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ORIGINAL ARTICLE

Porcine endogenous retrovirus (PERV)
was not transmitted from transplanted
porcine endothelial cells to baboons

in vivo

Abstract The discussion about the
clinical risk of zoonoses in xeno-
transplantation has recently culmi-
nated in the demand for a moratori-
um on clinical organ transplantation
using pig donors. The basis for this
discussion was a recent report
showing a possible trans-species
transmission of pig endogenous ret-
rovirus (PERV) by in vitro transfer
to human cell lines. At present, it
remains unclear if this could also
happen in vivo or in the setting of
xenotransplantation. Potential in
vivo transfer of PERV after xeno-
transplantation was investigated in
an experimental pig-to-baboon cell
transplantation model. Baboons
were immunosuppressed with high-
dose cyclophosphamide (total
45-150 mg/kg) and transplanted
with primary porcine aortic endo-
thelial cells (PAEC). Tissue samples
(skin, lymph nodes, lung) and pe-
ripheral blood leukocytes of 15 ba-
boons, taken about 12-24 months
after transplantation of PAEC, were

then analyzed by PCR and showed
no PERYV infection. PERYV expres-
sion in PAEC was also analyzed:
PERV mRNA and reverse tran-
scriptase in the culture supernatant
could be detected. In spite of the re-
lease of retroviral particles from
cultured PAEC, transplantation of
these cells into baboon recipients
did not result in virus transmission,
not even under heavy immunosup-
pression.
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Introduction

The shortage of human organs for transplantation has
led to considerable efforts to transplant animal-derived
organs into human beings. Success in overcoming hyper-
acute rejection in transgenic animals has recently raised
the prospect of clinical introduction of discordant xeno-
transplantation using pig donors. The potential risk of
zoonosis was thought to be low in discordant species
like the pig. Last year, however, Patience ct al. were

able to show that porcine kidney cell lines PK15 and
MPK release particles of pig endogenous retrovirus
(PERYV), which are able to infect human cell lines in vit-
ro [7].

It is as yet unknown whether the findings of Patience
et al. represent in vitro artifacts or whether infection can
occur in the normal in vivo situation. The question also
remains whether the transmission of PERV to normal,
healthy humans is prevented by natural a-Gal binding
antibodies and complement, as has been shown for oth-



er retroviruses [8. 9, 11]. If infection is possible, one
needs to determine whether the virus is transmitted by
blood contact and/or by food, and why considerable seg-
ments of the human population are not PERV-positive.
Also unknown is whether infection can occur in the set-
ting of a xenotransplantation. One difference between
such a setting and the normal in vivo situation may be
the potentially lower titer of natural antibodies, includ-
ing anti a-Gal antibodies, in the heavily immunosup-
pressed recipient. This could result in a diminished vir-
olysis of PERV particles. Genetic modifications, such
as the elimination of porcine Gal epitopes or the intro-
duction of complement regulators, proposed or per-
formed to overcome hyperacute rejection, could also in-
fluence the elimination of virions. Under these condi-
tions, infection of human cells with PERV might be pro-
moted [13].

Scientists, physicians, and ethicists are currently dis-
cussing whether first clinical trials should be postponed
due to the risks of xenozoonosis [1, 2, 5, 12, 13]. Bach
and co-authors called for a moratorium in xenotrans-
plantation [3, 4]; they favor continuing basic research,
especially in the field of xenozoonosis. Before first clini-
cal trials are started, it seems that a public debate about
the risks and ethics of xenotransplantation should take
place.

In this study, we addressed the question of potential
in vivo transfer of PERV after xenotransplantation in
an experimental pig-to-baboon cell transplantation
model. We also investigated whether primary porcine
endothelial cells express PERV mRNA or release retro-
virus particles.

Methods

Porcine endothelial cells

Porcine aortic endothelial cells (PAEC) were isolated by incubat-
ing the inner layer of porcine aortas with 0.2% collagenase type
II (Boehringer Mannheim, Germany) for 20 min at 37°C. De-
tached endothelial cells were washed twice in PBS and subsequent-
ly cultured in M199 (Biochrom, Berlin, Germany) plus 20% FCS
(Life Technologies, Eggenstein, Germany) and ECGF (Boehrin-
ger Mannheim, Germany). The cells were harvested by incubation
with 0.05 M trypsin/0.02 M EDTA and tested for viability (trypan
blue). Cells were prepared for transplantation in a volume of
10 ml PBS.

Transplantation of the porcine endothelial cells into
mmmunosuppressed baboon recipients (Papio hamadryas)

Sixteen baboons (4-10 years old, 9-24 kg) were transplanted one
or (in three cases) two times with 1 x 10’ PAEC by slow i.v. injec-
tion. One of the baboons had a pigheart transplanted heterotopi-
cally but experienced hyperacute rejection after 40 min. These an-
imals, except two control monkeys, were immunosuppressed with
high-dose cyclophosphamide (15-45 mg / kg weight per day i.v.)

on days 0-4 after transplantation. Except for one baboon that
died of sepsis, all baboons survived and are healthy. Blood and tis-
sue samples (leukocytes, skin. lymph nodes, and liver) of the ba-
boons were collected after an interval of 12-24 months after pri-
mary PAEC transplantation.

Flow cytometric analyses of the baboon sera

Immunosuppression and antiporcine immune reaction were moni-
tored by measuring the porcine-specific IgM and IgG titers on
days -1, 0, 1, 2, 3, 4, 5, 10, 20, and 30. The baboon sera were ana-
lyzed by flow cytometry for their binding to porcine mononuclear
cells.

PCR detection of porcine endogenous retrovirus (PERV)
in cells and tissues

For PCR detection, 2 x 10° cells or 5 tissue sections (each 10 um
thick) were lysed in 200 ul of 200 pg / ml proteinase K in PCR buff-
er (50 mM KCl, 1.5 mM MgCl,, 10 mM TRIS-HCI pH 8.4) for 3 h
at 56°C, followed by a 10-min inactivation of the enzyme at 95°C.
A volume of 3.5 pl of this crude extract served as a template for
the PCRs, which were performed essentially as described by Pa-
tience etal. [7] with PERV protease-specific primers. Control
PCRs were carried out according to Heneine and Switzer [6]. De-
termination of the PCR sensitivity was performed as follows. Dif-
ferent quantities of lysed PK15 cells were mixed with 1 x 10° lysed
baboon leukocytes. These mixed crude extracts served as a tem-
plate for PCRs, as described above.

Detection of PERV-specific nRNA by RT-PCR

Total RNA of PAECs was prepared using Tri Reagent (Molecular
Research Center, Cincinnati, Ohio, USA) according to the manu-
facturer’s instructions. Contaminating DNA was digested by
DNase treatment [10 pg total RNA, 10 U RNase-free DNase 1
(Stratagene, Heidelberg, Germany), 40 U/ul RNase inhibitor
{Boehringer Mannheim, Germany), 1 M MgCl,, and 0.1 M DTT]
for 15 min at 37°C, followed by a phenol/chloroform extraction.
After sodium acetate precipitation, 2 ug of the RNA was used for
random-primed c¢DNA synthesis with AMV-RT (Boehringer
Mannheim, Germany), as described by the manufacturer. The fol-
lowing PERV protease-specific PCR was performed according to
Patience et al. [7].

RT-PCR-based assay for reverse transferase activity
in cell culture supernatant

Measurement of reverse transcriptase in the supernatant was per-
formed as described by Patience et al. and Silver et al. [7, 10] with
some modifications: 3 ml of 0.45-um filtered cell culture superna-
tant was pelleted and resuspended in 20 pl 1 % NP40. Five microli-
ters of this solution was then tested in the RT-PCR-based assay.
After reverse transcription (sequence of the RT primer according
to Silver etal. [10] and subsequent denaturation at 95°C for
5 min, the BMV-RNA was digested by 100 pg/ul RNase H (Boeh-
ringer Mannheim, Germany) for 15 min at 37°C. The following
PCR was performed as described by Silver et al. [10]. Unlike this
protocol, reverse transcription and the subsequent PCR reaction
occurred in different tubes. Subsequently, 18 ul of the PCR prod-
uct was loaded on a 2% agarose gel. After separation, the DNA
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Fig.1a Analysis of leukocytes
of the transplanted baboons by
PERYV protease-specific PCR
(upper lane). Human HEK 293
cells and porcine PK15 cells
were used as controls. Internal
positive controls for each sam-
ple were performed by PCR
specific for baboon cytochrome
oxidase II or f-Actin in the case
of human HEK?293 cells (lower
lane). b Sensitivity of the
PERV protease-specific PCR
determined by endpoint dilu-
tion of porcine PK15 cells in
baboon leukocytes

was blotted in 20 x SSC on a nylon membrane (Hybond N, Amers-
ham, Braunschweig, Germany), denatured on the membrane with
0.5M NaOH, 1.5 M NadCl, neutralized in 3 M NaCl, 1 M TRIS-
HCI pH 7.0 for S min each, and crosslinked by UV irradiation ac-
cording to standard protocols.

An internal BMV-specific oligonucleotide (YCAAGAGTG
TCTAGGCGCCTTTGAGAGT-3") was labeled using the DIG-
oligonucleotide tailing kit (Boehringer Mannheim, Germany).
The blot was hybridized in 5 x SSC, 0.1% N-laurylsarcosine,
0.02% SDS, 1% blocking reagent (Boehringer Mannheim, Ger-
many), 0.1 mg/ml Poly(A) (Boehringer Mannheim, Germany) at
50°C ON with the DIG-tailed oligonucleotide, washed twice for
Smin at room temperature and twice for 15 min at 65°C in
2 x S§C. Chemoluminescence detection was performed using the
DIG tuminescence detection kit (Boehringer Mannheim, Germa-
ny), according to the manufacturer’s instructions.

Reagents

If not otherwise noted, all chemicals were purchased from Sigma
Chemicals (Deisenhofen, Germany).

Results
Clinical course
Immunosuppressed baboons received high-dose cyclo-

phosphamide (30-45 mg/kg per day on days 0-4) and
showed a delayed onset of antiporcine IgM/IgG re-

- PERV

- (3-Actin
- baboon COli

— PERV

sponse starting on day 10 after PAEC transplantation
(data not shown). After recovery of leukocyte and
thrombocyte counts (30 days), the animals were kept
under long-term medical observation and showed no
signs of disease.

PERV-specific DNA sequences

Transplanted baboons were analyzed for the transmis-
sion of PERV using a PERV protease-specific PCR.
Leukocytes and tissue samples (skin, lymph nodes, and
liver) of 16 baboons were taken 1-2 years after trans-
plantation of the porcine cells. The chimeric persistence
of PAEC in tissues was excluded by a -globin-specific
PCR (data not shown).

As shown in Fig. 1 a, the tested leukocytes of all mon-
keys, including animals with low natural antibody titer
before PAEC transplantation, were PERV-negative as
determined by PERYV protease-specific PCR. Likewise,
all tested tissues of the baboons were PERV-negative
(data not shown). Internal control PCRs specific for ba-
boon cytochrome oxidase II were, in all cases, positive.
The sensitivity of the assay was tested while porcine
PK15 cells were mixed with baboon leukocytes in
different dilutions. PERV sequences of one PK15
cell could be detected in 10°-10° baboon leukocytes
(Fig.1b).
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Fig.2 Analysis of PERV ex-
pression by PK15 cells and
PAEC using PERYV protease-
specific RT-PCR (upper lane).
HEK?293 cells were used as
negative control. Internal
controls without reverse tran-
scriptase confirmed that ge-
nomic DNA was not amplified
but that cDNA was (lower lane)

Fig.3 Results of an RT-PCR-
based assay for detecting re-
verse transcriptase in the su-
pernatant of cultured porcine
cells. Human HEK?293 cells
served as negative control

In order to examine whether there is at least in vitro
transmission of PERV to baboon cells, we cocultured
lethal x-irradiated PK15 cells or PAEC, respectively,
with a baboon cell line. Using PERV protease-specific
PCR, after the fifth passage PERV sequences could
still be detected, whereas no more porcine f-globin
DNA could be found (preliminary results, data not
shown).

PERYV expression by PAEC

In order to test whether the transplanted primary PAEC
would express PERV mRNA, we prepared total RNA
and performed RT-PCRs. Cultured PK15 cells and pri-
mary PAEC pooled from different pig donors were
found to be positive for PERV protease mRNA, as
shown in Fig.2. Internal negative controls without re-
verse transcriptase proved that viral RNA, and not ge-
nomic DNA, was detected.

We also investigated whether there would be not
only PERV mRNA expression in PAECs but also re-
lease of retroviral particles. Using an RT-PCR-based as-
say for detecting reverse transcriptase (RT) in the cul-
ture supernatant we were able to show RT activity in
the supernatant of the porcine kidney cell line PK15
and also in the supernatant of primary PAEC (Fig. 3).

In contrast, the human HEK 293 cell line was found to
be negative for RT.

Discussion

The current discussion about the potential risks of
zoonosis reflects the great importance of this issue for
the whole field of xenotransplantation. In particular, the
transmission of PERV to humans gained tremendous at-
tention after the report of in vitro transmission to human
cells [7]. Because of the variety of potentially dire conse-
quences after clinical transplantation into immunosup-
pressed recipients, including the risks of patient disease
and epidemic transmission of humanized viruses, subhu-
man models are needed to evaluate this question and to
calculate the clinical risk of xenotransplantation. In this
study, we examined the possibility of PERV transmission
by xenotransplantation in a pig-to-baboon cell trans-
plantation model using endothelial cells.

Endothelial cells are the main interface of a xenogen-
ic organ to host immune cells and may be a main source
of retroviruses infecting host leukocytes upon adhesive
contact. It was not known whether the release of PERV
by porcine cells is only a cell line artifact or whether it
also occurs in the case of primary porcine cells. Our in
vitro studies clearly show that primary PAEC also ex-
press PERV protease and are able to release retrovirus
particles in the supernatant, at least under cell culture
conditions. Further experiments have to be done in the
future to clarify the in vivo expression and release of
PERV.

PCR analysis 12-24 months after in vivo transplanta-
tion of PAEC showed an absence of PERV sequences in
all baboon tissues tested (PBL, lymph nodes, liver, skin),
as well as an absence of porcine-specific sequences ex-
cluding chimeric persistence of PAEC.

Given this experimental setup, the question arises as
to whether the time PAEC persisted was long enough
to permit PERV transmission to baboon cells. It can be
assumed that a primary cytolysis of PAEC in the circula-
tion can be exerted even in the presence of low or mod-
erate titers of natural antibodies. One could speculate
that the initiation of immunosuppression after trans-
plantation was too late to decrease the titer of natural
antibodies and to prevent elimination of PAEC or
PERV particles. However, analysis of the baboon sera
showed that the high-dose cyclophosphamide immuno-
suppression did not reduce the titer of natural anti-por-
cine antibodies, not even at later time points.

On the other hand, a delayed onset of IgM and IgG
antiporcine antibody response was observed in baboons
receiving high-dose cyclophosphamide immunosup-
pression starting 5-10 days after transplantation. This
may point to a persistence of some of the transplanted
PAEC or released retroviral particles in the tissue or cir-
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culation up to at least several days after transplantation.
No studies of chimeric persistence of PAEC were per-
formed in the initial phase after transplantation. Addi-
tional studies are needed to clarify the primary elimina-
tion of transplanted PAEC and PERV particles by natu-
ral antibodies and complement. Further in vitro infec-
tion experiments with different cell types from baboons,
cynomolgus, and other old world monkeys should be
performed to elucidate the suitability of these species
for subhuman in vivo infection models.

The potential modification of in vivo PERV trans-
mission by the preabsorption of xenophile antibodies

or depletion of complement should be examined in fu-
ture cell transplantation experiments.

In conclusion, this is the first report showing that not
only porcine cell lines but also primary porcine cells are
able to express PERV mRNA and also to release retro-
viral particles. We were also able to show that in our ex-
perimental pig-to-baboon model transplantation of
PERV-releasing endothelial cells to highly immunosup-
pressed baboons did not result in transmission of PERV.
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