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IV. ABSTRACT
What is the first business of one who studies philosophy?

To part with self-conceit.
For it is impossible for anyone to begin to learn what he thinks he already knows. EPICTETUS

Type D retroviruses are recognized as the etiologic agent of spontaneous simian AIDS
(SAIDS) which endemically infects Asian macaques housed in various biomedical research colonies
and severely compromises the use of these species as research animals. Five neutralization groups
of type D simian retroviruses (SRV-1-5) have been identified. SRV-2 is the only serogroup to have
a known reservoir in wild populations of macaques, and is the predominant etiologic agent of SAIDS
at several primate research facilities. Immunodeficiency and retroperitoneal fibromatosis have been
associated with SRV-2 infection of several macaque species. Four different serogroup 2 SRVs have
been characterized at the Oregon RPRC; each isolate is characterized by unique restriction site
polymorphisms. Two closely related serogroup 2 SRV isolates, D2/RHE/OR and D2/RHE/ORV1,

have distinct differences in pathogenic outcome and in vitro tropism. D2/RHE/OR//1 was isolated

from a severely il rhesus macaque originating from group-housed animals endemically infected with
D2/RHE/OR, whereas D2/RHE/OR has been associated with a less severe pathological outcome in
rhesus macaques. Cell-free isolates of D2/RHE/OR readily infect human B-lineage celis (Raji), but
do not grow as well in some T lineage cells (Hut 78 and MT-4) in vitro. In contrast, cell-free
D2/RHE/ORN/1 infects both human Raiji cells and T-cells (Hut 78, CEM-8S, MT-4 and SupT-1) in
vitro.

Genetic and infectivity analyses were designed 1) to characterize the genetic variability of
these two serogroup 2 polymorphic isclates, 2) to determine the relatedness of these two isolates to

other characterized SRVs, and 3) to elucidate the viral geneﬁc domains that are responsible for the

apparent differences in pathogenesis and in vitro cell tropism.
Infectious full-length molecular clones of D2/RHE/OR and D2/RHE/OR/\/1 were isolated and

sequenced. D2/RHE/OR and D2/RHE/OR/N1 are 99.3% similar at the amino acid level, exhibiting



only 17 residue differences, ten of which are located in the envelope glycoprotein. Three distinct
phylogenetic clusters were derived from comparison of the env or gag genes among all cloned SRVs.
SRV-1, -3 and -4 comprise one cluster, the members of SRV-2 constitute é second cluster with
D2/RHE/OR and D2/RHE/ORA/1 demonstrating a greater similarity to each other than to D2/CEL/OR.

SRV-5 is the sole member of the third cluster. In vitro T-cell experiments with the two cloned viruses

and their reciprocal chimeras demonstrate that viral determinants necessary for entry and the spread

of infection are located in both the 5' and 3’ domains of the viral genome.

Xi



V.INTRODUCTION
V.1 GENERAL RETROVIROLOGY

Make everything as simple as possible, but not simpler. ALBERT EINSTEIN

V.1.A. Classification. Retroviruses are enveloped animal viruses which enter their target
cells by fusion with a host cell membrane. These viruses infect a wide variety of hosts including
humans, cats, chickens, mice, horses, goats, sheep and non-human primates. Transmission of
retroviruses can occur horizontally via exogenous infection or vertically by integration of the viral
genome into host germ-fine cells. The nucleocapsid core of the retrovirus contains capsid structural
proteins, two single positive strands of genomic RNA, reverse transcriptase and tRNA which
augments the synthesis of minus strand DNA during replication in a new target cell. The species of
tRNA paired with the genome is dependent on the family of retrovirus and is usually a tRNAP™ or
tRNAY (Varmus, 1988). All retroviruses contain at least three open reading frames for the gag, po/
and env genes which encode the structural core proteins, reverse
transcriptase/endonucleasefintegrase and envelope glycoprotein, respectively (Figure 1) (Coffin et
al. 1997). Seven subgroups of retroviruses have been identified based on their respective
morphologies, pathogenicities and replication strategies. Mouse Mammary Tumor Virus (MMTV) is
the sole member of the mammalian B-type virus subgroup which is identified by a characteristic
eccentric spherical core. MMTV can induce tumors by exogenous (secreted in the milk) as well as
endogenous (integrated in host DNA) virus (Fields and Knipe, 1991).

Two subgroups of retroviruses have a C-type morphology, the avian sarcoma and leukosis
viral group (ASLV; ex: Rous sarcoma virus), and the murine leukemia-related viral group (MuLV; ex:
Moloney murine leukemia virus). Reverse transcriptase in avian type C viruses requires Mg*,
whereas in mammalian type C viruses it requires Mn*>. Type C retroviruses may encode viral
oncogenes which effect the growth properties of the target cell. For example, Rous sarcoma virus

(RSV) encodes the src oncogene. Some of the species infected by type C viruses are avian,



baboons, Cld World monkeys, great apes, cats, fish, and mice. The mature virion of C-type
retroviruses contains a central sphetrical core.

The human T—cell leukemia-bovine leukemia subgroup of retroviruses consists of the bbvine
leukemia virus (BLV) and the closely related isolates of human T-cell lymphotropic virus, types -l and
I (HTLV-l and HTLV-ID), and simian T-cell lymphotropic virus, type-l (STLV-l). HTLV-BLV viruses are
not generally associated with an immunosuppressive disease, but rather with the appearance of
leukemias or lymphomas (Evans and Kaslow, 1997; Coffin ef al. 1997). HTLV-| is the prototype
human retrovirus and was originally associated with T-cell leukemia-lymphomas and spinal spastic
paresis. HTLV-l was isolated primarily from endemically infected populations of Japan, but has also
been identified in Caribbean populations. HTLV-Il is a less characterized member of this subfamily
and has been associated with T-cell hairy leukemia (Evans and Kaslow, 1997; Coffin ef al. 1997).
These T-cell lymphotropic viruses are unusual in that they contain at least two viral non-structural
proteins required for viral gene expression and activation of quiescent host T cells (Coffin ef al. 1997).
These additional genes distinguish the HTLV-BLV genome as complex, in contrast to retroviruses in
other subfamilies which encode only gag, po!/ and env genes and are considered o have simple
genomes (Figure 1).

Mason-Pfizer Monkey virus (MPMV) is the prototype member of the subgroup of type D
retroviruses, which consists of five different serogroups, with MPMV beionging to serogroup 3. The
nomenclature of exogenous type D retroviruses is patterned after the influenza virus convention and
signify <type D and serogroup>/<species isolated from>/<location of primate center>; for example,
D2/RHE/OR belongs to serogroup 2/isolated from a rhesus macaque at the Oregon Regional Primate
Research Center. Interestingly, the SRVs are the only subfamily with multiple isolates which are
limited to excgenous infection of primarily macaque (genus Macaca) monkeys (Marx and Lowenstine,
1987). Two endogenous type D isolates have been identified in the Spectacled langur (Presbyfis
obscurus), an Cld World monkey, and the Squirrel monkey (Saimiri sciureus), a New Warld monkey
(Fine and Schochetman, 1978; Fine and Schochetman, 1978; Gardner ef al. 1988; Marx and

Lowenstine, 1887). The type D genome encodes a viral protease gene {(prf) in a separate reading



frame, which distinguishes these viruses from other retroviruses with the classic gag-pol-env genamic
organization. In additien, D-type viruses are distinguished from primate lentiviruses in that they
encode a dUTPase i‘n the 5' portion of the prf gene (Elder ef al. 1892). All of the exogenous type D
isolates contain a rod shaped nucleoid in the mature virion (Desrosiers, 1988).

Lentiviruses are a subgroup of retrovirus which are not directly implicated in any
malighancies, but instead induce a protracted immunodeficiency disease course which is
characterized by a long latency period. Lentiviral infections have been observed to cause a latent
infection of monocyte and macrophage cells with subsequent ability to spread to and infect other cell-
types, such as CD4+ lymphocytes (Gendelman et al. 1985). As with Type C viruses, many species
are infected by the lentivirus group, including sheep (Visna-Maedi Virus), goats (Caprine Arthritis-
Encephalitis Virus), horses (Equine Infectious Anemia Virus), cattle (Bovine Immunodeficiency Virus),
non-human primates (Simian Immunodeficiency Virus) and most notably humans (HIV-1 and HIV-2)
(Coffin ef al. 1997; Narayan and Clements, 1990). In addition to the gag, po/ and env genes, five or
six additional small open reading frames have been identified in the genomes of these complex
viruses (Desrosiers, 1988). Interestingly, an SIV gene, vpx, is not present in HIV-I but is encoded by

HIV-2. 8IV and HIV-l have an overall degree of homology of 40%, whereas the degree of

mac
homology between SlV, ., and HIV-2 is 75% (Desrosiers, 1988). The presence of the vpx gene in
HIV-2 and SV, further confirms the close relatedness between these two viruses (Sharp et al.
1995; Gao ef al. 1994). A bar shaped nucleoid core is characteristic of this group.

The initial identification of the last subgroup of retrovirus, spumavirus, came from the
observation of a vacuolated or foamy appearance in the cytoplasm of cells cultured from apparently
healthy monkeys. In addition to monkeys, spumaviruses have been recovered from humans, cattle
and cats (Fields and Knipe, 1991). Recently, human foamy virus (HFV) has been demonstrated to
contain elements during replication which are reminiscent of hepadnavirus replication; thus, at this

point in time HFV classification is not clearly distinguished as either a retrovirus or hepadnavirus (Yu,

S.F.etal. 1996).



V.1.B. Replication. Between virion fusion with the target membrane and the initiation of
reverse transcription is the uncoating stage. Information regarding virion uncoating is limited; recently
however, compelling evidence has demonstrated the presence of cyclophilin A (CyPA) in HIV
particles. but notin SIV (Franke ef al. 1994; Thali ef al. 1994). The use of cyclosporine A (an inhibitor
of CyPA binding) or mutagenesis of the gag protein result in decreased replicative capacity of the
incoming virion. Characterization of the block in replication has demonstrated a marked decrease
or absence in the synthesis of early DNA products by reverse transcription, suggesting that the block
to replication is at virion uncoating (Braaten et al. 1996a). The identification of some HIV (clade Q)
and SIV strains, and of an isolate of MuLV 44704, Which do not require CyPA for infectivity, suggests
that some viruses contain a functional domain in the gag protein that can function independently of
CyPA during viral replication (Braaten ef al. 1996b).

The halimark event of the retrovirus life cycle is the synthesis of doubleﬂstranded DNA from
the two single strands of genomic RNA, followed by integration into the host cell chromosome as a
provirus (Figure 2) (Varmus, 1988). Reverse transcription does not require specific host cell factors
but probably accurs when the RNA genome is still associated with the nucleocapsid protein complex
in the cytoplasm (Fujiwara and Mizuuchi, 1988). Reverse transcription of the RNA genome of the
retrovirus is a unique and elegant process and is carried out by the viral pol gene product, reverse
transcriptase (RT). Five conserved amino acid motifs are present in the RT domain (Figure 18: Paper
2: Marracci ef al., in preparation) (Poch ef al. 1989). Four amino acids are invariant and 18 are strictly
conserved between the first four motifs among the RNA dependent RNA and DNA polymerases
represented in different RNA virus families. The conserved Asp of motif A and the first Asp of the two
found in motif C | are critical for the function of the reverse transcriptase as demonstrated by
mutational analyses (Poch ef al. 1989). An apparent paradox exists in that the genomic RNA is
shorter than the final double stranded DNA product. Genomic RNA is organized as: ' R-U5-y-gag-
pol-env-ppt-U3-R 3', with R-U5 and U3-R representing incomplete long terminal repeats (LTRs); intact
LTRs are necessary for viral mRNA expression. Minus (-} DNA strand synthesis is initiated at the &'

end of the genome using a tRNA as the primer (Figure 3). Synthesis proceeds right to left (in the



usual map convention) a short distance to the end of the 5' R region (strong stop DNA). After
RnaseH digestion and removal of thé RNA portion of the heterodupley, the nascent (-} DNA molecule
undergoes an interstrand transfer td the 3' R region of the second genomic RNA molecule. Negative
strand DNA synthesis proceeds concomitant with RnaseH degradation of the RNA template. The
polypurine tract (ppt) which is resistant to RnaseH serves as the primer for synthesis of positive (+)
strand DNA. After a second intrastrand transfer, the (+) and (-) DNA strands serve as templates for
the reciprocal strand and the genesis of a single homoduplex DNA molecule with reconstituted LTRs,
each containing copies of the U3-R-U5 regions ( Figure 3) (Panganiban and Fiore, 1988; Gilboa ef
al. 1979; Temin 1981).

A linear viral DNA molecule with blunt ends or a dinucleotide recess of its 3' ends is found
in the nucleoprotein preintegration complex in the cytoplasm. However, after nuclear localization of
the preintegration complex, circular DNA forms have also been identified which contain 1 or 2 LTRs
along with the linear form (Fujiwara and Mizuuchi, 1988). The current model for integration strongly
suggests that the linear DNA molecule with the 3' recessed ends is the immediate precursor for
integration into the host chromosome (Craigie et al. 1990; Fujiwara and Mizuuchi, 1988). Integration
proceeds under the auspices of the viral protein, integrase (IN). The IN protein consists of three
identifiable domains: the N-terminal region which contains the HHCC (HX,,HX,,,,CX,C) zinc finger-
like motif, the central core domain which contains the conserved DD35E {DX,,.5:DX;5E) motif and
which retains the enzymatic activity of IN, and finally the C terminal domain, which has DNA binding
properties (Figure 15; Paper 2: Marracci et al, in preparation). IN is part of a superfamily of
polynucleotidyl transferases which also includes RNAseH and Mu transposase (Shibagaki et al. 1997,
Rice et al. 1996). With few exceptions, most C-type retroviruses require dividing cells in order to
synthesize and integrate viral DNA into the host chromosome (Miller et al. 1990; Springett et al.
1989). However, integration of HIV, a lentivirus, has been demonstrated in metabolically active but
nondividing cells. An ATP source is necessary for transport of the preintegration complex into the

nucleus (Bukrinsky ef al. 1892).



Integration requires four distinct steps beginning with the already described reverse
transcription of genomic RNA and synthesis of a linear duplex DNA molecule. Second, post
integration sequence analyses have determined that 1-2 bases have been removed from the 3’ ends
of the provirus (Craigie et al. 1990; Katz ef al. 1990). The 3’ dinuclectide recess is considered a
product of the pol gene; mutations in the po/ gene can prevent formation of the 3' recessed ends
without foss of DNA synthesis ability, suggesting that the 3' recessed ends are formed by enzymatic
activity rather than incomplete DNA synthesis (Fujiwara and Craigie, 1989; Fujiwara and Mizuuchi,
1988). A striking conservation of nucleotide sequence is found at the ends of all proviral DNA and
is characterized by 5'TG...CA3' terminal dinuclectides. These dinucleotide boundaries have also
been observed in Yeast Ty, drosophila Copia, and bacterial transposable elements (Craigie ef al.
1990; Katz ef al. 1990). Third, a 4-6 base pair stretch of flanking chromosomal DNA has been
duplicated during integration of the provirus (Fujiwara and Craigie, 1989; Craigie ef al. 1990; Fujiwara
and Mizuuchi, 1988; Katz et al. 1990). The current model which explains this observation is
introduction of a staggered cut into the target DNA, resulting in a &' overhang. The chromosomal
5'P0O, can then join via a cellular repair process to the 3'OH of the recessed viral termini along with
the excision of the mismatched 5' dinucleotides. The integration reaction resembles a topoisomerase
directed break and join reaction as an extrinsic source .of energy is unnecessary for integration of the
provirus (Fujiwara and Mizuuchi, 1988). Finally, if replication proceeds normally, each infectious virion
produces one pravirus (Hu and Temin, 1980; Panganiban and Fiore, 1988).

V.1.C. Viral gene expression. After integration, transcription of viral mRNA is directed by the
LTRs located at the terminal ends of the proviral genome. The LTR contains directions for the
promotion, initiation and polyadenylation of viral transcripts (Varmus, 1882; Narayan and Clements,
1990; Varmus, 1988). Specific transcription initiation sequences are found in the U3 region of the
LTR that can be recognized efficiently by host cell machinery. TATA and CCAAT sequences are
present in well characterized sites upstream of the cap site (Fields and Knipe, 1991, Sonigo ef al.
1986; Varmus, 1882). Enhancers can increase the transcriptional activity of the viral promater. The

number or type of enhancers present may affect the virulence or target cell specificity of the virus.



Recognition sites may be present in the viral LTR for other cellular transcription factors such as Sp-1
or NF-kB, which would restrict viral expression to particular cell types (Narayan and Clements, 1890).
Regions of the LTR may have a specific negétive effect on viral expression (ex: HIV), or exert a
negative response in some cell types and a positive effect in others (ex: MuL.V) b(Fields and Knipe,
1991).

Host cell machinery recognizes the polyadenylation (AAUAAA) signal within the viral transcript
(Fields and Knipe, 1981). The full-length polyadenylated transcript serves not only as mRNA for
expression of the gag and pol proteins, but as genomic RNA which is packaged into virus particles
(Varmus, 1988). Two possible mechénisms have been proposed in order to express the gag and pol
proteins from one mRNA. The first method exists in the murine leukemia virus in which the gag and
pol genes are in frame with each other with an interjected stop codon. This stop codon is suppressed
by the misincorporation of a Glu residue thereby allowing read-through into the downstream sequence
(Fields and Knipe, 1991). In other systems, a stop codon is between two genes which are notin
frame with each other, and ribosome slippage to the -1 frame occurs, resulling in an insertion of an
amino acid at the location of the stop codon and continued synthesis of the polyprotein product (Fields
and Knipe, 1991; Sonigo ef al. 1986). The envelope glycoprotein is translated from a subgenomic
transcript, generated by a cell-mediated splicing event, on ribosomes associated with the
endoplasmic reticulum (Fields and Knipe, 1991; Hunter and Swanstrom, 1980). The envelope
precursor polypeptide is glycosylated in the ER and after proper folding and oligomerization is
transported to the Golgi network for further post-transiationa! modifications. A cellular endopeptidase
in the Golgi apparatus cleaves the glycoprotein precursor and generates the SU and TM domains;
without cleavage infectivity is drastically reduced (Barr, 1991; McCune ef al. 1988; Westervelt ef al.
1992; Brody et al. 1992; Freed and Myers, 1992; Sommerfelt ef al. 1992a; Rein ef al. 1894).

V.1.D. Assembly. Assembly of the virus particle takes place in the cytoplasm or at the
plasma membrane concurrent with budding. Assembly at the plasma membrane is a characteristic

of the Lentivirinae and Type C Oncovirinae families. Similar to intracisternal A-type particles, type B



and D viruses assemble their nucleocapsids in the cytoplasm, and later associate with the plasma
membrane allowing for release of infectious virus particles (Rhee ef al. 1880a).

The release of infectious progeny virus is dependent on the appropriate interaction between
the matrix (MA) protein and the host plasma membrane. Myristylation of the N-terminal glycine of the
MA facilitates the association between the plasma membrane and matrix protein (Rhee and Hunter,
1987; Rein ef al. 1986; Hansen ef al. 1890; Weaver and Panganiban, 1990). The importance of the
myristylation event has been demonstrated for Type D MPMV, Type C Moloney murine leukemia
virus, spleen necrosis virus, and HIV; the lack of the myristoyl group results in an aborted infection
(Rhee and Hunter, 1987; Hansen ef al. 1990; Weaver and Panganiban, 1990; Géttlinger ef al. 1989).
in contrast, the matrix protein of the equine infectious anemia virus (EIAV) has been shown to contain
an N-terminal block to Edman degradation, and a myristoyl group is not present (Henderson et al.
1987). Furthermore, bovine immunodeficiency virus (BIV) has an N-terminal Met present in the MA
protein with no fatty-acid modification, supporting the hypothesis that myristylation of the MA is
necessary but perhaps not sufficient for membrane targeting and that additional MA domains play a
role (Tobin et al. 1994).

V.1.E. Generation of diversity. The evolution of a viral genome is defined by the diversity of
nucleotide sequence observed in recovered isolates from an individual or a population over time. The
existence of distinct yet closely related genomes within a viral population teads o an overall increased
fitness level of the population (Holland ef al. 1992; Coffin, 1992; Nowak ef al. 1991; Wong-Staal,
1991). Increased fithess can be defined as a phenotypic change resulting in an increased ability of
a viral genome to infect, replicate and spread within a particular environment. Phenotypic changes
affecting the fitness of a viral genome can be characterized by alterations in host range, antigenic
configuration, replication rates, and pathogenesis (Nowak ef al. 1991; Goudsmit ef a/. 1891; Vaishnav
and Wong-Staal, 1991; Katz and Skalka, 1990). Furthermore, the divergence of the "filial" viral
genome from the "parental” genome, following the acquisition of point mutations, insertions or
deletions, leads to the phenotypic variations that yield increased fitness (Coffin, 1992; Zhang and

Temin, 1993; Goodenow ef a/. 1989: Katz and Skalka, 1990). The selective forces that determine



fitness during viral infection depends upon the species infected, immune response, availability of
permissive target cells, or the chemoatherapeutic environment (Holland et al. 1992; Nowak et al. 1991;
Goudsmit ef al. 1991; Vaishnav and Wong-Staal, 1991, Katz aﬁd Skalka, 1990). The success of the
fluid nature of the RNA genome is suggested by the fact that families of "riboelements” have adapted
to diverse cellular organizations, including bacteria, yeast, and eukaryotic species.

Diversity in the retroviral genome is generated by three basic mechanisms. These
mechanisms are recombination, misincorporation and rearrangements within the viral genome;
different mechanisms are at work which create genomic variations at distinct stages of the viral life
cycle (Zhang and Temin, 1993; Vaishnav and Wong-Staal, 1991; Katz and Skalka, 19980). Early
stages of the viral life cycle are characterized by reverse transcription of the RNA genome followed
by integration of the provirus, whereas late stages consist of viral mMRNA expression by cellular RNA
polymerase |, post-translational processing, splicing, and assembly. For example, recombination
during synthesis of DNA between two related viral genomes occurs at an early stage, whereas
transduction of a host gene/oncogene is a late stage mechanism in the generation of diversity.
Furthermore, the mutations which result from the various mechanisms have their effects at different
stages in the life cycle of the retrovirus. The retrovirus is able to capitalize on the infidelity of the
reverse transcriptase and the diploid nature of the RNA genome in order to increase the fitness of the
population by evolving more rapidly in order to meet the shifting demands of its microenvironment.
Interestingly, in addition to mutations which increase fitness by altering a protein product, other
mutations affect untranslated regions of the viral genome (Coffin, 1992; Katz and Skalka, 1980). In
some cases, expression of the retroviral genome in previously nonpermissive target cells resulted
from mutational events in the long terminal repeat (LTR) or in the 5' leader section of the genomic
transcript (Loh et al. 1988; Katz and Skalka, 1990; Coffin, 1992) (Linney et al. 1984 Fan et al. 1886).
For example, in the Murine leukemia virus (MuLV), a single point-mutation in the 5' intergenic region
permits repiication in normally nonpermissive embryonal carcinoma cells (Yamauchi et al. 1995;

Kempler et al. 1993; Loh et al. 1988).



Two mechanisms of recombination, homologous and non-homelogous (or illegitimate), can
utilize reverse transcriptase to generate diversity in the provirus. Recombination during early stages
of the viral life cycle is a product of the innate ability of reverse transcriptase to switch templates
during the synthesis of DNA from the genomic RNA template in order to synthesize intact LTR
structures (Panganiban and Fiore, 1988). Two models of homologous recombination have been
proposed, forced copy choice and strand displacement; both are characterized by template switching
during the generation of a recombinant genome. The forced copy choice mechanism of
recombination is distinguished by recombination during (-) strand DNA synthesis and generation of
a novel genome, which is dependent upon the infecting virus being a heterozygote. Two similar
proviruses within the same cell or encapsidation of a transcript from an endogenous provirus can
serve to create a heterologous viral particle (Golovkina et al. 1894; Yin and Hu, 1997). Due to the
presence of breaks in the RNA template and possible non-homologous domains, the agility of reverse
transcriptase in template switching is mandatory to synthesize a contiguous minus strand of DNA.
After plus strand synthesis, a single DNA homoduplex is synthesized (Hu and Temin, 1990).

The strand displacement model of homologous recombination is proposed to occur during
plus DNA strand synthesis. This model is characterized by an H structure as a recombination
intermediate, and assumes that plus strand synthesis occurs at many places along the minus DNA
template by using RNA primers generated by the incomplete digestion of Rnase H. A nascent
"incoming" strand of DNA can displace the tail of a second strand of DNA,; the displaced tail then
aligns itself with the alternate template thereby forming a hybrid provirus. This model is dependent
upon the synthesis of two minus strands of DNA from both RNA genomes and the eventual synthesis
of two double stranded DNA molecules with heteroduplex regions (Katz and Skalka, 1890). The
model also includes the possibility that the 3' end of the nascent plus strand DNA switches templates
in a similar manner, and utilizes the second template for completing the synthesis of the positive DNA
strand (Coffin, 1992; Katz and Skalka, 1980). In summary, both models of homologous
recombination depend upon the heterozygosity of the viral genome. The forced copy choice model

of recombination occurs at the level of minus DNA synthesis and results in synthesis of a single
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homoduplex molecule; in contrast, the strand displacement model takes place at the level of plus
DNA synthesis and results in the generation of two double stranded DNA molecules with heteroduplex
regions (Hu and Temih, 1990; Coffin, 1992; Katz and Skatlka, 1990).

The non-homologous or illegitimate model of recombination does not depend upon a
recombination event to occur, although very small (5-8bp) regions of identity have been observed at
potential recombination junctions in genomic products. Nan-homologous recombination often results
in the acquisition of cellular DNA, for example a cellular oncogene, which then could affect the
pathogenic potential of the virion progeny. This model assumes that the provirus integrates within
a cellular proto-oncogene, and a certain level of read-through transcription occurs in  order to
generate viral-host chimeric transcripts that retain a viral packaging signal. Incorrect splicing of the
chimeric transcript results in loss of viral sequences. Alternatively, a cellular transcript could be
erroneously packaged by the virus. During synthesis of minus strand DNA, the reverse transcriptase
jumps to a nonhomologous site and continues synthesis generating a single DNA homoduplex. Hu
et al. clearly demonstrated with the use of a recombinant virus which had LTRs from MuLV and
spleen necrosis virus (SNV), that the initial strong stop (-) DNA strand could find an aiternate site in
which to continue (-) strand synthesis in the presence of nonhomologous "R" regions during reverse
transcription (Yin et al. 1987). Most interesting were the observations that even with deletions of the
CCAAT and TATA motifs in the resulting U3 region of the 5' LTR, a low [evel of viral mRNA
expression was retained, and that one nucleotide was sufficient for "homology" and (-) strand transfer
(Yin et al. 1997). In addition, a weak-stop DNA molecule was also functional in the strand transfer
reaction and able fo induce the completion of (-) strand synthesis on the new template (Yin ef al.
1997). Due to the deletion of some viral sequences, a replication-defective virus may be the resuit
of nonhomologous recombination. The presence of a replication-competent or helper-virus in
subsequent rounds of infection is necessary for transmission of the defective virion (Zhang and
Temin, 1993). Zhang and Temin clearly demonstrated the ability of a retrovirus to capture new
sequences by nonhomologous recombination in an experimental system that was dependent upon

only one round of replication; these investigations determined the rate of nonhomologous
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recombination to be 5 x 10°° per round of replication which is approximately 0.1 to 1% the rate of
homologous recombination (Zhang and Temin, 1993).

Diversity is also created by misincorporation of nucleotides during replication, and is a direct
result of the inability of the reverse transcriptase to proofread and edit the nascent DNA strand, RNA
polymerase Il is also unable to edit the mRNA product. The frequency of misincorporation of
nucleotides by reverse transcriptase is 10 to 10%/basepair/replication cycle (Zhang and Temin, 1983;
Katz and Skalka, 1990). In addition, a high degree of preferential misincorporation exists as
illustrated by the strong predilection for G to A transitions which explains the observation that
tryptophan frequently changes to a stop codon, TGG to TAG, TGA or TAA (Goodenow et al. 1989).

Finally, rearrangements within a viral genome may result in defective replication. Reverse
transcription (an early replication event) across direct repeats in the viral genome is central for the
generation of deletions or duplications. Template slippage or mispriming at direct repeats generates
small deletions, whereas homologous recombination between direct repeats results in the generation
of large deletions. The deletion of direct repeats is the direct consequence of homologous
recombination and () strand DNA transfer. The (-) DNA strand may perform an intramolecular or
intermolecular transfer, with synthesis continued at the homologous site from the 3' direct repeat;
alternatively, DNA synthesis can continue from the homologous site of the 5’ direct repeat. Hu et al.
demonstrated the preferred use of intramolecular strand transfers in generating the deletion of a
direct repeat (Hu ef al. 1997). In addition, aberrant endonuclease activity by the IN protein may
truncate the LTR.

In conclusion, several different mechanisms contribute to the creation of genomic diversity
which results in the generation of a population of distinct yet related genomes defined as an isolate,
strain, or quasi-species. The models proposed consist of recombination events between the RNA
molecules of a heterozygous virus particle, misincorporation of nucleotides by reverse transcriptase
or RNA pol I, and the generation of deletions or duplications in the double stranded DNA product.
No single genome presentin an existing isolate may actually match a derived "consensus” sequence.

Genotypes from the same individual are more related to one another than o genotypes recovered
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from another individual (Vaishnav and Wong-Staal, 1891). As new genomes with advantageous
mutations arise and dominate the population, pre-existing members are not lost, but can constantly
serve as a genomic pool from which new variants can originate in response to different selective
pressures (Holland ef al. 1992; Coffin, 1982; Wong-Staal, 1991; Katz and Skalka, 1990). During the
initial course of infection by an immunosuppressive virus, rapidly replicating genomes are eliminated
by the healthy immune response, thereby placing seleclive pressure on the appearance of more
slowly replicating genomes which can persistently infect the host by evading the immune response
mounted against the prior strains. At this stage of infection, the more slowly replicating genome is
the most fit relative to its environment, a healthy immune system (Vaishnav and Wong-Staal, 1991).
As the immune syétem deteriorates with a concomitant decrease in selective pressure, new viral
genomes with an increased replicative capacity are not being cleared, and may eventually become

dominant in the population (Nowak ef al. 1991; Vaishnav and Wong-Staal, 1991).
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V.2 MOLECULAR CHARACTERISTICS OF APROTOTYPE TYPE D RETROVIRUS
It is not the possession of knowledge that makes the man of science
but his persistent and relentless critical quest for truth. KARL POPPER

Four small reading frames, gag, prt, po/ and env are present within the. genome of MPMV
(Figure 1). The genome is organized in the following sequential order: 5' LTR-pbs-0-gag-prt-pol-env-
ppt-LTR 3", which includes three cis-acting sites beginning with the primer binding site (pbs) which
is recognized by a tRNA"® during minus strand DNA synthesis. The pbs also determines the 3'
boundary of the 5' LTR (Sonigo ef al. 19868). The o site is the packaging signal for the genomic RNA
and is located downstream of the pbs and continues into the gag gene (Bryant ef al. 1986a). The
palypurine tract (ppt) marks the 5' boundary of the 3' LTR and is necessary during replication for the
initiation of plus strand DNA synthesis (Sonigo et al. 1986).

V.2.A. The long terminal repeat regions. The LTR contains sequences specific for the
promotion, initiation and polyadenylation of the viral transcript. The LTR is divided into three domains
in the following order: U3-R-U5. The U3 region contains the viral promoter sequences, a TATA box
homolog represented by the sequence TATATAAG, which is preceded by a CAT sequence, GCAT
(Figure 13; Paper 2: Marracci et al., in preparation). MPMV is similar to the type B virus, MMTV, in
that the polyadenylation signal, ATTAA, resides in the U3 region of the LTR rather than the R domain.
The LTR of MPMV contains a strong transcriptional promoter, but activity is not controlled by virally
encoded transacting factors (Thielan et al. 1987).

V.2.B. The gag proteins. Three gag polyprotein precursors can be identified in an infected
cell and are designated, Pr78, Prg5 and Pr180 (Bradac and Hunter, 1984). Pr78 encodes the
precursor gag polyprotein with Pr85 encoding the gag-prt and Pr180 the gag-prt-pol protein
precursors. After processing by the retroviral protease, the Pr78 is converted into the following
mature gag proteins: p10, pp24/pp16, p12, p27, p14, and p4 (Vile et al. 1992).

The p10, or matrix protein (MA), is at the N-terminus of the precursor and has been well
characterized at both the molecular and functional levels. The MA serves as a bridge between the

nucleocapsid core of the virus and the plasma membrane. Random mutagenesis of the MA domain
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has led to the identification of a role for the MA in three critical steps of viral replication and type D
morphogenesis: 1) the formation of a stable gag precursor capable of intracytoplasmic capsid
assembly 2) transport of the capsids to the plasma membrane and 3) budding and release of the
virion from the membrane (Rhee and Hunter, 1991). The madification of the N-terminal glycine
residue of MA with the attachment of a myristoyl group by cellular enzymes is necessary for the
transport and association of the assembled nucleocapsid within the plasma membrane. However,
myristylation is not necessary for the intracytoplasmic assembly of the capsid itself (Rhee and Hunter,
1987: Rhee and Hunter, 1990b). Myristylation of the MA protein is not sufficient for the transport and
targeting of the MA to the plasma membrane. Interestingly, cellular proteins that are modified by
myristic acid have been identified, which are retained in the cytoplasm. The MA contains a dominant
signal that determines cytoplasmic localization during the capsid assembly process; a single amino
acid mutation converting an Arg to a Trp residue at position 55 (R55W) allows capsid assembly to
occur at the plasma membrane as with type C viruses but with absence of infectivity (Rhee and
Hunter, 1990a). The gag precursor has been demonstrated to be the sole requirement for capsid
assembly in the cytoplasm of infected cells and the presence of the env glycoprotein is not necessary
for targeting and release from the plasma membrane (Rhee et al. 1990a; Sommerfelt ef al. 1993;
Sakalian et al. 1996). However, without the presence of the envelope moiety, the virus is rendered
noninfectious. Heteronuclear nuclear magnetic resonance studies have demonstrated that the matrix
protein consists of four a-helical domains (Conte et al. 1897). The MA is highly basic and contains
two regions of paositive charge in the N-terminal domain (A and B helix; C-D loop) and a third region,
the C-D helix, also includes the R55W point mutation. Although the primary sequence homology of
MA between MPMV and HIV, HTLV, BLV and SIV is low, the helical structure is conserved which
suggests a similarity of function (Conte et al. 1997). Interestingly, two distinct mutants of MPMV MA
abrogate cleavage of the gp22 transmembrane (TM) envelope glycoprotein domain to gp20 by the
viral protease, thus reducing infectivity by >90% (Brody ef al. 1892). The current model of assembly
proposes that the MA carries a dominant signal which localizes the gag polyprotein precurser to the

cytoplasm where assembly of the virus particle ensues. After assembly and encapsidation of the
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genomic RNA, an intrinsic capsid signal directs transport of the immature virion to the plasma
membrane independerit of the presence of envelope glycoproteins. At the time of budding and
release of the virus baﬁicle, interaction between the gag precursor polyprotein and the TM of the
envelope is necessary for final proteolysis of the TM and subsequent viral infectivity. The
phosphoprotein, pp24/pp18 has a conserved PPPY motif at its C-terminus (Figure 14; Paper 2:
Marracci et al., in preparation). Experiménts with MPMV mutants have demonstrated that pp24/pp16
has a role in gag precursor stability, inactivation ofthe viral protease and end-stage release, but not
in maturation of the virus particle (Yasuda and Hunter, 1998). Phosphorylation occurs on a serine
residue and takes place while the phosphoprotein is still part of the gag precursor molecule (Bradac
and Hunter, 1984).

Type B and D retroviruses each code for an acidic protein located between the matrix and
major capsid protein domains. The MPMV protein, designated p12 and the p3 of MMTYV, have roles
in the intracellular assembly of these two viruses. Interestingly, type C retroviruses which assemble
at the plasma membrane do not encode a p12 homolog. Genetic studies in which the p12 domain
was compromised had two outcomes dependent upon the level of gag polyprotein synthesis. At high
levels of expression, p12 was not required for assembly; however, at lower levels the stability of the
intracellular capsid array was assisted by p12. Furthermore, the p12 domain was necessary for the
release of infectious virions (Sommerfelt ef al. 1992b). Sommerfelt ef al. described p12 as a "cis-
acting catalytic domain” with a role in the assembly process (Sommerfelt et al. 1992b).

The major capsid protein (CA) is designated p27 and is the largest of the gag polyprotein
constituents. As with the conservation of the matrix protein structure among different retroviral
families, an extremely conserved site is identified within the CA protein and is designated the major
homology region (MHR). Of the 20 amino acids which define the MHR, six are identical or with only
a single conservative amino acid substitution observed among various types B, C, D and lentivirus
isolates. The MHRs between SIV and MPMV are 100% conserved, suggesting that the MHR has an
important role in the life cycle of the retrovirus among different virus families (Strambio-de-Castiliia

and Hunter, 1992). Mutations in the MHR have demonstrated a range of outcomes; mutants mostly
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retain the ability to assemble in the cytoplasm but with reduced or total absence of infectivity.
However, some mutants unable to assemble were also observed (Strambio-de-Castillia and Hunter,
1992).

MPMV p14 is highly basic and is the major component of the ribonucleoprotein complex. p14
has been designated the nucleocapsid (NC) protein (Rhee and Hunter, 1887). The function of the NC
is thought to be in the binding and encapsidation of the viral genomic RNA. The NC contains a highly
conserved Cys-His motif which is present in plant as well as human viruses, suggesting that the Cys-
His box has a critical function during viraj replication. The Cys-His box has the consensus amino acid
sequence: CysX,CysX,HisX,Cys in which X is any amino acid, and from the initial Cys an aromatic
residue is located at the first or second, and ninth positions, with a conserved Gly at the seventh
position. When two Cys-His boxes are present, the first or proximal motif is very conserved whereas
the distal box is degenerate. MPMV has two Cys-His motifs in NC consistent with the above
description (Figure 14; Paper 2: Marracci et al., in preparation). The presence of two dissimilar Cys-
His motifs has been demonstrated to be more important than the actual order of the motifs in Rous
sarcoma virus (RSV). In addition, when two proximal-type motifs were present the RNA content in
the released virions and their corresponding infectivity were markedly reduced (Bowles et al. 1993).

A frame-shift mechanism is expected to allow for translation of the protease and polymerase
gene franscripts. Evidence from studies with SRV-1 suggests that an RNA structure is present which
allows for slippage during translation such that the reading frame is misplaced by -1. The structure
proposed is that of a pseudo-knot (2 double stranded stemns and two connecting loops), that is
preceded by a seven nucleotide slip site (X XXY YYN, triplets indicate the initial reading frame) and
a seven nucleotide spacer region. Biochemical and mutational analyses have confirmed the
presence of a structure consistent with that of a pseudo-knot which exhibited a frameshifting
efficiency of 23% in a rabbit reticulocyte lysate translation assay (Fehrmann et al. 1997; ten Dam et
al. 1994; ten Dam et al. 1995). Sequence analyses of an endogenous retrovirus, which forms

intracisternal A-type particles in rodent cells, have identified a 156 nucleotide region that overlaps the
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gag-prt orfs and shares homology with a prototypical pseudo-knot element. This region is predicted
to function in the frameshifting event that allows expression of the prf gene (Fehrmann ef al. 1997).

V.2.C. The protease ofMPMV. The prt reading frame of MPMV overlaps the 3' end of gag
by 55 codons and the 5' end of po/ by 5 codons. Tranélation of the gag-prt polyprotein, Pr8s, is
considered to occur by a frameshift event which occurs at the end of gag. Pr95 is represented at
levels approximately 10% to those of Pr78, suggesting that the frame shift mechanism is quite
efficient. The prf gene product has two functional domains: a deoxyufidine—triphosphatase (dUTPase)
at the N-terminus and an aspartyl protease at the C-terminus (Sommerfelt ef al. 1992a). The N-
terminal end of the protease of SRV-1 is reported to be similar to other proteins encoding dUTPase
activity (McGeoch, 1990). Furthermore, biochemical analyses have demanstrated the presence of
dUTPase activity in the corresponding region of MPMV and SRV-1 (Elder et al. 1992). The prt
precursor of progeny virions is autocatalytically cleaved late in the assembly as evidenced by the
inactivity of the prt while A-type particles remain in the cytoplasm (Sommerfelt et al. 1992a). The
carbdxy—terminal portion of the viral protease has significant homology to other retroviral and cellular
aspartyl proteases including the presence of the Asp-Thr-Gly active site between amino acid positions
188-190 (Figure 15; Paper 2: Marracci ef al., in preparation) (Thayer et al. 1987; Shiigi et al. 1985;
Toh et al, 1985 Seiki ef al. 1983; Schwartz et al. 1983; Power ef al. 1986).

V.2.D. The reverse transcriptase and integrase proteins. The pol gene encodes amino acid
sequences which share homology with the reverse transcriptase, endonuclease and integrase of pof
genes from other subfamilies. A second frameshift at the overlap between prt and pol in the Pr180
transcript is responsible for the expression of reverse transcriptase/integrase. The Pr180 polyprotein
precursor is present at levels approximately 1% to those of Pr78 (10% of the level of Prg5),
suggesting that the frameshift mechanism is as efficient at this site as at the gag-prt overlap.

V.2.E. The envelope glycoprotein. The fourth reading frame encodes a glycosylated
precursor of 586 amino acids, which corresponds to the envelope precursor, gPr86, and is translated
from a spliced subgenomic mRNA on membrane bound ribosomes (Sonigo et al. 1986; Hunter and

Swanstrom, 1990). The gPr86 is post-translationally processed in the lumen of the endoplasmic
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reticulum (ER); high mannose-containing side chains are added to the Asn-X-Ser/Thr N-linked
glycosylation motifs. Glycosylation of the envelope peptide functions to drive the proper folding of the
protein required for transport out of the ER, recognition and binding of the cell surface receptor, and
protection of the peptide structure from proteases (Bradac and Hunter, 1986; Hunter and Swanstrom,
1990). Protection from cellular proteases can decrease the immunogenicity of the envelope peptides
by masking epitopes which could interact with cells of the immune system (Bradac and Hunter, 1986;
Hunter and Swanstrom, 1990). After transport to the Golgi apparatus, high-mannose containing side
chains are further modified by the addition of N-acetyl-glucosamine, galactose and fucose molecules.
High mannose groups are not consistently modified as demonstrated by the sensitivity of the TM
peptide to digestion by endoglycosidase H (Bradac and Hunter, 1986; Hunter and Swanstrom, 1890).
Following treatment of MPMV infected cells with tunicamycin, noninfectious virions are produced,
suggesting that glycosylation of the envelope glycoprotein is important for the generation of infectious
virions (Bradac and Hunter, 1986).

Once in the Golgi compartment, a cellular endopeptidase potentiates the cleavage between
the gp70 surface (SU) and the gp22 transmembrane (TM) domains, leaving a noncovalent
association between the SU and TM domains (Brody et al. 1992; Sommerfelt ef al. 1992a; Brody and
Hunter, 1992: Hunter and Swanstrom, 1980 ). The putative consensus sequence for the
endopeptidase is a multiple basic amino acid motf, Arg/Lys-X-Arg/Lys/Arg-Arg, which corresponds
to the Lys-Ala-Lys-Arg sequence found in MPMV (Schwartz et a/. 1983; Hosaka et al. 1991; McCune
et al. 1988; Brody ef al. 1992). A Ca* -dependent serine protease member of the mammalian
subtilisin family may be responsible for the catalysis at the carboxy terminal side of the Arg (Barr,
1991; Hosaka ef al. 1991; Brody ef al. 1992; Freed and Myers, 1992; Hunter and Swanstrom, 1980).
The SU is the larger domain and is highly glycosylated; recognition of the viral receptor on the target
cellis its primary function (Bradac and Hunter, 1986; Hunter and Swanstrom, 1990). The TM domain
is smaller and anchors the viral envelope glycoprotein to the plasma membrane, and principally
functions in the facilitation of fusion and virus entry into the target host cell (Sonigo ef al. 1986; Bradac

and Hunter, 1986; Hunter and Swanstrom, 1990; Chambers ef al. 1990). Longitudinal analyses of
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viral isolates recovered from single individuals have demonstrated a large degree of heterogeneity
in the envelope proteins (Pang et al. 1992; Fisher ef al. 1988; Sénchez-Palomino et al. 1983; Lane
et al. 1895). Equine infectious anemia virus is a claséic example of the development of envelope
heterogeneity following a neutralizing immune response in order to escape detection and clearance.
Despite the high degree of heterogeneity of envelope glycoproteins, certain functions must be
conserved such as receptor recognition, fusion ability, cleavage between the surface and
transmembrane domains, and anchoring of the TM within the plasma membrane (Doms ef al, 1980).

The envelope precursors of all retroviruses have four conserved hydrophobic domains. The
N-terminal domain of MPMV contains a 25 amino acid residue signal peptide within a larger leader
sequence. The signal peptide enables the nascent polypeptide to be inserted into the endoplasmic
reticulum for further translation and processing. The signal sequence is cleaved co-translationally
following the Gly/Asp bond by a cellular signal peptidase (Hunter and Swanstrom, 1990). The
membrane spanning domain (MSD) of the transmembrane envelope subunit is at the C-terminus and
functions ta stop the translocation of the polypeptide into the lumen of the ER and anchors the peptide
in the membrane (Hunter and Swanstrom, 1990). If transiation is terminated prior to the anchoring
of the TM subunit in the membrane, only soluble glycoprotein forms are synthesized.

The third highly conserved region is the fusion domain at the N terminus of the TM. The
fusion domain is distinguished by its hydrophobicity and is followed by a Lys-Arg rich domain which
is characterized by heptad repeats with a sequence periodicity of (a-b-c-d-e-f-g) in which no helix
breakers such as Pro are located (Brody et al. 1992; Freed and Myers, 1992; Hunter and Swanstrom,
1990; Chambers ef al. 1990). The residues located at a and d contain bulky and hydrophobic or
neutral amino acids. The heptad repeats are thought to generate a structure consisting of a-helices
coiled upon themselves that allows interaction between the hydrophobic faces. These
supersecondary structures can function as hydrophobic spikes which destabilize the target membrane
by the formation of hydrophobic channels, thus aiding the hydrophobic N-terminus of the TM protein
in fusion and virus entry. Additionally, the external domain of the TM peptide is important in forming

an oligomeric structure of envelope molecules while in the ER (Doms ef al. 1880). Oligomerization
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of the envelope precursor is not only be necessary for transport out of the ER, but perhaps also for
sequestration of the fusion domain and prevention of its exposure to intracellular membranes (Hunter
and Swanstrom, 1990: Doms et al. 1990; Einfeld and Hunter, 1988). Finally, a highly conserved
stretch of hydrophobic amino acids present in a number of retroviruses has been defined as the
immunosuppressive peptide (ISP)(Cianciolo et al. 1985, Cianciolo et al. 1984). Particularly important
is the presence of the ISP in retroviruses which are oncogenic, such as Moloney-murine leukemia
virus (MoMuLV), RSV, feline leukemia virus (FelV) and reticuloendotheliosis-associated virus (Rev-
A) (Carpenter et al. 1978; Wilhelmsen et al. 1984; Carpenter ef al. 1977; Rup et al. 1979; Brody and
Hunter, 1992). The immunosuppressive peptide, p15E in MoMuLV, has been demonstrated to inhibit

the in vitro fransformation of lymphocytes due to a decrease in IL-2 production (Cianciolo et al. 1984).

MuLV p15E is able to suppress human monocyte function in vitro and the ability of murine

macrophages to accumulate at inflammatory foci in vivo (Cianciolo et al. 1984). The p135E of FelLV

has been demonstrated to inhibit the lymphocyte blastogenic response to mitogen and alloantigen

stimulus, as well as inhibiting the Con A transformation of human lymphocytes in vitro (Cianciolo et

al. 1985). The ISP of MPMV is nearly identical to the ISPs of these very different virus isclates, and
is identical to the ISPs of SRV-1 and two members of SRV-2 (Figure 17; Paper 2: Marracci ef ai., in
preparation). The ISP domain is located within the heptad repeat domain of the TM and therefore
may also have an important role in the structure or function of this glycoprotein. Mutation analyses
of MPMV has determined that an 11 amino acid deletion at the N-terminus of the [SP results in the
normal processing of the gPr86 precursor, but released virions are noninfectious due to the loss of
the gp70 SU domain from the virion surface (Brody and Hunter, 1992; Brody et al. 1994a). The role
of this peptide in type D induced immunosuppression is unknown; the high degree of conservation
between the different members of the SRV family suggests that the ISP domain is vital to the integrity
of the envelope structure and the subsequent production of infectious virions.

Binding of the SU domain to the cell surface receptor defines the host range at the level of
entry. Retroviruses enter via a non-pH dependent mechanism of virus-cell membrane fusion followed

by release of the nucleocapsid into the cytoplasm (Hunter and Swanstrom, 1980; Kielian and
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of incompletely spliced RNA (Kjems ef al. 1991; Roodman ef al. 1991; Bray et al. 1994). The 3’
untransiated region between the end of the env gene and 3' LTR of MPMV contains a 219 nucleotide
sequence which can function as a Rev-response-like elementin replication of a REV(-)RRE(-) HIV
mutant. The RRE-like RNA domain of MPMV is designated the constitutive transport element (CTE)
( Bray et al. 1994). This element maps to positions 7620-7859 of SRV-1 and 7607-7844 of MPMV,
and is predicted to contain extensive secondary structure essential for its function (Tabernero et al.
1996). The recognition of an RRE-like element in MPMV and SRV-1 suggests that a cellular Rev-like
protein is capable of binding this RNA sequence and permitting the export of unspliced transcripts
from the nucleus (Zolotukhin ef al. 1994; Bray et al. 1994). RNA helicase A and factor(s) required for
export of MRNA, specifically the TAP protein, have also been identified as putative binding proteins
of the CTE (Griiter et al. 1998; Pasquinelli et al. 1997; Tang et al. 1997). Moreover, the relative ability
of a virus to productively replicate in a specific cell or tissue type is implied by the availability of these

Rev-like factors (Trono and Baltimore, 1990; Dayton et al. 1993).

23



V.3 A SHORT HISTORY OF TYPE D SIMIAN RETROVIRUSES

Let science neither be a crown to put protidly on your head nar an axe to chop wood. TALMUD

Type D simian retrovirus (SRV) infection is the predominant cause of Simian Acquired
Immunodeficiency Syndrome (SAIDS) in biomedical research colonies in the United States. Type D
retroviruses are endemic to cynomolgus (Macaca fasicularis) macaques in Indonesia (Desrosiers,
1988, Thouless et al. 1988). Alternatively, the lentivirus, simian immunodeficiency virus (SIV), is
endemic to African animals such as the African green, mandrill and sooty mangabey monkeys.
Unlike SIV, SRVs cause disease in their natural host; in contrast, SIV induces immunodeficiency
disease when transmitted to macaque species. Type D viruses have similar yet distinct disease
manifestations from those of SIV and are classified as an independent family of immunodeficiency
disease viruses that have evolved separately. The fact that SRV is endemic to macaque species
gives us a unigue opportunity to study the mechanism of immunodeficiency caused by a virus in a
natural host,

Nearly 30 years have passed since the first type-D retrovirus, Mason-Pfizer monkey virus
(MPMV) was isolated from an eight year old female rhesus macaque (Macaca mulatta) with a breast
carcinoma (Jensen et al. 1970; Chopra and Mason, 1870). Virus isolation was facilitated by co-
cultivation of tumor tissue with monkey embryo cell cultures (Fine and Schochetman, 1978).
Exogenous transmission was demonstrated by directly infecting monkey embryo cells with cell-free

culture fluid from the original tumor. The in vitro host range of MPMV is restricted to primate and

human cell cultures (Fine and Schochetman, 1978). Attempts to verify the oncogenic nature of this
virus by inoculating rhesus macaques were unsuccessful (Fine ef al. 1975; Fine ef al. 1972).
Numerous reasons can account for these observations. For example MPMV may not be tumarigenic;
alternatively, a requirement for a long latent period may be necessary. Although MPMV did not
induce a breast carcinoma in these monkeys, inoculated neonatal rhesus macaques did develop an
immunosuppressive disease characterized by severe lymphadenopathy, weight loss, thymic atrophy

and opportunistic infections (Fine and Schochetman, 1978; Bryant ef al. 1986a; Fine et al. 1975).
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Since that time four additional serogroups of SRV have been recovered from animails with varying
degrees of SAIDS. Neutralizing antibodies recognizing the gp70 (SU) of the envelope glycoprotein
rfan discriminate between the different SRV isolates which has lead to the idenfification of five
different serogroups; MPMV is a member of serogroup 3 (Marx and Lowenstine, 1987, Bryant et al.
1986b; Marx et al. 1985; Stromberg et al. 1984).

As early as 1976, various species of the genus Macaca have exhibited symptoms of
spontaneous immunocsuppressive disease at different regional primate research centers (RPRCs)
across the country (Table 2) (Henrickson ef al. 1983, Letvin ef al. 1883; Gardner ef al. 1988). Not
until 1983 was the first retrovirus isolate identified at the New England RPRC from animals with
SAIDS; the isolate was designated D1/CYC/NE (Daniel ef al. 1984). Peripheral blood lymphocytes
isolated from macaques exhibiting symptoms of SAIDS were cocultivated with Raji (human B-
lymphoblastoid celi-line) cells and monitored for infection by syncytia formation and electron
microscopy. Passage of filtered medium from infected cultures to uninfected Raji cells demonstrated
the exogenous nature of the virus and the ability of cell-free virus to infect permissive cells in vitro.
Electron microscopy revealed that this SRV-1 isolate (SRV-n, where n is the serogroup) was
morphologically a type D retrovirus because it possessed a bar shaped nucleoid and intracytoplasmic
A-type particles were present. Transmission studies were conducted by infecting rhesus macaques
with tissue culture fluids derived from cocultivation of Macaca cyclopis PBLs infected with SRV-1,
and Raji cells, or from a thymus explant of a rhesus macaque experimentally inoculated with an
infected tissue homogenate (Letvin ef al. 1984). The infected animals did not exhibit the same
degree of immunosuppression originally described at the New England center; in contrast, the
immunosuppression was transient and mild (Table 2) (Letvin ef al. 1983}, Additicnal characterization
of five isolates from three different macaque species (Macaca mulatta, Macaca cyclopis and Macaca
fascicularis) by restriction endonuclease analysis demonstrated the replicative intermediate genomes
to be invariant at 30 different sites, suggesting that one viral isolate had infected the different species

at the New Engtand colony (Desrosiers ef al. 1985).
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Concurrently, a severe SAIDS epidemic was being described at the California RPRC
(Henrickson et al. 1983). One of the outdoor corrals had a 40% mortality rate from SAIDS, which was
a mortality eight times greater than other similar corrals. The profile of clinical manifestatidns in the
afflicted macaques included chronic wasting, malignancies, opportunistic infections, decreased
response to mitogen stimulation, and no encephalopathies (Henrickson et al. 1983). The etiologic
agent was ascertained to be of an infeclious nature and subsequent isolation by cocultivation of
infected blood samples with rhesus monkey kidney cells revealed the presence of a type D retrovirus
(Gravell et al. 1984a; Lerche ef al. 1987). Transmission studies were undertaken to verify that the
virus isolate designated D1/RHE/CA was the etiologic agent of SAIDS found in the California corral.
Transmission of SAIDS was demonstrated to occur with blood or filtered plasma, inoculation of
macaques with infected cell-free tissue culture fluids, and by transmission of a molecular clone of
D1/RHE/CA, thereby confirming the etiologic role of the D1/RHE/CA virus isclate in SAIDS (Gravell
et al. 1984b; Marx ef al. 1984 Heidecker et al. 1987). Although the restriction endonuclease pattern
was almost identical to that of D1/CYC/NE, the D1/RHE/CA isolate was observed to infect both T and

B lineage cells [n vitro, and was associated with increased virulence (Table 2) (Power ef al. 1986;

Gardner ef al. 1988). Immunohistochemistry, electron microscopy, in situ RNA hybridization and
Southern analysis techniques were employed to determine the distribution of the D1/RHE/CA
retrovirus in infected macaque tissues. The retrovirus predominantly targeted the salivary and
germinal centers of lymphoid organs. Interestingly, the lack of viral antigen in the central nervous
system was not precluded by the absence of viral genomic sequence in these cells, which suggests
a latent infection or possibly an as yet unidentified block to viral replication in neural tissue (Lackner
et al. 1988).

Concomitant with the characterization of a type D retrovirus as the etiologic agent of SAIDS
at the New England and California RPRCs, the Washington RPRC recovered an isolate from
retroperitoneal fibromatosis (RF) tissue of a pig-tailed macaque (Macaca nemesirina) (Table 2)
(Stromberg et al. 1984). This isolate belonged to a second serogroup and was designated

D2/MNE/WA. RF is unigue to SRV-2 infection and develops in 35% of SRV-2 infected Celebes
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(Macaca nigra), cynomolgus and pig-tailed macaques (Marx and Lowenstine, 1987; Giddens, Jr. ef
al. 1985; Stromberg et al. 1984, Marx et al. 1985). The combined presence of 1) reverse

transcriptase activity after in vitro propagation of infected RF tissue explants, 2) intracisternal A-type

particles and 3) free virus particles with typical D-like morphology demonstrated that the D2/MNE/AWA
isolate was similar to D1/CYC/NE and D1/RHE/CA (Stromberg et al. 1984). Transmission studies
utilizing uncloned D2/MNE/WA isolates have induced immunodeficiency and RF in cynomolgus and
pig-tailed macaques, verifying the etiologic nature of this isolate (Giddens, Jr. et al. 1985; Benveniste
et al. 1985).

Another member of serogroup 2 was subsequently identified at the California RPRC from the
peripheral blood mononuclear cells (PBMC) of Oregon RPRC Celebes macaques with SAIDS (Marx
et al. 1985). D2/CEL/OR is associated with severe SAIDS and RF in Celebes macaques (Table 2)
(Marx et al. 1985), Furthermore, rhesus macaques infected with D2/CEL/OR seroconvert and
become aviremic without manifesting any measurable symptoms of disease (Wilson ef al. 1986b).
Subsequent to the initial isolation of D2/CEL/OR at the California RPRC, three additional serogroup
2 isolates have now been identified at the Oregon RPRC. Although the four isolates are related by
serclogy, each is characterized by novel restriction site polymorphisms. D2/RHE/OR, originally
isolated from infected PBMC of a rhesus macaque following cocultivation with Raji cells, is associated
with a mild immunodeficiency disease in rhesus macaques and is thought to be similar to the
Washington RPRC isolate recovered from a pig-tailed macaque and described above (Bryant et al.
1986b; Hefti ef al. 1983; Stromberg et al. 1984). However, D2/RHE/OR is recovered from Japanese
macaques (Macaca fuscata) with severe and fatal immunodeficiency disease. Another polymorphic
variant, D2/RHE/OR/N/1, has been recovered from a severely ill thesus macaque originating from
group-housed animals endemically infected with D2/RHE/OR (Table 2). A fourth polymarphic variant,
D2/CYN/ORN/2, has been recovered from cynomolgus macaques with severe immunodeficiency
disease. The pattern of disease progression is not only dependent on the species infected but also

on the infecting virus (Table 2). Thus, the differences in disease associated with the serogroup 2
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family is intriguing given that the molecular clones of D2/RHE/OR and D2/RHE/ORA/1 share greater
than 95% similarity with the molecular clone of D2/CEL/OR.

Two additional serogroups have been recovered from infected animals. D4/CYN/CA is the
sole isolate of serogroup 4 and was recovered from a group of cynomolgus macagues in Berkeley,
California. Serogroup 5 is also represented by a single isolate, DS/RHE/OR, and was recovered from
rhesus macaques imported from the People’s Republic of China to the Oregon RPRC. When
D5/RHE/OR is transmitted into juvenile rhesus macaques of Indian origin, a severe immunodeficiency
disease develops (Marracci ef al. 1995).

Genetic relatedness of the SRV family has been suggested by immunologic analyses
demonstrating that antigenic cross-reactivity exists between different serogroup core proteins (p27
CAand p10 MA; Stromberg ef al. 1984; Marx et al, 1985). Moreover, immunological cross-reactivity
does not exist among the SRVs and human immunodeficiency virus (HIV) as determined by
immunoblot and immunofluorescence assays using human anti-HIV sera against purified viral

proteins or in vitro infected cells (Bryant et al. 1985). In addition to immunologic methods, genetic

relatedness of different SRVs has been demonstrated by Southern blot analysis of proviral DNA and
protein sequence analysis. Similarity exists amang the sequences of SRV-1, SRV-2 and MPMV
proviruses but not with HIV (Bryant et al. 1986b; Bryant ef al. 1985; Desrosiers ef al. 1985; Marx et
al. 1985). Upon comparison of D1/CYC/NE and MPMV, 46% of the tested restriction endonuclease
sites were conserved (Desrosiers et al, 1985). Furthermore, cross-hybridization of their respective
genomes indicated a close genetic similarity. However, weaker hybridization was observed at the pol-
env region compared to the gag gene, 3' end and LTRs (Desrosiers et al. 1985). Under low
stringency hybridization conditions, the SRV-2 sequences were detected using MPMV or SRV-1
probes (Bryant ef al. 1986b). More extensive genetic analysis has been accomplished with the advent
of complete nucleotide sequence analyses of MPMV, D1/RHE/CA and D2/CEL/OR (Thayer et al.
1987: Power et al. 1986; Sonigo et al. 1986). Thayer et al. confirmed prior observations of
relatedness by direct sequence comparisons of molecular clones of SRV-1 (D1/RHE/CA), MPMV and

SRV-2 (D2/CEL/OR) (Thayer et al. 1987). Fewer than 6% amino acid residue differences are
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predicted between MPMV and SRV-1 within the gag-pri-pol and C-terminus of the env genes. The
proteins of D2/RHE/OR/N/1 are more closely related to D2/RHE/OR and D2/CEL/OR than to SRV-1
and MPMV (Table 2). SRV-1 and MPMV are 83% similar at the N-terminus of the env gene (analysis
not shown). In contrast, comparison of the env gp70 among the SRV-2 isolates results in.greater
than 97% similarity and less than 61% similarity to the env gp70 of SRV-1 and MPMV (Table 2).
Genomic organization of this family of retroviruses is conserved with a typical proviral arrangement
of 5-LTR-gag-prt-pol-env-LTR-3'. A separate prt reading frame is unique to this family of retrovirus.
N-terminal protein sequence analysis has further demonstrated the distinct yet close relationship of
MPMYV core proteins to those of D2/MNE/WA (Henderson et al. 1985).

Serogroup 2 SRVs are the most frequent isolates found in U.S. macague colonies, regardless
of species. Recently, serogroup 2 SRVs have been isolated from cynomolgus macaques obtained
from wild Indonesian populations (Thouless et al. 1988). In addition, an infectious SRV from
Ethiopian baboons (Papio cynocephalus; SRV-Pc) has been isolated and partially characterized; sera
from these baboons exhibited some cross-reactivity to SRV-2 antigens (Benveniste ef al. 1993; Grant
et al. 1995). To date, studies in India, the source of founder animals for most of the rhesus macaques
held in biomedical research colonies, have failed to identify serologic evidence of type D SRV in wild
Indian populations of rhesus and bonnet macaques (Marx, unpublished data). Thus, most rhesus
macaques appear to harbor SRV-2s originating from Indonesian species. Natural reservoirs for
serogroups 1, 3, 4 and 5 SRV have not been identified. Interestingly, all SRVs isolated from humans

or human cell lines that have been reported to date are members of the SRV-1 serogroup.
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V.4 VIRUS INDUCED IMMUNODEFICIENCY DISEASE AND EXPERIMENTAL RATIONALE

There are no such things as incurables; there are only things for which man has not found a ctire. BERNARD BARUCH

V.4.A. Virus induced immunodeficiency disease. Both SIV and SRV are exogenous
lymphotropic retroviruses which cause immunosuppression when transmitted to naive macaque
species (Marx et al. 1984; Heidecker et al. 1987; Wilson et al. 1986b; Gravell ef al. 1984a; Letvin et
al. 1985: Letvin ef al. 1983; Feichtinger et al. 1992; Kestler ef al. 1990; Gravell ef al, 1984a; Johnson
and Hirsch, 1991; Gardner et al. 1988; Gravell et al. 1984h). SIV and SRV do not encode oncogenes
nor are they oncogenic (Gardner et al. 1988). The immunological manifestations of SIV and SRV
induced disease in rhesus macaques are similar. Both SIV and SRV are characterized by
lymphadenopathy with initial follicular hyperplasia followed by involution, thymic atrophy, paracortical
and germinal center depletion of lymphoid tissue, and a decreased response of B and T cells to
pokeweed mitogen. Late stage disease is characterized by opportunistic infections, particularly
chronic and recurrent diarrheal infections which are recalcitrant to therapy, and eventual death (Arthur
ef al. 1986: Henrickson ef al. 1983; Osborn et al. 1984; Johnson and Hirsch, 1891; Gardner et al.
1988). Similarly, HIV infection is characterized by collapse of the follicular dendritic cell matrix and
depletion of the paracortical and germinal centers of the lymphoid tissue. The resulting spillover of
virus and CD4+ T lymphocytes inta the peripheral blood effectively increases the measurable virus
load and the level of circulating infected cells (Embretson et al. 1993, Pantaleo et al. 1983).

Four potential outcomes to infection are possible with these viruses. Approximately one third
of the animals will develop persistent viremia with no antibody response. An acute course of disease
is usually fatal within a few months post inoculation (Johnson and Hirsch, 1991). One third to half of
the animals survive one to two years with a high antibody response and persistent viremia. A
subacute infection is due to the total absence or inefficiency of neutralizing antibody. These animals
will eventually develop immunodeficiency and die (Johnson and Hirsch, 1891). A small portion of the
infected animals develop a very high antibody response with no viremia although viral genomes are

detectable by PCR methods (Johnson and Hirsch, 1981). The fourth group of animals develop a
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persistent viremia, whether antibodies are present or not, yet they stay healthy and can live ten years
or longer after infection.

The profile of bacterial, parasitic and viral opportunistic infections which afflict SIV and SRV
infected animals is very similar. Opportunistic infections secondary to viral induced
immunosuppression are characterized by the presence of cytomegalovirus, adenovirus, Candida

albicans, cryptosporidium, Klebsiella spp., Corynebacterium renale, Streptococcus pneumonia and

viridans, Staphylococcus aureus and epidermidis, Escherichia coli and others (Gravell ef al. 1984b;

Henrickson ef al. 1983: Osborn et al. 1984). interestingly, RF has not been observed in SIV infected
rhesus macaques, although their immunosuppression is generally of a greater severity than that
which occurs with SRV (Gilboa ef al. 1979; Narayan and Clements, 1820; and unpublished data). SIV

infected macaques often develop Pneumocystis carinii pneumonia, but this opportunist has yet to be

observed in SRV infected macaques (Gardner, 1993; Gardner ef al. 1988).

Encephalopathies and B cell lymphomas have not been observed in SRV infected animals;
however they are pathologically significant in SIV infections (Bryant ef al. 1988b; Gardner, 1993;
Gardner ef al. 1988). Moreover, the appearance of macrophage tropic SIV isolates correlates with
primary neurologic and pneumonic disease (Sharma ef al. 1992b; Desrosiers ef al. 1991b; Kestler
et al. 1990b). SIV is tropic for macrophages and T lymphocytes carrying the viral CD4 receptor and
appropriate chemokine coreceptor (Edinger et al. 1897; Chen ef al. 1997). The brain, lungs, and
gastrointestinal tract of SIV infected animals are common targets for pathology due to the
macrophage tropic properties of SIV (Johnson and Hirsch, 1991). SRV is found in vivo in T and B
lymphocytes, and in mesenchymal, epithelial, neural and salivary tissues (Lackner et al. 1988; Pilcher

‘et al. 1994: Gardner et al. 1988). SRV clearly has a broader tissue host range, suggesting that the
as yet unknown receptor is wide spread on a variety of cell types.

Immunologically, differences exist between SIV and SRV infections of macaques. SRV is
characterized by hypogammaglobulinemia whereas hypergammaglobulinemia is a property of SIV
infection; however, in macaques infected with particularly virulent strains of SIV,

hypogammaglobulinemia has been observed (Gravell et al. 1984b; Gardner ef al. 1988). Most
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notable is the apparent ability of the humoral and cell-mediated immune response to the envelope
glycoprotein of SRV to prevent infection (Gardner et al. 1988). The presence of neutralizing antibody
is correlated with resistance to SRV infection (Wilson et a/. 1986a; Shiigi et al. 1986; Gardner, 1993;
Gardner et al. 1988). The halimark of SIV infection is the inverted CD4/CD8 ratio of circulating T
lymphocytes; in contrast, SRV infected animals develop a general depletion of both T and B
lymphocyte populations, not solely a CD4+-lymphocyte depletion (Gravell et al. 1984b; Arthur ef al.
1986; Osborn et al. 1984; Gardner ef al. 19388).

V.4.B. Determinants of tropism. The ability of a virus to infect a particular cell or tissue type
generally plays a major role in pathogenesis. Infection of the receptor bearing cell is often
responsible for the pathology observed in the host as typified by Epstein-Barr, hepatitis, polio, and
papilloma virus infections of B cells, liver cells, nerves, and dermal cells, respectively (Mims, 1989).
In HIV and SIV infections, a decrease in CD4+ T-lymphocytes is the harbinger of opportunistic
infections and more severe disease, while infection of macrophages correlates with the presence of
dementia and encephalopathy, pneumonitis and dermatitis (Cheng-Mayer ef al. 1988; Fenyd ef al.
1988: Connor and Ho, 1994; Schuitemaker ef al. 1992; Desrosiers ef al. 1991; Kestler et al. 1890;
Mori et al. 1992; Sharma et al. 1992; Anderson et al. 1993; O'Brien, 1992). Tropism can be affected
by factors which contribute to infectivity, the rate of replication or the magnitude of released viral
particles (York-Higgins et al. 1890).

Both the virus and target cell contribute factors which influence the ability of a virus to induce
a productive infection. The infectivity of a target cell is primarily determined at the level of entry via
a receptor on the plasma membrane, which is recognized by the envelope glycoprotein of the virus.
After entry of the virus, replicative capacity and magnitude of virion production is determined by such
factors as promoter/enhancer elements resident in the retroviral LTR, transport of viral mRNA from
the nucleus to sites of protein synthesis in the cytoplasm, assembly, and release of infectious virion
particles.

LTR and 5' untranslated region determinants. Two distinct domains have been characterized

which restrict the ability of Moloney murine leukemia virus (M-MuLV) to productively infect F8
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embryonal carcinoma (EC) cells, an undifferentiated stem-cell line. In contrast, productive infecticn
is not restricted in NIH 3T3 fibroblasts, a differentiated cell line. Linney ef al. demonstrated with the
use of chimeric LTR constructs, that the enhancer elementvof a polyoma virus mutant (PyF101) is
able to replace the M-MuLV U3 enhancer and to induce a productive infection in F9 EC cells (Linney
et al 1984). Interestingly, a second domain spanning the tRNA primer binding site (pbs) of M-MulLV
has been demonstrated to inhibit productive infection in F9 EC cells (Loh ef al. 1988). A protein which
binds to the DNA sequence overlapping the M-MulV pbs has been identified in FQ EC cells; this
protein factor is present in decreased amounts in differentiated cell lines, suggesting that its limited
presence releases the restriction to M-MuLV infection (Yamauchi et al. 1995).

Gag gene. A biphasic determination of susceptibility to MuLV infection depends on the
presence of specific genetic loci in the target cell as well as the appropriate viral receptor. The first
phase is receptor recognition, that is the presence of an ecotropic, xenotropic or amphotropic receptor
molecule on the target cell. The second phase determines the replicative capacity after the virus
enters the target cell. Susceptibility or resistance to MuLV strains is determined by the Fv7 genetic
focus (Goff and Lobel, 1987). N-tropic MuLV can infect mice homozygous for Fv1™, but this locus
is not permissive to B-tropic viruses. In contrast, B-tropic MuLV can infect mice homozygous for
Fv1bb, whereas N-tropic viruses cannot. Cells homozygous for the n or b alleles at the Fv7 locus are
permissive to infection by NB-tropic MuLV. The heterozygosity of these viruses releases them from
the restricted replication that is imposed by the Fv7 locus. Restriction at the level of post-penetration
is due to the gag proteins and acts at a level(s) prior to integration of the provirus; mutations in the
gag gene can override the restriction to infection imposed by the Fv7 locus (Goff and Lobel, 1987;
Kozak and Chakraborti, 1996; Ou ef al. 1983; DesGroseillers and Jolicoeur, 1983). The Fv{ locus
has recently been cloned and has been demonstrated to be homologous o an endogenous retroviral
gag gene {Best ef al. 1986). The current model proposes that the endogenous gag gene somehow
blocks transport of the preintegration complex to the nucleus (Goff, 1996).

Envelope glycoproteins. A body of literature exists which characterizes the infection of

various primary human cells and transformed cell lines by HIV and SIV. The tropic phenotype of HIV
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and SIV, as determined by their respective abilities to infect these various cell types, falls into one of
two categories: 1) macrophage tropic (M-tropic) isolates, which are able to infect primary CD4+

lymphocytes and macrophages but not transformed CD4+ cell lines in vitro and 2) T lymphocyte tropic

(T-tropic) isolates, which are able to infect CD4+ T lymphocytes and transformed T-cell lines in vitro
but not primary macrophages (Hwang et al. 1991). Recently a primary isolate of HIV has been

identified which infects both primary macrophages and transformed T-cell lines in vitro, and induces

formation of syncytia; this isolate has been defined as dual-tropic (Collman et al. 1992). The general
properties of macrophage tropic viruses include the inability to induce syncytia and down-regulate the
CD4 receptor molecule, and resistance to serum neutralization (Cheng-Mayer et al. 1980). The
principal cellular surface molecule recognized by HIV and SIV is the CD4 protein on the helper subset
of T lymphocytes and macrophages (Maddon et al. 1986; Dalgleish et al. 1984; Klatzmann et al.
1984). The CD4 binding site was mapped to the SU domain of the envelope glycoprotein. The
importance of the HIV gp120 domain in receptor recognition and tropism was demonstrated by a
single amino acid substitution that resulted in abrogating the ability of the virus to bind CD4, and
rendering the virus non-infectious (Cordonnier ef al. 1888). Construction of reciprocal chime<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>