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Chapter VI General Discussion 

Since the 1990s, dramatic scientific and technological progress has been made in 
the field of xenotransplantation, such as pig cloning (26, 32), expression of 

human complement regulatory proteins in transgenic pigs, and ct-galactosyl 
transferase knock-out pigs (1-3). These advances promise to drive 
xenotransplantation past the roadblocks to human clinical trials, but the major 
barrier remains the potential threat of xenozoonosis. Among all pathogens that 
could be involved in cross-species transmission, endogenous retroviruses are among 
the most threatening, since they are present in the genome of the host germ-line in 
multiple copies and cannot easily be removed by traditional breeding methods or by 
modern gene knock-out technology. On overall, endogenous retroviral sequences 
constitute up to 2 % of the mammalian genome, indicating that reverse transcription 
has played a very important role in the evolution of eukaryotic species. 

Our group has studied endogenous retroviruses in the baboon and the pig, 
which are the most promising donors for xenotransplantation, about 50 novel 
retroviral clones containing at least part of an endogenous retroviral sequence have 
been isolated from these host genomes. Of these 50 clones, five have been 
sequenced completely and found to represent 3 different endogenous retroviruses 
(Table. 1), namely simian endogenous retrovirus (SERV) (43) and papio 
cynocephalus endogenous retrovirus (PcEV) from the baboon (22) and porcine 
endogenous retrovirus E class (PERV-E) from the pig (described in Chapter V). 

Evolution of endogenous retroviruses with their hosts 

Of the three endogenous retroviruses we isolated from baboon and pig DNA, SERV 
is a typical type-D retrovirus, while PcEV belongs to the type-C class. These two 
retroviruses are the ancestors of the chimeric retrovirus BaEV, which contains the 
gag and pol genes from PcEV and the envgene from SERV (22, 23, 43). Compared 
with SERV and PcEV, the classification of the pig retrovirus PERV-E is less clear, 
since its gag and pol genes are closely related to those of type-C viruses, but its env 
gene most likely belongs to a distinct viral group that has not yet been classified. 

Proviral copy number increases during host evolution. Generally, 
endogenous retroviruses increase in copy number with time (15). Therefore, 
estimation of the proviral copy number in the host genome is a powerful method to 
determine the approximate age of endogenous retroviruses. By studying the copy 
numbers and distribution of BaEV, SERV, and PcEV, we showed that among these 
three viruses, SERV was the first virus to integrate into the primate germ-line. This 
event happened approximately 9 million years ago. Compared to SERV, PcEV is a 
relatively younger virus; its integration in the baboon genome is estimated to have 
occurred 5 to 3 million years ago. BaEV was generated through recombination of 
PcEV and SERV and entered the host germ- line less than 1 million years ago. The 
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Chapter VI General Discussion 

proviral copy numbers in the host genome are about 200 copies per baboon diploid 
genome for SERV, about 50 copies for PcEV, and 10-15 copies for BaEV. 

Compared with SERV and PcEV, the time point of PERV-E integration 
into the domestic pig genome is more difficult to determine, because all domestic 
pig breeds were derived from wild pigs (Sus scrofa) within the past 5,000 years, 
which is a very short period in evolutionary terms (35). Four distinct classes of type 
C pig endogenous retrovirus, PERV-A, -B, -C, and -E, have been identified in the 
pig genome. The copy number of PERV-E in the pig diploid genome is estimated 
between 18 and 34, whereas the copy number of other pig endogenous retroviruses 
ranges between 7 and 14 copies in the same pig genome. These copy numbers 
suggest that integration of PERV-E in the pig germ-line occurred earlier than the 
integration of other PERVs. PERV-C has the most restricted host range and lower 
copy numbers compared to PERV-A, and -B (Table 2 in Chapter V), suggesting 
that its integration was more recent than the integration of other PERVs. 

Comparing the copy numbers of PERV-E and other PERVs in the nuclear 
DNA of domestic pigs and wild boar (Sus scrofa), all domestic breeds have much 
higher copy numbers for all four proviruses than the wild boar (Table 2 in Chapter 
V). Therefore, wild boar probably is more suitable than domestic breeds for genome 
modifications that attempt to generate PERV-free donors for xenotransplantation. 

Nucleotide variation between 5' and 3' LTR of endogenous 
retroviruses and the time elapsed since their integration. Besides the 
proviral copy number, the divergence between the 5' and 3' LTRs is an indicator of 
the time elapsed since the integration of retroviral sequences, since the two LTRs 
are identical at the time of integration (17, 40). Due to the retroviral replication 
strategy, the younger the integrated provirus, the higher the similarity will be 
between the LTRs. Sequence variation between the two LTRs of a provirus can 
occur by nucleotide substitutions, nucleotide insertions, or deletions. An insertion or 
deletion is generally counted as a single evolutionary event. The 5' and 3' LTRs of 
some proviral integrations of semi-endogenous retroviruses (endogenous 
retroviruses that can still form particles), like BaEV, RD114 (a cat retrovirus), 
PERV-A, -B, and -C, are identical. This and their capacity to replicate suggest that 
these integrations are young, and that the proviruses are the subjects of recent 
reintegration processes. Between the LTRs of PcEV, 8 nucleotide substitutions were 
found, compared to 19 between the LTRs of SERV, which suggests, again, that 
SERV is the older virus and was the earliest to be present in the baboon genome. 
Comparing the LTRs of PERV-E and other PERVs, a similar pattern could be seen, 
since the virus with the highest copy number, PERV-E, also showed the largest 
variation between its LTRs (2 nt), whereas the LTRs of other PERVs are 
completely identical (Table 1). 
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Chapter VI General Discussion 

Endogenous retroviruses in the porcine genome 

Four full-length PERVs, -A, -B, -C, and -E, have been Identified from the 
pig genome. Most recently, Ericsson ef ad. identified two novel partial pol genes of 
porcine type-B/D endogenous retroviruses, PMSN-1 and PMSN-4, in the miniature 
swine genome (20). At the same time, Patience ef al (29), reported that there are 
five groups of type-C viruses, yl to y5, and four groups of type-B/D viruses, (31 to 
(34, present in the pig genome. PERV-A, -B, and -C belong to the yl-group. Our 
study suggests that PERV-E is a member of the y2-group (result not shown). 
Besides these four full-length gamma retroviruses and two beta viruses, no other 
porcine endogenous retrovirus has been described yet, but multiple copies of all 
viral groups are present in the genomes of Old World pigs (29). Therefore, it is very 
important to gather more information about those unknown viruses before using 
pig-originated xenografts. 

Detection of endogenous retrovirus expression in pigs 

Semi-endogenous retroviruses, like BaEV in the baboon and PERV -A, -
B, and -C in the domestic pig, can express their genes and form viral particles (14, 
30, 38, 41), which makes it not unlikely that they can be transmitted to the human 
recipients of pig or baboon organs. In our study, no evidence could be found that 
PERV-E is still expressed at the RNA level in pig placenta, although only two pig 
samples were tested, suggesting that the endogenous proviruses of PERV-E have 
been silenced in the pig genome. Moreover, multiple stop codons and deletions 
found along the genome suggest that expression of PERV-E in pigs is unlikely and 
that PERV-E alone constitutes no direct threat in xenotransplantation. However 
another group recently showed a PERV-E-like virus can be transcribed into RNA in 
pig kidney tissue (29). PERV-E has significant genomic homology to a human 
endogenous retrovirus, HERV 4-1, which is a member of the HERV E family with 
35 to 50 copies in the human genome (34, 37). Since at least part of the HERV 4-1 
proviral genes are still expressed (34), if some proviral copies of PERV-E can still 
be expressed in certain pig tissues, for example kidney, the possibility of 
endogenous retrovirus reactivation through viral recombination with PERV-E in 
recipients of pig organs cannot be completely ruled out. 

In vitro experiments showed that the semi-endogenous retrovirus PERVs 

(including class A, B, and C) are able to infect some human cell lines (38). 
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Hundreds of patients who have received pig xenotransplants have been examined 
for PERV-A, -B, and -C infection, but no case has been found (21, 24, 27, 28). 
Possible explanations could be: first, PERV may lack the necessary components 
that would enable it to enter and infect human cells in vivo. However, pig pancreatic 
islet cells transplanted into immunodeficient mice can give rise to PERV infection 
(44). Secondly, human cells may lack a receptor to facilitate entry of PERV. 
Unfortunately, the cellular receptor for PERV has not yet been identified, so its 
presence or absence on human cells cannot be tested. The third possibility is that 
humans may have a natural defence against PERV that cultured human cells do not 
have. For example, pigs express a(l,3)-galactosyl transferase and thus add oc(l,3)-
galactose residues to many of their cell-surface proteins. Since this gene is 
interrupted in primates (including humans), these sugar residues are absent from 
primate cells, and antibodies are generated: the main trigger for the HAR 
phenomenon of pig xenografts (8, 36, 42). If PERV particles are coated by pig cell 
membrane, a(l,3)-galactose is present on the surface of PERV particles, and human 
natural antibodies against a(l,3)-galactose might also inactivate PERV. If this is 
true, xenografts from <x(l,3)-galactosyl transferase gene knock-out pigs will be 
HAR-free for human recipients but, at the same time, be a source of retroviruses 
whose target of human natural defence has been removed. 

Public concerns regarding xenotransplantation 

"Uncertain peril and certain promise" is the exact description for 
xenotransplantation. The "certain promise" is that xenotransplantation could 
provide a ready supply of cells, tissues, and organs to treat a variety of serious 
human conditions. The "uncertain perils" refers to whether the animal cells or tissue 
will perform properly in the human host, whether immunological rejection can be 
overcome, and especially whether harmful xenozoonoses can be prevented. 

What kind of risk can we expect from xenotransplantation? Although 
xenotransplantation could benefit the individual, the potential risks associated with 
this new medical approach could threaten the public. Therefore, it is important to 
know what kind of risk xenotransplantation could bring to us. 1) The level of 
immune suppression may be greater in xenograft recipients, enhancing the 
activation of latent pathogens, including viruses. 2) Organisms carried by the 
xenograft may not be pathogenic in their native host species but may cause disease 
in the human recipients. 3) Novel animal-derived organisms may cause novel and 
thus unrecognized clinical syndromes. 4) Since medical diagnostic assays may not 
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exist for some organisms derived from non-human species, there is the increased 
chance of disease spreading to the public. 5) Genetic modification of donor animals 
or treatment of the patent with, for example, tolerance induction or natural antibody 
removal, may alter the susceptibility of patient to a range of organisms (9-13, 25, 
31). 

Are baboons more dangerous than pigs? In the past 40 years, baboon and 
pig have been regarded as the most suitable donors for xenotransplantation in 
humans. Based on the fact that more than 20 known potentially lethal viruses, 
including Ebola virus, Marburg virus, hepatitis A and B virus, herpes B virus, 
SV40, and SIV, can be transmitted from non-human primates to humans, the US 
FDA has temporarily halted the use of non-human primates as the donor for 
xenotransplantation. The most recent version of "The US guidelines on 
xenotransplantation" issued by the FDA in 1999, concluded that "the use of non-
human primate xenografts in humans raises substantial public health safety 
concerns," and that "the public at large, would be exposed to significant infectious 
disease risk". Therefore "clinical protocols proposing the use of non-human 
primate xenografts should not be submitted to the FDA."{7, 16). This ruling made 
the pig the only potential donor for xenotransplantation. 

On a scientific basis, the dangers of non-human primates used as 
xenotransplantation donor have been better demonstrated than the dangers of pigs. 
However, that does not mean that pigs and other species will not be a danger. In 
1999, 1.3 million pigs were slaughtered due to the outbreak of Hendra virus, a 
disease that jumped from pigs to humans and already killed more than 70 people (4-
6, 18). In the medical history, one of the biggest killers is human influenza virus, 
which killed more than 20 million people worldwide in 1918. This deadly virus was 
a mutation of a swine flu virus that evolved from American pigs (19, 33, 39). 

Is xenotransplantation more cost-effective than human-to-human 
transplantation? The FDA plans on establishing a registry to archive xenograft 
patient and source-animal tissue samples. This archive is to be funded by the FDA 
and the NIH. FDA officials estimate the cost of the registry at $250,000 to $300,000 
a year, and the cost for the archive maintenance at $1 million a year. 

Xenotransplant researchers acknowledge that raising pigs under germ-free 
conditions is extremely expensive and time-consuming and that production of germ-
free pigs would greatly add to the cost of providing donor organs. Currently, it costs 
from $25,000 to $100,000 to test just one pig for the presence of known bacteria 
and viruses. The biotechnology company Nextran claims that one of its pig organs 
will eventually cost the same as its human counterpart, but even based upon this 
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estimate, xenotransplantation is not cost-effective. The current transplant costs for 
human organs range $116,000 for a kidney to more than $300,000 for a liver. 
Factoring in years of follow-up care and immunosuppressive drugs, the cost rises to 
about $400,000 for a liver xenotransplant and over $300,000 each for heart and lung 
xenotransplants. The Institute of Medicine predicts that xenotransplantation will 
push the transplantation costs for all patients who need organs from $3 billion to 
$20.3 billion. 

Since xenotransplantation provides no significant benefit to non-recipients 
of the transplant, even a small risk of a serious threat to the public health becomes a 
reasonable concern. Moreover, many ethical problems exist. Therefore, establishing 
reasonable public policies to deal with the potential risk and ethics of 
xenotransplantation is extremely necessary but also especially difficult because so 
little data is available on their true magnitude. Some countries, including Britain 
and The Netherlands, have already put xenotransplantation on hold pending further 
research into the risk of cross-species infection. It is thus very important to begin 
gathering more information both from experimental studies of xenotransplantation 
and from clinical trials already under way 
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