


antibodies directed against PERVs expressing
this epitope. PERV receptors have been demon-
strated in both rat and mouse cell lines (39). In
vivo transmission to rats have so far not been
described while recent papers reported PERV
transmission to mouse and also implanted hu-
man cells following transplantation of porcine
islets to athymic (nu/nu) or SCID mice (7, 11,
41). The possibility of the murine endogenous
retrovirus influencing PERV infectivity in these
animals, as well as the fact that these mice are
incapable of mounting any cellular or humoral
response, make these data difficult to relate to
the pig-to-human situation. In addition, several
of the commonly used mouse strains are known
to have defective complement systems. Taken
together, these circumstances propose that
mice, immune deficient or not, may be more
susceptible than humans to PERV infection. Vi-
ral load should also be a critical factor influenc-
ing transmission. However, rodent models may
still be of importance when investigating the in
vivo induction of PERV expression during in-
flammation, rejection or under the influence of
different immunosuppressive agents.

PERV and genetically modified animals
In non-human primates as well as in humans,
the most vigorous and rapid immunological re-
action to vascularized pig xenografts is the hy-
peracute rejection (HAR) which occurs within
minutes after transplantation. Although xeno-
graft rejection can still be mediated by other
more slow-acting immunological processes,
preventing HAR would certainly be regarded as
an important first step towards achieving long-
term survival of vascularized xenografts. HAR
is initiated by an immediate deposition of pre-
formed xenoantibodies on the vessel walls of
the engrafted organ. These antibodies, which
are primarily directed against Galα(1,3)Gal
sugar epitopes expressed on the endothelium of
the porcine graft, will in turn cause classical

pathway activation of the complement cascade
and lead to extensive thrombosis and early graft
failure. As a consequence, two main ap-
proaches have been applied to prevent HAR,
those that inhibit activation of complement, and
those that reduce the deposition of xenoreactive
antibodies. In the case of non-vascularized
xenografts, such as pancreatic islets, hepato-
cytes or neural cells, the need for preventing
HAR will be of less importance. However, in
the case of islets which are infused into the por-
tal vein, protection against complement activa-
tion in the recipient still appears to be necces-
sary (3).
Substantial effort has been made in developing
genetically modified pigs, and some progress
has been made using transgenic pigs expressing
high levels of human regulators of complement
activation (RCAs), including DAF, MCP and
CD59 on their endothelium (1, 6, 9). The
cloning of GGTA1-knockout pigs lacking the
expression of Galα(1,3)Gal sugar, has recently
been reported and has given new hope with re-
spect to eliminating HAR as the major obstacle
to successful clinical xenotransplantation (16).
Unfortunately, such measures taken in prevent-
ing graft rejection will most probably eliminate
some of the natural immunological barriers
against retroviruses (40). When budding from
host cell plasma membranes, the PERV parti-
cles incorporate part of the cell membrane, in-
cluding any membrane-associated proteins and
Galα(1,3)Gal-positive glycoproteins. As a re-
sult, PERV particles deriving from transgenic
pigs expressing RCAs, will have an innate de-
fence against complement-mediated lysis. In
parallell, viruses deriving from pigs lacking the
Galα(1,3)Gal epitope will not be targets for the
preformed Galα(1,3)Gal reactive natural anti-
bodies present in the human blood. To what ex-
tent such modifications are sufficient to create
more infectious PERV viruses is uncertain. In a
recent study where human CD59 was incorpo-
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rated into PERV, it was demonstrated that, while
complement-mediated lysis of these particles
was indeed reduced, the same viruses were in-
capable of infecting human cells after incuba-
tion with human serum (38). Results from
experiments on PERVs isolated from the
Galα(1,3)Gal knock-outs, are expected in the
near future.
In other words the PERVs produced in such ge-
netically modified pigs would share many of the
features with those that are produced in a hu-
man cell, and will theoretically have a much
higher viability in a human recipient. It will be
neccessary to evaluate every genetically modi-
fied pig strain independently, since the outcome
of combined genetic modifications with regard
to PERV infectivity will be impossible to pre-
dict.

How to avoid PERV?
It is conceivable that the greatest risk of PERV
infection will be at the time of transplantation,
when inflammation and other immunological
processes are likely to increase retroviral tran-
scription, and the induction therapies suppress-
ing complement activation and the humoral de-
fence will reduce PERV virolysis. In this
perspective, antiviral therapy at an initial stage
in clinical xenotransplantation could be a valu-
able strategy to reduce the risk of PERV trans-
mission. However, with the exception of azi-
dothymidine (AZT), none of the RT- and
protease inhibitors used in the clinic today have
been shown to be effective against PERV (31).
Ultimately, the best option for eliminating the
risk of PERV transmission would be to create
pig breeds devoid of replication competent
viruses. Initially, assessments argued that this
would be impossible. With increasing knowl-
edge of the complexity of PERV loci in the pig
genome it has become clear that the majority of
loci include deletions and mutations rendering
them uncapable of encoding replicant-compe-

tent human-tropic viruses. Although the pig
genome remains to be fully characterized, and
unknown functional PERV loci may still be dis-
covered, today only a handful of PERV loci
have been identified that are able to produce
replication competent viruses (10, 18, 24). It
may in fact prove possible by means of selective
breeding and knock-out techniques to eliminate
these loci, and this would no doubt dramatically
decrease the risk of PERV transmission. It is,
however, still to early to determine whether this
can be achieved. 
An additional risk, albeit low, that may prove
difficult to avoid with current technologies, is
the potential that two defective PERV RNAs
may be packaged in a particle, and recombina-
tion may lead to the creation of a functional
retrovirus. Thus, even when known functional
PERV loci have been removed, new infectious
PERVs could be created by complementation
and recombination between two defective
genomes (26, 32, 34). As an interesting com-
parison, a similar risk is taken daily by re-
searchers and animal caretakers who work with
immune deficient mice implanted with human
or porcine tissue. In these animals such recom-
bination between defective endogenous retro-
viruses from the different species could also,
theoretically, create an infectious new type of
virus.

Pathogenicity of PERV? Risk assessment
The ultimate question concerning the potential
pathogenicity of PERVs is whether PERV trans-
mission to human cells would pose a real threat
to the health of the graft recipient or even the
general public. Although PERVs have not been
shown to be pathogenic in pigs, it is at this stage
very difficult to estimate their potential effects
in humans. The only qualified prediction would
be that their mere ability to infect and replicate
in human cells could lead to oncogenicity, es-
pecially in heavily immunosuppressed patients. 
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However, the risk-benefit estimate will be in fa-
vor of xenotransplantation from the point of
view of a patient with an end-stage organ dis-
ease. Highly sensitive methods for detection of
replication-competent PERVs are available that
could be used to carefully monitor xenotrans-
plant recipients. The main issue to be addressed
is whether PERV poses a potential threat to the
non-immunosuppressed population, and in that
perspective the risk of PERV transmission will
be considerably lower.
Accumulated evidence from basic research
over the recent years indicates that PERV may
not pose as big a threat as was initially feared.
Since succesful xenotransplantation would pro-
vide a tremendous advance in the therapy of
end-stage organ failure and cell replacement,
there is an apparent risk that too much caution
in the long run, delaying important findings,
will deprive the patients of an attractive alterna-
tive. Since animal models have obvious limita-
tions, it will sooner or later be neccessary to
proceed to clinical trials. Further studies of the
infectious potential of PERVs produced from
genetically modified pigs are warranted as this
is likely to be the type of viruses that xenograft
recipients will be exposed to. There is reason to
believe that the present precautionary stand-
point in the PERV issue may be changed to-
wards a more open view, that in the end will al-
low for new carefully monitored clinical trials
in the future in Europe as already allowed in the
United States. 
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