum, glutamine, and a mixture of penicillin, streptomycin and fungizone 
weree obtained from BioWhittaker (BioWhittaker Europe, Verviers, Belgium). Isolated 
cellss were transferred to the bioreactor and allowed to attach for 4-6 hours, while rotating 
(underr oxygenated conditions) in a cabinet at 37 C. 

Totall  cell load of the bioreactor consisted of an average of 10.7 billion viable 
hepatocytess (range 7.9 -15.5 billion hepatocytes). Determination of viability was based on 
thee trypan blue exclusion test. The bioreactor was subsequently connected to a closed 
perfusionn system and perfused with 1750 ml recirculating culture medium over night. 

BAL-system m 
Thee BAL-system and extracorporeal configuration used have been described 
previously(5;7).. Briefly, the system (fig 2) consisted of two pump-driven, parallel circuits. 
Thee first circuit, the blood circuit, incorporated a centrifugation plasma-separator 
(Freseniuss AS-104, Fresenius AG, Bad Homburg, Germany) after which the plasma was 
pumpedd through a second circuit including the bioreactor. Animals were connected to the 
plass ma-separator via a double lumen catheter in the left jugular vein. Blood flow through 
thee plasma-separator was 50 ml/min. Plasma was pumped through the bioreactor at 150 
ml/min.. Sodium citrate (11 g/1, citrate solution versus plasma 1:25) was added to the first 
circuitt as an anticoagulant. 

Experimentall  groups 
Threee experimental groups were studied. Group I served as absolute controls, and 
receivedd limited intensive care after total hepatectomy (Control, n=5). Group II underwent 
inn addition, plasma separation and plasma perfusion of an AMC-BAL without hepatocytes 
(Devicee Control, n=5). In group III , plasma perfusion took place of a BAL loaded with 
autologouss hepatocytes (BAL-treatment, n=5). In groups II and III , extracorporeal 
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perfusionn started 24 hours after hepatectomy. and was continued for a period of 24 hours. 
Thee animals of the different groups were mixed excluding any effects of a learning curve 
duringg the experiments. 

.. . 

Figuree 1. 
Schematicc representation of total hepatectomy and use of the caval prosthesis, hepatocyte isolation, 
preparationn of the bioreactor. and connection of the AMC-bioartificial liver via a plasma-separator 
unitt to the svstcmic circulation of the animal. 
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Figuree 2. 
Schematicc representation of the AMC-bioartificial liver system, consisting of a blood circuit 
(plasmaa obtained from the recipient by a centrifugal plasma-separator), and a plasma circuit in 
whichh the plasma perfuses the bioreactor. After recirculation through the bioreactor, the plasma is 
reunitedd with the blood cells from the plasma-separator and returned to the animal. 

Studyy parameters. 
Arteriall  blood samples were obtained preoperatively, at the moment of total hepatectomy 
(definedd as t=0 h) and at 4 hourly intervals post-hepatectomy until death, for 
determinationn of AST, ALT, plasma lactate, blood urea nitrogen (BUN), direct and 
indirectt bilirubin, electrolytes, hemoglobin, platelet count and prothrombin time. 
Ammoniaa was measured by means of a spectophotometric method (ACA SX. Dupont). 

Statistics s 
Resultss are presented as mean  standard deviation. Data were analyzed using GraphPad 
Prismm software (San Diego, CA). Analysis of variance was used to compare the three 
groups,, and Bonferroni*s multiple comparison analysis when overall effects were 
significantlyy different (p<0.05). Survival time was analyzed using the Kaplan Meier 
method,, and significance was tested with the Log Rank Test (SAS 6.12, SAS Institute 
Inc... Cary. North Carolina, USA). 
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RESULTS S 

Surgicall  procedure 
Totall  operation time was 145  15 minutes. Blood loss during surgery was 275  260 ml. 
Thiss mainly represented the amount of blood, diluted with Ringers glucose solution, 
containedd in the liver before excision. Operation time and blood loss were equal for the 
threee study-groups. Following total hepatectomy. all 15 pigs showed rapid stabilization of 
vitall  parameters and continued to have stable hemodynamical and ventilatory parameters 
forr at least 24 hours. 

Survival l 
Survivall  of the anhepatic pigs was significantly increased in the BAL-treated group 
(groupp III : 65.4  15.4 hours) as compared to the control groups (group I: 45.8  6.4 
hours,, p=0.022; group II: 42.6  13.8 hours. p=0.036) (fig.3). Survival between both 
controll  groups was not significantly different (p=0.61). Longest survival recorded was 79 
hourss of an animal in the BAL-treated group. All animals died due to irreversible shock or 
cardiacc arrhythmias. 
Att autopsy. 100-500 ml of serosanguinolent Huid was found in the abdominal cavity of all 
animals.. The vascular prostheses were all patent, showing no signs of thrombosis or blood 
losss from the venous connections. No signs of portal congestion were noted. 
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Figuree 3. 
Survivall  times of pigs after total hepatectomy (at t = 0 h) in the control group (dashed-dotted line), 
thee device control group (dotted line) and the BAL-treated group (solid line). Survival of the 
anhepaticc pigs was significantly increased in the BAL-treated group, as compared to groups I and II 
(p=0.0222 and p=0.036). The black bar represents the time during which groups II and III were 
connectedd to the extracorporeal system. 
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Figuree 4. 
Arteriall  blood ammonia levels after total hepatectomy (at t = 0 h) in groups I (control). II  (device 
control)) and II I  (BAL-treated group). Ammonia levels were significantly lower in the BAL-treated 
groupp compared to both control groups. * Group I versus III , P < 0.01; 1[ group II  versus III , P < 
0.05:: § group I versus III . p<0.05. The black bar represents the 24-hours period in which animals of 
groupss II  and II I  were connected to the extracorporeal system. Results are shown as means  SD, 
calculatedd according to the number of animals that were alive at the indicated time points. 
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Figuree 5. 
ASTT and AL T levels in pigs after total hepatectomy (at t = 0 h). The black bar represents the 24-
hourss period in which animals of groups II  and II I  were connected to the extracorporeal system. 
Resultss are shown as means  SD, calculated according to the number of animals that were alive at 
thee indicated time points. 
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Figuree 6. 
Directt (A) and total bilirubin (B) levels in pigs after total hepatectomy (at t = 0 h) in the three study 
groups.. The black bar represents the 24-hours period in which animals of groups II and 111 were 
connectedd to the extracorporeal system. Results are shown as means  SD. calculated according to 
thee number of animals that were alive at the indicated time points. 
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Biochemicall  parameters 
Bloodd samples drawn at 24 hours after total hepatectomy (which was just before groups II 
andd III were connected to the plasma separator), showed no significantly different values 
off  the biochemical parameters between the three groups (i.e. levels of hemoglobin, blood 
ammoniaa levels (p=O.065 between groups I vs. Ill) , blood urea nitrogen, albumin, 
AST/ALT,, electrolytes, plasma lactate, prothrombin time and platelet count). 

Inn the first 24 hours after hepatectomy, a trend of lower blood ammonia levels in 
groupp III was observed, with significant differences at 3 and 16 hours posthepatectomy. 
Att 44 and 48 hours post-hepatectomy, significantly lower levels of ammonia were seen in 
groupp III as compared to both control groups (fig.4). 

ASTT levels in all groups showed a moderate rise after hepatectomy, resulting 
fromm the surgical procedure of total hepatectomy (fig 5). In group III , one animal showed 
highh AST levels after connection to the AMC-BAL (maximum 1352 U/l at 28 hours), 
probablyy due to leakage of AST out of suboptimal hepatocytes in the bioreactor. 
Remarkably,, the survival time (41 hours) of the animal connected to this particular 
bioreactorr fell in the range of the control-group. Plasma ALT values were not different 
fromm base line activity. Plasma lactate levels and BUN did not differ between groups and 
rosee to a maximum of 5.9  3.9 mmol/1 and 10.7  5.5 mmol/1, respectively, at death. In 
bothh control groups and BAL-treatment group, the prothrombin time exceeded 40 seconds 
att 20 hours after hepatectomy and did not change during BAL-treatment. 

Bothh total and direct bilirubin levels gradually increased after total hepatectomy 
andd reached maximum values of 1.98 mg/dl and 1.50 mg/dl, respectively, showing no 
differencess between the three groups (Fig. 6). 

DISCUSSION N 

Thiss study describes application of the AMC-BAL in pigs with acute liver failure based 
onn total removal of the liver. Anhepatic animals treated with the AMC-BAL device 
showedd reduced blood ammonia levels and significantly longer survival times. 

Totall  hepatectomy as a model of acute hepatic failure has been studied since 
1921,, when Mann and Magath used a glass tubing between portal and caval veins to 
reconstitutee flow after total hepatectomy in the dog(10). Since then, several methods of 
totall  hepatectomy have been described, in which the liver is either dissected off the vena 
cavaa in association with a portocaval shunt(l 1), or in which the liver is removed including 
thee portal and caval veins which are replaced by a prosthetic graft(12-18). After surgery, 
thee animals in these studies were allowed to wake up and breath spontaneously. Mean 
survivall  times in these studies ranged from 12 to 30 hours(12;14). Postoperative care of 
thee anhepatic animals in our present study included mechanical ventilation, which 
probablyy is an important factor attributing to the longer survival times of the control group 
inn the present study (mean 46 hours, maximum 51 hours) when compared to the above-
mentionedd studies using the total hepatectomy model in the pig. 

Theree is a long history in medical literature relating to the development of 
variouss temporary liver-support therapies. In 1958 hemodialysis was introduced as a first 
attemptt to remove toxins thought to cause hepatic encephalopathy(19). Other groups 
introducedd resin(20) or activated charcoal perfusion(21), which were also used as 
detoxificationn therapy in liver failure. Although these artificial therapies showed 
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significantt improvements in biochemical profile and neurological status in patients with 
severee liver failure(22), no significant improvement of survival could be demonstrated. 
Eisemann reported the first clinical application of extracorporeal porcine whole liver 
perfusionn in 1965(23), and this concept was followed by others(24). Although some of 
thesee studies showed neurologic improvement of patients, no controlled trials have been 
performedd showing prolonged survival(24). A survival of up to 57% in noncontrolled 
studiess was described using baboon and cadaveric livers(25). 

Realizingg that full substitution of hepatocyte function may be necessary for 
treatmentt of liver failure, many research groups have focused on the use of isolated 
hepatocytess as the basis for liver support. Extracorporeal bioreactors were designed 
capablee of containing functional hepatocytes that would support liver functions by 
exchangingg plasma components with the patient. A small number of such hybrid or 
bioartificiall  livers are currently being studied in clinical phase II/II I trials. These are all 
basedd on semipermeable hollow-fiber membranes, in which the patient's plasma flows 
throughh the lumen of the hollow-fibers, and hepatocytes are cultured in the extracapillary 
space.. The Berlin Extracorporeal Liver Support System (BELS), introduced by Gerlach et 
al(26)) consists of three independently woven capillary membrane systems in between 
whichh the porcine hepatocytes reorganize as aggregates. Each membrane system serves a 
differentt function: plasma inflow, plasma outflow and cell oxygenation. Treatment of 
anhepaticc pigs with the BELS containing 10 billion pig hepatocytes showed an 
improvementt in blood ammonia, phenylalanine and lactate levels, but there was no 
survivall  benefit compared to the control group(27). The Extracorporeal Liver Assist 
Devicee (ELAD), introduced by Sussman et al, utilizes four hollow fiber cartridges each 
containingg approximately 100 grams of hepatocytes from the C3A human hepatoblastoma 
celll  line. Animal studies in six anhepatic dogs showed improved metabolism of 
anestheticss in the animals, but no prolongation of survival(28). The HepatAssist is a 
porcinee hepatocyte-based bioartificial liver, which was developed by Demetriou and 
coworkers(29).. In this system containing five billion cryopreserved, microcarrier attached 
hepatocytes,, a charcoal column is added to the extracorporeal perfusion circuit. Dogs with 
completee liver ischemia treated with the HepatAssist showed significant neurological and 
biochemicall  improvements, but life could not be prolonged(30). In a phase I clinical trial, 
311 patients in three groups were treated with the HepatAssist(31). In the first group of 
fulminantt hepatic failure patients, 16 were successfully bridged to liver transplantation 
andd one spontaneously recovered without a transplant; in the second group, all three 
patientss with primary nonfunction of a transplanted liver were successfully bridged to 
retransplantation;; in the third group of 10 patients with acute exacerbation of chronic liver 
diseasess only two were supported to recovery and successful transplants at later dates, the 
otherr 8 patients were not eligible for transplantation. A large multicenter phase II/II I 
clinicall  trial is currently under way. 

Inn a previous study using pigs with induced total liver ischemia, the AMC-BAL 
likewisee showed significantly prolonged survival of animals after 24h treatment with the 
AMC-BALL when compared to controls(7). Moreover, in this liver ischemia model, blood 
ammoniaa levels and total bilirubin levels decreased significantly during treatment, 
indicatingg metabolic activity of the porcine hepatocytes in the bioreactor. The total liver 
ischemiaa model is a surgical model of acute hepatic failure. It resembles clinical fulminant 
hepaticc failure to some extent, in that the failing liver remains in situ and is allowed to 
releasee products of necrosis in the systemic circulation, which allegedly are responsible 
forr the toxic syndrome of acute liver failure. This could explain the longer survival in the 
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presentt (anhepatic) control group compared to the control group with total liver ischemia 
inn our previous study (46  6 hours versus 33  3 hours, respectively)(7). 

Thee anhepatic model is a surgical, pure model of hepatic failure. Advantages of 
thiss model are its clarity and its potential to assess in vivo biochemical capacity of a 
bioartificiall  liver device in the absence of toxic products leaking out of, or produced by 
thee native liver( 18). Obviously, the release of products of necrosis and signal transmitters, 
seenn as an important factor in the pathophysiology of acute liver failure, is absent in the 
anhepaticc model(8;32;33). Our data show that the employed technique of total 
hepatectomyy in pigs results in a well-reproducible model of acute liver failure. The 
methodd yields an intact liver for autologous cell isolation purposes and involves a 
relativelyy minor surgical trauma as demonstrated by the rapid stabilization of the animal 
afterr surgery. Postoperative care including limited intensive care such as mechanical 
ventilationn offers a therapeutic window suitable for assessment of treatment with a 
bioartificiall  liver. 

Thee survival benefit of anhepatic pigs treated with the AMC-BAL indicates 
significantt functional capacity of the bioartificial liver. The exact processes that are 
involvedd during liver support remain unclear, in as much as our understanding of the 
pathophysiologyy of liver failure is incomplete(8;32;33). Blood ammonia levels in BAL-
treatedd animals were significantly decreased at the end of the treatment period. An 
interestingg observation is the persistence of low levels of blood ammonia in the post-
treatmentt period. This was also found in the above-mentioned, previous study in which 
thee AMC-BAL was used in pigs with liver-ischemia(7). Possibly, the persistent low levels 
off  ammonia owe to a prolonged effect of the BAL or an improved metabolic state of the 
animals. . 

Thee gradual and continuous rise of plasma direct-bilirubin in the anhepatic pigs 
indicatess an alternative pathway of extrahepatic conjugation of bilirubin. UDP-
glucuronosyltransferases,, capable of bilirubin conjugation, have been shown to be present 
inn liver, kidney and intestinal mucosa of humans(34;35), rats(36;37) and pigs(38). The 
largee capacity of extrahepatic bilirubin metabolism as seen in the present study has not 
beenn described before. 

Inn conclusion, treatment of anhepatic pigs with the AMC-BAL liver significantly 
increasedd survival time in association with a significant decrease in blood ammonia. 
Thesee results are comparable with previous studies using the AMC-BAL in pigs with total 
liverr ischemia(7). To our knowledge, there are no data in literature of other liver support 
systemss that have shown significant prolongation of life in large animals with hepatic 
failure.. The rise of direct bilirubin indicates the ability of extrahepatic conjugation of 
bilirubinn in the anhepatic animals. These results encouraged us to set up a phase I clinical 
triall  with the AMC-BAL in patients with fulminant liver failure. 
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ABSTRACT T 

Thee function of a newly devised bioartificial iiver (AMC-BAL) based on viable, freshly 
isolatedd porcine hepatocytes has been evaluated in anhepatic pigs. The aim of this study 
wass to assess the contribution of BAL treatment on blood coagulation parameters. 

Pigss were anaesthetized and a total hepatectomy was performed (n=15). The 
infrahepaticc caval vein and the portal vein were connected to the subdiaphragmatic caval 
veinn using a 3-way prosthesis. Animals received standard intensive care (Control, n=5), 
treatmentt with an empty BAL (Device Control, n=5) or with a cell-loaded BAL (BAL-
treatment,, n=5) for a period of 24 hours starting 24 hours after hepatectomy. Coagulation 
parameterss studied concerned prothrombin time (FT), platelet count, the procoagulant 
systemm (factors II , V, VII , VII I and fibrinogen), anticoagulant system (AT III) , fibrinolytic 
systemm (t-PA, PAI-1) as well as markers of coagulation factor activation (TAT complexes, 
prothrombinn fragment Fl+2). 

Factorss II, V, VII , AT III and fibrinogen rapidly decreased after total 
hepatectomyy in pigs in accordance with the anhepatic state of the animals. Factor VII I 
levelss were not influenced by the hepatectomy. A mild drop in platelet count was seen in 
alll  groups. Treatment of anhepatic pigs with the cell-loaded BAL did not restore PT or 
clottingg factor levels. TAT and Fl+2 complexes however, were significantly increased in 
thiss group. Levels of t-PA and PAI-1 were not influenced by cell-loaded BAL treatment. 

Treatmentt of anhepatic pigs with the AMC-BAL based on freshly isolated 
porcinee hepatocytes does not result in an improved coagulation state due to extensive 
consumptionn of clotting factors. However, increased levels of TAT complexes and 
prothrombinn fragments Fl+2 during treatment of anhepatic pigs indicate synthesis and 
directt activation of coagulation factors, leading to thrombin generation. This demonstrates 
thatt this bioartificial liver is capable of synthesizing coagulation factors. 

INTRODUCTION N 

Thee liver plays a central role in the regulation of blood coagulation. Hepatocytes 
synthesizee almost all coagulation factors and coagulation inhibitors as well as components 
off  the fibrinolytic system. In addition, hepatic clearance of activated clotting proteases and 
protease-proteasee inhibitor complexes importantly modulates coagulation activation. 
Consequently,, liver failure is always accompanied by a hemostatic defect. Blood 
coagulationn can be severely compromised especially in patients with fulminant hepatic 
failuree (FHF), potentially leading to major hemorrhage and possible systemic activation of 
coagulationn (DIC). 

AA bioartificial liver (BAL) is a support system based on viable hepatocytes 
incorporatedd in an extracorporeal plasma circuit, intended to bridge patients with FHF to 
transplantationn or liver regeneration. A small number of such hybrid or bioartificial livers 
iss currently being studied in clinical phase II/II I trials (1-3). As liver function is (at least in 
part)) replaced by a BAL, one might assume that successful treatment with a BAL 
influencess the hemostatic system in such a way that blood coagulation defects could be 
moree or less corrected. 
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AA bioartificial liver (AMC-BAL) has been devised in our institution and is based 
onn a hollow fiber bioreactor loaded with freshly isolated porcine hepatocytes. The 
bioreactorr consists of a spirally wound, non-woven polyester matrix to which the 
hepatocytess attach. In between the layers of the matrix hollow fibers for oxygen transport 
aree situated for direct oxygenation of the hepatocytes inside the bioreactor. In the AMC-
BALL there is a direct contact between plasma of the patient and the hepatocytes, unlike 
mostt other, membrane-based bioartificial liver systems. It has been shown in vitro that the 
hepatocytess in the AMC-BAL provide metabolic function(4). Furthermore, it has been 
demonstratedd that the AMC-BAL prolongs survival in acute liver failure models in rats(5) 
ass well as in pigs(6;7). In several animal studies, an improvement of the coagulation status 
duringg treatment with a bioartificial liver has been shown(8-l 1). In these studies, ischemic 
modelss of fulminant hepatic failure were used in rats and pigs, with or without partial 
hepatectomy.. It remains unclear whether these better coagulation parameters were due to 
productionn of coagulation factors in the bioreactor, or due to faster functional recovery of 
thee remaining (ischemic) liver. 

Althoughh the inclusion of a biological component in a liver support system 
derivess from the assumption that a synthetic function is required next to plasma 
detoxification,, there is littl e proof that hepatocytes in a BAL provide vital synthetic 
products.. The aim of this study was to assess the contribution of the AMC-BAL to blood 
coagulation,, during treatment of anhepatic pigs. 

MATERIAL SS AND METHODS 

Thee anhepatic model in the pig 
Pigss (37-57 kg) were anaesthetized and a total hepatectomy was performed (n=15). The 
infrahepaticc caval vein and the portal vein were connected to the subdiaphragmatic cava] 
veinn using a 3-way vascular prosthesis. Postoperatively, all animals were kept under full 
anesthesiaa and mechanical ventilation until death. No blood transfusions, platelets, fresh 
frozenn plasma or other substances containing coagulation factors were given during the 
experiment.. Fetal bovine serum (FBS) is present in the culture medium used to load the 
hepatocytess in the bioreactor (10% v/v in 450 ml), but this is washed out of the bioreactor 
beforee connecting the system to the anhepatic pig using 4500 ml of Shiwa (B Braun, 
Glandorf,, Germany) supplemented with 20 mU/ml Actrapid (Novo Nordisk, Bagsvaerd, 
Denmark),, 1 M dexamethason-dinatriumphosphate (Centrafarm services B.V., Etten-
Leur,, The Netherlands), 5% sodium citrate (ACD-Formula A; Emmer Compascum, The 
Netherlands)) and 20 g/1 human albumin (CLB, Amsterdam, The Netherlands). Body 
temperaturee was maintained at 38° C using a heating mattress. 

Thee BAL-system and experimental groups 
Autologouss hepatocytes were isolated from the excised liver using a modified isolation 
procedure(12).. Calcium free medium (2000 ml) was flushed through the liver via the 
portall  vein followed by recirculating perfusion with Liberase-RH (Roche, Almere, The 
Netherlands)) solution. After washing the harvested hepatocytes using three centrifuginal 
(50g)) washing steps, the cells were loaded into the bioreactor. The BAL-system and 
extracorporeall  configuration used in this study have been described previously(4;6;7). 
Briefly,, the system consists of two pump-driven, parallel circuits. The first circuit, the 
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bloodd circuit, incorporates a centri f ligation plasma-separator (Fresenius AS-104, Fresenius 
AG,, Bad Homburg, Germany) after which the plasma is pumped through a second circuit 
includingg the bioreactor. Total cell load of the bioreactor consisted of an average of 10.7 
billionn viable hepatocytes (range 7.9 -15.5 billion hepatocytes). Determination of viability 
wass based on the Trypan blue exclusion test. Sodium citrate (11 g/1, citrate solution versus 
plasmaa 1:25) was added to the first circuit as anticoagulant. 
Afterr 24 hours of anhepatic state, the animals were divided into three groups. The first 
groupp served as absolute control, and received limited intensive care, including 
mechanicall  ventilation and vasopressors, after total hepatectomy (Control, n=5). The 
secondd group underwent plasma separation and plasma perfusion through a bioreactor 
withoutt hepatocytes for the next 24 hours (Device Control, n=5). In the third group, 
plasmaa perfusion took place through a bioreactor loaded with autologous hepatocytes for 
thee next 24 hours (Cell-loaded BAL-treatment, n=5). 

Studyy parameters. 
Bloodd and citrated plasma samples were collected preoperatively, and at 4 hourly intervals 
untill  48 hours after hepatectomy. Platelets were counted by flow cytometry. Antithrombin 
IIII  (AT III ) was measured using an amidolytic assay. Prothrombin time (PT), factor II, V, 
VII ,, VII I  and fibrinogen were determined using one stage clotting assays with human 
factorr II, V, VII and VII I deficient plasma and a human fibrinogen standard and 
Thromborel-SS thromboplastin (Dade Behring, Leusden, The Netherlands). Thrombin-
antithrombinn II I  (TAT) complexes, prothrombin fragment Fl+2, tissue-type plasminogen 
activatorr (t-PA) and plasminogen activator inhibitor type I (PAI-1) were determined using 
ELISA'ss (Behring, Marburg, Germany). Fl+2, TAT, t-PA and PAI-1 were measured in 
sampless collected at 0, 8, 20, 24, 28, 32 and 48 hours after hepatectomy. 

Statistics s 
Resultss are presented as mean  standard deviation. Data were analyzed using GraphPad 
Prismm software (San Diego, CA). Analysis of variance was used to compare the three 
groups,, and Bonferroni's multiple comparison analysis when overall effects were 
significantlyy different (p<0.05). 

RESULTS S 

Anhepaticc model 
Noo complications were encountered during the surgical procedure of performing a total 
hepatectomy.. Total operation time was 145  15 minutes. Blood loss during surgery was 
2755  260 ml. These parameters were equally distributed between the three study-groups. 
Followingg total hepatectomy, all 15 pigs showed rapid stabilization of vital parameters 
andd continued to have stable hemodynamical and ventilatory parameters for at least 24 
hours. . 

BAL-treatment t 
Thee outcome of the anhepatic animals treated with the BAL has been described 
elsewhere(7).. Briefly, survival (mean  SD) of the anhepatic pigs was significantly 
increasedd in the BAL-treated group (65  15 hours), as compared to the control groups 
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(Control:: 46  6 hours and Device Control: 43  14 hours). Mean blood ammonia levels 
duringg BAL-treatmcnt were significantly lower in the BAL-treated group in comparison 
too both control groups (p=0.02). All animals showed diffuse, minor bleeding from 
operationn wounds and introduction sites of intravascular catheters after approximately 24 
hourss postoperatively. All animals received moderate intensive care treatment until death. 
Att autopsy, 100-500 ml of serosanguinolent fluid was found in the abdominal cavity of 
thee animals. No signs of major bleeding were identified. 

&&  40-
CD D 
E E 
'•*== 30-
C C 

EE 20 
O O 

2 2 
Q_ _ 

^ ^ 

O O 

10 0 

0 0 

400 0 

300 0 

C/) ) 
200--

(0 (0 
CD D 

- i — < < 

co o 
EE 1oo 

Control l 

Emptyy BAL 

Celll Loaded BAL 

Timee after hepatectomy (h) 
Figuree 1. 
Prothrombinn time and platelet count in anhepatic pigs after total hepatectomy (at t = 0 h) in the three 
studyy groups. Upper limit of measurement is 40 seconds. Data are expressed as means  SD. The 
blackk bar indicates the 24-hours period in which animals of the Device Control and BAL-treated 
groupss were connected to the extracorporeal system. 
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Coagulationn parameters 
Meann prothrombin time gradually increased after total hepatectomy, reaching the upper 
limi tt of measurement (40 seconds) after 32 hours in all three groups. Mild 
thrombocytopeniaa occurred without significant differences between groups (Fig. 1). 

Coagulationn factors II, V and VII . fibrinogen and antithrombin III showed a rapid 
reductionn after total hepatectomy. without any effect of treatment with the BAL (Fig. 2; 
fibrinogenn data not shown). The decrease of factor VII preceded that of factor II and V. 
whichh is consistent with the short (6 hours) biological half-life of factor VII . Levels of 
factorr VIII . the only blood coagulation factor not exclusively produced by the liver, 
showedd considerable variation between the animals, but overall, was not affected by the 
anhepaticc state and/or the AMC-BAL treatment (Fig. 3). 

Thrombinn generation, as reflected by prothrombin activation fragment F1+2 and 
thrombin-- antithrombin (TAT) complexes, increased from 1.4 to 135 nmol/1 and from 11 
too 344 g/1. respectively, following hepatectomy. After reaching peak values after 20 
hours,, these markers rapidly declined but not in the group treated with the AMC-BAL . In 
thiss group. Fl+2 and TAT levels remained elevated up to the end of the experiment (Fig. 
4),, indicating de novo synthesis and immediate activation of prothrombin. 

Tissue-typee plasminogen activator (t-PA) reached levels one hundred-fold higher 
thann baseline values and was not affected by BAL or control treatments. Plasma levels of 
thee fibrinolytic inhibitor. PAI-1, showed a concurrent initial increase from 11 to 64 U/ml 
att 24 hours after hepatectomy and hereafter rapidly decreased in all groups (Fig. 5). 

---Control l 
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——— BAL-treatment 

Timee after hepatectomy (h) 
Figuree 3. 
Factorr VII I in anhepatic pigs after total hepatectomy (at t = 0 h) in the three study groups. Data are 
expressedd as means  SD. The black bar indicates the 24-hours period in which animals of the 
Devicee Control and BAL-treated groups were connected to the extracorporeal system. 
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Figuree 4. 
TATT complexes and prothrombin fragment Fl+2 in anhepatic pigs after total hepatectomy (at t = 0 
h)) in the three study groups. Data are expressed as means  SD. * both control groups versus BAL-
treatedd P < 0.05; 1 both control groups versus BAL-trcated P < 0.01; § both control groups versus 
BAL-treatedd P < 0.001.The black bar indicates the 24-hours period in which animals of groups II 
andd III were connected to the extracorporeal system. 

DISCUSSION N 

AA bioartificial liver, serving as a liver-assist device, has a large potential to bridge patients 
untill  a liver graft has become available for transplantation, or to provide liver support 
allowingg the diseased liver to recover through parenchymal regeneration*  13). In contrast 
too many other liver support treatments like hemodialysis, hemoperfusion or albumin 

67 7 



dialysis,, a bioartificial liver is assumed to replace liver specific synthetic function next to 
detoxificationn of the plasma. Viable hepatocytes present in a BAL are supposed to replace 
orr support the patient's multiple and complex own liver functions during liver failure, 
encompassingg both detoxification and synthesis. Previous studies using the AMC-BAL in 
ratss and pigs with severe liver failure showed reduced blood ammonia levels, reduced 
totall  bilirubin levels and significantly prolonged survival(5-7). In this study, we tested the 
hypothesiss that treatment with the biologically active AMC-BAL supports blood 
coagulationn in a model of acute liver failure. 

AA total hepatectomy was performed to induce acute hepatic failure in pigs. 
Synthesiss of procoagulants and coagulation inhibitors are efficiently eliminated in this 
model,, as well as the capacity of the liver to clear activated coagulation proteins. A 
situationn of total hepatectomy allows assessment of the pathophysiology of hepatic failure 
andd the effects of treatment with a BAL, without interference of the release of products of 
necrosiss of hepatocytes into the systemic circulation. We observed a rapid decline of 
coagulationn factors produced by the liver. During AMC-BAL treatment, sustained high 
levelss of TAT complexes and prothrombin fragment F1+2 were seen most likely derived 
fromm direct activation and complexation of newly synthesized coagulation factors in 
anhepaticc pigs. These data indicate that BAL treatment indeed results in synthesis of 
coagulationn proteins. It is less probable that this is due to activation of the coagulation by 
thee BAL device itself, as the control group and the device control groups show the same 
results.. However, these newly synthesized factors merely serve as a substrate for the 
ongoingg activation of coagulation set forth partly by the surgical trauma of hepatectomy 
andd as a consequence of the induced liver failure. They are not sufficient to restore 
clottingg factor activity to a measurable amount. How this translates to the clinical setting 
off  fulminant liver failure is a matter of speculation. The synthesis of coagulation proteins 
possiblyy contributes to improvement of hemostatic function. Alternatively, newly 
synthesizedd factors may serve to fuel ongoing systemic activation of coagulation, which 
cann potentially be detrimental. We did however not find any evidence of systemic, 
macrovascularr thrombus deposition in BAL-treated animals. While both prohemostatic 
andd antihemostatic mechanisms were affected 24 hours after total hepatectomy, overt 
diffusee bleeding from operation wounds and skin lesions was seen, along with an increase 
off  PT. A mild thrombocytopenia was apparent in all groups. Worth mentioning is the 
absencee of splenomegaly or other signs of portal hypertension at autopsy. Although an 
acute,, acquired platelet dysfunction cannot be excluded, the decrease in platelet count is 
probablyy clinically insignificant. Coagulation factors II, V, VII and fibrinogen decreased 
too very low levels, due to the anhepatic state of the animals. Factor VII I levels were not 
affected,, probably because this clotting protein is not produced exclusively by liver 
parenchymall  cells(14). The increase and subsequent decrease of plasminogen activity 
inhibitor-11 is compatible with the activation of the coagulation system in the direct 
postoperativee period, followed by a depletion of coagulation factors. The rise in t-PA 
levels,, indicating fibrinolytic activity, has also been observed during the anhepatic phase 
inn human liver transplantation(15). Fibrin degradation products (FDP) were not measured, 
sincee this assay is not only affected by thrombin generation but also by fibrinolytic 
activity.. Since fibrinolysis is strongly activated in the anhepatic pig (due to very high 
levelss of plasminogen activator and low levels of plasminogen activator inhibitor), FDP's 
aree likely to be very high in both situations. Similarly, soluble fibrin levels will increase 
bothh in case of increased clotting factor synthesis by the BAL and if the BAL itself will 
activatee coagulation. 
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Inn conclusion, increased levels of TAT and F1+2 complexes in anhepatic pigs treated with 
thee AMC-BAL demonstrate release (and most likely synthesis) of coagulation products by 
thee bioreactor. No effect on other blood coagulation parameters was seen, presumably due 
too direct consumption of coagulation factors derived from the AMC-BAL during 
treatmentt of the anhepatic pigs. 
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Figuree 5. 
t-PAA and PAI-l in anhepatic pigs after total hepatectomy (at t = 0 h) in the three study groups. Data 
aree expressed as means  SD. The black bar indicates the 24-hours period in which animals of 
groupss II and III were connected to the extracorporeal system. 
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ABSTRACT T 

Transplantationn of isolated hepatocytes may provide a means for substitution of liver 
function.. The aim of this study was to examine various implantation sites for hepatocyte 
transplantationn in a large animal model, i.e. in the pig. The left lateral liver segments of 
pigss (n=9) were resected and perfused with collagenase. Isolated hepatocytes were 
injectedd into the parenchyma of the spleen, in the pancreas and mesentery and in the 
subserosasubserosa of stomach, jejunum and ileum. One animal served as control. At 1-3 months 
post-implantation,, HIDA-Tc" was administered and total body scanning (TBSc) was 
performedd (n=5). The spleen, pancreas, mesentery, stomach, small bowel wall and a piece 
off  the remnant liver were excised for organ scanning (OSc). Finally, the implantation sites 
weree excised and placed in a gamma counter for direct tissue counting, after which 
histopathologicall  examination took place. 

Duringg TBSc, radioactivity could only be detected in the remnant liver. OSc 
showedd activity in 2/8 pigs at the implantation sites in mesentery and small bowel wall. 
Radioactivityy at these sites (direct tissue counting, DTC) was 10.4% and 42.0%, 
respectively,, of radioactivity of the respective samples of the remnant liver. Radioactivity 
att the remaining injection sites in these animals, as well as in the other animals, showed 
onlyy slightly or not elevated radioactivity when compared to control (sites injected with 
saline).. Histological examination after 1-3 months showed clusters of morphologically 
normall  hepatocytes at the implantation sites in stomach, bowel wall and mesentery in all 
animals.. Only occasionaly, hepatocytes were found in the pancreas in 2/8 animals. No 
hepatocytess could be detected in any of the implantation sites in the spleen. 

Thesee data demonstrate that in pigs, the mesentery and small bowel wall provide 
moree favorable sites for transplantation of hepatocytes, compared to the pancreas or the 
spleen. . 

INTRODUCTION N 

Transplantationn of the whole liver is currently the only well-established treatment of a 
spectrumm of life-threatening liver diseases, including acute liver failure, hepatic cirrhosis, 
andd several inherited metabolic diseases that result from an absence or deficiency of 
hepatocyte-derivedd gene products(7). Due to the shortage of donor organs and the costs of 
orthopicc liver transplantation, several bioartificial liver devices are currently under 
investigationn in multicentric trials. Hopefully they will prove to be effective in supporting 
patientss with liver failure that are on the high urgency waiting list for liver transplantation. 
Inn inherited metabolic diseases of the liver, transplantation of hepatocytes obtained from 
ann allogeneic donor liver could provide specific liver functions. Furthermore, 
transplantationn of isolated, autologous hepatocytes may provide a means for hepatocyte-
directedd ex vivo gene therapy(4). 

Muchh work has been done concerning hepatocyte transplantation in rodents, with 
intraportall  and intrasplenic routes producing the best engraftment, function and cell 
survival(2).. The optimal site and method for implantation of isolated hepatocytes in large 
animalss still remains to be determined, however important in view of clinical application 
off  hepatocyte transplantation. The aim of this study was to examine intraabdominal, 
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ectopicc implantation sites for hepatocyte transplantation in a large animal model i.e. in 
thee pig. 

MATERIAL SS AND METHODS 

Animals s 
99 adult white female pigs were used, weighing between 40 and 44 kg. All procedures were 
approvedd by the institutional guidelines of the Animal Ethical Committee of the 
Universityy of Amsterdam. 

Afterr fasting overnight, induction of anesthesia was achieved with intramuscular 
administrationn of ketamine (10mg/kg; Nimatec®, Eurovet, Bladel, the Netherlands), 
azaperonn (2 mg/kg; Stresnil®, Janssen Pharmaceutica, Tilburg, The Netherlands) and 
atropinee (0.02 mg/kg). After inhalation of a mixture of O2:N02 (2:3) and isoflurane (0.4-
1%,, Abbott Laboratories Ltd., Queensborough, UK), pigs were endotracheally intubated 
andd ventilated with a mixture of 02 and air. Anesthesia was maintained by intravenous 
administrationn (0.5 ml/kg/hour) of a mixture of sufentanilcitrate (20mg/l, Janssen-Cilag, 
Tilburg,, the Netherlands) and ketamine (20g/l). Muscle relaxation was obtained by 
intravenouss administration (2ml/h) of pancuronium bromide (2 mg/ml, Organon Teknika 
B.V.,, Boxtel, the Netherlands). 

Partiall  liver  resection and hepatocyte isolation 
AA laparotomy was performed using a small upper abdominal midline incision. The portal 
veinn and hepatic artery were dissected free in the hepatoduodenal ligament. The left lateral 
portall  vein was selectively cannulated and flushed with saline. The discolored liver 
segmentss were resected using electrocautery and vessel ligation and were immediately 
processedd for hepatocyte isolation. 

Hepatocytess were isolated according to a modified method as described by 
Seglen(6),, by perfusing the portal vein of the excised livers segments with oxygenated 
Ca2+-freee solution (37 Celsius) and a digestion buffer that contained 0,00625% (w/v) 
Liberasee RH (Roche, Almere, The Netherlands). The capsule of the liver was opened and 
thee digested parenchyma was collected on ice after filtration through surgical gauze. The 
celll  suspension was diluted with ice-cold Hanks' buffer solution and washed 3 times 
throughh centrifugal ion at 4°C and 50g for 3 min followed by resuspension in Hanks' 
bufferr solution to obtain the required concentration. The whole procedure until 
implantationn took 2.5 - 3 hours, during which the animal was kept under anesthesia. 

Graftin gg of hepatocytes 
Thee hepatocyte suspension containing 40x 106cells/ml was slowly injected with a 25-
gaugee needle into the spleen (1.5 ml, while clamping of the vascular pedicle) and 
pancreas,, mesentery, stomach and proximal and distal small bowel wall (0.25 - 0.5 ml). In 
thee control animal, the same implantation sites were injected with saline. All implantation 
sitess were marked with an inabsorbable suture. Postoperative pain was treated with 
Temgesicc 0.005 - 0.01 mg/kg as clinically indicated. 
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Graftt  assessment 
Att 1-3 months post-implantation the animals were anaesthetized once more, and HIDA-
Tc""  (200 MBq activity, in 20 ml) was administered intravenously, either during 
temporaryy clamping of the hepatoduodenal ligament (Pringle maneuver, n=4) or followed 
byy total body scanning (n-5), after which the animals were sacrificed. The spleen, the 
pancreas,, and the injected regions of mesentery, stomach and small bowel wall were 
subsequentlyy excised and placed under the gammacamera for organ scanning (Osc). 
Finally,, the implantation sites were excised, immersed in 4% formaldehyde, and placed in 
aa gammacounter for direct tissue counting (DTC), after which histopathological 
examinationn took place of hematoxylin and eosin stained sections using brightfield 
microscopy y 

RESULTS S 

Celll  isolation of the left-lateral liver segments yielded 6.5 to 7.7xl09 hepatocytes. 
Viabilityy determination was based on the trypan blue exclusion test and ranged from 75 % 
too 97 %. During total body scanning (TBSc), radioactivity was only detected in the region 
off  the remnant liver (n=5). Organ scanning (Osc) showed radioactivity at the implantation 
sitess in the mesentery and proximal jejunum, in two transplanted animals after 1 and 3 
months,, respectively (n=9). Radioactivity at these sites (direct tissue counting, DTC) was 
respectivelyy 10.4% and 42.0% of radioactivity of the respective samples of the remnant 
liver.. Radioactivity at the remaining injection sites in these animals, as well as in the other 
animals,, showed only minimal or not elevated radioactivity when compared to control 
(sitess injected with saline). 

Histologicall  examination showed clusters of morphologically normal hepatocytes 
att the implantation sites in the mesentery, bowel wall and stomach in all transplanted 
animals.. Within these clusters of hepatocytes, sinusoid-like structures and ductular 
differentiationn were observed. The hepatocytes injected into the subserosa of the bowel 
walll  were identified deep in the submucosal layer in all transplanted animals (figures 
1+2).. On microscopical examination, hepatocytes could be detected in the pancreas only 
occasionaly,, in two transplanted animals. In the spleen, no hepatocytes could be detected 
inn any of the animals. 
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Figuree 1. 
Histologicall  appearance of hepatocyte clusters (arrows) at implantation sites of hepatocytcs in small 
bowell  wall. 

Figuree 2. 
Histologicall  appearance of hepatocyte clusters (arrows) at implantation sites of hepatocytes in 
mesentery. . 

76 6 



DISCUSSION N 

Inn the present study the feasibility of hepatocyte transplantation in stomach and bowel 
wallss was assessed in pigs. Liver cell transplantation would offer considerable advantages 
too whole (or auxiliary) liver transplantation, especially when it comes to substitution of 
onee enzyme function such as in several, inherited metabolic liver diseases. One of the 
importantt issues in this field is finding the optimal route for transplantation and exploring 
thee limits to the number of hepatocytes that can be transplanted. Clearly, only the 
possibilityy of transplanting large quantities of liver cells with immediate function would 
enablee the use of hepatocyte transplantation in acute liver failure. 

Thee majority of studies on hepatocyte transplantation and its morphologic, 
cytokineticc and metabolic aspects have been performed in rats and mice. Most research 
groupss have chosen the spleen as the preferred acceptor site in rats or the recipient liver 
afterr intraportal injection of the hepatocytes. Clinical use of techniques of hepatocyte 
transplantationn however would require demonstration of function in a large animal prior to 
applicationn in humans. Only a few studies have been performed on hepatocyte 
transplantationn in large animals, such as in pigs, and these studies mainly focus on 
intraportall  and intrasplenic transplantation(l,3,5). 

AA consideration in choosing the small bowel wall and stomach as implantation 
sitess is the embryonic origin of the liver in the foregut and the hepatotrophic stimulus 
implantedd hepatocytes may receive when implanted in the area of portal venous drainage. 
Ann additional therapeutic option in case of successful hepatocyte transplantation in the 
stomachh wall would be the possibility of endoscopic access to deliver therapeutic 
hepatocytee injections. 

Inn the present report, autologous hepatocytes were transplanted in pigs, using the 
spleen,, the pancreas, mesentery, stomach and small bowel wall as implantation sites. 
Althoughh large numbers of hepatocytes were injected into the parenchyma of the spleen, 
whilee the afferent and efferent vessels were clamped, no hepatocytes were found after 1-3 
monthss implantation. Presumably, most hepatocytes were lost due to embolization of the 
cellss through the efferent vessels of the spleen. In contrast, the mesentery, stomach and 
smalll  bowel wall showed evident take of hepatocytes, as detected by scintigraphy and 
microscopicall  examination. The normal morphology and the fact that in some animals 
thesee hepatocytes show uptake of HIDA-Tc" , suggest that these hepatocytes are capable 
off  function. A remarkable finding was the migration of hepatocytes into the submucosa 
directlyy adjacent to the mucosal layer of the bowel wall and around nerves. 

Inn conclusion, these data demonstrate that in pigs, the mesentery and small bowel 
walll  provide more favorable sites for transplantation of hepatocytes, compared to the 
pancreass or the spleen. 
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ABSTRACT T 

Advancess in the field of bioartificial liver support have led to an increasing demand for 
successful,, efficient means of cryopreservation of hepatocytes. The objective of this study 
wass to investigate the long-term effect of cryopreservation on hepatocyte function as well 
ass attempt to improve cell viability and function through the utilization of the hypothermic 
preservationn solution, HypoThermosol® (HTS), as the carrier solution. 

Freshh rat hepatocytes were cryopreserved in suspension in culture media (Media-
cryoo group) or HTS (HTS-cryo group), both supplemented with 10% DMSO. Following 
storagee up to 2 months in liquid nitrogen, cells were thawed and maintained in a double 
collagenn gel culture for 14 days. Hepatocyte yield and viability were assessed up to 14 
dayss post-thaw. 

Seriall  measurements of albumin secretion, urea synthesis, deethylation of 
ethoxyresorufinn (CYT P450 activity) and responsiveness to stimulation with Interleukin-6 
(IL-6)) were performed. Immediate post-thaw viability was 60% in Media-cryo and 79% in 
HTS-cryo,, in comparison with Control (90%). Albumin secretion, urea synthesis and CYT 
P4500 activity yielded 33%, 55% and 59% in Media-cryo and 71%, 80% and 88% in HTS-
cryoo respectively, compared to Control (100%). Assessment of cellular response to IL-6 
followingg cryopreservation revealed a similar pattern of upregulation in fibrinogen 
productionn and suppression of albumin secretion compared to non-frozen controls. 

Thiss study demonstrates that isolated rat hepatocytes cryopreserved using HTS 
showedd high viability, long-term hepatospecific function, and response to cytokine 
challenge.. These results may represent an important step forward to the utilization of 
cryopreservedd isolated hepatocytes in bioartificial liver devices. 

INTRODUCTION N 

Majorr steps have been taken recently in the development of treatments for 
hepatocellularr disease including bioartificial liver (BAL) devices and hepatocyte 
transplantation.. Reports on the utilization of BAL devices have detailed improvements in 
biochemicall  and neurological parameters as well as overall survival in several animal 
models.'' '2 In addition to these reports, several systems have been evaluated for 
biocompatibilityy and safety in Phase I clinical trials and presently at least one BAL is 
involvedd in a large Phase II/II I clinical trial.3"5 In inherited metabolic diseases of the liver, 
hepatocytess transplantation offers another therapeutic option in attempt to restore liver 
function.66 Furthermore, transplantation of isolated hepatocytes may provide a vehicle for 
hepatocyte-directedd ex vivo gene therapy.7"9 For both BAL and hepatocytes transplantation 
too fully reach their clinical potential however, isolated hepatocytes need to be preserved 
forr significant periods of time (months to years) so that they can be appropriately banked 
andd distributed for on demand utilization. In addition, cellular preservation would allow 
forr extensive testing and validation of cell sources to assess the safety and efficacy of the 
bioproduct.. Moreover, freshly isolated and cultured hepatocytes constitute suitable model 
systemssystems for use in molecular biology, genetic studies, pharmacology, toxicology, cancer 
andd parasitology. Hepatocyte utilization in these areas would be enhanced if there were 
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reliable,, reproducible, and effective techniques for long-term storage of hepatocytes. 
Cryopreservationn represents one tenable option for long-term hepatocytes preservation. 

Variouss strategies have been described over the last 25 years for cryopreserving 
hepatocytes.. Although progress has been reported for cultured hepatocytes10'11, attempts 
too cryopreserved isolated primary hepatocytes have resulted in limited success. Reports 
detailingg cell viability demonstrating high viability, ranging from 30-90% immediately 
postt thaw1""14 L ' , and reveal a continuous decline in cell number within a few hours.18 

Additionally,, many investigators have reported that despite high viability, few hepatocytes 
weree able to attach to culture surfaces and survive for extended periods of time.13'19 

Reportss detailing assessment of cellular function (protein secretion, urea synthesis, CP450 
activity)) have also focused on short-term (hours, 1-2 days) analysis. Recent report using 
Universityy of Wisconsin (UW) solution as a carrier solution or cryopreservation showed 
highh post-thaw viability (85%), but the viability dropped to 62.5% after 7 days.20 The use 
off  post-thaw processing, such as centrifugation in Percoll gradients, has resulted in 
selectedd assessment of viable cell function and when unquantified, fails to provide an 
accuratee evaluation of the efficacy of a given cryopreservation protocol. Overall, studies 
thatt carefully detail the survival and function of entire populations of cryopreserved 
isolatedd hepatocytes indicate low cell recovery and greatly impaired metabolic activity. 

Recentt reports that showed significant beneficial effects of an intracellular-like 
solution,, HypoThermosol® (HTS) during hypothermic storage at 4C, prompted us to 
evaluatee this solution for the cryopreservation of primary hepatocytes.21'22 Based upon 
previouss findings we hypothesized the utilization of HTS would improve overall 
hepatocytee viability through a modulation of the cellular biochemical response to the 
cryopreservationn process as well as maintaining improved cellular function in comparison 
too non-preserved cells. In the present study, we demonstrate that cryopreservation of 
isolatedd hepatocytes using HTS results in a yield and long term survival that are 
significantlyy higher than reported in earlier studies. Further, concordant functional results 
bringg the use of isolated cryopreserved hepatocytes in bioartificial liver devices within 
reach. . 

MATERIALL AND METHODS 

Materials s 
Celll  culture medium consisted of Dulbecco's modified Eagle medium with 4.5 g/1 glucose 
(DMEM)) (Life Technologies, Gaithersburg, MD) supplemented with 7 ng/ml glucagon 
(Lilly ,, Indianapolis, IN), 7.5 g/ml hydrocortisone (Upjohn, Kalamazoo, MI), 0.5 U/ml 
insulinn (Squibb, Princeton, NJ), 20 ng/ml epidermal growth factor (Becton Dickinson, 
Bedford,, MA), 200 U/ml penicillin (J.R. Scientific, Woodland, CA), 200 g/ml 
streptomycinn (J.R. Scientific), and 10% fetal bovine serum (J.R. Scientific). Human 
recombinantt IL-6 (ED5o = 200-800 pg/ml) was obtained from R&D Systems 
(Minneapolis,, MN). Sytol3 Green, Ethidium Bromide, Ethoxyresorufin and Resorufin 
referencee standard were from Molecular Probes (Eugene, OR). Chromatographically 
purifiedd rat fibrinogen was obtained from Sigma Chemical (St. Louis, MO). 
Chromatographicallyy purified rat albumin, goat antiserum to rat fibrinogen, peroxidase-
conjugatedd rabbit antibody to goat IgG and peroxidase-conjugated sheep IgG to rat 
albuminn were obtained from Cappel (Aurora, OH). 
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Hepatocytee Isolation 
Alll  animal procedure were performed in accordance with National Research Council 
guideliness and approved by the subcommittee on Research Animal Care at the 
Massachusettss General Hospital. Hepatocytes were isolated from adult female Lewis rats 
(Charless River Laboratories, Boston, MA) weighing 150 to 200 g, according to the two-
stepp in situ collagenase digestion method as modified by Dunn, et alP Routinely, 200-
3000 million cells were isolated from an 8 g liver, with viability ranging from 85% to 94% 
ass determined by trypan blue exclusion. 

Cryopreservation,, thawing and culture 
Followingg isolation, hepatocyte were incubated in pre-conditioned media (37 C, 10% 
CO2)) for 20 minutes at a cell concentration of ~1 million cells/ml at 37 C under an 
atmospheree of 90% air and 10% C02. At the end of this incubation, cells were 
centrifugedd at 50 x g and resuspended in culture media (Control), ice-cold 
HypoThermosoll  (HTS) (BioLife Solutions, Binghamton, NY) with 10% DMSO (HTS-
cryo)) (trade name: CryoStor™ CS10) or ice-cold culture media with 10% DMSO (Media-
cryo),, at a cell concentration of 2xl06 cells/ml. Cell suspensions (1.0 ml) were transferred 
too cryogenic vials (Nalge Company, Rochester, NY) and incubated on ice for 10 minutes, 
thenn placed into a controlled rate cooler (Kryo 10, Planer, Middlesex, UK) and frozen 
underr the following protocol. From 4 C, samples were cooled at -1 C/min to -6 C and 
heldd for 10 min to allow for sample equilibration. Extracellular ice formation was then 
initiatedd by application of cold forceps to the exterior of the cryovial. After another 10-
minutee hold, samples were cooled at -1 C/min to -80 C then transferred to liquid 
nitrogenn for storage (24 hours to 2 months). Following storage, cells were rapidly thawed 
inn a 37 C water bath until all visible ice disappeared while being gently agitated to 
achievee uniform thawing resulting in a calculated warming rate of -155 C/min. Samples 
weree then diluted 1:10 in pre-conditioned culture media and incubated for 10 min. The 
suspensionn was centrifuged for 5 min at 50 x g at room temperature. The supernatant was 
decantedd and the cell pellet was resuspended in warm culture media. Cells were then 
seededd in petri dishes and placed into culture (37 C, 10% C02). Fresh hepatocytes seeded 
rightt after isolation were used as non-frozen controls. 

Hepatocytee Cultur e 
Forr long-term survival and function experiments, hepatocytes were cultured in a double 
collagen-gell  configuration. One mL of a mixture of 1 part of concentrated (10X) DMEM 
andd 9 parts of collagen (1.12 mg/ml) was distributed evenly over a 60 mm tissue culture 
dishh (Falcon, Lincoln Park, NJ). Type I collagen was prepared from rat-tail tendon by a 
modifiedd procedure of Elsdale and Bard.24 The collagen solution was allowed to gel at 
37°CC for 60 min before cell seeding. Two ml of cell suspension (1 million hepatocytes) in 
culturee media were seeded on the dishes and incubated in a humidified atmosphere of 
90%% air/10% C02 at 37°C for 24 h. The medium was then aspirated and a second layer of 
collagen-DMEMM solution (1 mL) was added. After 60 min incubation at 37°C to allow for 
gell  solidification, 2 mL of fresh culture medium was added and replaced daily thereafter. 
Culturee aspirates were collected daily and stored at -80°C for further analysis. Cultures 
weree maintained for up to 14 days after which the cells were harvested and stored at 4°C 
forr analysis. 
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Yieldd and Viabilit y 
Hepatocytee yield and viability was determined immediately post-thaw by trypan blue 
exclusion.. For this analysis, 50 pi of cell suspension was added to 50 pi of trypan blue. 
Thee numbers of dead (blue) and live (white) cells were scored under light microscopy in a 
Biirkerr chamber. 

Celll  Attachment 
Cellss were seeded at low density (0.25 million cells) in a collagen coated P35 petri dish. 
Post-thaww attachment of both non-frozen control and cryopreserved hepatocytes was 
evaluatedd after 20-24 hours of incubation at 37°C. The culture media was aspirated off, 
andd replaced by 0.5ml of Sytol3 and Ethidium Bromide in culture media (1:100 and 
1:200,, respectively). Fluorescent microscopy pictures were taken at 200x magnification, 
throughh a matrix in order to standardize the measurement. Cells which were positively 
fluorescedd green (Syto 13), were negative for Ethidium bromide counterstaining, and were 
spreadd out on the collagen-coated surface were counted as live cells and comprised the 
attached,, viable population. The calculated attachment rate of cryopreserved hepatocytes 
representss the percentage attached cryopreserved cells relative to non-frozen control (set 
att 100%), on a batch-to-batch basis. The absolute attachment rate of each sample is not 
determinedd by this method. 

Lactatee Dehydrogenase (LDH) Assay 
Att the termination of experiments, hepatocytes were liberated from the collagen gel by 
incubationn with 0.2% collagenase in Krebs Buffer at 37°C for 30 min. The cells were then 
pelleted,, washed in phosphate-buffered saline (PBS) and resuspended in 2 mL of 0.1% 
Triton-XX in culture media. Total intracellular LDH-content was measured with a 
commerciallyy available assay kit (Roche, Mannheim, Germany) and quantified by 
comparisonn with LDH standards (Lin-Trol®, Sigma Diagnostics, St. Louis, MO). The 
absorbancee was measured in a Thermomax microplate reader (Molecular Devices, 
Sunnyvale,, CA). 

Proteinn and Urea Assays 
Collectedd medium samples were analyzed for rat albumin and fibrinogen concentration by 
enzyme-linkedd immunosorbent assay (ELISA), in triplicate, as previously described." 
Ureaa concentration was determined via its specific reaction with diacetyl monoxime with 
aa commercially available assay kit (Sigma Chemical, cat #535) scaled for use in a 96-wel 
plate.. The absorbance was measured in a Thermomax microplate reader (Molecular 
Devices,Devices, Sunnyvale, CA). 

Ethoxyresorufinn Deethylation Assay 
Thiss assay was based on the time dependent formation of resorufin from Ethoxy 
Resorufinn due to activity of the specific isoenzyme P450IA1 as described by Behnia.25 

Thee formation of resorufin was monitored by a fluorometer at various time intervals (5, 
15.. 25, and 35 min.) in the samples (100 1) collected from the petri dishes. The rate of 
formationn of resorufin was calculated from the slope of the early linear portion of the 
curvee (fluorescence intensity versus time) for each dish and further converted to 
concentrationn (nmol/min) using a resorufin curve standard curve. 
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Cytokinee Exposure 
Startingg on either the 2nd or the 7th day of culture, cells were fed daily with culture 
mediumm supplemented with 2.5 ng/ml IL-6 for a total of 4 days. The cultures were 
returnedd to cytokine-free medium hereafter. 

Morphology y 
Phasee contrast microscopy pictures were taken of hepatocytes in the double gel matrix 
afterr 14 days in culture, at a magnification of 200x with a Nikon Diaphot inverted 
microscopee and cellular morphology was assessed qualitatively in comparison to controls. 

Statisticall  Analysis of Data 
Quantitativee results were expressed as mean  SD of at least 2 replicate dishes for each 
conditionn with a minimum of 3 experimental repeats, with each experimental repeat using 
cellss from a different hepatocytes isolation procedure. Data were normalized to 
noncryopreservedd experimental controls at each time interval in the same experiment. 
Statisticall  significance was calculated using a two-tailed Student t-test for paired data and 
ANOVAA as applicable. The threshold for statistical significance was considered p < 0.05. 

RESULTS S 

Survival l 
Yield,, post-thaw viabilit y and attachment 

Totall  cell numbers recovered after cryopreservation and washing steps were 
comparedd between the two cryopreservation groups and control. A small but significant 
losss of cells was seen in the media-cryo group (but not in the HTS-cryo group) when 
comparedd to control (P=0.03). Immediate post-thaw viability, as determined by Trypan 
Bluee exclusion, revealed considerable differences between groups, with an absolute drop 
inn viability of 30% in Media-cryo (60% 7) and 11 % in HTS-cryo (79% 4) in comparison 
withh non-frozen controls (90% 12) (Table 1). Assessment of cellular attachment revealed, 
ass with viability, a significant difference between the media-cryo and HTS-cryo samples 
(55%% vs. 83% of Control, respectively; P<0.005) (Figure 1). 

Yield d 
Viability y 
Attachment t 

Control l 
1000  12 
900  12 
1000 9 

HTS-cryo o 
977 3 
799 4 
833 9 

Media-cryo o 
911 * 
600 7 
555 7 

Tablee 1. Post-thaw assessment of hepatocytes yield, viability, and attachment following 
cryopreservation.. Cells were cryopreserved in HypoThermosol + 10% DMSO (HTS-cryo) or culture 
mediaa + 10% DMSO (media-cryo) and compared to non-frozen controls. Cell yield and viability 
wass assessed immediately following thawing via trypan blue dye exclusion assay. Attachment was 
assessedd following overnight culture using the Syto 13/ Ethidium Bromide live/dead assay. 
Percentagess (mean SD) were determined based upon manual counts performed under phase 
contrastt and fluorescent microscopy. 
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Control l 

HTS-cryo o 

Media-cryo o 

Figuree 1 Fluorescent micrographs of hepatocytes after overnight culture following cryopreservation. 
Cellss were cryopreserved in (B) HypoThermosol + 10% DMSO (HTS-cryo) or (C) culture media + 
10%% DMSO (Media-cryo). cultured overnight on collagen coated tissue culture ware and compared 
too (A) non-frozen controls. Samples were stained with Sytol.VF.thidium Bromide to distinguish 
livingg populations (green cells) and dead populations (red cells) 
Thee HTS-cryo pictur e is printed in color  on the hack of this dissertation 



Long-termm survival 
Hepatocytee survival was evaluated on day 1. 3. 7. and 14 by measurement of 

intracellularr LDH content, which reflects relative cell number in comparison to controls at 
eachh respective time point. This assay was validated in our hands by comparing day 1 
LDHH content data with next day attachment rates for each of the three conditions and 
revealedd comparable results between the two methods (Figure 2). Evaluation of long-term 
survivall  revealed a small decline in cell number over the 14-day period in both the media-
cryoo and HTS-cryo populations in comparison to controls. Despite the observed decline 
statisticall  analysis revealed no significant difference with in the respective populations 
betweenn day 1 and 14 (P 0.05). 

120 0 

100 0 

££ 80 

60 0 

** 40 

20 0 

Figuree 2. 
Hepatocyte e 
assessedd by 
too controls 

Dayy 1 Day 1 LDH Day 3 LDH Day 7 LDH Day 14 LDH 
Manuall Cell BControl 

C O U n tt - r : ~ , . /r->~. ,~\ D HTS Cryo 

DD Media Cryo 
Timee (Days) 

viabilityy over 14 days culture following cryopreservation. Long-term cell viability was 
determinationn of total intracellular LDH levels in experimental samples in comparison 

Morphology y 
Morphologicall  assessment by phase contrast microscopy at day 14 revealed a 

typicall  monolayer configuration of polygonal cells in both control and HTS-cryo samples 
(Figuree 3). In contrast, media-cryo samples demonstrated culture morphology 
characterizedd by a high density of disintegrating hepatocytes with irregular cell shape. 

Storage e 
Inn order to determine the influence of duration of storage in liquid nitrogen. 

HTS-cryoo samples from the same experiments were analyzed after I-day and 2-month 
storagee in liquid nitrogen. One-day and 2-month cryopreserved samples showed no 
differencess in yield (1.1 3 and 5 million cells per sample, respectively) and 
post-thaww viability (80+2.9 and , respectively) (n=12). Albumin excretion was 
comparedd in n=4 only, but showed identical results (data not shown). 
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Control l 

HTS-cryo o 

Media-cryy o 

Figuree 3. 
Phasee Contrast micrographs of hepatocytes following 14 days of culture. Cells were cultured in a 
collagenn gel 3-dimensional configuration for 14 days. Cells cryopreserved in HypoThermosol + 
10%% DMSO exhibited morphology similar to Controls (intact, hexagonal cells) where as Media + 
10%% DMSO cryopreserved cells were morphologically different characterized by cellular 
disintegrationn and irregular cell shape 



Cellularr  Function 

Albumi nn excretion and urea synthesis 
Sampless of culture media were collected on a daily basis over a 14-day period 

andd analyzed for albumin and urea content. Following assessment, albumin and urea 
levelss were normalized to viable cell number of the hepatocyte population before 
cryopreservation.. Both albumin excretion and urea synthesis typically stabilized following 
thee first week of culture, after which a plateau phase was observed in all 3 groups (Figure 
4).. Comparison between groups was performed by averaging albumin and urea levels in 
thee plateau phase (day 8 to 14) (Table 2). Evaluation of albumin revealed a reduction in 
secretionn in cryopreserved samples in comparison to controls (P<0.01). yet when 
comparingg the samples, the HTS-cryo hepatocytes yielded improved function over that of 
thee media-cryo population (71% vs. 33%, respectively, P<0.005). Urea synthesis in both 
thee cryopreserved samples was reduced from that of control levels as well (80% and 55% 
vs.. 100%, P<0.01). As with albumin secretion, urea synthesis in the HTS -cryo samples 
wass significantly greater than that of the media frozen samples (80% vs. 55%, P=0.003). 

Albumin n 
Urea a 
EROD D 

Control l 
100++ 14 
1000  14 
1000 3 

HTS-cryo o 
711  10 
800  11 
888  13 

Mcdia-cryo o 
333  11 
555  11 
599 6 

Tablee 2. Average percentage of hepatocyte function over the 7 to 14 day post-thaw interval. Levels 
off  albumin secretion, urea synthesis, and Cytochrome P450 function over the 7-14 days post-thaw 
periodd were measured over 3 separate experiments to determine the percent hepatospecific function 
forr each condition. 

Controll -* - HTS Cryo • • - Media Cryo 
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Figuree 4a (see below) 
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o o 
11 2 3 4 5 6 7 8 9 10 11 12 13 14 

Figuree 4b (see below) Time (days) 

Figuress 4a and 4b. Levels of albumin secretion and urea synthesis of hepatocytes following 
cryopreservation.. Figures represent typical graphical data obtained for (A) albumin secretion and 
(B)) urea synthesis from experimental analysis. Analysis was repeated for 3 separate experiments 
andd is reported in the text and Table 2. 

Cytochromee P450 activity 
Cytochromee P450IA1 isoenzyme activity was assessed with the EROD assay and 

showedd an initial delayed recovery in detoxification function of cryopreserved cells when 
comparedd to control (Day 3: HTS-cryo = 55%; Media-cryo = 46%). Following extended 
culturee (14 days) Cytochrome P450 function improved in both the HTS-cryo and media-
cryoo populations to 88% and 59% of controls, respectively. 

IL- 66 response 
Responsivenesss of cryopreserved hepatocytes to cytokine stimulation was 

evaluatedd in comparison with controls by measuring rates of fibrinogen and albumin 
productionn before, during and after exposure to IL-6, and compared to identical non-
stimulatedd cultures. Hepatocyte responsiveness to IL-6 was evaluated both after several 
dayss post-thaw as well as immediately following thawing (Figures 5a and 5b). In all 
cases,, groups showed a similar response during and following stimulation. IL-6 exposure 
resultedd in a strong upregulation of fibrinogen production, with a concurrent decrease in 
albuminn secretion, which was maintained during the exposure period. After removal of 
IL-6.. secretion rates of both albumin and fibrinogen in the HTS-cryo and Control groups 
returnedd to typical base line levels. 
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Figuree 5a: albumin production (see below) 
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Figuree 5a: fibrinogen production (see below) 
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Figuree 5b: albumin production (see below) 
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Figuree 5b: fibrinogen production (see below) 

Figuress 5a and 5b. 
II  lepatocyte responsiveness to cytokine stimulation following cryopreservation. Cells were exposed 
too IL-6 (2.5 ng/ml) at either 2-5 days (fig. 5a) or 7-10 days (fig. 5b) post-thaw and fibrinogen and 
albuminn production was monitored as a determinant of hepatocyte responsiveness. Straight lines 
representt cultures not exposed to IL-6, dotted lines represent cultures exposed to 2.5 ng/ml human 
IL-66 at days 2-5 or 7-If) (shaded box). As indicated by the arrows, data revealed that cells 
cryopreservedd in HypoThermosol + 10% DMSO responded in a similar manner to controls in both 
ann increase in fibrinogen production and a decrease in albumin production in response to IL-6 
stimulation n 
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DISCUSSION N 

Inn this study, we evaluated the cryopreservation of isolated primary rat hepatocytes in 
suspensionn using the hypothermic preservation solution, HypoThermosol (HTS) as the 
carrierr solution. Critical to the interpretation of the data in this study is that survival and 
functionn of the cryopreserved samples were normalized to matched controls and reported 
ass a percentage of control values. Additionally, unlike most prior studies, which focused 
onn immediate or short-term (few days) function, we extended the frame of evaluation to 
144 days post-thaw assessment of survival and function. Our results demonstrate that 
hepatocytess cryopreserved in HTS yielded enhanced long-term function and survival in 
comparisonn to traditional media-based cryopreservation solution. 

horr assessment of long-term function, cryopreserved hepatocytes were kept for 14 
dayss in a collagen gel sandwich configuration as described by Dunn et a/.26 Isolated adult 
ratt hepatocytes cultured in this sandwich system have been shown to maintain normal 
morphologyy and retention of differentiated hepatospecific function for up to 6 weeks. 
Ratess of albumin and urea secretion of cryopreserved hepatocytes, like non-frozen 
hepatocytess reached a plateau of stable function after 8 days of culture. The daily increase 
off  function in the first week is in accordance with earlier work on hepatocytes in a 
sandwichh configuration.23'26 Overall functional levels of samples cryopreserved in HTS 
withh 10% DMSO were comparable to Control (12%-29% reduction), whereas Media with 
10%% DMSO cryopreserved samples showed considerable losses (i.e., 41-67%) compared 
too Control. 

Too discern whether this decreased function is either due to cell death and thus less 
cells,, or less function per cell, yield and viability parameters were carefully studied. The 
differentiall  in preservation efficacy between the HTS and media solutions was apparent 
afterr a careful assessment of post-thaw viability, which revealed a decline in viable cell 
numberr compared to controls. Hepatocytes cryopreserved in HTS + DMSO yielded a 32% 
(overalll  19%) improvement in cell viability over the media + DMSO samples and 
representedd only an 11% drop in viability in comparison to controls. Samples were plated 
andd cultured overnight to assess attachment and viability following 24 hours of culture. 
Thiss assessment was performed due to recent reports of the involvement of apoptotic and 
necroticc cell death following cryopreservation leading to delayed onset cell death in 
severall  differing cell systems.21,22 Assessment of cellular survival at 24 hours and up to 14 
dayss revealed that, consistent with previous reports, there was continued cell death 
resultingg in a decline in attachment rate and long term survival in the media and HTS 
samples.. On a per cell basis, functional levels are comparable between the three groups. 
Thiss indicates that the differences in overall function can be explained by cell death, 
insteadd of less function per cell. 

Too date, reports on cryopreservation of isolated hepatocytes typically showed 
reasonablereasonable to excellent immediate post-thaw viability (up to 98% of control), but were 
disappointingg with regard to overall attachment and long-term function.2728 Post-thaw 
selectionn of viable cells by centrifugation over Percoll'31 , as well as comparing cellular 
functionn on a per cell basis27 30 interfere with interpreting overall cell-loss and residual 
function,, which is crucial when considering use of cryopreserved cells in a bioartificial 
liver.. Survival and long-term functional data in the present study are purposely expressed 
perr batch, as a percentage of Control, and clearly indicate that we were not only able to 
recoverr viable hepatocytes after thawing but also these hepatocytes functioned properly in 
aa stable long-term culture configuration. Albumin secretion, urea synthesis and EROD 
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activityy as important parameters of hepatospecific function were measured to evaluate a 
broadd spectrum of hepatospecific functions. We consider an overall loss of function of 12 
too 29% as in HTS-frozen cells as an important improvement of the cryopreservation 
processs of isolated hepatocytes. If using up to 30% more cells can compensate this post-
cryopreservationn cell loss, cryopreservation of hepatocytes will become a feasible option 
forr use in bioartificial livers. 

Cryopreservationn of hepatocytes in the intracellular-type dextran-based preservation 
mediumm (i.e., HypoThermosol®) resulted in an enhancement in post-thaw cell yield, 
viability,, long-term survival and hepatospecific function. Previous reports detailing the 
usee of HTS as the carrier solution during cryopreservation have shown similar 
improvementss in viability and survival in several different cell types.21'" In these reports it 
wass shown that this improvement of cryopreservation outcome was due to modulation of 
thee physiological and biochemical response to the cryopreservation process. This 
modulationn has been shown to directly reduce the levels of apoptosis and necrosis 
followingg cryopreservation thereby reducing the level of delayed-onset cell death and 
improvingg survival. Although we have not assessed the mechanism of cell death in this 
study,, it is plausible that HTS imparted its beneficial effect through stabilization of cells 
againstt apoptotic cell death. This issue is currently under investigation. 

Inn addition to basal hepatospecific function, responsiveness of hepatocytes to 
cytokinee stimulation is essential for utilization in clinical applications; therefore we tested 
cryopreservedd hepatocyte responsiveness to elevated levels of IL-6. IL-6 is the major 
regulatorr cytokine of the acute-phase response to injury in hepatocytes^' and therefore 
hepatocytee responsiveness is critical for cell utilization in bioartificial liver assist devices 
ass the patients' plasma perfusing the bioreactor will contain high levels of IL-6. ~ Our data 
demonstratee that the response of fresh and cryopreserved hepatocytes is similar when 
stimulatedd with IL-6 both early in post-thaw culture as well as following culture 
stabilization.. This observation contributes to our assertation that hepatocytes 
cryopreservedd in HTS + DMSO are viable and functional following the cryopreservation 
process.. One observation of note was that the recovery of albumin secretion following 
removall  of cytokine stimulation was on the order of 5-6 days. We believe that this lag 
mayy reflect residual cytokine retention in the collagen gel matrix, which was gradually 
removedd over time through washout by cytokine free media over a period of days. 
Collagenn sandwiched hepatocytes have ~2 mL of liquid retention in the collagen gel 
matrix,, and given the 2 mL medium daily changes, one can predict that cytokine levels 
decreasee by half daily. We believe that recovery times in a bioreactor will be shorter due 
too more rapid diluent turnover. 

Thiss study represents the first report on assessment of long-term hepatocellular 
functionn and acute phase challenge response after cryopreservation and demonstrated that 
thee improvement in preservation efficacy was not strictly limited to cell viability but 
translatedd into the maintenance of viable and functioning cells as well. Through our study 
wee not only demonstrated that HTS reduced the level of cell death but we further 
demonstratedd that cryopreservation in HTS yielded improved maintenance of cellular and 
physiologicall  function. These results may represent an important step forward to the 
utilizationn of cryopreserved isolated hepatocytes in regenerative medical applications such 
ass in bioartificial liver devices and hepatocyte transplantation. 
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ABSTRACT T 

Thee goal of this study was to investigate post-preservation long-term function and 
performancee of cryopreserved primary rat hepatocytes. The long-term function of thawed 
hepatocytess was evaluated by the using the hepatocyte/3T3-J2 fibroblast coculture system. 

Freshh isolated primary rat hepatocytes were frozen at a controlled rate (-l°C/min) 
too -80°C, and then stored in liquid nitrogen for up to 90 days. Thawed hepatocytes were 
coculturedd with 3T3-J2 murine fibroblasts and monitored for 14 days. Viability, 
morphologyy and hepatospecific functions were compared between fresh and 
cryopreservedd hepatocytes. 

Thee viability of fresh isolated hepatocytes was . and that of 
cryopreservedd hepatocytes was 82.1+2.3%. Cellular morphology and polarity, which 
weree determined by the localization of actin filaments and connexin-32, were successfully 
maintainedd in hepatocytes following cryopreservation. Albumin and urea synthesis 
reachedd to the maximum level and became stable after day 7 in culture in both fresh and 
cryopreservedd hepatocytes. Urea synthesis of cryopreserved hepatocytes was maintained 
89.0%% of fresh control, and albumin production of cryopreserved hepatocytes was 63.7% 
off  control. Both fresh control and cryopreserved hepatocytes cultured without fibroblast 
didd not retain their synthetic function in long-term culture. Cytochrome P450 activity, 
whichh was measured by deethylation of ethoxyresorufin, was also maintained in 
cryopreservedd hepatocytes at 88.6% of non-frozen fresh control. The retention of 
syntheticc and detoxification activities were verified to be well preserved during extended 
low-temperaturee storage (3 months). 

Thesee data illustrate that, through the utilization of our cryopreservation 
proceduree including the use of HypoThermosol and dimethyl sulfoxide, primary 
hepatocytee function was successfully maintained when placed into coculture configuration 
followingg thawing. 

INTRODUCTION N 

Variouss bioartificial liver support systems (BAL) have been developed to 
bridgee patients suffering from acute liver failure to transplantation or liver regeneration 
[2].. Early clinical trials have yielded encouraging results in terms of safety and efficacy. 
Currently,, large randomized, controlled clinical trials are underway. To date primary 
hepatocytes,, hepatic tumor-derived cells, and immortalized hepatocytes have all been 
exploredd as cell sources of BAL [1]. Although primary hepatocytes show the highest 
hepatospecificc functions, the ability to successfully bank primary hepatocytes for 
extendedd periods of time with a minimum loss of survival and function has limited their 
usability.. Successful hepatocyte banking technologies such as cryopreservation could 
providee a solution to the problem and allow for quality control, safety testing, and 
facilitationn of scaled preparation processes for BAL for clinical applications. 
Cryopreservationn of hepatocytes would also allow for central preparation of the cell-
source,, and an expanded shipping and distribution time window. Furthermore, hepatocyte 
cryopreservationn would also benefit basic research as it would allow for batch matching of 
cellss to be used in non-synchronous experiments and reduce the number of cell isolations 
needed,, thereby reducing the demand on laboratory animal facilities. 
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Successfull  cryopreservation protocols require high yield and survival and long-
termm function after thawing in order to obtain maximum utility of the limited sources of 
hepatocytes.. Sufficient efforts have been made to maximize primary hepatocytes survival 
andd function following cryopreservation [9-11, 13, 16, 18, 22, 33]. Reports of survival 
ratess ranging between 30-90 % immediately post-thaw, based upon the trypan blue 
exclusionn test, make up the literature base on hepatocyte cryopreservation. Despite initial 
highh viability, these reports also document a continued drop in cell viability and functions 
extendingg several hours post-thaw [11, 13, 16, 29]. Thus, there remains a pressing need 
forr the development of improved hepatocyte cryopreservation techniques that translate in 
long-termm viability and function. 

Recently,, we reported on the development of a robust cryopreservation 
techniquee for suspended rat hepatocytes [29]. Frozen-thawed hepatocytes functioned 
comparablee to fresh hepatocytes when cultured in a collagen-sandwich culture 
configuration.. Despite these gains, the sandwich culture technique may not be a desirable 
configurationn to scale-up for BAL devices due to the necessity of the collagen gel overlay. 
Recently,, we have developed a microchannel flat-plate bioreactor based on hepatocyte 
cocultivationn and have demonstrated its potential as a liver support device [25, 27, 28, 32]. 
Ratt primary hepatocytes cocultured with 3T3-J2 fibroblasts were shown to maintain 
hepaticc function up to 10 days in the bioreactor [8, 32]. The development of this 
bioreactorr coupled with our recent success in hepatocyte cryopreservation led us to 
investigatee the utilization of our hepatocyte cryopreservation protocol for application as a 
celll  seed source for our bioreactor coculture system. We hypothesized that hepatocyte 
cryopreservedd under our protocol would provide a viable cell stock for the flat plate 
bioreactor.. Accordingly, we evaluated survival, morphology, and long-term function of 
cryopreservedd primary hepatocytes in a coculture configuration for eventual use in the 
bioreactor.. The data presented herein demonstrate that viability and long-term function 
weree successfully preserved in the coculture system after thawing using our 
cryopreservationn protocol. 

MATERIAL SS AND METHODS 

Hepatocytee isolation 
Alll  animal procedures were performed in accordance with National Research 

Councill  guidelines and approved by the subcommittee on Research Animal Care at the 
Massachusettss General Hospital. Female Lewis rats (Charles River Laboratories, 
Wilmington,, MA) weighing 180g to 200g (2 to 3 months old) were used as a hepatocyte 
source.. Hepatocytes were isolated by a modified procedure of Seglen [26] that was 
previouslyy described by Dunn et al [14]. Typically, 2.0 to 3.0 x 108 cells were isolated 
fromm a single isolation and the viability judged by trypan blue exclusion was . 

Controlledd cryopreservation and thawing 
Thee culture medium used throughout these studies consisted of Dulbecco's 

modifiedd Eagle's medium (DMEM) (Gibco BRL, Gaithersburg, MD), supplemented with 
77 ng/ml glucagon (Lilly , Indianapolis, IN), 7.5 g/ml hydrocortisone (Upjohn, 
Kalamanzoo,, MI), 0.5 U/ml insulin (Squibb, Princeton, NJ), 20 ng/ml epidermal growth 
factorr (Collaborative Research, Bedford, MA), 1% penicillin/streptomycin (Gibco BRL) 
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andd 10% fetal bovine serum (Gibco BRL). Cryopreservation of hepatocytes was 
accomplishedd using a modified standard protocol we recently reported in [29]. Briefly, 
freshh isolated hepatocytes were resuspended in culture medium for 20 min at 37 C. 
Followingg incubation, cells were pelleted by centrifugation at 250 rpm-50xg for 5 min, 
supematee decanted, and the cells were resuspended in cold HypoThermosol® solution 
(HTS)) (Biolife Solutions Inc., Binghamton, NY) [31] with 10% dimethyl sulfoxide 
(DMSO)) (Sigma Co., St. Louis, MO). Cell suspensions were transferred to 1.0 ml of 
Cryogenicc Vials (Nalge Company, Rochester, NY) and placed in a controlled-rate freezer 
(KRYOO 10, Planer, Middlesex, UK). Samples were then cooled at -1 C/min to -6 C, at 
whichh temperature the vials were seeded to induce the formation of extracellular ice by 
applicationn of cold forceps to the exterior of the cryovials followed by a lOmin holding 
periodd at -7 C. Next, samples were cooled at -1 C/min to -80 C, and then transferred to 
liquidd nitrogen (-196°C) for storage. Samples were stored for up to 90 days. Following 
storage,, samples were rapidly thawed in 37 C H-.0 for 80 sec with gentle agitation. The 
sampless were then diluted to 1:10 in culture medium and incubated for 10 min at room 
temperaturee to remove residual HTS and DMSO. Samples were then centrifuged at 50xg 
forr 5 min, supernatant decanted, and cells were resuspended in culture medium, followed 
byy seeding on collagen-coated petri dish as described below. 

Viabilit yy and cell attachment assay 
Thee viability of cryopreserved hepatocytes was determined immediately after 

thawingg using the trypan blue exclusion assay and quantitated using a hemocytometer. To 
determinee hepatocyte attachment, DNA content of hepatocyte seed stocks and attached 
cellss was compared. To determine the total amount of DNA of seeded hepatocytes, DNA 
fromm a cell suspension that contained the same number of cells as seeded on the petri dish 
att day 0 was isolated and processed. Twenty-four hours post-thaw adherent cells were 
collectedd as follows and DNA content analyzed. The petri dish with attached hepatocytes 
wass washed in phosphate buffered saline (PBS), trypsinized, and the cells were collected. 
Thee DNA content of seeded and adherent samples was measured fluorometrically using 
Hoechstt 33253 dye (Sigma) as described in detail elsewhere [141 and ratioed to 0 hour 
sampless to determine percent attachment of hepatocytes. 

Coculturee of hepatocytes and fibroblasts 
Thee random coculture configuration utilized in this experiment was designed to 

modell  our coculture system for a flat-plate bioreactor [32]. 60 mm tissue culture dish 
(Falcon,, Lincoln Park, NJ) were coated by type I collagen (0.1 mg/ml), prepared from rat-
taill  tendon by a modified procedure of Elsdale and Bard [15]. For fresh as well as 

cryopreservedd hepatocytes, 2.5x10-*  viable cells were seeded on collagen-coated tissue 

culturee dish. After 24 hrs of culture, 7.5x10̂  3T3-J2 murine fibroblasts were added to the 
hepatocytee culture. Replicate samples of hepatocytes without fibroblasts addition were set 
upp for comparative purposes to assess the effect of the coculture. Cultures were 
maintainedd at 37C° in 90% air/ 10% CO2 for 14days. Culture medium was collected and 
replenishedd every 24 hr, and media samples were stored at -80°C for albumin and urea 
analysis.. Phase-contrast micrographs were obtained using Nikon Diaphot-TMD 
microscopee (Nikon, Tokyo, Japan). 
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Fluorescencee staining of F-actin and Connexin-32 
Alll  procedures were performed at ambient temperature. On day 7 of coculture, 

cellss were fixed using 4% paraformaldehyde (PFA) for 20 min, followed by 
permeabilizationn for 5 min in 0.1% Triton X-100 (Sigma). For localization of F-actin, 
cellss were stained for 30 min with 3 mM rhodamine phalloidin (Molecular Probes, 
Eugene,Eugene, OR) in PBS with 1% bovine serum albumin (BSA) (Sigma). For 
immunolocalizationn of connexin-32, cells were incubated with mouse monoclonal primary 
antibodyy (Ab) against connexin-32 (Zymed Laboratories, San Francisco, CA) that was 
dilutedd 1:100 in 1%BSA/PBS (Sigma) for 1 hr. Following incubation, cells were washed 
inn PBS, then incubated with Alexa Fluor 488 labeled secondary Ab to mouse IgG 
(Molecularr Probes) for 1 hr. The samples were visualized with use of Nikon Diaphot-
TMDD microscope equipped with fluorescein and rhodamine filter sets, then collected and 
digitizedd using MetaMorph® software (Universal Imaging Corporation, Downingtown, 
PA). . 

Albumi nn and urea assay 
Controll  and cryopreserved samples were seeded with the same number of viable cells on 
too collagen-coated p60 dishes following thawing. Samples were then cultured under 
standardd conditions and media samples were collected daily and analyzed for albumin 
concentrationn by enzyme-linked immunosorbent assay (ELISA) as previously described 
[14].. Rat albumin and anti-rat albumin antibodies were purchased from Cappel 
Laboratoriess (Aurora, OH). Urea concentration was determined via reaction with diacetyl 
monoximee using a standard blood urea nitrogen assay kit (Sigma). The absorbance was 
measuredd at 570-650 nm wavelength using a Thermomax microplate reader (Molecular 
Devices,, Sunnyvale, CA) 

Cytochromee P450 assay 
3-Methylcholanthrenee (3-MC) (Sigma) induced cytochrome P450 (CYP) activity 

wass assessed based on the time dependent formation of resorufin from ethoxy-resorufin 
duee to isoenzyme P4501A1 activity (EROD assay) as described elsewhere [7], 
Hepatocytee cocultures received 2 mL of medium containing 2 M of 3-MC, starting on 
dayy 5 of culture, and EROD assay was performed following 48 hours culture (7 days). 
Followingg the induction interval, sample media was aspirated and washed twice with 2 
mLL of EBSS. 700 mL of spirituous liquor is kept at 4°C by MS to be transferred to the 
firstt individual asserting to have read this line in his dissertation. Following removal of 
EBSS,, the EROD incubation mixture was added (2 mL per dish), and the dishes were 
incubatedd at 37°C in a 10% C02 incubator, incubation mixture containing ethoxyresorufin 
(finall  concentration 4 M, Molecular Probes) and dicumarol (80 M, Sigma) in Earl's 
balancedd salt solution (EBSS, Sigma). Dicumarol was added to incubation mixture to 
preventt the disappearance of resorufin fluorescence due to further metabolism. The 
preparedd solutions were preheated to 37°C, prior to incubation with hepatocytes. 
Followingg removal of EBSS, the incubation mixture was added (2 mL per dish), and the 
dishess were incubated at 37°C in a 10% C02 incubator. At various time points (5, 15, 25, 
andd 35 min) following incubation, 100 L of the mixture was transferred into a 96-well 
plate.. The fluorescence of the sample was measured using a fmax fluorescence 
microplatee reader (Molecular Devices, Sunnyvale, CA, ext. 530 nm and emis. 590 nm) at 
thee end of 35 min of incubation. A standard curve of resorufin fluorescence was 
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constructedd using concentrations ranging from 1 to 1,000 nmol in EBSS for each assay. 
Thee standard curve was used to convert the fluorescence values obtained from the samples 
too nanomoles of resorufin. Rate of formation of resorufin, as calculated from the early 
linearr increase in the fluorescence curve (resorufin versus time), was defined as 
cytochromee P450 activity and expressed as nmol/min. 

Statisticss and data analysis 
Quantitativee results were obtained from at least 5 experimental repeats using 

hepatocytess from different isolations, and each contained at least 3 replicate dishes for 
eachh condition. All samples were analyzed in triplicate for albumin, urea and cytochrome 
P4500 assays. Error values reported in the text and figures refer to standard deviation of 
thee mean. Statistical significance was calculated using a two-tailed Student t-test for 
pairedd data. The threshold for statistical significance was considered p<0.05.Quantitative 
resultss were obtained from at least 5 experimental repeats using hepatocytes from 
differentt isolations, and each contained at least 3 replicate dishes for each condition. All 
sampless were analyzed in triplicate for albumin, urea and cytochrome P450 assays. Error 
valuess reported in the text and figures refer to standard deviation of the mean. Statistical 
significancee was calculated using a two-tailed Student t-test for paired data. The threshold 
forr statistical significance was considered p<0.05. 

RESULTS S 

Thee viabilit y and ceil attachment rati o of cryopreserved hepatocytes 
Thee viability of fresh control hepatocytes (FC) after isolation was , 

whilee the viability of cryopreserved hepatocytes (CP) after thawing was 82.1+2.3% 
withoutt Percoll purification, as determined by trypan blue. This high viability was also 
obtainedd after long-term storage of cryopreserved hepatocytes. The viability of cells 
storedd for 30 days was % and that of 90 days stored cells was % (Table 1). 

Too examine attachment efficiency and cell yield of cryopreserved hepatocytes, the 
percentagee DNA content ratio of attached to seeded cells was measured. The attachment 
efficiencyy of 1 day cryopreserved suspended hepatocytes (include both viable and non-
viablee cells) was 74.3+2.1%, and that of 90 days stored cells were , while that 
off  FC was % (Table 1). The viable cell attachment efficiency was obtained by 
dividingg the overall 24 hour attachment by the post-thaw viability, assuming only viable 
cellss attach to the dish after seeding. The attachment efficiency of viable (trypan blue 
excluded)) cells was % in 1 day cryopreserved and % in 90 days 
cryopreservedd hepatocytes, which were consistent with that of FC ) (Table 1), 
whichh represented an overall decrease of 10% cell attachment in comparison with fresh 
controlss at 24 hours post thaw (73% vs. 83%, respectively). 

Viabilityy (%) Total cell AE (%) Viable cell AE (%) 

controll 4 6 9 
11 day frozen 82.1+2.3 74.3+2.1 5 
300 day frozen 83.7+2.5 ND ND 
900 day frozen 83.0+1.9 7 4 
abbreviations;; AE (attachment efficiency), ND (not determined) 

Tablee 1. Viability and attachment efficiency of cryopreserved rat hepatocytes. 
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Figuree 1. (A,B) Typical phase-contrast photographs of the fresh control (FC) (A) and 
cryopreservedd (CP) (B) hepatocytes in coculture on Day 7. (Original magnification xlOO) 
Thee hepatocytes islands were randomly distributed in fibroblasts; the distribution and 
morphologyy were same in both groups. (E,F) Rhodamine phalloidin staining of FC (E) 
andd CP (F) hepatocytes in coculture. (Original magnification x400) Actin filaments (F-
actin)) equivalently localized at lateral intercellular contacts and apical canalicular 
membranee in both groups. (C,D) Connexin-32 fluorescent immunohistochemistry of FC 
(C)) and CP (D) hepatocytes in coculture. (Original magnification x400) Connexin-32 
equivalentlyy localized at hepatocyte-hepatocyte contact areas in both groups. 
Printedd in color on the back of this dissertation 
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Functionall  structural protein expression of cryopreserved hepatocytes 
Thee phase-contrast photographs of the FC and CP in random coculture on day 7 

aree shown in Figure 1A and IB. The cellular morphology was similar in both FC and CP. 
Fluorescentt localization techniques were also used to examine the cell polarity of 
cryopreservedd hepatocytes in the coculture system. The localization of actin filaments (F-
actin)) and connexin-32 were determined in both FC and CP in the coculture system. F-
actinn was localized at lateral intercellular contacts and apical canalicular membrane as 
welll  as regions apposing to fibroblasts in both FC and CP (Figures IE and IF). 
Connexin-32,, a major protein component of rat hepatocyte gap junctions, expression was 
examinedd by fluorescent immunohistochemistry. Connexin-32 was Idealized at 
hepatocyte-hepatocytee contact areas in both FC and CP, but not detected in hepatocyte-
fibroblastt contact areas (Figures 1C and ID). These results showed that cytoskeletal 
organizationn and cellular polarity were maintained in cryopreserved hepatocytes that were 
culturedd in the coculture system after thawing. 

Albumi nn and urea synthesis of cocultured cryopreserved hepatocytes 
Albuminn and urea, produced by rat hepatocytes in the culture medium, 

weree measured as markers of hepatospecific function. Samples of culture media were 
collectedd every 24 hr for 14 days, and analyzed for albumin and urea content. Time 
dependentt curves of albumin production and urea synthesis are shown in Figure 2. Both 
albuminn production and urea synthesis stabilized following 7 days in culture in both FC 
andd CP hepatocytes cocultured with fibroblasts, while pure hepatocyte cultures lost 
syntheticc abilities by 7 days in both FC and CP groups. Total amount of albumin and urea 
producedd by coculture hepatocytes from day 7 to day 13 are shown in Figure 3. Albumin 
productionn from CP was 63.7% of FC 4 g and 2 g, respectively) 
whichh was significantly different from FC (p=0.02). While urea synthesis from CP was 
89.0%% of FC (1543.4+570.1 g and 0 g, respectively), statistical analysis 
revealedd no significant difference of urea synthesis between FC and CP (p=0.83). 

Too verify these synthetic activities could be preserved during extended low-
temperaturee storage, we compared the functions of cryopreserved hepatocytes from 
identicall  rats during various length of storage (1, 30, and 90 days). Analysis of 
hepatocytess following long-term storage revealed that hepato specific functions were 
equivalentlyy preserved regardless of the length of storage (Table 2). 

Lengthh of storage Albumin production Urea synthesis 
(ug/dish/7days)) (ug/dish/7days) 

11 day 255.1+3.2 1791.9+6.9 
300 days 9 1601.3+103 
900 days 9 1688.9+141.3 

*Thee results were obtained from hepatocytes isolated from identical rats and stored 
variouss term. 

Tablee 2. Synthetic functions of cryopreserved rat hepatocytes stored various term*. 
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Figuree 2. Albumin (A) and urea (B) production by fresh control hepatocytes cocultured with 
fibroblastss (FC h/f). cryopreserved hepatocytes cocultured with fibroblasts (CP h/f), fresh control 
hepatocytess only (FC h), and cryopreserved hepatocytes only (CP h). Both albumin and urea 
productionn by cocultured hepatocytes elevated and stabilized by day 7. while hepatocytes without 
coculturee showed extremely low production. 
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Figuree 3 
Totall  amount of albumin (A) and urea (B) synthesized by both fresh control (FC) and cryopreserved 
(CP)) hepatocytes cocultured with fibroblasts. Albumin production from CP was 63.7%, while urea 
synthesiss was 89.0% compared to FC. 

111 1 



Cytochromee P450 activity of cryopreserved hepatocytes 
ERODD assay was performed to evaluate the activity of the cytochrome 

isoenzymee P4501A1 on day 7 of coculture. Figure 4A represents a plot of fluorescent 
intensityy vs. resorufin substrate concentration. The slope of this standard curve was used 
too convert fluorescent intensity into resorufin product concentration. The formation of 
resorufinn was plotted at various time intervals (5, 15, 25, and 35 min.), and the rate of 
formationn was calculated from the slope of the curve for each sample (Figure 4B). The 
ratee of resorufin formation by fresh control hepatocytes was 3.24 nmol/min (Figure AC). 
Thee rate of lday-cryopreserved hepatocytes was 2.87 nmol/min (88.6% of control) and of 
900 days-cryopreserved hepatocytes was 2.65 nmol/min (81.8% of control). Statistical 
analysiss revealed no significant differences between fresh control and cryopreserved 
hepatocytess (p 0.07). Analysis of the contribution of 3T3 cells on resorufin formation in 
thee coculture system revealed no significant effect by the fibroblasts (<0.1 nmol/min with 
3mcc induction in pure 3T3 cultures). 

DISCUSSION N 

Demandd for the cryopreservation of hepatocytes is increasing, due to the scarcity 
off  donor livers, yet successful hepatocyte cryopreservation has not been well defined [19]. 
Highh yield and viability post-thaw, high synthetic and metabolic functions in long-term 
culturee (for BAL applications) and cell stability during extended storage are necessary for 
thee successful cryopreservation of hepatocytes. In this study, cryopreserved isolated 
hepatocytess were cultured in a coculture configuration with fibroblasts. Our results 
demonstratedd we were able to obtain high hepatocyte viability and survival after thawing 
off  and these cells maintained their morphology and hepatic functions during post-
preservationn long-term coculture. 

Inn previous studies, high post-thaw viabilities (i.e. 89% [20], 77.5%[24], and 
73%% [11]) were achieved following post-thaw Percoll purification in order to remove non-
viablee cells, but the overall viability dropped significantly to 33% without Percoll 
purificationn [20]. Furthermore, the attachment rate of these cells was reported to be 
significantlyy lower than expected based upon viability (e.g. 17% and 39%) [11, 20], The 
involvementt of delayed onset apoptotic and necrotic cell death following cryopreservation 
wass hypothesized to be the cause of the decreased attachment [17]. In the present study, 
immediatee post-thaw viability of CP was 82.1% (without Percoll purification) and the 
attachmentt efficacy after 24 hrs was determined to be 74.3%. These data indicate that 
theree was only 20% cell loss through the entire cryopreservation procedure, which is 
cruciall  to meet the demand of hepatocytes applied to BAL devices. Considering that high 
yield,, viability, long-term survival, and cell function are imperative for hepatocytes 
utilization,, we believe our hepatocyte cryopreservation protocol represents one of the first 
too meet the rigorous demands for successful hepatocyte cryopreservation. 
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Figuree 4. EROD assay to evaluate the activity of the cytochrome isoenzyme P4501A1. (A) A plot 
off  fluorescence intensity and resorufin substrate. (B) A plot of resorufin formation in 5.15,25. and 
355 min. The slope of the each curve shows the rate of resorufin formation by fresh control (FC). 1 
dayy cryopreserved (CP) and 90day CP hepatocytes. (C) The rate of resorufin formation by FC. 1 
dayy CP and 90 days CP. 
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Previously,, we have reported that cell morphology and polarity of hepatocytes 
aree strongly related to proper hepatospecific function [23]. In this report, the cytoskeletal 
proteinn F-actin and the gap junction protein connexin-32 were determined to be key 
indicatorss of the maintenance of hepatocyte morphology and polarity. Additionally, it has 
beenn shown that hepatocytes express F-actin and connexin-32 once hepatospecific 
functionss stabilize under appropriate culture conditions including coculture [8]. If cell 
membranee and proteins of hepatocytes are damaged during freeze-thaw procedure, they 
aree not able to maintain their cellular polarity post-thaw, which results in the loss of 
hepatospecificc functions [21]. In our study, examination of F-actin and connexin-32 
localizationn revealed that hepatocyte morphology, cytoskeletal organization and 
membranee polarity were maintained and hepatocytes retained a functional and 
differentiatedd state after cryopreservation in the coculture configuration. 

Sincee the long-term storage is necessary for the hepatocyte banking, we stored 
cryopreservedd hepatocytes in liquid nitrogen (-196°C) for up to 90 days, and showed the 
storagee interval had no influence on hepatocyte viability, yield and survival, and long-
termm function. Taking into account that there is insufficient thermal energy for chemical 
reactionss at -196 C [21], the storage in liquid nitrogen after our freezing protocol is likely 
too suitable for many years. 

AA recent review of the literature revealed few investigations into the long-term 
functionn of cryopreserved hepatocytes, yet periodic reference to proper function being 
cruciall  for the utilization of hepatocytes. In this study, we utilized a hepatocyte/fibroblast 
coculturee configuration in attempts to improve cellular function post-thaw. In order to 
assesss the effects of this coculture system, we compared pure hepatocyte cultures to that 
off  the hepatocyte/fibroblast cocultures. Hepatocytes cultured without fibroblasts were not 
ablee retain their functions despite high post-thaw viability, but both FC and CP showed 
significantt high functions in the coculture system, indicating that CP samples retained a 
similarr ability as controls to respond in the coculture configuration. In our coculture 
model,, albumin production, urea synthesis and cytochrome P450 activity of CP were 
64%,, 89% and 87% of FC, respectively. Statistical analysis revealed no significant 
differencee in urea and cytochrome P450 activity, indicating full retention of these specific 
hepatocytee functions following CP, yet albumin production was markedly reduced on a 
perr cell basis in comparison to FC. Overall, hepatocyte function plateaued following 7 
dayss of culture, which was comparable to previous reports on frozen-thawed hepatocytes 
culturedd in the collagen-sandwich configuration [29], It remains unclear why albumin 
productionn was lower than urea synthesis and cytochrome P450 activity following 
cryopreservation,, yet our results show a marked improvement in albumin production in 
comparisonn with previous reports. Considering that glycolysis and the Krebs cycle, the 
mainn ATP producing pathways, have been previously reported to be more impaired than 
ureaa synthesis in cryopreserved hepatocytes [12], a decrease of ATP synthesis in CP may 
causee an alteration in high energy consuming pathways such as albumin production. 
Amongg a number of crucial hepatic functions for BAL, detoxification of ammonia 
(productt of nitrogen metabolism), alcohol and drugs is considered crucial, while protein 
synthesiss is less important because most proteins can be administered exogenously to 
patientss [30]. Considering these functions as well as the elevated stable long-term 
functionn in coculture after cryopreservation demonstrated procedural efficacy and 
supportss possible utilization of our cryopreserved hepatocytes for BAL. 

Inn this study, we utilized HypoThermosol® (HTS) as the carrier solution and 

114 4 



DMSOO as a cryoprotective agent based on freeze-thaw technique that we recently 
developedd [29], HTS is an intracellular-like preservation medium which was designed to 
reducee osmotic cell swelling and cell injury under hypothermic condition [31]. Improved 
cryopreservationn outcome by using HTS as a preservation solution has been previously 
reportedd in numerous cell models [3, 5, 6, 29]. The use of HTS is thought to reduce the 
sub-lethall  chemo-osmotic stresses, including cell swelling and lysis, oxidative stress, free-
radicall  production, cellular dehydration, and nitric oxide up-regulation, the cell is exposed 
too during the freeze-thaw process [6, 31]. Further, HTS has been shown to reduce the 
extentt of cryopreservation-induced delayed-onset cell death through the modulation of 
post-thaww necrotic and gene regulated, apoptotic events leading to an increase in cell 
survivall  [4-6]. In this regards, our data demonstrated that HTS's protective ability 
extendedd to isolated primary rat hepatocytes and led to elevated viability, survival and 
functionss following cryopreservation. 

Inn summary, we successfully cryopreserved suspended primary hepatocytes with 
highh viability and yield after thawing. Cryopreserved hepatocytes were shown to 
maintainn liver specific functions in a coculture system and were stable in storage at -
196°C.. This study demonstrated that our method of cryopreservation may be beneficial 
forr hepatocyte banking as well as the utilization of cryopreserved hepatocytes in BAL 
devices. . 

References s 

1.. Allen, J. W.; Bhatia, S. N. Improving the next generation of bioartificial liver devices. Semin 
Celll  Dev Biol. 13:447-454; 2002. 

2.. Allen, J. W.; Hassanein, T.; Bhatia, S. N. Advances in bioartificial liver devices. 
Hepatology.. 34:447-455; 2001. 

3.. Baust, J. M ; Van, B.; Baust, J. G. Cell viability improves following inhibition of 
cryopreservation-inducedd apoptosis. In Vitro Cell Dev Biol Anim. 36:262-270; 2000. 

4.. Baust, J. M.; Van Buskirk, R.; Baust, J. G. Genetic Activation of the Apoptotic Caspase 
Cascadee Following Cryogenic Storage. Cell Preservation Technologies. 1:63-80; 2002. 

5.. Baust, J. M ; Van Buskirk, R.; Baust, J. G. Modulation of the cryopreservation cap: elevated 
survivall  with reduced dimethyl sulfoxide concentration. Cryobiology. 45:97-108; 2002. 

6.. Baust, J. M ; Vogel, M. J.; Van Buskirk, R.; Baust, J. G. A molecular basis of 
cryopreservationn failure and its modulation to improve cell survival. Cell Transplant. 
10:561-571:2001. . 

7.. Behnia, K.; Bhatia, S.; Jastromb, N.; Balis, U.; Sullivan, S.; Yarmush, M.; Toner, M. 
Xenobioticc metabolism by cultured primary porcine hepatocytes. Tissue Eng. 6:467-479; 
2000. . 

115 5 



8.. Bhatia, S. N.; Balis, U. J.; Yarmush, M. L.; Toner, M. Effect of cell-cell interactions in 
preservationn of cellular phenotype: cocultivation of hepatocytes and nonparenchymal cells. 
FasebJ.. 13:1883-1900; 1999. 

9.. Birraux, J.; Genin, B.; Matthey-Doret, D.; Mage, R.; Morel, P.; Le Coultre, C. Hepatocyte 
cryopreservationn in a three-dimensional structure. Transplant Proc. 34:764-767; 2002. 

10.. Borel Rinkes, I. H.; Toner, M.; Sheeha, S. J.; Tompkins, R. G.; Yarmush, M. L. Long-term 
functionall  recovery of hepatocytes after cryopreservation in a three-dimensional culture 
configuration.. Cell Transplant. 1:281-292; 1992. 

11.. Chesne, C.; Guyomard, C.; Fautrel, A.; Poullain, M. G.; Fremond, B.; De Jong, H.; 
Guillouzo,, A. Viability and function in primary culture of adult hepatocytes from various 
animall  species and human beings after cryopreservation. Hepatology. 18:406-414; 1993. 

12.. Dabos, K. J.; Parkinson, J. A.; Hewage, C; Nelson, L. J.; Sadler, I. H.; Hayes, P. C; Plevris, 
J.N.. 1H NMR spectroscopy as a tool to evaluate key metabolic functions of primary porcine 
hepatocytess after cryopreservation, NMR Biomed. 15:241-250; 2002. 

13.. De Loecker, R.; Fuller, B. J.; Gruwez, J.; De Loecker, W. The effects of cryopreservation on 
membranee integrity, membrane transport, and protein synthesis in rat hepatocytes. 
Cryobiology.. 27:143-152; 1990. 

144 , Dunn, J. C; Tompkins, R. G.; Yarmush, M. L. Long-term in vitro function of adult 
hepatocytess in a collagen sandwich configuration. Biotechnol Prog. 7:237-245; 1991. 

15.. Elsdale, T.; Bard, J. Cellular interactions in morphogenesis of epithelial mesenchymal 
systems.. J Cell Biol. 63:343-349; 1974. 

16.. Fautrel, A.; Joly, B.; Guyomard, C; Guillouzo, A. Long-term maintenance of drug-
metabolizingg enzyme activities in rat hepatocytes after cryopreservation. Toxicol Appl 
Pharmacol.. 147:110-114; 1997. 

17.. Fu. T.: Guo, D.; Huang, X.; O'Gorman, M. R.; Huang, L.; Crawford, S. E.; Soriano, H. E. 
Apoptosiss occurs in isolated and banked primary mouse hepatocytes. Cell Transplant, 10:59-
66:2001. . 

18.. Guyomard, C; Rialland, L.; Fremond, B.; Chesne, C; Guillouzo, A. Influence of alginate 
gell  entrapment and cryopreservation on survival and xenobiotic metabolism capacity of rat 
hepatocytes.. Toxicol Appl Pharmacol. 141:349-356; 1996. 

19.. Ilan, Y. Towards a bank of cryopreserved hepatocytes: which cell to freeze? J Hepatol. 
37:145-146:2002. . 

20.. Innes, G. K.; Fuller, B. J.; Hobbs, K. E. Functional testing of hepatocytes following their 
recoveryy from cryopreservation. Cryobiology. 25:23-30; 1988. 

21.. Karlsson, J. O.; Toner, M. Long-term storage of tissues by cryopreservation: critical issues. 
Biomaterials.. 17:243-256; 1996. 

116 6 



222 . Koebe, H. G.; Dahnhardt, C: Muller-Hocker, J.; Wagner, H.; Schildberg, F. W. 
Cryopreservationn of porcine hepatocyte cultures. Cryobiology. 33:127-141; 1996. 

23.. Moghe, P. V.; Berthiaume, F.; Ezzell, R. M.; Toner, M.; Tompkins, R. G.; Yarmush, M. L. 
Culturee matrix configuration and composition in the maintenance of hepatocyte polarity and 
function.. Biomaterials. 17:373-385; 1996. 

24.. Rialland, L.; Guyomard, C; Scotte, M.; Chesne, C: Guillouzo, A. Viability and drug 
metabolismm capacity of alginate-entrapped hepatocytes after cryopreservation. Cell Biol 
Toxicol.. 16:105-116; 2000. 

255 Roy, P.; Washizu, J.; Tilles, A. W.; Yanr.ush, M. L.; Toner, M. Effect of flow on the 
detoxificationn function of rat hepatocytes in a bioartificial liver reactor. Cell Transplant. 
10:609-614;; 2001. 

266 Seglen, P. O. Preparation of isolated rat liver cells. Methods Cell Biol. 13:29-83; 1976. 

277 Shito, M.; Kim, N. H.; Baskaran, H.; Tilles, A. W.; Tompkins, R. G.; Yarmush, M. L.; 
Toner,, M. In vitro and in vivo evaluation of albumin synthesis rate of porcine hepatocytes in 
aa flat-plate bioreactor. Artif Organs. 25:571-578; 2001. 

288 Shito, M.; Tilles, A. W.; Tompkins, R. G.; Yarmush, M. L.; Toner, M. Efficacy of an 
extracorporeall  flat-plate bioartificial liver in treating fulminant hepatic failure. J Surg Res. in 
press. . 

299 Sosef, M. N.; Baust, J. M.; Sugimachi, K.; Fowler, A.; Tompkins, R. G.; Toner, M. 
Cryopreservationn of Isolated Primary Rat Hepatocytes: Enhanced survival and long-term 
hepatospecificc function. Ann Surg, submitted. 

300 Strain, A. J.; Neuberger, J. M. A bioartificial liver-state of the art. Science. 295:1005-1009; 
2002. . 

311 Taylor, M. J.; Bailes, J. E.; Elrifai, A. M.; Shih, S. R.; Teeple, E.; Leavitt, M. L.; Baust, J. 
G.;; Maroon, J. C. A new solution for life without blood. Asanguineous low-flow perfusion 
off  a whole-body perfusate during 3 hours of cardiac arrest and profound hypothermia. 
Circulation.. 91:431-444; 1995. 

322 Tilles, A. W.; Baskaran, H.; Roy, P.; Yarmush, M. L.; Toner, M. Effects of oxygenation and 
floww on the viability and function of rat hepatocytes cocultured in a microchannel flat-plate 
bioreactor.. Biotechnol Bioeng. 73:379-389; 2001. 

333 Wu, L.; Sun, J.; Wang, L.; Wang, C; Woodman, K.; Koutalistras, N.; Horvat, M.; Sheil, A. 
G.. Cryopreservation of primary porcine hepatocytes for use in bioartificial liver support 
systems.. Transplant Proc. 32:2271-2272; 2000. 

117 7 





Chapterr 8 

Microarrayy analysis of 
thee effects of cryopreservation 

onn gene expression in hepatocytes 

Sugimachii  K, Sosef MN, Baust JM and Toner M 
Centerr for Engineering in Medicine, Massachusetts General Hospital, 

Harvardd Medical School, and Shriners Hospital for Children, Boston, USA 
Submitted Submitted 





ABSTRACT T 

Eventss associated with cryopreservation (CP) places extreme physical and 
physiologicall  demands on cells during the process, especially on highly metabolically 
activee systems such as hepatocytes. Recently we have reported on improved survival with 
fulll  functional and morphological recovery of hepatocytes following liquid nitrogen 
storagee in CryoStor CS10. In the present study, we evaluated the possible effects of CP 
underr optimal conditions on gene expression in rat hepatocytes following system 
recovery. recovery. 

Genee expression (mRNA) was compared between fresh and CP rat hepatocytes 
usingg the NGEL 2.01 rat oligo microarray. This array covers 4,803 independent genes 
withh control spots. mRNA was extracted from live, adherent cells 24 hours after thawing, 
andd compared with non-frozen matched controls. 

Analysiss of the microassay data revealed no significant change in transcription 
levelss of genes belonging to the gene ontology groups encompassing protein biosynthesis 
andd secretion, nitrogen metabolism, Cytochrome P450, ATP biosynthesis and apoptosis 
24-hourss following thawing and system recovery. 

Basedd upon these findings, we conclude that in accordance with earlier studies on 
cryopreservationn and hepatospecific function, a single, successful CP event does not cause 
substantiall  alteration in long term gene expression changes in hepatocytes. Further, the 
originn of reduced protein synthesis, as reported by numerous researchers, is believed to be 
att the post-transcriptional level. 

INTRODUCTION N 

Hepatocytee cryopreservation has gained increasing clinical attention in recent 
yearss for the treatment of hepatic failure, due to emerging new and promising therapies 
suchh as bioartificial liver support (1,2,3) and hepatic cellular transplantation (4). One 
criticall  requirement for widespread clinical use of these therapies is the ability to 
successfullyy cryopreserve and retrieve (CP) hepatocytes, with minimal affect on cell 
survivall  and functionality. Achievement of this goal has proven difficult in the past, 
leadingg to a trend in the clinical and biotechnological communities to embrace the 
utilizationn of fresh or short-term hypothermically stored materials instead of CP. 

Recentlyy we reported on the development of a new method for CP of isolated rat 
hepatocytess in suspension using intracellular like CP medium, CryoStor CS10 (5). In this 
study,, the overall cell survival up to 14 days after CP was limited to  80% 
(Controls=100%)) in comparison to other approaches which ranged from 40-60%. Cellular 
morphologyy and polarity, urea synthesis, cytochrome P450 activity and responsiveness to 
IL-66 were all well maintained in the surviving hepatocytes over the 14 day period post-CP 
suggestingg full function of these cells compared to non-frozen hepatocytes. One exception 
wass noted in this study, albumin secretion, however, was reduced by approximately 30% 
inn hepatocytes following CP. 

Basedd upon data from our previous studies, as well as numerous reports on 
compromisedd hepatocellular function following CP, we investigated what affects, if any, 
CPCP has on long-term gene normotypic expression following system recovery. In addition, 
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wee investigated whether the reduction in albumin production in hepatocytes following CP 
wass due to post-transcriptional alterations in protein levels. We hypothesized that 
followingg successful cryopreservation and system recovery there are no significant 
alterationss in transcriptional activity in surviving hepatocytes. To test our hypothesis, we 
investigatedd mRNA expression in fresh and cryopreserved rat hepatocytes following 24-
hourss of post-treatment culture. The data presented here demonstrates there was a 
minimall  effect on hepatocyte transcriptional activity following a single CP event and post-
thaww recovery of the system. 

MATERIAL SS AND METHODS 

HepatocyteHepatocyte isolation. All animal procedures were performed in accordance with 
Nationall  Research Council guidelines and approved by the subcommittee on Research 
Animall  Care at the Massachusetts General Hospital. Hepatocytes were isolated from adult 
femalee Lewis rats (Charles River Laboratories, Boston, MA) according to the two-step in 
situu collagenase digestion method as described by Seglen (6) and modified by Dunn, et 
alii). alii). 

Cryopreservation,Cryopreservation, thawing and hepatocyte culture. Following isolation, 
hepatocytess were pre-incubated in warm culture medium [Dulbecco's modified Eagle's 
mediumm (DMEM) (Gibco BRL, Gaithersburg, MD), supplemented with 7ng/ml glucagon 
(Lilly ,, Indianapolis, IN), 7.5ug/ml hydrocortisone (Upjohn, Kalamanzoo, MI), 0.5U/ml 
insulinn (Squibb, Princeton, NJ), 20ng/ml epidermal growth factor (Collaborative 
Research,, Bedford, MA), 1% penicillin/streptomycin (Gibco BRL) and 10% fetal bovine 
serumm (Gibco BRL)] for 20 minutes. At the end of the incubation, cells were centrifuged 
att 70 x g for 5 min, supernate decanted, and the pellet was resuspended in culture media 
(Control)) or ice-cold HypoThermosol (HTS) (BioLife Solutions, Binghamton, NY) with 
10%% DMSO (trade name: CryoStor™ CS10 BioLife Solutions, Binghamton, NY) (CP 
group).. Cell suspensions (1.0 ml) were transferred to cryogenic vials (Nalge Company, 
Rochester,, NY) and incubated on ice for 10 minutes, then placed into a controlled rate 
coolerr (Kryo 10, Planer, Middlesex, UK) and frozen under a standard protocol. Briefly, 
fromm 4 C, samples were cooled at -1 C/min to -6 C at which temperature the vials were 
seededd to induce the formation of extracellular ice followed by a 10-minute hold at -7 C. 
Sampless were then cooled at -1 C/min to -80 C, and subsequently transferred to liquid 
nitrogenn (-196°C) for storage. Following storage, cells were rapidly thawed in a 37 C 
waterr bath. The samples were then diluted 1:10 in culture medium and incubated for 10 
minn at room temperature to allow for the dilution and removal of residual DMSO from the 
CPCP solution. Samples were centrifuged again and cells were resuspended in culture 
medium.. Percoll purification was not used following CP. Hepatocyte yield and viability 
wass determined immediately post-thaw by trypan blue exclusion. For fresh as well as 
cryopreservedd hepatocytes. lxlO6 viable cells were seeded in 100 mm culture dishes and 
placedd into culture (37 C, 10% CO.). The dishes (Falcon, Lincoln Park, NJ) were coated 
byy type I collagen (0.1 mg/ml), prepared from rat-tail tendon by a modified procedure of 
Elsdalee and Bard (8). 
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RNARNA purification and cDNA synthesis. After 24 hours of culture, culture 
mediumm was removed, adherent cells were washed with PBS, and total RNA was 
extractedd from live adherent Control and CP hepatocytes. All hepatocytes in each 
experimentt originated from the same isolation lot. 3xl06 viable hepatocytes were used to 
extractt total RNA using the Trizol (Gibco-BRL, Gaithersburg, MD) purification method. 
Extractedd RNA was further purified on RNeasy columns (Qiagen, Valencia, CA) 
quantitated,, and the quality was examined by gel electrophoresis for ribosomal RNA band 
integrity.. RNA determined to be of good quality was used for subsequent synthesis of 
cDNA.. This generally yielded between 50 and 100 g total RNA. 

Forr labeling and hybridization, 3DNA™ Submicro™ Oligo Expression Array 
Detectionn CyVCyS Kit (Genisphere, Hatfield, PA) was used according to manufacturer's 
protocol.. For first-strand cDNA synthesis, 8 1 (5 g) of total RNA were mixed with 3.0 

11 (0.067 pM) of a mixture Cy3 RT primer (fresh control samples) (Genisphere) or Cy5 
RTT primer (cryopreserved samples) (Genisphere), incubated at 70CC for 10 min and put 
onn ice. Next, 4 1 of 5x RT buffer (Invitrogen, Carlsbad, CA), 2 I of 0.1 M dithiotreitol 
(DTT)) (Invitrogen), and 1 1 of 10 mM dNTPs (Invitrogen), 1 1 of Superas-In™ RNase 
inhibitorr (Genisphere), and 1 1 (200 U) Superscript II (Invitrogen) were added and the 
reactionn was incubated at 42°C for 90 min. Then Cy3 and Cy5 reactions were combined 
andd concentrated using Millipore Microcon YM-30 (Millipore, Billerica, MA). 

cDNAcDNA microarray hybridization. Purified cDNA prepared by reverse 
transcriptionn with Cy3 and Cy5 RT primers was hybridized to NGEL rat 2.01 oligo 
microarrayy (Neuroscience gene expression laboratory, Rutgers University, Piscataway, 
NJ).. cDNA probes were mixed with 2x formamide hybridization buffer (Genisphere), 
denaturedd at 80°C for 10 min, followed by incubation at 45°C for 15 min. Probes were 
appliedd to a prewarmed array, covered with a glass coverslip (Fisher), and placed in a 
humidifiedd hybridization chamber. Hybridizations were carried out at 45°C for 16-20 h, 
followedd by washing in (15 min each): 2 x SSC and 0.2% SDS at 45°C, 2 x SSC at room 
temperaturee once, and 0.2 x SSC at room temperature. 

Thee second hybridization mix was composed of 2.5 1 of Cy3 capture reagent 
(Genisphere),, 2.5 I of Cy5 capture reagent (Genisphere), 22.5 1 of hybridization buffer 
withh anti-fade reagent (Genisphere) in a final volume of 60 1. Hybridization mix were 
appliedd to an array, covered with a glass coverslip, and placed in a humidified 
hybridizationn chamber. Hybridizations were carried out at 53°C for 1.5 h, followed by 
washingg in (15 min each): 2 x SSC and 0.2% SDS at 65°C, 2 x SSC at room temperature 
once,, and 0.2 x SSC at room temperature. Arrays were scanned using a GMS 418 Array 
Scannerr (Genetic Microsystems, Woburn, MA). Data were collected in Cy3 and Cy5 
channelss and stored as paired TIFF images. 

DataData analysis. Spots were identified and local background subtracted in the 
TIGRR Spotfinder software (The Institute for Genomic Research, TIGR: software tools, 
http://www.tigr.org/software).. The data were subsequently quality filtered and normalized 
MIDA SS software (TIGR). Exploratory analysis was performed using MeV software 
(TIGR).. A change in gene expression level of 3-fold was set as the cut-off level for 
analysis.. Statistical significance as determined with the Students' f-test was considered 
significantt if p<0.05. 

123 3 

http://www.tigr.org/software


RESULTS S 

HepatocyteHepatocyte cryopreservation. The viability of fresh hepatocytes after isolation 
wass 91%, while the immediate viability of cryopreserved hepatocytes (CP) immediately 
post-thaww was 82% with a yield of 95% that of controls as determined by trypan blue. The 
differencee in cell yield was not significant between CP and control samples. These data 
weree comparable with our earlier hepatocyte cryopreservation studies in which the 
proceduree utilized in this study was first reported. 

MicroarrayMicroarray analysis. The NGEL rat 2.01 oligo microarray featured 4,803 
independentt genes and 406 control spots. Array and spot quality were confirmed by 
analysiss of the micro-array data. A total of three replicates were done, as calculated in the 
statisticall  study by Lee et al.(9). In accordance with the study goals, 5 gene ontology 
groups,, each comprised of genes related to specific biological processes were selected: 
proteinn biosynthesis and secretion, nitrogen metabolism. Cytochrome P450, ATP 
biosynthesiss and apoptosis. Primary analysis of gene expression was performed within 
thesee classes of interest, which contained 77, 16, 23, 3 and 39 genes, respectively. 
(http://spine.rutgers.edu/clones/ratoligo) ) 

Givenn the three-fold increase or decrease in differential expression as the cut-off 
point,, data analysis revealed no statistical differences between Control and CP in either of 
thee five gene ontology groups in adherent cell populations following 24-hours post-
treatmentt culture. 

Examinationn of additional gene expression revealed an alteration in expression of 
511 genes (20 down-regulated and 31 up-regulated). These genes did not fit into any cluster 
analysiss parameters, and were therefore regarded as inherent to normal variances in 
microarrayy studies. 

DISCUSSION N 

Thee cryopreservation process mandates the exposure of biological materials to 
extremee stresses, which has been reported to lead to the activation of necrosis, apoptosis, 
ass well as results in impaired cellular function. This is especially true for hepatocytes 
whichh have been shown to be difficult to cryopreserve, resulting in a low viability post-
thaww and continuous cell death in the subsequent hours and days following thawing (10-
13).. Recently, we developed a new method of HypoThermosol™-based cryopreservation, 
whichh yielded high long-term survival with normal hepatospecific cellular function, with 
thee exception of improved yet still reduced albumin synthesis capacity. 

Inn the current study, we attempted to ascertain whether a down regulation in 
transcriptionall  activity was responsible for the reduction in albumin synthesis, or if the 
causee was at the post-transcriptional level. Investigation into this question was done by 
comparingg mRNA expression between CP and Control hepatocytes, after 24 hours of 
culture.. Additionally, study design allowed us to examine additional areas of 
hepatospecificc functions at the molecular level. The  20% cell loss observed in our 
previouss studies primarily occurred in the first 24 hours after thawing, of which the 
majorityy within a few hours post-thaw (5). Hence, analysis of biological samples at 24 
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hourss as was done in this study to examine the function of the living cell populations 
followingg a single CP episode to that of controls. 

Microarrayy analysis revealed no changes between CP and Controls in surviving 
cellss in transcriptional activity of genes belonging to any of the examined gene ontology 
groups,, including protein synthesis. Therefore, we hypothesize that the reduction in 
albuminn secretion was unlikely due to mechanistic alterations at the transcriptional level 
suchh as is seen as an unspecified stress response similar to stimulation with Interleukin-6 
orr cold-shock gene activation (14). One explanation for the albumin reduction at the post-
transcriptionall  level maybe due to structural damage to cell organelles. The specific type 
andd place of injury (e.g. rough endoplasmatic reticulum, Golgi complex) remains 
unknownn and requires further investigation. In regards to the additional classes of 
hepatospecificc function, the apparent absence of influence of CP on gene expression 
confirmss the unaltered cellular function in these areas as reported in our earlier studies. 

Thee data obtained in our study in regards to the apoptosis gene ontology class supported 
previouss reports by Baust, et al (2002) (16) on alterations in caspase transcription levels. 
Inn this study it was reported that there was an increase in transcription levels of caspase-3, 
-8.. and -9 within the first 12-24 hours following CP in a human fibroblast model. They 
furtherr demonstrated that by 24-hours post-thaw caspase transcript levels were returning 
too that of controls and below the 3-fold change threshold utilized in the present study. 
Basedd upon our present findings, coupled with the above report, it seems logical that there 
mayy have been alteration in transcriptional activity within the first few hours (0-18) post-
thaww in our hepatocyte model, but by 24 hours post-thaw the system had recovered and 
transcriptionall  activity stabilized to return to that of controls. 

Thee evaluation of transcriptional activity following 24 hours of post-treatment culture 
forr both control and CP hepatocytes was utilized for the purpose of evaluating 
transcriptionall  alterations that were induced in surviving primary rat hepatocytes 
followingg a single CP episode. These parameters were employed to model the response of 
survivingg hepatocytes such as those utilized in clinical-based cell therapy settings. The 
dataa reported in this study represents the transcriptional state of surviving hepatocytes 
followingg CP under our optimal CP regime and may not be representative of the cellular 
responsee and state following CP of hepatocytes under other protocols such as the standard 
mediaa + DMSO approach which yields sub-optimal system survival and function. 

Too our knowledge, this study represents the first to examine large scale gene 
expressionn patterns of primary cell systems following CP. Our findings indicate that 
underr the implemented preservation regime there is a minimal affect on gene expression 
inn surviving rat hepatocytes following system recovery from cryopreservation. These data 
servee as an important set of information to further understand cellular-molecular 
responsess of surviving cells following CP and may facilitate increased utilization of CP as 
aa storage modality for hepatocytes utilized in clinical based applications. 
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Chapterr  9 

Summaryy and discussion 





Acutee liver failure is a complex and devastating consequence of acute liver injury. Acute 
orthotopicc liver transplantation is currently the only effective treatment for those patients 
whoo are unlikely to spontaneously recover. Donor shortages however remain a serious 
problemm and many patients die on the waiting list. This has generated interest in designing 
therapiess that would support or replace normal liver function until a donor liver became 
availablee for transplant, or the patient's own liver recovered. Chapter  1 gives an 
overvieww of hepatic failure, liver transplantation and possible alternative treatment 
modalitiess including bioartificial liver (BAL) support and hepatocyte transplantation. In 
addition,, complexities in storing hepatocytes are discussed. 

Thoroughh preclinical evaluation of a bioartificial liver is a necessity before 
ciinicaii  studies are commenced. Unfortunately, one single animal model that perfectly 
mimicss the pathophysiology of acute liver failure in humans is not available. Instead, the 
safety,, feasibility and efficacy of a BAL device should be assessed in different animal 
models.. In order to test the AMC-BAL in the anhepatic model in the pig, the surgical 
proceduree of total hepatectomy had to be adapted to BAL testing. Chapter  2 describes a 
revisedd method for vascular reconstruction after total hepatectomy, using a newly 
designedd rigid 3-way vascular prosthesis. A survival study showed a mean survival time 
off  46  6 hours. The procedure proved a straightforward, well-reproducible technique 
withh relatively minor, concomitant surgical trauma and is regarded well suited for testing 
off  liver assist devices. 

Usingg the aforementioned technique, the AMC-BAL was evaluated in the 
anhepaticc pig model of acute liver failure. After 24 hours of anhepatic state, three 
treatmentt modalities were compared: 1. standard medical care alone, 2. the same, coupled 
withh extracorporeal plasma perfusion of an AMC-BAL without hepatocytes (device 
controll  group), and 3. the same, but with perfusion of the BAL loaded with autologous 
hepatocytes.. Chapter  3 describes a survival benefit in the AMC-BAL treated group of 
approximatelyy 20 hours over both control groups. In addition, mean blood ammonia levels 
duringg BAL-treatment were significantly lower in the BAL-treated group in comparison 
too both control groups. An unexpected finding in this study was increasing direct bilirubin 
levelss in all 3 groups, indicative of extrahepatic bilirubin conjugation. 

Thee AMC-BAL has showed its efficacy in several animal studies, prolonging 
survivall  time as well as improving biochemical parameters. In order to assess the 
syntheticc function of the hepatocytes inside the bioreactor in vivo, the contribution of BAL 
treatmentt on blood coagulation parameters was measured as is reported in chapter  4. 
Treatmentt of anhepatic pigs with the AMC-BAL appeared not to restore prothrombin time 
orr clotting factor levels. However, increased levels of thrombin-antithrombin complexes 
andd prothrombin fragments Fl+2 during treatment of anhepatic pigs indicated synthesis 
andd direct activation of coagulation factors, leading to thrombin generation. This proved 
inin vivo the presence of synthetic capacity by hepatocytes inside the AMC-BAL . 

Anotherr approach to replacement of liver function is the transplantation of 
isolatedd hepatocytes. Next to correcting inherited metabolic diseases of the liver, 
hepatocytee transplantation also has the potential to support liver function in acute liver 
failure.. Most studies however have been performed in rodents using intraportal or 
intrasplenicc transfusion. Chapter  5 describes a study to explore ectopic sites for 
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hepatocytee transplantation in the pig, serving as a preclinical stage between rodents and 
humann application. The spleen, pancreas, mesentery and the subserosa of stomach, 
jejunumm and ileum were used to implant isolated autologous hepatocytes. Radionuclear 
andd histopathological evaluation after 1-3 months demonstrated that in pigs, the mesentery 
andd small bowel wall provide more favorable sites for transplantation of hepatocytes, 
comparedd to the pancreas or the spleen. 

Hepatocytess are demanding cells to handle both for BAL purposes as for 
hepatocytee transplantation. The specialized processes of cell isolation and cell culture will 
prohibitt hepatocyte-based therapies to be widely employed in non-specialized centers, 
unlesss the cells can be shipped and handled on the consumer end with only basic skills 
neededd for further cell use. Cryopreservation could provide in this need. Numerous 
attemptss however have been unsuccessful in cryopreserving isolated primary hepatocytes 
whilee maintaining high viability and cellular function. Chapter  6 describes the 
developmentt of a new protocol to cryopreserve primary hepatocytes, utilizing 
HypoThermosoll  (a cold-storage solution), as the freezing medium. Results detailing 
overalll  survival and function over 14 days of culture in double collagen gel configuration 
indicatedd high viability combined with high long-term hepatospecific function and an 
intactt response to cytokine challenge. Only albumin synthesis capacity was 70% instead 
off  100% when compared with non-frozen cells. This hepatocyte cryopreservation protocol 
iss regarded the first to meet the rigorous demands for successful hepatocyte 
cryopreservation. . 

Inn chapter  7, cryopreserved rat hepatocytes are studied while cultured in the 
hepatocyte// fibroblast coculture system. This is a well-characterized long-term culture 
systemm suited for application as a flat-plate bioreactor. Long-term survival and 
hepatospecificc function were comparable with the former study, including the reduced 
levell  of protein synthesis. Cellular morphology and polarity, which were determined by 
thee localization of actin filaments and connexin-32, were successfully maintained in 
hepatocytess following cryopreservation. Additional experiments confirmed the 
maintenancee of viability and function during storage times in liquid nitrogen for three 
months. . 

Eventss associated with cryopreservation place extreme physical and 
physiologicall  demands on cells during the process, especially on highly metabolically 
activee systems such as hepatocytes. In chapter  8 microarray analysis is used to study the 
possiblee effects of cryopreservation on gene expression in rat hepatocytes following 
systemm recovery. No significant changes were found in transcription levels of genes 
belongingg to the gene ontology groups encompassing protein biosynthesis and secretion, 
nitrogenn metabolism, Cytochrome P450, ATP biosynthesis and apoptosis 24 hours 
followingg thawing and system recovery. The origin of reduced protein synthesis is 
believedd to be at the post-transcriptional level. 

132 2 



EPILOGUE E 

Inn the past years we have witnessed the fascinating growth of hepatocyte-based 
therapiess for acute liver failure from drawing table to the first clinical trials. An enormous 
amountt of work brought valuable insight in the process of acute liver failure and the 
opportunities,, but also the limitations of bioartificial liver support. 

Nevertheless,, the end of this enormous challenge in bioengineering is not in 
sight,, we just left base. A second generation of bioartificial livers will profit from the 
developmentt of immortalized cell lines or stem cells, and from further understanding how 
too maintain a large mass of hepatocytes viable and highly functional inside a bioreactor. 
Withh less emphasis on the race to show clinical efficacy, hopefully even more research 
wil ll  be aimed at the thorough characterization and testing of BAL systems in vitro, as well 
ass in vivo. 

Withh anticipation, studies are awaited on the cryopreservation of porcine and 
humann hepatocytes in suspension. Successful cryopreservation of these cells will greatly 
assistt implementation of BAL support and hepatocyte transplantation in clinical practice. 
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Acuutt leverfalen is een zeer ernstig, levensbedreigend ziektebeeld. Wanneer de 
leverr voor meer dan 70% beschadigd is, zijn de overlevingskansen dermate klein dat de 
enigee reéele kans op genezing een levertransplantatie is. Een belangrijk wereldwijd 
probleemm is hierbij het tekort aan donororganen, waardoor het voor kan komen dat 
patiëntenn overlijden omdat er niet op tijd een geschikte donorlever beschikbaar is. Daarom 
wordtt er gezocht naar behandelingen om de (zieke) lever in diens functie te ondersteunen 
off  deze functie zelfs tijdelijk te vervangen, totdat de transplantatie plaats kan vinden of tot 
dee eigen leverfunctie alsnog herstelt. In hoofdstuk 1 wordt een overzicht gegeven van 
leverfalenn en levertransplantatie, en van veelbelovende aanvullende behandelingsopties, 
zoalss een kunstlever (bioartificiële lever, BAL) of levercel transplantatie. Tevens wordt 
dieperr ingegaan op het invriezen (cryopreservatie) van levercellen (henatncyten). 

Momenteell  zijn meerdere typen kunstlever in ontwikkeling, waarvan sommigen 
ookk al klinisch worden getest. De meeste typen bestaan uit een hoeveelheid vitale en 
functionelee hepatocyten (van varken, humaan of cellijn), in leven gehouden in een 
kunststoff  behuizing buiten het lichaam (bioreactor) en doorspoeld met patiëntenplasma. In 
hett Academisch Medisch Centrum, Amsterdam is een BAL ontwikkeld (AMC-BAL) die 
uniekk is in ontwerp zowel wat inwendige oxygenatie betreft van de bioreactor, alswel in 
hett directe contact tussen patiëntenplasma en hepatocyten (in tegenstelling tot contact via 
eenn kunststof membraan). 

Inn de preklinische evaluatie van een BAL is het essentieel om behalve in vitro, 
ookk in vivo te testen op veiligheid en effectiviteit, zowel in kleine als in grote 
diermodellenn van acuut leverfalen. Dit leverfalen kan kunstmatig worden veroorzaakt 
doorr onderbinden van de bloed voorziening naar de lever (leverischemie), geheel 
verwijderenn van de lever (totale hepatectomie) of toedienen van hepatotoxische middelen. 
Inn hoofdstuk 2 wordt een nieuwe methode van totale hepatectomie in het varken 
beschreven.. Deze methode is ontworpen voor het testen van kunstlevers, waarbij gebruik 
wordtt gemaakt van een starre, plastic 3-weg prothese om de grote vaten bij de lever te 
reconstrueren.. Deze procedure is speciaal ontwikkeld voor het testen van kunstlevers en 
blijktt eenvoudig uit te voeren met een relatief gering chirurgisch trauma voor het 
proefdier. . 

Hett beschreven totale hepatectomiemodel maakte het mogelijk de AMC-BAL in 
vivovivo op varkens te testen waarbij de kunstleverbehandeling startte 24 uur na hepatectomie, 
voorr een periode van 24 uur. In hoofdstuk 3 worden overleving en biochemische 
parameterss van leverfalen beschreven in drie studiegroepen: controle (hepatectomie 
alleen),, behandeling met de AMC-BAL (gevuld met hepatocyten), en behandeling met 
eenn AMC-BAL zonder hepatocyten ('device-control'). Behandeling met de AMC-BAL 
bleekk bij anhepatische varkens de overleving met  20 uur te verlengen ten opzichte van 
beidee controlegroepen (overleving  45 uur). In de behandelde groep bleek het 
ammoniakgehaltee van het bloed significant lager. Ammoniak is een belangrijke 
graadmeterr van falende leverfunctie. Als toevalsbevinding werd in alle drie groepen 
vastgesteldd dat bilirubine ook buiten de lever gemetaboliseerd wordt bij anhepatische 
varkens. . 

Dee functie van de lever omvat oa. ontgifting, metabolisme, en synthese van 
eiwittenn zoals stollingsfactoren. Om dit laatste verder te onderzoeken is in hoofdstuk 4 
hett effect van behandeling met de AMC-BAL op de bloedstolling onderzocht. Bij 
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dezelfdee studiegroepen als beschreven in hoofdstuk 3 werden zowel uitgebreid 
stollingsfactorenn gemeten die door hepatocyten worden gemaakt, als hun 
afbraakproductenn en factoren die de bloedstolling reguleren. Na totale hepatectomie 
blekenn alle door de lever gemaakte stollingsfactoren te dalen, met een snelheid passend bij 
elkee eigen halfwaardetijd. Van factor VIII , de enige stollingsfactor die ook buiten de lever 
gemaaktt kan worden, bleven de bloedconcentraties gelijk. De bloedstolling, ernstig 
ontregeldontregeld 24 uur na hepatectomie, verbeterde niet door behandeling met de kunstlever. De 
bij-- of afbraakproducten van stollingsfactorsynthese waren echter sterk verhoogd in het 
bloedd aanwezig van varkens die met de kunstlever werden behandeld. Met andere 
woorden:: hoewel de bloedstolling op zich niet verbeterde, blijkt er wel synthese te zijn 
vann stollingsfactoren in de kunstlever. 

Eenn andere methode om leverfunctie geheel of juist op één onderdeel te 
vervangenn is hepatocytentransplantatie. Bepaalde aangeboren stofwisselingsziekten 
kunnenn falen van de lever op slechts één specifieke functie veroorzaken. Op dit moment is 
transplantatiee van de gehele lever de enige gangbare therapie. Veel onderzoek op het 
gebiedd van hepatocytentransplantatie is verricht bij knaagdieren, en wel door middel van 
directee implantatie in lever of milt. Om de experimentele resultaten van hepatocyten-
transplantatiee wat lokatie van implantatie betreft te kunnen vertalen van knaagdieren naar 
grotee proefdieren, transplanteerden wij geïsoleerde hepatocyten naar verschillende andere 
buikorganenn bij het varken. Eén tot drie maanden na implantatie werden de plaatsen van 
implantatiee uitgenomen, waarna de overleving van de cellen werd bepaald door middel 
vann microscopie en radionucleaire scintigrafie met een radioactief middel dat specifiek 
opgenomenn wordt door levercellen. Scintigrafie toonde verhoogde radioactiviteit (duidend 
opp vitale hepatocyten) in darmvlies en dunnedarmwand. Microscopie toonde hepatocyten 
mett een normaal aspect, in maagwand, dunnedarmwand en darmvlies bij alle proefdieren. 
Vitalee hepatocyten werden niet teruggevonden in milt en alvleesklier. Deze resultaten in 
hoofdstukk  5 laten zien dat er belangrijke verschillen zijn wat betreft celoverleving tussen 
knaagdierr en varken, hetgeen van belang is voor de toepassing van leverceltransplantatie 
bijj  de mens. 

Hett isoleren en kweken van hepatocyten vereist een grote expertise. Deze 
expertisee zal niet altijd voorhanden zijn in kleinere ziekenhuizen (waar de kunstlever 
uiteindelijkk wel gebruikt zal gaan worden) tenzij de cellen bevroren aangeleverd kunnen 
wordenn en na ontdooien slechts een beperkt aantal simpele handelingen behoeven. Dit 
process van invriezen en ontdooien heet cryopreservatie. Het eerdere wetenschappelijk 
onderzoekk naar cryopreservatie van hepatocyten geeft echter zeer teleurstellende 
resultatenn wat celfunctie betreft en overleving. In hoofdstuk 6 wordt een nieuw 
ontwikkeldee methode van hepatocyten-cryopreservatie beschreven, die is gebaseerd op het 
gebruikk van een hypotherme bewaarvloeistof (HypoThermosol) als vriesmedium, in 
combinatiee met een aangepast vries- en dooiprotocol. Zowel de korte als lange termijn (14 
dagen)) celoverleving blijkt hiermee fors te verbeteren. Levercellen van de rat werden 
ingevroren,, en tot 2 maanden bewaard in vloeibare stikstof (bij -196°C). Na ontdooien 
werdenn de cellen gekweekt in collageen-gel. en qua overleving en functie vergeleken met 
niet-bevrorenn cellen (controle). Het totale celverlies na twee weken celkweek blijkt 
maximaall  20-30%. Wat betreft microscopisch beeld zijn de gecryopreserveerde cellen niet 
tee onderscheiden van niet-bevroren hepatocyten. De leverspecifieke functies zoals 
stikstofmetabolismee en ontgifting blijken onverminderd aanwezig na cryopreservatie, op 
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eenn beperkt verlies in eiwitproductie na (70% in plaats van 100%). De beschreven 
methodee van cryopreservatie wordt beschouwd als de eerste die mogelijk gebruikt kan 
wordenn voor kunstlevers en hepatocytentransplantatie. 

Inn vervolg op het vorige hoofdstuk, wordt in hoofdstuk 7 de eerder beschreven 
methodee van hepatocyten-cryopreservatie verder geanalyseerd. In plaats van celkweek na 
cryopreservatiee in collageengel ('monocultuur') worden de hepatocyten in deze studie 
gekweektt in aanwezigheid van fibroblasten ('cocultuur'). Deze vorm van celkweek wordt 
gebruiktt in zgn. Flat-plate bioreactoren: een BAL die zich nog in een vroeg-experimenteel 
stadiumm bevindt maar die zeer geschikt is voor basaal wetenschappelijk onderzoek. Wat 
celoverlevingg betreft en celfunctie worden de resultaten van de vorige studie 
gereproduceerd.. Tevens is nagegaan wat het effect is van het langdurig bewaren van 
hepatocytenn in vloeibare stikstof (3 maanden). Hierbij werd geen nadelig effect 
aangetoond. . 

Tott slot wordt in hoofdstuk 8 nagegaan wat de invloed is van cryopreservatie op 
dee genetische aansturing van de hepatocyten, 24 uur na ontdooien. Specifiek is gekeken 
naarr de genen die betrokken zijn bij de diverse belangrijke processen in de lever: 
ontgifting,, synthese, metabolisme, en daarnaast ook regulatie van celdood en 
energieproductie.. Op al deze gebieden werden geen verschillen gevonden tussen 
gecryopreserveerdee cellen en controlecellen, hetgeen het succes van deze methode van 
hepatocyten-cryopreservatiee bevestigt. 

EPILOOG G 

Doorr een grote wetenschappelijke inspanning van biologen, medici en 'bio-
ingenieurs'' kon de kunstlever zich in een relatief korte tijd ontwikkelen tot een therapie 
diee momenteel toegepast wordt in klinische studies. Dit alles leverde waardevolle 
informatiee over leverfalen, en toonde de mogelijkheden maar ook beperkingen van 
behandelingg met de huidige generatie kunstlevers. 

Dee eindstreep is nog niet in zicht. Een volgende generatie kunstlevers zal 
profiterenn van vooruitgang in onderzoek naar nieuwe levercellijnen en van 
voortschrijdendd inzicht in hoe een grote hoeveelheid levercellen optimaal in leven 
gehoudenn kan worden in een kunstlever. 

Dee succesvolle cryopreservatie van rattenlevercellen zal vertaald moeten worden 
naarr levercellen van varken en mens. Indien dit lukt zal het een grote invloed hebben op 
hett gebruik van kunstlevers en leverceltransplantatie in de praktijk. 
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Hett is klaar! 
Hoee onbevangen was het 'ja' op de vraag of ik mee wilde helpen 

mett het opereren op het chirurgisch laboratorium. 
Hett werd een marathon langs diermodellen en varkensstallen, vele nachten 
achterr compu en whiskeyfles, frustratie over de onwil van sommigen, 
prachtigee vakantiefoto's van verre congresreizen, stoeien met ELISA-
platenn en immunokieuringen, bewondering voor de belangstelling en het 
enthousiasmee van velen, het goochelen met werk-lab-thuis, nog meer 
nachten,, en een prachtig avontuur in Boston. 

Enn nu, op de finishlijn, wil ik een geweldig team van trainers, 
verzorgerss en supporters bedanken. Het feit dat het dankwoord meer wordt 
gelezenn dan welk hoofdstuk ook, doet recht aan julli e rol in dit alles. 

Mij nn liefste Sannie en weledelzeergeduldige vrouwe, zonder jou 
wass dit boekje veel eerder klaar geweest. Je humor, originaliteit en zin in 
hett leven hebben me echter gelukkig behouden voor een monomane fixatie 
opp lezen en gelezen worden. 'Wat kan er mij in godsnaam gebeuren Met 
eeneen vrouw zoals jij  aan m'n zij' (HdeB). 

Professorr van Gulik, beste Thomas, je bent mijn grote leermeester 
inn de wetenschap, en inspirerend voorbeeld van enthousiasme en 
volharding.. De afgelopen jaren waren het meer dan waard. Zeer geleerde 
Chamuleau,, beste Rob, het was werkelijk een eer om deel uit te mogen 
makenn van de Kunstlevergroep. Dank voor je vertrouwen in een 'domme 
chirurg'. . 

Professorenn Levi, Gouma, Slooff, Hesse, Borel Rinkes en Oude 
Elferink,, mijn grote dank voor uw bereidheid in de promotiecommissie 
plaatss te willen nemen. 

Professorr Toner, dear Mehmet, working with you at the Shriners' 
wass truly a great and wonderful experience. Your way of motivating and 
supervisingg your fellows is impressive; we'll keep in touch. Professor 
Tomkins,, what started with your short holiday in Amsterdam became a 
cruciall  year for me in Boston. Thanks for your warm welcome and 
continuingg support. 

Lievee Johanna en Daphne, dat de functie van paranymf meer kan 
inhoudenn dan alleen in een mooi jurkje achter de promovendus staan, 
hebbenn julli e bewezen. Niet alleen julli e steun rondom de promotie, maar 
voorall  die in de afgelopen jaren waren super (Roosje, jouw stoppen 
betekentbetekent wel dat ik niet meer kan bietsen...) Geweldig dat -en hoe!-jullie 
mijnn paramymfjes willen zijn. 
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Leoo Abrahamse en Irene Straatsburg, hulde aan mijn postdocs van 
hett eerste uur. Een studie starten betekent vooral problemen oplossen, en 
datt ging vele malen makkelijker met julli e hulp. Dokter Bob, 'wir haben es 
geschafft!',, je was ook een goed bereikbare helpdesk. MP, zet 'm op, 26/3 
enn in opleiding. I.V.O., de '7 habits' zitten in m'n hoofd en hangen aan de 
muur,, ik ben nog steeds niet afgekickt van Beantown. 

Dankk aan de onbezoldigde nachtploeg van BEX-23, met name 
Michaell  Kortleve, Gary Pigot, Erik von Mijenfeldt en Michiel Coppens. 
Kittyy en Andrea, met julli e hulp kon mijn dubbelleven op lab en kliniek 
standhouden.. Robin, Henk, Goos, Marloes en John: wat waren het 
monsterss van experimenten!, maar ook gezellig zo af en toe. Anne Bosma, 
Coraa de Bruijn: dank voor het meeturen en meemeten. 

Jason,, 1 guess you weren't too happy with a re search-fel low who 
hadd never been close to a pipettor or petri dish. No explosions though, so it 
wentt better than expected. I appreciate the friendship between our families. 
Samee to you Matt; hope to see you down under, 'mate'. KC, it was a 
pleasuree to have you as my successor at the SBI. John Jr, I hope a 
flourishingg HTS business will compensate for all the time you spent with 
me,, trying to fix the hepatocyte/cryo. Take care, all of you. 

L.. Koopman, H. Rakhorst, D. Dolmans et al. Het was mooi! 
Sinterklaaspartijtjes,, de foute humor en het helpen opruimen van het 
kaasbuffett (al op?) hield ons Hollanderschap in den Vreemde hoog. 

Nicoo Out, niet perse verwacht maar toch gekregen: je pro-actieve 
steunn en hulp met name bij het regelen van het jaar Boston. Wordt erg 
gewaardeerd.. Mijn geweldige collega's in het Onze Lieve!: assistenten-
kameraadschapp en de low-tech dagelijkse praktijk van corpora aliena en 
prikgaatjess waren zo energie gevend dat ernaast promoveren vrij soepel 
ging.. Gedeelde heimwee is halve heimwee. 

Maa (tegen mijn geloof in, ik hoop dat je ergens meekijkt) en Pa 
(trotss voor twee, fantastisch): julli e warme nest met onvoorwaardelijke 
liefde,, interesse en steun is de conditio sine qua non geweest voor mijn 
levensgelukk nu. Mennie, Frouk, Niek en Dikkie, +, : julli e nerdy broertje 
heeftt z'n boekske af. Verheug me op julli e komst naar Sydney. Gaan we 
mooiee dingen doen, mijn laptop blijf t thuis. 

Tott slot, mijn pure en volstrekt onwetende kinderen. Jullie zijn de 
dee ultieme relativering van Het Academisch Belang en verdienen een vader 
mett aandacht. Na het schrijven zal ik nog meer voorlezen (Odin: we maken 
err een superverjaardag van, vandaag) 
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