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Abstract

Jembrana disease was reported initially in Bali cattle (Bos javanicus) on Bali island in 1964
and the causative agent was subsequently identified as a bovine lentivirus and designated
Jembrana disease virus (JDV). This atypical lentivirus causes an acutely pathogenic disease
that is associated with clinical signs and pathological lesions attributable to a disease
primarily affecting the lymphoid system. Based on the intense proliferation of cells in the
parafollicular (T-cell) areas of lymphoid tissue it has been assumed that the cellular tropism
of the virus was for T-cells.

An initial investigation of the pathological changes following JDV infection provided
morphological evidence that JDV infection occurred not in T-cells but probably in
centroblast-like cells containing IgG and presumably of B-cell lineage. The identity of the
infected cells was confirmed by double immunofluorescence labelling techniques as being
IgG-containing CD79a" cells, indicating that the virus replicated in mature B-cells. Unlike
other lentiviruses, no evidence of infection in T-cells or macrophages was obtained. These
observations provide an explanation for suppression of the JDV-specific antibody response
associated with JDV infection and the unique nature of the pathological response of Bali
cattle to JDV infection.

Flow cytometric analysis of peripheral blood leucocyte populations was used to further the
understanding of the pathogenesis of JDV infection. Changes in lymphocyte subsets during
the course of Jembrana disease were investigated and analysis of the results showed that
lymphopenia, a characteristic of the acute febrile phase of Jembrana disease, was at least
partly due to a significant decrease in CD4" and CD8" T-cells and CD21" B-cells. In the
immediate post-febrile recovery phase, virus-infected cells were not detected in lymphoid
tissue but both CD8" T-cells and CD21" B-cells increased significantly and CD4" T-cells
remained below normal levels resulting in a significantly reduced CD4":CD8" ratio.

Changes in expression of CD8" T-cell regulated cytokine genes was examined during the
course of the acute disease process by quantifying cytokine mRNA expression using real-
time reverse-transcription polymerase chain reaction (RT-PCR). The results showed that both
IL-2 and IFN-y cytokine mRNA were strongly expressed during the febrile and early post-

febrile recovery phases, which coincided with the significant increase of CD8" T-cells and



reduction of viraemia during this phase. The results suggested the CD8" T-cell-associated

cytokines IL-2 and IFN-y probably play a significant role in the recovery process.
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Chapter 1

General introduction

The research results reported in this thesis involved a study of the cellular response
to Jembrana disease virus (JDV), an acutely pathogenic bovine lentivirus causing
Jembrana disease in Bali cattle (Bos javanicus) in Indonesia, with the specific aim of
identifying the principal target cell of JDV. As a background to the investigations
that were undertaken, a review of the literature on lentiviruses was undertaken and is
provided in Chapter 2. The review included information on lentiviruses and included
the bovine lentiviruses, JDV and the closely related Bovine immunodeficiency virus
(BIV). The review concentrated on aspects of the pathogenesis of the various
lentivirus diseases, the cellular tropism and the immune response to virus infection.
Potential methodologies for investigating cellular responses to lentiviral infections

were also reviewed.

An initial investigation of the histopathological lesions associated with JDV
infection, in the febrile and immediate post-febrile phases, was undertaken and is
reported in Chapter 3. The animal infections associated with this investigation were
conducted in Indonesia and the study required the development of methods that
could be used for the detection of JDV-infected cells and the identity of the various
leucocyte subsets in formaldehyde-fixed tissues that could be imported into Australia
from Indonesia. The characterisation and distribution of T-cells, B-cells and
monocytes/macrophages was determined, as was the distribution of JDV-infected
cells, in various lymphoid and visceral tissues of the infected animals.

The investigations described in Chapter 3 determined that JDV antigen-positive cells
were probably antibody-producing cells, based on morphological observations and
the distribution patterns of various leucocyte subsets. To confirm these observations,
double immunofluorescence labelling techniques were developed for use on fixed
tissues and then used to identify possible JDV infection in lymphocyte subsets and

macrophages. These results are reported in Chapter 4.

To provide insights into the possible mechanism of recovery from the acute disease
process associated with JDV infection, further animal infections were conducted and

fixed peripheral blood leucocyte preparations were imported and used for analysis of



the changes in CD4" T-cells, CD8" T-cells and CD21" B-cells. These results are
reported in Chapter 5.

Cytokines have an important role in both the inflammatory disease process and
recovery from infection, and a preliminary investigation of cytokine expression
during the acute Jembrana disease process was undertaken. These results are
reported in Chapter 6. A marked up-regulation of the pro-inflammatory cytokines
IFN-y and IL-2 was found to correlate with the significant CD8" T-cell proliferation

that had been detected during the recovery phase of the disease.

A general discussion of the major conclusions and recommendations for further
investigations as a consequence of the research reported in Chapters 3-6 is presented

in Chapter 7.



Chapter 2

Review of the literature

This Chapter presents a review of literature relevant to the research project, and
contains 5 major sections. The first section contains general information on the
classification and properties of viruses in the family Retroviridae. The second
section focuses on the features of the genome and replication of viruses in the genus
Lentivirus. The third section describes aspects of Jembrana disease including the
historical aspects, subsequent identification of the causative agent as a lentivirus,
mode of transmission, clinico-pathology and diagnostic methods that are useful to
confirm the disease. The fourth section reviews the literature relating to lentivirus
infections in other host species. The final section reviews aspects of the immune
response to lentivirus infections with particular emphasis on changes in lymphocyte

subpopulations and cytokine expression.
General features of Retroviridae

The Retroviridae (retroviruses) comprise a large and diverse group of viruses found
in all vertebrate cells and include many important human and animal pathogens.
Viruses in this family are characterised by their unique life cycle and replication
mechanisms that utilise an essential reverse transcriptase to convert the viral single-
stranded RNA (ssRNA) into a linear double-stranded DNA (dsDNA), entry and
integration of this dsSDNA into the genome of the host cells to form proviral-DNA.
Transcription of RNA from the integrated proviral DNA with subsequent translation
to form virus-coded proteins then results in the formation and release of new
progeny virus (Baltimore, 1970; Luciw and Leung, 1992; Shibagaki and Chow,
1997)

Morphologically, retroviruses share a roughly similar structure but there are unique
features of different genera. They are all typically 80-130 nm in diameter,
enveloped, and have an inner capsid enclosing 2 copies of a positive-sense SSRNA
genome (Flint et al., 2004a; Flint et al., 2004b). The envelope is derived from the
host cell plasma membrane during the budding process and has inserted into it 2
viral-coded glycoproteins, the surface unit (SU) and trans-membrane (TM)

glycoproteins. The envelope directly surrounds the matrix (MA) protein and the



internal capsid formed by the capsid (CA) protein that contains 2 identical copies of
the viral RNA genome bound by nucleoproteins, and several viral encoded enzymes
including reverse transcriptase (RT), integrase (IN), and protease (PR) (Coffin, 1992;
Goff, 2007) (Figure 2.1).
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Figure 2.1. Diagrammatic representation of the structure of a typical mature virion of
retrovirus. Reproduced from Coffin (1992).

Retroviruses can be divided into 3 subgroups based on their pathogenicity in host
cells: spumaviruses, oncornaviruses, and lentiviruses (Burmeister, 2001; Wagner and
Hewlett, 2004). They have also been grouped into 4 morphological types A, B, C
and D, depending on their morphology during budding and maturation that can be
observed by electron microscopy (Coffin, 1992; Luciw and Leung, 1992). Current
taxonomy based on further genomic analysis distinguishes the retroviruses into 7
genera: Alpharetrovirus, Betaretrovirus, Gammaretrovirus, Deltaretrovirus,

Epsilonretrovirus, Spumavirus and Lentivirus (Burmeister, 2001; Goff, 2007).

The genera Alpharetrovirus, Betaretrovirus, Gammaretrovirus, Deltaretrovirus,
Epsilonretrovirus are the oncogenic retroviruses and they may trigger a variety of
leukaemias and sarcomas in several animal species including man (Burmeister,
2001). Members of the genus Alpharetrovirus cause sporadic lymphoid leukosis in
avian species and these viruses are endemic in chicken flocks around the world. The

genus Betaretrovirus contains 3 members that produce tumours in mammalian



species: Mouse mammary tumour virus, Mason-Pfizer monkey virus and Jaagsiekte
virus (Bauerova-Zabranska et al., 2005; Cousens et al., 2004; Maeda et al., 2001).
Viruses in the genus Gammaretrovirus are also responsible for leukaemias in
mammalian species including cats, sheep and gibbons. The genus Deltaretrovirus
contains the human and simian T-cell lymphotropic viruses causing T-lymphomas
and neurological disorders in man and non-human primates, respectively, and Bovine
leukaemia virus (Burmeister, 2001). The genus Epsilonretrovirus includes viruses of
fish and reptiles, many of which are associated with tumour induction. Viruses in the
genus Spumaretrovirus are also termed “foamy” viruses because of the nature of
their cytopathic effects in vitro, characterised by marked syncytium formation,
cytoplasmic vacuolation and cell death, but they have not been reported to cause
disease in vivo (Coffin, 1992; Flint et al., 2004b; Jones-Engel et al., 2005; Meiering
and Linial, 2001). Viruses in the genus Lentivirus induce a variety of clinical
syndromes including immunodeficiencies in man, non-human primates and feline
species, and chronic pneumonia, arthritis and encephalitis in sheep and goats
(Chadwick et al., 1995a; Goff, 2007).

The genera Alpharetrovirus, Betaretrovirus and Gammaretrovirus are considered
“simple retroviruses” as they encode only the 3 principal open reading frames
(ORFs) gag, pol and env and require actively dividing cells for replication. The other
genera are considered “complex retroviruses” as while they also encode the 3
principal ORFs they also encode a number of accessory proteins that are important
for replication in non-dividing cells (Chen and Temin, 1982; Goff, 2007; Pfeifer et
al., 2002).

Characteristics of lentiviruses

This genus contains species that have been divided into 5 groups based on their host
specificities: primate lentiviruses (Human immunodeficiency virus [HIV-1 and-2]
and Simian immunodeficiency virus [SIV]), bovine lentiviruses (Bovine
immunodeficiency virus [BIV] and Jembrana disease virus [JDV]), equine
lentiviruses (Equine infectious anaemia virus [EIAV], feline lentiviruses (Feline
immunodeficiency virus [FIV] and ovine/caprine lentiviruses or the small lentivirus

group (Maedi-visna virus [MVV] and Caprine arthritis-encephalitis virus [CAEV]).



A phylogenetic tree of several of these lentiviruses based on their pol genes is shown

in Figure 2.2.
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Figure 2. 2. Phylogenetic tree of lentivirus based on complete pol gene sequences. The
relationship of 10 lentiviruses in 5 different host groups and 2 members of the leukaemia
group of retroviruses (as outliers) are shown. JDV, Jembrana disease virus; BIV, bovine
immunodeficiency virus; HIV-1, Human immunodeficiency virus-1; HIV-2, Human
immunodeficiency virus-2; SIV,gm, Simian immunodeficiency virus (African green monkey);
SIV¢p, SIV (chimpanzee); FIV, Feline immunodeficiency virus; OMVV, Maedi-visna virus;
CAEV, Caprine arthritis encephalitis virus; EIAV, Equine infectious anaemia virus; HTLV-
1, Human T- lymphotropic virus type 1 and BLV, Bovine leukaemia virus. Figure sourced
from Chadwick et al. (1995a).

Lentiviruses induce a number of clinical diseases, in a diverse array of mammalian
hosts. They are typically slowly progressive diseases affecting a variety of organs
depending on the virus involved, usually with long incubation periods and
suppressed immune responses, that invariably lead to death (Clements and Zink,
1996; Goff, 2007). There are, however, a number of exceptions to this
generalisation. At least 3 viruses, JDV, SIVsnmesji4, and EIAV induce acute clinical
diseases (Chadwick et al., 1995b; Fultz, 1991; Issel and Coggins, 1979; Sellon et al.,
1994). Infection does not always lead to clinical disease or a fatal outcome: in some
SIV infections the virus does not produce disease in its natural host, and disease
occurs only if the virus is introduced into a different primate species (Brown et al.,
2007; Cranage et al., 1992; Veazey et al., 2000). Some lentiviruses do not cause an

invariably fatal disease: JDV infections do not always result in the death of animal



and the case fatality rate of the disease in experimentally infected animals is about
17% (Soeharsono et al., 1990). Recovered animals appear to be persistently immune
and do not develop any further lentivirus-associated diseases. EIAV infections result
in relapsing infections but animals that survive appear to eventually develop
immunity and while still persistently infected appear able to control viral replication
(Montelaro et al., 1993; Soesanto et al., 1990).

Lentiviruses differ from other retroviruses in that they lack the ability to induce
neoplastic disease, they characteristically replicate in non-dividing/terminally
differentiated cells and they are relatively species-specific (Clements and Zink,
1996; Lewis and Emerman, 1994). Their genome and replication cycle also differ

and are more complex than the prototypic simple retroviruses (Vogt, 1997).

Genomic organisation of lentiviruses

As complex retroviruses, lentiviruses possess a number of regulatory and accessory
genes that encode non-structural proteins in addition to those encoded by the 3 major
ORFs gag, pol and env that are common to all retroviruses. They have similar
genomic organisation to other genera, although there are species differences. The
distinguishing feature of lentiviruses is the presence of additional and unique ORFs
that encode accessory proteins involved in their replication (Vogt, 1997). The major
distinctive regulatory and accessory genes of lentiviruses, found generally in the
central region between the end of pol and the beginning of env, are shown in Table
2.1,



Table 2.1. Presence of accessory genes identified in lentiviruses.

Lentivirus  Regulatory and accessory genes

vift  vpr vpu vpx vpy vpw OrfA nef tat rev

HIV-1 + + + ND ND ND ND + + +
HIV-2 + + ND + ND ND ND + + +
SIvV + + + + ND ND ND + + +
BIV + ND ND ND + + ND ND + +
JDV + ND ND ND ND ND ND ND + +
FIV + ND ND ND ND ND + ND ND +
SRLV + ND ND ND ND ND ND ND + +
EIAV ND ND ND ND ND ND ND ND + +

Data sourced from: HIV-1 and HIV-2(Flint et al., 2004b); SIV (Gibbs and
Desrosiers, 1993); BIV (Gonda, 1994); JDV (Chadwick et al., 1995b); FIV (Zou et
al., 1997); the SRLV (CAEV and MMV) (Harmache et al., 1995; Narayan et al.,
1993); EIAV (Miller et al., 2000).

ND denotes not detected.

The most complex lentiviruses are the primate lentiviruses, typified by HIV-1 that
has at least 6 additional genes including 2 regulatory genes (tat and rev) and 4
accessory/auxiliary genes (vif, vpr, vpu, and nef). The organisation of the 3 major
ORFS and the additional genes of HIV-1 with the respective encoded proteins in the
virion structure are presented in Figure 2.3. The gag ORF encodes the structural
matrix (MA), capsid (CA) and nucleocapsid (NC) proteins. MA facilitates
localisation of the protein in the cytoplasmic membrane which is associated with
assembly of infectious virus (Coffin, 1992; Kiernan et al., 1998). CA serves as a
major structural component that forms the core shell of the virion; it is the most
immunodominant viral protein (Coffin, 1979; Coffin, 1992). CA has a highly
conserved major homology region (MHR) responsible for antigenic cross-reactivity
of many lentiviruses (Grund et al., 1994; Melamed et al., 2004). NC has an affinity



for the viral genome and is an essential protein for viral DNA synthesis is required
for packaging RNA into the virion (Coffin, 1979; Coffin, 1992).

env
pol vor I [ su ™ |nef
gag | pm RT IN
LI MA CA NC ps| LTR

Figure 2.3. Structure and genomic organisation of HIV-1. Sourced from Frankel
and Young (1998).

The pol ORF encodes 3 virion-associated enzymatic proteins, the reverse
transcriptase (RT), integrase (IN), and protease (PR) that are incorporated into the
capsid during assembly and are required for viral replication. RT has both RNAase
and RNA-dependent polymerase activities that are essential for the transcription of
the viral sSRNA genome to a dsDNA proviral form after entry of the virus into the
host cell (Katz and Skalka, 1994; Temin, 1993). The gene encoding RT is relatively
conserved among different genera of retroviruses, and therefore is useful for
phylogenetic and evolutionary studies (Tobin et al., 1996). Integrase facilitates the
stable integration of the provirus-DNA within the host cell DNA, and PR is essential
for the proteolytic cleavage of the viral precursor polyproteins into individual
subunit proteins during assembly and maturation of the virion (Coffin, 1979; Coffin,
1992). The PR therefore has a special role in the maturation of new virus, making it a

major target for contemporary anti-viral therapy (Frankel and Young, 1998).



The env ORF encodes a polyprotein (Env) that is cleaved by proteases and modified
in the endoplasmic reticulum to produce the 2 glycosylated envelope proteins, SU
and TM (Coffin, 1992). The glycoproteins are translocated to and are incorporated
into the host cell membrane, where the budding process takes place, and become
exposed to the external environment (Luciw and Leung, 1992). The SU is required
for the binding of the virus to target cell receptors. The TM projects from the
envelope and anchors the SU component to the envelope and facilitates membrane
fusion of the envelope with the plasma membrane of the host cell. Both TM and SU
glycoproteins are determinants of tropism and virulence and are the major targets of
the neutralising antibody response (Coffin, 1992).

Of the 6 additional (accessory) genes in lentiviruses, tat and rev control viral
transcription and RNA transport and translation, and are expressed early in viral
replication from multiply spliced transcripts (Chen et al., 1998; Feed and Martin,
2001; Frankel and Young, 1998; Miller et al., 2000). JDV Tat has a strong trans-
activator ability and not only transactivates its own long terminal repeat (LTR) but is
also able to strongly activate the heterologous BIV and HIV in vitro, to a greater
extent than the homologous Tat proteins (Chen et al., 1999). The vif gene is found in
the genome of all lentiviruses, with the exception of EIAV, and encodes the viral
infectivity factor (Vif), a virion-associated protein that is functional during in vivo
viral replication and antagonises the anti-viral activity of cellular components
(Gonda, 1992; Li et al., 1998; Miller et al., 2000; Sheehy et al., 2002). The accessory
genes vpr, vpu, nef and vpx are detected only in the genome of primate lentiviruses
and have specific biological functions. The vpr and vpx genes encode nuclear
proteins with a role in transporting the pre-integrated dsDNA from the cytoplasm
into the nucleus of infected cells (Cheng et al., 2008; Hamaia et al., 1997). In HIV-
2/SIVgnl/ SIV mac infections, Vpx is a virulence factor for monocyte-derived cells and
dendritic cells, and is associated with the establishment of virus reservoir in
macrophages (Fletcher et al., 1996; Goujon et al., 2007; Matsuda et al., 2009). Vpu
is associated with release of the virion from the cell membranes (Binette et al., 2007;
Ewart et al., 1996; Strebel et al., 1989). Nef is multifunctional, but mainly
responsible for viral infectivity (Brugger et al., 2007; Marsh, 1999; Qi and Aiken,
2008; Sol-Foulon et al., 2004). The nef gene is not present in the bovine lentiviruses

(Table 2.1) but they have a tmx gene in a similar location to nef, and 2 unique genes

10



vpw and vpy that seem to be analogous to the vpr and vpu/vpx genes of primate
lentiviruses (Garvey et al., 1990).

Replication cycle of lentiviruses

The replication mechanism of lentiviruses involves conversion of the sSRNA
genome to a dSDNA provirus and then integration of this provirus into the host cell
DNA, typical of all retroviruses. The major steps are shown schematically in Figure
2.4. Briefly, the early phase commences with attachment of the envelope
glycoproteins of the virus to a cellular receptor, CD4 in the case of HIV, in
conjunction with a co-receptor, followed by fusion of the virus envelope with the
plasma membrane of the host cell. Uncoated viruses then release their sSSRNA
genome which is converted into dsDNA using the virus RT and this dsSDNA is
transported into the nucleus. Subsequently the viral integrase mediates the
integration of the viral dSDNA (proviral DNA) into the host genome. In the late
phase, the proviral-DNA is transcribed using cellular enzymes to produce viral
mRNASs, which then migrate to the cytoplasm for translation. The Env proteins
undergo glycosylation and are inserted into the plasma membrane of the cell. Finally,
the viral RNA and structural proteins are assembled into the immature virion core on
the plasma membrane, and via a budding process is released from the cell to form
free virus that then undergoes further maturation steps to form fully mature

infectious virus.
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Figure 2.4. Major steps in the replication of a typical retrovirus. Reproduced from
Nisole and Saib (2004).
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Virion attachment and fusion to host cells

The first step in productive infection is the attachment of the virus to a host cell
receptor, mediated by functional interactions between viral envelope glycoproteins
and specific surface receptors on the target cell. This interaction is specific and
selective between certain cell and virus types (Clapham and McKnight, 2002; Nisole
and Saib, 2004; Overbaugh et al., 2001). This process has been extensively studied
for HIV-1 and the related non-human primate lentiviruses as it offers a possible
target for vaccines and antiretroviral therapy.

In HIV-1 infections, the attachment is mediated by the viral SU protein, gp120, to
the host cell CD4 molecule. CD4 molecules are the major receptor on the surface of
T-helper lymphocytes (CD4" cells) that are the primary targets of the virus, but are
also present on other antigen-presenting cells such as macrophages, monocytes and
dendritic cells. This interaction triggers a conformational change of the SU that
enables the SU to contact host cell chemokine receptors. A variety of chemokine
receptors are used, including CCR5 on macrophages, CXCR4 on CD4" cells, CCR3
on microglial cells of the brain, and a number of other co-receptors (Clapham and
McKnight, 2001; Deng et al., 1996; He et al., 1997). These events in turn activate the
TM to mediate fusion of the viral envelope with the host cell membrane (Clements
and Zink, 1996; Sherman and Greene, 2002). Fusion leads to microinjection of the
uncoated viral capsid component, containing the viral genome and enzymes, into the
cytoplasm. Although HIV-1 is commonly viewed as a prototypical example of a
virus that enters cells by fusion of the plasma membrane (Marsh and Helenius,
2006), more recently Miyauchi at al. (2009) reported that HIV-1 enters cells via
endocytosis and complete viral fusion occurred subsequently in endosomes.

Reverse transcription and integration of viral genome into the cellular genome

When virus enters into the cytoplasm, it is partially uncoated and the viral sSRNA is
converted into dsDNA provirus via RT activity. This reaction is common to all
retroviruses, and takes place within the viral nucleocapsid complex in the cytoplasm
and is initiated by the RT and RNAse H activity of the viral RT that is packaged into
the viral RNA (Zhang et al., 1993). The first step in the reverse transcription process
is the binding of the cellular tRNA (tRNALYs) to the primer binding site (PBS)
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located in the 5’LTR of the viral genomic plus-stranded RNA (Freed and Martin,
2001; Gerdts et al., 1997). Subsequently, the minus-sense sSDNA that is
complementary to the 5’U5 and R region is synthesised and the RNA portion of the
newly formed RNA/DNA hybrid is digested by the RNAseH activity. The new
minus-sense sSSDNA is transferred to the 3’end of the RNA and the plus-stranded 3’R
sequence hybridises with the R sequence. The minus sense DNA is elongated and
most of the plus-sense RNA is then digested; only the polypurine tracts (PPT) are
stable and these serve as a primer to synthesise the 3’ part of the complementary
strand of DNA. RNAse H then removes the PPT RNA sequences and a second
strand transfer of the minus-sense DNA strand permits the hybridisation of PBS
sequences of both DNA strands. At the end of this process, 3’ends for the
completion of the synthesis of both minus and plus strand of DNA are provided to
make the linear dsDNA that is contained in the pre-integration complex (PIC) ready
for integration (Miller et al., 1997; Nisole and Saib, 2004).

Integration is not always successful and several blocks may occur before integration
into the DNA of resting CD4" lymphocytes (Wong et al., 1997). Such blocks may
delay reverse transcription due to a limited pool of dNTPs or to the inability to
import the PIC into the nucleus. Because of these blocks, full-length viral DNA
molecules can remain in the cytoplasm, and this is known as pre-integration latency
(Bukrinsky et al., 1992; Korin and Zack, 1999; Lassen et al., 2004; Zack et al.,
1990). Although, replication is delayed in this circumstance, mitotic stimuli are able
to trigger further replication (Bukrinsky et al., 1991; Finzi et al., 1997; Zack et al.,
1992).

Details of the integration of provirus with the PIC component and its migration into
the nucleus remains unclear, as in vitro studies do not fully reproduce in vivo
integration events (Devroe et al., 2003; Fletcher et al., 1997). In the simple
retroviruses the viral PIC requires dividing cells for nuclear importation (Lewis and
Emerman, 1994; Roe et al., 1993) but with lentiviruses this process can occur in non-
dividing cells (Connolly, 2002; Lewis et al., 1992b; Naldini, 1998; Vodicka, 2001).
The proviral DNA is assumed to cross the nuclear pore complex from the cytoplasm
to enter the nucleus where it serves as precursor for the formation of the integrated
virus dsDNA (Brown, 1997; Jenkins et al., 1998). The process of integration

involves a specific interaction between the IN and 2 inverted repeats located at the
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end of each LTR (Esposito and Craigie, 1998). As a product of integration, this
process forms a gapped intermediate where the non-joined 5’-viral DNA ends are
flanked by short single-stranded gaps in the host DNA, and typically HIV-1
integration sites are in introns of the relevant genes (Engelman, 2003; Esposito and
Craigie, 1998; Lassen et al., 2004). It was reported that SIV integration preference is
similar to that of HIV-1, suggesting that both lentiviruses may share a similar

mechanism for target site selection (Crise et al., 2005).

Integration of the proviral DNA into the host genome allows survival of the virus as
in this form it can persist in a latent form or it can directly proceed to productive
replication, depending on the virus strain and the type of infected cells. In HIV
infections, the virus can only replicate in activated cells (actively dividing CD4" T-
cells and not naive CD4" T-cells) that generally comprise 93-95% of productively
infected cells. A majority of proviral DNA integrates into the host chromosome, and
once integrated the Orf-B gene is responsible for latency via an interaction with
cellular factor to slow down viral replication. However, most activated CD4"
lymphocytes will die quickly as a result of infection, and only a small proportion
become dormant, the so-called resting T-cells or memory T-cells that carry stable
integrated provirus but are not permissive for viral replication unless they are further
activated (Lassen et al., 2004; Marcello, 2006). CD4" lymphocytes reactivated by the
same antigen and/or cytokines express both genes for immune responses and for HIV
replication, leading to production of new virus particles. This unremitting replication
is also reported for SIV, enabling them to replicate continuously in their natural host
without CD4" lymphocyte depletion (Silvestri et al., 2003).

The integration of the provirus into the host genome is referred to as post-integration
latency and is of immense practical importance because it provides a reservoir of
virus that is protected from immune clearance and the effects of antiviral drugs
(Chun et al., 1995; Chun et al., 1997; Finzi et al., 1997; Mok and Lever, 2007;
Siliciano and Siliciano, 2004). There may be post-integration blocks to viral
expression that can lead to viral latency in resting T-cells, which have an estimated
half-life of at least 44 months (Finzi et al., 1999; Lassen et al., 2004; Williams and
Greene, 2005). For these reasons, HIV-1 latency represents a known barrier to
eradication of HIV infection (Lassen et al., 2004). Other types of infected cell such

as monocytes, macrophages and dendritic cells are also considered as latently
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infected resting cells and can provide reservoirs of HIV capable of escaping host
immune surveillance and antiviral treatments (Blankson et al., 2002; Esposito and
Craigie, 1998; Zhang et al., 1999). However, it was suggested (Marcello, 2006) that
while dendritic cells and macrophages play an important role in viral spread and cell-
cell transmission, their involvement in long-term latency has not been demonstrated

unequivocally.

Transcription of MRNA

Transcription of lentivirus genes relies on their interaction with one of the 3 forms of
RNA polymerase (Schmidt, 1993). Transcription produces an array of mRNA
species that can be grouped into 3 classes based on the splicing process involved: an
unspliced primary transcript (~9 kb), singly spliced RNAs (~4 kb) lacking the gag-
pol coding region, and multiply spliced RNAs (~2 kb) lacking the env coding region
(Purcell and Martin, 1993; Schwartz et al., 1990; Seguin et al., 1998).
Approximately one half of the HIV-1 RNA transcripts that are unspliced are
essential for gag and pol gene products. Singly spliced mRNAs encode the Env
proteins and the viral regulatory proteins Vif, Vpr, Vpu, while the multiply spliced
RNAs encode proteins Tat, Rev and Nef (Purcell and Martin, 1993).

The transcription of mMRNA can be divided into early and late phases much like most
virus infections. In the early phase, only multiply-spliced viral mRNAs are exported
to the cytoplasm and are then translated into early non-structural regulatory proteins
Rev and Tat, and in some viruses also Nef, and S2 (Purcell and Martin, 1993;
Saltarelli et al., 1996). The late phase of replication is characterised by the
production of unspliced or singly-spliced viral mMRNAs that include the transcripts of
gag, pol and env that will form the structural proteins and glycoproteins for new
virions (Saltarelli et al., 1996). The accessory genes vif, vpu, vpx, vpw, vpy, and OrfA
are also translated during this phase and are crucial in assembly, infectivity and viral
pathogenicity (Saltarelli et al., 1996; Seguin et al., 1998).

Assembly and release from the cell

Virus assembly and release of the virus from the host cell takes place in areas
adjacent to the plasma membrane and involves a number of sequential steps. The
Env glycoproteins (SU and TM) that are translated from the singly-spliced env

MRNA in the endoplasmic reticulum are transported to the plasma membrane via the
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Golgi apparatus where they are glycosylated. At the same stage, the Gag and Gag-
pol polyprotein precursor are translated and transported, by an unknown mechanism,
and directed toward the plasma membrane. During and after transport, the Gag
precursors, 2 copies of viral RNA genome, and other Gag-pol precursors form
immature virus particles move close to the plasma membrane and assemble.
Thereafter, the assembled Gag protein complex induces membrane curvature,
leading to the formation of a bud into which the viral Env glycoproteins are
incorporated. The bud develops and pinches off from the plasma membrane to
produce a complete virion with an envelope acquired from the bilayered plasma
membrane with incorporated Env glycoproteins (Freed, 1998; Grode, 2007).

After release from the host cell, there is further maturation of virus into the final
mature forms. At this final stage, the Gag and Gag-pol polyprotein precursors are
cleaved by the viral PR to the mature Gag (MA, CA, NC and p6) and Pol (PR, RT
and IN) proteins, causing condensation of the core and formation of a mature

infectious virion which is ready to initiate a new round of infection (Freed, 1998).
Bovine lentivirus diseases

Jembrana disease
Historical aspects

An outbreak of a highly infectious disease affecting Bali cattle (Bos javanicus) was
first reported in the village of Sangkaragung, in the Jembrana district of Bali,
Indonesia, in December 1964 (Adiwinata, 1967). The name Jembrana disease was
derived from the district where the disease first occurred. During the initial stages of
the outbreak, it was reported that an estimated 60% of Bali cattle were affected with
a mortality rate of 98.9% (Ramachandran, 1996) but at the time there were no
veterinary facilities on the island and this high case fatality rate has not been
substantiated. Within 12 months, the disease spread to all 8 districts of Bali with a
mortality rate of about 20% within a total Bali cattle population of approximately
300,000 cattle on the island (Pranoto and Pudjiastono, 1967; Wilcox et al., 1995).
Some buffalo (Bubalus bubalis) were also reported to have died during the outbreak
(Pranoto and Pudjiastono, 1967) although it was not confirmed that this was due to
Jembrana disease and subsequent events suggest that buffalo are not clinically

affected. The disease outbreak then waned and it was not reported further until 2

16



further smaller outbreaks were reported, one in 1972 and one in 1981 in the districts
of Tabanan and Karangasem, respectively, where the clinical and pathological
aspects of the disease detected were similar to those reported during the 1964
outbreak (Hardjosworo and Budiarso, 1973; Putra et al., 1983). However, although
similar, the disease during these later outbreaks was considered milder with reduced
morbidity and mortality rates, probably due to a level of immune protection among
the local cattle population (Ramachandran, 1996). The disease is now endemic in

Bali cattle on Bali island.

The first outbreak of a Jembrana-like disease outside Bali was in 1976 in Lampung
province of the island of Sumatra. In this area, the disease was initially designated as
“Rama Dewa disease,” after the name of a village in which the cases were first
reported and where it caused the death of 885 cattle (Prabowo, 1996). Interestingly,
only Bali cattle were affected in this outbreak, although crossbred Bali cattle (Bos
javanicus x Bos indicus), Bos indicus cattle, buffalo, goats and sheep were also
present in the affected locations (Ramachandran, 1996). A further outbreak was
reported in 1978 in East Java, which affected a total of 1,202 Bali cattle and caused
449 deaths (Ramachandran, 1996). A similar outbreak was reported in 1992 in West
Sumatra where the morbidity rate was estimated as 70.8% and 133 out of 498
(26.7%) affected Bali cattle died (Tembok and Erinaldi, 1996). In 1993, serological
evidence of Jembrana disease was detected in South Kalimantan, although
mortalities attributed to the disease were relatively low, possibly associated with the
low number of Bali cattle in that area (Hartaningsih et al., 1993). Jembrana disease is
currently endemic in Bali, Java, Sumatra island and all 3 Kalimantan provinces of

Borneo island (Hartaningsih et al., 1993).

The mechanism for the transmission of Jembrana disease to other islands where the
disease is now endemic remains unknown. A recent genetic analysis of proviral-
DNA samples obtained from cases of Jembrana disease in Bali and Sumatra showed
that JDV strains from the 2 islands were very similar, with 97-100% nucleotide
homology in gag sequences (Desport et al., 2007). These data would support the
hypothesis that the most likely method for the spread of JDV to Sumatra was due to
the illegal transportation of persistently infected cattle from Bali (Hartaningsih et al.,
1993; Soeharsono et al., 1995a), although the origin of JDV in Kalimantan remains

unclear.
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The susceptibility of Bali cattle to Jembrana disease is important to the economy of
Indonesia. These cattle have been widely distributed throughout Indonesia, they
form about 27% of the total cattle population of Indonesia, and they make the

highest contribution to beef production in Indonesia (Wiryosuhanto, 1996)
Aectiology

Rinderpest virus was initially considered the cause of the cases of Jembrana disease
based on clinical signs and pathological lesions (Adiwinata, 1967; Pranoto and
Pudjiastono, 1967). No serological test or virus isolation was conducted to support
the diagnosis of rinderpest, and histopathological changes of Jembrana disease in
infected Bali cattle were subsequently determined to be distinctly different to
rinderpest (Ramachandran, 1996). A rickettsia was subsequently hypothesised as a
causative agent on the basis of putative intracytoplasmic rickettsia-like particles
observed within monocytes of infected cattle (Budiarso and Hardjosworo, 1976).
The clinical signs, pathological and haematological changes of Jembrana disease
were also similar to those found in bovine ehrlichiosis (Ondiri disease) in East Africa
(Ressang et al., 1985). However, the presence of rickettsia was never confirmed and
it was noted also that anti-rickettsial drugs had no effect on the recovery of cattle
from experimentally induced disease (Ramachandran, 1996). Subsequently, a virus
was suspected based on the ability of the infectious agent to pass through a 220 nm
membrane filter, its resistance to antibiotics and the nature of histopathological

changes (Ramachandran, 1981; Teuscher et al., 1981).

Soeharsono et al (1990) reported that during the febrile period of the disease, the
infectious agent occurred in the blood and plasma to a high titre of about 108 cattle
infectious doses per ml. The infectious agent persisted at a low titre of less than 10
infectious particles/ml of plasma in recovered animals for at least 25 months after
recovery from the acute disease (Soeharsono et al., 1990). The infectious agent in the
plasma was subsequently identified as a retrovirus on the basis of size, determined
by filtration studies as less than 100 nm, by electron microscopic observations in
tissues as a spherical enveloped virus of about 100 nm diameter with an eccentric
core and C-type budding from the plasma membrane, and by the detection of RT
activity in virus detected in plasma (Kertayadnya et al., 1993; Wilcox et al., 1992).
Further genetic and antigenic analysis identified the virus as a lentivirus, closely
related to BIV (Chadwick et al., 1995b; Kertayadnya et al., 1993). Further genetic
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analysis of multiple isolates showed that it was a genetically stable lentivirus with
only minimal genetic changes in isolates obtained from cattle in Bali over a 20 year
period (Desport et al., 2007).

Clinical signs and post-mortem lesions

Infection of Bali cattle by intravenous inoculation of virus into susceptible cattle
induces an acute disease syndrome after a short incubation period of 4-12 days. The
short incubation period and acute nature of JDV infection with high morbidity rate
and 17% case fatality rate is unusual for most lentivirus infections as lentiviruses
generally result in a chronic and inevitably progressive disease terminating in death
after a long incubation period. The major clinical signs of Jembrana disease during
the acute disease are a fever persisting most commonly for 5-7 days, lethargy,
anorexia, enlargement of superficial lymph nodes, a mild ocular and nasal discharge,
diarrhoea with blood in the faeces, and pallor of the mucous membranes (Soeharsono
et al., 1996; Soesanto et al., 1990). In natural cases, “blood sweating” (haemhidrosis)
was reported on the back, flank, abdominal region and scrotum (Putra et al., 1983;
Teuscher et al., 1981) but this is absent in experimentally infected cattle kept in
insect proof stables, suggesting it was bleeding associated with biting arthropods
(Soesanto et al., 1990).

The most easily observed and striking clinical feature of Jembrana disease is
enlargement of the superficial lymph nodes, especially the prescapular and
prefemoral lymph nodes, that can be a useful indicator of Jembrana disease under
field conditions (Figure 2.5). Lymph node enlargement is not generally found in
other common cattle diseases in Indonesia, including haemorrhagic septicaemia,
bovine viral diarrhoea and bovine ephemeral fever, although it is observed in
malignant catarrhal fever to which Bali cattle are particularly susceptible (Dharma,
1992).
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Figure 2.5. A. Marked enlargement of the prescapular lymph node and spleen are
consistent feature of Jembrana disease. B. The spleen from affected cattle (bottom) is
about 5 times larger than that in a normal animal (top). Photographs courtesy of the
staff of BPPH, Indonesia.

The acute febrile phase of Jembrana disease experimentally induced by intravenous
inoculation of virus is characterised by marked haematological changes that include
leucopenia due to lymphopenia, eosinopenia, and slight neutropenia,
thrombocytopenia, a normocytic normochromic anaemia, uraemia and
hypoproteinaemia (Soesanto et al., 1990). The thrombocytopenia may be a factor
contributing to the presence of the “blood sweating” reported in the field cases and
likely associated with a poor clotting mechanism in association with biting
arthropods such as tabanids.

The striking post-mortem lesions in Jembrana disease experimentally induced by
intravenous inoculation of virus are lymphadenopathy and splenomegaly (Figure 2.5)
and haemorrhages, and these are all invariably detected in cattle euthanised during
the acute phase of the disease. Other lesions, including kidney lesions and lung
consolidation, may also be observed (Dharma, 1992). Histopathological changes are
found in all major organs except the central nervous system and reflect a rapid,
intense lymphoproliferative disorder (Budiarso and Rikihisa, 1992; Dharma et al.,
1991). The typical progression of pathological changes after JDV infection can be
divided into 3 distinguishable phases (Dharma et al., 1991). Phase 1 is characterised

by a generalised lymphoreticular reaction during the first week after infection, prior
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to the development of clinical signs. In phase 2, from 1-5 weeks after infection, the
spleen and lymph nodes become markedly enlarged, petechial haemorrhages may
occur on serosal surfaces, and ulceration of the oral and intestinal mucosa can be
detected. Phase 2 is associated with an infiltration of lymphoid cells into the
parenchyma of most organs except the central nervous system (Dharma et al., 1991).
In lymphoid organs particularly spleen and lymph nodes, there is a marked non-
follicular lymphoproliferative reaction characterised by an intense proliferation of
pleomorphic lymphoblastoid cells in the parafollicular (T-cell) regions and there is
depletion of follicles (B-cell germinal centres) that results in total destruction of the
normal follicular architecture. In addition, the prevalence of IgG-containing cells in
tissues is decreased and the CD4":CD8" T-cell ratio in blood is also decreased
significantly, which is associated with suppression of humoral responses and
extensive T-cell proliferation (Dharma et al., 1994; Hartaningsih et al., 1994). A
similar infiltrative and proliferative reaction was also detected in other organs
including liver, kidneys, adrenal medulla and lungs. In the recovery phase or Phase 3
(4-5 weeks after infection) when there is remission of the clinical signs and a
reduction in the viraemia, a marked lymphoid follicular reaction with plasma cell
formation, and significant increase in CD4" and CD8" T-cell populations in
lymphoid tissues is detected (Dharma et al., 1994; Hartaningsih et al., 1994).

The acute febrile phase is associated with a high titre of circulating infectious virus
in the plasma of up to 10° infectious doses/ml (Soeharsono et al., 1990; Soeharsono
et al., 1995a). This was determined by titration of the virus in susceptible cattle.
Subsequent JDV-specific quantitative real-time reverse transcription PCR assay (RT-
PCR) detected up to 10 copies of the JDV RNA/mI plasma during the febrile phase
(Stewart et al., 2005). The significance of the difference in titre determined by the
infectious and the RNA genome assays has not been defined. Strain differences in
the titre detected by gRT-PCR have been detected and on the second day of the
febrile phase, the mean plasma viral titre in cattle infected with JDVays7 Was
significantly higher than in cattle infected with JDVpyj01 (Desport et al., 2007). The
high titre of virus might be associated with JDV Tat that is a potent transactivator
and thought to be at partly responsible for the high level of viral gene expression in
vitro (Chen et al., 1999). A typical clinical response to JDV infection and viral load

is shown in Figure 2.6.
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Figure 2.6. A typical clinical response of JDV-infected cattle. During the acute stage,
an increased rectal body temperature coincides with an increased plasma viral load
and a decreased leucocyte count. Reproduced from Desport et al (2007).

Animals that recover from the acute disease experimentally induced by intravenous
inoculation of virus remain viraemic although at a low titre only, for at least 24
months and possibly for life, suggesting they may be a potential source of infection
(Soeharsono et al., 1995a; Wilcox et al., 1992). JDV proviral DNA can be detected
in the peripheral blood mononuclear cells (PBMC) of recovered animals for at least
18 months after the initial infection (Tenaya and Hartaningsih, 2004). There is no
recurrence of disease following recovery from the acute clinical disease and animals
resist challenge with homologous and heterologous strains of virus for at least 2
years after primary infection (Soeharsono et al., 1990). The lack of recurrence of
disease in the recovered animals and the resistance to reinfection after recovery from

the acute disease indicates the development of a protective immune response.

Experimental inoculation of JDV into other cattle types such as Friesian (Bos
taurus), crossbred Bali cattle (Bos javanicus x Bos indicus) and Ongole cattle (Bos
indicus), and buffalo (Bubalus bubalis) induces either an inapparent infection or a
mild clinical disease that would be difficult to be detect under field conditions. This
is consistent with the lack of reports of disease in these other cattle types in
Indonesia. Experimental infection of sheep and goats was reported to induce a
transient viraemia and no clinical signs (Soeharsono et al., 1990). The unique
susceptibility of Bali cattle, descendent from wild banteng of South East Asia
(Soeharsono et al., 1995b), is intriguing but the reason for this susceptibility,

although apparently genetically based, is not understood.
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The cellular tropism of JDV has not yet been defined and this is critical to
understanding the disease process involved. The possibilities are that JDV could
have a broad cell tropism like BIV in infecting B-cells (as shown by follicular
atrophy early in the disease process), T-cells (as shown by the parafollicular
hyperplasia and detection of virus in these cells), and macrophages (Chadwick et al.,
1998; Dharma et al., 1991). There is unpublished evidence that JDV can be cultured
in myeloma (NS1) cells fused with lymphocytes derived from non-JDV infected Bali
cattle. The hybridoma cells could be infected with JDV and maintained up to one
year during which time they continue to demonstrate a strong reaction with anti-JDV
CA monoclonal antibody in Western immunoblots, suggesting that JDV may infect
B-cells (Astawa, personal communication) but this report needs to be confirmed.
However, as JDV strains in Bali are genetically stable with minor variation only in
env (Desport et al., 2007). Therefore, it could also be possible that JDV has a narrow

host cell range, potentially targeting long-lived cells with a slow turnover rate.

Mode of transmission of JDV

As consequence of the high titre of infectious virus in the blood of about 10%/ml
during the acute phase of Jembrana disease, transmission of JDV in 2 different ways
has been hypothesised. First, mechanical transmission by vehicles such as multi-use
needles during vaccination programs, and by blood sucking arthropods, has been
considered to have a high probability of transferring infection from cattle during the
acute disease phase (Soeharsono et al., 1995a). However, mechanical transmission of
virus by arthropods is unlikely to be responsible for the extensive spread of
Jembrana disease from island to island as the disease has not spread from Bali island
to the closely adjacent islands of Nusa Penida and Lombok since the disease was
initially reported in Bali in 1964 (Hartaningsih et al., 1993; Soeharsono et al.,
1995a). There has also been limited spread of the disease from infected areas to
neighbouring areas (Hartaningsih et al., 1993). During the acute phase when there is
a high titre of virus in blood, close contact between animals might enable
transmission of virus present in saliva of infected animals and infection of
susceptible cattle by conjunctival, nasal or respiratory routes (Soeharsono et al.,
1995a). Close contact between animals does result in transmission of MVV and
CAEV in sheep and goats (Gufler et al., 2007; Shah et al., 2004a).
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Transmission of JDV from the persistently infected animals wherein there is only a
low titre viraemia, to susceptible animals has also been hypothesised (Soeharsono et
al., 1995a) but how this occurs is unknown. However, transportation of persistently
infected recovered cattle from JDV-infected areas to JDV-free regions is the most
logical reason for the occurrence of Jembrana disease in other regions outside Bali
(Soeharsono et al., 1995a).

Diagnosis of Jembrana disease

Diagnosis of Jembrana disease is based on clinical signs and pathological
observations, in conjunction with the detection of JDV infection by immunological

procedures and molecular techniques.

Serological assays

Two serological assays, an enzyme-linked immunosorbent assay (ELISA) and
Western immunoblot, have been developed for the detection of an antibody response
to JDV in infected animals (Hartaningsih et al., 1994; Kertayadnya et al., 1993). The
initial ELISA utilised an antigen prepared by sucrose gradient centrifugation to
purify and concentrate virus from plasma of acutely infected animals. With this
assay, antibodies were not detected in a majority of cattle until 11 weeks after
infection, with the maximum antibody response occurring between 23 and 33 weeks
after infection. A Western immunoblot using a similar whole virus antigen indicated
that the initial positive ELISA sera reacted strongly with the p26 JDV CA protein
(Hartaningsih et al., 1994; Kertayadnya et al., 1993), typical of other lentivirus
infections (Battles et al., 1992; Grund et al., 1994). The absence of a detectable
antibody response until 11 weeks after JDV infection may be associated with the
absence of a significant follicular reaction and scarcity of plasma cells in lymphoid
organs during the acute phase and early recovery phase (Hartaningsih et al., 1994).
ELISA, supported by Western immunoblotting, has been used as a routine
surveillance technique for detection of JDV infection in the Indonesian cattle
population (Hartaningsih et al., 1993; Soeharsono, 1996). The predominant antibody
detected by ELISA and by Western immunoblotting was reactive with the p26 JDV
CA, aresponse that was similar to that detected in other lentiviruses. There could
therefore be a problem with the specificity of the assay as this protein is known to be

cross-reactive in many lentivirus infections and particularly between JDV and BIV
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(Kertayadnya et al., 1993). Potential problems with cross-reactivity could occur
because of cross-reactions with a putative BIV-like virus detected in Bali cattle in
Sulawesi, a Jembrana disease-free island, where positive ELISA results with this
assay have been detected but where there is no evidence of Jembrana disease
(Hartaningsih, personal communication). More recently, a recombinant JDV CA
antigen was used in ELISA and Western immunoblotting procedures for the
detection of BIV infection in dairy cattle in Australia, where it detected antibody
presumably due to BIV infection in 3.8% of 690 serum samples (Burkala et al.,
1999). Evidence of similar cross-reactivity of CA was reported in the small ruminant
lentiviruses MVV and CAEV (Grego et al., 2002).

The use of recombinant CA antigens (Burkala et al., 1999) offers advantages
compared to the whole virus antigen prepared from the plasma of infected cattle,
although it has not reduced the potential problem of antigenic cross-reactivity
between BIV and JDV. Attempts to identify possible type-specific epitopes in the
MA, CA, and NC of JDV have been made by preparation of a series of truncated
recombinant proteins, but none of these were able to differentiate sera from JDV-
infected or BIV-infected cattle (Desport et al., 2005).

Immunohistochemistry

Immunohistochemical labelling techniques have been widely used for determining
the pathogenesis of lentivirus-infected hosts, including SIV infection in monkeys
(Zhang et al., 2007), HIV in humans (Bhoopat et al., 2001; Geijtenbeek et al., 2001,
McCarthy et al., 2002; Wheeler et al., 2006), BIV in cattle (Heaton et al., 1998;
Whetstone et al., 1997) and MVV in sheep (Brodie et al., 1995; Gendelman et al.,
1985). An immunohistochemical test utilising a JDV p26 CA monoclonal antibody
(Kertayadnya et al., 1993) was developed and used to detect JDV infection in tissues
of infected cattle (Dharma et al., 1994).

In situ hybridisation (ISH)

Determination of the nucleotide sequence of the genome of JDV has allowed the
development of an in situ hybridisation technique to detect viral RNA in tissues at
different stage of the disease process (Chadwick et al., 1998). This ISH assay
detected JDV RNA at the onset of the febrile period, mainly in the parafollicular

areas of the spleen, and to a lesser extent in the lymph nodes, bone marrow, lungs
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and kidneys. On the second day of the febrile period, viral RNA was detected at
elevated levels in the lymph nodes and in the cellular infiltrate in other organs. On
the fourth day of the febrile period, JDV-infected cells were widely distributed in all
tissues. While the identity of the JDV-infected cells could not be determined, the
prevalence and morphology of infected cells in lymphoid tissues suggested that the
infected cells were of lymphoid origin and possibly of the monocyte/macrophage
lineage (Chadwick et al., 1998).

Polymerase chain reaction (PCR)

PCR is the technique of choice for detection and analysis of minute amounts of
DNA (Glick and Pasternak, 2003). It has been widely used for sensitive and specific
detection of many lentiviruses, including HIV-1 (Nyambi et al., 1994) and BIV
(Suarez et al., 1995).

For the detection of JDV proviral DNA, the first reported PCR assay involved a
nested set of 4 oligonucleotide primers selected from sequences in the gag genes of
JDV. These provided a sensitive assay that was specific for JDV, and did not
recognise proviral DNA of the closely related BIV (Chadwick, 1995). Additional
JDV-specific PCR assays have been developed to detect JDV proviral-DNA in
PBMC isolated from JDV-infected cattle as early as 3 days after infection, before
clinical signs developed, and until at least 18 months after infection (Tenaya and
Hartaningsih, 2004; Tenaya et al., 2003). This test enabled the early detection of
JDV after infection, whereas serological assays such as ELISA were generally
unable to detect antibody until at least 11 weeks after infection (Hartaningsih et al.,
1994). PCR assays have been used to monitor the effect of vaccination with a tissue-
derived vaccine (Hartaningsih et al., 2001) on virus persistence and it was
determined that the number of cattle in which proviral DNA could be detected in

PBMC was reduced significantly after vaccination (Tenaya and Hartaningsih, 2005)
Bovine immunodeficiency virus

BIV was originally isolated in Louisiana from a dairy cow (R29) with persistent
lymphocytosis, lymphadenopathy, progressive weakness and emaciation (Van der
Maaten et al., 1972). The virus induced syncytium formation and was antigenically
distinct from bovine spumavirus. Reinoculation of the R29 isolate into colostrum-

deprived calves caused only a mild lymphocytosis and enlargement of subcutaneous

26



lymph nodes without any overt clinical signs, very different to the clinical signs
observed in the animal from which it was isolated. Probably due to the absence of
marked clinical signs in cattle experimentally infected with BIV, little further
investigation of this virus did until the discovery that HIV-1 was also a lentivirus. It
was not until later that Gonda et al. (1987) characterised the R29 strain of BIV as a
lentivirus based on virion structure, budding characteristics and genetic homology
with other lentiviruses. Antigenic cross-reactivity between the CA protein of BIV
and the other known lentiviruses including HIV-1, EIAV, CAEV and MVV was
demonstrated (Gonda et al., 1987; Jacobs et al., 1992).

Only rarely has BIV infection been associated with naturally occurring clinical
disease and its distribution is worldwide, in contrast to JDV that seems to be
confined to Indonesia (Brownlie et al., 1994; Chadwick et al., 1995b; Muluneh,
1994; Polack et al., 1996; Whetstone et al., 1990). Inoculation of cattle with R29 and
other BIV-isolates has resulted in mild changes including a mild lymphocytosis
predominantly due to B-cells, a transient increase of mononuclear cells and immune
suppression (Whetstone et al., 1997; Zhang et al., 1997a). The difference in severity
of the lesions between those observed in the cow from which the virus was isolated
and those seen in the experimentally infected cattle has been attributed to loss of
virulence of the R29 isolate since its original isolation, due to extensive attenuation
following multiple passages in vitro (Suarez et al., 1993) but attenuation may not
have occurred and other factors might well have been responsible for these
differences. Experimental infections with other strains of BIV have also not
produced lesions typical of those observed in the cow from which R29 was isolated.
The apparent lack of pathogenicity of BIV, in marked contrast to the closely related
JDV in Bali cattle, suggested that BIV may have a greater pathogenicity in Bali
cattle. However, infection of 2 young Bali cattle with BIV did not induce clinical
signs, although all animals became BIV positive by PCR and the virus was re-
isolated from the infected cattle (Whetstone et al., 1996).

Recent studies with the R29 strain of BIV in Bali cattle confirmed previous
observations (Whetstone et al., 1996) that this strain did not produce clinical signs of
disease in this species and there was no greater susceptibility of Bali cattle to BIV as
there is to JDV. Proviral BIV DNA was detected in PBMC from 4-60 days after

infection when the experiment was terminated, with peak titres 20 days after
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infection. There was a transient viraemia from 4-14 days after infection with a
maximum 1 x 10* genome copies/ml of plasma. An antibody response to the TM
protein occurred commencing 12 days after infection but an antibody response to the
to the CA protein was detected in only 1 of 13 cattle before 60 days and only after 34
days (McNab et al., 2010). Apart from the lack of pathogenicity of BIV in Bali cattle
there are interesting comparisons between BIV and JDV infection in Bali cattle: the
transient viraemia soon after infection with BIV is similar to that observed after JDV
infection but the level of viraemia after BIV infection is markedly less than that
which occurs with JDV infection. The antibody response to BIV infection was also

markedly earlier than that detected following JDV infection.

BIV is genetically closely related and shares common antigens with JDV (Barboni et
al., 2001; Burkala et al., 1998; Desport et al., 2005; Kertayadnya et al., 1993). The
similarity of the gag encoded proteins of BIV and JDV is approximately 62% at the
amino acid level, the CA of both viruses share 75% identity whereas the identity of
the TM of the 2 viruses is only 31% (Chadwick et al., 1995b; Kertayadnya et al.,
1993). Using JDV CA in serological assays does not differentiate antibody to BIV
and JDV (Barboni et al., 2001; Wilcox et al., 1995) even though unique epitopes
have been described on the Gag protein of BIV and JDV (Lu et al., 2002).

BIV appears to have a broad host range and infection of sheep, goats and rabbits also
induced a persistent infection and antibody response (Carpenter et al., 2000; Forman
etal., 1992; Jacobs et al., 1996; Smith and Jacobs, 1993; Whetstone et al., 1991).
BIV also appears to be pantropic and infect a wide variety of cell types including B-
cells, T-cells and cells of the monocyte/macrophage lineage (Heaton et al., 1998;
Rovid et al., 1995; Whetstone et al., 1997; Wu et al., 2003). The cellular receptor
used by BIV has not been determined.

Lentivirus infection in other species

Human immunodeficiency virus type 1 (HIV-1)

HIV-1 was first identified in 1983 as the causative agent of acquired immune
deficiency syndrome (AIDS) (Barre-Sinoussi et al., 2004; Clements and Zink, 1996).
Although a second human immunodeficiency virus, HIV-2, was subsequently
identified, HIV-1 is responsible for the majority of HIV infections globally, although
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features of the 2 virus infections are similar (Azevedo-Pereira et al., 2005; Azevedo-
Pereira et al., 2003; Reeves and Doms, 2002). The route of transmission of HIV-1
and HIV-2 are the same (Grant and De Cock, 2001), mainly as a cell-associated virus
in semen transmitted by sexual contact, or in blood where it is transmitted as a
consequence of needle-sharing amongst intravenous drug users or during blood
transfusions, and maternally both in utero and from breast milk (Buonaguro et al.,
2007; Friedland and Klein, 1987).

HIV-1 induces a transient and acute clinical disease 3-4 weeks after infection, as do
a number of other lentiviruses, which could be likened to a mild form of the acute
clinical disease that is a consequence of JDV infection in Bali cattle. However, the
acute disease following HIV infection is much milder than that which occurs as a
consequence of JDV infection in cattle. HIV-infected individuals invariably recover
and then go on to develop acquired immune deficiency disease (AIDS), whereas the
case fatality rate associated with Jembrana disease is about 20% and animals that
recover do not develop any further clinical disease. The major characteristics of the
HIV disease process are depicted schematically in Figure 2.7. After infection, HIV-1
disseminates to and replicates in cells of regional lymphoid organs until a threshold
of replication is reached 2-6 weeks post-infection (Alcami, 2004a; Brenchley et al.,
2004; Weiss, 2000). There is then an occurrence of mild flu-like illness associated
with a transient decrease in the number of circulating CD4" T-cells and a concurrent
transient increase in the plasma viral load. This is followed by a rapid clearance of
virus probably due to the ability of the immune system to generate an effective
response to control replication (Blattner et al., 2004) and thought to be
predominantly associated with cell-mediated responses but not with the development
of neutralising antibodies (D'Souza and Mathieson, 1996). The ensuing virus
infection is associated with a limited proliferation of the virus due to host defence
mechanisms, but a minimal viraemia is nonetheless maintained (Tyler and Fields,
1996). In the presence of neutralising antibody, the viraemia is drastically reduced
and becomes cell-associated to facilitate persistence of the virus and remission of
clinical signs (Forthal et al., 2001; Tyler and Fields, 1996). Viral replication
continues at a lower level during a long symptom-free period until the level of
viraemia progressively increases again and this coincides with a progressive

reduction in CD4" T-cells leading to onset of immunosuppression and opportunistic
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secondary infection that manifest as AIDS (Figure 2.7). The period from initial
infection until the occurrence of severe clinical symptoms leading to AIDS can range

from months to years.
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Figure 2.7. A typical time-course of HIV infection. After initial infection, CD4" cells
decrease transiently in association with a transient high plasma virus load shortly
after infection and this is associated with a flu-like illness. This is followed by a
progressive slow decrease in CD4" cells during a long asymptomatic period but
eventually there is a further increase in virus load and very low levels of CD4" cells
leading to the onset of AIDS. Sourced from Weber (2001).

HIV-1 infects several primary cell types, predominantly the CD4" T-helper subset of
lymphocytes, the macrophage lineage, and some populations of dendritic cells
(Clapham and McKnight, 2002). The depletion of CD4" T-cells, the hallmark of
HIV-1 infection, occurs predominantly in the gastrointestinal tract, similar to SIV
infections (Brenchley et al., 2004; Canto-Nogues et al., 2001; O'Neil et al., 1999)
and as a direct consequence of viral replication the infected cells are destroyed,
leading to mass destruction of the immune system (Alcami, 2004a; Brenchley et al.,
2004; Penn et al., 1999; Picker, 2006). The development of these changes is
associated with a progressive change in virus replication from a slow replicating
low-titre virus to a rapidly replicating high-titre virus, caused in part by a switch in
the predominant receptor used by the virus that enables the virus to broaden its cell
tropism (Fenyo et al., 1989; Weber, 2001).
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Changes observed during AIDS include weight loss, diarrhoea and a range of
secondary infections associated with opportunistic pathogens (Grant and De Cock,
2001; Mwachari et al., 2003; Stack et al., 1996; Ullrich et al., 1992).
Immunosuppression leads to opportunistic infections (Mwachari et al., 2003; Zhang
et al., 2007; Zhang et al., 2004) resulting in secondary infections, e.g. Pneumocystis
carinii associated with pneumonia, Mycobacterium leading to tuberculosis, herpes
zoster infections, toxoplasmaosis, cytomegalovirus, oral candidiasis and other viral,
bacterial, fungal and protozoal agents (Soriano et al., 2000; Sungkanuparph et al.,
2003; Ullrich et al., 1992). Kaposi’s sarcoma due to Human herpesvirus type 8 is a
common skin tumour seen in AIDS patients and growth of the tumour cells is
thought to be stimulated by the extracellular Tat secreted from HIV-1 infected cells
(Dupon et al., 1997; Engels et al., 2003; Rubartelli et al., 1998).

In individuals with AIDS, infected tissue macrophages have been detected in lung,
colon, brain, liver and kidney (Cao et al., 1992; Donaldson et al., 1994). Other
tissues that harbour persistently-infected macrophages include lymph node, spleen
and bone marrow (Gorry et al., 2001). Infection of macrophages in certain organs
results in some primary diseases including encephalitis, lymphoid interstitial
pneumonia and bone marrow disorders leading to anaemia and thrombocytopenia
(Hanna et al., 1998; Pise et al., 1992; Wheeler et al., 2006). About 30% of HIV-
infected patients exhibit encephalitis in which HIV-1 is assumed to enter into the
brain tissue via circulating infected monocytes that cross the blood brain barrier and
mature into macrophages (Gonzalez-Scarano and Martin-Garcia, 2005; Wheeler et
al., 2006).

The ability of HIV-1 to also infect and deplete CD4" lymphocyte populations is
partly due to its ability to infect follicular dendritic cells in the germinal centres of
lymphoid follicles. This causes gradual disruption of the follicular dendritic network
and functional perturbations of B-cells in the tissue, ultimately leading to the onset
of AIDS (Moir et al., 2003; Moir et al., 2001). B-cell dysfunction in HIV infection is
largely associated with cell hyperactivation and can lead to
hypergammaglobulinaemia (Shirai et al., 1992), increased spontaneous secretion of
Ig (Conge et al., 1994; Fournier et al., 2002), and increased susceptibility to
apoptosis (Muro-Cacho et al., 1995; Samuelsson et al., 1997). In HIV infections, B-

cells respond poorly to mitogenic or antigenic stimuli in vitro and produce poor

31



antibody responses in vivo (Conge et al., 1998; Opravil et al., 1991). A similar
phenomenon has been reported in SIV and FIV infections (Zhang et al., 2007; Zhang
etal., 2004).

Dendritic cells are a main target for HIV-1 at the mucosal level and are among the
first cell targets during early infection (Hu et al., 2000; Knight, 2001; Miller et al.,
1994; Sewell and Price, 2001). These cells were the predominant cell type infected
following vaginal exposure of macaques to SIV (Hu et al., 2000; Miller et al., 1994;
Spira et al., 1996). They play a significant role as antigen-presenting cells (APC) that
capture, transport and present the virus from mucosal membranes to CD4" and CD8"
T-cells in lymph nodes (Cella et al., 1999; Geijtenbeek and van Kooyk, 2003,
Rowland-Jones, 1999). Whether dendritic cells are directly infected by HIV-1 or are
carriers of the virus has been controversial. The dendritic cell-specific protein (DC-
SIGN) does act as a novel HIV-1 trans-receptor for binding and transmitting the
virus to target cells but it does not function as a receptor for viral entry (Clapham and
McKnight, 2001; Geijtenbeek and van Kooyk, 2003; Geijtenbeek et al., 2000b).
Some have reported that HIV-1 infects dendritic cells that then secrete soluble HIV-1
gp120 which hampers CD4" T-cell proliferation and IL-2 production, and leads to
immune dysfunction in AIDS patients (Fantuzzi et al., 2004; Kawamura et al., 2003).
Others have reported that dendritic cells support viral replication dependent on their
state of maturation (Bakri et al., 2001; Granelli-Piperno et al., 1998). Immature
dendritic cells and Langerhans cells at the genital tract mucosal membranes were
considered more permissive than mature cells to HIV-1 infection (Bakri et al., 2001;
Bhoopat et al., 2001; Clapham and McKnight, 2001). These cells are different to
other dendritic cells from other tissues in that they do not possess DC-SIGN
associated with transmission events (Geijtenbeek et al., 2000a; Prakash et al., 2004),
and they express C-type lectins such as mannose receptors that are thought to be
involved in initial attachment of HIV-1 (Turville et al., 2003). Follicular dendritic
cells that trap and retain HIV-1 in the follicles of secondary lymphoid tissues have
also been considered as a significant reservoir of infectious virus (Brandon et al.,
2008).

Equine infectious anaemia virus (EIAV)

Equine infectious anaemia was first described in 1904 but the causative virus was

not identified as a lentivirus until more recently (Charman et al., 1976; Cook et al.,
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2001; Montelaro et al., 1993). It is a lentivirus that occurs to a sufficient titre in
blood that it can be transmitted mechanically by arthropods (Issel and Coggins,
1979; Montelaro et al., 1993; Sellon et al., 1994) but it can also be experimentally
transmitted by inoculation of blood from naturally infected animals into susceptible

animals (Spyrou et al., 2003).

EIAV induces a clinically variable disease with acute, chronic and inapparent carrier
phases. The acute stage is atypical of most lentiviruses in that it is characterised by
an early viraemic period after infection and this is associated with the rapid
development of clinical signs including fever, depression, anorexia, weight loss,
oedema and anaemia that sometimes results in death (Issel and Coggins, 1979; Valli,
1993). During this period, lymphocyte counts are reduced due to significant
reduction of CD4" and CD8" T-cell populations (Murakami et al., 1999).

Animals that recover from the initial acute disease may develop intermittent or
recurrent clinical episodes characterised by fever, thrombocytopenia, lethargy,
inappetence, progressive anaemia and cachexia (Sellon et al., 1994; Valli, 1993).
Periodic clinical relapses initially occur at 1-2 week intervals but the interval
between relapses progressively increases until complete recovery is attained (Leroux
et al., 2004) perhaps 12 months later. Most infected horses then develop a prolonged
subclinical virus infection during which the cellular reservoir of virus is
macrophages (Oaks et al., 1998; Sellon et al., 1994). The reduction of viral load is

associated with the presence of neutralising antibodies (Sponseller et al., 2007).
Maedi-visna virus (MVV).

The MVV-related diseases, maedi and visna, were first reported in Icelandic sheep in
Iceland (Narayan et al., 1993). Infected animals develop a chronic wasting disease
characterised by interstitial pneumonia (maedi) or nervous signs (visna) (Benavides
et al., 2006; Bolea et al., 2006; Cutlip et al., 1988) although mastitis is also common
in infected lactating animals (Cutlip et al., 1988; Dawson, 1980; Dow et al., 1990;
Lujan et al., 1991; Narayan et al., 1993). The diseases have been recognised in most
sheep-rearing countries of the world, with the notable exception of Australia and
New Zealand (Shuljak, 2006). The causative virus MVV is closely related to CAEV
with which it shares approximately 75%, 78% and 60% identity to nucleotide

sequences in gag, pol and env genes, respectively (Saltarelli et al., 1990).
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Typical of lentivirus infections, infected sheep remain carriers for life (Dawson,
1987; Pepin et al., 1998) and transmission is possible in many ways but mainly by
ingestion of infected colostrum or milk, or by aerosol transmission of virus from the
respiratory tract of infected animals (Blacklaws et al., 2004; Leginagoikoa et al.,
2006; Peterhans et al., 2004; Preziuso et al., 2004; Straub, 2004). There is a close
genetic and antigenic relationship between MVV and CAEV (Gogolewski et al.,
1985; Grego et al., 2002; Rosati et al., 1999) and natural cross-species transmission
by close contact between sheep and goats is possible (Banks et al., 1983; Castro et
al., 1999; Gjerset et al., 2007; Grego et al., 2007; Lacerenza et al., 2006; Pisoni et al.,
2005; Rolland et al., 2002). The potential for cross-species transmission has been
supported by recent phylogenetic analysis of sheep isolates that revealed the
presence of strains that had greater genetic identity to CAEV than to MVV (Karr et
al., 1996; Leroux et al., 1997; Shah et al., 2004b; Valas et al., 1997).

The virus predominantly infects fixed-tissue macrophages and it does not infect T-
cells, in contrast to many other lentiviruses and including those of man, monkeys and
cats (Brodie et al., 1995; Gendelman et al., 1985; Gendelman et al., 1986; Gorrell et
al., 1992; Narayan et al., 1983). MVV has also been detected in dendritic cells that
not only carry infectious MVV but are also host to virus replication (Ryan et al.,
2000).

Caprine arthritis encephalitis virus

CAEV was first isolated in the early 1970s from synovial fluid of an arthritic goat
and goat kids with encephalitis (Cheevers et al., 1988; Cork et al., 1974). The virus
has a close genetic relationship to MVV and induces a similar disease in goats to
those detected in sheep with MVV, and is widespread in many countries including
Australia (Contreras et al., 1998; Cutlip et al., 1992; de la Concha-Bermejillo et al.,
1998; Guiguen et al., 2000; Surman et al., 1987). In contrast to MVV infection, the
main pathological forms described in infected goats are a chronic degenerative
polyarthritis and a leukoencephalitis in mature goats and kids, respectively, and
pneumonia less commonly (Cork et al., 1974; Rowe and East, 1997). As in sheep
with MVV, horizontal transmission is mainly via ingestion by the newborn of
infected colostrum and milk from the mother (East et al., 1993; Greenwood et al.,
1995; Le Jan et al., 2005; Mselli-Lakhal et al., 1999; Peterhans et al., 2004). The

virus in the ingested milk infects mononuclear cells of the monocyte/macrophage
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lineage which are the primary target cells of CAEV, similar to MVV (Lechat et al.,
2005; Narayan and Kennedy-Stoskopf, 1983).

Feline immunodeficiency virus (FI1V)

FIV is a T-lymphotropic lentivirus of domestic cats first isolated from feline
leukaemia virus (FeLV) serologically-negative cats showing an immunodeficiency-
like syndrome (Pedersen et al., 1987). Although FIV and FeLV both may induce
immunodeficiency, the infections can be specifically differentiated based on

serological assays (Fontenot et al., 1992; Shelton et al., 1990).

Clinical manifestations of FIV infection occur in 3 phases: an acute, an
asymptomatic, and a subsequent immunodeficiency condition, all of which appear
analogous to that observed in HIV-infected patients (Ishida and Tomoda, 1990;
Pedersen et al., 1987; Pedersen et al., 1989). The acute stage soon after infection is a
transient disease with generalised lymphadenopathy, fever and leucopenia (Barlough
etal., 1991; Obert and Hoover, 2002). This is then followed by a subclinical stage
and finally by a terminal stage characterised by a number of chronic infections,
wasting and a low level plasma viraemia (Pedersen et al., 1989). The terminal stage
is similar to that seen in HIV and SIV infections (Pedersen et al., 1987; Yamamoto et
al., 1988).

The virus targets activated CD4" T-cells by specifically binding to a CD134 receptor
expressed on the surface of the cell and in conjunction with co-receptor, CXC
chemokine receptor 4 (de Parseval et al., 2004; Shimojima et al., 2004). FIV
infections cause a gradual depletion of CD4" T-cell subsets and impair immune
function (Ackley et al., 1990; Olmsted et al., 1989; Talbott et al., 1989; Yamamoto
et al., 1988). FIV, however, can also infect monocytes/macrophages and B-cells, and
B-cells are considered to be a principal target in the later stages of infection (Brunner
and Pedersen, 1989; Dean et al., 1999; Dean et al., 1996; English et al., 1993; Troth
etal., 2008; Yang et al., 1996). Replication of the virus in cells of macrophage
lineage has been considered to be responsible for disease manifestations of the
central nervous system (Clements and Zink, 1996; Dow et al., 1990; Hartmann,
1998) and virus has been detected in the cerebrospinal fluid of seropositive cats
experimentally infected with a Maryland strain of the virus (Prospero-Garcia et al.,
1994).
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Simian immunodeficiency viruses (SI1V)

SIVs are a diverse group of nonhuman African primate lentiviruses that share many
of the biological properties of HIV-1 and HIV-2 and tend to cause a disease
remarkably similar to human AIDS, not in the primary host but in other heterologous
primate species that are not the natural host (Brown et al., 2007; Desrosiers, 1990;
Letvin et al., 1985; Veazey et al., 2000). SIV in their native hosts have adapted to
survive in these hosts and the infected primates do not develop disease despite high
levels of virus replication and a limited antiviral CD8" T-cell response (Broussard et
al., 2001; Cumont et al., 2008; Rey-Cuille et al., 1998; Silvestri et al., 2003). These
viruses are transmitted between individuals in association with sexual activity and
male to male aggression (Whetter et al., 1999). An AIDS-like disease in non-human
primates was first reported in rhesus macaques infected with SIV isolated from sooty
mangabeys (Letvin et al., 1985). This finding subsequently provided a model for the
study of human AIDS that is amenable to manipulation of a variety of experimental
parameters. The major application of the model has been for study of pathogenesis
(Hirsch and Johnson, 1994; Zink et al., 1998), transmission (Harouse et al., 2001;
Tsai et al., 2004), genomic integration (Crise et al., 2005), treatment (Clements et al.,
2005; North et al., 2005; Shen et al., 2003; Zink et al., 2005) and vaccine
development (Egan et al., 2000; Haga et al., 1998; Hayami and lIgarashi, 1997; Nath
et al., 2000; Parker et al., 2001).

Clinical signs of simian AIDS generally include rapid weight loss, poor fluid intake,
diarrhoea, loss of appetite and ataxia (Dykhuizen et al., 1998; Sopper et al., 1998).
Primary components of the disease include giant cell interstitial pneumonia,
meningitis, glomerulonephropathy, severe enteritis, persistent lymphadenopathy and
bone marrow disorders (Brown et al., 2007; Dykhuizen et al., 1998; Kitagawa et al.,
1991). Immunosuppression enables secondary opportunistic infections (Clements
and Zink, 1996; Yanai et al., 1999). The development of lesions seen in the early
stage of AIDS have been shown to be related to changes in the cellular tropism of the
virus (Clements and Zink, 1996). Replication of some strains of SIV in cells of
monocyte/macrophage lineage has been considered to cause primary neurological
signs and pneumonia (Kim et al., 2003; Mankowski et al., 1998; Sharma et al., 1992)
while strains that replicate in lymphocytes are predominantly responsible for

decreasing absolute number of CD4" cells leading to opportunistic infections (Brown
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et al., 2007; Dykhuizen et al., 1998; Mattapallil et al., 2005; Veazey et al., 2003;
Veazey et al., 2000).

Infection with some strains of SIV has induced disease that is more rapidly
progressive than is normally seen in lentivirus infections, and there are analogies of
these infections to JDV infection in Bali cattle. Infection with SIV 4 or the hybrid
simian/human immunodeficiency virus SHIVgg epp caused rapid AIDS development
in which some infected monkeys died within 6 months of virus infection (Dykhuizen
etal., 1998; Smith et al., 1999; Steger et al., 1998; Zhang et al., 2007). In this rapidly
progressive AlIDS-like condition the plasma viral loads were found to be higher than
is usual and there was frequently a lack of any virus-specific humoral immune
response (Watson et al., 1997; Zhang et al., 2002; Zhang et al., 2004). In this
condition, an early severe depletion of B-cells in germinal centres and disruption of
the follicular dendritic cell network was evident, and were thought to be associated
with the lack of antibody response that ultimately led to rapid disease progression
(Dykhuizen et al., 1998; Zhang et al., 2007; Zhang et al., 2004).

Infection with SIVsmmpgiji4 also produces a disease with some similarities to
Jembrana disease but the infection is even more virulent than JDV infection.
SIVsmmesj14 1S the most virulent primate lentivirus that has been described, causing a
fatal disease in nearly all infected pig-tailed macaques (Macaca nemestrina) within
days instead of months and years as in HIV and most SIV infections (Fultz et al.,
1989). This highly atypical variant of SIV was originally isolated from lymphoid
tissues of a macaque (PBj) that had previously been infected with SIVy, for 14
months. The virus also infects and induces disease in other strains of monkeys
including sooty mangabeys and rhesus macaques, but a more variable form of the
acute disease is seen in rhesus monkeys (Fultz et al., 1989; Lewis et al., 1992a).
Transmission of disease occurs only by means of experimental inoculation after
which the virus induces a high titre viraemia, extensive cellular activation and
proliferation and a high level of cytokine production, leading to acute severe clinical
signs (Fultz and Zack, 1994; Lewis et al., 1992a). The acute clinical signs in pig-
tailed macaques include depression, anorexia, fever, an erythematous skin rash,
profuse diarrhoea and death, all within 6-10 days of infection (Fultz et al., 1989;
Hodge et al., 1999; Lewis et al., 1992a; Mossman et al., 1996; O'Neil et al., 1999).

Animals develop a severe lymphopenia involving all circulating lymphocytes, and a
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moderate neutrophilia (Novembre et al., 1993; O'Neil et al., 1999; Schwiebert and
Fultz, 1994). Pathological changes include a generalised lymphadenomegaly,
splenomegaly and, unlike Jembrana disease, marked gastrointestinal lesions. The
most prominent pathologic feature is a rapid and extensive lymphoid hyperplasia of
the T-cell areas of lymph nodes, spleen and particularly the gut-associated lymphoid
tissues (Fultz and Zack, 1994; O'Neil et al., 1999), and a similar T-cell proliferation
is also seen in Jembrana disease. These expanded T-cell zones contained a high
proportion of lymphoblasts, activated macrophages and syncytial cells, indicating
high levels of viral replication and immune system hyperactivation. These
histological changes are atypical of those observed with primary HIV-1 infections
(Fultz, 1994; Fultz and Zack, 1994). SIVemmesji4 infects CD4" T-cells, macrophages,
CD8" T-cells and B-cells in vivo (O'Neil et al., 1999). Additional in vitro studies
have indicated that the virus also replicates efficiently in resting pig-tailed macaque
PBMC (Fultz, 1991; Novembre et al., 1993), activates and induces proliferation of
CD4" and CD8" lymphocyte subsets, and resting lymphocytes (Fultz, 1991; Fultz
and Zack, 1994; Novembre et al., 1993; Schwiebert and Fultz, 1994). The mitogenic
properties of Nef encoded by this virus have been assumed to play a major role in the
activation of resting lymphocytes (Stephens et al., 1998). Animals that have survived
the acute disease associated with SIVsmmesji4 have shown a reduction of viraemia
and production of antiviral-antibodies after about 2 weeks (Fultz, 1994). Attempts to
develop prevention strategies have found that recombinant vaccines and a potent
antiretroviral agent provided macaques with protection from lethal SIVgmmegj14
challenge but not from natural infection (Hodge et al., 1999; Mossman et al., 1996).

Immune response to lentivirus infections

There are 2 main types of immune response to virus infections, involving the innate
and adaptive immune systems (Cotran et al., 1999; Flint et al., 2000). The adaptive
immune response can be humoral or cell-mediated, both of which seem important in
lentivirus infections. The innate immune system can be activated within hours of
infection and is the body’s first response to the virus. This system produces
interferons, complement and inflammatory responses (Cotran et al., 1999).
Interferons at this stage have many roles: they induce an antiviral state in
neighbouring cells that inhibit virus replication and enhance clearance of infected

cells by activating the complement cascade, natural killer cells (NK), dendritic cells,
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macrophages, neutrophils and eosinophils, and releasing innate cytokines (Levy,
2001). In contrast to the innate immune system, the adaptive immune response is
highly specific for a particular pathogen and takes longer to reach optimal activity
(Roitt et al., 2001a). The longer time is required for activation of APC before the
process of differentiation and maturation of the cell-mediated and humoral immune

responses.

Perturbations of the immune system are a consequence of many lentivirus infections
and can affect the virus-specific immune response. One example is the lack of a
virus-specific humor