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THESIS SUMMARY

HIV-1 infection of astrocytes is involved in HIV-1 induced neurological diseases and is a possible
source of viral persistence. In situ studies of post mortem brain tissue indicate that HIV-1
infection of astrocytes does occur, but is restricted. Previous in vitro studies have revealed
intrinsic intracellular blocks to HIV-1 transcription and translation in astrocytes. Co-culture of
infected astrocytes with permissive CD4” cells has been shown to “rescue” infectious HIV-1 from
the restricted infection of astrocytes, resulting in transmission of infection to the CD4" cells.
However, the early viral replication steps of entry, reverse transcription and integration have not

been previously characterised in detail in astrocytes, and are the focus of this study.

In this thesis, two routes of initiation of in vitro HIV-1 infection of astrocyte cell lines were
employed; i) “cell-to-cell” infection (involving coculture of astrocytes with HIV-1 infected
macrophages or T-cell lines), and ii) “cell-free” infection (direct application of cell-free virus to
the astrocytes). In the cell-to-cell infection model, the process of HIV-1 reverse transcription was
investigated but could not be clearly demonstrated to occur within the astrocyte cell population.
The cell-free infection model permitted a more detailed analysis of the interaction between
astrocytes and HIV-1, focussing on the entry and post entry HIV-1 replication steps of reverse
transcription and integration. In cell-free infection, uptake of HIV-1 by astrocytes occurred within
vesicles. Although infectious virus was subsequently released from these cells, there was no
evidence that viral replication had occurred. Extrachromosomal viral DNA could be detected in
these cells, however the level of viral DNA associated with the astrocytes declined with time and
was unaffected by inhibitors of HIV-1 reverse transcription. This astrocyte-associated viral DNA
was subsequently shown to be due to HIV-1 DNA in the viral inoculum. Using specific assays to
detect integrated forms of HIV-1 DNA, no evidence was found for viral integration in these cells.
Unspliced viral RNA was present, and declined with time post infection. Despite the striking
absence of integrated HIV-1 DNA in these cells, the majority of infected astrocyte cultures
sporadically released infectious virus. This demonstrated that an alternative, replication-
independent pathway of HIV-1 infection and transmission, previously reported in dendritic and

epithelial cells, can also occur in astrocytes.

The identification and characterisation of this replication-independent pathway of astrocyte
infection in this thesis may have significant ramifications for our understanding of the entry and
spread of HIV-1 through the central nervous system (a major viral reservoir). The possibility that
this pathway of infection occurs in astrocytes in the CNS may also impact upon the management
of viral persistence and anti-retroviral therapy evasion by the virus. The effect of this replication-
independent process on astrocyte function, and the relevance of this in the pathogenesis of HIV-1

associated dementia, remains to be determined.
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Chapter 1

Introduction

1.1 Background on HIV

1.1.1 Discovery and classification of the Human Immunodeficiency Virus

During the late 1970s and early 1980s an unusual syndrome, characterised by
lymphadenopathy, opportunistic infections such as Preumocystis carinii pneumonia and a
variety of unusual cancers (including non-Hodgkin’s lymphoma and Kaposi’s sarcoma),
began to present in previously healthy individuals in the USA and Europe. This
immunodeficiency syndrome was first reported by the Centres for Disease Control, USA in
1981 (1981). A similar “Acquired Immunodeficiency Syndrome” (AIDS) was seen in male
homosexuals, intravenous drug users, hemophiliacs and other blood transfusion recipients,
and their partners and children. A common laboratory finding in these patients was a
reduced number of CD4" T-cells in their peripheral blood. In 1983 three similar infectious
agents were isolated from such patients; “lymphadenopathy-associated virus” (LAV) (Barre-
Sinoussi ef al, 1983), “Human T-cell Leukemia Virus Type III (HTLV-II)” (Gallo ef al,
1984; Popovic et al, 1984) and “AIDS-associated retrovirus” (ARV) (Levy et al, 1984). The
similarity of these three viruses, and differences from HTLYV, lead to the renaming of this

new group of viruses as Human Immunodeficiency Virus (HIV) (Coftin et al, 1986).

The presence of a virus-associated reverse transcriptase together with the morphology of this
agent upon electron microscopy (refer Section 1.1.5) indicated that HIV was a member of
the Retroviridae Family (Barre-Sinoussi ef al, 1983; Gonda et al, 1985). Like previously
described retroviruses, mature HIV-1 particles were observed to have an electron dense core
and a diameter of approximately 100nm (Coffin et al, 1997). Subsequent sequence analysis
of the proviral DNA further classified this virus as a member of the Lentivirus genus (Ratner
et al, 1985). This lead to the identification of a number of other, genetically distint, primate
lentiviruses, including simian immunodeficiency virus (SIV) and a less virulent human
immunodeficiency virus (HIV-2).  Accordingly the human immunodeficiency virus

described above was renamed HIV-1.



HIV-1 is thought to have originated from SIV infected chimpanzees in certain parts of
Africa (Eigen and Nieselt-Struwe, 1990; Holmes, 2001; Myers et al, 1992; Sharp et al,
2005; Vidal et al, 2000). HIV-1, like all retroviruses, exhibits a high degree of genetic
variation. Phylogenetic comparisons between HIV-1 strains found worldwide have
identified eleven distinct subtypes or clades. The predominant subtype in the Western world
is type B. The predominant subtype in India and Africa, and globally, is type C. Whilst
subtype B is the most studied, the general course of disease progression due to the different
subtypes appears similar, and involves degeneration of the immune system. The

pathogenesis of HIV-1 described in this thesis pertains to subtype B.

1.1.2 Prevalence of HIV-1 infection

In December 2005 the estimated number of people living with HIV was between 36.7-45.3
million (2005). An estimated 3.1 million people with AIDS died in 2005, whilst
approximately 4.9 million people became newly infected. Across the world, the number of
people living with HIV has continued to increase. In particular, the prevalence of HIV-1 has
significantly increased in India, China, Papua New Guinea, Vietnam, Ukraine and the
Russian Federation in the last few years. Globally, the number of women living with HIV
has also increased significantly in this period. The Sub-Saharan region of Africa is the worst

affected region, with around 25.8 million people living with HIV (Figure 1.1).

Whilst the advent of effective highly active anti-retroviral therapy / anti-retroviral therapy
(HAART / ART) has dramatically improved the care and prognosis of people living with
HIV-1 in the developed world, at the end of 2003 only around 400 000 of the people living
with HIV-1 (ie only 1%) were being treated. Treatment programs are under way in many
developing countries, however access to and delivery of treatment is hindered by several
factors including cost, availability of trained staff, and cultural and political barriers. The
access to anti-retroviral therapy has improved significantly in many developing countries in
the last two years, but it is still only estimated that, at best, only one person in ten in Africa,

and one person in seven in Asia in need of anti-retroviral therapy were receiving it in mid-

2005 (2005).
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Figure 1.1 Prevalence of HIV
Global distribution and number of people estimated to be living with HIV at the end of 2005.

The range of estimates for each region is indicated within brackets, with the mean estimate

indicated above, in bold.

Adapted from www.unaids.org



1.1.3 Clinical course of HIV-1 infection

HIV-1 is transmitted via body fluids and blood products. The predominant routes of
transmission are direct sexual contact, needle-sharing, and vertical transmission from mother
to child. Infected cells and cell-free virus come into contact with mucosal surfaces or the
blood stream. Direct access to the blood enables the virus to come into contact with
circulating immune cells including T-cells and monocytes. These cells express both the
main receptor for HIV-1 (CD4) and a “coreceptor” which facilitate virus entry and infection
(Section 1.1.6i). Contact of the virus with mucosal surfaces leads uptake of the virus by the
resident immune cells of the mucosa; Dendritic cells. These macrophage-related cells also
express CD4 and a coreceptor for HIV-1. They take up the virus for antigen presentation
and can become directly infected. After taking up HIV-1, dendritic cells migrate to local
draining lymph nodes where they come into contact with circulating immune cells, enabling
the virus to spread to T-cells and monocytes. Viremia results and circulation of infected T-

cells and monocytes rapidly distributes the virus throughout the body.

A burst of viral replication occurs in the first few weeks of infection, accompanied by a
sharp drop in the number of circulating CD4" T-cells and a clinical syndrome which
resembles acute mononucleosis, with fever, malaise, and lymphadenopathy. Approximately
3-6 weeks after the initial infection, a specific anti-HIV-1 CTL immune response is
detectable, followed by an antibody response, and a concomitant decline in viremia ensues
(Figure 1.2). Symptoms usually resolve, and the number of circulating CD4" T-cells

stabilises temporarily.

Typically over the next 8 to 12 years few, if any, clinical manifestations are experienced.
Throughout this period of “clinical latency” steady viral replication continues and the
number of CD4" T-cells decline. In the majority of untreated infected individuals, the
number of CD4" T-cells eventually reaches a critically low level, and plasma virus titres
simultaneously escalate. The dysfunction and severe depletion of vital immune cells renders
the individual highly susceptible to reactivation of other latent infections and the onset of
opportunistic diseases. This clinical presentation of late stage HIV-1 infection is known as

Acquired Immunodeficiency Syndrome (AIDS). This syndrome may include protozoal,
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Figure 1.2 Typical course of HIV-1 disease progression in an untreated patient.
Primary infection of an individual initially results in a burst of viral replication giving rise to
viremia, with a concomitant loss of CD4* T cells. This may be accompanied by general
symptoms resembling acute mononucleosis. By three to six weeks after the initial infection,
a HIV-1 specific immune response has been generated which, temporarily, restricts the
viremia. Correspondingly, the number of CD4* T cells in the peripheral blood stabilises, and
the individual is asymptomatic for several years. As the number of CD4* T cells falls below
300 / mm?, symptoms begin to develop. This is paralleled by the re-emergence of viremia.
When the CD4* T cell count eventually falls below a critical level (approximately 200/
mm?), the individual becomes highly susceptible to both reactivation of latent infections and

to new, opportunistic infections.

Adapted from Pantaleo et al. 1993.



bacterial, fungal and viral infections, the development of malignancies and a variety of

neurological symptoms (see Section 1.3).

Treatment with a single antiretroviral drug is only effective for a short time (weeks to
months), as “drug-escape” viral mutants readily emerge (Wei et al, 1995). HAART involves
treatment with a combination of 3 or more drugs that target at least two different steps in
viral replication. A treatment regime that inhibits the viral reverse transcriptase and viral
protease is highly effective at suppressing viral replication and delaying the onset of AIDS.
However, whilst plasma virus levels can be suppressed below detection, virus can still be
recovered from CD4" T cells (Chun et al, 1997, Finzi et al, 1997, Wong et al, 1997).
Complete virus eradication is not achieved, and virus levels rebound upon removal of
therapy (Chun et al, 1999). This indicates that the virus or provirus is able to persist in
certain population(s) of cells despite extended therapy.

1.1.4 HIV-1 persistence

The ability of HIV-1 to gain access to virtually all organs of the body, to infect a variety of
cell types, and to integrate its proviral DNA into the cellular chromosomes, form the basis
for long term persistence of the infection. Indeed, even in patients whose viral loads have
been undetectable during treatment for several years, cessation of antiretroviral therapy
results in a rebound of HIV-1 viremia (Chun et al, 2000; Davey et al, 1999; Harrigan et al,
1999: Imamichi ef al, 2001; Rosenberg et al, 2000; Zhang et al, 2000). This indicates that
either an undetectable level of viral replication continues in the presence of effective
HAART therapy, and / or that the virus can persist in latent reservoirs or sanctuaries,
evading eradication by therapy, for extended periods of time. Evidence for a low level of
ongoing viral replication in the presence of HAART includes genetic sequence evolution
(Gunthard et al, 1999; Zhang et al, 1999) unintegrated DNA levels (Chun ef al, 1997) and
the continued presence of cell-associated viral RNA (Furtado et al, 1999). There is also
evidence that viral reservoirs, which enable long-term persistence of the virus in a stable,
replication-competent form, are established early in the course of HIV-1 infection (Chun et
al, 1998; Finzi et al, 1997; Lisziewicz et al, 1998; Lori et al, 1999) and can persist despite
extended therapy (Chun et al, 1999; Chun et al, 2000; Davey et al, 1999; Harrigan ef al,
1999; Imamichi et al, 2001; Rosenberg et al, 2000; Zhang et al, 2000). Ongoing low level



viral replication in the presence of HAART may also serve to continually reseed viral
reservoirs (Dornadula et al, 1999; Furtado et al, 1999; Sharkey et al, 2000; Yerly et al,
2000; Zhang et al, 1999).

Long-lived, resting memory CD4" T-cells are the most studied reservoir of HIV-1. This
reservoir alone is reported to be sufficient for extended persistence of HIV-1 in the majority
of patients on HAART (Finzi ef al, 1999; Zhang et al, 1999). Sequence analysis of the viral
strains which emerge upon cessation of therapy have been reported to be similar to the
genotypes that pre-existed in the latent CD4" T-cell reservoir in some, but, notably, not all
patients (Chun ef al, 2000; Imamichi ef al, 2001; Siliciano and Siliciano, 2000; Zhang et al,
2000). This indicates that HIV-1 replication can also be reactivated from other sources of

persistence.

Sources of viral persistence (or “viral reservoirs”) may be considered from a cellular or
anatomical point of view (Blankson et al, 2002). In addition to resting memory CD4" T-
cells, postulated cellular reservoirs include macrophages, follicular dendritic cells, and
probably also quiescent CD4" T-cells, monocytes, CD8" T-cells, blood-derived dendritic
cells, B-cells, astrocytes and microglia (Blankson ef al, 2002; Brack-Werner, 1999).
Anatomical reservoirs include the Central Nervous System (CNS), Gut-associated lymphoid
tissue, bone marrow, genito-urinary tract and the kidneys (Blankson et al, 2002; Brack-

Werner, 1999; Cavert and Haase, 1998; Schrager and D'Souza, 1998).

It has been suggested that the central nervous system may be a major anatomical source of
viral persistence (Brack-Werner, 1999; Schrager and D'Souza, 1998). HIV-1 enters the CNS
early in the course of infection, where it infects microglia / macrophages and astrocytes
(discussed in detail in Section 1.3). Viral replication in the CNS may not be restricted by
HAART as well as it is systemically, because the blood-brain barrier hinders the access of
many (but not all) antiretroviral agents (Brew, 2001). The frequency of infection of these
cell types is moderate (around 7.5% and 2.6% for microglia and astrocytes, respectively),
and, as there are around 10'2 cells in each of these two populations present in the adult brain,
these represent two major cellular reservoirs of viral persistence. Indeed, the number of
HIV-1 infected microglia, and the number of HIV-1 infected astrocytes, have each been
estimated to be similar to the number of infected lymphocytes in untreated patients (Table

1.1) (Brack-Werner, 1999).



HIV Target Cell HIV DNA Positive Cells
e I e L) ey
Brain Astrocyte 0.4-2.0x10"2 2.6 1.0-5.0x10'°
Brain Microglia 0.2-1.0x10!2 7.5 1.0-7.5x10'°
Lymph Nodes | Lymphocytes 2.0x10! 15-30 1.0-6.0x10!°
Blood PBMC 1.0x10' 4.6 5.0x108

Table 1.1 Central nervous system cells represent a major potential source of virus

persistence.

The CNS has been postulated to be a key anatomical reservoir for HIV-1. Indeed, in untreated
HIV-1 individuals, the estimated number of microglia and astrocytes which may harbour HIV-
1 DNA is similar to the estimated number of infected lymphocytes. The tabulated frequency
of HIV-1 positive astrocytes and HIV-1 positive microglia in the CNS of HIV-1 infected
individuals represents the mean frequency of HIV-1 positive astrocytes or microglia from two

independent studies covering 26 cases of AIDS (Bagasra et al. 1996), by in situ DNA-PCR.

Adapted from Brack-Werner et al. 1999.



1.1.5 The HIV-1 Virus

The HIV-1 genome is composed of two identical copies of a 9.2kb single stranded, positive
sense, non-segmented RNA. Upon infection of a target cell, this genomic RNA is reverse
transcribed into linear, double stranded DNA that is subsequently integrated into the host
cell chromosome and established as provirus (for a detailed description refer to Section
1.1.6). In the virion, the two identical positive sense RNA molecules exist in close
association with the nucleocapsid protein and the viral enzymes reverse transcriptase,
integrase and protease (Figure 1.3). Capsid proteins encapsulate this nucleoprotein complex,
forming a condensed core structure. In mature virions this appears as a dense cone shape

upon electron microscopy (Figure 1.4).

The transcriptionally active proviral DNA genome is around 9.7kb, and, like all retroviruses,
has three main structural genes; gag, pol and env (Figure 1.5). Gag (group specific antigen)
encodes structural proteins including the matrix, capsid and nucleoproteins, pol
(polymerase) encodes the protease, reverse transcriptase and integrase enzymes, and env
(envelope) encodes the surface and the transmembrane glycoproteins. HIV-1 is a complex
retrovirus, with additional regulatory (Rev, Tat and Nef) and accessory (Vpr, Vpu and Vif)
proteins being derived from multiply spliced RNA transcripts. Repeating sequences (R)
occur at both the 5° and 3’ end of the RNA genome. The duplication of this repeating region
at both ends of the genomic RNA is important in facilitating reverse transcription of the
genome (Section 1.1.6ii). During reverse transcription sequences from both 3’ (U3; unique
3’) and 5’ (US; unique 5°) end of the RNA genome are also duplicated, forming a region
(U3-R-U5) known as the LTR (long terminal repeat) at each end of the genomic DNA. The

LTR region includes promoter, enhancer and regulatory elements for viral transcription.

1.1.6 HIV-1 Replication

The life cycle of HIV-1 is representative of the Retroviridae, and is depicted in Figure 1.6.
In summary, to enter a target cell, the envelope of the virus needs to attach to specific cell-
surface receptors. The expression of these receptors defines the cell tropism of the virus.
Upon this interaction, the viral and cellular membranes fuse, facilitating the entry of the viral

core into the cell cytoplasm where reverse transcription of the viral RNA genome can
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Adapted from Arnold and Arnold, 1991.
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Figure 1.4 Ultrastructure of the HIV-1 virus particle.

Transmission electron microscopy illustrating the ultrastructure of the HIV-1 virus particle;
new virions budding from an infected cell (A) and newly released virions (B) exhibit an
“immature” morphology with an electron dense circumference. Mature HIV-1 virions (C)

exhibit an electron dense perimeter and cone-shaped core.

Adapted from Gonda et al. 1989.
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Figure 1.5 Genomic organisation of HIV-1 and viral protein processing. The HIV-1
genome contains 9 overlapping open reading frames (A). This gives rise to 10 distinct viral
transcripts (the Gag and Gag-Pol polyprotein share the same open reading frame). The
structural and enzymatic protein precursors are processed by viral and cellular proteases (B).
The viral protease is responsible for the processing of the 160kDa Gag-Pol polyprotein into
four Gag proteins (Matrix, Capsid, Nucleocapsid and Proline-rich) and 3 enzymes (Protease,
Reverse Transcriptase / RNase and Integrase). The Env precursor is cleaved by a cellular
protease into the surface and transmembrane glycoproteins. The viral regulatory (Tat, Rev

and Nef) and accessory proteins (Vif, Vpu and Vpr) are not processed by proteases.

Adapted from Levy J.A. (1998)
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Figure 1.6 Life-Cycle of HIV-1

Cell-free HIV-1 infection of a CD4+ and coreceptor expressing cell. Attachment and the
fusion of viral and cell membranes occurs via interaction of the viral gp120 and gp41 with a
CD4 and coreceptor molecule on the cell surface. This enables the viral core to access the
cell cytoplasm, where viral reverse transcription can proceed. Newly synthesised viral DNA
is targeted to the nucleus, where it may either self-ligate to form circular forms, or integrate
into the host genome. Viral replication proceeds from integrated proviral DNA. Viral early
gene products (regulatory proteins) enable transcription and translation of larger HIV-1
RNAs. Upon assembly, the immature, enveloped virions are released by budding, and

subsequently undergo maturation.

Adapted from Furtado et al 1999.
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proceed. The DNA copy of the viral genome becomes integrated into a cell chromosome,
and regulated transcription and translation of the viral genes subsequently result in the
production and release of viral progeny. The individual steps of the HIV-1 life cycle are

described below.

1.1.6i Cell attachment and entry

Cell-free HIV-1 infection is initiated through the binding of the viral surface glycoproteins,
gp120 trimers, with the cellular receptor, CD4 (McDougal et al, 1986). The majority of
infection events require this high affinity CD4-gp120 interaction, although CD4 independent
virus entry has also been described in several cell types, including astrocytes (see Section
1.5.1) (Bagasra et al, 1996; Brack-Werner, 1999; Saha et al, 2001; Speck et al, 1999).
Whilst the interaction of gp120 with CD4 is usually essential for infection, this interaction
alone is insufficient for virus entry (Clapham and Weiss, 1997; James et al, 1996) and
interaction with an additional cell surface receptor (termed a “co-receptor”) is also required.
Several chemokine receptors are able to act as co-receptors for HIV-1, including members of

the seven membrane-spanning CC and CXC families of chemokine receptors.

The two major co-receptors used by HIV-1 are CXCR4 (present on T-cells) and CCR5
(present on both primary T-cells and macrophages). Based on the co-receptor usage HIV-1
strains can be broadly classified as either T-cell tropic (syncytia-inducing, “SI”) or
macrophage tropic (non-syncytia-inducing, “NSI”). The interaction of the variable V3 loop
of gp120 with the co-receptor triggers conformation changes in the gp120 complex which
exposes a hydrophobic fusion peptide in the viral gp41 transmembrane protein (Schulz ez al,
1992). This mediates the fusion of the viral and cellular membranes, which usually occurs
at the plasma membrane of the cell surface (Maddon et al, 1988), resulting in the release of

the viral core into the cytoplasm of the cell.

Interaction of the virus with CD4 and a coreceptor can similarly occur within a vesicle, for
example, macrophages have been reported to uptake HIV-1 virus by macropinocytosis, and
infection can subsequently result by fusion of the virus with the CD4 and coreceptors on the
membrane of the macropinosome, which has been directly derived from the plasma

membrane (Marechal et al, 2001). Indeed, vesicular uptake of HIV-1 by a variety of
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endocytic mechanisms has been demonstrated in several cell types including macrophages,
endothelial cells, T-cell lines and HeLa cells, (Fredericksen et al, 2002; Grewe et al, 1990,
Liu et al, 2002; Marechal et al, 1998; Marechal et al, 2001; Pauza and Price, 1988;
Schaeffer et al, 2001). HIV-1 entry by macropinocytosis has also been demonstrated in
brain microvascular endothelial cells (Liu ef al, 2002), and HeLa cells have been reported to
take up HIV-1 by clathrin dependent endocytosis (Schaeffer et al, 2001). It now appears
that a significant amount of HIV-1 virus enters several cell types via endocytosis
(Fredericksen et al, 2002). However fusion of the virion with cellular membranes is not pH
dependent, and unless CD4 and a coreceptor are available to mediate membrane fusion
within the vesicle, endocytic uptake of HIV-1 is reported to result in lysosome-mediated
viral degradation and not productive infection (Fredericksen et al, 2002; Schaeffer ef al,

2001).

Cell-to-cell infection refers to the transmission of infection through physical contact
between an infected cell and an uninfected cell. In vitro studies indicate that the mechanism
of virus entry via cell-to-cell mode of infection may differ from cell-free infection with
respect to CD4 dependence. Neutralising anti HIV-1 antibodies (Fu ez al, 1999; Gupta ef al,
1989; Phillips and Bourinbaiar, 1992) and drugs which interfere with CD4, (Matthias et al,
2002) can prevent cell-free but not cell-to-cell transmission of infection. Interestingly, it has
been reported that HIV-1 can infect CD4 negative cells when CD4 is provided in frans,
either as soluble CD4 or by contact with CD4 positive cells (Speck ef al, 1999). In vitro
HIV-1 infection of a naive cell via direct contact with an infected cell has been reported to
result in a faster progression of the early steps of virus replication than in cell-free infection
paradigms (Li and Burrell, 1992). The relevance of these specific observations to the spread
of infection in vivo is unclear. Direct contact of uninfected cells with infected cells occurs in
several anatomical sites important for viral spread, including the contact between dendritic
cells and T-cells in lymphoid tissue. Contact between uninfected cells and cells infected
with certain “syncytia-inducing” strains of HIV-1 typically results in the fusion of cells
(“syncytia”) in vitro. Again, the precise relevance of this cell fusion phenomenon in vivo is
unclear, but the formation of multinucleated giant cells in the brain, a hallmark of HIV-1
encephalitis (Fenyo et al, 1989; Sharer, 1992), may be the in vivo equivalent of syncytia. A
number of in vitro infection models have utilised the cell-to-cell mode of infection (Barbosa
et al, 1994; Karageorgos et al, 1993; Karageorgos et al, 1995; Li et al, 1993a; Li and
Burrell, 1992; Li et al, 1992; Li et al, 1994).
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1.1.6ii Reverse transcription

Reverse transcription occurs in a structure refered to as the “replication complex”
(Bowerman et al, 1989). This complex includes viral RNA / DNA, reverse transcriptase,
integrase, nucleocapsid, matrix and Vpr proteins (Bukrinsky et al, 1993; Karageorgos ef al,
1993; Miller et al, 1997). The viral reverse transcriptase enzyme has both RNA- and DNA-
dependent DNA polymerase activity as well as RNase H activity. The binding of a cell-
derived tRNA;™ to the viral primer binding site (PBS) located immediately downstream of
the U5 region (refer to Figure 1.7 panel A) primes the initiation of DNA synthesis from the
viral genomic RNA. A short minus sense strand of DNA is produced, known as “strong-
stop DNA”. During this DNA synthesis, the RNA template strand is degraded by the RNase
H activity of reverse transcriptase. The R region in the strong-stop DNA is complementary
to the R region in the 3’ viral RNA. This permits the strong-stop DNA species to be
transferred and bind to the 3” end of the viral RNA (Figure 1.7 panel B). This transfer of
templates is known as the “first template switch”, and may occur to either the same strand
from which the DNA was synthesised (intramolecular switch) or on the other RNA strand
(intermolecular switch) (Hu and Temin, 1990). This primes the continuation of the viral
minus strand DNA synthesis (Figure 1.7 panel C). The majority of the RNA template is
concomitantly degraded by the reverse transcription, however two short regions known as
polypurine tracts (PPT) upstream of the U3 region are resistant to digestion and remain
associated with the newly synthesised DNA. The PPTs then act to prime the synthesis of
incomplete plus sense DNA strands (Figure 1.7 panels C and D). The downstream plus
sense DNA synthesis continues over the tRNA attached to minus strand, generating a DNA
copy of the PBS. The upstream plus sense DNA strand displaces the downstream strand,
which is then available for transfer to the 3’ end of the newly synthesised minus strand DNA
(second template switch), facilitated by annealing of the complementary PBS regions (Li ef
al, 1993b) (Figure 1.7 panels E and F). Synthesis of both plus and minus sense DNA
strands is completed to generate the dsDNA, with the LTR region (U3-R-US5) duplicated at
both ends (Figure 1.7 panel G).

HIV-1 reverse transcription occurs within the cytoplasm of the infected cell, however the
process of reverse transcription can commence within the virion itself, and the presence of

reverse transcribed DNA in a small proportion of virions has been reported
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Figure 1.7 Reverse Transcription of the HIV-1 genome.

The RNA genome of HIV-1 is shown in blue (and dashed green). In panel (A) DNA
synthesis (represented in black, grey and dashed purple) is primed by the annealing of the
tRNA,b* (C%-O) to the primer binding site (PBS). The dashed lines indicate RNA (green) or
DNA (purple) which may or may not be present, depending on whether the template
switching has occurred within the same RNA template or between the two identical genomic
RNA strands. Refer to the text, Section 1.1.6ii for a detailed description of the process of
reverse transcription.

Adapted from Karageorgos et al., 1993.
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(Arts et al, 1994; Lori et al, 1992; Trono, 1992; Zhang et al, 1994; Zhang et al, 1996a;
Zhang et al, 1996b; Zhang et al, 1993). The availability of dNTPs for DNA synthesis
appears to be one of the limitations to intravirion reverse transcription. Recently the viral
reverse transcriptase has also been reported to reverse transcribe virion-derived singly or

multiply spliced viral transcripts which may be packaged in the virion at low levels (see

Section 1.1.6v) (Liang et al, 2004).

1.1.6iii Integration

The viral proteins integrase, matrix and Vpr remain associated with the reverse trancribed
viral dsDNA, in a structure known as the “pre-integration complex” (PIC). Integrase, matrix
and Vpr contain nuclear localisation signals which facilitate the transport of the PIC to the
nucleus of the infected cell (Depienne et al, 2001; Depienne et al, 2000; Fouchier and
Malim, 1999). This nucleoprotein complex is actively transported across the nuclear
membrane (Bukrinsky ef al, 1992) via the karyopherin transporter pathway (Barbosa ef al,
1994; Fouchier and Malim, 1999). Nuclear transport of the pre-integration complex is
thought to commence shortly after the initiation of reverse transcription. As this nuclear
transport is an active process, mitosis of the cell is not required, enabling HIV-1 to infect

non-dividing cells such as macrophages.

Once inside the nucleus, the linear viral dsDNA has four potential fates; i) integration in a
collinear fashion into the cellular chromosome, ii) circularisation via recombination of the
terminal LTRs (forming a circular molecule with one LTR), iii) circularisation via direct
end-to-end ligation (forming a circular molecule with two LTR regions), or iv) persisting as
a linear viral dsDNA molecule (Barbosa et al, 1994). Integration of the viral DNA into the
cell chromosome is mediated by the viral integrase enzyme, and the chromosomal sites of
integration appear semi-random. Although limited transcription of some viral genes from
unintegrated templates has been demonstrated (Kok et al, 1998; Wu and Marsh, 2001; Wu
and Marsh, 2003a; Wu and Marsh, 2003b), integration of HIV-1 proviral DNA is required to
establish productive infection. Not all integrated HIV-1 DNA proviruses are
transcriptionally active, and activity appears to be dependent, in part, on the transcriptional

activity (or inactivity) of the integration site.
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1.1.6iv Transcription and Translation

The HIV-1 provirus is a single transcriptional unit and the proviral LTR acts as a strong
promoter for viral transcription. In addition to the transcriptional activity of the integration
site, the level of transcription may depend on the activation state of the cell and the level of
cellular transcription factors available to interact with the viral promoter and enhancer

elements in the LTR (Levy, 1998).

The HIV-1 genome has 9 overlapping open reading frames (ORFs) (Figure 1.5). Three of
these encode structural proteins or enzymes and six encode regulatory proteins. However,
multiple splicing patterns give rise to at least 30 distinct RNA species (Purcell and Martin,
1993; Schwartz et al, 1990). These transcripts can be categorised into three groups based on
their size and degree of splicing; multiply spliced transcripts (1.7-2kb; encoding Tat, Rev
and Nef), singly spliced transcripts (4.3-5.6kb; encoding Vpr, Vpu, Vif and Env) and
unspliced transcripts (9.2kb; forming genomic RNA and encoding the Gag-Pol polyprotein).

Multiply spliced transcripts are the first to be produced (at around 12 hours post infection
(hpi)), and encode the major regulatory proteins; Tat (transactivator of transcription), Rev
(regulator of virus expression) and Nef (negative factor) (Davis ef al, 1997; Greene, 1991;
Kim et al, 1989). These proteins are translated from different monocistronic 1.7-2kb
mRNAs. The most abundant of these transcripts is nef. The roles of the Nef protein are not
fully understood. Nef may both enhance and decrease viral replication in certain situations,
and has been associated with viral latency and the down-modulation of both CD4
(preventing super-infection) (Garcia and Miller, 1991; Guy et al, 1987) and MHC
expression (aiding in immune escape) (Schwartz et al, 1996). Viral isolates from a cohort of
long term survivors (Hartley et al, 1996; Kirchhoff et al, 1995; Pandori ef al, 1996; Welker
et al, 1996) and some blood transfusion recipients who were slow to progress to disease

have exhibited nef deletions (Deacon et al, 1995; Michael et al, 1995).

Tat protein is essential for virus production (Dayton et al, 1986; Fisher et al, 1986), and
transactivates HIV-1 LTR-directed transcription. Tat interacts with two cellular factors,
cyclin T and the kinase CDK9. The Tat/cyclin T/CDK9 complex interacts with a stem loop

structure (transactivation response region, or “TAR”) in the 5’ terminus of all HIV-1 RNA
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transcripts. The interaction of the Tat/cyclin T/CDK9 complex with the TAR region
mediates the phosphorylation of the carboxy terminal domain of RNA Pol II, which
dramatically improves the rate of complete viral transcript production. In the absence of
Tat, HIV-1 LTR-directed RNA synthesis results in the accumulation of prematurely
terminated transcripts (Knipe and Howley, 2001). Interestingly, cellular expression of
cyclin T and CDKD9 is increased in peripheral blood mononuclear cells (PBMCs) upon
activation (with PHA or PMA) (Herrmann et al, 1998).

Rev protein is required for efficient transport of the larger, incompletely spliced and
unspliced genome length viral transcripts out of the nucleus. In the absence of Rev, the
unspliced genomic RNA, unspliced gag/pol and the partially spliced vif, vpr and vpu/eny
mRNAs do not accumulate in the cytoplasm (Felber et al, 1989; Hammarskjold ef al, 1989;
Sodroski et al, 1986). The HIV-1 infection of astrocytes appears to display this “Rev-
defective” phenotype (Sections 1.3.2ii, 1.4.2 and 1.5.3) (Brack-Werner, 1999). In eucaryotic
cells modifications of RNA transcripts, including splicing, occur in the nucleus prior to the
export of the transcripts to the cytoplasm. Complete splicing of retrovirus transcripts is
impeded by suboptimal splice sites, and, in the absence of Rev, these incompletely spliced
transcripts (containing unused splice donor and acceptor sequences) may be retained by the
cellular splicing machinery, hindering their nuclear export (Nakielny ef al, 1997). All
unspliced and partially spliced HIV-1 RNAs include a Rev response element (RRE). In the
cytoplasm, Rev protein possesses a NLS that targets it for import into the nucleus. In the
nucleus, Rev binds and oligomerises to the RRE structure on viral transcripts. This
oligomerisation exposes the nuclear export signal (NES) domain of the Rev proteins,
forming a “Rev export complex” which is shuttled to the cytoplasm. The complex is
disassembled in the cytoplasm; the unspliced or partially spliced transcripts are available for
translation or assembly into progeny virions, and the Rev proteins are available for repeat

nuclear import (Knipe and Howley, 2001).

Singly-spliced and unspliced HIV-1 transcripts appear around 16 to 24 hpi (Davis et al,
1997; Kim et al, 1989), and, as described above, are dependent on Rev for nuclear export.
The Env gpl60 polyprotein is translated (and simultaneously glycosylated) from singly
spliced 4.3kb mRNA at the rough endoplasmic reticulum (ER). The glycosylated
polyprotein is targeted to the Golgi apparatus, where it is assembled into oligomers (Coffin

et al, 1997) and cleaved by cellular enzymes into the transmembrane gp41 and surface
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gpl20 glycoproteins (Knipe and Howley, 2001). Spontaneous interaction with CD4
molecules in the Golgi is prevented by the viral accessory protein, Vpu (Luo ef al, 1997).
After cleavage, gpl20 and gp4l molecules are weakly associated by a non-covalent
interaction, and transported to the plasma membrane for incorporation into budding virions.
The precursor to Gag (p55 Gag) is translated from the unspliced 9.2kb RNA. The p160
Gag-Pol polyprotein is also translated from the unspliced 9.2 kb RNA by the occurrence of a
frame shift in translation, which occurs during formation of approximately 5% of these
nascent polyproteins. Gag and the less abundant Gag-Pol polyproteins are targeted to the
cell membrane via the ER. The mature Gag (Matrix, Capsid and Nucleocapsid) and Pol
(Protease, Reverse transcriptase and Integrase) are formed by cleavage events by the virally
encoded protease during assembly and maturation of the virion (see below) (Knipe and
Howley, 2001). This proteolysis and maturation of the virion is essential for the infectivity

of the virus.

1.1.6v Assembly, Release and Maturation

The assembly, release and maturation of virions involves noncovalent intermolecular
interactions of the viral components and proteolytic cleavages of viral polyproteins.
Identical genomic RNA sequences associate in pairs by virtue of an interaction near their 5’
end. Specific sequences in the 5’ region of the genomic RNA contain cis-acting packaging
or encapsidation signals (“y”), which facilitate an interaction with the nucleocapsid portion
of Gag polyprotein. The nucleocapsid may also be responsible for the annealing of cell-
derived tRNA;" to the PBS site of the genomic RNA (Bieth et al, 1990; Meric and Spahr,
1986; Prats et al, 1988). The matrix portion of the Gag polyprotein may interact with the
transmembrane region of env, gp41. This assembly of structural polyproteins and the paired
RNA strands forms a viral “pre-core”. The cell membrane, containing gp41 and gpl20
oligomers, forms a protrusion above the forming immature viral core. As the virion buds it
acquires an envelope derived from the cell plasma membrane with incorporated
transmembrane gp41 and the associated surface gp120 molecules. Complete cleavage of the
viral polyproteins by the viral protease, to form the individual structural proteins (Matrix,
Capsid and Nucleocapsid) and the active viral enzymes (Reverse transcriptase and Integrase)
is thought to occur during and after pre-core assembly and budding from the cell (von

Schwedler et al, 1998; Wiegers ef al, 1998). This protease-mediated maturation of viral
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structural proteins is visible by electron microscopy as the formation of a condensed, cone

shaped viral core (Figure 1.4).

Several additional cellular and viral components may be actively or passively packaged into
the forming virions. Singly and multiply spliced viral RNAs contain some packaging
elements, and are consequently packaged, at low levels, into virions (Clever et al, 1999,
Clever and Parslow, 1997; Luban and Goff, 1994). Incorporation of several additional viral
proteins into the virion, including Tat (Knipe and Howley, 2001), Nef (Bukovsky et al,
1997; Pandori et al, 1996; Welker et al, 1996), and Vif (Kao et al, 2003; Khan et al, 2001;
Liu ef al, 1995) have been reported. As mentioned above, cellular tRNA;"™ is actively
associated with the unspliced viral RNA and incorporated into the virion. Incorporation of
additional cellular factors, such as APOBEC3G, may influence the ability of the virion to
replicate in the next cycle of infection (Harris et al, 2003; Lecossier et al, 2003; Mariani et
al, 2003). It is possible for reverse transcription to commence within the mature virion
(Section 1.1.6ii) (Arts et al, 1994; Lori ef al, 1992; Trono, 1992; Zhang et al, 1994; Zhang et
al, 1996a; Zhang et al, 1996b; Zhang et al, 1993), indicating that cellular ANTPs may also

be incorporated into the virion.

1.2 Background to the Central Nervous System

1.2.1 Cellular Organisation of the Central Nervous System

The Central Nervous System (CNS) is primarily comprised of neurons and non-neuronal
cell types that are collectively referred to as “glia”. There are up to 1x10"! neurons in the
adult human brain (Williams and Herrup, 1988), and 10-50 times as many glial cells (Kandel
et al, 1991). Glial cells in the CNS include the macroglia (oligodendrocytes and astrocytes)
and microglia. Neurons and neuronal networks have received significant scientific attention
for their unique property of electrical excitability. Glial cells, which provide structural
support, are now known to also provide metabolic and trophic support to neurons, and it has
been hypothesised that astrocytes may also play a direct role in information processing

(Barres, 1991; Kimelberg and Norenberg, 1989; Laming, 1989; Teichberg, 1991).
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1.2.1i Neurons

Neurons are highly polarised cells which communicate with each other by translating
electrical impulses, which travel along the cell, into either chemical or electrical signals at
synapses (connections with adjoining cells), which can result in perpetuation of the impulse
or signal. These highly specialised cells have an array of processes extending out from the
cell body, known as dendrites. These processes receive excitatory input, and neurons are
usually classified by their dendrite morphology. A single axon, which may branch into
“collaterals”, extends out from the cell body of a neuron, along which impulses are rapidly
transmitted to the axon terminus. Some axons are surrounded by an insulating myelin
sheath (see Section 1.2.1iii and below). Axons end in a number of processes (terminal
ramifications), each of which terminate in a small swelling (“bouton”) containing
neurotransmitter-filled vesicles. Boutons come into close physical contact with membranes
of other cells, at a region known as a synapse. Electrical impulses travel down the axons via
a wave of membrane depolarisation, or by “jumping” between gaps in the myelin sheath.
Upon reaching a terminal synapse, the membrane depolarisation enables a Ca®* influx into
the bouton, which induces exocytosis of the neurotransmitter-filled vesicles into the synapse.
This chemical release may stimulate excitation of the contacting cell(s) via the respective
neurotransmitter receptors. On neurons, these receptors are usually closely associated with

ion channels that convert the signal back to an electrical impulse.

Neurons have very specialised metabolic requirements, and are highly susceptible to damage
by changes in the extracellular millieu. Neurons are terminally differentiated cells and are,
in general, non-renewable in the adult CNS. The blood-brain-barrier (BBB) and
cerebrospinal fluid (CSF) -brain-barrier (Section 1.2.3)) strictly regulate the passage of
factors and cells between the CNS and the rest of the body and permit tight control of the
environment in the CNS. Moyelin coating of axons serve to protect neurons, in addition to
facilitating faster electrical conduction (Section 1.2.1iii). Astrocytes provide intimate
protection of neurons at unmyelinated sites. Astrocytes also support the highly specialised
metabolic requirements of neurons, including the provision of energy, waste removal,
neurotransmitter recycling, and the maintainance of synaptic homeostasis (Sections 1.2.1iv

and 1.2.2).
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1.2.1ii Microglia

Microglia serve as resident tissue macrophages of the CNS and are thought to differentiate
from bone-marrow derived monocytes (i.e. of macrophage lineage) which enter the brain
parenchyma during early stages of brain development (Chugani er al, 1991; Esiri and
McGee, 1986; Gehrmann et al, 1995; Miyake et al, 1984; Perry et al, 1985; Zigmond ef al,
1999). Microglia resemble monocytes and macrophages immunophenotypically, and
express many of the same markers (including F4/80, 2.4G2 (FclgG1/2b) receptor, MAC-1
(C3 receptor) and MAC-3) (Esiri and McGee, 1986; Gehrmann er al, 1995; Giulian and
Baker, 1986; Perry et al, 1985), which can make it difficult to distinguish microglia from
macrophages which may have infiltrated the CNS from the periphery. Microglia play an
important role in the remodeling of the CNS during early development, and as an immune
effector cell in response to disease or injury of the CNS (refer to Section 1.2.4i). Microglia
retain their ability to divide and to be phagocytic, and have multiple morphological and
functional states (Davis et al, 1994; Gehrmann et al, 1995). They are CD4 and MHC Class I
positive, and respond quickly and dramatically to alterations in the CNS microenvironment,
and can be rapidly induced to express high levels of MHC Class II. Their role in normal
homeostasis of the CNS is less understood. They are distributed throughout the brain, with
an increased frequency in grey matter and more recently evolved regions of the CNS (Davis
et al, 1994; Gehrmann et al, 1995; Lawson et al, 1990). Microglia comprise approximately
20% of the CNS cell population, forming a network which spans most of the CNS
parenchyma (Gehrmann et al, 1995; Kandel et al, 1991; Zigmond et al, 1999).

1.2.1iii Macroglia, oligodendrocytes and astrocytes

The macroglia include both oligodendrocytes and astrocytes. Oligodendrocytes are involved
in axonal guidance during development and regeneration of the CNS. They are also
responsible for myelin formation in the CNS (analogous to the Schwann cells of the
peripheral NS), which insulates regions of nerve axons. This enables faster nerve
conduction as the action potential can “leap” (by saltatory conduction) between nodes of
Ranvier (unmyelinated regions of axons). Not all axons in the CNS are myelinated, and the
regulatory determinants which underlie this are not clear (Zigmond ef al, 1999). It is also

unclear whether all oligodendrocytes form myelin. They have receptors for certain

24



neurotransmitters, implying they may have additional roles which are not yet known

(Brodal, 1998; Marcoux and Choi, 2002).

Oligodendrocytes are usually identified on the basis of their morphology and the expression
of galactocerebroside (GalC). They are thought to be derived from the multipotent neural
stem cell population. Studies of the rat optic nerve indicate that oligodendrocytes and Type
2 astrocytes are both derived from a common precursor, the O-2A progenitor cell (Raff et al,
1984; Raff er al, 1987). The differentiation of this precursor into either oligodendrocytes or
Type 2 astrocytes seems to be regulated by Type 1 astrocytes (Raff and Lillien, 1988).

1.2.1iv Astrocytes

Astrocytes are the most abundant cell type in the human brain. In the adult human brain
there is an estimated 0.4-2.0x10'* astrocytes, comprising approximately 40% of cells in the
CNS (Kandel et al, 1991; Rutka et al, 1997). A diverse array of functions have been
attributed to astrocytes, at various stages of ontogeny, in different regions of the brain, and
under both normal and pathological conditions (Wilkin ef al, 1990). The roles of astrocytes
include regulation of the barriers of the CNS, direct physical, metabolic, neurotropic and
homeostatic support of neurons and immunological responses to injury or infection
(described in detail below and in Sections 1.2.2, 1.2.3 and 1.2.4). It has also been proposed
that astrocytes, in addition to neurons, are actively involved in information processing
(Barres, 1991; Bezzi and Volterra, 2001; Kimelberg and Norenberg, 1989; Laming, 1989;
Teichberg, 1991; Yu et al, 1992).

Astrocytes form a complex intercellular communication network through the CNS (Figure
1.8) and signal via “gap junctions™ (electrical synapses) between themselves and other cell
populations in the CNS (Zigmond et al, 1999). Astrocytes respond to Ca?* and astrocyte
networks can transmit waves of Ca?* conduction (Yu ef al, 1992) via their tightly coupled
intercellular gap junctions (Zigmond et al, 1999). Astrocytes possess a wide variety of
neurotransmitter-gated ion channels and neurotransmitter receptors (Barres, 1991; Barres et
al, 1990). It is possible that astrocytes also synthesise and release certain neurotransmitters

(Barres, 1991).
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Figure 1.8 Diagrammatic representation of the intercellular contacts of astrocytes in
the CNS. Astrocyte processes form connections with other astrocytes and all other cell types
within the brain. Astrocyte endfeet ensheath the coverings of the brain, covering the
ependymal cells which line the ventricles (1a) and the cells of the pia mater (1b), which
collectively form the brain-CSF barrier. Astrocyte podia also form tight junctions around the
endothelial cells which line the capillaries of the brain and comprise the blood-brain barrier
(2). Astrocytes also surround neurons, providing a protective covering where myelin is
absent; on cell bodies (3a), nodes of ranvier (3b) and at synapses (3¢). Astrocyte podia form
contacts between astrocytes, enabling intercellular signalling via gap junctions (4).

Astrocytes also form contacts with neighbouring microglial cells (§).

Adapted from Brack-Werner, 1999.
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Astrocytes also play multifaceted roles of neuronal support. They guide neurons and axons
during growth and development of the CNS, and contact and surround neurons, providing
protection where the myelin sheath is absent, ie. on cell bodies, nodes of Ranvier, and at
synapses (Raff et al, 1987; Zigmond et al, 1999). Astrocytes play a vital role in maintaining
homeostasis of the extracellular milieu and synaptic microenvironment, and thus assist
normal neuronal function. To this end, astrocytes are involved in recycling of spent
neurotransmitters (including glutamate) (Pfrieger and Barres, 1996), provision of neuronal
growth factors (such as NGF and TGF-B) (Frei et al, 1989), spatial buffering of ions (K,
Na', CI', HCO3 and Ca*") (Zigmond et al, 1999) removal and recycling of toxic metabolites
(eg ammonium) and regulation of energy metabolism (glycogen synthesis, storage and

catabolism) (Pellerin et al, 1997).

In addition, astrocytes also form, regulate and maintain the protective barriers of the brain.
Their podia form a sheath (“glia limitans” or limiting membrane) around the endothelial
cells lining brain capillaries which comprise the blood-brain barrier (BBB) and around the
ependymal cells which form the CSF-brain barrier (Zigmond ef al, 1999) (Section 1.2.3).
As a result, astrocytes are involved in the control of which substances enter the brain
parenchyma, and the rate at which they enter. Astrocytes may be induced to express various
chemokine receptors and cellular adhesion molecules (including VCAM-1, ICAM-1 and
MCP-1) and thereby regulate trafficking of immune cells across the BBB (Persidsky e al,
1997; Weiss et al, 1998; Weiss et al, 1999; Woodman et al, 1999; Wu et al, 2000). In
addition, astrocytes act as immune effector cells in the CNS. They become activated in
response to injury or infection, can be induced to express MHC Class II Antigen, can
express and respond to a number of cytokines, and may have antigen presenting capabilities

(see Section 1.2.41i).

Astrocytes are derived from two distinct progenitor cell types, giving rise to Type-1
astrocytes (from 1A progenitor cells, thought to be derived from neuroepithelial cells) and
Type-2 astrocytes (from 0-2A progenitor cells) (Chu et al, 2001; Linskey, 1997). The
differentiation of O-2A progenitors into either oligodendrocytes or Type 2 astrocytes seems
to be regulated by Type 1 astrocytes (Raff and Lillien, 1988). These two types of astrocytes
differ with respect to their morphology in culture, their antigen expression and their

functional attributes (Wilkin et al, 1990). Type 1 astrocytes form the glial limiting
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membrane and are involved in the formation of the BBB (Janzer and Raff, 1987). Type 2
astrocytes are associated with nodes of Ranvier (Ffrench-Constant er al, 1986). Both Type 1
and 2 astrocytes (and proliferating O-2A progenitors) are present in the white matter of the
adult CNS (Raff et al, 1987). A variety of functionally distinct subtypes of astrocytes also
appears to exist (Wilkin et al, 1990).

Astrocytes are traditionally identified on the basis of their morphology and the expression of
the astrocyte specific marker, glial fibrillary acidic protein (GFAP). However, whilst both
Type 1 and Type 2 astrocytes can express GFAP (Raff et al, 1984), not all astrocytes express
GFAP, and consequently studies of astrocytes are biased towards the subset of astrocytes
which are GFAP positive. The level of GFAP expression in these astrocytes varies
according to their activation state. It is difficult to ascertain the extent to which astrogliosis
(synonymous with astrocytosis; the increase in size and number of GFAP positive cells, and
considered to be a property of Type 1 astrocytes (Wilkin er al, 1990)) indicates a
proliferation of GFAP positive astrocytes as opposed to induction of GFAP expression in

formerly GFAP negative astrocytes.

The enormous diversity of astrocyte function, their multiple origins and the variations in
their biological features (antigenic markers, enzyme, transporter, receptor and ion-channel
profiles) (Raff et al, 1987, Wilkin et al, 1990) suggest they are highly heterogeneous
population of cells. It has been postulated that sub-types of astrocytes with specific
functions exist in the CNS (Brack-Werner, 1999; Wilkin et al, 1990). In summary,
astrocytes form a complex intercellular communication network amongst themselves and
with neurons, microglia, oligodendrocytes, endothelial cells and ependymal cells. They play
numerous roles in development, homeostasis and disease of the CNS and may even be

involved in neural information processing.

1.2.2 Metabolic relationships between Neurons and Astrocytes

Glucose is the obligatory energy substrate for the CNS, although in certain circumstances,
ketone bodies can also be metabolised in the brain (Zigmond er al, 1999). Regional
neuronal activity, blood flow and energy metabolism is tightly coupled. This is thought to

be regulated in part by nitric oxide (NO), which may be released upon neurotransmitter
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stimulus of neurons and glial cells, and can act as a local vasodilator (Iadecola, 1992).
Additionally, the coupling of regional neuronal activity and energy metabolism is thought to
be regulated by astrocytes, which have specialised processes that surround brain capillaries
(Peters et al, 1991a) and other processes which encompass neuronal synapses (Barres,
1991). The synaptic astrocyte processes have receptors for and can uptake neurotransmitters
(Barres, 1991), including the main excitatory neurotransmitter, glutamate (Figure 1.9). The
uptake of glutamate by astrocytes drives a Na®, K" ATPase, which promotes glycolysis.
This in turn stimulates uptake of glucose by the astrocyte endfeet surrounding the capillary
(Pellerin and Magistretti, 1994). Glycolysis generates the intermediates lactate and, to a
lesser extent, pyruvate, which can be released by the astrocyte and taken up by neurons for
further energy conversion. Neurons can also metabolise glucose directly. In addition,

astrocytes store glycogen as an energy reservoir (Vaughn and Grieshaber, 1972).

The involvement of astrocytes at glutamatergic synapses has been well characterised.
Uptake of glutamate at synapses by astrocytes rapidly restores the homeostasis of the
synaptic millicu. The majority of glutamate taken up by astrocytes is converted back to
glutamine (synaptically inert), which is released and taken up by neurons (Figure 1.9). This
coordinated “glutamate-glutamine shuttle” between astrocytes and neurons functions not
only to remove the potentially excitotoxic build up of glutamate in synapses and to replenish
the neurons supply of the neurotransmitter precursor, glutamine, but also to prevent the build
up of the neuronal metabolic waste product, ammonium. Astrocytes are also able to
synthesise new glutamine (Zigmond er al, 1999). Astrocytes are thought to play similar
roles in maintaining the extracellular millieu of other types of synapses, and have been
shown to uptake and recycle other neurotransmitters, including y-Aminobutyric acid
(GABA) and aspartate (Nicholls and Attwell, 1990; Zigmond et al, 1999). Future studies of
the complexities of information processing in the CNS are likely to reveal additional

intimate relationships between astrocytes and neurons.

1.2.3 Barriers of the CNS

The fastidious requirements of the CNS environment for normal neuron function are
maintained, in part, by regulated barriers which segregate the brain from the rest of the body.

These include the blood-brain, CSF-brain and CSF-blood boundaries. The majority of the
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Figure 1.9 Schema of metabolic relationships between astrocytes and neurons. During
activation of glutamatergic synapses, the excitatory neurotransmitter, glutamate, is released
into the neuronal synapse. Astrocyte cell projections surround the synaptic cleft, and
efficiently uptake the glutamate from the synapse. In the astrocyte, glutamate is
cotransported with Na*. In addition to removing the spent neurotransmitter from the synapse,
this drives a a Na*/K* ATPase, which activates glycolysis in the astrocyte cell, promoting
increased uptake of glucose from the local brain capillaries (A) and generating lactate.
Lactate is released from astrocytes and can be directly taken up by neurons, efficiently
replenishing their energy supply. Astrocytes convert glutamate back to glutamine, and this
inactive precursor is shuttled back to the neuron. During basal (B) conditions, glucose can be

taken up and metabolised by neurons directly.

Adapted from Pellerin and Magistretti, 1994
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brain is protected by these barriers, except certain regions (area postrema, periventricular
organs, median eminence, posterior pituitary and pineal body), where rapid release of
neuronal factors into the systemic circulation is required (Brodal, 1998). At these regions
the neurons are in direct contact with the perivascular space, and the endothelial cells are

fenestrated and contain an abundance of pinocytotic vesicles.

1.2.3i Blood-brain barrier

The BBB serves to restrict exchange of solutes between the blood and the brain, and acts as
an interface between the systemic immune system and the CNS. The redundancy of some
intercellular signalling molecules means that, in the absence of a BBB, systemic hormones
and cytokines could act as neurotransmitters in the brain and vice versa. Disruptions to the
BBB (in, for example, Multiple Sclerosis, AIDS, lead poisoning and perhaps Alzheimers
disease) leads to edema and subsequent neurological impairment (Buee et al, 1994; Claudio

et al, 1995).

The endothelial cells of the BBB capillaries are unique. They lack fenestrations and form
unique tight junctions which act as gates; allowing certain small molecules to enter and
restricting the entry of macromolecules (Zigmond ef al, 1999). These endothelial cells are
less permeable and have a reduced level of transcytosis than their systemic counterparts
(Zigmond et al, 1999). A basement membrane, comprised of collagen and other proteins,
surrounds the endothelia and pericytes of the BBB capillaries. BBB pericytes can control
vascular tone and have phagocytic activity, which is heightened upon BBB injury.
Astrocyte projections surround the basement membrane, and astrocytes are involved in
inducing and maintaining the integrity of the BBB and associated endothelia (Arthur ef al,
1987; Dallasta et al, 1999; Fontana et al, 1984; Hickey, 1991; Janzer and Raff, 1987). The
endothelia and astrocytes of the BBB have specialised transport mechanisms for molecules
such as glucose which are required by the CNS (Zigmond et al, 1999). These cells facilitate
the transport and distribution of these molecules according to the regional and metabolic

requirements of the CNS.
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1.2.3ii The CSF-blood barrier and the CSF/brain boundary

The CSF is produced by the choroid plexus. This fluid fills the subarachnoid space
(between the pia mater and arachnoid mater, layers of the outer covering of the brain), the
ventricles of the brain and the central canal of the spinal cord. The CSF is continuous
between these compartments and around the entire brain. The choroid plexus is a region
where the ependymal cells of the ventricles fuse with the pia and arachnoid mater (Zigmond
et al, 1999). The choroid plexus is formed by invaginations of the pia mater into the
ventricles, and is lined with epithelium that has tight junctions. The epithelium of the
choroid plexus is continuous with the ependymal lining inside of the ventricles. The
epithelium of the choroid plexus represents a barrier between the blood and the CSF
(Brodal, 1998). Astrocyte podia line the inner side of the ependymal cells, forming a
boundary between the CSF and the brain (Brack-Werner, 1999). The ependymal cells
themselves are freely permeable to water and small protein molecules, facilitating exchange
of water and soluble molecules between the CSF and the interstitial fluid of the CNS
(Brodal, 1998). Because of this, the composition of the CSF can provide an insight into the

millieu within the brain.

1.2.4 Immune System of the CNS

The CNS was originally considered to be an immunoprivileged site, however it is now well
established that antigenic challenge in the CNS can trigger a rapid and rigorous immune
response. The immune system and its regulation in the CNS, however, differs significantly
from the systemic immune system (Binder and Griffin, 2003; Gehrmann ef al, 1995; Irani
and Griffin, 1996). This has been attributed to the unique requirements and attributes of the
CNS. These include i) the paucity of MHC Ag expression in the brain, ii) the restricted
access of systemic cells and molecules to the CNS by the BBB, iii) the non-renewable and
essential nature of neurons, iv) the absence of a structured lymphatic drainage system in the

CNS, and v) the rigid confines of the skull.

Microglia are the main intrinsic immune effector cell of CNS, in addition to astrocytes and
circulating immune cells which may be induced to cross the BBB (Gehrmann et al, 1995).

The immune response in the CNS is considered to be biased towards the preservation of
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neurons, as these cells are, in general, non-renewable. Neurons lack MHC expression
altogether, and effective antigen presenting cells and costimulation are deficient in the brain
(Irani ef al, 1996). Neurons normally express apoptotis-inhibiting factors, such as Bcl-2 and
Bel-xp, (Levine ef al, 1996; Levine et al, 1994). Neurotrophins, such as NGF, BDNF, NT-
4/5 and NT-3, promote neuronal survival, and are produced locally in the brain (Zigmond et
al, 1999). The removal of infected cells, by apoptosis (Vaux and Hacker, 1995) or cell-
mediated lysis, is usually an effective way to control infection in the body. However, the
preferential immune response to virus-infected neurons in the CNS appears to involve
control of viral replication by non-cytolytic antibody and cytokine mediated mechanisms
which preserve the neurons, rather than by cell-mediated lysis (Binder and Griffin, 2003;
Levine and Griffin, 1992; Levine et al, 1994).

The high expression of TGFBl in the normal brain may contribute to its relative
immunoprivilege (Taylor and Streilein, 1996) by acting as an IL-1 receptor antagonist,
preventing the development of cytotoxic T-cells and inhibiting adhesion molecule
expression (VCAM-1) on astrocytes (Marcoux and Choi, 2002; Winkler and Beveniste,
1998). Morcover, TGFB1 appears to have a direct protective effect on neurons (Flanders ef
al, 1998; Henrich-Noack et al, 1994). Gangliosides which are produced in the brain also act
to limit inflammation in the brain by suppressing lymphocyte proliferation (Irani et al,

1996).

The brain is subject to continual leucocyte surveillance (Lassmann, 1997), but to a lesser
extent than other organs (Griffin et al, 1987, Wekerle et al, 1987) as the level of adhesion
molecule expression (required for extravasation of leucocytes) on the BBB and cerebral
capillaries is very low (Belayev ef al, 1996). Upon injury or infection, however, the BBB
may become compromised. Expression of leucocyte adhesion molecules, including ICAM-
1 and VCAM-1, may increase, with a corresponding increase in the number of infiltrating
immune cells (Belayev et al, 1996; Irani and Griffin, 1996). The synthesis of complement
in the brain upon injury, including C3a and C5a (Barnum, 1995; Bellander ef al, 1996;
Lindsberg et al, 1996), can also act to enhance vascular permeability, as these molecules are
potent chemoattractants for neutrophils and macrophages. Prostaglandins (Giulian er al,
1996a) and platelet activating factors (Nishida and Markey, 1996; Pettigrew et al, 1995) can

also be produced by glial cells in the brain. Cytokine, chemokine and chemokine receptor
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expression is very low in the normal brain (Marcoux and Choi, 2002). In response to injury
or infection, however, several cytokines and chemokines can be expressed by glial cells,
including the proinflammatory cytokines IL1 and TNFa, as well as IL6 and IL8. IL6 can
act to down-modulate the immune response by inducing immunosuppressive cytokines such
as TGFB1 (Marcoux and Choi, 2002), and it has been reported to have both neuroprotective
and neurodestructive properties (Gadient and Otten, 1997). IL8, a CXC chemokine, may be
chemotactic for neutrophil recruitment and neuroprotective through stimulating increased

astrocyte production of the neurotropin, NGF (Marcoux and Choi, 2002).

Overall, the brain may be considered a site with its own distinct immunological properties.
It is capable of a complex immune response, which is biased towards neuron survival and
restriction of cytotoxicity. The profile of chemokine and cytokine expression in the CNS
during insult or injury seem to underlie the monocyte-rich inflammation which follows
(Marcoux and Choi, 2002). The immunological attributes of the two intrinsic immune

effector cell types in the brain are considered briefly below.

1.2.4i Role of Microglia in CNS Immune Responses

Resting microglia functionally resemble highly down-regulated macrophages (Section
1.2.1ii). Upon challenge to the integrity of the CNS microglia respond rapidly, proliferating
and changing morphology and phenotype to express increased levels of MHC Class I and 1I
molecules. They may become either reactive non-phagocytic microglia or reactive
phagocytic microglia. The latter are functionally analogous to fully functional macrophages
(Gehrmann ef al, 1995; Kreutzberg, 1996). Accordingly, reactive microglia can produce and
respond to a number of cytokines including IL1, IL6, TNFa, IFNy and TGF and quinolinic
acid (Frei et al, 1989; Gehrmann et al, 1995; Giulian and Baker, 1986; Giulian ef al, 1986;
Levy, 1998; Stanley et al, 1994). Additionally, they can act as antigen presenting cells
(Gehrmann et al, 1995), produce and respond to several complement components (Barnum,
1995; Gasque et al, 1995; Gasque et al, 1998) and produce the prostaglandin thromboxane
A2 (Giulian ef al, 1996a). In addition to CD4, they also express the chemokine receptors
CCR3 and CCRS5, which can be used as coreceptors by HIV-1.
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1.2.4ii Role of Astrocytes in CNS Immune Responses

In the normal brain, astrocytes help maintain an immuno-dormant state. They produce a
number of neurotrophic factors, including NGF, LIF and IL6 (see below) (Wesselingh et al,
1990) and maintain microglia in a latent, ramified state (Giulian et al, 1995; Hori et al,
1999; Nottet ef al, 1995; Schilling et al, 2001), in addition to maintaining the integrity of the
BBB (Sections 1.2.1iv and 1.2.31).

In addition, astrocytes have an immunological capacity and become activated in response to
injury or infection in the CNS or to perturbations in the BBB (Yu et al, 1992). The
activation of astrocytes is known as astrogliosis. They respond to a number of cytokines,
including IL1, IL6, TNFa and TGFP (Botchkina ef al, 1997; da Cunha ef al, 1993; Frei et
al, 1989; Giulian et al, 1986; Liu et al, 1996, Stanley et al, 1994). Similarly they are
capable of producing a range of cytokines, including IL1, IL6 (Frei et al, 1989; Sairanen et
al, 1997), IFNa, IFNB, TGF-B and lymphotoxin (Levy, 1998), and chemokines (Barnes et
al, 1996; Chiodi et al, 1996; Eddleston and Mucke, 1993; Kutsch et al, 2000; Lee ef al,
1993; Nitta et al, 1994; Peterson et al, 1997; Ridet et al, 1997; Weiss ef al, 1998; Wu et al,
2000). Astrocytes may be induced to express various chemokine receptors, including
CXCR4 (Sanders et al, 2000; Wu et al, 2000), CCRS (Rottman ef al, 1997), CXCRI,
CXCR2 and CCR2b (Cota et al, 2000). Upon stimulation, they can also produce MCP-1
(Weiss ef al, 1998; Weiss et al, 1999; Wu et al, 2000) and both granulocyte-macrophage and
macrophage colony-stimulating factors (GM-CSF and M-CSF) (Frei ef al, 1989; Malipiero
et al, 1990).

Astrocytes can be induced to express MHC Class II antigen (Malipiero et al, 1990), and
there is some evidence to suggest astrocytes may capable of antigen presentation (Fierz ef al,
1985; Fontana ef al, 1986; Fontana et al, 1984; Gehrmann et al, 1995; Shrikant and
Benveniste, 1996) and phagocytosis (Shrikant and Benveniste, 1996). Given their intrinsic
role in the BBB (Sections 1.2.1iv and 1.2.3), and that, upon activation, they can express
ICAM-1 and VCAM-1 (Rosenman et al, 1995; Woodman et al, 1999) and MCP-1 (Weiss et
al, 1998; Weiss et al, 1999; Wu ef al, 2000), astrocytes are also involved in regulating the
trafficking of systemic immune cells into the CNS (Persidsky et al, 1997; Weiss et al, 1998;
Weiss et al, 1999; Woodman et al, 1999; Wu et al, 2000).
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1.3 HIV-1 infection of the CNS and HIV-1 induced Neurological

Diseases

CNS involvement in HIV infection was recognised as early as 1983 (Snider et al, 1983), and
was observed in the majority of untreated AIDS patients. In approximately half of the cases
the neuropathology could be accounted for by opportunistic diseases (predominantly
cerebral toxoplasmosis, CMV encephalitis and cryptococcal meningitis (Johnson ef al, 1988;
Petito et al, 1986)) or lymphoma in the CNS (Booss and Esiri, 2003; Snider et al, 1983).
However, in around 20-30% of HIV-1 patients, CNS disorders were observed which could
not be attributed to another etiology (Navia and Price, 1987; Petito et al, 1986, Price et al,
1988). These were subsequently attributed to neuropathological effects of the HIV-1 virus
itself. It is now known that HIV-1 enters the brain early in the course of infection, where it
persists for life. HIV-1 can induce a range of neurological disorders including sensory
neuropathy of the peripheral nerves, vacuolar myelopathy and myelitis of the spinal cord,
paediatric encephalopathy, HIV-1 encephalitis (HIVE) and, the most devastating
neurological manifestation, HIV-1 associated dementia (HAD) (Power and Johnson, 1995).
The neurological manifestations of HIV-1 do not usually present until the patient has
developed AIDS and the BBB has become compromised, but in some patients HAD may
present as the first AIDS defining illness. The introduction of HAART in the developed
world has seen a significant reduction in the incidence of HAD (from 21% to 10%) (Sacktor
et al, 2001). However, the onset of HAD as the first AIDS defining illness, and the
development of HAD in patients whose T-cell levels are above 200/ml, has increased in
frequency (Dore et al, 1999; Sacktor et al, 2001), indicating that continued research into this

debilitating consequence of HIV-1 is required.

1.3.1 Entry of HIV-1 into the CNS

HIV-1 enters the CNS within the first few weeks of infection (An et al, 1999b; Chiodi et al,
1996; Davis et al, 1992; Palmer et al, 1994), and this subsequently becomes an important
site of viral replication (Shaw et al, 1985) and persistence (Brack-Werner, 1999; Pierson et
al, 2000). The main route of entry of HIV-1 into the CNS remains to be determined. HIV-1
may initially gain access to the CNS by trafficking infected macrophages or T-cells (the
“Trojan Horse™ hypothesis) (Figure 1.10) (Haase, 1986; Nottet et al, 1996; Persidsky et al,
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Figure 1.10 Involvement of astrocytes in the entry of HIV-1 into the CNS. HIV-1 may
gain access to the CNS from the blood as either free or cell associated virus. Infected cells,
trafficking in the blood, may adhere to adhesion molecules expressed by brain capillary
endothelial cells. The expression of these adhesion molecules on the endothelial cells may
be, at least in part, regulated by the adjacent astrocytes. Additionally, under certain
conditions, astrocytes themselves can also express adhesion molecules and can secrete
chemoattractants. Infected cells may then either transmit virus to the endothelial cells (1), or
extravasate into the brain parenchyma (2). Virus which gains access to these endothelial
cells, as either free virus or by cell-cell contact, may gain access to astrocytes in the brain
parenchyma via infection or transcytosis of brain endothelial cells (3, 4), or, if the integrity
of the tight junctions between the endothelial cells has been compromised, virus may access

the brain parenchyma directly (5), enabling subsequent infection of the local astrocytes.

Adapted from Brack-Werner, 1999.
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1997; Williams and Hickey, 1995). This may be facilitated by upregulation of adhesion
molecules on the brain endothelial cells, which can be stimulated by the products of
activated cells (eg TNFa, IL6 and IL10) (Nottet et al, 1996; Persidsky et al, 1997) or
perturbation of the BBB by viral products (eg HIV-1 Tat protein) (Hofman et al, 1994;
Lafrenie ef al, 1996). Alternatively, blood-derived free virus may transcytose (Bomsel,
1997) or infect (Owens et al, 1991) epithelial cells, it is possible that HIV-1 may transcytose
the epithelial cells which line the choroid plexus or the endothelial cells of the BBB, and
thus gain access to the brain parenchyma (Figure 1.10). Given the intimate relationship of
brain capillary endothelial cells with astrocytes at the BBB (Sections 1.2.1iv, 1.2.3i and
1.2.4ii), astrocytes are believed to play a crucial role in the passage of infected cells and free
virus into the CNS. Modulation of adhesion molecule expression by astrocytes (and
endothelial cells) comprising the BBB (as a consequence of viral factors or systemic factors
altered by systemic HIV-1 infection) may induce the passage of HIV-1 infected or
inflammatory cells into the brain (Weiss et al, 1999; Woodman et al, 1999). Similarly,
systemic affects of HIV-1 infection may also influence the ability of endothelial cells to
transcytose free virus (the potential role of astrocytes in this process has not been explored),
enabling subsequent spread of infection to BBB astrocytes. Once HIV-1 has gained access
to the brain parenchyma, spread of virus presumably occurs via cell to cell spread through

the vast CNS network of astrocytes and microglia.

1.3.1i Neurotropism

To infect the CNS, in addition to gaining access to the brain parenchyma, a virus needs to
display neurotropism. CCRS and CCR3 coreceptor-using HIV-1 has the propensity to infect
microglia in the CNS. Indeed the majority of HIV-1 isolates derived from the CNS display
macrophage tropism, and microglia and infiltrating macrophages are the main producers of
HIV-1 within the brain. A number of in vitro studies have suggested a preferential infection
of astrocytes by T-cell tropic strains, however they can also be infected in vifro by certain
macrophage tropic strains (McCarthy ef al, 1998; Nath et al, 1995; Schweighardt et al,
2001). A recent comparison of HIV-1 V3 envelope sequences from astrocytes and
macrophages / microglia from the same patients found that the viral sequences isolated from

astrocytes corresponded to CCR5 usage, yet they were distinct from the viral sequences
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isolated from neighbouring macrophages (Thompson et al, 2004). Preferential microglial

tropism has also been reported (Strizki et al, 1996).

Once in the CNS, HIV-1 evolves separately from the systemic virus population, as brain and
CSF derived isolates display distinct biological, serological and molecular properties
compared to blood-derived strains (Cheng-Mayer et al, 1989; Epstein et al, 1991, Hughes et
al, 1997; Keys et al, 1993; Korber et al, 1994; Power et al, 1994; Steuler et al, 1992). A
recent study indicated that the choroid plexus contained a range of virus isolates, some with
homology to brain derived HIV-1 sequences and some with homology to blood-derived
HIV-1 sequences from the same patient (Burkala er al, 2005; Chen et al, 2000). This
indicates that the choroid plexus may act as an interface between blood and brain derived
strains and that this region is involved in the entry (and exit) of HIV-1 into the brain.
Differences in the envelope sequences of viral isolates from the brains of demented and non-
demented patients has also been reported (Power ef al, 1994), indicating that particular
neurovirulent attributes of certain strains may mediate HIV-1 induced neurological disorders
(Power and Johnson, 1995; Power et al, 1994). The envelope sequences from the
“demented” isolates were also found to be mediate greater neurotoxicity in vitro than the
“non-demented” isolates, when cloned into a common HIV-1 plasmid backbone (Power et

al, 1998).

1.3.2 Identification of CNS cells infected by HIV-1 in post mortem brain

sections.

1.3.2i Productively infected cells in the CNS in vivo

Microglia are the only CD4-expressing cell type in the CNS, and they also express the
chemokine receptors CCR3 and CCR5 which can act as co-receptors for HIV-1. Microglia
(and infiltrating macrophages) comprise the majority of productively HIV-1 infected cells in
the brain (An et al, 1999a; Bagasra et al, 1996; Gartner et al, 1986; Glass ef al, 1995;
Koenig et al, 1986; Kure et al, 1990; Nuovo et al, 1994; Takahashi et al, 1996; Vazeux et al,
1987; Wang et al, 2001; Wiley, 1996; Wiley et al, 1986). Early studies of HIV-1 positive
post mortem brain tissue using double labelling for cell markers and HIV markers

(immunolabelling for the late HIV-1 proteins Gag and Env) demonstrated HIV-1 mainly in
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macrophage/microglial cells (at a frequency of around 7.5%), and multinucleated giant cells
derived from these cells (see Section 1.3.3). Only rarely were HIV-1 late proteins detected
in astrocytes, oligodendrocytes or neurons. However subsequent studies detecting HIV
nucleic acids (by in situ hybridisation, in situ PCR and in situ RT-PCR) demonstrated the
presence of HIV-1 nucleic acid in a significant number of astrocytes, indicating that
astrocytes but rarely neurons or oligodendrocytes, are also a major target for HIV-1 infection
in the CNS (An ef al, 1999a; An et al, 1999b; Chiodi et al, 1996; Epstein ef al, 1984; Nuovo
et al, 1994; Ranki et al, 1995; Saito et al, 1994; Sharer ef al, 1986; Takahashi e al, 1996;
Tornatore et al, 1994a; Wiley et al, 1986).

1.3.2ii Restricted HIV-1 infection of astrocytes in vivo

The detection of HIV-1 nucleic acid, but the absence of detection of structural HIV-1
proteins in astrocytes, indicated that the HIV-1 infection of astrocytes in vivo is restricted.
HIV-1 DNA has been detected in around 1-7% of astrocytes (x=2.6%, n=22) by in situ PCR
on HIV-1 positive brains (Bagasra et al, 1996; Brack-Werner, 1999). Of further note, in situ
immunohistochemical studies have revealed that around 40% of astrocytes harbouring HIV-
1 nucleic acid also express detectable levels of early (regulatory) HIV-1 gene products
(Bagasra et al, 1996; Blumberg et al, 1994; Brack-Werner, 1999), in particular Nef
(Blumberg et al, 1994; Ranki et al, 1995; Saito et al, 1994; Tornatore ef al, 1994a). Even
though the percentage of infected cells is low to moderate, the sheer number of astrocytes
present in the brain (0.4-2.0x10'> (Kandel et al, 1991; Rutka e al, 1997)), make them,
numerically, a major potential reservoir of HIV-1 (Brack-Werner, 1999) (Section 1.1.4 and
Table 1.1). Whether or not astrocytes in vivo can produce viable virus is not known.
However, astrocytes also exhibit a similar pattern of restricted infection ir vitro, and yet they
can transmit infectious virus to uninfected cells (Sections 1.4.3 and 1.5). This supports the
notion that infected astrocytes, in vivo, may act as a reservoir of viral persistence (Cheng-
Mayer et al, 1987; Dewhurst et al, 1987b; Di Rienzo et al, 1998; Sabri et al, 1999;
Tornatore et al, 1991) (Section 1.1.4).
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1.3.3 HIV-1 Encephalitis and neuropathology of HIV-1

HIV-1 encephalitis (HIVE) is detected in around 10-50% of AIDS patients upon autopsy
(Bell, 1998; Booss and Esiri, 2003; Budka, 1991; Petito et al, 1986). HIVE predominantly
occurs in the late stage of HIV infection (Bell, 1998), when the breakdown in the integrity of
the BBB may facilitate an increase in the CNS viral load (Booss and Esiri, 2003). The
extent of the neuropathology does not correlate well with the severity of clinical presentation
(see Section 1.3.4 below), and in many cases, HIVE is asymptomatic. The pathology and
symptoms of HIVE in children (pediatric encephalopathy) is more prevalent, and generally
more pronounced, than in adults. The gross pathology of HIVE typically involves brain
atrophy with sulcal widening and ventricular dilatation. Histologically, the most common
pathological findings in HIVE is white matter pallor (Navia et al, 1986a; Petito et al, 1986),
and the most distinguishing feature is usually the presence of multinucleated giant cells
(MNGC) (Budka et al, 1991; Petito et al, 1986). Macrophage / microglial activation,
astrogliosis, and neuronal damage, ranging from subtle changes to apoptosis, is also
commonly observed (Nathanson et al, 1994; Sharer, 1992). A range of additional pathology
may also be present. Diagnosis of HIVE is based upon the observation of multiple

disseminated foci of microglia, macrophages and MNGCs.

The presence of MNGC has become a hallmark of HIVE, as they are common in most (Bell,
1998: Budka, 1991; Sharer et al, 1986), but not all (Anders et al, 1986a; Anders et al,
1986b), HIVE brains. These unusual cells are HIV-1 positive, and are reported to be formed
by fusion of infected macrophages and microglia (Michaels et al, 1988; Price et al, 1988;
Sharer et al, 1985). MNGC are predominantly found in the cerebral white matter, and are
also prevalent in the subcortical grey matter and the cerebral cortex (Bell, 1998). They are
usually clustered around capillaries, but are also commonly found in normal neutropils,

gliomesenchymal cell nodules and cavitating lesions (Rhodes, 1987).

Myelin pallor, although not diagnostic, is a common finding, and appears to be the result of
perivascular demyelination. It is mainly found in the periventricular and central white
matter, and is usually associated with astrogliosis. Oligodendrocyte damage is normally
only apparent with advanced disease and severe myelin damage, which is rare (Gray ef al,

1991Kato, 1987 #528). An increase in the number of microglia and astrocytes is often
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observed in the white matter, and the extent of pathology in the white matter has been

reported to correlate with the level of astrogliosis in this region (Ciardi et al, 1990).

The clinical presentations of HIVD (see below) indicate that brain dysfunction occurs in the
cortex and subcortex, and hence many studies have focussed on these areas. Indeed, some
autopsies have demonstrated the highest concentration of virus in the subcortical region
(Wiley et al, 1998). Neuronal damage and loss has been observed in the neocortex (Masliah
et al, 1992b; Wiley et al, 1991), frontal cortex (Everall et al, 1991; Giangaspero ef al, 1989;
Gray et al, 1991), basal ganglia and substantia nigra (Reyes ef al, 1991). The processes

which may cause this neuronal damage are discussed in Section 1.3.5.

1.3.4 HIV-1 Associated Dementia

HIV-1-Associated Dementia (HAD), now also referred to as HIV Dementia (HIVD) and
AIDS Dementia Complex (ADC), was originally called AIDS Subacute Encephalopathy. It
presents clinically as a subcortical dementia, progressing from impaired memory and
concentration loss, apathy, psychomotor slowing and motor disabilities to incontinence,
mutism and paraplegia (McArthur, 1987; Navia et al, 1986a; Navia et al, 1986b). In the
absence of therapy, HAD occurs in around 20%-30% of patients (McArthur et al, 1993;
Navia et al, 1986b), and has a very poor prognosis of, on average, 6 to 7 months (McArthur
et al, 1993; Power and Johnson, 1995). HAD usually presents during AIDS, when plasma
T-cell levels fall below 200/ul, however the presentation of HAD as the first AIDS defining
illness is not uncommon (Navia, 1997; Navia and Price, 1987). The introduction of Highly
Active Anti-Retroviral Therapy (HAART) in the developed world has seen a decrease in the
incidence of HAD in HIV-1 positive patients (from 21% to 10%) (Sacktor et al, 2001), yet
the relative incidence of HAD as an AIDS defining illnesses has increased (Dore ef al,
1999). With HAART, the prognosis of HAD is also considerably improved, with a median
survival time of 44 months. A milder form of neurological impairment has also arisen,
termed HIV-associated minor cognitive disorder (MCMD). A striking feature of HAD is the
absence of correlation between the presence and severity of symptoms or pathology and the
CNS viral load (Glass et al, 1993; Gray et al, 1988; Navia ef al, 1986a) (discussed in

Sections 1.3.4i-ii below). This, taken together with the virtual absence of infection of
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neurons, has lead to the concept that HIV-1 induces neuronal dysfunction indirectly

(mechanisms discussed in detail in Section 1.3.5).

1.3.4i Lack of correlation of HAD with neuropathology

Whilst HIV-1 is present in the brains of patients with HAD, there is no apparent correlation
between the presence / severity of clinical HAD and the neuropathology seen at autopsy
(Bell, 1998; Navia et al, 1986a; Vago et al, 1990; Wiley et al, 1986). In many severely
demented patients the histopathology may be “surprisingly bland and unremarkable” (Navia
et al, 1986a; Wiley et al, 1986). Conversely, many non-demented patients show
considerable neuropathology (as described in Section 1.3.3 above), which is similar to that
found in some severely demented patients. (Navia et al, 1986a; Wiley et al, 1986). The
number of HIV-1 infected cells or MNGC do not correlate well with loss of cognitive
function, and neither does the amount of viral antigen in the CNS tissue (Glass et al, 1995;
Masliah et al, 1997). For example, whilst most patients with MNGC and diffuse myelin
pallor have HAD, 50% of patients with HAD have neither MNGC or diffuse myelin pallor
(Glass et al, 1993). The CNS viral load does not correlate with the clinical symptoms either
(Power and Johnson, 1995), and indeed, often remarkably little virus is found in the brains
of demented patients (Pumarola-Sune et al, 1987). This has lead to the consideration of
viral and cellular factors as potential indirect mediators of the neuronal dysfunction (Section
1.3.5). The involvement of soluble factors has been further implicated by the lack of co-
localisation of apoptotic neurons with HIV-1 infected microglia (Shi et al, 1996). There are
however a limited number of factors which have been found to correlate with the clinical

presentation of HAD, and these are outlined below.

1.3.4ii Factors which do correlate with HAD

In general, the brains of demented patients have been found to have a higher level of
macrophage / microglial activation than brains from non-demented patients. Elevated TNFa
mRNA expression in microglia and astrocytes, and diminished IL4 expression in the CNS
have also been found to correlate with dementia (Wesselingh et al, 1997). This suggests that
the pathogenesis of HAD may involve CNS immune activation or dysregulation. Levels of

nitric oxide synthase (NOS) and eicosanoids have also been reported to be elevated in the
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brains of demented patients (Adamson et al, 1996). The expression of HIV-regulatory
proteins (Rev and Nef) in astrocytes (Ranki ef al, 1995), and a heightened level of astrocyte
apoptosis (Pemberton and Brew, 2001; Thompson et al, 2001), also correlate with presence
and severity of dementia. This indicates that HAD also involves the infection and depletion
of the astrocyte population, which is vital to the maintenance of CNS homeostasis and
normal neuronal function (Sections 1.2.1-1.2.3). There is also evidence that elevation of the
excitoxins Ntox (neurotoxic amine) and quinolinic acid (Giulian et al, 1996b; Heyes et al,
1991) correlate with the degree of cognitive impairment. Neuron damage, in the form of
decreased dendritic and synaptic density (Everall et al, 1999; Masliah et al, 1997) and
selective neuronal loss (Fox et al, 1997; Masliah et al, 1992a) has also been shown to
correlate with clinical presentation. High levels of B,-microglobulin, neopterin (Brew et al,
1996) and the B-chemokines MCP-1 and RANTES (Cinque et al, 1998; Kelder et al, 1998)
in the CSF and the presence of CD16" and CD69" monocytes in the peripheral blood
(Pulliam et al, 1997) (which may be able to traffic through the normal BBB (Gartner,
2000)), have also been correlated with the presentation of HAD.

1.3.5 Mechanisms underlying HAD

For the reasons outlined above, the neuronal dysfunction which underpins HAD is thought
to be mediated indirectly. This may occur via excess production of host molecules by
infected or activated astrocytes and macrophage / microglial cells, in addition to the direct
and indirect neurotoxic effects attributed to many HIV-1 proteins (Epstein and Gendelman,
1993; Nathanson ef al, 1994; Sharer, 1992; Wiley et al, 1986, Zhang et al, 2003). How the
latter occurs, given that viral load does not correlate with symptoms, remains an anomaly. It
is convenient to postulate that individual host factors or individual viral strains, which
evolve during the course of CNS infection, may determine the outcome. Alternatively, a
small amount of a viral component (“virotoxin™) at some stage of infection may trigger a
cascade of events within the CNS, a so-called “hit and run” phenomenon (Nath, 2002),
which ultimately leads to cellular dysfunction. A current concept is that the compensatory
mechanisms in the CNS can cope with and enable the brain to recover from a certain number
of assaults, but that a threshold of neurological assaults is reached in HAD where the
compensatory mechanisms become insufficient (Brew, 2004). Another emerging hypothesis

is that the pathogenesis of HAD may involve neuronal channelopathies (Gelman ef al,
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2004). Toxic viral and cellular factors that may play a role in HIV-1 induced neurological

dysfunction are discussed below.

1.3.5i Toxic viral proteins

A number of HIV-1 proteins have been shown to have toxic effects on CNS cells in vitro
and in vivo. In particular, gp120 (Benos et al, 1994; Berrada et al, 1995; Lipton et al, 1991,
Pulliam et al, 1991; Pulliam ef al, 1993; Toggas et al, 1994), gp41 (Magnuson et al, 1995;
Sabatier et al, 1991), Tat (Magnuson et al, 1995; Sabatier ef al, 1991) and Nef (Kort and
Jalonen, 1998; Trillo-Pazos ef al, 2000) have demonstrated neurotoxic properties. Some
viral proteins, such as gp120 and Tat, have been shown to be directly toxic to neurons (Liu
et al, 2000; Meucci et al, 1998), however the greatest neurotoxicity is seen in cultures where
macrophages / microglia and astrocytes are also present (Dreyer et al, 1990; Giulian ef al,
1990; Giulian et al, 1993; Kaul and Lipton, 1999; Lipton and Gendelman, 1995). In
addition to production of these viral proteins within the brain, Tat (Schwarze et al, 1999)
and gp120 (Banks et al, 1998; Banks et al, 1999) can transverse the intact BBB and enter the
brain from the periphery. More viral proteins may enter the CNS upon the breakdown of the
BBB which occurs in AIDS (Power et al, 1993). There is also evidence which suggests that
extracellular Vpr (Huang et al, 2000; Patel et al, 2000) and Rev (Mabrouk et al, 1991) may

contribute to the neurotoxicity.

The direct effect of gp120 appears to be specific to particular populations of neurons (eg
dopaminergic neurons) (Bennett et al, 1995; Diop et al, 1995), however it also exerts
neurotoxicity indirectly by affecting microglia and astrocytes (Lipton, 1993). In astrocytes,
gpl20 has been reported to induce NOS expression, upregulate adhesion molecule
expression and induce cytoskeletal changes (Nath and Geiger, 1998). Gp120 also alters ion
exchange in and arachidonic acid release from astrocytes, both of which disrupt the ability
of astrocytes to take up the excitotoxin, glutamate (Lipton, 1994; Patton et al, 2000) (refer
Figures 1.9 and Section 1.2.2). In macrophages and microglia, gp120 induces production of
the proinflammatory and neurotoxic cytokines TNFo and IL1p, and neurotoxic arachidonic

acid metabolites (Ilyin and Plata-Salaman, 1997; Kolson et al, 1998)).
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Elevated levels of gp41 have been associated with severe HAD (Adamson ef al, 1996). Gp
41 may exert neurotoxic effects by elevating iNOS expression in glial cells (Adamson et al,
1996). It may also contribute to excitotoxicity by stimulating release of glutamate from

astrocytes (Kort, 1998).

Tat is actively released by infected cells, including infected glia (Tardieu et al, 1992), and
can directly affect neurons and cause their depolarisation (Cheng et al, 1998; Magnuson et
al, 1995). Tat stimulates production of several cytokines and chemokines in both
macrophages / microglia (TNFa, IL1) and astrocytes (IL6, IL8, RANTES, MCP-1 and
TNFa) (Kutsch et al, 2000; Nath et al, 1999), and can be taken up by uninfected glia and
affect cellular function (Wortman ef al, 2000). This stimulation of glial cells by Tat is
highly sensitive, and a brief exposure of Tat (a few minutes) is sufficient to induce

heightened cytokine release from macrophages and astrocytes which can last for several

hours (Nath et al, 1999).

Nef can be toxic to neurons and glial cells (Kort and Jalonen, 1998; Trillo-Pazos et al,
2000), and is expressed by infected astrocytes in vivo (Bagasra et al, 1996; Blumberg ef dl,
1994; Brack-Werner, 1999; Ranki ef al, 1995; Saito et al, 1994; Tornatore et al, 1994a).
The number of Nef-expressing astrocytes in vivo has been reported to correlated with HAD

(Ranki ef al, 1995).

Whilst there is very good evidence that several HIV-1 proteins have neurotoxic properties,
the anomaly that the viral load in the CNS does not correlate with the clinical symptoms
remains (Glass et al, 1995; Masliah et al, 1997; Power and Johnson, 1995; Pumarola-Sune et
al, 1987). Possible explanations for this apparent discrepancy which have been
hypothesised include i) the evolution of strains with particular neurotoxic attributes (Power
et al, 1994; Power et al, 1998), ii) a “hit and run” phenomenon, where a brief transient
exposure to viral proteins may set up a cascade of long lasting effects in CNS (Nath, 2002;
Nath et al, 1999), and iii) viral-induced over-activation and dysregulation of macrophages /
microglia and astrocytes in the brain which may become self-perpetuating (Gorry et dl,
2003) and iv) a threshold of neurotoxic assaults, beyond which the brain cannot recover

(Brew, 2004). These hypotheses are not mutually exclusive, and the cellular factors thought
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to be involved in these processes are discussed below. Additionally, the development of

viral-triggered chronic activation and dysregulation in the CN'S may depend on host factors.

1.3.5ii Toxic cellular factors and the immune dysregulation hypothesis

In striking contrast to the systemic immunodeficiency induced by HIV-1, the scenario in the
brain appears to be chronic over-activation of the resident immune cells, microglia and
astrocytes, and of infiltrated macrophages. These cells may become activated by infection,
by contact with viral proteins, or by factors produced by other activated cells (Lipton and
Gendelman, 1995). Several of the products of activated macrophages / microglia and
astrocytes are neurotoxic and thought to participate in the pathology of HAD (Gartner, 2000;
Lipton and Gendelman, 1995; Williams and Hickey, 2002). Candidate neurotoxic cellular
products include TNFa, IL1B, IL6, TGFa, TGF , GM-CSF, quinolinic acid, arachidonic
acid metabolites (eicosinoids), PAF, NOS and endothelin 1 (Figure 1.11). Indeed, an

elevated level of some of these factors has been correlated with HAD (Section 1.3.4ii).

Activated macrophages and microglia (and to a lesser extent, astrocytes) produce TNFa and
IL1B. These two proinflammatory and neurotoxic cytokines may act in synergistic and
autocrine fashions to induce further cell activation, and may promote further viral
replication. Activated macrophage / microglial cells may also produce IL6, GM-CSF, PAF,
TGFB, arachidonic acid and free radicals such as NO. It has been suggested that TNFa. and
IL1, in combination with IL6 and GM-CSF, could account for many of the clinical and
histopathological findings in HIVE (Merrill and Chen, 1991). In addition to activating
additional glial cells, several of these molecules may, directly or indirectly, contribute to
neuronal damage and apoptosis (Sections 1.2.4, 1.3.3 and 1.3.4ii). Activated microglia also
release excitatory amino acids (EAAs) and related substances, including glutamate,
quinolinate, cysteine and the amine Ntox (Brew ef al, 1995; Giulian ef al, 1990; Giulian ef
al, 1993; Lipton et al, 1991; Yeh et al, 2000). These EAAs are excitotoxic to N-methyl-D-
aspartate (NMDA) glutamate receptors on neurons and can induce neuronal dysfunction and

apoptosis (Bonfoco et al, 1995).

The activation of astrocytes (by infection or exposure to certain viral and cellular factors)

would result in further cytokine, chemokine MCP-1, arachidonic acid and free radical (NO)
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Figure 1.11 Model of the role of astrocytes in the pathogenesis of HAD
HIV-1 productively infects microglia and macrophages in the CNS, and causes a
limited infection in astrocytes resulting in the production of viral regulatory
proteins. Infected microglia and macrophages become activated, and, in addition
to producing virus and viral proteins, produce a number of neurotoxins. These
factors activate additional microglia, macrophages and astrocytes. Astrocytes
become activated, either by infection and / or the products of activated microglia
/ macrophages, and their functions of neuronal support become impaired. In
particular their capacity to remove excess excitotoxins, such as glutamate, and to
produce neurotrophins, such as NGF, is altered. A proportion of astrocytes
undergo apoptosis, further reducing the capacity for neuronal support. The
products of activated microglia / macrophages may also be directly toxic to
neurons. This, in addition to the toxicity of glutamate excess and dysregulated
ion concentrations in the extracellular milieu, and lack of neurotrophic support,

may lead to neuronal dysfunction, degeneration, and, in some neurons, apoptosis.
Adapted from Gorry et al. 2003
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release (Adamson ef al, 1996; Conant et al, 1998; Genis et al, 1992; Stella et al, 1997).
Importantly, some of these factors (and several viral proteins) interfere with several crucial
astrocyte functions. Critically, TNFa and arachidonic acid perturb the ability of astrocytes
to re-uptake and maintain homeostasis of the EEA, glutamate (Fine et al, 1996; Genis et al,
1992), and can even cause glutamate release (Bezzi et al, 1998) by altering the ion-gradients
needed for these processes. Local glutamate excess is directly detrimental to neuron
function (Section 1.2.2 and Figure 1.9). Additionally, the ability of astrocytes to provide
neurotrophic factors, to sustain and promote neuron survival, may be compromised. The
apoptosis of astrocytes observed in HAD would further exacerbate the lack of neuron
support. The immunoregulatory role of astrocytes (limiting microglial activation (Giulian et
al, 1995; Hori et al, 1999; Nottet ef al, 1995; Schilling et al, 2001), and inactivation of PAF
and TGFp produced by activated macrophages / microglia (Nottet ef al, 1995)) is impaired.
The diminished presence of immunosuppressive IL4 (involved in the down-regulation of
astrocyte activation (Eng ez al, 1989)) and IL10 in HAD brains (Wesselingh et al, 1993) also

indicates that the immune response in HAD has become unchecked.

In summary, the current concept of the pathogenesis of HAD involves chronic activation and
dysregulation of immune cells in the CNS (Figure 1.11). This is supported by the
correlation between intensity of macrophage / microglial activation and the products of these
cells, with HAD (Glass et al, 1993; Wesselingh et al, 1993) and the dysfunction and loss of
astrocytes (Gorry ef al, 2003; Thompson et al, 2001). A major role for astrocyte
dysfunction has been implicated in other neurological disorders, including hepatic
encephalopathy and Alzheimer type II disease (Zigmond et al, 1999). In HAD, this concept
of dysregulation may explain the lack of corrclation between either CNS virus load or
pathology and the clinical severity. The vital role of astrocytes for normal neuronal function
(Section 1.2.2) and regulation of the CNS immune response (Section 1.2.4ii), and their
demise in HAD (Thompson et al, 2001) (Section 1.3.4ii) support their importance in the
pathogenesis of HAD. Further elucidation of the effects of cellular and viral factors, and
restricted HIV-1 infection on astrocyte function will be important in the development of a
comprehensive treatment strategy for HIVE and HAD. In situ analyses of post mortem
brains has been extremely valuable in delineating the cells and potential mechanisms
involved in HAD, but only end stage disease can be observed. Animal models, in particular

primate models, have also been exceedingly valuable, however the cost of such studies
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limits their use and the highly specific interaction between HIV-1 and human astrocytes
limits their applicability. In vitro infection systems fail to represent the intact cellular
interactions of the brain, but permit specific mechanistic questions to be addressed. A
combination of these three modes of analysis is required for a comprehensive understanding
of the interactions between HIV-1 and astrocytes and roles of astrocytes in the pathogenesis

of HAD.

1.4 In vitro HIV-1 infection of Astrocytes

Human fetal and progenitor derived astrocytes are susceptible to in vitro infection by a
number of HIV-1 strains, and exhibit three stages of infection; i) initial release of HIV-1
core protein, p24, ii) a period of restricted infection, which, like post mortem in situ
findings, is characterised by undetectable or low level virus production, detectable HIV-1
DNA, frequent detection of HIV-1 regulatory proteins and the absence of HIV-1 structural
proteins, and iii) “reactivation” or “rescue” of productive infection upon coculture with
HIV-1 susceptible cells (Cheng-Mayer et al, 1987; Dewhurst et al, 1987b; Di Rienzo ef dl,
1998; Messam and Major, 2000; Sabri et al, 1999; Tornatore et al, 1991). The efficiency of
this infection is low (Brack-Werner, 1999; Di Rienzo et al, 1998), and it is not cytopathic
(Brack-Werner, 1999; Dewhurst et al, 1987b; Di Rienzo et al, 1998; Nath er al, 1995).
Some astrocyte cell lines are refactory to HIV-1 infection (Cheng-Mayer et al, 1987; Keys et
al, 1991), whilst other astrocyte cell lines display the restricted infection described above,
reportedly depending on the which viral strain is used (Sabri et al, 1999; Shahabuddin ez al,
1996). The variation in susceptibility of astrocyte cell lines to HIV-1 infection may also
reflect the heterogeneity and stage of differentiation of the astrocytes, and possibly their

surface receptor expression.
1.4.1 Initial release of HIV-1 core protein

When primary and susceptible continuous astrocyte cultures are infected in vitro with HIV-
1, HIV-1 core protein, p24, is released into the culture supernatant, and supernatant p24
protein levels are routinely used as an indicator of virus release. Typically the amount of
HIV-1 p24 detected in the astrocyte culture supernatants during the first few days of
infection is very low (for example <200 pg/ml (Di Rienzo ef al, 1998; Nath er al, 1995)), but
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up to 1400 pg/ml has been reported (Lawrence et al, 2004; Sabri ef al, 1999). After around
4-6 dpi, p24 secretion diminishes to undetectable levels (typically <6 pg/ml). This initial
“p24 release” from infected astrocytes is thought to represent a brief phase of productive
infection and virus release (Messam and Major, 2000), although the potential for surface
bound virus to be released needs to be considered (Lawrence et al, 2004). Where human
fetal astrocyte preparations are used, the level of HIV-1 replication that may occur in
contaminating microglia may also need to be taken into account. The amount of p24 protein
released from HIV-1 infected astrocytes during this early phase of infection is much less
than that from HIV-1 susceptible cells, such as monocytes or T-cells (Brack-Werner ef al,

1992; McCarthy et al, 1998).

Primary and continuous astrocyte cultures that are transfected with plasmid DNA encoding
the HIV-1 virus also exhibit this pattern of transient initial p24 release. Transfection of
HIV-1-encoding plasmid DNA bypasses the viral replication steps of virus-cell attachment,
entry and reverse transcription (refer Sections 1.1.6 and 1.6.1v). Integration may proceed,
but not in the natural context of the PIC (Section 1.1.6iii). Other cell types which are not
suseptible to HIV-1 infection (for example, 293T murine and HeLa human epithelial cells)
can also be transfected with HIV-1-encoding plasmid DNA and can subsequently produce
large amounts of HIV-1. Whilst the level of p24 protein released from HIV-1 transfected
astrocytes is much higher than that from infected astrocytes (Lawrence et al, 2004), it is still
low compared to HIV-1 transfection of other cell types (Gorry et al, 1999). Like HIV-1
infected astrocytes, transfected astrocytes also appear to enter a state of “viral latency” after
the initial period of p24 release. This is restriction is not apparent upon transfection of the

HIV-1 provirus into 293T or HeLa cells.

1.4.2 Restricted infection

After the initial burst of p24 release, HIV-1 infection of astrocytes enters a “restricted” or
“latent” stage. This occurs in both primary astrocytes and susceptible astrocyte cell lines.
This is also observed in transfected astrocytes and a chronically infected astrocyte cell line.
The features of this latent phase of infection appear to mimic those observed in in situ
infected astrocytes in post mortem brain sections with respect to the detection of HIV-1

DNA (Brengel-Pesce ef al, 1997; Di Rienzo et al, 1998; Keys et al, 1991; Kort, 1998; Nath
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et al, 1995; Sabri et al, 1999), viral regulatory transcripts (Gorry ef al, 1998) and regulatory
proteins (Kohleisen e al, 1992; Kort, 1998), and the noticeable absence of viral structural
proteins (Brack-Werner er al, 1992; Kohleisen et al, 1992; Kohleisen et al, 1999; Kort,
1998; Tornatore et al, 1994b; Tornatore ef al, 1991). The phrase “restricted infection” is
often used as the infection is not necessarily truly latent, as some viral regulatory gene
expression may be detectable (Di Rienzo ef al, 1998; Kohleisen et al, 1999). The number of
HIV-1 antigen positive cells (Brengel-Pesce et al, 1997; Keys et al, 1991), and amount of
HIV-1 RNA (Di Rienzo et al, 1998) and DNA (Di Rienzo er al, 1998 Keys, 1991 #123;
Nath ef al, 1995; Sabri et al, 1999) which can be detected in astrocyte cultures declines with

time post infection (discussed in detail in Chapter 5).

This restricted infection resembles a Rev-defective phenotype (see Section 1.1.6iv), in which
viral gene expression is limited to transcription of the early, multiply-spliced mRNAs
encoding the regulatory proteins (fat, rev and nef). The expression of singly and multiply
spliced viral transcripts, including a predominance of the nef mRNA, and low or absent
expression of unspliced viral transcripts has been noted in other, so called, latent infection
models based on T cells and macrophages (Klotman ef al, 1991; Muesing et al, 1985;
Pomerantz et al, 1990; Robert-Guroff et al, 1990). A study by Tornatore ef al indicated,
however, that the profile of HIV-1 transcript expression upon reactivation of infection in
HIV-1 transfected astrocytes differs from that of reactivation in T-cells and macrophages
(Tornatore et al, 1994b). Stimulation of promonocyte Ul cells results in a pronounced
increase in the multiply spliced viral mRNAs, followed by an increase in unspliced RNA
species (Muesing et al, 1985; Pomerantz et al, 1990). In contrast, cytokine stimulation of
transfected astrocytes also leads to an increase in multiply spliced viral transcripts (rev and

nef) but no increase in unspliced viral RNA (Tornatore et al, 1994b).

To analyse the restricted HIV-1 infection of astrocytes, Brack-Werner ef al (1992)
established a chronically HIV-1pp infected astrocyte line cell line, TH4-7-5, from the
85HG-66 astrocyte cell line (Brack-Werner et al, 1992). This stably HIV-1 infected cell line
contains one integrated copy of the provirus per cell, and displays the same pattern of
restricted infection seen in infected and transfected astrocytes. TH4-7-5 cells express HIV-1
regulatory proteins, including a disproportionately high level of Nef expression, but their

expression of viral structural proteins is limited. Stimulation of TH4-7-5 cells with TNFa,
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and phorbal esters only had a modest effect on virus production (Kleinschmidt ef al, 1994).
This is concordant with the stimulation of other persistently HIV-1 infected astrocytes
(Shahabuddin et al, 1992; Tornatore et al, 1994b), and in contrast with latently infected
monocyte (U1) and T-cell lines (Folks et al, 1988; Michael et al, 1991; Poli et al, 1990;
Pomerantz et al, 1990).

The restriction of HIV-1 in astrocytes, which comes into effect after an apparent brief initial
productive infection, appears to be distinct from the prototypic models of HIV-1 latency in
T-cells and cells of the monocyte lineage. This indicates that astrocytes have unique

intrinsic mechanisms which can control the replication of the HIV-1 virus.

1.4.3 “Rescue” or “Reactivation” upon coculture with permissive cells

When infected (or transfected) astrocytes in the restricted phase are cocultured with cells
that are susceptible to HIV-1 infection, (T-cells or monocyte derived cells), the cocultured
cells become productively infected. This “rescue” of productive infection is thought to arise
from a “reactivation” of the restricted infection in the astrocyte cells, stimulated by the
coculture. Detection of productive infection (by p24 protein or reverse transcriptase activity
in the coculture supernatants, or by cytopathic effect (formation of syncytia) in the
susceptible cell population) typically requires at least 2, and up to 6, days of coculture
(Cheng-Mayer et al, 1987; Di Rienzo et al, 1998; Sabri et al, 1999). In TH4-7-5 cells
approximately two weeks of coculture was required for the detection of productive infection
in the susceptible cells (Brack-Werner et al, 1992). HIV-1 infection of astrocytes can be
“rescued” as long as 4 or 5 months after the original infection (Chiodi er al, 1987; Dewhurst
et al, 1987b), although the amount of virus released appears to diminish with time post
original infection (Chiodi ef al, 1987). This rescue of productive infection has also been
demonstrated when the HIV-1 susceptible cells are separated from latently infected
(transfected) astrocytes by a 0.4um transwell (Tornatore et al, 1991). This suggested that

the “rescue” of infection from astrocytes could be induced by soluble factors.

The cytokine IL1B and, in some models, TNFo (but not TNFB, GM-CSF, FGFp, IFN, IL2
or IL6), have been reported to induce a transient burst of p24 release from astrocytes which

are in the restricted phase of infection (Lawrence et al, 2004; Tornatore et al, 1991). This
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suggests that some proinflammatory cytokines, which may be released by T-cells or
macrophages upon coculture, can mediate reactivation of virus production in astrocytes.
The underlying mechanism of this appears to be different to reactivation of latent infection
in other cell types (refer Section 1.4.2). Similar to the rescue of infection by coculture, it
takes at least 4 days for the p24 release from IL1B or TNFa treated astrocytes to be
detectable (Lawrence et al, 2004; Tornatore et al, 1991). This cytokine-induced p24 release
is transient, and lasts around 2-3 days. The presence of infectious virus has been
demonstrated in supernatants collected from IL1B or TNFa treated, HIV-1 transfected
astrocytes, during the period of cytokine induced p24 release (Tornatore ef al, 1991). IL1p
can act to upregulate transcription of HIV-1 proviral DNA through an interaction with the
viral LTR (Swingler et al, 1992; Tornatore ef al, 1994b; Tornatore ef al, 1991), and so it is

possible that IL1B “rescues” productive infection from astrocytes by this mechanism.

The potential for HIV-1 to be “rescued” from restricted astrocyte infection implies that the
cellular block(s) to HIV-1 infection of astrocytes can be temporarily overcome. The ability
of astrocytes to transmit virus upon coculture or cytokine stimulus suggests that astrocytes
may be capable of transmitting virus in vivo, as they come into contact with HIV-1
susceptible cells (including microglia and infiltrated macrophages and lymphocytes) in the
brain parenchyma and at the boundaries of the brain, and, during HIVE and HAD, they
become exposed to IL1B and TNFa. This supports the notion that HIV-1 infection of
astrocytes may be a significant source of viral persistence and rebound (Section 1.1.4). The
current literature on the replication (and the restrictions to the replication) of HIV-1 in

astrocytes is outlined below.

1.5 Mechanisms of HIV-1 replication in astrocytes in vitro

1.5.1 Virus Entry

Astrocyte infection is independent of CD4, the main receptor for HIV-1. Astrocytes do not
express detectable surface CD4 (Harouse et al, 1989; Peudenier ef al, 1991; Tornatore ef al,
1991) and, whilst some astrocyte cultures may express CD4 transcripts, neither anti-CD4
monoclonal antibodies nor soluble CD4 block astrocyte infection (Clapham ef al, 1989; Di

Rienzo et al, 1998; Harouse et al, 1989; Ma et al, 1994; Tornatore et al, 1991). Whilst some
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astrocytes can be induced to express various HIV-1 co-receptors (Rottman et al, 1997;
Sanders et al, 2000) these do not appear to be involved in astrocyte infection either (Sabri et

al, 1999).

HIV-1 gpl120 has been demonstrated to bind to galactosyl ceramide (also known as
galactocerebroside) (Bhat ef al, 1993; Harouse et al, 1991), which may be present on the
surface of astrocytes. In one report, antibodies to galactosyl ceramide were shown to inhibit
HIV-1 infection of an astrocyte cell line, U373-MG (Harouse et al, 1989), however infection
of human fetal astrocytes has been repeatedly shown to be independent of this molecule
(Hao et al, 1997; Hao and Lyman, 1999; Ma et al, 1994). This molecule is expressed in
much greater abundance on oligodendrocyte cells, yet these are rarely, if ever, infected
(Section 1.3.2i). The binding of HIV-1 to other surface molecules present on human fetal
astrocytes has been reported, including a 65kDa and a 260kDa cell surface protein (Hao and
Lyman, 1999; Ma et al, 1994), however whether or not this binding facilitates astrocyte
infection is yet to be demonstrated. In one report, HIV-1 virions were observed to be
clustered near clathrin coated pits and within endocytic vesicles. The morphology of these
vesicles appeared consistent with viral uptake by clathrin-mediated endocytosis (Hao and
Lyman, 1999). Whether this mode of viral uptake by astrocytes results in infection, or
whether, as with endocytic uptake of HIV-1 reported in several other cell types (refer to
Section 1.1.6i) (Fredericksen et al, 2002; Marechal et al, 2001; Schaeffer et al, 2001), this
mode of uptake results in lysosome-mediated viral degradation (Fredericksen ef al, 2002;

Schaeffer et al, 2001), remains to be determined.

The mannose receptor has recently been identified as being involved in astrocyte infection,
and the involvement of additional receptors, yet to be identified, has also been implicated
(Liu et al, 2004). The mannose receptor, like the dendritic cell HIV-1 receptor DC-SIGN, is
a member of the large C-type lectin superfamily. The mannose receptor is involved in
phagocytosis by macrophages and microglia, and is reported to be involved in pinocytosis

by astrocytes (Regnier-Vigouroux, 2003).

The relevance of specific receptor and coreceptor usage to astrocyte infection is unclear.
Some reports imply that astrocytes are more susceptible to infection by CXCR4-using “T-
cell tropic” strains of HIV-1 virus than “macrophage-tropic” strains (McCarthy et al, 1998;
Nath ef al, 1995; Schweighardt ef al, 2001). Given the apparent independence of astrocyte
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infection from CD4 and the known T cell and macrophage viral coreceptors (see above), the
molecular mechanism for this is unclear. Other reports observe similar infections of
astrocytes with both T-cell tropic and macrophage tropic virus strains (Di Rienzo et dl,

1998).

1.5.1i Cell to cell transmission of HIV-1 to astrocytes

It has been suggested that infection of astrocytes may be more efficient by the cell-to-cell
infection route than by cell-free infection (Brack-Werner, 1999; Nath et al, 1995). Given
the close proximity of cells within the CNS, it is more likely that in vivo infection of
astrocytes occurs by direct cell-to-cell contact rather than by free virus. Up to four times
more astrocytes have been reported to express HIV-1 antigens following cell-to-cell
infection compared to cell-free infection (Nath et al, 1995), although the respective viral
dose for each of these models cannot be directly compared. One hypothesis for the apparent
increased efficiency of cell-to-cell HIV-1 infection of astrocytes could involve the provision
of the CD4 receptor in trans, by the infected “viral donor” cell to the astrocyte (Speck ef al,
1999). This may enable the virus to enter the astrocyte via the interaction of gp120 with
CD4 (provided in trans) and a coreceptor for HIV-1, some of which may be expressed by

astrocytes under certain conditions. The in vivo relevance of this is unclear.

1.5.2 Reverse transcription and integration

The occurrence of viral reverse transcription and integration is implicit in the concept that
the initial phase of astrocyte infection, in vitro, is productive. The detection of a low level of
HIV-1 DNA in infected astrocytes (Brengel-Pesce et al, 1997; Di Rienzo et al, 1998; Keys
et al, 1991; Kort, 1998; Nath et al, 1995; Sabri et al, 1999) confirms that reverse
transcription has occurred. The derivation of the TH4-7-5 cell line, with one integrated copy
of HIV-1 DNA / cell (Brack-Werner ef al, 1992), is further evidence that HIV-1 genomic
RNA can reverse transcribe within astrocytes. Infection models that induce fusion of the
viral and astrocyte membranes (Section 1.6.1vi) result in productive infection, further
indicating that reverse transcription and integration can proceed in astrocytes. The kinetics
of reverse transcription, and the possibility that astrocytes may be able to limit this process,

has not been explored.
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Further evidence that the reverse transcribed HIV-1 DNA can integrate into astrocytes is
based on i) the detection of HIV-1 DNA in some astrocyte cultures as long as a week
(Brengel-Pesce et al, 1997; Keys et al, 1991; Sabri et al, 1999), or even almost a month (Di
Rienzo et al, 1998), after infection, and ii) that productive viral infection may be rescued
upon coculture or cytokine stimulus. The presence of integrated HIV-1 DNA has been
formally demonstrated in TH4-7-5 cells (by restriction analysis) (Brack-Werner ef al, 1992).

The kinetics of HIV-1 integration in astrocytes has not been investigated.

1.5.3 Transcription and Translation and mechanisms of restriction

The frequent detection of early, multiply-spliced HIV-1 proteins, in the absence of structural
viral proteins, in HIV-1 infected astrocytes, both in vivo (see Section 1.3.2ii) and in vitro
(Section 1.4.2), resembles a “Rev defective” phenotype. This is because Rev is required to
transport the incompletely spliced transcripts, which encode the viral structural proteins,
from the nucleus to the cytoplasm for translation (Section 1.1.6iv). Analysis of the restricted
infection of the TH4-7-5 cell line and of HIV-1 transfected astrocytes has identified two
different mechanisms, specific to astrocytes, which can explain the expression of regulatory

HIV-1 proteins and the lack of expression of structural HIV-1 proteins, in astrocytes.

1.5.3i Aberrant Rev/ RRE regulatory axis in astrocytes

Transcription and translation of HIV-1 have been studied extensively in the chronically
HIV-1yp infected astrocyte cell line, TH4-7-5 (Brack-Werner et al, 1992; Kleinschmidt ef
al, 1994; Neumann et al, 1995) (refer to Section 1.4.2). Consistent with other models of
astrocyte infection, these cells are able to transmit virus to HIV-1 susceptible cells upon
coculture despite exhibiting a restricted infection (Section 1.4.3). The rev gene and Rev-
responsive element (RRE) of the HIV-1 provirus in this chronically infected cell line have
been shown to be intact, and overexpression of Rev by a Rev-expressing plasmid did not
alter the “Rev-defective” infection phenotype (Neumann et al, 1995). Rev protein, which is
normally localised mainly to the nucleous and nucleolus, was also present in the cytoplasm
(Neumann ef al, 1995). Further analysis revealed a defect in the nuclear export of the Rev-
dependent structural HIV-1 transcripts in these cells (Neumann et al, 1995). This process is

normally dependent on the ability of Rev to shuttle between the nucleus and cytoplasm
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(Section 1.1.6iv).  Transfection experiments with Rev-reporter and Rev-expressing
constructs have demonstrated that this aberrant cellular distribution of Rev and apparent
block in the Rev-RRE regulatory axis also occurs in human fetal astrocytes and several
astrocyte cell lines, including the parental cell line to TH4-7-5 (85HG-66, U251-MG, U87-
MG, U138-MG and U373-MG) (Ludwig et al, 1999; Neumann et al, 1995). Further studies
using the U87-MG astrocyte cell line suggests this astrocyte specific aberration of the Rev-
RRE regulatory axis may be partly due to a lower level of expression of a constitutive
cellular protein, Sam86, in astrocytes (Li ef al, 2002b). Sam68 can interact with both HIV-1
Rev and the RRE, and is involved in the nuclear export of Rev (Li ef al, 2002b). Whilst
exogenous expression of Sam68 can partially alleviate the Rev function block in U87-MG
astrocytes (Li ef al, 2002b) and the down-modulation of Sam68 inhibits HIV-1 gene
expression, replication and Rev function in several cell types (Li ef al, 2002a), the molecular
mechanism of Samé68’s involvement in Rev-mediated nuclear export, and whether this

relates to the accumulation of Rev in the cytoplasm, is yet to be elucidated.

1.5.3ii Low TRBP levels in astrocytes

An aberrant Rev/RRE axis is not observed in all models of astrocyte infection. In another
transfection base model of astrocyte infection (using the U251-MG astrocyte cell line), HIV-
1 structural transcripts were found to be correctly processed and efficiently transported to
the cytoplasm (Gorry et al, 1998; Gorry et al, 1999). Despite efficient nuclear export,
however, the translation of these structural genes was highly inefficient (Gorry ef al, 1998;
Gorry et al, 1999). In this paradigm, the block in translation of HIV-1 structural genes has
been attributed to a reduced level of transcription of a cellular trans-activation-responsive
RNA-binding protein (TRBP) in astrocytes (Gorry et al, 2003; Ong et al, 2005), which is a
potent inhibitor of double-stranded RNA induced, interferon-regulated, protein kinase
(PKR) activation (Bannwarth et al, 2001). TRBP enhances viral replication by both
activating the HIV-1 long terminal repeat (LTR) promoter (Daher et al, 2001) and by
blocking the inhibitory effects of PKR on viral translation (Park et al, 1994). Co-expression
of TRBP or a catalytically inactive PKR mutant has been reported to restore HIV-1
replication in astrocytes, indicating that the very low endogenous level of TRBP in
astrocytes may be responsible for the limited translation of HIV-1 structural proteins in these

cells (Ong et al, 2005). The regulatory transcripts Rev and Tat have polypyrimidine tracts
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near their initiating codons which may enable them to evade this cap-dependent PKR

inhibition of translation (Gorry et al, 1999).

Curiously, transcription and translation of HIV-1 proteins appears unhindered in astrocytes
in infection models which induce fusion of the viral and astrocyte membranes, such as VSV-
envelope pseudotyped virons (Section 1.6.1vi). TRBP has been shown to be incorporated
into VSV-pseudotyped HIV-1 virions, which may, in part, explain the lack of restriction
observed upon infection of astrocytes with VSV-pseudotyped HIV-1 (Thorpe, 2001) (Dr

Damien Purcell, personal communication).
1.5.4 Release of infectious virus

During the initial phase of in vitro infection, astrocyte cultures release p24 protein, a marker
of HIV-1 virus production, into the supernatant (Section 1.4.1). Hence these supernatants
are thought to contain infectious virus, although this has not been formally demonstrated.
During the restricted phase of infection (and transfection), astrocyte supernatants are non-
infectious when added to HIV-1 susceptible cells. The evidence that astrocytes can produce
and release fully competent and infectious virus comes from coculture studies (Section
1.4.3) and the demonstration that transfected astrocytes can release infectious virus to
susceptible cells across a transwell or upon cytokine stimulation (Tornatore et al, 1991).
Fully competent, infectious virus is also released from astrocytes where productive infection
was induced by fusion of the viral and cell membranes (Section 1.6.1vi). Taken together,
this indicates that all the necessary factors for complete and competent virus production

exist in astrocytes, yet virus replication is normally restricted.

1.6 In vitro models of astrocyte infection

1.6.1 Consideration of the limitations of current HIV-1 astrocyte infection

models

The majority of human astrocyte infection models appear to display the restricted paradigm
of infection observed in vivo. However, some observations vary between models,

confounding the interpretation of the literature. The variation seen may be largely attributed
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to the different astrocyte sources, virus strains and infection methods. The advantages and
limitations of the respective astrocyte infection models need to be considered for

interpretation of the literature, and are discussed below.

1.6.1i Primary Astrocytes

Primary human astrocytes are usually derived from human fetal material (HFA), or
occasionally, human embryonic material (HEA). In addition to being primary cells, they
have the advantage of representing the heterogeneity of astrocytes present in the CNS. Most
reports document the purity of their HFA (or HEA) cultures as >95% or 99% by GFAP
immunoreactivity, however the potential for a low level of contamination by HIV-1
susceptible microglia and macrophages cannot be completely excluded. The relevance of
this depends on the exact nature of the study. HFA and HEA are actively dividing cells, and
therefore the extrapolation of these studies to the HIV-1 infection of adult astrocytes (AA),
which are terminally differentiated and do not divide at the same rate (if at all), is uncertain.
AA cultures are seldom used due to the inavailability of fresh adult brain tissue. They may
also contain a very low percentage of HIV-1 susceptible microglia / macrophages. Recently
it has become possible to derive astrocytes from precursor cells, usually from fetal brain
material. These progenitor-derived astrocyte (PDA) cultures have the distinct advantage of

being pure, as well as representing primary cells.

1.6.1ii Astrocyte cell lines

A number of astrocyte cell lines have been derived from gliomas, gliocytomas and
astrocytomas. Astrocyte cell lines usually represent a clonal cell population derived from
adult tissue. As such, they are unable to represent the heterogeneity of astrocytes in the
CNS. They also have chromosomal abnormalities and a rapidly dividing phenotype. Many
of the available astrocyte cell lines express GFAP, the prototypic astrocyte marker. Some
astrocyte cell lines do not express GFAP however, but neither is this expressed on all
primary astrocytes, in vivo or ex vivo, and its expression may be lost upon culture (Cheng-
Mayer et al, 1987, Collins, 1983; Keys et al, 1991). The cell lines SF609 and U138-MG,
thought to be of astrocytic origin in earlier studies, do not appear to be pure astrocyte cell

lines (Cheng-Mayer et al, 1987; Collins, 1983; Keys et al, 1991), and have been excluded
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from consideration in this thesis. The chronically HIV-1yg infected astrocyte cell line,
TH4-7-5, was derived by coculture of the 85 HG-66 astrocyte cell line with persistently HIV-
lus infected H9 cells. The TH4-7-5 cell line has been highly valuable for studying post
integrational events in astrocytes, and these cells model the characteristic attributes of
astrocyte infection (preferential expression of multiply-spliced viral transcripts, with only a
low level of virus structural protein expression, and transmission of infection upon coculture
with HIV-1 susceptible cells) (Sections 1.4.2 and 1.4.3). The derivation of TH4-7-5 cells
indicate that the earlier virus replication steps were possible in 85HG-66 astrocytes, however
it should be noted that the derivation of this cell line by single cell cloning represented a rare

clone which persistently expressed viral antigens (Brack-Werner et al, 1992).

1.6.1iii Virus strain and phenotype

Findings from several in vitro studies (McCarthy ef al, 1998; Nath et al, 1995; Sabri ef al,
1999; Schweighardt er al, 2001; Shahabuddin er al, 1996), and a recent in vivo study
(Thompson et al, 2004), indicate that astrocyte infection may be dependent on the strain of
HIV-1. Most strains are either unable to infect astrocytes or are capable of establishing a
restricted infection. In a few instances, however, productive infection has been documented
(Canki et al, 1997; Nath et al, 1995). This appears to depend on either the virus strain itself,
or, in case of astrocyte cell lines, the particular cell line. Some virus strains appear selective
as to which astrocyte cell lines they are able to infect in a restricted manner. Additionally,
whilst the strain HIV-1gp, has been reported to productively infect several astrocyte cell
lines (Nath ef al, 1995) (Prof Cecilia Cheng-Mayer, personal communication), possibly due
to its unique membrane fusion properties (Fackler and Peterlin, 2000), it is not able to
productively infect all astrocyte cell lines (Shahabuddin et al, 1996). Conversely, HIV-InL4-
3, which has been reported to establish a restricted infection in a variety of astrocyte cell
lines and by several different research groups (Cheng-Mayer et al, 1987; Clapham et al,
1989; Dewhurst et al, 1987b; Dewhurst et al, 1988; Gorry et al, 1998; Gorry et al, 1999;
Kort, 1998), has also been reported to productively infect an astrocyte cell line which is
refractory to productive infection by HIV-1gp, (Shahabuddin et al, 1996). This adds further
support to the concept that multiple mechanisms of virus restriction occur in astrocytes, and
that different mechanisms of restriction may be evident in different astrocyte cell lines.

Alternatively, given host cell factors can be incorporated into virions and affect the
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subsequent replication ability of the virus (Harris ef al, 2003; Lecossier et al, 2003; Mariani
et al, 2003; Thorpe, 2001), the variation in susceptibility of different cell lines to the same
virus strain in different studies may involve differing viral phenotypes according to the

producer cell in which the virus stock was generated.

1.6.1iv In vitro models for astrocyte infection

Astrocyte cultures can be infected by inoculation with cell free virus or by coculture with
infected cells. (Infections initiated by transfection of proviral DNA or by induction of viral
fusion at the cell membrane occur through different mechanisms and are discussed
separately below.) It has been suggested that it is more physiologically relevant (and more
efficient) to infect astrocytes by contact with infected cells, however the presence of a mixed
culture limits the aspects of astrocyte infection which can be studied. While cell-free
infections permit a wider scope of study, this route is reportedly even less efficient than cell-
to-cell infection. To overcome the apparent inefficiency of cell-free infection, highly
concentrated cell-free virus stocks are sometimes used (for example, 2pg HIV-1 p24 protein
/ ml (Nath et al, 1995), ~10°-10° cpm / Reverse transcriptase activity / ml (Brack-Werner et
al, 1992; Cheng-Mayer et al, 1987; Chiodi et al, 1987)), and it should be noted that the
amount of virus subsequently released by the infected astrocyte cultures may be much less
than what was in the initial inoculum. Occasionally, infections are performed in the
presence of agents which interfere with the cell membrane and promote interaction of viral
and cellular membranes, such as polybrene and DEAE dextran (Cheng-Mayer et al, 1987,
Kort, 1998).

In early studies the viral inocula were not pretreated with DNase (Brengel-Pesce et al, 1997,
Cheng-Mayer ef al, 1987; Di Rienzo et al, 1998; Keys et al, 1991; Nath et al, 1995) and in
some studies the excess inoculum may not have been removed (Brengel-Pesce ef al, 1997).
This is important in the assessment of HIV-1 DNA by sensitive techniques such as PCR, as
HIV-1 DNA may be present in the viral inoculum, derived from the degradation of infected
producer cells, and, where virus stocks are derived from molecular clones, the from original

plasmid.
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1.6.1v Transfection of viral DNA

To improve the efficiency of viral expression, and to circumvent the restrictions to HIV-1
entry in astrocytes, several studies of HIV-1 infection of astrocytes establish a restricted
infection by transfecting the astrocytes with viral DNA. This has been a highly effective
tool for, in particular, studying the transcription and translation of HIV-1 in astrocytes.
Transfection studies are limited to post-integrational events, as the processes of viral
attachment, entry and reverse transcription are bypassed (Sections 1.5.1 and 1.5.2). Whilst
full length proviral plasmid DNA can integrate into the host cell DNA after transfection, the
process of plasmid integration is fundamentally different to the proviral integration that
occurs during viral replication, as the plasmid DNA is not in the context of pre-formed viral
proteins. During HIV-1 infection, the process of integration is highly organised sequence of
Other cellular and virion factors, which are normally packaged by the virus producer cell
and may affect the new round of infection, are also absent in transfection models of
astrocyte infection. Additionally, the process of transfection causes considerable metabolic

stress to the cells and their membranes.

1.6.1vi Induction of viral fusion at the cell membrane

The efficiency of virus expression in astrocytes has also been increased by inducing fusion
of the virus with the cell membrane, in the receptor—dependent manner by which HIV-1
enters T-cells and macrophages. This has been achieved by transfecting astrocytes to
express CD4 and, where necessary, a coreceptor for HIV-1. Curiously, expression of CD4
alone permits productive infection of some astrocyte cell lines by some viral strains
(Chesebro et al, 1990; Shahabuddin er al, 1996). The requirement to also transfect the
astrocytes to express a coreceptor may depend on the endogenous coreceptor expression of
the cells and the coreceptor usage of the isolate. When transfected to express both CD4 and
a coreceptor, susceptibility to productive infection by HIV-1 is reportedly conferred to HFA
and astrocyte cell lines (Schweighardt and Atwood, 2001).

MLV and VSV envelope pseudotyped HIV-1 virions induce membrane fusion at the plasma

membrane surface (McClure ef al, 1990) or at endocytosed membranes (Matlin et al, 1982),
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respectively. Infection by these pseudotyped virions is independent of HIV-1 receptor and
coreceptor expression. These pseudotyped virions productively infect astrocytes (Canki ez
al, 2001; Chesebro ef al, 1990), as does the HIV-1gp; virus strain (Cheng-Mayer et al, 1987;
Nath et al, 1995) which has since been shown to have unique membrane fusion properties

(Fackler and Peterlin, 2000).

Models which manupulate HIV-1 entry into astrocyte cells by fusion-based approaches such
as transfecting the astrocytes to express CD4 and a coreceptor, or pseudotyping the virus
with MLV and VSV envelopes, have some advantages over proviral plasmid DNA
transfection methods. Specifically, fusion-based methods deliver the viral core, in the
context of pre-formed virus proteins, into the cytoplasm of the cell. In considering the
interpretation of these pseudotype virus based studies, however, the potential for the
producer cell to affect the virus phenotype needs to be considered. This is highlighted by
the observation that producer-cell derived TRBP protein (see Section 1.5.3ii) could be
incorporated into VSV pseudotyped HIV-1 virions. Exogenous TRBP alone has been
shown to relieve the restrictions to HIV-1 replication in both HFA and the U251-MG
astrocyte cell line (Bannwarth et al, 2001; Ong et al, 2005) (Dr Damien Purcell, personal
communication) illustrating the potential for artifacts to occur with a pseudotyped virus

approach.

Taken together, however, these HIV-1 membrane fusion models indicate that HIV-1 entry
(or, more specifically, the mode of HIV-1 entry) is a major restriction to HIV-1 replication
in astrocytes. These models also indicate that if the viral genome is delivered to the
cytoplasm of astrocytes in the context of the intact viral core and pre-integration complex,
productive infection can occur. This seems to indicate that, in these models, there are no
intrinsic cellular restrictions to virus replication. However, these fusion-based models of
productive astrocyte infection do not resemble the paradigm of restricted astrocyte infection
observed in post mortem tissue. The fact that CD4 (and HIV-1 coreceptor) expression on
astrocytes results in a productive infection rather than a restricted infection is also consistent
with the notion that astrocyte infection, in vivo, occurs through a mechanism which is

independent of CD4 and coreceptor expression.
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1.6.2 Choice of Astrocyte cell lines and HIV-1 strains for this thesis

1.6.2i Astrocyte cell lines

The U251-MG astrocyte cell line was chosen for the majority of the work in this thesis as it
is a well characterised, GFAP positive (and CD4 negative) astrocyte cell line (Bigner et al,
1981) (Section 2.1.1). It has been used by several other groups to study HIV-1 infection of
astrocytes (Cheng-Mayer et al, 1987; Clapham et al, 1989; Dewhurst et al, 1987b; Dewhurst
et al, 1988; Gorry et al, 1998; Gorry et al, 1999; Kort, 1998). Initially it was intended that
the studies with this cell line would be repeated in human fetal astrocyte cultures, however
the progression of results from the reverse transcription and integration studies made it
imperative that the pure astrocyte cultures be used. The use of progenitor-derived astrocytes
would have been ideal, however the preparation of these is highly tedious and very
expensive. So, to determine whether results from the U251-MG astrocytes were particular
to this cell line or representative of astrocytes in general, the pertinent results of this thesis
were repeated in two additional astrocyte cell lines, CCF-STTG1 and U87-MG. These two
astrocyte cell lines are also well characterised (Section 2.1.1) and have been used in several
previous studies of HIV-1 infection of astrocytes (Brengel-Pesce ef al, 1997; Chesebro et al,

1990; Clapham e al, 1989; Liu et al, 2004; Ludwig et al, 1999).

1.6.2ii HIV-1 strains

Cell-free infections were performed with the NL4-3 strain of HIV-1. This strain was
selected as it is a fully competent strain, and available as a molecular clone. As such, virus
stocks could be prepared with limited cell passage from transfection of the clone, ensuring
minimum genetic variation of the virus stock from the published strain. It was also chosen
as it has been previously demonstrated to infect U251-MG cells in a restricted manner
typical of astrocyte infection (Gorry et al, 1998; Gorry et al, 1999). This strain was also
chosen as it is a T-cell tropic strain, and the literature at the time indicated a preference for
astrocyte infection by T-cell tropic strains (McCarthy er al, 1998; Nath et al, 1995;
Schweighardt ef al, 2001). Initially it was intended that the scope of the cell-free infections

studies in this thesis would extend to other T-cell tropic virus strains (including SF2 and
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I1IB, and the CSF derived primary isolate; JR-CSF) and to macrophage-tropic virus strains
(including BaL and primary isolates derived from the CNS; HIV-1 JR-FL and YU2).

Cell-to-cell infections with primary monocyte-derived macrophages (MDM) utilised the
macrophage tropic strain BaL, as cell-to-cell transmission of infection with HIV-1g,
infected MDM has been used previously to successfully analyse the transmission of HIV-1
from macrophages to lymphocytes (Carr et al, 1999). Cell-to-cell infections with T-cell
lines used the established and well characterised clonal HIIIB cell line, derived from HIV-1
ITIB infection of HY cells. This cell line has also been used successfully to study cell-to-cell
transmission of HIV-1 in the analysis of T-cell infection (Karageorgos er al, 1993;
Karageorgos et al, 1995; Li et al, 1993a; Li and Burrell, 1992; Li et al, 1992; Li et al, 1994).
As a comparison, the E12 cell line, which is persistently infected with the T-cell tropic HIV-
1 strain, SF2, was also used. It was originally envisaged that pertinent results from cell-to-
cell studies with chronically infected T-cell lines would be repeated with infected PBMC or
PBL cultures and HFA.

1.7 In vivo significance of restricted HIV-1 infection of astrocytes

Characterisation of the restricted HIV-1 infection of astrocytes is imperative to
understanding the entry and spread of HIV-1 into the CNS, HIV-1 persistence and HIV-1
induced neurological diseases. Additionally, understanding the cell-specific restrictions to
HIV-1 replication in these cells may lead to novel antiviral strategies. Furthermore, a
greater understanding of astrocyte function and dysfunction is likely to be help clarify our

understanding of the pathogenesis of HAD.

Astrocytes regulate the barriers to the brain and are integrally involved in the entry of HIV-1
into the central nervous system, both as free virus and within infected cells (Section 1.3.1).
As astrocytes are the first CNS cell type encountered by the virus upon passage through the
BBB, they may facilitate the spread of HIV-1 through the brain parenchyma (Section 1.3.1).
HIV-1 is known to be able to persist within the human body for extended periods of time
(years), even whilst plasma viral loads are kept below the level of detection by antiretroviral
therapy (Section 1.1.4). The brain is perhaps the major anatomical sanctuary for HIV-1

during therapy, as the BBB can prevent several therapeutic agents from reaching effective
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concentrations within the brain (Section 1.1.4). Numerically, the number of HIV-1 infected
astrocytes and microglia within the brain represent a major cellular source of potential viral
persistence (Section 1.1.4). The restricted nature of astrocyte infection may also assist the
virus in evading therapy. In vitro studies indicate that, even though infection is restricted in
astrocytes, these cells can transmit infectious virus upon contact with susceptible cells, or
upon stimulation with TNFa, and IL1B (Section 1.4.3). Exposure of astrocytes to HIV-1
susceptible cells and these proinflammatory cytokines occurs in the brain environment

during HIVE (Sections 1.3.3-5).

HIV-1 induces several neurological syndromes, the most devastating of which is HAD
(Section 1.3). This disease appears to be the result of immune over-activation and
dysregulation within the CNS (Section 1.3.5). Astrocyte activation and dysfunction, as well
as the over-activation of microglia and macrophages, is involved in this process. Direct
infection and exposure to viral proteins and the products of activated cells mediates this
activation. This dysfunction of astrocytes is critical as it interferes with their support of
neurons and control of the CNS milieu, vital for normal neuronal function (Sections 1.3.5,
12.2 and 1.2.3). Similar dysfunction of astrocytes have been implicated in other
neurological diseases including Alzheimer’s disease and hepatic encephalopathy (Zigmond
et al, 1999), and so the elucidation of the mechanisms involved in HAD may be applicable

to other neurological diseases.

Cellular mechanisms, which are unique and intrinsic to astrocytes, can restrict astrocyte
infection in vivo and in vitro (Sections 1.3.2ii, 1.4 and 1.5). Multiple mechanisms of virus
restriction by astrocytes are apparent, at several steps of virus replication including entry,
transcription and translation (Sections 1.5.1 and 1.5.3). Analysis of astrocyte-specific
blocks in the Rev-RRE regulatory axis of HIV-1 (Section 1.5.3i) indicate that astrocytes
express factors which can control HIV-1 replication. Further analysis of these factors, and
other mechanisms of viral restriction in astrocytes, may reveal novel antiretroviral strategies.
The development of new and improved antiretroviral therapies is imperative given the high
prevalence of HIV-1 globally, and the fact that the number of people infected with HIV-1

continues to increase (Section 1.1.2).
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To further current understanding of the restricted HIV-1 infection of astrocytes, the work in
this thesis analyses the processes of HIV-1 reverse transcription and integration in
astrocytes, and investigates the mode of viral entry and phenomenon of transmission of

infection from astrocytes.

1.8 Scope of this thesis

1.8.1 Hypotheses

The HIV-1 infection of astrocytes exhibits a number of fundamental differences compared to
the infection of CD4 and coreceptor expressing HIV-1 susceptible cells. Several restrictions
to HIV-1 replication in astrocytes have been described, but these restrictions are not entirely
consistent, indicating that additional mechanisms of virus restriction may occur in
astrocytes. Viral entry appears to be a major block to astrocyte infection, although little is
known about the mode of HIV-1 attachment and entry in astrocytes. The viral replication
steps of reverse transcription and integration have not been specifically investigated in
astrocytes. More than one mechanism for the restricted expression of viral proteins has been
described, and the underlying determinants for the observation of different mechanisms in
different infection models are not known. This thesis addresses the possibility that
additional mechanisms of restriction of viral replication may exist at earlier stages in the
virus life cycle in astrocytes. Characterisation of the early events of virus replication,
specifically virus entry, reverse transcription and integration, may explain the discrepancies
in the literature regarding the mechanisms of restriction of viral gene expression.
Understanding the processes of virus entry, reverse transcription, integration, and
subsequent virus release upon coculture, will provide valuable knowledge pertaining to the
effectiveness of antiretroviral drugs in HIV-1 infected astrocytes. Understanding these early
steps of virus replication, and potential virus release, together with the current literature on
the later stages of viral replication in astrocytes, will further current knowledge of astrocyte

infection in the CNS and the dissemination and persistence of HIV-1 in the brain.
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Specifically, the hypotheses addressed in this thesis are

D)

iii)

1.8.2

That the process of viral entry is more efficient in astrocytes infected by the cell-to-
cell infection route than the cell-free infection route, and that more efficient viral
entry results in a greater level of subsequent viral reverse transcription.

That, because the mode of virus entry in astrocytes is fundamentally different to that
in CD4 and coreceptor expressing HIV-1 susceptible cells, the susceptibility of
astrocytes to HIV-1 infection does not relate to the classification of HIV-1 strains as
either T-cell tropic or Macrophage tropic.

That, upon entry, HIV-1 undergoes reverse transcription in astrocytes, but that the
kinetics of HIV-1 reverse transcription in astrocytes may differ to that in CD4",
coreceptor expressing, HIV-1 susceptible cells. Potential differences in the kinetics
and regulation of viral reverse transcription in astrocytes may be due to the different
mechanisms of virus entry and / or the presence of astrocyte-specific restrictions to
normal viral reverse transcription.

That, following reverse transcription, the reverse transcribed HIV-1 genome
undergoes integration in astrocytes, but that the kinetics of HIV-1 integration in
astrocytes may differ to that in CD4", coreceptor expressing, HIV-1 susceptible cells.
Potential differences in the kinetics and regulation of viral integration in astrocytes
may be due to upstream differences in virus entry and reverse transcripton, and / or
the presence of astrocyte-specific restrictions to normal viral integration.

That, under certain circumstances, integrated proviral HIV-1 DNA in astrocytes can
be transcriptionally active, and under certain stimuli, the virus life cycle may proceed

to completion with the release of infectious virions.

Aims

The main aims of this study were to characterise the entry, reverse transcription and

integration of HIV-1 in astrocytes, and the subsequent transmission of HIV-1 from

astrocytes. A minor aim of this thesis was to compare the relative efficiency of cell-free and

cell-to-cell transmission of infection to astrocytes.
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1.8.3 Overview of experimental approach

Entry and reverse transcription of HIV-1 in astrocytes was first studied with a cell-to-cell
route of infection with the U251-MG astrocyte cell line. The kinetics of virus entry and
subsequent reverse transcription was assessed by measurement of HIV-1 DNA transcripts
during the course of astrocyte infection or exposure to HIV-1 secreting cells. This study

included both T-cell tropic and macrophage tropic strains of HIV-1.

A cell-free infection model was also established, and used to study the virus entry and
reverse transcription steps in more detail, in three astrocyte cell lines (U251-MG, CCF-
STTG1 and U87-MG astrocytes). Immunofluorescent, confocal microscopy and electron
microscopy approaches were employed to study virus entry. The kinetics of viral reverse
transcription was assessed by measurement of HIV-1 DNA transcripts during the course of
infection, and by employing inhibitors of transcription and reverse transcription. The later
viral replication steps of integration and virus release were also investigated. Specific assays
to detect integrated and total chromosome-associated HIV-1 DNA were employed to
characterise the kinetics of viral integration in astrocytes. Sensitive assays to detect the
release of infectious virus from the astrocyte cultures were developed, and coupled to the
analysis of viral integration. Finally, to gain a more comprehensive understanding of the
viral processes occurring within the astrocytes, the kinetics of viral RNA expression was

also assessed during the course of infection.
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Chapter 2
Materials and Methods

2.1 Materials

2.1.1 Cells and Cell Culture

2.1.1i Astrocyte cell lines

U251-MG cells are a GFAP positive, CD4 negative, astrocyte cell line derived from a
malignant glioma, by Bigner et al 1981 (Bigner ef al, 1981). They were kindly supplied by
Dr Damien Purcell, Melbourne University, at passage 3 from his original U251-MG source;
Dr Jens Kort, Department of Medicine, Albany Medical College, Albany, N.Y., USA.
These U251-MG cells have the same origin, but are at an earlier passage, as those held by
the Australian National Centre in HIV-1 Virology Research (NCHVR) Research Reagent
Program (also donated by Dr Purcell). U251-MG cells were maintained as recommended by
Dr Purcell and as described previously (Bigner ef al, 1981; Gorry et al, 1998). Specifically,
they were maintained in Dulbecco modified Eagle medium (DMEM, Gibco BRL)
supplemented with 10mM Hepes, 0.37% sodium bicarbonate, 2mM L-glutamine, 1.2 pg/ml
penicillin, 1.6 pg/ml gentamycin, 10% heat inactivated fetal calf serum (CSL).

The CCF-STTG1 cell line were established from a Grade IV astrocytoma of a 68 year old
Caucasian female (Barna ef al, 1985). 70-80% of cells are positive for GFAP expression,
and HLA-DR is present on approximately 20-30% of cells after 48 hours of culture, and they
are CD4 negative. They were obtained from the American Type Culture Collection
(ATCC), and maintained according to their recommendations. Specifically they were
maintained in RPMI 1640 media (Gibco BRL) supplemented with 1.5 g/L sodium
bicarbonate, 10mM Hepes, 2mM L-glutamine, I1mM Sodium Pyruvate, 4.5g/L glucose, 1.2
png/ml penicillin, 1.6 pg/ml gentamycin, 10% heat inactivated fetal calf serum (CSL).

U87-MG cells are an astrocyte cell line derived from a Grade IV malignant glioma of a 44

year old female, originally characterised by Ponten and MacIntyre (Ponten and Macintyre,
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1968). They were obtained from the ATCC, and maintained according to their
recommendations. Specifically they were maintained in Eagles Minimum Essential Medium
(EMEM, Gibco BRL) with Earles Basal Salt Solution (BSS, Gibco BRL) supplemented
with 1.5 g/L sodium bicarbonate, 2mM L-glutamine, 0.1mM non-essential amino acids, 1.2
pg/ml penicillin, 1.6 pg/ml gentamycin, 10% heat inactivated fetal calf serum (CSL). They
have been reported by some to be GFAP positive (Clapham ef al, 1989), and by others to be
GFAP negative (Chesebro ef al, 1990; Ludwig et al, 1999).

All astrocyte cell lines were cultured in a humidified cell culture incubator at 37°C with 5%
CO,. Astrocyte cell lines passaged approximately 18 hours prior to experiments to reach a
confluency of around 80% at time of use, to ensure cells were in the log phase of growth.
For all experiments, astrocyte cell lines were used at passage 5-8 from their source to ensure
accurate representation of the phenotype of the cell line. Repeat experiments were
performed on cells of the same passage number derived from a common stock stored in

liquid nitrogen, to minimise inter-experimental variation.

The CD4 receptor negative status of U251-MG, U87-MG and CCF-STTGI cells was
confirmed by FACS analysis using FITC-conjugated anti-human CD4 IgG; antibodies
(Immunotech, France) and FITC-conjugated anti-human IgG; isotype controls (Immunotech,
France) (Table 4.1). HuT-78 and 293T cells (see below) were included as positive and

negative controls respectively.

U251-MG, U87-MG and CCF-STTG1 cells were confirmed to be positive for the astrocyte
specific intermediate filament protein; glial fibrillary acidic protein (GFAP) by
immunofluorescence assay (IFA) as described in Sections 2.3.3 and 2.3.4 and shown in

Figure 4.1.

2.1.1ii Uninfected T-cell lines

HuT-78 cells are a CD4" human T-lymphoblastoid cell line (Gazdar et al, 1980). They were
obtained from the National Institutes of Health (NIH) AIDS Research and Reference
Reagent Program, from Dr Robert Gallo. They were maintained according to NIH
recommendations, specifically they were maintained in RPMI 1640 (Gibco BRL)
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supplemented with 20mM Hepes, 0.12% sodium bicarbonate, 2mM L-glutamine, 1.2 pg/ml
penicillin, 1.6 pg/ml gentamycin, 10% heat inactivated fetal calf serum (CSL).

CEMS-SS cells are a derivative of the CEM human CD4+ lymphoblastoid cell line (Foley et
al, 1965; Nara and Fischinger, 1988; Nara et al, 1987) which has been cloned for viral-
induced syncytial / fusigenic sensitivity following HIV infection. They were also obtained
from the NIH AIDS Research and Reference Reagent Program, from Dr Peter L. Nara, and
maintained according to NIH recommendations, as described above for the maintenance of

HuT-78 cells.

A3.01 cells are a subclone of the CEM human CD4+ lymphoblastoid cell line (see above)
(Buttke and Folks, 1992; Folks er al, 1985). They were also obtained NIH AIDS Research
and Reference Reagent Program, from Dr Thomas Folks, and maintained according to NIH

recommendations, as described above for the maintenance of HuT-78 cells.

All T-cell lines were maintained in a humidified atmosphere of 5% CO, at 37°C. T-cell
lines were subcultured approximately 18 hours prior to use at a density of 5x10° cells/ml to

ensure that the cells were in the log phase of growth.

2.1.1iii HIV-1 infected T-cell lines

The HIIIB cell line is a laboratory clone of H9 cells (Popovic ef al, 1984) persistently
infected with the IIIB strain of HIV-1 (formerly known as HTLV-IIIB (Li and Burrell,
1992). HIIIB cells secrete approximately 0.01 TCIDsq virus / hour and are >95% positive
for the HIV-1 core antigen, p24, by immunofluorescence. They contain 2 integrated copies
of HIV-1 provirus per cell and undetectable levels of unintegrated viral DNA by Southern
blot hybridisation (Li and Burrell, 1992).

ACH-2 is a clonal cell line derived from A3.01 cells persistently infected with HIV-1
(Clouse et al, 1989; Folks et al, 1989), obtained from the NIH AIDS Research and
Reference Reagent Program, from Dr Thomas Folks. They contain 1 integrated copy of

HIV-1 provirus per cell.
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8ES5 is a clonal cell line persistently infected with HIV-1p 4y (Folks et al, 1986), obtained
from the NIH AIDS Research and Reference Reagent Program. They contain 1 integrated
copy of HIV-1 provirus per cell.

E12 cells are from a clone of persistently HIV-1gp infected HuT-78 cells, originally
obtained from Dr Jay Levy. Characterisation of these cells for use in this thesis
demonstrated that approximately 30% of these cells were p24 positive (FACS for
intracellular p24). They secreted infectious virus and detectable p24 protein into the

supernatant, and formed syncytia upon coculture with HuT-78 cells.

All persistently infected T-cell lines were maintained according to the provider’s

specifications, as described for uninfected T-cell lines (Section 2.1.1ii).

2.1.1iv Additional cell lines

293T cells, obtained from the ATCC, were maintained in DMEM supplemented with 10mM
Hepes, 0.37% sodium bicarbonate, 2mM L-glutamine, 1.2 pg/ml penicillin, 1.6 pg/ml
gentamycin, 10% heat inactivated fetal calf serum (CSL). They were cultured in a
humidified cell culture incubator at 37°C with 5% CO,, and passaged approximately 18

hours prior to experiments to reach a confluency of around 80% at time of use.

2.1.1v Primary cells

Peripheral blood mononuclear cells (PBMCs) and monocyte derived macrophages (MDMs)
were prepared and infected by Dr Jillian Carr and Ms Helen Hocking. Specifically,
peripheral blood leucocytes (PBLs) were prepared by density gradient centrifugation of
buffy coat blood packs from healthy blood donors, generously provided by the Australian
Red Cross Blood Bank. The volume of the buffy coat blood pack was diluted with an equal
volume of cold Hanks Balanced Salt Solution (HBBS, Gibco). The diluted blood was
overlaid onto ficoll lymphoprep, and centrifuged (800xg for 30 min at 4°C with low brake)
to separate the red blood cells (pellet) from the PBLs (“buffy coat” layer immediately above
the lymphoprep) and plasma (top). The PBL layer was collected and washed once with cold
HBBS. To culture PBMCs, the cells were resuspended and cultured in RPMI 1640 with

74



20mM Hepes, 0.12% (v/v) sodium bicarbonate, 2mM L-glutamine, 1.2pg/ml penicillin,
1.6pg/ml gentamycin and 10% (v/v) heat inactivated FCS and maintained in a humidified
atmosphere of 5% CO, at 37°C.

To isolate MDMs, the cells were washed twice more with cold HBBS then once with MDM
serum-free medium (DMEM with 10mM Hepes, 0.12% (v/v) sodium bicarbonate, 2mM L-
glutamine, 1.2pg/ml penicillin, 1.6pg/ml gentamycin), resuspended in pre-warmed MDM
adherence medium (as above with 20% (v/v) FCS), seeded into tissue culture flasks at a
density of 1x107 cells/ml, and incubated in a humidified cell culture incubator at 37°C with
5% CO,. After approximately one hour the non-adherent cells were removed, and the
adherence medium replaced. After a second hour the supernatant containing non-adherent
cells was again removed, and the adhered monocytes washed 3 to 6x with HBSS" (HBBS
with CaCl, and MgSO, (Gibco)). The monocytes were then cultured overnight in complete
macrophage medium (DMEM with 10mM Hepes, 10% (v/v) FCS and 7.5% (v/v) human
serum (HS)). The next day the monocytes were gently detached by cell scraping in HBSS,
pooled and cultured in complete macrophage medium, allowing differentiation into

macrophages. The MDMs were re-seeded for infection 5 to 7 days after isolation.

2.1.2 Plasmids

pNL4-3 is an infectious molecular clone of the NL4-3 T-cell tropic strain of HIV-1, obtained
from the NIH AIDS Research and Reference Reagent Program.

pBS-tat, pBS-rev and pBS-nef are respective laboratory HIVyxg, derived cDNA clones in
pBluescript II (SK) phagemid (pBS) (Stratagene) (Davis et al, 1997), generously provided
by Dr Adam Davis. pBS-B—actin is a construct with a clone of the human f-actin cDNA,
also kindly provided by Dr Davis. Briefly, the respective cDNAs were cloned into pBS by
the T-A cloning strategy (Ausubel er al, 1995) of respective RT-PCR products with
restriction enzyme sites engineered into the 5’ and 3’ primers, and the identity of the plasmid

inserts was confirmed by sequence analysis.

pGEM-DenCap is a laboratory clone of pGEM-3Zf(-) (Promega) with a 428bp Dengue
Virus Capsid ¢cDNA insert, constructed by Ms Robyn Taylor and Dr Jillian Carr.
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pEGFP-Vpr (Schaeffer et al, 2001) is a kind gift from Prof Warner Greene, San Fransico,
CA, USA, with permission from Dr Carlos de Noronha who constructed this plasmid. Itis a
derivative of pEGFP (Clonetech) with a ¢cDNA insert encoding HIV-1y143 Vpr, which is

expressed as a C-terminal fusion protein with EGFP.

2.1.3 Oligonucleotide Sequences

All oligonucleotides were synthesised by GeneWorks. Oligonucleotides for use in real time
PCR were HPLC purified by GeneWorks. Lyophilised oligonucleotide pellets were
resuspended in dH,0 to a stock concentration of ImM (1 nmol/ul), aliquoted and stored at —
20°C. Oligonucleotide stocks were further diluted to 25 pmol/ul or 10pmol/pl for used as
primers in conventional and real time PCR respectively, or to 40 ng/ul for use as probes.
The sequences and nucleotide positions of oligonucleotide primers and probes used in this

study are presented in Table 2.1 below.
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Table 2.1 Primers

Oligo Name Sequence Sequence Coordinate
Reference

B-glo1 (+) 5’-CAACTTCATCCACGTTCACC-3’ nt 938-918?
B-glo2 (-) 5’-GAAGAGCCAAGGACAGGTAC-3 nt 671-690°
Mitl (+) 5’-GACGTTAGGTCAAGGTGTAG-3’ nt 1320-1340°
Mit2 (-) 5’-GGTTGTCTGGTAGTAAGGTG-3’ nt 1715-1695°
Gag-P1 (+) 5’-GAGGAAGCTGCAGAATGGG-3’ nt 1408-1426°
Gag-1II (-) 5’-CTGTGAAGCTTGCTCGGCTC-3’ nt 1722-1703°
PBS-659 (-) 5-TTTCAGGTCCCTGTTCGGGCGCCAC-3’ nt 659-635°¢

o Aluléd (+) 5’-TCCCAGCTACTCGGGAGGCTGAGG-3’ nt 164-187¢

8 NI-1 5’-CACACACAAGGCTACTTCCCT-3’ nt 57-77°%

- NI-2 5’-GCCACTCCCCIGTCCCGCCC-3’ nt 408-389%f

_E U3.1(+H) 5’-GGAAGGGCTAATTCACTCC-3’ nt 2-20°

| Gag3 (-) 5’-TGCACACAATAGAGGGTTGC -3’ nt 1055-1036°¢

-5

E RUS5-1 (+) 5-GTCTCTCTGGTTAGACCAGATCTG-3’ nt 456-479°

6 RUS5-2 (-) 5’-CTGCTAGAGATTTTCCACACTGAC-3’ nt 635-612°
B-actinl (+) 5’-CAACTCCATCATGAAGTGTGAC-3’ nt 2597-2618%
B-actin2 (-) 5’-CCACACGGAGTACTTGCGCTC-3’ nt 2892-28728
adplyc () 5’-TCTCGACGCAGGACTCGGCTT-3’ 230-248"
adx2 jc (-) 5-ATTCCTTCGGGCCTGTCGGGT-3’ 7967-7949"
ex2ic (-) 5’-TCATCAATATCCCAAGGAGCATGGTGCC-3’ nt 8422-8402;*‘;1
DenCapF (+) | 5GCAGATCTCGATGAATAACCAC-3’ (8412-8392%)
DenCapR (-) 5-GTTCTGCGTCTCCTGTTCAAG-3’ nt 8§6-107' .

nt 377-398'

| B-glol (+) 5’-CAACTTCATCCACGTTCACC-3’ nt 938-918°

8 B-glo2 (-) 5-GAAGAGCCAAGGACAGGTAC-3 nt 671-690%

a| sS1(+) (R) | S-CTAACTAGGGAACCCACTGC-3’ nt 498-517

E $S2a () (US) | 5-CTGCTAGAGATTTTCCACAC-3’ nt 616-635 *°

= | US5-Pl (+) 5°-GGTAACTAGAGATCCCTCAG-3’ nt 583-602°

qu US5-P2 (-) 5’-AGAGCTCCTCTGGTTTCCCT-3’ nt 664-684°

Symbols (+) and (-) indicate sense and antisense sequences respectively.

*Human [-globin sequence genebank accession number L.26462

®Human Mitochondrial sequence genebank accession number NC_001807

‘Human Immunodeficiency Virus Type 1 (HXB2) genebank accession number K03455
‘Human Immunodeficiency Virus Type 1 (NL4-3) genebank accession number M19921
°Alu consensus sequence (Jurka and Smith, 1988)

f(Chun et al, 1997)

®Human S-actin sequence genebank accession number M10277

"Adapted from (Davis ez al, 1997)

'DEN-2 capsid sequence genebank accession number AF038403
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Table 2.2 Probes

Sequence

Probe Sequence Coordinate / Reference

Name

BGlo Flanked by primers B-glo 1 and 3-glo 2 nt 671-938°

Mit Flanked by primers M1 and M2 nt 1320-1715°

Gag Flanked by primers Gag-P1(+) and Gag-II1(-) nt 1408-1722°
§ LTR Constructed from U5 and U3 regions of HIV-1 nt 9648-9718 (U5)°
e ligated to
A nt 1-376 (U3)°
g DenCap | DenCap cDNA insert from pGEM-DenCap
Eﬂ [B—actin B—actin cDNA insert from pBS-f3—actin
= Rev Rev cDNA insert from pBS-Rev

Tat Tat cDNA insert from pBS-Tat

Nef Nef cDNA insert from pBS-Nef
% |14 5-TGTCGACACCCAATT/CAGTCGCCGCCCCTC-3 nt 5338-5324/289-274%¢
- W
E -g 1.4a 5’-AGGAGATGCCTAAGG/CAGTCGCCGCCCCTC-3’ at 5515-5501/289-274%¢
H ’_ - b
3 9; 1.5 5’-CGCTGTCTCCGCTTCTTC/CAGTCGCCGCCCCTC-3 nt 5537-5523/289-274%°
= 2 4.7 5’-GGAGGTGGGT/TGCTTTGATA-3’ of
=1 i nt 8378-8369/6047-6058>

(nt 8388-8379/6046-6057"™")

*Human p-globin sequence genebank accession number 126462
®Human Mitochondrial sequence genebank accession number NC_001807

‘Human Immunodeficiency Virus Type 1 (HXB2) genebank accession number K03455
“from Ms Robyn Tailor and Dr Jillian Carr
‘(Davis et al, 1997)

foligo designed to span the junction between Splice Donor 4 and Splice Acceptor 7

.Splice junction oligonucleotides; first number denotes splice donor and second number
denotes splice acceptor site.
"Human Immunodeficiency Virus Type 1 (NL4-3) genebank accession number M19921
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2.1.4 Commonly used buffers and solutions

DNase Buffer (1x) for RNA:
0.1M sodium acetate, SmM MgSOy, pH 5.0, in dH,0, autoclaved.

Ethidium bromide stock solution:

10 mg/ml ethidium bromide (Sigma) dissolved in dH,0. Stored at 4°C in a dark bottle.

Gel Loading Buffer (10x):
60% Glycerol; 100mM EDTA (pH 8.0); 100mM Tris (pH 7.5); Bromphenol blue; Xylene

cyanol.

Hirt Solution 1 (1x):
SmM Tris pH 7.7; 10mM EDTA.

Hirt Solution 2 (1x):
10mM EDTA; 5SmM Tris pH 7.7; 1.2% SDS.

Hybridisation Solution (for use with oligonucleotide probes):

2.5x Denhardts, 6x SSC, 0.5% SDS and 100 pg/ml ssDNA.

LB (1x):
10 g/L bacto-tryptone, 5 g/L bacto-yeast extract, 10 g/L NaCl; sterilised by autoclaving.

Non-denaturing polyacrylamide gel solution:

8% acrylamide (Bio-Rad), 0.22% N,N'-methylenebisacrylamide (National Diagnostic),

IxTBE. Gels were polymerised by the addition of ammonium persulfate (Bio-Rad) to 0.1%
and TEMED (N,N,N',N'-Tetramethylethylenediamine; Bio-Rad) to 0.075%.

PBS:
140mM NaCl, 3mM KCIl, ImM KH,PO,, 8mM Na,HPO,, Sterilised if required.
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Phenol:

Tris-equilibrated Phenol was prepared according to suppliers instructions (Sigma).

Prehvybridisation Solution (for use with oligonucleotide probes):

25x Denhardts, 6x SSC, 0.5% SDS and 100 pg/ml ssDNA.

SSC (1x):
150mM NaCl, 15mM trisodium citrate, pH 8.0.

STE:
100mM NaCl, 10mM Tris pH 7.6, 1mM EDTA.

SOB:
20 g/L bacto-tryptone, 5 g/L bacto-yeast extract, 0.584 g/L NaCl (10mM final), 0.186 g/L
KCl (2.5mM final); sterilised by autoclaving. Filter steriled MgSO,; was added after

autoclaving to a final concentration of 20mM.

SOC:

SOC medium is identical to SOB except that it also contains 20mM glucose (filter

sterilised).

Solution D:
4M guanidinium thiocyanate, 25 mM sodium citrate pH 7.0, 0.5% sarcosyl, stored in the
dark. 2-mercaptoethanol (Sigma) was added immediately prior to use to a final

concentration of 0.1M.

TAE (1x):
40mM Tris-acetate, ImM EDTA.

TBE (1x):
90mM Tris, 90mM Boric acid, 2.4mM disodium ETDA.
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TE (1x):
10mM Tris, ImM EDTA, pH 8.0.

Transformation Buffer:
10mM Pipes, 15mM CaCl,, 250mM KCI; heated to dissolve, cooled, pH adjusted to 6.7 with
KOH, then MnCl, added to 55mM. Filter sterilised.

2.2 Preparation and Analysis of HIV-1 Virus Stocks

2.2.1 Quantification of HIV-1 core protein antigen (p24)

p24 levels in viral stocks and infected cell culture supernatant were measured to indicate
HIV-1 virus concentration and virus release, respectively. Triton-X100 was added to
samples to a final concentration of 0.5% (v/v) and vortexed (to inactivate virus and stabilise
p24 protein content). Where required, samples were stored at 4°C, and serial dilutions were
performed in fresh culture media / 0.5% Triton-X100. p24 concentration was determined
using a commercially available HIV-1 p24 Enzyme Linked Immunosorbent Assay (ELISA)

(Perkin Elmer Life Sciences).

2.2.2 Titration of HIV-1 virus stocks

2.2.2i Syncytia determined TCIDsy of HIV-1 NL4-3

Six independent replicate serial four-fold dilutions (50pl virus + 150 pl media) of virus
stocks were made in 48-well cell culture trays (Falcon) in cell culture media, including both
negative and positive controls. 5x10* CEM-SS cells (in 50 pl) were added to each well
(final total volume of 200ul / well). The next day 200pl of fresh media was added to each
well. The cells were subcultured as required (usually every second day) by mixing the cells
(pipetting up and down), discarding 200pl of cells and spent media and replacing with 200ul
fresh media. The wells were observed over 10 days from establishment of the TCIDs, and
wells in which syncytia formed scored as positive. TCIDsy was calculated by the following

equation (adapted from Grist (Grist et al, 1974));
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LogcTCIDso = L-d(s-0.5)

Where L is the negative log of the lowest dilution (at which 100% of wells are infected)
d is the difference between log dilutions
s is the sum of positive tests

x 1s the serial dilution factor

For example:

Dilution proportion of +ve wells
47! 6/6 ie 1.00
472 5/6 ie 0.83
43 1/6 ie 0.17
44 0/6 ie 0.00

Therefore the sum of positive tests (s) is  2.00

TCIDs calculation
Log4TCIDso = L-d(s-0.5)
=-1-1(2-0.5)
=-2.5

ie 4*° TCIDsg /37.5ul
ie 32 TCIDs /37.5ul

(x26.67 to convert from 37.5ul to 1ml)
ie 8.5x10% TCIDs /ml

2.2.2ii Syncytia determined TCIDs, of HIV-1 IIIB:

1.5x10° HuT-78 cells were aliquoted into a series of 1.6ml tubes, and pelleted by
centrifugation. The supernatant was removed and the cells in each tube resuspended in
600pl of a respective dilution of a prepared serial 10-fold dilutions of virus stock. Cells in
virus dilutions were incubated (humidified 37°C, 5% CO;) with loose lids for 2 hours. Cells
were then pelleted by centrifugation, viral supernatant removed, the cells washed twice with

media then resuspended in 1200ul media. The resuspended cells from each tube were

82



aliquoted into 6 wells of a 48-well cell culture tray, i.e. 200 pl/well. The following day a
further 200ul fresh media was added to each well. Over the following 10 days of culture the
cells were subcultured as required by replacing half of the culture volume with fresh media.
The TCIDsy was maintained and scored as described above (Note; logjo used in calculation

instead of log4, according to the serial the dilution factor).

2.2.2iii p24-determined TCIDsy (Macrophage tropic strains)

MDMs were seeded into 48 well cell culture trays in 200u] of media/well. After adherence
(~18 hours), 100ul of media was removed and replaced with 100ul of ten-fold serially
diluted virus stock in fresh MDM culture media. MDM inoculations with each virus
dilution were performed with 6 replicate wells. Positive and negative controls were also
established. Half media changes (100ul) were performed every second day. Nine days after
the TCIDs( was set up, supernatants were sampled and assayed from each well, and scored
as positive (>12.5pg/ml) or negative (<12.5pg/ml). TCIDs, was calculated by the equation
given in Section 2.2.2i above (Note; logio used in calculation instead of logy, according to

the serial dilution factor).

2.2.3 Preparation of cell free T-cell tropic HIV-1 Stocks

2.2.3i H]V']NL4-3 Virus Stock

HIV-1n14.3 virus stocks were prepared as described (Clarke et al, 2006); 293T cells were
transfected with HIV-1 pNL4-3 proviral plasmid DNA (Section 2.1.2), using Effectene
(Gibco BRL). Transfection parameters and viral harvest time were optimised according to
the manufacturer’s instructions and determined according to subsequent p24 levels. HIV-1
containing supernatants were harvested at 28-36 hours post transfection and filtered (0.2um)
to remove cell-debris. This viral inoculum was amplified by culture in CEM-SS cells.
Infected CEM-SS cells were maintained with 0.5 volume media changes and media
additions as appropriate to maintain cells in a concentrated but logarithmic phase of growth.
The optimal time to commence virus collection was determined to be from 9 days onwards,

with maximal virus titres usually obtained between day 9 and 13. Eight days post infection

83



a complete media change was performed and the culture volume reduced 5 to 10 fold. From
day 9, the virus-containing culture supernatant were collected daily by centrifugation and the
cells re-seeded in fresh medium. Immediately after each collection, the virus-containing
medium was clarified by centrifugation at 2800g for 10 min, filtered (0.2pm) (Ministart
Filters, Sartorius) to remove cell-debris, aliquoted and stored at -80°C. The virus stocks was

subsequently characterised by TCIDs, and p24 content determination (Sections 2.2.1, 2.2.2).

Titres of these viral stocks on peak days of virus production ranged from 0.3-1 .1x10° CEM-
SS TCIDs¢/ml, and 0.7-1.7 pg/ml p24. One particular stock had a p24 content of 5.9 pg/ml,
and was reserved for electron microscopy (Chapter 4). For cell-free infections, virus stocks
were treated with 50 pg/ml DNase 1 (Roche) in the presence of 10mM MgCl, for 30
minutes at room temperature. A sample of DNase treated virus stock and virus stock with
the DNase omitted (but otherwise treated identically) was taken and added to an equal
volume of phenol-chloroform-isoamyl alcohol (25:24:1), vortexed, and stored for

subsequent analysis of the DNase treatment.

2.2.3.ii HIV-]][[B Virus Stock

HIV-1yg virus stock was prepared as described previously (Vandegraaff et al, 2001b).
Specifically HIIIB cells were grown in log phase until >10° cells were available. Cells were
then pooled and re-seeded at a concentration of >5x107 cells/ml in a 50ml centrifuge tube
and incubated with a loose lid (humidified 37°C, 5% CO;). A complete media change was
performed by centrifugation every 45 min. The virus-containing culture media, harvested
every 45 min, was pooled and stored ice. After >8 consecutive media collections, the virus-
containing media was clarified by centrifugation at 2800g for 10 min, filtered (0.2um) to
remove cell-debris, aliquoted and stored at —80°C. The titre of these viral stocks were up to

3.16x10° HuT-78 TCIDso/ml.

2.2.3.iii Production of Vpr-EGFP-labelled chimeric HIV-1yy4.3 Virions

Production of chimeric HIV-1ni43 virions which would contain both wild type Vpr and
EGFP-Vpr fusion proteins was achieved by dual transfection of pEGFP-Vpr and pNL4-3

(Section 2.1.2) (Schaeffer et al, 2001). Such virions were expected to be fluorescent for a
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single round of replication, and were produced for use in studies of the mode of HIV-1 entry
into astrocyte cells (Chapter 4). Dual transfections were optimised by comparing 3 different
transfection products (Effectine (Gibco Life Technologies), Lipofectamine (Gibco Life
Technologies) and Superfect (Qiagen), two cell lines (HeLa-Tat and 293T cells), a range of
transfection parameters according to the respective manufacturer’s instructions. The
efficiency of the dual transfection was measured by the percent of EGFP positive cells (as
observed under a Olympus inverted UV microscope) and the HIV-1 p24 content of the
supernatant. Chimeric HIV-1 NL4-3/Vpr-EGFP containing supernatants were harvested at
36 hours post transfection, and filtered (0.2um) to remove cell-debris, aliquoted and stored

in liquid nitrogen.

2.2.4 Preparation of cell free macrophage tropic HIV-1 stocks

2.2.4i Preparation of HIV-1p.csrand HIV-1 jp g1 virus stocks

500ul of each of HIV-1jr.csr and HIV-1jr.p virus were obtained from the NCHVR Research
Reagent Program (donated by Dr Dale McPhee), and amplified according to instructions
from the provider.  Each aliquot of virus was incubated with 1x10" 2 day
phytohemagglutinin (PHA) stimulated PBMCs in a total volume of 1.5ml for 2 hours. After
2 hours, 8.5ml fresh media with 2.5% human IL2 (RPMI 1640 with 20mM Hepes, 0.12%
(v/v) sodium bicarbonate, 2mM L-glutamine, 1.2pg/ml penicillin, 1.6pg/ml gentamycin and
10% (v/v) heat inactivated FCS) was added to culture the cells at a density of 1x10° cells/ml.
The following day an additional 10ml media (with IL2) was added to maintain the cells at
~1x10° cells/ml. Half volume media changes were performed twice per week and the viral-
containing supernatant clarified (by centrifugation at 2800g for 10 min), aliquoted and
stored at -80°C. Viral infected PBMC cultures were maintained for 28 days after infection.
Viral harvests were characterised by HIV-1 p24 content (ELISA), which peaked at day 11
(HIV-1jr.csr; 375ng p24/ml, HIV-1;r.p1; 700 ng p24/ml).

HIV-1r.pL viral stock produced by amplification in PBMCs (above) was then passaged in
MDMs to maintain the macrophage tropism of this strain. A medium flask (75cm?) of 6 day
old MDMs was inoculated with 8ml of the 11dpi virus stock derived from the infected
PBMCs. After 5 hours the viral inoculum was replaced with 20ml MDM media (DMEM
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with 10% FCS and 7.5% HS). Viral stocks were harvested weekly with almost complete
(18ml) media changes, for 4 weeks. The MDM passaged stock with the highest HIV-1 p24

content was then re-amplified in PBMCs, as outlined above.

2.2.4ii Preparation of HIV-1g,, and HIV-1y; virus stocks

HIV-1g,, and HIV-1yy; virus stocks were prepared by Dr Jillian Carr by MDM passage and
PBMC amplification, similar to the method employed for JR-CSF and JR-FL described
above. The titre of the HIV-1g,, virus stock was in the order of 10°-10° TCIDsy U/ml on
MDMs. HIV-1yy; virus stock has a p24 content of 267 pg/ml.

2.3 Infection Protocols

2.3.1 Cell to cell infections; persistently infected T-cell viral donors

The chonically HIV-1 infected T-cell lines HIIIB and E12 were used as “virus-donor” cells.
These cells were mixed with uninfected “virus-recipient” U251-MG astrocyte cells at a
ration of 1:2 (8.3x10° HIIIB or E12 cells and 1.67x10° U251-MG cells in 6-well trays).
Negative controls (uninfected U251-MG cells alone), controls to determine the level of
HIV-1 replication within the viral donor cells alone, and positive controls (donor cells
cocultured with the HIV-1 susceptible HuT-78 T-cell line) were set up in parallel. U251-
MG cells were either pre-seeded at density of 1.1x10° 18 hours prior to the experiment (to
give ~1. 7x10° U251-MG cells / well at the time of coculture), or detached with trypsin
(0.1% for 3-5 min at RT) immediately prior (<1 h) to cell-mixing.

Any viral replication in the persistently infected T-cell lines which may occur upon
coculture could potentially mask the detection of viral replication in the astrocyte
population. Therefore in some experiments, to minimise this, the virus donor T-cells were
removed after a period of coculture (Section 2.3.1i), and in other experiments transcription
in the donor cell population was inhibited with Actinomycin C; (ActCy; Roche) (Section
2.3.1ii). To further ascertain whether detected HIV-1 DNA species may represent de novo

reverse transcription in the U251-MG astrocyte cells, some experiments were performed in
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the presence or absence of the reverse transcriptase inhibitor, zidovudine (3’-azido-3’-

deoxythymidine, or AZT) (Sigma) (Section 2.3.1iii).

At designated times post coculture the cells were harvested for Hirt extraction of
extrachromosomal DNA (Sections 2.6.2-2.6.3). The inter-sample extraction efficiency was
assessed by semi-quantitative mitochondrial PCR followed by Southern hybridisation. The
level of HIV-1 reverse transcribed DNA products was analysed by semi-quantitative HIV-1
gag PCR and Southern hybridisation (Sections 2.7.2-2.7.3).

2.3.1i Removal of viral donor T-cells from astrocytes post coculture.

In some experiments, to minimise the contribution of potential HIV-1 replication within the
donor cell population in the U251-MG astrocyte cocultures, the donor cells were removed
after 1-24 hours of coculture. This was performed by washing the suspension donor cells
off the adherent U251-MG cells and, in some experiments, treating the remaining adherent
cells with trypsin and removing the remaining donor cells with anti-CD3 antibody coated
magnetic beads (Dynal). In the latter experiments, cells were trypsined briefly (0.1% v/v) to
detach all cells, washed with 2% FCS / PBS to inactivate the trypsin and resuspended in
400u1 2% FCS / PBS. Anti-CD3 coated beads were added according to the manufacturers
directions; to a final concentration of 2x107 beads / ml, as determined to ensure the beads
were in ~50x excess compared to the estimated number of CD3 positive target cells present.
Beads and cells were incubated whilst gently rotating for 30 min at 4°C. A magnet was held
against the side of the tube for 2 min to attract beads and adhered cells, and the non-bound
supernatant (containing the free, CD3" cells) transferred to a new tube. The cells in this tube
were again subjected to magnetic force, and the resulting CD3-depleted population re-

seeded.

2.3.1ii Treatment of HIV-1 Donor T-cells with Actinomycin C,

In some cell to cell infection experiments, viral donor cells were pretreated with ActC,
(Roche) for 2 hours prior to coculture with U251-MG cells, to prevent new transcription and
reverse transcription of HIV-1 occurring in the donor-cell population during the period of

coculture. ActC; specifically inhibits DNA-dependent DNA and RNA synthesis (Reich and
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Goldberg, 1964; Rill and Hecker, 1996; Sambrook et al, 1989). The concentration of ActC,
to be used was optimised to determine the minimal concentration required to inhibit
transcription in each donor cell line, as measured by [5,6->H]-Uridine (Amersham) uptake
(see below). This was to ensure that any potential effect of the ActC; on the U251-MG cells
was minimised. Excess ActC; was removed from the viral donor cells by two media
washes, immediately prior to cell-mixing. The optimal ActC, treatment of HIIIB cell and
E12 cells was determined to be 8 pg/ml / 10° cells /2 h. To allow for inter-experimental
variation, ActC; was routinely used at 12 pug/ml / 10° cells /2h. For each experiment in
which ActC; was used, a sample of the treated cells, along with untreated control cells, and
cells treated with twice the amount of ActC;, were assayed by tritiated uridine uptake to
confirm the effective inhibition of transcription by treatment with 12 pg/ml/ 106 cells /2 h of
ActC;.

Assessment of ActCy inhibition of transcription by tritiated uridine uptake determination

1x10° cells (in 1ml) were treated with various concentrations (0, 2, 4, 6, 8, 10, 12, 16, 20, 24
and 48 pg/ml) of ActC; for 2 hours. Cells were then washed with PBS to remove excess
ActC; and resuspended in 1ml media with 4pl [5,6-°H]-Uridine (*H-U) (Amersham) and
incubated overnight (~18h). To remove un-incooporated H-U, cells were then washed once
with PBS, once with 10% (w/v) TrichloroAcetic Acid in PBS (TCA; 100% TCA made by
50g TCA in 27.7ml dH,0), and resuspended in 500pl 0.3M NaOH, 1% SDS. Scintillation
fluid was added, and *H-U was measured with a scintillation counter. The level of
incorporated *H-U indicated the transcriptional activity of the cells, and the minimum
concentration of ActC; which resulted in maximal inhibition of transcription was

determined.

2.3.1iii AZT treatment

In some cell-to-cell infection experiments, both donor and recipient cells were pre-treated
overnight (~18 hours) with or without the nucleoside analogue zidovudine (3’-azido-3’-
deoxythymidine, or AZT) (Sigma). AZT was diluted to 10mM in DMSO, and further
diluted in serum free medium. It was used at 20uM, a concentration previously shown to be

effective for the inhibition of HIV-1 reverse transcription (Coates ef al, 1992; Li et al, 1992).
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This concentration was maintained for the duration of the experiment. AZT is a thymidine
analogue that specifically inhibits reverse transcription, and was used to identify the level of

pre-existing reverse transcribed DNA.

2.3.2 Cell to cell infections; chronically infected macrophage donor cells

MDMSs were prepared as described in Section 2.1.1v, seeded into 12- or 24-well cell culture
trays and, after 5 to 7 days, infected with HIV-1g,, by Ms Helen Hocking. 13 days later,
when a chronic infection of the MDMs was established, they were treated with 5 pg/ml
DNase I (Roche) overnight (to minimise potentional carry-over of HIV-1 DNA due to the
turn-over of infected MDMs in the culture) then cocultured with U251-MG astrocytes. To
coculture these cell populations, U251-MG cells were detached by either trypsin treatment
(0.1% for 3-5 min at RT) or by gentle cell scraping, and added to the infected MDMs. The
MDMs had been pre-seeded in either cell culture trays (promoting adherence) or in telfon
pots (preventing adherence). Cocultures were performed at a ratio of 1 MDM : 5-10 U251-
MG cells. Specifically, cell mixes comprised either 1-2x10° MDMs and 1x10° U251-MG
cells, or 5x10* MDM s and 5x10° U251-MG cells.

Hirt extrachromosomal DNA was harvested at various times up to 24 hours post cell mixing.
“Mock” coculture controls were set up simultaneously; these were replica wells of DNase
treated, infected MDMs and U251-MG cells which were kept separated until the designated
time for harvest and Hirt extrachromosomal DNA extraction (Sections 2.6.2-2.6.3), when
both cell populations were pooled. “Mock” cocultures controlled for the contribution of any
ongoing viral replication in the MDMs in the HIV-1 replication assays.  Hirt
extrachromosomal DNA extractions were assayed for mitochondrial DNA content
(conventional mitochondrial PCR and Southern hybridisation) to determine the relative
efficiency of the extrachromosomal DNA extractions. The level of HIV-1 reverse
transcribed DNA products was analysed by HIV-1 gag PCR and Southern hybridisation
(Sections 2.7.2-2.7.3).

89



2.3.2i Minimising the detection of HIV-1 replication in the infected MDMs.

The detection of HIV-1 replication in the infected MDM population could potentially mask
any viral replication that might be occurring in the U251-MG cells upon cell mixing. To
minimise the potential detection of HIV-1 replication in the infected MDMs in the cell
mixes, the separation of the two cell populations, after a period of mixing, was attempted.
This was achieved by i) trypsin treatment of the cell mixes to separate the trypsin sensitive
U251-MG cells from the trypsin resistant MDMs, ii) culturing the MDMs and performing
the cell mix in the teflon pots to prevent adherence, followed by the removal of the MDMs
with anti-CD14 magnetic beads (Dynal; as described for anti-CD3 magnetic beads in
Section 2.3.11), or iii) pretreating the MDMs for 2 days + AZT (20pM) to distinguish
between pre-existing HIV-1 DNA and de novo reverse transcribed HIV-1 DNA.

2.3.3 Cell-free infections for immunofluorescent analysis of viral entry

U251-MG, CCF-STTGI1 or U87-MG astrocyte cells were cultured on either glass chamber
slides (Lab-Tek) or on sterile glass coverslips in cell-culture dishes overnight to reach 80% -
90% confluence, then infected with re-filtered (0.2pm) HIV-1n143 for 15, 30, 45, 60 or 75
minutes at 37°C. Uninfected cells were prepared simultaneously as controls. Immediately
following the designated infection time, cells were gently rinsed with PBS to remove excess

virus inoculum and fixed by submersion in 1% formalin / PBS overnight at 4°C.

2.3.3i with AlexaFluor546-conjugated Human Transferrin

In some experiments AlexaFluor-546-conjugated Human Transferrin (Molecular Probes)
was included at 25 pg/ml during the infection, to label clathrin-dependent endocytosis.
Infection of HeLa cells were included as a positive control for the colocalisation of
internalised HIV-1 with labelled transferrin (Schaeffer et al, 2001). These experiments (and
all subsequent processing) were performed with minimal exposure to light, in order to

preserve the fluorescent properties of the fluorophore conjugate.
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2.3.4 Cell-free infections for Electron Microscopy Analysis of viral entry

2.3.4i Preparation of HIV-1 virus stocks for Electron Microscopy and
optimisation of infections for EM

Virus stocks of the highest titres were used for infection for EM analysis, in order to
maximise the probability of locating virions. Of these, the HIV-1y stock had the highest
titre; 3.16 x 10° TCIDso/ml in HuT-78 cells. The most concentrated HIV-1yi4.3 stock
available had a p24 content of 5.97 pg/ml. Titres of available HIV-1g,1, HIV-1yy; and HIV-
Ijrr. were unfortunately lower (105-106 TCIDso/ml and 267 and 700 ng/ml of p24
respectively — see Section 2.2.4), but were included in the hope of gaining insight into the
mode of entry of macrophage tropic strains as well as T-cell tropic strains of HIV-1 into
astrocytes. In initial experiments, neat virus stock was applied to the astrocyte cells. In
subsequent experiments infection conditions were optimised to achieve good cell
morphology upon EM analysis. The HIV-1s stock was used for the optimisation as it was
in the greatest abundance. To improve the morphology of the cells, the virus stock was
diluted in fresh medium (%2, %, '6). Additionally various cell recovery times (0.5, 1, 2, 4, 6,

8 hours) in fresh medium, after infection, were trialed.

To increase the probability of locating virus upon E.M analysis, virus stocks were
concentrated and resuspended / diluted in fresh medium. Methods of virus concentration
included ultracentrifugation and centifugation of the virus stock on high molecular weight
retention columns (10 000 Da cut-off 2ml capacity column, (Centricon) and 15ml Amicon
Ultra 100 000 MWCO column (Millipore)). For ultracentrifugation, 1.5ml virus was loaded
onto a 4.5ml ultracentrifuge tube containing 3ml of 20% (w/v) sucrose. The virus was
pelleted by centrifugation at 40 000 rpm for 90 min at 4°C. The supernatant was gently
drained off and the virus pellet resuspended in 200ul fresh medium. For the columns, the
respective manufacturers’ instructions were followed. Specifically, up to 15ml of 0.2pm
filtered virus was applied and the columns centrifuged at 3700 x g for 30 minutes, after
which the flow through of the columns was assessed. The Centricon column required six
such spins to reduce the retainate from 2ml to ~250pl, after which the concentrated virus
was diluted 1 in 2 in fresh medium. The virus retainate reduced from 10ml to ~250pl

Amicon column within the first 30 minute spin and 3 subsequent spins were performed to
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wash the virus stock (2 washes in PBS and 1 in media) before the retainate of ~250ul was
diluted 1 in 2 in fresh medium for infection. In subsequent experiment, virus stocks were
concentrated approximately 10-fold by the latter Amicon method. HIV-1yp stocks
concentrated by this method were shown to maintain infectivity by infection of HuT-78

cells, resulting in consequent syncytia formation and p24 secretion within 40 hpi.

2.3.4ii Infection of astrocyte cells for Electron Microscopy

Sixteen-well cell-culture glass chamber slides (LabTek) were seeded with U251-MG, CCF-
STTG1 or U87-MG cells and cultured overnight to reach 80% - 90% confluence. The cells
were infected by gently replacing all or half of the culture medium with HIV-1 virus stock.
The infection was allowed to proceed for 40 min (humidified 37°C, 5% CO,). Viral
inoculum was then removed, the cells gently rinsed three times with PBS, then fixed in situ
by submersion of the entire chamber slide in 2.5% glutaraldehyde in sodium cacodylate
buffer overnight at 4°C. Uninfected cells were prepared simultaneously in an identical

manner for control purposes.

2.3.5 Cell free infections for the analysis of HIV-1 DNA, RNA and

transmission of infection.

2.3.5i Conventional Infection

Culture media of pre-seeded (>18 hours) U251-MG cells (in 6-well cell culture trays) was
removed and replaced with HIV-15 or HIV-1yy4.3 virus stock, and incubated for 2-6 hours,
after which virus stock was either removed and replaced with fresh media, or fresh media
added. Culture supernatant samples were taken daily or every second day for the
determination of p24 content. Media changes were performed as required. Duplicate
infected cultures were harvested on designated days post infection for Hirt DNA extraction.
Cultures which were maintained for >5 days post infection (dpi) were rinsed with PBS and
split with 1.0% trypsin on day 3, the cells pooled and re-seeded into 3x as many fresh wells.
On day 7, 1x10° HuT-78 cells were added to each of at least two infected U251-MG
cultures, and monitored over the subsequent 9 days for evidence of transmission of HIV-1

infection to the permissive HuT-78 cell population (by syncytia formation and supernatant
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p24 levels). Negative (uninfected U251-MG cells alone, treated with media in place of virus
stock) and positive controls (infection of the HIV-1 susceptible HuT-78 T-cell line) were set

up in parallel.

2.3.5ii Centrifugally enhanced Infection

To enhance the efficiency of virus inoculation, a modified centrifugal enhancement protocol
(also known as “spinoculation”) was used (Vandegraaff et al, 2001b). This reportedly
increases the effective multiplicity of infection by approximately ten-fold (Ho et al, 1993; Li
and Burrell, 1992; Pietroboni ef al, 1989). Astrocyte cells (U251-MG, CCF-STTG1 or U87-
MG cells) were treated with trypsin, resuspended in a minimal volume and aliquoted into
10ml teflon tubes (Savillex) (typically 1.6x10° cells in a volume of 100 — 300 pl per tube).
Re-filtered (0.2pum) viral inoculum (DNase treated in latter experiments, see Section 2.3.5iii,
below) was added to the tubes, (usually 1.5 ml, giving a typical multiplicity of infection of
0.1-0.3 TCIDsqU/cell, or 0.4-1.2 pg p24 / cell), and incubated for 30 minutes at 4°C. This
4°C incubation was designed to permit attachment of virions to the cells, to facilitate a
synchronous infection upon warming to 37°C. Cells and virus were then centrifuged at
2500xg for 1 hour at 37°C in a prewarmed centrifuge, after which the inoculum was
removed and the cells were allowed recover in prewarmed fresh media for 15 min at 37°C.
Cells were then washed 3 times with fresh media to remove excess virus. In latter
experiments the stringency of removal of excess / surface bound virus was increased by
further washing steps and the inclusion of a trypsin treatment. Specifically, after the 15
minute recovery step, cells were washed twice with (complete) media, twice with serum-free
media, and resuspended in 200ul serum free media. 200pl 0.1% trypsin was added, and the
cells incubated for 5 min. Complete media was then added, followed by 3 further washes
with complete media. This procedure did not appear to be detrimental to the cells (see
below). Like cells from multiple tubes were pooled, 2 aliquots of 4x10° cells harvested for
analysis of HIV-1 DNA and RNA intermediates at this time (the earliest possible time-point,
typically 3% - 4 hours since the first contact of cells with virus at 4°C, and 3 - 3% since
contact at 37°C), and remaining cells seeded into 6-well cell-culture trays at a density of
4x10° cells / well (in 4ml media/well) for subsequent harvest and analysis. Supernatants
were sampled daily or every second day for p24 content by HIV-1 p24 ELISA (Section
2.2.1). The cultures were confluent by four days post infection (dpi), so at 5dpi the
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remaining cultures were rinsed with PBS, treated with trypsin (0.1% for 3-5 minutes or until
all the cells were detached), resuspended in complete media, pooled, and re-seeded into 3x
as many fresh wells. To confirm successful infection, at 7dpi 1x10® HuT-78 cells were
added to 2 of the astrocyte cultures from each infection. These cocultures were analysed
over the subsequent 6 days for evidence of transmission of infection to the HuT-78 cells (by
supernatant p24 levels and syncytia formation). In some experiments, 10 U/ml IL1B
(Roche) was added to the infected astrocytes at 7dpi and maintained (daily 0.5 volume
media changes) for the remainder of the experiment (until 16dpi). Supernatants from wells +
IL1pB treatment were assayed for infectious virus (Infectivity Assay, Section 2.8) and p24

protein content (HIV-1 p24 ELISA).

Negative (uninfected U251-MG cells alone, with media in place of virus stock) and positive
controls (infection of the HIV-1 susceptible HuT-78 T-cell line) were set up simultaneously

and processed identically.
U251-MG cell tolerance of the centrifugally enhanced infection procedure

To assess the impact of the procedure on cell viability, two teflon tubes were seeded with 1)
2.5 x 10° and ii) 1.0 x 107 U251-MG cells respectively, and the centrifugally enhanced
infection protocol performed, using culture medium in place of virus stock. At the end of
the procedure (approximately 3 hours later), a sample of cells was taken from each tube to
assess cell viability. The counts extrapolated to i) 2.8 x 10° and ii) 1.04 x 10 cells / tube,
with a normal cell viability (97.5% and 96.4% respectively, by trypan blue exclusion). The
appearance and degree of confluence (by light microscopy) of the U251-MG cells during the
next 5 days of culture did not appear to differ to cells which had not been subjected to the
spinoculation procedure, indicating that this procedure did not seem to be detrimental to the
cells. A seeding density of 4.0 x 10° cells / well was chosen as cultures seeded at this

density were approximately 50% confluent after 24 hours, and >90% confluent after 4 days.

2.3.5iii DNase I treatment of viral inoculum

For experiments from Section 5.3 onwards, the filtered viral stocks were treated with filter

sterilised DNase 1 (Boehringer Mannheim) at 50 pg/ml in the presence of 10mM filter
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sterilised MgCl, for 30 minutes at RT (16°C). The purpose of this step was to remove any
contaminating HIV-1 DNA from the virus stock. HIV-1 DNA could be present in the virus
stock due to either i) persistence of the pNL4-3 used to transfect the cells to obtain virus
stock, and / or ii) may have arisen from lysis of virus-producer cells and release of partly
degraded chromosomal DNA during amplification of the virus stock. To assess the
effectiveness of the DNase I treatment, a sample of the treated virus stock was taken along
with a sample of mock treated virus stock (prepared simultaneously and identically except
for the omission of the DNase 1). Phenol / Chloroform / Isoamyl Alcohol (IAA) (25:24:1)
was added at a 1:1 volume to both +DNase [ treated virus samples at the same time the
DNased virus stock was added to the cells in cell free infection experiments. The
phenol/chloroform/IAA virus samples were vortexed and stored at —80°C for subsequent
extraction (Section 2.6.4) and analysis by PCR and Southern hybridisation (Sections 2.7.3
and 2.7.4).

The effectiveness of this batch of DNase I on pNL4-3 plasmid was also tested by addition of
50 pg/ml DNase 1 (Boehringer Mannheim) in the presence of 10mM MgCl, to a range of
pNL4-3 DNA for 30 minutes at RT, followed by phenol/chloroform/IAA DNA extraction
(Section 2.6.4) and PCR analysis (Section 2.7.3).

2.4 Immunofluorescence Assay and Microscopic Analysis

2.4.1 Immunoflourescence Assay Protocol

Cells grown, infected and fixed in situ in 1% formalin / PBS overnight at 4°C on chamber
slides or coverslips for Immunofluorescence Assay (IFA) (see Section 2.3.3) were dipped in
80% (v/v) ethanol, at which stage they were relocated from PC3 to PC2 laboratories.
Uninfected controls were prepared simultaneously.  For infections that included
fluorophore-conjugated transferrin (Section 2.3.31) all steps were performed with minimal
exposure to light, to preserve the fluorophore. The chamber apparatus of chamberslides was
removed whilst submersed in ethanol. They were then washed at least 3x with PBS. Slides
were washed in a continuously stirring slide bath and coverslips were washed by serial
submersion through PBS baths. Cells were permeablised with 0.05% IPEGAL CA-630
(Sigma) / PBS for 20-30 minutes, washed with PBS and blocked with 2% serum* / PBS for
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30-45 minutes. The blocking solution was then replaced with the respective primary
antibody or primary antibody combinations (see Section 2.4.1i below) in 2% serum* / PBS
for 60-90 minutes. Cells were then rewashed with PBS (>3x), briefly re-blocked with 2%
serum* / PBS (~10min), then incubated with the respective fluorophore-conjugated
secondary antibody or secondary antibody combinations (see Section 2.4.1ii below) in 2%
serum* / PBS for 60-75 minutes. To preserve the fluorophores, this and all subsequent steps
were performed with minimal exposure to light. After subsequent PBS washes the nuclei of
the cells were counterstained by with 5 pug/ml Hoechst 33342 (Molecular Probes) / PBS for
15-20 minutes. The cells were then washed extensively with PBS (=8x over 290min) prior
to mounting with ProLong AntiFade Mounting Medium (Molecular Probes). After the
mounting medium dried (~1 — 5 hours) the coverslips were sealed with nail polish and the
slides stored in the dark at 4°C (or -20°C) until examination by confocal microscopy

(Section 2.4.2).

* the serum used usually reflected the species the secondary antibodies were raised in, which
was inert with respect to the target species of all antibodies used. The blocking serum was
either normal goat sera (NGS) or normal donkey sera (NDS) for use with Cyanine-

conjugated or AlexaFluor-conjugated secondary antibodies, respectively.

2.4.1i Primary Antibodies

For HIV-1 staining, either pooled AIDS patient sera (APS) or a monoclonal antibody raised
against HIV-1 p24 was used. APS was used at a dilution of 1/1000, and pooled normal
human sera (NHS) was used at the same concentration on replica infected cell-coated
coverslips / chamber-slides to control for any non-HIV-1 specific binding of the APS (or the
secondary antibodies) to the cells. The murine monoclonal anti HIV-1 p24 IgGi, (NIH
AIDS Research and Reference Reagent Catalogue Number 6458) was used at a dilution of
1/100 (92 ug/ml final). To control for any non-specific binding of this monoclonal antibody
(or the secondary antibodies), purified mouse IgGi« (PharMingen) was used as an isotype
control on replica infected cell coverslips / chamber-wells, also at a final concentration of 92

pg/ml.
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For GFAP staining, Rabbit Anti-Human GFAP polyclonal antibody (Zymed, catalogue
number 18-0063) was used at a dilution of 1/50. This antibody was omitted in replica
infected cell-coated coverslips / chamber-slides to control for any non-specific binding of

the secondary antibodies.

All antibody dilutions were performed in blocking solution, ie 2% NGS or NDS in PBS (see
* above). Where combinations of mulitple primary antibodies were used, final
concentrations of each antibody in the mix was as described above, and controls were

tailored to mimic the antibody combination.

2.4.1ii Secondary Antibodies

APS (and NHS controls) were detected with either Cyanine-2-conjugated donkey anti-
human IgG; or AlexaFluor-488-conjugated goat anti-human IgG,, both of which emit light
in the green spectrum. Binding of murine monoclonal anti-HIV-1 p24 IgG; (and isotype
control) were detected with AlexaFluor-546-conjugated goat anti-mouse IgG;, which emits
light in the orange / red spectrum. Anti-GFAP antibodies were detected with either
Cyanine3-conjugated anti-rabbit (red) for dual immunofluorescence with APS, or
AlexaFluor-488-conjugated goat anti-rabbit IgG; (green) for dual immunofluorescence with

anti HIV-1 p24.

Cyanine-conjugated antibodies (Jackson ImmunoResearch Laboratories) were used at a
dilution of 1/100. AlexaFluor-conjugated antibodies (Molecular Probes) were used at 10
pg/ml (1/200). In multiple-labelling experiments, incubations were performed with the

respective combination of antibodies. Dilutions were performed in 2% NDS* or NGS* /

PBS.

2.4.2 Confocal Microscopic Analysis of IFA

Cells were viewed and images captured with a BioRad Radiance 2100 confocal microscope
with the expert assistance of Dr Ghafar Sarvestani at the Detmold Imaging Core Facility,
Hanson Institute, Adelaide. This confocal microscope is equipped with three lasers (Argon

ion 488nm (14mw); Green HeNe 543nm (1.5mw); Red Diode 637nm (5 mw)), a mercury
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UV lamp and an Olympus IX70 inverted microscope. 40x UPLAPO (with NA=1.15 water)
or 60X UPLAPO (with NA=1.4 water) objectives were used, in combination with a 10x
eyepiece objective. Multiple fluorescent labelling was imaged with separate channels (PMT
tubes) in a sequential setting. The green fluorescence (Cyanine 2, AlexaFluor 488 or EGFP)
was excited with Argon 488 nm laser line and the emission was viewed through a HQ515/30
nm narrow band barrier filter in PMT1. The red fluorescence (Cyanine 3 or AlexaFluor 546)
was excited with Green HeNe 543 nm laser line and the emission was viewed through a long
pass barrier filter (S70LP) to allow only red light wavelengths longer than 570 nm to pass
through PMT2. Blue fluorescence (Hoechst 33342) was excited with UV light from the
mercury lamp. Control images (infected cells with control sera and uninfected cells with
specific sera) were captured with identical settings to experimental images. Image data was
analysed with Confocal Assistant software program for the Microsoft® Windows™ (Todd
Clark Brelje. USA) and converted to CMYK tiff files by Peta Grant, Photography

Department, Institute of Medical and Veterinary Science, Adelaide.

2.5 Electron Microscope Analysis

Cells grown in chamber slides, infected and fixed in situ in 2.5% (v/v) glutaraldehyde in
sodium cacodylate buffer overnight at 4°C for Electron Microscopy (EM) (see Section
2.3.4). The next day, whilst still submersed in the fixative, they were relocated from PC3 to
PC2 facilities. Subsequent preparation of cells for EM were performed by Dr Peter Sutton-
Smith of the Department of Tissue Pathology, Institute of Medical and Veterinary Science,
Adelaide. In brief, the cells were post-fixed in 2% (v/v) osmium tetroxide and embedded in
situ in Spurr’s Epoxy Resin. In order to obtain multiple sections from this thin cell
monolayer, the cells embedded in resin blocks were removed from the chamber slide and re-
embedded perpendicular to the plane of the cells. Ultrathin sections were cut and stained
with uranyl acetate and lead citrate. Sections were analysed with a Jeol Jem-1200 EXII

Transmission Electron Microscope.
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2.6 Nucleic Acid Purification / Extraction

2.6.1 Plasmid DNA preparations

2.6.1i Bacterial Culture and preparation of competent cells.

Escherichia coli (E. Coli) strain DH50 were propagated in 1x LB broth or 1x LB agar plates
(15 g/L bacto-agar) at 37°C for 12-18 hours. DH5a E. coli transformed with pBS constructs
or pNL4-3 were grown in the presence of 100 pg/ml ampicillin (Boehringer Mannheim).

Competent DH5a cells were prepared essentially by the method of Inoue et al (Inoue ef al,
1990). Specifically, DH5a. cells were subcultured overnight on blood agar. The next
morning, 250ml of SOB medium (Section 2.1.4) was inoculated with several colonies from
the blood agar plate, and grown at 18°C to a density of 0.6 Agp. The culture was then
rapidly chilled on ice for 10 min. The bacterial cells were pelleted by centrifugation at 2500
x g for 10 min at 4°C, resuspended in 80ml Transformation Buffer (Section 2.1.4), and
incubated on ice for 10 min. Cells were pelleted by centrifugation again, and resuspended in
20ml transformation buffer. 1.4ml of DMSO was added drop-wise and the cell suspension

aliquoted (1 or 2 ml aliquots) and snap-frozen in liquid nitrogen.

2.6.1ii Transformation, propagation and isolation of plasmid DNA

Respective plasmids were transformed into competent DHSo. E.coli by heat shock.
Specifically, competent cells were thawed at room temperature then placed on ice.
Competent cells were dispensed in 200ul aliquots into pre-chilled 1.6ml polypropylene
tubes. 1 to 5 ul of ligation mix or plasmid was added, mixed gently, and incubated on ice
for 30 min. Cells were then heat shocked at 42°C for exactly 90 sec, then returned
immediately to ice for ~10 min. 800ul of SOC was added, and the cells incubated with
shaking at 37°C for 1 hour. A portion of the cells were then plated on LB agar with the

appropriate selection agent.
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Small scale preparation of plasmid DNA from bacteria was performed by the alkali lysis
method (Sambrook et al, 1989). Larger scale plasmid preparations were prepared using

Qiagen Plasmid Extraction Kit (Qiagen) according to the manufacturer’s instructions.

2.6.2 Cell harvests for DNA and RNA extractions

2.6.2i Cell harvests for solo Hirt DNA extractions or dual DNA and RNA

extractions from the same cultures.

At respective times post infection astrocyte cells were harvested by media collection, PBS
rinse, trypsin treatment (0.1% v/v for 3-5 min, or until all cells were detached) and
resuspension in complete media. Cells and media/PBS/trypsin from all these steps and a
final PBS rinse of the emptied well, were collected into a 10ml centrifuge tube, to ensure all
cells were collected. Suspension T-cell line positive control cells were collected into 10ml
tubes along with a PBS rinse of the well to ensure collection of all cells. Cells were pelleted
by low speed centrifugation (930 rpm-Hereus / 6500 rpm benchtop for 3-5 min), washed
once by resuspension in PBS and transferred to 1.6ml centrifuge tubes. Where RNA
extractions were to be prepared from the same cultures, the PBS suspended cells were
divided into equal portions in two 1.6ml centrifuge tubes, one for RNA and one for DNA
extraction. For RNA extractions, the cells were pelleted and resuspended in 500pl Solution
D (Section 2.1.4), which lyses the cells and protects the RNA, and stored at -80°C until
further extraction was performed (Section 2.6.5). For DNA extractions see Section 2.6.3

below.

2.6.2ii Cell harvests for solo RNA extractions

The medium from astrocyte cells was removed and any loose cells collected by low speed
centrifugation. To harvest the adherent cells, Solution D applied directly to the cell
monolayer, lysing the cells. The Solution D lysed cells and a subsequent Solution D rinse of
the well were added to the pelleted loose cells from the same well, to maximise the
collection of cells. The final volume of Solution D was 500ul. Suspension T-cell line
positive control cells were pelleted by low speed centrifugation and the pellet resuspended

directly in Solution D. At this stage the cells are lysed and the RNA is protected by Solution
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D, and if required samples could be stored at -80°C at this stage, until further extraction was

performed (Section 2.6.5).

2.6.3 Hirt Extrachromosomal and Chromosomal DNA extractions.

Chromosomal and extrachromosomal DNA was separated by the method of Hirt (Hirt,
1967). PBS cell suspensions designated for DNA extraction from Section 2.4.2i were
pelleted and gently resuspended in 160pl Hirt Solution 1 (see Section 2.1.4). 20ul of 10
mg/ml Proteinase K (Merck) was then added, followed by 200ul Hirt Solution 2 (Section
2.1.4). Reagents were mixed by gently inverting the tubes 5x (to minimise chromosomal
DNA shearing), and the tubes incubated for >30 min at 37°C. 100pl of SM NaCl was added,
reagents mixed by gentle inversion, and incubated at 4°C >overnight. Samples were then
centrifuged at 17 000xg for 60 min at 4°C to separate the extrachromosomal DNA (Hirt
Supernatant) from the chromosomal DNA (Hirt Pellet). With the samples kept on ice, the
Hirt supernatants were separated into fresh tubes. At this stage potential cross-
contamination of chromosomal / extrachromosomal DNA has been reported to be <10%
(Kumar et al, 2002). Hirt pellets were then re-spun briefly (17 000xg for 15 min at 4°C) to
enable subsequent collection of remaining supernatant and minimisation of
extrachromosomal contamination of the chromosomal fraction. Hirt supernatant was then
also re-spun briefly (17 000xg for 15 min at 4°C) and transferred to fresh tubes, leaving
behind any trace of pelleted material to minimise any chromosomal contamination of the
extrachromosomal fraction. If necessary, separated Hirt supernatants and Hirt pellets were

stored at —80°C at this stage, until the rest of the DNA extraction (below) was performed.

2.6.3i Extrachromosomal Hirt DNA (Hirt Supernatant)

Hirt supernatant fractions were extracted by addition of an equal volume (500ul) phenol /
chloroform / IAA (25:24:1), mixed by vortexing and the aqueous and organic phases
separated by centrifugation (room temperature). The aqueous phase removed into a fresh
tube (on ice) and the extrachromosomal DNA precipitated at by the addition of 2x volumes
(1ml) chilled absolute ethanol (A/R grade), 0.05 volumes (25ul) 4M NaCl (0.2M final) and
1pl glycogen (10 mg/ml) to aid visualisation of the subsequent pellet, and centrifuged at
approximately 13000xg for 15 min to pellet the precipitate. The pellet was washed with
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chilled 80% ethanol (v/v), air dried, resuspended in 100l dH,0 and stored at —80°C until
use. (Note: NaCl was used as the salt component for DNA precipitation instead of Sodium
Acetate in order to minimise SDS precipitation, as SDS is carried over into the Hirt

supernatant from Hirt Solution 2.)

2.6.3ii Chromosomal Hirt DNA (Hirt Pellet)

500ul dH20 was added to Hirt pellet fractions, and heated to 70°C for 20min, with
occasional gentle vortexing, to resuspend the chromosomal DNA. An equal volume (500ul)
phenol / chloroform / TAA (25:24:1) was added, samples vortexed thoroughly but gently,
then the aqueous and organic layers separated by centrifugation. Chromosomal DNA was
extracted from the aqueous phase as described for extrachromosomal DNA (Section 2.4.2i
above), with the exception that all steps prior to storage were performed at room
temperature, with room temperature reagents (to prevent precipitation of residual SDS

carried over with the Hirt pellet from Hirt Solution 2).

2.6.4 DNA extraction from DNased virus stocks

The stored + DNase I treated virus stock samples (from Section 2.3.5iii) were spiked with
equivalent amounts of an irrelevant plasmid DNA, pGEM-DenCap (Section 2.1.2), to enable
subsequent normalisation of DNA extraction efficiency. Total DNA was then prepared in

the same manner as Hirt supernatant DNA extractions (Section 2.6.3i).

The + DNase treated virus stock DNA was analysed for DenCap DNA, f—globin DNA and
three stages of HIV-1 reverse transcribed DNA; early strong-stop (RUS), extended minus
strand (gag) and complete (gag-U3). For positions of the primers demonstrating the stages
of reverse transcription amplified by the respective primer pairs see refer Figure 2.1 (and

Figure 1.7 and Section 1.1.6i1).
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Figure 2.1 Primer positions and PCR amplification specific to various stages of reverse
transcription. Primers sites (*) and PCR product amplifications (- ) are superimposed
on the schema of reverse transcription. The RUS PCR (A) amplifies the first region of the
HIV-1 genome to be reverse transcribed, the minus strand strong-stop DNA, which
encompasses the RUS region of the LTR. RUS5 amplification also occurs at all subsequent
stages of reverse transcription. Gag DNA is synthesised near the 3” end of the extended
minus strand, post first strand transfer (D). Primers which target gag recognise this and all
subsequent stages of reverse transcription. In the event of an intermolecular first template
switch, the U5 primers, which span either side of the PBS, also detect late extended strand
post first strand transfer HIV-1 DNA and all subsequent forms (D). In the event of an
intramolecular first template switch, amplification of these primers does not occur until after
the second template switch has occurred (F). The U3.1-gag PCR spans a region of DNA
which can only be amplified upon virtual completion of reverse transcription (G), as the
sense primer anneals to the 2nd nucleotide of the U3 region and the antisense primer is in the
Gag region. Refer to the text, Section 1.1.6ii, and Figure 1.7 for a detailed description of the

process of reverse transcription.

Adapted from Karageorgos et al. 1993.
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2.6.4i Confirmation of DNase I susceptibility of pNL4-3 plasmid DNA

DNA samples from the DNase I treated pNL4-3 samples in phenol/chloroform/IAA were
also prepared in the same manner as Hirt supernatant DNA extractions (Section 2.6.3i).

Persistence of pNL4-3 DNA was assessed by HIV-1 gag PCR.

2.6.5 Cellular and Viral RNA Extractions and ¢cDNA preparation

RNA was extracted from virus stocks or infected cells at designated times by a modified
method of Chomczynski and Sacchi, 1987 (Chomezynski and Sacchi, 1987). Specifically,
an equal volume (500pl) of Solution D was added to respective virus stock samples, which
were then vortexed vigorously and stored at —80°C if required. RNA was extracted from
such virus samples, or from cells which had been harvested, lysed and stored in 500ul of
Solution D (Section 2.6.2i-ii) by the sequential addition of 50ul 2M sodium acetate (pH 4.0),
500ul tris-saturated phenol (pH 8.0) and 100pl chloroform / isoamyl alcohol (49:1).
Reagents were mixed by gentle vortexing and incubated on ice for 15 min. Samples were
centrifuged at 10 000xg for 15 min at 4°C, and the aqueous phase (~700ul), containing the
RNA, transferred to a fresh pre-chilled tube. 0.7 x volumes of chilled isopropanol (500pul)
was immediately added, mixed by inversion, and incubated at -20°C for an hour (or -80°C
for shorter incubations or for storage) to precipitate RNA. The precipitate was pelleted by
centrifugation at 10 000xg for 20 min at 4°C, washed with 150ul of 80% (v/v) ethanol,

briefly air-dried and immediately resuspended in DNase treatment (Section 2.6.51 below);

2.6.5i DNase treatment of RNA and re-extraction

The RNA pellet was resuspended in 1.0U/ul Rnase-free DNase (Roche), 0.4U/ul RNase
Inhibitor and DNase Buffer for RNA (Section 2.1.4) and incubated for 120 minutes at room
temperature. 500ul Solution D was then added to inactivate the DNase (stored at —80°C
temporarily if required) then re-extracted as outlined above (Section 2.6.5). Subsequent
pellets were resuspended in 25ul dH,0 with 0.4U/ul RNase Inhibitor. 8pl of the RNA was
immediately added to a reverse transcription reaction mix (Section 2.4.5ii below), 8ul to a

mock reverse transcription reaction mix and the remainder of the RNA stored at —80°C.
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2.6.5ii Conversion of RNA to cDNA

cDNA was prepared immediately from DNase treated RNA (Section 2.6.5i above) with 0.8
U/pl RT-AMV (Roche) (omitted in “RT-minus” mock reverse transcription controls which
were prepared simultaneously), 0.4 U/pl RNase Inhibitor (Roche), 1 pmol/ul each 3 primer
(ba2, adx2jc, gagHIII, Table 2.1), ImM each dNTP (Promega) in 1x AMV RT buffer
(Roche) (total reaction volume 20pl) at 42°C for 50 min, followed by RT AMYV inactivation
at 95°C. Samples were made up to 60l with dH,O and stored at either -20°C (short term) or
-80°C (long term).

2.7 Analysis of HIV-1 DNA and ¢cDNA to investigate HIV-1

Reverse Transcription, Integration and Transcription.

2.7.1 Copy Number Standards and Normalisation of Samples

2.7.1i HAS Standards; for all HIV species, and normalisation according to

P—globin content

HAS8 standards were used for all HIV-1 DNA, fS—globin and PCRs were prepared by Dr
Raman Kumar, Dr Nicolas Vandergraaff and Ms Linda Mundy, and have been described
previously (Vandegraaff et al, 2001b). The HA8 standard is chromosomal DNA extracted
from equal cell numbers from each of three persistently HIV-1 infected cell lines; HIIIB,
ACH-2 and 8ES5 (see Section 2.1.1iii). These well characterised cell lines containing two,
one and one copies of integrated HIV-1 per cell, respectively (Clouse et al, 1989; Folks et
al, 1986; Li and Burrell, 1992). Single use aliquots of HA8 standard DNA and stored at -
80°C at 4000 cells-worth of DNA / pl (= 5333.3 HIV-1 DNA copies / pl), and diluted
appropriately for use as PCR standards.

The DNA content of chromosomal DNA preparations was estimated by PCR amplification
of the single-copy human pS-globin gene compared to HAS8 standards. Samples were

normalised if required according to their S-globin content.
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2.7.1ii Mitochondrial Standards for normalisation of samples.

For extrachromosomal DNA extractions; samples were quantified according to their level of
mitochondrial DNA by comparison to the mitochondrial level from a known number of cells
of the same cell line, by PCR. HuT-78 cells were determined to contain approximately 5x

the level of mitochondrial DNA / cell compared to U251-MG cells.

c¢DNA samples were normalised according to their level of S-actin cDNA by comparison to

[-actin cDNA levels from a known number of cells of the same cell line.

2.7.1iii Rev, Tat, Nef Standards

For HIV-1 tat, rev and nef standards; tat, rev and nef cDNA fragments were purified from
plasmids which encoded the respective cDNAs (pBS-tat/rev/nef, see Section 2.1.2).
Following propagation of these plasmids, isolation of the respective plasmid DNA (Section
2.6.1) and sequencing to confirm the identity of the inserts, the respective cDNA fragments
were obtained by restriction digest, separated from the plasmid backbone by agarose gel
electrophoresis and purified from the gel with QiaQuick Spin Columns (Qiagen). The
fragments were quantified by both spectrometry and comparison to DNA markers of known
mass (2 log DNA ladder, 1kb DNA ladder and 100bp DNA ladder; New England Biolabs)
by ethidium bromide stained polyacrylamide gel electrophoresis, followed by quantification
using Typhoon 9410 (Molecular Dynamics) fluorescence scanning and ImageQuant
software (Molecular Dynamics) (Section 2.7.3iii). Concentrated, single use aliquots were

stored at -80°C and diluted appropriately for use as PCR standards.

2.7.1iv pGEM-DenCap Standards for normalisation of viral DNA extractions

Viral stock DNA extractions were normalised according to their content of pGEM-DenCap
by as determined by PCR compared to dilutions of the pGEM-DenCap plasmid which had
been quantified by spectrometry.
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2.7.2 Conventional PCR Procedures

2.7.2i Standard PCR Conditions for Conventional PCR

Conventional PCRs were performed in a Perkin-Elmer GeneAmp PCR 9600 system. In this
thesis, standard PCR conditions refer to PCR amplification with 1x PCR Buffer (Perkin
Elmer), 2.5mM MgCl,, 0.2mM each dNTP (Promega), 25pmol of each primer and 2.5U
AmpliTag Gold DNA Polymerase (Perkin Elmer). Final reaction volume was 25pl.
Reactions were performed in thin bottom tubes (Axygen), and no oil was required as the
GeneAmp PCR 9600 system has a hot lid. The AmpliTaq Gold DNA Polymerase requires
heat activation at 95°C, thus acting to provide a hot start and minimise non-specific
amplifications. Standard cycling parameters were an initial denaturation of 12 min at 95°C,
followed by X cycles of 95°C 45 sec, Y°C 30 sec, 72°C 35 sec; and a final extension of 72°C
10 min. X, the cycle number, was adjusted as required to maintain amplification within the
exponential phase to enable semi-quantification of results, and is specified in the text. The
optimal annealing temperature (Y) was determined for each PCR, and was usually between

58-61°C.

2.7.2ii Mitochondrial PCR

Mitochondrial PCR was performed with Mitl and Mit2 primers (Table 2.1) on
extrachromosomal DNA extracted from approximately 50-200 cells, in a reaction volume of
20ul and an annealing temperature of 59°C, but otherwise according to standard PCR

procedures. Amplification in linear range was usually achieved with 15-19 cycles.

2.7.2iii HIV-1 R-U5 PCR

R-U5 PCR (RUS5-1 and RUS5-2 primers, Table 2.1) detects the early “strong stop” HIV-1
reverse transcribed DNA species, and all subsequent HIV-1 DNA species,
extrachromosomal and integrated (refer to Figure 2.1), and was performed according to
standard procedures, with an annealing temperature of 58°C. This PCR was used to analyse

reverse transcribed HIV-1 DNA species present in the virus stock.
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2.7.2iv HIV-1 Gag PCR

HIV-1 gag PCR with primers Gag-P1 and Gag-IIl has been previously described
(Vandegraaff et al, 2001b). These primers amplify a region of the HIV-1 gag gene, as such
they detect HIV-1 reverse transcribed DNA which has undergone the first template switch
and extended to this region of the gag gene (“extended minus strand”) (Figure 2.1). This
PCR does not detect carlier stages of reverse transcription. However this PCR detects all
later stages of HIV-1 DNA, both extrachromosomal and integrated. For reverse
transcription analysis, typically ~2500 cells-worth of extrachromosomal DNA were analysed
by this PCR. This PCR was also used to analyse the extent of HIV-1 reverse transcribed
DNA in the virus stock, and the level of unspliced, genomic HIV-1 RNA present throughout
infections (typically on ~10 000 cells-worth of cDNA). Typically 22-26 cycles of this PCR

was required for semi-quantitative amplification, with an annealing temperature of 59°C.

2.7.2v HIV-1 U3-Gag PCR

“Complete” HIV-1 reverse transcription products were detected by PCR with a primer to the
U3 region (U3.1) and to the gag region (Gag3). These primers have been described
previously (Karageorgos et al, 1995), and span the region of the HIV-1 genome which is
only reverse transcribed after the second template switch has occurred (Figure 2.1).
Stringent binding of the U3.1 primer is only possible once reverse transcription is complete
and the full length HIV-1 DNA template is available. The design of this PCR requires
amplification of a 1.054 kb region of HIV-1 DNA. Consequently a longer PCR extension
time of 1 min 45 sec was required, but otherwise standard conditions were employed, with
an annealing temperature of 59°C and 25-30 cycles. This PCR was used to detect
“complete” reverse transcribed HIV-1 DNA on ~2500 cells-worth of extrachromosomal

DNA and to analyse the extent of HIV-1 reverse transcribed DNA in the virus stock.

2.7.2vi pB-globin PCR

B—globin PCR with B-glol and B-glo2 primers (Table 2.1) has been described previously
(Vandegraaff et al, 2001b). This PCR was used on chromosomal DNA extracted from
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approximately 100-200 cells, according to standard PCR procedures with an annealing

temperature of 58°C. Amplification in linear range was usually achieved with 20-25 cycles.

2.7.2vii Alu PCR

Alu PCR is a nested PCR designed to specifically and selectively detect the integrated form
of HIV-1 DNA, and was originally described Chun ef al. (1997) (Chun et al, 1997). It has
been modified in our laboratory by Dr Nicholas Vandergraaff and Dr Raman Kumar
(Vandegraaff et al, 2001b). For a diagrammatic schema of this PCR please refer to Figure
2.2. The first round of PCR uses a sense primer (Alul64) which specifically anneals to the
highly conserved Alu repeat elements of the human genome (approximately 9 x 10° elements
/ haploid genome), and an antisense primer (PBS-659) (Table 2.1) which binds the PBS
region of the HIV-1 genome. This first round PCR was set up in two stages; primers and
dNTPs to a total volume of 10ul were aliquoted into PCR tubes and a wax bead (PCR Gem
50; Perkin Elmer) placed over the reagents. Tubes were heated to 75°C for 1 min then
cooled to 4°C in the PCR machine allowing a solid wax layer to form over the reagents.
Reactions were then made up to 50ul (including the 10ul lower phase) with PCR reaction
Buffer II, 1.2mM (final) Magnesium Acetate, 1.6U rTth DNA Polymerase (Perkin Elmer)
and respective sample / standard DNA. Reactions were cycled as follows; 94°C 3 min; 22
cycles of 94°C 30 sec, 66°C 30 sec, 70°C 5 min; and a final extension of 72°C 10 min.
Sample chromosomal DNA input represented ~10 000 cells-worth. A background of ~10
000 cells-worth of uninfected cellular chromosomal DNA was included in the HAS8

standards.

Following 1*-round amplification, the PCR product was diluted 1 in 200, and 5ul used in the
2"_round of PCR. Given the input DNA in the first round PCR is already diluted 1 in 10
(5ul in 50ul reaction), the total dilution factor of original DNA template in the 2" round
PCR is 1 in 2000. This 2" round of PCR was performed with a set of nested PCR primers
(NI-1 and NI-2; Table 2.1) specific to the U3 region of the HIV-1 LTR (Figure 2.2). This
nested PCR was performed with 1.25mM MgCl,, an annealing temperature of 63°C and a 1
minute extension time, but otherwise according to standard PCR procedures, with 31 cycles.
This is greater than the cycle number required for accurate quantification from the standards

but was performed intentionally to ensure maximum sensitivity of the assay, which was the
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Human Alu repeat sequences = 90 000/haploid genome
Human Haploid genome size = 3.3x10° bp
Average Distance between Alu copies = 4.0 kb

Figure 2.2 The nested-Alu PCR Method for the Detection of Integrated HIV-1 DNA.
In the first round of PCR, the 5’primer is designed to anneal within a conserved Alu repeat
sequence and the 3’ primer is designed to anneal within the HIV-1 LTR sequence (primers
Alu-164 5’ and PBS-659 3°, respectively). This reaction amplifies across the integration
site, including both cellular DNA upstream of the integration site and integrated HIV-1
LTR DNA. The product size is variable, depending on the distance from the integration
site to the nearest Alu sequence, which occurs on average every 4.0 kb. To increase
sensitivity and to generate a product of a defined size, a second (nested) round of PCR
(primers NI-1 and NI-2) is performed on a dilution of the product from the first
amplification. This second round product is detected by means of a [0-*?P]dATP labelled
probe generated by Klenow amplification of a DNA fragment of the HIV-1 LTR

incorporating the region flanked by NI-1 and NI-2.

Adapted from Chun et al. 1997, incorporating the modifications of Vandergraaff et al. 2001
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priority in this study. Amplification was confirmed to be specific to the integrated form of
HIV-1 and not unintegrated forms by control reactions in which the Alul64 primer was

omitted in the first round of PCR (“Alu-minus” controls).

Alternatively, 2" round amplification could also be performed with Real Time HIV-1 RUS
PCR (Section 7.4iv).

2.7.2viii f-actin PCR

cDNA fS-actin content was determined by amplification of a segment of the S-actin gene
with primers B-actin-1 and B-actin-2 (Table 2.1) which have been described previously
(Davis et al, 1997). PCR amplification was performed on ~200 cells-worth of cDNA, with
an annealing temperature of 60°C and typically 20-25 cycles.

2.7.2ix HIV-1 2kb transcript RT-PCR

HIV-1 2kb transcript cDNAs (tat, rev and nef) were detected by a modified version of the
method of Davis et al (Davis et al, 1997). The primers adpl and adx2 were modified to
exclude unnecessary accessory 5° sequences (renamed adplc and adx2 jc) (Table 2.1). All
three multiply spliced (2kb) transcript species are co-amplified by these primers, yielding
products of three different sizes (tat 393bp; rev 216bp and nef 194bp). PCR amplification
was performed on ~250 000 cells-worth of cDNA, with an annealing temperature of 60°C
and typically 28 cycles.

2.7.2x DenCap PCR

Dengue Capsid cDNA was amplified from pDenCap template, which was used to spike viral
stock DNA extractions to monitor DNA extraction efficiency. Standard PCR procedures

were used with DenCap-F and DenCap-R primers (Table 2.1), an annealing temperature of

58°C, and 30 cycles.
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2.7.3 Southern Transfer and Hybridisation Techniques

All conventional PCR products (5ul) were subjected to 8% polyacrylamide gel
electrophoresis (PAGE) and then Southern transfer (Bio-Rad electroblot apparatus) onto
Hybond N+ nylon membranes (Amersham). Large (18x16 cm) PAGE gels were
electrophoresed at 160v for ~60 min in 1x TBE. Semi-dry electroblot transfer was
performed by sequentially layering pre-soaked Whatman paper (2 sheets), nylon membrane
and the gel, then Whatman paper (2 sheets) onto the base of the apparatus. The Whatman
paper, membrane and gel were all briefly pre-soaked in 0.3x TBE. The DNA was
transferred electrophoretically to the membrane at 50mA for 90 min. Following
denaturation and fixation of the DNA to the membrane by placing the membrane on
Whatman paper pre-soaked in 0.4M NaOH for 20 min, the filters were washed in 2x SSC,
and prehybridised and hybridised with respective probes. Two distinct methods were
followed for prehybridisation and subsequent steps, depending on the nature of the probe to
be used. PB-actin, tat, rev and nef RT-PCR products were prehybridised with
Prehybridisation Solution (see Section 2.1.4) overnight at 55°C, and hybridised with
oligonucleotide probes. All other PCR products (Mitochondrial, RUS, gag, U3-gag,
S—globin, nested Alu and DenCap) were prehybridised in Ultrahyb™ solution (Ambion) for
>30min at 42°C and hybridised with respective cloned DNA fragment probes.
Prehybridisation, hybridisation and subsequent washes were performed in roller bottles in a

rotating Hybaid Oven to ensure continuous mixing.

2.7.3i Hybridisation with DNA fragment probes

Mitochondrial, S—globin, HIV-1 and HIV-1 LTR DNA fragments for probe synthesis were
prepared by Dr Raman Kumar, Dr Nick Vandergraaff, Ms Kelly Cheney and Ms Linda
Mundy. Mitochondrial, S—globin and HIV-1 fragments were used to synthesise probes for
the PCR products of the same name. The HIV-1 LTR fragment was used to synthesise
probes for the detection of nested 4/u PCR, RUS PCR and U3-gag PCR products. Briefly,
after generating these fragments by PCR, they were purified and cloned into plasmid
vectors. For use as probes, the fragments were re-obtained from the plasmid vector by
restriction digest, clectrophoretic agarose gel separation from the plasmid backbone and

Qiaquick spin column purification (Qiagen). For use in this thesis the relevant dengue
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capsid cDNA fragment and f—actin fragment were obtained from pGEM-DenCap and pBS-

B—actin and prepared as above.

These double stranded DNA probe fragments were labelled with [0(-32P]dATP using the
Megaprime DNA Labelling Kit (Amersham), according to the manufacturer’s instructions.
Reaction mixes contained ~120ng DNA template which was denatured at 100°C in the
presence of 5ul random nonamers, Spl reaction buffer, 4pl each dGTP, dTTP and dCTP, 2l
DNA polymerase (Klenow fragment) and 5pl of [o->*P]dATP (10uCi/ml, Geneworks), and
were incubated for 45 min at 37°C. Probes were then purified through a G-25 Sephadex
spun column stored for up to 2 weeks at -20°C. Immediately prior to use, these double
stranded probes were denatured by heating to 100°C in a boiling water bath for a few

minutes followed immediately by incubation on ice.

After prehybridisation of membranes the respective labelled and denatured probe was added
and hybridised overnight at 42°C. Membranes were then washed, initially with prewarmed
5%SSC, 0.5% SDS for 15 min at 55°C, then twice with prewarmed 0.5xSSC, 0.1% SDS for
20 min at 55°C. Membranes were then exposed to Storage Phospor Screens (Molecular

Dynamics) for between 30 min and 16 hours, depending on the signal strength.

2.7.3ii Hybridisation with oligonucleotide probes

Specific oligonucleotides were used for the hybridisation of multiply spliced 2kb HIV-1
transcripts (rev, tat and nef) RT-PCR products. The sequence for the rev, fat and nef probes
has been previously described (Davis et al, 1997), and is given in Table 2.2. Specifically the
rev (pl.4a), tat (p1.4) and nef (pl.5) probes span the splice junction sites which characterise
the respective transcripts, and their nomenclature identifies the respective Splice Donor and
Splice Acceptor sites. These oligonucleotides were labelled at the 5’ termini with [y-
32p)dATP using T4 polynucleotide kinase (PNK) as follows; 200ng probe was end labelled
with 20U PNK (Roche) in 1x PNK buffer with 5ul [y-*P]dATP (10 pCi/ml, Geneworks)
(total volume 20p1). The reaction was incubated for 50 min at 37°C, after which 500pl of 6x
SSC was added to terminate the reaction. Probes were then purified through a G-25

Sephadex spun column for immediate use or stored for up to 2 weeks at -20°C.
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After prehybridisation of membranes, the prehybridisation solution was replaced with
prewarmed hybridisation solution (see Section 2.1.4), and the respective labelled
oligonucleotide probe added. For detection of all three 2kb transcript cDNA species on the
same membrane, all three probes were added. Hybridisation was performed at 55°C for >4
hours. Membranes were initially washed for 20 min with prewarmed 2xSSC, 0.1%SDS at
65°C, then twice for 15 min with 0.2xSSC, 0.1%SDS at 65°C, then twice with 0.1xSSC,
0.1%SDS at 70°C. Membranes were then exposed to Storage Phospor Screens (Molecular

Dynamics) for between 30 min and 16 hours, depending on the signal strength.

2.7.3iii Phosphor or fluorescent analysis of band intensity

The intensity of the bands detected by the use of labelled [0->%P] fragment probes or [y-32P]
labelled oligonucleotide probes and subsequent exposure to phosphorous coated screens was
measured by phosphor scanning with a Phosphorlmager (Molecular Dynamics) or Typhoon
9410 (Molecular Dynamics) machine. In most cases an approximate conversion from band
intensity to respective copy numbers could be determined by comparison to the standards.
Where interpretations were more complex or a greater degree of accuracy required, the
intensity of the bands was quantified with ImageQuant software (Molecular Dynamics).
Briefly, a rectangle was drawn around the band of highest intensity. The rectangle was the
copied and placed over each band to be quantified to ensure the same area (volume) was to
be quantified for each band. The pixel number was then quantified within each rectangle
(employing the “integrate volume” function) and transferred to Microsoft Excel for analysis.
The pixel count from negative control lanes was subtracted from all counts to correct for the
background level of pixels in the defined area. A standard curve of pixel number versus
input copy number was generated from the pixel counts from the standards. Pixel counts of
the experimental were converted to copy number by regression analysis using the standard

curve.

The Typhoon 9410 was also used to fluorescently scan ethidium bromide stained PAGE gels
in some instances. Where a high degree of accuracy was required (for example,
determination of the intensity of rev, tat and nef fragments for subsequent use as standards),

the intensity of bands were quantified with ImageQuant software as above.
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2.7.4 Real Time PCR Procedures

2.7.4i Standard Real Time PCR Procedures

10l real time PCR reactions were prepared with Quantitect SYBER green (Qiagen) 1x PCR
mix (MgCl, and dNTPs included), 1pmol each primer (HPLC purified) and respective
standard or sample DNA. Reactions were run in a 72 tube carousel in a Rotor-Gene cycler
machine (Corgette Research). Optimal gain settings were determined for each batch of
Quantitect SYBER green, and typically set at either 5 or 10. Standard cycling parameters
were 50°C for 2 min, 95°C for 15 min then 40 cycles of (94°C 20 sec, Y°C 20 sec, 72°C 20
sec), followed by a final hold of 72°C for 30 sec, where Y is the optimal annealing
temperature, typically 58-61°C. The Rotor-Gene cycler measures the fluorescence of each
tube every cycle. At the conclusion of cycling, the machine measures the melting curve for
the products in each tube, again by virtue of fluorescence. Analysis was subsequently
performed with Rotor-Gene software (Corgette Research).  Specifically, negative controls
and standards were checked for expected results, and the melting curves of each tube were
checked to confirm that only single melting temperature occurred at the expected
temperature. Rotor-Gene software was used to automatically determine the threshold
fluorescent values from negative controls (“NTC”; no template control). Next it determined
the optimal cycle number for interpolation from standards, generating a standard curve of
normalised fluorescence versus copy number. From this, the respective copy numbers of all
samples was derived. Where required, further analysis and graphical representation was

done by importing this data into Microsoft Excel.

2.7.4ii Real Time Mitochondrial PCR

Mitochondrial PCR was performed with MitA and MitB primers (ref Table 2.1) on
extrachromosomal DNA extracted from approximately 50-200 cells, with standard real time

PCR procedures and an annealing temperature of 58°C.

115



2.7.4iii Real Time [—globin PCR

For f-globin real time PCR the same primer sequences were used as for conventional
S—globin PCR (Table 2.1). Standard real time PCR parameters were used on approximately
100-200 cells-worth of chromosomal DNA, with an annealing temperature of 58°C.

2.7.4iv Real Time HIV-1 RU5 PCR

To assay for the presence of any HIV-1 DNA a sense primer to the R region of HIV-1 (SS1)
was used in conjunction with an antisense primer to the U5 region (SS2a) (Table 2.1). Thus
it amplified minus strand strong stop DNA and all subsequent stages of reverse transcribed
HIV-1 DNA (Figure 2.1). This PCR was performed with standard real time PCR parameters
and an annealing temperature of 60°C. These primers detect early strong stop reverse
transcribed HIV-1 DNA and all subsequent forms. They were used to detect the presence of
HIV-1 DNA in chromosomal preparations, directly or after the first round of 4/u PCR
(Section 2.7.2vii), typically on ~20 000 or ~10 000 cells-worth of chromosomal DNA

respectively.

2.7.4v Real Time HIV-1 U5 PCR

To amplify late reverse transcribed and subsequent forms of HIV-1 DNA, the primer pair
U5-P1 and U5-P2 were used. These both anneal to the U5 region of HIV-1 DNA, to either
side of the PBS region, as such they only detect reverse transcribed HIV-1 DNA which has
proceeded beyond the second template switch (Figure 2.1). This PCR does not detect earlier
stages of reverse transcription, but does detect all later stages of HIV-1 DNA,
extrachromosomal and integrated. For reverse transcription analysis, typically ~2000 cells-
worth of extrachromosomal DNA were analysed by this PCR, with standard real time PCR

parameters and an annealing temperature of 60°C.

2.7.5 HIV-1 Reverse Transcription Analysis

Hirt extrachromosomal DNA was harvested from cells at designated times post cell-to-cell

or cell-free HIV-1 infection, typically 2}2-3%, 26 and 48-52hpi (Section 2.3.1, 2.3.2, 2.3.5,
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2.6.2, 2.6.3). The extrachromosomal DNA content of each of the samples was assessed by
mitochondrial PCR and Southern (typically performed on ~50-200 -cells-worth of
extrachromosomal DNA) and normalised accordingly (Sections 2.7.1i1, 2.7.2-2.7.4).

DNA was extracted from viral stocks (Section 2.6.4) which had been treated with or without
DNase I (Section 2.3.5iii) and, after inactivation of the DNase, spiked with a known amount
of pGEM-DenCap DNA (2.6.4). The relative efficiency of the DNA extractions was
determined according to the pGEM-DenCap content, by DenCap PCR and Southern
hybridisation. If necessary, samples were normalised accordingly (Sections 2.7.1iv, 2.7.2-

2.7.3).

Samples were analysed for the presence and level of various species of HIV-1 reverse
transcribed DNA, specifically “early” (minus strand strong-stop), “extended minus strand”
(post first strand transfer) and “complete” (end-stage post second strand transfer) species
(Figure 2.1, 1.7 and Section 1.1.6ii) by conventional RUS, gag (or U5 real time) and gag-U3
PCRs and Southern hybridisation respectively (Sections 2.7.1i, 2.7.2-2.7.4). These
conventional PCR assays were typically performed on ~2500 cells-worth of

extrachromosomal DNA.

In order to ensure accuracy, a two step dilution of Hirt extrachromosomal DNA was
performed so that the same dilution series could be used for normalisation and HIV-1 DNA
assessment. An initial dilution of 1/10 was made (subsequently used in PCRs assessing
HIV-1 DNA), from which a further dilution of 1/25 (total dilution factor of 250) was

performed on which the mitochondrial PCRs were initially performed.

2.7.51 Infections with nucleoside analogue reverse transcriptase inhibitors

To further characterise HIV-1 reverse transcription, two nucleoside analogue inhibitors of
reverse transcription were used; an analogue of thymidine; zidovudine (3’-azido-3’-
deoxythymidine, or AZT) (Sigma) and an analogue of cytidine; lamivudine (cis-1-[2’-
Hydroxymethyl-5’-(1,3-oxathiolanyl)] cytosine, or 3TC) (kind gift from David Bourke,
Department of Medicinal Chemistry, Victorian College of Pharmacy, Australia). Both drugs
were made to 10mM stocks in DMSO, and further diluted in serum free media to the
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working concentration. The final concentrations used (20uM for AZT and 50uM for 3TC)

were based on concentrations shown to inhibit viral release following infection of T cells

(Coates et al, 1992; Hazuda et al, 2000).

At these concentrations these drugs had been previously demonstrated to be non-toxic to
HuT-78 cells in our laboratory (by Dr Nick Vandegraaff). For the purpose of this thesis, cell
cytotoxicity experiments were also performed with these drugs on the astrocyte cell lines
U251-MG, CCF-STTG1 and U87-MG. These experiments were performed in triplicate by
incubating astrocytes with concentrations of drugs ranging from 5-fold above and below the
intended concentration for use. After 24h, 48h and 72h in the presence of absence of the
drug, cultures were assessed for cell death by trypan blue exclusion and cell growth by total
cell number. Drugs were considered non-toxic if there was <5% inhibition of cell growth

over 52h (LDs) compared to drug-free cultures.

These analogues require phosphorylation by a constitutively expressed kinase to be
converted into their active triphosphate form (Brinkman et al, 1998; Kakuda, 2000; Lewis ef
al, 2003) Section 2.7.5i).. To enable conversion of these analogues into their respective
active triphosphates, the cells were pre-incubated in the presence of the respective drug or
drug carrier (identical dilution of DMSO to that present with the drug) overnight prior to the
infection. Centrifugally enhanced cell-free infections were then performed as described in
Section 2.3.5ii. The designated concentration of the drug was maintained through out all
steps of the infection, washes and subsequent culture until the cells were harvested for DNA
extraction. HuT-78 cells were included as controls to confirm the antiviral activity of the

drugs.

2.7.6 HIV-1 Integration Analysis

Hirt chromosomal DNA was harvested from cells at designated times post cell free HIV-1
infection, typically 3-3% hpi, 1, 2, 7, 10, 13, 16 dpi (Section 2.3.5, 2.6.2, 2.6.3). S-globin
DNA content of chromosomal DNA was determined by semi-quantitative conventional PCR
and Southern hybridisation or quantitative real time PCR, and samples normalised
accordingly (Sections 2.7.1i, 2.7.2-2.7.4). HIV integration was assayed by nested 4/u PCR
or real time HIV-1 RUS PCR on ~10 000 or ~20 000 cells-worth of chromosomal DNA
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respectively (Sections 2.7.11, 2.7.2-2.7.4). Samples were diluted for S—globin analysis, and
usually used neat in these HIV-1 DNA analyses.

2.7.7 HIV-1 RNA Analysis

RNA was extracted from virus stocks or cells at designated times post cell free HIV-1
infection, typically 3-3% hpi, 1, 2, 7, 10, 13, 16 dpi, and reverse transcribed into cDNA
(Section 2.3.5, 2.6.2, 2.6.5). Mock reverse transcription reactions were also performed to
confirm that DNase treatment of the RNA was effective and that subsequent amplification
was derived from ¢cDNA and not pre-existing DNA. Cellular cDNA preparations were
assayed for their level of S-actin by semi quantitative conventional PCR and Southern
hybridisation, and samples normalised accordingly if required. Mock cDNA preparations
were confirmed not to contain any detectable fS—actin DNA. Mock and genuine cDNA
preparations were assayed to determine levels of unspliced, genomic HIV ¢DNA and
multiply spliced rev, tat and nef cDNA by semi-quantitative conventional PCRs and
Southern hybridisation (Section 2.7.1, 2.7.2, 2.7.3). To maintain accuracy, samples were
diluted in two stages. The second dilution was used for S—actin analysis, and either the neat

or the first dilution (of the same dilution series) was used to assess HIV-1 cDNA levels.

2.8 Detection of release of infectious virus (Infectivity Assay)

In experiments where the astrocyte culture supernatants were tested for infectivity, half of
the supernatant (2ml) was collected daily from 7 dpi to 16 dpi (replaced with fresh media +
IL1P as appropriate). Collected supernatants were immediately filtered (0.2um) and applied
to 5x10° cells of an HIV-1 susceptible T-cell line. A3.01 cells were initially used in addition
to HuT-78 cells, as the potential for A3.01 cells to become infected was not expected to be
affected by the presence of IL1f in some of the supernatants (Tornatore ef al, 1991).
Initially this was unknown for HuT-78 cells. Media alone and diluted viral stock controls
were also included. Initially infectivity assays were performed by direct application of the
filtered supernatant to the cells. In latter experiments the filtered supernatants were applied
to the cells by a modified centrifugally enhanced infection protocol as described in Section
2.3.5ii, except the initial 4°C incubation and the post centrifugation washes were omitted.

Instead, after centrifugation, half of the supernatant (1ml) was replaced and the cell pellet
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resuspended in the remaining supernatant and seeded into 48-well culture dishes. Centrifuge
tubes were rinsed with 1ml fresh complete cell culture medium, which was then added to the
respective to ensure minimal loss of cells. These T-cell line cultures were maintained, with
half media changes / cell splitting as required, for up to 12 days and monitored for evidence

of HIV-1 infection (syncytia formation, HIV-1 p24 ELISA (Section 2.2.1)).
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Chapter 3

Cell to Cell infection of Astrocytes in vitro

3.1 Introduction

3.1.1 Background

The infection of astrocytes by HIV-1 results in a restricted infection typified by low level
expression of viral regulatory proteins and the absence of viral structural proteins. The
apparent low efficiency of this infection presents a challenge to characterising aspects of the
infection of astrocytes by HIV-1. In this thesis the HIV-1 infection of astrocytes is analysed
with both a “cell-to-cell” (this chapter) and a “cell free” (Chapters 4 to 6) in vitro model of
infection. A cell-to-cell infection model was established because there were several
indications in the literature that this mode of astrocyte infection may result in a more
efficient infection than cell-free inoculation (Brack-Werner, 1999; Nath et al, 1995) (Section
1.5.1i). Previous work also suggested that astrocytes may be more susceptible to in vitro
infection by T-cell tropic strains of HIV-1 than macrophage trophic strains (McCarthy et al,
1998; Nath et al, 1995; Schweighardt et al, 2001) (Section 1.5.1). The transmission of T-
cell and macrophage tropic HIV-1 strains were investigated in this chapter by measuring
reverse transcribed HIV-1 DNA transcripts over time. Viral reverse transcription was
analysed with the primary aims of i) assessing and comparing the transmission to, and
replication of, T-cell and macrophage tropic HIV-1 strains in astrocytes, and ii)
characterising the kinetics of reverse transcription of HIV-1 in astrocytes. An additional aim
was to compare the efficiency of the cell-to-cell infection (as measured by viral reverse

transcription) with the cell-free model (Chapter 5).

To investigate transmission of T-cell tropic strains of HIV-1 to astrocytes, U251-MG
astrocytes were cocultured with persistently HIV-1 infected T-cell lines (Section 3.2). Two
T-cell lines were used as “virus-donor” cells; HIIIB cells (a clonal cell line persistently
infected with HIV-1yp) and E12 (a cell line persistently infected with HIV-1gr;). HIIIB

cells were chosen as these have previously been used successfully to study the transmission
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of HIV-1 infection to T-cells (Karageorgos et al, 1993; Karageorgos et al, 1995; Li et al,
1993a; Li and Burrell, 1992; Li et al, 1992; Li et al, 1994). As a comparison, the
chronically infected T-cell line, E12, was also used in these transmission experiments. E12

cells are persistently infected with a fully competent strain of HIV-1.

To investigate transmission of macrophage tropic strains of HIV-1 to astrocytes, U251-MG
astrocytes were cocultured with chronically HIV-1 infected MDMs (Section 3.4). The HIV-
1oL virus strain was chosen as it has previously been used successfully to characterise the

transmission of HIV-1 from macrophages to T-cells (Carr et al, 1999).

3.2 Preliminary Investigations on the Culture of Astrocytes with

Persistently infected T-cell lines

3.2.1 Characterisation of the persistently infected T-cell lines

HITIB cells have been characterised previously (Section 2.1.1iii). Personal communication
with Dr Jay Levy verified that E12 cells are a clonal cell line derived from infection of HuT-
78 cells with the HIV-1gp, virus. The HIV-1gp> virus used for this infection was derived
from the original SF2 viral isolate (previously known as ARV (Section 1.1.1)), and not from

the molecular clone of SF2, which was subsequently derived from the same viral isolate.

To determine the proportion of the E12 cells that expressed virus, the cells were assessed for
intracellular expression of the HIV-1 core protein p24 by FACS analysis. p24 protein was
detected in between 30 to 40% of the cell population. To confirm whether these cells
produced virus, the supernatants were tested for the secretion of p24 and infectious virus.
These cells were shown to secrete >1ng p24 / ml / hour / 10% cells. Incubation of filtered
(0.2um) E12 supernatant with HuT-78 cells (HIV-1 susceptible cells) and coculture of E12
cells with HuT-78 cells both resulted in the infection of the HuT-78 cells, as evident by
syncytia formation (light microscopy), elevated p24 secretion (ELISA), and an elevation in

viral DNA as a result of reverse transcription (PCR).
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3.2.2 Minimising the contribution of HIV-1 replication in the virus-donor

cell population

As the level of HIV-1 replication in the astrocyte population was expected to be low, the
detection could be “masked” by viral replication in the virus-donor cell population. It was
therefore anticipated that it would be necessary to minimise the contribution of HIV-1
replication in the virus-donor cells. For this reason, chronically infected donor cells were
used rather than acutely infected donor cells, as the level of ongoing reverse transcription

would be expected to be lower in chronically infected cells.

To further minimise the detection of viral reverse transcription in the virus-donor cells,
several additional strategies were employed. These included i) separation of the astrocytes
from the virus-donor cells after a period of coculture, and ii) pre-treatment of the virus-
donor cells with an inhibitor of transcription (including HIV-1 reverse transcription),
Actinomycin C; (ActC;), and iii) pre-treatment with a specific inhibitor of reverse
transcription, 3’-azido-3’-deoxythymidine (AZT), to distinguish between de novo reverse

transcribed and pre-existing reverse transcribed HIV-1 DNA.

3.2.2i Separation of cell populations after coculturing

The separation of virus-donor cells from astrocyte cells after a period of coculture (2 - 24
hours) was initially attempted by washing away the donor cells (suspension cells) from the
U251-MG astrocytes (adherent) (Section 2.3.1i). However, a significant proportion of the
persistently infected lymphocytic cells were observed (by light microscopy) to adhere to
U251-MG astrocyte cells within an hour of coculture. This lymphocyte-astrocyte interaction
occurred with all persistently infected T-cell lines tested in this thesis (HIIIB, E12 and
ACH?2), and has been previously reported (Nath et al, 1995; Tornatore et al, 1991). Whilst
the majority of virus-donor cells could be removed by washing, light microscopy
observations of the astrocyte cultures over the subsequent days clearly revealed the
outgrowth of lymphocytic cells, indicating that not all of the virus-donor cells had been
washed away. No cytopathic effect (no syncytia or giant cell formation) was observed in

either the virus-donor cells or the U251-MG astrocytes.
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To improve the efficiency of removal of the virus-donor cells, after washing the excess
donor cells away the astrocytes and remaining donor cells were resuspended by trypsin
treatment. The remaining virus-donor cells were depleted with anti-CD3 magnetic beads,
and the CD3” U251-MG cell population re-seeded. However, the recovery of U251-MG
astrocyte cells after this procedure was poor, with the cell loss estimated to be up to 40%.
Furthermore, a low level of lymphocytic cells persisted in the U251-MG cultures despite the
CD3" cell depletion step, as evident by anti-CD3 FACS analysis of the re-seeded population

on subsequent days of culture.

The tendency of the lymphocytes to adhere to the U251-MG astrocytes raised the concern
that any potentially infected U251-MG cells may be selectively removed by virtue of their
interaction with the donor cells during the CD3" cell depletion step. This concern was
heightened by the considerable loss of U251-MG cells upon CD3" depletion. It was not
possible to positively select the astrocyte cells whilst maintaining their viability for ongoing

culture, due to the lack of an available astrocyte specific cell surface marker.

Even if positive selection of the U251-MG cells were possible, it would be likely that the
recovered U251-MG population would still contain adhered virus-donor cells, or, if this
could be prevented, be biased to those astrocyte cells which had not interacted with the
donor cells. Removal of donor cells with an appropriate antibody and complement mediated
lysis was considered, but was not attempted as this method was not expected to be 100%
effective either. The presence of complement may also affect the infection, as astrocytes
express complement receptors and complement can be toxic to certain cell types. Thus it
was decided to analyse the astrocyte / virus-donor cell cocultures without attempting to
separate the cell populations. This would allow the contribution of HIV-1 replication within
the donor cell population to be controlled and hence accurately taken into account when
evaluating HIV-1 replication in the cocultures. The level of viral reverse transcription in the

donor cell population could also be minimised by ActC, treatment.
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3.2.2ii Coculturing with Actinomycin C; pretreated virus-donor cells

Optimisation of ActC; pretreatment of virus-donor cells

As it was possible that coculturing with astrocytes could activate and upregulate virus
replication in the viral donor cells, the donor cells were pretreated with or without the
transcription (and reverse transcription) inhibitor, ActC;. This was to reduce the background
level of viral reverse transcription in the donor cell population. To minimise the potential
toxicity of ActC; treatment, the drug was titrated to determine the minimum effective dose
(Section 2.3.1ii). The viral donor T-cells (106 cells/ml) were treated for 2 hours with ActC,
at concentrations from 2pg/ml up to 64pg/ml, after which the cells were washed twice to
remove excess drug. The inhibition of transcription was assessed by the reduction in
tritiated uridine uptake (Section 2.3.lii). The minimum ActC, dose that gave maximal
inhibition of transcription was found to be between 8 to 12 pg/ml for all persistently infected
T-cell lines tested (HIIIB, E12, ACH2 and 8ES5 cells). Therefore 12 pg/ml ActC; was used
in all subsequent experiments, and in each experiment the inhibition of transcription was

verified by assessing tritiated uridine uptake in a sample of the treated cells.

Preliminary experiments to analyse the transmission of HIV-1 from +£ActC) pretreated virus-

donor cells to U251-MG astrocytes.

In preliminary experiments to analyse the transmission of HIV-1 from +ActC, pretreated
virus-donor cells (HIIIB and E12 cells) to U251-MG astrocytes, the U251-MG astrocytes (as
well as the virus-donor cells) were counted immediately prior to coculturing. Accurate
counting of the virus-recipient and virus-donor cell populations enabled the contribution of
HIV-1 DNA and virus replication in the virus-donor cells to be accurately taken into
account, with respective virus-donor cell monoculture controls. Accurate counting of the
U251-MG cells was facilitated by first detaching the cells with trypsin. The detached U251-
MG cells were then cocultured with +ActC; pretreated E12 or HIIIB cells at a ratio of 2
U251-MG cells: 1 virus-donor cell. (+ActC; pretreated cells were washed twice prior to the

experiment to remove excess drug).
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Immediately after coculture (T = Oh), and 24 hours after coculture the extrachromosomal
DNA was extracted from the cocultures and respective monoculture controls. To adjust for
any variation in the extrachromosomal DNA extraction efficiency, semi-quantitative
mitochondrial PCR and Southern hybridisation was performed (Figures 3.1A and 3.2A).
The presence of extended minus strand reverse transcribed HIV-1 DNA transcripts in the
extrachromosomal DNA samples was assessed by semi-quantitative HIV-1 gag PCR and
Southern hybridisation (Figures 3.1B and 3.2B), and presented graphically as a the number
of HIV-1 gag DNA copies present per 100 or 5000 cells of coculture (or the respective

number of cells in the monoculture controls) (Figures 3.1C and 3.2C).

These preliminary experiments did not show any increase in the level of extrachromosomal
HIV-1 DNA in the cocultures from 0 to 24 hours with untreated virus-donor cells (Figures
3.1C and 3.2C). The level of HIV-1 DNA present at 0 hours represents initial amount of
HIV-1 DNA present in the virus-donor cells, as no HIV-1 DNA was detectable in the
uninfected U251-MG cells, as expected. The lack of increase of HIV-1 DNA over 24 hours
of coculture indicated that viral reverse transcription was either absent in the U251-MG
cells, or below the background level of ongoing reverse transcription in the virus-donor

cells.

ActC, pretreatment of the virus-donor cells was included to discern which cell population
viral reverse transcription was occurring in, if an increase in extrachromosomal HIV-1 DNA
had been observed over time in the cocultures. However, in the experiment shown in Figure
3.2, an increase in the level of extrachromosomal HIV-1 DNA was seen from 0 to 24 hours
with ActC, but not untreated E12 virus-donor cells. Taken on its own, this data would
suggest that viral reverse transcription was stimulated upon coculture, and as transcription
was inhibited in the E12 cell population by ActC, (verified by the inhibition of tritiated
uridine uptake in a sample of the ActC, treated E12 cells), indicating that the viral reverse
transcription occurred in the U251-MG astrocyte cell population. However, this scenario of
transmission of infection from the (ActC, treated) E12 cells to the U251-MG cells is not
consistent with the results of the coculture with untreated E12 cells in the same experiment,
nor the results of the U251-MG cocultures with £ActC, treated E12 cells in the previous

experiment (Figure 3.1).
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Figure 3.1 Analysis of transmission of HIV-1gp;, upon coculture of E12 cells with

trypsin-treated U251-MG astrocytes.

U251-MG cells were detached with trypsin and combined with + ActC, treated E12 cells at
aratio 2:1. The cocultures (and respective U251-MG and E12 control monocultures) were

harvested immediately or (co-)cultured for 24 h, and the extrachromosomal DNA extracted.

To estimate the extrachromosomal DNA extraction efficiency, the volume of DNA which
represented approximately 100 cells in the experiment at time Oh was subjected to
mitochondrial PCR and Southern hybridisation, (A). The signal intensity of the amplified
mitochondrial DNA from each sample was compared to the signal intensity of a known
input of extrachromosomal U251-MG cell DNA (*), enabling the relative number of cells-
worth of DNA present in the input of each sample to be estimated (1). Duplicate PCR

reactions (27 cycles) were performed on each extrachromosomal DNA sample.

To determine the extent of HIV-1 reverse transcription which had occurred in these
cultures, 100 cells-worth of extrachromosomal DNA from each cell mix or unmixed control
culture was subjected to HIV-1 gag PCR (to detect the extended minus strand of viral
reverse transcribed DNA, and any subsequent forms of HIV-1 DNA), followed by Southern
hybridisation (B). The number of HIV-1 gag DNA copies per 100 cells of each culture was
determined by comparison to HA8 HIV-1 DNA copy number standards. HIV-1 gag copy
numbers in the control monocultures were adjusted to represent the proportion of these
cells present in the cocultures, that is, 67 cells-worth of U251-MG cells and 33 cells-worth
of E12 cells (C). Error bars represent the standard error between the duplicate HIV-1 gag

PCR reactions (29 cycles) performed on each extrachromosomal DNA sample.
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Figure 3.2 Analysis of transmission of HIV-1gp, and HIV-1yg upon coculture of E12
or HIIIB cells with trypsin-treated U251-MG astrocytes.

ActCy pre-treatment and cell-to-cell infections were performed as described in Figure 3.1,
and the extrachromosomal DNA extracted at either 0 or 24h. The extrachromosomal DNA
extraction efficiency was determined by subjecting the DNA from approximately 50 cells
(Oh cell counts) to mitochondrial PCR and Southern hybridisation (A). The relative
extrachromosomal DNA extraction efficiency was determined by comparison to
extrachromosomal DNA from U251-MG cell number standards, and the number of cells-
worth of DNA present in each sample determined (+). Duplicate PCR reactions (22 cycles)

were performed on each extrachromosomal DNA sample.

To determine the extent of HIV-1 reverse transcription which had occurred in these
cultures, 5000 cells-worth of extrachromosomal DNA from each coculture or unmixed
control monoculture was subjected to HIV-1 gag PCR followed by Southern hybridisation
(B). The number of HIV-1 gag DNA copies per 5000 cells was determined by comparison
to HA8 HIV-1 DNA copy number standards. HIV-1 gag DNA copy numbers in the control
monocultures were adjusted to represent the proportion of these cells present in the
cocultures, that is, 3333 U251-MG cells and 1667 of E12 cells (C). Error bars represent the
standard error between the duplicate HIV-1 gag PCR reactions (29 cycles) performed on

each extrachromosomal DNA sample.
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A similar phenomenon of increasing levels of extrachromosomal HIV-1 DNA was observed
in the ActC; treated HIIIB monoculture control in the experiment shown in Figure 3.2. This
was unexpected, as the inhibition of transcription by the ActC; treatment had been verified
by tritiated uridine uptake analysis in these cells. This suggested that this increase in
extrachromosomal HIV-1 gag DNA did not arise from reverse transcription. An alternative
explanation may be the death of a proportion of the ActC, treated HIIIB cells, due to the
toxicity of the drug. Apoptosis of these cells would result in fragmentation of their
chromosomal DNA into small lengths. As the separation of chromosomal DNA from
extrachromosomal DNA by the Hirt method (Section 2.6.3) is based on the size difference
between of these two types of DNA molecules, small fragments of apoptotic chromosomal
DNA would extract with the extrachromosomal, and not chromosomal, DNA fraction. As
HIIIB cells contain an integrated copy of HIV-1 DNA in their chromosome, upon apoptosis
this HIV-1 DNA may end up in the “extrachromosomal” DNA fraction, potentially
explaining the increase in HIV-1 gag DNA detected in these cells. However this increase in
extrachromosomal HIV-1 gag DNA in the ActC; treated HIIIB monoculture was not
observed in the respective coculture. To better understand what was occurring in these
cultures, the experiment was repeated with a more detailed time course of analysis (0, 12, 24
and 48h). Also, due to the possibility that HIV-1 was not being transmitted to the U251-MG
cells due to the pretreatment of these cells with trypsin before coculture (trypsin treatment
may have cleaved the cell surface receptors necessary for HIV-1 to attach to and enter
U251-MG astrocytes), the U251-MG cells in the subsequent experiment were pre-seeded at
least 18h prior to coculture. This would allow the cells to recover and re-express their

normal complement of cell surface molecules.

3.3 Culture of Astrocytes with Persistently infected T-cell lines

3.3.1 Analysis of transmission of HIV-1 from E12 and HIIIB cells to
U251-MG astrocytes

Cocultures and control monocultures were set up as described for the preliminary
experiments in Section 3.2.2ii, except that the U251-MG astrocytes were pre-seeded
approximately 18 h prior to coculturing (to enable any surface receptors which had been

stripped by trypsin to be regenerated) and more time points were examined (0, 12, 24, and
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48h post coculture). To confirm the ability of the persistently infected viral donor cell lines
to transmit infection to uninfected cells, parallel cocultures were set up with a HIV-1
susceptible T-cell line (HuT-78) as virus recipient cells, in place of the U251-MG cells.
Virus-donor cells (E12 and HIIIB cells) were again pre-treated with or without the

transcriptional inhibitor, ActC;.

a) E12 virus-donor cells

The coculture of (untreated) E12 cells with HuT-78 cells resulted in transmission of
infection to the HuT-78 cells, confirming the ability of the E12 cells to transmit HIV-1.
This was evident by the dramatic increase in extrachromosomal HIV-1 gag DNA in these
cocultures within the first 12h of coculture, indicating significant viral reverse transcription
had occurred (Figure 3.3Ci). It was expected that the products of reverse transcription
would continue to accumulate over the 48h period, however this was not observed. This
may have been due to the outgrowth of uninfected HuT-78 cells in this culture, or more
likely, due to the cytopathogenicity of the viral infection, as by 48h syncytia formation and
significant cell death was apparent in this culture. In contrast to the HuT-78 / E12 coculture,
only a slight increase in the level of extrachromosomal HIV-1 gag DNA was detected in the
E12 control monoculture. In the U251-MG / E12 coculture only a modest increase in
extrachromosomal HIV-1 gag DNA was apparent over the 48h period (Figure 3.3Ci), and
when compared to the E12 monocultures it was not clear whether this represented genuine
de novo viral reverse transcription in the U251-MG cells or the background level of HIV-1
DNA in the virus-donor cells. If the increase in HIV-1 DNA in the U251-MG / E12
cocultures did indicate genuine reverse transcription in the U251-MG cell population, a
similar increase in the level of extrachromosomal HIV-1 gag DNA would be expected in the
U251-MG / ActC; treated E12 cocultures. However, unlike the findings in Figure 3.2, this
was not the case (Figure 3.3Cii). Also, the level of HIV-1 gag DNA in the U251-MG /
ActC treated E12 cocultures in Figure 3.3Cii was much less at 12, 24 and 48h than in the
ActC, treated E12 monoculture controls. Surprisingly the level of HIV-1 gag DNA in the
ActC, treated E12 monoculture controls increased with time, similar to the anomaly seen
with the ActC, treated HIIIB monoculture controls in the preliminary experiment described
in Section 3.2.2ii and Figure 3.2C. The potential for the ActC, treated E12 cells to transmit
infection to susceptible cells was verified by the dramatic increase in extrachromosomal

HIV-1 DNA within the first 12 hours of coculture with HuT-78 cells, which was much
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Figure 3.3 Analysis of transmission of HIV-1gr; and HIV-1yg upon coculture of E12
or HIIIB cells with pre-seeded U251-MG astrocytes.

U251-MG (“virus-recipient”) cells were pre-seeded approximately 18h prior to coculture
(mixing) with £ActC; pre-treated E12 and HIIIB cells at an approximate ratio of 2 U251-
MG cells per virus-donor cell. Control cocultures were also performed with HIV-1
susceptible cells (HuT-78 cells) as the virus-recipients. The cocultures and respective
monoculture controls were harvested immediately or after 12, 24 or 48h of (co)culture,

and the extrachromosomal DNA extracted.

The extrachromosomal DNA extraction efficiency was determined by subjecting the DNA
from approximately 50 cells (Oh cell counts) to mitochondrial PCR and Southern
hybridisation (A). The relative extrachromosomal DNA extraction efficiency was
determined by comparison to extrachromosomal DNA from U251-MG cell number
standards, and the number of cells-worth of DNA present in each sample determined (). *
indicates a sample which was quantified from a repeat PCR reaction (not shown). Duplicate

PCR reactions (15 cycles) were performed on each extrachromosomal DNA sample.

To determine the extent of HIV-1 reverse transcription which had occurred in these
cultures, 5000 cells-worth of extrachromosomal DNA from each coculture or unmixed
control monoculture was subjected to HIV-1 gag PCR followed by Southern hybridisation
(B). The number of HIV-1 gag DNA copies per 5000 cells was determined by comparison
to HA8 HIV-1 DNA copy number standards. HIV-1 gag DNA copy numbers in the control
monocultures were adjusted to represent the proportion of these cells present in the
cocultures, that is, 3333 U251-MG cells and 1667 E12 cells (C). Error bars represent the
standard error between the duplicate HIV-1 gag PCR reactions (20 cycles) performed on

each extrachromosomal DNA sample.
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greater than the level of HIV-1 DNA in the ActC; treated E12 monoculture controls at 12
and 24h. The decline at 48h in the HuT-78 / ActC; treated E12 cocultures is likely to be due
to the death of infected cells and possible outgrowth of uninfected cells.

b) HIIIB virus-donor cells

The level of HIV-1 gag DNA in cocultures and monoculture controls with + ActC, treated
HIIIB cells (Figure 3.3Ciii-iv) is presented on the same axis as the data from cocultures and
monocultures with + ActC, treated E12 cells (Figure 3.3Ci-ii), which demonstrates that,
even with HuT-78 cells as the virus-recipient cells, the level of reverse transcription is much
lower with HIIIB virus-donor cells than E12 virus-donor cells. Transmission and productive
infection in the HuT-78 / HIIIB cocultures was indicated by the observation of syncytia at
48h. Yet, only a modest increase in extrachromosomal HIV-1 DNA was observed in this
coculture by 12h (Figure 3.3Ciiia). Whether this represented a genuine increase in HIV-1
DNA compared to the HIIIB cells alone at 12h was not determined. At 24h the level of
HIV-1 gag DNA is elevated in the U251-MG / HIIIB and the HuT-78 / HIIIB cocultures,
however HIV-1 gag DNA is also elevated (to a lesser extent) in the HIIIB monoculture
control. Due to the level of HIV-1 DNA in the extrachromosomal fraction of HIIIB
monocultures, and due to the limited increase in the level of HIV-1 gag DNA upon coculture
of these HIIIB cells with HIV-1 susceptible HuT-78 cells, it is difficult to interpret the
ability of the HIIIB cells to transmit HIV-1yyp virus to U251-MG astrocytes.

Cocultures with ActC; treated HIIIB cells did not appear to result in infection in either
U251-MG or HuT-78 cells when compared to the ActC, treated HIIIB monoculture controls.
However, the dramatic increase in the level of HIV-1 gag DNA in the extrachromosomal
fraction of ActC, treated HIIIB cells from 0 to 24h (which was also observed in Experiment
2; Figure 3.2C), was unexpected. This was not expected because i) ongoing reverse
transcription in this chronically infected cell line was expected to be minimal or absent, and
ii) ActC) treatment should abolish the majority of reverse transcription and transcription in
these cells. Indeed, analysis of titriated uridine uptake in these cells verified that the ActC,
treatment gave maximal inhibition of transcription. Together this implied that the source of
increasing extrachromosomal HIV-1 gag DNA levels (from 0 to 24h) in ActC; treated HIIIB
cells did not represent de novo reverse transcription. As discussed in Section 3.2.2ii, this

may be due to ActC; toxicity, causing cell death which may lead to the presence of degraded
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chromosomal DNA (including the HIV-1 provirus) in the extrachromosomal DNA fraction.
In this scenario, the use of ActC; would confound rather than clarify the interpretation of
any increase in HIV-1 DNA in cocultures. Curiously, the increase in HIV-1 gag DNA seen
in ActC, trcated HIIIB monocultures was not apparent in either the U251-MG or HuT-78
cocultures, suggesting HIIIB are less susceptible to ActC; toxicity in these coculture
environments. The reasons for this are not clear, but may involve different cell growth
kinetics in the different culture micro-environments. The recovery of extrachromosomal
DNA from both + ActC, treated HIIIB monocultures was also low (Figure 3.3A), which
could indicate poor survival or growth of these cells. This may also reduce the accuracy of

interpreting HIV-1 gag DNA content as a function of mitochondrial DNA content.

Summary

To summarise the findings thus far from the three experiments with + ActC; treated viral
donor cells, ActC; treatment was not useful in reducing reverse transcription in the viral
donor cells. Instead of decreasing the amount of HIV-1 gag DNA detected in the
extrachromosomal DNA fraction of the control monocultures, ActC; resulted in an increased
level of HIV-1 gag DNA in these fractions. This is most likely due to cell death and the
consequent degradation of chromosomal DNA, containing HIV-1 DNA, which would then
separate into the “extrachromosomal” fraction upon Hirt DNA extraction. It is also difficult
to assess the background level of HIV-1 gag DNA in untreated HIIIB cell monocultures
compared to the respective cocultures as the growth / survival of these cells in the
monocultures appeared poor according to the level of mitochondrial DNA in the
extrachromosomal DNA extractions. E12 viral donor cells appear much more effective at
transmitting HIV-1 infection to the HIV-1 susceptible HuT-78 cells than HIIIB viral donor
cells. Indeed the amount of virus transmitted from the HIIIB cells appears very low, as only
a modest increase in HIV-1 gag DNA occurred in HuT-78 / HIIIB cocultures compared to
the HIIIB control monoculture in Experiment 3. Never-the-less, syncytia formation was
observed after 48h of HuT-78 / HIIIB coculture, indicating that HIV-1 infection of the HuT-
78 cells did occur. The experiment shown in Figure 3.3 suggested that E12 cells may be
capable of transmission of HIV-1sp, to U251-MG cells, however this was not apparent in
either of the preliminary experiments (Figures 3.1 and 3.2), and would require further
clarification. However in the two preliminary experiments (Figures 3.1 and 3.2) the U251-

MG cells had been treated with trypsin prior to coculturing. Trypsin may cleave the
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astrocyte surface epitopes required for HIV-1 attachment and entry. Therefore, to clarify
whether E12 cells could transmit HIV-1gp; to pre-seeded U251-MG cells and whether viral
reverse transcription subsequently occurred in these astrocyte cells, the experiment was

repeated in the presence or absence of the reverse transcriptase inhibitor, AZT (see below).

3.3.2 AZT treatment to distinguish between de novo reverse transcription

and pre-formed HIV-1 DNA

To clarify whether the modest increase in extrachromosomal HIV-1 gag DNA in the U251-
MG / El12 coculture in Section 3.3.1 (Figure 3.3) represented transmission to, and
subsequent reverse transcription of, HIV-1gp; in the U251-MG astrocytes, the experiment
was repeated with the inclusion of an inhibitor of reverse transcription, AZT. AZT is a
thymidine analogue, and as such the phosphorylated form is included into the nascent
reverse transcribing HIV-1 DNA strand. The inclusion of AZT into the nascent DNA strand
terminates strand synthesis, thus inhibiting reverse transcription (Sections 2.3.liii and
2.7.5i). AZT was tested and shown not to be cytotoxic to U251-MG cells, and has been
previously shown not be toxic to HuT-78 cells (Section 2.7.5i). For the AZT treated
cultures, both the virus-donor (E12) and virus-recipient cells (U251-MG or HuT-78) were
pre-treated with 20uM AZT for 18h prior to coculture, and AZT was maintained at this
concentration throughout the (co)culture. If HIV-1gp, transmission and de novo reverse
transcription occurred upon coculture of U251-MG astrocytes with E12 cells, an increase in
extrachromosomal HIV-1 gag DNA would be expected in the in the drug-free cocultures
(compared to the E12 monoculture controls) but not the AZT treated U251-MG / EI2

cocultures.

E12 cells were confirmed to transmit infection to HIV-1 susceptible cells, as shown by the
dramatic increase in extrachromosomal HIV-1 gag DNA from 0 to 24h of E12 / HuT-78
coculture, and compared to the E12 monoculture control (Figure 3.4A,B). The numerical
difference in the number of HIV-1 gag DNA copies per 5000 cells-worth of DNA between
this and previous experiments was most likely due to partial degradation of the HAS
standards in the analysis of previous experiments. This would result in the overestimation of
HIV-1 gag DNA copies in the samples, but this does not alter the comparative interpretation

provided above. In this experiment, and in all subsequent experiments in this thesis, fresh
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Figure 3.4 Analysis of transmission of HIV-1gy; infection upon coculture of + AZT treated

E12 cells with £ AZT treated, pre-seeded U251-MG astrocytes.

U251-MG astrocytes (“virus-recipients™) were pre-seeded 18h prior to coculturing with E12 ceils
(“virus-donors”). These cocultures were either i) untreated, ii) treated with AZT*, or iii) used
ActC treated E12 cells§, as described below:

Untreated: neither virus-recipient nor virus-donor cell population treated.

* AZT treated: both virus-recipient and virus-donor cells were pre-treated for 18h with 20uM
AZT immediately prior to coculturing. The AZT was maintained at 20uM throughout the
experiment.

¥ ActC, treated E12 cells were pre-treated with 12 pg/ml ActC; for 2h, then washed to remove
excess drug, prior to coculturing with U251-MG cells. (ActC; was not maintained during the
course of the experiment).

HIV-1 susceptible cells ( HuT-78 cells) were included as an additional virus-recipient cell type as
a positive control for virus transmission upon coculture. The cocultures and respective
monoculture controls were harvested immediately or after 24 h of (co)culture, and the

extrachromosomal DNA extracted.

Extrachromosomal DNA extraction efficiency was determined by subjecting the DNA from
approximately 50 cells of coculture (Oh cell counts), or the respective proportion of cells from the
monoculture controls (ie. 33 cells of U251-MG or HuT-78 cultures and 16.7 cells of E12 cells)
15 cycles of mitochondrial PCR, followed by Southern hybridisation (A). The relative
extrachromosomal DNA extraction efficiency was determined by comparison to
extrachromosomal DNA from U251-MG cell number standards, and the number of cells-worth of

DNA present in each sample determined.

To determine the extent of HIV-1 reverse transcription which had occurred in these cultures,
5000 cells-worth of extrachromosomal DNA from each coculture, or the respective amount of
DNA from the monculture controls (3333 U251-MG cells or HuT-78 DNA and 1667 E12 cells)
was analysed by 20 cycles of HIV-1 gag PCR followed by Southern hybridisation (A). Each lane
represents a separate culture (each 24 h (co)culture was performed in duplicate). The number of
HIV-1 gag DNA copies from each sample was determined by comparison to HA8 HIV-1 DNA
copy number standards (B). 'T'he data from the U251-MG cells cocultured with the E12 cells, and
the E12 cells alone (no virus recipient), are also presented on an expanded scale (C). Error bars
represent the standard error between the duplicate 24h (co)cultures in the HIV-1 gag PCR

reactions.



U251-MG &E12 HuT-78 & E12 E12 alone

Cell Number
Standards untreated ActC,* AZTY untreated ActC,” AZT? untreatedAclcl* AZT®

50 10 0 0 24 24 24 0 24 24 24 24 24 24 hours

Mitochondrial DNA S i e -

HIV gag DNA obdbee — - -

1000 250 50 10 O

HIV-1 DNA Standards

1500

1250 l

)
£ 38 1000
OU
3 -
ag 750
o ©
+
'Tf 500
52
250
0 _ = S |0 = _ /ST

0 24 24 24 0 24 24 24 24 24 24 hours
untreated ActC,* AZTS untreated ActC,* AZT* untreated ActC,* AZT*

U251-MG & E12 HuT-78 & E12 E12 alone

a E 50
.g £
3 § 40 =
Z%5 30 [
A 2
S
8 3 T
T8 10 -
s
T 8 -

& 0

0 24 24 24 24 hours
untreated  untreated AZTS untreated AZTS
U251-MG & E12 E12 alone

137



HAS standards were thawed from the same batch of single use aliquots stored at —80°C, to

ensure accuracy and consistency across experiments.

AZT abolished the accumulation of HIV-1 gag DNA in the 24h HuT-78 / E12 cocultures by
>95%, demonstrating that AZT effectively inhibited reverse transcription in this coculture,
and that the increase in HIV-1 gag DNA in the untreated HuT-78 / E12 coculture at 24h
(compared to the E12 monoculture) was indeed due to de novo viral reverse transcription.
As in previous experiments, treatment of the virus-donor cells with ActC, gave elevated
levels of HIV-1 gag DNA in the extrachromosomal DNA fractions and did not assist the
experimental analysis. The level of extrachromosomal HIV-1 gag DNA increased from 0 to
24h in the untreated U251-MG / E12 cocultures, and >75% of this increase was abolished in
the presence of AZT. However the level of extrachromosomal HIV-1 gag DNA in these
cocultures was similar to or less than the respective E12 monoculture controls. Therefore,
within the level of sensitivity of this assay, reverse transcription could not be demonstrated
in the U251-MG astrocytes upon coculture with E12 cells, although a very low level of
U251-MG infection (<0.1%) cannot be excluded. Whilst astrocytes are reportedly more
susceptible to infection with T-cell tropic HIV-1, the transmission of macrophage tropic
HIV-1 would be of greater physiological significance to astrocyte infection in vivo, as
astrocytes in the brain may come into contact with HIV-1 infected macrophages and
microglia. The cell-to-cell transmission of HIV-1 from chronically infected macrophages to

astrocytes is explored below.

3.4 Culture of Astrocytes with Chronically infected Macrophages

To investigate the cell to cell transmission of macrophage tropic HIV-1 from infected
macrophages to uninfected astrocytes, cocultures were performed and the level of
extrachromosomal HIV-1 DNA (as an indicator of HIV-1 entry and reverse transcription)
analysed. MDMs were infected with HIV-1g,;, 2 to 4 weeks prior to coculturing with U251-
MG astrocytes. This was to establish a chronic infection in the MDMs in order to minimise
the degree of de novo reverse transcription in the MDM population by the time of coculture.
To prevent the carryover of HIV-1 DNA from MDMs which may have lysed during the
course of infection, the MDMs were treated with DNase I overnight (then washed to

removed excess DNase) prior to coculturing with U251-MG astrocytes. The U251-MG cells
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were then cocultured with infected MDMs and the extrachromosomal DNA extracted at
designated times. To assess the contribution of extrachromosomal HIV-1 gag DNA from
the HIV-1pg,, infected MDMs, parallel MDM monocultures or “mock” cocultures were
performed. For mock cocultures the respective numbers of infected MDMs and U251-MG
astrocytes were cultured separately for the duration of the experiment, and combined
immediately prior to harvesting the cells for extrachromosomal DNA extraction. The
relative extraction efficiency was assessed by semi-quantitative Mitochondrial PCR and
Southern hybridisation, and the level of HIV-1 reverse transcription assessed by semi-

quantitative HIV-1 gag PCR and Southern hybridisation.

3.4.1 Coculture of U251-MG astrocytes with HIV-1g,;, infected MDMs

Analysis of transmission of HIV-1 from pre-seeded infected MDMs to trypsin-treated U251-
MG astrocytes

To combine U251-MG astrocytes with the chronically infected MDMs (both are adherent
cell types), in the first experiment described below U251-MG cells were resuspended with
trypsin in order to be added to pre-seeded infected MDMs at a ratio of 5:1. The level of
extrachromosomal HIV-1 DNA in the U251-MG cells which had been cocultured with
infected MDM s for 24 h was not elevated in comparison to the infected MDM monoculture
controls (Figure 3.5). Indeed, the level of HIV-1 DNA in the chronically infected MDMs
was quite high, and so, a very low level of transmission of infection to the U251-MG cells
would not have been discerned. The presence of the HIV-1 DNA in the MDM population is
most likely due to ongoing de novo reverse transcription in these cultures, despite being used
3 weeks after the original infection. The pre-treatment of these infected MDMs with DNase
I prior to coculture suggested that the source of the HIV-1 DNA in the extrachromosomal
fraction is unlikely to be degraded chromosomal DNA. Ongoing reverse transcription in
chronically infected MDMS has been observed previously (Dr lillian Carr, personal
communication). It is also possible that by treating the U251-MG cells with trypsin the
surface molecules required for cell-cell transmission of HIV-1 to astrocytes may have been
digested. Subsequent experiments avoided the use of trypsin on the U251-MG cells prior to

coculturing, and attempted to minimise the contribution of extrachromosomal HIV-1 gag
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Figure 3.5 Analysis of transmission of HIV-1g,, upon coculture of infected MDMs

with trypsin-treated U251-MG astrocytes.

Primary monocyte-derived macrophages (MDMs) were infected with HIV-1gy, for 3
weeks, treated with 50pg/ml DNase I overnight and washed. U251-MG cells were
detached with trypsin and added to the infected MDMs at a ratio of approximately 5 U251-
MG cells per MDM. After 24h of coculture, the extrachromosomal DNA was extracted.
To control for the potential contribution of HIV-1 DNA present in the infected MDMs,
replica cultures of infected MDMs were maintained separately and harvested at the same

time.

Extrachromosomal DNA extraction efficiency was determined by subjecting the DNA from
approximately 50 cells of coculture (Oh cell counts), or the respective proportion of cells
from the MDM monoculture controls (ie. 8.3 cells) to 17 cycles of mitochondrial PCR,
followed by Southern hybridisation (A). The relative extrachromosomal DNA extraction
efficiency was determined by comparison to extrachromosomal DNA from U251-MG cell
number standards, and the number of cells-worth of DNA present in each sample
determined. The experiment included duplicate cocultures (“Mix A” and “Mix B”) and
MDM monoculture controls (“MDM A” and “MDM B”), and duplicate PCRs were

performed on the DNA sample from each (co)culture.

To determine the level of HIV-1 reverse transcription occurring in these cultures, 1000 or
200 cells-worth of extrachromosomal DNA from each cell mix (or the respective
proportion of extrachromosomal DNA from the MDM monoculture controls, ie 167 or 33
cells, respectively) was subjected to 22 cycles of HIV-1 gag PCR, followed by Southern
hybridisation (B). Lanes represent separate cultures analysed at each of the two different
dilutions. The number of HIV-1 gag DNA copies per 200 cells of coculture (or 33 cells of
MDM alone) was determined by comparison to HA8 HIV-1 DNA copy number standards
(B) and is represented in (C). Error bars represent the standard error between the average

number of HIV-1 gag DNA copies derived from each of the duplicate (co)cultures.
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DNA in the virus-donor MDMSs by inhibiting reverse transcription in the MDMs or by

separation of the two cell types after a period of coculture.

3.4.2 Minimising the contribution of HIV-1 replication in the virus-donor

cell population.

To minimise the high level of HIV-1 gag DNA present in the infected viral donor MDM
population (despite overnight treatment with DNase 1), in order to increase the potential to
detect viral reverse transcription in the U251-MG cells upon coculture, the infected MDMs
were pretreated with AZT pretreatment to inhibit ongoing HIV-1 reverse transcription in
these viral donor cells, and separation of the two cell populations after coculturing was
attempted. In these experiments, to avoid the use of trypsin, the astrocytes were suspended
by cell scraping, and subsequent pipetting to obtain a relatively even cell suspension, then

added to the pre-seeded MDMs.

Inhibiting transcription (including reverse transcription) in the MDM population with ActC,
was not attempted due to the ActC, related complications described with T-cell line virus-
donor cells (Sections 3.2.2ii and 3.3) and because previous studies in our laboratory have
found that ActC; is toxic to MDMs, even at low concentrations (for example, Sug/ml for 2
hours) and reduces their ability to transmit virus (Ms Helen Hocking and Dr Jillian Carr,

personal communication).

3.4.2i AZT pre-treatment of the infected MDMs

Despite 48h of AZT treatment, a significant amount of HIV-1 DNA was detected in the
extrachromosomal fraction of the mock cocultures, indicating a substantial amount of pre-
formed intracellular extrachromosomal HIV-1 gag DNA was present in the infected MDMs
(Figure 3.6). Similar to observations in the previous experiment with untreated, infected
MDMs (Figure 3.5), no significant increase in extrachromosomal HIV-1 gag DNA was
observed in the 24h U251-MG cocultures with AZT treated, infected MDMs compared to
the mock coculture controls (Figure 3.6). This indicated that, within the sensitivity
limitations of this assay, no reverse transcription in the U251-MG astrocytes could be

detected upon coculture with infected MDMs over and above the background level of pre-
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Figure 3.6 Analysis of transmission of HIV-1g,; upon coculture of infected, AZT

treated MDMs with scraped U251-MG astrocytes.

MDMs were infected with HIV-1;,, for 12d, treated with AZT (20uM for 48h), and
washed. U251-MG cells were detached by cell-scraping and added to the AZT treated
infected MDMs and cocultured for 24h at a ratio of approximately 5 U251-MG cells per
MDM, after which time the extrachromosomal DNA extracted. To control for the potential
contribution of HIV-1 DNA present in the AZT treated HIV-1;,, infected MDMs, replica
cultures of infected MDMs and uninfected U251-MG cells were maintained separately and

combined upon DNA harvest at 2 h (“mock” cocultures).

To determine the extrachromosomal DNA extraction efficiency, the amount of
extrachromosomal DNA estimated to represent approximately 100 cells was subjected to
mitochondrial PCR, followed by Southern hybridisation (A), and the number of cells-worth
of DNA present in each sample determined by comparison to the amplification from U251-
MG cell number standards. Each coculture was analysed by duplicate PCRs (20 cycles).
To determine the level of HIV-1 reverse transcription occurring in these cultures, 1000
cells-worth of extrachromosomal DNA from each sample was subjected to 25 cycles of

HIV-1 gag PCR, followed by Southern hybridisation (B).
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formed extrachromosomal HIV-1 DNA in the infected MDMs alone, which persisted despite
2 days of AZT treatment. Again, the possibility that a low level of U251-MG infection was

occurring could not be addressed by this assay.

3.4.2ii Separation of cell populations after coculturing.

To minimise the contribution of extrachromosomal HIV-1 DNA in the infected MDMs to
the cocultures, separation of the two cell types after a period of coculture was attempted. It
had been observed in previous experiments that the U251-MG cells settled onto the MDM
monolayer within approximately one hour. (Whether this was merely due to gravity and
adherent phenotype of the U251-MG cells, or whether specific interactions between the
MDMs and U251-MGs were also involved, is not clear). CD14" cell depletion was trialed
to selectively remove the MDMs from the U251-MG cells, and trypsin treatment was trialed
to selectively remove the U251-MG cells from the MDMs. To assess the capacity of these
techniques to separate the infected MDMs, they were applied after a short period of
coculture (<4Y%h), when detection of HIV-1 DNA in the MDM-depleted U251-MG cell

population could be used to assess persistence of MDM cells.

CD14 bead depletion of MDMs

To enable selection and removal of the CD14 positive MDMs from the cocultures by anti-
CD14 magnetic beads, cocultures were performed in teflon pots to prevent cell adherence.
Both the 14d infected MDMs and the U251-MG cells were suspended by cell scraping, and
a relatively even cell suspension obtained for each culture by gentle pipetting. The cells
were cocultured at a ratio of 10 U251-MG cells:1 infected MDM. After 4 hours of
coculture, a sample was taken for microscopic analysis, which revealed single, unfused cells.
The MDMs were then selectively removed by CD14 magnetic bead depletion. To control
for any remaining MDMs, mock mixes were performed where the two cell populations were
kept separate for the 4 hours of coculture and combined immediately prior to CD14 bead
depletion. Analysis of the extrachromosomal DNA indicated a significantly lower level of
mitochondrial DNA in the CD14 depleted coculture compared to the CD14 depleted mock
coculture (Figure 3.7). This suggested that either the DNA extraction efficiency was poor in
these particular samples, or that the majority of U251-MG cells were also lost upon CD14
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Figure 3.7 Separation of HIV-1,, infected MDM and U251-MG cell populations after
coculture by CD14 bead depletion of the MDMs.

MDMs were infected with HIV-1,, for 14d, then suspended by cell-scraping. U251-MG
cells were also detached by cell scraping. The U251-MG cells were cocultured with the
infected MDMs at an approximate ratio of 10:1 in teflon pots. After 4h of coculture the
infected MDMs were depleted from the coculture with anti-CD14 Magnetic Beads.
Extrachromosomal DNA was extracted from the MDM depleted U251-MG cell population,
and analysed for the relative presence of HIV-1 DNA by 24 and 29 cycles of mitochondrial
and HIV-1 gag PCR respectively. To control for the proportion of infected MDMs which
could persist in the MDM depleted U251-MG cell population, replica cultures of infected
MDMs and uninfected U251-MG cells were maintained separately in teflon pots, treated
with anti-CD14 magnetic beads, and the remaining cells pooled and harvested (mock

coculture).
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depletion, despite being CD14 negative. Surprisingly, a strong HIV-1 gag signal was
detected from the mock coculture, indicating the presence of infected MDMs persisted
despite the attempt to deplete CD14" cells from this sample. Yet HIV-1 gag DNA was not
detectable in the 4 hour coculture after CD14 depletion, indicating that the CD14 positive
MDM viral donor cells, which give rise to a background level of HIV-1 gag DNA, were
removed from this sample. Together, this suggested that the bead depletion method was
inconsistent between cell samples. Additionally, considerable loss of U251-MG cells during
bead treatment of the cocultures was evidenced by the harvest of a visably smaller cell pellet
for DNA extraction compared to the mock mix control, despite the fact that the starting cell
numbers for each were the same at the commencement of the experiment, approximately 5
hours earlier. This indicated that a large proportion of the U251-MG cells were co-depleted
with the MDMs via the affinity between these two cell types, even though the cells appeared
separate by light microscopy.

Separation of U251-MG cells by trypsin treatment

Both astrocytes and macrophages are adherent cell types, but the adherence of astrocytes is
trypsin sensitive whilst the adherence of macrophages is trypsin resistant. This difference
was exploited in an attempt to selectively remove U251-MG cells from infected MDMS
after a period of coculture. In a pilot experiment where U251-MG cells were cocultured
with infected MDMs for 24h, it was observed that even exposure to 0.1% (v/v) trypsin for
30 min at 37°C the majority of the U251-MG cells remained adherent. In another
experiment (Figure 3.8) the potential for trypsin to be used to separate U251-MG astrocytes
from infected MDMs after a short period of coculture (2% or 4/2h) was assessed. At both
time points it was clear by light microscopy that trypsin only detached a portion of the
U251-MG cells and that some infected MDMs were also detached in this process. This was
confirmed by the presence of extrachromosomal HIV-1 gag DNA in the trypsin sensitive
subpopulation of mock and genuine U251-MG / infected MDM cocultures after brief
coculture (2%2 or 4'2h).

Summary

Both the loss of U251-MG cells during CD14 depletion of the cocultures and the inability

for U251-MG cells to be detached from the cocultures with trypsin indicated an interaction
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Figure 3.8 Separation of HIV-1;,, infected MDM and U251-MG cell populations after

coculture by trypsin treatment.

U251-MG cells were scraped and cocultured with 14d HIV-1,, infected, pre-seeded MDMs,
at an approximate ratio of 5:1. After either 2%2 or 4% hours of coculture, selective separation
of the U251-MG cells from the MDMs was attempted by trypsin treatment (0.1% for 15 min
at RT). Extrachromosomal DNA was extracted from the U251-MG cell enriched, trypsin
sensitive population, and analysed for the relative presence of HIV-1 DNA by 24 and 29
cycles of mitochondrial and HIV-1 gag PCR respectively. To control for the proportion of
infected MDMs which may carry over into the trypsin-sensitive population, replica cultures
of infected MDMs and uninfected U251-MG cells were maintained separately in the teflon

pots, treated with trypsin, and the non-adherent populations combined (mock coculture).

146



between the astrocytes and the MDMs. It is likely then that any attempt to remove the
MDMs from the astrocytes would result in the selective removal of the astrocytes most
closely associated with the MDMs and most likely to be the recipients of the transmission of
infection. (A positive selection cell surface marker specific for astrocytes was not available,
and if one were, it would be likely that any interacting MDMSs would also be harvested.)
Harvesting the MDM-depleted portion of U251-MG cells after coculture would therefore be
biased to the U251-MG cells least likely to have interacted with MDM virus-donor cells.
Furthermore, the contribution of MDM-derived HIV-1 DNA in both the CD14 depletion and
the trypsin-sensitive selection (Figures 3.7 and 3.8) could still potentially mask a low level

of astrocyte infection.

3.5 Discussion

In summary, HIV-1 did not appear to be efficiently transferred from chronically infected T-
cell lines or primary macrophages to astrocytes, or alternatively, if virus transmission did
occur, reverse transcription did not proceed efficiently. Both chronically infected T-cell
lines and macrophages had a higher level of background extrachromosomal HIV-1 DNA
than initially expected, which limited the ability of the coculture reverse transcription assays
to detect de novo reverse transcription in astrocytes. This background could be due to
contamination of the extrachromosomal DNA fraction with chromosomal DNA and / or
ongoing viral reverse transcription in these cells (Dr Jillian Carr, personal communication).
Several strategies to minimise this “background” were attempted. Blocking transcription in
the virus-donor cells by ActC; did not reduce the background level of HIV-1 DNA in the
lymphocytic virus-donor cells, and was unsuitable for use with primary macrophages.
Separation of the astrocytes from the viral donor cells could not be achieved due to the cell-
cell interactions that occurred between the U251-MG astrocytes and the infected T-cells or
MDMs. Because of this, a U251-MG population separated after a period of coculture would
be intrinsically biased to the astrocytes that had minimal or no interaction with the viral
donor cells, and thus least likely to have become infected. Furthermore, despite attempts to
separate the cell populations after a period of coculture, the level of background HIV-1
DNA from both T-cell and macrophage virus-donor cells remained sufficient to potentially
mask a low level of astrocyte infection. The reverse transcriptase inhibitor, AZT, did not

abolish the presence of HIV-1 DNA in the MDM cocultures, further implying this HIV-1
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DNA detection was due to pre-existing HIV-1 DNA in the viral donor cells, and not de novo

reverse transcription.

The lack of detectable U251-MG astrocyte infection by HIV-1y;p was surprising, as cell free
infection with HIV-1 ;5 has been shown to result in the restricted infection of some astrocyte
cell lines (U373-MG and U87-MG) (Chesebro et al, 1990; Dewhurst ef al, 1987a; Dewhurst
et al, 1987b; Harouse ef al, 1991; Harouse et al, 1989; Shapshak et al, 1991), HEA (Di
Rienzo et al, 1998), HFA (Nath et al, 1995; Sabri et al, 1999) and PDA (Lawrence et al,
2004). In most of these reports restricted infection was demonstrated by the rescue of
infectious virus upon coculture with CD4+ HIV-1 susceptible cells, sometimes coupled with
the finding of initial p24 release, and / or HIV-1 nucleic acid (by PCR or RT-PCR), and / or
HIV-1 proteins (immunodetection). HIV-1y;5 has also been reported to be infectious to
other CD4 negative cells (Ensoli ef al, 1995; Ensoli et al, 1997). Interestingly, Choidi et al
failed to demonstrate infection of U373-MG cells with HIV-1ys (Chiodi et al, 1987),
although other investigators have reported a restricted infection with this virus—cell
combination (Dewhurst ef al, 1987a; Harouse et al, 1989; Shapshak et al, 1991) indicating a
different outcome could be due to subtle variations in infection methods, cell culture or virus
source. Additionally, HIV-1;;3 has been reported to infect several astrocyte cell lines
(85HG-59, 85HG-63, 86HG-64 and 85HG-66) in a restricted manner upon cell-to-cell
transmission (Brack-Werner e al, 1992). Like the experiments in this chapter, Brack-
Werner et al cocultured astrocytic<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>