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Abstract t 
Currentlyy a number of bioartificial livers (BAL) based on porcine liver cells have been developed as a 

treatmentt to bridge acute liver failure patients to orthotopic liver transplantation or liver regeneration. 

Thesee xenotransplantation related treatments hold the risk of infection of treated patients by porcine 

endogenouss retrovirus (PERV) released from the porcine cells. In vitro infection experiments and 

transplantationss in immunocompromised mice have shown that PERV is able to infect human cells. 

Thee AMC-BAL, unlike other BALs, is characterized by direct contact between porcine liver cells and 

humann plasma, and might therefore be permissive for PERV transfer. Prior to a clinical phase I trial, 

humann plasma perfused through the AMC-BAL was investigated for PERV DNA and RNA. Moreover 

productivee infectivity was analyzed by exposing the plasma to HEK-293 cells that were subsequently 

testedd for PERV DNA, PERV RNA and reverse transcriptase activity. Although PERV DNA was detected 

inn the perfused plasma, no productive infectivity was detected. Consequently fourteen patients 

weree treated with the AMC-BAL and monitored for PERV transmission. Immediately after treatment 

thee plasma of the patients was positive for PERV DNA, most probably due to porcine liver cell lysis. 

Thee PERV DNA was cleared within two weeks post-treatment and no PERV RNA was detected. No 

productivee infectivity in HEK-293 cells exposed to plasma of treated patients was detectable. To 

conclude,, no release of infective PERV particles from the AMC-BAL was observed. Therefore we 

considerr the AMC-BAL as safe, however careful surveillance of patients will be continued. 
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Introduction n 
Thee shortage of human donor livers for transplantation has provided support to start limited clinical 

trialss involving extra-corporeal plasma perfusion through bio-artificial livers (BAL) charged with porcine 

hepatocytess as a bridging strategy to treat patients with acute liver failure (ALF) awaiting orthotopic 

liverr transplantation (OLT) or liver regeneration (1). Transmission of most microorganisms from pig 

too human may be prevented by the use of livers from pigs raised under specified pathogen-free 

(SPF)) conditions (2). However this does not apply to porcine endogenous retroviruses (PERV), which 

aree permanently integrated at multiple loci in the pig genome (3-5). PERV corresponds to gamma 1-

typee retroviruses and the different subtypes are characterized by their envelope protein sequences. 

PERVV particles that are released from porcine cell lines or primary cells have the potential to infect 

aa range of human cells in vitro (6-11). In vivo transmission of PERV to murine cells was demonstrated 

inn immunocompromised mice during grafting of pig pancreatic islets (12,13). PERV transmission to 

humann cells in vivo was observed after transplanting either porcine aortic endothelial cells or a 

porcinee kidney cell line, PK-15, in human tissues of immunocompromised mice either reconstituted 

withh human peripheral blood leukocytes or bearing human tumors (14,15). Extra-corporeal plasma 

perfusionn through porcine BAL may therefore hypothetical^ transfer PERV infectious particles from 

liverr cells to plasma and infect cells of the treated patients. This may be enhanced when patients 

havee undergone OLT and are kept under life-long immunosuppression. However, retrospective 

studiess on patients exposed to living porcine tissue for periods exceeding several years do not 

reportt any transmission of PERV to the recipients (16-19). Different BAL devices loaded with porcine 

liverr cells were negatively tested for in vivo or in vitro transmission of PERV (20-24). In contrast, one 

groupp reported that medium perfused through a hollow fiber cartridge loaded with PK-15 cells 

containedd PERV particles (25) that infected the human embryonic kidney cell line HEK-293. 

Inn September 2000, a phase I clinical trial with a BAL, named the AMC-BAL, charged with freshly 

isolatedd porcine liver cells, has been started in Italy in patients with ALF waiting for OLT (26). In 

contrastt to other BAL systems screened for PERV transfer, there is a direct contact between the 

hepatocytess and the plasma of the patient in the AMC-BAL, which is optimal for bi-directional mass 

transfer,, but may, however, be permissive for PERV transfer. In order to evaluate the risk of 

transmissionn of PERV from the AMC-BAL to human, two approaches were defined. The first, preceding 

thee start of the phase I clinical trial, was to evaluate if human plasma perfused through the BAL 

couldd transfer the PERV infection to target cells. The second was to monitor PERV infection for two 

yearss in patients after BAL treatment. 

Materialss and Methods 
BALL system and plasmapheresis 
AA BAL system has been developed at the Academic Medical Center (AMC) of Amsterdam, the 

Netherlands,, to bridge patients with ALF to OLT. This BAL is based upon the use of freshly isolated 
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porcinee hepatocytes. The patient's plasma is separated by a plasmapheresis apparatus (Diapact 

CRRT,, B/Braun, Germany) with a plasma filter of 0.47 mm pore size (Hemaplex BT 900/A, Dideco, 

Italy)) and is perfused through the bioreactor charged with 10x109 viable porcine hepatocytes. The 

BAL-modulee and treatment have been described elsewhere (26). 

BALL perfusion experiment 
Twoo liters of human plasma were perfused for 12 h at C through the AMC-BAL loaded with 

10x1099 freshly isolated porcine hepatocytes. Plasma samples were collected at the end of recirculation 

throughh the BAL. These samples were subjected to PERV PCR, RT-PCR and in vitro infection experiments. 

Patients s 
Fourteenn patients with ALF were enrolled for AMC-BAL treatment in a multicenter clinical trial. The 

enrollmentt of patients was based on strict criteria of inclusion-exclusion (26). Patients were monitored 

duringg and shortly after BAL treatment for possible side effects. The plasma and the peripheral 

bloodd mononuclear cells (PBMCs) of the patients were collected prior, directly after BAL treatment 

andd at several time points later on. Plasma and PBMCs were tested for PERV DNA and RNA. In 

addition,, in vitro infection experiments were performed using plasma collected at termination of 

thee BAL treatment of six patients. 

Inn vitro infection experiments 
Porcinee kidney PK-15 cells, human HEK-293 cells and human MRC-5 cells were propagated in static 

culturee in Earle's Medium supplemented with 10% fetal calf serum and 1% non-essential amino 

acidss at . To concentrate virus, ten ml of plasma from the BAL perfusion experiment or the 

treatedd patients and cell-free supernatant of PK-15 cells were ultracentrifuged at 100.000 xg for 2 

hh at . The pellets were resuspended in 0.5 ml of phosphate buffered saline (PBS). HEK-293 cells 

weree exposed for 4 hrs at C to either resuspended pellets, plasma or PK-15 supernant. MRC-5 

cellss were only exposed to resuspended pellet of PK-15. The exposed cultures were subcultured 

weeklyy for three generations with a split ratio used to passage the cells of 1:2. The supernatant and 

culturedd cells of each subculture were tested for PERV DNA and PERV RNA by PCR and RT-PCR 

(reversee transcriptase polymerase chain reaction). RT activity was detected in the supernatant of 

culturedd cells. The experiment was repeated twice. 

Detectionn of PERV DNA and RNA 
DNAA was extracted and purified from 1x106 cells in 200 ul of PBS, or from 200 ul of plasma or cell-

freee supernatant, using High Pure™ PCR Template Preparation kit (Roche Molecular Biochemicals, 

Mannheim,, Germany), according to manufacturer instructions. Total RNA was extracted using 

Highh Pure™ RNA Isolation Kit (Roche Molecular Biochemicals). Contaminant DNA was digested by 
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DNAsee treatment (0.2 KU/100 ml) for 30 min. at . Ten pi of crude extracts served as template 

forr PCR reactions in a total volume of 100 pi. The following primers were used to amplify the pol gene 

off PERV subtypes known to productively infect humans (positions primers given for GenBank accession 

numberr U77599): forward primer 5'-GAT GCC TTC TTC TGC CTG AGA -3 ' (position 721-741); reverse 

primerss 5'-GGG CTT CGT CAA AGA TGG TC -3 ' (position 852-861). PERV DNA amplification and 

labelingg with digoxigenin was performed by using PCR Dig Labeling kit (Roche Molecular Biochemicals). 

Cyclee parameters used were C 5 min; C 45 sec, C 1 min, C 2 min (30 cycles); C 10 

min.. PERV RNA was reverse transcribed and cDNA was amplified by using Titan One Tube RT-PCR 

Systemm kit (Roche Molecular Biochemicals). The cycle parameters of RT PCRs were C 30 min; C 

33 min; C 45 s, C 1 min, C 2 min (30 cycles); 72 C 10 min. The PERV-specific PCR products 

weree subsequently detected using a hybridization-based microtiter plate assay using a specific biotinilated 

capturee probe: 5'-Biotynil-CTC ACC TGG ACC CGA CTG CCC CA -3 ' (position 811-833 of PERV pol 

gene)) and the PCR ELISA Dig Detection kit (Roche Molecular Biochemicals). 

Thee sensitivity of PERV DNA assay was assessed by performing a PERV DNA assay on five samples 

containingg DNA from respectively 10.000, 1.000, 100, 10, 1, and 0.1 PK-15 cells combined with 

DNAA from 1x106 uninfected Vero cells from green monkey kidney. 

Detectionn of RT activity 
RTT activity was detected on ultracentrifuged pellets of 10 ml cell-free supernants of HEK-293 or 

MRC-55 cells exposed to putative PERV containing samples by using an enzyme immunoassay 

(Colorimetricc Reverse Transcriptase assay, Roche Molecular Biochemicals). 

Results s 
Inn vitro infection experiments 
Plasmaa perfused through porcine AMC-BAL was analyzed for the presence of PERV DNA and PERV 

RNA.. These samples were positive for PERV DNA and negative for PERV RNA. Subsequently, infection 

off human HEK-293 cells exposed to the perfused plasma was investigated for PERV DNA, PERV RNA 

andd RT activity (Table 1). PERV infection of HEK-293 cells by resuspended pellet of cell-free supernatant 

off PK-15 cells, containing PERV infectious particles, served as positive control. Exposure of human 

MRC-55 cells (not-permissive for PERV-infection) to resuspended pellet of cell-free supernatant of PK-

155 cells served as negative control. The outcomes of the three different assays were similar. Productive 

PERVV infection was only detected in both supernatants and cells of all the three subcultures of HEK-

2933 cells exposed to PK-15 supernatant. No PERV infection was detected in HEK-293 cells exposed 

too human plasma perfused through the AMC-BAL and MRC-5 cells exposed to PK-15 supernatant. 

Thee subcultures of exposed cells served to exclude false positive results by PCR. To exclude the 

possibilityy of residual contamination with genomic DNA, all RT-PCRs were performed in parallel 

withoutt RT step and no signal was detected. 
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Tablee 1: Infection experiments of target cells 

Inoculumm source Target cells Detection of PERV infection 

PERVV DNA PERV RNA RT activity* 
Sup.. Cells Sup. Cells Sup. 

Humann plasma 
HEK-2933 culture -
1thh subculture -
2thh subculture -

PK-155 supernatant 
HEK-2933 culture1 + + + + 2.5 
1thh subculture + + + + 2.3 
2** subculture + + + + 2.1 

MRC-55 culture2 -
1thh subculture -
2thh subculture -

11 Positive control;2 Negative control, Sup. = supernatant, * = pg/well 

Sensitivityy of PCR assay 
PERVV PCR assay was positive in all the samples containing DNA from 10 or more PK-15 cells out of 

11 x10s total cells. The assay was also positive in three of five samples containing DNA from one PK-

155 cell out of 1 x106 total cells. The limit of detection of PERV DNA assay was therefore between 1 -

100 infected cells out of 1x106 uninfected cells. 

Patientss and BAL treatment 
Fourteenn patients aged 20-56 years were included in this study (Table 2). The cause of ALF was 

hepatitiss B infection in seven, hepatitis A infection in one, acute fatty liver in pregnancy in one, M. 

Wilsonn in one, injury by mushroom intoxication in one and no definite etiology in three patients. 

Thee patients received 1-2 BAL treatments for a total time ranging from 4 to 35 hours. The only side 

effectt observed was transitory hypotension (< 15 min) in two patients. No ongoing adverse events 

weree observed in either patient. All patients but one received OLT. Four patients died because of 

OLTT complications. No death was related to BAL treatment. 

PERVV assay in treated patients 
Ass expected by the in vitro results, ail plasma samples collected at the end of the BAL treatment (0 

days)) were positive for PERV DNA (Table 3). At this time plasma of treated patients was contaminated 

byy PERV proviral genome from liver cell lysis in the bioreactor during treatment. Contamination of 

plasmaa with PERV mRNA was not found. Plasma samples of all patients at follow-up were negative 

forr PERV DNA and RNA. PBMCs of the patients were negative for the proviral PERV DNA at all time-

pointss of sampling. All cultures of HEK-293 cells exposed to ultracentrifuged plasma samples collected 
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Tablee 2: Characteristics of Patients treated by BAL treatment 

Patient t 

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 

10 0 
11 1 
12 2 
13 3 
14 4 

Age e 
(years) ) 

56 6 
23 3 
35 5 
55 5 
22 2 
25 5 
26 6 
27 7 
29 9 
34 4 
47 7 
20 0 
26 6 
28 8 

Causee of 
ALF F 

HBV V 
HBV V 
HBV V 
NDE E 
AFLP P 
NDE E 
HAV V 
NDE E 
HBV V 

M.. Wilson 
MSP P 
HBV V 
HBV V 
HBV V 

N.of f 
treatment t 

1 1 
1 1 
2 2 
2 2 
1 1 
1 1 
2 2 
1 1 
1 1 
1 1 
1 1 
2 2 
1 1 
1 1 

Totall BAL 
timee (hours) 

8 8 
9 9 

35 5 
25 5 
13 3 
18 8 
24 4 
24 4 
12 2 
23 3 
4 4 
31 1 
16 6 
12 2 

Sidee effect 

No o 
Yes s 
Yes s 
No o 
No o 
No o 
No o 
No o 
No o 
No o 
No o 
No o 
No o 
No o 

OLT T 
performed d 

Yes s 
Yes s 
Yes s 
No o 
Yes s 
Yes s 
Yes s 
Yes s 
Yes s 
Yes s 
Yes s 
Yes s 
Yes s 
Yes s 

Survivall after 
OLT T 

11 day 
Yes s 
Yes s 
Yes s 
Yes s 

144 days 
Yes s 

22 days 
Yes s 
Yes s 
Yes s 

122 days 
Yes s 
Yes s 

noo definite 

Tablee 3: PERV detection in plasma and PBMCs from patients treated with AMC-BAL, with a follow-up of two years. 

Timee of sampling Patients 

00 days 
22 weeks 
33 months 
66 months 
11 year 
22 years 

6 6 
7 7 
10 0 
10 0 
10 0 
4 4 

Plasma a 

PERVV DNA 
Pos s 

6 6 
0 0 
0 0 
0 0 
0 0 
0 0 

Neg g 

0 0 
7 7 
10 0 
10 0 
10 0 
4 4 

PERVV PCR 

PERVV RNA 
Pos s 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

Neg g 

6 6 
7 7 
10 0 
10 0 
10 0 
4 4 

PBMCs s 

PERVV DNA 
Poss Neg 

00 6 
00 7 
00 10 
00 10 
00 10 
00 4 

fromm six patients were negative for PERV DNA and PERV RNA. In addition no RT activity was 

detectedd in supernatant of these cell cultures, and therefore no productive PERV infectivity was 

established.. The follow-up of patients ranged from two weeks to two years. At present no patient 

hass shown to be positive for neither latent nor productive PERV infection. 

Discussion n 
Extra-corporeall plasma perfusion through a bioreactor charged with freshly isolated porcine 

hepatocytess and direct contact between patient's plasma and the porcine hepatocytes might transfer 

PERVV infectious particles to plasma and infect target cells (e.g. endothelial cells and PBMCs) in the 

patient.. The combination of porcine hepatocytes cultured inside the BAL and the presence of 
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elevatedd cytokines and growth factors in the circulation of the ALF patient (27) may activate provirus 

sequencess of PERV to produce infectious virus. 

Therefore,, we have studied the possibility of PERV transfer to susceptible cells by plasma that has 

beenn circulated through the BAL. In addition plasma of ALF patients who have been treated by the 

AMC-BALL were screened for latent and productive PERV infection. 

Inn the in vitro experiments human plasma recirculated through the BAL was contaminated with 

PERVV DNA, probably derived from hepatocyte lysis, as PERV mRNA was not detectable. Absence of 

PERVV infectious virus in the human plasma at the end of BAL treatment was also confirmed by lack 

off transmission of productive PERV infection in susceptible human HEK-293 cells. In addition our 

patients,, treated by AMC-BAL, showed neither productive nor latent PERV infection at any time of 

follow-upp to a maximum of 2 years. Our data are in agreement with those of other BAL systems 

(20-24),, in which the porcine cells are separated from the plasma by porous membranes or matrix. 

Severall in vitro and in vivo studies have shown that the risk of PERV transmission from porcine cells 

orr tissue to human target cells is not only hypothetical (6-15). However, the short-term exposure of 

patient'ss plasma to porcine hepatocytes extra-corporeally in a BAL system differs in many aspects 

fromm cell-transplantation or in vitro infection experiments. Firstly, recently it became clear that 

humann plasma comprises natural antibodies against the carbohydrate Gakx(1-3)Gal, which inactivate 

PERVV through complement activation (14,28). PERV was completely inactivated in 25% of human 

plasmaa in in vitro infection experiments and human plasma or anti-Gala(1-3)Gal antibody treatment 

off mice reconstituted with human leukocytes prevented PERV infection in six of eight mice. Previously 

wee observed a depletion in anti-Gala(1-3)Gal IgG and IgM of 35% and 28%, respectively, in plasma 

off patients as a consequence of BAL treatment. This decrease was however restored within a few 

dayss (29). Therefore, a high level of anti-Gala(1-3)Gal antibodies should still be present in patients 

duringg and after BAL treatment to prevent PERV infection. In vitro experiments investigating PERV 

transmissionn from a porcine BAL should therefore always be carried out using 100% human plasma, 

whichh has not always been the case. Secondly, there is no cell-cell contact in the BAL systems, 

providingg that plasma, and not blood, is perfused through the bioreactor or that liver cells are not 

inn direct contact with the perfusate. Direct cell-cell contact seemed to be required for PERV 

transmissionn in vivo (13). Thirdly, the exposure of human plasma to the liver cells is temporary and 

relativelyy short, as compared to cell-transplantation. Finally, Kuddus etal. (30) showed that culture 

supernantt from cultured primary porcine hepatocytes failed to infect HEK-293 cells in contrast to 

PK-155 cells. So PERV infectivity of porcine liver cells may be absent or negligible. 

Nevertheless,, surveillance of evidence of circulating infectious PERV at the end of BAL therapy 

remainss important and should not be omitted. We advice to survey patients treated with porcine 

hepatocytess in a BAL for at least 6 months, because the viremia after exposure to other retroviruses 

iss mostly seen in this period (31,32). Detection of PERV infection by PCR and RT-PCR assay in plasma 

andd in peripheral blood mononuclear cells is one way of approach. Follow-up by an antibody assay 
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too PERV is another possibility. Several methods are available to detect PERV antibodies in serum of 

xenotransplantedd patients using Western Blot and ELISA. These antibodies are raised by using 

whole-viruss lysates of PERV infected cells or synthetic peptides of envelope proteins (33-36). We are 

aboutt to prepare an ELISA method based on synthetic peptides for screening these patients for 

antibodiess to PERV. 
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