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Chapter I Introduction 

I. Genome construction and taxonomy of retroviruses 

The hallmark of the retrovirus family is its replication strategy, which includes 

reverse transcription of virion RNA into linear double-strand DNA and the 

subsequent integration of this DNA into the host genome. The retroviral RNA is 

linear, single-stranded, non-segmented, and approximately 7 to 12 kb in length. 

Based on their genome organization, retroviruses are divided into two categories: 

simple and complex (Fig. 1) (19). 
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Fig. 1. (A) A simple retroviral genome. The genetic map of avian leucosis virus (ALV) contains 

four major coding regions: gag, pro, pol, and env. Different open reading frames are indicated 

by vertical displacement of the coding region. The pro gene is encoded in the gag reading 

frame. The terminal non-coding sequences include two direct repeats (R), a U5 (5' unique), and 

a U3 (3' unique) sequence. (B) A complex retroviral genome. The genetic map of human T-cell 

leukemia virus (HTLV) contains, tax and rex, encoded in regions joined by RNA splicing 

(dashed line). In this case, gag, pro, and pol are all in different reading frames. 

Generally, simple retroviruses carry four coding domains: 1) gag, which 

encodes the internal virion proteins that form the capsid and nucleoprotein 
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Chapter I Introduction 

structures; 2) pro, which directs the synthesis of virion protease; 3) pol, contains 

genomic information of reverse transcriptase and integrase; and 4) env, which 

directs the synthesis of viral envelope proteins that include surface (SU) and 

transmembrane (TM) components (Fig.2) (19). 

Fig. 2. Schematic cross section through a retroviral particle. The viral envelope is formed by a 

cell-derived lipid bilayer into which are inserted proteins encoded by the env region of the viral 

genome. These consist of the transmembrane (TM) and the surface (SU) components linked 

together by disulfide bonds. Internal non-glycosylated structural proteins are encoded by the 

gag region of the viral genome: the matrix (MA) protein, capsid (CA) protein, and nucleocapsid 

(NC) protein. Major products of the poAencoding region are reverse transcriptase (RT) and 

integrase (IN). The protease (PR) is derived from the pro gene. 

Besides these four domains, complex retroviruses usually contain coding 

information for regulatory proteins of virus expression, like additional rex and tax 

genes of HTLV (Fig. 1). Based upon evolutionary distance, retroviruses are divided 

into seven groups (genus) (Table 1). HTLV-BLV, lentivirus, and spumavirus are 

10 



Chapter I Introduction 

complex viruses; other groups, which represent all oncogenic viruses except the 

HTLV-BLV group, belong to the simple virus category (19). 

Table 1 . Classification of Retroviruses (19) 

Genus 

Avian sarcoma and 
leucosis viral group 

Mammalian B-type viral 
group 

Murine leukemia related 
viral group 

Human T-cell leukemia-
bovine leukemia viral group 

D-type viral group 

Lentivi ruses 

Spumaviruses 

Example 

Rous sarcoma 
virus 

Mouse mammary 
tumour virus 

Moloney murine 
leukemia virus 

Human T-cell leu
kemia virus 

Mason-Pfizer 
monkey virus 

Human immuno
deficiency virus 

Human foamy 
virus 

Virion 
morphology 

central spherical 
core "C particles" 

eccentric 
spherical core "B 
particles" 

central spherical 
core "C particle" 

Central spherical 
core 

cylindrical core 
"D particle" 

cone-shaped 
core 

central spherical 
core 

Genome 

simple 

simple 

simple 

complex 

simple 

complex 

complex 

II. Characteristics of endogenous retroviruses 

One of the unique characteristics of the retroviral life is the integration of viral 
genome into the chromosome of host cells, forming the provirus. When an 

exogenous retrovirus is integrated into a chromosome of a host germ cell, it can be 
inherited in Mendelian fashion and persist for multiple generations. Such retroviral 
elements, which can be inherited vertically, are known as endogenous retroviruses. 
So far, endogenous retroviruses have been found in all vertebrate genomes 
investigated, and they all belong to the simple retrovirus category. No endogenous 
lenti-, spuma-, or HTLV-like viruses have been identified. In the human genome, 
endogenous retroviruses make up as much as 1 % of the genomic DNA. In other 
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Chapter I Introduction 

mammal species, they can constitute 0.5 to 2 % of the host genome, indicating that 
the products of reverse transcription have played a major part in shaping the 
eukaryotic genome (16). 

Dozens of complete endogenous retroviral sequences have been identified 
that could potentially encode functional retroviral proteins, but in most, the 
sequences are interrupted by stop mutations and cannot be translated. This is not to 
say that endogenous retroviruses are not expressed. Indeed, some retroviral mRNA 
and protein can be expressed and viral particles can be formed in some tissues in 
several mammal species, like HERV-K (human endogenous retrovirus K family) in 
the human (73, 73), BaEV (baboon endogenous virus) in the baboon, RD114 in the 
cat (49, 50, 63), and PERV (porcine endogenous retrovirus) in the pig. Thus, the 
viral transcription, expression, and particle formation seen in a retrovirus 
transmitted through the germ-line could be defined as a semi-endogenous phase. In 
humans and most other mammal species, endogenous retroviral particles cannot 
reinfect cells. However, some inbred mice contain endogenous retroviruses that can 
reinfect their own cells. 

III. The possible biological funct ions of endogenous 

retroviruses 

Owing to the fact that endogenous retroviral sequences constitute 0.5 to 2 % of 
the mammal host genome, only a small fraction of them have been sequenced 

and analysed in detail. Based on those results, most retroviral elements are generally 
considered to be the by-product of host evolution and the "junk" DNA in that they 
contain no open reading frame capable of encoding protein. Therefore, these viral 
sequences may have no functional effect on the host, but only reflect the 
evolutionary track of their host (16). 

Protecting the host from superinfection by their exogenous 
counter part 

12 



Chapter I Introduction 

Besides the unexpressed "junk" DNA, some of endogenous retroviral 

genes -at least part of the whole genes - can still be expressed. Based upon the 

hypothesis that endogenous viral proteins synthesized within cells can bind to the 

cell surface molecules that are recognized by exogenous virus, thereby blocking 

viral binding, we can assume that certain semi-endogenous retroviruses, in which 

retroviral proteins are expressed and viral particles formed, can prevent their hosts 

from infection by exogenous retroviruses. Thus, endogenous retroviruses that 

promote resistance to superinfection by their exogenous counterparts would provide 

a survival advantage to their host. This may explain the fact that none of the known 

human infectious retroviruses have endogenous counterparts in the human genome 

(16,36,85). 

Acting as the evolutionary engines for their hosts 

When endogenous retroviral genes can be expressed and viral particles can 

be formed, even though their infection titers are generally much lower than those of 

exogenous retroviruses, endogenous retroviruses can reintegrate into new site in the 

host genome. If this happens in an important genomic location, it would have a 

significant effect in changing the host genome type; thus endogenous retroviruses 

could serve as engines of host evolution (16, 36, 85). 

Performing a special function in human embryo development 

Generally, large amount of CpG dinucleotides, which are the target of 

mammalian DNA methylation, reside in the proviral genome of endogenous 

retroviruses. In the mammalian genome, approximately 70% of all CpGs are 

methylated (33), which strongly suppresses the expression of endogenous 

retroviruses, and limits their spread through the host genome. However, when DNA 

methylation is decreased - for example, during embryo development - some 

endogenous retroviruses could be reactivated (67). It has been observed that human 

endogenous retroviral expression is higher in the placenta than in any other tissue. 

A recent study showed that the expression of a HERV-W derived Env protein is 

involved in cell fusion of the human trophoblast. By binding to the specific cellular 

receptor on the adjacent cell surface, HERV-W Env protein induces trophoblast cell 

fusion and assist in the formation of the syncytiotrophoblast layer, a one-cell-deep 

13 



Chapter I Introduction 

continuous structure on the outside of the placenta at the fetal-maternal interface 
that facilitates exchange of nutrients and waste products between mother and fetus. 
The immunosuppressive domain present in the TM domain of the HERV-W Env 
protein may help prevent maternal immune responses against the developing 
embryo (46, 67). 

Serving as the antigen in the autoimmune response 

In contrast to the profits that hosts can obtain from endogenous 
retroviruses, their expression can participate in the pathogenesis of autoimmune 
disease. If endogenous retroviral expression happens in the lymphoid generative 
organ during T- and B- cell development, the immune system may delete any 
developing T- or B- cells that react with self-antigens, including the endogenous 
retroviral proteins expressed in other tissues. Thus, the immune system is tolerant to 
endogenous retroviral expression. However, if expression occurs only in a specific 
tissue but not in lymphoid tissue, or expression is delayed in lymphoid, or there is 
cross-reaction with a protein in an infectious agent, the self-tolerance of the immune 
system may become defective. An autoimmune response to an endogenous 
retroviral protein could occur, and autoimmune attack against the tissue expressing 
the viral protein could follow. Antibodies against human endogenous retroviral 
proteins have been observed in many patients with systemic lupus erythematosus 
(32, 75). 

IV. Endogenous retroviruses and their significance in 
xenotransplantation 

Endogenous retroviruses offer a threat in the application of certain medical 
biotechnologies. For example, both retrovirus-based gene therapy and 

retroviral vaccines using attenuated or inactivated virus, provide the chance for 
recombination between endogenous retroviruses in the host genome, and the 
retroviral elements introduced by the treatment. Recently, xenotransplantation - the 
transplanting of animal organs, tissues, or cells into humans - has become one of the 
most exciting and controversial fields in medical biotechnology (7, 9, 65). 

14 



Chapter I Introduction 

General introduction and history of xenotransplantation 

Transplantation of organs such as hearts or kidneys from one individual to 

another has become a highly successful mode of therapy. Indeed, the need for 

human donor organs far exceeds the supply. According to reports of the FDA (US 

Food and Drug Administration) and CBER (Center for Biologies Evaluation and 

Research), ten patients die every day in the United States, because a needed organ is 

not available for them. According to the United Network for Organ Sharing 

(UNOS), the supply of organs remained flat throughout the 1990s, with about 5,000 

donors, while demand rose from about 20,000 in 1990 to more than 60,000 patients 

waiting for organs in 1998 (2, 3). This huge need has driven transplantation 

researchers to focus on using xenografts as donor organs. 

Xenografts are divided into two categories: concordant, e.g., between non-

human primate and human, and discordant, e.g., from pig to human (9, 65). For 

discordant xenotransplantation, an untreated recipient rejects the immediately 

vascularized organ in one to two hours (56). This "hyperacute rejection" (HAR) 

generally does not occur when a concordant xenotransplantation is performed, but 

delayed xenograft rejection (DXR) occurs instead (12, 15). 

Because of the desire to create a large pool of donors for patients requiring 

transplantation, clinical interest in xenotransplantation and scientific research in this 

field has increased enormously in recent years. Xenotransplantation-related topics 

have raised concerns in both investigators and society. These include: (a) the 

physiologic function compatibility of xenografts; (b) xenotransplantation associated 

HAR and DXR; and (c) xenozoonoses, infections associated with xeno

transplantation that are caused by organisms transmitted from the organ donor (47). 

Baboons and xenotransplantation 

Because HAR could happen when using discordant xenografts, and no 

efficient immunosuppression drug was available to suppress the rejection, almost all 

xenotransplantations performed from 1960s to the 1990s utilized concordant 

xenografts (Table 2). During this period, about 30 cases were performed, including 
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Chapter I Introduction 

kidney, heart and liver from chimpanzee and baboon to human recipients (60). The 

most successful case was a chimpanzee-to-human kidney transplantation, performed 

in 1964, in which the patient survived for nine months with normal renal function 

before dying from the side effects of immunosuppression. In addition, a baboon 

heart kept an infant alive for four weeks (13, 65). These achievements indicated that 

long-term survival and functional of a concordant xenograft could be achieved in 

humans, even with the relatively inefficient immunosuppression therapy available at 

that time. Since the chimpanzee is unlikely to be accepted as a donor because of the 

emotional ties associated with using an animal phylogenetically so close to humans 

-especially one whose numbers are so limited - the baboon was the most preferable 

and popular donor species. However, two major drawbacks to using baboon organs 

as xenografts have driven scientists to look for new donors, for example pigs, since 

1990s. 

The barriers for using baboons as xenotransplantation donors. The 

first major barrier is the incompatibility of physiologic function between 

baboon and human organs. In general, baboon organs are too small for 

human adults (13). Besides the incompatibility in organ size, studies 

indicated that some physiologic functions of transplanted baboon organs 

will remain intact while others may not. For example, human recipients of 

baboon livers have insufficient levels of serum cholesterol (consistent with 

normal levels in baboons) and remarkably low levels of serum uric acid, 

since the baboon liver does not produce uric acid as the human liver does 

(64). 

The second barrier is xenozoonoses, the infections transferred 

from animal donors to human recipients by xenotransplantation. Three 

classes of highly risky organisms can potentially cause xenozoonoses: 

bacteria, parasites, and viruses, especially retroviruses. Today, modern 

biotechniques can be used to screen and breed potential animal donors in 

specific pathogen-free (SPF) environments to avoid the risk of most 

bacteria, parasites, and viruses. However, it is almost impossible to avoid 

transmission of retroviruses, especially endogenous retroviruses that exist 

already in the host germ line with multiple copies (17, 18). 

16 



Chapter I Introduction 

Table 2. Experience in clinical xenotransplantation (65) 

Donor Organ Outcome Number of Year 
Cases 

Chimpanzee 

Monkey 

Baboon 

Baboon 

Chimpanzee 

Chimpanzee 

Baboon 

Chimpanzee 

Baboon 

Baboon 

Kidney 

Kidney 

Kidney 

Kidney 

Heart 

Liver 

Heart 

Heart 

Heart 

Liver 

< 9 months 

10 days 

4.5 days 

< 2 months 

< 1 day 

< 14 days 

< 1 day 

< 4 days 

4 weeks 

70 days, 26 days 

12 

1 

1 

6 

1 

3 

1 

1 

1 

2 

1964 

1964 

1964 

1964 

1964 

1969-1974 

1977 

1977 

1985 

1993 

Retroviruses present in the baboon genome. Cross-species infection by 

retroviruses is considered possible. In the baboon, simian immuno

deficiency virus (SIV), which is similar to human immunodeficiency virus 

type 2 (HIV-2), is probably non-pathogenic, but it can infect human 

peripheral blood lymphocytes in vitro (58). Results from virus monitoring 

programs for patients who received baboon livers showed that baboon cells 

could be detected in several of their organs, including lymph nodes, 

suggesting that cells from the xenograft were circulating systemically. One 

of these baboon liver recipients, whose survival was shorter than 70 days, 

showed antibody response to simian foamy virus three weeks after 

transplantation (5, 80). 

Besides many exogenous retroviruses able to infect baboons, one 

semi-endogenous retrovirus is present in the baboon genome. This is BaEV, 

one of the best-characterized endogenous retroviruses in Old World 
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Chapter I Introduction 

monkeys. In 1974, BaEV was isolated from baboon placenta by 

cocultivation with permissive cell lines, including a human 

rhabdomyosarcoma line. Electron micrographs showed that the BaEV 

particle belonged to the C-type retroviruses. By using DNA hybridization, 

researchers found that BaEV viral genes were present in the baboon 

genome and could be continually expressed in baboon placenta but not in 

liver. (14, 72) In 1987, the complete nucleotide sequence of BaEV was 

obtained (20, 21, 30). Gene analysis results showed that the BaEV proviral 

genome is chimeric, containing type-C gag and pol genes and a type-D env 

gene, suggesting that BaEV is the result of a recombination event between 

two retroviruses in the past. A similar chimeric genome construction is 

also present in RD114, a feline semi-endogenous retrovirus (61). Recently, 

the cellular receptor for BaEV virus entry, the sodium-dependent neutral 

amino acid transporter type 1 (ASCT1), was identified. This receptor is 

present also on the surface of human cells, giving BaEV the potential to 

infect human cells during baboon-to-human xenotransplantation (39, 59, 

69). Results of viral distribution studies showing that BaEV is present only 

in the genomes of the Papionini tribe and in African green monkeys 

(Cercopithecus aethiops; see the complete primate taxonomy in Table 3 

(22, 31, 40)), indicated that BaEV was not inherited from a common 

ancestor of all African monkeys (76). The baboon genome contains 10 to 

30 copies of BaEV, with very little sequence variation, suggesting that 

BaEV has a relatively short evolutionary history (77, 78). Recently, two 

ancestors of BaEV, simian endogenous retrovirus (SERV), which is a type-

D virus, and papio cynocephalus endogenous retrovirus (PcEV), which 

belongs to C-type group, were identified in the baboon genome (37, 38, 

82). Results from phylogenetic analyses based upon nucleotide sequences 

indicated that SERV is at least 9 million years old. It is the eldest of the 

three related retroviruses and contributed its env gene to BaEV. PcEV is 

younger than SERV, and its type-C gag and pol genes were obtained by 

BaEV. 
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Chapter I Introduction 

Table 3. Classification of Old World monkey, ape, and human (22, 79, 81) 

Order 

Sub-order 

Infra-order 

Super-family 

Family 

Sub-family 

Tribe 

M 
3 
C • 

PRIMATES 

ANTHROPOIDEA (anthropoids) 

CATARRHINI 
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Cercopithecoidea 

(Old World Monkeys) 

Cercopithecoidea (Old World monkeys) 

Cercopithecinae 

Cercopithecini 

C
e

rc
o

p
ith

e
cu

s 
E
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) 
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N
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P
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b
u
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Pigs and xenotransplantation 

Given these limitations of non-human primates as donors, discordant 

donors such as the pig may have greater potential, although natural antibodies in 

humans can cause HAR, which is the greatest immunological barrier to using 

discordant xenografts, a number of recently developed genetic engineering 

strategies may help to overcome HAR. 

Pigs are chosen as the best potential xenotransplantation donor because 

they are available in large numbers, have elements of shared anatomy and 

physiology with humans, and can be housed in SPF environments. They breed 

rapidly, thereby allowing possible genetic manipulations that might make them 
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more suitable donors (23). Several transplantations have been performed using pig 

cells, tissues, and organs: including fetal pig-to-human islet transplants for diabetic 

patients (28), and fetal pig-to-human neural cells transplants for patients with 

Parkinson's or Huntington's disease (25). But numerous steps must be taken to 

overcome the problems of pig-to-human transplantation caused by physiologic and 

immunological incompatibility and potential xenozoonoses. 

Molecular mechanism of HAR. HAR is the key topic related to the 

immunological incompatibility between pig and human. At least two 

elements make HAR of pig organs by humans an explosive and nearly 

universal event. During the 1990s, experimental studies of HAR found that 

a single dominant epitope expressed by pig endothelium - ct(l,3) gal 

determinant - is responsible for binding a large portion of preformed 

human natural antibodies. This a-gal determinant is formed by the action 

of an a-galactosyl transferase enzyme, which glycosylates N-

acetyllactosamine. Humans and Old World monkeys do not have a 

functional gene for this transferase and instead use a(l,2) fucosyl 

transferase to form the H substance from the same substrate. 

The second element that can cause the HAR is related to human 

complement and its regulatory proteins. The full manifestation of HAR 

requires human formation of the membrane-attached complex at the end of 

the human complement cascade. The cascade is ordinarily regulated by 

CD55 (decay accelerating factor, or DAF), CD46 (membrane cofactor 

protein, or MCP), and CD59, which act as inhibitors at various points 

along the cascade. All these regulatory proteins typically show strict 

homologous restriction, functioning effectively only with the complement 

proteins of their own species (24, 26, 27, 44)} 

Techniques developed to overcome HAR. Some advances have been 

made to prevent HAR after the xenotransplantation of pig organs. 1) 

Several techniques have been developed to reduce the level of preformed 

antibodies in recipients below the threshold level required to trigger HAR 
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(11). 2) Since the main target of preformed natural antibodies is the oc(l,3) 

gal determinant expressed by pig cells, HAR could also be avoided if we 

eliminate the pig galactosyl transferase gene. Recently, a pig cell line 

lacking a-galactosyl transferase gene has been isolated that such cells 

could be used to clone engineering pigs (2). 3) Genetic engineering to 

inhibit human complement activation has been accomplished by creating 

transgenic pigs expressing human or other primate complement regulatory 

proteins, including CD55, CD46, and CD59. Studies of non-human 

primates showed that this achievement can significantly postpone HAR, 

converting the interval before pig organ rejection from minutes to days. 

With strong immunosuppressive therapy, a transgenic pig heart has 

survived in a non-human primate for up to 60 days without evidence of 

rejection (45, 84). 

Other progress in pig-to-human xenotransplantation. In 2000, two 

different groups developed a pig cloning technology at almost the same 

time by using a similar strategy (51, 57). Researchers first fused porcine 

granulosa-derived donor cells with enucleated mature oocytes to form 

pronuclear. After 18 hours, the donor nuclei were removed from the 

oocytes and transferred to the cytoplasm of fertilized eggs (Fig.3). By 

using this so-called double-nuclear transfer strategy, 72 reconstructed 

embryos were prepared and transferred to the surrogate sow, resulting in a 

litter of five live piglets (57). This success overcomes one of the major 

problems for pig cloning: how to produce at least 4 good quality embryos, 

which are required to induce and maintain a pregnancy. It produces a great 

chance to generate a certain transgenic pig 'breed', for example, a pig free 

of the a-galactosyl transferase enzyme, whose organs might be tolerated 

by the immune system of human recipients. 
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Fig. 3. Pig cloning strategy (57). 

Progress has also been made in the immunological field related to 
xenotransplantation. To inhibit human complement activation, transgenic 
pigs that can express human DAF, MCP have been developed by Imutran 
(Cambridge, U.K.). Researchers are studying whether the combination of 
two inhibitors confers an advantage over DAF or MCP alone. PPL 
Therapeutics pic (Roslin, U.K.) has constructed a pig cell line lacking the 
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oc-gal gene, which could be used to engineer HAR-free pigs. BioTransplant 
Inc. (Charlestown, Mass, USA) has bred herds of miniature swine that 
grow only to 90 to 130 kilograms and thus have organs the right size for 
human transplant. Researchers in that company have also developed 
several approaches to induce the recipient's immune system to recognize 
pig organs as less foreign. One of these approaches is to transplant pig 
thymic tissue into the recipient followed by temporarily immuno
suppression until the thymic tissue creates tolerance for future pig tissue 
implant (2, 3). 

Endogenous retroviruses of pigs 

Gains are always combined with risks, and xenotransplantation is no 
exception to this rule (8-11). Public dread of using pig as xenograft donor is mainly 
caused by the existence of some potential pathogens in pigs, especially endogenous 
retroviruses, which cannot yet be screened out by traditional breeding methods or 
modern gene knock-out technology. 

In the 1970s, several groups reported that two porcine kidney cell lines, 
PK15 and MPK, could continuously produce C-type retroviral particles, but at that 
time nobody thought to check if they could infect human cells (6, 35, 48, 68, 71). 

In 1996, part of the pol gene sequence of a porcine endogenous retrovirus 
named PoEV (porcine endogenous virus) was identified in a domestic pig genome. 
Phylogenetic analysis showed that this virus is C-type and closely related to gibbon 
leukemia virus (GaLV) (74). One year later, a research report showed that viral 
particles released from PK15 cell could infect some cells from various hosts in 

vitro, including cells from the human 293 kidney cell line (54). Thus this virus was 
named PERV-PK. Besides the infection of specific human cell lines, human 
peripheral blood mononuclear cells (PBMC) also became non-productively infected 
by PERV-PK (86). Although no virus replication could be detected, viral DNA 
could be amplified from these human PBMC. Sequence analysis showed that the 
RT gene of PERV-PK is closely related to the RT gene of GaLV, suggesting that 
PERV-PK was a different isolate from PoEV, but probably both belong to the same 
viral species. Further study demonstrated that PK15 cell could produce two classes 
of PERV: PERV-A and PERV-B. The gag and pol genes from these two classes are 
almost identical, but there is 92% amino-acid identity to one another in the SU 
domain of ENV protein, suggesting that they probably use different cellular 
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receptors to entry the host cells. Multiple copies of PERV-A and -B have been 

observed in the pig genome (34). 

Besides PERV-A and -B, a third PERV class, PERV-C, has been 
identified from a cDNA library of a miniature swine (4). Sequence analyses indicate 
that all three PERVs are members of the mammalian type-C retrovirus genus, 
showing closest homology to GaLV. They are closely related to one another in their 
gag and pol genes, with maximum nucleic acid divergence of around 8 % (Fig. 4). 
However, PERVs have three distinct classes of SU-encoding region, suggesting that 
they may have different host range specificities. In vitro experiments for the host 
range of the PERVs demonstrated that PERV-A and PERV-B have wider host 
ranges, including several human cell lines, than PERV-C, which can infect only two 
pig cell lines and one human cell line (41, 70). Unfortunately, none of these PERVs 
could infect non-human primate cell line in vitro, raising doubts about using a non-
human primate model to study PERV zoonosis (42, 43, 70). 
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Fig. 4. Nucleotide sequence similarity of PERVs. Analysis was performed by using SIMPLOT. 

The full-length sequences of PERV-A, -B, and -C were included in the analysis, and the 

sequence of PERV-A was used as the query. 

All above conclusions, which address the concern that PERVs could be 

cross-species transmitted from pig to human when using pig organs as xenografts, 

24 



Chapter I Introduction 

were drawn based upon the results of in vitro experiments. A number of studies to 
detect whether the recipients of pig organs or tissues are already infected by PERVs 
gave no clue that PERVs can infect human cells after xenotransplantation (29, 52, 
53, 87). It appeared that people were over-threatened by the existence of PERVs 
until, most recently, one group reported that after transplanting pig pancreatic islets 
into NOD/SCID (non-obese diabetic, severe combined immunodeficiency) mice, 
ongoing PERV expression could be detected, and several tissue compartments had 
become infected (55, 83). Since cross-species infections have only been found in 
mice compartments chimeric for pig cells, this finding suggests that cell-cell contact 
might be one important mechanism for spreading infection. It was the first evidence 
that PERV is transcriptionally active and infectious across species in vivo after 
transplantation of pig tissues. These results showed that a concern for PERV 
xenozoonoses in immunosuppressed human patients should be taken very seriously. 

In August of 2000, BioTransplant Inc. announced its creation of an inbred 
miniature swine containing no replication-competent PERVs, which could supply 
"PERV-free" organs and tissues for xenotransplantation (1). However viral 
expression of PERVs in these swine might be only temporarily inactivated with 
complete entire functional proviruses could still present in the genome, and the 
question remains whether PERVs will be reactivated again and then jump to a new 
host when the xenotransplantation is performed. 

Not only can retroviruses cross-species infect a new host, as PERV did 
with the mouse, but endogenous retrovirus already existing in the host genome 
could be reactivated by recombination with exogenous virus. For example, 
infectious BaEV arose through the recombination of SERV and PcEV (37, 38) and 
infectious FeLV-B (feline leukemia virus B type) was generated through 
recombination of FeLV-A and endogenous FeLV in the cat genome (66). Enormous 
amounts of retroviral sequences are present in the human genome. Besides three 
classes of PERVs, a porcine endogenous retrovirus designated PERV-E was 
identified from a pig genomic DNA library (described in Chapter V). Sequence 
analyses showed that HERV 4-1, which is a member of the HERV E family, is a 
retrovirus most similar to PERV-E, especially in the env gene. Multiple copies of 
PERV-E-like and HERV 4-1-like proviral sequences exist in the pig and human 
genome respectively, and at least part of the HERV 4-1 proviral genes is still 
expressed. Given the gene sequence similarity between PERV-E and HERV 4-1, 
the possibility of viral recombination in pig organ recipients cannot be ruled out. 
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In general, multiple copies of endogenous retrovirus are present in the 
genome of their natural host, and copy numbers have increased a long time since 
they integrated into the germline (16). Proviral copy numbers of different viruses 
vary from several copies to several hundred copies. The pig genome has multiple 
copies of PERVs (4, 17, 54), which complicates the generation of PERV-free pigs 
by gene knock-out technologies or selective breeding. 

V. Scope of this thesis 

This thesis describes the identification of novel endogenous retroviruses in 
baboon and pig genomes, and discusses the impact of endogenous retroviruses 

in xenotransplantation. Baboons and pigs have been considered the most suitable 
donors of organs, tissues and cells for xenotransplantation to humans. As semi-
endogenous retroviruses do exist in the genome of these two mammal species, the 
potential risk of cross-species transmission of endogenous retroviruses is a major 
concern. Many endogenous retroviral sequences are estimated to be present in 
mammalian genomes, but only a few have been characterized. We conducted a 
search for those novel endogenous retroviruses in baboon and pig chromosomal 
DNA. This resulted in the identification of three new full-length endogenous 
retrovirus genomes, described in chapters II to V. 
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Complete Nucleotide Sequence of Simian 
Endogenous Type D Retrovirus with Intact Genome 

Organization: Evidence for Ancestry to Simian 
Retrovirus and Baboon Endogenous Virus 

ANTOINETTE C. VAN DER KUYL, RUI MANG, JOHN T. DEKKER, 
AND JAAP GOUDSMIT 
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1105 AZ Amsterdam, The Netherlands 

A complete endogenous type D viral genome has been isolated from a baboon genomic library. The 
provirus, simian endogenous retrovirus (SERV), is 8,393 nucleotides long and contains two long 
terminal repeats and complete genes for gag, pro, pol, and em. The primer binding site is 
complementary to tRNA3

Lys, like in lentiviruses. The env GP70 protein is highly homologous to that 
of baboon endogenous virus (BaEV). PCR analysis of primate DNA showed that related proviral 
sequences are present in Old World monkeys of the subfamily Cercopithecinae but not in apes and 
humans. Analysis of virus and host sequences indicated that the proviral genomes were inherited 
from a common ancestor. Comparison of the evolution of BaEV, exogenous simian retrovirus types 
1 to 3 (SRV1 to SRV3), and SERV suggests that SERV is ancestral to both BaEV and the SRVs. 

Retrovirus sequences have been found in the genomic DNAs of many species of 
mammals, including primates. Most of these sequences represent ancient 

integrations, rarely complete viral genomes, and even if that is the case, the 
genomes often can no longer be expressed due to the presence of multiple stop 
codons and deletions. Complete endogenous viruses described in primates include 
type C viruses from macaques, the owl monkey, and Colobus polykomos (34, 36, 
42, 44), the chimeric type C/type D baboon endogenous virus (BaEV) in baboons 
and other species of African monkeys (3, 46), and possibly human endogenous 
retrovirus K10 in humans (6), which is most closely related to type B retroviruses. 
Endogenous type D sequences have been observed in langurs (Presbyds species) 
and squirrel monkeys (4, 16). No complete sequences have been determined for 
these type D viruses, and it has also not been proven that the infectious langur 
isolate Po-l-Lu and the exogenous squirrel monkey retrovirus (SMRV) are actually 
derived from endogenous type D sequences. Exogenous type D viruses (simian 
retroviruses, or SRVs) have been found in captive macaques worldwide. Several 
neutralization serotypes are recognized (13), of which SRV-1, SRV-2, and SRV-3 
(Mason-Pfizer monkey virus) are the best characterized, and complete nucleotide 
sequences have been determined (33, 39, 41). These viruses induce a fatal 
immunodeficiency syndrome in rhesus macaques (initially called SAIDS for simian 
AIDS [28, 40]), but SRV is unrelated to the simian immunodeficiency viruses, 
which are currently recognized as the simian counterparts of the human 
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immunodeficiency viruses. Recently, an exogenous type D virus, SRVpc, in 
apparently healthy captive baboons has been described (14). A high percentage of 
West African wild-caught talapoin monkeys were found to have antibodies to type 
D viruses, suggesting that talapoins could be a natural reservoir of SRVs (18). 
Humans do not appear to be hosts for any type D viruses, except maybe in 
extremely rare instances of incidental zoonotic infections. Extensive serological 
surveys have shown no proof of infection (13), even in people who have had close 
contact with infected primates. To date, only a single human isolate of a type D 
virus, from a severely immunosuppressed patient with AIDS, has been reported (5). 

Recently, we have studied the structure of BaEV genomes integrated into 
the genome of the yellow baboon (Papio cynocephalus) by hybridizing a genomic 
library to BaEV-specific probes. Most lambda phages obtained contained sequences 
identical to that of BaEV, but two phages, designated 25.2 and 23.1, which 
hybridized only weakly to a BaEV env probe and not at all to BaEV reverse 
transcriptase (RT) and long terminal repeat (LTR) probes, were found (45). These 
two lambda clones could be PCR amplified with BaEV env primers, and the 
obtained fragments showed approximately 80% nucleotide (nt) homology to BaEV. 
Closer inspection of the lambda clones revealed the presence of gag-like sequences 
with approximately 90% homology to SRV. 

In this study we have analyzed the genome organization, copy numbers, 

and host distribution of this new intact endogenous type D retrovirus which is the 

putative ancestor of both BaEV and the pathogenic SRVs. 

MATERIALS AND METHODS 

Baboon genomic library. A baboon genomic library in the lambda DASHRII 

vector was obtained from Stratagene (La Jolla, Calif.). This library was constructed 

from kidney tissue of a normal 18-year-old male Papio cynocephalus baboon. 

Isolation of type D proviral clones. The baboon genomic library was screened by 

using a 32P-labelled probe homologous to the BaEV env sequence (45). Lambda 

DNA was isolated from purified positive plaques by using the Wizard Lambda 

Preps DNA purification system from Promega (Madison, Wis.). 

Primate samples. Samples were obtained from the following African primates: 

Macaca sylvanus (barbary monkey), Mandrillus sphinx (mandrill), Papio 
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cynocephalus cynocephalus (yellow baboon), Papio cynocephalus anubis (olive ba
boon), Papio cynocephalus ursinus (chacma baboon), Papio hamadryas hamadryas 

(sacred baboon), Theropithecus gelada (gelada), Cercocebus torquatus atys (sooty 
mangabey), Cercocebus aterrimus (black mangabey), Cercocebus galeritus (tana 
mangabey), Cercopithecus aethiops aethiops (grlvet), Cercopitbecus aethiops 

pygerythrus (vervet), Cercopithecus aethiops tantalus (tantalus monkey), 
Cercopithecus aethiops sabaeus (green monkey), Cercopithecus diana roloway 

(Diana monkey), Cercopithecus mitis (blue monkey), Cercopithecus mona pogonias 

(mona monkey), Cercopithecus patas (patas monkey), Cercopithecus ascanius (red-
tailed monkey), Cercopithecus nictitans (spot-nosed guenon), Cercopithecus cephus 

(moustached monkey), Cercopithecus neglectus (De Brazza's guenon), 
Cercopithecus hamlyni (owl-faced guenon), Pan troglodytes (common 
chimpanzee), Pan paniscus (pygmy chimpanzee), Gorilla gorilla (gorilla), and 
Homo sapiens (human). Additional samples were obtained for three Asian monkey 
species: Macaca mulatta (rhesus macaque), Macaca nemestrina (pig-tailed 
macaque), and Macaca fascicularis (crab-eating macaque). The origins of the 
samples (serum, plasma, and/or blood cells) were as published before (46). 
Cercopithecus hamlyni DNA was obtained from John Hancock (MRC Clinical 
Sciences Centre, London, United Kingdom). Additional samples of Papio 

hamadryas genomic DNA were obtained from the Zoologischer Garten Leipzig 
(Leipzig, Germany) through the European Gene Bank of Primates (Munich, 
Germany), which also supplied their DNA concentrations. 

DNA extraction and PCR amplification. Total DNA was extracted by a procedure 
using silica and GuSCN (7). A 764-nt fragment from this DNA was amplified with 
a primer set consisting of an upstream primer, 5' GGCATTCCCTACAATCCCC 
3', located in the pol gene and a downstream primer, 5' GGCAATAAAACATA 
CTATACG 3', located in the env gene. PCR amplifications were performed by the 
following protocol: denaturation for 5 min at 95°C, amplification for 35 cycles of 1 
min at 95°C, 1 min at 55°C, and 2 min at 72°C, and then an extension of 10 min at 
72°C. Obtained fragments were cloned into the TA vector (Invitrogen, San Diego, 
Calif.) and sequenced. At least three clones from each individual were analyzed. 

DNA sequencing. Sequencing of the clones with an Applied Biosystems 373A 

automated sequencer was done in both directions directly from lambda DNA with 

purified specific primers, following the manufacturer's protocols. To resolve a few 

ambiguities, some sequencing primers were also used to generate PCR fragments 

from the lambda clones for additional sequencing. PCR fragments obtained from 
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monkey genomic DNA were sequenced from plasmid DNA with T7 and Ml3 

primers. 

Sequence analysis. Alignment of the sequences was done with CLUSTAL (17). 
The phylogenetic analyses were done by the neighbor-joining (NJ) method, as 
implemented in the MEGA package (23). Distances were estimated by Kimura's 
two-parameter method (21) for nucleotide sequences and by the p-distance method 
for protein sequences. One hundred bootstrap replicates were analyzed. Using other 
methods for the determination of nucleotide sequence distances did not influence 
the trees. Gaps introduced for optimal alignment were not considered informative 
and were not included in the analyses. The GenBank accession numbers of the 
comparison sequences were M11841 (SRV1), M16605 (SRV2), M12349 (SRV3), 
D10032 (BaEV), M26927 (gibbon ape leukemia virus [GALV]), M23385 (SMRV-
H), U16843 (SRVpc P27), and U16844 (SRVpc GP20). 

Copy number determination. Copy numbers of simian endogenous retrovirus 

(SERV) proviruses in the baboon genome were estimated by limited dilution and 

nested PCR (31). The outer primers for the PCR are described above, and the nested 

primers used were 5' GATGCAGCCAGATGGCTGCC 3' (upstream) and 5' GCT 

GTCTTGCCCGAGCAAGTC 3' (downstream), which together amplify a fragment 

consisting of 272 nt. The nested PCR was optimized to amplify a single copy of 

input DNA. Baboon genomic DNA of known concentration was diluted in 10-fold 

steps for the first PCR, and the last positive sample was used for additional 2-fold 

dilution steps. For each 2-fold dilution step, 10 nested PCR reactions were 

performed twice. 

Nucleotide sequence accession numbers. The sequences reported in this paper 

have been deposited in the GenBank data base (accession no. U85505 and U85506). 

RESULTS 

Nucleotide sequences of the proviruses. The baboon genomic clone 23.1 contains 

a complete retrovirus sequence of 8,393 nt with a genomic organization identical to 

that of known type D viruses. The base composition of the genomic viral RNA can 

be deduced to be 31.4% A, 26.0% U, 23.9% C, and 18.7% G. Four main open 

reading frames (ORFs) are present, with coding regions for gag, pro, pol, and env 
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proteins. The protease gene is overlapping both the gag and pol genes, in the same 

way as reported for type D viruses. The coding region is flanked by LTRs of 484 

and 479 nt. 

Baboon genomic clone 25.2 contains a related proviral sequence, which is 

missing the 5' LTR, and the first part of the gag gene due to the method used for 

construction of the library. The remaining 7,113 nt of viral sequence has a high 

degree of homology to the clone 23.1 virus, including a similar 3' LTR. 

The LTR and regulatory elements. Viral sequence 23.1 contains two LTRs; the 5' 

LTR is 484 nt long, while the 3' LTR is only 479 nt in length (Fig. 1). This 

difference can be attributed to a deletion of ATAAT in an A-T stretch in the 3' 

LTR. The 3' LTR of virus 25.2 is also 484 nt long, suggesting that this size is the 

original length. SRV LTRs sequenced to date are 345 to 346 nt in length. 

The LTR boundaries are defined by the inverted repeat TGTCC/GGACA, 

like in other type D viruses, but the left repeat has been mutated to GGATA in both 

LTRs of clone 23.1. Although the LTR sequences are difficult to align with SRV 

LTR sequences, except for the 3'-most 140 nt, a GenBank search found significant 

homology only with type D LTRs, while no similarity was observed with other 

retroviruses or transposons. 

The 5' and 3' LTRs of virus 23.1 are not identical but have a total 

difference of 18 nt, in addition to the earlier-mentioned deletion, suggesting that this 

provirus integrated in the monkey genome a long time ago. More differences are 

observed between the LTRs of clone 23.1 and the single LTR of clone 25.2. The 

LTRs of the 23.1 provirus are flanked by identical GTGGCA genomic repeats. 

The 5' LTR of 23.1 is followed by a primer binding site (PBS) 

complementary to the 3' end of tRNA3
Lys, which is unusual in type D viruses as 

they commonly utilize tRNAi-2
Lys to prime their minus-strand synthesis. tRNA3

Lys is 

used by the lentivirus group (e.g., visna virus, HIV, SIV) and by mouse mammary 

tumor virus, a type B virus. A polypurine tract (PPT), involved in plus strand 

synthesis, precedes the 3' LTR of each of the two viruses. The two PPTs are 

identical except for the deletion of a single A residue in the clone 23.1 PPT. 
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Another regulatory element present in the 5' untranslated region is the 

packaging or encapsidation signal C. For SRV3, biochemical studies have indicated 

that the sequence between the PBS and the splice donor site before the start codon 

of gag is important and shows extensive secondary structure (15). Alignment of 

SRV packaging elements with clone 23.1 showed that although the overall 

homology is only 46%, a stem-loop structure predicted in 10 additional retrovirus 5' 

leader regions is completely conserved in the 23.1 sequence, including the AAC 

triplet at the top of the loop (Fig. IB). Also, the splice donor site is present in clone 

23.1. 

A constitutive transport element (CTE), involved in nuclear transport and 

splicing of intron-containing mRNA, is present between the env gene and the PPT 

of SRV3 (8). The element consists of an imperfect repeat, which can be folded into 

a hairpin loop. There are strongly conserved domains present, as evidenced by 

comparing the SRV CTE sequences with those of 23.1 and 25.2 (Fig. 1C), 

suggesting that homologous structures exist in these viruses, although a large 

deletion is observed in the 23.1 CTE. A more recent study suggested that sequences 

extending into the 3' LTR are also involved in CTE function and form a third 

hairpin structure (35), but this observation is not supported by analyses of the 

homologous sequences from other SRV isolates, 23.1, or 25.2. 

23 1 5' LTR TCTC'CCGAGCK.C'CCCCCCCtCCCATACCAAMTAATAATTAATCATTAAAn;ccC'GA(^TCA(\TTCCTTTCCACCTTATACCT( CTCCCTACATTTCTTCT TT 
23 1 3' LTR - --______--_______- _--_ f - A - - - - - - - -T- T _ _ _ - - - _ £ - - - - - - - - - - - - - - - . - - -
25. 2 5 LTR - - T - G - - - A T T-G-TTA. . . T A C C C G C G A C T G T T--A-A T G A AC T CTTCCC C 

23. I 5" LTR 
23. 1 3' LTR 
25. 2 5' LTR T - -GC- - -C- - TACG- CAG- C- - A C - - C - - - A , , TCA- - T CT- CC GA TGATCA A C 

23. 1 5' LTR 
23 1 3 LTR 
25 2 5 LTR . . . - T G - - - C - -C GA C G C C A T ACGCCC-C ATC--

23 1 5 LTR 
23 \ 31

 LXR 
25.2 5'LTR T --G - -C --C-CC- - C f H A CC A • • * • - • - GAT A C CG G 

501 
23.1 5 LTR TTCCCACTCCCTCCTCCAGGCCCTCCTTCGACCATCCCGCGGGCCGGGATA 
23 1 3' LTR - - - - , , . _ _ _ - , , , - --
2 5 . 2 5 LTR T- -T A-A-T- - -A T A C-

23. 1 5'PS KK^CCXCAAr.AGGGAClICGAAACCAGCGA.CTCCCTCAaAACAGCACCCCAMGCACCCTCGACCGCTAACCCAGACAAAAGGAGTAAMCTCT.TCCGATCACl 
SRY1 5 PS * - i - - - C T - - ; G - T AT ] C GGTTT-C -C-C. . . GATTAAA- -G- - - C A AGT T - C T - CC-C-i 
SRVÜ .T PS i t - - GT--K&--. T- ATC I AC I.T--CA. ( • - . . . - AGT AA TCA- - G A CT C . ACCTC -Ü 
SRV3 5'PS | > . - - - G T - - - P . T A T T T C T C C.TTC-C- C . . . -C-TTAA-AGT. . . . -A-AGT .CTT-GC-G-i 

h a i r p i n / l o o p SD 160 
23. 1 5' PS GCGGGMCC:TeCCGCGT(K.AAHXAAl.CJCAGTCCCGCC. TCCGAAATG 
SRV] 5'PS - G--^ - AG -CCT---A--A T-- -C--G--T- - -
SRV2 5 PS — G-— - C C ATA A C-TT- - C - A A - T - - -
SRV3 5' PS ^ - - - - ^ - s - - - " - - - T C - -CCT---A- -A TT- - -C- -C- -T- - -
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(C) 
Stop -* 110 

23. 1 3' CTE ||gGACCACCTCCCCTGTGTGCTGAACTGGACAGTCAATCACGGGTAAGAG. . . CACACTATCCCCATCGGAGCCTAAGACAGGAGGGCCGCCC 
25.2 3 CTE • A . C-CT ATT TTGCTGCTCCCTAATC 
SHV1 3' CTE --.. C-A-. -AG C ACT T-T-T-A-TA A-- T-AGAGCTACTGCCTAATC 
SRV2 3' CTE . . G C---A T---C ACT-T-GT-TCT-A-TA. . .A T- - T- ATAGCTACTACCTTTTC 
SRV3 3' CTE mm* A--AG C -ACT T-TCT-A-TA. . .A T-AAAGCTACTGCCTAATC 

*- PPT 214 
23. 1 3' CTE . CATGACCGGCCTAGAAGATCGGGATGAGATCAC. CCAACCTAAGACAGGCGCAGTTCCCGAGGGG. . TCATTTCTTATCATAAAAT; 
25. 2 3'CTE C T--A---G T . ..CT--C---C I 
SRV1 3'CTE CA-A TAA- AGT- -. TAAA- ATGT- - C- -T CT ATT GTCG---GT-TTAT-T---T-" 
SRV2 3'CTE CT TACCAGT--. A-AA-CTGT-- C - T T- - A--C-TT-©fl| 
SRV3 3'CTE CA- TAATACT -CAA-A-ATGT--C -T - CCT A. . -GTG-CT--TGTT TTT 

FIG. 1. (A) Alignment of the 5' and 3' LTRs from type D virus isolates 23.1 and 25.2. The LTRs 
of virus 23.1 differ in length due to a ATAAT deletion in the 3' LTR. The TATA box and poly(A) 
signal are indicated. (B) Alignment of the 5' untranslated leader sequences (between the PBS 
and the start codon of gag) of clone 23.1 (nt 487 to 642) and SRV1 to SRV3. The PBS and a 
conserved hairpin-loop structure have been shaded. The splice donor site (GT) is indicated 
(SD), while the gag start codon has been underlined. (C) Alignment of the 3' regulatory CTE 
sequences of the 23.1 and 25.2 isolates with the SRV CTEs. The stop codon of the env gene is 
indicated, as is the putative PPT when easily identified. The arrows indicate the borders of an 
imperfect repeat, which can be folded into a single stem-loop structure and may represent the 
main functional element. The sequence shown corresponds to nt 7725 to 7914 of the 23.1 
sequence (between the eni/stop codon and the 3' LTR). Gaps introduced for optimal alignment 
are indicated by dots; identical nucleotides are indicated by dashes. 

Viral proteins, (i) gag. The gag protein of clone 23.1 is probably translated from 
the first available ATG codon at position 640, although an ORF is present in front 
of this start codon. The gag precursor protein is 658 amino acids long, which is 
comparable to the length of other type D gag precursors, and the translation product 
can be easily aligned with gag proteins from SRV1, SRV2, and SRV3 (Fig. 2A), 
but there are two regions of extensive amino acid mismatches. 

In clone 25.2, the first 222 codons of gag are missing but the remainder of 
the protein is homologous, although not identical, to the 23.1 product. The gag gene 

is completely open in clone 23.1, but in clone 25.2 a premature termination codon is 
present due to a G-to-A mutation at position 464. No large differences between the 
two clones are present in the downstream part of the gag ORF, and the 23.1 gag 

gene terminates at a TAA codon present at positions 2614 to 2616, analogous to 
SRV gag genes. 

The 23.1 gag sequence has been analyzed by the NJ method together with 

a set of primate type C and type D retroviruses (Fig. 2B). GALV is included as a 

true primate type C virus. From this tree it is clear that the 23.1 gag gene clusters 

with those of SRV1, SRV2, and SRV3 and is more distantly related to that of the 

New World virus SMRV, but all are type D retroviruses. Because the complete 

sequence of SMRV from monkeys is not known, an SMRV sequence obtained from 

a human cell line (SMRV-H) was used in the analyses (30). SMRV-H is supposed 

to be 99% homologous to the monkey isolate and is most probably a laboratory 
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contaminant. Figure 2C shows that the partial gag sequence of the baboon isolate 
SRVpc is very closely related to the 23.1 gag. 

(A) 

23. 1 gag 
25. ] gag 
SBV1 gag 
SRV2 gag 
SRV3 gag 

MGQELS0HQ1YVGQLKEALKIRGVKVKGNDLFKFFDFVKIITCPVFPQECTIDIKRWRRVGDCFQDYYNTFGPEKIPVTAFSYWNLIRDL1DKKEADPQVKAAVAQTEHIL 

23. 1 gag 
25. 1 gag 
SRV1 gag 
SRV2 gag 
SRV3 gag 

PP24 (-0 PP18 «-» 

KVSSRSNL AKPPQDTEEDLISLESDHEEIKSPSVTDKEMPHENKPKKYPILQMLQKEEEINKPNQSDI NWODLKEEAAKYHNPDLPPFTSYPPPYNKTYNEASAPI VHA 

-T HTE T T - - S - N P D L 
QTD-RDN.SHNKDM--

-SN-QTD-T.-TS-NPDL--

D-CA GS- LK- - NLSCTK RF V LTA- TSADPED P EVD- - G- ED- -
_ D- - A A- . E- JtmiSNKS AMLAS- NNNTDKD DL EVD- - G- ED- -
- D- GA- - S- LQ- - GLSSTK- - - RF V LTA- TSKDPED P- EVD G- ED- -

PI2 330 
23 1 a a g AIDPKEELKQKIAQLEEQIKLEELHQSLIIRLQKLKTGNEKJPNSDAMEGSLRPPQRPGOHVPRGGLVASRRKENSSPKDVFPVTETTDEQGQAWRHHTCFDFTII KELK 
25 . 1 gag - - - - - P - V QHR-D 1 G 
SRV1 gag WN E A - SK TVTSPETAG- F5- T- HW I K - KCC- - - E- EOT - I V- G N V 
SRV2 gag WN E - S RVTS GNI SHS- T- KW CL- K- KYLINKNT- EYP I M- C N V 
SRV3 gag WN E A- - SK TVTHP- TAG- LS- T- HW- - - -1 - K- KCC- - - E- EQI - -1 V- G H AV 

23. 1 gag 
25. 1 gag 
SRV1 gag 
SRV2 gag 
SRV3 gag 

TAASHYGATAPYTLAIVKSVANNWLTPTDWNTLVRAVLSCGDHLIWKSEFFENCRDTTKKNQQACNGWDFDHLTCSGNYANTRAQMQYDPGLFSQIQAAATKAWRKLPVK 
- - - - Q E D * I AA- R D- Q 

n E D L E A R SS-D A 

23 1 gag 
25. 1 gag 
SRV1 gag 
SRV2 gag 
SRV3 gag 

GDPGASLTAVKQCPNEPFSDFVHRLtfTTAGRl FGNAETCVDYVKQLAYENANPACQAAIRPYRKKTDLTGYIRLCSDIGPSYQQCLAMTAAFSGQTVRDFLINKCKDKGG 
A S G--N--

_ A I A - - - A K- L- N- - N- - R-

23 1 gag 
25. 1 gag 
SRV1 gag 
SRV2 gag 
SRV3 gag 

C FRCGKRGHFAKDCHENQNKNPEAKIPGLCPRCKRCRHWASECKSKTDSOGNPLSPRQGNCHRCOPQAPKQAYGAVSFVPASNSNTFQSLVEQPQEVQDWrrSVPPPTOY 

_K _ K G T SQ V SN P N 
-C-K--RK N---HIHN-S-T A K P-H L NKN-P P-P 

. - K - . - K RDHS S-V K P-H NSN-P--N-I -P 
. C - K - - K N - HAHN A P-V K- N-- - - IP-H- - - - W- NKN-P- P-P 

100 I — S R V I g a g 

100 

•c SRV3gag 

SRV2 gag 

- 2 3 1 g a g 

SMRV-Hgag 

BaEVgag 

-GALVgag 

0.05 

- S R V I g a g 

-SRV3gag 

-SRV2gag 

-25.2gag 

97 

-SRVpcgag 

— 23.1gag 
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FIG. 2. (A) Alignment of gag proteins derived from type D virus isolates 23.1 and 25.2 and 
exogenous type D virus isolates SRV-1, SRV-2, and SRV-3 (Mason-Pfizer monkey virus). The 
first 222 amino acids are missing from the gag sequence of clone 25.2. The premature stop 
codon present in the 25.2 sequence is indicated by an asterisk. Derived major proteins are 
indicated by arrows (39); PP24 and PP18 are differently processed phosphoproteins, and P27 
is the major core protein. The sequence shown corresponds to nt 640 to 2616 of the 23.1 
sequence. (B) NJ tree based upon derived protein sequences for the gag genes of clones 23.1 
and 25.2 and primate type C and type D viruses. Bootstrap values for 100 replicated trees are 
indicated. SRV1 to SRV3 are exogenous Old World type D viruses, SMRV-H is a New World 
type D virus, GALV is an exogenous type C virus, and BaEV is a chimeric type C/type D 
endogenous virus. (C) NJ tree based upon a 417-nt gag fragment showing the phylogenetic 
relationship among Old World type D viruses, including the baboon isolate SRVpc (14). Gaps 
introduced for optimal alignment are indicated by dots; identical amino acids are indicated by 
dashes. 

(ii) pro. A putative protease gene encoding a protein of 314 amino acids overlaps 
both the gag and pol genes in a fashion similar to that described for SRV. The gene 
(nt 2433 to 3377 in clone 23.1) is completely open for translation, and those of the 
two clones are highly homologous (95% at the amino acid level). A large degree of 
homology (approximately 80%) with the protease genes of SRV1, -2, and -3, which 
are exceptionally long among retroviruses, can be observed (Fig. 3A). The protease 
gene is probably expressed by translational frameshifting leading to a gag-pro 
precursor protein as proposed for SRV and Rous sarcoma virus (19, 39). 

Type D viruses are known to express dUTPase activity (11). By 
comparison with other dUTPase genes, it has been determined that the enzyme is 
probably encoded by the 5' end of the protease gene (29). Most likely, the 3' part of 
the gene represents the actual aspartyl protease, which would also explain the 
unusual length of the protease genes in type D viruses. In many lentiviruses, a 
dUTPase is encoded by the pol gene (11), and for feline immunodeficiency virus it 
has been shown that disruption of dUTPase expression leads to an increased viral 
mutation frequency (25). NJ analysis of type D protease genes shows that clones 
23.1 and 25.2 are closely related to SRV1 to SRV3 and that SMRV is more 
distantly related to all Old World type D viruses (Fig. 3B). 
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I I SRVIpro 
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SRV2pro 

-23.1pro 

— 25.2pro 

— SMRV-Hpro 

FIG. 3. (A) Alignment of protease proteins derived from type D virus isolates 23.1 and 25.2 and 
exogenous type D viruses SRV-1, SRV-2, and SRV-3. Codons 23 to 153 encode a putative 
dUTPase, while the remaining C-terminal protein sequence of 161 amino acids probably 
represents the actual protease. The protease gene is overlapping both the gag and pol genes 
in the viral genome. Close inspection of the SMRV-H sequence revealed a putative dUTPase 
gene upstream of its protease sequence, which is also shown. The five motifs supposedly 
conserved among putative dUTPase sequences (29) have been shaded. (B) NJ tree based 
upon type D dUTPase-protease amino acid sequences. Bootstrap values for 100 replicated 
trees are indicated. Gaps introduced for optimal alignment are indicated by dots; identical 
amino acids are indicated by dashes. 

(iii) pol. The third large reading frame present in both clones is the putative pol 

gene (nt 3356 to 5983 in clone 23.1). An alignment of the derived proteins with 
SRV pol proteins is shown in Fig. 4A. Although no large deletions or insertions are 
present, the ORF is interrupted by two frameshifts (insertion of two single A 
residues at nt 5051 and 5145, respectively) in clone 23.1 and by a premature 
termination codon at position 4356 (G-to-A mutation) combined with a frameshift 
at the 3'terminal end due to the deletion of an A residue in an A-rich stretch (nt 
4580 to 4586) in the 25.2 sequence. Repeated sequencing of these positions, 
together with sequencing of specific PCR fragments derived from the original 
lambda clones, confirmed that the observed insertions and deletions of A 
nucleotides are actually present in the genomic clones. Investigation of homologous 
fragments which were PCR amplified from the DNA of baboons and other monkeys 
showed that the substitution leading to the premature stop codon and the A deletion 
leading to the frameshift were no longer observed, suggesting that in related 
integrations the pol gene is uninterrupted. Translation of both pol genes, ignoring 
frameshifts and the premature stop codon, showed that the reading frame is 
completely intact and homologous to those of SRV pol proteins. The only length 
differences are in the beginning, as 23.1 and 25.2 pol genes start with the second 
residue (compared to SRV), and at the 3' end, where both reading frames continue 
for an additional 4 amino acids. 
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An NJ tree generated by using derived amino acid sequences for the pol 

genes is shown in Fig. 4B. Two distinct clusters can be observed, one containing the 
type C pol genes of GALV and BaEV and the second containing all type D pol 

genes, in which the Old World type D viruses, including clones 23.1 and 25.2, are 
more closely related to each other than to the New World type D virus. 
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FIG. 4. (A) Alignment of pol proteins derived from type D virus isolates 23.1 and 25.2 and the 
exogenous type D virus pol proteins of SRV-1, SRV-2, and SRV-3. Conserved RT motifs A to E 
(32) have been shaded. The D-to-N mutation in motif C of clone 23.1 will probably render the 
RT inactive. The pol gene encodes both the RT and the integrase, but the precise boundaries 
are not known. The sequences shown for the endogenous clones have been translated 
ignoring the insertion and deletion of A nucleotides leading to frameshifts. The positions of the 
frameshifts are underlined. A premature stop codon present in clone 25.2 is indicated by an 
asterisk. (B) NJ tree based upon derived protein sequences for the pol genes of clones 23.1 
and 25.2 and primate type C and type D viruses. Bootstrap values for 100 replicated trees are 
indicated. SRV1 to 1-3 are exogenous Old World type D viruses, SMRV-H is a New World type 
D virus, GALV is an exogenous type C virus, and BaEV is a chimeric type C/type D 
endogenous virus. Gaps introduced for optimal alignment are indicated by dots; identical amino 
acids are indicated by dashes. 

(iv) env. Proviral clones 23.1 and 25.2 were obtained by hybridizing a genomic 

library with a BaEV env (GP70) probe. As expected, the 23.1 and 25.2 env genes 

are very similar to BaEV env (approximately 80% nt homology), except for the 3-

most 32 amino acids, which are more related to the type D sequence and are almost 

identical to each other (90% homology at the nt level). So far, no viruses have been 

found to have GP70 proteins with any homology to BaEV GP70. There is, however, 

a high level of similarity in the P20 transmembrane proteins encoded at the 3' ends 

of the env genes of SRV and BaEV. An alignment of env genes is shown in Fig. 5A. 

Although the 23.1 and 25.2 sequences share no obvious homology with type D 

viruses in the GP70 protein coding region, alignment is easy in the 3' part of the 

gene, which contains the highly conserved putative immunosuppressive peptide de

scribed for SRV (39) and the avian reticuloendotheliosis-associated virus. Both 

reading frames are interrupted by premature stop codons; clone 23.1 env truncates 

after 221 amino acids (mutation of C to A at nt 6680), and 25.2 env contains a 

nonsense mutation at nt 5967 (mutation of C to A), leading to a protein of 418 

amino acids (BaEV env contains 563 amino acids). Phylogenetic analysis of derived 

amino acid env sequences showed a different pattern than the trees of Fig. 2 to 4. 

Although the BaEV gag and pol genes cluster with those of the type C virus GALV, 

the env gene clusters with type D env genes, confirming the hybrid nature of BaEV. 

The BaEV env gene is most closely related to clone 23.1 and clone 25.2 env genes, 

as could already be seen from Fig. 5A. The exogenous baboon type D isolate 

SRVpc is closely related to clone 23.1, as was also true in an analysis of their gag 

genes. 
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FIG. 5. (A) Alignment of env proteins derived from type D virus isolates 23.1 and 25.2, the env 
protein of BaEV, and the exogenous type D virus env proteins ofSRV-1, SRV-2, and SRV-3. 
The signal peptide, GP70, and P20 proteins are indicated by arrows; the putative 
immunosuppressive peptide has been shaded; premature stop codons in clones 23.1 and 25.2 
are indicated by an asterisk. NJ tree based upon derived protein sequences for the env genes 
of clones 23.1 and 25.2 and primate type C and type D viruses. Bootstrap values for 100 
replicated trees are indicated. SRV1 to SRV3 are exogenous Old World type D viruses, SMRV-
H is a New World type D virus, GALV is an exogenous type C virus, and BaEV is a chimeric 
type C/type D endogenous virus. The placement of the baboon isolate SRVpc was taken from 
an NJ analysis of an approximately 580-nt fragment of Old World type D viruses and BaEV. 
Gaps introduced for optimal alignment are indicated by dots; identicalamino acids are indicated 
by dashes. 

Phylogenetic analysis of primate endogenous type D sequences. To gain insight 
into the origin of the retroviruses sequenced, tests were done to determine whether 
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the 23.1 and 25.2 proviral clones represent exogenous or endogenous viruses of 
baboons. As PCR results can be confusing due to the amplification of homologous 
genes belonging to other endogenous virus families (46), primers should 
preferentially amplify an easily identifiable part of the virus. We decided to locate 
the upstream and downstream primers in different genes; e.g., the 5' primer is 
located in the pol gene and the 3' primer is in the env gene, and together they 
amplify 764 nt of viral sequence. In this way, PCR reactions are specific for 23.1 
and 25.2 viral sequences and do not amplify, e.g., BaEV env genes. Animals 
belonging to four subspecies of baboons were all found to be PCR positive with this 
primer pair, and subsequent sequencing showed that fragments homologous to both 
the 23.1 and 25.2 viruses were present. Phylogenetic analysis of the obtained 
sequences indicated that 23.1- and 25.2-related sequences constitute two separate 
clusters (bootstrap value separating the clusters, 100), suggesting that they belong to 
different strains of the same virus (result not shown). It is less likely that one of the 
clusters represents integrations that have acquired multiple substitutions. 

Additional PCR amplification of DNA samples from Old World primates, 
including chimpanzees and humans, showed that the 23.1 and 25.2 proviral 
genomes represent ancient integrations which are found in all species of Old World 
monkeys tested but not in humans and apes. Phylogenetic analysis (Fig. 6) suggests 
that the viral genomes have coevolved with their respective hosts, as especially for 
the 23.1 viruses there is an interesting similarity between the virus and host 
evolutionary trees. A host tree is presented by van der Kuyl et al. (46, 47). All clone 
23.1-related fragments amplified from Cercopithecus monkeys form a cluster, 
although sequences derived from single species do not cluster together (result not 
shown). This could be due to the comparison of different copies. Also, the time 
course might be too short to provide strong virus-host associations. After 
integration, the viral genome depends on the cellular machinery, which has a much 
lower mutation rate than the retrovirus itself (10), for replication. A second stable 
cluster (bootstrap value, 83) is formed by clone 23.1-related sequences amplified 
from monkeys belonging to the Papionini family (baboons, geladas, mangabeys, 
mandrills, and macaques). In the tree shown, the macaque viruses form a separate 
cluster but the bootstrap value is not significant, and in some analyses, macaque 
viruses were clustered with the other Papionini viruses. No clustering of virus 
sequences from a certain species was observed (results not shown), again 
suggesting that the time elapsed since the species evolved from their common 
ancestor was too short to establish strong virus-host associations. 

From the macaque results it can be concluded that there is no specific virus 
variant associated with a particular geographic distribution, as the barbary macaque 
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is African and other macaque species are from Asia but their endogenous type D 
viruses cluster together. 

A clear division into Cercopithecus and Papionini viruses cannot be 
observed in the clone 25.2-related fragments (Fig. 6). Two small clusters, composed 
of sequences belonging to each of these families, are found, but the bootstrap values 
are low and a third cluster containing viruses from both groups is also present. 
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FIG. 6. NJ tree based upon approximately 764-nt pol-env fragments obtained from 23 species 
of African monkeys and three Asian macaque species. A single clone was analyzed per 
species, although more were sequenced. However, some divergent sequences belonging to 
the same species were also analyzed. The homologous sequences from baboon clones 23.1 
and 25.2 were included in the analysis. Bootstrap values for 100 replicated trees are indicated. 

Copy numbers. Copy numbers of the 23.1 and 25.2 proviruses in the baboon 

genome were estimated by limited dilution and nested PCR. The PCR reactions 

were optimized so that the nested PCR was able to detect a single genome copy. 

Genomic DNA from two male Papio hamadryas baboons was used as input in the 

limiting-dilution procedure. For the calculations it was assumed that a baboon cell 

contains the same amount of genomic DNA as a human cell (6 pg of DNA/cell). 

The limiting-dilution method followed was as described by Ouspenskaia et al. (31). 

Duplicate experiments suggested that the number of SERV genomes in the male 

Papio hamadryas diploid genome is in the range of 142 to 235 provirus copies per 

baboon genome (Fig. 7). 

FIG. 7. Plot of the fraction of positive nested 
PCRs for the 23.1 and 25.2 proviruses as a 
function of the baboon genomic DNA 
concentration. The results for two male 
Papio hamadryas baboons are shown. Copy 
number calculations were based on 
duplicate experiments for each animal. 

baboon DNA concentration, log 

DISCUSSION 

The complete sequence of a novel type of endogenous retrovirus presented 
in this paper and its presence in multiple monkey species demonstrate that type D 
retroviruses are ancient and ubiquitous in the primate world. The endogenous 23.1-
type D sequence is remarkably intact and shows interesting features when compared 
to known endogenous and exogenous viruses. At this moment there is no clear 
classification for endogenous viruses (9), so we propose that this new provirus be 
named simian endogenous retrovirus type D. The LTRs of the virus have no 
homology to known viral LTRs except for the 3'-most 140 nucleotides, which can 
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be easily aligned with the 3' ends of SRV LTRs. Also, they are much longer than 
SRV LTRs (484 nt versus 345 to 346 nt). The PBS, which is complementary to 
tRNA3

Lys, is different from those of type D viruses. This tRNA is generally used by 
type B viruses and by the lentiviruses, while tRNA12

Lys is involved in the 
replication of type D viruses, including SMRV, and several others (for a review, see 
reference 24). The organization of the gag, protease, and pol genes of the 23.1 
isolate is identical to that of these genes in type D viruses, and there is a high degree 
of homology between the sets of genes of these viruses at both the nucleotide and 
the amino acid levels. However, major differences are found in the env gene. The 
GP70 protein encoded by this gene has almost no similarity to type D virus GP70 
but is homologous to the BaEV protein. In the P20 transmembrane protein, which is 
encoded by the C-terminal part of the env gene, there is again considerable 
homology with the type D virus proteins. However, BaEV P20 is also very similar 
to the type D P20 protein. Possibly the P20 protein is involved in receptor binding, 
as it has been shown that type D viruses, BaEV, and the cat virus RD114 (which has 
an env gene homologous to that of BaEV) have the same cellular receptor (37). The 
gene encoding this receptor is also present in the human genome (38). 

Earlier we showed that BaEV genomes are found only in a distinct subset 
of African monkeys and that germ line integrations occurred approximately 24,000 
to 400,000 years ago (46), which is quite recent in evolutionary terms. Suggestions 
that BaEV is a recombinant virus have been made before (20). BaEV probably has a 
genome, which is a product of recombination between the gag-pol region of a type 
C virus and the env gene of the endogenous type D virus presented here. Because 
endogenous type D proviruses are found in all monkeys of the Papionini and 
Cercopithecini tribes, and phylogenetic analysis has shown that the virus sequences 
have coevolved with their hosts, it is most likely that SERV is ancestral to BaEV. In 
contrast, BaEV genomes are found in only a limited set of African monkeys (46). 
This finding indicates that in the recent past a new primate retrovirus evolved by 
recombination involving the env gene of an endogenous primate virus, which was 
indigenous to the species later infected by the recombinant. The history of this new 
retrovirus infection can be deduced from the characteristics of its distribution in the 
form of endogenous proviruses in extant monkey species (46, 48). The other parent 
of BaEV could be a primate type C virus. Several type C viruses have been found in 
primates, including the Old World viruses GALV from gibbons (43) and MAC-1 
and MMC-1 from macaques and the New World isolate OMC-1, for which related 
endogenous sequences have been observed in owl monkey genomic DNA (44). 
Nothing is known about the pathogenicity of either BaEV or SERV. The exogenous 
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type D viruses found in captive macaques could be products of recombination 

between the SERV gag-pol genes and a GP70 env protein gene of unknown origin. 

SRVs are pathogenic in macaques, and multiple disease symptoms have been 

observed (28, 40). The immunodeficiency syndrome seen most often was attributed 

to a highly conserved putative immunosuppressive peptide encoded by the env 

gene. The hypothesis that the immune system of the macaque, in which BaEV 

genomes are not present, is susceptible to the immunosuppressive effect of this 

peptide is interesting in light of the new finding that macaques do harbor SERV 

genomes, in which the immunosuppressive peptide sequence is highly conserved. It 

is possible that this peptide is not involved in immunosuppression or that 

susceptibility to exogenous type D viruses and subsequent immunosuppression are 

correlated with individual expression levels of SERV proviral genomes. 

Alternatively, this domain could be involved in receptor binding, as sequences N 

and C terminal to the putative immunosuppressive peptide are completely 

conserved (Fig. 5A). 

Earlier hybridization studies had already suggested that type D-related 
endogenous sequences could be found in several species of Old World monkeys (2, 
4). PCR and sequence analysis of Old World monkey DNA showed that SERV is 
present in all Papionini and Cercopithecini (sub) species, suggesting that the virus 
integrated into the germ line of a common ancestor. As the provirus is not 
detectable in apes and humans, integration must have taken place after separation of 
the monkey branch from the hominoids, which occurred approximately 36 million 
years ago (MYA) (27). A more exact time point cannot be given until Colobus 

genomic DNA has been analyzed, as the Colobinae were established as distinct 
species by 9 MYA, suggesting that separation from the common ancestor of the 
Cercopithecidae occurred before that time point. In preliminary experiments using 
Colobus guereza genomic DNA, 23.1 and/or 25.2 sequences could not be amplified, 
suggesting that the integration of SERV strains in the primate germ line occurred 
later than 9 MYA. 

A more distantly related type D virus, SMRV, has been isolated from New 

World squirrel monkeys (16). Only partial sequences are known for this virus (LTR 

and gag and pol genes), although a complete sequence is known for a human cell 

line contaminant of this monkey virus. SMRV placement in phylogenetic trees is 

consistent with a long-time separation from its counterparts, the Old World 

monkeys. Type D viruses have probably been associated with primates since they 

evolved. SMRV then represents the New World type D virus branch as the ancestor 
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of its host separated from the Old World primates as early as 55 MYA (27), 

suggesting that type D viruses have entered the primate germ line at least twice. 

SERV genomes sequenced are surprisingly intact after residing in the 
primate genome for such a long time. As there are approximately 142 to 235 
integrations in the baboon genome, it is not unlikely that at least one of them 
contains ORFs for all proteins and can be expressed. Also, recombination between 
different proviral genomes could result in viable virus. There are several reports on 
the (accidental) recovery of type D virus particles from human cell lines (1, 22, 30). 
No endogenous human type D virus could be found in these cell lines, and although 
contamination with macaque type D viruses could be ruled out, it is possible that 
the cultures had been contaminated with (often-used) monkey cell lines (e.g., Vero, 
CV-1, or Cos) in which endogenous type D virus genomes are present. This would 
indicate that endogenous type D monkey viruses can be, and have been, expressed. 
SRV-3 can productively infect human cells with a low input of virus particles, (12), 
and the virus is also able to spread rapidly in animal populations (as high as 90% 
seropositivity in primate centers in a few years). BaEV particles can be easily 
obtained by cocultivating baboon tissue with human cells (3). The recent 
observation of infection of baboons in a primate center with a type D virus (14) is 
another finding suggesting that endogenous type D sequences can be expressed. 
Although the authors state that the infection is due to a recent cross-species 
transmission of SRV from macaques kept at the same center, phylogenetic analysis 
of the obtained gag and env nucleotide fragments showed that the baboon isolate 
SRVpc is highly related to the SERV isolate 23.1 from baboons (Fig. 2B and 5B). 
An additional explanation could be that SRVpc is a recent product of recombination 
between an exogenous macaque virus and endogenous baboon sequences. 
Seropositivity for antibodies directed against type D virus proteins is regularly 
found in monkeys, both in the wild and in captivity (12, 14, 18, 26). Neutralizing 
antibodies were observed to persist throughout life, suggesting that type D viruses 
can establish persistent infections. Isolation of virus particles from captive 
macaques has been successful (26). The baboon isolate SRVpc can induce 
formation of multinucleated syncytia in human cells after cocultivation with baboon 
peripheral blood mononuclear cells. It is not known if the antibodies are directed 
against endogenous proteins or currently unrecognized SRV variants, but Western 
blot reactions of talapoin monkey sera deviated from those of control SRV (18), and 
the same was true for immunoblots from seropositive baboons when tested with 
SRV2 antiserum (14). 
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From these results, it can be concluded that different full-length 
endogenous proviruses exist in multiple copies in the baboon genome and most 
likely also in other monkey species. Phylogenetic analysis suggests that SERV is an 
ancient type D virus of Old World monkeys but can still be activated, as the baboon 
isolate SRVpc was shown to be closely related to the 23.1 isolate of SERV. In the 
recent past, multiple SERV sequence recombinants have evolved. The env gene of 
SERV has been incorporated into a type C virus to give rise to BaEV, which has 
been spreading among African monkeys since only 24,000 to 400,000 years ago. 
The recombinant SRV, containing SERV gag and pol genes and the env P20 gene, 
is presently active among Asian macaques, in which it is giving rise to an 
immunodeficiency syndrome (SAIDS). 
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A complete endogenous type C viral genome has been isolated from a baboon genomic library. The 
provirus, Papio cynocephalus endogenous retrovirus (PcEV), is 8,572 nucleotides long, and 38 to 59 
proviral copies per baboon genome are found. The PcEV provirus possesses the typical simple 
retroviral gene organization, including two long terminal repeats and genes encoding gag, pol, and 
env proteins. The open reading frames for gag-pol and env are complete but have premature stop 
codons or frameshift mutations. The primer binding site of PcEV is complementary to tRNAGly. 
The gag and pol genes of PcEV are closely related to those of the baboon endogenous virus (BaEV). 
The env coding region of PcEV is related to the env genes of type C retroviruses. This suggests that 
PcEV is one of the ancestors of BaE V contributing the type C gag -pol genome fragment to the type 
C/D recombinant virus BaEV. Earlier it was shown that another endogenous type D virus (simian 
endogenous retrovirus) provided the env gene for BaEV {A. C. van der Kuyl et al., J. Virol. 71:3666-
3676, 1997). 

Two complete endogenous retroviral sequences, those of baboon endogenous 
virus (BaEV) (15) and simian endogenous retrovirus (SERV) (39), have been 

isolated from the genome of the baboon (Papio cynocephalus). Originally, BaEV 
was isolated from baboon tissue by cocultivation with permissive cell lines (3, 34). 
The proviruses of BaEV are present only in the genomes of the Papionini tribe and 
in African green monkeys (Cercopithecus aethiops). Analysis of viral sequences 
suggested that BaEV was repeatedly introduced in the germ line of these species 
between 24,000 and 400,000 years ago and was not inherited from an early 
common ancestor of these African monkeys (36). BaEV proviruses appear to be 
chimeric, containing type C gag and pol and type D env genes (see Fig. 1) (15), 
which suggested that BaEV is the result of a recombination event between two 
retroviruses in the past. It is well-known that recombination in retroviruses is 
common during retroviral evolution. For human immunodeficiency virus (HIV), 
this process may account for novel HIV genotypes arising within human 
populations. It has been shown that up to 10% of the HIV type 1 genomes studied 
have mosaic structures (24, 25). Previously, members of our team were involved in 
sequencing the first putative ancestor of BaEV, SERV, the first complete 
endogenous type D virus sequenced from primates (39). The gag and pol proteins of 
SERV are closely related to SRV1, SRV2, and SRV3, which are exogenous type D 
retroviruses causing simian AIDS in captive macaques (19). The env gene, coding 
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the gp70 and p20 proteins of SERV, is closely related to that of BaEV (see Fig. 1). 

PCR analysis of primate DNA showed that SERV-related proviral sequences are 

present in all Old World monkeys of the subfamily Cercopithecinae but not in those 

of Colobinae and Hominoidea (39). This suggested that SERV entered the germ 

line of a common ancestor at least 9 million years ago, which is the estimated time 

of the split between the Cercopithecinae and Colobinae (18). 

During our initial studies of BaEV integrations in the baboon genome with 
BaEV-specific probes (37), a lambda clone (named 30.1) which contained the gag 

gene of a novel type C virus with 80% homology to BaEV gag was obtained. 
Unfortunately, sequencing revealed that clone 30.1 contained a truncated proviral 
genome starting in the gag gene, due to the method of library construction. The 
present study was designed to obtain the complete genome of this novel type C 
virus. 

A baboon genomic library in the lambda DASH II vector, constructed from 

kidney tissue of a healthy 18-year-old male baboon, was obtained from Stratagene 

(La Jolla, Calif.), and approximately 64,000 plaques were screened with a probe 

homologous to the clone 30.1 gag gene. A total of 32 positive plaques were 

obtained and purified. After a second screening with BaEV reverse transcriptase 

(RT) (type C) and BaEV env (type D) probes, a clone named E7, which hybridized 

with both the gag and RT probes, but not with the BaEV env probe, was obtained. 

Lambda DNA of E7 was isolated by using the Wizard Lambda Preps DNA 

purification system from Promega (Madison, Wis.) and was digested by BamHl, 

Xbal, and Hindlll. Southern blots were probed with 32P-labelled fragments 

homologous to the 30.1 gag and BaEV pol genes, respectively. Subcloning was 

done with pBS-SK vector (Stratagene). Plasmid DNA was prepared by using the 

QIAprep Spin Miniprep kit (Qiagen, Hilden, Germany) and sequenced from both 

directions with an Applied Biosystems 373A or 377 automated sequencer with Ml3 

reverse and T7 dye primers, following the manufacturer's protocols. To fill in some 

gaps between the cloned fragments, phage DNA was sequenced directly with 

purified specific primers and the ABI Prism Big-Dye terminator cycle sequencing 

kit (Perkin-Elmer Applied Biosystems, Foster City, Calif.). Analysis of the obtained 

sequences showed that clone E7 contained the complete genome of a novel 

endogenous type C virus, which we named Papio cynocephalus endogenous 

retrovirus (PcEV). 
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FIG. 1. Genetic organization of PcEV, SERV, and BaEV. Rectangles indicate ORFs for the 
genes marked. C-type genes are indicated by dots. D-type genes are indicated by stripes. 
PcEV contains two type C ORFs for the gag-pol and envgenes, which overlap. SERV contains 
four type D ORFs, for the gag, pro, po\, and env genes. BaEV is a type C/D chimeric virus, 
which contains a type C ORF for gag-pol and a type D env gene. 

Alignment of the sequences was done with the PCGENE software 
package. The phylogenetic analyses were done by the neighbor-joining method, as 
implemented in the TREECON package (35). Evolutionary distances were 
estimated by Kimura's methods (16) for both nucleotide and amino acid sequences. 
One hundred bootstrap replicates were analyzed. Other methods for distance 
determination did not influence the trees. Gaps introduced for optimal alignment 
were not considered informative and were not included in the analysis. The 
GenBank accession number of PcEV is provided below, and the accession numbers 
of the sequences used for comparison were D10032 (BaEV), M18247 (feline 
leukemia virus [FeLV]), U60065 (gibbon ape leukemia virus [GaLV]), Y17013 
(porcine endogenous virus [PERV]), JO 1998 (murine leukemia virus [MuLV]), 
M77194 (rat leukemia virus), AF038599 (Sus scrofa porcine endogenous 
retrovirus), and AF053745 (Mus dunni endogenous virus). 

The baboon genomic clone E7 contained a complete retroviral sequence 
with a length of 8,572 nucleotides (nt) and a genomic organization identical to that 
of known type C retroviruses (Fig. 1). Two main open reading frames (ORFs) are 
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present, with coding regions for gag-pol and env genes. The env gene overlaps the 
pol gene in the manner reported for other type C viruses, such as FeLV (11) and 
MuLV (31). The coding region is flanked by two long terminal repeats (LTRs) of 
510 and 489 nt, respectively, including 377 and 356 nt in the U3 regions of the 5' 
and 3' LTRs, respectively, 66 nt in the R region, and 67 nt in the U5 region (Fig. 
2A). Through comparison of the 5' and 3' LTR sequences, the 5' boundary of the 
U3 region was found. The 3' boundary of the 5' LTR U5 region is located at nt 510. 
This corresponds with the common pattern of LTRs being bound by TG/CA 
inverted repeats (33). The boundary between the U3 and the R regions was 
determined by the start of a hairpin structure (Fig. 2B), like the TAR hairpin in HIV 
RNA. A hairpin with a stable structure (DG = -220.6 kcal) was predicted between nt 
378 and 411, so it was assumed that the first G (nt 378) of the stem of the hairpin 
structure was the beginning of PcEV viral RNA. The boundary between the R and 
the U5 regions was found by comparison of the LTR sequences from PcEV, BaEV, 
and RD114. RD114 is an endogenous virus of domestic cats, which has a high level 
of homology to BaEV and supposedly arose from a cross-species transmission (4, 
29). 

I l |fï H1A < | ft M i l < |fi MIC < 
] - TCAAACTACGCCTCACAAAACCTAAAAACTTAGCACCACCTGCCCCTACATACCCTCCCACCCTGCCTACATAG(,(,imA((rTGCCTCCATACCCTCCCACCCTCATA 

PcEVLTR3 8084 
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PcEVLTR3' 8503 

CCTCATAAGGTCCTCCTCTAACCAATrAAACCAAGACCCCTTGCTCAGGaATAGCTAGACCCAATCATnTACGCCTTAAACTrrGTTTCAATTTCCCGCCATAAGTTG 
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FIG. 2. (A) Nucleotide sequence alignment 
of the 5' and 3' LTRs of PcEV. Identical 
nucleotides are indicated by dashes; gaps 
introduced for optimal alignment are 
indicated by dots. The LTRs of PcEV differ in 

length due to the deletion of a direct repeat 
sequence in the 3' LTR. The boundaries 
between U3, R, and U5 are indicated by 
vertical lines and arrows. The four GATA-1 
binding sites ([A/T]GATA-[A/G]), the CAAT 
box (CCAAT), the TATA box (TATATAA), 
the polyadenylation site (AATAAA), and the 
flanking indirect repeats (IR) are indicated by 
bold letters. The direct repeat sequences 
DR1A to DR1E are indicated by underlining 
and demarcated by vertical lines. (B) 
Predicted RNA secondary structure at the 5' 
end of the R region in the LTRs of PcEV. 
The length of the stem is 11 nt, the size of 
the loop is 12 nt, and the free energy value 
(at 25°C) is 220.6 kcal. The predicted first 
nucleotide of viral RNA is indicated by bold 
type. 
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Several regulatory sequence motifs are present in the U3 and the R regions 
of the PcEV LTR, including one consensus TATA box (TATATAA) at nt 351, one 
consensus polyadenylation site (ATAAA) at nt 423, and four consensus CAAT 
boxes (CCAAT) located at nt 124, 161, 242, and 282 (Fig. 2A). A set of direct 
repeats, designated DR1, was found in the U3 region of the PcEV LTR. The length 
of the DR1 is 21 nt, and it has the motif 5'-CCTAGATAGGGTCCCACCCTG-3', 
which contains the GATA-1 binding site ([A/T]GATA[A/G]). In the 5' LTR, the 
DR1 is perfectly repeated three times (DR1A, DRIB, and DR1C); a fourth 
imperfect repeat (DR1D) contains 16 of the 21 nt and is adjacent to DR1C; 25 nt 
downstream of DR1D, another partial DR1 (DRIE), which is only 12 nt (5'-
GGTCCCACCCTG-3') long, was found. The 5' and 3' LTR sequences of PcEV are 
almost identical (98% at the nucleotide level), except that DRIB is missing from the 
3' LTR so that the 3' LTR is 21 nucleotides shorter than the 5' LTR (Fig. 2A). It 
has been shown that different DR sequences are present at the 5' end of the U3 
regions of several retroviruses (17, 29, 40). Since the U3 region of the LTR contains 
promoter and enhancer sequences, we examined the DR1 of PcEV LTR for the 
presence of consensus enhancer elements. It was found that the sequence between 
DR1A and DR1D contains four consensus sequences of the GATA-1 binding site 
([A/T]GATA[A/G]) (Fig. 2A) (21). GATA-1 is the major erythroid transcription 
factor. It activates transcription in a synergistic fashion with two Kruppel family 
factors, Spl (recognizes GC) and EKLF (recognizes G[T/C]ACC), and their 
binding sites are often found in close association in the promoters and enhancers of 
numerous erythroid cell-expressed genes and appear to cooperate in directing their 
expression (22). A recent report showed that three GAT A family members (GATA-
1, -2, and -3) could bind to the GATA box within the U3 regions of Cas-Br-E and 
Graffi retroviruses in vitro and activate the respective viruses. These murine 
retroviruses can induce myeloid leukemia in mice (17). Besides the four GATA-1 
binding sites in the LTR, there are also an EKLF binding consensus sequence 
(GCACC, at nt 33 of PcEV U3) and many GC stretches that could be binding sites 
for Spl, which suggests that PcEV possibly infected hematopoietic cells. 

The 5' untranslated region of the PcEV genome extends 452 nt from the 3' 
end of the U5 region of the LTR to the initiation codon for the gag protein. A 
stretch of 18 nt (5'-TGGTGCATTGGCCGGGAA-3') located immediately 
downstream of the 5' LTR constitutes the primer binding site (PBS) of PcEV. This 
PBS is perfectly complementary to the 3' end of a tRNA isotype of human origin, 
tRNAGly (30). Interestingly, RD114 also uses tRNAGly to initiate viral gene 
amplification (29), unlike BaEV and other type C viruses, which commonly use 
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tRNAPro. Downstream of the PBS, between nt 619 and 622, a splice donor site was 

found (AGGT) by comparison of the PcEV and BaEV genomes (15). 

The gag coding region of PcEV was identified based on sequence 
homology to the gag gene of BaEV. These genes share 81% of their nucleotides. 
Sequence comparison of the PcEV and BaEV gag genes showed that there is a 
single nucleotide deletion located between nt 1019 and 1020, causing a frameshift 
in the gag ORF of PcEV. The deletion was confirmed by both dye-primer and dye-
terminator sequencing methods to eliminate the possibility that it was introduced 
during PCR. Another lambda clone isolated at the same time did not contain this 
single nucleotide deletion. Except for the deletion, the reading frame for the gag 

gene of PcEV is completely open. The predicted precursor protein is 543 amino 
acids (aa) long, and the homology between PcEV and BaEV gag proteins is 84% at 
the amino acid level. A Cys-His box (C-X-X-C-X-X-X-X-H-X-X-X-X-C), required 
for efficient RNA packaging (13, 20), is present in the predicted plO polypeptide of 
the PcEV gag protein. Three potential N-linked glycosylation sites (N-X-[T/S]) (1) 
were found in the PcEV gag protein. One was found at the N terminus of pi2; the 
other two are located at the N terminus of p30. 

The gag-pro junction in PcEV was identified based on sequence homology 
to BaEV. A putative protease gene is present between nt 2570 and nt 2955, starting 
21 nt upstream of the gag stop codon. The organization of the PcEV gag, pro, and 
pol OFRs is the same as those described for BaEV and other type C viruses, like 
Moloney MuLV (41). A suppressor tRNA is responsible for the read through of the 
gag stop codon (14). The homology between PcEV and BaEV protease genes is 
87% at the nucleotide level. A 10-nt poly(C) stretch was found at the 5' end of the 
protease gene, which caused the PcEV protease gene to be out of frame. In BaEV, 
this stretch is only 8 nt long. After correcting for the two cytosine insertions, an 
ORF of 128 codons which has 92% homology to the BaEV protease at the amino 
acid level was identified. A 3-amino acid motif (DTG, encoded by nt 2674 to 2682) 
is located at the N terminus of the protease in PcEV. This motif is part of the 
activation domain of the retroviral protease and is highly conserved among the 
proteases of different members of the retrovirus family (32). 

The putative pol gene of PcEV is 3,210 nt long (from nt 2956 to 6165), 

encoding 1,069 amino acid residues of both the putative reverse transcriptase and 

the endonuclease. The pol ORF is completely open in clone E7 of PcEV and is 
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closely related to the BaEV pol gene, with 92% homology at the nucleotide level 

and 96% homology at the amino acid level. Two highly conserved sequences found 

in reverse transcriptases, LPQGFK and QY(V/M)DD (12), were also present in the 

PcEV pol protein. Highly conserved sequences were also found in the endonuclease 

domain. The first one is composed of a pair of histidine residues (encoded by nt 

5128 to 5130) and a pair of cysteine residues (encoded by nt 5233 to 5235) that are 

separated by 30 aa residues, H-X3-H-X30-C-X2-C; the general form of the second 

motif is D-X39_58-D-X35-E, which is the catalytic core of the enzyme (32). In the 

endonuclease domain of PcEV, the first aspartic acid is encoded by nt 5383 to 5385 

and the second aspartic acid is encoded by nt 5503 to 5505, and they are separated 

by 39 aa residues, but the last glutamic acid is changed to lysine due to a G->A 

mutation at nt 5611. 

The ORF encoding the PcEV env is 1,947 nt long (nt 6111 to 8057 of the 

complete genome) and encodes 648 aa. Like other mammalian type C retroviruses, 

such as Moloney MuLV, FeLV, and GaLV, the 5' end of PcEV env gene overlaps 

the 3' end of the pol gene by 55 nt. The ORF of PcEV env is interrupted by two 

premature termination codons located at codons 203 and 582. The putative cleavage 

site separating the gp70 and pl5E proteins is the amino acid sequence A-L-V-H (aa 

479 to 482). The region upstream of this cleavage site is part of the surface peptide 

(SU) gp70 and contains five potential glycosylation sites (N-X-[T/S]) (1), located at 

amino acid residues 60, 310, 342, 345, and 381. In the transmembrane protein (TM) 

pl5E of PcEV, a putative immunosuppressive peptide of 26 aa residues (9) in which 

23 out of 26 aa (aa 521 to 546) are identical with the immunosuppressive domain of 

other mammalian retroviruses is identified. 

Downstream of the env stop codon (located at nt 8057), a purine-rich 

stretch (5'-AAAAAGAGGAGGG-3') was found between nt 8069 and 8081. It is 

separated from the 5' end of 3' LTR (nt 8084) by two adenines. Because of its 

genomic location and sequence, it has been speculated that this element is an 

initiation site for positive-strand DNA synthesis (8). 

To estimate the level of gene divergence between PcEV and other type C 

viruses, including BaEV, gag, pol, and env amino acid sequences from different 

mammalian type C retrovirus were aligned and phylogenetic analyses were 
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performed (Fig. 3A, B and C, respectively). The results of these analyses showed 

that PcEV gag and pol are closely related to BaEV gag and pol Furthermore, the 

cluster of gag proteins from PcEV and BaEV is more closely related to a cluster of 

proteins from M. dunni endogenous virus (40) and GaLV (10) than to a cluster 

consisting of gag proteins from MuLV (28) and FeLV (11) (Fig. 3A). The same was 

found to be true for the pol gene (Fig. 3B). Since BaEV is a chimeric virus which 

contains type C gag and pol genes but a type D env gene, the BaEV and PcEV env 

proteins are only distantly related. Phylogenetic analysis of aligned type C env 

proteins showed that the PcEV env is different from all env proteins included in the 

analysis but is most closely related to PERV. S. scrofa porcine endogenous 

retrovirus, and GaLV (Fig. 3C). 
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FIG. 3. Neighbor-joining trees based upon derived protein sequences for the gag (A), pol (B), 
and env (C) genes of type C retroviruses. Bootstrap values for 100 replicated trees are 
indicated. MDEV, M. dunni endogenous virus; RaLV, rat leukemia virus; SSEV, S. scrofa 
endogenous retrovirus. 

To estimate the copy number of PcEV in the baboon genome, a genomic 
DNA sample of Papio hamadryas was obtained from the Zoologischer Garten 
Leipzig (Leipzig, Germany) through the European Gene Bank of Primates (Munich, 
Germany). A limiting dilution of genomic DNA and nested PCR were performed. 
The outer primers for the PCR were 5'-CGCACTCAAGGACTAGAGCC-3' 
(upstream) and 5'-CTTGATGCGGACCAGGTTGC-3' (downstream); the nested 
primers were 5'-ACGCTCCGCGAACCCGCTCAAG-3' (upstream) and 5 -
AAGGACATGGTTATGTACCA-3' (downstream). The nested PCR was optimized 
to amplify a single copy of target DNA. Baboon genomic DNA of P. hamadryas 

(10 ng) was diluted in 10-fold increments for the nested PCR, and the last two 
positive samples were used for additional twofold dilutions. For each twofold 
dilution, 10 nested PCRs were performed twice. The copy number of PcEV proviral 
genomes input in the PCR was calculated by a computer program called QUALITY 
(for "quantitation using a limiting dilution assay") (26). In the calculations it was 
assumed that a baboon cell contains the same amount of genomic DNA as a human 
cell (6 pg of DNA/cell). The copy number of PcEV proviruses in the P. hamadryas 

diploid genome was thus estimated to be in the range of 38 to 59 copies. 
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In conclusion, we have isolated a full-length proviral genome of an 
endogenous type C retrovirus, PcEV, from a baboon genomic library. The proviral 
genome of PcEV contains two LTRs and two ORFs encoding gag-pol and en v. 
However, the ORFs are all interrupted by either frameshift mutations or premature 
stop codons. The gag, pro and pol proteins of PcEV are closely related to BaEV 
gag, pro and pol. The env protein of PcEV is related to the env proteins of type C 
retroviruses, including the pig virus PERV, and the primate virus GaLV. 

Baboon endogenous virus is one of the first-isolated and best-characterized 
complete endogenous retroviruses of primates. By using DNA hybridization 
techniques, preliminary studies indicated that BaEV genomes were present in all 
Old World monkey species in approximately 50 to 100 copies per cell (2, 5, 7, 27). 
However, based on PCR results, a previous study from our laboratory showed that 
BaEV was present in the genome of only a limited set of African monkeys, 
including baboons, geladas, mangabeys, mandrills, and African green monkeys. The 
germ line integrations were estimated to have occurred only 24,000 to 400,000 
years ago, which is quite recent in evolutionary terms. The copy number of BaEV 
proviruses was found to be significantly lower (10 to 30 per cell) than previously 
reported (6, 36). BaEV is a chimeric type C/type D virus (15), suggesting that 
BaEV is the product of a recombination event following coinfection by a type C and 
a type D virus. An endogenous type D retrovirus, SERV, was isolated from a 
baboon genomic library with an env gene closely related to the BaEV env. As 
SERV proviruses can be found in all species of the Papionini and Cercopithecini 
tribes, SERV is older than BaEV and thus an ancestor of the type D env gene of 
BaEV (39). Phylogenetic analysis showed that the PcEV gag-pol region is closely 
related to that of BaEV. As a general rule, endogenous proviruses increase in copy 
number with time. The proviral copy number of PcEV in baboon genome (38 to 59 
copies/genome) is significantly higher than the copy number of BaEV. So, it is most 
likely that PcEV is older than BaEV and that it provided the type C gag-pol to 
BaEV. 

PERV, a type C virus of pigs, was shown to be able to infect and replicate 
in human cells (23). Phylogenetic analysis of env proteins showed that among type 
C retroviral env proteins known at present, PcEV env is most closely related to 
PERV env. In the E7 isolate of PcEV, not all ORFs are open, due to the presence of 
either frameshift mutations or premature stop codons. However, different PcEV 
genomic clones isolated at the same time were shown to contain open gag and pol 
genes. As the PcEV genome is surprisingly intact and the integration number of 
PcEV in the baboon genome is sufficiently large (38 to 59 copies/diploid cell), an 
infectious type C virus could arise by recombination. The presence of PcEV, an 
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almost intact type C retrovirus in the baboon genome, could constitute another 
problem when baboon organs or tissues are used in xenotransplantation (38). 

Nucleotide sequence accession number. The GenBank accession number of PcEV is AF142988. 
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Papio cynocephalus Endogenous Retrovirus among 
Old World Monkeys: Evidence for Coevolution and 

Ancient Cross-Species Transmissions 
RUI MANG,1 JOLANDA MAAS,1'2 ANTOINETTE C. VAN DER KUYL,1'2 

AND JAAP GOUDSMIT u 

Department of Human Retrovirology, Academic Medical Center, University of 
Amsterdam,-! and Amsterdam Institute of Viral Genomics^ 

Amsterdam, The Netherlands 

To study the evolutionary history of Papio cynocephalus endogenous retrovirus (PcEV), we 
analyzed the distribution and genetic characteristics of PcEV among 17 different species of 
primates. The viral pol-env and long terminal repeat and untranslated region (LTR-UTR) 
sequences could be recovered from all Old World species of the papionin tribe, which includes 
baboons, macaques, geladas, and mangabeys, but not from the New World monkeys and 
hominoids we tested. The Old World genera Cercopithecus and Miopithecus hosted either a PcEV 
variant with an incomplete genome or a virus with substantial mismatches in the LTR-UTR. A 
complete PcEV was found in the genome of Colobus guereza—but not in Colobus badius—with a 
copy number of 44 to 61 per diploid genome, comparable to that seen in papionins, and with a 
sequence most closely related to a virus of the papionin tribe. Analysis of evolutionary distances 
among PcEV sequences for synonymous and nonsynonymous sites indicated that purifying 
selection was operational during PcEV evolution. Phylogenetic analysis suggested that possibly two 
subtypes of PcEV entered the germ line of a common ancestor of the papionins and subsequently 
coevolved with their hosts. One strain of PcEV was apparently transmitted from a papionin 
ancestor to an ancestor of the central African lowland C. guereza. 

One of the main characteristics of the retrovirus life cycle is the integration of 
full-length viral DNA into the host genome, forming the provirus. Once 

integrated into the genome of a germ cell, a retrovirus genome can be inherited in a 
Mendelian fashion and propagated as an endogenous retrovirus (1). Endogenous 
retrovirus genomes have been found in all vertebrates, including primates (6). From 
Old World monkeys, three complete endogenous proviral genomes have been re
covered: Baboon endogenous virus (BaEV) (7, 18), Simian endogenous retrovirus 

(SERV) (21), and Papio cynocephalus endogenous retrovirus (PcEV), which was 
recently isolated from the genomic library of a yellow baboon (12). SERV (a type D 
retrovirus) and PcEV (a type C retrovirus) are most likely the parents of the 
relatively young recombinant virus BaEV (7). BaEV has type C gag and pol genes 
with extensive homology to PcEV gag and pol genes and a type D env gene with 
extensive homology to the SERV env gene. BaEV has repeatedly infected the germ 
line of most papionin species and of Cercopithecus aethiops (17) (Fig. 1). SERV 
sequences could be amplified by PCR from all Old World monkeys of the 
subfamily Cercopithecinae. The virus has an estimated copy number of 142 to 235 
integrations in the baboon genome, whereas BaEV is present at only 10 to 30 copies 
(Table 1). Because SERV is present in all members of the subfamily 
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Cercopithecinae, but not in the subfamily Colobinae, it most likely entered the 

germ line of a common ancestor after the divergence of these two subfamilies, an 

event estimated to have occurred 9 million years ago (13, 21) (Fig. 1). 

Multiple 
introductions 

of BaEV 

Cercopithecini Miopithecus 

Cross-species 
Transmission of 

PcEV 

New World 
Monkeys 

Probable 
introduction 

of PcEV Probable 
introduction 

nf SFRV 

45MYA 

FIG. 1. A cladistic tree showing the current vision on primate evolution. The probable germ line 
introductions of retroviruses and cross-species transmission of PcEV are indicated with arrows. 
Compared to SERV and PcEV, BaEV was more recently introduced into germ lines of the 
baboon, gelada, mangabey, and the African green monkey (C. aethiops) (17). The branch of 
Miopithecus was drawn based upon the genetic evidence of the mitochondrial DNA 12S rRNA 
gene and SERV proviral genes (19). MYA, million years ago. 

Our recent isolation and sequencing of PcEV from the baboon genome 

revealed a proviral genome 8,572 nucleotides (nt) in length that is present in 38 to 

59 proviral copies per baboon genome (Table 1) (12). Earlier analysis showed that 

the gag, pol, and env genes of PcEV are homologous to those of other type C 

retroviruses, including Gibbon ape leukemia virus (GaLV) and Porcine endogenous 

retrovirus (PERV). The most extensive homology was observed with the gag and 

pol genes of BaEV (81 and 92% at the nucleotide level, respectively), indicating 
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that PcEV is the type C ancestor of BaEV (12). The present study was designed to 

gain insight into PcEV distribution and evolution among primates. 

TABLE 1. Comparison of PcEV, SERV, and BaEV copy numbers in the genomes of the sacred 
baboon (P. hamadryas) and the black-and-white colobus (C. guereza) 

Retrovirus 

SERV 

PcEV 

BaEV 

Copy number 

P. hamadryas 

142 - 235 

3 8 - 5 9 

1 0 - 3 0 

(per diploid genome) in 

C. guereza 

Not present 

4 4 - 6 1 

Not present 

Total DNA was extracted from peripheral blood mononuclearcells, spleen 

tissue, serum, or plasma obtained from 17 species of primates with silica and 

guanidium thiocyanate (2) (Table 2). The origin of the samples was described 

previously (20). Two sets of primers were synthesized based on the PcEV proviral 

sequence (GenBank accession no. AF142988). For the first set, the upstream 

primer, POLm, was located near the 3' end of the pol gene (5'-

CGCACTCAAGGACTAGAGCC-3'); the downstream primer, ENVu, was located 

in the gp70-encoding region of the ewgene (5'-CTTGATGCGGACCAGGTTGC-

3'). POLm and ENVu amplify 728 bp (from nt 5959 to 6686) of the PcEV pol-env 

region. The second primer set was located in the 5' long terminal repeat (LTR) and 

the 5' untranslated region (UTR) of the gag gene of PcEV. The upstream primer, 

LTRm, was in the U3 region of the 5' LTR (5'-TTCCCGGAATCAACAACTCC-

3'); the downstream primer, UTRu (5'-TAAGTGAGAAGGTGCCGGAC-3'), was 

located 196 nt downstream of the primer binding site (PBS) sequence. LTRm and 

UTRu amplify 555 bp (from nt 192 to 746) of the PcEV sequence. PCR 

amplifications of these two fragments were performed for 35 to 40 cycles under the 

following conditions: 1 min at 95°C, 1 min at 55°C, and 2 min at 72°C, followed by 

an extension of 10 min at 72°C. Fragments were cloned into the pCRII-TOPO 

vector (Invitrogen, Carlsbad, Calif.). Clones were sequenced with SP6/T7 dye 

primers in both directions with an Applied Biosystem 373A automated sequencer, 

following the manufacturer's protocols. Alignment of the PcEV sequences was self-

evident and performed manually. The PCR results obtained from 17 species of 
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primates with primer sets POLm-ENVu and LTRm-UTRu are summarized in Table 

2, and the sequence alignments are shown in Fig. 2 and 3, respectively. PCR 

fragments of the expected size could be generated with both primer sets from all 

samples of the papionin species, which includes baboons, geladas, mangabeys, and 

macaques, indicating that PcEV is present in the genomes of all species of the 

papionin tribe. From the sequence alignment of the PcEV pol-env fragments, it can 

be noted that the pol region is much more conserved than the env region, but the 

initiation codon of env (ATG) and the stop codon of pol [TA(G/A)] were present in 

all clones. Several in-frame deletions or insertions, encompassing 3, 6, 9, 12, and 48 

nt, were present in the env open reading frame of PcEV in some species (Fig. 2). 

The sequence variability of PcEV among species is slightly lower in the LTR-UTR 

than in the pol-env fragment (Fig. 2 and 3). The R and U5 regions are more 

conserved than the U3 region and the UTR. The regulatory sequences, such as the 

poly(A) signal, TATA box, and CAT box, were conserved among all clones, and all 

PBS sequences were complementary to the 3' end of tRNAGly (Fig. 3). PcEV pol-

env fragments could also be generated from Cercopithecus nictitans and 

Miopithecus talapoin, but even with 40 cycles of amplification, the PCR bands were 

much weaker than those of the papionin samples, suggesting low amplification 

efficiency due to mismatches in the POLm and/or ENVu primer. Sequences from 

other species of the genus Cercopithecus were more difficult to amplify, probably 

due to primer mismatches. Sequence analysis showed that the pol-env fragments of 

C. nictitans and M. talapoin were 94% homologous to each other and slightly 

divergent (.10%) from the pol-env fragments amplified from the papionins (Fig. 2). 

No positive PCR result could be obtained from these two samples with the LTRm-

UTRu primer set, even when the annealing temperature was lowered from 55 to 

40°C. This suggests that in the genome of these two species, the LTR-UTRs of 

PcEV are so divergent as to cause substantial primer mismatches or that this region 

of viral genome has been totally lost during evolution. No PcEV sequences were 

recovered from hominoids, colobines (except for Colobus guereza), or New World 

monkeys with any PcEV primer set, with either 40 or 55°C as the annealing 

temperature in the PCRs. 
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TABLE 2. Amplification of primate DNA with PcEV-specific primers3 

Primer location 
Primate species (Vernacular name) & PCR result 

5 'LTR- pol-
UTR env 

Old World primates 

Papio hamadryas hamadryas (sacred baboon)) + 

Papio hamadryas cynocephalus (yellow baboon) + 

Papio hamadryas ursinus (chacma baboon) + 

Theropithecus gelada (gelada) + 

Lophocebus aterrimus (black mangabey) + 

Macaca mulatta (rhesus macaque) + 

Macaca nemestrina (pig-tailed macaque) + 

Cercopithecus nictitans (spot-nosed guenon) 

Miopithecus talapoin (talapoin monkey) 

Colobus guereza (Abyssinian black-and-white colobus) + 

Colobus badius (western red colobus) 

Pan paniscus (pygmy chimpanzee) 

Pongo abelii (Bornean orangutan) 

Homo sapiens (human) 

New World Monkeys 

Lagothrix lagotricha ( woolly monkey) 

Cebus apella (tufted or brown capuchin) 

Saguines spp. (tamarin) 

a + , PCR fragments generated; -, no PCR fragments generated. 

Surprisingly, both LTR-UTR and pol-env PCR fragments could be 
obtained from a spleen tissue sample of C. guereza (sequence C. guereza-l in Fig. 2 
and 3) at high annealing temperature. Sequences of these two fragments showed 
high homology to papionin PcEV fragments. To confirm these results, we amplified 
a spleen sample and a serum sample from two other individuals of the same species 
(sequences C.guereza-3 and C. guereza-l in Fig. 2 and 3, respectively). Fragments 
almost identical to those of C. guereza-l were obtained, suggesting that the 
previous results were not due to laboratory contamination. The sequences of each 
fragment recovered from the three individuals show more than 99% homology to 
each other and approximately 97% homology to the sequences obtained from 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 
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papionin species (Fig. 2 and 3). To determine whether PcEV is present in other 
Colobus species, we tested genomic DNA sample of Colobus badius (the western 
red colobus), kindly donated by Ronald Noe (TAI National Park Monkey Project, 
Tai, Ivory Coast, and Max-Planck-Institut fur Verhal-tensphysiologie, Seewiesen, 
Germany). No specific fragment could be amplified from this sample by any of the 
two primer sets, even when the annealing temperature was lowered to 40°C and/or 
when template DNA was serially diluted to optimize the PCRs. These results 
suggest that PcEV was not inherited from a common ancestor of extant Colobus 
monkeys but became part of the C. guereza genome after a cross-species 
transmission of exogenous PcEV. 

TCGATGGAAAGGACCCTACATTGTTCTCCTGACCACGCGCACAGCCATAAAGGTTGACGGAATCTGCACTTGGATCCAGGCATCCCACGCCAAGGCTGCTCCAGGGACGC 

CCGGACCAACACCAGCTGAGACATCGAGACTCCGACGCTCCGAGGACCCGCTGAAGATAAGACTCTCTCGTATCTAGCCCCTTGCTTATGCTTATTACTAGCCCTCCTTC 
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Fig. 2 - continued 
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661 703 
C . g u e r e z a 1 - 1 TCCTTCGTCCAGCGCTGCACCAGAACCCGATATTCAAAAACTT 
C . g u e r e z a 1 - 2 

C . g u e r e z a 2 - 1 CGC . 
C . g u e r e z a 3 - 2 

FIG. 2. Alignment of nucleotide sequences obtained with PcEV-specific pol and env primers 
from Old World monkeys by PCR. Identical nucleotides are indicated by dashes; deletions are 
indicated by dots. The stop codon [TA(A/G)] of the pol gene and the start codon (ATG) of the 
env gene are demarcated in boldface and underlined. The 12- and 48-nt insertions are 
demarcated by a gray background. The GenBank accession number of the complete PcEV 
clone is AF142988. P. ursinus, P. hamadryas ursinus; P. hamadryas, P. hamadryas 
hamadryas. 

To gain more insight into the evolution of PcEV and compare the virus and 
host trees, phylogenetic analyses based on the pol-env and LTR-UTR sequence 
alignments shown in Fig. 2 and 3 were performed with the neighbor-joining (NJ) 
(14) option of the MEGA analysis package (10), while maximum parsimony 
analysis was performed with PAUP4 (version 4.0.0.d55 for Unix) (15). In the NJ 
tree, evolutionary distances were estimated by Kimura's two-parameter method (8), 
and 100 bootstrap replicates were analyzed. Both the NJ and maximum parsimony 
methods generated identical trees. For pol-env and LTR-UTRs, the relative 
sequence of the complete proviral sequence of PcEV and, as an out group, a relative 
pol-env fragment of PERV (GenBank accession no. Y17013) which possesses pol 
and env genes closely related to PcEV were analyzed. Two main clusters could be 
distinguished in the pol-env tree; the first cluster comprised the clones from the 
papionin species and C. guereza, and the second cluster comprised the clones from 
C. nictitans and M. talapoin, two sister group genera according to their 
mitochondrial sequences (19). An interesting finding is that the five clones from 
three different C. guereza monkeys clustered with a sequence of Papio hamadryas 
ursinus (Fig. 4). In a host NJ tree based on mitochondrial 12S rRNA sequences, 
colobines cluster apart from all cercopithecoid monkeys (20). The original proviral 
sequence of PcEV was closely related to clones obtained from P. hamadryas 
ursinus and Theropithecus gelada. Within the papionin cluster, we observed two 
groups separated by sequences P. ursinus-Z and P. hamadryas-l (Fig. 4). Probably, 
these two clones represent recombinant sequences, possibly generated in the PCR. 
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FIG. 3. Alignment of nucleotide sequences obtained by PCR with PcEV-specific LTR and UTR 
primers from Old World monkeys. Identical nucleotides are indicated by dashes; deletions are 
indicated by dots. The CAT box, TATA box, and poly(A) signal are demarcated in bold. The 
PBS sequence is demarcated in boldface and underlined. The PBS sequence is 
complementary to the 3' end of human tRNAGly. Definitions of species are as in the legend to 
Fig. 2. 
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FIG. 4. Phylogenetic tree based on 728-nt PcEV pof-env sequence alignment of various Old 
World monkeys. Evolutionary distances were estimated with Kimura's two-parameter method. 
Bootstrap values for 100 replicated trees are indicated. The tree is rooted by using the 
comparable pol-env fragment of PERV as an outgroup (GenBank accession no. Y17013). 
Definitions of species are as in the legend to Fig. 2. 
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FIG. 5. Phylogenetic tree based on 555-nt PcEV LTR-UTR aligned sequences of seven 
subspecies of Old World monkeys. Evolutionary distances were estimated with Kimura's two-
parameter method. Bootstrap values for 100 replicated trees are indicated. Definitions of 
species are as in the legend to Fig. 2. 

Similar results were obtained for the LTR-UTR sequences, although 
Cercopithecus and Miopithecus could not be included. In the LTR-UTR tree, two 
main clusters were distinguishable (Fig. 5). The first cluster contained PcEV 
sequences from baboons (Papio hamadryas hamadryas and P. hamadryas ursinus) 

and geladas. As in the pol-env tree, all C, guereza clones clustered closely with 
sequences from baboon species. A second cluster comprised viral clones from the 
black mangabey (Lophocebus aterrimus) and from macaques (Macaca mulatta and 
Macaca nemestrina). 

The split between the Colobinae and Cercopithecinae sub-families is 
estimated to have occurred approximately 9 million years ago (Fig. 1) (13). In a 
host species analysis based on mitochondrial DNA, these two subfamilies formed 
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two clearly separated and distantly related clusters (20). However, In the 
phylogenetic tree based on both pol-env and LTR-UTR fragments of PcEV, the C. 

guereza clones always clustered together with clones from the papionin tribe (Fig. 4 
and 5). Since viral phylogeny does not follow host phylogeny, a PcEV cross-species 
transmission is the most likely explanation for the homology observed between 
papionin PcEV and C. guereza PcEV. Because neither pol-env nor LTR-UTR PcEV 
fragments could be obtained from another colobine species, C. badius, the 
transmission most likely occurred from a papionin ancestor to an ancestor of extant 
C. guereza. The C. guereza samples from which we could amplify PcEV all 
represented the lowland form of C. guereza, since all samples originated from the 
Central African Republic. C. badius, which was negative for PcEV, is a species 
presently inhabiting the tropical forests of western Africa, thousands of kilometers 
away from the modern habitat of C. guereza (9). 

Cross-species transmissions are rather the rule than an exception for 
retroviruses. For exogenous viruses like Human immunodeficiency virus and Simian 

immunodeficiency virus and Human T-cell leukemia virus type 1 and Simian T-cell 

leukemia virus type 1, several transmission events among primate species have been 
documented (3, 16). Because retrovirus infection requires intimate contact, like 
sexual contact or biting, transmissions are expected to occur between species 
sharing the same habitat. Colobus monkeys currently share habitats with 
Cercopithecus species and with mangabeys in some instances. 

Generally, endogenous viruses increase in copy number with time (1). The 
copy number of PcEV in the genome of C. guereza was estimated as described 
previously (12) and was found to be in the range of 44 to 61 proviral copies per 
diploid genome, which is comparable to the PcEV copy number in the baboon 
genome (Table 1). It is therefore likely that the PcEV in papionin species and in C. 
guereza is of comparable age but was transmitted well after the separation of the 
two subfamilies, setting the upper limit for the spread of exogenous PcEV in Africa 
at around 9 million years ago (Fig. 1). The lower limit is much more difficult to 
estimate. At present, Macaca sylvanus (the Barbary macaque) is the only African 
macaque species, and this species is ancestral to all Asian macaque species (5). The 
first Asian macaque fossils date back approximately 3 million years (4), suggesting 
that the separation of African and Asian species occurred some time before that 
date. Because Asian macaque species contained PcEV proviral sequences closely 
related to those seen in African PcEV, they most likely inherited the virus from a 
common ancestor before they moved into Asia, suggesting that PcEV was firmly 
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established in the African monkey germ lines by then. It is not unlikely that 
endogenous PcEV has or had the capability to produce progeny since its genome is 
complete, like that of BaEV in baboons. Viral transcription and particle formation 
seen in a retrovirus transmitted through the germ line could then be defined as a 
semi-endogenous phase. Thus, integration of PcEV occurred earlier than integration 
of BaEV (estimated to have happened less than 1 million years ago) but probably 
later than the integration of SERV, which has the highest copy number (Table 1). 

PcEV in Cercopithecus and Miopithecus appears to have a more 
complicated history. The viral sequences seem to follow the host phylogenetic tree, 
suggesting coevolution of virus and host (papionins and cercopithecini are the two 
tribes making up the subfamily Cercopithecinae). However, it cannot be ruled out 
that when these two tribes separated, closely related PcEV subtypes were 
circulating as exogenous virus. The separation of the two tribes is suggested to have 
occurred in the early Pliocene (5.6 to 3.5 million years ago), since the first 
fossilized remains of Cercopithecus date to 2.9 million years ago (4). PcEV 
subtypes could have preferentially infected certain monkey species and integrated 
separately into their germ lines. In the phylogenetic tree of pol-env genes, two 
subclusters could be distinguished within the papionins and the C guereza cluster 
(Fig. 4). The evidence that the sequences of viral clones obtained from the same 
individual fell into two subclusters can be explained by separate integrations of two 
PcEV subtypes, suggesting that infection with one subtype did not protect from 
infection with another PcEV subtype. Close inspection of the env sequences showed 
that the subtypes differed mainly by two in-frame stretches of 12 and 48 nt in the 
env gene. These stretches are absent from the PcEV env genes of some papionins, 
all those of C. guereza, and all genes from the Cercopithecus and Miopithecus 

samples, suggesting that the ancestral (most dispersed) virus did not contain these 
sequences and that they should thus be regarded as insertions. The changing of the 
env gene by insertions of 3 and 16 amino acids in the two in-frame segments and by 
additional amino acid changes possibly opens the way for another subtype of virus 
to reinfect a cell already harboring PcEV. 

Subsequently, we analyzed evolutionary distances among PcEV sequences 

for synonymous and nonsynonymous sites. Such an analysis is a powerful tool for 

understanding the forces of viral evolution (11, 22, 23). Since those forces could, in 

general, differ for different genes, we performed the analysis for pol and env regions 

separately. In both regions, the number of synonymous substitutions per 

synonymous site (dj was higher than the number of nonsynonymous substitutions 
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per nonsynonymous site (cQ: 6.3 and 4.5% for the pol region, respectively, and 20.0 

and 9.6% for the env region, respectively. This high variation in the env region 

compared to the pol region of PcEV conformed to the general observation that the 

pol gene is more conserved than the env gene. For both gene fragments, the mean 

djds ratios were above 1.0 (1.65 and 2.11 for pol and env, respectively), suggesting 

that purifying selection was operational. However, the djda ratios of PcEV were 

low compared to those found in other endogenous retroviruses, for example in 

members of the Human endogenous retrovirus (HERV) K10 family (22, 23), 

indicating that PcEV has probably not been active for a long period. 

In conclusion, PcEV was amplified from all species of the papionin tribe, 

including baboons, macaques, geladas, and mangabeys, and a variant, possibly 

another subtype or strain, was amplified from Cercopithecus and Miopithecus 

monkeys. Evidence was obtained that PcEV was transmitted from papionins to at 

least one species of Colobus monkey (C. guereza). 
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Different classes of porcine endogenous retroviruses (PERVs) have been isolated from the pig 
genome, posing the risk of human infection during xenotransplantation. Because vertebrate 
genomes may contain numerous endogenous retroviral sequences, we examined the pig genome for 
additional endogenous retroviruses resulting in the isolation of a novel, complete endogenous 
retroviral genome, designated PERV-E. The gag, pol and en v genes of PERV-E are closely related 
to those of HERV 4-1 belonging to the HERV-E family. Results of studies for the presence and 
copy numbers of PERVs showed that PERV-E and PERV-A/B-like proviruses were present in all 
genomes tested, but PERV-C was not found in two species, including wild boar. Multiple copies of 
PERVs could be found in each pig genome. Among all pig genomes we tested, the wild boar 
genome has the lowest copy number for all PERVs, suggesting that the number of integrations of 
complete endogenous retroviruses increases by inbreeding. 

Xenotransplantation shows great promise of providing a virtually limitless 
supply of cells, tissues, and organs for a variety of therapeutic procedures 

(Deacon et al., 1997; Bengtsson et al., 1998; Groth et al, 1994). The tissues and 
organs of domestic pigs are preferred for xenotransplantation because of their 
fundamental physiological compatibility to human organs compared to those of 
other mammals, like the baboon (van der Kuyl & Goudsmit, 1999; Auchincloss & 
Sachs, 1998). Pigs can be bred and maintained under exogenous pathogen-free 
conditions to reduce the risk of transmitting exogenous pathogens by 
xenotransplantation. However, other microbiologic obstacles include porcine 
endogenous retroviruses (PERVs), which are stably transmitted in the pig germ line. 

Recently, three distinct classes of PERV full length sequences were found 
in the pig genome and designated PERV A, B, and C (Patience ef al, 1997; Le 
Tissier ef al., 1997; Akiyoshi ef al., 1998). PERV-A, -B, and -C all belong to the 
mammalian type C retrovirus group. They are closely related to each other in the 
gag and pol regions but differ in their env genes, especially in the surface 
component encoding region (Takeuchi ef al., 1998). Besides pig cell lines, PERV-A 
and B can infect several human cell lines in vitro, but PERV-C can replicate only in 
porcine cells (Takeuchi ef al., 1998; Czauderna ef al, 2000). Tests based on DNA, 
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RNA, and protein technology have been performed among the recent recipients of 

living pig tissues or organs, seeking evidence of pig-to-human PERV transmission. 

As yet, none has been observed (Paradis ef al, 1999; Patience ef al, 1998; Heneine 

ef al., 1998), but concern remains. 

Since vertebrate genomes may contain numerous amounts of endogenous 
retroviral sequence, we examined the pig genome for the existence of additional 
endogenous retroviruses. Total genomic DNA was extracted from pig PBMC by a 
procedure using silica and GuSCN (Boom ef al, 1990), and polymerase chain 
reaction (PCR) amplifications were performed with a primer set (an upstream 
primer, 5'-TGGACTCGACTTCCCCAGGG-3'; and a downstream primer, 5'-
TATAGCGGCCGCAGGAGGTCATCTACATA-3') derived from the most 
conserved region of the baboon endogenous virus (BaEV) RT gene. Denaturation 
for 5 minutes at 94°C was followed by amplification for 10 cycles of 1 minute at 
94°C, 2 minutes at 45°C, and 3 minutes at 72°C. After an additional 30 cycles 
amplification of 30 seconds at 94°C, 1 minute at 55°C, and 1 minute at 72°C, there 
was a final extension of 10 minutes at 72°C. The target fragment, approximately 
130 bp long, was cloned into the pCRII-TOPO vector (Invitrogen, Carlsbad, Calif.); 
24 clones were sequenced, and two distinct RT sequences, which we named PS0 
and PS1, were identified. At the nucleotide level, PS1 is 98% identical to the RT 
gene of known PERVs, indicating that PS1 is derived from one of the PERV 
proviral sequences. No known virus was more than 90% identical to the RT 
fragment of clone PS0. Taken together, these results suggested that besides known 
PERVs, at least another endogenous retrovirus is present in the pig genome. 

About 60,000 lambda phage plaques from a domestic pig genomic library 
(Stratagene, La Jolla, Calif.) were screened by using [a-32P]dCTP-labelled PS0 RT 
fragment, 16 positive clones were identified. The inserts of two positive clones, 
Pl.1 and PI4.1, were sequenced completely and pig genomic clone PI4.1 was 
found to contain a novel, complete retroviral sequence of 8,072 nt, which we named 
PERV-E (GenBank accession number: AF356697). The genomic organization of 
PERV-E is identical to that of all known simple retroviruses: gag, pol and env 

genes, flanked by 5' and 3' LTRs. Genomic clone Pl.1 contained a PERV-E-like 
proviral sequence (GenBank accession number: AF356698), but part of the viral 
genome, from the 5' LTR to the 3'end of the gag untranslated region (UTR), is 
missing. However, the remaining 7,130 nt of the proviral sequence was highly 
homologous (90% at nucleotide level) to the proviral sequence from clone PI4.1, 
including a very similar 3' LTR. 
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The viral sequence identified from P14.1 contains two LTRs: 434 and 431 

nt at the 5'and 3' end, respectively. The P14.1 LTR sequence could not be aligned 

with any other retroviral LTR, but consensus sequences of basic regulatory 

elements, like a TATA box and a polyadenylation site were present. The 5' LTR of 

PI4.1 is followed by a primer binding site complementary to the 3' end of human 

tRNAGly, which is also used to initiate viral amplification of PERV-A and -B. 

Comparison with other retroviruses, like MoMuLV and HERV 4-1, 

identified the gag, pol, and env ORFs of P14.1 and Pl.1. All ORFs of these two 

clones were full-length, but they were interrupted by multiple premature stop 

codons and frame-shift mutations. However, the amino acid sequences could be 

estimated by comparing them homologous genes of exogenous retroviruses. The 

gag-encoding region of clone P14.1 probably starts with the ATG codon at nt 

position 1059 and ends with a stop codon at nt 2618. The pol ORF of clone P14.1 

probably ranges from nt 2619 to nt 6236. The env ORF of P14.1 probably starts 

from the ATG codon at nt 6093, overlaping the 3' end of pol gene by 147 nt, and 

ends at the stop codon at nt 7622. 

To estimate the level of divergence between PERV-E and other 

retroviruses, gag, pol, and env amino acid sequences from various mammalian type 

C retroviruses, including BaEV and GaLV of nonhuman primates, MoMuLV of 

mice, FeLV of cats, PERV-B and -C of pigs, two strains of HERV-E family 

(AL023280 and HERV 4-1), as well as four type D viruses of monkeys: SRV-1, 

SRV-2, SMRV, and SERV, were aligned with the estimated gag, pol, and env 

amino acid sequences of PERV-E using Clustal-W (Thompson ef al, 1994). The 

phylogenetic analyses were performed with the Neighbor-Joining (NJ) method 

based upon P-distance (Kimura, 1980) and, as implemented in the MEGA package 

(Kumar ef al., 1993). One hundred bootstrap replicates were analyzed. In the 

resulting gag and pol trees (Fig. la and lb, respectively), we found two main 

clusters, representing type C and D retroviruses. The type C cluster contained two 

subclusters. In the first, MoMuLV and FeLV were closely related to each other and 

cluster together with BaEV; PERVs and GaLV were also found in this subcluster. 

Interestingly, the gag and pol genes of PI4.1 and Pl.1 is closely related to those of 

HERV 4-1 and AL023280, and together they form the second type C subcluster 
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with a high bootstrap value (100). In the env tree (Fig. lc), P14.1, Pl.1 and the 

HERV-E virus were only distantly related to the env genes of other type C and D 

retroviruses; they formed a completely distinct cluster with a high bootstrap value 

(100). Analyzing the env genes of all other retroviral groups, including the avian 

type C, mammalian type B, human T-cell leukemia virus groups, as well as 

lentiviruses, and spumaviruses, suggested no significant homology between any env 

gene and the PERV-E env gene. Within the transmembrane region of the env 

protein, a 26-residue immunosuppressive polypeptide fragment is highly conserved 

among retroviruses, especially of type C and D (Cianciolo et al, 1984; Schulz ef 

al., 1992). A similar peptide is found in the P14.1, Pl.1, HERV4-1, and AL023280 

transmembrane regions (Fig. Id). Alignment of this peptide sequence with reference 

sequences indicated, again, that the env genes of PERV-E and HERV 4-1-like 

viruses are only distantly related to the env genes of type C and D viruses. 

Comparison of the gag, pol, and env ORFs of HERV 4-1 and P14.1 showed that 

they shared 62 %, 68%, and 61% identity at the amino acid level, respectively. 
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Fig. 1. (a) NJ tree based upon derived amino acid sequences for the gag genes of P14.1, P1.1 
and viral references. Bootstrap values for 100 replicated trees are indicated. The GenBank 
accession numbers of the aligned sequences were D1O032, baboon endogenous virus (BaEV); 
M18247, feline leukemia virus (FeLV); AF033811, Moloney murine leukemia virus (MoMuLV); 
M26927, gibbon leukemia virus (GaLV); AJ133818, porcine endogenous retrovirus class B 
(PERV-B); AF038600, Sus scrofa porcine endogenous retrovirus (PERV-C); M10976, human 
endogenous retrovirus DNA 4-1 (HERV4-1); AL023280, another member of HERV E family; 
M23385, simian sarcoma virus (SMRV); M11841, simian SRV-1 type D retrovirus (SRV-1); 
M16605, simian SRV-2 type D retrovirus (SRV-2); U85505, simian endogenous retrovirus 
(SERV). (b) NJ tree based upon derived amino acid sequences for the pol genes of P14.1, 
P1.1 and viral references. Bootstrap values for 100 replicated trees are indicated, (c) NJ tree 
based upon derived amino acid sequences for the env genes of P14.1, P1.1, and viral 
references. Bootstrap values for 100 replicated trees are indicated, (d) Alignment of 26 
residues of the immunosuppression peptide from various retroviruses. Three blocks can be 
easily distinguished from top to bottom. The first block (from SMRV to BaEV) represents type D 
retroviruses. Since BaEV is a recombinant virus between a type C virus (PcEV, gag and pol 
genes) (Mang etal., 1999) and a type D virus (SERV, envgene) (van der Kuyl era/., 1997), its 
immunosuppressive peptide can be easily aligned with type D retroviruses. The second block 
consists of type C retroviruses, while the third one contains only PERV-E and HERV 4-1-like 
viruses. Within a block, sequences from different viruses are almost identical; while between 
blocks, eight most conserved residues can be found and are indicated as a consensus 
sequence. 

To determine proviral distribution of all known PERVs among porcine 

genomes, genomic DNA was isolated from 6 pig samples (supplied by the 

Department of Genetics and Reproduction, Institute for Animal Science and Health, 

Lelystad, The Netherlands), comprised of 5 breeds of domestic pig (Dutch landrace, 

Hampshire, Pietrain, Meishan, and Large White), and a wild boar (Sus scrofa). Six 

primer sets and their nested primers were designed and their sequences are shown in 

Table 1. PCR amplifications of the PERV-E gag, pol, env genes and PERV-A/B/C, 
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PERV-A/B, and PERV-C were performed for all samples. PCR results showed that 
PERV-E and PERV-A/B proviral genes were present in all pig genomes tested, but 
a positive signal for PERV-C could not be found from the genome of Large White 
pigs and wild boar, even after nested PCR amplifications. 

Table 1. Primers used in the PERVs distribution and copy number estimation studies. 

Target 
virus 

PERV-E 

PERV-
A/B/C 

PERV-
A/B 

PERV-C 

Target 
gene 

gag 

pol 

env 

pol 

env 

env 

Orientation 

Upstream 
Downstream 
Upstream (nested) 
Downstream (nested) 
Upstream 
Downstream 
Upstream (nested) 
Downstream (nested) 
Upstream 
Downstream 
Upstream (nested) 
Downstream (nested) 
Upstream 
Downstream 
Upstream (nested) 
Downstream (nested) 
Upstream 
Downstream 
Upstream (nested) 
Downstream (nested) 
Upstream 
Downstream 
Upstream (nested) 
Downstream (nested) 

Sequence (5'—3') 

TATAACAGGAGACCCTGG 
CCAGTTGAGGAGATCAGC 
TGCTAGTAGCCCAGTCCA 
TAATGCTGGAGTGGCTGC 
GACCTCTTACTAGCTGGC 
GTTACAACTGAGTGTGGG 
GGCAGTTTGTGCCATTCC 
AGACAGATATGCCACTGG 
TCCAAATTGGAGACTGGA 
TCTTAATTTCTCCCAACC 
ACACCCCTATCTATATGC 
TTTGTACAGGTACATGGG 
ATGTGGATGAGCGTAAGG 
TGCTTCCGTCAGTGAACC 
CCATACTGGTCAAGGACG 
TCATCAGTCTCTTCAGGC 
AGGGAAAGAGAGGCTGAC 
AGTTTCTCCTTGGCTCAG 
AGGTCTCCTTGGATGACC 
GATCTGGACTGCACTCAC 
TTACCTGACCTGGATTAG 
TGTTAGAGGATGGTCCTG 
TGGATTAGAACTGGAAGC 
TTTGACCCGTCAAGACCG 

Length 
of target 

fragment (nt) 

550 

300 

650 

350 

450 

300 

450 

200 

250 

150 

300 

250 

To estimate the copy number of PERVs proviruses in the pig genome, 
nested PCR-based limiting dilution assays were performed, then the total copy 
number of initial DNA present in a PCR reaction could be estimated by performing 
Poisson statistics based on the observed numbers of negative PCR reactions. This 
method has been widely used to quantitate different target molecules, including 
HIV proviral copy numbers (Rodrigo ef ah, 1997; Ouspenskaia ef al, 1995; Sykes 
etal, 1992). The sequences of those primer sets and their nested primers are shown 
in Table 1. The nested PCR was optimized to amplify a single copy of input DNA. 
Pig genomic DNA was quantitated by measurement of ultraviolet irradiation 
absorption and the result was confirmed by ethidium bromide fluorescent 
quantitation, and then diluted in 10-fold steps for the first PCR, and the last two 
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positive samples were diluted in additional 2-fold steps (Rodrigo et al., 1997). For 
each 2-fold-dilution step, 10 nested PCR reactions were performed. The expected 
numbers of negative reactions were estimated using a Poisson probability 
distribution, and then the copy number of PERV-E input in the original PCR was 
calculated with the program QUALITY (Rodrigo et al, 1997). For all calculations, 
it was assumed that a pig cell contained the same amount of genomic DNA as a 
human cell (6 pg of DNA/cell). Each copy number estimated was confirmed by 
duplicate experiments, and results are shown in Table 2. The copy number of the 
PERV-E pol gene among different domestic pig genomes was estimated to range 
between 18 to 34 copies per diploid genome, whereas the copy number of PERV-
A/B among domestic pig genomes was in the range between 7 (Dutch Landrace) 
and 14 (Hampshire), which is corresponding to the results reported by Bosch et al 

(2000). Interestingly, the wild boar genome only has around 3 copies of the PERV-
E pol gene and approximately 4 copies of PERV-A/B per diploid genome. The copy 
number of the PERV-E gag gene in the genome of wild boar, Large White, and 
Dutch Landrace was also estimated, and the results were comparable to pol gene 
copy numbers. The maximal copy number for PERV-C was approximately 3 copies 
per diploid genomes of Meishan and Dutch Landrace pigs. For both PERV-E and 
PERV-A/B, wild boar had much lower copy numbers compared with the domestic 
breeds. 

Table 2. The estimated copy 

Target virus 

Target gene 

Pietrain 

Hampshire 

Meishan 

Wild Boar (Sus scrofa) 

Large White 

Dutch Landrace 

ND: not determined. 

number for PERVs proviral genes in the pig genomes. 

PERV-E 

gag 

ND 

ND 

ND 

5.1 

15.3 

18.5 

pol 

23.9 

34.4 

24.6 

3.1 

18.0 

21.4 

PERVA/B 

env 

11.7 

14.0 

12.1 

3.7 

10.2 

6.7 

PERV-C 

env 

1.6 

2.2 

2.8 

2.8 

This paper reports the complete sequence of a novel pig endogenous 
retrovirus, PERV-E, and its distribution among 5 breeds of domestic pig and wild 
boar. Sequence analyses indicated that PERV-E and HERV 4-1-like viruses are 
closely related. Pigs are under consideration as a source of xenografts for 
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xenotransplantation. Despite the benefit that xenotransplantation could bring to 
patients, there is rising concern about its potential for the introduction of nonhuman 
pathogens (Weiss, 1999; Patience ef al., 1998; Weiss, 1998). Pig endogenous 
retroviruses, especially PERV-A and -B constitute a major threat. Our gene 
sequencing results showed that two clones of PERV-E contain stop codons and 
frame-shift mutations in all viral ORFs, thereby precluding its expression as 
infectious virus. 

Previously, Patience ef al (Patience ef al, 1997) and Akiyoshi ef al 

(Akiyoshi ef al, 1998) reported that the proviral copy number of PERV-A/B and 
PERV-C were approximately 50, and 8 - 15 in the pig genome, respectively. These 
copy numbers, which were determined by Southern blotting using PERV pol or env 

gene derived probes, were much higher than the numbers reported by us, which 
were estimated by using limiting dilution and nested PCR. Since the specificity of 
gene hybridization is less than that of PCR amplification; it is possible that the copy 
number determined by using gene hybridization were overestimated due to cross 
hybridization. 

Domestication of the pig is estimated to have occurred less than 5,000 
years ago, with the wild boar being the most likely ancestor of our modern breeds 
(Rothschild & Ruvinsky, 1998). Surprisingly, all domesticated pig breeds contain 
much higher copy numbers for PERV-E and PERV proviruses than the wild pig, 
suggesting that copy numbers have increased during (in) breeding. PERV-C most 
probably has arisen in modern breeding times, as it is absent from the wild pig 
genome. However, it must be noted that only a single wild boar has been tested in 
our study. 

We thank Vladimir Lukashov and Marion Cornelissen for stimulating discussions; John Dekker for technical 
support; and Lucy Phillips for editorial review. This study is partly supported by Amsterdam Support 
Diagnostics, Inc. 
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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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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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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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Chapter VII Summary & Samenvatting 

This thesis describes our studies of three novel endogenous retroviruses 
identified from the baboon and pig genomes and discusses the impact of 

endogenous retrovirus in xenotransplantation. 

In humans and other mammal species, endogenous retroviruses make up as 
much as 2 % of the host genome, indicating that the products of reverse 
transcription have played a important role in shaping the eukaryotic genome. In 
Chapter I, the genome construction, classification, characteristics, and the possible 
biological functions of endogenous retroviruses are discussed in detail. In brief, all 
known endogenous retroviruses found to date belong to the simple retrovirus 
category. Due to gene interruptions, most of endogenous retroviruses cannot be 
expressed, but they can reflect the evolutionary track of their hosts. Some 
endogenous retroviruses still contain active genes that can be expressed and can 
even form viral particles. Thus, we have defined them as semi-endogenous 
retroviruses. The biological function of endogenous retroviruses could be protection 
of the host from superinfection by similar exogenous viruses; alteration of the host 
genome type; involvement in host autoimmune responses; and in humans, 
embryonic development. 

Large demands for tissue transplantation and serious shortage of human 
organs have provided the impetus for xenotransplantation. Over the last 10 years, 
enormous scientific and technological progresses have brought xenotransplantation 
close to human clinical trials. The brief history and main progress of 
xenotransplantation are described in Chapter I. The history of endogenous 
retroviruses in the baboon and pig, as well as their significance in the fast-
developing field of xenotransplantation, is also presented. 

Baboon and pig have been considered as the most suitable donors of 
organs, tissues and cells for xenotransplantation to humans. Since at least four semi-
endogenous retroviruses, baboon endogenous virus (BaEV) and porcine 
endogenous retroviruses (PERV, including -A, -B, and -C), exist in the genome of 
these two mammal species, the potential risk of cross-species transmission of 
endogenous retroviruses are a major concern of both researchers and the public. 
BaEV is a recombinant virus between a type-C and a type-D virus. The genome 
construction of BaEV and its distribution among primate species have been studied 
in detail (A. C. van der Kuyl et a/., J. Virol. 69: 5917-5924 & 7877-7887, 1995), but 
its origins were not clear until its type-D ancestor, simian endogenous retrovirus 
(SERV), and type-C ancestor, papio cynocephalus endogenous retrovirus (PcEV), 
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were identified in the baboon genome. In Chapter II, identification of SERV, its 

distribution and evolution, are presented. The identification of PcEV and its genome 

construction are described in Chapter III. The distribution of PcEV in primate 

species and its evolutionary history are the subject of Chapter IV. 

Pigs are chosen as the best potential xenotransplantation donor to humans 
because they are available in large numbers, have elements of shared anatomy and 
physiology with humans, and can be housed in specific pathogen-free 
environments. They also breed rapidly, allowing genetic manipulations that might 
make them more suitable donors. The existence of semi-endogenous porcine 
retroviruses, PERVs, and their capability to infect human cells in vitro underscores 
the possibility of xenozoonosis caused by using pig xenografts. Based upon findings 
in humans and other mammal species, for example human, that numbers of different 
endogenous retroviruses exist in any host genome, it can be assumed that not only 
PERVs, but also other endogenous retroviral sequences are present in the pig 
genome. Therefore, we looked for other porcine endogenous retroviruses distinct 
from those known PERVs in the domestic pig genome. This part of the work is 
presented in Chapter V, which describes the identification of PERV-E and its 
distribution among domestic pigs and wild boar (Sus scrofa). Additionally, the copy 
numbers of PERVs were determined. Since copy numbers were found to differ 
significantly among breeds, this information will be useful to future pig genome 
manipulation studies that seek to generate PERV-free pig breeds. 
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D it proefschrift beschrijft drie nieuwe endogene retro virussen in het genoom 
van de baviaan en het varken. Deze twee diersoorten spelen een belangrijke 

rol in het zich ontwikkelende veld van de xenotransplantatie, waarbij de potentiële 
overdracht van pathogenen een punt van aandacht is. 

Het genoom van zoogdieren, en dus ook dat van de mens, bestaat voor ongeveer 2% 

uit endogene retrovirussen, waaruit blijkt dat retro-transcriptie een grote rol heeft 

gespeeld in de vorming van het eukaryote genoom. 
Hoofdstuk I beschrijft de karakteristieken, classificatie en de mogelijke biologische 
rol van endogene retrovirussen. Alle tot op heden beschreven endogene 
retrovirussen behoren tot de zogenaamde eenvoudige retrovirussen, virussen met in 
totaal maar drie of vier genen. Van de meeste van deze provirale genomen zijn de 
genen onderbroken en kunnen niet meer tot expressie komen. Ze kunnen echter wel 
iets vertellen over de evolutionaire geschiedenis van hun gastheer. Semi-endogene 
retrovirussen zijn een klasse van endogene retrovirussen waarvan de genen wel 
afgelezen en vertaald kunnen worden, sommigen kunnen zelfs virusdeeltjes vormen. 
Biologische functies van endogene retrovirussen zou kunnen zijn het beschermen 
van de gastheer tegen superinfectie met een soortgelijk virus; snelle veranderingen 
in het gastheergenoom (= invloed op de evolutie hiervan); en betrokkenheid bij 
auto-immuun reacties. Bij de mens is bovendien aangetoond dat een retroviraal 
eiwit betrokken is bij de embryonale ontwikkeling. 

Een grote vraag naar orgaantransplantatie en een enorm tekort aan menselijke 
donororganen hebben xenotransplantatie, de transplantatie van soortvreemde 
organen naar de mens, bespreekbaar gemaakt. Gedurende de laatste 10 jaar hebben 
wetenschappelijke en technologische doorbraken ervoor gezorgd dat 
xenotransplantatie bijna rijp is voor de kliniek. Een kort overzicht van het 
xenotransplantatie-veld met de belangrijkste doorbraken wordt gegeven in 
Hoofdstuk I. In dit hoofdstuk wordt ook een historisch overzicht gegeven van 
endogene retrovirussen in het nucleaire DNA van de baviaan en het varken, alsmede 
het effect hiervan op de ontwikkeling van de xenotransplantatie. 

Bavianen en varkens worden gezien als de meest geschikte donoren van organen, 

weefsels en cellen voor xenotransplantatie in mensen. Ten minste vier semi-

endogene retro virussen zijn tot nu toe gevonden in deze twee soorten, te weten 

baboon endogenous virus (BaEV) in de baviaan, en drie varkens retrovirussen 

(PERV = porcine endogenous retrovirus, stammen A, B, en C). Deze virussen 
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kunnen deeltjes vormen, en er bestaat dus een kans ze via xenotransplantatie 
kunnen worden overgedragen naar de mens, een potentieel risico van deze techniek. 
BaEV is een recombinant virus tussen een type C en een type D retrovirus. De 
genoom organisatie van BaEV en de distributie van dit virus in primaten is al eerder 
beschreven (A. C. van der Kuyl et al., J. Virol. 69:5917-5924 & 7877-7887, 1995), 
maar de oorsprong van BaEV werd pas duidelijk toen zijn type D-, simian 
endogenous retrovirus (SERV), en type C- voorouder, papio cynocephalus 
endogenous retrovirus (PcEV), ontdekt werden in het bavianengenoom. In 
Hoofdstuk II worden de identificatie, distributie, en evolutie van SERV 
beschreven. De identificatie en genoomorganisatie van PcEV zijn het onderwerp 
van Hoofdstuk III, terwijl de distributie en evolutie van PcEV in primaten 
behandeld worden in Hoofdstuk IV. 

Varkens lijken verreweg de beste xenotransplantatie-donoren vanwege hun op vele 
punten met de mens overeenkomende anatomie en fysiologie, en de mogelijkheid 
tot huisvesting in een speciale pathogeen-vrije omgeving. Verder planten ze zich 
snel voort, zodat genetische modificaties makkelijk in te voeren zijn. Het bestaan 
van semi-endogene varkens retrovirussen, PERV's, en het gemak waarmee deze 
virussen humane cellen infecteren in celkweken, is echter een belangrijk bezwaar 
tegen het gebruik van varkens. Hoogst waarschijnlijk zijn er naast de bekende 
PERV's ook nog andere endogene retrovirussen aanwezig in het varken. De 
zoektocht naar deze nieuwe varkensvirussen is het onderwerp van Hoofdstuk V, 

waarin de identificatie van PERV-E, en de distributie ervan in het varken en het 
wilde zwijn (Sus scrofa) worden beschreven. Tevens werden de kopie-aantallen 
van alle bekende PERV's bepaald, waarbij grote verschillen werden gevonden 
tussen de verschillende varkensrassen, een belangrijk gegeven voor het genereren 
van PERV-vrije varkens. 
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